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ABSTRACT
b2-Adrenoceptors (b2ARs) are concentrated in caveolar lipid raft
domains of the plasma membrane in airway smooth-muscle
(ASM) cells, along with adenylyl cyclase type 6 (AC6). This is
believed to contribute to how these receptors can selectively
regulate certain types of cAMP-dependent responses in these
cells. The goal of the present study was to test the hypothe-
sis that b2AR production of cAMP is localized to specific
subcellular compartments using fluorescence resonance energy
transfer–based cAMP biosensors targeted to different micro-
domains in human ASM cells. Epac2-MyrPalm and Epac2-CAAX
biosensors were used to measure responses associated with
lipid raft and nonraft regions of the plasma membrane, re-
spectively. Activation of b2ARs with isoproterenol produced
cAMP responses that are most readily detected in lipid raft
domains. Furthermore, overexpression of AC6 somewhat

paradoxically inhibited b2AR production of cAMP in lipid
raft domains without affecting b2AR responses detected in
other subcellular locations or cAMP responses to EP2 prosta-
glandin receptor activation, which were confined primarily to
nonraft domains of the plasma membrane. The inhibitory effect
of overexpressing AC6 was blocked by inhibition of phospho-
diesterase type 4 (PDE4) activity with rolipram, inhibition of
protein kinase A (PKA) activity with H89, and inhibition of A
kinase anchoring protein (AKAP) interactions with the peptide
inhibitor Ht31. These results support the idea that overexpres-
sion of AC6 leads to enhanced feedback activation of PDE4 via
phosphorylation by PKA that is part of an AKAP-dependent
signaling complex. This provides insight into the molecular
basis for localized regulation of cAMP signaling in human ASM
cells.

Introduction
b2-Adrenoceptor (b2AR) agonists are a mainstay of therapy

for asthma, chronic obstructive pulmonary disease, and other
respiratory disorders. b2AR activation induces airway smooth
muscle (ASM) relaxation and bronchodilation by stimulating
adenylyl cyclase (AC) activity and the production of cAMP.
Although cAMP plays a central role in regulating the contrac-
tile state of ASM (Pelaia et al., 2008; Noble et al., 2014), this
ubiquitous signaling molecule is also involved in eliciting a
number of other responses in the muscle cells that make up
this tissue (Billington et al., 2013). The specific effectmediated
by cAMP often depends on the signaling pathway responsible
for its production. In ASM cells, cAMP production is regulated

by both b2ARs and EP2 prostaglandin receptors (EP2Rs)
(Bogard et al., 2011). Production of cAMP by either type of
receptor is capable of causing human ASM relaxation; how-
ever, only cAMP produced by b2ARs stimulates cytoskeletal
reorganization and cell-shape changes associated with arbor-
ization, and only cAMP produced by EP2Rs increases the
expression of the cytokine interleukin-6 (Bogard et al., 2012,
2014). Understanding how cells compartmentalize cAMP and
generate unique responses upon activation of a given receptor
is important because it may help explain why b2AR agonists,
which are widely used as bronchodilators, suffer from issues
with tachyphylaxis owing to receptor desensitization (Penn
et al., 1998) and increased adverse effects (Taylor, 2009).
The simplest way to explain the ability of different receptors

to illicit unique functional responses is if each receptor
stimulates cAMP production that is confined to distinct sub-
cellular locations. For this to be true, however, these receptors
must then be distributed in distinctly different physical
locations. Consistent with this hypothesis, b2ARs and EP2Rs
have been found to reside in different fractions of the plasma
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membrane (Ostrom et al., 2001; Bogard et al., 2011, 2012).
Most cell membranes contain cholesterol- and sphingomyelin-
rich domains referred to as lipid rafts, which form buoyant
membrane fractions on a sucrose density gradient (Insel et al.,
2005; Ostrom and Insel, 2006). Caveolae are represented by a
subset of the buoyant fractions associated specifically with
caveolins, which are scaffolding proteins involved in forming
signaling complexes. In human ASM cells, b2ARs are found
specifically in caveolar, lipid raft fractions of the plasma
membrane, whereas EP2Rs are found in the nonraft mem-
brane fractions (Bogard et al., 2011).
ASMresponses tob2ARandEP2R stimulationhave also been

attributed to activation of different isoforms of adenylyl cyclase
(AC), the enzyme responsible for cAMP production. AC type
6 (AC6) is found specifically in caveolar membrane fractions of
ASM cells, and its overexpression selectively enhances b2AR
production of cAMP and cAMP-dependent arborization. AC
type 2 (AC2) is found exclusively in nonraft fractions of the
plasmamembrane, and its overexpression selectively enhances
EP2R stimulation of cAMP and cAMP-dependent production of
interleukin-6 (Bogard et al., 2011, 2012, 2014).
The purpose of the present study was to test the hypoth-

esis that in primary human ASM cells, b2AR stimulation
preferentially enhances cAMP production in subcellular
locations associated with lipid raft domains of the plasma
membrane by a mechanism involving activation of AC6.
This was done by comparing cAMP responses detected by
Epac2-camps, a fluorescence resonance energy transfer
(FRET)-based biosensor, expressed in different subcellular

locations (Nikolaev et al., 2004). Epac2-camps itself has no
targeting sequences and is expressed throughout the cyto-
plasmic domain. Epac2-MyrPalm is a version of the probe
that contains an acylation sequence targeting it to lipid raft
domains of the plasma membrane, and Epac2-CAAX con-
tains a prenylation sequence that targets the probe to
nonraft domains of the plasma membrane. These sequences
have been previously shown to target proteins to lipid raft
and nonraft fractions of the plasma membrane of various cell
types (Melkonian et al., 1999; Zacharias et al., 2002; Depry
et al., 2011). Furthermore, our previous work has also
demonstrated that probes targeted using these sequences
are capable of detecting differences in responses produced
by receptors located in lipid raft and nonraft membrane
domains of various cell types (Agarwal et al., 2014, 2017,
2018). In human ASM cells, we demonstrated the EP2Rs
preferentially couple to AC2 to produce changes in cAMP
that are confined primarily to nonraft domains of the
plasma membrane (Agarwal et al., 2017). In the present
study, we demonstrate that b2ARs produce responses that
are primarily associated with lipid raft domains. Further-
more, AC6 regulates this response through a mechanism
that involves direct interaction with protein kinase A
(PKA) and positive feedback activation of PDE4.

Materials and Methods
Cell Culture. Human ASM cells were derived from tracheae and

primary bronchi from nonasthmatic human donors by Dr. Raymond

Fig. 1. Changes in cAMP activity in
different subcellular domains after b2AR
stimulation. Representative time course
of changes in magnitude of FRET re-
sponse (DR/R0)detectedbyEpac2-MyrPalm,
Epac2-CAAX, and Epac2-camps biosen-
sors after activation of b2ARs with 1 and
3 nM isoproterenol (Iso) in (A) untreated
human airway smooth-muscle (ASM)
cells (control) and (B) human ASM cells
overexpressing (OE) AC6. Results are
normalized to the magnitude of the
maximal response produced by forsko-
lin (FSK, 10 mM) and IBMX (100 mM)
in the same cell. (C) Size of average
FRET responses in control cells (black
bars) and AC6 OE cells (red bars). AC6
OE caused a significant (P , 0.05,
student’s t test) decrease in the mag-
nitude of the responses detected by
Epac2-MyrPalm (control, n/N = 6/6;
AC6OE, n/N=9/4), but not those detected
by Epac2-CAAX (control, n/N = 7/6; AC6
OE, n/N = 6/6), or Epac2-camps (control,
n/N = 6/3; AC6 OE, n/N = 5/3).
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Penn (Thomas Jefferson University, Philadelphia, PA) and
Dr. Reynold Panettieri (Rutgers University, New Brunswick,
NJ), as described previously (Yan et al., 2011). These cells come
from deidentified biologic samples that are considered exempt by the
University of Nevada, Reno, and Chapman University Institutional
Review Boards. Experiments were conducted using multiple sam-
ples of primary cells derived from six different patients representing
both sexes. All cells used were between passage 6 and 9. Cells were
maintained in Ham’s F12 nutrient mixture supplemented with 10%
fetal bovine serum, 100 U/ml penicillin, 100 mg/ml streptomycin.
Cells were transduced with adenovirus constructs containing Epac2-
based cAMP biosensors for 48–72 hours. For overexpression exper-
iments, adenoviral constructs expressing AC6 and/or Ht31 were
used at titers previously shown to produce .90% transduction
efficiency (Bogard et al., 2011). All experiments were conducted at
room temperature.

FRET Microscopy. The Epac2-camps, Epac2-MyrPalm, and
Epac2-CAAX biosensors used in the present study have been pre-
viously characterized (Nikolaev et al., 2004; Agarwal et al., 2014, 2017,
2018). All three probes have a similar affinity for activation by cAMP
(Agarwal et al., 2014). Live-cell imaging experiments were conducted
as described previously (Warrier et al., 2005; Warrier et al., 2007;
Iancu et al., 2008; Agarwal et al., 2017). Briefly, cells were bathed in
the following solution (in mM): NaCl 137, KCl 5.4, MgCl2 0.5, CaCl2
1.0, NaH2PO4 0.33, glucose 5.5, andHEPES 5 (pH 7.4). FRET imaging
was conducted using an Olympus IX71 inverted microscope (Olympus
America, Center Valley, PA) equipped with a Hamamatsu OrcaD2
dual chip CCD camera and HCImage data acquisition and analy-
sis software (Hamamatsu Corporation, Bridgewater, NJ). Images
were obtained with a 40� water-immersion objective (1.3 numerical
aperture). ECFP excitation was achieved by using a 300-W xenon
arc lamp with a D436/20 band-pass filter and a 455DCLP di-
chroic mirror. ECFP and EYFP (FRET) emissions were measured

simultaneously using a 505DCXR dichroic mirror with D480/30
and D535/30 band-pass filters. Changes in cAMP activity were
defined as the change in background and bleed-through corrected
ECFP/EYFP fluorescence intensity ratio (DR) relative to the
baseline ratio measured in a region of interest. As long as the
nucleus was avoided, moving the ROI did not significantly affect
the results. Ratiometric measurements also ensured that the
responses measured were independent of the level of expression of
the probes. FRET ratios were measured once every 10 seconds.
A baseline of at least 5 minutes was established before applica-
tion of any drug. Because the response to low concentrations of
agonists were relatively slow to develop, all drugs were applied for
at least 10 minutes before their effects were measured. Responses
were calculated relative to the average ratio measured over the
30-second period immediately preceding application of any drug.
To control for any differences in the dynamic range of the FRET
responses produced by the different probes, all results were
normalized to the magnitude of the maximal probe response
observed in the same cell after exposure to maximally stimulating
concentrations 3-isobutlyl-1-methylxanthine (IBMX), a nonspe-
cific PDE inhibitor, plus forskolin, a direct activator of AC
activity.

Materials. Ham’s F12 medium, penicillin, streptomycin, and fetal
bovine serum were purchased from Life Technologies (Carlsbad,
CA). Rolipram and forskolin were obtained from Tocris Bioscience
(Bristol, UK). All other reagents were purchased from Sigma-Aldrich
(St. Louis, MO).

Statistics. All data are expressed as the mean 6 S.E.M. of
the indicated number of experiments conducted using different cells
(n) obtained from different preparations (N). Statistical significance
(P , 0.05) was determined by Student’s t test with Holm-Sidak
correction, where appropriate, using SigmaPlot (Systat Software,
San Jose, CA).

Fig. 2. Changes in cAMP activity in differ-
ent subcellular domains after EP2R stimu-
lation. Representative time course of
changes in magnitude of FRET response
(DR/R0) detected by Epac2-MyrPalm,
Epac2-CAAX, and Epac2-camps biosen-
sors after activation of EP2Rs with 0.3
and 1 mM butaprost in (A) untreated
human ASM cells (control) and (B)
human ASM cells overexpressing (OE)
AC6. Results are normalized to the magni-
tude of the maximal response produced by
forskolin (FSK, 10 mM) and IBMX (100 mM)
in the same cell. (C) Size of average FRET
responses in control cells (black bars) and
AC6 OE cells (red bars). AC6 OE did not
significantly affect (P. 0.05, Student’s t test)
responses detected by Epac2-MyrPalm (con-
trol, n/N = 13/8; AC6 OE, n/N = 8/5), Epac2-
CAAX (control, n/N = 20/10; AC6 OE, n/N =
10/7), or Epac2-camps (control, n/8 = 13; AC6
OE, n/N = 11/6).
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Results
Responses to b2AR stimulation were measured using sub-

maximally stimulating concentrations of the agonist isopro-
terenol (Iso). In control cells, exposure to 1 nM Iso elicited
responses that were detected by the cytosolic (Epac2-camps)
and lipid raft (Epac2-MyrPalm) targeted probes, but not by
the nonraft targeted (Epac2-CAAX) probe (Fig. 1A). Exposure
to 3 nM Iso elicited responses detected by all three probes,
although the response detected by Epac2-CAAX was signifi-
cantly smaller (Fig. 1C). These results are consistent with the
idea that b2ARs are concentrated primarily in lipid raft
domains of the plasma membrane of human ASM cells.
We then examined the effect of overexpressing AC6, but this

did not affect the responses to maximally stimulating concen-
trations of forskolin plus IBMX (see Supplemental Fig. 1);
however, it did significantly reduce the relative magnitude of
the response to b2AR stimulation detected by Epac2-MyrPalm
(P , 0.05) without altering the responses detected by Epac2-
camps or Epac2-CAAX (P . 0.05) (Fig. 1, B and C). This
finding supports the idea that AC6 is targeted primarily to
lipid raft domains of the plasma membrane, where it affects
b2AR-mediated production of cAMP. Despite the fact that AC6
overexpression selectively altered b2AR responses associated
with lipid raft domains, our original hypothesis was that it
would enhance the production of cAMP. Contrary to this
prediction, AC6 overexpression actually inhibited the b2AR
response detected by Epac2-MyrPalm.
To determine whether the effect of overexpressing AC6 is

specific to b2ARs, we also looked at the effect it had on
responses to EP2 prostaglandin receptor (EP2R) activation
using the agonist butaprost. As reported previously, in con-
trol cells, butaprost elicited cAMP responses that were most
readily detected by the Epac2-CAAX probe in nonraft do-
mains of the plasma membrane (Fig. 2A) (Agarwal et al.,
2017). Furthermore, overexpressing AC6 neither enhanced
nor inhibited cAMP responses to butaprost (P. 0.05) (Fig. 2, B
and C) detected by any of the probes. This result further
supports the idea that AC6 is selectively associated with
regulating b2AR responses in lipid raft domains of the plasma
membrane.
We hypothesized that AC6 overexpression causes a local-

ized decrease in cAMP produced by b2ARs in lipid raft
domains as a result of an increase in phosphodiesterase
(PDE) activity through a positive feedback mechanism in-
volving protein kinase A (PKA) (Conti and Beavo, 2007). The
activity of PDE4, which is prominent in airway smooth-
muscle cells (Méhats et al., 2003; Bogard et al., 2012), has
been shown to be upregulated by PKA-dependent phosphor-
ylation. To examine this possibility, we looked at the effect
of rolipram (10 mM), a selective PDE4 inhibitor, on b2AR
responses in control cells, as well as cells overexpressing AC6
(Fig. 3). Rolipram by itself had no effect on cAMP activity
detected by the Epac2-MyrPalm probe in either control or
AC6-overexpressing cells (P . 0.05). Furthermore, rolipram
did not appear to alter the magnitude of the response to Iso
in control cells (Fig. 3A); however, it did significantly al-
ter the response to Iso in AC6- overexpressing cells (Fig. 3, B
and C). In the presence of rolipram, the response to Iso was
not significantly different from control cells (P . 0.05), in
contrast to the significant decrease in magnitude of the b2AR
response associated with AC6 overexpression in the absence

of PDE4 inhibition (see Fig. 1). Furthermore, this effect
appeared to be specific for responses associated with lipid
raft domains, as rolipram did not enhance the response to
Iso detected by Epac2-CAAX in nonraft domains of AC6-
overexpressing cells (Fig. 3, B and C); it was the same size as
the response to Iso in control cells in the absence of rolipram
(see Fig. 1, A and C). This result supports the idea that AC6
overexpression leads to a localized decrease in cAMP pro-
duced by b2ARs associated specifically with lipid raft do-
mains that is mediated by PDE4.
The preceding results are consistent with the hypothesis

that overexpressing AC6 leads to an increase in cAMP
production, which in turn acts in a positive feedback manner
to enhance PDE4 activity, presumably through a mechanism
involving PKA-dependent phosphorylation (Conti and Beavo,
2007). To examine this possibility, we compared the response
to Iso in cells first exposed to the PKA inhibitor H89 (1 mM) to
prevent the feedback activation of PDE4. The PKA inhibitor
itself did not produce a change in basal cAMP activity (Fig. 4);
however, H89 did appear to alter the Iso-stimulated cAMP

Fig. 3. Changes in cAMP activity associated with lipid raft and nonraft
plasma membrane domains after b2AR stimulation in the presence of
PDE4 inhibition. Representative time course of changes in magnitude of
FRET response (DR/R0) detected by Epac2-MyrPalm and Epac2-CAAX
biosensors after inhibition of PDE4 activity with rolipram (10 mM) and
subsequent activation of b2ARs with 3 nM isoproterenol (Iso) in (A)
untreated human ASM cells (control) and (B) human ASM cells over-
expressing (OE) AC6. Results are normalized to the magnitude of the
maximal response produced by forskolin (FSK, 10 mM) and IBMX
(100 mM) in the same cell. (C) Size of average FRET responses in control
cells (black bars) and AC6 OE cells (red bars). In the presence of rolipram,
there were no significant (P . 0.05, Student’s t test) differences in the
magnitude of the responses to Iso detected by Epac2-MyrPalm in control
(n/N = 6/5) and AC6 OE (n/N = 6/4) cells or those detected by Epac2-CAAX
in control (n/N = 9/5) and AC6 OE (n/N = 9/6) cells.
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response detected by Epac2-MyrPalm in AC6 overexpressing
cells (Fig. 4B). In the presence of H89, the response to 3 nM Iso
was not significantly different from control cells (P . 0.05)
(Fig. 4C). Again, this is in contrast to the significant decrease
in magnitude of the b2AR response associated with AC6
overexpression in the absence of H89 (see Fig. 1, B and C).
This effect appeared to be specific for responses associated
with lipid raft domains as H89 did not enhance the b2AR
responses detected in nonraft domains of AC6- overexpressing
cells (Fig. 4C).
The preceding results support the idea that positive feed-

back activation of PDE4 contributes to the decrease in
cAMP produced in response to b2AR stimulation in lipid raft
domains of the plasma membrane, but only in AC6 over-
expressing cells. This could be explained if overexpression
of AC6 leads to recruitment of excess PKA activity. Adenylyl
cyclases are integral components of signaling complexes
associated with type II PKA through interactions with A
kinase anchoring proteins (AKAPs) (Dessauer, 2009). To

determine whether this type of interaction contributes to the
effect of AC6 overexpression, we compared responses to Iso in
cells overexpressing the Ht31 peptide, which disrupts PKA
anchoring to AKAPs (Carr et al., 1992). We found that in
the presence of the Ht31 peptide, the response to 3 nM Iso
detected by Epac2-MyrPalm in cells overexpressing AC6 was
no different in magnitude from the response observed in
control cells (P. 0.05) (Fig. 5). This finding suggests that the
decrease in magnitude of the Iso response detected by Epac2-
MyrPalm in AC6-overexpressing cells in the absence of Ht31
(see Fig. 1, B and C) involves the recruitment of PKA activity
to lipid raft domains where b2AR signaling occurs. Again,
this effect appears to be specific for responses associated with
lipid raft domains as Ht31 did not alter the Iso response
detected by Epac2-CAAX (P . 0.05) (Fig. 5).

Discussion
In the present study, we found that activation of b2ARs with

Iso caused an increase in cAMP activity that could be detected
throughout the cytoplasmic domain of human ASM cells, as
well as subcellular locations associated with lipid raft and
nonraft domains of the plasma membrane; however, changes
associated with lipid raft domains were more sensitive to
b2AR stimulation and larger than those associated with
nonraft domains. Furthermore, overexpression of AC6 selec-
tively altered b2AR production of cAMP in lipid raft domains,
without affecting cAMP responses occurring in other locations

Fig. 5. Changes in cAMP activity associated with lipid raft and nonraft
plasmamembrane domains after b2AR stimulation in cells overexpressing
the AKAP-disrupting peptide Ht31. (A) Representative time course of
changes in magnitude of FRET response (DR/R0) detected by Epac2-
MyrPalm and Epac2-CAAX biosensors after activation of b2ARs with 3 nM
isoproterenol (Iso) in human ASM cells overexpressing (OE) Ht31 and AC6
OE. Results are normalized to the magnitude of the maximal response
produced by forskolin (FSK, 10 mM) and IBMX (100 mM) in the same
cell. (B) Size of average FRET responses in control cells (black bars) and
cells overexpressing AC6 plus Ht31 (red bars). There were no significant
(P . 0.05, Student’s t test with Holm-Sidak correction) differences in the
magnitude of the responses to Iso detected by Epac2-MyrPalm in control
cells (n/N = 6/6) and cells overexpressing AC6 plus Ht31) (n/N = 10/4) or
the magnitude of the responses detected by Epac2-CAAX in control cells
(n/N = 7/6) and cells overexpressing Ht31 plus AC6 (n/N = 7/3). Control
data from experiments illustrated in Fig. 1.

Fig. 4. Changes in cAMP activity associated with lipid raft and nonraft
plasmamembrane domains after b2AR stimulation in the presence of PKA
inhibition. Representative time course of changes in magnitude of FRET
response (DR/R0) detected by Epac2-MyrPalm and Epac2-CAAX biosen-
sors after inhibition of PKA activity with H89 (1 mM) and subsequent
activation of b2ARs with 3 nM isoproterenol (Iso) in (A) untreated human
ASM cells (control) and (B) human ASM cells overexpressing (OE) AC6.
Results are normalized to the magnitude of the maximal response
produced by forskolin (FSK, 10 mM) and IBMX (100 mM) in the same
cell. (C) Size of average FRET responses in control cells (black bars)
and AC6 OE cells (red bars). In the presence of H89, there were no
significant (P . 0.05, Student’s t test) differences in the magnitude of the
responses to Iso detected by Epac2-MyrPalm in control (n/N = 6/4)
and AC6 OE (n/N = 6/4) cells or those detected by Epac2-CAAX in control
(n/N = 9/7) and AC6 OE (n/N = 6/4) cells.
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or cAMP responses mediated by other receptors. In addition,
the effect that AC6 overexpression had on b2AR responses in
lipid raft domains was inhibitory, and this inhibitory effect
could be blocked by inhibition of PDE4 activity, PKA kinase
activity, as well as AKAP interactions with PKA.
The ability of AC6 overexpression to selectively alter b2AR

responses associated with lipid raft domains is consistent with
previous findings demonstrating that both signaling proteins
are concentrated in caveolar fractions of the plasma mem-
brane in ASMs (Bogard et al., 2011, 2012); however, the fact
that the AC6 overexpression produced an inhibitory effect in
the present study was somewhat surprising. It was previously
reported that overexpression of AC6 enhances cAMP pro-
duction in response to direct activation of AC activity with
forskolin or b2ARs with Iso. This apparent contradiction is
most likely explained by the fact that the earlier studies
measured cAMP activity in cell lysates using traditional
immunoassay techniques that required the use of maximally
stimulating concentrations of the nonspecific PDE inhibitor
IBMX. The results of the present study suggest that the effects
of AC6 overexpression are more subtle in that they appear to
occur only in specific subcellular locations and can be blocked
by selective inhibition of PDE4 activity. Therefore, the use of
whole-cell lysates and IBMX would have obscured the ability
to detect the kind of response found presently using targeted
biosensors in intact cells.
The ability to block the effect of AC6 overexpression onb2AR

responses with rolipram as well as the PKA kinase inhibitor
H89 supports the idea that the inhibitory effect was due to an
increase in PDE4 activity. It is well documented that PDE4
activity can be stimulated after phosphorylation by PKA
(Conti and Beavo, 2007). It is conceivable that the increased
expression of AC activity contributed to an initial increase in
cAMP production upon b2AR stimulation that resulted in a
rapid activation of PKA and subsequent phosphorylation of
PDE4. If this was the case, one might have expected to see a
rapid increase, followed by a decrease in cAMP after exposure
to Iso. One possibility is that it occurred too rapidly for us to
detect, especially since we were only able to measure FRET
responses once every 10 seconds. It could also be that the
increase in cAMP needed to activate PKA occurred locally,
within a signaling complex that may not have been accessible
to the Epac2-MyrPalm biosensor, even though they are all
associated with the same membrane domain.
Consistent with the idea that the b2AR and AC6 are part of

a signaling complex that includes PKA is the fact that the
inhibitory effect of AC6 overexpression was also blocked by

the AKAP inhibitory peptide Ht31. This peptide mimics the
AKAP-anchoring sequence that binds to the regulatory sub-
unit of type II PKA. Preventing the anchoring of PKA would
have limited the ability of local activation of PKA to phos-
phorylate PDE4. The implication is that the PDE4 is also part
of this signaling complex. Although we do not know which
specific AKAP is involved, several different isoforms have
been found to interact with certain AC subtypes and can
regulate compartmentalized cAMP signaling (Horvat et al.,
2012). For example, AKAP79/AKAP150/AKAP5 is able to
interact with AC2, 3, 5, 6, 8, and 9 (Efendiev et al., 2010);
yotiao/AKAP9 interacts with AC1, 2, 3, and 9 (Piggott et al.,
2008); and mAKAPb/AKAP6 can interact with AC2 and
5 (Kapiloff et al., 2009). Although the evidence presented in
the current study supports the idea that AKAP anchoring of
PKA is necessary to see the effect of AC6 overexpression, it is
possible that the signaling complex, which appears to include
b2ARs, AC6, PDE4, and PKA (Fig. 6), may involve other
scaffolding proteins, such as caveolins (Ostrom et al., 2012).
In either case, inhibition of PDE4 activity might have
been expected to affect b2AR responses detected by Epac2-
MyrPalm in non-AC6-overexpressing cells (see Fig. 3A). One
possible reason it did not is that other PDE isoforms are
present that can compensate for the loss of PDE4 activity.
Only when overexpression of AC6 recruits excess PDE4
activity to that microdomain is an effect apparent.
In conclusion, using targeted FRET-based biosensors, we

demonstrated that b2AR stimulation produces a compartmen-
talized cAMP response associated with lipid raft domains of
the plasma membrane in human ASM cells. Furthermore,
overexpression of AC6 activity revealed functional evidence
that the b2AR is associated with a signaling complex that
includes AC6, PKA, and PDE4. These findings imply that
therapeutic strategies involving combined b2AR activation
and PDE4 inhibition might be particularly effective at in-
creasing cAMP levels and bronchodilation in human ASM.
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Fig. 6. Compartmentalized cAMP signaling in human
airway smooth muscle cells. b2AR stimulation of AC6
produces cAMP that is most readily detected by the Epac2-
MyrPalm biosensor, which is targeted to lipid raft domains
of the plasma membrane, and the Epac2-camps biosensor,
which is expressed throughout the cytosolic domain.
AKAPs contribute to the formation of a signaling com-
plex that includes b2ARs, AC6, type II PKA, and PDE4
associated with lipid raft membrane domains. EP2Rs
stimulation of AC type 2 (AC2) produces cAMP that is
most readily detected by the Epac2-CAAX biosensor,
which is targeted to nonraft membrane domains.
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