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Background: AKAP79/150 scaffolds PKA, PKC, and calcineurin into networks.
Results: Knockdown of AKAP79/150 in cardiac myocytes inhibited the recycling of the �1-AR and increased �1-AR-mediated
production of cyclic AMP.
Conclusion: AKAP79/150 is involved in trafficking and signaling of myocardial �1-AR.
Significance: Our results indicate that AKAP79/150 might be cardioprotective via its key role in regulating the signaling
intensity of cardiac �1-AR.

Protein kinase A-anchoring proteins (AKAPs) participate in
the formation of macromolecular signaling complexes that
include protein kinases, ion channels, effector enzymes, and
G-protein-coupled receptors. We examined the role of AKAP79/
150 (AKAP5) in trafficking and signaling of the �1-adrenergic
receptor (�1-AR). shRNA-mediated down-regulation ofAKAP5
inHEK-293 cells inhibited the recycling of the�1-AR. Recycling
of the�1-AR inAKAP5knockdowncellswas rescuedby shRNA-
resistant AKAP5. However, truncated mutants of AKAP5 with
deletions in the domains involved in membrane targeting or in
binding to calcineurin or PKA failed to restore the recycling of
the�1-AR, indicating that full-lengthAKAP5was required. Fur-
thermore, recycling of the �1-AR in rat neonatal cardiac myo-
cytes was dependent on targeting the AKAP5-PKA complex to
the C-terminal tail of the �1-AR. To analyze the role of AKAP5
moredirectly, recycling of the�1-ARwas determined in ventric-
ular myocytes from AKAP5�/� mice. In AKAP5�/� myocytes,
the agonist-internalized �1-AR did not recycle, except when
full-length AKAP5 was reintroduced. These data indicate that
AKAP5 exerted specific and profound effects on �1-AR recy-
cling inmammalian cells. Biochemical or real time FRET-based
imaging of cyclic AMP revealed that deletion of AKAP5 sensi-
tized the cardiac �1-AR signaling pathway to isoproterenol.
Moreover, isoproterenol-mediated increase in contraction rate,
surface area, or expression of �-myosin heavy chains was signif-
icantly greater in AKAP5�/� myocytes than in AKAP5�/� myo-
cytes. These results indicate a significant role for the AKAP5
scaffold in signaling and traffickingof the�1-AR in cardiacmyo-
cytes and mammalian cells.

Protein kinase A anchoring proteins (AKAP)3 are a family of
structurally diverse proteins, which share a common motif at

their C terminus that binds to the regulatory subunits of the
cyclic AMP-dependent protein kinase (PKA). In addition,
AKAPs mediate signal integration through protein-protein
binding domains that bind to other kinases, phosphatases,
GPCR, effector enzymes, and channels (1, 2). By scaffolding
these diverse but functionally complementary proteins, AKAPs
form local signaling networks that can modulate the microen-
vironment, metabolism, and downstream signaling of cyclic
AMP (3). Gene knockdown and overexpression methodologies
identified numerous functions for individual AKAP in regulat-
ing the signaling outputs of GPCRs. siRNA-mediated knock-
down of endogenous AKAP79 in HEK-293 cells increased
cyclic AMP and sustained PKA activity upon agonist-mediated
stimulation of endogenous �2-AR (4). Overexpression of mus-
cle AKAP in heart cells increased PKA-catalyzed phosphoryla-
tion of ryanodine Ca2� release channels and �-AR-induced
cardiomyocyte hypertrophy (5). In addition, PKA anchored to
AKAP7 (AKAP15/18) was involved in rapid regulation of myo-
cardial L-type Ca2� currents in response to �-AR stimulation
(6).
AKAP5 is a membrane-bound AKAP that, in addition to

binding PKA, binds to PKC, calcineurin (PP2B), membrane-
associated guanylate kinase protein SAP97, adenylyl cyclase
V/VI, and other signaling and scaffolding proteins (4, 7–9).
AKAP5-anchored complexes play a key role in regulating
GPCR signaling in general and�-adrenergic signaling in partic-
ular. Disruption ofAKAP-PKA interactions by the st-Ht31 pep-
tide significantly increased the duration of plasma membrane-
delineated cyclic AMP (10). Global deletion of AKAP5 resulted
in loss of �-adrenergic stimulated Ca2� transients and the
phosphorylation of substrates involved inCa2� handling. Thus,
deletion of AKAP5 impaired �-AR-mediated modulation of
excitation-contraction coupling in adult mouse cardiac myo-
cytes (11). Moreover, AKAP5 was involved in targeting the
�1-AR to specific membrane compartments in cardiomyocyte-
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like H9c2 cells (12). Furthermore, AKAP5 and its anchored
PKA were involved in trafficking of �1-AR and glutamate
receptors (13–15). We have determined that the AKAP5-PKA
complex was targeted to the �1-AR by SAP97 (16). SAP97 is a
scaffolding protein that binds simultaneously to the type 1
PSD-95/DLG/ZO1 (PDZ) domain in the C-terminal tail of the
�1-AR and to AKAP79 (16). SAP97-mediated targeting of the
AKAP5-PKA complex to the C terminus of the �1-AR facili-
tated the phosphorylation of Ser312 in the third intracellular
loop of the �1-AR by this pool of PKA (13, 14, 16).

�1-ARs are critically involved in regulating renin release
from the kidney and in mediating chronotropic, inotropic, and
lusitropic effects of catecholamines in the heart. The effects of
the association between AKAP5 and the �1-AR on trafficking
and signaling of the �1-AR are unknown. Therefore, we deter-
mined the role of AKAP5 in signaling and trafficking of the
�1-AR in established cells lines such as HEK-293 and in more
physiologically relevant cells such as cardiac myocytes. Our
results indicate that AKAP5 regulated the recycling and inten-
sified the signaling output of the �1-AR in cardiac myocytes.
Moreover, cardiomyocytes fromAKAP5 null mice were hyper-
trophied, indicating that AKAP5 could exert a potentially
important protective role in �-adrenergic-mediated cardiac
hypertrophy.

EXPERIMENTAL PROCEDURES

Preparation of Neonatal Cardiac Myocytes from Rats and
AKAP5 Transgenic Mice—A colony of AKAP5 heterozygous
mice (AKAP5�/�) was provided by G. Stanley McKnight, Uni-
versity of Washington, Seattle (11). Neonatal 1–2-day-old
mouse pups with two alleles of AKAP5 (AKAP5�/�) or
homozygous knock-out for AKAP5 (AKAP5�/�) were used for
the preparation of cardiac myocytes. Mouse ventricles were
digested 5–8 times, each for 10 min in dissociation buffer sup-
plemented with collagenase II (0.2 mg/ml), pancreatin (0.5
mg/ml), and DNase I (1.5 �g/ml). The dissociated cells were
then pre-plated for 2 h to enrich for cardiac myocytes. Ventri-
cles from 1- to 2-day-old rat Sprague-Dawley pups were
digested in dissociation buffer supplemented with 60 mg/100
ml of pancreatic enzyme concentrate (BioCaseV, Thomas Lab-
oratories, Tolleson, AZ) and then purified by a centrifugation in
a Percoll step gradient as described previously (17). Rat or
mouse cardiacmyocyteswere cultured in platingmediumcom-
posed of DMEM/M-199 (80:20) supplemented with 10% horse
serum and 5% fetal bovine serum. Human embryonic kidney
293 (HEK-293) cells were maintained in DMEMwith 10% fetal
bovine serum. Rodent cardiac myocytes were transfected with
adenovirus expressing the various constructs of the �1-AR for
6 h and subsequently cultured for 24–48 h before use.
Antibodies, siRNA, and Additional Reagents—Cy3-labeled

anti-FLAG M2, NOQ7.5.4D anti-�-myosin heavy chains
(�-MHC), and EA-53 anti-�-actinin antibodies were from
Sigma. Monoclonal anti-AKAP79 or SAP97 were purchased
from (BD Biosciences and Enzo Life Sciences, Farmingdale,
NY), respectively. Xamoterol, salmeterol, CGP-20712A, ICI-
118,551, and GF 109203X were from Tocris Bioscience (Min-
neapolis, MN). The sequence in AKAP79 between 850 and 870
corresponding to ACCCTAGAAAGTGCACCAAAT or its

inactive control (GTCTCCACGCGCAGTACATTT) was
cloned into RNAi expression vectors pcDNA-6.2-GW-mir or
pcDNA-6.2-GW/EmGFP-mir (Invitrogen). The sequence
between 861–881 in AKAP150 (AAGAAGACAAAATC-
CAAACTT) was used to generate the AKAP150-specific
shRNA. Plasmids expressing the shRNA were transfected into
HEK-293 using the Lipofectamine 2000TM transfection reagent
(Invitrogen) and into heart cells by the TransIT TMLT1 reagent
(Mirus Corp.). Two pointmutationswere introduced into posi-
tions 860 and 861 ofWTAKAP79 by site-directedmutagenesis
to generate an AKAP79 cDNA mutant that would escape
siRNA-mediated degradation. From this mutant, the other
siRNA-resistant truncated versions of AKAP79were generated
by PCR and cloned into pIRES-EGFP. pIRES-EGFP is a bicis-
tronic vector that allows the expression of the gene of interest to
bemonitored at the single-cell level due to expression of hrGFP
II (green) on the same transcript. Adenoviruses harboring the
WT �1-AR, �1-AR�PDZ, (S312A)�1-AR, (S312D)�1-AR, and
(S312D)�1-AR�PDZ were generated at the Vector Core of the
University of Tennessee Health Sciences Center.
Confocal Recycling Microscopy Protocol—HEK-293 cells or

neonatal mouse cardiomyocytes were grown on poly-L-lysine-
coated or collagen-coated glass coverslips, respectively. These
cells were serum-starved for at least 3 h in DMEM supple-
mented with 25 mM HEPES, pH 7.4. Cells were incubated with
Cy3-labeled anti-FLAG M2 IgG (5–10 �g/ml) for 1 h at 37 °C
and then exposed to 10 �M isoproterenol for 30 min at 37 °C to
promote agonist-mediated �1-AR internalization. After 30
min, the cells were chilled and washed with ice-cold Hanks’
balanced salt solution (HBSS) to halt receptor endocytosis. To
promote the recycling of internal �1-AR, cultures were incu-
bated with 100 �M of the �-AR antagonist alprenolol at 37 °C
for 15, 30, or 60 min and then fixed with 4% paraformaldehyde
(14, 16). Some of the alprenolol (60min) slides were chilled and
exposed to 0.5 MNaCl, 0.2 M acetic acid, pH 3.5, for 4min on ice
to remove antibody bound to extracellular �1-AR and then
fixed (18–20). Slides were visualized by confocal microscopy
using Cy3, DAPI, and GFP laser settings of the Olympus
FluoViewTM FV-1000 confocal microscope.
Immunoprecipitations and Western Blotting—For immuno-

precipitations, HEK-293 cells or cardiacmyocytes were lysed in
lysis buffer composed of 150 mM NaCl, 50 mM Tris, pH 8.0, 5
mM EDTA, 1% Triton X-100 with protease inhibitor mixture
(Sigma). Insoluble cellular debris was removed by centrifuga-
tion at 14,000 � gav for 15 min at 4 °C. After equalizing protein
concentrations across all samples, lysates were incubated with
�3–10 �l of M2 anti-FLAG-IgG beads at 4 °C with gentle rota-
tion overnight. In control experiments, lysates were incubated
with preimmune IgG at the same concentration. The beads
werewashed in lysis buffer, and immune complexeswere eluted
with Laemmli sample buffer containing 20 mM dithiothreitol.
Eluted proteins and input lysates were separated by SDS-PAGE
under denaturing conditions and electroblotted to nitrocellu-
lose. Identical gels were run and transferred for separate detec-
tion of AKAP79 or SAP97.
Determination of Cyclic AMP by Fluorescence Resonance

Energy Transfer Microscopy and by ELISAs—Cytosolic CFP-
EPAC-YFP (21) was a generous gift from Kees Jalink (Division
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of Cell Biology, The Netherlands Cancer Institute, Amster-
dam). Cells were plated on glass-bottom collagen-coated
35-mm plates (MatTek Corp., Ashland, MA) and transiently
transfected with CFP-EPAC-YFP for 24–48 h. Cells were
washed with HBSS after transfection and imaged in the dark on
a 37 °C temperature-controlled stage. Subtype-selective �-AR
antagonists were applied 10min before the perfusion of isopro-
terenol and maintained throughout the experiment. Images
were captured every 10 s using a 60� oil immersion objective in
the Olympus FluoViewTM FV-1000 microscope. Background
corrections of fluorescent images were carried out by subtract-
ing the intensity of the background (autofluorescent cells
and/or no cells) from the emission intensities of fluorescent
cells expressing the reporters. All FRET ratios were normalized
to time 0.
For the determination of cyclic AMP by ELISA, mouse ven-

tricular myocytes were seeded into a 24-well plate at �60,000
cells perwell. Cells were incubated in serum-freeDMEMfor 2 h
and then in induction buffer (HBSS with 200 �M isobutyl-1-
methylxanthine). Each selective �-adrenergic antagonist was
added 15 min before exposing the cells to isoproterenol. The
indicated concentrations of the nonselective �-agonist isopro-
terenol, selective �1-AR agonist xamoterol, or selective �2-AR
agonist salmeterol were added for 10min at 37 °C into triplicate
wells. Following the stimulation, the medium was aspirated,
and 0.5 ml of cold 0.1 N HCl was added for 10 min, followed by
determining the absolute levels of cyclic AMP (direct cAMP
ELISA, Enzo Life Sciences). For each condition, one well that
was treated in an identicalmannerwas used to determine either
the cell number/well or protein level/well. Mean � S.E. values
were compared between the groups by ANOVA.
Immunocytochemistry,Morphometry, and Contraction Rates

of Myocytes—Mouse cardiac myocytes on laminin-coated glass
coverslips were exposed to buffer or 10 �M isoproterenol for
6 h. The cells were fixed and permeabilized in 0.2% Triton
X-100 in HBSS for 10 min at 4 °C (22, 23). Permeabilized myo-
cytes were incubated with a 1:2,000 dilution of anti-sarcomeric
�-actinin or �-MHC antibodies and then incubated with a
1:100 dilution of rhodamine-conjugated goat anti-mouse
(EMD Biosciences, San Diego) and analyzed by immunocyto-
chemistry. Fixed cells were incubated with FluoromountTM-
DAPI for 5 min to label the nuclei. Immunofluorescent images
of cells stained for �-actinin or �-MHC were acquired at fixed
settings of the Olympus FV-1000 microscope. These images
were analyzed by ImageJ 1.46 software (National Institutes of
Health) tomeasure surface areas and pixel intensities of 20 cells
per field in four fields. �-MHC pixel intensities were divided by
surface area to determine pixel intensity/area of each cell. The
means � S.E. for pixel intensity/area for 80 cells in each group
were calculated and compared by one-way ANOVA to group A
(WT/vehicle) to determine significance.
Measurement of spontaneous contraction rates of cardiac

myocytes was performed as described (24). In brief, 2–3 � 105
mouse ventricular cardiacmyocyteswere cultured on glass cov-
erslips for 5 days to obtain a uniformly beating syncytium. The
cells were placed on the temperature-regulated stage of an
inverted microscope connected to a video camera. Cells were
equilibrated at 37 °C for 10min before monitoring the contrac-

tion rate. Contraction rates of cells within the syncytium were
determined at 60-s intervals for 10 min before and 20 min after
stimulation with isoproterenol or subtype-selective �-agonists.
The data were analyzed using Prism software 5.01.
Statistics—All data are expressed as means � S.E., except

where indicated. For comparison between two groups of
data, Student’s unpaired t test was used to determine signif-
icance, whereas multiple groups were compared by one-way
ANOVA with Newman-Keuls post tests using Prism soft-
ware (GraphPad, San Diego). Results were considered signif-
icant at p � 0.05.

RESULTS

Role of AKAP79 in Recycling of the �1-AR in HEK-293 Cells—
Immunoblots of cell extracts fromHEK-293 cells indicated that
these cells endogenously expressed AKAP79 and that immu-
noprecipitation (IP) of the �1-AR co-immunoprecipitated
AKAP79 (Fig. 1, A and B). AKAP79 is targeted to the �1-AR by
the scaffolding protein SAP97, which binds simultaneously to
AKAP79 and to the type 1 PDZat the extremeC-terminal tail of
the �1-AR (16, 25, 26). To find out if the type 1 PDZ of the
�1-AR was involved in its binding to AKAP79, the PDZ
sequence (ESKV) between amino acids 474 and 477 in the
�1-AR was inactivated by mutagenesis to alanine (�1-
AR�PDZ). HEK-293 cells stably expressing moderate levels of
FLAG-tagged �1-AR�PDZ were lysed, and FLAG-IPs were
probed for co-IP of AKAP79 (Fig. 1B). These experiments
showed that �1-AR�PDZ did not co-IP SAP97, indicating that
the type 1 PDZ of the �1-AR was involved in binding AKAP79.
An AKAP79 knockdown and rescue strategy was used to

determine whether the expression of AKAP79 was required for
trafficking of the �1-AR in HEK-293 cells. Scrambled or
AKAP79 shRNAs in mir pcDNA 6.2 were expressed in HEK-
293 cells that stably expressed the FLAG-tagged WT �1-AR.
Endogenous AKAP79 was detected in cells expressing the
scrambled shRNA, but it was selectively reduced by �95% in
cells expressing AKAP79 shRNA (Fig. 1C). Next, we deter-
mined the effect of scrambled- or AKAP79-shRNA on traffick-
ing of the WT �1-AR in HEK-293 cells (Fig. 1D). Cells stably
expressing the FLAG WT �1-AR with scrambled or AKAP79
shRNA were transiently transfected with the empty mamma-
lian expression vector p-IRES-EGFP (Fig. 1D, panels a–l). The
cells were incubated with Cy3-labeled anti-FLAGM2-IgG (Fig.
1D, red) for 1 h to label the �1-AR and then visualized by con-
focal microscopy. Expression of the shRNA with pIRES-EGFP
did not interfere with the membranous distribution of the
�1-AR (Fig. 1D, panels a and g). Exposing these cells to isopro-
terenol resulted in rapid endocytosis of membranous �1-AR
into intracellular vesicles (Fig. 1D, panels b and h). The effect of
each shRNA on recycling of internal �1-AR was initiated by
removal of isoproterenol followed by the addition of the �-ad-
renergic antagonist alprenolol to block the internalization of
additional �1-AR and to promote the recycling of internal
�1-AR. In cells expressing scrambled shRNA, the agonist-inter-
nalized �1-AR recycled back to the cell membrane within 60
min from the removal of isoproterenol with a t0.5 	 18 � 5min
(Fig. 1D, panels c–e). The rate of recycling of the�1-AR in these
cells was comparable with the kinetics of �1-AR recycling in
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native HEK-293 cells (14), indicating that the scrambled
shRNA or pIRES-EGFP had no appreciable effect on the recy-
cling kinetics of the �1-AR. However, �1-AR did not recycle in
HEK-293 cells expressing AKAP79 shRNA, indicating that
AKAP79 was required for recycling of the �1-AR in HEK-293
cells (Fig. 1D, panels i–k).

A major consequence of GPCR recycling is externalization,
which involves the re-insertion of internalized GPCR into the
cell membrane (18–20). If the externalized �1-AR were
inserted properly into the cell membrane, then Cy3-conjugated
anti-FLAG IgG bound to the N-terminal FLAG epitope of the
�1-AR would be oriented extracellularly. In this case, an acid
wash would strip Cy3-anti-FLAG IgG from the externalized
�1-AR population but not from internal�1-AR (18, 19). Cells in
which the �1-AR was internalized and then allowed to recycle
for 60minwere exposed to an acidwash (Fig. 1D, panels f and l).
In cells expressing the scrambled shRNA, the acid wash proce-
dure stripped �80% of the Cy3 pixels, indicating that recycled

�1-AR were externalized (Fig. 1D, panel f). However, Cy3 pixel
distribution in AKAP79 knockdown cells was not altered by
this maneuver, indicating that the �1-AR remained inside the
cell (Fig. 1D, compare panels f–l).
An shRNA-resistant AKAP79 in pIRES-EGFP (pIRES-

EGFP-AKAP79*) was created by mutating two oligonucleo-
tides in the shRNA-binding sequence of AKAP79. This
construct was used to determine whether shRNA-resistant
AKAP79 (AKAP79*) could rescue the recycling of the WT
�1-AR in AKAP79 knockdown cells. HEK-293 cells stably
expressing FLAG-�1-AR and AKAP79 shRNAwere transiently
transfected with pIRES-EGFP-AKAP79* (Fig. 1D, panels m–r).
Images of cells that were preincubated with Cy3-labeled anti-
FLAG M2 IgG (red) for 1 h revealed that expression of pIRES-
EGFP-AKAP79* did not interfere with membranous distribu-
tion of the �1-AR (Fig. 1D, panel m). Exposing these cells to
isoproterenol resulted in rapid endocytosis of membranous
�1-AR into intracellular vesicles (Fig. 1D, panel n). Expression
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FIGURE 1. Role of AKAP79 in �1-AR trafficking in HEK-293 cells. A, detection of AKAP79 in HEK-293 extracts by immunoblotting (IB). B, cells stably expressing
FLAG-tagged WT �1-AR or �1-AR�PDZ were transfected with AKAP79 cDNA for 2 days. Extracts from these cells were probed for expression of AKAP79 (upper
right-hand panel). Equal amounts of lysate were incubated with preimmune mouse IgG beads or with anti-FLAG IgG resin overnight. The resin was washed and
eluted in Laemmli sample buffer. About 4% of the affinity-purified eluate was probed with anti-FLAG IgG to verify that equal amounts of �1-AR were
immunoprecipitated (upper left-hand panel). The remainder of the eluate was probed for the co-IP of AKAP79 (lower panel). C, double-stable HEK-293 cells
expressing FLAG �1-AR with either scrambled (Scr.) shRNA or AKAP79 shRNA were lysed and probed by Western blotting for expression of AKAP79. D, panels
a–l, HEK-293 cells stably expressing FLAG-tagged WT �1-AR with scrambled shRNA (panels a–f) or AKAP79 shRNA (panels g–l) were transfected with empty
pIRES-EGFPII vector. In panels m–r, HEK-293 cells stably expressing FLAG-tagged WT �1-AR and AKAP79 shRNA were transfected with shRNA-resistant AKAP79*
in pIRES-EGFPII (panels m–r). Cells on glass slides were prelabeled for 1 h with Cy3-anti-FLAG antibody and fixed (panels a, g, and m). The rest of the slides were
exposed to 10 �M isoproterenol (ISO) for 30 min and then fixed (panels b, h, and n). The rest of the slides were incubated with 100 �M alprenolol, subjected to
recycling conditions for the indicated time period and then fixed. Slides that were incubated with alprenolol for 1 h were exposed to acid wash and then fixed
(panels f, l, and r). The distribution of fluorescent pixels was obtained using the software of the confocal microscope, and the colors shown are pseudo colors.
These experiments were repeated n 	 5 times, and images were obtained from at least 20-cell fields/experiment. A/W, acid wash. Each scale bar, 5 �m.
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of AKAP79* from the pIRES-EGFP-AKAP79* vector rescued
the recycling of the �1-AR, which was externalized with a t0.5 of
21 � 6 min (Fig. 1D, panels o–r). The recycling kinetics of the
�1-AR in AKAP79*-expressing cells were no different from
those observed in HEK-293 cells (13).
Role of the Protein Binding Domains of AKAP79 in Binding

and Recycling of the �1-AR in HEK-293 Cells—AKAP79 is a
networking protein that contains several protein-protein inter-
action domains. AKAP79 binding partners include the follow-
ing: the membrane and PKC binding domains (amino acids
1–151) in the N terminus; a protein phosphatase 2B (calcineu-
rin) binding domain between amino acids 321 and 360, and
the PKA binding domain between 360 and 427 (7–9). Using

the shRNA-resistant AKAP79* template, three truncated
AKAP79* mutants, (amino acids 1–360) AKAP79* (deletion of
PKA binding), (amino acids �321–360) AKAP79* (deletion of
calcineurin binding), and (amino acids 151–427) AKAP79*
(deletion of PKC andmembrane binding domains) were gener-
ated. Specific domain deletions of AKAP79* were cloned into
p-IRES-EGFP-II and were expressed in HEK-293 cells that sta-
bly expressed FLAG-�1-AR and AKAP79 shRNA. Immunob-
lots of �5% of each cell lysate revealed that each AKAP79*
deletion construct migrated with the expected mobility, indi-
cating that they escaped degradation by the AKAP79 shRNA
(Fig. 2B). Equal amounts of each lysate were incubated with
3–5 �l of anti-FLAG IgG resin and the IPs were subjected to

FIGURE 2. Role of the scaffolding domains of AKAP79 in recycling of the �1-AR in HEK-293 cells. A, schematic representation of AKAP79*(1– 427) (full
length) and its three deletion mutants, AKAP79*(1–360), AKAP79*(�321–360), and AKAP79*(151– 427). B, HEK-293 cells stably expressing FLAG-�1-AR and
AKAP79 shRNA were transiently transfected with AKAP79* or its shRNA-resistant mutants for 2 days. Lysates from these cells were immunoblotted (IB) with
anti-AKAP79 antibody. C, extracts from the cells in B above were incubated with preimmune mouse IgG beads or with anti-FLAG IgG resin overnight. The resin
was washed, eluted, and probed for the co-IP of AKAP79. D, AKAP79* in pIRES-EGFP or its deletion mutants were transfected into double-stable HEK-293 cells
expressing FLAG �1-AR and AKAP79-shRNA. Internalization and recycling of the �1-AR in these cells were conducted as described under “Experimental
Procedures” and in the legend of Fig. 1. Each scale bar represents 5 �m. E, extracts from the cells in B above were incubated with preimmune IgG resin or
anti-AKAP79 IgG resin. The resin was eluted and probed for co-IP of SAP97. Input lysates represented 5% of the total extract, whereas 50% of the total volume
was used for immunoprecipitation. A/W, acid wash.
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Western blot analysis with anti-AKAP79 antibody (Fig. 2C).
FLAG-�1-AR IPs co-immunoprecipitated full-length AKAP79*,
(amino acids 1–360)AKAP79*, (amino acids 151–427)AKAP79*,
and (aminoacids�321–360)AKAP79*.Therefore, thesedeletions
in AKAP79 did not abrogate its binding to the �1-AR.
Next, we investigated whether the three AKAP79* deletion

mutants could substitute for full-length AKAP79 in rescuing
the recycling of the �1-AR in HEK cells stably expressing
FLAG-�1-AR and AKAP79 shRNA (Fig. 2D). Truncations in
these AKAP79* mutants did not affect either the membranous
distribution of the �1-AR or its internalization in response to
isoproterenol (Fig. 2D, panels a, b, g, h, m, and n). The cells were
then washed to remove the �-agonist, and �1-AR-Cy3 fluores-
cence was re-evaluated after 15, 30, and 60 min from the addi-
tion of alprenolol. In contrast to what we observed with full-
length AKAP79* (Fig. 1D, panels o–q), the three deletion
mutants of AKAP79* could not rescue the recycling of the
�1-AR, and these receptors were retained by �85% internally
(Fig. 2D, panels c–f, i–l, and o–r).

To find out if loss of the PKC-binding site between amino
acids 1 and 75 of AKAP5 affected the trafficking of the �1-AR,
the activity of PKC was inhibited with 5 �M bisindolylmaleim-
ide (GF 109203X), which at this concentration inhibits all the
isoforms of PKC (27). In cells pretreated with GF 109203X, the
WT �1-AR was internalized and recycled efficiently and com-
pletely, indicating that the activity of PKC might not be
required for the trafficking of the �1-AR in HEK-293 cells (data
not shown).
SAP97 is involved in recycling of the agonist-internalized

�1-AR (16). Thus, a major reason for failure of truncated
AKAP79*mutants in rescuing the recycling of the�1-ARmight
be due to their inability to bind SAP97. To find out if SAP97
would bind to these AKAP79* truncationmutants, each pIRES-
EGFP AKAP79* deletion mutant was transiently transfected
into HEK-293 cells stably expressing AKAP79 shRNA. Lysates
prepared from each of these cells were immunoprecipitated
with anti-AKAP79 and then probed for the co-IP of endoge-
nous SAP97 (Fig. 2E). IPs of AKAP79 co-immunoprecipitated
SAP97 fromall of these cells, indicating that the SAP97-binding
site in AKAP79 was not inactivated by these mutations. These
results demonstrate that the entire AKAP79 protein was nec-
essary to rescue the recycling of the �1-AR.
Characterization of the Trafficking of the �1-AR in Rat Neo-

natal Ventricular Myocytes—The pharmacological effects of
the �1-AR are manifest mainly in the heart as increased chro-
notropy and inotropy. AKAP5 and SAP97 were involved in tar-
geting the �1-AR to themembrane of cardiomyocyte-like H9c2
cells (12). Therefore, it is crucial to determine whether findings
in HEK-293 cells were reproducible in a more physiologically
relevant setting such as cardiac cells. Consequently, �1-AR
recycling experimentswere repeated in neonatal rat ventricular
cardiac myocytes (NRVCM). NRVCM-expressing FLAG-
tagged �1-ARs were stained with Cy3-labeled anti-FLAG IgG,
fixed, and mounted in medium containing DAPI to stain the
nuclei (Fig. 3, a–e). Each image in Fig. 3 represents Cy3-stained
�1-AR (pseudo red color) along with superimposedDAPI stain-
ing (pseudo violet color) of cardiac myocytes, although the
insets show Nomarski optical images of the NRVCM. In

unstimulated NRVCM, �1-AR as indexed by Cy-3 staining was
localized on the plasma membrane (Fig. 3). Similar results to
those shown in Fig. 3 were obtained when NRVCM were fixed
and then permeabilized with 0.2% Triton X-100 for 10 min at
4 °C (18), prior to their incubation with the Cy3-labeled anti-
FLAG antibody (data not shown). ExposingNRVCM to isopro-
terenol promoted the internalization of �1-AR into the cytosol
of rat cardiac myocytes (Fig. 3). Replacing isoproterenol with
alprenolol promoted the recycling of internal�1-ARback to the
membrane (Fig. 3, c–e). The t0.5 for the recycling of �1-AR in
NRVCM was 17 � 4 min, which is comparable with its recy-
cling kinetics in HEK-293 cells (14).
In Gardner et al. (14), we determined that trafficking of the

�1-AR in HEK-293 cells was dependent on PKA and its target
serine at position 312 in the third intracellular loop of the
�1-AR. Thus, when the recycling experiment was conducted in
cells pretreated with the PKA inhibitor H-89, recycling of the
agonist-internalized �1-AR in NRVCM was inhibited (Fig. 3,
h–j). Similarly, mutating the serine at position 312 in the�1-AR
to alanine ((S312A)�1-AR) also inhibited the recycling of ago-
nist-internalized (S312A)�1-AR in NRVCM (Fig. 3, m–o).
However, the phosphoserine 312 mimic of the �1-AR
((S312D)�1-AR) was internalized in response to isoproterenol,
and internal (S312D)�1-AR recycled normally and efficiently in
control or H-89-treated NRVCM (Fig. 3, r–t and w–y). These
results indicate that phosphorylation of Ser312 promoted the
positive effect of PKA on �1-AR recycling in NRVCM.
Amechanism forAKAP5-mediated regulation of�1-AR traf-

ficking in HEK-293 cells involved targeting of the PKA-AKAP5
complex to the type 1 PDZ in the C-terminal tail of the �1-AR
(16). Therefore, inactivation of the �1-AR PDZ (�1-AR�PDZ)
inhibited the interaction between AKAP5 and the �1-AR (Fig.
1B) and recycling of �1-AR�PDZ (16). To find out if the type 1
PDZ of the �1-AR was also involved in trafficking of the �1-AR
in cardiac myocytes, trafficking of �1-AR�PDZ in NRVCM
was determined (Fig. 3, a
–e
).�1-AR�PDZwas internalized in
NRVCM in response to isoproterenol, but internal �1-AR�PDZ
did not recycle (Fig. 3, c
–e
). Finally, we investigated the rela-
tionship between the type 1 PDZ, PKA, and Ser312 in regulating
the trafficking of the �1-AR inNRVCM. Results fromHEK-293
cells indicated that a pool of AKAP5-PKA was anchored to the
�1-AR PDZ. Activation of the �1-AR would then promote the
phosphorylation of Ser312 in the third intracellular loop by the
PDZ-targeted pool of PKA (13). In this view, phospho-Ser312
would promote the recycling of the �1-AR even when the PDZ
or PKA was inactivated. To find out if phospho-Ser312 could
support the recycling of the �1-AR with an inactivated PDZ,
recycling of the �1-AR mutant with a phospho-Ser312 mimic
and an inactivated PDZ ((S312D)�1-AR�PDZ) was conducted
in NRVCM (Fig. 3, f
–j
). The (S312D)�1-AR�PDZ was
expressed on the surface of NRVCM, and the receptor was
internalized in response to isoproterenol (Fig. 3, f
 and g
).
Internal (S312D)�1-AR�PDZ recycled rapidly and efficiently
with a t0.5 of 21� 6min (Fig. 3, h
–j
). Pretreatment ofNRVCM
expressing the (S312D)�1-AR�PDZ mutant with H-89 did not
affect the membranous distribution of the mutant receptor or
its internalization in response to isoproterenol (Fig. 3, k
 and l
).
Moreover, internal (S312D)�1-AR�PDZ recycled efficiently
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and completely in H-89-treated NRVCM cells (Fig. 3, m
 and
n
). These results show that similar mechanisms were govern-
ing the trafficking of the �1-AR in HEK-293 cells and in
NRVCM.
Effect of AKAP5 on Trafficking of Cardiac �1-AR—To deter-

mine whether AKAP150, which is the rodent homolog of
AKAP79, played a role in the trafficking of the �1-AR in cardiac
myocytes, we first determined whether the �1-AR would inter-
act with endogenous AKAP150 in these cells. NRVCM were
infected with adenovirus-expressing FLAG-tagged �1-AR for
6 h, and subsequently cultured for 48 h before lysis. Cell lysates

were incubated with anti-FLAG IgG or preimmune IgG beads,
and the eluates were subjected toWestern blotting and probed
with the anti-AKAP150 antibody (Fig. 4A). FLAG IPs co-immu-
noprecipitated AKAP150, although preimmune IgG IPs did
not, which was similar to the results we obtained earlier in
HEK-293 cells (13).
To determine withmore precision the role of AKAP5 in traf-

ficking of cardiac �1-AR, cardiac myocytes were prepared from
neonatal AKAP5�/� and from AKAP5�/� mice, which do not
express AKAP150 (Fig. 4B). Neonatal mouse ventricular car-
diac myocytes (NMVCM) prepared from AKAP5�/� or

FIGURE 3. Characterization of �1-AR trafficking in rat neonatal ventricular myocytes. Neonatal rat cardiac myocytes were cultured on collagen-coated
coverslips and then infected with 100 multiplicities of infection of adenovirus harboring FLAG-tagged WT �1-AR or the other �1-AR constructs. Cells were
prelabeled for 1 h with Cy3-anti-FLAG antibody and fixed (a, f, k, p, u, a
, f
, and k
). The rest of the slides were exposed to isoproterenol (ISO) for 30 min then fixed
(b, g, l, q, v, b
, g
, and l
). The remaining slides were subjected to recycling conditions for the indicated time period and then fixed and visualized by confocal
microscopy using the Olympus FluoViewTM FV-1000 confocal microscope (n 	 3 experiments and at least 40 images per experiment were analyzed). Each scale
bar, 5 �m.
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AKAP5�/�micewere plated on collagen-coated coverslips and
then infected with adenovirus-expressing FLAG-tagged WT
�1-AR (Fig. 4C). The �1-ARwas localized to the cell membrane
of unstimulated NMVCM (Fig. 4C, panels a and f). Stimulation
of �1-AR with isoproterenol promoted the internalization of

the majority of Cy3-labeled �1-AR (Fig. 4C, panels b and g). In
myocytes prepared from AKAP5�/�, �1-AR recycled rapidly
and efficiently when isoproterenol was replacedwith alprenolol
(Fig. 4C, panels c–e). However, internal �1-AR in cardiac myo-
cytes prepared from AKAP5�/� mice did not recycle (Fig. 4C,

FIGURE 4. Characterization of �1-AR trafficking in AKAP5�/� versus AKAP5�/� mouse neonatal ventricular myocytes. A, cell lysates prepared from rat
neonatal cardiomyocytes were incubated with preimmune rat IgG beads or with anti-�1-AR antibody overnight and then with protein-G-agarose for 2 h. The
resin was washed, eluted, and probed for the co-IP of AKAP150. IB, immunoblot. B, cardiac extracts prepared from AKAP5�/� or AKAP5�/� mice were probed
for expression of endogenous AKAP150 and �-actin by immunoblotting. C, internalization and recycling of the �1-AR in mouse neonatal cardiac myocytes.
Mouse neonatal ventricular cardiac myocytes were cultured on laminin-coated coverslips and then infected with 100 multiplicities of infection of adenovirus
harboring FLAG-tagged WT �1-AR or the other �1-AR constructs. In addition, the cells in panels k– o were co-transfected with AKAP150 in pIRES-EGFP. Cells were
prelabeled for 1 h with Cy3-anti-FLAG antibody and fixed (panels a, f, k, p, and u). The rest of the slides were exposed to isoproterenol (ISO) for 30 min then fixed
(panels b, g, l, q, and v). The remaining slides were subjected to recycling conditions for the indicated time period and then fixed. Distribution of fluorescent
pixels is shown in pseudo colors as described in the legends of Figs. 1 and 3. D, pixels inside a 300-nm boundary in isoproterenol-treated cells (panels b, g, l, q,
and v) were set arbitrarily to 100% to indicate 100% internalization, and the ratios in alprenolol-treated cells were calculated by the FluoViewTM FV-1000
software and plotted as % for each time period. The means � S.E. for each time point were derived from 20 images/per experiment, and each experiment was
replicated three times. The t0.5 for recycling was calculated by fitting the relevant data to a single exponential function. ***, p � 0.001 when compared with
recycling in AKAP5�/� myocytes by one-way ANOVA with post hoc tests. Each scale bar, 5 �m.
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panels h–j). The estimated t0.5 for recycling of the �1-AR in
AKAP5�/� myocytes was 19 � 6 min, which is similar to the
recycling kinetics of theWT �1-AR in HEK-293 cells (Fig. 4D).
However, there was no evidence of �1-AR recycling in
AKAP5�/� myocytes (n 	 16).

To determinewhetherAKAP150would restore the recycling
phenotype of the �1-AR in NMVCM from AKAP5�/� mice,
AKAP5�/� myocytes were transfected with WT �1-AR
expressing adenovirus for 6 h and then overnight with the
AKAP150 expressing p-IRES-EGFP plasmid (Fig. 4C, panels
k–o). The recycling assay was carried out as described earlier,
but trafficking of the �1-AR was determined in cells that
expressed AKAP150 (i.e. GFP-expressing cells). Images in Fig.
4C (panels k–o) show combined Cy-3, EGFP, and DAPI fluo-
rescence, whereas EGFP fluorescence indexed AKAP5 expres-
sion, and Cy-3 staining revealed the distribution of the �1-AR.
Expression of AKAP150 in AKAP5�/� NMVCM did not affect
membranous distribution of �1-AR or their internalization in
response to isoproterenol (Fig. 4C, panels k and l, respectively).
Recycling of �1-AR in AKAP5�/� myocytes was restored in
cells that expressed AKAP150-pIRES-EGFP (Fig. 4C, panels
m–o). The effect of AKAP150 on the recycling of �1-AR in
AKAP5�/� cardiomyocytes was remarkable, although �1-AR
recycled with a t0.5 of 16 � 4 min (Fig. 4D). These results indi-
cate that trafficking kinetics of the �1-AR in mouse cardiac
myocytes and in HEK-293 cells were comparable.
A major finding concerning the mechanism of the AKAP5-

PKAcomplex in regulating the trafficking of the�1-AR inHEK-
293 cells was its critical role in phosphorylating Ser312 (16). The
role of phospho-Ser312 in recycling of the �1-AR in an AKAP5
null environment was investigated (Fig. 4C, panels p–t). In
AKAP5�/� cardiomyocytes, (S312D)�1-AR was expressed at
the cell membrane, and the receptor was internalized in
response to isoproterenol (Fig. 4C, panels p and q, respectively).
Internal (S312D)�1-AR recycled efficiently and completely in
AKAP5�/� myocytes, indicating that the Ser312 to Asp312
mutation overcame the effect of knocking out AKAP5. To ver-
ify that the phosphoserine 312 mimic was indeed capable of
surmounting the combined deficits of AKAP79 and the �1-AR
PDZ, recycling of the double mutant (S312D)�1-AR�PDZ was
determined in AKAP5�/� cardiomyocytes (Fig. 4C, panels
u–y). (S312D)�1-AR�PDZ was expressed on the cell surface of
AKAP5�/� myocytes and was internalized in response to iso-
proterenol (Fig. 4C, panels u and v). After substituting isoprot-
erenol with alprenolol, internal (S312D)�1-AR�PDZ recycled
efficiently with a t0.5 of 21 � 7 min (n 	 6). In addition,
(S312D)�1-AR�PDZ recycled efficiently in AKAP5�/� car-
diomyocytes in which PKA was inhibited by H-89 (data not
shown). Thus, the data in Figs. 1–4 demonstrated that the
mechanism of AKAP5-mediated regulation of �1-AR recycling
was shared between mammalian cells and involved the phos-
phorylation of Ser312 by the PKA-AKAP complex tethered to
the PDZ domain of the �1-AR (16).
Role of AKAP5 in Spatiotemporal Dynamics of Cyclic AMP

Signals Elicited by Isoproterenol in Cardiac Myocytes Derived
fromAKAP5TransgenicMice—Sympathetic activation ofmyo-
cardial �-AR increases heart rate and the force of myocardial
contractions by increasing the intracellular levels of cyclic

AMP. Therefore, it is of great interest to determine the effect of
AKAP5 on cyclic AMP dynamics in cardiac cells because cyclic
AMP directly activates PKA, which is intimately involved in
regulating the recycling of the �1-AR (16). Neonatal cardiac
myocytes express �1- and �2-AR, and the activation of both of
these receptors leads to a rapid rise in intracellular cyclic AMP
levels. To investigate how AKAP5 affects the two �-AR sub-
types in regulating cyclic AMP dynamics in NMVCM, we used
the cyclic AMP sensor CFP-EPAC-YFP (21). Cardiac myocytes
from AKAP5�/� mice were super-fused with the nonselective
�-AR agonist isoproterenol, which produced a moderate
increase of 12 � 4% in C-EPAC-Y FRET ratios (Fig. 5A). Next
we analyzed the contribution of each subtype of the �-AR to
cyclic AMP levels by repeating these experiments in cells pre-
incubated with 1 �M of the selective �1-AR antagonist CGP-
20712 to index the �2-AR component or with 1�M of the selec-
tive �2-AR antagonist ICI-118,551 to index the �1-AR
component. Stimulation of �1- or �2-AR in AKAP5�/� myo-
cytes increased the amplitude of C/Y fluorescence ratios by
3.4 � 1 and 7.5 � 1%, respectively (Fig. 5, A and C). In
AKAP5�/� myocytes, isoproterenol increased C/Y fluores-
cence ratios by 11� 2%, which was similar to its effect on cyclic
AMP inAKAP5�/�myocytes and in agreementwith the results
of Nichols et al. (11). Similarly, isoproterenol � CGP (�2-AR
component) induced an 8.7 � 1% increase in maximal C/Y
fluorescence ratios, which was not significantly different from
their effect on cyclic AMP levels in AKAP5�/� myocytes (com-
pare isoproterenol�CGP in Fig. 5,C andD). However, isopro-
terenol � ICI (�1-AR component) increased the C/Y fluores-
cence ratios by 7.6 � 1% in cardiac myocytes derived from
AKAP5�/� mice, which was �2-fold higher than the �1-AR
component in AKAP5�/� myocytes (p � 0.05). These results
show that knock-out of endogenous AKAP5 increasedmyocar-
dial signaling intensity of �1-AR as indexed by changes in C/Y
fluorescence ratios of the cyclic AMP sensor.
We also determined the effect of AKAP5 on �-AR-mediated

regulation of cyclic AMP in NMVCM by ELISAs (Fig. 5E).
Exposing NMVCM prepared from AKAP5�/� or AKAP5�/�

mice to 200 nM isoproterenol for 10 min resulted in a compa-
rable 8-fold increase in cyclic AMP accumulation over basal
levels (p � 0.05, n 	 6 each in triplicate). In AKAP5�/�

NMVCM, ICI and CGP inhibited the accumulation of cyclic
AMP by 61 � 8 and 43 � 7%, respectively. The effect of CGP
versus ICI on this parameter in AKAP5�/� NMVCM was sig-
nificant (p � 0.05 by one-way ANOVA). In AKAP5�/�

NMVCM, ICI and CGP inhibited the accumulation of cyclic
AMP by 52 � 8 and by 58 � 8%, respectively (p � 0.05). In
essence, accumulation of cyclic AMP by the �1-AR component
was�34% higher in AKAP5�/� myocytes as compared with its
level in AKAP5�/� myocytes, and this increase was significant
(p� 0.05). In AKAP5�/� NMVCM, the �2-AR component was
significantly higher than the �1-AR component. However, the
contribution of each �-AR subtype to cyclic AMP was not sig-
nificantly different in AKAP5�/� NMVCM (Fig. 5E).
In another series of experiments, subtype-selective �-AR

agonists were used to determine the contribution of the �1-AR
versus the�2-AR to cyclic AMP accumulation inNMVCMpre-
pared from AKAP5�/� or from AKAP5�/� mice (Fig. 5F).
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These assays involved the use of the lowest maximally effective
doses of isoproterenol (nonselective �-agonist), xamoterol
(selective �1-AR partial agonist), and salmeterol (selective
�2-AR agonist) in stimulating cyclic AMP in the hearts of mice
(28, 29). Forskolin (5 �M) increased the accumulation of cyclic
AMP from �1.1 � 0.1 to 41 � 5 pmol/mg protein/min in
AKAP5�/� orAKAP5�/�NMVCM. Similarly, the effect of iso-
proterenol on cyclic AMP in NMVCMprepared from neonatal
AKAP5�/� or AKAP5�/� mice was comparable (�11 � 1
pmol/mg protein/min). In AKAP5�/� NMVCM, xamoterol
and salmeterol increased the accumulation of cyclic AMP to
4.2 � 0.8 and to 5.8 � 0.6 pmol/mg protein/min, respectively
(p � 0.05). In AKAP5�/� NMVCM, xamoterol and salmeterol
increased the accumulation of cyclic AMP to 5.9 � 1.5 and to
4.7� 0.7 pmol/mg protein/min, respectively (p� 0.05). There-
fore, the effect of xamoterol on accumulation of cyclic AMP in

AKAP5�/� NMVCM was significantly higher (�40%) than its
effect in AKAP5�/� NMVCM (p � 0.05). However, the effect
salmeterol on accumulation of cyclic AMP in AKAP5�/�

NMVCM was not significantly different from its effect in
AKAP5�/� NMVCM (Fig. 5F). Thus, data obtained by the
cyclic AMP sensor or by ELISAs indicated that production of
cyclic AMP by the �1-AR signaling pathway was significantly
increased in AKAP5�/� NMVCM.
Role of AKAP5 in Isoproterenol-mediated Effects on Cardiac

Myocyte Contractility and Size—Enhanced stimulation ofmyo-
cardial �1-AR results in chronotropy and hypertrophy of cul-
tured cardiac myocytes in vitro and in animals in vivo (30, 31).
Cardiomyocytes from AKAP5�/� mice displayed enhanced
�1-AR signaling and aberrant �1-AR recycling. Therefore, an
assessment of the role of AKAP5 on those cardiac parameters
that are directly affected by the�1-AR and its signaling pathway

FIGURE 5. Role of AKAP5 in cytosolic cyclic AMP signaling induced by isoproterenol in neonatal mouse cardiomyocytes. Mouse neonatal cardiac
myocytes from AKAP5�/� (A and C) and AKAP5�/� (B and D) on glass-bottom dishes were infected with adenovirus harboring the CFP-EPAC-YFP construct. A
and B, time profiles of normalized C/Y FRET ratios in response to 1 �M isoproterenol (ISO) or in response to isoproterenol in myocytes preincubated with 5 �M

of either the �1-AR antagonist CGP 20711 or 5 �M of the �2-AR antagonist ICI-181,551 (ICI). Traces represent normalized FRET ratios from different cells. C and
D, maximal changes in C/Y FRET ratios from 20 independent cells were plotted as means � S.E. and then compared among different groups. *, p � 0.05; **, p �
0.01, and ***, p � 0.001 when compared with controls by one-way ANOVA. E, mouse cardiac myocytes from AKAP5�/� or AKAP5�/� mice were exposed to 200
�M isobutyl-1-methylxanthine and to the indicated concentrations of CGP or ICI for 15 min. Then the cells were exposed to buffer or isoproterenol for 10 min
at 37 °C. The amount of cyclic AMP/106 cells was determined by ELISA. F, cardiac myocytes from AKAP5�/� or AKAP5�/� mice preincubated with isobutyl-1-
methylxanthine were exposed to the indicated concentrations of �-agonist for 10 min at 37 °C. The amount of cyclic AMP/mg of protein was determined by
ELISA. The data were plotted as means � S.E. and then compared among different groups. *, p � 0.05; **, p � 0.01, and ***, p � 0.001 when compared with the
indicated condition by one-way ANOVA with Newman-Keuls post tests. AA, ascorbic acid. NS, not significant.
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is warranted because modest increases in �1-AR expression in
transgenicmice resulted in deleterious effects on the heart (32).
In addition, there are very few studies that have assessed the
effect of genetic ablation of AKAP5 in neonatal cardiac myo-
cytes. Therefore, experiments were designed to provide critical
new information on the role of AKAP5 in modulating the
effects of �-AR signaling on cardiomyocyte biology.
An important function of myocardial �1-AR is to control the

rate of cardiomyocyte contractions (30). To find out if AKAP5
was involved, the effect of isoproterenol on contractions of car-
diac myocytes prepared from AKAP5�/� mice was compared
with its effect on contractions of cardiac myocytes prepared
from AKAP5�/� mice (Fig. 6A). NMVCM were cultured for
5 days until confluence and then placed on a heated stage, and

their contractions per min (bpm) were counted. Contractions
of cardiomyocytes prepared from either mouse were similar,
125 � 9 bpm in AKAP5�/� myocytes versus 133 � 9 bpm in
AKAP5�/� myocytes (p � 0.05). Isoproterenol increased the
contractions of cardiomyocytes prepared from AKAP5�/�

mice by 66 � 6 bpm versus 112 � 13 bpm in AKAP5�/� car-
diomyocytes (p� 0.05, n	 18).We also compared the effect of
subtype-selective �-adrenergic agonists on the contractility of
cardiac myocytes derived from AKAP5�/� and AKAP5�/�

mice. Analysis of the concentration-response relationship
between the nonselective �-agonist isoproterenol and the
�1-selective agonist xamoterol on contractility indicated that
maximal effects of isoproterenol and xamoterol on contractility
occurred after 10min andwere attained at 0.5 and 2�M, respec-

FIGURE 6. Effect of AKAP5 expression on cardiomyocyte function. A, contraction rates of cardiac myocytes prepared from AKAP5�/� or AKAP5�/� mice
were measured for 10 min before and for 30 min after the addition of 10 �M isoproterenol (ISO). B, increases in maximal contraction rates in A were compared
between AKAP5�/� myocytes and AKAP5�/� myocytes. C and E, cardiomyocytes from AKAP5�/� mice or AKAP5�/� mice were stimulated with vehicle or 10
�M isoproterenol for 6 h and then fixed and stained for �-actinin (red) and �-myosin heavy chains (red). D and F, 80 cells per group per isolation were analyzed
by morphometry in D and for fluorescence intensity in F. Each scale bar, 20 �m. Bars represent means � S.E. A, analysis of variance was determined by Student’s
t test. **, p � 0.01, and ***, p � 0.001. B and D, **, p � 0.01, and ***, p � 0.001 for isoproterenol versus basal morphometry in WT and KO cells, respectively.
**, p � 0.01, and ***, p � 0.001 for isoproterenol versus basal �-MHC in WT and KO respectively; one-way ANOVA with Newman-Keuls post tests.
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tively (28). In cardiac myocytes derived from AKAP5�/� mice,
0.5 �M isoproterenol increased contractility by 60 � 5%,
whereas 2 �M xamoterol increased contractility by 46 � 5%,
which is similar to their effects on heart rate in vivo in rodents
(28, 29). A 2 �M concentration of the �2-selective agonist sal-
meterol caused a 22 � 4% increase in contractility over basal in
AKAP5�/� cardiomyocytes, which was significantly less than
the effect of isoproterenol or xamoterol on this parameter (p �
0.001 and p � 0.05 compared with isoproterenol and xamot-
erol, respectively). In AKAP5�/� cardiomyocytes, 0.5 �M iso-
proterenol or 2 �M xamoterol increased contractility by 102 �
8 and 78� 7%over basal, respectively (p� 0.01 over their effect
on AKAP5�/� myocytes). However, salmeterol increased con-
tractility by 29 � 5% in AKAP5�/� NMVCM, which was not
statistically different from its effect in AKAP5�/� NMVCM.
These results indicate that functional signaling by the �1-AR
subtype on contractility was significantly enhanced in
AKAP5�/� NMVCM.
Next, we sought to determine the effect of AKAP5 on surface

areas of NMVCM because activation of the �1-AR subtype was
associated with hypertrophy (30). Immunocytochemical and
morphometric assays showed that surface areas of vehicle-
treated AKAP5�/� NMVCM were significantly greater than
AKAP5�/� NMVCM (cell area, 829 � 213 �m2 in AKAP5�/�

myocytes versus 1026� 210 �m2 in AKAP5�/� myocytes)(Fig.
6, C and D). As expected, isoproterenol increased the surface
area of NMVCM prepared from AKAP5�/� mice by 18 � 2%
(p � 0.01, n 	 80). In AKAP5�/� NMVCM, the effect of iso-
proterenol on surface area was enhanced by an additional
26.9 � 2.1% (p � 0.001, n 	 90).
Increased myocardial size is associated with increased

expression of several hypertrophy markers, such as �-MHC
(Myh7) and others (31). The effect of isoproterenol on expres-
sion of �-MHC in AKAP5�/� NMVCM versus AKAP5�/�

NMVCM was determined by immunohistochemistry. For this
purpose, we used a validated highly specific antibody to
�-MHC (33). As shown in Fig. 6E, expression of �-MHC was
not statistically different between untreated NMVCM (Fig. 6, E
and F). Isoproterenol increased �-MHC expression in
AKAP5�/� cardiac myocytes by 1.3 � 0.3-fold, and this effect
was significant (p� 0.01,n	 80). The effect of isoproterenol on
�-MHC expression in AKAP5�/� NMVCM was more pro-
nounced (1.6 � 0.3-fold), and this effect was highly significant
(p � 0.001, n 	 80). Therefore, the effect of isoproterenol on
cardiomyocyte contractions, cell area, and �-MHC expression
was enhanced in NMVCM prepared from AKAP5�/� mice as
compared with NMVCM prepared from AKAP5�/� mice.

DISCUSSION

The hallmark for the activation of the �1-AR is the genera-
tion of the secondmessenger cyclic AMP, which activates PKA
by releasing the catalytic kinase subunits of PKA. The role of
AKAP in this process is fundamental because they have PKA
binding and networking domains to diversify spatiotemporal
signaling of PKA (1–3). Our studies on the role of AKAPs in
trafficking of the human �1-AR in HEK-293 cells identified a
key role for AKAP79 (AKAP5) in this phenomenon (13). Traf-
ficking of theGPCR is a result of chronic activation of theGPCR

by relatively high concentrations of the specific agonist. The
first step in GPCR trafficking is its internalization, which is a
consequence of phosphorylating the agonist-occupied GPCR
by G protein-coupled receptor kinase (GRK) (34, 35). GRK-
mediated phosphorylation increases the binding affinity of the
phosphorylated region of theGPCR to�-arrestins. The binding
of �-arrestin to the GPCR facilitates its internalization via
clathrin-coated pit-mediated endocytosis (36). Thus, the GRK-
�-arrestin axis provides a major pathway for desensitization
and regulated endocytosis of theGPCR (36). It should be noted,
however, that activation of PKA occurred in earlier time frames
and required lower concentrations of �-agonists than the acti-
vation of GRK (37).
After their internalization, trafficking of internal GPCR

diverges into two distinct pathways. One pathway leads to recy-
cling of GPCR back to the membrane and the other leads to
retention of GPCR and their eventual proteolysis in late endo-
somes/lysosomes (34, 35). The mechanism for recycling of
internal GPCR back to the cell membrane is still obscure. Stud-
ies concerning the trafficking of the �1-AR have determined
that the intracellular trafficking itinerarywas imprinted prior to
its internalization (16). This process involved a pool of PKA that
was targeted via AKAP5 to the �1-AR (13). Because activation
of PKA occurred before that of GRK, the notion has arisen that
the “PKA-recycling signal” was imprinted prior to GRK-medi-
ated internalization of the GPCR (16). In the case of the �1-AR,
the recycling signal appears to be phospho-Ser312 in the third
intracellular loop of the �1-AR, which is phosphorylated by a
pool of PKA bound to the �1-AR (13, 16). The mechanism for
specific targeting of PKA to the �1-AR is centered at the type 1
PDZ in the extreme C terminus of the �1-AR because inactiva-
tion of the PDZ prevented the recycling of the �1-AR (Fig. 3).
The type 1 PDZ of the �1-AR binds to the scaffolding protein
SAP97 (16). SAP97 is a bipartite binding protein that binds to
the �1-AR PDZ through the PDZ2-binding region of SAP97
and to the AKAP5-PKA complex via the i3 binding domain of
SAP97 (25, 26). Thus, targeting of PKA to the �1-AR wasmedi-
ated by the binding between the type 1 PDZ of the �1-AR and
the SAP97-AKAP5-PKA complex.
In this report, we verified many of the salient features of this

mechanism and the critical role of AKAP5 in recycling of the
�1-AR in mammalian cells (Figs. 1–4). For example, AKAP5
was bound to the WT �1-AR but not to the �1-AR�PDZ (Fig.
1). Inactivation of the PDZ, Ser312, or PKA inhibited the recy-
cling of the �1-AR in human HEK-293 cells and in rodent car-
diomyocytes. However, mutating Ser312 in the third intracellu-
lar loop of the �1-AR to the phospho-Ser mimic Asp312
facilitated the recycling of the �1-AR in HEK-293 and in rodent
cardiomyocytes, even when the �1-AR PDZ, PKA, or AKAP5
was inactivated (Figs. 1–4). These results support previous con-
clusions, which have indicated that phosphorylation of Ser312
was apparently the ultimate recycling signal for the �1-AR (16).
AKAP5 contains a membrane binding domain and sites to

scaffold at least three signaling enzymes, namely PKA, PKC,
and calcineurin (1, 7–9). In Fig. 4, we determined that mem-
brane binding and anchorage of PKA or calcineurin to AKAP5
were required for the recycling of the �1-AR in HEK-293 cells.
These results suggest thatAKAP5 exerted its effect on recycling
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of the �1-AR by multiple molecular mechanisms. One of these
mechanisms apparently involved the calcineurin-binding
sequence between 321 and 360 of AKAP5. This finding was
surprising because a role for calcineurin bound to AKAP5 in
GPCR trafficking has not been described. Because the binding
of AKAP5 to the�1-AR required SAP97, we affirmed that bind-
ing of SAP97 to the various AKAP5* deletion mutants was not
affected (16). These experiments verified that the SAP97 bind-
ing domain in AKAP5 between amino acids 151 and 300 was
not affected by these deletions (7). Therefore, these results
highlighted a novel role for calcineurin bound to AKAP5 in
trafficking of the �1-AR.
Many studies have shown that there was a delicate balance

between the binding of calcineurin to an AKAP and the activity
of the AKAP-bound PKA. For example, in the hippocampus,
recruitment of AKAP5 to membrane-associated guanylate
kinase-glutamate receptor complexes was dependent on the
proper localization of AKAP5 to the membrane cytoskeleton
(18, 19, 38, 39). Loss of the calcineurin-binding site from
AKAP5 affected the optimal positioning of MAGUK-AKAP5-
glutamate receptor complexes in the hippocampus and inter-
fered with the phosphorylation and trafficking of �-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptors (38,
39). There is also anecdotal evidence for calcineurin and PKA
that are bound to the sameAKAP in regulating the trafficking of
several proteins. In adult cardiac myocytes, calcineurin and
PKA bound to muscle AKAP exerted opposite effects on traf-
ficking of myopodin between Z-discs and the nucleus (23).
Moreover, a calcineurin-bindingAKAPwas also involved in the
translocation of aquaporin-2 from endosomes to the mem-
brane of inner medullary collecting ducts (40). Trafficking of
aquaporin-2 or myopodin was mediated by their phosphoryla-
tion by anAKAP-anchored PKA andwas inhibited by the phos-
phatase activity of AKAP-anchored calcineurin (23, 40, 41).
Furthermore, translocation of aquaporin-2 from endosomes to
themembrane of innermedullary collecting ducts ormyopodin
fromZ-discs to the nucleuswas inhibited bymanipulations that
increased the activity or the amount of calcineurin (23, 40).
Therefore, it is conceivable that loss of the calcineurin-binding
site from AKAP5 might have affected optimal SAP97-AKAP5
geometry at the �1-AR or interfered with the targeting or effi-
ciency of PKA in phosphorylating Ser312 or other trafficking
proteins. Another possibility would be that delocalization of
calcineurin from AKAP5 by the �321–360 deletion, which is
known to hyperactivate the phosphatase activity of calcineurin,
could have interfered with the recycling of �1-AR by enhancing
the dephosphorylation of Ser312 or other trafficking proteins
(42, 43).
A major remaining question not addressed adequately in

HEK-293 cells is whether there were additional AKAPs
involved in trafficking of the �1-AR. Studies in HEK-293 cells
have implicated AKAP5 as the AKAP involved in trafficking of
the �1-AR (13). These studies, however, were hampered by the
limited repertoire of AKAPs that are expressed in these cells,
which include gravin (AKAP12), AKAP5, AKAP15/18,
(AKAP7), and AKAP149 (AKAP1) (13). Heart cells, however,
express these and many additional AKAPs, such as muscle
AKAP (AKAP6), yotiao (AKAP9), AKAPlbc (AKAP13), and

others (5, 6, 44). Thus, studies in heart cells would addressmore
broadly whether an AKAP other than AKAP5 was involved in
trafficking of the �1-AR. To determine where AKAP5 would fit
in this model, we confirmed that IPs of the �1-AR co-immuno-
precipitated the rodent homolog of AKAP5 from rat cardiac
myocytes. Next, we determined that WT �1-AR were internal-
ized in response to isoproterenol in neonatal mouse cardiac
myocytes and internal �1-AR recycled efficiently back into the
cell membrane (Fig. 4). These results in mouse cardiac myo-
cytes are unlike those reported in another study, which have
implied that the WT �1-AR did not internalize in mouse car-
diac myocytes in response to isoproterenol (45). Our results
clearly showed that the �1-AR was efficiently trafficked in
mouse cardiac myocytes. Furthermore, a specific role for
AKAP5 in this phenomenonwas demonstrated by showing that
deletion of AKAP5 did not affect the internalization of theWT
�1-AR in mouse cardiac myocytes but rather prevented the
recycling of internal �1-AR. Expression of AKAP5 and EGFP
from the same RNA transcript rescued the recycling of the
�1-AR in AKAP5�/� cardiacmyocytes. Because the expression
of other cardiac AKAPs was not affected by the AKAP5 dele-
tion, we interpret these results as further proof that AKAP5was
themajor and perhaps the only AKAP involved in trafficking of
the agonist-internalized �1-AR in mammalian cells.

Despite great strides in delineating the molecular mecha-
nisms that govern the trafficking of GPCR, the role of traffick-
ing in GPCR-mediated effects in mammalian cells is still
obscure. Initially, internalizationmechanisms leading to GPCR
sequestration away from the post-synaptic membrane were
regarded as termination signals, but a large body of data exist in
support of continued signaling from internalized GPCR (46).
For example, signaling by the agonist-internalized receptors of
thyroid-stimulating hormone, parathyroid hormone, and cat-
echolamines to cyclicAMP seems to continue after these recep-
tors have been internalized (46, 47). With regard to the role of
recycling and re-insertion of the reactivated GPCR into the cell
membrane, there are many reports that have shown that this
process was involved in GPCR resensitization and subsequent
signaling from the recycled GPCR (14, 26, 34, 35, 48, 49). In
addition, recycling of the GPCR is intimately involved in main-
taining receptor density in cells and tissues because prolonged
incubation of cells with isoproterenol did not cause significant
degradation of �2-AR even after several hours of continuous
exposure to high levels of the �-agonist (50). However, muta-
tions that interfered with the recycling of the �2-AR resulted in
degradation of mutant �2-AR in cells chronically exposed to
�-agonists (50). Therefore, recycling of the GPCR was associ-
atedwithmaintenance ofGPCRdensity and signaling intensity.
This propertymight be important inmaintaining cellular levels
of GPCR in conditions associated with elevated levels of hor-
mones or neurotransmitters. For example, cardiac insufficiency
is associated with elevated circulating and synaptic levels of
catecholamines (51). Thus, recycling of the �-AR might play a
fundamentally protective role in preventing acute down-regu-
lation ofmyocardial�-AR in pathological conditions associated
with sympathetic hyperactivation.
Another salient discovery reported here was the role of

AKAP5 in regulating the signaling output of the �1-AR in car-
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diac myocytes. In cardiac myocytes derived from AKAP5�/�

mice we did not detect an increase in cyclic AMP levels as com-
pared with their levels in AKAP5�/� cells, but we detected an
increase in cyclic AMP elicited by activated �1-AR. Nichols et
al. (11) also reported that production of cyclic AMP in response
to isoproterenol was similar in adult mouse cardiomyocytes
prepared from AKAP5�/� or AKAP�/� mice, but the output
from each �-AR subtype was not determined. In addition,
Nichols et al. (11) reported that deletion of AKAP5 resulted in
loss of �-adrenergic-stimulated Ca2� transients and phospho-
rylation of substrates involved inCa2�handling. These findings
indicate that deletion of AKAP5 impaired �-AR-mediated
modulation of excitation-contraction coupling (11).
Loss of �-AR-mediated modulation of excitation-contrac-

tion coupling in adult AKAP5�/� cardiomyocytesmight be due
to delocalization of cyclic AMP (such as delocalization of
adenylyl cyclase 5/6) or to delocalization of PKA. Stimulation of
�-AR in knock-in AKAP5�36 cardiomyocytes (derived from
D36 mice that express AKAP5 without the PKA-binding site)
elicited similar [Ca2�]i transients as those recorded in car-
diomyocytes derived fromAKAP5�/� mice. Thus, AKAP5-an-
chored PKA was not essential for �-AR-mediated stimulation
of [Ca2�]i transients (11). These results are not at odds with our
findings because distinct populations of AKAP5 might be
involved in recycling of the �1-AR and in excitation-contrac-
tion coupling. Aswe described at length throughout this report,
the pool of PKA involved in phosphorylating Ser312 was PKA-
anchored to the �1-AR PDZ by the SAP97-AKAP5 complex,
which accounts for a small percentage of AKAP5-PKA com-
plex.However, the defect in�-AR stimulated [Ca2�]i transients
was more related to altered AKAP5 association with adenylyl
cyclase V/VI or caveolin 3 (11). Moreover, cardiomyocytes
from AKAP7�/� (AKAP13/18) responded normally to �-AR
stimulation, even though AKAP7 was implicated in �-AR-me-
diated stimulation of [Ca2�]i transients in neonatal and adult
rodent cardiac myocytes (6, 44, 52). Therefore, in vivo out-
comes cannot be easily gleaned from the extrapolation of in
vitro results.
To probe withmore precision whether signaling by �1-AR in

AKAP5�/� cardiomyocytes was selectively enhanced, myocar-
dial �1-ARs were selectively activated by xamoterol, and these
experiments verified that second messenger production by the
�1-AR subtype was increased. In addition, we selected three
sets of parameters to assess signaling properties of �1-AR in
cardiac myocytes derived from neonatal transgenic AKAP5
mice. The first parameter was to compare the effect of isopro-
terenol on heart rate inAKAP5�/� versusAKAP5�/�myocytes
because the �1-AR subtype mediated the chronotropic effects
of isoproterenol inmice (30). These analyses indicated that iso-
proterenol increased the contraction rate of heart cells derived
from AKAP5�/� mice more than it increased the contraction
rate of heart cells derived from AKAP5�/� mice. Another
parameter affected by the activation of the �1-AR subtype was
the size of cardiomyocytes (30). An extensive series of morpho-
metric studies determined that the size of AKAP5�/� car-
diomyocytes was greater than AKAP5�/� myocytes. In addi-
tion, isoproterenol caused a greater increase in the surface area
of cardiomyocytes derived from AKAP5�/� as compared with

its effects in AKAP5�/� cardiomyocytes. These results were
intriguing and were verified by determining the effects of
AKAP5 knockdown and isoproterenol on hypertrophic mark-
ers. Cardiac hypertrophy induced multiple changes, including
genetic reprogramming manifested by re-expression of fetal
genes and down-regulation of adult genes (53, 54). For example,
�-MHC in rodent cardiac myocytes is expressed normally dur-
ing fetal development and replaced by �-MHC after birth (54).
�-MHC is re-expressed in adult hearts in response to stress,
injury, or excessive �1- or �1-adrenergic receptor stimulation
(53, 55). Once more, isoproterenol induced a larger increase in
�-MHC expression in cardiac myocytes prepared from
AKAP5�/� as compared with those prepared from AKAP5�/�

mice. Thus, three independent methods implied that signaling
via �1-AR was enhanced in cardiac myocytes prepared from
AKAP5�/� mice. These results led us to hypothesize that
AKAP5 is cardioprotective because its knockdown resulted in
myocardial cell hypertrophy and enhanced�-MHCexpression,
which are more associated with cardiac remodeling induced by
cardiac insufficiency, stress, and/or injury (56).
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