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Abstract
Adenylyl cyclase type 6 (AC6) and the ß1 adrenergic receptor (ß1AR) are pivotal proteins in
transmembrane ßAR-signaling in cardiac myocytes. Increased expression of AC6 has beneficial
effects on the heart, but increased ß1AR expression has marked deleterious effects. Why do these
two elements of the ßAR pathway have such different effects? Using adenovirus-mediated gene
transfer of the two transgenes in neonatal rat cardiac myocytes, we assessed cellular distribution and
performed selected biochemical assays. ß1AR was found predominantly in the plasma membrane.
In contrast, AC6 was found in the plasma membrane but also was associated with the nuclear
envelope, sarcoplasmic reticulum, mitochondria, and cytoplasm. Increased ß1AR, but not AC6,
increased follistatin expression, p38 phosphorylation, phosphatidylserine translocation to the PM,
and apoptosis. In contrast, increased AC6, but not ß1AR, inhibited PHLPP2 activity, activated PI3K
and Akt, and increased p70S6 kinase phosphorylation and Bcl-2 expression; apoptosis was
unchanged. The distribution of AC6 to multiple cellular compartments appears to enable interactions
with other proteins (eg, PHLPP2) and activates cardioprotective signaling (PI3K/Akt). In contrast,
ß1AR, confined to the plasma membrane, increased phosphatidylserine translocation and apoptosis.
These data provide a potential underlying mechanism for the beneficial vs deleterious effects of these
two related ßAR-signaling elements.
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1. Introduction
Sustained activation of the ß-adrenergic receptor (βAR)-stimulatory GTP-binding protein
(Gαs)-adenylyl cyclase (AC) signaling pathway has deleterious effects on cardiac myocytes
[1,2]. These deleterious effects also are associated with increased expression of ß1AR, Gαs,
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and protein kinase A (PKA) [3-7]. In contrast, increased expression of AC type 6 (AC6) has
beneficial effects on cardiac myocytes. Cardiac-directed expression of AC6 is associated with
increased left ventricular function in otherwise normal mice, attenuation of myocardial
hypertrophy, reduced mortality in cardiomyopathy, and reduced cardiac myocyte apoptosis
and increased survival in animal models of myocardial infarction and heart failure [8-14].

It is difficult to reconcile these data—which indicate directionally opposite effects of cardiac
expression of β1AR vs AC6—with the commonly held belief that increased cardiac cAMP is
uniformly bad for the heart. Perhaps βAR expression has deleterious effects unassociated with
cAMP per se, or, alternatively, AC6 expression has beneficial effects independent of cAMP
generation. This question provided the rationale for the present studies. That two related
signaling proteins should have such differences when expressed in the heart in a variety of
physiological and pathophysiogical settings, despite both contributing to cAMP generation,
may reflect specific subcellular compartmentation of these two transgenes. In order to study
intracellular interactions in a physiological context, we elected to use cultured cardiac
myocytes and examine cellular compartmentation and effects on key signaling pathways after
adenovirus-mediated expression of AC6 vs β1AR. Our hypothesis was that differences in
transgene compartmentation would provide important insight into why expression of these two
functionally related proteins has directionally opposite effects in vivo. Our studies revealed
striking differences between β1AR and AC6 transgene intracellular location, and
corresponding different effects on plasma membrane integrity and intracellular signaling.

2. Methods and Materials
2.1. Antibodies

Antibodies to Akt, phospho-Akt, GSK3, phospho-GSK3, p70S6K, and phospho-p70S6K, and
an Akt kinase assay kit were purchased from Cell Signaling (Beverly, MA). Anti-AU1 antibody
was purchased from Covance (Berkeley, CA). Anti-HA and anti-Activin A antibodies and
protease inhibitor cocktail were obtained from Roche (Indianapolis, IN). Anti-voltage
dependent anion selective channel protein (VDAC), anti-lamin A, anti-follistatin, and anti-
follistatin-like-1 were obtained from Abcam (Cambridge, MA). Anti-caveolin-3 antibody was
obtained from BD Transduction laboratories. Anti-protein disulphide-isomerase (PDI)
antibody was obtained from Novus Biologicals (Littleton, CO). Anti-Bcl2, p-136-Bad, anti-
Bax, and anti-P38 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA).

2.2. Cardiac myocyte culture and gene transfer
Neonatal rat cardiac myocytes were isolated as previously described; media contained 10%
fetal bovine serum [15]. One day after plating, E1-deleted adenoviruses encoding murine AC6
(Ad.AC6, AU1 tagged) or human β1AR (Ad. β1AR, HA tagged, a gift of Dr. Brian Kobilka,
Stanford University Medical School.) were added to the culture media. A null adenovirus
(Ad.Null) or adenovirus encoding enhanced green fluorescence protein (Ad.EGFP) was used
as control; all infections were performed using a vector concentration of 600 vp/cell.

2.3. Fluorescent-activated cell sorting (FACS)
Cardiac myocytes were trypsinized, resuspended in 500 μl of 1X Binding Buffer (Biovision),
incubated on ice for 30 min and then stained with Annexin V-FITC and propidium iodide (PI)
following the instruction provided by Biovision. Quantification of apoptosis was obtained by
flow cytometric analysis using BD FACSCanto at Flow Cytometry Research Core Facility of
the VA San Diego Healthcare System.
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2.4. Immunoblotting analysis
Cardiac myocytes were lysed 36-40 hr after adenovirus incubation was initiated, and lysates
subjected to SDS-PAGE and transferred to a PVDF membrane. The proteins on the membrane
were then probed with their specific antibodies followed by HRP-conjugated secondary
antibodies. The protein-antibody complexes were detected using enhanced ECL plus a western
blotting detection system. Immunoblots for each protein were repeated three times and
representative blots are presented.

2.5. Immunofluorescence staining and deconvolution analysis
Cardiac myocytes were incubated with adenovirus for 40 hr and then fixed with 10% formalin
(15m, 23°C). Fixed cells were washed 4 times with phosphate-buffered saline (PBS). Cells
were blocked with normal goat serum for 1 h and incubated (4°C, overnight) with anti-HA
antibody (1:200; for detecting ß1AR transgene protein) or anti-AU1 antibody (1:300; for
detecting AC6 transgene protein) or anti-Cav3 (1:100 for detecting caveolae or anti-PDI
(1:1,000, for detecting SR) or anti-VDAC (1:200, for detecting mitochondria) or anti-lamin A
(1: 200) for detecting nuclear envelope). The cells were washed 4 times with PBS and then
incubated for 1 h with secondary antibodies that were conjugated with Alexia Fluo 488 or 594.
To stain the nucleus, cells were washed and incubated with Hoechst dye (1:1000 dilution) for
20 m. Stained cells were imaged by fluorescence microscopy. Images were obtained with a
40× or 100 × lenses using a Delta Vision system and were subjected to deconvolution.
Exposures were captured with a CoolSnap camera. To enable accurate comparisons, exposure
times were identical for each fluorophore and kept within the linear range of the camera.

2.6. Statistical Analysis
Data represent means ± SE; group differences were d etected using one-way ANOVA, followed
by Bonferroni t-testing. The null hypothesis was rejected when p < 0.05.

3. Results
3.1. Cellular Distribution of AC6 vs β1AR

Cellular distribution was identified using anti-AU1 antibody for AC6 and anti-HA antibody
for β1AR in immunofluorescence staining followed by deconvolution microscopic analysis.
AC6 transgene was widely distributed throughout the cardiac myocyte, with the exception of
the nucleus (Fig. 1A, left panel). In contrast, transgene β1AR protein was located
predominantly in the plasma membrane and was minimally present or undetectable in other
cellular compartments (Fig.1A, middle panel).

To obtain more detailed information regarding the intracellular location of transgene AC6
protein, antibodies specific for a variety of cell organelles were used and images analyzed by
deconvolution microcopy. AC6 co-localized with cavelion-3, VDAC and PDI, indicating AC6
transgene protein presence in caveolae, mitochondria, and SR (Figure 1B). AC6 transgene
protein also co-localized with lamin A, indicating presence in the nuclear envelope (data not
shown). The presence of transgene AC6 in these diverse cellular compartments enable
protein:protein interactions unanticipated with endogenous AC6, which is limited
predominantly to the inner plasma membrane.

3.2. Plasma membrane phospholipid and apoptosis
Relocation of phosphatidylserine (PS) to the outer PM, a marker for early stage apoptosis
[16,17] was detected by Annexin V-FTIC staining, and late stage apoptosis was assessed by
staining using both propidium iodide and Annexin V-FTIC. Increased AC6 expression was
not associated with translocation of phosphatidylserine, and did not increase apoptosis (Fig.
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2). In contrast, increased β1AR expression was associated with translocation of
phosphatidylserine to the external PM, a population showing Annexin V positive and
propidium iodide (PI) negative (Fig. 2A), suggestive of early apoptosis. Increased late stage
apoptosis (Annexin V and PI positive) was detected 60-72 hr after Ad.β1AR gene transfer (3-
fold increase vs. Ad.Null; p<0.001, Fig. 2B).

3.3. Akt and PHLPP2
Gene transfer of both AC6 and β1AR did not alter expression and activation of PKA or EPAC,
direct targets or cAMP (data not shown). However, increased expression of AC6 increased
phosphorylation of Akt at Ser473 and Thr308 sites (Fig. 3A) and activated Akt, as indicated
by GSK3 phosphorylation (Fig. 3B), confirming previous studies [18,19]. In contrast, β1AR
expression did not increase Akt phosphorylation or activity (Fig. 3A and 3B). Figure 3C shows
that Akt phosphorylation at Ser473 was rapidly reduced after isoproterenol or NKH477 (a
water soluble forskolin analog that directly stimulates AC) in cardiac myocytes with increased
AC6 as we previously reported [19], but this does not occur in cardiac myocytes with increased
ß1AR expression.

3.4. GSK3 and p70S6K
GSK3 and p70S6K are intracellular targets of Akt. Increased Akt activity associated with AC6
gene transfer was associated with increased phosphorylation of both p70S6K and GSK3 α/β
proteins (Fig. 4A and 4B). However, increased β1AR expression inhibited p70S6K
phosphorylation by 15% (Fig. 4A). Gene transfer of β1AR increased phosphorylation of GSK3
α/β subunits to a lesser degree than that seen after AC6 gene transfer (Fig. 4B), which indicates
that signaling pathways other than Akt are activated by β1AR.

3.5. Bcl-2 family proteins
AC6 gene transfer increased the amount of Bcl-2 protein and reduced the ratio of Bax/Bcl-2
(Fig. 4C and 4D), which would be predicted to protect cardiac myocytes from programmed
cell death. β1AR gene transfer, by contrast, was associated with increased the expression of
Bax, and, consequently, an increased Bax/Bcl-2 ratio (Fig. 4D).

3.6. Follistatin and follistatin-like proteins
Gene transfer of β1AR, but not AC6, was associated with increased expression of follistatin
(FST) protein and its related protein follistatin-like-1 (FSTL1, also known as TSC-36) without
affecting activin A expression (Fig. 5A). Gene transfer of AC6 was not associated with
increased expression of FST or FSTL1.

3.7. MAP kinase family proteins
β1AR and AC6 gene transfer did not affect the expression of ERK1, ERK2, JNK or
phosphorylation of these proteins (data not shown). However ß1AR expression was associated
with increased phosphorylation of p38 MAP kinase (Fig. 5B); AC6 expression had no such
effect.

3.8. Summary of the findings
See Table.

4. DISCUSSION
In this study, using cultured cardiac myocytes, we determined the location of ß1AR vs AC6
protein after adenovirus-mediated gene transfer. Our hypothesis was that differences in
intracellular compartmentation might explain why these two key members of the ßAR signaling
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pathway have such disparate effects when expressed in vivo. We found that transgene ß1AR
was predominantly in the plasma membrane. In contrast, transgene AC6 was found in PM, but
also was associated with the nuclear envelope, sarcoplasmic reticulum, mitochondrial
membrane, and cytoplasm. Neither β1AR nor AC6 altered basal cAMP levels and PKA and
EPAC expression and basal activity were unchanged. However, expression of β1AR, but not
AC6, was associated with increased p38 phosphorylation, increased expression of follistatin
family proteins, relocation of phosphatidylserine to the external plasma membrane, and
increased apoptosis. In contrast, transgene AC6, but not β1AR, inhibited PHLPP2 activity (an
Akt phosphatase), activated PI3K & Akt, increased p70S6 kinase phosphorylation, increased
Bcl-2 expression (Table) and did not induce apoptosis. These findings suggest that cellular
location of transgene may be an important contributing factor in the different effects observed
following increased cardiac expression of these two elements of the ßAR signaling pathway.

4.1. Cellular location and function of transgene AC6
Endogenous AC activity is predominantly found in the plasma membrane, but small amounts
of AC protein has also been identified in sarcoplasmic reticulum, the perinuclear region, and
in the nuclear envelope in cardiac myocytes [20]. In nerve cells, endogenous AC is detected
in endoplasmic reticulum and within the cytoplasm of terminal endings of nerve fibers [21].
Studies using cell homogenates before and after AC6 gene transfer, followed by sucrose
gradient centrifugation showed that AC6 (endogenous and transgene) co-reside with caveolin
proteins in the lipid raft fractions that represent caveolae [22-25]. Our studies using co-
immunofluorescence staining confirm the existence of transgene AC6 in caveolae (Fig. 1).
Other groups have shown that AC5 and AC8 are also localized to caveolae, but AC2, AC4 and
AC7, are not [26], indicating that caveolae-localization of AC is isoforms specific. Indeed, it
was recently demonstrated that the C1 and C2 domains of AC5 and AC6 appear to direct them
to caveolae [26,27].

Increased expression of AC6 did not alter the βAR content of caveolae [22] and did not
influence β1AR and β2AR receptor-mediated signaling. Using the same adenovirus vectors to
express AC6 and β1AR in cardiac myocytes, Ostrom et al showed that AC6 expression
increases both β1AR and β2AR-mediated cAMP generation, and that β1AR-mediated response
was increased 3-fold more than β2AR-mediated response, which correlates well with the fact
that cardiac myocytes have 3-fold more β1AR than β2AR [28].

However, increased AC6 in subcellular domains may evoke signaling consequences not
generally seen with endogenous AC6. For example, increased AC6 was associated with
activation of PI3K/Akt signaling and suppression of PHLPP2 activity, events that are important
for cardiac myocyte survival. It is noteworthy that increased ß1AR expression, in contrast to
AC6, does not share this generalized distribution—indeed, transgene ß1AR distribution
remains limited primarily to the plasma membrane. This property alone—differences in
cellular transgene distribution—may underlay some of the differences observed after
expression of these two transgenes, despite both of them being associated with cAMP
generation. For example, differences in cellular distribution of transgene AC6 vs ß1AR provide
an opportunity for AC6 to regulate intracellular events through interacting with intracellular
proteins independently of cAMP and PKA activation.

4.2. Cellular location and function of transgene ß1AR
Transgene ß1AR was found predominantly in plasma membrane. An important finding in the
present study was that increased expression of ß1AR alters plasma membrane lipoprotein
distribution. Phosphatidylcholine (PS) is normally located in the inner plasma membrane. It
can relocate to the outer membrane in response to stress induced apoptosis. Therefore,
relocation of PS to the outer membrane is a marker for early stage apoptosis [16,17]. Cardiac
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myocytes with heterogeneous degrees of PS translocation, reflecting different expression levels
of ß1AR (a common phenomenon of adenovirus mediated gene transfer), were detected as
early as 12 hr after ß1AR gene transfer (Fig. 2). By 60-72 hr, increased late stage apoptotic
cells were detected, which were both Annexin V and PI positives (Fig. 2B). However, there
was another population with an extreme degree of PS translocation (very bright Annexin V
signal) but that were not apoptotic or necrotic (PI negative, data not shown). The implication
of this finding will require additional studies.

Despite the heterogeneous distribution of ß1AR on the plasma membrane, increased ß1AR
increased phosphorylation of p38 (Fig. 5B) without altering total P38 or the expression and
phosphorylation of other MAP kinase family proteins such as JNK, ERK1 and ERK2 (data not
shown). Activation of p38 MAP kinase has been associated with stress-induced cardiac
myocyte apoptosis [29-31], which is consistent with the findings in this study.

Increased expression of ß1AR is also associated with increased expression of follistatin and
follistatin-like 1 without changing the level of activin A (Fig. 5A). Follistatin binds to activins,
which are members of the TGFβ family implicated in diverse biological processes including
cell proliferation, cell differentiation, fibrosis and the development of atherosclerosis [32,33].
Both FST and FSTL-1 are expressed in normal heart [34] and markedly increased in heart
failure [35]. Since overexpression of FSTL-1 attenuates cardiac myocyte apoptosis induced by
hypoxia/reperfusion injury [36], up-regulation of FSTL-1 induced by ß1AR expression might
represent a compensation mechanism elicited by damaged cardiac myocytes.

5. Conclusion
Despite their shared importance in ßAR signaling and cAMP production, increased cardiac
content of AC6 has favorable effects on heart function, while increased ß1AR content has
deleterious effects. Our present studies show that AC6 gene transfer is associated with AC6
transgene distribution to multiple intracellular subdomains and promotes cell survival. In
contrast, transgene ß1AR predominantly is associated with the plasma membrane and
stimulates translocation of phosphatidylserine. Increased ß1AR is also associated with reduced
p70S6K and Bcl2 expression and increases in proteins associated with heart failure (FST and
FSTL1) and hypertrophy (phospho-p38), which may contribute to the deleterious effects of
ß1AR expression on the heart.
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Figure 1. Location of AC6 and ß1AR transgene proteins
A. Immunofluorescence staining and deconvolution analysis of cardiac myocytes after gene
transfer of Ad.AC6 and Ad.ß1AR. Uninfected cardiac myocytes served as a control (Con).
Anti-AU1 antibody was used to detect AC6 transgene (green), anti-HA for ß1AR transgene
(green), and Hoechst dye was used to identify the nucleus (blue). AC6 transgene was evenly
distributed in the plasma membrane and cytoplasm, but not within the nucleus. In contrast,
ß1AR transgene was limited primarily to the plasma membrane (40X).
B. Double immunofluorescence staining of AC6 transgene by anti-AU1 antibody (red) with
anti-caveolin 3 (Cav-3) antibody (green, for caveolae); with anti-voltage dependent anion
selective channel protein (VDAC) antibody (green, for mitochondria); and with anti-protein
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disulphide-isomerase (PDI) antibody (green, for sarcoplasmic reticulum). AC6 transgene was
localized in caveolae, mitochondria and SR.
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Figure 2. Flow cytometry analysis of cardiac myocyte apoptosis
A. Cardiac myocytes incubated for 12h with Ad.AC6, Ad.β1AR, or Ad.Null were stained with
Annexin V-FITC and propidium iodide (PI). Quantification of apoptotic cells was achieved
by flow cytometric analysis. The quadrant lines were set based on Ad.Null control to separate
normal cells (double negatives) from cell populations that were either PI positive, Annexin V
positive, or both PI and Annexin V positive. Representative graphs from three independent
experiments are shown. Gene transfer of β1AR, but not AC6, increased early stage myocyte
apoptosis.
B. Late stage apoptosis. Cardiac myocytes incubated for 72h with Ad.AC6, Ad.β1AR, or
Ad.Null were stained with Annexin V-FITC and propidium iodide (PI) and analyzed using
flow cytometry. Bars in graph denotes mean±SD derived from three independent experiments.
Comparisons were conducted using one-way ANOVA, followed by Bonferroni t-testing. Gene
transfer of β1AR, but not AC6, increased late stage myocyte apoptosis.
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Figure 3. Akt activation and dephosphorylation
A. Immunodetection of Akt and phosphorylated Akt in homogenates of cardiac myocytes after
incubation with Ad.AC6, Ad.ß1AR, or Ad.Null. Expression of AC6, but not ß1AR, was
associated with increased phosphorylation of Akt at both Ser473 and Thr308 sites. There was
no change in the amount of Akt.
B. Akt activity assay. Following incubation with Ad.AC6, Ad.ß1AR, or Ad.Null, an anti-Akt
antibody was used in immunoprecipitation. Immunoprecipitated Akt then was incubated with
GSK3α/β fusion protein in vitro. Phosphorylated GSK3 was detected by immunoblotting using
anti-GSK3α/β antibody. AC6 expression, but not ß1AR, was associated with increased Akt
activity.
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C. Dephosphorylation of Akt. Stimulation with NKH477 (NKH; 10 μM, 10m) and
isoproterenol (Iso; 10 μM, 10m) was associated with dephosphorylation of Akt at Ser473 in
cardiac myocytes with increased AC6, but not with increased ß1AR. Results shown are
representative of at least three experiments with similar results.
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Figure 4. Alteration on Akt target and Bcl-2 family proteins
A. Phosphorylated and total p70S6K were detected using their specific antibodies using
immuoblotting. Increased Akt activity in Ad.AC6 infected cells was associated with increased
phosphorylation of p70S6K protein. In contrast, ß1AR expression was associated with
decreased phosphorylation of p70S6K protein.
B. Phosphorylated GSK3 α and β subunits and total GSK3 β protein were detected using their
specific antibodies. Increased AC6 was associated with 5-fold increase in phosphorylation of
GSK3 α and β subunits and ß1AR expression was associated with 2.5-fold increase in
phosphorylation of these proteins.
C. Bcl-2 and phospho136 Bad proteins were detected using their specific antibodies. Increased
AC6, but not ß1AR, was associated with a 2-fold increase in Bcl-2 expression.
D. Bax expression was detected using anti-Bax antibody and compared with Bcl-2 protein.
Increased ß1AR protein was associated with an increased ratio of Bax/Bcl-2. Bars in graphs
denote mean±SD derived from three independent experiments.
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Figure 5. Follistatin and MAP kinase proteins
A. Immunodetection of follistatin (FST), follistatin-like-1 (FSTL-1), and Activin A proteins.
Expression of ß1AR, but not AC6, was associated with increased expression of FST and
FSTL-1 proteins. Activin A levels were unchanged.
B. Immunodetection of p38, phosphorylated p38 and GAPDH proteins. Expression of ß1AR,
but not AC6, was associated with increased phosphorylation of p38 without altering the
amounts of total p38 or GAPDH.
Bars in graphs denote mean±SE derived from three independent experiments.
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Table

Summary of Findings

Ad.β1AR vs Control Ad.AC6 vs Control

Transgene location PM PM, NE, SR, MM, Cytoplasm

Follistatin family proteins Increased 4-fold No change

Phospho-p38 Increased 3-fold No change

Phosphatidylserine
translocation

To external PM,
marked No change

PKA & EPAC
activity/expression No change No change

PHLPP2 activity No change Inhibited

Akt activity No change Increased 5-fold

p70S6 kinase phosphorylation Decreased Increased 2-fold

Bcl2 expression No change Increased 2-fold

Apoptosis Increased 2-4 fold No change

PM, plasma membrane; NE, nuclear envelope; SR, sarcoplasmic reticulum; MM, mitochondrial membrane. The findings are summary of data from
three or more experimental repeats.
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