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Abstract
Congestive heart failure (CHF) affects more than five million people in the US, and results in
considerable morbidity, mortality, and economic costs. Patients with Class III and IV CHF have a
40–50% probability of dying 5 years after symptom onset despite optimal therapy, a prognosis worse
than many cancers. A variety of drugs and devices have improved survival – the 50% survival time
in 1980 was just eighteen months – but the outlook for patients remains dismal and the prevalence
of CHF continues to increase. This unmet medical need underscores the importance of developing
new approaches for the treatment of CHF. This brief review focuses on data from preclinical
experiments regarding the effects of increased adenylyl cyclase type 6 (AC6) expression on cellular
and cardiac function, and possible mechanisms for the unexpected favorable effects of increased
AC6 content on the failing heart.

Adenylyl Cyclases in β-Adrenergic Receptor Signaling
In cardiac myocytes and other cells, a cell surface β-adrenergic receptor (βAR) is occupied by
agonist (norepinephrine, epinephrine) and the stimulatory GTP-binding protein, Ga s,
transduces the signal to AC, the effector molecule, which leads to increased generation of cyclic
adenosine monophosphate (cAMP), which then interacts with protein kinase A (PKA) and
other intracellular proteins (Ishikawa and Homcy 1997; Hanoune and Defer, 2001) to initiate
a wide variety of intracellular events. The first AC isoform, subsequently named AC1, was
cloned from brain and found to be calmodulin sensitive. Currently, ten mammalian AC
isoforms have been cloned and characterized (Sunahara and Taussig 2002). Each AC consists
of two hydrophobic domains with six transmembrane spans (M1 and M2) and two cytoplasmic
domains (C1 and C2), resulting in a pseudo-symmetrical protein. The cytoplasmic domain,
which constitutes the catalytic site, often is subject to intracellular regulation that can be
specific for AC subtype (Figure 1).

In the heart, the two predominant AC isoforms, AC5 and AC6, have 65% amino acid homology.
Neonatal as compared to adult rat hearts have more AC6 than AC5 mRNA, and the reverse is
true with increased age (Tobise et al. 1994). In contrast, AC6 mRNA predominates in adult
pig heart (Ping et al. 1997). Quantitative assessment of cardiac levels of AC5 versus AC6
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protein has been impeded by the poor accessibility of type-specific antibodies. A recent report
in mice with targeted deletion of AC5 found that 60% of immunodetectable AC5/6 was still
present in cardiac myocytes after AC5 deletion, indicating that these two proteins are expressed
at similar levels in the adult mouse heart (Tang et al. 2006; Okumura et al. 2003). Adult human
left ventricle (LV) appears to express predominantly AC6 mRNA (Wang and Brown 2004),
although there are no published data regarding AC isoform protein expression in adult human
heart. Given their central role as effector molecules for βAR signaling and other pathways, it
is surprising that quantitative data regarding cardiac AC5 and AC6 protein content – much less
their specific roles and relative importance vis-à-vis cardiac function – remain to be established.

Stimulation through Ga s is the major mechanism by which AC is activated. The downstream
event is the conversion of ATP to cAMP. All ACs, except possibly AC9, are also activated by
the diterpene forskolin, and this commonly is used to estimate AC function independent of Ga
s and βAR stimulation. ACs are variably affected by Ga i, the inhibitory GTP-binding protein.
For example, Ga i acts as a noncompetitive inhibitor of AC5 and AC6 but has no effect on
AC2 or AC8. Gβ? inhibits AC1 and AC8, but stimulates AC2, AC4 and AC7 (Sunahara et al.
1996). AC5 and AC6 are stimulated by Gβ? but only when Ga s or forskolin are present (Gao
X et al. 2007). Furthermore, phosphorylation of ACs by PKA provides a means of negative
feedback at the effector level. Both AC5 and AC6 are directly phosphorylated and inhibited
by PKA; phosphorylation by PKA inhibits AC5 activity by decreasing the maximal velocity
of the enzyme, whereas phosphorylation of AC6 at Ser674 interferes with the Ga s binding
site, leading to inhibition of AC6 activity (Iwami et al. 1995). Finally, AC6 is inhibited, but
AC5 stimulated by PKC-mediated phosphorylation (Beazely and Watts 2006), although there
are differences between what occurs in cultured cells vs in intact heart. Furthermore, as alluded
to above, many mediators that stimulate AC require the presence of Gas and forskolin (Beazely
et al. 2005) – conditions that may not hold in the setting of increased expression of AC6.

In addition, all AC isoforms are inhibited by high (nonphysiological) concentrations of
calcium. AC5 and AC6, however, are inhibited by physiologically relevant concentrations of
calcium (0.2 – 0.6 µM) (Ishikawa and Homcy 1997; Beazely and Watts 2006). The key
functional differences between AC5 and AC6 were recently presented in an excellent review
(Beazely and Watts 2006). The confluence of multiple G-protein coupled receptors with several
types of transducing G proteins operating through multiple AC isoforms creates combinatorial
possibilities that enable diverse physiological events and regulatory sites. The focus of the
current review will be to examine the physiological consequences of altered amounts of AC6
in the heart and the implications for CHF therapy.

β-Adre2nergic Receptor Signaling in Heart Failure
The βAR signaling pathway in heart failure has been extensively studied since Bristow and
colleagues first described downregulation of βAR receptors in failing human heart (Bristow et
al. 1982), and was reviewed recently (Brodde et al. 2006). Here we will discuss the results of
increasing the amounts of the key elements of the βAR -Ga s-AC pathway. It was shown that
cardiac-directed expression of the β1AR increased left ventricular (LV) contractility in young
mice (12 weeks), but caused myocardial hypertrophy and progressive heart failure by 35 weeks
of age (Engelhart et al. 1999). Functional and histological abnormalities of hearts from these
mice resembled those encountered in human patients with heart failure. Thus, upregulation of
LV β1AR number initially increases cardiac function, but ultimately results in heart failure.
Persistent activation of βAR via sustained agonist infusion, such as isoproterenol, also causes
cardiac hypertrophy and cardiomyopathy. Cardiac-directed expression of the β2AR has effects
that are similar to β1AR expression – initial increases in LV contractile function leading to
CHF in older mice. A lower amount of β2AR expression may have sustained beneficial effects,
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although these studies did not examine mice over 12 months of age, so a deleterious effect in
older mice was not excluded (Liggett et al. 2000).

What occurs when Gas, the transducing protein that links βAR stimulation with AC activation,
is increased in the heart? Cardiac -directed Ga s expression has a deleterious effect on the heart,
and is similar to the adverse effects of cardiac-directed βAR expression: initial increase in LV
contractile function and heart rate, leading ultimately to severe CHF (Iwase et al. 1997). A
common feature of cardiac-directed βAR and Gas expression is that both interventions lead to
sustained cAMP generation and unrelenting increases in heart rate and basal LV contractile
function. In this way, they have features that are similar to long term delivery of isoproterenol,
which also leads to heart failure. Indeed, these animal studies have a direct correlate in clinical
trials involving patients with CHF. Failing human hearts have reduced amounts of basal cAMP
and impaired cAMP generation in response to agonist stimulation (Bristow et al. 1982; Feldman
MD et al. 1987). It is logical to surmise that agents that might increase intracellular cAMP
levels in the heart would be beneficial in treating clinical CHF. However, results of clinical
trials which increase βAR stimulation (dobutamine) or cAMP content (the phosphodiesterase
inhibitor milrinone) have been disappointing, perhaps because these agents would be predicted
to be associated with sustained increases of intracellular cAMP, which may have provoked
life-threatening cardiac arrhythmias.

Cardiac Adenylyl Cyclase and Heart Failure
A hallmark of failed myocardium in clinical settings is reduced LV cAMP and impaired AC
function (Bristow et al. 1982, Feldman MD et al. 1987). Our group and others have reported
reduced AC5 and AC6 mRNA (Ishikawa et al. 1994) or AC6 mRNA alone (Ping et al. 1997)
in failing LV. Due to the pivotal position of AC6 in the βAR signaling pathway and its direct
relationship with LV function, we asked if restoration of cardiac AC content and function would
increase LV contractile function in CHF.

Transgenic mice with cardiac-directed AC6 expression were generated to determine the effects
on cardiac structure and function (Gao MH et al. 1999, Gao MH et al. 2002). Cardiac-directed
expression of βAR or Gas has been associated with initial sustained increases in heart rate and
LV contractile function, followed eventually by LV chamber dilation, myocardial fibrosis and
heart failure in older mice (Engelhardt et al. 1999; Iwase et al. 1997). In contrast, there were
distinct differences in mice with cardiac-directed expression of AC6 – no increase in heart rate
or LV contractile function was observed in the basal (unstimulated) state in these animals,
despite 20-fold excess cardiac AC6 protein (Gao MH et al. 1999). However, hearts showed
marked increases in heart rate and contractile function in response to βAR stimulation. Finally,
unlike mice with cardiac-directed βAR or Gas expresssion, there was no decline in function
or abnormalities in cardiac structure or histology even in mice twenty months old. Increased
expression of cardiac AC6, in contrast to βAR or Gas expression, resulted in a marked increase
in LV contractile reserve, and was not associated with deleterious consequences. Although the
precise mechanisms for these striking differences in effect were not determined, it was
noteworthy that cardiac-directed expression of βAR and Gas, but not AC6, was associated with
sustained and unrelenting increases in heart rate, LV dP/dt and intracellular cAMP.

Data from these in vivo studies (Gao MH et al. 1999, Gao MH et al. 2002) emphasize a key
difference between receptor and effector effects with regard to βAR signaling (Most et al.
2002), suggesting that expression of an effector molecule does not alter transmembrane
signaling except when the receptors are activated, in contrast to receptor/G-protein expression,
which yield continuous activation and thus negative consequences. These results were
confirmed in studies conducted on cultured rat cardiac myocytes in which AC6 was increased
by adenovirus-mediated gene transfer. Here it was found that the amount of AC6 protein sets
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limit on transmembrane βAR signaling, and that even when AC6 expression is markedly
increased, basal cAMP levels are not altered (Gao MH et al. 1998).

Increased cardiac AC6 expression in otherwise normal hearts was beneficial, but if AC6 were
increased in the setting of cardiomyopathy, would the consequences also be favorable?
Cardiac-directed Ga q expression leads to dilated, poorly functioning hearts with impaired
cAMP generation, mimicking key aspects of clinical CHF (D'Angelo et al. 1997). These mice
were crossbred with mice with cardiac-directed AC6 mice and the Ga q mice compared with
offspring harboring both transgenes (Ga q/AC6). Hearts and cardiac myocytes from Ga q/AC6
mice had increased LV function and restored cAMP generating capacity and βAR
responsiveness (Roth et al. 1999). Subsequent longer term studies using the same crossbreeding
strategy showed that expression of AC6 in this cardiomyopathic background abrogated
myocardial hypertrophy and improved survival (Roth et al. 2002). When AC5 was expressed
in the Gaq cardiomyopathic background, LV function was improved, but LV hypertrophy and
fibrosis persisted, and no alteration in mortality was reported (Tepe NM and Liggett SB,
1999).

Although studies using the crossbreeding strategy are useful, such studies have limitations. In
this approach, when heart failure is prevented, the candidate gene is said to have “rescued” the
failing heart. However, this strategy does not represent treatment since heart failure is never
present. Secondly, the favorable outcome may be due to interactions between transgenes during
growth and development that have little to do with the treatment effect per se. A putatively
therapeutic transgene that is activated for the first time in the presence of severe CHF would
serve as more stringent test and be more readily applicable to the challenges posed by clinical
gene transfer. Such an approach requires the use of regulated transgene expression (Fishman
1995, 1998). Using a transgenic mouse with cardiac-directed and regulated AC6 expression
(Gao MH et al. 2002), coronary occlusion was performed to induce severe CHF. Five weeks
after myocardial infarction, mice with severe heart failure were enrolled in the study. Half of
the animals continued with no additional treatment. The remaining half underwent cardiac AC6
gene activation for the first time, which increased cardiac AC6 content 10-fold. Five weeks
later there were marked improvements in measures of LV systolic and diastolic function (Lai
et al. 2005). These data, published only in abstract form at this writing, indicate that increased
cardiac expression of AC6 in the presence of active and severe CHF, has beneficial effects on
the failing heart.

Thus far, we have focused on the transmembrane elements of βAR signaling. Protein kinase
A (PKA), a downstream target of AC6 via cAMP signaling, can phosphorylate AC6 and inhibit
its activity by altering its Gas binding site (Iwami et al. 1995). Cardiac-directed expression of
a constitutively active catalytic subunit of PKA resulted in dilated cardiomyopathy and sudden
death resembling clinical CHF, with chamber dilatation, peripheral edema, and arrhythmias
(Antos et al. 2001). Further analysis showed that both ryanodine receptor 2 (RyR2) and
phospholamban (PLB) were hyper-phosphorylated, suggesting that PKA functioned through
phosphorylation of these two calcium regulating proteins. Thus, similar to cardiac-directed
expression of βAR and Gas, cardiac-directed expression of PKA is detrimental to cardiac
physiology. It therefore is difficult to assign the beneficial effects of AC6 expression solely to
its activation of PKA. AC6 appears to have effects that are not replicated by PKA activation
alone and which suggest unique downstream targets, or protein:protein interactions that do not
directly depend on cAMP production per se, but which may influence protein phosphorylation
and gene transcription.
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Adenylyl Cyclase 6 and Cardiac Calcium Handling
The failing heart is beset with abnormal calcium handling (Morgan et al. 1990; Yano et al.
2005; Bers 2006), and it can be argued that even if desensitization of βAR transmembrane
signaling is restored, unless calcium handling abnormalities are remedied, reduced LV
contractile function will persist. Ryanodine receptors can act as calcium release channels in
the sarcoplasmic reticulum (SR), and thereby regulate calcium handling. RyR2, the
predominant cardiac isoform of ryanodine receptor, selectively associates with FK560-binding
protein 12.6 (FKBP12.6, also known as calstabin2) (Timerman et al. 1996). The binding of
FKBP12.6 to RyR2 stabilizes RyR2 channels (Lehnart et al. 2006). PKA-mediated
hyperphosphorylation of RyR2 leads to its dissociation from FKBP1 2.6 and a subsequent
diastolic calcium leak, which often is associated with failing LV membranes (Marx et al.
2000; Oda et al. 2005). Agents that directly influence calcium signaling, however, have not
yet played a very important role in the pharmacological treatment of clinical CHF in the US.

Is there a link between cardiac AC6 content and calcium signaling that may contribute to the
beneficial effects of AC in the failing heart? Mice with cardiac-directed AC6 expression were
crossbred with cardiomyopathic mice (cardiac-directed Gaq). Expression of AC6 in this
cardiomyopathic background was associated with increased PLB phosphorylation and
restoration of impaired SR calcium uptake (Tang et al. 2004). Moreover, in contrast to cardiac-
directed PKA expression where RyR2 hyperphosphorylation was observed (Antos et al.
2001), RyR2 phosphorylation was unchanged in treated mice. This suggests that AC6 may
regulate RyR2 calcium channels through mechanisms not directly dependent on cAMP and
PKA. In the same study, Tang and colleagues also found that PLB expression was reduced
when AC6 was expressed in the cardiomyopathic background, an effect that would be predicted
to increase calcium availability and LV function (Tang et al. 2004). Modification of myocardial
calcium handling is recognized as a promising target for clinical gene transfer (Hajjar et al.
1998; Iwanaga et al. 2004; Hoshijima et al. 2006; Pleger et al. 2007).

Adenylyl Cyclase and Electrical Remodeling of the Heart
It might be anticipated that elevations in cardiac AC6 content would have adverse effects in
the setting of myocardial infarction. The attendant increase in cAMP generation, it could be
argued, would increase contractile force, exacerbate oxygen demand:supply imbalance, and
have detrimental consequences by increasing border zone injury and extending infarct size.
However, acute myocardial infarction (MI) of mice with cardiac-directed expression of AC6
was associated with a 45% reduction in mortality seven days after proximal left coronary
occlusion (Takahashi et al. 2006). Also seen were increased LV contractility and relaxation
three days after MI, and reduced incidence of high grade atrio-ventricular (AV) block
(Takahashi et al. 2006). Thus, increased cardiac AC6 expression may facilitate AV conduction
and thereby reduce mortality. The observation that AC6 is expressed in the atrio-ventricular
node of transgenic mice supports the notion that AC6 may facilitate AV conduction (Sastry et
al. 2006). Indeed, cardiac-directed expression of AC6 was shown to facilitate AV nodal
anterograde and retrograde conduction without altering sinus node conduction (Sastry et al.
2006).

The effects of cardiac-directed AC6 expression on electrophysiological properties in Gaq
cardiomyopathy recently were addressed (Timofeyev et al. 2006). Cardiac myocytes from Gaq
mice, like failing cardiac myocytes from other models, show prolonged action potential
duration (APD) with reduced Ito and IK1 current density. AC6 expression abrogated adverse
electrical remodeling by normalizing APD, and increasing Ito and IK1 current density
(Timofeyev et al. 2006). Prolonged APD is correlated with propensity to develop ventricular
tachycardia and ventricular fibrillation in CHF (Nattel et al. 2007, Tomaselli and Marban

Phan et al. Page 5

Trends Cardiovasc Med. Author manuscript; available in PMC 2008 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1999). These studies reinforce the notion that electrophysiological remodeling is an important
maladaptation in cardiomyopathy, and that favorable effects of AC6 on electrophysiological
remodeling may be responsible, at least in part, for its beneficial effects.

Adenylyl Cyclase 6 Effects not Solely Dependent on cAMP
One of the recurrent themes uncovered in these physiological studies of the beneficial effects
of AC6 on cardiac function is the possibility that the favorable effects of increased AC6 content
may not be solely dependent upon increased cAMP generation. This may be particularly
germane for the failing heart, since agents that promote cAMP content tend to have adverse
outcomes. Could AC6 have effects on gene transcription and protein phosphorylation that are
not directly dependent on cAMP generation?

To explore the mechanism for reduced expression of PLB, seen when AC6 is co-expressed in
cardiomyopathy (Tang et al. 2004), studies were conducted using cultured neonatal cardiac
myocytes and adenovirus-mediated AC6 gene transfer. Increased AC6 expression reduced
PLB expression via marked upregulation of activating transcriptional factor 3 (ATF-3). ATF-3,
a transcriptional suppressor, was then shown to bind to and inhibit the PLB promoter. Thus,
AC6 gene transfer reduces PLB expression via ATF-3 (Gao MH et al. 2004). The effects of
AC6 on ATF3 expression and PLB transcription were independent of cAMP generation.
Agents that increased cAMP, such as isoproterenol and forskolin, had directionally opposite
effects on PLB expression compared to the effects of AC6 gene transfer. When cardiac
myocytes were stimulated with isoproterenol or forskolin after AC6 gene transfer, a further
reduction in PLB expression and increased PLB phosphorylation were observed (Gao MH et
al. 2004). The reduced amount of PLB showed increased phosphorylation, again, not due to
cAMP. Preliminary data indicate that AC6 gene transfer is associated with increased Akt
phosphorylation (Gao MH et al. 2007) possibly through association with a phosphatase and
subsequent prevention of dephosphorylation (Gao MH et al. 2007).

Finally, intracellular compartmentation may enable alterations of specific signaling pathways
otherwise not anticipated (Head et al. 2006). For example, intracoronary AC6 gene transfer
would be anticipated to increase AC6 content of both cardiac myocytes and fibroblasts.
Consequently, the cardiac interstitium could be affected through alterations in fibroblast
signaling (Swaney et al. 2005). Although the exact mechanisms for the beneficial effects of
AC6 on the failing heart will require additional investigation, these studies indicate that AC6
gene transfer is associated with effects that are not replicated by agents that increase cAMP
production, effects which may provide an insight into why AC6 has such different effects than
other agents in the βAR signaling pathway (Figure 2).

Adenylyl Cyclase 6 Gene Transfer as Therapy for Heart Failure?
Although the amount of AC6 protein has not been quantified in human failing heart, and there
is debate regarding whether AC activity is impaired, there is uniform agreement that
isoproterenol-stimulated cAMP production is reduced (Bristow MR, et al., 1982). Is it feasible
that increased cardiac AC protein content will translate to improvement in cardiac
responsiveness and symptoms in clinical heart failure? We have no experimental data of AC6
gene transfer in clinical CHF, so will speculate, based on preclinical data. First, we believe that
the amount of AC (not βAR) sets a limit on a cardiac myocyte's ability to generate cAMP, as
we demonstrated in gene transfer studies of AC6 in cultured cardiac myocytes (Gao MH et al.,
1998). Because AC content sets the limit, it is reasonable to propose that increasing the effector
(AC6) will allow increased cAMP production, and, consequently physiological
responsiveness, at any given level of proximal desensitization. Indeed, that is exactly what we
observe in experimentally induced heart failure in mice (Roth DM et al., 1999; Roth DM et
al., 2000; Rebolledo B et al., 2006) and pigs (Lai NC et al., 2004) after increases in cardiac
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AC content, despite pre-treatment impairment in proximal elements of βAR signaling. Second,
even when AC activity is entirely normal, increased AC6 content increases LV contractile
reserve to βAR stimulation (Lai NC et al., 2000). Third, the apparent favorable effects of AC
which appear to be independent of cAMP generation may important in the overall therapeutic
effect of AC6 as we have previously discussed.

Might a simple medical therapy that stimulates endogenous AC have advantages over the more
complicated prospect of using AC6 gene transfer? Indeed, a water soluble forskolin analog,
colforsin (also known as NKH477) is used in clinical settings in Japan (Kikura M et al.,
2004). Colforsin is administered by continuous intravenous infusion and has potent
hemodynamic effects, and is not suited for long term therapy. In contrast, AC6 gene transfer
has no acute hemodynamic effects, does not require continuous infusion, and would be
anticipated, based on preclinical data, to have long term beneficial effects not limited to
augmentation of cAMP production.

Exogenous gene transfer will be required if AC6 is ever to be applied in the treatment of clinical
heart failure. Mice with Gaq cardiomyopathy received indirect intracoronary delivery of an
adenovirus vector encoding AC6, and LV systolic and diastolic function were increased
fourteen days after delivery (Rebolledo et al., 2006). However, this study used thoracotomy
and aortic and pulmonary artery cross clamping to deliver the adenovirus vector, a technique
that will not be applicable to patients with severe CHF. Direct intracoronary infusion of an
adenovirus encoding AC6, given simultaneously with intracoronary nitroprusside, was
associated with favorable effects on LV function in pigs with pacing-induced CHF (Lai et al.
2004). Previous studies had documented that the addition of intracoronary nitroprusside was
associated with increased transgene delivery and cAMP-generating capacity (Roth et al.
2004). In rats, highly efficient gene transfer to cardiac myocytes was reported after only a single
pass coronary delivery (Logeart et al. 2000). Nevertheless, one of many concerns regarding
translation to clinical studies is gene transfer efficiency and duration of transgene expression.
In pigs, direct intracoronary delivery of adenovirus provided detectable transgene expression
in 39% of cells in the relevant perfusion bed (Suzuki et al. 2005); the injections were
accompanied by histamine, an agent that also appears to increase gene transfer efficiency (Lai
et al, 2000). It should be pointed out, however, that the dose used in these studies, >1012 virus
particles (vp), is a dose that has not been used clinically, where the current maximal dose has
been 3.3×1010 vp (Grines et al. 2002). Recent modifications for intracoronary delivery of virus
vectors may increase cardiac gene transfer efficiency (Sasano et al. 2007). Although
intracoronary AC6 gene transfer was shown to result in persistent elevations in LV cAMP
generating capacity – up to eighteen weeks after delivery (Lai et al. 2000), it is generally
believed that longer term expression vectors, such as adeno-associated virus, will be required
for optimal treatment (Iwanaga et al. 2004; Kaspar et al. 2005). Taken together, these studies
indicate that intracoronary delivery of adenovirus encoding AC6 in the setting of active heart
failure may be a rational approach for the treatment of clinical CHF (Feldman AM 2002, Sesti
and Kloner 2004, Nayak and Rosengart 2005).

Conclusions
AC6 is the sole element of the βAR-Gas-AC-cAMP-PKA signaling pathway that, when
increased in amount, is associated with beneficial effects in the setting of heart failure. This
suggests that AC6 may have effects, in addition to its classical enzymatic activity, that may
serve to offset the expected negative consequences of increased cAMP content. Recently
published studies suggest that some of these unanticipated effects of increased AC6 content
include: favorable effects on calcium handling, electrophysiological remodeling,
transcriptional regulation of genes that influence contractile function, and phosphorylation of
key proteins, perhaps by protein:protein interactions that influence phosphatase activity.
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Finally, it seems likely that the physiological effects evoked by overexpression of pivotal
proteins such as AC6, may not recapitulate classical functions of the protein, due to alterations
in amounts, accessibility to unexpected intracellular microdomains and unanticipated
interactions with other proteins.
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Figure 1. Adenylyl cyclase schematic structure
M1, M2: transmembrane domains; C1,C2: cytoplasmic domains, which form catalytic binding
sites for GTP-binding proteins
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Figure 2. Hypothesis for beneficial effects of AC6 gene transfer
Functions of AC6 that are not dependent on β-adrenergic receptor (βAR) stimulation and cAMP
generation (Transgene Pathway) may underlay the beneficial effects of AC6 gene transfer,
offsetting the potentially deleterious effects associated with agents that provide excessive
cAMP/PKA activation (Classical Pathway). AC6 gene transfer increases AC6 content in non-
plasma membrane compartment (Gao et al., 2004). Superscripts refer to published data: 1
(Sastry et al, 2006); 2 (Timofeyev et al. 2006); 3 (Gao et al., 2007); 4 (Gao et al., 2004); 5
(Tang et al., 2004); 6 (Takahashi et al., 2006); 7 (Rebolledo et al., 2006), 8 (Roth et al., 2000);
9 (Lai et al. 2004). Gas, stimulatory GTP-binding protein; AC6, adenylyl cyclase type 6; AC6
Unplugged, transgene AC6 not associated with plasma membrane and βAR/Gas interaction;
cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; ATF-3, activating
transcription factor-3; PLB, phospholamban; AC6:Phosphatase, postulated AC6:phosphatase
interaction which may increase Akt and PLB phosphorylation in the basal (unstimulated) state
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