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Abstract.

Cyclic AMP (cAMP) is known to play a major role in regulating cardiac function.

Difference in adenylyl cyclase (AC) isoforms is a potential mechanism by which the cAMP signal,
a common second messenger signal, can be regulated in a tissue-specific manner. However, the
physiological significance of expressing multiple AC isoforms in a tissue and how each specific
isoform regulates the cAMP signal remains poorly understood. In a genetically engineered mouse
model in which the expression of the type 5 AC is knocked out (AC5KO), we identified the
attenuation of autonomic regulation and calcium-mediated inhibition of cardiac function. We also
identified that disruption of type 5 AC preserves cardiac function in response to chronic pressure-
overload and catecholamine stress, at least in part, through the inhibition of cardiac apoptosis,
which plays a major role in the development of heart failure. The protection against both
apoptosis and development of cardiac dysfunction induced by left ventricular pressure overload
in AC5KO makes this molecule potentially important for developing future pharmacotherapy,
where suppressing the activity of type 5 AC, and not the entire f-adrenergic signaling ($-AR)
signaling pathway, may have an advantage over the current f-AR-blockade therapy in the

treatment of heart failure.
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Introduction

Activation of the sympathetic nerves initiates the most
potent stimulus for enhancing cardiac function, both
acutely and chronically. Norepinephrine is released on
the synaptic cleft at sympathetic nerve terminals binds to
p-adrenergic receptors (5-AR) on the cardiac sarcolemma
and activates the stimulatory guanine nucleotide binding
protein Gs by promoting the exchange of GDP for GTP.
This reaction catalyzes the dissociation of the GTP-
bound Gsa subunit from Gpfy. GTP-bound Gsa then
binds to and stimulates adenylyl cyclase (AC). AC is a
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membrane-bound enzyme that catalyzes the conversion
of ATP to cyclic AMP (cAMP) (1) (Fig. 1). cAMP, an
intracellular second messenger, activates protein kinase
A (PKA) by dissociating its regulatory subunit from the
catalytic subunit (2). The AC isoform originally isolated
from the brain (designated as type 1) is calmodulin-
sensitive and expressed only in the brain. Subsequently,
several groups, including our own, isolated additional
AC isoforms (types 2 through 9). So far, at least nine
isoforms are known (3, 4). Types 5 and 6 are both
calcium (Ca®)- and Gi-inhibitable and share most, if
not all, of their biochemical properties (3, 4). Although
these isoforms were cloned from different tissue sources,
such as the heart (5, 6), liver (7), and neuronal cells (8),
these represent the major AC isoforms in the heart.
Although the mRNAs of the ubiquitous isoforms, in
particular, types 2, 3, 4, 7, and 9, are detectable in the
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Fig. 1. cAMP signaling in the heart. Cardiac AC in WT consists of
mainly type 5 and 2, 3, 4, 6, 7, 9 AC isoforms. All ACs are stimulated
by Gsa. Only type 5 and type 6 are strongly inhibited by Gia and
Ca®". Gpy stimulates type 4 and type 7, but not the other isoforms.
PKA increases Ca®" influx through the activation of L-type Ca*"
channel, and then the increased intracellular Ca*>* inhibits type 5 and
type 6 AC (negative feedback system).

heart, the steady state mRNA levels for the type 5 and
6 isoforms are much higher than those of the other iso-
forms (9). Expression of the type 5 isoform has been
most abundant in only two tissues, that is, brain and
heart, whereas type 6 is expressed in most tissues at a
low level (5, 6). Furthermore, type 5 appears to be an
adult isoform, whereas type 6 is more highly expressed
in the neonate, at least in rats (10, 11). Expression of the
type 6 isoform is most abundant in the fetus, gradually
declines with age, and reaches its lowest level in mature
adults. The expression of type 5 follows an opposite
pattern. The expression is lowest in the fetus, gradually
increases with age, and reaches a maximum in the
mature adult. Thus, two major isoforms in the heart are
developmentally regulated in an opposite manner, a
pattern similar to the expression of the a- and f-myosin
heavy chains (12). Nevertheless, by mRNA analysis,
these two isoforms are the most abundant in the heart at
each stage of development. It should be apparent that
sympathetic regulation of the heart is importantly
determined by the unique AC isoforms expressed in this
tissue. Although much data in vitro have been obtained
to support this contention, the physiological relevance of
this unique pattern of AC isoform expression remains to
be determined. The biochemical diversity afforded by
the multiplicity of AC isoforms enables a cell, by the
nature of the AC isoforms it expresses, to integrate and
modulate uniquely its responsiveness to both internal
signals (e.g., calcium) and to external stimuli (e.g.,
hormones and neurotransmitters). The type 5 isoform
is the dominant isoform in the adult heart and thereby
plays a key role in determining the cardiac response to

a variety of stimuli, in particular, stimulation by the
sympathetic nerves (Fig. 1).

Changes in the expression level of type 5 AC and
those of other isoforms in pathophysiological states
may contribute to cardiac dysfunction. Some of the
aforementioned hypotheses can be approached using
transgenic animal models. Whereas all prior studies have
examined these questions in vitro, or in vivo, using
pharmacological stimulation, or even by overexpressing
isoforms of AC in the heart, we selected the approach
of targeted disruption of AC (Fig.2). However, this
experimental design is complicated by the fact that AC
consists of nine mammalian transmembrane isoforms.
We selected type 5 AC to knock out in the mouse
(AC5KO0), since this isoform is one of the most promi-
nent in adult cardiac tissues and expressed negligibly in
other organs except for the brain. In AC5KO, both basal
and isoproterenol (ISO)-stimulated AC activities were
decreased by 30% —40% in cardiac membrane and
compensatory increase of the other AC isoforms could
not be identified in the heart (Fig. 2D). So far, we have
demonstrated a number of interesting pathophysiological
roles of type 5 AC using AC5KO (9, 13 —16), which
we will describe below.

Role of type 5 AC in the autonomic and calcium-
mediated cardiac regulation

AC assay using crude cardiac membranes showed that
increases of AC activities in the presence of ISO were
attenuated in AC5KO. Also, decreases of AC activities
in the presence of carbachol, a muscarinic agonist, or
low concentration of Ca*" (less than 1 zM) was absent in
ACS5KO. Echocardiography was performed to examine
cardiac function. We anticipated that cardiac function
[left ventricular ejection fraction, (LVEF)] should be
decreased in AC5KO compared to that in wild type
(WT). However, to our great surprise, it was not
different between AC5KO and WT at baseline, even if
the increase of LVEF following ISO and the decrease
following acetylcholine on top of ISO was significantly
attenuated in AC5KO (Fig.3: A and B). Conscious
AC5KO had a higher heart rate (HR) compared with WT
(613 £8 vs. 523 + 11 beats/min, P<0.01, n=14-15).
In addition, baroreflex-mediated bradycardia following
phenylephrine was attenuated in ACSKO (Fig. 3C).
Electrophysiological studies also demonstrated that
Ca*"-channel function was diminished in AC5KO. These
finding suggest that disruption of type 5 AC attenuates
not only sympathetic responsiveness but also impairs
parasympathetic and Ca®-mediated regulation of the
heart (9).
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Role of type 5 AC on cardiac function against pressure
overload

We next examined the effects of pressure overload,
induced by thoracic aortic constriction (TAC), in
ACS5KO. Cardiac hypertrophy [left ventricular weight
/tibial length ratio (LVW/TL)] was not different
between WT and ACS5KO at baseline and increased
progressively and similarly in both groups at 1 and 3
weeks after TAC. However, LVEF was decreased in WT
at 3 weeks after TAC with LV dilatation. In contrast,
ACSKO did not show a fall in LVEF at 1 and 3 weeks
after TAC (Fig. 4). Apoptosis, which has been demon-
strated recently to play an important role in the develop-
ment of heart failure (17 — 19), was examined by TUNEL
staining. The number of apoptotic myocytes was similar

with permission.

at baseline, but it increased significantly in WT (4-fold)
at both 1 and 3 weeks after TAC, and the number was
significantly less in ACSKO (2-fold). More importantly,
cardiac apoptosis was induced prior to cardiac dysfunc-
tion in WT. Bcl-2, which is known as an anti-apoptotic
protein (20), was increased significantly more in AC5KO
with pressure overload. These findings suggest that
disruption of type 5 AC plays a protective role in
response to pressure overload and the development of
heart failure, potentially through limiting the induction
of cardiac apoptosis.

Role of type 5 AC in the desensitization with chronic
catecholamine stress

Desensitization of the f-adrenergic signaling protects
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Fig. 3. In vivo cardiac function. A: Baseline (BL) ejection fraction
(EF) was similar between WT and AC5KO, but did not increase
normally in response to f-AR stimulation with ISO in AC5KO. B:
Acetylcholine (ACh; 25 mg/kg, i.p.) superimposed on ISO (0.04
1g/kg/min, i.v.) reduced EF in WT, but not in AC5KO. C: In vivo
conscious heart rate (HR). Parasympathetic slowing of HR in
response to phenylephrine (0.02 ug/g, i.v.)-induced increase in
arterial pressure is shown by the plot of systolic arterial pressure
(SAP) vs. R-R interval (ms). The depressed slope indicates that reflex
parasympathetic bradycardia was impaired in AC5KO. Modified from
Ref. 9 with permission.

the heart against chronic catecholamine stress, thus
preventing the development of apoptosis. However,
previous studies have been mainly focused at the level
of adrenergic receptors, but less at the level of AC. Thus,
the effects of chronic ISO infusion (30 — 60 mg/kg per
day for 1 —2 weeks) were examined using AC5KO, and
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Fig. 4. Echocardiographic measurements of LV ejection fraction
(EF) were performed in WT and AC5KO after 3 weeks of banding
(Band). The data were compared with those from sham (Sham)-
operated controls at 3 weeks. LVEF was significantly decreased
after 3 weeks of banding in WT (n = 8) but not in AC5KO (n=10),
while both determinations were unchanged between in sham-
operated in WT (n=6) and AC5KO (n=6). *P<0.05; NS, not
significant. Modified from Ref. 13 with permission (Copyright 2003,
National Academy of Sciences, U.S.A.).

we found that the responses of LVEF to ISO infusion
were attenuated in AC5KO compared with WT, that is,
physiological desensitization was more effective in
ACSKO (Fig. 5A). The mechanism for the less effective
desensitization in WT was at least in part through the
paradoxical upregulation of type 5 AC protein expres-
sion. As in the TAC models, the increase of apoptotic
myocytes was smaller and upregulation of Bcl-2 after
chronic ISO infusion was greater in AC5KO with the
activation of PDK1 (phosphoinositide-dependent protein
kinase 1) -Akt signaling, which was recently demon-
strated to be one of the strong protective and anti-
apoptotic pathways in the heart. These results suggest

[l Fig.5. Cardiac function and apoptosis after
catecholamine stress. A: Changes in LV ejection
fraction (EF) after chronic ISO-infusion (60 mg/kg
/day for 7 days) in WT and AC5KO. LVEF was not
different between WT and AC5KO with vehicle,
but was greater in WT than AC5KO after chronic
ISO-infusion. *P<0.05, n=9—-11. B: TUNEL-posi-
tive myocytes in LV myocardium were counted in
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WT and AC5KO and expressed as % of myocytes.
ISO The number of TUNEL-positive myocytes was
significantly smaller in AC5KO than in WT after
chronic ISO. *P<0.05; NS, not significant, n=7—-10
each. Modified from Ref. 14 with permission.
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that the disruption of type 5 AC results in more effective
desensitization after chronic catecholamine stress and
protects against the development of myocyte apoptosis
and deterioration of cardiac function (Fig. 5B) (14).

Role of type 5 AC in the regulating life span

ACS5KO has an increased median lifespan (30%) and
are protected from reduced bone density and suscepti-
bility to fractures of aging. Old AC5KO mice are also
protected from aging-induced cardiomyopathy, e.g.,
hypertrophy, apoptosis, fibrosis, and reduced cardiac
function with the activation of the Raf/MEK/ERK
signaling pathway and upregulation of cell protective
molecules, including superoxide dismutase. Fibroblasts
isolated from AC5KO mice exhibited ERK-dependent
resistance to oxidative stress. These results suggest that
type 5 AC plays an important role in regulating lifespan
and stress resistance (15).

Role of type 5 AC in stabilizing HR under micro-
gravity

Autonomic nervous activity is known to be altered
under microgravity, leading to disturbed regulation of
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Fig. 6. The effect of parabolic flight on R-R interval in AC5KO.
A: The standard deviation of normal R-R intervals (SDNN) between
pre-microgravity (Pre) and microgravity (Micro). SDNN was
compared between pre-microgravity and microgravity (¥*P<0.01 vs.
pre-microgravity, n=4-8) and between WT and AC5KO at
microgravity ("P<0.01, n =4 —8). B: Representative ECG under pre-
microgravity (Pre) and microgravity (Micro) in each group. Modified
from Ref. 16 with permission.

o

cardiac function, such as heart rate. In order to examine
the role of type 5 AC for regulating cardiac function
under microgravity, we analyzed HR variability of
ACSKO under microgravity induced by parabolic flight.
The inverse of HR, that is, the R-R interval was much
more variable in AC5KO than that in WT (Fig. 6B). The
standard deviation of normal R-R intervals (SDNN), a
marker of total autonomic variability, was significantly
greater in the microgravity phase in both AC5KO and
WT, but the magnitude of increase was much greater in
ACSKO (Fig. 6A). These results suggesting that type 5
AC plays a major role in stabilizing HR under micro-
gravity (16).

Conclusion

From our intensive experiments using AC5KO, type 5
AC has been demonstrated to play an important role not
only in autonomic regulation but also Ca*’-mediated
regulation in the heart. Also, disruption of type 5 AC
protects the heart against chronic pressure-overload and
catecholamine stress, which is known to play a major
role in the development of heart failure (21). These
findings, taken together, make type 5 AC potentially
important for studies designed to develop future f-AR
blockade therapy, where suppressing the activity of type
5 AC may have an advantage in the treatment of heart
failure (22, 23).

Acknowledgments

This study was supported by the National Institutes of Health
grants GM067773 (Dr. Ishikawa); American Heart Association grants
0020323U (Dr. Okumura); the Japanese Ministry of Education,
Culture, Sports, Science, and Technology (Drs. Okumura and
Ishikawa): the Japan Space Forum (Dr. Ishikawa); the Kitsuen
Kagaku Research Foundation (Dr. Ishikawa); Fukuda Foundation for
Medical Technology (Dr. Okumura); Takeda Science Foundation (Dr.
Okumura); Grant for Research on Autonomic Nervous System and
Hypertension from Kimura Memorial Foundation/Pfizer Pharma-
ceuticals (Dr. Okumura); Yokohama Foundation for Advancement of
Medical Science (Dr. Okumura); Grant for 2006-2007 Strategic
Research Project (No. K19027) of Yokohama City University,
Japan (Dr. Okumura); Mitsubishi Pharma Research Foundation (Dr.
Okumura); Yokohama Academic Foundation (Dr. Okumura); and
Research for Promoting Technological Seeds 2008 (Dr. Okumura).

References

1 Taussig R, Gilman AG. Mammalian membrane-bound adenylyl
cyclases. J Biol Chem. 1995;270:1-4.

2 Scott JD. Cyclic nucleotide-dependent protein kinases. Pharmacol
Ther. 1991;50:123-145.

3 Hanoune J, Defer N. Regulation and role of adenylyl cyclase
isoforms. Annu Rev Pharmacol Toxicol. 2001;41:145-174.

4 Ishikawa Y, Homcy CJ. The adenylyl cyclases as integrators of



11

12

Role of Type 5 Adenylyl Cyclase in the Heart 359

transmembrane signal transduction. Circ Res. 1997;80:297-304.
Ishikawa Y, Katsushika S, Chen L, Halnon NJ, Kawabe J,
Homcy CJ. Isolation and characterization of a novel cardiac
adenylylcyclase cDNA. J Biol Chem. 1992;267:13553-13557.
Katsushika S, Chen L, Kawabe J, Nilakantan R, Halnon NJ,
Homcy CJ, et al. Cloning and characterization of a sixth
adenylyl cyclase isoform: types V and VI constitute a subgroup
within the mammalian adenylyl cyclase family. Proc Natl Acad
Sci US A. 1992;89:8774-8778.

Premont RT, Chen J, Ma HW, Ponnapalli M, Iyengar R. Two
members of a widely expressed subfamily of hormone-stimulated
adenylyl cyclases. Proc Natl Acad Sci US A. 1992;89:9809—
9813.

Yoshimura M, Cooper DM. Cloning and expression of a Ca®*-
inhibitable adenylyl cyclase from NCB-20 cells. Proc Natl
Acad Sci U S A. 1992;89:6716-6720.

Okumura S, Kawabe J, Yatani A, Takagi G, Lee MC, Hong C,
etal. Type 5 adenylyl cyclase disruption alters not only
sympathetic but also parasympathetic and calcium-mediated
cardiac regulation. Circ Res. 2003;93:364-371.

Tobise K, Ishikawa Y, Holmer SR, Im MJ, Newell JB, Yoshie H,
etal. Changes in type VI adenylyl cyclase isoform expression
correlate with a decreased capacity for cAMP generation in the
aging ventricle. Circ Res. 1994;74:596—603.

Espinasse I, lourgenko V, Defer N, Samson F, Hanoune J,
Mercadier JJ. Type V, but not type VI, adenylyl cyclase mRNA
accumulates in the rat heart during ontogenic development.
Correlation with increased global adenylyl cyclase activity. J
Mol Cell Cardiol. 1995;27:1789-1795.

Mahdavi V, Chambers AP, Nadal-Ginard B. Cardiac o- and S-
myosin heavy chain genes are organized in tandem. Proc Natl
Acad Sci U S A. 1984;81:2626-2630.

Okumura S, Takagi G, Kawabe J, Yang G, Lee MC, Hong C,
etal. Disruption of type 5 adenylyl cyclase gene preserves
cardiac function against pressure overload. Proc Natl Acad Sci
U S A. 2003;100:9986-9990.

14

17

18

19

20

21

22

23

Okumura S, Vatner DE, Kurotani R, Bai Y, Gao S, Yuan, Z, et al.
Disruption of type 5 adenylyl cyclase enhances desensitization
of cyclic adenosine monophosphate signal and increases Akt
signal with chronic catecholamine stress. Circulation. 2007;116:
1776-1783.

Yan L, Vatner DE, O’Connor JP, Ivessa A, Ge H, Chen W, et al.
Type 5 adenylyl cyclase disruption increases longevity and
protects against stress. Cell. 2007;130:247-258.

Okumura S, Tsunematsu T, Bai Y, Jiao Q, Ono S, Suzuki S, et al.
Type 5 adenylyl cyclase plays a major role in stabilizing heart
rate in response to microgravity induced by parabolic flight. J
Appl Physiol. 2008;105:173-179.

Hirota H, Chen J, Betz UA, Rajewsky K, Gu Y, Ross J, etal.
Loss of a gp130 cardiac muscle cell survival pathway is a critical
event in the onset of heart failure during biomechanical stress.
Cell. 1999;97:189-198.

Yamauchi-Takihara K, Kishimoto T. A novel role for STAT3 in
cardiac remodeling. Trends Cardiovasc Med. 2000;10:298-303.
Uozumi H, Hiroi Y, Zou Y, Takimoto E, Toko H, Niu P, etal.
gp130 plays a critical role in pressure overload-induced cardiac
hypertrophy. J Biol Chem. 2001;276:23115-23119.

Misao J, Hayakawa Y, Ohno M, Kato S, Fujiwara T, Fujiwara H.
Expression of bel-2 protein, an inhibitor of apoptosis, and Bax,
an accelerator of apoptosis, in ventricular myocytes of human
hearts with myocardial infarction. Circulation. 1996;94:1506—
1512.

Kannel WB, Castelli WP, McNamara PM, McKee PA, Feinleib
M. Role of blood pressure in the development of congestive
heart failure. The Framingham study. N Engl J Med. 1972;287:
781-787.

Iwatsubo K, Minamisawa S, Tsunematsu T, Nakagome M, Toya
Y, Tomlinson JE, etal. Direct inhibition of type 5 adenylyl
cyclase prevents myocardiac apoptosis without functional
deteriaration. J Biol Chem. 2004;279:40938-40945.

Ishikawa Y. Isoform-targeted regulation of cardiac adenylyl
cyclase. J Cardiovasc Pharmacol. 2003;41:Suppl 1:S1-S4.





