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HIGHLIGHTS

� Cardiac-targeted expression of C1C2

reduces cAMP production yet mice

maintain normal cardiac function through

increased Ca2D handling.

� Sustained isoproterenol infusion reduces

heart function in normal mice, but

improves heart function in mice with

increased cardiac C1C2 expression.

� Reduced cardiac cAMP generation and

resistance to catecholamine

cardiomyopathy are attractive features of

this potential heart failure therapeutic.

� Removing the large transmembrane

domains of AC6 and fusing the two

intracellular domains provides a small

molecule, C1C2, that replicates many of

the beneficial effects of AC6, but is

sufficiently small to be expressed in an

AAV vector for gene transfer.
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ABBR EV I A T I ON S

AND ACRONYMS

AAV = adeno-associated virus

AC = adenylyl cyclase

AC6mut = AC6 mutant, contains

an amino acid substitution that

reduces its catalytic activity

Ad5 = adenovirus-5

AKAP = A-kinase-anchoring

protein

ATP = adenosine triphosphate

AV = atrioventricular

bAR = b-adrenergic receptor

C1C2 = a fusion of the C1 and C2

cytoplasmic domains of AC

cAMP = 30 ,50-cyclic adenosine

monophosphate

CREB = cAMP response element

binding protein

CryAB = aB-crystallin

HF = heart failure

Iso = isoproterenol

LV = left ventricle, left ventricular

MDM2 = murine double mutant 2

PHLPP2 = PH domain leucine-rich

protein phosphatase 2

PI3K = phosphatidylinositide 3-kinase

PLB = phospholamban

P-Rex2 = phosphatidylinositol-

3,4,5-trisphosphate-dependent

Rac exchange factor 2

RGAS = regulator of G protein

signaling

SERCA2a = sarcoplasmic/

endoplasmic reticulum Ca2D-ATPase
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SUMMARY
Transgenic mice with cardiac-directed C1C2, a fusion protein of the intracellular C1 and C2 segments of

adenylyl cyclase type 6, had normal left ventricular (LV) function, but diminished cAMP generation. Cardiac

myocytes from C1C2 mice showed increased Ca2þ release. Mice underwent continuous isoproterenol infusion

to stress the heart. In C1C2 mice, sustained isoproterenol infusion increased rather than decreased LV

function. LV SERCA2a and Ca2þ release were increased. Reduced cAMP generation and resistance to cate-

cholamine cardiomyopathy are attractive features of this potential heart failure therapeutic. (J Am Coll

Cardiol Basic Trans Science 2016;1:617–29) © 2016 The Authors. Published by Elsevier on behalf of the

American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
A denylyl cyclase (AC) is a trans-
membrane protein in cardiac myo-
cytes and other cells, the effector

molecule for b-adrenergic receptor (bAR)
and other G protein-coupled receptors,
which regulates the conversion of adeno-
sine triphosphate (ATP) to 30,50-cyclic aden-
osine monophosphate (cAMP) and thereby
initiates a variety of intracellular signaling
cascades that influence heart function and
additional physiological events.
SEE PAGE 630
There are 9 membrane-bound isoforms
of mammalian ACs, each consisting of 2
transmembrane domains and 2 cyto-
plasmic domains (C1 and C2). The C1 and
C2 domains form the catalytic core of AC
(Figure 1A). When expressed as a fusion
protein, C1C2 is soluble and retains
forskolin-stimulated catalytic activity (1).
C1C2 contains binding sites for Gas, Gai, forskolin,
ATP, Mg2þ, the regulator of G protein signaling
(RGAS2), protein associated with Myc (PAM), Snapin,
Ric8a, A-kinase-anchoring protein (AKAP79), protein
kinase C, PH domain leucine-rich protein phospha-
tase 2 (PHLPP2) and phosphorylation and dephos-
phorylation sites for protein kinase A. Interactions of
these factors alters the conformation of C1C2 and
regulates AC activity (2).

We have published a series of papers indicating
that increased cardiac expression of AC type 6 (AC6),
a dominant AC isoform expressed in mammalian
cardiac myocytes (3), has protean beneficial effects on
the failing left ventricle (LV). These effects include: 1)
increased survival in genetically-induced cardiomy-
opathy (4) and in acute myocardial infarction (5); 2)
reduced action potential duration (6), facilitated
atrioventricular (AV) conduction (7), and reduced AV
block (5); 3) reductions in both LV dilation and
pathological hypertrophy (4,8); 4) beneficial effects
on Ca2þ handling via altered activity of SERCA2a and
phospholamban (PLB) (9,10); and 5) increased cardiac
troponin I phosphorylation (11).

These beneficial effects, consistent in several
species and models, appear in large part to not
depend upon increased cAMP generation. A phase 2
randomized clinical trial in patients with symptom-
atic heart failure (HF) and reduced ejection fractions
showed that intracoronary AC6 gene transfer ap-
pears to be safe and potentially effective, and not
associated with increased cardiac arrhythmias (12).
Even so, there may be advantages in selecting a
transgene that attenuates bAR responsiveness when
treating HF.

We subsequently generated a catalytically inactive
AC6 mutant (AC6mut) molecule by replacing Ala with
Asp at position 426 in AC6’s catalytic core. This
AC6mut is catalytically inactive (does not generate
cAMP) but retains the cellular distribution pattern
and favorable signaling effects associated with
normal AC6, thereby providing compelling evidence
that the beneficial effects of AC6 do not require
increased cAMP generation (13). AC6mut seemed an
ideal candidate for the treatment of HF, retaining the
beneficial effects of the parent AC6 while circum-
venting the potential deleterious effects of sustained
cAMP generation. However, a shortcoming of both
AC6mut and AC6 is that the molecules are too large to
insert into an adeno-associated virus (AAV) with
regulated expression, therefore only constitutive
expression would be possible, a potential limitation.

Eliminating the amino terminus and the 2 trans-
membrane domains of AC6 and subsequently fusing
the 2 cytoplasmic domains (C1 and C2) with a 12-
amino acid linker yields a C1C2 protein (Figure 1A).
C1C2 has an intact catalytic domain but is disengaged
from membrane-associated bARs and is therefore less
responsive to bAR stimulation in intact cells. C1C2 is
sufficiently small to be inserted in an AAV vector with

http://creativecommons.org/licenses/by-nc-nd/4.0/


FIGURE 1 C1C2 Design, Expression, Cellular Distribution, Activity, and Intracellular Signaling

(A) C1C2 construct that forms the catalytic core. M1 and M2, transmembrane domains of AC6; C1 and C2, cytoplasmic domains of AC6; Linker, 12

amino acids. (B) C1C2 protein was detected in immunoblotting using an anti-AU1 tag antibody in NRCM after gene transfer with Ad5.C1C2 (200

vp/cell). (C) Double-immunofluorescence staining of C1C2 protein in NRCM using anti-AU1 antibody (red); anti-caveolin 3 (Cav-3) antibody

(green). Yellow indicates co-localization of C1C2 with caveolin. (D, E) NRCM underwent Ad5.C1C2 gene transfer and the amount of cAMP

production in response to NKH477, a forskolin analog (D) or 10 mM Iso (10 min) (E). Cardiac myocytes expressing C1C2 showed increased

catalytic activity in a dose-dependent manner after stimulation with NKH477 (D) (activates AC) but reduced cAMP activity in response to bAR

(Iso) stimulation (E). Results were confirmed in 3 separate experiments. A representative experiment is shown with triplicate samples. Bars

denote mean � SE; p values are from Student0s t-test (unpaired, 2-tailed). (F) Immunodetection of molecules in the Akt signaling pathway

indicate that C1C2 and AC6 expression were associated with similar increases in phosphorylation of Akt, GSK3a/b, MDM2, and p70S6k, sug-

gesting that the effect does not require AC6-mediated cAMP production. (G) C1C2 expression was associated with phosphorylation of ERK1/2,

p38 MAPK, and aB-crystallin (CryAB, upper). Interaction of CryAB and C1C2 detected by co-immunoprecipitation and immunoblotting (lower).

In A to E, Con denotes transgene negative mice. Iso ¼ isoproterenol; NRCM ¼ neonatal rat cardiac myocytes.
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a regulated expression cassette, enabling turning off
transgene expression when desired. Many of the
beneficial effects of AC6 that we have described are
independent of cAMP generation and appear, instead,
to involve intracellular AC6-protein interactions
(10,13). We speculated that elimination of the trans-
membrane regions of AC6 (Figure 1A) would facilitate
intracellular distribution and would include the re-
gion of the AC6 molecule (C1C2) most likely engaged
in protein-protein interactions (14). Initial tests using
adenovirus-mediated C1C2 gene transfer in cultured
cardiac myocytes confirmed our speculations vis-à-
vis C1C2’s beneficial effects on signaling and reduced
cAMP generation, setting the stage for development
of gene transfer of C1C2 as a potential therapy for HF.
The goal of the current study was to perform mech-
anistic and translational studies of C1C2. Our hy-
pothesis was that cardiac-directed expression of the
cytoplasmic domains of AC6 would have beneficial
effects on the heart.

METHODS

GENERATION OF C1C2 FUSION PROTEIN. C1C2 pep-
tide was generated by ligating the cytoplasmic
domain 1 (C1, amino acids 349 - 576) with cytoplasmic
domain 2 (C2, amino acids 939 - 1157) of mouse
adenylyl cyclase type 6 (AC6) using a linker (12 amino
acids: AAAGGIPPAAAM) as illustrated in Figure 1A.
The C-terminus of C1C2 was linked with an AU1
epitope tag (DTYRYI) to facilitate detection.

GENERATION OF C1C2 TRANSGENIC MICE. Animals
were used in accordance with Association for
Assessment and Accreditation of Laboratory Animal
Care guidelines and approved by the Institutional
Animal Care and Use Committee of VA San Diego
Healthcare System. To generate mice with cardiac-
directed expression of C1C2, the murine C1C2 cDNA
with an AU1 tag at the C terminus was subcloned
between the a-myosin heavy chain promoter and
SV40 poly(A). A 7.1-kb fragment containing the
expression cassette was used for pronuclear injec-
tion, carried out in the transgenic mouse facility at
University of California, San Diego (inbred C57BL/6).
Founder mice were identified by polymerase chain
reaction (PCR) of genomic DNA prepared from tail
tips. The C1C2 gene was detected using a primer
homologous to the a-MHC promoter (forward:
5’-CACATAGAAGCCTAGCCCACACC-30) and another
primer in the C1 region (5’-GTTAGCCAGGGTCA
CATCGT-30). C1C2 mRNA was detected in reverse
transcription quantitative PCR, using the forward
primer 5’-TGGGCCTCTCTACTCTGCAT-30 and the
reverse primer 5’-TGGATGTAACCTCGGGTCTC-30,
enabling quantification of fold increase of C1C2 mRNA
relative to that of endogenous AC6 mRNA. Founder
animals were crossbred with normal mice of the same
strain, and selected animals were used for analysis of
cardiac transgene expression. We documented vari-
able transgene mRNA expression but similar levels of
C1C2 protein expression in 2 lines and used the line
with a 23-fold increase in C1C2 mRNA expression (vs.
endogenous AC6) in this study. C1C2 protein was
detected using anti-AU1 antibody, which has a low
background in LV homogenates from transgene
negative mice. C1C2 protein was 13-fold increased
relative to that of the AU1 signal in transgene negative
mice. The study included 114 mice (68 male, 46 fe-
male), 4.4 � 0.1 months of age, weighing 23.9 � 0.6 g.

ECHOCARDIOGRAPHY. Echocardiography was per-
formed prior to isoproterenol (Iso) infusion and on
day 6 or 7 of sustained Iso infusion, using methods
previously described (15). Anesthesia was induced
with 5% isoflurane (at a flow rate of 1 L/min oxygen)
and maintained with 1% isoflurane in oxygen.

LV SYSTOLIC AND DIASTOLIC FUNCTION. Mice were
anesthetized by intraperitoneal injection of sodium
pentobarbital (80mg/kg), and a 1.4-Fmicromanometer
catheter (Millar Instruments, Houston, Texas) was
advanced via the right carotid artery across the aortic
valve and into the LV cavity. Left ventricular pressure
was recorded and stored digitally for processing
(IOX1.8; Emka Technologies, Christchurch, Virginia) as
previously reported (11). Data were acquired and
analyzed without knowledge of group identity. Sub-
sequently, tissue samples were obtained.

CARDIAC MYOCYTE ISOLATION. Cardiac myocytes
were isolated as previously described (15,16).

Ca2D TRANSIENTS. Cytosolic Ca2þ transients (Indo-1)
were measured from cardiac myocytes isolated from
transgenic mice as previously described (13,17).

CYCLIC AMP MEASUREMENT AND PKA ACTIVITY

ASSAY. Isolated cardiac myocytes were stimulated
with Iso (10 mM, 10 min) or the water-soluble forskolin
analog NKH477 (10 mM, 10 min). Cyclic AMP was
measured using the cAMP Biotrak EIA (GE Healthcare,
Chalfont, United Kingdom) as previously reported
(15). PKA activity was determined as previously
described (17).

IMMUNOFLUORESCENCE. Isolated cardiac myocytes
were attached to laminin-coated 2-well chamber
slides for 1 h, washed, fixed (10% formalin, 15 min,
23�C), blocked with normal goat serum (1 h), and
incubated (4�C, overnight) with the following
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antibodies: anti-AU1 antibody (1:300 dilution; for
detecting C1C2 transgene protein; Fitzgerald, Atlanta,
Georgia) and anti-Cav3 antibody (1:100 dilution, for
detecting caveolae; BD Pharmingen, San Jose,
California). Cardiac myocytes were washed with
phosphate-buffered saline and then incubated with
secondary antibodies (Alexa Fluor 488 or 594 conju-
gated; 1:1,000 dilution) for 1 h. To identify the
nucleus, cells were incubated with Hoechst dye
(1:1,000 dilution, 20 min). Then, cardiac myocytes
were imaged as previously described (18).

ISOPROTERENOL INFUSION. Osmotic minipumps
(Alzet; DuRECT Corp., Cupertino, California) were fil-
led with Iso or saline. The 7-day continuous infusion
delivered 60 mg/d/kg as previously described (19).

RT-PCR. Primers for detecting phosphatidylinositol-
3,4,5-trisphosphate-dependent Rac exchange factor 2
(P-Rex2) included forward primer 50-ATCATGTGCAG
CAGTGGTGT and reverse primer 50-CCTTGGAGCT
GACTGAGGAG. The absence of suitable AC type-
specific antibodies precluded quantitative assess-
ment of LV AC isoform protein content. Instead, we
used quantitative real-time RT-PCR to determine
whether cardiac-directed C1C2 expression altered the
cardiac expression of other AC isoforms (AC3, AC4,
AC5, AC6, AC7, AC8, and AC9). Details of PCR condi-
tions and primer sequences can be found in our pre-
vious studies (20).

MICROARRAY, ANTIBODIES. Expression of adenylyl
cyclase-related proteins were analyzed using the Agi-
lent gene expression microarray technique
(PhalanxBio Inc., San Diego, California). C1C2 protein
was detected by anti-AU1 antibody (1:2,000 dilution:
Fitzgerald) or anti-AC5/6 antibody (1:200 dilution;
Santa Cruz Biotechnology, Dallas, Texas). Additional
antibodies included GAPDH (1:20,000 dilution; Fitz-
gerald); cMLCK (1:1,000 dilution; Abgent, San Diego,
California); MLC2v (1:1,000 dilution; Synaptic Sys-
tems, Gottingen, Germany), PKA catalytic subunit
(1:1,000 dilution; BD Transduction, San Jose, Califor-
nia); p-ERK1/2, p38, p-PKARII a and b (1:200 dilution;
Santa Cruz Biotechnology); PLB (1:5,000 dilution; Af-
finity Bioreagents, Rockford, Illinois); phospho-16-
PLB (1:3,000 dilution; Badrilla, Leeds, United
Kingdom); S100A1 (1:1,000 dilution; Acris); SERCA2a
antibody (1:1,000 dilution; Enzo, Exeter, United
Kingdom); phospho-aB-crystallin (CryAB) and total
CryAB antibodies (1:1,000 dilution; Enzo); P-308-Akt,
P-473-Akt, T-Akt, p-GSK3a/b, p-MDM2, P-p70S6K,
T-p70S6K, and phospho-S22/23 troponin I (TnI)
(1:1,000 dilution each; Cell Signaling, Danvers, Mas-
sachusetts); vinculin (1:100,1000 dilution; Sigma,
Darmstadt, Germany).
NECROPSY. Body, liver, lung, and LV weight
(including interventricular septum) were recorded
and a short axis midwall LV ring was fixed in formalin
and embedded in paraffin. The remaining LV
was quickly frozen in liquid nitrogen and stored
at �80�C.

HISTOLOGY. Transmural sections of the LV were
formalin-fixed and paraffin-embedded. Sections
(5 mm) were mounted and counterstained with he-
matoxylin and eosin and with Masson’s trichrome.
For quantitative assessment of LV fibrosis, images of
a short-axis midwall LV ring stained with Picro Sirius
red stain were obtained by using a NanoZoomer dig-
ital slide scanner (Hamamatsu, Hamamatsu, Japan).
Blinded analysis of the degree of fibrosis was con-
ducted using ImageJ software (U.S. National In-
stitutes of Health, Bethesda, Maryland).

STATISTICAL ANALYSIS. Data are mean � SE.
Between-group comparisons were made using Stu-
dent t-test (unpaired, 2-tailed). Interactions of C1C2
expression and Iso infusion on outcomes were tested
for statistical significance using 2-way ANOVA fol-
lowed by Bonferroni t-test. The null hypothesis was
rejected when p < 0.05.

RESULTS

C1C2 GENE TRANSFER IN CARDIAC MYOCYTES.

Locat ion and AC act iv i ty . Anti-AU1 antibody was
used to detect C1C2 expression in neonatal rat cardiac
myocytes after Ad5.C1C2 infection (200 vp/cell)
(Figure 1B). Intracellular C1C2 transgene protein was
detected in the cytosol and plasma membrane/
caveolae (Figure 1C) and exhibited dose-dependent
augmentation in AC activity when stimulated with
the water soluble forskolin analog NKH477
(Figure 1D). Ad5-mediated C1C2 expression in
neonatal rat cardiac myocytes reduced net Iso-
stimulated cAMP generation (Figure 1E), which was
also seen in LV samples from control and C1C2 mice
(Figure 2B). In contrast, we did not see increased
NKH477-stimulated cAMP in LV homogenates from
C1C2 TG mice (Figure 2B) as we saw after C1C2 gene
transfer (Figure 1D), which may reflect differences
in amounts of C1C2 expressed (Ad5-mediated
vs. transgenic line), species (rat vs. mice), or age
(neonatal vs. adult cardiac myocytes). Although we
saw reduced Iso-stimulated cAMP generation in car-
diac myocytes from C1C2 mice compared to control
(Figure 2B), this decrement was not sufficient to
reduce PKA activity (Figure 2C).

Akt s igna l ing . Adenovirus-mediated gene transfer
of C1C2 or AC6 into cultured cardiac myocytes was



FIGURE 2 C1C2 Transgenic Mice

(A) Increased C1C2 mRNA and protein were documented from 2 founder lines (L1, L2) that showed different expression levels of mRNA

but similar levels of protein. (B) Transmural LV samples underwent stimulation with Iso (10 mM, 10 min) or NKH477 (AC activator; 10 mM,

10 min). Net Iso cAMP production was reduced in LV from C1C2 mice. Basal and AC-dependent cAMP showed no group differences. (C) PKA

activity was unchanged by increased C1C2 expression. (D) Despite diminished Iso-stimulated cAMP production in LV from C1C2 mice, there were

no group differences (C1C2 vs. Con) in LV peak þdP/dt, LV peak �dP/dt, HR, or LVP through a wide range of Iso doses. (E) Histological

inspection of transmural LV samples stained with H&E and Masson’s trichrome showed normal cardiac histology without fibrosis in C1C2 mice

at 8 months of age. (B to E) Con denotes transgenic negative mice. H&E, hematoxylin and eosin; HR ¼ heart rate; Iso ¼ isoproterenol; LV ¼ left

ventricle; LVP ¼ LV developed pressure.
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performed to compare signaling events evoked by
C1C2 versus AC6. Both C1C2 and AC6 expression
activated PI3K/Akt signaling pathways, increased
phosphorylation of Akt at Ser308 and Thr473, and
increased phosphorylation of the downstream Akt
target proteins GASK3a/b, murine double mutant
2 (MDM2), and p70S6K (Figure 1F). Finally, C1C2
expression was associated with increased phosphor-
ylation of ERK1/2, p38, and CryAB (aB-crystallin) at
both S45 and S59 sites (Figure 1G, upper). C1C2 protein
was immunoprecipitated by anti-CryAB antibody and
CryAB protein was immunoprecipitated by anti-
AC5/6 antibody (for pull-down and detecting C1C2)
(Figure 1G, lower), indicating that C1C2 interacts with
CryAB in cardiac myocytes.
C1C2 TRANSGENIC LINES. Cardiac-directed expres-
sion of C1C2 increased LV C1C2 mRNA: one line 14-
fold greater than endogenous AC6 mRNA, a second
line 23-fold greater (Figure 2A, lower). However, LV
C1C2 protein, detected by AU1 antibody, was
increased similar amounts in both lines (Figure 2A,
upper).
LV SYSTOLIC AND DIASTOLIC FUNCTION.

Echocard iography . C1C2 mice had normal LV di-
mensions and fractional shortening prior to 7 days of
Iso infusion (Table 1, No Iso). Fractional shortening
was reduced after 7 days of Iso infusion with no
between-group difference (Table 1, 7 days of Iso).
LV funct ion pr ior to susta ined isoproterenol
infus ion . In vivo assessment of rates of LV pressure



TABLE 1 Echocardiography

No Iso Infusion 7-d Iso Infusion p Value

Con (28) C1C2 (29) Con (6) C1C2 (6) Interaction Iso Gene

Heart rate, beats/min 530 � 10 521 � 17 508 � 7 499 � 3 0.99 0.31 0.68

End-diastolic dimension, mm 3.9 � 0.1 4.0 � 0.1 4.0 � 0.2 3.9 � 0.1 0.56 0.91 0.88

End-systolic dimension, mm 2.5 � 0.1 2.6 � 0.1 2.7 � 0.2 2.7 � 0.1 0.68 0.25 0.90

% Fractional shortening 38 � 2 36 � 2 32 � 2 31 � 2 0.85 0.04 0.70

Values are mean � SE; (group size), p values are from 2-way ANOVA.

7-day Iso ¼ 7 days continuous isoproterenol infusion; C1C2 ¼ transgenic mice with cardiac-directed C1C2 expression; Con ¼ transgene-negative sibling mice used as controls.
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development (þdP/dt) and decline (�dP/dt) showed
no group differences in peak þdP/dt (control [Con]
mice: 5,070 � 553 mm Hg/s, n ¼ 12; C1C2 mice: 4,319 �
253 mm Hg/s, n ¼ 13; p ¼ 0.22) or in peak �dP/dt
(Con: �5,003 � 527 mm Hg/s, n ¼ 12; C1C2 mice:
�4,362 � 248 mm Hg/s, n ¼ 13; p ¼ 0.27) (Table 2).
In addition, there were no differences in LV
peak þdP/dt, LV peak �dP/dt, LV developed pressure
or heart rate through a wide range of brief graded
doses of infused Iso (Figure 2D). No baseline
between-group differences were seen in LV devel-
oped pressure or heart rate (Table 2, No Iso).
LV function after 7 days of continuous isoproterenol
infusion. The response to sustained Iso infusion was
critically influenced by the presence of C1C2 for LV
peak þdP/dt (p ¼ 0.012), LV peak �dP/dt (p < 0.001),
and LV developed pressure (p < 0.001), with no such
interactionwith heart rate (Table 2). In Conmice, 7 days
of continuous Iso infusion tended to reduce LV peak
þdP/dt (23% reduction; p ¼ 0.24) and LV peak �dP/dt
(30% reduction; p ¼ 0.06) (Figures 3A and 3B, Table 2).
In contrast, continuous Iso infusion showed a direc-
tionally opposite effect on LV function in mice with
cardiac-directed C1C2 expression, with increases in
both LV peak þdP/dt (23% increase, p ¼ 0.026) and LV
peak �dP/dt (27% increase; p ¼ 0.006) (Figures 3A and
3B, Table 2). In addition, Con mice showed reduced
(p ¼ 0.012) but C1C2 mice showed increased LV
TABLE 2 LV Pressure Development and Decline

No Iso Infusion

Con (12) C1C2 (13)

LV peak þdP/dt, mm Hg/s 5,070 � 553 4,319 � 253 3

LV peak �dP/dt, mm Hg/s -5,003 � 527 -4,362 � 248 -3

LV pressure, mm Hg 78 � 4 72 � 2

Heart Rate, beats/min 458 � 19 439 � 19

Values are mean � SE, (group size). There were no baseline between-group differences (C
or heart rate (p ¼ 0.49). *p ¼ 0.026 vs. C1C2 No Iso; †p ¼ 0.006 vs. C1C2 No Iso; ‡p ¼ 0
using Student’s t-tests with Bonferroni correction for multiple testing).

LV ¼ left ventricle; other abbreviations as in Table 1.
developed pressure (p ¼ 0.016) (Figure 3C) at similar
heart rates (Figure 3D).

NECROPSY. Table 3 shows that sustained Iso infusion
was associated with similar increases in LV and liver
weight in both groups.

HISTOLOGY. Histological inspection showed normal
morphology without group differences in fibrosis
of C1C2 mice compared to control mice at 8 months
of age (Figure 2E). LV samples showed increased
LV fibrosis (p ¼ 0.02) in control mice (but not C1C2
mice) after 7 days of continuous Iso infusion
(Figure 3E).

CYCLIC AMP GENERATION AND PKA ACTIVITY.

Before sustained Iso infusion, transmural LV samples
showed no group differences (C1C2 vs. control mice)
in basal cAMP, but Iso-stimulated cAMP production
was reduced in LV samples from C1C2 mice
(Figure 2B). Stimulation of cAMP by NKH477, a for-
skolin analog that directly activates AC, showed no
group differences (Figure 2B). LV PKA activity in
response to brief Iso or AC stimulation with NKH477
showed no group differences (Figure 2B). Cardiac-
directed expression of C1C2 did not alter mRNA
expression of AC3, AC4, AC5, AC6, AC7, AC8, or AC9.
AC isoform expression ranged from a 14% increase
(AC6) to a 13% decrease (AC7), but none was statisti-
cally significant.
7-d Iso Infusion p Value

Con (10) C1C2 (8) Interaction Iso Gene

,911 � 406 5,298 � 174* 0.012 0.83 0.44

,485 � 321 -5,524 � 149† <0.001 0.64 0.07

62 � 3‡ 80 � 1§ <0.001 0.05 0.19

447 � 10 481 � 17 0.16 0.40 0.68

on vs. C1C2) in LV peak þdP/dt (p ¼ 0.22), LV peak �dP/dt (p ¼ 0.27), LVP (p ¼ 0.18)
.012 vs. Con No Iso; §p ¼ 0.016 vs. C1C2 No Iso (post hoc within-group comparisons



FIGURE 3 C1C2 Expression Prevents Deleterious Effects of Continuous Isoproterenol Infusion on LV Function

(A, B) In Con, 7 days of continuous Iso infusion tended to reduce LV peak þdP/dt (A) and LV peak �dP/dt (B). In contrast, in C1C2 mice, 7 days

of Iso infusion increased LV peak þdP/dt (p ¼ 0.026) (A) and peak �dP/dt (p ¼ 0.006) (B). No between-group differences were seen in

pre-Iso LV þdP/dt (p ¼ 0.22) or LV �dP/dt (p¼ 0.27). (C) Similarly, continuous Iso infusion was associated with reduced LV developed pressure

in Con mice (p ¼ 0.012) but with increased LV developed pressure in C1C2 mice (p ¼ 0.016). (D) Heart rate showed no group differences within

or between groups. (E) Histological analysis of fixed transmural LV samples stained with Picro Sirius red showed increased LV fibrosis after

7 days (7d) of continuous Iso infusion in Con mice only (p ¼ 0.02), but a between-group difference in fibrosis at 7 days was not seen.

Bars ¼ mean values; SE ¼ error bars; values in bars ¼ numbers of mice. Two-way ANOVA showed significant interaction of C1C2 on LV

peak þdP/dt (p ¼ 0.012), LV peak �dP/dt (p ¼ 0.0009), and LVP (p ¼ 0.0003); numbers above bars indicate p values from within-group post

hoc comparisons (Student t-test, unpaired, 2-tailed, Bonferroni correction). Con ¼ transgene negative mice; other abbreviations as in

Figures 1 and 2.
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Ca2D TRANSIENT AND Ca2D HANDLING PROTEINS.

Before susta ined isoproterenol infus ion. Basal
Ca2þ released during contraction (systolic-diastolic
Ca2þ) was not affected by C1C2 expression (Figure 4A),
but peak systolic Ca2þ transient amplitude during
brief Iso stimulation was increased (p ¼ 0.02)
(Figures 4B and 4C).

C1C2 expression reduced time to peak Ca2þ release
before (p ¼ 0.025) and during brief Iso stimulation
(p ¼ 0.047) (Figure 4D). Finally, Ca2þ decline time
TABLE 3 Necropsy

No Iso Infusion 7-

Con (11) C1C2 (14) Con (8)

BW, g 27.2 � 3.0 28.2 � 2.5 29.5 � 1.1

LV, mg 92 � 8 95 � 8 118 � 6

LV/BW, mg/g 3.5 � 0.1 3.4 � 0.1 4.0 � 0.1

Liver/BW, mg/g 46.0 � 1.9 48.6 � 2.9 57.3 � 1.7

Lung/BW, mg/g 5.8 � 0.4 6.2 � 0.4 6.2 � 0.2

Values are mean � SE (group size).

BW ¼ body weight; kpo ¼ 7d; other abbreviations as in Tables 1 and 2.
(t 1/2, Tau) was reduced in both groups similarly after
brief Iso stimulation (Figure 4E).
After sustained isoproterenol infusion. After 7 days of
Iso infusion, C1C2 expression was associated with
increased peak Ca2þ release (Figures 5A and 5B) and
more rapid Ca2þ rise and decline (Figures 5C and 5D).
The LV SERCA2a protein expression showed no group
differences prior to sustained Iso infusion. However,
after 7 days of Iso infusion, LV samples from C1C2
mice showed a 2.6-fold increase in SERCA2a protein
d Iso Infusion p Value

C1C2 (8) Interaction Iso Gene

26.8 � 0.8 0.47 0.86 0.74

102 � 4 0.24 0.044 0.42

3.8 � 0.1 0.65 0.0002 0.17

59.3 � 1.0 0.91 <0.0001 0.37

6.3 � 0.1 0.70 0.52 0.52



FIGURE 4 Cytosolic Ca2þ Transients, Contractile Proteins and Signaling Molecules Before Continuous Iso Infusion

(A,B)Representative Indo-1 Ca2þ recordings from cardiacmyocytes fromC1C2 and Conmice showing unstimulated (A) and brief Iso-stimulated Ca2þ

transients (Iso; 10 mM) (B). (C) Summary data of unstimulated (basal) and Iso-stimulated Ca2þ release (systolic-diastolic Ca2þ) show no group dif-

ference before stimulation (B). However, Ca2þ release in the presence of Iso was increased in cardiac myocytes from both groups and was higher in

cardiac myocytes from C1C2 than Con mice (p¼ 0.02). (D) Time to peak Ca2þ release in the presence of Iso was decreased in cardiac myocytes from

bothgroups andwas lower in cardiacmyocytes fromC1C2 than inConmice before (p¼0.025) and after (p¼0.047) brief Iso stimulation. (E) Tauwas

reduced by Iso in both groups, but no between-group differences were seen. (F) LV expression and phosphorylation of signaling proteins that

modulate Ca2þ handling (PKA, PLB, TnI, S100A1) showed no group differences. (C to E) Bars ¼ mean values; error bars¼ SE; numbers in bars ¼
number of cardiac myocytes; values above bars ¼ p values from Student0s t-test (unpaired, 2-tailed). Abbreviations as in Figures 1 to 3.
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content compared to control mice (p ¼ 0.002)
(Figure 5E). In vivo expression of C1C2 increased
expression of P-Rex2 mRNA by 11.5-fold (p ¼ 0.001)
(Figure 5F), which remained 7.5-fold increased versus
control after sustained Iso infusion (p ¼ 0.0002)
(Figure 5F). Expression or phosphorylation of other
signaling proteins that modulate intracellular Ca2þ

transients (S100A1, PLB, TnI) were not altered in C1C2
LV either before (Figure 4F) or after 7 days of Iso
(Figure 5G).

DISCUSSION

The most important finding of this study is that, in
mice with cardiac-directed expression of C1C2, sus-
tained Iso infusion increases LV function. Seven days
of continuous Iso infusion increased Ca2þ release,
reduced time to peak Ca2þ release, and reduced rate
of Ca2þ decline (Tau) in cardiac myocytes from C1C2
mice, and LV SERCA2a content from C1C2 mice was
increased. These favorable alterations in Ca2þ
handling provide mechanistic underpinnings for this
interesting and unexpected LV response to catechol-
amine infusion.

LV FUNCTION. There were 2 lines of evidence for
C1C2’s favorable effects on LV function. First, despite
reduced Iso-stimulated cAMP generation in LV from
C1C2 transgenic mice, LV systolic and diastolic func-
tion were preserved through a wide range of Iso con-
centrations (Figure 2D). This paradox reflects effects on
elements that increase contractile performance inde-
pendent of increases in cAMPgeneration. For example,
we saw increased Iso-stimulated Ca2þ release
(Figure 4C) and increased expression of SERCA2a
(Figure 5E), events also seen with alterations in AC6
content in previous studies (20–22). The current data
indicate that increased cAMP is not a requirement for
beneficial alterations in Ca2þ handling. Second, the
C1C2 line not only resisted Iso-induced cardiomyopa-
thy, but LV systolic and diastolic function was
increased. After the 7-day Iso infusion, C1C2 mice
showed increases in LV peak þdP/dt and peak �dP/dt



FIGURE 5 Ca2þ Transients and Ca2þ Handling Proteins After 7 Days of Continuous Iso Infusion

(A–D) Ca2þ transients. (A) Representative Indo-1 Ca2þ recordings from cardiac myocytes from C1C2 and Con mice after 7 days of Iso infusion.

(B) Basal Ca2þ release (systolic-diastolic Ca2þ) show increased Ca2þ release in C1C2 cardiac myocytes (p ¼ 0.02). (C) Time to peak

Ca2þ transient was reduced in C1C2 cardiac myocytes (p ¼ 0.002). (D) Time to Ca2þ decline (Tau) was reduced in cardiac myocytes from

C1C2 mice (p ¼ 0.04). (E) LV SERCA2a content was 2.6-fold greater in C1C2 than in Con mice after 7 days of Iso infusion (p ¼ 0.002;

immunoblot below bar graph), although before Iso infusion, the fold difference (C1C2 vs. Con) was not significant (p ¼ 0.29). (F)

Cardiac-directed C1C2 expression was associated with an 11.5-fold increase in LV P-Rex2 mRNA before (p ¼ 0.001) and 7.5-fold after 7 days of

Iso infusion (p ¼ 0.002) vs. Con. (G) No group differences in expression of PKA, PLB, S100A1, or vinculin were seen. Phosphorylation of

PKA, PLB, and TnI also showed no group differences. Bars ¼ mean values; SE ¼ error bars; number in bars ¼ numbers of cells (B to D) or mice

(E, F); numbers above bars ¼ p values from Student t-test (unpaired, 2-tailed). Abbreviations as in Figures 1 to 5.
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(Figures 3A and 3B, Table 2). In normal animals, the
stress of 7 days of Iso was associated with a propensity
for both measurements to decline. The beneficial
physiological changes seen in C1C2 mice were associ-
ated with increases in rates of Ca2þ release and decline
in cardiac myocytes from C1C2 mice (Figures 5A to 5D).
Also seen was a 2.6-fold increase in LV SERCA2a con-
tent (Figure 5E), which likely was of mechanistic
importance in the enhancement of Ca2þ handling.
Indeed, other studies have reported that cardiac-
directed expression of SERCA2a increases Ca2þ tran-
sient amplitude (23). If these effects were also to occur
in clinical settings, one would predict protection of the
heart against sustained catecholamine stimulation, a
common feature of clinical HF, and one thought to be
responsible, at least in part, for the inexorable decline
of cardiac function frequently seen in HF.

However, increased Ca2þ uptake and release were
seen in cardiac myocytes from C1C2 animals prior to 7
days of Iso infusion (Figures 4C and 4D), even though
LV SERCA2a content was unchanged (Figure 5E, left).
However, there were no group differences in Tau
before (Figure 4E) but improved Tau after 7 days of Iso
infusion (Figure 5D), which correlated well with LV
SERCA2a content, which had increased after Iso infu-
sion (Figure 5E, right). C1C2 expression is associated
with changes in multiple intracellular events aside
from SERCA2a, including an 11.5-fold increase in LV
expression of P-Rex2 (Figure 5F). P-Rex2 inhibits the
activity of phosphatase and tensin homolog (PTEN),
which increases Akt activation (24). PTEN deletion
increases cardiac L-type Ca2þ currents via increased
Akt activation (25). Increased P-Rex2 expression and
subsequent Akt activation would be predicted to
increase Ca2þ uptake and release in cardiac myocytes.
C1C2 gene transfer activated Akt in cultured cardiac
myocytes (Figure 1F), supporting this idea. However,
LV homogenates showed no group differences in Akt
activation (data not shown). What one sees in cultured
cell studies does not always reflect what one sees in LV
homogenates, so linking Akt activation with Ca2þ

handling will require additional studies.
Why was the increase in LV peak þdP/dt in the C1C2

mice after sustained Iso infusion (Figure 3A) not also
seen in LV fractional shortening in the echocardio-
graphic studies (Table 1)? Fractional shortening is an
ejection-phase index of LV contractile function, and is
therefore susceptible to alterations in afterload, an
effect that does not alter LV peak þdP/dt, which
occurs prior to aortic valve opening. Therefore, peak
þdP/dt is a more reliable measurement of LV contrac-
tility (26). The C1C2 group showed higher LV pressure
(afterload) after sustained Iso infusion (Figure 3C),
which would be predicted to lower fractional
shortening. The beneficial effects of C1C2 on LV SER-
CA2a expression (Figure 5E) and Ca2þ release
(Figures 5A to 5D) provide plausible underpinnings for
the beneficial effects of C1C2 on LV contractile
function.
CARDIAC cAMPGENERATION. C1C2 expression reduced
Iso-stimulated cAMP generation in LV homogenates
and in cardiac myocytes, but did not reduce LV AC6
expression, or the expression of AC types 3-9. Absent
the transmembrane domains of AC6, C1C2 distribu-
tion was predominantly cytoplasmic and less effi-
ciently recruited for participation in cAMP generation
following bAR stimulation. Our data indicate that
C1C2 may act as a dominant negative mutant by
interacting with Gas to reduce the effects of Gas on
endogenous AC responsiveness. Such protection
against cAMP generation while fostering increased
Ca2þ handling and more efficient myofilament acti-
vation constitutes an appealing profile for a HF
therapeutic drug.

Typically, LV cAMP generating capacity is tightly
linked with LV contractile function. In severe HF, LV
cAMP production is 50% reduced, and LV contractile
function is similarly reduced (3,8). Targeted deletion
of AC6 is associated with a 60% reduction in LV cAMP
generating capacity, and a proportional reduction in
LV contractile function (20). In contrast, C1C2 expres-
sion was associated with preserved LV function in
response to sustained bAR stimulation despite reduc-
tion in cAMP generation. In the present study, C1C2
had favorable effects on SERCA2a expression and Ca2þ

release, effects that may have increased LV function,
counterbalancing decreased cAMP generation. C1C2
expression did not increase phosphorylation of
PLB, troponin I (Figures 4F and 5G) or CREB protein
(data not shown).
C1C2 AND INTRACELLULAR SIGNALING PATHWAYS.

C1C2 influences other intracellular signaling path-
ways such as CryAB, Akt, ERK1/2 and p38 MAPK
pathways (Figures 1F and 1G). We do not know the
precise pathway by which C1C2 affects intracellular
signaling and protein expression and phosphoryla-
tion. C1C2 interacts with G-protein coupled receptors,
Gas, Gbg and A-kinase anchoring proteins (AKAPs),
and could thereby influence intracellular signaling.
Previous studies indicate that the C1C2 portion of AC6
enables AC6 targeting to lipid rafts (14).

C1C2 expressionwas associatedwith increased LVP-
Rex2 expression detected by gene array and confirmed
by RT-PCR (Figure 5F). P-Rex2 inhibits the activity of
PTEN and increases Akt activation (24). Activation of
Akt signaling pathways by C1C2 was detected in
cultured cardiac myocytes after Ad5.C1C2 gene trans-
fer (Figure 1F), which was quantitatively similar to



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Heart

failure is one of the most frequent reasons for emer-

gent hospital admission, and it carries a dire prognosis

despite recent advances in device and drug therapy.

New strategies to treat heart failure urgently are

needed. Data from the current study indicate that

cardiac expression of C1C2 may prevent the delete-

rious effects of sustained catecholamine stimulation,

which contributes to heart failure.

TRANSLATIONAL OUTLOOK: The present paper is

an important initial step in translating C1C2 cardiac

gene transfer to clinical applications. A potential

obstacle to translation is whether one can attain suf-

ficient cardiac expression of C1C2 to attain an effect

after intracoronary delivery of a virus vector encoding

C1C2. We recently showed in an initial Phase 2 ran-

domized clinical trial that intracoronary delivery of a

virus vector encoding human adenylyl cyclase type 6

was effective in human subjects with symptomatic

heart failure (12), suggesting that sufficient cardiac

transgene expression can be achieved by this route of

administration. Ongoing research in our laboratory has

identified adeno-associated virus type (AAV) is a

suitable vector. Intracoronary delivery of AAV

encoding C1C2 will be tested in murine heart failure

with reduced ejection fraction, and, given the favor-

able effects of C1C2 on LV diastolic function (Tau,

peak �dP/dt), we also will test C1C2 gene transfer in

murine HF with preserved ejection fraction.
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effects seen with AC6. In previous studies we estab-
lished that this is one of the mechanisms by which AC6
expression has beneficial effects on cardiac function
(21). C1C2 mimics this property of AC6, confirming the
mechanism does not require increased LV cAMP.

C1C2 expression increased phosphorylation of
CryAB at S45 and S59 sites and C1C2 protein, based on
co-immunoprecipitation, is physically associated
with CryAB (Figure 1G). CryAB, a member of the small
heat shock protein (HSPs) family, is expressed at high
levels in cardiac myocytes, and its expression pro-
tects against ischemia-reperfusion injury (27). The
role of CryAB-C1C2 association will require additional
studies, but it underscores the importance that
protein-protein interactions play in mechanisms by
which C1C2 affects cardiac function. The study of
C1C2-interacting proteins is a focus of study in our
laboratory.

STUDY LIMITATIONS. Because of the complexity of
multiple signaling pathways that are relevant in the
failing heart, no single study can establish precise
molecular pathways for every favorable adaptation.
Despite this generic limitation, it is encouraging that
cardiac-directed expression of C1C2 has a favorable
impact on function of the intact heart in the setting of
conditions that mimic aspects of clinical heart failure.
The present study examines Iso-stimulated cardio-
myopathy only at 7 days, and it remains to be seen
whether these protective effects of C1C2 will persist
for longer periods and in other models of heart
failure.

CONCLUSIONS

Increased expression of C1C2 in cardiac myocytes and
heart mimics some of the beneficial cardiac effects of
AC6. C1C2 enhances Ca2þ handling, which is of
mechanistic importance in its beneficial effects. Sus-
tained Iso infusion decreases LV function in control
mice, as expected, but increases LV function in C1C2
mice. If these benefits of C1C2 expression translate to
clinical settings, one would predict protection of the
heart against catecholamine stimulation, a common
feature in clinical HF. Finally, C1C2 is sufficiently
small to be inserted in an AAV vector with a regulated
expression system. It will be interesting to determine
whether transgene delivery of C1C2 via AAV can
increase function of the failing heart.
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