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Abstract—Voltage-gated T-type Ca2� channels (T-channels) are normally expressed during embryonic development in
ventricular myocytes but are undetectable in adult ventricular myocytes. Interestingly, T-channels are reexpressed in
hypertrophied or failing hearts. It is unclear whether T-channels play a role in the pathogenesis of cardiomyopathy and
what the mechanism might be. Here we show that the �1H voltage-gated T-type Ca2� channel (Cav3.2) is involved in
the pathogenesis of cardiac hypertrophy via the activation of calcineurin/nuclear factor of activated T cells (NFAT)
pathway. Specifically, pressure overload–induced hypertrophy was severely suppressed in mice deficient for Cav3.2
(Cav3.2�/�) but not in mice deficient for Cav3.1 (Cav3.1�/�). Angiotensin II–induced cardiac hypertrophy was also
suppressed in Cav3.2�/� mice. Consistent with these findings, cultured neonatal myocytes isolated from Cav3.2�/� mice
fail to respond hypertrophic stimulation by treatment with angiotensin II. Together, these results demonstrate the
importance of Cav3.2 in the development of cardiac hypertrophy both in vitro and in vivo. To test whether Cav3.2
mediates the hypertrophic response through the calcineurin/NFAT pathway, we generated Cav3.2�/�, NFAT-luciferase
reporter mice and showed that NFAT-luciferase reporter activity failed to increase after pressure overload in the
Cav3.2�/�/NFAT-Luc mice. Our results provide strong genetic evidence that Cav3.2 indeed plays a pivotal role in the
induction of calcineurin/NFAT hypertrophic signaling and is crucial for the activation of pathological cardiac
hypertrophy. (Circ Res. 2009;104:522-530.)
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Hypertrophic growth and remodeling of the adult heart
begin as normal compensatory responses to a variety of

physiological and pathological stimuli including exercise,
pregnancy, pressure overload, hypertension, myocardial in-
farction, and primary genetic abnormalities.1–3 Prolonged
hypertrophic response may eventually lead to heart failure
and death. Pathological hypertrophy is often associated with
structural and functional remodeling of the heart. Profound
changes in gene expression during pathological cardiac hy-
pertrophy are common, particularly in the case of genes that
code for proteins involved in regulating contraction ion
channels, for example.4

Alterations of intracellular Ca2� handling could lead to
abnormal Ca2� signaling cascades, a phenomenon that has
been shown to contribute to the pathogenesis of cardiac
hypertrophy and heart failure.5,6 However, the detailed mech-
anism of how the cardiac myocytes distinguish Ca2� tran-
sients that occur at every heartbeat from those meant to
trigger intracellular hypertrophic signaling remains largely
unknown. Intracellular Ca2� levels could be altered because

of either changes in Ca2� release from intracellular organelles
or the influx of extracellular Ca2�, and in both cases, this
could be attributable to the activities of either ligand- or
voltage-activated Ca2� channels. Indeed, ligand-activated
Ca2� channels, such as store-operated Ca2� channels, have
been implicated in the signaling pathway that leads to cardiac
hypertrophy.7 Candidate proteins for store-operated Ca2�

channels, such as transient receptor potential proteins (includ-
ing TRPC1, TRPC3, and TRPC6), have been shown to act as
positive regulators of calcineurin/NFAT-mediated signaling,
which drive cardiac hypertrophy both in vitro and in vivo.8–11

L-type Ca2� channels are the main voltage-activated Ca2�

channels responsible for triggering Ca2�-induced Ca2� re-
lease during excitation–contraction coupling. Their role in
the development of cardiac hypertrophy remains controver-
sial. In general, the current density of L-type Ca2� channels
is either unchanged or slightly elevated when hypertrophy is
mild and slightly reduced when hypertrophy is severe.12–14

Although normally expressed during developmental stages
and not expressed in adult cardiac myocytes, T-channels are
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reexpressed after development of pathological hypertrophy,
in the postinfarction heart, and during stimulation with certain
hormones.15–23 The pore-forming subunits of T-channels are
encoded by 3 genes, Cav3.1, -3.2 and -3.3,24–26 and both
Cav3.1 and Cav3.2 are present in cardiac tissue.27–29 Mice
lacking Cav3.1 T-channels display abnormal sinoatrial node
pacemaker activity and atrioventricular conduction,30

whereas mice lacking Cav3.2 exhibit recurrent coronary
vasospasms.31 Cav3.1 and Cav3.2 have been reported to be
upregulated in various animal models following cardiac
hypertrophy.18,19,22 However, the physiological role of
T-channel reexpression under these conditions is unclear.

In this study, we aimed to determine whether Cav3.2
T-channels are involved in the development of pathological
cardiac hypertrophy and whether the calcineurin–NFAT path-
way is downstream of Cav3.2 T-channels during cardiac
hypertrophy. Using Cav3.2�/� and Cav3.1�/� mice, we show
that Cav3.2 but not Cav3.1 T-channels are required for the
development of cardiac hypertrophy induced either by pres-
sure overload and angiotensin (Ang) II treatment in vivo and
in vitro. We also discover that the T-channel blocker etho-
suximide could prevent the development of pressure over-
load–induced cardiac hypertrophy in wild-type (WT) mice,
and that the stimulation of NFAT signaling in response to
pressure overload requires the presence of Cav3.2. Overall,
our results demonstrate that Cav3.2 T-channels regulate
pathogenic cardiac hypertrophy in vivo by activating the
calcineurin–NFAT signaling cascade.

Materials and Methods
Animals were kept under specific pathogen-free conditions, and all
procedures performed were approved by the Institutional Animal
Care and Use Committee of Academia Sinica, Taiwan. An expanded
Materials and Methods section detailing the methods and protocols
used in the present study is available in the online data supplement
at http://circres.ahajournals.org.

Results
Impaired Cardiac Hypertrophy in Cav3.2�/� but
Not Cav3.1�/� Mice Following Transverse
Aortic Banding
Although an association between T-channel reexpression and
cardiac hypertrophy has been established, an in vivo loss-of-
function approach to causality has not previously been

undertaken. In this study, we compared the extent of cardiac
hypertrophy in WT, Cav3.2�/�, and Cav3.1�/� mice follow-
ing pressure overload to determine the role of T-channels in
the development of cardiac hypertrophy. Measurement of the
Doppler flow pressure gradient (in meters per second) fol-
lowing constriction of the transverse aorta (Table I in the
online data supplement) indicated that WT, Cav3.2�/�, and
Cav3.1�/� mice were subjected to a comparable pressure
load. Notably, Cav3.2�/� mice or their sham-operated ani-
mals have a smaller body size relative to those age-matched
WT mice (supplemental Table I), thus resulting in a higher
ratio of heart weight/body weight (HW/BW) (in milligrams
per gram) (Figure 1A and supplemental Table I). In WT and
Cav3.1�/� mice, by 2 weeks following transverse aortic
banding (TAB) treatment, the HW/BW ratio had increased
significantly by 39.9% and 22.9%, respectively, relative to
that in age-matched, sham-operated WT and Cav3.1�/� mice
(P�0.001). In Cav3.2�/� mice, by contrast, the HW/BW ratio
in the banded animals and their sham controls did not differ
significantly (P�0.07) (Figure 1A). Measurement and com-
parison of another hypertrophy index, the HW/tibial length
(in milligrams per millimeter) ratio, across groups yielded
similar results (Figure 1B). We also measured the blood
pressure of WT and Cav3.2�/� mice at both basal and 2
weeks after TAB. There is no significant difference in blood
pressure between WT and Cav3.2�/� mice after TAB (109�3
for WT versus 109�2 mm Hg for Cav3.2�/�).

Histological examination of hearts also showed a signifi-
cant increase in ventricular wall thickness in the banded WT
mice but less in the banded Cav3.2�/� mice (Figure 2A). One
hallmark of cardiac hypertrophy is the enlargement of indi-
vidual myocytes, and thus cardiomyocyte hypertrophy was
also assessed at the cellular level. TAB treatment was found
to lead to a significant increase in the cardiac myocyte
cross-sectional diameter (in microns) by 23% in banded WT
mice compared with sham-operated controls (P�0.001) (Fig-
ure 2B). In contrast, there was no significant change in the
myocyte cross-sectional diameter from the banded Cav3.2�/�

mice compared with the sham-operated controls (P�0.1).
The progression to the cardiomyopathy is accompanied by
increased fibrosis. Cav3.2�/� mice have been shown to
display focal myocardial fibrosis caused by abnormal coro-
nary function.31 Indeed, there was more fibrosis in sham-

Figure 1. Cav3.2 is required for TAB-
induced cardiac hypertrophy. A, Quantita-
tion of HW/BW ratio in mice that were
sham-operated or subjected to TAB for 2
weeks. B, Quantitation of HW/tibial length
ratio in mice that were sham-operated or
subjected to TAB for 2 weeks. Numbers
of mice used in each group are shown.
*P�0.001 relative to sham-operated
controls.
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operated Cav3.2�/� mice than those in WT mice (Figure 2C).
After TAB treatment, there was a marked increase in myo-
cardial fibrosis in both WT and Cav3.2�/� mice, and no
significant difference in myocardial fibrosis between WT and
Cav3.2�/� mice was observed after TAB (Figure 2A and 2C).

Because cardiac hypertrophy is frequently accompanied by
a reexpression of the cardiac fetal genes, we examined the
expression of atrial natriuretic factor (ANF), brain natriuretic
peptide (BNP), �-myosin heavy chain (�-MHC), �-myosin
heavy chain (�-MHC), and skeletal �-actin (�-SA) in the
banded WT and Cav3.2�/� hearts using real-time quantitative
PCR. As expected, ANF, BNP, �-MHC, and �-SA were
significantly upregulated in the banded WT heart, whereas
�-MHC was downregulated (Figure 2D). Notably, despite the
attenuation of hypertrophy in the Cav3.2�/� heart, the expres-
sion of ANF, BNP, �-MHC, and �-SA were also upregulated
and the expression of �-MHC was downregulated under these
conditions (P�0.05), suggesting that Cav3.2 channels are not
involved in the reexpression of these fetal genes during
pathological hypertrophy.

We also performed serial echocardiography to characterize
the change in cardiac structure and function after pressure
overload. Left ventricle mass (LVM) and the LVM/BW ratio
had increased significantly in the banded WT and Cav3.1�/�

mice at 2 and 4 weeks after banding relative to animals at
basal condition. In Cav3.2�/� mice, however, LVM and the
LVM/BW ratio did not increase at all in 2-week banded
Cav3.2�/� mice, although a modest but significant increase in
LVM/BW was observed at 4 weeks after banding (Figure 3A
and 3B and supplemental Table I). The hypertrophic response
in banded Cav3.2�/� mice was markedly reduced compared
to that in banded WT animals for the same period, whereas
hypertrophic response in banded Cav3.1�/� mice was com-

parable to that in banded WT animals (Figure 3B). Cardiac
function, as indicated by the percentage of fractional short-
ening, did not show significant difference in WT at basal or
after 2- and 4-week TAB, nor did it show a difference in
Cav3.2�/� or Cav3.1�/� mice. Fractional shortening was
comparable among WT, Cav3.2�/�, and Cav3.1�/� mice
when subjected to the same period of TAB (Figure 3C).

Compromised Ang II–Induced Cardiac
Hypertrophy in Cav3.2�/� Mice
Pressure overload–induced cardiac hypertrophy is mediated
in part via the mechanical stress–dependent and neuroendo-
crine factor–dependent pathways, such as those mediated by
Ang II and endothelin 1.1,5 To test whether Ang II can induce
cardiac hypertrophy in Cav3.2�/� mice, Ang II was continu-
ously infused into WT and Cav3.2�/� mice for 2 weeks. Ang
II infusion markedly increased systemic blood pressure in
both WT and Cav3.2�/� mice, suggesting that Cav3.2�/�

mice, although having a compromised vascular function,
remain functionally intact in response to Ang II–induced
hypertension (Figure 4A). As in the case of the TAB results,
Ang II treatment led to a significant increase in the LVM/BW
in WT but not in Cav3.2�/� mice (Figure 4B). After 2 weeks
of Ang II treatment, the ratio of LVM/BW increased signif-
icantly by 33.6% in WT mice (P�0.01), whereas the ratio did
not change significantly in Cav3.2�/� mice.

To determine whether the reduced cardiac hypertrophy
observed in Cav3.2�/� mice was attributable to the lack of
Cav3.2 channels in cardiac myocytes, we isolated and cul-
tured neonatal cardiac myocytes from WT and Cav3.2�/�

mice and tested their hypertrophic responses to Ang II in
vitro. Ang II significantly increased the surface area of only
the WT cardiac myocytes (by 17.8%, P�0.001) but not that

Figure 2. Reduced cardiomyocyte growth
in Cav3.2�/� mice induced by TAB. A,
Mason’s trichromic staining of cross-
sectioned hearts from WT and Cav3.2�/�

mice subjected to TAB for 2 weeks. B,
Myocyte cross-sectional diameter (CSD)
measured from cross-sectioned hearts
from WT and Cav3.2�/� mice subjected
to TAB for 2 weeks (total 250 to 400 cells
for each heart; numbers of mice used in
each group are shown). *P�0.001 relative
to sham-operated controls. C, Morpho-
metric quantitation of fibrosis in sham-
and TAB-operated mice. *P�0.05 relative
to sham-operated controls for the same
genotype, #P�0.05 for WT vs Cav3.2�/�.
Data reflect measurements for at least 4
animals per group. D, Real-time RT-PCR
analysis of expression of the hypertrophic
markers �-MHC, �-MHC, ANF, BNP, and
�-SA after 2 weeks of TAB treatment
(n�3 to 5, for each group). The mean nor-
malized value for the expression of each
gene in their sham-operated hearts is
defined as 1. *P�0.05 vs sham-operated.
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of the Cav3.2�/� cardiac myocytes (Figure 5A and 5B).
RT-PCR analysis indicated that neonatal WT mouse myo-
cytes express all 3 Cav3 channel isoforms (Figure 5C). On
Ang II stimulation, only Cav3.2 mRNA but not Cav3.1 or
Cav3.3 mRNA was markedly increased in neonatal WT
myocytes (Figure 5C and 5D), whereas the level of Cav3.1
and Cav3.3 mRNA expression remained unchanged in neo-
natal Cav3.2�/� myocytes. Our in vivo and in vitro studies
suggest the activation of Cav3.2 channels is important to the
development of cardiac hypertrophy.

Inhibition of T-type Ca2� Channels Blunts
Cardiac Hypertrophy
Because pressure overload– and Ang II–induced cardiac
hypertrophy was blunted in Cav3.2�/� mice, we tested
whether cardiac hypertrophy could be inhibited by blocking
T-channels. Because no specific T-channel blocker is avail-
able commercially, we chose ethosuximide, which has been
used to block T-channels in vitro and in vivo,32–34 to test our
hypothesis. WT mice were subjected to TAB and concur-
rently infused with ethosuximide for 2 weeks. As shown in
Figure 6A, TAB-induced cardiac hypertrophy (as assessed by
the LVM/BW ratio) was significantly attenuated in the
ethosuximide-treated groups by 15.6% (P�0.01), when com-
pared to the corresponding vehicle-treated group. We also

found that ethosuximide can reduce Ang II–mediated in-
crease of LVM/BW ratio by 19% (P�0.05) (Figure 6B).
These data demonstrate that blocking T-channels in WT mice
can reduce cardiac hypertrophy induced by either pressure
overload or treatment with Ang II.

Electrophysiological Examinations of Ca2�

Currents From Acutely Isolated Left
Ventricular Myocytes
Reappearance of the T-current has been observed in hypertro-
phied ventricular cells in the association with pressure overload
in feline16 and rat.18,19 Using the whole-cell patch-clamp tech-
nique, we examined whether T-type Ca2� current (T-current)
reappeared in the left ventricular myocytes from 2-week TAB
WT mice. Small but detectable T-currents were recorded in WT
myocytes after TAB, whereas they are not detectable or very
small in WT myocytes following sham operation (Figure 7)
(at �40 mV, �0.64�0.17 pA/pF for TAB [n�5] and
�0.11�0.02 pA/pF for sham [n�12]; P�0.05). The T-current
recorded in WT myocytes after TAB was peaked at approxi-
mately �40 mV, and bath application of 100 �mol/L Ni2�

caused a rapid reduction of T-current amplitude to �75% of
control, indicating relatively high sensitivity of the current to
Ni2� (Figure 7B, inset). The L-type Ca2� current (L-current)
density was similar in sham-operated WT myocytes compared

Figure 3. Reduced cardiac hypertrophic
response in Cav3.2�/� but not Cav3.1�/�

mice following TAB treatment. A and B,
LVM (A) and LVM/BW ratio (B). C, Per-
centage of fractional shortening (% FS)
from WT, Cav3.2�/�, and Cav3.1�/� mice
by serial echocardiography during pres-
sure overload. *P�0.05 Cav3.2�/� vs WT
at the same time point. #P�0.05 TAB-
treated vs basal group for the same ge-
notype. LVM increased by 37% and 46%
in WT mice vs 5% and 15% in Cav3.2�/�

mice and 30% and 48% in Cav3.1�/�

mice 2 and 4 weeks, respectively, after
TAB. Similarly, LVM/BW increased by
35% and 53% in WT mice vs 4% and
15% in Cav3.2�/� mice and 27% and
34% in Cav3.1�/� mice 2 and 4 weeks,
respectively, after TAB. Numbers of mice
used in each group are shown.

Figure 4. Ang II fails to induce cardiac
hypertrophy in Cav3.2�/� mice. A, Blood
pressure of WT and Cav3.2�/� mice
before and after stimulation with continu-
ous Ang II infusion. #P�0.05 treatment vs
its basal group for the same genotype. B,
LVM/BW, as measured by echocardiogra-
phy, after WT or Cav3.2�/� mice were
subjected to continuous Ang II infusion.
Numbers of mice used in each group are
shown. #P�0.01 treatment vs its basal
group for the same genotype. *P�0.05
Cav3.2�/� vs WT at the same time point.
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with sham-operated Cav3.2�/� myocytes (peak inward at 10
mV, �7.83�0.49 pA/pF for WT sham [n�14] and
�8.09�0.48 pA/pF for knockout sham [n�15]). After TAB,
there is no significant change in the L-current density in both WT
and Cav3.2�/� myocytes (peak inward at 10 mV, �8.23�0.52
pA/pF for WT TAB [n�15] and �7.98�0.41 pA/pF for knockout
TAB [n�15]) (Figure 7C). It has been reported that the reduction
of the L-current by continuous infusion of L-channel blocker35

or the knockdown of L-channel accessory � subunit36 alleviates
hypertrophic response. Our data rule out the possibility that
blunted hypertrophy response in banded Cav3.2�/� mice results
from the downregulation of L-type Ca2� currents.

Calcineurin–NFAT Signaling Is Not Activated in
Cav3.2�/� Mice After Pressure Overload
The calcineurin–NFAT signaling pathway is important in regu-
lating the development of cardiac hypertrophy and the associated
changes in gene expression. It is thus possible that the reexpres-
sion of Cav3.2 channels can activate the calcineurin–NFAT

signaling pathway during cardiac hypertrophy. To test this
possibility, we first examined whether the expression of Cav3.2
could enhance the NFAT–luciferase activity in HEK293 cells. It
has been shown that increased extracellular Ca2� concentration
to 10 mmol/L could induce Ca2� influx via the Cav3.2
T-channels that open at the resting membrane potential of a
HEK293 cell (ie, window current).37,38 As shown in Figure 8A,
10 mmol/L Ca2� significantly increased the NFAT–luciferase
reporter activity relative to that of cells transfected with control
vehicle and T-channel blocker mibefradil effectively blocked
NFAT–luciferase activity triggered by calcium. We further
investigated whether calcineurin–NFAT signaling is intact in the
Cav3.2�/� heart by crossing the Cav3.2�/� mice with a NFAT–
luciferase (Luc) reporter transgenic mice.39 The basal level of
NFAT-Luc reporter activity in the left ventricle was not signif-
icantly different between WT/NFAT-Luc and Cav3.2�/�/
NFAT-Luc mice (Figure 8B). As expected, cardiac NFAT-Luc
reporter activity increased significantly by 2.5-fold (P�0.001) 2
weeks after TAB in the WT/NFAT-Luc mice. In contrast, there

Figure 5. Ang II fails to induce hypertro-
phy of neonatal cardiomyocytes isolated
from Cav3.2�/� mice. A, Neonatal cardio-
myocytes isolated from WT or Cav3.2�/�

mice were either left untreated or treated
with 100 �mol/L Ang II for 48 hours. Neo-
natal cardiomyocytes were identified by
�-actinin antibody staining (red signal)
and nuclei by DAPI staining (blue signal).
B, Ang II treatment increased cell surface
area in WT, but not Cav3.2�/�, cardio-
myocytes. Two hundred to 300 random
cells from 3 independent experiments in
WT and Cav3.2�/� mice were measured.
*P�0.001 vs control for the same geno-
type. C, The levels of Cav3.1, Cav3.2, and
Cav3.3 mRNA from neonatal WT and
Cav3.2�/� myocytes were analyzed by
RT-PCR with or without Ang II stimulation
for 48 hours. D, Real-time RT-PCR analy-
sis of the expression of Cav3.2 in neona-
tal WT myocytes after Ang II treatment for
48 hours. *P�0.05 Ang II vs control.

Figure 6. Inhibition of T-type Ca2� chan-
nel by ethosuximide treatment prevents
cardiac hypertrophy in WT mice. A,
LVM/BW ratio in mice treated with vehicle
or ethosuximide immediately following
TAB surgery. The duration of the treat-
ment lasted for 2 weeks. *P�0.01 vs
vehicle in the same group. B, LVM/BW
ratio in mice treated with Ang II and Ang
II plus ethosuximide for 2 weeks. *P�0.05
vs vehicle group. Numbers of mice used
in each group are shown.
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was no significant change in luciferase reporter activity 2 weeks
after TAB in the Cav3.2�/�/NFAT-Luc mice. We also measured
the protein levels of total calcineurin A from the left ventricles of
WT/NFAT-Luc and Cav3.2�/�/NFAT-Luc mice and found no
difference (Figure 8C). These data suggest that Cav3.2 channels
are important in the activation of calcineurin–NFAT signaling
and that the lack of NFAT–luciferase activity in the Cav3.2�/�/
NFAT-Luc mice is not attributable to a secondary change in the
level of calcineurin A protein. To determine whether there
could be any interaction between Cav3.2 T-channels and
calcineurin, we performed coimmunoprecipitation experi-
ments in vitro. We coexpressed vectors containing FLAG-
Cav3.2 or FLAG-Cav3.1 and calcineurin in HEK293 cells. As
shown in Figure 8D, calcineurin can be coimmunoprecipi-
tated with FLAG-Cav3.2. In contrast, there is no detectable
calcineurin in the FLAG vector control and a much weaker
band of calcineurin coimmunoprecipitated with FLAG-
Cav3.1 despite a larger amount of FLAG-Cav3.1 in the input
lysates. The results suggest that the Cav3.2 T-channels can
interact with calcineurin in HEK293 cells in vitro and could
play a role in the hypertrophic signaling.

Discussion
Although T-type Ca2� channels have been previously impli-
cated in the growth of cardiac tissues and in the pathogenesis
associated with Ca2� overload and cardiomyopathy-related
arrhythmias,16 –23 little is known about the mechanism
whereby these channels act. Using Cav3.2�/� and Cav3.1�/�

mice, we were able to demonstrate that Cav3.2 T-channels are
required for hypertrophic response to mechanical stress and
Ang II infusion.

Upregulation of Cav3.1 mRNA was observed in hypertro-
phied ventricles and failure-stage hearts in rats.19,22 Paradox-
ically, in the hypertrophied rat hearts, the increased T-type
calcium currents from left ventricular myocytes showed
relatively high nickel sensitivity, a feature peculiar to Cav3.2
channel–generated currents.18 A recent study reported that, in
the ventricular septum of the aortic banded mouse heart,
Cav3.1 mRNA expression decreased, whereas Cav3.2 mRNA
expression was comparable to that in sham-operated control
hearts.40 These conflicting results may reflect the different
genetic backgrounds of experimental animals and the surgical
protocols whereby cardiac hypertrophy was induced. Never-

Figure 7. T-type Ca2� currents are upregulated in left ventricular myocytes from banded WT hearts. A, Ca2� currents were recorded in
left ventricular myocytes from 2-week sham- or TAB-operated mouse hearts. Traces of T-type Ca2� current correspond to the differ-
ence between currents recorded for step polarization from holding potentials (HP) of �90 and �50 mV. Horizontal lines indicate the 0
current level. B, Current–voltage relationships of L-currents (solid line) and T-currents (dashed line) obtained in myocytes from 2-week
sham- or TAB-operated mouse hearts. Inset shows the effect of 100 �mol/L Ni2� on T-current in a myocyte from a 2-week TAB WT
heart. C, T-type (ICa,T) (at �40 mV) and L-type Ca2� current density (ICa,L) (at 10 mV) in myocytes from 2-week sham- and TAB-
operated WT and Cav3.2�/� mice. The y axis depicts absolute ionic current density induced. Data reflect measurements from 2 to 3
animals per group. *P�0.05 vs WT sham.
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theless, these studies failed to clarify whether the reexpres-
sion of T-channels is the consequence of cardiac remodeling
in pathological states or whether the reexpressed T-channels,
instead, initiate cardiac remodeling. Our demonstrations that
nickel sensitive T-currents reappear in WT mice after TAB
and T-channel blocker ethosuximide can blunt the develop-
ment of cardiac hypertrophy induced by pressure overload or
Ang II in WT animals suggest that Cav3.2 T-channels are
indeed important in the initiation of pressure overload– and
Ang II–induced cardiac hypertrophy in mice.

Pathological cardiac hypertrophy is commonly accompa-
nied by myocyte enlargement, activation of a fetal program of
cardiac gene expression, and fibrosis.5 Our findings that
banded Cav3.2 �/� mice were resistant to cardiac hypertrophy
but not fetal gene activation and fibrosis suggest that Cav3.2
is not necessary for these pathological features during cardiac
remodeling on stress. There are several reports showing that
reexpression of cardiac fetal genes is not associated with
cardiac hypertrophy but rather with the pathological features.
For example, SCN5A heterozygous mice show upregulation
of �-MHC and �-SA with no hypertrophy.41 Increased level
of ANF expression is associated with tissue pathology but not
necessary to the degree of cardiac hypertrophy.42 Intriguingly
in a genetic mouse model with a yellow fluorescent protein–
�-MHC fusion gene, reexpression of �-MHC has been found
to occur predominantly in myocytes associated with regions
with perivascular and interstitial fibrosis during hypertrophy.43

The Ca2�/calmodulin serine/threonine protein phosphatase
calcineurin plays a central role in the development of patho-
logical cardiac hypertrophy. Our studies show that cardiac
hypertrophy responses are impaired in Cav3.2�/� mice,
NFAT activity in these mice is blunted following 2-week
TAB, and the T-currents reexpress in myocytes from banded
WT mice, implying Cav3.2 T-channels are also involved in
the activation of calcineurin–NFAT signaling and essential
for pathological cardiac hypertrophy. Although a proximal
relationship among calcineurin–NFAT, Ca2� handling, and
downstream effectors remains largely unclear, our coimmu-
noprecipitation work shows that the Cav3.2 T-channels could
associate with calcineurin and thus play a role in the hyper-
trophic signaling. Several recent studies have demonstrated
that TRPC1, TRPC3, and TRPC6 are involved in calcineurin/
NFAT activation and cardiac hypertrophy in rodent mod-
els.8–11 TRPC6 and TRPC3 transgenic mice exhibit cardio-
myopathy associated with increased NFAT activity and with
an increased susceptibility to stimulation by pressure over-
load.8,11 Furthermore, the promoter region of TRPC6 contains
2 NFAT binding sites, which suggests that positive feedback
is involved in the regulation of the calcineurin–NFAT–
TRPC6 signaling pathway.11 We hypothesized that reex-
pressed Cav3.2 might induce cardiac hypertrophy by activat-
ing the calcineurin–NFAT pathway. Indeed, our analysis of
mice harboring a transgenic NFAT-Luc reporter showed that

Figure 8. Pressure overload fails to boost NFAT activation in Cav3.2�/�/NFAT-Luc mice. A, In vitro studies examine the effect of Cav3.2
overexpression on Ca2�-stimulating NFAT activation in HEK293 cells. *P�0.05 vs untreated control, #P�0.05 vs 10 mmol/L Ca2�-
treated cells. B, Left ventricular NFAT-luciferase reporter activity assessed after 2 weeks of TAB in WT/NFAT-Luc and Cav3.2�/�/NFAT-
Luc mice. Numbers of mice used in each group and NFAT reporter activity are shown. *P�0.001 vs WT sham. C, Western blotting for
total calcineurin A (CnA) from left ventricle tissue of WT/ NFAT-Luc and Cav3.2�/�/NFAT-Luc mice. GAPDH serves as a loading control.
Quantitations of CnA expression are shown at the bottom. D, Coimmunoprecipitation of Cav3.2 channels and calcineurin in vitro.
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the activation of NFAT is blunted in the Cav3.2�/� left
ventricle following pressure overload. The notion is also
upheld by the recent in vitro study showing that T-type Ca2�

blockers, kurtoxin and efonidipine, could prevent bovine
serum–induced neonatal mouse cardiomyocyte hypertrophy
through an inhibition of calcineurin–NFAT activation.44 In-
terestingly, TRPC6 transcript levels have been reported to
increase 3 weeks after TAB.11 Moreover, following aortic
banding in the rat, there is a 2-day delay in the association of
calcineurin with calmodulin,45 which coincides with the time
point at which cardiac NFAT-Luc reporter activity is upregu-
lated in mice.39 This result suggests that calcineurin is
activated as early as 2 days after stimulation. It is possible
that hypertrophic stimuli lead to rapid activation of Cav3.2
channels, which then activate calcineurin–NFAT signaling at
the initial stage of hypertrophic development, and that this, in
turn, induces the sustained hypertrophic responses that are
associated with TRPC channel upregulation.

In summary, in using a molecular genetic approach, we
have demonstrated that Cav3.2 plays an important role in the
development of cardiac hypertrophy induced by aortic band-
ing and Ang II infusion and that Cav3.2 is required for
activation of the calcineurin/NFAT pathway. The next steps
in better understanding the development of cardiac hypertro-
phy include further evaluating the role of Cav3.2 inhibition in
other genetic and acquired models of cardiac hypertrophy and
identifying any Cav3.2-associated molecules that are involved
in the regulation of cardiac hypertrophy.
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Supplement Material

Materials and Methods

Animal Model of Cardiac Hypertrophy

Eight week-old adult male mice (C57BL/6,  CaV3.1-/-, CaV3.2-/- or NFAT-luciferase

reporter-transgenic) weighing 20-25g were subjected to pressure overload by transverse

aortic banding (TAB) according to the method described previously 1.  The generation of

CaV3.2-/- and NFAT-luciferase reporter transgenic mice was also described previously 2, 3.

Echocardiography and Blood Pressure Measurement

An ultrasound unit (ATL HDI 5000, SonoCT) with both a 15 MHz linear and a 7 -12

MHz sector transducer was used.  The animals were anesthetized for echocardiographic

examination using avertin (0.33 g/kg). Short axis M-mode analysis at the level of the

papillary muscle was used for measurement of the diastolic and systolic diameters of left

ventricle, as well as for the measurement of wall thickness.  Pulsed wave Doppler for

recording the flow pattern and velocity was performed at the levels of the left ventricula r

outflow tract, right ventricular outflow tract and the mitral valve tips for recording the

flow pattern and velocity.  The pressure gradient at the aortic banding site was measured

by continuous-wave Doppler emitted by the sector transducer.  All paramet ers were

measured 3 times and their averages were recorded. Tail-cuff systolic blood pressure was

measured in conscious mice using a Muromachi BP monitor, MK -2000 (Muromachi

Kikai Co. LTD, Japan). Mice were trained in the apparatus for 3 days before data were

collected.
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Real-time RT-PCR

Total RNA was extracted from lysates of left ventricle or cultured neonatal myocytes

using Trizol reagent (Invitrogen Corp) according to the manufacturer’s protocols.  To

assess mRNA transcript levels by real -time RT-PCR, the first-strand cDNA was first

synthesized using the high capacity reverse transcriptase kit (Applied Biosystems) .

TaqMan primers and probes for hypertrophy marker genes, including mouse atrium

natriuretic factor (ANF), brain natriuretic peptide (BNP), α -myosin heavy chain (α-MHC),

β-myosin heavy chain (β -MHC) and skeletal α-actin (α-SA) and control GAPDH, were

purchased from Applied Biosystems. Real-time PCR was performed using an ABI

prism 7900 sequence detection system. The fluorescent amplification curve of the

product was determined, and the cycle at which the fluorescence reached a threshold was

recorded (Ct) in triplicate and averaged. To control for variability in RNA quantity, the

measured abundances of hypertrophic marker genes were normalized to that of GAPDH

using the formula Δ C t = Ct (Detected Genes) - Ct (GAPDH).  The relative expression in banded

hearts (normalized to WT, sham hearts) was then determined using the following

relationship: gene expression = 2 -ΔΔCt, where ΔΔ C t = Δ Ct (banded) - Δ Ct (WT sham).

To detect Cav3.1, Cav3.2, and Cav3.3 mRNA from in vitro cultured neonatal

myocytes stimulated by Ang II or mock,  RT-PCR was performed and their expression

levels were further quantified by SYBR green PCR kit (Applied Biosystems) . The

following Cav3 genes primers were used : Cav3.1: forward: 5’-CGCTGAGTCTCTC

TGGTTTGTC-3’, and reverse: 5’-TGCTTACATGGGACTTTTCAGA-3’; Cav3.2:

forward: 5’-TGA ACCCAGAGTTTCCTCT -3’,and reverse: 5’-ACAACTTCTGGT

GGTGGT-3’; Cav3.3: forward: 5’-CATGAGAGCAACCAAGCA-3’, and reverse:5’-AC
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TCACAGTAGCCTGGCG-3’; and GAPDH: forward: 5’ -GGAGCCAAACGGGTCAT

CATCTC-3’, and reverse: 5’-GAGGGGCCATCCACAGTCTTCT-3’. The relative

expression levels of Cav3 genes were compared with those of GAPDH by the 2 -ΔΔCt

method (normalized to mock stimulations). For both hypertrophy marker and Cav3

genes, the cycling conditions included in a hot start at 95 °C for 10 min, followed by 40

cycles at 95°C for 15 seconds, and 60°C for 1 min.

Fibrosis and Morphometry of Adult Hearts and Newborn Mouse

Cardiomyocytes

Anesthetized mice were perfused with 20 ml 0.5% Lidocaine/ 1X PBS followed by

20ml 10% neutral buffered formalin through left ventricle of heart.  Hearts were

removed, fixed in 10% neutral formalin for 24 h at room temperature and embedded in

paraffin for further histological analysis. Five-micrometer thick cardiac sections were

cut and stained with trichrome and picro -sirius red (PSR) to detect interstitial fibrosis or

stained with hematoxylin and eosin (H&E) to measure myocyte cross -sectional diameter

(CSD). To visualize isolated neonatal cardiomyocytes,  myocytes were identified with

α-actinin antibody (Sigma-Aldrich) and nuclei were stained with

4’,6-diamidino-2-phenylindole (DAPI). Myocardial interstitial fibrosis was determined

by Meta Morph (version 7.1, Molecular Devices) and measurement of the muscle fiber

cross-sectional diameter and morphological analysis of the neonatal cardiomyocyte

surface were performed using ImagePro software (ImagePro Plus 5.1, Media

Cybernetics).

Chronic Drug Infusion Study

Drug delivery was achieved by implanting an osmot ic minipump (model 1002, Alzet,
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Durect; Cupertino, CA) subcutaneously under anesthesia by 1.5 % isoflurane

(Halocarbon, River Edge, NJ).  Ang II (1.3 mg/kg per day for 14 days) or saline (0.9 %

NaCl) was infused continuously.  For the hypertrophy preventio n study, pumps filled

with ethosuximide (0.1 mg/kg/day) or vehicle were set to deliver immediately after TAB

for 14 days.

Primary Culture of Newborn Mouse Cardiomyocytes

To isolate newborn cardiomyocyte, the ventricles from 1 - to 3-day-old WT and

Cav3.2-/- mice were digested by collagenase and trypsin (Worthington Biochemical Corp.).

To examine the hypertrophic effects of agonists on myocytes from WT and Cav3.2-/-

hearts, isolated cells were plated in dishes coated with collagen and polylysine

(Sigma-Aldrich) in DMEM medium containing newborn bovine serum (10 %), penicillin

(100 units/mL), streptomycin (100 g/mL) and B-D-arabinofuranoside cytosine (17

mol/L) for 2 days.  After overnight incubation in serum -free medium, myocytes were

treated with vehicle, or Ang II (100 mol/L) for 48 hours at 37°C.

Adult Myocyte Isolation and Electrophysiological Measurements

Adult sham or banded WT and Cav3.2-/- male mice were anesthetized with 3%

isoflurane. A heart was injected with cardioplegia solution via infe rior vena cava

containing (in mmole/L) 20 KCl, 166.5 glucose, 3.8 NaHCO 3, 20 HEPES and 0.11 mg/ml

heparin to stop heartbeat. It was quickly removed from the chest and retrogradely

perfused through aorta at constant flow 3 ml/min for 5 min at 37 °C with Ca 2+-free

Tyrode solution containing (in mmole/L) 120 NaCl, 5.4 KCl, 1.2 MgSO 4, 1.2 KH2PO4,

10 2,3-butanedione monoxime, 10 HEPES and 10 glucose, pH 7.4 adjusted by NaOH.

Then a heart was perfused by digestion solution containing collagenase type I (0.5 mg/ml,
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Sigma), protease (0.01 mg/m1, Sigma) and BSA (2.5 mg/ml) dissolved in Ca 2+-free

Tyrode solution for ~20 min. A flaccid heart was removed from cannula and left

ventricle was teased apart with forceps and passed through progressively smaller transfer

pipette. The isolated ventricular myocytes were stored in the KB solution containing (in

mmole/L) 30 K2HPO4, 5 creatine, 20 taurine, 20 glucose, 5 pyruvic acid, 85 K - glutamate,

5 MgCl2, 1 EGTA and 2 Na2ATP, pH 7.3 adjusted by KOH, before use at room

temperature.

Patch electrodes were pulled from capillar y glass tubing (ID 1.16 mm, Warner

Instruments) on a Sutter p-97 micropipette puller (Sutter Instruments) and used with

fire-polishing (Narishige MF-830). All pipettes have tip resistance 1~1.5 MΩ in a bath

solution containing (in mmole/L) 145 tetraethylammonium chloride (TEA -Cl), 5 CaCl2, 5

glucose, 10 HEPES, 1 MgCl 2, 5 CsCl and 1 4-aminopyridine and 0.01 tetrodotoxin

(pH7.3 by TEA-OH, 300 mOsm). The pipette-filling solution contains (in mmole/L)

130 CsCl, 5 MgCl2, 10 EGTA, 20 HEPES, 3 Mg2ATP and 0.3 Tris-GTP (pH 7.3 by

CsOH, 310 mOsm). Quiescent myocytes showing clear striation were used for the

electrical recording. Whole-cell recordings were started 5 min after seal disruption and

experiments were completed in 15 min. T- and L-type Ca2+ current were separated by

applying voltage steps in 10 mV increments, with a pulse interval of 5 s, to different test

potentials from a holding potential of -90 mV and -50 mV. T-type Ca2+ current is

defined as the difference between the currents from two holding potentials. The

currents were recorded at room temperature (20~22 °C) using an Axopatch 200B

amplifier (Axon Instruments, Forster city), filtered at 5 kHz and digitized at 25 kHz with

a Digidata 1322A data acquisition system and analyzed by pCLAMP 9.2 software.
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Luciferase Reporter Assays in HEK293 Cells and Mouse Hearts

HEK293 cells were grown in DMEM medium containing newborn bovine serum

(10 %), penicillin (100 units/mL) and streptomycin (100 g/mL). PGL 4.30 (Promega)

containing NFAT-luciferase reporter and pEGFP-C3 (Clontech) plasmids were transiently

co-transfected with plasmids harboring human CaV3.2 or control plasmids PCMV-3tag

(Strategen) into HEK293 cells using Lipofectamine 2000 (Invitrogen Corp). Cells were

trypsinized and replated equally into 24 -well plates 6 hours after transfection and grown

in culture overnight at 37°C. They were divided into groups and pre -treated with

vehicle or 1 μmole/L mibefradil for 24 hours, and were followed by treatment either with

10 mmole/L Ca2+ or 10 mmole/L Ca2+ plus mibefradil for 6 hours. Cells were harvested

and the luciferase activities were determined according to the manufacturer’s protocol

(Promega, Madison, WI) and normalized by EGFP intensity. Luciferase activities in left

ventricle lysates of WT or CaV3.2-/- NAFT-luciferase reporter mice were also meas ured

using Promega assay kits.

Immunoprecipitation

HEK293 cells were transfected with FLAG -tagged Cav3.1 and Cav3.2 or control

plasmid pCMV-3tag.  Two days later, cells were lysed  by cell lysis buffer containing 50

mmole/L Tris-HCL, 150 mmole/L NaCl, 1% NP-40, pH 7.4, supplemented with protease

inhibitor mixture, sonicated on ice briefly, and centrifuged at 16,100 ×g for 10 min at 4°C.

The supernatants were kept as cell lysates. Equal amount (5.5 mg) of cell lysates were

subjected to immunoprecipitation with an ti-FLAG M2 affinity gel (Sigma), followed by

an overnight incubation at 4°C.  After a five-times wash with wash buffer (50 mmole/L
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Tris-HCL, 500 mmole/L NaCl, 1% NP-40, pH 7.4), bound proteins eluted by sample

buffer (62.5 mmole/L Tris-HCl, 2% SDS, 10% glycerol, pH 6.8) were incubated for 5

min at room temperature. Five percent of 2-mercaptoethanol was added to elutes after

M2 beads were removed.  The rabbit monoclonal anti -calcineurin (Abcam), mouse

monoclonal anti-calcineurin (BD), goat polyclonal anti -GAPDH (Santa Cruz), and

HRP-conjugated anti-FLAG (Sigma) antibodies were used in western -blot analysis.

Statistical Analysis

Results are expressed as mean ± SEM. One way ANOVA repeated measurement

(Turkey Test) or Student’s t-test was used for comparison between basal data and  the data

with treatments at different time points within the same genotype . Kruskal-Wallis One

Way Analysis of Variance on Ranks (Dunn’s Method, ANOVA) was used for comparison

of the variants between groups with different genotype at the certain time poin t. A

probability value < 0.05 was considered statistically significant.
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Online Table I. Echocardiographic Analysis of Mice Subjected to Pressure Overload

basal TAB basal TAB basal TAB
(n=19) (n=22) (n=21) (n=22) (n=7) (n=7)

HR(bpm) 481±8 459±9 492±7 474±9 453±27 424±26
LVM(mg) 104±1 140±5# 95±2 107±4* 117±4 153±5#

BW(g) 26.16±0.32 25.62±0.33 22.66±0.22* 23.56±0.32* 26.96±6.71 27.76±0.90
LVPWd(mm) 0.87±0.02 0.98±0.02# 0.80±0.01 0.85±0.21* 0.74±0.03 0.93±0.03 #

LVIDd(mm) 3.47±0.03 3.60±0.05 3.45±0.03 3.52±0.06 4.11±0.12* 4.17±0.14*
LVPWs(mm) 1.26±0.02 1.42±0.03# 1.22±0.02 1.33±0.03 1.19±0.03 1.30±0.04
LVIDs(mm) 2.06±0.03 2.13±0.07 1.98±0.03 2.17±0.07 2.49±1.5* 2.71±0.14*
FS (%) 41.27±0.68 41.27±1.25 42.66±0.71 40.34±1.17 39.71±2.57 35.14±2.05
PG(m/s) 3.74±0.08 3.61±0.09 3.56±2.05
LV/BW(mg/g) 4.01±0.06 5.49±0.20# 4.24±0.09 4.57±0.15* 4.36±0.14 5.53±0.18 #

Cav3.1-/-

Heart functions of C57B6 wild type (WT) mice, Ca v3.2-/- (KO) mice and Cav3.1-/- (KO) before
(basal) and at week 2 after Throcic Aortic Bading operation( TAB). HR, heart rate; LV/BW, the
ratio of left ventricle to body weight; LVM, the mass of  left ventricle; BW, body weight; LVPWd,
left ventricular posterior wall at end diastole; LVIDd, left v entricular internal dimension at end
diastole;  LVPWs, left ventricular posterior wall at end systole; LVIDs, left ventricular internal
dimension at end systole;FS, fraction shortening; PG, Doppler flow pressure gradiant.  ( #:
compare basal to TAB groups; *: compare WT to KO mice.)

WT Cav3.2-/-
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Supplement Material

Materials and Methods

Animal Model of Cardiac Hypertrophy

Eight week-old adult male mice (C57BL/6,  CaV3.1-/-, CaV3.2-/- or NFAT-luciferase

reporter-transgenic) weighing 20-25g were subjected to pressure overload by transverse

aortic banding (TAB) according to the method described previously 1.  The generation of

CaV3.2-/- and NFAT-luciferase reporter transgenic mice was also described previously 2, 3.

Echocardiography and Blood Pressure Measurement

An ultrasound unit (ATL HDI 5000, SonoCT) with both a 15 MHz linear and a 7 -12

MHz sector transducer was used.  The animals were anesthetized for echocardiographic

examination using avertin (0.33 g/kg). Short axis M-mode analysis at the level of the

papillary muscle was used for measurement of the diastolic and systolic diameters of left

ventricle, as well as for the measurement of wall thickness.  Pulsed wave Doppler for

recording the flow pattern and velocity was performed at the levels of the left ventricula r

outflow tract, right ventricular outflow tract and the mitral valve tips for recording the

flow pattern and velocity.  The pressure gradient at the aortic banding site was measured

by continuous-wave Doppler emitted by the sector transducer.  All paramet ers were

measured 3 times and their averages were recorded. Tail-cuff systolic blood pressure was

measured in conscious mice using a Muromachi BP monitor, MK -2000 (Muromachi

Kikai Co. LTD, Japan). Mice were trained in the apparatus for 3 days before data were

collected.



2

Real-time RT-PCR

Total RNA was extracted from lysates of left ventricle or cultured neonatal myocytes

using Trizol reagent (Invitrogen Corp) according to the manufacturer’s protocols.  To

assess mRNA transcript levels by real -time RT-PCR, the first-strand cDNA was first

synthesized using the high capacity reverse transcriptase kit (Applied Biosystems) .

TaqMan primers and probes for hypertrophy marker genes, including mouse atrium

natriuretic factor (ANF), brain natriuretic peptide (BNP), α -myosin heavy chain (α-MHC),

β-myosin heavy chain (β -MHC) and skeletal α-actin (α-SA) and control GAPDH, were

purchased from Applied Biosystems. Real-time PCR was performed using an ABI

prism 7900 sequence detection system. The fluorescent amplification curve of the

product was determined, and the cycle at which the fluorescence reached a threshold was

recorded (Ct) in triplicate and averaged. To control for variability in RNA quantity, the

measured abundances of hypertrophic marker genes were normalized to that of GAPDH

using the formula Δ C t = Ct (Detected Genes) - Ct (GAPDH).  The relative expression in banded

hearts (normalized to WT, sham hearts) was then determined using the following

relationship: gene expression = 2 -ΔΔCt, where ΔΔ C t = Δ Ct (banded) - Δ Ct (WT sham).

To detect Cav3.1, Cav3.2, and Cav3.3 mRNA from in vitro cultured neonatal

myocytes stimulated by Ang II or mock,  RT-PCR was performed and their expression

levels were further quantified by SYBR green PCR kit (Applied Biosystems) . The

following Cav3 genes primers were used : Cav3.1: forward: 5’-CGCTGAGTCTCTC

TGGTTTGTC-3’, and reverse: 5’-TGCTTACATGGGACTTTTCAGA-3’; Cav3.2:

forward: 5’-TGA ACCCAGAGTTTCCTCT -3’,and reverse: 5’-ACAACTTCTGGT

GGTGGT-3’; Cav3.3: forward: 5’-CATGAGAGCAACCAAGCA-3’, and reverse:5’-AC
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TCACAGTAGCCTGGCG-3’; and GAPDH: forward: 5’ -GGAGCCAAACGGGTCAT

CATCTC-3’, and reverse: 5’-GAGGGGCCATCCACAGTCTTCT-3’. The relative

expression levels of Cav3 genes were compared with those of GAPDH by the 2 -ΔΔCt

method (normalized to mock stimulations). For both hypertrophy marker and Cav3

genes, the cycling conditions included in a hot start at 95 °C for 10 min, followed by 40

cycles at 95°C for 15 seconds, and 60°C for 1 min.

Fibrosis and Morphometry of Adult Hearts and Newborn Mouse

Cardiomyocytes

Anesthetized mice were perfused with 20 ml 0.5% Lidocaine/ 1X PBS followed by

20ml 10% neutral buffered formalin through left ventricle of heart.  Hearts were

removed, fixed in 10% neutral formalin for 24 h at room temperature and embedded in

paraffin for further histological analysis. Five-micrometer thick cardiac sections were

cut and stained with trichrome and picro -sirius red (PSR) to detect interstitial fibrosis or

stained with hematoxylin and eosin (H&E) to measure myocyte cross -sectional diameter

(CSD). To visualize isolated neonatal cardiomyocytes,  myocytes were identified with

α-actinin antibody (Sigma-Aldrich) and nuclei were stained with

4’,6-diamidino-2-phenylindole (DAPI). Myocardial interstitial fibrosis was determined

by Meta Morph (version 7.1, Molecular Devices) and measurement of the muscle fiber

cross-sectional diameter and morphological analysis of the neonatal cardiomyocyte

surface were performed using ImagePro software (ImagePro Plus 5.1, Media

Cybernetics).

Chronic Drug Infusion Study

Drug delivery was achieved by implanting an osmot ic minipump (model 1002, Alzet,
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Durect; Cupertino, CA) subcutaneously under anesthesia by 1.5 % isoflurane

(Halocarbon, River Edge, NJ).  Ang II (1.3 mg/kg per day for 14 days) or saline (0.9 %

NaCl) was infused continuously.  For the hypertrophy preventio n study, pumps filled

with ethosuximide (0.1 mg/kg/day) or vehicle were set to deliver immediately after TAB

for 14 days.

Primary Culture of Newborn Mouse Cardiomyocytes

To isolate newborn cardiomyocyte, the ventricles from 1 - to 3-day-old WT and

Cav3.2-/- mice were digested by collagenase and trypsin (Worthington Biochemical Corp.).

To examine the hypertrophic effects of agonists on myocytes from WT and Cav3.2-/-

hearts, isolated cells were plated in dishes coated with collagen and polylysine

(Sigma-Aldrich) in DMEM medium containing newborn bovine serum (10 %), penicillin

(100 units/mL), streptomycin (100 g/mL) and B-D-arabinofuranoside cytosine (17

mol/L) for 2 days.  After overnight incubation in serum -free medium, myocytes were

treated with vehicle, or Ang II (100 mol/L) for 48 hours at 37°C.

Adult Myocyte Isolation and Electrophysiological Measurements

Adult sham or banded WT and Cav3.2-/- male mice were anesthetized with 3%

isoflurane. A heart was injected with cardioplegia solution via infe rior vena cava

containing (in mmole/L) 20 KCl, 166.5 glucose, 3.8 NaHCO 3, 20 HEPES and 0.11 mg/ml

heparin to stop heartbeat. It was quickly removed from the chest and retrogradely

perfused through aorta at constant flow 3 ml/min for 5 min at 37 °C with Ca 2+-free

Tyrode solution containing (in mmole/L) 120 NaCl, 5.4 KCl, 1.2 MgSO 4, 1.2 KH2PO4,

10 2,3-butanedione monoxime, 10 HEPES and 10 glucose, pH 7.4 adjusted by NaOH.

Then a heart was perfused by digestion solution containing collagenase type I (0.5 mg/ml,
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Sigma), protease (0.01 mg/m1, Sigma) and BSA (2.5 mg/ml) dissolved in Ca 2+-free

Tyrode solution for ~20 min. A flaccid heart was removed from cannula and left

ventricle was teased apart with forceps and passed through progressively smaller transfer

pipette. The isolated ventricular myocytes were stored in the KB solution containing (in

mmole/L) 30 K2HPO4, 5 creatine, 20 taurine, 20 glucose, 5 pyruvic acid, 85 K - glutamate,

5 MgCl2, 1 EGTA and 2 Na2ATP, pH 7.3 adjusted by KOH, before use at room

temperature.

Patch electrodes were pulled from capillar y glass tubing (ID 1.16 mm, Warner

Instruments) on a Sutter p-97 micropipette puller (Sutter Instruments) and used with

fire-polishing (Narishige MF-830). All pipettes have tip resistance 1~1.5 MΩ in a bath

solution containing (in mmole/L) 145 tetraethylammonium chloride (TEA -Cl), 5 CaCl2, 5

glucose, 10 HEPES, 1 MgCl 2, 5 CsCl and 1 4-aminopyridine and 0.01 tetrodotoxin

(pH7.3 by TEA-OH, 300 mOsm). The pipette-filling solution contains (in mmole/L)

130 CsCl, 5 MgCl2, 10 EGTA, 20 HEPES, 3 Mg2ATP and 0.3 Tris-GTP (pH 7.3 by

CsOH, 310 mOsm). Quiescent myocytes showing clear striation were used for the

electrical recording. Whole-cell recordings were started 5 min after seal disruption and

experiments were completed in 15 min. T- and L-type Ca2+ current were separated by

applying voltage steps in 10 mV increments, with a pulse interval of 5 s, to different test

potentials from a holding potential of -90 mV and -50 mV. T-type Ca2+ current is

defined as the difference between the currents from two holding potentials. The

currents were recorded at room temperature (20~22 °C) using an Axopatch 200B

amplifier (Axon Instruments, Forster city), filtered at 5 kHz and digitized at 25 kHz with

a Digidata 1322A data acquisition system and analyzed by pCLAMP 9.2 software.
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Luciferase Reporter Assays in HEK293 Cells and Mouse Hearts

HEK293 cells were grown in DMEM medium containing newborn bovine serum

(10 %), penicillin (100 units/mL) and streptomycin (100 g/mL). PGL 4.30 (Promega)

containing NFAT-luciferase reporter and pEGFP-C3 (Clontech) plasmids were transiently

co-transfected with plasmids harboring human CaV3.2 or control plasmids PCMV-3tag

(Strategen) into HEK293 cells using Lipofectamine 2000 (Invitrogen Corp). Cells were

trypsinized and replated equally into 24 -well plates 6 hours after transfection and grown

in culture overnight at 37°C. They were divided into groups and pre -treated with

vehicle or 1 μmole/L mibefradil for 24 hours, and were followed by treatment either with

10 mmole/L Ca2+ or 10 mmole/L Ca2+ plus mibefradil for 6 hours. Cells were harvested

and the luciferase activities were determined according to the manufacturer’s protocol

(Promega, Madison, WI) and normalized by EGFP intensity. Luciferase activities in left

ventricle lysates of WT or CaV3.2-/- NAFT-luciferase reporter mice were also meas ured

using Promega assay kits.

Immunoprecipitation

HEK293 cells were transfected with FLAG -tagged Cav3.1 and Cav3.2 or control

plasmid pCMV-3tag.  Two days later, cells were lysed  by cell lysis buffer containing 50

mmole/L Tris-HCL, 150 mmole/L NaCl, 1% NP-40, pH 7.4, supplemented with protease

inhibitor mixture, sonicated on ice briefly, and centrifuged at 16,100 ×g for 10 min at 4°C.

The supernatants were kept as cell lysates. Equal amount (5.5 mg) of cell lysates were

subjected to immunoprecipitation with an ti-FLAG M2 affinity gel (Sigma), followed by

an overnight incubation at 4°C.  After a five-times wash with wash buffer (50 mmole/L
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Tris-HCL, 500 mmole/L NaCl, 1% NP-40, pH 7.4), bound proteins eluted by sample

buffer (62.5 mmole/L Tris-HCl, 2% SDS, 10% glycerol, pH 6.8) were incubated for 5

min at room temperature. Five percent of 2-mercaptoethanol was added to elutes after

M2 beads were removed.  The rabbit monoclonal anti -calcineurin (Abcam), mouse

monoclonal anti-calcineurin (BD), goat polyclonal anti -GAPDH (Santa Cruz), and

HRP-conjugated anti-FLAG (Sigma) antibodies were used in western -blot analysis.

Statistical Analysis

Results are expressed as mean ± SEM. One way ANOVA repeated measurement

(Turkey Test) or Student’s t-test was used for comparison between basal data and  the data

with treatments at different time points within the same genotype . Kruskal-Wallis One

Way Analysis of Variance on Ranks (Dunn’s Method, ANOVA) was used for comparison

of the variants between groups with different genotype at the certain time poin t. A

probability value < 0.05 was considered statistically significant.
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Online Table I. Echocardiographic Analysis of Mice Subjected to Pressure Overload

basal TAB basal TAB basal TAB
(n=19) (n=22) (n=21) (n=22) (n=7) (n=7)

HR(bpm) 481±8 459±9 492±7 474±9 453±27 424±26
LVM(mg) 104±1 140±5# 95±2 107±4* 117±4 153±5#

BW(g) 26.16±0.32 25.62±0.33 22.66±0.22* 23.56±0.32* 26.96±6.71 27.76±0.90
LVPWd(mm) 0.87±0.02 0.98±0.02# 0.80±0.01 0.85±0.21* 0.74±0.03 0.93±0.03 #

LVIDd(mm) 3.47±0.03 3.60±0.05 3.45±0.03 3.52±0.06 4.11±0.12* 4.17±0.14*
LVPWs(mm) 1.26±0.02 1.42±0.03# 1.22±0.02 1.33±0.03 1.19±0.03 1.30±0.04
LVIDs(mm) 2.06±0.03 2.13±0.07 1.98±0.03 2.17±0.07 2.49±1.5* 2.71±0.14*
FS (%) 41.27±0.68 41.27±1.25 42.66±0.71 40.34±1.17 39.71±2.57 35.14±2.05
PG(m/s) 3.74±0.08 3.61±0.09 3.56±2.05
LV/BW(mg/g) 4.01±0.06 5.49±0.20# 4.24±0.09 4.57±0.15* 4.36±0.14 5.53±0.18 #

Cav3.1-/-

Heart functions of C57B6 wild type (WT) mice, Ca v3.2-/- (KO) mice and Cav3.1-/- (KO) before
(basal) and at week 2 after Throcic Aortic Bading operation( TAB). HR, heart rate; LV/BW, the
ratio of left ventricle to body weight; LVM, the mass of  left ventricle; BW, body weight; LVPWd,
left ventricular posterior wall at end diastole; LVIDd, left v entricular internal dimension at end
diastole;  LVPWs, left ventricular posterior wall at end systole; LVIDs, left ventricular internal
dimension at end systole;FS, fraction shortening; PG, Doppler flow pressure gradiant.  ( #:
compare basal to TAB groups; *: compare WT to KO mice.)

WT Cav3.2-/-
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