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In noncontractile cells, increases in intracellular Ca2+ concentration serve as a second messenger to signal 
proliferation, differentiation, metabolism, motility, and cell death. Many of these Ca2+-dependent regulatory 
processes operate in cardiomyocytes, although it remains unclear how Ca2+ serves as a second messenger given 
the high Ca2+ concentrations that control contraction. T-type Ca2+ channels are reexpressed in adult ventricular 
myocytes during pathologic hypertrophy, although their physiologic function remains unknown. Here we 
generated cardiac-specific transgenic mice with inducible expression of α1G, which generates Cav3.1 current, 
to investigate whether this type of Ca2+ influx mechanism regulates the cardiac hypertrophic response. Unex-
pectedly, α1G transgenic mice showed no cardiac pathology despite large increases in Ca2+ influx, and they 
were even partially resistant to pressure overload–, isoproterenol-, and exercise-induced cardiac hypertrophy. 
Conversely, α1G–/– mice displayed enhanced hypertrophic responses following pressure overload or isopro-
terenol infusion. Enhanced hypertrophy and disease in α1G–/– mice was rescued with the α1G transgene, dem-
onstrating a myocyte-autonomous requirement of α1G for protection. Mechanistically, α1G interacted with 
NOS3, which augmented cGMP-dependent protein kinase type I activity in α1G transgenic hearts after pres-
sure overload. Further, the anti-hypertrophic effect of α1G overexpression was abrogated by a NOS3 inhibitor 
and by crossing the mice onto the Nos3–/– background. Thus, cardiac α1G reexpression and its associated pool 
of T-type Ca2+ antagonize cardiac hypertrophy through a NOS3-dependent signaling mechanism.

Introduction
Cardiac hypertrophy occurs in response to physiologic stimuli 
such as exercise and in response to pathophysiologic stimuli such 
as hypertension, ischemic heart disease, valvular insufficiency, 
infectious agents, or mutations in sarcomeric genes (1). Pathologic 
hypertrophy temporarily maintains output, although prolongation 
of the hypertrophic state can predispose to arrhythmia and sudden 
death, as well as dilated cardiomyopathy and heart failure (2, 3). 
Ca2+ is one potential second messenger hypothesized to initiate car-
diac hypertrophy, although it remains unclear how Ca2+ is sensed 
by reactive intracellular signaling pathways in the heart given the 
dynamic changes in total cytosolic Ca2+ that underlie excitation-
contraction coupling (ECC) (4). Specialized pools of Ca2+ that are 
location specific or buffered from cytosolic Ca2+ fluxing could 
account for the regulation of Ca2+-sensitive signaling proteins, 
such as calcineurin, protein kinase C, or Ca2+/calmodulin-activated 
protein kinase II (CaMKII). For example, CaMKII is activated in 
cardiomyocytes by a perinuclear Ca2+ pool due to inositol triphos-
phate receptor (InsP3R) activity (5). The voltage-gated L-type Ca2+ 
channel (LTCC), which underlies Ca2+-induced Ca2+ release and 
contraction, may also localize to specialized lipid raft–containing 
membrane domains that serve as signal transduction organizing 
centers (6). Increased Ca2+ influx due to overexpression of the α1C 
pore-forming subunit or the β2a accessory subunit of the LTCC in 

the hearts of transgenic mice induces profound disease, indicating 
that increased Ca2+ influx can mediate pathologic cardiac hyper-
trophy (7, 8). We also recently showed that plasma membrane Ca2+ 
ATPase (PMCA) overexpression in the hearts of transgenic mice, 
which presumably removes Ca2+ near the sarcolemma, antagonized 
cardiac hypertrophy and calcineurin activation (9).

Fetal and early neonatal myocytes express T-type Ca2+ channels 
(TTCCs), although this expression is lost with maturation of the 
myocardium, so that the adult heart only shows TTCC current in 
myocytes of the conducting system (10). TTCCs have a relatively 
low conductance and operate at more negative potentials, and they 
are not thought to meaningfully participate in ECC in the heart 
when reexpressed (10). TTCC current results from the function of 
3 distinct α subunits encoded by 3 separate genes, α1G (Cav3.1), 
α1H (Cav3.2), and α1I (Cav3.3) (10). TTCC currents are dramatical-
ly upregulated in ventricular myocytes from hypertrophied adult 
cat hearts, suggesting that TTCC genes are part of the fetal gene 
program that reemerges during adult pathology (11). Reexpression 
of T-type current has also been reported in pressure-overloaded 
rat and mouse hearts, in many different models of heart failure, 
and after myocardial infarction injury (12–16). More recently, 
reinduction of T-type current in the failing rat heart was shown 
to be dependent on endothelin-1 signaling (17). Reexpression of  
T-type current in the diseased myocardium conducts additional 
Ca2+ influx during the action potential, although the function of 
this Ca2+ influx remains unknown. One recent hypothesis is that 
TTCC current reexpression may have a signaling function in the 
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heart to control the cardiac hypertrophic response (16). Indeed, 
mice lacking α1H showed reduced cardiac hypertrophy after pres-
sure overload stimulation, presumably due to the fact that there 
was less Ca2+ influx in a calcineurin-containing membrane signal-
ing microdomain (16). In cell types other than cardiomyocytes, 
TTCC-dependent Ca2+ can also signal cellular proliferation (18).

Here we show that overexpression of α1G in the heart has a 
very prominent effect on the hypertrophic response, consistent 
with the hypothesis that this channel regulates signaling within 
defined microdomains or through association with specific Ca2+-
activated signaling proteins. However, we paradoxically observed 
that increased TTCC current through α1G served an anti-hyper-
trophic and protective function in the heart, despite increasing 
Ca2+ influx. Consistent with this result, deletion of the α1G gene in 
mice rendered the heart more susceptible to cardiac hypertrophy 
and pathological remodeling. We show that part of the mechanism 
whereby α1G protects the heart is through regulation of NOS3, a 
Ca2+-activated signaling effector that is known to alter the cardiac 
hypertrophic response (19).

Results
Generation of α1G-overexpressing transgenic mice. Here we generated 
inducible, cardiac-specific transgenic mice expressing α1G to 
determine the function of T-current reexpression during patho-
logic stimulation. Heart-specific and inducible expression was 
achieved with a binary α–myosin heavy chain (α-MHC) promoter– 
based transgene strategy (20). The responder transgene permit-
ted expression of α1G in the heart only in the presence of the 
driver transgene encoding the tetracycline transactivator (tTA) 
protein in the absence of tetracycline/doxycycline (tetracycline/
Dox) (Figure 1, A and B). Two responder lines were extensively 
analyzed, and both showed abundant protein overexpression in 
the heart with the tTA transgene (double transgenic [DTG]; Fig-
ure 1A). Administration of Dox completely eliminated expres-
sion of α1G protein in DTG mice (Figure 1B). Overexpression 
of α1G in the heart did not affect expression of the LTCC α1C 
or β2a subunits, nor were sarco/endoplasmic reticulum Ca2+-
ATPase (SERCA2), phospholamban (PLN), Na+/Ca2+ exchanger 1  
(NCX1), or ryanodine receptor 2 (RyR2) altered (Figure 1A). 

Figure 1
Generation of inducible transgenic mice with increased TTCC current. (A) Western blot analysis of α1G subunit protein in 2 independent DTG 
lines (9.3 and 9.4) without Dox (induced state). Levels of α1C, β2a, SERCA2, PLN, NCX1, and RyR2 were unchanged. (B) Western blot show-
ing inducible expression of α1G protein in line 9.4 DTG mice without Dox and its extinguishment by 3 weeks of Dox administration. (C and D) 
Current-voltage relationships measured with a holding potential (HP) of –50 mV and –100 mV in tTA (27 cells from 5 hearts) and DTG (30 cells 
from 5 hearts) adult ventricular cardiomyocytes (line 9.4). The blue triangles represent the subtracted difference as T-current. (E) Amplitude of 
Ca2+ transients from tTA (control) and DTG (line 9.4) cardiomyocytes. (F) SR Ca2+ content assessed by amplitude of Ca2+ with caffeine stimula-
tion. (G) Assessment of adult myocyte fractional shortening (FS) after isolation from tTA and DTG (line 9.4) hearts. (H) Fractional shortening of 
whole hearts from tTA and DTG (both lines) mice by echocardiography. (I) Invasive hemodynamic measurement in tTA and DTG line 9.3 mice. 
(J) RT-PCR for α1G, α1H, and L7 (control) from hearts of mice that were WT, transgenic for the activated calcineurin mutant protein (CnA), or 
subjected to pressure overload by TAC. Increasing numbers of PCR cycles are designated by the triangles in J. The number in each bar indicates 
the number of measured cardiomyocytes or mice. *P < 0.05 vs. tTA control.
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However, LTCC current was reduced by approximately 15% in 
DTG myocytes (Figure 1, C and D).

We previously demonstrated that ventricular myocytes from 
α1G-overexpressing DTG mice exhibit robust T-currents (21). In 
separate patch-clamp experiments we show that myocytes from 
DTG mice have dramatic reexpression of TTCC current, compared 
with no current from tTA control mice (Figure 1, C and D). This 
dramatic induction in TTCC current affected contractile Ca2+ 
pools, since the amplitude of the Ca2+ transient was increased, as 
was sarcoplasmic reticulum (SR) Ca2+ load and fractional shorten-
ing of individual DTG myocytes in isolation (Figure 1, E–G). The 
augmentation in Ca2+ also enhanced ventricular performance and 
contractility in DTG mice as measured by echocardiography and 
a pressure-transducing catheter (Figure 1, H and I). Despite this 
enhancement in Ca2+ influx and contractility in hearts of DTG 
mice, pathology was not observed. Heart weight normalized to 
body weight was not increased at 3 or 8 months of age, nor was 
there induction of fibrosis in the heart or induction of the fetal 
gene program (Supplemental Figure 1, A–D; supplemental mate-
rial available online with this article; doi:10.1172/JCI39724DS1). 
These results indicate that α1G overexpression in the heart 
enhances Ca2+ cycling and contractility without inducing pathol-
ogy or a stress response.

Overexpression of α1G, as apposed to α1H, appears to model 
changes in gene expression that occur in the mouse heart during 
hypertrophy. More specifically, RT-PCR analysis of α1G and α1H 
mRNA levels in hearts of hypertrophic calcineurin-transgenic mice 
and WT mice subjected to pressure overload stimulation by trans-
verse aortic constriction (TAC) showed substantial upregulation 
of α1G but only very mild upregulation of α1H compared with 
nonhypertrophic WT hearts (Figure 1J). These results suggest that 
α1G may play a greater role in affecting cardiac pathophysiology 
compared with α1H.

α1G-overexpressing DTG mice are protected from cardiac hypertrophy.  
Since increased Ca2+ influx is typically associated with cardiac 
hypertrophy (4), we initially hypothesized that pressure overload 
stimulation of α1G DTG mice would uncover an increased propen-
sity toward hypertrophy or cardiomyopathy. However, α1G DTG 
mice without Dox (induced) showed significantly and surprisingly 
less cardiac hypertrophy after 2 weeks of TAC compared with tTA 
single-transgenic controls or DTG mice on Dox (uninduced) (Fig-
ure 2, A and B). All groups of mice subjected to TAC showed the 
same relative pressure gradients across the aortic constrictions 
(Figure 2, C and D). Assessment of myocyte cross-sectional sur-
face areas also showed significantly less cellular hypertrophy in 
α1G DTG mice without Dox (induced) compared with single tTA 

Figure 2
Targeted overexpression of α1G antagonizes cardiac hypertrophy after stress stimulation. (A) Heart weight (HW) normalized to tibia length (TL) 
for tTA and DTG (line 9.4) mice 2 weeks after sham surgery or TAC without Dox (transgene induced). (B) HW/TL for tTA and DTG (line 9.4) mice 
2 weeks after sham surgery or TAC with Dox (transgene inhibited). (C and D) Systolic pressure gradient (PG) across the aortic constriction in 
mice without Dox (induced) (C) or with Dox (inhibited) (D). (E and F) Histological analysis of myocyte cross-sectional areas from ventricles (of 
the indicated groups of mice 2 weeks after TAC without Dox (induced) (E) or with Dox (inhibited) (F). (G) HW normalized to BW for tTA and DTG 
(line 9.4) mice 8 weeks after TAC without Dox (induced). (H) Systolic pressure gradient across the aortic constriction from the mice in G. (I) Frac-
tional shortening assessment by echocardiography from the mice in G. (J) HW/BW in the indicated groups of mice after 2 weeks of isoproterenol 
infusion or PBS (veh.) without Dox (induced). (K) HW/BW after 3 weeks of swimming in the indicated groups of mice without Dox (induced). 
rest, resting. The number of mice analyzed in each group is shown within the bars. *P < 0.05 versus sham/veh./rest in the same mouse group;  
#P < 0.05 versus tTA subjected to TAC/isoproterenol/swimming.
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transgenic controls or DTG mice with Dox (uninduced) (Figure 2, 
E and F). The same significant reduction in cardiac hypertrophy 
was observed in α1G DTG mice subjected to TAC stimulation for  
8 weeks, which also had equal pressure gradients measured at  
1 week after TAC (Figure 2, G and H). Interestingly, after 8 weeks 
of TAC, single tTA transgenic mice began to show signs of failure, 
such as a significant reduction in fractional shortening, which was 
not observed in α1G DTG mice (Figure 2I). Finally, we also extend-
ed these observations by employing 2 other models of hypertrophy:  
2 weeks of isoproterenol infusion with Alzet minipumps or 3 weeks 
of forced swimming. Remarkably, α1G DTG mice (no Dox) showed 
less cardiac hypertrophy to isoproterenol infusion and swimming 
exercise compared with tTA single-transgenic mice (Figure 2, J and 
K). Collectively, these results indicate that increased TTCC current 
associated with α1G overexpression antagonizes pathologic and 
physiologic cardiac hypertrophic responses.

That α1G overexpression is cardioprotective was completely 
unexpected given our previous observations with inducible β2a-
overexpressing transgenic mice, which exhibit hypertrophic car-
diomyopathy due to increased LTCC current and associated Ca2+ 
influx (8). Here we extended these data by conducting a set of 
experiments in which the β2a inducible transgene was activated 
for the first time in young adulthood by removal of Dox at wean-
ing (Supplemental Figure 2A). Compared with β2a DTG mice that 
always expressed the transgene (fetal and neonatal expression), 

adult induction of β2a showed 
no signs of cardiac hypertrophy, 
reductions in functional perfor-
mance, or fibrosis (Supplemental 
Figure 2, B–F). However, adult 
induction of β2a expression 
in the heart promoted greater 
hypertrophy, greater increases in 
cellular surface areas, loss of ven-
tricular performance, and pul-
monary edema after TAC stimu-
lation (Supplemental Figure 3, 
A–E). Thus, increased Ca2+ influx 
through the LTCC enhances 
hypertrophy and is pathologic 
to the heart, in dramatic con-
trast to the effect observed with 
increased TTCC current, sug-
gesting that these two pools of 
Ca2+ are functionally distinct. We 
also crossed α1G and β2a trans-
genic lines together, predicting 
that enhanced TTCC current 
might protect against the nega-
tive effects of augmented LTCC 
current. However, we observed no 
reduction in heart disease, sug-
gesting that β2a-enhanced LTCC 
Ca2+ influx is pathologic to the 
heart through a unique signaling 
domain that is not affected by 
TTCC (data not shown).

α1G–/– mice are more susceptible 
to cardiac hypertrophy and pathol-
ogy. α1G–/– mice were previously 

reported to display mild bradycardia and slowing of atrioventric-
ular conduction, but no other cardiac pathology (22). Extensive 
baseline analysis of α1G–/– mice in our hands revealed no altera-
tions in heart size, geometry, ventricular function, or defects in 
cellular architecture or fibrotic content at 10 weeks of age (Figure 
3, A–C). Consistent with the reduction in hypertrophy observed 
after TAC in α1G DTG mice, α1G–/– mice showed the antitheti-
cal response of greater cardiac hypertrophy after 2 weeks of TAC 
stimulation, with equal pressure gradients across the constrictions 
(Figure 3, D and E). Histological analysis of hearts showed greater 
increases in cell-surface areas after TAC in hearts of α1G–/– mice 
compared with controls (Figure 3F). α1G–/– mice also developed 
pulmonary edema, decreased ventricular performance, and a sub-
stantial fibrotic response after TAC compared with WT controls 
(Figure 3, G–I). Pressure overload in the mouse heart is known to 
induce TTCC current in ventricular myocytes (16), and our data 
suggest that this effect through α1G antagonizes the hypertrophic 
response and is normally cardioprotective.

In addition being subjected to pressure overload stimulation, 
α1G–/– mice were stimulated to undergo hypertrophy by isopro-
terenol infusion and swimming exercise. Consistent with the TAC 
experiments, isoproterenol infusion over 2 weeks induced greater 
pathologic hypertrophy in α1G–/– mice, greater ventricular fibrosis, 
and a significant reduction in ventricular performance compared 
with WT, strain-matched controls (Figure 4, A–D). However, exer-

Figure 3
α1G deletion exacerbates cardiac hypertrophy 2 weeks after pressure overload. (A) HW/BW ratio of α1G–/–  
or α1G+/+ (WT) mice at 10 weeks of age. (B) Fractional shortening assessment by echocardiography for 
α1G–/– or WT mice at 10 weeks of age. (C) Histological assessment (original magnification, ×100) of cel-
lular pathology of α1G–/– or WT mice by Masson’s trichrome staining at 10 weeks of age. (D) HW/BW ratio 
of α1G–/– or WT mice 2 weeks after sham surgery or TAC. (E) Systolic pressure gradient across the aortic 
constriction assessed by Doppler echocardiography in mice from D. (F) Histological analysis of myocyte 
cross-sectional areas from ventricles of mice in D. (G) Lung weight (LW) normalized to BW of mice in D. 
(H) Fractional shortening assessed by echocardiography for mice in D. (I) Quantitation of fibrotic area 
(blue) from Masson’s trichrome–stained cardiac histological sections for mice in D. The number of mice 
analyzed in each group is shown within the bars. *P < 0.05 versus sham; #P < 0.05 versus WT TAC.
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cise-induced hypertrophy was not exacerbated by the loss of α1G, 
suggesting specificity for the pathologic hypertrophic response 
(Figure 4E). Indeed, physiologic hypertrophy (exercise) does not 
reactivate the fetal gene program and would not be predicted to 
induce TTCC current, so its loss from the heart during exercise 
is inconsequential. However, overexpression of α1G might still 
antagonize physiologic hypertrophy by inhibiting an upstream 
nodal signaling pathway (see below). In summary, the data sug-
gest that TTCC current is protective to the myocardium during 
pathologic insults, when the current is normally reexpressed.

α1G regulates the hypertrophic response in a myocyte-autonomous man-
ner. That α1G–/– mice developed greater cardiac hypertrophy fol-
lowing TAC or isoproterenol infusion could be due to loss of this 
protein in the vasculature or other non-myocytes. To address this 
concern, we crossed the α1G transgene (with tTA) into the α1G–/– 
background and performed TAC stimulation. The greater increase 
in cardiac hypertrophy due to total somatic deletion of α1G was 

rescued by the myocyte-specific α1G transgene (Figure 5, A and B). 
Indeed, the α1G–/– mice with the α1G transgene responded very 
similarly to α1G DTG mice, indicting that the pro-hypertrophic 
affect associated with α1G deletion was due to a myocyte-autono-
mous signaling mechanism. Importantly, deletion of α1G did not 
alter the expression of α1G protein driven by the transgene (Figure 
5C). Also, the decrease in cardiac function observed in α1G–/– mice 
after TAC was rescued by α1G overexpression (Figure 5D).

α1G interacts with NOS3 as an anti-hypertrophic signaling mechanism. 
We have shown that α1G predominantly localizes outside the  
T-tubular network, while LTCCs reside both in the T-tubules and 
outer sarcolemma to regulate ECC (21). Thus, we hypothesized 
that α1G reexpression in the heart provides local Ca2+ at the level 
of the sarcolemma in defined signaling domains to activate one 
or more anti-hypertrophic effectors. The most obvious anti-hyper-
trophic signaling pathway that is Ca2+ activated involves NOS3 at 
the sarcolemma (caveolae) where it generates local NO to induce 
soluble guanylyl cyclase and cGMP production, which has an anti-

Figure 4
α1G deletion exacerbates cardiac pathology after isoproterenol infu-
sion. (A) HW/BW in α1G–/– or α1G+/+ (WT) mice infused with isopro-
terenol (iso.) at 60 mg/kg/d or PBS for 14 days. (B) Fractional short-
ening (FS) assessment by echocardiography from mice as in A. 
(C) Representative histological assessment (original magnification, 
×100) of pathology from mice as in A. (D) Quantitation of fibrotic area 
(blue) from Masson’s trichrome–stained cardiac histological sections 
obtained from mice as in A. (E) HW/BW after 3 weeks of swimming 
exercise in the indicated groups of mice. The number of mice analyzed 
in each group is shown within the bars. *P < 0.05 versus WT veh./rest; 
#P < 0.05 versus WT iso.

Figure 5
Restoration of α1G in cardiomyocytes suppresses the pathologic phe-
notype of α1G–/– mice. (A) HW/BW of α1G DTG (line 9.4) or control 
(WT and tTA) mice in the α1G–/– or α1G+/+ background 2 weeks after 
a sham or TAC procedure. (B) Histological analysis of myocyte cross-
sectional areas from ventricles of α1G DTG (line 9.4) or control (Con.; 
WT and tTA) mice in the α1G–/– background 2 weeks after TAC. (C) 
Western blot analysis of α1G protein expression from α1G DTG (line 
9.4) mice in the α1G–/– or α1G+/+ backgrounds at 3 months of age. 
α-Tub, α-tubulin. (D) Fractional shortening assessment by echocar-
diography from mice as in A. The number of mice analyzed in each 
group is shown within the bars. *P < 0.05 versus sham; #P < 0.05 
versus control TAC in the α1G+/+ background; †P < 0.05 versus control 
TAC in the α1G+/+ background; ¶P < 0.05 versus control TAC in the 
α1G–/– background.
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hypertrophic effect through cGMP-dependent protein kinase type I  
(PKGI) (23, 24). NOS3 protein was identified in the heart and puri-
fied adult myocytes from tTA and α1G DTG mice, although we 
detected no differences in total protein levels or serine 1,177 phos-
phorylation (Figure 6A and data not shown). However, NOS3 can 
be activated independent of phosphorylation through a direct 
effect of Ca2+. Indeed, we observed that immunoprecipitation of 
α1G (HA-tagged) from overexpressing cells pulled down NOS3, 
consistent with a known localization of each protein to caveola-
containing membrane domains (10, 25) (Figure 6B). Of note, α1H 
specifically immunoprecipitated with NOS3 as well from cells 
overexpressing each protein (data not shown). NOS3 was also spe-
cifically immunoprecipitated from α1G DTG hearts after TAC 
stimulation, but not from tTA control hearts (Figure 6C). This 
interaction between α1G and NOS3 is likely direct, since bacteria-
generated glutathione S-transferase–α1G (GST-α1G) fusion pro-
tein, but not GST alone, pulled down NOS3 generated in a cell-free 
transcription-translation reaction (Figure 6D). In fact, using dele-
tion fragments of α1G, we identified specific interactions in both 
the N (amino acids 1–79) and C termini (amino acids 1,861–2,290) 
of α1G for NOS3 binding (data not shown). Downstream of NOS3, 
which is presumably activated by TTCC current, we observed sig-
nificantly greater activation of PKGI in α1G DTG hearts after TAC 
stimulation (Figure 6E). We also observed a trend toward greater 
cGMP levels and citrulline formation in α1G hearts from mice sub-
jected to TAC stimulation, suggesting that the entire putative anti-
hypertrophic pathway was augmented (data not shown).

To further evaluate the potential involvement of NOS3 as 
a recipient of α1G-dependent Ca2+ within a select signaling 
microdomain (hence difficult to detect), we employed l-N5-(1-
iminoethyl)ornithine hydrochloride (L-NIO), a selective NOS3 
inhibitor, as well as Nos3–/– mice. We treated tTA control and α1G 
DTG mice with L-NIO at 40 mg/kg/d for 2 weeks during TAC 
stimulation. Remarkably, L-NIO treatment reversed the anti-
hypertrophic effect associated with α1G overexpression, so that 
hearts from DTG mice hypertrophied to the same extent as tTA 
controls (Figure 6, F and H). Importantly, there were no differ-
ences in the pressure gradient across the aortic constriction (Fig-
ure 6G), nor did L-NIO alter the TTCC current associated with the 
α1G transgene in adult myocytes (data not shown). These results 
indicate that L-NIO treatment specifically reversed the effect of 
increased TTCC expression on the hypertrophic response, suggest-
ing that NOS3 may be a critical downstream anti-hypertrophic 
effector of this Ca2+ signal.

Given concerns over drug specificity, α1G DTG mice were also 
crossed into the Nos3–/– background, which did not alter expres-
sion of α1G protein regulated by the double transgenes (Figure 
7A). However, consistent with the effects of L-NIO treatment, loss 
of Nos3 reversed the anti-hypertrophic effect of α1G overexpres-
sion, such that DTG mice now developed as much hypertrophy at 
the cellular and whole-organ level as controls (Figure 7, B and D). 
Once again, pressure gradients across the aortic constriction were 
not different (Figure 7C). Mechanistically, increased TTCC current 
resulted in a 15% downregulation in LTCC current in adult myo-
cytes (Figure 1, C and D), and since increased LTCC current can 
enhance cardiac hypertrophy following pressure overload stimu-
lation, the results suggested another means whereby α1G overex-
pression might be anti-hypertrophic. However, loss of Nos3 (null 
mice) did not restore the loss of LTCC current in α1G DTG myo-
cytes, even though the greater hypertrophy profile after TAC was 
restored (Figure 7E). Similarly L-NIO treatment did not increase 
LTCC current to WT values in α1G DTG myocytes at baseline, 
despite reversing the inhibition of hypertrophy, again suggesting 
that the anti-hypertrophic mechanism of α1G is not largely due to 
downregulation of LTCC (Figure 7F). The simplest explanation for 
these results is that α1G provides local Ca2+ to a regional pool of 
NOS3 that signals through known pathway constituents in reduc-

Figure 6
NOS3 is involved downstream of α1G. (A) Western blot analysis for 
NOS3 expression from isolated adult cardiomyocytes or whole hearts 
of tTA or DTG (line 9.4) mice. A Nos3–/– heart sample is shown as a 
negative control. (B) Western blot for NOS3 after immunoprecipitation 
for HA-tagged α1G and associated NOS3 after transient transfection 
into HEK293 cells. “None” indicates input from HEK cells transfected 
with an HA-encoding empty vector. (C) Immunoprecipitation from tTA 
or DTG hearts that were subjected to pressure overload. α1G antibody 
was used for the immunoprecipitation, followed by Western blotting for 
α1G and NOS3 protein. (D) Autoradiogram of [35S]NOS3 protein asso-
ciation with α1G using bacteria-generated GST or GST-α1G fusion 
protein. (E) PKGI activity assay from tTA and DTG hearts after pres-
sure overload. Rel., relative. *P < 0.05 versus tTA. (F) HW/BW ratio of 
α1G DTG (line 9.4) and control (tTA and WT) mice 2 weeks after sham 
surgery or TAC with administration of L-NIO. (G) Systolic pressure gra-
dient across the aortic constriction from mice as in F. (H) Histological 
analysis of myocyte cross-sectional areas from ventricles of mice in F. 
The number of mice analyzed in each group is shown within the bars. 
*P < 0.05 versus sham control.
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ing the hypertrophic response. However, one area of caution is that 
L-NIO and deletion of Nos3–/– could have secondarily impacted the 
hypertrophic response, such as through an increase in blood pres-
sure or local vasoconstriction, events that could have complicated 
the interpretation of our rescue results.

Discussion
Cardiomyocyte contraction is regulated by a highly specialized sys-
tem of Ca2+ channels, pumps, and exchangers (26). The contractile 
cycle begins by depolarization of the sarcolemma and activation 
of the voltage-dependent LTCCs that reside in a specialized con-
tractile domain adjacent to ryanodine receptors embedded within 
the SR. LTCCs may also reside outside the RyR2-containing junc-
tional complex region, such as within caveolae whereby Ca2+ influx 
could control reactive signaling effectors (6). We have previously 
shown that LTCC β2a subunit overexpression in transgenic mice, 
which produced large increases in Ca2+ influx, could signal patho-
logic hypertrophic remodeling, similar to what was observed with 
α1C subunit overexpression of the LTCC, or the combination 
of α1C with β2a (7, 8, 27). These results suggest that increased 
Ca2+ influx by LTCCs was pathologic, consistent with our results 
here showing exacerbated hypertrophy following TAC stimula-
tion or isoproterenol infusion in β2a DTG mice (Supplemental 
Figure 3). Similarly, increased Ca2+ influx in myocytes through 
transient receptor potential canonical (TRPC) channels, which 
mediate store-, receptor-, and stretch-operated Ca2+ entry (28–31), 
can induce pathologic hypertrophy through a calcineurin-depen-
dent pathway (32–34). Similarly, we have shown that overexpres-
sion of PMCA4b, which presumably removes Ca2+ from defined 
sarcolemmal microdomains involved in signaling to calcineurin, 
could reduce the cardiac hypertrophic response (9). Thus, a case 

can be made that any increase in Ca2+ influx, whether contractile 
or microdomain associated, can induce or exacerbate the cardiac 
hypertrophic response through known Ca2+-sensitive signaling 
effectors such as calcineurin.

Most unexpectedly, we observed that increased Ca2+ influx asso-
ciated with α1G overexpression did not induce a hypertrophic 
response or pathology or even sensitize to greater hypertrophy 
with stimulation. In contrast, α1G overexpression was protective 
and antagonized the hypertrophic response and the transition to 
heart failure. We have previously shown that these α1G-overex-
pressing transgenic mice have greater Ca2+ influx during the con-
tractile cycle using 3 different techniques (21). Here we report that 
α1G transgenic mice also showed greater Ca2+ transients and SR 
Ca2+ load and enhanced cardiac contractile performance. These 
latter observations were somewhat unexpected, as it is generally 
accepted that physiologic reexpression of TTCCs in the heart does 
not affect ECC (10, 21). However, we believe that the mild increase 
in contractility in α1G-overexpressing mice is most likely due to 
the relatively high levels of overexpression that were achieved, 
leading to Ca2+ “spillover” outside the presumed signaling micro-
domain, loading the SR with more Ca2+. TTCCs are expressed in 
ventricular myocytes during fetal and early neonatal development, 
when they likely contribute to contractility, especially since the 
T-tubular network has yet to be fully established (10, 35). Thus, 
TTCCs can affect contractility in immature myocytes, although in 
the adult ventricular myocyte the small increase in current that is 
typically observed upon disease-induced reexpression is unlikely to 
regulate contractile function and may be more dedicated to signal-
ing. Indeed, in vascular smooth muscle cells, TTCC current plays 
a prominent role in selectively regulating proliferation, as in many 
other non-muscle cell types (18, 36, 37).

Figure 7
NOS3 ablation abolishes the anti-hypertrophic effect caused by α1G 
overexpression. (A) Western blot analysis of α1G, α-tubulin (control), 
and NOS3 from α1G DTG (line 9.4) mice in the Nos3–/– or Nos3+/+ 
backgrounds at 3 months of age. (B) HW/BW in α1G DTG (line 9.4) 
and control (tTA and WT) mice in the Nos3–/– background 2 weeks after 
a sham or TAC procedure. (C) Systolic pressure gradient across the 
aortic constriction in mice from B. (D) Histological analysis of myocyte 
cross-sectional areas from ventricles of mice in B. The number of mice 
analyzed in each group is shown within the bars. *P < 0.05 versus 
sham control. (E) Peak L-type Ca2+ current of adult myocytes isolated 
from hearts of the indicated groups of mice. Values were collected at a 
holding potential of –40 mV and test potentials of +20 mV. Numbers in 
the bars represent the numbers of myocytes analyzed. *P < 0.05 ver-
sus WT. (F) Peak L-type Ca2+ current of adult myocytes isolated from 
hearts of the indicated groups of mice treated with or with out L-NIO. 
Numbers in the bars represent the numbers of myocytes analyzed.  
*P < 0.05 versus WT.
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We observed that increased Ca2+ influx associated with α1G 
overexpression antagonized the hypertrophic response, while 
α1G–/– mice showed more hypertrophy and disease after stimula-
tion. These results are seemingly in contrast to recently published 
data in α1H–/– mice (16). α1H–/– mice subjected to TAC stimula-
tion showed less cardiac hypertrophy than controls, while α1G–/– 
mice showed a hypertrophic response that was statistically similar 
to that of WT controls (16). On the surface, the results of Chiang 
et al. suggest that TTCC reexpression is pathologic and that it 
contributes to hypertrophy by adding more Ca2+ from α1H chan-
nels. While we cannot explain why Chiang et al. did not observe 
more hypertrophy in α1G–/– mice, as we observed, the reduction 
in hypertrophy seen in α1H–/– mice could be explained by func-
tional differences between α1G and α1H. For example, although 
all 3 TTCCs (α1G, α1H, α1I) generate current characteristics that 
are relatively similar, each has unique structural and kinetic fea-
tures that suggest some specialization in function (10). CaMKII 
increases T-type current from α1H but not α1G (38). α1H may 
be partially regulated by Ca2+ (although not as much as Ca2+ regu-
lates LTCCs), while α1G and α1I are insensitive to Ca2+ feedback 
(39). α1H, but not α1G, is inhibited by the Gβγ subunit following  
G protein activation, suggesting a unique link to membrane recep-
tor signals in the regulation of T-type current (40). Lysophospha-
tidylcholine also specifically augments α1H, but not α1G, Ca2+ 
current (41). Given these observations, it is possible that α1G 
participates in a Ca2+ signaling microdomain that is anti-hyper-
trophic, while α1H is pro-hypertrophic through a different signal-
ing microdomain. It is also plausible that α1G and α1H activate 
unique signaling factors in the same microdomain through direct 
protein-protein interactions that are specific to each channel. 
However, it is unlikely that NOS3 signaling explains these results, 
since α1H also interacted with NOS3 in our immunoprecipitation 
experiments, suggesting that it is part of the same signaling micro-
domain with α1G (data not shown).

Our data suggest a working model for a novel signaling circuit 
in which reexpressed α1G during pathologic cardiac hypertrophy 
binds to NOS3 to provide a local Ca2+ signal that induces NOS3 
activation and a subsequent anti-hypertrophic effect through local 
cGMP and PKGI signaling in defined microdomains. By compari-
son, the atrial natriuretic factor/B-type natriuretic peptide (ANF/
BNP) receptor generates cGMP that can also antagonize cardiac 
hypertrophy and provide protection to the heart (42). Increasing 
total cardiac cGMP levels with sildenafil also antagonizes the car-
diac hypertrophic response to pressure overload stimulation (43). 
Interestingly, TTCCs were shown to regulate NO-cGMP–induced 
smooth muscle relaxation and contraction responsible for penile 
erection control (44). In its coupled state of activation, NOS3 
signaling has been shown to be protective and anti-hypertrophic 
(45–47). Indeed, Nos3–/– mice become hypertrophic with aging and 
show greater hypertrophy following pressure overload stimulation 
(45–48). NOS3-overexpressing transgenic mice also showed less 
secondary hypertrophic remodeling after myocardial infarction 
(48). However, extreme activation of NOS3 can have detrimental 
effects by generating an uncoupled state, such that maladaptive 
and pro-hypertrophic reactive oxygen species are produced (49).

NOS3 is likely to be only part of the mechanism whereby α1G 
TTCC current reexpression exerts its protective and anti-hypertro-
phic effect. For example, we consistently identified activation of 
CaMKII in the hearts of α1G transgenic mice (data not shown), 
although this effect is of unknown relevance to the hypertrophic 

response here. Future studies will be important to determine other 
potential mechanisms whereby TTCC current may be cardiopro-
tective, as well as to further investigate how α1G and α1H might 
function differently in the heart. At the very least, our data indicate 
that α1G-dependent signaling is protective to the heart, and a bet-
ter understanding of the downstream mechanisms could suggest 
novel therapeutic approaches for treating human heart disease. 
Finally, the data presented here show only a partial effect on the 
cardiac hypertrophic response by either deletion or overexpression 
of α1G, clearly indicating that this TTCC/NOS3/PKGI pathway 
is only a component of a much more complicated and multifac-
torial biologic response that regulates cardiac hypertrophy. Thus, 
identification of additional protective and anti-hypertrophic path-
ways will also be important in our efforts to understand and treat 
human heart disease.

Methods
Transgenic mice. A cDNA for mouse α1G (Cav3.1; gift from Norbert Klug-
bauer, Albert-Ludwigs Universität, Freiburg, Germany) was cloned into 
the murine inducible α-MHC promoter expression vector (20). The tTA 
single-transgenic line used in conjunction with the α1G responder trans-
gene to generate Dox-regulated expression was described previously (20). 
α1G gene–targeted mice were described previously (50). Nos3 gene–targeted 
mice were obtained from The Jackson Laboratory. Experiments involving 
animals were approved by the Institutional Animal Care and Use Commit-
tee of Cincinnati Children’s Hospital.

Western blot analysis and PKGI activity. Western blot analysis of mouse ven-
tricle homogenates was performed as previously reported (32). Briefly, mem-
brane-rich fractions were prepared in extraction buffer (250 mM sucrose,  
10 mM Tris-HCl pH 7.5, 1 mM DTT with protease inhibitors; Roche). Heart 
samples were homogenized in extraction buffer with a motor-driven Teflon 
homogenizer; homogenates were centrifuged at 3,000 g for 5 minutes at 
4°C; and resultant supernatants were centrifuged at 28,000 g for 30 min-
utes to generate the final protein extracts. Antibodies included α1G subunit 
(custom made from YenZym), β2a subunit (gift from Kevin P. Campbell, 
University of Iowa, Iowa City, Iowa), α1C subunit (Alomone Labs Ltd.), 
NCX1 (Swant Inc.), SERCA2, α-tubulin, ryanodine receptor 2 (Santa Cruz 
Biotechnology Inc.), PLN (Affinity BioReagents), GAPDH (Research Diag-
nostics Inc.), and NOS3 (BD). Chemifluorescence detection was performed 
with the Vistra ECF reagent (Amersham Pharmacia Biotech) and scanned 
with a Storm 860 PhosphoImager (GE Medical). PKGI activity was assayed 
with a colorimetric-based kit according to the manufacturer’s recommen-
dation from whole heart protein homogenates (CycLex Co.).

Isolation of adult cardiomyocytes and Ca2+ measurements. Ca2+-tolerant car-
diomyocytes were selected following a standard isolation procedure from 
whole hearts placed in Tyrode solution with additives (120 mM NaCl, 5.4 
mM KCl, 1.2 mM NaH2PO4, 5.6 mM glucose, 20 mM NaHCO3, 1.6 mM 
MgCl2, 10 mM 2,3-butanedione monoxime [BDM], and 5 mM taurine; buf-
fer A) and gassed with 95% O2 and 5% CO2. Hearts were then perfused with 
buffer A containing 1 mg/ml collagenase type II (Worthington) and 0.08 
mg/ml protease type XIV (Sigma-Aldrich) at 37°C (10–14 minutes total). 
After perfusion, the ventricles were disassociated into individual myocytes, 
filtered, and incubated with 2 μM Fura-2 acetoxymethyl ester (Invitrogen) 
for 30–35 minutes in buffer C (buffer A with 1 mM Ca2+ without BDM) at 
room temperature. After being loaded, the cells were washed and resus-
pended in buffer C. After 3 washes (40 minutes), the cells were placed in 
a Plexiglas chamber containing 500 μl of fresh buffer C. The Fura-2 fluo-
rescence ratio was determined at room temperature using a Delta Scan 
dual-beam spectrofluorophotometer (Photon Technology International), 
operated at an emission wavelength of 510 nM with excitation wavelengths 
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of 340 and 380 nM. The stimulating frequency for Ca2+ transient measure-
ments was 0.5 Hz. Baseline amplitude (estimated by 340 nM/380 nM ratio) 
of the Ca2+ signal was acquired, and data were analyzed using from Felix 1.1 
and IonWizard (IonOptix) software.

Measurement of L-type and T-type calcium current using patch clamp methods. 
For patch clamp experiments, after perfusion, the ventricles were separated 
from the atria, minced, and gently agitated in low Cl–, high K+ Kraft-Bruhe 
(KB) solution consisting of 50 mM glutamic acid, 40 mM KCl, 20 mM tau-
rine, 20 mM KH2PO4, 3 mM MgCl2, 10 mM glucose, 1 mM EGTA, 10 mM 
HEPES pH 7.4. The dissociated cells were filtered through a nylon mesh 
and stored at 4°C in KB solution until use. Only Ca2+-tolerant cells with 
clear cross-striations and without spontaneous contractions or significant 
granulation were selected for the experiments. All patch clamp experiments 
were conducted at room temperature (20–23°C) using a patch clamp ampli-
fier (Axopatch200A; Axon Instruments). The recorded currents (ICa) were 
filtered at 2 kHz through a 4-pole low-pass Bessel filter and digitized at  
5 kHz. The experiments were controlled using pClamp 5.6 software (Axon 
Instruments) and analyzed using Clampfit 6.0.3. Current recordings were 
performed in bath solution superfused with the following Na+-free solu-
tion: 2 mM CaCl2, 5 mM 4-aminopyridine, 136 mM tetraethylammonium-
Cl (TEA-Cl), 1.1 mM MgCl2, 25 mM HEPES, and 22 mM glucose (pH 7.4 
with TEA-OH). The pipette solution contained: 100 mM cesium aspartate, 
20 mM CsCl, 1 mM MgCl2, 2 mM Mg-ATP, 0.5 mM Na2-GTP, 5 mM EGTA, 
5 mM HEPES (pH 7.3 with 1N CsOH). The low-voltage activated T-type 
Ca2+ currents (ICa,T) were separated from high-voltage activated L-type Ca2+ 
currents (ICa,L) by subtracting the current differences between the traces 
from holding potentials of –100 mV (both ICa,T and ICa,L available) and –50 
mV (only ICa,L current available). ICa,T and ICa,L were measured by applying 
depolarizing voltage steps (380 ms) from –70 mV to +60 mV and –40 mV 
to +60 mV, respectively, in 10-mV increments. The NOS3 inhibitor L-NIO 
(10 μM) was used with 5 minutes perfusion before ICa,L was elicited at a test 
potential of +20 mV from a holding potential of –40 mV.

RT-PCR, histological, and MetaMorph analysis. RT-PCR was performed as 
previously described (8). α1G and α1H mRNA was detected with the fol-
lowing specific primers: 5′-CAGCTGCCTGTCAACTCCCA-3′ and 5′-
GAGTTCAGAAGAGGACCGGG-3′ for α1G and 5′-GTACTCACTGGCT-
GTGACCC-3′ and 5′-CTGCCCACCAAGTTGCGTGA-3′ for α1H. For 
histological analysis, hearts were collected at the indicated times, fixed in 
10% formalin containing PBS, and embedded in paraffin. Serial 7-μm heart 
sections from each group were stained with H&E and Masson’s trichrome (to 
detect fibrosis). Myocyte cross-sectional areas were analyzed in slides stained 
with wheat germ agglutinin–FITC conjugate at 50 μg/ml to accurately iden-
tify sarcolemmal membrane as previously reported (51). MetaMorph (Molec-
ular Devices) analysis was performed as previously described for assessment 
of fibrosis (8). All assessments were performed in a blinded manner.

Echocardiography, invasive hemodynamics measurement, drug treatment, swim-
ming test, and pressure overload. Mice from all genotypes or treatment groups 
were anesthetized with isoflurane, and echocardiography was performed 
using a Hewlett Packard 5500 instrument with a 15-MHz microprobe as 
previously described (32). Echocardiographic measurements were taken on 
M-mode in triplicate for each mouse. For invasive hemodynamics in the 
closed-chest mouse, a 1.4F Millar catheter was placed into the left ventricle 
through the right carotid artery to monitor real-time heart rate and arte-
rial and left-ventricular pressures as well as +dP/dt (dP/dtmax) and –dP/dt 
(dP/dt min) using PowerLab systems and Chart software (AD Instruments) 

as previously described (52). For pressure overload, 8- to 11-week-old male 
mice of each genotype were subjected to a TAC or sham surgical procedure 
as previously described (32). Pressure gradients across the constriction 
were measured by Doppler echocardiography as previously described (53). 
Alzet osmotic minipumps (no. 2002; Durect Corp) containing isoproter-
enol (60 mg/kg/d) or PBS were surgically inserted dorsally and subcuta-
neously in 2-month-old mice under isoflurane anesthesia as previously 
described (32). To shut down expression of α1G, DTG mice were given 
Dox (Sigma-Aldrich) at 1 g/l in drinking water for 3 weeks. For treatment 
with the NOS3-specific inhibitor L-NIO (Sigma-Aldrich), mice were given 
intraperitoneal administration at 40 mg/kg/d from 3 days before TAC until 
harvest. Swimming exercise for 21 days was described previously (54).

Immunoprecipitation and GST pull-down assay. cDNAs for HA-tagged mouse 
α1G and mouse NOS3 (obtained from Open Biosystems) were cloned into 
expression vectors and transfected into HEK293 cells using FuGENE 6 
reagent (Roche Applied Sciences). Cells were lysed at 4°C in IP buffer (20 
mM Tris-HCl pH 7.5, 250 mM NaCl, 1 mM DTT, 1% Triton X-100) contain-
ing protease and phosphatase inhibitors (Roche), followed by sonication. 
Lysates were cleared by centrifugation at 20,000 g for 10 minutes and then 
incubated with the indicated antibodies and protein A/G agarose beads 
(Santa Cruz Biotechnology Inc.) overnight at 4°C. The beads were washed 
extensively with binding buffer, and the proteins were resolved on a 7.5% 
SDS-PAGE for subsequent Western blotting.

To generate a GST fusion protein, we subcloned the mouse α1G cDNA 
into pGEX-4T-1 (Amersham Pharmacia Biotech). The GST fusion pro-
tein was expressed in Escherichia coli BL21 cells. Binding assays were per-
formed with 35S-labeled NOS3 protein synthesized in vitro by using the 
TnT Coupled Reticulocyte Lysate System (Promega) in the presence of 
[35S]methionine (Amersham Biosciences). Equal amounts of immobilized 
GST fusion proteins were incubated for 2 hours at 4°C with 10 μl 35S-
labeled NOS3 in buffer. After 4 washes in buffer, beads were boiled in SDS 
sample buffer and resolved by SDS-PAGE, followed by autoradiography.

Statistics. All results are presented as mean ± SEM. Statistical analysis was 
performed using SigmaPlot 11.0 software for unpaired 2-tailed t test (for  
2 groups) and 2-way ANOVA (for groups of 4–8). P values less than 0.05 
were considered significant.
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