J c I The Journal of Clinical Investigation

Cardiac-specific overexpression of AT1 receptor mutant lacking
Gaq/Gai coupling causes hypertrophy and bradycardia in
transgenic mice

Peiyong Zhai, ... , Stephen F. Vatner, Junichi Sadoshima

J Clin Invest. 2005;115(11):3045-3056. https://doi.org/10.1172/JCI25330.

BEELE( WGl Cardiology

Ang Il type 1 (AT1) receptors activate both conventional heterotrimeric G protein—dependent and unconventional G
protein—independent mechanisms. We investigated how these different mechanisms activated by AT1 receptors affect
growth and death of cardiac myocytes in vivo. Transgenic mice with cardiac-specific overexpression of WT AT1 receptor
(AT1-WT; Tg-WT mice) or an AT1 receptor second intracellular loop mutant (AT1-i2m; Tg-i2m mice) selectively activating
Gya/Ggi-independent mechanisms were studied. Tg-i2m mice developed more severe cardiac hypertrophy and
bradycardia coupled with lower cardiac function than Tg-WT mice. In contrast, Tg-WT mice exhibited more severe fibrosis
and apoptosis than Tg-i2m mice. Chronic Ang Il infusion induced greater cardiac hypertrophy in Tg-i2m compared with
Tg-WT mice whereas acute Ang Il administration caused an increase in heart rate in Tg-WT but not in Tg-i2m mice.
Membrane translocation of PKCe, cytoplasmic translocation of G,q, and nuclear localization of phospho-ERKs were
observed only in Tg-WT mice while activation of Src and cytoplasmic accumulation of phospho-ERKs were greater in Tg-
i2m mice, consistent with the notion that Gya/Gi-independent mechanisms are activated in Tg-i2m mice. Cultured
myocytes expressing AT1-i2m exhibited a left and upward shift of the Ang |l dose-response curve of hypertrophy
compared with those expressing AT1-WT. Thus, the AT1 receptor mediates downstream signaling mechanisms through
Gya/Gyi-dependent and -independent mechanisms, which induce hypertrophy with a distinct phenotype.

Find the latest version:

https://jci.me/25330/pdf



http://www.jci.org
http://www.jci.org/115/11?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI25330
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/15?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/25330/pdf
https://jci.me/25330/pdf?utm_content=qrcode

Related Commentary, page 2971 R eS e a rC h a rt | Cl e

Cardiac-specific overexpression of AT1
receptor mutant lacking G.,q9/G.i coupling
causes hypertrophy and bradycardia
In transgenic mice

Peiyong Zhai,! Mitsutaka Yamamoto,! Jonathan Galeotti,’ Jing Liu,’ Malthi Masurekar,! Jill Thaisz,?
Keiichi Irie,! Eric Holle,?2 Xianzhong Yu,2 Sabina Kupershmidt,® Dan M. Roden,* Thomas Wagner,?2
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Pharmacology, Vanderbilt University School of Medicine, Nashville, Tennessee, USA.

Ang II type 1 (AT1) receptors activate both conventional heterotrimeric G protein-dependent and unconven-
tional G protein-independent mechanisms. We investigated how these different mechanisms activated by AT1
receptors affect growth and death of cardiac myocytes in vivo. Transgenic mice with cardiac-specific overexpres-
sion of WT AT1 receptor (AT1-WT; Tg-WT mice) or an AT1 receptor second intracellular loop mutant (AT1-i2m;
Tg-i2m mice) selectively activating G.q/G.i-independent mechanisms were studied. Tg-i2m mice developed
more severe cardiac hypertrophy and bradycardia coupled with lower cardiac function than Tg-WT mice. In
contrast, Tg-WT mice exhibited more severe fibrosis and apoptosis than Tg-i2m mice. Chronic Ang I infusion
induced greater cardiac hypertrophy in Tg-i2m compared with Tg-WT mice whereas acute Ang IT administration
caused an increase in heart rate in Tg-WT but not in Tg-i2m mice. Membrane translocation of PKCe, cytoplas-
mic translocation of G.q, and nuclear localization of phospho-ERKs were observed only in Tg-WT mice while
activation of Src and cytoplasmic accumulation of phospho-ERKs were greater in Tg-i2m mice, consistent with
the notion that G.,q/Goi-independent mechanisms are activated in Tg-i2m mice. Cultured myocytes expressing
AT1-i2m exhibited a left and upward shift of the Ang II dose-response curve of hypertrophy compared with
those expressing AT1-WT. Thus, the AT1 receptor mediates downstream signaling mechanisms through G.q/

Goi-dependent and -independent mechanisms, which induce hypertrophy with a distinct phenotype.

Introduction

Ang Il is an important terminal effector of the renin-angiotensin
system (RAS), which plays a critical role in the regulation of blood
pressure and volume homeostasis (1). Enhanced activity of RAS is
associated with various cardiovascular diseases, such as hyperten-
sion, cardiac hypertrophy, and heart failure (2-4). Ang II is pro-
duced in the heart through local RAS and plays a critical role in
mediating load-induced cardiac hypertrophy and cardiac remodel-
ing (5, 6). These pathologic effects of Ang II on the heart are pri-
marily mediated by the AngII type 1 (AT1) receptor, a 7 transmem-
brane G protein-coupled receptor (GPCR) (7). Thus, elucidating
the signaling mechanism of the AT1 receptor is important for the
development of fundamental treatment for cardiac hypertrophy
and heart failure.

Nonstandard abbreviations used: ANF, atrial natriuretic factor; ASA, a-skeletal
actin; AT1, Ang IT type 1; AT1-i2m, AT1 receptor second intracellular loop mutant;
AT1-WT, WT AT1 receptor; AV, atrioventricular; AVN, AV node; BW, body weight;
GPCR, G protein-coupled receptor; GTPYS, guanosine 5'-O-(3-thiotriphosphate);
HR, heart rate; Ic,, L-type Ca?* channel current; LVEDD, LV end-diastolic dimension;
LVESD, LV end-systolic dimension; LVW, LV weight; NTg, non-Tg; PEA-15, phospho-
protein enriched in astrocytes; QPCR, quantitative PCR; RAS, renin-angiotensin sys-
tem; Tg-i2m mice, transgenic mice with cardiac-specific overexpression of AT1-i2m;
Tg-WT mice, transgenic mice with cardiac-specific overexpression of AT1-WT;

TL, tibia length.
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The signaling mechanism of the AT1 receptor is traditionally
described as dependent on heterotrimeric G proteins (8). The AT1
receptor activates phospholipase Cp via Gq proteins. This causes
generation of inositol trisphosphate and diacylglycerol, which in
turn causes release of calcium from intracellular calcium stores
and activation of PKC, respectively (8). The AT1 receptor also cou-
ples to Gi, thereby regulating adenylyl cyclase (9). Previous studies
from our laboratory as well as from others have suggested, how-
ever, that the AT1 receptor also activates unconventional signaling
mechanisms, such as Goq/Gai-independent and/or heterotrimeric
G protein-independent signaling mechanisms (10-17). In many
cases, protein-protein interaction between the specific amino acid
sequence in the AT1 receptors and intracellular signaling mole-
cules plays an important role in mediating these unique signaling
mechanisms (reviewed in refs. 7, 18). For example, we have previ-
ously shown that an AT1 receptor having mutations in the second
intracellular DRY motif lacks heterotrimeric G protein coupling
but still mediates activation of Src and ERK (16). The cytoplasmic
domain of the AT1 receptor physically interacts with intracellular
signaling molecules, including SHP-2, phospholipase Cy, and
JAK2 (19-22). The conserved YIPP motif in the carboxyl terminus
domain of the AT1 receptor interacts with SHP-2, which in turn
plays an essential role in mediating activation of the JAK/STAT
pathway and EGF receptor (17, 22). AT1 receptors also associate
with novel signaling molecules, such as AT1 receptor-associated
protein (ATRAP), which in turn affects Ang II-induced cell growth
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responses in HEK293 cells (23). These sequence-specific signaling
mechanisms allow the AT1 receptor to generate unique down-
stream signaling mechanisms and possibly explain the versatility
of AT1-receptor signaling (18).

Previous studies regarding the signaling mechanisms of cardiac
hypertrophy have suggested that each signaling mechanism affects
cardiac hypertrophy differently (24). For example, activation
of Gq causes hypertrophy with cardiac dysfunction (25) while
stimulation of PI3K and ERKs causes well-compensated forms of
hypertrophy (26, 27). Since GPCRs, including AT1 receptors, have
versatile signaling functions, their downstream signaling could
mediate a wide variety of effects upon cardiac phenotype associ-
ated with hypertrophy. Although AT1 receptors are able to trans-
mit downstream signaling mechanisms through unconventional
signaling mechanisms, whether or not such signaling mechanisms
stimulated by the AT1 receptor are able to affect growth and death
of the heart remains to be elucidated in vivo. Our goal in this study
was to elucidate whether the previously identified Guq- or
Goi-independent signaling mechanism of the AT1 receptor
is able to mediate hypertrophy in the heart. We here report
that activation of the Gqq- or Gi-independent signaling
mechanism by the AT1 receptor indeed induces hypertro-
phy with a unique cardiac phenotype in vivo.

Figure 1

AT1 receptor binding assays. (A) Effects of GTPyS on 125|-Ang Il bind-
ing to the membrane fraction of cardiac myocytes overexpressing
AT1-i2m or AT1-WT. *P < 0.01 compared with AT1-WT. (B) Radioli-
gand binding assays. Tg-WT (line 15, n = 5) and Tg-i2m mice (line 1,
n =7) had similar levels of AT1 receptor expression. The maximum
binding (Bmax; fmol/mg protein) for NTg, Tg-WT (line 15), and Tg-i2m
mice (line 1) was 9.0 + 0.7, 283.3 + 9.2, and 287.5 + 13.7, respectively.
The dissociation constant (Kd) (nM) for NTg, Tg-WT (line 15), and
Tg-i2m mice (line 1) was 0.77 £ 0.13, 0.77 £ 0.19, and 0.79 + 0.16,
respectively. There was no significant difference in AT1 receptor expres-
sion between Tg-WT (line 15) and Tg-i2m mice (line 1). Tg-F8, Tg mice
derived from the founder number 8 (line 8). *P < 0.01, *P < 0.001
compared with NTg mice. Experiments were conducted 4 and 3 times
for A and B, respectively.

trast, Ang II binding to AT1-i2m was not affected by GTPYS even
at 105 M, suggesting that AT1-i2m lacks heterotrimeric G protein
coupling in cardiac myocytes, consistent with previous results in
other cell types (16, 29).

In order to examine the in vivo function mediated by heterotri-
meric G protein-independent mechanisms, we developed trans-
genic mice with cardiac-specific overexpression of AT1-WT (Tg-
WT mice) and AT1-i2m (Tg-i2m mice). Cardiac tissue AT 1 receptor
expression was assessed by radioligand binding assays. Expression
of the AT1 receptor in the heart was significantly increased in both
Tg-WT and Tg-i2m mice. In the 3 mouse lines examined, the level
of AT1 receptor expression in LV occurred in the order of lines 15,
11, and 8 (with line 15 the highest) in Tg-WT mice and lines 1, 23,
and 16 in Tg-i2m mice (with line 1 the highest) (Figure 1B). AT1-
receptor expression in line 15 of Tg-WT mice was not significantly
different from that in line 1 of Tg-i2m mice (Figure 1B).

Tg-i2m mice have greater cardiac hypertrophy than Tg-WT mice. Both
ventricles and atria of the heart were enlarged in Tg-WT and Tg-i2m
mice (Figure 2, B and D). The LV weight/body weight (LVW/BW)
and LVW/tibia length (LVW/TL) were significantly increased in
both Tg-WT and Tg-i2m mice compared with non-TG (NTg) mice
(Figure 2E and Table 1). Interestingly, LVW/BW and LVW/TL of
Tg-i2m mice were significantly greater than those of Tg-WT mice

Table 1
Postmortem pathologic measurements of Tg-WT and Tg-i2m mice

AT1-WT (founder no. 15) AT1-i2m (founder no. 1)

Results NTg T NTg To
Generation of Tg-WT and Tg-i2m mice. Receptor interaction de () 37919 379 34911 461 3351-?36 1 333 113 391
with heterotrimeric G proteins was evaluated by measuring BW () 319 ; 2'6 331 ; 2'6 99.7 ; 1'6 30:5 ; 1.1'
125]-Ang II binding in the presence of guanosine 5’-O-(3-thi- TL (mm) 19.0 + 0.4 194 +0.3 195+0.2 19.4+03
otriphosphate) (GTPyS), which shifts GPCRs from a high- LV (mg) 91.8+60 1105+6.8° 947+47  134.8 +5.48C
affinity state to a low-affinity state. Since this shift is consid- RV (mg) 248+15 32519200 2934+17 38.2+1.98C
ered an indicator of effective interaction of the receptor with Lv/BW 294+0.06 3.49=x0.10° 317009  4.51+0.248C
heterotrimeric G proteins (28), we examined the effect of Lung/BW  5.06+0.34 4.81+0.25 6.0+£0.2 57+04
GTPyS on '%T-Ang I binding to the WT AT1 receptor (AT1- Liver/BW ~ 455+17  450:29 46.7+1.5 46.7+1.3
WT) and an AT1 receptor second intracellular loop mutant LV/TL 445+028 5834029 483023 67502750
(AT1-i2m). AT1-WT and AT1-i2m were overexpressed in LynngL 8.89:016 874022 9.03£030 8781062
Liver/TL ~ 81.67+5.67 82.96 +8.09 70.32+1.64 68.28+1.97

cultured cardiac myocytes, and the membrane fraction was
prepared. As shown in Figure 1A, GTPyS decreased Ang II
binding to AT1-WT in a dose-dependent manner. By con-
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AP < 0.01 and BP < 0.0001 compared with corresponding NTg mice; °P < 0.05
compared with Tg-WT mice; PP < 0.05 compared with corresponding NTg mice.
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(Figure 2E). With increasing levels of AT1 receptor expression,
the increase in LVW/BW in Tg-i2m mice was significantly greater
than that in Tg-WT mice (Figure 2F; complete data set showing
postmortem analyses of Tg-WT and Tg-i2m mice can be found
in Supplemental Tables 1 and 2; supplemental material available
online with this article; doi:10.1172/JCI25330DS1). Thus, Tg-i2m
mice developed greater cardiac hypertrophy than Tg-WT mice at
each level of AT1 receptor expression. Myocyte size was measured
as cell capacitance (which is proportional to the cell surface area).
Both ventricular and atrial myocytes isolated from Tg-i2m mice
were significantly larger than those from NTg mice (Figure 2G),

research article

Echocardiographic measurements indicated that both Tg-WT
and Tg-i2m mice showed increased LV end-diastolic dimensions
(LVEDDs) and LV end-systolic dimensions (LVESDs) compared
with corresponding NTg mice (Table 2). The LVEDDs and LVESDs
in Tg-i2m mice were significantly greater than those in Tg-WT mice.
These data indicate that Tg-i2m mice have a greater enlargement of
the LV chamber than Tg-WT mice.

Tg-i2m mice have more severe bradycardia and reduced cardiac func-
tion compared with Tg-WT mice. At 10-12 days, the heart rates (HRs)
of Tg-WT and Tg-i2m mice were not significantly different from
those of corresponding NTg mice (Table 3). Acabout 22 days, how-

confirming the occurrence of
hypertrophy at the myocyte
level in Tg-i2m mice. Ventricu-
lar myocytes isolated from
Tg-i2m mice were significantly
larger than those from Tg-WT
mice (Figure 2G). In order to
examine whether AT1-i2m has
direct effects upon hypertrophy,
cardiac myocytes were trans-
duced with adenovirus harbor-
ing LacZ, AT1-WT, or AT1-i2m
and cultured in serum-free
conditions. We confirmed that
similar levels of AT1 receptors
were overexpressed by recep-
tor-binding assays (Supplemen-
tal Figure 1). Ang II-induced
increases in protein content
were enhanced in AT1-WT and
AT1-i2m transduced myocytes.
Greater increases in protein
content were observed in AT1-
i2m-expressing myocytes than
in AT1-WT-expressing myo-
cytes. Interestingly, increases
in the protein content were
induced at lower doses of Ang
II in AT1-i2m-expressing cells
(Figure 2H).

Expression of hypertrophy-
associated genes was quantitat-
ed by quantitative PCR (qPCR).
With increasing levels of AT1
receptor expression, there was
a dose-dependent increase in
mRNA expression of atrial natri-
uretic factor (ANF) and a-skele-
tal actin (ASA), fetal-type genes,
in both Tg-WT and Tg-i2m
mice (Figure 3, A and B). mRNA
expression of ANF and ASA was
significantly higher in Tg-i2m
than in Tg-WT mice (Figure 3,
A and B). Taken together, these
data indicate that overexpres-
sion of AT1-i2m induces more
severe cardiac hypertrophy than
that of AT1-WT.
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Figure 2

Cardiac hypertrophy in Tg-WT (line 15) and Tg-i2m mice (line 1). (A—D) Hearts from age-matched nontrans-
genic litermates for Tg-WT (NTg-WT) (A), Tg-WT (B), NTg-i2m (C), and Tg-i2m mice (D) are shown. (E)
Indices of LV hypertrophy, LVW/BW and LVW/TL, are shown (NTg-WT, n = 10; Tg-WT, n = 11; NTg-i2m,
n =15; Tg-i2m, n = 16). *P < 0.01, #P < 0.0001 compared with NTg mice. TP < 0.01 compared with Tg-
WT mice. (F) The relationship between AT1 receptor expression and LVW/BW reveals a dose-dependent
increase in cardiac hypertrophy in both Tg-WT and Tg-i2m mice (Tg-WT, line 8, n =6, line 11, n =4, line 15,
n =5; Tg-i2m, line 16, n = 6, line 23, n = 4, line 1, n = 7). The slope of the relationship in Tg-i2m is 3 times
that of Tg-WT mice. (G) Average cell capacitance measured in atrial and ventricular myocytes isolated from
NTg, Tg-WT, and Tg-i2m mice. Numbers correspond to total number of cells measured. **P < 0.05 vs. NTg;
SP < 0.05 vs. Tg-WT. Data points are from 8 NTg, 7 Tg-WT, and 9 Tg-i2m mice. (H) Protein content of neo-
natal rat cardiac myocytes transduced with adenovirus harboring LacZ, AT1-WT, or AT1-i2m, with or without
various concentrations of Ang Il stimulation. The protein content obtained from LacZ transduced myocytes
without Ang Il stimulation was designated as 1. **P < 0.05 vs. LacZ without Ang II. SP < 0.05 vs. LacZ 10" M
Ang Il. #P < 0.05 vs. AT1-WT 10-7 M Ang II. Experiments were conducted in triplicate 3 times.
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ever, the HRs of both Tg-WT and Tg-i2m mice were significantly
slower than that of corresponding NTg mice (Table 3). The HR of
Tg-i2m mice was significantly slower than that of Tg-WT mice at
22 days (P < 0.005). ECG showed that Tg-WT mice developed sec-
ond-degree atrioventricular (AV) block with normal QRS duration
while Tg-i2m mice developed complete AV block with significantly
widened QRS interval (Figure 4A and Table 4). Bradycardia and
conduction abnormality were observed in both Tg-WT and Tg-i2m
adult mice as well. Analysis of the relationship between the level
of AT1-receptor expression and the HR revealed that there was a
significant dose-dependent decrease in HR in Tg-i2m but not in
Tg-WT mice (Figure 4, B and C). A 4-week treatment with losartan,
an AT1 receptor antagonist, starting at 4 weeks failed to increase
HR despite significant reversal of cardiac hypertrophy in Tg-i2m
mice (Supplemental Figure 2).

No overt heart failure developed in either Tg-WT or Tg-i2m mice,
as evidenced by the fact that neither premature death nor increases
in lung or liver weight were observed in either group dutr-
ing our follow-up for 18 months. Echocardiographically
measured LV ejection fraction (LVEF) and LV fractional
shortening (LVES) were slightly but significantly lower in
both Tg-WT and Tg-i2m mice than in corresponding NTg

Figure 3

Fetal-type gene expression. Expression of ANF (A) and ASA (B) in LVs
from Tg-WT (line 8, n =6, line 11, n =4, line 15, n = 5) and Tg-i2m mice
(line 16, n = 6, line 23, n = 4, line 1, n = 7). There was a dose-depen-
dent increase in the expression of ANF and ASA in both Tg-WT and
Tg-i2m mice with significantly more ANF and ASA being expressed in
Tg-i2m mice. *P < 0.01, #P < 0.001 compared with NTg mice.

To identify a possible cause of bradycardia and AV block, histo-
logical analyses were conducted. In 4-chamber view cardiac sec-
tions, the AV node (AVN) in Tg-i2m mice was poorly developed
compared with that in NTg or Tg-WT mice (Supplemental Figure
3). In order to confirm that Tg-i2m mice possess a poorly devel-
oped AVN, we crossed Tg-i2m and MinK"~ mice, and whole heart
B-galactosidase staining was conducted (30). The spatial expres-
sion of MinK in the adult mouse heart is, for the most part, coin-
cident with the conduction tissues. Thus, the cardiac conduction
system in MinK*”~ mice, in which the MinK gene was disrupted
by knock-in of the lacZ gene, can be labeled with B-galactosidase
staining (30). In MinK*”~ mouse hearts, $-galactosidase staining
of the AVN was clearly observed. On the other hand, in the hearts
of MinK*/~ Tg-i2m mice, 3-galactosidase staining of the AVN was
much smaller (Figure SA). Quantitative analyses of the stained
AVN supported this notion (Figure 5B). RT-PCR analyses showed
that, among several proteins potentially involved in regulation
of HR, expression of Nkx2.5 is attenuated while that of HCN-1
is upregulated in Tg-i2m compared with Tg-WT mice (Table 6),
similar to the pattern observed in Nkx2.5 KO mice, which also
develop AV block (31).

At the cellular level, cardiac pacemaking is produced by the slow
diastolic depolarization. Several ion channels contribute to pace-
maker depolarization, including L-type Ca?* channels (32, 33). To
examine the cellular mechanisms causing bradycardia in Tg-i2m
mice, we examined L-type Ca?* channel currents (Ic,) in atrial myo-
cytes isolated from NTg and Tg-i2m mice. The Tg-i2m mice exhib-
ited significantly smaller Ic, amplitude compared with NTg mice.
Peak inward Ic, amplitude, normalized relative to cell capacitance
(pA/pF), as a function of voltage was plotted (Figure 5C). The data
demonstrated no significant difference in the current-voltage (i-V)
relationships but showed a significant decrease in peak Ic, density
in Tg-i2m mouse myocytes compared with NTg mouse myocytes.

Table 2
Echocardiographic analyses of Tg-WT and Tg-i2m mice

mice (Table 2). LV +dP/dt and -dP/dt of Tg-WT and Tg-i2m AT1-WT AT1-i2m

mice were significantly lower than those of corresponding NTg Tg NTg To

NTg mice, and LV +dP/dt and -dP/dt of Tg-i2m mice were n 8 8 M 10
significantly lower than those of Tg-WT mice (Table 5). ggSeEIE’(\jIzIT (mm) 0333 i 8 03 0332 i S 06 3328'3 f 3402 3(0)38'21 i 390;
LV end-diastolic pressure (LVEDP) of Tg-WT mice was not LVEDD (mm) 3'72 N 0'07 4'54 N 0'09A 3.83 N 0.06 5.82 N 0'1 780
significantly different from that of NTg mice, while that DPWT (mm) 0745003 075:007 074003 077 +0.02
of Tg-i2m mice was significancly higher than thatofboth | yggp (mm) 247005 306:0.06 2502005 398+0.15%¢
NTg and Tg-WT mice (Table 5). This impaired LV func- EF (%) 7155+ 051 68.13+1.07F 72.09+064 68.00<«1.26E
tion in Tg-i2m was not due to bradycardia alone because FS (%) 3410+0.33 31.66+0.88t 3471+051 31.78+0091¢
ventricular pacing (500/min) failed to normalize +dP/dt or HR (bpm) 437 £ 22 30160 437 +12 173 £ 158C

-dP/dt (Figure 4D). These data indicate that overexpres-
sion of AT1-WT or AT1-i2m causes impaired LV function
with overexpression of AT1-i2m resulting in a greater
reduction in LV function than that of AT1-WT.
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AP < 0.01 and BP < 0.0001 compared with corresponding NTg mice; P < 0.01
compared with Tg-WT mice; PP < 0.001 and EP < 0.05 compared with correspond-
ing NTg mice. DSEPWT, diastolic septal wall thickness; DPWT, diastolic posterior
wall thickness; EF, ejection fraction; FS, fractional shortening.
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Table 3
Conscious HRs of newborn Tg-WT and Tg-i2m mice

AT1-WT
NTg Tg
n 4 6 3 4
Age (d) 10.0£00 212+02 10000 213zx0.3
HR (bpm) 515+43 753z%3 535+18 420+ 60A

AP < 0.0005 and BP < 0.005 compared with corresponding age-matched NTg mice; °P < 0.005 compared with age-

matched Tg-WT mice.

A lack of depolarization shift indicates that changes in Cav1.3
(aD-type channel) do not significantly contribute to the overall
decrease in atrial I, (34). Ic, density in atrial myocytes from Tg-WT
mice was not significantly different from that in NTg mouse myo-
cytes (Figure SC). Similarly, Ic, density in ventricular myocytes
isolated from Tg-WT mice (9.0 + 0.4 pA/pF; n = 24) was not dif-
ferent from that in NTg mouse myocytes (8.2 + 0.5 pA/pF; n = 38),
while a significant decrease in Ic, density (6.9 + 0.4 pA/pF; n =31,
P < 0.05) was observed in Tg-i2m mouse myocytes. These data
show that Tg-i2m mice have decreased Ca?* entry during depolar-
ization, which may contribute in part to bradycardia.

To understand the cellular mechanisms underlying the LV dys-
function in Tg-i2m mice, we examined isolated cell contractility. The
amplitude of myocyte contraction (% cell shortening) did not differ
between cardiac myocytes from NTg and Tg-WT mice while that in
myocytes from Tg-i2m mice was significantly smaller (Figure 5D),
indicating that cellular contractility is depressed in Tg-i2m mice.
Taken together, these findings suggest that there may be LV systolic
and diastolic dysfunction in the Tg-i2m mice although the results of
echocardiographic studies (Table 2) and experiments on isolated car-
diac myocytes (Figure SD) display more modest/subtle alterations.

Tg-i2m mouse hearts bave less fibrosis and apoptosis than Tg-WT mouse
hearts. The level of interstitial fibrosis was increased in Tg-WT
and Tg-i2m mice compared with cor-
responding NTg mice. Quantitative

12.3+0.8 23.5+05
584 +20 689+ 66

research article

frequency of cardiac
myocyte cell death in the
myocardium, TUNEL
staining was performed
on cardiac sections
from 10- to 12-month-
old mice. Significantly
more TUNEL-positive
myocytes were observed
in Tg-WT and Tg-i2m
mice than in the cor-
responding NTg mice.
The level of apoptosis was significantly smaller in Tg-i2m than
in Tg-WT mice (Figure 6C) despite the fact that Tg-i2m mice have
higher ventricular wall stress than Tg-WT mice.

Chronic Ang Il infusion causes greater cardiac hypertrophy in Tg-i2m
mice whereas acute Ang II administration increased HR only in Tg-WT
mice. Continuous infusion of Ang II (200 ng/kg/min) for 2 weeks
resulted in a significant increase in LVW/BW and LVW/TL in both
Tg-WT and Tg-i2m mice, whereas a greater increase was observed
in Tg-i2m mice (Figure 7A). Ang II infusion did not significant-
ly affect blood pressure in either group of mice (Supplemen-
tal Figure 4). In contrast, intravenous bolus injection of Ang II
(100 ng/kg) increased the HR in Tg-WT but not in Tg-i2m mice
(Figure 7B). The lack of Ang II-induced HR response in Tg-i2m
mice was unlikely to be due to general insensitivity because the
HR response to isoproterenol, an agonist for the f-adrenergic
receptor, was actually enhanced in Tg-i2m compared with Tg-WT
mice (Supplemental Figure 5).

ERKs were more strongly activated but stayed in the cytoplasm while
PKCe was not translocated to the particulate fraction in Tg-i2m mice. We
have shown previously in CHO-K1 cells that binding of Ang II to
AT1-i2m induces activation of ERKs, which fail to enter the nucle-
us (16). To compare the activity of ERKs in Tg-WT and Tg-i2m
mice in the heart, immunoblotting using phospho-ERK antibod-

AT1-i2m
NTg Tg

4 4 4
11509 23+06
566+ 13 318 + 480

Al

analyses indicated that the level of

fibrosis in Tg-i2m mice was signifi-

cantly less than that in Tg-WT mice

(Figure 6, A and B). To evaluate the

Figure 4

Bradycardia, AV block, and LV function.

(A) Representative lead Il ECG of NTg

(n=10), Tg-WT (line 15, n = 10), and Tg-

i2m mice (line 1, n =10). Arrows point to P

wave. Marked bradycardia and complete

AV block are typically seen in Tg-i2m mice

while moderate bradycardia and second-

degree AV block are seen in Tg-WT mice.

(B and C) The relationship between HR

and AT1 receptor expression level in
Tg-WTinB (line 8,n=6,line 11,n =4, line

15, n = 5) and Tg-i2m mice in C (line 16,

n=6,line23,n=4,line1,n=7). Thereisa

dose-dependent decrease in HR in Tg-i2m

but not in Tg-WT mice. (D) LV dP/dt of

Tg-i2m (line 1,n=4) and litermate NTg mice

(n = 4) when heart was paced at 500 bpm.

*P < 0.05, #P < 0.01 vs. NTg mice.
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Table 4
Measurements of ECG intervals of Tg-WT and Tg-i2m mice

NTg Tg-WT Tg-i2m
HR (bpm) 488 + 15 275+ 17A 183 £ 11A8
PR interval (ms) 349+1.3 48.8+2.3 N/A
QRS interval (ms) 15.3+£0.6 172+06  38.8+1.38C
QTc interval (ms) 53.1+£3.0 65.0+3.9 589+4.3

AP < 0.0001 compared with NTg mice; BP < 0.001 compared with
Tg-WT mice; °P < 0.01 compared with NTg mice. PR interval, interval
between P and R waves; QTc interval, corrected interval between Q
wave and T wave.

ies was carried out. Both Tg-WT and Tg-i2m mice showed signifi-
cantly increased phospho-ERKs/total ERKs ratios compared with
corresponding NTg mice in whole cell lysates, with Tg-i2m mice
exhibiting a higher level of phospho-ERKs than Tg-WT mice (Fig-
ure 8A). Interestingly, the amount of phospho-ERKs in the nuclear
fraction, on the other hand, was significantly greater in Tg-WT
mice than in either Tg-i2m or NTg mice (Figure 8B). These data
suggest that ERKs activated in Tg-i2m mice failed to translocate
into the nucleus. Immunostaining of neonatal rat cardiac myo-
cytes showed that Ang II treatment induced nuclear accumulation
of phospho-ERKs in cells overexpressing AT1-WT and cytoplasmic
accumulation in those overexpressing AT1-i2m (Supplemental
Figure 7). Tg-WT mouse hearts exhibited modest but significant
activation of p46-JNK and p38-MAPK, which was not observed in
Tg-i2m mouse hearts (Figure 8, C and D). In CHO-K1 cells, ERK
activation by AT1-i2m is also accompanied by activation of Src
(16). Tg-i2m mice showed a significantly elevated phospho-Src/
total Src ratio compared with NTg mice, while Src was not acti-
vated in Tg-WT mice (Figure 8E).

Phosphoprotein enriched in astrocytes (PEA-15) plays an impor-
tant role in mediating cytoplasmic sequestration of ERKs in NIH
3T3 cells (35). PEA-15 is phosphorylated by PKC and Ca?*/calmod-
ulin kinase (36). Tg-WT mice exhibited a higher phospho-PEA-15/
total PEA-15 ratio than either NTg or Tg-i2m mice (Figure 8F),
which potentially explains nuclear translocation of ERKs in
Tg-WT but not in Tg-i2m mice.

To confirm that the Goq-dependent signaling is not stimulat-
ed in Tg-i2m mice, immunoblotting of PKCe was carried out. In
Tg-WT mice, PKCe was translocated into the particulate fraction,
as evidenced by an increase in particulate/cytosolic PKCe.
However, this translocation of PKCe was not observed in
Tg-i2m mice (Figure 8G). Redistribution of Guq into the
cytosol has been shown to be an indirect marker of Goq
activation (37) and was observed in Tg-WT but not in

plasma membrane in Tg-WT but not in Tg-i2m hearts (Figure 8I).
These results are consistent with those obtained by immunoblot
analyses and further support the notion that the effector of Goq
signaling is not activated while ERKs are activated only in the cyto-
plasm of cardiac myocytes in Tg-i2m mice.

Discussion
Transgenic mice with cardiac-specific overexpression of AT1-i2m,
which does not couple to Gaq or G, exhibited greater cardiac
hypertrophy, cardiac dysfunction, and bradycardia but less apopto-
sis and fibrosis than those overexpressing AT1-WT (Supplemental
Table 3). AT1 receptors have traditionally been thought to medi-
ate cellular functions through interaction with heterotrimeric G
proteins, predominantly G.q and Ggi. However, increasing lines
of evidence suggest that GPCRs can initiate signaling mechanisms
through unconventional mechanisms, including heterotrimeric G
protein-independent mechanisms (38-41). Our results suggest that
such mechanisms potentially mediate pathologically relevant car-
diac phenotypes initiated by the AT1 receptor in the heart in vivo.
Our previous in vitro study showed that AT1-i2m activates, inde-
pendently of Gaq/Gui protein, the Src/Ras/ERK pathway without
nuclear translocation of ERKs in CHO-K1 cells (16). AT1-i2m
expressed in cultured cardiac myocytes also exhibited insensitivity
to GTPyS-induced displacement of ligand binding and cytoplas-
mic accumulation of phospho-ERK in response to Ang II, similar
to AT1-i2m in CHO-K1 cells (16). AT1-i2m expressed in the mouse
heart also exhibited clear differences in its effect upon downstream
signaling compared with AT1-WT. For example, translocation of
PKCe to the particulate fraction as well as PEA-15 Ser 116 phos-
phorylation observed in Tg-WT mice were missing in Tg-i2m mice.
Accumulation of phospho-ERKs in the cytoplasm but not in the
nucleus was observed in cardiac myocytes from Tg-i2m mice, a
finding similar to that obtained in CHO-K1 cells (16). Further-
more, redistribution of G.q into the cytosolic fraction, another
indicator of Guq activation (37), was observed in myocytes from
Tg-WT but not from Tg-i2m mice. Although a potential involve-
ment of other heterotrimeric G proteins, such as G,12/Gy13, in
mediating the cardiac phenotype of Tg-i2m mice cannot be for-
mally excluded, these results are consistent with the notion that
cell-signaling mechanisms dependent upon Guq/Ged, the major
heterotrimeric G proteins in the heart, are not stimulated whereas
the Goq/Goi-independent signaling mechanism is activated in car-
diac myocytes from Tg-i2m mice.

Table 5
Hemodynamic measurements of Tg-WT and Tg-i2m mice

Tg-i2m mice (Figure 8H). These results are consistent AT1-WT AT1-i2m
with the notion that G,q-dependent signaling is not NTg Tg NTg Tg
stimulated in Tg-i2m mice. n 3 5 7 7

In order to confirm that signaling molecules have dis- LVSP (mmHg) 89+5 83+5 90+6.6 83+19
tinct subcellular localization in Tg-WT and Tg-i2m mice, LVEDP (mmHg) 65+1.2 592+19 45+03 12.9+2.3A8
immunohistochemical analyses were conducted on LV +dP/dt (mmHg/s) 7875+ 812 5000 +506¢ 7171 £371 3828 + 515A8
myocardial sections. In Tg-WT mouse hearts, more phos- —dP/dt (mmHg/s) 6250+ 550 3780 +358* 6400 +373 3129 + 39480
pho-ERK positive nuclei were found compared with NTg MAP (mmHg) 69.1+54 581475 66.9+50 57.6+34
and Tg-i2m mouse hearts. In contrast, increases in phos- HR (bpm) 44523 213 £1° 429:24 175+ 98¢

pho-ERK staining were observed primarily in the cyto-

plasm of cardiac myocytes in Tg-i2m mice (Figure 8I).
In addition, staining of PKCe is primarily found in the
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AP < 0.01 compared with corresponding NTg mice; BP < 0.05 compared with Tg-
WT mice; P < 0.05, PP < 0.001, and EP < 0.0001 compared with corresponding
NTg mice. LVEDP, LV end-diastolic pressure; LVSP, LV systolic pressure.
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Figure 5

Morphology of AV node, calcium currents, and contraction. (A) Images obtained from p-gal—stained
hearts to show AVN. Arrows point to AVN. A significantly smaller AVN was seen in MinK*~- Tg-i2m
mouse hearts compared with MinK+- hearts. Scale bars: 10 um. (B) The estimated volume of AVN.
Since the thickness of the serial section was 6 um, if AVN can be observed in n sections and the area of
AVN in the section k is Sk um?, the volume of AVN (um3) is roughly estimated as 6 x (S1+S2+Ss+ . . . +Sp).
*P < 0.05 vs. MinK+-. (C) lca of atrial myocytes from NTg, Tg-WT, and Tg-i2m mice. Ic, density, cal-
culated as peak inward Ic, amplitude normalized to cell capacitance (pA/pF), is shown. Tg-i2m mice
exhibited significantly smaller Ic, amplitude compared with NTg and Tg-WT mice. There is a significant
decrease in Ica density in myocytes from Tg-i2m mice compared with myocytes from NTg or Tg-WT
mice. Data points are mean Ic, density + SEM in atrial myocytes of Tg-i2m (n = 22), Tg-WT (n = 24), and
NTg (n = 50) mice from 4 Tg-i2m (line 1), 6 Tg-WT (line 15), and 6 NTg mouse littermates, respectively.
(D) Myocyte contraction recorded in Tg-WT and Tg-i2m mouse myocytes. Data are means + SEM.
Numbers correspond to total number of cells measured. *P < 0.05 vs. NTg mice. Data points are
from 8 NTg, 7 Tg-WT, and 9 Tg-i2m mice. The difference between NTg and Tg-i2m mice was also
significant (P < 0.05) when the statistical analysis was conducted based upon the number of mice
(NTg, 7.5% + 0.2%; Tg-WT, 7.0% + 1.1%; Tg-i2m 5.7% =+ 0.5%).

research article

effects. Interestingly, in vitro dose-
response experiments showed that
a higher degree of hypertrophy was
induced at lower concentrations
of Ang II in myocytes expressing
AT1-i2m compared with those
expressing AT1-WT, suggesting
that AT1-i2m is a more sensitive
stimulator of cardiac hypertro-
phy. We have previously shown
that ligand-dependent down-
regulation of AT1-i2m is partially
impaired, possibly due to the lack
of feedback from the G,q pathway
(45), which may contribute to the
enhanced hypertrophic response
in Tg-i2m mice.

Recent evidence suggests that
GPCRs can form either homo- or
hetero-oligomers (46). At present,
the involvement of oligomeriza-
tion between exogenous AT1-i2m
and endogenous AT1 receptors or
other unknown GPCRs in mediat-
ing cardiac hypertrophy cannot be
formally excluded (15, 47). How-
ever, we believe that this possibility
is remote because oligomerization
with other Guq- or Ggui-coupled
receptors could have made ligand
binding of AT1-i2m GTPyS-sensi-
tive. Such a hetero-oligomerization
property could have been shared
with AT1-WT, and if so, AT1-WT
should have shown a similar dose-
dependent effect upon hypertrophy
as AT1-i2m. If AT1-i2m works as a
dominant receptor over endog-
enous AT1 receptors, cardiac phe-
notype in Tg-i2m mice could be
in part caused by suppression of
the endogenous AT1 receptors. We
believe that this is unlikely because
neither AT1 receptor antagonist
treatment nor AT1-receptor knock-
out mice exhibit a cardiac pheno-
type similar to Tg-i2m mice, such as
hypertrophy and bradycardia (48).

The fact that Tg-i2m mice dose-dependently developed hyper-
trophy indicates that AT1 receptors can initiate hypertrophy
through Guq- or Gui-independent mechanisms. Although cardiac
dysfunction and/or bradycardia could induce hypertrophy sec-
ondarily, we believe that these alone may not explain the robust
hypertrophy in Tg-i2m mice because hypertrophy has not neces-
sarily been observed in other transgenic mouse models of brady-
cardia, AV conduction abnormality, and/or cardiac dysfunction
(42-44). Losartan partially reversed cardiac hypertrophy without
affecting bradycardia. Furthermore, expression of AT1-i2m in cul-
tured myocytes also enhanced Ang II-induced hypertrophy at the
single-cell level, indicating that AT1-i2m has direct hypertrophic
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At present, we do not know the downstream signaling mecha-
nism mediating greater hypertrophy in Tg-i2m mice. Thus far, we
have shown that activation of total ERK and Src is higher in Tg-
i2m than in Tg-WT mice. On the other hand, nuclear accumula-
tion of ERK and activation of PKCe are observed in Tg-WT but not
in Tg-i2m mice. Cardiac-specific expression of an activated form
of MEK1 induces well-compensated hypertrophy in Tg mice (27),
which is similar to the compensated hypertrophy seen in Tg-i2m
mice, in which less apoptosis and fibrosis were observed compared
with Tg-WT mice despite a higher degree of hypertrophy. On the
other hand, members of the Src family of tyrosine kinases are likely
to have diverse roles in mediating cardiac hypertrophy (49-51). In
Volume 115 3051
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vitro experiments using cultured cardiac myocytes indicated that
chemical inhibitors of MEK1 and Src significantly attenuated Ang
II-induced hypertrophy in AT1-i2m transduced cardiac myocytes
(Supplemental Results and Supplemental Figure 8). Whether or not
increased activation of Src or ERK is critical for the development of
hypertrophy in Tg-i2m mice in vivo remains to be elucidated.

We have previously shown that overexpression of AT1-i2m fails
to induce Ang II-induced cell proliferation in CHO-K1 cells (16).
Thus, AT1-i2m seems to differentially affect proliferation and
hypertrophy. Alternatively, the effect of AT1-i2m upon cell-growth
responses and the underlying signaling mechanisms may differ in
a cell type-dependent manner.

Our results are consistent with a previous report showing that
cardiac-specific overexpression of the AT1 receptor causes brady-
cardia in transgenic mice (52). Our results are unique, however,
in that Tg-i2m mice developed more severe bradycardia and heart
block than Tg-WT mice. Given that the AT1 receptor is expressed
in the cardiac conduction system (53, 54) and that Ang II decreases
junctional conductance between cardiac myocardial cells (55), the
AT1 receptor seems to affect either development or function of the
cardiac conduction system. For example, in Tg-WT mice, the AT1
receptor may couple to Gei, which in turn mediates inhibition of
potassium channels, leading to bradycardia (56). However, the fact
that more severe bradycardia is induced in Tg-i2m mice suggests
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Figure 6

Myocardial fibrosis and apoptosis. (A) Picric acid Sirius red (PASR)
staining of heart sections obtained from Tg-WT (line 15, n = 5) and
Tg-i2m (line 1, n = 7) mice. Significantly more fibrosis is seen in both
Tg-WT and Tg-i2m mice than in their NTg littermates (n = 4 and
n = 6, respectively), but Tg-i2m mice had significantly less fibrosis
than Tg-WT mice. Scale bars: 1 um. (B) Morphometry of myocardial
fibrosis. (C) Morphometry of TUNEL staining of myocardial sections
from NTg (n = 4 and n = 6 for AT1-WT and AT1-i2m, respectively),
Tg-WT (line 15, n = 5), and Tg-i2m mice (line 1, n = 7). Tg-i2m mice
had significantly fewer TUNEL-positive myocytes than Tg-WT mice.
*P < 0.01, #P < 0.05 compared with NTg mice; TP < 0.05 compared
with Tg-WT mice.

that the Ggi signaling may not be the sole mechanism. Interest-
ingly, Tg-i2m mice exhibited a poorly developed AVN, suggesting
that the development of the conduction system may be perturbed
by dysregulated signals from AT1-i2m. Tg-i2m mice also exhibited
downregulation of Nkx2.5 and marked upregulation of HCN-1, a
finding similar to ventricular-specific Nkx2.5 KO mice, which show
progressive AV block (31). In addition, atrial myocytes prepared
from Tg-i2m mice exhibited smaller Ic,, known to be involved in
regulation of HR. The fact that complete AV block was not rescued
by losartan treatment suggests that persistent defects, such as ana-
tomical ones, are involved at least in part in the mechanism of AV
block. Elucidation of the specific targets of AT1-i2m would reveal
important mechanisms regulating AV conduction and HRs.

Tg-i2m mice exhibited more severe cardiac dysfunction than
Tg-WT mice. The cardiac dysfunction in Tg-i2m mice may not be
directly related to the increases in apoptosis and fibrosis because
Tg-i2m mice showed less apoptosis and fibrosis than Tg-WT mice.
In fact, ventricular myocytes isolated from Tg-i2m mice showed
reduced contractility at the single-cell level. Ca?" influx through
voltage-gated Ca?* channels is an important trigger for Ca?'-
induced Ca?* release from the sarcoplasmic reticulum. Thus, a
decrease in Ic, may play an important role in mediating decreased
contractility in Tg-i2m mice. Since the decrease in Ic, was not sig-
nificant in Tg-WT mice, it may be mediated by Guq- or Ggi-inde-
pendent mechanisms. Although external application of Ang II
could enhance I¢, in ventricular myocytes isolated from some spe-
cies, the effect seems to differ depending upon experimental con-
ditions (57, 58). Interestingly, Ic, in ventricular myocytes was not
directly modulated by Ang II (Supplemental Results and Supple-
mental Figure 6). Thus, decreases in Ic, are mediated by long-term
activation of Gq- or Gei-independent mechanisms rather than
ligand-dependent short-term modulation in Tg-i2m mice.

The present study showed that the percentage of apoptotic myo-
cytes was significantly greater in Tg-WT than in Tg-i2m mice. These
data indicate that AT1 receptor-induced myocardial cell death is
more strongly mediated by a Goq- or Gui-dependent mechanism.
Our result is consistent with previous observations that enhanced
Goq signaling is sufficient to induce cardiac myocyte apoptosis
(59, 60) and thus could be detrimental. The Goq/Goi-independent
signaling mechanism activated in Tg-i2m mice causes less myocar-
dial apoptosis and therefore may be less detrimental.

Activated ERKs are found primarily in the nucleus in Tg-WT
mouse cardiac myocytes while they are primarily in the cytoplasm
in Tg-i2m mouse myocytes. Activated ERKs can be localized to the
cytoplasm by cytoplasmic anchors, such as PEA-15 (35, 61). PEA-15
has been reported to constitutively bind both ERKs and ribosomal
November 2005
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Table 6
Gene transcripts measured by RT-qgPCR

mRNA Tg-WT mice  Tg-i2m mice
(fold change) (fold change)
(n=5) (n=17)
Cx 37 Gap junction 0.16 £ 0.02 0.85+£0.07
Cx 40 Gap junction 0.95 £ 0.62 1.03+0.11
Cx 43 Gap junction 0.77 £ 0.44 1.46 + 0.46
SCNba Sodium channel 0.77+0.13 0.91+0.21
Nkx2.5 Transcription factor 0.86+0.15 0.58 +0.12A
HCN-1 Hyperpolarization- 0.90 £ 0.37 11.0+2.94
activated cyclic
nucleotide-gated channel
KCNE-1 Minimal potassium channel  0.40 + 0.25 1.17 £ 0.58
SLN Inhibitor of SERCA 0.85+0.61 0.16+0.1

AP < 0.05 compared with NTg mice.

protein S6 kinase II (RSK2), thereby retaining both in the cytoplasm
(35,61). PEA-15 is phosphorylated at serine 104 by PKC and at serine
116 by Ca?*/calmodulin kinase II, both of which are activated by Goq
signaling (36). We have shown here that there is more phospho(S!1¢)-
PEA-15 in Tg-WT mice cardiac myocytes. Whether or not phosphory-
lation of PEA-15 by Gq signaling regulates nuclear localization of
ERKSs remains to be elucidated. However, our results clearly suggest
that ERKs activated by distinct upstream signaling mechanisms are
subjected to distinct subcellular localizations in vivo.

In conclusion, the data presented here show that the AT1 recep-
tor mediates downstream signaling mechanisms through Gaq/
Gi-dependent and -independent mechanisms, which in turn
modulate hypertrophy with distinct phenotypes. This suggests
the possibility of a novel strategy for the treatment of heart dis-
ease by modulating these unconventional signaling mechanisms
initiated by the AT1 receptor.

Methods

Primary culture of neonatal rat ventricular mryocytes. Primary cultures of ven-
tricular cardiac myocytes were prepared from 1-day-old Crl: (WI) BR-Wistar
rats (Charles River Laboratories) as previously described (62). A cardiac
myocyte-rich fraction was obtained by centrifugation through a discon-
tinuous Percoll gradient as described (63). All protocols concerning animal
use were approved by the Institutional Animal Care and Use Committee at
the University of Medicine and Dentistry of New Jersey.

Construction of the adenoviral vectors. Recombinant adenovirus was construct-
ed using an Adeno-X adenovirus construction kit (BD Biosciences — Clon-
tech). We made replication-defective human adenovirus type 5 (devoid of E1
and E3) harboring AT1-WT (Ad-AT1-WT) and AT1-i2m (Ad-AT1-i2m).

Figure 7

Changes in hypertrophy and HR in response to Ang Il. (A) Hypertro-
phic response to 2 weeks Ang Il infusion (200 ng/kg/min). *P < 0.01
vs. corresponding control. P < 0.05 vs. control Ang Il; #P < 0.05 vs.
Tg-WT Ang II; **P < 0.05 vs. NTg control; TP < 0.01 Tg-WT control.
n =5 for all groups. (B) HR response to acute intravenous injection of
Ang Il (100 ng/kg). 8P < 0.05 Tg-WT vs. Tg-i2m, Tg-WT mice exhib-
ited increases in the atrial (P wave) rate in response to Ang Il while
Tg-i2m mice showed complete AV block and ventricular rates that did
not respond to Ang Il. n = 6 for NTg-WT; n = 8 for Tg-WT; n = 9 for
NTg-i2m; and n = 5 for Tg-i2m mice.
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Receptor-binding assays. Radioligand-binding assays were performed as
described previously (16). Myocytes were lysed and hearts homogenized with
CHAPS buffer containing 150 mmol/l1 NaCl, 40 mmol/l Tris pH 7.5, 1% Tri-
ton X-100, 0.1% CHAPS, 10% glycerol, 2 mmol/l EDTA, 10 mmol/l sodium
pyrophosphate, 1 mmol/I NazVO,, 10 mmol/l NaF, 0.5 mmol/l AEBSF, 0.5
ug/ml aprotinin, and 0.5 pug/ml leupeptin. The cell lysates were incubated
with 0.1 nmol/I ['#5I]-Sar!-Ile8-Ang IT in 50 mmol/I Tris (pH 7.5) buffer con-
taining 200 mmol/l NaCl, 10 mmol/I MgCl,, 1 mmol/l EDTA, 0.1% bovine
serum albumin, and 0.01% trypsin inhibitor at room temperature for 60
minutes in the presence of varying concentrations of GTPyS. Bound radio-
ligand was separated from free ligand and the radioactivity counted. Specific
AT1-receptor binding was determined by the addition of losartan (10 uM).
Binding data were analyzed using Prism 3.0 (GraphPad Software).

Transgenic mice. Tg-WT mice and Tg-i2m mice were generated on an
FVB background using the o-myosin heavy chain promoter (courtesy of
J. Robbins, University of Cincinnati, Cincinnati, Ohio, USA) to achieve car-
diac-specific expression. Comparison of cardiac phenotype in Tg-WT mice
among ours and those generated by other investigators (52, 64) is summa-
rized in Supplemental Results and Supplemental Table 4.

Protein content. Total protein content of cultured cardiac myocytes was
determined as described previously (63).

Quantitative RT-PCR. Total RNA was prepared using the RNeasy fibrous
tissue kit (QIAGEN), and then first-strand cDNA was synthesized using the
ThermoScript RT-PCR system (Invitrogen Corp.). Real-time PCR was then
carried out on a DNA Engine Opticon 2 system (MJ Research Inc.) using the
DyNAmo HS SYBR Green qPCR kit (Finnzymes). The specific oligonucle-
otide primers used in this study are described in Supplemental Methods.

Echocardiography. Mice were anesthetized using 12 ul/g BW of 2.5% avertin
(Sigma-Aldrich), and echocardiography was performed using ultrasonog-
raphy (Acuson Sequoia C256; Siemens Medical Solutions) as previously
described (65). A 13-MHz linear ultrasound transducer was used. We took
2D-guided motion mode measurements of LV internal diameter from
more than 3 beats and averaged the measurements. LVEDD was measured
at the time of the apparent maximal LVEDD while LVESD was measured at
the time of the most anterior systolic excursion of the posterior wall.

Hemodynamic measurements, intracardiac pacing, and ECG measurements. Mice
were anesthetized as described above, and a 1.4-French (Millar Instruments
Inc.) catheter-tip micromanometer catheter was inserted through the right
carotid artery into the aorta and then into the LV where pressures and LV
dP/dt were recorded. In order to pace the heart, a 1.1 French Millar EPR-800
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Figure 8

Cell-signaling mechanisms in Tg-WT and TG-i2m mice. (A) Immunoblotting of phospho-ERK (p-ERK) and total ERK in the cytosolic fraction.
*P <0.01vs. NTg; #P < 0.05 vs. AT1-WT. (B) Immunoblotting of p-ERK in the nuclear fraction. *P < 0.01 vs. NTg. (C) Immunoblotting of p-JNK and
total JNK. #P < 0.05 vs. NTg; *P < 0.01 vs. Tg-WT. (D) Immunoblotting of p-p38 and total p38. *P < 0.01, #P < 0.05 vs. NTg; 1P < 0.001 vs. Tg-WT.
(E) Immunoblotting of p-Src and total Src in the particulate fraction. #P < 0.05 vs. NTg. (F) Immunoblotting of phospho—PEA-15 and total PEA-15
in the cytosolic fraction. #P < 0.05 vs. NTg. Experiments were conducted 3 times each for A-F. (G) Immunoblotting of PKCe in the particulate frac-
tion (PF) and cytosolic fraction (CF) of Tg-WT and Tg-i2m mice. *P < 0.01 vs. NTg. (H) Immunoblotting of G.g/11 in PF and CF. Significantly more
G.g/11 was translocated to the CF in Tg-WT than in Tg-i2m or NTg mice. #P < 0.05 vs. NTg. *P < 0.01 vs. Tg-WT. (I) Immunohistochemistry of
p-ERK and PKCe. Arrows in upper panels indicate positive p-ERK-stained nuclei. Arrows in lower panels indicate membrane localization of PKCe.
Scale bars: 1 um. Bar graph shows quantitative analysis of nuclear p-ERK staining where the percentage ratio of p-ERK—positive nuclei is shown.
Over 500 nuclei were counted per experiment. #P < 0.05 vs. NTg; *P < 0.01 vs. Tg-i2m. Experiments were conducted 3 times each for G-I.

ultraminiature catheter was introduced into the right ventricle through the left Electrophysiological measurements. LV and atrial myocytes were enzymati-
jugular vein. A body-surface ECG (leads I, II, and III) was recorded using 25-  cally isolated and studied using whole-cell patch-clamp techniques (66).
gauge subcutaneous electrodes while mice were under anesthesia. ECGs from  Cell capacitance was measured using voltage ramps of 0.8 V/s from a

neonatal mice were obtained while the mice were conscious and gently held. holding potential of -50 mV. I¢, were recorded using a K*- and Na'-free
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external solution (to isolate Ca?* currents from other membrane cur-
rents and Na*/Ca?* exchanger) containing 2 mmol/l CaCl,, 1 mmol/l
MgCl,, 135 mmol/l TEA-CI, 5 mmol/l 4-aminopyridine, 10 mmol/I glu-
cose, and 10 mmol/l HEPES (pH 7.3). The pipette solution contained
100 mmol/l Cs-aspartate, 20 mmol/l CsCl, 1 mmol/l MgCl,, 2 mmol/l
MgATP, 0.5 mmol/l GTP, 5 mmol/l EGTA, and 5 mmol/l HEPES (pH
7.3). Myocyte contraction was measured as previously described (67).
Briefly, isolated LV myocytes were perfused with Tyrode solution com-
posed of 135 mmol/l NaCl, 1.0 mmol/l CaCl,, 1 mmol/l MgCl,, 5.4
mmol/l KCI, 10 mmol/I glucose, and S mmol/l HEPES (pH 7.3) at 32°C
and field stimulated at 1.0 Hz. Myocyte contraction was measured using
avideo motion edge detector.

MinK mice and staining for B-galactosidase activity. Generation of MinK*/~
mice has been described (30). MinK*~ mice and Tg-i2m mice were crossed,
and all experiments were conducted using MinK*”~ mice with or without
AT1-i2m transgene at F1 generation. Tg-i2m mice generated in MinK*"
background showed a phenotype similar to that of conventional Tg-i2m
mice (Supplemental Table 5). The method of whole-heart -galactosidase
staining has been described (30).

Histological analysis and immunobistochemistry. Histological analyses of the
heart sections were conducted as described previously (66). Heart speci-
mens were fixed with 10% neutral buffered formalin, embedded in paraf-
fin, and sectioned at 6-um thickness. Interstitial fibrosis was evaluated by
picric acid Sirius red staining. The positively stained (red) fibrotic area was
measured and expressed as a percentage of total area. AVN was evaluated
in 4-chamber view whole-heart sections stained with H&E and trichrome.
Immunohistochemistry was carried out on cardiac tissue sections using
anti-phospho-ERK antibodies (Cell Signaling Technology) and anti-PKCe
antibodies (Upstate) as primary antibodies. Methods of immunostaining
for cultured cells are described in Supplemental Methods.

Evaluation of apoptosis in tissue sections. DNA fragmentation was detected in
situ using TUNEL, as described (65). In brief, deparaffinized sections were
incubated with proteinase K, and DNA fragments were labeled with fluo-
rescein-conjugated dUTP using TdT (Roche Diagnostics Corp.). The total
number of nuclei was determined by manual counting of DAPI-stained
nuclei in 6 fields of each section using the x40 objective, and the number of
TUNEL-positive nuclei was counted in the entire section. Limiting count-
ing of total nuclei and the TUNEL-positive nuclei to areas with a true cross
section of myocytes made it possible to selectively count only those nuclei
that clearly were within myocytes.

Continuous infusion of Ang II. Continuous infusion of Ang II or control
vehicle delivery was conducted using a min-osmotic pump (model 2002,
ALZA). Ang II was prepared at a concentration calculated to deliver an
average of 200 ng/kg/min during a 14-day infusion period. Control mice
received pumps filled with 0.9% sodium chloride.
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Immunoblot analysis. Cardiac tissue homogenates were made in the CHAPS
buffer (Sigma-Aldrich). We used anti-phosphospecific and corresponding
non-phosphospecific antibodies against Src (Tyr*1¢), PEA-15 (Ser!!¢), and
ERK1/2 (Thr2°2/Tyr?04) (Cell Signaling Technology) as primary antibodies.
To detect PKCe translocation and the subcellular localization of phospho-
ERK1/2, cardiac myocyte lysates, cardiac tissue homogenates, and nuclear,
cytosolic, and particulate fractions were prepared as previously described
(68) with mild modification. In brief, heart tissue was homogenized
in a sample buffer containing 20 mmol/] Tris-HCI , 10 mmol/l EGTA,
5 mmol/l EDTA, 10 mmol/l benzamidine, 0.3% p-mercaptoethanol, 10 ug/
ml aprotinin, 10 ug/ml leupeptin, and 50 ug/ml PMSF. The homogenate
was loaded onto a sucrose gradient containing 2 ml of 1 mol/l sucrose in
sample buffer and centrifuged at 1,600 g for 10 minutes. The pellet was
resuspended in sample buffer containing 0.5% NP-40, 0.1% deoxycholate,
and 0.1% Brij 35, then centrifuged at 9,300 g for 5 minutes after a 60-min-
ute incubation on ice. The supernatant of the second centrifugation was
the nuclear fraction. The supernatant of the first centrifugation was loaded
onto another 1 mol/l sucrose gradient and centrifuged at 100,000 g for 60
min. The supernatant of the ultracentrifugation was the cytosolic fraction.
The pellet of the ultracentrifugation was resuspended in the sample buffer,
incubated on ice for 60 minutes, and centrifuged at 9,300 g for 5 minutes.
The supernatant of the last centrifugation was the particulate fraction.

Statistics. Data are reported as mean + SEM. Statistical analyses between
groups were done by 1-way ANOVA, and when P values were significant,
differences among group means were evaluated using ¢ test with Bonferro-
ni’s correction. A P value of less than 0.05 was considered significant.
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