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Amplification of the gene encoding the ErbB2 (Her2/neu) re-
ceptor tyrosine kinase, a coreceptor for neuregulins1,2, is criti-
cal for the progression of several forms of human breast
cancer3. Herceptin (trastuzumab), a humanized monoclonal
antibody specific for the extracellular domain of ErbB2, has
been approved by the United States Food and Drug
Administration to treat breast cancers involving overexpres-
sion of Erbb2. In clinical trials, Herceptin is effective as a single
agent, but can also have additive or synergistic effects when
used in conjunction with chemotherapeutic agents4,5.
However, 7% of patients receiving Herceptin as a second-line
therapy, following anthracycline treatment as a first-line ther-
apy, develop cardiac dysfunction. When Herceptin is com-
bined with concurrent treatment with anthracyclines, the
incidence of cardiac dysfunction increases to 28% (refs. 4–6).
As the vast majority of patients had at one time received an-
thracyline treatment, the incidence of cardiomyopathy in
Herceptin-treated patients in the absence of prior anthracy-
cline treatment has not been determined. Determining the
basis of Herceptin-related cardiomyopathy has important im-
plications for designing appropriate therapeutic regimens in-
volving Herceptin as a single agent or adjuvant, as well as
devising strategies for preventing or mitigating cardiac dys-
function and heart failure in patients receiving Herceptin. The
mechanisms underlying the onset of cardiomyopathy in
Herceptin-treated patients could include any of the following:

immune-mediated destruction of cardiomyocytes, drug–drug
interaction with anthracylines, defects in ErbB2 signaling re-
quired for maintenance of cardiac contractility, interference
with cardiomyocyte survival signals or indirect consequences
of Herceptin-mediated effects outside the heart.

Herceptin specifically recognizes the human ErbB2 receptor
and does not crossreact with the receptor in other species.
Thus, studies of Herceptin-induced cardiotoxicity in animal
models would not be informative. To study the role of ErbB2
in adult cardiac function, we have used the Cre-loxP system to
generate mice containing heart-restricted inactivation of
Erbb2. These ErbB2-deficient conditional mutant mice were vi-
able and displayed no overt phenotype. However, physiologi-
cal analysis revealed a progressive onset of multiple
independent parameters of dilated cardiomyopathy, the same
type of cardiac dysfunction evident in patients treated with
Herceptin. In addition, we found that Erbb2-deficient car-
diomyocytes were more susceptible to anthracycline-induced
cell death.

Generation of a cardiac-restricted deletion of ErbB2
We used the Cre-loxP system to generate Erbb2 conditional
mutant mice by introducing two loxP sites into the Erbb2 locus
to flank a 3-kilobase (kb) region containing the first exon and
1.5 kb of the Erbb2 promoter. Following expression of Cre re-
combinase, this critical 3-kb region containing all known
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Amplification of the gene encoding the ErbB2 (Her2/neu) receptor tyrosine kinase is critical for
the progression of several forms of breast cancer. In a large-scale clinical trial, treatment with
Herceptin (trastuzumab), a humanized blocking antibody against ErbB2, led to marked im-
provement in survival. However, cardiomyopathy was uncovered as a mitigating side effect,
thereby suggesting an important role for ErbB2 signaling as a modifier of human heart failure.
To investigate the physiological role of ErbB2 signaling in the adult heart, we generated mice
with a ventricular-restricted deletion of Erbb2. These ErbB2-deficient conditional mutant mice
were viable and displayed no overt phenotype. However, physiological analysis revealed the
onset of multiple independent parameters of dilated cardiomyopathy, including chamber dila-
tion, wall thinning and decreased contractility. Additionally, cardiomyocytes isolated from these
conditional mutants were more susceptible to anthracycline toxicity. ErbB2 signaling in car-
diomyocytes is therefore essential for the prevention of dilated cardiomyopathy.
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transcription and translation-initiation sites is excised and
Erbb2 expression is eliminated from the loxP-flanked (‘floxed’)
allele (Fig. 1a). To cause recombination of the floxed allele ex-
clusively in cardiac muscle cell lineages, these mice were bred
to mice carrying the Cre coding sequence inserted into the en-
dogenous myosin light chain 2v (MLC2v) locus, which can
drive high-efficiency ventricular-restricted gene ablations7.
We used a parallel strategy for ablation of ErbB2 expression
based on a well-characterized muscle creatine kinase (MCK)-
Cre transgenic mouse that was previously shown to drive
high-efficiency recombination in both atrial and ventricular
lineages, as well as postnatal skeletal muscle8. The resulting
mice are called Erbb2-floxed/MLC2v-Cre and Erbb2-
floxed/MCK-Cre mice, respectively, and are collectively re-
ferred to as Erbb2 conditional-knockout (ErbB2-CKO) mice.

Both lines of mice exhibit a similar phenotype but differ in
the time of onset of cardiomyopathy. As shown by Southern-
blot analysis, 32.3 ± 2.5% (n = 8) of Erbb2-floxed alleles under-
went recombination in the ventricular myocardium of
Erbb2-CKO mice, whereas no evidence of recombination of
the floxed allele was found in tissues such as the lung, which
do not express Cre (Fig. 1b). Western-blot analysis demon-
strated a reduction of ErbB2 protein in the ventricular cham-
ber of Erbb2-CKO mice (52 ± 5.4% of controls; n = 5; P <
0.001), but not a significant change in ErbB4 protein expres-
sion (114 ± 4.9% of controls; n = 5; P = 0.346) (Fig. 1c).
Consistent with the elimination of all Erbb2 expression by the

recombined allele, truncated ErbB2 protein products were not
detected in conditional mutants (data not shown). Because
only approximately 35% of the cells in an adult heart are car-
diomyocytes9, the efficiency of recombination in cardiomy-
ocytes should be higher than recombination in the whole
tissue. Cardiomyocytes isolated from adult Erbb2-CKO mice
contained only 29 ± 4.0% of the ErbB2 protein (n = 5; 
P < 0.001) of control mice (Fig. 1d), but did not show a signifi-
cant difference in ErbB4 protein expression (110 ± 4.5%; n = 5;
P = 0.099). Loss of ErbB2 expression occurs perinatally in
Erbb2-CKO mice. Although no loss of ErbB2 protein expres-
sion is detected in the hearts of Erbb2-CKO mice at embryonic
day 18 (data not shown), cardiomyocytes isolated from neona-
tal Erbb2-CKO mice showed a 40% decrease in ErbB2 protein
(Fig. 1d). Consistent with this observation, the numbers of
ErbB2-immunoreactive cardiomyocytes are decreased by 44%
in cultures derived from Erbb2-CKO mice (data not shown).
Mice containing at least one wild-type copy of ErbB2 and Cre
as well as mice containing two copies of the floxed ErbB2 al-
lele and no Cre were indistinguishable from wild-type mice in
all experiments. The efficiency of recombination in Erbb2-
CKO mice was comparable with previously published reports
using the same MCK-Cre or MLC2v-Cre lines to induce recom-
bination of other genes in the heart8,10.

Erbb2-CKO mice display features of dilated cardiomyopathy
The Erbb2-CKO mice were recovered at Mendelian frequency,
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Fig. 1 Ventricular chamber-restricted deletion of Erbb2. a, Genomic
structure of the ErbB2 wild-type (+), floxed (F), and recombined (R) 
alleles. Gray box, the first exon; arrow, location and direction of tran-
scription initiation sites; filled triangles, loxP sites. b, Southern blot
demonstrating recombination of the Erbb2-floxed allele in the heart, but
not lung, of Erbb2-floxed/MCK-Cre mice. c, Decreased expression of
ErbB2, but not ErbB4, protein in erbb2-floxed/MLC2v-Cre mice as deter-
mined by western-blot analysis of heart extracts. Similar expression of

ErbB2 and ErbB4 protein is observed in brain extracts from Erbb2-CKO
(Cre+) and control (Cre–) mice. d, Decreased expression of ErbB2 but
not ErbB4 protein as determined by western-blot analysis in neonatal
Erbb2-floxed/MCK-Cre (Cre+) cardiomyocytes (top) and adult Erbb2-
floxed/MLC2v-Cre (Cre+) cardiomyocyte-enriched extracts (bottom)
compared with controls (Cre–).

Table 1 Echocardiographic analysis of in vivo cardiac size and function in Erbb2-CKO mice

LVEDD LVESD FS SEPth PWth Mean Vcf Heart rate BW Age
(mm) (mm) (%) (mm) (mm) (circ/s) (beats/min) (g) (d)

Erbb2-WT 3.73 ± 0.12 2.33 ± 0.10 37.9 ± 2.65 1.05 ± 0.03 1.09 ± 0.04 6.64 ± 0.70 378 ± 29 30.1 ± 2.86 90 ± 1
(n = 6)

Erbb2-CKO 4.60 ± 0.20 3.72 ± 0.22 19.4 ± 1.630. 94 ± 0.01 0.95 ± 0.03 3.95 ± 0.03 378 ± 19 28.2 ± 1.20 90 ± 1
(n = 8)

P value 0.006 0.0005 < 0.0001 0.005 0.01 0.006 1 0.5 1

FS, percent fractional shortening calculated as ((LVEDD – LVESD) / LVEDD) × 100; SEPth, septal wall thickness; PWth, posterior wall thickness; mean Vcf, mean velocity of circum-
ferential fiber shortening; BW, body weight. All values ± s.e.m.
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display normal cardiac morphogenesis at birth and survive to
adulthood. However, histological examination of the hearts
from adult Erbb2-CKO mice demonstrated ventricular enlarge-
ment of both the left and right cardiac chambers, consistent
with dilated cardiomyopathy (Fig. 2a). Erbb2-CKO mice also
showed a marked increase in heart:body-weight ratio (6.32 ±
1.87 mg/g; n = 8) versus age- and gender-matched control
mice (4.51 ± 0.77 mg/g; n = 8; P < 0.05). Reactivation of an em-
bryonic gene program is a common feature of many forms of
cardiac hypertrophy, including dilated cardiomyopathy11. The
mRNA levels of both the atrial natriuretic factor and skeletal
α-actin genes, two embryonic genes used as molecular markers

of cardiac hypertrophy, were significantly increased in Erbb2-
CKO mice compared with controls (Fig. 2b).

Transmission electron microscopy revealed that the num-
bers of mitochondria and vacuoles in cardiomyocytes from
the Erbb2-CKO ventricular myocardium was markedly in-
creased, whereas the cytoskeletal ultrastructure were un-
changed (Fig. 2d). Notably, increased mitochondria and
vacuolization are also observed in human patients suffering
from anthracycline cardiotoxicity12–14. Examination of cardiac
mitochondrial respiratory function15 did not reveal any signif-
icant differences between Erbb2-CKO mice and controls (data
not shown). Consistent with an absence of detectable ultra-
structural defects, no differences were detected in expression
of several cytoskeletal proteins that have been implicated in
cardiomyopathy16–18, including utrophin, β-dystroglycan, sar-
cospan, and α- and γ-sarcoglycan (data not shown).

In vivo cardiac function of Erbb2-CKO mice was assessed by
several physiological methods, including echocardiography
and cardiac catheterization19. Echocardiography revealed a sig-
nificant increase in left ventricle (LV) end-diastolic and end-
systolic dimensions (LVEDD and LVESD), decreased septal-
and posterior-wall thickness, decreased fractional shortening
and decreased velocity of circumferential fiber shortening in
adult Erbb2-CKO mice compared with controls (Table 1).
These parameters describe an enlarged LV chamber with thin
walls and decreased contractility in Erbb2-CKO mice.
Retrograde catheterization of the LV via the carotid artery in
anesthetized, closed-chest mice revealed a marked reduction
of the maximum first derivative of LV pressure (LV dP/dtmax) in

RVLV LV RV

a

ANF
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CNT CNT CNTCKO CKOCKO

M
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CNT CKOb c

Fig. 2 Phenotypic analyses of Erbb2-CKO mice. a, Histological analysis of
transverse sections stained using trichrome-staining. Erbb2-CKO hearts
(right) show marked chamber dilation and wall thinning compared with
Erbb2-floxed hearts (left). b, Reactivation of an embryonic gene program in
the adult hearts of the Erbb2-CKO mice. Northern-blot analysis of Erbb2
floxed (CNT) and Erbb2-Cre (CKO) hearts shows increased expression of
mRNA for rat atrial natriuretic factor (ANF) and skeletal α-actin (SK) cDNA
probes. GAPDH mRNA was measured to control for gel loading. c, Increased
apoptosis in the myocardium of Erbb2-CKO mice. Following PCR amplifica-
tion, a DNA ladder indicative of apoptosis is detectable in the genomic DNA
from the ventrical of Erbb2-CKO mice. M, low-molecular-weight fragments
of the 1-kb fragment plus DNA ladder. Amplification of the engrailed-2 (En-
2) gene was performed as an internal control. d, Transmission electron mi-
croscopic analysis of sections of LVs reveals increased mitochondria (m) in
Erbb2-CKO (right) compared with control (left) mice and an increased num-
ber of vacuoles (arrows). The contractile apparatus appears intact.
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Fig. 3 Erbb2-CKO mice display normal responses to dobutamine treat-
ment and decreased survival following pressure overload. Retrograde car-
diac catheterization of the LV via the carotid artery was performed under
basal conditions and following graded doses of dobutamine in intact anes-
thetized mice. �, wild type, n = 7; �, Erbb2-CKO, n = 8. a, LV dP/dtmax, max-
imal first derivative of LV pressure. b, LV dP/dtmin, minimal first derivative of

LV pressure. c, HR, heart rate. Data is expressed as mean ± s.e.m. P < 0.05 for
controls versus Erbb2-CKO mice for LV dP/dtmax and LV dP/dt min at all doses
of dobutamine. d, Survival of control (�) and Erbb2-CKO (�) mice follow-
ing transverse aortic constriction (n = 20). None of the control mice with
sham-operation (n = 3) or Erbb2-CKO mice with sham-operation (n = 3) died
by day 8.

a b c d

d

©
20

02
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/m

ed
ic

in
e.

n
at

u
re

.c
o

m



462 NATURE MEDICINE • VOLUME 8 • NUMBER 5 • MAY 2002

ARTICLES

Erbb2-CKO mice (Fig. 3a), demonstrating depressed myocar-
dial contractility consistent with echocardiographic findings.
The accompanying reduction in LV dP/dtmin (Fig. 3b) indicated
that LV relaxation is also markedly impaired. However, there
are no significant differences in heart rate, LV end-diastolic
pressure (EDP) and tau between the Erbb2-CKO and control
mice at three months of age (Fig. 3c and data not shown).
Isolated single cardiomyocytes from Erbb2-CKO mice corrobo-
rated the impaired contractility and relaxation demonstrated
in the whole heart (data not shown). These data demonstrate
that Erbb2-CKO mice exhibit several independent, conserved
features of human dilated cardiomyopathy.

To determine if Erbb2-CKO mice display decreased β-adren-
ergic responsiveness, a common feature in human heart fail-
ure, we assessed the response of LV dP/dtmax and LV dP/dtmin to
graded doses of the β-adrenergic agonist dobutamine. Both
contractility (LV dP/dtmax) and relaxation (LV dP/dtmin) were
impaired in Erbb2-CKO mice compared with controls at all
doses of dobutamine used (Fig. 3a and b). The failure of dobu-
tamine to fully rescue normal cardiac contractility is a pattern
seen in clinical cases of moderate, as opposed to severe, heart
failure. However, in contrast to some other mouse models of
dilated cardiomyopathy20,21, increased doses of dobutamine
stimulate increased contractility and relaxation in Erbb2-CKO
mice, demonstrating that ErbB2 signaling is not required for
this physiological response.

Response of Erbb2-CKO mice to pressure overload
As ErbB2 and ErbB4 receptors are down-regulated during the
transition from hypertrophy to decompensated heart failure22,
we investigated the role of ErbB2 signaling in response to the

biomechanical stress of pressure over-
load. Although all of the Erbb2-
floxed/MCK-Cre mice develop dilated
cardiomyopathy by six weeks of age,
most Erbb2-floxed/MLC2v-Cre mice (≥
75%) display relatively normal func-
tion at this age and progressively ac-
quire features of cardiomyopathy over
a six-month time period. Therefore,
we performed transthoracic aortic
banding23 on eight-week-old Erbb2-
floxed/MLC2v-Cre mice prescreened
for normal basal cardiac function by
echocardiography. The hypertrophic
response is preserved in Erbb2-floxed/
MLC2v-Cre mice following pressure
overload, as assessed by heart:body-
weight ratio and induction of embry-
onic gene markers (data not shown).
However, Erbb2-floxed/ MLC2v-Cre
mice displayed a significant increase
in mortality versus wild-type mice, as
shown by a 70% death rate of the

Erbb2-floxed/MLC2v-Cre mice versus 10% in matched wild-
type mice (Fig. 3d).

Bcl-xL expression partially rescues dilated cardiomyopathy
Apoptosis is thought to have an important role in dilated car-
diomyopathy24. Therefore, we examined whether apoptosis is
increased in Erbb2-CKO mice. Because very few apoptotic cells
are detected in the ventricles of Erbb2-CKO by the TUNEL
assay (< 4 cells per 1 × 104 µm2 of heart section), we used the
more sensitive ligation-mediated PCR DNA fragmentation as-
says to determine whether apoptosis was increased in the my-
ocardium of Erbb2-CKO mice. The results show increased
apoptosis in the ventricles of Erbb2-CKO mice compared with
controls (Fig. 2c). The PCR-based assay could not distinguish
between apoptosis occurring in cardiomyocytes and other cell
types present in the heart.

Although low levels of apoptosis over time could account for
the chronic onset of dilated cardiomyopathy occurring in
Erbb2-CKO mutant mice, these results do not distinguish be-
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Fig. 4 Prevention of dilated cardiomyopathy in Erbb2-CKO mice by overexpression of Bcl-xL. a–c,
Echocardiography demonstrates that Erbb2-CKO mice (n = 4, �) display enlarged LVs (a and b, non-in-
jected) and decreased contractility (c, non-injected) compared with control mice (n = 4, �). Adenoviral-
mediated expression of Bcl-xL into Erbb2-CKO (n = 8) partially rescues the enlarged ventricles and
decreased contractility observed in non-injected Erbb2-CKO mice (a and c, Adv-Bcl-xL). Injection of a
control virus expressing β-gal into Erbb2-CKO mice (n = 3) does not have a significant effect on chamber
dilation or contractility (a–c, Adv-LacZ). Bcl-xL expression does not have a significant effect on chamber
dilation or contractility in control mice (n = 3) (a–c). *, P < 0.05, CKO versus control mice; **, P < 0.01,
CKO versus control mice; #, P < 0.01 Adv-Bcl-xL CKO, versus non-injected CKO.
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tween apoptosis as a cause or an effect of cardiomyopathy in
these animals. Thus, we determined if over-expression of the
anti-apoptotic gene Bcl-xL could rescue the dilated cardiomy-
opathy in Erbb2-CKO mice. Thus, we used a new protocol for
high-efficiency, long-term in vivo expression in the heart with
recombinant adenoviral vectors delivered to the newborn
mouse25. For these studies, we used Erbb2-floxed/MCK-Cre mice
because they display an early onset (by 6 wk of age) of dilated
cardiomypathy. In vivo expression of the Bcl-xL gene resulted in
the partial rescue of both chamber dilation and contractility in
Erbb2-floxed/MCK-Cre mutants at six weeks of age (Fig. 4). Both
LVEDD and percent fractional shortening (% FS) were signifi-
cantly reduced in Erbb2-floxed/MCK-Cre mice following Bcl-xL
expression (P < 0.01). The mean LVESD is reduced in Bcl-xL ex-
pressing Erbb2-floxed/MCK-Cre mice; however, the results were
not statistically significant (P = 0.08). Furthermore, following
Bcl-xL expression, chamber dilation and contractility of Erbb2-
floxed/MCK-Cre mice were not significantly different from
non-injected control mice (P > 0.1 for LVEDD, LVESD and %
FS). Expression of β-galactosidase (β-gal) by an adenovirus con-
trol vector in Erbb2-floxed/MCK-Cre mice and expression of
Bcl-xL in control mice did not demonstrate a statistically signif-
icant effect on the same parameters (P > 0.05).

The ability of Bcl-xL to prevent, or at least postpone, the
onset of dilated cardiomyopathy in ErbB2/MCK-Cre mice sug-
gests that apoptosis of cardiomyocytes, or other cell types, con-
tributes to the cardiomyopathy evident in these mice.
However, as non-cardiomyocytes may also have a role in the
cardiac remodeling that occurs during heart failure26, it is pos-
sible that Bcl-xL expression by non-cardiomyocytes is responsi-
ble for the rescue of normal heart function. Moreover, it is
possible that Bcl-xL mediates important cellular functions in
the heart other than prevention of apoptosis in the rescued an-
imals. For example, Bcl-xL may regulate metabolite exchange
across outer mitochondrial membranes27 and Ca++ signaling28.

Sensitivity to anthracycline in ErbB2-CKO cardiomyocytes
Herceptin combined with concurrent treatment with anthra-
cyclines, such as the commonly used anti-cancer agent adri-
amycin, increases the incidence of cardiac dysfunction in
human patients4,5. We examined whether the loss of ErbB2
leads to increased toxicity of adriamycin in cardiomyocytes
isolated from Erbb2-CKO mice. Western-blot analysis demon-
strated a 40% loss of ErbB2 protein in neonatal cardiomy-
ocytes isolated from Erbb2-floxed/MCK-Cre mice (Fig. 1d),
allowing their use in examining effects of ErbB2 signaling on
adriamycin-induced toxicity in culture. Cardiomyocytes iso-
lated from Erbb2-CKO mice demonstrated an increased sensi-
tivity to adriamycin toxicity at doses ranging from 0.05 to 5
µM (Fig. 5). These doses of adriamycin are similar to the serum
levels found in patients treated with adriamycin29 as well as
the doses used in culture to examine tumor-colony forma-
tion29 and cardiotoxicity30. As some cardiomyocytes isolated
from neonatal Erbb2-CKO mice still express ErbB2, the depen-
dence of adriamycin-treated cardiomyocytes on ErbB2 for sur-
vival might be even greater than observed here. Thus, as in the
clinical setting, the loss of ErbB2 signaling in cardiomyocytes
aggravates adriamycin-induced toxicity.

Discussion
Here we describe a mouse model in which cardiac-restricted
deletion of the ErbB2 receptor tyrosine kinase leads to dilated

cardiomyopathy. We and others have shown that ErbB2 has
an essential role in the developing embryonic heart31–33. Here
we show that ErbB2 is important in maintaining cardiac func-
tion in the adult heart. However, the role of ErbB2 in the adult
heart is distinct from its role during embryogenesis. ErbB2-de-
ficient mutants died at embryonic day 10.5 due to improper
formation of cardiac trabeculae, the spongy myocardium re-
sponsible for maintaining blood flow during early stages of
heart morphogenesis. These ErbB2-deficient mutants display a
morphogenic phenotype, which is unrelated to dilated car-
diomyopathy. Erbb2-CKO mice show no morphological de-
fects at birth. In fact, most Erbb2-floxed/MLC2v-Cre mice
displayed normal cardiac structure and function at six weeks
of age, and many took up to several months to develop dilated
cardiomyopathy. The difference between the onset of car-
diomyopathy in Erbb2-floxed/MCK-Cre mice versus Erbb2-
floxed/MLC2v-Cre mice may be due to the fact that MCK-Cre
is expressed in atria in addition to ventricles. Alternatively,
differences in the genetic background of the two lines of mice
may have a role—implicating the existence of modifying loci
important for normal heart function in the absence of ErbB2
signaling.

Previous studies demonstrated that neuregulins promote
cardiomyocyte survival in vitro34. We demonstrate a small in-
crease in apoptosis in the hearts of Erbb2-CKO mice compared
with controls and the ability of the anti-apoptotic gene Bcl-xL
to partially rescue the dilated cardiomyopathy phenotype.
Although our results are consistent with cardiomyocyte apop-
tosis contributing to the cardiomyopathy observed in Erbb2-
CKO mice, it is also likely that ErbB2 is involved in regulating
other functions of cardiomyocytes, such as contractility.
Further experiments should be conducted to examine other
roles of ErbB2 in mediating normal heart function.

The essential role of ErbB2 in cardiomyocytes for the pre-
vention of cardiomyopathy suggests that Herceptin-related
cardiac dysfunction is not immune-mediated or secondary to
effects of Herceptin outside the heart. Furthermore, our find-
ings demonstrate that ErbB2 does not act solely as a modifier
of anthracycline cardiotoxicity, as Erbb2-CKO mice display di-
lated cardiomyopathy in the absence of anthracycline treat-
ment. The interaction between ErbB2 signaling and
anthracyline toxicity is nonetheless clinically important.
Using neonatal cardiomyocytes isolated from Erbb2-CKO
mice, we demonstrate that the loss of ErbB2 leads to increased
sensitivity to anthracycline toxicity. Future experiments
aimed at elucidating the molecular basis for this interaction
may prove invaluable for preventing cardiomyopathy in pa-
tients receiving Herceptin and anthracyclines.

The critical role of ErbB2 for normal cardiac function sug-
gests that neuregulins or other ErbB2 agonists may be useful
therapeutic agents to prevent Herceptin-related cardiac dys-
function, as well as retard other forms of heart failure. In addi-
tion, identifying downstream components of ErbB2 signaling
may lead to new targets for therapeutic agents to treat heart
disease. Currently, the use of Herceptin is restricted to treating
metastatic breast-cancer patients. However, clinical trials are
currently planned or underway to study the effectiveness of
Herceptin in treatment of earlier stage breast cancers5, and
other types of ErbB2-overexpressing cancers such as lung,
prostate and ovarian cancers35. Thus, preventing Herceptin-
mediated cardiomyopathy would not only benefit patients
currently approved for Herceptin treatment, but may also
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allow broader use of Herceptin to treat other ErbB2-overex-
pressing cancer patients.

Methods
Generation of mice and histological analyses. A neomycin resistance
(neor) marker flanked by loxP recombination sites was introduced into an
XbaI site 1.5 kb upstream of the Erbb2 proximal promoter and first exon
(encoding the first 27 amino acids of the N terminus). A third loxP site
was introduced into a BamHI site (destroyed) in the second intron of
Erbb2 3-kb downstream of the neor marker. The targeting construct con-
tained homologous arms 4.5-kb downstream of the third loxP site and
2.8-kb upstream of the first loxP site. The targeting construct was elec-
troporated into mouse embryonic stem cells. G418-resistant colonies
were isolated and screened by Southern-blot analysis for colonies, which
had undergone homologous recombination to include all three loxP
sites. Positive colonies were then transiently transfected with a plasmid
expressing Cre recombinase under control of the CMV promoter.
Individual colonies were then screened for those in which the neor

marker had been removed by Cre-mediated recombination but which
still contained the first exon and promoter region of ErbB2 flanked by 2
loxP sites (the ‘Erbb2-floxed’ allele). Erbb2-floxed animals were crossed
with MLC2v-Cre or MCK-Cre transgenic mice. Hearts from mice at 3–9
months of age were fixed with 4% paraformaldehyde, sectioned and
stained by Masson’s trichrome method. For electron microscopy, after
perfusion fixation with 2% paraformaldehyde-2% glutaraldehyde, tis-
sues from the LV from mice at 3 mo of age were sectioned and stained
by the conventional osmium-uranium-lead method. The use of animals is
in compliance with the guidelines of the Animal Care and Use
Committee of the Salk Institute.

Physiological analyses. Transthoracic echocardiography36, hemody-
namic evaluation20 and transverse aortic constriction23 were performed
as described. Avertin (2.5%, 20 µl/kg body weight), and a xylazine
(0.005 mg/g) and ketamine (0.1 mg/g) mixture were used as anesthesia
during echocardiography and cardiac catheterization, respectively.

Molecular analyses. Total RNA was isolated from the LV of the Erbb2-
CKO and control mice. Northern-blot analysis was performed with rat
atrial natriuretic factor (ANF) and skeletal α-actin (SK) cDNA probes. The
same blots were stripped and rehybridized with a glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) cDNA probe to document similar
amounts of RNA per lane. Adult ventricular myocytes were isolated by
retrograde perfusion with collagenase and separated via two sequential
6% BSA gradients37. Western-blot analysis was performed using Neu (C-
18) (Santa Cruz Biotechnology, Santa Cruz, California) and ErbB4
(Neomarkers, Freemont, California) antibodies. In addition, all blots
were probed with an actin (C-2) (Santa Cruz Biotechnology, Santa Cruz,
California) antibody as a loading control.

Apoptosis assay. A PCR-based DNA fragmentation assay was performed
following the protocol provided in the ApoAlert LM-PCR ladder assay kit
(Clonetech, Palo Alto, California). Mouse En-2 primers were used to am-
plify the En-2 gene as an internal control. Data shown is representative of
3 independent experiments with nearly identical results.

Adenovirus gene transfer. Adenovirus vectors (containing either β-gal
or Bcl-xL coding sequence) were injected into 1-d-old neonatal mouse
hearts as described25. 1 × 109 particles/heart were injected into
ErbB2/MCK-Cre mice or control littermates. 40 d later, echocardio-
graphic analysis was performed to measure cardiac size and function.
Non-injected/Erbb2-CKO, n = 4; non-injected/control, n = 4; Bcl-
xL/Erbb2-CKO, n = 8; Bcl-xL/control, n = 3; β-gal /Erbb2-CKO, n = 3; β-
gal /control, n = 3.

Cardiomyocyte cultures. Tail DNA of postnatal day 0-1 ErbB2/MCK-Cre
or control littermate pups was isolated and used for genotyping. All
hearts dissected from mice of the same genotype were pooled, cut into 3
or 4 pieces, and digested in Hank’s Balanced Salt Solution (HBSS) plus
collagenase (type II, 95 units/ml; Worthington Biochemical, Lakewood,

New Jersey) and pancreatin (1 mg/ml; Sigma) at 37 °C for 10 min. The
first digest was discarded and fresh digest solution was added. The
hearts were then digested 5 times for 10 min each and the digest solu-
tions added to a half volume of FBS on ice. Inactivated digests were
pooled, resuspended in medium containing a 4:1 mix of DMEM and M-
199 media plus 10% horse serum and 5% FBS and pre-plated in un-
coated flasks twice for 75 min each to remove fibroblasts. The remaining
cardiomyocytes were cultured in slide chambers coated with 0.2%
gelatin and 12.5 µg/ml fibronectin at a density of 4,000 cells per cm2.
After 24 h in culture, media was changed to DMEM/M-199 without
serum. 24 h later, the medium was replaced with DMEM/M-199 con-
taining 0–5 µM adriamycin and 5 ng/ml neuregulin and cultured for an
additional 24 h. Cells were then fixed for 10 min in 10% neutral buffered
formalin and immunostained with an antibody against sarcomeric α-ac-
tinin (Sigma) and anti-mouse Cy-3 secondary antibody (Jackson
ImmunoResearch, West Grove, Pennsylvania) and counterstained with
DAPI. The number of α-actinin positive cardiomyocytes was counted in
16 random 400-µm2 microscopic fields for each well. Cultures contained
less than 5% fibroblasts. The results, expressed as mean ± s.e.m., are the
average of at least 3 wells for each treatment.
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