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Activating transcription factor 3 (ATF3) is a member
of the CREB/ATF family of transcription factors. Pre-
viously, we demonstrated that the expression of the
ATF3 gene is induced by many stress signals. In this
report, we demonstrate that expression of ATF3 is
induced by cardiac ischemia coupled with reperfu-
sion (ischemia-reperfusion) in both cultured cells and
an animal model. Transgenic mice expressing ATF3
under the control of the a-myosin heavy chain pro-
moter have atrial enlargement, and atrial and ventric-
ular hypertrophy. Microscopic examination showed
myocyte degeneration and fibrosis. Functionally, the
transgenic heart has reduced contractility and aber-
rant conduction. Interestingly, expression of sorcin,
a gene whose product inhibits the release of calcium
from sarcoplasmic reticulum, is increased in these
transgenic hearts. Taken together, our results indi-
cate that expression of ATF3, a stress-inducible gene,
in the heart leads to altered gene expression and
impaired cardiac function. (Am J Patbhol 2001,
159:639-650)

Heart failure is a complex syndrome that can result from
virtually any disorder affecting the myocardium,” such as

ischemic heart disease, hypertension, valvular disease,
and primary cardiomyopathy. One common feature of
these etiologies is the imposition of an abnormal load on
the myocardium. This overload induces complex hu-
moral, mechanical, and neural responses that initially
compensate systolic function by increasing heart rate,
contractility, and the size of sarcomeres (hypertrophy).?
Despite these compensatory mechanisms, however, if
the inciting diseases are left untreated, heart failure en-
sues with dilated cardiomyopathy—the end-stage phe-
notype of heart failure—regardless of etiology. Therefore,
one critical area for heart failure research is to elucidate
the responses of cardiomyocytes to the stress of abnor-
mal load.

We have been investigating a stress-inducible gene,
activating transcription factor 3 (ATF3). It is a member of
the CREB/ATF family of basic region-leucine zipper
(bZip) transcription factors.>*® Overwhelming evidence
from us and others indicates that ATF3 is induced by a
variety of stress signals in different cell types.”® Previ-
ously, we demonstrated that the mRNA level of ATF3
greatly increases in the heart after myocardial ischemia,
and ischemia coupled with reperfusion (ischemia-reper-
fusion), in the kidney after renal ischemia-reperfusion, in
the skin after wounding, in the brain after seizure, and in
the liver after chemical toxicity and partial hepatectomy
(unpublished results).®'© In addition to the above animal
experiments, in vitro experiments using cultured cells also
indicate that ATF3 is induced by stress signals, including
cytokines, "2 genotoxic agents such as ionizing radia-
tion,’® and agents known to induce cell death or the
JNK/SAPK signaling pathway such as anisomycin'* and
cycloheximide.'® Therefore, ATF3 is induced in a variety
of cell types by many different stress signals, suggesting
that it may be a key regulator in cellular stress responses.
One common theme of all of the signals that induce ATF3
is that they also induce cellular damage. Therefore, the
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induction of ATF3 seems to correlate with cellular dam-
age. In this report, we describe our recent studies on the
roles of ATF3 in cardiac stress responses. We present
evidence indicating that ectopic expression of ATF3 in
the heart leads to conduction abnormalities and contrac-
tile dysfunction, suggesting that induction of ATF3 by
stress signals may play a role in the pathogenesis of
stress-associated cardiac diseases.

Materials and Methods

Ischemia-Reperfusion Models
In Vivo Model

Two-month-old male Sprague-Dawley rats were anes-
thetized, intubated by tracheotomy, and ventilated using
a pressure-controlled ventilator. The heart was exposed
by the left intercostal approach and the left coronary
artery was ligated with an 18-gauge needle tied against
it. Ischemia was confirmed by ST segment elevation in
electrocardiography (ECG). After 2 hours of ischemia, the
ventricle was reperfused by removal of the needle. At 1
hour after reperfusion, the heart was excised from the
surviving animals (~50%) and frozen immediately for in
situ hybridization.

In Vitro Model

Cardiomyocytes from Sprague-Dawley rats at 1 to 2
days of age were prepared as described previously'®
with minor modifications. Cells were incubated with buffer
containing 20 mmol/L HEPES (pH 6.6), 125 mmol/L NaCl,
4.9 mmol/L KCI, 1.2 mmol/lL MgSO,, 1.2 mmol/L
NaH,PO,, 1.8 mmol/L CaCl2, 8 mmol/L NaHCO3, 5
mmol/L NaCN, and 20 mmol/L deoxyglucose for 2 hours
to deplete ATP. Cardiomyocytes were then allowed to
recover in normal media for 2 hours before the isolation of
total RNA.

Generation of the Myosin Heavy Chain
Promoter (MyHC)-ATF3 Transgenic Mice

The human ATF3 gene was targeted to the heart using
the a-MyHC promoter (from Dr. J. Robbins, University of
Cincinnati). Transgenic mice were generated in the
FVB/N background, and mice containing the transgene
were identified by polymerase chain reaction (PCR) using
the upstream primer 5-GACTTCACATAGAAGC-
CTAGCC-3' complementary to the a-MyHC region, and
the downstream primer 5-AACCACAACTAGAATG-
CAGTG-3" complementary to the SV40 polyA region.

In Situ Hybridization and Immunohistochemistry

In situ hybridization and immunohistochemistry were per-
formed as detailed previously.®

RNA Isolation, Reverse Transcriptase (RT)-PCR,
and Dot Blot

Total RNA was isolated using Trizol reagent (Life Tech-
nologies, Inc., Rockville, MD). Reverse transcription was
performed using avian myeloblastosis virus reverse tran-
scriptase (Promega, Madison, WI) and the resulting
cDNA was subjected to PCR. Rat ATF3 mRNA was ana-
lyzed by the upstream primer 5'-GCTCTAGAAAAAAA-
GAGAAGACRGAGTGC-3" and the downstream primer 5'-
TCTCCAATGGCTTCAGGGTT-3". Human ATF3 transgenic
mRNA was analyzed by the upstream primer 5’-GAGG-
TAGCCCCTGAAG-3" complementary to the ATF3 coding
region, and the downstream primer complementary to the
SV40 polyA region as above. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA was analyzed by the up-
stream primer 5-CCGGATCCTGGGAAGCTTGTCAT-
CAACGG-3" and the downstream primer 5'-GGCTCGAG-
GCAGTGATGGCATGGACTG-3'. Quantitative RNA dot-
blot analysis was performed as described previously*® with
modifications. Briefly, RNA was resuspended in diethyl py-
rocarbonate-treated water, and denatured by heating to
95°C. Three ug of total RNA per dot was blotted onto
nitrocellulose filters using a dot-blot filtration manifold (Bio-
Rad, Melville, NY). All samples were analyzed in duplicate.
The synthetic oligonuclectides used as transcript-specific
probes are as follows: atrial natriuretic factor
5'-AATGTGACCAAGCTGCGTGACACACCACAAGGGCT-
TAGGATCTTTTGCGATCTGCTCAAG-3', a-skeletal actin
5'-TGGAGCAAAACAGAATGGCTGGCTTTAATGCTTCAA-
GTTTTCCATTTCCTTTCCACAGGG-3’, B-myosin  heavy
chain (B-MyHC) 5’-GCTTTATTCTGCTTCCACCTAAAGGG-
CTGTTGCAAAGGCTCCAGGTCTGAGGGCTTC-3',myosin
light chain 2 ventricular isoform (MLC2v) 5’-CACAGCCCT
GGGATGGAGAGTGGGCTGTGGGTCACCTGAGGCTGT-
GGTTCAG-3’, sarcoplasmic reticulum calcium channel
(SERCA2a) 5'-AGGTGTGTTGCTAACAACGCAGATGCAC-
GCACCCGAACACCCTTATATTTCTGCAAATGG-3', and
GAPDH 5-GGAACATGTAGACCATGTAGTTGAGGTCAA-
TGAAG-3'. All oligonucleotide probes were 5’ end-labeled
with y[*2P]-ATP using T4 polynucleotide kinase (Promega).
The sorcin probe was a random-primed probe derived from
an ~300-bp fragment of the mouse sorcin cDNA. The
cDNA clone was generated by ligating pBSSK vector with
an RT-PCR product derived from mouse mRNA using the
upstream primer 5'-AACTGCAGCTGAATGGCTGGAGA-
CAACAC-3’ and downstream primer 5'-CCCAAGCTTTTA-
GACGGTCATGACACACTG-3'. ltalics indicate the Pstl and
Hindlll sites for cloning. Sequence analysis confirmed that
the clone contains a fragment of the mouse sorcin cDNA,
and the probe was found to hybridize to a single band on a
Southern blot using mouse genomic DNA under hybridiza-
tion conditions identical to those used for dot-blot hybrid-
ization. Quantitation of hybridization signals was accom-
plished using a Storm 860 Phosphorlmaging system and
Imagequant software (Molecular Dynamics, Sunnyvale,
CA). The signal intensity of each dot was normalized to that
of GAPDH after correcting for background.



Histology, Morphometric Analysis, and Electron
Microscopy

Hearts were fixed in 10% buffered formalin for 24 to 48
hours, dehydrated, and embedded in paraffin. Five-um
sections were stained with hematoxylin and eosin (H&E)
or with Masson'’s trichrome. For the analysis of ventricular
dilation, mice were anesthetized and heparinized via in-
ferior vena cava; hearts were then excised, cannulated
via aorta, and perfused with cardioplegic solution (phos-
phate-buffered saline containing 25 mmol/L KCI and 5%
glucose) before fixation. For morphometric analysis, con-
nective tissues around the heart were trimmed from the
heart after fixation. Atria were separated from ventricles
under the dissection microscope. Organized thrombus, if
present, was removed from the atrium. Atria and ventri-
cles were weighed separately. Electron microscopic
studies of the hearts were carried by the methods de-
scribed previously.”

Echocardiography and ECG

Mice were placed under light anesthesia with halothane
inhalation (0.5 to 1% halothane in a mixture of 95% O,
and 5% CO,) and warmed to maintain body temperature.
Two-dimensional and M-mode echocardiographic im-
ages were recorded and analyzed by a Sonos 1000
echocardiograph and a 7.5 MHz pediatric ultrasonic
probe (Hewlett-Packard Co., Andover, MA) as described
previously.'® ECGs were acquired (sampling rate, 2000
Hz) for 30 seconds with a Biopac MP100 system (Biopac
Systems Inc., Santa Barbara, CA) interfaced with a Pen-
tium computer. Data were stored for off-line analysis with
Acgknowledge (Biopac Systems, Inc.). All normal sinus
rhythm records were signal-averaged before measure-
ment of electrocardiographic intervals. Records with
high-degree atrioventricular blocks were analyzed by
measuring and averaging consecutive beats. The QTc
interval was calculated by dividing the QT interval by the
cube root of the R-R interval.

Preparation of Ventricular Myocytes and
Measurement of Contractile Function in Vitro

Mice were anesthetized and heparinized via inferior vena
cava. Hearts were rapidly excised, cannulated via aorta,
and perfused at 37°C with 25 ml of the perfusion buffer:
118 mmol/L NaCl, 4.8 mmol/L KCI, 1.2 mmol/L MgSQO,,
1.2 mmol/L KH,PO,, 0.68 mmol/L glutamine, 11 mmol/L
glucose, 25 mmol/L NaHCOg, 5 mmol/L pyruvic acid, 20
pwmol/L EGTA, 1% minimal essential medium amino acids
solution (Life Technologies, Inc.), 1% minimal essential
medium nonessential amino acids solution (Life Technol-
ogies, Inc.), and 1% minimal essential medium vitamin
solution (Life Technologies, Inc.). Hearts were then per-
fused at 37°C for 15 minutes with the enzyme solution:
perfusion buffer with 1 mg/ml collagenase (Worthington,
Lakewood, NJ), and 1 mg/ml bovine serum albumin.
CaC1, was added slowly during perfusion to make a final
concentration of 0.75 mmol/L. The ventricles were
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minced and the cells were dissociated in the enzyme
solution. Viable cardiomyocytes were obtained by set-
tling in the incubation buffer (perfusion buffer with 25
mmol/L HEPES, 1 mmol/L CaC1,, 1 umol/L insulin, 2%
bovine serum albumin, and penicillin-streptomycin with-
out NaHCQO,). Isotonic shortening of individual myocytes
in response to electrical field stimulation was analyzed as
described previously.'®

Swimming Exercise

Mice at 8 weeks of age were made to swim in a water tank
with a surface area of 2200 cm? according to the protocol
described by Geisterfer-Lowrance and colleagues.?® The
temperature of the water was kept at 30 to 32°C through-
out the experiment. Two swimming sessions were held
daily with a 30-minute interval. The duration of the session
was 10 minutes on the first day with an increase of 10
minutes everyday up to 90 minutes each session. Drown-
ing mice were rescued from the water and resumed
swimming in the next session. The purpose for rescuing
the mice was to avoid death from drowning rather than a
cardiac problem. The swimming exercise continued for
22 days.

Statistical Analysis

Statistical analyses include analysis of variance and t-
test. A P value of <0.05 was considered statistically
significant.

Results and Discussion

Induction of ATF3 by Ischemia-Reperfusion
both in Vivo and in Vitro

Although we demonstrated previously that ATF3 is in-
duced in the heart by ischemia-reperfusion,® in those
experiments we examined only a wedge of the left ven-
tricle. To obtain a more complete picture, we examined
serial cross sections of the heart derived from rats treated
with coronary artery ligation coupled with reperfusion as
detailed in the Material and Methods. As shown in Figure
1A, ATF3 was induced in a loop pattern as shown previ-
ously; reconstruction of serial sections revealed a cone of
ATF3 expression. Control experiments using sham-oper-
ated rats showed no induction of ATF3 (data not shown).
To determine whether this stress-induced expression of
ATF3 can be recapitulated in vitro, we isolated cardiomy-
ocytes from newborn rats and treated the cells with a
widely used procedure to mimic ischemia-reperfusion in
vitro.?"?2 Incubation with NaCN and deoxyglucose to
deplete ATP was followed by the removal of these meta-
bolic inhibitors. As shown in Figure 1B, the ATF3 mRNA
level greatly increased (compare lanes 3 and 4 in Figure
1B) as indicated by reverse transcription coupled with
polymerase chain reaction (RT-PCR). The specificity of
the band was demonstrated by the lack of signal if re-
verse transcriptase was deleted in the RT reaction (the
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Figure 1. ATF3 is induced by myocardial ischemia-reperfusion. A: Heart
sections from rats subjected to coronary artery ligation followed by reperfu-
sion were analyzed by in situ hybridization. B: Cardiomyocytes isolated from
newborn rats were incubated with cyanide and deoxyglucose followed by
the removal of these metabolic inhibitors. ATF3 and GAPDH mRNA levels were
analyzed by RT-PCR. I/R, ischemia-reperfusion; RT, reverse transcriptase.

minus RT control; Figure 1B, lane 2). The lack of ATF3
signal in untreated cells was not because of a lack of
RNA in the sample, because signals for the control mRNA
GAPDH were similar between uninduced and induced
cells (Figure 1B, lanes 3 and 4, bottom panel).

Generation of Transgenic Mice Ectopically
Expressing ATF3 in the Heart

To investigate the significance of ATF3 induction by car-
diac stress, we took a gain-of-function approach and
generated transgenic mice expressing ATF3 using the
a-myosin heavy chain (a-MyHC) promoter. The trans-
genic construct contains the human ATF3 open reading
frame and the SV40 polyA signal (Figure 2A). For the
convenience of discussion, we will refer to these mice as
MyHC-ATF3 mice in the rest of the report. The 5-kb
fragment of the MyHC promoter used in this experiment
has been demonstrated to drive the expression of trans-
genes as follows: in atria and in striated muscle surround-
ing pulmonary veins constitutively starting at embryonic
day 10 (e10), and in the ventricles constitutively starting
12 hours before birth.?*?* Thus far, we have generated
five transgenic founders. Postmortem analyses showed
that they can be divided into two groups: group | (no. 83,
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Figure 2. MyHC-ATF3 transgenic mice express the transgene in the heart. A:
A schematic of the MyHC-ATF3 construct. Open boxes indicate noncoding
exons of the a-MyHC gene. HA, hemagglutinin tag. B: Atrial and ventricular
total RNAs were isolated from NTG, no. 85 heterozygous (TG1), no. 100
heterozygous (TG2), and no. 100 homozygous (TG2hm) mice. ATF3 and
GAPDH mRNA levels were assayed by RT-PCR. C: Indicated tissues from TG1
mice were analyzed as in B. D: Atrial and ventricular sections derived from
TG1 mice were analyzed by immunohistochemistry using antibodies against
ATF3. A, atrium; V, ventricle. Scale bar, 50 pum.

no. 85, and no. 92) with dramatically enlarged atria, and
group Il (no. 89 and no. 100) with mildly enlarged hearts.
Only founders no. 85 and no. 100 gave rise to transgenic
progeny before death. RT-PCR analysis using primers
specific to ATF3 and the SV40 polyA region showed a
specific band of the expected size from RNA isolated
from no. 85 (TG1) hearts (Figure 2B). In contrast to the
easily detectable signal from no. 85 mice, the signal from
no. 100 (TG2) mice was faintly visible. Although the assay
was not quantitative, the difference in the signal level was
dramatic and reproducible, suggesting that the expres-
sion level of the transgene was lower in no. 100 mice than
that in no. 85 mice. Consistent with this interpretation, the
phenotypes in no. 100 mice were much weaker than that
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Figure 3. TG1 transgenic mice have enlarged atria and dilated right ventricles. A: Hearts were removed from NTG and TG1 mice at 20 weeks of age and
photographed. B: Transverse sections of NTG and TG1 mice at 30 weeks of age were stained by H&E. RL, right ventricle; LV, left ventricle. Scale bar, 1 mm.

in no. 85 mice (see below). In the rest of this report, we
will refer to no. 85 mice as TG1 and no. 100 mice as TG2.

Despite the easy detection of the ATF3 expression in
TG1 by RT-PCR, we consistently failed to detect it by in
situ hybridization (data not shown), a technique we used
to detect the induction of endogenous ATF3 by ischemia-
reperfusion. This suggests that the level of transgene
expression in TG1 is lower than that of endogenous ATF3
induced by ischemia-reperfusion. This relatively low ex-
pression of the transgene argues against the interpreta-
tion that the cardiac dysfunction we describe below was
because of a nonspecific effect of overexpressing any
foreign protein in the heart. The tissue specificity of trans-
gene expression in TG1 was demonstrated by the lack of
transgene expression in thymus, liver, spleen, kidney,
skeletal muscle, and brain (Figure 2C). The slight expres-
sion in the lung is consistent with a previous report that
the promoter is active in pulmonary veins.?® Immunohis-

tochemistry using antibodies against ATF3 confirmed
that ATF3 protein is produced in the transgenic heart
(Figure 2D).

Bi-Atrial Enlargement, Cardiac Hypertrophy, and
Dilation

The TG1 mice showed obvious bi-atrial enlargement
starting at 3 weeks of age, with a consistently greater
enlargement of the right atrium than the left atrium. Figure
3A shows a representative picture. The reason for the
difference between the left and right atria is not clear at
present. Because bi-atrial enlargement was observed in
three founders (no. 83, no. 85, and no. 92), it strongly
suggests that this phenotype was because of the expres-
sion of the transgene rather than the sites of integration.
Consistent with atrial enlargement, transgenic mice
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Table 1. Morphometric Analysis of Mice

NTG TG1 TG2
AW/BW
BW 0.477 + 0.050 (n = 9) 2.105 = 0.562" (n = 7) 0.543 = 0.039 (n = 7)
35W 0.442 + 0.045 (n = 6) 2.434 + 0.423" (n = 8) 0.428 =+ 0.053 (n = 7)
VW/BW
BW 3.838 + 0.242 (n = 9) 4.421 + 0.293* (n = 7) 3.872 + 0143 (n = 7)
35W 3.410 + 0.373 (n = 6) 4145 = 0.221% (n = 8) 3.611 = 0.365 (n = 7)

Atrial weight (AW) or ventricular weight (VW) from NTG, TG1, TG2 mice at 6 weeks (6W) or 35 weeks (35W) of age was normalized to body weight

(BW). Values are mean =+ SE.
*P < 0.005 versus NTG.
TP < 0.0005 versus NTG.

showed a dramatic increase in the heart-to-body weight
ratio (data not shown). The majority of the weight increase
was because of the increase in atrial weight as shown in
Table 1. The increase in ventricular weight was small, but
statistically significant. This increase in heart weight is
suggestive of cardiac hypertrophy. Therefore, we com-
pared the transgenic hearts with nontransgenic (NTG)
hearts by quantitative RNA dot-blot analysis for altered
steady-state mRNA levels indicative of a hypertrophic
response. As shown in Figure 4, in mice at 15 to 20 weeks
of age, a-skeletal actin was up-regulated in the ventricles
of both transgenic lines (TG1 versus NTG), 1460 = 72
versus 100 = 18, P = 0.002; TG2 versus NTG, 149 = 33
versus 100 + 18, P = 0.007), and in the atria of TG1 mice
(1300 #= 56 versus 100 + 23, P = 0.0051). Atrial natri-
uretic factor, although not significantly up-regulated in
the ventricles of either line, was up-regulated in the aria of
TG1 mice (680 = 87 versus 100 = 10, P = 0.00001).
B-MyHC was significantly up-regulated in the ventricles
of TG1 mice (155 = 51 versus 100 = 25, P = 0.049).
Up-regulation of these three markers (a-skeletal actin,
atrial natriuretic factor, and B-MyHC) to varying extent is
typical of cardiac hypertrophy in human cardiomyopathy
and in various murine models of cardiac hypertrophy.
Therefore, these results indicate a significant hypertro-
phic response in TG1 hearts. Consistent with this notion,
TG1 ventricles had significant down-regulation of myosin
light chain 2 ventricular isoform (MLC2V) (63 = 19 versus
100 = 17, P = 0.0116), a down-regulation also observed
in tissues from hypertrophic human hearts and in hyper-
trophic and hypertensive primate and rodent mod-
els.?>728 SERCA2a, a marker of heart failure®®* 2" was not

Table 2. Electrophyiological Analysis of Mice

significantly different in the ventricles or atria of either
line. It is apparent from the literature that different pat-
terns of dysregulation for hypertrophic markers charac-
terize specific murine models; importantly, although
some markers may not be up-regulated in specific mod-
els, an increase in a-skeletal actin is always observed.
Therefore, taken together our dot-blot results indicate a
relatively severe hypertrophic response in TG1 ventricles
and atria, and a mild hypertrophic response in TG2 ven-
tricles. This is in agreement with the observation of a
significant increase in heart-to-body weight ratio in TG1
but not TG2 (Table 1). Because of the large significant
increase in both a-skeletal actin and atrial natriuretic
factor in TG1 atria, it is possible that the bi-atrial enlarge-
ment represents an atrial hypertrophic response.

In summary, these observations—macroscopic en-
largement, relative heart weight increase, and altered
gene expression—clearly demonstrate cardiac hypertro-
phy in TG1 mice. However, the hypertrophy was more
obvious in the atria than in the ventricles. We speculate
that this difference may be because of an earlier expres-
sion of the transgene in the atria than in the ventricle,
because the MyHC promoter is active in the atria starting
on embryonic day 10 but not active in the ventricles until
shortly before birth.?*24 In addition to hypertrophy, the
TG1 transgenic mice showed dramatic atrial dilation
(data not shown) and right ventricular dilation. Figure 3B
shows a representative result from mice at 30 weeks of
age. However, the left ventricle did not show obvious
dilation. Although the reason for this difference is not
clear, one possibility is that right ventricular dilation is a

Age 6 weeks 20 weeks
Genotype NTG (n = 3) TG1 (n = 6) NTG (n = 6) TG1 (n = 5)
Heart Rate (bpm) 525 + 76 466 + 81 498 + 43 650 = 767
PR (msec) 348+ 4.2 322 +36 25.8 = 5.0* 33.1+54
QT (msec) 643 +56 66.2 + 6.7 62.9 + 4.0 49.7 + 10.6%
QT, (msec) 132 £ 17.5 132 £ 19.5 127 £ 8.5 110 = 19.9

ECG intervals for NTG, TG1, and TG2 at indicated age are tabulated. Values are mean + SE.

*, Reduced compared to 6-week-old NTG mice (P < 0.05).
T, Increased compared to all other groups (P < 0.05).
* Reduced compared to all other groups (P < 0.05).
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Figure 4. MyHC-ATF3 transgenic mice have increased gene expression indicative of hypertrophy. Total atrial and ventricular RNAs were isolated from NTG, TG1,
and TG2 mice at 15 to 20 weeks of age, and analyzed by dot blot for the indicated mRNA. All assays were performed in duplicate, and individual signal intensities
were normalized against GAPDH signals. Relative mRNA levels were calculated by arbitrarily defining the normalized signals from NTG hearts as 1. Data represent
mean * SD from multiple samples (NTG: 4 atria, 6 ventricles; TG1: 4 atria, 4 ventricles; TG2: 5 atria, 8 ventricles). *, P < 0.05 versus NTG.

secondary effect of atrial dysfunction, thus reflecting the
different degrees of atrial enlargement described above.

Myocyte Disarray, Degeneration, and Fibrosis

Because myocyte disarray is a cellular response that
typically accompanies the development of hypertro-
phy,2° we examined whether the transgenic hearts dis-
played myocyte disarray. As shown by H&E staining, at
30 weeks of age the TG1 atria were disorganized (Figure
5D). This myocyte disarray was visible as early as 2
weeks of age (Figure 5, compare A and B), but was more
obvious in the atria than in the ventricles (data not
shown), consistent with the greater atrial phenotypes de-
scribed above. As evident in Figure 5, B and D, the
transgenic hearts also showed karyomegaly, anisokaryo-
sis, and abnormally shaped nuclei, indicative of myocyte
degeneration and atrophy.®? To further compare the
structural differences between the TG1 mice and the
NTG mice, we examined the myocytes by electron mi-
croscopy. Figure 6A shows three degenerating myocytes
in the transgenic atria (derived from mice at 25 weeks of
age) as diagramed in Figure 6C. Within the myocytes,
many abnormal structures were evident, including disori-
ented myofibrils, degenerating mitochondria, abnormal
Z-lines, vacuoles, granules, and degenerating interca-
lated disks. In addition, electron microscopy analysis
showed large cells (consistent with the hypertrophy de-
scribed above), variation in cell size, inclusion of abnor-
mal material in the nuclei, and accumulations of dense
material in the cytoplasm (data not shown). All these are
indications of myocyte degeneration, and are in contrast

to the normal myocytes from NTG mice, where well-
organized myofibrils and Z lines were evident (Figure
6B). Because another feature of heart failure is fibrosis of
the heart wall, we performed Masson’s trichrome stain-
ing. As shown in Figure 5F, at 20 weeks of age, the TG1
mice had excess interstitial collagen (blue stain) in the
atria, indicating extensive fibrosis. The extent of fibrosis in
the ventricles was much lower (data not shown), again
consistent with the less severe ventricular phenotypes
described above. In summary, microscopic examination
indicated that the myocytes were degenerating and the
hearts fibrotic in the TG1 transgenic mice. We also per-
formed all of the analyses on TG2 mice and did not find
any obvious microscopic abnormalities (data not shown).

Ventricular Contractile Dysfunction

The findings described for TG1 are consistent with a
nonspecific cardiomyopathy likely to be associated with
ventricular dysfunction. To examine the ventricular func-
tion, we performed echocardiographic analyses. Consis-
tent with Figure 3A, the echocardiographic images
showed enlarged atria; in addition, they showed an ap-
parent rotation of heart in vivo (data not shown). These
structural and positional changes blocked the clear res-
olution of left ventricular wall motion for further analysis.
Therefore, we performed an in vitro assay to assess the
contractile function of the cardiomyocytes. We isolated
ventricular cardiomyocytes from mice at 15 to 20 weeks
of age, and measured their isotonic shortening after stim-
ulation in the electrical field. As shown in Figure 7A,
myocytes derived from TG1 mice showed a statistically
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Figure 5. Histological analyses indicate myocyte disarray and fibrosis in TG1 hearts. A-D: Atrial sections from NTG and TG1 mice at 2 weeks of age (A and B),
or 30 weeks of age (C and D) were stained by H&E. E and F: Atrial sections from NTG and TG1 mice at 20 weeks of age were stained by Mason trichrome. Scale

bar, 20 wm.

significant reduction in percent cell shortening when
compared to myocytes from NTG mice. The reduction
was observed either in the absence or presence of the
B-agonist isoproterenol. In addition, the rate of contrac-
tion (inotropy) and the rate of relaxation (lusitropy) were
significantly slower in TG1 than in NTG mice either in the
absence or presence of isoproterenol (Figure 7, B and
C). Taken together, these results indicate that the TG1
transgenic myocytes were less contractile and less re-
sponsive to B-adrenergic receptor stimulation, a finding
consistent with cardiomyopathy.

We also examined the TG2 myocytes by these analy-
ses. Echocardiographic analyses of mice from 6 weeks to
30 weeks of age in a longitudinal study showed statisti-
cally significant reductions in left ventricular contractile
performance, as evidenced by ~10% reduction in frac-
tional shortening and 15% reduction in stroke volume
when compared to NTG mice (Figure 8). Using similar
methods, we demonstrated recently that severe left
ventricular failure in mice (doxorubicin-induced cardio-
myopathy) is associated with ~30 to 35% reductions in
fractional shortening and stroke volume relative to corre-
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Figure 6. Ultrastructural analyses indicate myocyte degeneration in TG1 hearts. A and B: Atria from TG1 and NTG mice at 25 weeks of age were analyzed by
electron microscopy [original magnifications: X10,000 (A) and X7000 (B)]. C: A schematic diagram delineates three myocytes shown in A. abZ, abnormal Z-line;
ct, connective tissue; dmf, disoriented myofibril; dmt, degenerative mitochondria; did, degenerating intercalated disks; dmy, degenerating myocytes; g, granule;

mt, mitochondria; v, vacuole; Z, Z-line.

sponding control values.'® Therefore, the reductions ob-
served in TG2 mice indicate that they had a moderate
decrease in left ventricular contractile performance. This
moderate decrease is consistent with the mild pheno-
types in the TG2 mice described above. M-mode images
of the echocardiographic analyses also demonstrated
increased left ventricular internal dimension during sys-
tole in transgenic animals versus age matched controls
(1.83 £ 0.04 mm at 14 weeks and 1.73 = 0.08 mm at 22
weeks, versus 1.58 + 0.02 mm control, P < 0.05). No
change in diastolic dimension was observed. In vitro anal-
ysis of the myocytes indicated that they had reduced cell
shortening, inotropy, and lusitropy (Figure 7). However,
the reduction was apparent only at high concentrations of
isoproterenol; in the absence of isoproterenol, there was
no significant reduction. Because the echocardiographic
analysis that showed a statistically significant reduction in
fractional shortening was performed in the absence of
isoproterenol, this suggests that the in vivo echocardio-
graphic analysis is more sensitive for detecting ventricu-
lar dysfunction than the in vitro cell-shortening assay.

Conduction Abnormalities

The gross hypertrophy and structural degeneration of
atria in TG1 mice prompted us to examine the mice by
electrocardiography. We examined mice at ~6 weeks or
20 weeks of age (Table 2). In many of the recordings, the
QRS and the T wave were not discrete. Therefore, the
QRS duration is not reported. The NTG controls had an
age-dependent reduction in the PR interval. This is in
contrast to the age-related increase in PR interval re-
ported previously in wild-type 129SvEv inbred mice.*®
The difference may be because of differences in age,
strain, or anesthetic regimen. In the young animals (~6
weeks of age), there were no statistically significant dif-
ferences between transgenic and NTG animals with re-
spect to any ECG intervals. In the older animals (~20
weeks of age), there were significant differences be-
tween the transgenic and NTG animals in both heart rate
and the QT interval. However, the rate-corrected QT in-
terval (QTc) was not significantly different. In addition,
two of the five older transgenic animals demonstrated
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Figure 7. Cardiomyocytes derived from MyHC-ATF3 transgenic ventricles have decreased contractile function. Ventricular cardiomyocytes were isolated from
NTG, TG1, or TG2 mice at 15 to 20 weeks of age. Their percentage of cell shortening, lusitropy, and inotropy were measured after stimulation in the electrical
field in the absence or presence of isoproterenol. Percent of cell shortening = (L, — L)/L,, where L, is the length of resting cells and L, is the length of the
electrically stimulated cells. There was no statistically significant difference in the resting cell length between TG and NTG cells: NTG 104 + 3 um (n = 20), TG1
101 = 5 um (72 = 24), TG2 109 £ 4 um (1 = 28). Data represent mean * SD from 11 to 28 cells derived from five to seven mice. *, P < 0.05 versus NTG; **,

P < 0.005 versus NTG; ***, P < 0.0005 versus NTG.
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Figure 8. TG2 transgenic mice have time-dependent cardiac performance
deficits. NTG and TG2 mice were examined by echocardiographic analyses
in a longitudinal manner from 6 weeks to 30 weeks of age. Data represent
means = SE for transgenic mice (2 = 8 to 12) and NTG mice (7 = 10 to 15).
Dotted lines represent 95% confidence intervals for age-matched NTG mice
that did not show any significant age dependencies. *, P < 0.05 TG versus NTG.

sinus rhythm with Wenckebach periodicity (data not
shown), indicating altered atrioventricular node conduc-
tion. In summary, the transgenic mice have ECG changes
consistent with the increased fibrosis and fiber disarray
or altered autonomic balance, a potential consequence
of the pathology described above.

Decrease in Cardiac Functional Capacity

To examine whether the transgenic mice have a dimin-
ished cardiac functional capacity, we examined the mice
during exercise. We trained six TG1 and six NTG mice at
8 weeks of age to swim as detailed in the Material and
Methods. All six NTG mice tolerated the exercise protocol
and resumed normal activity immediately after swimming.
However, five of the six transgenic mice displayed obvi-
ous struggle during swimming and recovered to normal
activity slowly afterward. Two transgenic mice were
drowning and required rescue in two swimming sessions.
One mouse died soon after rescue 12 days into the
protocol. Therefore, the transgenic mice had less func-
tional capacity than the NTG mice, consistent with their
cardiac contractile dysfunction and conduction abnor-
malities.

Altered Expression and a Potential Role of ATF3
in G-Protein Signaling

Interestingly, expression of sorcin, a gene whose product
inhibits the release of calcium from sarcoplasmic reticu-
lum,34-%% was increased in these transgenic hearts. We
examined sorcin, because it was identified in a DNA
microarray screen in cultured cells ectopically express-
ing ATF3 (A. E. Allen-dennings, L. Gang, K. L. Gardner,
and T. Hai, unpublished results). As shown by quantita-



tive dot-blot analysis, sorcin mRNA was significantly
higher in TG1 than NTG atria (Figure 4). Because calcium
release from sarcoplasmic reticulum plays a pivotal role
in cardiac function, the increased expression of sorcin,
an inhibitor of this process, may contribute to the cardiac
dysfunction observed in the transgenic mice. Recently,
Redfern and colleagues®” generated transgenic mice
expressing a modified G;-coupled receptor (Ro1) in the
heart in an inducible manner. They showed elegantly that
expression of Ro1 causes ventricular conduction delay
and a lethal cardiomyopathy.®” Intriguingly, ATF3 was
identified in their study as a gene up-regulated in the
transgenic hearts by a DNA array analysis, suggesting a
role for ATF3 in G-protein signaling.®”

The Role of ATF3 in Cardiac Stress Response

As described in the Introduction, ATF3 is a member of the
CREB/ATF family of transcription factors. Because these
transcription factors are involved in the regulation of a
variety of genes, they have been used as a paradigm for
studying regulation of gene expression by many investi-
gators. CREB, a widely studied member of this family,
was implicated to play a role in the heart. When a dom-
inant-negative form of CREB was expressed in the heart,
mice carrying this transgene developed four-chamber
dilated cardiomyopathy.®839 Because the dominant-neg-
ative form of CREB interferes with the normal function of
CREB, these results indicate that CREB is important for
some normal functions of the heart. Our work suggests
that another member of this family, ATF3, may also play a
role in the heart, although most likely a role different from
that of CREB. Because ATF3 is not detectable in the heart
under nonstressed conditions, we suspect that it does
not play a role in cardiac function under normal condi-
tions. However, it plays a role in cardiac stress response,
because it is induced in the heart by stressors such as
myocardial ischemia-reperfusion.

The phenotypes we observed in the MyHC-ATF3 trans-
genic mice suggest that ATF3 is a detrimental stress-
inducible gene. This notion is consistent with our prelim-
inary results suggesting that stress signals may induce
ATF3 by activating the JNK/SAPK and p38 stress kinases
(J. Chen and T. Hai, unpublished results). Activation of
these stress kinases in cardiomyocytes has been impli-
cated to lead to detrimental effects.*°~42 If ATF3 is in-
deed a downstream target gene for the JNK/SAPK and
p38 signaling pathways, it may be one of the mediators
for the stress pathways to elicit detrimental effects. In
summary, our results are consistent with the interpreta-
tion that expression of ATF3 in the heart leads to cardiac
dysfunction. Because ATF3 is a stress-inducible gene,
our results may help to understand the roles of gene
regulation in stress-associated cardiac diseases.
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