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Figure 1. Fsti3 and Activin BA are specifically induced after cardiac injury. Expression analysis of activin BA, Fsti3, follistatin, and inhibin e in murine
models of myocardial infarction (M) (A), transverse aortic constriction (TAC) (B), and IR (IR) (C) is shown. In the myocardial infarction model, sam-
ples were taken separately from ischemic zone (infarct area) and nonischemic zone (remote area) 3 days after the onset of myocardial infarction. For
the pressure overload model, samples were taken 7 days after transverse aortic constriction surgery. Quantitative real-time polymerase chain reac-
tion was performed to determine the mRNA level of each transcript, and the data were compared with the GAPDH level and nommalized to the
mean value of controls. n=4 to 6. *P<0.05 vs sham; #P<0.01 vs sham. D, Upregulation of activin A protein after myocardial infarction. The top
panel is a Westem blot analysis for activin A performed under nonreducing conditions, and the bottom panel is a blot for a-tubulin with the same
samples used under reducing conditions. The histogram shows the quantification of the band intensities for activin A compared with that of tubulin.
#P<0.01 vs sham. E, Upregulation of activin A and Fsti3 proteins after H/R treatment in NRVM cultures. Representative images of immunoblots of
the culture media, 24 hours after addition to cells, and the cell pellet lysates are shown. CTL indicates control.
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Figure 2. Activin A protects cardiac myocytes from H/R-induced injury. A, NRVMs were pretreated with different concentrations of

activin A for 8 hours before the exposure to 12 hours of hypoxia followed by 24 hours of reoxygenation (H/R). Cell viability was deter-
mined by the MTS assay. Apoptosis indicated by nucleosome fragmentation assay (B) and caspase-3 and -7 activities (C) were mea-
sured in NRVMs pretreated with 25 ng/mL of activin A before exposure to H/R. D, Thirty minutes before addition of activin A, NRVMs
were pretreated with or without the inhibitor SB431542 (SB). Cell viability was measured by MTS assay after H/R treatment. *P<0.05;

#P<0.01.

transgene activation,'® leading us to hypothesize that there
might exist as yet unknown networks of autocrine/paracrine
factors that control heart function. In this study, we report that
cardiac injuries induce the expression of activin A and its
binding partner Fstl3. Activin A was found to protect cardiac

myocytes from stress-induced cell death, whereas Fstl3 abol-

ished the prosurvival effect of activin A. We propose that
activin A and Fstl3 serve as sensors of cardiac stress and that
their relative levels of expression influence cell survival in
the injured heart.

Methods

See the online-only Data Supplement for additional details.

Myocyte Cultures of Neonatal Rat
Ventricular Myocytes

Primary cultures of neonatal rat ventricular myocytes (NRVMs)
were incubated in Dulbecco’s modified Eagle’s medium supple-

mented with 7% fetal calf serum for 18 to 24 hours after preparation,
then with adenoviral vectors at the indicated multiplicity of infection
(MOI) for 16 hours in Dulbecco’s modified Eagle’s medium. The
media were then replaced with fresh DMEM without adenovirus and
incubated for 12 hours before hypoxia/reoxygenation (H/R). In other
experiments, serum-deprived NRVMs were incubated with recom-
binant activin A protein for 8 hours before H/R. A GasPak system
(Becton Dickinson) was used to create hypoxic conditions as
described previously.'* For H/R studies, cells were exposed to 12
hours of hypoxia followed by reoxygenation.

Construction of Adenoviral Vectors Expressing
Murine Fstl3 and Murine Activin A

Full-length Fsti3 and activin BA complementary DNAs (cDNAs)
were obtained from American Type Culture Collection. Enzymatic
restriction sites were added by polymerase chain reaction on both N-
and C-terminus, and the full length of Fst/3 and acrivin BA and the
cDNAs were subcloned into an adenovirus shuttle vector. After
linearization, the shuttle vectors were cotransformed into competent
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Figure 3. Cytoprotection by activin A is mediated by upregulation of the antiapoptotic protein Bcl-2. A, Activin A-induced Bcl-2 expres-
sion in NRVMs. A representative immunoblot is shown. Blots for a-tubulin were performed to indicate the equal loading. The histogram
shows quantification of the band intensities to indicate a statistically significant increase in Bcl-2 protein expression after treatment with
activin A. *P<0.05. B, Ablation of Bcl-2 expression blocks the cytoprotection conferred by activin A. The top panel shows a representa-
tive Western blot assessing the efficiency of siRNA targeting Bcl-2. The bottom panel displays the effect of Bcl-2 knockdown on activin
A-mediated cytoprotection of NRVMs as determined by nucleosome fragmentation assay. Apoptosis was induced by H/R treatment.

*P<0.05; #P<0.01.

cells (TOP10; Invitrogen) with the adenoviral backbone plasmid
(pAdEasy-1). The recombinant adenoviral DNA with Fstl3 or activin
BA ¢DNA was extracted from the competent cells and transfected
into HEK 293 cells to produce recombinant adenoviral vectors that
express Fstl3 (Ad-Fst13) or activin A (Ad-actBA). An adenoviral
vector expressing B-galactosidase (Ad-Bgal) was used as a control.
The adenoviral vectors were purified by the CsCl ultracentrifugation
method.

Adenovirus-Mediated Overexpression of Activin A
in Mice

Eight- to 10-week-old male mice were injected intravenously with
adenovirus (Ad-actBA or Ad-Bgal; 5.0X10° plaque-forming units
per mouse) through the jugular vein. Plasma activin A was assayed
by Western blot analysis 3 days after adenovirus delivery. At this
time point, mice also underwent myocardial ischemia/reperfusion
(I/R) injury.

Generation of a Cardiac-Specific Fs#3
Knockout Mice

Mice homozygous for an Fstl3 allele with 2 loxP sites flanking exons
3 through 5 (Fst13™¥™*) were backcrossed and maintained on the
C57BL6/J background. Fstl3™/™ were crossed with a-myosin
heavy chain (a-MHC)-Cre transgenic mice that are maintained on a
C57BL6/] background. Four different primer pairs were used for
genotyping polymerase chain reaction. The loxP site in intron 2 was
detected with the use of the primer | (SJL954 TCTGAGAAGAG-
GAGGGATTTCAAG) and primer 2 (SJL955 ATTTACACCTAGC-
CACATACTCTG), which amplify an =390-bp fragment for the
loxP site, whereas the Fst/3 wild-type allele gives a 330-bp fragment.
The loxP site in intron 5 was detected with the use of primer 3

(SJL956 AACCACATCCCAGATCCAGGTCAC) and primer 4

. (SJL986 CAGCTATGTAGGCTTTGCATTGCTC), which amplify
- an ~310-bp fragment for the loxP site and a 270-bp fragment for the

wild-type allele. Recombination by Cre leads (o an allele that lacks

_exons 3, 4, and 5 of the Fsti3 gene and is detected with the use of
 primer pair of | and 4, which gives a 357-bp fragment. The

a-MHC-Cre transgene is detected with the use of the primer pair of
5'-ATGACAGACAGATCCCTCCTATCTCC and 5'-CTCATCAC-
TCGTTGCATCATCGAC; which amplifies a 300-bp fragment.

Statistical Analysis
Data are presented as mean=SEM. Group differences were analyzed
by 2-tailed Student ¢ test or ANOVA. To compare multiple groups,
the Mann-Whitney U test with Bonferroni correction was used. A
value of P<0.05 was considered statistically significant.

The authors had full access to and take full responsibility for the
integrity of the data. All authors have read and agree to the
manuscript as written.

Results

Activin BA and FstI3 Levels Are Regulated by
Stress in the Heart

To better understand the roles of the TGF-f superfamily
cytokines in heart, we analyzed transcript expression of
family members by quantitative real-time polymerase chain
reaction using cDNAs from mouse heart (Figure 1A). These
analyses focused on activin BA, its inhibitory binding partners
follistatin and Fsti3, and inhibin «a. Activin BA showed
marked upregulation at 1 and 3 days after left coronary artery
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Figure 4. Adenovirus-encoded activin A induces Bcl-2 and protects cardiac myocytes from stress. A, Representative immunoblot
images showing that transfection of adenoviral vector expressing activin BA (Ad-actpA) at an MOI of 50 resulted in increased expres-
sion of Bcl-2 and phosphorylation of Smad2. Membranes were blotted for a-tubulin to indicate equal protein loading. Histogram shows
quantification of the band intensities: *P<0.05. Transduction of Ad-actpA (MOI=50) reduced apoptosis, assessed by the nucleosome
fragmentation assay (B), and preserved cell viability, assessed by the MTS assay (C), against H/R stress. An adenovirus vector express-
ing B-galactosidase (Ad-Bgal) was used as a control in these experiments at an MOI of 50. *P<0.05; #P<0.01."

ligation in the infarct zone and féturned to baseline at the
6-day time point. These findings are in general agreement

with those of Yndestad et al,'* who previously reported a'15-

to 40-fold induction of activin BA'in‘ the ischemic regions of
heart after left coronary artery ligation in rats. Fst/3 displayed
statistically significant upregulation at days 1, 3, and 6 in the
infarct and remote regions after left coronary artery ligation.
Follistatin upregulation was observed in the infarct zone at the
3- and 6-day time points. No regulation of inhibin «, which
opposes the action of activin A, was observed in this model.
Activin BA and Fstl3 were upregulated 10- and 3-fold,
respectively, after pressure overload at | week after trans-
verse aortic constriction (Figure 1B), whereas the follistatin
transcript level did not change, and the inhibin « transcript
level declined by a factor of 2 (Figure 1B). In an I/R model,
Fstl3 expression was upregulated 4-fold at 12- and 24-hour
time points after perfusion, whereas levels of activin BA
increased 2-fold at the 12-hour time point (Figure 1C). Levels
of follistatin and inhibin o did not change in these assays.
Dimers of activin BA are processed to give rise to the
physiologically active protein activin A. Activin A levels were
measured in hearts 3 days after left coronary artery ligation

because the activin BA transcript was expressed robustly at this
time point. A significant increase in activin A protein could be
detected in hearts after infarction (Figure 1D). To document
activin A and Fstl3 expression by cardiac myocytes, NRVMs
were cultured under normoxic and H/R conditions (Figure 1E).
Both proteins could be detected in lysates of the cell pellets and
in the conditioned media. Treatment of cultures by H/R led to a
1.9-fold upregulation of activin A and a 1.7-fold upregulation of
Fstl3 in the culture media (P<0.05; n=6).

Activin A Protects Cultured Myocytes From Apoptosis

In the noncardiac cell type, activin A has been reported to
promote survival'>-'7 or apoptosis.'*!® Thus far, the effects of
activin A on cardiac myocyte survival have not been reported.
To clucidate the functional significance of activin A in
cardiac myocytes, serum-deprived NRVMs were exposed to
H/R stress in the presence or absence of recombinant human
activin A protein and analyzed for markers of apoptotic cell
death. As shown in Figure 2A, recombinant activin A protein
promoted survival in NRVMs as assessed by an MTS assay.
Statistically significant protection against apoptosis was ob-
served when activin A was incubated with NRVMs at a dose
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Figure 5. Adenovirus-mediated overexpression of
activin A protects the heart from I/R injury. A, Rep-
resentative Westem blot analysis, performed under
nonreducing conditions, of plasma samples col-
lected 3 days after injection of Ad-pgal or
Ad-actpA. Histogram shows quantification of
infarct area induced by VR 3 days after adenoviral

injection. *P<0.05. B, Representative images of
myocardium stained with TUNEL (green) and sar-
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of 25 ng/mL. This level of activin A is similar to doses that
exert antiapoptotic actions on other cell types.?’ To corrobo-
rate these findings, a nucleosome fragmentation assay of
NRVM apoptosis was performed. Treatment with 25 ng/mL
activin A reduced H/R-induced apoptosis by 62% (Figure
2B). Furthermore, caspase 3/7 activity was increased by the
H/R stress, and treatment with activin A protein (25 ng/mL)
reduced this activity to near baseline levels (Figure 2C).
Activin A signals through activin receptor-like Kinases
(ALKs).! Thus, NRVMs exposed to H/R stress were incu-
bated with SB431542, a specific inhibitor of ALK4, ALKS,
and ALK7, before treatment with recombinant activin A. Cell
viability was assessed by MTS assay. As shown in Figure 2D,

treatment with SB431542 abrogated the protective. effect of
activin A, whereas the inhibitor had no effect on basal cell

viability. These data suggest that cxtmceliillar activin A
protects cardiac myocytes from stress- mduced apoptosn
through the activities of ALKs. ;

To test whether Bcl-2 is involved in the antiapoptotic
action of activin A in cardiac myocytes, Bcl-2 protein
expression was determined by Western blot analysis. Activin
A treatment significantly increased Bcl-2 protein levels in
NRVMs (Figure 3A). Transduction of NRVMs with small
interfering RNA (siRNA) targeting Bcl-2 reduced Bcl-2
protein expression. Knockdown of Bcl-2 with siRNA blocked
the inhibitory effect of activin A on H/R-induced nucleosome
fragmentation (Figure 3B). Thus, activin A cytoprotection is
mediated by induction of Bcl-2.

Adenovirus-Mediated Expression of Activin A
Promotes Myocyte Survival In Vitro and In Vivo
To corroborate and extend the findings obtained with the
recombinant human activin A protein, an adenoviral vector
that expresses the mouse activin BA gene (Ad-actBA) was
generated. As shown in Figure 4A, transduction with Ad-
actBA promoted the expression of Bcl-2 protein and in-
creased the phosphorylation of Smad2 in NRVMs. The

DAPI (blue) (bottom panels). Histogram shows
quantification of TUNEL-positive cells in the myo-
cardium after I/R. *P<0.05.

Ad-actpA

magnitude of these effects was similar to that observed with
the recombinant activin A protein (Figure 3A). Transduction
of NRVMs with Ad-actBA suppressed apoptosis induced by
H/R as assessed by a nucleosome fragmentation assay (Figure
4B) and an MTS assay of cell viability (Figure 4C).

To examine the consequences of activin A on cardiac
myocyte viability in vivo, mice were injected intravenously
with ad-actBA or the control vector Ad-Bgal. This method of
intravenous delivery of adenoviral vectors leads to transduc-
tion of the liver but not heart, and secreted adenovirus-
encoded proteins can be detected in the serum.'®2! Mice
receiving Ad-actBA exhibited detectable activin A protein
expression in serum as assessed by Western blot analysis

_(Figure 5A). In responsc to myocardial I/R injury, mice
- treated with Ad-actBA dlsplayed a53.7% reduction in infarct

size. This reduction corresponded to a decrease in the number
of terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL)-positive, apoptotic cells in the
area at risk of the Ad-actBA-treated group (Figure 5B).
Collectively, these data show that activin A protects myo-
cytes from apoptosis in vitro and in vivo and that it minimizes
damage from I/R injury in the heart.

Fstl3 Inhibits Activin A-Mediated Protection
of NRVMs
An adenoviral vector expressing the mouse Fstl3 gene (Ad-
Fstl3) was constructed because this factor is also induced by
myocardial injury (Figure 1A to 1C), and it functions as an
extracellular binding partner of activin A. Transduction of
NRVMs with Ad-Fstl3 abrogated the ability of activin A
protein to induce Smad2 phosphorylation (Figure 6A). In
contrast, adenovirus-mediated overexpression of Fstl1 had no
effect on activin A—induced Smad2 phosphorylation in
NRVMs (Figure 6B).

Because Fstl3 is an inhibitor of activin A, we examined the
effects of adeno-mediated induction of Fstl3 on activin A—me-
diated protection of NRVMs from stress-induced apoptosis. As
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Figure 6. FstI3 inhibits activin A action in NRVMs. A and B, NRVMs, transduced with Ad-Fsti3, Ad-Fstl1 or Ad-Bgal (B) at 50 MOI, were
stimulated with 25 ng/mL of recombinant activin A for indicated periods of time, and phosphorylation of Smad2 was determined by
Western blot analysis. Immunoblots for a-tubulin were performed as a loading control. C and D, NRVMs were transduced with Ad-FstI3
or Ad-Bgal at an MOI of 50 (C) or 10 (D) and exposed to H/R treatment in the presence or absence of pretreatment with 25 ng/mL of
activin A. Apoptosis was examined by nucleosome fragmentation assay (C), and cell viability was assessed by the MTS assay (D).

*P<0.085.

shown by nucleosome fragmentation assay, transduction of
Ad-Fstl3 abolished the prosurvival actions of activin A on
NRVMs exposed to H/R stress (Figure 6C). The ability of
Ad-Fstl3 to block activin A-mediated NRVM survival was
corroborated by the MTS cell viability assay (Figure 6D).

Ablation of Fs#l3 in Cardiac Myocytes Protects the
Heart From I/R Injury In Vivo

Cardiac myocyte—specific knockout mice for FstI3 were
generated by crossing Fst13"*"* mice with mice expressing
Cre recombinase from the a-MHC promoter. Cre-mediated
recombination of the Fst/3 allele in the hearts of a-MHC-

CreXFstl3"™* (CKO) mice was confirmed by polymerase
chain reaction (Figure I in the online-only Data Supplement).
Quantitative real-time polymerase chain reaction analysis on
the extracts from whole heart revealed a significant but
incomplete reduction of Fst/3 expression in CKO mice
(Cre-f/f) compared with wild-type (W-f/f) mice (Figure 7A).
Thus, cardiac myocytes were isolated from adult hearts of
both strains of mice and evaluated for Fst/3 expression
(Figure 7B). Myocytes isolated from CKO mice were com-
pletely void of Fstl3 transcript. Because whole-body Fsti3-
deficient mice exhibit mild cardiac hypertrophy,? we evalu-
ated the ratio of heart weight to body weight in the 2 strains
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Figure 7. Fstl3 ablation in heart. A and B, Quanti-
tative real-time polymerase chain reaction was
performed to evaluate Fsft3 mRNA expression in
hearts of wild-type (W) or a-MHC-Cre (Cre) mice
crossed with Fstl3™"* mice with the use of cDNA
produced from whole heart extracts (A) or isolated
cardiac myocytes (B). *P<0.05. C, Heart weight/
body weight ratio (HW/BW) in 8-week-old male
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Bcl-2 control.
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of mice (Figure 7C). Cardiac myocyte-specific Fstl3 knock-
out mice did not show any difference in heart weight
compared with wild-type mice. Western immunoblot analysis
revealed the upregulation of Bel-2 protein expression in CKO
mice. The upregulation of Bcl-2 expression was also detected
by Western immunoblot analysis of isolated cardiac myo-
cytes from CKO hearts.

To examine the functional significance of Fstl3 in myo-
cytes of the heart, CKO and control mice hearts were
subjected to I/R injury, and infarct size was analyzed by
2,3,5-triphenyltetrazolium chloride staining. As shown in
Figure 8A, CKO hearts displayed smaller infarct zones,
whereas the ratio of risk area to left ventricular area did not
differ between the 2 groups (not shown). TUNEL analysis of
the area at risk revealed fewer apoptotic cells in the Fstl3
CKO mice (Figure 8B). '

- Discussion
The heart secretes factors to maintain homeostasis and adapt
to stress.?*25 In the present study, we characterize the
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Figure 8. Ablation of Fstl3 protects the heart from I/R injury. A,
Quantification of infarction size of Fst/3"/"* crossed with wild-
type (W/ff) or a-MHC-Cre (Cre/ff) after I/R injury. *P<0.05. B,
Quantification of TUNEL-positive cells in the myocardium or
control (W/ff) and CKO (Cre/fl) mice after I/R injury. *P<0.05.

function of 2 new members of the cardiac secretome, Fstl3
and activin A. Fstl3 binds to activin A and other members of
this family and inhibits their ability to activate signaling
within target cells.! It has been reported that serum activin A
levels and Fst/3 transcript levels are elevated in heart fail-
ure,®'4 but the regulatory functions of these factors in heart
have not been examined previously. In this study, we show
that both Fsti3 and Activin BA mRNA are markedly upregu-
lated in mouse heart in response to multiple types of injury.
Functional analyses in vivo and in vitro showed that activin A
is cardioprotective, whereas Fstl3 acts to nullify the protec-
tive action of activin A. These data indicate that the balance
of expression between these 2 molecules can influence how
the heart adapts to stress.

Activin A is involved in numerous biological processes
including embryonic development,2¢ erythropoiesis,?” wound
healing,282Y cancer-related cachexia,® and inflammation.!
Although it has been demonstrated that activin A is a
prosurvival factor for neuronal cells,'s-17-20 other studies have
demonstrated that activin A is a proapoptotic factor for
hematopoietic cells'® and adrenocortical carcinoma cells."? It
has also been reported that inhibition of activin A by
follistatin attenuates apoptosis induced by carbon tetrachlo-
ride injury in liver.32 Thus, the mode of activin A action is
highly dependent on tissue and cell type. In the present study,
we present multiple lines of evidence showing that activin A
is cardioprotective. In cultured cardiac myocytes subjected to
stress, treatment with recombinant activin A protein upregu-
lated Bcl-2 protein expression and reduced caspase activation
and cellular apoptosis. Consistent with these results,
adenovirus-mediated activin A overexpression promoted
Bcl-2 expression and myocyte viability. Adenovirus-
mediated expression of activin A also reduced infarct size and
the frequency of TUNEL-positive cells in hearts that under-
went I/R injury.

The functional significance of Bcl-2 induction by activin A
was assessed by siRNA knockdown experiments in vitro.
Treatment with siRNA directed at Bel-2 effectively ablated
activin A—stimulated expression of this protein by cultured
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myocytes and blocked the cytoprotection actions of activin A.
Previous studies have shown that Bcl-2 has roles in promot-
ing cardiac myocyte viability in models of ischemic injury3?
and desmin deficiency-induced cardiomyopathy.* It has also
been reported that activin A induces both Bcl-2 and Bel-xL in
neuroblastoma and pheochromocytoma cells.2 However, we
did not detect activin A-stimulated Bcl-xL expression in
cardiac myocyte cultures (data not shown).

In this study, it is shown that Fst13 inhibits the protective
actions of activin A on cardiac myocytes. Pretreatment with
an adenoviral vector expressing Fstl3 abrogates activin
A-mediated suppression of NRVM death under conditions of
H/R. Furthermore, cardiac myocyte—specific ablation of Fslt3
reduces infarct size and diminishes the frequency of apoptotic
myocytes in the area at risk after I/R injury.

We previously showed that Fstll is upregulated by cardiac
injuries in murine models,'® and Lara-Pezzi et al reported that
the Fstl] transcript is upregulated in human heart failure.® In
contrast to Fstl3, Fstll protects cardiac myocytes from death
both in vitro and in vivo.'® Also in contrast to Fslt3, it is
shown here that Fstl1 does not interfere with activin A—stimu-
lated Smad2 phosphorylation (Figure 6). In contrast, Fstll
protection of both cardiac myocytes and endothelial cells is
dependent on the upregulation of Akt signaling.'*35 Cur-
rently, there is no evidence to suggest that Fstl| functions by
binding to TGF-B superfamily members.

It was previously reported that whole-body Fsti3 defi-
ciency results in a low degree of cardiac hypertrophy accom-
panied by mildly elevated blood pressure in old female
mice.?? In the present study, we employed cardiac-specific
Fstl3-deficient mice, and no change in ratio of heart weight to
body weight was observed between CKO and wild-type mice.
Because elevated blood pressure can lead to cardiac hyper-
trophy, the cardiac phenotype of the whole-body Fstl3 knock-
out mouse may be caused by the indirect acuons of wholc-
body Fstl3 deﬁcuency on the heart. .

Other TGF-f family cytokines reported to be produced by

the heart under conditions of stress include myostatin/GDF-8'

and GDF-15.¢-#36 Ljke activin A, these factors regulate Smad

signaling and cause cachexxa when administered or ovetex—_" Ed
pressed.?037.38 Both activin A and GDF-15 have been shown

to be increased in patients with heart diseases. 4394 Collec-
tively, these studies indicate the existence of a broad signal-
ing network involving TGF-B family factors and their extra-
cellular inhibitory proteins that control cardiac adaptation to
stress. The expression of these proteins by the damaged heart
may also contribute to the systemic wasting response in
chronic heart failure.

Conclusions
We show that activin A and its extracellular inhibitory protein
Fstl3 are upregulated in murine heart under conditions of
stress. Administration or overexpression of activin A protects
myocytes from stress in vitro and in vivo. In contrast, Fstl3
overexpression inhibits the myocyte-protective activity of
activin A in vitro, and cardiac-specific Fstl3-deficient mice
display smaller infarcts and less myocyte apoptosis in re-
sponse to I/R injury. Thus, we propose that activin A and
Fstl3 function in an opposing manner to regulate myocyte

survival and that the relative expression levels of these factors
influence the adaptive response of the heart to injury.
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CLINICAL PERSPECTIVE

The injured heart secretes proteins that influence its function. In this study, we characterize 2 new members of the cardiac
“secretome,” activin A and follistatin-like 3 (Fstl3), using genetic gain- and loss-of-function manipulations in mouse
models. Activin A and Fstl3 expression was increased in heart after various injuries and in cultured myocytes after
hypoxia/reoxygenation. Activin A protected myocytes from cell death, and this protective activity was antagonized by
Fstl3, which functions as an extracellular inhibitory protein for activin A. Myocardial ischemia/reperfusion injury was
reduced in mice administered activin A. Genetic ablation of Fstl3 in cardiac myocytes also diminished injury in response
to ischemia/reperfusion. We speculate that activin A and Fstl3 serve as sensors of cardiac stress and that their relative levels
of expression influence the adaptive response of the heart to injury.
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Supplemental Material

Supplemental Methods
Reagents. SYBR GREEN was purchased from Applied Biosystems. The adenoviral

backbone plasmid pAdEasy-1 was obtained from Qbiogene. Antibodies against
phospho-Smad2 (Ser465/467), phospho-Smad1/5/8 (Ser463/465), phospho-Akt1
(Ser473), phospho-AMPK (Thr172) and phospho-ERK (Thr202/Tyr204) were purchased
from Cell Signaling Technology. Anti-mouse Fstl-3 and Activin BA antibodies were
obtained from R&D Systems. Antibody against alpha-tubulin was purchased from
Calbiochem, Bcl2 was from BD Transduction Laboratories and sarcomeric actin was
from Sigma. Dulbecco’s modified Eagle’s medium (DMEM) and MEM were purchased
from Invitrogen. Liberase blendzyme 4 was obtained from Roche. SB431542 was from
Calbiochem. Recombinant human Activin A (rActA) (expressed in CHO cells) and

taurine were purchased from Sigma.

RNA isolation, reverse transcriptional PCR, and Quantitative Real-Time PCR. Total
RNA preparation from mouse heart was carried out by using RNA isolation kit for fibrous
tissue (Qiagen) and preparation from cultured cells was performed by RNA isolation kit
(Qiagen) according to manufacturer’s protocols. We synthesized cDNA from 450 ng of
total RNA by using ThermoScript RT-PCR Systems (Invitrogen) according to the
manufacturer’s instructions. Quantitative Real-Time PCR (QRT-PCR) was carried out
on an iCycler (Bio-Rad). SYBR GREEN 1 was used as a double-stranded DNA-specific
dye according to the manufacture’s instruction (Applied Biosystems)'. We designed

primers to be suitable for a single QRT-PCR thermal profile (95 °C for 10 min, and 50
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cycles of 95 °C for 30 s and 60 °C for 1 min). The sequences are as follows:
glyceraldehyde- 3-phosphate dehydrogenase (GAPDH) forward (F) : 5'-
TCACCACCATGGAGAAGGC-3' reverse (R) : 5 - GCTAAGCAGTTGGTGGTGCA -3'
ActfA (forward) : 5'- TGGTGCCAGTCTAGTGCTTC -3’ R: 5'-
CCGTCACTCCCATCTTTCTT -3’ Inhibin a F: 5~TCCTTTTGCTGTTGACCCTA-3' R:
5~ CCCCAAGGCATCTAGGAATA -3’ Follistatin F : 5'-
CGAGGAGGATGTGAACGACAA-3' R : 5-GGTCCGCAGTCCACGTTCT-3 Fsti3 F : 5'-
CAACCCCGGCCAAGAACT-3' R: 5-CTTCCTCCTCTGCTGGTACTTTG-3' The
expression levels of examined transcripts were compared to that of GAPDH or 18S and
normalized to the mean value of controls. Expression levels were compared to that of

GAPDH and normalized to the mean value of controls.

Western immunoblot analysis. Heart tissue was homogenized in lysis buffer (Cell
Signaling) containing 1 mM PMSF and protease inhibitors (Pierce). Cultured cells were
directly lysed in the lysis buffer to obtain protein samples. Protein concentration was
measured using BCA protein assay kit (Pierce). The cell and tissue lysates, culture
media or serum were added to equal volumes of 2x sample buffer (BioRad), and
separated by SDS-PAGE. For the detection of Activin A and Fstl3, protein from NRVM
media was concentrated up to fifty fold by Microcon (Millipore). Mature Activin A protein
was subjected to electrophoresis under non-reducing conditions. Proteins were
transferred onto PVDF membrane (Amershamy). western blot analysis was performed by

probing with the primary antibody followed by incubation with the HRP-conjugated
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secondary antibody. The ECL plus system (Amersham) was used to produce
chemiluminescent signal.

Detection of nucleosome fragmentation by ELISA. Apoptosis was assessed by
enzyme-linked immunosorbent assay (ELISA) based detection of nucleosome
fragmentation by Cell Death Detection kit (Roche) as described previously’. NRVMs
were seeded in 96-well plates, transfected with adenoviral vectors and exposed to H/R.
For each assay, at least 8 wells for each experimental group were analyzed. The extent
of nucleosome fragmentation of each group was compared to that of control group (e.g.

no treatment or Ad-Bgal transfected cells maintained at a normoxic condition) and

normalized to the mean value of controls.

MTS assay. An MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl) -2-(4-
sulfophenyl)-2H-tetrazolium] assay was carried out in NRVMs to evaluate cell viability
using CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega). Cells were
incubated for two to three hours after addition of the reagent and absorbance was
recorded. The relative cell viabilities were calculated as the ratio to that of control group.
For each assay, at least 8 wells were measured for each experimental group, and

assays were repeated three times.
Measurement of Caspase-3 and -7 activities. Caspase-3 and -7 activities in NRVMs
were measured by Apo-ONE Homogeneous Caspase-3/7 Assay (Promega) according

to the manufactures protocol. In brief, the buffer and substrate mixture was added into

culture dishes and incubated for two hours. A fluorescent signal is detected upon
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substrate cleavage by caspase-3 and -7. The excitation wavelength was 485 nm and
the emission wavelength was 530 nm. The relative fluorescent intensities were
calculated as the ratio to that of control group. For each assay, at least 8 wells were

measured for each experimental group, and assays were repeated three times.

Mouse models. Eight to 10 week old male mice were used for ischemia-reperfusion
surgery as described previously®. Following anesthetization (pentobarbital 50 mg/kg i.p.)
and intubation, the chest was exteriorized and 8-0 monofilament suture was ligated
around the proximal left coronary artery (LCA) using a snare occluder. Ischemia
followed by reperfusion was accomplished by tightening the snare occluder for 30 min.
Myocardial reperfusion was confirmed by changes in ECG as well as by changes in
appearance of the heart from pale to bright red. The suture was left in place and chest
was closed. During the surgical procedure, the body temperature was monitored and
maintained at 37+/-1 °C. Twenty four hours after reperfusion, the chest was re-opened
and the suture was re-tied. Evans Blue was injected at the aortic root to determine the
area at risk (AAR). The heart was then excised and incubated with 2,3,5-
triphenyltetrazolium chloride (TTC) for 5 min at 37 °C to determine the infarction area
(IA). Left ventricular area (LVA), AAR and |A were determined by computerized
planimetry using Image J (Bethesda, Maryland, USA). Tissue were harvested at 24
hours post-reperfusion for analysis of transcript levels. Mouse transverse aortic
constriction was carried out as described previously*. In brief, following anesthetization,
the chest was opened and intercostal muscles were dissected to reach to the aortic

arch. The aortic arch was tied around a 26-gauge needle by a 7-0 silk suture. Tissue
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was harvested at 1 week time point for analysis. In the mouse myocardial infarction
model, the LCA was kept occluded and the chest was closed without reperfusion.
TUNEL staining. TUNEL staining on frozen heart sections was performed as described
previously® with some modifications. Cryo-sections (6 um thickness) were fixed with 4%
paraformaldehyde in PBS, permeabilized with 0.1% Triton X-100 and blocked with 6%
skim milk. Anti-sarcomeric actin antibody was used for determination of myocytes
followed by TUNEL and nuclear staining as described above. TUNEL positive myocytes
were counted in three randomly selected fields of the slide. Each experiment was

repeated three times and each tissue section was processed in duplicate.

Isolation of adult mouse ventricular cardiac myocytes. Isolation of adult mouse
ventricular cardiac myocytes was performed according to procedures described online
from the Alliance for Cell Signaling (AfSC protocols, http://www.signaling-
gateway.org/data/Data.html) and O’Connell et al. 2007%. Briefly, adult WT x Fstl3 foxfex
and aMHC-Cre X Fsit3 ™ mice were injected with 50 1U of heparin and anesthetized
with isoflurane. The heart was immediately extracted and placed into perfusion buffer
and cannulated. After perfusion with perfusion buffer, the buffer was switched to the
digestion buffer containing 0.25 mg/ml Liberase blendzyme 4, 0.14 mg/ml Trypsin and
12.5 puM CaCl,. After enzymatic digestion, the heart was disaggregated by forceps in
the presence of a stop solution containing 10% Bovine Calf Serum to inactivate the
protease. The tissue was further dissociated by gentle pipettings, and cells were
collected by centrifugation. Cells were plated on laminin pre-coated 6-well culture plates

and allowed to attach for 1 hour. Unattached cells were washed away. Attached rod-
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shaped cardiac myocytes were incubated for another 24 hours in culture media (MEM
with 0.1 mg/ml of bovine serum albumin, 100 U/ml of penicillin and 2 mM of L-

Glutamine) at 37 °C in 2% CO-, prior to use.
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Supplemental Figure
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Supplemental Figure Legend
Expression of Cre recombinase and floxed allele in the heart. DNA was isolated from heart,

lung, kidney and skeletal muscle in wild-type (WT), Cre-flox/flox (Cre-fi/fl) or WT-fi/fl mice. Cre

recombinase and floxed allele were determined by PCR.
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Activin plays a key role in the maintenance
of long-term memory and late-LTP
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A recent study has revealed that fear memory may be vulnerable following retrieval, and is then reconsolidated in a protein
synthesis-dependent manner. However, little is known about the molecular mechanisms of these processes. Activin BA, a
member of the TGF-B superfamily, is increased in activated neuronal circuits and regulates dendritic spine morphology. To
darify the role of activin in the synaptic plasticity of the adult brain, we examined the effect of inhibiting or enhancing
activin function on hippocampal long-term potentiation (LTP). We found that follistatin, a specific inhibitor of activin,
blocked the maintenance of late LTP (L-LTP) in the hippocampus. In contrast, administration of activin facilitated the main-
tenance of early LTP (E-LTP). We generated forebrain-specific activin- or follistatin-transgenic mice in which transgene
expression is under the control of the Tet-OFF system. Maintenance of hippocampal L-LTP was blocked in the follistatin-
transgenic mice. In the contextual fear~conditioning test, we found that follistatin blocked the formation of long-term
memory (LTM) without affecting short-term memory (STM). Furthermore, consolidated memory was selectively weakened
by the expression of follistatin during retrieval, but not during the maintenance phase. On the other hand, the maintenance
of memory was also influenced by activin overexpression during the retrieval phase. Thus, the level of activin in the brain
during the retrieval phase plays a key role in the maintenance of long-term memory.

[Supplemental material is available online at http://www.learnmem.org.]

Formation of long-term memory (LTM) consists of several distinct
processes: acquisition, consolidation, and reconsolidation,
through which memory becomes permanent (Nader et al. 2000;
Rodrigues et al. 2004; Tronson and Taylor 2007; Kitamura et al.
2009). The prominent feature of LTM is a requirement for RNA
and protein synthesis for consolidation and reconsolidation
(Squire and Barondes 1973; Bourtchuladze et al. 1994; Silva
et al. 1998; Tronson and Taylor 2007; Lee et al. 2008). The recon-
solidation process may serve to strengthen or renew the original
fear memory (Nader 2003; Tronson and Taylor 2007). Synaptic
plasticity is thought to underlie memory formation. Recent stud-
ies have shown that the learning process induces long-term
potentiation (LTP) (Rogan et al. 1997; Rioult-Pedotti et al. 2000),
a form of synaptic plasticity, and, conversely, that LTP is necessary
for memory formation (Rodrigues et al. 2004). Similar to LTM,
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LTP requires protein and RNA synthesis for its prolonged
maintenance, late LTP (L-LTP) (Frey et al. 1988; Abraham et al.
1993; Nguyen et al. 1994; Fukazawa et al. 2003).

In order to understand the molecular mechanism of LTM, we
previously isolated a number of neuronal activity-dependent
genes, including activin BA, ubiquitin C-terminal hydrolase,
vesl-1S/homer-1a, and SCRAPPER (Inokuchi et al. 1996; Hegde
et al. 1997; Kato et al. 1997; Yao et al. 2007; Okada et al. 2009).
Activin BA, a member of the TGF-B superfamily (Massague
1998), is one of the genes whose expression is up-regulated follow-
ing L-LTP induction (Andreasson and Worley 1995; Inokuchi et al.
1996). Activin is a multifunctional ligand that regulates the
proliferation and differentiation of numerous cell types (Mather
etal. 1997; Ying etal. 1997). Activin binds to the serine /threonine
kinase receptor activin type II (ActRII) that is located on the cell
membrane (Pangas and Woodruff 2000). Once ligand is bound,
the type II receptor recruits and phosphorylates an activin type |
receptor (ActRI). Following stimulation by activin, the transcrip-
tion factors Smad2 and Smad3 are phosphorylated by ActRI

Learning & Memory

274 —



Downloaded from learnmem.cship.org on March 26, 2010 - Published by Cold Spring Harbor Laboratory Press

Activin regulates LTP and memory

(Pangas and Woodruff 2000). Activin receptor ActRII is highly
expressed in the forebrain region (Cameron et al. 1994; Funaba
et al. 1997), and its scaffold protein ARIP/S-SCAM is also localized
to the synaptic region (Hirao et al. 1998; Shoji et al. 2000).
Recent studies reveal that activin regulates the morphology
of dendritic spines (Shoji-Kasai et al. 2007) and neurogenesis
(Ageta et al. 2008; Abdipranoto-Cowley et al. 2009; Sekiguchi
et al. 2009), has a neuroprotective function (Tretter et al. 2000),
and plays a role in anxiety-related behavior (Dow et al. 2005;
Ageta et al. 2008; Zheng et al. 2008). We previously found that
activin increases the number of synaptic contacts and the length
of dendritic spine necks by modulating spinal actin dynamics
(Shoji-Kasai et al. 2007). We hypothesized that activin modulates
spine actin dynamics and that this in turn affects LTP persistence.
Furthermore, activin induces phosphorylation of the N-methyl-
p-aspartate receptor (NMDAR), a key component in the formation
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of LTP (Nicoll and Malenka 1999), and increases Ca®* influx
through NMDAR (Kurisaki et al. 2008). This activin-induced
NMDAR activation persists for >24 h. These results suggest that
activin has an important role in the formation of L-LTP and LTM.

Results

Activin is indispensable for in vivo L-LTP

We examined the hippocampal dentate gyrus LTP of urethane-
anesthetized rats. A strong high-frequency stimulation (HFS, five
400-pulse trains at 400 Hz) produced a long-lasting L-LTP in
vivo that persisted for 24 h (Fig. 1A). However, when the activin
inhibitor follistatin (0.5 pg) (Nakamura et al. 1990; Sugino et al.
1997) or an anti-activin A antibody (0.6 pg) was pre-injected
into the lateral ventricle, the strong HFS induced an LTP that

B
1 2 AN

Vehicle /
ANV ANRVAN
Activi \ f\
05pg //\ A -

smv|___

5 msec

180+ —o0— Vehicle solution (n=8)

—=o— Activin 0.5 pg (n=8)

§ 8

I

EPSP slope (% baseline)
g B

0250 1 2 3 4 56 7 89 24 25.25

Time course (h)

—o— Vehicle solution (n=5)
—a— Follistatin 0.5 pg (n=5)
—u— Antl-activin A 0.6 ug (n=5)
—e— Activin 0.5 ug (n=5)

I S e ——

Bl e
0250 1 2 3 4 56 7 89

24 25.25

Time course (h) t

Figure 1.

Activin is required for the maintenance of dentate gyrus L-LTP in vivo. (A) Effect of follistatin, anti-activin A, and anisomycin on LTP persis-

tence. A strong HFS was delivered at time O (thick arrow). (B) Effect of activin on LTP persistence. A weak HFS was delivered at time 0 (thin arrow).
(C) Basal synaptic transmission was not affected by follistatin, anti-activin A, or activin. The average of the fEPSP slope during the 15 min prior to time
0 served as the baseline (100%) for all trials. (*) P< 0.05, (**) P< 0.005 between the vehicle and experimental groups as determined by one-way
ANOVA followed by Fisher’s LSD test. At the end of each experiment, a second HFS (100 pulses at 100 Hz) was delivered (red arrows at 24 h).
(Top panels in A,B) Typical fEPSP traces evoked at the times (1, 2, or 3) indicated in each graph. Error bars indicate SEM.
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decayed rapidly and returned to basal levels by 9 h (Fig. 1A). The
decay time course is similar to that of animals injected with the
protein synthesis inhibitor anisomycin (Fig. 1A). In contrast, fol-
listatin or anti-activin A had no significant effect on the initial
amplitude and early maintenance of LTP (E-LTP). The effect of
follistatin was dose-dependent because the injection of a lower
dose (0.05 pg) did not alter the maintenance of L-LTP (Fig. 1A).
To exclude the possibility that the LTP decay caused by follistatin
or the anti-activin A antibody was due to irreversible damage to
hippocampal neurons, a second HFS (100 pulses at 100 Hz) was
applied to the same pathway at the end of each experiment
(24 h). We observed an enhancement of the field excitatory post-
synaptic potential (fEPSP) slope in all animals (Fig. 1A), which
eliminates the possibility that neuronal damage occurred.

In a complementary experiment where activin was pre-
injected into the lateral ventricle, we used a weak HFS (a 50-pulse
train at 100 Hz). The weak HFS alone elicited E-LTP that returned
to the basal level by 6 h (Fig. 1B). However, pre-administration of
activin facilitated the maintenance of LTP, since the weak HFS
under these conditions produced an LTP that lasted >9h.
Injection of follistatin, anti-activin A, or activin into the lateral
ventricle had no significant effect on basal synaptic transmission
(Fig. 1C).

When injected 1 h after the delivery of the weak HFS, activin
still enhanced E-LTP (Supplemental Fig. S1A). However, activin
failed to facilitate LTP maintenance when administered 3 h after
the weak HFS. Consistent with this result is the observation that
the inhibitory effect of follistatin on L-LTP establishment was
observed when it was injected 1 h, but not 3 h, after the delivery
of the strong HFS (Supplemental Fig. S1B).

Generation of activin and follistatin transgenic mice using a

forebrain-specific Tet-OFF system

To examine the role activin plays in fear memory formation, acti-
vin activity was genetically suppressed or increased in the fore-
brain of transgenic mice carrying a Tet-OFF system. In this
system, the tetracycline-controlled transactivator (tTA) is under
the control of the CaMKIla promoter to achieve forebrain-specific
expression (Fig. 2A; Mayford et al. 1996). We generated two
distinct lines of responder mice, ABI and FBI, in which activin
and follistatin, respectively, were controlled by the tetracycline
response element (TRE) promoter. Double (FBItTA and ABItTA)-
transgenic mice were obtained by heterozygous crossings. A diet
containing DOX (6 mg/g food) was fed to pregnant mice for 7
consecutive days immediately prior to the expected date of con-
finement to reduce leak expression of follistatin or activin during
the late embryonic stage. Double-transgenic ABItTA and FBItTA
mice were fertile, bred normally, and maintained a normal body
weight under the no-DOX treatment.

The tTA binds specifically to the TRE promoter and activates
transcription in the absence of DOX (Mayford et al. 1996). In
these mice, TRE bidirectionally regulated LacZ (Fig. 2A). Thus,
LacZ activity was detected in some brain regions including the
hippocampus, striatum, and amygdala in ABItTA, but not ABI,
mice in the absence of DOX treatment. LacZ activity was also
detected in some brain regions including the hippocampus and
cortex in FBItTA, but not FBI, mice in the absence of DOX treat-
ment (Fig. 2B; Supplemental Fig. S2). An ELISA analysis revealed
that the activin level in the hippocampus of ABI mice (0.06 ng/
mg protein, Fig. 2C) was equivalent to that of wild-type mice
(Ageta et al. 2008), showing no leaky transgene expression in
ABI mice. Moreover, the follistatin level in the hippocampus of
FBItTA mice (0.25-0.5 ng/mg protein) was sufficient to antago-
nize the endogenous hippocampal activin (0.06 ng/mg protein)
in the absence of DOX treatment (Sugino et al. 1997). DOX
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administration decreased the ectopic activin and follistatin to
basal levels within 3 d in the hippocampus of ABItTA and
FBItTA mice (Fig. 2C). Suppression by DOX was reversible and
almost completely recovered within 3 d for FBItTA and 14 d for
ABItTA (Fig. 2C). There was no significant difference in the activin
level in the hippocampus of ABI and ABItTA mice on days 1 and 7
(Fig. 2C). No transgene expression was observed in the cerebellum
and medulla of ABItTA and FBItTA mice in the absence of DOX
treatment.

The maintenance of L-LTP is reduced in FBItTA mice

Hippocampal slices were prepared from 6- to 10-wk-old FBI and
FBItTA mice, and fEPSPs were recorded in the hippocampal CA1
region after the application of single test stimulus every 20 sec
(0.05 Hz) to the Schaffer collaterals. We first examined whether
the basic property of excitatory synaptic transmission was normal
in FBItTA mice. We measured the initial slope of fEPSP in order to
quantify the strength of the synaptic response. The input—output
relationship in FBItTA mice was similar to that of FBI mice
(Fig. 3A). In the CA1 region, paired stimulation with short inter-
vals usually causes paired-pulse facilitation (PPF). The extent of
PPF with interpulse intervals of 25-500 msec of FBItTA mice
was identical to that of FBI mice (Fig. 3B). These results suggest
that there are no physiological differences in the basic properties
of excitatory synaptic transmission between FBItTA and FBI mice.

We then examined whether E-LTP in the CAl region was
altered in FBItTA mice. After a baseline recording of at least
15 min, LTP was induced by tetanic stimulation. A single train
of tetanic stimulation, 100 Hz for 1 sec, elicited identical E-LTP
in both strains of mice (136.2+ 14.0% and 144.8 £ 16.0%,
90-120 min after tetanic stimulation in FBItTA and FBI mice,
respectively). Three trains of tetanic stimulation at 20-sec inter-
vals caused much larger E-LTP than that after a single train of tet-
anus, but E-LTP in FBItTA mice was similar to that in FBI mice
(161.8 £ 9.3% and 175.8 * 8.0%, 90-120 min after tetanic stimu-
lation in FBItTA and FBI mice, respectively; Fig. 3C). Thus, E-LTP
was unaffected in FBItTA mice.

In contrast, L-LTP in FBItTA mice was markedly reduced as
compared with the robust L-LTP observed in FBI mice (Fig. 3C).
The slope of fEPSP 3-3.5 h and 5-5.5 h after tetanic stimulation
in FBItTA mice was 148.6 + 11.0% and 139.0 + 10.2%, whereas
that in FBI mice was 174.6 + 10.2% and 167.6 + 13.2%, respec-
tively (P < 0.05). The fEPSPs elicited by stimulation of the second
pathway to activate an independent set of Schaffer collaterals were
unaltered throughout the experiment in both strains of mice. To
clarify the biochemical effect of follistatin transgene expression,
we analyzed the phosphorylation level of Smad 2/3 in the hippo-
campus of FBI and FBItTA. Phosphorylation of Smad 2/3 was sig-
nificantly decreased in the hippocampus of FBItTA but not FBI
(Supplemental Fig. S3). These results demonstrate that L-LTP
was reduced in FBItTA mice, whose follistatin levels had an ability
to suppress endogenous activin activity in the hippocampus.

Anxiety levels of ABItTA and FBItTA

Activin has multiple roles in the brain; for example, it influences
anxiety-related behavior (Dow et al. 2005; Ageta et al. 2008; Zheng
et al. 2008), modulates postnatal neurogenesis (Ageta et al. 2008),
and protects neurons from ischemic damage (Tretter et al. 2000).
In our previous study, we generated ACM4 and FSM transgenic
mice in which activin and follistatin, respectively, were overex-
pressed in a forebrain-specific manner under the control of the
aCaMKII promoter. FSM mice exhibited enhanced anxiety com-
pared with wild-type littermates, while ACM4 mice showed
reduced anxiety (Ageta et al. 2008). Therefore, we performed
two behavioral analyses, such as a light and dark test and
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