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Figure 2. Generation of activin and follistatin transgenic mice using a forebrain-specific Tet-OFF system. (4) Schematic transgene representations of ABI
(upper), FBI (middle), and tTA (lower) constructs. (TRE) Tetracycline response element, (tTA) tetracycline-controlled transactivtor, (pA) polyadenylation
signal. (B) X-gal staining. (Upper row) Coronal brain sections from ABI, ABItTA, FBI, and FBItTA mice (10-15 wk old). (Lower row) Enlarged images of
the hippocampus. Scale bars, 500 pm. (C) Measurement of activin and follistatin level using an ELISA assay with anti-activin and anti-follistatin antibodies.
(Red line) Maximal levels of activin (left panel) or follistatin (right panel) in the hippocampus in the absence of DOX (10-15 wk old). Mice were fed DOX
for 3 consecutive days (from noon of day —3 to noon of day 0, orange bars). The animals were then sacrificed and the hippocampus was dissected out in
the afternoon of the day indicated and used for the ELISA. (ND) Not detected. The number above each bar indicates the number of animals used. Error
bars indicate the SEM. (*) P< 0.05, (**) P < 0.001 compared with activin in the hippocampus of ABI mice in the absence of DOX, as determined by
one-way ANOVA followed by Fisher's LSD test.

risk-taking behavior test, to examine the anxiety levels of FBItTA (ABItTA and FBItTA) was comparable to single-transgenic mice
and ABItTA mice. In a risk-taking behavior test the amount of (ABI and FBI) in sensitivity to electric footshock (Supplemental
time spent in the center of an open field strongly correlates with Fig. $4C). Neurogenesis in the adult hippocampus was reduced
an animal’s level of anxiety (Ageta et al. 2008). The double- in FBItTA mice, but the reduction was less severe than in FSM
transgenic FBItTA and ABItTA mice showed normal anxiety-like mice (Supplemental Fig. $5). Therefore, the observed reduction
behavior in the light-dark and risk-taking behavior tests in neurogenesis in FBItTA mice has no influence on the anxiety
(Supplemental Fig. S4A,B), suggesting that these mice show level. The differences in anxiety phenotype may be, perhaps,
normal responses compared with the mutant mice used in pre- due to different follistatin levels in the brain. The FSM mice exhib-
vious work (ACM and FSM, respectively; Ageta et al. 2008). ited a high level of follistatin expression compared with FBItTA
Furthermore, the performance of the double-transgenic mice mice (Ageta et al. 2008).
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FBItTA mice showed significantly less
freezing response compared with the FBI
mice (Fig. 4, Experiment D, Test-2 [T2];
Test-2 was performed 8 d after condition-
ing). In contrast, there was no difference
in freezing between FBItTA and FBI mice
in Test-2 of Experiment C. In these two
paradigms (Experiments C and D), the
interval between conditioning and Test-2
was the same (8 d). One of the major differ-
ences in the experimental paradigm was
that in Experiment D the forebrain activin
signal was inhibited during the retrieval
period (Test-1), while in Experiment C it
was not. We performed an additional
experiment that is based on Experiment
D. In this paradigm, mice were continu-
ously fed on DOX to suppress the follista-
tin expression during the maintenance
and retrieval phase (Experiment F). We
did not observe a significant genotype
effect in either Test-1 or -2 of Experiment
F. Thus, inhibition of the activin signal
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Figure 3. The maintenance of CA1 L-LTP in hippocampal slices from FBItTA mice is reduced as
compared with FBI mice. (A) Input-output curve of fEPSP slope (millivolt [mV]/millisecond
[msec]) versus stimulus (microampere [pA]) at the Schaffer collateral-CA1 pyramidal cell synapse
in FBItTA and FBI mice. Data are presented as means + SEM. (B) Paired-pulse ratio of fEPSPs in
FBItTA and FBI mice. The initial slope of the fEPSP was measured in order to quantify the strength
of the synaptic response. The ratio of the second to first response is plotted against the interstimulus
interval. Data are presented as means * SEM. (C) E-LTP and L-LTP elicited by three 100-Hz trains
spaced at 20-msec intervals in FBItTA and FBI mice. The fEPSP slopes elicited by stimulation of
the second independent pathway at 0.017 Hz were stable throughout the experiments. (Insets)
Representative fEPSP traces taken at the times indicated on the graphs in C (*) P=0.05, (NS)

not significant.

Once-consolidated fear memory is weakened by follistatin
overexpression during the retrieval phase

We performed contextual fear-conditioning tests on FBItTA and
FBI mice in the absence of DOX (Fig. 4, Experiment A). A 1-d
retention test showed a significant reduction in the freezing
response in FBItTA mice in Test-1 (1 d after conditioning) and
Test-2 (2 d after conditioning) compared with FBI mice. There
was no significant genotype effect on STM formation (Fig. 4,
Experiment B). These results are consistent with the requirement
foractivin in L-LTP (Figs. 1A, 3C). When transgene expression was
turned off by administration of DOX (orange bars, Fig. 4) for 3
consecutive days prior to conditioning, the 1-d memory of
FBItTA mice was normal (Fig. 4, Experiment C, Test-1). This result
indicates that follistatin expression during development of FBItTA
mice did not affect the formation of neuronal circuits that are
involved in contextual fear conditioning. Thus, LTM consolida-
tion, but not short-term memory, requires activin activity in the
forebrain.

One-week memory tests measured a comparable freezing
behavior in FBItTA and FBI mice when DOX was administered
for 3 consecutive days before conditioning (Fig. 4, Experiment
D, Test-1 [indicated as T1]; Test-1 was performed 7 d after condi-
tioning). Thus, the 1-wk memory was normal despite the inhibi-
tion of activin signaling during maintenance and retrieval, from
day 3 to day 7, when fear conditioning was carried out in the
absence of transgene expression. Importantly, when the same
animals were retested for freezing behavior 24 h later, the
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during retrieval may result in significant
suppression of the subsequent freezing
response.

To examine this hypothesis, condi-
tioned animals were reexposed to the con-
ditioning chamber for 1 min at 4 d after
the conditioning, a time at which fore-
brain activin was blocked (Fig. 4,
Experiment E). In this experiment, we
used short time reactivation because long
time reactivations induce extinction
(Suzuki et al. 2004). The other procedures
were essentially the same as in
Experiment D. We observed that injection
of the protein synthesis inhibitor anisomy-
cin 30 min after the reactivation into wild-type mice, which had
been subjected to the same experimental paradigm as in
Experiment E, resulted in a reduction in the freezing response in
Test 24 h later (Supplemental Fig. S6). In experiment E, we
observed a significant reduction in freezing level in Test-1 (7 d
after conditioning) of FBItTA mice compared with FBI mice,
strongly suggesting that the reactivation of fear memory in the
absence of forebrain activin activity caused the decreased freezing
response.

Fear memory is influenced by activin overexpression
during the retrieval phase

A complementary experiment with ABItTA and ABI mice
strengthens the idea that forebrain activin is important for proper
processing of fear memory following memory reactivation
(retrieval) (Fig. 5, Experiment G). In this experiment, we used a
relatively weak conditioning protocol to avoid saturation of freez-
ing response. A 3-wk memory test showed a normal freezing
response in ABItTA mice compared with ABI mice (Test-1 in
Experiment G, 21 d after conditioning), when the activin level
was reduced to the basal level at conditioning by DOX administra-
tion. However, when the freezing response of the animals was
tested 24 h later, ABItTA mice showed significantly more freezing
than ABI mice (Test-2 in Experiment G, 22 d after conditioning).
Furthermore, we observed a significant increase in freezing level
in Test (21 d after conditioning) of ABItTA compared with their
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Figure 4. Once-consolidated fear memory is weakened by follistatin overexpression
during the retrieval phase. (A) Experimental schedule. The horizontal axis indicates the
time line. Mice were fed DOX for 3 consecutive days before conditioning (from noon of
day -3 to noon of day 0), as indicated (orange bars). The density of blue color indicates
the predicted level of follistatin in the forebrain. The numbers of mice used were:
Experiment A (FBItTA, n=8; FBl, n=9); Experiment B (FBItTA, n=10; FBI, n=10);
Experiment C (FBItTA, n= 8; FBI, n= 11); Experiment D (FBItTA, n=10; FBI, n= 10);
Experiment E (FBItTA, n=17; FBI, n=13); Experiment F (FBItTA, n=11; FBl, n=11).
In all the experimental paradigms, conditioning was performed in the aftemoon of day
0 with the same footshock protocol. (T1) Test-1, (T2) Test-2. (B) Freezing response
during the test period. (FZ%) Average freezing percentage during the 6-min test period.
(*) P<0.05, (**) P<0.001, statistically significant differences between FBItTA and FBI
mice, as determined by one-way ANOVA followed by Fisher’s LSD test. Error bars indicate
SEM. Experiment C: Two-way repeated-measures ANOVA, genotype effect, f;,17) = 0.39,
P=0.539; Test effect, Fn,17=2.32, P=0.146; genotype x Test, F1,17y=0.03, P=
0.8629. Experiment D: Two-way repeated-measures ANOVA, genotype effect, Fq,17) =
0.71, P=0.4; Test effect, f3,17=10.16, P=0.0054; genotype x Test, F,17)=6.58,
P =0.02. Experiment F: Two-way repeated-measures ANOVA, genotype effect, F1,20) =
g.?(7)'3P= 0.46; Test effect, F3,20)=0.10, P=0.75; genotype x Test, Fy 0 =292, P=
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littermates (ABI and wild-type mice) when condi-
tioned animals were reexposed to the conditioning
chamber for 1 min at 17 d after conditioning, a
time at which forebrain activin was increased in
ABItTA (Fig. 5, Experiment H). Taken together, these
results indicate that the functional activin level in
the forebrain during fear memory retrieval (in this
case, Test-1 in Experiment G and reactivation in
Experiment H) determines the later freezing
response (Test-2 in Experiment G and Test in
Experiment H).

Discussion

In this study we showed that activin is indispensable
for the late maintenance of hippocampal dentate
gyrus L-LTP in vivo and CA1 L-LTP in slice prepara-
tion. In the marine snail Aplysia, TGF-B induces
long-term, but not short-term facilitation at the syn-
apses between the sensory and motor neurons
(Zhanget al. 1997). Furthermore, in rat cultured hip-
pocampal neurons, treatment with TGF-B2, another
isoform of TGF-B, affected synaptic strength and
induced phosphorylation of CREB (Fukushima
et al. 2007). Thus, the TGF-B family of proteins,
namely, activin and TGF-B 1/2, participate not
only in development but also in the neuronal plasti-
city of the mature CNS. In addition, we revealed the
existence of prolonged E-LTP in the dentate gyrus,
which on the one hand differs from E-LTP in its lon-
ger persistence and activin dependency; and on the
other differs from L-LTP in its shorter persistence
and lack of requirement for protein synthesis. This
prolonged E-LTP has been previously described as
an intermediate phase LTP (I-LTP) to occur in area
CA1 of the hippocampus (Winder et al. 1998). It
was found to differ from E-LTP and L-LTP in its
molecular mechanisms since it is dependent on pro-
tein kinase A, does not require protein synthesis,
and is suppressed by calcineurin overexpression.
Although it is not clear whether dentate gyrus pro-
longed E-LTP and CA1 I-LTP share the same molecu-
lar mechanisms, it appears that temporally distinct
tri-phase LTP is a common characteristic of hippo-
campal LTPs.

We demonstrated that activin in the brain is
required for formation of L-LTP and consolidation
of LTM (Figs. 1, 3, and 4). Follistatin failed to sup-
press L-LTP maintenance when it was administered
3 h after a strong HFS (Supplemental Fig. 1), and
this result is consistent with the behavioral analysis
of FBItTA mice. After the acquisition phase, the
ectopic expression of follistatin in the maintenance
phase did not affect LTM formation (Fig. 4,
Experiment D, Test-1), indicating that the presence
of follistatin in the maintenance phase has no effect
on either L-LTP or LTM. Thus, our results strengthen
the correlation between L-LTP and LTM.

There are several mechanisms by which activin
may participate in L-LTP and LTM. Activin modu-
lates dendritic spine morphology and increases the
number of synaptic contacts (Shoji-Kasai et al.
2007). Activin potentiates NMDA receptor-
mediated signaling cascades for long periods of
time (Muller et al. 2006; Kurisaki et al. 2008). In
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Figure 5.

addition, activin tunes GABAergic neurotransmission (Zheng
et al. 2008), which affects learning and memory (Collinson et al.
2002). All of these activin functions may contribute to the pro-
longed synaptic plasticity that may underlie LTM formation.
Inhibition of the activin signal during retrieval resulted in a
significant suppression of subsequent expression of fear memory
(Fig. 4, Experiment D, Test-2). Memory retrieval triggers two
opposing processes, reconsolidation or extinction (Tronson and
Taylor 2007; Quirk and Mueller 2008). Whether reconsolidation
or extinction follows memory retrieval depends on the experi-
mental conditions, such as training and retrieval conditions
(Suzuki et al. 2004; Tronson and Taylor 2007). When reconsolida-
tion dominates following memory retrieval, amnesic reagents
reduce subsequent memory expression (Nader et al. 2000;
Tronson and Taylor 2007). We injected the protein synthesis
inhibitor anisomycin 30 min after reactivation (retrieval) into
wild-type mice that had been subjected to the same experimental
paradigm as in Experiment E of Figure 4. We observed a reduction
in the fear response in Test (Supplemental Fig. $6). This suggests
that the experimental condition used in Experiment E triggers
reconsolidation. In addition, we observed that there was no signif-
icant extinction effect in control mice in Experiment D (P =
0.7839, one-way analysis of variance [ANOVA] with Fisher's
test). On the other hand, in Experiment H in control mice, the
freezing level was significantly lower than that of Test-1 in
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Fear memory is influenced by activin overexpression during the retrieval phase. (A)
Experimental schedule. Horizontal axis indicates the time line. Mice were fed DOX for 3 consecutive
days before conditioning (from noon of day —3 to noon of day 0, orange bar). The density of the
red color indicates the predicted level of activin in the forebrain. Conditioning was performed in the
afternoon of day 0. (B) Freezing response during test period. (FZ%) Average freezing percentage
during the first 3 min in the 6-min test period. The numbers of mice used were: Experiment G
(ABItTA, n=15; ABI, n= 16); Experiment H (ABItTA, n=9; ABl, n=5; wild-type littermates, n =
4). (*) P=0.05, (**) P=0.001, statistically significant difference between ABItTA and ABI mice
(Experiment G) or mixed genotypes ABI and wild group (Experiment H), as determined by
one-way ANOVA followed by Fisher’s LSD test. Error bars indicate SEM. (WT) Wild-type littermates.
Experiment G: Two-way repeated-measures ANOVA, genotype effect, F 23y =4.18, P=0.0526;
Test effect, Fy,23)=0.70, P = 0.410; genotype x Test, f;,23y=1.63, P=0.214.

because of the short period of time (reactiva-
tion took a total of 1 min, which included
transportation time from the home cage to
the test chamber located in a soundproof
room [15 sec], exposure time to the chamber
[30 sec], and another transportation time
from the chamber to the home cage [15
sec]). Taken together, the suppression of
freezing observed in Experiments D and E
could be caused by inhibition of reconsoli-
dation. On the other hand, the constant
level of freezing in ABItTA mice observed
in Experiments G and H could be attributed
to the inhibition of extinction. In any case,
the level of activin in the brain during the
retrieval phase plays a key role in the main-
tenance of LTM.

Recent studies show that fear memory
can be weakened by inhibiting CREB (Kida
et al. 2002), zif268 (Lee et al. 2004),
C/EBPB (Tronel et al. 2005), ERK (Kelly
et al. 2003), or PKA (Tronson et al. 2006) dur-
ing memory retrieval. The present study
shows that activin inhibition during mem-
ory retrieval suppresses previously consoli-
dated fear memories. Thus, activin
signaling could be a promising target for
treatment of disorders that are based upon
strong traumatic memories, such as post
traumatic stress disorder and phobias.

Materials and Methods

Animals
Male Wistar rats (5-6 mo old) were used for the LTP experiments.
All procedures involving the use of animals complied with the
National Institutes of Health guidelines for the care and use of lab-
oratory animals and were approved by the Animal Care and Use
Committee of the Mitsubishi Kagaku Institute of Life Sciences.
All behavior experiments were conducted in a blind fashion
on male mice. Two weeks before behavioral analysis, animals were
housed individually in plastic cages and maintained ona 12:12 h
light:dark cycle. Food and water were provided ad libitum. The
mice were handled daily for 7 d before behavioral analysis.

Dentate gyrus LTP in vivo

Dentate gyrus LTP experiments with urethane-anesthetized rats
were carried out as described previously (Ikegami et al. 1996;
Inokuchi et al. 1996; Ikegami and Inokuchi 2000; Fukazawa
et al. 2003) with the following modifications: To avoid subjecting
the animals to unnecessary pain, the wound margins were locally
infiltrated and anesthetized with 2% xylocaine. The monopolar
recording electrode was then inserted into the hilus of the dentate
gyrus (4.0 mm posterior, 2.8 mm lateral, 3.0 mm ventral to the
dura). The bipolar stimulating electrode was positioned ipsilater-
ally to the medial perforant pathway (8.0 mm posterior, 4.0 mm
lateral, 3.0 mm ventral to the dura). The stimulus intensities
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were set at the current that evoked 50% of the maximum popula-
tion spike amplitude and were kept constant throughout the
experiment. Test stimuli were delivered at 30-sec intervals to
record the fEPSP. After recording a stable basal transmission for
30 min, an HFS was delivered and the fEPSPs were recorded for
24 h. In the follistatin infusion experiments, a strong HFS was
used, which consisted of five trains of 400 pulses at 400 Hz at
2-min intervals. In the activin infusion experiments, we used a
weak HFS, which consisted of 50 pulses at 100 Hz. In most experi-
ments, an HFS (100 pulses at 100 Hz) was given after the 24-h
recording period and responses were recorded for a further
60 min. The initial EPSP slopes are shown as a percentage of the
mean value obtained in the 15 min immediately prior to delivery
of the HFS. To determine whether the magnitude of LTP differed
among the groups, responses from the last 15 min block of record-
ing for each 60 min period were compared statistically. The data
are expressed as means * standard error of the mean (SEM) and
were analyzed by one-way or two-way ANOVA followed by
Fisher’s least significant difference (1SD) test.

Drug infusions

Follistatin and activin were prepared from bovine follicular
fluid as described previously (Nakamura et al. 1992). Follistatin
and activin were dissolved in 50 mM phosphate-buffered
saline (PBS, pH 7.4) containing 0.125% bovine serum albumin
(BSA). Anisomycin (Sigma-Aldrich) was dissolved in equimolar
HCI, diluted with saline, and adjusted to pH 7.4 with NaOH.

In the experiments shown in Figure 1, activin, follistatin, anti-
activin A, or the vehicle solution (PBS containing 0.125% BSA) were
infused 45 min prior to the first HFS delivery. Anisomycin was
infused 60 min prior to the first HFS delivery. The drugs were
infused into the left lateral ventricle (1.0 mm posterior to the
bregma, 1.8 mm lateral, 3.5 mm ventral to the dura) ipsilateral to
the recording site with a 27-gauge microsyringe. The drug solution
(total volume of 2.0 pL) was infused at a rate of 0.5 pL/min and the
microsyringe was left in place for 5 min after the injection.

In the experiments shown in Figure 2, activin, follistatin, or
vehicle solution (PBS containing 0.125% BSA) were injected at 1
or 3 h after the first HFS delivery using a cannula device (brain
infusion kit, Alzet) that had been implanted into the lateral ven-
tricle and connected to a microsyringe. The drug solution (total
volume of 2.0 pL) was infused at a rate of 0.5 pL/min.

Transgenic mice

To generate the transgene vectors, we used the pBI-G plasmid
(Clontech), which has a multiple cloning site, TRE promoter, a
LacZ gene, and B-globin poly A and SV40 poly A sequences
(Fig. ZA). We introduced a Xhol-Fsel-Pacl-Hindlll-Ascl site to the
Notl site of pBI-G and refer to this plasmid as pBI-G2, Coding
sequences for activin and follistatin were isolated by Ascl-Xhol
digestion from the pCaM-activin-Myc and pCaM-follistatin-Myc
plasmids (Ageta et al. 2008), respectively, and inserted into the
Ascl-Xhol-digested pBI-G2 to generate the pBl-G2-activin-Myc
and pBI-G2-follistatin-Myc plasmids. Asel fragments were isolated
from pBI-G2-activin-Myc or pBI-G2-follistatin-Myc and microin-
jected into the pronuclei of one-cell embryos of C57BL/6) mice
to produce transgenic mice (Hogan et al. 1994). Microinjected
embryos were transferred to the oviducts of pseudopregnant
females. We purchased tTA mice (B6; CBA-TgN [CamK2tTA]-
1Mmay) from the Jackson Laboratory (Maine), and these mice
were backerossed for six generations to the CS7BL/6] background
mice before crossing with FBI mice. Littermate single transgenic
mice, FBI and ABI, were used as controls against FBItTA and
ABItTA mice, respectively. Male mice 70-100 d old were used
for behavioral analysis. Mice were fed DOX (Sigma, D-9891,
6 mg/g food) for 3 consecutive days where indicated. The founder
mice and offspring were identified by Southern blot analysis using
the LacZ gene as a probe and PCR analysis using two independent
transgene-specific primer pairs. Forward (f) and reverse (r) PCR
primers for genotyping were as follows: tTA, £-5-TGCCGCCA
TTATTACGACAA-3' and r-5-TCCTCGCCGTCTAAGTGGAG-3,
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f-5"TTGCGTATTGGAAGATCAAG-3' and r-5-GATGGTAGACCC
GTAATTGT-3'; FBI, f-5-TATTCGCGTAAGGAAATCCA-3' and
r-5-GCCGAGTTTGTCAGAAAGCA-3, f-5-TCCTTGCTCAGTTICG
GTCTT-3 and 1-5-CCCCACTTTGCGTTTCTTCT-3'; ABI, {-5'-TA
TTCGCGTAAGGAAATCCA-3' and 1-5-GCCGAGTTTGTCAGAA
AGCA-3, {-5'-ATCTCCACATACCCGTTCTC-3' and r-§'-CTCCC
CACTTTGCGTTTCTT-3".

X-gal staining

Animals were sacrificed using an overdose of anesthesia, and the
brains were dissected and immediately frozen on dry ice.
Cryostat sections (20-pm thick) were cut and mounted onto
polylysine-coated glass slides. Sections were air-dried and stored
at 80°C until use in X-gal staining. X-gal staining was carried
out as described (Takeuchi et al. 1995).

CAI LTP in slice preparation
Transversely cut hippocampal slices (300 pm) were prepared from
6- to 10-wk-old transgenic FBI and FBIRTA mice, and were
immersed in ice-cold artificial cerebrospinal fluid (ACSF). ACSF
was saturated with 95% Q;/5% CO,, and contained: 124 mM
NaCl, 3mM KCl, 2.4mM CaCl;, 1.2mM MgCl;, 26 mM
NaHCO;, 1 mM NaH;POy4, and 10 mM D-glucose. Slices were
maintained in ACSF at room temperature for at least 1 h before
recording. They were then transferred to a submersion chamber
and perfused continuously (2 mL/min) with ACSF at 30°C.
Schaffer collaterals were stimulated with 0.1-msec pulses using
bipolar tungsten electrodes. fEPSPs were recorded extracellularly
in the stratum radiatum of the CAl region using glass microelec-
trodes filled with ACSF (tip resistance ca. 3—-6 M(Q). Stimulus
intensities were set to evoke 30%-50% of the maximal fEPSP
slope. LTP was induced after recording a stable 15- to 30-min base-
line fEPSP. The test pulse frequency was 0.05 Hz. For some of the
experiments, two stimulating electrodes were positioned in the
stratum radiatum layer to activate two independent sets of
Schaffer collaterals. Pathway independence was assessed by apply-
ing two pulses with 100-msec interpulse intervals and confirming
the absence of PPF between the pathways (collision test). After
baseline stimulation the pathway stimulated at 0.05 Hz received
one or three trains of tetanic stimulation at a frequency of
100 Hz for 1 sec at 20-sec intervals. The second pathways were
stimulated at 0.017 Hz and served as a control.
Electrophysiological data were collected from two strains of
transgenic mice on alternate days using PowerLab (ADInstru-
ments) and three EPC series amplifiers (HEKA Electronik). Data
were low-pass filtered (1 kHz) and sampled at 10 kHz. As a measure
of synaptic strength, the initial slope of the evoked fEPSPs was cal-
culated and expressed as percent change from the baseline mean.
Error bars denote SEM values. All data were used for analysis unless
the pipette resistance deviated more than 30% from baseline val-
ues or the stimulus artifact, or the shape of fiber volleys changed
significantly. To test for group differences between LTP values
across conditions, a Student’s t-test was performed.

Contextual fear conditioning

After the risk-taking behavior test and light/dark test, we per-
formed the contextual fear conditioning test on each experimen-
tal group. For the experiments in Figure 4, 2 min after putting the
mice into a chamber, mice received electrical footshocks three
times (0.5 mA, 1 sec, intershock interval of 1 min). After the shock
they remained in the chamber for an additional 2 min. For experi-
ments in Figure 5, 2 min after putting the mice into a chamber,
mice received electrical footshocks four times (0.2 mA, 0.5 sec,
intershock interval of 3 sec). After the shock they remained in
the chamber for an additional 4 min. To monitor the freezing
response in the test, mice were again put into the same chamber
for 6 min, except for Test-1 of experiment A (duration, 1 min) in
Figure 4. Freezing behavior, which is defined as no movement dur-
ing consecutive 2-sec intervals, was analyzed by an automated
imaging system (Muromachi Kagaku). In Experiments E and H,
reactivation took a total of 1 min, which included transportation
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time from the home cage to the test chamber located in a sound-
proof room (15 sec), exposure time to the chamber (30 sec), and
another transportation time from the chamber to the home
cage (15 sec).

Sensitivity to electrical stimulation

After the contextual fear-conditioning test, we measured the sen-
sitivity of mice to footshock (Supplemental Fig. $4C). In this test,
each mouse is placed in a conditioning chamber and receives 1-sec
shocks of increasing intensity (Inoue et al. 2009). The interval
between shocks is 10 sec. The sequence of the current used was
as follows: 0.0S mA, 0.08 mA, 0.1 mA, 0.2mA, 0.3 mA, 0.4 mA,
0.5mA, 0.6 mA, and 0.8 mA. The minimal level of current
required to elicit the stereotypical responses of running, vocaliza-
tion, and jumping was determined.

Miscellaneous methods

ELISA and analysis of neurogenesis were carried out essentially as
described previously (Ageta et al. 2008). Behavioral analyses,
including the risk-taking behavior and light/dark tests, were
carried out as described (Ageta et al. 2008).
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Regulation of Muscle Mass by Follistatin and Activins
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Myostatin is a TGF-8 family member that normally acts to limit skeletal muscle mass. Follistatin is
a myostatin-binding protein that can inhibit myostatin activity in vitro and promote muscle
growth in vivo. Mice homozygous for a mutation in the Fst gene have been shown to die imme-
diately after birth but have a reduced amount of muscle tissue, consistent with a role for follistatin
in regulating myogenesis. Here, we show that Fst mutant mice exhibit haploinsufficiency, with
muscles of Fst heterozygotes having significantly reduced size, a shift toward more oxidative fiber
types, an impairment of muscle remodeling in response to cardiotoxin-induced injury, and a
reduction in tetanic force production yet a maintenance of specific force. We show that the effect
of heterozygous loss of Fst is at least partially retained in a Mstn-null background, implying that
follistatin normally acts to inhibit other TGF-g family members in addition to myostatin to regu-
late muscle size. Finally, we present genetic evidence suggesting that activin A may be one of the
ligands that is regulated by follistatin and that functions with myostatin to limit muscle mass.
These findings potentially have important implications with respect to the development of ther-
apeutics targeting this signaling pathway to preserve muscle mass and prevent muscle atrophy in
a variety of inherited and acquired forms of muscle degeneration. (Molecular Endocrinology 24:
1998-2008, 2010)

yostatin is a TGF-8 family member that acts as a

negative regulator of skeletal muscle mass (1). Mstn
mRNA is first detectable in midgestation embryos in cells of
the myotome compartment of developing somites and con-
tinues to be expressed in muscle throughout embryogenesis
as well as in adult mice. Mice homozygous for a deletion of
the Mstn gene exhibit dramatic and widespread increases in
skeletal muscle mass, with individual muscles of Mstn-
knockout mice weighing about twice as much as those of
wild-typemice as a result of a combination of increased fiber
number and muscle fiber hypertrophy. These findings sug-
gested that myostatin plays two distinct roles to regulate
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muscle mass, one to regulate the number of muscle fibers
that are formed during development and a second to regu-
late growth of those fibers. In this respect, selective postnatal
loss of myostatin signaling as a result of either deletion of the
Mstn gene (2, 3) or pharmacological inhibition of myostatin
activity (4-7) can cause significant muscle fiber hypertro-
phy, demonstrating that myostatin plays an important role
in regulating muscle homeostasis in adult mice. Moreover,
genetic studies in cattle (8-11), sheep (12}, dogs (13), and
humans (14) have all shown that the function of myostatin
as a negative regulator of muscle mass is highly conserved
across species.

Abbreviations: EDL, Extensor digitorum longus; FSTL-3, follistatin-like 3; GDF, growth
differentiation factor; MHC, myosin heavy chain.
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The identification of myostatin and its biological func-
tion has raised the possibility that inhibition of myostatin
activity may be an effective strategy for increasing muscle
mass and strength in patients with inherited and acquired
clinical conditions associated with debilitating muscle
loss (for reviews, see Refs. 15-17). Indeed, studies em-
ploying mouse models of muscle diseases have suggested
that loss of myostatin signaling has beneficial effects in a
wide range of disease settings, including muscular dystro-
phy, spinal muscular atrophy, cachexia, steroid-induced
myopathy, and age-related sarcopenia. Moreover, loss of
myostatin signaling has been shown to decrease fat accu-
mulation and improve glucose metabolism in models
of metabolic diseases, raising the possibility that targeting
myostatin may also have applications for diseases such as
obesity and type Il diabetes. As a result, there has been an
extensive effort directed at understanding the mecha-
nisms by which myostatin activity is normally regulated
and on identifying the components of the myostatin-sig-
naling pathway with the long-term goal of developing the
most effective therapeutic strategies for targeting its
actions.

In this regard, considerable progress has been made in
terms of understanding how myostatin activity is regu-
lated extracellularly by binding proteins {for review, see
Ref. 15). One of these regulatory proteins is follistatin
(FST), which is capable of acting as a potent myostatin
antagonist. Follistatin has been shown to be capable of
binding directly to myostatin and inhibiting its activity in
receptor binding and reporter gene assays irn vitro (18-
20). Moreover, follistatin also appears to be capable of
blocking endogenous myostatin activity in vivo, as trans-
genic mice overexpressing follistatin specifically in skele-
tal muscle have been shown to exhibit dramatic increases
in muscle growth comparable to those seen in Mstn-
knockout mice (18,21, 22). Finally, mice homozygous for
a targeted mutation in the Fst gene have reduced muscle
mass at birth (23), consistent with a role for follistatin in
inhibiting myostatin activity during embryonic develop-
ment. The fact that Fst~'~ mice die immediately after
birth, however, has hampered a more detailed analysis of
the role of follistatin in regulating muscle homeostasis.
Here, we show that Fst mutant mice exhibit haploinsuf-
ficiency, with Fst*'~ mice having significant reductions in
muscle mass accompanied by corresponding decreases in
muscle function and impaired muscle regeneration. Fur-
thermore, we show that this muscle phenotype reflects a
normal role for follistatin in regulating not only myosta-
tin but also other TGF-8 family members that cooperate
with mysotatin to limit muscle growth, and we present
genetic evidence that activin A may be one of these key
cooperating ligands.

mend.endojournals.org 1999

Results

Because mice homozygous for a deletion of Fst gene die
immediately after birth (23) and because many compo-
nents of the myostatin-regulatory system have shown
dose-dependent effects when manipulated iz vivo, we in-
vestigated the possibility that Fst mutant mice might ex-
hibit haploinsufficiency with respect to muscle growth
and function. We backcrossed the Fst loss-of-function
mutation at least 10 times onto a CS7BL/6 background
and then analyzed muscle weights in Fst™'~ mice at 10 wk
of age. As shown in Table 1 and Fig. 1 (bottom panel),
Fst™~ mice exhibited a clear muscle phenotype, with
muscle weights in Fst*'~ mice being lower by about 15-
20% compared with those of wild-type mice. These re-
ductions in muscle weights were highly statistically sig-
nificant (P values ranged from 105 to 107%), were seen
in all four muscles that were analyzed (pectoralis, triceps,
quadriceps, and gastrocnemius) as well as in both males
and females, and were also apparent after normalizing for
total body weights (Supplemental Table 1 and Supple-
mental Fig. 1 published on The Endocrine Society’s Jour-
nals Online web site at http://mend.endojournals.org).
These effects on muscle mass were the converse of
what has been observed in mice with mutations in the
Mstn gene and were therefore consistent with a normal
role for follistatin in inhibiting myostatin activity in vivo.
We showed previously that the higher muscle mass seen in
Mstn™'" mice results from effects on both fiber numbers
and fiber sizes (1). To determine whether both fiber num-
bers and fiber sizes are also affected by the Fst mutation,
we carried out morphometric analysis of sections of the
gastrocnemius muscle. As shown in Table 2, total fiber
number in the gastrocnemius appeared to be unaffected in
Fst*™'~ mice compared with wild-type controls. One dif-
ference clearly evident in hematoxylin and eosin-stained
sections, however, was the increased proportion of
smaller, more darkly stained fibers in muscles of Fst*/~
mice (Fig. 2A), raising the possibility that heterozygous
loss of Fst might affect fiber type distribution. In this
respect, previous studies have shown that loss of myosta-
tin affects the relative proportions of the different fiber
types, with Mstr™'~ mice having a decreased number of
type I fibers and an increased number of type II fibers in
the soleus as well as a shift in the distribution of type II
fibers toward more of the glycolytic type IIb fibers in the
extensor digitorum longus (EDL) (24-27). Fiber type
analysis of the gastrocnemius muscle of Fst*/~ mice re-
vealed an opposite shift toward more oxidative fibers. In
particular, the number of oxidative type I fibers was in-
creased significantly in the gastrocnemius muscle of
Fst™"™ mice (Table 2), and most of the small darkly
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TABLE 1. Muscle weights of mutant mice
Muscle weights (mg)
Body
weight (g) Pectoralis Triceps Quadriceps  Gastrochemius
Males
Wild type (n=36) 240+0.3 745 1.0 948 1.2 193.3+25 1375+ 1.7
Fst*/~ (n=15) 23307 60.7 = 1.0°7 78.3 + 1.4° 1574 + 3.0° 118.2 = 2.0°
Fstf3~/~ (n=23) 253*06 77.2 1.7 879+16 200.7 = 3.8 138.2 + 2.1
Mstn™*/~ n=17) 276 +04 974 *16 123.2 2.4 252.6 45 181.2 + 3.9
Mstn™=, Fst*'~ (n=12) 26.0 + 0.4° 79.3 £ 1.5¢ 100.0 = 2.0° 197.8 = 5.3 147.4 £ 3.2
Mstn™'— (n= 8) 33.8+09 215179 2318+ 7.3 407.1 =121 302.0 £ 10.3
Mstn™"~, Fst*/~ (n=10) 31013 174.3 = 10.0¢ 206.7 =104 352.6 = 17.3¢ 2744 =134
inhBA*’~ n=21) 25.0 = 0.4f 80.8 +1.2¢ 104.0 * 1.67 215.0 = 3.8°7 152.3 £ 2.2°
inhBB*" (n=13) 243 *05 735 +1.7 958+ 25 190.1 £ 39 1346 + 2.2
inhBB~'~ (n=15) 247 0.4 789 +1.77 100.4 + 2.57 201.3 x50 139.1 = 2.9
inhBCH'~, BE*'~ n=12) 248 1.2 76.2 £ 3.3 958 + 2.6 192.2 + 8.3 1339 £ 5.7
inhBC'~, BE™'~ (n=18) 250+ 0.4 769 +13 968+ 19 196.9 + 33 1386 * 2.0
Females

Wild type (n=22) 19.0 0.2 483 +0.38 69.5 0.9 146.2 £ 1.8 1025+ 1.2
Fst*/~= (n=14) 17.2 £ 0.4° 39.1 +09° 56.6 + 1.0° 1152 £ 2.0? 847 +1.7°
Fsti3~/~ (n=29) 19.1+0.3 50.6 + 0.8" 725+ 09 1494 + 1.8 100.7 = 1.1
Fst*/=, Fsti3+/~ (n= 9) 16.3 £ 0.5° 37.3 +1.6° 57.0 = 2.2° 113.9 + 467 829 + 2.8
Fst*=, Fsti3=/~ n=7) 16.9 = 0.69 36.9 +1.4° 57.3 £ 157 116.1 = 4.0° 80.3 = 2.6
Mstn*= (n=13) 22.0+=04 64.2 1.0 90.5 + 1.1 185.1 £ 2.3 1305+ 1.8
Mstn™*"=, Fst*/~ (n=10) 20.6 + 0.4" 52.3 £ 1.3¢ 746 + 2.0° 152.6 = 3.5° 111.7 £ 2.2¢
Mstn='~ nh=13) 245 *04 111.0x23 1485 = 1.8 2768 4.2 1958 + 2.4
Mstn='—, Fst*/~ n=17) 243 +0.3 94.4 + 1.6 139.2 + 1.6 251.2 £ 3.4/ 186.9 + 2.4¢
inhBA*/~ {(n=20) 19.4 £ 0.2 52.4 +0.9° 733+ 1.3 155.3 £ 2.29 109.3 £ 1.79
inhpB*'~ (n=15) 198 £ 0.4 50.5 + 0.8f 700 £1.2 1475 2.7 1008 £ 1.8
inhBB~'~ (n=12) 20.0+0.6 51.8 = 1.4f 699 1.2 1443 £33 100.8 = 2.2
inhBC*'~, BE*'~ {n=15) 185+ 0.7 49.2 1.5 69.4 = 2.3 141.0 £ 55 97.5+45
inhBC"~, ﬁE"’ {(n=25) 19.1 = 0.2 499+ 09 705+ 1.0 150.4 = 2.1 103.0+ 14

2P < 0,001 vs. wild type; ® P < 0.01 vs, Mstn*/~; <P < 0.001 vs. Mstn*'~; 7P < 0.01 vs. Mstn™'~; € P < 0.05 vs. Mstn™"~; TP < 0.05 vs.
wild-type; 9 P < 0.01 vs. wild type; " P < 0.05 vs. Mstn*/~; ' P < 0.001 vs. Mstn~"~.

stained fibers that appeared to be increased in number in
Fst™~ mice corresponded to mixed glycolytic/oxidative
type lla fibers, representing a further shift away from glyco-
lytic type IIb fibers (Fig. 2A). We observed similar trends
toward more oxidative fibers in other muscles as well, with
the appearance of a significant percentage of type I fibers in
the EDL (P < 0.001) (Fig. 2B) and an approximately 5%
shift from type Ila fibers to type I fibers in the soleus, al-
though these latter data did not reach statistical significance.

To determine whether differences in fiber sizes could
account for the differences in muscle weights between
Fst*'~ and wild-type mice, we measured fiber diameters
in representative sections of the gastrocnemius muscle. As
shown in Fig. 2C and Table 2, the distribution of fiber
diameters was shifted toward smaller fibers in the gas-
trocnemius muscle of Fst™'~ mice compared with that of
wild-type mice. Significantly, the shift in the distribution
toward smaller fibers was observed not only in type II
fibers but also in type I fibers. Hence, the overall decrease
in the weight of the gastrocnemius muscle of Fst*'~ mice
appeared to result from a combination of an increase in
the proportion of fiber types that are generally smaller in
size and a decrease in mean fiber diameter for each fiber
type.

We also analyzed the effects of heterozygous loss of Fst
on muscle function. Previous studies have shown that
inhibition of myostatin activity in mice results in in-
creased muscle force (4). To determine whether the lower
muscle mass seen in Fst*/~ mice results in lower muscle
force production, we carried out force measurements on
isolated muscles. As shown in Fig. 3, twitch and tetanic
force were lower in Fst*'~ mice by 27% and 26 %, respec-
tively, in the soleus and by 28% and 17 %, respectively, in
the EDL, which was commensurate with the reduction in
cross-sectional area. Hence, the lower muscle weights
seen in Fst™/~ mice appear to result in corresponding
decreases in tetanic force production, with no statistically
significant changes in specific force.

Loss of myostatin has been shown to affect not only
muscle mass and strength but also the ability of the muscle
to regenerate. In particular, loss of myostatin activity has
been shown to result in an enhanced regenerative re-
sponse to both chronic (for reviews, see Refs. 15-17) and
acute (28-~30) injury. We investigated the possibility that
heterozygous loss of Fst might have the opposite effect on
muscle regeneration by examining the response of the
gastrocnemius muscle to cardiotoxin-induced injury. In-
deed, 21 d after induction of injury, Fst heterozygous mice
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FIG. 1. Effect of heterozygous loss of Fst on muscle mass. Bottom
panel shows percent decrease in muscle weights in Fst*/~ mice
compared with wild-type mice. Middlle panel shows percent decrease
in muscle weights in Fst*/~, Mstn™'~ mice compared with Fst*/*,
Mstn*/~ mice. Top panel shows percent decrease in muscle weights in
Fst*/=, Mstn=/~ mice compared with Fst*/*, Mstn='~ mice. All
calculations were made from the data shown in Table 1. Muscles
analyzed were: pectoralis (red), triceps (gray), quadriceps (blue), and
gastrocnemius (green).

showed clear deficits in muscle remodeling (Fig. 4A) with
an almost 4-fold increase in the amount of muscle fibrosis
as compared with wild-type mice (Fig. 4B). Interestingly,
at 4 d after cardiotoxin-induced injury, Fst heterozygous
mice showed no obvious difference in neonatal myosin-
positive fibers compared with wild-type mice (Fig. 4A),
suggesting that the defects in muscle remodeling may re-

TABLE 2. Analysis of gastrocnemius/plantaris muscles

wild type s %
(n= .5 (n = 3) Difference
Total fiber 8340 + 323 8260 * 521 -1.0
number
Type | fiber 124 *+ 30 206 * 21 +66.1
number
Percentage typel 1.47 0.3 250+ 0.2° +69.7
fibers
Mean fiber
diameters
(m)
Type | fibers 328+ 1.0 285=*1.27 -13.0
Type lla fibers  35.6 2.4 29.9 + 1.2° —16.1
Typelb fibers 41.9+0.1 37.3%13>  —110
All fibertypes  41.0+ 0.6 36.0 = 1.57 —12.2

2 P < 0.05 vs. wild type; © P = 0.08 vs. wild type.
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sult from failed muscle maturation rather than impaired
satellite cell function.

The fact that we could observe reductions in muscle
mass in Fst*/~ mice opened up the possibility of looking
at genetic interactions between Fst and other genes encod-
ing components of this regulatory system. We first looked
at genetic interactions between Fst and Fst/3, which is
another member of the follistatin gene family. Previous
studies had shown that like follistatin, FSTL-3 (follistatin-
like 3; also called FLRG) is capable of blocking myostatin
activity iz vitro (31) and promoting muscle growth when
overexpressed in vivo (21, 22). What role FSTL-3 nor-
mally plays in regulating myostatin activity ## vivo is un-
clear, however, as homozygous Fst/3 mutant mice have
been reported to have normal muscle mass (32). We in-
vestigated the possibility that the lack of a clear muscle
phenotype in Fstl3 mutant mice might reflect functional
redundancy between FSTL-3 and follistatin. For these
studies, we used a line of mice that we independently
generated carrying a targeted deletion of Fstl/3. As shown
in Fig. SA, we generated mice in which we deleted exons
3-5, which contains most of the protein-coding region,
including both of the follistatin domains of FSTL-3. We
then backcrossed this deletion allele at least seven times
onto a C57BL/6 background for analysis.

Consistent with findings previously reported by others
(32), mice homozygous for a deletion of Fst/3 were viable
and had relatively normal muscle weights (Table 1). To
investigate possible functional redundancy, we analyzed
the effect of crossing the Fst loss-of-function mutation
onto an Fstl3 mutant background. As shown in Table 1
and Fig. 5B, we observed no additive effects of the Fst and
Fstl3 mutations in terms of reducing muscle mass; that is,
neither Fst™'~, FstI3*~ nor Fst*’/~, Fst]3~'~ mice showed
further reductions in muscle weights compared with
Est™'~, Fst13*/* mice. Although we have not ruled out the
possibility that we might see effects of FSTL-3 loss in mice
completely lacking follistatin, our data suggest that these
two proteins are not functionally redundant in terms of
regulating muscle growth. Hence, despite all of the evi-
dence implicating FSTL-3 as a key regulator of myostatin
activity in vivo, we were unable to uncover any effects of
genetic loss of Fst/3 on muscle mass in these studies.

We also took advantage of the muscle phenotype in
Fst™~ mice to investigate genetic interactions between Fst
and Mstn. Our rationale for these studies was that two
lines of investigation had demonstrated that other mem-
bers of the TGF-B family, in addition to myostatin, seem
to play important roles in limiting muscle growth. In par-
ticular, both overexpression of follistatin as a muscle-
specific transgene and systemic administration of a solu-
ble form of one of the known myostatin receptors
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FIG. 2. Fiber type analysis. A, Sections of gastrocnemius muscles either stained with hematoxylin and eosin or incubated with antibodies against
type | (red), type lla (green), or type llb (green) MHC isoforms. Note that muscles of Fst*’~ mice had increased numbers of small, darkly stained
fibers, which corresponded to type lla fibers, as well as increased numbers of type | fibers. B, Fiber type distributions in the EDL and soleus muscles.
Note the appearance of type I fibers and the decrease in proportion of type lla fibers in Fst*/~ EDL muscle. C, Distribution of type |, lla, and lIb fiber
diameters in the gastrocnemius muscle. Solid gray bars represent muscle fibers from wild-type mice, and open black bars represent muscle fibers
from Fst*'~ mice. Note the shift in the distributions toward fibers with smaller diameters in muscles of Fst*/~ mice. H&E, hematoxylin and eosin;

wt, wild type.

(ACVR2B) had been shown to cause increases in muscle
mass not only in wild-type mice but also in Mstz™'~ mice,
implying that these inhibitors were exerting their effects
by targeting other TGF-8 family members in addition to
myostatin (7, 18, 21). Hence, we sought to determine
whether the reductions in muscle weights seen in Fst™/~
mice result entirely from increased levels of myostatin
signaling.

Our approach was to look for genetic interactions be-
tween Fst and Mstn by examining the effect of introduc-
ing the Fst mutation onto a Mstn mutant background. If
the sole role for follistatin in regulating muscle mass ir
vivois to block myostatin signaling, then the Fst mutation
would be predicted to have no effect in the complete ab-
sence of myostatin. If, on the other hand, follistatin nor-
mally acts to block multiple ligands to regulate muscle

mass, then the Fst mutation might be expected to have at
least some effect on muscle mass even in a Mst» mutant
background. As shown in Table 1 and Fig. 1, we found
the latter to be the case. Specifically, heterozygous loss of
Fst caused reductions in muscle mass in both Mstn*/~ and
Mstn™'~ mutant backgrounds in both male and female
mice. The effects of the Fst mutation were somewhat at-
tenuated in the complete Mstz-null background, implying
that part of the effect of follistatin loss in Mstz™'* mice
likely results from loss of inhibition of myostatin signal-
ing. Nevertheless, the fact that the Fst mutation had at
least some effect on muscle weights even in the Ms#nz-null
background implies that this residual effect resulted from
loss of inhibition of other TGF-B family members in these
mutant mice. Hence, these studies suggest that follistatin
normally acts i vivo to inhibit multiple TGF-B family
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no change in specific force in muscles of Fst*/~ mice. n.s., Nonsigni-
ficant; P > 0.20 wt, wild type.

members, including myostatin, that function to limit mus-
cle mass.

In the final set of experiments, we used genetic ap-
proaches to attempt to determine the identity of the ligand
(or ligands) that cooperates with myostatin to suppress
muscle growth. The TGF-B superfamily consists of al-
most 40 proteins (for reviews, see Refs 34 and 35), and
many could be eliminated as possible candidates based on
their known binding properties, because the key ligand
can be blocked both by follistatin and by the soluble
ACVR2B receptor. The most obvious candidate was
growth/differentiation factor (GDF)-11, which is highly
related to myostatin and is also expressed in skeletal mus-
cle; genetic studies to date, however, have not revealed
any role for GDF-11 in regulating muscle (26). Asa result,
we decided to extend our genetic analysis to other candi-
date ligands. The activins, which are dimers of inhibin-8
subunits, were attractive as candidates because they had
been shown to have in vitro activities on muscle cells
(36-39). Moreover, a recent study showed that activin A
is capable of inducing atrophy when overexpressed in
muscle (40).

We decided to focus our initial analysis on mice carry-
ing mutations in genes encoding the inhibin-g subunits. In
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mice, four genes encoding inhibin-B subunits have been
identified, InhBA, InhBB, InhBC, and InhBE (for review,
see Ref. 34). Mice carrying targeted mutations in each of
these genes have been generated and characterized previ-
ously (41-44), and for InhBA and InhBB, we analyzed
the existing mutant mouse lines. For InhBC and InhpE,
however, we analyzed a double-mutant mouse line that
we generated independently in which the exon encoding
the C-terminal domain of IzhBC and the entire coding
sequence of InhBE were deleted in the same mutant allele
(Fig. 5C). All of these InhB mutant alleles were back-
crossed at least six times onto a C57BL/6 genetic back-
ground before analysis.

For the Inh BB and InbhBC/BE mutations, we were able
to analyze the effect of complete loss of function, as the
homozygous mutants are viable as adults. In the case of
InbPBA, however, homozygous loss has been shown to
lead to embryonic lethality (43); therefore, we were only
able to analyze the effect of heterozygous loss of InhBA.
As shown in Table 1 and Fig. 5D, the most significant
effect that we observed was, in fact, in mice heterozygous
for the InnhBA loss-of-function mutation, which exhibited
statistically significant increases in weights of all four
muscles that were examined. The effects seen in InhBA™'~
mice were most pronounced in males, which had in-
creases ranging from about 8-11%, with P values rang-
ing from 2 X 10™*to 2 X 10~ depending on the specific
muscle. The effects in females were generally lower, with
increases ranging from about 5-8%. These trends were
also present after normalizing muscle weights to total
body weights (Supplemental Table 1 and Supplemental
Fig. 1). Mutations in each of the other genes had little or
no effect, except in the case of InhBB homozygous mu-
tants, in which two muscles (pectoralis and triceps) also
showed statistically significant increases, although the
magnitude of the effects was lower than that seen in
InbBA*'~ mice. These data provide the first loss-of-
function genetic evidence that activin A may be one of
the key ligands that functions with myostatin to limit
muscle mass.

Discussion

Follistatin is a potent myostatin inhibitor that can cause
dramatic increases in muscle mass when overexpressed as
a transgene in mice (18, 21, 22). Follistatin is known to
play an important role in regulating muscle development,
because newborn Fst mutant mice have a reduced amount
of muscle tissue, which is readily discernible by histolog-
ical analysis (23). Because homozygous Fst mutants die
immediately after birth, however, little is known about
the role that follistatin normally plays in regulating mus-
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of wild-type and Fst*'~ mice after cardiotoxin-induced injury. At 21 d after injury, note the
centrally located nuclei characteristic of regenerating fibers in the wild-type injured muscle
(see inset) and the significantly increased extent of fibrosis in the Fst*/~ muscle. At 4 d after
injury, note the presence of neonatal myosin in both wild type and Fst*/~ muscle. B,
Quantification of amount of fibrosis at 21 d after cardiotoxin-induced injury as assessed by
measurement of percent fibrotic area relative to total injured area. H&E, Hematoxylin and

eosin; wt, wild type.

cle homeostasis. Here, we have shown that the Fst loss-
of-function mutation exhibits haploinsufficiency, with
Fst™~ mice having lower overall muscle mass by about
15-20%. These reductions in muscle mass were highly
statistically significant and resulted from a shift toward
smaller diameter fibers with little or no apparent effect on
total fiber number. This shift toward smaller fibers could
be attributed to two distinct effects of the Fst mutation.
First, there was a shift in the distribution of fiber types
resulting in an increased proportion of smaller, more ox-
idative fibers in muscles of Fst*/~ mice compared with
those of wild-type mice. Second, for each fiber type that
was examined, there was a shift toward fibers with
smaller diameters in muscles of Fst*'~ mice compared
with those of wild-type mice. All of these effects are the
opposite of what has been described in mice with absent
or reduced myostatin activity, which exhibit increased
muscle mass, a shift in fiber types toward more glycolytic
fibers, and hypertrophy of both type I and type II fibers (1,
24-27, 45). We also found that Fst™~ mice exhibit an
impaired muscle remodeling response to chemical injury,
which also contrasts with the enhanced muscle regenera-
tion seen in Mstzz™'~ mice (for reviews, see Refs. 15-17).

All of these findings demonstrate that follistatin nor-
mally functions to suppress activity of this signaling path-
way in muscle. In this respect, an important point is that
we were able to document significant effects of follistatin
loss even though these mice still retained one normal copy
of the Fst gene. Hence, the effect of follistatin is almost
certainly dose dependent, as has been shown for many
other components of this regulatory system, and we pre-
sume that complete loss of follistatin activity in muscle
would lead to much more dramatic effects. We also in-
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vestigated the possibility that the ef-
fects of follistatin loss might have been

attenuated by functional compensa-
tion by the related protein, FSTL-3.
FSTL-3 (also called FLRG) contains
two follistatin domains (vs. three for
follistatin itself), and like follistatin,
FSTL-3 is capable of binding and in-
hibiting both activin and myostatin in
vitro (31, 46—48) and increasing mus-
cle mass when overexpressed in vivo
(21, 22). FSTL-3 has been further im-
plicated in the regulation of myostatin
based on the fact that FSTL-3 could be
detected in a complex with myostatin
in both mouse and human blood sam-
ples (31). Gene-targeting studies, how-
ever, demonstrated that complete loss
of FSTL-3 had no effects on muscle
mass (32). Using an independently gen-
erated Fstl3-knockout line, we also observed no effect of
homozygous loss of Fst/3 on muscle mass, and further-
more, we were unable to detect any additive effects of the
Fst and Fstl3 loss-of-function mutations. Hence, we were
unable to detect any evidence that follistatin and FSTL-3
are functionally redundant with respect to the regulation
of muscle mass by myostatin and related proteins.

We also examined genetic interactions between Fst and
Mstn. In particular, we showed that the effects of follista-
tin loss are seen even in mice null for Mstzn, implying that
myostatin cannot be the sole target for follistatin and that
follistatin normally acts to block the activities of multiple
TGF-B family members that function to limit muscle
mass. These findings are consistent with the results of two
prior studies. One set of experiments was the analysis of
mice treated with a soluble form of ACVR2B, which has
been shown to be one of the activin type II receptors
involved in mediating myostatin signaling (7, 18, 49). The
soluble form of ACVR2B (ACVR2B/Fc) was shown to be
capable of blocking myostatin activity in vitro, and ad-
ministration of ACVR2B/Fc to adult mice was shown to
cause dramatic muscle growth (up to 40-60% in 2 wk).
Significantly, this effect was attenuated, but not elimi-
nated, in Mst»~'~ mice, implying that ACVR2B/Fc was
targeting at least one additional ligand that also functions
to block muscle growth (7). A second set of experiments
was the analysis of transgenic mice overexpressing fol-
listatin in muscle (18). As expected, based on the ability of
follistatin to inhibit myostatin, these transgenic mice ex-
hibited significant increases in muscle mass. As in the
studies with the soluble ACVR2B receptor, however, the
follistatin transgene could also cause increases in muscle
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FIG. 5. Effect of a mutation in Fst/3 and in genes encoding inhibin
B-subunits on muscle mass. A, Diagram of Fst/3-targeting strategy.
Mice carrying the targeted allele were crossed to Ella-cre transgenic
mice (33) to generate mice in which recombination had occurred
between the outside LoxP sites (denoted by triangles), thereby
resulting in @ mutant allele in which exons 3-5 were completely
deleted in the germline. B, Effects of the deletion mutation in Fst/3
either alone or in combination with heterozygous loss of Fst. C,
Diagram of InhBC/InhBE-targeting strategy. D, Effect of /nhg
mutations in male mice. In the bar graphs shown in Panels b and d,
numbers represent percent increase or decrease in muscle mass
relative to wild-type mice and were calculated from the data shown in
Table 1. Data from Mstn*/~ mice (21) are shown for comparison.
Muscles analyzed were: pectoralis (red), triceps (gray), quadriceps
(blue), and gastrocnemius (green). TK, Thymidine kinase.

growth even in mice lacking myostatin (21); in fact, the
follistatin transgene could cause yet another doubling of
muscle mass on top of the doubling seen in the absence of
myostatin (i.e. an overall quadrupling).

All of these studies demonstrate that at least one other
TGF-B family member, in addition to myostatin, also
functions to limit muscle mass i vivo. Thus, the capacity
for increasing muscle growth by targeting this signaling
pathway is much more substantial than previously appre-
ciated. We have been using a genetic approach to deter-
mining the identity of this other ligand. An obvious can-
didate was GDF-11, which is highly related to myostatin
(1, 50). Initial gene-knockout studies demonstrated that
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mice completely lacking GDF-11 exhibit multiple devel-
opmental defects and die during the perinatal period (51),
which precluded a detailed analysis of the role of GDF-11
in muscle. Subsequent studies utilizing a floxed Gdf11
allele, however, revealed no effect of Gdf11 deletion spe-
cifically in skeletal muscle either alone or in combination
with a Mstn-knockout mutation (26).

Perhaps the next most likely candidates were the ac-
tivins, which have been shown to be capable of regulating
differentiation of muscle cells in culture (36-39) and
share a common receptor with myostatin (for reviews, see
Refs. 15 and 34). Moreover, a recent study also suggested
the possibility that activins may be involved in regulating
muscle mass based on their ability to induce muscle atro-
phy when overexpressed i7 vivo and based on differential
effects seen in vivo between follistatin and a follistatin
variant with reduced affinity for activin (40). Finally, an-
other recent study implicated activins as well as a number
of other ligands, including GDF-11, BMP-9, and BMP-
10, as possible candidates based on the fact that these
could be affinity purified from serum using the
ACVR2B/Fcligand trap (38). Indeed, by analyzing mouse
strains carrying targeted deletions in each of the genes
encoding the inhibin B-subunits, we observed increases in
muscle mass in mice heterozygous for the IzhBA muta-
tion, consistent with an important role for activin A in
regulating muscle mass. Although further characteriza-
tion of the muscles of these mice will be required to dem-
onstrate that these effects on muscle mass result from
muscle fiber hypertrophy, these data provide the first ge-
netic loss-of-function evidence that activin A may be one
of the key ligands that function with myostatin to limit
muscle mass.

Although the increases in muscle mass that we ob-
served in InhBA mutants were relatively modest, we be-
lieve that the overall role that activin A may play is po-
tentially much more substantial for several reasons. First,
this phenotype was observed in mice that still retained one
functional copy of the InzhBA gene. By comparison, male
mice heterozygous for a mutation in Ms#n exhibit in-
creases in muscle weights ranging from 16-27% (21);
hence, the magnitude of the effects seen in male InhBA™"~
mice was approximately half that seen in Mstz*/~ mice.
Homozygous loss of Mstn results in increases in muscle
weights of 100-150%, and we presume that greater loss
of activin A signaling would similarly result in a signifi-
cantly enhanced effect. Second, the existence of multiple
InhB genes raises the possibility of functional redun-
dancy, and in this respect, we did see some effect, albeit
quite small, in I7zh 8B homozygous mutants. Third, a mu-
tation in the InhBA gene affects the production of both
activin A (as well as activin AB) and inhibin A, which
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share the BA-subunit. Given that activins and inhibins
generally have counteracting activities, it is perhaps for-
tuitous that we were able to see any phenotype at all in
InhBA™'~ mice, because the mutation would lead to de-
creases in both activin A and an inhibitor of activin sig-
naling. We believe that the likely explanation is that
whereas activins are believed to act mostly via a paracrine
mechanism, inhibins appear to be capable of regulating
signaling in an endocrine manner (for reviews, see Refs.
52-54), and the predominant circulating form of inhibin
is known to be inhibin B (for reviews, see Refs. 55 and
56). Hence, the IzhBA mutation would be predicted to
reduce levels of activin A but have only a minimal effect
on circulating inhibin levels.

Clearly, additional studies will be required to elucidate
the precise roles that all of the activin isoforms may play
in regulating muscle growth and function in different
physiological states. It is interesting to note, however, that
circulating levels of activin A in humans have been shown
to increase during aging, and conversely, circulating levels
of inhibin B have been shown to decrease during aging
(57-61), raising the intriguing possibility that enhanced
activin signaling during aging may be a key contributing
factor in the etiology of age-related sarcopenia. Under-
standing how muscle homeostasis is coordinately regu-
lated by myostatin and by activins under both normal and
pathological conditions will be essential for developing
the most optimal strategies to tap the full potential of
targeting this general signaling pathway to preserve mus-
cle mass and prevent muscle atrophy in a variety of clin-
ical settings associated with debilitating loss of muscle
function.

Materials and Methods

Targeting constructs were generated from 129 Sv] genomic
clones and used to transfect R1 embryonic stem cells (kindly
provided by A. Nagy, R. Nagy, and W. Abramow-Newerly).
Blastocyst injections of targeted clones were carried out by the
Johns Hopkins Transgenic Core Facility. All mice were back-
crossed at least six times onto a C57BL/6 background before
analysis. All analysis was carried out on 10-wk-old mice, except
for the force measurements and cardiotoxin studies, which were
carried out on 14-wk-old mice. All animal experiments were
carried out in accordance with protocols that were approved by
the Institutional Animal Care and Use Committees at the Johns
Hopkins University School of Medicine and the University of
Pennsylvania School of Dental Medicine.

For measurement of muscle weights, muscles were dissected
from both sides of the animal and weighed, and the average
weight was used. For morphometric analysis, the gastrocnemius
muscle was sectioned to its widest point using a cryostat, and
fiber diameters were measured as the shortest width passing
through the center of the fiber. Measurements were carried out
on 84 type I fibers, 150 type Ila fibers, and 150 type IIb fibers per
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muscle, and mean fiber diameters for each type were calculated
for each animal. For plotting the distribution of fiber sizes, data
from all three mice in each group were pooled. Measurements
were also carried out on 250 fibers of mixed types randomly
selected from five representative areas of each section (every
attempt was made to analyze the same five regions from muscle
to muscle) to estimate overall mean fiber diameters.

For isolated muscle mechanics, mice were anesthetized with
ketamine/xylazine. Muscles were removed and placed in a bath
of Ringers solution gas equilibrated with 95% 0,/5% CO,.
Sutures were attached to the distal and proximal tendons of the
EDL and soleus muscles. Muscles were subjected to isolated
mechanical measurements using a previously described appara-
tus (Aurora Scientific, Ontario, Canada) (62). After optimal
length (Lo) was determined by supramaximal twitch stimula-
tion, maximal isometric tetanus was measured in the muscles
during a 500-msec stimulation. For histological analysis, sam-
ples were rinsed in PBS, blotted, weighed, covered in mounting
medium before freezing in melting isopentane, and then stored
at —80 C. Muscle cross-sectional areas were determined using
the following formula: cross-sectional area = m/(Lo X L/Lo X
1.06 g/cm?), where m is muscle mass, Lo is muscle length, L/Lo
is the ratio of fiber length to muscle length, and 1.06 is the
density of muscle (63). L/Lo was 0.45 for EDL and 0.69 for
soleus.

For muscle fiber typing, 10-um frozen cross-sections taken
from the midbelly of each muscle were subjected to immunohis-
tochemistry for laminin (rabbit antilaminin Ab-1; Neomarkers,
Fremont, CA) to outline the muscle fibers. Fiber typing was
performed with antibodies recognizing myosin heavy chain
(MHC)2a (SC-71), MHC 2b (BF-F3), and MHC 1 (BAF-8) as
previously described (64). Nuclei were counterstained with 4',6-
diamidino-2-phenylindole. Images were acquired on an epiflu-
orescence microscope (Leica, Deerfield, IL) and analyzed for the
proportion of myosin-positive fibers using image analysis soft-
ware (OpenLab, Improvision; Coventry, UK).

For skeletal muscle injury studies, 250 ul of cardiotoxin
(10 uM Naja nigricollis; Calbiochem, La Jolla, CA) were in-
jected into the gastrocnemius, and muscles were harvested 4 d
or 21 d after induction of injury. Quantification of areas of
fibrosis per area of muscle injury was performed using Ni-
kon’s NIS elements BR3.0 software (Laboratory Imaging;
Nikon, Melville, NY).
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