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Calpains make up a family of Ca2�-dependent intracellular
cysteine proteases that include ubiquitously expressed �- and
m-calpains. Both are heterodimers consisting of a distinct large
catalytic subunit (calpain 1 for �-calpain and calpain 2 for
m-calpain) and a common regulatory subunit (calpain 4). The
physiological roles of calpain remain unclear in the organs,
including the heart, but it has been suggested that calpain is
activated by Ca2� overload in diseased hearts, resulting in car-
diac dysfunction. In this study, cardiac-specific calpain 4-defi-
cient mice were generated to elucidate the role of calpain in the
heart in response to hemodynamic stress. Cardiac-specific dele-
tion of calpain 4 resulted in decreased protein levels of calpains
1 and 2 and showed no cardiac phenotypes under base-line con-
ditions but caused left ventricle dilatation, contractile dysfunc-
tion, and heart failure with interstitial fibrosis 1 week after pres-
sure overload. Pressure-overloaded calpain 4-deficient hearts
took up a membrane-impermeant dye, Evans blue, indicating
plasma membrane disruption. Membrane repair assays using a
two-photon laser-scanning microscope revealed that calpain
4-deficient cardiomyocytes failed to reseal a plasma membrane
that had been disrupted by laser irradiation. Thus, the data indi-
cate that calpain protects the heart fromhemodynamic stresses,
such as pressure overload.

Calpains are a family of neutral Ca2�-activated cysteine pro-
teases that are believed to participate in basic Ca2�-mediated
intracellular processes (1, 2). There are 14 calpain gene family
members in mammals. Two ubiquitous forms of calpains have
been identified, �- and m-calpains, which are activated by
micromolar and millimolar Ca2� concentrations, respectively.
Both are heterodimers consisting of an 80-kDa catalytic subunit
(calpain 1 for �-calpain and calpain 2 for m-calpain, which are
encoded by the Capn1 and Capn2 genes, respectively) and a
common 28-kDa regulatory subunit (calpain 4/CAPNS1 (cal-
pain small-1), which is encoded by the Capns1 gene).
Limited proteolysis of specific substrate proteins by calpain

in distinct subcellular locations leads to their altered function in

cells, and this makes calpain an important regulator of cellular
signaling mechanisms (1, 2). The in vivo physiological function
of calpain remains to be elucidated, although many potential
substrate proteins have been identified. Loss-of-function stud-
ies inmice have been performed to determine the physiological
functions of �- and m-calpains (3–7). Homozygous deletion of
Capns1 abolishes the expression and activity of both �- and
m-calpains, resulting in embryonic lethality with apparent
defects in the cardiovascular system and erythropoiesis (3, 6, 8).
Disruption of Capn2 also results in pre-implantation embry-
onic lethality (5). Thus, calpain is essential for embryonic
development.
Mouse embryonic fibroblasts derived from calpain 4-defi-

cient mice have been used to study functions of calpain in
vitro. These studies indicate that calpains play important
roles in cell migration, actin cytoskeleton organization, apo-
ptosis, autophagy, plasma membrane repair, and membrane
blebbing (9–14).
Calpain activity is increased in a wide variety of pathological

conditions associated with Ca2� overload (15). In the heart,
increased calpain activation has been observed in pressure-
overloaded myocardium, and attenuation of calpain activation
by its inhibitor was found to improve contractile function (16,
17). Similarly, calpain activation and cleavage of its substrate
have been reported during ischemic preconditioning and myo-
cardial infarction (18–22), and some of these events are accom-
panied by programmed cell death and necrosis. These data
imply a detrimental role of calpain in the diseased heart. How-
ever, loss of myocardial calpain activity by forced expression of
calpastatin, an endogenous inhibitor of calpain, results in pro-
gressive dilated cardiomyopathy (23). Previously reported stud-
ies relied on small molecule inhibitors that lack complete cal-
pain sensitivity, on overexpression of calpain or calpastatin, or
on in vitro proteolysis of the putative calpain substrates. In this
study, cardiac-specific calpain 4-deficient mice were generated
to elucidate the role of calpain in the heart in response to pres-
sure overload. This is the first report to identify an in vivo role of
the ubiquitous calpains in the stress response.

EXPERIMENTAL PROCEDURES

Generation of Cardiac-specific Calpain 4-deficient Mice—
This study was carried out under the supervision of the Animal
Research Committee of Osaka University and in accordance
with the Guidelines for Animal Experiments of Osaka Univer-
sity and the Japanese Act onWelfare and Management of Ani-
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mals (No. 105). A 9.3-kb SalI-SacI fragment that included exons
1–9 from the mouse 129/SvJ genomic library was used for the
targeting construct. The targeting construct was developed by
inserting the loxP site into the SpeI site located 813 bpupstream
fromexon 7 and loxP sites alongwith thePGK-neo gene into the
BamHI site located 176 bp downstream from exon 9. The tar-
geting vector contained 7.5 kb of the homologous DNA
upstream from the loxP-PGK-neo-loxP cassette site and 1.8 kb
of the homologous DNA downstream from the third loxP site.
PCR, Southern blotting, and karyotyping analyses were per-
formed to obtain embryonic stem clones exhibiting the desired
homologous recombination and normal karyotype. Highly chi-
mericmice, generated by aggregating these targeted embryonic
stem cells into BDF1 blastocysts, were bred with C57B/6J mice.
To remove the selectionmarker gene, PGK-neo, and to obtain a
type II deletion, F1 mice with germ line transmission of the
loxP-targeted Capns1 allele were cross-bred with EIIa-Cre
mice, resulting in heterozygous Capns1-floxed mice without
PGK-neo. �-MHCCre mice in the C57B/6J background (24)
were mated with Capns1-floxed mice. Primers used for PCR
screeningwereH1F (5�-AGAGAATACATTGCAGGATAGG-
3�) and H2R (5�-TATAATGAGATCTGGTGGCCTC-3�)
(700-bp PCR product) and primers 246F (5�-CGTCTAAGAA-
ACCATTATTATCATGAC-3�) and 246R (5�-ATGGCCAGT-
ACTAGTGAACCTCTTCGA-3�) (170-bp PCR product when
PGK-neo was floxed out).
Transverse Aortic Constriction, Echocardiography, Hemody-

namic Analysis, and Drug Administration—Transverse aortic
constriction (TAC)3 operation and hemodynamic measure-
ments were performed as described previously (25). To per-
form echocardiography on awakened mice, ultrasonography
(SONOS-5500, equipped with a 15-MHz linear transducer,
PhilipsMedical Systems)was used.Noninvasivemeasurements
of blood pressure were carried out on mice anesthetized with
2.5% Avertin (26). Osmotic minipumps (ALZET Model 1002)
were used to administer isoproterenol at a dose of 50 mg/kg of
body weight for 2 weeks.
Histological Analysis—Hematoxylin/eosin or Azan-Mallory

staining was performed on paraffin-embedded sections. The
cross-sectional areas of cardiomyocytes were determined as
described previously (25). The fibrotic area of the total area was
assessed by computer-aided image analysis of Azan-Mallory-
stained tissue sections. Three fields at 100-fold magnification
for each mouse (n � 3) were captured and assessed. To detect
apoptotic cells, triple staining with terminal deoxynucleotidyl-
transferase-mediated dUTP nick end labeling (TUNEL), pro-
pidium iodide, and anti-�-sarcomeric actin antibody (Sigma)
was performed on paraffin-embedded sections (25). Mice were
injected intraperitoneally with Evans blue dye (1 mg of dye/0.1
ml of PBS/10 g of body weight) 3 h before TAC operation.
Twenty-four h after TAC, serial frozen sections of cardiacmus-
cle were studied for dye uptake (27).
Southern andWestern Blot Analyses—Southern blot analysis

of embryonic stem cells or mouse hearts was performed as

reported previously (25). Genomic DNA was isolated from
mouse hearts, digested with PstI, and subjected to Southern
blot analysis (see Fig. 2B). The probe used was an 892-bp PCR
fragment containing exons 4–6. Protein homogenates were
subjected toWestern blot analysis using antibodies against cal-
pains 1, 2, and 4 (Abcam).
Membrane Repair Assay—The in vitromembrane assay was

performed on adult cardiomyocytes isolated from 10-week-old
mice with some modifications (12). The isolated cardiomyo-
cytes (28) were imaged using a two-photon confocal laser-scan-
ning microscope (Olympus FV100MPE) and subjected to laser
wounding at 37 °C in Tyrode’s solution containing 140 mM

NaCl, 5 mM KCl, 1 mM MgCl2, 10 mM Hepes (pH 7.0), and 10
mM glucose in the presence of 4 �M FM� 1-43FX dye (Invitro-
gen) and 100 mM 2,3-butanedione monoxime (Sigma) with 1
mM Ca2�. A 5-�m diameter half-circle area of the surface car-
diomyocytes was irradiated with a 720-nm laser at 10% of max-
imumpower for 300ms. IntracellularCa2�wasmeasured using
a Fluo-4 direct calcium assay kit (Invitrogen). Calcium mea-
surements were performed with excitation at 473 nm and fluo-
rescence emission at 520nm.Thebackground fluorescencewas
subtracted off-line, and fluorescence (F) was normalized to the
fluorescence before laser injury (F0) and reported as F/F0. The
in situmembrane repair assay (27) was conducted on the whole
heart with some modifications. The whole heart was placed in
Tyrode’s solution in the presence of 2 �M FM 1-43FX dye and
100 mM 2,3-butanedione monoxime with 1 mM Ca2�. To
induce membrane damage, a 5 � 200-�m rectangular area of
the heart was irradiated with a 720-nm laser at maximum
power at 30 �m from the surface for 500 ms. Images at 30 �m
from the surface of the heart were obtained with a two-photon
confocal laser-scanning microscope.
Statistics—Results are expressed as the mean � S.E. Statisti-

cal analyses were performed using Statcel2 software (OMS
Publishing Inc., Tokorozawa, Japan). Comparisons between
two groups were performed using Student’s t test. One-way
analysis of variance with Bonferroni post hoc test was used for
multiple comparisons. p � 0.05 was considered statistically
significant.

RESULTS

Generation of Mice Lacking Calpain 4 in the Heart—To
obtain cardiac-specific calpain 4-deficient mice, the Capns1
gene was conditionally inactivated by inserting loxP sites in
introns 6 and 9 (Fig. 1A). Selection cassettes comprising a neo-
mycin resistance gene (neo) for positive selection and a diph-
theria toxin gene for negative selection were positioned
between two loxP sites downstream from the floxed exons and
at the 3�-end of the targeting vector, respectively. Mice that
harbored the Capns1-floxed allele and the phosphoglycerate
kinase PGK-neo cassette selection marker gene were crossed
with EIIa-Cremice to obtain heterozygousCapns1-floxedmice
without the PGK-neo cassette (29). The homozygous Capns1-
floxed mice (Capns1flox/flox) appeared normal and were exter-
nally indistinguishable from littermates of other genotypes. To
disrupt the Capns1 gene selectively in the myocardium,
Capns1flox/flox mice were crossed with mice expressing the Cre
recombinase under the control of the �-myosin heavy chain

3 The abbreviations used are: TAC, transverse aortic constriction; TUNEL, ter-
minal deoxynucleotidyltransferase-mediated dUTP nick end labeling; LV,
left ventricle.
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promoter (�-MHCCre mice) (24) to obtain Capns1flox/flox:�-
MHCCre� mice (Capns1�/�). Capns1flox/flox:�-MHCCre� lit-
termates (Capns1�/�) were used as controls. Southern blot
analysis of the mouse hearts indicated successful recombina-
tion in Capns1flox/flox:�-MHCCre� hearts (Fig. 1B). Immuno-
blotting revealed an �77% reduction of calpain 4 protein in the
Capns1�/� hearts (Fig. 1C). When adult cardiomyocytes were
isolated as a partially purified single cell preparation, calpain 4
protein in Capns1�/� cardiomyocytes was not detected. In
Capns1�/� mice, 50 and 31% reductions were observed in the
levels of calpains 1 and 2, respectively, in whole heart homoge-
nates and�96 and 80% reductions in the levels of calpains 1 and
2, respectively, in a partially purified adult cardiomyocyte prep-
aration (Fig. 1D). These results agree with previous reports that

demonstrated that ablation ofCapns1 results in a loss of calpain
1 and 2 proteins (3, 6, 8).
Normal Cardiac Structure and Function in Calpain 4-defi-

cient Mice—Capns1�/� and Capns1�/� mice were born at the
expected Mendelian ratio of 48:52, respectively. Capns1�/�

mice were normal at birth, and their external appearance was
indistinguishable from that of their littermates. The mice grew
to adulthood and were fertile. There was no difference in sur-
vival at 1 year between Capns1�/� and Capns1�/� mice.
Capns1�/� hearts showed no evidence of cardiac morphologi-
cal defects. Histological examination of hearts from 10-week-
oldCapns1�/�mice revealed nomyofibrillar disarray, necrosis,
or fibrosis (data not shown). Physiological and echocardio-
graphic parameters were not significantly different between

FIGURE 1. Targeted modification of the Capns1 gene. A, schematic structures of genomic Capns1 sequences, the targeting construct, the targeted allele, the
type II deletion, and the Capns1�/� allele (from top to bottom). The arrowheads represent loxP sites. The targeting construct includes the PGK-neo cassette
flanked by loxP sites and a diphtheria toxin gene (DTA). The arrows correspond to the primer sequences for PCR screening. The bar labeled probe corresponds
to the sequence used for Southern blotting analysis in B. B, genomic analysis of in vivo hearts. Genomic DNA was isolated from mouse hearts, digested with PstI,
and analyzed by Southern blotting with the probe. C and D, protein expression of the calpain family in whole heart homogenates (C) and in partially purified
adult cardiomyocytes (D) from 10-week-old mice.
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Capns1�/� and Capns1�/� mice (Table 1). Thus, Capns1�/�

mice had normal global cardiac structure and function.
Development of Congestive Heart Failure in Response to Pres-

sure Overload in Calpain 4-deficient Mice—Ten-week-old
Capns1�/� and Capns1�/� mice were subjected to TAC. In
wild-type mice, pressure overload by TAC induced cardiac

hypertrophy without any signs of contractile dysfunction 1
week after the operation and heart failure 4 weeks after the
operation (25). One week after TAC, echocardiographic analy-
sis was performed (Fig. 2, A and B). One week after sham oper-
ation, the end-diastolic and end-systolic left ventricle (LV)
internal dimensions and LV fractional shortening, an index of
contractility, were not significantly different between
Capns1�/� and Capns1�/� mice. However, end-diastolic and
end-systolic LV internal dimensions were significantly ele-
vated, and LV fractional shorteningwas significantly reduced in
TAC-operatedCapns1�/�mice comparedwith both sham-op-
erated Capns1�/� and TAC-operated Capns1�/� mice (Fig.
2B). Furthermore, the lung/body weight ratio, an index of lung
congestion, was significantly elevated in TAC-operated
Capns1�/� mice compared with the other groups. These find-
ings indicate that Capns1�/�mice develop congestive heart
failure in response to pressure overload.
Although TAC increased the heart/body weight ratio and

cardiomyocyte cross-sectional area in both Capns1�/� and
Capns1�/� mice, there was no significant difference between
the two groups (Figs. 2B and 3, A and B). Thus, calpain is not
related to pressure overload-induced cardiac hypertrophy.
Azan-Mallory staining revealed interstitial and perivascular
fibrosis in both TAC-operated Capns1�/� and Capns1�/�

FIGURE 2. Development of cardiomyopathy in Capns1�/� mice in
response to pressure overload. Capns1�/� mice were analyzed 7 days after
TAC. A, representative M-mode echocardiographic tracings. Scale bars � 0.2 s
and 5 mm, respectively. B, echocardiographic and physiological parameters.
Open and closed bars represent sham- and TAC-operated groups, respec-
tively. Sham-operated Capns1�/� mice (n � 7), TAC-operated Capns1�/�

mice (n � 12), sham-operated Capns1�/� mice (n � 8), and TAC-operated
Capns1�/� mice (n � 13) are shown. Values are expressed as the mean � S.E.
*, p � 0.05 versus the corresponding sham-operated group; †, p � 0.05 versus
TAC-operated Capns1�/� mice. IVSd, diastolic interventricle septum wall
thickness; LVPWd, diastolic LV posterior wall thickness; LVIDd, end-diastolic LV
internal dimension; LVIDs, end-systolic LV internal dimension; LVFS, LV frac-
tional shortening; HW, heart weight; BW, body weight.

TABLE 1
Physiological, echocardiographic, and hemodynamic parameters in
Capns1�/� and Capns1�/� mice at base line
Data are expressed as the mean � S.E. There were no significant differences
between Capns1�/� and Capns1�/� mice in any parameters. IVSd, diastolic inter-
ventricle septum wall thickness; LVIDd, end-diastolic LV internal dimension;
LVIDs, end-systolic LV internal dimension; LVPWd, diastolic LV posterior wall
thickness; LVFS, LV fractional shortening.

Capns1�/� (n � 8) Capns1�/� (n � 9)

Body weight (g) 24.7 � 0.7 24.3 � 0.5
Tibia length (mm) 18.0 � 0.1 17.9 � 0.1
Heart weight (mg) 111.5 � 2.4 113.1 � 3.0
Lung weight (mg) 127.0 � 3.8 129.6 � 3.0
Heart weight/body weight (mg/g) 4.52 � 0.11 4.66 � 0.09
Lung weight/body weight (mg/g) 5.14 � 0.10 5.35 � 0.14

Capns1�/� (n � 10) Capns1�/� (n � 10)

IVSd (mm) 0.77 � 0.08 0.79 � 0.08
LVIDd (mm) 2.66 � 0.03 2.73 � 0.03
LVIDs (mm) 1.36 � 0.11 1.35 � 0.05
LVPWd (mm) 0.77 � 0.02 0.77 � 0.02
LVFS (%) 48.9 � 1.0 50.5 � 0.4
Heart rate (/min) 664.8 � 17.0 655.5 � 22.5

FIGURE 3. Histological analysis of Capns1�/� hearts 7 days after TAC.
A, hematoxylin/eosin-stained heart sections. Scale bars � 25 �m. B, car-
diomyocyte cross-sectional area measured in the sections in A. Open and
closed bars represent sham- and TAC-operated groups, respectively. Values
are expressed as the mean � S.E. *, p � 0.05 versus the corresponding sham-
operated group. C, Azan-Mallory-stained heart sections. Quantification of
fibrotic area is shown in the graph. Scale bars � 100 �m. Open and closed bars
represent sham- and TAC-operated groups, respectively. Values are
expressed as the mean � S.E. *, p � 0.05 versus all other groups.
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hearts, but the extent of fibrosis inCapns1�/� mice was greater
than in Capns1�/� mice (Fig. 3C).

To confirm that calpain protects the heart against external
stress, the role of calpain was examined in �-adrenergic stimu-
lation-induced cardiac remodeling. Because �-adrenergic
hyperactivation is observed in failing hearts, the isoproterenol
infusion model has been employed to elucidate molecular
mechanisms underlying cardiac remodeling (28). Isoproterenol
infusion for 2weeks inducedLVchamber dilatation and cardiac
dysfunction in Capns1�/� mice but not in Capns1�/� mice
(Fig. 4). Thus, calpain has a protective role in response to exter-
nal stresses such as pressure overload and �-adrenergic
stimulation.
Defective Membrane Repair in Calpain 4-deficient Hearts—

In this study, we attempted to elucidate the molecular mecha-
nism underlying the beneficial role of calpain against pressure
overload. Calpain exists in the cytosol as an inactive form,
translocates tomembranes, and is activated at themembrane in
response to increases in cellular calcium (2, 30, 31). First, the
structural stability of the sarcolemma was tested by examining
Evans blue dye uptake into TAC-operated Capns1�/� hearts.
In Capns1�/� mice, sporadic Evans blue dye-positive car-

diomyocytes were observed 24 h after TAC. This was not the
case with hearts from TAC-operated Capns1�/� or sham-op-
erated Capns1�/� mice (Fig. 5, A and B).

Hemodynamic stress can cause membrane damage by two
differentmechanisms: enhanced susceptibility to the stress and

FIGURE 4. �-Adrenergic stress-induced cardiac dysfunction in Capns1�/� mice. Isoproterenol or saline was administered to Capns1�/� and Capns1�/�

mice for 2 weeks. A, representative images of transthoracic M-mode echocardiographic tracing 2 weeks after an infusion of isoproterenol. Scale bars � 0.2 s and
5 mm, respectively. B, echocardiographic and physiological parameters. Values are expressed as the mean � S.E. (n � 4 in each group). Open and closed bars
represent saline- and isoproterenol-treated groups, respectively. *, p � 0.05 versus the corresponding saline-treated group; †, p � 0.05 versus isoproterenol-
treated Capns1�/� mice. IVSd, diastolic interventricle septum wall thickness; LVPWd, diastolic LV posterior wall thickness; LVIDd, end-diastolic LV internal
dimension; LVIDs, end-systolic LV internal dimension; LVFS, LV fractional shortening; HW, heart weight; BW, body weight.

FIGURE 5. Plasma membrane damage in Capns1�/� hearts. A, uptake of
Evans blue dye in the hearts of Capns1�/� and Capns1�/� mice following TAC
or sham operation. B, Evans blue dye (EBD)-positive area per LV cross-sec-
tional area in TAC-operated Capns1�/� (n � 6) and Capns1�/� (n � 4) mice.
Values are expressed as the mean � S.E. *, p � 0.05.
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defective membrane repair. To visualize real-time sealing in
injured cardiomyocytes, a laser-based assay was used to mea-
sure resealing kinetics in adult cardiomyocytes isolated from
Capns1�/� mice (12). In this assay, staining of internal mem-
branes by an otherwise membrane-impermeable dye, FM
1-43FX, was monitored microscopically over time after laser
disruption. Resealing blocked further dye entry through the dis-
ruption and halted cell staining. Therefore, themeasuredwhole
cell fluorescence reached a plateau upon the completion of
resealing. Although the Capns1�/� cardiomyocytes resealed
within 250 s, the Capns1�/� cardiomyocytes continued to take
up FM 1-43FX dye for at least 480 s (Fig. 6A). These results
indicate that membrane resealing was impaired in the
Capns1�/� cardiomyocytes. When the intracellular Ca2� con-
centration was measured using the Ca2�-sensitive fluorescent
dye Fluo-4, an increase in the fluorescent signal was detected at
the position of laser exposure. The time course of Fluo-4 fluo-
rescence during the resealing process was similar for
Capns1�/� and Capns1�/� cardiomyocytes, but Capns1�/�

cardiomyocytes tended to show lower fluorescence intensity
compared with Capns1�/� mice thereafter (Fig. 6B). The
power of laser irradiation was varied to estimate its threshold
for detection of the staining of internal membranes. There was
no significant difference in the minimum level of laser power
(6% of maximum laser power) to detect membrane damage
between Capns1�/� and Capns1�/� cardiomyocytes.

To confirm impaired membrane repair in Capns1�/� car-
diomyocytes, an in situmembrane repair assay was performed
on the surface cardiomyocytes of the heart (27). The mem-
branes of cardiomyocytes were wounded by maximum power
irradiation with an infrared laser in the presence of FM 1-43FX

dye. Images were obtained at 30 �m from the surface of the
heart. After laser injury, the FM 1-43FX fluorescence intensity
initially increased but halted within 100–150 s in Capns1�/�

hearts, whereas the fluorescence intensity continuously
increased in Capns1�/� hearts (Fig. 6C). Although a subtle
effect of calpain deletion onmembrane fragility cannot be ruled
out, the impaired membrane repair would lead to enhanced
susceptibility to stress in Capns1�/� mice.

DISCUSSION

In this study, we generated cardiac-specific calpain 4-defi-
cient mice to elucidate a role of calpain in the heart. Because
ablation ofCapns1 results in a loss of calpain 1 and 2 proteins (3,
6, 8), calpain 4-deficient mice or cells have been used to study
functions of �- and m-calpains. We have shown that
Capns1�/� mice had normal global cardiac structure and func-
tion, indicating that the ubiquitous calpain in cardiomyocytes is
not essential for cardiac development in mice. Homozygous
deletion ofCapns1 results in embryonic lethality with apparent
defects in the cardiovascular system (3, 6, 8). Therefore, calpain
in non-cardiomyocytes appears to play an important role in the
development of the cardiovascular system, or the residual non-
floxed-out cardiomyocytes contribute to normal cardiac
development.
Furthermore, calpain was shown to play a beneficial role in

response to hemodynamic stress. The cardioprotective role of
calpain was confirmed by the experiment showing that a
�-adrenergic stimulant induced LV chamber dilatation and
cardiac dysfunction in Capns1�/� mice. This is the first report
to identify the in vivo role of the ubiquitous calpains in the stress
response using a loss-of-function technique. The data from this

FIGURE 6. Impaired plasma membrane repair in Capns1�/� cardiomyocytes. A, time course of membrane sealing after laser injury in isolated cardiomyo-
cytes. Capns1�/� and Capns1�/� cardiomyocytes were injured with a pulsed laser in the presence of FM 1-43FX with 1 mM Ca2�. Left panel, representative
images; right panel, fluorescence versus time (n � 12–14). Scale bar � 10 �m. Arrows indicate laser damage. B, time course of Fluo-4 fluorescence during the
resealing process. Capns1�/� and Capns1�/� cardiomyocytes were loaded with Fluo-4 and injured with a pulsed laser with 1 mM Ca2�. The background
fluorescence was subtracted off-line, and fluorescence (F) was normalized to the fluorescence before laser injury (F0) and reported as F/F0. F/F0 versus time is
shown. C, hearts from Capns1�/� and Capns1�/� mice were damaged with a linear laser in the presence of FM 1-43FX with 1 mM Ca2�. Images at 30 �m from
the surface of the heart were obtained. Left panel, representative images 0 (pre), 200, and 600 s after laser irradiation; right panel, fluorescence versus time (n �
3). Scale bar � 100 �m. Arrows indicate laser damage.
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study are not in agreement with previous work from other lab-
oratories that demonstrated that calpain causes the alteration
of a number of specific proteins, leading to subcellular remod-
eling and cardiac dysfunction (17, 32–34). This discrepancy
may be caused by the use of non-selective calpain inhibitors or
a non-physiological substrate. However, calpain reportedly
promotes both apoptosis and survival signals in response to
different cell death stimuli (10). Further investigation will be
necessary to elucidate the role of calpain regarding cell death in
other experimental models such as ischemia-reperfusion.
In vitro studies using Capns1�/� cells indicate that the pro-

tective roles of calpain come from regulation of apoptosis,
autophagy, proliferation, actin cytoskeleton organization, and
focal adhesion or membrane repair (7, 9–12, 14). The anti-
apoptotic role of calpain has been reported (10, 14). In fact, a
3-fold increase was observed in the number of TUNEL-positive
cardiomyocytes in TAC-operated Capns1�/� hearts (data not
shown). Although the anti-apoptotic effect of calpain may con-
tribute to the observed phenotypes in TAC-operated
Capns1�/� hearts, the level of apoptosis in Capns1�/� hearts
appears to be too low to develop cardiomyopathywithin 1week
of TAC (35). We have reported previously that autophagy pro-
tects the heart from hemodynamic stress (28). However, in this
study, we did not see a significant suppression of autophagic
activity in TAC-operated Capns1�/� hearts as estimated by
Western blotting of LC3, which is a molecular marker for
autophagy. Furthermore, sarcomere disorganization in
Capns1�/� hearts was not observed. Because cardiomyocytes
are terminally differentiated cells, proliferation or differentia-
tion does not seem to be involved in the protective function of
calpain. In this study, we showed that the structural stability of
the plasma membrane was reduced in TAC-operated
Capns1�/� hearts and that membrane resealing was im-
paired in the isolated Capns1�/� cardiomyocytes. The sus-
tained membrane damage could cause cardiomyocyte loss and
replacement fibrosis in TAC-operated Capns1�/� hearts.
However, the possibility that amechanism other than impaired
membrane repair is responsible for the development of car-
diomyopathy in Capns1�/� hearts cannot be excluded.
The mechanism of membrane resealing is now well charac-

terized at the cellular level. A large plasma membrane disrup-
tion elicits Ca2�-activated homotypic vesicle fusion locally and
rapidly. The “patch” vesicles thus formed then fuse exocytoti-
cally with the plasma membrane surrounding the defect site,
restoring barrier continuity (36, 37). Removal of the actin cyto-
skeleton at the damaged area of the plasmamembrane is a crit-
ical early event for resealing. Although identification of the pro-
tein components of this process is under way, several candidate
repair proteins have been identified, including vesicle SNARE
(soluble NSF attachment protein receptor) and target SNARE
(38), dysferlin (27, 39), annexin A1 (40), and calpain (12). Dys-
ferlin-deficient mice show significant Evans blue uptake in car-
diomyocytes, impaired sarcolemma repair, and cardiomyopa-
thy after stress exercise, similar to what was observed in
Capns1�/� hearts in response to pressure overload. This sup-
ports the original hypothesis that calpain is involved in plasma
membrane repair in pressure-overloaded hearts. Calpain activ-
ity is required for cytoskeletal remodeling after membrane dis-

ruption (12). Removal of the damaged actin network mediated
through calpain activationmay serve to prepare thewound area
for subsequent events that initiate restoration of the cytoskele-
ton and membrane sealing. The exact role of calpain in the
membrane repair process should be investigated.
In conclusion, this study provides clear evidence that calpain

protects the heart from hemodynamic stress. The results sug-
gest the need to reassess the rationale for the application of
calpain inhibitors as therapeutic agents to prevent pathological
activation of calpain in heart failure.
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