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Calpains are Ca2�-dependent cysteine proteases known to be
important for the regulation of cell functions and which aber-
rant activation causes cell death in a number of degenerative
disorders. To provide a tool for monitoring the status of calpain
activity in vivo under physiological and pathological conditions,
we created amousemodel that expresses ubiquitously a fluores-
cent reporter consisting of eCFP and eYFP separated by a linker
cleavable by the ubiquitous calpains. We named this mouse
CAFI for calpain activity monitored by FRET imaging. Our val-
idation studies demonstrated that the level of calpain activity
correlates with a decrease in FRET (fluorescence resonance
energy transfer) between the two fluorescent proteins. Using
this model, we observed a small level of activity after denerva-
tion and fasting, a high level of activity during muscle regenera-
tion and ischemia, and local activity in damagedmyofibers after
exercise. Finally, we crossed the CAFI mouse with the �-sarco-
glycan-deficient model, demonstrating an increase of calpain
activity at the steady state. Altogether, our results present evi-
dence that CAFImice could be a valuable tool in which to follow
calpain activity at physiological levels and in disease states.

Calpains (EC 3.4.22.17) are Ca2�-regulated cytosolic cys-
teine proteases whose most studied members are the two ubiq-
uitous calpains 1 and 2 (also known as �- and m-calpains,
respectively; for a review see Ref. 1). Through limited proteol-
ysis of their substrates, they were proposed to regulate key cel-
lular functions involving cytoskeleton reorganization such as
cell adhesion, cell motility, vesicular trafficking, as well as signal
transduction and apoptosis (1). However, several crucial ques-
tions on calpain biology remain unanswered. For instance, few
clues exist onwhere andwhen calpains could be activated in the
cell. We also have no clear data on the level of activity of cal-
pains at the steady state.
Inappropriate calpain activation has been implicated in var-

ious disease states including traumatic spinal cord and brain
injuries, cataract formation, cerebral and heart ischemia,

hypertension, arthritis, Duchenne muscular dystrophy, and
neurodegenerative disorders such as Alzheimer disease (2–6).
The cell injury in most of these pathologies is initiated by the
loss of Ca2� homeostasis, which leads to calpain activation,
cleavage of structural and regulatory proteins, and finally to
necrotic cell death (7–9). The implication of calpains in these
disorders has identified them as important potential therapeu-
tic targets and has raised interest in the use of specific calpain
inhibitors as a potent treatment (10–13).
The ability to follow in vivo calpain activity is important for

physiological, pathological, and therapeutic evaluations. For
this purpose, genetically encoded probes that monitor calpain
activity have been published in recent years (14, 15). In this
report, we generated a mouse model expressing an indicator of
calpain activity, based on the fluorescence resonance energy
transfer (FRET)3 technique. We named this model CAFI for
calpain activity monitored by FRET imaging. After performing
validation studies, this model was used to quantify the proteo-
lytic activity of ubiquitous calpains in several biological pro-
cesses in skeletal muscle. Calpain activity was visualized in vivo
in exercise-induced damages after denervation, after fasting,
during the degeneration and regeneration processes following
injury, and during ischemia. We also crossed this model with a
model deficient in�-sarcoglycan (16) and demonstrated an ele-
vation of basal calpain activity compared with normal muscle.
Our data showed that the CAFI model can be useful for real-
time visualization of spatial and temporal activity of calpains
under physiological and pathological conditions.

EXPERIMENTAL PROCEDURES

Generation of CAFI and SARCAFI Models—The construc-
tion of the reporter cassette was previously described (14).
CAFI mice were generated by Speedy Mouse� Technology
(Nucleis, France) to produce a single copy transgene insertion
at the hprt locus. The coding sequence of the calpain sensorwas
excised as a NheI-AflII fragment and cloned into the EcoRI site
of the polylinker of the Gateway� pENTR-1A vector (Invitro-
gen) previously modified to include the ubiquitous cytomega-
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(CAG) promoter (17). The transgene was then transferred by
the Gateway technology into a destination vector pDEST-
HPRT (Nucleis) carrying two homologous arms of the hprt
gene. The vector was linearized using PvuI and electroporated
into hprt-deficient BPES-embryonic stem (ES) cells by standard
methods. The targeting construct contained the missing
sequences in BPES-ES cells and two regions of homology of the
hprt gene, which allowed insertion of the transgene at this locus
(Fig. 1). The targeted ES clones were efficiently selected, thanks
to the restoration of the ability to grow in hypoxanthine-ami-
nopterin-thymidine (HAT) medium through a correct homol-
ogous recombination. Genotyping of HAT-resistant ES clones
was performed by PCR analysis of genomic DNA using a for-
ward primer from the eCFP gene, 181CFP.F 5�-CTCGTGAC-
CACCTTCGGCT-3� and a reverse primer from the poly(A)
sequence, SV40polyA_45pb.m 5�-GTTTCAGGTTCAGGGG-
GAGG-3�. Samples were amplified for 30 cycles, each consist-
ing of denaturation at 94 °C for 40 s, annealing at 60 °C for 40 s,
and elongation at 72 °C for 40 s. Targeted ES cells were injected
into C57BL/6-derived blastocysts that were then transplanted
into the uteri of recipient females. Resulting chimeric males
were bred with C57BL/6 females, and the F1 agouti female off-
spring were backcrossed with C57BL/6 males. Animals were
genotyped by visualization of the fluorescence of the tail sample
after YFP excitation.
Hemizygous CAFI females were crossed with Sgca-null males

(16). Analysis of the progeny was performed by fluorescence
examination of the tail sample for the CAFI locus and genotyping
with the following primers: KOscgINT1.s 5�-CAGGGCTGGGA-
GCTGGGTTCTG-3�, KOscgEX2.as 5�-CCCAGGGCCTTGAT-
GCCT-3� and KOscgNEOTR.as 5�-GCTATCAGGACATAGC-
GTTGGCTA-3� for the Sgca locus. Using these primers, the Sgca
wild-type locus gives a band of 1061 bp, and themutated locus a
band of 618 bp. Females that were fluorescent and positive for
one Sgca-null allele were then crossed with Sgca-null males.
The progeny was analyzed as stated above to identify the mice

that were homozygous for the Sgca
mutationwhile carrying the fluores-
cent reporter.
In Vivo Experiments—Control

mice from the C57BL/6 strain were
purchased from Charles River Labo-
ratories (Les Oncins, France). CAFI
and SARCAFImicewere produced at
our in-house facility. All animal
experiments were carried out in
agreement with European and
national regulations and guidelines.
Mice were subjected to the fol-

lowing different treatments (n �
3–10 for each condition). (i) Artifi-
cial induction of calpain activation:
a solution containing 100 mM
CaCl2, 15 �M ionomycin, 7% fetal
calf serum, and 5 mM HEPES (pH
7.4) in a final volume of 50 �l was
injected in the muscle. (ii) Fasting:
mice were fasted for a 24-h period

with water available ad libitum. A subgroup was refed for 6 h
before the microscopic examination. (iii) Exercise: mice were
forced to run downhill for 1 h at a speed of 10 m/min on a
treadmill with a 15° slope. (iv) Degeneration/regeneration of
themuscle: 20 �l of notexin (10 �g/ml) were injected in the left
TA muscle. (v) Chronic denervation of the muscle: this con-
dition was obtained by cutting the sciatic nerve as described
(18). (vi) Ischemia of themuscle: after dissection, the femoral
artery was ligatured with Mersilk braided non-absorbable
silk (Ethicon).
At the time of examination, mice were anesthetized by

intraperitoneal injection of ketamin (100 mg/kg) and xylazin
(10 mg/kg). A glass coverslide was positioned on the exposed
muscle, and mice were placed on the microscope for direct
observation.
Fluorescence and FRET Imaging—FRET microscopy set-up

was previously described (14). Laser scanning confocal images
were collected on a Bio-Rad confocalmicroscope system. Anal-
ysis was performed in ImageJ with custom-made software
named FRET Compute Environment. The software (freely
available upon request) implemented as an ImageJ plug-in is
designed in four modules that can be used independently or
successively through a graphical user interface. The first mod-
ule converts the images acquired by the LaserSharp software
into tiff files. The second module enables the calculation of
spectral bleed-through coefficients. The third module calcu-
lates the FRET efficiency (FRETeff) and stores the results in float
images (32 bits) and in RG images, consisting of a superimpo-
sition of the donor (eCFP) channel in green and FRET channel
in red. The last module permits the creation of pseudocolor
images, giving a comprehensive interpretation of FRETeff cal-
culations. To obtain such images, the float images were first
converted in an 8-bit pseudocolor image using a classic rainbow
look-up table (red for minimum values, green for middle, and
blue for high values). Donor channel pixels below a minimum
threshold (50) or higher than a maximum threshold (200) are

FIGURE 1. Targeted insertion of the calpain sensor at the hprt locus. A, schematic representation of hprt
locus of the BPES cells. These cells carry a deletion encompassing exons 1 and 2 of the hprt gene. Exons are
indicated by boxes. B, CAFI construct. The reporter was placed under the control of the CAG promoter and
inserted between the 5� and 3� homologous arms targeting the hprt locus. C, schematic representation of the
expected result of homologous recombination. Arrows indicate the transcriptional start sites. A correct homol-
ogous recombination restores the hprt gene.
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represented in gray scale in the pseudocolor images. The mean
FRET efficiency was calculated on the region of interest (ROI)
either selected inside fibers or corresponding to the complete
image, when there was homogeneity of FRET efficiency.
The calculation of FRETeff in this plug-in takes into account

G, a factor that relates the quenching of donor emission due to
FRET, to the sensitized emission of the acceptor (19). To deter-
mine G experimentally, we expressed a CFP-YFP tandem for
which the FRETeff was previously established by fluorescence
lifetime imaging microscopy.4 We obtained a G value with a
mean of 1.7 � 0.1 after the analysis of various ROIs of muscles
fibers expressing the eCFP-eYFP tandem (n � 3 independent
experiments).
For FRAP experiments, a Leica TCS SP2 confocal micro-

scope (Leica, Mannheim, Germany) was used. Eight bleaching
pulses at an excitation of 514-nm wavelength with 100% inten-
sity of an argon laser were initiated at time 0 using a�20micro-
scope objective lens. The recovery of fluorescence following the
bleach wasmonitored every 5 s for 3min and collected through
the FRAP module of the Leica software.
Western Blot—For the in vitro analysis, organs were cut in

three equivalent pieces. One-third was put in lysis buffer (Tris-
HCl, 20 mM pH 7.5, NaCl 150 mM, 1% Triton) supplemented
with 5 mM EDTA, Complete Mini Protease Inhibitor mixture
(Roche Applied Science) and 2 �M E64 (Sigma) and immedi-
ately pulverized. These samples were used as a control. The
second third was put in lysis buffer supplemented with 2 mM
CaCl2 for activation, and the last third was put in lysis buffer
supplemented with 2 mM CaCl2 plus 100 �M MDL28170
(Sigma) and 50 or 100 �M of calpain inhibitor peptide (CP1B,
C9181, Sigma). The two last samples were incubated for 30min
at 37 °C before pulverization. 10 �g of samples were then pro-
cessed for Western blotting using a rabbit polyclonal antibody
against GFP (Abcam, AB6556–25, dilution 1:5,000) according
to standard procedures.
For analysis of the cleavage of the reporter, muscles were

quick-frozen in liquid nitrogen, pulverized with UltraTurrax,
and rapidly solubilized in Tris-HCl, 20 mM, pH 7.5, NaCl, 150
mM, 2mMEGTA, 1%Triton containing theCompleteMinipro-
tease Inhibitor mixture and 2 �M E64. After centrifugation at
8,000� g for 5min at�4 °C, the supernatants weremixed with
1 mM dithiothreitol and 1� LDS NuPAGE Buffer (Invitrogen)
before they were denaturated at 70 °C for 10min and processed
for Western blot as above.

Detection of Evans Blue-positive
Fibers and Immunofluorescence—
SARCAFI mice were injected intra-
peritoneally with Evans blue dye (1
mg/g of bodyweight). The following
day, mice were sacrificed, and mus-
cles were quickly frozen in liquid
nitrogen-cooled isopentane. Cryo-
sections (10-�m thickness) were
prepared from frozen muscles.
Evans blue-positive fibers were
revealed by fluorescence excitation

at 633 nm. Transverse sections were processed for hematoxylin
and eosin staining. Immunohistochemical detection of MHCd
was performed according to standard procedures with the pri-
mary antibody NCL-MHCd (Novocastra).
Statistical Analysis—To determine whether the FRETeff dif-

fered between treated and corresponding controls, statistical
analyses were performed using the nonparametric Mann-
Whitney test, corrected for ties.

RESULTS

Production and Characterization of Mice Expressing the Cal-
pain Sensor—TheFRETcalpain reporter used in this study (cal-
pain sensor) codes for a fusion protein consisting of eYFP, a
cleavage site of �-fodrin, and eCFP.We previously validated by
gene transfer experiments the use of this reporter as an effective
tool to detect the proteolytic activity of ubiquitous calpains in
living mice (14). A mouse model carrying a single copy of this
reporter at the hypoxanthine-guanine phosphoribosyl transfer-
ase (hprt) locus was generated by the Speedy Mouse� technol-
ogy. After construction of the targeting vector, electroporation
into BPES-ES cells and selection onHATmedium, three resist-
ant clones were injected into C57BL/6 blastocysts and
implanted in recipient females. Twoof themgave nine chimeric
males with about 100% chimerism. These founders were
crossed with C57BL/6 mice, and experiments were conducted
in F1-F4 male progeny.
CAFI mice produce litters of normal size and sex ratio and

have the expected longevity. Histological examination of tis-
sues revealed no discernable phenotype associated with the
expression of the sensor. As expected, a robust fluorescence
was detected by direct microscopic examination in selected
organs (Fig. 2). In accordance with the fluorescence level, a
Western blot performed using an anti-GFP polyclonal antibody
gave a strong response in these tissues (data not shown). These
analyses showed that the reporter is highly expressed in our
model and gave fluorescence sufficiently strong for high reso-
lution in vivo imaging.
Considering the level of calpain activity in the context of

muscular dystrophies and given the easy access to muscle for
experimentation, we focused our attention on muscle tissue. A
lower limb was sectioned transversally as a whole, confirming
the general distribution of the fluorescence (Fig. 3A). Fluores-
cence was detected throughout all the myofibers, including the
nuclear compartment, without any aggregates being identified
(Fig. 3B). It must be noted that in our microscopic set-up, no
autofluorescence was detected in normal muscles (data not4 Dr. Marc Tramier, personal communication.

FIGURE 2. Expression of the calpain sensor in living organs. Two-photon images in the CFP filter of cardiac,
skeletal, and intercostal muscles, liver, lung, and subcutaneous layer. Scale bars: 1 mm except for subcutaneous
layer 20 �m.
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shown). As occasionally a sarcomeric pattern could be
observed, we performed a one-photon fluorescence recovery
after photobleaching (FRAP) experiment to determinewhether
any of the reporter molecules was bound to the sarcomere. A
restoration calculated to be 99% of the initial fluorescence was
observed within 1 min, indicating that the molecules are freely
diffusible and that they would be therefore readily accessible to
calpains wherever localized (Fig. 3C). A similar sarcomeric pat-
tern can be seen with other reporters and should correspond to
a negative image of the Z disc, a dense protein network of the
sarcomere.
Validation of the Reporter Functionality—After sampling,

pulverized powder of different tissues was incubated in vitro in
the presence of Ca2� for 30 min at 37 °C in the presence or
absence ofMDL28170, a potent inhibitor of the ubiquitous cal-
pains. Subsequent analysis of these samples by anti-GFPWest-
ern blotting allowed the visualization of the extent of the
reporter cleavage. On control samples, no cleavage was evi-
dencedwith the exception of the kidney (Fig. 4A, lane a). In this
tissue, an elevated activitywas later confirmed by FRETanalysis
(data not shown). Because this organwas sampled before others

FIGURE 3. A, cross section of the lower part of a CAFI hind limb. All muscles in
this section appear fluorescent. AC, anterior compartment; PC, posterior com-
partment; T, tibial bone; F, fibula bone. B, two-photon image in CFP filter of
skeletal muscles showing an evenly distribution of fluorescence between

fibers and diffusion both in the cytoplasmic and nuclear compartments. Scale
bar: 100 �m. C, FRAP experiment in skeletal muscle. Upper panels, two-photon
image of skeletal muscle before, immediately after, and 2 min after bleaching.
Lower panel, normalized plot of fluorescence recovery versus time. The per-
centage of the mobile fraction was calculated to be 99%.

FIGURE 4. A, in vitro validation of the reporter cleavage in the absence of Ca2�

(lane a) or in its presence (lanes b and c) and with (lane c) or without (lane b)
calpain inhibitor. The reporter from muscle extract was revealed with an anti-
GFP antibody. Incubation with Ca2� induced a cleavage of the reporter that is
prevented by the use of MDL28170. B, a similar experiment to A was per-
formed using the CP1B peptide. Lane a shows the untreated muscle and the
other lanes the Ca2�-treated muscles in the presence of the CP1B peptide at
a concentration of 0 �M (lane b), 10 �M (lane c), and 50 �M (lane d). C, left panels:
RG images of CAFI muscle. Right panels: pseudocolor images of FRETeff. The
pseudocolor scale is indicated below the images. Upper panels: FRETeff in skel-
etal muscle at steady state. The mean FRETeff was calculated to be 0.380.
Lower panels: FRETeff after Ca2�/ionomycin injection in skeletal muscle. The
mean FRETeff for two independent ROI is shown. ROI1 � 0.267 and ROI2 �
0.203; Scale bars: 100 �m. D, an anti-GFP Western blot of the corresponding
muscles shows the absence of cleavage of the reporter at the steady state and
a cleaved band after Ca2�/ionomycin injection. Gray arrowheads indicate the
position of the non-cleaved reporter. Black arrowheads indicate the position
of the cleaved reporter.

Calpain Activity followed by FRET in Model Mice

DECEMBER 22, 2006 • VOLUME 281 • NUMBER 51 JOURNAL OF BIOLOGICAL CHEMISTRY 39675



where no activity was observed, we can exclude an artifactual
activation because of the treatment. Therefore, it seems to indi-
cate that the ubiquitous calpains are activated in physiological
condition in this tissue. Even so, in all the tissues, incubation in
the presence of Ca2� led to a cleavage that was inhibited in the
presence of MDL28170 (Fig. 4A, lanes b and c). To confirm the
specificity of the reporter, we performed a similar experiment
using a calpain inhibitor derived from calpastatin, the CP1B
peptide (20). Inhibition of cleavage was obtained in a dose-de-
pendent manner in the muscle tissue (Fig. 4B). Hence, we con-
cluded that the reporter expressed in the CAFI model was
readily and specifically cleavable by the ubiquitous calpains.
We analyzed the FRET efficiency (FRETeff) in muscle at rest

by two-photon confocal microscopy according to the method
described under “Experimental Procedures.” A homogeneous
FRETeff was observed between and among the fibers with a
mean of 0.380 (Fig. 4C, upper panels). Then, we performed an
intramuscular injection of Ca2�/ionomycin, a condition previ-
ously shown to induce calpain activation. Various FRETeff
decreases were observed among the fibers, shown by the calcu-
lation of the FRETeff in ROI (ROI1 � 0.267 and ROI2 � 0.203;
Fig. 4C, lower panels). AWestern blot showed that about 40%of
the reporter was effectively cleaved, consistent with the
decrease of FRETeff (Fig. 4D). It is noted that when mice died
during the experiment, a postmortem cleavage of the reporter
was seen associated with a high decrease of FRETeff, stressing
the importance of in vivo analysis when looking for physiolog-
ical calpain activity.
In Vivo Analysis of Calpain Activity—We analyzed calpain

activity by monitoring the muscle of a living animal under var-
ious conditions where ubiquitous calpains are known to be up-
regulated or activated (21–27).
We set up two different protocols to induce atrophy of the

muscle, either by fasting or by denervation. For the fasting
experiment, CAFI mice were divided into three experimental
groups: a control group, a group where the mice fasted for a
24-h period, and a groupwhere themice were refed for 6 h after
the fasting period. The mean loss of weight after 24-h fasting
was 16%, and the mice in the third group recovered half of the
lost weight after the refeeding period. A small but statistically
significant decrease of 3.6% in FRETeff was observed for both
groups that underwent fasting compared with control (Table 1
and Fig. 5, panel a). For the denervation experiment, a chronic
cut of the sciatic nervewas performed, and themicewere exam-
ined 4 and 14 days after the section. A change of 4.3 and 6.1% in
FRETeff was observed at days 4 and 14, respectively (Table 1 and
Fig. 5, panel b).
Another protocolwas performedwhere themicewere forced

to run on a treadmill for 1 h. Muscles were observed immedi-
ately afterward and after a 24-h period. At both periods, a global
10% FRETeff decrease was detected (Table 1 and Fig. 5, panel c).
In addition, we observed the appearance of structural anoma-
lies in some fibers. Different phenotypes observed during this
protocol are presented in Fig. 6. Most of the time, these disrup-
tions of architecture present as a plugged density associated
with a major FRETeff decrease only at one side of the anomaly
(black and white arrowheads in Figs. 5, panel c and 6). T
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Calpain activity was also followed up during degeneration
and regeneration after notexin injury. Tibialis anterior (TA)
muscles were examined 2, 3, 4, 7, and 9 days after injury. From
day 0 to day 4, muscles were totally disorganized with fiber
necrosis and infiltrates of mononucleated cells. At this stage,
large black regions indicated loss of the fluorescence, probably
corresponding to necrotic fibers (Fig. 5, panel d). In the remain-
ing fibers, a massive loss of FRETeff occurred as shown by the
solid red regions. In the following days, small regenerating
myofibers appearedwhilemononucleated cells disappeared. At
day 4, the mean FRETeff for treated samples showed a 31%

decrease (Table 1 and Fig. 5, panel
d). At day 7, the mean FRETeff was
still low, and at day 9, the FRETeff
had returned to a normal level with
an apparently healthy muscle with
remaining central nuclei (Table 1
and data not shown).
Finally, we performed a kinetic

analysis over 2 h of calpain activity
during ischemia. We examined the
consequence on the TA muscle
after blockade of the blood flowwith
a femoral clamp. A decrease in
FRETeff was noticed as soon as 45
min of ischemia (Table 1 and Fig. 5,
panel e). A complete loss of FRETeff
occurred after 130 min (data not
shown). This loss of FRETeff was
very homogeneous among the stud-
ied muscle with no apparent dam-
age seen in the myofibers.
Crossing of CAFI Mice with a

Model of Muscular Dystrophy—
An activation of the ubiquitous
calpains, secondary to an increase
in Ca2� influx through leaky
membranes, has been previously
reported in the dystrophin-deficient
mdxmice (2, 7). Disruption of Ca2�

homeostasis was also shown in the
case of the BIO14.6 hamster defi-
cient in �-sarcoglycan, a member of
the dystrophin-glycoprotein com-
plex (DGC) (28). These observa-
tions suggest that excess calpain

activity would constitute a common pathophysiological mech-
anism in these DGC-related diseases. To analyze in vivo calpain
activity in the context of muscular dystrophies, we crossed the
CAFI model with a model deficient in �-sarcoglycan (Sgca-null
mice). We named this model SARCAFI. The Sgca-null model
was chosen instead ofmdx, because the distance separating the
dystrophin gene and the hprt locus on chromosome X (15 cen-
tiMorgan according to the Mouse Genome Data base) would
render difficult the creation of a double model. Offspring were
selected according to the fluorescence and genotyping at the
Sgca locus and were obtained with the expected transmission
ratio. SARCAFI mice present the same phenotype as Sgca-null
mice with lordosis, muscular pseudohypertrophy, and clusters
of necrotic and regenerating fibers at the histological level.
We verified that the calpain sensor was expressed in various

organs and that it retained its reporter properties by examining
mice at 4 weeks of age (data not shown). However, we observed
a low level or a lack of expression in some myofibers (Fig. 7A).
This observation together with the results from the Evans blue
assay and developmental myosin heavy chain (MHCd) immu-
nostaining seem to indicate that this low expression could be
both related to necrosis and to immaturity of the fibers (data
not shown). For the fibers that have a detectable level of expres-

FIGURE 5. In vivo activity of the ubiquitous calpains during various conditions. Four left panels, two sets of
RG and FRETeff pseudocolor images of skeletal muscle that are representative of the results obtained under
different conditions: panel a, 24-h fasting; panel b, 4 days after sciatic nerve section; panel c, 24 h after 1 h long
exercise; panel d, 4 days after notexin injection (left panels), 7 days after notexin injection (right panels); panel e,
45 min of ischemia (left panels), 115 min of ischemia (right panels). Graphs on the right display the FRETeff for the
different ROI analyzed, in green for the experiment and in blue for the corresponding control. The mean for each
condition is shown with a red bar. White arrowheads pointed to structural anomalies observed after exercise
with the FRETeff decrease appearing only in one side of the fibers. A large decrease in FRETeff is clearly visible
after notexin treatment and ischemia. Scale bars: 40 �m.

FIGURE 6. RG images of TA muscles obtained after an extensive exercise
protocol. White arrowheads point at the anomalies occurring in this condi-
tion. A, black arrowhead shows the side where no FRETeff decrease was
detected. B, black arrowhead indicates the side where half a fiber disinte-
grated. C, an example where the FRETeff is similar at both sides of the anomaly.
Scale bar: 40 �m.
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sion, the FRETeff was 36% lower than in CAFI mice (mean
FRETeff � 0.245 � 0.02; p � 0.001), reflecting an elevated basal
activity of calpain in dystrophic muscles (Fig. 7B).

DISCUSSION

In this report, we generated a model that ubiquitously
expressed a fluorescent reporter for quantitative real-time
monitoring of calpain activity in vivo. We demonstrated by the
investigation (under several conditions in skeletal muscle and
by crossing theCAFImicewith amodel ofmuscular dystrophy)
that the fluorescent signals could readily be exploited in physi-
ological and pathological studies in living mice. We provided
through these analyses new insights on calpain physiology.
Interestingly, we observed a small decrease in the activity of

calpains in the two atrophic conditions used or following exer-
cise. It has been reported that calpain gene expressionwas stim-
ulated in those situations (24, 29–31). In muscle atrophy, ubiq-
uitous calpains are supposed to initiate breakdown of
myofibrillar proteins for their subsequent degradation by the
proteasome (32–34). Yet, the different proteolytic systems
seem to participate in atrophy to different extents, depending
on the conditions initiating protein breakdown (35, 36). Simi-
larly, calpains are thought to contribute to the enhanced rate of
muscle protein degradation and to promote adaptations in
muscle following exercise (37–39). However, a recent report
showed the absence of calpain autolysis (an event associated
with their activation) after exercise in human (40). The results
obtained with the CAFI mice were intermediate, confirming a
calpain activity that is limited and clearly notmassive under the
tested situations. It is possible that this small level of detected
activity is partly due to some limitations in our system. For
example, the signal can be diluted throughout all the fibers,

considering that the reporter can freely move in the fibers, lim-
iting the visualization of local activity. Furthermore, because
the half-life of GFP is known to be 26 h (41), we could not detect
a transient calpain activity that occurred several days before the
day of observation.
We did detect substantial activity in other situations. First,

we observed a high level of activity associated with structural
damages of fibers following exercise. Several elements are con-
sistent with the hypothesis that this activity corresponds to
repair events rather than aberrant activity. Architecture disor-
ganization without activation was also observed (Fig. 6C), sug-
gesting that ubiquitous calpains are not at the origin of this
phenomenon and that their activation is therefore secondary to
the event. A decrease in FRETeff was observed on the most
preserved side of the fiber, which tends to prove that calpain
activation was not in this case the consequence of a massive
entry of Ca2� with the disrupted membrane. In fact, the plugs
that are observed could correspond to a kind of protection
mechanism, possibly initiated to prevent complete loss of the
fiber. Consistent with the literature (42, 43), those anomalies
tend to disappear after several bouts of exercise (data not
shown). Considering the time of the appearance of the observed
activity, we would like to suggest that calpains could participate
in the adaptative remodeling of the sarcomere to render the
muscle less vulnerable to further exercise. This action can be
put in parallel with the positive involvement of calpains in den-
dritic remodeling following neuronal injury (44). Second,
results from CAFI muscle in the regenerative steps following
notexin injection corroborate in a physiological environment
what has been described in cultured muscle cell differentiation
(45–50). Indeed, following destruction of the fibers, regenera-
tion occurs and involves proliferation, migration, and then
fusion of the satellite cells to form newmyotubes. Results from
previous investigations indicate that calpains play an important
role in cytoskeletal reorganization that is requisite for myoblast
migration and fusion (46, 51, 52). Altogether and in accordance
with the cytoskeletal nature of many known calpain substrates,
the observationsmade in these situations reinforce the idea that
one of the physiological functions of calpains involves specific
cleavage to prepare for cytoskeletal remodeling.
Beside these physiological functions, we observed calpain

activity that could be considered as detrimental and patho-
logical. (i) Following notexin administration, myofibers
undergo necrosis secondary to tears created in the mem-
branes by the toxin (53). It is therefore not surprising to see
a calpain activation during the early stage as membrane dis-
ruptions should lead to a massive Ca2� entry. (ii) Calpains
are one of the main effectors in hypoxic/ischemic injury to
the brain, liver, heart, and kidney (5, 54, 55). Our results
represent the first indication that calpains are similarly acti-
vated in skeletal muscle during ischemia. (iii) Previous reports
showed that calpain activation occurred in mdx muscle
through membrane leakiness (2, 56, 57). The level of activity of
calpains in the SARCAFI model suggests that deficiency in
�-sarcoglycan involves a similar phenomenon. Therefore, cal-
pain activation seems to constitute a common pathophysiolog-
ical mechanism of muscular dystrophies in the context of DGC
deficiency.

FIGURE 7. A and B, YFP fluorescence in CAFI anterior compartment (TA �
extensor digitorum longus) and SARCAFI TA muscle in 1-month-old mice. The
SARCAFI muscle (B) showed a mosaic pattern of fluorescence, which differs
from the homogeneous distribution obtained with the CAFI muscle (scale
bars: 1 mm) (A). C, left panel: RG image of SARCAFI muscle. Not all fibers are
fluorescent as observed in the cross section. Right panel, FRETeff pseudocolor
image of skeletal muscle in SARCAFI mice at steady state. The FRETeff was
calculated in two different ROIs (ROI1: 0.294; ROI2: 0.237). Those results indi-
cated an activation of ubiquitous calpains in the absence of the �-sarcoglycan
protein. Scale bar: 60 �m.
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Our experiments show that the increase of calpain activity in
ischemia is quite important, rapid, and homogeneous. Further-
more, the muscle is easily accessible for experimentation and is
highly irrigated. Therefore, we believe that ischemia in skeletal
muscle of CAFImice constitutes a very goodmodel in which to
evaluate in vivo the potential of calpain inhibitors. In the same
way, the SARCAFI model, which is to our knowledge the first
report of a breeding between a reporter mouse and a patholog-
ical strain, represents another model to test calpain inhibitors
in a pathological context.
Overall, we have engineeredmice suitable for in vivo imaging

of calpain activity and that can be exploited as tools to address
various issues regarding calpain activity at physiological levels
in disease states and for therapeutic evaluation. The CAFI
mouse could be of significant value to assess the relevance of
experimental models of human disorders known to involve
inappropriate calpain activation. As they include spinal cord
injury, stroke, cardiac infraction, and neurodegenerative dis-
eases, they represent a significant load in terms of public health.
Themodel would also providemore accuratemethods ofmeas-
uring pharmacodynamics and toxicity in the preclinical devel-
opment of calpain inhibitors for these disorders.
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