
B The Author(s), 2010
Published Online: 27 July 2010 DOI: 10.1007/s11307-010-0376-z

Mol Imaging Biol (2011) 13:462Y470

RESEARCH ARTICLE

Non-invasive Optical Imaging of Muscle
Pathology in mdx Mice Using Cathepsin Caged
Near-Infrared Imaging
Andreas R. Baudy,1,2 Arpana Sali,1 Sarah Jordan,1 Akanchha Kesari,1

Helen K. Johnston,1,2 Eric P. Hoffman,1,2 Kanneboyina Nagaraju1,2

1Research Center for Genetic Medicine, Children’s National Medical Center, Washington DC, USA
2Department of Integrative Systems Biology, George Washington University School of Medicine and Health Sciences, Washington DC, USA

Abstract
Purpose: To develop a reliable live-animal imaging method for monitoring muscle pathology in
mouse models of myopathy.
Procedures: A caged near-infrared Cathepsin B (CTSB) substrate, ProSense 680, is evaluated in
the dystrophin deficientmdxmice, a genetic homologue of Duchennemuscular dystrophy via optical
imaging.
Results: We show high levels of infrared signal in dystrophic muscle relative to healthy muscle at
24 h post-injection. Imaging for CTSB presence revealed localization to inflammatory infiltrates
and regenerating muscle fibers. A time series myotoxin-induced muscle injury experiment
showed that CTSB activity and its mRNA levels peaked at the interface between inflammation
and myoblast fusion stage of recovery. Prednisone treatment in mdx mice resulted in decreased
CTSB activity and increased grip strength in forelimbs and hindlimbs.
Conclusions: Optical imaging of CTSB activity is an ideal method to sensitively monitor
inflammation, regeneration, and response to therapy in myopathic skeletal muscle.

Key words: Live optical imaging, Duchenne muscular dystrophy, mdx, Cathepsin B, Muscle
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Introduction

Pre-clinical trials in animal models of muscle disease are
a critical step in drug development. The most widely

used genetic and biochemical model for Duchenne muscular
dystrophy (DMD) is the mdx mouse [1–3]. However, it has a
relatively mild disease phenotype compared to the progres-
sion of disease seen in human patients, and so establishing
reliable and sensitive outcome measures for pre-clinical drug
trials using this model has been challenging.

The availability of live-animal imaging accelerates the
discovery of effective therapeutics in pre-clinical and clinical
trials because it can deliver a variety of useful patho-
physiological information in a longitudinal manner. Mag-
netic resonance imaging has been the primary imaging
modality successful at detecting muscle pathology, but it has
several limitations including cost, sensitivity for changes in
muscle tissue, speed of operation, and compliance of awake
children [4–6]. An alternative approach is the use of optical
probes, such as caged near-infrared enzyme substrates,
where imaging can be done using optical systems [7].

Statement of Significance: Currently, no optical-imaging technique exists
for surveying disease pathology of muscle in mouse models of myopathy.
Optical imaging offers high sensitivity of probe detection and ease of use,
making it an ideal method for monitoring muscle pathology and response to
therapy in a dystrophic mdx mouse model. We determined that ProSense
680, a caged near-infrared substrate for cathepsin B, was ideal for relaying
the status of both regeneration and inflammatory infiltration in skeletal
muscle. Prosense 680 was highly effective at optically distinguishing
inflammation in bl10 and mdx forelimb and hindlimb skeletal muscle, and
was effective at tracking damage in a myotoxin-induced model of muscle
injury.
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In DMD, dystrophin deficiency results in plasmamembrane
abnormalities, with increased susceptibility to contraction-
induced myofiber damage, and bouts of myofiber degeneration
and regeneration [1, 8]. Inflammatory cells are a feature of
dystrophic muscle, although the muscle is heterogeneous, with
different regions showing degeneration, regeneration, and
inflammation [9]. In fact, tissue heterogeneity is a major
limitation in using muscle biopsies to monitor efficacy of pre-
clinical and clinical trials. Since regeneration and inflammation
are critical disease components in DMD, the identification of
an optical probe reflecting both of these processes would have
the potential to be a sensitive and reliable surrogate biomarker
relaying overall disease status within the muscle tissue.

The cathepsins are a family of 11 proteases that are
expressed in most cell types and generally become cleaved
and activated in low pH environments such as in the lysosomes
[10]. Cathepsin B (CTSB) is a cysteine protease that has
previously been shown to be upregulated in DMD patient
muscle, primarily localizing to macrophage infiltrating areas
[11, 12]. CTSB is initially translated as an inactive 44 kDa
precursor protein, but can be activated into a mature 33 kDa
single-chain enzyme [13]. CTSB is highly upregulated in
activated fusing myoblasts and hypothesized to be a major
contributor to the process of extracellular matrix remodeling,
which is an essential step in muscle regeneration [14].

Here, we investigate the use of a CTSB substrate as a
live-animal imaging method to assess muscle pathology. We
show that optical imaging of CTSB enzyme activity using a
caged near-infrared substrate (ProSense 680) is capable of
effectively detecting muscle inflammation, regeneration, and
response to therapy in the mdx model via optical imaging.

Materials and Methods

Patient Expression Biopsies

DMD patient populations in this study were drawn from a referral
population. Flash-frozen muscle biopsies from patients with a
tentative diagnosis of muscular dystrophy were sent to the Dr.
Hoffman’s laboratory at Children’s National Medical Center, Wash-
ington DC. All biopsies were subjected to a standardized set of
biochemical and histological assays, including immunostaining for
dystrophin, alpha-sarcoglycan and merosin, and immunoblotting for
dystrophin and dysferlin. All samples were analyzed under CNMC
IRB protocol #2405 which has been reviewed and approved by the
Office for the Protection of Human Subjects at Children’s National
Medical Center. Dystrophin immunostaining and mRNA expression
profiling were performed as described previously [15, 16] and analysis
criteria was set to only include patients over 2 years of age.

Mice

C57bl/10ScSn-Dmdmdx/J (mdx) and control C57bl/10 (bl10) mice
were purchased from Jackson Laboratory (Bar Harbor, ME) and all
animal experiments were conducted in accordance with our IACUC
guidelines under approved protocols.

Optical Imaging

Five-week-old mdx and bl10 mice that underwent optical imaging
were first put under gas anesthesia using 4% isofluorane and 0.5 L/
min 100% oxygen, placed inside an Optix MX2 Imager (ART)
scanning chamber, and then anesthesia was maintained with 2%
isofluorane and 0.5 L/min oxygen through a nose cone to the mice.
The floor of the scanning chamber in which the mouse lies was
heated in order to maintain normal physiological body temper-
atures. Hair covering areas to be scanned was removed with Nair.
The plane of scanning was kept consistent between mice at the
level immediately above the forelimbs. Mice underwent intra-
peritoneal (I.P.) injection with 0.75 nmol or 1.5 nmol of ProSense
680 (VisEn Medical), both prepared in a total volume of 150 μl
phosphate-buffered saline (PBS). Areas of scanning were defined
with a polygonal selection tool, then a 670 nm excitation laser was
used for probe excitation at a 1.5-mm camera resolution in the
whole body scanning experiments (n=2/group), and at a 0.5-mm
camera resolution in skeletal limbs (n=3/group); emissions were
collected from a 700-nm long-pass filter. After scanning, the mice
were allowed to recover under 0.5 L/min oxygen. Optical-imaging
intensities from all experiments were normalized to account for
differences in scanning laser power, integration times, and scanning
area selected between mice using Optiview 2.0 software.

Histology and Immunofluoresence

Quadriceps from mdx mice were isolated and frozen in liquid
nitrogen-cooled isopentane, 8-μm frozen sections were prepared,
and unfixed cryosections from ProSense-injected mice were scanned
with a 635-nm excitation laser, and then subsequently stained with
Hematoxylin and Eosin (H&E). Notexin-injured gastrocnemious
muscles (see below) from bl10 mice were isolated and sectioned in
the same manner, blocked in 10% horse serum (HS) diluted in PBS
for 30 min, then incubated with Hoechst dye (Sigma Aldrich,
1:10,000), anti-laminin (Sigma Aldrich, 1:200), anti-embryonic
myosin heavy-chain (University of Iowa Hybridoma Bank, 1:200),
and anti-F4/80 (Serotec, 1:200) antibodies for 2 h at room temperature.
The sections were washed three times with PBS, and then Cy2 (Jackson
Immunoresearch, 1:500) and Alexafluor: 546, 633 (Invitrogen, 1:500)
secondary antibodies were prepared in 10% HS diluted in PBS and
applied for 1 h, then the sections were washed three times with PBS, and
mounted with permount (Fisher Scientific). The sections were
visualized using a LSM 510 confocal microscope (Zeiss).

Myotoxin Injury

mRNA profiles were analyzed for CTSB expression from a
previously published study in which cardiotoxin was administered
via intramuscular (I.M.) injection into the gastrocnemious muscle
of bl10 mice [16]. For the in vitro experiments notexin (Latoxin)
was prepared at a concentration of 4 μg/ml in 70 μl of 0.9% NaCl
and administered via I.M. injection into the right medial region of
the gastrocnemious muscle of bl10 mice, and 0.9% NaCl was
administered to the contralateral leg in the same region. Mice were
divided into post-notexin injection days 1, 3, 5, and 14 subsets (n=
3/group) and all received a single injection I.P. of 1.5 nmol
ProSense 680 24 h prior to imaging.
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Prednisone Treatment

Eight-week-old mdx mice were split into untreated and prednisone
treated groups (n=3/group); the treated group received prednisone in
time-release pellets (Innovative Research, 1 mg/kg), which were
implanted subcutaneously to establish continuous drug delivery. After
3 weeks of administration, all mice were scanned for baseline levels of
optical intensity, injected with 1.5 nmol of ProSense I.P, then 24 h
later, both forelimbs and hindlimbs were scanned at 0.5-mm resolution
and quantified using Optiview software. Grip strength was assessed
using a grip-strength meter (Columbus instruments, Columbus, Ohio).
Five successful hindlimb- and forelimb-strength measurements were
recorded over a period of 2 min. The grip-strength measurements were
collected in the morning hours over a 5-day period; the maximum
values of each day over the 5-day period were used for subsequent
analysis. Both grip strength and optical-imaging intensities were
normalized directly to body weight.

Statistical Analysis

Sample size calculations used a student’s t distribution to determine
the number of mice per group needed to detect a significant

difference between untreated and prednisone chronic treatment. The
same method was used to determine sample sizes necessary to
detect a significant difference in normalized forelimb/hindlimb
measurements. All calculations assumed an alpha level of 0.05 and
a power level of 80%.

Results

Cathepsin B Shows High Expression in Duchenne
Muscular Dystrophy Patient Muscle

Thirteen muscle biopsies from DMD patients and six biopsies
from non-dystrophic control patients were evaluated by micro-
array transcriptional analysis, then queried for four CTSB
probe sets, which represented the entire range of CTSB
transcripts (see Supplementary Fig. 1 online). Twelve of the
13 DMD biopsies had upregulated CTSB levels in at least one
of the four probe sets, and the majority of biopsies had
upregulated CTSB levels in at least three of the four probe sets.
DMD patient biopsy three was the primary outlier in the
analysis, since CTSB was entirely downregulated. Five of the

Fig. 1. CTSB activity and localization in limb muscles 24 h post-Prosense 680 injection. Optical imaging performed at 0.5 mm
resolution of the limb muscles in mdx and bl10 mice (a). CTSB was activated 3.15-fold more in mdx forelimb compared to bl10
and 1.85-fold more in hindlimb (Student’s t test, showing standard error of the mean, **p value=0.0017, ***p value=0.0001).
Frozen cross-sections of quadriceps muscle taken from mdx mice were visualized in the near-infrared (green), then
subsequently stained with H&E (b). CTSB signal was highly specific to areas containing regenerating fibers, illustrated by white
arrows, and inflammatory foci illustrated by black arrow.
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six non-dystrophic control group biopsies were downregulated
for CTSB transcript, with only control patient biopsy six
showing upregulation.

I.P. Injection of Caged Near-Infrared CTSB
Substrate Detects Cathepsin Activity in Dystrophic
Muscle

ProSense 680 is a small peptide substrate for activated
CTSB [17]. When cleaved by the CTSB enzyme, two
caged fluorophores are released, with peak excitation at
680 nm, and emission in the near-infrared range
(700 nm). Intraperitoneal injection of 1.5 nmol or
0.75 nmol ProSense 680 was done in 5-week-old wild-
type bl10 and dystrophin-deficient mdx mice. Serial
optical whole body scanning at a 1.5-mm camera step
resolution demonstrated near-infrared signal in the liver
and bladder at 6 h that was similar between dystrophic
and control mice (see Supplementary Fig. 2a online).
Signal corresponding to limb muscle was observed more
specifically in the dystrophic mice with a plateau at 24–
48 h. The average total limb photon intensity was
quantified for both bl10 and mdx mice that were injected
with either 1.5 or 0.75 nmol over time (see Supplemen-
tary Fig. 2b online).

Based on this time course data, all further experiments
were performed using the 1.5 nmol dose of ProSense,
with scanning performed 24 h after injection. A group of
age matched (5-week-old) mdx and bl10 wild-type mice
(n=3 per group) were injected with 1.5 nmol ProSense
and a single scan was performed of solely the forelimb
and hindlimb. We found significant increases in CTSB
photon count intensity in the mdx forelimb (3.1-fold
increase) relative to bl10, as well as in the hindlimb (1.9-
fold increase) (Fig. 1a). After imaging, mice were euthanized
then cryosections of their quadriceps were exposed for near-
infrared signal, subsequently stained with H&E, and both
images superimposed. CTSB activity was localized to both
centrally nucleated regenerating fibers (white arrows), as well
as inflammatory cells (black arrow) (Fig. 1b).

Myotoxin-Induced Regeneration Stimulates CTSB
Transcription, with Peak at Myoblast/Myotube
Transition

Zhao et al. [18] previously had investigated myofiber
damage in the gastrocnemious of bl10 mice using micro-
array transcriptional analysis of myotoxin-damaged tissues.
CTSB-transcript activity significantly increased between
days 2–6, with a peak at day 3 (Fig. 2a). We followed-

Fig. 2. CTSB is strongly expressed on mRNA and activated at protein levels in myotoxin-damaged muscle. bl10 mice were
injured with I.M. injection of myotoxin into the gastrocnemious, and microarray expression analysis was subsequently
performed. a) Analysis of two representative CTSB probes (92256_at and 95608_at, shown as an average) revealed slight
mRNA upregulation at day 1, with peak levels at day 3 and a decline back to near baseline by day 14. (Student’s t test, showing
standard error of the mean, * p value of day 3 and day 5=0.0127, for day 1 and day 5=0.0175; **p value for day 5 and day 14=
0.0035, for day 1 and day 3=0.0060). b) CTSB caged optical imaging in the hindlimbs of myotoxin injured bl10 mice revealed a
drastic increase of CTSB activity at day 1, with a peak at day 3, and resolution by day 14 (Student’s t test, showing standard error of
the mean, *p value day 1=0.0303, **p value day 3=0.0046, day 5=0.0012).
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up with these results with another group of bl10 mice by
administering I.M. injections of saline into the left leg
gastrocnemious and myotoxin in the right leg gastro-
cnemious of all mice, which were then imaged on days 1,
3, 5, and 14 post-injection. A rapid increase of activated
CTSB levels in the injured leg was observed at post-
myotoxin injection day 1, followed by a peak at day 3,
and resolution of activity by day 14 (Fig. 2b). Injured
gastrocnemious muscles taken from day 5 exhibited
inactive precursor CTSB co-localization primarily to
macrophages (Fig. 3), whereas activated CTSB was
observed both in macrophages and in regenerating fibers
(Fig. 4).

Therapeutic Response can be Successfully
Evaluated in the mdx Mouse with CTSB Imaging

We tested the sensitivity of our method to detect therapeutic
benefits induced by prednisone, the current standard of
treatment for DMD patients, in the mdx model. A prednisone
pellet was placed subcutaneously for continuous dosing for a
total of 3 weeks, and then CTSB optical imaging and
grip-strength analysis were performed at endpoint (Fig. 5).
We observed a 49.7±10.9% reduction of CTSB signal in the
forelimbs and 25.9±9.7% reduction in hindlimbs (Fig. 5a), as

well as a 14.7±2.2% increase in forelimb strength and a 21.9±
2.5% increase in hindlimb strength (Fig. 5b).

Statistical Analysis Demonstrates Excellent
Sensitivity in Detecting Strain and Drug
Treatment Differences

Statistical calculations based on the mean and standard
deviations predicted that the assay is highly sensitive in
detecting differences between mdx and bl10 strains, with
only one mouse required per group to detect differences in
the forelimbs, and three mice required per group to detect
differences in the hindlimbs (Table 1). The sensitivity for
monitoring prednisone-induced drug benefits was also
excellent for detecting differences in the forelimbs, requiring
only two mice per group, but more modest in the hindlimbs,
requiring six mice per group (Table 2).

Discussion
Our goal was to define an optical-imaging method that could
comprehensively capture muscle pathology in the mdx
model, so as to improve the effectiveness of monitoring
therapeutic intervention in pre-clinical studies. Since we

Fig. 3. Inactive CTSB precursor protein localizes to macrophage cytosol. Gastrocnemious muscles taken 5 days post-notexin
injection demonstrated the presence of inactive CTSB within the cytosol of macrophages (white arrows).
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Fig. 4. Activated CTSB primarily localizes within regenerating fibers and macrophages. Gastrocnemious muscles taken 5 days
post-notexin injection revealed co-localization of ProSense, which detects activated CTSB, within newly regenerating fibers
(eMyosin), as well as within the cytosol of infiltrating monocytes (white arrow).

Fig. 5. Prednisone decreases CTSB activity, and correlates with functional improvement. a) Prednisone was released
continuously in mdx mice by placement of a subcutaneous pellet (1 mg/kg) for a total of 3 weeks, and then imaged at baseline
without ProSense injection and 24 h after injection. b) Grip strength of untreated and mice receiving continuous prednisone was
measured after 3 weeks of treatment in the forelimbs and hindlimbs. Student’s t test, showing standard error of the mean, ***p
value of forelimbs=0.0006, *p value of hindlimbs=0.0497.
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wanted to encompass the widest range of the disease
processes possible, we selected CTSB as our enzymatic
marker since it reports on multiple key pathological events
relevant to muscle injury. CTSB is secreted by macrophages
and activated myoblasts to support the clearance of
degenerating injured fibers, as well as promote regeneration
via signaling for myoblast fusion [14, 19, 20]. It has already
been demonstrated that CTSB protein levels are upregulated
in DMD patients as well as in mouse xenograft models, and
we further validate this by showing that four encompassing
probe sets of the CTSB transcript population are also
strongly upregulated (see Supplementary Fig. 1 online)
[11, 12]. From the three DMD biopsies that demonstrated
the lowest relative levels of CTSB (DMD 3, DMD 4, DMD
11), all had mild histological features such as larger fiber sizes,
and minimal amounts of degenerating and regenerating fibers.

ProSense 680 is a commercial near-infrared probe from
VisEn Medical and is highly specific for activated CTSB
activity. It is normally optically quiescent, but upon reaching
areas of activated CTSB, it becomes enzymatically cleaved and
emits an intense near-infrared signal. We injected a single
0.75-nmol or 1.5-nmol dose of ProSense 680 I.P. to 5-week-old
mdx and bl10 mice; this age group was selected because mdx
mice show peak fiber degeneration and regeneration between
4–10 weeks (see Supplementary Fig. 2 online). Sequential
whole body 1.5-mm camera resolution infrared imaging
revealed that both bl10 and mdx mice had active CTSB in the
liver and bladder; however, activity was consistently detected
at higher levels in mdx limbs compared to bl10 at the 1.5-nmol
dose. ProSense levels declined over the course of 7 days,
eventually reaching near baseline values, indicating clearance
of the probe.

Having determined the peak dose and time point to detect
differences in CTSB activity between mdx and bl10 limb
muscle, we performed high-resolution camera (0.5 mm) imag-
ing of only the forelimbs and hindlimbs 24 h later (Fig. 1a). The
CTSB levels were increased inmdx tissue over bl10, indicating
higher levels of inflammation and regeneration. Moreover, the

higher levels of CTSB activity in mdx forelimbs over bl10
forelimbs (3.1-fold increase) compared to mdx forelimbs over
bl10 hindlimbs (1.9-fold increase) suggested more relative
pathology in the forelimbs. Interestingly, this finding is
supported by functional grip-strength studies, which clearly
demonstrate a greater deficit in grip strength between mdx and
bl10 mice in the forelimbs over the hindlimbs [21]. Taken
together, this suggests that CTSB activity could be inversely
related to grip strength. Cryosectioning of quadriceps taken
from mdx mice that had been injected with ProSense revealed
CTSB activity localized specifically to areas of myofiber
remodeling (inflammation and regeneration) (Fig. 1b).

We have defined a sensitive method for detecting
dystrophic pathology; we therefore wanted to extend its
applicability for detecting broader types of muscle injury.
Myotoxins such as cardiotoxin and notexin are isolated from
snake venom and are highly damaging to myofibers. Intra-
muscular injection of myotoxins has been shown to induce
controlled muscle injury, and, therefore, is useful for
studying stage-specific processes in muscle damage and
regeneration [22, 23]. Cardiotoxin injection into the gastro-
cnemious of bl10 mice followed by microarray transcrip-
tional profiling and querying for CTSB revealed that mRNA
levels of the enzyme were highest between days 2–5, post
injury, with a peak at day 3 (Fig. 2a). Mice that received an
intramuscular notexin injection into their right gastrocnemious
and were imaged showed an extraordinary amount of activated
CTSB at day 1 (Fig. 2b); the levels observed here were more
than double that of the mdx hindlimb activity shown earlier,
demonstrating the severity of acute damage. The peak amount
of activated CTSB occurred at day 3, which paralleled mRNA
production. By day 14, CTSB approached comparable levels to
the saline-injected leg, reflecting the completion of successful
myoblast fusion and clearance of infiltrating inflammatory
cells. The saline-injected contralateral control leg showed a
similar progression in CTSB activity over time, with a peak
amount of damage also occurring at day 3, but at much lower
levels.

Table 1. Sample size calculations comparing forelimb and hindlimb between mdx and bl10 mice

Measurement mdx bl10 N needed per group to
detect a significant difference between mice strains

Mean total photon counts/mm2±SD Mean total photon counts/mm2±SD

Forelimb 8,048.33±977.08 2,645.67±1,129.37 1
Hindlimb 14,866.67±2,920.73 8,354.17±2,360.29 3

Table 2. Sample-size calculations comparing untreated with prednisone

Measurement Untreated Prednisone N needed per group to detect a
significant treatment difference

N Mean total photon counts/mm2±SD N Mean total photon counts/mm2±SD

Forelimb 3 7,005.0±977.8 3 3,521.4±911.6 2
Hindlimb 3 12,481.7±1,937.7 3 9,240.2±1,722.8 6

Mean and standard deviations were calculated from the forelimb and hindlimb data in Fig. 1a and Fig. 5a and the number of mice needed per group in order to
detect significant differences between strains, and for prednisone treatment was calculated
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Upon histological investigation of gastrocnemious muscles
from Notexin-injured mice, we found co-localization of the
CTSB inactive precursor protein exclusively in infiltrating
macrophages, as demonstrated by co-localization between
CTSB antibody and F4/80 (Fig. 3). Interestingly, upon imaging
of ProSense and embryonic Myosin, heavy-chain, active
CTSB was also detected in both infiltrating monocytes and
regenerating fibers (Fig. 4). These results substantiate our
findings in the quadriceps of 5-week-old mdx mice, in that
active CTSB is highly localized to areas of myofiber damage,
and demonstrate its association with muscle repair, inflamma-
tory, and remodeling processes.

The only effective treatment for DMD discovered to date
is glucocorticoids, such as prednisone [24]. Granted that
glucocorticoids are ridden with numerous long-term treat-
ment side effects, they are known to reduce both inflamma-
tion and excessive muscle degeneration in the short term.
We tested our caged CTSB optical method to gauge
prednisone’s therapeutic effects by administering it for a
total of 3 weeks to mdx mice in a continuous release pellet,
and then performed functional grip-strength tests and optical
imaging (Fig. 5). Significant decreases of CTSB activity
were measured in both the hindlimbs and forelimbs of
prednisone-treated mice, and were accompanied by increases
in grip strength (Fig. 5). These data clearly indicate that a
decrease in CTSB activity is reflected in an increase in grip-
strength measurements at the functional level. The assay
described is highly sensitive and specific, requiring only a
few animals to see differences between affected and wild-
type, or between drug-treated and control dystrophic animals
(Tables 1 and 2).

Overall, we found that, under the conditions described,
ProSense 680 is a highly effective tool for evaluating in
vivo assessments of muscle damage, and as a measure of
efficacy for drugs designed to reduce inflammation and
damage in dystrophic muscle in pre-clinical trials. In the
clinic, Optical imaging is beginning to be used more
frequently since it doesn’t depend on radioactive sub-
stances or ionizing radiation, yet provides functional data
in a cost-effective manner [25, 26]. The detection of
probes using optical imaging also exhibits excellent
sensitivity (nmol–pmol range). However, in order to
obtain clinically useful results, optical systems and their
corresponding probes need to be optimized for monitoring
deep tissues due to constraints related to light trans-
mittance and scattering. It would be interesting to see if
more powerful therapeutic treatments (e.g., exon skipping,
adenovirus gene replacement) could be evaluated using
this methodology, and further, if this technology could be
applied to DMD patients to gather rapid information on
disease progression.

Acknowledgements. Andreas R. Baudy is a pre-doctoral student in the
Molecular Medicine Program of the Institute for Biomedical Sciences at the
George Washington University. This work is from a dissertation to be
presented to the above program in partial fulfillment of the requirements for
the Ph.D. degree.

Dr. Nagaraju is supported by National Institute of Health (RO1-
AR050478 and 5U54HD053177), Foundation to Eradicate Dystrophy,
Muscular Dystrophy Association, The Myositis Association and US
Department of Defense (W81XWH-05-1-0616).

Dr. Hoffman is supported by National Institute of Health (RO1-
5U54HD053177) and the US Department of Defense (W81XWH-05-1-0616).

Conflict of Interest. The authors declare that they have no conflict of interest.

Open Access. This article is distributed under the terms of the Creative
Commons Attribution Noncommercial License which permits any non-
commercial use, distribution, and reproduction in any medium, provided
the original author(s) and source are credited.

References
1. Hoffman EP, Brown RH Jr, Kunkel LM (1987) Dystrophin: the

protein product of the Duchenne muscular dystrophy locus. Cell
51:919–928

2. Bulfield G, Siller WG, Wight PA, Moore KJ (1984) X chromosome-
linked muscular dystrophy (mdx) in the mouse. Proc Natl Acad Sci
USA 81:1189–1192

3. Watchko JF, O’Day TL, Hoffman EP (2002) Functional characteristics
of dystrophic skeletal muscle: insights from animal models. J Appl
Physiol 93:407–417

4. Dunn JF, Zaim-Wadghiri Y (1999) Quantitative magnetic resonance
imaging of the mdx mouse model of Duchenne muscular dystrophy.
Muscle Nerve 22:1367–1371

5. Lovering RM, McMillan AB, Gullapalli RP (2009) Location of
myofiber damage in skeletal muscle after lengthening contractions.
Muscle Nerve 40:589–594

6. Brockmann MA, Kemmling A, Groden C (2007) Current issues and
perspectives in small rodent magnetic resonance imaging using clinical
MRI scanners. Methods 43:79–87

7. Kossodo S et al (2009) Dual in vivo quantification of integrin-
targeted and protease-activated agents in cancer using fluorescence
molecular tomography (FMT). Mol Imaging Biol. doi:10.1007/
s11307-009-0279-z

8. Petrof BJ (1998) The molecular basis of activity-induced muscle
injury in Duchenne muscular dystrophy. Mol Cell Biochem
179:111–123

9. Briguet A, Courdier-Fruh I, Foster M, Meier T, Magyar JP (2004)
Histological parameters for the quantitative assessment of muscular
dystrophy in the mdx-mouse. Neuromuscul Disord 14:675–682

10. Jordans S et al (2009) Monitoring compartment-specific substrate
cleavage by cathepsins B, K, L, and S at physiological pH and redox
conditions. BMC Biochem 10:23

11. Kar NC, Pearson CM (1978) Muscular dystrophy and activation of
proteinases. Muscle Nerve 1:308–313

12. Takeda A et al (1992) Demonstration of cathepsins B, H and L in
xenografts of normal and Duchenne-muscular-dystrophy muscles trans-
planted into nude mice. Biochem J 288(Pt 2):643–648

13. Mach L, Stuwe K, Hagen A, Ballaun C, Glossl J (1992) Proteolytic
processing and glycosylation of cathepsin B. The role of the primary
structure of the latent precursor and of the carbohydrate moiety for cell-type-
specific molecular forms of the enzyme. Biochem J 282(Pt 2):577–582

14. Jane DT et al (2006) Cathepsin B localizes to plasma membrane
caveolae of differentiating myoblasts and is secreted in an active form at
physiological pH. Biol Chem 387:223–234

15. Kesari A et al (2008) Dysferlin deficiency shows compensatory
induction of Rab27A/Slp2a that may contribute to inflammatory onset.
Am J Pathol 173:1476–1487

16. Hamed S, Sutherland-Smith A, Gorospe J, Kendrick-Jones J, Hoffman
E (2005) DNA sequence analysis for structure/function and mutation
studies in Becker muscular dystrophy. Clin Genet 68:69–79

17. Nahrendorf M et al (2007) Dual channel optical tomographic imaging
of leukocyte recruitment and protease activity in the healing myocardial
infarct. Circ Res 100:1218–1225

18. Zhao P et al (2002) Slug is a novel downstream target of MyoD. Temporal
profiling in muscle regeneration. J Biol Chem 277:30091–30101

A.R. Baudy, et al.: Non-invasive Optical Imaging of Muscle Pathology in mdx Mice 469

http://dx.doi.org/10.1007/s11307-009-0279-z
http://dx.doi.org/10.1007/s11307-009-0279-z


19. Gogos JA et al (1996) Gene trapping in differentiating cell lines:
regulation of the lysosomal protease cathepsin B in skeletal myoblast
growth and fusion. J Cell Biol 134:837–847

20. Duguez S, Bihan MC, Gouttefangeas D, Feasson L, Freyssenet D (2003)
Myogenic and nonmyogenic cells differentially express proteinases, Hsc/
Hsp70, and BAG-1 during skeletal muscle regeneration. Am J Physiol
Endocrinol Metab 285:E206–E215

21. Spurney CF et al (2009) Preclinical drug trials in the mdxmouse: assessment
of reliable and sensitive outcome measures. Muscle Nerve 39:591–602

22. Couteaux R, Mira JC, d’Albis A (1988) Regeneration of muscles after
cardiotoxin injury. I. Cytological aspects. Biol Cell 62:171–182

23. Gutierrez JM, Cerdas L (1984) Mechanism of action of myotoxins
isolated from snake venoms. Rev Biol Trop 32:213–222

24. Manzur AY, Kuntzer T, Pike M, Swan A (2008) Glucocorticoid
corticosteroids for Duchenne muscular dystrophy. Cochrane Database
Syst Rev CD003725

25. van de Ven S, Wiethoff A, Nielsen T et al (2009) A novel fluorescent
imaging agent for diffuse optical tomography of the breast: first clinical
experience in patients. Mol Imaging Biol 12:343–348

26. Shiroishi K et al (2010) Decreased muscle oxygenation and increased
arterial blood flow in the non-exercising limb during leg exercise. Adv
Exp Med Biol 662:379–384

470 A.R. Baudy, et al.: Non-invasive Optical Imaging of Muscle Pathology in mdx Mice


	Non-invasive Optical Imaging of Muscle Pathology in mdx Mice Using Cathepsin Caged Near-Infrared Imaging
	Abstract
	Introduction
	Materials and Methods
	Patient Expression Biopsies
	Mice
	Optical Imaging
	Histology and Immunofluoresence
	Myotoxin Injury
	Prednisone Treatment
	Statistical Analysis

	Results
	Cathepsin B Shows High Expression in Duchenne Muscular Dystrophy Patient Muscle
	I.P. Injection of Caged Near-Infrared CTSB Substrate Detects Cathepsin Activity in Dystrophic Muscle
	Myotoxin-Induced Regeneration Stimulates CTSB Transcription, with Peak at Myoblast/Myotube Transition
	Therapeutic Response can be Successfully Evaluated in the mdx Mouse with CTSB Imaging
	Statistical Analysis Demonstrates Excellent Sensitivity in Detecting Strain and Drug Treatment Differences

	Discussion
	Acknowledgements
	Section119
	Section120
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


