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Abstract
Experimental autoimmune encephalomyelitis (EAE) is an animal model for studying multiple
sclerosis (MS). Calpain has been implicated in many inflammatory and neurodegenerative events
that lead to disability in EAE and MS. Thus, treating EAE animals with calpain inhibitors may
block these events and ameliorate disability. To test this hypothesis, acute EAE Lewis rats were
treated dose-dependently with the calpain inhibitor calpeptin (50 – 250 µg/kg). Calpain activity,
gliosis, loss of myelin, and axonal damage were attenuated by calpeptin therapy, leading to
improved clinical scores. Neuronal and oligodendrocyte death were also decreased with down
regulation of pro-apoptotic proteins, suggesting that decreases in cell death were due to decreases
in the expression or activity of pro-apoptotic proteins. These results indicate that calpain inhibition
may offer a novel therapeutic avenue for treating EAE and MS.
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INTRODUCTION
Multiple sclerosis (MS) is a chronic and debilitating disease of the central nervous system
(CNS) that affects nearly 400,000 adults between the ages of 20 to 40 in the United States
(Noonan et al., 2002). While the exact etiology of MS has not been fully identified, studies
in MS patients and animals with experimental autoimmune encephalomyelitis (EAE), an
animal model of MS, have implicated an attack on myelin proteins by infiltrating auto-
reactive T cells and other immune cells (Keegan and Noseworthy, 2002). These pro-
inflammatory attacks contribute to the accumulation of neurological damage that results in
disability in EAE and MS (Trapp and Nave, 2008).

Current therapies for MS, which are mainly immunomodulatory in nature, have shown some
effect in reducing clinical symptoms; however, further research is warranted to identify
novel therapeutic targets. Proteases as potential targets have been suggested for MS therapy
(Govindarajan et al. 1974; Marks et al. 1974), including ubiquitous isoforms of the calcium
(Ca2+)-activated neutral protease calpain, μ-calpain and m-calpain (Schaecher et al., 2001b;
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Guyton et al., 2006; Hassen et al. 2006), which are activated by µM and mM concentrations
of Ca2+, respectively (Ray and Banik 2003). Calpain expression and activity were
upregulated in immune cells, glial cells, and neurons in spinal cord and optic nerve of
animals with EAE (Banik and Shields, 1999; Guyton et al., 2005). Calpain activity was
increased in post-mortem brain tissue from MS patients (Shields et al., 1999b) and co-
localized with damaged axons (Diaz-Sanchez et al., 2006). Calpain activity was also
increased in polymorphonuclear cells (PBMCs) from MS patients during relapse, compared
with MS patients in remission (Imam et al., 2007).

Calpain is involved in normal function but also associated with deleterious events when
unregulated due to aberrant increases in intracellular free Ca2+ levels. Immunologic events
include activation and migration of T cells and other immune cells (Soede et al., 1999;
Butler et al., 2009), increased production of pro-inflammatory cytokines (Schaecher et al.,
2001a; Imam et al., 2007), and cleavage of myelin into antigenic peptides (Deshpande et al.,
1995) that can potentially lead to epitope spreading of T cells (Banik et al., 1994). Thus,
calpain is very likely a key player in the inflammatory phase of MS. Calpain is also linked to
neurodegenerative events such as demyelination (Shields and Banik, 1999), axonal damage,
loss of neurons, and oligodendrocytes (Guyton et al., 2005; Guyton et al. 2006), and
modulation of proteins involved in apoptotic pathways (Das et al., 2008).

Calpain activity of dependent on the ratio of calpain to its endogenous inhibitor calpastatin
(Higuchi et al., 2005) and, once activated, calpain degrades calpastatin (Blomgren et al.,
1999). Unfortunately, calpastatin is a large molecule and is not a good candidate for drug
therapy. Synthetic small molecule calpain inhibitors ameliorate inflammation and
neurodegeneration in many CNS disorders (Ray and Banik, 2003). Our studies have
demonstrated that calpain inhibition reduced infiltration of immune cells into the spinal cord
of EAE animals, reduced axonal degeneration, and reduced neuronal loss (Guyton et al.,
2006). A recent study also demonstrated that a novel calpain inhibitor CYLA reduced
clinical signs of EAE (Hassen et al., 2006). We have chosen calpeptin for calpain inhibition
in the current study because it is a cell permeable peptide aldehyde inhibitor, which binds to
the active site of calpain and reversibly inhibits protease activity (Tsujinaka et al., 1988). In
addition, calpeptin inhibits neurodegeneration following spinal cord injury, suggesting that
calpeptin enters the CNS (Ray et al., 1999). Our current results show that calpeptin reduced
microgliosis, astrogliosis, axonal damage, and neuron and oligodendrocyte death in EAE
spinal cord. These findings further identify calpain as a viable target for treating EAE and
MS.

MATERIALS AND METHODS
EAE Induction

Adult male Lewis rats (180 – 200 g) were purchased from Charles River Breeding
Laboratories (Wilminton, MA) to perform our experiments, which were approved by the
Institutional Animal Care and Use Committee, in accordance with the Laboratory Welfare
Act and the Guide for the Care and Use of Laboratory Animals of the National Institutes of
Health (Bethesda, MD). To induce EAE, rats were immunized subcutaneously with 0.2 mL
of complete Freund’s adjuvant (CFA) containing 10 mg/mL of Mycobacterium tuberculosis
H37Ra (Difco, Detroit, MI) and phosphate-buffered saline (PBS) containing guinea pig
spinal cord homogenate (200 mg/mL) and MBP (200 µg/mL) in a 1:1 emulsion. Control
(CON) animals received PBS/CFA alone. Two hours later all rats received an intraperitoneal
(ip) injection of Pertussis toxin (1.25 µg/rat).
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Calpeptin Therapy and Tissue Collection
On days 1 to 9 post-EAE induction, rats received ip injections of either vehicle (1.0%
DMSO in saline) or calpeptin (50 – 250 µg/kg) twice daily. Rats were monitored daily for
weight loss and signs of clinical disability due to EAE based on the following grades: 0, no
change; 1, limp tail; 2, hind-limb weakness with difficulty righting; 3, hind limb partial
paralysis; 4, hind-limb complete paralysis with front-limb weakness; and 5, quadriplegic or
moribund. Animals were sacrificed under anesthesia (95 mg/kg of ketamine, 5 mg/kg of
xylazine) on day 9 post-EAE induction. Lumbar spinal cord regions were removed and cut
into 2 sections. One segment was snap-frozen in tissue freezing media (Fisher Scientific,
Fair lawn, NJ) for in situ immunofluorescent labelings and the other segment was snap-
frozen for Western blotting. In subsequent studies, animals were treated twice daily with
calpeptin (250 µg/kg on days 1 to 9 post-EAE induction (before disease onset) or days 7 to 9
post-EAE induction (at disease onset) and clinical scores monitored until animals recovered
(day 15 post-EAE induction) or were sacrificed at day 10 post-EAE induction, and spinal
cord tissues were collected for evaluation of immune cell infiltration via hematoxylin &
eosin (H&E) staining.

H&E Staining
Paraffin-embedded spinal cord tissues were sliced into 5 µm sections. Immune cell
infiltration into the spinal cord and perivascular cuffing were examined following H&E
staining of the tissue sections, as we described previously (Shields et al., 1998).

Protein Extraction and Western Blot Analysis
The methods used to detect changes in protein levels were described previously (Das et al.,
2008). All antibodies for Western blotting were purchased from Santa Cruz and diluted at a
concentration of 1:200, unless otherwise stated. We used 10 to 15 µg of protein for loading
per lane for resolving on 5–20% SDS-PAGE gels and then transferred to nitrocellulose
blots. Blots were incubated for 24 hours with antibodies against m-calpain, calpastatin,
capase-8, tBid, Bax, Bcl-2, caspase-3, or MBP (1:1000) diluted in Tris-buffered saline
(TBS) with 0.1% Tween-20 plus 5% (w/v) fat-free milk then incubated with horseradish
peroxidase (HRP)-conjugated anti-rabbit (1:2000) or anti-mouse antibody (1:2000) in 0.1%
TBS with Tween-20 for 45 minutes. Calpain and caspase-3 activities were determined using
antibody against α-spectrin, which detected the calpain-cleaved 145-kDa spectrin
breakdown products (SBDP) and caspase-3-cleaved 120-kDa SBDP, respectively. Protein
bands were detected by alkaline HRP-catalyzed oxidation of luminol in the presence of
H2O2 using enhanced chemiluminescence (Amersham Life Sciences, Buckinghamshire,
UK). Blots were exposed immediately to X-OMAT XAR-2 film, scanned, and imaged using
Photoshop software (Adobe Systems, San Jose, CA). Bands were quantified using NIH
Image software. All proteins were normalized to β-actin, and expressed as % change in
protein level, compared with CON-0 set at 100% or as a ratio.

Immunofluorescent Labeling of Tissue Sections
Spinal cord tissues were sliced into 10 µm cross-sections, fixed with 95% ethanol, and
stained, as described previously (Guyton et al., 2005). Microgliosis and astrogliosis were
determined using the antibodies specific for CD11b (OX-42, 1:100; eBiosource, Camarillo,
CA) and glial fibrillary acidic protein (GFAP, 1:400, Chemicon, Billerica, MA),
respectively. Briefly, sections were incubated for 1 hour in blocking buffer containing 2%
horse serum in phosphate-buffered saline (PBS), followed by incubation with OX-42 or
GFAP antibody for 3 to 4 hours. For detection of axonal degeneration, slides were first
autoclaved for 5 minutes in 0.1 M citrate buffer, then blocked as described above for 1 hour.
Next, tissue sections were incubated overnight at 4°C with SMI-311 antibody (1:1000;
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Sternberger Monoclonals, Lutherville, MD), which could detect de-phosphorylated
neurofilament protein (de-NFP). The sections were incubated for 30 minutes in the dark
with horse anti-mouse IgG secondary antibody conjugated to fuorescein isothiocyanate
(FITC, 1:100; Vector Laboratories, Burlingame, CA) to detect each cell marker. The slides
were mounted with Vectashield Mounting Media (Vector Laboratories) and immediately
viewed under a fluorescent microscope at 200× magnification.

Combined TUNEL and Immunoflourescent Labelings of Tissue Sections
To detect cell death in specific cells in spinal cord tissue, we used the combined terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) and
immunofluorescent labelings. As we previously described (Ray et al., 2000), spinal cord
tissue was sliced and fixed as described above and then post-fixed in 4% methanol-free
formaldehyde (in PBS) for 15 minutes. The slides were incubated with TUNEL reaction
mixture containing 10xPCR DIG labeling mixture with digoxigenin (DIG)-11-dUTP (2.5 µl;
Roche Diagnostics, Indianapolis, IN) and terminal TdT (25 units; Promega, Madison, WI) in
TdT buffer. The slides were covered with Hybrislip hybridization cover slips (Research
Products, Mount Prospect, IL) and incubated at 37°C for 1 hour. The slides were stained
with mouse anti-NeuN antibody (1:100; Chemicon) to detect neurons or for 36 hours with
O-4 (1:100; Chemicon) to detect mature oligodendrocytes as described above. After
incubation for 1 hour in the dark with sheep anti-DIG IgG antibody conjugated to rhodamine
(1:100; Roche Diagnostics) and horse anti-mouse IgG secondary antibody conjugated to
FITC (1:100; Vector Laboratories), slides were viewed under a fluorescent microscope at
200× magnification.

Statistical Analysis
All statistical tests were chosen based on standard recommendations for analyzing data from
EAE studies (Fleming et al., 2005) and performed using SAS® statistics software (SAS
Institute, Cary NC). Clinical scores were analyzed with the non-parametric Friedman test for
ordinal data. Tests for normality of the protein expression indicated that data were not
normally distributed. Thus, overall significant differences in protein expression were
analyzed using the non-parametric Kruskal-Wallis test followed by Mann-Whitney-U tests
for pair-wise comparisons. Protein expression data from control animals treated with vehicle
(CON-0) or 250 µg/kg calpeptin (CON-250) were similar and combined to analyze
statistical differences, compared with EAE groups. The null hypothesis for each analysis
was rejected at P ≤ 0.05.

RESULTS
Calpeptin Therapy Reduced Clinical Signs of EAE

The effects of calpain inhibition on clinical signs of disease were assessed in an acute EAE
model by treating control (CON) and EAE animals with intraperitoneal (ip) injections of
either vehicle (1.0% DMSO in saline) or calpeptin (50 – 250 µg/kg) twice daily during days
1 to 9 post-EAE induction (Fig. 1). The doses of calpeptin were chosen based on efficacious
effects achieved at this dose range in other neurological disorders (Ray et al., 1999). As
expected, CON animals that received either vehicle or calpeptin (250 µg/kg) therapy did not
show clinical signs of EAE. But EAE rats that did not receive calpeptin (EAE-0) showed
classic signs of EAE, including tail limpness and hind-limb paralysis, with a cumulative
clinical score of 45 (Table 1). A decrease in cumulative clinical score (P = 0.0652) was
noted in EAE animals that received 100 µg/kg of calpeptin (EAE-100); however, the
decrease did not reach a self-imposed significance level set at P ≤ 0.05. In contrast, the
cumulative clinical score was significantly decreased (P = 0.0113) in animals that received
the 250µg/kg of calpeptin (EAE-250), when compared with the EAE-0 group. The EAE rats
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that received 50µg/kg of calpeptin (EAE-50) twice daily did not differ from EAE-0 animals.
The onset of disease was not significantly different for any EAE groups. On the peak day of
disease (day 10), all animals were sacrificed for collection of spinal cord tissues for
examination of neurodegenerative changes.

Calpain activity is upregulated in splenocytes as early as day 4 post-EAE induction (Shields
et al., 1999a) and by day 9 in spinal cord, which correlates with onset of clinical signs of
disease (Schaecher et al., 2002). These previously reported experiments were designed to
show that calpain activity was inhibited throughout the development of EAE. However,
treating animals at the onset of disease is more clinically relevant for developing therapies
for MS patients. Thus, we designed current set of experiments in which EAE animals were
treated with calpeptin (250 µg/kg) on days 1 to 10 post-EAE induction (before onset) or on
days 7 to 10 (at onset) that corresponded to the period when EAE rats showed the first
clinical signs of paralysis. In order to determine if calpeptin therapy reduced EAE over the
course of disease or delayed peak disease until after day 10 (when the first set of rats were
sacrificed), all animals were monitored for clinical signs of disease until day 15 (Fig. 1).
While calpeptin therapy did not significantly alter the onset of disease symptoms, the
treatment before onset and the more clinically relevant treatment at onset significantly
reduced clinical scores of disease and therapy at onset was as effective as therapy before
onset.

Calpeptin Therapy attenuated Immune Cell Infiltration and Perivascular Cuffing in EAE
Perivascular cuffing of immune cells in the spinal cord of EAE animals is a common
inflammatory event that occurs at the onset of EAE (Shields et al., 1998). Treating EAE rats
with calpeptin before the onset of EAE is thought to block T cell activation and migration,
but whether or not treating at the onset (day 7) of disease would reduce immune cell
infiltration and perivascular cuffing is unknown. In order to address his question, a second
set of EAE animals were treated twice daily with calpeptin (250 µg/kg) before the onset of
disease (days 1 – 9) and at onset of disease (days 7 – 9), as described above; however,
animals were sacrificed at the peak of disease (day 10) for collection of spinal cord tissues
and examination of immune cell infiltration via H&E staining (Fig. 2). Tissues from EAE
animals treated with vehicle alone demonstrated marked increase in perivascular cuffing of
immune cells and increase in infiltration of these cells into the surrounding tissue. Animals
treated with calpeptin before onset and at onset, in contrast, demonstrated fewer immune
cells in the spinal cord tissue and less perivascular cuffing. These data suggest that treating
EAE animals as late as the day of onset can reduce clinical signs of disease, in part by
reducing infiltration of immune cells.

Calpeptin Therapy Attenuated Calpain:Calpastatin Ratio and Calpain Activity in EAE
The effects of calpeptin therapy on calpain:calpastatin ratio and calpain activity were
determined via Western blot analyses of spinal cord tissue from CON and EAE animals that
were treated with vehicle or calpeptin (50 – 250 µg/kg) and sacrificed on day 9 post-EAE
induction (Fig. 3). The calpain:calpastatin ratio was significantly increased in EAE-0
animals, compared with CON animals (Fig. 3A, B). In contrast, calpain:calpastatin ratios
were significantly reduced in all treatment groups, when compared with EAE-0 group. In
line with these findings, calpain activity, as measured in formation of calpain-specific 145-
kDa SBDP, was significantly increased in spinal cord from vehicle treated EAE-0 group,
compared with CON group (Fig. 3A, C). Calpeptin therapy significantly decreased calpain
activity to levels similar to those seen in CON animals in three calpeptin groups.

Guyton et al. Page 5

J Neurosci Res. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Calpeptin Therapy Attenuated Gliosis in EAE
In order to examine the effects of calpeptin therapy on gliosis during acute EAE, spinal cord
sections were stained with antibody against OX-42 (CD11b) and GFAP, which identified
microgliosis and astrogliosis, respectively (Fig. 4). Treatment of EAE animals with vehicle
alone exhibited notatble increases in microgliosis and astrogliosis, compared with CON
animals treated with either vehicle or calpeptin (250 µg/kg). In contrast, stainings for OX-42
and GFAP in spinal cord tissues from Lewis rats with acute EAE were reduced in the
EAE-100 and EAE-250 groups.

Calpeptin Therapy Attenuated MBP Degradation and Axonal Damage in EAE
In order to examine the effects of calpain inhibition on MBP degradation, we performed
Western bloting using spinal cord homogenates from EAE animals after treatment with
calpeptin (Fig. 5). Compared with CON-0 group, MBP expression was decreased in EAE-0
animals (Fig. 5A, B). While MBP degradation was not significantly altered in EAE-50
animals, the degradation was significantly decreased in the EAE-100 and EAE-250 groups,
compared with the EAE-0 group. The effect of calpain inhibition on axonal damage was
assessed in increase in de-NFP since NFP was reported to be dephosphorylated due to
axonal damage (Trapp et al., 1998). The spinal cord tissue sections after staining with
antibody that detected de-NFP (SMI-311) revealed an increase in de-NFP in EAE-0 group,
compared with CON group (Fig. 5A, C). In contrast, stainings for de-NFP in the EAE-100
and EAE-250 groups were similar to those seen in CON group.

Calpeptin Therapy Attenuated Oligodendrocyte Death and Neuron Death in EAE
In order to further characterize the effects of calpain inhibition on neurodegenerative events
during acute EAE, oligodendrocyte and neuronal death were also examined using the
antibodies against O-4 and NeuN, which identified mature oligodendrocytes and neurons,
respectively (Fig. 6). Hardly any oligodendrocytes stained TUNEL+ in spinal cord tissues
from CON animals. However, an increase in TUNEL+ cells was observed in white matter of
EAE spinal cord tissues from vehicle-treated animals, with many of these cells co-staining
for the O-4 epitope. Treatment with calpeptin at high dose attenuated oligodendrocyte death
in EAE animals. Not many TUNEL+ cells were detected in spinal cord grey matter from
CON animals (Fig. 7). However, TUNEL staining was markedly increased in both dorsal
sensory neurons (Fig. 7A) and ventral motoneurons (Fig. 7B) of EAE-0 group, as detected
by morphological features specific for these neurons. While neuronal death was not altered
in grey matter from EAE-50 rats; neuronal death was reduced in the EAE-100 and EAE-250
groups to levels seen in CON group.

Calpeptin Therapy Decreased Pro-apoptotic Proteins in Acute EAE
The effects of calpain inhibition on proteins involved in receptor-mediated (e.g., caspase-8,
tBid) pathway (Supp. Info. Fig. 1) and mitochondrial-mediated (e.g., increased Bax:Bcl-2
ratio) pathway (Supp. Info. Fig. 2) of apoptosis were examined in spinal cord tissues from
EAE animals via Western blotting. Caspase-8 activity was significantly increased in spinal
cord tissue from EAE-0 animals, compared with CON animals (Supp. Info. Fig. 1A, B). In
contrast, calpain inhibition significantly reduced caspase-8 activity after treatment with 100
or 250 µg/kg of calpeptin. The production of the truncated Bid (tBid) by caspase-8 activity
was increased in EAE-0 group, compared with CON group (Supp. Info. Fig. 1A, C). Also,
Bax:Bcl-2 ratio was increased in the EAE-0 group (Supp. Info. Fig. 2A, B). Calpeptin at all
three doses significantly decreased the tBid production and the Bax:Bcl-2 ratio to the levels
seen in CON animals.
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The effects of calpain inhibition on activation and activity of caspase-3, the final executioner
of apoptosis, were also assessed via Western blotting (Fig. 8). The expression of 12-kDa
caspase-3 fragment, an indicator of caspase-3 activation, was significantly decreased
following treatment with 100 or 250 µg/kg of calpeptin (Fig. 8A, B). Capase-3 activity, as
assessed in the production of 120-kDa SBDP, was significantly increased in spinal cord
tissues from EAE-0 animals, compared with CON animals (Fig. 8A, C). Calpeptin at all
three doses significantly attenuated the production of 120-kDa SBDP in EAE animals to the
levels seen in CON animals.

DISCUSSION
The current study demonstrated that multiple damaging events were reduced in EAE
animals after treatment with the calpain inhibitor calpeptin. Inflammatory events including
immune cell infiltration, perivascular cuffing, and microgliosis were reduced.
Neurodegenerative events such as astrogliosis, MBP degradation, axonal damage, and
neuronal, and oligodendrocyte death were also reduced by calpeptin. Further,
calpain:calpastatin ratio, calpain activity, and apoptotic events were decreased in EAE
animals following calpain inhibition, indicating that the loss of oligodendrocytes and
neurons occurred through multiple cell death pathways linked to calpain activity. Another
significant finding of the current study was that treating therapeutically at the onset of EAE
induction was as effective at reducing disease severity as treating prophylatically, beginning
on day 1 post-EAE induction, at least partially by reducing the number of immune cells
infiltration into the spinal cord through leaky vessels. Current MS therapies are
immunomodulary and must be given prophylactically to reduce relapse rates primarily by
altering activity of autorective T cells. However, reducing neurodegeneration after the onset
of a clinical episode is a major goal in developing novel MS therapies. These findings are
particularly important because they demonstrate that calpain inhibitor can reduce disability
at the onset of EAE.

Targeting calpain as a novel therapy offers great potential in reducing disease severity;
however, current calpain inhibitors are limited in that many are peptide-based, which means
bioavailability is short and calpain inhibitors tend to be insoluble in aqueous solutions.
Calpain inhibitors can also weakly inhibit other proteases, including cathepsins. Calpeptin, a
reversible, cell permeable, peptide aldehyde inhibitor of calpain (Tsujinaka et al., 1988).
Calpeptin dose range was chosen in the present investigation based on our previous report
demonstrating that it entered into the CNS to prevent neurodegeneration (Ray et al., 1999).
Calpastatin is the endogenous inhibitor of calpain and upon Ca2+ influx and calpain
activation, calpastatin is degraded by calpain (Blomgren et al., 1999); thus an increase in
calpain:calpastatin ratio may suggest an increase in calpain activity. The exact mechanism
by which calpain expression is increased in CNS disorders is unknown; however, studies
demonstrate that calpain mRNA level is not altered indicating a plausible mechanism
involving post-ranscriptional regulation (Shields and Banik, 1998). In order to verify that
calpeptin inhibited calpain activity in spinal cord tissues from EAE animals, calpain activity
was measured indirectly in the production of the calpain-specific 145-kDa SBDP. Calpeptin
reduced the production of the 145-kDa SBDP in EAE animals to the levels similar to those
seen in CON animals.

In the CNS disorders, microglia and astrocytes become reactive that can be protective or
detrimental depending on the local environment (Carson and Sutcliffe, 1999). Previous
studies reported that microgliosis and astrogliosis were increased in EAE (Guyton et al.,
2005), along with increase in calpain expression. In the current study, we found that
calpeptin reduced microgliosis and astrogliosis in spinal cord tissues from acute EAE
animals. Further support for a role for calpain in activation of glial cells in the CNS
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following an insult has been documented in animal models of SCI in which decreases in
microgliosis and astrogliosis correlated with diminished calpain expression following
therapies with compounds known to inhibit calpain activity, either directly with calpain
inhibitors (Ray et al., 2001; Hung et al., 2005) or indirectly with immunomodulatory
therapies (Chvatal et al., 2008; Samantaray et al., 2008). However, other reports suggested
that microglial activation was not reduced even though both calpain and caspase-3 activities
were diminished in a neonatal brain ischemia model (Dingman et al., 2006). These
discrepancies whether due to the type of CNS injury, therapy used, or the age of the animal
remain unclear, but protease activity may not be as important for microglial activity in
neonates following an insult (Derugin et al., 2000). Whether or not calpeptin inhibited
microgliosis and/or astrogliosis directly or indirectly in these studies is unknown. Calpeptin
is known to block T cell activation (Schaecher et al., 2001a) and migration of immune cells
(Butler et al., 2009), which may indirectly reduce the exposure of glial cells to cytokines or
other mediators in the CNS. However, in vitro studies demonstrating Ca2+ influx in
activated microglia and astrocytes suggest that calpain activation may be increased during
activation of glial cells (Abbracchio and Verderio, 2006; Farber and Kettenmann, 2006).
Thus, calpeptin could potentially inhibit glial cell reactivity by directly blocking calpain in
these cells.

Axonal damage is a key determinant in neurological disability in MS patients (Trapp et al.,
1998; Bjartmar et al. 2000). Calpain is known to degrade myelin and other cytoskeletal
proteins, including NFP (Schaecher et al., 2001b). Studies in post-mortem tissue from MS
patients have indicated that calpain could be co-localized with damaged axons (Diaz-
Sanchez et al., 2006) and that the Ca2+-buffering protein parvalbumin was downregulated in
lesion areas (Clements et al., 2008), further supporting a significant role for calpain in
axonal degeneration. In vitro studies have indicated that proteases secreted from the
activated PBMCs cleave myelin into antigenic fragments and degradation was partially
blocked by the endogenous calpain-specific inhibitor calpastatin (Deshpande et al., 1995).
Subsequent studies where purified MBP was incubated with purified calpain confirmed that
calpain cleaved MBP and this degradation was inhibited by calpeptin (Banik et al., 1997).
Thus, therapies that reduce calpain activity may attenuate the destruction of myelin directly
by reducing cleavage of axonal proteins and MBP.

Loss of oligodendrocytes has been well-documented in MS (Dhib-Jalbut, 2007) and EAE
(Schaecher et al., 2001b) and is thought to contribute to disability. Oligodendrocyte loss was
reduced following calpeptin therapy, indicating that calpain activity correlated well with
oligodendrocyte death. This correlation is supported by previous research that showed that
the lifespan of oligodendrocytes was much shorter in female rodents and expression and
activity of μ-calpain was greater, compared with male rodents (Cerghet et al., 2006).
Interestingly, only the highest dose of calpeptin reduced oligodendrocyte death in this study,
even though all other neurodegenerative events were prevented with calpeptin at lower
doses. These discrepancies may be due to differential expression of calpain in each cell type
or other factors (such as cytokines, other proteases, and reactive oxygen species) that
regulate apoptosis and damage oligodendrocytes to a larger extent than neurons.

Previously, we demonstrated for the first time that calpain expression was increased in
spinal cord neurons in EAE animals (Guyton et al., 2005). Calpain inhibition can protect
many neuronal cell types in vitro (Das et al., 2005; Ray et al., 2006). In the current study,
calpeptin therapy reduced the loss of both sensory and motoneurons in spinal cord in EAE
animals. These findings are important since patients with MS suffer from both sensory and
motor deficits and therapies that protect multiple neuronal cell types can be advantageous in
treating heterogeneous neurological diseases such as MS (Tekok-Kilic et al., 2006).
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Since calpain is known to alter the activation of many proteins involved in regulation of
apoptotic events, blocking calpain may reduce cell death. Calpain inhibitor reduced cell
death by attenuating the expression and/or activity of multiple proteins involved in
apoptosis. However, the reduction in cell death in spinal cord of EAE animals following
calpain inhibition may also be partially due to prevention of necrosis since calpain is known
to cause necrosis by day 11 post-EAE induction, as DNA fragmentation changes from an
apoptotic profile to one of necrosis (Das et al., 2008). Caspase-8 is a death receptor-
mediated initiator that is upstream of calpain in certain apoptotic pathways (Frisch, 2008).
While very little has been documented on the role of caspase-8 in death following EAE
induction, we have recently shown that caspase-8 activity is upregulated in spinal cord of
EAE rats (Das et al., 2008). Caspase-8 cleaves Bid to tBid, which translocates to the
mitochondria for involvment in mitochondrial pathway of apoptosis by activating the pro-
apoptotic protein Bax that binds to the anti-apoptotic protein Bcl-2 under physiological
conditions (Cao et al., 2003). In line with the complexity of apoptotic pathways, calpain can
also directly activate Bax by cleaving Bcl-2 (Wood et al., 1998). In the present study,
Bax:Bcl-2 ratio was reduced in spinal cord of EAE animals following calpeptin therapy.
These findings suggest that the increases in tBid production and Bax:Bcl-2 ratios are at least
partially due to calpain activity and thus, calpain inhibition can attenuate mitochondrial
pathway of apoptosis to protect neurons and oligodendrocytes.

Activity of caspase-3, the final executioner of apoptosis, is also increased in EAE (Das et al.,
2008). In the current study, activity of caspase-3 was significantly decreased following
calpeptin therapy. Caspase-3 and calpastatin are substrates of calpain; however, calpastatin
is a suicide substrate that is degraded by calpain (Blomgren et al., 1999) while caspase-3 is
activated by calapin (McGinnis et al., 1999). Caspase-3 can also cleave calpastatin into
inactive fragments (Wang et al., 1998), which may also contribute to the reduction in
calpain:calpastatin ratio in EAE animals that did not receive calpeptin therapy. Even the
lowest doses of calpeptin reduced calpain:calpastatin ratio and calpain activity, but higher
doses were required to reduce other damaging events in EAE. Thus, other culprits could also
be involved in the pathogenesis of EAE.

A major concern of blocking pro-apoptotic signaling proteins involved in neuronal and
oligodendrocyte cell death is that the same proteins may also be blocked in autoreactive T
cells. In fact, calpeptin has previously been shown to block apoptosis in the Jurkat T cell line
(Diaz and Bourguignon, 2000). However, this cell line was derived from a lymphoma
patient, and calpain activity may preferentially induce apoptosis signaling pathways in
cancer cells, compared with normal immune cells. A recent report from our laboratory
indicated that treating MBP-specific T cells with calpain inhibitor before adoptive transfer
of EAE into naïve mice resulted in a significant decrease in clinical signs of disease;
however, this decrease was not due to death of these T cells since viability of T cells
incubated with calpain inhibitor were similar to viability of T cells that were incubated with
vehicle alone before adoptive transfer (Guyton et al., 2009). In line with these findings,
studies involving LL-37, a compound known to induce chemotaxis of CD4 T cells and other
immune cells, also induced apoptosis in Jurkat T cells (Mader et al., 2009).

In conclusion, the present study demonstrates that calpain is a promising target for treating
the inflammatory and neurodegenerative events associated with disability in EAE and MS.
In the current investigation, EAE rats were daily treated with the calpain inhibitor calpeptin,
which would target the inflammatory arm of EAE by reducing calpain activity in immune
cells in the periphery to potentially block T cell activity and immune cell migration and/or
by preventing neurodegeneration in the spinal cord when clinical signs of paralysis first
appear. Whether or not calpeptin reduced gliosis, axonal damage, myelin degradation, and
cell death directly in the CNS or indirectly by inhibiting immune cells before they can enter
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the spinal cord and induce damage is unknown. Studies to address these issues, either by
blocking calpain in encephalogenic T cells before adoptive transfer or by treating EAE
animals after onset of clinical signs of disease (indicating neurodegeneration), will help
dissect which attenuating events following calpain inhibition are direct or indirect.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Calpeptin reduced clinical symptoms of disease in acute EAE animals. Lewis rats with acute
EAE were ip injected twice-daily with calpeptin (250 µg/kg) or vehicle on days 1 to 9
(before onset, red arrow) or on days 7 to 9 post-EAE induction (at onset, green arrow) and
monitored for clinical signs of disease until day 15 (n = 8 to 12 rats per group). Clinical
scores for EAE-vehicle group significantly increased (P ≤ 0.05) over EAE-calpeptin-before
onset and calpeptin-at onset. There was no significant difference between calpeptin treated
groups.
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Fig. 2.
Calpeptin attenuated perivascular cuffing and immune cell infiltration in acute EAE. Lewis
rats with acute EAE were treated twice-daily ip with calpeptin (sacrificed on day 10 for
evaluation of histopathology via H&E staining). Arrows indicate perivascular cuffing and
arrowheads indicate immune cell infiltration into the spinal cord (n = 3 for CON group and n
= 8 per EAE group).
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Fig. 3.
Calpeptin attenuated calpain expression and activity in acute EAE. Expression of calpain
and calpastatin and activity of calpain were examined in tissues via Western blotting. (A)
Representative blots showed calpain and calpastatin expression. Calpain activity was
assessed using antibody against spectrin, which recognized the calpain-cleaved 145-kDa
SBDP. (B) The mean calpain:calpastatin ratio compared with CON and (C) calpain activity
as % change compared with CON-0 set at 100%. Results were presented as box-plot of
inter-quartile data with the white line denoting the median expression. Diamonds
represented mean protein expression (n = 4–5 per group, * P ≤ 0.05 compared with CON,
and † P ≤ 0.05 for EAE-0 versus EAE-calpeptin).
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Fig. 4.
Calpeptin attenuated inflammatory events in acute EAE. Representative images of the spinal
cord tissue collected from CON and acute EAE Lewis rats that were treated with vehicle or
calpeptin (50 – 250 µg/kg) and stained for evaluation of microgliosis and astrogliosis using
the antibodies against OX-42 and GFAP, respectively (n = 4 to 5), at magnification 200×.
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Fig. 5.
Calpeptin attenuated MBP degradation and axonal degeneration in acute EAE. (A)
Representative blots and (B) average scanning densitometry presented as a % change in
MBP compared with CON-0 set at 100%. Results were presented as box-plot of inter-
quartile data with the white line denoting the median expression. Diamonds represented
mean protein expression (n = 4 to 5 per group, * P ≤ 0.05 compared with CON, and † P ≤
0.05 for EAE-0 versus EAE-calpeptin). (C) Representative images of axonal damage that
was assessed by staining with SMI-311 antibody to detect de-NFP in the spinal cord tissues
from CON and acute EAE Lewis rats after vehicle or calpeptin (50 – 250 µg/kg) therapy (n
= 2 for CON groups, n = 4 to 5 for EAE groups, and magnification 200×).
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Fig. 6.
Calpeptin attenuated oligodendrocyte death in acute EAE. Representative images of
oligodendrocyte death that was assessed in the spinal cord tissues from CON and EAE
Lewis rats after vehicle or calpeptin (50 – 250 µg/kg) therapy (n = 2 for CON groups, n = 4
to 5 for EAE groups, and magnification 200×). Staining with O-4 antibody (green) detected
mature oligodendrocytes and TUNEL assay (red) detected nicked DNA. Arrows indicated
co-staining.
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Fig. 7.
Calpeptin attenuated neuronal death in acute EAE. Death of neurons was assessed by
staining with NeuN antibody (green) and TUNEL assay (red) in (A) vental horn and (B)
dorsal horn of the spinal cord tissues from CON and acute EAE Lewis rats after vehicle or
(50 – 250 µg/kg) therapy (n = 2 for CON groups, n = 4 to 5 for EAE groups, and
magnification 200×). Arrows indicated co-staining.
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Fig. 8.
Calpeptin decreased caspase-3 activation and activity in EAE. (A) Representative blot and
(B) average scanning densitometry values of (B) 12-kDa active caspase-3 and (C) caspase-3
activity as determined in the formation of caspase-3-cleaved 120-kDa SBDP. Results were
presented as box-plot of inter-quartile data with the white line denoting the median
expression. Diamonds represented mean protein expression (n = 4 to 5 per group, * P ≤ 0.05
compared with CON, and † P ≤ 0.05 for EAE-0 versus EAE-calpeptin).
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Table 1

Clinical parameters of disease

Group CS 3–5a Onsetb Cumulative CSc

CON 0/10 na 0

EAE-0 8/14 (57%) 8.13 ± 0.64 45

EAE-50 6/12 (50%) 7.67 ± 0.82 47

EAE-100 6/14 (43%) 8.56 ± 0.53 32

EAE-250 4/14 (29%) 7.57 ± 0.53 33d

a
Incidence of animals with a clinical score (CS) of 3 to 5/total number of animals per group.

b
Day of onset presented as mean ± standard deviation (SD).

c
Cumulative CS for all animals within each group from days 1 to 9.

d
P ≤ 0.05, EAE-0 versus EAE-250.
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