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ABSTRACT In demyelinating diseases such as multiple
sclerosis (MS), myelin membrane structure is destabilized as
myelin proteins are lost. Calcium-activated neutral proteinase
(calpain) is believed to participate in myelin protein degra-
dation because known calpain substrates [myelin basic pro-
tein (MBP); myelin-associated glycoprotein] are degraded in
this disease. In exploring the role of calpain in demyelinating
diseases, we examined calpain expression in Lewis rats with
acute experimental allergic encephalomyelitis (EAE), an an-
imal model for MS. Using double-immunofluorescence label-
ing to identify cells expressing calpain, we labeled rat spinal
cord sections for calpain with a polyclonal millicalpain anti-
body and with mAbs for glial (GFAP, OX42, GalC) and
inflammatory (CD2, ED2, interferon vy) cell-specific markers.
Calpain expression was increased in activated microglia
(0OX42) and infiltrating macrophages (ED2) compared with
controls. Oligodendrocytes (galactocerebroside) and astro-
cytes (GFAP) had constitutive calpain expression in normal
spinal cords whereas reactive astrocytes in spinal cords from
animals with EAE exhibited markedly increased calpain levels
compared with astrocytes in adjuvant controls. Oligodendro-
cytes in spinal cords from rats with EAE expressed increased
calpain levels in some areas, but overall the increases in
calpain expression were small. Most T cells in grade 4 EAE
expressed low levels of calpain, but interferon y-positive cells
demonstrated markedly increased calpain expression. These
findings suggest that increased levels of calpain in activated
glial and inflammatory cells in EAE may contribute to myelin
destruction in demyelinating diseases such as MS.

Multiple sclerosis (MS), a chronic inflammatory disease of the
central nervous system (CNS), frequently causes human CNS
demyelination. Although the etiology of MS is not completely
understood, studies of human patients and animal models
suggest CNS demyelination is a result of a T cell-mediated
autoimmune response (1). The oligodendrocyte and/or myelin
sheath are damaged while most axons remain morphologically
intact (2). The resulting impairment of saltatory nerve con-
duction is responsible for symptoms (limb paralysis, loss of
coordination, visual impairment, etc.) observed in patients
with MS (3, 4).

The degradation of myelin proteins in MS has directed
attention to proteinases believed to play a role in autoimmune
demyelinating diseases. One of the most abundant neutral
proteases in the CNS is calcium-activated neutral proteinase
(calpain). This ubiquitous endopeptidase exists as proenzyme
micro- and millicalpain isoforms (distinguished by uM and
mM calcium activation requirements, respectively) when as-
sociated with a specific endogenous inhibitor, calpastatin. In
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the presence of increased calcium levels, calpain becomes
activated via autoproteolytic cleavage of N-terminal peptides
(5). Cytoskeletal and myelin proteins including myelin basic
protein (MBP), myelin-associated glycoprotein, and neurofila-
ment proteins are calpain substrates (6, 7).

Because these proteins are degraded in experimental aller-
gic encephalomyelitis (EAE), investigators have attempted to
determine whether glial and inflammatory cells express
and/or secrete neutral proteinases such as calpain. In vitro
studies have shown secretion of neutral proteinases by micro-
glia, up-regulation and secretion of calpain in activated T cells,
and increased expression of calpain and other proteases in
reactive astrocytes (8-12).

In this study, calpain expression was examined in spinal
cords of Lewis rats with EAE, an animal model for MS
(13-15). Immunoperoxidase and double-immunofluorescence
staining were used to determine which cells were responsible
for calpain expression in acute EAE. Compared with normal
controls, we found increased calpain expression in reactive
astrocytes, activated T cells, activated microglia, and activated
macrophages in the spinal cords of rats with EAE. A prelim-
inary report of this work has been presented previously (16).

MATERIALS AND METHODS

EAE Induction and Tissue Preparation. Male Lewis rats (6
weeks) were purchased from Charles River Breeding Labora-
tories and provided water and food pellets ad libitum. We
immunized the animals subcutaneously with purified guinea
pig MBP (25 pg/rat) in PBS emulsified with an equal volume
of complete Freund’s adjuvant (CFA) containing Mycobacte-
rium tuberculosis H37Ra (Difco). Controls were injected with
PBS/CFA only. We monitored and weighed the animals daily
after inoculation until the tail and hind limbs showed paralysis
9-12 days postinoculation. Spinal cords were collected after
the rats were anesthetized, sacrificed, and perfused intracar-
dially with 100 ml PBS. The spinal cords were frozen in
Tissue-Tek O.C.T. Compound (Miles), and 5-um cross-
sections were cut by using a Reichert-Jung cryostat. We
stained the sections with hematoxylin and eosin as described
by Kiernan (17).

Antibodies. The polyclonal millicalpain antibody (1:200
dilution) was raised in rabbits and characterized (18, 19). mAbs
were used as described below: ED2, specific for a macrophage
membrane glycoprotein at 1:200; OX42, for complement
receptor type 3 (20, 21) on mononuclear phagocytes (including
microglia) at 1:150 dilution; glial fibrillary acidic protein
(GFAP) MIG-G2 clone, for astrocytic intermediate filament
protein at 1:100 and interferon y (IFN-vy) at 1:200 were

Abbreviations: EAE, experimental allergic encephalomyelitis; MBP,
myelin basic protein; GFAP, glial fibrillary acidic protein; GalC,

galactocerebroside; MS, multiple sclerosis; CNS, central nervous
system; IFN-v, interferon y; H&E, hematoxylin and eosin.
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purchased from BioSource International (Camarillo, CA).
Monoclonal CD2, T cell marker at 1:200 (PharMingen);
monoclonal galactocerebroside (GalC) antibody, oligodendro-
cyte marker at 1:10 (Boehringer Mannheim) as well as an
aliquot donated by Narayan Bhat (Medical University of South
Carolina); affinity-purified goat anti-rabbit IgG secondary
antibody at 1:100 (Jackson Laboratories); and fluorescent
secondary anti-mouse and anti-rabbit antibodies at 1:75 (Vec-
tor Laboratories) were also used.

Immunoperoxidase Staining. Spinal cord sections were
incubated in blocking solution (2% normal goat serum with
5% nonfat dry milk in PBS) for 20 min, calpain antibody for
45 min, methanol peroxide solution (0.01% H»0,) for 30 min,
goat anti-rabbit IgG for 30 min, avidin-biotin solution (Vec-
tastain ABC kit, Vector Laboratories) for 30 min, and 3-3’
diaminobenzidine tetrahydrochloride solution (Sigma Fast
DAB tablets, Sigma) for 20 min, and were mounted after
dehydration (22).

Fluorescent Antibody Labeling. Spinal cord sections were
blocked for 30 min with 2% horse and goat serum in PBS,
incubated for 1 hr with the polyclonal calpain antibody and
cell-specific mADb, and incubated with anti-rabbit FITC and
anti-mouse Texas red conjugated secondary antibodies for 30
min. Spinal cord sections were rinsed in PBS and distilled water,
mounted with a glycerol solution (pH 8.0) containing 10%
p-phenylenediamine (Sigma) in PBS, and examined under a
fluorescent microscope (Olympus) with camera attachment (22).

RESULTS

Glial cells were observed in the white matter of normal rat
spinal cords by hematoxylin and eosin (H&E) staining at X200
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magnification (Fig. 14). In spinal cord white matter from
animals with acute EAE, perivascular cuffing and inflamma-
tory cell infiltrates were widely distributed (Fig. 1B). Using
immunoperoxidase staining, calpain-positive cells were ob-
served throughout spinal cord sections from normal control
rats (Fig. 1C). In acute EAE, calpain immunoreactivity was
markedly increased in cell bodies and processes (Fig. 1D).
Greater numbers of calpain-positive cells were observed in
spinal cords from animals with EAE—often in clusters as
noted with H&E staining.

To identify calpain-positive cell types, we employed dou-
ble-immunofluorescence staining. Calpain expression in res-
ident glial cells was examined by double-labeling spinal cord
sections with a polyclonal calpain antibody (fluorescein
isothiocyanate secondary-green) and mAbs for cell-specific
markers (Texas red secondary-red). Cells positive for calpain
and the cell-specific marker appeared yellow when viewed
with a dual-pass fluorescence filter.

Astrocytes (identified by antibody specific for GFAP) in
normal rat spinal cords were observed throughout the gray
and white matter. Calpain was expressed in astrocytic cell
bodies and in proximal processes (Fig. 24). Hence, some
calpain expression seen in immunoperoxidase controls was
astrocytic. In EAE, reactive astrocytes demonstrated in-
creased GFAP expression and enlarged astrocytic processes.
Calpain expression in reactive astrocytes was markedly in-
creased in both the cell bodies and processes (Fig. 2B,
arrow). Astrocytic foot processes, which often surrounded
clusters of inflammatory cells, also were characterized by
elevated calpain expression.

FiG. 1. H&E and calpain immunoperoxidase staining of Lewis rat spinal cord (X200). (4) Normal rat spinal cord white matter with H&E stain.
(B) Spinal cords of Lewis rats with acute EAE demonstrated perivascular cuffing and increased numbers of glial and inflammatory cells with H&E
staining. (C) Immunoperoxidase staining of control spinal cords showed some calpain expression in glial cells of white matter. (D) In white matter
of spinal cords from animals with EAE, a greater number of cells demonstrated markedly increased calpain expression with immunoperoxidase

staining.
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Using a mAb specific for complement receptor type 3 found
on mononuclear phagocytes, we observed quiescent, ramified
microglia in both the gray and white matter of spinal cords of
control rats. These cells expressed little calpain (Fig. 2C). In
EAE, activated microglia were observed with larger cell bodies
and a more rounded appearance than those identified in
normal controls. Activated microglia often were seen in clus-
ters. All activated microglia showed calpain expression
whereas certain activated cells demonstrated much more in-
tense calpain immunoreactivity than others (Fig. 2D, arrow).
It was noted that activated microglia with large increases in
calpain expression often were encased by astrocytic foot
processes in inflammatory foci as described by Matsumoto et
al. (23).

With the monoclonal galactocerebroside (GalC) antibody,
oligodendrocyte cell bodies stained poorly, but myelinated
processes were visible (Fig. 2E). In spinal cords from control
rats, calpain expression was observed in the cell bodies and
processes at expression levels similar to those of control
astrocytes. In EAE, greater numbers of GalC-positive pro-
cesses were visible, sometimes exhibiting increased calpain
expression as well (Fig. 2F). Most often, however, oligoden-
drocyte calpain expression in EAE was not increased com-
pared with normal controls.

In addition to glial cells, calpain expression was also ob-
served in infiltrating inflammatory cells including T cells and
macrophages. In normal spinal cords, T cells were rarely
observed using an antibody specific for the pan-T cell marker
CD2, and those present did not express detectable levels of
calpain (Fig. 2G). In EAE, large numbers of T cells were
observed both in clusters and individually. As with microglia,
T cells expressed varying amounts of calpain, but most dem-
onstrated little calpain expression (Fig. 2H). In control spinal
cords, no cells were colocalized with a monoclonal IFN-y
antibody (Fig. 27). In contrast, activated cells in spinal cords
from rats with EAE expressed large amounts of calpain. This
calpain immunoreactivity was not confined to the cell borders
but appeared as a halo surrounding the cells (Fig. 2J, arrow).

Very few macrophages were observed in normal rat spinal
cords. These often were found in vessels or subdural spaces and
did not appear to express calpain (Fig. 2K). In acute EAE,
activated macrophages were observed in large numbers in
subdural spaces and were also present in the parenchyma.
Activated macrophages expressed calpain, and portions of
these cells showed more immunoreactivity than other areas
within the cell (Fig. 2L, arrow). Macrophages also were
observed in inflammatory foci.

Thus, qualitative immunocytochemical studies revealed in-
creased calpain expression in reactive astrocytes, activated
microglia, activated T cells, and activated macrophages in
spinal cords from rats with EAE compared with Freund’s
adjuvant controls.

DISCUSSION

Because myelin proteins are lost in demyelinating diseases,
proteolytic enzymes have been suggested to participate in
myelin degradation. Calpain, a ubiquitous, cytosolic protein-
ase active at physiological pH, also has been implicated (7, 24).
Recent studies quantifying total calpain expression in the
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spinal cords of normal controls and animals with EAE have
shown significantly increased calpain expression in rats with
EAE (25). This finding agrees with immunoperoxidase data
presented above in Fig. 1 C and D. Thus, double-
immunofluorescent labeling was employed to determine cell
phenotypes responsible for increased calpain expression in
EAE.

Calpain-positive astrocytes in spinal cords from rats with
EAE often were observed adjacent to inflammatory foci.
Reactive astrocytes encased the inflammatory foci or even
surrounded single, activated microglia, in which case both cells
expressed markedly increased levels of calpain. This finding
suggests that cell-cell interactions can modulate calpain ex-
pression during an immune-mediated inflammatory response.
In normal spinal cords, astrocytes were responsible for a
majority of the calpain expression. Calpain expressed in nor-
mal astrocytes may be involved in cytoskeletal remodeling of
astrocytic processes because spectrin and other cytoskeletal
proteins are known calpain substrates. However, increased
calpain expression in reactive astrocytes in EAE also may play
a role in tissue destruction if the calpain—calpastatin ratio is
too large to allow calpastatin regulation of calpain activation.

Activated mononuclear phagocytes (including microglia) in
EAE expressed significantly more calpain than quiescent
microglia in controls. If calpain is secreted by activated mi-
croglia before or during symptomatic EAE, the extracellular
calcium concentration would be sufficient to activate this
proteinase at physiological pH. Because myelin proteins (in-
cluding MBP) are calpain substrates used for EAE induction,
we hypothesize that extracellular calpain may degrade myelin
proteins to produce immunogenic fragments engulfed by
antigen-presenting cells for major histocompatibility complex
class II antigen presentation (26-28). A small percentage of
activated mononuclear phagocytes, often observed in clusters
in or adjacent to inflammatory foci, demonstrated large in-
creases in calpain expression. Activated calpain from these
cells may participate in myelin protein degradation for antigen
presentation (possibly contributing to epitope spreading) be-
cause macrophages and T cells also are present in inflamma-
tory foci.

Because calpain present in oligodendrocytes is capable of
degrading myelin proteins when activated, calpain-mediated
intracellular myelinolysis may follow if cellular calcium levels
are increased within the myelin sheath (29). If oligodendrocyte
cell membranes are compromised during demyelinating dis-
eases, extracellular calcium is free to enter the cell. At this
point, calpain present in oligodendrocytes may be activated
and capable of degrading myelin intracellularly. Previous
studies have suggested that oligodendrocytes are susceptible to
complement cascade progression when the blood—brain bar-
rier is compromised to allow plasma into the CNS (30). If the
complement membrane attack complex imparts sufficient
structural damage to the myelin membrane, increased calcium
levels may be sufficient to activate this neutral proteinase
because the intracellular pH would still be in the physiological
range. In vitro studies have demonstrated vesicular disruption
of the myelin sheath, as seen in demyelinating diseases, when
rat sciatic nerves are exposed to calcium ionophores at phys-
iological pH (31). Activated calpain also participates in pro-
grammed cell death in certain cell types, but reports of

FiG. 2. Double-immunofluorescent staining of Lewis rat spinal cord for calpain (green) and cell-specific markers (red) (xX200). (4) Calpain
and GFAP (astrocytes) were colocalized (yellow) in normal spinal cord white matter. (B) Markedly increased calpain expression in reactive
astrocytes of EAE (arrow). (C) Microglia (red) in normal spinal cord white matter. (D) Spinal cords from animals with EAE showed markedly
increased calpain expression in reactive microglia (arrow). (E') Normal spinal cords stained for calpain and galactocerebroside (oligodendrocytes).
(F) Oligodendrocytes in EAE showed a small increase in calpain immunofluorescence. (G) Calpain and CD2 (T cells) antibodies in controls often
detected no T cells. (H) Spinal cords from EAE animals contained many T cells with limited calpain expression. (/) Normal spinal cords labeled
with calpain and IFN-vy antibodies. (/) In EAE, calpain and IFN-y expression were colocalized as both proteins appear inside and outside the
activated T cells (arrow). (K) Macrophage (red) in normal spinal cord white matter. (L) Spinal cords of rats with EAE showed calpain expression

in an activated macrophage (arrow).
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oligodendrocyte death via apoptosis in demyelinating diseases
are conflicting (32-35).

In addition to resident glial cells, inflammatory cells includ-
ing activated T cells demonstrated increased calpain expres-
sion in spinal cords from animals with EAE compared with
normal controls. Deshpande et al. (9, 10) found activated T
cells show dramatically increased calpain expression compared
with unstimulated T cells in vitro. Activated T cells also secrete
calpain, which can degrade myelin proteins in vitro (10). Using
fluorescent double-labeling techniques with both anti-CD2
and IFN-vy antibodies, we found little calpain expression in
CD2-positive cells, but markedly increased calpain immuno-
reactivity in cells expressing IFN-vy, which is produced by
activated T cells. In fact, the calpain and IFN-vy labeling
appeared to obscure the cell borders. These observations
suggest that activated T cells may secrete calpain in vivo,
confirming previous studies demonstrating cellular release of
calpain in the presence of stimulatory factors (10, 36, 37).
Activated T cells therefore may secrete calpain in EAE.

In addition to T cells, macrophages were observed in rat
spinal cords. The small number of macrophages found in
control spinal cords did not have significant calpain expression,
although activated macrophages in EAE did show increased
calpain expression. Activated macrophages were observed in
inflammatory foci, but calpain expression was not uniform
throughout these cells. Calpain also may be secreted by
activated macrophages as are other proteases (38, 39). How-
ever, intracellular calpain in activated macrophages, such as
lipid-laden macrophages observed in MS plaques, may partic-
ipate in the degradation of myelin engulfed via phagocytosis
(40).

Because calpain expression is increased in activated glial and
infiltrating inflammatory cells in EAE, this proteinase may
participate in myelinolysis. Myelin proteins are known calpain
substrates, so once released, calpain may play a role in
converting MBP and other myelin proteins into immunogenic
peptides. Future studies using calpain-specific inhibitors may
elucidate the involvement of calpain in myelin degeneration
and/or antigenic peptide production in demyelinating dis-
eases.
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