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Plasminogen activators (PAs) and matrix metallopro-
teinases (MMPs) are considered to play an important
role in the pathogenesis of multiple sclerosis. Exper-
imental autoimmune encephalomyelitis (EAE) is
widely used as an animal model of multiple sclerosis.
Whereas several studies have addressed the expres-
sion of various MMPs and their inhibitors in the
pathogenesis of EAE, the expression of the molecules
of the PA system during EAE has not been reported
previously. The present study was undertaken to in-
vestigate the expression of the molecules of the PA
system (tPA, uPA, PAI-1, uPAR, LRP), as well as sev-
eral members of the MMP family and their inhibitors
in the course of actively induced EAE in BALB/c mice.
During clinical EAE, the PA system was up-regulated
in the central nervous system at several levels. Induc-
tion of expression of tPA and PAI-1 transcripts was
detected in activated astrocytes in the white matter.
Inflammatory cells expressed uPA receptor, uPAR. In
situ zymography demonstrated the presence of in-
creased tPA and uPA activities in the areas of the
inflammatory damage. Accumulation of fibrin, fi-
bronectin, and vitronectin immunoreactivity was
seen in perivascular matrices of symptomatic ani-
mals. In addition, transcription of MT1-MMP and met-
alloelastase (in inflammatory cells), and TIMP-1 (in
activated astrocytes) was induced during EAE. In-
creased gelatinolytic activity was detected at the sites
of inflammatory cell accumulation by in situ zymog-
raphy of fluorescently labeled gelatin; substrate gel
zymography identified the up-regulated gelatinolytic
activity as gelatinase B. Overall, our study demon-
strates concurrent induction of PA and MMP systems
during active EAE, supporting further the concept
that the neuroinflammatory damage in EAE involves
altered balance between multiple extracellular pro-
teases and their inhibitors. (Am J Pathol 2001,
159:2227-2237)

Behavior of cells depends critically on their interactions
with the surrounding microenvironment: extracellular ma-
trix (ECM), other cells, and different regulatory mole-
cules." Extracellular proteolysis represents a potent and
irreversible mechanism of modulating all these interac-
tions, and of remodeling structural components of the
tissue. Regulated extracellular proteolysis is critical for
physiological processes. Importantly, it is also involved in
a number of pathological conditions such as tumor inva-
sion, inflammation, tissue repair, and excitoxicity.>® The
two best-characterized groups of extracellular proteolytic
enzymes are the plasminogen activators/plasmin (PA)
system? and matrix metalloproteinases (MMPs).®> Pro-
teases of both families are secreted as inactive precur-
sors along with their inhibitors (PA inhibitors, PAls, and
tissue inhibitors of metalloproteinases, TIMPs), to ensure
stringent regulation of potentially deleterious proteolytic
activity. Rather than being independent entities, the PA
and MMP systems interact; plasmin has been demon-
strated to act as a physiologically relevant activator of
pro-MMPs 68

Extracellular proteolytic enzymes are implicated as
pathogenic factors in demyelinating neuroinflammatory
disorders such as multiple sclerosis (MS) and its animal
model, experimental autoimmune encephalomyelitis
(EAE). In particular, the role of MMPs in inflammatory
demyelination is well established, and it is supported by
several lines of correlative and functional evidence. In-
creased levels of MMPs have been found in the cerebro-
spinal fluid in MS and EAE, and these enzymes are
up-regulated in situ, in patterns suggestive of an active
role in inflammation and demyelination.®~'? Furthermore,
inhibition of metalloproteinases in EAE has been shown to
suppress the development of clinical EAE in a dose-
dependent way, and to restore the damaged blood-brain
barrier in the clinical phase of the disease.’®'® On the
other hand, the data on the involvement of the PA system
in the pathogenesis of EAE are more fragmentary. In early
studies, the nonspecific inhibitor of plasmin, tranexamic
acid, was shown to suppress development of EAE.'
Later, in situ up-regulation of tPA and PAI-1 in MS was
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demonstrated.’"'® Our finding of elevated tPA and PAI-1
antigen levels in the cerebrospinal fluid of MS patients'®
further supports the involvement of the PA system in
inflammatory demyelination. It is likely that the patho-
physiological process of evolution of MS involves a con-
certed action of several enzymes of different proteolytic
pathways. Mapping the spatiotemporal expression pat-
terns of multiple genes encoding ECM proteinases is
important for better understanding of the mechanisms of
pathogenesis of EAE, and may lead to novel therapeutic
strategies of selectively interfering with the action of crit-
ical proteolytic enzymes.

The present study was designed to describe the pat-
terns of expression and activity of proteinases of the
plasminogen activation and MMP pathways, as well as
their regulatory molecules (inhibitors, receptors) in the
central nervous system (CNS) during acute EAE. We
show that the plasminogen activation system is induced
during clinical EAE in critical locations of tissue damage
and neuroinflammation. The partially overlapping expres-
sion patterns of proteinases of PA and MMP families
suggest the existence of a functional cooperation be-
tween these two major systems of extracellular proteoly-
sis in the pathogenesis of EAE.

Materials and Methods

Induction of EAE

BALB/c AnNHsd (H-29) (Harlan Laboratories, IN) mice
were bred and maintained in the animal facility of Haart-
man Institute of the University of Helsinki. The protocol of
experimental manipulation of the animals was approved
by the Bioethics Committee of Southern Finland. Antigen/
adjuvant emulsion consisted of a lyophilized mouse spi-
nal cord homogenate (3 mg/ml), suspended in phos-
phate-buffered saline (PBS), pH 7.4, and emulsified at
1:1 ratio (v/v) in complete Freund’s adjuvant (Sigma, St.
Louis, MO) by sonication. EAE was induced in 6- to
10-week-old female mice by injection of the sonicated
emulsion into hind footpads, followed by pertussis toxin
(List Laboratories, Campbell, CA) administration 24 hours
later, according to the protocol developed by Maatta and
colleagues.?® The protocol leads to robust induction of
clinical EAE on days 11 to 14 after immunization. The
clinical status of the animals was monitored daily, and it
was scored as follows: 0, no neurological symptoms; 1,
tail atony; 2, slight hind limb paralysis; 3, severe hind limb
paralysis; 4, moribund; and 5, dead. EAE was induced in
four independent experiments in groups of 20 animals
(10 induced and 10 untreated). Brains and spinal cords
were collected from symptomatic animals on days 11 to
15 after immunization, as well as from untreated litter-
mates. For each animal, a part of the CNS tissue was
snap-frozen in liquid nitrogen, and the rest fixed with
freshly prepared 4% paraformaldehyde in PBS overnight
at 4°C. The fixed tissues were dehydrated, paraffin-em-
bedded, and sectioned at 6 wm. Serial sections were
mounted on Super Frost Plus microscope slides (Menzel-
Glaser, Braunschweig, Germany).

In Situ Hybridization

S85-UTP-labeled RNA probes were prepared as de-
scribed previously.?’ The following probes were used:
tPA 22 UPA,2® PAI-1,24 UPAR,?® LRP,%® MT1-MMP,?” ge-
latinase A, gelatinase B, TIMP-1, TIMP-2, TIMP-3,® and
metalloelastase.®® All probes have been used in in situ
hybridization analysis in published studies and have
been tested for specificity. The linearized plasmids con-
taining cDNA inserts were transcribed in vitro to generate
both antisense (hybridizing) and sense (control) ribo-
probes. The labeled RNAs were reduced to ~100 bases
by alkaline hydrolysis, neutralized, extracted with phenol-
chloroform, purified from unincorporated nucleotides by
filtration through Sephadex G-50 column (Roche Molec-
ular Biochemicals, Mannheim, Germany), and ethanol
precipitated. In situ hybridization was performed essen-
tially as described previously.®° After hybridization, the
slides were dipped into Kodak NTB2 emulsion (Eastman-
Kodak, Rochester, NY), exposed at 4°C for 1 to 3 weeks,
and after standard development procedures stained with
toluidine blue and mounted in DPX mountant. In some
cases, coating with the emulsion was preceded by im-
munohistochemistry with cell-type-specific antibodies.
Slides were observed and photographs taken using an
Olympus BX-50 microscope.

In Situ Zymography of Plasminogen Activators

Ten-um cryosections on microscope slides were brought
at room temperature; overlaid with a solution containing
dry milk, plasminogen, and agar; and incubated in a
humid chamber at 37°C as described previously.?? To
distinguish between the two PAs, a specific inhibitor of
uPA, amiloride,®® was included in some reaction mixtures
at a final concentration of 0.5 mmol/L. Zymography on
sections of kidneys from uPA—/— and tPA—/— animals®"
was used to titrate the amiloride concentration that was
sufficient to inhibit uPA completely while only slightly
affecting tPA activity. The caseinolytic areas were ob-
served and microphotographed with an Olympus BX-50
microscope under dark-field illumination.

In Situ Zymography of Gelatinases

For detection of gelatinase activities on cryosections we
used a novel in situ gelatinolysis assay.®* The assay is
based on the increase of fluorescence of intramolecularly
quenched fluorescein isothiocyanate-labeled DQ-gelatin
(Molecular Probes, Eugene, OR) on proteolytic cleavage.

Cryosections on Super Frost Plus microscope slides
were equilibrated to room temperature, and overlaid with
a mixture of 20 umol/L of DQ-gelatin in 0.05 mol/L Tris-
HCI, 0.15 mol/L NaCl, 5 mmol/L CaCl,, and 0.2 mmol/L
NaN,, pH 7.6). As a difference from the original protocol,
we included in the overlay mixture 1 pg/ml of 4.6-dia-
midino-2-phenylindole fluorescent nuclear stain, 0.03%
Triton X-100, and 0.5% low-melting agarose. Five mmol/L
of 1,10-phenanthroline, inhibitor of metalloproteinases,
were included in some overlay mixtures.



Immunohistochemistry

Immunohistochemistry was performed on 6-um paraffin
sections and 10-um cryosections; in the case of paraffin
sections, epitope unmasking was performed by treat-
ment of the sections with 0.05% trypsin at 37°C for 10
minutes.

The following primary antibodies were used: rabbit
anti-human fibrinogen (DAKO, Glostrup, Denmark), rab-
bit anti-human fibronectin (DAKO), goat anti-mouse vitro-
nectin (Santa Cruz Biotechnology, Santa Cruz, CA), rat
monoclonal anti-mouse Ly-6G (Caltag, Burlingame, CA),
rabbit anti-cow glial fibrillary acidic protein (GFAP,
DAKO). Lectin histochemistry with biotinylated Lycoper-
sicon esculentum lectin (Sigma, St. Louis, MO) was used
for visualization of macrophages/microglia. The second-
ary reagents used were peroxidase-conjugated anti-spe-
cies-specific antibodies from DAKO.

Zymography on Polyacrylamide Gels

Brain/spinal cord extracts were analyzed by substrate
zymography of polyacrylamide gels (adopted with mod-
ifications from Behrendtsen and colleagues®®). Tissues
were directly solubilized in nonreducing gel-loading
buffer, and equal loading of the lanes was assessed by
Coomassie Blue staining of the gel. Human fibrosarcoma
HT-1080-conditioned medium (positive control of gelati-
nolysis) was prepared by incubating the cells for 48
hours in serum-free medium. Samples were electropho-
resed on nonreducing 10% polyacrylamide-sodium do-
decyl sulfate (SDS) gels, co-polymerized with substrate
(for gelatinases 1 mg/ml of type B collagen; for PAs 2
mg/ml of nonfat dry milk and 7.5 wg/ml of human plas-
minogen). After electrophoresis, gels were washed twice
for 15 minutes in 2.5% Triton X-100, incubated in 10
mmol/L of CaCl, and 50 mmol/L of Tris, pH 7.6, for 24 to
40 hours at 37°C and stained with Coomassie Blue. The
areas of proteolytic activity appeared as clear areas in
the background of blue staining.

Semiquantitative Reverse Transcriptase-
Polymerase Chain Reaction for uPA

cDNA synthesis from total RNA of the spinal cords was
performed as described previously by Maatta and col-
leagues.®* Polymerase chain reaction amplification mix-
ture contained 3.5 mmol/L of MgCl, for uPA and 2.5
mmol/L of MgCl, for GAPDH, as well as 0.2 mmol/L of
dNTP, 1 wmol/L of each primer, 1X polymerase chain
reaction buffer (Fermentas, Vilnius, Lithuania) and 2.5
U/100 wl of Tag DNA polymerase (Fermentas). For
GAPDH, commercial primers were used (22 cycles, 30
seconds at 95°C, 30 seconds at 60°C, 30 seconds at 72°C)
(TagMan Rodent GAPDH control kit; Applied Biosystems,
Warrington, UK). uPA primers were: 5'-TTACTGCAG-
GAACCCTGACAAC-3' (forward) and 5'-GACAAACTGC-
CTTAGGCCAATC-3’ (reverse). Cycling parameters for uPA
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were: 32 cycles, 30 seconds at 95°C, 10 seconds at 62°C,
10 seconds at 72°C.

For amplification dilution series of cDNAs were used as
templates. Samples were run on agarose gels (45 min-
utes, 75V, 1X Tris-acetate EDTA running buffer (TAE)),
and images of ethidium bromide-stained gels were cap-
tured and analyzed using Gel-Doc 2000 system (Bio-
Rad, Richmond, CA). The obtained values for uPA were
adjusted relative to the GAPDH mRNA levels and ex-
pressed in arbitrary units (AU).

Data Analysis

Spinal cords and brains from 40 mice were sectioned
serially and subjected to in situ hybridization and immu-
nohistochemistry. In situ hybridization and immunostain-
ing experiments were repeated at least twice with the
same findings. Zymography [in situ and polyacrylamide
gel electrophoresis (PAGE)] was repeated three times
with similar outcomes. In situ hybridization signal was
quantified by KS400 image analyzer (Zeiss, Oberkochen,
Germany). Confidence interval (Cl) for observed values
was calculated with normality assumption.

Results

Induction of EAE in BALB/c Mice and
Histological Analysis of CNS Lesions

EAE was induced in BALB/c mice by immunization with
sonicated mouse whole spinal-cord extract as described
earlier.®® This protocol leads to highly penetrant acute
monophasic disease at days 11 to 14 after immunization,
with clinical disease appearing mainly as ascending pa-
ralysis. Histological analysis of luxol fast blue/cresyl vio-
let-stained sections of brains and spinal cords of mice
with grades 3 and 4 EAE demonstrated numerous foci of
inflammatory cell accumulation (Figure 1, A and B).
Perivascular inflammatory cell infiltrates were observed in
all levels of the spinal cord (Figure 1B), as well as in pons
and medulla (data not shown); meningeal inflammation
was present in spinal cord and to a lesser extent in
pons/medulla (data not shown). In accordance with the
clinical course of the disease, the degree of inflammation
decreased rostrally along the spinal cord, and the most
prominent inflammatory reaction was present at sacral
and lumbar levels, with some predilection for dorsal root
entry zones.

Immunostaining with Ly-6G antibody indicated the prev-
alence of granulocytes among infiltrating immune cells
(data not shown), as expected for this model.®® Inflamma-
tion was accompanied by damage of the blood-brain
barrier, as judged by the appearance of diffuse immuno-
reactivity in perivascular areas using anti-mouse g anti-
body, whereas in control CNS Ig-labeling was present
only in blood vessels/capillaries (data not shown).
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Differential Expression of the Molecules of PA
System in EAE

In Situ Hybridization

The tissue distribution of transcripts of tPA, uPA, uPAR,
PAI-1, and LRP was determined by in situ hybridization
analysis. In some cases, the cellular localization of the
transcripts was further analyzed by immunostaining the in
situ-hybridized slides with cell-type-specific reagents
(anti-GFAP for astrocytes and L. esculentum lectin for
macrophages/microglia). Serial sections of matched re-
gions of control and EAE (grades 3 and 4) CNS were
positioned adjacent on the same slide series, to ensure
identical treatment of the tissue sections, and to allow
direct comparison of the expression patterns/levels in
normal and symptomatic CNS.

In the spinal cords of untreated mice, the expression of
tPA transcripts was below the detection limit (Figure 1F),
or only weak expression was seen in scattered glial cells
in the white matter (data not shown). In the mice symp-
tomatic for EAE, tPA transcripts were prominently up-
regulated in the periphery of white matter in cells having
morphological features of hypertrophic astrocytes (Fig-
ure 1, D and E). In the cervical spinal cord, tPA expres-
sion was limited to cells adjacent to sites of inflammatory
cell accumulation (data not shown), whereas in the lum-
bar spinal cord tPA expression appeared less focalized
(Figure 1, D and E). tPA-expressing cells were unequiv-
ocally identified as astrocytes by double-labeling exper-
iments by in situ hybridization with tPA probe, followed by
immunostaining with the astrocyte-marker GFAP or lectin
histochemistry with L. esculentum lectin (for detection of
macrophages/microglia). High levels of tPA transcripts
were present mainly in GFAP-positive astrocytes (Figure
2B) but not microglia (data not shown). In addition to
spinal cord, tPA expression was also up-regulated in the
brain of the mice with clinical EAE, in particular in the
brainstem and pons (Figure 2C and data not shown).
Expression of tPA transcripts in the sections of lumbar
spinal cords was quantified by computerized image anal-
ysis (Table 1).

The expression of transcripts of the other PA, uPA,
remained below the detection limit of the in situ hybrid-
ization analysis and Northern blot hybridization (data not
shown). As a control, we tested the uPA probe on sec-
tions of day 13.5 mouse placenta after fertilization, in
which the uPA-antisense riboprobe labeled spongiotro-
phoblasts and uterine epithelial cells, as expected.?’
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Figure 2. Expression of tPA, PAI-1, and TIMP-1 genes in the pons of BALB/c
mice with acute grade 4 EAE. A: Low magnification bright-field image of
luxol fast blue/cresyl violet-stained section; dashed box indicates the region
shown at higher magnification in microphotographs (C to E). C to E: tPA,
PAI-1, and TIMP-1 are expressed by the scattered cells in transversal fibers of
the white matter of the pons, with pontine nuclei scoring negative. B:
Combined in situ hybridization analysis/glial fibrillary acidic protein immu-
nostaining, demonstrating that tPA is expressed by hypertrophic astrocytes.
Abbreviations: ft, fibrae transversae pontis; fl, fibrae longitudinales pontis;
np, nuclei pontis; ml, crus cerebri; bp, basis pontis. Scale bars: 350 wm (A);
20 pm (B), 90 um (C to E).

Semiquantitative reverse transcriptase-polymerase chain
reaction with uPA-specific primers was performed on 12
spinal cord samples to estimate possible changes in uPA
transcripts during EAE. uPA mRNA levels appeared after
normalization with GAPDH to be similar in control and
EAE spinal cords (control mean, 29.8 AU; CI, 20.8 to
38.8; EAE mean, 25.8 AU; CI, 14.8 to 36.8).

PAI-1 expression was not detectable in normal CNS by
in situ hybridization (Figure 11). During acute EAE high
levels of PAI-1 transcripts were up-regulated in hypertro-
phic astrocytes adjacent to the lesions in the periphery of
the white matter of the spinal cord (Figure 1, G and H).
PAI-1 expression was induced also in brainstem and
pons (Figure 2D and data not shown).

uPAR is a specific pleiotropic high-affinity receptor of
uPA, which focalizes plasmin generation to the cell sur-
face, and participates in cell adhesion and signal trans-
duction. uPAR transcripts were not detectable in the
CNS of control mice (Figure 1L). In spinal cords of mice

Figure 1. Expression of transcripts of tPA, PAI-1, uPAR, MT1-MMP, metalloelastase (MEL), and TIMP-1 in transversal sections of lumbar spinal cord of mouse with
grade 3 EAE (columns 1 and 2) and lumbar spinal cord of control mouse (column 3). A to C: Bright-field images of luxol fast blue/cresyl violet-stained spinal
cord sections demonstrate the presence of inflammatory cell deposits (arrowheads) at sites of immune cell accumulation in EAE (A and B) and not in
nonsymptomatic spinal cord (C). Inset in B shows a higher magnification view with infiltrating perivascular inflammatory cells. During clinical EAE, tPA is
up-regulated in scattered cells in the periphery of the white matter (D and E), whereas its expression in control spinal cord was under the same conditions below
the detection limit (F). High levels of PAI-1 transcripts were detected in glial cells adjacent to the inflammatory lesions in spinal cord of symptomatic animals (G
and H), whereas control CNS appeared negative (I). Prominent expression of transcripts of uPAR was observed in perivascular/meningeal inflammatory cells (J
and K), whereas control spinal cord was negative for the expression of uPAR (L). MT1-MMP was similarly induced in the inflammatory cells (M and N), albeit
at a lower level. Metalloelastase expression was not detectable in the control spinal cord (R); its expression was induced at EAE in a small subset of inflammatory
cells (P and Q). Widespread expression of TIMP-1 transcripts was detected throughout the white matter of EAE spinal cord (S and T), whereas control spinal cord
appeared negative for expression of TIMP-1 (U). Integrity of the RNA in the control tissue sections was demonstrated by positive hybridization signal for LRP,
TIMP-2, and TIMP-3 (data not shown). Abbreviations: gt, gracile tract; dh, dorsal horn; wm, white matter; vh, ventral horn; vf, ventral (anterior) fissure. Scale bars:
220 uwm (column 1); 45 um (columns 2 and 3).
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Table 1. Quantitative Comparison of Radioactive In Situ
Hybridization Signal tPA, PAI-1, and TIMP-1
Number of Fold induction  95% confidence
Gene  pairs analyzed (mean) interval
tPA 12 8.3 4.8-11.8
PAI-1 9 16.9 8.9-24.9
TIMP-1 11 8.9 4.8-13.1

In situ hybridized slides were viewed under epipolarized light to
highlight deposited silver grains and images were captured with CCD
camera. KS400 image analyzer (Zeiss, Germany) was used for
thresholding and calculation of total image area occupied by silver
grains. To avoid reproducibility problems due to slide-to-slide variation
(differences in emulsion thickness, hybridization conditions, etc.) pairs
of series of sections of control and EAE sections of spinal cords treated
on the same slides were compared. White matter was analyzed in the
area adjacent to the ventral white column. For each EAE/control pair
eight X 20 fields (four control and four EAE) were analyzed. After
background subtraction, fold increase in silver grain area was
estimated. Cl was calculated with normality assumption.

symptomatic for EAE, uPAR transcripts were presentin
the immune cells in the inflammatory lesions (Figure 1,
J and K).

LRP acts together with uPAR in clearance of uPA-
inhibitor complexes. This pleiotrophic molecule interacts
with and internalizes also other ligands, such as proteo-
lytic enzymes and apolipoprotein E-rich chylomicron

a Plg+Amiloride
% B

Control

EAE

-

remnants.>® Ubiquitous expression of LRP was present in
different subtypes of neurons throughout the control CNS
(data not shown), as described earlier.3” There were no
qualitative changes in the expression pattern of LRP dur-
ing the acute phase of EAE (data not shown).

Zymographic Analysis of PA Activity

In situ zymography was used to assay the proteolytic
activities of PAs on cryosections of spinal cord. In control
lumbar spinal cord sections, weak plasminogen-depen-
dent caseinolytic activity was present at the dorsal root
entry zone (Figure 3a, A). After the same time of incuba-
tion, prominent caseinolysis was seen over sections of
EAE spinal cord (Figure 3a, D); in addition to the dorsal
horn, PA activity was also detected in the area of the
central spinal canal. Also, patchy PA activity appeared
along the meninges. An inhibitor of uPA, amiloride,®® was
used to differentiate between the activities of uPA and
tPA. In sections of control spinal cord, amiloride had no
effect on caseinolysis (Figure 3a, B), indicating a tPA
dependence of the plasmin-generating activity. In sec-
tions of spinal cord of animals with EAE, the inclusion of
amiloride in the overlay mix seemed to reduce caseinoly-
sis (Figure 3a, E). Similarly to lumbar spinal cord sec-

no Plg

Figure 3. Zymographic analysis of PAs in lumbar spinal cords of mice with grade
3 EAE and control mice. a: In situ zymography of PAs on cryosections of normal
lumbar spinal cord (top row) and spinal cord of mice with grade 3 EAE. A:
Control spinal cord sections exhibit a weak plasminogen-dependent caseinolytic
activity in the area of dorsal root exit zone; B: the activity is not affected by
inhibition of uPA. D: After the same time of incubation at 37°C, EAE spinal cord
sections show strong caseinolysis in the periphery of the white matter, in partic-
ular in the gracile tract, along meninges and in the central canal area. E: Amiloride
appears to block caseinolysis along meninges and reduce it in other locations. C
and F: Omission of plasminogen in the overlay mixture abolishes caseinolysis in
both control and EAE spinal cord. Scale bar, 280 um. b: SDS-PAGE zymography
of the PAs in lumbar spinal cord extracts of three untreated mice and three mice
with grade 3 EAE. As tPA and uPA standards, urine from uPA and tPA null mice
was used. Control spinal cords exhibited uPA, tPA, and plasmin activities. Case-
inolytic activities corresponding to low molecular weight uPA (Imw uPA), plas-
min and PA-inhibitors complexes (migrating between tPA and plasmin activity)
appear elevated at EAE.



tions, elevated PA activity was seen also on cryosections
of cervical spinal cord of affected animals as compared
to control mice (data not shown).

Zymography on SDS-PAGE substrate gel was applied
for molecular analysis of PAs. Four major caseinolytic
bands corresponding to low-molecular weight uPA
(LMW-uPA, a 28-kd fragment of uPA derived from 46-kd
molecule by limited proteolysis), uPA, tPA, and plasmin
were detectable (Figure 3b). As controls of uPA and
tPA activities, urine of tPA and uPA null mice was used.
Plasmin was identified on the basis of its molecular weight,
and independence of the corresponding caseinolytic band
from the presence of plasminogen in the gel.

Control spinal cord extract contained tPA and uPA
activities, in addition weak plasmin activity was present.
In extracts of spinal cords of mice symptomatic for EAE,
plasmin activity was elevated, and a caseinolytic band of
apparent molecular weight of 28 kd, corresponding to
LMW-uPA, was detected. LMW-uPA In EAE extracts, el-
evated diffuse high-molecular weight bands of plasmino-
gen-dependent caseinolysis were observed. These cor-
respond likely to PA-inhibitor complexes, in which PAs
have regained enzymatic activity because of activation in
SDS sample buffer. Activities of full-length PAs appeared
similar in control and diseased spinal cords.

Modulated Expression of Matrix
Metalloproteinases and TIMPs in EAE

In Situ Hybridization

In situ hybridization was used to analyze the expres-
sion of transcripts of gelatinase A, gelatinase B, met-
alloelastase, membrane type-1 MMP (MT1-MMP), and
their inhibitors TIMP-1, TIMP-2, and TIMP-3. Widespread
expression of TIMP-2 and -3 (in neurons and choroid
plexus, respectively) was detected in control CNS as
described earlier'? (data not shown). There were no clear
changes in the expression patterns and levels of TIMP-2
and -3 during EAE as compared to control CNS.

Sections from control spinal cords and brains were
negative for the presence of MT1-MMP, gelatinases A
and B, metalloelastase, and TIMP-1 transcripts (Figure 1;
O, R, and U, and data not shown). In EAE, up-regulation
of transcripts of MT1-MMP, metalloelastase and TIMP-1
was detected in the areas of neuroinflammation and tis-
sue damage. MT1-MMP expression was detected in in-
flammatory cells in all levels of spinal cord (Figure 1, M
and N). Metalloelastase was expressed by a small subset
of inflammatory cells in the same locations (Figure 1, P
and Q). Prominent induction of TIMP-1 expression was
observed by activated hypertrophic astrocytes in the
white matter juxtaposing the inflammatory cells, both in
the spinal cord (Figure 1, Sand T, and Table 1) and brain
(Figure 2E), as observed previously.'?

Gelatinase B has been suggested to be a key factor in
the progression of inflammatory demyelination. However,
transcripts of gelatinase B were not detectable by in situ
hybridization in our model of EAE (data not shown). To
verify the negative result, gelatinase probes were tested
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on sections of murine placenta, and they labeled decid-
ual cells (gelatinase A) and giant trophoblasts (gelatinase
B), as expected.®®

Zymography of Gelatinases

Neutrophils can release presynthesized gelatinases
from secretory granules of their abundant cytoplasm, as
part of a program of tissue invasion by these cells.*°
Compared to de novo protein synthesis, the strategy of
using exocytosis of presynthesized enzyme is thought
to enable a more robust increase in extracellular pro-
teolysis.*’

A modified fluoresceinated gelatin-based assay was
used for the localization of gelatinolytic activity on tissue
sections.®? Tissue sections were overlaid with a mixture
containing DQ-gelatin and the fluorescent nuclear coun-
terstain  4.6-diamidino-2-phenylindole. Strong fluores-
cence of DQ-gelatin, indicating proteolytic cleavage, ap-
peared along the meninges, around blood vessels and in
the parenchyma of the areas of inflammatory cell invasion
in animals symptomatic for EAE (Figure 4a, A), but not in
control animals (Figure 4a, D). In situ gelatinolysis was
reduced in the presence of the metalloproteinase inhibi-
tor 1,10-phenanthroline in the overlay (Figure 4a, B).

SDS-PAGE zymography was used to analyze the pres-
ence of gelatinolytic enzymes in tissue extracts of differ-
ent levels of spinal cord and brain (Figure 4b and data
not shown). As a positive control for gelatinolysis, condi-
tioned medium of HT-1080 fibrosarcoma cells was used
(data not shown). Tissue extracts of both control and EAE
brains and spinal cords contained gelatinolytic activities
migrating at ~65 kd and 95 kd, corresponding precursor
forms of gelatinase A and B, respectively. Although ge-
latinase A was constitutively expressed in all samples,
gelatinase B was strongly up-regulated during EAE in
lumbar and cervical spinal cord, and it was elevated in
brain extract. Also, large complexes migrating at ~200
kd and corresponding to gelatinase B dimers*® were
detected in the extracts of spinal cord of animals with
clinical EAE. Gelatinolytic activity was completely
blocked by inclusion of 1,10-phenanthroline in the incu-
bation solution (data not shown) confirming that the ob-
served gelatinolysis was because of metalloproteinases.

Differential Regulation of ECM Proteins at EAE

In EAE and MS, increased blood-brain-barrier permeabil-
ity has been associated with accumulation of ECM com-
ponents around blood vessels.*> 4 Also noninflamma-
tory conditions of the CNS resulting in vascular cell injury
have been shown to lead to fibronectin deposition. The
ECM deposition is presumably brought about by extrav-
asation from the plasma. Newly deposited matrices can
act as substrate for inflammatory cell adhesion and
hence influence the extent of tissue infiltration. Extracel-
lular proteolysis represents a major mechanism regulat-
ing ECM turnover, hence we decided to study the local-
ization of fibrin(ogen), fibronectin, and vitronectin
immunoreactivities in the spinal cords of mice with acute
EAE and their naive littermates. Fibrin and fibronectin
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could be localized in paraffin-embedded tissue sections,
whereas our vitronectin antibody was suitable for cryo-
sections only. In the spinal cords of mice with clinical
EAE, fibrin along with fibronectin were deposited in the
perivascular areas and along the meninges at the sites of
inflammatory damage (Figure 5, B and D), the deposits
were particularly prominent in the dorsal aspect of the
spinal cord. In the untreated littermates, no extravascular
fibrin and fibronectin were observed, and the immunore-
activities were exclusively limited to the vasculature. Vi-
tronectin gave a similar staining pattern, with increased
immunoreactivity in perivascular matrices and along the
meninges in mice symptomatic for EAE (Figure 5F). Sim-
ilar immunostaining results were obtained in animals that
were perfused with PBS before tissue collection.

Discussion

Extracellular proteolysis is involved in many aspects of
acute and chronic inflammatory brain diseases. The role

Figure 4. Zymographic analysis of gelatinases in the lumbar spinal cord
extract of the naive mice and mice with grade 3 EAE. a: In situ zymography
of gelatinases using DQ-gelatin. A and C: Increased green fluorescence
indicating the cleavage of the DQ-gelatin is present in the areas of accumu-
lation of inflammatory cells. B: Inhibition of metalloproteinases by 1,10-
phenanthroline (PA) reduces the cleavage of the DQ-gelatin. C and E:
Nuclear staining with 4.6-diamidino-2-phenylindole of the same section
shown on A, B, and C. D: In control spinal cord sections fluorescence was
observed occasionally over blood capillaries. Scale bar, 70 wm. B: SDS-PAGE
zymography of gelatinases in the lumbar spinal cord extracts of three naive
mice and three symptomatic mice with grade 3 EAE. Note that whereas
gelatinase A is constitutively expressed, gelatinase B is up-regulated during
EAE. Upper high molecular weight complexes correspond to gelatinase
B dimers.

of MMPs in the pathogenesis of EAE has been the subject
of several studies,*®*” whereas no molecular analysis of
the PA system in EAE has been performed. Importantly,
PAs are relevant to several aspects of neurophysiology,
such as neuronal cell migration, learning, excitotoxicity,
and degradation of amyloid-B aggregates.*®~>" The con-
cept that a single proteolytic enzyme is critical for the
development of such a complex phenotype as EAE is
probably flawed, and it is likely that there exists a network
of functionally redundant proteases involved in EAE pro-
gression. For example, it was recently demonstrated us-
ing gene-inactivated mice that gelatinase B (for a long
time considered a key proteinase in the pathogenesis of
EAE) is not required for the development of EAE in adult
mice.*? In our study, we demonstrate that during acute
EAE both families of extracellular proteases are coordi-
nately induced. We show that during the clinical phase of
EAE, several proteases (tPA, MT1-MMP, metalloelastase,
gelatinase-B) and functionally related regulatory mole-
cules (UPAR, PAI-1, TIMP-1) are up-regulated, with ex-
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Figure 5. Localization of immunoreactivities of fibrin (A and B), fibronectin
(C and D), and vitronectin (E and F) in the lumbar spinal cord of control
mouse and of mouse with of grade 3 EAE. Note increased immunoreactivity
in the perivascular matrix and along the meninges for all of the four antigens
in EAE spinal cords (B, D, and F) and not in control spinal cords (A, C, and
E). In contrast, laminin immunoreactivity remained unchanged (not shown).
Scale bar, 280 um.

pression patterns coinciding with the sites of tissue dam-
age and neuroinflammation.

It has been suggested that in MS the PA/PIg/PAI-1 axis
constitutes a rate-limiting step of extracellular proteoly-
sis.*® Our data indicate that both uPA and tPA-mediated
plasminogen activation is boosted in the course of EAE.

The expression of tPA and its inhibitor PAI-1 is promi-
nently up-regulated in hypertrophic astrocytes in the
white matter in the proximity of inflammatory lesions, and
the expression patterns of the two molecules overlap
partially. The co-expression of the protease and its inhib-
itor is probably required to ensure a stringent regulation
of plasmin generation by these CNS-resident cells. On
the other hand uPA/JuPAR membrane complexes could
act as adhesion receptors and promote motility of inflam-
matory cells on newly deposited vitronectin matrix. PAI-1,
secreted by adjacent astrocytes, would act to disrupt
both processes.

What could be the physiological significance of the
increased generation of plasmin in inflammatory lesions
during EAE? Plasmin is a broad-spectrum proteinase that
is able to cleave a number of molecules of ECMs, eg,
fibrin and fibronectin.>® Deposition of fibrin has been
reported in demyelinated plaques in MS®® and EAE.®*
Our study demonstrates deposition of fibrin(ogen), fi-
bronectin, and vitronectin immunoreactivities in the areas
of perivascular inflammation during clinical EAE. These
newly deposited local matrices may drive the inflamma-
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tory response, serving as substrates for immune cell
adhesion and invasion; in addition, the matrices can
modulate the profile of secreted cytokines and growth
factors of adhering cells.®556

Catalytic activity of tPA is induced on its interaction
with fibrin, and of the two PAs, tPA is thought to function
primarily in the fibrinolytic pathway.>” tPA/plasmin-medi-
ated fibrinolysis has been demonstrated to reduce axonal
damage and demyelination after sciatic nerve injury in
mice.®® Systemic defibrination of Lewis rats by batroxo-
bin (a thrombin-like enzyme derived from the venom of
the snake Bothrops atrox) was shown to suppress EAE.*°
Our analysis demonstrates that during acute EAE tPA is
expressed by activated astrocytes in the proximity of
fibrin deposits. Collectively, this evidence suggests that
plasmin-mediated clearance of fibrin may limit the extent
of immune infiltration and neuroinflammation. However,
during excitotoxin-induced neuronal cell death tPA-me-
diated plasminogen activation was demonstrated to pro-
mote neuronal degeneration, presumably through laminin
degradation.®° It can be speculated that also during EAE,
tPA could mediate proteolysis of matrix proteins other
than fibrin. The role of tPA-mediated fibrinolysis in the
pathogenesis of EAE may be clarified by experiments
with mice genetically deficient in PAs and fibrinogen.®’

In addition to its involvement in ECM metabolism, the
PAs/plasmin system may participate in the pathogenesis
of EAE by regulating the bioavailability of different growth
factors and proinflammatory cytokines.®2¢® Transforming
growth factor (TGF)-B is known to be an important regu-
lator of self-tolerance,®* and administration of TGF-8 pro-
tects mice from EAE and collagen-induced adjuvant ar-
thritis.®® Microglia and astrocytes produce TGF-8 in a
biologically inactive form, and astrocyte-derived tPA has
been demonstrated to mediate activation of latent TGF-p,
leading to down-regulation of nitric oxide release by mi-
croglia.®® High levels of nitric oxide are toxic to neurons
and oligodendrocytes and may play a role in different
neuropathologies, including MS.®” The system seems to
be feedback-controlled; as it is known, that in astrocytes
PAI-1 is regulated by TGF-B1 and basic fibroblast growth
factor.®®

MS is a multifactorial disease, and its clinical and
pathological outcome may be reached through different
etiological pathways. For a better understanding of the
different variants of the disease and common mecha-
nisms in its pathogenesis, it is important to study the
expression of candidate pathogenic factors in various
models of EAE using different animal species, genetic
backgrounds and methods of disease induction. The
expression of MMPs has not been analyzed previously in
actively induced EAE in BALB/c mice. It seems that the
profile of expression of MMPs in our model generally
parallels that seen in other mouse EAE variants.''2 The
expression of MMPs/TIMPs in EAE in BALB/c mice seems
to follow the dichotomic pattern previously observed by
Pagenstecher and colleagues,'? with inflammatory cells
producing MMPs (MT1-MMP, metalloelastase, and gela-
tinase B), and glial induction of the endogenous inhibitor
TIMP-1. As a variation of the theme, in our model the
up-regulation of gelatinase B in inflammatory lesions
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does not correlate with transcriptional induction of the
proteinase, but it seems to involve recruitment of leuko-
cytes with preformed gelatinase stores and degranula-
tion. Our study is the first demonstration of the in situ
expression of MT1-MMP by inflammatory cells in EAE
lesions. Expression of membrane-type MMPs confers
cells with the ability to activate MMP-2, MT-MMPs also act
as ECM-remodeling agents on their own rights.®®7° Of
the MT-MMPs, MT1-MMP seems to have the widest range
of substrates, and it has been recently demonstrated to
act as a highly efficient fibrinolysin.”"

In conclusion, our analysis demonstrates the parallel
up-regulation of two key systems of extracellular proteol-
ysis—the PA system and MMPs—during actively in-
duced EAE in mice. Regulated expression of the compo-
nents of PA system warrants inhibitors/knockout-based
functional studies of the effect of inhibition of the PA
system on the progression of inflammatory demyelina-
tion. The concurrent induction of the two systems in EAE
suggests that treatments aiming at modulating the ex-
pression of both PAs and MMPs simultaneously may
prove more efficient than therapeutic strategies focusing
on a single system of extracellular proteolysis.
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