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Abstract

Fibronectin (FN), a large family of plasma and extracellular matrix
(ECM) glycoproteins, plays an important role in leukocyte migration.
In normal central nervous system (CNS), a fine and delicate mesh of
FN is virtually restricted to the basal membrane of cerebral blood
vessels and to the glial limitans externa. Experimental autoimmune
encephalomyelitis (EAE), an inflammatory CNS demyelinating dis-
ease, was induced in Lewis rats with a spinal cord homogenate. During
the preclinical phase and the onset of the disease, marked immunola-
belling was observed on the endothelial luminal surface and basal
lamina of spinal cord and brainstem microvasculature. In the paralytic
phase, a discrete labelling was evident in blood vessels of spinal cord
and brainstem associated or not with an inflammatory infiltrate.
Conversely, intense immunolabelling was present in cerebral and
cerebellar blood vessels, which were still free from inflammatory
cuffs. Shortly after clinical recovery minimal labelling was observed
in a few blood vessels. Brainstem and spinal cord returned to normal,
but numerous inflammatory foci and demyelination were still evident
near the ventricle walls, in the cerebral cortex and in the cerebellum.
Intense expression of FN in brain vessels ascending from the spinal
cord towards the encephalon preceded the appearance of inflamma-
tory cells but faded away after the establishment of the inflammatory
cuff. These results indicate an important role for FN in the pathogen-
esis of CNS inflammatory demyelinating events occurring during
EAE.
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Introduction

Experimental autoimmune encephalomy-
elitis (EAE), a T cell-mediated disease, is
considered to be the animal model (1,2) of
multiple sclerosis, a chronic inflammatory
demyelinating disease of the human central

nervous system (CNS). EAE may be induced
in genetically susceptible animals after im-
munization with CNS crude homogenate,
myelin basic protein (MBP), myelin proteo-
lipid (PLP), myelin-oligodendrocyte glyco-
protein (MOG) or passively induced with
MBP, MOG, myelin-associated glycopro-
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tein (MAG), S-100ß and glial fibrillar acidic
protein (GFAP) specific T-cells (3-5). Lewis
rats usually develop a monophasic disease
with onset about 9 to 12 days after immuni-
zation and spontaneous recovery occurs by
day 20, with animals becoming resistant to
re-induction of the disease. Edema and de-
myelination are responsible for the develop-
ment of neurological deficits which include
paresis and paralysis of the tail and hind
limbs (2).

The main histopathological features
within the CNS of affected animals are wide-
spread lesions characterized by perivenular
cuffs and slight demyelination in close prox-
imity to inflammatory areas (3). Alteration
in the permeability of the blood-brain barrier
(BBB) precedes the entrance into the CNS of
macrophages and activated T cells secreting
various cytokines (6-8). Trafficking of spe-
cific leukocyte subsets is mediated by a mul-
tistep process that in many circumstances
involves leukocyte rolling, adhesion to en-
dothelial ligands through activated integrins
and diapedesis (9). Among the earliest events
implicated in the pathology of CNS inflam-
matory demyelinating diseases is an increased
tendency for circulating leukocytes to cross
the BBB (10). Various lines of evidence
indicate an important role for extracellular
matrix (ECM) receptors and ligands in regu-
lating lymphocyte migration, function and
positioning (11,12). Indeed, antibodies
against a4ß1 integrin (13), a receptor for
both fibronectin (FN) and adhesion mole-
cule (VCAM-1), prevents development of
EAE.

The ECM of normal brain tissue (14) is
mainly composed of aggregates and poly-
mers of macromolecules, particularly prote-
oglycans, though with less abundant expres-
sion of basement membrane components
(type IV collagen, laminins and FN). The
basement membrane, besides acting as a
barrier to macromolecules and cells, also
provides a substratum for cell attachment,
spreading, differentiation, migration and ap-

optosis (15,16). Interactions of individual
ECM components with specific cell surface
molecules (integrin receptors) and proteo-
glycans initiate a cascade of signal transduc-
tion leading to varied short-term or persist-
ent cellular responses. FN is expressed in a
very specific spatial and temporal manner,
important both for neuronal migration and
outgrowth during development. FN is also
necessary for remodeling injuried brain tis-
sue (15,17-19), promoting nerve regenera-
tion and converting quiescent astrocytes to a
proliferating phenotype.

There is an important relationship be-
tween microvascular permeability, FN de-
posits along with fibrin/fibrinogen and clini-
cal course of EAE, rather than the cellular
infiltrates which persist even after clinical
recovery (14,20,21). This study aimed to
characterize subtle changes of FN expres-
sion in the CNS microenvironment that may
be influencing early events in the pathogen-
esis and resolution of inflammation in Lewis
rats developing active EAE.

Material and Methods

Animals

Lewis (LEW) rats were bred in the ani-
mal house of the Department of Cellular and
Molecular Biology (Institute of Biology,
Universidade Federal Fluminense). Female
rats aged 6-8 weeks and weighing 100-150 g
were kept in plastic cages containing pine
chips, at constant temperature (20oC) and
with a light cycle of 12:12 h. Pelleted-en-
riched diet (Nuvital, PR, Brazil) supple-
mented once a week with vitamins and acidi-
fied water were provided ad libitum.

Induction of active EAE

Adult guinea pig spinal cord (GPSC) ho-
mogenized in a grinder with 0.95% saline
was emulsified at a 1:2 ratio with incomplete
Freund�s adjuvant (IFA) (Sigma Chemical
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Co., St. Louis, MO, USA) containing 4 mg/
ml of Mycobacterium tuberculosis H37Ra
(Difco Laboratories, Detroit, MI, USA) to
prepare complete Freund�s adjuvant (CFA).
Each rat was immunized once in the hind
footpads with 100 µl of this sensitizing emul-
sion (3). Three control groups were used:
sex-age-paired normal LEW rats, LEW rats
inoculated with 100 µl saline-IFA plus M.
tuberculosis, and LEW rats inoculated with
100 µl GPSC-IFA emulsion lacking M. tu-
berculosis. Each group consisted of 6-8 ani-
mals. Each rat was weighed at the time of
sensitization and just before sacrifice at the
pre-clinical stage, 7 days post-immunization
(7 d.p.i.), onset of disease (10 d.p.i), paralytic
phase (14 d.p.i.), after clinical recovery (30
d.p.i) and after total recovery (4 months p.i).

Clinical assessment of EAE

Rats were observed daily for assessment
of neurological signs. The severity of the
disease was scored according to the follow-
ing system: 0 - no evident neurological signs;
1 - limp tail; 2 - partial paralysis of the hind
limbs, unsteady gait; 3 - moderate parapare-
sis, voluntary movements still possible; 4 -
paraplegia or tetraplegia, and 5 - moribund
state.

Processing of CNS tissues

LEW rats were killed by cardiac perfu-
sion under ether anesthesia. Animals were
perfused through the left ventricle initially
with a washing buffered saline solution con-
taining 0.1% lidocaine and then with 10%
buffered formalin. Encephalon and spinal
cord were carefully removed from the skull
and vertebral canal. Tissues were further
maintained for 5 days in formalin-buffered
fixative, pH 7.2, for histochemical analysis,
but only for 24 h for immunohistochemistry.
For anatomopathological studies, we ob-
tained four coronal sections of the encepha-
lon anterior and posterior to the optic chi-

asm, sagittal sections of the brainstem and
cerebellum, and transverse and longitudinal
sections of cervical, thoracic and lumbosac-
rococcygeal spinal cord segments. This ma-
terial was then embedded in paraffin.

Histological staining

Five-µm sections of wax-embedded brain
tissue and spinal cord fragments were stained
with hematoxylin-eosin (HE) and 8-µm sec-
tions with luxol fast blue to assess demyeli-
nation.

Immunolabelling

Five-µm thick paraffin sections settled
on silane (Sigma) pre-coated slides were
dewaxed and rehydrated. Endogenous per-
oxidase activity was inhibited by incubation
in three sequential baths of 20 min each with
3% hydrogen peroxide in methanol solution.
Slides were then placed in plastic jars con-
taining citrate buffer, pH 6.0, and heated for
three cycles of 3 min each at high power in a
conventional microwave oven. Special at-
tention was paid to checking inter-cycles in
order to prevent tissue dryness.

Sections were sequentially incubated in a
moist chamber for 1 h at room temperature
with purified IgG goat serum (Sigma) di-
luted 1:100 followed by further overnight
incubation at 4oC with Tris-buffered saline
(TBS), pH 7.2, containing 3% skimmed milk
and 2.5% bovine serum albumin (BSA) type
V (Sigma). Optimal concentration of mono-
clonal anti-FN antibody clone MAB 1940
(Pharmigen, San Diego, CA, USA) was ap-
plied to sections, followed by incubation at
room temperature in a moist chamber for 60
min. A secondary peroxidase-conjugated goat
anti-rabbit IgG (H + L) antibody (Zymed
Laboratories Inc., South San Francisco, CA,
USA) diluted 1:700 in TBS-BSA was added
and incubated for 50 min at room tempera-
ture.

After thoroughly washing with PBS, en-
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zyme activity was developed with 3,3'-dia-
minobenzidine as peroxidase substrate in
the presence of hydrogen peroxide. All sec-
tions were lightly counterstained with
Mayer�s hematoxylin, dehydrated and
mounted in Canada balsam. Sections from
every animal were examined.

Results

Clinical course of EAE

Disease onset in LEW rats immunized
with GPSC-CFA generally occurred at 10
d.p.i., with affected rats presenting a limp
tail (grade = 1). Special care was taken by
providing water in a bottle with a longer
sipper and pelleted enriched food in a con-
tainer placed on the floor of the cage. There
was no significant change in body weight
among groups.

The clinical-neurological deficits of EAE-
rats included progression into unsteady gait
(grade = 2) followed shortly thereafter (two
days later) by moderate paraparesis and great
difficulty in performing hind limb move-
ments (grade = 3). Later on, at 14 d.p.i
affected rats presented total paralysis (grade
= 4) of the posterior portion of the trunk and
hind limbs. Neither tetraplegia nor mori-
bund state (grade = 5) was observed in any
affected EAE rat. Progression to death cer-
tainly might have occurred if disabled rats
had not been treated. The recovery period
(30 d.p.i.) initiated 24 h after paralysis, with
a reduction of neurological deficits and sub-
sequent clinical improvement, with rats run-
ning and climbing in the cage. Control groups
did not present evident neurological sign of
EAE, even those inoculated with GPSC ho-
mogenate.

Animals sacrificed during the pre-clini-
cal stage (7 d.p.i.) did not present neurologi-
cal signs. One group of EAE rats was accom-
panied through every phase until 4 months
p.i. From the time of clinical recovery (30
d.p.i.) EAE rats did not show recurrence of

clinical signs.

Histopathological findings

Hematoxylin-eosin sections of control rats
immunized either with saline plus CFA, or
GPSC plus IFA showed (Figure 1A) charac-
teristic normal histology of nervous tissue at
different levels of the spinal cord and en-
cephalon. LEW rats immunized with GPSC
plus CFA sacrificed in the pre-clinical phase
(7 d.p.i.) of disease also showed normal
CNS histology. During the onset of the dis-
ease (10 d.p.i.) LEW rats with grade 1 clini-
cal evidence (limp tail) showed only minor
changes in the histoarchitecture of the spinal
cord. Rats with partial paralysis of the hind
limbs (grade 2) showed mild leukocyte infil-
tration in the meninges and adjacent to the
dorsal horn (Figure 1B), but not in the en-
cephalon. The main CNS blood vessels af-
fected in the disease were venules, with
preservation of the capillary bed and menin-
geal great vessels.

In contrast, rats with full blown disease
(14 d.p.i.) in the paralytic phase (grade 3 and
grade 4) showed wide scattered perivenular
mononuclear cell foci at different levels of
spinal cord and brainstem (Figure 1C). In-
flammatory cuffs were distributed in the me-
ninges, in the white matter and also in the
gray matter (Figure 1D). Only few inflam-
matory cuffs were observed in the thalamus
and near third ventricle wall.

After clinical recovery (30 d.p.i.) affected
rats showed few inflammatory foci in the
meninges and parenchymal vessels at differ-
ent levels of the spinal cord and brainstem.
Nevertheless, sections of cerebellum, mid-
brain and forebrain showed numerous mon-
onuclear cell infiltrates on the vessel walls
and nervous parenchyma. Inflammatory foci
in the circumventricular area were mainly
localized in the proximity of the inferior and
anterior horns of the lateral ventricles. Some
inflammatory foci were also found in the
cerebral cortex and cerebellar white matter.
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Figure 1 - Photomicrograph of wax-embedded CNS sections from a normal Lewis rat (A) and a rat with EAE (B-D) stained with hematoxylin-eosin. A,
Normal cervical spinal cord gray matter microvasculature adjacent to neuropil, venules and capillaries lined with single endothelium. B, Transverse
section of a cervical spinal cord segment from a LEW rat sacrificed at the onset (10 d.p.i.) of the disease, showing an inflammatory cuff near the dorsal
horn. C, Longitudinal section of brainstem white matter from a rat with full blown disease (14 d.p.i.) showing scattered perivenular inflammatory cuffs.
D, Section of a cervical spinal segment from a rat in the paralytic phase (14 d.p.i.) showing a perivenular inflammatory infiltrate in the gray matter. E,F,
CNS sections of lumbosacrococcigeal spinal cord segment from rats in the paralytic phase (grade = 4) stained with luxol fast blue showing (E) a
perivenular area of demyelination adjacent to inflammatory cuffs and (F) demyelinating plaque. Magnification: 400X (A,B,D,E,F) and 100X (C).
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Interestingly, EAE rats sacrificed 4 months
p.i. showed normal histology of the CNS,
which was totally free of any inflammatory
signs.

Luxol fast blue, a special technique for
assessing myelin degradation, clearly dem-
onstrates demyelination in areas with peri-
venular inflammatory infiltrate (Figure 1E).
Wide scattered demyelinating plaques (Fig-
ure 1F) with characteristic perivenular dis-
tribution were present in rats during the par-
alytic (14 d.p.i.) phase of the disease. Less
evident demyelination was also observed in
rats during clinical recovery (30 d.p.i.). In
addition, the cytoarchitecture of microglia
and astrocytes indicated an activated state.

Fibronectin expression in the CNS

Expression of FN in the CNS of control
LEW rats immunized with GPSC plus IFA
or saline plus CFA showed a characteristic
distribution (Figure 2A), i.e., a fine and deli-
cate mesh on the wall of meningeal blood
vessels and in the connective tissue of the
choroid plexus, which was almost absent in
blood vessels of the nervous tissue. Accord-
ing to the literature (14), FN was not de-
tected in the tissue parenchyma. In contrast,
marked immunolabelling was consistently
observed in the spinal cord and brainstem
vessels (Figure 2B), especially on the lumi-
nal surfaces and basal membranes of rats in
the pre-clinical phase (7 d.p.i.). Discrete FN
labelling restricted to meningeal vessels was
observed in the forebrain and midbrain,
whereas the brain parenchyma (7 d.p.i)
showed no immunolabelling. During the
onset of the disease (10 d.p.i.), a marked
deposition of FN in the spinal cord and
brainstem was observed coincident with ap-
pearance of neurological signs (limp tail).

During the paralytic phase (14 d.p.i.), an
overdeposition of FN in the spinal cord and
brainstem was always associated with peri-
venular inflammatory cuffs (Figure 2C). Like-
wise, vessels localized in the same areas but

presenting large inflammatory cuffs (Figure
2D) showed only discrete or absent immu-
nolabelling. Dense and rough immunolabel-
ling for FN was detected in the cerebellum,
forebrain and midbrain microvessels. None-
theless, a distinct pattern of FN expression
was observed in the thalamus near the third
ventricle wall adjacent to few inflammatory
cuffs.

After recovery from clinical signs (30
d.p.i.), absent immunolabelling for FN was
noticed in microvessels of the spinal cord
and brainstem, even in those areas with few
inflammatory cuffs. Conversely, FN was de-
tected (Figure 2E) in some vessels of cerebel-
lum, forebrain and midbrain showing small
inflammatory cuffs, though it was absent in
areas exhibiting large perivenular inflamma-
tory infiltrates (Figure 2F). Interestingly, rats
sacrificed four months after sensitization
showed a normal characteristic pattern of FN
expression in every area of the CNS.

Discussion

EAE represents an animal model for in-
flammatory disease of the CNS with damage
to the myelin sheaths (demyelination) as a
prominent hallmark (8). The severity of dis-
ease and distribution of CNS lesions vary
depending on the type of antigen used for
EAE induction. For instance, distribution of
inflammatory lesions in the spinal cord and
brainstem rather than in other regions are
related to MBP induction, contrasting to
MOG- and MAG-specific T-cells that in-
duce numerous lesions in the cerebellar white
matter and to S-100ß and GFAP specific T-
cells that mediate severe inflammation in the
gray matter (4,5).

In the present study we observed a more
complex but distinct pattern in the localiza-
tion of CNS lesions depending on the stage
of the disease. The clinical course resembled
that obtained following sensitization with
whole MBP or MBP fragments (5). During
the paralytic phase, affected rats initially
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Figure 2 - Photomicrograph of wax-embedded CNS sections from a normal Lewis rat (A) and a rat with EAE (B-F), stained with anti-FN monoclonal
antibody. A, Characteristic normal immunolabelling pattern in the cervical spinal cord gray matter segments showing absent FN labelling in the blood
vessel walls and nervous parenchyma. B, Lumbosacrococcigeal spinal cord segment from a rat in the pre-clinical phase (7 d.p.i.) showing evident
perivenular immunolabelling. C, Intense FN labelling on the luminal surface and basal membrane of a brainstem vessel with a perivascular cuff from
rat in the paralytic phase (14 d.p.i.). D, Large perivascular inflammatory infiltrate in a cervical cord segment showing negative FN labelling (14 d.p.i.). E,
Cerebellum white matter of a rat sacrificed after clinical recovery (30 d.p.i.) showing intense immunolabelling on the luminal surface and basal
membrane of a blood vessel with an inflammatory infiltrate. F, Negative FN immunolabelling of a brain vessel wall and nervous parenchyma with a
large inflammatory infiltrate from a rat sacrificed after clinical recovery (30 d.p.i.). Magnification 400X. FN immunolabelling (small arrow).
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showed widespread lesions mainly in the
spinal cord and brainstem, but after clinical
recovery preferential localization in the cer-
ebellum, midbrain and forebrain was ob-
served. Moreover, inflammatory cuffs were
indistinctly located in both gray and white
matter. These results may be partly related to
the antigenic characteristic of the inoculum
(GPSC-CFA homogenate), which contained
a mixture of encephalitogenic antigens (MBP,
PLP, MOG, MAG).

Among the earliest events in the inflam-
matory reactions is an increased tendency
for circulating leukocytes to adhere to endo-
thelial cell luminal surfaces. Leukocyte mi-
gration, antigen recognition, activation and
differentiation are events affected by ECM
molecules. Moreover, the ability of leuko-
cytes to recognize ECM components may
change as they migrate into tissues presum-
ably influenced by signals from the microen-
vironment (22). A clear modulation of FN
expression occurred within the CNS of Lewis
rats at distinct phases of active EAE. Ini-
tially, there was a dense deposition of FN in
the cerebral microvasculature associated with
discrete perivenular inflammatory foci, fol-
lowed by a sharp decrease of FN expression
in vessels with numerous inflammatory cuffs.
These results suggest an important role for
this ECM component guiding the trafficking
of leukocytes into the CNS. This assumption
is supported by presented evidence that an
altered pattern of FN expression during dis-
tinct phases of EAE preceded the appear-
ance of inflammatory lesions and demyeli-
nation.

Detachment of T cells from the endothe-
lium coincides with down-regulation of inte-
grins (VLA-4, LFA-1) followed by increased
binding of transmigrated T cells to ECM
proteins (type I collagen, type IV collagen
and FN) of the interstitial matrix, necessary
for establishing residency in the affected
area during the course of inflammation (22).
The influx of inflammatory cells into the
target tissue is associated with remodeling of

the ECM (23). In normal biologic processes
the maintenance of connective tissue archi-
tecture involves controlled breakdown and
neosynthesis of ECM elements, requiring
timely and limited action of extracellular
proteases such as plasminogen activators and
matrix metalloproteinases. Leukocyte and
endothelial cell-derived metalloproteinases
have been implicated in a proteolytic cas-
cade that degrades microvessel wall compo-
nents, thereby facilitating leukocyte migra-
tion into inflammatory sites. The presence of
matrilysin near inflammatory lesions of the
CNS implicates this protease in the patho-
genesis of neuro-inflammatory disease (23,
24). The present work shows that modula-
tion of FN expression in brain vessels always
preceded the appearance of inflammatory
cells, but faded away after the establishment
of the inflammatory cuff and demyelination.

An important aspect to be discussed con-
cerns the putative mechanism(s) involved in
the modulation of FN expression during dis-
tinct phases of the disease, especially during
the paralytic phase. One possibility is that
failure to detect perivenular expression of
FN near large inflammatory cuffs may be
related either to the production of an isoform
or altered molecule not recognized by the
monoclonal antibody clone MAB1940.
Nonetheless, very mild immunolabelling was
observed in the same tissue preparation in
areas of the CNS without lesions. It is con-
ceivable that the weak or absent FN labelling
observed during the paralytic phase may be
due in part to the degradation of connective
macromolecules by metalloproteinases (e.g.,
matrilysin) secreted by inflammatory cell
cuffs influenced by locally produced cyto-
kines and/or also to intracellular signaling
pathways triggered by ß1 (VLA) and ß3
integrin-mediated recogniton of ECM mol-
ecules (25).

Taken together, the findings discussed
above indicate that increased expression of
dense FN in the CNS microvessels during
the pre-clinical phase and the onset of dis-
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