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ABSTRACT
The mechanisms involved in the failure of an adult brain to regenerate post-lesion remain poorly understood.
The reactive gliosis which occurs after an injury to the CNS and leads to the glial scar has been considered as
one of the major impediments to neurite outgrowth and axonal regeneration. A glial scar consists mainly of
reactive, hypertrophic astrocytes. These reactive cells acquire new properties, leading to A non-permissive
support for neurons. Astrogial reactivity is mainly characteriized by a high overexpression of the major com-
ponent of the gliofilaments, the glial fibrillary acidic protein (GFAP). This GFAP overexpression is related
to the astroglial morphological response to injury. We hypothesized that modulation of GFAP synthesis,
reversing the hypertrophic phenotype, might also reverse the blockage of neuritic outgrowth observed after
a lesion. In this article, we review findings of our group, confirming our hypothesis in a model of lesioned
neuron-astrocyte cocultures. We demonstrate that permissivity for neuritic outgrowth is related to pheno-
typic changes induced in reactive astrocytes transfected by antisense GFAP-mRNA. We also found that this
permissivity was related to a neuron-regulated extracellular laminin bioavailability.
Key words: astrogliosis, neuro-glia interactions, neurite outgrowth, neuronal migration, laminin, metallo-
proteinases.

INTRODUCTION munity, and in regulation of development, function
Astrocytes are the most numerous cellular compo@"d €fficiency of the synapse (Pfrieger and Barres

nents of the brain. Despite their number and their199_6)' Their implication in a defence mechanism
contribution to brain development and function, theaga'nSt oxydative stress has been reported (Desagher
consequences of their dysfunction on the physiolog;?t aI: 1996). It has been shown t.hatlastr.ocytes may
of the nervous system have only been considered reBrOV'de new mea_ns of communication in the ner-
cently. Astrocytes have been involved in many func-"oUS system (Smith 1994, Verkhratsky et al. 199_8) )
tions including control of brain development and Subpopulatlon§ of these cells have been descrlped
homeostasis (for areview see Tardy 1991), CNS im-and as many different types of astrocytes may exist
as neurons (Kimelberg 1995).
Correspondence to: Dr. Marcienne Tardy The reactive astrocyte, a hypertrophied astro-
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8, rue du Gal Sarrail glial phenotype, is found mainly in the vicinity of a
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These cells are typified by cytoplasmic hypertrophyused to determine whether a triggered decrease in
associated with a profusion of long, thick processesGFAP could affect neurite outgrowth. Antisense
The most striking ultrastructural finding, however, GFAP-mRNA decreased GFAP synthesis and the
is the presence of bundles of intermediate filamentgonsecutive phenotypic changes were associated
which at times appear to fill the entire cytoplasmicwith a functional shift towards neurite-promoting
compartment (Hozumi et al. 1990). These fila-elements. Molecular studies showed a regulation of
ments are often heteropolymers, largely consistinga major ECM molecule by the astrocytes, in rela-
of GFAP and, at a lesser degree, of vimentin (Ridetion to the expression of a member of the family of
et al. 1997). The glial scar constitutes a physicalzinc-dependent metalloproteinases (MMPs) whose
and chemical barrier which isolates the intact tis-activities are involved in tissue remodeling (Yong et
sue, but also contributes to the failure for recoveryal. 1998).

post-injury (Bush et al. 1999). Reactive astrocytes,

however, may also produce trophic factors benefic WHAT ISA REACTIVE ASTROCYTE?

for ax_or]al regrowth. Whether these elements _ar%FAP and glutamine synthetase (GS) (for a review
beneficial or detrimental for recovery remains enig- .
see Suarez et al. 2002), are respectively a struc-

matic. In the developing brain, the growth of axons . . .
. ided by astrocvtes (Sil tal 1993). | tural and a functional astroglial marker which al-
Is guided by astrocytes (Silver et al. )- In €O swed the identification of functional mature astro-

trast, in the aQuIt pram, axons _do.n.ot regrow aftercytes (Dell’Albani et al. 1990). Post trauma, in
axotomy and, in this regard, the inhibitory role of the . . . .
the vicinity of the lesion site, and sometimes even

astroglial scar has been well documented (Reier an .
9 ( Faraway astrocytes are turned reactive and present

Houle 1988). Many phenotypic changes have been . S
i . ; ’ . a hypertrophic phenotype consisting in an enlarged
observed in astroglial cells during their maturation,

. soma and thickened processes, highly labeled with
among them, a decrease in molecules known to pr

i S OGFAP (Eng and Ghirnikar 1994, Tardy et al. 1993).
mote axonal growth, like laminin (Rivas etal. 1992), . . .
Some of these cells coexpress vimentin, an inter-
NCAM, heparan sulfate proteoglycan (HSPG) have

mediate filament protein, normally found in imma-
been reported (McKeon et al. 1995). In the oppo- - .
. . . ture astrocytes, underlining that a population of re-
site, molecules like chondroitin sulfate proteogly-

) R active astrocytes share some features with both im-
can (CSPG) or Tenascin, known for inhibiting neu-

i . . . " mature and adult astrocytes. This underlines also
rite outgrowth, increase during astroglial maturation . . . .

. ) the existence of different populations of reactive
(Faissner and Steindler 1995).

) ] ) astrocytes and raises the question of whether this

One major change in the astroglial phenotype. L

) ) i . is due to a heterogeneous reactivity of a subpop-
during maturation as well as during astroglial reac-

L . . . . ~ ulation of mature astrocytes, or of astroblasts, or
tivity, is associated with the increase in the major

. . ) "~ both. Since stem cells are widely present in the
component of their intermediate filament, the glial

. L ) ) ) adult brain, a lesion could give rise, starting from
fibrillary acidic protein (GFAP). This major event, .

) ) ) ) these precursor cells, to reactive astrocytes under the
directly associated with morphological changes

Tardy et al. 1993 red its invol tinth stimulation of environmental factors. As an exam-
(Tardy etal. ) suggested its involvementin eple, transforming growth factar (TGFx), a mem-

astrogﬁa! functional .Shllft f.ro.nr] neurlte-prorr.lotl.ng ber of the epidermal growth factor (EGF) family,
(permissive), to neurite-inhibiting (non-permissive) . LT
has been recently shown to trigger astrogliosis in

elements. vivo (Rabchevsky et al. 1998, Junier 2000). Many

Mechanically lesioned neurons/astrocytes P 5ther factors released by surrounding mature astro-

mary cocultures presenting an astrogliosis arountgl:ytes [ciliary neurotrophic factor (CNTF), glia mat-

the lesion site, reproduce adequately in vitro, theuration factor (GMF), S-100 protein], or from acti-

phenomena characterized in vivo. This model was . o . .
vated microglia (interleukines, tumor necrosis fac-
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Fig. 1 — Factors triggering the astroglial reactivity in response to an injury in the
adult CNS. MBP (myelin basic protein), GMF (glial maturating factor), ®GF
(transforming growth factax), FGF (fibroblast growth factor), EGF (epidermal
growth factor), PDGF (platelet-derived growth factor).

tor, interferon-gamma), lesioned neurons (fibrob-jury site. Reactive astrocytes are metabolically acti-
last growth factor, potassium, ATP), oligodendro-vated cells. As an example, glutamine synthetase, a
cytes (myelin basic protein), from blood (throm- metabolic astroglial marker, essential for glutamate
bin, epithelial growth factor (EGF), platelet-derived and ammonia neutralization, (Tardy 1991), cellu-
growth factor (PDGF), steroids, insulin), endothe-lar function and brain detoxification, has also been
lial cells (endothelin, ATP), and activated lympho- found modified in various pathological conditions
cytes (Fig. 1). Other factors including the prion associated with astroglial reactivity. Increased inthe
protein, fibronectin, putrescine and prostaglandinesatural scrapie of the sheep (Lefrancois etal. 1994),
(Kimelberg and Norenberg 1994) have also been imit may illustrate an attempt by astrocytes to maintain
plicated. and control the cerebral homeostasis. Reduced in
Reactive astrogliosis is accompanied by an in-senile dementia brains of the Alzheimer type, it un-
duction and an upregulation of many proteins withderlines a dysfunction of the astroglial metabolism,
potential biological effects (Fig. 2). For instance, might reflect oxidative damage and might have se-
basic fibroblast growth factor (b0FGF) stimulates thevere consequences on the pathological cascade of
production of nerve growth factor (NGF) and pro- events (Le Prince et al. 1995).
tects against excitotoxic injury, but also contributes
to the excessive neurite sprouting and dystrophiC | \yi8ITION OF ASTROGL IAL HYPERTROPHY
neurite formation observed in Alzheimer disease (for INDUCES FUNCTIONAL CHANGES,
a review see Norenberg 1994). It becomes evident BENEFICIAL FORAXONAL REGROWTH

that reactive gliosis varies depending on the nature, analyze in vitro the interactions between neu-
of the injury, and the microenvironment of the in- ;o5 and astrocytes in the vicinity of a mechani-

An Acad Bras Cienc (2002)74 (4)



686 MARCIENNE TARDY

ApoE
Lipocortin

Extracellular Matrix
components

Uptake of
-ions
-excitotoxins

Growth and
Trophic factors|

Proteinases and
Inhibitors

Detoxification of
-Ammonia
-Free radicals

Fig. 2 — Functional properties of reactive astrocytes (RA). Reactive astrocytes
produce growth and trophic factors (NGF, FGF, PDGF, CNTF, IGF...), inter-
act with remodeling of Extracellular Matrix (glycoproteins, proteinases and in-
hibitors), with Inflammation/ Immunity compounds, (class Il histocompatibility
antigens, apoE, lipocortin) and with detoxification and control of homeostasia
(excitotoxins, ions, free radicals).

cal lesion, we chose mechanically lesioned rodenincreased and supports our working hypothesis that
neuron-astrocyte cocultures. Hypertrophic astro-astroglial hypertrophy plays a role in the failure of
cytes were present, neighboring the lesion and neuaxonal regeneration at a site of injury. Could this
rons were absent from the area of lesion and fronrmodulation in GFAP synthesis have presented the
its surroundings. These reactive, hypertrophic astroformation of a physical barrier to neuron migra-
cytes appeared, therefore, as a non-permissive sulion or axon growth? That cannot be excluded but,
strate and the coculture model used could be conmore probably, hypertrophic astrocytes offer a poor
sidered valid to study the consequences of astrogliadubstratum for axonal regrowth. Astrocytes synthe-
reactivity on axonal growth, in spite of the absencesize many components of the extracellular matrix
of the three dimensions of a tissue. Transfection othat play major roles in axonal outgrowth. Some
an antisense for GFAP-mRNA in the lesioned cocul-of them are inhibitory (proteoglycans or tenascin),
ture, in order to modulate the astrocytic response tmthers are promoters like laminin. With regard to
the injury, reduced cell hypertrophy and decreasedaminin, our results point out two pattern of laminin
the capacity of the cells to translate GFAP-mRNA immunoreactivity which bear different potentials for
(Lefrancois et al. 1997). axonal growth. A punctate patterns of intracellular
After such antisense treatment, neuronal cellaminin was associated with non-permissive condi-
bodies and neurites were reobserved over astrocyte®ns, whereas fibrillar pattern of an extracellular
of the lesion border and neurites projected into thdaminin network was related to the permissive con-
lesion site. The expression of GAP-43, associatedlitions (see also Garcia-Abreu et al. 1995). Lami-
with nerve sprouting (Schreyer and Skene 1991) wasin, by its increased synthesis and its distribution,
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therefore, may be one element involved in the lack A laminin labeled astroglial monolayer, a

of inhibition after antisense treatment. dense and regular overlaying network, characterizes
the control unlesioned cocultures. Mechanical le-
MANIPULATING THE LAMININ BIOAVAILABILITY sion modified the labeling distribution in the mono-

INDUCES CHANGESIN PERMISSIVITY

layer, where it significantly decreases, out of a pop-
OF NEURITE OUTGROWTH

ulation of large and flat astrocytes around the lesion
A dynamic role for the overlaying laminin in neu- porder which remained labeled with punctate intra-
ronal migration and neurite outgrowth was con-cellular spots (Lefrancois et al. 1997). The laminin
firmed when permissive cocultures were treated withgpeled network, overlaying the astroglial lesioned
anti-laminin antibodies (Costa et al. 2002). Thesemonolayer, appeared unstructured and a dense la-
antibodies which recognize the astroglial lamininpgled network was concentrated along the lesion
blocked a large part of neurite outgrowth and inhibi- porder. Antisense treatment restructured the labeled
tion of neuronal migration to the lesion site, whereaspetwork, underlining that permissivity involves par-

an antibody against tenascin C, another componeRfcylar patterns of laminin expression (Costa et al.
of the extracellular matrix (Faissner and Steindlerpp2).

1995), did not. This indirect evidence was sup-

ported by a more direct one, consisting in the ad- | oy NN BIOAVAILABILITY INVOLVES CHANGES
dition of soluble, native laminin to the coculture, IN PROTEASE/ANTIPROTEASE RATIO
which promotes neurite outgrowth and neuronal mi- IN PERMISSIVE CONDITIONS

gratlon These reSU|tS dO not eXClUde a SO|ub|e formrhe permissive processy observed in the |es|oned an-
of laminin released by the astroglial monolayertjsense treated cocultures, might be associated with
which may contribute to the permissivity in addition modulations of the extracellular matrix components
to the overlaying network. by proteinases (Gomez et al. 1997). Among them,
matrix metalloproteinases MMP-2 expression, have
SWITCH TO A PERMISSIVE SYSTEM FORNEURITE  haan jnyolved in this type of process (Campbell and
OUTGROWTH ISRELATED TO A RAPID AND )
CONSTANT INCREASE IN LAMININ Pagenstecher 1999, Lukes et al. 1999). Associated
in level i Al in th ~_withour permissive model, a netdecrease of MMP-2
Laminin level increased rapidly in the permissive expression and activity and anincrease in its endoge-

antisense-treated cocultures, and remained high. 'ﬁousinhibitorTIMP-Z expression are observed. The

reverse relat|onshlp between G_FA_P and laminin 1ev- - o petween this metalloproteinase and its endoge-
els was observed in the permissive cocultures. Iy, innipitor might be directly involved in permis-

addition, we found that an enhanced laminin level _. o . - A
d’ | land i sive conditions, in the observed laminin stabilization
was under neuronal control and consequent to either_ , . o .
q And in cell-matrix interactions.

secreted factors or to cell interactions. Such signals
may regulate both, laminin synthesis and extracel-

S ; ) CONCLUSIONSAND PERSPECTIVES
lular availability, in order to improve neurite out-

growth (Costa et al. 2002). In conclusion, blockage of cellular hypertrophy in
reactive astrocytes by antisense GFAP-mRNA, in-

CHANGESIN LAMININ STRUCTURE duces a major functional alteration, revealed by

AND LOCALIZATION MIGHT PARTICIPATE modified astrocyte-neuron interactions in cocul-

IN PERMISSIVITY tures. This functional alteration relates to changes

The switch from a non-permissive to a permissivein secreted and/or membrane-bound proteins. How
support for neuronal migration and neurite out- GFAP synthesis might be linked to these apparently
growth is correlated with a differential pattern of very different phenomena remains an open ques-
laminin expression. tion. Recently, GFAP null astrocytes have been pre-
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sented as a favorable substrate for neuronal survivalélulas reativas adquirem novas propriedades, levando a
and neurite growth, which support our observationsum suporte ndo-permissivo para neurdnios. A reativida-
(Menet et al. 2000). As a working hypothesis, onede astroglial é caracterizada principalmente por elevada
may consider changes in the intracellular transporsuper-expressédo da principal componente dos filamentos
in which gliofilaments are involved or an indirect gliais, a proteina acidica fibrilar glial (GFAP). Esta super-
modulation of genetic transcription. expressdo de GFAP esta relacionada a resposta morfo-
The observed increase in laminin level, bio- légica astroglial a injaria. Nos levantamos a hipétese
availability and in laminin network structure and dis- de que a modulagéo da sintese de GFAP, revertendo o
tribution, under neuronal control, might result from fendtipo hipertréfico, poderia também reverter o blogueio
secreted factors or cell to cell interactions and re-do crescimento neuritico observado apés umalesdo. Neste
mained to be determined. Such signals may reguartigo, nés revisamos achados de nosso grupo, confir-
late both laminin synthesis and extracellular lamininmando nossa hipétese em um modelo de co-cultura de
availability in order to improve neurite outgrowth. neurdnios lesados e astrécitos. Nés demonstramos que a
Neuron-glia interactions are believed to play an im-permissividade para crescimento neuritico esta relaciona-
portant role in the regulation of axonal growth and da a mudancas induzidas em astrécitos reativos transfec-
guidance, during both, development and regenertados com o mRNA anti-senso para GFAP. Nés também
ation. These interactions are mediated by extraebservamos que esta permissividade estava relacionada
cellular components promoting polymerization or com a bio-disponibilidade de laminina extra-celular.
stabilization of elements of the neuronal cytoskele-pgayras-chave: astrogliose, interacdes neuro-gliais,
ton. Laminin appears to be a serious candidate fogrescimento neuritico, migragdo neuronal, laminina,
such an interplay. With respect to cell migration, metajo-proteinases.
neural cell may require balanced MMPs activities
in order to migrate to the scarred area. New ax- REFERENCES
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