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SUMMARY

In previous studies, hyperporous synthetic
hydrogels of poly(glyceryl methacrylate) or
p(GMA), containing bioadhesive substrates of
collagen, were implanted into rat cerebral tissue
in order to provide systems of oriented guidance
channels for directing the growth of the scar and
axons/28/. In the present study, ionic p(GMA)-
collagen hydrogels containing polar chemical
groups, either basic amino groups or acidic
carboxyl groups, were evaluated for their
tolerance and their effects on the brain scarring
response and axonal reactivity after long-term
implantation in the cerebral cortex. In all
animals, the implants were well tolerated.
Although both types of gels influenced the
astroglial reaction near the bioimplant,
hydrogels carrying carboxyl groups had the
strongest influence on the elongation, the
direction and the organization of astrocytic
processes so that a glial matrix could form in
regions of the gel. Extracellular material (e.g.
reticulin) was also deposited into the gels
carrying carboxyl groups. Although cortical
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nerve fibers in the surrounding tissue showed a
regenerative response, extending onto or into the
matrices, this behavior seemed to depend more
on the organization of the astrocytic scar
imposed by the gel than on the type of gel. We
conclude that matrices carrying negatively
charged groups influence favorably the astro-
cytosis and the deposition of connective tissue,
and that this approach represents a new avenue
in attempting to modulate the brain scar
formation.
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INTRODUCTION

Hydrogels are three-dimensional cross-linked
networks of hydrophilic polymers swollen in
water or biological fluids. The biocompatibility
of synthetic hydrogels was first established by
Wichterle and Lim in 1960/32/and a wide range
of hydrophilic polymers have since received a
great deal of interest for biomedical applications
as tissue replacement and regeneration
templates/24/.
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Our early studies, dealing with the implanta-
tion of synthetic hydrogels of poly(glyceryl
methacrylate) [p(GMA)] into the brain, have
shown that such material provides a three-di-
mensional lattice network of guidance channels
(matrix) that support and direct cell migration
and axonal growth /34/. Indeed, adhesion and
growth, which are basic biological mechanisms of
morphogenesis and regeneration, depend upon
the provision of a suitable substratum. Hence, a
variety of synthetic guidance channels have been
used experimentally to promote nerve regenera-
tion in the peripheral nervous system/19,21/and
in the central nervous system/16/. We have pre-
viously reported that tissue ingrowth and scar
deposition were directed inside the polymer
network for p(GMA) matrices having 60% of
fractional porosity and an average pore size of 13
/zm. The present study describes an investigation
carried out with similar p(GMA) hydrogels but
containing polar groups. Either dimethyl-
aminoethyl methacrylate (DMAEMA) as a car-
rier of basic amino groups or methacrylic acid
(MAA) as a carrier of acidic carboxyl residues
was introduced into p(GMA) hydrogels. In con-
tact with the polar media, these materials
acquire electrical charges by ionization of amino
and carboxyl groups: p(GMA)-DMAEMA be-
comes positively charged and p(GMA)-MAA
negatively charged. Since cells, including neu-
rons, respond actively to an applied electrical
field (galvanotaxis)/6/, it would be expected that
the neural tissue would be sensitive to implanted
ionic hydrogels. However, because of the un-
willingness of cells to attach to the surface of the
synthetic polymers /9/, and as reported in our
previous study/34/, collagen was introduced into
the hydrogels in order to provide bioadhesive
properties to the polymer surfaces. The objec-
tives of this work were then to establish the tol-
erance of ionic p(GMA) implants and the effect
of functional groups on the reactivity of the cell
constituents of the neural tissue after long-term
survival periods. The results of these experi-
ments are discussed in the context of surface
polarity and galvanotaxis on cell movement and
axonal growth. The present study is part of a
larger work, the aim of which is to develop
guidance channels containing polymer matrices
that could modulate the brain scarring response

and promote axonal growth. Some of the present
results have already been published in abstract
form/33/.

MATERIALAND METHODS

Preparation of hydrogels

The following chemicals, glycidyl meth-
acrylate, ethylene glycol dimethacrylate
(EGDMA), DMAEMA, MAA, ammonium per-
sulfate and sodium metabisulfite, were pur-
chased from Aldrich. Type I collagen was
obtained from Collagen Corporation, Palo Alto,
CA.

Pure GMA was obtained by hydrolysis of the
glycidyl methacrylate with sulfuric acid according
to the method described by Refojo and the
reader is referred to this reference for details of
the procedure/25/. However, the GMA mono-
mer was further purified by distillation under
dynamic vacuum.

The p(GMA) hydrogels were prepared by
solution polymerization containing the
monomer, the cross-linking agent EGDMA and
either DMAEMA or MAA (Fig. 1). Distilled wa-
ter served as solvent. The concentrations of
GMA and EGDMA were 30% and 1.23% (w/w)
respectively corresponding to values that yield
hyper- and macroporous matrices and for which
we obtained the best biological properties in our
previous study. DMAEMA or MAA was added
to the monomer mixture at a concentration of 10
and 15% ratio to the monomer respectively. At
these concentrations, ionic groups are non-toxic
and have been shown to influence the tissue re-
action in non-neural tissues/1,30/. The polymer-
ization reaction was initiated at 60"C with am-
monium persulfate (6% solution) and sodium
metabisulfite (12% solution) in a 0.37 weight-
percentage ratio to the monomer.

The hydrogels were washed in distilled water
for four weeks and sterilized by boiling in water.
Collagen was introduced into the polymers by
physical adsorption in order to provide adhesive
surface properties to the matrices. This was per-
formed by allowing the dehydrated hydrogels to
swell in a sterile neutral collagen solution for a
minimum of four hours at 4* C. The collagen so-
lution was prepared by mixing 8 vol. of acid-sol-
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uble type I collagen with 1 vol. of 1.3M NaC1 in
0.2M monophosphate and i vol. of 0.1M NaOH.

/VV%’-(CH=- C

CO’--OCH, CH’-" OH

GMA CH,--OH

CH:

(CH,-C)

MAA

/VV- (CH2
/CH3

CO--OCH2 OH2 NHgXcHz
DMAEMA

Structure of the GMA monomer, and the MAA
and DMAEMA comonomers. The charges of
the carboxyl and amino groups refer to the
ionization state of the groups at pH 7.4

Implantation procedure

Eight young female Sprague-Dawley rats

(250-300 g) were used as recipients. The animals
were anesthetized with an intramuscular injec-
tion (1 ml/kg) of a solution containing ketamine
hydrochloride (87 mg/ml) and xylazine (13
mg/ml) and placed in a stereotactic head frame.
Using microsurgical techniques and through a
midline scalp incision, a small craniotomy (3x3
mm) was performed and the left parietal cortex
exposed. The dura was incised and folded. A
cross-shaped incision about 2-2.5 mm deep was
performed in the cortex using a No. 11 surgical
blade. After h mostasis with thrombin-soaked

gelfoams, hydrogel samples (lxl mm) were in-
troduced with a jeweler’s forceps through the
cross-shaped incision of the cortex and the bone
flap was immediately replaced and the scalp
clipped. The types of hydrogels implanted are
given in Table 1.

Histology

At 12 and 18 weeks post-implantation, the
animals were transcardially perfused with a 0.9%
NaC1 solution followed by 4% paraformalde-
hyde-0.5% glutaraldehyde in phosphate buffer
(200 ml each). The brains were postfixed
overnight, transferred in 30% buffered sucrose
and coronally cut at 30/zm with a freezing micro-
tome. The histological techniques used were:
phosphotungstic acid-hematoxylin (PTAH) for
glial cells and Bodian’s method for nerve fibers.
Collagen was detected using the picrosirius-po-
larization method. Sirius red is an acidic dye
which strongly reacts with collagen producing a
marked increase of its intrinsic birefringence un-
der polarized light/12,13/.

Glial fibrillary acidic protein (GFAP) immuno-
cytochemistry

Sections chosen for immunostaining were in-
cubated, free-floating, in 10% normal goat
serum in PBS for 30 min. The sections were then
washed in PBS for 10 minutes and incubated
overnight and under agitation in the primary an-
tiserum (diluted in PBS 1:40) (Sigma, St Louis).
After three 10 minute washings in PBS, the sec-
tions were incubated in the secondary antiserum
coupled to fluorescein isothiocyanate (FITC)
(Sigma, St Louis) for 2 h under agitation. After
three 10-minute rinses in PBS, the sections were
mounted on chromalum coated slides, dried and
coverslipped with the DPX mounting medium.
The sections were examined with a fluorescence
microscope.

Scanning electron microscopy (SEM)
Several non-implanted samples were

lyophilized and coated with gold. They were an-
alyzed with a Jeol T 300 scanning electron mi-
croscope at 15 KV.

VOL. 3, NO. 1, 1992



24 S. WOERLY, C. LAVALLgE AND R. MARCHAND

TABLE 1

Composition of ionic p(GMA) hydrogels and evaluation of the neural tissue response

rat copolymer polar groups ionic survival astrocyte
structure periods projections

axonal
reaction

1 15% MAA carboxyl anionic 12 weeks +

2 15% MAA carboxyl anionic + +

3 10% DMAEMA amino cationic +

4 10% DMAEMA amino cationic +

and

and

5 15% MAA carboxyl anionic 18 weeks

6 15% MAA carboxyl anionic

7 10% DMAEMA amino cationic +

8 10% DMAEMA amino cationic

++

+++

++

and

and

+ limited at the brain-implant interface
invasion of the gel implant: to the margin + +), to the central region ( + + +)
axonal sprouts at the interface
axons projecting into the gel implant

RESULTS

Morphology of the hydrogels

Macroscopically, the swollen hydrogels were
transparent materials with smooth surfaces. Un-
der SEM, there were no noticeable differences
between the hydrogels, both types showing a
three-dimensional porous structure with inter-
communicating channels (Fig. 2). The surface
porosity of the gels was heterogeneous with a

pore size above or equal to 10

Findings at autopsy

All animals survived to the scheduled date of
sacrifice. Neither neurological deficits nor ab-
normal behaviors were observed in any of the
rats. There was no necrotic zone observed
around the implants at the time of brain re-
trieval. Macroscopically, the hydrogel implants
seemed well integrated to the host tissue and
there was no apparent degradation of their struc-

ture (Fig. 2). This was confirmed using the light
microscope.

Histological findings

General

The implants were entirely contained within
the frontoparietal cortex and could occasionally
reach the cingulum or penetrate the corpus
callosum and the superficial hippocampus. The
tolerance of samples carrying anionic or cationic
groups was excellent and virtually the same for
all hydrogel implants. There were no signs of
pronounced inflammatory response nor of tissue
toxicity. The macrophage reaction was weak as
judged by the presence of only a few resident
phagocytic cells around the implantation site at
the time of retrieval. The histological analysis
showed that there were no marked differences in
the tissue reaction with respect to the survival
periods. The host tissue reaction consisted of
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Fig. 2: Scanning electron micrograph of a p(GMA)-MAA hydrogel. The gel shows a highly porous structure with
oriented and interconnected channels.

astrocytosis, connective tissue proliferation,
mesenchymal cell migration, nerve fiber sprouts
and capillary proliferation around, onto and/or
into the implant. Encapsulation of the polymer
implants occurred only when there was a parti-
tion between the marginal regions of the gel im-
plant and the host tissue (e.g. Fig. 5A).

The brain-bioimplant interface was charac-
terized by the apposition of the polymer matrix
to the host tissue. At high magnification, the in-
terface was constituted of glial cells and glial
processes, capillaries and by the deposition of
elastic (stained with PTAH) and reticular fibers,
and collagen (vide infra). All these elements
formed a zone of transition and were spatially
organized to constitute a loose matrix bridging
the surface of the polymer to the host neural tis-
sue (Fig. 3A).

The astrocytosis

The glial reaction that developed around the
hydrogels was markedly different from that asso-
ciated with the stab wound which often reached
the cingulum and/or the corpus callosum under
the implantation site (Fig. 3C, area 3). At this

later level, the glial reaction was constituted by a
dense aggregation of fibrous astrocytes which
tended to spread into the brain parenchyma
(Fig. 3C). The astrocytic reaction was different
around the hydrogel implants. The astrocytosis
was moderate as judged by the low density of as-
troglial cells and by the narrow zone of reactivity,
and there was no spreading of the astrocytosis
with the longest survival period. This was true
even in the cases where the implants were in
contact with the cingulum and/or the corpus
callosum. The glial reaction was characterized
morphologically by the proliferation and the ex-
tension of numerous astrocytic processes in the
immediate vicinity of the hydrogels. This was
readily observed, regardless of the ionic compo-
sition of the hydrogels, either in PTAH stained
(e.g. Fig. 5B) or GFAP immunolabeled brain
sections (Fig. 3B). In addition, there was a
striking polarization of the processes of the reac-
tive astrocytes with respect to the surface of the
hydrogels, but this could be observed only in his-
tological brain sections passing near to the brain-
implant interface. Figure 5B gives an example of
such a hydrogel where the astrocytic processes
are arranged perpendicularly with respect to one
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A (PTAH) and B (GFAP immunostaining) correspond to p(GMA)-MAA gels implanted 12 weeks before. A, high
magnification of the brain bioimplant interface showing zone ol contact between the tissue (T) mostly
astrocytic processes and the surface of the gel (M). Astrocytic processes (arrows) can be seen to
penetrate the matrix (M). In B, reactive astrocytes surround the implanted gel and send processes onto
and into the implant. The fuzzy zones of the microphotograph correspond to the different refractive index
of the gel with respect to the tissue. C is a schematic representation of the general organization of the
implantation site. 1 mesenchymal tissue closes the opening of the implantation cavity; 2 corresponds to
the implanted gel and 3 is the prolongation of the blade cut. cc, corpus callosum; Cx, cortex. D (PTAH)
illustrates the strong glial reaction at level 3 of figure C. Scale bars: A, 10/m; B, 40/m and D, O0/m.
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surface of the hydrogel. In addition, the astro-
cytic processes were seen invading the gel im-
plants and this was observed mainly at 18 weeks
postimplantation (Table 1). However, there
were marked differences between the two types
of implants regarding the extent to which the as-
trocytic processes penetrated the gel as well as
regarding their organization. Although reactive
astrocytes projected numerous processes to-
wards the marginal zone of the gels, it was only
with p(GMA)-MAA gels that there was evidence
that the extent and the organization of the astro-
cytic projections were influenced by the polymer
implant. The processes invaded the deep struc-
tures of the gel so that they had even constituted
a glial matrix inside domains of a p(GMA)-MAA
hydrogel after 18 weeks (Fig. 4A, Table 1).
Moreover, the processes seemed to follow the
structure of the gel and, at high magnification,
individual astrocytic processes were seen cours-
ing into the gel, sometimes in association with
blood vessels (Fig. 4B). For the p(GMA)-
DMAEMA hydrogels, the astrocytic processes
extended only to the interface, onto the surface
of the gel and into marginal regions, even after
18 weeks postimplantation.

Deposition of extracellular materials

Under polarized light, the brightness of the
birefringence as well as the various polarization
colors which circumscribed the matrices were
suggestive of the deposition and of the organiza-
tion of newly formed collagen at the brain-
bioimplant interface, since the collagen stock
that we used displays only a very weak red bire-
fringence. The distribution of connective tissue
deposition seemed to coincide with the zones of
organization of the astrocytosis into the gel. Al-
though the collagen could form dense layers lo-
cally, we never observed the formation of a col-
lagenous scar that was continuous all around the
implantation site. Furthermore, collagen was
also deposited inside p(GMA)-MAA gels, consti-
tuting a birefringent matrix formed of thick
strongly red to yellow collagen fibers and fine
fibers displaying a green birefringence (Fig. 4D).
Other extraeellular materials were deposited in
the hydrogel implants as seen in silver impreg-
nated sections. Fine and weakly stained arrays of

fibrinogranular material were observed at the in-
terface and also in p(GMA)-MAA gels. In this
case, the network of this material could depict
the microgeometric patterns of the hydrogel
(Fig. 4C). Because of its argyrophilic properties,
this material may correspond to reticulin fibers
or basement membranes but neurites of small
caliber should not be excluded. Elastic fibers
were also seen as their amorphous components
stained with PTAH, but these were mostly re-
stricted to the interface.

The axonal reaction

The neuronal cell bodies of the cortex adja-
cent to the site of implantation showed either an
intact morphology, chromatolysis or different
degrees of atrophy (Fig. 6A). A constant obser-
vation, independent of the ionic structure of the
hydrogels, was the presence of nerve fiber
sprouts in the cortex surrounding the implant.
These sprouts, which typically showed wavy pat-
terns and swollen tips, were often arranged in
fascicules terminating on the brain-implant inter-
face (Fig. 6C, Table 1). Regenerating nerve
fibers, either packed or individual, were also
seen in the cortex adjacent to the implantation
site (Fig. 6D). Three kinds of figures could gen-
erally be observed: regenerating cortical nerve
fibers running approximately perpendicularly to
one edge of the implant, or projecting into the
implantation site, either following a direct trajec-
tory or after deflection of their initial orientation.
Despite the difficulty of establishing the relation-
ship between the entering nerve fibers and the
hydrogels because of the differing refractive in-
dex of the structure of the gel, it was nevertheless
clear that in some cases individual axons did en-
ter the hydrogel (Fig. 5C). This was mostly
observed with p(GMA)-MAA gels (Table 1).
For the same reason, it was difficult to trace the
course and to evaluate the exact extent of the
nerve fibers penetrating the matrix.

DISCUSSION

Previously, we implanted neutral p(GMA)
hydrogels into the brain, in order to provide a
support that could facilitate and direct the

VOL. 3, NO. 1, 1992
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Fig. 4: p(GMA)-MAA hydrogel at 18 weeks post-implantation. A and B are PTAH stained sections showing the
astrocytic reaction. In A the astrocytic processes penetrated the gel massively, forming an astrogllal
matrix. Note also the weak glial reaction around the implant. B is a high magnification of a region of the gel
interfacing with the neural tissue. Astrocytic processes (arrows) and blood vessels (arrowheads) are
seen to penetrate the gel. C (Bodian) and D (picrosirius-polarization method) illustrate the deposition of
argyrophilic material (C) and newly formed collagen (D) into the gel. Note that the staining pattern in
Figures A, C and D reveals the cribriform matrix of the gel implant. Scale bars: A and C, 100/m; B, 20/m
and D, 50/m.
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Fig. 6: Silver impregnated sections (Bodian) showing the neuronal response to the implantation of p(GMA)-MAA
gels after 18 weeks implantation. A, multipolar neurons with a normal morphology (arrows) located in the
tissue adjacent to the implant. Figure B is a camera lucida drawing of the neuron indicated by the large
arrow in Figure A. This figure shows a ramified process projecting up to 50-60/m away from the soma into
the implantation site while other neurites (two of them show terminal ramifications) extend towards the
margin of the implantation site. These processes could be traced by varying the field depth. The interface
is indicated by the dashed line. C is a high magnification of the brain-implant interface showing nerve fiber
sprouts often arranged in loose fascicules and projecting into the implantation site. D shows many
regenerating nerve fibers that enter the implantation site. The arrow shows one process that has extended
up to 150 m into the implantation site. The stained background corresponds to newly deposited
argyrophilic material (arrowheads). Scale bars: A and D, 50/m; C, 10 ffm.
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growth of cells and axons /34/. In the present
study, we incorporated polar chemical groups
into the polymer skeleton. Our data show that
these new p(GMA) hydrogels are well tolerated
by the neural tissue and that they influence the
gliosis which follows any injury of the brain
parenchyma as well as an axonal response of the
adjacent neural tissue. The influence of the ionic
gels is demonstrated (1) by the mild astrocytosis
along the hydrogel surface. This reaction is to be
contrasted with that shown in our material be-
neath the implantation site at the level of the cut
(a region which could be looked at as a lesion
control); (2) by an increase and an organization
of the growth of astrocyte processes onto and
into the matrix. However, our findings show that
the astrocytosis is more influenced by the hydro-
gels carrying carboxyl groups than those carrying
amino groups. The deposition of extracellular
material is also more pronounced with p(GMA)-
MAA hydrogels, but this could be related to dif-
ferent types of interactions between astrocytes
and mesenchymal cells or extracellular
molecules. The different behaviors of the glial
reaction with respect to the type of gel can be in-
terpreted in terms of these effects on the host
tissue mediated through ionic currents and con-
centration gradients which take place in the ma-
trices.

Effect of ionic p(GMA) hydrogels on the astrocy-
tosis

The ionic currents are related to the charges
of the hydrogels which acquire their charges by
ionization and ion exchange in contact with ion
containing media (collagen solution and intersti-
tial fluid of the tissue). For instance, carboxyl
and amino groups give the charged groups COO-
and N(CH )H/ respectively (a scheme of the
charged ges is given in Figure 7). However, 96%
of carboxyl groups are ionized while less than 1%
of amino groups become charged at physiologi-
cal pH (the level of charges of the gels is evalu-
ated by measuring the pH of a diluted solution of
comonomer and by calculating the constant of
dissociation). The result is that p(GMA)-MAA
gels are highly polar materials with a high ionic
conductivity while gels carrying basic groups are
almost neutral. Ionic currents carried by highly

mobile ions like H+ may then have generated ion
fluxes and favored the growth of cell processes
toward the immobilized negative charges within
the gel. Could ionic currents in the gels be re-
lated to the astrocytosis organization? Although
ionic currents have not been measured, we be-
lieve that they may influence the elongation, the
direction and the organization of cell processes.
Indeed, ionic currents, generated by natural or
applied electrical fields, have been shown to in-
fluence cellular events during regenerative pro-
cesses in amphibians and in vertebrates /6/ as
well as during morphogenesis /20/. The steady
currents generated by the high level of charge of
p(GMA)-MAA gels may explain the massive in-
vasion of astrocytic processes. Although contact
guidance may also assist the growth of cell pro-
cesses, voltage gradients are more potent cues
/18/. Poly(GMA)-DMAEMA hydrogels behave
more as neutral materials and the growth of glial
processes could be modulated mainly through
surface guidance mechanisms.

a 2+

CO0" CO0- CO0-

MAA MAA MAA

-DMAEMA DMAEMA DMA’EMA
() mobile ions
() fixed charges

Fig. 7: Origin of the charges of p(GMA)-MAA and
p(GMA)-DMAEMA hydrogels. The gels acquire
their charges by ionization and/or ion
adsorption in contact with polar media in
order to satisfy the overall condition of
electroneutralityo
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What are the mechanisms by which p(GMA)-
MAA-induced ionic currents can influence the
astrocytosis? By analogy to galvanotaxis, where
nerve fibers respond in vitro /22/ and in vivo
/26,5/ to an applied electric current, ionic cur-
rents may favor the accumulation of molecules
involved in cell adhesion at the extemity of
growing processes/23/. Another possible and yet
non-exclusive mechanism could be the buffering
of injury cationic currents (mostly carried by Na/

and Ca//)/7/which cause the depolymerization
of the cytoskeleton of processes/27/. Since the
negative surface of p(GMA)-MAA gels displays
a strong affinity for positive ions, these gels could
have buffered injury currents by attracting Ca/+
(of all the cations available, calcium forms the
most stable complex with acid functions), and
the reduction of the Ca++ currents could have
reduced the extent of retrograde degeneration of
processes.

Regardless of the ionic structure of the gels,
the variable penetration of the hydrogels by the
reactive host tissue is most likely related to the
presence of collapsed pores at the surface of the
gel or else to non-permeable microporous do-
mains of the polymer as reported in our previous
study/34/and by others/29/. In addition to the
ionic content of the synthetic gels, the collagen
surface, the water content, the chemical inert-
ness of the polymer skeleton and the permeabil-
ity to gases and to low molecular weight solutes
contribute to the biological properties of the hy-
drogels/24/.

Regeneration of neurites

Contrary to the astrocytic reaction where
there were marked differences according to the
types of gels, it seemed that the regenerating
nerve fibers were more influenced by the topo-
logical organization of the astrocytosis rather
than the type of gel (Fig. 4B and 4C). The
implantation of charged hydrogels permits ma-
nipulation of two factors which are thought to
limit the successful axonal regeneration in the
CNS: formation of a connective/glial scar after
injury of the neural tissue/14/and lack of appro-
priate interactions of regenerating neurites with
astrocytes /17/. In our material, the p(GMA)-
MAA hydrogels, and to some extent the

p(GMA)-DMAEMA, modified the organization
of the glial scar and this feature appears to be-
come an important determinant for axonal re-
generation. In particular, it is known that the
persistence of a glial matrix promotes axonal re-
generation after injury/10/. Neuronoglial inter-
actions are also thought to play a significant role
in determining the outcome of neuroregenera-
tive processes/28/. In addition, the deposition of
extracellular molecules and their organization
onto the polymer surfaces should also be taken
into account since extracellular matrix compo-
nents can support and enhance neuritic out-
growth/10/. Based on the argyrophilic properties
of the material, these components may corre-
spond, among other things, to reticulin fibers
and/or basement membrane components /15/,
secreted by reactive astrocytes/3/. In our mate-
rial, the extent to which astrocytic processes in-
vaded p(GMA)-MAA gels coincided with the
distribution of secreted extracellular material.

Comparison with a peripheral nerve graft

Segments of peripheral nerve have been suc-
cessfully implanted into the central nervous sys-
tem to promote the growth of injured axons and
it has been found to be a very effective proce-
dure to stimulate axonal regeneration as a pe-
ripheral nerve graft may provide the adequate
physical and trophic support for the growth of
axons (e.g. Schwann cells and extracellular ma-
trix molecules) with minimal gliotic reaction
/2,31/. The use of synthetic polymeric matrices is
an alternative procedure. The material implant
itself is unable to support axonal growth but the
aim here is to impose a spatial organization of
the glial-connective scarring that could be con-
ducive to directed axonal growth. Hydrogel im-
plants induce a gliotic reaction which appears to
be more intense than that occurring after the
implantation of nerve segments/4/, but the sec-
ondary organization of astrocytic processes in a
glial-derived tissue matrix and the deposition of
newly synthetized extracellular macromolecules
are beneficial for axonal regeneration. In this re-
gard, our biocompatible hydrogel, in contrast to
a peripheral nerve implant which contains orga-
nized extracellular matrices and tubes of basal
lamina/8/, can be looked at as a "protomatrix"
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which acquires, after implantation, bioadhesive
properties suitable to promote and support ax-
onal growth while substrate pathways are orien-
tated by the microgeometry of the matrix. How-
ever, as shown in the present study, this depends
on the particular properties of the polymer sur-
faces, e.g., the presence of ionizable groups.

Although ionic matrices have been implanted
in non-neural tissues/1,30/, this is the first report,
to our knowledge, of the implantation of poly-
mer matrices carrying functional groups into
brain tissue. This technology is a new addition to
the presently available neurotransplantation
methods that attempt to overcome the formation
of scar tissue and consequently promote more
effective axonal regeneration. Furthermore, the
use of polar hydrogels may also allow manipula-
tion of the cellular and the physico-chemical en-
vironment of the growing axons.
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