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RESUMEN

Las células gliales tienen un papel muy importante en el funcionamiento del
SNC tanto en condiciones fisiologicas como en condiciones patologicas. Frente a
estimulos externos o como consecuencia del dafio neuronal, estas células tienen la
capacidad de responder con cambios morfoldgicos y funcionales constituyendo lo que
se ha denominado activacion glial o glia reactiva. Existe cierta controversia respecto al
papel nocivo o beneficioso de la glia reactiva para las neuronas. En este trabajo se ha
estudiado como la presencia y el estado (quiescencia/activacion) de las células gliales
pueden modificar la respuesta de las neuronas frente a un estimulo nocivo. Para ello se
han utilizando dos tipos de cultivos primarios de células de cerebelo: cultivos
enriquecidos en neuronas granulares y cultivos mixtos de neuronas granulares y células
gliales. Los cultivos han sido tratados con concentraciones crecientes de glutamato con
la finalidad de inducir muerte neuronal por excitotoxicidad y determinar si la presencia
de células gliales induce diferencias en esta respuesta. En paralelo, se ha estudiado si el
pretratamiento con LPS, agente ampliamente utilizado para inducir activacion glial in
vitro, es capaz de modular la toxicidad del glutamato en estos cultivos. En las diferentes
situaciones experimentales se han evaluado los cambios inducidos en las células gliales
mediante la deteccién de cambios morfologicos y la produccion de NO, que estd
incrementada en respuesta a numerosos estimulos que inducen activacion glial. Los
resultados obtenidos muestran que la presencia de las células gliales protege de la
neurotoxicidad del glutamato dentro de un cierto rango de concentraciones, por encima
del cual tiende a incrementarla. La activacion glial inducida por el LPS anula el efecto
neuroprotector de la glia en los cultivos mixtos de neurona-glia e incrementa el efecto
neurotdxico del glutamato. Estos resultados ponen de manifiesto que el estado en que se
encuentran las células gliales puede jugar un papel muy importante en la respuesta

neuronal a un determinado estimulo.
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ABSTRACT We studied the influence of glial cells on the neuronal response to

glutamate toxicity in cerebellar granule cell cultures. We compared the effect of gluta-
mate on neuronal viability in neuronal vs. neuronal-glial cultures and determined this
effect after pretreating the cultures with the lipopolysaccharide (LPS) of Escherichia
coli, agent widely used to induce glial activation. Morphological changes in glial cells and
nitric oxide (NO) production were evaluated as indicators of glial activation. We ob-
served that glutamate neurotoxicity in neuronal-glial cultures was attenuated in a
certain range of glutamate concentration when compared to neuronal cultures, but it
was enhanced at higher glutamate concentrations. This enhanced neurotoxicity was
associated with morphological changes in astrocytes and microglial cells in the absence
of NO production. LPS treatment induced morphological changes in glial cells in neu-
ronal-glial cultures as well as NO production. These effects occurred in the absence of
significant neuronal death. However, when LPS-pretreated cultures were treated with
glutamate, the sensitivity of neuronal-glial cultures to glutamate neurotoxicity was
increased. This was accompanied by additional morphological changes in glial cells in
the absence of a further increase in NO production. These results suggest that quiescent
glial cells protect neuronal cells from glutamate neurotoxicity, but reactive glial cells
increase glutamate neurotoxicity. Therefore, glial cells play a key role in the neuronal
response to a negative stimulus, suggesting that this response can be modified through
an action on glial cells. o 2003 Wilay-Liss, Ine.

INTRODUCTION

In physiological conditions, glial cells play a key role
in the normal function of the central nervous system
(CNS) both during development and in the adult. More-
over, they are essential to the response of the CNS to
pathological conditions. Astroglial and microglial cells
respond to neuronal damage with morphological and
functional changes and thus become reactive or acti-
vated glial cells. Reactive astroglial and microglial cells
produce a variety of growth factors, cytokines, nitric
oxide (NO), and neuropeptides with known neurotro-
phic or neurotoxic properties (Chao et al., 1995b; Raiv-
ich et al.,, 1999; Streit et al., 1999; Vitkovic et al., 2000).
In addition, unidentified factors synthesized by glial

® 2003 Wiley-Liss, Inc.

cells have also been described as neurotrophic and
neurotoxic products (Giulian, 1993; Giulian et al,
1993; Amano et al., 1994; Shea, 1994; Yoshida et al.,
1995; Zhang and Fedoroff, 1996). Moreover, some of the
compounds produced by reactive glial cells induce ei-
ther neuroprotection or neurodegeneration depending
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on the experimental model used (Chao et al., 1995b;
Allan and Rothwell, 2001), suggesting that they have a
dual role and that additional factors determine their
final effect.

Glial activation is a complex phenomenon and in
vitro approaches have provided useful information
about the response of glial cells to several stimuli.
Various types of cell cultures are used to study glial cell
function: enriched cultures of astroglial, microglial or
oligodendroglial cellg, as well as mixed glial or mixed
neuronal-glial cultures from several brain regions can
be obtained. In this regard, the behavior of neurons
and glial cells in culture depends on the cells they are
surrounded by, because of the interactions between the
neural cells. Several studies in vitro show that the
interaction between neurons and glial cells, either
through physical contact or the release of soluble fac-
tors, determines the morphology of astrocytes (Matsu-
tani and Yamamoto, 1997), the expression of specific
glutamate transporters in astrocytes (Gegelashvili et
al., 1997), the neuronal sensitivity to glutamate excito-
toxicity (Brown, 1999), the expression of transcription
factors in glial cells (Pennypacker et al., 1996) or neurons
(Kaltschmidt and Kaltschmidt, 2000}, and neuronal via-
bility (Zhang and Fedoroff, 1996). The interaction be-
tween astroglial and microglial cells determines micro-
glial morphology (Tanaka and Maeda, 1996; Tanaka et
al., 1999). In addition, the interactions between neural
cells define their response to external stimuli (Vincent et
al.,, 1996; Chang et al., 2000; Sola et al., 2002).

Here we examined the effect of resting and activated
glial cells on the neuronal response to a harmful stim-
ulus. We used two types of cerebellar granule cell cul-
tures, neuronal-enriched cultures and neuronal-glial
cultures, and determined the toxicity of glutamate in
cerebellar granule neurons in the absence and in the
presence of glial cells and after inducing alterations in
glial cell function.

MATERIALS AND METHODS

Reagents were from Sigma Chemicals (St. Louis,
MO) unless otherwise stated.

Cell Culture

Cultures of cerebellar granule cells were prepared from
7-day-old pups (Wistar; Iffa Credo, Lyon, France) as de-
scribed elsewhere (Novelli et al., 1988). Briefly, cerebella
from 8-10 animals were quickly removed and freed of
meninges, followed by manual slicing with a sterile blade.
The tissue was then dissociated with (.25 mg/ml trypsin
and passed through a Pasteur pipette about 60 times in
the presence of 80 pg/ml DNase and 0.52 mg/ml soybean
trypsin inhibitor. Nondissociated material was allowed to
settle for 2-3 min, the supernatant was removed, and the
pellet was triturated again as described above. Cells in
the pooled supernatants were recovered by brief centrif-
ugation and resuspended in basal Eagle’s medium with-

94

259

out glutamine (Gibco-BRL, Life Technologies, Paisley,
U.K.) supplemented with 20 mM KCI (25 mM final con-
centration), 2 mM glutamine, 100 pg/ml gentamycin, and
10% fetal bovine serum (Gibeco-BRL), then seeded in 5
pg/ml poly-L-lysine-coated 24-well plates (Nalge Nunc
International, Naperville, IL) at a density of 3 x 10°
cell’em? in 0.5 ml of medium. In some cases, cells were
seeded over 10 pg/ml poly-L-lysine-coated glass cover-
slips (12 mm diameter; Marienfeld, Germany) placed on
the culture wells. Cells were maintained at 37°C in a 5%
CO5 and 95% humidity atmosphere. Three types of cul-
tures were obtained: neuronal cultures, where 10 M
cytosine B-D-arabinofuranoside (Ara-C) was added
16-18 h after seeding to inhibit nonneuronal cell prolif-
eration; neuronal-glial cultures, which were not treated
with Ara-C; and mixed glial cultures, where medium was
changed 24 h after seeding to a medium without added
KCl. In neuronal and neuronal-glial cultures, the me-
dium was never changed, but 5.6 mM glucose was added
4 days after seeding to enhance survival. The medium of
glial cultures was renewed every 3 days. Glia content in
neuronal and neuronal-glial cultures was assessed after 8
days in culture using immunocytochemical techniques as
described below. Neuronal cultures contained 2% of as-
trocytes and 3% of microglia and neuronal-glial cultures
contained 7% of astrocytes and 5% of microglia.

Treatments

Cell cultures were treated with glutamate 8 days
after seeding. The preconditioned growth medium was
collected, and cells were washed twice with 1 ml of
standard Locke’s solution containing 155 mM NaCl, 5.6
mM KCI, 2.3 mM CaCly, 1 mM MgCl,, 8.4 mM HEPES,
and 5.6 mM glucose, pH 7.4, Primary cultures were
incubated for 20 min at room temperature with 0.5 ml
of Mg?'-free Locke’s solution containing various con-
centrations of glutamate: 10, 15, 20, 50, and 100 uM.
Glutamate exposure was stopped by washing the cells
twice with 1 ml of standard Locke’s solution. The pre-
conditioned growth medium was then replaced and the
cultures were returned to the incubator. Neuronal vi-
ability was assessed 24 h later. In some experiments,
cell cultures were exposed to the N-methyl-D-aspartate
(NMDA) receptor antagonist hydrogen maleate (MK-
801, 10 pM) in Mg?*-free Locke’s solution for 15 min
before and during glutamate treatment.

To evaluate the effect of glial activation on the tox-
icity of glutamate, cell cultures were pretreated with
LPS (1 wg/ml: Escherichia coli 026:B6, reconstituted in
PBS and kept at —20°C) 7 days after seeding. LPS was
added directly to the culture medium. Cultures were
then treated with glutamate 8 days after seeding as
described above.

Nitrite Assay

The production of NO was assessed by the Griess
reaction, a colorimetric assay that detects a stable re-
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action product of NO and molecular oxygen, nitrite
(NO,7), accumulated in the culture medium. Briefly,
100 pl aliquots of culture supernatants were collected
48 h after stimulation with 1 pg/ml LPS and incubated
with equal volumes of Griess reagent [1% sulfanil-
amide, 0.1% N-(1-naphthyljethylenediamine dihydro-
chloride, and 5% phosphoric acid] for 10 min at room
temperature. Absorbance at 540 nm was measured us-
ing a microplate reader (i(EMS Reader MF, Lab-
systems, Finland). Nitrite concentration was deter-
mined from a sodium nitrite standard curve (0-
50 pM).

Single Immunocytochemical Analysis

Astroglial and microglial cells were identified in neu-
ronal, neuronal-glial, and mixed glial cultures by im-
munostaining with a rabbit anti-GFAP polyclonal an-
tibody (Dako, Glostrup, Denmark) and biotin-labeled
lectin from Lycopersicon esculentum (tomato), respec-
tively. Cells were washed in phosphate-buffered saline
(PBS) and fixed with 4% paraformaldehyde/0.1 M phos-
phate buffer (pH 7.4) for 20 min at room temperature.
Endogenous peroxidase activity was blocked by incu-
bation with 3% Hy0y/methanol for 2 min and cells were
then permeated in 0.2% Triton X-100/PBS for 8 min.
Nonspecific staining was blocked by incubating the
cells with 5% serum in PES/1% bovine serum albumin
for 20 min at room temperature. The cells were then
incubated with anti-GFAP antibody (1/500) or lectin
(1/400) overnight at 4°C in the presence of 1% serum.
After rinsing in PBS, they were incubated with a bio-
tinylated goat antirabbit antibody (1/200) in the pres-
ence of 1% serum for 1 h at room temperature. This
step was omitted in the case of the biotin-labeled lectin.
Following incubation with the avidin-biotin-peroxidase
complex (ABC kit, Vector Laboratories) for 1 h at room
temperature, cells were washed in PBS and color was
developed with 3,3'-diaminobenzidine tetrahydrochlo-
ride (DAB). The reaction was stopped by rinsing the
cells in PBS. In some cases, hematoxylin staining was
additionally carried out.

Double Immunocytochemical Analysis

To identify NO-producing cells in neuronal-glial and
mixed glial ecultures, double immunocytochemistry was
performed using specific markers for each glial cell
type and specific antibodies for iNOS, which is respon-
sible for the synthesis of NO. Rabbit anti-GFAP poly-
clonal antibody and anti-CD11b (MRC OX42) monoclo-
nal antibody (Serotec, Oxford, U.K.) were used to
identify astroglial and microglial cells, respectively.
The expression of iINOS was detected either with an
anti-iNOS monoclonal antibody (Transduction Labora-
tories, Lexington, KY) or with an anti-iNOS polyclonal
antibody (Chemicon International, Temecula, CA).
Cells grown on glass coverslips were fixed, permeated,
and nonspecific staining was blocked as described
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above. Cells were coincubated overnight at 4°C with
either rabbit anti-GFAP polyclonal antibody (1/500)
and anti-iNOS monoclonal antibody (1/200) or OX-42
monoclonal antibody (1/50) and anti-iNOS polyclonal
antibody (1/200). After rinsing in PBS, cells were incu-
bated for 1 h at room temperature with fluorescent
secondary antibodies: goat antirabbit tetramethylrho-
damine isothiocyanate (TRITC; 1/400) for the rabbit
anti-GFAP polyclonal antibody; sheep antimouse fluo-
rescein isothiocyanate (FITC; 1/50) for the anti-INOS
monoclonal antibody; goat antimouse Alexa 488 and
goat antimouse ALEXA 546 (1/1,500; Molecular
Probes, Eugene, OR) for the OX-42 monoclonal anti-
body and the anti-iINOS polyclonal antibody, respec-
tively. Immunoreactivity was visualized under a fluo-
rescence microscope (Nikon Eclipse E1000).

Assessment of Cell Viability

Neuronal viability in cerebellar granule cell cultures
was routinely estimated by fluoreseent staining. Twen-
ty-four hours after glutamate treatment, cells were
washed with standard Locke’s solution before and after
incubation with fluorescein diacetate (FDA; 15 pg/ml)
and propidium iodide (PI; 4.6 pg/ml) for 5 min, then
examined under a fluorescence microscope (Olympus
IX70). Using appropriate filters, FDA-positive live neu-
rons showed bright green small cell bodies and neurites
(morphology clearly different from that presented by
nonneuronal cells), while the propidium iodide-positive
dead cells showed red nuclei. Images of 2—4 micro-
scopic fields in each well were obtained with a digital
camera (ColorView 12) using a 20X objective. Three
wells per experimental condition were processed and
each experimental condition was repeated at least four
times. Visual counting of live and dead neurons was
performed with the imaging analysis software “analy-
SIS” (Soft Imaging System GmbII). The total number
of living neurons was determined using FDA staining
only, because a certain amount of dead cells had been
lost during the experimental processing of the samples.
Neuronal viability was expressed as a percentage of
control.

Data Presentation and Statistical Analysis

Results are presented as the mean = SEM values.
Statistical analysis were performed using one- or two-
way analysis of variance (ANOVA) to identify overall
treatment effects, followed by Student’s ¢-test or Dun-
nett’s test for the selective comparison of individual
data groups vs. their respective controls. Values of P <
0.05 were congidered significant.

RESULTS
Cell Culture Morphology

Neurons grown in neuronal cultures showed the
same morphology as those grown in neuronal-glial cul-
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Fig. 1. Presence of glial cells in neurenal and neuronal-glial cul-
tures of cerebellar granule cells. Images in the left column correspond
to neuronal cultures and images in the right column correspond to
neuronal-glial cultures 8 days after seeding. A and B are phase
contrast images. C and D correspend to GFAP immunolabeling, show-

tures (Fig. 1A and B). However, they were more homo-
geneously distributed in neuronal cultures than in neu-
ronal-glial cultures, where groups of neurons in close
contact could be observed. The morphology of astro-
cytes in neuronal and neuronal-glial cultures was sim-
ilar, but it differed from that observed in mixed glial
cultures: in the presence of neurons, astrocytes showed
a stellate morphology (Fig. 1C and D), with a reduced
perinuclear soma and several long and thin processes,
while in the mixed glial cultures they showed a polyg-
onal morphology (data not shown). Very few astrocytes
were observed in neuronal cultures, although their
long processes were present in most of the culture well
surface. Astrocytes processes constituted a dense and
complex network in neuronal-glial cultures. As regards

96

ing astrocyte content in the cerebellar cultures and hematoxylin
staining of the cellular nuclei. Arrowheads show GFAP and hematox-
ylin costaining (corresponding to astrocytes). E and F correspond to
lectin staining, a specific marker of microglial cells (small arrows).
Bar = 50 pm.

microglial cells, scattered cells of irregular morphology
were observed in neuronal cultures (Fig. 1E), while
cells with shapes ranging from small and round to
stellate were consistently observed in neuronal-glial
cultures (Fig. 1F). The stellate morphology was less
pronounced in microglial cells growing in mixed glial
cell cultures (data not shown).

Glutamate Neurotoxicity in Absence and
Presence of Glial Cells

Neuronal and neuronal-glial cultures treated with
increasing concentrations of glutamate showed a con-
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Fig. 2. Neuronal viability in neuronal and neuronal-glial cultures
of cerebellar granule cells treated with glutamate. Neuronal and
neuronal-glial cultures were treated with increasing glutamate con-
centrations. Bars represent the mean + SEM eof at least four cultures.
Glutamate treatment decreased neurenal viability vs. control un-
treated cultures in neuronal and neuronal-glial cultures in a concen-
tration-dependent manner, triple asterisk, P < 0.001, Dunnett's test.
The only exception occurred in neuronal-glial cultures treated with 10
pM glutamate, where no alterations in neuronal viability were ob-
served. Glutamate-induced decrease in neuronal viability in neuro-
nal-glial cultures differed from that observed in neuronal cultures
(two-way ANOVA, P < 0.01). Triple number sign, P < 0.001 repre-
sents differences between glutamate-induced decrease in neuronal
viability in neuronal cultures vs. neuronal-glial cultures at the con-
centration of glutamate tested, Student’s ¢-test.

centration-dependent effect on neuronal viability (Fig.
2). Glutamate treatment significantly altered neuronal
viability in both types of cultures (ANOVA, P < 0.001).
Glutamate neurotoxicity was inhibited when cultures
were treated with 10 pM MK-801 (data not shown).
The magnitude of the effect of glutamate treatment on
neuronal viability differed according to the culture
tested (two-way ANOVA, P < 0.01). In neuronal cul-
tures, neuronal viability decreased at 10 wM glutamate
compared with control untreated cultures (Dunnett’s
test), while in neuronal-glial cultures, neuronal viabil-
ity was significantly reduced from 15 pM glutamate
(Dunnett’s test; Fig. 2). In addition, 10, 15, and 20 pM
glutamate decreased neuronal viability in neuronal
cultures to a higher extent than in neuronal-glial cul-
tures, but the opposite occurred at 50 and 100 pM
glutamate (Fig. 2). Toxicity was not significant in
mixed glial cell cultures treated with the same concen-
trations of glutamate (data not shown).

Glial Cell Activation After Glutamate and/or
LPS Treatment

Changes in the cell morphology or NO production
induced in glial cells by glutamate and/or LPS treat-
ment were studied as signals of glial activation.
Changes in cell morphology, as determined by GFAP
immunostaining and lectin staining, were evaluated at
15 pM glutamate, as the lowest concentration tested
decreasing neuronal viability in both neuronal and
neuronal-glial cultures, and at 100 pM glutamate, as
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the concentration inducing the maximal decrease in
neuronal viability in both types of cell cultures. Gluta-
mate treatment at 15 pM did not significantly modify
astroglial or microglial cell morphology in neuronal-
ghal cultures (data not shown). However, treatment
with 100 pM glutamate induced morphological
changes in both astroglial and microglial cells in neu-
ronal-glial cultures: astrocytes predominantly showed
shorter and thicker processes than in control cultures
(Fig. 3A and B), while a large proportion of microglial
cells showed increased size, round morphology, numer-
ous refringent vacuoles, and lighter lectin staining in
glutamate-treated cultures (Fig. 4A and B). No signif-
icant morphological changes were observed in glial
cells in mixed glial cultures treated with 15 or 100 M
glutamate (data not shown). Glutamate treatment did
not alter NO production in neuronal-glial or mixed glial
cultures at any of the concentrations tested (data not
shown).

Neuronal-glial cultures treated with 1 pg/ml LPS
showed no evident morphological changes in astrocytes
(Fig. 3C), but a higher proportion of microglial cells
showed a rounded morphology after LPS treatment
than in eontrol cultures (Figs. 4C and 5A and B). This
was also observed in mixed glial cell cultures (Fig. 5E
and F), where changes in astrocytes were not detected
either. Lectin staining (Fig. 4) and OX-42 immunola-
beling (Fig. 5) showed microglial cells with very dis-
tinct appearance. This may be due to the fact that each
marker labels specific molecules of the cell surface and
that microglial cells growing on plastic culture plates
or over glass coverslips change shape. In addition, LPS
treatment significantly increased NO production in
both cultures, which was not observed in neuronal
cultures (asterisk, P << 0.05, and triple asterisk, P <
0.001, Dunnett's test vs. control values in neuronal-
glial and glial cultures, respectively; Fig. 6). Double
immunostaining for OX-42 and iNOS revealed that the
cells responsible for iNOS induction were microglial
cells (Fig. 5, right column).

The morphological changes induced by LPS in micro-
glial cells in neuronal-glial and mixed glial cultures
were also detected after glutamate treatment (Fig. 4D).
In addition, morphological changes in astrocytes were
also observed at both 15 and 100 pM (Fig. 3D) gluta-
mate in LPS-pretreated neuronal-glial cultures: astro-
cytes mainly showed thicker and shorter processes
than in control conditions. However, glutamate treat-
ment of LPS-pretreated cultures did not further modify
NO production in neuronal-glial and glial cultures (P >
0.05, Dunnett’s test vs. LPS-treated samples; Fig. 6).

Modulation of Glutamate Neurotoxicity in
Presence of Glial Activation

LPS treatment for 48 h did not cause significant
death in mixed glial cell cultures (data not shown) and
did not alter neuronal viability in neuronal and neuro-
nal-glial cultures (Fig. 7A). Glutamate treatment had
the same effect on neuronal viability in neuronal cul-
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Fig. 3. Morphological changes in astrocytes in neuronal-glial cul-  out astrocyte processes, which show evident changes in the treated
tures after LPS and LPS plus glutamate treatment. GFAP immuno-  cultures as regards thickness, length, and spatial distribution. Bar =
reactivity in control cultures (A) and 100 pM glutamate (B), LPS(C), 100 pm.
and LPS plus 100 pM glutamate (D) treated cultures. Arrows point

Fig. 4. Morphological changes in microglhal cells in neuronal-glial ~LPS plus 100 pM glutamate (D) treated cultures. Arrows point out
cultures after LPS and LPS plus glutamate treatment. Lectin stain-  lectin-positive cells, which show evident morphological changes and
ing in control cultures (A) and 100 pM glutamate (B), LPS (C), and  plenty of vesicles in the treated cultures. Bar = 50 pm.
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Fig. 5. Identification of NO-producing cells in cerebellar cell cultures. OX-42 (A, B, E, and F) and iNOS
(C, D, G, and H) immunestaining in control (left column) and LPS-treated (right column) neuronal-glial

(A-D) and mixed glial cultures (E-H). Bar = 50 pm.

tures in the presence and in the abzence of LPS pre-
treatment (two-way ANOVA, P = 0.05; Fig. 7B). How-
ever, the glutamate-induced decrease in neuronal
viability was modified in LPS-pretreated neuronal-
glial cultures (two-way ANOVA, P < 0.001; Fig. 7C):

neuronal viability was further decreased after gluta-
mate treatment at the concentrations of 10, 15, and 20
M, although the effect of 100 pM glutamate was sim-
ilar in the presence and in the absence of LPS pretreat-
ment.
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Fig. 6. Nitrite production in cerebellar cell cultures after LPS and
LPS plus glutamate treatment. NO production in (A) neuronal and
neuronal-glial cultures and (B) mixed glial cultures of cerebellar cells
after LPS treatment in the absence or in the presence of several
concentrations of glutamate. Bars represent the mean + SEM of five
neuronal and neuronal-glial cultures and three mixed glial cultures.
Asterisk, P < 0.05, and triple asterisk, P < 0.001, represent differ-
ences between nitrite accumulation in the culture medium in LPS-
treated cultures va. control cultures at 48 h, Dunnett's test.

DISCUSSION

The present results show that cerebellar granule
neurons are protected from the toxicity of glutamate
when they are cultured in the presence of glia, but this
protective effect is lost if glial cells are activated. Glial
cells protect neurons from glutamate toxicity in a cer-
tain range of glutamate concentration, but at higher
concentrations of glutamate, glial cells enhance its
neurotoxic effect. In addition, when neuronal-glial cul-
tures are pretreated with LPS, which induces glial cell
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Fig. 7. Neuronal viability in neuronal and neuronal-glial cultures
of cerebellar granule cells treated with LPS and LPS plus glutamate.
A: Effect of LPS treatment on neuronal viability. Effect of glutamate
on neuronal viability in neuronal cultures (B) and in neuronal-glial
cultures (C) after LPS pretreatment. Bars represent the mean = SEM
of six cultures. White bars represent the same data as Figure 2, but
are presented again to facilitate the comparison of glutamate neuro-
toxicity in the presence and in the absence of LPS pretreatment. LPS
plus glutamate treatment significantly decreased neuronal viability
vs. control untreated cultures in neuronal and neuronal-glial cultures,
triple asterisk, P < 0.001, Dunnett’s test. Glutamate-induced de-
crease in neuronal viability in neuronal cultures was similar in the
absence and in the presence of LPS pretreatment (two-way ANOVA,
P = 0.05). Nevertheless, glutamate-induced decrease in neuronal
viability in neuronal-glial cultures was modified in the presence of
LPS pretreatment (P < 0.001, two-way ANOVA). Double number
sign, P = 0.01, represents differences between glutamate-induced
decrease in neuronal viability in LPS-pretreated vs. LPS-untreated
cultures at the concentration of glutamate tested, Student’s ¢-test.

activation, the protective effect of glial cells disappears
and neurons become more sensitive to glutamate tox-
icity.
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We observed that glutamate neurotoxieity in neuro-
nal-glial cultures was lower than in neuronal cultures
at glutamate concentrations of 10-20 plM, showing
that glial cells protect neurons from glutamate toxicity
in these conditions. Several authors show the protec-
tive effect of astrocytes on glutamate-induced neuronal
death in various experimental models using rat or
mouse cell cultures (Rosenberg and Aizenman, 1989;
Rosenberg et al., 1992; Dugan et al., 1995; Amin and
Pierce, 1997; Beaman-Hall et al., 1998). Various factors
may be responsible for this protection: the presence of
astrocytes surrounding neurites and synaptic connec-
tions, which provide a physical barrier to glutamate
availability at neuronal receptors, astrocytic glutamate
uptake, which reduces the extracellular concentration
of glutamate, and the release of protective factors by
astrocytes. There is evidence supporting that several
mechanisms mediate astrocyte protection from gluta-
mate neurotoxicity. The protective effect of astrocytes
is reverted or attenuated when glial glutamate uptake
is inhibited (Rosenberg et al., 1992; Dugan et al., 1995;
Amin and Pierce, 1997, Kawahara et al., 2002). bFGF
has been suggested to mediate astroghal protection
(Mattson and Rychlik, 1990). Glial-conditioned me-
dium protects neuronal cells from glutamate neurotox-
icity (Amano et al,, 1994). Brown (2000) have shown
that the neuronal release of vasoactive intestinal pep-
tide (VIP) is necessary for the neuroprotective effect of
astrocytes on glutamate neurotoxicity, inducing
changes in astrocytes that provide protection for neu-
rons, such as an increase in glutamate uptake and the
release of protective factors such as IL-6. As reported
by Hailer et al. (2001), astrocyte-conditioned media
reduce NMDA-induced neuronal injury in organotypic
hippocampal slice cultures, which may be due to the
presence of unidentified neuroprotective factors or to
the inhibition of microglial activation. However, we
observed that the protective role of glial cells was not
present over a certain glutamate concentration, at
which the neurotoxic effect of glutamate in neuronal-
glial cultures was stronger than in neuronal cultures.
In this case, glial cells turned from neuroprotective to
neurotoxie. This may be due to the fact that, although
glutamate treatment did not cause glial cell death at
the concentrations tested, it altered the mechanizsms
responsible for the neuroprotection observed. In this
regard, Kawahara et al. (2002) have described that
astrocytes use their glutamate transporter GLT-1 to
protect neurons from glutamate toxicity but also to kill
neurons through glutamate toxicity depending on their
status. The increased neuronal death resulting from
the loss of neuroprotection by glial cells probably in-
duced glial activation, either by the loss of contact
between neurons and glial cells or the release of factors
by the damaged neurons. Glial activation involves the
production of a series of compounds with known neu-
rotoxic actions, such as cytokines and NO, which may
play a role in the increased neuronal death observed in
our neuronal-glial cultures. Although we did not detect
NO production in neuronal-glial cultures at any of the
concentrations of glutamate used, the production of
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other neurotoxic compounds cannot be discarded. The
morphological changes in both astroglial and micro-
glial cells treated with 100 pM glutamate suggest that
glial activation is triggered by glutamate-induced neu-
ronal damage.

Several studies in vitro show that the induction of
glial activation has a neurotoxic effect and that NO and
glutamate are key mediators of this effect (Boje and
Arora, 1992; Chao et al., 1992, 1995a; Bronstein et al.,
1995; Meda et al., 1995; Bal-Price and Brown, 2001). As
reported by Bal-Price and Brown (2001), NO produc-
tion by glial cells inhibits neuronal respiration, leading
to glutamate release and excitotoxicity. NO also in-
duces glutamate release from astrocytes (Bal-Price et
al., 2002). In addition, eytokines can inhibit astrocytic
glutamate uptake through a pathway involving NO (Ye
and Sontheimer, 1996). However, NO production in-
duced by cytokines in neuronal-glial cultures is not
always associated with neuronal death (Jehon et al.,
1998). We treated neuronal and neuronal-glial cerebel-
lar granule cell cultures with LPS to induce glial acti-
vation. NO production increased in neuronal-glial cul-
tures after LPS treatment owing to the induction of
iNOS in microglial cells, but we did not detect signifi-
cant neuronal death at the concentration of LPS used.
However, LPS pretreatment rendered neurons more
sensitive to glutamate in our neuronal-glial cultures.
Indeed, the neurotoxicity of 15 and 20 wM glutamate in
neuronal-glial cultures after LPS treatment was simi-
lar to that observed in neuronal cultures treated with
glutamate alone, and the neurotoxicity of glutamate
was higher at 10 and 100 pM in the LPS-pretreated
neuronal-glial than in glutamate-treated neuronal cul-
tures (P < 0.05 and P < 0.001, respectively, Student’s
t-test). These results suggest that LPS treatment re-
sulted in the loss of the protective properties of glial
cells from glutamate neurotoxicity and/or in the pro-
duction of factors that directly or indirectly modulate
glutamate neurotoxicity. Although LPS-induced NO
production was not linked to significant neuronal death
and NO production in LPS-treated cultures did not
further increase after glutamate treatment, the ob-
served NO production by microglial cells may be in-
volved in the increased sensitivity to glutamate neuro-
toxicity through the above-mentioned effects on the
inhibition of glutamate uptake by astrocytes (Ye and
Sontheimer, 1996), the inhibition of neuronal respira-
tion (Bal-Price and Brown, 2001), or the induction of
the release of vesicular glutamate by astrocytes (Bal-
Price et al., 2002). However, as LPS treatment did not
modify glutamate neurotoxicity in our neuronal cul-
tures, the increased glutamate neurotoxicity observed
after LPS pretreatment in neuronal-glial cultures is
probably mediated by glial cells. Nevertheless, factors
other than NO may participate in this effect. Several
reports show that treatment of neuronal cultures in the
presence of glial cells with substances inducing glial
activation enhances the effect of additional insults,
such as oxygen and/or glucose deprivation (Hewett et
al., 1996; Kim et al., 1999a, 1999b), 1-methyl-4-phe-
nylpyridinium (MPP*) and 6-hydroxydopamine (Me-

101



Resultados

GLIAL ACTIVATION ENHANCES EXCITOTOXICITY

Naught and Jenner, 1999), or NMDA treatment
(Hewett et al., 1994; Kim and Ko, 1998). In addition,
glial cells indirectly increase the neurotoxic effect of
trimethyltin through the production of neurotoxic sub-
stances (Viviani et al., 1998). NO, glutamate, Ca2*,
reactive oxygen species, and cytokines contribute to the
enhancement observed in these situations.

Our results and those cited in the present discussion
show that the response of neurons to a certain stimulus
depends on the presence of glial cells, and that the
status of glial cells has a critical role in the final re-
sponse of neurons. The induction of glial activation
may enhance the negative effects of neurotoxic stimuli
mostly because of microglial activation and partially
through the action of the induced NO production. Glial
activation associated with neuronal damage plays a
crucial role in the progression and the magnitude of the
neural damage and probably in neurodegenerative dis-
eases. Activated glial cells expressing eytokines and
inflammatory mediators are concomitant to neuronal
damage in several neurodegenerative diseases, such as
Alzheimer’s and Parkinson’s disease, in which inflam-
mation mediated by glial activation may be critical for
the progression of neuropathology (Benveniste et al.,
2001; Teismann et al., 2003). Strategies to control this
inflammatory response have been proposed as new
therapeutic approaches for the treatment of certain
neurodegenerative diseases. In addition, as the neuro-
nal response to a negative stimulus can be modulated
through an action on ghal cells, strategies aimed not
only to inhibit the negative effects of glial activation
but also at enhancing the protective properties of glial
cells as mechanisms of neuroprotection may offer great
potential.
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RESUMEN

La activacion glial asociada al dafio neuronal puede ser determinante en la
progresion y la magnitud del mismo. Se ha sugerido que la glia reactiva contribuye a la
disfuncién y a la consecuente muerte neuronal en enfermedades neurodegenerativas o
como consecuencia de lesiones o agentes neurotoxicos. La naturaleza de la sefial que
desencadena la activacion glial se desconoce, pero se ha propuesto que tanto el contacto
directo entre las neuronas y las células gliales y/o los factores solubles secretados por
las neuronas dafiadas juegan un papel relevante. Dado que segun el tipo de muerte
neuronal inducida por un determinado estimulo estos parametros pueden diferir, la
respuesta de las células gliales también puede ser diferente. En este trabajo hemos
estudiado la activacion glial inducida por dos tipos de muerte neuronal in vitro. Para
ello se han utilizado cultivos mixtos de neurona-glia de cerebelo de rata, los cuales han
sido expuestos a: a) una concentracion elevada de glutamato, que induce muerte
neuronal por excitotoxicidad y b) la deprivacién de K en el medio de cultivo, un
modelo ampliamente utilizado para inducir muerte por apoptosis de las neuronas
granulares de cerebelo. Hemos comparado el patréon de activacion glial en estos dos
modelos de muerte neuronal mediante la evaluacién de los siguientes parametros:
activacion de NFkB, producciéon de NO y de TNF-a, proliferacion y fagocitosis.
Aunque en los dos modelos se produce la muerte de la mayoria de las neuronas después
de 24 h de los tratamientos, se observaron diferencias en distintos parametros evaluados.
Cuando las neuronas mueren por excitotoxicidad las células gliales responden con
cambios morfoldgicos, producen moléculas relacionadas con una respuesta pro-
inflamatoria, proliferan y fagocitan. En contraste, la respuesta pro-inflamatoria y la
proliferacion no tienen lugar en presencia de muerte neuronal por apoptosis, mientras
que la fagocitosis es rapidamente inducida. Estos resultados sugieren que el mecanismo
por el cual mueren las neuronas determina el patron de activacion de las células gliales,
lo cual puede influir en el dafio final inducido. También muestran que diferentes

aspectos de la activacion glial pueden ser regulados de manera independiente.
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Abstract

We have studied glial activation in rat cerebellar neuronal-glial
cultures after inducing neuronal death using various stimuli.
Cultures were exposed to 100 um glutamate for 20 min, which
induces excitotoxic neuronal death, or to potassium/serum
deprivation, which induces apoptosis of granule neurons. We
evaluated alterations in several parameters related to glial
activation: nuclear factor-xB activation, nitric oxide and tumour
necrosis factor-o production, which are associated with a pro-
inflammatory response, glial proliferation and phagocytic
activity. Although the two experimental models of neuronal
damage resulted in the death of most neuronal cells within
24 h, differences were observed in the response of the var-
ious glial parameters evaluated. While nitric oxide production

was not detected in any case, tumour necrosis factor-u pro-
duction, nuclear factor-xB activation and glial proliferation
were only induced in the presence of excitotoxic neuronal
death. However, phagocytosis was induced in both cases,
although earlier in the case of apoptotic neuronal death.
These results show that glial cells respond to excitotoxic
neuronal death with an inflammatory response associated
with proliferation and phagocytosis. In contrast, whilst glial
cells do not produce pro-inflammatory molecules in the pres-
ence of apoptotic neuronal death, phagocytic activity is rapidly
induced.

Keywords: asfroglia, microglia, nuclear factor-xB, phagocy-
tosis, proliferation, tumour necrosis factor-u.

J. Neurochem. (2005) 94, 226-237.

In the mammalian CNS, neuronal and glial cells establish a
close relationship that is responsible for the normal function
of the brain. Consequently, alterations in the normal beha-
viour of either neuronal or glial cells affect normal cerebral
function (reviewed in Aschner ef al. 2002; Polazzi and
Contestabile 2002; Chen and Swanson 2003). Although
various stimuli can selectively affect glial or neuronal
function, the final outcome may be an alteration in the
function of both cell types. Most studies of neuron—glia
interaction have made use of in vitro approaches, where the
role of different cell populations can be more easily
Thus, mixed neuronal-glial cultures,
co-cultures of neurons and glial cells with or without direct

discriminated.

contact between the different cell populations, or the use of
conditioned media from neuronal or glial-enriched cultures
have been successfully used to study neuron—glia interac-
tions. Using these approaches, various authors have shown
that stimulation of glial cells using inflammatory agents or
cytokines results in neuronal death, although these agents do
not have any direct effect on neuronal viability (Meda er al.
1995; Jeohn er al. 1998; Bal-Price and Brown 2001). In
addition, glial activation enhances the effects of additional

insults, such as oxygen and/or glucose deprivation (Hewett
er al. 1996; Kim er al. 1999ab), exposure to MPP" and
6-hydroxydopamine (McNaught and Jenner 1999), NMDA
(Hewett ef al. 1994; Kim and Ko 1998) or glutamate (Pérez-
Capote ef al. 2004). Similarly, the presence of glial cells has
been shown to play a role in the induction of neurotoxicity by
molecules involved in certain neurodegenerative discases
(Brown 1998; Malchiodi-Albedi et al. 2001).
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Neuronal damage induced by different stimuli usually
results in morphological and functional changes in glial cells,
constituting what is known as glial activation or formation of
reactive glial cells. Activation of glial cells has been
proposed to contribute to neuronal dysfunction and neuronal
cell death in neurodegenerative diseases (Gonzalez-Scarano
and Baltuch 1999; Benveniste er al. 2001; Brown 2001;
Teismann and Schulz 2004). Astroglial and microglial cells
are able to respond in this way, producing growth factors,
cytokines, nitric oxide (NO) and neuropeptides, among
others; glial activation can also be accompanied by glial cell
proliferation and phagocytosis (reviewed in Raivich er al.
1999; Streit ef al. 1999). The factors produced by reactive
glial cells can be involved in either neuroprotection or
neurotoxicity, playing an important role in the neuronal
damage initiated by a given stimulus. The role played by
reactive glial cells in the development of neuronal damage
appears to depend on the stimulus that induces neuronal
damage and the severity of the damage itself; this determines
which molecules are produced by glial cells, as well as the
presence or absence of glial cell proliferation and phago-
cytosis. The nature of the signal that induces glial activation
in response to neuronal damage remains unknown, although
direct contact between neuronal and ghal cells as well as
soluble factors delivered by the damaged neurons probably
play an important role (Neumann 2001). In addition, when
neuronal damage results in neuronal death, the factors
released by the damaged neurons will differ depending on
whether death occurs by necrosis, in which the integrity of
the cell membrane is compromised and the cellular compo-
nents reach the extracellular compartment, or apoptosis,
whereby cell membranes keep their integrity. Consequently,
the glial response to neuronal death may also differ according
to the way in which it occurs.

Given the complexity of studying glial activation in vivo,
numerous authors have approached the subject using in vitro
experimental models. Various in virro studies show that glial
activation is associated with the production of cytokines,
reactive oxygen species and NO, among others. However,
most experimental approaches use glial cell cultures, and/or
the stimulus used to induce glial activation is an inflamma-
tory agent or a mixture of cytokines that have a direct effect
and cause significant modifications of glial cells (Meda et al.
1995; Forloni et al. 1997; Yao and Johnson 1997; Murphy
et al. 1998; Conti er al. 1999; Johnstone er al. 1999; Possel
et al. 2000; Golde er al. 2002). In contrast, comparatively
few studies have addressed glial activation in the presence of
neurons employing neuronal damage as the inducing stimu-
lus (Viviani er al. 1998, 2000). In the present work, we have
studied glial activation occurring in cerebellar neuronal-glial
cell cultures in response to different forms of neuronal death.
First, these neuronal-glial cultures were exposed to a high
concentration of glutamate, which induces excitotoxic neur-
onal death. Second, we exposed cerebellar neuronal-glial
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cultures, which need to be cultured in a medium containing a
high concentration of K™ (25 mm K'), to serum-free medium
containing a normal concentration of K™ (5 mm K7), a well
established and widely used model of apoptosis in cerebellar
granule neurons first described by D’Mello ef al. (1993).
When medium is changed in mature cerebellar granule
neurons in culture (from 4 to 5 days i vitro), serum has to be
omitted because addition of medium containing fresh serum
has a toxic effect on these cells, resulting in rapid and
extensive neuronal death (Schramm er al. 1990). In parallel,
we induced glial activation in neuronal-glial cultures with
lipopolysaccharide (LPS) from E. coli, an inflammatory
agent widely used to induce glial activation in vitro. The
aim of this study was (i) to assess the presence of glial
activation in vitro in response to neuronal death and (ii) to
mmvestigate possible differences in glial activation in response
to excitotoxic or apoptotic neuronal death.

Materials and methods

Materials
Reagents were from Sigma Chemicals Co. (St Louis, MO, TUSA)
unless otherwise stated.

Cell cultures

Cultures of cerebellar granule cells were prepared from 7-day-old
rats (Wistar; Iffa Credo, Lyon, France) as previously described
(Pérez-Capote et al. 2004). Cells were seeded in 5 pg/mL poly-
L-lysine-coated 24-well plates (Nalge Nunc International, Naperville,
IL, USA) at a density of 3 x 10° cells'em” in 0.5 mL medium
[Eagle’s basal medium (BME:; Gibco-BRL, Life Technologies,
Paisley, UK) supplemented with 20 mn KC1 (25 mu final concen-
tration), 2 mm glutamine, 100 pg/mL gentamicin and 10% fetal
bovine serum (FBS; Gibco-BRL)]. Cells were maintained at 37°C in
a 5% C0Oy and 95% humidity atmosphere. Two types of cultures were
prepared: (i) neuronal-glial cultures and (ii) mixed glial cultures.
Cultures were routinely used at 8 days in vitrw. In neuronal-glial
cultures, the medium was never changed, but 5.6 mum glucose was
added 4 days after seeding to enhance survival. Glial content in
neuronal-glial cultures was assessed after 8 days in culture using
immunocytochemical technigues as described below. Neuronal-glial
cultures contained 6.3 £ 0.7% astrocytes and 7.6 + 1.3% microglia.
In mixed ghal cultures, medium was changed 24 h after seeding and
replaced with medium without added KCI, then renewed every
3 days. Afier 8 days in culture, these cultures contained mainly
astroglial and microglial cells in similar proportions, as assessed
using immunocytochemical technigues as described below.

Treatments

Glutamate treatment

Cell cultures were treated with glutamate 8 days after seeding. The
preconditioned growth medium was collected, and cells were
washed twice with 1 mL Mg*"-free Locke’s solution containing
155 mm NaCl, 5.6 mm KCI1, 2.3 mm CaCls, 8.4 mm HEPES and
5.6 mM glucose, pH 7.4, Primary cultures were incubated for
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20 min at room temperature with 0.5 mL Mg*'-free Locke’s
solution containing 100 pv glutamate. Glutamate exposure was
stopped by washing the cells twice with 1 mL standard Locke’s
solution (containing 1 mm MgCly). The preconditioned growth
medium was then replaced and the cultures were returned to the
incubator. Control cells were processed in parallel and exposed to
Mg*-free Lacke’s solution without glutamate.

Potassium deprivation

Cerebellar neuronal-glial cultures were allowed to develop for
8 days in culture medium with 10% fetal bovine serum (FBS) and
25 mv KCl; this ensured the differentiation and survival of
cerebellar granule neurones in culture. Eight days after seeding,
cells were washed once with standard Locke’s solution and exposed
to potassium deprivation by maintaining them in serum-free BME
(containing 5 mmM KCI) supplemented with 2 mmM glutamine and
100 pg/mL gentamicin. Control cells were processed in parallel and
maintained in the same medium supplemented with 20 mnm KCl
(25 mm KC1 final concentration).

Staurosporine treatment

Staurosporine treatment was used as a positive control for apoptotic
neuronal death. Neuronal-glial cultures were treated with 1 pm
staurosporine for 3 h, 8 days after seeding. Staurosporine was
added directly to the culture medium.

Lipopolysaccharide (LPS) treatment

In some groups of experiments, LPS treatment was used as a
positive control for glial activation. In these cases, neuronal-glial
cultures were treated with LPS (1 pg/mL: E. coli 026:B6) § days
after seeding. LPS was added directly to the culture medium. In
preliminary experiments, we observed that LPS treatment of mixed
glial cultures induced NO and tumour necrosis factor-o (TNF-u)
production, as well as nuclear factor-xB (NF-kB) nuclear translo-
cation (data not shown).

Assessment of cell viability

Neuronal viability in neuronal-glial cell cultures was routinely
estimated by fluorescent staining. Twenty-four hours after glutamate
treatment or potassium deprivation, cells were washed with standard
Locke’s solution before and after incubation with fluorescein diacetate
(FDA, 15 pg/mL) for 5 min, and then examined under a fluorescence
microscope. Images of two to four microscopic fields were obtained
per well using a 20 objective. Two wells per experimental condition
were processed and each experimental condition was repeated three
times. Visual counting of live neurons was performed and neuronal
viability was expressed as a percentage of control.

Assessment of nuclear morphology

Cells were fixed with 4% paraformaldehyde in 0.1 phosphate buffer
(PB, pH 7.4) for 20 min at room temperature (RT), permeated in
chilled methanol for 8 min and then labelled with Hoechst 33258
(1.25 pg/mL) for 15 min. Labelled nuclei were viewed on a
microscope with ultraviolet light illumination.

Caspase 3 activation
We used a rabbit polyclonal antibody [cleaved caspase 3 (Aspl75)
antibody, Cell Signalling Technology, Beverly, MA, USA] to detect

endogenous levels of activated caspase 3 in order to study apoptotic
cell death. Immunocytochemistry was performed according to the
manufacturer’s instructions. Briefly, cells were washed with standard
Locke’s solution and fixed with 3% paraformaldehyde in 0.1 M PB
(pH 7.4) for 20 min at 4°C. Non-specific staining was blocked by
incubating with 5% serum in Tris-buffered saline (TBS)-0.1% Triton
X-100 (TBST) for 60 min at RT. The cells were then incubated with
the antibody (1/100) for 24 h at 4°C in TBST containing 5% serum,
and with biotinylated goat anti-rabbit secondary antibody (1/500) in
TBST containing 5% serum for 1 h at RT. Endogenous peroxidase
activity was blocked by incubation with 0.6% Ha0Os in TBS. The
cells were then incubated with avidin-biotin-peroxidase complex
(ABC kit, Vector Laboratories, Peterborough, UK) for 1 h at RT, and
colour was developed with 3,3"-diaminobenzidine tetrahydrochlo-
ride (DAB). Activation of caspase 3 was analysed 4 and 8 h after
glutamate treatment or potassium deprivation.

To identify the caspase 3-positive cells, sequential double
immunofluorescence was performed using anti-caspase 3 antibody
and anti-neuronal nucleir protein (NeuN, MAB377: Chemicon
International, Temecula, CA, USA: 1/150 dilution), anti-glial
fibrillary acidic protein (GFAP) and anti-CD68 antibodies.

NF-kB activation

We detected translocation of the NF-kB subunit p65 in glial cells by
immunocytochemistry, as a marker of glial activation, using the
protocol described in the Immunocytochemical analysis section
below. The p65 translocation was analysed 1, 4, 8, 10 or 12 h after
glutamate treatment or potassium deprivation.

Nitrite assay

The production of NO was assessed using the Griess reaction.
Briefly, 100 uL aliquots of culture supernatant fluids were collected
24 h after glutamate treatment, potassium deprivation or LPS
treatment and incubated with equal volumes of Griess reagent for
10 min at RT. Absorbance at 540 nm was measured using a
microplate reader (1IEMS Reader MF, Labsystems, Espoo, Finland).
Nitrite concentration was determined from a sodium nitrite standard
curve (0-50 pw).

Immunocytochemical analysis

Single immunocytochemistry using peroxidase

Astroglial and microglial cells were identified in cerebellar cultures
with a rabbit anti-GFAP polyclonal antibody (Dako, Glostrup,
Denmark) and an anti-CD68 (or EDI) monoclonal antibody
(Serotec, Oxford, UK), respectively. Cells were fixed with 4%
paraformaldehyde in 0.1 m PB (pH 7.4) for 20 min at RT. Cells
were permeated and endogenous peroxidase activity was blocked by
incubation with 3% H>0s in methanol for 10 min. Non-specific
staining was blocked by incubating the cells with 5% serum in
phosphate-buffered saline (PBS) containing 1% bovine serum
alburmin for 20 min at RT. The cells were then incubated with
anti-GFAP anti-GFAP (1/500) or anti-CD68 (1/200) antibodies
overnight at 4°C in 1% serum, and with biotinylated goat anti-rabbit
(1/200) or horse anti-mouse (1/200) secondary antibodies in 1%
serum for 1 h at RT. Following incubation with ABC reagent for 1 h
at RT, colour was developed with DAB. In some cases, counter-
staining with haematoxylin was also carried out.
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Double immunocytochemistry using fluovescence labelling

To identify NF-kB nuclear translocation in glial cells, sequential
double immunocytochemistry was performed using a monoclonal
antibody for the p635 subunit of NF-xB (Santa Cruz, Heidelberg,
Germany), together with a rabbit anti-GFAP polyclonal antibody
(Dako) or an anti-CD68 monoclonal antibody (Serotec) to label
astroglial and microglial cells, respectively. Cells were fixed with
chilled methanol for 8 min and non-specific staining was blocked as
described above. Cells were incubated overnight at 4°C with anti-p63
monoclonal antibody (1/50) and for 1 h at RT with the secondary
antibody goat anti-mouse ALEXA 488 (1/1000) (Molecular Probes
Europe BV, Breda, the Netherlands). Immunoreactivity was visual-
ized under a fluorescence microscope and images were obtained using
a 40x objective. Then, non-specific staining was blocked again as
described above, and the cells were incubated overnight at 4°C with
either rabbit anti-GFAP polyclonal antibody (1/2000) or anti-CD63
monoclonal antibody (1/500), and for 1 h at RT with the correspond-
ing fluorescent secondary antibodies: goat anti-rabbit ALEXA 546 (1/
1500) forrabbit anti-GFAP and goat anti-mouse ALEXA 546 (1/1500)
for mouse anti-CD6S (Molecular Probes). Images from the fields that
were photographed previously were obtained using a 40x objective.

TNF-a ELISA

The production of TNF-o was assessed using an ELISA kit specific
for rat TNF-u (Diaclone, Besangon, France). Briefly, 100 pL
aliquots of culture medium were collected 6 h after glutamate
treatment, potassium deprivation or LPS treatment and stored at
— 80°C until assayed for TNF-a content. The ELISA was performed
using the standard and instructions supplied by the manufacturer.

Proliferation assay

To evaluate proliferation in neuronal-glial cultures, 5-bromo-
2'deox yuridine-5"-monophosphate (BrdU) was added to the medium,
at a concentration of 5 um, 22 h after treating the cultures with
100 um glutamate for 20 min or exposing them to potassium
deprivation. BrdU was allowed to incorporate into proliferating cells
for 2 h and the cultures were then fixed with 4% paraformaldehyde in
0.1 M PB, pH 7.4, at RT for 20 min. BrdU incorporation was
assessed using a biotinylated anti-BrdU monoclonal antibody
(Developmental Studies Hybridoma Bank-University of Towa, TA,
USA). Briefly, cells were permeated with cold methanol for 30 min.
Then, they were incubated in 2 M HCI for 30 min, followed by
rinsing in 200 mu borate (pH 8) for 15 min. Endogenous peroxidase
activity was blocked by incubation with 3% H.0, in methanol for
10 min. Non-specific staining was blocked with 10% serum in PBS-
0.1% Triton X-100 (PBST) for 30 min at RT. The cells were then
incubated with anti-BrdU (1/1000) overnight at 4°C and with
biotinylated horse anti-mouse antibody (1/200) in PBST for | h at
RT. Following incubation with ABC reagent in PBST for | h at RT,
colour was developed with DAB. Images of nine microscopic fields
were obtained per well using a 10x objective. Two wells per
experimental condition were processed and each experimental
condition was repeated at least five times. The number of proliferating
cells per microscopic field was referred to the number of glial cells in

an equivalent field obtained by calculating the average number of

astroglial cells (GFAP-positive cells) plus the number of microglial
cells (CD68-positive cells) in five equivalent microscopic fields.
Results were expressed as percentage of proliferating glial cells.
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To identify the BrdU-positive cells, sequential double immuno-
fluorescence was performed using anti-BrdU antibody and anti-
NeuN, anti-GFAP and anti-CD68 antibodies.

Phagocytosis assay

Phagoeytic activity was determined in neuronal-glial cultures 4 and
& h after glutamate treatment or potassium deprivation. Briefly, the
cells were incubated for 1 or 2 h at 37°C m the presence of
fluorescent microspheres (1/300) [FluoSpheres, carboxylate-modi-
fied microspheres, 2.0 pm, red fluorescent (580/605), 2% solids;
Molecular Probes, Eugene, OR, USA]. Then, the cells were washed
several times with PBS and fixed in chilled methanol for 8 min.
Immunocytochemistry was performed using monoclonal anti-CD68
antibody (1/200), a specific marker for microglial cells, according to
the protocol described in the Immunocytochemical analysis section
above. ALEXA 488 goat anti-mouse secondary antibody was used
at 1/1000. Images of nine microscopic fields were obtained per well
under a fluorescence microscope using a 40x objective. Two wells
per experimental condition were processed and each experimental
condition was repeated at least four times. Visual counting of
FluoSpheres was performed and results were expressed as average
number of fluorescent microspheres per microglial cell.

Imaging and analysis

Microscopy images were obtained with an Olympus IX70 micro-
scope (Okoya, Japan) and a digital camera (CC-12, Soft Imaging
System GmbH, Munich, Germany). Visual counting of labelled cells
(cell viability, proliferation and phagocytosis assays) or FluoSpheres
(phagocytosis assay) was performed with analySIS analysis imaging
software (Soft Imaging System GmbH, Germany).

Data presentation and statistical analvsis

Results are presented as the mean + SEM. Statistical analyses were
performed using one-way analysis of variance (anova) to identify
overall reatment effects, followed by unpaired or paired Student’s
t-test for comparison of individual data groups with their respective
controls. Values of p < 0.05 were considered significant.

Results

Induction of neuronal death in cerebellar granule
neurons

Rat cerebellar granule neurons were cultured for 8 days in
depolarizing levels of K™ (25 mm KCI) in the presence of
serum. Treatment of cerebellar neuronal-ghal cultures with
100 pn glutamate for 20 min or lowering the K™ concentra-
tion to 5 mm KCl and removing serum (potassium depriva-
tion) resulted in neuronal death. Morphological changes in
the cell cultures were assessed by phase-contrast microscopy
at different times following the treatments. At 24 h, neuronal
viability was assessed using FDA staining. Glutamate
treatment induced rapid alterations in the morphology of
neuronal-glial cultures (Fig. 1). Significant alterations in
neuronal morphology were observed immediately after
glutamate treatment and neuronal death was apparent at

@ 20035 International Society for Neurochemistry, J. Newrochem. (2005) 94, 226-237

110



Resultados

13 ¥ Péor-Capote e al

5
i

3
L

g

> B8 8 8

Neuronal viability (%)

Control Glutamate

Fig. 1 Effect of gislamate weatment on neuwsmaabghial cultures.
Phase-contras! images showing the appearance of cells is a controt
cutture {a), or iolowing treatment withr 100 e givtamate for 20 min
andincubationfor 1 hib}, 2 ttic), 4 hid), 8 hrie), 12 h{f and 24 hig).
Bar = 50 pm. {h) Newonal viability 24 h after ghasmate reatment
Bars mepresent the mean = SEM of three cultures; "z < 0.001
represents differences between neuronal wiabilty in treated versus
control culhures; Student’s unpaired Eeast.

LR S
“ 1% dfi

effect that mereased rapidiv with time. Tw ‘m‘v-ﬁ‘mr
hours after treatment with 100 py glutamate, 92% of the
cerchellar granule newrons were dead (Fig 1) & cmmzsa,
most of the neurons remained nommal in appeamnce untit 4 b
after Rmmtsmm mznng ation. At 46 h some neuronal death
was observed and this effect became gradually more evident
with fime {Fig. 2). Potassium deprivation tor 24 b resutted in
the death of 83% of granule neurons (Fig. Z).

Changes in nuclear morphalogy i
granule nearoas by glutamate treatment and potammm
deprivation

Evident changes in nuclear morphology were observed
granule neurons treated with glutamate. Al newronat nuclet
adopted a spherical and condensed appearance mmediately

i

8

S A < N A e |

8

Neuronal viatility (%)

IR

1

25 mM K* 5 mM K*

Fig 2 Efect of potassuan depvivation on neuronal-ghial cultures.
Phase-contrast images showing the appegrance of a contre! culture
(a}, or the eflect of potassium/serum withdrawal alter 1 h ), 2 h i),
40 (G}, 6 R ie), 120 {f) and 24 h {g). Bar = 50 pm. (b} Mewonat
wability 24 b afler podassium deprivation. Bare reprosent the mean =
SEM of theee cultures, *"p < 0.001 represents differences between
neuronal viabilty in treated versus control culhues; Student’s unpaired
ttest.

after glutamate treatiment, an effect that became more evident
with tame (Figs 3a—e). This effect was not accompanied by
nuclear fragmentation In contrast gumnule neurons did not
show changes m nuctear morphotogy shortly after potassium
deprivation, but neurons showimg both nuclear condensation
any} apoptotic bodies were obsarved from 4 b (Figs 36-4).

Caspase 3 is activated in cerehellar granule newrens in
respofise to petassinm deprivation but not to glutamate
treatment

Activation of caspase 3. as determined by immunostaining of
cleaved caspase 3, was evaluated in neuronal-glial cultures 4
or & hafter 100 pwv glutamate treatment, or after exposure to
potassium deprivation for 4 or 8 b Only wattered neurons
were labelled n control end glutamate-reated cultures, at
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Fig. 3 Changes in nuclear morphology of granule neurons after
glutamate treatment or potassium deprivation. Hoechst 33258 fluo-
rescence microscopy showing nuclear morphology of granule neurons
in a control culture (a) and following treatment with 100 um glutamate
for 20 min and incubation for 1 h (b), 2 h (c), 4 h {d) and 8 h (). Note
that neuronal nuclei become rounded and smaller after glutamate
treatment, showing a condensed appearance that becomes more
evident with time. Hoechst 33258 fluorescence microscopy showing
nuclear morphology of granule neurons in cultures exposed to fresh
serum-free medium (containing 25 mm KCI) (f) or to potassium
deprivation (fresh serum-free medium containing 5 mm KCI) for 1 h
@), 2h (h), 4 h (i, j) and 8 h (k, ). Note that changes in nuclear
morphology are evident from 4 h, when both a condensed appearance
and apoptotic bodies (arows) are observed. Bar = 10 um.

cither 4 or 8 h post-treatment (Figs 4a—d). In contrast,
numerous neurons showed cleaved caspase 3 immuno-
labelling in cultures exposed to potassium deprivation for 4
or 8 h, revealing the presence of apoptotic neuronal death
(Figs 4e-h). No caspase 3 immunolabelling was detected in
ghal cells as assessed by double immunolabelling using anti-
GFAP and anti-CD68 antibodies. Neurons showing activa-
tion of caspase 3 were also observed 3 h after 1 pwm
staurosporine treatment, which was used as a positive control
for apoptosis (data not shown).

Selective induction of NF-kB activation in glial cells in
response to neuronal death

NF-kB activation was observed in glial cells in cerebellar
neuronal-glial cultures treated with glutamate, as shown by
immunolabelling to reveal nuclear translocation of p65.
Control cultures generally showed a faint labelling in the
cytoplasm of glial cells (Fig. 5a). Some glial cells showing
nuclear immunolabelling were also detected in control
cultures | and 4 h after handling, but not at 8 h. Although
similar results were obtained shortly after glutamate treat-
ment (1 h), labelled glial nuclei were consistently observed 4

and 8 h (Fig. 5b) afler treatment. Nuclear translocation of

P65 was localized in both astrocytes (Fig. 5c¢) and microglial
cells (Fig. 5d). This effect was not observed at later times (10
or 12 h). To test whether the effect observed was a direct
response of glial cells to glutamate, the same treatment was
applied to glial cell cultures. In this case, only scattered
labelled nuclei were observed in both control and glutamate-
treated cells 1 and 4 h after handling, but not at later times
(data not shown).

NF-kB activation was not observed in neuronal-glial
cultures in response to potassium deprivation. The majority

Gilial activation by neuronal death 231
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Fig. 4 Caspase 3 activation in neuronal-glial cultures after glutamate
treatment or potassium deprivation. Cleaved caspase 3 immunocyto-
chemistry in control (left column) and glutamate-treated cultures (right
column, 100 um glutamate for 20 min), 4 h (a and b) and 8 h (¢ and d)
after treatment, and in cultures exposed to fresh serum-free medium
(containing 25 mm KCI, left column) or to potassium deprivation (fresh
serum-free medium containing 5 mm KCI, right column) for 4 h (e and
fy or 8h (g and h). Note the presence of a significant number of
labelled cells only in the cultures exposed to potassium deprivation;
these numbers increase with time. Bar = 50 pm.

of glial cells in control cultures showed faint cytoplasmic
immunolabelling for p65 (Fig. 5e). although some scattered
glial cells showing nuclear immunolabelling were occasion-
ally detected, mainly soon (1 h) afier medium change.
Similar results were obtained in cultures submitted to
potassium deprivation (Fig. 5f).

When neuronal-glial cell cultures were treated with LPS,
nuclear translocation of p65 was consistently observed in
the majority of glial cells 1 h after treatment (Figs 5g and h).
The effect was attenuated at later times (data not shown). The
intensity of p65 immunolabelling attained in LPS-treated
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NO production is not detected in nevronal-glial culiures
after inducing neuromal death by glutamate treatment or
potassium deprivation

No incrense in NO - production was detected in neuronal-
ghinl cell cultures exposed to ghitamate or potassium
deprivation, because no differences in KOs accumulation
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in the culture medium were ohserved hetween contmol and
treated cultures 24 h after treatmient (Fig, 6). Control values
in the ghotamate model were higher than i the potassiem
deprivation misdel duc 1w the different expenmental condi-
tiong; in the former, NOs - determination was performed in
culture medium in contuct with the cells for 9 days and in
the latter, in culture medium in contact with the cells only
for 24 h. Treatment with LPS, however, did cause KO o be
produced, indicating that the ability of glal cells to produce
WOY 1% mot perturbed by the presence of cerehellar pranule
newrons (Fig. 6).

THF-a production

Cilutamate treatment resulied i an nerease i TNF-x
production in newronal-ghal cultures, as measured by TRE-
o release into the culture medium 6 h after meatment (Fig. 7).
Mo modification of TRF-x production was observed in
cultures exposed to polsssium deprivation lor & hiiFig. 7k In
contrast, treamment of neuronal-glial culwres with LIPS
resulted in a drastic increase in TNF-2 production & b later
(Fig. 7). This increage was two orders of magnitede higher
than that observed in response 10 glulamate treatment. In
parallel, glial cell cultures were treated with glutamate to test
whether the effect observed in neumnnl-glial culiures was
due 1o a direet action of glutemate on TRF-2 production in
ghial cells. In this case, no increase in TREF-a production was
detected (data not shown)

Cilinl cell proliferation

A significant increase in cell proliferation was observed in
neuronal-glial cultures 24 h after glotamate treatment, o
indicated by the increased percentage of cells showing
nuelenr Brdl! incomporation in trested cultures. No labelled
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Fig. 7 TNF-a production in neuronal-glial cultures exposed to glu-
tamate, potassium deprivation or LPS. TNF-x levels were determined
by ELISA in the culture medium 6 h after treating the cultures with
100 pm glutamate for 20 min, or exposing them to potassium depri-
wvation (5 mm KCl) orto 1 pg/mL LPS. Bars represent the mean = SEM
of three cultures; *p < 0.01 represents differences between TNF-2
levels in the culture medium of treated versus control cultures; Stu-
dent's unpaired Fest.

neuronal cells were detected as assessed by double
immunocytochemistry using anti-NeuN antibody (data not
shown). The percentage of proliferating glial cells (Fig. 8)
was calculated as explained in Materials and methods. Glial
cell proliferation was not significantly increased in neuron-
al-glial cultures exposed to potassium deprivation for 24 h

(Fig. 8).

Glial cell proliferation
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Fig. 8 Glial cell proliferation in neuronal-glial cultures exposed to glu-
tamate orto potassium deprivation. Proliferating cells were identified by
BrdU incorporation and subsequent detection by immunocytochemistry
using a monoclonal anti-BrdU antibody 24 h after treating the cultures
with 100 pm glutamate for 20 min or exposing them to potassium
deprivation (5 mm KCI). Data are expressed as percentage of prolif-
erating glial cells in each experimental condition at 24 h, calculated as
explained in Materials and methods. Bars represent the mean + SEM of
seven cultures for the glutamate model and five cultures for the
potassium deprivation model; **p< 0.001 represents differences
between glial cell proliferation in treated cultures versus spontaneous
proliferation in control cultures; Student's paired ttest.
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Microglial cell phagocytosis

Glutamate treatment increased the phagocytic activity of
microglial cells in neuronal-glial cultures. Although the
percentage of microglial cells containing microspheres was
not modified after glutamate treatment (Fig. 9a), a significant
increase in the number of microspheres per microglhal cell
was observed in microglial cells taking up microspheres 8 h
after glutamate treatment, but not at 4 h (Fig. 9b). Potassium
deprivation also induced a significant increase in the phago-
cytic activity of microglial cells in neuronal-glial cultures.
However, under these conditions, the percentage of microglial
cells without microspheres was significantly decreased both at
4 and 8 h (Fig. 9a). In addition, the number of microspheres
per phagocytic cell increased at 8 h (Fig. 9¢).

Discussion

The results presented here show that glial cells in neuronal-
glial cultures respond to neuronal damage with functional
changes associated with glial activation, as occurs in vivo.
However, the pattern of response differs depending on the
kind of damage induced in the neurons. Although the two
experimental models of neuronal damage used (excitotoxi-
city and apoptosis) resulted in the death of most neuronal
cells after 24 h, differences were observed in the response of
the various glial parameters evaluated.

Transcription factors such as NF-kB provide a link
between extracellular stimuli and the resulting changes in
gene expression. Various stimuli activate NF-kB in glial
cells. Pro-inflammatory cytokines, such as TNF-ao and
interleukin-1, result in activation of this transcription factor,
and target genes for NF-kB include genes associated with
inflammatory responses in the CNS. In the present work, we
observed NF-kB activation in astroglial and microglial cells
in neuronal-glial cultures treated with glutamate. This effect
was transient; it was first detected 4 h after glutamate
treatment and was evident at 8 h, but it disappeared
subsequently. In contrast, astroglial and microglial cells in
mixed glial cultures did not show NF-kB activation in
response to glutamate treatment. These results suggest that
the NF-kB activation observed in glial cells in neuronal-glial
cultures treated with glutamate is indirect, occurring as a
consequence of the neuronal alterations induced by the
neurotoxic action of glutamate. NF-kB activation was not
observed in glial cells after inducing neuronal damage in
neuronal-glial cultures by potassium deprivation. This
observation suggests that the specific nature of neuronal
death determines the response of the surrounding glial cells.

NO production is usually associated with glial activation
and appears to play a role in the induction of neuronal
damage by activated glial cells. However, NO production by
glial cells is not always associated with neuronal damage
(Jeohn et al. 1998; Pérez-Capote ef al. 2004), and glial
activation and neuronal damage can occur in the absence of
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Fig. 9 Glial cell phagocytosis in neuronal-glial cultures exposed to
glutamate or to potassium deprivation. Phagocytic activity in glial cells
was evaluated through the ingestion of fluorescent microspheres after
treating the cultures with 100 pm glutamate for 20 min or exposing
them to potassium deprivation (5 mm KCI). Internalization of micro-
spheres was determined after immunofiucrescence labelling of
microglia using an anti-CD68 monoclonal antibody. (a) Percentage of
microglial cells without microspheres in the different experimental
conditions. Number of microspheres per phagocytic microglial cell
after glutamate treatment (b) or potassium deprivation (c). Bars rep-
resent the mean = SEM of five cultures for the glutamate model and
four cultures for the potassium deprivation model; **p < 0.01 and
"p < 0.001 represent differences between the percentage of micro-
glial cells without microspheres in treated versus control cultures;
Student's unpaired Hest; #p < 0.05 represents differences between
phagocytic activity of microglial cells in treated versus control cultures;
Student’s paired test.

NO production (Araki et al. 2001; Pérez-Capote et al. 2004).
In the present work, we did not detect NO production in
cerebellar neuronal-glial cultures after inducing neuronal

death with glutamate treatment or potassium deprivation,
although it was observed in response to LPS treatment. In a
previous study, we showed that LPS but not glutamate
treatment induced NO production in mixed glial cell cultures
(Pérez-Capote er al. 2004). The present results confirm our
previous observation that the induction of excitotoxic
neuronal death by glutamate does not result in NO produc-
tion by glial cells (Pérez-Capote et al. 2004), and extend this
observation to apoptotic neuronal death induced by potas-
sium deprivation.

TNF-o is induced in both microglia and astroglia in
response to several stimuli. We observed an induction of
TNF-o production in neuronal-glial cultures treated with
glutamate but not in cultures exposed to potassium depriva-
tion. Different authors show induction of TNF-o production
in glial cells in vitro n response to neuronal death (Viviani
et al. 1998, 2000; Eskes efal. 2003), homogenates of
damaged neurons or cerebrospinal fluid of Alzheimer’s
disease patients (Eskes et al. 2003). They suggest that
neuronal death induces TNF-x production in glial cells and
that this effect is mediated by some soluble factor released by
the damaged neurons. However, we did not detect TNF-o0
production in neuronal-glial cultures exposed to potassium
deprivation, although most neuronal cells died by apoptosis
as a consequence of this treatment. This observation suggests
that TNF-a production by glial cells is induced by changes
occuwrring in neuronal cells when excitotoxic, but not
apoptotic, neuronal death occurs. One of the targets of NF-
kB is the TNF-o gene. Consequently, the presence of NF-kB
activation in glial cells in response to neuronal death induced
by glutamate, but not potassium deprivation, is consistent
with TNF-a production in glutamate-treated but not potas-
sium-deprived cultures.

In the adult CNS, glial cells proliferate in response to
appropriate stimulation, such as inflammation or injury. Glial
cells isolated from the brain also proliferate in vitro. Various
factors regulate glial cell proliferation in vitro, ranging from
soluble factors present in the culture medium or released by
glial cells to non-soluble factors present in the cell membrane
of adjacent cells (Hatten 1985, 1987; Giulian ef al. 1988;
Aloisi et al. 1992; Thery et al. 1992; Nakatsuji and Miller
1998). In the present study, we evaluated whether the
presence of neuronal death in neuronal-glial cultures induced
glial cell proliferation, and whether neuronal death occurring
by excitotoxicity or apoptosis could have some differential
effect on this parameter. We observed a significant increase
in glial cell proliferation in response to glutamate-induced
neuronal death. The effect was not observed after inducing
neuronal death by potassium deprivation. These results
suggest that soluble factors released by either neurons or glial
cells as a result of excitotoxic, but not apoptotic, neuronal
death play a more significant role in the induction of glial cell
proliferation than the loss of contact between neuronal and
glial cells.
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Neuronal death in vivo induces phagocytic activity in glial
cells, mainly in microglia, to remove dying cells and
neuronal debris from the extracellular space and maintain
normal tissue homeostasis. Beyer er al. (2000) showed that
microglial cells in culture maintain their capacity to acquire
an activated phenotype and become phagocytic. However,
they also showed that although various stimuli can cause the
transformation of microglia into phagocytes, it does not
necessarily mean that microglial cells undergo the same
changes when acquiring an activated phenotype. Witting
et al. (2000) studied the effect of soluble factors released by
dying neurons on the phagocytic activity of microglial cells
in culture using conditioned medium from neuronal cultures
undergoing apoptotic or necrotic neuronal cell death. They
observed that phagocytic activity in microglial cells is only
detected in the case of necrotic neuronal death. In addition,
they observed that in the case of apoptotic death, cell-cell
contact is necessary to induce phagocytosis. Adayev ef al.
(1998) showed that phosphatidylserine externalization is a
necessary signal to induce phagocytosis of apoptotic cells by
microglia. This observation is consistent with the need for
cell—cell contact to induce phagocytosis in microglial cells in
response lo apoptotic neuronal death. We detected an
increase in the phagocytic activity of microglial cells in
neuronal-glial cultures treated with glutamate or exposed to
potassium deprivation, suggesting that the presence of
neuronal death is enough to induce phagocytosis, irespective
of whether it occurs by excitotoxicity or apoptosis. However,
this effect was observed earlier in the case of apoptotic
neuronal death, before significant neuronal death is observed.
This observation is in agreement with the suggestion that
externalization of phosphatidylserine is an early marker in
apoptotic death (Martin ef al. 1995; Rimon et al. 1997) and,
as mentioned above, is the signal that induces phagocytosis
of apoptotic cells by microglia. In addition, the fact that an
increase in phagocytic activity in microglial cells is initially
observed at later times in glutamate-treated cultures is
consistent with the requirement for accumulation of soluble
factors released by neurons undergoing excitotoxic neuronal
death. Various authors have shown that the interaction
between apoptotic cells and macrophages results in the
induction of anti-inflammatory or suppressive properties in
macrophages (Fadok ef al. 1998; De Simone et al. 2002,
2003). This observation could explain the absence of NF-xB
activation and TNF-o production in neuronal-glial cultures in
which apoptotic neuronal death was induced by potassium
deprivation.

In conclusion, the results presented here show that
although glial cells undergo functional changes in response
to neuronal death, different aspects of glial activation may be
induced depending on whether it is caused by excitotoxicity
or apoptosis. In the presence of excitotoxic neuronal death,
glial cells increase their production of agents associated with
an inflammatory response, as well as proliferate and become
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phagocytic. This appears to be a drastic reactive response of
glial cells that, on the one hand, clears the extracellular
milieu of any neuronal debris or factors released by the dying
neurons that may negatively affect the cellular homeostasis,
and on the other, results in the production of factors that in
turn can be deleterious for the remaining live cells. In
contrast, glial cells do not produce pro-inflammatory mole-
cules in the presence of apoptotic neuronal death, but
phagocytic activity is quickly induced. In this case, glial
activation appears to constitute a preventative response
resulting from a crosstalk between dying neuronal cells and
glial cells, aimed at preventing alterations in the extracellular
milieu through the release of injuring factors by dying
neurons, as well as limiting the glial response as much as
possible. Our results also show that different aspects of glial
activation are independently regulated in response to neur-
onal damage. It would be of interest to identify the different
signal transduction pathways mvolved in each case. In this
way, 1t may be possible to specifically interfere with
individual aspects of glial activation in order to favour
actions of reactive glial cells that could help neurons to
overcome a negative stimulus and, likewise, to inhibit
activities that enhance neuronal damage.
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Introduccién

Como se ha comentado a lo largo de esta tesis, la activacion glial que se da en el
SNC como consecuencia del dafio neuronal inducido por lesiones o enfermedades
neurodegenerativas va asociado a la expresion modificada o de novo de un niimero
importante de moléculas de diversa indole. Esta expresion viene regulada por
numerosos factores de transcripcion. Recientemente se ha sugerido que los factores de
transcripcion de la familia de las C/EBPs pueden tener un papel primordial en la
activacion glial que se da en procesos inflamatorios del SNC. Esta familia esta
constituida por seis miembros: C/EBPa, -B, -0, -y, -€ y -C (Cao y cols., 1991), que
proceden de la expresion de seis genes distintos. Los distintos C/EBPs pueden formar
homo y heterodimeros que se unen con varias afinidades a elementos reguladores de
distintos genes que participan en la diferenciacion celular, en el control de respuestas
inflamatorias ¢ immunes, en el metabolismo y en la proliferacion celular (revisado en
Poli, 1998; Ramji y Foka, 2002). En el cerebro, C/EBPa, C/EBPB y C/EBPS son los
que mas ampliamente se expresan, aunque se conoce poco sobre su funcion en el SNC.
Sin embargo, dado que se han descrito lugares de union de estos factores de
transcripcion en numerosos genes involucrados en la respuesta inflamatoria, como los
que codifican las citocinas proinflamatorias IL-6, IL-1 y TNF-a. y enzimas como la
iINOS y la COX2, es posible que los C/EBPs jueguen un papel en la respuesta
inflamatoria cerebral asociada al dafio neuronal que se observa como consecuencia de
lesiones o enfermedades neurodegenerativas. En este sentido, Walton y cols. (1998)
detectan la expresion de C/EBPa en microglia activada en un modelo experimental de
dafio neuronal por hipoxia-isquemia en rata. En trabajos recientes se ha sugerido un
posible papel de los C/EBPs en la enfermedad de Alzheimer. Por una parte, distintos
genes relacionados con una reaccion inflamatoria y que estan regulados por C/EBPs se
encuentran alterados en la enfermedad de Alzheimer (Akiyama y cols. 2000). Por otra
parte, se ha mostrado la existencia de un incremento en la expresion de C/EBPJ en el
cerebro de pacientes que padecen esta enfermedad (Colangelo y cols., 2000). Ademas,

se ha observado un incremento en la expresion de C/EBPS en astrocitos activados que
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rodean los depdsitos de B-amiloide en las placas seniles del cerebro de afectados por la
enfermedad de Alzheimer (Li y cols., 2004).

Dado el papel protagonista que tienen las células gliales en la reaccion
inflamatoria cerebral, el objetivo de este trabajo consistio en estudiar la expresion de los
factores de transcripcion C/EBPa y C/EBPJ después de inducir activacion glial in vitro.
Para este estudio utilizamos dos tipos de cultivos de cerebelo, uno mixto neurona-glia y
otro mixto de células gliales. Por una parte, inducimos activacion glial con LPS, agente
ampliamente utilizado para inducir activacion glial in vitro. Por otra parte, estudiamos la
expresion de estos factores de transcripcion en las células gliales después de inducir
muerte neuronal mediante dos mecanismos distintos: por excitotoxicidad, utilizando
elevadas concentraciones de glutamato, y por apoptosis, al cultivar las neuronas
granulares de cerebelo en bajas concentraciones de K', un modelo ampliamente
utilizado in vitro para inducir muerte por apoptosis en este tipo de células (D’Mello y

cols. 1993).

Materiales y Métodos

A menos que se indique lo contrario los reactivos utilizados proceden de Sigma

(St. Louis, MO, USA)

Cultivo celular

Los cultivos de células de cerebelo fueron obtenidos a partir de ratas de 8 dias
(Wistar, Iffa Credo, Lyon, France) segun el protocolo descrito por Pérez-Capote y cols.
(2004). Las células fueron sembradas a una densidad de 3 x 10° céls/cm’ en placas de
24 pozos previamente recubiertos con poli-L-lisina (5 pg/ml), en 0.5 ml de medio basal
EAGLE (BME; GIBCO-BRL, Life Technologies, Paisley, UK) suplementado con 20
mM de KCI, 100 pg/ml de gentamicina, 2 mM de L-glutamina y 10% de suero fetal
bovino (FBS; GIBCO-BRL, Life Technologies, Paisley, UK). Las células se
mantuvieron a 37°C en una atmoésfera de CO; al 5% y una humedad del 100%. Se
obtuvieron dos tipos de cultivos: un cultivo de neuronas y células gliales, constituido
principalmente por neuronas granulares, astroglia y microglia, y un cultivo mixto de

células gliales, constituido principalmente por astroglia y microglia. Los cultivos fueron
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utilizados a los 8 DIV. Al cultivo neurona-glia no se le cambidé nunca el medio, pero a
los 4 DIV se le anadi6 5.6 mM de glucosa para favorecer la supervivencia y compensar
las pérdidas de agua. En los cultivos mixtos de células gliales el medio se sustituyo a las

24 h por uno que no contenia KCI afiadido y cada 3 dias fue renovado.

Tratamientos

Tratamiento con glutamato

Los cultivos fueron tratados con glutamato a los 8 DIV. El medio condicionado
fue recogido y guardado a 37°C. Las células se lavaron dos veces, primero con solucién
de Locke completa (155 mM NaCl, 5.6 mM KCl, 2.3 mM CacCl,, 8.4 mM HEPES, 5.6
mM Glucosa y 1 mM MgCl, pH 7.4) y después con solucién de Locke sin Mg
Seguidamente, los cultivos fueron incubados en solucion de Locke sin Mg2+
conteniendo 100 pM de glutamato a TA durante 20 min, tras los que las células se
lavaron dos veces con solucion de Locke completa. Finalmente, se devolvid a los
cultivos su medio condicionado y se incubaron nuevamente a 37°C en una atmosfera de
CO; al 5% y una humedad del 100% durante 24 h. En paralelo se procesaron las células

., . 2+ . .,
controles, que se trataron con solucion de Locke sin Mg~ y sin adicion de glutamato.

Deprivacion de potasio

Los cultivos mixtos de neurona-glia fueron mantenidos durante 8 dias en un
medio conteniendo 25 mM de KCI y 10% de FBS, que asegura la supervivencia y
diferenciacion de las neuronas granulares de cerebelo en cultivo. A los 8 DIV las células
se lavaron con solucién de Locke completa y fueron expuestas a deprivacion de K al
mantenerlas durante 24 horas en BME sin suero (conteniendo 5 mM de KCI)
suplementado con 100 pg/ml de gentamicina y 2 mM de L-glutamina. En paralelo se
procesaron las células controles, que se mantuvieron en el mismo medio suplementado

con 20 mM de KCI (concentracion final 25 mM KCI).
Tratamiento con LPS

Los cultivos neurona-glia y los cultivos mixtos de glia fueron tratados a los 8

DIV con 1 pg/ml de LPS (lipopolisacarido de E. coli 026:B6). El LPS fue afiadido
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directamente al medio en los cultivos neurona-glia, mientras que en el caso de los

cultivos mixtos de células gliales se realizé un cambio de medio antes de afadir el LPS.

Analisis inmunocitoquimico

La presencia de los factores de transcripcion C/EBPa y C/EBPJ en los cultivos
se detectd por imunocitoquimica utilizando anticuerpos policlonales de conejo (Santa
Cruz, Heidelberg, Germany), a las 24 h del inicio de los distintos tratamientos. Las
células fueron fijadas con 4% PFA durante 20 min a TA. Tras lavar con PBS, la
actividad peroxidasa endogéna fue bloqueada mediante una incubacion con 3% de H,O»
en metanol durante 10 min a TA. Después de varios lavados con PBS, se bloquearon las
uniones inespecificas con PBS-1% BSA conteniendo un 5% de suero de cabra durante
20 min a TA. Seguidamente las células fueron incubadas con los anticuerpos primarios
anti-C/EBPa o anti-C/EBPJ (1/1000 en PBS-1% BSA conteniendo un 1% de suero de
cabra) durante 24 h a 4°C. Después de 3 lavados con PBS, se incubaron las células con
un anticuerpo secundario biotinilado anti-conejo obtenido en cabra (Vector
Laboratories, Peterborough, UK; 1/200 en PBS-1% BSA conteniendo un 1% de suero
de cabra) durante 1 h a TA. Tras lavar con PBS, se incubaron las células con ABC
(1/100) o extravidina (1/500) en PBS-1% BSA conteniendo un 1% de suero de cabra 1 h
a TA. La reaccidn de color se obtuvo con DAB y se detuvo afladiendo PBS. Las placas
se guardaron a 4°C en 0.4 mg/ml de PBS-Timerosal hasta su visualizacion al

microscopio.

Captura deimagenesy analisis
Las imagenes fueron obtenidas con un microscopio Olympus IX70 (Okoya,

Japan) y una camara digital (CC-12, Soft Imaging System GmbH, Munich, Germany).

Resultados

Expresion glial de C/EBPstrasel tratamiento con LPS.
La expresion de C/EBPa y C/EBPJ fue evaluada mediante inmunocitoquimica
después de 24 h del tratamiento de los cultivos neurona-glia y los cultivos mixtos de

células gliales. En los cultivos neurona-glia, detectamos una expresion basal de C/EBPa
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principalmente en las células microgliales, generalmente nuclear y ocasionalmente
también citoplasmatica (Fig. 1A). En el caso del C/EBPJ, observamos una expresion
basal tanto en los nucleos de los astrocitos como en los de la microglia (Fig. 1B). El
tratamiento con LPS provocd modificaciones en la expresion de C/EBPa y C/EBPJ.
Por una parte detectamos una disminucion en el marcaje de C/EBPa en el nucleo de la
microglia (Fig. 1C) y, por otra parte, observamos un incremento de la expresion de
C/EBPp en los nucleos de las células gliales, principalmente en los astrocitos (Fig. 1D).
En los cultivos mixtos de células gliales control observamos un patrén similar de
expresion de C/EBPa y C/EBPf al de los cultivos neurona-glia. Sin embargo, aunque el
tratamiento con LPS provocé un incremento en la expresion de C/EBP, no detectamos

alteraciones en la expresion de C/EBPa (Fig. 2).

Figura 1. Efecto del tratamiento con LPS en la expresion de C/EBPa y C/EBP en cultivos neurona-
glia. La microglia presenta una expresion basal de C/EBPa, principalmente nuclear, (A) que
disminuye después del tratamiento con LPS (B). La expresion de C/EBPJ es tenue en las células
gliales controles (C) y el tratamiento con LPS provoca un incremento de su expresion nuclear
principalmente en los astrocitos (D). Las flechas indican los nucleos marcados, mientras que las
puntas de flecha indican el marcaje citoplasmatico. Barra=20 pm.
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Figura 2. Efecto del tratamiento con LPS en la expresion de C/EBPa y C/EBP en cultivos mixtos
de células gliales. Se observa una expresion basal de C/EBPa tanto en los nucleos de los astrocitos
como de la microglia (A), que no se modifica con el tratamiento con LPS (C). Existe una expresion
nuclear basal tenue de C/EBPP tanto en astrocitos como en microglia (B), que incrementa en
presencia de LPS (D). Barra=20 pm.

Expresion glial de C/EBPstraslainduccion de muerte neuronal

Tras inducir muerte neuronal con 100 pM glutamato en los cultivos neurona-glia
no se observaron alteraciones en la expresion de C/EBPa (Fig. 3A y B), pero si
detectamos un incremento en la expresion de C/EBPp, principalmente en el nicleo de
los astrocitos (Fig. 3C y D). Este incremento fue menos pronunciando que en el caso del
LPS. Sin embargo, en cultivos mixtos de células gliales tratados con 100 uM glutamato
no se observaron alteraciones en la expresion de C/EBPa ni C/EBP (Fig. 4). Tampoco
observamos alteraciones en la expresion de estos factores de transcripcion en las células

gliales tras inducir muerte neuronal por deprivacion de K (Fig. 5).
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5

Figura 3. Expresion de C/EBPa y C/EBPB en cultivos neurona-glia tras inducir muerte neuronal por
excitotoxicidad. La expresion basal de C/EBPa en los nucleos de las células gliales (A) no se
modifica por el tratamiento con 100 uM glutamato (B). Por el contrario, la expresion basal de
C/EBPB en los nucleos de las células gliales (C) si incrementa tras el tratamiento, principalmente en
los astrocitos (D). Barra=20 pm.

Discusion

En este trabajo hemos observado que la expresion de los factores de
transcripcion C/EBPa y C/EBPJ se modifica al producir activacion glial in vitro en
respuesta a un determinado tipo de estimulo.

Como se ha comentado en la Introduccion de este capitulo, aunque se sabe que
los C/EBPs regulan la transcripcion de varios genes involucrados en respuestas de fase
aguda asi como en respuestas inmunes ¢ inflamatorias (Ramji y Foka, 2002), existe
poca informacidn respecto a su papel en la activacion glial y la respuesta inflamatoria
presentes en el cerebro como consecuencia de lesiones o en determinadas enfermedades

neurodegenerativas. En cuanto a la expresion de C/EBPa en las células gliales, Walton
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y cols. (1998) observan que este factor no se expresa en condiciones basales, pero que
se induce en la microglia en presencia de activacion glial. Por otra parte, diferentes
autores describen que C/EBPa no se expresa en cultivos de astrocitos de roedores
(Cardinaux y Magistretti, 1996; Yano y cols., 1996). Respecto a la expresion de
C/EBPB en las células gliales, se ha detectado una expresion basal en cultivos de
astrocitos de raton (Cardinaux y Magistretti, 1996; Cardinaux y cols., 2000) y de rata
(Yano y cols., 1996) que incrementa después del tratamiento con diferentes citocinas
inflamatorias, tales como IL-6, IL-1B y TNF-a (Cardinaux y cols., 2000). También se
ha observado la induccion de C/EBPP en astrocitos humanos tratados con IL-13/IFN-y

(Pahan y cols., 2002).

Figura 4. Efecto del tratamiento con glutamato en la expresion de C/EBPa y C/EBPP en cultivos
mixtos de células gliales. A y C, cultivos controles; B y D, cultivos tratados con 100 uM de
glutamato. El tratamiento con glutamato no modifica la expresion basal de C/EBPa (A, B) ni de
C/EBPB (C, D) en los nucleos de las células gliales. Barra=20 pm.

Nosotros observamos una clara expresion basal de C/EBPa en la microglia de

nuestros cultivos, mientras que su expresion era practicamente indetectable en los
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astrocitos. Este patron de expresion se observaba tanto en cultivos neurona-glia como en
cultivos mixtos de glia. Al inducir activacion glial con LPS detectamos una disminucion
en la expresion de C/EBPa en las células de microglia, aunque solo en los cultivos
neurona-glia. Estos efectos contrastan con el incremento de C/EBPa observado por
Walton y cols. (1998) en la microglia activada in vivo. Sin embargo, Tengku-
Muhammad y cols. (2000) también observan una disminucion de la expresion de
C/EBPa en respuesta al LPS en una linea de macrofagos de raton. Por otra parte,
observamos que el tratamiento con LPS provocd un incremento en la expresion de
C/EBPp tanto en la microglia como en los astrocitos. Estos resultados estarian de
acuerdo con la implicacion de este factor en la activacion glial asociada a procesos

inflamatorios.

e H

Figura 5. Expresion de C/EBPa y C/EBP en cultivos neurona-glia tras inducir muerte neuronal por
deprivaciéon de K. A y C, cultivos controles (25 mM KCI); B y D, cultivos expuestos a deprivacion
de K* (5 mM KCl). La deprivacién de K" no modifica la expresién de C/EBPa. (A, B) ni de C/EBPp
(C, D) en las células gliales. Barra=20 pm.
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La induccion de muerte neuronal por excitotoxicidad no resulté en alteraciones
en la expresion glial de C/EBPa en nuestros cultivos neurona-glia, aunque si
observamos un incremento en la expresion glial de C/EBPP a las 24 del tratamiento con
glutamato. En un estudio previo, Yano y cols. (1996) describen un incremento rapido y
transitorio en la expresion de C/EBPJ en cultivos de astrocitos tratados con elevadas
concentraciones de glutamato, sugiriendo que el glutamato puede modular la expresion
de este factor de transcripcion en los astrocitos. Sin embargo, el efecto que hemos
observado en los cultivos neurona-glia no se debe a una accion directa del glutamato
sobre las células gliales, pues en cultivos mixtos de glia tratados de la misma manera no
observamos ninguna alteracion en la expresion de estos factores de transcripcion a las
24 h del tratamiento. Estos resultados sugieren que el incremento observado es
consecuencia de la muerte neuronal inducida por el glutamato, aunque no podemos
descartar un posible efecto adicional del glutamato sobre la expresion de C/EBPJ en
astroglia a tiempos cortos. Por el contrario, la induccién de muerte neuronal por
apoptosis no dio lugar a alteraciones en la expresion de C/EBPs. En un trabajo anterior
(capitulo anterior de Resultados), hemos descrito que la muerte neuronal por
excitotoxicidad induce un patron de activacion glial in vitro distinto al inducido por la
muerte neuronal por apoptosis. En el primer caso, la activacion glial estd asociada a la
produccion de factores proinflamatorios como el TNF-a y el NF-kB, mientras que en el
segundo caso no (Pérez-Capote y cols., 2005). Por lo tanto, teniendo en cuenta el papel
que se ha sugerido para C/EBPJ en la reaccion inflamatoria cerebral, los resultados
obtenidos en el presente trabajo concuerdan con los del trabajo anterior.

Globalmente, los resultados obtenidos en el presente estudio estarian de acuerdo
con un papel del factor de transcripcion C/EBPf, pero no de C/EBPa, en la activacion

glial asociada a una reaccion de tipo proinflamatorio.
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