
The role of glia in DA function could be best
investigated in studies performed in vitro with
DA cells in culture media where the experi-
mental conditions are easily controlled. In this
setting it has been demonstrated that glia pro-
duce multiple agents, secreted into the glia-
conditioned medium (GCM), that have the
property of diminishing or even reversing the
effects of neurotoxic agents for DA neurons in

pure neuronal cultures, such as L-3,4-dihy-
droxyphenylalanine (L-DOPA), MPTP, or NO.
The analysis of the different glia-derived prod-
ucts suggested than in these effects there were
more important the small molecular size
antioxidants than the larger peptidic neu-
rotrophic factors. GCM has also the property of
reducing apoptosis and increasing the survival
of DA neurons in vitro.

All these data suggest that GCM could be
used as a powerful neuroprotective agent for
DA neurons in animal models of PD. Regarding
clinical applications it is too early to consider
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the use of GCM in patients with PD but it could
be useful for the preparation of fetal DA neu-
rons for transplantation and for the differentia-
tion to DA neurons from stem cells.

Introduction: Glia and Neurons
Interactions

Glial cells, the vast majority of cells in the
central nervous system (CNS) which outnum-
ber neurons by a ratio of 10 to 50, have been
neglected up to recently in spite of the fact that
the interactions between glial cells and neu-
rons are crucial for the development, differen-
tiation, maintenance, and repair of the nervous
system (1). The abundance of glial cells, their
strategic organization, and their close proxim-
ity to neurons provide good opportunities for
intercellular exchanges of information and
molecules that compensate for metabolic or
physiological deficiencies and stress. Glial cells
have the ability to maintain appropriate neu-
ronal electrical signaling by regulating extra-
cellular ions (2,3), pH (4), and glutamate levels
(5). Through these mechanisms and others
glial cells play important role in neuronal plas-
ticity (6); synaptic function (7,8); resistance to
chemical, toxic, or ischemic brain injury (9,10),
and recovery.

The role of glia on dopamine (DA) neuron
function is particularly interesting for the fol-
lowing reasons. The proportion of glial cells
surrounding DA neurons in the substantia
nigra, the target nucleus for neurodegeneration
in Parkinson’s disease (PD) is the lowest for any
brain area (11–13), suggesting that DA neurons
are more vulnerable in terms of glial support
than any neuron in other brain area. Further-
more, in brains of patients with PD there is evi-
dence for glial production of cytokines and
other substances that could be harmful to neu-
rons (14–16), suggesting that glia of the substan-
tia nigra could be actively involved, primarily
or secondarily, in the neurodegeneration
process. There is, however, evidence in favor of
the role of diffusible signals from neurons and

glia that change microglia from neurotoxic to
neuroprotective with respect to embryonic DA
neurons (17).

In terms of the role of glia in the survival,
differentiation, pharmacological activity, and
resistance to lesion of DA neurons two major
lines of work should be considered: 1) Glia
plays a major role in the control of oxidants
and 2) glial cells are a key source of neu-
rotrophic factors for DA neurons.

The first function may be critical for DA neu-
rons, that produce themselves a great number
of free radicals in the oxidative metabolism of
its own metabolite, DA, and that are known to
be extremely sensitive to exogenous products
that increase free radicals, such as 6-hydroxy-
dopamine (6-OHDA), or that interfere with
energy production, such as 1-methyl-4-
phenylpyridinium (MPP+). A major inducible
antioxidant pathway within cells is largely
restricted to the astrocytes within brain and
transcriptional control of target genes by
antioxidant/electrophile response elements
has been described in these cells (18). Genes
that are regulated by this mechanism include
the antioxidant enzymes NAD(P)H:quinone
oxidoreductase, γ-glutamylcysteine synthetase,
and glutathione (GSH)-S-transferase. Astro-
cytic metabolic processes that normally aid
and/or protect neurons may be controlled via
this inducible system (18).

GSH is an important small antioxidant, pro-
duced by glia, with neurotrophic properties on
midbrain DA neurons. GSH plays a major role
in protection against oxidative stress (12,19)
and functions to remove the H2O2 generated
by monoamine oxidase (MAO) (20). GSH per-
oxidase, is mainly a mitochondrial enzyme (21)
and in the human midbrain it is exclusively
located in glia (22,23). GSH levels decrease
with age in neurons but remain stable in astro-
cytes in culture (13). However, neurons can
maintain an intracellular GSH pool by taking
up cysteine provided by glial cells (13).

Another mechanism through which glia
could protect DA neurons is by regulation of
excitatory neurotransmission. Several studies
have shown that 1-methyl-4-phenyl-1,2,3,6-
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tetrahydropyridine (MPTP) toxicity could be
diminished by drugs that interfere with excita-
tory transmission. Glial cells could reduce the
effects of excitatory amino acids by selective
uptake (24) or by release of endogenous com-
pounds that act as competitive inhibitors of
excitatory aminoacids. One of these com-
pounds, kinurenic acid, is the product of the
enzymatic activity of kinurenic acid transami-
nase; one enzyme selectively localized in astro-
cytes (25,26).

A number of experiments in vitro and in
vivo have shown that DA neurons respond to a
number of neurotrophic factors including
GDNF, FGF, and others (27–32). These com-
pounds are glial products so it is likely that
glia plays a role in the pharmacological activ-
ity, resistance to injury, and plasticity of DA
neurons in health and disease (27,28,30,33,34).

The Effects of Astroglia 
on Dopamine Function

Several studies have shown that glial cells
increase the survival and phenotype expres-
sion of DA neurons in culture. The percentage
of tyrosine hydroxylase positive (TH+) cells in
neuronal-enriched fetal midbrain cultures after
7 d in vitro is 2–5% of total cells (35–37), but in
midbrain neuron/cortical astrocytes co-cul-
tures it increases to 30–40% of total cells
(38,39). Without excluding the possibility of
the mediation of some of these effects by phys-
ical glial-neuronal contacts, there is now evi-
dence in favor of the role of diffusible agents
secreted by glia. For instance, midbrain glia-
conditioned medium (GCM) protects DA neu-
rons from apoptosis, increasing TH+ cells
survival. GCM increases TH expression and
activity as well as 3H-DA uptake and induces
de novo synthesis of TH+ cells in fetal midbrain
cultures. The protein synthesis inhibitor, cyclo-
heximide, at 0.01 µg/mL, inhibits the GCM-
induced increase of TH+ cells (Fig. 1). The
diffusible agents secreted by astroglia are
mainly small antioxidants with free radicals
scavenging properties, such as GSH and ascor-

bic acid (AA), and peptidic neurotrophic fac-
tors (40).

The role of GSH in PD is difficult to assess
since this tripeptide does not cross the blood-
brain barrier (BBB) and it is difficult to admin-
ister exogenously. The results of treatment
with its precursor N-acetylcysteine (L-NAC) in
experimental models of DA lesions are promis-
ing (41). GSH was decreased in the substantia
nigra of patients with PD (42,43) and that
reduction is considered relevant to the patho-
physiology of this disease. In PD the density of
glia immunoreactive to GSH peroxidase sur-
rounding the surviving DA neurons is
increased, suggesting a compensatory mecha-
nism that protects surviving neurons against
pathological death (22). MAO-B, an enzyme
involved in the catabolism of DA, is present in
glia in several human brain regions (44). DA
neurons surrounded by numerous MAO-B
glial cells are better protected against the
degenerative process than those in glia-poor
environment (11). Because absence of DA vesi-
cle storage in the dendrites of nigral DAergic
neurons may favor autooxidation of DA and
formation of oxygen free radicals, the degrada-
tion of DA by glial cells may prevent this dele-
terious phenomenon.

Dopamine modulates glial activity. It
increases GDNF in human fetal astrocytes (45)
as well as the accumulation of intracellular
cAMP in primary cortical and striatal glial cells
of rats, monkeys, and humans (46,47). The
presence of D1 receptor on a human fetal type I
astrocyte cell line was demonstrated by Kinor
et al. (45); DA and the D1 selective agonist SKF-
38393 increase GDNF mRNA and this effect
was blocked by a selective D1-antagonist (45).
Since in vitro and in vivo GDNF is an impor-
tant neuroprotective factor for PD (32,48),
genetically modified fetal astrocytes may serve
as a drug-delivery system. Furthermore, such
astrocytes can supply growth factors that may
prevent or retard further degeneration, as well
as initiate sprouting of residual neurons.

Altered glial function causes neuronal death
and increases neuronal susceptibility to MPP+-
and 6-OHDA-induced toxicity in astrocytic/
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ventral mesencephalic co-cultures (49). Glial
activation causes neuronal death via a mecha-
nism that appears to involve the release of reac-
tive oxygen/nitrogen species and glutamate
from astrocytes. Glial GSH depletion or complex
I inhibition did not cause neuronal death, but
potentiated the toxicity of MPP+ and 6-OHDA,
possibly via the release of glutamate and reac-
tive oxygen species (ROS) from astrocytes (49).
Neuronal death caused by 6-OHDA was
increased in ventral mesencephalic cultures pre-
viously cultured with lipopolysaccharide-acti-
vated and GSH-depleted, but not complex
I-inhibited astrocytes, compared with co-cul-
tures containing normal astrocytes. Treatment of
co-cultures with GSH prevented the increased
neuronal susceptibility to 6-OHDA (49).

In addition, astrocytes inhibit the expression
of p53, a tumor-suppressor gene proposed as
the “guardian of the genome” (50), and increase
the survival in neuroblastoma cells treated with
6-OHDA (51). p53 induces apoptosis by upregu-
lating Bax and down regulating Bcl-2 (52,53).
Therefore, astrocytes can support, via cell-cell
interactions, the viability of neurons. Perturba-
tion of this relationship may put the neurons at
risk of toxic insults.

Though the cause of DA cell death in PD is
unknown, there is evidence to suggest that
altered glial function may play a partial role in
the neurodegenerative process (14–16,54–56).

The Critical Factor for L-DOPA
Neurotrophism or Toxicity 
on DA Neurons is Glia

During the last 20 years there has been much
debate about the role of L-3,4-dihydroxy-
phenylalanine (L-DOPA), the most effective
compound for the symptomatic treatment of
PD, in the progression of the disease, and in
the survival of the remaining nigrostriatal DA
neurons. This debate was promote by the con-
flicting evidence that L-DOPA increases life
expectancy in patients with PD (57), but also
the prevalence of dyskinesia and fluctuations

in patients receiving this treatment (58).
Recently, this issue has been partially solved
with refinements in techniques for experi-
ments in culture.

L-DOPA is toxic for DA neurons in pure neu-
ronal culture (35,59–62). The toxic effect is not
restricted to DA cultures but also affect to other
cells such as pheochromocitoma and melanoma
(63,64); based in these experiments, L-DOPA
was, at certain point, considered as a putative
treatment for melanoma. L-DOPA toxicity has
not been proven in animals with partial DA
lesions, where it could even improve recovery
(65), or in patients with other disorders of the
basal ganglia such as dystonia or without neu-
rological disease (66,67).

Since most experiments in vitro showing L-
DOPA toxicity were performed in neurons cul-
tured in the absence of glia, we hypothesized
that the discrepancy between the effects of L-
DOPA in vivo and in vitro may be related to the
presence or absence of glia, respectively (36).
Fetal midbrain neuronal cultures were treated
with L-DOPA, 200 µM, in the presence or
absence of mesencephalic GCM. In the absence
of GCM, L-DOPA greatly reduced the number
of TH-immunoreactive neurons and increased
the levels of quinones in the medium; GCM pre-
vented these effects of L-DOPA and increased
the length and arborization of neurites of the
TH+ cells, as well as 3H-DA uptake (see Table 1).
Furthermore, L-DOPA and GCM have sinergis-
tic effects on TH expression in human cate-
cholamine-rich cells (68). These studies reveal
that the toxicity of L-DOPA in DA neurons in
vitro is prevented by soluble factors secreted by
midbrain glial cells. Therefore, these experi-
ments provide an explanation for the discrepan-
cies between studies on L-DOPA toxicity in
vitro and results obtained in experiments in
vivo and clinical data in patients with PD.

The protective effect of GCM on L-DOPA
toxicity was associated to a reduction of
quinones in the medium. Several neurotrophic
factors increase the activity of important
enzymes of the free radical scavenging system.
NGF induces superoxide dismutase (SOD)
(69). Therefore, GCM may decrease L-DOPA
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toxicity by reducing pro-oxidants in culture.
NGF and BDNF are expressed at high levels in
cultured glia (70) though they have been
detected only in brain neurons in vivo. GDNF
was isolated as a DA selective neurotrophic
factor produced by glia (71) and bFGF is
expressed by both glia and neurons (72).

Since the neuroprotective effect of mesen-
cephalic GCM on L-DOPA toxicity could be
explained by the effect of small antioxidants,
such as GSH or AA, or by the larger polipeptidic
neurotrophic factors, such as GDNF, FGF, and
others, we tested several filtrate fractions of
GCM with different molecular weights. The
most potent neuroprotective effect was mainly
retained by the filtrate fraction smaller than 10

kD, meaning that the most effective neuropro-
tective compounds were the small antioxidants.
The levels of AA were three times higher in mid-
brain GCM than in defined medium (Fig.2A).
This difference of concentration suggested that
glia accumulated AA. We have shown that AA,
at concentrations of 25 µM, protects midbrain
DA neurons from L-DOPA toxicity (40). GSH
levels in the media of GCM-treated cells increase
to 1218% vs controls (Fig.2A). In addition, gel
electrophoresis of GCM indicate seven news
majorities bands present on GCM, with relative
molecular weight 181, 158, 143, 55, 42, 35, and 33
KDa, respectively (Fig.2B).

GSH induced a dose-dependent increase of
TH+ cells and 3H-DA uptake and a reversal of
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Table 1
Effects of Glia-Conditioned Medium (GCM) on L-DOPA, MPP+, 
and Nitric Oxide-Induced Toxicity in Fetal Midbrain Neurons

TH+ cells 3H-DA uptake % Apoptotic 
Treatments (% vs C) (% vs C) cells

Control 100 ± 10 100 ± 12 13.8 ± 1.0
L-DOPA 27 ± 9 *** 42 ± 3 *** 27.5 ± 2.9 ***
GCM 207 ± 30 *** 216 ± 19 *** 7.3 ± 0.5 ***
L-DOPA + GCM 171 ± 12 +++ 124 ± 12 +++ 15.5 ± 1.7 ++***

Control 100 ± 5 100 ± 10 13.1 ± 1.6
MPP+ 49 ± 6 *** 25 ± 4 *** 21.5 ± 1.7 ***
GCM 180 ± 8 *** 134 ± 12 * 8.3 ± 0.6 *
MPP+ + GCM 162 ± 7 +++ 51 ± 10 + 10.3 ± 0.8 +++*** ***

Control 100 ± 7 100 ± 7 13.4 ± 2.8
NO 68 ± 6 * 56 ± 6 ** 24.6 ± 2.6 *
GCM 203 ± 5 *** 347 ± 22 *** 9.7 ± 1.4
NO + GCM 182 ± 17 +++ 360 ± 15 +++ 9.2 ± 1.1 +++** ***

Cells were treated with GCM or 200 µM L-DOPA/10 µM MPP+/200 µM DEA/NO
alone or in combination, for 24 h after 5 d in culture. The cultures treated with the
neurotoxins and GCM were exposed to both agents simultaneously. Control values
for TH+ cells were from 1000–1600 cells/cm2 and for 3H-DA uptake from 80 × 103 to
120 × 103 cpm/mg of protein. Values represent mean ± SEM (n = 6–12) of two inde-
pendent experiments for each experimental model. Statistical analysis was per-
formed by one-way analysis of variance followed by Student’s t-test. * = p < 0.05,
** = p < 0.01, *** = p < 0.001 vs control; + = p < 0.05, ++ = p < 0.01, +++ = p < 0.001 with
respect to the group treated with the neurotoxin in each experimental model.
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L-DOPA-induced elevation of quinones. In con-
trol cultures, 400 µM GSH increased the number
of TH immunoreactive cells to 179% of the con-
trol value. Since GSH did not significantly mod-
ify the total number of cells in the culture, this
increase in TH immunoreactive cells suggested
that GSH had a selective neurotrophic effect on
DA neurons. In cultures treated with L-DOPA,
GSH, 400 µM totally prevented the elevation of
quinones and the disappearance of TH
immunoreactive cells, but not the reduction of
3H-DA uptake induced by L-DOPA. Since 3H-
DA uptake is considered an index of arboriza-
tion, GSH is more effective for the prevention of
cell death than for the damage to the terminals
of the DA neurons.

The effect of GCM was mediated, at least in
part, by the elevation of GSH on DA cultures.
The levels of GSH, which was 2.25 ± 0.22 µM in
the medium of control cultures, was below
control levels, 1.23 ± 0.18 µM in cultures
treated with L-DOPA, and rose to 25.6 ± 0.28
µM in cultures treated with GCM, and to 27.4 ±
0.36 µM in cultures treated with L-
DOPA+GCM. In clinical studies, GSH is
decreased in the substantia nigra of patients
with idiopathic PD (42,43,73) and L-DOPA
treatment reverses GSH depletion (74).

Regarding the putative neuroprotective
effects in this model of conventional neu-
rotrophic factors, none of the peptidic neu-
rotrophic factors had the properties observed
with GCM. Overall the compounds tested, only
NGF significantly reduced the elevation of
quinones induced by L-DOPA. The effect of
NGF, however, on TH immunoreactive cells was
modest. NGF partially restored the number of
TH immunoreactive cells from 27% of the con-
trol, in the cultures trested with L-DOPA, to 61%
of controls in cultures treated with L-
DOPA+NGF. The protective effect of bFGF,
BDNF, and GDNF was somehow larger since
these compounds, when given with L-DOPA
restored the number of TH+ cells to 80, 124, and
111% of controls, respectively, and without mod-
ification of quinone levels. This dissociation
between quinone quenching effect and preserva-
tion of TH immunoreactive cells suggests that

the protection of midbrain DA neurons by mes-
encephalic GCM may be related to several inde-
pendent mechanisms. Recent studies have
shown that astrocyte-derived trophic factors
increase survival of developing DA neurons
through the inhibition of apoptotic cell death
(34,75–77).

GCM not only protected from L-DOPA toxic-
ity but increased de novo synthesis of TH+ cells.
Tyrosine hydroxylase gene promoter activity is
regulated by both, cyclic AMP-responsive ele-
ment (CREB) and AP1 sites (78–80). GCM
increases AMPc levels (Fig. 2C) and phosphory-
lation of extracellular signal-regulated protein
kinases (ERK1 and ERK2) elements of MAPK
signaling pathway, but fails to change CREB-P
expression (Fig. 2D). MAPK signaling pathway
promotes cell survival by a dual mechanism
comprising the post-translational modification
and inactivation of a component of cell death
machinery and the transcription of pro-survival
genes (81). Furthermore, MAPK is an essential
pathway mediator of TH induction (80). During
differentiation, signals may be transmitted via
MAPK to the TH-AP-1 site to increase activators
and reduce repressors, helping to shift the bal-
ance in favor of TH gene expression at this and
possible other important regulatory sites on the
gene (80). Our results indicate that in the induc-
tion of TH expression by GCM may be impli-
cated, at least in part, MAPK signaling pathway.

Catecholamines are required for the develop-
ment of the nervous system and survival. Inacti-
vation of the TH gene produced the death of
90% of mutant mice fetuses whereas adminis-
tration of L-DOPA to pregnant females resulted
in complete rescue of mutant mice (82). Trans-
genic animals with mutations of the TH gene
have a poorer prognosis than those with muta-
tions of the DA-β-hydroxylase gene (83), sug-
gesting that DA is essential for development of
the nervous system. It is likely that L-DOPA and
catecholamines are critical factors for promoting
the survival and differentiation of DA neurons
and that the effects of L-DOPA on DA cells in
vivo might be neurotrophic or neurotoxic
depending on the local environment produced
by glial cells. Another variable that could
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explain the different effects is the age of the DA
neurons used in each experiment since the effect
of L-DOPA could be developmentally related.

We therefore tested the effect of L-DOPA on
the survival of postnatal DA neurons using ven-
tral midbrain neuron/cortical astrocyte co-
cultures in serum-free medium. L-DOPA (50
µM) protected against the cell death of DA neu-
rons and increased the number and branching of
DA processes. The stereoisomer D-DOPA
(50–400 µM) was not active. The L-aromatic
amino acid decarboxylase inhibitor (L-AAD)
carbidopa (25 µM) did not block the neu-
rotrophic effect. These data suggest that the neu-
rotrophic effect of L-DOPA is stereo-specific but
independent of the production of DA. In a dif-
ferent set of experiments it was shown that L-
DOPA increased the level of GSH. Inhibition of
the γ-glutamylcysteine synthetase by L-buthion-
ine sulfoximine (3 µM for 24 h) blocked the neu-
rotrophic action of L-DOPA (Fig. 3).
N-acetyl-l-cysteine (L-NAC, 250 µM for 48 h),
which promotes GSH synthesis, had a neu-
rotrophic effect similar to L-DOPA. These data
suggest that the neurotrophic effect of L-DOPA
may be mediated, at least in part, by the eleva-
tion of GSH content (38).

Previous studies indicate that DA added to
culture medium increases the expression of TH
and L-AAD in primary cultures of fetal neu-
rons (84), and the neurotransmitter itself has
been postulated as a neurotrophic factor (85). If
conversion of L-DOPA to DA is required for its
neurotrophic effects, the response should be
blocked by the L-AAD inhibitor carbidopa
(63). Our study reveals, therefore, that the
mechanism responsible for the neurotrophic
effect of L-DOPA is independent of its conver-
sion to DA and that L-DOPA neurotrophic
effects may depend on the glia environment.

GCM Protects and Rescues DA
Neurons from MPP+-Induced
Toxicity

Exposure to MPTP produces in humans and
experimental animals an akinetic rigid syn-

drome (ARS) similar to idiopathic PD. MPTP is
converted into the active neurotoxic agent
MPP+ by the action of MAO and MPP+ is
selective accumulated by DA neurons through
an active uptake mechanism and results in the
selective loss of DA neurons (86,87). ARS
induced by MPTP is considered the best exper-
imental model of PD and therefore it is of great
interest to investigate the effect of GCM on cul-
tures of DA neurons treated with MPP+.

MPP+ interferes with energy production in
the mitochondria by inhibition of complex I.
Apoptotic cell death, that occurs in DA neu-
rons in culture, is increased by MPP+ (88,89).
There is also an increased number of apoptotic
cells in the substantia nigra of patients with PD
(90). Therefore, the effect of GCM on apoptosis
of DA neurons could provide insights into the
role of glia in PD.

In fetal midbrain neuronal cultures in the
absence of GCM, MPP+ reduced the number
of TH immunoreactive neurons and increased
apoptosis. In the cultures treated with GCM
and MPP+, GCM counteracted the effects of
MPP+ and increased the length and arboriza-
tion of TH+ neurites. The protective effect of
GCM was maximal in cultures co-treated with
GCM and MPP+ simultaneously (Table 1), but
it also restored DA parameters in cultures
receiving GCM 1 or 3 d after MPP+. The pro-
tective effect of GCM was negligible in cul-
tures pretreated with GCM and receiving
MPP+ 24 h later.

The toxicity of MPP+ on DA neurons has
two time-related components; the first one is
characterized by rapid cell death due to the
failure of energy production related to inhibi-
tion of respiratory activity produced by MPP+
blockade of complex I activity, and the second
is related to apoptosis that takes place after the
acute phase. The greatest severity of TH+ cells
dropping out occurs during the first 24 h of
treatment and is less pronounced from day
1–3. GCM reduces apoptotic cell death; this
effect may explain the augmentation of TH+
cells by GCM. Our data, however, suggest
additional mechanisms of protection since
reduction of apoptosis will not be enough to
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Fig. 3. Neurotrophic effects of L-DOPA in postnatal cortical astrocytes/ventral midbrain dopamine neurons
co-cultures. (A) TH+ DAB-immunostaining of dopamine neurons. Cultures were treated, at 5 d in vitro, with L-
DOPA 50 µM, 100 µM and 200 µM for 48 h. Scale bar = 30 µm. (B) Effects of L-DOPA (50, 100, 200, and 400
µM), L-DOPA 50 µM and/or L-aromatic amino acid decarboxylase inhibitor carbidopa (CBD) 25 µM (C), and
L-DOPA 50 µM and/or GSH synthesis inhibitor L-buthionine-[S,R]-sulfoximine (BSO) 3 µM (D) on TH+ cell
number. Statistical analysis was performed by one-way ANOVA followed by the Student’s t-test. **p < 0.01,
***p < 0.001 L-DOPA-treated groups vs controls; +++p < 0.001 50 µM L-DOPA plus 3 BSO µM vs 50 µM
L-DOPA-treated group.



explain the protection against MPP+-induced
TH+ cell death that occurs in the first hours of
exposure to the neurotoxin.

Furthermore, in midbrain cultures main-
tained for 7 d in vitro, a brief exposure to
GCM reversed the effect of spontaneous drop
out of DA neurons and restored the number
of TH+ cells to levels higher than those
counted the first day after plating. Elevation
of TH+ cell number above baseline after 7 d
in culture and 3 d after exposure to MPP+
suggests that GCM, in addition to inhibition
of apoptosis, induces de novo expression of
TH+ cells and therefore, has neurotrophic
activity (77). Consequently, GCM enhances
recovery of damaged neurons or expression
of the DA phenotype rather than resistance to
the neurotoxin.

The high levels of antioxidants present in
GCM may play a very important protective role
during acute exposure to MPP+ since MPTP
produces free oxygen radicals and oxidative
stress in vitro and in vivo (91–93) and vitamin E,
β-carotene, AA, and L-NAC attenuate the
MPTP toxicity in mice in vivo (94,95). MPP+
increases the production of superoxide radical
(92); this radical is transformed into free oxygen
and hydrogen peroxide by SOD. Transgenic
mice that overexpress the SOD-1 are resistant to
MPTP-induced DA toxicity (96) and L-DOPA-
induced toxicity (38), suggesting that scaveng-
ing of the superoxide radical is protective in
these models of toxicity.

Strain-dependent susceptibility to MPTP- and
MPP+-induced parkinsonism is determined by
glia. The mechanism of strain specificity, how-
ever, remains unknown and that it does not
involve the MAO-B conversion of MPTP to
MPP+ (97). One study examining DA trans-
porter function, necessary for MPP+ uptake,
demonstrated no differences in transporter
kinetics between the two strains of mice with
different MPTP susceptibility (98,99). Although
differences in iNOS levels after MPTP or MPP+
administration have not been examined, it is
possible that this pathway could underlie some
of the differences in toxicity (15). Another possi-
bility is the differences of efficiency of glial cells

to produce or maintain neuronal GSH levels in
the different strains of mice (100).

GCM Protects Fetal Midbrain
Cultures from NO-Induced
Toxicity

There is evidence suggesting that nitric
oxide (NO) plays an important role in DA cell
death in PD. Peroxynitrite may also play a role
in this disease; an increase of nitrite concentra-
tion in the cerebrospinal fluid (CSF) of patients
with PD has been reported (101) and NO radi-
cals have been detected in PD substantia nigra
(102). Finally, the core of Lewy bodies in PD
are immunoreactive for nitrotyrosine (103).
Thus, the aim of this study was to investigate
the effects of NO on apoptosis and functional-
ity of DA neurons and glial cells.

The experiments were carried out in neu-
ronal-enriched midbrain cultures treated with
the NO donor diethylamine/nitric oxide com-
plexed sodium (DEA/NO). DEA/NO, at doses
of 25 and 50 µM, is neurotrophic for DA cells,
increasing the number of TH+ cells, TH+ neurite
processes, DA levels, and 3H-DA uptake. A dose
of 25 µM DEA/NO protected DA cells from
apoptosis. In addition, it induced de novo TH
synthesis and increased intracellular reduced
GSH levels, indicating a possible neuroprotec-
tive role for GSH (75). However, in doses rang-
ing from 200–400 µM, DEA/NO decreased TH+

cells, DA levels, 3H-DA uptake, and the number
of mature oligodendrocytes. No changes in
either the amount or morphology of astrocytes
and glial progenitors were detected. A dose- and
time-dependent increase in apoptotic cells in the
DEA/NO-treated culture was also observed,
with a concomitant increase in the proapoptotic
Bax protein levels and a reduction in the ratio
between Bcl-xL and Bcl-xS proteins. In addition,
DEA/NO induced a dose-and time-dependent
increase in necrotic cells. 1H-(1,2,4) oxadiazolo
(4,3a) quinoxaline-1-one, a selective guanylate
cyclase inhibitor, did not revert the NO-induced
effect on 3H-DA uptake (75).
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GCM, obtained from fetal midbrain astro-
cyte cultures, totally protected neuronal-
enriched midbrain cultures from NO-induced
toxicity. No neurite degradation was detected,
as shown by phase contrast and TH immunos-
taining, nor was a decrease in TH+ cell number
or 3H-DA uptake observed. In addition, we
detected no increase in apoptotic cell death
and GCM protected from the DEA/NO change
on pro- and anti-apoptotic Bclx protein expres-
sion. GCM protects from DEA/NO-induced
neurotoxic effects when given simultaneously
(Table 1). GCM inhibits apoptosis but is also
neurotrophic for DA neurons (36,40,77). As
previously discussed, these protective effects
during acute exposure to DEA/NO could be
related to the small molecular size antioxidants
and neurotrophic factor contained in GCM
(Fig. 4).

Effects of GCM on the Generation of
Tyrosine Hydroxylase-Producing
Neurons from Stem Cells

Several studies have underlined the impor-
tance of diffusible and contact-dependent sig-

nals from ventral mesencephalic glia in the
induction (77,104–106), differentiation (107),
and survival (30,108–112) of mesencephalic
DAergic precursors. Furthermore, glial cells
have been shown to be a useful vehicle for
neuronal transplantation (113,114).

The EGF-responsive stem cells self-renew;
produce neurons, astrocytes, and oligodendro-
cytes; and may participate in repopulating the
adult brain (115–117). The principle pheno-
types of the neurons generated by these pre-
cursors are GABA and substance-P (116,118).
Co-culture of these EGF-generated neuronal
precursors with postnatal astrocytes yielded
additional neurotransmitter phenotypes, such
as neuropeptide Y, somatostatin, methionine-
enkephalin, and glutamate (119). Further addi-
tion of bFGF to these precursor/astrocyte
co-cultures generated TH+ neurons (120). GCM
from postnatal striatal astrocytes and from the
B49 rat glial cell line have synergistic effects
with bFGF for the generation of TH-producing
neurons from precursors of the embryonic
striatum and adult forebrain. The induction of
TH expression occurs at the level of gene tran-
scription. GCM promoted differentiation, at
least in part by driving the striatal precursors
out of cell cycle (120). Astroglial cells function
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as a support for migrating neuronal precursors
in the developing brain and provide physio-
logical assistance to neuronal functions in the
mature brain. Recent experiments suggest that
astrocytes may function in vivo as neural pre-
cursors (121) and glial diffusible factors may
also instruct neuronal precursors to commit to
a particular lineage.

Midbrain astrocytes induce the TH expres-
sion in cortical neurons and Nurr1-overex-
pressing neural stem cells (107). This process
requires both the overexpression of the nuclear
receptor Nurr1, a transcription factor of the
thyroid hormone/retinoic acid nuclear recep-
tor superfamily, and factors derived from local
type 1 astrocytes. Nurr1 regulates target genes
before actual induction of a TH-positive phe-
notype. In such a way, Nurr1 may bestow com-
petence upon multipotent cells to respond to
specific factors, including those derived from
ventral mesencephalic astrocytes (107). In this
respect, the induction of an unlimited number
of midbrain DAergic neurons in vitro, that can
engraft in vivo, could prove particularly useful
in cell-replacement strategies to treat PD.

Conclusions

It is clear, from the evidences reviewed above
that glia plays a very important function in the
differentiation, survival, pharmacological prop-
erties, and resistance to injury of DA neurons,
and that the role of glia is mediated, at least in
part, by the secretion of chemical substances to
the media. The effectiveness of the “glial cock-
tail” is superior to that of any of the products
actually available for protection of DA neurons;
therefore, we can state that in this subject
“nature is better than art.” It is possible that the
effect of glia is mediated by several products,
combined in the right proportions, some of
them may not yet have been identified.

These data make GCM a very interesting
candidate for neuroprotection in experimental
models of PD. Glial products, however, could
be deleterious under certain circumstances.
Identification of the mechanisms involved in

the neuroprotective and deleterious roles of
glial cells is important from a therapeutic point
of view. Stimulation of the former and inhibi-
tion of the latter may represent targets for ther-
apeutic strategies aimed at slowing down or
reversing the pathologic process of PD.

With regard to the therapeutic use of GCM
in patients more studies are needed. There are,
however, fields where the application of GCM
could be immediate. These are the fields of
fetal cells transplantation and differentiation of
DA neurons from stem cells. Survival of
embryonic DA neurons following transplanta-
tion is extremely low (5–20%). Strategies to
increase this survival are critical to the future
of transplantation for PD. Pretreatment of DA
neurons in culture with GCM prior to cerebral
implantation offers great potential for the aug-
mentation of survival.
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