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Abstract Although classical and atypical antipsychotics
may have different neurotoxic effects, their underlying
mechanisms remain to be elucidated, especially regarding
neuroglial function. In the present study, we compared the
atypical antipsychotic risperidone (0.01-10 uM) with the
typical antipsychotic haloperidol (0.01-10 pM) regarding
different aspects such as glutamate uptake, glutamine
synthetase (GS) activity, glutathione (GSH) content, and
intracellular reactive oxygen species (ROS) production in
C6 astroglial cells. Risperidone significantly increased
glutamate uptake (up to 27%), GS activity (14%), and GSH
content (up to 17%). In contrast, haloperidol was not able
to change any of these glial functions. However, at con-
centration of 10 puM, haloperidol increased (12%) ROS
production. Our data contribute to the clarification of dif-
ferent hypothesis concerning the putative neural responses
after stimulus with different antipsychotics, and may
establish important insights about how brain rewiring could
be enhanced.
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Introduction

Schizophrenia is still one of the most mysterious and
costliest mental disorders in terms of human suffering and
societal expenditure. Once the diagnosis is made, antipsy-
chotic drugs which block dopamine D2 receptors are the
main treatment. However, during the last 10 years, a
reevaluation of therapeutically strategies in schizophrenia
has been emerging with the new introduction of atypical
antipsychotics [6, 40]. In general, one could speculate that
typical antipsychotic agents, such as haloperidol, may seem
to be more effective in reducing positive symptoms but not
particularly useful against negative ones and/or or cogni-
tive deficits. On the other hand, atypical antipsychotic
agents have gained popularity over typical antipsychotics
due to their theoretical efficacy in controlling both positive
and negative symptoms. However, this could vary within
the drug of study. For instance, amisulpride has indeed
shown a great versatility as an antipsychotic drug on both
positive and negative symptoms [27].

Both antipsychotics risperidone and haloperidol act on
multiple neurotransmitter receptors, although each drug
could be characterized by its specific receptor-binding
profile. Risperidone is an atypical second-generation anti-
psychotic available world-wide since early 1990s [16]. The
main pharmacological activities of risperidone (9-hy-
droxyrisperidone, as the principal active metabolite)
include serotonin 5-HT2 receptor blockade and dopamine
D2 antagonism [16, 24]. Besides, haloperidol acts primar-
ily through dopamine D2 receptors with lower activity at
D1, D3, D4, 5-HT2A, and «1 adrenergic receptors [17].

Even though such individual characteristics may help us
to understand some of the different therapeutic and side-
effect profiles of both typical and atypical antipsychotics
exerted on patients, there is still much to learn about
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additional neural cells effects as well as the ones con-
cerning neuroglial functions. Astrocytes, a subtype of glial
cells in the central nervous system (CNS), are dynamic
signaling elements that integrate neuronal inputs and
exhibit calcium excitability. In addition, they are able to
modulate neighboring neurons, neuronal survival, and
neurite formation. They also take part in the blood brain
barrier (BBB) and participate in the maintenance of glu-
tathione levels in the brain [1, 37]. Emerging evidences
indicate that signaling between perisynaptic astrocytes and
neurons at the tripartite synapse plays an important role
during the critical period when neural circuits are formed
and refined [1, 37, 41]. An imbalance in glioneurotrans-
mission in tripartite synapse was proposed as a model of
the pathophysiology of schizophrenia [25].

Astrocytes express a wide variety of functional receptors
for many different neurotransmitter such as glutamate,
GABA, as well as adrenergic, purinergic, dopaminergic,
and serotonergic receptors [26, 29]. Glutamate is the major
excitatory transmitter in transferring information between
neurons, but is now also known to activate astrocytes
through different transporters and receptors. Glutamate
released from presynaptic terminals is primarily trans-
ported to astrocytes, where it is converted into glutamine
via the enzyme GS (EC 6.3.1.2) pathway. The glutamine is
released back to the neurons, where glutamate is regener-
ated via phosphate-dependent glutaminase (EC:3.5.1.2), a
mitochondrial enzyme [9], whereas, glutamate has another
important fate in astrocytes, particularly in the synthesis of
the tripeptide L-y-glutamyl-L-cysteinyl-glycine or glutathi-
one (GSH), [11]. Among neural cells, astrocytes are more
resistant to oxidative stress and provide a protective role
for neurons, mainly due to their higher GSH content.
Hence, the cell’s ability to reduce or synthesize GSH is an
important key factor that may determine how the cell could
manage oxidative stress-induced neurotoxicity [23].
Moreover, it has been described a reduced glial/neuronal
ratio in patients with mood disorders [3]. However, how
astrocytes contribute to brain function and behaviors
associated with depression, schizophrenia, or anxiety is
currently poorly understood.

The possible relationship between glial cells and anti-
psychotic drugs has been extensively speculated and
studied [2, 13]. However, it still remained unclear which
and to what extent was the specific effect exerted on glial
cells upon neuroleptic treatment. In such direction, our
laboratory has already reported how risperidone is able to
modulate important glial functions [30, 31]. In the present
comparative study, we further investigated the effects
of two different antipsychotics, risperidone (atypical) and
haloperidol (typical), concerning different aspects such
as glutamate uptake, GS activity, and GSH levels in the C6
astroglial cell model. Moreover, we investigated the
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different effects of both antipsychotics on the formation of
reactive oxygen species (ROS).

Experimental procedures
Materials

Risperidone (Risperdal®) and Haloperidol (Haldol®) were
a gift from Janssen-Cilag (Sao Paulo, SP, Brazil) a Bra-
zilian division of Johnson & Johnson. Standard GSH,
o-phthaldialdehyde, y-glutamylhydroxamate, DCF-DA,
and cell culture materials were purchased from Sigma
(St. Louis, MO, USA), except for Dulbecco’s modified
Eagle’s medium (DMEM) which was purchased from
Gibco BRL (Carlbad, CA, USA). Fetal bovine serum (FBS)
was obtained from Cultilab (Campinas, SP, Brazil) and
L-[’H]Glutamate was purchased from Amersham Interna-
tional (UK). All other chemicals were purchased from local
commercial suppliers.

Cell culture and risperidone treatment

The C6 cell line was obtained from the American Type
Culture Collection (Rockville, Maryland, USA) and was
cultured as previously described [10]. The C6 lineage cells
are an astrocyte-like cell line that is widely used to study
cellular functions such as glutamate uptake, glutamine
synthetase (GS) activity, SIO0B secretion, and oxidative
stress [7, 10, 30, 31].

The cells were seeded in flasks and cultured in DMEM
(pH 7.4) containing 5% FBS, 2.5 mg/mL Fungizone® and
100 U/L gentamicin. Cells were kept at a temperature of
37°C in an atmosphere of 5% CO,/95% air. Exponentially
growing cells were detached from the culture flasks by using
0.05% trypsin/ethylene-diaminetetracetic acid (EDTA) and
then seeded (5 x 10° cells/cm?) in 24- or 6-well plates.
When cells reached confluence, the culture medium was
removed by suction, and the cells were incubated for 6 h at
37°C in an atmosphere of 5% CO,/95% air in DMEM
(pH 7.4) without serum in the absence (control) or presence
of risperidone (0.01, 0.1, 1 and 10 uM) or haloperidol (0.01,
0.1, 1 and 10 pM). Control conditions were performed in the
presence of an equivalent volume of risperidone/haloperidol
vehicle (containing 0.2% benzoic acid and 0.75% tartaric
acid). It is important to mention that, in all parameters ana-
lyzed, the results obtained with vehicle were not different
from those obtained under basal conditions. Membrane
integrity loss was determined by fluorescent image analysis
of propidium iodide (PI) uptake [10]. Cells were incubated
with 7.5 uM PI, concomitantly with treatments (N = 3,
performed in triplicate). Images were acquired by digital
camera (Sound Vision Inc., Wayland, MA, USA) at the end
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of incubations, using a TE-FM Epi-Fluorescence accessory.
Optical density was determined with Optiquant version
02.00 software (Packard Instrument Company). Density
values obtained were expressed as density light units (DLU).

Glutamate uptake assay

Glutamate uptake was performed as previously described
[12] with some modifications. Briefly, C6 glioma cells were
incubated at 37°C in a Hank’s balanced salt solution (HBSS)
containing (in mM): 137 NaCl, 5.36 KCl, 1.26 CaCl,, 0.41
MgSOy, 0.49 MgCl,, 0.63 Na,HPO,4-7H,0, 0.44 KH,PO,,
4.17 NaHCOs;, and 5.6 glucose, adjusted to pH 7.4. The
assay was started by addition of 0.1 mM L-glutamate and
0.33 pCi/ml L-[2,3->H] glutamate. Incubation was stopped
after 10 min by removing the medium and rinsing the cells
twice with ice-cold HBSS. The cells were then lysed in a
solution containing 0.5 M of NaOH. Radioactivity was
measured in a scintillation counter. Sodium independent
uptake was determined by using N-methyl-D-glucamine
instead of NaCl. Sodium-dependent glutamate uptake was
obtained by subtracting the non-specific uptake from the
total uptake in order to obtain the specific uptake. Values are
expressed as nmol/mg protein/min.

Glutamine synthetase (GS) activity

The enzymatic assay was performed as previously descri-
bed [10]. Briefly, homogenate (0.1 mL) was added to
0.1 mL of reaction mixture containing (in mM): 10 MgCl,;
50 r-glutamate; 100 imidazole-HCI buffer (pH 7.4); 10
2-mercaptoethanol; 50 hydroxylamine-HCI; 10 ATP and
incubated for 15 min at 37°C. The reaction was stopped by
adding 0.4 mL of a solution containing (in mM): 370 ferric
chloride; 670 HCI; 200 trichloroacetic acid. After centri-
fugation, the supernatant was measured at 530 nm and
compared to the absorbance generated by standard quan-
tities of y-glutamylhydroxamate treated with ferric chloride
reagent. Values are expressed as nmoles of y-glutam-
ylhydroxamate/mg protein/min.

Glutathione (GSH) content assay

Glutathione levels (nmol/mg protein) were measured as
previously described [4]. Cell homogenates were diluted in
ten volumes of 100 mM sodium phosphate buffer, pH 8.0,
containing 5 mM EDTA, and protein was precipitated with
1.7% meta-phosphoric acid. Supernatant was assayed with
o-phthaldialdeyde (1 mg/mL methanol) at room tempera-
ture for 15 min. Fluorescence was measured by using
excitation and emission wavelengths of 350 and 420 nm,
respectively. A calibration curve was performed with
standard GSH solutions (0-500 puM).

Evaluation of intracellular ROS production

Intracellular ROS production was detected by using the
nonfluorescent cell permeating compound, 2'-7'-dichloro-
fluorescein diacetate (DCF-DA). DCF-DA is hydrolyzed by
intracellular esterases and then oxidized by ROS to a fluo-
rescent compound, 2'-7'-dichlorofluorescein (DCFH). C6
cells were treated with DCF-DA (10 uM) for 30 min at 37°C.
Following DCF-DA exposure, the cells were rinsed and then
scraped into PBS with 0.2% Triton X-100. The fluorescence
was measured in a plate reader (Spectra Max Gemini XPS,
Molecular Devices, USA) with excitation at 485 nm and
emission at 520 nm [31, 32]. Values were obtained as fluo-
rescence units/mg protein and expressed as % of control.

Protein determination

Protein content was measured by Lowry’s method using
bovine serum albumin as standard [22].

Statistical analysis

Data represent means & SE and were analyzed statistically
by one-way ANOVA, followed by the Tukey test. Values
of P < 0.05 were considered to be significant.

Results

Risperidone, but not haloperidol, increases glutamate
uptake

As shown in Fig. 1, basal glutamate uptake was
0.33 £ 0.006 nmol/mg protein/min. Glutamate uptake was
increased by risperidone: 10% at 0.1 uM (0.36 + 0.007),
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Fig. 1 Glutamate uptake in C6 astroglial cells in the presence or
absence of risperidone and/or haloperidol. Cells were treated with
risperidone or haloperidol for 6 h in DMEM without serum. Data
represent means £+ SE from three experimental determinations per-
formed in triplicate. *Significantly different from control, P < 0.05
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15% at 1 puM (0.38 £ 0.006) and 27% at 10 uM 254 *
(0.42 + 0.007), P < 0.05. In contrast, glutamate uptake B
was not affected by haloperidol. The concentration of _ &9 . *
haloperidol used in this and in other assays was not g'.§ &= B
increased due to the impairment of membrane integrity E5 N
observed at 100 uM haloperidol, as measured by PI uptake % ; 10 -
assay. At this concentration, there was a significant g
increase (18%) in PI uptake, from 0.22 £ 0.033 (control) 5
to 0.26 + 0.041 Gross DLU, P < 0.05. Concentrations of
haloperidol up to 10 uM did not affect membrane integrity. 0 o - ' ' 11 ' ' '
0 001 01 1 10 000 01 1 10
Risperidone Haloperidol

Risperidone, but not haloperidol, increases glutamine
synthetase activity

Figure 2 shows the effect of risperidone and haloperidol on
GS activity. Basal GS activity was increased by risperidone
at 1 and 10 uM (14 and 18%, respectively), P < 0.05.
However, haloperidol, did not affect the activity of such
enzyme.

Risperidone, but not haloperidol, increases GSH
content

Next, we examined the effects of risperidone and halo-
peridol on GSH content (Fig. 3). Risperidone increased the
amount of GSH at concentrations of 0.1 (12%), 1 (19%)
and 10 (58%) pM (from 144 £ 0.3 to 16.1 £ 0.32;
17.2 + 0.42 to 22.7 £ 0.5 nmol/mg protein, respectively),
P < 0.05. Haloperidol did not affect GSH content.

Haloperidol, but not risperidone, increases ROS
production

Figure 4 shows the effect of risperidone and haloperidol on
ROS production. As observed, 10 pM haloperidol
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Fig. 2 Glutamine synthetase activity in C6 astroglial cells in the
presence or absence of risperidone and/or haloperidol. Cells were
treated with risperidone or haloperidol for 6 h in DMEM without
serum. Data represent means + SE from three experimental deter-
minations performed in triplicate. *Significantly different from
control, P < 0.05
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Fig. 3 Glutathione levels in C6 astroglial cells in the presence or
absence of risperidone and/or haloperidol. Cells were treated with
risperidone or haloperidol for 6 h in DMEM without serum. Data
represent means £+ SE from three experimental determinations per-
formed in triplicate. *Significantly different from control, P < 0.05
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Fig. 4 Intracellular ROS production in C6 astroglial cells in the
presence or absence of risperidone and/or haloperidol. Cells were
treated with risperidone or haloperidol for 6 h in DMEM without
serum. Data represent means = SE from three experimental deter-
minations performed in triplicate. *Significantly different from
control, P < 0.05

increased DCFH oxidation (about 12%), P < 0.05. This
parameter was not affected by risperidone.

Discussion

The use of atypical antipsychotics has recently emerged as
an effective strategy in treatment-resistant mood and
anxiety disorders [18, 28]. Although some of the atypical
antipsychotics could be considered as the first-line
approach for patients with treatment-resistant bipolar
disorder and obsessive—compulsive disorder, there is still
paucity in terms of evidence-based studies from a clinical
point of view. A recently published meta-analysis com-
paring first with second generation antipsychotics [19]
showed that some, but not all, of the second generation
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compounds are superior over the first one, in terms of
positive or negative symptoms-related improvement.

Conventional antipsychotic-associated neurotoxicity
became one of the principal goals to improve within drug
development. In fact, atypical antipsychotics such as ris-
peridone, do not present mentioned sides effects as it was
previously described [39]. This study pointed that halo-
peridol-induced neurotoxicity results in inhibition of
survival-associated pathways such Akt and significant
activation of caspase-3 apoptotic-mediated signals, in
comparison to risperidone, which did not show similar
capacity to injure neurons. In this context, our work con-
tributes to the understanding of the putative antipsychotic
effects on astroglial cells, especially related to glutamate
function, since astrocytes are intimately associated with
glutamatergic transmission, synaptic plasticity, and neuro-
protection [1, 8, 9].

We previously reported that risperidone was able to
modulate glutamate metabolism by astroglial cells, sug-
gesting that risperidone might exert neuroprotective effects
against brain disorders, and such effects may also involve
modulation of astrocyte functions. In the present study, we
compared the effects of risperidone (0.01-10 uM) and
haloperidol (0.01-10 uM) regarding to different astroglial
parameters to better understand the mechanisms by which
antipsychotics may function in astrocytes. Despite the fact
that our in vitro data demonstrated a relevant modulation of
astroglial functions upon risperidone treatment and there-
fore, positive neuroprotective effects in oxidative stress
and/or excitoxicity-associated disorders, some relevant
limitations should be under discussion. First of all, we do
not know yet whether those results are cell line-dependent
or on the contrary, they could be relay on other neural cell
contexts. In addition, mean risperidone and haloperidol
concentrations in humans are, respectively, around 0.05
and 0.03 pM in plasma [14] and around 0.01 and 0.5 pM in
brain tissue [42]. However, during in vitro experiments,
drug concentrations need to be usually higher in order to
mimic same long-term physiological cell activities and
their functions. In our previous work, on C6 astroglial cell
model [30], we investigated the effect of 10 uM risperi-
done as previous studies performed to determine dopa-
mine-sensitivity in primary astroglial cultures [33]. Indeed,
in vitro studies remain a powerful tool for generation of a
new hypothesis that could be then studied in vivo and later,
generalized to the human scenario. Since animal models
are necessary to further investigate our in vitro findings and
to study the relationship between biological, biochemical
and behavioral variables within environmental factors, it
would remain to be done a number of in vivo studies that
may confirm our current results.

Another important aspect to be discussed is the oxida-
tive stress implicated in the pathogenesis of diverse disease

states, which may be a common pathogenic mechanism
underlying many major psychiatric disorders, as the brain
has comparatively greater vulnerability to oxidative dam-
age. This could partly be caused by alterations in dopa-
minergic and glutamatergic activity that are implicated in
these illnesses [35]. Glutamate and dopamine are highly
redox reactive molecules and produce ROS during normal
neurotransmission. Alterations to these neurotransmitter
pathways may therefore increase the oxidative burden in
the brain [35].

In addition, oxidative stress associated with typical
antipsychotic treatment has been reported as one of the
mechanisms involved in the pathogenesis of extrapyrami-
dal side effects [28]. Extensive evidence indicates that an
unbalanced production of free radicals is associated with
chronic haloperidol use and might contribute to the onset of
tardive dyskinesia and cell damage [15, 28]. This effect can
be related, at least in part, to a reduction in specific
endogenous antioxidant mechanisms, such as a decrease in
GSH levels [34, 35]. Therefore, the observed in vitro effect
of risperidone on the GSH content could indicate a new
possible role for the reported in vivo effect of this anti-
psychotic. These reports are consistent with the haloperi-
dol-induced ROS production showed in the present study,
indicating that such antipsychotic may induce a redox
imbalance, followed by ROS production. In addition, both
in vitro and in vivo studies have demonstrated that several
atypical antipsychotics possess a capacity to protect neu-
ronal cells from a variety of pathological insults [15].

Typical antipsychotics, can partially solve not only the
neurotransmitter dysfunction but also aggravate oxidative
stress expanding brain damage in schizophrenic patients.
Some studies have reported more gray matter loss in
patients treated with haloperidol than atypical antipsy-
chotics [21]. In fact, our data shows that risperidone was
able to induce a significant increase in glutamate uptake,
GS activity, and GSH content. In contrast, haloperidol was
not able to change any of these glial functions even at
higher doses. Our data contribute to the concept that
atypical antipsychotics are additionally neuroprotective
compounds. Risperidone improved antioxidant defense
(increment of glutathione) and decreased the oxidant
activity of extracellular glutamate (increment of glutamate
uptake). Therefore, this compound not only appears to
improve neurotransmitter balance but also contributes to
decrease oxidative stress, both underlying the brain damage
of the schizophrenia [28]. Also, it is important to empha-
size that this improvement is mediated by astrocytes
assuming their key role in glutamate uptake and glutathi-
one synthesis in central nervous system [9].

Our data are in agreement with other studies concerning
enhanced effects of risperidone in comparison with halo-
peridol and their corresponding receptor affinity [20] as
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well as regarding previously reported rotenone-induced
neurotoxicity in PC12 cells [38]. Further investigations in
different models still remain necessary. Immunohisto-
chemical analysis of brain slices and astrocytic/neuronal
co-cultures, in order to either confirm or discard the effect
of haloperidol on glutamate metabolism, seem to be the
logical next steps.

It is commonly accepted that the role of glutamatergic
system in the development of schizophrenia and indeed,
atypical neuroleptics function through affecting such sys-
tem, at least to a minor extent. In fact, it was already
described relevant changes on glutamine synthetase-like
protein (GSLP) upon treatment with atypical neuroleptic
olanzapine, in the platelets of chronic schizophrenia
patients [5]. Moreover, survival analysis study of olanza-
pine 28-week-treated patients showed that the higher levels
of GSLP measure in platelets before treatment the shorter
time under treatment would be required to get a positive
drug-induced response from a clinical point of view.
Therefore, whether an increase in GS levels upon treatment
with atypical neuroleptics could be taken as a positive sign
or not might be a bit speculative because additional works
showed no change of GS in cortical areas of schizophrenia
patients, for instance [36]. However, since our present in
vitro data performs a comparative study between both
typical and atypical neuroleptics, an important increase in
the expression/activity of glutamine synthetase by the tes-
ted atypical ones (among other compounds) could have
significant importance at least in a circumstantial context.

Our data provide some evidences for delineating the
mechanisms of atypical antipsychotics-induced protective
actions, such as prevention of glutamate-mediated excito-
toxicity by stimulating its astrocytic uptake and increasing
the levels of GSH, which is an important non-enzymatic
antioxidant for the CNS. These data contribute to the
available knowledge regarding to neural responses after
antipsychotic-induced stimulus, and it could give rise to
important insights about how to promote brain rewiring in
different psychiatric diseases. In this context, future studies
are necessary not only for an improved comprehension
about the direct relationship between astrocytes and anti-
psychotics-triggered mechanisms of action but also for the
future development of novel potential strategies which
could ameliorate the effects of disintegrative diseases in the
developing brain.

Acknowledgments We are grateful to Fares Zeidan Chulid for
critical reading, helpful discussions and corrections of the manuscript.
This work was supported by Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico (CNPq), Coordenacdo de Aperfeicoamento
de Pessoal de Nivel Superior (CAPES), FINEP/Rede IBN
01.06.0842-00 and INCT-EN National Institute of Science and
Technology for Excitotoxicity and Neuroprotection.

@ Springer

References

1. Araque A (2008) Astrocytes process synaptic information. Neu-
ron Glia Biol 4:3-10

2. Bernstein HG, Steiner J, Bogerts B (2009) Glial cells in schizo-
phrenia: pathophysiological significance and possible conse-
quences for therapy. Expert Rev Neurother 9:1059-1071

3. Bowley MP, Drevets WC, Ongur D, Price JL (2002) Low glial
numbers in the amygdala in major depressive disorder. Biol
Psychiatry 52:404-412

4. Browne RW, Armstrong D (1998) Reduced glutathione and
glutathione disulfide. Methods Mol Biol 108:347-352

5. Burbaeva G, Boksha IS, Tereshkina EB, Savushkina OK,
Turishcheva MS, Starodubtseva LI, Brusov OS, Morozova MA
(2006) Effect of olanzapine treatment on platelet glutamine
synthetase-like protein and glutamate dehydrogenase immuno-
reactivity in schizophrenia. World J Biol Psychiatry 7:75-81

6. Carlson CD, Cavazzoni PA, Berg PH, Wei H, Beasley CM, Kane
JM (2003) An integrated analysis of acute treatment-emergent
extrapyramidal syndrome in patients with schizophrenia during
olanzapine clinical trials: comparisons with placebo, haloperidol,
risperidone, or clozapine. J Clin Psychiatry 64:898-906

7. Cechin SR, Dunkley PR, Rodnight R (2005) Signal transduction
mechanisms involved in the proliferation of C6 glioma cells
induced by lysophosphatidic acid. Neurochem Res 30:603-611

8. Chen Y, Swanson RA (2003) Astrocytes and brain injury. J Cereb
Blood Flow Metab 23:137-149

9. Danbolt NC (2001) Glutamate uptake. Prog Neurobiol 65:1-105

10. dos Santos AQ, Nardin P, Funchal C, de Almeida LM, Jacques-
Silva MC, Wofchuk ST, Goncalves CA, Gottfried C (2006)
Resveratrol increases glutamate uptake and glutamine synthetase
activity in C6 glioma cells. Arch Biochem Biophys 453:161-167

11. Dringen R (2000) Metabolism and functions of glutathione in
brain. Prog Neurobiol 62:649-671

12. Gottfried C, Tramontina F, Goncalves D, Goncalves CA,
Moriguchi E, Dias RD, Wofchuk ST, Souza DO (2002) Gluta-
mate uptake in cultured astrocytes depends on age: a study about
the effect of guanosine and the sensitivity to oxidative stress
induced by H(2)O(2). Mech Ageing Dev 123:1333-1340

13. Henn FA, Anderson DJ, Sellstrom A (1977) Possible relationship
between glial cells, dopamine and the effects of antipsychotic
drugs. Nature 266:637-638

14. Huang MZ, Shentu JZ, Chen JC, Liu J, Zhou HL (2008) Deter-
mination of risperidone in human plasma by HPLC-MS/MS and
its application to a pharmacokinetic study in Chinese volunteers.
J Zhejiang Univ Sci B 9:114-120

15. Jann MW (2004) Implications for atypical antipsychotics in the
treatment of schizophrenia: neurocognition effects and a neuro-
protective hypothesis. Pharmacotherapy 24:1759-1783

16. Janssen PA, Niemegeers CJ, Awouters F, Schellekens KH,
Megens AA, Meert TF (1988) Pharmacology of risperidone (R 64
766), a new antipsychotic with serotonin-S2 and dopamine-D2
antagonistic properties. J Pharmacol Exp Ther 244:685-693

17. Keilhoff G, Grecksch G, Bernstein HG, Roskoden T, Becker A
(2009) Risperidone and haloperidol promote survival of stem
cells in the rat hippocampus. Eur Arch Psychiatry Clin Neurosci
(in press)

18. Kornhuber J, Wiltfang J, Riederer P, Bleich S (2006) Neuroleptic
drugs in the human brain: clinical impact of persistence and
region-specific distribution. Eur Arch Psychiatry Clin Neurosci
256:274-280

19. Leucht S, Corves C, Arbter D, Engel RR, Li C, Davis JM (2009)
Second-generation versus first-generation antipsychotic drugs for
schizophrenia: a meta-analysis. Lancet 373:31-41



Eur Arch Psychiatry Clin Neurosci (2010) 260:475-481

481

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Leysen JE, Janssen PM, Megens AA, Schotte A (1994) Risperi-
done: a novel antipsychotic with balanced serotonin-dopamine
antagonism, receptor occupancy profile, and pharmacologic
activity. J Clin Psychiatry 55(Suppl):5-12

Lieberman JA, Tollefson GD, Charles C, Zipursky R, Sharma T,
Kahn RS, Keefe RS, Green Al, Gur RE, McEvoy J, Perkins D,
Hamer RM, Gu H, Tohen M (2005) Antipsychotic drug effects on
brain morphology in first-episode psychosis. Arch Gen Psychiatry
62:361-370

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein
measurement with the Folin phenol reagent. J Biol Chem
193:265-275

Mates JM, Perez-Gomez C, Nunez de Castro I, Asenjo M,
Marquez J (2002) Glutamine and its relationship with intracel-
lular redox status, oxidative stress and cell proliferation/death. Int
J Biochem Cell Biol 34:439-458

Megens AA, Awouters FH, Schotte A, Meert TF, Dugovic C,
Niemegeers CJ, Leysen JE (1994) Survey on the pharmacody-
namics of the new antipsychotic risperidone. Psychopharmacol-
ogy 114:9-23

Mitterauer B (2005) Nonfunctional glial proteins in tripartite
synapses: a pathophysiological model of schizophrenia. Neuro-
scientist 11:192-198

Miyazaki I, Asanuma M, Diaz-Corrales FJ, Miyoshi K, Ogawa N
(2004) Direct evidence for expression of dopamine receptors in
astrocytes from basal ganglia. Brain Res 1029:120-123
Mortimer AM (2009) Update on the management of symptoms in
schizophrenia: focus on amisulpride. Neuropsychiatr Dis Treat
5:267-277

Pillai A, Parikh V, Terry AV Jr, Mahadik SP (2007) Long-term
antipsychotic treatments and crossover studies in rats: differential
effects of typical and atypical agents on the expression of anti-
oxidant enzymes and membrane lipid peroxidation in rat brain.
J Psychiatr Res 41:372-386

Porter JT, McCarthy KD (1996) Hippocampal astrocytes in situ
respond to glutamate released from synaptic terminals. J Neurosci
16:5073-5081

Quincozes-Santos A, Abib RT, Leite MC, Bobermin D, Bambini-
Junior V, Goncalves CA, Riesgo R, Gottfried C (2008) Effect of
the atypical neuroleptic risperidone on morphology and S100B
secretion in C6 astroglial lineage cells. Mol Cell Biochem
314:59-63

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

Quincozes-Santos A, Bobermin LD, Kleinkauf-Rocha J, Souza
DO, Riesgo R, Goncalves CA, Gottfried C (2009) Atypical
neuroleptic risperidone modulates glial functions in C6 astroglial
cells. Prog Neuropsychopharmacol Biol Psychiatry 33:11-15
Quincozes-Santos A, Nardin P, de Souza DF, Gelain DP, Moreira
JC, Latini A, Goncalves CA, Gottfried C (2009) The janus face of
resveratrol in astroglial cells. Neurotox Res 16:30—41

Reuss B, Unsicker K (2001) Atypical neuroleptic drugs down-
regulate dopamine sensitivity in rat cortical and striatal astro-
cytes. Mol Cell Neurosci 18:197-209

Shivakumar BR, Ravindranath V (1993) Oxidative stress and
thiol modification induced by chronic administration of halo-
peridol. J Pharmacol Exp Ther 265:1137-1141

Smythies J (1999) Redox mechanisms at the glutamate synapse
and their significance: a review. Eur J Pharmacol 370:1-7
Steffek AE, McCullumsmith RE, Haroutunian V, Meador-
Woodruff JH (2008) Cortical expression of glial fibrillary acidic
protein and glutamine synthetase is decreased in schizophrenia.
Schizophr Res 103:71-82

Stevens B (2008) Neuron-astrocyte signaling in the development
and plasticity of neural circuits. Neurosignals 16:278-288

Tan QR, Wang XZ, Wang CY, Liu XJ, Chen YC, Wang HH,
Zhang RG, Zhen XC, Tong Y, Zhang ZJ (2007) Differential
effects of classical and atypical antipsychotic drugs on rotenone-
induced neurotoxicity in PC12 cells. Eur Neuropsychopharmacol
17:768-773

Ukai W, Ozawa H, Tateno M, Hashimoto E, Saito T (2004)
Neurotoxic potential of haloperidol in comparison with risperi-
done: implication of Akt-mediated signal changes by haloperidol.
J Neural Transm 111:667-681

van Os J, Kapur S (2009) Schizophrenia. Lancet 374:635-645
Wang DD, Bordey A (2008) The astrocyte odyssey. Prog Neu-
robiol 86:342-367

Zhang G, Terry AV Jr, Bartlett MG (2007) Sensitive liquid
chromatography/tandem mass spectrometry method for the
simultaneous  determination of olanzapine, risperidone,
9-hydroxyrisperidone, clozapine, haloperidol and ziprasidone in
rat brain tissue. J Chromatogr B Analyt Technol Biomed Life Sci
858:276-281

@ Springer



	Effects of atypical (risperidone) and typical (haloperidol) antipsychotic agents on astroglial functions
	Abstract
	Introduction
	Experimental procedures
	Materials
	Cell culture and risperidone treatment
	Glutamate uptake assay
	Glutamine synthetase (GS) activity
	Glutathione (GSH) content assay
	Evaluation of intracellular ROS production
	Protein determination
	Statistical analysis

	Results
	Risperidone, but not haloperidol, increases glutamate uptake
	Risperidone, but not haloperidol, increases glutamine synthetase activity
	Risperidone, but not haloperidol, increases GSH content
	Haloperidol, but not risperidone, increases ROS production

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


