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Abstract On the basis of impaired glutamatergic trans-
mission and the potential role of astrocytes in schizophre-
nia, we treated cultured astrocytes with MK-801, an
NMDA-receptor antagonist, to investigate whether the
resulting proteome changes are similar to those we found in
our earlier proteome analysis of schizophrenia human brain
tissue as well as to better comprehend the role of astrocytes
in the disorder. Indeed, there are similarities. Furthermore,
to verify the efficacy of clozapine and its effect over the
proteome, we treated MK-801-treated astrocytes with clo-
zapine. Interestingly, clozapine reversed protein changes
induced by MK-801. The treatment of cell cultures with
neural transmission agonists and antagonists might provide
useful insights about psychiatric disorders.
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Introduction

Although the molecular background of schizophrenia
(SCZ) is not completely understood, some evidence has
been found for the impairment of glutamatergic transmis-
sion [23, 27] and a role of glial cells such as astrocytes [4].

MK-801 (or dizocilpine) is a non-competitive NMDA-
receptor antagonist that binds to the NMDA receptor,
preventing the flow of ions such as calcium (Ca®") [6].
NMDA -receptor antagonists, such as MK-801 and phen-
cyclidine, are hypothesized not only to aggravate SCZ
symptoms but also to induce symptoms similar to SCZ
positive and negative symptoms [29]. In this case, in vivo
treatments with NMDA-receptor antagonists would be
better models of SCZ than treatments with dopaminergic
agonists, which might mimic positive symptoms only [25].
MK-801-treated rats have been used as a candidate model
of SCZ [8, 22], and their proteome has been studied [21].
As an emerging and effective technique for the systemic
investigation of complex pathogenic processes such as
SCZ, proteomics may identify quantitative and qualitative
protein expression differences between two or more states.

Astrocytes play a role not only in the structural stability
of brain tissue but also in water and electrolyte homeostasis,
provision of nutrients to neurons and other glial cells,
neuronal migration, repair processes, modulation of the
immune response and neurotransmitter release, and control
of synapse formation [9]. Despite some controversial
results, astrocytes have emerged as important players in the
pathobiology of SCZ: the differential expression of genes
and proteins was found to be astrocytes-specific, and
astrocytes are known to play a key role in the synaptic
metabolism of glutamate and monamines [4].

Here, we present the results of a proteome analysis that
used two-dimensional gel -electrophoresis (2-DE) for
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protein separation and MALDI-TOF/TOF mass spectrom-
etry (MS) for protein identification comparing cultured
MK-801-treated astrocytes with non-MK-801-treated
astrocytes (controls) at different concentrations and expo-
sure times to investigate whether resulting proteome dif-
ferences are similar to those in our earlier proteome
analysis of SCZ human brain tissue [1, 2, 7, 13-19, 24, 28].
Moreover, we treated the cultured astrocytes with MK-801
and clozapine to verify clozapine’s efficacy in reversing
changes induced by MK-801. As a verification step, we
treated astrocytes only with clozapine. The advantage of
this study is to access exactly specific proteome differences
of the astrocytes, what is not possible using brains from rats
models. Our main aim is to understand in a proteomic
context the potential role of astrocytes in SCZ.

Materials and methods
Cell culture and treatments with MK-801 and clozapine

Astrocytes (cell line 1321N1) were seeded in 250-ml flasks at
a density of 1.8 x 10° cells/ml and grown as a monolayer
(37°C, 5% CO, atmosphere) in 20-ml Dulbecco’s Modified
Eagle’s Medium Nutrient Mixture F-12 containing penicillin
(100 units/ml), streptomycin (100 pg/ml), and L-glutamine
(2 mM), supplemented with 5% (v/v) FBS (PAA laborato-
ries, Pasching, Austria). The cultured astrocytes were treated
with MK-801 and clozapine (both from Sigma—Aldrich, St
Louis, MO, USA) under two different conditions: acute
treatment, in which the cultured astrocyte samples were
collected 8 h after treatment; and chronic treatment, in which
they were collected 24 h and 72 h after treatment. In the
chronic treatment, cells were treated every 24 h with the
same concentration of MK-801 or clozapine or both. The
controls were treated with the vehicle (for MK-801: water;
for clozapine: 0.01 M HCI) in which, according to the
manufacturer, the compounds were dissolved. In the acute
treatment, cultured astrocytes were treated with 20 or 50 M
MK-801 or 50 uM clozapine. In the chronic treatment,
astrocytes were treated with 10, 17.5, or 25 M MK-801 or
10 uM clozapine. Concentrations were based on those of
previous studies [11, 20, 21]. MK-801 (10 uM) and cloza-
pine (10 pM) were administered together only in a chronic
treatment: in one experiment, both were administered at the
same time, once a day; in the other, clozapine was added 8 h
after MK-801 and this procedure was repeated once a day.
Those experiments were performed in duplicates.

Proteome analyses

Proteins from treated astrocytes were extracted as previ-
ously described [12]. Protein samples were separated by
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2-DE as previously described [13] but using 11-cm IPG gel
strips. Gels were scanned and the images analyzed using the
software PDQuest (BioRad). Spot volumes were analyzed
by Kruskal-Wallis one-way analysis of variance aiming to
reveal the statistically significant differences in the protein
expression between the groups. Protein spots with a mean n-
fold change of £1.8 were excised for MS identification as
previously described in detail [13]. Experiments were per-
formed in duplicates. Differentially expressed proteins were
classified according to their main biological processes as
well as their molecular functions using Human Protein
Reference Database (HPRD—http://www.hprd.org).

Results

Compared with the control culture, astrocytes acutely
treated with 20 uM MK-801 showed 11 differentially
expressed proteins and those acutely treated with 50 uM
showed 30 (Table 1). The differentially expressed proteins
play roles most often in cell growth and/or maintenance
(28%) or energy pathways (24%) (Suppl. Material 1A).
Moreover, 10 of these proteins (33.3%) also were found
differentially expressed in distinct regions of SCZ human
brain tissue [19] (Table 1). Some of the differences in
protein expression are represented in Fig. la.

In the chronic treatment with 25 uM MK-801, we
observed a constant decrease in the cell population after
36 h and therefore abandoned this treatment because it was
visibly harmful to the cells. The expression of many
chaperones led us also to abandon the 17.5 uM chronic
treatment because of the compromised homeostasis in the
culture. In the 10 uM MK-801 chronic treatment, we found
18 differentially expressed proteins (Table 2), which play
roles most often in energy metabolism pathways (43%)
(Suppl. Material 1B). Moreover, 8 of these proteins
(44.4%) also were found differentially expressed in SCZ
human brain tissue [19] and 11 (61.1%) in the MK-801
acute treatment. We validated by Western blot the differ-
ential expression of GAPDH in MK-801 acute- and
chronic-treated cells (Fig. 1b), since this is a protein pre-
viously found differentially expressed in SCZ brain tissue.

Cultured astrocytes were acutely treated (8 h) with
50 uM clozapine and chronically treated (72 h) with
10 uM. In total, eight proteins were identified as differ-
entially expressed compared with the respective control
cultures; 2 of these 8 had been found differentially
expressed in SCZ human brain tissue [19] (Table 3). The
differentially expressed proteins play roles most often in
cell growth and/or maintenance (37.5%) or energy path-
ways (25%) (Suppl. Material 1C).

Finally, cultured astrocytes were chronically treated
(72 h) with 10 pM of MK-801 and 10 pM clozapine was
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added, either at the same time or 8 h later. When compared
with the control culture, 5 differentially expressed proteins
were found after simultaneous treatment and 3 after delayed
treatment (Tables 4, 5), suggesting that clozapine reversed
the major proteome differences induced by MK-801.

Previously found in
differentially expressed in
SCZ human brain tissue

(181 (b

Discussion

The administration of MK-801 in rats has been suggested
as a candidate model for SCZ [8, 22]. Although the main
MK-801 role in the CNS is the antagonistic effect over
NMDA receptors, this compound may cause other effects
which need observation, such as a proteomic overview, in
order to point out potential correlations with SCZ. Thus,
the use of MK-801 in astrocyte cell cultures might allow
not only the understanding of cellular and molecular
mechanisms triggered by MK-801 that could be relevant in
SCZ but also speculations to be made about the role of
astrocytes in this disorder, considering astrocytic roles in
the metabolism of glutamate and monamines [4].

Interestingly, 33.3% of the differentially expressed pro-
teins in the acutely MK-801-treated astrocytes and 44.4% of
those in the chronically treated ones also were found dif-
ferentially expressed in SCZ human brain tissue (not only
astrocytes), supporting MK-801 treatment as a potential
model as previously described. Roughly, 22% of these
proteins, e.g. GAPDH, PGKI1, ALDOA, ENO2, PKM2,
TKT, PRDX6, and ATP5A1, play roles in energy metabo-
lism pathways and have been detected in different concen-
trations in dorsolateral prefrontal cortex, anterior temporal
lobe, Wernicke’s area, and anterior cingulate cortex from
SCZ patients [1, 13—18, 24, 28]. Different lines of evidence
have found that impairments in energy metabolism path-
ways may disturb other related pathways, such as calcium
homeostasis and oxidative phosphorylation, and abnormal
production of reactive oxygen species and apoptotic factors,
which may ultimately affect neuronal processes such as
neurotransmitter synthesis and synaptic plasticity.

A considerable number of the differentially expressed
proteins in both MK-801-treated astrocytes (Tables 1, 2, 3)
and SCZ human brain tissue [19] are involved in cyto-
skeleton arrangement, another aspect found disturbed in
SCZ brain tissue [2, 7, 13].

The impairment of phospholipids metabolism also might
be indicated by MK-801-treated astrocytes, since 3 isoforms
of annexin (Annexin Al, A2, and AS5) were found differ-
entially expressed, as was PRDX6. Annexins inhibit phos-
pholipase A2 (PLA2) activity [26], and PRDX®6, through its
PLAZ2 activity, helps regulate phospholipid turnover [5].

When we compared our findings with the proteome
analyses of MK-801-treated rats, we found similarities
such as differential expression of the energy metabolism

Coverage
peptides (%)

3

45

19
22

Regulation MASCOT ID
score
134
132

pI
in control
37430 8.46 1
!

50451 9.1

MW

EF1A1_HUMAN

ROA2_HUMAN

Uniprot access

Molecular

function

RNA binding

Transcription
regulator
activity

nucleoside, nucleotide and
nucleic acid metabolism

Biological process
Regulation of cell cycle

ribonucleoproteins

A2/B1
Elongation factor 1-

Protein name
alpha 1

HNRPA2B1 Heterogeneous nuclear Regulation of nucleobase,
Bold cells indicate proteins that were found differentially expressed also after 20 uM treatment

Table 1 continued

Gene name
EEF1A1
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Fig. 1 a Enlarged sections of A
the 2-DE profiles representing ( )
the reproducibility of the gels as

Control
(vehicle)

Acute
(8h)

Chronic
(72 h)

well as the differential protein
expression from treated and
control astrocytes. b Validation
of the differentially expressed
protein GAPDH found in MK-
801 acute (8 h) and chronic
(72 h) treatment using Western
blot

Clozapine

(B) Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)

p=0.0020 p=0.0241

proteins ENO2, ALDOA, and ATP-synthase and of struc-
tural proteins such as STMNI and ACTB [21, 22], rein-
forcing the usefulness of MK-801 as a model for
comparing and comprehend the mechanisms of SCZ.
Attempting to show the influence of antipsychotic
medication on the proteome of cultured astrocytes, the
astrocytes were acutely (50 uM) and chronically (10 uM)
treated with clozapine. The differential expression of 8
proteins, most of them related to cell growth and/or
maintenance, provided some information about the effect
of antipsychotic treatment on astrocytes. Actin subunits
beta and gamma previously were found differentially
expressed in SCZ human brain tissue [13, 17], indicating
the probable effects of medication on the proteome of SCZ
patients who were indeed chronically treated with
antipsychotics. However, these actins also were found
differentially expressed in MK-801-treated rats and
MK-801-cultured astrocytes, confirming the expected
sensitive regulation of the cytoskeletal microfilaments.
When clozapine was added to MK-801-treated astro-
cytes, either simultaneously (Table 4) or 8 h later
(Table 5), differential protein expression found in the

@ Springer

MK-801 conditions without clozapine was practically
reversed. Cultured astrocytes simultaneously treated with
MK-801 and clozapine showed reduced proteome differ-
ences: alterations were found in only 2 actin subunits
(also found in the separate MK-801 and clozapine treat-
ments), 2 chaperones and 1 metabolic enzyme. Although
both treatment conditions (simultaneous and delayed
administration) appear to be effective in reversing prote-
ome differences, delayed treatment with clozapine appears
to be more beneficial—we found differential expression
only of 1 chaperone and the same 2 actin isoforms, pro-
teins that are expected to be altered in any disturbing
situation, even a mild one which is the case here. The
behavioral changes that MK-801 causes in rodents,
probably resulting from an interaction between the
glutamatergic and dopaminergic systems, were shown to
be treatable with antipsychotics [3, 10, 30], supporting the
proteome studies in MK-801 rats [20] and the results
presented here. Moreover, the reversible effects of clo-
zapine in the proteome level here described might suggest
that the action of this drug goes beyond their actions on
serotonin and dopamine receptors.
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Regarding some potential limitations of our study (1)
although our results are encouraging, our study may not
necessarily reflect the exact physiological process, as any
other study with cell lines in vitro which tries to represent
in vivo conditions; (2) as presented in Tables 1, 2, 3, 4, and
5, some of the differentially expressed proteins here pre-
sented were also found differentially expressed in SCZ
human brain tissue but in different directions, what is
expected and has been observed previously. Different cell
types present peculiar protein expression, and this expres-
sion is differently modulated depending on how they are
connected.

Concluding remarks

MK-801 treatment of cultured astrocytes showed similari-
ties with the proteome analyses of MK-801-treated rats, but
more interestingly with the differential expression of pro-
teins found in SCZ human brain tissue. This demonstrates
not only the probable usefulness of MK-801 in under-
standing SCZ molecular mechanisms in vivo and perhaps
in vitro but also how cultured astrocytes may be contex-
tualized in SCZ research. Moreover, clozapine treatment
was effective in reversing differences observed in astro-
cytes after treatment with MK-801 as previously observed
in behavioral experiments in rodents.

Although in vitro investigations may seem a bit far from
the ideal while investigating psychiatric disorders, our
results could also warrant further experiments such as the
expression patterns in vitro of NMDA receptors subunits in
order to provide detailed information about MK-801
action; the response of other medicaments over astrocytic
proteome; and the stimulation of other cell lines with MK-
801—or any other receptors agonists/antagonists—as well
as primary cell cultures. The proposed experiments might
shed light in the comprehension of the involved biochem-
ical pathways providing useful insights for SCZ studies.
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