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Introduction

Atypical antipsychotic drugs are normally used to treat
schizophrenia but, more recently, their usefulness in treating
other psychiatric disorders and neurodegenerative diseases,
such as Alzheimer’s disease, has been explored. The atypical
antipsychotic drugs quetiapine, clozapine and risperidone
have been reported to protect cultured PC12 cells from cell
death induced by serum withdrawal.1 Olanzapine also pro-
tects PC12 cells from cell death induced by H2O2 or β-amyloid

peptide treatment.2,3 Similarly, quetiapine, clozapine, olanza-
pine and risperidone protect PC12 cells from N-methyl-4-
phenylpyridinium ion (MPP+)-induced apoptosis.4

It has been postulated that targeting the synthesis and se-
cretion of neurotrophic factors, such as nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF) and glial
cell line–derived neurotrophic factor (GDNF), might be a
new approach to treating neurodegenerative and depressive
disorders.5–7 NGF and BDNF have been implicated in the neu-
roprotective actions of antipsychotic drugs.8–12 GDNF, a
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Objective: Atypical antipsychotic drugs have been shown to protect PC12 cells from cell death induced by a variety of stimuli in culture.
Recently, it has been postulated that trophic factors, such as brain-derived neurotrophic factor (BDNF), play a role in preventing cell death.
It has been shown that antipsychotic drugs attenuate the decrease in rat hippocampal BDNF that results from immobilization-induced
stress. We aimed to determine whether the neuroprotective effects of antipsychotic drugs could be mediated through glial cell line–derived
neurotrophic factor (GDNF). Methods: We investigated the effects of the atypical antipsychotic drugs quetiapine and clozapine and the
typical antipsychotic haloperidol on the secretion of GDNF from rat C6 glioma cells. Results: All 3 drugs increased the amount of GDNF
secreted from C6 glioma cells into the medium after 48-hour culture. The intracellular content of GDNF was not altered by treatment with
any of the antipsychotic drugs. None of the antipsychotic drugs decreased cell number. Conclusion: This study suggests that stimulation
of GDNF release from glial cells by antipsychotic drugs might underlie some of their neuroprotective properties in situ.

Objectif : On a démontré que les antipsychotiques atypiques protègent les cellules PC12 contre la mort cellulaire provoquée par divers
stimuli en milieu de culture. On a posé récemment en hypothèse que des facteurs trophiques comme le BDNF (facteur neurotrophique
dérivé du cerveau) jouent un rôle dans la prévention de la mort cellulaire. On a montré que les antipsychotiques atténuent la diminution
des concentrations de BDNF dans l’hippocampe de rat causée par le stress provoqué par l’immobilisation. Nous voulions démontrer s’il
était possible de provoquer les effets neuroprotecteurs des antipsychotiques par un facteur neurotrope dérivé de lignées de cellules
gliales (GDNF). Méthodes : Nous avons étudié les effets de la quétiapine et de la clozapine, antipsychotiques atypiques, ainsi que de
l’halopéridol, antipsychotique typique, sur la sécrétion de facteurs GDNF dans des cellules de gliome de rat C6. Résultats : Les trois
médicaments ont augmenté la quantité de GDNF sécrétée par les cellules de gliome de rat C6 dans les milieux après une culture de
48 heures. Aucun des antipsychotiques n’a modifié la concentration intracellulaire de GDNF. Aucun des antipsychotiques n’a réduit le
nombre de cellules. Conclusion : Cette étude indique que la stimulation de la libération de GDNF des cellules gliales par les antipsycho-
tiques pourrait sous-tendre certaines de leurs caractéristiques neuroprotectrices in situ.
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trophic factor for dopaminergic and other neurons,13,14 has
well-documented neuroprotective effects.14–16 Antidepressant
drugs, but not the typical antipsychotic drug haloperidol,
have been reported to increase GDNF release from rat C6
glioma cells.17

As outlined here, both atypical antipsychotic drugs and
GDNF are neuroprotective agents. The goal of this paper was
to determine whether the effects of atypical antipsychotic
drugs could be mediated through GDNF. A previous study
of the effects of antidepressant and antipsychotic drugs on
GDNF used C6 glioma cells, a rich source of GDNF;17 there-
fore, in order to compare our data, we also used C6 glioma
cells to study the effects of quetiapine and clozapine on
GDNF secretion. Haloperidol was included for comparative
purposes.

Methods

The rat C6 glioma cell line was obtained from the American
type Culture Collection (Manassas, Va.). We used 2 different
culture media: Dulbecco’s modified Eagle’s medium
(DMEM) and serum-free Opti-MEM (GIBCO, Grand Island,
NY). All media contained 100 U/mL of penicillin and 100 µg/
mL of streptomycin (GIBCO). Incubations were conducted at
37°C in 5% CO2 and 95% air.

The C6 cells were grown in DMEM supplemented with
2 mmol/L L-glutamine (GIBCO) and 5% fetal bovine serum
(Hyclone, Logan, Utah). Cells were seeded into 6-well plates
(Falcon, Franklin Lakes, NJ) at a density of 4 ∞ 105/mL in
1.0 mL of growth medium, allowed to adhere for 24 hours,
and then medium was replaced with serum-free Opti-MEM
(GIBCO) containing 0.5% bovine serum albumin (BSA)
(Sigma Chemical Co., Louis, Mo.). The cells were then incu-
bated for 24 hours. The medium was subsequently replaced
with fresh Opti-MEM plus 0.5% BSA (1.0 mL) containing the
test drug, and the cells were incubated for 48 hours.

The conditioned medium was aspirated and the GDNF
content was measured, as described below. In addition, the
intracellular GDNF content was measured. The cells were
lysed with the 1% NP-40 lysis buffer provided with the
enzyme-linked immunosorbent assay (ELISA) kit.

GDNF protein levels in cell-conditioned media and cell
lysates were determined using a GDNF ELISA kit, according
to the manufacturer’s instructions (Promega, Madison, Wis.).
Briefly, Maxisorp 96-well, flat-bottomed ELISA plates (Nunc,
Roskilde, Denmark) were coated with anti-GDNF mono-
clonal antibody and incubated overnight at 4°C. Samples and
standards were incubated at room temperature for 6 hours.
The captured GDNF was incubated overnight at 4°C with
chicken anti-human GDNF polyclonal antibody. After the
plates were washed, horseradish peroxidase–conjugated anti-
chicken immunoglobulin Y antibody was added to the plates
(100 µL per well) and incubated at room temperature for
2 hours. The plates were washed, and the enzyme substrate
was added at 100 µL per well. The plates were incubated for
15 minutes at room temperature in the dark. The absorbance
at a wavelength of 450 nm was recorded on a microplate
reader (Molecular Devices, Sunnyvale, Calif.).

The cell number was determined using a cell-counting as-
say kit (Dojindo, Gaithersburg, Md.). In this assay, WST-8 
(2-[2-methoxy-4-nitrophenyl]-3-[4-nitrophenyl]-5-[2,4-disulfo-
phenyl]-2H-tetrazolium, monosodium salt) is reduced by de-
hydrogenases in the cells to give a soluble yellow-coloured
product (formazan). The amount of formazan dye generated
by the activity of dehydrogenases is directly proportional to
the number of living cells. The sensitivity of the WST-8 kit is
higher than that of kits using other tetrazolium salts, such as
MTT, XTT or MTS. Briefly, after treatment with quetiapine,
clozapine or haloperidol, 10 µL of the Cell Counting Kit-8 so-
lution was added to each well in a 96-well plate. After incu-
bation for 2 hours at 37°C, the absorbance of the samples at a
wavelength of 450 nm was measured by a UV Max kinetic
microplate reader (Molecular Devices).

The effects of the drug treatments on C6 glioma cell num-
ber and concentrations of GDNF were analyzed by 1-way
analysis of variance (ANOVA); then, if a significant F value
was obtained, the drug-treated samples were compared with
drug vehicle control using the Tukey Honestly Significant
Difference (HSD) test.

Results

The amounts of GDNF present in the cell-conditioned
medium after treatment for 48 hours with vehicle or with
an antipsychotic drug are shown in Figure 1. Treatment
with quetiapine at concentrations of 5 µmol/L, 10 µmol/L,
15 µmol/L and 25 µmol/L significantly increased the GDNF
content of the conditioned media to 128 (standard error of the
mean [SEM] 9.2) pg/mL, 158 (SEM 9.6) pg/mL, 169 (SEM
5.0) pg/mL and 221 (SEM 10.0) pg/mL, respectively, com-
pared with the control value of 45.1 (SEM 5.1) pg/mL
(Fig. 1A). Similarly, clozapine at concentrations of 5 µmol/L,
10 µmol/L, 15 µmol/L and 25 µmol/L increased GDNF
release significantly to 98.7 (SEM 1.3) pg/mL, 129 (SEM
5.2) pg/mL, 149 (SEM 3.9) pg/mL and 192 (SEM 8.7) pg/mL,
respectively, compared with the control value of 57.1 (SEM
3.7) pg/mL (Fig. 1B). Haloperidol at concentrations of
10 µmol/L, 15 µmol/L and 25 µmol/L increased GDNF re-
lease significantly from 81.1 (SEM 1.1) pg/mL in the control
condition to 126 (SEM 5.5) pg/mL, 139 (SEM 4.2) pg/mL and
219 (SEM 9.7) pg/mL, respectively (Fig. 1C).

The release of GDNF by quetiapine, 25 µmol/L, was mea-
sured at different time periods up to 48 hours (Fig. 2). It can
be seen that the amount of GDNF released in the presence of
quetiapine was significantly increased only at the 48-hour
time point compared with the appropriate control (media
alone at the same time period).

In order to determine whether the release of GDNF was
the result of leakage from damaged cells, we measured the
amounts of GDNF located within the C6 cells and the effects
of the antipsychotic drugs on cell number. Treating the C6
cells with concentrations of quetiapine, clozapine or haloperi-
dol ranging from 1 µmol/L to 25 µmol/L for 48 hours did
not change the amount of GDNF present in the cell lysates
compared with controls (Fig. 3).

Treating the cells with quetiapine, clozapine or haloperidol



at concentrations ranging from 1 µmol/L to 25 µM for
48 hours in serum-free conditions had no effect on the cell
number compared with vehicle controls (Fig. 4). There was
neither an increase nor a decrease in the number of cells,

indicating that the antipsychotic drugs had no effect on cell
proliferation or cell death.

Discussion

A previous paper investigated the effects of a variety of anti-
depressant drugs (amitriptyline, clomipramine, mianserin,
fluoxetine and paroxetine) and other psychoactive drugs on
GDNF secretion from C6 cells.17 Significant GDNF secretion
occurred with antidepressant drug concentrations starting at
10 µmol/L. Similar to our results (see Fig. 1), it was found
that haloperidol at a concentration of 1 µmol/L did not cause
a significant increase in GDNF secretion.

Our results, however, show that concentrations of the an-
tipsychotic drugs quetiapine, clozapine and haloperidol
greater than 1 µmol/L caused relatively substantial, dose-
dependent secretion of GDNF from C6 glioma cells. The low-
est concentrations of the drugs that significantly increased
GDNF release were 5 µmol/L for quetiapine and clozapine,
and 10 µmol/L for haloperidol. Although these concentra-
tions may seem high compared with the therapeutic plasma
levels, they are similar to the concentrations of antipsychotic
drugs reported to increase survival of PC12 cells in culture18

and to the concentrations of serotonin (100 µmol/L) and anti-
depressants (1–25 µmol/L) that cause GDNF release from C6
cells.17,19 At the highest drug concentration tested (25 µmol/L),
quetiapine, clozapine and haloperidol all increased GDNF
levels in cell-conditioned medium 3–5 times above control
levels (Fig. 1).

The GDNF present in the conditioned medium does not
appear to have been the result of leakage from damaged
cells, because the drug treatments neither decreased the in-
tracellular GDNF levels (analyzed by lysing the cells and
measuring GDNF in the lysates), nor did they decrease the
number of C6 cells (Fig. 3 and Fig. 4, respectively). If the
GDNF secretion were simply a consequence of leakage from
cells damaged by antipsychotic drug treatment, one would
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Fig. 1: The effects of quetiapine, clozapine and haloperidol on the
GDNF content of conditioned media from cultured C6 cells. C6
cells were treated with different concentrations of (A) quetiapine,
(B) clozapine or (C) haloperidol for 48 hours. GDNF protein levels
in cell-conditioned media were detected using a GDNF ELISA kit.
Values (means and standard error of the mean, n = 3) from 1 of 2
experiments are shown. *p < 0.01 compared with control. ELISA =
enzyme-linked immunosorbent assay, GDNF = glial cell line–
derived neurotrophic factor.
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Fig. 2: The effect of quetiapine on the GDNF content of condi-
tioned media from cultured C6 cells at various times of treatment.
Cells were treated with quetiapine, 25 mmol/L, for 12, 24, 36 and
48 hours. Values (means and standard error of the mean, n = 3)
from 1 of 2 experiments are shown. *p < 0.05 compared with re-
spective control (media alone at the same time period). GDNF =
glial cell line–derived neurotrophic factor.
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expect to find a decrease in intracellular GDNF levels or a de-
crease in the number of cells over time compared with con-
trols, or both. Such decreases were not found. Treatment with

the antipsychotic drugs at concentrations up to 25 µmol/L
neither decreased the amount of GDNF present in the cell
lysates, nor decreased the cell number compared with con-
trols. Thus, the GDNF released into the conditioned media
does not appear to be the result of leakage from damaged
cells. Furthermore, the time course of GDNF release showed
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Fig. 4: The effects of quetiapine, clozapine and haloperidol on the
cell growth of C6 cells cultured in a serum-free system. C6 cells
were treated with (A) quetiapine, (B) clozapine or (C) haloperidol
for 48 hours. Values (means and standard error of the mean, n =
3) from 1 of 2 experiments are shown.
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Fig. 3: The effects of quetiapine, clozapine and haloperidol on
GDNF levels in cell lysates. C6 cells were cultured and treated with
different concentrations of (A) quetiapine, (B) clozapine or (C)
haloperidol for 48 hours. GDNF protein levels in cell lysates were
detected using a GDNF ELISA kit. Values (means and standard er-
ror of the mean, n = 3) from 1 of 2 experiments are shown. ELISA
= enzyme-linked immunosorbent assay, GDNF = glial cell line–
derived neurotrophic factor.



that a significant release was obtained only after a 48-hour in-
cubation period (Fig. 2). This is the same pattern that was
reported for serotonin-stimulated and for antidepressant-
stimulated release of GDNF from C6 cells: significant release
was observed after 48-hour drug treatment, but not at earlier
times.17,19 If leakage of GDNF was occurring, a continuous re-
lease over time would be observed.

It has been reported that dopamine itself, several mixed
dopamine agonists and dopamine D1 agonists increase
GDNF secretion from primary cultures of rodent astrocytes
and mesencephalic cells; however, a D2 agonist decreased se-
cretion of GDNF.20–23 It is well known that antipsychotic drugs
block D2 receptors. Our results, therefore, that antipsychotic
drugs increase GDNF secretion, might involve blocking a D2-
inhibition of GDNF secretion.

A recent study showed that serotonin, 100 µmol/L, but not
dopamine or noradrenaline, increased the secretion of GDNF
from rat C6 cells.19 This effect was partially blocked by inhibi-
tion of the mitogen-activated protein (MAP) kinase signalling
pathway, but not by inhibition of protein kinase A or protein
kinase C. However, inhibition of protein kinase A alone (i.e.,
not in combination with any other treatment) or the presence
of dibutyrl cyclic adenosine monophosphate (cAMP) in-
creased GDNF secretion from C6 glioma cells.24 Thus, it seems
that, depending on the experimental conditions, the secretion
of GDNF from C6 glioma cells can involve more than one in-
tracellular signalling pathway. It is interesting to note that an-
tipsychotic drugs (olanzapine, risperidone, fluphenazine,
clozapine, chlorpromazine) have been reported to have direct
effects via a G protein on several signalling cascades, such as
those involving Akt and mitogen-activated protein kinase
(MEK)/extracellular regulated kinase (ERK), that are impor-
tant in cell growth and survival.18 The G-protein-coupled re-
ceptor that these drugs acted upon was not identified.18 Fur-
ther studies are necessary to determine whether the
antipsychotic drug–stimulated release of GDNF from C6 in-
volves a similar direct effect on the latter pathways.

Although it has been postulated that modulation of the
synthesis and secretion of trophic factors such as NGF, BDNF
and GDNF by antidepressants might be a novel approach to
treating depression, other psychiatric disorders and Parkin-
son’s disease,5–7 such a possibility has only recently been con-
sidered for antipsychotic drugs.10–12 Our data show that an-
tipsychotic drugs can increase GDNF secretion from C6
glioma cells; this points to a new pathway through which an-
tipsychotic drugs could be neuroprotective. If antipsychotic
drugs can also stimulate release of GDNF from glial cells in
vivo, this might protect neurons from degeneration associ-
ated with diseases such as schizophrenia or Alzheimer’s
disease, or degeneration caused by toxic insults such as ox-
idative stress. Interestingly, R-deprenyl, a putative neuropro-
tective drug, has been shown to increase GDNF release from
cultured mouse astrocytes.25–27

In summary, GDNF release from C6 glioma cells was stim-
ulated by quetiapine and clozapine, at concentrations rang-
ing from 5 µmol/L to 25 µmol/L, and by haloperidol, at con-
centrations ranging from 10 µmol/L to 25 µmol/L. This
increase in GDNF secretion or release by antipsychotic drugs

offers a novel mechanism whereby these drugs might act in
the treatment of neurodegenerative disorders. Further study
is necessary to explore and confirm the exact mechanisms
whereby antipsychotic drugs modulate GDNF release from
C6 glioma cells.
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