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Abstract

Background: The etiology of schizophrenia is unknown, but neurodevelopmental
disturbances, myelin- and oligodendrocyte abnormalities and synaptic dysfunction have been
suggested as pathophysiological factors in this severe psychiatric disorder. Cholesterol is an
essential component of myelin and has proved important for synapse formation. Recently, we
demonstrated that the antipsychotic drugs clozapine and haloperidol stimulate lipogenic gene
expression in cultured glioma cells through activation of the sterol regulatory element-binding
protein (SREBP) transcription factors. We here compare the action of chlorpromazine,
haloperidol, clozapine, olanzapine, risperidone and ziprasidone on SREBP activation and
SREBP-controlled gene expression (ACAT2, HMGCR, HMGCSI1, FDPS, SC5DL, DHCR?7,
LDLR, FASN and SCD1) in four CNS-relevant human cell lines.

Results: There were marked differences in the ability of the antipsychotic drugs to activate the
expression of SREBP target genes, with clozapine and chlorpromazine as the most potent
stimulators in a context of therapeutically relevant concentrations. Glial-like cells (GaMg
glioma and CCF-STTG1 astrocytoma cell lines) displayed more pronounced drug-induced
SREBP activation compared to the response in HCN2 human cortical neurons and SH-SY5Y
neuroblastoma cells, indicating that antipsychotic-induced activation of lipogenesis is most
prominent in glial cells.

Conclusions: Our present data show a marked variation in the ability of different
antipsychotics to induce SREBP-controlled transcriptional activation of lipogenesis in
cultured human CNS-relevant cells. We propose that this effect could be relevant for the

therapeutic efficacy of some antipsychotic drugs.



Background

Schizophrenia is a chronic and serious psychiatric disorder affecting about 1 % of the
population worldwide. Several lines of evidence point towards schizophrenia as a
neurodevelopmental disorder, and the involvement of myelin- and oligodendrocyte
abnormalities in the pathophysiology of the disease has been suggested [1-5]. Myelin is
formed by oligodendroglial cells and consists mainly of cholesterol, produced de novo in the
CNS [6]. Together, cholesterol and apolipoprotein E (ApoE) can serve as a glial growth factor

in synaptogenesis [7].

Antipsychotic drugs, such as haloperidol and clozapine, are used to treat and ameliorate the
symptoms of schizophrenia and act, at least in part, by blockage of dopamine D2-like
receptors in the brain. Antipsychotics are usually classified into two main groups, namely
typical (e.g. haloperidol and chlorpromazine) and atypical drugs (e.g. clozapine, olanzapine,
risperidone and ziprasidone). The typical antipsychotic drugs are all dopamine D2-receptor
antagonists, whereas the atypical drugs generally have a more diverse receptor binding
profile, suggesting that other neurotransmitters than dopamine might also be involved in
mediating the antipsychotic effect [8]. Compared to typical antipsychotics, atypical drugs
usually induce less extrapyramidal side effects and may have improved therapeutic efficacy
[9, 10]. However, some of the atypical drugs are associated with side effects such as weight

gain and other metabolic adverse [11].

In a recent study, we demonstrated that haloperidol and clozapine markedly increase the
expression of a cluster of fatty acid- and cholesterol biosynthetic genes in a human glioma cell
line (GaMg), mediated via activation of the sterol regulatory element-binding proteins

(SREBP) [12]. We proposed that the SREBP-mediated activation of cellular lipogenesis



represents a new mechanism of psychotropic drug action, involved in both therapeutic
efficacy (through enhanced synthesis of cholesterol in CNS) and the metabolic side-effects

(through increased production of fatty acids and triglycerides in peripheral tissues) [12].

SREBPs are produced as two isoforms; SREBP1 (with two splice variants, SREBP1a and -1c)
and SREBP2. The SREBP1 and SREBP2 transcription factors are synthesized as inactive 120
kDa precursors in the endoplasmic reticulum (ER). Upon activation, these proteins are
translocated to the Golgi apparatus by the sterol sensing SREBP-cleavage-activating-protein
(SCAP) where they undergo proteolytical cleavage, releasing a 60-70 kDa fragment that is
transcriptionally active and induces the expression of several lipid biosynthetic genes in the
nucleus (for review, see [13]). The different SREBP variants overlap in function to some
extent [14]. In general, SREBPI1c controls the expression of fatty acid biosynthesis genes in
various tissues [15], whereas the SREBP1a isoform is predominant in cell cultures, activating
both cholesterol and fatty acid biosynthesis genes [16, 17]. SREBP2 mainly regulates

cholesterol biosynthetic genes both in tissues and in cell culture [18].

In the present study, we have extended our knowledge on lipogenic effects of psychotropic
drugs by comparison of six antipsychotics with respect to their dose-related ability to activate
SREBP and the expression of SREBP target genes in human glial GaMg cells. We also
examined the degree of SREBP activation in three additional CNS-related cell lines, including
glial cell lines (astrocytoma CCF-STTGI cells) and neuronal cell lines (neuroblastoma SH-
SYS5Y cells and cortical neuronal HCN2 cells). We here report that chlorpromazine,
haloperidol, clozapine, olanzapine, risperidone and ziprasidone display marked differences in

their ability to stimulate SREBP-controlled cellular lipogenesis, and that this effect is most



pronounced in glial cells. We propose that SREBP activation might represent a novel glia-

mediated mechanism of action of some antipsychotic drugs.

Results

Cell viability tests

The effect on GaMg cell viability was investigated for all six antipsychotic drugs
(chlorpromazine, haloperidol, clozapine, olanzapine, risperiodone and ziprasidone), using a
range of concentrations from 1 uM to 100 uM (data not shown). Olanzapine had no cell toxic
effect at any of the concentrations tested. Up to 25 uM, no statistically significant reduction in
cell viability was observed for haloperidol, clozapine and risperidone. Cell viability in
response to chlorpromazine exposure (10 uM and 25 uM) was decreased by about 30 % and
50 %, respectively. Ziprasidone reduced cell viability by 30 % and 75 % at 10 uM and 25

uM, respectively, as compared to the control.

Antipsychotic-induced activation of the SREBP target genes

In an attempt to further understand antipsychotic-induced stimulation of cellular lipogenesis,
we examined similarities and differences between several SREBP target genes involved in
various aspects of lipid homeostasis. As shown in Fig. la, clozapine (0.1 pM - 50 uM)
induced a statistically significant dose-dependent transcriptional activation of all nine SREBP
target genes examined in cultured GaMg cells. These genes are involved in cholesterol
biosynthesis (4CAT2, HMGCS1, HMGCR, FDPS, SC5DL and DHCRY7; see legend to Fig. 1
for complete names), cholesterol transport (LDLR) and fatty acid biosynthesis (FASN and
SCDI). The degree of maximum activation (obtained by 50 uM clozapine) varied markedly
between the different genes, with fold-changes ranging from 2.2 (FDPS) to 7.3 (SCD1I) (Fig.

la). The expression of SREBPIa and -2 was readily detected, and the expression levels of



both genes increased markedly with increasing clozapine concentrations (Fig 1b). The
transcriptional activation was most pronounced for the SREBP2 gene. The expression of
SREBPIc also appeared to be significantly increased by clozapine (results not shown), but
due to the low expression levels (Ct-values around 36), the interpretation of the data should be

cautious.

Comparison of different antipsychotic drugs with respect to their SREBP-stimulating effect

In order to compare various drugs with regard to their ability to activate SREBP-mediated
gene expression, a selection of SREBP target genes (HMGCS1, HMGCR, SC5DL and LDLR)
was measured after exposing GaMg cells to various concentrations (0.1, 1, 10 and 25 uM) of
chlorpromazine, haloperidol, clozapine, olanzapine, risperidone or ziprasidone (Table 1).
Clozapine and haloperidol, and to a lesser extent olanzapine and chlorpromazine, clearly
enhanced the transcription of all four SREBP target genes, especially HMGCSI and HMGCR.
For olanzapine, the stimulating effect was most pronounced at the highest concentration (25
uM), whereas chlorpromazine tended to be less effective at the same concentration, probably
due to drug toxicity (see above). Interestingly, risperidone and ziprazidone demonstrated
significantly lower ability to activate the expression of the SREBP-controlled genes. For
ziprasidone, the limited action could not be overcome by increased concentrations, since the

drug then induced a marked reduction in cell viability.

The psychotropic-induced transcriptional activation of cellular lipogenesis in GaMg cells is
due to an increased proteolytic cleavage of the SREBP transcription factors, especially
SREBP2 [12]. In the present study, we therefore examined the effect of the six antipsychotics
on proteolytic cleavage and activation of SREBP2 only. In western blot experiments, the

semi-quantitative M/P ratio between the mature transcriptionally active 60-70 kDa fragment



(M) and 120 kDa precursor protein (P) was used as an indicator of SREBP2 stimulation, as
measured after 24 hours of drug exposure in GaMg cells (Fig. 2a). The degree of SREBP2
activation was parallel to the expression level of SREBP2 target genes for all drugs (see Table
1 for comparison). Haloperidol, chlorpromazine, and at higher non-toxic concentrations,
clozapine and olanzapine, all induced SREBP2 cleavage markedly above the control level.
Risperidone and ziprasidone apparently had less pronounced or no effect on SREBP2

activation.

Clozapine counteracts the repressive effect of 25-hydroxycholesterol on SREBP activation

To further explore the mechanism behind the drug-induced activation of SREBPs, we
investigated whether clozapine could interfere with the effect of 25-hydroxycholesterol (25-
HC), a well-known SREBP repressor [19]. The repressive effect of 25-hydroxycholesterol is
mediated by its ability to increase cholesterol transport from the cell plasma membrane to the
SCAP sterol sensor in the ER [20]. 25-HC (1 pg/ml) markedly reduced basal SREBP2
activity after 2 hours of incubation in cultured GaMg cells (Fig 2b). Co-treatment with
clozapine (30 uM) clearly counteracted the repressive effect of 25-HC. This opposing effect
was not detectable after longer periods of co-incubation (4-24 hours), probably due to the high

potency of 25HC to repress SREBP (results not shown).

Antipsychotic-induced SREBP activation in the context of therapeutic serum concentrations

In clinical practice, the therapeutically relevant serum levels vary considerably between the
different antipsychotic drugs. In order to examine the potential clinical relevance of the drug-
induced SREBP activation that was observed in cultured cells, the molar concentrations used
in the cell culture experiment were transformed into multiples of the therapeutically relevant
serum concentration for each drug (Fig 3; see the legend for further details about the

transformation factor). The transformed data illustrate that although all drugs stimulated



HMGCR expression at some concentrations, only clozapine and chlorpromazine induced
significant SREBP activation in the cell cultures at concentrations rather close to their
therapeutic serum levels. For the other drugs, the stimulation of gene expression occurred at
concentrations far above their therapeutically relevant serum levels. The issue of cell culture
concentrations, serum levels and relevant tissue (brain) concentrations of the drugs is further

outlined in the Discussion section.

Comparison of antipsychotic-induced activation of SREBP target genes in different human
CNS-relevant cell lines

In order to study whether the antipsychotic-induced SREBP activation is valid in more than
one CNS-related human cell line, we examined HMGCR expression in astrocytoma CCF-
STTGI1 cells, neuroblastoma SH-5YSY cells, and cortical neuronal HCN2 cells, all exposed
to clozapine or haloperidol for 24 hours. The largest increase in gene expression was observed
in the astrocytoma cells, reaching a statistically significant fold change of 5.0 £ 0.2 and 9.4 +
0.4 with clozapine (25 pM) and haloperidol (25 uM), respectively (Table 2). In contrast, the
SH-SYS5Y neuroblastoma cells displayed minimal activation of the SREBP transcription
system upon drug exposure, with a relative increase in HMGCR expression of 1.5 £ 0.1 and
1.4 £ 0.1 by haloperidol (25 uM) and clozapine (25 uM), respectively (Table 2). In the slow
growing HCN2 cells, the HMGCR gene expression was activated slightly to moderately by
the drugs, demonstrating that antipsychotic-induced SREBP activation is not a tumor cell-
specific phenomenon. In a pilot experiment (n=1), we also examined the R-Hi-501 rat
hippocampus primary cell culture, which contains both glial and neuronal cells. Incubation
with 25 uM of clozapine led to a 2.1-fold increase in HMGCR mRNA. The expression levels
of HMGCSI and FASN were also tested in these cells and increased 1.6- and 2.1 fold,

respectively. The basal expression level of HMGCR was quite similar in all cell types, as



measured with real-time PCR, thereby allowing comparison between different cell lines with

respect to the effect of drug exposure.

Discussion

In this study, we have extended our initial findings with haloperidol and clozapine by
demonstrating that antipsychotic drugs in general enhance the expression of SREBP-
controlled lipid biosynthetic genes in a concentration-dependent manner in cultured glial
cells, with less pronounced stimulation in neuroblastoma- and cortical neuronal cells. The
degree of SREBP activation, however, varies considerably between the different

antipsychotics.

The mechanisms by which the antipsychotic drugs activate the SREBP system could, in
principle, involve receptor-dependent and -independent processes. All antipsychotic drugs
block dopamine D2-like receptors (DRD2, DRD3 and DRD4), but with marked differences in
their affinities [21, 22]. In addition, they also vary widely in their antagonistic binding to
other neurotransmitter receptors, e.g., 5S-HT and histamine H1 receptors [22]. In the present
dose-response comparison, haloperidol and clozapine were the most potent activators of
SREBP-controlled gene expression on the basis of their molar concentrations in the cell
cultures, whereas risperidone and ziprasidone were minimally effective. Chlorpromazine and
olanzapine had intermediate effects. These data imply that the SREBP activation is neither
linked to the receptor profiles nor the therapeutic classification (typical vs. atypical) of the
drugs, since there is no apparent relationship between these properties and their SREBP-

stimulating effect.



This assumption is supported by a recent study [23], in which we demonstrated that several
antidepressant drugs (especially tricyclic antidepressants), but not mood stabilizers
(carbamazepine and valproate), activate the SREBP system in cultured glial cells in a similar
manner to the antipsychotics. This fact makes is likely that the drug-induced SREBP
activation is related to some shared chemical property of these psychotropic compounds. Due
to the different receptor-binding properties of these drugs it is likely that their shared SREBP-
activating effect is mediated via a receptor-independent mechanism of action. All of the
antipsychotics and antidepressants that we have investigated are cationic amphiphiles. Such
substances have previously been shown to increase the synthesis and accumulation of total
cellular cholesterol levels via a mechanism involving a reduction of cholesterol levels in the
endoplasmic reticulum (ER), which is the sterol-sensing compartment in the cell [20, 24].
SREBP activation is controlled by the sterol-sensitive SREBP-cleavage-activating-protein
(SCAP) that is located in the ER [25]. When ER-cholesterol is depleted, SCAP undergoes a
conformational change that promotes translocation of the SREBP/SCAP complex to the
Golgi, representing the inital step in SREBP activation. Both cholesterol and a hydroxylated
derivative of cholesterol, 25-OH-cholesterol (25-HC), inhibit the SREBP system by affecting
the function of the SCAP protein [26]. It is therefore interesting to note that clozapine was
able to counteract the SREBP-repressing effect of 25-HC, which indicates that the effect of
antipsychotic drugs on SCAP/SREBP activation is the opposite of cholesterol and 25-HC.
This contrasts in vitro data from a recent study demonstrating that some cationic amphiphiles
(including clozapine, haloperidol and chlorpromazine) mimic the effect of cholesterol on
SCAP conformation [27]. However, in line with our results, this study could not reproduce the

cholesterol-mimicking effect of cationic amphiphiles when tested in cultured cells [27].
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We propose that drug-induced transcriptional activation of cholesterol biosynthesis in the
brain could represent a new mechanism of action for some psychotropic drugs. Interestingly,
the SREBP-stimulating effect is shared by several different antipsychotics and
antidepressants, demonstrating a common molecular mode of action. This effect cannot be
related to the group-specific antipsychotic- or antidepressant properties of the drugs. Instead,
it might be linked to some common symptoms or deficits that are present in both
schizophrenia and major affective disorders (e.g., cognitive dysfunctions). This possibility is
further underscored by the therapeutic breadth of these classes of drugs, with antipsychotic

drugs frequently used in treatment of depressed patients and vice versa.

Involvement of myelin- and oligodendrocyte (glial) abnormalities has been indicated in the
etiology of both schizophrenia and bipolar disorder [1-5]. The myelination process requires
intact cholesterol biosynthesis [6, 28], and during CNS development, the expression of
cholesterol biosynthesis genes is enhanced [29]. Furthermore, malfunction of synaptic
processes, including reduced dendritic spine density, has been proposed in the
pathophysiology of schizophrenia [30-33]. Cholesterol, together with ApoE, can act as a glia-
derived growth factor supporting the formation of synapses in culture [7]. In line with this,
cholesterol has recently been demonstrated as essential for dendrite maturation, the rate-
limiting step in glia-induced synaptogenesis, and is required for continuous synapse
development in cultures [34]. Interestingly, drug-induced SREBP activation was most evident
in the glial-like GaMg glioma- and CCF-STTGI1 astrocytoma cell lines, and less pronounced
in the HCN2 cortical neuron cells and in a primary cell culture from rat hippocampus.
Lipogenic activation was almost absent in SH-SY5Y neuroblastoma cells. These data are in
agreement with the fact that in the CNS, the majority of cholesterol is produced de novo by

glial cells [6]. Cultured neurons have a poorly developed machinery for cholesterol
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biosynthesis and rely on glia-derived cholesterol for synaptogenesis [35]. It is thus
conceivable that drug-induced SREBP-controlled activation of glial cholesterol biosynthesis
in the brain represents a receptor-independent therapeutic mechanism of action and provides

essential building blocks to the myelination process or synaptogenesis.

A critical issue is whether the SREBP-stimulating effect observed in cultured cells also occurs
during drug treatment in the clinical setting. Although any interpretation of the clinical
relevance of cell culture data is difficult, the relationship between in vitro and in vivo
(therapeutically relevant) concentrations of the drugs requires special attention. The
investigated drugs are clinically efficacious at highly different ranges of serum concentrations
[36]. In an attempt to highlight the possible clinical impact of their SREBP-activation, we
transformed the molar concentrations of each drug (as used in the GaMg cell culture
experiments) into multiples of the therapeutically relevant upper serum concentrations of the
corresponding drug (as determined from the AGNP-TDM expert group consensus guidelines)
[36]. By this approach, clozapine and chlorpromazine appeared to significantly activate the
SREBP system in the cultured cells at concentrations that were 5-10-fold above their
therapeutic serum levels. In contrast, the concentration of haloperidol necessary to induce this
lipogenic effect in the cultured cells was about 200 times higher than the clinically relevant
serum level, and ziprasidone hardly activated the SREBP pathway at all. It is important to
bear in mind that many psychotropic drugs are highly lipophilic, leading to enrichment in
lipid-rich tissues. Levels of haloperidol and clozapine have been demonstrated to be 10-30
times higher in the CNS compared to the corresponding serum concentration [37, 38]. Taken
together, these data indicate that SREBP-activation by clozapine and chlorpromazine might
occur in the brain when serum levels are within their therapeutically relevant range, whereas

the SREBP activation observed for haloperidol would be expected to be of minor clinical

12



relevance. Interestingly, clozapine has been described as a drug with superior therapeutic
efficacy [39, 40], with positive effects in otherwise treatment-refractory patients. However, a
similar supremacy has not been shown for chlorpromazine, the other apparent potent SREBP-
activating drug. Finally, it is uncertain how large an in vivo response would need to be in
order to be of any clinical relevance, since even minor changes in cellular lipid biosynthesis in
vivo could have marked clinical effects. Caution should always be taken when making
inferences from cell cultures to the clinical setting, and further studies are indeed warranted to

draw more reliable conclusions about the clinical impact of our results.

Conclusions

We here extend our initial studies with haloperidol and clozapine by demonstrating that
antipsychotic drugs in general stimulate SREBP-controlled gene expression in several CNS-
relevant cell lines, but with marked differences between the various drugs and types of cells.
We have previously suggested that the psychotropic-induced SREBP activation is a glial-
mediated mechanism of drug action. This proposal is supported by our present results,
demonstrating that the lipogenic effect is apparently more pronounced in glial than in
neuronal cell lines. We hypothesize that drug-induced transcriptional activation of cholesterol
biosynthesis in the brain represents a receptor-independent mechanism of therapeutic action
of some antipsychotic drugs, possibly by providing essential building blocks for the
myelination process and synaptogenesis. Further studies on gene expression changes and lipid
parameters in blood samples from drug-treated patients and brain tissue from animal models

should be undertaken.
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Methods

Cell cultures

The human glioma GaMg cell line was kindly provided by an in-house source [41]. The R-Hi-
501 rat hippocampal primary cell culture was purchased from Cambrex (Cambrex
Biosciences, USA). All other cell lines were purchased from ATCC (LGC Promochem, UK).
GaMg human glioblastoma cells were cultured in Dulbecco's Modified Eagle Medium
(DMEM) containing 2 mM L-glutamine, 4.5 g/L glucose and 10 % fetal bovine serum (FBS).
CCF-STTG1 human astrocytoma cells were grown in RPMI 1640 medium containing 2 mM
L-glutamine 1.5 g/L sodium bicarbonate, 4.5 g/L glucose, 10 mM HEPES, 1.0 mM sodium
pyruvate and 10 % FBS. SH-SYSY human neuroblastoma cells were cultured in Eagle's
Minimum Essential Medium (EMEM) containing 1.5 g/L sodium bicarbonate, 1.0 mM
sodium pyruvate, 0.1 mM non-essential amino acids (NEAA), 2 mM L-glutamine and 10 %
FBS. HCN2 human cortical neuron cells cells (derived from cortical tissue removed from a
patient undergoing hemispherectomy for intractable seizures associated with Rasmussen's
encephalitis) were grown in DMEM medium containing 1.5 g/L sodium-bicarbonate, 4.5 g/L.
glucose and 4 mM L-glutamine and 10 % FBS. R-Hi-501 rat hippocampal cells were grown
in Neurobasal Medium containing 2mM L-Glutamine and 2 % B27 supplement. GaMg, CCF-
STTG1 and SH-SYS5Y cells were cultured on 6-well plates (TPP, Switzerland) in monolayer
to high confluence. HCN2 were cultured on laminin/poly-D-lysine coated 6-well plates
(Becton Dickinson, USA) at high confluence. R-Hi-501 cells were grown in poly-D-lysine
and laminin coated plates, prepared according to the manufacturers recommendations. All
cells were incubated in the presence of 100 U/ml Penicillin-Streptomycin Mixture (Cambrex
Biosciences) in 5 % CO, at 37°C. The cell lines were cultured for 1-2 days before drug
exposure and experiments were performed in triplicate, with the exception of the R-Hi-501

cells (n=1).
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Drug exposure and cell viability testing

For examination of the effects on cell viability for haloperidol (Janssen-Cilag, Belgium),
chlorpromazine (Sigma-Aldrich, USA), clozapine (Sigma-Aldrich), olanzapine (Toronto
Research Chemicals, Canada), risperidone (Sigma-Aldrich) and =ziprasidone (Toronto
Research Chemicals), we used the Cell Proliferation Reagent WST-1 (Roche Diagnostics,
Germany). GaMg cells were spread out with a density of 6000 cells/well (96 multi-well
plates) and exposed to 1, 5, 10, 25, 50 and 100 uM of the respective drug for 24 hours. Cell
viability in response to drug exposure was compared to the growth of vehicle—exposed (lactic
acid, 6 pg/ml) cells as well as to a cell density gradient created by plating out 3000, 4000,
6000, 8000 or 10000 GaMg cells per well. The WST-1 analysis was performed in accordance
with the supplier’s recommendations. All experiments were initiated by replacement of the
pre-exposure media with fresh media containing vehicle control (lactate acid) or the

respective drug. All experiments were performed in quadruplicate.

RNA extraction, cDNA synthesis and real-time PCR analysis

After drug exposure, cells were trypsinated and total RNA was extracted using the ABI
PRISM™ 6100 Nucleic Acid PrepStation (Applied Biosystems, USA). RNA quantity and
quality was measured on the NanoDrop® ND-1000 spectrophotometer (NanoDrop
Technologies, USA). cDNA was synthesized using the TagMan Reverse Transcription (RT)
reagents (Applied Biosystems) and used as template for real-time PCR analysis on an ABI
Prism 7900""" sequence detector system (Applied Biosystems) with SYBR-green (Eurogentec,
Belgium) as detector, as previously described [12]. Each sample was run in triplicate. The
relative gene expression levels were determined with the comparative ACt-method [42] and
normalized relative to the ribosomal protein PO gene. Similar results were obtained in a pilot

study when normalizing relative to GAPDH and B-actin.
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Immunoblot analysis

GaMg cells were seeded into 6-well plates and left to adhere over night. To reduce the
endogenous SREBP activity, the medium was supplemented to contain 20 % FBS three hours
prior to addition of the drugs or vehicle. The cells were grown in the same medium for 24
hours during drug exposure. In order to terminate the experiments, cell cultures were washed
twice with cold PBS before adding RIPA lysis buffer (15 mM NaCl, 50 mM TRIS, 0.5 %
sodium deoxycholate, 1 % Np-40 and 0.1 % SDS) containing Complete protease inhibitor
(one tablet per 10 ml RIPA; Roche Diagnostics, USA). To achieve complete lysis, the cell

suspensions were kept in the RIPA-containing buffer for 30 min at 4°C, before storage at -

20°C.

For Western blotting, the samples were thawed and centrifuged in an Eppendorf 5415D
microcentrifuge (Eppendorf, USA) at 16000 x g for 10 minutes. Protein content was
determined from the supernatant using the Bio-Rad DC (detergent compatible) Protein Assay
(Bio-Rad Laboratories, USA). Immunoblotting was performed by the Western Breeze system
(Invitrogen, USA): 10 pg of total protein from each sample was separated on NuPAGE 4-12
% Bis-Tris Gels and blotted onto Invitrolon™ PVDF membranes. The membranes were
incubated overnight at 4°C with 1.5 pg/ml purified monoclonal anti-human SREBP2 mouse
antibody (IgG-1C6, BD Biosciences Pharmingen, USA), and probed with alkaline
phosphatase-conjugated goat anti-mouse secondary antibody solution (Invitrogen) for 1 hour.
Chemiluminescence detection was performed according to manufacturer’s instructions
(Invitrogen). The SREBP2 activation was semi-quantified as the signal intensity of the mature
(M) active 60-70 kDa SREBP fragment divided by the signal intensity of the inactive 120 kDa

precursor (P) protein, annotated as the "M/P-ratio". Signal intensity measurements were
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performed with computer-assisted densitometry and image scanning using the Fuji Las-1000

luminescent image analyzer (Fuji, Japan) and the Image Gauge v4.0 software (Fuji).

Statistical analysis

Relative gene expression values were analyzed by one-way analysis of variance (ANOVA),
when not stated otherwise. When the ANOVA test indicated statistical significance, a Dunnett
post-hoc test was applied to determine the concentrations where the change in gene
expression was statistically different from the vehicle-treated control. In experimental setups
with only few comparisons, the student's t-test was applied. All statistical tests were

conducted with Statistica™ software version 6.0 (StatSoft, USA).

Authors' contributions

JF was responsible for the design of the study, participated in the real-time PCR and
immunoblot analyses, carried out statistical analysis and drafted the manuscript. SS was
involved in the design of the study, participated in the cell culture work and real-time PCR,
and contributed to the writing process. BH was involved in the design of the study,
participated in cell culture work, and contributed in drafting the manuscript. AOVM
participated in design of the study, developed a real-time PCR analysis protocol, and
contributed to the writing process. VMS conceived of the study, participated in its design,
coordination and data analysis, and helped to draft the manuscript. All authors have read and

approved the final manuscript.

Acknowledgements

We highly appreciate the valuable help from Kolbjern Zahlsen and Trond Aamo at

Department of Clinical Pharmacology, St. Olav Hospital in Trondheim. We acknowledge the

17



research infrastructure provided by the Norwegian Microarray Consortium, a national FUGE
technology platform (Functional Genomics in Norway). The present study has been supported
by grants from the Research Council of Norway (incl. the FUGE program, "Senter for
grunnleggende sykdomsmekanismer" and Mental Health program), Helse Vest RHF, Dr.
Einar Martens Fund and the Lundbeck Foundation (through a research grant to JF, awarded

by the Scandinavian College of Neuro-Psychopharmacology).

References

1. Hakak Y, Walker JR, Li C, Wong WH, Davis KL, Buxbaum JD, Haroutunian V,
Fienberg AA: Genome-wide expression analysis reveals dysregulation of
myelination-related genes in chronic schizophrenia. Proc Natl Acad Sci U S A
2001, 98(8):4746-4751.

2. Hof PR, Haroutunian V, Friedrich VL, Jr., Byne W, Buitron C, Perl DP, Davis KL:
Loss and altered spatial distribution of oligodendrocytes in the superior frontal
gyrus in schizophrenia. Bio/ Psychiatry 2003, 53(12):1075-1085.

3. Davis KL, Stewart DG, Friedman JI, Buchsbaum M, Harvey PD, Hof PR, Buxbaum J,
Haroutunian V: White matter changes in schizophrenia: evidence for myelin-
related dysfunction. Arch Gen Psychiatry 2003, 60(5):443-456.

4, Tkachev D, Mimmack ML, Ryan MM, Wayland M, Freeman T, Jones PB, Starkey M,
Webster MJ, Yolken RH, Bahn S: Oligodendrocyte dysfunction in schizophrenia
and bipolar disorder. Lancet 2003, 362(9386):798-805.

5. Uranova N, Orlovskaya D, Vikhreva O, Zimina I, Kolomeets N, Vostrikov V,
Rachmanova V: Electron microscopy of oligodendroglia in severe mental illness.

Brain Res Bull 2001, 55(5):597-610.

18



10.

11.

12.

13.

14.

Dietschy JM, Turley SD: Thematic review series: brain Lipids. Cholesterol
metabolism in the central nervous system during early development and in the
mature animal. J Lipid Res 2004, 45(8):1375-1397.

Mauch DH, Nagler K, Schumacher S, Goritz C, Muller EC, Otto A, Pfrieger FW:
CNS synaptogenesis promoted by glia-derived cholesterol. Science 2001,
294(5545):1354-1357.

Remington G: Understanding antipsychotic '"atypicality": a clinical and
pharmacological moving target. J Psychiatry Neurosci 2003, 28(4):275-284.

Davis JM, Chen N, Glick ID: A meta-analysis of the efficacy of second-generation
antipsycheotics. Arch Gen Psychiatry 2003, 60(6):553-564.

Remington G, Kapur S: Atypical antipsychotics: are some more atypical than
others? Psychopharmacology (Berl) 2000, 148(1):3-15.

Allison DB, Mentore JL, Heo M, Chandler LP, Cappelleri JC, Infante MC, Weiden
PJ: Antipsychotic-induced weight gain: a comprehensive research synthesis. Am J
Psychiatry 1999, 156(11):1686-1696.

Ferno J, Raeder MB, Vik-Mo AO, Skrede S, Glambek M, Tronstad KJ, Breilid H,
Lovlie R, Berge RK, Stansberg C et al: Antipsychotic drugs activate SREBP-
regulated expression of lipid biosynthetic genes in cultured human glioma cells: a
novel mechanism of action? Pharmacogenomics J 2005, 5(5):298-304.

Horton JD, Goldstein JL, Brown MS: SREBPs: activators of the complete program
of cholesterol and fatty acid synthesis in the liver. J Clin Invest 2002, 109(9):1125-
1131.

Horton JD, Shah NA, Warrington JA, Anderson NN, Park SW, Brown MS, Goldstein

JL: Combined analysis of oligonucleotide microarray data from transgenic and

19



15.

16.

17.

18.

19.

20.

21.

knockout mice identifies direct SREBP target genes. Proc Natl Acad Sci U S A
2003, 100(21):12027-12032.

Shimano H, Horton JD, Shimomura I, Hammer RE, Brown MS, Goldstein JL:
Isoform 1c of sterol regulatory element binding protein is less active than isoform
1a in livers of transgenic mice and in cultured cells. J Clin Invest 1997, 99(5):846-
854.

Shimomura I, Shimano H, Horton JD, Goldstein JL, Brown MS: Differential
expression of exons 1a and 1c in mRNAs for sterol regulatory element binding
protein-1 in human and mouse organs and cultured cells. J Clin Invest 1997,
99(5):838-845.

Shimano H, Horton JD, Hammer RE, Shimomura I, Brown MS, Goldstein JL:
Overproduction of cholesterol and fatty acids causes massive liver enlargement in
transgenic mice expressing truncated SREBP-1a. J Clin Invest 1996, 98(7):1575-
1584.

Horton JD, Bashmakov Y, Shimomura I, Shimano H: Regulation of sterol
regulatory element binding proteins in livers of fasted and refed mice. Proc Natl
Acad Sci U S A 1998, 95(11):5987-5992.

Janowski BA, Shan B, Russell DW: The hypocholesterolemic agent 1.Y295427
reverses suppression of sterol regulatory element-binding protein processing
mediated by oxysterols. J Biol Chem 2001, 276(48):45408-45416.

Lange Y, Ye J, Rigney M, Steck TL: Regulation of endoplasmic reticulum
cholesterol by plasma membrane cholesterol. J Lipid Res 1999, 40(12):2264-2270.
Kroeze WK, Hufeisen SJ, Popadak BA, Renock SM, Steinberg S, Ernsberger P,

Jayathilake K, Meltzer HY, Roth BL: H1-histamine receptor affinity predicts short-

20



22.

23.

24.

25.

26.

27.

28.

29.

term weight gain for typical and atypical antipsychotic drugs.
Neuropsychopharmacology 2003, 28(3):519-526.

Miyamoto S, Duncan GE, Marx CE, Lieberman JA: Treatments for schizophrenia:
a critical review of pharmacology and mechanisms of action of antipsychotic
drugs. Mol Psychiatry 2005, 10(1):79-104.

Raeder MB, Ferno J, Glambek M, Stansberg C, Steen VM: Antidepressant drugs
activate SREBP and up-regulate cholesterol and fatty acid biosynthesis in human
glial cells. Neurosci Lett 2006, 395(3):185-190.

Lange Y, Steck TL: Cholesterol homeostasis. Modulation by amphiphiles. J Biol
Chem 1994, 269(47):29371-29374.

Nohturfft A, DeBose-Boyd RA, Scheek S, Goldstein JL, Brown MS: Sterols regulate
cycling of SREBP cleavage-activating protein (SCAP) between endoplasmic
reticulum and Golgi. Proc Natl Acad Sci U S 4 1999, 96(20):11235-11240.

Adams CM, Reitz J, De Brabander JK, Feramisco JD, Li L, Brown MS, Goldstein JL:
Cholesterol and 25-hydroxycholesterol inhibit activation of SREBPs by different
mechanisms, both involving SCAP and Insigs. J Biol Chem 2004, 279(50):52772-
52780.

Adams CM, Goldstein JL, Brown MS: Cholesterol-induced conformational change
in SCAP enhanced by Insig proteins and mimicked by cationic amphiphiles. Proc
Natl Acad Sci U S A 2003, 100(19):10647-10652.

Saher G, Brugger B, Lappe-Siefke C, Mobius W, Tozawa R, Wehr MC, Wieland F,
Ishibashi S, Nave KA: High cholesterol level is essential for myelin membrane
growth. Nat Neurosci 2005, 8(4):468-475.

Ness GC: Developmental regulation of the expression of genes encoding proteins

involved in cholesterol homeostasis. Am J Med Genet 1994, 50(4):355-357.

21



30.

31.

32.

33.

34.

35.

36.

37.

38.

Glantz LA, Lewis DA: Decreased dendritic spine density on prefrontal cortical
pyramidal neurons in schizophrenia. Arch Gen Psychiatry 2000, 57(1):65-73.

Honer WG, Falkai P, Chen C, Arango V, Mann JJ, Dwork AJ: Synaptic and
plasticity-associated proteins in anterior frontal cortex in severe mental illness.
Neuroscience 1999, 91(4):1247-1255.

Lewis DA: Development of the prefrontal cortex during adolescence: insights into
vulnerable neural circuits in schizophrenia. Neuropsychopharmacology 1997,
16(6):385-398.

Mirnics K, Middleton FA, Lewis DA, Levitt P: Analysis of complex brain disorders
with gene expression microarrays: schizophrenia as a disease of the synapse.
Trends Neurosci 2001, 24(8):479-486.

Goritz C, Mauch DH, Pfrieger FW: Multiple mechanisms mediate cholesterol-
induced synaptogenesis in a CNS neuron. Mo! Cell Neurosci 2005, 29(2):190-201.
Pfrieger FW: Outsourcing in the brain: do neurons depend on cholesterol delivery
by astrocytes? Bioessays 2003, 25(1):72-78.

Baumann P, Hiemke C, Ulrich S, Eckermann G, Gaertner I, Gerlach M, Kuss HJ,
Laux G, Muller-Oerlinghausen B, Rao ML et al: The AGNP-TDM expert group
consensus  guidelines: therapeutic drug monitoring in psychiatry.
Pharmacopsychiatry 2004, 37(6):243-265.

Kornhuber J, Schultz A, Wiltfang J, Meineke I, Gleiter CH, Zochling R, Boissl KW,
Leblhuber F, Riederer P: Persistence of haloperidol in human brain tissue. Am J
Psychiatry 1999, 156(6):885-890.

Weigmann H, Hartter S, Fischer V, Dahmen N, Hiemke C: Distribution of clozapine
and desmethylclozapine between blood and brain in rats. Eur

Neuropsychopharmacol 1999, 9(3):253-256.

22



39, Buchanan RW, Breier A, Kirkpatrick B, Ball P, Carpenter WT, Jr.: Positive and
negative symptom response to clozapine in schizophrenic patients with and
without the deficit syndrome. Am J Psychiatry 1998, 155(6):751-760.

40.  Freedman R: Schizophrenia. N Engl J Med 2003, 349(18):1738-1749.

41.  Akslen LA, Andersen KJ, Bjerkvig R: Characteristics of human and rat glioma
cells grown in a defined medium. Anticancer Res 1988, 8(4):797-803.

42. Winer J, Jung CK, Shackel I, Williams PM: Development and validation of real-
time quantitative reverse transcriptase-polymerase chain reaction for monitoring

gene expression in cardiac myocytes in vitro. Anal Biochem 1999, 270(1):41-49.

Figure legends

Figure 1

The effect of clozapine on lipogenic gene expression in GaMg cells.

Gene expression was determined in GaMg cells after exposure of various concentrations of
clozapine for 24 hours. The level of expression was measured by quantitative RT-PCR,
relative to the expression of the ribosomal gene P0. The p-values were obtained by a Dunnett
post-hoc test following a one-way ANOVA. Error bars display £ SEM, and the data are

representative of three independent parallel experiments.

a) Relative expression levels of genes involved in cholesterol biosynthesis (filled symbols),
cholesterol transport and fatty acid biosynthesis (open symbols). The expression of all genes
was significantly increased (fold change at 50uM clozapine, p-value): stearoyl-CoA
desaturase (delta-9-desaturase; SCDI) (7.4, p=0.000008), 3-hydroxy-3-methylglutaryl-CoA
synthase 1 (HMGCSI) (5.6, p=0.000009), fatty acid synthase (FASN) (5.4, p=0.000008), 7-

dehydrocholesterol reductase (DHCR7) (4.3, p=0.000008), 3-hydroxy-3-methylglutaryl-CoA
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reductase (HMGCR) (3.1, p=0.00001), sterol-C5-desaturase like (SC5DL) (3.1, p=0.00001),
acetyl-CoA acetyltransferase 2 (also termed acetoacetyl-CoA thiolase; ACAT2) (3.0,
p=0.00009), low density lipoprotein receptor (LDLR) (2.8, p=0.00001) and farnesyl
diphosphate synthase (FDPS) (2.8, p=0.000009).

b) Relative expression levels of SREBPIa (open symbols) and SREBP? (filled symbols). Both
SREBP]Ia (2.2-fold, p=0.02) and SREBP2 (2.5-fold, p=0.0002) were increased by clozapine in

a dose-dependent manner.

Figure 2

Proteolytic cleavage of the SREBP2 transcription factor.

a) The semi-quantitative M/P-ratio of the mature transcriptionally active 60-70 kDa fragment
(M) and the SREBP2 120 kDa inactive precursor (P) as a measurement of the degree of
SREBP2 activation following antipsychotic drug treatment. The results are representative of
two independent western blot experiments. In agreement with the gene expression results,
haloperidol, chlorpromazine, clozapine and olanzapine all induced marked SREBP2 cleavage.
b) The effect of clozapine on 25-hydroxycholesterol (25-HC) -induced repression of
endogenous SREBP-2 activity in GaMg cells. Clozapine (30 uM) significantly counteracts the
SREBP2 repression induced by 25-HC (1pg/ml) after 2 hours of incubation. The results are

representative of two independent experiments.

Figure 3

Dose-response curve in antipsychotic-exposed GaMg cells extrapolated to
therapeutically relevant serum levels.

HMGCR expression levels changes for each drug, following transformation of the molar

concentrations used in the cell culture experiment into multiples of their therapeutically

24



relevant serum levels (see below). Due to effects on cell viability, the highest concentrations

of chlorpromazine, haloperidol and ziprasidone in the culturing media was 25 pM. Typical

and atypical antipsychotic drugs are denoted with open and filled symbols, respectively. Note

the logarithmic scale on the x-axis. The upper therapeutic serum concentration for each drug

was set according to the AGNP-TDM expert group consensus guidelines [36]: clozapine 2000

nM, chlorpromazine 1000 nM, olanzapine 250 nM, haloperidol 50 nM, risperidone 140 nM

and ziprasidone 250 nM.

Tables

Table 1

Dose response relationships for antipsychotic drug-induced changes in the expression of

SREBP target genes.
HMGCR HMGCS1 SC5DL LDLR
chlorpromazine
0.1 uM 0.8+0.1 1.0+0.1 1.0 £ 0.09 1.0 + 0.05
1.0 uM 1.240.1 1.840.2° 1.240.1 1.7403°
10 uM 2340037 [35+037 1440177 |1.340.05
25 uM 26+0277 (234017 |[13+0.077 |1.0+0.3
haloperidol
0.1 uM 1.0 £ 0.06 1.1£0.1 1.2+0.02 1.1 £0.03
1.0 uM 13402 1.740.3 154017 [1.540.1
10 uM 2740277 141+057  |33+0.077 |23+027
25 uM 324037 38408 3440277 [28+037
clozapine
0.1 uM 1.1 +0.06 1.1 £0.03 1.0 £ 0.01 1.14+0.02
1.0 uM 1.2+0.1 1.0+ 0.01 1.0+ 0.02 1.2+0.08
10 uM 1.8+03 3340277 |1.9+0.1° 174027
25 uM 2540177 |52+06° |2.8+04™ 234037
olanzapine
0.1 uM 09+0.03 [09+0.09 |0.8+0.03 1.0+0.1
1.0 uM 1.0£0.1 1.6+0.3 0.9 £0.06 1.0 £0.05
10 uM 1.240.1 1.7+02 1.2+0.09 1.3+0.1
25 uM 25+03" 3.6+0.04™ [1.8+03" [22+03"
risperidone
0.1 pM 0.8+0.05 [0.9+0.1 0.8 +0.01 0.9 +0.05
1.0 uM 0.9+0.1 1.0+0.1 0.9+ 0.01 1.0+ 0.08
10 M
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25 uM 1.2+0.07 1.2+0.05 1.1£0.09 1.240.1
1.7+£0.097 [1.8+0.09 1.6+0.2 1.5+0.07
ziprasidone
0.1 uM 1.1+0.02 1.1+0.05 1.2 +0.04 1.14+0.03
1.0 uM 1.1 +£0.02 1.1£0.1 1.2+0.1 1.1+0.03
10 uM 1.4+0.04 [15+0.05 |1.5+02 1.3 £0.04
25 uM 1.5+0.08 [1.3+£0.08 |1.7+0.03" |1.5+0.04

The expression levels of HMGCR, HMUGCS1, SC5DL and LDLR were measured by quantitative RT-PCR in
cultured GaMg glioma cells, determined relative to the expression of the ribosomal gene P0. The fold change is
given relative to the vehicle-treated control. The statistical significance was denoted as follows: "p<0.05,
"p<0.01, “"p<0.001. The fold changes (mean + SEM) are representative of three independent parallel

experiments and measured relative to vehicle treated control

Table 2

HMGCR gene expression changes in human astrocytoma and neuroblastoma cell lines.

Haloperidol Clozapine
Cell type 10 uM 25 uM 10 uM 25 uM
SH-SY5Y 13+0.06 | 1.5+0.1° [ 09+0.02| 1.4+0.1"
CCF-STTG! | 53+06 | 93+04 | 15+02" | 50+02™
HCN2 1.2+0.03" ND ND 24+02"

Human CCF-STTG! astrocytoma and SH-SY5Y neuroblastoma cells were exposed to haloperidol and clozapine
(10 uM and 25 pM of each drug), and human cortical neuron HCN2 cells were exposed to haloperidol (10 pM)
and clozapine (25 pM). The HMGCR-expression was determined relative to the expression of P0 in all cell lines.
For CFF-STTG1 and SH-SYSY, statistical significance of drug-induced HMGCR expression was determined by
the Dunnetts post-hoc test that correct for multiple testing, as described in Materials and methods. For the
HCN2-cells that had only two comparisons, the student's t-test was applied. Each statistical comparison was
performed between drug treated cells and vehicle treated control. Significance was denoted as follows: “p<0.05,
“p<0.01, “"p<0.001. The fold changes (mean + SEM) are representative of three independent parallel

experiments and measured relative to vehicle treated control. ND: Not determined.
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