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Antipsychotic drugs elevate mRNA levels of presynaptic proteins
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Abstract
Background—Molecular adaptations are believed to contribute to the mechanism of action of
antipsychotic drugs (APDs). Here we try to establish common gene regulation patterns induced by
chronic treatment with APDs.
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Methods—Gene expression analysis was performed with the Affymetrix U34A array in the frontal
cortex (FC) and the striatum of rats chronically treated with two different concentrations of either
clozapine or haloperidol. Key data were verified with real-time quantitative PCR.
Results—Many genes in the FC affected by APD-treatment contribute to similar functions. mRNAs
coding for synaptic vesicle docking- and microtubule-associated proteins were upregulated; mRNAs
for serine-threonine protein phosphatases were downregulated, whereas the serine-threonine kinases
protein kinase A, protein kinase C and calcium/calmodulin kinase II alpha and IV, were upregulated,
indicating increased potential for protein phosphorylation. In the striatum, altered gene expression
was less focused on genes of particular function or location, and the high concentration of haloperidol
had a different gene expression profile than any of the other APD treatments.
Conclusion—We found an increase in the transcription of genes coding for proteins involved in
synaptic plasticity and synaptic activity in the FC. We furthermore found that the gene expression
profile of APDs is different between FC and striatum.
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Introduction
Schizophrenia is a chronic and disabling brain disorder that affects approximately 1 percent of
the world population (Andreasen 1995; Carpenter and Buchanan 1994). Antipsychotic drugs
(APDs) can substantially improve the symptoms but they do not generally cure the disease
(Frankenburg 1999; Kane et al 2003; Kane and Marder 1993). APDs take time to exhibit their
full therapeutic effect, and it has been suggested that molecular adaptations contribute to their
mechanism of action (Hyman and Nestler 1996). Indeed, APDs induce gene expression and
activate transcription factors (Dragunow et al 1990; Konradi and Heckers 1995; Konradi and
Heckers 2001; Robertson and Fibiger 1992). APDs are classified into conventional and atypical
APDs. A commonly used conventional APD is haloperidol; the prototypical atypical APD is
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clozapine (Frankenburg 1999). Haloperidol and clozapine differ in their pharmacological
profile and their side-effect profile. Whereas haloperidol is predominantly an inhibitor of
dopamine D2 receptors (Creese et al 1976), clozapine has wide-spread, and not particularly
strong, effects at dopamine receptors, serotonin receptors, cholinergic receptors and others
(Meltzer 1994; Remington and Chong 1999). Extrapyramidal side effects (tardive dyskinesia)
are common during treatment with haloperidol, particularly if haloperidol is administered at
higher concentrations and over extended periods of time (Casey 1999). Clozapine does not
cause tardive dyskinesia but can cause other side effects including potentially life-threatening
agranulocytosis (Casey 1996; Iqbal et al 2003). Animal research has shown that haloperidol
affects gene expression predominantly in the striatum, while clozapine affects gene expression
in other brains areas such as the frontal cortex (FC) and nucleus accumbens, in addition to the
striatum (Nguyen et al 1992; Robertson and Fibiger 1992; Robertson et al 1994).
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We have treated rats for 26 days in single, daily injections with APDs, and compared the gene
expression profile of APDs in the FC and striatum to vehicle-treated controls. We used
Affymetrix U34A gene arrays, which examine the expression of 8,800 genes simultaneously.
In four treatment groups, rats received one of two doses of haloperidol or clozapine. Data of
these four groups were compared to gene expression levels of a control group. We were
interested in significant gene regulations common to all treatment groups, with the assumption
that gene expression changes responsible for side effects should be restricted to drug type and/
or drug dose and should be diluted out by the other treatments.

Methods and Materials
Animals
Male Sprague-Dawley rats (Taconic Farms, Germantown, NY) weighing 200 g at the
beginning of the experiment were housed four to a cage on a 12 hr light/dark cycle. The animals
were allowed one week for habituation to the colony prior to the first drug administration. All
rats received single, daily injections, administered intraperitoneally. Animal care and
experimental procedures conformed to PHS Policy on Humane Care and Use of Laboratory
Animals.
Drug treatment
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Animals were assigned randomly to the following groups: controls (vehicle-treated; n=5),
clozapine-L (8 mg/kg/day; n=6), clozapine-H (20 mg/kg/day; n=5), haloperidol-L (0.2 mg/kg/
day; n=6), haloperidol-H (0.5 mg/kg/day; n=6). Haloperidol and Clozapine were purchased
from Sigma (St. Louis, MO) and Tocris Cookson, Inc. (Ellisville, MO), respectively, and
dissolved in 0.1N acetic acid, pH 5–6. The injections were administered i.p. once per day for
twenty-six consecutive days. Vehicle injections consisted of 0.1N acetic acid, pH 5–6. Animals
were sacrificed by rapid decapitation twenty-four hours after the final injection. Tissue samples
from frontal cortex (FC), and striatum were dissected and frozen immediately. FC was defined
as the cortical area rostral to bregma 4.0 mm, which includes orbital- and medial prefrontal
cortex as well as a part of the secondary motor cortex (McAlonan and Brown 2003; Paxinos
and Watson 1998; Uylings et al 2003). Striatum included caudate-putamen and nucleus
accumbens (Paxinos and Watson 1998). All samples were stored at −70°C prior to RNA
preparation.
Sample preparation: Sample and array processing
RNA was extracted from approximately 20–30 mg tissue using the RNAgent kit (Promega,
Madison WI). RNA quality was assessed in an analytical gel, and 7 µg total RNA was used
for cDNA synthesis with the SuperScript double-stranded cDNA synthesis kit (Invitrogen
Corp., Carlsbad, CA). In vitro transcription was performed with the Enzo-IVT kit (Enzo
Biol Psychiatry. Author manuscript; available in PMC 2009 August 28.
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Biochem, Farmingdale, NY). Biotinylated RNA was hybridized to the RG-U34A array
(Affymetrix, Santa Clara, CA), and washing and staining was carried out according to company
protocol (www.Affymetrix.com). Samples from individual rats were hybridized to individual
arrays. The Affymetrix RG-U34A array contains 8800 genes; each gene is represented by 16
perfectly matched 25-mer oligonucleotides, and the same number of one-mismatch
oligonucleotides to provide values for non-specific binding.
Quality control criteria
Tissue preparation and RNA extractions were performed in a single batch by the same
investigators to limit experimental variability. All samples yielded equal amounts of RNA and
of biotinylated RNA. An average of 80 ± 13 µg (mean ± STDEV) of biotinylated RNA was
obtained from the FC for the in vitro transcription, and 92 ± 15 µg biotinylated RNA from the
striatum. All quality control criteria defined by Affymetrix were met by the samples, and no
differences between the experimental groups were observed. The average percent ‘present’
call across all FC arrays was 45.7 ± 1.8%, across all striatum arrays was 45.8 ± 2.6%, and the
3’/5’ GAPDH and β-actin ratios were 2.0 ± 1.2, and 1.5 ± 0.3 for FC, and 1.5 ± 0.8, and 1.5 ±
0.5 for the striatum (all average ± STDEV). Note that GAPDH mRNA was upregulated by
APD treatment in the FC. Background (44.2 ± 3.5, FC; 50.5 ± 7.5, striatum) and Noise (1.5 ±
0.2, FC; 1.8 ± 0.4, striatum) were comparable between all treatment groups.
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Data Analysis
Four different programs were used for data analysis: DNA-Chip Analyzer using the PM/MM
difference model (dChip version 1.3, http://www.biostat.harvard.edu/complab/dchip/, see also
Li and Hung Wong 2001; Li and Wong 2001), Microarray Suite 5.0 (Affymetrix),
RMAExpress (Bolstad et al 2003; Irizarry et al 2003), and Gene Microarray Pathway Profiler
(http://www.genmapp.org/, Dahlquist et al 2002; Doniger et al 2003). Hierarchical clustering
was performed with the dChip program, which bases hierarchical clustering on previously
published algorithms (Eisen et al 1998; Golub et al 1999). Redundant probe sets were excluded
from the clustering analyses (figure 1, figure 10, figure 12).
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GenMAPP was used to examine the biological context of the findings. GenMAPP is designed
to visualize gene expression data on MAPPs representing biological pathways or any category
defined by the investigator. A MAPP is a file prepared with the GenMAPP program that
contains a group of genes assembled by the investigator. We have drawn MAPPs of many
different groups of genes (>300 MAPPs) that we consider functionally related, such as second
messenger pathways, receptors responsive to the same neurotransmitter (i.e. dopamine,
glutamate), kinases, phosphatases, enzymes involved in glycolysis, subunits of the proteasome,
pre- and postsynaptic proteins, proteins of the mitochondrial respiratory chain, proteins related
to specific neurotransmitters, G-protein-coupled receptors, etc. All MAPPs were established
prior to data analysis and were not influenced by the data. MAPP-finder calculates the
percentage of genes changed in each map and uses this percentage for a z score based on the
mean and the standard deviation of the hypergeometric distribution (see
http://www.genmapp.org). Positive z scores indicate that more genes than expected are
regulated in a particular MAPP, and higher scores denote higher confidence. We list gene
categories that obtained a z score above 3 in the FC, and above 2 in the striatum, and that had
significant permuted p-values.
Real-time reverse transcriptase-polymerase chain reaction
For the real-time reverse transcriptase-polymerase chain reaction (Q-PCR) experiments, 12
vehicle-treated control samples were compared to six clozapine-L, seven clozapine-H, five
haloperidol-L and five haloperidol-H samples. Complementary DNA was synthesized from
2.5 µg and 3.5 µg of total RNA for FC and striatum respectively, with the SuperScript FirstBiol Psychiatry. Author manuscript; available in PMC 2009 August 28.
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Strand Synthesis System for real-time quantitative PCR (Invitrogen Corp), and oligonucleotide
deoxythymidine primer. A primer set for each gene was designed with the Primer3 software
(www-genome.wi.mit.edu/cgi-bin/primer/primer3.cgi.), for amplicons of 100 to 200 base
pairs. Melt curve analysis and polyacrylamide gel electrophoresis were used to confirm the
specificity of each primer pair. A Q-PCR kit (Platinum SYBR Green Q-PCR SuperMix UDG;
Invitrogen Corp) was used for the experiment which was carried out on a DNA engine Opticon
I (MJ Research, Waltham Mass) in a volume of 20 µl, with 4 µl 1:10 diluted cDNA samples
and 0.3 µM primers. The PCR cycling conditions were initially 50˚C for 2 minutes followed
by 95˚C for 7 minutes followed by 39 cycles of 94˚C for 10 seconds, 55˚C for 15 seconds, and
72˚C for 30 seconds. Data were collected between 72˚C and 82˚C depending on amplicon melt
temperature. A melt curve analysis was performed at the end of each Q- PCR experiment.
Dilution curves were generated for each primer pair in every experiment by diluting
complementary DNA from a vehicle sample to a final concentration of 1.00, 0.2, 0.04, 0.008,
and 0.0016. The logarithm of the dilution values was plotted against the cycle values for the
standard curve. Opticon Monitor Data Analysis Software version 1.4 (MJ Research, Waltham,
Mass) was used to analyze the data. Blanks were run with each dilution curve to control for
cross contamination. Dilution curves, blanks and samples were run in duplicate. Reported
values were normalized to the internal standard β-actin (Genbank accession number
NM_031144). β-Actin was not regulated in the gene-array or Q-PCR analysis.
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Results
A triple data analysis was performed with dChip, MAS 5.0 and RMAExpress
Most differences in expression levels of abundantly expressed genes treated with APDs and
analyzed with dChip 1.3 were below two-fold. Genes with lower expression levels and high
signal-to-noise ratios yielded higher fold-differences. For example, syntaxin 12 was expressed
8-fold higher in the FC of APD treated rats than in vehicle-treated controls, but was above
detection level in only 9 of 28 samples (32 % ‘present’ call). We set our parameters to exclude
genes that were below expression threshold in more than 50% of all samples, which excluded
approximately half of all genes on the array, including syntaxin 12.
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We first performed a dual analysis using the dChip 1.3 and MAS 5.0 programs, with the
emphasis on dChip 1.3. The programs apply different strategies for normalization and
calculation of expression levels, and changes that reach significance in both analyses are of
higher confidence. Because both programs calculate expression levels differently, we were
predominantly interested in levels of significance and direction of regulation (up versus
downregulation), with lesser emphasis on fold-different expression level. MAS 5.0 yielded
higher fold-difference levels (1.5 fold higher), but the correlation coefficient between dChip
1.3 and MAS 5.0 for all expression levels of significantly regulated genes presented here
(p<=0.05 with dChip 1.3), was 0.97 for the FC dataset and 0.98 for the striatum dataset. The
dChip 1.3 program had a higher likelihood than MAS 5.0 to yield significant downregulations
in the FC dataset, and not all downregulations in the FC, observed with dChip 1.3, were verified
with MAS 5.0 (see for instance figure 2). Because the regulation patterns of multiple copies
of the same gene were more consistent with dChip 1.3 than MAS 5.0, and because of our past
experience with independent confirmation of results (Konradi et al 2004a;Konradi et al
2004b), all data presented here are based on dChip 1.3. Although regulations in MAS 5.0 were
similar, in some cases they did not reach significance. These cases are indicated in the figures
by a number sign (#). However, the same gene families reached significance in the MAPPfinder
analysis irrespective of their expression calculation with MAS 5.0 or dChip 1.3, yielding
comparable z scores, due to the fact that additional genes in the same families reached
significance with MAS 5.0. After all data were calculated, we performed a third analysis with
RMAExpress. Data calculated with RMAExpress matched data obtained with the dChip 1.3
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calculation, although this program uses, again, a different strategy for background adjustment,
normalization and data summarization (Bolstad et al 2003;Irizarry et al 2003).
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Unsupervised clustering analysis of expression profiles in the FC and striatum
Hierarchical clustering groups samples with similar gene expression levels and presents the
results in a dendrogram. Samples within a cluster have more closely related gene expression
levels to one another than samples assigned to different clusters. Hierarchical clustering can
be used to address the question if variations in gene expression levels can be explained by
treatment. For this purpose, genes with high variability, irrespective of their function, are used
to cluster samples. Because genes with very small, non-specific signals also have a high
variability, these genes have to be first removed from the analysis to reduce noise. We therefore
included in the hierarchical clustering analysis only genes that are above background in at least
60% of all samples. Clustering analysis was performed in the FC and the striatum, using 120
genes with the highest variation across all treatment groups, expressed in at least 60% of all
samples (only one set of redundant probe sets was included). In this analysis, vehicle samples
of the FC clustered together, whereas APD treatment groups were interspersed (figure 1A). In
contrast, in the striatum, the haloperidol-H samples clustered together (figure 1B). Thus, in the
FC, the vehicle samples were most different from APD samples, while APD, samples were
similar to each other. In the striatum, haloperidol-H samples were different from the other APD
samples.
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Gene expression changes observed in the FC
The MAPPfinder analysis of mRNA expression levels in the FC revealed the most significant
changes in mRNAs coding for synaptic vesicle docking- and microtubule-associated proteins
(figure 2; z score >5; permuted p-value: 0). The regulation of five presynaptic proteins in the
FC was further analyzed with Q-PCR. We chose SNAP 25, vesicle associated membrane
protein (VAMP) 1 and 2, syntaxin 1B2 and synapsin 2 (not shown) for verification. In the gene
array analysis, the former four were upregulated (figure 2), whereas synapsin 2 was
downregulated. In the Q-PCR analysis, a significant upregulation was observed with SNAP
25, vesicle associated membrane protein (VAMP) 1 and 2, and syntaxin 1B2 (figure 3), but
synapsin 2 was unchanged (not shown). Thus, the upregulations of mRNAs were consistent
between dChip 1.3, MAS 5.0 and Q-PCR, but the downregulation of synapsin 2 could not be
confirmed.
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A general downregulation of protein phosphatases was observed in the FC (figure 4; z score
>5; permuted p-value: 0). Both, regulatory and catalytic subunits of protein phosphatase (PP)
1 were downregulated, as was PP 2C. Similarly, catalytic subunits for PP 2A and the regulatory
B alpha subunit were downregulated, while the regulatory A alpha subunit was upregulated
(figure 4). Upregulation of the regulatory subunit should decrease the activity of the catalytic
subunit. The downregulation in mRNAs of protein phosphatases was accompanied by an
upregulation of various serine-threonine kinases. CaM kinase II alpha, CaM kinase IV, PKC,
and the catalytic subunit of PKA were all upregulated, while the regulatory subunit of PKA
and the PKA inhibitor, PKI beta (Van Patten et al 1992;Van Patten et al 1991) were
downregulated (figure 5; z score >3; permuted p-value: 0.004). CaM kinase II beta and delta
were downregulated.
mRNA’s from four separate MAP kinase cascades were downregulated in the FC by APDs
(figure 5; z score >3; permuted p-value: 0.004). First, the members of the ERK1/2 cascade,
MAP kinase kinase 1 and 2, and MAP kinase 1 (ERK 2), (Grewal et al 1999). The
phosphorylation substrates of this cascade, microtubule-associated protein 1A, and
microtubule-associated protein 2, were both upregulated (figure 2). The second MAP kinase
pathway, the stress-activated c-Jun N-terminal kinase (JNK) pathway (Harper and LoGrasso
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2001;Mielke and Herdegen 2000), showed a downregulation of stress-activated protein kinase
alpha II (JNK2). The substrate of this pathway, c-jun (Mielke and Herdegen 2000) was also
downregulated. The third MAP kinase pathway, the p38 MAP kinase pathway (Harper and
LoGrasso 2001;Mielke and Herdegen 2000), was represented with a downregulation of p38
MAP kinase. Finally, a downregulation of MAP kinase kinase 5 was observed. This kinase
phosphorylates MAP kinase 5 (Zhou et al 1995).
MRNA levels for the enzymes involved in the dephosphorylation of MAP kinases, MAP kinase
phosphatase 1 (Qian et al 1994) and 3 (Mourey et al 1996), were downregulated. MAP kinase
phosphatase 2 was below detection level in the samples.
APDs also increased mRNAs of proteins involved in glycolysis and gluconeogenesis (figure
6; z score >4; permuted p-value: 0). The upregulation of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was confirmed with Q-PCR (data not shown). Genes involved in
energy regulation are also present in the GO database, and received the highest z scores (>6)
when the data were analyzed with this database.
Finally, all three subtypes of the inhibitory G alpha (i) protein and the one stimulatory G alpha
(s) protein on the array, were downregulated in the FC after chronic APD treatment (figure 7;
z score >3; permuted p-value: 0.008). The regulators of G-protein signaling, RGS 4 and RGS
8, were upregulated after treatment with APDs.
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Gene expression changes observed in the striatum
In the striatum, mRNA expression of the gene families affected in the FC was mostly
unchanged (figure 2, figure 4–figure 7, section sign). Altered mRNA expression was observed
for cyclins and cyclin-dependent kinases (z score >4; permuted p-value: 0.002; figure 8A), the
MAP kinase pathway (z score >3; permuted p-value: 0.013; figure 8B), antioxidants (z score
>2; permuted p-value: 0.024; figure 8C) and activity and neurotransmitter-induced early genes
(ANIAs; z score >3; permuted p-value: 0.013; figure 8D). The gene family representing the
Wnt signaling pathway, which included cyclins (figure 8A) and protein kinase C (PKC; figure
9) was upregulated (z score >2; permuted p-value: 0.04). All gene families received lower z
scores and p-values than the gene families regulated by APDs in the FC. Although the
regulations in MAS 5.0 in the striatum were in the same direction as the regulations observed
in dChip 1.3 (correlation coefficient r=0.98), many did not reach significance (p<=0.05) in
MAS 5.0.
Comparison of expression profiles of high dose of haloperidol, lower dose of haloperidol,
and clozapine
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The unsupervised, hierarchical clustering algorithm demonstrated that treatment with higher
doses of haloperidol was associated with a particular molecular profile in the striatum (figure
1B). We used the 100 genes with the biggest difference in expression levels between
haloperidol-H and vehicle samples (p-level of <=0.05; ‘present’ in >=60 % of all samples), in
the striatum (figure 10A) and the FC (figure 10B), to perform hierarchical clustering. In the
striatum, the expression level of these genes was significantly different between haloperidolH and all the other APDs (p<0.001; figure 10A). In contrast, in the FC, haloperidol-H samples
were spread between the other APD samples whereas vehicle samples were clustered (figure
10B), indicating that genes that were differently expressed in haloperidol-H samples were
similar across all APD treatments. Therefore, gene expression levels after haloperidol-H were
similar to other APDs in the FC, but dissimilar from other APDs in the striatum.
A comparison of haloperidol-H treatment to the combined haloperidol-L and clozapine-H and
clozapine-L treatment groups showed a significant difference in the regulation of genes

Biol Psychiatry. Author manuscript; available in PMC 2009 August 28.

MacDonald et al.

Page 7

NIH-PA Author Manuscript

associated with synaptic vesicle proteins (z score >4; figure 11A), glutamate receptors,
glutamate synthesis and uptake (z score >3; figure 11B), Ras GTPase superfamily (z score >3;
figure 11C) and Na+/K+ ATPases (z score >2; figure 11D). Eight percent of all genes measured
in the striatum were regulated differently by haloperidol-H than by all the other APD
treatments, a significant difference (at p<0.05 a median false-discovery rate <5%), whereas
only 1% of all genes measured in the FC were regulated differently by haloperidol-H than the
other APDs, a number that was equal to chance (at p<0.05 a median false discovery rate
>100%).
Cluster analysis with the genes of figure 11 showed that they are regulated differently by
haloperidol-H in the striatum, but not in the FC (not shown). These data demonstrate that
haloperidol-H has a molecular profile in the striatum that is (a) present in the striatum but not
the FC, and (b) not associated with APD treatment in general.
Predictive validity of APD treatment in the FC
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Because all APDs evoked a similar molecular profile in the FC, we examined if the molecular
profile obtained with the two concentrations of clozapine could be used to predict treatment
with either concentration of haloperidol. In a comparison of clozapine-treated rats (n=11; 5
treated with 20 mg/kg, 6 treated with 8 mg/kg) to vehicle-treated rats, 100 genes that were
present in at least 60% of all samples had a higher than 1.4 fold different expression at a
confidence level of p<=0.05 (median false discovery rate < 5%). These genes were used for
hierarchical clustering of haloperidol samples, and they clustered both haloperidol-L (figure
12A) and haloperidol-H samples (figure 12B) separate from vehicle samples. In a control
experiment, 100 genes that were not affected by clozapine-treatment did also not cluster
haloperidol-L (figure 12C) or haloperidol-H (figure 12D) samples.

Discussion
Changes in mRNA levels have been previously correlated with similar changes in protein
levels. For example, acute treatment with haloperidol caused upregulations of c-fos,
proenkephalin, and synapsin II mRNAs that translated into upregulations of these proteins in
the striatum (Chong et al 2002; Dragunow et al 1990; Hong et al 1979; Hong et al 1985; Konradi
and Heckers 1995; Konradi et al 1993; Leveque et al 2000). While these findings are
encouraging for microarray experiments, it is important to keep in mind that changes in mRNA
levels might not always translate into changes in protein levels.
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We have previously shown that after 12 days of single, daily i.p. injections of haloperidol, the
rat striatum has an altered molecular response to the drug, as demonstrated by the decreased
ability to induce c-fos expression, as well as by decreased transcription factor binding to the
AP-1 enhancer element (Konradi et al 1993; Leveque et al 2000). Repeated haloperidoltreatment leads furthermore to an upregulation of the proenkephalin gene, which has been
shown to be stable during 7 days to 8 months of treatment (Chong et al 2002; Delfs et al
1994; Dragunow et al 1990; Hong et al 1979; Hong et al 1985; Konradi and Heckers 1995;
Konradi et al 1993; Leveque et al 2000). We therefore decided that 26 days of APD exposure
should be sufficient to obtain the mRNA expression pattern of chronic APD treatment.
Although this profile might change further over time, it should provide helpful insights into
the molecular consequences of APD exposure. To avoid interference with gene expression due
to spikes in APD levels immediately after injection, we sacrificed the rats 24 hours after the
final, chronic injection. In past studies, levels of proenkephalin mRNA after 11 days of
haloperidol-treatment were similar 30 minutes and 24 hours after the last injection (Konradi
et al 1993; Leveque et al 2000). As for drug withdrawal, it has been shown that a single dose
of haloperidol has a near-terminal elimination half-live of 6.6 days in rat brain, and is detectable
for 21 days after dosing, well beyond the 24 hours we chose (Cohen et al 1992). Interestingly,
Biol Psychiatry. Author manuscript; available in PMC 2009 August 28.
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the elimination half-life in human brain tissue was estimated to be similar, at 6.8 days
(Kornhuber et al 1999). Nevertheless, observed fluctuations in the D2 receptor occupancy rate
of haloperidol during a 24-hour period (Kapur et al 2000) would suggest that some of the
observed effects on mRNA expression are due to falling APD levels.
We chose the conventional APD, haloperidol and the atypical APD, clozapine, because of their
broad use in patients and in animal models (Fibiger 1994; Frankenburg 1999; Kane and Marder
1993; Konradi and Heckers 2001). Each APD was used at a concentration that is known to
induce gene expression in the rat striatum after acute treatment (haloperidol-H, clozapine-H),
(Leveque et al 2000; MacGibbon et al 1994; Robertson and Fibiger 1992), and at a second,
lower concentration that is within the range of APD concentrations administered in humans
(haloperidol-L and clozapine-L) (Aymard et al 1997; Conley et al 1999; Kane and Marder
1993; Purdon et al 2000). The common denominator of the drugs and drug concentrations used
is their antipsychotic action in humans, whereas side effects are dissimilar between both types
of drugs and between the high and low drug concentrations (Mortimer 2003; Wirshing et al
2003). By combining the different treatment paradigms and by tracking the common gene
regulation pattern across all of them, we hoped to minimize gene expression patterns
responsible for side effects. Although the study was carried out in healthy rats, some of the
insights gained might be beneficial for our understanding of the molecular effects of APDs in
general.
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Chronic APD treatment increased mRNA levels for presynaptic proteins in the FC
Many of the upregulated proteins play key roles in neurotransmitter release by mediating the
fusion of vesicles with the plasma membrane (Garner et al 2002; Murthy and De Camilli
2003). One of the upregulated genes, VAMP1, is rate-limiting in synaptic vesicle fusion (Hu
et al 2002), while three of the upregulated genes, VAMP2, syntaxin 1A and SNAP25 can
mediate spontaneous membrane fusion (Hu et al 2003). The upregulation of presynaptic genes,
if translated into changes in protein level, could increase the probability of vesicle fusion and
neurotransmitter release (Dobrunz and Stevens 1997). Thus, APDs could affect synaptic
structure and facilitate synaptic activity in the FC.
Indication of increased protein phosphorylation in the FC, a mechanism that facilitates
neuroplasticity
The protein phosphatases PP 1 and PP 2A dephosphorylate most serine and threonine residues
in the brain (Price and Mumby 1999). Transcript levels of PPs were downregulated after
treatment with APDs.
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PPs counteract processes activated by kinases. These include processes of neuronal plasticity,
such as synaptic vesicle fusion (Turner et al 1999), gene transcription (Whitmarsh and Davis
2000), and reorganization of the cytoskeleton (Grant and Pant 2000). PPs also counteract longterm potentiation (Winder and Sweatt 2001) and mechanisms of learning and memory. PP 1
facilitates memory decline and promotes forgetting (Genoux et al 2002). Phosphorylation of
the transcription factor CREB is a step in memory formation (Frank and Greenberg 1994; Mayr
and Montminy 2001), and PP1/2A dephosphorylate CREB (Hagiwara et al 1992; Wadzinski
et al 1993). The decrease in PP transcripts was accompanied by an increase in expression of
serine-threonine protein kinase transcripts in the FC, suggesting increased activity in cyclic
AMP and certain Ca2+ -activated kinases.
The ratio of kinases and phosphatases is important for vesicle fusion, because phosphorylation
is crucial for the activity of vesicle proteins (Turner et al 1999). Furthermore, transcription
factor activity and histone modification/DNA accessibility depend on phosphorylation
mechanisms (Davie and Spencer 1999). Our findings point toward increased levels of
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phosphorylation of proteins in the FC after treatment with APDs, which could result in higher
transcriptional activities and a higher likelihood of vesicle fusion.
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APDs decrease transcript expression of members of the MAP kinase family in the FC, but
increase them in the striatum
MAP kinase family members regulate diverse biological functions. They mediate stress
responses and apoptosis, but also trophic responses (Mielke and Herdegen 2000; Sweatt
2001; Thomas and Huganir 2004). Dependent on mode, strength and duration of activation,
MAP kinase pathways can be involved in mechanisms of cell death or mechanisms of neuronal
plasticity (Agell et al 2002). MAP kinase cascades are comprised of three serially linked kinases
consisting of a MAP kinase kinase kinase which activates a MAP kinase kinase, which activates
a MAP kinase. mRNAs of all MAP kinase cascades were downregulated in the FC by APDs,
including the mitogenic ERK1/2 pathway (Grewal et al 1999), the stress-activated c-Jun Nterminal kinase (JNK) and p38 MAP kinase pathways (Mielke and Herdegen 2000), and the
ERK5 pathway (Cavanaugh et al 2001; Zhou et al 1995). These downregulations were
accompanied by a downregulation of the phosphatases that inactivate MAP kinases. Because
of the contradictory actions of MAP kinase pathways, it is impossible to deduce the implication
of our findings.
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Surprisingly, the MAP kinase family was regulated in the opposite direction by APDs in the
striatum. The upregulation of MAP kinase family members in the striatum was seen across all
treatment groups. Thus, APDs affect transcripts of the MAP kinase pathways strongly and
differently in different brain areas.
APDs increase transcript levels of proteins involved in glycolysis in the FC
Transcripts of proteins involved in glycolysis were upregulated by APDs in the FC, but not in
the striatum. The increase in synaptic vesicle genes, decrease in protein phosphatases and
increase in serine-threonine protein kinases suggest increased synaptic and biochemical
activity in the FC, which requires higher expenditure of energy. One of the strongest
upregulated genes, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), is considered a
housekeeping gene and commonly used as normalization control. Like others, we find GAPDH
a poor choice for mRNA normalization (Bustin 2002).
In the FC, the different treatment paradigms with APDs yield similar molecular profiles
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Hierarchical clustering demonstrated that genes that were affected by clozapine in the FC can
be used to reveal exposure to haloperidol. These data demonstrate that APDs leave a
characteristic molecular fingerprint in the FC in the rat, which is independent of the
pharmacological background of the APD. Moreover, because of the similar molecular pattern
by APDs in the FC, but not in the striatum (see below), the results favor the FC as a potential
target for therapeutic actions of APDs.
In the striatum, treatment with high concentrations of haloperidol yields a unique molecular
profile dissimilar from low concentrations of haloperidol, or from clozapine
Haloperidol-H affected the expression of many transcripts in the striatum different than the
other APDs. In rats, prolonged treatment with higher doses of haloperidol can cause striatal
cellular stress and extrapyramidal side-effects (EPS) such as vacuous chewing movements
(Andreassen and Jorgensen 2000; Roberts et al 1995). The glutamate system has been
implicated in EPS (Meshul et al 1996; See and Chapman 1994), and our data show
dysregulation of transcripts of the glutamate system. In addition to the changes in the glutamate
system our data suggest altered membrane potential (Na+/K+ ATPases), cell stress (Ras/
GTPases) and loss of synapses (decrease in synaptic transcripts), which, taken to the extreme,
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could ultimately lead to EPS. Thus, the molecular profile of haloperidol-H in the striatum might
reflect a molecular path toward the side effects that appear after prolonged treatment with high
doses of conventional APDs.
Conclusion
The gene array analysis after chronic APD treatment in rats demonstrated a characteristic
molecular APD profile in the FC that was exhibited independent of drug or dose. The
implication of that profile was of an increase in synaptic strength and activity. In contrast, the
APD profile in the striatum was dissimilar between haloperidol-H and the other treatments and
indicative of neuronal and synaptic stress inflicted by higher concentrations of conventional
APDs.
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Figure 1. Unsupervised, hierarchical clustering of samples in the FC and the striatum

Clustering analysis was performed in the FC (A) and the striatum (B), using 120 genes with
the highest variation across treatment groups in each brain area, which were expressed in at
least 60% of all samples. In the FC, vehicle samples clustered together (p=0.03), whereas
haloperidol-H samples clustered in the striatum (p=0.02). No other significant sample
clustering was observed.
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Figure 2. Upregulation of mRNAs for presynaptic proteins in the FC

The graphs depict the effect of APDs in the FC, comparing vehicle-treated rats to all APD
treatments combined. The percentage induction or reduction of mRNAs is shown. Multiple
probe sets of the same gene are joined by brackets. Names of regulated genes, Genbank
accession numbers and p-values are shown in the tables below the graphs. The number sign
(#) denotes genes that were only regulated in dChip 1.3 but not MAS 5.0. The section sign (§)
denotes genes that were also significantly regulated in the striatum.
The graph shows the percentage induction or reduction of genes associated with synaptic
vesicle function and microtubules. Thirteen genes involved in synaptic vesicle fusion and
recycling, or associated with microtubules, were upregulated in the FC. Of four genes that were
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downregulated with the dChip 1.3 program, three were unchanged in MAS 5.0. Upregulations
were concordant between both programs. None of the genes shown were altered in the striatum.
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Figure 3. Verification of upregulation of synaptic proteins in the FC with Q-PCR

Upregulation of SNAP 25 (A), VAMP1 (B) and 2 (C), and syntaxin 1b2 (D) by APDs in the
FC was verified with Q-PCR. Data were normalized to β-actin, which was not regulated in the
gene arrays. N=12 vehicle-treated controls, 23 APDs (6 clozapine-L, 7 clozapine-H, 5
haloperidol-L, 5 haloperidol-H). ** p<=0.01, * p<=0.05.
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Figure 4. Downregulation of mRNAs for protein phosphatases in the FC

The graphs depict the effect of APDs in the FC, comparing vehicle-treated rats to all APD
treatments combined. The percentage induction or reduction of mRNAs is shown. Multiple
probe sets of the same gene are joined by brackets. Names of regulated genes, Genbank
accession numbers and p-values are shown in the tables below the graphs. The number sign
(#) denotes genes that were only regulated in dChip 1.3 but not MAS 5.0. The section sign (§)
denotes genes that were also significantly regulated in the striatum.
PP1 and PP2A exist as multimeric holoenzymes with a limited number of catalytic subunits
complexed to a variety of regulatory subunits. PP1 is a heterodimeric complex of catalytic and
regulatory subunits, while PP2A forms a heterotrimeric complex between the catalytic subunit
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and the regulatory A and B subunits (Sim et al 2003). PP2C is a monomeric enzyme (Price
and Mumby 1999). A downregulation in mRNA levels for protein phosphatases was observed,
except for the regulatory A alpha subunit for PP2A, which was upregulated, in essence causing
an inhibition of PP2A. Genes that did not reach significant with MAS 5.0 (denoted with #),
still showed a pronounced downregulation in that program. None of the genes presented were
similarly regulated in the striatum, although three had a significant opposite regulation (denoted
with §).
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Figure 5. Altered regulation of protein kinase genes
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The graphs depict the effect of APDs in the FC, comparing vehicle-treated rats to all APD
treatments combined. The percentage induction or reduction of mRNAs is shown. Multiple
probe sets of the same gene are joined by brackets. Names of regulated genes, Genbank
accession numbers and p-values are shown in the tables below the graphs. The number sign
(#) denotes genes that were only regulated in dChip 1.3 but not MAS 5.0. The section sign (§)
denotes genes that were also significantly regulated in the striatum.
Many Ca2+-activated kinases were upregulated in the FC, while members of the MAP kinase
pathways were mostly downregulated. Not all regulations were significant in MAS 5.0.
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Figure 6. Upregulation of genes involved in energy metabolism in the FC

The graphs depict the effect of APDs in the FC, comparing vehicle-treated rats to all APD
treatments combined. The percentage induction or reduction of mRNAs is shown. Multiple
probe sets of the same gene are joined by brackets. Names of regulated genes, Genbank
accession numbers and p-values are shown in the tables below the graphs. The number sign
(#) denotes genes that were only regulated in dChip 1.3 but not MAS 5.0. The section sign (§)
denotes genes that were also significantly regulated in the striatum.
A predominant upregulation in mRNA levels for proteins involved in glycolysis was observed
with the dChip 1.3 program. None of the genes were changed in the striatum. Note the
significant upregulation of GAPDH, a gene frequently used as a normalization control.
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Figure 7. Downregulation of G protein alpha subunits in the FC
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The graphs depict the effect of APDs in the FC, comparing vehicle-treated rats to all APD
treatments combined. The percentage induction or reduction of mRNAs is shown. Multiple
probe sets of the same gene are joined by brackets. Names of regulated genes, Genbank
accession numbers and p-values are shown in the tables below the graphs. The number sign
(#) denotes genes that were only regulated in dChip 1.3 but not MAS 5.0. The section sign (§)
denotes genes that were also significantly regulated in the striatum.
A downregulation of mRNA levels of G alpha subunits, and of G beta 2, was observed in the
FC. RGS4 and RGS8 were upregulated.
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Figure 8. Gene families regulated by APDs in the striatum

The four gene families that were most affected by APD treatment in the striatum were (A)
cyclins and cyclin-dependent kinases, (B) MAP kinases, (C) antioxidants and (D) ANIAs. Z
scores were lower than in the FC, and many of the genes did not reach significance with MAS
5.0 (#).
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Figure 9. mRNA regulation of PKC beta 1 and PKC zeta by APDs in the striatum

A, B, PKC beta 1 (K03486), C, D, PKC zeta (M18332). A, C, gene array data, B, D, Q-PCR
analysis normalized to β-actin.
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Figure 10. Sample clustering demonstrates a unique molecular profile induced by high doses of
haloperidol in the striatum

The 100 genes with the biggest difference in expression levels between haloperidol-H and
vehicle (p-level of <=0.05; ‘present’ in >=60 % of all samples) within each brain area were
used for hierarchical clustering in the striatum (A) and the FC (B). In the striatum, these genes
clustered haloperidol-H samples (p<0.001; A). In contrast, in the FC, haloperidol-H samples
were spread between the other APD samples (B), while vehicle samples were clustered.
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Figure 11. Differential effect of Haloperidol-H on the expression of various gene families in the
striatum

Compared to the other APD treatments, haloperidol-H treatment induced a downregulation of
presynaptic proteins (A), a dysregulation of glutamate-related proteins (B), GTPases (C), and
a downregulation of Na+/K+ ATPases, in the striatum.
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Figure 12. Genes affected by clozapine-treatment in the FC are predictive of chronic haloperidol
exposure

Onehundred genes with the biggest difference in expression between clozapine (H and L) and
vehicle samples in the FC were used for hierarchical clustering of haloperidol samples. A. The
‘clozapine’ genes cluster samples of rats treated with 0.2 mg/kg haloperidol, p = 0.01. B. The
‘clozapine’ genes also cluster samples of rats treated with 0.5 mg/kg haloperidol, p = 0.05.
Onehundred genes that were not regulated by clozapine did also not cluster haloperidol 0.2
mg/kg (C) or haloperidol 0.5 mg/kg (D) samples.

Biol Psychiatry. Author manuscript; available in PMC 2009 August 28.

