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Abstract: The complex neurodevelopmental disorder schizophrenia is thought to be induced by an interaction between 

predisposing genes and environmental stressors. In order to get a better insight into the aetiology of this complex disorder, 

animal models have been developed. In this review, we summarize mRNA expression profiling studies on neurodevelop-

mental, pharmacological and genetic animal models for schizophrenia. We discuss parallels and contradictions among 

these studies, and propose strategies for future research. 
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INTRODUCTION 

 Schizophrenia is a complex psychiatric disorder with a 
lifetime risk of ~1%. The first symptoms usually manifest 
during late adolescence or early adulthood, but the origin of 
the disorder is thought to be neurodevelopmental [1, 2]. The 
disorder is characterized by delusions, hallucinations, disor-
ganized speech, grossly disorganized or catatonic behaviour, 
and negative symptoms [3]. Negative symptoms concern the 
absence of or reduction in basic emotional and behavioural 
processes and include e.g. flat or blunted emotions, poverty 
of speech, the inability to experience pleasure, and lack of 
motivation. Although at present not considered a diagnostic 
criterion, many patients suffer from cognitive impairments 
such as problems with attention, concentration, learning, 
memory and abstract thinking [4, 5]. Environmental factors 
in combination with predisposing genes appear to be impor-
tant for the aetiology of schizophrenia. Environmental fac-
tors include prenatal infections, maternal malnutrition during 
pregnancy, obstetric complications, poverty, child abuse and 
neglect, war trauma, loss of parent and migration [5-8]. Such 
factors may affect gene expression by epigenetic mecha-
nisms [9, 10]. Family, twin and adoption studies have shown 
that schizophrenia is a disorder with a substantial genetic 
contribution [11, 12]. On the basis of linkage analyses, loci 
on 21 of the 23 chromosomes have been linked to the disor-
der. A meta-analysis has revealed that in various populations 
chromosomal region 2q, but also 1q, 8p, 22q and other  
loci, are associated with susceptibility to schizophrenia  
[13]. Follow-up studies on the regions implicated by the ge-
nome scans have resulted in positional candidate genes such 
as neuregulin-1 (NRG1; 8p12) and catechol-O-methyl- 
transferase (COMT; 22q11.21) [14]. However, the final  
outcome of genetic research on schizophrenia is at present 
unclear, the search for vulnerability genes for schizophrenia 
has not resulted in consistent findings, and many genes  
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associated with psychiatric disorders have only a small effect 
and are mostly linked to more than one disorder [15]. The 
inconsistent results may arise from the clinical heterogeneity 
displayed by these disorders [16]. The debate continues on 
whether in the fifth edition of the Diagnostic and Statistical 
Manual of Mental Disorders (DSM-V) schizophrenia should 
be considered as a single disorder or as a group of several 
disease entities [17]. 

 In order to get a better insight into the function of candi-
date genes and the aetiology of the disorder in general,  
multiple animal models have been developed. A problem 
encountered here is that the most prominent symptoms of 
schizophrenia - delusions, hallucinations and thought disor-
der - can not be reproduced in rodents and even not in non-
human primates. Furthermore, a well-established genotype, 
cellular phenotype or other biological marker that is charac-
teristic for the disorder is not available for validation of a 
model. Nevertheless, a number of symptoms such as e.g. 
behaviours related to increased dopaminergic transmission 
(dopamimetric-induced hyperlocomotion), social withdrawal 
(reduced contact with unfamiliar partners), loss of prepulse 
inhibition (PPI, a symptom at the interface of psychosis and 
cognition) and cognitive deficits (impaired performance in a 
spatial memory test) have been observed in animal models 
[18, 19]. It is therefore generally acknowledged that animal 
models may provide new insights into the pathophysiology 
and aetiology of schizophrenia [18]. In general and based  
on the way they have been created, animal models can be 
divided into three groups: (1) neurodevelopmental models, 
(2) pharmacological models and (3) genetic models. Such 
animal models for schizophrenia and their characteristics 
have been described in many excellent papers and reviews 
[20-22]. This review focuses on microarray mRNA expres-
sion data obtained from the schizophrenia animal models 
(Table 1). 

mRNA EXPRESSION PROFILING IN NEURODE-

VELOPMENTAL ANIMAL MODELS 

 To generate a neurodevelopmental animal model for 
schizophrenia, environmental factors such as stress and viral 
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Table 1. An Overview of Schizophrenia Animal Models Used in Microarray Studies 

Animal Model Approach Number of Gene(s) with Affected mRNA Expression Ref. 

C57BL6J mice infected with 

H1N1 influenza virus on  

pregnancy day 18 

Mouse genome 430 2.0 array  

(Affymetrix) covering >39000 transcripts 

Hippocampus: 175 (PND0), 21 (PND14) and 62 (PND56) 

Cerebellum: 157 (PND0), 16 (PND14) and 96 (PND56) 

Prefrontal cortex: 72 (PND0), 33 (PND14) and 110 (PND56) 

[26] 

Balb/c mice infected with  

H1N1 influenza virus on  

pregnancy day 9 

Murine 430 high-density oligonucleotide 

array (Affymetrix) covering ~20000 

mouse genes and ESTs 

Whole brain: 39 genes [30] 

Lewis rat pups inoculated with 

NBD within 12 hours of birth, 

sacrificed at 4 weeks of age 

3DNA Array 350 Expression Array  

(Genisphere) covering 8064 genes 

Cerebellum: MT-I/-II (Mt1a) 9.09 fold increase 

Hippocampus: MT-I/-II (Mt1a) 2.95 fold increase 

[32] 

Pregnant Sprague-Dawley rats 

subjected to a repeated variable 

stress paradigm from ED14  

to ED22, male pups were  

subjected to acute stress  

at PND56 and sacrificed 

Affymetrix RG U34A microarray  

covering 8799 genes 

Frontal pole: 35 genes [34] 

VH-lesioned Fisher 344 (F344) 

rats, daily i.p. haloperidol  

treatment for 14 days  

starting at PND55 

GeneFilter® DNA microarray blots  

(Research Genetics Inc., Huntsville)  

covering 37575 cDNA clones 

VH-lesioned F344 versus sham-lesioned F344 rats - Frontal 

tissue: 828 genes Temporal tissue: 768 genes 

Haloperidol treated versus control VH-lesioned F344 -  

Frontal tissue: 404 genes- Temporal tissue: 595 genes 

[37] 

New born F344 rats separated 

from their dams for 8 hours every 

other day (PND2 to 10)  

Affymetrix rat U34A microarray  Hippocampal slices: 24 genes including  

Ttr (4.85 fold decrease) 

[39] 

Institute for Cancer Research 

(ICR) Mice subjected to isolated 

rearing for 4 weeks 

GeneChip mouse genome 430 2.0 Array 

(Affymetrix) covering 45101 probe sets 

Dentate gyrus: 22 genes including Nr4a2/Nurr1 and Npas4 [42] 

ICR mice, daily i.p.  

PCP for 24 days 

Clontech Atlas glass array mouse 1.0 

covering 1000 cDNAs 

Cerebral cortical tissue: 73 genes [45] 

Male Sprague-Dawley rats  

injected once with PCP sacrificed 

4 hours after injection 

Affymetrix rat U34A microarray  

covering 8784 probe sets 

Prefrontal cortex: 477 genes [46] 

Male Wistar rats injected  

with PCP at PND8 or PND50  

and sacrificed 60-90 minutes 

after injection 

Affymetrix rat genome 230 2.0 array  

covering over 30000 transcripts 

Thalamus: c-fos, Klf2, Nr4a3, Klf4 and leiomodin2 

(Lmod2)-like 

[47] 

Sprague-Dawley rats with a  

spinal cord (segment T8) injury 

administered with MK-801 one 

hour before and after the injury 

Affymetrix Rat Neurobiology U34  

oligonucleotide microarray containing  

1322 probes 

combined T7,T8 and T9 spinal cord segments: 168 genes  

that were not affected by spinal cord injury itself 

[59] 

B6C3F1 mice treated with a 

single i.p. s(+)ketamine injection 

anaesthetized and sacrificed 30 

minutes post injection 

Affymetrix MGU-74 av2 GeneChips® 

covering 12488 genes 

Hippocampus/amygdala/ 

hypothalamus: 50 genes 

[49] 

Male Wistar rats (injected with 

MK-801) were subjected to 

ischemic preconditioning (IPC) 

by sublethal bilateral carotid 

artery occlusion (BCAO) and 3 

days later to lethal BCAO 

Affymetrix RG 230 2.0 array covering 

31020 probe sets 

Hippocampus: 1893 genes [60] 
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Table 1. contd…. 

Animal Model Approach Number of Gene(s) with Affected mRNA Expression Ref. 

Male Wistar rats i.p. injected with 

MK-801 or memantine narcotized 

with CO2 and sacrificed 4 hours 

post injection 

Rat 1.0 Atlas Glass Microarrays  

(Clontech) containing 86 controls  

and 1090 well characterized 

transcripts  

Posterior cingulate and anterior retrosplenial cortices: 

MK-801: 34 genes 

Memantine: 28 genes 

[61] 

Male Wistar rats i.p. injected  

with (+)-MK801 maleate daily 

for 14 days, tested for social 

interaction and sacrificed  

on day of last injection 

GeneChip® Rat Expression 230A array 

(Affymetrix) containing 15923 probe sets 

Amygdala: 39 genes including AVP and Ttr [62] 

APO-SUS versus APO-UNSUS 

Wistar rats 

Rat NeuroGEM 2.02 microarrays  

containing 8478 Sprague Dawley rat  

nervous system cDNAs 

Hippocampus: 1 gene, Aph-1b [40] 

Male Sprague–Dawley albino  

rats administered i.p. daily  

with olanzapine and sacrificed  

24 h after the last injection  

under deep anaesthesia 

Affymetrix rat genome 230 2.0  

array set containing ~28000  

rat genes and ESTs 

Frontal cortex: 69 genes [69] 

Male C57BL/6 mice i.p. injected 

with haloperidol, olanzapine,  

or clozapine daily for 7 days  

and sacrificed under 4%  

halothane anaesthesia  

five hours post injection 

Affymetrix GeneChip Mouse Genome  

430 2.0 microarrays containing  

over 39000 transcripts 

Whole brain:11941 transcripts by one or  

more drugs, 249 transcripts by all 3 drugs 

[70] 

Male Wistar rats injected i.p.  

with clozapine and sacrificed  

1, 6 or 24 hrs post injection 

Atlas Rat 1.2 Array filter (Clontech)  

covering 1176 sequence-verified cDNAs 

Anterior cingulate and prefrontal cortices:  

217 genes including 22 genes with  

a presynaptic function 

[76] 

ICR mice injected subcutaneous 

with clozapine daily for  

20 days and sacrificed  

20 hours post injection 

Atlas Rat 1.2 Array filter (Clontech)  

covering 1176 sequence-verified cDNAs 

Cerebral cortical tissues: undefined number of  

genes including potassium channel, prostaglandin  

D2 synthase, serotonin receptor type 2 and 

myelin-associated oligodendrocytic basic protein  

[80] 

C57BL6 mice received daily for 

31 days haloperidol or clozapine  

or phenylpropanolamine  

via food pellets 

Murine Genome U74A Array  

(Affymetrix) containing ~12000 genes 

Cortex: 1156 transcripts in one or more models [81] 

Sprague–Dawley rats injected i.p. 

daily with Haloperidol or 

Risperidone and sacrificed 96 

hours (acute treatment) or 4 

weeks (chronic treatment) after  

initiation of drug treatment. 

PXM oligo-nucleotide slides  

(Full Moon Biosystems) containing  

8000 rat gene-specific,  

amino-modified oligonucleotides 

Prefrontal/fronto-parieto-temporal cortices: Haloperidol:- 

acute: 28 genes 

- chronic: 9 genes 

Risperidone: 

- acute: 89 genes 

- chronic: 17 genes 

[84] 

Male Sprague-Dawley rats  

injected i.p. with risperidone 

daily for 4 weeks and sacrificed 

under CO2 anesthesia  

24 hours post injection 

GeneMap Rat Clone Arrays  

(Genomic Solutions Inc.)  

containing cDNA fragments  

covering 1536 genes 

Frontal cortex: 17 genes [85] 

Nurr1 KO mice generated by 

mating of Nurr1 +/- animals. 

Pregnant females were sacrificed 

at ED12.5 and Nurr1 KO  

embryos selected 

Affymetrix MGU74Av2 and MGU74Bv2 

gene chips covering  

Ventral Midbrain: 

Undefined small number of genes including GTPCH 

[92] 

Reeler mouse at ED11.5 Qiagen 70mer oligo chip Brain: 1 gene, mouse Strawberry Notch 1 mSno1 [98] 

Ten weeks old DfI/+ mice Agilent Oligo Mouse Microarrays  

containing 60-mer oligonucleotide  

probes for 20915 murine genes 

Hippocampal dentate granule neurons: 13 genes  [100] 
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infection are employed and since they should affect brain 

development the factors are applied to animals prenatally (or 

at a young age). Epidemiologic evidence has suggested that 

maternal infection by a virus may lead to the genesis of 

schizophrenia [23, 24]. In mice, prenatal influenza infection 

causes effects on brain structure and function such as in-

creased serotonin levels [25]. To establish a schizophrenia 

animal model, C57BL6J mice have been infected on preg-

nancy day 18 with H1N1 influenza virus. This resulted in a 

moderate, sublethal infection with a mean virus titer of 10
5.25

 

cell culture infectious dose (CCID)50/ml [26]. Brain tissues 

from the offspring of these mice were collected for mRNA 

expression profiling at post natal day (PND) 0, 14 (child-

hood) and 56 (adulthood). Analysis with the mouse genome 

430 2.0 array (Affymetrix) showed that in the brains of the 

prenatally exposed mice compared to the brains of control 

offspring the highest number of genes were up- or down-

regulated at PND 0 (72, 175 and 157 genes in frontal, hippo-

campal and cerebellar brain areas, respectively) and PND 56 

(110, 62 and 96 genes, respectively), relative to PND 14 (33, 

21 and 16, respectively). A number of genes was validated 

by quantitative polymerase chain reaction (qPCR), including 

v-erb-B2 avian erythroblastic leukaemia viral oncogene 

(Erbb4), semaphorin 3A (Sema3a), very-low density lipopro-

tein receptor (Vldlr), and ATPase,Na+/K+ transporting, beta 

2 polypeptide (Atp1b2) [26]. These genes had been impli-

cated previously in the aetiopathology of schizophrenia [27-

29]. Compared to viral infection in Balb/c mice at pregnancy 

day 9 [30], more and other genes were differentially ex-

pressed in the offspring of mice infected at pregnancy day 18 

[26]. One of the genes differentially expressed in the off-

spring of mice infected at either pregnancy day 9 or day 18 

was forkhead box P2 (Foxp2) [26, 30]. Foxp2 polymor-

phisms have been linked to schizophrenic patients with audi-

tory hallucinations [31]. Another viral infection in rats, Neo-

natal Borna disease (NBD) virus infection, results in life-

long viral persistence and causes behavioural and neurode-

velopmental abnormalities. In the hippocampus and cerebel-

lum of 4-weeks old Lewis rats that within 12 hours of birth 

had been inoculated into the right cerebral hemisphere with 

NBD, gene expression has been analysed with an 8K oli-

gonucleotide array. The expression of metallothionein 1a 

(Mt1a or MT-I/-II) was increased ~9- and ~3-fold in the 

cerebellum and hippocampus, respectively. Furthermore, the 

expression of Mt3 was increased in astrocytes and of solute 

carrier family 30 (zinc transporter) member 3 (Slc30a3/ZnT-

3) was decreased in the hippocampus. The alterations in 

ZnT-3 expression, and astrocytic Mt1a and Mt3 induction, in 

combination with previously described changes in the ex-

pression of cytokine- and apoptosis-related products in NBD 

rats, suggest a multifactorial pathway leading to selective 

damage [32]. 

 Another environmental factor that has been implicated in 

the aetiology of schizophrenia is prenatal stress [33]. To cre-

ate an animal model, repeated variable stress paradigms have 

been applied to pregnant Sprague–Dawley rats during the 

last week of gestation. A microarray analysis of the frontal 

pole brain area of the prenatally stressed adult offspring and 

non-stressed adult controls revealed significant changes in 35 

genes. Three differentially expressed genes encoded neuro-

transmitter receptor subunits or associated proteins, two were 

involved in calcium/calmodulin signaling, two were associ-

ated with neurotransmitter vesicles or vesicle recycling and 

two were Na
+
/K

+
-transporting ATPases [34]. Both the neu-

rodevelopmental animal model based on prenatal influenza 

infection [26] and the model generated by prenatal stress 

[34] displayed differential expression of Na
+
/K

+
-ATPase 

genes and potassium voltage-gated channel genes. However, 

the majority of the differentially expressed genes was differ-

entially expressed in only a single animal model.  

 A third neurodevelopmental animal model constitutes the 

neonatal ventral-hippocampal (VH) lesion rat model that 

exhibits many of the behavioural features of pharmacological 

schizophrenia models [18, 35, 36]. The locomotor abnor-

malities induced by the VH lesions differ between rat strains 

and therefore transcript expression was compared between 

saline- or haloperidol-treated adult VH-lesioned Fischer-344 

and Lewis rats [37]. Three variables were compared, namely 

with respect to strain (Fischer-344 versus Lewis), to age (day 

6 versus day 70) and to treatment (saline versus haloperidol), 

and suppression subtraction hybridization was used to iden-

tify changes in transcript levels. Genes differentially ex-

pressed in all three cases included mitochondrial cytochrome 

oxidase (complex IV) subunits including COX1 and 2, mito-

chondrial tRNA, g and z isoforms of 14-3-3, adenosine mo-

nophosphate deaminase 3 (Ampd3), and a 25-kD synaptoso-

mal associated protein (SNAP-25) [37].  

 A further neurodevelopmental animal model concerns the 

maternal deprivation rat model. Maltreatment, such as abuse 

and neglect, is a susceptibility factor for psychiatric disorders 

[38]. Fisher 344 rat pups were separated for 8 hours from 

their mother every other day between PND 2 and 10. At the 

age of 13 weeks, the rats were sacrificed and gene expression 

in hippocampal slices was analysed with an U34A (Af-

fymetrix) array. The expression of fifteen genes was upregu-

lated and of nine genes downregulated. The most prominent 

change in expression was found for the transthyretin (Ttr) 

gene. In the brain the expression of this gene is nearly re-

stricted to the choroid plexus and therefore the authors 

speculated about a possible function for the choroid plexus in 

stress [39]. However, in other studies the differential expres-

sion of Ttr was considered to be the result of a tissue-

isolation artefact (contaminating choroid plexus) rather than 

being a differentially expressed gene of interest [40].  

 Yet another example of a neurodevelopmental animal 

model are three-weeks old, weaned Institute for Cancer Re-

search mice that were isolated for 3 days, 2 weeks or 4 

weeks, a treatment that may also affect brain development 

[41]. In these mice, mRNA expression in the dentate gyrus 

was analysed with a GeneChip mouse genome 430 2.0 array 

(Affymetrix), but no obvious changes were found. However, 

using a general linear model incorporating the feeding period 

the downregulation of two genes was observed, namely of 

nuclear receptor subfamily 4, group A, member 2 (Nr4a2/ 

Nurr1) and neuronal PAS domain protein 4 (Npas4) [42].  
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mRNA EXPRESSION PROFILING IN PHARMA-

COLOGICAL ANIMAL MODELS 

 The neuropharmacological animal models for schizo-
phrenia are based on specific neurotransmitter systems  
(typically dopamine (DA) and glutamate). Psychotomimetic 
substances (DA agonists, N-methyl-D-aspartate (NMDA) 
antagonists) have been used to generate schizophrenia-like 
symptoms in animals. In rodents, phencyclidine (PCP) and 
other antagonists of the NMDA-type glutamate receptor pro-
duce positive and negative symptoms, and cognitive distur-
bances remarkably similar to those observed in schizophre-
nia patients [43]. Animals in which these symptoms were 
induced by PCP or related compounds have therefore been 
considered to represent useful pharmacological models for 
this complex disorder. A single administration of PCP during 
the late foetal or early postnatal period in rats (corresponding 
to the third trimester of human pregnancy) produced behav-
ioral symptoms indicative of NMDA receptor blockade last-
ing for 8 to 10 hours and resulted in increased neuronal death 
by apoptosis [44]. Acute and chronic prenatal or neonatal 
administration of PCP to rats led to changes in behaviour of 
the adult animal, such as hyperlocomotion, impairments in 
information processing and increased stereotypic behaviour, 
and changes in the glutamatergic, dopaminergic and 
GABAergic systems [reviewed in 43]. The influence of PCP 
administration on mRNA expression levels has been reported 
already in 2002. Applying a Clontech Atlas glass mouse 1.0 
arrays, 28 genes have been found to be upregulated (includ-
ing tyrosine 3-hydroxylase, Th) and 45 genes were down-
regulated (including voltage-gated potassium channel, 
subfamily H (eag-related), member 1, Kcnh1) in mice 
injected with PCP once a day for 24 days [45]. Using newer 
microarrays representing more genes and following acute 
PCP treatment, mRNA expression changes in 477 genes 
have been observed in adult rat prefrontal cortex (PFC), a 
brain area associated with cognitive dysfunction in 
schizophrenia. One of the downregulated genes was voltage-
gated K

+
 channel Kcna4 [46], yet another potassium voltage-

gated channel gene differentially expressed in an animal 
model for schizophrenia. The observed upregulation of c-fos, 
Klf2, Nr4a3, Klf4 has been confirmed in an independent 
study that also reported the upregulation of Leiomodin 2 
(Lmod2) in the thalamus of male rats following acute PCP 
administration at PND 50 but not at PND 8, suggesting that 
Lmod2 may be involved in the age-dependent onset of drug-
induced schizophrenia-like psychosis [47]. 

 Another antagonist of the NMDA receptor is ketamine, a 
PCP derivative [48]. In the to our knowledge only report on 
the genome-wide analysis of mRNA expression following 
ketamine administration, 50 genes have been found to be 
differentially expressed in the combined hippocampus, 
amygdala and hypothalamus regions of singly injected mice 
[49]. A number of the differentially expressed genes is asso-
ciated with tissue/organ/system development, such as gastru-
lation brain homeobox 2 (GBX2) and early growth response 
2 (EGR2) [50, 51], or cancer/apoptosis, such as protein 
kinase C delta (PRKCD), secreted phosphoprotein 1 (SPP1/ 
OPN), prostaglandin-endoperoxide synthase 2 (Ptgs2; also 
named cyclo-oxygenase 2, COX-2) and growth arrest and 
DNA-damage-inducible 45 gamma (GADD45g) [52-55]. 

The investigators followed up on Troponin T1 (Tnnt1) since 
this gene showed consistently strongly (2- to 4-fold) elevated 
expression in the brains of treated mice and was found to be 
exclusively regulated by FoxO1, a gene thought to be in-
volved in metabolic pathways and energy homeostasis [49]. 
The activation of FoxO1 in the hypothalamus of normal mice 
increases food intake and body weight, whereas its inhibition 
decreases both processes, suggesting that FoxO1 indeed 
plays a role in central energy homeostasis and hunger/ 
appetite behaviours [56]. Weight gain and abdominal adipos-
ity may be central to the pathophysiology of the metabolic 
syndrome observed among neuropsychiatric patients [57], 
and Tnnt1 may be the link between ketamine and weight 
gain [49].  

 A further antagonist of the NMDA receptor is MK-801 or 
dizocilpine [58]. The effect of MK-801 on mRNA expres-
sion levels following spinal cord injury (SCI) has already 

been analysed in 2002 [59]. Although SCI is not linked to 
schizophrenia, it is still of interest to compare the effects of 
the NMDA receptor antagonists PCP, ketamine, and MK-
801 following SCI. One hour after traumatizing adult male 

Sprague-Dawley rats, the mRNA levels of 165 genes and 
expressed sequence tags (ESTs) were changed on rat neuro-
biology U34 microarrays (Affymetrix). The affected mRNA 
levels were mostly of genes that are involved in transcrip-

tion, inflammation, cell survival and membrane excitability. 
Intrathecal administration of MK-801 directly to the injury 
site at 1 hour before the injury and at 1 hour after the injury 
reversed the effect of SCI on the expression levels of about 

half of the SCI-affected mRNAs. Additionally, MK-801 
treatment changed the mRNA levels of 168 genes and ESTs 
that had not been affected by SCI [59]. In another study, 
ischemic insults were induced in fasted male Wistar rats and 

hippocampal mRNA levels were analysed with an Af-
fymetrix Rat Genome 230 2.0 array (31020 probe sets). Di-
rectly following the lethal ischemic insult 967 genes were 
upregulated in vehicle/IPC versus MK-801/IPC rat brains, 

while 926 genes were downregulated. The investigators fur-
ther investigated the downregulation of COX-2 (Ptgs2) and 
confirmed by Western blot analysis that at 24 h following 
lethal ischemia the expression of COX-2/Ptgs2 was substan-

tially reduced in the vehicle/IPC group in comparison to the 
vehicle/sham (non-preconditioned) and MK801/IPC groups 
[60]. Thus, in this study MK-801 treatment increased the 
expression of COX-2/Ptgs2 while in the study of Lowe et al. 

(2007) ketamine treatment reduced the expression of this 
gene [49, 60]. Since the two studies were published simulta-
neously, this discrepancy was not discussed by the authors. 
The use of different conditions (3 mg/kg MK-801 prior to 

IPC, followed by lethal ischemia after 72 hours versus a sin-
gle i.p. injection of 80 mg/kg ketamine) may explain the dis-
crepancy. In another study, the influences of MK-801 and 
the uncompetitive NMDA receptor antagonist memantine (1-

amino-3, 5-dimethyladamantane) on brain mRNA expression 
were compared [61]. Male adult Wistar rats were i.p. in-
jected with 5-50 mg/kg memantine or 1 mg/kg MK-801 and 
the posterior cingulate and anterior retrosplenial cortices 

were dissected for RNA isolation. Microarray analyses (1090 
genes) revealed that 34 genes were regulated by the MK-801 
treatment and that 28 genes were differentially expressed by 
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the memantine treatment. Of these, 13 genes were regulated 

by both treatments, including nuclear factor of kappa light 
polypeptide gene enhancer in B-cells inhibitor, alpha 
(Nfkbia), neurotrophic tyrosine kinase, receptor, type 2 
(Trk2), heat shock protein 4 (Hspa4/Hsp70), heat shock pro-

tein 5 (Hspa5/GRP78), GDP dissociation inhibitor 1 (Gdi1), 
hippocalcin-like 4 (Hpcal4/NVP-2), glutamate receptor, 
ionotropic, N-methyl D-aspartate 2B (Grin2b/NMDAR2B), 
Neuromedin B transporter (Nmbr), neuropeptide Y (Npy), 

corticotropin releasing hormone (Crh/CRF), Na
+
/K

+
 trans-

porting ATPase 2  (Atp1b2), Ca
2+

 transporting ATPase-
isoform 2 (Atp2b2) and protein phosphatase 2 (formerly 2A), 
catalytic subunit, beta isoform (Ppp2cb) [61]. In a related 

study, male Wistar rats were repeatedly i.p. injected with 
0.13 mg/kg MK-801 once daily for 14 days. Gene expression 
in the bilateral amygdalae was analysed with a Rat Expres-
sion Array 230A Array spotted with 15923 probe sets (Af-

fymetrix). Twenty-three genes were downregulated and six-
teen genes were upregulated of which arginine vasopressin 
(Avp), prostaglandin D2 synthase (Ptgds), myelin-associated 
oligodendrocyte basic protein (Mobp; all downregulated) and 

insulin-like growth factor binding protein 2 (Igfbp2), soma-
tostatin receptor 2 (Sstr2), ectonucleotide pyrophospha-
tase/phosphodiesterase 2 (Enpp2) and Ttr (upregulated) were 
confirmed by qPCR [62]. In the four studies applying MK-

801 treatment [59-62], four different sets of affected genes 
have been identified, presumably due to the differences in 
the use of animals, injection methods, brain tissues and ar-
rays. The significance of these four gene sets remains to be 

established. 

 The most common hypothesis concerning the aetiology 
of schizophrenia is the dopaminergic hypothesis which was 
built on the finding that the clinical effectiveness of antipsy-
chotic drugs is related to their affinity for DA receptors. 
Since then advances in neurochemical imaging and a further 
understanding of the genetic aetiology of schizophrenia have 
led to the hypothesis that multiple (genetic, environmental) 
factors interact, resulting in DA dysregulation in schizophre-
nia patients [63]. It is therefore not surprising that DA recep-
tor agonists are useful in creating animal models to explore 
this hypothesis. An example of a DA receptor agonist is 
apomorphine [64]. Apomorphine-susceptible rats (so-called 
APO-SUS rats) constitute a model for schizophrenia. These 
rats have been pharmacogenetically selected based on their 
susceptibility for apomorphine as measured by their gnawing 
behaviour (>500 gnawing counts in 45 minutes). Extensive 
characterization of the APO-SUS rats and their phenotypic 
counterparts apomorphine-unsusceptible (APO-UNSUS) rats 
has shown that both genetic and environmental factors influ-
ence the complex phenotype of these rats [65]. Microarray 
analysis of hippocampal mRNA using Rat NeuroGEM 2.02 
microarrays containing 8478 Sprague Dawley rat nervous 
system cDNAs revealed that only one gene was differentially 
expressed between the two rat lines, namely Aph-1b. Further 
analysis showed that the expression difference of this -
secretase component was caused by a gene-dosage imbal-
ance, namely one or two copies of Aph-1b in APO-SUS rats 
and three copies in APO-UNSUS rats [40]. 

 Pharmacological models can also be generated by the 
treatment of animals with schizophrenia drugs such as olan-

zapine or clozapine [66]. Olanzapine is a second-generation 
antipsychotic agent that exhibits greater 5HT2A than D2 
receptor antagonism and has high affinity for a number of 
other receptors, such as muscarinic, 1-adrenergic, hista-
mine-H1, 5HT2A, 5HT2C, 5HT1A, 5HT6, 5HT7, and 5HT3 
receptors [67]. Additionally, olanzapine facilitates NMDA 
neurotransmission via its effects on glutamatergic NMDA 
and AMPA receptors [68]. To study the influence of chronic 
olanzapine treatment, adult male Sprague–Dawley albino 
rats were administered daily for 21 days with 1 ml olanzap-
ine (2 mg/kg/day, i.p.) and sacrificed 24 h after the last injec-
tion under deep anaesthesia. Gene expression in the frontal 
cortex was analysed using an Affymetrix rat genome 230 2.0 
array set. The results showed downregulation of 31 genes 
and upregulation of 38 genes in the drug-treated versus con-
trol brains. The application of real-time qPCR verified the 
magnitude and direction of the changes for a number of sig-
nificantly affected genes, including calbindin 3 (S100g), 
reelin, RGS2, and insulin 2 [69]. Recently, Duncan et al. 
(2008) compared the effects of the conventional antipsy-
chotic drug haloperidol on gene expression with the effects 
of the atypical drugs olanzapine and clozapine [70]. Halop-
eridol (1 mg/kg), olanzapine (10 mg/kg), or clozapine (10 
mg/kg) was administered via daily i.p. injection for 7 days to 
male C57BL/6 mice. Five hours after the last injection, the 
mice were sacrificed under 4% halothane anaesthesia. 
Whole-brain gene expression profiles were analysed using 
the Affymetrix GeneChip Mouse Genome 430 2.0 microar-
rays. Data analysis revealed that ~12,000 out of over 39,000 
transcripts showed > 1.5-fold change by at least one drug 
compared with saline-treated controls and 249 transcripts 
were coregulated by all three antipsychotic drugs. Twenty 
candidate genes were chosen for further expression analysis 
based on their regulation by multiple drugs, the chromoso-
mal location of their human orthologs, pattern of expression, 
or relevant neurobiological function [70]. Some of these 
genes have been genetically associated with schizophrenia, 
namely neuroplastin (Nptn/Sdfr1), numb homolog (Droso-
phila)-like (Numbl), proteolipid protein 1 (Plp1), gamma-
aminobutyric acid (GABA) A receptor, 1 (Gabra1), and 
reticulon 4 (Rtn4/(NogoA) [71-75]. Thirteen out of the 
twenty genes showed a statistically significant change in 
mRNA expression as determined by qPCR. To examine 
whether the changes in mRNA expression had led to changes 
into protein expression, whole-brain expression of three of 
the proteins was analysed with Western blots. The Kv chan-
nel interacting protein 3 (Kcnip3) was downregulated in 
brain tissues of the haloperidol- and olanzapine-treated rats, 
Kv1.1 was upregulated in the haloperidol-treated rats and 
NEDD4 was downregulated in the olanzapine-treated rats. 
The authors hypothesised that the specific effects of multiple 
antipsychotic drugs on the expression of four genes regulat-
ing voltage-gated ion channels –potassium voltage-gated 
channel, Shaker-related subfamily, member 1 (Kcna1), Po-
tassium voltage-gated channel, Shaker-related subfamily, 
beta member 1 (Kcnab1), Kcnip3 and Neural precursor cell 
expressed, developmentally downregulated gene 4 (Nedd4)– 
may indicate a role for these neuronal regulators in antipsy-
chotic drug action [70]. In another study on clozapine-treated 
rats, no genes encoding a potassium voltage-gated ion chan-
nel have been found to be deregulated [76]. Male Wistar rats 
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(~200 g) were given a single clozapine (25 mg/kg) i.p. injec-
tion and sacrificed 1, 6 or 24 hrs after the drug administra-
tion. Gene expression in the prefrontal and anterior cingulate 
cortices was analyzed with an Atlas Rat 1.2 Array filter 
(Clontech) of 1176 sequence-verified cDNAs. In situ hy-
bridization was used to validate the regulation of 35 genes 
with the most pronounced changes in the filter array experi-
ments or their close functional relatives. These genes belong 
to many different functional classes. A modest but consistent 
increase (~15%) of chromogranin A (Chga) mRNA was  
observed in the outer and inner layers of the prefrontal  
cortex at 6 hrs after a single clozapine injection. Twenty four 
hrs after clozapine treatment synaptotagmin V mRNA was 
downregulated in the inner layers of the frontal cortex 
(~30%), and in the outer and inner layers of the parietal  
cortex (~15–20%). These results were consistent with the 
filter array results. In situ hybridization confirmed the 
upregulation (~20%) of calcineurin A mRNA in the inner 
layers of the infralimbic cortex 6 hrs after clozapine treat-
ment and a more pronounced upregulation (~70%) in the 
inner layers of the frontal cortex 24 hrs after the treatment. 
Following a chronic treatment (daily injection for 17 days) 
with haloperidol or clozapine, six of the 35 genes were dif-
ferentially expressed as shown by in situ hybridization. The 
chronic clozapine treatment changed the expression of Chga, 
Son of sevenless (Sos) and Syntaxin binding protein 1 
(Stxbp1/Sec1) [76]. An effect of such chronic clozapine 
treatment has been reported previously for Chga mRNA  
expression in striatum, nucleus accumbens, dorsal raphe  
nucleus and prefrontal cortex [77, 78]. The expression of 
Inhibitor of DNA-binding 2 (Id2), RAB12, member RAS 
oncogene family (Rab12) and Visinin-like protein 2 was 
changed by chronic treatment with haloperidol. Interestingly, 
yisinin-like protein 1 has been found previously to be  
downregulated 1 and 24 hrs after a single PCP injection  
(8 mg/kg) in the entorhinal cortex and nucleus accumbens of 
male Sprague-Dawley rats, respectively [79]. Investigators 
who studied previously the effect of PCP on gene expression 
in mice [45] also studied gene expression in male Institute  
of Cancer Research mice (Charles River Laboratories)  
that received daily subcutaneous injections of clozapine  
(7.5 mg/kg) for 20 days. Mice were sacrificed 20 hrs  
after the last injection and mRNA expression in the cerebral 
cortical tissues was analysed with a Clontech Atlas Mouse 
1.2 Array membrane. Of the 1176 genes on this membrane, 
the expression of potassium channel Kcnab1 and prostaglan-
din D2 synthase was decreased, while the expression of sero-
tonin receptor type 2 and myelin-associated oligodendrocytic 
basic protein was increased [80]. In a more recent study, the 
chronic effects of haloperidol, clozapine and phenylpropano-
lamine (an anorexiant drug used to encourage weight  
loss) on 10-12 week old male C57BL6 mice were examined 
[81]. Mice were administered with the drugs orally via food  
pellets daily for 31 days and gene expression in the cortices 
was analysed using the Murine Genome U74A Array  
(Affymetrix) containing ~12000 genes. The authors focused 
on differentially expressed genes involved in body weight 
regulation since antipsychotic drugs such as clozapine  
are associated with clinically significant weight gain [82]. 
However, although the mice treated with clozapine had the 
highest food intake they weighed significantly less than the 

control mice, presumably because the induced weight gain in 
rodents treated with antipsychotic drugs is influenced by a 
variety of factors [83]. The genes aldolase 3 (Aldo3) and 
phospholipase C beta 1 (Plcb1), involved in glycolysis and 
lipid metabolism, respectively, were differentially expressed 
in the clozapine-treated but not in the haloperidol-treated 
mice [81], suggesting that these genes are involved in the 
regulation of body weight rather than in schizophrenia.  
Although drugs such as haloperidol and the atypical antipsy-
chotic risperidone may have different receptor affinities, they 
interfere with neural plasticity and signal transduction in a 
similar manner [84]. Adult Sprague-Dawley rats were daily 
injected i.p. with haloperidol or risperidone and following 
acute or chronic (4 weeks) treatment gene expression in  
the prefrontal/fronto-parieto-temporal cortices was analysed 
with arrays containing 8000 rat genes. The acute treatment 
with risperidone affected the expression of more genes than 
the acute haloperidol treatment (89 and 28 genes, respec-
tively). This could be due to the fact that the high-potential 
D2-, 5HT2- and NA-antagonist risperidone binds to diverse 
receptors, while haloperidol acts only as a D2-antagonist. Of 
the 28 genes differentially expressed upon haloperidol treat-
ment, 18 were also differentially expressed following 
risperidone treatment. In general, each of the drugs affected 
genes with specific functions in signal transduction, tran-
scriptional and translational regulation, protein turnover, and 
cellular metabolism [84]. The effect of chronic risperidone 
treatment of rats on mRNA expression levels in the frontal 
cortex was also studied by Chen and Chen [85]. The use of 
GeneMap Rat Clone Arrays containing cDNA fragments of 
1536 genes revealed 17 genes to be differentially expressed, 
eight of which were validated by qPCR. None of these eight 
genes were found to be differentially expressed in the acute 
and chronic risperidone study of Fehér et al. [84]. 

mRNA EXPRESSION PROFILING IN GENETIC 
ANIMAL MODELS 

 In most cases, a genetic animal model for schizophrenia 
carries a mutation in a gene involved in brain development 
[86]. The mutation is usually in a dopaminergic or a gluta-
matergic gene, in line with the use of DA agonists and 
NMDA antagonists in pharmacological models for schizo-
phrenia [87]. Examples of dopaminergic and glutamatergic 
mutant animals include the DA transporter (DAT), Nurr1 and 
glutamate receptor, ionotropic, NMDA2A (Grin2a/NR2A) 
knockout (KO) mice, and glutamate receptor, ionotropic, 
NMDA1 (Grin1/NR1) knock down mice [88-90]. To our 
knowledge, gene expression has not been analyzed in any of 
these nor in other dopaminergic or glutamatergic mutant 
mice, except in the Nurr1 KO mice. Nurr1, an orphan mem-
ber of the steroid/thyroid hormone receptor family, is an ab-
solute requirement for the proper development of midbrain 
DA neurons. Homozygous Nurr1 KO mice fail to generate 
midbrain DA neurons, are hypoactive and die soon after 
birth [91]. Gene expression has been analyzed in the ventral 
midbrain of homozygous Nurr1 KO mice at embryonic day 
12.5 and PND0 using Affymetrix MGU74Av2 and 
MGU74Bv2 gene chips. Among the differentially expressed 
genes were DA-related genes such as tyrosine hydroxylase 
(TH) and DAT, and also guanosine 5’-triphospate (GTP) 
cyclohydrolase 1 (Gch1/GTPCH), a rate-determining en-
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zyme in the synthesis of tetrahydrobiopterin (BH4), a cofac-
tor essential for TH [92]. 

 Genetic animal models have also been developed on the 
basis of genes thought to play an important role in the aetiol-
ogy of schizophrenia. One of such genes is Reelin (RELN) 
[93-95] and therefore the heterozygous reeler mouse, with a 
reelin insufficiency, has become of interest as an animal 
model [96]. In the reeler mouse brain, the expression of the 
mouse homologue of Strawberry Notch (Sno) was reduced. 
In vitro assays have shown that reelin treatment indeed en-
hanced the expression of Sno. Being a component of the 
notch signaling pathway in Drosophila [97], Sno thus links 
the reelin signal to the regulation of neurogenesis [98]. A 
further schizophrenia animal model is represented by the 
Df1/+ mouse because it carries a hemizygous deletion from 
Es2 to Ufd1l (referred to as Df1 [99]), a region syntenic with 
a human 22q11 deletion causing DiGeorge syndrome; 35% 
of the DiGeorge syndrome patients develop schizophrenia 
[100]. In hippocampal dentate granule neurons of 10-week-
old Df1/+ mice, two genes with a ribosomal protein function 
(Rps2 and Arbp) have been found to be upregulated. Eleven 
genes were downregulated, ten of which were located in the 
22q11 region, including the gene encoding COMT. The only 
downregulated gene not located in the deleted region was B-
cell CLL/lymphoma 7a (Bcl7a), a gene with an unknown 
function [100]. Other genetic animal models for schizophre-
nia concern mice lacking the protein kinase C interacting 
protein/histidine triad nucleotide binding protein 1 (PKCI/ 
HINT1) [101, 102], brain-derived neurotrophic factor (BDNF) 
[103-105], neural cell adhesion molecule (Ncam) 180 [106], 
cyclin-dependent kinase 5 (Cdk5) [107], neural PAS domain 
protein 3 (NPAS3) [108] or LIM homeobox protein 5 (Lhx5) 
[109], mice carrying a mutation in proline dehydrogenase 2 
(PRODH2) [110], Disrupted-in-Schizophrenia-1 (DISC1) 
[111, 112] or neuregulin-1 [113] as well as the Chakragati 
(Ckr) mouse [114]. No gene expression analyses have been 
performed on any of these genetic animal models. 

CONCLUSIONS AND FUTURE DIRECTIONS 

 Our overview of the microarray analyses performed in 

animal models for schizophrenia illustrates that we still can 
not provide a conclusive answer to the question which genes 

play a role in the aetiology of this complex disorder. The 

numerous mRNA expression studies have resulted in even 
more genes that could play a role in the onset of schizophre-

nia than was previously thought. However, since most of 

these genes have been found in only a single study, their 
significance is at present unclear. An exception may consti-

tute the family of sodium and potassium voltage-gated chan-

nels that seems of interest as in seven out of the twenty-six 
microarray studies discussed here at least one member of this 

family has been found to be differentially expressed [34, 45, 

46, 61, 69, 70, 80]. Intriguingly, genes encoding potassium 
channels have already been implicated in the aetiology of 

schizophrenia, such as KCNN3 [115] and recently KCNH2 

[116]. In particular KCNH2 appears to be a strong contribu-
tor to the schizophrenia phenotype because of the presence 

of disease-associated SNPs in its gene together with compel-

ling, converging evidence from (functional) brain imaging, 
mRNA expression and electrophysiological studies [117]. 

 The neurodevelopmental, pharmacological and genetic 
animal models for schizophrenia have been created in differ-
ent ways. This circumstance may explain the near lack of 
overlap between the genes found to be differentially ex-
pressed in the various animal models. Moreover, heterogene-
ity such as the ages of the animals and the ways of treating or 
sacrificing the animals occurs even within one group of ani-
mal models (either neurodevelopmental, pharmacological or 
genetic). For instance, in the various studies on the pharma-
cological models the animals were treated differently in that 
substances were administered at different concentrations and 
at different time intervals, and the time points at which the 
animals were sacrificed following drug administration were 
not the same. Furthermore, before being sacrificed in some 
of these studies the animals were anaesthetized, while it is 
known that anaesthesia may well affect gene expression  
levels [118-121]. In addition, the methods of dissecting the 
brain areas differed and a number of brain regions were ana-
lysed, with each region having its specific mRNA expression 
pattern. For the gene expression analyses, a variety of mi-
croarrays and platforms have been used, ranging in their 
coverage from a couple of thousand genes to the nearly 
complete genome. The variation among the various experi-
ments was further increased by the use of different statistical 
methods and cut-off values. The studies performed with the 
early microarrays and dealing with only a limited number of 
genes should therefore be repeated with the newest microar-
rays or deep sequencing approaches and using the latest 
knowledge, e.g. regarding the effect of anaesthesia on gene 
expression. More overlap in the results of the future genome-
wide mRNA expression studies may then occur, possibly 
leading to the identification of common molecular pathways 
that may well play a role in the aetiology of schizophrenia. 
At present however the studies performed thus far do not 
provide decisive insights. Clearly, more molecular analyses 
of the various animal models for schizophrenia are neces-
sary. It would be of interest to include in such studies  
new genome-wide technologies to explore, besides mRNA 
expression profiles, epigenetic (e.g. DNA methylation or 
histone acetylation), and noncoding RNA and (phospho) 
protein expression patterns as well. 

ACKNOWLEDGEMENT 

 We thank the Dutch Top Institute Pharma (grant T5-209) 
for support. 

REFERENCES 

[1] Rehn, A.E.; Rees, S.M. Investigating the neurodevelopmental 
hypothesis of schizophrenia. Clin. Exp. Pharmacol. Physiol., 2005, 

32(9), 687-696. 
[2] Weinberger, D.R. From neuropathology to neurodevelopment. 

Lancet, 1995, 346(8974), 552-557. 
[3] AmericanPsychiatricAssociation. Diagnostic and statistical manual 

of mental disorders (4th ed.). American Psychiatric Publishing, 
Inc.: Arlington, 1994. 

[4] Keefe, R.S.; Fenton, W.S. How should DSM-V criteria for schizo-
phrenia include cognitive impairment? Schizophr. Bull, 2007, 

33(4), 912-920. 
[5] Mueser, K.T.; McGurk, S.R. Schizophrenia. Lancet, 2004, 

363(9426), 2063-2072. 
[6] Read, J.; Fink, P.J.; Rudegeair, T.; Felitti, V.; Whitfield, C.L. Child 

Maltreatment and Psychosis: A Return to a Genuinely Integrated 
Bio-Psycho-Social Model. Clin. Schizophrenia Related Psychoses, 

2008, 7, 235-254. 



390    Current Neuropharmacology, 2010, Vol. 8, No. 4 van Schijndel and Martens 

[7] Read, J.; van Os, J.; Morrison, A.P.; Ross, C.A. Childhood trauma, 

psychosis and schizophrenia: a literature review with theoretical 
and clinical implications. Acta Psychiatr. Scand., 2005, 112(5), 

330-350. 
[8] Maki, P.; Veijola, J.; Jones, P.B.; Murray, G.K.; Koponen, H.; 

Tienari, P.; Miettunen, J.; Tanskanen, P.; Wahlberg, K.E.; Koskinen, 
J.; Lauronen, E.; Isohanni, M. Predictors of schizophrenia--a re-

view. Br. Med. Bull., 2005, 73-74, 1-15. 
[9] Read, J.; Bentall, R.P.; Fosse, R. Time to abandon the bio-bio-bio 

model of psychosis: Exploring the epigenetic and psychological 
mechanisms by which adverse life events lead to psychotic symp-

toms. Epidemiol. Psichiatr. Soc., 2009, 18(4), 299-310. 
[10] Weaver, I.C.; Cervoni, N.; Champagne, F.A.; D'Alessio,  

A.C.; Sharma, S.; Seckl, J.R.; Dymov, S.; Szyf, M.; Meaney, M.J. 
Epigenetic programming by maternal behavior. Nat. Neurosci., 

2004, 7, 847-854. 
[11] McGuffin, P. Nature and nurture interplay: schizophrenia.  

Psychiatr. Prax, 2004, 31(Suppl 2), S189-193. 
[12] Cardno, A.G.; Gottesman, II Twin studies of schizophrenia: from 

bow-and-arrow concordances to star wars Mx and functional ge-
nomics. Am. J. Med. Genet., 2000, 97(1), 12-17. 

[13] Lewis, C.M.; Levinson, D.F.; Wise, L.H.; DeLisi, L.E.; Straub, 
R.E.; Hovatta, I.; Williams, N.M.; Schwab, S.G.; Pulver, A.E.; Far-

aone, S.V.; Brzustowicz, L.M.; Kaufmann, C.A.; Garver, D.L.; 
Gurling, H.M.; Lindholm, E.; Coon, H.; Moises, H.W.; Byerley, 

W.; Shaw, S.H.; Mesen, A.; Sherrington, R.; O'Neill, F.A.; Walsh, 
D.; Kendler, K.S.; Ekelund, J.; Paunio, T.; Lonnqvist, J.; Peltonen, 

L.; O'Donovan, M.C.; Owen, M.J.; Wildenauer, D.B.; Maier, W.; 
Nestadt, G.; Blouin, J.L.; Antonarakis, S.E.; Mowry, B.J.; Silver-

man, J.M.; Crowe, R.R.; Cloninger, C.R.; Tsuang, M.T.; 
Malaspina, D.; Harkavy-Friedman, J.M.; Svrakic, D.M.; Bassett, 

A.S.; Holcomb, J.; Kalsi, G.; McQuillin, A.; Brynjolfson, J.;  
Sigmundsson, T.; Petursson, H.; Jazin, E.; Zoega, T.; Helgason, T. 

Genome scan meta-analysis of schizophrenia and bipolar disorder, 
part II: Schizophrenia. Am. J. Hum. Genet., 2003, 73(1), 34-48. 

[14] Riley, B.; Kendler, K.S. Molecular genetic studies of schizophrenia. 
Eur. J. Hum. Genet., 2006, 14(6), 669-680. 

[15] Bentall, R.P.; Fernyhough, C. Social predictors of psychotic expe-
riences: specificity and psychological mechanisms. Schizophr. 

Bull., 2008, 34(6), 1012-1020. 
[16] Ruggeri, M.; Tansella, M. The interaction between genetics and 

epidemiology: the puzzle and its pieces. Epidemiol. Psichiatr. Soc., 
2009, 18(2), 77-80. 

[17] Gaebel, W.; Zielasek, J. The DSM-V initiative "deconstructing 
psychosis" in the context of Kraepelin's concept on nosology. Eur. 

Arch. Psychiatry Clin. Neurosci., 2008, 258(Suppl 2), 41-47. 
[18] Lipska, B.K.; Weinberger, D.R. To model a psychiatric disorder in 

animals: schizophrenia as a reality test. Neuropsychopharmacol-
ogy, 2000, 23(3), 223-239. 

[19] van den Buuse, M. Modeling the positive symptoms of schizophre-
nia in genetically modified mice: pharmacology and methodology 

aspects. Schizophr. Bull., 2010, 36(2), 246-270. 
[20] Marcotte, E.R.; Pearson, D.M.; Srivastava, L.K. Animal models of 

schizophrenia: a critical review. J. Psychiatry Neurosci., 2001, 
26(5), 395-410. 

[21] Desbonnet, L.; Waddington, J.L.; O'Tuathaigh, C.M. Mutant mod-
els for genes associated with schizophrenia. Biochem. Soc. Trans., 

2009, 37(Pt 1), 308-312. 
[22] Tordjman, S.; Drapier, D.; Bonnot, O.; Graignic, R.; Fortes, S.; 

Cohen, D.; Millet, B.; Laurent, C.; Roubertoux, P.L. Animal mod-
els relevant to schizophrenia and autism: validity and limitations. 

Behav. Genet., 2007, 37(1), 61-78. 
[23] Dalman, C.; Allebeck, P.; Gunnell, D.; Harrison, G.; Kristensson, 

K.; Lewis, G.; Lofving, S.; Rasmussen, F.; Wicks, S.; Karlsson, H. 
Infections in the CNS during childhood and the risk of subsequent 

psychotic illness: a cohort study of more than one million Swedish 
subjects. Am. J. Psychiatry, 2008, 165(1), 59-65. 

[24] Yudofsky, S.C. Contracting schizophrenia: lessons from the influ-
enza epidemic of 1918-1919. JAMA, 2009, 301(3), 324-326. 

[25] Winter, C.; Reutiman, T.J.; Folsom, T.D.; Sohr, R.; Wolf, R.J.; 
Juckel, G.; Fatemi, S.H. Dopamine and serotonin levels following 

prenatal viral infection in mouse--implications for psychiatric disorders 
such as schizophrenia and autism. Eur. Neuropsychopharmacol., 

2008, 18(10), 712-716. 

[26] Fatemi, S.H.; Reutiman, T.J.; Folsom, T.D.; Huang, H.; Oishi, K.; 

Mori, S.; Smee, D.F.; Pearce, D.A.; Winter, C.; Sohr, R.; Juckel, G. 
Maternal infection leads to abnormal gene regulation and brain at-

rophy in mouse offspring: implications for genesis of neurodevel-
opmental disorders. Schizophr. Res., 2008, 99(1-3), 56-70. 

[27] Birchmeier, C. ErbB receptors and the development of the nervous 
system. Exp. Cell Res., 2009, 315(4), 611-618. 

[28] Eastwood, S.L.; Law, A.J.; Everall, I.P.; Harrison, P.J. The axonal 
chemorepellant semaphorin 3A is increased in the cerebellum in 

schizophrenia and may contribute to its synaptic pathology. Mol. 
Psychiatry, 2003, 8(2), 148-155. 

[29] Suzuki, K.; Nakamura, K.; Iwata, Y.; Sekine, Y.; Kawai, M.; Sugi-
hara, G.; Tsuchiya, K.J.; Suda, S.; Matsuzaki, H.; Takei, N.; Ha-

shimoto, K.; Mori, N. Decreased expression of reelin receptor 
VLDLR in peripheral lymphocytes of drug-naive schizophrenic pa-

tients. Schizophr. Res., 2008, 98(1-3), 148-156. 
[30] Fatemi, S.H.; Pearce, D.A.; Brooks, A.I.; Sidwell, R.W. Prenatal 

viral infection in mouse causes differential expression of genes in 
brains of mouse progeny: a potential animal model for schizophre-

nia and autism. Synapse, 2005, 57(2), 91-99. 
[31] Sanjuan, J.; Tolosa, A.; Gonzalez, J.C.; Aguilar, E.J.; Perez-Tur, J.; 

Najera, C.; Molto, M.D.; de Frutos, R. Association between 
FOXP2 polymorphisms and schizophrenia with auditory hallucina-

tions. Psychiar. Genet., 2006, 16(2), 67-72. 
[32] Williams, B.L.; Yaddanapudi, K.; Kirk, C.M.; Soman, A.; Hornig, 

M.; Lipkin, W.I. Metallothioneins and zinc dysregulation contrib-
ute to neurodevelopmental damage in a model of perinatal viral in-

fection. Brain Pathol., 2006, 16(1), 1-14. 
[33] Koenig, J.I.; Kirkpatrick, B.; Lee, P. Glucocorticoid hormones and 

early brain development in schizophrenia. Neuropsychopharmacol-
ogy, 2002, 27(2), 309-318. 

[34] Kinnunen, A.K.; Koenig, J.I.; Bilbe, G. Repeated variable prenatal 
stress alters pre- and postsynaptic gene expression in the rat frontal 

pole. J. Neurochem., 2003, 86(3), 736-748. 
[35] Lipska, B.K.; Jaskiw, G.E.; Weinberger, D.R. Postpubertal emer-

gence of hyperresponsiveness to stress and to amphetamine after 
neonatal excitotoxic hippocampal damage: a potential animal 

model of schizophrenia. Neuropsychopharmacology, 1993, 9(1), 
67-75. 

[36] Lipska, B.K.; Weinberger, D.R. A neurodevelopmental model of 
schizophrenia: neonatal disconnection of the hippocampus. Neuro-

tox. Res., 2002, 4(5-6), 469-475. 
[37] Wong, A.H.; Lipska, B.K.; Likhodi, O.; Boffa, E.; Weinberger, 

D.R.; Kennedy, J.L.; Van Tol, H.H. Cortical gene expression in the 
neonatal ventral-hippocampal lesion rat model. Schizophr. Res., 

2005, 77(2-3), 261-270. 
[38] Palomo, T.; Kostrzewa, R.M.; Archer, T.; Beninger, R.J. Neurode-

velopmental liabilities in schizophrenia and affective disorders. 
Neurotox. Res., 2002, 4(5-6), 397-408. 

[39] Kohda, K.; Jinde, S.; Iwamoto, K.; Bundo, M.; Kato, N.; Kato, T. 
Maternal separation stress drastically decreases expression of 

transthyretin in the brains of adult rat offspring. Int. J. Neuropsy-
chopharmacol., 2006, 9(2), 201-208. 

[40] Coolen, M.W.; Van Loo, K.M.; Van Bakel, N.N.; Pulford, D.J.; 
Serneels, L.; De Strooper, B.; Ellenbroek, B.A.; Cools, A.R.; Mar-

tens, G.J. Gene dosage effect on gamma-secretase component Aph-
1b in a rat model for neurodevelopmental disorders. Neuron, 2005, 

45(4), 497-503. 
[41] Whitaker-Azmitia, P.; Zhou, F.; Hobin, J.; Borella, A. Isolation-

rearing of rats produces deficits as adults in the serotonergic inner-
vation of hippocampus. Peptides, 2000, 21(11), 1755-1759. 

[42] Ibi, D.; Takuma, K.; Koike, H.; Mizoguchi, H.; Tsuritani, K.; Ku-
wahara, Y.; Kamei, H.; Nagai, T.; Yoneda, Y.; Nabeshima, T.; 

Yamada, K. Social isolation rearing-induced impairment of the 
hippocampal neurogenesis is associated with deficits in spatial 

memory and emotion-related behaviors in juvenile mice. J. Neuro-
chem., 2008, 105(3), 921-932. 

[43] Bubenikova-Valesova, V.; Horacek, J.; Vrajova, M.; Hoschl, C. 
Models of schizophrenia in humans and animals based on inhibi-

tion of NMDA receptors. Neurosci. Biobehav. Rev., 2008, 32(5), 
1014-1023. 

[44] Ikonomidou, C.; Bosch, F.; Miksa, M.; Bittigau, P.; Vockler, J.; 
Dikranian, K.; Tenkova, T.I.; Stefovska, V.; Turski, L.; Olney, 

J.W. Blockade of NMDA receptors and apoptotic neurodegenera-
tion in the developing brain. Science, 1999, 283(5398), 70-74. 



Gene Expression Profiling in Rodent Models for Schizophrenia Current Neuropharmacology, 2010, Vol. 8, No. 4    391 

[45] Toyooka, K.; Usui, M.; Washiyama, K.; Kumanishi, T.; Takahashi, 

Y. Gene expression profiles in the brain from phencyclidine-treated 
mouse by using DNA microarray. Ann. N. Y. Acad. Sci., 2002, 965, 

10-20. 
[46] Kaiser, S.; Foltz, L.A.; George, C.A.; Kirkwood, S.C.; Bemis, 

K.G.; Lin, X.; Gelbert, L.M.; Nisenbaum, L.K. Phencyclidine-
induced changes in rat cortical gene expression identified by mi-

croarray analysis: implications for schizophrenia. Neurobiol. Dis., 
2004, 16(1), 220-235. 

[47] Takebayashi, H.; Yamamoto, N.; Umino, A.; Nishikawa, T. Devel-
opmentally regulated and thalamus-selective induction of leio-

modin2 gene by a schizophrenomimetic, phencyclidine, in the rat. 
Int. J. Neuropsychopharmacol., 2009, 1-16. 

[48] Annetta, M.G.; Iemma, D.; Garisto, C.; Tafani, C.; Proietti, R. 
Ketamine: new indications for an old drug. Curr. Drug Targets, 

2005, 6(7), 789-794. 
[49] Lowe, X.R.; Lu, X.; Marchetti, F.; Wyrobek, A.J. The expression 

of Troponin T1 gene is induced by ketamine in adult mouse brain. 
Brain Res., 2007, 1174, 7-17. 

[50] Chen, L.; Guo, Q.; Li, J.Y. Transcription factor Gbx2 acts cell-
nonautonomously to regulate the formation of lineage-restriction 

boundaries of the thalamus. Development, 2009, 136(8), 1317-
1326. 

[51] De, S.; Turman, J.E., Jr. Krox-20 gene expression: influencing 
hindbrain-craniofacial developmental interactions. Arch. Histol. 

Cytol., 2005, 68(4), 227-234. 
[52] Basu, A. Involvement of protein kinase C-delta in DNA damage-

induced apoptosis. J. Cell Mol. Med., 2003, 7(4), 341-350. 
[53] Wai, P.Y.; Kuo, P.C. The role of Osteopontin in tumor metastasis. 

J. Surg. Res., 2004, 121(2), 228-241. 
[54] de Moraes, E.; Dar, N.A.; de Moura Gallo, C.V.; Hainaut, P. Cross-

talks between cyclooxygenase-2 and tumor suppressor protein p53: 
Balancing life and death during inflammatory stress and carcino-

genesis. Int. J. Cancer, 2007, 121(5), 929-937. 
[55] Sheikh, M.S.; Hollander, M.C.; Fornance, A.J., Jr. Role of Gadd45 

in apoptosis. Biochem. Pharmacol., 2000, 59(1), 43-45. 
[56] Kim, M.S.; Pak, Y.K.; Jang, P.G.; Namkoong, C.; Choi, Y.S.; 

Won, J.C.; Kim, K.S.; Kim, S.W.; Kim, H.S.; Park, J.Y.; Kim, 
Y.B.; Lee, K.U. Role of hypothalamic Foxo1 in the regulation of 

food intake and energy homeostasis. Nat. Neurosci., 2006, 9(7), 
901-906. 

[57] Holt, R.I.; Peveler, R.C.; Byrne, C.D. Schizophrenia, the metabolic 
syndrome and diabetes. Diabet. Med., 2004, 21(6), 515-523. 

[58] Woodruff, G.N.; Foster, A.C.; Gill, R.; Kemp, J.A.; Wong, E.H.; 
Iversen, L.L. The interaction between MK-801 and receptors for N-

methyl-D-aspartate: functional consequences. Neuropharmacology, 
1987, 26(7B), 903-909. 

[59] Nesic, O.; Svrakic, N.M.; Xu, G.Y.; McAdoo, D.; Westlund, K.N.; 
Hulsebosch, C.E.; Ye, Z.; Galante, A.; Soteropoulos, P.; Tolias, P.; 

Young, W.; Hart, R.P.; Perez-Polo, J.R. DNA microarray analysis 
of the contused spinal cord: effect of NMDA receptor inhibition. J. 

Neurosci. Res., 2002, 68(4), 406-423. 
[60] Feng, Z.; Davis, D.P.; Sasik, R.; Patel, H.H.; Drummond, J.C.; 

Patel, P.M. Pathway and gene ontology based analysis of gene ex-
pression in a rat model of cerebral ischemic tolerance. Brain Res., 

2007, 1177, 103-123. 
[61] Marvanova, M.; Lakso, M.; Wong, G. Identification of genes regu-

lated by memantine and MK-801 in adult rat brain by cDNA mi-
croarray analysis. Neuropsychopharmacology, 2004, 29(6), 1070-

1079. 
[62] Matsuoka, T.; Tsunoda, M.; Sumiyoshi, T.; Takasaki, I.; Tabuchi, 

Y.; Seo, T.; Tanaka, K.; Uehara, T.; Itoh, H.; Suzuki, M.; Kurachi, 
M. Effect of MK-801 on gene expressions in the amygdala of rats. 

Synapse, 2008, 62(1), 1-7. 
[63] Howes, O.D.; Kapur, S. The dopamine hypothesis of schizophre-

nia: version III--the final common pathway. Schizophr. Bull., 2009, 
35(3), 549-562. 

[64] Depatie, L.; Lal, S. Apomorphine and the dopamine hypothesis of 
schizophrenia: a dilemma? J. Psychiatry Neurosci., 2001, 26(3), 

203-220. 
[65] Ellenbroek, B.A.; Sluyter, F.; Cools, A.R. The role of genetic and 

early environmental factors in determining apomorphine suscepti-
bility. Psychopharmacology (Berl), 2000, 148(2), 124-131. 

[66] Geyer, M.A. Behavioral studies of hallucinogenic drugs in animals: 

implications for schizophrenia research. Pharmacopsychiatry, 
1998, 31(Suppl 2), 73-79. 

[67] Bymaster, F.P.; Rasmussen, K.; Calligaro, D.O.; Nelson, D.L.; 
DeLapp, N.W.; Wong, D.T.; Moore, N.A. In vitro and in vivo bio-

chemistry of olanzapine: a novel, atypical antipsychotic drug. J. 
Clin. Psychiatry, 1997, 58(Suppl 10), 28-36. 

[68] Tarazi, F.I.; Baldessarini, R.J.; Kula, N.S.; Zhang, K. Long-term 
effects of olanzapine, risperidone, and quetiapine on ionotropic glu-

tamate receptor types: implications for antipsychotic drug treat-
ment. J. Pharmacol. Exp. Ther., 2003, 306(3), 1145-1151. 

[69] Fatemi, S.H.; Reutiman, T.J.; Folsom, T.D.; Bell, C.; Nos, L.; 
Fried, P.; Pearce, D.A.; Singh, S.; Siderovski, D.P.; Willard, F.S.; 

Fukuda, M. Chronic olanzapine treatment causes differential ex-
pression of genes in frontal cortex of rats as revealed by DNA mi-

croarray technique. Neuropsychopharmacology, 2006, 31(9), 1888-
1899. 

[70] Duncan, C.E.; Chetcuti, A.F.; Schofield, P.R. Coregulation of 
genes in the mouse brain following treatment with clozapine, 

haloperidol, or olanzapine implicates altered potassium channel 
subunit expression in the mechanism of antipsychotic drug action. 

Psychiatr. Genet., 2008, 18(5), 226-239. 
[71] Saito, A.; Fujikura-Ouchi, Y.; Kuramasu, A.; Shimoda, K.; Aki-

yama, K.; Matsuoka, H.; Ito, C. Association study of putative pro-
moter polymorphisms in the neuroplastin gene and schizophrenia. 

Neurosci. Lett., 2007, 411(3), 168-173. 
[72] Passos Gregorio, S.; Gattaz, W.F.; Tavares, H.; Kieling, C.; Timm, 

S.; Wang, A.G.; Berg Rasmussen, H.; Werge, T.; Dias-Neto, E. 
Analysis of coding-polymorphisms in NOTCH-related genes  

reveals NUMBL poly-glutamine repeat to be associated with 
schizophrenia in Brazilian and Danish subjects. Schizophr. Res., 

2006, 88(1-3), 275-282. 
[73] Qin, W.; Gao, J.; Xing, Q.; Yang, J.; Qian, X.; Li, X.; Guo, Z.; 

Chen, H.; Wang, L.; Huang, X.; Gu, N.; Feng, G.; He, L. A family-
based association study of PLP1 and schizophrenia. Neurosci. Lett., 

2005, 375(3), 207-210. 
[74] Petryshen, T.L.; Middleton, F.A.; Tahl, A.R.; Rockwell, G.N.; 

Purcell, S.; Aldinger, K.A.; Kirby, A.; Morley, C.P.; McGann, L.; 
Gentile, K.L.; Waggoner, S.G.; Medeiros, H.M.; Carvalho, C.; Ma-

cedo, A.; Albus, M.; Maier, W.; Trixler, M.; Eichhammer, P.; 
Schwab, S.G.; Wildenauer, D.B.; Azevedo, M.H.; Pato, M.T.; Pato, 

C.N.; Daly, M.J.; Sklar, P. Genetic investigation of chromosome 5q 
GABAA receptor subunit genes in schizophrenia. Mol. Psychiatry, 

2005, 10(12), 1074-1088, 1057. 
[75] Novak, G.; Kim, D.; Seeman, P.; Tallerico, T. Schizophrenia and 

Nogo: elevated mRNA in cortex, and high prevalence of a homo-
zygous CAA insert. Brain Res. Mol. Brain Res., 2002, 107(2), 183-

189. 
[76] Kontkanen, O.; Toronen, P.; Lakso, M.; Wong, G.; Castren, E. 

Antipsychotic drug treatment induces differential gene expression 
in the rat cortex. J. Neurochem., 2002, 83(5), 1043-1053. 

[77] Kroesen, S.; Marksteiner, J.; Mahata, S.K.; Mahata, M.; Fischer-
Colbrie, R.; Saria, A.; Kapeller, I.; Winkler, H. Effects of haloperi-

dol, clozapine and citalopram on messenger RNA levels of chro-
mogranins A and B and secretogranin II in various regions of rat 

brain. Neuroscience, 1995, 69(3), 881-891. 
[78] Bauer, R.; Mayr, A.; Lederer, W.; Needham, P.L.; Kilpatrick, I.C.; 

Fleischhacker, W.W.; Marksteiner, J. Further evidence that behav-
ioral tests and neuropeptide mRNA and tissue level alterations can 

differentiate between typical and atypical antipsychotic drugs. Neu-
ropsychopharmacology, 2000, 23(1), 46-55. 

[79] Kajimoto, Y.; Shirakawa, O.; Kuno, T.; Nishino, N.; Nakai, H. 
Delayed changes in neural visinin-like calcium-binding protein 

gene expression caused by acute phencyclidine administration. J. 
Neural Transm. Gen. Sect., 1995, 100(3), 257-262. 

[80] Takahashi, Y.; Kumanishi, T.; Hayashi, S. Using a DNA microar-
ray method to examine gene expression in brain from clozapine-

injected mice. Ann. N. Y. Acad. Sci., 2004, 1025, 561-569. 
[81] Mehler-Wex, C.; Grunblatt, E.; Zeiske, S.; Gille, G.; Rausch, D.; 

Warnke, A.; Gerlach, M. Microarray analysis reveals distinct gene 
expression patterns in the mouse cortex following chronic neuro-

leptic and stimulant treatment: implications for body weight 
changes. J. Neural. Transm., 2006, 113(10), 1383-1393. 



392    Current Neuropharmacology, 2010, Vol. 8, No. 4 van Schijndel and Martens 

[82] Taylor, D.M.; McAskill, R. Atypical antipsychotics and weight 

gain--a systematic review. Acta Psychiatr. Scand., 2000, 101(6), 
416-432. 

[83] Cooper, G.D.; Harrold, J.A.; Halford, J.C.; Goudie, A.J. Chronic 
clozapine treatment in female rats does not induce weight gain or 

metabolic abnormalities but enhances adiposity: implications for 
animal models of antipsychotic-induced weight gain. Prog. Neuro-

psychopharmacol. Biol. Psychiatry, 2008, 32(2), 428-436. 
[84] Feher, L.Z.; Kalman, J.; Puskas, L.G.; Gyulveszi, G.; Kitajka, K.; 

Penke, B.; Palotas, M.; Samarova, E.I.; Molnar, J.; Zvara, A.; 
Matin, K.; Bodi, N.; Hugyecz, M.; Pakaski, M.; Bjelik, A.; Juhasz, 

A.; Bogats, G.; Janka, Z.; Palotas, A. Impact of haloperidol and 
risperidone on gene expression profile in the rat cortex. Neuro-

chem. Int., 2005, 47(4), 271-280. 
[85] Chen, M.L.; Chen, C.H. Microarray analysis of differentially ex-

pressed genes in rat frontal cortex under chronic risperidone treat-
ment. Neuropsychopharmacology, 2005, 30(2), 268-277. 

[86] Chen, J.; Lipska, B.K.; Weinberger, D.R. Genetic mouse models of 
schizophrenia: from hypothesis-based to susceptibility gene-based 

models. Biol. Psychiatry, 2006, 59(12), 1180-1188. 
[87] Gainetdinov, R.R.; Mohn, A.R.; Caron, M.G. Genetic animal mod-

els: focus on schizophrenia. Trends Neurosci., 2001, 24(9), 527-
533. 

[88] Mohn, A.R.; Gainetdinov, R.R.; Caron, M.G.; Koller, B.H. Mice 
with reduced NMDA receptor expression display behaviors related 

to schizophrenia. Cell, 1999, 98(4), 427-436. 
[89] Spielewoy, C.; Roubert, C.; Hamon, M.; Nosten-Bertrand, M.; 

Betancur, C.; Giros, B. Behavioural disturbances associated with 
hyperdopaminergia in dopamine-transporter knockout mice. Behav. 

Pharmacol., 2000, 11(3-4), 279-290. 
[90] Miyamoto, Y.; Yamada, K.; Noda, Y.; Mori, H.; Mishina, M.; 

Nabeshima, T. Hyperfunction of dopaminergic and serotonergic 
neuronal systems in mice lacking the NMDA receptor epsilon1 

subunit. J. Neurosci., 2001, 21(2), 750-757. 
[91] Zetterstrom, R.H.; Solomin, L.; Jansson, L.; Hoffer, B.J.; Olson, L.; 

Perlmann, T. Dopamine neuron agenesis in Nurr1-deficient mice. 
Science, 1997, 276(5310), 248-250. 

[92] Gil, M.; McKinney, C.; Lee, M.K.; Eells, J.B.; Phyillaier, M.A.; 
Nikodem, V.M. Regulation of GTP cyclohydrolase I expression by 

orphan receptor Nurr1 in cell culture and in vivo. J. Neurochem., 
2007, 101(1), 142-150. 

[93] Kahler, A.K.; Djurovic, S.; Kulle, B.; Jonsson, E.G.; Agartz, I.; 
Hall, H.; Opjordsmoen, S.; Jakobsen, K.D.; Hansen, T.; Melle, I.; 

Werge, T.; Steen, V.M.; Andreassen, O.A. Association analysis of 
schizophrenia on 18 genes involved in neuronal migration: 

MDGA1 as a new susceptibility gene. Am. J. Med. Genet. B Neu-
ropsychiatr. Genet., 2008, 147B(7), 1089-1100. 

[94] Impagnatiello, F.; Guidotti, A.R.; Pesold, C.; Dwivedi, Y.; Ca-
runcho, H.; Pisu, M.G.; Uzunov, D.P.; Smalheiser, N.R.; Davis, 

J.M.; Pandey, G.N.; Pappas, G.D.; Tueting, P.; Sharma, R.P.; 
Costa, E. A decrease of reelin expression as a putative vulnerability 

factor in schizophrenia. Proc. Natl. Acad. Sci. USA, 1998, 95(26), 
15718-15723. 

[95] Grayson, D.R.; Chen, Y.; Costa, E.; Dong, E.; Guidotti, A.; Kun-
dakovic, M.; Sharma, R.P. The human reelin gene: transcription 

factors (+), repressors (-) and the methylation switch (+/-) in 
schizophrenia. Pharmacol. Ther., 2006, 111(1), 272-286. 

[96] Tueting, P.; Costa, E.; Dwivedi, Y.; Guidotti, A.; Impagnatiello, F.; 
Manev, R.; Pesold, C. The phenotypic characteristics of heterozy-

gous reeler mouse. Neuroreport, 1999, 10(6), 1329-1334. 
[97] Majumdar, A.; Nagaraj, R.; Banerjee, U. strawberry notch encodes 

a conserved nuclear protein that functions downstream of Notch 
and regulates gene expression along the developing wing margin of 

Drosophila. Genes Dev., 1997, 11(10), 1341-1353. 
[98] Baba, K.; Dekimoto, H.; Muraoka, D.; Agata, K.; Terashima, T.; 

Katsuyama, Y. A mouse homologue of Strawberry Notch is tran-
scriptionally regulated by Reelin signal. Biochem. Biophys. Res. 

Commun., 2006, 350(4), 842-849. 
[99] Lindsay, E.A.; Botta, A.; Jurecic, V.; Carattini-Rivera, S.; Cheah, 

Y.C.; Rosenblatt, H.M.; Bradley, A.; Baldini, A. Congenital heart 
disease in mice deficient for the DiGeorge syndrome region.  

Nature, 1999, 401(6751), 379-383. 
[100] Jurata, L.W.; Gallagher, P.; Lemire, A.L.; Charles, V.; Brockman, 

J.A.; Illingworth, E.L.; Altar, C.A. Altered expression of hippo-

campal dentate granule neuron genes in a mouse model of human 

22q11 deletion syndrome. Schizophr. Res., 2006, 88(1-3), 251-259. 
[101] Vawter, M.P.; Shannon Weickert, C.; Ferran, E.; Matsumoto, M.; 

Overman, K.; Hyde, T.M.; Weinberger, D.R.; Bunney, W.E.; Kle-
inman, J.E. Gene expression of metabolic enzymes and a protease 

inhibitor in the prefrontal cortex are decreased in schizophrenia. 
Neurochem. Res., 2004, 29(6), 1245-1255. 

[102] Barbier, E.; Zapata, A.; Oh, E.; Liu, Q.; Zhu, F.; Undie, A.; Ship-
penberg, T.; Wang, J.B. Supersensitivity to amphetamine in protein 

kinase-C interacting protein/HINT1 knockout mice. Neuropsycho-
pharmacology, 2007, 32(8), 1774-1782. 

[103] Kernie, S.G.; Liebl, D.J.; Parada, L.F. BDNF regulates eating be-
havior and locomotor activity in mice. EMBO J., 2000, 19(6), 

1290-1300. 
[104] Lyons, W.E.; Mamounas, L.A.; Ricaurte, G.A.; Coppola, V.; Reid, 

S.W.; Bora, S.H.; Wihler, C.; Koliatsos, V.E.; Tessarollo, L. Brain-
derived neurotrophic factor-deficient mice develop aggressiveness 

and hyperphagia in conjunction with brain serotonergic abnormali-
ties. Proc. Natl. Acad. Sci. USA, 1999, 96(26), 15239-15244. 

[105] Gorski, J.A.; Balogh, S.A.; Wehner, J.M.; Jones, K.R. Learning 
deficits in forebrain-restricted brain-derived neurotrophic factor 

mutant mice. Neuroscience, 2003, 121(2), 341-354. 
[106] Wood, G.K.; Tomasiewicz, H.; Rutishauser, U.; Magnuson, T.; 

Quirion, R.; Rochford, J.; Srivastava, L.K. NCAM-180 knockout 
mice display increased lateral ventricle size and reduced prepulse 

inhibition of startle. Neuroreport, 1998, 9(3), 461-466. 
[107] Ohshima, T.; Ward, J.M.; Huh, C.G.; Longenecker, G.; Veeranna; 

Pant, H.C.; Brady, R.O.; Martin, L.J.; Kulkarni, A.B. Targeted dis-
ruption of the cyclin-dependent kinase 5 gene results in abnormal 

corticogenesis, neuronal pathology and perinatal death. Proc. Natl. 
Acad. Sci. USA, 1996, 93(20), 11173-11178. 

[108] Erbel-Sieler, C.; Dudley, C.; Zhou, Y.; Wu, X.; Estill, S.J.; Han, T.; 
Diaz-Arrastia, R.; Brunskill, E.W.; Potter, S.S.; McKnight, S.L. 

Behavioral and regulatory abnormalities in mice deficient in the 
NPAS1 and NPAS3 transcription factors. Proc. Natl. Acad. Sci 

USA, 2004, 101(37), 13648-13653. 
[109] Paylor, R.; Zhao, Y.; Libbey, M.; Westphal, H.; Crawley, J.N. 

Learning impairments and motor dysfunctions in adult Lhx5-
deficient mice displaying hippocampal disorganization. Physiol. 

Behav., 2001, 73(5), 781-792. 
[110] Gogos, J.A.; Santha, M.; Takacs, Z.; Beck, K.D.; Luine, V.; Lucas, 

L.R.; Nadler, J.V.; Karayiorgou, M. The gene encoding proline de-
hydrogenase modulates sensorimotor gating in mice. Nat. Genet., 

1999, 21(4), 434-439. 
[111] Pletnikov, M.V.; Ayhan, Y.; Nikolskaia, O.; Xu, Y.; Ovanesov, 

M.V.; Huang, H.; Mori, S.; Moran, T.H.; Ross, C.A. Inducible ex-
pression of mutant human DISC1 in mice is associated with brain 

and behavioral abnormalities reminiscent of schizophrenia. Mol. 
Psychiatry, 2008, 13(2), 173-186, 115. 

[112] Li, W.; Zhou, Y.; Jentsch, J.D.; Brown, R.A.; Tian, X.; Ehninger, 
D.; Hennah, W.; Peltonen, L.; Lonnqvist, J.; Huttunen, M.O.; 

Kaprio, J.; Trachtenberg, J.T.; Silva, A.J.; Cannon, T.D. Specific 
developmental disruption of disrupted-in-schizophrenia-1 function 

results in schizophrenia-related phenotypes in mice. Proc. Natl. 
Acad. Sci. USA, 2007, 104(46), 18280-18285. 

[113] Karl, T.; Duffy, L.; Scimone, A.; Harvey, R.P.; Schofield, P.R. 
Altered motor activity, exploration and anxiety in heterozygous 

neuregulin 1 mutant mice: implications for understanding schizo-
phrenia. Genes Brain Behav., 2007, 6(7), 677-687. 

[114] Torres, G.; Hallas, B.H.; Vernace, V.A.; Jones, C.; Gross, K.W.; 
Horowitz, J.M. A neurobehavioral screening of the ckr mouse mu-

tant: implications for an animal model of schizophrenia. Brain Res. 
Bull., 2004, 62(4), 315-326. 

[115] Tomita, H.; Shakkottai, V.G.; Gutman, G.A.; Sun, G.; Bunney, 
W.E.; Cahalan, M.D.; Chandy, K.G.; Gargus, J.J. Novel truncated 

isoform of SK3 potassium channel is a potent dominant-negative 
regulator of SK currents: implications in schizophrenia. Mol. Psy-

chiatry, 2003, 8(5), 524-535, 460. 
[116] Huffaker, S.J.; Chen, J.; Nicodemus, K.K.; Sambataro, F.; Yang, 

F.; Mattay, V.; Lipska, B.K.; Hyde, T.M.; Song, J.; Rujescu, D.; 
Giegling, I.; Mayilyan, K.; Proust, M.J.; Soghoyan, A.; Caforio, G.; 

Callicott, J.H.; Bertolino, A.; Meyer-Lindenberg, A.; Chang, J.; Ji, 
Y.; Egan, M.F.; Goldberg, T.E.; Kleinman, J.E.; Lu, B.; Wein-

berger, D.R. A primate-specific, brain isoform of KCNH2 affects 



Gene Expression Profiling in Rodent Models for Schizophrenia Current Neuropharmacology, 2010, Vol. 8, No. 4    393 

cortical physiology, cognition, neuronal repolarization and risk of 

schizophrenia. Nat. Med., 2009, 15(5), 509-518. 
[117] Horvath, S.; Mirnics, K. Breaking the gene barrier in schizophre-

nia. Nat. Med., 2009, 15(5), 488-490. 
[118] Dampney, R.A.; Li, Y.W.; Hirooka, Y.; Potts, P.; Polson, J.W. Use 

of c-fos functional mapping to identify the central baroreceptor re-
flex pathway: advantages and limitations. Clin. Exp. Hypertens., 

1995, 17(1-2), 197-208. 
[119] Vahl, T.P.; Ulrich-Lai, Y.M.; Ostrander, M.M.; Dolgas, C.M.; 

Elfers, E.E.; Seeley, R.J.; D'Alessio, D.A.; Herman, J.P. Compara-

tive analysis of ACTH and corticosterone sampling methods in rats. 

Am. J. Physiol. Endocrinol. Metab., 2005, 289(5), E823-828. 
[120] Nakazato, K.; Yoshida, Y.; Takemori, K.; Kobayashi, K.; Saka-

moto, A. Expressions of genes encoding drug-metabolizing en-
zymes are altered after sevoflurane, isoflurane, propofol or dex-

medetomidine anesthesia. Biomed. Res., 2009, 30(1), 17-24. 
[121] Culley, D.J.; Yukhananov, R.Y.; Xie, Z.; Gali, R.R.; Tanzi, R.E.; 

Crosby, G. Altered hippocampal gene expression 2 days after  
general anesthesia in rats. Eur. J. Pharmacol., 2006, 549(1-3), 71-

78. 

 

 

Received: October 08, 2009 Revised: April 15, 2010 Accepted: April 30, 2010 

 

 


