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Abstract
Rationale Changes in the cortical expression of small non-
coding microRNA (miRNA) have been observed in
postmortem analysis of psychotic disorders. Antipsychotic
drugs (APDs) are the most effective treatment option for
these disorders and have been associated with changes in
gene expression. MicroRNA regulate numerous genes in-
volved in brain development and function. It is therefore
plausible to question whether miRNA expression is also
altered and hence whether they take part in the neuroleptic
mechanism of action.
Objectives We sought to investigate whether treatment with
APDs induces changes in miRNA expression and query the
functional implications of such changes. Furthermore, we

investigated the possible functional interplay of miRNA–
gene regulatory interactions.
Method High-throughput miRNA profiling of the whole
brain of C57BL/6 mice treated with haloperidol, olanzapine
or clozapine for 7 days was performed. Functional analysis
was conducted on the putative targets of altered microRNA.
Significant miRNA–gene regulatory interactions were eval-
uated by the integration of genome-wide mRNA expression
analysis using the Bayesian networks with splitting–averag-
ing strategy and functional analysis conducted.
Results Small subsets of miRNA were altered with each
treatment with potential neurologically relevant influence.
Metabolic pathways were enriched in olanzapine and cloza-
pine treatments, possibly associated with their weight gain
side effects. Neurologically and metabolically relevant
miRNA–gene interaction networks were identified in the
olanzapine treatment group.
Conclusion This study is the first to suggest a role for
miRNA in the mechanism of APD action and the metabolic
side effects of the atypical ADPs, and adds support for their
consideration in pharmacogenomics.
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Introduction

Psychotic disorders such as schizophrenia and bipolar dis-
order are severely debilitating mental illnesses. While anti-
psychotic drugs (APDs) are the most effective treatment
option, the precise mechanisms of their action are not fully
understood. There are two classes of APDs—first genera-
tion (typical) and second generation (atypical). Both classes
are known to induce their therapeutic effects, relieving pos-
itive psychotic symptoms, by antagonism of dopamine
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receptors, particularly D2 receptors (Seeman et al. 1975).
Haloperidol is a typical APD displaying highly potent do-
pamine receptor antagonism, allowing for a lower effective
dose. It is especially effective in treating positive symptoms,
particularly acute hallucinations and delusions, as well as
states of aggression, impulsivity and excitement (Joy et al.
2006). Additional to treating psychotic symptoms, atypical
APDs are also effective in relieving negative symptoms and
improving cognition (Arranz and de Leon 2007). Their bind-
ing profiles show lower affinity for dopamine receptors than
typical APDs and greater affinity to serotonergic, histaminer-
gic, muscarinic and adrenergic receptors (Miyamoto et al.
2005). It is thought that the ability to reduce negative symp-
toms and improve cognition may be largely due to antagonism
of serotonin (5-HT) 2A and 1A receptors (Meltzer and
Sumiyoshi 2008). Clozapine was the first approved atypical
APD useful in treating drug-resistant patients (Kane et al.
1988). Olanzapine is another atypical APD derived from
clozapine with slight differences in receptor binding affinities
(Bymaster et al. 1996; Duggan et al. 2005).

All APDs are associated with serious side effects. The most
concerning side effects of typical APDs are the ‘acute extra-
pyramidal symptoms’ (EPS) or movement disorders, such as
Parkinsonism and dyskinesia (Settle and Ayd 1983). Haloper-
idol is associated with high EPS, the result of potent antago-
nism of dopamine D2 receptors, whereas atypical APDs only
weakly bind dopamine D2 receptors and dissociate before
EPS is triggered (Kapur and Seeman 2000). Blockade of other
neurotransmitter receptors is thought to underlie the alternate
spectrum of side effects caused by atypical APDs. Clozapine
is known to induce weight gain, and this is particularly so for
the structurally related olanzapine (Kane et al. 1988; Duggan
et al. 2005). Affinity for the serotonergic receptors, especially
5-HT2C and to a slightly lesser extent 5-HT1A, has beenmost
strongly implicated in the weight gain effects of atypical
APDs thus far (Reynolds et al. 2006).

Numerous gene expression studies have been performed on
APD-treated animals to help refine our understanding of the
intracellular consequences as well as mechanisms of their ac-
tion and side effects. In accordance with expectation, these
studies broadly reveal altered genes associated with neurotrans-
mission, signal transduction and synaptic plasticity (Chong et
al. 2002; Duncan et al. 2008; Fatemi et al. 2006; Girgenti et al.
2010; Kontkanen et al. 2002a; MacDonald et al. 2005). These
studies, however, also identified changes in a host of other
pathways not predicted by alteration of neurotransmission and
associated signal transduction pathways. This suggests that a
range of mechanisms are involved in antipsychotic activity and
associated side effects. One influence that is not usually ob-
served in conventional mRNA expression arrays is the change
in level of mature microRNA (miRNA). These small non-
coding RNAs could have a profound influence on global gene
expression as they are believed to regulate around two thirds of

the mammalian genome (Friedman et al. 2009). These mole-
cules are thought to be particularly important for brain devel-
opment and function (Giraldez et al. 2005; Krichevsky et al.
2003; Sempere et al. 2004). These studies implicate a range of
miRNA alterations in the postmortem cerebral cortex and,
through bioinformatic and expression analysis, suggest that
these molecules play an important role in the neuropathology
of psychosis (Beveridge and Cairns 2012). As most individuals
experiencing psychotic illness are exposed to APDs, these
molecules may represent both an important intermediate target
of drug action and the point of influence leading to the disease-
associated changes. Perkins et al. (2007) considered changes in
miRNA expression in the prefrontal cortex of haloperidol-
treated rats as a control for human miRNA expression profiling
in schizophrenia and schizoaffective subjects. Their study
reported three miRNA with altered expression—miR-199a,
miR-128a and miR-128b, none of which correlated with the
disease-related changes. Similarly, Zhou et al. (2009) examined
miRNA expression in the hippocampus of rats treated with the
mood stabilisers lithium and sodium valproate, as treatments
for bipolar disorder, and identified several dysregulated
miRNA with gene targets involved in neurogenesis and brain
signalling pathways, some of which are bipolar disorder candi-
date genes.

In the current study, we investigated changes in miRNA
expression associated with haloperidol, clozapine and olan-
zapine treatment in the mouse brain. We also compared the
predicted miRNA target genes with gene expression profiles
derived from the same treatments and identified significant
miRNA–mRNA interactions associated with olanzapine,
which may provide further insight into its metabolic side
effects.

Methods

Antipsychotic drug treatment

A total of 76 male C57BL/6 mice, 8–10 weeks of age, were
treated with either clozapine (10 mg/kg) (Sigma-Aldrich;
Sydney, Australia), olanzapine (10 mg/kg) (Eli Lily; Sydney,
Australia), haloperidol (1 mg/kg) (Sigma-Aldrich; Sydney,
Australia) or 0.9 % saline (10 ml/kg) as a control, daily for
7 days as described in Duncan et al. (2008). Dosages were
deemed consistent with previous APD animal treatment stud-
ies (Arnaiz et al. 1999; Emamian et al. 2004; Kontkanen et al.
2002b; Schreiber et al. 1999; Simosky et al. 2003). Dosage
trials were also conducted for the atypicals, in which drug
serum concentrations were measured with increasing doses
over a 7-day period and compared to the human therapeutic
dose range (Duncan et al. 2008; Online resource 1). The doses
administered did not lead to any overt behavioural changes in
wild-type mice.

68 Psychopharmacology (2013) 227:67–78



The focus on an intermediate 7-day treatment period was
driven by previous research that shows that the greatest
improvement in psychotic symptoms is seen in the first
2 weeks of treatment as compared to the changes seen in
subsequent weeks of chronic treatment, disproving the tra-
ditional ‘delayed onset’ hypothesis of APD action (Agid et
al. 2006; Li et al. 2007; Raedler et al. 2007).

Total RNA extraction from mouse whole brain

Mouse whole brain was removed and homogenised in TRI-
zol reagent solution (Invitrogen; Carlsbad, CA, USA), and
total RNA extracted, purified and quality assessed as de-
scribed previously (Duncan et al. 2008). Whole brain was
used on the basis of providing an unbiased approach to
expression profiling of the effects of drugs with a mecha-
nism of action that is highly unspecific in terms of both
receptor targets and sites, and that provide treatment for
psychotic disorders which are not confined to a particular
region of the brain. The use of whole brain, as opposed to a
specific brain region, therefore allowed us to focus on the
most globally and significantly altered molecules, while
avoiding dissection artefact associated with region-specific
studies in the small mammalian brain.

Principles of laboratory animal care were followed. For
whole brain tissue collection, animal treatment studies were
approved by the Garvan Institute of Medical Research/St.
Vincent’s Hospital Animal Experimentation Ethics Commit-
tee (NSW, Australia, AEEC # 03/09). Animal treatment
studies for region-specific tissue collection were approved
by the University of New South Wales Animal Care and
Ethics Committee (ACEC # 07/22A).

MicroRNA microarray hybridisation

MicroRNA expression profiling was performed using the
commercial bead-based miRNA microarray platform and
mouse miRNA panel developed by Illumina (Sunnyvale,
CA, USA). The mouse miRNA panel contains assays for
380 annotated mouse miRNA sequences from Sanger miR-
Base version 9.1 (Chen et al. 2008). A total of 45 high-
quality total mouse RNA samples were selected for micro-
array profiling, 12 of these from the clozapine treatment
group and 11 each from the olanzapine, haloperidol and
saline treatment groups. Total RNA was amplified, labelled
and hybridised to the miRNA beadarray matrix according to
the manufacturer’s instructions.

MicroRNA microarray data normalisation and analysis

Microarray expression data were background subtracted in
the BeadStudio software package (Illumina, version 3.0;
Sunnyvale, CA, USA) and normalised to the geometric

mean of sno-142 and sno-234. These snoRNAwere selected
for endogenous normalisation as they displayed the most
stable expression across the control cohort according to geN-
orm analysis (Vandesompele et al. 2002). Non-expressed
miRNA (<2 background fluorescence) were filtered from the
analysis. Differential expression analysis was executed by the
Significance Analysis of Microarrays statistical analysis pro-
gram (full academic version 2.23) (Tusher et al. 2001) (http://
www-stat.stanford.edu/~tibs/SAM/), using a two-class un-
paired Wilcoxon test of unlogged data and 5,000 permuta-
tions. Significantly altered miRNA were identified as those
with q value <5 (FDR<5 %).

Quantitative real-time reverse-transcription PCR validation

Differentially expressed miRNA were validated by quanti-
tative real-time RT-PCR (qPCR) similarly to that described
previously (Santarelli et al. 2011). A standard curve was
produced using serial dilutions of pooled cDNA in order to
evaluate reaction efficiencies. Relative miRNA expression
was analysed using the relative quantitation method, in
which the ratio of miRNA expression to the geometric mean
of sno-142, sno-202 and sno-234 was calculated and effi-
ciency corrected. These snoRNA displayed stable expres-
sion across the control cohort according to geNorm analysis
(Vandesompele et al. 2002). Outliers were identified as
values outside the mean±3SD and were removed. The sta-
tistical significance of the differential expression between
saline and treatment groups was assessed by multivariate
analysis of variance.

Target gene predictions and pathway analysis

Potential gene targets of the differentially expressed miRNA
were predicted using the miRanda algorithm. The stringency
of this method was increased by filtering out predicted
targets with less than three putative miRNA binding sites,
whether for the same or different miRNA. Pathway analysis
was then performed on this target list using Ingenuity Sys-
tems Pathway Analysis (IPA) software’s (Ingenuity Sys-
tems; Redwood City, CA, USA) core analysis functions.
Metabolic analysis was also performed on the target lists
by comparing each list to a list of genes with roles in
metabolic processes and diseases and performing an addi-
tional core analysis.

Gene microarray hybridisation

From each treatment, 16 total RNA samples were selected
and split into eight samples to form two pooled samples.
These pooled samples were prepared for hybridisation to
Affymetrix GeneChip Mouse Genome 430v2.0 arrays
(Santa Clara, CA, USA) as described in Duncan et al.
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(2008) and according to the manufacturer’s instructions.
Briefly, cDNA was generated from total RNA and tran-
scribed to form biotinylated cRNA probes, which were then
purified and fragmented for hybridisation to the microar-
rays. The probes were hybridised to Affymetrix GeneChip
Test3 microarrays prior to the mouse genome microarrays
for quality control assessment, using glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and β-actin.

Integration analysis of microRNA and gene array data

The fluorescent signal intensities of the Affymetrix Gene-
Chip arrays were determined using GeneChip Operating
Software v1.2 (Affymetrix) and normalised to the mean
intensity of all probe sets. Differentially expressed mRNA
and miRNAwere identified by the Bayesian empirical linear
model with R. mRNA with fold change >2 and p value
<0.05, and with fold change >1.3 and p value <0.05, were
selected. The corresponding gene list was filtered for pre-
dicted targets of the selected miRNA. Potential miRNA–
mRNA regulatory modules for each treatment group were
identified using the Bayesian network with splitting–aver-
aging strategy (BN-SA) (Liu et al. 2009). Briefly, BN-SA
reports a p value that denotes the strength of dependency of

the mRNA expression on the miRNA and a correlation
between mRNA and miRNA expression. Those modules
of p value <0.05 and reported high confidence were select-
ed, and pathway analysis of the mRNAwas performed using
the core analysis feature within IPA.

Results

Significantly altered microRNA in antipsychotic
drug-treated mice

High-throughput miRNA expression analysis of each APD
treatment group compared to the saline treatment control
group revealed several miRNA with significantly (FDR<
5 %) altered expression in each of the treatment groups. A
total of six miRNA were shown to be downregulated by
haloperidol and five downregulated by olanzapine, whereas
five miRNA were shown to be upregulated by clozapine.
Unsupervised hierarchical clustering of the microarray ex-
pression data illustrates a clean split in haloperidol and
control samples (Fig. 1a) and olanzapine and control sam-
ples (Fig. 1b), and a moderate split between clozapine and
control samples (Fig. 1c).

Fig. 1 Changes in miRNA expression after treatment with APDs. a–c
Hierarchical clustering of significantly dysregulated miRNA micro-
array expression in APD-treated mouse brain (log transformed, median
centered and uncentered correlation, average linkage clustering; Clus-
ter 3.0) (Eisen et al. 1998). Blue low expression, yellow high expres-
sion. Images produced with Java TreeView (version 1.1.1) (Saldanha

2004). a Haloperidol and saline treatment groups. b Olanzapine and
saline treatment groups. c Clozapine and saline treatment groups. d
Microarray expression and qPCR expression of selected miRNA from
olanzapine and haloperidol treatment groups. Bars represent fold
change in expression+SEM (APD treated vs. saline)
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Microarray validation was performed by qPCR on a
selection of miRNA from each treatment group (Fig. 1d).
For the miRNA associated with the olanzapine treatment
group, we were able to confirm significant differential
expression of mmu-miR-193, with a fold change of 0.65
(p00.02). For the haloperidol treatment group, mmu-miR-
434-5p and mmu-miR-22 were also significant by qPCR
with a fold change of 0.37 (p00.0004) and 0.48 (p00.007),
respectively. All miRNA tested in these two groups fol-
lowed the trend for downregulation as reported by the
microarray analysis. Validation of the clozapine treatment
group was conflicting, with miR-329 and miR-342-5p dis-
playing significant downregulation by qPCR as opposed to
upregulation on the microarrays.

MicroRNA target pathways implicated in APD mechanism
and side effects

A total of 1,392 genes were identified as potential targets of
the haloperidol-altered miRNA-1462 for olanzapine and
1060 for clozapine. Interestingly, each list of predicted tar-
gets included a range of serotonin, glutamate, GABA recep-
tors, as well as neurexins, synapsins and brain-derived
neurotrophic factor (BDNF). Notably, HTR2C appeared as
a predicted target of miRNA associated with clozapine and,
similarly, HTR1Awith olanzapine. Predicted targets that we
have previously found to be altered by microarray analysis
(Duncan et al. 2008) are annotated in Online resource 1.

Pathway analysis was performed on the predicted
miRNA target genes compiled for each APD treatment
group using IPA. A biological network was considered
significant if the network score was ≥20. Networks relevant
to the neurobiology of APDs, containing various schizo-
phrenia candidate genes, showed significant enrichment of
target genes, including: (1) nervous system development
and function, cell-to-cell signalling and interaction, and
genetic disorder (n028, score024) in the haloperidol treat-
ment group; (2) cellular function and maintenance, molecular
transport and cell-to-cell signalling and interaction (n031,
score028) in the olanzapine treatment group; and (3) devel-
opmental disorder, genetic disorder and neurological disease
(n033, score038) in the clozapine treatment group.Metabolic
terms appeared in a significant clozapine network, including
cellular movement, carbohydrate metabolism and cellular
growth and proliferation (n028, score027).

Numerous canonical pathways and biological functions
relevant to APD treatment were also identified in the IPA
core analysis (Table 1). In the haloperidol and olanzapine
analyses, nervous system development and function is sig-
nificantly represented, which included neurogenesis (halo-
peridol: n066, p value01.20E−05; olanzapine: n079,
p value05.11E−08; see Online resources 2 and 3). All APD
analyses reported significant enrichment of axonal guidance

signalling. IPA also identified classes of diseases and disor-
ders in which focus genes are known to be involved, including
neurological disease, psychological disorders and develop-
mental disorders (Table 1).

Weight gain/metabolically relevant pathways, glucocorti-
coid receptor signalling and PPARα/RXRα activation were
reported in the olanzapine group (Table 1). Further inspection
of the full functional lists also shows significant weight gain-
related terms in the clozapine treatment group (Online re-
source 4), including insulin resistance (n015, p value0
2.91E−04) and obesity (n023, p value06.97E−04), and a lack
of metabolic terms in the haloperidol treatment group. The
‘metabolic filtered’ core analysis of the olanzapine and cloza-
pine groups reported several relevant significant diseases and
disorders (Table 2). In the olanzapine analysis, nutritional
disease appeared in the top five diseases and disorders, which
consisted of nutritional disorder (p value03.11E−12), obesity
(p value08.81E−10) and weight gain (p value02.04E−05),
whilst lipid metabolism and carbohydrate metabolism
appeared in the top five molecular and cellular functions. In
the clozapine analysis, metabolic disease appeared in the top
five diseases and disorders, containing metabolic disorder
(p value01.17E−10) and glucose metabolism disorder
(p value08.21E−10), and in the top five molecular and
cellular functions appeared lipid metabolism. Additional
data are given in Online resources 3 and 4.

Integration of APD-associated gene and miRNA expression

As a strategy to further explore miRNA–mRNA interac-
tions that may play a role in the mechanisms of APD
action, we also performed integration analysis of miRNA
and mRNA expression data in each 7-day APD treat-
ment. Several miRNA–mRNA regulatory modules were
identified in each APD treatment using the BN-SA meth-
od; however, the networks identified in the haloperidol
and clozapine groups were not significant. In regard to
olanzapine, both negatively and positively correlated
interactions were identified (Fig. 2).

Pathway analysis on the combined list of mRNA identi-
fied in the olanzapine networks was performed using IPA
(Table 3). One significant, interesting network was reported
in the top five networks that included neurological disease
and behaviour (n014, score019). Associations with highly
relevant diseases/disorders were also reported: neurological
disease and developmental disorder, as well as nervous
system development and function and axonal guidance sig-
nalling (Table 2). As in the predictive analysis, a metaboli-
cally relevant network was also reported: lipid metabolism,
molecular transport, and small molecule biochemistry (n0
21, score034). Metabolic disease was also reported in the
top ten diseases/disorders. Full results are given in Online
resource 5.
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Discussion

Since the inception of high-throughput genomics, genome-
wide approaches to gene expression analysis have been
employed for both human samples and animal models to
provide a survey of gene activity in relation to postmortem

neuropathology and the role of antipsychotic medication.
With significant changes in schizophrenia-associated gene
expression, a number of research groups, including our own,
have investigated and identified dysregulation of miRNA
expression (reviewed in Beveridge and Cairns 2012). In this
study, we wanted to determine how influential APDs are on

Table 1 Top diseases, functions and pathways enriched for predicted gene targets of miRNA altered with APD treatment. (IPA core analysis; N0
number of focus genes in function/term)

Haloperidol Olanzapine Clozapine

Diseases and
disorders

p value range N Diseases and
disorders

p value range N Diseases and
disorders

p value range N

Neurological
disease

5.88E−08 to
1.06E−02

90 Cancer 1.55E−05 to
2.33E−02

134 Cancer 3.00E−05 to
2.32E−02

105

Psychological
disorders

2.17E07 to
6.14E03

22 Haematological
disease

2.66E−05 to
2.33E−02

29 Cardiovascular
disease

3.56E−05 to
2.73E−03

4

Developmental
disorder

1.08E−06 to
1.25E−02

79 Genetic disorder 2.84E−05 to
1.52E−02

8 Developmental
disorder

1.43E−04 to
1.72E−02

20

Cancer 3.00E−06 to
1.39E−02

120 Developmental
disorder

2.94E−05 to
1.65E−02

76 Genetic disorder 1.43E−04 to
7.16E−03

30

Haematological
disease

2.57E−04 to
6.69E−03

24 Neurological
disease

1.99E−04 to
2.07E−02

90 Endocrine system
disorders

2.91E−04 to
7.91E−03

20

Molecular and cellular functions Molecular and cellular functions Molecular and cellular functions

Gene expression 2.22E−12 to
1.43E−02

151 Gene expression 2.03E−10 to
2.42E−02

158 Gene expression 2.52E−14 to
2.46E−02

128

Cellular assembly
and organization

2.43E−08 to
1.44E−02

143 Post-translational
modification

4.40E−08 to
2.33E−02

84 Cellular assembly
and organization

7.51E−10 to
2.46E−02

96

Protein synthesis 2.43E−08 to
1.25E−02

125 Cellular assembly and
organization

2.85E−07 to
2.01E−02

130 Cellular function a
nd maintenance

7.51E−10 to
2.35E−02

83

Cellular development 7.96E−07 to
1.26E−02

92 Cellular function and
maintenance

2.85E−07 to
2.33E−02

115 Cell death 4.28E−07 to
2.13E−02

118

Cellular movement 1.04E−06 to
1.44E−02

179 Cellular development 1.97E−06 to
2.34E−02

210 Cellular growth and
proliferation

1.63E−06 to
2.41E−02

147

Physiological system development
and function

Physiological system development
and function

Physiological system development
and function

Tissue development 2.02E−10 to
1.44E−02

230 Tissue development 5.87E−09 to
2.33E−02

229 Tissue development 1.38E−09 to
2.46E−02

195

Embryonic
development

9.18E−08 to
1.46E−02

162 Nervous system
development and
function

5.11E−08 to
2.33E−02

176 Embryonic
development

5.94E−09 to
2.43E−02

142

Organ development 9.18E−08 to
1.44E−02

131 Organismal development 4.63E−07 to
2.24E−02

210 Organ development 5.94E−09 to
2.43E−02

131

Organismal
development

9.18E−08 to
1.46E−02

195 Embryonic
development

1.66E−05 to
2.20E−02

161 Organismal
development

5.94E−09 to
2.43E−02

160

Nervous system
development
and function

3.74E−07 to
1.44E−02

163 Organ development 1.66E−05 to
2.20E−02

131 Cardiovascular system
development and
function

8.04E−06 to
2.20E−02

55

Canonical pathways p value Ratio Canonical pathways p value Ratio Canonical pathways p value Ratio

Axonal guidance
signalling

5.85E−08 54/398 TGF-β signalling 8.40E−05 17/85 Reelin signalling in
neurons

1.87E−04 13/80

Ephrin receptor
signalling

3.44E−05 26/183 BMP signalling pathway 1.50E−04 15/73 Axonal guidance
signalling

3.65E−04 36/398

B Cell receptor
signalling

1.42E−04 22/144 Regulation of IL-2
expression in
activated and anergic
T lymphocytes

1.55E−04 16/83 Role of NFAT in
cardiac hypertrophy

4.46E−04 21/188

BMP signalling
pathway

1.95E−04 14/73 Glucocorticoid
receptor signalling

1.57E−04 35/263 Factors promoting
cardiogenesis in
vertebrates

1.85E−03 12/89

RhoA signalling 2.43E−04 18/108 PPARα/RXRα activation 3.10E−04 25/169 Calcium signalling 2.36E−03 18/177
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the expression of miRNA and if the changes have functional
significance to the mechanism of action and side effects. To
this end, we performed miRNA expression profiling and
integration analysis with gene expression data in mouse
brain following treatment with haloperidol, olanzapine or
clozapine.

We observed significant changes in the expression of small
sets of miRNA in each APD treatment group by microarray
analysis. These observations broadly contrast with our previ-
ously reported analysis of miRNA expression in Brodmann
Area (BA) 9 and 46 of the dorsolateral prefrontal cortex
(DLPFC), and BA22 of the superior temporal gyrus, which
consistently displayed schizophrenia-associated elevation of
miRNA expression (Beveridge et al. 2008, 2010; Santarelli et
al. 2011). We observed downregulation of miRNA after hal-
operidol and olanzapine treatment, which may suggest that
normalisation of miRNA expression levels may be another
mechanism of APD action. For example, miR-193, miR-223
and miR-544, shown to be downregulated by olanzapine
treatment, were all previously observed to be elevated in the
DLPFC in schizophrenia (Beveridge et al. 2010; Kim et al.
2010; Santarelli et al. 2011), suggesting that olanzapine may

help to counter the disease-associated dysregulation of these
miRNA. Similarly, in BA22, we reported upregulation of
miR-339—observed here to be downregulated after haloper-
idol treatment. On the other hand, we also observed changes
after APD treatment following the same direction as those
observed in the brain in schizophrenia and bipolar disorder.
For example, Moreau et al. (2011) reported downregulation of
miR-22 and miR-339 in both disorders—found here to be
downregulated after haloperidol treatment. In the case of
clozapine, the five differentially expressed miRNAwere upre-
gulated, although validation of miR-329 and miR-342-5p by
qPCR displayed an opposite trend. We have previously
reported upregulation of miR-31 in BA9 in schizophrenia—
observed here as upregulated in mouse brain after clozapine
treatment. We have also reported downregulation of miR-31
and miR-342-5p in peripheral blood mononuclear cells in
schizophrenia (Gardiner et al. 2011)—observed here to be
altered after clozapine treatment. The remainder of miRNA
found to be altered after APD treatment have not yet been
reported in schizophrenia or bipolar disorder expression pro-
filing studies. Other neuroleptic treatment studies have
reported changes in the expression of other miRNA. For

Table 2 Top diseases, functions and pathways involving predicted metabolically involved gene targets of miRNA altered with olanzapine and
clozapine treatment. (IPA core analyses–metabolic filter; N0number of focus genes in function/term)

Olanzapine Clozapine

Diseases and disorders p value range N Diseases and disorders p value range N

Developmental disorder 4.98E−19 to 7.21E−05 34 Developmental disorder 1.54E−13 to 3.19E−04 29

Neurological disease 1.24E−17 to 1.44E−04 40 Gastrointestinal disease 2.07E−12 to 9.19E−04 26

Cancer 7.67E−16 to 1.86E−04 44 Neurological disease 8.22E−12 to 1.05E−03 32

Genetic disorder 4.25E−13 to 8.81E−10 34 Genetic disorder 2.08E−11 to 1.07E−03 33

Nutritional disease 3.11E−12 to 2.04E−05 20 Metabolic disease 1.17E−10 to 1.13E−03 21

Molecular and cellular functions Molecular and cellular functions

Cellular growth and proliferation 3.30E−22 to 1.85E−04 63 Cell death 1.86E−16 to 1.06E−03 50

Cellular development 2.75E−21 to 1.85E−04 66 Cellular development 1.68E−14 to 1.05E−03 62

Lipid metabolism 1.03E−17 to 1.65E−04 46 Cellular movement 7.71E−14 to 1.05E−03 38

Small molecule biochemistry 1.03E−17 to 1.85E−04 56 Lipid metabolism 3.97E−13 to 1.07E−03 47

Carbohydrate metabolism 7.48E−17 to 1.85E−04 32 Small molecule biochemistry 3.97E−13 to 1.07E−03 61

Physiological system development and function Physiological system development and function

Organismal development 1.64E−24 to 1.85E−04 72 Tissue development 3.72E−15 to 1.07E−03 60

Tissue development 5.88E−24 to 1.86E−04 68 Tissue morphology 1.22E−13 to 1.05E−03 45

Tissue morphology 1.92E−22 to 1.85E−04 57 Organismal development 1.38E−13 to 1.07E−03 56

Embryonic development 1.44E−21 to 1.85E−04 56 Embryonic development 2.51E−13 to 1.07E−03 45

Organ development 1.33E−21 to 1.85E−04 50 Organ development 2.51E−13 to 1.05E−03 40

Canonical pathways p value Ratio Canonical pathways p value Ratio

Glucocorticoid receptor signalling 1.13E−12 18/263 Reelin signalling in neurons 3.15E−07 8/80

Role of NFAT in cardiac hypertrophy 1.45E−08 12/185 Role of tissue factor in cancer 3.40E−07 9/109

FGF signalling 1.81E−08 9/84 Myc mediated apoptosis signalling 6.49E−07 7/60

Role of JAK family kinases
in IL-6-type cytokine signalling

3.39E−08 6/26 Ovarian cancer signalling 1.44E−06 9/133

PPARα/RXRα activation 6.66E−08 11/169 Renal Cell carcinoma signalling 1.56E−06 7/68
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example, Perkins et al. (2007) observed upregulation of miR-
199a, miR-128a and miR-128b in rodents after haloperidol
treatment. Zhou et al. (2009) reported large sets of miRNA
altered after treatment of the mood stabilisers lithium and
sodium valproate, predominantly downregulated similar to
our results. Downregulation of miR-410 after haloperidol
treatment was similarly reported by Zhou et al. (2009) to be
downregulated after sodium valproate treatment. Those find-
ings in which changes in miRNA expression are observed in
the same direction in the disorder and after APD treatment
may suggest that some schizophrenia-associated changes in
miRNA expressionmay be related to treatments. Nonetheless,
our findings support that these compounds clearly have an
influence on miRNA expression that is distinct from the
underlying disorder and may even have significance to their
mechanism of action and side effects.

In order to explore the biological influence of these APD-
associated miRNA, we performed gene target predictions and

functional/pathway analysis on target lists for each drug treat-
ment group. Predicted targets included a range of known APD
neurotransmitter receptor target genes, such as serotonin, glu-
tamate and GABA receptors, which would suggest that
miRNA are involved in the modulation of these receptors.
N-Methyl-D-aspartate receptors (NMDAR) GRIN1 and
GRIN2B were predicted targets of haloperidol- and
clozapine-altered miRNA, respectively. NMDAR antagonism
has been shown to induce positive, negative and cognitive
symptoms in schizophrenia (Lahti et al. 2001), and both
haloperidol and clozapine have demonstrated the ability to
attenuate the effects of different NMDAR antagonists but do
not directly bind NMDARs (Miyamoto et al. 2012). Hence,
our findings may suggest that modulation of miRNA expres-
sion by these APDs may be part of the missing link. The
serotonin receptors HTR2C and HTR1A were predicted tar-
gets of clozapine- and olanzapine-altered miRNA, respective-
ly. Antagonism of these receptors has been attributed to the

Fig. 2 Potential miRNA–
mRNA regulatory networks
identified in the olanzapine
treatment group. Predicted
miRNA target genes identified
as significantly differentially
expressed were identified. The
strength of the potential
miRNA–mRNA interactions
was assessed in regard to
correlation of miRNA to
mRNA expression values using
the BN-SA method. Those
interactions reported with
strong correlation with a high
confidence comment are pic-
tured here. a Negatively corre-
lated interactions. b Positively
correlated interactions. (pink
upregulated miRNA, green
downregulated miRNA, blue
downregulated mRNA, yellow
upregulated mRNA)
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ability of atypical APDs to treat both negative symptoms and
cognitive impairment in schizophrenia patients (Miyamoto et
al. 2012). Other target genes with relevance to synaptic func-
tion included presynaptic neurexins and BDNF. Functional
analysis of these genes identified associations with several
highly relevant neuronal functions, pathways and diseases,
further supporting a role for miRNA in the neuroleptic mech-
anism of action.

APD-associated changes in miRNAmay also play a role in
mediating some of the side effects experienced by patients. In
this respect, it is interesting that HTR2C is thought to be
involved in weight gain associated with atypicals (De Luca
et al. 2007; Mulder et al. 2007). While this is likely to be a
consequence of direct ligand receptor interactions, the gene
was also predicted to be a target of the clozapine-associated
miRNAs miR-31, miR-337-5p and miR-1198. Similarly,
HTR1A, associated with modulation of appetite (Yadav et
al. 2009), was a predicted target of the olanzapine-associated
miRNAs miR-223 and miR-544. The glucocorticoid receptor
signalling pathway was also reported for miRNA associated
with the olanzapine treatment group. Inhibition of this path-
way in rodents has been shown to counter the weight gain
resulting from olanzapine treatment (Beebe et al. 2006). We
also observed enrichment of target genes in the PPARα/

RXRα activation pathway, which is reported to be associated
with weight gain via fatty acid storage and glucose homeosta-
sis (Evans et al. 2004). In view of these observations, we
performed a metabolically filtered core analysis in IPA and
found striking similarities between the atypicals clozapine and
olanzapine consistent with well-reported side effects of the
atypical APDs, while the haloperidol analysis showed no
significant metabolic results. Interestingly, the analysis
reported significant enrichment for lipid metabolism for both
atypicals and carbohydrate metabolism in the olanzapine
group. In further support for a metabolic influence from these
APD-regulated miRNA, we observed enrichment of relevant
diseases and disorders, such as nutritional disease, obesity and
weight gain in the olanzapine group, and metabolic disorder
and glucose metabolism disorder for the clozapine group.
These terms are well reported in treatment with these atypical
APDs (Reynolds and Kirk 2010) and suggest that miRNA
may play a role in their metabolic side effects.

While the former analyses were of a predictive investi-
gation, we also performed an integration analysis of miRNA
and mRNA expression data on the olanzapine samples, in
which we identified several significant interactions that col-
lectively formed an extensive network. By further character-
ising the genes involved in this network, we again observed

Table 3 Top diseases, functions
and pathways involving pre-
dicted gene targets of miRNA
altered with olanzapine treat-
ment—integration analysis of
miRNA and gene expression.
(IPA core analyses; N0number
of focus genes in function/term)

Olanzapine

Diseases and disorders p value range N

Neurological disease 1.76E−05 to 4.71E−02 24

Developmental disorder 9.81E−05 to 4.01E−02 21

Cancer 3.23E−04 to 4.87E−02 27

Organismal injury and abnormalities 9.62E−04 to 4.87E−02 10

Haematological disease 1.10E−03 to 3.78E−02 10

Molecular and cellular functions

Cellular assembly and organization 2.92E−04 to 4.87E−02 26

Cell death 7.52E−04 to 4.87E−02 14

Gene expression 1.37E−03 to 4.44E−02 25

Cellular compromise 1.42E−03 to 4.87E−02 10

Cellular growth and proliferation 1.57E−03 to 4.24E−02 27

Physiological system development and function

Organismal functions 6.53E−05 to 2.95E−02 13

Tissue development 4.98E−04 to 4.87E−02 47

Nervous system development and function 5.67E−04 to 4.87E−02 39

Tissue morphology 5.67E−04 to 4.75E−02 21

Embryonic development 5.90E−04 to 4.87E−02 34

Canonical pathways p value Ratio

IL-8 signalling 2.62E−04 8/172

Gα12/13 signalling 9.59E−04 6/117

Axonal guidance signalling 1.36E−03 11/398

TR/RXR activation 1.49E−03 5/87

VEGF signalling 1.57E−03 5/89
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significant enrichment of relevant pathways, including mod-
ulation of axonal guidance signalling, and nervous system
development and function. Significantly, lipid metabolism
and metabolic disease were observed and further supported
the predicted metabolic influence of the olanzapine-
associated miRNA. This integration analysis served to pro-
vide a more stringent, functional approach to investigating
the implications of miRNA-associated changes with direct
reference to treatment-induced changes in gene expression
that occur in the same tissue.

Our investigation served to observe the changes in miRNA
expression at the baseline level, without the additional vari-
able of psychosis-associated changes. The APD doses used in
our study lie within the optimal dose ranges for reversing the
hyperactivity exhibited by the chakragati mouse, reported to
be the best model for psychosis to date (Dawe et al. 2010).
While relevance and significance of animal models of psy-
chosis is still a subject of considerable debate, further insight
into the putative antipsychotic influence of the miRNA
changes occurring after APD treatment may be achieved by

a follow-up study in one of these models of psychosis. This
would enable a comparison of the APD-associated changes in
miRNA expression, observed here in the wild type, to be
compared to those observed before and after rescue of the
‘psychotic phenotype’ the presence of pharmacologically rel-
evant levels of APDs.

In conclusion, our investigation provides insight into the
potential involvement of miRNA in the mechanisms of APD
action. Functional annotation of predicted target genes and
direct interaction analysis using both mRNA and miRNA
expression analysis revealed pathways with significance to
both the neuroleptic mechanism and side effects, particular-
ly the metabolic effects associated with atypical APDs. Our
findings may hence suggest a model that conforms to the
growing focus of miRNA in the field of pharmacogenomics
(Shomron 2010), in which miRNA play a significant role in
mediating antipsychotic effects via regulation of drug tar-
gets and/or downstream signalling pathways (Fig. 3). The
continual identification of changes in miRNA in diseases
and after drug treatment is placing newfound importance of

Fig. 3 The potential involvement of miRNA in the underlying mech-
anisms of APD therapeutic action or side effects. Neurotransmitters
(orange balls) are released by presynaptic receptors (blue funnels) and
bind to their postsynaptic receptors (purple tubes) to induce signalling
cascades. Transcription factor activation of DNA (purple waves) leads
to altered miRNA and gene expression, including miRNA biogenesis
genes. Mature miRNA modulate gene expression leading to further
upstream changes and ultimately to changes in neurobiological pro-
cesses. In schizophrenia, neurotransmitter receptor binding and signal-
ling cascades are enhanced (three plus signs), resulting in the presence

of psychotic symptoms. Recent findings support enhancement of
miRNA biogenesis, with miRNA dysregulation leading to changes in
gene expression, which results in neurobiological disturbances. APDs
(green cups) block postsynaptic neurotransmitter receptors, relieving
psychotic symptoms. Signalling cascades are tuned down (two minus
signs), and opposing changes in miRNA and gene expression occur.
The end result is modulation of pathways and processes that are neuro-
protective, as well as those that, when altered, may be involved in the
manifestation of side effects
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these molecules in terms of drug enhancement and new drug
development (Rukov and Shomron 2011). This suggests
that miRNA heterogeneity is a likely underlying factor in
the complexity of psychosis and will play a role in the
varied responses to APD efficacy and side effects.
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