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Comparative genomic evidence for the involvement of
schizophrenia risk genes in antipsychotic effects
Y Kim1,2,8, P Giusti-Rodriguez1,2,8, JJ Crowley1,2,3,4,8, J Bryois5, RJ Nonneman1,2, AK Ryan1,2, CR Quackenbush1,2, MD Iglesias-Ussel1,2,
PH Lee6, W Sun2,7, FP-M de Villena2 and PF Sullivan1,2,3,5

Genome-wide association studies (GWAS) for schizophrenia have identified over 100 loci encoding 4500 genes. It is unclear
whether any of these genes, other than dopamine receptor D2, are immediately relevant to antipsychotic effects or represent novel
antipsychotic targets. We applied an in vivo molecular approach to this question by performing RNA sequencing of brain tissue
from mice chronically treated with the antipsychotic haloperidol or vehicle. We observed significant enrichments of haloperidol-
regulated genes in schizophrenia GWAS loci and in schizophrenia-associated biological pathways. Our findings provide empirical
support for overlap between genetic variation underlying the pathophysiology of schizophrenia and the molecular effects of a
prototypical antipsychotic.
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INTRODUCTION
A major goal of human genome-wide association studies (GWAS)
is to identify potential therapeutic targets for common, complex
diseases. While genomic regions that reach genome-wide
significance explain only a small fraction of disease risk, many
nonetheless encode proteins that make effective drug targets.1

For example, a common genetic variant in HMGCR has a small
(~5%) but significant (P= 1× 10− 30) influence on low-density
lipoprotein levels; however, its inhibition by statins effectively
treats hyperlipidemia.2 Another example comes from one of the
earliest GWAS, which identified a common variant in the
complement factor H gene for age-related macular
degeneration3–5 that led to targeting the complement cascade
for the treatment of age-related macular degeneration.6

Schizophrenia is a chronic, severe and disabling brain disorder
that has a median morbid lifetime risk of 0.72%.7,8 The most recent
schizophrenia GWAS identified 108 genome-wide significant loci
encoding over 500 genes.9 Because screening these putative
schizophrenia risk genes for those that are disease- and
therapeutically relevant is a substantial task, we adopted an
alternative, in vivo molecular approach. We examined the overlap
between schizophrenia risk genes and their orthologous mouse
genes whose striatal expression was significantly altered following
chronic haloperidol treatment. We improved upon prior studies of
the effects of chronic antipsychotic exposure on gene expression
in the rodent brain (Supplementary Tables 1 and 2) by using a
better detection technology (RNA sequencing, RNA-seq) and
larger sample sizes to enable the detection of more subtle effects
(total N= 38 mice), and by examining several tissues including
striatum, whole brain and liver for comparative controls
(Supplementary Table 3). We provide evidence that schizophrenia
risk genes and pathways are relevant to haloperidol effects.

MATERIALS AND METHODS
The goal of this study was to evaluate the effects of chronic administration
of the antipsychotic haloperidol versus vehicle in mice. We have shown
that we can reliably administer human-like steady-state concentrations of
haloperidol.10–12 All experimental procedures were randomized to mini-
mize batch artifacts13 (for example, assignment to haloperidol or vehicle,
cage, order of dissection, RNA extraction and assay batch). Experimenters
were blind to the treatment status.
We focused on the striatum as it is relatively dense with dopaminergic

neurons and is a key site of action of the dopamine receptor antagonist
haloperidol14 (confirmation of choice of tissue is described in the
Discussion). We also evaluated whole brain (to measure effects outside
the striatum) and liver (to identify brain-independent and hepatic
alterations consequent to chronic xenobiotic administration). For striatal
samples, we use RNA-seq to comprehensively identify differential gene
expression resulting from chronic haloperidol exposure. For whole brain
and liver, we used gene expression microarrays, which provide an
inexpensive transcriptome evaluation (albeit with lesser dynamic range),
and correlate well with RNA-seq (mean r= 0.87 across 88 mouse brain
samples assayed with both methods).15

Mice
All animal work was conducted in compliance with the national guidelines
(Institute of Laboratory Animal Resources, 1996) and was approved by the
UNC Institutional Animal Care and Use Committee. The study design is
summarized in Supplementary Table 3. For striatal RNA-seq we chronically
treated mice with haloperidol (N= 16) or vehicle (N= 12). All striatal
samples were assayed using RNA-seq. Independent mice (N=20) were
used to collect whole brain and liver (left lobe) from mice per treatment
group for expression microarray analysis. To minimize the effects of the
estrus cycle and other sources of heterogeneity, we evaluated male C57BL/
6J mice (shipped at 6 weeks of age, Jackson Laboratory, Bar Harbor, ME,
USA) for both RNA-seq and microarray experiments. Animals were
maintained in standard environmental conditions (14-h light/10-h dark
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schedule, temperature 20–24 °C, and 40–50% relative humidity). Mice were
housed four per cage (two haloperidol and two vehicle treated) in
standard 20 cm×30 cm ventilated polysulfone cages with laboratory
grade Bed-O-Cob bedding. Water and Purina Prolab RMH3000 were
available ad libitum.

Haloperidol exposure
Eight-week-old mice were implanted with slow-release haloperidol pellets
(3.0 mg kg− 1 per day; Innovative Research of America; Sarasota, FL, USA)16

or vehicle and were treated for 30 days for a chronic haloperidol
administration paradigm. Pellets were implanted subcutaneously, centrally
above the scapulae, under isoflurane anesthesia and the incision sealed
with VetBond (3M, St Paul, MN, USA). We have previously demonstrated
that this procedure reliably yields human-like steady-state concentrations
of haloperidol in blood plasma and brain tissue, and that this results in
vacuous chewing movements (an established model of extrapyramidal
symptoms17) in C57BL/6J mice.10,11,12

Tissue collection
After 30 days of exposure to haloperidol or vehicle (12 weeks of age), mice
were killed by cervical dislocation without anesthesia (to avoid effects on
gene expression). All mice were killed between 0800 and 1200 hours,
immediately after removal from the home cage. Tissues were dissected
within 5 min of death, snap-frozen in liquid nitrogen and pulverized using
a BioPulverizer unit (BioSpec Products, Bartlesville, OK, USA). Tissues
collected were striatum, whole brain or liver (left lobe). Striatum and whole
brain were collected from separate animals. The striatum dissection
consisted of capturing a 2-mm-thick coronal section (Bregma coordinates
+1.0 to − 1.0), followed by manual isolation of the striatal region per mouse
brain atlas (Figure 1a).18 Left and right striatum were pooled for each
animal.

RNA-seq
Total RNA was extracted from the striatum using the Total RNA Purification
96-Well Kit (Norgen Biotek, Thorold, ON, Canada). RNA concentration was
measured by fluorometry (Qubit 2.0 Fluorometer, Life Technologies,
Carlsbad, CA, USA) and RNA quality was verified using microfluidics
(Bioanalyzer, Agilent Technologies, Santa Clara, CA, USA). Barcoded
libraries were created using Illumina (San Diego, CA, USA) TruSeq Stranded
mRNA Library Preparation Kit v2 with polyA selection using 1 μg total RNA
as input. Equal amounts of all barcoded samples were pooled to account
for lane and machine effects. This pool was sequenced on eight lanes of
the Illumina HiSeq 2000 (100 bp single-end reads). See Supplementary
Table 4 for alignment summary of post-quality control RNA-seq samples.
We mapped lane-level reads to the mouse genome (mm9) using

Tophat19 (v2.0.6, default parameters). Using samtools,20 we removed reads
with quality score o10 or potential PCR duplicates, and a median of 87%
of the reads mapped uniquely to the genome (range: 79–91%). The eight
aligned BAM files for each sample (one per lane) were highly correlated
and merged into one BAM file for each sample. Mapped reads were
summarized into gene-level expression estimates of total read count
(TReC). TReC is the number of reads that overlapped exonic regions of a
gene (using the R package isoform21). Ensembl gene models were used
(release 67, URLs). This yielded summarized read counts for 26 252 genes.
We excluded genes with low expression levels (sum of TReC across all
samples o50), resulting in 17 209 genes for analyses. TReC data were
normalized using the weighted trimmed mean of M-values scale-
normalization method in EdgeR.22 We tested for differential gene
expression in the striatum using the negative binomial generalized linear
model approach in EdgeR,22 with gene-wise dispersion applied.22,23 The
drug effect was evaluated using log-likelihood statistics comparing null
and alternative models. False discovery rate correction was applied to
gene-based P-values to account for multiple comparisons (R package
q-value).24

Gene expression arrays
Total RNA was extracted from ~25 mg of powdered tissue from the whole
brain using automated instrumentation (Maxwell 16 Tissue LEV Total RNA
Purification Kit, Promega, Madison, WI, USA). RNA concentration was
measured and RNA quality verified as described above. Whole-brain RNA
from 20 male C57BL/6J mice (10 haloperidol, 10 vehicle) was hybridized to
Affymetrix Mouse Gene 2.0 ST 96-Array Plate arrays (Santa Clara, CA, USA)

using a GeneTitan instrument according to the manufacturer's instructions.
As in our prior reports,15,25 we used robust multiarray average method in
the Affymetrix gene expression console to estimate normalized expression
levels (default settings, median polish and sketch-quantile normalization).
We excluded probes containing any known single nucleotide polymorph-
isms in C57BL/6J,26 resulting in 24 464 probe sets for analysis. We searched
for outliers using principal component analysis and hierarchical clustering
(R function hclust), and identified only one outlier in a liver sample. We
evaluated potential confounding variables by examining the relationship
between PC1–PC10 from the expression data and each variable. We found
that all potential confounders had minimal impact on gene expression in
the whole brain and liver. For unmeasured confounders, we performed
surrogate variable analysis.27 Surrogate variables 1 and 2 explained the
majority of variation in the residual from a model including haloperidol
treatment. We used the following model to identify genes displaying
differential expression: y = β0+β1drug+β2sv1+β3sv2+ε, where ‘drug’ is an
indicator of haloperidol exposure and ‘sv1’ and ‘sv2’ are the first two
surrogate variables. False discovery rate correction was applied to
transcript-based P-values to account for multiple statistical comparisons
(R package q-value).24

Differentially expressed genes and GWAS results
We used INRICH28 and MAGMA29 to test for enrichment of GWAS signals in
transcripts showing differential gene expression in haloperidol versus
vehicle. INRICH evaluates whether a given gene set or pathway has an
enrichment of smaller GWAS association P-values than expected by chance
(accounting for gene size, single nucleotide polymorphism density, linkage
disequilibrium (LD) and pathway size). MAGMA combines the GWAS
P-values for each gene (10 kb upstream to 1.5 kb downstream) into a
gene-level P-value and accounts for correlations between single nucleotide
polymorphisms based on the LD (using 1000 Genomes Project European
reference panel Phase 3 (ref. 30)). MAGMA applies a linear regression
framework to test whether gene sets are significantly associated with a
trait with respect to the rest of the genome or to some subset of genes.
The latter was performed, by adding a covariate consisting of all genes
located at the GWAS loci. To determine whether the significant enrichment
of schizophrenia GWAS was specific to schizophrenia, we performed
enrichment testing with INRICH using GWAS results from other psychiatric
disorders (autism, bipolar disorder, major depressive disorder and
Alzheimer’s disease; URLs)31–33 and non-psychiatric traits (height, body
mass index and type 2 diabetes; URLs).34,35 Because high LD and high gene
density in the major histocompatibility complex (MHC) may influence
these analyses, we performed enrichment tests with inclusion and
exclusion of the MHC region.

Functional enrichment analysis
We used ConsensusPathDB (release MM9 (11.10.2013) version for mouse)36

to test differentially expressed genes (false discovery rate qo0.1) for
enrichment in Gene Ontology, the Kyoto Encyclopedia of Genes and
Genomes, Reactome, WikiPathways, MouseCyc37 and drug–gene interac-
tion databases. Functional clustering analysis was performed separately on
up- and downregulated genes using a hypergeometric test to examine
whether overlap between our list of genes and those present in each
reference category was higher than that expected by chance. The
background gene list included genes assessed in our expression
experiment.

Gene co-expression network analysis
To explore higher-order interactions in an unbiased manner, we used
WGCNA38 (URLs). After removing transcripts with low expression levels, we
applied blockwiseModule function (power = 6). For striatum RNA-seq data,
we included genes with a TReC sum 450 across all samples and then fit a
negative binomal general linearized model for each gene using batch and
RNA integrity number as covariates. We applied WGCNA to the residuals
after subtracting the fitted values from original raw data. For the whole-
brain microarray data, we used 15 185 probe sets that had a mean log2-
transformed and normalized expression level 46.5 across all samples.

RESULTS
We performed RNA-seq of the striatal brain tissue from adult male
C57BL/6J mice chronically treated (30 days) with implanted
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haloperidol (N= 16) or vehicle pellets (N= 12). Additional mice
were examined for differential RNA expression in whole brain and
liver (N= 20 mice, Supplementary Table 3). We first examined two
positive control genes (Drd2 and Nts), and found that both genes
showed a striatum-specific increase in expression after chronic
haloperidol exposure, as expected from prior studies39,40

(Supplementary Table 5). We found that the transcriptional effects
of chronic haloperidol exposure were brain-specific (Supplemen-
tary Figure 1) and most pronounced in the striatum (Supplemen-
tary Table 6). Haloperidol-regulated genes were enriched for
orthologous schizophrenia GWAS risk loci (Figure 1a, INRICH
P= 0.0004, MAGMA P= 0.0003, 32 loci, 39 genes, Supplementary
Tables 7 and 8). This enrichment remains when the MHC region is
excluded (INRICH P=0.0006, MAGMA P=0.0001). These effects were
not seen in the whole brain (INRICH P=0.45) or liver (INRICH
P=0.95), suggesting that these effects are anatomically specific.
Although haloperidol-regulated and schizophrenia-associated genes
tend to be expressed in the striatum, enrichment for schizophrenia
GWAS loci remained significant when restricting the analysis to
genes expressed in the mouse striatum (INRICH P=0.0009).

Consistent with our hypothesis that the overlap is largely
specific to schizophrenia, only nominal associations were seen
with a co-heritable condition, bipolar disorder, and no significant
enrichment was observed for GWAS loci from human studies of
autism, major depressive disorder, Alzheimer’s disease, height,
body mass index or type 2 diabetes mellitus (Supplementary
Table 9). Most genes overlapping schizophrenia GWAS loci were
downregulated (Figure 1b, 27 of 39 genes), and 15 genes were
located in a human multigenic locus associated with schizo-
phrenia. Therefore, these results provide support for plausible
target genes within multigenic loci along with hypotheses of the
direction of association.
We found that haloperidol-regulated genes are also enriched

for historical schizophrenia candidate genes. Figure 1c shows
genes with the greatest fold-change after chronic haloperidol
exposure (full list in Supplementary Table 10). Three genes
(CHRNA7, HTR2A and SLC6A4) are among the top 25 most studied
schizophrenia candidate genes41 (P= 0.00018) and eight (CARTPT,
CHRNA7, GABRA6, GSTT2, HTR2A, NTS, PENK and SLC6A4) are
among the 864 orthologous schizophrenia candidate genes in the

Figure 1. Schizophrenia risk genes and historical candidate genes are differentially expressed following chronic haloperidol exposure. (a)
Overlap between schizophrenia GWAS loci from the Psychiatric Genomics Consortium9 and one-to-one orthologous mouse genes with
altered expression following haloperidol (qo0.1). A significant enrichment was seen with striatum RNA-seq data (P= 0.0004), but not with
whole-brain expression data (P= 0.45). (b) Manhattan plot of schizophrenia GWAS results9 showing 39 differentially regulated genes following
chronic haloperidol exposure (red: increased, blue: decreased expression, qo0.1). Underlined genes are located in a multigenic GWAS locus.
Genes of note are highlighted with a light green arrow. (c) Mouse genes with the most significant change in expression following chronic
haloperidol exposure (all genes with qo0.05), ranked by fold-change. This list is significantly enriched for historical schizophrenia candidate
genes (◆ from SzGene database;42 from top 25 most studied candidate genes41). GWAS, genome-wide association studies; RNA-seq, RNA
sequencing.
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SzGene database42 (P= 0.05, Figure 1c). Notably, genetic evidence
for association with schizophrenia for most of these genes is
currently lacking.41 Many of these candidate genes were proposed
based on pharmacological properties (Supplementary Figure 2).

DISCUSSION
We used an in vivo molecular approach to determine whether
there is significant overlap between genes and pathways involved
in schizophrenia risk and those regulated by chronic antipsychotic
treatment. We performed RNA-seq of brain tissue from mice
chronically treated with haloperidol and found that haloperidol-
regulated genes are over-represented within schizophrenia GWAS
loci and schizophrenia-associated biological pathways. Our find-
ings indicate an overlap between genetic variation underlying the
pathophysiology of schizophrenia and the molecular effects of a
prototypical antipsychotic.
Our main analyses focused on the striatum. We confirmed our

choice of this tissue using single-cell RNA-seq in the mouse
brain43,44 where we demonstrated marked enrichment of
antipsychotic drug targets45 and differentially expressed genes
from this experiment: both analyses pointed at the dominant cell
type in ventral striatum, medium spiny neurons (particularly those
expressing Drd2).46

If such convergence occurs at the levels of biological pathways,
it follows that some genes might be important for antipsychotic
effects but do not harbor common variants that increase risk for
schizophrenia. For example, the serotonin transporter and
nicotinic acetylcholine receptor subunit alpha-7 are implicated in
antipsychotic pharmacology,47,48 showing marked expression
changes after chronic treatment with haloperidol, but, at present,
have no genetic association with schizophrenia (additional
examples include HTR2A and NTS, Supplementary Figures 3 and
4). One might also expect genes within the same pathway to show
gene expression changes and association with schizophrenia.
Such is the case for the dopamine receptor D2 (DRD2), the direct
target of all effective antipsychotics, and for synaptosomal-
associated protein 91 kDa, a novel synaptic vesicle protein
(SNAP91; Supplementary Figure 3). Additional examples include
CACNA1C and GRIN2A (Supplementary Figure 5).
Additional support for a role of putative schizophrenia risk

genes in antipsychotic action is derived from gene co-expression
network analyses (Supplementary Figures 6–8) and functional
enrichment analyses (Supplementary Tables 11 and 12 and
Supplementary Figures 9 and 10). Overlap between haloperidol
regulation and schizophrenia risk extends to biological pathways
and perhaps even to the composition of some multisubunit
receptors. For example, there is enrichment of the pathway
representing nicotinic acetylcholine receptor regulation of dopa-
minergic synapses, an active process in the striatum49

(Supplementary Figure 8a). The nicotinic receptor α4α6β2β3
(which is critical to striatal dopamine release)50,51 contains
subunits encoded by a gene with differential expression but no
genetic association (Chrna6) and a gene with the inverse pattern
of findings (Chrna4, Supplementary Figure 8b). Furthermore, the
net expression changes we observe in this pathway suggest that
chronic haloperidol exposure likely decreases dopamine release in
the striatum.49,52 We also showed that the enrichment of
haloperidol-regulated genes is specific to schizophrenia GWAS
(Supplementary Table 9). A recent study used MAGMA to identify
new drug targets using the PGC2 schizophrenia data. Interestingly,
the authors found that targets of antipsychotics were enriched for
association with the schizophrenia GWAS data.45 When they
looked at druggable targets, they found that the PGC2 schizo-
phrenia GWAS findings were associated with antipsychotics and
anticonvulsants, as well as drugs targeting calcium channels and
nicotinic acetylcholine receptors.45

In summary, by integrating human genetic findings and mouse
in vivo expression data, we provide evidence that some
schizophrenia risk genes may be involved in chronic effects of
haloperidol. Our findings suggest targets for antipsychotic drug
development (for example, genes highlighted in Figure 1b and
pathways in Supplementary Figure 8a). Our results support the
ongoing development of α7-nicotinic acetylcholine receptor
agonists for cognitive enhancement in schizophrenia,53 and
suggest that α6 is also a potential target, but this will require
further experimental molecular data. We also show that the
mouse can be a suitable and efficient model organism in which to
use human GWAS results to learn more about drug mechanisms
and to support compound development.

URLs
Psychiatric Genomics Consortium, http://pgc.unc.edu; human and
mouse homology, ftp://ftp.informatics.jax.org/pub/reports/index.
html#homology; mouse exon annotations, http://www.bios.unc.
edu/~weisun/software/isofrom_files/Mus_musculus.NCBI37.67_data.
zip. WGCNA, http://labs.genetics.ucla.edu/horvath/Coexpression
Network; NIMH Psychoactive Drug Screening Program, http://
pdsp.med.unc.edu/downloadKi.html. GIANT body mass index and
height (http://www.broadinstitute.org/collaboration/giant), DIA-
GRAM consortium type 2 diabetes results (http://diagram-con
sortium.org/downloads.html), Autism Spectrum Disorder Working
Group of the PGC (http://www.med.unc.edu/pgc/files/resultfiles/
pgcasdeuro.gz) and a pathway regulating the effects of acetylcho-
line and nicotine on dopaminergic neurons (http://www.wikipath
ways.org/index.php/Pathway:WP1602) and MAGMA (https://ctg.
cncr.nl/software/MAGMA). These data have been deposited in the
Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo),
accession GSE67755.

CONFLICT OF INTEREST
PFS is a consultant to Pfizer. The remaining authors declare no conflict of interest.

ACKNOWLEDGMENTS
This work was partially funded by the NIMH/NHGRI Center of Excellence for Genome
Sciences grant (P50MH090338, P50HG006582, PIs Dr Fernando Pardo-Manuel de
Villena and Dr Patrick F Sullivan).

AUTHOR CONTRIBUTIONS
PFS, YK, PG-R, FP-MdV and JJC designed the experiments. RJN, PG-R, AKR and
CRQ performed the experiments. PFS, YK, PG-R, JJC, MDI-U, FP-MdV and PHL
analyzed the data. JJC, PFS, YK and PG-R wrote the manuscript. All of the
authors critically read and contributed comments to the final version of the
manuscript.

REFERENCES
1 Plenge RM, Scolnick EM, Altshuler D. Validating therapeutic targets through

human genetics. Nat Rev Drug Discov 2013; 12: 581–594.
2 Swerdlow DI, Preiss D, Kuchenbaecker KB, Holmes MV, Engmann JE, Shah T et al.

HMG-coenzyme A reductase inhibition, type 2 diabetes, and bodyweight: evi-
dence from genetic analysis and randomised trials. Lancet 2015; 385: 351–361.

3 Klein RJ, Zeiss C, Chew EY, Tsai JY, Sackler RS, Haynes C et al. Complement factor H
polymorphism in age-related macular degeneration. Science 2005; 308: 385–389.

4 Haines JL, Hauser MA, Schmidt S, Scott WK, Olson LM, Gallins P et al. Complement
factor H variant increases the risk of age-related macular degeneration. Science
2005; 308: 419–421.

5 Zareparsi S, Branham KE, Li M, Shah S, Klein RJ, Ott J et al. Strong association of
the Y402H variant in complement factor H at 1q32 with susceptibility to
age-related macular degeneration. Am J Hum Genet 2005; 77: 149–53.

6 Troutbeck R, Al-Qureshi S, Guymer RH. Therapeutic targeting of the complement
system in age-related macular degeneration: a review. Clin Experiment Ophthalmol
2012; 40: 18–26.

Schizophrenia risk genes in antipsychotic effects
Y Kim et al

711

© 2018 Macmillan Publishers Limited, part of Springer Nature. Molecular Psychiatry (2018), 708 – 712

http://pgc.unc.edu
http://www.bios.unc.edu/�&#x0007E;�weisun/software/isofrom_files/Mus_musculus.NCBI37.67_data.zip
http://www.bios.unc.edu/�&#x0007E;�weisun/software/isofrom_files/Mus_musculus.NCBI37.67_data.zip
http://www.bios.unc.edu/�&#x0007E;�weisun/software/isofrom_files/Mus_musculus.NCBI37.67_data.zip
http://labs.genetics.ucla.edu/horvath/CoexpressionNetwork
http://labs.genetics.ucla.edu/horvath/CoexpressionNetwork
http://pdsp.med.unc.edu/downloadKi.html
http://pdsp.med.unc.edu/downloadKi.html
http://www.broadinstitute.org/collaboration/giant
http://diagram-consortium.org/downloads.html
http://diagram-consortium.org/downloads.html
http://www.med.unc.edu/pgc/files/resultfiles/pgcasdeuro.gz
http://www.med.unc.edu/pgc/files/resultfiles/pgcasdeuro.gz
http://www.wikipathways.org/index.php/Pathway:WP1602
http://www.wikipathways.org/index.php/Pathway:WP1602
https://ctg.cncr.nl/software/MAGMA
https://ctg.cncr.nl/software/MAGMA
http://www.ncbi.nlm.nih.gov/geo


7 McGrath J, Saha S, Chant D, Welham J. Schizophrenia: a concise overview of
incidence, prevalence, and mortality. Epidemiol Rev 2008; 30: 67–76.

8 Mathers C, Fat DM, Boerma JT. The Global Burden of Disease: 2004 Update. Geneva,
Switzerland: World Health Organization, 2008.

9 Schizophrenia Working Group of the Psychiatric Genomics Consortium. Biological
insights from 108 schizophrenia-associated genetic loci. Nature 2014; 511:
421–427.

10 Crowley J, Kim Y, Szatkiewicz J, Pratt A, Quackenbush C, Adkins D et al. Genome-
wide association mapping of loci for antipsychotic-induced extrapyramidal
symptoms in mice. Mammal Genome 2011; 23: 322–335.

11 Crowley JJ, Adkins D, Pratt A, Quackenbush C, van den Oord EJCG, Moy SS et al.
Antipsychotic-induced vacuous chewing movements and extrapyramidal
side-effects are highly heritable in mice. Pharmacogenomics J 2012; 12: 147–155.

12 Crowley JJ, Kim Y, Lenarcic AB, Quackenbush CR, Barrick CJ, Adkins DE et al.
Genetics of adverse reactions to haloperidol in a mouse diallel: a drug-placebo
experiment and Bayesian causal analysis. Genetics 2014; 196: 321–347.

13 Leek JT, Scharpf RB, Bravo HC, Simcha D, Langmead B, Johnson WE et al. Tackling
the widespread and critical impact of batch effects in high-throughput data. Nat
Rev Genet 2010; 11: 733–739.

14 Creese I, Burt DR, Snyder SH. Dopamine receptor binding predicts clinical and
pharmacological potencies of antischizophrenic drugs. Science 1976; 192:
481–483.

15 Crowley JJ, Zhabotynsky V, Sun W, Huang S, Pakatci IK, Kim Y et al. Analyses of
allele-specific gene expression in highly divergent mouse crosses identifies per-
vasive allelic imbalance. Nat Genet 2015; 47: 353–360.

16 Fleischmann N, Christ G, Sclafani T, Melman A. The effect of ovariectomy and
long-term estrogen replacement on bladder structure and function in the rat.
J Urol 2002; 168: 1265–1268.

17 Turrone P, Remington G, Nobrega JN. The vacuous chewing movement (VCM)
model of tardive dyskinesia revisited: is there a relationship to dopamine D(2)
receptor occupancy? Neurosci Biobehav Rev 2002; 26: 361–380.

18 Keith F, George P. Paxinos and Franklin's The Mouse Brain in Stereotaxic
Coordinates, 4th edn, Academic Press, 2013.

19 Trapnell C, Pachter L, Salzberg SL. TopHat: discovering splice junctions with
RNA-Seq. Bioinformatics 2009; 25: 1105–1111.

20 Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N et al. The Sequence
Alignment/Map format and SAMtools. Bioinformatics 2009; 25: 2078–2079.

21 Sun W, Liu Y, Crowley JJ, Chen TH, Zhou H, Chu H et al. IsoDOT detects differential
RNA-isoform expression/usage with respect to a categorical or continuous cov-
ariate with high sensitivity and specificity. J Am Stat Assoc 2015; 110: 975–986.

22 Robinson MD, McCarthy DJ, Smyth GK. edgeR: a bioconductor package for dif-
ferential expression analysis of digital gene expression data. Bioinformatics 2010;
26: 139–140.

23 Sun W. A statistical framework for eQTL mapping using RNA-seq data. Biometrics
2012; 68: 1–11.

24 Storey JD, Tibshirani R. Statistical significance for genomewide studies. Proc Natl
Acad Sci USA 2003; 100: 9440–9445.

25 Sun W, Lee S, Zhabotynsky V, Zou F, Wright FA, Crowley JJ et al. Transcriptome
atlases of mouse brain reveals differential expression across brain regions and
genetic backgrounds. G3 2012; 2: 203–211.

26 Keane TM, Goodstadt L, Danecek P, White MA, Wong K, Yalcin B et al. Mouse
genomic variation and its effect on phenotypes and gene regulation. Nature 2011;
477: 289–294.

27 Leek JT, Storey JD. Capturing heterogeneity in gene expression studies by
surrogate variable analysis. PLoS Genet 2007; 3: 1724–1735.

28 Lee PH, O’Dushlaine C, Thomas B, Purcell S. InRich: interval-based enrichment
analysis for genome-wide association studies. Bioinformatics 2012; 28: 1797–1799.

29 de Leeuw CA, Mooij JM, Heskes T, Posthuma D. MAGMA: generalized gene-set
analysis of GWAS data. PLoS Comput Biol 2015; 11: e1004219.

30 Genomes Project C, Auton A, Brooks LD, Durbin RM, Garrison EP, Kang HM et al.
A global reference for human genetic variation. Nature 2015; 526: 68–74.

31 Psychiatric GWAS Consortium Bipolar Disorder Working Group. Large-scale
genome-wide association analysis of bipolar disorder identifies a new suscept-
ibility locus near ODZ4. Nat Genet 2011; 43: 977–983.

32 Major Depressive Disorder Working Group of the PGC. A mega-analysis of
genome-wide association studies for major depressive disorder. Mol Psychiatry
2013; 18: 497–511.

33 Lambert JC, Ibrahim-Verbaas CA, Harold D, Naj AC, Sims R, Bellenguez C et al.
Meta-analysis of 74,046 individuals identifies 11 new susceptibility loci for
Alzheimer's disease. Nat Genet 2013; 45: 1452–1458.

34 Lango Allen H, Estrada K, Lettre G, Berndt SI, Weedon MN, Rivadeneira F et al.
Hundreds of variants clustered in genomic loci and biological pathways affect
human height. Nature 2010; 467: 832–838.

35 Morris AP, Voight BF, Teslovich TM, Ferreira T, Segre AV, Steinthorsdottir V et al.
Large-scale association analysis provides insights into the genetic architecture
and pathophysiology of type 2 diabetes. Nat Genet 2012; 44: 981–990.

36 Kamburov A, Pentchev K, Galicka H, Wierling C, Lehrach H, Herwig R. Con-
sensusPathDB: toward a more complete picture of cell biology. Nucleic Acids Res
2011; 39(Database issue): D712–D717.

37 Evsikov AV, Dolan ME, Genrich MP, Patek E, Bult CJ. MouseCyc: a curated
biochemical pathways database for the laboratory mouse. Genome Biol 2009;
10: R84.

38 Langfelder P, Horvath S. WGCNA: an R package for weighted correlation network
analysis. BMC Bioinformatics 2008; 9: 559.

39 Bernard V, Le Moine C, Bloch B. Striatal neurons express increased level of
dopamine D2 receptor mRNA in response to haloperidol treatment: a quantitative
in situ hybridization study. Neuroscience 1991; 45: 117–126.

40 Kinkead B, Shahid S, Owens MJ, Nemeroff CB. Effects of acute and subchronic
administration of typical and atypical antipsychotic drugs on the neurotensin
system of the rat brain. J Pharmacol Exp Ther 2000; 295: 67–73.

41 Farrell MS, Werge T, Sklar P, Owen MJ, Ophoff RA, O'Donovan MC et al.
Evaluating historical candidate genes for schizophrenia. Mol Psychiatry 2015; 20:
555–562.

42 Allen NC, Bagade S, McQueen MB, Ioannidis JP, Kavvoura FK, Khoury MJ et al.
Systematic meta-analyses and field synopsis of genetic association studies in
schizophrenia: the SzGene database. Nat Genet 2008; 40: 827–834.

43 Gokce O, Stanley GM, Treutlein B, Neff NF, Camp JG, Malenka RC et al. Cellular
taxonomy of the mouse striatum as revealed by single-cell RNA-seq. Cell Rep
2016; 16: 1126–1137.

44 Zeisel A, Munoz-Manchado AB, Codeluppi S, Lonnerberg P, La Manno G, Jureus A
et al. Cell types in the mouse cortex and hippocampus revealed by single-cell
RNA-seq. Science 2015; 347: 1138–1142.

45 Gaspar HA, Breen G. Pathways analyses of schizophrenia GWAS focusing on
known and novel drug targets. bioRxiv 2017; doi: https://doi.org/10.1101/091264.

46 Skene NG, Bryois J, Badden TE, Breen G, Crowley JJ, Gaspar HA et al. Brain cell
types and the genetic basis of schizophrenia (submitted).

47 Ase AR, Amdiss F, Hebert C, Huang N, van Gelder NM, Reader TA. Effects of
antipsychotic drugs on dopamine and serotonin contents and metabolites,
dopamine and serotonin transporters, and serotonin1A receptors. J Neural Transm
1999; 106: 75–105.

48 Meltzer HY, Li Z, Kaneda Y, Ichikawa J. Serotonin receptors: their key role in drugs
to treat schizophrenia. Progr Neuro-psychopharmacol Biol Psychiatry 2003; 27:
1159–1172.

49 Faure P, Tolu S, Valverde S, Naude J. Role of nicotinic acetylcholine receptors in
regulating dopamine neuron activity. Neuroscience 2014; 282C: 86–100.

50 Exley R, Clements MA, Hartung H, McIntosh JM, Cragg SJ. Alpha6-containing
nicotinic acetylcholine receptors dominate the nicotine control of dopamine
neurotransmission in nucleus accumbens. Neuropsychopharmacology 2008; 33:
2158–2166.

51 Drenan RM, Grady SR, Whiteaker P, McClure-Begley T, McKinney S, Miwa JM et al.
In vivo activation of midbrain dopamine neurons via sensitized, high-affinity alpha
6 nicotinic acetylcholine receptors. Neuron 2008; 60: 123–136.

52 Lane RF, Blaha CD. Chronic haloperidol decreases dopamine release in striatum
and nucleus accumbens in vivo: depolarization block as a possible mechanism
of action. Brain Res Bull 1987; 18: 135–138.

53 Freedman R. alpha7-nicotinic acetylcholine receptor agonists for cognitive
enhancement in schizophrenia. Annu Rev Med 2014; 65: 245–261.

Supplementary Information accompanies the paper on the Molecular Psychiatry website (http://www.nature.com/mp)

Schizophrenia risk genes in antipsychotic effects
Y Kim et al

712

Molecular Psychiatry (2018), 708 – 712 © 2018 Macmillan Publishers Limited, part of Springer Nature.

https://doi.org/10.1101/091264

	Comparative genomic evidence for the involvement of schizophrenia risk genes in antipsychotic effects
	Introduction
	Materials and methods
	Mice
	Haloperidol exposure
	Tissue collection
	RNA-seq
	Gene expression arrays
	Differentially expressed genes and GWAS results
	Functional enrichment analysis
	Gene co-expression network analysis

	Results
	Discussion
	URLs

	Acknowledgements
	Note
	References




