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ORIGINAL ARTICLE
Network analysis of gene expression in mice provides new

evidence of involvement of the mTOR pathway in
antipsychotic-induced extrapyramidal symptoms

S Mas'*3, P Gass6'"?3, D Boloc', N Rodriguez', F Marmol', J Sanchez', M Bernardo®>*** and A Lafuente'*>

To identify potential candidate genes for future pharmacogenetic studies of antipsychotic (AP)-induced extrapyramidal symptoms
(EPS), we used gene expression arrays to analyze changes induced by risperidone in mice strains with different susceptibility to EPS.
We proposed a systems biology analytical approach that combined the identification of gene co-expression modules related to AP
treatment, the construction of protein—protein interaction networks with genes included in identified modules and finally, gene set
enrichment analysis of constructed networks. In response to risperidone, mice strain with susceptibility to develop EPS showed

downregulation of genes involved in the mammalian target of rapamycin (mTOR) pathway and biological processes related to this
pathway. Moreover, we also showed differences in the phosphorylation pattern of the ribosomal protein S6 (rpS6), which is a major
downstream effector of mTOR. The present study provides new evidence of the involvement of the mTOR pathway in AP-induced

EPS and offers new and valuable markers for pharmacogenetic studies.
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INTRODUCTION

Early acute extrapyramidal symptoms (EPS) are serious, debilitat-
ing and stigmatizing adverse effects of antipsychotics (AP).
Although these side effects usually respond to dose reduction
or to additional pharmacological treatment, they are a major
cause of poor adherence to AP treatment.’

Recently, the heritability of EPS was estimated to be ~0.90
using inbred mouse strains exposed to haloperidol.? Despite
the existence of this heritability, however, inconsistent results
have been obtained in pharmacogenetic studies of EPS. The
most  promising results involve dopaminergic candidate
genes (DRD3 and RGS2)>™ and genes involved in AP pharmaco-
kinetics,%” although no single factor has been able to predict
EPS.8'9'1O

Although the exact mechanism underlying EPS is not clear,
striatal dopamine D2 receptor (DRD2) blockade is believed to be
the principal cause."" Apart from their receptor-binding profile,
little is known about the underlying molecular mechanism by
which AP act. One approach that could help to elucidate the
molecular signatures of AP treatments involves the study of gene
expression.'? Although gene expression studies have implicated
many genes in the pharmacological effect of AP, most results have
not been replicated. Therefore, one research avenue involves the
search for dysregulated molecular pathways or gene networks
inferred from interactome. The advantage of this type of
approach is that it has the potential to reconcile poor biomarker
reproducibility across studies by identifying common biological
pathways or functional modules.'®

Essential control of motor activity is exerted by dopamine in the
striatum.’® As an evolutionary ancient brain region, the functions

and gene expression profiles of the striatum are comparable
between rodents and humans.'® Thus, despite the limitation of an
animal model, the comparison of AP-induced changes in the
rodent striatal gene expression profile provides insights into
molecular mechanisms of AP actions."®

In the present study we used whole-genome expression arrays
to analyze changes in gene expression induced by treatment with
risperidone in two different mice strains (A/J and DBA2J) with
different susceptibility to EPS but a similar metabolic profile
(according to Crowley et al?). Weighted co-expression network
analysis (WGCNA) was carried out to identify gene co-expression
modules related to AP treatment in each strain. In addition, we
constructed a protein—protein interaction (PPI) network with
genes involved in each co-expression module and performed
gene set enrichment analysis to identify molecular pathways and
biological processes involved in AP-induced EPS, the aim being to
identify potential candidate genes for future pharmacogenetic
studies.

MATERIALS AND METHODS

Animals

Male mice (7-8 weeks old) from two inbred strains, A/JOlaHsd (A/J) and
DBA/2JRccHsd (DBA/2J) (Harlan Laboratories, Sant Feliu de Codines, Spain),
were housed eight per cage under a 12-h dark/light cycle with free access
to food and water. Mice were allowed to acclimatize to the colony for
1-2 weeks before the initiation of training. All animal-related procedures
were in accordance with the European Union guidelines for the
care and use of laboratory animals and were approved by the local
animal care committee of the University of Barcelona and the Generalitat
de Catalunya.
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Drug treatment

Mice were injected i.p. (volume 0.25 ml) with risperidone (0.5, 1.0 and
1.5mgkg™") or saline once per day for three consecutive days. Injections
were performed at 0900-0930 hours. For each strain four groups were
created, with six animals per each dose assayed and an appropriate vehicle
group (24 animals of each strain were used in the study). Risperidone
(Sigma-Aldrich, St Louis, MO, USA) was suspended in water.

Tissue collection and RNA isolation

After three days of treatment, animals were sacrificed by decapitation 2 h
after the last injection, and their brains were rapidly removed and placed
on ice. The striatum was then dissected out and immediately preserved at
—80°C. Samples were homogenized in Trizol reagent (Life Technologies,
Foster City, CA, USA) and RNA was isolated following the manufacturer’s
protocol, before being further purified using the RNeasy Mini Kit (Qiagen,
Valencia, CA, USA). RNA concentrations were determined using a
Nanodrop ND-1000 spectrophotometer (Nanodrop, Willmington, DE,
USA). The purity and integrity of RNA was assessed using an Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). A total of 1 ug
of purified RNA from each of the samples was submitted to the
Kompetenzzentrum fiir Fluoreszente Bioanalytik Microarray Technology
(KFB, BioPark Regensburg GmbH, Regensburg, Germany) for labeling and
hybridization to Affymetrix GeneChip Arrays MG 430 PM (Affymetrix, Santa
Clara, CA, USA).

Microarray data analysis

Full details of extraction, labeling and hybridization protocols, raw array
data (.cel files) and pre-processed data matrix are available at the Gene
Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/; Gene
Expression Omnibus accession number GSE67723).

Preprocessing. Microarray data preprocessing analysis was performed
using the Babelomics 4.3 suite (http://www.babelomics.org/). The data
were standardized using robust multichip analysis. Multiple probe
mapping to the same gene were merged using the average as the
summary of the hybridization values. Formal power analysis was not used
to predetermine sample size, however, sample size (four per strain and
condition) was determined based on previous estimations to identify
greater than twofold change in gene expression levels at P < 0.01 using
inbred animals.”” No data points were excluded as outliers. Animal's
allocation to treatment was randomized and the experimenter was blinded
to the group allocation during motor activity assessment, sample
collection and sample processing.

WGCNA procedure. Co-expression modules were identified using the
WGCNA R software package (http://labs.genetics.ucla.edu/horvath/Coex
pressionNetwork/Rpackages/WGCNA/).'® The co-expression analysis starts
by constructing a matrix of pairwise correlations between all pairs of genes
across all selected samples. Next, the matrix is raised to a soft-thresholding
power (8=8 in this study) to obtain an adjacency matrix. In order to
identify modules of co-expressed genes, we constructed the topological
overlap-based dissimilarity,'® which was then used as input to average
linkage hierarchical clustering. This step results in a clustering tree
(dendrogram) whose branches are identified for cutting depending on
their shape using the dynamic tree-cutting algorithm.'® The above steps
were performed using the automatic network construction and module
detection function (blockwiseModules in WGCNA), with the following major
parameters: minModuleSize of 30; reassignThreshold of 0; and merge-
CutHeight of 0.25. The modules were then tested for their associations with
the trait by correlating module eigengenes with trait measurements.

PPI network construction and evaluation. Genes included in each gene co-
expression module that were significantly associated with AP treatment in
each strain were used to create PPl networks. Gene mice were converted
to human orthologs in order to use the most curated human interactome.
The SNOW program (http://www.babelomics.org/), implemented in the
Babelomics 4.3 suite, was used for the analysis.‘9 The minimum connected
network (MCN), defined as the shortest network that connects all the
interacting nodes within a gene list, was obtained as described
previously.?® Briefly, we used the curated interactome (validated by at
least two independent methods) and allowed the inclusion of extra nodes
that connect two or more nodes in the list. Network enrichment analysis
was performed to test whether the parameters that described a network
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were beyond their random expectations or not. The parameters analyzed
were connection degree, clustering coefficient and betweenness
centrality.'9%°

Gene set enrichment analysis and visualization. The MCN constructed with
SNOW for each gene co-expression module associated with AP treatment
was uploaded into Cytoscape 3.0.2 (http://www.cytoscape.org). We then
used ClueGO v2.1 (http://apps.cytoscape.org/apps/cluego), a Cytoscape
plug-in?' to perform a gene set enrichment analysis as described
previously.?® Briefly, we selected the unstructured terms of biological
processes from Gene Ontology (GO) (http://geneontology.org/) and
Reactome pathways (http://www.reactome.org/). Only terms with an
adjusted P-value <0.05 and experimental evidence were selected for
analysis. Genes involved in each MCN were mapped to their enriched term
based on the hypergeometric test (two sided), with the P-value being
corrected by the Benjamini-Hochberg method. ClueGO created a
functional module network in which the different GO terms or Reactome
pathways were clustered according to the association strength between
terms calculated using chance-corrected kappa statistics.?'

Motor activity assessment

The effect of risperidone on motor activity was measured by three different
methods.

Rotarod. Motor coordination and balance were evaluated on the rotarod
apparatus as described elsewhere.?? For rotarod learning assessment, mice
were trained at a fixed speed of 20r.p.m. and subsequently tested with
two trials per day spaced 1h apart over two consecutive days. For the
accelerating task, the rotarod was accelerated from 5 to 40r.p.m. over
5 min. Rotarod testing was performed twice a day with a 1-h interval. The
latency to fall was recorded for each of the two trials and averaged.

Catalepsy test. Catalepsy was measured by using a standard bar test, in
which the mouse was maintained in an imposed position with both front
limbs extended and resting on a 5-cm high bar (0.4 cm in diameter). The
end point of catalepsy was considered to be the point either at which one
of the front paws was removed from the bar or the mouse moved its head
in an exploratory manner. The cutoff time was 720s.

Open-field test. Spontaneous locomotor activity was measured using the
open-field test.?* Briefly, the apparatus consisted of a white circular arena
measuring 40 cm in diameter and 40 cm in height. Dim light intensity was
40 lux throughout the arena. Animals were placed on the arena center and
allowed to explore freely for 30 min. Spontaneous locomotor activity was
measured. Animals were tracked and recorded with SMART junior software
(Panlab, Barcelona, Spain). We extracted as phenotype the total distance
traveled (cm).

Western blotting

Striatum samples were homogenized in Trizol reagent (Life Technologies)
and proteins were isolated following the manufacturer’s protocol. Aliquots
of the homogenate were used for protein determination using a Lowry
assay. Equal amounts of protein for each sample were loaded onto 10%
polyacrylamide gels. Proteins were separated by SDS-polyacrylamide gel
electrophoresis and transferred using iBlot Transfer Stacks (Life Technol-
ogies). The membranes were immunoblotted using antibodies against
phospho-Ser235/236-rpS6 and phospho-Ser244/247-rpS6 (Cell Signaling
Technology, Beverly, MA, USA). Antibodies against rpS6 (Cell Signaling
Technology), which are not phosphorylation state specific were used to
estimate the total amount of protein. Chemoluminiscent images were
acquired with a LAS-3000 Imager (Fujifilm, Valhalla, NY, USA). The levels of
each phosphoprotein were normalized for the amount of the correspond-
ing total protein detected in the sample.

Statistical analysis

Statistical analyses were performed in GraphPad Prism version 5.00 for
Windows (GraphPad Software, San Diego, CA, USA) or SPSS version 17
(SPSS, Chicago, IL, USA). Normal distributions of the data were confirmed
using Shapiro-Wilk test, and equality of the variance between groups was
assessed by means of Levene’s test. For comparing two groups, a two-
tailed Student’s t-test was used. Significance was set at P < 0.05.
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Figure 1. The effect of risperidone on motor activity in two different
mice strains (A/J and DBA2J) with different susceptibility to
extrapyramidal symptoms. Motor activity was measured by three
different methods: (a) rotarod; (b) catalepsy test; and (c) open field.
The x axis showed risperidone dosage (mgkg~") and the y axis
gives the phenotypic value of each method expressed as ratio of
control treatment. All graphs are average + s.d. of six replicates and
analyzed by Student’s t-test for statistical differences. *P < 0.05,
**P < 0.01, **P>0.001.

RESULTS
Motor assessment

First, we evaluated the motor effects of different risperidone
dosages on A/J and DBA/2J strains. It can be seen in Figure 1 that
with doses of 1mgkg™"' or higher, A/J mice suffered greater
motor impairment than did DBA/2J animals: the time to fall from
the rotarod was shorter (tg=—3.03, P=0.02; Figure 1a), the time to
remove the front paws in the catalepsy test was longer (tg=5.18,
P=0.002; Figure 1b) and the distance traveled in the open-field
test was shorter (tg=-6.06, P=0.0009; Figure 1c). These results
are in agreement with those obtained by Crowley et al.* and we
therefore consider A/J as the strain ‘susceptible to EPS’ and DBA/2J
as the strain ‘resistant to EPS'. As significant differences in motor
activity could be observed at risperidone 1mgkg~', we used
this dosage for the gene expression analysis. For each strain a
saline group and a treatment group of four replicates each were
used (8 microarrays for each strain, 16 microarrays in total). For
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each group the four samples with highest RNA purity were
selected.

Gene co-expression network construction and relation to AP
treatment

We applied WGCNA to genome-wide data to identify ‘modules’ of
co-expressed genes. Figure 2 shows the cluster dendrogram
obtained for each strain, A/J (Figure 2a) and DBA/2J (Figure 2b).
We identified 97 modules in the A/J strain and 58 modules in the
DBA/2J strain. One module of the A/J strain, the Salmon module
(382 genes), showed a significant negative correlation with
treatment (false discovery rate (FDR)-corrected P-value < 0.001).
In the DBA/2J data set, two modules, Yellow (990 genes) and Sky
Blue (237 genes), presented a significant positive correlation with
treatment (FDR-corrected P-value < 0.001).

PPI network construction

Genes included in each module significantly associated with
risperidone treatment were used to construct PPl networks. The
MCN constructed with genes of the Salmon module (Figure 3a) in
the A/J data set comprised 774 gene products and included 166 of
the 382 expressed genes in the module (43.45%). External nodes
represented 78.55% of all nodes in the MCN. The node of the
obtained PPl network showed more connections (connectivity
degree P-value =8x 10~3), greater connectivity (clustering coeffi-
cient P-value=7x10"3) and more hub nodes (betweenness
centrality P-value=7x10"% in comparison with random
expectations.

The MCN constructed with genes of the Yellow module
(Figure 3b) in the DBA/2J) data set comprised 175 gene products
and included 129 of the 990 expressed genes (13.03%) in the
module. External nodes represented 26.28% of all nodes in the
MCN. The node of the obtained PPI network showed more
connections (connectivity degree P-value=5x 10‘3), greater
connectivity (clustering coefficient P-value= 3 x 1072) and more
hub nodes (betweenness centrality P-value=2x10"%) in compar-
ison with random expectations. The Sky Blue module (Figure 3c)
from the same data set comprised 67 gene products and
included 51 of the 237 expressed genes (21.51%) in the module.
External nodes represented 23.88% of all nodes in the MCN.
The node showed more connections (connectivity degree
P-value=3x1072%), greater connectivity (clustering coefficient
P-value=3x10"%) and more hub nodes (betweenness centrality
P-value=1x1072) in comparison with random expectations.

Gene set enrichment analysis

MCN constructed with the Salmon module genes were enriched
by 19 clusters that comprised 95 terms (Supplementary Table S1).
Each cluster represented different GO terms or Reactome
pathways with high association strength calculated using
chance-corrected kappa statistics. In order to present a more
comprehensible analysis, Table 1 shows the clusters of GO terms
of the hub genes, those with greater connectivity and between-
ness, in the Salmon module. Sixteen GO terms were clustered into
three groups namely lipid and glucose metabolism, autophagy
and response to nutrient levels. The gene set enrichment analysis
with Reactome pathways identified four significant terms in the
Salmon module: mammalian target of rapamycin (mTOR) signal-
ing (term P-value FDR corrected 9.5 x 10°'%); signaling by NOTCH1
(term P-value FDR corrected 4x107); constitutive PI3/AKT
signaling in cancer (term P-value FDR corrected 14x10™; and
PI3K cascade (term P-value FDR corrected 2.5x 10°®).

Table 1 shows the 11 clusters of GO terms identified in the MCN
constructed with genes involved in the Yellow module of the DBA/
2J) data set. Among these clusters, the most significant and those
including most GO terms were related to synaptic transmission
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Gene co-expression networks obtained for each strain, A/J (a) and DBA/2J (b). Branches in the hierarchical clustering dendograms

correspond to modules. Modules of co-expressed genes were assigned colors corresponding to the branches. A full color version of this figure

is available at The Pharmacogenomics Journal online.

(cluster 3) and neuron differentiation (cluster 4). Accordingly, the
significantly enriched Reactome pathways were related to these
processes: y-aminobutyric acid synthesis, release, reuptake and
degradation (term P-value FDR corrected 9.6 x 10~); activation of
N-methyl-p-aspartate receptor upon glutamate binding and
postsynaptic events (term P-value FDR corrected 1.6 x 10™°); and
regulation of actin dynamics for phagocytic cup formation (term
P-value FDR corrected 2.3 x 1077).

The Sky Blue module was enriched with 12 GO terms clustered
into four groups (Table 1), with the largest cluster being related to
synaptic vesicle transport. Two Reactome pathways were sig-
nificantly enriched in this MCN: clathrin-derived vesicle budding
(term P-value FDR corrected 1x 1072) and translocation of GLUT4
to the plasma membrane (term P-value FDR corrected 9.5 1073).

Western blot

In order to confirm that the most significantly enriched pathway in
our samples, namely the mTOR pathway, was really differentially
affected in mice strains with different susceptibility to EPS, we
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studied the phosphorylation pattern of the ribosomal protein S6
(rpS6), which is phosphorylated by a major downstream effector
of mTOR. Two phosphorylation sites were studied: Ser235/236 and
Ser244/247. In the A/J mice, with greater susceptibility to develop
EPS, administration of risperidone at 1mgkg™' produced a
twofold increase in the levels of phosphorylation at Ser235/236
(ts=2.71, P=0.03) and a more than 80% decrease in phosphor-
ylation at Ser244/247 (ts =4.58, P =0.003; Figure 4a). The opposite
effect was observed in DBA/2J mice (resistant strain to EPS) as in
this case administration of risperidone at 1 mgkg ™' produced a
60% decrease in phosphorylation at Ser235/236 (ts=7.16,
P=0.0008) and a more than threefold increase in Ser244/247
phosphorylation (tg=2.27, P=0.05; Figure 4b).

DISCUSSION

Our study revealed that in response to risperidone, mice strain
with susceptibility to develop motor side effects (A/)) in the
striatum showed downregulation of genes involved in the mTOR
pathway and biological processes related to these genes such as

© 2016 Macmillan Publishers Limited
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autophagy, lipid and glucose metabolism, and response to
nutrient levels. Moreover, signaling cascades related to mTOR
activity, such as NOTCH1?* and PI3K/AKT,? were also involved in
the response. By contrast, in the striatum of mice resistance to EPS
(DBA/2J), the response to risperidone involved upregulation of
processes involved in synaptic transmission, synaptic vesicle
formation and neuron differentiation, with pathways related to
y-aminobutyric acid, glutamate and actin cytoskeleton.

The mTOR pathway was identified in the gene set enrichment
analysis performed with the MCN constructed with genes co-
expressed in the Salmon module. This MCN showed a higher
percentage of external nodes (78.55%) than the MCNs constructed
with genes co-expressed in the Yellow and the Sky Blue nodes
(26.28% and 23.88% respectively). We performed separate gene
set enrichment analysis of these genes from the Salmon module
and the external genes included in the MCN in order to see if the
mTOR enrichment is exclusively related to external nodes. None of
the analysis identified the mTOR pathway. This is in agreement
with the fact that differential gene expression data reveals only
that part of the functional mode, which shows different behavior
among the conditions studied, providing an incomplete descrip-
tion of the functionalities operating in the compared conditions.
The approach followed here that allows the introduction of extra
nodes not differentially expressed reveals a picture much closer to
the real functional modules operating in the conditions
compared."

Recent studies by our group have also related the mTOR
pathway to the appearance of EPS.2%%° In one study we performed
a network analysis of differential gene expression induced by AP
treatment in peripheral blood of AP-naive patients with first-
episode psychosis.”® This analysis revealed that constructed net-
works with downregulated genes in patients presenting EPS were
enriched for mTOR pathway and different biological processes
directly related to this pathway (insulin receptor signaling, lipid
modification and regulation of autophagy).?° In another study we
used four SNPs in four genes involved in the mTOR pathway to
develop a predictor of EPS.?® This pharmacogenetic predictor,
including the SNPs rs1130214 (AKTT), rs456998 (FCHSD1),
rs7211818 (Raptor) and rs1053639 (DDIT4) correctly predicted
85% of EPS appearance in three different cohorts.®

We do not test changes in gene expression with other anti-
psychotics so we are unable to ensure that these alterations in the
mTOR pathway could be extended to other drugs than
risperidone. However, recently, different groups of researchers
have demonstrated that the mTOR pathway may be modulated by
several AP such as chlorpromazine,?” olanzapine,?® haloperidol®’
and risperidone.'®

The present study also showed differences between the two
mice strains in the phosphorylation pattern of the rpS6, which is
phosphorylated by the p70 rpS6 kinase (S6K) 1, a major
downstream effector of mTOR. rpS6 is phosphorylated at two
sites: Ser244/247, by mTOR-S6K1,>° and Ser235/236 via p90
ribosomal S6 kinases, which are activated, respectively, by
extracellular signal-regulated kinases®' and protein kinase A
(PKA).2% In our study, mice with the strain conferring susceptibility
to EPS showed downregulation of networks involving the AKT/
mTOR pathway, as well as diminished phosphorylation of rpS6
Ser244/247 and increased phosphorylation of Ser235/236. By
contrast, mice with the strain conferring resistance to EPS showed
increased phosphorylation of rpS6 Ser 244/247.

Several studies, using haloperidol, have identified rpS6 phos-
phorylation as a downstream mechanism of AP signaling in DRD2
expressing neurons of the striatum.?>3>3% However, whether this
regulation is dependent on mTOR signaling is still controversial.
Valjent et al.>® observed in vivo an increase in Ser235/236 phos-
phorylation in response to haloperidol 0.5 mg kg ™' after 15 min of
treatment. This effect was independent of mTOR and related to
PKA.>® By contrast, after 60 min with the same treatment, Bonito-
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Table 1.

Gene set enrichment analysis of biological processes from GO obtained from constructed PPl networks of each significant module
identified in the WGCNA

Clusters

Function

GO biological process terms

Genes

Salmon module network (A/J strain)

levels

Yellow module network (DBA/2J strain)

organization

Sky Blue module network (DBA/2J strain)

Cluster 0 Lipid and glucose G0:0031331; GO:0006110; GO:0006853; GO:0008286;
metabolism GO0:0010906; GO:0010907; GO:0019217; GO:0032006;
GO0:0046890
Cluster 1 Autophagy GO0:0006914; GO:0007033; GO:0010506; GO:0016236
Cluster 2 Response to nutrient G0:0031667; GO:0031669; GO:0032107

Cluster 0 MAP kinase activity GO0:0018107; GO:0043405; GO:0000187; GO:0021537;
GO0:0021772; GO:0021872; GO:0043406; GO:0043507
Cluster 1 Metal ion transport GO0:0006816; GO:0010522; GO:0010959; GO:0051238;
GO0:0051924; GO:0051928; GO:0060402; GO:2000021
Cluster 2 Response to hypoxia GO0:0001666; GO:0071456
Cluster 3 Synaptic transmission G0:0001964; GO:0001967; GO:0007215; GO:0007268;
G0:0007270; GO:0007611; GO:0007612; GO:0007617;
GO0:0008306; GO:0008542; GO:0035235; GO:0035249;
G0:0042391; GO:0044708; GO:0048167; GO:0048169;
GO0:0050804; GO:0050806; GO:0050885; GO:0050905;
GO0:0051899; GO:0060078; GO:0060291; GO:0006887;
GO0:0017156; GO:0017157; GO:0045921; GO:0060627;
G0:0007269; GO:0046928; GO:0048489; GO:0051650
Cluster 4 Neuron differentiation GO0:0016358; GO:0048813; GO:0048814; GO:0060997;
GO0:0035640; GO:0007416; GO:0051705; GO:0007528;
GO0:0050803; GO:0051963; GO:0010721; GO:0010769;
GO:0010975; GO:0031344; GO:0031345; GO:0045664;
G0:0048812; GO:0050775
Cluster 5  Developmental GO0:0050808; GO:0021700; GO:0002064; GO:0002066;
maturation GO0:0002070; GO:0048469
Cluster 6 Protein polymerization G0:0032272; GO:0051258; GO:0022411; GO:0032984
Cluster 7 Protein acetylation GO:0006473; GO:0016573; GO:0043966
Cluster 8 Innate immune response  G0:0002221; GO:0002224; GO:0045088
Cluster 9 Regulation of binding GO0:0043388; GO:0043393; GO:0051098; GO:0051101
Cluster 10  Actin filament GO0:0007015; GO:0032970; GO:0051017; GO:0051492;

GO0:0051495

Cluster 0 Synaptic vesicle transport  GO:0007269; GO:0048489; GO:0051640; GO:0060627
Cluster T Morphogenesis GO0:0048754; GO:0061138

Cluster 2 Differentiation G0:0032944; GO:0045670; GO:1902105

Cluster 3 Acetylation GO:0006475; GO:0018394; GO:0043966

BECN1, HIFTA, FOXO3, MLST8, PDPK1, PIK3C2A, PRKAAT,
PRKAA2, PRKAB2, PRKAG1, PRKAG2, STK11

ATG10, ATG101, ATGT16L1, ATG4C, ATG5, BECNT, CLN3,
GABARAP, GABARAPL2, GABARAPL3, MAPTLC3A, MAP1LC3B,
MAP1LC3C, PRKAAT, PRKAA2, RAB24, SQSTM1, STK11, ULK1,
ULK2, UVRAG, WIPI2

ATG101, ATG16L1, ATG4C, ATG5, BECNT1, CLN3, DDIT3,
MAPILC3A, PRKAA1, PRKAA2, SNW1, SQSTM1, ULK1, ULK2,
wipI2

EGF, DLX1, FZD8, GRIN1, LRRK2, LYN, MAP2K1, NUMB, PAK1,
PDPK1, RACT, SPAGY, SPRY2, WNT5A

ADRB1, ARRB2, CASK, DBI, DLG1, EGF, GNB5, GRIN1, GRIN2B,
LYN, MGEA5, PLCG2, PRKCE, RYR1, SLC30A4, YWHAH
ARNT2, KCNMAT1, P4HB, PAK1, PDPK1, PRKCE, RYR1, SLC9AT
Adrb1, App, Arrb2, Braf, Btg2, Dbi, DIg1, Dlg4, Gria2, Gria3,
Grid2, Grin1, Grin2b, Grm3, Kcnmal, Lin7a, Lrrk2, Lyn,
Map2k1, Mapk3, Man2b1, Mgea5, Mpdz, Myh14, Nab,
Nrxn3, Pak1, Pdpk1, Pou5f1, Park2, Prkce, Pou5f1, Ptn, Ptprf,
Snap25, Sncaip, Stx1a, Stxbp5, Syt1, Sytl1, Wnt5a, Xbp1,
Ywhah

App, Braf, Caprin1, Dcc, DIg4, Dix1, Fzd8, Grid2, GrinT,
Grin2b, Hoxa2, KIf5, Lgals1, Lrrk2, Lyn, Map2k1, Meis1, Ngef,
Nrxn3, Ntm, Numb, Pak1, Ptprf, Racl, Spag9, Stmn1, Stxbp5,
Ttc3, Vil1, Wnt5a, Ywhah

App, Dlg4, Grin1, Hoxb13, Kcnmal, KIf5, Lrrk2, Nrxn3, Pakl,
Pgr, Pdpk1, Racl, Ryrl1, Tfcp2l1, Wnt5a, Xbp1

Apafl, Capg, DIg1, Kic1, Lyn, Mgea5, Prkce, Rac1, Stmn],
Tubb2a, Vil

Kat2a, Kat5, Mapk3, Mgea5, Nupr1, Supt3, Tada2a

Arrb2, Lsm14a, Ly96, Lyn, Pdpk1, Prkce, Rps19, Wnt5a

App, Arrb2, Carm1, Dot 11, Egf, Mapk3, Parp1, Pitx2, RunxTt1,
Spag9

Adrb1, Braf, Capg, Crk, Dig1, Pak1, Park2, Prkce, Rac1, Synpo,
Vil

Braf, DIg4, Dmd, Dtnbp1, Napb, Snap23, Syk, Vamp2
Csf1, Grb2, Plxnal, Six4, Sox2, Wt1

Apc, Cd40, Csf1, Esrra, Foxj1, Syk, Tcf3, Tob2

Kat2a, Tada2a, Tafél, Tcf3

Abbreviations: GO, Gene Ontology; PPI, protein-protein interaction; WGCNA, weighted co-expression network analysis. The table shows the GO terms
identified, their cluster distribution according to ClueGO and the genes involved in each group cluster.

Oliva et al.?® observed an increase in Ser240/244 phosphorylation.

This increase seems to be related to the inhibitory effect of PKA/
dopamine-cAMP-regulated  phosphoprotein  with molecular
weight 32 (DARPP-32) on protein phosphatase 1, which
suppresses dephosphorylation of Ser240/244, rather than to a
stimulatory effect on mTOR signaling.?® The explanation is that
basal activity of mTOR is sufficient to enhance Ser240/244
phosphorylation in the presence of haloperidol.?® By contrast, in
a study of primary striatal neuron cultures exposed to a 20-min
treatment with 20 nm haloperidol over 7 days, Bowling et al>*
observed increased activation of Ser240/244 phosphorylation in
conjunction with mTOR activation that was mediated by AKT. This
activation led to an enhancement of protein synthesis in cultured
neurons and an increase in neuron complexity in vivo.3*

The differences in rpS6 responsiveness among studies could be
due to differences in doses and modes of administration of
haloperidol. It is known that, depending on its duration, activation
of D2-type DA receptors differentially regulates Akt-dependent
pathways. In various models of cells in culture, stimulation of
D2R rapidly activates Akt signaling.>®> By contrast, prolonged
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stimulation of D2-type receptors (over 30-60 min) decreases Akt
phosphorylation.®

In this context, it should be noted that several receptors
affected by AP, such as D2 and D3, 5-HT2A, and muscarinic
receptors, are seven-transmembrane domain proteins coupled to
G proteins. The various functions of G-protein-coupled receptors
have been associated with the regulation of cAMP and PKA via
G-protein-dependent signaling. There is growing evidence that
the different ways in which antipsychotics modulate the cAMP
and PKA pathway may contribute to their differing clinical and/or
side-effect profiles.>” Current data also suggest that the different
effects of typical and atypical antipsychotics on cAMP and PKA are
complex and region dependent, possibly due to their affinities for
different G-protein-coupled receptors that stimulate adenyl
cyclase signaling.®

The main limitation of the present study is that we do not
control for risperidone plasma levels. We selected two different
mice strains with different susceptibility to develop extrapyrami-
dal symptoms, but with similar metabolic profile, as suggested by
Crowley et al.? However, the study of Crowley et al.> was done

© 2016 Macmillan Publishers Limited
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Figure 4. Western blot analysis of the phosphorylation pattern
of the ribosomal protein S6 (rpS6). Two phosphorylation sites,
Ser235/236 (a) and Ser244/247 (b), were studied in two different
mice strains (A/J and DBA2J). The x axis showed treatment: control
(0mgkg™") or risperidone 1mgkg~". The y axis gives the quanti-
fication of phosphorylated rps6 corrected by total rps6 and
expressed as ratio of control treatment. Data were analyzed by
Student’s t-test for statistical differences. *P <0.05, **P<0.01,
***p>0.001.

with haloperidol instead of risperidone. Although both drugs are
metabolized by the CYP2D6, other cytochromes are involved in
the metabolism of each drug. However, we were unable to obtain
enough blood volume of each animal to measure plasmatic
risperidone levels with the methodology available in our facilities.

The present study provides new evidence of the involvement of
the mTOR pathway in AP-induced EPS. The integration of
pharmacogenomic data from animal models (as in the case of
the results presented here) with data from microarrays of
differentially expressed genes from in vitro models®** and
peripheral blood in humans?® is the ultimate goal of this research,
and it represents an example of the convergent functional
genomic approach.'? These results highlight the importance of
integrating pharmacogenomic data from gene expression experi-
ments with systems biology analysis to increase our under-
standing of the molecular mechanisms of action of antipsychotic
drugs. In agreement with recent suggestions by the US National
Institute of Mental Health, we focus on understanding the
core mechanisms involved in drug response in order to identify
networks and pathways that could be affected, rather than
on the analysis of independent genes with small effects on
drug response.*® The ability to study combinations of variants
in genes involved in these identified networks and pathways
is more likely, than is the study of individual genes, to yield

© 2016 Macmillan Publishers Limited
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insight into AP response mechanisms and, therefore, to suggest
drug targets.*’
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