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Abstract
A major goal of current research in schizophrenia is to understand the biology underlying onset
and early progression and to develop interventions that modify these processes. Biomarkers can
play a critical role in identifying disease state, factors contributing to underlying progression,
as well as predicting and monitoring response to treatment. Once biomarker-based therapeu-
tics are established, biomarkers can guide treatment selection. It is increasingly clear that a
wide range of potential biomarkers should be examined in schizophrenia, given the large
number of genetic and environmental factors that have been identified as risk factors. New
models for analysis of biomarkers are needed that represent the central nervous system as a
highly complex, dynamic, and interactive system. Many tools are available with which to study
relevant brain chemistry, but most are indirect measures and represent only a small fraction of
the potential etiologic factors contributing to the molecular, structural and functional
components of schizophrenia. This review represents the work of the International Society
for CNS Clinical Trials and Methodology (ISCTM) Biomarkers Working Group. It discusses
advantages and disadvantages of different categories of biomarkers and provides a summary
of evidence that biomarkers representing inflammation, oxidative stress, endocannabinoids,
glucocorticoid, and biogenic amines systems are dysregulated and potentially interactive in
early phase schizophrenia. As has been recently demonstrated in several neurodevelopmental
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and neurodegenerative disorders, a multi-modal, longitudinal strategy involving a diverse array
of biomarkers and new approaches to statistical modeling are needed to improve early
interventions based on the fuller understanding.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Definitions and potential roles of
biomarkers

As defined by an NIH working group, a biomarker “is a
characteristic that is objectively measured and evaluated as
an indicator of normal biological processes, pathogenic
processes, or pharmacologic responses to an interven-
tion”(BDWG, 2001). Biomarkers can be used to make a
diagnosis, to stage an illness, to predict diagnostic conver-
sion or estimate prognosis, or to predict and monitor clinical
response to treatment (FDA, 2014). Efforts to identify
biomarkers that differentiate individuals with schizophrenia
from healthy controls or other psychiatric disorders are
hampered by the heterogeneity of the phenotype and the
diverse assortment of genes and environmental factors that
have been associated with the illness. It may be more
productive to identify subgroups of individuals who share
biological patterns in common that may predict preferential
response to targeted treatments rather than attempt to find
a “schizophrenia biomarker”. In order to guide treatment,
biomarkers should reflect disease mechanisms that are
relevant to the selection of therapeutic options. Some
schizophrenia risk genes and environmental factors are
involved early in brain development and may produce
alterations in cellular differentiation and connectivity. If
measured early enough, biomarkers for these factors might
identify individuals at risk in order to modify or halt
progression of the aberrant neurodevelopmental process.
For example, in mouse models of maternal immune activa-
tion, interventions directed at maternal inflammatory cyto-
kines protect against neurodevelopmental abnormalities in
their offspring (Ito et al., 2010; Pang et al., 2005). Other
risk genes and environmental factors are primarily involved
in the biochemistry of signaling pathways; treatments for
these individuals may target nodes or hubs in these path-
ways which can restore a more functional equilibrium.
Examples include treatments that reduce inflammation or
stress if these factors are found to exacerbate symptoms, or
treatments that correct molecular deficits produced by
genetic variants, such as folate supplementation in indivi-
duals with the MTHFR risk allele (Roffman et al., 2013) or
drugs that decrease COMT activity (e.g., tolcapone) in
Val158Val COMT polymorphism subjects (Apud et al.,
2007). The symptoms of schizophrenia reflect a convergence
of diverse etiologic factors upon common pathways or
networks which can also be identified by biomarkers and
can be targeted pharmacologically, as in the case of
dopamine D2 receptor antagonism, which improves psycho-
tic symptoms in most individuals regardless of etiology.
However, to substantially improve current outcomes it will
be necessary to develop a personalized medicine approach
that identifies an individual's relevant genetic and
environmental risk factors and the resulting biochemical,
functional or structural pathology within a neurodevelop-
mental context and thereby target individualized therapies.

The FDA in their recent guidance on Drug Development
Tools (DDT; Qualification Process for Drug Development
Tools; (FDA, 2014)) identifies two separate processes neces-
sary to develop novel biomarkers for drug development. The
first step is analytical validation in which the characteristics
and performance of assays are quantitatively described,
including accuracy, precision, reproducibility, linearity, spe-
cificity and sensitivity. The second step defines how the
biomarker should be used in the context of clinical manage-
ment or drug development and includes the biomarker's
purpose, its boundaries, the conditions of qualified use, and
its interpretation. The largest hurdle is to amass enough
clinical data to describe the use and its restrictions (i.e.,
qualification) in the patient setting. In the clinical research
literature, statistically significant differences in mean
values of analytes or imaging findings between target
populations and controls groups are often interpreted as
potential biomarkers. However, the predictive value of a
biomarker depends on many factors, including generaliz-
ability across clinical populations, the reliability of the
biomarker based on elements of sample collection, sample
preparation and assay method, the sensitivity and specifi-
city of the biomarker for the specific target population and
on the relative prevalence of the target population. Due to
issues of poor reliability and generalizability, many promis-
ing biomarkers have failed replication and for those bio-
markers that have successfully achieved replication,
overlap in values between groups may be great enough to
make the biomarker of little or no clinical value. Very few
publications provide the positive predictive value (PPV), i.e.
the ratio of the number of true or accurate positive
predictions / total number of positive test predictions (both
true and false).

When evaluating peripheral biomarkers, it can be difficult
to determine whether they reflect active pathologic factors
that may serve as targets for intervention. For example,
biomarkers reflecting environmental factors that elevate risk
in the perinatal period, such as inflammatory cytokines or
folate deficiency, may continue to correlate with disease
characteristics in adulthood (Meyer, 2013; Roffman et al.,
2011). It is not clear whether these biomarkers identify factors
that in adulthood are actively contributing to the illness and
can be targeted by therapeutic approaches or are factors that
disrupted early brain development and are no longer promising
targets for treatment. Even if such biomarkers are no longer
drug targets they may be useful in enriching a clinical trial
sample by removing unwanted variability. In addition, biomar-
kers may reflect secondary effects of the illness or treatment
rather than etiologic factors. For example, cigarette smoking,
metabolic syndrome, insomnia and the stress of psychosis can
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elevate inflammatory markers which, although associated with
the illness, may not play an etiological role in symptom
expression (Fawzi et al., 2011; O'Connor et al., 2009).

In the past, models for schizophrenia focused on single
molecules, such as dopamine or glutamate; the specificity
of these models largely restricted the breadth of biomarker
candidates. In contrast, recent estimates point to as many
as 6000 to 12,000 single nucleotide polymorphisms (SNPs)
that may contribute to risk for schizophrenia (Andreassen
et al., 2014; Ripke et al., 2013). The focus has accordingly
shifted from individual molecules to pathways as a means of
organizing the vast amount of risk data. Relevant biochem-
ical pathways can best be understood as participants in
highly interactive networks or “webs” that tend to maintain
equilibrium in the face of environmental stress while
maintaining plasticity to respond to environmental chal-
lenge (Fienberg et al., 1998). Due to the high degree of
interactivity, individual components within a network may
influence many other factors and, in turn be regulated by
multiple factors. A single biomarker may be abnormal
because of multiple modulatory inputs and hence may not
represent a primary etiologic factor nor a treatment target
as it may merely reflect rather than influence a more
fundamental dysregulation of a larger network. On the
other hand, single genes such as microRNAs can affect the
functioning of hundreds of target genes (Delalle et al.,
2014; Potkin et al., 2010; van Erp et al., 2014). More
complex models are required to represent these highly
interactive patterns and to identify sources of disequili-
brium that may be contributing to the illness. New multi-
variate approaches have been developed to identify causal
biomarkers from high-throughput genetic data and may be
applied to this problem (Alekseyenko et al., 2011). Studies
employing genomics, transcriptomics, proteomics, lipido-
mics and methylomics (Aberg et al., 2014; English et al.,
2011; Prabakaran et al., 2004) identify large numbers of
potential biochemical risk factors in a black box approach
unconstrained by existing models. It is also possible to
sample representative pathway biomarkers to assess key
factors, such as inflammation, oxidative stress, hypercorti-
solemia, growth factors and methylation that can be used to
identify disease-related dysregulation of fundamental pro-
cesses that influence a broad range of relevant biochemical
interactions. In addition, points of convergence that are
more proximal to symptom generation can be studied as a
link between key networks and symptoms. One example is
the AKT/mTor pathway that links multiple environmental
inputs, such as stress and inflammation, to neuronal plasti-
city and cell survival and may mediate some effects of
antipsychotic medication (Bowling et al., 2014).

The identification of illness-related biomarkers can be
confounded by medication treatment, social factors, and
other modifying genes. Studying subjects at genetic or
clinical high-risk for developing schizophrenia (e.g., non-ill
relatives or at-risk adolescents) can avoid the confounds of
medication and disease status. Non-ill high-risk subjects
may have the genetic vulnerability, but the vulnerability has
been insufficient to produce the disease, possibly because
of the lack of additional genetic or environmental influences
or the presence of compensatory mechanisms. Studies of
adolescents at high-risk based on prodromal symptoms or
familial risk have the advantage of longitudinal follow-up so
that disease- and risk- related events can be separated.
However, such studies require many years to complete and
considerable resources. One approach to addressing these
limitations is to study individuals with schizotypal person-
ality disorder, a disorder within the schizophrenia spectrum.
Converging data support a continuum from severe chronic
schizophrenia to the attenuated schizophrenia-like traits of
schizotypal personality disorder, sharing genetic, brain and
psychophysiologic biomarkers (Siever and Davis, 2004).
Individuals with schizotypal personality disorder may be an
ideal population for biomarker discovery and testing of
novel treatments targeted at those biomarkers (Rosell
et al., 2015).

DNA, blood, CSF and imaging-based biomarkers all pro-
vide information which may differ in relevance according to
the particular question that is addressed. Increasingly,
combinations of peripheral, genetic and imaging biomarkers
are successfully testing hypotheses about relationships
between biological mechanisms, structural and functional
brain imaging changes, and neurodevelopment which may
lead to therapeutic interventions (Mondelli et al., 2011;
Pagliaccio et al., 2014; Roffman et al., 2013). This is in
contrast to studies in oncology that have tended to find that
a focus on the single biomarker most proximal to the illness,
e.g., gene expression, may be more predictive than a multi-
modal analysis (Ray et al., 2014). One promising example of
a multimodal approach is the North American Prodrome
Longitudinal Study (NAPLS) Consortium, which is examining
multimodal imaging and peripheral biomarkers to under-
stand factors contributing to progression from prodrome to
schizophrenia (Cannon et al., 2014). Another successful
example of an integrated approach to biomarkers is the
Alzheimer's Disease Neuroimaging Initiative (ADNI) which
has combined clinical measures, imaging, genetics, and CSF
and blood omics biomarkers in the longitudinal analysis of
individuals at risk for developing Alzheimer's Disease
(Weiner et al., 2013). In this paper we will provide an
overview of current biomarkers for clinical characterization
and monitoring of drug treatment in early stage schizo-
phrenia and make recommendations based on existing
models. While these biomarkers may be relevant to other
treatment modalities, including cognitive remediation,
neuromodulation and psychosocial interventions, we have
focused on biomarkers for drug development (Figure 1). In
addition, whereas post-mortem brain markers may contri-
bute to identification of pathways for drug development,
this review focuses on biomarkers that are potentially
available in clinical practice.
2. Categories of biomarkers

2.1. Brain imaging

There are many strategies for using imaging-based biomar-
kers for drug development and for clinical decision making.
Early in the process of drug development, PET ligand
occupancy studies can establish target engagement to verify
bioavailability and guide dose finding (e.g., defining the
dose range for lurasidone with 18F-fallypride PET) (Potkin
et al., 2014). In a recent example, Umbricht and colleagues
(Martin-Facklam et al., 2013; Umbricht et al., 2014) used



Figure 1 Graphic description of the continuum of biomarker
development. The determination of the type of biomarker
pertains to a specific category, such as diagnostic, prognostic,
predictive, pharmacodynamics, surrogate endpoint, etc. Deter-
mining the purpose of the biomarker, helps define the specific
regulatory pathway, which in turn informs the Regulatory
strategy for a medical device or a drug development tool.
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PET occupancy studies and CSF measures of glycine con-
centrations to establish the range of therapeutic doses for
clinical trials of the GlyT1 inhibitor, bitopertin. In the
absence of a specific PET ligand, functional MRI and
electrophysiological approaches can be used to identify
alterations in brain function that may serve as more
sensitive assays than behavioral observation for identifying
CNS drug effects. Such measurable brain effects are argu-
ably more proximal to the etiological cause than symptoms
that are influenced by many factors, including environmen-
tal context. Measurable changes in biomarkers associated
with treatment, if sufficiently sensitive and specific, can
allow smaller sample sizes in clinical trials or can make
possible studies of shorter duration if the biomarker pre-
dicts longer-term outcome. This approach has been used in
other areas of medicine, e.g., hypercholesterolemia and
blood pressure as biomarkers for long-term cardiovascular
consequences such as myocardial infarction. Additionally
biomarkers can be used to enrich samples in clinical trials by
eliminating subjects with symptoms that do not vary, e.g.,
prodromal subjects who, based on biomarkers, are not
predicted to progress to schizophrenia. Structural MRI and
diffusion tensor imaging have been used to monitor changes
in volume and integrity of brain components which may
predict the long-term course for trials of treatments that
employ neuroprotection or facilitate neuroplasticity (Eack
et al., 2009). Similarly, changes in connectivity measured by
resting state fMRI correlations may identify alterations in
plasticity associated with cognitive enhancement (Díaz-
Caneja et al., 2015; Wang et al., 2014). MR spectroscopy
provides estimates of concentrations of molecules relevant
to drug treatment, and has produced promising findings
related to neuronal integrity (NAA), glutamate signaling
(Glx), GABA, and oxidative stress (glutathione) (Monin
et al., 2014; Salavati et al., 2015). Poor reproducibility of
single voxel MRS has been problematic for biomarker
research; however, by summing the phase-aligned and
frequency-aligned spectra from a larger brain volume or
using stronger magnets, intra-individual coefficients of
variation can be reduced below 10% for most analytes
(Kirov et al., 2012). Taken together, imaging approaches
provide the most direct brain measures to classify patients
and evaluate drug effects but of these modalities, only PET
and MRS provide information about biochemical pathways
that mediate pharmacologic treatment response. For the
limited number of molecules for which PET ligands are
available, PET remains the gold standard biomarker.

Structural neuroimaging is the most studied brain endo-
phenotype in psychiatry and offers the opportunity to
understand the anatomy of schizophrenia, but does not
provide sufficient information regarding the mechanisms of
the observed pathology. Functional brain imaging (fMRI,
MRS, and FDG PET) represents a more direct measure of the
functional consequences of genetic risk, although abnorm-
alities of brain structure and function are often related. As
genetic risk genes do not operate in isolation, genetic
pathways and/or abnormal circuitry may be closer to the
underlying causal mechanisms than the abnormal structure
or function of any single anatomical brain area. Circuitry
dysfunction may infer greater risk than the individual
components of the circuitry. Similarly, pathways may infer
greater risk than the individual genes that comprise the
pathway. Resting state activity is measured in a non-task
condition, e.g., at rest, and can be used to identify
networks of co-activated brain areas. A recent analysis
demonstrated a significant association between copy num-
ber deletion burden, a known risk factor for schizophrenia,
and disordered resting state functional connectivity, poor
cognitive performance, and changes in regional brain
volume (Martin et al., 2014). Brain imaging can also clarify
the brain effects of candidate risk genes. For example,
Walton and colleagues (Walton et al., 2013) found that
neurogranin SNPs that have been linked to schizophrenia
predicted cortical thickness and abnormal patterns of
activation during a working memory task, thereby linking
specific functional and morphometric imaging biomarkers
with neurogranin genetic risk, a possible etiological
mechanism. Initiatives such as the Cognitive Neuroscience
Treatment Research to Improve Cognition in Schizophrenia
(CNTRICS) aim to identify new biomarkers including neuroi-
maging to measure cognitive deficits and their response to
new therapies, including cognitive remediation, social cog-
nitive training and intranasal oxytocin (Millan and Bales,
2013; Perez-Rodriguez et al., 2014).

Brain imaging can be used as a quantitative trait (QT) to
discover unanticipated risk genes for schizophrenia. In a
sample of less than 200 subjects, dorsolateral prefrontal
cortex fMRI activation was measured during a working
memory task and used as a QT to identify unanticipated
risk SNPs for schizophrenia including TNIK, a regulator of
glutamate and AMPA transmission (Potkin et al., 2009). A
similar quantitative imaging genetics strategy identified
microRNA-137 as an unanticipated risk factor for schizo-
phrenia which was confirmed in large case-control studies
and described as an “etiological” mechanism for schizo-
phrenia (Potkin et al., 2010; Ripke et al., 2011). Gene
regulatory networks can be inferred from expression
profiles, regulatory motifs, and micro-RNAs and used to
determine which group of genes or pathways is over-
enriched in relation to a diagnostic disorder or cognitive
dysfunction.



927Biomarkers for drug development in early psychosis
2.2. Cerebrospinal fluid

Although infrequently studied in schizophrenia, cerebrosp-
inal fluid (CSF) has been a highly informative source of
biomarkers in Alzheimer's disease and neuroinflammatory
disorders (Aluise et al., 2008; Meeker et al., 2011). Because
CSF readily transverses gap junctions to fill spaces between
brain cells, it contains solutes secreted from brain cells,
exosomes, and cell membrane fragments (Johanson et al.,
2008; Delalle et al., 2014). CSF is produced within the
cerebral ventricles by the choroid plexus which filters blood
at a rate of approximately 0.4 ml/min, replacing the full
volume of CSF every 6 h. In addition, some blood solutes are
found in low concentrations in CSF as a result of passive
diffusion, facilitated transport and active transport. Func-
tioning like the kidney, the choroid plexus maintains home-
ostasis of the brain's extracellular fluid by providing
micronutrients, vitamins, peptides, nucleosides and growth
factors to brain cells; ageing and illness, including oxidative
stress, may compromise this function (Johanson et al.,
2008). Animal studies suggest that the CSF provides the
portal of entry and pathway for circulation of peripheral
immune cells in response to inflammation (Schmitt et al.,
2012). CSF biomarkers thus may be informative by identify-
ing invading immune cells, inflammatory cytokines and
pathogens, disease-associated extracellular proteins,
alterations in choroid plexus secretory patterns, and diffu-
sion from blood, particularly if the blood brain barrier has
been breached. Transthyretin, which is synthesized primar-
ily by the choroid plexus, serves as a biomarker for choroid
plexus function, whereas albumin, which is not synthesized
in the CNS, serves as a marker for blood brain barrier
integrity. A large decrease in CSF tranthyretin levels was
found in two samples of first episode schizophrenia subjects
compared to healthy and psychiatric controls (Huang et al.,
2006); this evidence for impaired choroid plexus function is
all the more impressive given that schizophrenia subjects
had much higher rates of cigarette smoking– nicotine has
been shown to stimulate tranthyretin secretion in rats (Li
et al., 2000). Studies of the ratio of albumin in CSF and
blood have indicated that as many as 30% of schizophrenia
patients have a significant disruption of the blood brain
barrier (BBB) (Muller and Ackenheil, 1995); increased per-
meability of the BBB has been linked to inflammatory
markers and negative symptoms in patients (Schwarz
et al., 1998) and to first and second generation antipsycho-
tics in rat studies (Ben-Shachar et al., 1994). Schizophrenia
patients have disrupted sleep spindles and slow wave sleep
(Manoach et al., 2014). Sleep is related to clearance of a
beta and other toxic substances (Xie et al., 2013). Neural
cells are highly sensitive to their chemical environments and
waste products must be efficiently removed from brain
interstitial space into the blood. This “glymphatic trans-
port” can affect both CSF and blood biomarker measures
(Plog et al., 2015).
2.3. Blood markers

The brain is unique among organs in its sequestration from
the circulating blood and so measurements of constituents
of blood may poorly reflect relevant brain concentrations.
The separation of capillaries from extracellular fluid in brain
is accomplished by tight junctions between endothelial cells
and by the choroid plexus which separates CSF from blood.
The BBB protects the brain from bacterial infection and
from circulating antibodies while also preventing the pas-
sage of neuroactive substances from blood that would
otherwise disrupt brain signaling. Sequestration of relevant
biochemical factors can occur at a cellular level as well; for
example, neither kynurenic acid or quinolinic acid cross the
blood brain barrier—kynurenic acid, which modulates NMDA
receptor activity, is only synthesized in astrocytes, whereas
potentially neurotoxic products of the kynurenic pathway
are only found in microglia where they are used in immune
defense (Schwarcz et al., 2012). Blood contains thousands
of proteins and peptides which vary in concentration by a
factor of 1015. Albumin and IgG comprise 80% of proteins in
blood; the roughly 20 proteins that are found in the highest
concentrations must be removed to allow assay of lower
concentration proteins that would otherwise be masked
(Aluise et al., 2008). Preparation of blood samples, which
varies according to the biomarker of interest, is also critical
to ensure valid assays and reliability between studies
(Luque-Garcia and Neubert, 2007). Inconsistencies in the
clinical conditions under which samples are obtained, in
their preparation, and in analytic methods have contributed
to the frequent failures to replicate blood biomarkers; an
effort is underway to standardize these factors (Poste et al.,
2014). Plasma and serum have relative advantages and
disadvantages; plasma requires an anticoagulant that may
affect some analytes (Hosnijeh et al., 2010); in contrast,
during preparation of serum samples, coagulation may
release substances, such as BDNF and inflammatory cyto-
kines, from platelets and other cells, thus altering the
proteome. However, in general, sensitivity of serum is
higher than plasma whereas reproducibility of plasma is
greater (Yu et al., 2011). Best studied is BDNF, for which
plasma and whole blood concentrations have been found to
correlate reasonably well with brain levels (r=0.6–0.7) in
rats and pigs (Klein et al., 2011) and with CSF in humans
(r=0.5) (Pillai et al., 2010). The composition of blood may
be highly influenced by diet, medications, activity and
diseases of peripheral organs, glymphatic and blood brain
barrier integrity can be compromised by inflammation and
other disease processes, further complicating blood-based
biomarkers. All of these factors make establishing reliability
and validity of blood biomarkers a challenge.
3. Treatment-related genetic markers

Functional polymorphisms of target receptors and drug
metabolizing enzymes can greatly influence pharmacoki-
netic and pharmacodynamic relationships for a given drug.
Functional polymorphisms of drug metabolizing enzymes
including CYP2D6, CYP2C9, CYP2C19 can result in large
variations in the systemic exposure of the drug with a given
dose. For example, poor CYP2D6 metabolizers can develop
toxic levels of antipsychotic drugs (e.g., aripiprazole,
iloperidone, thioridazine, brexpiprazole), while ultra-rapid
metabolic status is associated with sub-therapeutic levels at
recommended doses (Drozda et al., 2014). Genetic biomar-
kers may also predict adverse drug events. Dopamine
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3 receptor (DRD3) variants have been associated with the
development of tardive dyskinesia (TD) following antipsy-
chotic treatment (Shamy et al., 2011). Genetic variants
have also been associated with antipsychotic-induced
weight gain (e.g., HTR2C (Kao and Muller, 2013); the
strongest association appears to be between the melano-
cortin 4 receptor (MC4R) gene (rs489693) and second-
generation antipsychotic-induced extreme weight gain
(Malhotra et al., 2012). A strong association between
genetic variation in HLA-DQB1 (6672 G4C) and risk for
clozapine-induced agranulocytosis has also been identified
(Athanasiou et al., 2011). Examples of genetic biomarkers
predicting therapeutic response to antipsychotics include
genetic variation in the serotonin 2 A receptor (HTR2A) and
the dopamine 2 receptor (DRD2) (Zhang and Malhotra,
2011). In addition, combinations of risk genes may enhance
prediction, as in the example of six risk genotypes (SNPs in
NPAS3, XKR4, TNR, GRIA4, GFRA2, and NUDT9P1) that when
combined into four approximately equal-sized groups highly
predicted response to iloperidone but not ziprasidone in a
discovery sample (Volpi et al., 2009). Such approaches may
have important clinical relevance for drug development in
early psychosis by decreasing subject heterogeneity and
could lead to a precision medicine approach in which
treatment is targeted to subgroups of patients based on
genetic predictors of response and side effects.

Gene expression in peripheral lymphocytes has been
utilized as a marker for gene expression in brain, although
the relationship between the two is not well-established. It
has been estimated that roughly 50% of schizophrenia
candidate genes are expressed in both blood and brain
and that the median correlation for gene expression
between blood and brain is 0.5 (Sullivan et al., 2006).
Comparison of blood and brain gene expression from
separate groups of patients and controls found that 6 of
123 putative peripheral gene expression biomarkers were
also differentially expressed in brains of individuals with
schizophrenia (Glatt et al., 2005). Even within the brain,
different cell types differ markedly in gene expression, as
was recently demonstrated by the comparison of pyramidal
neurons and parvalbumin-positive interneurons in superior
temporal cortex in schizophrenia versus healthy controls
(Pietersen et al., 2014a, 2014b). In addition, abnormalities
in gene expression differ markedly by brain region, as
demonstrated by oligodendrocyte-related genes
(Haroutunian et al., 2007). Studies of peripheral blood
mononuclear cell (PBMC) gene expression in medication-
naïve schizophrenia patients have implicated pathways
involving AKT1 related to inflammation and neurodevelop-
ment, many of which normalized with antipsychotic treat-
ment, although the direction of abnormal baseline
expression and change has not been consistent between
studies (Kumarasinghe et al., 2013; van Beveren et al.,
2012). Gene expression in PBMCs may be informative to the
extent that they reflect the interactive influence of the full
genome and these cells share many receptors in common
with CNS cells, particularly with microglia. Additionally,
gene expression may not be a fully reliable indicator of
protein expression or protein activity. For many molecules
that are relevant to brain development and function,
intermediate factors, such as AMPK and mTOR, regulate
the translation from gene expression to protein synthesis
based on the cell's energy status (Mihaylova and Shaw,
2011). For kinases like AKT, phosphorylation status is more
relevant than protein concentration (Franke, 2008). Despite
these many theoretical limitations, PBMC expression of
inflammatory and growth factor genes predicted hippocam-
pal volume in early schizophrenia (Mondelli et al., 2011).
Another approach to clarifying the relationship between
genotype and gene expression is the analysis of DNA
methylation which provides information about early envir-
onmental or inherited factors that influence gene expres-
sion. Analysis of the DNA methylome from whole blood in
schizophrenia participants revealed altered methylation of
multiple genes, including genes involved in hypoxia, infec-
tion and microRNA regulated networks linked to neuronal
differentiation and dopamine receptor expression (Aberg
et al., 2014). In peripheral lymphocytes, gene expression of
enzymes involved in methylation and demethylation are
also altered in schizophrenia samples versus controls (Auta
et al., 2013). In addition, microRNA, which also modulates
gene expression, may also be dysregulated in schizophrenia
(Potkin et al., 2010; Zhang et al., 2014) although findings in
PBMCs have not been consistent between studies (Delalle
et al., 2014).

4. Factors implicated in early schizophrenia
by biomarkers

4.1. Inflammation

It has been estimated that 40% of genes linked to schizo-
phrenia are involved in the brain's response to infection
(Carter, 2009). For example, one of the strongest linkages is
with the major histocompatibility complex which mediates
several aspects of immune response (2014). Among the best
established environmental risk factors for schizophrenia are
exposure in utero to maternal infection, traumatic stress
and pre-eclampsia—all conditions known to release inflam-
matory cytokines (Gilmore and Jarskog, 1997). Mice
exposed to maternal immune activation (MIA) exhibit many
structural and functional deficits associated with schizo-
phrenia along with increased expression of genes associated
with hypoxia and cell death and decreased expression of
genes associated with neurodevelopment—particularly with
the migration of GABAergic interneurons (Oskvig et al.,
2012). Studies in mice have identified alterations in neuro-
nal migration and synaptic function in MIA exposed off-
spring, in addition to microglial priming and dysregulation of
immune function (Knuesel et al., 2014). Alterations in pro-
inflammatory and anti-inflammatory cytokine levels in off-
spring differ between brain regions and by developmental
stage and did not correlate with blood cytokine levels
(Garay et al., 2013). When applied to schizophrenia this
model suggests that early neurodevelopmental exposure to
inflammation may alter the regulation of CNS neuroinflam-
matory components but these changes may not be detected
reliably by assay of standard peripheral biomarkers. The
identification of a biomarker signature that would identify
individuals with an early developmental history of MIA
potentially could guide the clinical application of preven-
tive interventions derived from this animal model (Zhu
et al., 2014).
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There are several hypotheses to explain the association
between onset of illness and inflammation (Meyer, 2013). As
a result of early exposure to inflammation, microglia may be
“primed” and release excessive levels of inflammatory
cytokines in response to infection or stress in young adult-
hood. The excessive neuroinflammatory response may dis-
rupt glutamatergic signaling, diminish parvalbumin (PV)
expression in interneurons, reduce neuroplasticity and
promote neuronal injury or death. Priming of microglia
may result from interferon gamma (IFNg) exposure which
shifts cells towards the release of pro-inflammatory cyto-
kines (Bsibsi et al., 2014). If the inflammatory process is
peripheral, tumor necrosis factor-alpha (TNFα crosses the
blood brain barrier and stimulates release of inflammatory
cytokines in brain; in addition, IL-6 increases permeability
of the blood brain barrier (Brett et al., 1995). As a
compensatory response to early inflammatory exposure,
anti-inflammatory or neuroprotective mechanisms, such as
the shunting of tryptophan metabolism towards kynurenic
acid (KYNA) production, may contribute to pathological
antagonism of NMDA receptor transmission (Schwarcz
et al., 2012). It is also possible that alterations in inflam-
matory markers are a consequence, rather than cause, of
illness onset since the psychological stress associated with
psychosis might produce an elevation of inflammatory
markers.

The most direct marker for CNS inflammation is provided
by PET ligands targeting the mitochondrial translocator
protein (TSPO, aka peripheral benzodiazepine receptor
protein [PBR]), which is expressed by activated microglia.
Binding of the TSPO ligand, [11(C)]PBR28, was shown to
increase by 62% following systemic infection with e. coli in
nonhuman primates; this increase in activated microglia
significantly correlated with elevations in serum concentra-
tions of the inflammatory cytokines, Il-1b and IL-6
(Hannestad et al., 2012). Studies with first and second
generation TSPO ligands in schizophrenia have produced
inconsistent evidence for microglial activation (Doorduin
et al., 2008; Kenk et al., 2014; Takano et al., 2010; van
Berckel et al., 2008); evidence for neuroinflammation was
strongest for early stage patients and most prominent in the
hippocampus. The poor selectivity of TSPO binding limited
interpretation of results from the first generation of ligands
(e.g., 11C-PK11195) and genetically-determined differences
in TSPO binding affinity complicates interpretation of newer
ligands such as 18F FEPPA (Owen et al., 2012). In addition,
microglial activation may not always signify a neurotoxic
process since microglia are also involved in neurogenesis,
pruning, and can play a neuroprotective role (Chen et al.,
2014; Wake et al., 2013).

Blood and CSF markers in schizophrenia suggest a mixed
picture early in the course of illness of both inflammatory and
anti-inflammatory markers, which may reflect dysregulated
immune activation and compensatory neuroprotective
responses to chronic inflammation (Drexhage et al., 2011;
Freudenreich et al., 2010). Inflammatory cytokines in blood
are elevated in acute psychosis along with elevated CSF
concentrations of the neuroprotective NMDA antagonist,
kynurenic acid (Linderholm et al., 2012), the anti-
inflammatory endogenous cannabinoid, anandamide (Leweke
et al., 2007) and the glial-secreted molecule, S100B which has
concentration-dependent neuroprotective or neurotoxic
activity (Aleksovska et al., 2014; Yelmo-Cruz et al., 2013).
Of the cytokines that are reliably measured in CSF (IL-6, IL-8 &
IL-1B), only IL-1B was elevated in CSF of first episode patients
(Soderlund et al., 2009). IL-1B is released by activated
microglia under conditions of inflammation and can be
released in response to psychological stress (O'Connor et al.,
2009). IL-1B stimulates inflammatory pathways, increases DA
and cortisol levels (Song et al., 2007) and increases kynurenic
acid levels by inducing the TDO (tryptophan 2,3-dioxygenase)
enzyme (Lavebratt et al., 2014). IL-1B also inhibits human
hippocampal neurogenesis (Zunszain et al., 2012). In chronic
patients, PBMC gene expression studies suggest a shift from
Type I inflammatory response to a Type 2 anti-inflammatory
states (Freudenreich et al., 2010). In a recent meta-analysis,
Miller and colleagues found that inflammatory cytokines IL-1B,
IL-6, and TGF-beta are elevated in blood during episodes of
acute illness, whereas elevation of IL-12, IFN-gamma, TNF-
alpha, and sIL-2R may be trait markers (Miller et al., 2011). In
serum samples of medication-naïve first episode psychosis
subjects, IL-1B, IL-6, TNFα were found to decrease with
risperidone treatment (Song et al., 2014). In a sample of
subjects from the NAPLS study of individuals at high risk for
conversion from prodrome to schizophrenia, blood levels of
inflammatory cytokines predicted gray matter loss and transi-
tion to schizophrenia (Cannon et al., 2014). In summary,
inflammatory markers in blood and IL-1B in CSF are elevated
in acute, early psychosis, possibly reflecting immune cell
“priming” in utero followed by a “second hit” in young
adulthood which may be an infectious process or psychological
stress. While it may not be clear whether inflammation is a
cause or consequence of psychosis, it interacts with multiple
transmitters and molecular networks implicated in schizo-
phrenia and inflammatory biomarkers appear to be predictive
of illness course.
4.2. Cannabinoids

The endocannabinoid system also links inflammation, corti-
sol release and stress to schizophrenia and modulates
glutamate, dopamine and GABA transmission (Pistis et al.,
2002). The cannabinoid CB1 and CB2 receptors are found in
peripheral and CNS stress-responsive circuits and immune
cells and may be viewed as a primary homeostatic mechan-
ism (Bioque et al., 2013). PET studies using the [18F]MK-9470
CB1 ligand found upregulation of CB1 receptors in the
mesocorticolimbic regions in drug-naïve schizophrenia
patients which inversely correlated with negative symptoms
and depression (Ceccarini et al., 2013). It is not clear
whether these alterations in CB1 receptors represent a
pathological mechanism or a compensation in response to
dopamine dysregulation. In contrast, CB2 knockout mice
display behaviors consistent with schizophrenia (Ortega-
Alvaro et al., 2011).

The endogenous cannabinoid receptor agonist, ananda-
mide, reduces inflammation by blocking microglial activation
and stimulates neurogenesis. Anandamide concentrations in
CSF were increased 10-fold in medication-naive first episode
patients who were not heavy cannabis abusers (lifetime
user5 times) and inversely correlated with psychotic symp-
toms (Leweke et al., 2007). In contrast, medication-naïve first
episode schizophrenia subjects who were heavy cannabis users
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(lifetime use420 times) did not exhibit elevation of CSF
anandamide concentrations, even if they had been abstinent
from marijuana for several weeks. Elevated concentrations of
CSF anandamide were also found in individuals who met
criteria for ultra-high risk—among this group, lower CSF levels
of anandamide predicted progression to schizophrenia (Koethe
et al., 2009). While CSF anandamide appears to be a promising
biomarker, serum anandamide concentrations failed to differ-
entiate groups (Leweke et al., 2007). In PBMCs, mRNA for the
endocannabinoid synthesizing enzymes, N-acyl phosphati-
dlyethanolamine phospholipase (NAPE) and diacylglycerol
lipase (DAGL) were decreased and mRNA for the endocanna-
binoid degrading enzymes, fatty acid amide hydrolase (FAAH)
and monacylglycerol lipase (MAGL) were increased (Bioque
et al., 2013). FAAH expression inversely correlated with total
symptom scores (Bioque et al., 2013). Cannabidiol, an endo-
genous low-affinity agonist at cannabinoid receptors, elevates
anandamide levels by blocking degradation by FAAH, and was
shown in one study to have potent antipsychotic effects,
comparable to the antipsychotic, amisulpiride (Leweke et al.,
2012). Cannabidiol reduces release of Th1 pro-inflammatory
cytokines and increases release of Th2 anti-inflammatory
cytokines. In summary, CSF anandamide is elevated in first
episode patients with psychosis, shifts the immune response
from pro-inflammatory to anti-inflammatory, decreases corti-
sol release, and is associated with reduced symptom expres-
sion. Potential biomarkers include CSF anandamide
concentrations and PBMC expression of NAPE, FAAH and MAGL.
4.3. Glutamate

The ketamine model of schizophrenia posits decreased
activation of glutamatergic NMDA receptors on inhibitory
GABAergic interneurons resulting in excessive glutamate
release from pyramidal neurons and disruption of gamma
oscillatory synchrony (Lisman et al., 2008; Olney and Farber,
1995). In mice, NMDA antagonists produce an inflammatory
response which increases oxidative stress and decreases PV
(parvalbumin) expression of inhibitory GABAergic interneur-
ons (Behrens and Sejnowski, 2009). Glutamate concentra-
tions are elevated in CSF and blood in medication-free
schizophrenia patients (Beckmann and Gattaz, 2002) and
elevated levels of glutamate measured by MRS have been
associated with hippocampal volume loss (Kraguljac et al.,
2013). Serum glutamate levels increase with antipsychotic
treatment (Beckmann and Gattaz, 2002; Evins et al., 1997;
Goff et al., 2002) and were found to increase following a
switch from haloperidol to olanzapine (Goff et al., 2002).
Olanzapine-associated elevation in cingulate cortex gluta-
mate and glutamine (Glx) levels predicted improvement of
negative symptoms (Goff et al., 2002). In healthy subjects,
CSF and serum glutamate concentrations were significantly
correlated (r=0.67) (Alfredsson et al., 1988). Kynurenic
acid (KYNA) a metabolite of tryptophan, and an NMDA
antagonist, has been found to be elevated in CSF of patients
with schizophrenia (Linderholm et al., 2012) and bipolar
patients with psychotic features (Olsson et al., 2010). As an
antagonist at the glycine site of the NMDA receptor, KYNA is
neuroprotective against glutamatergic excitotoxicty but
may contribute to psychosis and cognitive impairment.
Because KYNA does not cross the blood brain barrier, blood
levels are not informative; however kynurenine is actively
transported into the brain and metabolized by astrocytes to
KYNA (Javitt, 2014). Plasma concentrations of tryptophan
and its metabolites did not differ between first episode
patients and healthy controls (Condray et al., 2011). In
summary, dysregulation of glutamate signaling is linked to
inflammation and symptoms of schizophrenia; kynurenic
acid in particular may play a role in symptom production
in schizophrenia but because it does not cross the blood
brain barrier, only CSF levels appear to be informative.

4.4. Oxidative stress

Oxidative and nitrosative stress result from an imbalance
between release of reactive oxygen and nitrogen species
and a deficiency in endogenous antioxidants. The brain is
particularly vulnerable because of its high utilization of
oxygen and the presence of redox-active metals. Oxidative
stress can damage lipid membranes, proteins and DNA while
also dysregulating redox-sensitive processes such as NMDA
receptor activation, cell differentiation and protein synth-
esis. Oxidative stress also impairs mitochondrial function,
oligodendrogia-mediated myelination and expression of PV
in interneurons. Deficits in antioxidant capacity may result
from genetic vulnerability, or may result from early devel-
opmental exposure to maternal immune activation. In
addition, synthesis of the endogenous antioxidant, reduced
glutathione (GSH), requires the trans-sulfuration pathway
which is dependent on folate. GSH, glutathione disulfide
(GSSG) and glutathionylated proteins (PSSG) are sensitive
and reliable markers of oxidative stress but blood samples
require pretreatment to prevent oxidation (Rossi et al.,
2006). Thioredoxin and thioredoxin reductase are anti-
oxidants that are released from neurons, glial and the
choroid plexus in the presence of oxidative stress (Silva-
Adaya et al., 2014) and are involved in cell survival, cell
proliferation and differentiation. Serum thioredoxin levels
were elevated in medication naïve FEP patients compared
to healthy controls and levels significantly correlated with
psychosis, whereas levels were not elevated in chronic
patients suggesting an inflammatory process associated with
onset of schizophrenia (Zhang et al., 2009). In medication
naïve childhood onset FEP, red blood cell total GSH sig-
nificantly predicted brain volume loss over a two-year
follow-up (Fraguas et al., 2012). In antipsychotic-naïve
FEP patients, baseline blood measures of antioxidant status
and of oxidative stress significantly predicted cognitive
functioning after 6 months of treatment (Martinez-
Cengotitabengoa et al., 2012).

4.5. Cortisol

Glucocorticoids are released by the hypothalamus in
response to stress and act on glucocorticoid and mineralo-
corticoid receptors to rapidly modulate neuronal activation
while also modulating gene expression (Groeneweg et al.,
2011). Glucocorticoids act on dopamine pathways to modify
stress-related behavior and cognitive function (McEwen,
2013). Early exposure to stress may produce epigenetic
changes to ventral tegmental dopamine neuron firing rele-
vant to psychosis (Niwa et al., 2013; Pruessner et al., 2004).
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Acute stress potentiates prefrontal cortical glutamatergic
signaling and enhances working memory, whereas chronic
stress or glucocorticoid treatment produces reversible neu-
ronal atrophy in prefrontal cortex and hippocampus and loss
of neurogenesis (Sousa and Almeida, 2012). The prefrontal
cortex in adolescence is particularly sensitive to chronic
stress (Yuen et al., 2012). In humans, low parental care is
associated with increased ventral striatal dopamine release
in response to stress, but not in subjects with high parental
care; salivary cortisol concentrations positively correlated
with striatal dopamine release under stress (Pruessner
et al., 2004). Studies of salivary and blood cortisol levels
in first episode psychosis have generally found hypercorti-
solemia which normalizes with antipsychotic treatment and
does not consistently correlate with symptoms (Karanikas
et al., 2014; Mondelli et al., 2010). Salivary cortisol levels
have predicted decreased hippocampal volume in first
episode schizophrenia (Mondelli et al., 2011) and PBMC
expression of glucocorticoid receptor genes has also pre-
dicted hippocampal volume and response of depression to
treatment (Cattaneo et al., 2013).

4.6. Methylation

Epigenetic factors influence DNA methylation of genes
involved in neurodevelopment, including BDNF and the gluco-
corticoid receptor. Two enzymes involved in DNA methylation
and demethylation pathways, DNA-methyltransferase (DNMT1)
and ten-eleven translocator-1 methylcytosine deoxygenase
(TET1), are increased in corticolimbic structures in schizo-
phrenia brain. Lymphocyte gene expression of these enzymes
is similarly elevated in first episode and chronic patients, but
failed to correlate with symptoms in chronic patients who
were treated with antipsychotics (Auta et al., 2013). BDNF
gene expression, which is regulated by methylation/demethy-
lation pathways, significantly negatively correlated with lym-
phocyte expression of DNMT1 (Auta et al., 2013). A third
trimester dietary deficiency of folate, which is the primary
source of methyl groups, is associated with increased risk of
neurodevelopmental deficits, including schizophrenia. Serum
folate concentrations are highly correlated with CSF concen-
trations (r=0.7) across a typical range of concentrations, but
at high serum concentrations achieved with folate supplemen-
tation, CSF concentrations plateau (Obeid et al., 2007). In
patients with schizophrenia, low serum folate concentrations
in combination with genotypes associated with a reduced
capacity to absorb and convert dietary folate to the methyl-
donor (e.g., SAM, S-adenosylmethionine) predict negative
symptoms and their response to folate supplementation
(Roffman et al., 2011, 2013). A deficit of methylation capacity
might also impair antioxidant defenses by decreasing glu-
tathione synthesis, impair NMDA receptor transmission by
elevating homocysteine levels, and disrupt synthesis of neuro-
transmitters and DNA (LaSalle, 2011).

5. Recommendations

For a molecular characterization of illness onset and
progression that could guide pharmacologic interventions,
direct longitudinal measurement of gene expression and
protein concentrations within individual cell types and
across brain regions would be ideal to construct a dynamic,
interactive model. However, in clinical practice we are left
with very indirect measures from blood, imaging, and
possibly CSF. One cannot assume that peripheral blood
biomarkers reflect CNS concentrations as the relationship
between peripheral blood and CNS concentrations can be
quite variable. The ultimate predictive value of models
based on these markers remains to be established, although
current findings with inflammatory markers in schizophrenia
have been quite promising. The emerging technology of
induced pluripotent stem cells (IPS), derived from periph-
eral somatic cells of patients with schizophrenia, opens a
promising new avenue to explore disease mechanisms of
schizophrenia. IPS cells provide a viable source of human
central nervous system cell lines – including neurons – for
biomarker discovery and early testing of target engage-
ment, mechanism and response to medications (Brennand
et al., 2011).

Given the large inter-individual variability in biomarker
patterns, in blood brain permeability, and in genetic
variants associated with risk, longitudinal studies examining
within subject change in large samples, employing genotyp-
ing along with CSF, PET and MRS measures, may be most
informative to develop predictive models for drug develop-
ment. Peripheral biomarkers can be identified which best
correlate with these more direct measures of brain bio-
chemistry. For such efforts to be successful, close attention
must be paid to subject selection, standardization of
conditions under which biomarkers are obtained, methods
of sample preparation, and analytic methods. In addition,
new methods for data analysis must be employed to derive
and compare the multiple permutations of combinations of
variables that represent multiple pathways to illness onset
and progression.

Finally, an important question is the appropriate clinical
role for biomarker and genetic testing in clinical practice.
This is especially relevant since such testing is becoming
increasingly available from commercial vendors. There are
important social, privacy, policy, and ethical issues involved
in the widespread adoption of such testing, including the
need to train clinicians on their meaning and
appropriate use.

Role of funding source

None.

Contributors

Drs.Goff and Potkin wrote the first drafts of the manuscript.All
authors contributed to and have approved the final manuscript. The
manuscript reflects the International society for CNS Clinical Trials
and Methodology (ISCTM) Biomarkers Working Group's deliberations
over the past two years.

Conflict of interest

In the past three years, Steven Potkin has received grant support,
funding, honoraria, or has been a paid consultant to the following
companies that conducted scientific or medical research and/or
marketed medications related to psychiatric and



D.C. Goff et al.932
neurodegenerative disorders: Alkermes, Amgen, Eli Lilly, FORUM
Pharmaceuticals, Genentech, Janssen Pharmaceutical, Lundbeck,
Merck, Novartis, Otsuka, Sunovion, Roche, Takeda Pharmaceuticals
International, Takeda Global Research and Development, and
Toyama Pharmaceuticals. He has also received grant support,
funding, or been a consultant to the following funding agencies,
universities and university affiliates, as well as professional organi-
zations that conduct medical or scientific research related to
psychiatric and neurodegenerative disorders: NIAAA, NIBIB, NIH/
NCRR, University of Southern California, University of California San
Francisco, University of California San Diego, Baylor College of
Medicine, American Psychiatric Association, Alzheimer's Associa-
tion. David Crandall is an employee of Sunovion Pharmaceuticals.
All other authors have no conflicts of interest to disclose.
Acknowledgment

The authors would like to thank Shichum Ling and Liv McMillan for
their excellent editorial support
References

Aberg, K.A., McClay, J.L., Nerella, S., Clark, S., Kumar, G., Chen,
W., Khachane, A.N., Xie, L., Hudson, A., Gao, G., Harada, A.,
Hultman, C.M., Sullivan, P.F., Magnusson, P.K., van den Oord, E.
J., 2014. Methylome-wide association study of schizophrenia:
identifying blood biomarker signatures of environmental insults.
JAMA Psychiatry 71, 255–264.

Alekseyenko, A.V., Lytkin, N.I., Ai, J., Ding, B., Padyukov, L.,
Aliferis, C.F., Statnikov, A., 2011. Causal graph-based analysis of
genome-wide association data in rheumatoid arthritis. Biol.
Direct 6, 25.

Aleksovska, K., Leoncini, E., Bonassi, S., Cesario, A., Boccia, S.,
Frustaci, A., 2014. Systematic review and meta-analysis of
circulating S100B blood levels in schizophrenia. PloS One 9,
e106342.

Alfredsson, G., Wiesel, F.A., Tylec, A., 1988. Relationships between
glutamate and monoamine metabolites in cerebrospinal fluid
and serum in healthy volunteers. Biol. Psychiatry 23, 689–697.

Aluise, C.D., Sowell, R.A., Butterfield, D.A., 2008. Peptides and
proteins in plasma and cerebrospinal fluid as biomarkers for the
prediction, diagnosis, and monitoring of therapeutic efficacy of
Alzheimer's disease. Biochim. Biophys. Acta 1782, 549–558.

Andreassen, O.A., Thompson, W.K., Dale, A.M., 2014. Boosting the
power of schizophrenia genetics by leveraging new statistical
tools. Schizophr. Bull. 40, 13–17.

Apud, J.A., Mattay, V., Chen, J., Kolachana, B.S., Callicott, J.H.,
Rasetti, R., Alce, G., Iudicello, J.E., Akbar, N., Egan, M.F.,
Goldberg, T.E., Weinberger, D.R., 2007. Tolcapone improves
cognition and cortical information processing in normal human
subjects. Neuropsychopharmacology 32, 1011–1020.

Athanasiou, M.C., Dettling, M., Cascorbi, I., Mosyagin, I., Salisbury,
B.A., Pierz, K.A., Zou, W., Whalen, H., Malhotra, A.K., Lencz,
T., Gerson, S.L., Kane, J.M., Reed, C.R., 2011. Candidate gene
analysis identifies a polymorphism in HLA-DQB1 associated with
clozapine-induced agranulocytosis. J. Clin. Psychiatry 72,
458–463.

Auta, J., Smith, R.C., Dong, E., Tueting, P., Sershen, H., Boules, S.,
Lajtha, A., Davis, J., Guidotti, A., 2013. DNA-methylation gene
network dysregulation in peripheral blood lymphocytes of
schizophrenia patients. Schizophr. Res. 150, 312–318.

BDWG, B.D.W.G., 2001. Biomarkers and surrogate endpoints: pre-
ferred definitions and conceptual framework. Clin. Pharmacol.
Ther. 69, 89–95.
Beckmann, H., Gattaz, W.F., 2002. Multidimensional analysis of the
concentrations of 17 substances in the CSF of schizophrenics and
controls. J. Neural Transm. 109, 931–938.

Behrens, M.M., Sejnowski, T.J., 2009. Does schizophrenia arise from
oxidative dysregulation of parvalbumin-interneurons in the
developing cortex? Neuropharmacology 57, 193–200.

Ben-Shachar, D., Livne, E., Spanier, I., Leenders, K.L., Youdim, M.
B., 1994. Typical and atypical neuroleptics induce alteration in
blood-brain barrier and brain 59FeCl3 uptake. J. Neurochem.
62, 1112–1118.

Bioque, M., Garcia-Bueno, B., Macdowell, K.S., Meseguer, A., Saiz,
P.A., Parellada, M., Gonzalez-Pinto, A., Rodriguez-Jimenez, R.,
Lobo, A., Leza, J.C., Bernardo, M., 2013. Peripheral endocan-
nabinoid system dysregulation in first-episode psychosis. Neu-
ropsychopharmacology 38, 2568–2577.

Bowling, H., Zhang, G., Bhattacharya, A., Perez-Cuesta, L.M.,
Deinhardt, K., Hoeffer, C.A., Neubert, T.A., Gan, W.B., Klann,
E., Chao, M.V., 2014. Antipsychotics activate mTORC1-
dependent translation to enhance neuronal morphological com-
plexity. Sci. Signal, 7 ra4.

Brennand, K.J., Simone, A., Jou, J., Gelboin-Burkhart, C., Tran, N.,
Sangar, S., Li, Y., Mu, Y., Chen, G., Yu, D., McCarthy, S., Sebat,
J., Gage, F.H., 2011. Modelling schizophrenia using human
induced pluripotent stem cells. Nature 473, 221–225.

Brett, F.M., Mizisin, A.P., Powell, H.C., Campbell, I.L., 1995.
Evolution of neuropathologic abnormalities associated with
blood-brain barrier breakdown in transgenic mice expressing
interleukin-6 in astrocytes. J. Neuropathol. Exp. Neurol. 54,
766–775.

Bsibsi, M., Peferoen, L.A., Holtman, I.R., Nacken, P.J., Gerritsen,
W.H., Witte, M.E., van Horssen, J., Eggen, B.J., van der Valk, P.,
Amor, S., van Noort, J.M., 2014. Demyelination during multiple
sclerosis is associated with combined activation of microglia/
macrophages by IFN-gamma and alpha B-crystallin. Acta Neuro-
pathol. 128, 215–229.

Cannon, T.D., Chung, Y., He, G., Sun, D., Jacobson, A., van Erp, T.
G., McEwen, S., Addington, J., Bearden, C.E., Cadenhead, K.,
Cornblatt, B., Mathalon, D.H., McGlashan, T., Perkins, D.,
Jeffries, C., Seidman, L.J., Tsuang, M., Walker, E., Woods, S.
W., Heinssen, R., 2014. Progressive reduction in cortical thick-
ness as psychosis develops: a multisite longitudinal neuroima-
ging study of youth at elevated clinical risk. Biol. Psychiatry.

Carter, C.J., 2009. Schizophrenia susceptibility genes directly
implicated in the life cycles of pathogens: cytomegalovirus,
influenza, herpes simplex, rubella, and Toxoplasma gondii.
Schizophr. Bull. 35, 1163–1182.

Cattaneo, A., Gennarelli, M., Uher, R., Breen, G., Farmer, A.,
Aitchison, K.J., Craig, I.W., Anacker, C., Zunsztain, P.A.,
McGuffin, P., Pariante, C.M., 2013. Candidate genes expression
profile associated with antidepressants response in the GENDEP
study: differentiating between baseline'predictors' and long-
itudinal'targets'. Neuropsychopharmacology 38, 377–385.

Ceccarini, J., De Hert, M., Van Winkel, R., Peuskens, J., Bormans,
G., Kranaster, L., Enning, F., Koethe, D., Leweke, F.M., Van
Laere, K., 2013. Increased ventral striatal CB1 receptor binding
is related to negative symptoms in drug-free patients with
schizophrenia. NeuroImage 79, 304–312.

Chen, Z., Jalabi, W., Hu, W., Park, H.J., Gale, J.T., Kidd, G.J.,
Bernatowicz, R., Gossman, Z.C., Chen, J.T., Dutta, R., Trapp, B.
D., 2014. Microglial displacement of inhibitory synapses provides
neuroprotection in the adult brain. Nat. Commun. 5, 4486.

Condray, R., Dougherty, G.G., Jr, Keshavan, M.S., Reddy, R.D.,
Haas, G.L., Montrose, D.M., Matson, W.R., McEvoy, J.,
Kaddurah-Daouk, R., Yao, J.K., 2011. 3-Hydroxykynurenine and
clinical symptoms in first-episode neuroleptic-naive patients
with schizophrenia. Int. J. Neuropsychopharmacol. 14, 756–767.

Delalle, I., Kao, P.F., Choi, J., 2014. Deregulated microRNA in
biospecimens from patients diagnosed with schizophrenia and

http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref1
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref1
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref1
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref1
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref1
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref1
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref2
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref2
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref2
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref2
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref3
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref3
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref3
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref3
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref4
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref4
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref4
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref5
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref5
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref5
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref5
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref6
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref6
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref6
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref7
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref7
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref7
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref7
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref7
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref8
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref8
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref8
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref8
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref8
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref8
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref9
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref9
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref9
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref9
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref10
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref10
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref10
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref11
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref11
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref11
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref12
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref12
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref12
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref13
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref13
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref13
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref13
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref14
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref14
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref14
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref14
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref14
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref15
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref15
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref15
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref15
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref15
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref16
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref16
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref16
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref16
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref17
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref17
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref17
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref17
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref17
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref18
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref18
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref18
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref18
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref18
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref18
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref19
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref19
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref19
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref19
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref19
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref19
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref19
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref20
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref20
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref20
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref20
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref21
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref21
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref21
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref21
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref21
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref21
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref22
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref22
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref22
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref22
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref22
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref23
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref23
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref23
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref23
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref24
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref24
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref24
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref24
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref24
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref25
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref25


933Biomarkers for drug development in early psychosis
bipolar disorder as a disease marker. Transl. Neurosci. 5,
173–178.

Díaz-Caneja, C.M., Pina-Camacho, L., Rodríguez-Quiroga, A., Fra-
guas, D., Parellada, M., Arango, C., 2015. Predictors of outcome
in early-onset psychosis: a systematic review. Schizophrenia.

Doorduin, J., de Vries, E.F., Dierckx, R.A., Klein, H.C., 2008. PET
imaging of the peripheral benzodiazepine receptor: monitoring
disease progression and therapy response in neurodegenerative
disorders. Curr. Pharm. Des. 14, 3297–3315.

Drexhage, R.C., Hoogenboezem, T.A., Cohen, D., Versnel, M.A.,
Nolen, W.A., van Beveren, N.J., Drexhage, H.A., 2011. An
activated set point of T-cell and monocyte inflammatory net-
works in recent-onset schizophrenia patients involves both pro-
and anti-inflammatory forces. Int. J. Neuropsychopharmacol.
14, 746–755.

Drozda, K., Muller, D.J., Bishop, J.R., 2014. Pharmacogenomic
testing for neuropsychiatric drugs: current status of drug label-
ing, guidelines for using genetic information, and test options.
Pharmacotherapy 34, 166–184.

Eack, S.M., Greenwald, D.P., Hogarty, S.S., Cooley, S.J., DiBarry, A.
L., Montrose, D.M., Keshavan, M.S., 2009. Cognitive enhance-
ment therapy for early-course schizophrenia: effects of a two-
year randomized controlled trial. Psychiatr. Serv. 60, 1468–1476.

English, J.A., Pennington, K., Dunn, M.J., Cotter, D.R., 2011. The
neuroproteomics of schizophrenia. Biol. Psychiatry 69, 163–172.

Evins, A., Amico, E., Shih, V., Goff, D., 1997. Clozapine treatment
increases serum glutamate and aspartate compared to conven-
tional neuroleptics. J. Neural Transm. 104, 761–766.

Fawzi, M.H., Fawzi, M.M., Fawzi, M.M., Said, N.S., 2011. C-reactive
protein serum level in drug-free male Egyptian patients with
schizophrenia. Psychiatry Res. 190, 91–97.

FDA, 2014. Guidance for Industry and FDA Staff- Qualification
Process for Drug Development Tools. In: U.S. Department of
Health and Human Services, F.a.D.A., Center for Drug Evaluation
and Research (CDER) Ed. Silver Spring, MD.

Fienberg, A.A., Hiroi, N., Mermelstein, P.G., Song, W., Snyder, G.L.,
Nishi, A., Cheramy, A., O'Callaghan, J.P., Miller, D.B., Cole, D.
G., Corbett, R., Haile, C.N., Cooper, D.C., Onn, S.P., Grace, A.
A., Ouimet, C.C., White, F.J., Hyman, S.E., Surmeier, D.J.,
Girault, J., Nestler, E.J., Greengard, P., 1998. DARPP-32:
regulator of the efficacy of dopaminergic neurotransmission.
Science (New York, N. Y. 281, 838–842.

Fraguas, D., Gonzalez-Pinto, A., Mico, J.A., Reig, S., Parellada, M.,
Martinez-Cengotitabengoa, M., Castro-Fornieles, J., Rapado-
Castro, M., Baeza, I., Janssen, J., Desco, M., Leza, J.C., Arango,
C., 2012. Decreased glutathione levels predict loss of brain
volume in children and adolescents with first-episode psychosis
in a two-year longitudinal study. Schizophr. Res. 137, 58–65.

Franke, T.F., 2008. PI3K/Akt: getting it right matters. Oncogene 27,
6473–6488.

Freudenreich, O., Brockman, M.A., Henderson, D.C., Evins, A.E.,
Fan, X., Walsh, J.P., Goff, D.C., 2010. Analysis of peripheral
immune activation in schizophrenia using quantitative reverse-
transcription polymerase chain reaction (RT-PCR). Psychiatry
Res. 176, 99–102.

Garay, P.A., Hsiao, E.Y., Patterson, P.H., McAllister, A.K., 2013.
Maternal immune activation causes age- and region-specific
changes in brain cytokines in offspring throughout development.
Brain Behav. Immun. 31, 54–68.

Gilmore, J.H., Jarskog, L.F., 1997. Exposure to infection and brain
development: cytokines in the pathogenesis of schizophrenia.
Schizophr. Res. 24, 365–367.

Glatt, S.J., Everall, I.P., Kremen, W.S., Corbeil, J., Sasik, R.,
Khanlou, N., Han, M., Liew, C.C., Tsuang, M.T., 2005. Compara-
tive gene expression analysis of blood and brain provides
concurrent validation of SELENBP1 up-regulation in schizophre-
nia. Proc. Natl. Acad. Sci. USA 102, 15533–15538.
Goff, D.C., Hennen, J., Tsai, G., Evins, A.E., Yurgelun-Todd, D.,
Renshaw, P., 2002. Modulation of brain and serum glutamatergic
concentrations following a switch from conventional neurolep-
tics to olanzapine. Biol. Psychiatry 51, 493–497.

Groeneweg, F.L., Karst, H., de Kloet, E.R., Joels, M., 2011. Rapid
non-genomic effects of corticosteroids and their role in the
central stress response. J. Endocrinol. 209, 153–167.

Hannestad, J., Gallezot, J.D., Schafbauer, T., Lim, K., Kloczynski,
T., Morris, E.D., Carson, R.E., Ding, Y.S., Cosgrove, K.P., 2012.
Endotoxin-induced systemic inflammation activates microglia:
[(11)C]PBR28 positron emission tomography in nonhuman pri-
mates. NeuroImage 63, 232–239.

Haroutunian, V., Katsel, P., Dracheva, S., Stewart, D.G., Davis, K.
L., 2007. Variations in oligodendrocyte-related gene expression
across multiple cortical regions: implications for the pathophy-
siology of schizophrenia. Int. J. Neuropsychopharmacol. 10,
565–573.

Hosnijeh, F.S., Krop, E.J., Portengen, L., Rabkin, C.S., Linseisen, J.,
Vineis, P., Vermeulen, R., 2010. Stability and reproducibility of
simultaneously detected plasma and serum cytokine levels in
asymptomatic subjects. Biomarkers 15, 140–148.

Huang, J.T., Leweke, F.M., Oxley, D., Wang, L., Harris, N., Koethe,
D., Gerth, C.W., Nolden, B.M., Gross, S., Schreiber, D., Reed,
B., Bahn, S., 2006. Disease biomarkers in cerebrospinal fluid of
patients with first-onset psychosis. PLoS Med. 3, e428.

Ito, H.T., Smith, S.E., Hsiao, E., Patterson, P.H., 2010. Maternal
immune activation alters nonspatial information processing in
the hippocampus of the adult offspring. Brain Behav. Immun. 24,
930–941.

Javitt, D.C., 2014. Distress intolerance, kynurenic acid, and schizo-
phrenia. JAMA Psychiatry 71, 749–750.

Johanson, C.E., Duncan, J.A. 3rd, Klinge, P.M., Brinker, T., Stopa, E.
G., Silverberg, G.D., 2008. Multiplicity of cerebrospinal fluid
functions: New challenges in health and disease. Cerebrospinal
Fluid Res. 5, 10.

Kao, A.C., Muller, D.J., 2013. Genetics of antipsychotic-induced
weight gain: update and current perspectives. Pharmacoge-
nomics 14, 2067–2083.

Karanikas, E., Antoniadis, D., Garyfallos, G.D., 2014. The role of
cortisol in first episode of psychosis: a systematic review. Curr.
Psychiatry Rep. 16, 503.

Kenk, M., Selvanathan, T., Rao, N., Suridjan, I., Rusjan, P.,
Remington, G., Meyer, J.H., Wilson, A.A., Houle, S., Mizrahi,
R., 2014. Imaging neuroinflammation in gray and white matter in
schizophrenia: an in-vivo PET study with [18F]-FEPPA. Schizophr.
Bull..

Kirov, I.I., George, I.C., Jayawickrama, N., Babb, J.S., Perry, N.N.,
Gonen, O., 2012. Longitudinal inter- and intra-individual human
brain metabolic quantification over 3 years with proton MR
spectroscopy at 3 T. Magn. Reson. Med. 67, 27–33.

Klein, A.B., Williamson, R., Santini, M.A., Clemmensen, C., Ettrup,
A., Rios, M., Knudsen, G.M., Aznar, S., 2011. Blood BDNF
concentrations reflect brain-tissue BDNF levels across species.
Int. J. Neuropsychopharmacol. 14, 347–353.

Knuesel, I., Chicha, L., Britschgi, M., Schobel, S.A., Bodmer, M.,
Hellings, J.A., Toovey, S., Prinssen, E.P., 2014. Maternal immune
activation and abnormal brain development across CNS disor-
ders. Nat. Rev. Neurol. 10, 643–660.

Koethe, D., Giuffrida, A., Schreiber, D., Hellmich, M., Schultze-
Lutter, F., Ruhrmann, S., Klosterkotter, J., Piomelli, D.,
Leweke, F.M., 2009. Anandamide elevation in cerebrospinal fluid
in initial prodromal states of psychosis. Br. J. Psychiatry 194,
371–372.

Kraguljac, N.V., White, D.M., Reid, M.A., Lahti, A.C., 2013.
Increased hippocampal glutamate and volumetric deficits in
unmedicated patients with schizophrenia. JAMA Psychiatry 70,
1294–1302.

http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref25
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref25
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref26
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref26
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref26
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref27
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref27
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref27
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref27
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref28
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref28
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref28
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref28
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref28
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref28
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref29
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref29
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref29
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref29
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref30
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref30
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref30
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref30
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref31
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref31
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref32
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref32
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref32
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref33
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref33
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref33
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref34
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref34
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref34
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref34
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref35
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref35
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref35
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref35
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref35
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref35
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref35
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref36
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref36
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref36
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref36
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref36
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref36
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref37
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref37
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref38
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref38
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref38
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref38
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref38
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref39
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref39
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref39
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref39
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref40
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref40
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref40
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref41
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref41
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref41
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref41
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref41
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref42
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref42
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref42
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref42
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref43
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref43
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref43
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref44
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref44
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref44
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref44
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref44
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref45
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref45
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref45
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref45
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref45
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref46
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref46
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref46
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref46
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref47
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref47
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref47
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref47
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref48
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref48
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref48
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref48
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref49
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref49
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref50
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref50
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref50
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref50
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref51
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref51
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref51
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref52
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref52
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref52
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref53
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref53
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref53
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref53
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref53
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref54
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref54
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref54
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref54
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref55
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref55
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref55
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref55
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref56
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref56
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref56
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref56
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref57
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref57
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref57
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref57
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref57
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref58
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref58
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref58
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref58


D.C. Goff et al.934
Kumarasinghe, N., Beveridge, N.J., Gardiner, E., Scott, R.J.,
Yasawardene, S., Perera, A., Mendis, J., Suriyakumara, K.,
Schall, U., Tooney, P.A., 2013. Gene expression profiling in
treatment-naive schizophrenia patients identifies abnormalities
in biological pathways involving AKT1 that are corrected by
antipsychotic medication. Int. J. Neuropsychopharmacol. 16,
1483–1503.

LaSalle, J.M., 2011. A genomic point-of-view on environmental
factors influencing the human brain methylome. Epigenetics 6,
862–869.

Lavebratt, C., Olsson, S., Backlund, L., Frisen, L., Sellgren, C.,
Priebe, L., Nikamo, P., Traskman-Bendz, L., Cichon, S., Vawter,
M.P., Osby, U., Engberg, G., Landen, M., Erhardt, S., Schalling,
M., 2014. The KMO allele encoding Arg452 is associated with
psychotic features in bipolar disorder type 1, and with increased
CSF KYNA level and reduced KMO expression. Mol. Psychiatry 19,
334–341.

Leweke, F.M., Giuffrida, A., Koethe, D., Schreiber, D., Nolden, B.
M., Kranaster, L., Neatby, M.A., Schneider, M., Gerth, C.W.,
Hellmich, M., Klosterkotter, J., Piomelli, D., 2007. Anandamide
levels in cerebrospinal fluid of first-episode schizophrenic
patients: impact of cannabis use. Schizophr. Res. 94, 29–36.

Leweke, F.M., Piomelli, D., Pahlisch, F., Muhl, D., Gerth, C.W.,
Hoyer, C., Klosterkotter, J., Hellmich, M., Koethe, D., 2012.
Cannabidiol enhances anandamide signaling and alleviates psy-
chotic symptoms of schizophrenia. Transl. Psychiatry 2, e94.

Li, M.D., Kane, J.K., Matta, S.G., Blaner, W.S., Sharp, B.M., 2000.
Nicotine enhances the biosynthesis and secretion of transthyr-
etin from the choroid plexus in rats: implications for beta-
amyloid formation. J. Neurosci. 20, 1318–1323.

Linderholm, K.R., Skogh, E., Olsson, S.K., Dahl, M.L., Holtze, M.,
Engberg, G., Samuelsson, M., Erhardt, S., 2012. Increased levels
of kynurenine and kynurenic acid in the CSF of patients with
schizophrenia. Schizophr. Bull. 38, 426–432.

Lisman, J.E., Coyle, J.T., Green, R.W., Javitt, D.C., Benes, F.M.,
Heckers, S., Grace, A.A., 2008. Circuit-based framework for
understanding neurotransmitter and risk gene interactions in
schizophrenia. Trends Neurosci. 31, 234–242.

Luque-Garcia, J.L., Neubert, T.A., 2007. Sample preparation for
serum/plasma profiling and biomarker identification by mass
spectrometry. J. Chromatogr. A 1153, 259–276.

Malhotra, A.K., Correll, C.U., Chowdhury, N.I., Muller, D.J.,
Gregersen, P.K., Lee, A.T., Tiwari, A.K., Kane, J.M., Fleisch-
hacker, W.W., Kahn, R.S., Ophoff, R.A., Meltzer, H.Y., Lencz, T.,
Kennedy, J.L., 2012. Association between common variants near
the melanocortin 4 receptor gene and severe antipsychotic
drug-induced weight gain. Arch. Gen. Psychiatry 69, 904–912.

Manoach, D.S., Demanuele, C., Wamsley, E.J., Vangel, M., Mon-
trose, D.M., Miewald, J., Kupfer, D., Buysse, D., Stickgold, R.,
Keshavan, M.S., 2014. Sleep spindle deficits in antipsychotic-
naive early course schizophrenia and in non-psychotic first-
degree relatives. Front. Hum. Neurosci. 8, 762.

Martin-Facklam, M., Pizzagalli, F., Zhou, Y., Ostrowitzki, S., Ray-
mont, V., Brasic, J.R., Parkar, N., Umbricht, D., Dannals, R.F.,
Goldwater, R., Wong, D.F., 2013. Glycine transporter type
1 occupancy by bitopertin: a positron emission tomography
study in healthy volunteers. Neuropsychopharmacology 38,
504–512.

Martin, A.K., Robinson, G., Reutens, D., Mowry, B., 2014. Copy
number deletion burden is associated with cognitive, structural,
and resting-state network differences in patients with schizo-
phrenia. Behav. Brain Res. 272, 324–334.

Martinez-Cengotitabengoa, M., Mac-Dowell, K.S., Leza, J.C., Mico,
J.A., Fernandez, M., Echevarria, E., Sanjuan, J., Elorza, J.,
Gonzalez-Pinto, A., 2012. Cognitive impairment is related to
oxidative stress and chemokine levels in first psychotic episodes.
Schizophr. Res. 137, 66–72.
McEwen, B.S., 2013. Neuroscience. Hormones and the social brain.
Science (New York, N. Y. 339, 279–280.

Meeker, R.B., Poulton, W., Markovic-Plese, S., Hall, C., Robertson,
K., 2011. Protein changes in CSF of HIV-infected patients:
evidence for loss of neuroprotection. J. Neurovirol. 17, 258–273.

Meyer, U., 2013. Developmental neuroinflammation and schizo-
phrenia. Prog. Neuropsychopharmacol. Biol. Psychiatry 42,
20–34.

Mihaylova, M.M., Shaw, R.J., 2011. The AMPK signalling pathway
coordinates cell growth, autophagy and metabolism. Nat. Cell
Biol. 13, 1016–1023.

Millan, M.J., Bales, K.L., 2013. Towards improved animal models for
evaluating social cognition and its disruption in schizophrenia:
the CNTRICS initiative. Neurosci. Biobehav. Rev. 37, 2166–2180.

Miller, B.J., Buckley, P., Seabolt, W., Mellor, A., Kirkpatrick, B.,
2011. Meta-analysis of cytokine alterations in schizophrenia:
clinical status and antipsychotic effects. Biol. Psychiatry 70,
663–671.

Mondelli, V., Cattaneo, A., Belvederi Murri, M., Di Forti, M.,
Handley, R., Hepgul, N., Miorelli, A., Navari, S., Papadopoulos,
A.S., Aitchison, K.J., Morgan, C., Murray, R.M., Dazzan, P.,
Pariante, C.M., 2011. Stress and inflammation reduce brain-
derived neurotrophic factor expression in first-episode psycho-
sis: a pathway to smaller hippocampal volume. J. Clin. Psychia-
try 72, 1677–1684.

Mondelli, V., Dazzan, P., Hepgul, N., Di Forti, M., Aas, M.,
D'Albenzio, A., Di Nicola, M., Fisher, H., Handley, R., Marques,
T.R., Morgan, C., Navari, S., Taylor, H., Papadopoulos, A.,
Aitchison, K.J., Murray, R.M., Pariante, C.M., 2010. Abnormal
cortisol levels during the day and cortisol awakening response in
first-episode psychosis: the role of stress and of antipsychotic
treatment. Schizophr. Res. 116, 234–242.

Monin, A., Baumann, P.S., Griffa, A., Xin, L., Mekle, R., Fournier,
M., Butticaz, C., Klaey, M., Cabungcal, J.H., Steullet, P.,
Ferrari, C., Cuenod, M., Gruetter, R., Thiran, J.P., Hagmann,
P., Conus, P., Do, K.Q., 2014. Glutathione deficit impairs myelin
maturation: relevance for white matter integrity in schizophre-
nia patients. Mol. Psychiatry.

Muller, N., Ackenheil, M., 1995. Immunoglobulin and albumin
content of cerebrospinal fluid in schizophrenic patients: rela-
tionship to negative symptomatology. Schizophr. Res. 14,
223–228.

Niwa, M., Jaaro-Peled, H., Tankou, S., Seshadri, S., Hikida, T.,
Matsumoto, Y., Cascella, N.G., Kano, S., Ozaki, N., Nabeshima,
T., Sawa, A., 2013. Adolescent stress-induced epigenetic control
of dopaminergic neurons via glucocorticoids. Science (New York,
N. Y.) 339, 335–339.

O'Connor, M.F., Irwin, M.R., Wellisch, D.K., 2009. When grief heats
up: pro-inflammatory cytokines predict regional brain activa-
tion. NeuroImage 47, 891–896.

Obeid, R., Kostopoulos, P., Knapp, J.P., Kasoha, M., Becker, G.,
Fassbender, K., Herrmann, W., 2007. Biomarkers of folate and
vitamin B12 are related in blood and cerebrospinal fluid. Clin.
Chem. 53, 326–333.

Olney, J.W., Farber, N.B., 1995. Glutamate receptor dysfunction
and schizophrenia. Arch. Gen. Psychiatry 52, 998–1007.

Olsson, S.K., Samuelsson, M., Saetre, P., Lindstrom, L., Jonsson, E.
G., Nordin, C., Engberg, G., Erhardt, S., Landen, M., 2010.
Elevated levels of kynurenic acid in the cerebrospinal fluid of
patients with bipolar disorder. J. Psychiatry Neurosci. 35,
195–199.

Ortega-Alvaro, A., Aracil-Fernandez, A., Garcia-Gutierrez, M.S.,
Navarrete, F., Manzanares, J., 2011. Deletion of CB2 cannabi-
noid receptor induces schizophrenia-related behaviors in mice.
Neuropsychopharmacology 36, 1489–1504.

Oskvig, D.B., Elkahloun, A.G., Johnson, K.R., Phillips, T.M., Herken-
ham, M., 2012. Maternal immune activation by LPS selectively
alters specific gene expression profiles of interneuron migration

http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref59
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref59
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref59
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref59
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref59
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref59
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref59
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref60
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref60
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref60
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref61
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref61
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref61
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref61
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref61
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref61
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref61
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref62
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref62
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref62
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref62
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref62
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref63
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref63
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref63
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref63
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref64
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref64
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref64
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref64
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref65
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref65
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref65
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref65
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref66
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref66
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref66
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref66
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref67
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref67
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref67
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref68
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref68
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref68
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref68
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref68
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref68
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref69
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref69
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref69
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref69
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref69
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref70
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref70
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref70
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref70
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref70
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref70
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref71
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref71
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref71
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref71
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref72
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref72
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref72
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref72
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref72
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref73
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref73
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref74
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref74
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref74
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref75
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref75
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref75
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref76
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref76
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref76
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref77
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref77
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref77
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref78
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref78
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref78
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref78
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref79
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref79
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref79
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref79
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref79
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref79
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref79
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref80
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref80
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref80
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref80
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref80
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref80
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref80
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref81
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref81
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref81
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref81
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref81
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref81
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref82
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref82
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref82
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref82
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref83
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref83
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref83
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref83
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref83
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref84
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref84
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref84
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref85
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref85
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref85
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref85
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref86
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref86
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref87
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref87
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref87
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref87
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref87
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref88
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref88
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref88
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref88
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref89
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref89
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref89


935Biomarkers for drug development in early psychosis
and oxidative stress in the fetus without triggering a fetal
immune response. Brain Behav. Immun. 26, 623–634.

Owen, D.R., Yeo, A.J., Gunn, R.N., Song, K., Wadsworth, G., Lewis,
A., Rhodes, C., Pulford, D.J., Bennacef, I., Parker, C.A., StJean,
P.L., Cardon, L.R., Mooser, V.E., Matthews, P.M., Rabiner, E.A.,
Rubio, J.P., 2012. An 18-kDa translocator protein (TSPO) poly-
morphism explains differences in binding affinity of the PET
radioligand PBR28. J. Cereb. Blood Flow Metab. 32, 1–5.

Pagliaccio, D., Luby, J.L., Bogdan, R., Agrawal, A., Gaffrey, M.S.,
Belden, A.C., Botteron, K.N., Harms, M.P., Barch, D.M., 2014.
Stress-system genes and life stress predict cortisol levels and
amygdala and hippocampal volumes in children. Neuropsycho-
pharmacology 39, 1245–1253.

Pang, Y., Rodts-Palenik, S., Cai, Z., Bennett, W.A., Rhodes, P.G.,
2005. Suppression of glial activation is involved in the protection
of IL-10 on maternal E. coli induced neonatal white matter
injury. Brain Res. Dev. Brain Res. 157, 141–149.

Perez-Rodriguez, M.M., Mahon, K., Russo, M., Ungar, A.K., Burdick,
K.E., 2014. Oxytocin and social cognition in affective and
psychotic disorders. Eur. Neuropsychopharmacol..

Pietersen, C.Y., Mauney, S.A., Kim, S.S., Lim, M.P., Rooney, R.J.,
Goldstein, J.M., Petryshen, T.L., Seidman, L.J., Shenton, M.E.,
McCarley, R.W., Sonntag, K.C., Woo, T.U., 2014a. Molecular
profiles of pyramidal neurons in the superior temporal cortex in
schizophrenia. J. Neurogenet. 28, 53–69.

Pietersen, C.Y., Mauney, S.A., Kim, S.S., Passeri, E., Lim, M.P.,
Rooney, R.J., Goldstein, J.M., Petreyshen, T.L., Seidman, L.J.,
Shenton, M.E., McCarley, R.W., Sonntag, K.C., Woo, T.U.,
2014b. Molecular profiles of parvalbumin-immunoreactive neu-
rons in the superior temporal cortex in schizophrenia. J.
Neurogenet. 28, 70–85.

Pillai, A., Kale, A., Joshi, S., Naphade, N., Raju, M.S., Nasrallah,
H., Mahadik, S.P., 2010. Decreased BDNF levels in CSF of drug-
naive first-episode psychotic subjects: correlation with plasma
BDNF and psychopathology. Int. J. Neuropsychopharmacol. 13,
535–539.

Pistis, M., Ferraro, L., Pira, L., Flore, G., Tanganelli, S., Gessa, G.
L., Devoto, P., 2002. Delta(9)-tetrahydrocannabinol decreases
extracellular GABA and increases extracellular glutamate and
dopamine levels in the rat prefrontal cortex: an in vivo micro-
dialysis study. Brain Res. 948, 155–158.

Plog, B.A., Dashnaw, M.L., Hitomi, E., Peng, W., Liao, Y., Lou, N.,
Deane, R., Nedergaard, M., 2015. Biomarkers of traumatic
injury are transported from brain to blood via the glymphatic
system. J. Neurosci. 35, 518–526.

Poste, G., Compton, C.C., Barker, A.D., 2014. The national
biomarker development alliance: confronting the poor produc-
tivity of biomarker research and development. Expert Rev. Mol.
Diagn., 1–8.

Potkin, S.G., Keator, D.B., Kesler-West, M.L., Nguyen, D.D., van
Erp, T.G., Mukherjee, J., Shah, N., Preda, A., 2014. D2 receptor
occupancy following lurasidone treatment in patients with
schizophrenia or schizoaffective disorder. CNS Spectr. 19,
176–181.

Potkin, S.G., Macciardi, F., Guffanti, G., Fallon, J.H., Wang, Q.,
Turner, J.A., Lakatos, A., Miles, M.F., Lander, A., Vawter, M.P.,
Xie, X., 2010. Identifying gene regulatory networks in schizo-
phrenia. NeuroImage 53, 839–847.

Potkin, S.G., Turner, J.A., Guffanti, G., Lakatos, A., Fallon, J.H.,
Nguyen, D.D., Mathalon, D., Ford, J., Lauriello, J., Macciardi,
F., 2009. A genome-wide association study of schizophrenia using
brain activation as a quantitative phenotype. Schizophr. Bull.
35, 96–108.

Prabakaran, S., Swatton, J.E., Ryan, M.M., Huffaker, S.J., Huang, J.
T., Griffin, J.L., Wayland, M., Freeman, T., Dudbridge, F., Lilley,
K.S., Karp, N.A., Hester, S., Tkachev, D., Mimmack, M.L.,
Yolken, R.H., Webster, M.J., Torrey, E.F., Bahn, S., 2004.
Mitochondrial dysfunction in schizophrenia: evidence for
compromised brain metabolism and oxidative stress. Mol. Psy-
chiatry 9 (684–697), 643.

Pruessner, J.C., Champagne, F., Meaney, M.J., Dagher, A., 2004.
Dopamine release in response to a psychological stress in
humans and its relationship to early life maternal care: a
positron emission tomography study using [11C]raclopride. J.
Neurosci. 24, 2825–2831.

Ray, B., Henaff, M., Ma, S., Efstathiadis, E., Peskin, E.R., Picone,
M., Poli, T., Aliferis, C.F., Statnikov, A., 2014. Information
content and analysis methods for multi-modal high-throughput
biomedical data. Sci. Rep. 4, 4411.

Ripke, S., O'Dushlaine, C., Chambert, K., Moran, J.L., Kahler, A.K.,
Akterin, S., Bergen, S.E., Collins, A.L., Crowley, J.J., Fromer,
M., Kim, Y., Lee, S.H., Magnusson, P.K., Sanchez, N., Stahl, E.A.,
Williams, S., Wray, N.R., Xia, K., Bettella, F., Borglum, A.D.,
Bulik-Sullivan, B.K., Cormican, P., Craddock, N., de Leeuw, C.,
Durmishi, N., Gill, M., Golimbet, V., Hamshere, M.L., Holmans,
P., Hougaard, D.M., Kendler, K.S., Lin, K., Morris, D.W., Mors,
O., Mortensen, P.B., Neale, B.M., O'Neill, F.A., Owen, M.J.,
Milovancevic, M.P., Posthuma, D., Powell, J., Richards, A.L.,
Riley, B.P., Ruderfer, D., Rujescu, D., Sigurdsson, E., Silagadze,
T., Smit, A.B., Stefansson, H., Steinberg, S., Suvisaari, J.,
Tosato, S., Verhage, M., Walters, J.T., Levinson, D.F., Gejman,
P.V., Laurent, C., Mowry, B.J., O'Donovan, M.C., Pulver, A.E.,
Schwab, S.G., Wildenauer, D.B., Dudbridge, F., Shi, J., Albus,
M., Alexander, M., Campion, D., Cohen, D., Dikeos, D., Duan, J.,
Eichhammer, P., Godard, S., Hansen, M., Lerer, F.B., Liang, K.Y.,
Maier, W., Mallet, J., Nertney, D.A., Nestadt, G., Norton, N.,
Papadimitriou, G.N., Ribble, R., Sanders, A.R., Silverman, J.M.,
Walsh, D., Williams, N.M., Wormley, B., Arranz, M.J., Bakker,
S., Bender, S., Bramon, E., Collier, D., Crespo-Facorro, B., Hall,
J., Iyegbe, C., Jablensky, A., Kahn, R.S., Kalaydjieva, L.,
Lawrie, S., Lewis, C.M., Linszen, D.H., Mata, I., McIntosh, A.,
Murray, R.M., Ophoff, R.A., Van Os, J., Walshe, M., Weisbrod,
M., Wiersma, D., Donnelly, P., Barroso, I., Blackwell, J.M.,
Brown, M.A., Casas, J.P., Corvin, A.P., Deloukas, P., Duncanson,
A., Jankowski, J., Markus, H.S., Mathew, C.G., Palmer, C.N.,
Plomin, R., Rautanen, A., Sawcer, S.J., Trembath, R.C., Viswa-
nathan, A.C., Wood, N.W., Spencer, C.C., Band, G., Bellenguez,
C., Freeman, C., Hellenthal, G., Giannoulatou, E., Pirinen, M.,
Pearson, R.D., Strange, A., Su, Z., Vukcevic, D., Langford, C.,
Hunt, S.E., Edkins, S., Gwilliam, R., Blackburn, H., Bumpstead,
S.J., Dronov, S., Gillman, M., Gray, E., Hammond, N., Jayaku-
mar, A., McCann, O.T., Liddle, J., Potter, S.C., Ravindrarajah,
R., Ricketts, M., Tashakkori-Ghanbaria, A., Waller, M.J., Wes-
ton, P., Widaa, S., Whittaker, P., McCarthy, M.I., Stefansson, K.,
Scolnick, E., Purcell, S., McCarroll, S.A., Sklar, P., Hultman, C.
M., Sullivan, P.F., 2013. Genome-wide association analysis
identifies 13 new risk loci for schizophrenia. Nat. Genet. 45,
1150–1159.

Ripke, S., Sanders, A.R., Kendler, K.S., Levinson, D.F., Sklar, P.,
Holmans, P.A., Lin, D.Y., Duan, J., Ophoff, R.A., Andreassen, O.
A., Scolnick, E., Cichon, S., St, Clair, D., Corvin, A., Gurling, H.,
Werge, T., Rujescu, D., Blackwood, D.H., Pato, C.N., Malhotra,
A.K., Purcell, S., Dudbridge, F., Neale, B.M., Rossin, L., Visscher,
P.M., Posthuma, D., Ruderfer, D.M., Fanous, A., Stefansson, H.,
Steinberg, S., Mowry, B.J., Golimbet, V., De Hert, M., Jonsson,
E.G., Bitter, I., Pietilainen, O.P., Collier, D.A., Tosato, S.,
Agartz, I., Albus, M., Alexander, M., Amdur, R.L., Amin, F.,
Bass, N., Bergen, S.E., Black, D.W., Borglum, A.D., Brown, M.A.,
Bruggeman, R., Buccola, N.G., Byerley, W.F., Cahn, W., Cantor,
R.M., Carr, V.J., Catts, S.V., Choudhury, K., Cloninger, C.R.,
Cormican, P., Craddock, N., Danoy, P.A., Datta, S., de Haan, L.,
Demontis, D., Dikeos, D., Djurovic, S., Donnelly, P., Donohoe,
G., Duong, L., Dwyer, S., Fink-Jensen, A., Freedman, R.,
Freimer, N.B., Friedl, M., Georgieva, L., Giegling, I., Gill, M.,
Glenthoj, B., Godard, S., Hamshere, M., Hansen, M., Hansen, T.,
Hartmann, A.M., Henskens, F.A., Hougaard, D.M., Hultman, C.

http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref89
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref89
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref90
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref90
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref90
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref90
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref90
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref90
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref91
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref91
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref91
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref91
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref91
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref92
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref92
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref92
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref92
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref93
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref93
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref93
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref94
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref94
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref94
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref94
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref94
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref95
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref95
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref95
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref95
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref95
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref95
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref96
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref96
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref96
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref96
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref96
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref97
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref97
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref97
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref97
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref97
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref98
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref98
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref98
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref98
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref99
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref99
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref99
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref99
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref100
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref100
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref100
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref100
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref100
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref101
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref101
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref101
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref101
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref102
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref102
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref102
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref102
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref102
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref103
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref103
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref103
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref103
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref103
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref103
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref103
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref104
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref104
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref104
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref104
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref104
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref105
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref105
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref105
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref105
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref106
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107


D.C. Goff et al.936
M., Ingason, A., Jablensky, A.V., Jakobsen, K.D., Jay, M.,
Jurgens, G., Kahn, R.S., Keller, M.C., Kenis, G., Kenny, E.,
Kim, Y., Kirov, G.K., Konnerth, H., Konte, B., Krabbendam, L.,
Krasucki, R., Lasseter, V.K., Laurent, C., Lawrence, J., Lencz,
T., Lerer, F.B., Liang, K.Y., Lichtenstein, P., Lieberman, J.A.,
Linszen, D.H., Lonnqvist, J., Loughland, C.M., Maclean, A.W.,
Maher, B.S., Maier, W., Mallet, J., Malloy, P., Mattheisen, M.,
Mattingsdal, M., McGhee, K.A., McGrath, J.J., McIntosh, A.,
McLean, D.E., McQuillin, A., Melle, I., Michie, P.T., Milanova, V.,
Morris, D.W., Mors, O., Mortensen, P.B., Moskvina, V., Muglia, P.,
Myin-Germeys, I., Nertney, D.A., Nestadt, G., Nielsen, J.,
Nikolov, I., Nordentoft, M., Norton, N., Nothen, M.M., O'Dush-
laine, C.T., Olincy, A., Olsen, L., O'Neill, F.A., Orntoft, T.F.,
Owen, M.J., Pantelis, C., Papadimitriou, G., Pato, M.T., Pelto-
nen, L., Petursson, H., Pickard, B., Pimm, J., Pulver, A.E., Puri,
V., Quested, D., Quinn, E.M., Rasmussen, H.B., Rethelyi, J.M.,
Ribble, R., Rietschel, M., Riley, B.P., Ruggeri, M., Schall, U.,
Schulze, T.G., Schwab, S.G., Scott, R.J., Shi, J., Sigurdsson, E.,
Silverman, J.M., Spencer, C.C., Stefansson, K., Strange, A.,
Strengman, E., Stroup, T.S., Suvisaari, J., Terenius, L., Thir-
umalai, S., Thygesen, J.H., Timm, S., Toncheva, D., van den
Oord, E., van Os, J., van Winkel, R., Veldink, J., Walsh, D.,
Wang, A.G., Wiersma, D., Wildenauer, D.B., Williams, H.J.,
Williams, N.M., Wormley, B., Zammit, S., Sullivan, P.F., O'Dono-
van, M.C., Daly, M.J., Gejman, P.V., 2011. Genome-wide
association study identifies five new schizophrenia loci. Nat.
Genet. 43, 969–976.

Roffman, J.L., Brohawn, D.G., Nitenson, A.Z., Macklin, E.A.,
Smoller, J.W., Goff, D.C., 2011. Genetic variation throughout
the folate metabolic pathway influences negative symptom
severity in schizophrenia. Schizophr. Bull..

Roffman, J.L., Lamberti, J.S., Achtyes, E., Macklin, E.A., Galendez,
G.C., Raeke, L.H., Silverstein, N.J., Smoller, J.W., Hill, M.,
Goff, D.C., 2013. Randomized Multicenter Investigation of
Folate Plus Vitamin B12 Supplementation in Schizophrenia. JAMA
Psychiatry, 1–9.

Rosell, D.R., Zaluda, L.C., McClure, M.M., Perez-Rodriguez, M.M.,
Strike, K.S., Barch, D.M., Harvey, P.D., Girgis, R.R., Hazlett, E.
A., Mailman, R.B., Abi-Dargham, A., Lieberman, J.A., Siever, L.
J., 2015. Effects of the D1 Dopamine Receptor Agonist Dihy-
drexidine (DAR-0100A) on Working Memory in Schizotypal Per-
sonality Disorder. Neuropsychopharmacology 40, 446–453.

Rossi, R., Dalle-Donne, I., Milzani, A., Giustarini, D., 2006. Oxidized
forms of glutathione in peripheral blood as biomarkers of
oxidative stress. Clin. Chem. 52, 1406–1414.

Salavati, B., Rajji, T.K., Price, R., Sun, Y., Graff-Guerrero, A.,
Daskalakis, Z.J., 2015. Imaging-based neurochemistry in schizo-
phrenia: a systematic review and implications for dysfunctional
long-term potentiation. Schizophr. Bull. 41, 44–56.

Schmitt, C., Strazielle, N., Ghersi-Egea, J.F., 2012. Brain leukocyte
infiltration initiated by peripheral inflammation or experimental
autoimmune encephalomyelitis occurs through pathways con-
nected to the CSF-filled compartments of the forebrain and
midbrain. J. Neuroinflam. 9, 187.

Schwarcz, R., Bruno, J.P., Muchowski, P.J., Wu, H.Q., 2012.
Kynurenines in the mammalian brain: when physiology meets
pathology. Nat. Rev. Neurosci. 13, 465–477.

Schwarz, M.J., Ackenheil, M., Riedel, M., Muller, N., 1998. Blood-
cerebrospinal fluid barrier impairment as indicator for an
immune process in schizophrenia. Neurosci. Lett. 253, 201–203.

Shamy, M.C., Zai, C., Basile, V.S., Kennedy, J.L., Muller, D.J.,
Masellis, M., 2011. Ethical and policy considerations in the
application of pharmacogenomic testing for tardive dyskinesia:
case study of the dopamine D3 receptor. Curr. Pharmacoge-
nomics Person. Med. 9, 94–101.

Siever, L.J., Davis, K.L., 2004. The pathophysiology of schizophre-
nia disorders: perspectives from the spectrum. Am. J. Psychiatry
161, 398–413.
Silva-Adaya, D., Gonsebatt, M.E., Guevara, J., 2014. Thioredoxin
system regulation in the central nervous system: experimental
models and clinical evidence. Oxid. Med. Cell Longev. 2014,
590808.

Soderlund, J., Schroder, J., Nordin, C., Samuelsson, M., Walther-
Jallow, L., Karlsson, H., Erhardt, S., Engberg, G., 2009. Activa-
tion of brain interleukin-1beta in schizophrenia. Mol. Psychiatry
14, 1069–1071.

Song, C., Li, X., Kang, Z., Kadotomi, Y., 2007. Omega-3 fatty acid
ethyl-eicosapentaenoate attenuates IL-1beta-induced changes
in dopamine and metabolites in the shell of the nucleus
accumbens: involved with PLA2 activity and corticosterone
secretion. Neuropsychopharmacology 32, 736–744.

Song, X., Fan, X., Li, X., Zhang, W., Gao, J., Zhao, J., Harrington,
A., Ziedonis, D., Lv, L., 2014. Changes in pro-inflammatory
cytokines and body weight during 6-month risperidone treat-
ment in drug naive, first-episode schizophrenia. Psychopharma-
cology (Berl) 231, 319–325.

Sousa, N., Almeida, O.F., 2012. Disconnection and reconnection:
the morphological basis of (mal)adaptation to stress. Trends
Neurosci. 35, 742–751.

Sullivan, P.F., Fan, C., Perou, C.M., 2006. Evaluating the compar-
ability of gene expression in blood and brain. Am. J. Med.
Genet. B Neuropsychiatr. Genet. 141B, 261–268.

Takano, A., Arakawa, R., Ito, H., Tateno, A., Takahashi, H.,
Matsumoto, R., Okubo, Y., Suhara, T., 2010. Peripheral benzo-
diazepine receptors in patients with chronic schizophrenia: a
PET study with [11C]DAA1106. Int. J. Neuropsychopharmacol.
13, 943–950.

Umbricht, D., Alberati, D., Martin-Facklam, M., Borroni, E., Yous-
sef, E.A., Ostland, M., Wallace, T.L., Knoflach, F., Dorflinger, E.,
Wettstein, J.G., Bausch, A., Garibaldi, G., Santarelli, L., 2014. A
randomized, double-blind, proof-of-concept study of the effect
of bitopertin, a glycine reuptake 2 inhibitor, on negative
symptoms of schizophrenia. JAMA Psychiatry.

van Berckel, B.N., Bossong, M.G., Boellaard, R., Kloet, R., Schuite-
maker, A., Caspers, E., Luurtsema, G., Windhorst, A.D., Cahn,
W., Lammertsma, A.A., Kahn, R.S., 2008. Microglia activation in
recent-onset schizophrenia: a quantitative (R)-[11C]PK11195
positron emission tomography study. Biol. Psychiatry 64,
820–822.

van Beveren, N.J., Buitendijk, G.H., Swagemakers, S., Krab, L.C.,
Roder, C., de Haan, L., van der Spek, P., Elgersma, Y., 2012.
Marked reduction of AKT1 expression and deregulation of AKT1-
associated pathways in peripheral blood mononuclear cells of
schizophrenia patients. PloS One 7, e32618.

van Erp, T.G., Guella, I., Vawter, M.P., Turner, J., Brown, G.G.,
McCarthy, G., Greve, D.N., Glover, G.H., Calhoun, V.D., Lim, K.
O., Bustillo, J.R., Belger, A., Ford, J.M., Mathalon, D.H., Diaz,
M., Preda, A., Nguyen, D., Macciardi, F., Potkin, S.G., 2014.
Schizophrenia miR-137 locus risk genotype is associated with
dorsolateral prefrontal cortex hyperactivation. Biol. Psychiatry
75, 398–405.

Volpi, S., Potkin, S.G., Malhotra, A.K., Licamele, L., Lavedan, C.,
2009. Applicability of a genetic signature for enhanced iloper-
idone efficacy in the treatment of schizophrenia. J. Clin.
Psychiatry 70, 801–809.

Wake, H., Moorhouse, A.J., Miyamoto, A., Nabekura, J., 2013.
Microglia: actively surveying and shaping neuronal circuit struc-
ture and function. Trends Neurosci. 36, 209–217.

Walton, E., Geisler, D., Hass, J., Liu, J., Turner, J., Yendiki, A.,
Smolka, M.N., Ho, B.C., Manoach, D.S., Gollub, R.L., Roessner,
V., Calhoun, V.D., Ehrlich, S., 2013. The impact of genome-wide
supported schizophrenia risk variants in the neurogranin gene on
brain structure and function. PloS One 8, e76815.

Wang, J.X., Rogers, L.M., Gross, E.Z., Ryals, A.J., Dokucu, M.E.,
Brandstatt, K.L., Hermiller, M.S., Voss, J.L., 2014. Targeted

http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref107
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref108
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref108
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref108
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref108
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref109
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref109
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref109
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref109
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref109
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref110
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref110
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref110
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref110
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref110
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref110
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref111
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref111
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref111
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref112
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref112
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref112
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref112
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref113
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref113
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref113
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref113
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref113
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref114
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref114
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref114
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref115
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref115
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref115
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref116
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref116
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref116
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref116
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref116
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref117
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref117
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref117
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref118
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref118
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref118
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref118
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref119
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref119
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref119
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref119
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref120
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref120
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref120
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref120
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref120
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref121
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref121
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref121
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref121
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref121
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref122
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref122
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref122
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref123
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref123
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref123
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref125
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref125
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref125
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref125
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref125
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref126
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref126
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref126
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref126
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref126
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref126
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref127
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref127
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref127
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref127
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref127
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref127
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref128
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref128
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref128
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref128
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref128
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref129
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref129
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref129
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref129
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref129
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref129
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref129
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref130
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref130
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref130
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref130
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref131
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref131
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref131
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref132
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref132
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref132
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref132
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref132
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref133
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref133


937Biomarkers for drug development in early psychosis
enhancement of cortical-hippocampal brain networks and asso-
ciative memory. Science (New York, N. Y.) 345, 1054–1057.

Weiner, M.W., Veitch, D.P., Aisen, P.S., Beckett, L.A., Cairns, N.J.,
Green, R.C., Harvey, D., Jack, C.R., Jagust, W., Liu, E., Morris,
J.C., Petersen, R.C., Saykin, A.J., Schmidt, M.E., Shaw, L.,
Shen, L., Siuciak, J.A., Soares, H., Toga, A.W., Trojanowski, J.
Q., 2013. The Alzheimer's disease neuroimaging initiative: a
review of papers published since its inception. Alzheimers
Dement 9, e111–e194.

Xie, L., Kang, H., Xu, Q., Chen, M.J., Liao, Y., Thiyagarajan, M.,
O'Donnell, J., Christensen, D.J., Nicholson, C., Iliff, J.J.,
Takano, T., Deane, R., Nedergaard, M., 2013. Sleep drives
metabolite clearance from the adult brain. Science (New York,
N. Y.) 342, 373–377.

Yelmo-Cruz, S., Morera-Fumero, A.L., Abreu-Gonzalez, P., 2013.
S100B and schizophrenia. Psychiatry Clin. Neurosci. 67, 67–75.

Yu, Z., Kastenmuller, G., He, Y., Belcredi, P., Moller, G., Prehn, C.,
Mendes, J., Wahl, S., Roemisch-Margl, W., Ceglarek, U., Polo-
nikov, A., Dahmen, N., Prokisch, H., Xie, L., Li, Y., Wichmann,
H.E., Peters, A., Kronenberg, F., Suhre, K., Adamski, J., Illig, T.,
Wang-Sattler, R., 2011. Differences between human plasma and
serum metabolite profiles. PloS One 6, e21230.

Yuen, E.Y., Wei, J., Liu, W., Zhong, P., Li, X., Yan, Z., 2012.
Repeated stress causes cognitive impairment by suppressing
glutamate receptor expression and function in prefrontal cor-
tex. Neuron 73, 962–977.

Zhang, F., Xu, Y., Shugart, Y.Y., Yue, W., Qi, G., Yuan, G., Cheng, Z.,
Yao, J., Wang, J., Wang, G., Cao, H., Guo, W., Zhou, Z., Wang,
Z., Tian, L., Jin, C., Yuan, J., Liu, C., Zhang, D., 2014.
Converging evidence implicates the abnormal MicroRNA system
in schizophrenia. Schizophr. Bull..

Zhang, J.P., Malhotra, A.K., 2011. Pharmacogenetics and antipsy-
chotics: therapeutic efficacy and side effects prediction. Expert
Opin. Drug. Metab. Toxicol. 7, 9–37.

Zhang, X.Y., da, Chen, Xiu, C., Wang, M.H., Qi, F., Sun, L.Y., Chen,
H.Q., He, S., Wu, S.C., Haile, G.Y., Kosten, C.N., Lu, T.A.,
Kosten, T.R., L., 2009. The novel oxidative stress marker
thioredoxin is increased in first-episode schizophrenic patients.
Schizophr. Res. 113, 151–157.

Zhu, F., Zheng, Y., Ding, Y.Q., Liu, Y., Zhang, X., Wu, R., Guo, X.,
Zhao, J., 2014. Minocycline and risperidone prevent microglia
activation and rescue behavioral deficits induced by neonatal
intrahippocampal injection of lipopolysaccharide in rats. PloS
one 9, e93966.

Zunszain, P.A., Anacker, C., Cattaneo, A., Choudhury, S., Musael-
yan, K., Myint, A.M., Thuret, S., Price, J., Pariante, C.M., 2012.
Interleukin-1beta: a new regulator of the kynurenine pathway
affecting human hippocampal neurogenesis. Neuropsychophar-
macology 37, 939–949.

http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref133
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref133
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref134
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref134
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref134
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref134
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref134
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref134
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref134
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref135
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref135
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref135
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref135
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref135
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref136
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref136
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref137
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref137
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref137
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref137
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref137
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref137
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref138
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref138
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref138
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref138
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref139
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref139
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref139
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref139
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref139
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref140
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref140
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref140
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref141
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref141
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref141
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref141
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref141
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref142
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref142
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref142
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref142
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref142
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref143
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref143
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref143
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref143
http://refhub.elsevier.com/S0924-977X(16)00020-1/sbref143

	Biomarkers for drug development in early psychosis: Current issues and promising directions
	Definitions and potential roles of biomarkers
	Categories of biomarkers
	Brain imaging
	Cerebrospinal fluid
	Blood markers

	Treatment-related genetic markers
	Factors implicated in early schizophrenia by biomarkers
	Inflammation
	Cannabinoids
	Glutamate
	Oxidative stress
	Cortisol
	Methylation

	Recommendations
	Role of funding source
	Contributors
	Conflict of interest
	Acknowledgment
	References




