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Johann Steiner, Otto-von-Guericke University Magdeburg, Germany

Traditionally, abnormalities of neurons and neuronal networks including synaptic abnormalities 
and disturbance of neurotransmitters have dominantly been believed to be the main causes of 
psychiatric disorders. Recent cellular neuroscience has revealed various unknown roles of glial 
cells such as astrocytes, oligodendrocytes and microglia. These glial cells have proved to contin-
uously contact with neurons /synapses, and have been shown to play important roles in brain 
development, homeostasis and various brain functions. Beyond the classic neuronal doctrine, 
accumulating evidence has suggested that abnormalities and disturbances of neuron-glia cross-
talk may induce psychiatric disorders, while these mechanisms have not been well understood. 
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This Research Topic of the Frontiers in Cellular Neuroscience provides an overview on the most 
recent developments and ideas in the study of glial cells (astrocytes, oligodendrocytes and micro-
glia) focusing on psychiatric disorders such as schizophrenia, mood disorders and autism. Not 
only molecular, cellular and pharmacological approaches using in vitro / in vivo experimental 
methods but also translational research approaches are presented. Novel translational research 
approaches, for example, using novel techniques such as induced pluripotent stem (iPS) cells, 
may lead to novel solutions. 

We believe that investigations to clarify the correlation between glial cells and psychiatric dis-
orders contribute to a novel understanding of the pathophysiology of these disorders and the 
development of effective treatment strategies.
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Editorial on the Research Topic

Minding Glial Cells in the Novel Understandings of Mental Illness

During the last few decades, it has been assumed that dysfunctions of neurons and neuronal
networks including synaptic abnormalities and consecutive disturbances of neurotransmitters
are the main and sole causes of psychiatric disorders. Recent neuroscience has revealed various
previously unknown roles of glial cells such as astrocytes, oligodendrocytes, and microglia
as modulators of neurotransmission. These glial cells have proved to continuously contact
with neurons/synapses, and have been shown to play important roles in brain development,
homeostasis, and various brain functions. Beyond the classic neuronal doctrine of neuropsychiatry,
accumulating evidence has suggested that abnormalities and disturbances of the crosstalk between
neurons and glial cells may induce mental dysfunction and be a risk factor for the manifestation of
psychiatric disorders. However, these mechanisms have yet to be well-understood.

This research topic of “the Frontiers in Cellular Neuroscience” has focused on the most recent
developments and ideas in the study of glial cells (astrocytes, oligodendrocytes, and microglia)
targeting psychiatric disorders such as schizophrenia, mood disorders, and autism. Here, we
publish more than 20 articles including original research, review, perspective, and commentary.
While all of the articles are focused on psychiatric disorders, a variety of methods/approaches have
been employed from molecular, cellular, and pharmacological approaches using in vitro/in vivo
experimental methods to translational approaches using human tissues.

Human postmortem research using brain tissues of patients with psychiatric disorders is
one of the most important research approaches in biological psychiatry. In this research topic,
Bernstein et al. reported a reduced density of glutamine synthetase immunoreactive astrocytes in
different cortical areas in major depression but not in bipolar I disorder. Falkai et al. revealed an
interaction between a decrease of oligodendrocyte and interneuron density in the hippocampus of
schizophrenia patients and discussed the association of oligodendrocyte number with cognitive
deficits, proposing that a decreased number of oligodendrocytes in the anterior, and entire
hippocampus may be involved in cognitive deficits by impairing the connectivity of this structure
in schizophrenia.

On the other hand, various novel approaches of brain imaging techniques have been developed
to reveal glial dysfunctions in living patients with psychiatric disorders (Kato et al., 2013a).
Peripheral blood markers are also suggested to be useful biomarkers of psychiatric disorders. For
example, S100B has been considered as a glial marker protein, particular to oligodendrocytes
and astrocytes. It passes the blood brain barrier and is detectable in peripheral blood. In this

7
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research topic, Schumberg et al. reported that serum S100B
is related to illness duration and clinical symptoms in
schizophrenia by a meta-regression analysis. Furthermore,
combination analysis between brain imaging data and blood
data is becoming one of the most highlighted approaches
in psychiatry. Milleit et al. conducted an association analysis
between brain imaging data of voxel based morphometry
(VBM) and serum S100B concentrations in unmedicated patients
with schizophrenia and healthy volunteers, and revealed that
serum S100B protein is specifically related to white matter
changes in patients with schizophrenia. This report suggests
the involvement of S100B in an ongoing and dynamic process
associated with structural brain changes and brain connectivity
in schizophrenia.

As mentioned above, peripheral blood markers including
components/materials of serum, plasma, and genes are possible
useful biomarkers of psychiatric disorders. In addition,
blood cells themselves have also been highlighted as possible
biomarkers. Microglia and peripheral monocytes (monocytic
cells) are both of mesodermal origin. Takahashi et al. discussed
this linkage focusing on the activation ofmicroglia and peripheral
monocytes to understand the pathophysiology of psychiatric
disorders. Ohgidani et al. introduced a novel translational tool
for neuropsychiatric disorders, called “induced microglia-like
(iMG) cells,” which can be produced within 2 weeks from fresh
human monocytes by adding only two cytokines (GM-CSF and
IL-34). They have recently reported on the suitability of the
iMG cells to study and understand microglial pathophysiology
in patients with schizophrenia and bipolar disorder (Sato-Kasai
et al., 2016; Ohgidani et al., 2017). Alternatively, human induced
pluripotent stem (iPS) cells- and embryonic stem (ES)-oriented
microglia-like cells (termed pMGLs) may also prove to be
suitable tools (Muffat et al., 2016). We believe that both the
generation of iMG cells and pMGLs will provide a strong
method to reveal the potential contribution of microglial cells in
psychiatric disorders in more detail.

In spite of great advances in human research tools as
shown above, animal models are still thought to be essential
for psychiatric research. Epidemiological studies suggest that
prenatal exposure to bacterial and viral infection is an important
environmental risk factor for schizophrenia. The maternal
immune activation (MIA) animal model is used to study how
an insult directed at the maternal host can have adverse effects
on the fetus, leading to behavioral and neurochemical changes
later in life. In this research topic, de Souza et al. observed an
upregulation of astroglial markers (S100B and GFAP) in a MIA
model of schizophrenia by LPS in Wistar rats; the brain-regional
expression pattern was sex-dependent. Smolders et al. reported
that MIA evoked by polyinosinic:polycytidylic acid (polyI:C)
does not evoke microglial cell activation in the embryo. This
report suggests that the behavioral and neurological alterations in
offspring cannot be related to the alteration of the activation state
of embryonic microglial cells. Their in vitro studies also indicated
that microglia cannot be directly activated by poly (I:C) or IL-
6 exposure. However, recent studies in other research groups
indicate that there is an increase in microglial density in different
brain regions in the adult poly (I:C)MIA offspring (postnatal and

adult age) (Juckel et al., 2011;Manitz et al., 2013). As commentary
responding to Smolders et al., Bernstein et al. suggested the
role of astrocytic activation in the brains of MIA offspring.
Further investigations are needed to understand the relevance of
microglial and astrocytic activation in each developmental stage
of the MIA models.

On the other hand, the Cuprizone-treatment rodent model,
one of the classical models of multiple sclerosis (MS), is now
regarded as a useful model of schizophrenia (Xiao et al.,
2008), showing a series of dysfunctions of glial cells such as
microglia, astrocytes, and oligodendrocytes. Wang et al. reported
that quetiapine inhibits microglial activation by neutralizing
abnormal STIM1-mediated intercellular calcium homeostasis
and promoting myelin repair in a cuprizone-induced mouse
model of demyelination. Interestingly, Gentile et al. proposed
the merit of utilizing the behavioral and neuro-glial studies with
experimental autoimmune encephalomyelitis (EAE)—the most
famous animal model of MS in order to explore the role of
microglia in mood disorders.

This special issue also contains two mice model studies
focusing on anxiety and glial cells. Zimmer et al. demonstrated
that long-term administration of memantine (a NMDAR
antagonist) induced anxiety-like behaviors, and decreased
glutamate uptake activity in both the frontoparietal cortex
and hippocampus without altering the immunocontents of
the astroglial glutamate transporters GLT-1 and GLAST. Chen
et al. reported that impairment of oligodendroglia maturation
leads to aberrantly increased cortical glutamate and anxiety-like
behaviors in juvenile mice.

High throughput technology of genome analysis, especially
genome-wide association study (GWAS), has shown various
candidate genes of psychiatric disorders such as schizophrenia
and bipolar disorder (Psychiatric GWAS Consortium Bipolar
DisorderWorking Group, 2011; Ripke et al., 2013; Schizophrenia
Working Group of the Psychiatric Genomics, 2014). Apart
from genome analyses, proteome and metabolome analyses are
expected to reveal unknown biological aspects of psychiatric
disorders (Kaddurah-Daouk andKrishnan, 2009; Domenici et al.,
2010; Setoyama et al., 2016). In this research topic, Davalieva
et al. reviewed the recent advances of proteomic research
in schizophrenia. Three original research articles applying
the proteomic analysis of glial cells with a pharmacological
intervention are also included in this topic. Guest et al. reported
that MK-801 treatment affects glycolysis in oligodendrocytes
more than in astrocytes and neuronal cells. Cassoli et al.
compared effects of MK-801 and the antipsychotic drug
clozapine on the proteome of cultured oligodendrocytes. In
addition, focusing in a hypothesis-driven study on energy
metabolism, Steiner et al. compared the typical antipsychotic
drug haloperidol with the atypical antipsychotic compound
clozapine; only the latter promoted glycolysis and myelin lipid
synthesis in cultured oligodendrocytes. These data suggest that
psychotropic drugs, originally developed for the modulation of
neurons and/or synaptic neurotransmission, are also acting on
astrocytes and oligodendrocytes. Similarly, recent in vitro studies
using rodent microglial cells have revealed that psychotropic
drugs, especially antipsychotics and antidepressants may also
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directly modulate microglial cells (Kato et al., 2011, 2013b),
however the underlying signal transduction mechanisms have
not been well clarified. In this research topic, Mizoguchi et al.
proposed that microglial intracellular Ca2+ signaling may be an
important target of antipsychotic actions. On the other hand,
epigenetic mechanisms may be important disease modifiers. In
line with this idea, Chen et al. introduced the recent topic of DNA
methylation in glial cells for further research of schizophrenia.

In this research topic, we have included several review papers
proposing interesting theories and hypotheses linking psychiatric
disorders with dysfunctions of glial cells: Yamamuro et al.
introduced potential primary roles of glial cells in the underlying
mechanisms of psychiatric disorders. Petrelli et al. discussed
the possible link between autism spectrum disorders and glial
cells especially astrocytes and microglia. Koyama introduced
functional alterations of astrocytes in mental disorders, and
proposed pharmacological modulation of astrocytes as a novel

drug target. Noda depicted a possible role of glial cells in the
relationship between thyroid dysfunction and mental disorders.
And finally, Stokes et al. discussed the recent evidence for
an involvement of microglial and/or astrocytic P2X7 in the
pathophysiology of depressive disorders.

We are very pleased to publish a broad spectrum of papers
focusing on glial cells in the field of psychiatry utilizing multi-
dimensional approaches. We believe that further investigations
to clarify the correlation between glial cells and psychiatric
disorders will contribute to a novel understanding of the
pathophysiology of mental illnesses and the development of
effective treatment strategies.
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Mental illnesses have long been perceived as the exclusive consequence of
abnormalities in neuronal functioning. Until recently, the role of glial cells in the
pathophysiology of mental diseases has largely been overlooked. However recently,
multiple lines of evidence suggest more diverse and significant functions of glia with
behavior-altering effects. The newly ascribed roles of astrocytes, oligodendrocytes and
microglia have led to their examination in brain pathology and mental illnesses. Indeed,
abnormalities in glial function, structure and density have been observed in postmortem
brain studies of subjects diagnosed with mental illnesses. In this review, we discuss
the newly identified functions of glia and highlight the findings of glial abnormalities in
psychiatric disorders. We discuss these preclinical and clinical findings implicating the
involvement of glial cells in mental illnesses with the perspective that these cells may
represent a new target for treatment.

Keywords: psychiatric disorder, glia, astrocyte, oligodendrocyte, microglia, NG2 glia, mood, cognition

INTRODUCTION

Treatment of mental illnesses dates back to ancient times where imprisonment and confinement
to chains were the mode of action to control what was perceived as influences of witchcraft and
supernatural forces. With the introduction of Hippocratic medicine back in the 4th century B.C.,
mental illness had a physical attribute and the cause was linked to humoral imbalances. Though,
the idea of demons and supernatural forces still persisted. Towards the end of the 18th century,
the idea of mental illness as a disease of the mind rather than the body began to develop and it was
towards the mid-19th century when it became viewed as a disease of the brain. Though, the term
mental was coined to it till this day, mainly due to the lack of cerebral pathology at macroscopic
and microscopic levels at the time (Kendell, 2001).

In the 1950s, psychopharmacology emerged. Following serendipitous clinical observations,
chlorpromazine (dopamine antagonist) and iproniazid (monoamine oxidase inhibitor) were
observed to have antipsychotic and antidepressant effects respectively (Deverteuil and
Lehmann, 1958; Ban, 2007; Nestler and Hyman, 2010). These observations paved the way to
the development of current psychotropic drugs whose pharmacology is essentially based on
monoamine neurotransmission. Despite the availability of these psychoactive medicines, there
remains however an increasing prevalence, undeniable disability, economic and social burden
(Hyman, 2008). The reason for the lack of success is that these psychotherapeutic drugs were
not founded on real evidence of underlying pathology. Instead, the reverse engineering of
these drugs lead to the identification of molecular targets that are possibly not the actual culprit.
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With the emergence of in vivo brain imaging techniques
and improvement in the methods of microscopy,
immunocytochemistry and stereology, interest in re-examining
cerebral pathology at the macro- and micro-scopic level ensued
(Rajkowska et al., 1999). The microscopic approach has notably
brought glial cells to light with newly identified functions. With
access to the right tools, findings of glia pathology in psychiatric
disorders began to surface (Di Benedetto and Rupprecht, 2013).
In this review, we will introduce the different types and functions
of glia and then discuss findings implicating their involvement
in the different types of mental illnesses.

GLIA IN BRAIN FUNCTION AND HEALTH

While the legacy of the last century of research in psychiatry has
centered on deciphering the role of neuronal systems in brain
functions in health and disease, little attention has been paid
to non-neuronal cells. Glial cells in fact outnumber neurons in
several areas of the human brain (Kandel, 2000; Pelvig et al., 2008;
Azevedo et al., 2009; Herculano-Houzel, 2011). Interestingly
enough, this ratio is decreased in rodents (Nedergaard et al.,
2003; Rajkowska and Miguel-Hidalgo, 2007; Herculano-Houzel,
2011) indicating that increased glial densities is associated with
higher brain functions. The term neuroglia was initially coined
by the German anatomist Rudolf Virchow in 1856 to refer to
a scaffolding material. Traditionally seen as silent supportive
cells, growing evidence suggest a more dynamic and active
function. Glial cells provide a source of metabolic energy and
growth/neurotrophic factors, are involved in regulating synaptic
plasticity, modulating neuronal excitability, neurotransmitter
modulation/reuptake and relay of information, among other
functions. In short, they have emerged to be important players
that alter neuronal state and connectivity.

Based on lineages, there are two types of Central Nervous
System (CNS) glia: macroglia and microglia. Macroglia
(astrocyte, oligodendrocyte) arise from ectodermwhile microglia
originate from monocyte-macrophage lineage (Ventura and
Goldman, 2006; Rajkowska and Miguel-Hidalgo, 2007). Each
type has a specialized function and a unique morphology
(Ventura and Goldman, 2006; Rajkowska and Miguel-Hidalgo,
2007). While oligodendrocytes and microglia were long thought
to have specialized functions, astrocytes proved to be the most
complex and functionally diverse.

Astrocytes
The term astrocyte was initially described by Von Lenhossek
in 1893 based on its star-like morphology. It turns out that
astrocytes are quite heterogeneous in cell morphology, a fact that
also reflects inherent functional specialization. Astrocytes can be
categorized into at least five different types: (1) white matter
astrocytes which take on a star shape; (2) gray matter astrocytes,
which have a less complex shape; (3) ependymal astrocytes,
which are stained positive for a marker of astrocytes, GFAP,
and are found in the stem cell niches of the brain; (4) radial
glia found within ventricular zone which originally provide
a scaffold for migrating neurons during brain development;
and (5) perivascular, also GFAP+, whose end-feet are in close

proximity to blood vessels (Claycomb et al., 2013). Novel
discoveries on the diverse functions of astrocytes have challenged
the long-time held dogma that astrocytes are merely passive cells.
From an evolutionary point of view, the ratio of astrocytes to
neurons and the morphology of astrocytes increase with the
complexity of brain functions (Oberheim et al., 2009; Pereira
and Furlan, 2010; Herculano-Houzel, 2011). The diversity of
astrocytic roles are discussed below and range from local
modulation of information processing within a synapse to brain
large-scale integrative functions, and extend to interactions
with the vasculature system and the immune system. Some of
these functions support its involvement in cognitive and mood
functions and the ones pertinent to psychiatric illnesses are
discussed below.

Neurovascular Unit
Astrocytes form a bridging gap, coupling the vasculature
system with neuronal circuits. The surface of intraparenchymal
capillaries is covered at 99% by astrocytic end-feet (Kacem et al.,
1998). Astrocytic end feet wrap around the endothelium of blood
vessels and via this contact, they can influence cerebral blood flow
(Takano et al., 2006; Magistretti and Allaman, 2015) and control
the transport of substances in and out of the brain to ensure
proper brain homeostasis (Abbott et al., 2006).

Metabolic Coupling
Astrocytes have been shown to support neurons metabolically.
Astrocytes express glucose transporters of the GLUT1 type along
their astrocytic end feet (Allaman and Magistretti, 2013). Upon
increased neuronal activity and glutamate reuptake by astrocyte-
specific glutamate transporters, a sequence of events is triggered
resulting in the uptake of glucose from blood vessels and erobic
glycolysis, a process also known as the Astrocyte Neuron Lactate
Shuttle (for review, see Magistretti and Allaman, 2015). With
Lactate being the end product, it is released into the interstitial
space for neuronal uptake (Walz and Mukerji, 1988; Pellerin and
Magistretti, 1994; Chuquet et al., 2010). Furthermore, astrocytes
are the only cells to store energy in the form of glycogen in
the adult brain. It was shown that this energy reserve can be
mobilized by various neuroactive signals such as noradrenaline
and vasoactive intestinal peptide (Magistretti et al., 1981; Sorg
andMagistretti, 1991). Thus, there is an interplay between energy
metabolism and neuronal activity with astrocytes being the
mediators. Lactate released by astrocytes has been shown to exert
additional important physiological functions such as induction
of neuroplasticity and taking part in higher cognitive functions
such as learning and memory (Suzuki et al., 2011; Yang et al.,
2014).

Tripartite Synapse, Gliotransmission and Synaptic
Function
Astrocytes express a range of receptors and ion channels
that are similarly expressed in neurons (Verkhratsky et al.,
1998). At most glutamatergic central synapses, the extremity
of protoplasmic astrocyte process wraps the synaptic cleft, and
communicates with pre- and post-synaptic neurons, forming
what is called a tripartite synapse (Araque et al., 1999; Bezzi et al.,

Frontiers in Cellular Neuroscience | www.frontiersin.org December 2015 | Volume 9 | Article 468 | 11

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Elsayed and Magistretti Glial Involvement Beyond the Glue

2001). At those processes, they express glutamate transporters
responsible for glutamate re-uptake and clearance from the
synaptic cleft. With this feature, astrocytes can prevent the
excitotoxic build-up of glutamate concentrations, and hence
provide a form of neuroprotection (Choi, 1987; Rothstein
et al., 1996; Tanaka et al., 1997). Furthermore, emerging
data suggest that astrocytes are excitable cells able to release
transmitters and thus regulate synaptic function. Some of the
gliotransmitters released by astrocytes include ATP, D-serine,
adenosine, glutamate and cytokines (Volterra and Meldolesi,
2005). Some of these gliotransmitters are involved in modulating
synaptic function. For example, D-serine is one of the required
coactivators of NMDA receptors at the glycine site. It is three
times more potent than glycine (Miyazaki et al., 1999); both D-
serine and glycine are released by astrocytes, hence enabling these
cells to regulate N-Methyl-D-aspartate (NMDA) receptor activity
(Schell et al., 1995; Wolosker et al., 1999a,b). To add another
layer of complexity and heterogeneity of astrocyte specializations,
distinct population of astrocytes contain exocytosis machinery
such as vesicular glutamate transporter (vGluT) and are capable
of initiating vesicular release of glutamate upon activation (Bezzi
et al., 2004; Kreft et al., 2004; Montana et al., 2004; Zhang et al.,
2004; Jourdain et al., 2007).

Neurotrophic Function
Astrocytes can synthesize and release many neurotrophic factors
such as fibroblast growth factor 2 (FGF2; Gonzalez et al.,
1995), brain-derived neurotrophic factor (BDNF; Jean et al.,
2008) and other growth factors involved in modulating synaptic
transmission and plasticity (Levine et al., 1995; Lo, 1995;
Zechel et al., 2010). These growth factors can ultimately
impact cognition and mood associated behavior (Graham and
Richardson, 2011; Elsayed et al., 2012; Quesseveur et al.,
2013).

Response to Injury and Pathogen
In response to injury, astrocytes become reactive, change their
morphology and pattern of gene expression. They can also be
induced to express major histocompatibility complex antigen to
identify pathogen, modify Blood Brain Barrier permeability and
secrete various cytokines to attract immune cells from the blood
circulation (Sparacio et al., 1992; Farina et al., 2007; Burda and
Sofroniew, 2014).

Gap Junctions
The complexity of astrocytes is further enhanced by the
expression of connexins which form gap junctions (Giaume
et al., 2005; Orthmann-Murphy et al., 2008). This feature allows
the formation of a syncytium whereby astroglia communicates
intercellularly. Gap junction coupling is not static and is
modulated by a number of signaling pathways (Anders et al.,
2014). Mainly, sensory, cognitive and emotional patterns
transmitted from spatially distributed neuronal and glial
populations can result in the activation of astroglial calcium
waves that can be transmitted across the astrocytic syncytium
(Pereira and Furlan, 2010).

Oligodendrocytes
Oligodendrocytes are smaller and less branched than astrocytes
(Fawcett, 1994). Similarly to astrocytes, there are two types
of oligodendrocyte residents in the cortex: (1) perineuronal
oligodendrocytes, which are located in the gray matter
and (2) interfascicular oligodendrocytes which are found in
the white matter (Rajkowska and Miguel-Hidalgo, 2007).
Myelin formation has been the classical function attributed to
oligodendrocytes with the function of insulating axons hence
enabling faster conduction speed of action of potential. White
and gray matter myelinations are exceptionally high in humans
when compared to other species including primates (Zhang
and Sejnowski, 2000; Miller et al., 2012) pointing to a higher
structural connectivity as part of an evolutionary mechanism.

All this comes at a high energetic cost, with a large
proportion of brain energy metabolites being directed towards
creating and supporting myelination along with maintenance of
transmembrane ionic gradients to sustain excitability (Connor
and Menzies, 1996; Attwell and Laughlin, 2001; Sanchez-Abarca
et al., 2001; Alle et al., 2009; Rinholm et al., 2011).

While initially thought as static components of the nervous
system, recent studies suggest that myelin formation by
oligodendrocytes is a highly dynamic processes influenced by
neuronal activity (Ishibashi et al., 2006), learning (Bengtsson
et al., 2005) and environmental input (Markham and
Greenough, 2004). Moreover, myelination is not restricted
to a developmental program but can occur through adulthood
suggesting contribution to brain plasticity (De Hoz and
Simons, 2015). By enhancing speed and efficiency of action
potential transmission, myelination enables synchronization
of neural networks, which underlie the basis of our cognitive
and behavioral repertoires and hence making this process
a vital one for brain functioning (Haroutunian et al.,
2014).

In addition to myelin formation, oligodendrocytes also
express growth factors (Byravan et al., 1994), gap junctions
(Orthmann-Murphy et al., 2008) and can supply energy in the
form of Lactate to support axonal function (Funfschilling et al.,
2012; Lee et al., 2012). Furthermore, they express glutamate
receptors and are thus a target of neurotransmitters and
glutamate excitotoxicity (Matute, 2006).

NG2-Glia
The notion that the adult brain is a static organ has been disputed
over at least the past 30 years. In fact, the brain is a dynamic organ
with neuronal and non-neuronal cells undergoing cellular plastic
events regulated by endogenous and exogenous cues (Dong and
Greenough, 2004). It is accepted now that cell proliferation, one
aspect of cellular plasticity, occurs during brain development and
continues into adulthood. The areas and rates of cell proliferation
vary depending on the cell type in question (i.e., neurons or
glia), or on the conditions surrounding these cells. In healthy
conditions, gliogenesis is a slow-turnover process that occurs
in the white and gray matter of the adult brain. It involves the
proliferation of NG2-glia, otherwise known as oligodendrocyte
precursor cells (OPC). While, a generally agreed upon role of
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NG2+ cells is to generate oligodendrocytes, they are also thought
to generate neurons and astrocytes (Dayer et al., 2005). Though,
the latter remains controversial (Clarke et al., 2012). They are
one of the largest proliferative cells in the adult cortex (Dawson
et al., 2003). Nevertheless, not all NG2+ cells are proliferating
at rest (Butt et al., 2005). Furthermore, a subset of them also
appears to be involved in some aspects of information processing
in partnership with neurons (Bergles et al., 2000; Lin and Bergles,
2002; Hamilton et al., 2009; Richardson et al., 2011). The varied
functional roles of NG2-glia are not yet completely understood
and await further studies (Peters, 2004; Richardson et al., 2011).

Nevertheless, it is clear that these cells are influenced by
different manipulations, environmental and pharmacological,
triggering its proliferation. Gliogenesis has been shown to be
influenced by stress (Banasr et al., 2007; Czeh et al., 2007),
exercise (Mandyam et al., 2007), growth factors (Elsayed et al.,
2012), pharmacological and non-pharmacological modes of
antidepressant treatment (Kodama et al., 2004; Wennström
et al., 2006; Czeh et al., 2007). Furthermore, formation of new
myelin is speculated to contribute to motor learning in humans
(Richardson et al., 2011) as indicated by studies reporting
changes in white matter structure following extensive piano
practice (Bengtsson et al., 2005) or juggling (Scholz et al., 2009).

Microglia
Microglial cells are the resident macrophage cells of the CNS.
Unlike the other glia, they are ontogenetically related to the
mononuclear phagocyte lineage. They act as a warden (CNS
surveillance) and cleaner (macrophage). Microglial cells have a
distinct morphology, small soma with fine and short processes.
In 2010, a fate mapping study shed new light on the period
of microglia migration to the brain. The study demonstrates
that migration occurs during early embryonic development,
challenging the idea that it enters the brain after birth (Ginhoux
et al., 2010). Hence, this study indicates that migration of
microglia coincides with neuronal development. This realization
led to the identification of new roles of microglia in neuronal
development and wiring in the healthy brain (Tremblay et al.,
2010; Schafer et al., 2012). In addition, microglia are involved
in CNS surveillance and maintenance. They have constantly
motile cellular processes canvassing the extracellular space
(Kettenmann et al., 2011; Wu et al., 2013) and are involved
in synaptic pruning and refinement of neuronal circuits (Chu
et al., 2010). Furthermore, microglial cells are involved in
neuroinflammation. In response to a pathogen or injury,
microglial cells once activated change in morphology. They
proliferate, migrate to the site of injury (or infection) and they
phagocytose damaged neurons, myelin and degenerating cells
(Ginhoux et al., 2013). They are also involved in activating
the immune system by releasing factors (such as cytokines and
chemo-attractive factors) to promote neuronal protection and
survival.

GLIA AND BEHAVIOR

The diverse functions of glia discussed above clearly indicate
that they are not just structural fillers. Rather, they play

an integral part of functional communication in the brain,
see Figure 1. Thus, it is not surprising to come across
studies demonstrating the impact of glia on behavior. While
neurons have long received attention as the main and ultimate
drivers in inducing a behavioral output, glia are emerging
as equally important influencers in certain behavioral aspects.
One supportive study demonstrates cognitive and mood deficits
following glial damage. Upon infusion of the gliotoxin L-
alpha-aminoadipic acid (L-AAA) into the prefrontal cortex
(PFC), anhedonia- and despair-like behaviors were manifested.
Moreover, the gliotoxin triggered morphological changes in the
neurons. Interestingly, inducing neuronal loss by infusion of
the neurotoxin ibotenate into the PFC did not replicate these
results. This indicates that glial dysfunction is an important
player with capability of inducing depressive symptoms possibly
by contributing to neuronal adaptive changes responsible in
eliciting the expression of symptoms of depression (Banasr and
Duman, 2008). Behavioral impairments were also found when
targeting specific astrocytic activities. Following impairment
of astrocytic vesicular release through genetic manipulation,
gamma oscillations were found to be impacted and this was
accompanied by a deficit in novel object recognition test
indicating memory impairment (Lee et al., 2014). Another
study examined the behavioral impact following impairment of
glycogenolysis in the rodent hippocampus. Glycogenolysis is a
process that occurs uniquely in astrocytes and involves break
down of glycogen and lactate formation. Inhibiting this astrocytic
function interfered with long-termmemory formation. A similar
behavioral output also occurred following manipulation of
astrocytic export or intra-neuronal uptake of lactate. These
findings suggest that manipulating one aspect of astrocyte
function can have a strong impact on important physiological
functions, such as long-term memory formation (Suzuki et al.,
2011). Additional evidence comes from a recent study suggesting
that glial cells have computational and cognitive enhancement
abilities. The authors engrafted human glial progenitor cells
into neonatal immune-deficient mice. At adulthood and upon
maturation, these chimeric mice contain both mice and human
astroglia. What was puzzling about these mice is that they
exhibited enhanced learning and LTP when compared to mice
allografted with murine glial progenitor cells (Han et al., 2013).
This study alludes to the notion of astrocytic evolution geared
towards the enhancement of our cognitive abilities. In sum,
these studies are some of many emerging findings that strongly
highlight the importance and impact of glia on modulating
cognition and emotions. Since impairments in cognition and
mood are features of mental illnesses, it makes sense to draw our
attention to glia and the pathological findings reported in these
cell types.

MENTAL ILLNESSES

According to Center for Disease Control and Prevention (CDC),
mental illnesses refer to disorders generally characterized by
dysregulation of mood, thought, and/or behavior, as recognized
by the Diagnostic and Statistical Manual DSM-IV. Unlike
neurodegenerative disorders, mental illness is not characterized
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FIGURE 1 | Role of glia in health and disease. This is a figure depicting some of the various roles glial cells can play under normal and pathological conditions.
(A) In healthy conditions, astrocytes provide protective and metabolic support to neurons via the supply of trophic factors and metabolic products and via the
reuptake of synaptic glutamate. In addition, some of the factors and gliotransmitters released are involved in inducing synaptic plasticity. Microglia are involved in
synaptic pruning, canvassing extracellular space and phagocytosing apoptotic cells. NG2-glia act mainly as oligodendrocyte progenitor cells. When activated, they
proliferate and differentiate into oligodendrocytes. Oligodendrocytes, on the other hand, support neurons metabolically, are neuroprotective, and provide a source of
myelin necessary for proper propagation of action potential. These various functions of glia are all crucial for maintaining proper neuronal functioning and
communication. (B) In pathological conditions, loss of different types of glia can result in loss of trophic support, loss of synaptic plasticity, excitotoxicity,
inflammation, loss of myelination, etc. All of these effects can impair neuronal activity and function and ultimately behavior.

by significant loss of neurons but rather by a prominent glial
pathology (Rajkowska, 2002b; Rajkowska and Miguel-Hidalgo,
2007).

MAJOR DEPRESSIVE DISORDER

Clinical Studies
Major depressive disorder (MDD) is characterized by depressed
mood, anhedonia and altered cognitive function. The experience
of some of these symptoms can be disabling, interfering with
one’s daily activities and function. In some cases, these disabling
symptoms are recurrent; they may reappear several times in the
lifetime of MDD patients.

MDD is a multifactorial brain disorder with both genetic
and environmental components. Brain imaging and molecular
pathology studies have identified alterations in key structures
involved in the regulation of mood and cognitive functions.
Functional neuroimaging studies measuring changes in glucose
metabolism (Positron Emission Tomography), blood perfusion
(functional Magnetic Resonance Imaging) and volumetric
studies (Magnetic Resonance Imaging) show structural and
functional alterations in the PFC, hippocampus, striatum and
amygdala (Drevets, 1999, 2000, 2001; Zhu et al., 1999). More
specifically, reports indicate a decrease in metabolism of

dorsolateral PFC (dlPFC), subgenual anterior cingulate, and an
increase in orbital cortex/ventrolateral PFC, posterior cingulate
cortex (Drevets et al., 2002a) and amygdala (Drevets et al.,
2002b). Though, normal and hyperfrontal normal activities
have also been reported (Mayberg, 2003; Fales et al., 2008)
indicating some inconsistencies. The decrease in some of the
cortical activity in depressed patients is restored following
antidepressant treatment (Mayberg et al., 2000; Liotti and
Mayberg, 2001). Amygdala activity is generally under negative
control by PFC; the general decrease in PFC function and
increased amygdala activity point to a disrupted circuitry.
Indeed, studies have reported decreased prefrontal-amygdala
functional connectivity (Matthews et al., 2008; Almeida et al.,
2009). This is consistent with impaired cognitive regulation
of negative emotions, a commonly experienced symptom by
depressed subjects. The disruption of this circuitry is further
substantiated by anatomical studies indicating cellular and
myelination changes in many of these brain regions (Zhu et al.,
1999; Manji et al., 2001).

One of the earliest reports of glia pathology dates back
to 1998, when a preliminary histopathological assessment of
subgenual part of Brodmann’s are (BA24) indicated reduction
in gray matter volume and diminution in glial density with
no changes in neuronal density in familial forms of MDD and
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bipolar disorder (BPD; Ongur et al., 1998). Further cellular
characterization was conducted indicating changes in different
glial cell types (Rajkowska et al., 1999). Glia pathology in
MDD has become well documented. Table 1 lists some of
these quantitative studies. Although there are numerous reports
substantiating glial reductions in different limbic brain regions,
there are some studies indicating otherwise. For a more detailed
review, please refer to Sanacora and Banasr (2013).

Studies on specific markers for oligodendrocytes have shown
a decrease in frontal cortex (Honer et al., 1999), in middle
temporal gyrus (Aston et al., 2005), in deep white matter of
the dlPFC (Regenold et al., 2007) and in white matter volume
of genual and splenial portions of corpus callosum (Brambilla
et al., 2004). The greatest changes were observed in layers III,
V, and VI (Rajkowska et al., 1999; Cotter et al., 2001, 2002;
Rajkowska, 2002b; Uranova et al., 2004; Banasr et al., 2007).
Given the presence of a large component of myelinated fibers
in these deeper layers, these findings support the hypothesis
that myelinating oligodendrocyte’s function is reduced in MDD.
Reductions in limbic regions such as the amygdala (Hamidi et al.,
2004) were also observed. Furthermore, white matter alterations
in the anterior cingulate, dlPFC and central white matter regions
were observed with Diffusion Tensor imaging and results suggest
that disconnections of cortical and subcortical regions occur with
depression (Bae et al., 2006).

In addition, changes in expression of astrocytic markers
critical to the function and regulatory mechanisms of
astrocytes have been reported in dlPFC, anterior cingulate
cortex, orbitofrontal cortex and locus coeruleus. A number of
postmortem brain studies of depressed subjects have consistently
shown reductions in the expression of GFAP (Miguel-Hidalgo
et al., 2000), AQP4 (Rajkowska et al., 2013), connexins (Miguel-
Hidalgo et al., 2014), S100B (Gos et al., 2013), glutamate
transporters and glutamine synthase expression (Choudary et al.,
2005; Medina et al., 2013) and TrkB.1, an isoform specifically
expressed in astrocytes (Ernst et al., 2009). One study identified
a significant reduction (by 50%) in the coverage of blood vessels
by astrocytic end feet in the gray matter of the orbitofrontal
cortex (Rajkowska et al., 2013). Being an active participant in
the neuro-vascular unit and a metabolic coupler of neuronal
activity with blood glucose uptake, this suggests that there is
a strong impairment in this particular metabolic astrocytic
activity. Hence, it is not surprising that these cellular changes,
particularly the coverage of blood vessels are accompanied

with metabolic changes in this particular brain region when
examined in anxious depressed subjects (Townsend et al., 2010).
To identify the etiological mechanism of astrocytic pathology
in depression, changes in DNA methylation patterns were
reported in astrocytes that were specifically altered in the brain
of depressed subjects (Nagy et al., 2015). Reductions of astrocyte
related marker GFAP was however, not observed in the older
MDD subjects (46-86 years of age; Miguel-Hidalgo et al., 2000).
The lack of effect in the older MDD population is thought to be
due to age-related astrocyte reactivity.

With regards to microglia, clinical evidence implicating
microglial dysregulation in MDD is limited. While no studies to
date have reported a loss of microglia, one study found significant
microgliosis in dlPFC, anterior cingulate cortex and mediodorsal
thalamus of suicidal subjects (Steiner et al., 2008). Furthermore,
quinolinic acid and pro-inflammatory cytokines, whose main
source of production and release is microglia are elevated in areas
within anterior cingulate cortex and in the cerebrospinal fluid
respectively in a subgroup of depressed subjects (Howren et al.,
2009; Steiner et al., 2011). Readers are referred to a recent review
that thoroughly discusses the findings and the potential role of
activated microglia in the pathophysiology of MDD and other
neuropsychiatric disorders (Beumer et al., 2012).

These cellular alterations are thought to be the underlying
mechanism for the structural changes and volumetric reductions
observed in specific brain regions of MDD subjects. Dysfunction
of glial cells, glial loss and/or reduced gliogenesis (Rajkowska
et al., 1999; Cotter et al., 2001, 2002), are possible mechanisms
that could lead to the reported neuronal atrophy and impairment
in neuronal functioning and output.

Preclinical Studies of Depression
The importance of glia in moodmodulation has been highlighted
recently in animal models of depression. An increase in cell
proliferation in the PFC of adult rats at baseline levels occurs
after 3 weeks of antidepressant treatment (Kodama et al., 2004).
Chronic stress and chronic corticosterone administration result
in at least 30% decrease of cell proliferation in the medial
PFC and cerebral cortex of adult rats (Alonso, 2000; Banasr
et al., 2007; Czeh et al., 2007) and mice (Elsayed et al., 2012).
Some of these changes are reversed by chronic fluoxetine
treatment (Banasr et al., 2007; Czeh et al., 2007). Furthermore,
the nature of the proliferative cells decreased by stress in
the PFC was identified as NG2+ cells and endothelial cells

TABLE 1 | Summary of the findings of glial cell reductions within the brain of depressed.

Cortical region Glial density Neuronal size Reference

DLPFC Decrease in glia 20% Cotter et al. (2002)
Supra and infragranular layers of Dec. glia 5–7% Rajkowska et al. (1999)
DLPFC and OrbitoFrontal Cortex (OFC)
Subgenual Anterior Cingulate Dec. in Glia (Area 24) across all layers Selective decrease in layer Vb and Gittins and Harrison (2011)
changes in neuronal size/shape
Anterior cingulate cortex Dec. in Glia density layer 6 (22%) 23% layer 6 Cotter et al. (2001)
Hippocampus (CA1 region) Dec. in astrocytes Not reported Gos et al. (2013)
Amygdala Dec. in glia and oligodendrocytes Not reported Bowley et al. (2002) and Hamidi et al. (2004)
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(RECA-1+ marker; Banasr et al., 2007; Elsayed et al., 2012).
This decrease in cell proliferation following chronic stress was
accompanied by a reduction in the number of newly generated
oligodendrocytes (RIP+; Banasr et al., 2007; Elsayed et al., 2012).
These studies suggest that reductions in cortical cell proliferation
could contribute to the glial alterations observed in depressed
patients and that antidepressants might act in part by blocking
or reversing these effects. In addition, rodent chronic stress
and maternal deprivation models of depression also resulted
in reduced astrocyte numbers and density in the hippocampus
(Leventopoulos et al., 2007; Araya-Callis et al., 2012) and PFC
(Banasr et al., 2010).

Factors that may contribute to a loss of glia include
the alterations in glucocorticoid secretion and glutamatergic
transmission evident during depression. Elevated glucocorticoid
concentration, as a result of repeated stress, can decrease the
proliferation of OPC (Alonso, 2000) and astrocyte density
(Nichols et al., 1990). Furthermore, the early loss of glia
in the initial stages of depression may lead to a reduction
in glutamate clearance from the synaptic cleft. As a result,
extracellular glutamate levels rise and can contribute to further
glial damage (Rajkowska and Miguel-Hidalgo, 2007). Indeed,
astrocytes, OPC and mature oligodendrocytes express glutamate
receptors making them responsive to glutamate signaling and
susceptible to excitotoxic damage from excess glutamate (Matute
et al., 1997; McDonald et al., 1998; De Biase et al., 2011; Vielkind
et al., 1990).

Astrocytes are functionally diverse and can exert a significant
impact on cognitive and emotion-related behaviors. One study
has shown that by interfering with astrocytic gliotransmission
and vesicular ATP release, animals exhibit depressive-like
symptoms (Cao et al., 2013). Furthermore, mice with
knock-out of the gene encoding for Aquaporin-4, a protein
predominantly expressed in astrocytes, show loss of astrocytes
and exacerbated depressive-like behaviors when subjected to
chronic corticosterone treatment (Kong et al., 2014). Together,
these studies suggest that astrocytic pathology is implicated in
the pathogenesis of depression.

Preclinical studies also suggest the involvement of microglial
activity in the expression of depressive symptoms. Upon
challenging the immune system and activating microglia,
rodents express depressive-like symptoms that can be reversed
with chronic antidepressant treatment (Yirmiya, 1996; Yirmiya
et al., 2001). Furthermore, microglial activity is sensitive to
antidepressant treatment and chronic stress (Hashioka et al.,
2007; Goshen and Yirmiya, 2009). Chronic stress increases
microglia activation in the rat PFC, an effect reversed by
minocycline, an antibiotic that blocks microglial function
(Hinwood et al., 2012) and exerts antidepressant effects (Arakawa
et al., 2012). Further evidence implicating this cell type comes
from studies on mice deficient in the fractalkine receptor
CX3CR1 which is exclusively expressed by microglia; these
mice exhibit depressive-like behaviors following activation of
microglia by lipopolysaccharide treatment (Corona et al., 2010).

Interestingly, in vitro studies of pure glial cell cultures indicate
a direct action of antidepressants on glia, in addition to their
classical effects on monoaminergic neurons. Studies show that

antidepressants can enhance astrocytic metabolism (Zhang et al.,
1993; Kong et al., 2002; Allaman et al., 2011), increase growth
factors expression (Allaman et al., 2011; Kajitani et al., 2012), and
reduce the production of inflammatory cytokines (Obuchowicz
et al., 2014). These in vitro studies point to a variety of glial-
mediated mechanisms that could underlie therapeutic effects
of antidepressants. The metabolic effects of antidepressants
observed in culture could also explain the clinical findings
indicating a recovery in glucose metabolism in affected brain
regions following antidepressant treatment (Mayberg et al., 2000;
Drevets et al., 2002a).

BIPOLAR DISORDER

BPD, also known as manic-depressive illness is another
classification of mood disorders. It is characterized by fluctuating
moods between depression and mania, and both phases can
occur with psychotic features. Moreover, unlike MDD it has a
significant genetic component.

Structural and functional neuroimaging studies have
indicated volumetric changes in cortico-limbic brain regions
(Ongur et al., 1998; Rajkowska, 2002a) and compromised white
matter integrity in BPD (Hercher et al., 2014). In addition to
alterations in density/size of specific types of cortical neurons,
glia loss has been reported to occur in postmortem brain
studies of BPD subjects. Loss of glia is up to 40% in mPFC
(area 24) as indicated by a study of a small cohort of familial
BPD, and was consistent with the neuroimaging findings
(Drevets et al., 1997; Ongur et al., 1998). Furthermore, unlike
MDD, these glial reductions are lamina-specific within the
dlPFC (Rajkowska et al., 2001) and are accompanied by glial
hypertrophy (Rajkowska et al., 2001). Glial reductions also
extend to subcortical regions such as the amygdala (Bowley
et al., 2002) but do not appear to be widespread (i.e., there is
no change in glia density in the supracallosal part of anterior
cingulate cortex; Cotter et al., 2001). Hence, these results suggest
reductions in glia density within regions of the cortico-limbic
structures, particularly within the ventrally located regions and
more subtle changes within dlPFC.

Studies delineating the specific types of glia involved suggest
a severe loss of oligodendrocytes and myelin with some mixed
results concerning astrocytes. In a microarray and qPCR study,
markers for oligodendrocytes which include myelination related
genes such as PLP1, MAG, CLDN11, MBP, MOG, GALC and
Transferrin were decreased in the PFC of BPD subjects (Tkachev
et al., 2003). Abnormalities in satellite oligodendrocytes were
also evidenced by electron microscopic analysis of PFC in BPD
(Uranova et al., 2001; Vostrikov et al., 2007; Drevets et al., 2008)
suggesting oligodendrocyte dysfunction. On the other hand,
decreased Glycogen Synthase Kinase 3 (GSK3) activity, as a result
of lithium treatment or variation in the promoter of GSK3 gene
seen in some patients, is associated with enhancement in white
matter integrity and improvement in clinical feature of BDP
(Benedetti et al., 2013). These results suggest the involvement
of oligodendrocyte/myelin integrity in the development and
treatment of BPD symptoms.
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There are some mixed results when it comes to astrocytic
reductions. One study reported a decrease in GFAP
immunostaining across all layers of the orbitofrontal cortex
while another study found no changes in the subgenual cingulate
cortex (Toro et al., 2006; Williams et al., 2013) despite a decrease
in GFAP mRNA expression in the dorsal portion (Webster et al.,
2005). Furthermore, the expression of another astrocytic marker,
glutamine synthase, was not changed in the dorsolateral and in
the orbitofrontal cortex (Toro et al., 2006).

Preclinical Studies of Bipolar Disorder
To date, there is no established animal model of BPD that
exhibit mania-like symptoms, particularly alternating episodes
of mania and depression-like behaviors. Hence, the field has
relied mostly on genetic studies and/or examining the effects
of two commonly used and oldest therapeutic drugs, Lithium
and Valproate. One study found that chronic lithium treatment
decreases NG2 cell proliferation within the hippocampus (Orre
et al., 2009), and reduces glycogen synthesis in astrocytes (Souza
Ade et al., 2010). Furthermore, lithium within therapeutic
concentrations was found to inhibit GSK3 activity (Bain et al.,
2007). One of the numerous effects of GSK3 is to regulate
oligodendrocyte differentiation andmyelination (Azim and Butt,
2011). As such, this can represent a mechanism by which
lithium can exert therapeutic effects via possible regulation
of oligodendrocyte differentiation and function. Additional
targets include neuregulin and its receptor, erbB4 that are
genetically linked to BPD and are implicated in oligodendrocyte
development (Roy et al., 2007).

These findings suggest that treatment of BPD could be exerted
via modulation of different pathways that regulate the activities
and functioning of different glial cell types. Nevertheless, more
preclinical studies would need to be carried out to further
establish this link.

ANXIETY DISORDERS

Anxiety disorders have a high degree of comorbidity with MDD.
While anxiety is a natural response to a life threatening situation,
it becomes a disorder when it disrupts one’s daily activities.
There are six subtypes of anxiety disorders defined by specific
symptoms: generalized anxiety disorder (GAD), panic disorder
(PD), obsessive-compulsive disorder (OCD), post-traumatic
stress disorder (PTSD) and agora- or socio-phobias. All have a
common feature which is a lack of correct processing of fear
stimuli.

Imaging and magnetic resonance studies report brain
structural alterations, (Li et al., 2014) and glial metabolite
changes in different subtypes of anxiety disorders (Seedat
et al., 2005; Kitamura et al., 2006). Furthermore, disruption in
myelin integrity and structure has been observed particularly
in OCD subjects within fronto-striato-thalamo cortical circuit.
These structural changes were associated with a functional
polymorphism in the myelin oligodendrocyte glycoprotein
(MOG; Atmaca et al., 2010). White matter contains fiber tracts,
surrounded by myelin sheaths and fibrous astrocytes. These
studies indicate that disturbed myelination/oligodendrocyte

function and/or astrocytic function are implicated in anxiety
disorders. Additional studies showed an association between
the polymorphisms in oligodendrocyte lineage transcription
factor OLIG2 and OCD, further supporting white matter and
oligodendrocyte abnormalities in this disorder (Stewart et al.,
2007).

In addition, Riluzole, a drug used in the management of ALS
has been shown to exert beneficial effects in patients with OCD
(Coric et al., 2003) and GAD (Mathew et al., 2005; Pittenger
et al., 2008). Riluzole can act on astrocytes and enhance astrocytic
uptake of extracellular glutamate in addition to other effects.
Given the numerous mechanisms it can exert, it is remains to be
determined whether its therapeutic effect is via enhancement of
astrocytic uptake of glutamate per se.

Preclinical Studies
While the most consistent pathological findings in postmortem
studies were disruptions in myelination, few preclinical studies
have been carried out to examine a causal link between
oligodendrocytes and anxiety. Rodents exposed to cuprizone, a
demyelinating drug, exhibit anxiety related behavioral responses
(Serra-De-Oliveira et al., 2015) thus providing a potential link
between impairment in myelin/oligodendrocyte functioning and
anxiety.

The association between astrocyte activation and different
behavioral forms of anxiety has been explored to some
extent. In one study, the metabolic and metabolite effects
of antidepressant/antipanic drug phenelzine in rat cortex was
examined using H1[13C]magnetic resonance spectroscopy.
The rate of glutamate-glutamine cycling flux between neurons
and glia was significantly reduced following treatment (Yang
and Shen, 2005). A transcriptome analysis performed in the
amygdala of rats exposed to fear learning, a behavioral model
of Posttraumatic Stress Disorder (PTSD), showed induction
of 84-astrocyte-enriched genes following shock exposure
(Ponomarev et al., 2010). This indicates a possible involvement
of astrocytes within the amygdala in stress-associated behavioral
response. Expression of FGF2, predominantly expressed in
astrocytes, is decreased in rats selectively bred for high anxiety.
Treatment with FGF2, on the other hand, has anxiolytic
effects. In addition, this treatment regimen results in increased
hippocampal neurogenesis and gliogenesis pointing to the
possible involvement of these cellular processes in anxiety
modulation (Perez et al., 2009). In another model of PTSD that
involves single prolonged stress (SPS), FGF2 administration
was shown to inhibit SPS-induced hyperarousal and anxiety
behavior, symptoms resembling PTSD. This was accompanied by
a specific upregulation of GFAP expression in the hippocampus
indicating that the anxiolytic effects of FGF2 could involve
astrocyte-based mechanisms (Xia et al., 2013). Furthermore,
riluzole administration in the medial PFC has been shown to
block anxiety-like behavior indicating the possible involvement
of astrocytic function in modulating anxiety via enhanced uptake
of extracellular glutamate (Ohashi et al., 2015).

With regards to microglial involvement, knock-out mice
for the Hoxb8 gene, a homeobox developmental patterning
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gene expressed prominently in the macrophage-lineage of
hematopoietic cells and expressed by a subset of microglia,
exhibit OCD-like behaviors which can be normalized following
repopulation of the brain with wild-type microglia (Chen et al.,
2010).

SCHIZOPHRENIA

Schizophrenia is a chronic and disabling neurodevelopmental
disorder with polygenic and environmental factors playing a
role. It is characterized by positive symptoms such as delusions,
hallucinations, disordered thoughts, and negative symptoms
such as deficits of normal emotional responses and thought
processes. While the positive symptoms are in general better
controlled with antipsychotics, negative symptoms are not.

Schizophrenia is regarded as a syndrome of inter- and
intra-hemispheric disconnectivity particularly that of reduced
cortical connectivity, for which the underlying biological and
genetic cause remains unclear. While cell biology studies have
predominantly focused on neurons, multiple lines of evidence
from neuroimaging, postmortem brains and genome-wide
associations implicate oligodendrocyte abnormalities and
compromised white matter/myelin integrity (Dwork et al., 2007;
Bernstein et al., 2015). Genetic and protein expression studies
in schizophrenia indicate abnormalities in Myelin associated
markers (Flynn et al., 2003; Iwamoto et al., 2005) within the
cortex (Aston et al., 2004; Aberg et al., 2006; Tkachev et al.,
2007) and within subcortical brain regions (Dracheva et al.,
2006; Barley et al., 2009) with the most profoundly affected
brain regions being the hippocampal formation, cingulate
and temporal cortices (Katsel et al., 2005a,b). One mechanism
contributing to this oligodendrocyte/myelin abnormality could
be linked to disrupted-in-schizophrenia-1 (DISC1) gene. DISC-1
disruption as a result of chromosomal translocation reduces
expression of Neuregulin and its receptor ErbB3. These are
some of several altered genes associated with the development of
Schizophrenia (Millar et al., 2000; Blackwood et al., 2001; Hakak
et al., 2001; Corfas et al., 2004; Silberberg et al., 2006). Being
expressed by different cell types including oligodendrocytes
(Deadwyler et al., 2000; Osbun et al., 2011), these proteins exert
a variety of functions including regulating oligodendrocyte
development, differentiation and CNS myelination (Vartanian
et al., 1999; Taveggia et al., 2005; Chen et al., 2006; Hattori
et al., 2014). Furthermore, postmortem histology studies
indicate reductions in glial cells in anterior cingulate cortex
(Stark et al., 2004) including decreases in oligodendrocyte
density (Uranova et al., 2004) in hippocampus (Schmitt
et al., 2009), in the perineuronal PFC (Vostrikov et al., 2007)
as well as layer specific oligodendrocyte reductions in the
dlPFC (Hof et al., 2003). This is accompanied with volumetric
reductions, abnormalities in adulthood myelination in the
frontal lobes, association areas (Bartzokis et al., 2003) and
temporal lobes (Chambers and Perrone-Bizzozero, 2004) and
in white matter fiber tracts interconnecting brain regions,
particularly the frontal and temporal lobes (Breier et al.,
1992; Paillere-Martinot et al., 2001). It was hypothesized that
the abnormalities in oligodendrocyte/myelin are possibly

due to alterations in proliferation and differentiation of
oligodendrocyte progenitor cells, NG2. Indeed, a microarray
study carried out on the brains of schizophrenic patients revealed
changes in gene expression associated with the regulation of
G1/S phase transition and oligodendrocyte differentiation
(Katsel et al., 2008). In support of a cell cycle impairment,
variation in OLIG2, a gene strongly implicated in the control of
oligodendrocyte development, was identified as a susceptibility
gene in schizophrenia (reviewed in Georgieva et al., 2006).
In addition, the reduction of perineuronal non-myelinating
oligodendrocytes suggests impairments in oligodendrocyte
functions that are beyond myelination. Together, these studies
indicate that inadequate myelination or myelin function,
abnormalities in oligodendrocyte development, density
and functions could contribute to the pathophysiology and
expression of schizophrenia symptoms.

Findings of abnormalities of astrocytes were less consistent
and not as well surveyed. Examination of the astrocytic
GFAP marker yielded differential results when examining it
in various affected brain regions. Studies examining GFAP
expression in cortical gray matter have identified no changes
(Falkai et al., 1999; Katsel et al., 2011a), decreased expression
(Johnston-Wilson et al., 2000; Steffek et al., 2008) or increased
expression (Pennington et al., 2008; Feresten et al., 2013).
Furthermore, some studies reported specific changes restricted
to subgroups of schizophrenic subjects (Arnold et al., 1996).
In sum, studies using GFAP as an astrocyte marker have
yielded inconsistent results. Since GFAP may not represent a
direct link to astrocyte density, other astrocytic markers were
examined. The expressions of a few selected markers were
found altered implying possible changes in specific astrocytic
functions and/or astrocytic subsets (Owen et al., 1987; Katsel
et al., 2011a; Feresten et al., 2013). These changes in astrocytic
markers were glutamate-related, an observation consistent with
the view that schizophrenia is associated with a hypofunction
of glutamatergic transmission. Supporting this, the expression
of astrocytic glutamate transporter was found increased in the
PFC of schizophrenic subjects (Matute et al., 2005; Lauriat et al.,
2006) and normalized following antipsychotic treatment (Matute
et al., 2005), while that of glutamine synthase was decreased
in the deep layers of the anterior cingulate (Steffek et al.,
2008).

Microglial cells are also altered in the brain of schizophrenic
patients. Cytology and imaging studies report increased number
of activated microglia in the frontal and temporal lobes of
schizophrenic patients (Bayer et al., 1999; Radewicz et al.,
2000; Wierzba-Bobrowicz et al., 2005; Van Berckel et al.,
2008). Activation of microglia can result in the release of
proinflammatory cytokines and free radicals that can lead
to abnormalities in white matter and neurons and thus
in the expression of schizophrenia symptoms. Interestingly,
minocycline, an inhibitor of microglial activation was found
to have therapeutic benefit when used as an adjunctive
treatment (Miyaoka et al., 2007; Levkovitz et al., 2010;
Chaudhry et al., 2012). These findings indicate overactive
microglia may play an important role in the pathophysiology of
schizophrenia.
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Preclinical Studies
Animal models of schizophrenia face serious and vexing
challenges given the complexity and difficulty to recapitulate
the symptoms of schizophrenia. Nevertheless, preclinical
studies have shed light and provided key insights into the
involvement of the different glial cells in the pathophysiology of
schizophrenia. For instance, demyelination and downregulation
of oligodendrocyte-associated genes in PFC was shown to
induce behavioral deficits associated with schizophrenia
(a deficit in the ability to shift between perceptual dimensions
in the attentional set-shifting task; Gregg et al., 2009). Mice
with selective ErbB3 receptor deletion in oligodendrocytes
exhibit deficits in social interaction and working memory
(Makinodan et al., 2012). Transgenic mice expressing mutant
human DISC1 specifically in the forebrain also show behavioral
deficits similar to schizophrenia. In addition, these mice were
found to exhibit premature oligodendrocyte differentiation
and increased proliferation of their progenitors (Katsel et al.,
2011b). These studies indicate that oligodendrocyte functional
impairment via ErbB3 signaling or alterations in DISC1 function
can contribute to schizophrenia pathogenesis and symptoms.
Furthermore, transgenic mice with a deficiency of DISC1
expression in astrocytes have impaired D-serine production
which in turn can affect NMDAR activity. These mice also
display schizophrenia like-behaviors (prepupulse inhibition
in the acoustic startle tests) consistent with hypofunction of
glutamatergic transmission via NMDA receptors (Ma et al.,
2013). Furthermore, pharmacological upregulation of the
astrocytic glutamate transporter Glt-1 expression result in
impairment of information processing, mimicking what occurs
in schizophrenia (Bellesi et al., 2009). In an animal model of
schizophrenia based on maternal infection during pregnancy,
microglia activation in brain regions involved in the pathogenesis
of schizophrenia i.e., hippocampus and striatum was observed
(Juckel et al., 2011; Mattei et al., 2014). The behavioral deficits
triggered in this animal model of schizophrenia were rescued
following treatment with minocycline (Mattei et al., 2014).
Lastly, antipsychotics have been shown to modulate microglial
activity promoting anti-inflammatory effects (Labuzek et al.,
2005; Kato et al., 2007). In sum, these findings support the
involvement of microglia, oligodendrocyte and astrocytes in the
pathophysiology and treatment of schizophrenia.

ATTENTION DEFICIT HYPERACTIVITY
DISORDER

Attention deficit hyperactivity disorder (ADHD) is a highly
heritable disorder characterized by a heterogeneous set of
symptoms that include problems in attention, impulsivity
and hyperactivity. Compelling lines of evidence indicate that
symptoms of ADHD are associated with hypofunctionality of
catecholaminergic pathways projecting to prefrontal cortical
areas (Biederman and Spencer, 2000; Semrud-Clikeman et al.,
2000; Todd and Botteron, 2001). For instance, unmedicated
ADHD subjects exhibit increased dopamine transporter
concentrations (Dougherty et al., 1999; Krause et al., 2000) that
are normalized following treatment (Krause et al., 2000). It is

well known that catecholamines can trigger glycogenolysis in
astrocytes followed by lactate release (Magistretti, 1988; Sorg
and Magistretti, 1991; Magistretti et al., 1993). It is hypothesized
as such that catecholamine hypofunction could result in
diminished activation of astrocytic energy metabolism and
supply to prefrontal cortical neurons (Semrud-Clikeman et al.,
2000; Russell et al., 2006; Killeen et al., 2013). In turn, rapid
synchronized neuronal firing can be impaired, which might
result in disturbances in neurotransmission (Todd and Botteron,
2001). This is supported by some imaging studies indicating
changes in cerebral blood flow and glucose metabolism in
ADHD subjects (Zametkin et al., 1990, 1993; Ernst et al., 1994;
Gustafsson et al., 2000; Hart et al., 2012) though these findings
were not always reproducible in other cohorts (Ernst et al., 1997).
The inconsistencies in these imaging studies might be related
to the phenotyping heterogeneity of the disease. In addition,
ADHD individuals exhibit altered myelination and disrupted
network connectivity (Fair et al., 2010; Nagel et al., 2011). Since
Lactate is involved in myelin production (Rinholm et al., 2011),
it is conceivable that this deficit in energy supply in the form of
Lactate could also interfere with myelin production and hence
neuronal transmission.

Preclinical Studies
Spontaneously hypertensive rats (SHR) display hyperactivity,
impulsivity and poor performance in tasks that require sustained
attention. Thus, they represent a model of ADHD. These rats
show reductions in proteins involved in energy metabolism and
myelination (Dimatelis et al., 2015). Given that glia particularly
astrocytes are key players in brain energy metabolism, this
finding further support a role of astrocytic energy metabolism
deficit in ADHD genesis. Further evidence supporting glial
contribution to the pathophysiology of this disorder is provided
by a study showing that mutant mice with a disrupted SynCam1
specifically in astrocytes result in behavioral deficits related to
ADHD symptoms (Sandau et al., 2012).

SUBSTANCE USE DISORDERS

Substance use disorders (SUD) is a chronic brain disorder with
profound effects on our society. Addicted individuals untiringly
seek substance of abuse despite the negative consequences
associated with it. Apart from the huge economic burden it
carries, SUD have devastating consequences on society and
quality of life. Vulnerability to addiction is influenced by genetics,
environmental factors and developmental stages (Volkow et al.,
2011). Chronic drug abuse impairs many aspects of behavior
necessary for proper functioning in social environment. For
example, alcohol dependance leads to impairments in executive
function and episodic memory (Bernardin et al., 2014). These
impairments are seen as a result of structural and functional
changes in limbic circuits and frontal brain regions. Indeed,
imaging studies indicate volumetric changes in the frontal lobe
in cocaine-, alcohol- and heroin-dependent subjects (Goldstein
and Volkow, 2002). While neuronal dysfunction particularly
dopaminergic, glutamatergic and opioidergic transmissions are
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the underlying pathophysiological mechanisms, pathological
changes in glial cells are also observed (Miguel-Hidalgo, 2009).

Alcohol dependent subjects exhibit reductions in glial
densities in dlPFC (Miguel-Hidalgo et al., 2002), orbitofrontal
cortex (Miguel-Hidalgo et al., 2006) and hippocampus (Korbo,
1999). Glial loss includes astrocytes and oligodendrocytes. While
there are also some neuronal losses, the deficit is not as
widespread. Unlike glia, there is no loss of neurons in the
hippocampus (Korbo, 1999) and it is limited to specific cortical
layers of the orbitofrontal cortex (Miguel-Hidalgo et al., 2006).
Several findings based on examination of a number of glial
markers substantiate glial pathology in alcoholic subjects. For
example, connexin 43, an astrocytic gap junction, is significantly
reduced in the orbitofrontal cortex of alcoholics indicating
impairment in astrocytic communication (Miguel-Hidalgo et al.,
2014). Furthermore, a mutation in a glutamate transporter
specifically expressed in astrocytes, GLT-1, was found to increase
vulnerability to alcohol dependance (Sander et al., 2000).
In addition to astrocytic pathologies, postmortem studies of
the brains of alcohol dependent subjects indicate increased
expression of microglial markers in specific brain regions (He
and Crews, 2008) and altered oligodendrocyte/myelin gene
expression indicating white matter dysfunction (Lewohl et al.,
2000; Pfefferbaum et al., 2000; Mayfield et al., 2002; Liu et al.,
2004). Some of these changes in oligodendrocyte markers and
the expression of several myelination related genes were also
observed in cocaine abusers (Albertson et al., 2004; Bannon et al.,
2005).

Preclinical Studies
Preclinical studies helped dissect the role of these pathologies
play in addiction. Studies demonstrating impairment in astrocyte
density/function particularly those pertaining to glutamate
homeostasis are of particular interest. Chronic exposure to both
cocaine and nicotine in rodents resulted in reduced expression
of a catalytic subunit of cysteine glutamate antiporter expressed
predominantly in glia (Kalivas et al., 2003; Kalivas, 2009).
Exposure to other forms of substances of abuse (i.e., alcohol,
heroin, etc.) was also shown to result in reduced expression levels
of GLT-1 in the nucleus accumbens (Kalivas, 2009; Sari and
Sreemantula, 2012; Gipson et al., 2013). While gene expression
levels of GLAST, another glutamate transporter subtype, were
found increased in the frontal cortex in alcohol-dependent
rodents (Rimondini et al., 2002), GLT-1mediated functions seem
to be disrupted in this brain region (Mulholland et al., 2009).
The reduction in glutamate re-uptake particularly in nucleus
accumbens seems to be a consistent maladaptive response to
these different drugs of abuse. This pathology may result in
potentiation of glutamatergic transmission and in activation of
non-synaptic glutamatergic compartment which is associated
with drug seeking behavior (Kalivas, 2009; Scofield and Kalivas,
2014). Additional aspects of astrocytic functions seem to also
be implicated. Alcohol preferring rats show increased GFAP-
immunoreactive cells following few weeks of exposure (Miguel-
Hidalgo, 2005) while longer duration resulted in reduction
in perineuronal glial cell densities (Khokhrina et al., 1991).

Furthermore, alcohol self-administration is increased following
infusion of the gliotoxin L-AAA or astrocytic gap junction
blockers into the prelimbic cortex (Miguel-Hidalgo et al., 2009).
In addition to the astrocytic pathologies and consistent with
clinical findings, chronic exposure to alcohol also results in a
decrease in oligodendrocyte/myelin gene expression (Okamoto
et al., 2006). Interestingly, the identification of a glial modulator,
ibudilast was shown to exert therapeutic effects in rodent models
of addiction (Snider et al., 2013; Bell et al., 2015).

Taken together, these studies suggest that alcohol and
additional substances of abuse can have profound effects on glial
density and function in relevant brain regions. Furthermore,
interfering with glial density and/or function seems to affect
vulnerability for addiction. Thus targeting specific functions of
glia could represent a new therapeutic avenue.

ALEXANDER DISEASE

Alexander disease is a rare and fatal disease of the CNS,
predominantly affecting infants and children. Affected patients
suffer from cognitive and motor impairments in the form of
mental retardation, seizures, megaloencephaly and progressive
deterioration (Prust et al., 2011; Verkhratsky et al., 2014). The
pathology is a glial one associated with sporadic mutations
in the non-conservative coding region of GFAP (Brenner
et al., 2001; Rodriguez et al., 2001). These mutations are
thought to result in cytotoxicity. Indeed, histological analysis
has indicated cytoplasmic inclusions in astrocytes that contain
the intermediate filament GFAP, otherwise referred as Rosenthal
fibers. It is thought that these fibers, represent the hallmark of
this disease (Sawaishi, 2009). Furthermore, variable degrees of
cerebral white matter degeneration, referred as leukodystrophies,
have been observed prominently in the frontal lobes (Messing
et al., 2012) and in close apposition to Rosenthal fibers.
Since astrocytes can release factors involved in myelination
(Ishibashi et al., 2006; Sawaishi, 2009), it is thus speculated
that white matter abnormalities are a consequence to astrocytic
pathology.

Preclinical Studies
To further cement the involvement of this astrocytic genetic
defect in Alexander disease pathology, mouse models of
Alexander Disease overexpressing human GFAP mutation
were generated. A similar astrocytic pathology with inclusions
of Rosenthal fibers was observed (Eng et al., 1998). In
addition, decreased glutamate transporter levels that were
also reported in human subjects (Tian et al., 2010) were
demonstrated along with cognitive impairments (Hagemann
et al., 2013).

In sum, these findings present Alexander disease as
a primary astrocytic genetic disorder. Impairment in
astrocytic function via decreased glutamate uptake and/or
release of factors involved in myelin formation, can
trigger the pathogenesis of neuronal and oligodendrocyte
injury/death and ultimately manifesting symptoms of Alexander
disease.
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TABLE 2 | Summary of the therapeutic drugs that target glial cells.

Neuropsychiatric disorder Glial cells
affected

Therapeutics targeting glial cells Glial cells
responsive
to therapeutics

Major depressive disorder Astrocytes
Microglia
Oligodendrocytes

Riluzole (Yoshizumi et al., 2012)
Fluoxetine, Paroxetine (Allaman et al., 2011)
Ceftriaxone (Li et al., 2012)
Minocycline (Hinwood et al., 2012)

-Astrocytes
-Oligodendrocyte
progenitors
-Microglia

Bipolar disorder Oligodendrocytes
Astrocytes
Microglia

Lithium (Orre et al., 2009; Souza Ade et al., 2010) -Astrocytes
-Oligodendrocyte
progenitors

Anxiety disorders Oligodendrocytes
Astrocytes

Riluzole (Pittenger et al., 2008)
Benzodiazepines (Patte et al., 1999)

-Astrocytes

Schizophrenia Astrocytes
Microglia
Oligodendrocytes

Minocycline (Chaudhry et al., 2012)
Risperidone (Kato et al., 2007)
Chlorpromazine and loxapine (Labuzek et al., 2005)

-Microglia

Substance use disorders Astrocytes
Microglia
Oligodendrocytes

Ibudilast, AV1013, minocycline (Snider et al., 2013) -Microglia

Alexander disease Astrocytes

CONCLUSION

Converging lines of evidence from clinical and preclinical
studies suggest that different types of glial cells can play
a substantial role in the pathology of mental illnesses.
Furthermore, there appears to be an overlap in glial
pathologies in some of the mental illnesses pointing to the
multi-functional impact of these cells in the expression
of diverse symptoms. For example, reports of reductions
in glial density within the dorsolateral PFC are indicated
in subjects diagnosed with depression (Rajkowska et al.,
1999) and alcoholism (Miguel-Hidalgo et al., 2002). A direct
cause effect is further demonstrated in preclinical studies
whereby injection of a gliotoxin into the PFC results in
behavioral effects associated with depression (Banasr and
Duman, 2008) and alcohol preference (Miguel-Hidalgo et al.,
2009). These overwhelming findings implicating glial cells
in the pathophysiology of mental illnesses should alter our
perception of mental illnesses. It should also promote interest
towards targeting glial cells as a new avenue of treatment.

Table 2 below is a summary of the glial pathological findings
reported among the different types of mental illnesses and
a list of compounds with therapeutic benefits that target
different types of glial cells, in hope to shed light on these
cast-aside cells that seem to hold more potential than we
think.

FUNDING

This work was supported by the National Center of Competence
in Research (NNCR) ‘‘SYNAPSY’’ (n° 51AU40-125759), by
FNRS grant 310030B-148169/1, and by the Préfargier and
Panacée Foundations.

ACKNOWLEDGMENTS

Research in P.J.M.’s laboratory has been supported over the years
by the Swiss National Science Foundation and by the University
of Lausanne, EPFL, CHUV, the NCCR Synapsy, the Biaggi and
Panacée foundations, and by KAUST.

REFERENCES

Abbott, N. J., Rönnbäck, L., and Hansson, E. (2006). Astrocyte-endothelial
interactions at the blood-brain barrier. Nat. Rev. Neurosci. 7, 41–53. doi: 10.
1038/nrn1824

Aberg, K., Saetre, P., Lindholm, E., Ekholm, B., Pettersson, U., Adolfsson, R.,
et al. (2006). Human QKI, a new candidate gene for schizophrenia involved in
myelination. Am. J. Med. Genet. B Neuropsychiatr. Genet. 141B, 84–90. doi: 10.
1002/ajmg.b.30243

Albertson, D. N., Pruetz, B., Schmidt, C. J., Kuhn, D. M., Kapatos, G.,
and Bannon, M. J. (2004). Gene expression profile of the nucleus
accumbens of human cocaine abusers: evidence for dysregulation of
myelin. J. Neurochem. 88, 1211–1219. doi: 10.1046/j.1471-4159.2003.
02247.x

Allaman, I., Fiumelli, H., Magistretti, P. J., and Martin, J. L. (2011).
Fluoxetine regulates the expression of neurotrophic/growth factors and glucose
metabolism in astrocytes. Psychopharmacology (Berl) 216, 75–84. doi: 10.
1007/s00213-011-2190-y

Allaman, I., and Magistretti, P. J. (2013). ‘‘Brain energy metabolism,’’ in
Fundamental Neuroscience, 4th Edn. ed. D. W. Pfaff (New York: Springer
Science+Business Media), 1591–1620.

Alle, H., Roth, A., and Geiger, J. R. (2009). Energy-efficient action potentials
in hippocampal mossy fibers. Science 325, 1405–1408. doi: 10.1126/science.
1174331

Almeida, J. R., Versace, A., Mechelli, A., Hassel, S., Quevedo, K., Kupfer, D. J.,
et al. (2009). Abnormal amygdala-prefrontal effective connectivity to happy
faces differentiates bipolar frommajor depression. Biol. Psychiatry 66, 451–459.
doi: 10.1016/j.biopsych.2009.03.024

Alonso, G. (2000). Prolonged corticosterone treatment of adult rats inhibits
the proliferation of oligodendrocyte progenitors present throughout white
and gray matter regions of the brain. Glia 31, 219–231. doi: 10.1002/1098-
1136(200009)31:3<219::aid-glia30>3.0.co;2-r

Anders, S., Minge, D., Griemsmann, S., Herde, M. K., Steinhäuser, C., and
Henneberger, C. (2014). Spatial properties of astrocyte gap junction coupling
in the rat hippocampus. Philos. Trans. R. Soc. Lond. B Biol. Sci. 369:20130600.
doi: 10.1098/rstb.2013.0600

Frontiers in Cellular Neuroscience | www.frontiersin.org December 2015 | Volume 9 | Article 468 | 21

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Elsayed and Magistretti Glial Involvement Beyond the Glue

Arakawa, S., Shirayama, Y., Fujita, Y., Ishima, T., Horio, M., Muneoka, K.,
et al. (2012). Minocycline produced antidepressant-like effects on the learned
helplessness rats with alterations in levels of monoamine in the amygdala
and no changes in BDNF levels in the hippocampus at baseline. Pharmacol.
Biochem. Behav. 100, 601–606. doi: 10.1016/j.pbb.2011.09.008

Araque, A., Parpura, V., Sanzgiri, R. P., and Haydon, P. G. (1999). Tripartite
synapses: glia, the unacknowledged partner. Trends Neurosci. 22, 208–215.
doi: 10.1016/s0166-2236(98)01349-6

Araya-Callis, C., Hiemke, C., Abumaria, N., and Flugge, G. (2012). Chronic
psychosocial stress and citaloprammodulate the expression of the glial proteins
GFAP and NDRG2 in the hippocampus. Psychopharmacology (Berl) 224,
209–222. doi: 10.1007/s00213-012-2741-x

Arnold, S. E., Franz, B. R., Trojanowski, J. Q., Moberg, P. J., and Gur, R. E. (1996).
Glial fibrillary acidic protein-immunoreactive astrocytosis in elderly patients
with schizophrenia and dementia. Acta Neuropathol. 91, 269–277. doi: 10.
1007/s004010050425

Aston, C., Jiang, L., and Sokolov, B. P. (2004). Microarray analysis of postmortem
temporal cortex from patients with schizophrenia. J. Neurosci. Res. 77, 858–866.
doi: 10.1002/jnr.20208

Aston, C., Jiang, L., and Sokolov, B. P. (2005). Transcriptional profiling reveals
evidence for signaling and oligodendroglial abnormalities in the temporal
cortex from patients with major depressive disorder. Mol. Psychiatry 10,
309–322. doi: 10.1038/sj.mp.4001565

Atmaca, M., Onalan, E., Yildirim, H., Yuce, H., Koc, M., and Korkmaz, S. (2010).
The association of myelin oligodendrocyte glycoprotein gene and white matter
volume in obsessive-compulsive disorder. J. Affect. Disord. 124, 309–313.
doi: 10.1016/j.jad.2010.03.027

Attwell, D., and Laughlin, S. B. (2001). An energy budget for signaling in the
grey matter of the brain. J. Cereb. Blood Flow Metab. 21, 1133–1145. doi: 10.
1097/00004647-200110000-00001

Azevedo, F. A., Carvalho, L. R., Grinberg, L. T., Farfel, J. M., Ferretti, R. E., Leite,
R. E., et al. (2009). Equal numbers of neuronal and nonneuronal cells make the
human brain an isometrically scaled-up primate brain. J. Comp. Neurol. 513,
532–541. doi: 10.1002/cne.21974

Azim, K., and Butt, A. M. (2011). GSK3beta negatively regulates oligodendrocyte
differentiation and myelination in vivo. Glia 59, 540–553. doi: 10.1002/glia.
21122

Bae, J. N., MacFall, J. R., Krishnan, K. R., Payne, M. E., Steffens, D. C., and Taylor,
W. D. (2006). Dorsolateral prefrontal cortex and anterior cingulate cortex white
matter alterations in late-life depression. Biol. Psychiatry 60, 1356–1363. doi: 10.
1016/j.biopsych.2006.03.052

Bain, J., Plater, L., Elliott, M., Shpiro, N., Hastie, C. J., McLauchlan, H., et al. (2007).
The selectivity of protein kinase inhibitors: a further update. Biochem. J. 408,
297–315. doi: 10.1042/bj20070797

Ban, T. A. (2007). Fifty years chlorpromazine: a historical perspective.
Neuropsychiatr. Dis. Treat. 3, 495–500.

Banasr, M., and Duman, R. S. (2008). Glial loss in the prefrontal cortex is sufficient
to induce depressive-like behaviors. Biol. Psychiatry 64, 863–870. doi: 10.1016/j.
biopsych.2008.06.008

Banasr, M., Chowdhury, G. M., Terwilliger, R., Newton, S. S., Duman, R. S., Behar,
K. L., et al. (2010). Glial pathology in an animal model of depression: reversal
of stress-induced cellular, metabolic and behavioral deficits by the glutamate-
modulating drug riluzole. Mol. Psychiatry 15, 501–511. doi: 10.1038/mp.
2008.106

Banasr, M., Valentine, G. W., Li, X. Y., Gourley, S. L., Taylor, J. R., and Duman,
R. S. (2007). Chronic unpredictable stress decreases cell proliferation in the
cerebral cortex of the adult rat. Biol. Psychiatry 62, 496–504. doi: 10.1016/j.
biopsych.2007.02.006

Bannon, M., Kapatos, G., and Albertson, D. (2005). Gene expression profiling
in the brains of human cocaine abusers. Addict. Biol. 10, 119–126. doi: 10.
1080/13556210412331308921

Barley, K., Dracheva, S., and Byne, W. (2009). Subcortical oligodendrocyte- and
astrocyte-associated gene expression in subjects with schizophrenia, major
depression and bipolar disorder. Schizophr. Res. 112, 54–64. doi: 10.1016/j.
schres.2009.04.019

Bartzokis, G., Nuechterlein, K. H., Lu, P. H., Gitlin, M., Rogers, S., and Mintz,
J. (2003). Dysregulated brain development in adult men with schizophrenia:
a magnetic resonance imaging study. Biol. Psychiatry 53, 412–421. doi: 10.
1016/s0006-3223(02)01835-8

Bayer, T. A., Buslei, R., Havas, L., and Falkai, P. (1999). Evidence for activation
of microglia in patients with psychiatric illnesses. Neurosci. Lett. 271, 126–128.
doi: 10.1016/s0304-3940(99)00545-5

Bell, R. L., Lopez, M. F., Cui, C., Egli, M., Johnson, K. W., Franklin, K. M., et al.
(2015). Ibudilast reduces alcohol drinking in multiple animal models of alcohol
dependence. Addict. Biol. 20, 38–42. doi: 10.1111/adb.12106

Bellesi, M., Melone, M., Gubbini, A., Battistacci, S., and Conti, F. (2009). GLT-1
upregulation impairs prepulse inhibition of the startle reflex in adult rats. Glia
57, 703–713. doi: 10.1002/glia.20798

Benedetti, F., Bollettini, I., Barberi, I., Radaelli, D., Poletti, S., Locatelli, C., et al.
(2013). Lithium and GSK3-beta promoter gene variants influence white matter
microstructure in bipolar disorder. Neuropsychopharmacology 38, 313–327.
doi: 10.1038/npp.2012.172

Bengtsson, S. L., Nagy, Z., Skare, S., Forsman, L., Forssberg, H., and Ullen, F.
(2005). Extensive piano practicing has regionally specific effects on white
matter development. Nat. Neurosci. 8, 1148–1150. doi: 10.1038/nn1516

Bergles, D. E., Roberts, J. D., Somogyi, P., and Jahr, C. E. (2000). Glutamatergic
synapses on oligodendrocyte precursor cells in the hippocampus. Nature 405,
187–191. doi: 10.1038/35012083

Bernardin, F., Maheut-Bosser, A., and Paille, F. (2014). Cognitive impairments
in alcohol-dependent subjects. Front. Psychiatry 5:78. doi: 10.3389/fpsyt.2014.
00078

Bernstein, H. G., Steiner, J., Guest, P. C., Dobrowolny, H., and Bogerts, B.
(2015). Glial cells as key players in schizophrenia pathology: recent insights
and concepts of therapy. Schizophr. Res. 161, 4–18. doi: 10.1016/j.schres.2014.
03.035

Beumer, W., Gibney, S. M., Drexhage, R. C., Pont-Lezica, L., Doorduin, J., Klein,
H. C., et al. (2012). The immune theory of psychiatric diseases: a key role for
activated microglia and circulating monocytes. J. Leukoc. Biol. 92, 959–975.
doi: 10.1189/jlb.0212100

Bezzi, P., Domercq, M., Vesce, S., and Volterra, A. (2001). Neuron-
astrocyte cross-talk during synaptic transmission: physiological and
neuropathological implications. Prog. Brain Res. 132, 255–265. doi: 10.
1016/s0079-6123(01)32081-2

Bezzi, P., Gundersen, V., Galbete, J. L., Seifert, G., Steinhauser, C., Pilati, E.,
et al. (2004). Astrocytes contain a vesicular compartment that is competent
for regulated exocytosis of glutamate. Nat. Neurosci. 7, 613–620. doi: 10.
1038/nn1246

Biederman, J., and Spencer, T. J. (2000). Genetics of childhood disorders: XIX.
ADHD, part 3: is ADHD a noradrenergic disorder? J. Am. Acad. Child Adolesc.
Psychiatry 39, 1330–1333. doi: 10.1097/00004583-200010000-00024

Blackwood, D. H., Fordyce, A., Walker, M. T., St Clair, D. M., Porteous, D. J., and
Muir, W. J. (2001). Schizophrenia and affective disorders–cosegregation with a
translocation at chromosome 1q32 that directly disrupts brain-expressed genes:
clinical and P300 findings in a family. Am. J. Hum. Genet. 69, 428–433. doi: 10.
1086/321969

Bowley, M. P., Drevets,W. C., Ongür, D., and Price, J. L. (2002). Low glial numbers
in the amygdala in major depressive disorder. Biol. Psychiatry 52, 404–412.
doi: 10.1016/s0006-3223(02)01404-x

Brambilla, P., Nicoletti, M., Sassi, R. B., Mallinger, A. G., Frank, E., Keshavan,
M. S., et al. (2004). Corpus callosum signal intensity in patients with bipolar
and unipolar disorder. J. Neurol. Neurosurg. Psychiatry 75, 221–225.

Breier, A., Buchanan, R. W., Elkashef, A., Munson, R. C., Kirkpatrick, B., and
Gellad, F. (1992). Brain morphology and schizophrenia. A magnetic resonance
imaging study of limbic, prefrontal cortex and caudate structures. Arch. Gen.
Psychiatry 49, 921–926. doi: 10.1001/archpsyc.1992.01820120009003

Brenner, M., Johnson, A. B., Boespflug-Tanguy, O., Rodriguez, D., Goldman, J. E.,
and Messing, A. (2001). Mutations in GFAP, encoding glial fibrillary acidic
protein, are associated with Alexander disease.Nat. Genet. 27, 117–120. doi: 10.
1038/83679

Burda, J. E., and Sofroniew, M. V. (2014). Reactive gliosis and the multicellular
response to CNS damage and disease. Neuron 81, 229–248. doi: 10.1016/j.
neuron.2013.12.034

Butt, A. M., Hamilton, N., Hubbard, P., Pugh, M., and Ibrahim, M. (2005).
Synantocytes: the fifth element. J. Anat. 207, 695–706. doi: 10.1111/j.1469-7580.
2005.00458.x

Byravan, S., Foster, L. M., Phan, T., Verity, A. N., and Campagnoni, A. T. (1994).
Murine oligodendroglial cells express nerve growth factor. Proc. Natl. Acad. Sci.
U S A 91, 8812–8816. doi: 10.1073/pnas.91.19.8812

Frontiers in Cellular Neuroscience | www.frontiersin.org December 2015 | Volume 9 | Article 468 | 22

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Elsayed and Magistretti Glial Involvement Beyond the Glue

Cao, X., Li, L. P., Wang, Q., Wu, Q., Hu, H. H., Zhang, M., et al. (2013). Astrocyte-
derived ATP modulates depressive-like behaviors. Nat. Med. 19, 773–777.
doi: 10.1038/nm.3162

Chambers, J. S., and Perrone-Bizzozero, N. I. (2004). Altered myelination of
the hippocampal formation in subjects with schizophrenia and bipolar
disorder. Neurochem. Res. 29, 2293–2302. doi: 10.1007/s11064-004-
7039-x

Chaudhry, I. B., Hallak, J., Husain, N., Minhas, F., Stirling, J., Richardson, P.,
et al. (2012). Minocycline benefits negative symptoms in early schizophrenia:
a randomised double-blind placebo-controlled clinical trial in patients
on standard treatment. J. Psychopharmacol. 26, 1185–1193. doi: 10.
1177/0269881112444941

Chen, S. K., Tvrdik, P., Peden, E., Cho, S., Wu, S., Spangrude, G., et al. (2010).
Hematopoietic origin of pathological grooming in Hoxb8 mutant mice. Cell
141, 775–785. doi: 10.1016/j.cell.2010.03.055

Chen, S., Velardez, M. O., Warot, X., Yu, Z. X., Miller, S. J., Cros, D., et al. (2006).
Neuregulin 1-erbB signaling is necessary for normal myelination and sensory
function. J. Neurosci. 26, 3079–3086. doi: 10.1523/jneurosci.3785-05.2006

Choi, D. W. (1987). Ionic dependence of glutamate neurotoxicity. J. Neurosci. 7,
369–379.

Choudary, P. V., Molnar, M., Evans, S. J., Tomita, H., Li, J. Z., Vawter, M. P., et al.
(2005). Altered cortical glutamatergic and GABAergic signal transmission with
glial involvement in depression. Proc. Natl. Acad. Sci. U S A 102, 15653–15658.
doi: 10.1073/pnas.0507901102

Chu, Y., Jin, X., Parada, I., Pesic, A., Stevens, B., Barres, B., et al. (2010). Enhanced
synaptic connectivity and epilepsy in C1q knockout mice. Proc. Natl. Acad. Sci.
U S A 107, 7975–7980. doi: 10.1073/pnas.0913449107

Chuquet, J., Quilichini, P., Nimchinsky, E. A., and Buzsáki, G. (2010).
Predominant enhancement of glucose uptake in astrocytes versus neurons
during activation of the somatosensory cortex. J. Neurosci. 30, 15298–15303.
doi: 10.1523/JNEUROSCI.0762-10.2010

Clarke, L. E., Young, K. M., Hamilton, N. B., Li, H., Richardson, W. D., and
Attwell, D. (2012). Properties and fate of oligodendrocyte progenitor cells in the
corpus callosum, motor cortex and piriform cortex of the mouse. J. Neurosci.
32, 8173–8185. doi: 10.1523/JNEUROSCI.0928-12.2012

Claycomb, K. I., Johnson, K. M., Winokur, P. N., Sacino, A. V., and Crocker, S. J.
(2013). Astrocyte regulation of CNS inflammation and remyelination. Brain
Sci. 3, 1109–11027. doi: 10.3390/brainsci3031109

Connor, J. R., and Menzies, S. L. (1996). Relationship of iron to
oligodendrocytes and myelination. Glia 17, 83–93. doi: 10.1002/(sici)1098-
1136(199606)17:2<83::aid-glia1>3.0.co;2-7

Corfas, G., Roy, K., and Buxbaum, J. D. (2004). Neuregulin 1-erbB signaling and
themolecular/cellular basis of schizophrenia.Nat. Neurosci. 7, 575–580. doi: 10.
1038/nn1258

Coric, V., Milanovic, S., Wasylink, S., Patel, P., Malison, R., and Krystal, J. H.
(2003). Beneficial effects of the antiglutamatergic agent riluzole in a patient
diagnosed with obsessive-compulsive disorder and major depressive disorder.
Psychopharmacology (Berl) 167, 219–220.

Corona, A. W., Huang, Y., O’Connor, J. C., Dantzer, R., Kelley, K. W., Popovich,
P. G., et al. (2010). Fractalkine receptor (CX3CR1) deficiency sensitizes mice to
the behavioral changes induced by lipopolysaccharide. J. Neuroinflammation
7:93. doi: 10.1186/1742-2094-7-93

Cotter, D., Mackay, D., Chana, G., Beasley, C., Landau, S., and Everall, I. P.
(2002). Reduced neuronal size and glial cell density in area 9 of the dorsolateral
prefrontal cortex in subjects with major depressive disorder. Cereb. Cortex 12,
386–394. doi: 10.1093/cercor/12.4.386

Cotter, D., Mackay, D., Landau, S., Kerwin, R., and Everall, I. (2001). Reduced
glial cell density and neuronal size in the anterior cingulate cortex in major
depressive disorder. Arch. Gen. Psychiatry 58, 545–553. doi: 10.1001/archpsyc.
58.6.545

Czeh, B., Muller-Keuker, J. I., Rygula, R., Abumaria, N., Hiemke, C., Domenici,
E., et al. (2007). Chronic social stress inhibits cell proliferation in the adult
medial prefrontal cortex: hemispheric asymmetry and reversal by fluoxetine
treatment. Neuropsychopharmacology 32, 1490–1503. doi: 10.1038/sj.npp.
1301275

Dawson, M. R., Polito, A., Levine, J. M., and Reynolds, R. (2003). NG2-expressing
glial progenitor cells: an abundant and widespread population of cycling cells
in the adult rat CNS. Mol. Cell. Neurosci. 24, 476–488. doi: 10.1016/s1044-
7431(03)00210-0

Dayer, A. G., Cleaver, K. M., Abouantoun, T., and Cameron, H. A. (2005). New
GABAergic interneurons in the adult neocortex and striatum are generated
from different precursors. J. Cell Biol. 168, 415–427. doi: 10.1083/jcb.200407053

De Biase, L. M., Kang, S. H., Baxi, E. G., Fukaya, M., Pucak, M. L., Mishina, M.,
et al. (2011). NMDA receptor signaling in oligodendrocyte progenitors is not
required for oligodendrogenesis andmyelination. J. Neurosci. 31, 12650–12662.
doi: 10.1523/JNEUROSCI.2455-11.2011

DeHoz, L., and Simons, M. (2015). The emerging functions of oligodendrocytes in
regulating neuronal network behaviour. Bioessays 37, 60–69. doi: 10.1002/bies.
201400127

Deadwyler, G. D., Pouly, S., Antel, J. P., andDevries, G. H. (2000). Neuregulins and
erbB receptor expression in adult human oligodendrocytes. Glia 32, 304–312.
doi: 10.1002/1098-1136(200012)32:3<304::aid-glia90>3.0.co;2-z

Deverteuil, R. L., and Lehmann, H. E. (1958). Therapeutic trial of iproniazid
(marsilid) in depressed and apathetic patients. Can. Med. Assoc. J. 78,
131–133.

Di Benedetto, B., and Rupprecht, R. (2013). Targeting glia cells: novel perspectives
for the treatment of neuropsychiatric diseases. Curr. Neuropharmacol. 11,
171–185. doi: 10.2174/1570159x11311020004

Dimatelis, J. J., Hsieh, J. H., Sterley, T. L., Marais, L., Womersley, J. S., Vlok,
M., et al. (2015). Impaired energy metabolism and disturbed dopamine and
glutamate signalling in the striatum and prefrontal cortex of the spontaneously
hypertensive rat model of attention-deficit hyperactivity disorder. J. Mol.
Neurosci. 56, 696–707. doi: 10.1007/s12031-015-0491-z

Dong, W. K., and Greenough, W. T. (2004). Plasticity of nonneuronal brain
tissue: roles in developmental disorders. Ment Retard. Dev. Disabil. Res. Rev.
10, 85–90. doi: 10.1002/mrdd.20016

Dougherty, D. D., Bonab, A. A., Spencer, T. J., Rauch, S. L., Madras, B. K., and
Fischman, A. J. (1999). Dopamine transporter density in patients with attention
deficit hyperactivity disorder. Lancet 354, 2132–2133. doi: 10.1016/s0140-
6736(99)04030-1

Dracheva, S., Davis, K. L., Chin, B., Woo, D. A., Schmeidler, J., and Haroutunian,
V. (2006). Myelin-associated mRNA and protein expression deficits in the
anterior cingulate cortex and hippocampus in elderly schizophrenia patients.
Neurobiol. Dis. 21, 531–540. doi: 10.1016/j.nbd.2005.08.012

Drevets, W. C. (1999). Prefrontal cortical-amygdalar metabolism in major
depression. Ann. N Y Acad. Sci. 877, 614–637. doi: 10.1111/j.1749-6632.1999.
tb09292.x

Drevets, W. C. (2000). Functional anatomical abnormalities in limbic and
prefrontal cortical structures in major depression. Prog. Brain Res. 126,
413–431. doi: 10.1016/s0079-6123(00)26027-5

Drevets,W. C. (2001). Neuroimaging and neuropathological studies of depression:
implications for the cognitive-emotional features of mood disorders. Curr.
Opin. Neurobiol. 11, 240–249. doi: 10.1016/s0959-4388(00)00203-8

Drevets, W. C., Price, J. L., and Furey, M. L. (2008). Brain structural and functional
abnormalities in mood disorders: implications for neurocircuitry models of
depression. Brain Struct. Funct. 213, 93–118. doi: 10.1007/s00429-008-0189-x

Drevets, W. C., Bogers, W., and Raichle, M. E. (2002a). Functional anatomical
correlates of antidepressant drug treatment assessed using PET measures of
regional glucosemetabolism. Eur. Neuropsychopharmacol. 12, 527–544. doi: 10.
1016/s0924-977x(02)00102-5

Drevets, W. C., Price, J. L., Bardgett, M. E., Reich, T., Todd, R. D., and Raichle,
M. E. (2002b). Glucose metabolism in the amygdala in depression: relationship
to diagnostic subtype and plasma cortisol levels. Pharmacol. Biochem. Behav.
71, 431–447. doi: 10.1016/s0091-3057(01)00687-6

Drevets, W. C., Price, J. L., Simpson, J. R. Jr., Todd, R. D., Reich, T., Vannier,
M., et al. (1997). Subgenual prefrontal cortex abnormalities in mood disorders.
Nature 386, 824–827. doi: 10.1038/386824a0

Dwork, A. J., Mancevski, B., and Rosoklija, G. (2007). White matter and cognitive
function in schizophrenia. Int. J. Neuropsychopharmacol. 10, 513–536. doi: 10.
1017/s1461145707007638

Elsayed, M., Banasr, M., Duric, V., Fournier, N. M., Licznerski, P., and Duman,
R. S. (2012). Antidepressant effects of fibroblast growth factor-2 in behavioral
and cellular models of depression. Biol. Psychiatry 72, 258–265. doi: 10.1016/j.
biopsych.2012.03.003

Eng, L. F., Lee, Y. L., Kwan, H., Brenner, M., and Messing, A. (1998). Astrocytes
cultured from transgenic mice carrying the added human glial fibrillary acidic
protein gene contain Rosenthal fibers. J. Neurosci. Res. 53, 353–360. doi: 10.
1002/(sici)1097-4547(19980801)53:3<353::aid-jnr9>3.3.co;2-o

Frontiers in Cellular Neuroscience | www.frontiersin.org December 2015 | Volume 9 | Article 468 | 23

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Elsayed and Magistretti Glial Involvement Beyond the Glue

Ernst, C., Chen, E. S., and Turecki, G. (2009). Histone methylation and decreased
expression of TrkB.T1 in orbital frontal cortex of suicide completers. Mol.
Psychiatry 14, 830–832. doi: 10.1038/mp.2009.35

Ernst, M., Cohen, R. M., Liebenauer, L. L., Jons, P. H., and Zametkin,
A. J. (1997). Cerebral glucose metabolism in adolescent girls with
attention-deficit/hyperactivity disorder. J. Am. Acad. Child Adolesc. Psychiatry
36, 1399–1406. doi: 10.1097/00004583-199710000-00022

Ernst, M., Liebenauer, L. L., King, A. C., Fitzgerald, G. A., Cohen, R. M.,
and Zametkin, A. J. (1994). Reduced brain metabolism in hyperactive girls.
J. Am. Acad. Child Adolesc. Psychiatry 33, 858–868. doi: 10.1097/00004583-
199407000-00012

Fair, D. A., Posner, J., Nagel, B. J., Bathula, D., Dias, T. G., Mills, K. L.,
et al. (2010). Atypical default network connectivity in youth with attention-
deficit/hyperactivity disorder. Biol. Psychiatry 68, 1084–1091. doi: 10.1016/j.
biopsych.2010.07.003

Fales, C. L., Barch, D. M., Rundle, M. M., Mintun, M. A., Snyder, A. Z., Cohen,
J. D., et al. (2008). Altered emotional interference processing in affective
and cognitive-control brain circuitry in major depression. Biol. Psychiatry 63,
377–384. doi: 10.1016/j.biopsych.2007.06.012

Falkai, P., Honer, W. G., David, S., Bogerts, B., Majtenyi, C., and Bayer, T. A.
(1999). No evidence for astrogliosis in brains of schizophrenic patients. A post-
mortem study. Neuropathol. Appl. Neurobiol. 25, 48–53. doi: 10.1046/j.1365-
2990.1999.00162.x

Farina, C., Aloisi, F., and Meinl, E. (2007). Astrocytes are active players in cerebral
innate immunity. Trends Immunol. 28, 138–145. doi: 10.1016/j.it.2007.01.005

Fawcett, F. D. B. A. (1994).ATextbook of Histology.NewYork: Chapman andHall.
Feresten, A. H., Barakauskas, V., Ypsilanti, A., Barr, A. M., and Beasley, C. L.

(2013). Increased expression of glial fibrillary acidic protein in prefrontal cortex
in psychotic illness. Schizophr. Res. 150, 252–257. doi: 10.1016/j.schres.2013.
07.024

Flynn, S. W., Lang, D. J., Mackay, A. L., Goghari, V., Vavasour, I. M., Whittall,
K. P., et al. (2003). Abnormalities of myelination in schizophrenia detected
in vivo with MRI and post-mortem with analysis of oligodendrocyte proteins.
Mol. Psychiatry 8, 811–820. doi: 10.1038/sj.mp.4001337

Funfschilling, U., Supplie, L. M., Mahad, D., Boretius, S., Saab, A. S., Edgar, J., et al.
(2012). Glycolytic oligodendrocytes maintain myelin and long-term axonal
integrity. Nature 485, 517–521. doi: 10.1038/nature11007

Georgieva, L., Moskvina, V., Peirce, T., Norton, N., Bray, N. J., Jones, L., et al.
(2006). Convergent evidence that oligodendrocyte lineage transcription factor
2 (OLIG2) and interacting genes influence susceptibility to schizophrenia. Proc.
Natl. Acad. Sci. U S A 103, 12469–12474. doi: 10.1073/pnas.0603029103

Giaume, C., Froger, N., and Koulakoff, A. (2005). [Gap junction-mediated
intercellular communication in astrocytes and neuroprotection]. Ann. Fr.
Anesth. Reanim. 24, 695–696. doi: 10.1016/j.annfar.2005.03.014

Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S., et al.
(2010). Fatemapping analysis reveals that adult microglia derive from primitive
macrophages. Science 330, 841–845. doi: 10.1126/science.1194637

Ginhoux, F., Lim, S., Hoeffel, G., Low, D., and Huber, T. (2013). Origin and
differentiation of microglia. Front. Cell. Neurosci. 7:45. doi: 10.3389/fncel.2013.
00045

Gipson, C. D., Reissner, K. J., Kupchik, Y. M., Smith, A. C., Stankeviciute,
N., Hensley-Simon, M. E., et al. (2013). Reinstatement of nicotine seeking
is mediated by glutamatergic plasticity. Proc. Natl. Acad. Sci. U S A 110,
9124–9129. doi: 10.1073/pnas.1220591110

Gittins, R. A., and Harrison, P. J. (2011). A morphometric study of glia and
neurons in the anterior cingulate cortex in mood disorder. J. Affect. Disord.
133, 328–332. doi: 10.1016/j.jad.2011.03.042

Goldstein, R. Z., and Volkow, N. D. (2002). Drug addiction and its underlying
neurobiological basis: neuroimaging evidence for the involvement of the frontal
cortex. Am. J. Psychiatry 159, 1642–1652. doi: 10.1176/appi.ajp.159.10.1642

Gonzalez, A. M., Berry, M., Maher, P. A., Logan, A., and Baird, A. (1995).
A comprehensive analysis of the distribution of FGF-2 and FGFR1 in the rat
brain. Brain Res. 701, 201–226. doi: 10.1016/0006-8993(95)01002-x

Gos, T., Schroeter, M. L., Lessel, W., Bernstein, H. G., Dobrowolny, H., Schiltz,
K., et al. (2013). S100B-immunopositive astrocytes and oligodendrocytes in the
hippocampus are differentially afflicted in unipolar and bipolar depression: a
postmortem study. J. Psychiatr. Res. 47, 1694–1699. doi: 10.1016/j.jpsychires.
2013.07.005

Goshen, I., and Yirmiya, R. (2009). Interleukin-1 (IL-1): a central regulator of
stress responses. Front. Neuroendocrinol. 30, 30–45. doi: 10.1016/j.yfrne.2008.
10.001

Graham, B. M., and Richardson, R. (2011). Fibroblast growth factor-2 alters the
nature of extinction. Learn. Mem. 18, 80–84. doi: 10.1101/lm.2006511

Gregg, J. R., Herring, N. R., Naydenov, A. V., Hanlin, R. P., and Konradi, C. (2009).
Downregulation of oligodendrocyte transcripts is associated with impaired
prefrontal cortex function in rats. Schizophr. Res. 113, 277–287. doi: 10.1016/j.
schres.2009.05.023

Gustafsson, P., Thernlund, G., Ryding, E., Rosen, I., and Cederblad, M. (2000).
Associations between cerebral blood-flow measured by single photon emission
computed tomography (SPECT), electro-encephalogram (EEG), behaviour
symptoms, cognition and neurological soft signs in children with attention-
deficit hyperactivity disorder (ADHD). Acta Paediatr. 89, 830–835. doi: 10.
1111/j.1651-2227.2000.tb00391.x

Hagemann, T. L., Paylor, R., and Messing, A. (2013). Deficits in adult
neurogenesis, contextual fear conditioning and spatial learning in a Gfap
mutant mouse model of Alexander disease. J. Neurosci. 33, 18698–18706.
doi: 10.1523/JNEUROSCI.3693-13.2013

Hakak, Y., Walker, J. R., Li, C., Wong, W. H., Davis, K. L., Buxbaum, J. D., et al.
(2001). Genome-wide expression analysis reveals dysregulation of myelination-
related genes in chronic schizophrenia. Proc. Natl. Acad. Sci. U S A 98,
4746–4751. doi: 10.1073/pnas.081071198

Hamidi, M., Drevets, W. C., and Price, J. L. (2004). Glial reduction in amygdala
in major depressive disorder is due to oligodendrocytes. Biol. Psychiatry 55,
563–569. doi: 10.1016/j.biopsych.2003.11.006

Hamilton, N., Hubbard, P. S., and Butt, A. M. (2009). Effects of glutamate receptor
activation on NG2-glia in the rat optic nerve. J. Anat. 214, 208–218. doi: 10.
1111/j.1469-7580.2008.01017.x

Han, X., Chen, M., Wang, F., Windrem, M., Wang, S., Shanz, S., et al. (2013).
Forebrain engraftment by human glial progenitor cells enhances synaptic
plasticity and learning in adult mice. Cell Stem Cell 12, 342–353. doi: 10.1016/j.
stem.2012.12.015

Haroutunian, V., Katsel, P., Roussos, P., Davis, K. L., Altshuler, L. L., and
Bartzokis, G. (2014). Myelination, oligodendrocytes and serious mental illness.
Glia 62, 1856–1877. doi: 10.1002/glia.22716

Hart, H., Radua, J., Mataix-Cols, D., and Rubia, K. (2012). Meta-analysis of fMRI
studies of timing in attention-deficit hyperactivity disorder (ADHD). Neurosci.
Biobehav. Rev. 36, 2248–2256. doi: 10.1016/j.neubiorev.2012.08.003

Hashioka, S., Klegeris, A., Monji, A., Kato, T., Sawada, M., Mcgeer, P. L.,
et al. (2007). Antidepressants inhibit interferon-gamma-induced microglial
production of IL-6 and nitric oxide. Exp. Neurol. 206, 33–42. doi: 10.1016/j.
expneurol.2007.03.022

Hattori, T., Shimizu, S., Koyama, Y., Emoto, H., Matsumoto, Y., Kumamoto, N.,
et al. (2014). DISC1 (disrupted-in-schizophrenia-1) regulates differentiation of
oligodendrocytes. PLoS One 9:e88506. doi: 10.1371/journal.pone.0088506

He, J., and Crews, F. T. (2008). Increased MCP-1 and microglia in various
regions of the human alcoholic brain. Exp. Neurol. 210, 349–358. doi: 10.1016/j.
expneurol.2007.11.017

Hercher, C., Chopra, V., and Beasley, C. L. (2014). Evidence for morphological
alterations in prefrontal white matter glia in schizophrenia and
bipolar disorder. J. Psychiatry Neurosci. 39, 376–385. doi: 10.1503/jpn.
130277

Herculano-Houzel, S. (2011). Scaling of brain metabolism with a fixed energy
budget per neuron: implications for neuronal activity, plasticity and evolution.
PLoS One 6:e17514. doi: 10.1371/journal.pone.0017514

Hinwood, M., Morandini, J., Day, T. A., and Walker, F. R. (2012). Evidence
that microglia mediate the neurobiological effects of chronic psychological
stress on the medial prefrontal cortex. Cereb. Cortex 22, 1442–1454. doi: 10.
1093/cercor/bhr229

Hof, P. R., Haroutunian, V., Friedrich, V. L. Jr., Byne, W., Buitron, C., Perl, D. P.,
et al. (2003). Loss and altered spatial distribution of oligodendrocytes in the
superior frontal gyrus in schizophrenia. Biol. Psychiatry 53, 1075–1085. doi: 10.
1016/s0006-3223(03)00237-3

Honer, W. G., Falkai, P., Chen, C., Arango, V., Mann, J. J., and Dwork, A. J.
(1999). Synaptic and plasticity-associated proteins in anterior frontal cortex in
severe mental illness.Neuroscience 91, 1247–1255. doi: 10.1016/s0306-4522(98)
00679-4

Frontiers in Cellular Neuroscience | www.frontiersin.org December 2015 | Volume 9 | Article 468 | 24

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Elsayed and Magistretti Glial Involvement Beyond the Glue

Howren, M. B., Lamkin, D. M., and Suls, J. (2009). Associations of depression
with C-reactive protein, IL-1 and IL-6: a meta-analysis. Psychosom. Med. 71,
171–186. doi: 10.1097/PSY.0b013e3181907c1b

Hyman, S. E. (2008). A glimmer of light for neuropsychiatric disorders. Nature
455, 890–893. doi: 10.1038/nature07454

Ishibashi, T., Dakin, K. A., Stevens, B., Lee, P. R., Kozlov, S. V., Stewart, C. L.,
et al. (2006). Astrocytes promote myelination in response to electrical impulses.
Neuron 49, 823–832. doi: 10.1016/j.neuron.2006.02.006

Iwamoto, K., Bundo,M., Yamada, K., Takao, H., Iwayama-Shigeno, Y., Yoshikawa,
T., et al. (2005). DNA methylation status of SOX10 correlates with its
downregulation and oligodendrocyte dysfunction in schizophrenia. J. Neurosci.
25, 5376–5381. doi: 10.1523/jneurosci.0766-05.2005

Jean, Y. Y., Lercher, L. D., and Dreyfus, C. F. (2008). Glutamate elicits
release of BDNF from basal forebrain astrocytes in a process dependent on
metabotropic receptors and the PLC pathway. Neuron Glia Biol. 4, 35–42.
doi: 10.1017/S1740925x09000052

Johnston-Wilson, N. L., Sims, C. D., Hofmann, J. P., Anderson, L., Shore, A. D.,
Torrey, E. F., et al. (2000). Disease-specific alterations in frontal cortex brain
proteins in schizophrenia, bipolar disorder and major depressive disorder.
The stanley neuropathology consortium. Mol. Psychiatry 5, 142–149. doi: 10.
1038/sj.mp.4000696

Jourdain, P., Bergersen, L. H., Bhaukaurally, K., Bezzi, P., Santello, M., Domercq,
M., et al. (2007). Glutamate exocytosis from astrocytes controls synaptic
strength. Nat. Neurosci. 10, 331–339. doi: 10.1038/nn1849

Juckel, G., Manitz, M. P., Brüne, M., Friebe, A., Heneka, M. T., and Wolf,
R. J. (2011). Microglial activation in a neuroinflammational animal model of
schizophrenia-a pilot study. Schizophr. Res. 131, 96–100. doi: 10.1016/j.schres.
2011.06.018

Kacem, K., Lacombe, P., Seylaz, J., and Bonvento, G. (1998). Structural
organization of the perivascular astrocyte endfeet and their relationship with
the endothelial glucose transporter: a confocal microscopy study.Glia 23, 1–10.
doi: 10.1002/(sici)1098-1136(199805)23:1<1::aid-glia1>3.0.co;2-b

Kajitani, N., Hisaoka-Nakashima, K., Morioka, N., Okada-Tsuchioka, M.,
Kaneko, M., Kasai, M., et al. (2012). Antidepressant acts on astrocytes
leading to an increase in the expression of neurotrophic/growth factors:
differential regulation of FGF-2 by noradrenaline. PLoS One 7:e51197. doi: 10.
1371/journal.pone.0051197

Kalivas, P. W. (2009). The glutamate homeostasis hypothesis of addiction. Nat.
Rev. Neurosci. 10, 561–572. doi: 10.1038/nrn2515

Kalivas, P. W., McFarland, K., Bowers, S., Szumlinski, K., Xi, Z. X., and Baker, D.
(2003). Glutamate transmission and addiction to cocaine. Ann. N Y Acad. Sci.
1003, 169–175. doi: 10.1196/annals.1300.009

Kandel, E. R. (2000). Principles of Neuronal Science. New York: McGraw-Hill.
Kato, T., Monji, A., Hashioka, S., and Kanba, S. (2007). Risperidone significantly

inhibits interferon-gamma-induced microglial activation in vitro. Schizophr.
Res. 92, 108–115. doi: 10.1016/j.schres.2007.01.019

Katsel, P., Byne, W., Roussos, P., Tan, W., Siever, L., and Haroutunian,
V. (2011a). Astrocyte and glutamate markers in the superficial, deep
and white matter layers of the anterior cingulate gyrus in schizophrenia.
Neuropsychopharmacology 36, 1171–1177. doi: 10.1038/npp.2010.252

Katsel, P., Tan, W., Abazyan, B., Davis, K. L., Ross, C., Pletnikov, M. V., et al.
(2011b). Expression of mutant human DISC1 in mice supports abnormalities
in differentiation of oligodendrocytes. Schizophr. Res. 130, 238–249. doi: 10.
1016/j.schres.2011.04.021

Katsel, P., Davis, K. L., Gorman, J. M., and Haroutunian, V. (2005a). Variations
in differential gene expression patterns across multiple brain regions in
schizophrenia. Schizophr. Res. 77, 241–252. doi: 10.1016/j.schres.2005.03.020

Katsel, P., Davis, K. L., and Haroutunian, V. (2005b). Variations in myelin
and oligodendrocyte-related gene expression across multiple brain regions in
schizophrenia: a gene ontology study. Schizophr. Res. 79, 157–173. doi: 10.
1016/j.schres.2005.06.007

Katsel, P., Davis, K. L., Li, C., Tan, W., Greenstein, E., Kleiner Hoffman, L. B.,
et al. (2008). Abnormal indices of cell cycle activity in schizophrenia and
their potential association with oligodendrocytes. Neuropsychopharmacology
33, 2993–3009. doi: 10.1038/npp.2008.19

Kendell, R. E. (2001). The distinction between mental and physical illness. Br. J.
Psychiatry 178, 490–493. doi: 10.1192/bjp.178.6.490

Kettenmann, H., Hanisch, U. K., Noda,M., andVerkhratsky, A. (2011). Physiology
of microglia. Physiol. Rev. 91, 461–553. doi: 10.1152/physrev.00011.2010

Khokhrina, N. T., Kazakova, P. B., and Rakhmanova, V. I. (1991). [Morphometric
analysis of the changes in the cerebral cortex of rats after long-term
administration of alcohol]. Zh. Nevropatol. Psikhiatr. Im. S S Korsakova 91,
66–77.

Killeen, P. R., Russell, V. A., and Sergeant, J. A. (2013). A behavioral
neuroenergetics theory of ADHD. Neurosci. Biobehav. Rev. 37, 625–657.
doi: 10.1016/j.neubiorev.2013.02.011

Kitamura, H., Shioiri, T., Kimura, T., Ohkubo, M., Nakada, T., and Someya, T.
(2006). Parietal white matter abnormalities in obsessive-compulsive disorder: a
magnetic resonance spectroscopy study at 3-Tesla. Acta Psychiatr. Scand. 114,
101–108. doi: 10.1111/j.1600-0447.2006.00858.x

Kodama, M., Fujioka, T., and Duman, R. S. (2004). Chronic olanzapine or
fluoxetine administration increases cell proliferation in hippocampus and
prefrontal cortex of adult rat. Biol. Psychiatry 56, 570–580. doi: 10.1016/j.
biopsych.2004.07.008

Kong, E. K., Peng, L., Chen, Y., Yu, A. C., and Hertz, L. (2002). Up-
regulation of 5-HT2B receptor density and receptor-mediated glycogenolysis
in mouse astrocytes by long-term fluoxetine administration. Neurochem. Res.
27, 113–120. doi: 10.1023/A:1014862808126

Kong, H., Zeng, X. N., Fan, Y., Yuan, S. T., Ge, S., Xie, W. P., et al.
(2014). Aquaporin-4 knockout exacerbates corticosterone-induced depression
by inhibiting astrocyte function and hippocampal neurogenesis. CNS Neurosci.
Ther. 20, 391–402. doi: 10.1111/cns.12222

Korbo, L. (1999). Glial cell loss in the hippocampus of alcoholics. Alcohol. Clin.
Exp. Res. 23, 164–168. doi: 10.1111/j.1530-0277.1999.tb04039.x

Krause, K. H., Dresel, S. H., Krause, J., Kung, H. F., and Tatsch, K. (2000).
Increased striatal dopamine transporter in adult patients with attention deficit
hyperactivity disorder: effects of methylphenidate as measured by single
photon emission computed tomography. Neurosci. Lett. 285, 107–110. doi: 10.
1016/s0304-3940(00)01040-5

Kreft, M., Stenovec, M., Rupnik, M., Grilc, S., Krzan, M., Potokar, M., et al.
(2004). Properties of Ca(2+)-dependent exocytosis in cultured astrocytes. Glia
46, 437–445. doi: 10.1002/glia.20018

Labuzek, K., Kowalski, J., Gabryel, B., and Herman, Z. S. (2005). Chlorpromazine
and loxapine reduce interleukin-1beta and interleukin-2 release by rat mixed
glial and microglial cell cultures. Eur. Neuropsychopharmacol. 15, 23–30.
doi: 10.1016/j.euroneuro.2004.04.002

Lauriat, T. L., Dracheva, S., Chin, B., Schmeidler, J., McInnes, L. A., and
Haroutunian, V. (2006). Quantitative analysis of glutamate transporter mRNA
expression in prefrontal and primary visual cortex in normal and schizophrenic
brain. Neuroscience 137, 843–851. doi: 10.1016/j.neuroscience.2005.10.003

Lee, H. S., Ghetti, A., Pinto-Duarte, A., Wang, X., Dziewczapolski, G., Galimi,
F., et al. (2014). Astrocytes contribute to gamma oscillations and recognition
memory. Proc. Natl. Acad. Sci. U S A 111, E3343–E3352. doi: 10.1073/pnas.
1410893111

Lee, Y., Morrison, B. M., Li, Y., Lengacher, S., Farah, M. H., Hoffman, P. N.,
et al. (2012). Oligodendroglia metabolically support axons and contribute to
neurodegeneration. Nature 487, 443–448. doi: 10.1038/nature11314

Leventopoulos, M., Rüedi-Bettschen, D., Knuesel, I., Feldon, J., Pryce, C. R., and
Opacka-Juffry, J. (2007). Long-term effects of early life deprivation on brain glia
in Fischer rats. Brain Res. 1142, 119–126. doi: 10.1016/j.brainres.2007.01.039

Levine, E. S., Dreyfus, C. F., Black, I. B., and Plummer, M. R. (1995). Brain-derived
neurotrophic factor rapidly enhances synaptic transmission in hippocampal
neurons via postsynaptic tyrosine kinase receptors. Proc. Natl. Acad. Sci. U S
A 92, 8074–8077. doi: 10.1073/pnas.92.17.8074

Levkovitz, Y., Mendlovich, S., Riwkes, S., Braw, Y., Levkovitch-Verbin, H.,
Gal, G., et al. (2010). A double-blind, randomized study of minocycline
for the treatment of negative and cognitive symptoms in early-phase
schizophrenia. J. Clin. Psychiatry 71, 138–149. doi: 10.4088/JCP.
08m04666yel

Lewohl, J. M., Wang, L., Miles, M. F., Zhang, L., Dodd, P. R., and Harris, R. A.
(2000). Gene expression in human alcoholism: microarray analysis of frontal
cortex. Alcohol. Clin. Exp. Res. 24, 1873–1882. doi: 10.1111/j.1530-0277.2000.
tb01993.x

Li, Y. K., Wang, F., Wang, W., Luo, Y., Wu, P. F., Xiao, J. L., et al.
(2012). Aquaporin-4 deficiency impairs synaptic plasticity and associative fear
memory in the lateral amygdala: involvement of downregulation of glutamate
transporter-1 expression. Neuropsychopharmacology 37, 1867–1878. doi: 10.
1038/npp.2012.34

Frontiers in Cellular Neuroscience | www.frontiersin.org December 2015 | Volume 9 | Article 468 | 25

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Elsayed and Magistretti Glial Involvement Beyond the Glue

Li, L., Wu, M., Liao, Y., Ouyang, L., Du, M., Lei, D., et al. (2014). Grey
matter reduction associated with posttraumatic stress disorder and traumatic
stress. Neurosci. Biobehav. Rev. 43, 163–172. doi: 10.1016/j.neubiorev.2014.
04.003

Lin, S. C., and Bergles, D. E. (2002). Physiological characteristics of NG2-
expressing glial cells. J. Neurocytol. 31, 537–549. doi: 10.1023/A:1025799816285

Liotti, M., and Mayberg, H. S. (2001). The role of functional neuroimaging in the
neuropsychology of depression. J. Clin. Exp. Neuropsychol. 23, 121–136. doi: 10.
1076/jcen.23.1.121.1223

Liu, J., Lewohl, J. M., Dodd, P. R., Randall, P. K., Harris, R. A., and
Mayfield, R. D. (2004). Gene expression profiling of individual cases reveals
consistent transcriptional changes in alcoholic human brain. J. Neurochem. 90,
1050–1058. doi: 10.1111/j.1471-4159.2004.02570.x

Lo, D. C. (1995). Neurotrophic factors and synaptic plasticity.Neuron 15, 979–981.
doi: 10.1016/0896-6273(95)90085-3

Ma, T.M., Abazyan, S., Abazyan, B., Nomura, J., Yang, C., Seshadri, S., et al. (2013).
Pathogenic disruption of DISC1-serine racemase binding elicits schizophrenia-
like behavior via D-serine depletion. Mol. Psychiatry 18, 557–567. doi: 10.
1038/mp.2012.97

Magistretti, P. J. (1988). Regulation of glycogenolysis by neurotransmitters in the
central nervous system. Diabete Metab. 14, 237–246.

Magistretti, P. J., and Allaman, I. (2015). A cellular perspective on brain energy
metabolism and functional imaging. Neuron 86, 883–901. doi: 10.1016/j.
neuron.2015.03.035

Magistretti, P. J., Morrison, J. H., Shoemaker, W. J., Sapin, V., and Bloom,
F. E. (1981). Vasoactive intestinal polypeptide induces glycogenolysis in mouse
cortical slices: a possible regulatory mechanism for the local control of energy
metabolism. Proc. Natl. Acad. Sci. U S A 78, 6535–6539. doi: 10.1073/pnas.78.
10.6535

Magistretti, P. J., Sorg, O., Yu, N., Martin, J. L., and Pellerin, L. (1993).
Neurotransmitters regulate energy metabolism in astrocytes: implications for
the metabolic trafficking between neural cells. Dev. Neurosci. 15, 306–312.
doi: 10.1159/000111349

Makinodan, M., Rosen, K. M., Ito, S., and Corfas, G. (2012). A critical
period for social experience-dependent oligodendrocyte maturation
and myelination. Science 337, 1357–1360. doi: 10.1126/science.
1220845

Mandyam, C. D., Wee, S., Eisch, A. J., Richardson, H. N., and Koob, G. F. (2007).
Methamphetamine self-administration and voluntary exercise have opposing
effects on medial prefrontal cortex gliogenesis. J. Neurosci. 27, 11442–11450.
doi: 10.1523/jneurosci.2505-07.2007

Manji, H. K., Drevets, W. C., and Charney, D. S. (2001). The cellular neurobiology
of depression. Nat. Med. 7, 541–547. doi: 10.1038/87865

Markham, J. A., and Greenough, W. T. (2004). Experience-driven brain
plasticity: beyond the synapse. Neuron Glia Biol. 1, 351–363. doi: 10.
1017/s1740925x05000219

Mathew, S. J., Amiel, J. M., Coplan, J. D., Fitterling, H. A., Sackeim, H. A.,
and Gorman, J. M. (2005). Open-label trial of riluzole in generalized anxiety
disorder. Am. J. Psychiatry 162, 2379–2381. doi: 10.1176/appi.ajp.162.12.2379

Mattei, D., Djodari-Irani, A., Hadar, R., Pelz, A., De Cossio, L. F., Goetz,
T., et al. (2014). Minocycline rescues decrease in neurogenesis, increase in
microglia cytokines and deficits in sensorimotor gating in an animal model
of schizophrenia. Brain Behav. Immun. 38, 175–184. doi: 10.1016/j.bbi.2014.
01.019

Matthews, S. C., Strigo, I. A., Simmons, A. N., Yang, T. T., and Paulus,M. P. (2008).
Decreased functional coupling of the amygdala and supragenual cingulate
is related to increased depression in unmedicated individuals with current
major depressive disorder. J. Affect. Disord. 111, 13–20. doi: 10.1016/j.jad.
2008.05.022

Matute, C. (2006). Oligodendrocyte NMDA receptors: a novel therapeutic target.
Trends Mol. Med. 12, 289–292. doi: 10.1016/j.molmed.2006.05.004

Matute, C., Melone, M., Vallejo-Illarramendi, A., and Conti, F. (2005).
Increased expression of the astrocytic glutamate transporter GLT-1 in the
prefrontal cortex of schizophrenics. Glia 49, 451–455. doi: 10.1002/glia.
20119

Matute, C., Sánchez-Gómez, M. V., Martínez-Millán, L., and Miledi, R. (1997).
Glutamate receptor-mediated toxicity in optic nerve oligodendrocytes. Proc.
Natl. Acad. Sci. U S A 94, 8830–8835. doi: 10.1073/pnas.94.16.8830

Mayberg, H. S. (2003). Modulating dysfunctional limbic-cortical circuits in
depression: towards development of brain-based algorithms for diagnosis and
optimised treatment. Br. Med. Bull. 65, 193–207. doi: 10.1093/bmb/65.1.193

Mayberg, H. S., Brannan, S. K., Tekell, J. L., Silva, J. A., Mahurin, R. K.,
McGinnis, S., et al. (2000). Regional metabolic effects of fluoxetine in major
depression: serial changes and relationship to clinical response. Biol. Psychiatry
48, 830–843. doi: 10.1016/s0006-3223(00)01036-2

Mayfield, R. D., Lewohl, J. M., Dodd, P. R., Herlihy, A., Liu, J., and Harris, R. A.
(2002). Patterns of gene expression are altered in the frontal and motor cortices
of human alcoholics. J. Neurochem. 81, 802–813. doi: 10.1046/j.1471-4159.2002.
00860.x

McDonald, J. W., Levine, J. M., and Qu, Y. (1998). Multiple classes of the
oligodendrocyte lineage are highly vulnerable to excitotoxicity. Neuroreport 9,
2757–2762. doi: 10.1097/00001756-199808240-00014

Medina, A., Burke, S., Thompson, R. C., Bunney, W. Jr., Myers, R. M., Schatzberg,
A., et al. (2013). Glutamate transporters: a key piece in the glutamate puzzle
of major depressive disorder. J. Psychiatr. Res. 47, 1150–1156. doi: 10.1016/j.
jpsychires.2013.04.007

Messing, A., Brenner,M., Feany,M. B., Nedergaard,M., andGoldman, J. E. (2012).
Alexander disease. J. Neurosci. 32, 5017–5023. doi: 10.1523/JNEUROSCI.5384-
11.2012

Miguel-Hidalgo, J. J. (2005). Lower packing density of glial fibrillary acidic
protein-immunoreactive astrocytes in the prelimbic cortex of alcohol-naive
and alcohol-drinking alcohol-preferring rats as compared with alcohol-
nonpreferring and Wistar rats. Alcohol. Clin. Exp. Res. 29, 766–772. doi: 10.
1097/01.alc.0000164378.92680.fa

Miguel-Hidalgo, J. J. (2009). The role of Glial cells in drug abuse. Curr. Drug Abuse
Rev. 2, 76–82. doi: 10.2174/1874473710902010076

Miguel-Hidalgo, J. J., Baucom, C., Dilley, G., Overholser, J. C., Meltzer,
H. Y., Stockmeier, C. A., et al. (2000). Glial fibrillary acidic protein
immunoreactivity in the prefrontal cortex distinguishes younger from older
adults in major depressive disorder. Biol. Psychiatry 48, 861–873. doi: 10.
1016/s0006-3223(00)00999-9

Miguel-Hidalgo, J. J., Overholser, J. C., Meltzer, H. Y., Stockmeier, C. A., and
Rajkowska, G. (2006). Reduced glial and neuronal packing density in the
orbitofrontal cortex in alcohol dependence and its relationship with suicide and
duration of alcohol dependence. Alcohol. Clin. Exp. Res. 30, 1845–1855. doi: 10.
1111/j.1530-0277.2006.00221.x

Miguel-Hidalgo, J., Shoyama, Y., and Wanzo, V. (2009). Infusion of gliotoxins or
a gap junction blocker in the prelimbic cortex increases alcohol preference in
Wistar rats. J. Psychopharmacol. 23, 550–557. doi: 10.1177/0269881108091074

Miguel-Hidalgo, J. J., Wei, J., Andrew, M., Overholser, J. C., Jurjus, G., Stockmeier,
C. A., et al. (2002). Glia pathology in the prefrontal cortex in alcohol
dependence with and without depressive symptoms. Biol. Psychiatry 52,
1121–1133. doi: 10.1016/s0006-3223(02)01439-7

Miguel-Hidalgo, J. J., Wilson, B. A., Hussain, S., Meshram, A., Rajkowska, G.,
and Stockmeier, C. A. (2014). Reduced connexin 43 immunolabeling in the
orbitofrontal cortex in alcohol dependence and depression. J. Psychiatr. Res.
55, 101–109. doi: 10.1016/j.jpsychires.2014.04.007

Miller, D. J., Duka, T., Stimpson, C. D., Schapiro, S. J., Baze, W. B.,
Mcarthur, M. J., et al. (2012). Prolonged myelination in human neocortical
evolution. Proc. Natl. Acad. Sci. U S A 109, 16480–16485. doi: 10.1073/pnas.
1117943109

Millar, J. K., Wilson-Annan, J. C., Anderson, S., Christie, S., Taylor, M. S.,
Semple, C. A., et al. (2000). Disruption of two novel genes by a translocation
co-segregating with schizophrenia. Hum. Mol. Genet. 9, 1415–1423. doi: 10.
1093/hmg/9.9.1415

Miyaoka, T., Yasukawa, R., Yasuda, H., Hayashida, M., Inagaki, T., and Horiguchi,
J. (2007). Possible antipsychotic effects of minocycline in patients with
schizophrenia. Prog. Neuropsychopharmacol. Biol. Psychiatry 31, 304–307.
doi: 10.1016/j.pnpbp.2006.08.013

Miyazaki, J., Nakanishi, S., and Jingami, H. (1999). Expression and
characterization of a glycine-binding fragment of the N-methyl-D-aspartate
receptor subunit NR1. Biochem. J. 340(Pt. 3), 687–692. doi: 10.1042/0264-
6021:3400687

Montana, V., Ni, Y., Sunjara, V., Hua, X., and Parpura, V. (2004). Vesicular
glutamate transporter-dependent glutamate release from astrocytes.
J. Neurosci. 24, 2633–2642. doi: 10.1523/jneurosci.3770-03.2004

Frontiers in Cellular Neuroscience | www.frontiersin.org December 2015 | Volume 9 | Article 468  |

 

 

26

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Elsayed and Magistretti Glial Involvement Beyond the Glue

Mulholland, P. J., Carpenter-Hyland, E. P., Woodward, J. J., and Chandler, L. J.
(2009). Ethanol disrupts NMDA receptor and astroglial EAAT2 modulation of
Kv2.1 potassium channels in hippocampus. Alcohol 43, 45–50. doi: 10.1016/j.
alcohol.2008.10.001

Nagel, B. J., Bathula, D., Herting, M., Schmitt, C., Kroenke, C. D., Fair, D.,
et al. (2011). Altered white matter microstructure in children with attention-
deficit/hyperactivity disorder. J. Am. Acad. Child Adolesc. Psychiatry 50,
283–292. doi: 10.1016/j.jaac.2010.12.003

Nagy, C., Suderman, M., Yang, J., Szyf, M., Mechawar, N., Ernst, C., et al.
(2015). Astrocytic abnormalities and global DNA methylation patterns in
depression and suicide. Mol. Psychiatry 20, 320–328. doi: 10.1038/mp.
2014.21

Nedergaard, M., Ransom, B., and Goldman, S. A. (2003). New roles for astrocytes:
redefining the functional architecture of the brain. Trends Neurosci. 26,
523–530. doi: 10.1016/j.tins.2003.08.008

Nestler, E. J., and Hyman, S. E. (2010). Animal models of neuropsychiatric
disorders. Nat. Neurosci. 13, 1161–1169. doi: 10.1038/nn.2647

Nichols, N. R., Osterburg, H. H., Masters, J. N., Millar, S. L., and Finch, C. E.
(1990). Messenger RNA for glial fibrillary acidic protein is decreased in rat
brain following acute and chronic corticosterone treatment. Brain Res. Mol.
Brain Res. 7, 1–7. doi: 10.1016/0169-328x(90)90066-m

Oberheim, N. A., Takano, T., Han, X., He, W., Lin, J. H., Wang, F., et al.
(2009). Uniquely hominid features of adult human astrocytes. J. Neurosci. 29,
3276–3287. doi: 10.1523/JNEUROSCI.4707-08.2009

Obuchowicz, E., Bielecka, A. M., Paul-Samojedny, M., Pudelko, A., and Kowalski,
J. (2014). Imipramine and fluoxetine inhibit LPS-induced activation and affect
morphology of microglial cells in the rat glial culture. Pharmacol. Rep. 66,
34–43. doi: 10.1016/j.pharep.2013.08.002

Ohashi, M., Saitoh, A., Yamada, M., Oka, J., and Yamada, M. (2015). Riluzole in
the prelimbic medial prefrontal cortex attenuates veratrine-induced anxiety-
like behaviors in mice. Psychopharmacology (Berl) 232, 391–398. doi: 10.
1007/s00213-014-3676-1

Okamoto, H., Miki, T., Lee, K. Y., Yokoyama, T., Kuma, H., Wang, Z. Y., et al.
(2006). Oligodendrocyte myelin glycoprotein (OMgp) in rat hippocampus is
depleted by chronic ethanol consumption. Neurosci. Lett. 406, 76–80. doi: 10.
1016/j.neulet.2006.07.023

Ongur, D., Drevets, W. C., and Price, J. L. (1998). Glial reduction in the
subgenual prefrontal cortex in mood disorders. Proc. Natl. Acad. Sci. U S A
95, 13290–13295. doi: 10.1073/pnas.95.22.13290

Orre, K., Wennström, M., and Tingström, A. (2009). Chronic lithium treatment
decreases NG2 cell proliferation in rat dentate hilus, amygdala and corpus
callosum. Prog. Neuropsychopharmacol. Biol. Psychiatry 33, 503–510. doi: 10.
1016/j.pnpbp.2009.01.015

Orthmann-Murphy, J. L., Abrams, C. K., and Scherer, S. S. (2008). Gap junctions
couple astrocytes and oligodendrocytes. J. Mol. Neurosci. 35, 101–116. doi: 10.
1007/s12031-007-9027-5

Osbun, N., Li, J., O’Driscoll, M. C., Strominger, Z., Wakahiro, M., Rider, E., et al.
(2011). Genetic and functional analyses identify DISC1 as a novel callosal
agenesis candidate gene. Am. J. Med. Genet. A 155A, 1865–1876. doi: 10.
1002/ajmg.a.34081

Owen, F., Crow, T. J., Frith, C. D., Johnson, J. A., Johnstone, E. C., Lofthouse, R.,
et al. (1987). Selective decreases inMAO-B activity in post-mortem brains from
schizophrenic patients with type II syndrome. Br. J. Psychiatry 151, 514–519.
doi: 10.1192/bjp.151.4.514

Paillere-Martinot, M., Caclin, A., Artiges, E., Poline, J. B., Joliot, M., Mallet, L.,
et al. (2001). Cerebral gray and white matter reductions and clinical correlates
in patients with early onset schizophrenia. Schizophr. Res. 50, 19–26. doi: 10.
1016/s0920-9964(00)00137-7

Patte, C., Gandolfo, P., Leprince, J., Thoumas, J. L., Fontaine, M., Vaudry, H., et al.
(1999). GABA inhibits endozepine release from cultured rat astrocytes. Glia
25, 404–411. doi: 10.1002/(sici)1098-1136(19990215)25:4<404::aid-glia9>3.0.
co;2-q

Pellerin, L., and Magistretti, P. J. (1994). Glutamate uptake into astrocytes
stimulates aerobic glycolysis: a mechanism coupling neuronal activity to
glucose utilization. Proc. Natl. Acad. Sci. U S A 91, 10625–10629. doi: 10.
1073/pnas.91.22.10625

Pelvig, D. P., Pakkenberg, H., Stark, A. K., and Pakkenberg, B. (2008). Neocortical
glial cell numbers in human brains. Neurobiol. Aging 29, 1754–1762. doi: 10.
1016/j.neurobiolaging.2007.04.013

Pennington, K., Beasley, C. L., Dicker, P., Fagan, A., English, J., Pariante, C. M.,
et al. (2008). Prominent synaptic and metabolic abnormalities revealed by
proteomic analysis of the dorsolateral prefrontal cortex in schizophrenia
and bipolar disorder. Mol. Psychiatry 13, 1102–1117. doi: 10.1038/sj.mp.
4002098

Pereira, A. Jr., and Furlan, F. A. (2010). Astrocytes and human cognition: modeling
information integration and modulation of neuronal activity. Prog. Neurobiol.
92, 405–420. doi: 10.1016/j.pneurobio.2010.07.001

Perez, J. A., Clinton, S. M., Turner, C. A., Watson, S. J., and Akil, H. (2009). A new
role for FGF2 as an endogenous inhibitor of anxiety. J. Neurosci. 29, 6379–6387.
doi: 10.1523/JNEUROSCI.4829-08.2009

Peters, A. (2004). A fourth type of neuroglial cell in the adult central nervous
system. J. Neurocytol. 33, 345–357. doi: 10.1023/b:neur.0000044195.64009.27

Pfefferbaum, A., Sullivan, E. V., Hedehus, M., Adalsteinsson, E., Lim, K. O., and
Moseley, M. (2000). In vivo detection and functional correlates of white matter
microstructural disruption in chronic alcoholism. Alcohol. Clin. Exp. Res. 24,
1214–1221. doi: 10.1111/j.1530-0277.2000.tb02086.x

Pittenger, C., Coric, V., Banasr, M., Bloch, M., Krystal, J. H., and Sanacora, G.
(2008). Riluzole in the treatment of mood and anxiety disorders. CNS Drugs
22, 761–786. doi: 10.2165/00023210-200822090-00004

Ponomarev, I., Rau, V., Eger, E. I., Harris, R. A., and Fanselow, M. S.
(2010). Amygdala transcriptome and cellular mechanisms underlying stress-
enhanced fear learning in a rat model of posttraumatic stress disorder.
Neuropsychopharmacology 35, 1402–1411. doi: 10.1038/npp.2010.10

Prust, M., Wang, J., Morizono, H., Messing, A., Brenner, M., Gordon, E., et al.
(2011). GFAP mutations, age at onset and clinical subtypes in Alexander
disease. Neurology 77, 1287–1294. doi: 10.1212/WNL.0b013e3182309f72

Quesseveur, G., David, D. J., Gaillard, M. C., Pla, P., Wu, M. V., Nguyen, H. T.,
et al. (2013). BDNF overexpression in mouse hippocampal astrocytes promotes
local neurogenesis and elicits anxiolytic-like activities. Transl. Psychiatry
3:e253. doi: 10.1038/tp.2013.30

Radewicz, K., Garey, L. J., Gentleman, S. M., and Reynolds, R. (2000). Increase in
HLA-DR immunoreactive microglia in frontal and temporal cortex of chronic
schizophrenics. J. Neuropathol. Exp. Neurol. 59, 137–150.

Rajkowska, G. (2002a). Cell pathology in bipolar disorder. Bipolar Disord. 4,
105–116. doi: 10.1034/j.1399-5618.2002.01149.x

Rajkowska, G. (2002b). Cell pathology in mood disorders. Semin. Clin.
Neuropsychiatry 7, 281–292. doi: 10.1053/scnp.2002.35228

Rajkowska, G., Halaris, A., and Selemon, L. D. (2001). Reductions in neuronal and
glial density characterize the dorsolateral prefrontal cortex in bipolar disorder.
Biol. Psychiatry 49, 741–752. doi: 10.1016/s0006-3223(01)01080-0

Rajkowska, G., Hughes, J., Stockmeier, C. A., Javier Miguel-Hidalgo, J., and
Maciag, D. (2013). Coverage of blood vessels by astrocytic endfeet is reduced
in major depressive disorder. Biol. Psychiatry 73, 613–621. doi: 10.1016/j.
biopsych.2012.09.024

Rajkowska, G., and Miguel-Hidalgo, J. J. (2007). Gliogenesis and glial pathology
in depression. CNS Neurol. Disord. Drug Targets 6, 219–233. doi: 10.
2174/187152707780619326

Rajkowska, G., Miguel-Hidalgo, J. J., Wei, J., Dilley, G., Pittman, S. D., Meltzer,
H. Y., et al. (1999). Morphometric evidence for neuronal and glial prefrontal
cell pathology in major depression. Biol. Psychiatry 45, 1085–1098. doi: 10.
1016/s0006-3223(99)00041-4

Regenold, W. T., Phatak, P., Marano, C. M., Gearhart, L., Viens, C. H., and Hisley,
K. C. (2007). Myelin staining of deep white matter in the dorsolateral prefrontal
cortex in schizophrenia, bipolar disorder and unipolar major depression.
Psychiatry Res. 151, 179–188. doi: 10.1016/j.psychres.2006.12.019

Richardson, W. D., Young, K. M., Tripathi, R. B., and McKenzie, I. (2011). NG2-
glia as multipotent neural stem cells: fact or fantasy? Neuron 70, 661–673.
doi: 10.1016/j.neuron.2011.05.013

Rimondini, R., Arlinde, C., Sommer, W., and Heilig, M. (2002). Long-lasting
increase in voluntary ethanol consumption and transcriptional regulation in
the rat brain after intermittent exposure to alcohol. FASEB J. 16, 27–35. doi: 10.
1096/fj.01-0593com

Rinholm, J. E., Hamilton, N. B., Kessaris, N., Richardson, W. D., Bergersen,
L. H., and Attwell, D. (2011). Regulation of oligodendrocyte development
and myelination by glucose and lactate. J. Neurosci. 31, 538–548. doi: 10.
1523/JNEUROSCI.3516-10.2011

Rodriguez, D., Gauthier, F., Bertini, E., Bugiani, M., Brenner, M., N’Guyen, S.,
et al. (2001). Infantile Alexander disease: spectrum of GFAP mutations and

Frontiers in Cellular Neuroscience | www.frontiersin.org December 2015 | Volume 9 | Article 468 | 27

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Elsayed and Magistretti Glial Involvement Beyond the Glue

genotype-phenotype correlation. Am. J. Hum. Genet. 69, 1134–1140. doi: 10.
1086/323799

Rothstein, J. D., Dykes-Hoberg, M., Pardo, C. A., Bristol, L. A., Jin, L., Kuncl,
R. W., et al. (1996). Knockout of glutamate transporters reveals a major role
for astroglial transport in excitotoxicity and clearance of glutamate. Neuron 16,
675–686. doi: 10.1016/s0896-6273(00)80086-0

Roy, K., Murtie, J. C., El-Khodor, B. F., Edgar, N., Sardi, S. P., Hooks, B. M.,
et al. (2007). Loss of erbB signaling in oligodendrocytes alters myelin and
dopaminergic function, a potential mechanism for neuropsychiatric disorders.
Proc. Natl. Acad. Sci. U S A 104, 8131–8136. doi: 10.1073/pnas.0702157104

Russell, V. A., Oades, R. D., Tannock, R., Killeen, P. R., Auerbach, J. G., Johansen,
E. B., et al. (2006). Response variability in attention-deficit/hyperactivity
disorder: a neuronal and glial energetics hypothesis. Behav. Brain Funct. 2:30.
doi: 10.1186/1744-9081-2-30

Sanacora, G., and Banasr, M. (2013). From pathophysiology to novel
antidepressant drugs: glial contributions to the pathology and treatment of
mood disorders. Biol. Psychiatry 73, 1172–1179. doi: 10.1016/j.biopsych.2013.
03.032

Sanchez-Abarca, L. I., Tabernero, A., and Medina, J. M. (2001). Oligodendrocytes
use lactate as a source of energy and as a precursor of lipids. Glia 36, 321–329.
doi: 10.1002/glia.1119

Sandau, U. S., Alderman, Z., Corfas, G., Ojeda, S. R., and Raber, J. (2012).
Astrocyte-specific disruption of SynCAM1 signaling results in ADHD-like
behavioral manifestations. PLoS One 7:e36424. doi: 10.1371/journal.pone.
0036424

Sander, T., Ostapowicz, A., Samochowiec, J., Smolka, M., Winterer, G., and
Schmidt, L. G. (2000). Genetic variation of the glutamate transporter EAAT2
gene and vulnerability to alcohol dependence. Psychiatr. Genet. 10, 103–107.
doi: 10.1097/00041444-200010030-00001

Sari, Y., and Sreemantula, S. N. (2012). Neuroimmunophilin GPI-1046 reduces
ethanol consumption in part through activation of GLT1 in alcohol-
preferring rats. Neuroscience 227, 327–335. doi: 10.1016/j.neuroscience.2012.
10.007

Sawaishi, Y. (2009). Review of Alexander disease: beyond the classical concept of
leukodystrophy. Brain Dev. 31, 493–498. doi: 10.1016/j.braindev.2009.03.006

Schafer, D. P., Lehrman, E. K., Kautzman, A. G., Koyama, R., Mardinly, A. R.,
Yamasaki, R., et al. (2012). Microglia sculpt postnatal neural circuits in an
activity and complement-dependent manner. Neuron 74, 691–705. doi: 10.
1016/j.neuron.2012.03.026

Schell, M. J., Molliver, M. E., and Snyder, S. H. (1995). D-serine, an endogenous
synaptic modulator: localization to astrocytes and glutamate-stimulated
release. Proc. Natl. Acad. Sci. U S A 92, 3948–3952. doi: 10.1073/pnas.92.9.3948

Schmitt, A., Steyskal, C., Bernstein, H. G., Schneider-Axmann, T., Parlapani, E.,
Schaeffer, E. L., et al. (2009). Stereologic investigation of the posterior part of
the hippocampus in schizophrenia. Acta Neuropathol. 117, 395–407. doi: 10.
1007/s00401-008-0430-y

Scholz, J., Klein, M. C., Behrens, T. E., and Johansen-Berg, H. (2009). Training
induces changes in white-matter architecture. Nat. Neurosci. 12, 1370–1371.
doi: 10.1038/nn.2412

Scofield, M. D., and Kalivas, P. W. (2014). Astrocytic dysfunction and addiction:
consequences of impaired glutamate homeostasis. Neuroscientist 20, 610–622.
doi: 10.1177/1073858413520347

Seedat, S., Videen, J. S., Kennedy, C. M., and Stein, M. B. (2005). Single voxel
proton magnetic resonance spectroscopy in women with and without intimate
partner violence-related posttraumatic stress disorder. Psychiatry Res. 139,
249–258. doi: 10.1016/j.pscychresns.2005.06.001

Semrud-Clikeman, M., Steingard, R. J., Filipek, P., Biederman, J., Bekken, K., and
Renshaw, P. F. (2000). Using MRI to examine brain-behavior relationships in
males with attention deficit disorder with hyperactivity. J. Am. Acad. Child
Adolesc. Psychiatry 39, 477–484. doi: 10.1097/00004583-200004000-00017

Serra-De-Oliveira, N., Boilesen, S. N., Prado De Franca Carvalho, C., LeSueur-
Maluf, L., Zollner, R. L., Spadari, R. C., et al. (2015). Behavioural changes
observed in demyelination model shares similarities with white matter
abnormalities in humans. Behav. Brain Res. 287, 265–275. doi: 10.1016/j.bbr.
2015.03.038

Silberberg, G., Darvasi, A., Pinkas-Kramarski, R., and Navon, R. (2006). The
involvement of ErbB4 with schizophrenia: association and expression studies.
Am. J. Med. Genet. B Neuropsychiatr. Genet. 141B, 142–148. doi: 10.1002/ajmg.
b.30275

Snider, S. E., Hendrick, E. S., and Beardsley, P. M. (2013). Glial cell modulators
attenuate methamphetamine self-administration in the rat. Eur. J. Pharmacol.
701, 124–130. doi: 10.1016/j.ejphar.2013.01.016

Sorg, O., and Magistretti, P. J. (1991). Characterization of the glycogenolysis
elicited by vasoactive intestinal peptide, noradrenaline and adenosine in
primary cultures of mouse cerebral cortical astrocytes. Brain Res. 563, 227–233.
doi: 10.1016/0006-8993(91)91538-c

Souza Ade, A., Da Silva, G. S., Velez, B. S., Santoro, A. B., and Montero-Lomeli,
M. (2010). Glycogen synthesis in brain and astrocytes is inhibited by chronic
lithium treatment. Neurosci. Lett. 482, 128–132. doi: 10.1016/j.neulet.2010.
07.016

Sparacio, S. M., Zhang, Y., Vilcek, J., and Benveniste, E. N. (1992). Cytokine
regulation of interleukin-6 gene expression in astrocytes involves activation
of an NF-κ B-like nuclear protein. J. Neuroimmunol. 39, 231–242. doi: 10.
1016/0165-5728(92)90257-l

Stark, A. K., Uylings, H. B., Sanz-Arigita, E., and Pakkenberg, B. (2004). Glial cell
loss in the anterior cingulate cortex, a subregion of the prefrontal cortex, in
subjects with schizophrenia. Am. J. Psychiatry 161, 882–888. doi: 10.1176/appi.
ajp.161.5.882

Steffek, A. E., McCullumsmith, R. E., Haroutunian, V., and Meador-Woodruff,
J. H. (2008). Cortical expression of glial fibrillary acidic protein and glutamine
synthetase is decreased in schizophrenia. Schizophr. Res. 103, 71–82. doi: 10.
1016/j.schres.2008.04.032

Steiner, J., Bielau, H., Brisch, R., Danos, P., Ullrich, O., Mawrin, C.,
et al. (2008). Immunological aspects in the neurobiology of suicide:
elevated microglial density in schizophrenia and depression is associated
with suicide. J. Psychiatr. Res. 42, 151–157. doi: 10.1016/j.jpsychires.2006.
10.013

Steiner, J., Walter, M., Gos, T., Guillemin, G. J., Bernstein, H. G., Sarnyai,
Z., et al. (2011). Severe depression is associated with increased microglial
quinolinic acid in subregions of the anterior cingulate gyrus: evidence for an
immune-modulated glutamatergic neurotransmission? J. Neuroinflammation
8:94. doi: 10.1186/1742-2094-8-94

Stewart, S. E., Platko, J., Fagerness, J., Birns, J., Jenike, E., Smoller, J. W., et al.
(2007). A genetic family-based association study of OLIG2 in obsessive-
compulsive disorder. Arch. Gen. Psychiatry 64, 209–214. doi: 10.1001/archpsyc.
64.2.209

Suzuki, A., Stern, S. A., Bozdagi, O., Huntley, G. W., Walker, R. H., Magistretti,
P. J., et al. (2011). Astrocyte-neuron lactate transport is required for long-term
memory formation. Cell 144, 810–823. doi: 10.1016/j.cell.2011.02.018

Takano, T., Tian, G. F., Peng, W., Lou, N., Libionka, W., Han, X., et al. (2006).
Astrocyte-mediated control of cerebral blood flow. Nat. Neurosci. 9, 260–267.
doi: 10.1038/nn1623

Tanaka, K., Watase, K., Manabe, T., Yamada, K., Watanabe, M., Takahashi, K.,
et al. (1997). Epilepsy and exacerbation of brain injury in mice lacking the
glutamate transporter GLT-1. Science 276, 1699–1702. doi: 10.1126/science.
276.5319.1699

Taveggia, C., Zanazzi, G., Petrylak, A., Yano, H., Rosenbluth, J., Einheber, S.,
et al. (2005). Neuregulin-1 type III determines the ensheathment fate of axons.
Neuron 47, 681–694. doi: 10.1016/j.neuron.2005.08.017

Tian, R., Wu, X., Hagemann, T. L., Sosunov, A. A., Messing, A., McKhann,
G. M., et al. (2010). Alexander disease mutant glial fibrillary acidic protein
compromises glutamate transport in astrocytes. J. Neuropathol. Exp. Neurol.
69, 335–345. doi: 10.1097/NEN.0b013e3181d3cb52

Tkachev, D., Mimmack, M. L., Huffaker, S. J., Ryan, M., and Bahn, S.
(2007). Further evidence for altered myelin biosynthesis and glutamatergic
dysfunction in schizophrenia. Int. J. Neuropsychopharmacol. 10, 557–563.
doi: 10.1017/s1461145706007334

Tkachev, D., Mimmack, M. L., Ryan, M. M., Wayland, M., Freeman, T.,
Jones, P. B., et al. (2003). Oligodendrocyte dysfunction in schizophrenia
and bipolar disorder. Lancet 362, 798–805. doi: 10.1016/s0140-6736(03)
14297-3

Todd, R. D., and Botteron, K. N. (2001). Is attention-deficit/hyperactivity
disorder an energy deficiency syndrome? Biol. Psychiatry 50, 151–158. doi: 10.
1016/S0006-3223(01)01173-8

Toro, C. T., Hallak, J. E., Dunham, J. S., and Deakin, J. F. (2006). Glial fibrillary
acidic protein and glutamine synthetase in subregions of prefrontal cortex in
schizophrenia and mood disorder. Neurosci. Lett. 404, 276–281. doi: 10.1016/j.
neulet.2006.05.067

Frontiers in Cellular Neuroscience | www.frontiersin.org December 2015 | Volume 9 | Article 468 | 28

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Elsayed and Magistretti Glial Involvement Beyond the Glue

Townsend, J. D., Eberhart, N. K., Bookheimer, S. Y., Eisenberger, N. I., Foland-
Ross, L. C., Cook, I. A., et al. (2010). fMRI activation in the amygdala
and the orbitofrontal cortex in unmedicated subjects with major depressive
disorder. Psychiatry Res. 183, 209–217. doi: 10.1016/j.pscychresns.2010.
06.001

Tremblay,M. E., Lowery, R. L., andMajewska, A. K. (2010).Microglial interactions
with synapses are modulated by visual experience. PLoS Biol. 8:e1000527.
doi: 10.1371/journal.pbio.1000527

Uranova, N. A., Vostrikov, V. M., Orlovskaya, D. D., and Rachmanova, V. I.
(2004). Oligodendroglial density in the prefrontal cortex in schizophrenia
and mood disorders: a study from the stanley neuropathology consortium.
Schizophr. Res. 67, 269–275. doi: 10.1016/s0920-9964(03)00181-6

Uranova, N., Orlovskaya, D., Vikhreva, O., Zimina, I., Kolomeets, N., Vostrikov,
V., et al. (2001). Electron microscopy of oligodendroglia in severe mental
illness. Brain Res. Bull. 55, 597–610. doi: 10.1016/s0361-9230(01)00528-7

Van Berckel, B. N., Bossong, M. G., Boellaard, R., Kloet, R., Schuitemaker,
A., Caspers, E., et al. (2008). Microglia activation in recent-onset
schizophrenia: a quantitative (R)-[11C]PK11195 positron emission
tomography study. Biol. Psychiatry 64, 820–822. doi: 10.1016/j.biopsych.2008.
04.025

Vartanian, T., Fischbach, G., and Miller, R. (1999). Failure of spinal cord
oligodendrocyte development in mice lacking neuregulin. Proc. Natl. Acad. Sci.
U S A 96, 731–735. doi: 10.1073/pnas.96.2.731

Ventura, R. E., and Goldman, J. E. (2006). Telencephalic oligodendrocytes battle it
out. Nat. Neurosci. 9, 153–154. doi: 10.1038/nn0206-153

Verkhratsky, A., Orkand, R. K., and Kettenmann, H. (1998). Glial calcium:
homeostasis and signaling function. Physiol. Rev. 78, 99–141.

Verkhratsky, A., Rodríguez, J. J., and Steardo, L. (2014). Astrogliopathology:
a central element of neuropsychiatric diseases? Neuroscientist 20, 576–588.
doi: 10.1177/1073858413510208

Vielkind, U., Walencewicz, A., Levine, J. M., and Bohn, M. C. (1990). Type
II glucocorticoid receptors are expressed in oligodendrocytes and astrocytes.
J. Neurosci. Res. 27, 360–373. doi: 10.1002/jnr.490270315

Volkow, N. D., Baler, R. D., and Goldstein, R. Z. (2011). Addiction: pulling at the
neural threads of social behaviors. Neuron 69, 599–602. doi: 10.1016/j.neuron.
2011.01.027

Volterra, A., and Meldolesi, J. (2005). Astrocytes, from brain glue to
communication elements: the revolution continues. Nat. Rev. Neurosci. 6,
626–640. doi: 10.1038/nrn1722

Vostrikov, V. M., Uranova, N. A., and Orlovskaya, D. D. (2007). Deficit
of perineuronal oligodendrocytes in the prefrontal cortex in schizophrenia
and mood disorders. Schizophr. Res. 94, 273–280. doi: 10.1016/j.schres.2007.
04.014

Walz, W., and Mukerji, S. (1988). Lactate release from cultured astrocytes
and neurons: a comparison. Glia 1, 366–370. doi: 10.1002/glia.4400
10603

Webster, M. J., O’Grady, J., Kleinman, J. E., and Weickert, C. S. (2005). Glial
fibrillary acidic protein mRNA levels in the cingulate cortex of individuals with
depression, bipolar disorder and schizophrenia. Neuroscience 133, 453–461.
doi: 10.1016/j.neuroscience.2005.02.037

Wennström, M., Hellsten, J., Ekstrand, J., Lindgren, H., and Tingström, A.
(2006). Corticosterone-induced inhibition of gliogenesis in rat hippocampus
is counteracted by electroconvulsive seizures. Biol. Psychiatry 59, 178–186.
doi: 10.1016/j.biopsych.2005.08.032

Wierzba-Bobrowicz, T., Lewandowska, E., Lechowicz, W., Stepień, T., and
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Johann Steiner1, Martin Walter1,2 and Bernhard Bogerts1
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There is increasing evidence for disturbances within the glutamate system in patients
with affective disorders, which involve disruptions of the glutamate–glutamine-cycle.
The mainly astroglia-located enzyme glutamine synthetase (GS) catalyzes the ATP-
dependent condensation of ammonia and glutamate to form glutamine, thus playing
a central role in glutamate and glutamine homoeostasis. However, GS is also expressed
in numerous oligodendrocytes (OLs), another class of glial cells implicated in mood
disorder pathology. To learn more about the role of glia-associated GS in mental
illnesses, we decided to find out if numerical densities of glial cells immunostained for the
enzyme protein differ between subjects with major depressive disorder, bipolar disorder
(BD), and psychically healthy control cases. Counting of GS expressing astrocytes (ACs)
and OLs in eight cortical and two subcortical brain regions of subjects with mood
disorder (N = 14), BD (N = 15), and controls (N = 16) revealed that in major depression
the densities of ACs were significantly reduced in some cortical but not subcortical gray
matter areas, whereas no changes were found for OLs. In BD no alterations of GS-
immunoreactive glia were found. From our findings we conclude that (1) GS expressing
ACs are prominently involved in glutamate-related disturbances in major depression, but
not in BD and (2) GS expressing OLs, though being present in significant numbers in
prefrontal cortical areas, play a minor (if any) role in mood disorder pathology. The latter
assumption is supported by findings of others showing that – at least in the mouse
brain cortex – GS immunoreactive oligodendroglial cells are unable to contribute to
the glutamate–glutamine-cycle due to the complete lack of amino acid transporters
(Takasaki et al., 2010).

Keywords: major depression, bipolar disorder, cortex, glutamine synthetase, astroglia, oligodendroglia,
immunocytochemistry

Abbreviations: AC(s), astrocyte(s); Aic, anterior insular cortex; ANOVA, A single-factor analysis of variance; ATP,
adenosine triphosphate; BD, bipolar disorder; CNS, Central Nervous System; DLPFC, dorso-lateral prefrontal cortex; GABA,
γ-Aminobutyric acid; DSM-IV; Diagnostic and Statistical Manual of Mental Disorders IVth edition; GFAP; glial fibrillary
acidic protein; Glx, glutamate-glutamine-GABA complex; GS, glutamine synthetase; MANOVA, Multivariate analysis of
covariance; MDD, major depression disorder; MSR, Magnetic Resonance Spectroscopy; OL(s), oligodendrocyte(s); n.a., not
available; NAc, Nuc. Accumbens; pACC, pregenual anterior cingulate; PBS, Phosphate buffered saline; sACC, subgenual
anterior cingulate cortex.
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Introduction

Initially, search for the possible cellular substrate of mood
disorder pathology had focused on neurons (Rajkowska, 2000,
2002; Cotter et al., 2001a,b, 2002; Manji et al., 2001). However,
during the last years a wave of information appeared to
suggest that glial cells prominently, and in many ways,
contribute to brain structural and functional changes in mood
disorders. In numerous histological postmortem investigations
both significantly reduced (Öngür et al., 1998; Rajkowska, 2000;
Cotter et al., 2001a,b; Hamidi et al., 2004; Uranova et al., 2004;
Rajkowska and Miguel-Hidalgo, 2007; Altshuler et al., 2010; Gos
et al., 2013) and increased (Davis et al., 2002; Mosebach et al.,
2013; Malchow et al., 2014) glial cell numbers and numerical
densities have been observed in prefrontal cortex areas and limbic
regions. In addition, characteristic changes in gene expression
patterns and metabolic pathways of glial cells have been found
in affective disorders (reviewed in Barley et al., 2009; Steiner
et al., 2012; Mosebach et al., 2013; Duncan et al., 2014; Schroeter
et al., 2014; Bernstein et al., 2015). Of note, each of the three glial
cell classes (i.e., ACs, OLs, and microglia) appears to confer its
unique contribution to the pathophysiology of affective disorders.
Moreover, their impact may be different in MDD (Verkhratsky
et al., 2014) and in BD, (Savitz et al., 2014; Dong and Zhen,
2015). In this context, much attention has been paid to the
possible role of ACs in MDD and BD pathology. Being the
most prevalent cell type in the human brain, ACs serve a wide
range of different functions in the CNS. They play important
roles in synaptic transmission, control of neuronal metabolism,
sensing of brain microenvironment, maintenance of blood-
brain barrier integrity, brain defense and inflammatory processes
(Sofroniew and Vinters, 2010; Teschemacher et al., 2015). Since
synaptic, metabolic and inflammatory dysregulation are reported
in MDD and BD (Harrison, 2002; Si et al., 2004; Kato et al.,
2013; Duman, 2014; Maletic and Raison, 2014; and others),
AC abnormalities may be implicated in these disorders. ACs
exert influence on cerebral information processing mainly in two
ways: (1) they release, by exocytosis, gliotransmitters (glutamate,
D-serine, GABA and ATP, Sahlender et al., 2014), which facilitate
the communication between neurons and neuron-glia crosstalk,
and (2) they remove glutamate from extracellular space and
provide glutamatergic and GABAergic neurons with glutamine,
which they synthesize from glutamate, ammonia and ATP
(Anlauf and Derouiche, 2013). Theoretically, impaired release
of gliotransmitters (Van Horn et al., 2013) and/or compromised
glutamate uptake and recycling by ACs might significantly
contribute to anomalies of glutamatergic (and, most probably,
GABAergic) neurotransmission reported in MDD and BD (for
reviews, see Walter et al., 2009; Brennan et al., 2010; Gigante
et al., 2012; Salvadore et al., 2012; Bernstein et al., 2013; Dou
et al., 2013; Duman, 2014; Arnone et al., 2015; Pehrson and
Sanchez, 2015). However, while knowledge about the possible
impact of gliotransmitters on mood disorder pathology is
still fragmentary (Etiévant et al., 2013), there is some good
evidence in favor of impaired AC-related glutamate-glutamine
cycling as an important contributing factor in affective disorders
(reviewed in detail by Bernstein et al., 2013 and Rajkowska

and Stockmeier, 2013). Due to its central position in the
glutamate–glutamine–GABA cycle, the glutamine-synthesizing
enzyme GS (aka glutamate-ammonia ligase, EC 6.3.1.2) came
early into focus of research, and a number of papers have
meanwhile been published about alterations in GS in MDD
and BD. In subjects with MDD a majority of studies show
a decrease of cerebral GS. The expression of GS mRNA was
reported to be down-regulated in the prefrontal cortex, the
premotor cortex, and the amygdala of depressed suicide victims
but not in suicide completers without depression (Choudary
et al., 2005; Sequeira et al., 2009), whereas GS protein was
found to be reduced in the anterior cingulate cortex and the
orbitofrontal cortex (Choudary et al., 2005; Beasley et al., 2006;
Miguel-Hidalgo et al., 2010; Rajkowska and Stockmeier, 2013).
However, no alterations in cortical GS of MDD subjects were
found by others (Toro et al., 2006). The implication of GS for
BD is less well explored, and the sparse data are inconsistent.
GS expression was reported unchanged (Toro et al., 2006) or
decreased (Choudary et al., 2005) in the prefrontal cortex of
bipolar subjects. Remarkably, all but one (Toro et al., 2006)
studies on GS expression in mood disorders used biochemical
techniques. Thus, little attention has yet been paid to the type
of GS-expressing cells, although there is evidence that GS can
also be detected in extra-astroglial localizations [i.e., in numerous
OLs and even in some neurons (Takasaki et al., 2010; Iwata
et al., 2013; Bernstein et al., 2014 and others)]. Thus, theoretically,
disease-related alterations of GS expression might involve non-
astroglial cells, too. We, therefore, counted GS expressing glial
cells in ten different cortical and subcortical brain areas of
subjects with MDD, BD, and psychically healthy controls and
show herein that (1) significantly reduced densities of GS-
immunoreactive glial cells occur in cortical areas of MDD, but
not BD subjects and (2) these changes are restricted to GS
expressing ACs, whereas GS expressing OLs are normal in mood
disorders.

Materials and Methods

Subjects
All brains were obtained from the New Magdeburg brain
collection. Case recruitment, acquisition of personal data,
performance of autopsy, and handling of autoptic material were
conducted in strict accordance with the Declaration of Helsinki,
and have been approved by the responsible Ethical Committee
of Magdeburg. Written consent was obtained from the next-of-
kin. Information for clinical diagnoses was obtained from clinical
records and/or structural interviews of physicians involved in
treatment or relatives (Bielau et al., 2005).

Brains of 29 human subjects with mood disorders according
to DSM-IV were studied. Of these individuals 14 (8 female, 6
male; mean age: 46.9 ± 11.4 years) had suffered from a MDD
and 15 (5 female, 10 male; mean age: 53.5 ± 10.4 years) had
a BD. Sixteen control individuals (9 female, 7 male; mean age:
50.4 ± 11.0 years) without a history of neuropsychiatric disorder
were also investigated. None of the patients or controls had
a history of substance abuse or alcoholism. Neuropathological
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changes due to neurodegenerative or traumatic processes were
ruled out by an experienced neuropathologist as previously
described (Bielau et al., 2005). These cases were matched
with respect to age, gender, and autolysis time. The matching
processes were done prior to all analyses. For demographical,
clinical, and psychopharmacological details see Tables 1 and 2.
The mean daily doses of psychotropic medication taken by
patients during the last 90 lifetime days were established
according to the clinical files. Since our brain bank has
been established about 25 years ago, patients received tricyclic
antidepressants instead of selective serotonin or noradrenalin
reuptake inhibitors (for detailed considerations, see Mosebach
et al., 2013).

Tissue Processing
Brains were removed within 4–96 h after death and fixed in toto
in 8% phosphate-buffered formaldehyde for at least 2 months
(pH = 7.0, T = 15–20◦C).

Frontal and occipital poles were separated by coronal cuts
0.9 cm anterior to the genu and posterior to the splenium of the
corpus callosum. After embedding of all parts of the brains in
paraffin, serial coronal sections of the prefrontal and the middle
blocks were cut (20 μm) and mounted. The shrinkage factor
caused by fixation and embedding of the brains was calculated
by a method described previously (Bernstein et al., 1998a).
The mean volume shrinkage factor for patients with affective
disorders and controls was 2.21. No significant differences in the
shrinkage factors among the three groups MDD, BP, and controls
were found. Every 50th section was Nissl and myelin stained as
described previously (Bernstein et al., 1998b).

Glutamine Synthetase Immunohistochemistry
For immunohistochemical stainings, whole brain sections were
collected at intervals of about 0.2 cm between 1.8 and 1 cm rostral
to the genu of the corpus callosum. The pACC, (Brodmann
Area 32) and dorsolateral prefrontal (DLPFC, Brodmann Area 9)
cortices were easily identifiable using the “Atlas of the Human
Brain” by Mai et al. (2003). Sections containing the left and
right sACC, Aic, (Brodmann area 14), and the NAc were selected
at intervals of 0.2 cm. To immunolocalize GS, we employed a
well-characterized, monospecific polyclonal antiserum generated
in rabbits against human GS (Prestige Antibody HPA 007316;
Lot C 81287; from Sigma–Aldrich, Munich, Germany). Since
different lots of the same antibody may considerably differ
with regard to their staining properties (Couchman, 2009), we
tested three different lots of the GS antiserum HPA 007316
(namely A42599, C81287, R04375). In our hands all three lots
were of the same superior quality, and we decided to continue
working with Lot C 81287. After dewaxing antigen demasking
was carried out by boiling the sections for 4 min in 10 mM citrate
buffer (pH 6.0). Thereafter, the sections were pre-incubated
with methanol/H2O2 to suppress endogenous peroxidases and
repeatedly washed with PBS. Subsequently, the primary GS
antibody was applied at a dilution of 1:500 for 72 h at 4◦C.
Sections were then incubated with a biotinylated anti rabbit
IgG (Amersham Bioscience, Buckinghamshire, GB), followed by
the streptavidin horse radish complex for the application of the

streptavidin–biotin technique (Amersham). The chromogen 3,3′-
diaminobenzidine was used to visualize the reaction product.
Subsequently, ammonium nickel sulfate hexahydrate was added
to enhance the immunoreaction (Bernstein et al., 2013). For
control purposes, the primary antiserum was replaced by either
buffer or normal serum. Further control experiments involved
the application of the GS antiserum after preabsorption with
GS protein (recombinant human GS, charge number CE02;
from Novoprotein, Shanghai, China) as described earlier in
detail (Bernstein et al., 2014). When these controls were
done the investigated regions did not show any specific
immunostaining.

Glial Fibrillary Acidic Protein (GFAP)
Immunohistochemistry
For reasons of comparison and better delineation of cortical gray
matter areas sections adjacent to GS immunostained ones were
immunolabeled for GFAP. Amonoclonal antibody (diluted 1:100
in PBS, from DAKO) was used. The secondary antibody was an
anti-mouse peroxidase (from Biozol, Eching, Germany; dilution
1:50). The working dilution was 1:2000. Visualization was as
described for GS. Controls involved replacement of the primary
antiserum by either buffer or normal serum.

Cell Countings
The actual section thickness after the histological procedures
was 18.9 ± 1.0 μm (mean ± SD). The optical disector cell-
counting method was employed. Cell countings were performed
in two coronal sections per brain area under blind conditions.
A counting grid was used to define a three-dimensional box
within the thickness of the section as described previously
(Bernstein et al., 1998b) allowing at least 4 μM guard zones at
the top and bottom of the section, and to apply a direct, three-
dimensional counting method. Fifteen consecutive boxes per left
and right cortical area were positioned, spanning the layers I
and II, layer III, and another 15 spanning the layers IV, V, and
VI, thus subdividing cortical gray matter regions into superficial
and deep layers as proposed by Katsel et al. (2011). To count
immunostained cells in the NAc we used 15 boxes per section and
hemisphere. The packing densities of glial cells are noted as the
number of cells × 103/mm3. The product of the volume and glial
cell density provided the total cell number estimates. The inter-
rater reliability was about 0.87. In a few cases we observed some
local tissue damage in the brain region of interest. Cell counts
of these particular regions were rigorously excluded from further
calculations, which resulted in smaller cohorts than nominally
indicated (for example, number of right NAc in MDD subjects:
12 instead of 14 cases).

Statistical Analysis
A single-factor analysis of variance was performed using
diagnostic groups as a three-level independent variable (MDD
patients versus BD versus non-psychiatric controls) and
measured and calculated parameters were treated as dependent
variables. MANOVA was performed with diagnosis and side,
ie., left and right hemisphere, as independent variables (repeated
measures). Effect sizes were determined for 3-group comparisons
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TABLE 1 | Demographical data of patients and controls.

Diagnosis case Gender Age (years) Postmortem autolysis time (h) Duration of illness/years Cause of death

MDD (n = 14)

1 Male 42 5 n.a. Suicide (hanging)

2 Female 39 48 7 Suicide (benzodiazepines overdose)

3 Female 46 48 11 Suicide (hanging)

4 Female 53 48 n.a. Suicide (hanging)

5 Female 63 17 2 Pulmonary embolism

6 Female 61 70 11 Heart failure

8 Male 35 24 2 Suicide (slitting of the wrists)

9 Male 36 48 1 Suicide (hanging)

10 Male 42 24 n.a. Acute pancreatitis

11 Male 30 24 n.a. Suicide (hanging)

12 Female 60 24 1 Suicide (hanging)

13 Female 59 48 4 Suicide (hanging)

14 Female 35 24 n.a. Suicide (strangulation)

15 Male 55 24 n.a. Suicide (strangulation)

8 Female/6 Male 46.9 ± 11.4 34.0 ± 17.6 4.9 ± 4.3

BD (n = 15)

16 Male 47 24 9 Suicide (stabbing)

17 Female 46 4 13 Suicide (tablet intoxication)

18 Male 42 12 16 Suicide (hanging)

19 Female 62 72 11 Pulmonary embolism

21 Male 39 24 2 Pulmonary embolism

22 Female 59 72 24 Suicide (tablet intoxication)

23 Male 39 56 14 Myocardial infarction

24 Male 69 48 26 Pulmonary embolism

25 Male 69 24 18 Heart failure, pulmonary embolism

26 Female 52 24 16 Heart failure, pulmonary embolism

27 Female 65 52 25 Heart failure

28 Male 44 96 6 Trombosis after myocardial infarction

29 Male 57 48 n.a. Suicide (strangulation)

30 Male 60 24 5 Suicide (strangulation)

31 Male 53 24 1 Suicide (strangulation)

5 female/10 Male 53.5 ± 10.4 40.3 ± 25.8 13.3 ± 8.2

Depression 13 female/16 Male 50.3 ± 11.2 37.2 ± 22.1 10.2 ± 8.1

Controls (n = 16)

31 Male 56 48 0 Retroperitoneal hemorrhage

34 Female 52 24 0 Heart failure, renal insufficiency

35 Female 48 48 0 Status asthmaticus

38 Female 33 72 0 Aortic embolism

39 Female 50 72 0 Ruptured aortic aneurysm

40 Male 40 96 0 Myocardial infarction

41 Male 64 36 0 Ruptured aortic aneurysm

42 Female 48 26 0 Pulmonary embolism

43 Male 56 24 0 Myocardial infarction

44 Female 65 24 0 Heart failure

45 Female 30 48 0 Pulmonary embolism

46 Male 63 48 0 Heart failure (after heart surgery)

47 Female 38 24 0 Heart failure

48 Male 54 24 0 Pulmonary embolism

49 Male 46 24 0 Heart failure, cancer

50 Female 63 24 0 Myocardial infarction

9 Female/7 Male 50.4 ± 11.0 41.4 ± 22.2 −
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TABLE 2 | Psychopharmacological treatment.

Case Mean antidepressiva dose
of the last days [mg]

Mean neuroleptics dose of
the last days [mg]

Mean benzodiazepine
dose of the last days [mg]

Mean carbamazepine
dose of the last days [mg]

Mean lithium dose of the
last days [mg]

MDD (n = 14)

1 n.a. n.a. n.a. n.a. n.a.

2 93 0 3 0 560

3 124 109 0 0 0

4 0 0 0 0 0

5 50 0 0 0 0

6 30 111 16 0 0

8 0 0 0 0 0

9 0 0 0 0 0

10 200 200 n.a. n.a. n.a.

11 100 100 n.a. n.a. n.a.

12 100 440 0 0 0

13 n.a. n.a. n.a. n.a. n.a.

14 n.a. n.a. n.a. n.a. n.a.

BD (n = 15)

16 20 0 0 0 0

17 133 327 3 0 558

18 95 47 18 0 565

19 0 110 18 0 0

21 0 280 0 0 0

22 112 0 10 600 0

23 0 221 1 0 740

24 0 0 7 0 0

25 0 0 2 0 280

26 0 n.a. n.a. n.a. n.a.

27 93 117 4 0 0

28 n.a. n.a. n.a. n.a. n.a.

29 n.a. n.a. n.a. n.a. n.a.

30 n.a. n.a. n.a. n.a. n.a.

31 150 200 0 200 0

(major depressive disorder, BD, controls). Confounding
variables including whole brain volume were primarily tested on
normality by use of the Kolmogorov–Smirnov test. A post hoc
Tukey HSD test was conducted to determine which variables
were significantly different from each other. Pearson correlation
tests were carried out to investigate effects of postmortem delay,
time of fixation, illness duration, number of illness episodes,
and psychotropic medication (i.e., antidepressants, neuroleptics,
benzodiazepines, and lithium) on data. In addition, emphasis
was given to suicide as possible confounding factor. P-values less
than 0.05 were deemed to be statistically significant.

Results

Qualitative Observations
Glutamine Synthetase Immunostaining
Astrocytes
Glutamine synthetase -immunoreactive ACs were abundantly
present in the cerebral cortex and the NAc. Their morphology
was remarkably consistent. Astrocytic somata and processes

were prominently stained for GS. In addition, an intense
immunostaining was observed in the neuropil. Numerous blood
vessels were surrounded by GS-immunoreactive AC endfeet.

Oligodendrocytes
Gray matter GS-immunoreactive OLs were easily identifiable
based on their typical morphology. The immunoreaction
was confined to the cell somata. Short processes were only
infrequently immunolabeled. Immunopositive OLs were fairly
uniformly distributed throughout prefrontal cerebral cortex.
However, in the AiC and the NAc GS-expressing OLs were
relatively rarely found. Therefore, we did not count them
separately in the latter two brain regions. Examples for the
immunolocalization of GS in ACs and OLs are given in
Figures 1A–I. Figure 1J shows a control reaction.

GFAP Immunostaining
In all cortical areas GFAP protein was expressed in a majority of
ACs. Their distribution showed a laminar pattern. The highest
package density of GFAP was found in layers I (where ACs abut
at the pial surface of the brain, Miguel-Hidalgo et al., 2010) and
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FIGURE 1 | Immunolocalization of GS in cortical and subcortical human
brain glial cells in MDD, BD, and controls. (A) GS-immunoreactive ACs and
OLs (asterisk) in the pACC (control case). Bar = 20 μm. (B) GS-immunoreactive
ACs and OLs (asterisks) in the pACC (MDD subject). Bar = 20 μm.
(C) GS-immunoreactive ACs and OLs (asterisk) in the pACC (BD subject).
Bar = 20 μm. (D) GS-immunoreactive ACs and OLs (asterisks) in the sACC
(control case). Bar = 20 μm.(E) GS-expressing ACs and OLs (asterisk) in the

sACC (MDD subject). Bar = 20 μm.(F) GS-expressing ACs and OLs (asterisk) in
the DLPFC (BD subject). Bar = 20 μm. (G) GS-immunopositive ACs in the AiC
(control case). Bar = 20 μm. (H) GS-expressing ACs in the NAc (control case).
Bar = 24 μm. (I) GS-immunoreactive OLs (asterisks) in the pACC (control case).
Bar = 20 μm. (J) Specificity control reaction. After preabsorption of the primary
antiserum with recombinant GS protein no specific immunostaining is visible.
Bar = 30 μm.

II. In the NAc an even distribution of GFAP immunolabeled cell
elements was observed. OLs did not express GFAP.

Quantitative Estimates
We could replicate our own findings (Bernstein et al., 2014)
as well as results previously published by others (Toro et al.,
2006) that there is a higher density of GS-expressing cells in
superficial cortical layers I–III than in deeper cortical layers IV–
VI. It is therefore justified to count superficial and deeper layers
separately.

In subjects with mood disorder significantly reduced
numerical densities of GS immunoreactive ACs were found the
DLPFC (left side, layers I–III, p = 0.029; F = 4.487 and right
side, layers I–III; p = 0.046; F = 3.647), sACC (left side, layers
I–III, p = 0.021; F = 4.304), AiC (left side, layers I–III, p = 0.002;
F = 7.893; right side, layers I–III, p = 0.001; F = 9.789; ride side,
layers IV–VI, p = 0.015; F = 5.136). No significant changes were
detectable in the pACC and the NAc. All but one (DLPCC right
side, layers I–III) significant changes survived Tukey’s HSD post
hoc tests. Notably, no significant alterations in the numerical
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densities of OLs were found. Results of the morphometric
analyses are shown in Figures 2–6.

MDD vs. controls
Compared with controls a significant reduction in the numerical
densities of GS-immunopositive ACs was found in MDD in five
of the 10 cortical and subcortical brain regions studied: DLPFC

(left side, layers I–III, p = 0.024), sACC (left side, layers I–III,
p = 0.018); AiC (left side, layers I–III; p = 0.002; right side, layers
I–III; p = 0.001; F = 9.962; right side, layers IV–VI, p = 0.012).

BD vs. controls
In BD cases the numerical densities of GS-expressing ACs and
OLs did not significantly differ from those of controls.

FIGURE 2 | Numerical densities of GS-expressing glial cells (ACs and OLs) in the DLPFC of subjects with MDD, BD, and controls. Compared with
controls the density of GS-expressing ACs is significantly reduced in MDD cases (AC left I–III, p = 0.029; AC right I–III, p = 0.046).

FIGURE 3 | Numerical densities of GS-expressing glial cells (ACs and OLs) in the pACC of subjects with MDD, BD, and controls. No significant
alterations were found in this brain region.

FIGURE 4 | Numerical densities of GS-expressing glial cells (ACs and OLs) in the sACC of subjects with MDD, BD, and controls. Compared with
controls the density of GS-expressing ACs is significantly reduced in MDD cases (AC left I–III, p = 0.021).
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FIGURE 5 | Numerical densities of GS-expressing glial cells (ACs and
OLs) in the AiC of subjects with MDD, BD, and controls. Compared with
controls the density of GS-expressing ACs is significantly reduced in MDD
cases (AiC left I–III, p = 0.002; AiC right I–III, p = 0.001; AiC right IV–VI,
p = 0.015).

FIGURE 6 | Numerical densities of GS-expressing glial cells (ACs and
OLs) in the NAc of subjects with MDD, BD, and controls. No significant
alterations were found in this brain region.

MDD vs. BD
Compared with BD cases subjects with MDD showed
significantly decreased densities of GS-immunopositive ACs in
the DLPFC (right side, layers I–III, P = 0.047), in the AiC (left
side, layers I–III, p = 0.024; right side, layers IV.IV; p = 0.001).

Impact of Completed Suicide on Cell Densities
Since there are reports showing that GS expression is altered
in brains of suicide victims with and without mood disorder
(Kim et al., 2007; Sequeira et al., 2009; Bernstein et al., 2013)
we next analyzed the influence of the confounding factor “death
by suicide” on the densities of GS immunoreactive ACs in the
brain regions under study. For this purpose we divided MDD
and BD cases into subgroups of suicide victims (MDD: N = 11;

BD: N = 7) and depressed subjects who died of natural causes
(MDD: N = 3; BD: N = 8). With regard to MDD cases in none
of the brain regions there appeared significant differences in the
densities of GS-expressing cells between depressed subjects dying
by suicide and non-suicidal individuals with MDD. The same
holds true for subjects with BD: Suicidal and non-suicidal BD
cases did not significantly differ with regard to glial cell densities
in any of the regions studied, as exemplified for the AiC in
Figure 7. It should be emphasized, however, that the subgroup
of non-suicidal subjects with MDD is too small (N = 3) to come
to far-reaching conclusions from these data.

The Influence of Other Confounding Factors
Analysis of the potential confounding factors on the test results
revealed no significant influence of age, gender, duration of
disease, or psychotropic medication. Especially the lack of
correlation between the age and the density of GS-expressing
ACs is interesting, because Rajkowska and Stockmeier (2013)
have hypothesized the glial pathology appears to apply mostly to
younger and middle age subjects with MDD (<60 years of age).

Possible Influence of Hemispheric Asymmetry on GS
Cell Distribution in Human Brain
There is evidence in the for structural, functional, and
physiological asymmetries in the two hemispheres of
human brain (comprehensively reviewed in Jayasundar and
Raghunathan, 1997), which involve aspects of glutamate and
GABA metabolism in health and mood disorder (MDD:
Pfleiderer et al., 2003; Bajbouj et al., 2006; Gos et al., 2012; BD:
Gos et al., 2012; Xu et al., 2013). The latter might in part result
from left–right hemispheric differences in the distribution of
GS immunoreactivity (Bernstein et al., 2013), Unfortunately,
knowledge about the catalytic activity and distribution of human
brain GS comes mainly from studies of only one (namely the
left) brain hemisphere (Burbaeva et al., 2003; Rajkowska and
Miguel-Hidalgo, 2007; Miguel-Hidalgo et al., 2010). To exclude
a possible left–right asymmetry of GS, we counted left and right
hemispheres separately. No evidence was found for a significant
left–right asymmetry, neither in controls, nor in subjects with
affective disorder.

Discussion

Major depression disorder and BD are serious mental illnesses
with multifactorial pathophysiologic characteristics. The
past years have witnessed a remarkable extension of our
understanding of the neurobiology of affective disorders, adding
the glutamatergic and the GABAergic hypotheses to “classical”
monoaminergic theories of mood dysregulation (Delgado,
2000; Skolnick et al., 2009; Catena-Dell’Osso et al., 2013; Dou
et al., 2013; Hertz et al., 2014; Pehrson and Sanchez, 2015;
Schitine et al., 2015). Besides other indicators of compromised
amino acidergic neurotransmission in depression, two large
meta-analyses of neuroimaging findings have demonstrated
decreased levels of the Glx in adult MDD patients, whereas in
the brains of BD patients increased, decreased, and unchanged
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FIGURE 7 | Numerical densities of GS-expressing glial cells in the AiC of suicide completers with MDD, non-suicide completers with MDD, suicide
completers with BD, non-suicide completers with BD, and controls. No significant alterations were found.

glutamate and reduced glutamine levels have been measured
(Yüksel and Öngür, 2010; Gigante et al., 2012; Luykx et al.,
2012). Moreover, the NMDA receptor antagonist ketamine has
been shown in clinical trials to act as a rapid antidepressant in
MDD (for recent considerations, see DeWilde et al., 2015). The
acceptance of a crucial role of glutamate in the pathology of
mental disorders entails the obligatory implication of glial cells
(Arnone et al., 2015). Being part of the glutamatergic tripartite
synapse, intact ACs are central to a proper functioning of
glutamatergic neurotransmission, and imbalances in the neuron-
AC communication at the synaptic level might significantly
contribute to affective disorders, such as mania and depression
(Mitterauer, 2015; Thompson et al., 2015). The enzyme GS,
which is highly expressed in, but in its expression not restricted
to, ACs, is required to synthesize the non-toxic glutamine
from the re-uptake of either glutamate or GABA. Besides,
in human brain an immunologically and enzymatically very
closely related “sister” enzyme of (GS-like protein) of unknown
cellular localization was found (Boksha et al., 2000), which shows
altered expressions in schizophrenia and Alzheimer’s disease
(Burbaeva et al., 2003; Burbaeva et al., 2014). The possible
implication of GS-like enzyme for mood disorders is unexplored,
however. Keeping this in mind when designing this study,
we morphometrically analyzed GS-immunoreactive glial cells
located in various cortical and subcortical gray matter areas
of subjects with MDD and BD, thereby counting, wherever
possible, ACs and OLs separately. Significantly reduced densities
of GS immunopositive ACs were found in the prefrontal areas
DLPFC and sACC as well as in the AiC of subjects with MDD.
Remarkably, the densities of GS-immunopositive OLs were
normal in all regions studied, although a significant loss of
perineuronal OLs was found in prefrontal cortex sublayers IIIa,
b, and c in mood disorder by others (Vostrikov et al., 2007).
When carefully analyzing cortical GS-expressing OLs in mice,
Takasaki et al. (2010) found that the enzyme protein is mainly

expressed in perineuronal OLs, with roughly half of them being
GS-immunopositive. However, these GS-immunoreactive OLs
lack plasmalemmal glutamate transporters GLAST and GLT-1,
thus apparently being unable to participate in the glutamate-
glutamine cycle. The reason why these cells even so express
GS remains enigmatic, but is seemingly not directly related to
glutamatergic synaptic neurotransmission (possibly playing a
role in cellular ammonia clearance and/or certain metabolic
support to the associating cortical neurons, Takasaki et al., 2010;
Bernstein et al., 2014). Thus, our data clearly show a cell-type
specific reduction in cortical GS expression in individuals with
MDD, which cannot be revealed when analyzing total GS protein
in brain samples with biochemical methods. Interestingly, we
found no indication for altered densities of GS-expressing ACs in
the NAc, although this brain region plays a central role in MDD
(Thompson et al., 2015) and has therefore been chosen as a target
structure for deep brain stimulation in cases of therapy-resistant
MMD (Bewernick et al., 2012). Although ACs play a critical
role in controlling the excitability of NAc neurons via activation
of glutamatergic receptors (Fellin et al., 2007; Thompson et al.,
2015), their possible implication for “human” depression” yet is
poorly explored. However, the number of ACs in the NAc was
found to be unchanged in a developmental “toxic stress” model
of depression (Shende et al., 2015).

Unlike in MDD, no alterations in the density of GS-expressing
glial cells were found in BD cases. This is in agreement with
earlier findings by Toro et al. (2006), but in contrast to reduced
GS expression in prefrontal area of BD subjects as reported by
Choudary et al. (2005). Two possible conclusions may be drawn
from our data: either (1) glia associated-GS is normal, because
GS does not play a prominent role in the pathophysiology of
BD, and/or (2) GS expression was “normalized” (most probably
up-regulated) by long-term treatment of the disease. Given the
latter possibility, two putative factors might have increased GS
expression in brains of BD subjects: administration of lithium
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(Kalkman, 2011) and treatment with antidepressants (Hashioka
et al., 2013; Liu et al., 2015). Our calculations, however, did
not reveal significant positive correlations of numerical densities
of GS expressing glial cells and either of the aforementioned
two factors. Hence we tend to believe that GS is not a
major contributing factor to BD neuropathology. It should be
stated, however, that disease-related alterations in the cerebral
expression of GS do not always exert a direct influence
on the glutamate–glutamine–GABA ratio. So, for example,
a strong upregulation of GS protein was reported for the
anterior cingulate cortex of female but not male individuals
with schizophrenia (Martins-de-Souza et al., 2010), whereas
no such gender-specific change in the Glx ratio was found in
schizophrenia patients by MRS (Rowland et al., 2013). Thus,
further studies are clearly needed to learn more about the impact
of GS on glutamate metabolites in the brain.

Limitations of the Study
Since a major limitation of post-mortem studies is underpowered
sample size, we have tried to increase the three cohorts (controls,
N = 16; BD, N = 15, MDD, N = 14). A consequence from
doing so is to accept the lack of data on the cumulative
antidepressant exposure of some patients with MDD and
BD. A further limitation of the this study is that, as in all
immunocytochemistry-based morphometric studies, it cannot be
said with ultimate certainty, whether the observed disease-related
changes are due to glial cell loss, or to reduced intracellular
expression of the protein (below the detection threshold of
the method) in still existing cells, or both. Lastly, a limitation

may arise from the fact that the decreased expression of GS
protein does not necessarily mean reduced activity of the enzyme.
Unfortunately, it is impossible to reveal the catalytic activity
of the AC-located GS enzyme because of the lack of a specific
enzyme histochemical method for GS.

Conclusion

In MDD but not in BD there is a glia cell-type specific
(astroglial) reduction of cortical GS protein expression, which
might constitute a cellular correlate of lower cortical Glx levels
reported for subjects with MDD in MSR studies.
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In schizophrenia, previous stereological post-mortem investigations of anterior,
posterior, and total hippocampal subfields showed no alterations in total neuron number
but did show decreased oligodendrocyte numbers in CA4, an area that corresponds to
the polymorph layer of the dentate gyrus (DG). However, these investigations identified
oligodendrocytes only on the basis of morphological criteria in Nissl staining and did
not assess alterations of interneurons with immunohistochemical markers. Moreover,
the association of findings in the posterior hippocampus with cognitive deficits remains
unknown. On the basis of the available clinical records, we compared patients
with definite and possible cognitive dysfunction; nine patients had evidence in their
records of either definite (n = 4) or possible (n = 5) cognitive dysfunction. Additionally,
we assessed the density of two oligodendrocyte subpopulations immunostained
by the oligodendrocyte transcription factors Olig1 and Olig2 and of interneurons
immunolabeled by parvalbumin. We investigated posterior hippocampal subregions in
the post-mortem brains of the same schizophrenia patients (SZ; n = 10) and healthy
controls (n = 10) we examined in our previously published stereological studies. Our
stereological studies found that patients with definite cognitive deficits had decreased
total/Nissl-stained oligodendrocyte numbers in the left (p = 0.014) and right (p = 0.050)
CA4, left CA2/3 (p = 0.050), left CA1 (p = 0.027), and left (p = 0.050) and right
(p = 0.014) subiculum of the anterior part of the hippocampus compared to patients
with possible cognitive deficits. In the present study, we found no significant influence of
definite cognitive deficits in the posterior part of the hippocampus, whereas in the entire
hippocampus SZ with definite cognitive deficits showed decreased oligodendrocyte
numbers in the left (p = 0.050) and right (p = 0.050) DG and left CA2/3 (p = 0.050). We
did not find significant differences in Olig1-, Olig2-, or parvalbumin-positive cell density
between SZ and controls in any of the subregions of the posterior hippocampus.
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Based on the results from our stereological study we hypothesize that a decreased
number of oligodendrocytes in the anterior and entire hippocampus may be involved
in cognitive deficits by impairing the connectivity of this structure in schizophrenia. In the
posterior hippocampus, we could not replicate previously reported findings of decreased
interneurons from the entire hippocampus.
Keywords: schizophrenia, hippocampus, oligodendrocytes, interneurons, cognition, immunohistochemistry,
post-mortem

INTRODUCTION

Schizophrenia has an unfavorable outcome in more than half of
all patients and is linked to social and vocational disability (an der
Heiden and Häfner, 2011). This unfavorable outcome is mainly
due to negative symptoms, including cognitive dysfunction.
While positive symptoms can be treated well by antipsychotics
when given according to current guidelines (Hasan et al.,
2012), effective treatment options for negative symptoms are
still lacking. In this context, a recent meta-analysis revealed
that cognitive dysfunction and residual negative symptoms are
widely resistant to any known treatment (Fusar-Poli et al., 2015).
Another meta-analysis, however, showed that antipsychotics
have at least a moderate effect on cognitive impairments in
schizophrenia (Desamericq et al., 2014). Cognitive impairments
in schizophrenia involve deficits in episodic and working
memory, for example, as well as in attention, processing speed,
and problem solving (Nuechterlein et al., 2004; Falkai et al.,
2011).

A cognitive cluster representing diminished verbal memory
is related to decreased volume of the hippocampus (Geisler
et al., 2015). Interestingly, in schizophrenia these verbal
memory deficits have been found to be correlated with
a loss of hippocampal volume, especially on the left side
(Hasan et al., 2014). Recent examination of structural
magnetic resonance imaging-based alterations in hippocampal
subfields revealed decreased volumes of the cornu ammonis
(CA) CA4/dentate gyrus (DG), CA2/3, and subiculum in
schizophrenia patients (SZ) compared to healthy controls
(Haukvik et al., 2015), but underlying alterations on the
cellular level and their relationship to cognitive deficits remain
unknown.

Recently, our group investigated the cytoarchitecture of the
posterior, anterior, and entire hippocampus in post-mortem
schizophrenia brains by evaluating neuronal, oligodendrocyte,
and astrocyte numbers with design-based stereological
estimation. In the posterior area, we found a significant
reduction of oligodendrocyte numbers in the left and right
CA4 regions (Schmitt et al., 2009). In the anterior part, we
found a decreased number of oligodendrocytes in the left CA4,
fewer neurons in the left DG, and smaller volumes of both
the left CA4 and DG in SZ compared to healthy controls.
In the entire hippocampus, both decreased oligodendrocyte
numbers in the left CA4 and reduced volume remained
significant (Falkai et al., 2016). In the Nissl-stained brain
sections, however, we identified oligodendrocytes on the basis
of morphological criteria only and did not distinguish between

pyramidal neurons and interneurons. This approach may
be relevant to our results, because in a stereological study,
somatostatin-stained interneurons have been reported to be
reduced in CA4, CA2/3, and CA1 and parvalbumin-stained
interneurons in CA4 and CA1, although the total number of
neurons was unchanged (Konradi et al., 2011). Moreover, the
clinical consequence of our findings and the involvement of
a deficit of premature or mature oligodendrocytes remains
unknown. Oligodendrocytes are involved in myelination and
ensure proper connectivity in neuronal networks. In SZ, deficits
in myelination and brain connectivity have been found (Cassoli
et al., 2015; Saia-Cereda et al., 2015), which are hypothesized
to be related to symptoms of the disease and cognitive deficits
(Mitterauer, 2011). In fact, in diffusion tensor imaging (DTI)
studies verbal memory has been reported to be associated
with decreased left-side dominant fractional anisotropy in the
hippocampus and fornix of SZ (Lim et al., 2006; Nestor et al.,
2007).

The aim of the present study was to address the question
whether the findings of this study and those of our previous
stereological studies in the anterior, posterior, and entire
hippocampus (Schmitt et al., 2009; Falkai et al., 2016) can
be connected to simple measures of cognitive dysfunction
in this illness. Furthermore, we investigated whether the
density of more premature oligodendrocytes, stained by
the oligodendrocyte transcription factors Olig1, or of more
mature oligodendrocytes stained by Olig2 respectively, or of
parvalbumin-positive interneurons is altered in the posterior part
of the hippocampus in the same post-mortem schizophrenia
brains as previously investigated by design-based stereology in
histologically stained sections (Schmitt et al., 2009; Falkai et al.,
2016).

MATERIALS AND METHODS

Participant Characteristics
Post-mortem brains were obtained from the Düsseldorf Brain
Collection (Bogerts et al., 1990) and the use of post-mortem
material has been approved by the Ethics Committee of
University of Magdeburg. Patients fulfilled ICD-9 criteria for
schizophrenia and had been treated with typical antipsychotics
for most of their illness. Exclusion criteria were alcohol or drug
abuse and other neuropsychiatric disorders. We investigated
the same sample as in our previously published stereological
study of the posterior hippocampus in schizophrenia (Schmitt
et al., 2009). Briefly, we assessed 10 patients with schizophrenia
(mean [SD] age 55.1 [7.7] years; five males, five females;

Frontiers in Cellular Neuroscience | www.frontiersin.org March 2016 | Volume 10 | Article 78 | 43

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Falkai et al. Oligodendrocytes and Cognitive Deficits in Schizophrenia

TABLE 1 | Characteristics of healthy controls and schizophrenia patients (SZ) and healthy controls investigated in the present study of the posterior
hippocampus.

Schizophrenia patients
No. S A D C CPE Cause of death Last neuroleptic treatment
P3 M 48 18 2 3500 Cardiac failure Haloperidol, Haldoperidol Decanoate, Zuclopenthixol
P9 M 65 26 1 540 Pulmonary insufficiency Haloperidol, Fluphenazine
P10 M 46 18 1 250 Pulmonary embolism Clozapine, Levomepromazine
P14 M 51 28 2 350 Ileus Perphenazine, Promethazine
P20 M 47 23 2 640 Cardiac arrest Fluphenazine, Benperidol, Levomepromazine
P7 F 66 30 1 800 Myocardial infarction Benperidole, Fluphenazine
P12 F 53 20 2 2495 Myocardial infarction Perphenazine, Pericyazine
P13 F 60 16 1 0 Pneumonia Fluphenazine
P18 F 63 23 1 988 Suicide Haloperidol
P23 F 52 28 n.a. n.a. Suicide by drowning n.a.

Healthy controls
N29 M 47 Coronary thrombosis
N20 M 64 Aneurysm rupture
N3 M 56 Pancreatitis
N10 M 50 Myocardial infarction
N23 M 38 Myocardial infarction
N34 F 64 Peritonitis
N22 F 47 Renal failure
N27 F 50 Aneurysm rupture
N21 F 52 Ovarial carcinoma
N19 F 33 Coronary thrombosis

S = Gender (M = male, F = female), A = age at death (years), D = duration of disease, C = Cognitive deficits: 1 = possible cognitive deficits, 2 = definite cognitive deficits,

CPE = dose of neuroleptics (mg/day) in chlorpromazine equivalents, n.a.= no data available.

mean [SD] post-mortem interval [PMI] 42.0 [17.2] h; mean
[SD] disease duration: 23.0 [4.9] years) and 10 age- and
gender-matched healthy controls without a history of a
neuropsychiatric disorder, alcohol or drug abuse, dementia,
neurological illness, trauma, or chronic terminal disease (mean
[SD] age 50.2 [10.1] years; 5 males, 5 females; mean [SD] PMI
36.8 [20.3] h; Table 1). The mean daily dose of neuroleptic
treatment during the last 90 days had been documented and
calculated in chlorpromazine equivalents (CPE; Rey et al.,
1989). Brains were uniformly fixed in toto in 10% phosphate
buffered paraformaldehyde for about 7 months (pH 7.0,
t = 15–20◦C). Then, the frontal and occipital parts of the
brain were separated from the middle part, which was located
between the lateral geniculate nucleus and the splenium of
the corpus callosum, i.e., containing the anterior and posterior
hippocampus. From this middle part, 20 µm coronal sections
containing both hemispheres were cut on a Polycut S Leica
microtome. The thickness of each section was determined
by focusing through the section and subtracting the z-axis
coordinate of the lower from that of the upper surface by
the microcator, part of the Olympus microscope. The mean
(SD) section thickness after histological procedure was 18.7
(1.1) µm.

Within the hippocampus, we analyzed two sections per brain,
taken from the posterior part of the hippocampal formation,
which spanned from the lateral geniculate nucleus to the level
of the splenium of the corpus callosum. The subregions to be
investigated separately were the CA1, CA2/3, and CA4 (deep
polymorph layer of the DG), and subiculum. CA2 and CA3 were
lumped together as described in the literature because these small
regions are difficult to separate at the microscopic level (Schmitt
et al., 2009).

Immunohistochemistry
Immunohistochemical staining was prepared as described
previously (Mosebach et al., 2013). Briefly, sections were
deparaffinized, and antigen demasking was performed by
boiling the sections for 4 min in 10 mM citrate buffer
(pH 6.0). Sections were then preincubated with 1.5% H2O2
for 10 min to block endogenous peroxidase activity. Non-
specific binding sites were blocked with 10% normal goat
serum for 60 min and washings with Phosphate buffered saline
(PBS) buffer. Monoclonal mouse anti-Olig1 antibody (R&D
Systems, Abingdon, UK, dilution 1:50) or rabbit anti-Olig2
antibody (Millipore/Merck Darmstadt, Germany, dilution 1:150)
was applied for 72 h at 4◦C for immunostaining of Olig1-
or Olig2-positive oligodendrocytes, respectively. Then, the
streptavidin-biotin technique was used to incubate sections with
a biotinylated anti-mouse (GE Healthcare, Freiburg, Germany,
dilution 1:100) or anti-rabbit (DakoCyomation, Glostrup,
Denmark, dilution: 1:100) antibody, respectively. Chromogen
3,3’-diaminobenzidine (DAB) and ammonium nickel sulfate
were used to visualize the reaction product. Parvalbumin-
positive interneurons were immunolabeled under the same
conditions with a monoclonal antibody to the protein (Sigma,
Taufkirchen, Germany; dilution 1:500) and an anti-mouse
peroxidase secondary antibody (Biozol, Germany, dilution 1:50;
Bernstein et al., 2007).

Evaluation of Olig1-, Olig2- and
Parvalbumin-Stained Sections
A rater blinded to diagnosis analyzed the regions of interest in
both hemispheres at 400× magnification by using a stereological
workstation consisting of a modified light microscope (BX50;
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FIGURE 1 | Representative high-power photomicrographs of
20 µm-thick coronal sections from a schizophrenia patient (SZ)
(C,E,G,I) and a healthy control (A,B,D,F,H). (A) Overview of subregions
including cornu ammonis (CA) 1, 2–3, 4, dentate gyrus (DG) and subiculum
(Sub) in a Nissl and myelin stained section. The following sections show CA4.
(B,C) White arrowheads indicate neurons, black arrowheads point to
oligodendrocytes. (D,E) Olig1 immunostained stained section with black
arrowheads showing oligodendrocytes. (F,G) Olig2 immunolabeled section
with black arrowheads showing oligodendrocytes. (H,I) Parvalbumin stained
section with asterisks pointing to immunopositive neurons.

Olympus, Tokyo, Japan), Olympus Uplan Apo objectives
(1.5×, 20×, 50×, 100× oil), motorized specimen stage for
automatic sampling, electronic microcator, CCD color video
camera, PC with frame grabber board, stereology software
(Stereoinvestigator, MBF Bioscience Williston, VT, USA), and
17’’ monitor. Boundaries of hippocampal subfields were traced
on video images displayed on the computer screen, and volumes
were calculated in both sections. The numerical cell density of
Olig1-, Olig2-, and parvalbumin-stained cells (Figure 1) was
measured in the subregions by using the optional dissector
and expressed as cells/mm3. Because the actual mean (SD)
thickness of the sections was 18.7 (1.1) µm, two well-defined
optical planes within the sections were used (distance 16 µm
between the upper and lower guard zones), and all stained
cells that came into focus while passing from the upper to the
lower optical plane (plane of the dissector) were counted. The
individual volume shrinkage factors (VSF) were calculated from
the measured linear shrinkage factor (LSF) with the following
formula: VSF = (LSF) (Mosebach et al., 2013). The intra-class
correlation coefficients for intra-rater reliability were 0.81 for
Olig1, 0.95 for Olig2, and 0.83 for the parvalbumin-stained
cells.

Evaluation of Cognitive Deficits in
Schizophrenia Patients (SZ)
In our correlation analysis, we used results from Nissl-
stained serial section of the anterior and posterior part of
the hippocampus (Schmitt et al., 2009; Falkai et al., 2016).
We searched for a surrogate marker of cognitive dysfunction
in the group of SZ. Therefore, an independent psychiatrist
(J. Steiner) who was blind to the histological results evaluated
the medical records and used a three-point semi-quantitative
scale to rate patients’ level of cognitive deficits (0 = no cognitive
deficits, 1 = possible cognitive deficits, 2 = definite cognitive
deficits). The rater searched for descriptions of deficits in
the domains of attention, verbal learning, working memory,
and executive functions and for indications of a decrease in
cognitive performance or increase in residual symptoms over
time. Patients who clearly had any of these symptoms were
defined as having definite cognitive deficits; and those with
marginal or borderline symptoms, possible cognitive deficits.
Nine patients had either definite (n = 4) or possible (n = 5) deficits
(Table 1); no records were available for one patient. It was not
possible to formalize this kind of classification by scales (Ortakov
et al., 1999).

Statistical Analysis
The significance level was α = 0.05, and all tests were two-tailed.
Statistical analyses were performed with IBM SPSS statistics 22.

In the first analysis, outcome measures were densities from
immunohistochemical Olig1, Olig2, and parvalbumin stainings
in the hippocampal subfields CA1, CA2/3, CA4, and the
subiculum. The independent factor was diagnostic group (SZ,
controls). Because Levene’s test detected significant variance
inhomogeneities between the groups, we used non-parametric
Mann-Whitney U tests to analyze diagnostic group differences.
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FIGURE 2 | Left column (A–E): Number of oligodendrocytes [×105] in SZ with definite and possible cognitive deficits in anterior hippocampus: DG
(DG, (A)), CA4 (B), CA2/3 (C), CA1 (D), and subiculum (Sub, (E)). Columns represent mean oligodendrocyte number, and bars represent standard error of the
mean. Light gray columns: left hemisphere; dark gray columns: right hemisphere. Decreased oligodendrocyte number in SZ with definite cognitive deficits were
observed in CA4 (left and right), CA2/3 (left), CA1 (left), and subiculum (left and right). Middle column (F–J): Number of oligodendrocytes [×105] in SZ with definite
and possible cognitive deficits in posterior hippocampus: DG (F), CA4 (G), CA2/3 (H), CA1 (I), and Sub (J). Columns represent mean oligodendrocyte number,

(Continued)
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FIGURE 2 | Continued
and bars represent standard error of the mean. Light gray columns: left hemisphere; dark gray columns: right hemisphere. No significant differences were found
between patients with definite and possible cognitive deficits. Right column (K–O): Number of oligodendrocytes [×105] in SZ with definite and possible cognitive
deficits in entire (anterior + posterior) hippocampus: DG, (K), CA4 (L), CA2/3 (M), CA1 (N), and Sub (O). Columns represent mean oligodendrocyte number, and
bars represent standard error of the mean. Light gray columns: left hemisphere; dark gray columns: right hemisphere. Decreased oligodendrocyte numbers in SZ
with definite cognitive deficits were observed in DG (left and right) and CA2/3 (left). ∗p < 0.05.

Cell densities were correlated with age at death, PMI, dose of
neuroleptic treatment in CPE and disease duration by means of
Spearman correlations for the total sample and separately for SZ
and controls.

In addition to densities of oligodendrocytes and interneurons,
outcome measures of the second analysis were the number of
oligodendrocytes and neurons, estimated stereologically, and the
structure volumes in the subfields (CA1, CA2/3, CA4, DG, and
subiculum) of the anterior, posterior, and entire hippocampus of
SZ, as published in Falkai et al. (2016). The independent factor
was cognitive deficits (definite or possible). Means, standard
deviations, and standard errors of the mean were calculated for
all outcome measures for left and right hemispheres separately.
We applied Levene’s test of variance homogeneity to compare
the two groups with different degrees of cognitive deficits.
Because this test found significant variance inhomogeneities
for several variables, patients with definite and possible
deficits were compared with non-parametric Mann-Whitney U
tests.

For this explorative study with small group sizes, especially
as regards the analysis of the influence of cognitive deficits on
cell numbers or densities within the group of SZ, the results are
presented without error probability correction. If a Bonferroni
adjustment of the type I error probability had been applied, no
significant differences would remain between SZ and controls.
However, if the error probability was adjusted the power of
detecting existing mean differences would be too low.

RESULTS

Impact of Cognitive Deficits on Total
Oligodendrocyte Numbers (Nissl Staining)
Our simple classification of cognitive deficits indicated that
patients with a definite cognitive dysfunction had a more
pronounced reduction of oligodendrocyte total cell numbers
(combined staining with cresyl violet (Nissl) and myelin (luxol
fast blue), Schmitt et al., 2009; Falkai et al., 2016) than
patients with only a possible cognitive deficit. In the anterior
hippocampus, SZ patients with definite cognitive deficits showed
significantly lower numbers of oligodendrocytes in the left CA1
(−40%, p = 0.027), left CA2/3 (−40%, p = 0.050), left (−45%,
p = 0.014) and right (−25%, p = 0.050) CA4, and left (−48%,
p = 0.050) and right (−52%, p = 0.014) subiculum. In the
posterior part of the hippocampus, definite cognitive deficits
appeared to have no significant influence, while in the entire
hippocampus SZ patients with definite cognitive deficits showed
decreased oligodendrocyte numbers in the left (−42%, p = 0.050)
and right (−41%, p = 0.050) DG and left CA2/3 (−35%, p = 0.050;
Figure 2). In patients with definite cognitive dysfunction, the

number of neurons was not significantly lower in the DG of the
anterior, posterior, or entire hippocampus (Figure 3). However,
it has to be noted that patients with definite cognitive deficits
had received a higher daily dose of neuroleptics during the last
90 days expressed in CPE compared to patients with only a
possible cognitive deficit (1906 ± 1333 vs. 388 ± 302 mg/day,
p = 0.032).

Densities of Olig1-, Olig2- and
Parvalbumin-Positive Cells
We did not find significant differences between SZ and controls
in any of the subregions of the posterior hippocampus in
the number of Olig1-, Olig2-, or parvalbumin-positive cells.
However, in the SZ we found trends towards a decrease in
Olig1-positive oligodendrocytes in the right CA2/3 (−57%,
p = 0.070), right CA4 (−54%, p = 0.096), and right subiculum
(−39%, p = 0.082). The SZ and controls showed no significant
differences with respect to the mean densities of Olig2-positive
oligodendrocytes in the investigated subregions of the posterior
part of the hippocampus, but the density of parvalbumin-stained
interneurons was increased in the left CA1 region in the SZ
(+124%, p = 0.033) and showed a trend towards an increase in
the right CA4 (+175%, p = 0.067; see Figure 4).

In the total sample of SZ and healthy controls, females
showed higher Olig1 cell densities than males in the left (+138%,
p = 0.009) and right (+126%, p = 0.005) CA1, left CA2/3 (+201%,
p = 0.008), and left CA4 (+47%, p = 0.026) subregions. With
respect to Olig2-stained cells, females had increased cell densities
in the left (+54%, p = 0.011) and right (+52%, p = 0.004) CA1,
left (+61%, p = 0.007) and right (+69%, p = 0.006) CA2/3,
and left subiculum (+33%, p = 0.007). Furthermore, females
had an increased density of parvalbumin-positive interneurons
compared tomales in the left (+192%, p = 0.016) and right (+92%,
p = 0.032) CA2/3, and left subiculum (+169%, p = 0.033; see
Figure 5).

In healthy controls, age correlated negatively with the density
of Olig1-positive cells in the left CA2/3 (rho = −0.743, p = 0.035)
and right CA4 (rho = −0.671, p = 0.034), whereas in SZ
no significant correlations between age and cell densities were
observed. In controls, the PMI correlated with oligodendrocyte
density (Olig1, CA1 right: rho = 0.715, p = 0.020, CA2/3 left:
rho = 0.749, p = 0.033), but not with Olig2 or interneuron density.
No significant correlations of Olig1-, Olig2- or interneuron
densities with disease duration were observed. The Olig2 density
correlated with CPE in the right subiculum (rho = 0.833,
p = 0.010), but no other correlations with dose of neuroleptic
treatment had been found (Figure 6).

Furthermore, the densities of Olig1-, Olig2-, and
parvalbumin-stained cells did not differ between patients
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FIGURE 3 | Number of neurons [×105] in (A) anterior, (B) posterior, and (C) entire DG in SZ patients with definite and possible cognitive deficits.
Columns represent means, and bars represent standard error of the mean.

with definite and possible cognitive deficits in any of these areas
of the posterior hippocampus.

DISCUSSION

Our recent design-based stereology investigation of the posterior
part of the hippocampus in post-mortem schizophrenia brains
revealed a significant bilateral reduction of oligodendrocytes
in the left and right CA4 regions (Schmitt et al., 2009). In
a subsequent study, we evaluated the anterior part of the
hippocampus in the same cases and calculated results for the
entire hippocampus. This study replicated the reduction of
oligodendrocyte numbers, but only for the left CA4 region
in schizophrenia (Falkai et al., 2016). Noteworthy is that no
other histological components, including neurons and astroglia,
showed alterations in the anterior or posterior portion of
the hippocampus in schizophrenia, which is in contrast to
the reduction of interneurons in schizophrenia found in a
stereological study of the hippocampus and published also
in reviews (Konradi et al., 2011; Heckers and Konradi,
2015). However, the study by Konradi et al. (2011) provided
stereological data. Also, our evaluation of cell densities may have
more methodological bias based on effects of tissue shrinkage
which is caused by fixation or staining procedures.

To connect the reduction of oligodendrocytes with clinical
outcome, we used the available case notes to subdivide the
SZ into those with definite or possible cognitive dysfunction.
Nine of the 10 patients showed either definite or possible
deficits. Of interest is that on the basis of our stereological
data we found a relation between definite cognitive dysfunction
and reduced oligodendrocytes in several subregions of the
anterior and entire hippocampus, which might point to a
central role of oligodendrocytes in cognitive dysfunction in
schizophrenia. Oligodendrocytes are important in myelination
and are an integral part of the connectome, which allows

brain regions to communicate with each other efficiently and
quickly (Cassoli et al., 2015). Therefore, we hypothesize that a
reduction in oligodendrocytes in the hippocampus might well
be an underlying psycho-architectural substrate of cognitive
dysfunction in schizophrenia. The fornix, which comprises
the white matter tract of the hippocampus, shows decreased
fractional anisotropy in first-episode and chronic SZ (Rametti
et al., 2009; Abdul-Rahman et al., 2011; Kunimatsu et al.,
2012; Fitzsimmons et al., 2014), and these alterations in
the fornix correlate with impairment in declarative-episodic
memory (Kuroki et al., 2006; Lim et al., 2006). Moreover,
oligodendrocyte-related gene variants are related to white matter
tract integrity and cognitive performance in SZ and healthy
controls (Voineskos et al., 2013). Our results and those findings
frommagnetic resonance imaging studies support the hypothesis
of structural and functional disconnectivity in a hippocampal-
medial prefrontal network, leading to profound cognitive deficits
in schizophrenia (Hutcheson et al., 2015).

Because in our stereological studies (Schmitt et al., 2009;
Falkai et al., 2016), Nissl staining allows oligodendrocytes to
be distinguished only morphologically from interneurons, we
used Olig1, Olig2, and parvalbumin to stain sections adjacent
to those in the same brains previously evaluated by design-
based stereology. In accordance with our findings of unchanged
neuron numbers in the Nissl-staining stereological study, we
found no difference between schizophrenia and healthy controls
in the density of a subgroup of 20% of interneurons stained
by parvalbumin in the posterior part of the hippocampus
(Freund and Buzsaki, 1996). This is in contrast to previously
reported reductions of the total number of parvalbumin-
positive interneurons in CA4 and CA1 and the density of
parvalbumin-stained interneurons in CA2 (Benes et al., 1998;
Knable et al., 2004) or all subfields (Zhang and Reynolds,
2002). However, these studies have conflicting results with
respect to the affected subregions, and they did not separate
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FIGURE 4 | Left column (A–D): Cell density (cells/mm3 × 103) in CA4 (A), CA2/3 (B), CA1 (C), and subiculum (Sub, [D]) of Olig1-positive
oligodendrocytes in SZ patients and controls. Columns represent mean cell density, and bars represent standard error of the mean. Light gray columns: left
hemisphere; dark gray columns: right hemisphere. Middle column (E–H): Cell density (cells/mm3

× 103) in CA4 (E), CA2/3 (F), CA1 (G), and Sub (H) of
Olig2-positive oligodendrocytes in SZ and controls. Columns represent mean cell density, and bars represent standard error of the mean. Light gray columns: left
hemisphere; dark gray columns: right hemisphere. Right column (I–L): Cell density (cells/mm3

× 103) in CA4 (I), CA2/3 (J), CA1 (K), and Sub (L) of
parvalbumin-positive interneurons in SZ and controls. Columns represent mean cell density, and bars represent standard error of the mean. Light gray columns: left
hemisphere; dark gray columns: right hemisphere. Increased density of parvalbumin-stained cells in SZ compared to controls was observed in left CA1. ∗p < 0.05.

the anterior from the posterior part of the hippocampus.
Moreover, two-dimensional counting of cell density in only a
few sections without considering the volume of the region has

methodological limitations because of the influence of volume
differences and tissue shrinkage resulting from fixation and
staining procedures. Bias may be caused also by cutting of
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FIGURE 5 | Left column (A–D): Cell density (cells/mm3 × 103) in CA4 (A), CA2/3 (B), CA1 (C), and subiculum (Sub, [D]) of Olig1-positive
oligodendrocytes in male and female subjects in the posterior hippocampus. Columns represent mean cell density, and bars represent standard error of the
mean. Light gray columns: left hemisphere; dark gray columns: right hemisphere. Increased Olig1-positive oligodendrocytes in females compared to males were
observed in left and right CA1, in left CA2/3 and in left CA4. ∗p < 0.05. Middle column (E–H): Cell density (cells/mm3

× 103) in CA4 (E), CA2/3 (F), CA1 (G), and
subiculum (H) of Olig2-positive oligodendrocytes in males and females in the posterior hippocampus. Columns represent mean cell density, and bars represent
standard error of the mean. Light gray columns: left hemisphere; dark gray columns: right hemisphere. Increased density of Olig2-positive oligodendrocytes in
females compared to males were observed in left and right CA1, left and right CA2/3 and in left subiculum (Sub) ∗p < 0.05. Right column (I–L): Cell density
(cells/mm3

× 103) in CA4 (I), CA2/3 (J), CA1 (K), and subiculum (L) of parvalbumin-positive interneurons in males and females in the posterior hippocampus.
Columns represent mean cell density, and bars represent standard error of the mean. Light gray columns: left hemisphere; dark gray columns: right hemisphere.
Increased density of parvalbumin-stained cells in females compared to males has been detected in left and right CA2/3 and in left subiculum (Sub) ∗p < 0.05.
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FIGURE 6 | Upper section (A–B): scatterplots showing the relation between age and Olig1 densities in CA2/3 left (A) and in CA4 right (B). Middle section
(C–D): scatterplots showing the relation between post mortem interval (PMI) and Olig1 densities in CA1 right (C) and CA2/3 left (D). Bottom (E): scatterplot showing
the relation between chlorpromazine equivalents (CPE) and Olig2 density in the right subiculum. Control subjects appear as dark circles, SZ appear as light squares.

cells during sectioning, non-random orientation, and irregular
cell shape and size (Williams and Rakic, 1988). Therefore,
design-based stereological studies of the posterior part of

the hippocampus are necessary to elucidate the impact of
decreased inhibition by a marked deficit of subclasses of
interneurons.
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Although the reduction of Olig1-positive oligodendrocytes
in CA4 did not reach significance, the trend towards significant
reduction is in the same direction as in our stereological study
and partly supports the notion of reduced oligodendrocyte
numbers in the posterior part of the hippocampus in
schizophrenia (Schmitt et al., 2009; Falkai et al., 2016).
Oligodendrocytes stained by Olig1 represent myelinating
and oligodendrocyte progenitors (Arnett et al., 2004), and
immunolabeling with other oligodendrocyte markers such as
2’,3’-cyclic nucleotide 3’-phosphodiesterase (CNP), GalC or
myelin basic protein (MBP) is necessary to investigate possible
myelin damage or whether more mature forms of these glia cells
are altered in schizophrenia.

A limitation of our study is that it was only possible to
identify cognitive deficits by evaluating medical records, and
no structured neuropsychological in vivo test results were
available. However, the rater (J. Steiner) is an experienced
psychiatrist, and case notes were detailed, because of the
long-term hospitalization of the patients. In addition, the
sample size was small and, because we did not perform
Bonferroni correction, results should be replicated in an
independent sample. Prospective post-mortem studies that
use standardized tests to investigate cognitive deficits in
brain donors before death also are warranted to confirm
our results. A further limitation is the long-term treatment
with typical neuroleptics, which may have influenced our
results. The patient group with definite cognitive deficits had
received higher doses compared to patients with only possible
cognitive deficits. However, from clinical practice it is known
that patients with persisting symptoms receive higher doses
of antipsychotics than patients in remission. Additionally,
neuroleptic treatment may have influenced cell densities in our
study. Haloperidol is known to increase expression of Olig2
in the hippocampus and cerebral cortex, whereas quetiapine
and olanzapine increase expression of both Olig1 and Olig2
(Wang et al., 2010; Fang et al., 2013). Additionally, haloperidol
and clozapine have been shown to be protective for energy-
deprived immature oligodendrocytes (Steiner et al., 2011).
Moreover, after cuprizione-induced demyelination, quetiapine
enhanced oligodendrocyte regeneration and myelin repair
(Zhang et al., 2012). Thus, the unchanged density of Olig1-
and Olig2-positive cells in the SZ in our study may be a
consequence of increased expression of oligodendrocytes due
to long-term antipsychotic treatment, which counteracted the
decreased expression of oligodendrocytes previously reported
in these patients (Schmitt et al., 2009; Falkai et al., 2016).
Moreover, the high variance in the data for the SZ may
be due to treatment with different neuroleptics. However,
because some variances in density were significantly higher in
controls than in SZ, e.g., Olig1 densities in CA2/3 and CA4
(compare Figure 4) it would be speculative to explain this high
variance by the type of antipsychotic medication and dosage.
In addition, the density of parvalbumin-positive interneurons
may also have been affected by treatment, because risperidone
has been found to normalize loss of this cell population after
prenatal immune activation in rats (Piontkewitz et al., 2012).
However, in healthy animals haloperidol and clozapine did

not change the density of parvalbumin-stained interneurons
(Cahir et al., 2005). Finally, age may have influenced our
results, because we found a negative correlation between age
and Olig1 density in CA4 and CA2/3; however, this correlation
was found only in healthy controls and not in SZ. We detected
a clear gender effect on cell densities, but this is irrelevant
for our group comparisons because there were equal numbers
of males and females in both the schizophrenia and control
groups.

In summary, we could show that a loss of oligodendrocytes
in the anterior and entire hippocampus is related to cognitive
deficits in this patient group. However, we did not find
significant differences in Olig1-, Olig2-, or parvalbumin-positive
cell densities in any subregions of the posterior hippocampus
in SZ compared to healthy controls. Here, we did find a
trend towards a reduction of Olig1-stained cells in CA4, which
points in the same direction as the decrease of oligodendrocyte
number in this area in schizophrenia found in our previous
stereological studies (Schmitt et al., 2009; Falkai et al., 2016).
Further studies investigating white matter tract integrity of
the posterior hippocampus and its relationship to cognitive
deficits and oligodendrocyte gene variants are needed to
further illustrate the impact of oligodendrocyte dysfunction on
cognition in schizophrenia. Furthermore, animalmodels of gene-
environment interaction may elucidate the relationship between
oligodendrocyte loss and cognitive deficits.
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Background: Schizophrenia can be conceptualized as a form of dysconnectivity

between brain regions. To investigate the neurobiological foundation of dysconnectivity,

one approach is to analyze white matter structures, such as the pathology of fiber

tracks. S100B is considered a marker protein for glial cells, in particular oligodendrocytes

and astroglia, that passes the blood brain barrier and is detectable in peripheral blood.

Earlier Studies have consistently reported increased S100B levels in schizophrenia. In

this study, we aim to investigate associations between S100B and structural white matter

abnormalities.

Methods: We analyzed data of 17 unmedicated schizophrenic patients (first and

recurrent episode) and 22 controls. We used voxel based morphometry (VBM) to detect

group differences of white matter structures as obtained from T1-weighted MR-images

and considered S100B serum levels as a regressor in an age-corrected interaction

analysis.

Results: S100B was increased in both patient subgroups. Using VBM, we

found clusters indicating significant differences of the association between S100B

concentration and white matter. Involved anatomical structures are the posterior

cingulate bundle and temporal white matter structures assigned to the superior

longitudinal fasciculus.

Conclusions: S100B-associated alterations of white matter are shown to be existent

already at time of first manifestation of psychosis and are distinct from findings in recurrent

episode patients. This suggests involvement of S100B in an ongoing and dynamic

process associated with structural brain changes in schizophrenia. However, it remains

elusive whether increased S100B serum concentrations in psychotic patients represent

a protective response to a continuous pathogenic process or if elevated S100B levels

are actively involved in promoting structural brain damage.

Keywords: schizophrenia, S100B, white matter, voxel based morphometry, VBM, first episode psychosis
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INTRODUCTION

Structural abnormalities in the brains of schizophrenic patients
have been frequently reported using post mortem (Harrison,
1999) and in vivomagnetic resonance imaging (MRI) techniques
(Pearlson and Marsh, 1999; Wright et al., 2000; Gupta et al.,
2015). Schizophrenia has been shown to be associated with
ventricular enlargement and slightly decreased overall brain
volume. Regional volume abnormalities were mainly localized
in limbic structures and the temporal lobe (Bogerts et al.,
1990; Wright et al., 2000). Neuroanatomical findings include
decreased presynaptic and dendritic markers consistent with
reduced neuron size and increased neuron density (Pakkenberg,
1993; Harrison, 1999). These findings and results from
neuropsychological and neuroimaging studies of function have
led to the notion of a disturbance of connectivity between brain
regions (Andreasen et al., 1998; Lipska and Weinberger, 2002).

Consequently, abnormalities in interconnecting white
matter (WM) structures have attracted interest (Davis et al.,
2003). While investigations of global white matter volume
have been inconclusive, local changes in white matter have
been demonstrated in prefrontal cortex, temporo-parietal and
parieto-occipital regions, splenium, cingulum, and posterior
capsule, supporting the hypothesis of abnormal connectivity
in schizophrenia (Davis et al., 2003; Kubicki et al., 2007;
Ellison-Wright et al., 2008). However, the pathophysiological
processes underlying structural abnormalities, their time
dimension, and the relation to symptomatology and outcome
are still to a large extent ambiguous. Structural abnormalities
of the brain parenchyma like white matter myelin disturbance,
deterioration of the neuropil, loss of synaptic connectivity, and
functional impairment of oligodendrocytes have been proposed
to contribute to the etiology of schizophrenia (Selemon and
Goldman-Rakic, 1999; Davis et al., 2003; Katsel et al., 2011;
Streitbuerger et al., 2012; Hercher et al., 2014).

S100B is a small acidic Ca2+-binding protein that is found in
high abundance within the central nervous system (CNS). It is
secreted by astrocytes and oligodendrocytes, and is also expressed
in ependyma and neurons (Donato, 2001; Eldik andWainwright,
2003; Schroeter et al., 2013). A post mortem histological study
in human brain tissue showed that S100B immunostained cells
in cortical regions have astrocytic morphology while most
S100B positive cells located in white matter regions resembled
oligodendrocytes (Steiner et al., 2007).

As a rather small protein with a molecular weight of 21kDa
in its biologically active homodimeric form, S100B passes the
blood brain barrier, and thus is detectable as a brain derived
protein in peripheral blood (Reiber, 2001). Measurements of
S100B in serum have been proven to valuably reflect the
S100B concentration in cerebrospinal fluid (CSF) in healthy
individuals as well as in patients with various neurological
diseases (Reiber, 2001). In schizophrenic patients, increased
S100B serum concentration is a repeatedly reported finding
(Aleksovska et al., 2014).

Though many effects of S100B have been explored,
the pathophysiologic role of elevated S100B levels in
schizophrenia is not yet clarified. S100B is implicated in a

number of Ca2+-dependent regulation processes, including
phosphorylation, enzyme activity, cell metabolism, and
signaling pathways (Donato, 2001; Rothermundt et al., 2004a).
Extracellular effects of S100B depend on its local concentration.
While nanomolar concentrations have been demonstrated to be
neuroprotective and neurotrophic, micromolar concentrations
have been shown to have neurotoxic effects and to induce
apoptosis (Eldik and Wainwright, 2003; Gonçalves et al., 2008).
Hence, S100B elevation can be considered to be a secondary
attempt to protect nervous tissue, e.g., against glutamate
induced stress (Ahlemeyer et al., 2000). Contrariwise, pathologic
overproduction of S100B could also induce neuroinflammatory
responses and thus make S100B a brain damaging agent itself
(Eldik and Wainwright, 2003).

This study aims to ascertain whether there are associations
between S100B elevation as a possible marker for glial function
or dysfunction and local structural white matter changes in
brains of schizophrenic patients. We utilized a voxel based
morphometry (VBM) approach, since it is an established
automated and thereby user-independent method well suited to
detect local structural differences in the whole brain without
prior definition of regions of interest by analysing in vivo
magnetic resonance images (MRI; Ashburner and Friston, 2000;
Honea et al., 2005). Building on prior knowledge from previous
neuroimaging studies, interaction analyses, and histological post
mortem studies, we hypothesized that an interaction between
S100B andWM can be found in interconnecting fronto-temporal
white matter structures (Steiner et al., 2008; Streitbuerger et al.,
2012; Schroeter et al., 2013) and other repeatedly reported white
matter structures within the frontal and temporal lobe as well as
in cingulum bundle and corpus callosum (White et al., 2008).

METHODS

Subjects
We investigated 17 consecutively admitted patients from the
inpatient unit of the Department of Psychiatry of the Jena
University Hospital fulfilling DSM IV criteria for schizophrenia
(all Caucasians, epidemiologic data in Table 1). Eleven patients
suffered their first acute psychotic episode (FEP), of which 8 were
drug-naïve and 3 free of neuroleptic medication for at least 5
days. Six patients had been psychotic for more than one time,
thus suffering from a recurrent acute psychotic episode (REP).
Of those, 2 patients were still naïve in terms of neuroleptic
drugs; 4 were free of neuroleptic medication for at least 4
days. Diagnosis was made for each patient by two independent
board-certified psychiatrists (St. S., H. S.) and confirmed by
structured clinical interview. Patients were compared to 22
healthy volunteers (all Caucasian, epidemiological data given in
Table 1). None of the healthy controls had a personal or family
history of psychiatric disorder. Subjects with any acute or chronic
inflammatory disease or recent treatment with non-steroidal or
steroidal anti-inflammatory drugs were excluded from the study.
For all subjects, blood samples were taken for S100B serum
level analysis and high-resolutionMRI was performed. The study
was approved by the Research Ethics Committee of the Jena

Frontiers in Cellular Neuroscience | www.frontiersin.org March 2016 | Volume 10 | Article 33 | 56

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive


Milleit et al. Schizophrenia, S100B, and White Matter

TABLE 1 | Epidemiological data and status of medication for each group.

Control Group First episode

patients

Recurrent episode

patients

Number (N) 22 11 6

Gender (male/female) 9/13 5/6 1/5

Age (years ± SD) 34.73 (±10.30) 30.53 (±9.95) 42.00 (±9.28)

Drug-naïve (number) 8 2

Drug-free (number,

duration of drug-free

period)

3 (5–14 days) 4 (4 days–5 months)

Previous medication Risperidone Risperidone,

Olanzapine,

Haloperidole

University Hospital. All subjects gave written informed consent
to participate in the study.

Acquiring and Storage of Blood Samples
Venous blood (10ml) was taken from an antecubital vein using
a 19-gauge butterfly attached to a dry plastic syringe. Blood
was allowed to clot for 30min at room temperature. Serum was
separated by centrifugation (10min at 3000 rpm) within 2 h after
collection and stored in 1ml aliquots at−72◦C.Mean duration of
storage was 28.6 days (range: 12–56 days, SD: ±10.0 days). After
thawing, sera were re-centrifuged and stirred carefully in order to
avoid any inhomogeneities of the specimen.

Analysis of S100B Protein Levels
S100B concentrations were determined by applying the LIAISON
Sangtec 100 assay (AB Sangtec Medical, Bromma, Sweden), a
quantitative automated luminometric immunoassay, according
to the manufacturer’s instructions. The assay’s lower detection
limit for S100B is 0.02 µgl−1. The intra-assay (within-run)
imprecision (CVs) is between 2.6 and 6.4 %, depending on
concentration. The inter-assay variation (CVs) is between 2.2 and
10.7 %. Analytical recovery ranges between 91 and 100.

Acquisition of Structural Data and Image
Processing
High-resolution MRI was performed on a 1.5 T Philips
Gyroscan ACSII system. We acquired 256 sagittal slices using
a T1-weighted sequence (TR = 13ms, TE = 5ms, flip
angle 25◦) with isotropic voxel size of 1 × 1 × 1mm3.
Data preprocessing and analysis was performed using SPM2
software (Statistical Parametric Mapping; Wellcome Department
of Cognitive Neurology, London, UK).

For morphometric analysis of the data we used voxel-based
morphometry (VBM). VBM is a fully automatic technique to
computationally analyze of differences in local gray or white
matter volume. This method involves the following steps: (i)
spatial normalization of all images to a standardized anatomical
space by removing differences in overall size, position, and
global shape; (ii) extraction of gray and white matter from the
normalized images; and (iii) analysis of differences in local gray
and white matter volume across the whole brain (Ashburner
and Friston, 2000). We applied an optimized method of VBM

(Ashburner and Friston, 2000; Good et al., 2001) using the
VBM2 Toolbox (http://dbm.neuro.uni-jena.de/vbm). The spatial
normalization to the standard anatomical space was performed
in a two-stage process. In the first step, we registered each image
to the International Consortium for Brain Mapping (ICBM)
template (Montreal Neurological Institute, Montreal, Canada),
which approximates Talairach space. The normalized images
of all subjects were averaged and smoothed with a 8mm full-
width at half-maximum (FWHM) Gaussian kernel; this averaged
image was then used as a new template to reduce scanner-
and population-specific bias. In the second normalization step,
we locally deformed each image of our entire group to the
new template using a non-linear spatial transformation. This
accounts for the remaining shape differences between the images
and the template and improves the overlap of corresponding
anatomical structures. Finally, normalized images were corrected
for non-uniformities in signal intensity and partitioned into gray
and white matter, cerebrospinal fluid, and background using a
modified mixture model cluster analysis. The resulting maps
represent the local probability of belonging to a particular tissue
type via voxel-wise values between 0 and 1. Because we applied
spatial registration the same voxel location in each image should
approximately correspond to the same brain structure. Using the
probability values, we examined the relative concentration of one
tissue type [i.e., the proportion of gray matter (GM) to other
tissue types within a region]. We restricted the statistical analysis
to areas with aminimum probability value of 0.1 to avoid possible
edge effects around tissue borders. To remove unconnected non-
brain voxels (e.g., rims between brain surface and meninges),
we applied a series of morphological erosions and dilations
to the segmented images (Good et al., 2001). Because these
segmentations are often affected by noise we introduced spatial
constraints based on neighboring voxels by using a Markov
Random Field Model (Cuadra et al., 2005). The resulting white
matter images were smoothed with a 12mm FWHM Gaussian
kernel.

Statistical Analysis
Statistical analysis of S100B serum levels was performed using
the software package SPSS 15 for Windows. For evaluation of
group differences, univariate analysis of variance (ANOVA) was
performed using S100B concentration as the dependent variable,
GROUP as a between-subject factor, and GENDER and AGE as
covariates. To further investigate group differences found to be
significant in ANOVA, we performed multiple pairwise group
comparisons using a two-tailed Student’s t-test with significance
defined as p < 0.05 (corresponding to p < 0.0167 Bonferroni
adjusted alpha).

Groupwise comparison of white matter imaging data was
performed using a general linear model implemented in the
software package SPM2. To account for variance related to age
effects (due to different mean age between the patient groups),
we included age as a confounding variable into the model. For
resulting statistics, we set the significance threshold at p <

0.001. Only clusters exceeding the expected number of voxels per
cluster (according to the Gaussian Random Field theory) were
considered.
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Assessment of associations between S100B concentration and
structural abnormalities was realized using a general linear model
in SPM2 with S100B concentration defined as a regressor. To
account for age-related effects, we included age as confounding
variable into the model. For pairwise group comparison, this
type of analysis equals an interaction model (Smesny et al.,
2010) testing for different regression slopes of white matter
density related to S100B concentration between the groups in
each voxel (S100B concentration vs. group interaction). Because
variance was expected to differ between samples, we applied
a non-sphericity correction. Again, all statistical images were
thresholded at p< 0.001 and only clusters exceeding the expected
number of voxels per cluster were reported. To support the
anatomical labeling of our findings, we used the Mori MRI Atlas
of HumanWhite Matter (Mori et al., 2005).

RESULTS

Sample Characteristics and S100B Serum
Concentration
There was a difference in mean age between groups (Table 1).
Group differences in mean age at the time of investigation
originate from the natural age of onset and the course of the
disease, leading to a consistently higher age in recurrent-episode
patients (t-test: for FEP vs. REP: p = 0.001, for C vs. REP:
p = 0.006, for C vs. FEP: p = 0.271). We took this into account
by considering age as a covariate in all following analyses, thus
assuring our findings are not due to effects of age. In terms of
gender distribution, Fisher’s exact test (gender by group) yielded
p = 0.280 for C vs. FEP, p = 0.059 for C vs. REP, and p = 0.055
for FEP vs. REP, indicating that the gender distribution was not
statistically significant. Also, univariate ANOVA and correlation
analysis did not reveal any significant effect of GENDER or AGE
on S100B serum concentration. Univariate ANOVA resulted in
significant effects of GROUP on S100B levels (F = 6.310, p <

0.005; AGE and GENDER corrected model: F = 4.011, p =

0.009). The t-test results were congruent with previous findings
that reported significantly higher S100B serum concentrations in
both patient groups compared to controls (C vs. FEP: p = 0.006,
C vs. REP: p = 0.008). No significant group differences were
found between first and recurrent episode patients. Results and
statistical information of S100B serum concentration analysis
are presented in Table 2. A graphical presentation of the data is
shown in Figure 1.

TABLE 2 | Results and corresponding statistical information of S100B

serum concentration analysis, specified in µg/ml.

Control Group First episode

patients

Recurrent

episode patients

Range 0.01−0.10 0.03−0.13 0.05−0.12

Mean ± SD 0.057 ± 0.023 0.084 ± 0.028 0.089 ± 0.026

Median 0.06 0.08 0.09

95% confidence

interval

0.047−0.067 0.065−0.103 0.061−0.116

VBM-Based Pairwise Group Comparison of
Brain Imaging Data
By performing a VBM-Based group comparison of MRI data, we
found local white matter structural differences between patients
and controls as well as between both patient groups. A detailed
listing of the results of this analysis is presented in Table 3.

When comparing healthy controls with patients suffering
from their first psychotic episode (C vs. FEP), structural
differences in white matter were located in the right medial
orbital gyrus of the frontal lobe (diminished white matter in
patients) and in white matter of the parietal lobe corresponding
to the posterior cingulum bundle (increased white matter in
patients). The VBM-based comparison of white matter between
healthy controls and patients suffering from a recurrent psychotic
episode (C vs. REP) yielded more and larger clusters denoting
differences between these groups than between controls and
first episode patients. The largest cluster indicating diminished
white matter in recurrent episode patients was located in the
medial area of the occipital lobe and was assigned to the
inferior fronto-occipital fasciculus. Others were located in the
cuneus, left frontal lobe, and frontal white matter assigned to
the corticothalamic tract. Increased white matter in recurrent
episode patients was found in the right superior temporal gyrus
assigned to the inferior longitudinal fasciculus, and in the left
cerebellum.

There were clusters indicating diminished white matter in first
episode patients as compared to recurrent episode patients (FEP
vs. REP). These were located in the left and right pontine area
assigned to the corticospinal tract, the left occipital lobe, the left
parahippocampal area, and the right frontal lobe.

FIGURE 1 | SPSS generated boxplot for results of S100B serum

concentration analysis. Black bar within box: median, gray box: 25–75%

quartiles; small black bars: minimum to maximum; circles: outliners. Significant

group differences are marked with **p < 0.01.
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TABLE 3 | Results of group comparison of white matter brain structure between controls and patient groups (VBM-based analysis).

Group comparison Cluster size T-value (voxel) Anatomical region Assigned white matter structure

C > FEP 251 4.25 Frontal lobe, medial orbital gyrus R

C < FEP 209 4.37 Parietal lobe, region of gyrus Andrei Retzii L Subcallosal white matter, Posterior cingulum bundle

C > REP 3606* 7.08 Occipital lobe, median area L Inferior fronto-occipital fasciculus

615 4.77 Cuneus L/R

194 4.03 Frontal lateral white matter compartment R Corona radiata, Corticothalamic tract

519 3.49 Frontal lobe, F1 region L

C < REP 299 4.00 Temporal lobe, superior temporal gyrus,

Angular gyrus R

Inferior longitudinal fasciculus, Arcuate fasciculus

711 3.97 Cerebellum L

FEP > REP 1033 5.40 Occiptal lobe, median and basal parts L Inferior fronto-occipital fasciculus

2064 4.82 Middle and upper pontine area, lateral

circumference, cerebellar peduncle L

Corticospinal tract

209 4.57 Parahippocampal area T4/T5 L Fornix

519 4.04 Middle and upper pontine area, lateral

circumference, cerebellar peduncle R

Corticospinal tract

265 3.78 Frontal lobe, F1 region, middle part R

FEP < REP n.s. n.s. n.s. n.s.

Between-group differences in white matter structure were found in reported clusters. Only clusters showing group differences at a significance level of p < 0.001 and exceeding the

expected number of voxels per cluster according to the Gaussian Random Field theory are reported. *p < 0.001 (cluster-level, FWE corrected for multiple comparisons). Anatomic

labeling, corresponding cluster size and T-value are shown for each cluster. The type of group comparison is indicated in the form A < / > B, where A > B indicates lower white matter

in group B compared to A and vice versa. Lateralization is marked with L for left and R for right hemisphere. Anatomical names of white matter structures were assigned using Mori: MRI

Atlas of Human White Matter (Mori et al., 2005). C, control; FEP, first episode patients; REP, recurrent episode patients. C, control; FEP, first episode patients; REP, recurrent episode

patients.

Associations of S100B Serum Levels and
White Matter Structure in Healthy Controls
We did not find statistically significant associations between
S100B serum concentration and white matter brain structure in
healthy controls.

VBM-Based Pairwise Group Comparison of
Associations between S100B Serum Levels
and White Matter Brain Structure
We found differences in the association between local white
matter structures and S100B concentration (denoted as
interaction in the following text) between patients and controls
as well as between both patient groups. A detailed listing of
the results of this VBM-Based interaction analysis is presented
in Table 4. Figures 2–4 show localization and dimensions of
each significant cluster listed in Table 4 as an overlay onto the
averaged T1-image of all subjects in axial and sagittal plane. Also
shown are scatter plots and corresponding regression lines of
S100B concentration vs. white matter values obtained from the
1st eigenvariate of the corresponding cluster.

Differences in the association between S100B and white
matter between healthy controls and first episode patients (C
vs. FEP) could be found in the left and right superior temporal
gyrus assigned to the inferior longitudinal fasciculus (negative
association in patients, illustrated in Figure 2: clusters 1, 2, and
3) and in the right postcentral dorsal white matter compartment

assigned to the posterior cingulum bundle (steeper regression
gradient in patients, Figure 2: cluster 4). In both cases, local white
matter was diminished in patients.

In recurrent episode patients, there was a similar finding in
the right postcentral white matter (posterior cingulum bundle,
Figure 3: cluster 6). Also, there was a finding located in the
superior temporal gyrus of the left temporal lobe (Figure 3:
cluster 6), but the association between S100B and white matter
was positive in recurrent episode patients and negative in first
episode patients.

This type of interaction (negative association between S100B
and white matter in first episode patients, positive association
in recurrent episode patients) was also found in the direct
comparison of both patient groups. With the chosen level of
significance, a cluster in the right superior temporal gyrus could
be identified (Figure 3: cluster 7). Additionally, a larger cluster
(Figure 3: cluster 9, cluster-size 1289) could be detected in
the right fronto-parietal white matter compartment, and was
assigned to the superior longitudinal fasciculus. Other findings
were located in the right temporal lobe and left postcentral
region.

VBM-Based Pairwise Group Comparison
between S100B and Gray Matter
We followed a hypothesis driven approach and considered S100B
as a protein associated with white matter (Schroeter et al., 2013).
However, to complete the picture, we additionally calculated
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TABLE 4 | Results of pairwise group comparison of associations between S100B concentrations and white matter brain structure (VBM-based interaction

analysis).

Interaction Cluster Number Cluster Size T-Value (voxel) Anatomical region Assigned white matter structure

C > FEP 1 175 3.80 Temporal lobe, superior temporal gyrus L Inferior longitudinal fasciculus

Arcuate fasciculus

2 880 5.13 Temporal lobe, superior temporal gyrus R Inferior longitudinal fasciculus

Arcuate fasciculus

3 400 4.17 Dorsal parietal white matter compartment

Postcentral region R

Superior longitudinal fasciculus

C < FEP 4 1214 5.55 Parietal white matter compartment

Postcentral region R

Posterior cingulum bundle

C > REP n.s. n.s. n.s. n.s.

C < REP 5 818 4.28 Temporal lobe, superior temporal gyrus

Angular gyrus L

Superior longitudinal fasciculus

Arcuate fasciculus

6 617 4.58 Parietal white matter compartment

Postcentral region R

Posterior cingulum bundle

FEP > REP n.s. n.s. n.s. n.s.

FEP < REP 7 416 4.19 Temporal lobe, superior temporal gyrus,

Insula R

Inferior longitudinal fasciculus

8 945 5.32 Temporal lobe, T1/T2 region Arcuate fasciculus

9 1289 4.84 Fronto-parietal white matter compartment R Superior longitudinal fasciculus

10 220 4.06 Parietal lobe, Postcentral region

Abbreviations, labeling and data structure as in Table 3. Interaction type is indicated in the form A < / > B, whereby A > B indicates a significantly steeper gradient of regression

(association between S100B and white matter) of A as compared to B and vice versa. Clusters are numbered for easier identification in figures and discussion. C, control; FEP, first

episode patients; REP, recurrent episode patients.

results for gray matter in the same way as we did for white
matter. It resulted in only 2 small clusters in the bordering
region between gray and white matter—one next to the posterior
cingulum bundle and one in the temporal lobe approximately
corresponding to the neighborhood of the localization of cluster
2 in the white matter analysis but with much smaller extent (data
not shown).

DISCUSSION

This interaction analysis utilized a combined approach of voxel
based brain morphometry and quantitative analysis of S100B
serum concentration. It aimed to identify correlations between
S100B concentration and white matter brain structure changes
for schizophrenic patient groups at different stages of the
disorder as compared to healthy controls. It also intended to
show anatomic localizations of group differences. To minimize
possible confounding effects, we ensured that all patients were
free of antipsychotic medication at the time of investigation.
Recurrent episode patients were significantly older at the time
of investigation than controls and first episode patients. We
took this into account by considering age as a nuisance variable
in all VBM-based analyses and demonstrated that our findings
were not due to age effects. Furthermore, investigation of patient
subgroups (first episode and recurrent episode patients) allowed
us to characterize patterns of S100B-associated structural brain
abnormalities not only at the time of initial schizophrenic
manifestation, but also at a recurrent episode stage.

S100B Serum Concentration
S100B serum concentration was significantly increased in both
patient groups when compared to healthy volunteers (Table 2,
Figure 1), which constitutes a replication of findings in other
first episode and chronic patient populations (Rothermundt et al.,
2004a; Aleksovska et al., 2014). We did not find differences in
S100B serum concentration between first and recurrent episode
patients. When interpreting the latter result, one should bear
in mind that, at the time of investigation, patients of both
groups were unmedicated (or drug naïve) and had suffered an
acute psychotic episode. Based on findings from other studies
demonstrating that S100B decreases only in some patients
when medicated (Rothermundt et al., 2001), or that it stays
elevated even after 24 weeks of treatment in chronic patients
(Rothermundt et al., 2004b), it is reasonable to assume that
S100B elevation in schizophrenic patients is associated with
pathophysiological processes inherent to psychotic episode in
schizophrenia or, more likely, the disorder itself (Rothermundt
et al., 2004a).

VBM-Based Pairwise Group Comparison of
Brain Imaging Data
In this section, we will discuss the results of the pairwise
group comparison of white matter brain imaging data as
presented in Section VBM-Based Pairwise Group Comparison
of Brain Imaging Data and Table 3. While the main goal
of this study was to identify possible interrelations between
structural white matter changes and S100B concentration (see
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FIGURE 2 | VBM-based pairwise group comparison of associations between S100B concentration and white matter brain structure (interaction

analysis): controls (C) vs. first episode patients (FEP). Clusters shown are significant as stated and numbered in Table 4 and are shown as overlay to the T1

average image in axial and sagittal plane for each group comparison as indicated below anatomical images. The T1 averaged image was obtained from images of all

participants of this study. Positive interaction (regression of group A > B) is indicated by red/yellow color, negative interaction (A < B) by blue color (colorbar with

corresponding T-values shown in Figure 3). Numbering of clusters is as according to Table 4. Scatter plots showing S100B concentration against white matter

values (obtained from 1st Eigenvariate of its corresponding cluster) and corresponding regression lines are demonstrated exemplarily for each found interaction

pattern. Color coding in scatter plots: gray, C, controls; red, FEP, first episode patients; blue, REP, recurrent episode patients.

Sections Associations of S100B Serum Levels and White Matter
Structure in Healthy Controls and VBM-based Pairwise Group
Comparison of Correlations between S100B Serum Levels and
White Matter Brain Structure), presentation and discussion of
just the structural findings may be helpful for understanding and
embedding results of the following interaction analysis into a
broader neuroanatomical and pathophysiological context.

First Episode Patients

We found differences in local white matter structures already
present in the brains of first episode patients when compared to
controls, even though most of these patients were drug-naïve.
These differences were located in frontal regions (diminished

WM) and parietal white matter structures (elevated WM)
corresponding to the posterior part of the cingulum bundle.

Only few studies analyzing whole brain white matter structure
in untreated first episode patients have been conducted so
far (Kubicki et al., 2007; Kyriakopoulos and Frangou, 2009;
Samartzis et al., 2014). Reductions of fractional anisotropy (FA)
were found, among other regions, in the right parietal WM
(Kyriakopoulos and Frangou, 2009). A recent DTI-based study
revealed lower FA bilaterally in regions corresponding to the
superior and inferior longitudinal fasciculus, the forceps major,
the thalamic radiation, and the corpus callosum (Pérez-Iglesias
et al., 2010). These and our findings strengthen the notion of
disturbed white matter integrity being present already in very
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FIGURE 3 | VBM-based interaction analysis: control group (C) vs. recurrent episode patients (REP). Presentation as in Figure 2. In this figure also: color bar

(T-values) and color/symbol coding for scatter plots in Figures 2–4: gray, C, controls; red, FEP, first episode patients; blue, REP, recurrent episode patients.

early stages of the disorder (Pantelis et al., 2005; Begré and
Koenig, 2008; Kyriakopoulos and Frangou, 2009).

Recurrent Episode Patients

In recurrent episode patients we found both, areas with
diminished and increased local white matter (when compared
to the control group). The largest cluster (3606 voxels) with
the highest T-score (7.08) showing locally diminished WM was
located in the left occipital lobe in the region corresponding
to the inferior fronto-occipital fasciculus. Another area of
diminished WM was located in the right frontal white matter
corresponding to the corticothalamic tract. These results are in
line with previous VBM-based studies (Suzuki et al., 2002), as
well as DTI-based studies that describe abnormalities of those
structures in terms of decreased FA or reduced track length
(Kubicki et al., 2005; Mitelman et al., 2007; Ellison-Wright and
Bullmore, 2009). Abnormalities of these WM structures provide
evidence supporting the hypothesis of cerebral dysconnectivity in
schizophrenia (Konrad and Winterer, 2008; Ellison-Wright and
Bullmore, 2009).

Increased WM was found in the left cerebellum and the
temporal white matter corresponding to the arcuate fasciculus,
structures that have been repeatedly reported to be altered
in schizophrenia as well (Douaud et al., 2007; Kubicki et al.,
2007; Ellison-Wright and Bullmore, 2009). The possible meaning
and relevance of temporal lobe findings are discussed in more

detail in Section VBM-based Pairwise Group Comparison of
Correlations between S100B Serum Levels andWhite Matter Brain
Structure.

First Episode vs. Recurrent Episode Patients

When comparing the first episode and recurrent episode patient
groups, we found clusters indicating locally diminished white
matter in the REP group but not in the FEP group. Although
this was not a longitudinal study and these results must be
interpreted cautiously, these findings may refer to an ongoing
process of structural remodeling during the disease course. Such a
process has been proposed in several previously published studies
(DeLisi, 1999; Pantelis et al., 2003; Brans et al., 2008; Pol and
Kahn, 2008).

In our sample, we found that the fornix and the inferior
fronto-occipital fasciculus (see Section Recurrent Episode
Patients) differ significantly between the FEP and REP groups.
The fornix is one of the main pathways connecting the
hippocampus with other brain regions and has repeatedly been
shown to be altered in schizophrenia (Kubicki et al., 2005; Kuroki
et al., 2006). It has also been associated with memory impairment
(Nestor et al., 2007). Also, we found that the cerebellar peduncles
and other structures corresponding to the corticospinal tract
differ significantly between the patient groups. Structural changes
of the cerebellar peduncles could contribute to some cognitive
symptoms, since they are part of the frontal-thalamic-cerebellar
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FIGURE 4 | VBM-based interaction analysis: first episode patients (FEP) vs. recurrent episode patients (REP). Presentation as in Figure 2. Color coding in

scatter plots: gray, C, controls; red, FEP, first episode patients; blue, REP, recurrent episode patients.

circuitry that is thought to be disturbed in schizophrenic patients
(Andreasen et al., 1998). The idea of a possible change in these
structures over the course of the disease is supported by results
of some DTI-based studies which reported reduced FA in early
(Kyriakopoulos et al., 2008) and later disease stages (Okugawa
et al., 2006), but not in chronic schizophrenic patients (Wang
et al., 2003).

VBM-based Pairwise Group Comparison of
Correlations between S100B Serum Levels
and White Matter Brain Structure
In the following, we will discuss the results of the VBM-
based interaction analysis (for cluster numbering and anatomical
localization, see Table 4 and Figures 2–4) for all three group
comparisons made (C vs. FEP, C vs. REP, and FEP vs. REP).

This type of analysis was intended to test which local differences
in structural imaging data between groups can be explained by
differences of the chosen regressor S100B.

In first episode patients, S100B-associated differences to
controls were located in the white matter of regions of the left
and right superior temporal gyrus (STG), and in the postcentral
region (clusters 1, 2, and 3). At these localizations, increased
S100B concentrations were associated with diminished local
white matter values (negative correlation). In the right cingulum
bundle (cluster 4), first episode patients showed a positive
correlation between S100B concentrations and white matter
values.

Structural abnormalities of the temporal lobe rank among
the most consistently reported morphometric findings in first
episode patients (Bogerts et al., 1990; Pearlson and Marsh,
1999; Honea et al., 2005). As extensively discussed elsewhere,
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volume differences might follow from changes in neuropil
and white matter (Selemon and Goldman-Rakic, 1999; Davis
et al., 2003; Walterfang et al., 2005). Furthermore, white matter
volume differences involving the inferior longitudinal fasciculus
have been found in a subgroup of schizophrenic patients
(Sigmundsson et al., 2001). Results from studies investigating
white matter fiber tracts with more subtle in vivo methods,
such as diffusion tensor imaging (DTI) or magnetization
transfer imaging (MTI), strengthen the hypothesis that disturbed
integrity of white matter structures is present in patients
suffering from schizophrenic psychosis (Kubicki et al., 2005,
2007; Ashtari et al., 2007). Therefore, differences in the superior
temporal gyrus (STG) are of special interest, as these structures
include Heschl’s gyrus and planum temporale. Disturbances
in these structures and the inferior longitudinal fasciculus
connecting Broca’s and Wernicke’s area may account for the
pathophysiology of hearing voices (Dierks et al., 1999; Ashtari
et al., 2007).

Alterations of the cingulum bundle have been consistently
reported in previous studies investigating white matter
abnormalities in schizophrenia (Sigmundsson et al., 2001;
Kubicki et al., 2003, 2005; Shergill et al., 2007; Peters et al., 2008).
As the cingulum bundle connects limbic structures—and is
also known to interconnect the thalamus, prefrontal, parietal,
and temporal lobes with the cingulate gyrus—local pathology
of these structures already detectable in first episode patients
might contribute to the hypothesis of dysconnection of the
hippocampal/temporolimbic complex with the dorsolateral
prefrontal cortex (Lipska and Weinberger, 2002; Mori et al.,
2005).

While there was a joint finding in the posterior cingulum
bundle of both patient groups, the striking result of our analysis
was significant differences between both patient groups. These
are localized in the right superior temporal gyrus (superior and
inferior longitudinal fasciculus), right middle temporal lobe, in
the postcentral region, and in a large region of the right fronto-
temporal white matter that corresponds to the right superior
longitudinal fasciculus. In all of these regions, first episode
patients had a negative correlation of S100B concentration to
white matter values while recurrent episode patients had a
positive correlation (Figure 4).

There is a significant body of evidence for disturbed white
matter configuration in temporal regions, including the STG,
the insula (Ashtari et al., 2007; Mitelman et al., 2007; Shergill
et al., 2007; Ellison-Wright and Bullmore, 2009), and the
fronto-temporal white matter structures including the superior
longitudinal fasciculus (Kubicki et al., 2005; Samartzis et al.,
2014). A progression of structural temporal changes has been
reported (Kasai et al., 2003a,b; Ellison-Wright et al., 2008) while
another follow-up study did not find significant progression of
structural changes in temporal regions (DeLisi and Hoff, 2005).

Although based on a cross-sectional analysis, our results
suggest differences in the structural abnormalities of these
regions between schizophrenic patients of earlier (FEP) and later
(REP) stages in terms of a diverging correlation with S100B
concentrations.

Summary and Conclusions
There were significantly different correlations between S100B
concentration and local white matter formations between
both patient groups and healthy controls, as well as between
first episode and recurrent episode patients. Structural white
matter changes showing a different correlation with S100B
between groups are located in brain regions that have been
previously described extensively in the literature to be affected
in schizophrenic patients. Also, these structures are integral parts
in hypotheses about the physical foundation of neurocognitive
symptoms in schizophrenia. A divergent association of S100B
concentration with white matter structural changes could already
be detected in the very early stage of the disorder (FEP). While
there was a finding in the cingulum bundle that appears to
be stable during the course of the disease, the correlation of
S100B concentrations with white matter structural changes was
found to be reversed between patient groups at different stages of
disorder, especially in the white matter of the superior temporal
gyrus corresponding to the inferior longitudinal fasciculus and
fronto-temporal white matter corresponding to the superior
longitudinal fasciculus.

We conclude that S100B is involved in an ongoing dynamic
process associated with local structural changes in white brain
matter of schizophrenic patients. Still, the question is open
whether frequently found increased S100B serum concentration
in psychotic patients at different stages of disorder is a secondary
attempt of protection against an ongoing harmful process or
if pathologically elevated S100B levels themselves can be held
responsible for structural brain damage, either directly or as part
of a biochemical network (Hanson and Gottesman, 2005; Monji
et al., 2009).

Considering the range of measured S100B concentrations
(Table 2), massive glial or neuronal destruction is unlikely to be
the cause of S100B increase in schizophrenia (Rothermundt et al.,
2004a).

A recent study by Streitbuerger et al. (2012) investigated the
correlation between serum S100B levels and gray matter and
white matter parameters with MRI (T1-weighted and diffusion
tensor imaging) in healthy subjects. Here, S100B was specifically
related to the diffusion tensor imaging parameters fractional
anisotropy and radial diffusivity, the latest an indicator of myelin
changes, in the corpus callosum, anterior forceps, and superior
longitudinal fasciculus in female subjects. In contrast, there
was no association between gray matter T1 data and S100B.
Histological data confirmed a co-localization of S100B with
oligodendrocyte markers in the human corpus callosum in this
study. The authors showed additionally, that S100B was most
abundantly expressed in the corpus callosum according to the
whole genome Allen Human Brain Atlas. Based on these data,
one might conclude that serum S100B represents a biomarker
for white matter tracts and, consequently, oligodendroglia,
which might have led to the association between white matter
parameters and schizophrenia in our study, without relevant
effects on gray matter.

Given the fact that S100B is involved in many different
regulation processes and also linked to glutamatergic and
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cytokine systems (Ahlemeyer et al., 2000; Tramontina et al., 2006;
Müller and Schwarz, 2007; Gonçalves et al., 2008), elevated S100B
in schizophrenic psychosis could be an expression of other cross-
linked and ongoing biochemical pathophysiological processes.
Thus, the exact relation of S100B with structural changes remains
open. On the other hand, S100B is a protein that exerts paracrine
and autocrine effects on neurons and glia, and thus plays an
important role in cell proliferation and differentiation, cellular
energy metabolism, and cytoskeletal modification (Rothermundt
et al., 2004a; Gonçalves et al., 2008). Hence, S100B might also be
directly involved in processes leading to structural white matter
changes in schizophrenia.

Limitations of the Study
We included patients at different stages of the disorder to cover
the entire course of the disease in a cross-sectional design. Cross-
sectional studies have their limitations in the interpretation of the
results when discussing questions about progression of structural
changes. The sample sizes used in this study are considered to
be moderate (Honea et al., 2005). However, an essential aspect
of this study was to investigate unmedicated patients and also
to compare first episode patients with patients at a later stage of
the disease. Thus, the sample size was limited due to the small
number of patients fulfilling these criteria.

All patients participating in this study were either neuroleptic-
naïve or unmedicated. Due to practical and ethical reasons, of
those who were unmedicated, some patients were off medication
only for 4 respective 5 days, and some individuals had received
haloperidole as previous medication. Considering the effects of
antipsychotic medication on brain structure (Lieberman et al.,
2005), it would have been desirable to have had a longer
medication-free period before obtaining MRI data, so we cannot
completely rule out a possible effect of medication on the results,
especially in the REP group.

Patient groups differed in mean age. To ensure that found
differences between these groups were not predominantly caused
by effects of age, we included age as nuisance variable in all
analyses. By this method a possible influence of age on the results
can be diminished but not completely be ruled out.

A correlation (r = 0.538, p < 0.001) between S100B
and body mass index (BMI) has been reported in healthy
controls (Steiner et al., 2010a), though such correlation was
not found in patients suffering from schizophrenia (Steiner
et al., 2010b). However, S100B might have other sources than
the brain, e.g., adipose tissue (Gonçalves et al., 2010) and
it is recommendable to consider body mass index in future
studies.

There was also an imbalance in the gender ratio. Differences
in brain structure between men and women are at least in
part a matter of overall size. While such size and shape
differences are controlled by normalizing each image to the
ICBM template (see Section Acquisition of Structural Data
and Image Processing), a possible influence of gender on our
results cannot completely be ruled out. Also, gender specific
correlations between serum S100B and white matter parameters
have been found in a previous study (Streitbuerger et al.,
2012). Hence, we re-performed analyses with a reduced sample

including female subjects only (data not shown). Although this
lead to a considerable reduction of sample size, main effects
were comparable (findings in cingulum bundle, temporal lobe
findings).

For the statistical analysis, a stringent threshold of p =

0.001 was chosen to exclude false positives resulting from
unaccounted confounding variables (Ashburner and Friston,
2000). Furthermore, having exclusively found significant changes
in anatomical structures previously described to be altered
in schizophrenia in a non-region-of-interest-approach, it is
reasonable to assume that our results are valid.

We used VBM to find local differences in white matter values
of T1 weighted MR images and assigned detected clusters to
anatomical fiber structures according to an atlas of human brain
white matter, presuming that localizations of clusters found in
our analysis correspond to these structures. This method cannot
show the fiber tracts themselves, including their directions and
disruptions. To prove that these fiber tracts are indeed disrupted
and that the disruptions are associated with S100B, future
studies in this field should also utilize techniques such as DTI
or MTI.
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S100B has been linked to glial pathology in several psychiatric disorders. Previous
studies found higher S100B serum levels in patients with schizophrenia compared
to healthy controls, and a number of covariates influencing the size of this effect
have been proposed in the literature. Here, we conducted a meta-analysis and meta-
regression analysis on alterations of serum S100B in schizophrenia in comparison with
healthy control subjects. The meta-analysis followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) statement to guarantee a high quality
and reproducibility. With strict inclusion criteria 19 original studies could be included
in the quantitative meta-analysis, comprising a total of 766 patients and 607 healthy
control subjects. The meta-analysis confirmed higher values of the glial serum marker
S100B in schizophrenia if compared with control subjects. Meta-regression analyses
revealed significant effects of illness duration and clinical symptomatology, in particular
the total score of the Positive and Negative Syndrome Scale (PANSS), on serum
S100B levels in schizophrenia. In sum, results confirm glial pathology in schizophrenia
that is modulated by illness duration and related to clinical symptomatology. Further
studies are needed to investigate mechanisms and mediating factors related to these
findings.

Keywords: glia, meta-analysis, S100B, schizophrenia, serum marker

INTRODUCTION

S100B is a calcium-binding protein which can be secreted by astroglia and oligodendroglia
(e.g., Donato, 2001; Steiner et al., 2007, 2008; Donato et al., 2009). In the brain, it is
generally assumed to be neurotrophic in nanomolar concentrations due to its activation of
neural growth factor pathways and up-regulation of anti-apoptotic factors. In micromolar
concentrations however, it becomes neurotoxic, interacting with pro-inflammatory cytokines
like interleukin (IL)-1, IL-6, tumor necrosis factor (TNF) alpha, up-regulating the expression of
pro-apoptotic factors as well as inducing nitric oxide synthase and cyclooxygenase 2 expression
(Donato, 2001; Van Eldik and Wainwright, 2003; Donato et al., 2009; Bianchi et al., 2010).
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Thus, S100B has been linked to the presence of inflammatory
processes in the brain, either after injury or due to primary
inflammation (Sen and Belli, 2007). Furthermore, certain
neuropsychiatric disorders, among them schizophrenia,
have been found to be associated with elevated serum and
cerebrospinal fluid (CSF) levels of S100B (e.g., Rothermundt
et al., 2004a), thus implying immunoreactive glial processes
as important in either their genesis or progression. Although
serum S100B might be associated with other conditions
such as blood-brain barrier disruption, weight changes
or neurological diseases, S100B changes in schizophrenia
are lower than would be expected in neurological diseases
with brain injury (Schroeter et al., 2009; Steiner et al.,
2010b).

Here, we conducted a systematic and quantitative meta-
analysis of changes in serum S100B in schizophrenia, which
extends former meta-analyses on this issue (Schroeter et al.,
2003, 2009; Schroeter and Steiner, 2009; Aleksovska et al.,
2014) by including further studies and accordingly, increasing
statistical power and evidence. Based on previous studies, we
hypothesized higher S100B in schizophrenia when compared
to healthy controls. Additionally, we investigated effects of
medication and applied meta-regression analyses to investigate
effects of clinical parameters on serum S100B. We hypothesized
here an association of S100B with the duration of illness
as recent studies have shown progression of astrocytes’
dystrophy/swelling and of oligodendrocyte-related disturbances
of cerebral connectivity with duration of illness (Kolomeets
and Uranova, 2010; Bernstein et al., 2015; Yao et al., 2015).
Moreover, we hypothesized an association of S100B with
negative symptoms as shown in previous studies (Rothermundt
et al., 2001, 2004b; Schroeter et al., 2003; Schmitt et al.,
2005).

MATERIALS AND METHODS

General Study Selection Criteria
The meta-analysis was conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement to guarantee a high quality and
reproducibility of the meta-analysis (Moher et al., 2009).
The search terms [S100 or S-100] as well as [S100B or S-100B]
and [schizophrenia] were used to identify original studies
published between 1970 and October 2015 in PubMed,
Web of Science, Ovid and Scopus databases. Studies had to
meet the following inclusion criteria: peer-reviewed, patients
diagnosed with schizophrenia according to International
Classification of Diseases (ICD-10) and/or Diagnostic and
Statistical Manual of Mental Disorders (DSM-IV) standards,
original studies, comparison with age-matched control
subjects. Studies were checked for eligibility and selected by
two persons (KS and MP). We pooled plasma and serum
studies under the assumption that calculation of effect sizes
normalizes absolute differences between patients and control
subjects and thus, eliminates differences in methodological
approaches.

Data Synthesis
S100B levels were extracted from the articles along with
information on additional covariates as examined and reported
by the investigators. In case exact values were not given in
the article or if data were only illustrated in plots, authors
were contacted to obtain detailed information. To adjust for
systematic measurement effects in the several original studies, we
calculated effect sizes. Standard deviations (SD) were calculated
from standard error of the mean (SEM) using the formula
SD = SEM∗

√
n if necessary. Following a conservative approach,

the Comprehensive Meta-Analysis software package (versions 2
and 3, Biostat, Inc., Englewood, NJ, USA1) was then used to
compute Hedges’ g corrected for small sample size effects under
a random effects model, with effect sizes of 0.2 signifying a small,
0.5 a medium, and 0.8 and larger a strong effect (Cohen, 1988;
Lakens, 2013). This software has already been used in several
other meta-analytic studies (e.g., Gami et al., 2007; Hofmann and
Smits, 2008; Howren et al., 2009; Leucht et al., 2009).

Besides investigating differences between patients with
schizophrenia and healthy control subjects per se, we conducted
subgroup analyses comparing drug-free with medicated patients.
Additionally, we checked for possible effects of clinical covariates
on effect size via meta-regression, applying the Method of
Moments (DerSimonian and Laird, 1986). Potential covariates
included illness duration, age at onset of the disorder, male-
to-female ratio, severity of clinical symptoms as measured
with the clinical symptom scales Brief Psychiatric Rating Scale
(BPRS, total score), and Positive And Negative Syndrome
Scale (PANSS, total score as well as positive, negative and
general psychopathology subscores), as well as an index of
risk of bias for cross-sectional studies published in Polyakova
et al. (2015). Note that mean age was not included in this
analysis, because in each of the included studies schizophrenia
patients were compared with age-matched control subjects (see
inclusion criteria). Body mass index (BMI), although of interest
due to its potential effects on serum S100B (e.g., see Steiner
et al., 2010a,b, 2014), could not yet be analyzed as a covariate
due to lack of a sufficient number of studies reporting this
measure.

RESULTS

Identified Studies
Details of the study selection process are illustrated in the
PRISMA flow diagram in Figure 1. The search in PubMed
yielded a total of 121 results, while Web of Science offered
149 hits, Ovid 42 and Scopus 109 results. Following exclusion
of reviews, conference abstracts, oncology related papers, book
chapters, errata as well as texts written in languages other
than English via database settings, 312 studies remained.
Further elimination by title of post-mortem, in vitro, animal
and genetic studies, studies investigating S100B in CSF only
or studies with patients other than schizophrenia resulted
in 38 articles in PubMed, 39 in Web of Science, 21 in
Ovid, and 43 in Scopus databases. The abstracts of these

1https://www.meta-analysis.com/
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FIGURE 1 | Flow diagram illustrating the database search process according to Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA). CSF, cerebrospinal fluid; DSM-IV, Diagnostic and Statistical Manual of Mental Disorders IV; ICD-10, International Statistical Classification
of Diseases and Related Health Problems 10; SD, standard deviation.

141 articles were screened for eligibility, leading to a total of
80 articles which were then checked for duplicates, resulting in
27 full-text articles to be examined for meeting the inclusion
criteria. Corresponding authors were contacted in cases where
S100B levels or patient characteristics for schizophrenia-only
patients were not explicitly stated in the original article. As
authors did not reply, another two studies were excluded
(van der Leeuw et al., 2013; Xiong et al., 2014). This
resulted in an overall number of 19 original studies to be
included in the quantitative meta-analysis, comprising a total of
766 patients and 607 healthy control subjects. Included studies
and clinical characteristics of the study population are reported
in Table 1.

Main Effects
Across all included studies comparing patients suffering from
schizophrenia with control subjects, Hedges’ g amounted to
0.925, indicating a higher level of S100B in schizophrenia patients
compared to healthy controls (Figure 2).

In order to analyze the influence of medication on
serum S100B levels in schizophrenia there are generally two
options. Firstly, one might compare medicated and unmedicated
patients in a cross-sectional approach. Secondly, meta-analyzing
longitudinal studies enables investigating treatment effects in

the same cohort. Comparing studies including only medicated
(n = 249) to those including only unmedicated patients (n =
244) in a subgroup meta-analysis, there was no significant
difference in effect sizes between those two groups (p = 0.927,
Figure 3). Note that studies including both medicated and
unmedicated patients without analyzing them separately had to
be excluded from this analysis. There were, however, high levels
of heterogeneity even within the two subgroups (see Table 1)
as well as a relatively small number of studies in the subgroups
(seven studies for medicated, nine for unmedicated subjects, see
Figure 3).

Investigating effects of treatment with the longitudinal
approach, thus meta-analyzing treatment studies within the
same subjects (Figure 4), we found no significant difference in
treatment effects between patient groups undergoing medication
for 6 vs. for 12 weeks (p = 0.281). Neither did the overall
treatment effect size (g = −0.135, S100B levels lower after
treatment than before) reach significance (p = 0.176) in a mixed
effects analysis.

Meta-Regression
The meta-regression of S100B serum levels with clinical
parameters in schizophrenia revealed significant effects
for the covariates illness duration (βillness duration = 0.0537,
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FIGURE 2 | Forest plot for the meta-analysis of serum S100B levels in schizophrenic patients compared to healthy control subjects. Hedges’ g was
used as an estimate of effect size under a random effects model. CI, confidence interval.

FIGURE 3 | Forest plot for the meta-analysis of serum S100B levels in medicated vs. unmedicated patients in a cross-sectional design. Hedges’ g was
used as an estimate of effect size under a random effects model. CI, confidence interval.

p = 0.01), bias index (βbias index = 0.3023, p = 0.001) as
well as PANSS total (βPANSS total = −0.0435, p = 0.001),
positive (βPANSS positive = −0.1273, p = 0.02) and general

psychopathology (βPANSS general = −0.0965, p < 0.001)
scores, but not for any of the other regressions calculated
(see Table 2, Figure 5).
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FIGURE 4 | Forest plot for the meta-analysis of serum S100B levels before vs. after neuroleptic/antipsychotic treatment in longitudinal studies.
Hedges’ g was used as an estimate of effect size under a random effects model. Effect sizes are shown for each treatment duration separately as well as the overall
effect of treatment regardless of duration. CI, confidence interval.

TABLE 2 | Results of simple meta-regression of covariates with serum
S100B effect size.

Covariate Number of Coefficient (β) r2 p
studies

Mean age 19 0.0573 0.52 0.0026
Illness duration 16 0.0537 0.46 0.0086
Mean age at onset 16 0.1022 0 0.2329
Male-to-female ratio 19 0.0161 0 0.8444
PANSS total score 11 −0.0435 0.82 0.0014
PANSS positive 8 −0.1273 0.55 0.0228
PANSS negative 9 −0.0856 0 0.2766
PANSS general 7 −0.0965 1 0.0008
BPRS score 6 0.0339 0.25 0.1859
Bias index 19 0.3023 0.61 0.0010

Note: BPRS, Brief Psychiatric Rating Scale; PANSS, Positive And Negative

Syndrome Scale.

Subsequent multiple meta-regression of the PANSS subscores
was then performed to obtain an impression of the influence of
the individual factors while partialling out the impact of the other
subscales. Results are illustrated in Table 3.

A multiple meta-regression analysis including the factors
illness duration and age at onset revealed a significant influence
of the former (βillness duration = 0.0538, p < 0.01), while the latter
failed to meet significance criteria (βage at onset = 0.0997, p = 0.12,
n.s., see Table 3). Amodel including the positive and the negative
subscale showed a significant effect of the PANSS positive score
on predicting effect sizes in the individual studies, whereas
testing the influence of the negative subscale as a predictor
while holding PANSS positive constant did not lead to this
factor becoming significant (βPANSS positive = −0.1203, p = 0.01,
βPANSS negative = −0.0797, p = 0.13, n.s.). A model including
the positive and the general subscale revealed the factor general
psychopathology to remain significant (βPANSS general = −0.0911,
p < 0.01) while the positive subscale lost its predictive value
(βPANSS positive = −0.0127, p = 0.69, n.s.). No individual factor
remained significant in an analysis including all three subscales

(βPANSS positive = −0.0038, p = 0.96, n.s., βPANSS negative = 0.0095,
p = 0.91, n.s., βPANSS general =−0.0977, p = 0.16, n.s.).

DISCUSSION

Our comprehensive meta-analysis, including 19 original studies
with 766 patients and 607 healthy control subjects revealed
elevated levels of the glial marker protein S100B in serum in
schizophrenia, which is related to illness duration and to clinical
symptomatology. In the following we want to discuss these
findings in detail.

Serum S100B is Increased in
Schizophrenia without Influences
of Medication
Regarding the comparison of patient vs. control group, the
outcome of a Hedges’ g of 0.925 constitutes a rather strong effect
(Figure 2), thus confirming the result of previous meta-analyses
indicating higher levels of S100B in serum of patients compared
to healthy control subjects (Schroeter et al., 2003; Schroeter and
Steiner, 2009; Aleksovska et al., 2014). Testing the influence of
risk of bias on effect size by meta-regression of a measure of bias
published in Polyakova et al. (2015), we found that higher S100B
effects were related to a lower likelihood of bias, as indicated
by a high score in this bias index (Figure 5). Thus, studies
with higher methodological quality tend to show higher S100B
serum levels in patients compared to healthy controls, suggesting
that this effect is not overestimated. Differences in included
studies in comparison to the meta-analysis by Aleksovska et al.
(2014) are related to more conservative inclusion criteria in
our study, in particular the stricter age-matching of control
cohorts.

Medication effects were investigated with two complementary
approaches in our meta-analysis. Both the cross-sectional
and the longitudinal approach revealed no significant
effect of neuroleptic treatment on serum S100B levels in
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FIGURE 5 | Results of a meta-regression analysis investigating the influence of duration of illness, age at onset, PANSS total and positive score,
PANSS general subscale score and bias index on effect size of serum S100B levels in schizophrenia. PANSS, Positive And Negative Syndrome Scale.

schizophrenia. Regarding the cross-sectional analysis one
has to take into account that the lack of a between-group
effect when comparing studies with only medicated to
those including only unmedicated subjects could be due
to a high heterogeneity both within and between studies
in both groups. Unmedicated subjects encompassed never-
medicated as well as patients off neuroleptics/antipsychotics
for a minimum of 1 week, whereas medicated subjects widely
differed in the type of neuroleptic/antipsychotic drug they were
administered. Additionally, information on further psychoactive
co-medication or either licit (tobacco or alcohol) or illicit drug
use was not consistently supplied across studies. Similarly,
the longitudinal approach also included a mixture of drug-
naïve patients and such with prior neuroleptic medication but
drug-free at the time of investigation. Subsequent treatment

likewise consisted of different types of neuroleptics. Moreover,
only six longitudinal studies were available for meta-analysis,
hence lack of statistical power might be an important factor
to be considered here. Accordingly, future better-controlled
studies are required to disentangle the impact of medication and
disease.

In sum, our meta-analyses indicate higher S100B serum
levels in schizophrenia when compared to control subjects
without any evidence for treatment effects to date. Our
results confirm elevated S100B serum levels as an indicator of
glial pathology in schizophrenia (Rothermundt et al., 2004a;
Schroeter et al., 2009; Aleksovska et al., 2014), although
this finding does not seem to be disease-specific, i.e., serum
S100B seems to be elevated also in other psychiatric disorders
such as mood disorders (Schroeter and Steiner, 2009), as
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TABLE 3 | Results of multiple meta-regression analysis with serum S100B
effect size.

Covariate Number of Coefficient (β) r2 of p
studies combined

model

Illness duration 16 0.0538 0.54 0.0062
Mean age at onset 0.0997 0.1171

PANSS positive 7 −0.0038 0.98 0.9635
PANSS negative 0.0095 0.9128
PANSS general −0.0977 0.1561

PANSS positive 8 −0.1203 0.80 0.0136
PANSS negative −0.0797 0.1316

PANSS positive 7 −0.0127 1.00 0.6925
PANSS general −0.0911 0.0077

Illness duration 9 0.0446 0.96 0.0685
PANSS total −0.0284 0.0606

Note: BPRS, Brief Psychiatric Rating Scale; PANSS, Positive And Negative

Syndrome Scale.

shown in recent meta-analyses (Schroeter et al., 2008, 2010,
2011, 2013). In contrast to antidepressant drugs, where S100B
serum levels have been discussed as indicators/biomarkers
for successful treatment (Schroeter et al., 2008), as of yet
there is no meta-analytic evidence for serum S100B being
related to treatment success of neuroleptics/antipsychotics in
schizophrenia.

Illness Duration and Clinical Symptoms are
Correlated with Serum S100B Levels in
Schizophrenia
There was a strong positive correlation between effect size
of S100B with duration of illness, whereas the correlation
analysis with age at onset did not show significant effects.
This analysis included 16 original studies, and accordingly, has
to be regarded as a highly consistent and relevant finding.
A multiple meta-regression analysis including illness duration
and age at onset confirmed the impact of the first factor
on serum S100B in schizophrenia (Table 3). Although effect
sizes of serum S100B levels also correlated with mean age
of schizophrenia subjects (Table 2), this effect seems to
be related to illness duration (rmean age/illness duration = 0.96,
p < 0.001; correlation according to Pearson, two-tailed p)
since S100B effects sizes were calculated by comparing
schizophrenia subjects to age-matched control subjects, hence
excluding any impact of age per se. Therefore, mean age was
excluded from the aforementioned multiple meta-regression
analysis.

Contrary to earlier studies we observed a significant
correlation of serum S100B effect size with PANSS total, positive
and general psychopathology, yet not with PANSS negative
scores (Rothermundt et al., 2001, 2004b; Schroeter et al., 2003;
Schmitt et al., 2005). A high intercorrelation of the positive
subscale with the total score also suggests that the effect of
the PANSS total score might be driven by high scores in the
positive subscale (rPANSS total/PANSS positive = 0.83, p = 0.01). An
additional multiple meta-regression analysis (Table 3) including
positive and negative symptoms as measured with the PANSS

confirmed the impact of PANSS positive scores on serum S100B
levels, whereas the same analysis with the PANSS general score
included additionally revealed no significant result.

While the correlation of S100B levels with the general
psychopathology subscale was even stronger than with the
positive subscale, it has to be noted that only seven studies
contributed to the former, whereas there was one more for the
latter. Furthermore, as illustrated in Figure 5, two studies seem
to predominantly drive this effect, with the other five being
distributed rather evenly. Thus, at the moment it is not possible
to estimate whether there truly is any relation of the general
psychopathology scale to S100B levels.

Seeing that the recommended minimum number of original
studies for meta-regression to gain validity has been estimated
at around ten (Borenstein et al., 2009), these subscale analyses
for positive, negative, and general symptoms so far remain highly
speculative as they all include less than ten studies (Table 2). The
analysis for the PANSS total score on the other hand seems to be
more statistically reliable with eleven studies included, and not
prone to the strong effects of multicollinearity observed between
the individual subscores.

In conclusion, duration of illness seems to influence serum
S100B levels in schizophrenia patients, with larger differences
between patients and control subjects the longer the disorder has
been present on average. With regards to psychopathology, the
PANSS total score and with a lower evidence, the PANSS positive
symptom subscale as well as the PANSS general psychopathology
score are inversely correlated with effect size, i.e., the more (total,
positive or general) symptoms, the smaller the difference in
S100B between patients and control subjects.

One might ask whether these effects, in particular influences
of illness duration and clinical scores on serum S100B effect sizes,
might be interrelated. Indeed, illness duration was negatively
correlated with clinical symptoms as measured with the relevant
PANSS scores across studies (rillness duration/PANSS total = −0.73,
p = 0.03, rillness duration/PANSS positive = −0.82, p = 0.03,
rillness duration/PANSS general = −0.91, p = 0.03, in contrast
rillness duration/PANSS negative = −0.15, p = 0.72). Accordingly,
studies examining patients with longer duration of illness
find lower psychopathology scores, which might be related to
medication/treatment effects in the long-term or disease course
itself. Multiple meta-regression including both duration of illness
and the most reliable measure for clinical symptoms, the PANSS
total score, led to both factors just narrowly missing significance,
indicating some shared variance (Table 3).

The relative increase of serum S100B levels in the course
of schizophrenia could be explained with dynamic glial
alterations in the course of the disease. Both astrocytes
and oligodendrocytes contain S100B, which may be released
under conditions of reduced energy supply or cell damage
(Steiner et al., 2007, 2008). Accordingly, in the context of
schizophrenia, both dystrophy and swelling of astrocytes were
found to progress with the duration of illness in an electron
microscopic study (Kolomeets and Uranova, 2010; Bernstein
et al., 2015). Moreover, oligodendrocyte-related disturbances
of cerebral connectivity (Yao et al., 2015) and white matter
pathology also progress over time, including a disturbed
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connectome organization which has been related to longitudinal
changes in general functioning in schizophrenia (Whitford
et al., 2007; Collin et al., 2015). Decreases in white matter
volume are more pronounced than gray matter changes in the
course of schizophrenia (Andreasen et al., 2011). Furthermore,
in this study, white matter changes were also associated
with the psychotic but not the negative symptom dimension.
Interestingly, serum S100B correlates with white and not gray
matter parameters in healthy subjects (Streitbürger et al.,
2012).

Alternatively, these findings might be related to treatment, as
patients taking neuroleptic/antipsychotic medication for longer
time tend to be less symptomatic compared to recent-onset
schizophrenia, thus showing lower PANSS scores but possibly
also elevated S100B levels with longer duration of illness.
However, so far no significant medication effect could be
detected in our meta-analyses of either the cross-sectional or the
few longitudinal studies, and tendencies so far seem to show a
reduction of serum S100B through medication (Rothermundt
et al., 2001, 2004b; Ling et al., 2007; Sarandol et al., 2007;
Schroeter et al., 2009; Steiner et al., 2009, 2010c; de Souza et al.,
2009; Nardin et al., 2011).

A possible explanation integrating all these findings
could be a mediating effect of BMI, as long-term use of
neuroleptics/antipsychotics tends to lead to weight gain, and
adipocytes are among the cell types secreting S100B. This
explanation is well in line with results found by Steiner et al.
(2010a,b, 2014), also linking this effect to changes in insulin
metabolism (Steiner et al., 2010d). Alternatively, the progression
of the schizophrenic disorder itself could cause metabolic
changes leading to both weight gain and altered S100B secretion
(see Steiner et al., 2014). In fact, Steiner et al. (2010d), found that
in their group of patients, schizophrenia was generally associated
with impaired glucose tolerance, irrespective of medication
status or BMI.

Unfortunately, the influence of BMI as a covariate could not
yet be investigated in this meta-analysis, as there are currently
only three studies (Qi et al., 2009; Steiner et al., 2009; O’Connell
et al., 2013) offering that kind of information. Other correlates of
adipocyte or insulin metabolism so far have only been published
for the patient group of Steiner et al. (2009). Consequently,
although metabolic changes associated with schizophrenia seem
to offer a plausible explanation for the meta-regression findings
in this analysis, further research in that direction will be needed
to elucidate the exact determinants of serum S100B levels as well
as the precise function of this protein in schizophrenia.

CONCLUSION

In summary, our comprehensive meta-analysis including
19 original studies with a total of 766 patients and 607 healthy
control subjects confirms higher values of the glial serummarker
protein S100B in schizophrenia compared to control subjects.
Meta-regression analyses revealed significant effects of illness
duration, with higher S100B serum levels in the disorder’s
course, and an impact of clinical symptomatology, in particular
a negative correlation of the total score of the PANSS with serum
S100B levels in schizophrenia. Accordingly, results are in line
with glial pathology in schizophrenia that is modulated by illness
duration and related to clinical symptomatology. Further studies
are needed to investigate mechanisms and mediating factors for
these findings, and replicate findings for subscales measuring
clinical psychopathology by including more studies.
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A wide variety of studies have identified microglial activation in psychiatric disorders,
such as schizophrenia, bipolar disorder, and major depressive disorder. Relatively
fewer, but robust, studies have detected activation of peripheral monocytic cells in
psychiatric disorders. Considering the origin of microglia, as well as neuropsychoimmune
interactions in the context of the pathophysiology of psychiatric disorders, it is reasonable
to speculate that microglia interact with peripheral monocytic cells in relevance with
the pathogenesis of psychiatric disorders; however, these interactions have drawn little
attention. In this review, we summarize findings relevant to activation of microglia and
monocytic cells in psychiatric disorders, discuss the potential association between these
cell types and disease pathogenesis, and propose perspectives for future research on
these processes.

Keywords: microglia, monocyte, mental disorder, psychoimmunology, peripheral biomarker, blood-brain barrier,
schizophrenia, bipolar disorder

INTRODUCTION

A variety of postmortem brain studies and recent positron emission tomography (PET)-based
studies have identified microglial activation in psychiatric disorders, such as schizophrenia (Bayer
et al., 1999; Radewicz et al., 2000; van Berckel et al., 2008; Tang et al., 2012; Fillman et al., 2013),
bipolar disorder (Haarman et al., 2014; Hercher et al., 2014), and major depressive disorder
(Torres-Platas et al., 2014). Several studies have also indicated an association between alterations
in monocytic features and psychiatric disorders (Rothermundt et al., 1998; Theodoropoulou et al.,
2001; Padmos et al., 2008; Drexhage et al., 2011).

By contrast, peripheral monocytes can differentiate into macrophages and dendritic cells in
peripheral tissues, both of which share similarities with microglia in their cellular morphology
and functions, such as phagocytic activities, the expression of cell surface markers and cytokine
production, and similar gene expression profiles (Schmitz et al., 2009; Beumer et al., 2012;
Shechter and Schwartz, 2013; Prinz and Priller, 2014). Under pathological conditions in brain
disorders, monocytes are recruited from peripheral blood into the brain, where they cooperate with

Abbreviations: CNS, central nervous system; LPS, lipopolysaccharide; NOD, non-obese diabetic.
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microglia in immune responses (Beumer et al., 2012; Shechter
and Schwartz, 2013; Prinz and Priller, 2014). Considering the
similarity and potency of the interactions between these two
cell types, it is reasonable to speculate that correlations and
interactions exist between the activation identified in microglia
and peripheral monocytic cells in patients with psychiatric
disorders, although these possibilities have drawn little attention.
In this review, we summarize the accumulated findings regarding
microglial and peripheral monocytic activation in psychiatric
disorders and discuss the potential mechanisms linking
microglial and monocytic activation with the pathogenesis of
psychiatric disorders. Finally, we propose directions for future
research on these potential associations.

ACCUMULATED FINDINGS OF
MICROGLIAL ACTIVATION IN
PSYCHIATRIC DISORDERS

Postmortem brain studies have suggested an association
between psychiatric disorders and microglial activation
(Bayer et al., 1999; Radewicz et al., 2000; Tang et al.,
2012; Fillman et al., 2013; Hercher et al., 2014; Torres-
Platas et al., 2014). Regarding the qualitative assessment of
microglial morphology, Hercher et al. (2014) observed that
activated microglial cells were increased in prefrontal white
matter from patients with schizophrenia, but not that from
patients with bipolar disorder. Torres-Platas et al. (2014)
showed that primed (activated) microglia were significantly
increased compared with ramified (resting) microglia in
the anterior cingulate cortices obtained from patients who
died of depressed suicides compared with healthy controls,
whereas the total densities of ionized calcium-binding adapter
molecule 1 (IBA1) positive microglia did not differ between
the depressed suicide cases and controls. Bayer et al. (1999)
and Radewicz et al. (2000) reported that the expression
of Human Leukocyte Antigen-antigen D Related (HLA-
DR), which reacts with activated microglia, was increased
in the frontal cortices of patients with schizophrenia in
immunostaining studies. Fillman et al. (2013) demonstrated
that the interleukin-6 (IL-6), IL8, and IL1β mRNA transcripts
were over-expressed in the dorsolateral prefrontal cortex,
and the density of major histocompatibility complex class II
(MHC-II) receptor-positive microglia (i.e., antigen-presenting
cells) was increased in the white matter of patients with
schizophrenia. Tang et al. (2012) found positive correlations
among several activated microglial markers in subjects
with schizophrenia. They also showed that changes in
the expression of genes that encode markers of activated
microglia were associated with inflammatory markers in
the arachidonic acid signaling pathway in patients with
schizophrenia.

Recent PET-based evaluations of microglial activation may
also be applicable to psychiatric patients (Veenman and
Gavish, 2000, 2012; Papadopoulos et al., 2006; van Berckel
et al., 2008; Doorduin et al., 2009; Takano et al., 2010;
Haarman et al., 2014). PET radioligands, such as C-PK11195

and DAA1106, are selective for the 18 kDa translocator
protein/peripheral benzodiazepine receptor, which is highly
expressed in activated microglia and is involved in multiple
cellular processes, such as apoptosis, the regulation of
cellular proliferation, immunomodulation and steroidogenesis
(Veenman and Gavish, 2000, 2012; Papadopoulos et al.,
2006). van Berckel et al.’s (2008) PET study showed a
significant increase in microglial activation in patients with
schizophrenia who had a disease onset within 5 calendar
years compared with controls, although all patients were
under treatment with atypical antipsychotics, and confounding
effects of drug treatments remain unexcluded. Interestingly,
Doorduin et al. (2009) in a PET study of patients who
had recovered from psychosis, observed no significant
microglial activation. Although Takano et al. (2010) found
no significant difference between [11C]DAA1106 binding in
normal controls and patients with schizophrenia, the patients
exhibited positive correlations between cortical [11C]DAA1106
binding, positive symptom scores and duration of illness.
Haarman et al. (2014) observed a significant increase in
11C-R-PK11195 binding potential in the right hippocampus of
patients with bipolar disorder type I compared with healthy
controls.

MICROGLIAL FUNCTION AND POTENTIAL
MECHANISMS UNDERLYING THE
PATHOGENESIS OF PSYCHIATRIC
DISORDERS

Microglia comprise ∼12% of cells in the central nervous
system (CNS; Vaughan and Peters, 1974); these cells are
not uniformly distributed (Schmitz et al., 2009). More
microglia are located close to neurons in the gray matter,
with the highest concentrations in the hippocampus,
olfactory telencephalon, basal ganglia, and substantia nigra
(Lawson et al., 1990).

Accumulating evidence from fate-mapping studies suggests
that the origin of most microglia is not the bone marrow
after birth but hematopoietic stem cells in the yolk sac
in the early developmental stage (Lassmann et al., 1993;
Ginhoux et al., 2010; Schulz et al., 2012; Kierdorf et al.,
2013; Prinz and Priller, 2014). Novel transgenic approaches
have shown clear differences in the cellular characteristics
of microglia and macrophages in the brain (Goldmann
et al., 2013; Parkhurst et al., 2013; Yona et al., 2013). In
contrast to macrophages, microglia are long-lived and are not
replaced by circulating peripheral monocytes under physiological
conditions.

Microglia can be polarized into two subtypes: M1 and M2,
responding to certain stimuli. For examples, lipopolysaccharide
(LPS) or interferon-γ induces polarization into M1, whereas
IL-4 or IL-13 induces M2 phenotype (Orihuela et al., 2016).
Microglia contain two subtypes: M1 and M2. The M1 subtype is
characterized by the production of pro-inflammatory cytokines,
such as IL-1β, IL-6, IL-8 and tumor necrosis factor alpha
(TNF-α; Barger and Basile, 2001; Boche et al., 2013). The
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M1 phenotype is activated by damage-associated molecular
patterns, such as ATP, S100 molecules, histones, and heat
shock proteins (Lu et al., 2014; Wiersinga et al., 2014). By
contrast, the M2 phenotype is characterized by the production of
anti-inflammatory cytokines, such as IL-10, insulin-like growth
factor 1 (IGF-1), transforming growth factor beta (TGF-β),
and neurotrophic factors (Ekdahl, 2012; Boche et al., 2013; Hu
et al., 2015). The M2 phenotype is activated by cytokines, such
as IL-4, IL-13 and IL-25 (Boche et al., 2013; Maiorino et al.,
2013).

Activated microglia retract their cellular processes and
transform from a ramified state into an ameboid morphology,
in which they respond to external stimuli induced by various
pathological conditions, such as trauma, infection, or other
damage to brain tissue (Marshall et al., 2013). Activated
microglial functions include phagocytosis and the production
and release of cytokines, reactive oxygen species and nitrogen
species (Barger and Basile, 2001; Takaki et al., 2012; Réus et al.,
2015). They express a profile of cell surface marker expression
that is similar to that of other mononuclear phagocytes
(specifically macrophages), such as cluster of differentiation 14
(CD14), MHC molecules and chemokine receptors (Rock et al.,
2004). Activation of microglia under pathological conditions
in the brain may exert neuroprotective effects by reducing
protein aggregates; however, they may exert cytotoxic effects by
secreting neurotoxic factors (Streit et al., 1999; Schmitz et al.,
2009).

PERIPHERAL MONOCYTIC ACTIVATION IN
PSYCHIATRIC DISORDERS

Several studies have suggested an association between monocyte
activity and psychiatric disorders (Rothermundt et al., 1998;
Theodoropoulou et al., 2001; Nikkilä et al., 2014). Some studies
have shown that circulating peripheral blood monocytes
are increased in patients with schizophrenia (Rothermundt
et al., 1998; Theodoropoulou et al., 2001). In addition, in
the cerebrospinal fluid of patients with schizophrenia, the
numbers of monocytes and macrophages were increased during
acute psychotic episodes (Nikkilä et al., 2014). In contrast
to schizophrenia, the number and level of CD14-positive
monocyte differentiation were not altered in patients with
bipolar disorder compared with healthy controls (Padmos et al.,
2008; Drexhage et al., 2011). Recently, Drexhage et al. (2010)
conducted a series of gene expression profiling studies using
monocytes from psychiatric patients (27 schizophrenia and
56 bipolar patients) and matched controls via a microarray
analysis, followed by quantitative polymerase chain reaction
(PCR) studies for validation (Padmos et al., 2008; Beumer
et al., 2012). The authors identified two main subsets of
strongly correlated genes: one subset was composed of
pro-inflammatory cytokines; the other subset consisted
mainly of adhesion/motility factors. The monocyte gene
expression profiles of the majority of the patients with bipolar
disorder showed dysregulation in both subsets, whereas
the monocyte gene expression profiles of the majority of
the schizophrenia patients showed dysregulation only in

the subset of pro-inflammatory cytokines (Drexhage et al.,
2010).

SUBPOPULATIONS OF PERIPHERAL
MONOCYTIC CELLS AND POTENTIAL
PATHOGENIC MECHANISMS
UNDERLYING THE INVOLVEMENT OF
PERIPHERAL MONOCYTES IN
PSYCHIATRIC DISORDERS

Monocytes are precursors of tissue macrophages, osteoclasts,
and antigen-presenting cells (Lawson et al., 1990; Schmitz and
Grandl, 2007). Monocytes, which comprise 5–10% of peripheral
blood leukocytes, are derived from myelomonocytic stem cells
in bone marrow and then released into the circulation, where
they have a half-life of up to 3 days in humans (Whitelaw,
1972; Fogg et al., 2006). The brain harbors several types of
monocyte-derived cells (Prinz and Priller, 2014). Macrophages
and blood-derived dendritic cells are both present in the outer
boundaries of the brain, such as the choroid plexus, perivascular
space, and meninges; however, the number of blood-derived
dendritic cells is small (Prinz and Priller, 2014).

There are five subsets of monocytes; they can be distinguished
by different surface markers (Schmitz et al., 1997; Stöhr
et al., 1998; Rothe et al., 1999; Gordon and Taylor, 2005;
Beumer et al., 2012). More than half of monocytes belong
to subset 1 and are characterized by surface marker profiles
with abundant CD14 and a lack of CD16 expression (Schmitz
et al., 1997; Stöhr et al., 1998). Both subsets 2 and 3 have
CD16 expression and comprise active phagocytic cells. The
expression of CD14 is increased in subset 2 compared with
subset 3 (Schmitz et al., 1997; Stöhr et al., 1998). Subset 4 is
a precursor of dendritic cells with high expression of CD40
(Schmitz et al., 1997; Stöhr et al., 1998). Subset 5, the smallest
subset, shares many surface markers with subset 1; however,
it differs in the additional expression of CD56, a marker of
immature monocytes (Schmitz et al., 1997; Stöhr et al., 1998).
Transformation between subsets among peripheral monocytes
can occur concomitant with the differentiation of microglia
in the brain under certain pathogenic conditions related to
psychiatric diseases, although these possibilities remain to be
elucidated.

POTENTIAL MECHANISMS LINKING
ACTIVATION OF MICROGLIAL AND
PERIPHERAL MONOCYTIC CELLS TO
PSYCHIATRIC DISORDERS

As previously described, many studies have investigated the
association between microglia and psychiatric disorders or
monocytes and psychiatric disorders. However, only a few
studies have investigated the direct association or interaction
between microglia and monocytes. Theoretically, there are
several potential mechanisms underlying these interactions, as
described below (Figure 1).
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FIGURE 1 | Potential mechanisms underlying the associations and/or interactions between microglia and monocytes. (1) Microglia and monocytes
exhibit similar responses to systemic stimuli. First, accumulated data have suggested strong associations between microglia and monocyte gene expression.
Second, the two cell types show similar profiles for cytokine production, such as interleukin (IL) 1β, IL-6, IL-8 or tumor necrosis factor (TNF)-α. Third, both cell types
express similar surface markers, such as cluster of differentiation 14 (CD14), major histocompatability complex (MHC) molecules, and chemokine receptors. (2) Local
stimuli in the brain facilitate the recruitment of circulating monocyte-derived macrophage/dendritic cells into the central nervous system (CNS). Immigrant monocytic
cells, which are short-lived, and localized in the outer boundaries of the brain compared with microglia (Prinz and Priller, 2014), may collaborate with microglia in the
innate immune response. (3) Signals are transduced between microglia and circulating monocytes through the blood-brain barrier (BBB). Even relatively large
molecules, such as cytokines, may comprise vehicles of signal transductions through circumventricular organs brain lymphatic pathways, BBB-relevant
transporters/receptors, or abnormal permeability of BBB. (4) Microglia and peripheral monocytic cells may exert related biological reactions through neuronal signal
transduction. Peripheral inflammation, induced by, for example, the peripheral administration of lipopolysaccharide (LPS), induces reactions in peripheral monocytic
cells and also triggers the production of pro-inflammatory cytokines in the brain. Such reactions in the brain are thought to be induced by the transduction of neural
excitability from peripheral nerves to the CNS because LPS rarely penetrates the BBB. Additionally, interactions between microglia and neuronal networks modulate
myeloid cell proliferation through the autonomic nervous system.

(1) Common Responses of Microglia and
Peripheral Monocytic Cells to Endogenous
or Exogenous Stimuli
As mentioned in the introduction, microglia and monocytes
have similar functions, such as phagocytosis and the release
of pro-inflammatory cytokines, as well as similar expression of

surface markers, such as CD14, MHCmolecules, and chemokine
receptors (Schmitz et al., 2009; Beumer et al., 2012; Shechter and
Schwartz, 2013; Prinz and Priller, 2014). They may also share
similar epigenetic marks, in addition to having the same genomic
sequence. Although limited data directly indicate epigenetic
similarities between microglia and peripheral monocytic cells,
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several previous studies have suggested similarities in the gene
expression profiles of both microglia and peripheral monocytic
cells. Schmitz et al. (2009) observed over-representation of
genes associated with Alzheimer’s disease among the expression
profiles specific to microglia andmonocytes (Thomas et al., 2006;
Lutter et al., 2008). The authors compared the microglial gene
expression profile with the microarray data of human blood
monocytes and in vitro macrophage colony-stimulating factor
(M-CSF) differentiated macrophages to assess the expression of
genes associated with Alzheimer’s disease. Of 379 Alzheimer’s
disease-related genes, 159 were expressed in microglia, 198
in monocytes and 206 in macrophages. Of these genes, the
expression of 128 Alzheimer’s disease-related genes were shared
by microglia, monocytes and macrophages.

In addition, we compared the gene expression profiles of
mouse microglia and monocytes in our preliminary microarray
study prior to evaluating the effect of lithium treatment on
microglia and peripheral monocytic cells (Yu et al., 2015).
These findings also suggested a strong association between
microglia and monocyte gene expression patterns. Among
45,281 transcripts on the microarray, 11,597 with average
signal intensities greater than 100 in microglia or monocytes
were reliably detectable. Of these transcripts, 7552 genes were
identified in both cell types, including 2832 that were expressed
only in microglia, and 1213 that were expressed only in
monocytes. The correlation coefficients among the microglia
samples were 0.94–0.98, compared with 0.97–0.98 for monocytes
and 0.71–0.76 between microglia and monocytes. By contrast,
the alterations in the gene expression profiles following lithium
treatment were quite different between the microglia and other
types of monocytic cells. Yu et al. (2015) investigated the effects
of lithium on two cell types: monocyte-derived dendritic cells
treated with lithium and microglia separated from lithium-
treated mice. They compared the gene expression profiles of
these cells with those of controls. They demonstrated that
the common gene significantly induced by lithium in both
monocyte-derived dendritic cells and microglia was only the
third component of complement. Taken together, these findings
indicate that microglia and monocytes have a similar gene
expression pattern under normal conditions; however, changes
in the pattern of expression profiles in response to stimuli are
quite different.

(2) Collaboration of Peripheral Monocytes
with Microglia in the Innate Immune
Response
Damage to the CNS commonly results in the recruitment
of circulating immune cells, including monocytes, which
results in an innate immune response that consists of
microglia and monocyte-derived macrophages/dendritic cells
(Prinz and Priller, 2014). The differential roles of these
myeloid cell populations in CNS disorders have only recently
been acknowledged and were nicely illustrated in a recent
review by Prinz and Priller (2014). In Alzheimer’s disease,
activated microglia have been associated with amyloid-β-
induced neurotoxicity, and microglia were also damaged by

amyloid species (Simard et al., 2006; Mildner et al., 2011; Prinz
and Priller, 2014). Transplantation of wild-type bone marrow
cells in transgenic mouse models of Alzheimer’s disease causes
the migration of bone marrow-derived phagocytes to the brain
after CNS preconditioning. Consequently, the amyloid load in
the brain is eliminated by bone marrow-derived phagocytes
(Simard et al., 2006; Mildner et al., 2011; Prinz and Priller,
2014). Similarly, recovery from spinal cord injury in mice has
been reported to depend more on infiltrating monocyte-derived
macrophages than on resident microglia (Shechter et al., 2009).

(3) Interactions Between Microglia and
Peripheral Monocytic Cells Through the
Blood-Brain Barrier
Interactions between microglia and monocytes may also be
regulated by cytokines. In a mouse model of amyotrophic
lateral sclerosis, Butovsky et al. (2012) demonstrated that
chemokine receptor-2 (CCR2) was over-expressed in splenic
Ly6Chi monocytes at disease onset, which was paralleled by
upregulation of chemokine ligand-2 (CCL2) in CD39+microglia.
Additionally, CCR2 was not expressed in CD39+ microglia,
and CCL2 was not expressed in Ly6Chi monocytes during
the pathological course of the disease. Therefore, the authors
suggested that the expression of CCL2 and other chemokines on
microglia caused the migration of Ly6Chi monocytes to the CNS.

Furthermore, both microglia and monocytes are activated by
and release pro-inflammatory cytokines, such as IL-1β, IL-6,
IL-8 or TNF-α (Chan et al., 2007; Schmitz et al., 2009; Beumer
et al., 2012). Studies have reported that these cytokines are
increased in the blood of psychiatric patients (Naudin et al.,
1997; Kim et al., 2000; Drexhage et al., 2008; Padmos et al., 2008;
Song et al., 2009). Therefore, it is reasonable to suspect that
these cytokine activation might underlie interactions between
microglia and monocytes, although there has not been direct
evidence to support the theory.

However, cytokines are relatively large molecules and rarely
cross the blood-brain barrier (BBB). There are several known
mechanisms and routes by which they can cross the barrier,
such as alterations in the barrier’s permeability (Esposito et al.,
2001; Stamatovic et al., 2006), crossing though circumventricular
organs (Anisman, 2009; Calderó et al., 2009; Banks and Erickson,
2010), or the use of specific transporters or receptors (Kastin
et al., 1999; Chesnokova and Melmed, 2002; Banks and Erickson,
2010). Also, recent studies discovered functional lymphatic
vessels lining the dural sinuses which can convey fluid, large
molecules, and even immune cells from the brain and are
connected to the deep cervical lymph nodes. Further researches
into the CNS lymphatic system may facilitate understanding of
interactions between microglia and peripheral monocytic cells
(Iliff et al., 2015; Louveau et al., 2015).

(4) Interactions Between Microglia and
Peripheral Monocytic Cells Through
Neuronal Networking
Peripheral inflammation, which is caused, for example, by
peripheral administration of LPS, induces peripheral reactions
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among immune cells, including monocytes. LPS also induces
pro-inflammatory cytokines in the brain; however, LPS rarely
crosses the BBB (Hayashi et al., 2015). This phenomenon may
reflect that activation of inflammatory responses in the brain is
induced by transduction of neural excitability from peripheral
nerves to the CNS (Banks and Robinson, 2010), as well as
LPS-induced dysfunction of vascular endothelial cells at the
BBB (Banks et al., 2015). These findings suggest that mild
peripheral inflammation, which contributes to the pathogenesis
of psychiatric disease-related events, including fatigue, may
induce microglial activation through neuronal networking.

Additionally, it is possible that interactions between microglia
and neuronal networks modulate myeloid cell proliferation
through the autonomic nervous system, although there is little
evidence (Mignini et al., 2003; Spiegel et al., 2008). Peripheral
monocyte activitiesmay reflectmicroglial activities through these
mechanisms.

PERSPECTIVES ON STUDIES LINKING
ACTIVATION OF MICROGLIAL AND
PERIPHERAL MONOCYTIC CELLS TO
PSYCHIATRIC DISORDERS

Several animal models are characterized by abnormalities in
both immune system function and behavior (Amrani et al.,
1994; Yirmiya, 1996; Bothe et al., 2005; Frenois et al., 2007;
Fu et al., 2010). These models have enabled us to observe the
activation of circulating monocytes and microglia in the brain
and to investigate their influence on behavior. The non-obese
diabetic (NOD) mouse spontaneously develops autoimmune
diabetes, which is similar to the onset of type 1 diabetes in
humans. Psychiatric diseases in humans have been associated
with autoimmune diseases, such as type 1 diabetes and
autoimmune thyroiditis (Kupka et al., 2002; Padmos et al.,
2004; Eaton et al., 2010). Interestingly, abnormal behaviors
have also been observed in NOD mice (Amrani et al., 1994;
Bothe et al., 2005). This model is useful for investigating
associations between microglial activation and monocytes in
pathological processes, as well as gene-environment interactions
in this association. In addition, ion channels have recently been
recognized to play important roles in the immune response
of neurological disorders (Eder, 2010). Local changes in cell

osmolality enable monocytes to migrate and invade the CNS
parenchyma, where they further differentiate into phagocytes
under pathological conditions (Fuentes et al., 1995; Bennett
et al., 2003; Mahad and Ransohoff, 2003; Schwab et al.,
2007). Ion channels also have important roles in the process
of microglia activation (Eder, 2010). Therefore, ion channel
inhibitors are good candidates for therapeutic interventions
to control immune responses in psychiatric diseases (Wulff
et al., 2000; Reich et al., 2005; Rangaraju et al., 2009; Eder,
2010).

CONCLUSION

Microglia and monocytes have similar functions, surface
markers, and gene expression profiles. Both cell types release
pro-inflammatory cytokines when activated in response to
stimuli in the brain under various pathological conditions.
Accumulating data also indicate interactions between monocytes
and microglia. Research into these interactions may lead to
new strategies to elucidate the pathogenesis of psychiatric
diseases, as well as to develop peripheral biomarkers that
reflect the pathological conditions in the brain, including
microglial activation related to the progression or modulation of
disease.

AUTHOR CONTRIBUTIONS

HT contributed to the design of the manuscript. YT and HT
drafted the manuscript. All authors contributed to construction
of the context, revision of the manuscript. All authors read and
approved the final manuscript.

ACKNOWLEDGMENTS

This work was supported by a grant-in-aid for scientific research
on innovative areas (no. 24116007) from the Ministry of
Education, Culture, Sports, Science, and Technology of Japan,
Health and Labour Sciences Research Grants for research
on psychiatric and neurological diseases and mental health
(H19-kokoro-ippan-001), and an Intramural Research Grant
(No. 21-9) for Neurological and Psychiatric Disorders from the
National Center of Neurology and Psychiatry.

REFERENCES

Amrani, A., Chaouloff, F., Mormede, P., Dardenne, M., and Homo-Delarche, F.
(1994). Glucose, insulin and open field responses to immobilization in
nonobese diabetic (NOD)mice. Physiol. Behav. 56, 241–246. doi: 10.1016/0031-
9384(94)90190-2

Anisman, H. (2009). Cascading effects of stressors and inflammatory immune
system activation: implications for major depressive disorder. J. Psychiatry
Neurosci. 34, 4–20.

Banks, W. A., and Erickson, M. A. (2010). The blood-brain barrier and immune
function and dysfunction. Neurobiol. Dis. 37, 26–32. doi: 10.1016/j.nbd.2009.
07.031

Banks, W. A., Gray, A. M., Erickson, M. A., Salameh, T. S., Damodarasamy, M.,
Sheibani, N., et al. (2015). Lipopolysaccharide-induced blood-brain barrier
disruption: roles of cyclooxygenase, oxidative stress, neuroinflammation and

elements of the neurovascular unit. J. Neuroinflammation 12:223. doi: 10.
1186/s12974-015-0434-1

Banks, W. A., and Robinson, S. M. (2010). Minimal penetration of
lipopolysaccharide across the murine blood-brain barrier. Brain Behav.
Immun. 24, 102–109. doi: 10.1016/j.bbi.2009.09.001

Barger, S. W., and Basile, A. S. (2001). Activation of microglia by secreted
amyloid precursor protein evokes release of glutamate by cystine exchange and
attenuates synaptic function. J. Neurochem. 76, 846–854. doi: 10.1046/j.1471-
4159.2001.00075.x

Bayer, T. A., Buslei, R., Havas, L., and Falkai, P. (1999). Evidence for activation
of microglia in patients with psychiatric illnesses. Neurosci. Lett. 271, 126–128.
doi: 10.1016/s0304-3940(99)00545-5

Bennett, J. L., Elhofy, A., Dal Canto, M. C., Tani, M., Ransohoff, R. M., and
Karpus, W. J. (2003). CCL2 transgene expression in the central nervous
system directs diffuse infiltration of CD45highCD11b+ monocytes and

Frontiers in Cellular Neuroscience | www.frontiersin.org June 2016 | Volume 10 | Article 144 | 85

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Takahashi et al. Activation of Microglia/Monocyte in Psychiatric Disorders

enhanced Theiler’s murine encephalomyelitis virus-induced demyelinating
disease. J. Neurovirol. 9, 623–636. doi: 10.1080/714044484

Beumer, W., Gibney, S. M., Drexhage, R. C., Pont-Lezica, L., Doorduin, J.,
Klein, H. C., et al. (2012). The immune theory of psychiatric diseases: a key role
for activated microglia and circulating monocytes. J. Leukoc. Biol. 92, 959–975.
doi: 10.1189/jlb.0212100

Boche, D., Perry, V. H., and Nicoll, J. A. (2013). Review: activation patterns
of microglia and their identification in the human brain. Neuropathol. Appl.
Neurobiol. 39, 3–18. doi: 10.1111/nan.12011

Bothe, G.W.M., Bolivar, V. J., Vedder, M. J., and Geistfeld, J. G. (2005). Behavioral
differences among fourteen inbred mouse strains commonly used as disease
models. Comp. Med. 55, 326–334.

Butovsky, O., Siddiqui, S., Gabriely, G., Lanser, A. J., Dake, B., Murugaiyan, G.,
et al. (2012). Modulating inflammatory monocytes with a unique microRNA
gene signature ameliorates murine ALS. J. Clin. Invest. 122, 3063–3087. doi: 10.
1172/jci62636

Calderó, J., Brunet, N., Ciutat, D., Hereu, M., and Esquerda, J. E. (2009).
Development of microglia in the chick embryo spinal cord: implications in the
regulation of motoneuronal survival and death. J. Neurosci. Res. 87, 2447–2466.
doi: 10.1002/jnr.22084

Chan, W. Y., Kohsaka, S., and Rezaie, P. (2007). The origin and cell lineage
of microglia: new concepts. Brain Res. Rev. 53, 344–354. doi: 10.1016/j.
brainresrev.2006.11.002

Chesnokova, V., and Melmed, S. (2002). Minireview: neuro-immuno-endocrine
modulation of the hypothalamic-pituitary-adrenal (HPA) axis by gp130
signaling molecules. Endocrinology 143, 1571–1574. doi: 10.1210/en.143.
5.1571

Doorduin, J., de Vries, E. F., Willemsen, A. T., de Groot, J. C., Dierckx, R. A., and
Klein, H. C. (2009). Neuroinflammation in schizophrenia-related psychosis: a
PET study. J. Nucl. Med. 50, 1801–1807. doi: 10.2967/jnumed.109.066647

Drexhage, R. C., Hoogenboezem, T. H., Versnel,M. A., Berghout, A., Nolen,W. A.,
and Drexhage, H. A. (2011). The activation of monocyte and T cell networks in
patients with bipolar disorder. Brain Behav. Immun. 25, 1206–1213. doi: 10.
1016/j.bbi.2011.03.013

Drexhage, R. C., Padmos, R. C., de Wit, H., Versnel, M. A., Hooijkaas, H., van der
Lely, A.-J., et al. (2008). Patients with schizophrenia show raised serum levels
of the pro-inflammatory chemokine CCL2: association with the metabolic
syndrome in patients? Schizophr. Res. 102, 352–355. doi: 10.1016/j.schres.2008.
03.018

Drexhage, R. C., van der Heul-Nieuwenhuijsen, L., Padmos, R. C., van
Beveren, N., Cohen, D., Versnel, M. A., et al. (2010). Inflammatory gene
expression in monocytes of patients with schizophrenia: overlap and difference
with bipolar disorder. A study in naturalistically treated patients. Int. J.
Neuropsychopharmacol. 13, 1369–1381. doi: 10.1017/s1461145710000799

Eaton, W. W., Pedersen, M. G., Nielsen, P. R., and Mortensen, P. B. (2010).
Autoimmune diseases, bipolar disorder and non-affective psychosis. Bipolar
Disord. 12, 638–646. doi: 10.1111/j.1399-5618.2010.00853.x

Eder, C. (2010). Ion channels in monocytes and microglia/brain macrophages:
promising therapeutic targets for neurological diseases. J. Neuroimmunol. 224,
51–55. doi: 10.1016/j.jneuroim.2010.05.008

Ekdahl, C. T. (2012). Microglial activation-tuning and pruning adult neurogenesis.
Front. Pharmacol. 3:41. doi: 10.3389/fphar.2012.00041

Esposito, P., Gheorghe, D., Kandere, K., Pang, X., Connolly, R., Jacobson, S., et al.
(2001). Acute stress increases permeability of the blood-brain-barrier through
activation of brain mast cells. Brain Res. 888, 117–127. doi: 10.1016/s0006-
8993(00)03026-2

Fillman, S. G., Cloonan, N., Catts, V. S., Miller, L. C., Wong, J., McCrossin, T.,
et al. (2013). Increased inflammatory markers identified in the dorsolateral
prefrontal cortex of individuals with schizophrenia. Mol. Psychiatry 18,
206–214. doi: 10.1038/mp.2012.110

Fogg, D. K., Sibon, C., Miled, C., Jung, S., Aucouturier, P., Littman, D. R., et al.
(2006). A clonogenic bone marrow progenitor specific for macrophages and
dendritic cells. Science 311, 83–87. doi: 10.1126/science.1117729

Frenois, F., Moreau, M., O’Connor, J., Lawson, M., Micon, C., Lestage, J., et al.
(2007). Lipopolysaccharide induces delayed FosB/DeltaFosB immunostaining
within the mouse extended amygdala, hippocampus and hypothalamus, that
parallel the expression of depressive-like behavior. Psychoneuroendocrinology
32, 516–531. doi: 10.1016/j.psyneuen.2007.03.005

Fu, X., Zunich, S. M., O’Connor, J. C., Kavelaars, A., Dantzer, R., and Kelley, K.W.
(2010). Central administration of lipopolysaccharide induces depressive-like
behavior in vivo and activates brain indoleamine 2,3 dioxygenase in murine
organotypic hippocampal slice cultures. J. Neuroinflammation 7:43. doi: 10.
1186/1742-2094-7-43

Fuentes, M. E., Durham, S. K., Swerdel, M. R., Lewin, A. C., Barton, D. S.,
Megill, J. R., et al. (1995). Controlled recruitment of monocytes and
macrophages to specific organs through transgenic expression of monocyte
chemoattractant protein-1. J. Immunol. 155, 5769–5776.

Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S., et al.
(2010). Fatemapping analysis reveals that adult microglia derive from primitive
macrophages. Science 330, 841–845. doi: 10.1126/science.1194637

Goldmann, T., Wieghofer, P., Muller, P. F., Wolf, Y., Varol, D., Yona, S., et al.
(2013). A new type of microglia gene targeting shows TAK1 to be pivotal
in CNS autoimmune inflammation. Nat. Neurosci. 16, 1618–1626. doi: 10.
1038/nn.3531

Gordon, S., and Taylor, P. R. (2005). Monocyte and macrophage heterogeneity.
Nat. Rev. Immunol. 5, 953–964. doi: 10.1038/nri1733

Haarman, B. C., Riemersma-Van der Lek, R. F., de Groot, J. C., Ruhé, H. G.,
Klein, H. C., Zandstra, T. E., et al. (2014). Neuroinflammation in bipolar
disorder - A [(11)C]-(R)-PK11195 positron emission tomography study. Brain
Behav. Immun. 40, 219–225. doi: 10.1016/j.bbi.2014.03.016

Hayashi, M., Takai, J., Yu, L., Motohashi, H., Moriguchi, T., and Yamamoto, M.
(2015). Whole-body in vivo monitoring of inflammatory diseases exploiting
human interleukin 6-luciferase transgenic mice.Mol. Cell Biol. 35, 3590–3601.
doi: 10.1128/MCB.00506-15

Hercher, C., Chopra, V., and Beasley, C. L. (2014). Evidence for morphological
alterations in prefrontal white matter glia in schizophrenia and bipolar
disorder. J. Psychiatry Neurosci. 39, 376–385. doi: 10.1503/jpn.130277

Hu, X., Leak, R. K., Shi, Y., Suenaga, J., Gao, Y., Zheng, P., et al. (2015). Microglial
and macrophage polarization new prospects for brain repair. Nat. Rev. Neurol.
11, 56–64. doi: 10.1038/nrneurol.2014.207

Iliff, J. J., Goldman, S. A., and Nedergaard, M. (2015). Implications of the discovery
of brain lymphatic pathways. Lancet Neurol. 14, 977–979. doi: 10.1016/s1474-
4422(15)00221-5

Kastin, A. J., Pan, W., Maness, L. M., and Banks, W. A. (1999). Peptides crossing
the blood-brain barrier: some unusual observations. Brain Res. 848, 96–100.
doi: 10.1016/s0006-8993(99)01961-7

Kierdorf, K., Erny, D., Goldmann, T., Sander, V., Schulz, C., Perdiguero, E. G.,
et al. (2013). Microglia emerge from erythromyeloid precursors via Pu.1- and
Irf8-dependent pathways. Nat. Neurosci. 16, 273–280. doi: 10.1038/nn.3318

Kim, Y. K., Kim, L., and Lee, M. S. (2000). Relationships between interleukins,
neurotransmitters and psychopathology in drug-free male schizophrenics.
Schizophr. Res. 44, 165–175. doi: 10.1016/s0920-9964(99)00171-1

Kupka, R. W., Nolen, W. A., Post, R. M., McElroy, S. L., Altshuler, L. L.,
Denicoff, K. D., et al. (2002). High rate of autoimmune thyroiditis in bipolar
disorder: lack of association with lithium exposure. Biol. Psychiatry 51,
305–311. doi: 10.1016/s0006-3223(01)01217-3

Lassmann, H., Schmied, M., Vass, K., and Hickey, W. F. (1993). Bone marrow
derived elements and resident microglia in brain inflammation. Glia 7, 19–24.
doi: 10.1002/glia.440070106

Lawson, L. J., Perry, V. H., Dri, P., and Gordon, S. (1990). Heterogeneity in the
distribution and morphology of microglia in the normal adult mouse brain.
Neuroscience 39, 151–170. doi: 10.1016/0306-4522(90)90229-w

Louveau, A., Smirnov, I., Keyes, T. J., Eccles, J. D., Rouhani, S. J., Peske, J. D., et al.
(2015). Structural and functional features of central nervous system lymphatic
vessels. Nature 523, 337–341. doi: 10.1038/nature14432

Lu, B., Wang, C., Wang, M., Li, W., Chen, F., Tracey, K. J., et al. (2014). Molecular
mechanism and therapeutic modulation of high mobility group box 1 release
and action: an updated review. Expert Rev. Clin. Immunol. 10, 713–727. doi: 10.
1586/1744666X.2014.909730

Lutter, D., Ugocsai, P., Grandl, M., Orso, E., Theis, F., Lang, E. W., et al.
(2008). Analyzing M-CSF dependent monocyte/macrophage differentiation:
expression modes and meta-modes derived from an independent component
analysis. BMC Bioinformatics 9:100. doi: 10.1186/1471-2105-9-100

Mahad, D. J., and Ransohoff, R. M. (2003). The role of MCP-1 (CCL2) and CCR2
in multiple sclerosis and experimental autoimmune encephalomyelitis (EAE).
Semin. Immunol. 15, 23–32. doi: 10.1016/s1044-5323(02)00125-2

Frontiers in Cellular Neuroscience | www.frontiersin.org June 2016 | Volume 10 | Article 144 | 86

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Takahashi et al. Activation of Microglia/Monocyte in Psychiatric Disorders

Maiorino, C., Khorooshi, R., Ruffini, F., Løbner, M., Bergami, A., Garzetti, L.,
et al. (2013). Lentiviral-mediated administration of IL-25 in the CNS induces
alternative activation of microglia. Gene Ther. 20, 487–496. doi: 10.1038/gt.
2012.58

Marshall, S. A., McClain, J. A., Kelso, M. L., Hopkins, D. M., Pauly, J. R., and
Nixon, K. (2013). Microglial activation is not equivalent to neuroinflammation
in alcohol-induced neurodegeneration: the importance ofmicroglia phenotype.
Neurobiol. Dis. 54, 239–251. doi: 10.1016/j.nbd.2012.12.016

Mignini, F., Streccioni, V., and Amenta, F. (2003). Autonomic innervation of
immune organs and neuroimmune modulation. Auton. Autacoid Pharmacol.
23, 1–25. doi: 10.1046/j.1474-8673.2003.00280.x

Mildner, A., Schlevogt, B., Kierdorf, K., Böttcher, C., Erny, D., Kummer, M. P.,
et al. (2011). Distinct and non-redundant roles of microglia and myeloid
subsets in mouse models of Alzheimer’s disease. J. Neurosci. 31, 11159–11171.
doi: 10.1523/JNEUROSCI.6209-10.2011

Naudin, J., Capo, C., Giusano, B., Mège, J., and Azorin, J. (1997). A differential role
for interleukin-6 and tumor necrosis factor-α in schizophrenia? Schizophr. Res.
26, 227–233. doi: 10.1016/s0920-9964(97)00059-5

Nikkilä, H. V., Müller, K., Ahokas, A., Miettinen, K., Rimón, R., and
Andersson, L. C. (2014). Accumulation of macrophages in the CSF of
schizophrenic patients during acute psychotic episodes. Am. J. Psychiatry 156,
1725–1729.

Orihuela, R., McPherson, C. A., and Harry, G. J. (2016). Microglial M1/M2
polarization and metabolic states. Br. J. Pharmacol. 173, 649–665. doi: 10.
1111/bph.13139

Padmos, R. C., Bekris, L., Knijff, E. M., Tiemeier, H., Kupka, R. W., Cohen, D.,
et al. (2004). A high prevalence of organ-specific autoimmunity in patients with
bipolar disorder. Biol. Psychiatry 56, 476–482. doi: 10.1016/j.biopsych.2004.
07.003

Padmos, R. C., Hillegers, M. H., Knijff, E. M., Vonk, R., Bouvy, A., Staal, F. J.,
et al. (2008). A discriminating messenger RNA signature for bipolar disorder
formed by an aberrant expression of inflammatory genes in monocytes. Arch.
Gen. Psychiatry 65, 395–407. doi: 10.1001/archpsyc.65.4.395

Papadopoulos, V., Baraldi, M., Guilarte, T. R., Knudsen, T. B., Lacapère, J. J.,
Lindemann, P., et al. (2006). Translocator protein (18kDa): new nomenclature
for the peripheral-type benzodiazepine receptor based on its structure and
molecular function. Trends Pharmacol. Sci. 27, 402–409. doi: 10.1016/j.tips.
2006.06.005

Parkhurst, C. N., Yang, G., Ninan, I., Savas, J. N., Yates, J. R. III, Lafaille, J. J., et al.
(2013). Microglia promote learning-dependent synapse formation through
brain-derived neurotrophic factor. Cell 155, 1596–1609. doi: 10.1016/j.cell.
2013.11.030

Prinz, M., and Priller, J. (2014). Microglia and brain macrophages in the molecular
age: from origin to neuropsychiatric disease. Nat. Rev. Neurosci. 15, 300–312.
doi: 10.1038/nrn3722

Radewicz, K., Garey, L. J., Gentleman, S. M., and Reynolds, R. (2000). Increase in
HLA-DR immunoreactive microglia in frontal and temporal cortex of chronic
schizophrenics. J. Neuropathol. Exp. Neurol. 59, 137–150. doi: 10.1093/jnen/59.
2.137

Rangaraju, S., Chi, V., Pennington, M. W., and Chandy, K. G. (2009). Kv1. 3
potassium channels as a therapeutic target in multiple sclerosis. Expert Opin.
Ther. Targets 13, 909–924. doi: 10.1517/14728220903018957

Reich, E. P., Cui, L., Yang, L., Pugliese-Sivo, C., Golovko, A., Petro, M., et al.
(2005). Blocking ion channel KCNN4 alleviates the symptoms of experimental
autoimmune encephalomyelitis in mice. Eur. J. Immunol. 35, 1027–1036.
doi: 10.1002/eji.200425954

Réus, G. Z., Fries, G. R., Stertz, L., Badawy, M., Passos, I. C., Barichello, T.,
et al. (2015). The role of inflammation and microglial activation in the
pathophysiology of psychiatric disorders. Neuroscience 300, 141–154. doi: 10.
1016/j.neuroscience.2015.05.018

Rock, R. B., Gekker, G., Hu, S., Sheng, W. S., Cheeran, M., Lokensgard, J. R., et al.
(2004). Role of microglia in central nervous system infections. Clin. Microbiol.
Rev. 17, 942–964. doi: 10.1128/cmr.17.4.942-964.2004

Rothe, G., Herr, A. S., Stöhr, J., Abletshauser, C., Weidinger, G., and Schmitz, G.
(1999). Amoremature phenotype of bloodmononuclear phagocytes is induced
by fluvastatin treatment in hypercholesterolemic patients with coronary
heart disease. Atherosclerosis 144, 251–261. doi: 10.1016/s0021-9150(99)
00061-1

Rothermundt, M., Arolt, V., Weitzsch, C., Eckhoff, D., and Kirchner, H.
(1998). Immunological dysfunction in schizophrenia: a systematic approach.
Neuropsychobiology 37, 186–193. doi: 10.1159/000026501

Schmitz, G., and Grandl, M. (2007). Role of redox regulation and lipid rafts in
macrophages during Ox-LDL-mediated foam cell formation. Antioxid. Redox
Signal. 9, 1499–1518. doi: 10.1089/ars.2007.1663

Schmitz, G., Leuthäuser-Jaschinski, K., and Orsó, E. (2009). Are circulating
monocytes as microglia orthologues appropriate biomarker targets for
neuronal diseases? Cent. Nerv. Syst. Agents Med. Chem. 9, 307–330. doi: 10.
2174/187152409789630424

Schmitz, G., Orsó, E., Rothe, G., and Klucken, J. (1997). Scavenging, signalling and
adhesion coupling in macrophages: implications for atherogenesis. Curr. Opin.
Lipidol. 8, 287–300. doi: 10.1097/00041433-199710000-00008

Schulz, C., Gomez Perdiguero, E., Chorro, L., Szabo-Rogers, H., Cagnard, N.,
Kierdorf, K., et al. (2012). A lineage of myeloid cells independent of Myb and
hematopoietic stem cells. Science 336, 86–90. doi: 10.1126/science.1219179

Schwab, A., Nechyporuk-Zloy, V., Fabian, A., and Stock, C. (2007). Cells move
when ions and water flow. Pflugers Arch. 453, 421–432. doi: 10.1007/s00424-
006-0138-6

Shechter, R., London, A., Varol, C., Raposo, C., Cusimano, M., Yovel, G., et al.
(2009). Infiltrating blood-derived macrophages are vital cells playing an anti-
inflammatory role in recovery from spinal cord injury in mice. PLoS Med.
6:e1000113. doi: 10.1371/journal.pmed.1000113

Shechter, R., and Schwartz, M. (2013). Harnessing monocyte-derived
macrophages to control central nervous system pathologies: no longer ’if’
but ’how’. J. Pathol. 229, 332–346. doi: 10.1002/path.4106

Simard, A. R., Soulet, D., Gowing, G., Julien, J. P., and Rivest, S. (2006). Bone
marrow-derived microglia play a critical role in restricting senile plaque
formation in Alzheimer’s disease. Neuron 49, 489–502. doi: 10.1016/j.neuron.
2006.01.022

Song, X. Q., Lv, L. X., Li, W. Q., Hao, Y. H., and Zhao, J. P. (2009). The interaction
of nuclear factor-kappa B and cytokines is associated with schizophrenia. Biol.
Psychiatry 65, 481–488. doi: 10.1016/j.biopsych.2008.10.018

Spiegel, A., Kalinkovich, A., Shivtiel, S., Kollet, O., and Lapidot, T. (2008). Stem cell
regulation via dynamic interactions of the nervous and immune systems with
the microenvironment. Cell Stem Cell 3, 484–492. doi: 10.1016/j.stem.2008.
10.006

Stamatovic, S., Dimitrijevic, O., Keep, R., and Andjelkovic, A. (2006).
‘‘Inflammation and brain edema: new insights into the role of chemokines and
their receptors,’’ in Brain Edema XIII, eds J. T. Hoff, R. F. Keep, G. Xi and Y.
Hua (Vienna: Springer), 444–450.

Stöhr, J., Schindler, G., Rothe, G., and Schmitz, G. (1998). Enhanced upregulation
of the fc γ receptor IIIa (CD16a) during in vitro differentiation of ApoE4/4
monocytes. Arterioscler. Thromb. Vasc. Biol. 18, 1424–1432. doi: 10.1161/01.
atv.18.9.1424

Streit, W. J., Walter, S. A., and Pennell, N. A. (1999). Reactive microgliosis. Prog.
Neurobiol. 57, 563–581. doi: 10.1016/s0301-0082(98)00069-0

Takaki, J., Fujimori, K., Miura, M., Suzuki, T., Sekino, Y., and Sato, K.
(2012). L-glutamate released from activated microglia downregulates
astrocytic L-glutamate transporter expression in neuroinflammation: the
‘collusion’hypothesis for increased extracellular L-glutamate concentration
in neuroinflammation. J. Neuroinflammation 9:275. doi: 10.1186/1742-
2094-9-275

Takano, A., Arakawa, R., Ito, H., Tateno, A., Takahashi, H., Matsumoto, R.,
et al. (2010). Peripheral benzodiazepine receptors in patients with
chronic schizophrenia: a PET study with [11C]DAA1106. Int. J.
Neuropsychopharmacol. 13, 943–950. doi: 10.1017/s1461145710000313

Tang, B., Capitao, C., Dean, B., and Thomas, E. A. (2012). Differential age- and
disease-related effects on the expression of genes related to the arachidonic
acid signaling pathway in schizophrenia. Psychiatry Res. 196, 201–206. doi: 10.
1016/j.psychres.2011.09.026

Theodoropoulou, S., Spanakos, G., Baxevanis, C. N., Economou, M.,
Gritzapis, A. D., Papamichail, M. P., et al. (2001). Cytokine serum levels,
autologous mixed lymphocyte reaction and surface marker analysis in never
medicated and chronically medicated schizophrenic patients. Schizophr. Res.
47, 13–25. doi: 10.1016/s0920-9964(00)00007-4

Thomas, D. M., Francescutti-Verbeem, D. M., and Kuhn, D. M. (2006).
Gene expression profile of activated microglia under conditions associated

Frontiers in Cellular Neuroscience | www.frontiersin.org June 2016 | Volume 10 | Article 144 | 87

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Takahashi et al. Activation of Microglia/Monocyte in Psychiatric Disorders

with dopamine neuronal damage. FASEB J. 20, 515–517. doi: 10.1096/fj.05-
4873fje

Torres-Platas, S. G., Cruceanu, C., Chen, G. G., Turecki, G., and Mechawar, N.
(2014). Evidence for increasedmicroglial priming andmacrophage recruitment
in the dorsal anterior cingulate white matter of depressed suicides. Brain Behav.
Immun. 42, 50–59. doi: 10.1016/j.bbi.2014.05.007

van Berckel, B. N., Bossong, M. G., Boellaard, R., Kloet, R., Schuitemaker, A.,
Caspers, E., et al. (2008). Microglia activation in recent-onset schizophrenia:
a quantitative (R)-[11 C] PK11195 positron emission tomography study. Biol.
Psychiatry 64, 820–822. doi: 10.1016/j.biopsych.2008.04.025

Vaughan, D.W., and Peters, A. (1974). Neuroglial cells in the cerebral cortex of rats
from young adulthood to old age: an electron microscope study. J. Neurocytol.
3, 405–429. doi: 10.1007/bf01098730

Veenman, L., and Gavish, M. (2000). Peripheral-type benzodiazepine receptors:
their implication in brain disease. Drug Dev. Res. 50, 355–370. doi: 10.
1002/1098-2299(200007/08)50:3/4<355::AID-DDR18>3.0.CO;2-W

Veenman, L., and Gavish, M. (2012). The role of 18 kDa mitochondrial
translocator protein (TSPO) in programmed cell death and effects of
steroids on TSPO expression. Curr. Mol. Med. 12, 398–412. doi: 10.
2174/1566524011207040398

Whitelaw, D. M. (1972). Observations on human monocyte kinetics after
pulse labeling. Cell Tissue Kinet. 5, 311–317. doi: 10.1111/j.1365-2184.1972.
tb00369.x

Wiersinga, W. J., Leopold, S. J., Cranendonk, D. R., and van der Poll, T. (2014).
Host innate immune responses to sepsis. Virulence 5, 36–44. doi: 10.4161/viru.
25436

Wulff, H., Miller, M. J., Hänsel, W., Grissmer, S., Cahalan, M. D., and
Chandy, K. G. (2000). Design of a potent and selective inhibitor of the

intermediate-conductance Ca2+-activated K+ channel, IKCa1: a potential
immunosuppressant. Proc. Natl. Acad. Sci. U S A 97, 8151–8156. doi: 10.
1073/pnas.97.14.8151

Yirmiya, R. (1996). Endotoxin produces a depressive-like episode in rats. Brain
Res. 711, 163–174. doi: 10.1016/0006-8993(95)01415-2

Yona, S., Kim, K.W.,Wolf, Y., Mildner, A., Varol, D., Breker, M., et al. (2013). Fate
mapping reveals origins and dynamics of monocytes and tissue macrophages
under homeostasis. Immunity 38, 79–91. doi: 10.1016/j.immuni.2012.
12.001

Yu, Z., Ono, C., Aiba, S., Kikuchi, Y., Sora, I., Matsuoka, H., et al. (2015).
Therapeutic concentration of lithium stimulates complement C3 production
in dendritic cells and microglia via GSK-3 inhibition. Glia 63, 257–270. doi: 10.
1002/glia.22749

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer MO and handling Editor declared their shared affiliation, and the
handling Editor states that the process nevertheless met the standards of a fair and
objective review.

Copyright © 2016 Takahashi, Yu, Sakai and Tomita. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution and reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org June 2016 | Volume 10 | Article 144 | 88

http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


PERSPECTIVE
published: 27 May 2015

doi: 10.3389/fncel.2015.00184

Introducing directly induced
microglia-like (iMG) cells from fresh
human monocytes: a novel
translational research tool for
psychiatric disorders
Masahiro Ohgidani 1, Takahiro A. Kato 1,2* and Shigenobu Kanba 1

1 Department of Neuropsychiatry, Graduate School of Medical Sciences, Kyushu University, Fukuoka, Japan, 2 Brain
Research Unit, Innovation Center for Medical Redox Navigation, Kyushu University, Fukuoka, Japan

Edited by:
Thomas Knöpfel,

Imperial College London, UK

Reviewed by:
Hiroshi Kiyama,

Nagoya University, Graduate School
of Medicine, Japan

Ying Wang,
City of Hope National Medical

Center, USA
Alexej Verkhratsky,

University of Manchester, UK

*Correspondence:
Takahiro A. Kato,

Department of Neuropsychiatry,
Graduate School of Medical

Sciences, Kyushu University and
Brain Research Unit, Innovation

Center for Medical Redox Navigation,
Kyushu University, 3-1-1 Maidashi
Higashi-ku, Fukuoka 812-8582,

Japan
takahiro@npsych.med.kyushu-u.ac.jp

Received: 24 March 2015
Accepted: 27 April 2015
Published: 27 May 2015

Citation:
Ohgidani M, Kato TA and Kanba S
(2015) Introducing directly induced
microglia-like (iMG) cells from fresh

human monocytes: a novel
translational research tool for

psychiatric disorders.
Front. Cell. Neurosci. 9:184.

doi: 10.3389/fncel.2015.00184

Microglia, glial cells with immunological functions, have been implicated in various
neurological diseases and psychiatric disorders in rodent studies, and human
postmortem and PET studies. However, the deeper molecular implications of living
human microglia have not been clarified. Here, we introduce a novel translational
research approach focusing on human microglia. We have recently developed a new
technique for creating induced microglia-like (iMG) cells from human peripheral blood.
Two cytokines, GM-CSF and IL-34, converted human monocytes into the iMG cells
within 14 days, which show various microglial characterizations; expressing markers,
forming a ramified morphology, and phagocytic activity with various cytokine releases.
We have already confirmed the applicability of this technique by analyzing iMG cells
from a patient of Nasu-Hakola disease (NHD; Ohgidani et al., 2014). We herein
show possible applications of the iMG cells in translational research. We believe
that this iMG technique will open the door to explore various unknown dynamic
aspects of human microglia in psychiatric disorders. This also opens new routes for
psychopharmacological approach such as drug efficacy screening and personalized
medicine.

Keywords: microglia, regenerative medicine, translational research, psychiatric disorders, schizophrenia, mood
disorders, GM-CSF, IL-34

Recently, the roles of microglia, immune cells in the brain, have been highlighted not
only by neuroscientists but also by a variety of clinical researchers, especially in the field
of neurology and psychiatry (Hughes, 2012). The pathophysiology of microglia has been
suggested in various neuronal diseases and psychiatric disorders by human postmortem
and positron emission tomography (PET) studies (Steiner et al., 2008; van Berckel et al.,
2008; Takano et al., 2010; Gupta et al., 2014). Furthermore, microglial modulation has
been proposed as an intervention in brain diseases including psychiatric disorders by
recent clinical trials using minocycline, an antibiotic with microglial inhibitory effects
(Miyaoka et al., 2008; Levkovitz et al., 2010; Chaudhry et al., 2012; Hayakawa et al.,
2014). It has also been suggested that minocycline acts to modulate social interactions
not only in psychiatric patients but also in healthy volunteers (Kato et al., 2012; Watabe
et al., 2012, 2013). On the other hand, various psychotropic drugs have been revealed to
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FIGURE 1 | Induced Microglia-like Cells (iMG) from Human Peripheral Blood.

inhibit microglial over-activation in in vitro experiments using
rodent cells (Kato et al., 2007, 2008, 2011a,b; Bian et al., 2008;
Seki et al., 2013).

The above reports have strongly suggested that maladaptive
microglial activation may play a crucial role in various brain
disorders (Block et al., 2007; Hanisch and Kettenmann, 2007;
Kato et al., 2013). However, the deeper dynamic molecular
actions of living human microglia in real patients have not
been well clarified due to technical and ethical issues (such
as difficulties involved in human brain biopsies). Until now,
almost all human microglia research has been conducted using
the postmortem brain or PET. These approaches have revealed
important roles for activated microglia in psychiatric patients
such as schizophrenia and autism (Steiner et al., 2008; van
Berckel et al., 2008; Takano et al., 2010; Suzuki et al., 2013;

Gupta et al., 2014). However, using these methods, it is
difficult to ascertain the molecular pathological mechanisms
such as the signaling pathway and gene expression pattern.
On the other hand, animal (rodent) studies with cytological
and histological analysis can reveal the various deeper dynamic
actions of microglia at molecular levels (Nimmerjahn et al.,
2005; Wake et al., 2009; Kettenmann et al., 2011). In fact,
microglial activation has been shown in a variety of cytological
and histological analyses using rodent models of brain diseases
(Wu et al., 2002; Yoshiyama et al., 2007). Molecular biological
analysis using rodent primary cultures and cell strains has
been the standard method until now (Kato et al., 2007,
2008, 2011a,b; Bian et al., 2008; Seki et al., 2013; Mizoguchi
et al., 2014a,b). In fact, rodent studies have been very vital in
microglial research, however the question remains- how much
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does human pathology reflect in rodents? Can schizophrenia
model mice have delusions and/or hallucinations? Even though
a variety of rodent models of psychiatric disorders exist, it
is extremely hard to validate deeper psychopathologies in
rodents.

Thus, human studies using living brain cells derived from
psychiatric patients have been warranted to evaluate the
interactions of microglial activities and deeper psychopathology
including psychiatric symptoms. A novel term ‘‘cellular model’’
has emerged in addition to ‘‘animal model’’ in the research
of various physical diseases. The technology to obtain human
neuronal cells from non-brain tissues (e.g., skin) by novel
reproductive techniques such as induced pluripotent stem
(iPS) cells (Takahashi et al., 2007) and directly induced
neuronal (iN) cells (Pang et al., 2011; Liu et al., 2013) has
emerged, and these tools have just recently been applied
to psychiatric research (Kim, 2010; Brennand et al., 2011;
Wen et al., 2014). Further, iPS technology can produce
glial cells such as astrocytes (Juopperi et al., 2012) and
progenitor of oligodendrocytes (Wang et al., 2013). However,
to our knowledge, there exist no reports on the production
of microglia by iPS technology. Very recently, we have
developed a novel technique to create induced microglia-like
cells (iMG) from human peripheral blood (Ohgidani et al.,
2014).

The brain is mostly composed of ectomorphic cells such
as neurons, astrocytes and oligodendrocytes. Microglia is the
only mesomorphic cell in the brain (Kettenmann et al.,
2011). Therefore, we tried to induce microglia-like cells
from peripheral monocytes, which have the same origin as
mesomorphic cells. To determine what cytokines can induce
iMG cells from human peripheral monocytes, we tested
the effects of cytokines. Surprisingly, the cocktail of both
granulocyte-macrophage colony-stimulating factor (GM-CSF)
and interleukin (IL) −34 successfully induced small soma bodies
bearing numerous branched collaterals, which expressed the
specific morphology of ramified microglia-small soma with
extensive radial ramifications. The iMG cells express the essential
characteristics of human microglia such as surface markers
and drug responses, phagocytosis and cytokine production
(Figure 1).

We first utilized the iMG cells as a ‘‘cellular disease model’’
focusing on one of the most famous primary microglia-
oriented diseases, the Nasu-Hakola disease (NHD; Hakola,
1972; Nasu et al., 1973). NHD is a very rare autosomal
recessive disease, and the responsible two genes, which are
expressed in microglia in the brain, are DNAX-activation protein
of 12 kDA (DAP12) and triggering receptor expressed on
myeloid cells 2 (TREM2; Paloneva et al., 2000, 2002). The
deeper pathophysiological roles of microglia have not been
well understood. Thus, we investigated the pathophysiology of
NHD using the iMG technique. In agreement with genetic
diagnosis, the iMG cells from a NHD patient (141delG in
DAP12 gene) showed significantly lower expression of DAP12
than those from a healthy control (HC). Interestingly, the
response of producing pro-inflammatory cytokines (TNF-α
and IL-6) was delayed in the iMG cells from the NHD

patient as compared to those from HC. Furthermore, we
have also confirmed the delayed cytokine productions in the
NHD model of iMG cells which was prepared by siRNA
(Ohgidani et al., 2014). These novel findings may help to
understand the hitherto unknown pathophysiological aspects
of NHD.

In this way, we believe that the iMG technique will enable
the clarification of novel pathophysiological dysfunctions of
human microglia as a translational research tool in various brain
diseases including psychiatric disorders. We believe that the
iMG technique will enable the exploration and development of
psychiatric research especially to the following areas;

Multidimensional Correlation Analysis with
Clinical Data, Brain Imaging Data and iMG

By combining clinical data, brain imaging data, and the iMG
data from the same patient will be able to clarify the dynamic
interaction between a specific psychopathology and a specific
microglial activation (Figure 2-(1)). For example, the aberration
of TREM, which is expressed in microglia, has recently been
observed in psychiatric disorders such as bipolar disorder
(Weigelt et al., 2011) and Alzheimer’s disease (Jonsson et al.,
2013). Analyzing the TREM aberration of iMG cells from
psychiatric patients can help to clarify the main role of TREM
in psychopathology, which in turn may assist in the psychiatric
evaluation of diagnosis and severity.

Drug Evaluation and Personalized
Medicine

We previously reported the neuroprotective effects of
psychotropic drugs via suppressing microglial activation
using rodent microglial cells (Kato et al., 2007, 2008, 2011a,b;
Bian et al., 2008; Seki et al., 2013). The iMG technique may
help to predict drug responses before treating patients. Drug
efficacy screening using iMG cells can predict which drug will

FIGURE 2 | Utilities of the iMG cells in Psychiatry Translational
Research.
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respond best to each respective patient, and the technique may
be applied as a companion diagnostic tool, which has raised
expectations for the application of ‘‘order-made’’ medicine with
a reduction in side effects and a shortening of treatment period
(Figure 2-(2)).

Conclusion

We introduced a novel translational research approach focusing
on human microglia-like cells using the iMG technique.
Before reaching a conclusion, we need to mention a recent
considerable discussion regarding functional differences between
yolk sac derived microglia and monocyte derived microglia
(Ginhoux et al., 2010; Katsumoto et al., 2014). We should
keep it in our mind that the iMG cells are originated from
monocytes, which may be different from the functions of yolk
sac derived microglia. In addition, because IL-34 is a tissue-
restricted ligand of CSF1R and this cytokine is associated
with the development of other types of monocyte-derived
cells such as Langerhans cells and possibly dendritic cells
(Wang et al., 2012), which should also be considered. Despite
these propositions, we believe that the iMG technique, at

least to some extent, can analyze human microglial pathology
in a living state, which had been impossible until recently.
We hope that this translational method will open the door
to explore various unknown dynamic aspects of human
microglia in brain diseases, especially psychiatric disorders.
This opens new routes for not only understanding the
psychopathological mechanism of psychiatric disorders but also
psychopharmacological approach such as drug efficacy screening
and personalized medicine.
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Data from epidemiological studies suggest that prenatal exposure to bacterial and
viral infection is an important environmental risk factor for schizophrenia. The maternal
immune activation (MIA) animal model is used to study how an insult directed at
the maternal host can have adverse effects on the fetus, leading to behavioral and
neurochemical changes later in life. We evaluated whether the administration of LPS
to rat dams during late pregnancy affects astroglial markers (S100B and GFAP) of the
offspring in later life. The frontal cortex and hippocampus were compared in male and
female offspring on postnatal days (PND) 30 and 60. The S100B protein exhibited
an age-dependent pattern of expression, being increased in the frontal cortex and
hippocampus of the MIA group at PND 60, while at PND 30, male rats presented
increased S100B levels only in the frontal cortex. Considering that S100B secretion is
reduced by elevation of glutamate levels, we may hypothesize that this early increment
in frontal cortex tissue of males is associated with elevated extracellular levels of
glutamate and glutamatergic hypofunction, an alteration commonly associated with
SCZ pathology. Moreover, we also found augmented GFAP in the frontal cortex of the
LPS group at PND 30, but not in the hippocampus. Taken together data indicate that
astroglial changes induced by MIA are dependent on sex and brain region and that
these changes could reflect astroglial dysfunction. Such alterations may contribute to
our understanding of the abnormal neuronal connectivity and developmental aspects of
SCZ and other psychiatric disorders.
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INTRODUCTION

Schizophrenia (SCZ) is a chronic and debilitating illness that affects about 1% of
the world population, with the onset of the manifestation occurring typically in
late adolescence or in early adulthood (Monji et al., 2013). The incidence of SCZ
is significantly higher in men than in women (male: female ratio = 1.4) (Aleman
et al., 2003; McGrath et al., 2008). Nevertheless, the etiology of SCZ remains unclear,
although numerous findings indicate that neurodevelopmental factors contribute to its

Abbreviations: CNS, central nervous system; ELISA, enzyme-linked immunosorbent assay; GFAP, glial fibrillary acidic
protein; GSH, glutathione; IL-6, interleukin-6; LPS, lipopolysaccharide; MIA, maternal immune activation; NeuN, neuronal
nuclei; PND, postnatal day; ROS, reactive oxygen species.

Frontiers in Cellular Neuroscience | www.frontiersin.org December 2015 | Volume 9 | Article 489 | 94

http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/Cellular_Neuroscience/editorialboard
http://www.frontiersin.org/Cellular_Neuroscience/editorialboard
http://dx.doi.org/10.3389/fncel.2015.00489
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.3389/fncel.2015.00489
http://crossmark.crossref.org/dialog/?doi=10.3389/fncel.2015.00489&domain=pdf&date_stamp=2015-12-24
http://journal.frontiersin.org/article/10.3389/fncel.2015.00489/abstract
http://loop.frontiersin.org/people/302569/overview
http://loop.frontiersin.org/people/262110/overview
http://loop.frontiersin.org/people/244089/overview
http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


de Souza et al. Astroglial Markers in SCZ Model

pathophysiology (Murray et al., 1992; Knuesel et al., 2014).
Among these factors are included prenatal exposure to infection
agents such as viruses (Kneeland and Fatemi, 2012) and gram-
negative bacteria (Babulas et al., 2006; Sørensen et al., 2009;
Khandaker et al., 2012).

The MIA animal model is used to study how an insult directed
at the maternal host can have adverse effects on the fetus,
leading to behavioral and neurochemistry changes later in life,
specifically within abnormal exploration and social behaviors,
cytokine levels and gene regulation (Ashdown et al., 2006;
Fatemi et al., 2008; Meyer et al., 2009). Interestingly, prenatal
exposure to the viral mimetic polyinosinic-polycytidylic acid
changed behavioral flexibility of offspring rats, in a sex-dependent
manner (Zhang et al., 2012). Systemic administration of the
bacterial endotoxin, LPS, is a widely used and accepted MIA
model that emulates immune activation and subsequent release
of immunoregulatory, cytotoxic and inflammatory cytokines
secondary to gram-negative bacterial infections (Borrell et al.,
2002). Furthermore, inflammatory signals have been described in
the hippocampus and cerebral cortex in postmortem studies of
SCZ patients and MIA models (Beumer et al., 2012).

Changes in glial cells seem to be closely related to the
pathology of SCZ (Cotter et al., 2001; Bernstein et al., 2009;
Beumer et al., 2012). Astrocytes, the most abundant glial
cells, are involved, together with microglia, in brain immune
activation, as well as antioxidant defenses and glutamatergic
neurotransmission (Takuma et al., 2004; Liu et al., 2011). S100B, a
protein mainly expressed and secreted by astrocytes in the CNS,
has been proposed as a marker of brain damage (Marchi et al.,
2004; Gonçalves et al., 2008; Koh and Lee, 2014) and several
studies have suggested that S100B is altered in neurological and
psychiatric disorders (Ashraf et al., 1999; Lara et al., 2001; Steiner
et al., 2011). Corroborating the idea of the neuroinflammatory
basis of SCZ, and the involvement of the S100B protein in its
pathogenesis, we recently showed that cerebrospinal fluid (CSF)
S100B is increased by intracerebroventricular or intraperitoneal
LPS administration (Guerra et al., 2011). Furthermore we
observed that S100B secretion stimulated by cytokines in vitro is
prevented by antipsychotics (de Souza et al., 2013).

Brain inflammation involving astrogliosis (characterized by
over expression of GFAP and/or astrocyte hypertrophy) has
been observed in the offspring of models of MIA, in IL-6
or LPS-treated mothers (Samuelsson et al., 2006; Hao et al.,
2010). However, the role of GFAP in SCZ is controversial; some
studies have found no changes or decreased GFAP content
in the cortex and cerebellum of schizophrenic patients (Falkai
et al., 1999; Rajkowska et al., 2002). On the other hand, there
is evidence that this protein might be significantly augmented
in demented schizophrenic patients, when compared to non-
demented patients (Arnold et al., 1996).

Additionally, studies suggest that the altered regulation
of fundamental mechanisms of anti-oxidant defense, where
astrocytes are key elements (Takuma et al., 2004), may contribute
to the pathogenesis of SCZ and related disorders (Floyd, 1999;
Chauhan and Chauhan, 2006; Boskovic et al., 2011). In fact,
analyses of the molecular mechanisms underlying oxidative
stress suggest that cognitive dysfunction may be associated

with an imbalance in the generation and clearance of ROS
(Bitanihirwe and Woo, 2011) and MIA models support the role
of oxidative/nitrosative stress in SCZ (Venkatasubramanian and
Debnath, 2013)

In this study, we evaluated whether the administration of LPS
in rat dams during late pregnancy affects the main astroglial
markers, S100B and GFAP, in the frontal cerebral cortex and
hippocampus of the dams’ offspring during later life. S100B levels
were also investigated in CSF and serum. We compared the
offspring at 30 and 60 days to evaluate the possible differences
between juvenile and adult rats and also investigated the existence
of differences between male and female offspring. We also
investigated the oxidative/nitrosative stress parameters, NO and
GSH contents, in this model.

MATERIALS AND METHODS

Animals
Female Wistar rats from our breeding colony (Department of
Biochemistry, UFRGS, Porto Alegre, Brazil), weighing 216–263 g
each, were used, and maintained under controlled light and
environmental conditions (12 h light/12 h dark cycle at a constant
temperature of 22 ± 1◦C), with free access to commercial chow
and water. The fertility cycle of the rats was controlled, and, when
on proestrus, they were mated overnight. In the morning, vaginal
secretion was collected for analysis. If spermatozoa were found in
the morning, the day was designated as the first day of pregnancy.
All animal experiments were carried out in accordance with
the National Institute of Health Guide for the Care and Use
of Laboratory Animals (NIH Publications No. 80-23) revised in
1996 and followed the regulations of the local animal housing
authorities.

The study has been approved by the Comite de Etica no Uso
de Animais (CEUA), UFRGS, number 18672.

LPS Administration to Pregnant Rats
For gestational LPS treatment, timed pregnant Wistar rats were
injected on days 18 and 19 of pregnancy, as follows: six pregnant
rats were injected intraperitoneally with 500 μg/kg LPS (from
Escherichia coli, serotype 055:B5, Sigma) and five were injected
with a corresponding volume of sterile saline (control), once
daily. Females were kept separate and with free access to their
own litters. Rats from both groups (control and LPS) were born
healthy and the numbers of offspring were normal. The offspring
rats were weaned at 21 days old and were housed separately
according to sex. The experiments were performed using male
and female rats from each litter. Rats had free access to food and
water. All the experiments were performed between 12:00 h and
17:00 h. In order to analyze the differences between young and
adult rats, experiments were performed at PND 30 and PND 60
(Cai et al., 2000).

Obtaining CSF, Serum and Hippocampal
Samples
Animals were anesthetized with ketamine/xylazine (75 and
10 mg/kg, respectively, i.p.) and then positioned in a stereotaxic
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holder; CSF was obtained by cisterna magna puncture using
an insulin syringe (27 gage × 1/2 inch length). The blood
samples were collected by careful intracardiac puncture, using a
5-mL non-heparinized syringe to obtain 3 mL of blood. Blood
samples were incubated at room temperature (25◦C) for 5 min
and centrifuged at 3200 rpm for 5 min to obtain serum. CSF
and serum were frozen (−20◦C) until further analysis, at most
for 2 weeks. The animals were killed by decapitation, and
the brains were removed and placed in cold saline medium
with the following composition (in mM): 120 NaCl; 2 KCl;
1 CaCl2; 1 MgSO4; 25 HEPES; 1 KH2PO4 and 10 glucose,
adjusted to pH 7.4. The hippocampi and frontal cortex were
dissected and transverse slices of 0.3 mm were obtained using a
McIlwain Tissue Chopper. Slices were then frozen at −20◦C (for
measurement of GFAP and S100B) or −80◦C (for measurement
GSH and NO), at most for 2 weeks.

ELISA for S100B
The S100B concentration was determined in the hippocampal
and cortical samples, in addition to serum and CSF from
offspring at PND 30 and PND 60. S100B levels were determined
by ELISA, as described previously (Leite et al., 2008). Briefly,
50 μL of sample plus 50 μL of Tris buffer were incubated
for 2 h on a microtiter plate, previously coated with anti-
S100B monoclonal antibody (SH-B1, from Sigma). Anti-S100
polyclonal antibody (from DAKO) was incubated for 30 min and
then peroxidase-conjugated anti-rabbit antibody was added for
a further 30 min. The color reaction with o-phenylenediamine
was measured at 492 nm. The standard S100B curve ranged from
0.002 to 1 ng/mL.

ELISA for GFAP
Enzyme-linked immunosorbent assay for GFAP was carried out
by coating the microtiter plate with 100 μL samples containing
20 ng of protein for 24 h at 4◦C. Incubation with a polyclonal
anti-GFAP from rabbit (GE Healthcare) for 1 h was followed
by incubation with a secondary antibody conjugated with
peroxidase for 1 h, at room temperature. A colorimetric reaction
with o-phenylenediamine was measured at 492 nm. The standard
human GFAP (from Calbiochem) curve ranged from 0.1 to
5 ng/mL.

Immunohistochemistry for GFAP and
NeuN
Rats were anesthetized using ketamine/xylazine and were
perfused through the left cardiac ventricle with 200 mL of saline
solution, followed by 200 mL of 4% paraformaldehyde in 0.1 M
phosphate buffer, pH 7.4. The brains were removed and left
for post-fixation in the same fixative solution at 4◦C for 24 h.
Subsequently, the material was cryoprotected by immersing the
brain in 30% sucrose in phosphate buffer at 4◦C. The brains were
sectioned (50 μm) on a cryostat (Leitz). The sections were then
preincubated in 2% bovine serum albumin (BSA) in phosphate-
buffered saline (PBS) containing 0.4% Triton X-100 for 30 min
and incubated with polyclonal anti-GFAP from rabbit or -NeuN
from mouse, diluted 1:500 in 0.4% BSA in PBS-Triton X-100,

for 48 h at 40◦C. After washing several times, tissue sections
were incubated with a secondary antibody Alexa Fluor 488 (goat
anti-rabbit-IgG; green fluorescence) and Alexa Fluor 568 (goat
anti-mouse-IgG; red fluorescence) diluted 1:500 in PBS, at room
temperature for 2 h. Afterward, the sections were mounted on
slides with Fluor Save and covered with coverslips. Samples
were quantified according to (Centenaro et al., 2011). Briefly,
images were viewed with an Olympus microscope with a digital
camera and then transferred to a computer. Then, the GFAP
and NeuN immunoreactivity was evaluated by means of regional
semi-quantitative optical densitometry, using Image J Software
1.42q (Wayne Rasband, National Institutes of Health, USA). Five
images were analyzed in the stratum radiatum of the CA1 in the
hippocampus from each animal (four fields were analyzed per
section).

Glutathione Content Assay
Glutathione levels (nmol/mg protein) were measured, as
described previously (Anderson, 1985). Slices were homogenized
and assayed in 10 volumes of 100 mM sodium phosphate
buffer, pH 8.0, containing 5 mM EDTA and protein was
precipitated with 1.7% meta-phosphoric acid. Supernatant was
assayed with o-phthaldialdeyde (1 mg/mL methanol) at room
temperature for 15 min. Fluorescence was measured using
excitation and emission wavelengths of 350 and 420 nm,
respectively. A calibration curve was performed with standard
GSH solutions (0–500 μM).

Nitric Oxide (NO) Production
Nitric Oxide metabolites, NO3− (nitrate) and NO2− (nitrite)
were determined according to (Hu et al., 1996). Briefly,
homogenates from one hippocampus were mixed with 25%
trichloroacetic and centrifuged at 1,800 × g for 10 min. The
supernatant was immediately neutralized with 2 M potassium
bicarbonate. NO3− was reduced to NO2− by nitrate reductase.
The total NO2− in the supernatant was measured by a
colorimetric assay at 540 nm, based on the Griess reaction.
A standard curve was performed using sodium nitrate (0–
50 μM).

Protein Determination
Protein content was measured by Lowry’s method using BSA as
standard (Peterson, 1977).

Statistical Analysis
Parametric data are reported as means± standard error and were
analyzed by two-way ANOVA (followed by Bonferroni’s test).
Values of p < 0.05 were considered to be significant.

RESULTS

Prenatal LPS Treatment Increases S100B
in the Frontal Cortex and Hippocampus
of Offspring Rats
S100B content was measured in the frontal cortex and
hippocampus of juvenile (PND 30) and adult (PND 60) rats born
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from mothers exposed to LPS during pregnancy. Prenatal LPS
significantly changed only S100B levels in the frontal cortex of
male juvenile rats (p < 0.05). However, a significant effect of sex
on S100B levels in the frontal cortex [F(1,44)= 13,18; p= 0.0007]
and in the hippocampus [F(1,45) = 11,89; p = 0.001] in juveniles
rats was observed (Figures 1A,B).

In adult rats, a significant effect of prenatal LPS treatment
on S100B immunocontent was observed in the frontal cortex
[F(1,25) = 9,77; p = 0.005] and hippocampus [F(1,24) = 4,58;
p = 0.04], but no effect of sex was observed [F(1,25) = 3,23;
p = 0.08] and [F(1,24) = 3,57; p = 0.07] in these either of these
regions (Figures 1C,D).

Prenatal LPS Treatment Decreased
S100B Levels in the CSF of Young
Offspring Females
In juvenile rats, a significant interaction of (LPS treatment × sex)
was observed for the CSF levels of S100B [F(1,22) = 4,84;
p = 0.003]. Post hoc analysis revealed that S100B levels were
significantly lower in the females of the LPS group (p < 0.05),
when compared with the control group (Figure 2A). No
significant alterations were observed in the serum of juvenile
offspring (Figure 2B).

Prenatal LPS exposure did not significantly alter S100B levels
in the CSF or serum of adult offspring, however, an effect of sex
on the amount of S100B in the CSF was found [F(1,23) = 5,96;
p = 0.03] (Figures 2C,D).

GFAP Content is Altered in Offspring
Born to LPS-Treated Dams
A significant effect of prenatal LPS treatment [F(1,36) = 4,41;
p = 0.04] on GFAP immunocontent was observed in the frontal
cortex of juvenile offspring rats, but no influence of sex was
observed [F(1,36) = 0,82; p = 0.8] (Figure 3A). No effects of
LPS treatment [F(1,37) = 1,08; p = 0.30] or sex [F(1,37) = 0,68;
p = 0.41] were observed in the hippocampus of juvenile rats
(Figure 3B).

No changes were found in the frontal cortex of adult rats
(Figure 3C). However, significant effects of LPS treatment
[F(1,21)= 8,3; p = 0.008] and sex [F(1,21) = 5,94; p= 0.02] were
observed in the hippocampus of adult rats (Figure 3D).

Immunohistochemistry for GFAP and
NeuN in the CA1 Hippocampus of
LPS-Offspring Rats
In order to confirm the alterations in GFAP in the hippocampus
(measured by ELISA), we localized this protein in the CA1 region
using immunohistochemistry and also stained for the NeuN
protein in the neuronal population. Male and female rats born to
LPS-exposed damswere analyzed on PND30 and 60 (Figure 4A).

After quantification, significant effects of sex [F(1,10) = 18,66;
p = 0.002] and LPS treatment [F(1,10) = 30,62; p = 0.0002]
were observed on the GFAP immunocontent of the CA1
hippocampus in the offspring of PND 30 rats. There was also an
interaction effect between treatment and sex [F(1,10) = 10,51;

FIGURE 1 | Prenatal LPS treatment increases S100B in the frontal cortex and hippocampus of offspring rats. Cortical or hippocampal slices from PND 30
(A,B, respectively) and PND 60 Wistar rats prenatally exposed to LPS (C,D, respectively); S100B was measured by ELISA. Data are expressed as means ± standard
error (LPS group, N = 10; control group, N = 10), the measurements were performed in triplicate. aSignificant effect of prenatal treatment and bsignificant effect of
sex (Two-way ANOVA p < 0.05). ∗Significantly different from respective control (Bonferroni’s post hoc, p < 0.05).
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FIGURE 2 | Prenatal LPS treatment decreases S100B levels in the CSF of juvenile offspring females. CSF and serum from PND 30 (A,B, respectively) and
PND 60 Wistar rats prenatally exposed to LPS (C,D, respectively); S100B was measured by ELISA. Data are expressed as means ± standard error (LPS group,
N = 10; control group, N = 10), the measurements were performed in triplicate. bSignificant effect of sex (p < 0.05) and significant interaction prenatal
treatment × sex (Two-way ANOVA, p < 0.05). (A) ∗Significantly different from control (Two-way ANOVA followed by Bonferroni’s post hoc, p < 0.05).

FIGURE 3 | Glial fibrillary acidic protein content is altered in offspring born to LPS-treated dams. Cortical or hippocampal slices from PND 30 (A,B,
respectively) and PND 60 Wistar rats, prenatally exposed to LPS (C,D, respectively); GFAP was measured by ELISA. Data are expressed as means ± standard error
(LPS group, N = 10; control group, N = 10); the measurements were performed in triplicate. aSignificant effect of prenatal treatment and bsignificant effect of sex
(Two-way ANOVA, p < 0.05). ∗Significantly different from control (Bonferroni’s post hoc, p < 0.05).
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FIGURE 4 | Immunohistochemistry for GFAP and NeuN in the CA1 hippocampus of LPS-offspring rats. (A) Shows immunohistochemistry for GFAP (green)
and NeuN (red) in hipocampal slices of 30- and 60-day old Wistar rats prenatally exposed to LPS (males and females). GFAP and NeuN were then quantified in the
hippocampal slices of PND 30 (B,D, respectively) and PND 60 Wistar rats prenatally exposed to LPS (C,E, respectively). Data are expressed as means ± standard
error (LPS group, N = 5; control group, N = 5); the experiments were performed in triplicate. aSignificant effect of prenatal treatment; bsignificant effect of sex
(Two-way ANOVA, p < 0.05). ∗Significantly different from control (Bonferroni’s post hoc, p < 0.05). Scale bar = 10 mm.

p = 0.008] (Figure 4B). On PND 60, two-way ANOVA showed
a significant effect of sex (p = 0.0007), but there was no
effect of LPS treatment (p = 0.23 and 0.33, respectively)
(Figure 4C).

Prenatal LPS did not significantly change NeuN levels
in the hippocampus of juvenile or adult rats (Figures 4D,E
respectively); however, two-way ANOVA demonstrated a
significant effect of sex in both juvenile [F(1,12) = 33,27;
p < 0.0001] and adult [F(1,14) = 45,36; p < 0.0001] rats.

Offspring from LPS-Treated Dams
Demonstrate Alterations in
Oxidative/Nitrosative Stress
Glutathione content and NO production were used as parameters
to evaluate possible oxidative stress caused by LPS prenatal
exposure. Two-way ANOVA (treatment × sex) indicated no
significant effect of LPS treatment or sex in the frontal cortex
at PND 30 (Figure 5A). However, a significant effect of sex
[F(1,40) = 4,54; p = 0.03] was seen in the hippocampus at PND
30 (Figure 5B).

A significant effect of LPS treatment on GSH content was
observed in the frontal cortex at PND 60 [F(1,21) = 4,79;

p = 0.04] (Figure 5C); no effects were found in the hippocampus
at this age (Figure 5D).

The effect of LPS prenatal treatment on the content of NO
was observed in the frontal cortex of offspring rats at PND
30 [F(1,14) = 7,8; p < 0.014] (Figure 6A). Furthermore, a
significant effect of sex was observed in the hippocampus of
juvenile [F(1,12) = 33,27; p < 0.0001] (Figure 6B) and adult rats
[F(1,20) = 4,64; p = 0.043] (Figure 6C), where post hoc analysis
indicated an increase in NO in adult females.

DISCUSSION

Schizophrenia is believed to involve neurochemical, metabolic
activities and connectivity impairment between several brain
regions, such as the prefrontal cortex and hippocampus (Cui
et al., 2009; Ledoux et al., 2014). Increasing evidence suggests that
an imbalance of neurodegenerative and neuroprotective factors
may play a key role in this brain disorder. Of the factors that may
modulate the subtle balance between cell death and survival, a
role for cytokines has been consistently reported in SCZ (Mansur
et al., 2012). Previous studies indicate that astroglial dysfunction
could be an important element in SCZ pathology, as indicated
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FIGURE 5 | Glutathione content is dependent on sex and modulated by prenatal treatment with LPS. Cortical or hippocampal slices from PND 30
(A,B, respectively) and PND 60 Wistar rats prenatally exposed to LPS (C,D, respectively). Data are expressed as means ± standard error (LPS group, N = 10;
control group, N = 10), the experiments were performed in triplicate. Significant interaction prenatal treatment × sex (A); asignificant effect of prenatal treatment
(Two-way ANOVA, p < 0.05). ∗Significantly different from control (Bonferroni’s post hoc, p < 0.05).

by alterations in the markers GFAP and S100B (Fekkes et al.,
2009).

S100B is a calcium-binding protein secreted by astrocytes
into the synapse, where it is thought to participate in
synaptic plasticity (Donato et al., 2009) and glutamatergic
neurotransmission (Tramontina et al., 2006). The expression and
secretion of this protein is modulated by cytokines, suggesting
its involvement in the neuroinflammatory response (Schmitt
et al., 2007; de Souza et al., 2009). In addition, we observed that
cytokine-stimulated S100B secretion in astroglial cultures and
hippocampal slices can be prevented by antipsychotics (de Souza
et al., 2013). Herein, we showed that S100B has an age-dependent
pattern of expression, and that it is increased in the frontal cortex
and hippocampus of the LPS group at PND 60, when compared to
control rats, while juvenile male rats present an increase in S100B
levels only in the frontal cortex. It is important to mention that,
at this age, behavioral alterations such as disruption of prepulse
inhibition and deficient social interaction are associated with
the SCZ model induced by MIA (Smith et al., 2007; de Souza,
unpublished results).

As such, based on tissue S100B changes in the MIA model, we
may suggest that a higher astroglial sensitivity/reactivity occurs
in the frontal cortex of male offspring in response to prenatal
LPS exposure. Accordingly, we found an increase in GFAP in
the frontal cortex of the LPS group at PND 30, but not in the
hippocampus. Considering that S100B secretion is reduced by
elevation of glutamate levels in astrocyte cultures and brain slices
(Goncalves et al., 2002; Büyükuysal, 2005; Nardin et al., 2009), we

may speculate that this early increment in frontal cortex tissue of
offspring males is associated with elevated extracellular levels of
glutamate and glutamatergic hypofunction, commonly thought
to be involved in SCZ pathology (Javitt, 2010). In support, an
increment of glutamate levels has been reported in prefrontal
cortex of male offspring in other MIA models induced by LPS
(Connors et al., 2014) or polyinosinic:polycytidylic acid (Roenker
et al., 2012). Furthermore, we found a decrease in CSF levels of
S100B in females at PND 30 in the LPS group

These data are particularly interesting given the fact that
the first signs of SCZ generally occur at the beginning of
adulthood (Monji et al., 2009) and that an elevation of S100B
has been observed in patients during the first onset of SCZ
(Steiner et al., 2006). Elevations of serum S100B also have been
described in SCZ patients (Wiesmann et al., 1999; Lara et al.,
2001; Rothermundt et al., 2001), but no significant changes were
observed in serum S100B levels at the ages analyzed in this MIA
model. Furthermore, early CSF changes were not accompanied by
serum changes. It is important to emphasize that changes in CSF
S100B are not necessarily followed by changes in serum S100B
(Gonçalves et al., 2008; Guerra et al., 2011), even though serum
S100B, in SCZ,may be potentially modulated by peripheral S100B
sources (Gonçalves et al., 2010; Steiner et al., 2010).

However, while increased S100B levels in patients with SCZ
have been interpreted as a marker of structural damage or,
alternatively, as a sign of astroglial dysfunction (Wiesmann
et al., 1999; Rothermundt et al., 2001), the role of GFAP (a
classical marker of astrogliosis) in psychiatric disease remains
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FIGURE 6 | Nitric oxide content is dependent on sex. Cortical (A) and
hippocampal slices from PND 30 (B) and hippocampal slices from PND 60
Wistar rats prenatally exposed to LPS (C). Data are expressed as
means ± standard error (LPS group, N = 10; control group, N = 10);
experiments were performed in triplicate. bSignificant effect of sex (Two-way
ANOVA, p < 0.05). ∗Significantly different from control (Bonferroni’s post hoc,
p < 0.05).

controversial (Samuelsson et al., 2006; Hao et al., 2010). We
found a transitory increase of GFAP in the frontal cortex (but
not in the hippocampus) at PND 30 in offspring that had been
prenatally exposed to LPS, independent of sex. This hippocampal
increment of GFAP was observed only at PND 60, and the effect

was dependent on sex. Notably, when we looked specifically
at hippocampus CA1 using immunohistochemical staining for
GFAP, we found similar results at PND 60 when measuring
GFAP by ELISA. Conversely, in this hippocampal region, we
also observed astrogliosis at PND 30. Therefore, in spite of
methodological differences, taken together these results indicate
that astrogliosis in this LPS-induced MIA model is dependent on
sex, time and brain region.

In parallel to immunohistochemical studies for GFAP in
the CA1 hippocampus, we also stained for NeuN. We found
an ontogenetic difference in this protein’s levels in males and
females; however, no changes were observed at PND 30 or 60
after prenatal LPS exposure. In fact, no significant changes in the
number of neurons have been described in SZC patients (Heckers
and Konradi, 2002) or in MIA models of SCZ (Wolff and Bilkey,
2015). It is probable that SCZ does not occur as a consequence
of a reduction in neuron number, but due to alterations in
the interconnectivity between them (Selemon et al., 1995). Our
data reinforce the idea that alterations in astrocytes, glial cells
intimately related to synaptic plasticity, could contribute to the
abnormal connectivity of neurons.

In addition to glutamatergic communication,
oxidative/nitrosative stress has been associated with
SCZ pathology (Dadheech et al., 2008; Do et al., 2009;
Venkatasubramanian and Debnath, 2013). Astrocytes are a
heterogeneous group of cells involved in the production and
recycling of GSH (the main antioxidant molecule in brain tissue)
(Takuma et al., 2004), and also contribute to the production
of NO, which can cause nitrosative stress under certain
circumstances. However, nitrosative stress in the LPS-induced
MIA model has not been well characterized. We observed an
increase in NO in the hippocampus of female (not males) at
PND 60 following prenatal exposure to LPS. Unfortunately,
we were unable to measure NO metabolites in stored samples
from frontal cortex at this age. Surprisingly we observed an
increase in GSH in the LPS group, which was dependent on sex,
in the frontal cortex, but not in the hippocampus at PND 60.
The significance of these findings is unclear at moment, but the
increase in GSH could indicate a compensatory mechanism to
the oxidative stress that occurs in this model.

Some limitations of this study should be noted. Firstly,
MIA is a risk factor, not a model, as we have mentioned
throughout the text, for several developmental neuropsychiatric
disorders, including SCZ, autism and bipolar disorder. Secondly,
we have focused this study on astroglial cells; however, other
glial cells such as oligodendrocytes and microglia should also
be investigated as these also contribute to the behavioral
phenotypes of MIA observed at PND 60 (DF de Souza,
unpublished results). Finally, astrocytes, as mentioned, are a
heterogeneous group of cells, and the differences in levels of
S100B and GFAP observed in the different cerebral regions may
reflect this characteristic. Furthermore, numerous other specific
astroglial parameters such as glutamate transporters, glutamine
synthesis and GSH synthesis should be investigated in future
studies to amplify the understanding of astroglial activity in
MIA and SCZ pathology for diagnosis and even therapeutic
intervention.
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In summary, our results show that prenatal LPS challenge leads
to neurochemical abnormalities in astroglial markers during
postnatal life and these findings reinforce the hypothesis that
MIA may underlie SCZ pathology. The S100B protein exhibited
an age-dependent pattern of expression, being increased in
the frontal cortex and hippocampus of the MIA group at
PND 60, while at PND 30, male rats presented an increase
in S100B levels only in the frontal cortex. Considering that
S100B secretion is reduced by elevation of glutamate levels,
we may hypothesize that this early increment in frontal cortex
tissue of males is associated with elevated extracellular levels
of glutamate and glutamatergic hypofunction, an alteration
commonly associated with SCZ pathology. Accordingly, we
also found augmented GFAP expression in the frontal cortex
of the LPS group at PND 30, but not in the hippocampus.
Moreover, we found a decrease in CSF levels of S100B in
females at PND 30 in the LPS group, but not later on at
PND 60. Taken together, data indicate that astroglial changes
induced by MIA are dependent on sex and brain region, and
that such changes could reflect astroglial dysfunction. Such

dysfunction could help us, in part, to understand the abnormal
neuronal connectivity and developmental aspects of SCZ and
other psychiatric disorders.
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Several studies have indicated that inflammation during pregnancy increases the risk
for the development of neuropsychiatric disorders in the offspring. Morphological brain
abnormalities combined with deviations in the inflammatory status of the brain can be
observed in patients of both autism and schizophrenia. It was shown that acute infection
can induce changes in maternal cytokine levels which in turn are suggested to affect
fetal brain development and increase the risk on the development of neuropsychiatric
disorders in the offspring. Animal models of maternal immune activation reproduce the
etiology of neurodevelopmental disorders such as schizophrenia and autism. In this
study the poly (I:C) model was used to mimic viral immune activation in pregnant mice in
order to assess the activation status of fetal microglia in these developmental disorders.
Because microglia are the resident immune cells of the brain they were expected to be
activated due to the inflammatory stimulus. Microglial cell density and activation level in
the fetal cortex and hippocampus were determined. Despite the presence of a systemic
inflammation in the pregnant mice, there was no significant difference in fetal microglial
cell density or immunohistochemically determined activation level between the control
and inflammation group. These data indicate that activation of the fetal microglial cells
is not likely to be responsible for the inflammation induced deficits in the offspring in this
model.

Keywords: neuropsychiatric disorders, maternal immune activation, microglia, embryo, cortex

Introduction

Schizophrenia and autism are neurodevelopmental disorders that can arise early during postnatal
life. Although genetic deficits are important risk factors, perturbations of local environment,
especially during pregnancy, are suspected to play a central role in the occurrence of
these neurodevelopmental disorders. Maternal immune activation (MIA) during pregnancy is
considered as a risk factor for schizophrenia and autism in the offspring (Brown, 2012). To study
the mechanisms behind this association several animal models were developed in which pregnant
rodents were infected with the influenza virus, polyinosinic:polycytidylic acid [poly (I:C)] or
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lipopolysaccharide (LPS) (Patterson, 2009). These models
confirmed that prenatal infection leading to MIA can lead to
behavioral and neurological disorders in the offspring (Shi et al.,
2003; Meyer et al., 2006; Fortier et al., 2007; Lowe et al., 2008;
Harvey and Boksa, 2012; Giovanoli et al., 2013; Squarzoni et al.,
2014). During MIA evoked by poly (I:C), an elevated maternal
serum cytokine, interleukin-6 (IL-6), was found to be critical for
the development of these neurological deficits in the offspring
(Samuelsson et al., 2006; Smith et al., 2007). Differences in
behavioral abnormalities observed in the offspring at adult age are
critically dependent on the time of maternal poly (I:C) challenge,
being related to differences in cytokine responses in the fetal brain
shortly after the induction of MIA (Meyer et al., 2006, 2008).
However, the source of the cytokine response in the fetal brain
remains a matter of debate as it can originate from maternal,
placental and/or embryonic tissue. An endogenous increase in
fetal brain cytokine production was demonstrated using mRNA
analysis of the cytokine expression level upon maternal poly (I:C)
challenge during the late gestation stage in mice (17 embryonic
days, E17; Meyer et al., 2006). This was not observed when
maternal poly (I:C) challenge was performed at mid gestation
stage (E9; Meyer et al., 2006), a developmental age at which
immature microglia, the resident immune cells of the brain, have
not yet invaded the fetal central nervous system (CNS; Ginhoux
et al., 2010; Rigato et al., 2011; Swinnen et al., 2013).

Microglia colonize the brain early during embryonic
development (E11.5 in the mouse embryo; Ginhoux et al., 2010;
Rigato et al., 2011; Swinnen et al., 2013) and are known to
control several developmental processes in the brain at perinatal
developmental stages (Cunningham et al., 2013; Squarzoni et al.,
2014; Michell-Robinson et al., 2015). First, embryonic microglia
have been shown to be involved in angiogenesis through close
contact with vessel sprouts and endothelial tip cells and the
secretion of soluble factors that stimulate angiogenesis during
development (Fantin et al., 2010; Rymo et al., 2011). Secondly,
during CNS development microglial cells clear cellular debris
and induce programmed cell death in developing neurons via
the production of superoxide ions (Marin-Teva et al., 2004;
Wakselman et al., 2008) and tumor necrosis factor (TNF)-α
(Sedel et al., 2004). Thirdly, several studies have pointed toward
an important role for microglia in synaptic remodeling and
synapse elimination (Tremblay et al., 2010; Paolicelli et al.,
2011; Schafer et al., 2012; Zhan et al., 2014). Finally, microglial
cells can also influence the development and differentiation
of neural cells. Microglia-conditioned media can influence
embryonic precursor migration and differentiation in primary
cultures (Aarum et al., 2003; Jonakait et al., 2011). In addition,
microglial cells can regulate cortical precursor proliferation
and astrogenesis (Nakanishi et al., 2007). Primary culture
experiments on embryonic precursor cultures showed that
microglial cells are important for precursor proliferation and
astrogenesis. In microglia-depleted cultures and cultures from
PU.1 knock out embryos proliferation and astrogenesis were
decreased. Addition of microglia to these cultures restored
both processes and an abnormal increase in microglial cell
numbers resulted in increased astrogenesis (Antony et al.,
2011). Deactivation of embryonic microglia with tetracyclines

or elimination via the macrophages suicide technique led to an
increase in neural precursor cells, while microglial activation had
the opposite effect (Cunningham et al., 2013).

Maternal immune activation induces an imbalance in
cytokines levels, of which maternal IL-6 has been shown to
be a critical mediator in inducing the effects of MIA on
brain development and behavioral changes (Smith et al., 2007).
IL-6 is known to induce activation of adult microglial cells;
leading to the production of pro-inflammatory factors, such as
nitric oxide, reactive oxygen species, proteolytic enzymes, and
TNF-α by microglial cell cultures (Krady et al., 2008), microglial
proliferation (in vitro; Streit et al., 2000) and infiltration
(in vivo; Lacroix et al., 2002) or the upregulation of microglial
CX3CR1, making them more sensitive to fractalkine signaling
(Lee et al., 2010). An imbalance in cytokine levels caused
by MIA might thus be able to activate embryonic microglia,
even at early developmental stages, and alter their normal
functions. This can trigger a cascade of events that could
lead to developmental defects observed in the offspring of
LPS or poly (I:C) treated pregnant mice. Indeed, MIA evoked
by LPS injection evoked microglia activation and enhanced
phagocytosis of neural precursors by microglia at prenatal
stages in rats (Cunningham et al., 2013). However, the question
remains whether an endogenous increase in fetal brain cytokine
production in response to maternal poly (I:C) challenge is
of microglial origin. Accordingly it remains unclear whether
poly (I:C)-induced MIA results in the activation of embryonic
microglia during fetal development.

To determine to what extent MIA evoked by poly (I:C) can
alter cortex invasion by microglia and/or change embryonic
microglial cell activation state, we evoked MIA using a single
(at E11.5) or a double injection (at E11.5 and E15.5) of poly
(I:C) (Meyer et al., 2006; Shi et al., 2009). This developmental
time window is an important time point for cortex invasion by
immature microglia as their cell density dramatically increases
during this period (Swinnen et al., 2013). We show that
poly (I:C)-induced MIA does not affect microglial density and
activation level during embryonic development suggesting that
pathological activation of embryonic microglial cells at the
onset of their colonization processes cannot explain neurological
deficits observed at postnatal stages in offspring after poly (I:C)-
induced MIA.

Materials and Methods

Animals
All experiments were conducted in accordance with the
European Community guiding principles on the care and use
of animals and with the approval of the Ethical Committee on
Animal Research of Hasselt University. Mice were maintained in
the animal facility of the Hasselt University in accordance with
the guidelines of the Belgian Law and the European Council
Directive. To visualize microglia in the embryonic cortex the
transgenic CX3CR1-eGFP knock-in mice (Jung et al., 2000) were
used. The heterozygous CX3CR1-eGFP embryos used in this
study were obtained by crossing wild type C57BL/6 females with
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homozygous CX3CR1-eGFP +/+ male mice (obtained from the
European Mouse Mutant Archive – EMMA with the approval
of Jung et al., 2000). The day of conception was designated as
embryonic day 0.5 (E0.5).

Maternal Immune Activation
At day E11.5 (single injection) or at E11.5 and E15.5 (double
injection) mice received i.p. a dose of poly (I:C) (20 mg/kg;
Polyinosinic–polycytidylic acid potassium salt; Sigma–Aldrich,
Bornem, Belgium) or vehicle (saline). Five hours after injection
the maternal blood was collected, the serum was aliquoted and
stored at −80◦C until the IL-6 assay was performed (Shi et al.,
2003; Smith et al., 2007). The maternal IL-6 concentrations
were determined using the Mouse IL-6 ELISA Kit from Thermo
Scientific (Rockford, IL, USA), following the manufacturer’s
instructions. The analysis was conducted using a FLUOstar
OPTIMA plate reader (BMG Labtech, Ortenberg, Germany).

Fluorescent Immunostaining of Embryonic
Brains
Pregnant mice were sacrificed and embryonic tissue processed
as described before (Swinnen et al., 2013). The heads of E11.5
and E12.5 embryos were fixed in 4% paraformaldehyde for 3 h
at 4◦C and 5 h for E17.5 embryos. After fixation, the embryonic
heads were cryoprotected overnight in phosphate-buffered saline
(PBS) + 30% sucrose, frozen in optimal cutting temperature
compound (Tissue-Tek) and stored at −80◦C until sectioned.
Ten micrometer-thick coronal tissue sections were cut on a Leica
CM1900 uv cryostat, mounted on Superfrost Plus glasses and
stored at −20◦C until staining.

To check whether embryonic microglia can be directly
activated by poly (I:C), IL-6 or LPS, 300-μm thick coronal brain
slices (E15.5) were cultured for 24 h with either saline, poly
(I:C) (50 μg/ml), IL-6 (10 ng/ml), or LPS (1 μg/ml). To this
end, pregnant mothers were euthanized at E15.5. Embryonic
brains were isolated in ice-cold PBS-glucose (pH 7.4; 25 mM),
embedded in 3% low melting agarose (Fisher Scientific) and
sliced coronally at a thickness of 300 μm using a Microm
HM650V Vibrating Blade Microtome. Slices were mounted on
MilliCell organotypic inserts (Millipore) and maintained in semi-
hydrous conditions at 37◦C and 5% CO2 for 24 h. The media
consisted of Neurobasal medium supplemented with 2 mM L-
glutamine, B27 supplement, N2 supplement, and 0.5% penicillin–
streptomycin (all from Invitrogen) with either saline, poly (I:C)
(50 μg/ml), IL-6 (10 ng/ml) or LPS (1 μg/ml) added. Afterward
slices were fixed for 1 h in 4% PFA and cryoprotected overnight
in PBS + 30% sucrose, frozen in optimal cutting temperature
compound (Tissue-Tek) and stored at −80◦C until sectioned.
Ten micrometer-thick coronal tissue sections were cut on a Leica
CM1900 uv cryostat, mounted on Superfrost Plus glasses and
stored at −20◦C until staining.

In order to determine the activation state of the microglia,
we used antibodies against interleukin (IL)-1β, inducible nitric
oxide synthase (iNOS) and Mac-2/Galectin-3 (Rigato et al., 2011;
Cunningham et al., 2013). All primary antibodies and working
solutions are listed in Table 1.

TABLE 1 | Overview of the antibodies used for immunostainings and flow
cytometry experiments.

Antibody Company Reference Dilution

Immunohistochemistry

Anti-IL1β (rabbit
polycl.)

Abcam ab9722 1:100

Anti-iNOS (rabbit
polycl.)

Abcam ab15323 1:250

Anti-Mac-2 (rat
monocl.)

American type
culture collection

TIB-166 1:250

Flow cytometry

Anti-IL1β PE (rat
monocl.)

LifeSpan
BioSciences

LS-C184791 1:300

Anti-iNOS PE-Cy7
(rat monocl.)

eBioscience 25-5920 1:300

Anti-Mac-2 PE (rat
monocl.)

eBioscience 12-5301 1:300

Isolation of Microglia and Flow Cytometry
Experiments
Brains were isolated from CX3CR1-eGFP E17.5 embryos from
mothers subjected to a single saline or poly (I:C) injection on
E11.5, or a double poly (I:C) injection on E11.5 and E15.5.
All steps occurred at 4◦C or on ice, unless stated otherwise,
to avoid microglia activation. Meninges were removed, the
cortical area identical to the immunohistochemical analysis
was dissected out and incubated during 30 min at 30◦C in
DMEM/F-12(1:1) + GlutaMAX (Life Technologies) containing
48 U/ml Papain from papaya latex (Sigma). Papain containing
supernatants was discarded and the tissue was mechanically
disrupted in medium through fast pipetting using a 1 ml pipet.
Afterward, the homogenate was centrifuged at 400g during
5 min, resuspended in 40% isotonic Percoll (GE Healthcare)
and centrifuged at 700g during 10 min without break. The
pellet was resuspended in PBS and filtered through a 35 μm
cell strainer. Cell suspensions were fixed and permeablized
in Cytofix/Cytoperm buffer (BD Cytofix/CytopermTM Plus
Fixation/Permeabilization Kit, BD Biosciences) during 20 min
on ice, washed and incubated on ice for 30 min in Perm/Wash
buffer with a mix of fluorochrome-conjugated rat anti-mouse
antibodies: iNOS-PE-Cy7 (clone CXNFT, eBioscience), Mac-2-
PE (clone eBioM3/38, eBioscience) and, IL1β-PE (clone 11n92,
LifeSpan BioSciences) (Table 1). The following isotype controls
were used: Rat IgG2aκ PE-Cy7, Rat IgG2aκ PE and Rat
IgG2b PE (all from eBioscience). After washes, cells were
resuspended in FACS buffer (PBS, 2% FCS, sodium azide),
acquired in a FACS Aria II and analyzed with FACS Diva
6.1.3 software (BD Biosciences). Isotype-marker overlay graphs
were created in FlowJo 10.0.8 Software. Inside the singlet
population, the eGFP positive microglia (1000–12000 cells per
experiment) were gated (Figure 5A), and within this population,
the percentage of Mac-2, iNOS, and IL1β positive microglia
was analyzed. Isotype controls were used to gate the positive
cell population (Figure 5B). Per group, embryos were derived
from one to three different mothers (saline, single poly (I:C),
double poly(I:C)). BV-2 cells (Supplementary Data) were used
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as positive controls for the different antibodies (Supplementary
Figure S1).

Analysis and Statistics
Quantitative analysis of microglial cells was performed on images
of coronal embryonic brain sections. We focused our analysis on
the cerebral cortex area located dorsally to the lateral ganglionic
eminences (LGE) and medial ganglionic eminences (MGE),
containing the frontal and pariental cortex on E11.5 and E12.5,
and the somatosensory and motor cortex at E17.5. This region
of the cortex is well characterized on the functional and cellular
level and the two GE structures are the major sources of cortical
interneurons during embryonic neurogenesis (Tan et al., 1998;
Anderson et al., 2001). For the quantifications of the hippocampal
area at E17.5 only the dorsal hippocampus was included in the
analysis.

Images were taken with a Nikon Eclipse 80i microscope
and a Nikon digital sight camera DS-2MBWc [10x Nikon plan
objective (numerical aperture (NA) of 0.25) and a 20x Plan Fluor
objective (NA of 0.5)]. Images (1600 × 1200) were analyzed
with ImageJ 1.45e software (NIH, USA; http://rsb.info.nih.gov/
ij/). Only eGFP-positive cell bodies were taken into account for
the measurements. Density analysis was performed by counting
the number of eGFP positive cell bodies per mm2 (Swinnen
et al., 2013). For analysis of activation state we calculated the
percentage of the eGFP positive cells that were also showing
immunoreactivity for the activation marker. All values are
expressed as mean ± SEM. The number of sections used is
indicated as n, the number of embryos or blood samples as
N; # sections/# embryos is thus designated in the text as n/N.
Statistical significance was assessed by non-parametric Mann–
Whitney test or Kruskal–Wallis test, P-values smaller than 0.05
were considered significant.

Results

An increase in IL-6 level in the maternal blood is a crucial
factor in the development of MIA-induced deficits and changes
observed in the offspring (Smith et al., 2007). To control that the
poly (I:C) injection procedure we used evoked an increase in IL-
6 level in the maternal blood, we analyzed the IL-6 level in the
maternal serum samples 5 hours after injection of either saline or
poly (I:C). We found a significant increase (P < 0.0001; Mann–
Whitney test) in the level of IL-6 in the sera of femalemice primed
with poly (I:C) (1876 ± 389.2 pg/ml, N = 22) when compared
to those injected with saline (14.8 ± 3.3 pg/ml, N = 26), thus
indicating that themice in the poly (I:C) group effectively suffered
from a systemic immune response.

In response to brain injury, microglia proliferate and shift
to beneficial or detrimental activation states depending on the
local environment. When activated, microglial cells adopt a
phagocytic phenotype in order to clear dying cells (Kettenmann
et al., 2011). In pathological conditions, such as in the mouse
model of LPS-induced MIA, phagocytosis of neuronal precursor
cells by microglia was also increased, which resulted in a
decrease in the size of the precursor cell pool in the cerebral

cortex (Cunningham et al., 2013). It must also be noted that
microglial disturbances were also observed in patients suffering
from autistic or schizophrenic disorders. Microglial activation
has been observed in the brains of autistic (Vargas et al., 2005;
Morgan et al., 2010) and schizophrenic patients (Radewicz
et al., 2000; Wierzba-Bobrowicz et al., 2005; Monji et al.,
2013). Recent studies also indicated that there is an increase
in microglial density in different brain regions in the adult
poly (I:C) MIA offspring (Juckel et al., 2011; Ratnayake et al.,
2012).

To determine if poly (I:C)-evoked MIA alters the embryonic
microglial cell colonization process in the fetal brain we
compared cell density after single injection of poly (I:C), double
injection of poly (I:C) or saline treatments, in the cortex at
E11.5, E12.5 and at E17.5 (single injection) or at E17.5 (double
injections) and in the hippocampal area at E17.5 (single and
double injections). At all ages tested we did not find any
significant difference in microglia cell density (Mann–Whitney
test; P > 0.05, for detailed P-values see Table 2) in the cortex
or in the hippocampus after a single or after double injections
(Figure 1; Table 2), thus suggesting that poly (I:C)-evoked MIA
does not alter early invasion of the cortex and the hippocampus
by microglial cells in the embryo.

To determine if MIA induced a change inmicroglial activation
level after a single poly (I:C) injection (E11.5), we performed
an immunostaining for three different activation markers: Mac-
2/Galectin-3, iNOS and IL1β at E11.5 and E17.5.Mac-2/Galectin-
3 is a marker of microglial phagocytic activation state (Dumic
et al., 2006; Rotshenker, 2009) while iNOS and IL1β are
markers of a cytotoxic activation state (Cunningham et al.,
2013). At E11.5 none of the microglia located in the cortex was
immmunopositive for Mac-2 staining both after saline injection

TABLE 2 | Microglial cell density in the cortex and hippocampal area of
embryos derived from the control group and the group that was subjected
to maternal inflammation at E11.5 or at E11.5 and E15.5.

Brain structure Cortex Hippocampus

Embryonic age E11.5 E12.5 E17.5 E17.5

Single injection at E11.5

Saline 48.6 ± 8.8 34.9 ± 2.8 59.6 ± 5.8 122.5 ± 4.9

Poly (I:C) 32.2 ± 5.7 37.8 ± 2.9 56.5 ± 4.3 111.6 ± 5.7

P value 0.191 0.375 0.573 0.435

Brain structure Cortex Hippocampus

Embryonic age E17.5 E17.5

Double injection at E11.5 and E15.5

Saline 59.8 ± 3.1 95.3 ± 4.8

Poly (I:C) 57.8 ± 2.2 91.0 ± 5.7

P value 0.931 0.699

Values are mean ± SEM of the number of microglial cells per mm2, Mann–Whitney
test was used for statistical analysis. When injected at E11.5 the numbers of
embryonic brains in the saline and poly (I:C) group were, respectively: E11.5 = 4/5;
E12.5 = 12/7; E17.5 cortex = 6/8; E17.5 hippocampus = 5/8. When injected at
E11.5 and E15.5 numbers of embryonic brains in the saline and poly (I:C) group
were, respectively: E17.5 cortex = 5/6; E17.5 hippocampus = 6/6.
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FIGURE 1 | Embryonic microglial cell density is not increased after
single and double injection of poly (I:C). Microglial cell density in the cortex
and hippocampal area was not affected after poly (I:C)-induced MIA. Values
are mean ± SEM of the number of microglial cells per mm2, Mann–Whitney
test was used for statistical analysis. When injected at E11.5 the numbers of
embryonic brains in the saline and poly (I:C) group were, respectively:
E11.5 = 4/5; E12.5 = 12/7; E17.5 cortex = 6/8; E17.5 hippocampus = 5/8.
When injected at E11.5 and E15.5 numbers of embryonic brains in the saline
and poly (I:C) group were, respectively: E17.5 cortex = 5/6; E17.5
hippocampus = 6/6. c, cortex; h, hippocampal area; D, double injection.

(n/N = 14/3) and after poly (I:C) challenge (n/N = 18/3;
Figure 2B1,B2). At E17.5, 2.5 ± 0.5% (n/N = 38/4) of the
microglia in the cortex (Figure 2A1,A2) and 3.2 ± 0.7%
(n/N = 27/4) of the microglia in the hippocampal area
expressed Mac-2 after saline injection. We did not find any
significant difference (Kruskal–Wallis test; P = 0.448) after
poly (I:C) challenge. After poly (I:C) challenge, 1.9 ± 0.7%
(n/N = 23/4) of the microglia in the cortex and 2.5 ± 1%
(n/N = 15/4) of microglia in hippocampal area expressed Mac-
2 (Figures 2C1,C2,D1,D2). We next investigated the expression
of IL1β and iNOS (Cunningham et al., 2013) to determine
if embryonic microglia can adopt a cytotoxic activation state
after a single injection of poly (I:C). Induction of MIA by a
single injection of poly (I:C) did not result in a significant
increase in the percentage of microglia expressing IL1β either
at E11.5 and E17.5 (Kruskal–Wallis test; P = 0.136). In control
conditions, 0 ± 0% (n/N = 6/3) and 2.2 ± 1% (n/N = 15/4)
of microglia located in the cortex expressed IL1β at E11.5
and E17.5 (Figure 3A1,A2), respectively, while 3.1 ± 1.3%
(n/N = 17/4) expressed IL1β in the hippocampal area (E17.5).
After poly (I:C) challenge, 3.3 ± 3.3% (n/N = 10/3) and 3.5 ± 1%
(n/N = 19/4) of microglia located in the cortex expressed
IL1β at E11.5 (Figure 3B1,B2) and at E17.5 (Figure 3C1,C2),
respectively, while 7.2 ± 2.6% (n/N = 17/4) expressed IL1β
in the hippocampal area (E17.5; Figure 3D1,D2). We found
similar results when analyzing iNOS expression at E11.5 and
E17.5 in the cortex and in the hippocampal area (E17.5). Cortical
iNOS expression in control conditions [E11.5: 8.3 ± 5.7%,
n/N = 10/3; E17.5: 2.0 ± 1.1%, n/N = 15/4 (Figure 4A1,A2)]
was not significantly different when compared to the poly (I:C)
condition [E11.5: 0 ± 0%, n/N = 8/3 (Figure 4B1,B2); E17.5:
1.9 ± 1.1%, n/N = 12/4 (Figure 4C1,C2; Kruskal–Wallis test;
P = 0.471)]. In the hippocampal area, 1.5 ± 1.0% of microglia
(n/N = 14/4) express iNOS in control conditions while 0 ± 0%,

of microglia (n/N = 10/4) express iNOS after poly (I:C) challenge
(Figure 4D1,D2, being not significantly different (Kruskal–
Wallis test; P = 0.471)).

This lack of change in embryonic microglia activation
state after a single poly (I:C) injection could possibly lead
only to a “primed” microglial state. Indeed, two injections of
LPS were necessary in rat to elicit MIA induced microglia
dysfunction during phagocytosis of cortical neural precursor
cells (Cunningham et al., 2013), suggesting that the microglial
phenotype could become only fully altered after the second
inflammatory challenge. To determine if this is also the case
for poly (I:C) we reanalyzed microglial density and activation
level after a repeated injection of poly (I:C). Consequently, the
mothers suffered from a double immune stimulation (on E11.5
as well as on E15.5). Despite the presence of a maternal immune
response after both injections, there was no significant increase
in microglial cell density (Mann–Whitney test; P > 0.05, for
detailed P-values see Table 2) (Figure 1; Table 2). Microglial
activation states were analyzed at E17.5 as described above.
We did not find any significant difference (Kruskal–Wallis test;
Mac-2, P = 0.139; IL1β, P = 0.945; iNOS, P = 0.093) in the
percentage of microglia expressingMac-2, IL1β, or iNOS between
control conditions and after double injections of poly (I:C).
After double injections of poly (I:C) the percentage of microglia
immunoreactive for Mac-2 antibody was 0 ± 0% (n/N = 29/6) in
the cortex (Figure 2E1,E2) and 2.0 ± 0.7% (n/N = 22/6) in the
hippocampal area (Figure 2F1,F2). In the cortex (Figure 3E1,E2)
and hippocampal area (Figure 3F1,F2) 1.4 ± 0.7% (n/N = 34/6)
and 1.4 ± 1.0% (n/N = 25/6) of the microglial cells showed
immunoreactivity for the IL1β antibody, while 1.8 ± 0.7%
(n/N = 34/6) and 0 ± 0% (n/N = 23/6) of the microglia were
positive for iNOS in the cortex (Figure 4E1,E2) and hippocampal
area (Figure 4F1,F2), respectively. These results indicate that
even double injections of poly (I:C) did not evoke microglia
activation in the embryo.

In addition to the immunohistochemical stainings, the
presence of the activation markers on microglial cells at E17.5
was investigated by flow cytometry. The gating strategy and
positive controls are shown in Figures 5A,B and Supplementary
Figure S1. The results of the flow cytometric quantifications were
similar to those obtained by immunohistochemistry. There was
no significant difference in the proportion of microglial cells
that were positive for Mac-2 after single poly (I:C) injection
(16.8± 0.0%; N= 10) or double poly (I:C) injection (27.0± 4.6%;
N = 10) when compared to the control group (15.5 ± 4.3; N = 5;
Figure 5C, left; Kruskal–Wallis test, P = 0.161). The proportion
of microglial cells that were positive for IL1β in the control group
(14.2 ± 3.1%; N = 10) was not significantly different (Figure 5C,
middle; Kruskal–Wallis test, P = 0.093) to the percentage of
microglia that was positive for IL1β after a single (22.3 ± 3.9%;
N = 8) or double poly (I:C) injection (16.0 ± 2.1%; N = 6). The
percentage of microglial cells positive for iNOS in the control
group was 9.1 ± 2.8% (N = 5). There was no significant effect
(Figure 5C, right; Kruskal–Wallis test, P = 0.816) of a single
poly (I:C) (7.1 ± 1.5%; N = 10) or double poly (I:C) challenge
(9.9 ± 2.7%; N = 10) on the percentage of microglia expressing
this marker.
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FIGURE 2 | Embryonic microglial cell population is poorly
immunoreactive to the Mac-2/Galectin-3 antibody after single and
double injection of poly (I:C). (A–F1) Coronal sections of embryonic
brains, with cell nucleus staining in blue (DAPI) and microglial
(CX3CR1-eGFP) cells in green. Immunohistochemical staining using a
Mac-2 antibody (red) showed that at E17.5 almost no microglial cells in
the cortex were immunoreactive for Mac-2 (A2) after injection with saline.

At E11.5 (B2) and E17.5 (C2,E2) in the cortex and E17.5 hippocampal
area (D2,F2) there was no increased percentage of microglial cells
expressing the activation marker after poly (I:C) challenge compared to
control. White square indicates the location of the cells in the tissue
showed in the inset; ∗ indicates a Mac-2 positive eGFP cell. Examples of
one control brain area and poly (I:C) group only as they were not
significantly different. Scale bar = 100 μm and for insets = 20 μm.

The absence of activation marker expression by microglia after
poly (I:C) challenge raised the question whether fetal microglia
can be directly activated by a poly (I:C) challenge as suspected for
LPS (Cunningham et al., 2013) and IL-6 (Smith et al., 2007). To
address this issue we analyzed the activation state of microglia
in acute embryonic brain slices (E15.5) after exposure to IL-6,
poly (I:C) or LPS. The percentage of microglial cells expressing
Mac-2/Galectin-3, iNOS, and IL1β were analyzed 24 h after

immune challenge of the slices (Figure 6D). Figure 6 insets show
examples of microglial cells that did (Figures 6A–C2) or did
not show immunoreactivity (Figures 6A–C3) for the activation
markers tested (Mac-2, IL1β, and iNOS). In control conditions
31 ± 5.9%, (n/N = 23/4) of microglia were immunoreactive
for Mac-2 antibody. This percentage was significantly higher
(Kruskal–Wallis test; P < 0.0001) than that observed in vivo
indicating that an in vitro environment promotes microglia
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FIGURE 3 | Embryonic microglia show no increased expression of IL1β

after single and double injection of poly (I:C). (A–F1) Coronal sections of
embryonic brains, with cell nucleus staining in blue (DAPI) and microglial
(CX3CR1-eGFP) cells in green. Immunohistochemical staining using an IL1β

antibody (red) showed that at E17.5 almost no microglial cells in the cortex were
immunoreactive for IL1β (A2) after injection with saline. At E11.5 (B2) and E17.5

(C2,E2) in the cortex and E17.5 hippocampal area (D2,F2) there was no
increased percentage of microglial cells expressing the activation marker after
poly (I:C) challenge compared to control. White square indicates the location of
the cells in the tissue showed in the inset; ∗ indicates an IL1β positive eGFP cell.
Examples of one control brain area and poly (I:C) group only as they were not
significantly different. Scale bar = 100 μm and for insets = 20 μm.

phagocytic activation state. However, there was no significant
effect (Kruskal–Wallis test; P = 0.274) of IL-6, poly (I:C) or LPS
treatment on the percentage of microglia being immunoreactive
to Mac-2 antibody (Figure 6D), being 34 ± 5.5% (n/N = 22/4)
after IL-6 exposure, 32 ± 6.7%, (n/N = 18/5) after poly (I:C)
exposure and 47 ± 7.5% (n/N = 21/5) after LPS exposure
(Figure 6D). As observed for Mac-2, the percentage of IL1β
immunoreactive microglia was significantly higher than in in vivo
conditions [in control conditions 52 ± 6.8%, (n/N = 27/4;

Kruskal–Wallis test; P < 0.0001)] and for iNOS a trend to a
higher percentage was observed under control conditions [in
control conditions 18 ± 5.7%, (n/N = 23/4; Kruskal–Wallis test;
P = 0.091)]. As shown in Figure 6D treatment with IL-6 or poly
(I:C) did not significantly change the percentage of microglia
immunoreactive for IL1β or iNOS antibodies. When looking at
IL1β immunoreactivity, 36 ± 7.2% (n/N = 16/4) of the microglia
was positive after IL-6 exposure and 54 ± 7.5%, (n/N = 19/5)
after poly (I:C) exposure (Figure 6D). For iNOS they were
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FIGURE 4 | Embryonic microglia cell population is poorly
immunoreactive to the iNOS antibody after single and double
injection of poly (I:C). (A–F1) Coronal sections of embryonic brains,
with cell nucleus staining in blue (DAPI) and microglial
(CX3CR1-eGFP) cells in green. Immunohistochemical staining using an
iNOS antibody (red) showed that at E17.5 almost no microglial cells
in the cortex were immunoreactive for iNOS (A2) after injection with

saline. At E11.5 (B2) and E17.5 (C2,E2) in the cortex and E17.5
hippocampal area (D2,F2) there was no increased percentage of
microglial cells expressing the activation marker after poly (I:C)
challenge compared to control. White square indicates the location of
the cells in the tissue showed in the inset. Examples of one control
brain area and poly (I:C) group only as they were not significantly
different. Scale bar = 100 μm and for insets = 20 μm.

30 ± 6.5% (n/N = 19/4) after IL-6 exposure and 25 ± 3.9%,
(n/N = 25/5) after poly (I:C) exposure (Figure 6D). However,
we found that LPS, contrary to IL-6 or poly (I:C), can directly
activate microglia to a detrimental activation state. Indeed LPS
exposure significantly increased the percentage of microglia
immunoreactive for IL1β (Kruskal–Wallis test; P = 0.025) or
iNOS antibodies (Kruskal–Wallis test; P= 0.025). In the presence
of LPS 66 ± 5.5 (n/N = 22/5) and 42 ± 7.1% (n/N = 21/5)
of microglia were immunoreactive for IL1β antibody or iNOS
antibody, respectively.

Discussion

Maternal immune activation-induced behavioral and
neurological alterations observed in the offspring at juvenile and
adult stages in animals are supposed to be correlated with the
etiology of neuropsychiatric disorders in humans. Our study
in mice demonstrates, for the first time, that MIA evoked by
single or double poly (I:C) injections does not change microglia
density and their activation state in the embryo in vivo. This
suggests that the behavioral and neurological alterations in the
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FIGURE 5 | Flow cytometry reveals that embryonic microglial cells
show a poor expression of activation markers Mac-2, IL1β and
iNOS. (A) Gating strategies for the microglial cells. In the whole
embryonic cortex cell suspension, a gate was created on the non-debris
population (left). Inside this population, single cells were selected (middle)
and within this population, the microglial cells were gated based on
CX3CR1-eGFP intensity (right). SSC, Side scatter; FSC, Forward scatter.
(B) Gating strategies for positive Mac-2, iNOS and IL1β populations.
Microglial cell count of representative samples is shown for Mac-2 (left),
IL1β (middle) and iNOS (right; full lines) for embryos derived from saline,
single poly (I:C) and double poly (I:C) injected mothers. Gates for
positive populations were drawn based on the isotype fluorescence

intensity (dotted lines). FI, fluorescence intensity. (C) Left panels: at
E17.5 only a small percentage of microglial cells shows reactivity for
Mac-2. There is no significant effect of poly (I:C) injection on this
percentage. Number of embryos tested: Saline N = 5; single poly (I:C)
N = 10 and double poly (I:C) N = 10. Middle panels: in control
conditions, less than 15% of the microglial cells is positive for IL1β.
There is no significant effect of poly (I:C) injection on this proportion.
Number of embryos tested: Saline N = 10; single poly (I:C) N = 8
and double poly (I:C) N = 6. Right panels: at E17.5 less than 10% of
the microglial cells is positive for iNOS. Poly (I:C) challenge has no
significant effect on this percentage. Number of embryos tested: saline
N = 5; single poly (I:C) N = 10 and double poly (I:C) N = 10.
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FIGURE 6 | Microglial activation in acute brain slices. Example of
activation marker stainings on acute slices treated with LPS.
(A) Immunohistochemical staining for Mac-2/Galectin-3 (red), nuclei were
visualized with DAPI (blue; A1). Microglia (green) positive (A1 white square, A2)
for Mac-2/Galectin-3 (red) and microglia that do not express the marker (white
triangle, A3) were present in the slice. (B) Immunohistochemical staining for
iNOS (red), nuclei were visualized with DAPI (blue; B1). Microglial cells that were
positive (white square B1,B2) and negative (white triangle B1,B3) for iNOS (red)
were observed in the slice after LPS treatment. (C) Immunohistochemical
staining for IL1β (red), nuclei were visualized with DAPI (blue; C1). Microglial cells
that were positive (white square C1,C2) and negative (white triangle C1,C3) for
IL1β (red) were observed in the slice after LPS treatment. Examples of the

different immunostainings were taken from slices treated for 24 h with 1 μg/ml
LPS. Scale bar = 50 μm and for inserts = 20 μm. White squares indicate the
microglia positive for the marker and shown in higher magnification (A–C2),
white triangles indicate microglia negative for the marker and shown in higher
magnification (A–C3). (D) Quantification of the expression of three activation
markers (Mac-2, iNOS, and IL1β) by microglia in E15.5 brain slices cultured for
24 h with IL-6 (10 ng/ml), poly (I:C) (50 μg/ml), or LPS (1 μg/ml). Kruskal–Wallis
test was used for statistical analysis. Number of treated slices in control and IL-6
group N = 4; LPS and poly (I:C) group N = 5. Number of cryosections for
Mac-2/iNOS/IL1β in: saline group n = 23/23/27; IL-6 group n = 22/19/16; poly
(I:C) group n = 18/25/19; LPS group n = 21/21/22 (all derived from three
different embryos). (∗p < 0.05).

offspring cannot be related to the alteration of the activation
state of embryonic microglial cells. Our in vitro studies indicated
that microglia cannot be directly activated by poly (I:C) or
IL-6 exposure, contrary to the activation observed upon LPS
application.

Several observations suggest that the different infectious
triggers induce differences in activation of embryonic microglia.
The cytokine IL-6 can cross the placenta barrier in vivo
when maternal inflammation was induced during mid-gestation
(Kohmura et al., 2000; Ashdown et al., 2006; Dahlgren et al.,
2006), but it is not clear whether poly (I:C) as well can cross
the placenta (Brown and Patterson, 2011). LPS is shown to cross
the placenta barrier in vivo when maternal inflammation was
induced during early gestation (Cai et al., 2000; Kohmura et al.,
2000), but this was not the case when LPS was injected at late
gestation (Ashdown et al., 2006). Although extrapolation of these
results to a poly (I:C) challenge would suggest that embryonic
microglia are directly or indirectly activated in response to
poly (I:C)-induced MIA at mid gestation, we could not find
any evidence for microglia activation in this study. Previously,
microglia dysfunction observed after poly (I:C)-induced MIA
was only reported in offspring at postnatal and adult age (Juckel

et al., 2011; Manitz et al., 2012). In that way it is of interest
to compare in parallel the effect of MIA induced by different
infectious agents on the embryonic microglia. Studies using
single or repeated LPS challenge showed that this leads to
microglial activation: in the fetal sheep brain, microglial cell
numbers increased as well as the number of activated/amoeboid
cells (Mallard et al., 2003; Hutton et al., 2008; Kuypers et al.,
2013); in the rat embryo the percentage of microglia expressing
iNOS and IL1β was increased (Cunningham et al., 2013) and
postnatally a changed immunoreactivity by microglial cells was
still observed (Cai et al., 2000); and in mice Iba-1 reactivity was
increased during late embryonic and early postnatal stages (Le
Belle et al., 2014). In conclusion, the time of injection and the
nature of the infectious trigger determine whether an activation
of the embryonic microglia does or does not participate to
developmental neurological defects observed in MIA offspring
(Garay et al., 2012). In addition the microglial response might
be species dependent. However, a thorough comparison of the
effect of MIA in different species is difficult to make for several
reasons. For example, some studies use the mRNA and/or protein
expression level of different cytokines as read-out (Garay et al.,
2012) while others use immunohistochemistry (Cunningham
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et al., 2013; Giovanoli et al., 2013) or cell number (Hutton et al.,
2008; Manitz et al., 2012) to investigate microglial cell activation
after MIA. In addition, the effect of MIA is studied on several
different postnatal and adult time points.

Microglial activation in postnatal to adult brains has been
found to correlate to neurodevelopmental diseases. An active
neuroinflammatory process, with microglial cell activation, was
described in the brains of autistic patients (Vargas et al., 2005;
Morgan et al., 2010) and of schizophrenic patients (Radewicz
et al., 2000; Wierzba-Bobrowicz et al., 2005; Monji et al., 2013).
However, it remains unclear if microglia activation participates
to neuronal disorders or reflects a normal microglia response to
neural dysfunctions. Our results show that poly (I:C)-induced
MIA does not lead to activation of embryonic microglia. Yet,
they cannot exclude that the embryonic microglial cells become
primed, which could result in a more vigorous response to
a subsequent inflammatory stimulation in the adult. In some
neurodegenerative disease models in rodents (for example
Alzheimer’s, Parkinson’s, and prion disease) the injection of
LPS or poly (I:C) leads to a more severe pathology. The
combined exposure of a prenatal immune challenge [poly (I:C)
at E9] and peripubertal stress (from P30 to 40) resulted in
the development of sensorimotor gating deficiencies and led to
increased dopamine levels in the adult hippocampus (Giovanoli
et al., 2013). At peripubertal age, the combination of both
stressors resulted in altered neuroimmune responses, presented
as increased microglial cell number and elevated levels of IL1β
and TNFα in the hippocampus and prefrontal cortex (Giovanoli
et al., 2013). These latter changes were transient, as they were
not longer present in the adult. Finally, low doses of poly
(I:C) worsened the deficits in pre-pulse inhibition and latent
inhibition in 16 week-old mice with mutations in a schizophrenia
susceptibility gene but had no effect in wild-type animals, thus
indicating that genetic and environmental factors can interact
to worsen the schizophrenia-related behavior (Lipina et al.,
2013).

MIA induces not only a cytokine response in the maternal
unit but also alters several cytokine levels in the placenta and in
the fetus (Patterson et al., 2008; Pratt et al., 2013). Under normal
conditions cytokines are present in the placental unit where they
play an important role in controlling the tissue homeostasis and
balance of the different T-cell types present in this structure.
In addition, toll-like receptors (TLR), such as TLR-2 and 4, are
expressed on human chorionic villi (Jonakait, 2007). Maternal
injection with IL-6 is known lead to endocrine changes in the
placenta (Hsiao and Patterson, 2011) and injection of a high dose
of LPS results in placental inflammation (Girard et al., 2010) and
induction of pro-inflammatory cytokines in the amniotic fluid
(Gayle et al., 2004). In addition, a direct injection of LPS into the
uteroplacental circulation leads to a reaction in the embryonic
brain, suggesting the placental unit can contribute to perinatal
brain damage through the induction of an inflammatory reaction
as a response to infection during pregnancy (Hutton et al., 2008).
This complicates elucidating the site where the cytokines act
upon to potentially alter brain development since they can act
directly on neural progenitors and neurons (Bauer et al., 2007;
Deverman and Patterson, 2009). For example, IL-6 and LIF can

influence the differentiation of neural progenitor cells (Nakanishi
et al., 2007).

These data, in combination with the lack of microglial
activation in our MIA study suggests that the acute maternal
inflammation induced by poly (I:C) could affect other systems
or cell types during embryonic stages. These MIA-induced early
abnormalities might result in an altered CNS environment
in the offspring that in turn affects the microglial cells at
later developmental stages. This hypothesis is supported by
the observed changes in neurotransmitter systems in the adult
offspring and not in the pre-pubertal period after challenge with
poly (I:C) (Manitz et al., 2012). GABAergic gene expression,
like GABA receptor subunits and vesicular transporters, can
be altered in the adult prefrontal cortex after MIA (Richetto
et al., 2013). In addition, serotonin and glutamate signaling
was altered (Holloway et al., 2013). These changes were not
present at pre-pubertal ages. It is also important to note that,
although microglia do not invade the CNS of mouse embryo
at E9 (Rigato et al., 2011; Swinnen et al., 2013), poly (I:C)
challenge at this gestation stage resulted in the suppression
of spatial exploration in the adult (Meyer et al., 2006). This
reinforces the idea that embryonic microglia dysfunction, if any,
is unlikely to be the main mechanism inducing developmental
disorders featuring pathological behavior. Accordingly, poly (I:C)
challenge at E9 did not evoke any increase in cytokine mRNA
level in the fetal brain (Meyer et al., 2006). Poly (I:C) might
induce developmental deficits via direct action on neuronal
development. However, our results cannot exclude that poly
(I:C) evokes an embryonic microglia priming resulting in an
exaggerated response of microglia to homeostatic disturbances
at postnatal stages and subsequently makes neuronal dysfunction
worse.

Conclusion

Our findings show that a single and double injection of poly
(I:C) is not sufficient to induce changes in fetal microglia
activation phenotype during mid or late embryonic development.
In addition they suggest a different response of the embryonic
brain to MIA depending on the challenge procedure used.
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A commentary on

Maternal immune activation evoked by polyinosinic: polycytidylic acid does not evoke

microglial cell activation in the embryo

by Smolders, S., Smolders, S. M., Swinnen, N., Gärtner, A., Rigo, J. M., Legendre, P., et al. (2015).
Front. Cell. Neurosci. 9:301. doi: 10.3389/fncel.2015.00301

Immune-related abnormalities, which probably result from maternal infections during pregnancy,
can be found in patients with schizophrenia and other mental disorders. In the endeavor to
simulate this environmental schizophrenia risk in animal models, maternal immune activation
(MIA) by infectious agents has been introduced (Zuckerman et al., 2003; Meyer et al., 2005).
In a majority of publications on MIA, either lipopolysaccharide (LPS), a cell wall component of
Gram-negative bacteria, or the viral mimetic polyriboinosinic-polyribocytidilic acid (poly I:C), are
administered to pregnant mouse or rat dams. These maternal immune challenges are considered as
suitable schizophrenia paradigms, since they induce characteristic (and often similar) anatomical,
cellular, neurochemical, and behavioral alterations in the offspring, which are of relevance for
schizophrenia (Meyer et al., 2009 and many others). MIA with either LPS or poly I:C generates
a broad immune-inflammatory response in the developing CNS of the offspring (for recent reviews
see Dean et al., 2015; Giovanoli et al., 2015a; Smolders et al., 2015). However, the action of both
agents might differ with regard to one remarkable aspect: while LPS activates microglia in vivo
and in vitro (Roumier et al., 2008; Cunningham, 2013; Dean et al., 2015; Zager et al., 2015 and
others), poly I:C possibly does not (no activation: Olson and Miller, 2004; Piontkewitz et al., 2012;
Giovanoli et al., 2015a,b; Smolders et al., 2015; activation: Patro et al., 2010; Juckel et al., 2011;
Missault et al., 2014; Van den Eynde et al., 2014; Zhu et al., 2014). In an elegant set of in vivo
and in vitro experiments Smolders et al. (2015) examined the effect of LPS and poly I:C under
identical conditions. In particular, they investigated whether embryonic microglia can be directly
activated by incubating mouse brain slices from embryonic day 15.5 with either saline, poly I:C,
IL-6, or LPS. They found that LPS, contrary to poly I:C or IL-6, activates microglia to “a detrimental
activation state.” When discussing possible pathophysiologic consequences of poly I:C’s failure to
activate microglia, Smolders et al. (2015) come to three conclusions: (i) It is unlikely that embryonic
microglia dysfunction is the main mechanism that induces developmental abnormalities, (ii)
poly I:C might evoke developmental deficits by directly acting on neuronal development, and
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(iii) it cannot be excluded that poly I:C effectuates an embryonic
microglia priming, which results in an exaggerated response of
microglia. Apart from “priming of microglia by poly I:C” being
an exciting idea, there is yet little experimental evidence in favor
of the existence of such a mechanism (perhaps via changes in the
microglial kynurenine pathway? Giovanoli et al., 2015b). Hence,
we would like to concentrate on the first two assumptions. Let’s
begin with the second one: is it conceivable (and plausible) that
poly I:C induces developmental deficits by directly acting on
neuronal development? In our opinion the answer is yes. Poly I:C
is a strong agonist of Toll-like receptor 3 (TLR3). This receptor
is already expressed in very immature neurons (Shi et al., 2013),
and becomes up-regulated in a subpopulation of neurons after
the injection of poly I:C (Deleidi et al., 2010). Moreover, poly I:C
was found to depress embryonic neuronal stem cell division and
population of the superficial layers of the neocortex by neurons,
which was not the case with TLR3 deficient animals (De Miranda
et al., 2010). And lastly, it has been shown that poly I:C treatment
of pregnant rat dams leads to an impaired postnatal neurogenesis,
but not disturbed microgliogenesis (Piontkewitz et al., 2012), as
well as to an impaired adult neurogenesis (Zhang and van Praag,
2015), in the hippocampus of the offspring. Thus, poly I:C might
well exert direct influence on neuronal development as proposed.
However, this interaction can hardly explain the poly I:C induced
cerebral immune-inflammatory response in the offspring. And
this brings us back to the initial statement of Smolders and
co-workers, namely, that microglia cannot be a main player
in poly I:C induced developmental deficits. Assuming that this
supposition is correct (some aforementioned in vitro and in vivo
studies argue against this conjecture) one has to ask which brain
tissue component then is to blame for the observed alterations,
especially for the immune response? A “hot candidate” for this
is astroglia. Astrocytes are abundantly populated with TLR3
(Farina et al., 2005, 2007; Park et al., 2006; Ibi et al., 2013;
Ibi and Yamada, 2015 and others), become strongly activated

after poly I:C and, most importantly in this context, are able
to secret the whole battery of pro-inflammatory and anti-
inflammatory cytokines, which are typically found after MIA
with poly I:C (as reviewed by Ibi and Yamada, 2015). Moreover,
when cultured neurons were incubated with the conditioned
medium of poly I:C treated astrocytes, neurite development was
found to be disturbed. This effect is mediated by an interferon-
induced transmembrane protein 3, which is synthesized by,
and released into the medium from, astrocytes after poly I:C
treatment (Ibi et al., 2013). Analysis of conditioned media of
astrocytes after poly I:C treatment subsequently revealed the
presence of a further protein, matrix metalloproteinase 3, which
also contributes to the observed impairment of neurite outgrowth
and spine formation of cultured neurons. Of note, this protein
is expressed in, and released from, astrocytes but not microglia
(Yamada et al., 2014). Moreover, strong astroglial activation
may be detected in postnatal hippocampi of the offspring after
mid-gestational poly I:C MIA using GFAP immunolabeling
(Ratnayake et al., 2012). Interestingly, Ibi and Yamada (2015)
claim that poly I:C activates TLR3 in astrocytes of the brain
parenchyma or BBB, thus pointing to a possible role of activated
astroglia in impaired vascularization. Indeed, TRL3 activation

has a pronounced anti-angiogenic effect (Grelier et al., 2013), but
it is yet not fully clear, if astroglia is implicated in this process. In
any case, impaired vascularization was found by reduced RECA-1
immunohistochemistry in postnatal rat hippocampi after MIA
by poly I:C treatment (Piontkewitz et al., 2012). In sum, there
are good reasons to consider astroglia as a major player in brain
pathology of the offspring (including immune-inflammatory
response) after maternal exposure to poly I:C.
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activation by neutralizing abnormal 
sTiM1-Mediated intercellular 
calcium homeostasis and  
Promotes Myelin repair in a  
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of Demyelination
Hanzhi Wang1 , Shubao Liu1 , Yanping Tian1 , Xiyan Wu1 , Yangtao He1 , Chengren Li1 ,  
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Microglial activation has been considered as a crucial process in the pathogenesis of 
neuroinflammation and psychiatric disorders. Several antipsychotic drugs (APDs) have 
been shown to display inhibitory effects on microglial activation in vitro, possibly through 
the suppression of elevated intracellular calcium (Ca2+) concentration. However, the 
exact underlying mechanisms still remain elusive. In this study, we aimed to investigate 
the inhibitory effects of quetiapine (Que), an atypical APD, on microglial activation. We 
utilized a chronic cuprizone (CPZ)-induced demyelination mouse model to determine the 
direct effect of Que on microglial activation. Our results showed that treatment with Que 
significantly reduced recruitment and activation of microglia/macrophage in the lesion of 
corpus callosum and promoted remyelination after CPZ withdrawal. Our in vitro studies 
also confirmed the direct effect of Que on lipopolysaccharide (LPS)-induced activation 
of microglial N9 cells, whereby Que significantly inhibited the release of nitric oxide (NO) 
and tumor necrosis factor α (TNF-α). Moreover, we demonstrated that pretreatment with 
Que, neutralized the up-regulation of STIM1 induced by LPS and declined both LPS 
and thapsigargin (Tg)-induced store-operated Ca2+ entry (SOCE). Finally, we found that 
pretreatment with Que significantly reduced the translocation of nuclear factor kappa B 
(NF-κB) p65 subunit from cytoplasm to nuclei in LPS-activated primary microglial cells. 
Overall, our data suggested that Que may inhibit microglial activation by neutralization of 
the LPS-induced abnormal STIM1-mediated intercellular calcium homeostasis.

Keywords: quetiapine, microglia, calcium homeostasis, stored-operated calcium entry, stromal interaction 
molecule 1
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inTrODUcTiOn

Microglia represents an abundant portion of cells that comprise 
the central nervous system (CNS). They are exclusively distrib-
uted in brain and spinal cord and represent about 5–20% of the 
total glial cell population (Lawson et al., 1990). CNS microglia 
cells are resident immune cells of the brain that constantly moni-
tor the cerebral microenvironment to resist pathogens and heal 
injuries (Perry et  al., 1993). Recent research demonstrates that 
microglial activation has a critical role in pathogenesis of neuro-
inflammatory diseases such as multiple sclerosis (MS) (Jack et al., 
2005),  neurodegenerative diseases, such as Alzheimer’s disease 
(AD) (Wang et al., 2015) or Parkinson’s disease (PD) (Qian et al., 
2010), by producing various proinflammatory cytokines and 
free radicals (Kettenmann et  al., 2011; Smith and Dragunow, 
2014; Streit et al., 2014; Probert, 2015). In addition, other studies 
have also linked the importance of microglial activation to the 
pathogenesis associated with schizophrenia (SZ) (Monji et  al., 
2009; Busse et al., 2012; Monji et al., 2013; Al-Hakeim et al., 2015; 
An et al., 2015). Specifically, it has been shown that an elevated 
microglial density or microglial activation has been observed in 
the brains of patients with SZ (Steiner et al., 2008; Doorduin et al., 
2009; Kato et  al., 2013; Watkins and Andrews, 2015). Atypical 
antipsychotic drugs (APDs), such as risperidone, olanzapine, and 
aripiprazole have been reported to reduce the secretion of TNF-α 
and nitric oxide (NO) from activated microglia (Hou et al., 2006; 
Bian et al., 2008; Kato et al., 2008). These studies suggested that 
the pharmacological action of the antipsychotics on microglia 
may underlie the reported benefits associated with the use of 
these agents in patients with SZ (Kato et al., 2011).

Recently, accumulating evidence points to oligodendroglia 
dysfunction in regard to the demyelination known to be involved 
in the pathogenesis of SZ. As such, drugs that target oligoden-
droglia function are being investigated for their potential benefit 
in SZ (Ren et  al., 2013; Roussos and Haroutunian, 2014). Que 
is an atypical APD that has been demonstrated to have superior 
therapeutic effects on cognitive symptoms displayed by patients 
with SZ as well as other neurological disorders (Kasper and 
Muller-Spahn, 2000; Riedel et al., 2007). It has been found that 
Que can protect mice from CPZ-induced microglial activation 
and myelin breakdown (Zhang et  al., 2008; Shao et  al., 2015). 
Que has also been shown to modulate immune responses in an 
experimental autoimmune encephalomyelitis (EAE) model of 
MS (Mei et al., 2012). It has also been shown to inhibit release 
of proinflammatory factors from activated microglia in culture 
(Bian et al., 2008). However, the underlying mechanism by which 
Que regulates microglial activation remains elusive. Meanwhile, 
it is also unclear as to the specific actions of Que on microglial 
activation during remyelination.

Interestingly, research has suggested that the elevation of 
intracellular calcium (Ca2+) is critical in cell proliferation, 
migration, or ramification (Mizoguchi et  al., 2014). Previous 
studies reported that pretreatment with APDs (Kato et al., 2008; 
Mizoguchi et  al., 2014) significantly inhibited the release of 
proinflammatory cytokines and/or NO from activated microglia 
by suppression of elevation of intracellular calcium concentra-
tion ([Ca2+]i). Henceforth, it is possible that Que may also 

inhibit microglial activation via suppression of [Ca2+]i elevation; 
however, the molecular pathway for this proposed effect is yet 
to be defined. Among Ca2+ regulation in non-excitable cells, the 
main Ca2+ influx mechanism is called store-operated Ca2+ entry 
(SOCE) (Hoffmann et al., 2003; Qian et al., 2010; Kettenmann 
et  al., 2011; Brawek and Garaschuk, 2013; Heo et  al., 2015). 
Studies also reported that Ca2+ release from SOCE stimulates 
an intercellular proinflammatory signal (Ohana et  al., 2009; 
Mizoguchi et  al., 2011), indicating that SOCE may contribute 
to the release of proinflammatory substances during microglial 
activation (Kraft, 2015; Michaelis et  al., 2015; Moccia et  al., 
2015). However, to the best of our knowledge, there is currently 
no study that has addressed this issue.

In the present study, using a CPZ-induced chronic demyelina-
tion mouse model, as well an in vitro systems using lipopolysac-
charide (LPS)-induced activated microglial, we demonstrated 
that Que dramatically attenuated microglial activation and pro-
moted myelin repair. We also found that Que can neutralize the 
STIM1-mediated elevation of Ca2+ entry (SOCE) and subsequent 
NFκB activation in LPS-induced activated microglia.

MaTerials anD MeThODs

animals and experimental Manipulations
C57BL/6 mice (male, 6  weeks old, 22–25  g) were obtained 
from the Animal Facility Centre of the Third Military Medical 
University, PR China. The animals were housed at this facility 
with a 12-h dark/12-h light cycle, at a constant temperature of 
22 ±  1°C and a relative humidity of 60%. All procedures were 
performed in accordance with the guidelines set and approved 
by the Laboratory Animal Welfare and Ethics Committee of the 
Third Military Medical University.

C57BL/6 mice were randomly assigned to one of the following 
four groups: control (CTL), in which mice fed regular chow and 
drank distilled water for 12 weeks; CPZ, in which mice fed 0.2% 
CPZ for 12 weeks to induce a chronic demyelination (Matsushima 
and Morell, 2001); Veh, in which mice fed 0.2% CPZ for 12 weeks, 
then fed regular chow, and drank vehicle water for 2 weeks; Que, 
in which mice fed 0.2% CPZ for 12 weeks, and then fed regular 
chow, and drank Que-containing water for 2 weeks.

Drug Treatments
Cuprizone (bis-cyclohexanone oxaldihydrazone) was purchased 
from Sigma-Aldrich (St. Louis, MO, USA). As previously 
described in other studies, 0.2% CPZ was mixed into the ground 
standard rodent chow. Que was provided by Astra Zeneca 
(Wilmington, DE, USA) and dissolved in distilled water. The 
mice ingested 10 mg/kg/day of Que according to our previously 
established in house methods with this model (Xiao et al., 2008; 
Zhang et al., 2008).

Lipopolysaccharide (Escherichia coli, E5:055) was purchased 
from Sigma (St. Louis, MO, USA). Fetal bovine serum (FBS) 
was purchased from Hyclone (Logan, UT, USA). Thiazolylblue 
(MTT) was from Beyotime Institute of Biotechnology, China 
(Shanghai, China). Iscove’s Modified Dulbecco’s medium 
(IMDM) was from Hyclone (Logan, UT, USA) and Dulbecco’s 
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Modified Eagle Medium (DMEM) was from Gibco (Life 
technologies).

Que was dissolved into 20 mM of dimethyl sulfoxide (DMSO) 
and then diluted into 2 mM of PBS for experiments. The concen-
trations of Que were 0.1, 1, 10, and 50 μM.

histology and immunohistochemistry
Histology and immunohistochemistry were performed as previ-
ously described (Wang et al., 2010). Briefly, 20 μm serial frozen 
sections between bregma −0.94 and bregma −1.8 [according 
to mouse atlas by Paxinos and Franklin (2004)] were analyzed. 
Sections were stained for myelin with Luxol fast blue (LFB)/
periodic acid-Schiff (PAS) base. For immunohistochemistry, 
sections were quenched with H2O2 blocked for 30  min in PBS 
containing 3% bovine serum albumin, 0.1% Triton X-100, and 
then incubated overnight with primary antibody. The primary 
antibody myelin basic protein (MBP) (Goat IgG; Santa Cruz) was 
used as a myelin protein. After washing, sections were further 
incubated with biotinylated secondary antibody (Daco) for 1 h, 
followed by peroxidase-coupled avidin–biotin complex (ABC kit, 
Vector Laboratories).

n9 cell culture
The murine microglial cell line N9 (Provided by Prof. Yun Bai, 
Department of Medical Genetics, TMMU, China) were grown 
in DMEM supplemented with 10% heat-inactivated FBS, 100 U/
ml penicillin, 100  μg/ml streptomycin, and 2  mM glutamine 
in humidified atmosphere of 95% air and 5% CO2 at 37°C. The 
medium was changed every 2 days. Cells were plated at a density 
of 4 × 104 cells/well onto 96-well microtiter plates for MTT and 
nitrite assay. Que with or without LPS (100 ng/ml) was added to 
the culture medium of N9 cells for 24 h.

Primary Microglial cell culture
Primary microglia cultures from C57BL/6 mice, cells were pre-
pared from postnatal days 1–3. The brain tissue was dissociated 
in ice-cold HBSS. After removal of the cerebellum and subcorti-
cal tissue, meninges and blood vessels were dissociated under a 
dissecting microscope. The cortex was placed in an additional 
petri dish with precooled DMEM/F12 medium. The petri dish 
was placed on ice. The cerebral cortex was cut into about 1 mm3 
blocks, digested in 0.125% trypsin at 37°C for 5  min, and agi-
tated into a cell suspension. Cell aggregates were collected by 
centrifugation (1000  ×  g, 5  min), resuspended in DMEM/F12, 
containing 10% FBS and antibiotics (40  U/ml penicillin and 
40 μg/ml streptomycin) and cultured in 95% air and 5% CO2 at 
37°C. Floating microglia were harvested every week (between 2 
and 7 weeks) and reseeded into 75 cm2 culture flask to give pure 
microglia cultures. The medium was replaced once every 3 days.

MTT assay
Cell viability was evaluated by the MTT reduction assay as 
described previously (Niu et  al., 2010). The cells were seeded 
in a 96-well plate for 24  h before being exposed to Que alone 
(10 μm) or Que with LPS (100 ng/ml) for 24 h. MTT solution 
(0.5 mg/ml, Beyotime, Nantong, China) was then added to each 
well and the cells were incubated for 1 h at 37°C and in 5% CO2. 

Subsequently, the supernatant was removed and the formation of 
farmazan was solubilized with DMSO and measured at 540 nm 
with SpectraMax M2e spectrophotometer (Molecular Devices, 
Sunnyvale, CA, USA).

nitrite Production assessment
Accumulation of nitrite (NO2

−) in the culture media, an indica-
tor of NO synthase activity, was measured by Griess Reaction. 
Cells at density of 3  ×  104  cells/well were plated onto 96-well 
microtiter plates. Que with or without LPS (100  ng/ml) were 
added to the culture medium of N9 microglial cells for 48  h. 
Fifty microliters of culture supernatants were mixed with 50 μl 
Griess reagents (Part I: 1% sulfanilamide; Part II: 0.1% naphthy-
lethylene diamide dihydrochlride and 2% phosphoric acid) at 
room temperature at 540 nm using the microplate reader. Nitrite 
concentration was calculated with reference to a standard curve 
of sodium nitrite.

immunofluorescent staining
Cells on glass cover slips were fixed with 4% paraformalde-
hyde (PFA), rinsed with 0.01M PBS, incubated with 0.3% 
TritonX-100 for 5 min and blocked in 3% BSA for 60 min. Then 
glass cover slips were incubated in following primary antibodies 
overnight at 4°C: for NFκB p65 (rabbit IgG; Santa Cruz), for 
microglia CD11b (mouse IgG; Chemico), washed with PBS, 
and incubated with fluorescence-conjugated second antibodies 
at 4°C overnight. The method used for brain sections has been 
described previously (Wang et al., 2010). The immunoreactivity 
was determined using a 20× objective lens on a fluorescence 
microscope (Olympus BX-60) and a TCS SP5 confocal laser 
scanning microscope (Leica) with an excitation wavelength 
appropriate for 488 or 528  nm. Cell nuclei were stained with 
DAPI (Sigma, 0.1  μg/ml in PBS) at room temperature for 
15 min. Cell counting was conducted on nine randomly chosen 
fields for each cover slip by using the densitometer Image Pro 
Plus image analysis system. There were two cover slips in each 
group.

intracellular ca2+ imaging
Microglial N9 cells were plated at 1 × 106 cells on poly-d-lysine-
coated, glass-bottomed culture dishes. Cells were incubated in 
medium containing 2  μM Fura-3 for 15  min at 37°C. Before 
Ca2+ measurements were conducted, the culture dishes were 
washed with Ca2+-free standard extracellular solution (SES) 
buffer. Cells were incubated with medium alone and 50  nM 
Que for 20  min before addition of LPS or thapsigargin (Tg). 
Tg is non-competitive inhibitor of the sarco/endoplasmic 
reticulum (ER) Ca2+ ATPase (SERCA). During fluorescent 
measurements, the cells were continually perfused with a 
regular solution (37°C) containing 150 mM NaCl, 5 mM KCl, 
1 mM MaCl2, 10 mM glucose, and 10 mM HEPES at pH 7.4 with 
NaOH and either 1–2 mM CaCl2 or 0.5 mM EGTA (Ca2+-free). 
Fluorescent measurements were performed by imaging the 
Fluo-3 AM-loaded microglia using a laser scanning confocal 
microscope (Olympus IV 1000). Images were acquired using 
an olympus fluoview Ver.2.1c Viewer software. Relative average 
intracellular Ca2+ concentration values were obtained from at 
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least 20–30 microglial cells and the results obtained from at least 
three or four individual experiments.

Quantitative rT-Pcr
RNA was isolated from cultures using TRIzol Reagent 
(Invitrogen) and total RNA (5 mg) was reverse transcribed using 
PrimeScript™ RT-PCR Kit (Takara) according to the manufac-
turer’s instructions. The cDNA was analyzed by real-time PCR 
with the Rotor Gene6000 (Corbertt Research, Australia) accord-
ing to the protocol provided by the manufacturer and 2−ΔΔCt 
method. Briefly, PCRs were performed using SYBR premix Ex 
Taq (Takara) in a final volume of 20  μl. The specific primers of 
target genes were as follows: TNF-α (5′-GACGTGGAACTGG 
CAGAAGAG-3′, 5′-TGCCACAAGCAGGAATGAGA-3′), Stim1 
(5′-TCTFCATGACCTTCAGGAAA-3′, 5′-GGTGGACCTTCTC 
TACTTCCAC-3′), Stim2 (5′-AGTTGCCCTGCTCTGTATCG-3′, 
5′-TGAAGCTGTTGTCTGGCACTT-3′), Orai1 (5′-TACTTAAG 
CCGCGCCAAG-3′, 5′-ACTTCCACCATCGCTACCA-3′), and  
GAPDH (5′-CAGCAAGGACACTGAGCAAGA-3′, 5′-GCCCCT 
CCTGTTATTATGGGG-3′).

statistical analysis
One-way or two-way analysis of variance (ANOVA) was used to 
test statistical significance of three or more experimental groups, 
which was followed by Dunnett’s post  hoc or Tukey’s post  hoc 
test. Comparison between two experimental groups was made 
by the Student’s t-test. A probability of P < 0.05 was considered 
 statistically significant.

resUlTs

Que inhibits the activation of Microglia/
Macrophage in corpus callosum lesions
To investigate the effect of Que on microglial activation involved 
in myelin defects, we used long-term CPZ-treated mice to mimic 
the neuroinflammation and white matter deterioration known to 
occur in the chronic disease phase (Figure 1A). Fast blue-staining 
results showed that almost no myelin fibers could be detected in 
corpus callosum (CC) in CPZ group vs. the control group (CTL) 
(Figure 1B). After CPZ withdrawal, remyelination was observed. 
However, the extent of myelin repair of CC was much higher in 
the Que group compared to that in the Veh group (Figure 1C). 
Similar demyelination and remyelination trends were observed 
in MBP-positive immunostaining (Figures  1B,C). Statistical 
analysis revealed a significant difference between CTL and CPZ 
group in terms of the optical density of MBP immunostaining, 
while Que group significantly increased in optical density of MBP 
staining compared to Veh group (Figure 1D). Interestingly, the 
accumulation of activated microglia/macrophages was observed 
by CD11b staining in the CC of CPZ group while only sporadi-
cally seen in CTL group (Figure 1B). After CPZ withdrawal, the 
density of CD11+ cells (active microglia) decreased slightly but 
still remained at an elevated level that was not seen in the Que 
group (Figures 1C,E). These data suggest that Que can alleviate 
the recruitment and activation of microglia and promote myelin 
repair in CPZ-induced chronic mouse model of demyelination.

Que Decreases the release of nO and 
TnF-α from activated n9 Microglial cells 
induced by lPs
To exclude non-specific effects of Que on microglial cells, MTT 
assay was performed to observe cell viabilities of N9 microglial 
cells treated with or without Que. Results showed that Que had 
no significant effect on cell viabilities at various concentrations 
under 100 μM, in which significant toxicity could be observed 
(Figure 2A). In addition, cell viability of N9 cells were tested after 
exposure to LPS at various concentrations (0, 0.1, 1, 10, 100, and 
1000  ng/ml). The results displayed that LPS had no significant 
effect on cell viabilities (Figure 2B, P > 0.05). However, NO release 
in medium was increased by LPS in concentration-dependent 
manner, which was dramatically inhibited by pretreatment of 
Que (10 μM) (Figure 2C). Similar inhibitory effects of Que on 
TNF-α synthesis were also observed (Figure 2D). As such, our 
results demonstrated that Que did not affect N9 microglia cells 
viability, but decreased the release of NO and TNF-α from N9 
microglial cells induced by LPS.

Que inhibits ca2+ elevation in n9 cells 
induced by lPs and Thapsigargin (Tg)
To determine if Que might affect the Ca2+ signaling pathway, 
which is very important for microglial activation, we utilized Ca2+ 
imaging to measure alterations of [Ca2+]i in N9 cells after stimula-
tion. It was found that LPS induced sustained [Ca2+]i elevation 
due to release of internal ER Ca2+ (left peak, arrow) in Ca2+-free 
imaging buffer. After washing, 2 mM Ca2+ buffer induced [Ca2+]i 
elevation (right peak, arrow) due to Ca2+ influx through the PM, 
namely SOCE (Figure  3A). Pretreatment of Que for 15  min 
showed a significant decrease in the [Ca2+]i level in response to 
LPS stimulation (Figure 3B). These results suggested that Que 
may reduce LPS-stimulated [Ca2+]i by inhibiting activation-
induced Ca2+ channel in PM and Ca2+ influx. In addition, in order 
to verify whether Que affect SOCE in N9 cells, or to examine 
the specificity of Que effects on Ca2+ influx, we investigated the 
effect of Que on TG-induced activation of [Ca2+]i. Stimulation 
of Tg on N9 cells induced both Ca2+ release in ER (left peak in 
Figure  3C) and Ca2+ influx in PM (right peak in Figure  3C); 
pre-treated with Que, however, decreased TG-induced Ca2+ 
turn over (Figures 3C,D). Our results suggest that Que inhibits 
Ca2+ elevation likely by modulation SOCE in N9 microglial cells 
induced by LPS or Tg.

Que inhibits Upregulation of sTiM1 in n9 
cells exposed to lPs
In order to identify the SOCE channels which can be regulated 
by Que treatment in microglial cells, qRT-PCR was performed to 
analyze the mRNA levels for SOCE channel proteins STIM and 
Orai. These SOCE channel proteins were chosen because the inter-
action of STIM on ER and Orai1 on PM was essential for SOCE 
activation (Luik et al., 2006). It was found that LPS-exposed cells 
displayed a significant increase in STIM1 (Figure  4A), STIM2 
(Figure 4C), and Orail (Figure 4B) expression as compared to 
controls (CTLs). Que pretreatment significantly reduced the 
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FigUre 1 | effect of Que on microglial activation and remyelination in cPZ-induced chronic demyelinating mouse model. (a) Schematic diagram 
displaying the time course and Que (10 mg/kg/day) treatment on CPZ-induced demyelination and remyelination. C57BL/6 mice were given CPZ for 12 weeks for 
chronic demyelination and start remyelination after CPZ withdrawal. (B) Representative Luxol fast blue staining, MBP and CD11b IF staining for corpus callosum (CC) 
mediolateral area of mice fed with or without CPZ. (c) Representative Luxol fast blue staining, MBP and CD11b IF staining for CC mediolateral areas of mice fed with 
or without Que after CPZ withdraw. (D) Quantification for optical density of MBP expression in CC of indicated groups. (e) Quantification of CD11b+ cells (activated 
microglia) in CC. The scale bars are 200 μm and 20 μm, respectively. Data represent means ± SEM (n = 6 in each group), **p < 0.01 between indicated group.
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upregulation of STIM1 (Figure 4A), but produced no effect on 
Orai1 and/or STIM2 expression (Figures 4B,C).

Que inhibits the Translocation of nF-kB 
p65 in lPs-activated Microglial cells
To further investigate the downstream mechanism of Que inhibi-
tion effect on N9 cell activation, we examined alteration of nuclear 
factor NF-κB activation, which has been implicated in LPS-induced 

microglial activation (Fan et  al., 2015). Immunofluorescence 
staining revealed that the NF-κB p65 subunits were mainly 
expressed in cytoplasm and were barely detectable in the nucleus 
of control (CTL) and Que-treated groups (Que). However, NF-κB 
p65 subunits were intensively expressed in nucleus after LPS 
treatment (Figure 5A). However, Que pretreatment significantly 
reduced the translocation of p65 to nuclei when exposed to LPS 
(Figures 5A,D). Furthermore, we also examined the effect of Que 
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FigUre 2 | effect of Que on nO and TnF-α release from n9 cells induced by lPs. (a) MTT assay, cell viability of N9 microglial cells treated with various 
concentrations (0, 0.1, 1, 10, 50, and 100 μM) of Que for 24 h. (B) MTT assay, cell viability of N9 microglial cells treated with various concentrations (0, 0.1, 1, 10, 
100, and 1000 ng/ml) of LPS for 24 h. (c) Griess assay of NO release from N9 cells exposed to various concentrations of LPS for 24 h with or without Que (10 μM) 
pretreatment. (D) qRT-PCR measurement of TNF-α mRNA expression in N9 cells exposed to LPS (100 ng/ml) for 24 h with or without Que (10 μM) pretreatment. 
Data are represented as means ± SEM. **p < 0.01 vs. indicated group ▵▵ p < 0.01 vs. control group (LPS=0ng/mL).
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on phosphorylation of NF-κB p65, a feature of NF-κB activation. 
The results showed that the phosphorylated level of p65 was sig-
nificantly increased from 60 min after LPS stimulation; however, 
Que pretreatment could attenuate this pattern (Figures 5B,C,E). 
Together, these data indicate that Que can inhibit NF-κB activa-
tion in N9 cells induced by LPS.

DiscUssiOn

In the last decade, structural and functional changes in glial cells 
have been becoming a major focus of interest in the research of 
SZ (Zheng et al., 2008). In our present study, we demonstrated 
that microglial activation was associated with the impairment 
of myelin repair in chronic CPZ-induced demyelination mouse 
model. In addition, we demonstrated that the atypical APD Que 
can inhibit the process of microglial activation and promote mye-
lin repair. We further found that Que can suppress the abnormal 
STIM1-mediated elevation of [Ca2+]i and inhibit the activation of 
NF-κB pathway in LPS-induced microglial cultures. As a result, 
the inhibitory effects of Que on microglial activation may have 
important implications for its therapeutic application in SZ.

Cuprizone or biscyclohexnaone oxalyldihydrazone is a  copper 
chelator that selectively damages oligodendrocytes. As such, it 
is a model that has been widely used to induce demyelination. 
Interestingly, the CPZ-induced demyelination mouse model is 
also accepted as a SZ model, in which many cognitive functions 
or behavioral alterations associated with SZ patients are mapped 
(Makinodan et al., 2009; Xu et al., 2009; Xu et al., 2010; Xu et al., 
2011; Praet et  al., 2014). Que is currently used in the clinical 
treatment of SZ. Previous studies indicated that it prevents 
CPZ-induced white matter pathology and behavioral abnor-
malities in a short-term feeding (Zhang et al., 2008; Xu et al., 
2010; Chandran et al., 2012). To understand the mechanism that 
may underlie the progression of white matter abnormality to a 
chronic state, we used the chronic CPZ treatment mouse model, 
in which the long-term (12 weeks) feeding of CPZ induced a 
series of demyelination/remyelination episodes, leading to the 
formation of chronic lesion in white matter (Matsushima and 
Morell, 2001). We found that long-term CPZ treatment induced 
serious demyelination and persistent microglial activation even 
after CPZ was withdrawn. These findings indicate that microglial 
activation may cause impairment of remyelination, since some 
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FigUre 3 | effect of Que on ca2+ release and ca2+ entry in n9 cells induced by lPs or Tg. (a) Ca2+ image of N9 cells with LPS stimulation in Ca2+-free 
medium following by Ca2+ (2 mM) buffer incubation after wash with or without Que (10 μM) pretreatment. The first peak shows [Ca2+]i elevation due to release of 
internal ER Ca2+ induced by LPS; the second peak is due to Ca2+ influx through the PM, namely ER Ca2+ store-operated Ca2+ entry (SOCE). Pretreatment of Que 
reduces the [Ca2+]i elevation induced by LPS (red) (20–25 cells were analyzed in each group). (B) Quantification of Ca2+ release (left peak) and store-operated Ca2+ 
entry (SOCE) (right peak) in N9 cells activated by LPS with or without Que pretreatment. (c) Ca2+ image of N9 cells with Tg stimulation in Ca2+-free medium 
following by Ca2+ (2 mM) buffer incubation after wash with or without Que pretreatment (20–25 cells were analyzed in each group). (D) Quantification of Ca2+ 
release (left peak) and store-operated Ca2+ entry (SOCE) (right peak) in N9 cells activated by Tg with or without Que pretreatment. Values are means ± SEM. 
*p < 0.05 and **p < 0.01 vs. CTL.

FigUre 4 | effect of Que on expression of sOce channel proteins in n9 cells exposed to lPs. Quantification of qRT-PCR showed (a) STIM1 mRNA,  
(B) Orai1 mRNA, and (c) STIM2 mRNA in N9 cells exposed to LPS with or without 24 h of Que (10 μM) pretreatment. Values are normalized to GAPDH, a loading 
control. All data are means ± SEM. *p < 0.05, and **p < 0.01 vs. indicated group.
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FigUre 5 | effect of Que on activation of nF-κB in n9 cells induced by lPs. (a) Representative double IF staining of NF-κB p65 (green) and CD11b (red) in 
N9 cells exposed in LPS with or without Que (10 μM) pretreatment, nuclei were stained with DAPI (blue). Note: the arrow indicated positive staining in the nucleus. 
Scale bars: 50 μm. (D) Quantification of the relative ratio of nucleus NF-κB p65 in the indicated groups. Note: LPS significantly increased the ratio of nucleus NF-κB 
p65, which could be reduced by Que pretreatment. (B,c) Western blot analysis of phosphorylated NF-κB p65 in N9 cells exposed in LPS with or without Que 
pretreatment at indicated time points. β-actin was used as a loading control. Note: the phosphorylated NF-κB p65 level was increased since 60 min after LPS 
treatment, and this pattern was attenuated by Que. (D,e) Quantification of the Western blot showing phosphorylated levels of NF-κB p65 in N9 cells exposed to 
LPS with or without Que pretreatment. Values are mean ± SEM. *p < 0.05 and **p < 0.01 vs. indicated group.
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cytokines such as INF-γ or Interleukin-1 (IL-I) was found to 
inhibit oligodendroglia differentiation (Vela et al., 2002; Mana 
et  al., 2006). The proper modulation of activated microglia, 
however, has been shown to be an integral step in the promo-
tion of CNS remyelination by facilitating the increased produc-
tion of neurotrophins or decreasing chemokine expression 
(Butovsky et  al., 2006; Emmetsberger and Tsirka, 2012; Zhou 
et al., 2015). In our study, we demonstrate that Que treatment 
during the recovery period can attenuate microglial activation 
and enhance myelin repair. Our research findings are also sup-
ported by other researchers that have also shown the beneficial 
effects of Que in regard to remyelination (Zhang et al., 2012). 
The findings presented by these researchers suggest that the 
ability of Que to inhibit microglial activation may represent an 
important mechanism underlying its effectiveness at promoting 
remyelination. Normally, cytokines are virtually undetectable in 
the CNS. As such, when cytokines and chemokines are found in 
the CNS, it is usually indicative of clinical conditions involving 
demyelination (Schmitz et al., 2007; Puntambekar et al., 2015), 
brain trauma (Tasker, 2006), and/or mental disorders such as 
SZ (Potvin et al., 2008). Therefore, our current research further 
suggests that manipulating the microglial activation may be 
a key step in facilitating myelin repair that can be pursued as 
a novel treatment approach for SZ and/or other white matter 
disorders.

In regard to the specific mechanisms by which Que affects 
microglia, we demonstrate that Que can modulate STIM1-
mediated intercellular calcium elevation induced by LPS. As 
an important second message molecule, elevation of cytosolic 
Ca2+ has an essential role in microglial activation, including 
proliferation, migration, ramification, and release of proin-
flammatory cytokines and neurotrophins such as brain-derived 
neurotrophic factor (BDNF) (Mizoguchi et al., 2014). Although 
Ca2+ entry across the plasma membrane (PM) is mediated by 
various channels, SOCE channels have been identified as the 
prevalent Ca2+ entry mechanism in non-excitable cells, such as 
microglia (Laskaris et al., 2015). SOCE is controlled by stromal 
interaction molecule (STIM1 or STIM2) on the membrane of 
ER and Orai1 on PM. STIM1 acts as ER Ca2+ sensor (Liou et al., 
2005; Roos et al., 2005) and as such can activate Ca2+ release-
activated Ca2+ (CARC) channels via interaction with Orai 
(Moccia et al., 2015). It has been shown that STIM1 is required 
for SOCE in immune cells and loss of function or null mutations 
in human STIM1 gene stops Ca2+ influx in T cells resulting in 
immunodeficiencies in affected patients (Feske, 2009; Fuchs 
et  al., 2012). Previous study also showed that Orai1–STIM1 
interaction on PM can mediate Ca2+ influx, thereby regulating 
cytokine release in microglia (Sun et al., 2014; Laskaris et al., 
2015). Pharmacological inhibitors and knockdown experiments 
using siRNA for Orai1 and STIM1 revealed that the inhibition 
of Ca2+ influx through SOCE diminished the secretion of 
cytokines, TNF-α and IL-6 (Heo et  al., 2015). In the present 
study, we demonstrate that Que did not modulate basal level of 
cytosolic Ca2+; however, it can ameliorate LPS- and Tg-induced 
elevation of Ca2+ influx via neutralizing the upregulation of 

STIM1. Based on our understanding in this area, it is the first 
time that the regulatory effect of Que on the SOCE channel 
that is involved in microglial activation is shown. However, the 
exact molecular mechanism how Que modulates SOCE still 
requires further investigation. Our research findings suggest 
that manipulating SOCE may represent a novel approach to 
attenuate the chronic disease progression associated with SZ. 
In addition, our research also suggests that STIM1 is a novel 
regulatory target for neutralizing microglial activation that may 
be advantageous in the prevention of progression of various 
neurodegenerative diseases or mental illness.

Following elevation of cytosolic Ca2+, several downstream 
signaling pathways, such as NF-κB activation, are primarily 
responsible for microglial activation (Chauhan et  al., 2014). 
NF-κB is a transcription factor that can be involved in multiple 
cell behaviors such as cell differentiation, survival, apoptosis, 
as well as immune and inflammatory response (Li and Verma, 
2002; Vallabhapurapu and Karin, 2009). It has been reported 
that in AD or ischemia models, Que can inhibit activation of 
NF-κB in neurons (Bi et al., 2009; Zhao et al., 2014). Moreover, 
in an AD mouse model, Que was shown to attenuate glial 
activation and reduce the release of proinflammatory cytokines 
via inhibition NF-κB pathway (Zhu et al., 2015). In the present 
study, we also demonstrate that Que inhibited the transloca-
tion of NF-κB p65 and decreased the phosphorylated levels of 
NF-κB p65 subunits induced by LPS, indicating that the inhibi-
tion effect of Que on microglial activation may due to its effect 
to suppress NF-κB activation. Overall, it is likely that Que can 
maintain the intercellular calcium homeostasis by modulating 
STIM1 expression and subsequently inhibit NF-κB-dependent 
microglial activation.

In summary, within CPZ-induced chronic demyelination 
mouse model in conjunction with an in vitro system involving 
LPS-induced microglial activation cultures, we demonstrate 
that the atypical APD Que can inhibit microglial activation by 
neutralizing abnormal STIM1-mediated intercellular calcium 
homeostasis. In addition, our results also suggest that the abil-
ity of Que to inhibit microglial activation may also promote 
myelin repair. Our research findings identify a novel approach 
of manipulating specific calcium channels to regulate microglial 
activation that contributes to the underlying pathogenesis of SZ.
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Microglia is increasingly recognized to play a crucial role in the pathogenesis of
psychiatric diseases. In particular, microglia may be the cellular link between inflammation
and behavioral alterations: by releasing a number of soluble factors, among which
pro-inflammatory cytokines, that can regulate synaptic activity, thereby leading to
perturbation of behavior. In multiple sclerosis (MS), the most common neuroinflammatory
disorder affecting young adults, microglia activation and dysfunction may account for
mood symptoms, like depression and anxiety, that are often diagnosed in patients
even in the absence of motor disability. Behavioral studies in experimental autoimmune
encephalomyelitis (EAE), the animal model of MS, have shown that emotional
changes occur early in the disease and in correlation to inflammatory mediator and
neurotransmitter level alterations. However, such studies lack a full and comprehensive
analysis of the role played by microglia in EAE-behavioral syndrome. We review the
experimental studies addressing behavioral symptoms in EAE, and propose the study
of neuron-glia interaction as a powerful but still poorly explored tool to investigate the
burden of microglia in mood alterations associated to MS.

Keywords: microglia, experimental autoimmune encephalomyelitis, multiple sclerosis, behavioral syndrome,
neuron-microglia interaction, depression, anxiety

Introduction

Multiple Sclerosis (MS) is a chronic inflammatory demyelinating and neurodegenerative disease of
the central nervous system (CNS), which represents the leading cause of non-traumatic disability
in young adults in Western countries (Compston and Coles, 2008). In addition to physical
impairment, MS is frequently associated to mood disorders, like anxiety and depression even
in non-disabled patients (Marrie et al., 2009). Structural and functional brain changes, induced
by inflammation, seem to be implicated in MS psychiatric symptoms (Feinstein et al., 2014).
In fact, T-lymphocytes peripherally primed against myelin-like components infiltrate the brain
and initiate a chain of inflammatory events, including both gray and white matter microgliosis
(Centonze et al., 2010). Interestingly, recent studies in MS animal model, the experimental
autoimmune encephalomyelitis (EAE), have shown that activated microglia, by releasing pro-
inflammatory cytokines, can alter brain synaptic transmission also before the appearance of
motor symptoms (Centonze et al., 2009, 2010). Notably, changes in neuronal compartment
and abnormalities in microglial physiology have been related to several psychopathological
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conditions in both humans and animal models (Price and
Drevets, 2010; Frick et al., 2013), raising the possibility that
microglia may have a crucial role in mediating mood disorders
in MS.

This paper briefly discusses the current studies about
anxious- and depressive-like behaviors in the EAE model
and proposes the contribution of microglia to EAE mood
disorders, as an important but quite unexplored field for future
research.

Microglia in Mood Disorders

Microglia derive frommacrophage lineage and represent 10–20%
of the glial cells in the CNS (Lynch, 2009). Exposure to foreign
antigens or cellular debris induces microglial cytotoxic activation
required for brain immune surveillance. Such activated microglia
release a variety of proinflammatory mediators, like interleukin-
1β (IL-1β) and tumor necrosis factor (TNF; Lynch, 2009;
Kettenmann et al., 2011).

However, cytokines, such as interleukin-4 (IL-4) or
interleukin-25 (IL-25), can shift microglial state from the
resting to the neuroprotective one (Zhou et al., 2012;
Maiorino et al., 2013). Activated microglia can switch from
the characteristic ramified morphology to the hyperramified or
amoeboid/phagocytic one with upregulation of several markers,
including the ionized calcium-binding adapter molecule 1 (Iba1)
and CD11b (Kettenmann et al., 2011).

Microglia mutually interact by contact or via mediators
with several cells, like T cells, astrocytes and even neurons
and such interactions can induce changes in microglial state
(Lynch, 2009). The direct and indirect communication between
microglia and neurons reveals microglia synaptic functions in
addition to the well-established immune ones. In fact, it has
been demonstrated that microglia participate in neurogenesis
(Butovsky et al., 2006), neuronal transmission (Graeber, 2010)
and synaptic pruning inmemory and neuronal plasticity (Schafer
et al., 2012).

Both abnormalities in microglial physiology and dysfunction
of neuron-microglia cross-talk have been involved in psychiatric
diseases. For example, several postmortem studies have reported
abundant activated microglia surrounding neurons (Vargas
et al., 2005) and a switch to amoeboid morphology (Morgan
et al., 2010; Tetreault et al., 2012) in multiple brain regions
from patient with autism spectrum disorders. Moreover,
positron emission tomography (PET) imaging has confirmed
postmortem findings about microglial activation in autism
patients (Suzuki et al., 2013). Similar results have been
observed in different animal models of autism (Zerrate et al.,
2007; Heo et al., 2011; MacFabe et al., 2011). Furthermore,
a recent work in MECP2-null mice, which model Rett
syndrome, an X-linked autism spectrum disorder, has provided
one of the first causal links between microglial alterations
and psychiatric disturbances: the authors succeeded in the
mitigation of Rett syndrome-like symptoms by supplying
wild-type microglia through bone marrow transplantation
or genetic rescue in MECP2-null mice (Derecki et al.,
2012).

A role formicroglia in anxiety and depression is also emerging
on the basis of several observations. First, IL-1β and TNF,
which are proinflammatory cytokines released during peripheral
infection as well as by activated microglia, can induce sickness
behavior, resulting in decreased motor activity, fatigue, reduced
food intake, anhedonia and social withdrawal in both rodents
and humans. Many of these symptoms are commonly observed
in depressed patients (Dantzer et al., 2008), whose levels of
proinflammatory cytokines have been found increased in both
peripheral blood and cerebrospinal fluid (CSF; Zorrilla et al.,
2001). Second, postmortem studies have revealed consistent
microgliosis in suicide-attempters compared to controls (Steiner
et al., 2008). Moreover, both activation state of microglia and
proinflammatory cytokine levels have been suggested to predict
depression relapse and, even, to evaluate the therapeutic response
(Miller et al., 2009; Munkholm et al., 2013; Watkins et al.,
2014).

Studies on animal models have provided further evidence
for involvement of microglia in the pathogenesis of anxious-
and depressive-like behaviors. Rodent paradigms of chronic
stress, such as repeated constrain or repeated social defeat, have
been reported to induce anxious- and depressive-like symptoms,
associated to changes in both microglial activation state and
morphology in several brain regions (Tynan et al., 2010; Wohleb
et al., 2011; Hinwood et al., 2013). Notably, the treatment
of stressed animals with the antibiotic minocycline is able to
recover microglial homeostasis together with mood dysfunctions
(Hinwood et al., 2013).

Both preclinical and clinical data support the theory of the
inflammatory etiology for anxious and depressive behavior, and
implicate microglia as possible cellular mediators of these mental
disorders (Eyre and Baune, 2012).

EAE Models Behavioral Symptoms of MS

Although it is reasonable to expect that mood alterations in
MS patients are a consequence of their physical progressive
disability, the prevalence of anxiety and depression, is generally
higher in persons with MS with respect to both the general
population (Patten et al., 2003) and patients with other
neurological disorders (Schiffer and Babigian, 1984; Schubert
and Foliart, 1993; Thielscher et al., 2013). In some cases,
psychiatric symptoms may occur at the onset of the disease
and independently of physical disability (Haussleiter et al.,
2009; Lo Fermo et al., 2010; Suh et al., 2010; Rietberg et al.,
2011).

While physical disability is the primary target of
pharmacological treatment, mood disorders are currently
undervalued and undertreated in clinical practice (Marrie
et al., 2009), although they can dramatically worsen the
quality of life of MS patients. The scarce attention paid to
the psychiatric aspects of MS symptomatology is in part due
to the lack of knowledge of their pathological basis. In this
respect, studies in animal models of MS may represent the
unique opportunity to address this critical issue. Although
many of the clinical features of mental illness generally cannot
be modeled in rodents, some animal models of depression
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and anxiety provide reliable and measurable correlate of
human behavior and allow the study of their molecular
underpinnings. Most of MS clinical and histopathological
features are well shaped by EAE, in particular the myelin
oligodendrocyte glycoprotein p35–55 (MOG35–55)-induced
‘‘chronic’’ EAE in C57BL/6 mice (Furlan et al., 2009). In such
model different phases of the disease can be distinguished:
the pre-symptomatic phase with absence of motor deficits,
the acute phase starting from the onset to the peak of clinical
symptoms and the following chronic phase, in which motor
symptoms become milder. Several studies have reported both
anxiety- and depression-like behaviors in all EAE clinical phases
in correlation with a number of cellular and molecular players
(Table 1).

Former studies by Pollak and colleagues characterized the
so-called ‘‘sickness behavior’’ in EAE mice (Pollak et al., 2000,
2003a,b). All the hallmarks of sickness behavior, observed in
acute-phase-EAE mice, were recovered in later phases of the
disease, with the exception of the body weight. Notably, such
behavior affected EAE mice from the day before the onset of
neurological symptoms, demonstrating that emotional changes
in EAE are not the mere consequence of motor disability
(Pollak et al., 2000). Also, chronic treatment with anti-depressant
imipramine prevented body-weight loss in EAE mice (Pollak
et al., 2002).

Next, they found that the onset of behavioral syndrome
coincided with elevation of TNF and IL-1β in the brain
and prostaglandin E2 (PGE2) in the hypothalamus (Pollak
et al., 2003a). Interestingly, pro-inflammatory cytokines reached
their peak expression in the sickness-behavior phase and
decreased along with behavioral recovery, which correlated with
worsening of motor symptoms, confirming the hypothesis that
cytokines sustain the initial process leading to neurological
symptoms but their role dampens with time. Moreover, mice
showing sickness behavior but lacking neurological deficits had
cerebellar levels of cytokines comparable to motor impaired
and behaviorally sick mice, corroborating previous observations
(Pollak et al., 2000) and linking for the first time behavioral
alterations and inflammation in EAE. However, neither the
cellular source of cytokines nor the cytokine levels in EAE mice
prior to the behavioral depression were investigated. By using
different anti-inflammatory approaches aimed at blocking IL-
1β, TNF and PGE2 signaling, they further demonstrated the
correlation between inflammation and sickness behavior (Pollak
et al., 2003b). Notably, the treatment against TNF signaling
was ineffective if administered alone, but when associated to
IL-1β antagonist (IL-1ra) improved the effect of IL-1ra on
behavior, suggesting a synergistic interaction between the two
cytokines.

The picture herein described is limited to sickness
behavior, which is a phenotypic trait of depression-
and anxiety-like behaviors in both humans and rodents
(Dantzer et al., 2008). Several ethological paradigms have
been developed to assess such behaviors in rodents and
some of them have been used to characterize EAE-linked
behavioral syndrome. Peruga and colleagues demonstrated
both anxiety- and depressive-like behaviors in mice with

mild-EAE phenotype (only with tail weakness) during the
acute and chronic phases, through well-established behavioral
paradigms requiring regular motor abilities, like open field
test (OFT), light-dark test (LDT), startle response test
(SR) for anxious-like behavior, pre-pulse inhibition (PPI)
and learned helpless test (LH) for depressive-like behavior
(Peruga et al., 2011). The emotional changes observed in
EAE mice were associated with inflammation (lymphocyte
infiltration, microglia activation and TNF expression) in
peri-hippocampal regions and a significant and progressive
neuronal loss in CA1 hippocampal region. Also, although
monoaminergic neurotransmitters were not significantly
changed in EAE hippocampus, amytriptiline treatment
significantly increased norepinephrine levels and attenuated
behavioral response. Musgrave and colleagues also addressed
a role for catecholamine in EAE-behavioral syndrome: the
anti-depressant phenelzine (PLZ) improved EAE motor
disability and behavioral performance in the OFT and corrected
altered monoamine levels in several brain areas, without
affecting microgliosis in the spinal cord (Musgrave et al.,
2011). Therefore, they suggested that the behavioral response
to PLZ observed in EAE is likely due to normalization of
serotonin levels in ventral horn of spinal cord. Although valid,
such interpretation lacks information about microgliosis and
inflammation in brain areas more likely involved in mood
control.

In a study published in 2012, we showed anxiety-like behavior
in pre-symptomatic EAE mice (Haji et al., 2012) by OFT and
elevated plus maze (EPM) behavioral tasks. Interestingly,
such behavior was associated with strong microglia activation,
increased TNF levels and potentiated glutamatergic transmission
in the striatum of EAE mice. Preventive intracerebroventricular
blockade of TNF had anxiolytic-like effect on EAE mice and
normalized glutamatergic transmission. Notably, the striatum
is a subcortical area involved in MS and EAE (Bermel et al.,
2003; Centonze et al., 2009) as well as in mood control
(Báez-Mendoza and Schultz, 2013) and striatal glutamatergic
transmission alterations already occurs in pre-symptomatic
phase (Centonze et al., 2009), suggesting that synaptic
dysregulation in this area may account for EAE behavioral
changes.

In contrast, others did not detect any signs of anxiety-
like behavior in both pre-symptomatic and acute EAE mice
at the EPM (Rodrigues et al., 2011). Conversely, Acharjee
and colleagues confirmed our findings and showed for
the first time depressive-like behavior in pre-symptomatic
EAE mice, through classical paradigms for depressive-
like behavior in rodents, the tail suspension (TST) and
the forced swimming tests (FST; Acharjee et al., 2013).
The authors correlated emotional impairment in EAE
mice with increased expression of IL-1β and TNF in the
hypothalamus. They did detect neither astro-nor microgliosis in
the hypothalamus, the amygdala and the hippocampus of EAE
brains, concluding that EAE emotional changes were linked
to alteration of hypothalamic-pituitary-adrenal axis (HPA),
as already suggested for the acute phase of EAE (Pollak et al.,
2003a).
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Accordingly, we recently linked EAE depressive-like behavior
to striatal IL-1β expression and dopaminergic system alterations
in the acute phase (Gentile et al., 2015). By studying mice
with mild-EAE phenotype, we demonstrated the occurrence of
depressive-like (TST and FST) and motivation-based behaviors
(nest building test-NB test) in the acute phase of the disease
in correlation with striatal and hippocampal microgliosis.
Since IL-1β was expressed by microglia in such areas but
the cytokine expression raised significantly in EAE striatum,
we hypothesized that IL-1β released by microglia in this
area may affect the dopaminergic system thus contributing
to EAE depressive-like behavior. Accordingly, the preventive
central treatment with IL-1ra corrected emotional changes as
well as defective striatal dopaminergic neurotransmission, thus
linking inflammation-induced neurotransmission alteration and
behavior.

Summarizing, TNF and IL1-β alter EAE behavior likely by
affecting catecholamine and glutamatergic neurotransmission in
several brain areas, pointing to microglia as possible cellular
mediator.

The Impact of MS Drugs on Behavioral
Outcomes: The Example of Glatiramer
Acetate and Interferon-1 Beta

Most of the drugs approved for MS therapy are
immunomodulatory or immunosuppressive agents, providing
to variable extent functional recovery. However, they may have
a strong impact on mood control, making necessary ad hoc
pharmacological interventions. Among the currently available
therapeutic approaches for MS treatment, interferon-1β
(IFNB) and glatiramer acetate (GA) are first-line disease-
modifying drugs. Unfortunately, there is some evidence that
IFNB treatment exacerbates depressive symptoms more likely
than GA (Pandya and Patten, 2002; Goëb et al., 2003; Arnett
and Randolph, 2006), therefore in patients with a history
of depression GA treatment is often preferred (Wilken and
Sullivan, 2007). However, this issue seems not entirely solved,
with some studies reporting no differences between IFNB and
GA (Kirzinger et al., 2013) or no significant beneficial effect of
GA on mood-related outcomes (Jongen et al., 2010).

Due to the restricted literature about EAE-linked behavioral
changes, it is clear that animal studies are far from succeeding
in clarifying this matter. Only one paper examined MS drug
impact on EAE anxiety-like behavior (Piras et al., 2013;
Table 1), correlating EAE emotional changes with time-
dependent increased peripheral lymphocytosis. The authors
observed that GA attenuated lymphocytosis and behavioral
impairment in a very early phase of the disease. Consistently,
we found that GA reduced anxiety-like behavior in pre-
symptomatic EAE mice (7 dpi) by OFT (Figures 1A,B).
We previously demonstrated that GA treatment protected
against the TNF-induced synaptotoxic effect on striatal
glutamatergic transmission by reducing microgliosis and
microglia expression of TNF in the striatum of acute-phase EAE
mice (Gentile et al., 2013). Interestingly, activated microglia
stimulated with GA in vitro mimicked the electrophysiological

effect of GA treatment in EAE mice. It has been supposed
that GA interacts with microglial surface proteins, involved
in microglia activation, like MHC-II complex (Fridkis-
Hareli et al., 1997) and P2X7 receptor (Caragnano et al.,
2012).

Therefore, we examined GA effect on striatal microglia
activation of pre-symptomatic mice. In accordance to our
previous findings (Haji et al., 2012), a strong microgliosis was
observed in pre-symptomatic EAE striatum (Figure 1C), while
GA induced additional proliferation of microglial cells with
a resting phenotype, suggesting reduced inflammation. The
microglial changes induced by GA may abolish the potentiated
glutamatergic transmission in the pre-symptomatic striatum,
through mechanisms similar to those described in the acute
phase. Also, in GA striatum we could occasionally observe
amoeboid-like microglial cells, resembling cells in phagocytic
activity (not shown): in vitro studies on primary murine
microglia and human monocytes have shown that GA promotes
phagocytosis in those cells (Pul et al., 2011, 2012), likely with
protective effects.

Lastly, PET studies in MS patients treated with GA
corroborate the effect of GA on microglial activation (Ratchford
et al., 2012).

Conclusions and Perspectives

The investigation of the role of microglia in MS pathogenesis
is flourishing, but the contribution of these cells to MS mood
disturbances has been only partially addressed. The analysis of
pre-symptomatic or non-disabled EAE mice allows dissecting
the different contribution of microglia to behavior and motor
symptoms.

From the above overview, several elements have emerged:
inflammation and microglia activation are involved in EAE-
behavioral syndrome and impaired neurotransmission is likely
the final outcome of the overactive microglia-immune-neuronal
interaction, leading to behavioral alterations. The interplay
between microglia and neurons is still poorly explored, but
promising and therapeutically attractive. Therefore, we propose
to further study the interaction between microglia activation
and neurotransmission in brain areas involved in mood control:
for example by investigating microglia contribution to EAE/MS
hippocampal synaptic dysfunctions (Dutta et al., 2013; Nisticò
et al., 2013; Michailidou et al., 2015), and by extending studies
in EAE striatum from glutamate and catecholamine to other
compromised neurotransmitter systems, such as GABA or
cannabinoids (Musumeci et al., 2011; Rossi et al., 2011; Musella
et al., 2014). Targeting microglia to limit synaptic damage
and behavioral distortion by using immunomodulatory agents,
such as GA, or the antibiotic minocycline, known to reduce
microgliosis and depressive symptoms (Hinwood et al., 2013),
may represent an alternative therapeutic strategy to conventional
anti-depressants.

The study of microglia should be fostered in experimental
as well as in human investigations and with regard to
mood etiology, by using novel in vivo imaging techniques.
Interestingly, the recent introduction of second-generation PET
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FIGURE 1 | Glatiramer acetate (GA) treatment protects from
EAE-induced anxiety-like behavior and attenuates microglia activation.
(A) Anxiety-like behavior was assessed in pre-symptomatic EAE mice (7 days
post immunization, dpi) by means of open field test (OFT). The time in the center
of the arena is reduced in EAE-vehicle mice compared to control CFA-vehicle
mice and significantly increased in GA-treated mice. CFA-vehicle mice are the
experimental control of EAE, receiving the same treatment of EAE mice with the
exception of the immunogen MOG35–55. Data are expressed as mean ± S.E.M.
One-way ANOVA analysis, Tukey’s post hoc test: EAE-GA vs. EAE-vehicle
###p < 0.001, EAE-vehicle vs. CFA-vehicle ***p < 0.001. (B) The total distance
traveled in the arena was unchanged among the groups, confirming the
absence of motor dysfunction in 7 dpi EAE mice. Data are expressed as mean
± S.E.M. One-way ANOVA analysis, Tukey’s post hoc test: EAE-vehicle vs.
CFA-vehicle p > 0.05; EAE-GA vs. EAE-vehicle p > 0.05; CFA-vehicle vs.
EAE-GA p > 0.05. (C) GA treatment affects microglia proliferation and
activation in the striatum of pre-symptomatic (7 dpi) EAE mice. The
microphotographs are low magnification confocal images showing microglial

cell density in the striatum of control CFA-vehicle, EAE-vehicle and EAE-GA
mice: Iba1 staining for microglia (red; counter-staining with DAPI–blue), reveals
increase in microglial cell density in EAE-vehicle vs. CFA-vehicle striatum with
further enhancement in EAE-GA striatum. Insets show different morphologies of
microglial cells among the groups: microglia from EAE striatum is visibly
hypertrophic if compared to both microglia from CFA-vehicle and EAE-GA
striatum. Scale bar: 25 µm. Quantitative and qualitative analysis of microglia,
based on IBA1 immunofluorescence, is reported down the immunofluorescence
images: GA increases microglia density and restores resting state of microglial
cells. The morphological analysis of microglial cells, based on the area covered
by IBA1 positive cells inside the striatum, shows the effect of GA in reducing
microglial hypertrophy observed in EAE-vehicle, expressed as mean cell area,
while the total microglial area is similar to EAE-vehicle microglia. For image
acquisition and analysis method, refer to Gentile et al., 2013. Data are
expressed as mean ± S.E.M. One-way ANOVA analysis, Tukey’s post hoc test:
EAE-vehicle and EAE-GA vs. CFA-vehicle: ***p < 0.001, **p < 0.01; EAE-GA
vs. EAE-vehicle: ###p < 0.001, #p < 0.05.

radioligands has been found able to reveal the extent ofmicroglial
activation by quantifying the increased expression of the 18-kDa
translocator protein (TSPO) in EAE (Mattner et al., 2013) and
MS (Giannetti et al., 2014, 2015) brains. The use of this technique
is not yet widespread for economic and safety reasons, but it
is viewed as highly promising for EAE/MS pathogenesis studies
(Politis et al., 2012b), as well as to monitor and to distinguish

drug effects on microgliosis (Airas et al., 2015) and to predict
clinical outcomes (Politis et al., 2012a). Increased TSPO binding
was observed in normal-appearing gray and white matters in
MS remitting patients (Versijpt et al., 2005), corroborating the
hypothesis that microglia activation occurs early in the disease
and can affect the neuronal compartment (Centonze et al.,
2010). The application of such technique to behavioral disorders
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is embryonic (Kenk et al., 2015): microglial metabolite PET
measurements could be correlated to data from psychological
assessment in MS or behavioral testing and electrophysiological
recordings in EAE.

To conclude, we are confident that the integration of data
from clinical and preclinical studies and the combined use of
different techniques for monitoring microglia state and action
are a fruitful strategy to find novel diagnostic and therapeutic
tools for MS mood-related disorders.
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The role of glutamate N-methyl-D-aspartate receptor (NMDAR) hypofunction has been
extensively studied in schizophrenia; however, less is known about its role in anxiety
disorders. Recently, it was demonstrated that astrocytic GLT-1 blockade leads to
an anxiety-like phenotype. Although astrocytes are capable of modulating NMDAR
activity through glutamate uptake transporters, the relationship between astrocytic
glutamate uptake and the development of an anxiety phenotype remains poorly
explored. Here, we aimed to investigative whether long-term antagonism of NMDAR
impacts anxiety-related behaviors and astrocytic glutamate uptake. Memantine, an
NMDAR antagonist, was administered daily for 24 days to healthy adult CF-1 mice by
oral gavage at doses of 5, 10, or 20 mg/kg. The mice were submitted to a sequential
battery of behavioral tests (open field, light–dark box and elevated plus-maze tests).
We then evaluated glutamate uptake activity and the immunocontents of glutamate
transporters in the frontoparietal cortex and hippocampus. Our results demonstrated
that long-term administration of memantine induces anxiety-like behavior in mice in
the light–dark box and elevated plus-maze paradigms. Additionally, the administration
of memantine decreased glutamate uptake activity in both the frontoparietal cortex
and hippocampus without altering the immunocontent of either GLT-1 or GLAST.
Remarkably, the memantine-induced reduction in glutamate uptake was correlated
with enhancement of an anxiety-like phenotype. In conclusion, long-term NMDAR
antagonism with memantine induces anxiety-like behavior that is associated with
reduced glutamate uptake activity but that is not dependent on GLT-1 or GLAST protein
expression. Our study suggests that NMDAR and glutamate uptake hypofunction may
contribute to the development of conditions that fall within the category of anxiety
disorders.
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Introduction

Anxiety disorders are among the most prevalent psychiatric
conditions worldwide. These disorders have been associated
with social isolation, alcoholism, and increased suicide attempts
and are also considered to be risk factors for the development
of additional psychiatric disorders (Gross and Hen, 2004).
Hence, it is imperative to understand the neurobiological
mechanisms that are associated with anxiety disorders. It has
recently been proposed that a functional imbalance of the
tripartite glutamatergic synapse plays a role in anxiety disorders
(Clement and Chapouthier, 1998; Nutt and Malizia, 2001;
Nemeroff, 2003; Machado-Vieira et al., 2009, 2012). Indeed,
glutamatergic neurotransmission offers multiple potential
pharmacological targets for treating anxiety-related disorders,
such as postsynaptic receptor signaling, presynaptic glutamate
release, and astrocytic glutamate uptake (Szabo et al., 2009;
Zarate et al., 2010; Riaza Bermudo-Soriano et al., 2012; Pilc et al.,
2013).

Currently, antagonism of N-methyl-D-aspartate receptor
(NMDAR) has been proposed as a feasible strategy for
reducing the major symptoms that are linked to anxiety-like
behavior (Cortese and Phan, 2005). Indeed, when memantine,
an NMDAR antagonist, is administered to patients presenting
with depression, anxiety or obsessive-compulsive disorder, their
neuropsychiatric symptoms appear to be relieved (Tariot et al.,
2004; Sani et al., 2012). By contrast, a recent work demonstrated
that chronic antagonism of NMDAR induces elevated anxiety
in healthy mice (Hanson et al., 2014). Overall, the current data
that are available regarding the association between the use of
NMDAR antagonists and the presentation of anxiety-related
behaviors refute a simple model of dose-effect and instead seem
to be closely related to the regimen, type of drug, or route of
administration (Silvestre et al., 1997; Riaza Bermudo-Soriano
et al., 2012; Schwartz et al., 2012). Additionally, it is prudent
to consider that glutamatergic neurotransmission involves not
only neuronal receptors (ionotropic and metabotropic) but
also astroglial transporters that participate in neuron-astrocyte
coupling.

Two major astroglial Na+-dependent glutamate transporters,
glutamate transporter 1 (GLT-1, also known as EAAT2) and
glutamate aspartate transporter (GLAST, also known as EAAT1),
take up glutamate from synapses to maintain the homeostasis
that is necessary to orchestrate the physiological activity of
receptors (Danbolt, 2001). Remarkably, cerebral GLT-1 and
GLAST are predominately localized in astrocytes, with very
low expression in other cell types (Zhou and Danbolt, 2014).
Moreover, astrocytes account for 95% of the glutamate uptake
activity in the brain (Danbolt et al., 1992; Lehre and Danbolt,
1998). Importantly, a recent work demonstrated that cerebral
microinjection of the GLT-1 inhibitor, dihydrokainic acid (DHK),
induced anhedonia and anxiety in rats (John et al., 2015).
Thus, one could claim that astrocytic dysfunction may have a
considerable impact on the expression of anxiety-like phenotypes
(Bechtholt-Gompf et al., 2010; Schroeter et al., 2010; Lee et al.,
2013). Based on the principles of neuron-astrocyte coupling,
we hypothesized that long-term antagonism of NMDAR would

impact astrocytic function and that this would likely affect anxiety
phenotype.

In this study, we aimed to investigate the impact of
long-term NMDAR antagonism by memantine on anxiety-
related paradigms and their potential association with astrocytic
glutamate transport.

Materials and Methods

Animals
Three-month-old CF-1 mice were housed in standard cages
(48 cm × 26 cm). The animals were kept in a room with
controlled temperature (22◦C) under a 12 h light/12 h dark
cycle (lights on at 7 am) and had free access to food and water.
The mice (n = 40) were randomized into four groups: control
(CO), memantine 5 mg (MN5), memantine 10 mg (MN10),
and memantine 20 mg (MN20). To avoid social isolation, we
maintained two animals per cage (Leasure and Decker, 2009).
All behavioral tests were performed between 1:00 pm and 5:00
pm. All experiments were conducted in accordance with official
governmental guidelines in compliance with the Federation of
Brazilian Societies for Experimental Biology and were approved
by the Ethical Committee of the Federal University of Rio Grande
do Sul, Brazil.

Drug Administration
Memantine (Sigma, USA) was dissolved in distilled water at three
different concentrations (0.5, 1.0, and 2.0 mg/mL) to standardize
the volume used for oral administration and reach the desired
dose. For 24 days, the animals received daily administration of
either 5, 10, or 20 mg/kg of memantine, or an equivalent volume
of distilled water, via oral gavage. Body weight and food intake
were monitored. All groups received oral gavage at 1 h after each
behavioral task.

Open Field Test
On the 22nd day, the animals were submitted to an open field
task to evaluate spontaneous locomotion and exploratory activity.
The apparatus was made of a black-painted box measuring
50 cm × 50 cm and was surrounded by 50 cm high walls. The
experiments were conducted in a quiet room under low-intensity
light (12 lx). Each mouse (n = 10 per group) was placed in the
center of the arena, and the distance traveled (total and central
zone), time spent in the central zone, and mean speed were
measured over a course of 10 min (Muller et al., 2012). The
experiment was recorded with a video camera that was positioned
above the arena. The analysis was performed using a computer-
operated tracking system (Any-maze, Stoelting, Woods Dale, IL,
USA).

Light–Dark Task
On the 23rd day, the light–dark task was performed as previously
described (Crawley andGoodwin, 1980) with somemodifications
to analyze anxiety profiles. The light–dark apparatus consisted
of a wood rectangular box with two separated chambers. One
chamber had black walls and floor (50 cm × 50 cm × 50 cm)
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and was not illuminated. The other side had white walls and floor
(50 cm × 50 cm × 50 cm) and was illuminated by a 100 W
white lamp that was placed overhead. The two compartments
were separated by a wall, which had a small opening at floor
level. For each experiment, an animal (n = 10 per group) was
initially placed in the white chamber and then allowed to explore
the two-chamber area for a duration of 5 min. The following
parameters were recorded by a trained and blinded-to-treatment
observer: number of transitions between the two chambers, time
spent in the light chamber, and risk assessment behavior. After
each experiment, the apparatus was cleaned with 70% alcohol and
dried before being used with the next animal.

Elevated Plus-Maze Task
On the 24th day, the animals were submitted to an elevated
plus-maze task to evaluate further signs of anxiety-like behavior.
The elevated plus-maze was performed as previously described
(Pellow, 1986). The elevated plus-maze apparatus consisted of
two open arms (30 cm × 5 cm) and two enclosed arms
(30 cm × 5 cm × 10 cm), which were separated by a central
platform (5 cm × 5 cm) with the two identical arms of each type
being placed opposite to each other. The height of the maze was
70 cm, and the experiments were conducted under dim red light
in a quiet room. Each mouse (n = 10 per group) was individually
placed onto the central platform of the plus-maze, facing one
of the open arms, and was observed/recorded for 5 min by a
trained and blinded-to-treatment observer. The time spent in the
open arms and the total distance traveled were used for further
analysis. After each session, the maze was cleaned with 70%
ethanol. Data analysis was performed using a computer-operated
tracking system (Any-maze, Stoelting, Woods Dale, IL, USA).

Glutamate Uptake Assay
On the 25th day, the animals (n = 6 per group) were
sacrificed/dissected and left hippocampal and left frontoparietal
cortical brain slices were taken for use in a glutamate uptake
assay. The glutamate uptake assay was performed according to
Thomazi et al. (2004). Brain hippocampal and frontoparietal
cortical slices (0.4 mm) were obtained using a McIlwain tissue
chopper and were pre-incubated for 15 min at 37◦C in Hank’s
balanced salt solution (HBSS), containing 137 mM NaCl,
0.63 mM Na2HPO4, 4.17 mM NaHCO3, 5.36 mM KCl, 0.44 mM
KH2PO4, 1.26 mM CaCl2, 0.41 mM MgSO4, 0.49 mM MgCl2,
and 1.11mMglucose, at pH 7.2. Afterward, 0.66 and 0.33 Ciml−1

L-[3H]glutamate were added to a final 100 M concentration of
glutamate for incubation with hippocampal and cortical samples,
respectively. The incubations were stopped after 5 and 7 min
for the hippocampal and cortical samples, respectively, with two
ice-cold washes of 1 ml HBSS, which were immediately followed
by the addition of 0.5 N NaOH. The samples were kept in this
solution overnight. Nonspecific uptake was measured using the
same protocol as described above, with differences in temperature
(4◦C) and medium composition (N-methyl-D-glucamine instead
of sodium chloride). Na+-dependent uptake was considered as
the difference between the total uptake and the non-specific
uptake. Note that astrocytic transport mediated by GLAST and
GLT-1 is responsible for the Na+-dependent glutamate uptake

(Anderson and Swanson, 2000). Both uptakes were performed in
triplicate. Any radioactivity that was incorporated into the slices
was measured using a liquid scintillation counter.

Western Blotting
For western blot analysis, right hippocampal and right
frontoparietal cortical homogenates (n = 6, per group)
were prepared in PIK buffer (1% NP-40, 150 mM NaCl, 20 mM
Tris, pH 7.4, 10% glycerol, 1 mM CaCl2, 1 mM MgCl2, 400 μM
sodium vanadate, 0.2 mM PMSF, 1 μg/ml leupeptin, 1 μg/ml
aprotinin, and 0.1% phosphatase inhibitor cocktails I and II
from Sigma–Aldrich) and centrifuged (Zimmer et al., 2012).
Supernatants were collected and total protein was measured
using Peterson’s method (Peterson, 1977). Samples containing
20 μg of protein from the hippocampal homogenate were
separated by electrophoresis on a polyacrylamide gel and
electrotransferred to PVDF membranes. Protein bands within
each sample lane were compared to standard molecular weight
markers (Precision Plus ProteinTM Dual Color Standards,
Bio-Rad), which were used to identify the molecular weights
of proteins of interest. Non-specific binding sites were blocked
using Tween–Tris buffered saline (TTBS, 100 mM Tris–HCl,
pH 7.5) with 5% albumin for 2 h. Samples were incubated
overnight at 4◦C with primary antibodies against GLT-1 (Abcam,
1:1000), GLAST (Abcam, 1:1000), and β-actin (Sigma, 1:5000).
Following primary antibody incubation, the membranes were
incubated with secondary antibodies (anti-rabbit, GE life
sciences, 1:3000; anti-mouse, GE life sciences, 1:5000) for 2 h at
room temperature. Films were scanned, and band intensity was
analyzed using Image J software (Abramoff et al., 2004).

Statistical Analysis
Differences between groups were analyzed with analysis of
variance (ANOVA) followed by Tukey’s post hoc test. Correlations
between behavioral assessments and glutamate uptake were
analyzed by Pearson’s correlation coefficient. The results are
presented as mean values ± SEM. Differences were considered
significant at p < 0.05.

Results

Long-Term NMDAR Antagonism does not Alter
Spontaneous Locomotion but Induces
Anxiety-Like Behavior
Administration of memantine did not cause significant changes
in either distance traveled [Figure 1A; F(3,36) = 1.642,
p = 0.1967] or time spent in the central zone [Figure 1B;
F(3,36) = 0.1697, p = 0.9162] in the open field. Occupancy plots
are used to illustrate the similarities between groups in the open
field test (Figure 1C).

Long-Term NMDAR Antagonism Reduced
Time Spent in the Light Compartment of the
Light–Dark Box
In the light–dark box (Figure 1G), all of the doses of memantine
that were tested significantly reduced the time spent in the light
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compartment by the memantine-administered mice compared to
the CO group [Figure 1D; F(3,36) = 7.364, MN5: p= 0.03, MN10:
p = 0.002, MN20: p = 0.01]. However, transition numbers (light
to dark) were unrelated tomemantine administration [Figure 1E;
F(3,36) = 0.8257, p = 0.4884]. Additionally, there were no
differences among groups in risk assessment index [Figure 1F;
F(3,36) = 1.129, p = 0.3519].

Long-Term NMDAR Antagonism Decreased
Time Spent in the Open Arms of the Elevated
Plus-Maze
The administration of memantine reduced the time spent by
mice in the open arms of the elevated plus-maze (Figure 1J)
when compared to the CO group [Figure 1H; F(3,36) = 6.974,
MN5: p = 0.007, MN10: p = 0.002, MN20: p = 0.004]; however,
there were no changes in total distance traveled [Figure 1I;
F(3,36) = 2.227, p = 0.1018].

Long-Term NMDAR Antagonism Decreased
Glutamate Uptake in the Frontoparietal Cortex
and Hippocampus without Affecting the
Immunocontents of GLAST and GLT-1
The administration of memantine significantly decreased
glutamate uptake in slices of frontoparietal cortex [Figure 2A;
F(3,20) = 11.458, MN5: p = 0.026, MN10: p < 0.001, MN20:
p < 0.001] and hippocampus [Figure 2D; F(3,20) = 15.008,

MN5: p = 0.015, MN10: p < 0.001, MN20: p < 0.001]. However,
memantine did not alter the immunocontent of GLAST in
either the frontoparietal cortex [Figure 2B; F(3,20) = 1.300,
p = 0.3020] or the hippocampus [Figure 2E; F(3,20) = 0.6174,
p = 0.6118]. Additionally, no alterations were found in the
immunocontent of GLT-1 in either the frontoparietal cortex
[Figure 2C; F(3,20) = 2.225, p = 0.1167] or the hippocampus
[Figure 2F; F(3,20) = 0.1520, p = 0.9272].

Correlation Between Anxiety-Like Behavior
and Glutamate Uptake
A positive correlation was found between time spent in the light
compartment of the light dark-box and glutamate uptake in the
frontoparietal cortex (Figure 3A; p < 0.0001, R = 0.7289) and
hippocampus (Figure 3C; p = 0.03, R = 0.4337). Time spent in
the open arms of the elevated plus-maze test was also correlated
with glutamate uptake in the frontoparietal cortex (Figure 3B;
p = 0.03, R = 0.4313) and hippocampus (Figure 3D; p = 0.01,
R = 0.4815).

Discussion

Our results demonstrated that long-term antagonism of NMDAR
by memantine induces anxiety-like behavior in healthy CF-
1 mice. Additionally, memantine decreased glutamate uptake
activity in the frontoparietal cortex and in the hippocampus

FIGURE 1 | Long-term NMDAR antagonism does not alter
spontaneous locomotor and exploratory behavior, but induces
anxiety-like behavior. (A) Total distance traveled in the open field.
(B) Time in central zone in the open field. (C) Open field apparatus and
occupancy plots. (D) Time in light compartment in the light–dark box.
(E) Number of transitions in the light–dark box. (F) Risk assessment

index in the light–dark box. (G) Light–dark box apparatus. (H) Time in
open arms in the elevated plus-maze. (I) Distance traveled in the
elevated plus-maze. (J) Elevated plus-maze apparatus and occupancy
plots. Groups: control (CO), memantine 5 mg (MN 5), memantine 10 mg
(MN 10), and memantine 20 mg (MN 20); n = 10 per group. Data are
presented as mean values ± SEM.
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FIGURE 2 | Long-term NMDAR antagonism decreases glutamate uptake
in the frontoparietal cortex and hippocampus, but does not alter
astroglial transporter immunocontent. (A) Glutamate uptake in slices of
frontoparietal cortex. (B) Immunocontent of GLAST in the frontoparietal cortex.
(C) Immunocontent of GLT-1 in the frontoparietal cortex. (D) Glutamate uptake

in slices of hippocampus. (E) Immunocontent of GLAST in the frontoparietal
cortex. (F) Immunocontent of GLT-1T in the frontoparietal cortex. Groups: CO,
memantine 5 mg (MN 5), memantine 10 mg (MN 10), and memantine 20 mg
(MN 20); n = 6 per group. Data are presented as mean values ± SEM.
∗p < 0.05 among groups.

with this phenomenon correlating with anxiety-like behavior.
By contrast, the immunocontents of the astroglial glutamate
transporters GLT-1 and GLAST were not affected.

Long-term administration of memantine did not induce
significant changes in the spontaneous locomotion and
exploratory activity of mice in the open field test. These findings
imply that neither the dose nor the regimen of memantine that
was used in our work led to non-specific effects such as sedation,
which can potentially impair performance in anxiety-like tasks.
This finding is in agreement with previous reports that have
demonstrated that memantine administration does not alter
locomotion or exploratory profiles (Reus et al., 2010). Conversely,
we also showed that long-term memantine administration at
doses of 5, 10, or 20 mg/kg leads to an anxiogenic phenotype that
is manifested by decreased time spent in the light compartment
(light–dark box) and reduced time spent in open arms (elevated
plus-maze). Interestingly, a previous work showed that the
administration of MK801, another non-competitive NMDAR
antagonist, to rats induced an anxiety-like phenotype in the
elevated plus-maze (Solati, 2011). In contrast to MK801, high
doses of memantine (100 mg/kg) increased time spent in open
arms, implying an anxiolytic effect. However, doses ranging from
10 to 30 mg/kg decreased time spent in open arms (∼40%),
without reaching statistical significance, which suggests a
trend representative of an anxiogenic-like effect (Minkeviciene

et al., 2008). Additionally, chronic antagonism of NMDAR
with piperine18 exacerbated anxiogenic symptoms in C57BL/6
mice (Hanson et al., 2014). Indeed, it would appear that the
antagonism of NMDAR does not follow a linear dose-response
effect in terms of modulating anxiety-like behavior.

It has also been shown that memantine plays a role
in controlling synaptic glutamate release. In fact, Lu et al.
(2010) have shown that memantine suppresses glutamate
release in cortical synaptosomes. In this study, however, we
showed that long-term administration of memantine reduces
glutamate uptake without affecting the glutamate transporters
expression, GLT-1 and GLAST, in the frontoparietal cortex and
hippocampus. Based on these findings, one could argue that
memantine-induced reduction of glutamate uptake by astrocytes
is a direct adaptive response to the reduced release of glutamate
by neurons. This assumption reinforces a theoretical framework
in which neurons and astrocytes are capable of sensing each
other while regulating tripartite glutamatergic synapses (Wade
et al., 2013; Karus et al., 2015). However, further studies using
additional methodologies, such as immunostaining and electron
microscopy, are necessary to better understand neuron-astrocyte
coupling in the context of anxiety-like phenotypes.

Interestingly, a recent work demonstrated that blockade of
GLT-1 in the central amygdala was also capable of inducing
anxiety-like behavior, which reinforces the association between
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FIGURE 3 | Anxiety-like behavior correlates with glutamate uptake.
(A) Linear correlation between time spent in light compartment during
the light/dark task and glutamate uptake in slices of frontoparietal
cortex. (B) Linear correlation between time spent in open arms and
glutamate uptake in slices of frontoparietal cortex. (C) Linear correlation
between time spent in light compartment during light/dark task and

glutamate uptake in slices of hippocampus. (D) Linear correlation
between time spent in open arms in elevated plus-maze test and
glutamate uptake in slices of hippocampus. Groups: CO, memantine
5 mg (MN 5), memantine 10 mg (MN 10), and memantine 20 mg
(MN 20); n = 24. Data presented by one animal per point.
∗p < 0.05.

astrocytic glutamate uptake activity and the development of an
anxiety phenotype (John et al., 2015). Remarkably, we were able
to show through linear correlation that decreased glutamate
uptake activity in the hippocampus and frontoparietal cortex was
significantly correlated with an increased anxiety-like response.

Conclusion

Long-term NMDAR antagonism by memantine induces an
anxiety phenotype that is associated with reduced glutamate
uptake activity in healthy CF-1 mice, which suggests that
interactions between neurons and astrocytes can shape anxiety-
related behavior.
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Adolescence is the critical time for developing proper oligodendrocyte (OL)-neuron
interaction and the peak of onset for many cognitive diseases, among which anxiety
disorders display the highest prevalence. However, whether impairment of de novo
OL development causes neuronal abnormalities and contributes to the early onset of
anxiety phenotype in childhood still remains unexplored. In this study, we tested the
hypothesis that defects in OL maturation manifests cortical neuron function and leads
to anxiety-like behaviors in juvenile mice. We report here that conditional knockout
of the Olig2 gene (Olig2 cKO) specifically in differentiating OLs in the mouse brain
preferentially impaired OL maturation in the gray matter of cerebral cortex. Interestingly,
localized proton magnetic resonance spectroscopy revealed that Olig2 cKO mice
displayed abnormally elevated cortical glutamate levels. In addition, transmission
electron microscopy demonstrated increased vesicle density in excitatory glutamatergic
synapses in the cortex of the Olig2 cKO mice. Moreover, juvenile Olig2 cKO mice
exhibited anxiety-like behaviors and impairment in behavioral inhibition. Taken together,
our results suggest that impaired OL development affects glutamatergic neuron function
in the cortex and causes anxiety-related behaviors in juvenile mice. These discoveries
raise an intriguing possibility that OL defects may be a contributing mechanism for the
onset of anxiety in childhood.

Keywords: oligodendrocyte, brain development, Olig2 knockout, cortical neurons, glutamate, anxiety behavior

INTRODUCTION

Adolescence is a peak time for the onset of numerous mental disorders, represented by anxiety,
impulse control disorders, and schizophrenia (Paus et al., 2008). One in five children and
adolescents suffers from a mental illness that persists into adulthood. Among the numerous
mental disorders, the prevalence of anxiety is the highest (Kessler et al., 2005). Consistent with
the emotionality, risk-taking and impulsivity characters (Butters, 2011), anxiety phenotypes often
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begin in childhood and early adolescence, sometimes continue
into the adulthood (Lee et al., 2014). However, molecular and
cellular mechanisms that lead to anxiety in adolescence remain
unknown, which is a prevailing issue in understanding the early
onset of mental dysfunction.

In the adolescent brain, the structure of neuronal circuits
and the functional properties of neurons are highly plastic (Tau
and Peterson, 2010). Not only the number and morphology
of synapses are dynamically altered (Penzes et al., 2011), the
availability of neurotransmitters and corresponding receptors
also undergo differential regulation in various brain regions
(Lee et al., 2014). Conceivably, a transient interference of
neurotransmission may markedly affect the functional balance
of neuronal circuitry in the young brain, thus resulting in
dysregulated emotions and actions (Casey et al., 2008). Moreover,
recent clinical studies revealed that aberrantly elevated glutamate
levels in the anterior cingulate cortex were positively correlated
with clinical symptoms of anxiety and impulsivity in patients
(Phan et al., 2005; Hoerst et al., 2010; Modi et al., 2014). These
findings suggest that abnormal cortical glutamate homeostasis
may contribute to the pathogenesis of anxiety disorders, while the
underlying mechanisms remain undefined.

Synaptic transmission and cognitive ability are tightly
regulated by neuron-glia interaction (de Hoz and Simons, 2015).
Emerging evidence suggests key roles of oligodendroglia (OL)
in brain function and psychiatric diseases (Fields, 2008). In
particular, the clinical onset of anxiety peaks during vigorous
OL and myelin development in the cerebral cortex (Kessler
et al., 2005; Miller et al., 2012; Young et al., 2013). Besides the
classical view of OL function in myelination that is essential
for saltatory conductance, recent studies revealed that OL also
provides trophic factors and metabolites that are critical for
modulating neuronal function and plasticity (Du and Dreyfus,
2002; Funfschilling et al., 2012; Lee et al., 2012). In fact,
essential role of OL is demonstrated in higher brain function,
including learning motor skills, long distance connectivity and
spiking-timing-dependent plasticity (McKenzie et al., 2014; Nave
and Ehrenreich, 2014). Moreover, OL impairment is frequently
observed in neuropsychiatric disorders, including schizophrenia,
bipolar, and major depression (Fields, 2008; Edgar and Sibille,
2012; Cassoli et al., 2015). Nonetheless, whether defects in OL
development during childhood and early adolescence may affect
cortical neurons and contribute to the anxiety behaviors still
remain unexplored.

In this study, we explored whether specific impairment of de
novo OL maturation may affect cortical glutamate and result in
maladaptive behaviors in juvenile mice. The Olig2 gene encodes
a transcription factor essential for OL lineage specification,
differentiation and myelination (Zhou et al., 2000; Lu et al.,
2002; Ligon et al., 2006; Yue et al., 2006; Mei et al., 2013). We
showed that conditional deletion of the Olig2 gene specifically
in differentiated OLs resulted in preferential reduction of mature
OL in the cerebral cortex. Interestingly, Olig2 cKO mice display
abnormally elevated glutamate levels in the cortex and increased
density of vesicles in cortical glutamatergic synapses in young
mice. Moreover, juvenile Olig2 cKO mice showed anxiety and
impulsivity-like behaviors. Taking together, our results indicate

that impaired OL development in the cortex interferes with
glutamate function and lead to anxiety- and impulsivity-like
behaviors reminiscent of adolescent mental illnesses.

MATERIALS AND METHODS

Animals
The Olig2-flox mice were previously described (Yue et al., 2006)
in which the Olig2 coding region is flanked by two inserted
loxp sites. The mice that express Cre recombinase under the
control of the CNPase (CNP) promoter (CNP-Cre mice) were
also previously described (Lappe-Siefke et al., 2003) where Cre
recombinase was knocked into one allele of the CNP gene locus.
To delete Olig2 in oligodendroglia lineage cells, Olig2loxp/loxp

mice were crossed with the CNP-Cre+/− mice to generate both
CNP-Cre+; Olig2loxp/loxp offspring (Olig2 cKO) and CNP-Cre−;
Olig2loxp/loxp littermates (WT).

Ethics Statement
All animal experiments were performed according to an
approved protocol from the Laboratory Animal Welfare and
Ethics Committee of the Third Military Medical University.

Immunohistochemistry
At the age of postnatal day 21 (P21), mice (n = 6 for each
group) were deeply anesthetized with 1% sodium pentobarbital
and transcardially perfused with 4% paraformaldehyde in
PBS. Brains were dehydrated in 10, 20, 30% sucrose in 4%
paraformaldehyde for 12 h, respectively. The frozen brains were
sectioned (20 μm) on a cryostat microtome (MS 1900, Leica).
Free-floating sections were incubated with primary antibodies
overnight at 4◦C after blocking with PBS containing 0.3%
TritonX-100 and 5% bovine serum at 37◦C for 1 h. Then they
were incubated with secondary antibodies for 3 h following by
SABC regent (1:200; VECTASTAIN) for 1h at room temperature.
The antigen-antibody complexes were visualized using DAB
(Boster) as the chromogen. The primary antibodies included:
mouse anti-CC1 (1:500; Millipore), rabbit anti-PDGFRα (1:200;
Santa Cruz Biotechnology). Biotinylated secondary antibodies to
rabbit (1:1000; VECTOR BA1000) or mouse (1:1000; VECTOR
BA9200) were used as indicated in the legends.

Western Blotting
At the age of P21, mice (n = 7 in WT, n = 8 in Olig2 cKO) were
anesthetized with 1% pentobarbital. Cerebral cortex (anterior
cingulated area) and corpus callosum were rapidly removed
and frozen. Frozen samples were homogenized and proteins
were extracted using RIPA lyses buffer with protease inhibitors
(Roche). Lysates containing 40 μg protein were denatured in gel-
loading buffer, separated on 10% SDS-PAGE gels, transferred to
PVDF membranes and visualized by chemiluminescence (ECL
plus, GE Healthcare). Quantification of band intensity was
analyzed using Image-Pro Plus software 5.0 (Media Cybernetics).
The following primary antibodies were used: mouse anti-
Olig2 (1:500; Millipore), mouse anti-MBP (1:1000; Santa Cruz
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Biotechnology) and mouse anti-β-actin (1:2000; Santa Cruz
Biotechnology).

MRI and MRS
At the age of P21, MRI and MRS were performed, as recently
described (Michaelis et al., 2009), on Olig2 cKO (n = 7)
and WT control (n = 6). Mice were initially anesthetized
with 5% isoflurane, subsequently incubated and kept under
anesthesia with 1.75% isoflurane in ambient air. In vivo localized
proton MRS (PRESS, TR/TE = 3,000/20 ms) in cerebral
cortex (2.5 mm × 1 mm × 2.5 mm) was performed at 7.0T
(Bruker BioSpec 70/20 USR). T2-weighted MRI (Turbo-RARE,
TR/TE = 1,500/35ms, 8 echoes, slice thickness 500 μm) in axial
and sagittal orientation served to ensure a proper position of
volumes-of-interest. Metabolite quantification involved spectral
evaluation by LCModel and calibration with brain water
concentration (Provencher, 1993). Metabolites with Cramer-Rao
lower bounds above 20% were excluded from further analyses.

Quantification of Glutamate in Cerebral
Cortex
At the age of P21, mice (n = 6 for each group) were initially
anesthetized with 5% isoflurane. Cerebral cortex (anterior
cingulate area) was removed and frozen at −80◦C immediately.
The brain tissues were homogenized with 100 μl glutamate
assay buffer and followed the manufacturer’s instruction from
Glutamate assay kit (Sigma). The 10KD spin filters (Biovision)
were applied. The absorbance was measured at 450 nm with
Model 680 microplate reader (Bio-Rad).

Electron Microscopy
Electron microscopy (EM) analysis was performed as previously
described (Mei et al., 2013). At the age of P21, mice were
initially anesthetized with 5% isoflurane. The anterior cingulate
cortex of Olig2 cKO mice (n = 3) and WT controls (n = 3)
were removed rapidly and fixed in fresh fixative overnight at
4◦C. Tissue cubes (1 mm × 1 mm × 1 mm) were rinsed in
PBS, postfixed in 1% OsO4 in PBS for 2 h, counterstained with
uranyl acetate, dehydrated in a graded ethanol series, infiltrated
with propylene oxide, and embedded in Epon. Ultrathin sections
(∼60 nm) were generated by an ultramicrotome (LKB-V, LKB
Produkter AB, Bromma) and were viewed with a transmission
electron microscope (TECNAI10, Philips). Three sections from
each mouse were investigated at a comparable location from
Olig2 cKO and WT control mice under magnification of 60k.
Digital images were acquired with an AMT XR-60 CCD Digital
Camera System and analyzed using Image-Pro Plus software 5.0
(Media Cybernetics).

Behavioral Tests
Olig2 cKO mice and WT littermates were housed in a controlled
environment (25◦C) with free access to food and water and
maintained on a 12 h/12 h day/night cycle. Behavioral tests were
conducted on sex-balanced groups of experimentally naive mice
at P21. All tests were done from 10:00 h to 18:00 h. One group of
mice were tested in open-field test (between 10:00 h and 12:00 h)

and elevated plus-maze test (between 15:00 h and 18:00 h) on the
same day to measure anxiety. Another group of mice were only
tested in cliff avoidance reaction (CAR) test (between 10:00 h
and 18:00 h) to measure impulsivity. After each experiment, all
the apparatuses were wiped clean with 70% ethanol to prevent
a bias due to olfactory cues. For all behavioral experiments,
investigators were blinded for genotype and mice were gently
handled to avoid stress.

Open field test was performed using an open-field activity
system (Biowill, Shanghai, China), as described (Wang et al.,
2013). Briefly, mice (n = 26 in WT, n = 18 in Olig2
cKO) were placed in the center of the open-field box
(50 cm × 50 cm × 50 cm), and activity was recorded during a
period of 10 min. The total and center-area travel distances were
measured and the time spent in the central area was recorded.

Elevated plus-maze test was conducted as previously described
(Katayama et al., 2010). Briefly, mice (n = 24 in WT, n = 15
in Olig2 cKO) were tested on a plus-maze apparatus (Biowill,
Shanghai, China) [closed arms, 25 × 5 × 15 (H) cm; open arms
25 × 5 × 0.3 (H) cm] arranged orthogonally 60 cm above the
floor. Each mouse was initially placed in the center area facing an
open arm, and then allowed to move freely in the maze for 5 min.
The total travel distance on the maze, time spent on any arms and
entries into any arms were recorded.

Cliff avoidance reaction test was conducted as previously
described with slight modification (Yamashita et al., 2013). Mice
(n = 14 inWT, n = 15 inOlig2 cKO) were assessed using a round
platform (diameter, 16 cm; height, 50 cm). The test was initiated
by gently placing an animal on the platform with the forelimbs
approached the edge. If the animal fell from the platform during
the 20 min test, it was judged to have impaired CAR. The
latency from an initial placement on the platform until falling
was recorded. The incidence of impaired CAR was calculated as
a percentage index for each group: % (CAR) = (the number of
intact CARmice (which did not fall from platform)/total number
of tested mice) × 100. Duration of each entry into the edge area,
which was defined as an outer ring with a width of 2 cm, was
recorded before the mouse fell off.

Statistical Analysis
Weperformed statistical analyses using the SPSS software version
13.0. All the data were confirmed to be normal distribution,
as tested by the Kolmogorov–Smirnov test. For between-group
comparisons, we used the Independent-Samples t-test with
Welch correction, if the variance was unequal. We considered
results to be significant at p < 0.05.

RESULTS

The Loss of Olig2 Preferentially Impaired
OL Maturation in the Cerebral Cortex
To explore the consequence of impaired OL development on
brain function, conditional deletion of the Olig2 gene was
achieved in differentiated OL during neonatal development
by introducing expression of the cre recombinase under
transcriptional control of the CNPase promoter (CNP-Cre) in
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the Olig2-loxp mice (Figure 1A). The offspring were genotyped
by PCR at postnatal day 7 (P7) to identify Olig2loxp/loxp mice
that carry the CNP-Cre allele (Olig2 cKO) and Olig2loxp/loxp

littermates that lack theCNP-Cre allele (WT control) (Figure 1B).
The knockout efficiency of Olig2 was confirmed by the
diminished expression of the Olig2 protein in both the corpus
callosum and cerebral cortex of the Olig2 cKO mice at P21
(Figure 1C). To investigate the effects of Olig2 loss on OL
development, we quantified oligodendroglia progenitor cells
(OPCs) marked by immunohistochemistry staining of PDGF
receptor α (PDGFRα) and mature OL marked by CC1. As shown
in Figure 2, the numbers of CC1+ mature OL in Olig2 cKO mice
were significantly decreased by 85.6% in the cortex (250 ± 13
in WT vs. 36 ± 2.8 in Olig2 cKO) and 36.1% (521 ± 40 in WT
vs. 333 ± 47 in Olig2 cKO) in the corpus callosum, respectively
(Figures 2A,B). In contrast, the density of PDGFRα+ OPCs
was not affected (Figures 2C,D). These results suggest that OL
maturation is preferentially affected in the cerebral cortex of
the Olig2 cKO. Such a conclusion is further supported by the
observation that myelin basic protein (MBP) was reduced 94%
in the Olig2 cKO cortex (100 ± 12.3% in WT vs. 6.6 ± 3.0%
in Olig2 cKO), but only reduced 60% in the Olig2 cKO corpus
callosum (100 ± 15.1% in WT vs. 40.0 ± 7.3% in Olig2 cKO)
(Figures 2E,F).

The Cerebral Cortex of Olig2 cKO Mice
Harbored Abnormally Higher Levels of
Glutamate
To explore whether and how impaired OL maturation may
interfere with neuronal function in the juvenile brain, we
examined the spectrum of neurochemicals in the cortex of
WT and Olig2 cKO mice at the age of P21 using proton
magnetic resonance spectroscopy (1H MRS). T2-weighted MRI
images in axial and sagittal orientation were used to ensure the
volume-of-interest (Figure 3A). Representative MRS spectrums

showed resonance of various neurochemicals (Figure 3B).
N-acetylaspartate (NAA) and glutamate (Glu) are the two most
abundant neurochemicals in the brain. The peak areas for NAA
and Glu were normalized to that of creatine (Cr) for quantitative
comparison between the genotypes. Interestingly, the Olig2 cKO
cortex harbors a moderate yet statistically significant increase of
Glu/Cr than WT littermates (0.83 ± 0.02 in WT vs. 0.93 ± 0.03
in Olig2 cKO, P = 0.01) (Figure 3D). In contrast, the ratio
of NAA/Cr, which is thought to reflect neuronal health or
viability (Urenjak et al., 1993), was not altered in the Olig2
cKO mutant (P = 0.379) (Figure 3C). In addition, choline
(Cho) level showed a trend of decrease in the Olig2 cKO
cortex, although no statistical significance was achieved (data
not shown). The increase of glutamate in Olig2 cKO cortex
was further validated by enzymatic assay, in which a significant
increase of total glutamate in the cortex of Olig2 cKO mice was
observed (1.32 ± 0.06 μg/mg in WT vs. 1.53 ± 0.06 μg/mg in
Olig2 cKO, P = 0.029) (Figure 3E). These results demonstrated
that impaired OL maturation specifically leads to an abnormal
increase of glutamate in the cortex without altering neuronal
viability.

Glutamatergic Synapses of Olig2 cKO
Cortical Neurons Contained Higher
Density of Synaptic Vehicles
Glutamate is the primary excitatory neurotransmitter, which is
largely stored in synaptic vesicles in pyramidal neurons and
released upon synaptic stimulation in the cortex (Fonnum,
1984). The long axonal projections of cortical glutamatergic
neurons are the primary target for myelination (Tomassy et al.,
2014). Moreover, most non-myelinating cortical OLs form
contacts with the soma of glutamatergic neurons (Takasaki
et al., 2010). Thus, we next questioned whether OL impairment
caused by the loss of Olig2 may affect glutamatergic synapses.
Transmission EM images were captured in randomly selected

FIGURE 1 | Generating Olig2 conditional knockout mice. (A) Diagram shows Olig2flox/flox mice were crossed with mice that express Cre recombinase under the
control of the CNPase promoter to generate Olig2 cKO mice. (B) The offspring were genotyped by PCR for cnp-cre and floxed Olig2 alleles. (C) Western Blot
analyses showed an absence of Olig2 protein in cortex and corpus callosum of Olig2 cKO mice.

Frontiers in Cellular Neuroscience | www.frontiersin.org December 2015 | Volume 9 | Article 467 | 154

http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Chen et al. Oligodendroglia Immaturation Leads Juvenile Over-Activation

FIGURE 2 | Preferential impairment of oligodendroglia maturation in the cortex of Olig2 cKO mice. (A) Representative images of immunohistochemistry of
CC1 showing mature oligodendrocytes (OLs) (white arrow head) in the cortex and corpus callosum from WT and Olig2 cKO mice. (B) Quantification of the density of
CC1+ cells in the cortex and corpus callosum from WT and Olig2 cKO mice. (C) Representative images of immunohistochemistry of PDGFRα+ showing
oligodendroglia progenitor cells (OPCs) in the cortex and corpus callosum from WT and Olig2 cKO mice. (D) Quantification of the density of PDGFRα+ cells in the
cortex and corpus callosum from WT and Olig2 cKO mice. (E) Representative Western blot of MBP expression in the cortex and corpus callosum from WT or Olig2
cKO mice. (F) Quantification of MBP signal on the immunoblot of the cortex and corpus callosum from WT or Olig2 cKO mice normalized to β-actin as a loading
control. Scale bars = 100 μm. Data are presented as mean ± SEM. ns, no significant different; ∗P < 0.05; ∗∗P < 0.01.

sections and subjected to double blind analysis. The vesicles
in each asymmetric synapse with a prominent postsynaptic
density (PSD), which is a hall mark of excitatory glutamatergic
synapses, were counted in all EM images. Consistent with
the increase of overall glutamate levels in the cortex of Olig2
cKO mice (Figure 3), the density of synaptic vesicles within
the excitatory presynaptic boutons in the cotex of Olig2 cKO

mice was significantly increased as compared to WT controls
(97.2 ± 4.1 in WT vs. 125.2 ± 4.5 in Olig2 cKO) (Figures 4A,B).
We also observed a trend of increase in the numbers of docked
vesicles at the active zone of Olig2 cKO boutons (1.53 ± 0.18 in
WT vs. 1.97 ± 0.18 in Olig2 cKO, P = 0.096) (Figure 4C). No
significant difference was detected in the length of PSD between
WT and Olig2 cKO (282.5 ± 17.7 in WT vs. 260.2 ± 12.5 in
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FIGURE 3 | Aberrantly increased glutamate level in the cortex of Olig2 cKO mice. (A) Representative axial and sagittal T2-weighted MR images indicate the
position and orientation of point-resolved spectroscopy voxel in the cortex (white rectangle). (B) Localized proton magnetic resonance spectra of the cortex from WT
or Olig2 cKO mice, respectively. NAA, N-acetylaspartate; Glu, Glutamate; Cr, total creatine; ppm, parts per million. (C) Quantification of the ratio of NAA/Cr in the
cortex of WT or Olig2 cKO mice. (D) Quantification of the ratio of Glu/Cr in the cortex of WT or Olig2 cKO mice. (E) Quantification of glutamate concentration in the
cortex by the enzymatic assay from WT or Olig2 cKO mice. Data are mean ± SEM. ns, no significant difference. ∗P < 0.05.

Olig2 cKO, P = 0.293) (Figure 4D). These results suggest that
OL impairment caused by the loss of Olig2may lead to aberrantly
increased glutamate vesicles within synapses and likely increased
glutamate release upon synaptic activation.

Olig2 cKO Mice Displayed Anxiety-like
Behaviors and Deficits in Behavioral
Inhibition
We next tested whether OL impairment and glutamate
abnormalities may lead to maladaptive behaviors in juvenile
mice. We first chose the open field test and elevated plus maze
test, which are non-conditioned procedures commonly used
for assessing anxiety-like behaviors in rodents (Bourin et al.,
2007). In the open field test, juvenile Olig2 cKO mice showed a
significantly lower ratio of travel distance within central area to
total travel distance, as compared with WT controls (13.8± 1.2%
in WT vs. 9.0 ± 0.8% in Olig2 cKO, P = 0.004) (Figure 5A)
and spent more time in the central area (30.8 ± 3.6 sec in WT

vs. 51.1 ± 4.1 sec in Olig2 cKO, P = 0.001) (Figure 5B) during
the 10-min test, indicating an anxious phenotype. In addition,
in the elevated plus maze test, the numbers of entry into the
open arms and time spent on the open arms were previously
shown to be inversely related with the anxiety level (Xu et al.,
2014), hence used to identify anxiety-like behaviors (Brunner
et al., 2014). The time spent on the open arms and entries into
the open arms were expressed as a percentage of the total time on
any arms and entries into any arms during the test. We found
that Olig2 cKO mice showed less entries into the open arms
(51.9 ± 2.0% in WT vs. 43.4 ± 3.1% in Olig2 cKO, P = 0.021)
(Figure 5C) and spent less time on open arms (34.1 ± 3.2% in
WT vs. 22.2 ± 2.3% in Olig2 cKO, P = 0.011) (Figure 5D), again
indicating a more anxious behavior. We also assessed locomotor
activity of the animals on the maze by the total distance traveled
on both open and closed arms. We found that Olig2 cKO
mice traveled a significantly longer distance than WT controls
(6663 ± 404.5 cm in WT vs. 8264 ± 444.3 cm in Olig2 cKO,
P = 0.014) (Figure 5E), suggesting a higher locomotor activity
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FIGURE 4 | Electronmicrocopy analysis of glutamatergic synapses and synaptic vesicles in the cortex of WT and Olig2 cKO mice. (A) Representative
electron microscopy micrographs show an excitatory synapse in the WT and Olig2 cKO cortices. White arrows indicate docked vesicles. (B) Quantification of the
density of synaptic vesicles in cortical glutamatergic presynaptic boutons from EM images of WT or Olig2 cKO mice. (C) Quantification of the number of docked
vesicles per active zone in WT or Olig2 cKO excitatory synapses. (D) Quantification of the length of the postsynaptic density (PSD) in WT or Olig2 cKO excitatory
synapses. Scale bar = 200 nm, Data are given as mean ± SEM, ∗∗P < 0.01.

FIGURE 5 | Anxiety-like behavior tests on WT and Olig2 cKO mice. Open field test (A,B): Graphs showed ratio of central to total distance (A) and center time
(B) in WT and Olig2 cKO mice. Elevated plus maze test (C–E): Graphs showed number of entries into open arms (C), time spent on the open arms (D) and total
distance traveled on the arms (E), Data are given as mean ± SEM. ∗P < 0.05, ∗∗P < 0.01.
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FIGURE 6 | Impulsivity-like behavior analyses on WT and Olig2 cKO mice. Cliff avoidance reaction test (A–C): an example of the travel pathway of WT and
Olig2 cKO on the elevated platform (A). Olig2 cKO mice failed to avoid the cliff actively by spending significantly more time around the cliff (B). Graphs represent the
time course of CAR measurement in WT and Olig2 cKO mice (C). Data are given as mean ± SEM. ∗∗P < 0.01.

of Olig2 cKO mice on the maze. Together, all the aforementioned
behavior tests consistently demonstrated anxiety-like behaviors
in juvenile Olig2 cKO mice.

Impulsivity is defined as a failure in controlling and inhibiting
the emotion for appropriate actions and behaviors (Dalley
et al., 2008), which is also a typical tendency in adolescence.
Recent studies suggest that certain types of functional impulsivity
may be linked with anxiety (Taylor et al., 2008). Thus, we
explored whether the loss of Olig2 may also lead to impulsivity-
like behavior in juvenile mice. CAR impairment is thought
to represent impulsivity-like behaviors in rodents (Matsuoka
et al., 2005). Unlike many classical mouse impulsivity tests that
require lengthy training, the CAR test can be readily applied to
juvenile mice.We foundOlig2 cKOmice traveledmore and spent
longer time than WT control in the edge area in the CAR test
(17.7 ± 3.1 s in WT vs. 49.4 ± 10.2 s in Olig2 cKO, P = 0.007)
(Figures 6A,B). Moreover, 60% ofOlig2 cKOmice failed to avoid
a potential fall from a height, whereas only 14.3% of WT controls
fell (Figure 6C).These results suggest that the defects in OL
maturation due to the loss of Olig2 also lead to impulsivity-like
behaviors.

DISCUSSION

Using the Olig2 cKO mouse model, our studies demonstrated
that impaired OL maturation can affect glutamate levels in the
cerebral cortex and synaptic vesicle density in glutamatergic
presynaptic boutons. Furthermore, Olig2 cKO mice display
anxiety-relatedmaladaptive behaviors. To our knowledge, it is the
first evidence that demonstrates behavioral abnormalities ofOlig2
cKO mice. These results suggests that OL-neuron interaction in
the cortex plays important roles in governing synaptic function
and raises an intriguing possibility that impaired de novo OL
maturation in adolescence may contribute to the early onset of
anxiety.

Proton magnetic resonance spectroscopy (1H MRS) is a non-
invasive technique that provides great advantages in studying
biochemical concentrations of neurotransmitters in vivo (Soares
and Law, 2009). Specifically, glutamate, which is measured by

1H MRS, has been suggested as an index of cortical excitability
(Stagg et al., 2009, 2011). In multiple clinical MRS studies,
increased cortical glutamate levels were positively correlated
with anxiety symptoms in patients (Phan et al., 2005; Modi
et al., 2014). These observations suggest that hyperfunction of
cortical glutamatergic neurons may be an important contributing
factor for the etiology of anxiety and related disorders.
Extensive studies have demonstrated that a wide variety of
molecular and cellular mechanisms in neurons and nearby
glia cells tightly control glutamate homeostasis and synaptic
release (Deitmer et al., 2003; DeSilva et al., 2009). However,
which mechanism(s) is dysregulated that underlie the increased
glutamate in the cortex of anxiety disorder patients still remains
elusive.

Cortical OL maturation occurs concurrently with the most
frequent onset of anxiety disorders (Kessler et al., 2005; Miller
et al., 2012; Young et al., 2013). In addition, OL and myelin
development overlaps with the time for peak binding of
cortical glutamate to NMDA receptors in early adolescence
(Kornhuber et al., 1988). Therefore, we explored whether
selective impairment of OL maturation may affect glutamatergic
neurons and behavior in juvenile mice. The CNP-Cre mouse line
was used in previous studies for specific deletion of genes in
mature OL (Wahl et al., 2014; Zou et al., 2014). We employed this
mouse line for conditionally deleting the Olig2 gene that encodes
a transcription factor critical for OL development (Zhou et al.,
2000; Lu et al., 2002; Ligon et al., 2006; Yue et al., 2006; Mei
et al., 2013). Interestingly, Olig2 cKO mice displayed preferential
reduction of cortical mature OLs at P21, whereas OLs in
the corpus callosum were much less severely affected. Hence,
despite the undefined mechanism that underlies the preferential
impairment of OL maturation in the cortex of Olig2 cKO mouse,
this genetic model provides a reasonable tool for dissecting the
role of OL maturation in modulating cortical neuronal function
during juvenile age. Importantly, using 1H MRS, we detected
an overall increase of glutamate in the cortex of Olig2 cKO
mice, suggesting elevated cortical excitability. In addition, we
detected increased vesicles in glutamatergic synapses, which
further supported glutamatergic hyperfunction as a result of
defects in OL maturation. Moreover, juvenile Olig2 cKO mice
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displayed anxiety-related behaviors. Together, these observations
suggest that normal OL development plays essential roles
in governing glutamate signaling and adolescence behavior,
and defects in de novo OL maturation in early postnatal
life could cause aberrant glutamate function and maladaptive
behaviors.

Oligodendroglia impairment may affect cortical neurons
through multiple distinct mechanisms that still remain
elusive. Because the loss of Olig2 could affect myelination
and axonal conductance (Baumann and Pham-Dinh, 2001),
neurons in Olig2 cKO cortex may increase synaptic vesicles
as a compensatory adaptation. This may especially affect
glutamatergic neurons, because their axons are mostly
myelinated by OLs (Tomassy et al., 2014). However,
several lines of evidence argue that myelination defects
alone do not necessarily cause glutamatergic hyperfunction.
For instance, cortical glutamate levels were maintained
normal in the heterozygous shiverer mutant mouse that
lacked one copy of the MBP gene thus displaying
hypomyelination without affecting mature OL density
(Takanashi et al., 2014). Thus, the preferential impairment
of de novo OL maturation in the cortex may be a specific
mechanism that underlies the aberrant increase of cortical
glutamate.

Unlike white matter OLs that perform primary roles in
myelin formation, cortical OLs display a radial gradient
distribution and differentially myelinate the long-range
projections of glutamatergic pyramidal neurons in distinct
cortical layers (Tomassy et al., 2014). Besides myelination,
the majority of mature OLs reside in deep layers of cerebral
cortex are attached with the soma of pyramidal neurons,
rather than GABAergic neurons (Takasaki et al., 2010).
Although the function of these perineuronal OLs in the
cortex still remains unknown, accumulating evidence suggest
that OLs can provide metabolic and neurotrophic support
(Du and Dreyfus, 2002). In addition, OLs are known to
express several glutamate transporters (Domercq et al., 1999;
Karadottir et al., 2005), and can uptake glutamate in the
gray matter of the developing brain (DeSilva et al., 2009).
More importantly, cortical perineuronal oligodendroglia,
but not white matter oligodendroglia, express glutamine
synthetase (GS) for converting glutamate to glutamine
(Damelio et al., 1990). It is well established that glutamine
produced by astrocyte GS from the up-taken glutamate
can be recycled into neurons, which plays key roles in
controlling glutamate recycling (Deitmer et al., 2003). In this
regard, cortical gray matter OLs may play important roles
in controlling glutamate homeostasis, in parallel with the
known function of astrocytes in modulating glutamatergic
function.

It is also important to note that besides aberrant glutamate,
abnormalities in other neurotransmitters, including GABA,
dopamine, serotonin and norepinephrine, are also thought
to contribute to anxiety (Kent et al., 2002). Because our
understanding of the functional interplay between OLs and
neurons is still at its infancy, the types of neurons affected by

OL defects still remain undefined. It is conceivable that OL
defects in Olig2 cKO mice could also affect the function of
other neuronal cell types in addition to glutamatergic pyramidal
neurons, which could contribute to the anxiety-like behaviors we
observed in this study. In fact, dopamine transporter knockout
mice are severely impaired in CAR test (Yamashita et al., 2013).
In addition, disturbing neuregulin-1-ErbB4 signaling in OLs
can also lead to increased dopamine receptors and transporters
and anxiety-like behaviors in mice (Roy et al., 2007). Whether
and how OL maturation may modulate dopaminergic function
is a challenging question for future studies. Moreover, the
symptoms of anxiety are shared by some other psychiatric
disorders, like schizophrenia (Buckley et al., 2009), suggesting
that the anxiety like behavior found in Olig2 cKO mice may also
contribute to other psychiatric disorders. In fact, ErbB signaling
pathway has been considered as a potential therapeutic target for
schizophrenia (Deng et al., 2013), which conceivably modulates
OL function. However, many well-established behavioral tests
for cognitive abnormalities require lengthy training hence could
not be applied to juvenile mice. This limits our ability in
the current study that aims to identify juvenile abnormalities
caused by defects of OL maturation. Future studies may need
more specific behavior tests utilized in both young and adult
mice to explore whether OL maturation affects higher cognitive
function.

CONCLUSION

Our studies demonstrate that impaired OL maturation by
conditional deleting the Olig2 gene in differentiated OL can
aberrantly increase cortical glutamate, which likely leads to
glutamatergic hyperfunction. Moreover, the defects in de
novo OL maturation clearly result in anxiety-like behaviors
and deficits of behavioral inhibition in juvenile mice. Our
findings prompt future studies to investigate the intriguing
possibility whether defects in OL and/or myelin development
in childhood may contribute to the pathogenesis of anxiety in
humans.
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Despite intense scientific efforts, the neuropathology and pathophysiology of

schizophrenia are poorly understood. Proteomic studies, by testing large numbers of

proteins for associations with disease, may contribute to the understanding of the

molecular mechanisms of schizophrenia. They may also indicate the types and locations

of cells most likely to harbor pathological alterations. Investigations using proteomic

approaches have already provided much information on quantitative and qualitative

protein patterns in postmortem brain tissue, peripheral tissues and body fluids. Different

proteomic technologies such as 2-D PAGE, 2-D DIGE, SELDI-TOF, shotgun proteomics

with label-based (ICAT), and label-free (MSE) quantification have been applied to the

study of schizophrenia for the past 15 years. This review summarizes the results,

mostly from brain but also from other tissues and bodily fluids, of proteomics studies in

schizophrenia. Emphasis is given to proteomics platforms, varying sources of material,

proposed candidate biomarkers emerging from comparative proteomics studies, and

the specificity of the putative markers in terms of other mental illnesses. We also

compare proteins altered in schizophrenia with reports of protein or mRNA sequences

that are relatively enriched in specific cell types. While proteomic studies of schizophrenia

find abnormalities in the expression of many proteins that are not cell type-specific,

there appears to be a disproportionate representation of proteins whose synthesis and

localization are highly enriched in one or more brain cell type comparedwith other types of

brain cells. Two of the three proteins most commonly altered in schizophrenia are aldolase

C and glial fibrillary acidic protein, astrocytic proteins with entirely different functions,

but the studies are approximately evenly divided with regard to the direction of the

differences and the concordance or discordance between the two proteins. Alterations of

common myelin-associated proteins were also frequently observed, and in four studies

that identified alterations in at least two, all differences were downwards in schizophrenia,

consistent with earlier studies examining RNA or targeting myelin-associated proteins.

Keywords: brain tissue, 2D-DIGE, shotgun proteomics, glia, oligodendrocytes, astrocytes, myelin

THE NEED FOR PROTEOMICS STUDIES AND BIOMARKERS FOR
SCHIZOPHRENIA

Genomic studies of schizophrenia, using genome wide association studies (GWAS), copy
number variations (CNVs), microarrays, and next-generation sequencing (RNAseq) have linked
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schizophrenia with rare genetic variations (Sullivan et al.,
2012).There is strong evidence that there are no known
Mendelian variants identified for this disease. Instead, variations
of many genes with confirmed involvement of rare structural
variations and common variations with subtle effects are
considered to be involved in the etiology of the disease (Owen
et al., 2010). Genomics studies on schizophrenia have not
answered the main questions on the pathophysiology of the
disease, nor have they resulted in identification of diagnostic,
prognostic, or therapeutic biomarkers. In addition, current
research suggests that schizophrenia can arise from an interaction
between neurodevelopmental processes and environmental
effects (Albus, 2012).

Understanding schizophrenia as a complex disease therefore
requires determination of not only gene expression and DNA
variations, but also determination of the abundance and
modifications of various proteins, and their distribution at
gross anatomical, cellular, and subcellular levels. Proteomics
aims to unravel biological processes based on qualitative and
quantitative comparison of proteomes. It gives a different
level of understanding than genomics for several reasons.
First, the expression or function of proteins is modulated
at many diverse points, from transcription of DNA to post-
translational modifications (PTMs), and very little of this can
be predicted from analysis of nucleic acids alone. Second, there
is generally poor correlation between abundance of mRNA,
transcribed from DNA, and abundance of protein translated
from that mRNA. Third, many transcripts give rise to more than
one protein, through alternative splicing or alternative PTMs
such as phosphorylation, glycosylation, and acetylation, which
profoundly affect their activities and lead to multiple protein
products from the same gene.

Proteomic investigations have largely improved our
understanding of schizophrenia, based on quantitative and
qualitative identification of protein patterns in postmortem
brain tissue, peripheral tissues, and body fluids (Martins-de-
Souza et al., 2012b; Guest et al., 2013, 2014; Nascimento and
Martins-de-Souza, 2015). This has enhanced our knowledge of
complex protein networks and signal transduction pathways
affected in this disease, as discussed in detail below. In addition,
emerging proteomic platforms have facilitated the identification
of biomarker candidates by simultaneous measurement of
hundreds or thousands of molecules in non-hypothesis-driven
comparative proteomics studies. This approach established the
first blood-based test to aid in the diagnosis of schizophrenia
(Schwarz et al., 2010). The test encompassed 51 biomarkers with
an overall sensitivity and specificity of 83%. The clinical utility
of this test has been studied in terms of specificity compared
with other psychiatric disorders (Schwarz et al., 2012a), the ability
to identify the disease prior to clinical manifestation, (Schwarz
et al., 2012b) and the ability to define the complex schizophrenia
syndrome on the basis of molecular profiles (Schwarz et al.,
2014).

However, there is still an urgent need for biomarkers
that will help to improve the diagnosis and stratification of
patients and facilitate more effective treatments and care. The
field of proteomics is rapidly developing, with improvements

in mass spectrometry, peptide identification algorithms, and
bioinformatics. Larger studies, standardized sample collection
and processing, and highly sophisticated proteomics platforms
promise new diagnostic, prognostic, and therapeutic biomarkers
for schizophrenia.

PROTEOMICS STUDIES OF
SCHIZOPHRENIA

The history of proteomic studies of schizophrenia largely
recapitulates that of proteomics in general, driven over the past
few decades by advances in the instrumentation and analysis
of data for mass spectroscopy. We refer the reader to a recent
publication (Doerr et al., 2015), in which these developments are
reviewed for a general scientific audience.

The earliest proteomic investigations of schizophrenia
employed two-dimensional polyacrylamide gel electrophoresis
(2-D PAGE), combined with mass spectrometry (MS)
identification, mainly based on matrix-assisted laser
desorption/ionization-(MALDI)-time-of-flight (TOF)-TOF
instruments. Moreover, 2-D PAGE/MS and later on, 2-D
difference in-gel electrophoresis (DIGE)/MS are the most
reported platforms in the study of postmortem brain tissues.
As summarized in Table 1, 14 out of 25 proteomic studies on
autopsy brain tissue from people with schizophrenia used 2-
D PAGE/MS or 2-D DIGE/MS alone, and 2 studies employed
combinations of these platforms with shotgun proteomics.

Since its introduction in 1975 (O’Farrell, 1975), 2-D PAGE,
combined with MS, has been widely used in proteomics
studies. The platform is based on several steps of protein
separation, detection, quantification and identification. Proteins
are separated in two steps: by isoelectric point (pl) through
isoelectric focusing on immobilized pH gradient (IPG) strips,
followed by separation by molecular weight (MW) using SDS–
PAGE. Proteins are detected using different staining protocols,
and differences in abundances are quantified by image analysis
software. The protein identification is based on excision of the
2D-spots of interest, enzymatic digestion (usually with trypsin),
and analysis of the masses of these peptides by mass spectrometry
[MALDI-TOF-MS or liquid chromatography (LC)–MS/MS].
Each protein produces a specific combination of peptide masses,
known as a peptide mass fingerprint, which allows identification
by comparison with database of fingerprints derived from protein
sequences. To minimize ambiguity from gel-to-gel differences in
2-D PAGE, DIGE was introduced in 1997 (Unlü et al., 1997).
DIGE combines multiple samples and internal standards in
one gel by the fluorescent labeling of different samples with
different cyanine dyes. This eliminates the need for technical
replicates heavily used in conventional 2-D PAGE and improves
reproducibility and sensitivity.

The advantages and limitations of this platform are well-
established (Rabilloud and Lelong, 2011). The key advantages
are high reproducibility, robustness, separation of intact proteins,
visualization, and detection of PTMs, and cost-effectiveness of
the procedure. A major disadvantage of any gel-based system,
as recognized throughout the years, is limitation in the analysis
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TABLE 1 | Proteins with altered abundance in schizophrenia obtained by comparative proteomics studies of several human brain regions.

Number of

proteins

with altered

abundances

Brain region

(BA)**

Some of the proteins with

altered abundances in

schizophrenia compared to

controls*

Processes and pathways

affected

Study design Method References

FRONTAL CORTEX

8 proteins 10 DPYSL2↓ ALDOC↑ GFAP↓ Differentiation,

neurogenesis, glycolysis,

development and

organization of the central

nervous system

Individuals with

schizophrenia (n = 24),

bipolar disorder (n = 23),

major depressive

disorder without

psychotic features (n =

19) and unaffected

controls (n = 23)

2-D PAGE/MS Johnston-Wilson

et al., 2000

PREFRONTAL CORTEX

50 proteins 9 white and

gray matter

PKM1↓; PKM 2↓; ACO2↓;

HK1↓; PRDX1↓; PRDX2↓;

ALDOC↓; ALDOA↓;

HSPA1↓;HSPA2↓; HSPA5↓;

HSPA8↓; TUBA2↓; TUBA6↓;

TUBB5↓; ENO1/2↓; GSN↓;

GLUL↓; ACTA/B/C↓;

MDH1↓; SPTAN1↓; CNP↓;

DNM1/2↓; DPYSL2↓;

DPYSL5↓; DPYSL4↓;

SEPT3↓; TF↑; GSTM3↓,

GSTTLp28↓;

Mitochondrial function,

oxidative stress responses,

peroxisomal function,

cytoskeletal dysfunction,

protein trafficking

10 schizophrenia and 10

well-matched control

individuals

2-D DIGE/MS Prabakaran et al.,

2004

15 proteins 9

(dorsolateral)

DPYSL3↑; PHGDH↑;

SEPT5↑; TCP1↑; PGLS↑;

DNM1↑; ERP29↑; ALB↑;

ENO2↓; GFAP↑; GDA↓;

NEFL↓; PACSIN1↓; TF↓;

ATP6V1B2↓

Development of the central

nervous system, energy

metabolism, cytoskeletal

dysfunction

35 individuals with

schizophrenia, 35 with

bipolar disorder and 35

controls

2-D PAGE/MS Pennington et al.,

2008

16 proteins 9

(dorsolateral)

gray matter

LAMP↑; STXBP1↑; BASP1↑;

NCAM↑; PHB↓; CNTN1↓;

CKB↑; HBB↓; GNAI1↑;

TUBB/A↑; ATP6V1B2↑;

VDAC1↓

Synaptic function,

metabolism, signaling,

cytoskeletal dysfunction

Pooled samples from

schizophrenia, bipolar

disorder and control

cases (n = 10 per group)

2-D DIGE/MS

1-D/LC-MS/MS

Behan et al., 2009

Targeted one

protein

expression

9

(dorsolateral)

APOA1↓ May have role in neuronal

and glial metabolism

16 schizophrenia and 16

well-matched controls

Western blot Huang et al., 2008

24 proteins 46 (left

dorsolateral)

MBP↓; TF↓; ALDOC↑;

PGK1↑; ACO2↑; MDH1↓;

ATP5H↑; ATP5A1↑;

UQCRC1↓; HSP90AA1 ↓;

HSPD1↑; INA↑; PCMT1↑;

GFAP↑; NEFL↓; DNM1↑;

CFL1↓; CRYM↓; GNB1↑;

DPYSL2↑;ACTG1↓

Alterations in

oligodendrocytes, energy

metabolism, glycolysis,

oxidative stress, cytoskeletal

dysfunction, cell signaling

pool of 9 schizophrenia

patients and pool of 7

paired controls

2-D PAGE/MS Martins-de-Souza

et al., 2009a

84 proteins 46

(dorsolateral)

SIRPA↓; SIRPB1↓; PRDX2↑;

PRDX6↑; PLEC↑; VIM↑;

LMNB2↑; DES↑; TUBB2B↑;

TBCB↑; KIF21A↑; MAP1A↑;

MAP2↑; MAP6↑; EPB41L1↑;

SH3GL2↑; PEBP1↑; BSN↑;

HOMER1↑; STRN↑; MOG↓;

CSNK2A1↑; MYO1D↓; HK1↑;

PFKM↑; GAPDH↑; CNP↓

Immune system,

cytoskeleton assembly,

calcium homeostasis,

energy metabolism,

glycolysis

9 schizophrenia patients

and 7 controls

ICPL

/IEF/LC-MALDI

Martins-de-Souza

et al., 2009c

(Continued)
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TABLE 1 | Continued

Number of

proteins

with altered

abundances

Brain region

(BA)**

Some of the proteins with

altered abundances in

schizophrenia compared to

controls*

Processes and pathways

affected

Study design Method References

32 proteins 46

(dorsolateral-

white

matter)

NEFL↓; NEFM↑; NEFH↓;

VIM↑; TUBB↓; YWHAE↑;

YWHAZ↓; DPYSL2↑;

DPYSL3↑; DPYSL5↑;

PCMT1↑; STMN1↓; GDI1↑;

ENO1↓; ALDOC↓; IMPA1↑;

TPI1↓; PRDX4↓;

PDE8B↓,PLP1↑

Cytoskeletal dysfunction,

signal transduction, energy

metabolism

35 schizophrenia, 35

bipolar disorder and 35

controls

2-D DIGE/MS English et al., 2009

41 protein

spots

NS (left

dorsolateral

synapse

enriched

fractions)

PKM↓; ATP6V1B2↑;

ATP5B↑; GDF2↓; GNAQ↑;

PEBP1↑; ANXA10↑; CKB↑;

GNB3↑; PPA2↑; ALDOC↑;

AK4↑; ANXA2↓; HDGF↑;

MLF2↑; ATP5H↑; VDAC1↑;

PDYN↑;

Energy metabolism,

neurotransmission/signaling

8 schizophrenia patients

and 7 controls

2-D PAGE/MS Smalla et al., 2008

Targeted one

protein

expression

46

(dorsolateral)

HINT1↓ May have role in cellular

stress and apoptosis

9 schizophrenia patients

and 7 controls

Western blot Varadarajulu et al.,

2012

Biomarker

panel of 10

peaks

NS

(dorsolateral)

No protein identifications

(sensitivity and specificity of the

panel 70%)

34 schizophrenia patients

and 35 matched controls

SELDI-TOF-MS Mei et al., 2006

Biomarker

panel of 21

protein peaks

NS

(dorsolateral)

CD58 ↓; CALM1↓; MAGOH↓;

MAXb↓; RGS11↓; UCHL1↓;

CEBPZ↓; HSPD1↓; PGAM1↓;

ENO2↓; GLUL↓; PPA2↓;

YWHAE↓; ALDOC↓; PNP↓;

NKX2-4↓; DECR2↓; MTAP↓;

BYSL↓; SMPD1↓; ANKRD12↓;

Cell metabolism, glycolysis,

intracellular signaling,

oxidative stress

17 schizophrenia

patients, 20 bipolar

disorder patients and 20

normal controls

SELDI-TOF-MS Novikova et al.,

2006

ANTERIOR CINGULATE CORTEX

36 proteins 24 (gray

matter)

DPYSL2↑; CRMP1↑;

ALDOC↓; DNM1↑; GFAP↓;

PPP1CA↓; CS↓; CA1↑; TF↓;

IDH3B↓; ACAT2↑; SOD1↑;

DDAH1↓; ANXA1↑; ANXA5↑;

CKB↑; EHD3↑; STMN1↑;

PHB↑;

Energy metabolism,

oxidative stress, cytoskeletal

dysfunction, protein

trafficking, development and

organization of the central

nervous system

10 schizophrenia patients

and 10 healthy controls

2-D PAGE/MS Clark et al., 2006

27 proteins 24 (white

matter)

DPYSL2↓; ALDOC↓; CS↑;

CBR1↓; ATP5A1↑; IMPA1↑;

GPD1↓; LDHA↓; NEFL↓;

ATP6V1A↑; PSMB4↑;

PGAM1↓

Energy metabolism,

oxidative stress response,

cytoskeletal dysfunction,

cellular signaling

10 schizophrenia patients

and 10 healthy controls

2-D PAGE/MS Clark et al., 2007

19 proteins NS ACO2↑; ALDOA↑; CRMP1↑;

DPYSL2↑; SRI↓; CKB↓;

Energy metabolism,

glycolysis, cytoskeletal

dysfunction

15 schizophrenia

patients, 15 bipolar, 15

major depressive

disorder and 15 healthy

controls

2-D PAGE/MS Beasley et al., 2006

32 proteins NS DPYSL2↑; CRYAB↑;

PRDX6↓; ALDOC↑; GLUL↑

Energy metabolism, cell

communication/ signal

transduction, cytoskeletal

dysfunction

11 schizophrenia patients

and 8 healthy controls

2-D PAGE/MS Martins-de-Souza

et al., 2010b

(Continued)
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TABLE 1 | Continued

Number of

proteins

with altered

abundances

Brain region

(BA)**

Some of the proteins with

altered abundances in

schizophrenia compared to

controls*

Processes and pathways

affected

Study design Method References

143 proteins 24

(enrichment

of the

postsynaptic

density)

ARF6↑; ARFGAP1↑; AP2B1↑;

RAB11FIP5↑; AP2M1↓;

ADRBK1↓; DNM1↑; HSPA6↓;

HSPA8↓; RAP1A↑; GRIA2↓;

MAPK3↓; SHANK3↓;

SYNPO↓; MYL6↓; CYFIP2↓;

ATP6V0A1↓; PRDX1↓;

ESYT↑; GNAS↓; CAMK2B,

CAMK2D↓; CAMK2G↓;

CALM2↓; VDAC1↓; VDAC2↓

Endocytosis, long-term

potentiation, calcium

signaling pathway

10 schizophrenia patients

and 10 healthy controls

Label-free

LC−MS/MS

Föcking et al., 2015

CORPUS CALLOSUM

34 proteins NS NEFL↓; NEFM↓; GFAP↑;

ACTG1 ↓; ACTB ↓; TUBB↓;

INA↑; ACTR1A↑; COTL1↑;

ATP5B↓; ARHGDIA↑;

STMN1↑; DPYSL2↓;

YWHAH↓; HSPA8↓;

HSPA1L↓; HSPA5↑; GSTP1↑;

SOD1↑; CKB↓; PRDX2↓;

UCHL1↑; PARK7↑; FTH1↓;

LDHB↓; ENO2↓;

Cytoskeletal dysfunction,

oxidative stress, glycolysis,

neuroprotective dysfunction

10 schizophrenia patients

and 10 healthy controls

2-D PAGE/MS Sivagnanasundaram

et al., 2007

65 proteins NS INA↓; CLTC↓; VCAN↓;

FSCN1↑; GSN↓; NEFL↓;

HAPLN2↓; NEFM↓; NEFH↑;

TUBA1A↓; TUBA4A↓;

TUBB2B↓; TUBB4B↑;

TUBB3↑; TUBB6↑;STMN1↑;

VIM↑; CNP↓; ENO1/2↑;

ATP5A1↓; ALDOA↓;

GLUD1↑; GAPDH↓; PYGB↓;

PYGM↓; CRYL1↓; MDH1↓;

PRDX1↓; PKM↑; SOD1↓;

TPI1↓; HINT1↑; MOG↓;

YWHAB/H/Z/G↓; CRYAB↓;

HSPA6↑; UBE2N↑; MBP↓;

ATP6V1B2↑;

Cell growth and

maintenance, energy

metabolism, cell

communication and

signaling, protein

metabolism, transport and

myelination

9 schizophrenia patients

and 7 healthy controls

Label-free nano

LC-MS/MS

Saia-Cereda et al.,

2015

Targeted one

protein

expression

NS S100B↓ Disturbed oligodendrocyte

maturation

9 schizophrenia patients

and 7 healthy controls

2-D nano

LC/MS Western

blot

Steiner et al., 2014

TEMPORAL LOBE

25 proteins 22 (left

posterior

superior-

Wernicke’s

area)

CKB↑; ALDOC↓; TPI1↑;

GAPDH↓; PGAM1↑; ENO2↑;

ATP6V1A↑; ATP5A1↓;

QDPR↑; PRDX6↑; GFAP↑;

PEBP1↑; ACO2↑; TUBB↓

Energy metabolism,

glycolysis

9 schizophrenia patients

and 6 healthy controls

2-D PAGE/MS Martins-de-Souza

et al., 2009b

37 proteins 38 (left

anterior)

MOG↓; MBP↓; GFAP↓;

UBE2N↓; CNP↓; PPP3CA↓;

SPTAN1↓, YWHAH↓;

YWHAZ↓; YWHAG↓;

ALDOC↓; HIST1H3A↓; CA2↓;

RPS10↓; SLC9A3R1↑;

TUBB↑; NEFL↓; NEFM↓

Oligodendrocyte-myelin

regulated proteins,

regulation Ca2+

homeostasis, energy

metabolism

5 schizophrenia patients

and 4 healthy controls

ICPL

/IEF/LC-MALDI

Martins-de-Souza

et al., 2009d

(Continued)

Frontiers in Cellular Neuroscience | www.frontiersin.org February 2016 | Volume 10 | Article 18 | 166

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive


Davalieva et al. Proteomics Research in Schizophrenia

TABLE 1 | Continued

Number of

proteins

with altered

abundances

Brain region

(BA)**

Some of the proteins with

altered abundances in

schizophrenia compared to

controls*

Processes and pathways

affected

Study design Method References

HIPPOCAMPUS

34 proteins anterior and

posterior

Anterior (CKB↓; ATP5H↑;

LDHB↓; NME1↑; COX5A↑;

COX6B1↓; PRDX2↓;

PRDX6↓; SOD1↓; UBE2N↑;

PHB↑; HSPA1B↓; HSPA9↓;

ACTB↓; VIM↑; NEFM↓;

STMN1↑; FABP7↓; YWHAZ↑;

YWHAG↑; YWHAE↑;

ANXA5↑; ATP6V1A↓)

Posterior (PGAM1↑; CKB↑;

TALDO1↑; GSN↑; ACTB↑;

TUBA1↓; TUBB4↓; STMN1↑)

Energy metabolism,

oxidative stress, altered

neurotransmission,

mitochondrial dysfunction,

abnormal neuronal and glial

cytoarchitecture

Anterior hippocampus (7

schizophrenia patients

and 7 controls)

Posterior hippocampus

(9 schizophrenia patients

and 9 controls)

2-D PAGE/MS Nesvaderani et al.,

2009

108 proteins mid GFAP↓; HSPA8↓; CTSD↑;

STMN1↑; SOD1↑; DPYSL3↓;

NEFL↓; FSCN1↓; ANXA6↓;

TUB↑; SEPT11↓; SNCA↓;

ATP6V1B2↓; ENO1↓;

YWHAE↓; PCMT1↓;

SPTAN1↓; PRDX1↓;

cytoskeletal and metabolic

changes, clathrin-mediated

endocytosis

20 subjects with

schizophrenia, 20

subjects with bipolar

disorder, and 20 control

cases

2-D DIGE/MS Föcking et al., 2011

MEDIODORSAL THALAMUS

10 proteins

(2-D) 41

proteins

(shotgun)

NS TKT↑; GSTP1↑; PGAM1↑;

GAPDH↑; QDPR↑; TPI1↑;

YWHAZ↓; CFL1↑; MBP↑;

MOG↑; NEFM↓; PRKCG↑;

GFAP↓; HSPA8↓; VIM↑;

HSPA1A↑; ACT↑; GLUL↑;

MAP1A↑; MAPT↓; SYT5↑;

SYN3↑; SEPT2↓

Energy metabolism,

oligodendrocyte

metabolism, cytoskeleton

assembly

Samples from 11

schizophrenia patients

and 8 controls

2-D PAGE/MS

ICPL/IEF/LC-

MALDI

Martins-de-Souza

et al., 2010a

Targeted one

protein

expression

NS HINT1↑ May have role in cellular

stress and apoptosis

11 schizophrenia patients

and 8 controls

Western blot Varadarajulu et al.,

2012

*Proteins found in more than one independent study are highlighted in bold. The arrows indicate the increase (↑) or decrease (↓) of the protein level in the schizophrenia group compared

to control group(s). **Brodmann area. NS, Brodmann area not specified or not applicable.

of hydrophobic (membrane) proteins, high molecular weight
proteins (Mw > 100 kDa), and highly acidic (pI < 3), or basic
(pI > 9) proteins. Another important drawback is the limitation
of the dynamic range of detection, as highly abundant proteins
typically mask the identification of less abundant proteins
with similar pI and MW. However, efforts to overcome these
limitations are improving resolution (Butt and Coorssen, 2005)
and increasing dynamic range (Wright et al., 2014a,b).

“Shotgun” proteomic techniques do not employ gels and
are aimed to touch all possible targets at once. These are
powerful tools for studying large-scale protein expression and
characterization of complex biological systems. Shotgunmethods
begin with digestion of the whole proteome of interest, followed
by high resolution separation of the resultant peptides by liquid
chromatography (LC) and their identification based on tandem
mass spectrometry (MS/MS) data; (Link et al., 1999). Increased
resolution can be achieved by including pre-fractionation steps
prior to LC-MS/MS. Pre-fractionationmethods can include other

types of chromatography (e.g., affinity chromatography), initial
separation by isoelectric focusing (IEF), or one dimensional
sodium dodecyl sulfate PAGE (1-D SDS PAGE). In the case of IEF
and 1-D SDS PAGE, gels are divided into a number of pieces, and
each piece is subjected to digestion and subsequent LC-MS/MS.
IEF pre-fractionation has been used in 3 published studies of
schizophrenia, and 1-D SDS PAGE pre-fractionation in one
(Behan et al., 2009; Martins-de-Souza et al., 2009c,d, 2010b). In
addition, the number of protein identifications can be increased
by using two-dimensional liquid chromatography (2-D nano-
LC), which has been done on postmortem brain tissue (Steiner
et al., 2014). In shotgun proteomics, protein identification
relies strongly on computational resources that combine and
interpret data generated by MS/MS (Haas et al., 2006). The
quantification of proteins in a shotgun-MS comparative analysis
can be based on labeled or unlabeled peptides. Labeling
methods used in schizophrenia proteomics studies include stable
isotope labeling methods, such as isobaric tags for relative
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and absolute concentration (iTRAQ) and isotope-coded protein
labeling (ICPL). However, most labeling-based quantification
approaches have potential limitations, such as increased time and
complexity of sample preparation, requirement for higher sample
concentration, high cost of the reagents, incomplete labeling,
requirement for specific quantification software, and a limited
number of samples (2–8) per analysis. Most of these limitations,
especially limits on number of samples, are eliminated in label-
free approaches (Patel et al., 2009). The quantification in label-
free proteomics is based on the theoretical assumption that
the chromatographic peak areas of peptides correlate with their
concentrations. Label-free proteomics analysis can be data-
dependent (DDA; Stahl et al., 1996) or data-independent (MSE;
Li et al., 2009), based on the selection of the peptide peaks for
identification. In schizophrenia studies, MSE has been used in
several studies of peripheral tissues and body fluids (reviewed
below) and is preferred over DDA because of the higher
percentage of protein identifications and higher coverage of the
proteome (Geromanos et al., 2009). MSE was used to identify
a serum biomarker panel capable of distinguishing first-onset
drug-naive schizophrenia subjects from healthy subjects. This
final panel was validated by immunoassay and later adapted into
the multiplex immunoassay platform (MAP) leading to the first
blood-based laboratory test for schizophrenia (Schwarz et al.,
2010).

The strengths of the shotgun approach are experimental
simplicity, greater proteomic coverage than gel-based platforms,
and accurate quantification. Its weaknesses involve technical
reproducibility, limited dynamic range, and informatics challenges
related to the enormous complexity of the generated peptide
samples (Domon and Aebersold, 2006). In addition, this
approach cannot identify proteins with multiple modifications
because the connection between the peptides that are analyzed
in the mass spectrometer and the protein(s) from which the
peptides originate is lost during proteolysis.

Surface-enhanced laser desorption/ionization time-of-flight
mass spectrometry (SELDI-TOF-MS) has also been applied in
the study of schizophrenia. SELDI-TOF is a variant MALDI-TOF
that makes use of chemically-modified surfaces to reduce the
complexity of biological samples prior to separation in the mass
analyzer. Its invention increased interest in using patterns from
mass spectra to differentiate samples with and without disease
(Wright, 2002). SELDI provided several important advantages,
such as ability to analyze complex biological samples with
minimal pre-processing, ease of handling, and high throughput.
However, over time, its lack of definitive protein identification
and low reproducibility, influenced mainly by sample processing
(Baggerly et al., 2004), became evident, and it is now used only
rarely. There are several SELDI-TOF-MS schizophrenia studies
of brain tissue and body fluids that appeared a decade ago, with
and without identification of the affected proteins (Huang et al.,
2006, 2008; Mei et al., 2006; Novikova et al., 2006; Craddock et al.,
2008).

While all the proteomics platforms discussed have their
strengths and weaknesses, it is becoming more widely accepted
that combinations of different proteomics methods can take
advantage of each method to increase the number of identified

and quantified proteins, to detect and characterize PTMs and to
increase statistical significance of the results. So far, schizophrenia
studies combining 2-D PAGE or 2-D DIGE with shotgun
proteomics are limited to one study of brain tissue (Behan et al.,
2009), one study of both brain tissue and cerebrospinal fluid
(Martins-de-Souza et al., 2010a) and one study of post-mortem
pituitary glands (Krishnamurthy et al., 2013). However, as the
growing number of studies demonstrate the power of combining
these two platforms, it seems that a combination of gel-based and
shotgun proteomics will be the best route to an understanding of
the biological pathways of schizophrenia and to the discovery of
reliable biomarkers for diagnosis, stratification and therapy.

Combinations of proteomics techniques other than gel-based
and shotgun proteomics reportedly result in high confidence
biomarker discovery. MALDI mass spectrometric imaging
(MSI), combined with high resolution top-down tandem MS
identification, has been used for the discovery of biomarkers for
neurodevelopment disorders (Ye et al., 2014) but has not yet
been used to study schizophrenia. MALDIMSI is a relatively new
imagining technique that is label-free and enables simultaneous
mapping of proteins and numerous molecules in tissue samples
with great sensitivity and chemical specificity (Seeley and
Caprioli, 2008). It has enabled discovery of tissue biomarkers
for various cancers. The top-down tandem MS approach differs
from the shotgun approach by directly analyzing intact proteins
and allowing assessment of protein modifications, such as PTMs
and sequence variants, with no prior knowledge (Kelleher, 2004;
Michalski et al., 2012). This combination is reported to be fast
and robust, and it has provided highly reproducible proteome
“snapshots” of anatomical regions in sections of infant rat brain.
It has high potential for future studies in schizophrenia.

CANDIDATE PROTEINS IMPLICATED IN
SCHIZOPHRENIA

Tissue Biomarkers
As schizophrenia is presumably a brain disease, the comparative
proteomic analysis of human postmortem brain tissue is of
highest interest as it may reveal the disease-related proteins.
This may help in the understanding the molecular mechanisms
of the disease and in addition indicate potential biomarkers as
candidates for diagnosis, prognosis, and therapy.

We have found 25 published articles on the proteomics of
human brain tissue in schizophrenia. These studies investigated
the relationship between schizophrenia and the protein profiles
of six distinct brain regions: frontal or prefrontal cortex, anterior
cingulate cortex, corpus callosum, temporal lobe neocortex,
hippocampus, and mediodorsal thalamus. Detailed review of
these studies regarding the study design, brain regions, number
of identified proteins with altered abundancies, some of the
candidate biomarker proteins, affected pathways in relation
to schizophrenia and proteomics platforms used, are given in
Table 1.

The most extensively studied brain region by proteomics
studies is prefrontal cortex (PFC). The primary functions of
PFC include the organization of thoughts and actions (cognitive
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control) such as willed action, decision making, and working
memory (Frith and Dolan, 1996; Miller and Cohen, 2001).
Individuals with schizophrenia exhibit poor working memory
(Park and Holzman, 1992), abnormal eye movements (Park
and Holzman, 1993), and abnormal executive functioning
(Velligan and Bow-Thomas, 1999). Well-known abnormalities of
dorsolateral (DL) PFC reported in schizophrenia include failure
to activate during the Wisconsin card-sorting test (Daniel et al.,
1991), decreased expression of calcium-binding proteins and
glutamic acid decarboxylase in interneurons (Hashimoto et al.,
2003), decreased density of spines on pyramidal cell dendrites
(Glantz and Lewis, 2000), and decreased cortical volume without
loss of neurons (Selemon et al., 1995).

The first proteomics study of schizophrenia (Johnston-
Wilson et al., 2000) used 2-D PAGE/MS to compare PFC,
specifically Brodmann area (BA) 10, of post mortem human
brains from individuals with schizophrenia, individuals with
other psychiatric disorders, and “controls” (i.e., individuals
who died without history of psychiatric disorder). Half of the
published proteomics studies on schizophrenia so far have
investigated the PFC, mostly dorsolateral PFC (Brodmann areas
9 and 46; Prabakaran et al., 2004; Mei et al., 2006; Novikova et al.,
2006; Huang et al., 2008; Pennington et al., 2008; Smalla et al.,
2008; Behan et al., 2009; English et al., 2009; Martins-de-Souza
et al., 2009a,c; Varadarajulu et al., 2012). Different proteomics
platforms were used, mostly gel-based platforms (2-D PAGE/2-
D DIGE) followed by shotgun proteomics or SELDI-TOF-MS.
Western blot was used for targeted analysis of particular proteins
of interest or validation of selected candidates.

The anterior cingulate cortex (ACC) is involved in emotion
and behavior (Luu and Posner, 2003). The association between
ACC and schizophrenia was based on abnormal activation of
the ACC during hallucinations (Cleghorn et al., 1990) and
task performances (Carter et al., 1997; Quintana et al., 2004)
and on histological abnormalities (Benes et al., 2001; Bouras
et al., 2001; Chana et al., 2003; Salgado-Pineda et al., 2003).
The differential protein expression between schizophrenia and
non-psychiatric groups was investigated in 4 studies using 2-D
PAGE/MS (Beasley et al., 2006; Clark et al., 2006, 2007; Martins-
de-Souza et al., 2010b) and one recent study using LC-MS/MS to
study expression of proteins in postsynaptic densities (Föcking
et al., 2015).

Neuropathological and neuroimaging studies have repeatedly
reported structural abnormalities of the corpus callosum (CC) in
schizophrenia, such as smaller volume, poor structural integrity
of the axonal fiber tracts, and decrease in density of axons
(Shenton et al., 2001; Mehler and Warnke, 2002; Innocenti
et al., 2003). CC has been investigated by two comparative
proteomics studies using 2-D PAGE/MS (Sivagnanasundaram
et al., 2007), and LC-MS (Saia-Cereda et al., 2015), respectively.
There is one more proteomics study of corpus callosum (Steiner
et al., 2014), which used targeted 2-D nano LC/MS and
western blot, to analyze S100B protein. In temporal lobe (TL)
neocortex, Wernicke’s area (posterior region of Brodmann area
22) and left temporal pole (Brodmann area 38) have been
implicated in the pathophysiology of schizophrenia because
of their roles in speech, language, and communication. There

are two comparative proteome analyses of these brain regions,
performed by 2-D PAGE/MS and shotgun proteomics (Martins-
de-Souza et al., 2009b,d).

Hippocampus and mediodorsal thalamus (MDT) are both
areas of interest in schizophrenia where early studies reported
structural abnormalities that were later called into question
(Dwork, 1997; Romanski et al., 1997; Harrison and Eastwood,
2001) andwere subsequently subjected to proteomics investigation.
There are 2 comparative studies of hippocampus using gel-
based proteomics (Nesvaderani et al., 2009; Föcking et al.,
2011), 1 comparative study of MDT using combination of 2-
D PAGE/MS and shotgun proteomics (Martins-de-Souza et al.,
2010a), and one targeted analysis of specific protein expression
in mediodorsal thalamus by Western blot (Varadarajulu et al.,
2012).

What is common to all of the proteomics studies of brain
tissue is that, regardless of the platform and brain region
analyzed, there has been constantly observed alteration of energy
metabolism expressed as disturbed levels of proteins included in
glycolysis, Krebs cycle, mitochondrial function, oxidative stress,
and various other energy pathways. Abnormalities of proteins
mediating synaptic function and signal transduction were also
observed.

The central pathway for energy metabolism is glycolysis.
Proteome analyses of different brain regions from individuals
with schizophrenia have consistently revealed a number of
differentially expressed glycolytic enzymes, as shown in Table 1.
Aldolase C and A (ALDOC/A), have been found with differential
abundance in 13 proteomics studies investigating FC, PFC,
ACC, CC, and TL. Alpha and gamma enolase (ENO1/2)
were found with differential abundance in 8 studies of
PFC, CC, TL, and hippocampus. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), triosephosphate isomerase (TPI1),
and phosphoglycerate mutase 1 (PGAM1) were also found
with differential abundance in all of the investigated brain
regions except FC, while dysregulation of hexokinase (HK1)
was observed in two studies of PFC. Dysregulation of lactate
dehydrogenase complex (LDHA/B), which reduces pyruvate into
lactate and represents the intersection of key pathways of energy
metabolism, was observed in 3 studies analyzing ACC, CC, and
hippocampus.

Dysregulation of the Krebs cycle has also been implicated
in schizophrenia as a result of differential abundance of
several involved enzymes: such as aconitase 2 (ACO2), malate
dehydrogenase 1 (MDH1), and citrate synthase (CS). The
dysregulation of these enzymes was mainly observed in the ACC,
2 studies of PFC, and 2 studies of CC and TL.

Dysregulation of different ATP synthase subunits, such as
ATP5A1, ATP5B, and ATP5H in PFC, ACC, CC, TL, and
hippocampus suggests abnormalities of mitochondrial function.
Overall dysregulation of energy metabolism leads, among other
consequences, to overproduction of reactive oxygen species
(ROS) and oxidative stress. Oxidative stress events present
in schizophrenia and have been identified on a proteomic
level through dysregulation of several groups of enzymes,
mainly peroxiredoxins (PRDXs), glutathione transferases (GST),
NADPH-dependent oxidoreductases, and antioxidant enzymes.
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Themost prominent dysregulationwas observed at peroxiredoxins
(PRDX1, 2, 3, 6) found with differential abundancies in 11
proteomics studies and in all investigated brain regions except
MDT. Glutathione S-transferase P (GSTP1), carbonyl reductase
1 (CBR1), quinoid dihydropteridine reductase (QDPR), and
antioxidant enzyme superoxide dismutase (SOD1) were also
found with differential abundances in several studies and various
brain regions, but not in FC and PFC. From the proteins
involved in other energy pathways, vacuolar ATP synthases
(ATP6V1A, ATP6V1B2, ATP6V0A1) and creatine kinase (CKB)
were consistently found with differential abundance in all of the
investigated brain regions of schizophrenia patients. The rest
of the proteins from this group (glutamine synthase [GLUL],
transketolase [TKT], and carbonic anhydrase 1 and 2 [CA1/2])
were found with differential abundance in some brain regions, as
presented in Table 1.

As with the proteins involved in energy metabolism,
proteomics studies of the brain tissue consistently revealed
changes in the abundance of some of the cytoskeletal components
of the cell. These encompassed 4 major components: (1)
microfilaments composed of actin, (2) microtubules composed
of tubulin, (3) intermediate filaments, which are a family of
about 70 different proteins, and (4) microtubule associated
proteins. Differential abundance of beta and gamma actin
isoforms was observed in 8 studies, including three studies of
dorsolateral PFC, while the others included all other investigated
brain areas. Alpha and beta tubulins were also found with
differential abundance in 12 independent studies, mainly in
PFC, ACC, CC, and hippocampus. There were 5 intermediate
filament proteins with disturbed abundance in schizophrenia:
desmin (DES), vimentin (VIM), glial fibrillary acidic protein
(GFAP), and neurofilament medium and light chains (NEFM
andNEFL). Themost prominent change inivolved neurofilament
proteins, observed in 11 studies, followed by GAFP in
9 studies, and in all investigated brain regions. Disturbed
levels of VIM and DES were observed less frequently, in 5
(English et al., 2009; Martins-de-Souza et al., 2009c, 2010b;
Nesvaderani et al., 2009; Saia-Cereda et al., 2015) and 1 study
(Martins-de-Souza et al., 2009c), respectively. Microtubule-
associated proteins (MAPs) with differential abundance in
schizophrenia encompassed microtubule-associated proteins 1A
(MAP1A), 2 (MAP2), and tau (MAPT), and dynamin 1
(DNM1). The differential abundance of these proteins was
observed at lower rates than were other cytoskeletal proteins.
Changed levels of DNM1 were found in 5 studies of which
3 assayed PFC (Prabakaran et al., 2004; Pennington et al.,
2008; Martins-de-Souza et al., 2009a) and 2 assayed ACC
(Clark et al., 2006; Föcking et al., 2015), while MAP1A
and MAPT were found in only 2 studies, 1 of PFC (also
including MAP2) and 1 of MDT (Martins-de-Souza et al., 2009c,
2010b).

Cytoskeleton associated proteins dihydropyrimidinase-related
protein 2 (DPYSL2), 14-3-3 protein family (YWHAE, YWHAZ,
YWHAG, YWHAH, YWHAB), spectrin (SPTAN1), stathmin
(STMN1), and various representatives from the heat shock
proteins (HSPD1, HSPA5, HSPA8, HSPA1L, HSPA1A, HSPA1B)
were detected with abnormal abundance in more than 5

independent studies, providing further support for cytoskeletal
dysfunction in schizophrenia.

Oligodendrocyte dysfunction in schizophrenia has been
suggested by brain imaging, epigenetic and transcriptomics
studies, discussed in detail elsewhere (Dwork et al., 2007;
Martins-de-Souza, 2010; Haroutunian et al., 2014). Six proteomics
studies from 2 independent groups so far have found altered
expression of some of the oligodendrocyte-related proteins
in schizoprenia brain tissues such as 2′,3′-cyclic nucleotide
3′-phosphodiesterase (CNP), myelin basic protein (MBP),
myelin oligodendrocyte glycoprotein (MOG), and gelsolin (GSN;
Prabakaran et al., 2004; Martins-de-Souza et al., 2009a,c,d,
2010b; Saia-Cereda et al., 2015). We found 5 proteomics studies
focused on white matter. Three (Sivagnanasundaram et al.,
2007; Steiner et al., 2014; Saia-Cereda et al., 2015) examined
corpus callosum. One (Steiner et al., 2014) was focused on
S100B, reportedly elevated in blood and CSF of individuals
with schizophrenia, and found a decrease of 50–70% by mass
spectroscopy and western blot. The more recent (Saia-Cereda
et al., 2015) of the other two studies, employing label-free nano
LC/MS/MS, identified downregulation of CNP, MBP, MOG, and
GSN, while they were not found to be abnormal in the older
study (Sivagnanasundaram et al., 2007), which employed 2-
D PAGE/MS. Proteins involved in filaments and microtubules
were abundantly represented in the results from both studies,
although fiber densities in the corpus callosum have mostly
been found unaffected by schizophrenia (reviewed in Dwork
et al., 2007). The other two proteomics studies analyzed post
mortem white matter from PFC (English et al., 2009) and ACC
(Clark et al., 2007). Both found reduced levels of ALDOC in
schizophrenia. Among myelin-related proteins, the only change
in schizophrenia was upregulation of PLP1 in prefrontal white
matter. In contrast, in situ hybridization of ACC white matter
showed downregulation of mRNA for CNP and MAG in
schizophrenia (McCullumsmith et al., 2007). In a targeted study
(Dracheva et al., 2006), western blot for CNP showed decreased
levels in the hippocampus but not the putamen from individuals
with schizophrenia.

One study (Krishnamurthy et al., 2013; included in Table 2)
employed several platforms to study pituitary gland from
autopsies of individuals with schizophrenia or without psychiatric
illness. The pituitary glands from subjects with schizophrenia
showed disturbance in hypothalamic- pituitary-adrenal axis,
immune system, lipid transport, and metabolism. By LC-
MSE, prolactin was significantly lower, by approximately
35% in pituitary from chronically medicated individuals with
schizophrenia, suggesting that despite antipsychotic medication,
prolactin production was suppressed by elevated dopamine.
While the same average difference was found by western blot,
for schizophrenia and bipolar disorder as well, the differences
from normal were not significant. By contrast, western blot gave
virtually identical levels for follicle stimulating hormone across
all diagnostic groups.

Body Fluids Biomarkers
The comparative proteomics analysis of body fluids is of highest
clinical interest as it may reveal biomarkers for diagnosis,
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TABLE 2 | Candidate protein biomarkers for schizophrenia obtained by proteomics studies using human body fluids and tissues other than brain.

Number of

proteins with

altered

abundances

Body fluid Candidate biomarkers Processes and

pathways affected

Study design Method References

1 CSF APOA4↓ Reverse cholesterol

transport

10 controls and 10 schizophrenia

patients were pooled to form

four pools for each group

2-D

PAGE/MS

Jiang et al., 2003

2 CSF VGF 23-62 peptide↑; TTR↓ Synaptic plasticity,

penile erection,

circadian clock,

thyroid hormone

binding

58 schizophrenia, 16 with

depression, 5 with

obsessive-compulsive disorder,

10 with Alzheimer disease and

90 controls

SELDI-TOF-

MS

Huang et al., 2006

1 CSF APOA1↓ Plasma cholesterol

esters formation

CSF: 41 vs. 40; liver:15 vs. 15;

RBC: 20 vs. 20; serum: 35 vs.

63; brain 1st exp: 8 vs. 8; brain

2nd exp: 9 vs. 9

SELDI-TOF-

MS

Huang et al., 2008

6 CSF APOE↑; APOA1↑; TTR↓;

TGFBR1↓; CCDC3↓; PTGDS↑

Molecular transport,

signal transduction

receptors

17 first episode schizophrenia

and 10 controls

Western

blot

Martins-De-Souza

et al., 2010c

7 plasma HP↑; SERPINA1↑; CFB↑;

APOA1↓; APOA4↑; TTR↓

Acute phase proteins,

molecular transport

22 schizophrenia patients and 20

controls

2-D

PAGE/MS

Yang et al., 2006

6 plasma HP↑; SERPINA1↑; APCS↑;

AMBP↑; SERPINC1↑; GC↑

Acute phase,

coagulation and

transport

42 schizophrenia patients and 46

healthy controls

2-D

PAGE/MS

Wan et al., 2007

1 plasma α-defensins (DEFA) ↑ Dysregulation of

immune pathway of

peripheral white

blood cells

T cell lysates from 15

schizophrenia and 15 controls

SELDI-TOF-

MS

Craddock et al.,

2008

79 plasma BDNF↑; EGF↑; CXCL5↑;

TIMP1↑; MMP9↑; Insulin↑

Synaptic

transmission, growth

factors,

chemo-attractants,

proteolytic system

245 major depressive disorder,

229 schizophrenia and 254

controls

Multiplexed

immunoassay

Domenici et al.,

2010

10 serum CD5L↓; IGHM↓; F13B↓; TF↓;

AHSG↓; APOD↓; APOA1↓;

APOA4↓; APOA2↓; APOC1↓

Lipid metabolism,

cholesterol transport

pathway, immune

response

22 first onset schizophrenia

patients and 33 matched

controls

Label-free

nano

LC-MS/MS

(MSE)

Levin et al., 2010

181 tested serum 51 biomarker panel Diverse protein

functions

577 schizophrenia patients and

229 controls

Multiplexed

immunoassay

Schwarz et al.,

2010

21 tested (7

selected)

serum Insulin ↑; CHGA↑; PPY↑;

PRL↑; Cortisol↑; GH1↓;

Progesterone↑;prolactin↑

growth hormone↓

Dysregulation of

glucose metabolism,

hypothalamic-

pituitary-

adrenalgonadal axis

hormones

236 first and recent onset

schizophrenia patients and 230

matched controls

Multiplex

immunoassay;

2D-DIGE

Guest et al., 2011

181 tested serum 34 biomarker panel Diverse protein

functions

250 first and recent onset

schizophrenia, 35 major

depressive disorder, 32 bipolar

disorder, 45 Asperger syndrome

and 280 control subjects

Multiplexed

immunoassay

Schwarz et al.,

2012a

(Continued)
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TABLE 2 | Continued

Number of

proteins with

altered

abundances

Body fluid Candidate biomarkers Processes and

pathways affected

Study design Method References

20 serum SPP1↓; CALB1↑; CTGF↑;

TBG↑; APOA1↑; APOB↑;

CHGA↑; AMBP↓; IL6R↓; IL17↓;

CD5L↑; PROS1↑; APCS↑;

CA125↓; TFF3↓; GOT1↓; HGF↓

Inflammation and

immune response

75 schizophrenia, 110 bipolar

disorder patients and their

matched controls (75+110)

Multiplexed

immunoassay

Schwarz et al.,

2012b

191 tested serum Symptom severity (FABP5; CKB;

MB; CRP; MMP9; HGF)

Response prediction (insulin)

Time to relapse (LEP↓;

proinsulin ↓; TGFA↑; CD5L↓;

B2M↓; MMP9↑; CD40↓;

APOC1↓)

Acute phase

response pathway,

transport, immune

response, glucose

metabolic pathways

77 schizophrenia patients were

analyzed to identify molecules

associated with symptom

severity, predict response over a

6-week treatment period and

predict the time to relapse

Multiplexed

immunoassay

Schwarz et al.,

2012c

35 (additional

59 with only

phosporilation

pattern

changes)

serum Altered abundance and

phosphorylation: ALS2↑;

MAST1↑; CFB↑; C4BPA↑;

CFHR3↑; C6↑; ITIH3↑;

APOA1↓; MYOF↓; APOA2↓;

CCDC57↓; SMC1A↓; GPLD1↓

Acute phase

response signaling

pathway,

Complement system,

LXR/RXR activation,

Coagulation system,

Intristic prothrombin

activation pathway

20 antipsychotic-naïve

schizophrenia patients and 20

matched healthy controls

IMAC/LC-

MS/MS

(MSE)

Jaros et al., 2012

27 serum ANPEP↓; APOC2↓;APOF↓;

APOL1↓; C4BPB↓; C8B↑;

CD5L↑; DBH↑; F7↓; GGH↓;

ICAM2↓; IGFALS↓; IGHG4↑;

SERPINA5↑; IGHM↑; ITIH4↑;

KNG1↑; LBP↓; PGLYRP2↑;

PI16↑; PLTP↑; PROS1↓;

ZNF57↓

Complement system,

coagulation cascades

10 antipsychotic drug- naïve

schizophrenia patients and 10

healthy volunteers

LC-MS/MS Li et al., 2012

23 immune

molecules and

30 growth

factors and

hormones

serum group 1 (MIF, CXCL8, IL1RN,

IL18, and IL16)

group 2 (prolactin, resistin,

testosterone, insulin, PDGFRA,

LEPROT, and AGT)

Identified 2

subgroups of

schizophrenia

patients based on

molecular serum

profiles. Group 1 had

changes in immune

molecules, and group

2 changes in growth

factors and

hormones

180 antipsychotic-naive

schizophrenia patients and 398

matched controls

Multiplexed

immunoassay

Schwarz et al.,

2014

5 blood Insulin↑; proinsulin↑;

des-31,32-proinsulin↑;

C-peptide↑; CHGA↑

Dysregulation of

glucose metabolic

pathways

66 schizophrenia, 10 bipolar and

78 matched controls

Fluorescence

assays and

immunoassays

Guest et al., 2010

17 validated by

MRM/MS

sweat AZGP1↑; ANXA5↑; TXN↑;

ARG2↑; BLMH↑; CDSN↑;

CALML5↑; CASP14↑; CSTA↑;

DSG↑; PARK7↑; G3PDH↑;

KLK11↑; PSBP1↑; S100A7↑;

PRDX1↑; PIP↓

Oxidative stress, lipid

metabolism, Ca and

others binding

proteins, epidermal

differentiation and

integrity, proteinase

inhibitors, cell-cell

adhesion, glycolysis

The first set was made by

pooling of 8 patients samples

and 8 controls. The second set

was made by pooling of 4

patients and 4 controls

LC−MS/MS;

MRM/MS

Raiszadeh et al.,

2012

(Continued)
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TABLE 2 | Continued

Number of

proteins with

altered

abundances

Body fluid Candidate biomarkers Processes and

pathways affected

Study design Method References

8 saliva DEFA1-4↑; S100A12↑; CSTA↑;

S-derivatives of CSTB↑

Dysregulation of

immune pathway of

peripheral white

blood cells

32 schizophrenia, 17 bipolar and

31 healthy controls

RP-HPLC–

ESI-MS

(top-down)

Iavarone et al.,

2014

18 peripheral

blood

mononucl-

ear cells

(PBMCs)

Unstimulated PBMCs (CNDP2↑;

COTL1↓; GPI↓; HSPA2↓;

LDHB↑) Stimulated PBMCs

(ALDOC↑; HSPD1↓; GAPDH↑;

HNRPK↑; LDHB↑; NAMPT↑;

MYH14/15↑; PGK1↑; PPIA↑;

TPI1↑; PKLR↑; PGAM4↑)

Dysregulation of

glucolytic pathway

12 first onset schizophrenia

patients, 7 chronically ill

antipsychotic treated

schizophrenia patients and 19

healthy controls

Label-free

nano

LC-MS/MS

(MSE)

Herberth et al.,

2011

29 (LC-MSE) 13

(2-D DIGE)

pituitary

gland

LC-MSE (SIPA1↑; CEMIP↑;

FGB↑; CFAP43↑; MYH9↑;

HNRNPA2B↓TTC28↓; PIWIL3↓;

APOA1↓; APOA2↓; CKB↓;

TUBA1A↓; TUBB1B↓;

TUBB2C↓; AHSG↓; TGM2↓;

TUBB4B↓; LMX1B↓; CTNND2↓;

YWHAQ↓; HP↓; CRYM↓;

HSPB1↓; SCGN↓; SETD5↓;

TIAM2↓;

Disturbance in

hypothalamic—

pituitary—adrenal

axis, immune system,

lipid transport and

metabolism

14 schizophrenia and 15 control

subjects were analyzed by

comparative proteomics.

Additional 13 bipolar disorder

and 14 major depression

patients were included in

Western validation

LC-MS/MS

(MSE)

Multiplexed

immunoassay,

2-D DIGE,

Western

blot

Krishnamurthy

et al., 2013

Candidate biomarkers found in more than one independent study are highlighted in bold. The arrows indicate the increase (↑) or decrease (↓) of the protein level in schizophrenia group

compared to control group(s).

choice of therapy and future course of schizophrenia. We found
20 proteomics studies investigating potential schizophrenia
biomarkers in cerebrospinal fluid, blood, sweat, and saliva, and
2 additional studies investigating protein alterations in peripheral
blood mononuclear cells (PBMCs) and the aforementioned study
of pituitary gland (Table 2).

Cerebrospinal fluid (CSF) and blood are the main body
fluids used in proteomic studies of neurological or psychiatric
disorders, including schizophrenia. CSF is presumed to be
representative of the extracellular space in the CNS. Consequently,
pathological abnormalities of the brainmight be directly reflected
in CSF. Normal CSF protein concentrations are ∼0.5% those of
normal serum or plasma, requiring highly sensitive analytical
techniques. Fewer proteins can normally be detected. CSF
sampling is moderately invasive, so it is difficult to perform
longitudinal studies. The first 2-D map of human CSF proteome
was presented by Goldman and collaborators in 1980 (Goldman
et al., 1980). With the development of proteomics technologies,
different approaches were used for discovering CSF biomarkers
for schizophrenia: 2-D PAGE and 2-D DIGE followed by
MALDI-MS identification (Jiang et al., 2003; Martins-De-Souza
et al., 2010c) and SELDI-MS (Huang et al., 2006, 2008).
These studies revealed altered levels of proteins involved in
molecular transport of cholesterol and of proteins involved
in phospholipid metabolism [apolipoprotein A-I (APOA1),
apolipoprotein A-IV (APOA4), and apolipoprotein E (APOE),
23-62 VGF peptide], transthyretin (TTR), arachidonic acid
metabolism enzyme-prostaglandin-H2 D-isomerase (PTGDS),

coiled-coil domain-containing protein 3 precursor (CCDC3),
and transforming growth factor-β receptor type-1 (TGFBR1).

The major advantage of using blood for biomarker discovery
arises from two main blood characteristics. With the exception of
the urine, which usually contains no protein, blood is the most
easily and least invasively sampled body fluid for clinical studies.
This accessibility allows multiple samplings at various stages of
the disease and treatment. Second, blood interacts with all tissues,
and therefore can indicate changes anywhere in the body.

We found 14 proteomic studies investigating potential
biomarkers in plasma and serum. The first 2 studies investigated
the plasma proteome by 2-D PAGE coupled with MS.
They revealed altered levels of acute phase response proteins
(Yang et al., 2006; Wan et al., 2007), suggesting a link
between inflammatory response systems and pathophysiology of
schizophrenia. The affected proteins included haptoglobin (HP),
α-1-antitrypsin (SERPINA1), complement factor B precursor
(CFB), apolipoprotein A1 (APOA1), apolipoprotein A4 (APOA4),
transthyretin (TTR), serum amyloid P-component (APCS),
alpha-1-microglobulin (AMBP), and antithrombin III (SERPINC1).
A study using a SELDI-TOF platform to analyze lysates
of stimulated T lymphocytes found alterations of α-defensin
(DEFA) in minimally medicated subjects with schizophrenia,
and also in their monozygotic twins without schizophrenia
(Craddock et al., 2008), suggesting a marker for
susceptibility.

There are 3 studies of serum proteome so far using label-free
LC-MS/MS. The first study of serum proteome found that the
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most significantly changed proteins belong to the apolipoprotein
family (apolipoprotein D [APOD], apolipoprotein A1 [APOA1],
apolipoprotein A4 [APOA4], apolipoprotein A2 [APOA2], and
apolipoprotein C1 [APOC1]), involved in the metabolism of
high-density lipoprotein and triglyceride-rich lipoproteins, and
in the reverse cholesterol transport pathway. These were followed
by proteins involved in immune response (CD5 molecule-like
[CD5L], IgM [IGHM], transferrin [TF]) and in insulin resistance
(α-2-HS glycoprotein [AHSG]; Levin et al., 2010). Subsequent
studies (Jaros et al., 2012; Li et al., 2012) confirmed that subjects
with schizophrenia feature serum abnormalities in levels and
phosphorylation of proteins involved in immune response. These
studies also implicated the complement and coagulation cascades
as the most significant pathways disturbed in schizophrenia.

However, the majority of the studies on plasma and serum
have usedmultiplexed immunoassays containing selected subsets
of biomarkers, constructed based on the findings from previous
discovery proteomics studies. The first attempt to develop a
molecular test with clinical utility for diagnosis of schizophrenia
resulted in formation of a 51-plex biomarker panel with
sensitivity and specificity of 83% (Schwarz et al., 2010). The
study of specificity of this panel for schizophrenia compared
with other psychiatric disorders led to establishment of a
reduced, 34-biomarker panel that gave a separation of 60–75%
of schizophrenia subjects from controls across 5 independent
cohorts (Schwarz et al., 2012a). In the most recent studies,
the multiplexed immunoassay test was also investigated for the
ability to identify the disease prior to clinical manifestation
(Schwarz et al., 2012b) and to characterize subgroups of
individuals with schizophrenia on the basis of the molecular
pathways affected (Schwarz et al., 2014).

Several multiplex immunoassay studies identified elevated
insulin-related peptides in untreated first-onset schizophrenia
subjects, suggesting that dysregulation of glucose metabolic
pathways may have a role in the development of schizophrenia
(Guest et al., 2010, 2011; Schwarz et al., 2012c). Immune response
alterations have also been observed by several studies (Schwarz
et al., 2012b,c). Also, altered levels of hormones (prolactin,
cortisol, progesterone, and growth hormone) in blood have been
observed in people with schizophrenia, indicating that functions
of multiple components of the hypothalamic-pituitary-adrenal-
gonadal axis may be affected (Domenici et al., 2010; Guest et al.,
2011).

There is only one report describing sweat proteome alteration
in schizophrenia (Raiszadeh et al., 2012). The eccrine sweat
glands, controlled by the sympathetic nervous system, are
responsible for thermoregulation. Distributed over the entire
body, they produce a fluid that is composed of inorganic ions,
lactate, urea, ammonia, amino acids, and proteins, including
plasma and epidermal proteins. The study of Raiszadeh et al.
(2012) revealed 17 proteins with differential abundance of
approximately two-fold or greater between schizophrenia and
healthy subjects (listed inTable 2). These proteins involve diverse
biological functions: oxidative stress, lipid metabolism, calcium-
binding and other binding proteins, epidermal differentiation
and integrity, protease inhibition, cell-cell adhesion, and
glycolysis. The potential of sweat as a source for new

schizophrenia biomarkers was highlighted, since only 5 proteins
[albumin (ALB), alpha-2-glycoprotein 1 (AZGP1), clusterin
isoform 1 (CLU), apolipoprotein D precursor (APOD), and
gelsolin isoform b (GSN)] were found in common between sweat
and serum.

Saliva allows non-invasive specimen collection, and it can
sometimes be a good substitute for plasma or blood. Until now,
only one study has investigated saliva as a potential source for
schizophrenia and bipolar disease biomarkers using top down
proteomics platform (RP-HPLC–ESI-MS; Iavarone et al., 2014).
All significantly altered proteins and peptides were involved in
innate immunity (α-defensins 1–4, S100A12, cystatin A and
S-derivatives of cystatin B). However, as increased levels of these
proteins were also found in association with neoplasms and
infectious diseases, the authors concluded that this set of proteins
has low diagnostic potential for schizophrenia.

One small study (Herberth et al., 2011) used LC-MSE to
investigate the proteomes of PBMCs, at baseline and after
72 h of stimulation by staphylococcal enterotoxin and CD28.
Cells from antipsychotic-naïve subjects in the first episode
of schizophrenia, compared with cells from healthy subjects,
showed altered levels of some glycolytic enzymes at rest, and
more after stimulation, while these alterations were not seen
in PBMC from individuals with chronic schizophrenia and
antipsychotic treatment. Curiously, the post-stimulation levels
of ALDOC were greater in the cells from anti-psychotic-naïve
schizophrenia subjects than in the cells from healthy subjects,
while there was no reported abnormality of ALDOA, which in
PBMC is an order of magnitude more abundant than ALDOC,
and two orders of magnitude more abundant than ALDOB (see:
http://moped.proteinspire.org/; Kim et al., 2014; Montague et al.,
2015). As discussed elsewhere in this review, in schizophrenia,
ALDOC is the most frequently abnormally-expressed protein
identified in proteomic studies of the brain, where its expression
is predominantly astrocytic, but some studies of schizophrenia
find elevated levels and others find depressed levels (see below
and Tables 1, 5). An abnormal response of the C isoform in a cell
that normally expresses predominantly the A isoform could point
to a specific dysregulation of the C isoform in schizophrenia, but
it could also indicate a general lability of the C isoform in the
presence of independent abnormalities of glycolysis.

THE SPECIFICITY OF THE CANDIDATE
BIOMARKERS FOR SCHIZOPHRENIA

To evaluate the overlap of the schizophrenia-associated candidate
biomarkers with candidate biomarkers for other neurological
diseases, we reviewed proteomic studies and reviews of several
diseases such as bipolar disorder, major depressive disorder,
Alzheimer’s disease and Parkinson’s disease.

We found 5 proteomics studies where both schizophrenia and
bipolar disorder were compared with a non-psychiatric group
(Novikova et al., 2006; Pennington et al., 2008; Behan et al.,
2009; English et al., 2009; Föcking et al., 2011). Pennington
et al. (2008) found 6 out of 66 proteins to be altered in both
diseases, with cytoskeleton and synaptic-associated function (two
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forms of SEPT5, SEPT11, DPYSL3, TCP1), metabolism and
CNS development (PHGDH). However, half of the proteins
with altered abundance in bipolar disorder were cytoskeletal,
metabolic or mitochondrial-associated proteins and some, such
as TUBA, TUBB, NEFM, ATP5B, ENO2, PRDX2, PRDX6,
ATP6V1A have been frequently found in schizophrenia studies
(Table 1). Behan et al. (2009) identified three proteins involved
in synapse-associated functions (LSAMP, BASP1, and STXBP1)
while in a subsequent study from the same group (English
et al., 2009), some intermediate filaments (NEFH, vimentin) and
cytoskeleton-associated proteins (DPYSL2, DPYSL3, YWHAE)
showed the same change in abundance in bipolar disorder as
in schizophrenia. Novikova et al. (2006) found 5 proteins that
were altered in both schizophrenia and bipolar disorder (CEBPZ,
DECR2, BYSL, ANKARD, and ALDOC), associated with cell
signaling, lipid and glucose metabolism, and other intracellular
processes. The comparative proteomic analysis of hippocampus
reported similar protein changes in schizophrenia and bipolar
disorder with two-thirds of the proteins with altered abundances
in schizophrenia showing the same trend in bipolar disorder as
well (Föcking et al., 2011). These proteins were mostly involved
in cytoskeletal and metabolic cellular mechanisms.

Two proteomic studies included major depressive disorder
(MDD) in addition to schizophrenia and bipolar disorder. In
one of the first proteomics studies of the brain, abundance of
3 proteins (DPYSL2, ALDOC, and GFAP) were altered in the
frontal cortex in all three disorders (Johnston-Wilson et al.,
2000). Altered levels of these proteins, associated with synaptic
function, glycolysis, and cytoskeletal structure, respectively, were
subsequently confirmed by most other proteomic studies of the
brain in schizophrenia. A study of the protein changes in ACC in
schizophrenia, MDD and bipolar disorder found that cytoskeletal
and mitochondrial proteins are the most prominently altered
in all of these disorders, but only 2 identified proteins (SRI,
ALDOC) were found with changed levels in both schizophrenia
and MDD (Beasley et al., 2006). The rest of the MDD -
focused studies identified candidate biomarkers that to some
extent overlap with those for schizophrenia (Martins-de-Souza,
2014). The biological functions implicated in MDD, such as
energy metabolism, cellular transport, and cell communication
and signaling are also the main pathways implicated in
schizophrenia. However, several important differences that help
in differentiation of these diseases on a protein level were
observed: The disorders were associated with different pathways
of energy metabolism (glycolysis is the main affected pathway in
schizophrenia, while oxidative phosphorylation is more affected
in MDD) and opposite changes of the same proteins were
identified in both diseases (Martins-de-Souza et al., 2012a).

From the 93 proteins that have shown quantitative changes
or modifications in 43 2-D based proteomic studies in 13
different brain regions in Alzheimer’s disease between 1999 and
2010 (Korolainen et al., 2010), 34 proteins have been reported
in schizophrenia brain proteomics studies as well. These 34
proteins point to the same disturbances in two major pathways:
One is energy metabolism, especially glycolysis (ALDOA/C,
ENO1/2, GAPDH, LDHB, PGAM1, PKM2, TPI1), Krebs cycle
(ACO2,MDH1), mitochondrial function (ATP5A1, ATP5B), and
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oxidative stress (Piredoxins [PRDX2, 3, 6], SOD, CKB). The other
pathway is cytoskeletal, through tubulins (TUBA1B, TUBA1C,
TUBB), intermediate filaments (GFAP, NEFL,) cytoskeleton
associated proteins (DPYSL2, YWHAE, YWHAG, STMN1,) and
heat shock proteins (HSPA9, HSPA5, HSPD1, HSPA1A, HSPA2,
HSPA8). Although the comparative proteomics studies of post-
mortem human brains from Parkinson’s disease are quite limited,
the reported proteins showed some overlap with schizophrenia
in neurofilaments (NEFL, NEFM), peroxiredoxins, and proteins
involved in ATP synthesis (Srivastava et al., 2010).

The majority of the blood-based candidate proteins for
schizophrenia are also involved in Parkinson’s disease, Alzheimer’s
disease, and MDD. Several acute phase proteins (A2M, C3,
SERPINA1, and ALB), proposed as candidate biomarkers for
schizophrenia, were also found to be associated with Parkinson’s
disease, Alzheimer’s disease, and MDD (Chiam et al., 2015). In
addition, APOE and APCS were associated with both Parkinson’s
disease and Alzheimer’s disease.

From the proposed candidate cerebrospinal fluid biomarkers
for schizophrenia (Table 2), APOA1, APOA4, APOE, and
PTGDS have been also proposed as candidate biomarkers for
Alzheimer’s disease and TTR (synthesized in the brain uniquely
by choroid plexus, Herbert et al., 1986) as a candidate biomarker
for Parkinson’s and Alzheimer’s diseases (Korolainen et al., 2010;
Kroksveen et al., 2011).

CELL-SPECIFIC PROTEINS

Since different cells produce different proteins, one could look
to proteomics for evidence of specific cell types affected in
schizophrenia. We therefore compared the proteins in Table 1

with lists of genes identified in a large study of transcriptional
signatures of cell type in mouse CNS (Cahoy et al., 2008) and a
comparison of microglia with circulating monocytes (Yamasaki
et al., 2014). From the former report, we extracted 240 genes,
of which 106 were preferentially expressed in astrocytes, 83
in oligodendrocytes, 43 in neurons, 5 in endothelial cells, and
3 in microglia. From the latter, we extracted 76 genes, of
which 48 were preferentially expressed in microglia and 28
in monocytes. Of the 221 proteins reported as differentially
expressed in schizophrenia (Table 1), mRNA sequences for 22
were also reported as characteristic of individual cell types
(Table 3). These include the 2 proteins most frequently reported
altered in schizophrenia, ALDOC (11 reports) and GFAP (9
reports), both expressed predominantly in astrocytes.

For a more inclusive analysis, we made use of a published
dataset (http://jiaqianwulab.org/resource.htm) frommouse RNA
sequencing (RNAseq) expriments (Zhang et al., 2014; Dong et al.,
2015). This dataset includes expression levels of 22,462 genes
from neurons (NEU), astrocytes (ASTRO), endothelial cells
(ENDO), microglia (MGL), myelinating oligodendrocytes (MO),
newly formed oligodendrocytes (NFO), and oligodendrocyte
precursor cells (OPC). Expression levels in different cell types
were highly correlated (Figure 1A), so gene expression in two
cell types can be compared, and genes enriched in either cell
type, relative to the other, can be determined by linear regression
(e.g., Figure 1B). Similarly, one cell type can be compared with

TABLE 4 | Oligodendroglial proteins most commonly cited.

Region MBP CNP MOG GSN References

BA9 gray and

white matter

↓ ↓ Prabakaran et al., 2004

BA46 ↓ ↓ Martins-de-Souza et al., 2009c

Corpus callosum ↓ ↓ ↓ ↓ Saia-Cereda et al., 2015

BA38, left ↓ ↓ ↓ Martins-de-Souza et al., 2009d

BA46, left ↓ Martins-de-Souza et al., 2009a

Hippocampus ↑ Nesvaderani et al., 2009

Mediodorsal

thalamus

↑ Martins-de-Souza et al., 2010a

Proteomics studies of brain reporting altered levels of myelin-associated proteins MBP,

CNP, MOG, or GSN. Arrows as in Table 1.

TABLE 5 | Astrocytic proteins most commonly cited.

Schizophrenia relative to nonpsychiatric GFAP

Higher Lower Neither Total

ALDOC Higher 1 1 2 4

Lower 1 2 4 7

Neither 2 2 4

Total 4 5 6 15

Numbers of studies from Table 1 reporting differences between schizophrenia and

non-psychiatric cases in GFAP, ALDOC, or both. Since most reports do not include

tabulations of all identified proteins, the category of “Neither” higher nor lower does not

distinguish failure to identify the protein and a failure to find a significant difference between

schizophrenia and non-psychiatric cases.

several others simultaneously by performing multiple linear
regression and identifying the genes with standardized residuals
greater than 2 (Figure 1C). By regression of each of 6 brain
cell types against the others we found 714 such genes, of which
78 code for proteins that proteomic studies have identified as
affected in schizophrenia. These include 7 of 14 genes expressed
preferentially in MO, 13/174 in ASTRO, 9/108 in OPC, 54/362
in NEU, 2/129 in ENDO, and 6/46 in MGL (Figure 2). These
regressions are restricted to comparisons amongst different types
of brain cells; they do not imply any comparison with expression
of transcripts in other organs.

The comparisons among cell types are based on RNA, which
does not necessarily correlate with levels of the encoded protein.
Furthermore, they are based on cells from mice, not humans.
However, the specificities (at least within the brain) of the
most commonly cited astrocytic proteins, ALDOC and GFAP
are well-established by immunohistochemistry on the human
brain [except for the presence of ALDOC in cerebellar Purkinje
cells (Thompson et al., 1982; Kumanishi et al., 1985), which
were not included in any of the proteomic studies]. Similarly,
the specificities of the most commonly cited oligodendroglial
proteins, MBP, CNP, MOG, and GSN (Tanaka and Sobue,
1994), all associated with myelin, are also well-established by
immunohistochemistry.
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Pearson's r nfo opc neu endo astro mgl

mo 0.958 0.060 0.034 0.031 0.016 0.018

nfo 0.112 0.111 0.058 0.056 0.032

opc 0.578 0.524 0.392 0.342

neu 0.417 0.366 0.167

endo 0.176 0.159

astro 0.451
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FIGURE 1 | Analysis of mouse RNAseq data from http://jiaqianwulab.org/resource.htm (Zhang et al., 2014; Dong et al., 2015). (A) Correlation coefficients

between cell types for all genes. (B) Linear regression of gene expression in ASTRO and NEU. Genes for proteins included in Table 1 are represented by red circles

and labeled where space permits. Other genes are represented by blue circles. Center line represents best fit and outer lines 95% confidence limits after log

transformation of data. (C) Multiple regression of ASTRO against other cell types. Linear regression of untransformed expression data for ASTRO against data for MO,

OPC, NEU, and ENDO, was performed, and standardized residuals were computed. NFO were omitted from all multiple correlations because of their very high

correlation with MO. Standardized residuals are potted on X-axis. The Y axis represents the ratio between expression level in ASTRO and the average expression

levels in the other five cell types. Genes with standardized residual values above two (i.e., to the right of the vertical line) were considered enriched in astrocytes.

Colors are as in (B); both red and blue circles are labeled where space permits.

CONCLUSION AND FUTURE
PERSPECTIVES IN SCHIZOPHRENIA
PROTEOMICS RESEARCH

We have attempted to review all studies of schizophrenia by
proteomics, including studies of autopsy brain tissues and bodily
fluids. The data lead us to conclude that there are important
issues regarding the proteomics platforms and samples that
make comparisons across studies quite difficult, especially when
different platforms are used. More comparisons with other
psychiatric illnesses are needed to address specificity. Proteomic
studies have been confined to a small number of brain regions,
with little attention to white matter.

Overall, however, the data from brain tissue point to
prominent changes in metabolic pathways and cytoskeleton.
The majority of studies of bodily fluids point toward immune
response, lipidmetabolism and to a lesser extent, dysregulation of
glucosemetabolic pathways. The discrepancy between findings in
tissue and body fluids has been observed generally in biomarker
studies, particularly in studies of cancer (Hanash et al., 2008).
This lack of tissue biomarker detection in the circulation may
be caused by low levels of release of disease-associated proteins

from tissues to body fluids, where they are susceptible to masking
by highly abundant blood proteins. Alternatively, circulating
proteins associated with a particular disease may be too dilute for
detection by the methods used for proteomics.

The comparison of the candidate biomarkers for schizophrenia
with candidate biomarkers for other neurological diseases,
such as bipolar disorder, MDD, Alzheimer’s disease, and
Parkinson’s disease reveal overlap. This could be due to common
disturbances in energy pathways and cytoskeletal function, or to
bias associated with the proteomics method used. Most of the
proteomics studies of brain tissues reviewed here and most of the
proteomics studies of common neurological disorders, reviewed
extensively elsewhere (Korolainen et al., 2010; Srivastava et al.,
2010), have been based on2-D gel-based platforms. This
approach is known to resolve only a limited collection of highly
abundant and soluble proteins (Petrak et al., 2008; Wang et al.,
2009). These proteins are mainly involved in central metabolism,
protein production (e.g., ribosomal proteins, some RNA binding
proteins, translation factors), protein conformational control
and degradation (chaperones, disulfide isomerases, proline
isomerases, proteasome subunits), cytoskeleton (including some
cytoskeleton modifying proteins), adaptor proteins (14-3-3,
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FIGURE 2 | Multiple regression was performed and plotted as in Figure 1C, except that only data points with standardized residuals >2 are shown. The

color of the symbols represents the number of proteomic studies in which the level of each protein was found differentially expressed in brain tissue from individuals

with schizophrenia (Table 1). Only genes for proteins cited at least once are labeled. Because of their biological relationship, MO expression was not included as an

independent variable in the regression of OPC, and OPC was not included in the regression of MO.

annexins), and oxidative stress response (catalase, superoxide
dismutases, peroxiredoxins, glutathione transferases). This limited
scope of 2-D gels might explain why so many so called
“specific” markers of various neurological diseases belong to the
same classes. However, the research using shotgun label-free
approaches, in comparative brain studies with MDD, provides
a more detailed and specific overview of the energy metabolism
pathways involved in the disease, with clues that these pathways
are different from those implicated in schizophrenia (Martins-de-
Souza et al., 2012a). Quantitative shotgun proteomics with data-
independent acquisition (MSE) coupled with wave ion mobility
has been applied to a wide variety of samples including cells,
tissues, clinical samples, and affinity pull downs, with power and
effectiveness firmly established and extensively validated bymany
independent groups (Brown, 2014). Therefore, future extensive
studies using proteomics platforms with wider dynamic range,
such as label-free data-independent (MSE) shotgun approach or
MALDI MSI combined with high resolution top-down tandem
MS identification could provide a more specific picture of the
affected pathways in schizophrenia.

Assessment of the cell specificity of candidate biomarkers
for schizophrenia did not point to exclusive dysfunction of
one specific brain cell type. However, transcripts for 35%
(78/221) of the proteins reported as affected in schizophrenia
are enriched in one or more cell types in mouse brain. Since
the vast majority (>95%) of mouse genes are not selectively
expressed in any one type of brain cell compared with the others,
there is clearly a preferential involvement of genes selectively
expressed by specific types of brain cells. Among these 78
proteins, twice as many are highly expressed in neurons as in
glia, but the glial proteins are found more consistently. Overall,
∼50% of citations are to proteins not specifically expressed by
individual types of brain cells, 30% to proteins preferentially
expressed by neurons, and 20% to proteins predominantly
expressed by glia. The most frequently referenced proteins are
ALDOC (astrocytic), followed by GFAP (astrocytic) and DPYSL2
(nonspecific), followed by NEFL (nonspecific) and then CKB
(oligodendroglial precursor and astrocytic). It is important to
remember that the expression profiles on which this analysis
relies are based solely on mRNA in mouse brain cells, since
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quantitative data on proteins in individual cell types from human
brain are not available.

Studies of white matter, which is nearly devoid of neuronal
cell bodies but abundantly, populated with oligodendroglia,
oligodendroglial precursor (NG2) cells, astrocytes, and microglia
showed some abnormalities of oligiodendroglial protein levels,
with considerable variation across studies, and little or no
replication ofmore consistent deficits in oligodendroglial mRNA.
Abnormal content of astrocytic proteins in white matter was
somewhat more consistent, with two studies reporting altered
levels of ALDOC, and one reporting abnormal levels of GFAP.
However, the picture changes somewhat when one looks beyond
the handful of studies restricted to white matter. Gray matter
includes myelin and all types of glia, and cortical samples cut
macroscopically from frozen brain slices will almost inevitably
include some white matter, intentionally or otherwise, since
the cortex curves in 3 dimensions. The 7 studies reporting
alterations in MBP, MOG, CNP, or GSN are listed in Table 4.
In schizophrenia, levels of all 4 were depressed in 1 study
of corpus callosum, while the 4 studies of neocortex found
depressions of 1, 2, 2, and 3 of the proteins, respectively, with
none elevated. Two studies, one of hippocampus and one of
thalamus, reported elevation of GSN and MOG, respectively.
Overall, these results corroborate the numerous reports from
RNA and targeted protein studies of myelin-related deficits in
schizophrenia. By contrast, while abnormalities of the astrocytic
proteins ALDOC and GFAP are the most frequently reported,
both are up in some studies and down in others, concordantly
in some studies and discordantly in others (Table 5). There
are many possible explanations, which must include the
very varied functions of astrocytes in healthy and diseased
brains.

At this time, exhaustive proteomic studies are new, and their
interpretation is far from straightforward. This difficulty would
be alleviated if researchers published entire datasets, rather than
just positive findings. This is especially important for proteomics

because, in contrast to mRNA expression studies, the total set
of identified proteins varies dramatically between studies, so
that proteins that are affected by disease in one study may
not be detected at all in another. The potentially confounding
influence of pre- and postmortem factors such as tissue pH,
postmortem interval, medication exposure, and in particular,
agonal state must always be reported and considered. Detailed
and complete clinical and demographic data should also be
included. Discovery proteomic studies, using well-matched sub-
pools of disease and control subjects, should be followed by
validation of important findings with other methods in larger
samples, not just in those employed for discovery. Overall,
the proteomics studies of schizophrenia so far have paved
the way for future research that should contribute to greater
understanding of the molecular mechanisms of the disease and
identify biomarkers for clear and effective diagnosis, nosology,
prognosis, and therapy. This is possible by using well-defined
samples, larger cohorts, combinations of proteomics techniques
to overcome limitations associated with individual techniques,
and extensive validation.
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Schizophrenia is a debilitating mental disorder, affecting more than 30 million people
worldwide. As a multifactorial disease, the underlying causes of schizophrenia require
analysis by multiplex methods such as proteomics to allow identification of whole protein
networks. Previous post-mortem proteomic studies on brain tissues from schizophrenia
patients have demonstrated changes in activation of glycolytic and energy metabolism
pathways. However, it is not known whether these changes occur in neurons or in glial
cells. To address this question, we treated neuronal, astrocyte, and oligodendrocyte
cell lines with the NMDA receptor antagonist MK-801 and measured the levels of
six glycolytic enzymes by Western blot analysis. MK-801 acts on the glutamatergic
system and has been proposed as a pharmacological means of modeling schizophrenia.
Treatment with MK-801 resulted in significant changes in the levels of glycolytic enzymes
in all cell types. Most of the differences were found in oligodendrocytes, which had
altered levels of hexokinase 1 (HK1), enolase 2 (ENO2), phosphoglycerate kinase (PGK),
and phosphoglycerate mutase 1 after acute MK-801 treatment (8 h), and HK1, ENO2,
PGK, and triosephosphate isomerase (TPI) following long term treatment (72 h). Addition
of the antipsychotic clozapine to the cultures resulted in counter-regulatory effects to the
MK-801 treatment by normalizing the levels of ENO2 and PGK in both the acute and
long term cultures. In astrocytes, MK-801 affected only aldolase C (ALDOC) under both
acute conditions and HK1 and ALDOC following long term treatment, and TPI was the
only enzyme affected under long term conditions in the neuronal cells. In conclusion,
MK-801 affects glycolysis in oligodendrocytes to a larger extent than neuronal cells
and this may be modulated by antipsychotic treatment. Although cell culture studies
do not necessarily reflect the in vivo pathophysiology and drug effects within the
brain, these results suggest that neurons, astrocytes, and oligodendrocytes are affected
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differently in schizophrenia. Employing in vitro models using neurotransmitter agonists
and antagonists may provide new insights about the pathophysiology of schizophrenia
which could lead to a novel system for drug discovery.

Keywords: schizophrenia, MK-801, clozapine, neurons, astrocytes, oligodendrocytes, Western blot, glycolysis

Introduction

Schizophrenia is a severe, debilitating mental disorder that
directly affects more than 30 million people worldwide (van Os
and Kapur, 2009). It is manifested in various forms with symp-
toms ranging from delusions, hallucinations, and disorganized
thoughts to anhedonia, lack of motivation, social withdrawal, and
cognitive impairments. The current diagnosis is interview-based
and involves communication of subjective symptoms, emotions,
and histories between the patient and physician, and categoriza-
tion of patients is performed using the Diagnostic and Statistical
Manual of Mental Disorders 5 (DSM-5) or the International
Statistical Classification of Diseases and Related Health Problems
10th revision (WHO, 2010; American Psychiatric Association,
2013). However, these manuals only provide descriptions and
qualify the symptoms of psychiatric disorders without providing
any neurobiological correlates of the disease (Möller et al., 2015).
Therefore, knowledge of the molecular pathways affected in these
conditions is still lacking. Furthermore, frequent misdiagnosis
occurs since multiple psychiatric disorders can exhibit similar
symptoms. For example, symptoms of delusions and depres-
sion can occur in schizophrenia, major depressive disorder, and
bipolar disorder (WHO, 2010; American Psychiatric Association,
2013). Since it is now recognized as a multifactorial disease with
an insidious onset, increasing our understanding of the underly-
ing causes of schizophrenia requires analysis by multiplex meth-
ods such as proteomics to allow identification of whole protein
networks (Turck et al., 2008). Over the past decade, a number of
proteomic studies of post mortem brain tissues from schizophre-
nia patients have been carried out using techniques such as
two-dimensional gel electrophoresis and shotgunmass spectrom-
etry. These have resulted in identification of changes in proteins
mostly involved in energy metabolism (English et al., 2009, 2011;
Martins-de-Souza et al., 2011a), and this is likely to be linked
to other observed effects on proteins associated with oxidative
stress (English et al., 2009, 2011; Martins-de-Souza et al., 2011a),
neuronal structure and transport (Carlino et al., 2011; Chan et al.,
2011; English et al., 2011), and cell trafficking and signal transduc-
tion (Pennington et al., 2008; English et al., 2011; Föcking et al.,
2011;Martins-de-Souza et al., 2011a). Taken together, the changes
in these proteins suggest that there is net effect on loss of myeli-
nation and synaptic function, leading to dysfunction of specific
brain areas, and perturbed networking across distal brain regions
(Stephan et al., 2009; Martins-de-Souza, 2010).

Despite these advances in understanding different pathways
affected in schizophrenia, it is still not known whether such
changes are more prominent in neurons or in specific glial cells.
In particular, oligodendrocyte pathology has been reported in
several brain regions, whereas no astrocytosis has been detected,
leading to the concept that schizophrenia is not a classical
neurodegenerative disease (Schmitt et al., 2009). One of the most

affected neurotransmitters is the glutamatergic system. A hypo-
function of the glutamatergic N-methyl-D-aspartate (NMDA)
receptor has been proposed to play an important role in
the pathophysiology of schizophrenia and recently this recep-
tor became a target of new treatment strategies (Hashimoto
et al., 2013; Zink et al., 2014). Dizocilpine (MK-801) is a non-
competitive antagonist at the NMDA receptor and has been used
as pharmacological model of schizophrenia (Zink et al., 2014).
Here, we have addressed this question of cell-specific alterations
by acute and long term treatment of neuronal, oligodendro-
cyte, and astrocyte cell lines with MK-801 and measuring the
effects on energy metabolism (Meltzer et al., 2011). This was
achieved by Western blot analysis of six enzymes involved in
the glycolysis pathway, which we found consistently different in
schizophrenia brain tissue (Martins-de-Souza et al., 2011a). It was
also of interest to evaluate the potential use of these cell lines
and associated biomarker signatures as a novel system for drug
discovery in schizophrenia research by investigating the effects of
add-on treatment with the antipsychotic drug clozapine on the
levels of glycolytic enzymes, since clozapine is known to coun-
teract symptoms produced by MK-801 (Feinstein and Kritzer,
2013).

Materials and Methods

Materials
Biochemical reagents were from Sigma–Aldrich (St Louis, MO,
USA), unless specified otherwise. The immortalized mouse
hippocampal neuronal cell line, HT22 (Li et al., 1997), was
a generous gift from Dr. David Schubert (The Salk Institute;
La Jolla, CA, USA). The cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% fetal bovine
serum (FBS) and differentiated in modified serum-free DMEM,
containing 1X N2 supplement, 50 ng/mL nerve growth factor-
β, 100 μM phorbol 12,13-dibutyrate, and 100 μM dibutyryl
cAMP for 24–48 h before treatment. All treatments were
performed in differentiation medium containing 5 ng/mL nerve
growth factor-β. Astrocytes (cell line 1321N1; Haedicke et al.,
2009) were cultured in DMEM, containing Nutrient Mixture
F-12, penicillin (100 units/mL), streptomycin (100 μg/ml)
and L-glutamine (2 mM), and 5% FBS. The MO3.13 cell
line (Cellutions Incorporated; Burlington, ON, Canada) is an
immortalized human cell line with phenotypic characteris-
tics of oligodendrocyte precursor cells (McLaurin et al., 1995;
Buntinx et al., 2003). MO3.13 cells were cultured in DMEM
containing 10% FBS, penicillin (100 U/mL) and streptomycin
(100 μg/mL). To induce an oligodendrocyte phenotype, the
cells were treated with 100 nM Phorbol 12-myristate 13-acetate
(PMA) for 4 days. All cell lines were cultured at 37◦C in
5% CO2.
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Cell Culture Treatments with MK-801 and
Clozapine
The HT22, 1321N1, and MO3.13 cells were treated with MK-
801 and/or clozapine under acute (8 h) and long term (72 h)
conditions. For the acute treatment, all cells were treated for 8 h
with either vehicle (water), 50 μM MK-801, or 50 μM clozap-
ine. For the combined acute treatment, cells were treated first
for 4 h with 50 μM MK-801 and then 50 μM clozapine was
added and the incubation continued for another 4 h. The cells
were collected and stored at −80◦C. In the long-term treat-
ment, cells were treated with either vehicle, 10 μM MK-801, or
10 μM clozapine at 0, 24, and 48 h. For the combined chronic
treatment, the cells were incubated as above with 10 μM MK-
801 and then 10 μM clozapine was added at 8, 32, and 52 h.
Concentrations were chosen based on those of previous studies
(Kondziella et al., 2006; Paulson et al., 2007; Martins-de-Souza
et al., 2011b). The cells were collected after a total of 72 h
and stored at −80◦C. All incubations in all experiments were
performed three times.

Western Blot Analysis
Western blot analysis was carried out essentially as described
previously (Krishnamurthy et al., 2013). Frozen cell pellets were
homogenized in 100 μL of 7 M urea, 2 M thiourea, 4% CHAPS,
2% ASB-14, and 70 mM dithiothreitol (DTT) using a kit for
sample grinding (GE Healthcare; Munich, Germany). Protein
lysates were centrifuged at 14,000 × g for 10 min. The resulting
supernatants were collected and protein concentrations deter-
mined using the Bradford assay (BioRad; Munich, Germany).
The protein extracts (20 μg) from each cell sample were elec-
trophoresed on 12% sodium dodecyl sulphate (SDS) minigels
(BioRad; Hercules, CA, USA). The proteins were then trans-
ferred electrophoretically to Immobilon-FL polyvinyldiphenyl
fluoride (PVDF) membranes (Millipore; Bedford, MA, USA) at
100 V for 1 h using a cooling system. PVDFmembranes contain-
ing the transferred proteins were treated with 5% Carnation
instant non-fat dry milk powder in Tris buffered saline (pH
7.4) containing 0.1% Tween −20 (TBS-T) for 4 h, rinsed
in TBS-T three times for a total of 20 min and incubated
with hexokinase 1 (HK1), aldolase C (ALDOC), and enolase
2 (ENO2) antibodies at a 1:2000 dilution and with phospho-
glycerate kinase (PGK), phosphoglycerate mutase 1 (PGAM1),
and triosephosphate isomerase (TPI) antibodies at a dilution
of 1:000 in TBS-T overnight at 4◦C (all antibodies were from
Abcam; Cambridge, UK). Following the overnight incubation,
the membranes were washed twice with TBS-T for 15 min
per wash. Next, the membranes were incubated with anti-c-
MYC-peroxidase antibody (GE Healthcare; Uppsala, Sweden) for
40 min at room temperature, washed with water and TBS-T,
and incubated with Enhanced Chemiluminescence (ECL) solu-
tion (GE Healthcare) for 1 min. The membranes were scanned
using a Gel DocTM XR+ System (Silk Scientific Incorporated;
Orem, UT, USA) and the optical densities of the immunoreactive
bands were measured using Quantity One software (Bio-Rad).
Protein loading was determined by staining PVDF membranes
with Coomassie Blue R-250 to ensure equal loading in each gel
lane.

Statistical Analysis
In preliminary analyses, Kolmogorov–Smirnov tests were used
for all dependent variables to analyze whether there were signif-
icant deviations from the normality assumption, which was not
the case. Significant differences across groups were determined
by analysis of variance (ANOVA) using GraphPad Prism (La
Jolla, CA, USA). Differences between groups were determined by
post hoc analyses using unpaired two-tailed t-tests with Welch’s
correction. Bonferroni adjustment of the type I error probabil-
ity was not applied since an adjustment of the error probability
would decrease the test power. Due to the explorative study
design the findings presented here are not conclusive for a causal
relationship.

Results

Effects of Treatment of Cultured Cells with
MK-801 and Clozapine
HT22 Neuronal Cells
Acute treatment of HT22 cells led to significantly increased
levels of HK1 and PGAM1, as determined by ANOVA (Table 1;
see Supplementary Figure S1 for Western blot images of the
immunoreactive protein bands for each enzyme under acute and
long term conditions in the three cell types). None of the other
enzymes showed significant changes. Long term treatment led
to a significant increase in the levels of only one enzyme, TPI
(Table 2). Post hoc analysis using unpaired two-tailed t-tests
with Welch’s correction showed that acute clozapine treatment
of the HT22 cells resulted in a marked 2.35-fold increase in
HK1 (P = 0.001) and a smaller 1.17-fold increase in PGAM1
levels (P = 0.050). In addition, acute MK-801 treatment led to
a significant 1.24-fold increase in PGAM1 levels (P = 0.026).
Finally, separate long term treatments with clozapine and MK-
801 resulted in respective small but significant increases of 1.04-
fold (P = 0.032) and 1.11-fold (P = 0.003) in the levels of TPI
(Figure 1).

1321N1 Astrocyte Cells
Analysis of variance showed that the acute treatment had signif-
icant effects on the levels of different enzymes in 1321N1 cells
compared with those altered in HT22 cells. In the 1321N1 astro-
cyte line, ALDOC and PGK were significantly altered (Table 1).
None of the other enzymes showed significant changes. Post
hoc testing (unpaired two-tailed t-test with Welch’s correction)
showed that ALDOC was increased 1.62-fold by acute MK-801
treatment (P = 0.001; Figure 2). In addition, ENO2 and TPI were
increased 1.09-fold (P = 0.018) and 1.57-fold (P = 0.048), respec-
tively, following the combined MK-801/clozapine treatment in
comparison to the treatment with MK-801 alone, and PGK levels
were increased 1.08-fold by the clozapine treatment (P = 0.001).

Long term treatment of 1321N1 cells resulted in significantly
altered levels of five (HK1, ALDOC, PGK, PGAM1, and TPI)
out of the six glycolytic enzymes (Table 2), as determined by
ANOVA. The only enzyme which did not show a change was
EN02, which had a non-significant P-value of 0.3191. Post hoc
analysis showed that HK1 was significantly decreased 1.30-fold
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TABLE 1 | Acute treatment of neuronal, astrocyte, and oligodendrocyte cells.

Enzyme CLOZ CTRL MK-801 MK-801/ CLOZ P-value

HT22 cells (neurons)

HK1 78.09 ± 0.07 33.29 ± 1.95 42.66 ± 5.57 77.45 ± 15.37 0.0237

ALDOC 45.82 ± 1.26 45.87 ± 3.08 46.85 ± 3.42 47.27 ± 0.11 0.4965

ENO2 45.87 ± 0.86 46.48 ± 1.14 47.06 ± 0.96 47.68 ± 0.83 0.1540

PGK 44.82 ± 13.41 51.00 ± 10.60 59.15 ± 2.13 61.08 ± 3.20 0.2875

PGAM1 50.10 ± 0.52 42.81 ± 2.88 53.16 ± 0.73 50.75 ± 4.69 0.0444

TPI 43.53 ± 4.05 40.13 ± 8.03 43.15 ± 0.75 46.81 ± 2.31 0.3611

1321N1 cells (astrocytes)

HK1 49.63 ± 2.42 51.25 ± 2.30 49.38 ± 1.67 52.44 ± 1.71 0.3061

ALDOC 52.62 ± 6.90 41.50 ± 2.74 67.30 ± 1.96 62.77 ± 2.41 0.0156

ENO2 210.1 ± 1.79 208.3 ± 15.58 200.7 ± 4.16 218.9 ± 0.93 0.1234

PGK 53.74 ± 0.29 49.67 ± 0.40 46.83 ± 1.36 46.50 ± 0.02 0.0237

PGAM1 75.92 ± 3.64 76.03 ± 0.89 72.86 ± 3.15 76.04 ± 0.42 0.4415

TPI 214.3 ± 18.13 214.2 ± 45.22 178.0 ± 15.60 278.9 ± 36.73 0.0586

MO3.13 cells (oligodendrocytes)

HK1 55.94 ± 0.09 43.63 ± 1.31 59.90 ± 2.85 51.51 ± 0.25 0.0156

ALDOC 51.84 ± 3.87 49.40 ± 2.87 54.32 ± 3.35 60.29 ± 2.60 0.0572

ENO2 337.4 ± 72.78 373.4 ± 13.08 594.4 ± 64.33 235.3 ± 37.45 0.0307

PGK 157.4 ± 6.37 155.5 ± 13.11 265.6 ± 7.82 164.4 ± 10.66 0.0770

PGAM1 58.94 ± 0.45 62.17 ± 2.40 55.01 ± 0.02 51.79 ± 1.33 0.0156

TPI 76.15 ± 4.95 78.65 ± 6.15 84.60 ± 0.40 80.60 ± 1.40 0.1441

All cells were treated for 4 h with 50 μM MK-801. After this, 50 mM clozapine (CLOZ) was added and the incubation continued for another 4 h. Cells treated with CLOZ
alone were incubated for 8 h. The cells were analyzed by Western blot and densitometric scanning of the immunoreactive bands for the glycolytic enzymes hexokinase
1 (HK1), aldolase C (ALDOC), enolase 2 (ENO2) phosphoglycerate kinase (PGK), phosphoglyceratemutase 1 (PGAM1), and triosphosphateisomerase (TPI). Significantly
different treatment groups were detected by ANOVA and post hoc analysis was carried out using unpaired two-tailed t-tests with Welch’s correction to identify differences
between specific groups. P-values in bold were significant.

TABLE 2 | Chronic treatment of neuronal, astrocyte, and oligodendrocyte cells.

Enzyme CLOZ CTRL MK-801 MK-801/ CLOZ P-value

HT22 cells (neurons)

HK1 43.53 ± 4.05 43.71 ± 4.44 43.48 ± 0.95 47.12 ± 3.62 0.5666

ALDOC 53.28 ± 7.39 55.97 ± 4.85 56.70 ± 10.55 51.71 ± 8.59 0.7888

ENO2 36.69 ± 5.44 42.62 ± 3.98 30.74 ± 13.40 27.84 ± 15.11 0.4243

PGK 59.20 ± 1.78 57.08 ± 0.25 58.91 ± 1.32 59.58 ± 3.26 0.2815

PGAM1 51.03 ± 2.43 54.04 ± 3.08 49.26 ± 2.79 45.36 ± 4.18 0.1129

TPI 45.49 ± 0.73 43.66 ± 0.41 48.42 ± 0.16 48.95 ± 4.03 0.0434

1321N1 cells (astrocytes)

HK1 52.91 ± 0.10 52.17 ± 1.08 39.98 ± 0.79 45.33 ± 3.67 0.0237

ALDOC 60.98 ± 3.71 59.00 ± 0.71 70.73 ± 3.57 72.09 ± 1.92 0.0378

ENO2 180.2 ± 15.30 184.7 ± 16.48 161.5 ± 31.66 151.1 ± 32.02 0.3191

PGK 43.71 ± 0.75 48.56 ± 0.79 48.65 ± 3.50 37.70 ± 2.27 0.0249

PGAM1 71.52 ± 0.84 73.14 ± 0.03 72.80 ± 3.50 61.77 ± 3.95 0.0444

TPI 186.2 ± 31.83 221.8 ± 45.36 165.6 ± 8.69 322.7 ± 44.19 0.0378

MO3.13 oligodendrocytes

HK1 54.67 ± 1.39 50.03 ± 0.08 48.24 ± 0.64 61.73 ± 1.26 0.0156

ALDOC 50.92 ± 1.42 52.78 ± 7.10 54.33 ± 0.88 62.63 ± 0.66 0.0444

ENO2 409.5 ± 78.89 221.9 ± 10.61 617.6 ± 53.2 229.7 ± 13.22 0.0237

PGK 259.0 ± 14.26 158.5 ± 12.36 513.0 ± 13.32 132.0 ± 31.06 0.0216

PGAM1 45.32 ± 2.80 45.85 ± 2.07 44.45 ± 4.31 43.00 ± 2.59 0.7152

TPI 78.85 ± 1.25 71.10 ± 0.30 87.95 ± 2.35 92.90 ± 10.20 0.0237

Cells were treated with 10 µM MK-801 at 0, 24, and 48 h and then with 10 µM CLOZ at 8, 32, and 52 h. The cells were collected after a total of 72 h and analyzed
by Western blot and densitometric scanning of the immunoreactive bands for the HK1, ALDOC, ENO2, PGK, PGAM1, and TPI. Significantly different treatment groups
were detected by ANOVA and post hoc analysis was carried out using unpaired two-tailed t-tests with Welch’s correction to identify differences between specific groups.
P-values in bold were significant.
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FIGURE 1 | Levels of glycolytic enzymes in a neuronal cell line (HT22) determined by Western Blot analysis. The upper panel shows acute effects of
MK-801 and Clozapine, and the lower panel shows long-term effects.

(P = 0.001) and ALDOC increased 1.20-fold (P = 0.031) by
the long term MK-801 treatment (Figure 2). Also, PGK levels
were decreased 1.11-fold (P = 0.004) by clozapine and 1.29-
fold (P = 0.012) by the combined MK-801/clozapine treatments
compared with the separate MK-801 treatment. Also, PGAM1
levels were significantly decreased 1.18-fold (P = 0.036) and TPI
levels increased markedly 1.95-fold (P = 0.026) by the combined
MK-801/clozapine treatment, compared to the MK-801 mono-
treatment. Thus, MK-801 had consistent effects on increasing
ALDOC levels and the MK-801/clozapine combination led to
consistently increased TPI levels relative to the MK-801 treat-
ment alone in both the acute and long term treatment protocols.
However, the long term MK-801 treatment led to decreased
levels of HK1 and the combined chonic MK-801/clozapine treat-
ment led to decreased PGK and PGAM1, although none of these
molecules were affected by the same treatments under acute
conditions.

MO3.13 Oligodendrocyte Cells
Analysis of variance NOVA analysis showed that the M03.13 cells
were affected the greatest by the both the acute and long term
treatments, with the highest number of changes in the levels of
the glycolytic enzymes tested.

The acute treatment resulted in significantly altered levels
of HK1, ENO2, and PGAM1. Furthermore ALDOC and PGK

showed borderline changes with P-values of 0.057 and 0.077,
respectively (Table 1). Only TPI showed no significant effects
(P= 0.1441). Post hoc t-test analysis, as carried out above, showed
that HK1 levels were increased 1.28-fold (P = 0.004) by cloza-
pine and 1.38-fold by the MK-801 (P = 0.012) treatments, and
decreased 1.16-fold by the combined MK-801/clozapine treat-
ment (P = 0.037) in comparison to the MK-801 mono-treatment
(Figure 3). The levels of both ENO2 and PGK were increased
markedly by the MK-801 treatment at 1.59-fold (P = 0.028)
and 1.71-fold and (P = 0.001), respectively, and these were
decreased to approximately control levels by the combined MK-
801/clozapine treatment (P = 0.004 and P = 0.001, respectively).
Finally, PGAM1 levels showed a 1.13-fold decrease (P= 0.038) by
MK-801 treatment and TPI was decreased 1.05-fold (P = 0.041)
by the combined MK-801/clozapine treatment compared with
the MK-801 mono-treatment.

Long term treatment of M03.13 cells resulted in altered
levels of five (HK1, ALDOC, ENO2, PGK, and TPI) out of
the six enzymes, as determined by ANOVA (Table 2). Four of
these (HK1, ALDOC, PGK, and TPI) were changed in common
with the 1321N1 astrocyte cells above. PGAM1 was the only
enzyme which did not show a significant response to any of the
treatments (P = 0.7152). Post hoc testing showed that HK1 was
increased (1.09-fold, P = 0.029) by clozapine as found in the
acute treatment. However, HK1 levels were affected oppositely
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FIGURE 2 | Levels of glycolytic enzymes in an astrocyte cell line (1321N1) analyzed by Western Blot. The upper panel represents acute effects of MK-801
and Clozapine, while the lower panel shows long term effects.

in the long term compared to the acute treatment group with
a small decrease of 1.04-fold (P = 0.041) induced by the MK-
801 treatment and a 1.13-fold (P = 0.004) increase following the
combined MK-801/clozapine treatment compared with MK-801
treatment alone (Figure 3). ALDOC was also increased (1.15-
fold, P= 0.001) by the combined treatment compared to theMK-
801 mono-treatment. ENO2 and PGK showed the same pattern
as found after the acute treatment with robust increases of 2.78-
fold (P = 0.006) and 3.24-fold (P= 0.001), respectively, following
long term treatment with MK-801 and treatment with the MK-
801/clozapine combination again led to a decrease approximating
the control levels (P = 0.007 and 0.003, respectively). However,
PGK levels also showed a 1.63-fold increase following the chronic
clozapine treatment (P = 0.003). Lastly, TPI levels were increased
1.11-fold (P = 0.009) by the long-term clozapine treatment and
1.24-fold (P = 0.007) by the MK-801 mono-treatment.

Discussion

This is the first study to show that the main effects on
energy metabolism pathways are likely to occur in astrocytes
and oligodendrocytes, rather than in neurons, using MK-801
treated cellular models of schizophrenia. Treatment with MK-
801 resulted in significant changes in the levels of glycolytic
enzymes in all cell types although MO3.13 oligodendrocytes

appeared to be the most strongly affected. These cells showed
altered levels of four of the enzymes (HK1, ENO2, PGK, and
PGAM1) after acute 8 h MK-801 treatment, and the long term
72 h treatment led to similar changes in four of the enzymes
(HK1, ENO2, PGK, and TPI). In contrast, the same analysis
of the 1321N astrocyte cells showed that MK-801 treatment
affected only one enzyme (ALDOC) under acute conditions and
two enzymes (HK1 and ALDOC) following long term treat-
ment, and HT22 neuronal cells showed changes in only one
enzyme (TPI) following the long term MK-801 treatment proto-
col. This suggests that astrocytes and neuronal cells are either
more resistant to the stresses induced by MK-801 treatment or
that oligodendrocytes are more susceptible to treatment with
this reagent. It is not clear how these effects are mediated but
the findings or recent studies suggest that this could occur
through MK-801-induced disruption of glutamate transporters
which are associated with mitochondria and energy metabolism
enzymes, as found in glial cells and neurons (Domercq et al.,
2007; Jackson et al., 2014; Roberts et al., 2014). Considering both
the acute and long term treatment protocols, clozapine treat-
ment also had greater effects on the MO3.13 oligodendrocyte
cells with changes seen in five out of the six enzymes, 1321N1
cells showed a similar response with changes in four of the
enzymes and HT22 cells again showed the lowest response with
changes found in only two of the enzymes. Therefore, treatment
with the antipsychotic clozapine may have a greater effect on
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FIGURE 3 | Levels of glycolytic enzymes in oligodendrocyte cell line (MO3.13) measured by Western Blot analysis. The upper panel represents acute
effects of MK-801 and clozapine treatment, while the lower panel shows long term treatment effects.

both oligodendrocytes and astrocytes as opposed to neurons.
Since all of these cell types possess NMDA receptors which
should be susceptible to MK-801 blockade as well as other recep-
tors which are known to mediate the effects of clozapine, the
observed differential responses suggest that other systems may
be involved. Therefore, further studies aimed at elucidating these
differences may lead to identification of novel biomarkers and
targets for use in future drug discovery efforts in schizophrenia
research.

A previous study using cultured OLN-93 oligodendrocyte
cells showed that clozapine treatment improved glucose uptake,
as well as the production and release of lactate (Steiner et al.,
2014). Under acute conditions in the present study, the MK-
801 treatment had only a small effect on the HT22 neuronal
cell line in terms of the number of glycolytic enzymes affected.
However acute clozapine treatment of these cells led to increased
levels of PGAM1. In addition, under chronic conditions, both
the MK-801 and clozapine treatments resulted in increased
levels of TPI in the neuronal cell line. This suggested that
effects on TPI are not likely to be involved in the response
to antipsychotic treatment in neurons. It is possible that the
observed effect of clozapine on TPI in the neuronal cells is
associated with the widely reported metabolic side effects of
antipsychotic treatment, such as weight gain and insulin resis-
tance (Deng, 2013). Perturbations of glycolysis are known

to be linked with impaired insulin signaling (Belfiore et al.,
1979).

Previous studies have found changes in the levels of enzymes
involved in glycolysis in brain tissues from rodent models of
schizophrenia and from post mortem schizophrenia patients.
A study of the chronic MK-801 rat model using13C-glucose label-
ing, found reduced glycolysis along with lower glutamate and
γ-aminobutyric acid (GABA) levels in multiple brain regions
(Eyjolfsson et al., 2011). This demonstrated how reduced supply
of glucose or perturbed glycolysis can have effects on the neuro-
transmitter systems which have been implicated in schizophrenia
(Lang et al., 2007). In addition, a proteomic study found that
glycolysis was one of themajor pathways affected in both gray and
white matter areas of post mortem brain tissues from schizophre-
nia patients (Martins-de-Souza et al., 2012a). This is consistent
with our finding of effects on the levels of glycolytic enzyme in all
three cell types, albeit with more numerous effects in glial cells.
One study showed a decrease in HK1 attachment to mitochon-
dria in post mortem parietal cortex brain tissue of individuals
with schizophrenia which is thought to result in uncoupling of
glycolysis with oxidative phosphorylation and, therefore, reduced
adenosine triphosphate (ATP) generation (Regenold et al., 2012).
HK1 mitochondrial attachment is also thought be important for
survival of neuronal cells through prevention of apoptosis and
oxidative damage (Saraiva et al., 2010). Again, we found that HK1
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levels were affected only in the oligodendrocyte and astrocyte
cells after treatment with MK-801. We also found that TPI levels
were decreased only in the astrocyte cell line. Martins-de-Souza
et al. (2012b) found that the levels of TPI were also decreased
in frontal cortex tissue from an acute treatment phencyclidine
(PCP) rat model, using selective reaction monitoring (SRM)
mass spectrometry in the analysis. The same study also showed
that a multivariate signal composed of HK1, ALDOC, ENO2,
PGK, PGAM1, TPI, and glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) could distinguish the PCP-treated from vehicle-
treated control rats using partial least squares discriminant anal-
ysis (PLS-DA).

The finding that the oligodendrocyte cells showed a higher
number of glycolytic enzyme changes is interesting considering
the important role of these cells in myelination of neurons (Nave
and Werner, 2014). Numerous lines of evidence have implicated
myelin and oligodendrocyte function as critical factors affecting
neuronal connectivity, which has also been implicated widely in
schizophrenia (Lee et al., 2012; Bernstein et al., 2015; Mighdoll
et al., 2015). Therefore, our finding that the MO3.13 cells showed
the greatest number of glycolytic enzyme changes in response
to the MK-801 treatment is consistent with the possibility that
oligodendrocyte pathology and disturbances in white matter
tracts may contribute to the pathophysiology of schizophrenia
(Schmitt et al., 2009; Yao et al., 2013). Our results suggest that
an NMDA receptor hypofunction is associated with oligoden-
drocyte dysfunction by inducing deficits in glycolysis. However,
it remains to be determined whether the effects on glycolysis
in these cells are a causative factor or simply a consequence
of these processes. Nevertheless, the effects on the glycolytic
enzymes in these cells may provide useful biomarkers in drug
discovery efforts. In this regard, it is interesting that ENO2 and
PGK levels were increased strongly by the MK-801 treatment in
the oligodendrocyte cell line and both enzymes were normal-
ized to approximately control levels following treatment with
clozapine. Therefore, further studies are warranted to test these
two enzymes as antipsychotic treatment response markers in the
MO3.13 oligodendrocytes and related cell lines.

Limitations
Although cell culture studies do not necessarily reflect the in
vivo pathophysiology and drug effects within the brain, these
results suggest that neurons, astrocytes, and oligodendrocytes are
affected differently in schizophrenia. Both the acute and long
term treatment protocols showed that MK-801 treatment affects
glycolysis more in oligodendrocytes than in the other cell types
and in some cases these effects could be reversed by antipsy-
chotic treatment. It is not clear whether some of the effects of the
antipsychotic treatment are associated with therapeutic efficacy
or with the metabolic side-effect profile of these drugs. Further
studies are required to address this question. It will also be impor-
tant to validate the findings by looking for direct changes on
mitochondrial structure in the three cell lines. Another set of vali-
dation studies will explore if similar changes in glycolysis can be
identified in other neuronal or glial cell lines. As a means of vali-
dation of these findings, it will also be important to explore if
similar changes in glycolysis can be identified in other neuronal

or glial cell lines. It will also be important to validate the find-
ings by looking for direct changes on mitochondrial structure in
the three cell lines. Finally, the time scale over which the cellu-
lar effects occurred in this study is most likely more rapid than
that of the disease pathology. We suggest that this is likely to
be the case in vivo considering that effects at the cellular level
precede the systemic effects that eventually lead to the disease and
manifestation of symptoms.

Conclusion

The translation of academic findings to the clinic is now a major
objective of biomarker validation studies, especially in support of
drug discovery (Owens, 2006; Marson, 2007). We suggest that
assays for glycolytic enzymes such as ENO2 and PGK could
be implemented on high throughput platforms such as SRM
mass spectrometry instruments, considering that this method is
robust and user friendly for use in clinical studies. SRM mass
spectrometry has already been used in clinical investigations,
including screening the levels of dihydroartemisinin (DHA) in
plasma of malaria patients (Wiesner et al., 2011), measuring
the levels of apolipoproteins in human plasma (Agger et al.,
2010) and in cancer biomarker screening studies (Ang and Nice,
2010; Welinder et al., 2014). Finally, the results of the current
study indicate that MK-801 treated oligodendrocyte cells may
be a useful model for some aspects of metabolic dysfunction
and for biomarker screening in schizophrenia studies, consid-
ering the known effects on glycolysis-related enzymes in brain
tissues from schizophrenia patients. In addition, we propose the
use of glycolytic enzymes such as ENO2 and PGK as companion
biomarkers for use with this model.
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Separate lines of evidence have demonstrated the involvement of N-methyl-D-aspartate
(NMDA) receptor and oligodendrocyte dysfunctions in schizophrenia. Here, we have
carried out shotgun mass spectrometry proteome analysis of oligodendrocytes treated
with the NMDA receptor antagonist MK-801 to gain potential insights into these
effects at the molecular level. The MK-801 treatment led to alterations in the levels
of 68 proteins, which are associated with seven distinct biological processes. Most
of these proteins are involved in energy metabolism and many have been found to
be dysregulated in previous proteomic studies of post-mortem brain tissues from
schizophrenia patients. Finally, addition of the antipsychotic clozapine to MK-801-
treated oligodendrocyte cultures resulted in changes in the levels of 45 proteins and
treatment with clozapine alone altered 122 proteins and many of these showed opposite
changes to the MK-801 effects. Therefore, these proteins and the associated energy
metabolism pathways should be explored as potential biomarkers of antipsychotic
efficacy. In conclusion, MK-801 treatment of oligodendrocytes may provide a useful
model for testing the efficacy of novel treatment approaches.

Keywords: glial cells, oligodendrocyte, proteomics, schizophrenia, pharmacology, clozapine, MK801

INTRODUCTION

The N-methyl-D-aspartate receptor (NMDAr) is an ionotropic receptor activated by glutamate,
allowing the non-selective influx of calcium and sodium and outflow of potassium. The function
of NMDAr in neurons is well-described as it participates actively on glutamatergic transmission,
which is known to be defective in schizophrenia and related psychiatric disorders.

Schizophrenia presents with a variety of both positive and negative symptoms (Lewis, 2000).
There are also disturbances in cognitive processes, such as attention and working memory, which
can appear prior to the onset of the clinical condition. These cognitive problems represent core
features of the illness and are associated to NMDAr dysfunction (Hahn et al., 2006). NMDAr
antagonists exacerbate pre-existing symptoms in patients with schizophrenia and may drive
schizophrenia-like symptoms in healthy mice and human volunteers (Gunduz-Bruce, 2009).
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Moreover, these antagonists have been found to trigger sensory
and motor disturbances in rats, similar to those displayed by
patients with schizophrenia (Kovacic and Somanathan, 2010). At
the cellular level, treatment with NMDAr antagonists have been
shown to cause neuronal degeneration in retrosplenial, pyriform,
and entorhinal cortices, as well as the tenia tecti amygdalae
(Horváth et al., 1997).

While NMDAr function has been well-described in neurons,
its function in glial cells such as astrocytes and oligodendrocytes
still needs clarification despite intensive investigation over the
past 10 years (Salter and Fern, 2005; Cao and Yao, 2013).
This is likely to provide further insights into the pathways
affected in schizophrenia, given the role of oligodendrocytes
in the establishment and course of the disease (Cassoli
et al., 2015). Cultured oligodendrocytes present glutamate-
responsiveness to NMDAr, and may even release glutamate
in certain conditions (Deng et al., 2003). This enables
the study of the molecular mechanisms of oligodendrocytes
in vitro.

One way of modulating NMDAr function in experimental
settings is by employing pharmacological interventions. MK-801
(or [5R,10S]-[+]-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclo
hepten-5,10-imine or Dizocilpine) is a compound that belongs
to the secondary bicyclic amine class and acts as non-
competitive NMDAr antagonist, not only in neurons, but
also in oligodendrocytes (Li et al., 2013). This compound
binds to two sites on the NMDAr-ion channel complex in
a manner similar to phencyclidine (PCP; Kornhuber et al.,
1989) in vivo and in vitro (Murray et al., 2000). The NMDAr
mediates glutamatergic transmission and plays a key role in
neural plasticity of central nervous system (CNS; Harrison and
Weinberger, 2004).

Besides the neuroprotective effects observed in stroke, trauma,
Parkinson and organophosphate-induced seizure models, MK-
801 also induces schizophrenia-like symptoms (Kovacic and
Somanathan, 2010) such as alterations in prepulse inhibition
(PPI; Zangrando et al., 2013). This has led researchers to employ
MK-801 as a pharmacological model of schizophrenia (Paulson
et al., 2007) for testing effects of antipsychotics such as clozapine
(Paulson et al., 2007; Zuo et al., 2009; Vardigan et al., 2010; Brown
et al., 2014).

Previous studies have shown that the NMDAr is also
present in oligodendrocytes (Simon et al., 1984; Karadottir
et al., 2005; Salter and Fern, 2005; Micu et al., 2006) and
may be involved in regulation of myelination processes (Li
et al., 2013). NMDA receptor signaling in oligodendrocytes also
plays a crucial role in their energy metabolism and regulates
differentiation and migration of these cells (for review see
(Cao and Yao, 2013). Here, we have carried out a quantitative
proteomic analysis to analyze protein expression changes in
the human oligodendrocyte hybrid cell line (MO3.13) following
treatment with MK-801 or the antipsychotic clozapine compared
to control cells. The main objective was to shed light on
the biochemical mechanisms involving NMDAr function in
oligodendrocytes in order to determine whether these cells
could be useful in future studies to model some aspects of
schizophrenia.

EXPERIMENTAL PROCEDURES

Cell Cultures, Treatments, and Proteome
Extraction
MO3.13 cells were maintained in DMEM medium supplemented
with 2 mM L-glutamine, 1% penicillin/streptomicyn (Sigma-
Aldrich, St. Louis, MO, USA) and 10% heat-inactivated fetal
bovine serum (Life Technologies, Darmstadt, Germany), at 37◦C
in humidified atmosphere containing 5% CO2, as described
previously (Iwata et al., 2013). Cells were treated once and
collected after 8 h as follows: Group 1 – 50 mM MK-801; Group
2 – 50 mM MK-801 plus 50 mM clozapine after 4 h; Group
3 – 50 mM clozapine; Group 4 – vehicle solution (0.01 M
HCl; Figure 1). The glycine (0.4 mM) and glutamate (20 uM)
contained in DMEM and FBS respectively are sufficiently high
to activate NMDA receptors (Blanke and VanDongen, 2009;
Cummings and Popescu, 2015).

MO3.13 cells were centrifuged at 1,000 g for 3 min and the
pellets homogenized in 50 µL of 7 M urea, 2 M thiourea, 4%
CHAPS, 2% ASB-14, and 70 mM DTT using a sample grinding
kit (GE Healthcare, Uppsala, Sweden; Martins-de-Souza et al.,
2007). Protein lysates were centrifuged for 10 min at 13,800 g, the
supernatants collected and protein concentrations determined by
Bradford assay (Bio-Rad, Munich, Germany).

ICPL (Isotope-Coded Protein Labeling)
Labeling
Cell lysate proteins were labeled with ICPL reagent from SERVA
ICPLTM Quadruplex Kit (SERVA Electrophoresis, Heidelberg,
Germany), as previously described (Maccarrone et al., 2014).
Equal amounts of light and heavy labeled samples were combined
and separated by 12% SDS gel electrophoresis before brilliant
Coomassie staining. After staining, each gel lane was sliced in
10 pieces and the protein bands were digested in-gel using
a 1:80 ratio of trypsin:ammonium bicarbonate. The resulting
peptides were dried and stored at −80◦C prior to shotgun mass
spectrometry analyses.

NanoLC-ESI MS/MS, Data Processing
and Database Searching
Extracted peptides were dissolved in 0.1% formic acid aqueous
solution and analyzed using a 2D-nano-LC system (Eksigent,
Dublin, CA, USA) coupled online to an LTQ-Orbitrap XL
mass spectrometer (Thermo Scientific, Bremen, Germany), as
previously described (Maccarrone et al., 2013). The MS/MS
fragmentation spectra were acquired in data dependent mode,
and the five most intense signal ions (m/z) in each scan were
selected for fragmentation. Nanoflow LC–MS/MS was performed
in automatic mode via Xcalibur software (version 2.0.7, Thermo
Scientific, San José, CA, USA). Each gel slice generated one MS
raw data file, which was processed for generation of the.mgf
file. The target and decoy (reverse sequence) databases were
searched using the UniProt human protein database (release 2013
08, 20,266 sequences) through the Mascot server. The search
parameters were (1) peptide and fragment ion mass accuracy
10 ppm and 0.5 Da, respectively, (2) protein and peptide FDRs
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FIGURE 1 | Experimental setup. Briefly, MO3.13 cells were grown in the presence of MK-801 or clozapine or MK-801/clozapine. Proteins were extracted, labeled
with ICPL and mixed with the same peptide amount. To reduce the proteome complexity, the samples were prior fractionated by SDS-PAGE, and protein bands
were digested by trypsin at room temperature. In last step, the proteins from each gel slice were then subjected to LC-MS/MS analyses.

1%, (3) two missed cleavages, (4) trypsin as enzyme, (5) fixed
modification = cysteine carbamidomethylation and variable
modification=methionine oxidation and ICPL labeling.

Proteome Quantification
Identified proteins had to fit the following criteria in all
analyzed datasets to be considered for quantification as described
previously (Maccarrone et al., 2014): (1) identification by at
least 2 non-redundant peptides; (2) fold changes not greater
than ±15; and (3) the standard deviation of quantified
peptides not greater than 10. Determination of isotope-labeled
peptide ratios was performed with MASCOT Distiller (Matrix
Sciences). The software calculates the fold-changes of each
identified peptide, considering the signal intensities of the
same peptide across different samples. The fold changes
of all peptides of a given protein were averaged, thereby
determining the protein fold change. Based on our previous
results (Maccarrone et al., 2014), we only considered proteins
differentially expressed if they presented a fold-change greater
than ±1.5 and proteins with fold changes between 1.5 and
2 were only considered if quantified by at least 5 peptides.
In addition, all quantitated proteins were required to have
a normal distribution at the peptide level, as determined by

the Shapiro–Wilk W-test so an analysis of variance (ANOVA)
could be employed to determine differentially expressed proteins.
Only those with p-values lower than 0.05 were considered
further.

Pathway and Functional Correlation
Analysis
The Uniprot accession codes of differentially expressed proteins
were mapped to Gene Ontology (GO) categories (biological
function and molecular process), using a script linked to the
Human Protein Reference Database1. The same codes were
also uploaded into the QIAGEN Ingenuity R© Pathway Analysis
software (IPA R© , QIAGEN, Redwood City, CA, USA2), to the
associated over-represented biological pathways and functions.
IPA core analysis was performed using experimentally observed
data from human and CNS cell lines, with canonical pathways,
diseases and biological functions, and networks explored in
detail. The refinement of the network generated by IPA was
performed applying the following parameters: (1) direct/indirect
interactions, (2) experimentally observed as confidence level,

1http://www.hprd.org/
2www.qiagen.com/ingenuity
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(3) human as species, (4) tissues/cell lines, and (5) disease related
to the CNS.

Western Blot
MO3.13 protein lysates were (20 µg) were electrophoresed on
12% sodium dodecyl sulfate (SDS) minigels prepared in house.
Proteins were transferred to Immobilon-FL polyvinyldiphenyl
fluoride (PVDF) membranes (Millipore; Bedford, MA, USA) at
100 V for 1 h using a cooling system. PVDF membranes were then
treated with 5% Carnation instant non-fat dry milk powder in
Tris buffered saline (pH 7.4) containing 0.1% Tween -20 (TBS-T)
for 4 h and rinsed in TBS-T three times for a total of 20 min.
Membranes were incubated with Anti-Glutamate Receptor
NMDAR1 (NR1) antibody produced in rabbit at a dilution of
1:000 in TBS-T overnight at 4◦C (Sigma-Aldrich; Taufkirchen,
Germany). Membranes were then washed twice with TBS-T for
15 min per wash. Next, the membranes were incubated with anti-
c-MYC-peroxidase antibody (GE Healthcare; Uppsala, Sweden)
for 40 min at room temperature, washed with water and TBS-T,
and incubated with enhanced chemiluminescence (ECL) solution
(GE Healthcare) for 1 min. The membranes were scanned using a
Gel DocTM XR+ System (Silk Scientific Incorporated; Orem, UT,
USA) and the optical densities of the immunoreactive bands were
measured using Quantity One software (Bio-Rad; Figure 2).

FIGURE 2 | N-methyl-D-aspartate (NMDA) receptor Western Blot in
MO3.13 protein lysates.

RESULTS

All treatments here studied (MK-801, MK-801+Clozapine
and only clozapine) modified the proteome of cultured
oligodendrocytes. The differentially expressed proteins were
analyzed in terms of their biological processes, and the result
is shown in Figure 3. All three analyzed proteomes presented
differences in similar biological processes. For instance, proteins
associated to protein metabolism were the most prevalent on
all three different treatments in percentage terms. On the other
hand, there are proteins and functional correlations, which are
specifically modulated by each different treatment analyzed.

MK-801-Treated Oligodendrocytes
MK-801 treatment for 8 h induced changes in the levels of 68
proteins in cultured oligodendrocytes (Supplementary Table S1).
These proteins are mostly associated with energy metabolism
functions and included aldolase A (ALDOA), aldolase C
(ALDOC), malate dehydrogenase (MDH2), and transketolase
(TKT; Table 1). In addition, proteins such as prohibitin
(PHB) and annexin 5 (ANXA5), which are associated with
communication and cell signaling, and the protein metabolism-
related proteins nucleophosmin (NPM1), 40S ribosomal protein
S16 (RPS16) and 60S ribosomal protein L7A (RPL7A), were
specifically altered by the MK-801 treatment.

MK-801-Treated Oligodendrocytes with
Added Clozapine
The addition of clozapine after 4 h to the MK-801-treated
cells affected the expression levels of 45 proteins, involved in
six different biological processes. Most of these proteins are
associated with energy metabolism, oxidative stress, and protein
metabolism, and included changes in ALDOA, peroxiredoxin-6
(PRDX6), NPM1 and RPS16. In addition, profilin-1 (PFN1), a
protein associated with cell growth and maintenance, showed the
highest fold change of the proteins in this group (Supplementary
Table S2).

Clozapine-Treated Oligodendrocytes
Treatment with clozapine alone induced alterations in the
levels of 122 proteins in cultured oligodendrocytes. Clozapine
treatment mostly induced changes in proteins associated with
regulation of nucleic acid metabolism, such as histone H2B
(HIST1H2BJ), polyadenylate binding protein (PABPC1), and
ribonucleoprotein (SNRPA1). In addition, ribosomal proteins as
L32 (RPL32) and L8 (RPL8) were also affected (Supplementary
Table S3). These effects are likely to represent early changes in
the transcriptional and translational machinery as part of the
clozapine response in oligodendrocyte cells.

In silico Systems Biology
In silico analysis was performed using IPA, inputting the
accession codes of the differentially proteins modulated in each
treatment group. The results are shown in Figure 4. Essentially,
the obtained proteomes were associated with some canonical
pathways, biofunctions, disorders, and toxicities.
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FIGURE 3 | Biological processes involving the proteins identified with MK-801, Clozapine, and concomitant (MK-801 and Clozapine) treatment. Bars
in dark blue, blue, and light blue depict MK-801, Clozapine and MK-801/Clozapine treatments, respectively.

Among the canonical pathways, proteins altered in the MK-
801-treated cells were related to cell signaling pathways mediated
by 14-3-3 protein kinase, p70S6K and by the factor eIF2 at
approximately equal levels. In contrast, the proteins altered
by clozapine treatment showed a marked relationship to eIF2
signaling, followed by 14-3-3-mediated and p7056k signaling.
The proteome changes in MK-801-treated oligodendrocytes with
the addition of clozapine showed effects similar to the MK-801
treatment alone with additional changes in proteins involved in
carbohydrate metabolism pathways (Figure 4A).

The MK-801 treatment resulted in similar values for all groups
in the area of biofunctions and disorders, except for neurological
disorder group, which showed the highest score. However, the
altered proteins in the clozapine-treated cells were linked with
neurological disease as well as psychological, and skeletal and
muscular disorders (Figure 4B).

Toxicity pathways generated by the analysis were associated
mainly with NRF2 oxidative stress and cell cycle G2/M DNA
damage responses in the clozapine treatment group (Figure 4C).
Furthermore, the proteome changes associated with the MK-
801 treatment were mainly linked to reduction of mitochondrial
membrane permeability, oxidative stress, and cell cycle G2/M
DNA damage responses.

The list of altered proteins from the MK-801 treatment was
also analyzed in terms of protein networks generated by the
IPA software. This analysis can identify binding or interacting
proteins which have not been detected by the proteomic
approach (Figure 5). Hypoxia-inducing factor 1-α (HIF1-α),
endothelial PAS domain-containing protein 1 (EPAS1), and
MYC-proto-oncogene protein (MYCN), were the most associated
transcription factors. In addition, proteins involved in energy

metabolism, kinases, and heat shock proteins (HSPs) were the
highly represented in the network generated (Figure 5).

DISCUSSION

One of major challenges in neuropsychiatric research is the
relatively limited knowledge of the molecular mechanisms of
these diseases. The development of new preclinical models to
improve such knowledge is also challenging for the same reasons.
Biological assays using animals or cellular cultures as models are
still emerging, with the aim to provide more information about
the acute effects caused by administration of neuromodulators
such as MK-801 and antipsychotic drugs (Paulson et al., 2004,
2007; Ji et al., 2009a,b; Ma et al., 2009; Martins-de-Souza
et al., 2011b; Ahmed et al., 2012; Palmowski et al., 2014).
Considering the known effects of oligodendrocyte dysfunction
in schizophrenia, we have investigated the acute response of
oligodendrocytic cells to the NMDA receptor antagonist MK-801
and clozapine treatment, by identification of protein abundance
changes using quantitative mass-spectrometry based proteomics.
Analysis of quantitative data allowed the identification of proteins
linked to a series of cellular processes and functions affected by
MK-801 and showed how clozapine may block the effects of
MK-801 in oligodendrocytic cells.

Biological Process
Taken together, the different treatment groups resulted in
changes in the levels of more than 200 proteins. Further studies
are warranted to determine whether or not those proteins
modulated by the MK-801 treatment are linked in any way
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to schizophrenia. This would help to establish the validity of
MK-801-treated oligodendrocytes as a potential model of some
aspects of schizophrenia. On the other hand, some of the proteins
modulated by the clozapine treatment may be biomarkers of
drug response and some could provide links to novel therapeutic
targets. The combined 200 proteins were mainly associated to
“cell communication and signaling,” “energy metabolism,” “cell
growth and maintenance,” “protein metabolism,” and “regulation
of nucleic acid metabolism” in terms of biological processes
(Figure 3). Several of these proteins have also been reported to be
differentially expressed in brain tissue samples of schizophrenia
patients (Nascimento and Martins-de-Souza, 2015) and in
animals treated with such drugs (Paulson et al., 2004, 2007; Ji
et al., 2009a,b; Ma et al., 2009; Palmowski et al., 2014). Similarly,
a previous proteomic analysis was performed to understand the
effects of MK-801 on cultured astrocytes (Martins-de-Souza et al.,
2011b).

In the present study, proteins associated to energy metabolism
were mostly upregulated in the MK-801 treated oligodendrocyte
cell line (Supplementary Table S2). This effect is consistent with a
number of studies which have used NMDAr antagonist treatment
to investigate its effects on neuronal cell cultures (Guest et al.,
2015) and rat brains (Paulson et al., 2004, 2007; Zhou et al.,
2012). Similar effects have been also been reported in proteomic
and transcriptomic studies using post-mortem samples from
schizophrenia patients (Martins-de-Souza, 2010; Martins-de-
Souza et al., 2011a; Cassoli et al., 2015). Taken together, these
findings suggest that dysfunctions of NMDA activity can cause
disruptions in energy metabolism pathways and vice-versa.
However, further studies are necessary to extrapolate these
findings to schizophrenia pathophysiology.

Effects of clozapine on cell cultures have already been
reported. This drug induced oxidation of proteins involved
in energy metabolism in SKNSH neuroblastoma cells,
seen as effects on mitochondrial ribosomal protein S22
(MRPS22), mitochondrial malate dehydrogenase (MDH),
calumenin (CALU), pyruvate kinase (PK1), and 3-oxoacid
CoA transferase (OXCT1; Walss-Bass et al., 2008). Likewise,
this antipsychotic provoked an increased oxidation of specific
proteins, such as enolase (ENO), triosephosphate isomerase
(TPI), glyceraldehyde-3-phosphate dehydrogenase (GAPD),
Rho GDP dissociation inhibitor (GDI), cofilin (CFL), uridine
monophosphate/cytidine monophosphate (UMP-CMP) kinase,
and translation elongation factor, in lymphoblastoid cells
obtained from patients with schizophrenia compared to those
from healthy subjects (Baig et al., 2010). In this study, we also
found that clozapine influenced the expression levels of proteins
from the same biological processes in oligodendrocyte cells.

Effects of Clozapine on MK-801-Treated
Cells
Treatment with clozapine appeared to reverse some of the
proteome changes caused by the MK-801 treatment, suggesting
that such proteins might be associated with the medication
response. Additionally, 16 proteins were affected in a similar
manner in all three treatment groups (Table 1; Figure 6). Some

FIGURE 6 | Venn diagram. Protein overlap between the three drug
treatments (MK-801, Clozapine, and MK-801, and Clozapine) applied to the
characterization of oligodendrocyte proteomes.

of these proteins showed opposite directional changes depending
on whether cells were treated with MK-801, clozapine or both.
This suggests that these proteins may be involved in both the
pathophysiology and the medication response. Such proteins
included the AKAP10, ALDOC, protein disulfide isomerase
family A member 3 (PDIA3), PHB, Rab GDP dissociation
inhibitor beta (GDI2), and PRDX6 (Table 1), which are discussed
below.

AKAP10 levels were increased by the MK-801 treatment and
decreased by clozapine. The AKAP family of scaffold proteins are
a diverse group of functionally related proteins that anchor the
cAMP-dependent protein kinase (PKA) as well as other signaling
proteins to coordinate signal transduction in different subcellular
locations (Sanderson and Dell’Acqua, 2011). They have also
been associated with synaptic plasticity, which is induced by
activation of NMDA-type glutamate receptors. This suggests that
clozapine may act on processes related to synaptic plasticity via
effects on AKAP10. Moreover, this protein has been found to
be differentially expressed in samples of corpus callosum from
schizophrenia patients (Saia-Cereda et al., 2015).

Aldolase C has been previously reported to be upregulated
in the frontal cortex (FC), insulate cortex (IC) and dorsolateral
prefrontal cortex (DLPFC) and downregulated in the prefrontal
cortex (PFC), Wernicke’s area (WA), anterior temporal lobe
(ATL) and anterior cingulate cortex (ACC) of schizophrenia
patients compared to controls (Martins-de-Souza et al., 2011a).
ALDOC is a glycolytic enzyme that catalyzes the reversible aldol
cleavage of fructose-1,6-biphosphate and fructose 1-phosphate to
produce dihydroxyacetone phosphate and either glyceraldehyde-
3-phosphate or glyceraldehyde, respectively. In the present study,
we found that the clozapine co-treatment resulted in a lowering
of ALDOC levels in relation to increased levels induced by the
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FIGURE 4 | IPA analysis of proteomic data arisen each drug treatment. (A) Canonical pathways, (B) related disorders and Biofunctions, and (C) toxicity
pathways generated from IPA analysis. Bars in dark blue, blue, and light blue depict MK-801, Clozapine and MK-801/Clozapine treatments, respectively.

MK-801 treatment. Disturbances in ALDOC expression, and
expression of the ALDOA isoform have also been reported by
studies involving MK-801-treated animals and astrocyte cultures
(Paulson et al., 2004; Martins-de-Souza et al., 2011b).

Clozapine treatment resulted in increased levels of PDIA3,
a protein belonging to a family of enzymes that introduces
disulfide bonds into proteins and catalyzes rearrangement of
incorrect disulfide bonds (Wilkinson and Gilbert, 2004). Distinct
from the present result, protein previous study showed that
PDIA3 was downregulated after treatment of astrocytes with
MK-801 (Martins-de-Souza et al., 2011b). This suggests that
MK-801 and clozapine may have opposite effects on PDIA3
levels in oligodendrocytes and astrocytes. The MK-801 treatment
promoted an upregulation of PHB in oligodendrocytes, which

was similarly upregulated in the DLPFC and ACC, and decreased
in the PFC of schizophrenia patient brain samples (Smalla et al.,
2008; Martins-de-Souza et al., 2010). PHB is a multifunctional
protein which acts as a chaperone for respiration chain proteins,
a general structuring scaffold in mitochondrial morphology,
and it is involved in cell proliferation and transcriptional
modulation (Zhou and Qin, 2013; Peng et al., 2015). Rats
treated with ketamine – another NMDAr antagonist – have also
shown PHB upregulation in post-synaptic density preparations
of DLPFC from chronic schizophrenia patients (Smalla et al.,
2008). Oligodendrocytes isolated from the DLPFC have also been
found to have increased levels of PHB (Bernstein et al., 2012).
Likewise, a recent proteomic study showed PHB upregulation in
the peripheral blood serum and brain tissue from rats acutely
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FIGURE 5 | Potential network interactions, and their interactors, of differentially expressed proteins of MK-801-treated oligodendrocytes. The network
was generated from differentially expressed proteins by IPA (see “Pathway and Functional Correlation Analysis”). Colored interactors represent proteins previous
found in the proteome. Full and dashed lines depict direct and indirect connections respectively.

treated with ketamine (Wesseling et al., 2015). Taken together,
these findings indicate a relationship of PHB increased expression
and hypofunction of NMDA receptor signaling.

Although, the Rab GDP dissociation inhibitor beta (GDI2)
has not been found to be altered in schizophrenia proteomic
studies, the Rab GDP dissociation inhibitor alpha (GDI1) isoform
was previously found to be upregulated in samples of ACC
and DLPFC of schizophrenia patients (English et al., 2009;
Martins-de-Souza et al., 2010). The Rab proteins belong to the
GDP dissociation inhibitor protein family, which regulates the
GDP-GTP exchange reaction of members of small GTP-binding
proteins. They are mainly involved in vesicular trafficking of
molecules between cellular organelles (Shisheva et al., 1994).

In our results, GDI2 was oppositely regulated by MK-801 and
clozapine. However, addition of the antipsychotic to the MK-
801-treated cultures was not sufficient to completely block GDI2
upregulation.

Another protein modulated by both MK-801 and clozapine
in oligodendrocytes was peroxiredoxin 6 (PRDX6). The
peroxiredoxins are a family of antioxidant enzymes that are
ubiquitously distributed in the cell and can control cytokine-
induced peroxide levels, which mediate signal transduction
in mammalian cells. High abundance of peroxiredoxins in
mammalian cells appears to protect the cellular components by
removing accumulated peroxides produced as a result of normal
cellular metabolism or as a response to oxidative stress (Rhee
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et al., 2005). In our study, PRDX6 was found to be upregulated by
MK-801 and the clozapine single treatments. Interestingly, this
effect was enhanced by the co-treatment resulting in markedly
higher levels of this protein. PRDX6 has also been found to be
altered in DLPFC and WA from schizophrenia patients (Martins-
de-Souza et al., 2009a,b) as well as in MK-801-treated astrocytes
(Martins-de-Souza et al., 2011b). An upregulation of PRDX6
following haloperidol treatment in rats has also been described
(Andreazza et al., 2015), although the same study suggested that
clozapine may also induce oxidative stress in liver, consistent with
the documented adverse effects of this drug. Taken together, these
findings show a potential connection between neurotransmission
dysfunctions and oxidative damage, which might be relevant
to disease pathogenesis (Ben-Shachar and Laifenfeld, 2004;
Rajasekaran et al., 2015). Furthermore, the phospholipase
A2 (PLA2) activity of PRDX6 is critical for regulation of
phospholipid turnover (Chen et al., 2000) and differential
regulation of PRDX6 may accelerate phospholipid turnover.
Both of these PRDX6 activities may be related to schizophrenia
pathogenesis since an enhancement of phospholipid turnover
has been previously reported in schizophrenia frontal lobe
(Gattaz et al., 1990). Therefore, PRDX6 could function as a brain
marker for schizophrenia.

In silico Functional Correlations
Functional correlation of the regulated proteins revealed that
MK-801 and clozapine treatment could lead to alterations in the
canonical signaling pathways mediated by 14-3-3 protein kinase,
p70S6K and eIF2 factor. In addition, changes in carbohydrate
metabolism pathways were also detected.

The 14-3-3 proteins compose a family of highly conserved
acidic proteins, with molecular weights of 25–30 kD. There are
seven mammalian 14-3-3 isoforms in eukaryotic cells which
function as adaptor or “chaperone molecules” and scaffolding
proteins that can translocate freely from the cytoplasm to the
nucleus and vise-versa (Muslin et al., 1996). They are found
as homo- or heterodimers and interact with cellular proteins
representing a wide range of processes, such as neuronal
development, mitogenic signal transduction, apoptotic cell death,
cell cycle and cell growth controls (Mhawech, 2005). Several
reports have shown disturbances in the expression of this protein
family in schizophrenia brain tissue (Hayakawa et al., 1998;
Wong et al., 2003; Middleton et al., 2005; Martins-de-Souza
et al., 2012; Saia-Cereda et al., 2015; Schubert et al., 2015).
Moreover, schizophrenia-related behavioral phenotypes have
been described in 14-3-3 functional knockout mice (Cheah et al.,
2012; Foote et al., 2015). Here, MK-801 and clozapine treatments
resulted in increased levels of 14-3-3 proteins. Interestingly, when
clozapine was administered to MK-801-treated cells, the levels of
14-3-3 protein theta (14-3-3ζ) decreased and signaling mediated
by the 14-3-3 family appeared to be abolished. Other studies have
described changes in this protein family in the PFC of subjects
with schizophrenia as a normalizing effect of antipsychotics,
such as clozapine (Rivero et al., 2015). Furthermore, clozapine
has been used to rescue the locomotor hyperactivity of 14-3-
3ζ knockout mice, which may indicate a novel role for 14-3-
3ζ in dopaminergic neurotransmission (Ramshaw et al., 2013).

Considering these findings, further studies should be performed
to determine whether or not dysregulation of 14-3-3 expression
in oligodendrocytes is involved in schizophrenia, as suggested in
by some post-mortem studies.

A previous study reported a decrease in phosphorylation
of p70S6K and its substrates in frontal cortices of 7-days-old
rats that were acutely treated with MK-801 (Yoon et al., 2008).
Although, MK-801 is an NMDAr antagonist, the present results
indicated that it may also antagonize p70S6K signaling. In
contrast, the clozapine and co-MK-801/clozapine co-treatment
led to increased expression of proteins involved in p70S6K
signaling. The p70S6K protein is a serine/threonine kinase
that phosphorylates the ribosomal S6 subunit, a component
of the 40S subunit of eukaryotic ribosomes. It is activated by
mTOR in mitogenic pathways downstream of phosphoinositide
3 kinase (PI3K) and plays a role in protein synthesis and in cell
growth control (Fenton and Gout, 2011). Thus, the observed
upregulation of the p70S6K pathway promoted by MK-801
and clozapine in oligodendrocytes might represent an adaptive
response resulting in increased translation initiation in protein
synthesis.

The initiation phase of protein synthesis, during which
ribosomes select mRNAs to be translated, and identify the
translational start site, requires a set of EIFs (eukaryotic
translation initiation factors). EIF2 (eukaryotic initiation
factor-2) is a GTP (guanosine triphosphate)-binding protein that
enables transport of the initiation-specific form of Met-tRNA
(Met-tRNAi) onto the ribosome. According to IPA analysis,
all drug treatments affected the expression of many proteins
related to EIF2 signaling in oligodendrocytes. This effect
seems to activate the pathway and may reflect the increased
protein synthesis in the cells. Members of EIFs have been
found functionally linked to the disrupted in schizophrenia 1
protein (DISC1) and to stress granules (Ogawa et al., 2005).
Moreover, many risk-promoting genes and a number of
environmental risk factors are related to oligodendrocyte cell
loss and hypomyelination via activation of EIF2-alpha kinases
in schizophrenia (Carter, 2007). These can lead to an arrest of
protein synthesis through the eventual inhibition of translation
initiation factor EIF2-beta by phosphorylated eIF2-alpha (Carter,
2007).

Toxicity Pathways
The toxicity pathways associated with the proteomic changes of
all treatment groups were mainly cell cycle G2/M DNA damage
and nuclear factor-erythroid 2-related factor 2 (NRF2)-mediated
responses. The link to cell cycle G2/M DNA damage signaling was
due to changes in the 14-3-3 family proteins (YWHAB, YWHAG,
YWHAH, YWHAQ, and YWHAZ), in addition to the Wee1-like
protein kinase (WEE1).

Other proteins predicted to be involved in drug treatment
responses included alcohol dehydrogenase [NADP(+)]
(AKR1A1), T-complex protein 1 subunit eta (CCT7), DnaJ
homolog subfamily B member 11 (DNAJB11), dual specificity
mitogen-activated protein kinase kinases 1 (MAP2K1) and
2 (MAP2K2), although this occurred most predominantly in
the MK-801 and clozapine co-treatment condition. NRF2 is a
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reactive oxygen species-responsive transcription factor, which
binds to the antioxidant response elements (AREs) within
the promoter of antioxidant enzyme genes and activates their
transcription. NRF2 signaling takes place upon exposure of cells
to oxidative stress through phosphorylation of the protein in
response to activation of protein kinase C, phosphatidylinositol
3-kinase and MAP kinase pathways (Petri et al., 2012). After
phosphorylation, NRF2 translocates to the nucleus, binds
AREs and transactivates detoxifying enzymes and antioxidant
enzymes, such as glutathione S-transferase, NAD(P)H quinone
oxidoreductase, sulfiredoxin 1 (SRXN1) and thioredoxin
reductase 1 (TXNRD1). SRXN1 and TXNRD1 are involved
in the reduction and recovery of peroxiredoxins (Neumann
et al., 2009; Soriano et al., 2009). The current results suggest
that differential expression of NRF2 signaling proteins can
affect PRDXs expression, although additional analyses should
be performed to confirm these findings.

Potential Interactions
The analysis of potential protein interactions showed that MK-
801 treatment of oligodendrocytes included changes in proteins
linked to other proteins which were mostly associated with energy
and protein metabolism. However, nuclear transcription factors
also appeared as highly connected proteins such as hypoxia-
inducing factor 1-α (HIF1-α), MYCN and endothelial PAS
domain-containing protein 1 (EPAS1). This suggests that these
factors may be upstream regulators of the energy metabolism
proteins altered by the MK-801 treatment.

HIF1-α is a subunit of a heterodimeric transcription factor
hypoxia-inducible factor 1 (HIF-1) encoded by the HIF1A gene.
HIF1 is the main transcriptional factor regulating the effects
of hypoxia in expression of genes for angiogenesis, glycolysis
and protective responses (Semenza, 2001). This factor is
important in embryonic development and neural fold formation
(Maltepe and Simon, 1998). Moreover, HIF1 has been related
to regulation of many risk genes of schizophrenia. A meta-
analysis study revealed that more than 50% of schizophrenia
candidate genes met the criteria for a link to ischemia, hypoxia
and/or vascular factors (Schmidt-Kastner et al., 2012) and
epidemiological studies have shown that, events that lead
to development of fetal hypoxia and inflammation during
pregnancy are associated with increased risk of schizophrenia
later in life (Nicodemus et al., 2008; Khandaker et al.,
2013).

Final Remarks
Considering all findings discussed above, the current study
supports the concept that dysfunctions in NMDAr signaling in

oligoendrocytes may be a central process in schizophrenia. MK-
801-treated oligodendrocytes exhibited differences on cellular
processes that have been previously observed in schizophrenia
samples and have also revealed new pathways that could
be pivotal in the development of this disorder. Although,
the MK-801 treated oligodendrocyte model cannot reflect
the pathophysiology of a complex psychiatric disorder as
schizophrenia in its entirety, employing this approach might
provide insights about specific aspects of the disease and lead to a
novel preclinical tool for drug target discovery
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Clozapine displays stronger systemic metabolic side effects than haloperidol and it has
been hypothesized that therapeutic antipsychotic and adverse metabolic effects of these
drugs are related. Considering that cerebral disconnectivity through oligodendrocyte
dysfunction has been implicated in schizophrenia, it is important to determine the effect
of these drugs on oligodendrocyte energy metabolism and myelin lipid production. Effects
of clozapine and haloperidol on glucose and myelin lipid metabolism were evaluated and
compared in cultured OLN-93 oligodendrocytes. First, glycolytic activity was assessed by
measurement of extra- and intracellular glucose and lactate levels. Next, the expression
of glucose (GLUT) and monocarboxylate (MCT) transporters was determined after 6
and 24 h. And finally mitochondrial respiration, acetyl-CoA carboxylase, free fatty acids,
and expression of the myelin lipid galactocerebroside were analyzed. Both drugs altered
oligodendrocyte glucose metabolism, but in opposite directions. Clozapine improved the
glucose uptake, production and release of lactate, without altering GLUT and MCT. In
contrast, haloperidol led to higher extracellular levels of glucose and lower levels of lactate,
suggesting reduced glycolysis. Antipsychotics did not alter significantly the number
of functionally intact mitochondria, but clozapine enhanced the efficacy of oxidative
phosphorylation and expression of galactocerebroside. Our findings support the superior
impact of clozapine on white matter integrity in schizophrenia as previously observed,
suggesting that this drug improves the energy supply and myelin lipid synthesis in
oligodendrocytes. Characterizing the underlying signal transduction pathways may pave
the way for novel oligodendrocyte-directed schizophrenia therapies.

Keywords: schizophrenia, oligodendrocytes, clozapine, haloperidol, glycolysis, myelin

Abbreviations: HT1A, 5HT2A, serotonin receptors ACC1, acetyl-CoA
carboxylase; ANOVA, analysis of variance; ATP, adenosine triphosphate;
cDNA, complemetary deoxyribonucleic acid; CNP, 2′,3′-cyclic nucleotide
3′-phosphohydrolase; CO2, carbon dioxide; D2, D3, D4, dopamine
receptors; DMEM, Dulbecco’s modified Eagle’s medium; DNA, deoxyri-
bonucleic acid; EDTA, ethylenediaminetetraacetic acid; fc, fold change;
FCCP, p-trifluoromethoxyphenylhydrazone; FFA, free fatty acids; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; GLUT, glucose transporter; HC,
high clozapine vs. control; HH, high haloperidol vs. control; LC, low clozapine
vs. control; LH, low haloperidol vs. control; M4, acetylcholine receptor; MAG,

myelin-associated glycoprotein; MCT, monocarboxylate transporter; MOG,
myelin oligodendrocyte glycoprotein; NADPH, nicotinamide adenine dinucleotide
phosphate; NG2, a transmembrane chondrotin sulfate proteoglycan expressed
on immature glial progenitor cells; n.s., not significant; oli, oligomycin; Olig1,
Olig2, oligodendroglial transcription factors; OLN-93, an oligodendrocytic cell
line from rat; PBS, phosphate buffered saline; PLP, proteolipid protein; RNA,
ribonucleic acid; RPMI, Roswell Park Memorial Institute medium; RT-PCR,
reverse transcriptase polymerase chain reaction; SCAP, sterol cleavage activation
protein; s.e.m., standard error of mean; SREBP, sterol regulatory element-binding
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INTRODUCTION
Schizophrenia is a devastating mental disorder affecting about
1% of the population worldwide (Saha et al., 2005). The current
pharmacological treatment is only partially effective and induces
numerous side-effects, leading to non-compliance or long-term
health consequences (Newcomer, 2007). The relative lack of
progress in developing better drugs to treat the disease is partly
due to incomplete understanding of disease pathophysiology and
the mechanisms of drug action.

Fundamental neuroscience research demonstrates that the
brain is one of the most energy demanding tissues in the
body and is exquisitely sensitive to perturbations of energy
metabolism (Magistretti and Allaman, 2013). Therefore, abso-
lute or relative energy insufficiency due to abnormal glucose
metabolism can lead to abnormal behavior and cognition. The
link between schizophrenia and abnormal glucose metabolism
was first reported well-before the introduction of antipsychotics
by Maudsley in the late 19th century who showed that diabetes
occurred more frequently in families with history of “insanity”
(Mukherjee et al., 1989). Furthermore, when applying insulin
therapy in patients with psychiatric disorders, psychotic patients
required higher doses of insulin compared to non-psychotic sub-
jects, indicating some degree of insulin resistance (Sakel, 1938).
Several recent studies show elevated rates of either diabetes or
impaired glucose tolerance (insulin) resistance in first-episode,
drug-naive subjects and in non-psychotic relatives of patients,
suggesting that altered glucose metabolism might be related to
schizophrenia itself, rather than only to treatment, or lifestyle
factors related to it (Kirkpatrick et al., 2012; Van Welie et al.,
2013).

Elevated glucose levels and reduced lactate levels were identi-
fied in the cerebrospinal fluid of first onset drug-naïve schizophre-
nia patients (Holmes et al., 2006). Interestingly, short-term
treatment with atypical antipsychotic drugs (prototype drug:
clozapine) resulted in a normalization of the cerebrospinal fluid
metabolite profile in approximately 50% of patients, whereas typ-
ical antipsychotics (prototype drug: haloperidol) did not show
such an effect (Holmes et al., 2006). In post-mortem brain
studies, decreased expression of glycolytic and glycogen synthe-
sis enzymes and increased expression of glycogenolytic enzymes
were found (Prabakaran et al., 2004). More recently, increased
circulating levels of insulin and insulin-related peptides have
been identified in independent cohorts of first-onset, drug-naïve
schizophrenics even though blood glucose levels were relatively
normal, suggesting insulin resistance as a disease-inherent factor
(Guest et al., 2010). Furthermore, reduced glucose utilization has
been found in different brain regions of schizophrenics by neu-
roimaging studies (Buchsbaum and Hazlett, 1998; Buchsbaum
et al., 2007). In addition, genetic studies have identified linkages
between genes involved in glucose metabolism with an elevated
risk for schizophrenia (Stone et al., 2004).

Oligodendrocytes are involved in maintaining myelin integrity,
rapid saltatory conduction, and functional connectivity between
distant brain areas, and it has been postulated that they are cru-
cial for maintaining axonal energy supply and myelin integrity
(Bernstein et al., 2009; Schmitt et al., 2009). Recent stud-
ies showed that oligodendrocytes can import glucose from the

extracellular space and from astrocytes to drive glycolysis and the
tricarboxylic acid cycle (Fünfschilling et al., 2012; Lee et al., 2012).
The end products of glycolysis are lactate or pyruvate which
can be directly transferred from oligodendrocytes to myelinated
axons via monocarboxylate transporters (MCT 1/2) (Figure 1,
Fünfschilling et al., 2012; Lee et al., 2012). Additionally, glucose
and lactate foster the synthesis of free fatty acids and myelin lipids.

Oligodendrocyte loss or dysfunction and abnormal metabolic
activity have been identified in schizophrenia (Tkachev et al.,
2003; Uranova et al., 2004; Haroutunian et al., 2007; Schmitt et al.,
2009; Martins-De-Souza et al., 2011a; Bernstein et al., 2014).
In addition, levels of the myelin-forming phospholipids phos-
phatidylcholine, sphingomyelin, and galactocerebroside were
decreased in the thalamus of schizophrenia patients treated with
typical antipsychotics, such as haloperidol (Schmitt et al., 2004).
We have shown that haloperidol and clozapine attenuate glucose-
deprivation induced necrotic cell death in oligodendrocyte cul-
ture, suggesting that antipsychotic drugs may exert a protective
effect on oligoendrocytes during a glucose/energy deprived state
(Steiner et al., 2011).

Clozapine has stronger systemic metabolic side effects than
haloperidol. We hypothesized that the therapeutic antipsychotic
and adverse metabolic effects might be related. Considering that
cerebral disconnectivity through oligodendrocyte dysfunction
has been implicated in schizophrenia, it is important to determine
the effect of atypical/typical prototype drugs on oligodendrocyte
energy metabolism and myelin lipid production. To test this, we
have used OLN-93 oligodendrocyte cells which express a num-
ber of oligodendrocyte markers/neurotransmitter receptors (e.g.,
NG2, CNP, MAG, MOG, Olig1, Olig2, PLP, 5HT1A, 5HT2A, D2,
D3, D4, M4) and assessed the metabolic responses after expo-
sure to either clozapine or haloperidol which is known to cause
fewer peripheral metabolic side effects. Glucose and lactate home-
ostasis were measured by determining intra- and extracellular
glucose and lactate levels as well as the expression levels of glucose
(GLUT) and monocarboxylate (MCT) transporters (Bell et al.,
1990; Pierre et al., 2007; Merezhinskaya and Fishbein, 2009). For
assessing the effects of these drugs on myelin synthesis, we mea-
sured acetyl-CoA carboxylase (ACC1), free fatty acids (FFA), and
galactocerebroside1.

METHODS AND MATERIALS
OLN-93 CELL CULTURE
Oligodendroglial OLN-93 cultures were kept as previously
described (Steiner et al., 2010, 2011; Mosebach et al., 2013).
After 6 or 24 h, media and cell homogenates were collected and
stored at −80◦C until further analysis (Steiner et al., 2010, 2011;
Mosebach et al., 2013).

AVAILABILITY OF LACTATE AND GLUCOSE
The levels of haloperidol and clozapine in the brain tissue are
10- to 30-fold higher than the therapeutic plasma concentrations

1ACC1 is the rate limiting key enzyme for FFA synthesis (catalytic formation
of malonyl-CoA, a precursor for long chain fatty acyl-CoA, from acetyl-
CoA). Myelin mainly consists of lipids (70–85%) and even though there
are no absolutely “myelin-specific” lipids, galactocerebroside, also known as
galactosylceramide, is the most typical one (Morell and Quarles, 1999).
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FIGURE 1 | The scheme is showing previously described mechanisms

how glycolytic oligodendrocytes maintain myelin and axonal integrity

[adapted from Fünfschilling et al. (2012) and Lee et al. (2012) by permission

of Macmillian Publishers Ltd]. Note that myelinated axons are separated by a
thin periaxonal space (extracellular) from the oligodendroglial cytoplasm filling
the inner loops of myelin (cytosolic channel/intracellular). The table below

summarizes our present study results on the differential regulation of
oligodendrocytic glucose and lactate homeostasis (black text and symbols), as
well as myelin lipid synthesis (green text and symbols) by haloperidol and
clozapine. Abbreviations: ATP, adenosine triphosphate; free fatty acids FFA, free
fatty acids; GLUT, glucose transporter; MCT, monocarboxylate transporter;
NAD+/NADH, nicotine amide-adenine-dinucleotide.

(haloperidol: 5–20 ng/mL; clozapine: 100–600 ng/mL) (Zhang
et al., 2007). Therefore, the effects of antipsychotic medication
on the energy metabolism of OLN-93 cells were analyzed by
adding a vehicle (0.01% HCl, same dissolving solution used

to solubilize the antipsychotics), 0.1 or 1 µg/ml of haloperidol
and 1 or 10 µg/ml of clozapine (Sigma-Aldrich, Taufkirchen,
Germany) to the cell culture for 6 or 24 h (Steiner et al.,
2011).
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Intra- and extracellular lactate and glucose concentrations (Figure
1①–②)
Glucose and lactate concentrations were determined in cell
homogenates and media by commercial assays (Modular
Analytics System™, Roche Diagnostics, Mannheim, Germany).
Three of the 15 dishes per experimental setting were pooled for
these analyses.

Membrane transporters for lactate and glucose (Figure 1③–④)
The expression of MCT1-4 and GLUT1-4 was tested in OLN-93
cells by reverse transcriptase polymerase chain reaction (RT-
PCR). Five of the 15 dishes per experimental setting were pooled
for these analyses.

Total ribonucleic acid (RNA) was isolated from OLN-93 cell
cultures using guanidinium isothiocyanate/phenol/chloroform
(peqGOLD TriFast™, peqlab, Erlangen, Germany). For remov-
ing deoxyribonucleic acid (DNA) contamination, 5 µg of the
total cell RNA was treated with Turbo DNA-free (Ambion,
Austin, TX, USA) according to the manufacturer’s instruc-
tions. RNA (4.5 µl; 2.25 µg input RNA) was reverse transcribed
using the RevertAid™ H Minus First strand cDNA Synthesis
Kit primed with Oligo(dT)18 primers (Fermentas, St. Leon-Rot,
Germany; primers listed in the Table 1). cDNA (2 µL) was then
PCR-amplified with Taq-DNA-polymerase (peqlab, Erlangen,
Germany).

One-tenth of each reaction product was electrophoresed on
a 1% agarose gel. The PCR product bands were quantified
by densitometric analysis using a Biometra BioDocAnalyzer.

Table 1 | Primer sequences for reverse transcriptase polymerase chain

reaction (RT-PCR) analyses.

Gene Sequence (5′ → 3′) GenBank Product

accession size,

number bp

rMCT1_f AGAAGTCAGCCTTCCTCCTTT (21) D63834 394

CCACAAGCCCAGTATGTGTAT (21)

rMCT2_f GGCCTTCGGTAGGATTAATAG (21) X97445 367

ATGCCTGATGATAACACGACT (21)

rMCT3_f GCTCTGAAGAACTATGAAATCA (22) AF059258 427

GTGAACAGGGTCTAACATATTG (22)

rMCT4_f TGCGGCCCTACTCTGTCTAC (20) U87627 369

TCTTCCCGATGCAGAAGAAG (20)

rGLUT1_f GCCTGAGACCAGTTGAAAGCAC (22) S68135 292

CTGCTTAGGTAAAGTTACAGGAG (23)

rGLUT2_f TTGGCTTTCACTGTCTTCACT (21) J03145 811

CTTCCTTTTCTTTCCTCATCTC (22)

rGLUT3_f AACAGAAAGGAGGAAGACCA (20) U17978 630

CGCAGCCGAGGGGAAGAACA (20)

rGLUT4_f AGTGCCTGAGTCTTCTTT (18) J04524 486

TGATGTTAGCCCTGAGTAG (19)

GAPDH_f TTAGCACCCCTGGCCAAGG (19) XM228411 531

CTTACTCCTTGGAGGCCATG (20)

Annotation: Annealing temperature for all primers: 55◦C; cycle number (within

linear range) for all MCTs and GLUTs: 34, for GAPDH: 24.

Using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a
housekeeping gene for data normalization (GAPDH showed no
medication-induced changes in expression), the ratio of MCT
and GLUT expression to GAPDH expression was calculated.

MITOCHONDRIAL RESPIRATION (FIGURE 1⑤)
Oxygen consumption was assessed in OLN-93 cell suspensions
with a Clark-type electrode in a temperature regulated incuba-
tion chamber (high-resolution oxygraph™, Paar Physica, Vienna,
Austria) at 6 and 24 h after the addition of PBS, 1 µg/ml of
haloperidol or 10 µg/ml of clozapine. Three of the 15 dishes per
experimental setting were pooled for these analyses. The oxy-
gen content of the air-saturated medium was 435 ng atoms O/ml
at 30◦C (Steiner et al., 2010). To analyze mitochondrial energy
metabolism in OLN-93 oligodendrocytes, cells were scraped from
dishes and put with 2 ml of growth medium into the incuba-
tion chamber of the oxygraph. Basal respiration was assessed
to characterize the actual activity of oxidative phosphoryla-
tion. Then, mitochondrial ATP synthesis was blocked by adding
5 µM oligomycin (oli, Sigma-Aldrich, Taufkirchen, Germany).
The remaining oxygen consumption reflects the proton leak of
the mitochondrial membrane system. Finally, maximal respi-
ration was stimulated by the addition of 5 µM of the uncou-
pler p-trifluoromethoxyphenylhydrazone (FCCP, Sigma-Aldrich,
Taufkirchen, Germany). This oxygen consumption reflects the
capacity of the respiratory chain, while the FCCP/protein ratio
reflects the cellular content of functionally intact mitochondria.
The FCCP/oli ratio was calculated as an estimate of the capacity
of the respiratory chain to support oxidative phosphorylation.

MYELIN LIPID SYNTHESIS
Acetyl-CoA carboxylase (ACC1) (Figure 1⑥)
For Western blotting, proteins were extracted as described pre-
viously (Martins-De-Souza et al., 2011b). Five of the 15 dishes
per experimental setting were pooled for these analyses. Fifty µg
of total protein from each control and haloperidol- and cloza-
pine treated samples were run on a 12% SDS minigel (BioRad,
Hercules, CA, USA). Proteins were transferred to Immobilon
PVDF membranes (Millipore, Bedford, MA, USA) at 100 V for
1 h using a cooling system. Membranes were treated with 5%
carnation instant nonfat dry milk in Tris-Buffered Saline con-
taining 0.1% Tween 20 (TBS-T) for 4 h and rinsed in TBS-T
three times for 20 min. Next, the membranes were incubated
with rabbit ACC1 antibody (Abcam, Cambridge, UK) at a 1:1000
dilution in TBS-T overnight at 4◦C. After the incubation, mem-
branes were washed 3 times with TBS-T for 15 min per wash and
incubated with anti-rabbit IgG horseradish peroxidase conjugate
(GEHealthcare, Uppsala, Sweden) for 40 min at room tempera-
ture. The membranes were subjected to a final wash with water
and TBS-T, incubated with ECL mixture (GE Healthcare) for
1 min and scanned in a ChemiDoc™ System (BioRad). Band
signals (optical densities) were assessed using Quantity One™
software (BioRad).

Free fatty acids (Figure 1⑦)
FFA levels were measured in the homogenates using the Free fatty
acid quantification kit™ (BioVision, Mountain View, CA, USA),
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following the manufacturer’s instructions. Five of the 15 dishes
per experimental setting were pooled for these analyses.

Galactocerebroside (Figure 1⑧)
Galactocerebroside levels were measured in order to assess the
extent of myelination (6 and 24 h after the addition of phosphate-
buffered saline (PBS) (pH 7.4), 1 µg/ml haloperidol or 10 µg/ml
clozapine). Six dishes were used per experimental setting.

For the immunostaining, cell cultures were washed twice with,
fixed for 30 min in 4% PBS-buffered paraformaldehyde, and incu-
bated at room temperature for 3 h with a 1:1000 dilution of the
monoclonal mouse anti-galactocerebroside antibody (MAB342;
Chemicon, Temecula, CA, USA) (Steiner et al., 2010, 2011). Cells
were washed three times for 5 min with PBS and incubated with
the respective secondary antibody (Molecular Probes, Göttingen,
Germany) at a 1:500 dilution: Alexa Fluor 488 (A11055; goat
anti-mouse-IgG; green fluorescence).

Three randomly chosen fields of vision from each of the
six dishes per experimental setting were scanned using an
AxioImager (Zeiss, Jena, Germany) with a Plan-Neofluar objec-
tive (x 40/0.75). The overall galactocerebroside immunostaining
intensity of each image was measured in a standard evaluation
window (500 × 300 pixels) using the ImageJ software (http://
rsbweb.nih.gov/ij/). The mean of each dish was calculated.

STATISTICAL ANALYSIS
Cell culture data were normally distributed, as indicated by
Kolmogorov–Smirnov tests. Thus, analyses of variance (ANOVA)
were applied in order to compare the influence of treatment
conditions on the concentrations of glucose or lactate in cell
homogenates or supernatants. Dunnett’s test was applied for post-
hoc comparisons. Significance was defined as P < 0.05, while a
probability level of 0.05 ≤ P < 0.10 was considered as a statistical
trend.

RESULTS
AVAILABILITY OF LACTATE AND GLUCOSE
Intra- and extracellular lactate and glucose concentrations (Figure
1①–②)
Addition of clozapine and haloperidol to OLN-93 cells had dif-
ferent effects on lactate and glucose levels. In clozapine treated
cells, lactate levels were increased, while the opposite effect was
observed in cells exposed to haloperidol (Figures 2A,B). For both
drugs, this effect was evident after 6 h in the extracellular medium
[main effect (TREAT) F(4, 18) = 46.25, P < 0.001, low clozap-
ine (LC) n.s., high clozapine (HC) P < 0.01, low haloperidol
(LH) P < 0.001, high haloperidol (HH) P < 0.001] and within
cells [TREAT F(4, 18) = 11.30, P < 0.001, LC n.s., HC P < 0.01,
LH n.s., HH n.s.]. This effect persisted after 24 h of incubation
in the extracellular medium [TREAT F(4, 20) = 7.21, P < 0.01,
LC P < 0.05, HC, LH, and HH n.s.] and in cells [TREAT
F(4, 20) = 42.07, P < 0.001, LC P < 0.001, HC P < 0.001, LH
P < 0.01, HH P < 0.01]. The effect of clozapine did not appear
to be sensitive to concentration (Three-Way ANOVA with factors
concentration, compartment, time; main effect of concentra-
tion: F(1,3) = 0.32, n.s.] while a concentration effect was evident
for haloperidol [F(1,4) = 10.72, P < 0.05]. Also, the effect of

haloperidol changed across time [F(1,4) = 720, 01, P < 0.001] for
the extra- and intracellular compartments [compartment × time
interaction, F(1,4) = 324, 84, P < 0.001], reflecting the return
of lactate to normal levels after 24 h and suppression inside
the cells.

The glucose concentrations showed an inverse pattern of drug
effects (Figures 2C,D). Haloperidol treatment led to increased
glucose concentrations in the extracellular medium after 6 h of
incubation [TREAT F(4,18) = 20.99, P < 0.001, LC and HC n.s.,
LH P < 0.001, HH P < 0.001] which was also evident within cells
but this was not statistically significant [TREAT F(4, 18) = 2.66,
P = 0.067, LH P = 0.051, HC, LC, and HH n.s.]. After 24 h this
effect was observed at the extracellular level [TREAT F(4, 20) =
360.66, P < 0.001, LC n.s., HC P < 0.001, LH P < 0.001, HH
P < 0.001]. At the same time, haloperidol also increased glucose
levels but, in contrast, 10 µg/mL of clozapine led to a decrease in
glucose levels in the medium, possibly reflecting increased glucose
turnover.

Membrane transporters for glucose and lactate (Figure 1③–④)
RT-PCR analyses revealed the expression of MCT1, GLUT1,
and GLUT3 but not the expression of MCT2, MCT3, MCT4,
or GLUT4 in OLN-93 cells (Figure 3). Neither incubation with
haloperidol (1 µg/ml) or clozapine (10 µg/ml) had an effect on
the expression of these transporters in comparison to the basal
condition.

MITOCHONDRIAL RESPIRATION (FIGURE 1⑤)
No significant differences were observed between the
FCCP/protein ratio in PBS-treated cells and either haloperidol-
or clozapine-treated cells after 6 or 24 h (Table 2). These data
indicate that the cellular content of functionally intact mito-
chondria was not significantly affected by the administration of
haloperidol or clozapine to OLN93 cultures. However, clozapine
treatment led to a significant increase in the ratio between FCCP
stimulated respiration and the respiration in the presence of the
ATP-synthase inhibitor oligomycin. Thus, clozapine apparently
lowers oxygen consumption coupled to passive proton leakage
through the mitochondrial membrane system and thereby
increases the capacity of the respiratory chain for ATP synthesis.

MYELIN LIPID SYNTHESIS
Acetyl-CoA carboxylase (ACC1) (Figure 1⑥)
The expression of ACC1 in OLN-93 cells after 24 h differed sig-
nificantly between clozapine and haloperidol treatment as well
as the control condition [Figure 4A; TREAT F(2,6) = 68.17, P <

0.001]. Treatment with clozapine was associated with an increased
expression of ACC1 (clozapine vs. control condition: P < 0.001;
clozapine vs. haloperidol: P < 0.001).

Free fatty acids (Figure 1⑦)
The cellular concentration of FFA after 24 h differed significantly
between treatments [Figure 4B; TREAT F(2,6) = 8.42, P < 0.05].
Again, this significant difference was due to a clozapine effect
which led to a reduced cellular concentration of FFA (clozap-
ine vs. control condition: P < 0.05; clozapine vs. haloperidol:
P = 0.069).
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FIGURE 2 | (see Figure 1 ①–②): Lactate and glucose

concentrations in OLN-93 cell homogenates (A,C) and media

(B,D) are shown after 6 and 24 h of treatment. Annotation:

Data are given as mean ± s.e.m. ∗∗P < 0.01, ∗∗∗P < 0.001, n.s.
not significant; three of the 15 dishes per experimental setting
were pooled for these analyses.

Galactocerebroside (Figure 1⑧)
Quantitative evaluation (Figure 5) revealed a dependency of
galactocerebroside expression on the treatment condition [6 h:
TREAT F(2, 15) = 4.41, P < 0.05; 24 h: TREAT F(2, 15) = 35.11,
P < 0.001]. This was caused by a higher level of this characteristic
myelin lipid in clozapine-treated OLN-93 oligodendrocytes after
6 h (clozapine vs. control: P < 0.05, clozapine vs. haloperidol:
P < 0.05) and 24 h (clozapine vs. control: P < 0.001, clozapine
vs. haloperidol: P < 0.001). Clozapine treatment led to a signif-
icant increase in galactocerebroside expression during the time
course from 6 to 24 h [F(1, 10) = 24.63, P < 0.01], while this
effect was absent in haloperidol treated cultures [F(1, 10) = 0.09,
P = 0.77].

DISCUSSION
This study is the first to present a comparative analysis of the
effects of clozapine and haloperidol on metabolism in oligo-
dendrocytes that are known to be crucial in maintaining brain
connectivity. Consistent with the hypothesis that these two pro-
totypical first and second generation antipsychotic drugs might
exert their well-known differential therapeutic effects due to dif-
ferential modulation of oligodendrocyte metabolism, this study
experimentally elaborates on their respective impact. The results
yield clear cut differences between clozapine and haloperidol.
Clozapine promotes glucose utilization by oligodendrocytes as
reflected by decreased glucose and increased lactate which is
crucial for neuronal energy supply. Moreover, clozapine fosters
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mitochondrial respiration, thereby promoting cellular energy
production and lipid synthesis supporting myelination and
thus neuronal connectivity. In contrast, haloperidol appeared to
inhibit glucose utilization by the oligodendrocytes and led to
increased consumption of lactate as reflected by decreased lactate
abundance after incubation.

FIGURE 3 | (see Figure 1 ③–④): RT-PCR analysis of MCT1-, GLUT1- and

GLUT3-expression in relation to the housekeeping gene GAPDH in

OLN-93 cells. Compared to the control condition, 1 µg/ml of haloperidol
and 10 µg/ml of clozapine had no significant effect on the expression of
these transporters. MCT2, MCT3, MCT4, and GLUT4 were not expressed in
OLN-93 cells. Annotation: Results from three tests per treatment condition
are presented (five of the 15 dishes per experimental setting were pooled
for the RT-PCR analyses). Abbreviations: fc, fold change, ratio describing
how much the expression of respective membrane transporters (compared
to GAPDH expression) changes from the control condition to haloperidol or
clozapine treatment; GAPDH, glyceraldehyde-3-phosphate dehydrogenase,
one of the most commonly used housekeeping genes used in comparisons
of gene expression data; GLUT, glucose transporter, MCT, monocarboxylate
transporter. Annealing temperature for all primers: 55◦C; cycle number
(within linear range) for all MCTs and GLUTs: 34, for GAPDH: 24.

AVAILABILITY OF GLUCOSE AND LACTATE (FIGURES 1 ①–④, 2)
Haloperidol treatment decreased glycolysis in OLN-93 oligoden-
drocytes, as shown by increased intracellular and extracellular
glucose levels, and lactate levels were reduced. Increased lev-
els of glucose in the media suggest that the haloperidol-treated
OLN93 cells consumed glucose at a lower rate than untreated
cells. Conversely, clozapine treatment led to decreased extracel-
lular glucose levels and increased intra- and extracellular lactate
levels within 24 h, indicating increased glycolysis compared to
untreated cells. The finding that lactate is released from clozapine-
treated OLN-93 cells suggests that oligodendrocytes treated with
clozapine in vivo also provide increased amounts of lactate, which
may result in additional energy for axons (Fünfschilling et al.,
2012; Lee et al., 2012). Axons are known to express MCT2, an
important transport protein for the uptake of lactate (Pierre et al.,
2007; Merezhinskaya and Fishbein, 2009).

Surplus glucose has been added to the culture medium. Thus,
it is unlikely that the observed effects were caused by impaired
glucose supply. We interpret the presented results rather as a
consequence of changes in the turnover of glucose because of
an altered demand of glucose. In the case of clozapine, glucose
turnover seems to be increased due to increased lipid production
[increased ACC1 and galactocerebroside expression; see Myelin
Lipid Synthesis (Figures 1 ⑥–⑧, 4, 5)]. An interpretation of the
observed haloperidol effects on glucose and lactate levels is less
clear since the demand of glucose seems to be reduced while we
did not find a significantly reduced lipid synthesis.

Haloperidol and clozapine had no significant influence on
the expression of MCT1, GLUT1, or GLUT3 in OLN-93 cells
(Figure 3). The observed expression pattern of these transporters
in OLN-93 oligodendrocytes is in line with the literature (Pierre
et al., 2007; Merezhinskaya and Fishbein, 2009). GLUT1 is widely
distributed and responsible for basal level glucose uptake; GLUT3
is primarily expressed in neurons, but it is also found in other
human cells, such as oligodendrocytes (Bell et al., 1990).

MITOCHONDRIAL RESPIRATION (FIGURE 1⑤, TABLE 2)
We found no significant differences in the FCCP/protein ratio
between controls (PBS-treated cells) and haloperidol-treated cells
after 6 or 24 h. Thus, our data cannot associate haloperidol action
to mitochondrial respiration in the applied experimental set-
ting. Notably, these measures in an incubation chamber may not

Table 2 | (see Figure 1): Mitochondrial respiration in terms of oxygen consumption was assessed with a Clark-type electrode in a temperature

regulated incubation chamber (Reynafarje et al., 1985).

Time (h) Parameter PBS Haloperidol Clozapine P-value P-value

haloperidol vs. PBS clozapine vs. PBS

6 FCCP/protein (ng atom O/min/mg) 63.16 ± 13.57 77.78 ± 26.10 71.51 ± 13.05 0.373 0.701

6 FCCP/oli 9.20 ± 1.10 13.98 ± 3.40 13.77 ± 1.94 0.193 0.116

24 FCCP/protein (ng atom O/min/mg) 69.95 ± 19.84 66.82 ± 6.79 79.34 ± 10.96 0.892 0.479

24 FCCP/oli 4.70±1.66 8.37 ± 3.99 10.77±3.68 0.224 0.039*

Annotations: FCCP, cellular respiration after the addition of p-trifluoromethoxyphenylhydrazone, a protonophore and uncoupler of mitochondrial oxidative phosphory-

lation; the FCCP/protein ratio is an estimate of the cellular content of functionally intact mitochondria in the analyzed OLN-93 cells; oli, cellular respiration after the

addition of oligomycin, an inhibitor of mitochondrial adenosine triphosphatase; the FCCP/oli ratio is an estimate of the efficacy of mitochondrial respiration. Data are

given as mean ± SD from n = 5 cultures per experimental setting; *P < 0.05.
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FIGURE 4 | (see Figure 1 ⑥–⑦): (A) Western blot analysis of acetyl-CoA
carboxylase (ACC1)-expression in OLN-93 cells. Antipsychotic treatment with
clozapine led to a significant increase in the expression of this rate limiting
enzyme for fatty acid synthesis compared to the control condition or

haloperidol treatment. (B) The cellular concentration of free fatty acids was
dependent on the treatment condition. Clozapine led to a significant decrease
in the free fatty acid content of OLN-93 cells. Annotation: Data are given as
mean ± s.e.m. ∗P < 0.05, ∗∗∗P < 0.001.

perfectly mirror haloperidol’s effects on endogenous cell respira-
tion in the culture dish. This is important, because an inhibition
of mitochondrial respiration and free radical induction have been
suggested as a mechanism of haloperidol neurotoxicity in the past
(Arnaiz et al., 1999).

The clozapine-dependent decrease in extracellular glucose
concentration may be due to stimulation of glycolysis. Elevated
lactate concentrations measured after clozapine treatment sug-
gest an increase in anaerobic glycolysis, which would lead to
reduced ATP synthesis. However, the data of the current mito-
chondrial respiration analysis did not suggest a clozapine-induced
decrease in the amount of mitochondria and the capacity of
the respiratory chain for ATP synthesis (FCCP/protein ratio).
Moreover, increased levels of the FCCP/oli ratio in the pres-
ence of clozapine indicated a lower degree of consumed oxygen
molecules that were not coupled to ATP synthesis. In addition,
the increase of the FCCP/oli ratio supports the possibility of
clozapine-induced changes in the lipid composition of the mito-
chondrial membrane system. In fact, changes in lipid metabolism
were evident at the level of FFA and galactocerebroside synthesis
(see below). Taken together, these data suggest that the enhance-
ment of glucose turnover ameliorates ATP synthesis via mito-
chondrial oxidative phosphorylation as well as anaerobic lactate
formation.

With regard to lipid synthesis such an increased lactate gen-
eration results in elevated nicotinamide adenine dinucleotide

phosphate (NADPH) levels that in turn support the synthesis of
FFA and lipids. Additionally, changes in the permeability of the
mitochondrial membrane system (leak respiration) may be linked
to decreased thermogenesis. Such a lowered energy demand,
mediated by the activity of the mitochondrial citric acid cycle,
might again contribute to higher NADPH levels, thus supporting
lipid synthesis.

MYELIN LIPID SYNTHESIS (FIGURES 1 ⑥–⑧, 4, 5)
Enhanced glycolysis and high lactate levels induced by clozapine
are likely to trigger lipogenesis and myelin synthesis, since these
processes require the availability of lactate in oligodendrocytes
(Sanchez-Abarca et al., 2001).

Indeed, the present data suggest an increased expression
of ACC1, the rate limiting key enzyme for FFA synthesis.
Furthermore, clozapine but not haloperidol treatment was
associated with an increased expression of galactocerebroside.
Accordingly, the turnover of FFA in OLN-93 oligodendrocytes
was increased by clozapine, leading to a decrease of their intra-
cellular concentration. These data hint at a metabolic scenario
which might explain why the administration of clozapine, by
improving myelination and maintaining connectivity in the cen-
tral nervous system, is associated with a superior longtime effect
on psychotic symptoms. Studies in rodents have not yet system-
atically examined the influence of antipsychotic drugs on myelin
lipid synthesis. However, previous results suggest that clozapine
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FIGURE 5 | (see Figure 1): (A–F) Photographs display examples of the
galactocerebroside immunostaining in control cultures and after treatment
with haloperidol (+halo) or clozapine (+cloz) for 6 and 24 h. (G) Quantitative
evaluation of the galactocerebroside immunostaining intensity revealed a
higher expression of this characteristic myelin lipid in clozapine-treated
OLN-93 oligodendrocytes. Notably, clozapine-treated cells showed also a
more mature cytomorphology. Annotation: Data are given as mean ±
s.e.m. from n = 6 cultures per experimental setting; ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001. The scale bar in Figure 5B is representative for all
photographs in Figure 5.

and quetiapine show superior effects regarding remyelination and
oligodendrocyte maturation (in C57BL/6 mice suffering from
cuprizone-induced white matter damage; Xiao et al., 2008; Xu
et al., 2010; Zhang et al., 2012). Xu et al. observed less social inter-
action in mice given the myelin-toxic agent cuprizone for 28 days
(Xu et al., 2010). Supporting the finding of a superior effect of
clozapine on oligodendrocytes and myelin integrity, these behav-
ioral changes were ameliorated by clozapine or quetiapine, but
not by haloperidol (Xu et al., 2010).

LIMITATIONS AND POTENTIAL QUESTIONS
While cell culture studies do not necessarily reflect the in vivo
pathophysiology and drug effects within the diseased brain, the

present results indicate distinctly different actions of haloperidol
and clozapine on of the energy metabolism and maturation of
oligodendrocytic OLN-93 cells.

Our acute model nicely shows how these drugs act fast over
the cellular proteome and metabolism. Antipsychotics’ metabolic
side-effects typically take a considerable amount of time to mani-
fest in humans. Then it is natural to think that cellular effects are
also delayed. Our results suggest earlier mechanisms. We defend
that the delay in observing weight gain for example is due to the
fact that there must be a systemic glycolytic dysfunction, which
starts in the brain, but will only reach the hepatic cells after a
while, if the antipsychotic treatment is continuous.

SUMMARY
Our results suggest that clozapine and haloperidol modulate
differently oligodendrocytic glucose and lactate homeostasis,
as well as myelin lipid synthesis. On the basis of clinical
observations that antipsychotic drugs with the greatest clin-
ical efficacy have the greatest metabolic effects, such as in
the case of clozapine, it has been suggested that therapeu-
tic and adverse effects of antipsychotic drugs (in particular
clozapine) are related through influencing energy metabolism
(Girgis et al., 2008). Our novel insights indicate that clozap-
ine treatment might improve the energy supply and maturation
of oligodendrocytes. Moreover, clozapine is apparently supe-
rior compared to haloperidol in maintaining the integrity of
myelinated fibers. These findings support the concept that, in
addition to rebalancing neurotransmission, certain antipsychotics
may act as oligodendrocyte-modulators, improving neuronal
connectivity.

The presented data suggest glycolysis as a central biochemical
pathway underlying the effects of both antipsychotics on glucose
and lactate availability in oligodendrocytes. While haloperidol
treatment led to higher extracellular levels of glucose and lower
intracellular levels of lactate, suggesting reduced glycolysis, cloza-
pine improved glucose uptake as well as production and release of
lactate.

Future studies should try to get a better understanding of
these processes, e.g., by applying co-cultures with astrocytes and
neurons or by using animal experiments.

Understanding the action of antipsychotic drugs in oligoden-
drocytes may help to develop novel cellular- or myelin-directed
therapies for patients suffering from schizophrenia.
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Microglia are resident innate immune cells which release many factors including
proinflammatory cytokines, nitric oxide (NO) and neurotrophic factors when they are
activated in response to immunological stimuli. Recent reports show that pathophysiology
of schizophrenia is related to the inflammatory responses mediated by microglia.
Intracellular Ca2+ signaling, which is mainly controlled by the endoplasmic reticulum (ER),
is important for microglial functions such as release of NO and cytokines, migration,
ramification and deramification. In addition, alteration of intracellular Ca2+ signaling
underlies the pathophysiology of schizophrenia, while it remains unclear how typical
or atypical antipsychotics affect intracellular Ca2+ mobilization in microglial cells. This
mini-review article summarizes recent findings on cellular mechanisms underlying the
characteristic differences in the actions of antipsychotics on microglial intracellular Ca2+

signaling and reinforces the importance of the ER of microglial cells as a target of
antipsychotics for the treatment of schizophrenia.

Keywords: microglia, calcium, endoplasmic reticulum, BDNF, proBDNF, antipsychotic, schizophrenia

INTRODUCTION
Microglia are immune cells which are derived from progen-
itors that have migrated from the periphery and are from
mesodermal/mesenchymal origin (Kettenmann et al., 2011).
After invading the brain parenchyma, microglia transform into
the “resting” ramified phenotype and are distributed in the
whole brain. However, microglia revert to an ameboid appear-
ance when they are activated in the disturbances including
infection, trauma, ischemia, neurodegenerative diseases or any
loss of brain homeostasis (Aguzzi et al., 2013; Cunningham,
2013). Recent in vivo imaging has shown that microglial
cells actively scan their environment with motile protrusions
even in their resting state and are ready to transform to
“activated” state in responses to injury, ischemia or autoim-
mune challenges in the brain (Wake et al., 2013). Microglia
can release many factors including proinflammatory cytokines
(such as TNFα, IL-6), nitric oxide (NO) and neurotrophic fac-
tors (such as BDNF) when they are activated in response to
immunological stimuli (Kettenmann et al., 2011; Smith and
Dragunow, 2014). In addition, microglia are shown to be involved
in the development of neural circuits or synaptic plasticity
thereby maintaining the brain homeostasis (Schwartz et al.,
2013).

There is increasing evidence suggesting that pathophysiol-
ogy of schizophrenia is related to the inflammatory responses
mediated by microglia (Müller and Schwarz, 2007; Kato et al.,
2011; Monji et al., 2013; Myint and Kim, 2014). A recent meta-
analysis of associations between schizophrenia and dysfunction

of immune systems including aberrant circulating cytokine levels
showed that IL-1β, IL-6 and transforming growth factor-β
(TGF-β) appeared to be state markers, as they were elevated
in acutely relapsed inpatients or in first-episode psychosis and
then normalized with antipsychotic medications. In contrast,
IL-12, interferon-γ (IFNγ) and tumor necrosis factor α (TNFα)
appeared to be trait markers, as they remained elevated in
acute exacerbations of psychotic symptoms and even after the
antipsychotic treatment (Miller et al., 2011). Microglial acti-
vation can be estimated by positron emission tomography
(PET) using radiopharmaceuticals. For example, a quantitative
(R)-[(11)C]PK11195 PET scan showed that activated microglia
were present in the gray matter of patients suffered from
schizophrenia within the first 5 years of disease onset (van
Berckel et al., 2008). Another PET study using [11C]DAA1106
showed a positive correlation between cortical [11C]DAA1106
binding and positive symptom scores obtained from patients with
schizophrenia (Takano et al., 2010). In addition, we and others
have reported that pretreatment with antipsychotics significantly
inhibits the release of proinflammatory cytokines and/or NO
from activated microglial cells (Hou et al., 2006; Kato et al.,
2013). Interestingly, pretreatment with haloperidol or risperidone
significantly suppressed the release of proinflammatory cytokines
and NO from activated microglial cells, although the inhibitory
effects of risperidone were much stronger than those of haloperi-
dol (Kato et al., 2007). In addition, we have previously shown
that pretreatment with aripiprazole suppressed the elevation of
intracellular Ca2+ concentration ([Ca2+]i) induced by IFNγ in
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microglial cells, suggesting the importance of microglial intracel-
lular Ca2+ signaling as a target of antipsychotics for the treatment
of schizophrenia (Kato et al., 2008; Mizoguchi et al., 2011),
because elevation of intracellular Ca2+ is important in activation
of microglial cell functions, including proliferation, release of
NO and cytokines, migration, ramification and deramification
(Färber and Kettenmann, 2006). Here, we briefly review our
current understanding of the cellular mechanisms underlying
the characteristic differences in the actions of antipsychotics on
neuronal or microglial intracellular Ca2+ signaling and rein-
forces the importance of the endoplasmic reticulum (ER) of
microglial cells as a target of antipsychotics for the treatment of
schizophrenia.

SCHIZOPHRENIA AND INTRACELLULAR Ca2+ SIGNALING
The electrical activity of neurons (i.e., excitable cells) depends
on a number of different types of voltage- or ligand-gated ion
channels that are permeable to inorganic ions such as sodium,
potassium, chloride and calcium. While the former three ions
predominantly support the electrogenic role, Ca2+ are different in
that they can not only alter the membrane potential but also serve
as important intracellular signaling entities by themselves. In the
CNS, intracellular Ca2+ signaling regulates many different neu-
ronal functions, such as cell proliferation, gene transcription and
exocytosis at synapses (Berridge et al., 2003). In neurons, because
the prolonged elevation of [Ca2+]i is cytotoxic, [Ca2+]i is tightly
regulated by intrinsic gating processes mediated by voltage-gated
calcium channels and NMDA receptors (NMDARs; Simms and
Zamponi, 2014). In addition, dysregulation of neuronal Ca2+

signaling have been linked to various neuropsychiatric disorders
including schizophrenia (Lidow, 2003). A possible involvement
of intracellular Ca2+ signaling in schizophrenia was originally
presented by Jimerson et al. (1979), based on their finding
that remission from acute psychotic symptoms of schizophrenia
was accompanied by elevation of the Ca2+ concentration in
the cerebrospinal fluid. Thereafter, the interaction of neuronal
dopaminergic transmission and intracellular Ca2+ signaling was
documented. Dopamine D2 receptors were shown to be regu-
lated by intracellular Ca2+ through the activation of CaMKII
or neuronal Ca2+ sensor 1 (NCS-1). Both CaMKII and NCS-1
have also been reported to be involved in the pathophysiology of
schizophrenia (Bai et al., 2004; Luo et al., 2014). Another topic
of hypothesis underlying the pathophysiology of schizophrenia
is the involvement of intracellular Ca2+signaling within the fast
spiking GABAergic inhibitory neurons in the hypofunction of
NMDARs which leads to the dysfunction of GABAergic inhibitory
circuits (Lewis et al., 2005; Berridge, 2013). The sustained and
synchronous firing of dorsolateral prefrontal cortical neurons in
the gamma frequency range of approximately 40 Hz (gamma
rhythms) depends on excitatory pyramidal neurons which release
glutamate to activate the inhibitory GABAergic interneurons. The
hypofunction of NMDARs results in the reduction of intracellular
Ca2+ signaling, suppression of the induction of transcription
factor CREB and reduction in the expression of the glutamic acid
decarboxylase 67 (GAD67), which leads to the change of gamma
rhythms and the impairment of cognitive functions observed in
patients suffered from schizophrenia. In addition, dysregulation

of the redox signaling pathway might provide an explanation
for the developmental origins of schizophrenia because there
appears to be a link between maternal viral infections dur-
ing gestation and the incidence of schizophrenia. During viral
infections, the increase of the IL-6 release and the resultant
activation of redox signaling pathway promote the hypofunc-
tion of NMDARs in the GABAergic interneurons (Berridge,
2013).

Recently, there are many reports that have shown that pos-
sible involvement of single-nucleotide polymorphisms (SNPs)
within two L-type voltage-gated calcium channel subunits,
CACNA1C and CACNB2, and neuropsychiatric disorders includ-
ing schizophrenia, suggesting that dysfunction of L-type voltage-
gated calcium channels occurs in patients with schizophrenia
(Ripke et al., 2013; Smoller et al., 2013). However, the activation
of voltage-gated calcium channels are well known to be sup-
pressed by the treatment of various antipsychotics (Santi et al.,
2002; Choi and Rhim, 2010). For example, in cultured HEK
cells, haloperidol acutely blocks T-type voltage-gated calcium
channels in a dose-dependent manner (Santi et al., 2002), while
it remains unclear whether antipsychotics also affect voltage-
gated calcium channels in neurons. Solís-Chagoyán et al. (2013)
recently reported that Ca2+ currents mediated by L-type voltage-
gated calcium channels recorded in olfactory neuroepithelial cells
obtained from patients with schizophrenia were 50% smaller
than those from healthy subjects. Because these patients with
schizophrenia were taking antipsychotics, the finding does not
simply support the genetic studies suggesting that dysfunction
of L-type voltage-gated calcium channels occurs in patients with
schizophrenia.

ANTIPSYCHOTICS AND THE ER-MEDIATED MICROGLIAL
INTRACELLULAR Ca2+ MOBILIZATION
Elevation of intracellular Ca2+ is also important for the activation
of microglia, including proliferation, migration, ramification,
deramification and release of NO, proinflammatory cytokines and
BDNF (Kettenmann et al., 2011). However, in microglial cells,
an application of high [K+]out or glutamate does not elevate
[Ca2+]i. This observation is supported by the fact that both
voltage-gated Ca2+ channels and NMDARs are not expressed in
microglia (Kettenmann et al., 2011). For electrically non-excitable
cells including microglia, the primary source of intracellular Ca2+

is the release from intracellular Ca2+ stores and the entry through
the ligand-gated and/or store operated Ca2+ channels (Möller,
2002). Microglia contain at least two types of intracellular Ca2+

stores: the ER and mitochondria. The main route for the gen-
eration of intracellular Ca2+ signaling is associated with inositol
1,4,5-trisphosphate (InsP3) receptors on the ER membrane. Stim-
ulation of G protein-coupled metabotropic receptors results in the
activation of the phospholipase C (PLC), production of two sec-
ond messengers including the diacylglycerol (DAG) and the InsP3
and the release of Ca2+ from the ER. Importantly, the depletion
of ER activates the store-operated Ca2+ entry (SOCE), known as
a capacitative Ca2+ influx, mediated by plasmalemmal channels
such as calcium release-activated Ca2+ (CRAC) channels and/or
transient receptor potential (TRP) channels (Parekh and Put-
ney, 2005). In addition, STIM1, one of ER membrane proteins,
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senses the filling state of ER Ca2+ and delivers the ER to the
plasma membrane where it directly activates Orai1/CRAC chan-
nels, thereby facilitating the re-uptake of Ca2+ to ER through
the sarco(endo)plasmic reticulum Ca2+-ATPases (SERCA). The
concentration of Ca2+ in the ER is precisely controlled by SERCA.
The influx of Ca2+ through the TRP channels plays an important
role in many inflammatory processes including the activation of
microglia (Nilius et al., 2007; Mizoguchi et al., 2014). Because
there is increasing evidence suggesting that pathophysiology of
schizophrenia is related to the inflammatory responses mediated
by microglia (Müller and Schwarz, 2007; Monji et al., 2013),
it could be important to examine the effects of antipsychotics
on the ER function of microglial cells for the treatment of
schizophrenia.

In some electrically non-excitable cells such as macrophages,
adipocytes, β-cells and oligodendrocytes, perturbation of the
calcium homeostasis in the ER results in the accumulation of
unfolded proteins, the induction of the ER stress response, the
promotion of the inflammatory processes and the initiation of
apoptosis (Zhang and Kaufman, 2008). Experimentally, the ER
stress response is frequently induced by selectively inhibiting
SERCA using agents such as thapsigargin (TG) which passively
deplete the ER (Thastrup et al., 1990). It remains unclear how
typical or atypical antipsychotics affect the ER-mediated intra-
cellular Ca2+ mobilization in microglia. Thus, we examined
how pretreatment with typical (haloperidol) or atypical (risperi-
done) antipsychotics affects TG-induced intracellular Ca2+ mobi-
lization, which represents a cellular stress response. In rodent
microglial cells, we observed that opposite effects of haloperidol
and risperidone on the TG-induced intracellular Ca2+ mobi-
lization (Mizoguchi et al., unpublished observations). There
are two other reports showing opposite effects of haloperidol
and risperidone on intracellular Ca2+ mobilization. In cultured
astrocytes derived from rat cortex and striatum, intracellular
Ca2+ imaging showed that pretreatment with risperidone but
not haloperidol suppressed the dopamine-induced increase in
[Ca2+]i (Reuss and Unsicker, 2001). In another study obtained
from rat PC12 cells, pretreatment with haloperidol potenti-
ated the rotenone-induced neurotoxicity, while risperidone sup-
pressed it. Likewise, pretreatment with haloperidol potentiated
the rotenone-induced increase in [Ca2+]i, while risperidone com-
pletely suppressed it, suggesting that opposite effects of haloperi-
dol and risperidone on rotenone-induced neurotoxicity could
be mediated by their differential effects on intracellular Ca2+

mobilization (Tan et al., 2007). In addition, Kurosawa et al.
(2007) reported that pretreatment with risperidone but not with
haloperidol suppressed the death of rat cultured cortical neu-
rons induced by treatment with TG for 72 h. Disruption of
intracellular Ca2+ signaling triggers the activation of cell death
programs (Orrenius et al., 2003). Treatment of primary cultured
microglial cells by TG or ionomycin induced cellular apopto-
sis and this pathway was suppressed by the pretreatment with
BAPTA-AM (Nagano et al., 2006). Thus, these suggest that typical
and atypical antipsychotics have different effects on the ER-
mediated intracellular Ca2+ mobilization, which might lead to
the differences in the actions of typical and atypical antipsy-
chotics on the induction of the ER stress response, promotion

FIGURE 1 | Schematic illustration representing the microglial
intracellular Ca2+ signaling, especially the ER function, as major
targets of antipsychotics for the treatment of schizophrenia. SERCA,
sarco(endo)plasmic reticulum Ca2+-ATPases; TG, thapsigargin; SOC,
store-operated calcium channel.

of the inflammatory responses and/or initiation of apoptosis in
microglia (Figure 1).

Brain-derived neurotrophic factor is also well known for
its involvement in the pathophysiology of neuropsychiatric
disorders including schizophrenia (Autry and Monteggia, 2012).
A recent meta-analysis of studies showed that blood levels of
BDNF are reduced in both medicated and drug-naïve patients
with schizophrenia (Green et al., 2011). In addition, expression
of BDNF in rodent microglia is important for the spine
elimination/formation and motor-learning processes (Parkhurst
et al., 2013). We have recently reported that BDNF induces
sustained [Ca2+]i elevation, which was mediated by an initial
PLC/InsP3-driven Ca2+ release from the ER that followed by a
long-lasting activation of the SOCE via the up-regulation of cell-
surface TRPC3 channels in rodent microglial cells (Mizoguchi
et al., 2009, 2014). In addition, incubation with BDNF decreased
release of NO from the activated microglia, suggesting that
BDNF might have an anti-inflammatory effect through the
inhibition of microglial activation and could be useful for the
treatment of neuropsychiatric disorders including schizophrenia.
It remains unclear how typical or atypical antipsychotics affect
the BDNF-mediated intracellular Ca2+ mobilization in microglia.

There is increasing evidence suggesting that pathophysiol-
ogy of schizophrenia is related to the inflammatory responses
mediated by microglia (Müller and Schwarz, 2007; Kato et al.,
2011; Monji et al., 2013; Myint and Kim, 2014). In addi-
tion, we have reported that pretreatment with antipsychotics
significantly inhibits the release of proinflammatory cytokines
and/or NO from activated microglial cells, possibly through
the suppression of [Ca2+]i elevation in microglial cells (Kato
et al., 2008, 2013; Mizoguchi et al., 2011). For electrically non-
excitable cells such as microglia, the primary source of intra-
cellular Ca2+ is the ER. suggesting the importance of the ER
as a therapeutic target of antipsychotics for the treatment of
schizophrenia.
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CONCLUSION
Microglia can release many factors including proinflammatory
cytokines, NO and BDNF when they are activated in response to
immunological stimuli. There is increasing evidence suggesting
that pathophysiology of schizophrenia is related to the inflam-
matory responses mediated by microglia. In addition, we have
previously reported that pretreatment with antipsychotics signif-
icantly inhibits the release of proinflammatory cytokines and/or
NO from activated microglial cells, possibly through the suppres-
sion of the elevation of [Ca2+]i, suggesting the importance of
microglial intracellular Ca2+ signaling as a target of antipsychotics
for the treatment of schizophrenia. Although the electrical activity
of neurons mainly depends on voltage-gated calcium channels
and NMDARs, the generation of intracellular Ca2+ signaling in
non-excitable cells such as microglia is mainly regulated by the
ER. These suggest the importance of the ER as a therapeutic target
of antipsychotics for the treatment of schizophrenia.
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Schizophrenia (SZ) is a chronic and severe mental illness for which currently there is no
cure. At present, the exact molecular mechanism involved in the underlying pathogenesis
of SZ is unknown. The disease is thought to be caused by a combination of genetic,
biological, psychological, and environmental factors. Recent studies have shown that
epigenetic regulation is involved in SZ pathology. Specifically, DNA methylation, one of
the earliest found epigenetic modifications, has been extensively linked to modulation
of neuronal function, leading to psychiatric disorders such as SZ. However, increasing
evidence indicates that glial cells, especially dysfunctional oligodendrocytes undergo
DNA methylation changes that contribute to the pathogenesis of SZ. This review
primarily focuses on DNA methylation involved in glial dysfunctions in SZ. Clarifying this
mechanism may lead to the development of new therapeutic interventional strategies for
the treatment of SZ and other illnesses by correcting abnormal methylation in glial cells.

Keywords: DNA methylation, glial genesis, oligodendrocyte, astrocyte, schizophrenia, mental illness

INTRODUCTION

Schizophrenia (SZ) is a chronic and severe mental illness that affects approximately 1% of the
population (Roussos andHaroutunian, 2014). This mental illness is characterized by clinical deficits
featured by socially inappropriate behaviors such as paranoia, hallucinations, and inappropriate
emotional responses. Although the pathogenesis of SZ is unknown, it has been commonly accepted

Abbreviations: Basic helix-loop-helix, bHLH; Brain derived neurotrophic factor, BDNF; Central nervous
system, CNS; 2,3-cyclicnucleotide-phosphodiesterase, CNP; Cytosine-guanine dinucleotide, CpG; Disrupted-in-
schizophrenia 1, DISC1; DNA methytransferases, Dnmts; The excitatory amino-acid transporter, EAAT; Embryonic
day 11.5, E11.5 d; Growth arrest and DNA damage 45-beta, Gadd45β; Glial fibrillary acidic protein, Gfap;
Histone deacetylases, HDACs; 5-hydroxymethylcytosine, 5hmC; Inhibitor of DNA binding 2 and 4, Id2/4; Myelin
associated glycoprotein, MAG; Methyl-CpG-binding protein 2, MeCP2; Methyl—binding domain protein, MBD; 5-
Methylcytosine, 5mC; Monocarboxylate transporter 4, MCT4; Myelin oligodendrocyte glycoprotein, MOG; Myelin-
associated oligodendrocytic basic protein, MOBP; Multiple sclerosis, MS; Neuroepithelial cells, NPCs; Neuregulin
1, NRG1; Neural stem cells, NSCs; Oligodendrocytes precursor cells, OPCs; Oligodendrocyte transcriptional factor
2, Olig2; Oligodendrocytes, OLs; Platelet derived growth factor receptor alpha, PDGFRα; Proteolipid protein, PLP;
Peripheral nervous system, PNS; Protein arginine N-methyltransferase 5, PRMT5; S-adenosyl homocysteine, SAH;
S-adenosyl-L-methionine, SAM; S100 beta, S100β; Sex-determining region Y-box containing gene 10, Sox10; Signal
transducer and activator of transcription 3, Stat3; Schizophrenia, SZ; The ten-eleven translocases, TETs; The tissue
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to be caused by a combination of genetic, biological,
psychological, and environmental factors (reviewed in Akbarian,
2014; Shorter and Miller, 2015).

In the past decade, several hypotheses concerning the
pathogenesis of SZ have been raised up and tested. Among
them, dysfunction of neurotransmitters, such as dopamine,
gamma-aminobutyric acid (GABA), glutamate, as well as
5–hydroxytryptamine (5-HT) have been implicated as primary
etiologies of SZ. In general, most studies have focused on the
dysfunction of neurons in different regions of gray matter that
include the ventral tegmental portion, the limbic system and the
prefrontal cortex (Plitman et al., 2014; Taylor and Tso, 2015).

However, recent evidence has demonstrated the involvement
of glial changes in the underlying pathogenesis of SZ. For
example, in SZ, ultra-structural signs of oligodendrocyte
deficiency have been implicated in myelinated fiber damage
in gray matter (Barley et al., 2009; Williams et al., 2013b;
Hercher et al., 2014). Moreover, increasing evidence from
neural imaging, genetic analysis, post-mortem morphological,
molecular biological and pharmacological studies revealed a
wide range of white matter abnormalities such as dysfunctional
oligodendrocytes with associated myelin deficits in the patients
with SZ (Hof et al., 2002; Flynn et al., 2003; Voineskos
et al., 2013; reviewed in Nave and Ehrenreich, 2014). Evidence
has also shown that the abnormal activation of astrocytes
or microglia may also be implicated in SZ (Katsel et al.,
2011a; Frick et al., 2013). As such, glial cell dysfunction
seems to be a primary deficit in SZ, which can alter the
synaptic function and/or circuitry and cause neuronal deficits
(Stewart and Davis, 2004; Segal et al., 2007; Barley et al., 2009;
Williams et al., 2013a). Therefore, glial cells may function as
key players that drive the underlying pathology of SZ (recently
reviewed in Bernstein et al., 2015; Wang et al., 2015). The
advanced understanding of the mechanisms that regulate glial
function may provide a new insight into the development of
therapeutic intervention strategies for SZ or related mental
illnesses.

Most glial cells (i.e., astrocytes and oligodendrocytes)
are differentiated from the neural stem cells (NSCs). After
specification, glial progenitor cells/oligodendrocytes precursor
cells (OPCs) can further differentiate into oligodendroglial
lineage cells or astrocytes, and the processes are controlled
by specific transcriptional programs (de Castro et al., 2013).
Recently, studies have implicated specific epigenetic changes
to SZ pathology (reviewed in Akbarian, 2014; Shorter and
Miller, 2015). Epigenetic does not alter gene sequences but
can directly influence gene expression (reviewed in Chen and
Riggs, 2011; Smith and Meissner, 2013). For example, DNA
methylation, one of the earliest types of epigenetic modifications,
has been extensively linked to SZ (reviewed in Grayson and
Guidotti, 2013). It has been shown that DNA methylation
was correlated with oligodendrocyte dysfunction and/or myelin
deficits in the brain of patients with SZ (Iwamoto et al.,
2005, 2006; Wockner et al., 2014). Moreover, antipsychotic
drugs have been shown to be able to alter the pathological
changes associated with DNA methylation or demethylation
and are thereby thought to be beneficial in the treatment

of SZ (reviewed in Guidotti and Grayson, 2014). In this
comprehensive review, we primarily focus on the role of DNA
methylation in glial cells’ generation and aberrant methylation
involved in glial dysfunction leading to SZ and other related
illnesses.

GLIAL ABNORMALITIES IN SZ

Glial cells mainly include astrocytes, oligodendrocytes, microglia,
ependymal cells and retinal Müller cells in the central nervous
system (CNS). In addition, the term glial cells also extend
to Schwann cells and satellite cells in the peripheral nervous
system (PNS). Besides basic functions like nutritional support or
neuronal protection, glial cells have other integral roles including
governing myelination, synapse formation and immunological
reactions (Namihira and Nakashima, 2013). Increased evidence
shows that glial cells, especially oligodendrocyte dysfunction
with corresponding myelin deficits occur in the white matter
or gray matter of SZ (reviewed in Bernstein et al., 2015; Miyata
et al., 2015). Additional abnormalities have also been noted in
astrocytes and microglia (Katsel et al., 2011a; Chew et al., 2013;
Frick et al., 2013).

Oligodendroglial cells are generated from neural progenitor
cells (NPCs) in the gliogenic phase of gestation. After
specification, OPCs continued to differentiate into immature
oligodendrocytes and finally the mature oligodendrocytes (de
Castro et al., 2013). There are different oligodendrocyte markers
identifying different stages of oligodendrocytes, including
platelet derived growth factor receptor alpha (PDGFRα) for
OPCs, O4 for immature oligodendrocytes, myelin associated
glycoprotein (MAG), proteolipid protein (PLP), and myelin
basic protein (MBP) for the mature oligodendrocytes (de Castro
et al., 2013). Abnormal expression of these markers along with
some oligodendrocyte related transcription factors have been
found in SZ.

For example, PLP1 was shown to be down-regulated in
SZ. It is believed that genetic polymorphisms of PLP1 in
males are likely to cause an increased susceptibility to SZ
(Qin et al., 2005). Similarly, a genetic association of the 2,3-
cyclicnucleotide-phosphodiesterase (CNP) andMAG genes were
also found in SZ (Wan et al., 2005; Yang et al., 2005). The
CNP risk polymorphism was associated with down-regulation
of gene expression in SZ (Peirce et al., 2006). Other studies
have shown that although the expression of MAG, CNP
and oligodendrocyte transcriptional factor 2 (Olig2) in the
gray or white matter did not differ between SZ patients
and normal controls, myelin-associated oligodendrocytic basic
protein (MOBP) mRNA levels were increased in the white
matter of patients with SZ (Usui et al., 2006). The myelin
oligodendrocyte glycoprotein (MOG) gene is considered to
be a key biological target for SZ due to its association with
white matter abnormalities and its importance in mediating the
complement cascade (Zai et al., 2005). Some oligodendrocyte
related transcriptional factors, such as Olig2, a basic helix-loop-
helix (bHLH) oligodendrocyte transcription factor, together with
Olig1, are required for normal oligodendrocyte development and
functioning. Genetic association analysis showed that variations
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in oligodendrocyte transcription factor Olig2 together with
Olig1 result in abnormal oligodendrocyte development and
functioning, thereby enhancing susceptibility to SZ (Georgieva
et al., 2006; Prata et al., 2013). Another target factor called sex-
determining region Y-box contains gene 10 (Sox10), has also
been shown to be responsible for the terminal differentiation
of oligodendrocytes by combining with Olig1/2 (Li et al., 2007;
Küspert et al., 2011). The abnormal expression of Sox10 has
also been found to be associated with SZ (Iwamoto et al.,
2005).

Moreover, Disrupted-in-schizophrenia 1 (DISC1) has
also been cited as a strong candidate target gene for SZ.
Rationale involving its implication in SZ revolves around
the ability of DISC1 to negatively regulate the differentiation
of oligodendrocytes (Katsel et al., 2011b; Boyd et al., 2015).
The neuregulin 1 (NRG1)/ErbB signaling pathway is one
of the important pathways responsible for the regulation of
myelination (Tao et al., 2009). Henceforth, it was also considered
as a key target for intervention to assist the treatment for
SZ (Alaerts et al., 2009). Moreover, recent evidence suggests
a key role of astrocytes in SZ due to their ability to interact
with neurons, and function in the maintenance of glutamate
homeostasis and recycling. The expression of astrocytic genes
such as S100 beta (S100β), diodinase type II, aquaporin-4,
glutaminase, excitatory amino-acid transporter 2 (EAAT2) and
thrombospondin are significantly reduced in the deep layers of
the anterior cingulate gyrus in patients with SZ (Katsel et al.,
2011a). In addition, post-mortem and imaging studies have
also suggested a critical role for microglial activation in the
underlying pathogenesis of SZ patients (Frick et al., 2013). As
such, these recent findings suggest that glial dysfunction may
be involved in the underlying pathogenesis of SZ. However, the
exact molecular mechanisms underlying the pathological process
are currently unknown.

DNA Methylation
DNA methylation is one of the earliest found epigenetic
modifications thought to drive the pathology of various
psychiatric diseases such as SZ (Grayson and Guidotti, 2013;
Numata et al., 2014). It is mediated by DNA methytransferases
(Dnmts), which can transfer a methyl group (CH3) from
S-adenosyl-L-methionine (SAM) to the fifth carbon position of
cytosine. The methylated cytosine at fifth carbon position
is named 5-methylcytosine (5mC). During the methylation
process, Dnmts transfer the methyl group from SAM to cytosine
residues, generating S-adeno-sylhomocysteine (SAH; reviewed
in Smith and Meissner, 2013). In general, the methyl-binding
domain proteins (MBDs) recruit histone deacetylase (HDACs)
and co-repressors (co-rep) by Dnmts to form transcription
repressor complexes. By forming the complexes, they prevent
transcription factors from binding with their specific DNA
sequences, causing silence or inhibition of gene expression
(reviewed in Smith and Meissner, 2013; Figure 1). There are
six members belonging to the MBD family, including MBD1–4,
MeCP2 (methyl-CpG-binding protein 2) and Kaiso. At present,
MeCP2 have two biologically active isoforms called MeCP2E1

FIGURE 1 | Schematic diagram: DNA methylation in gene
transcriptional regulation. DNA methylation is mediated by Dnmts, which is
recruited by MBDs and form transcription repressor complexes together with
co-repressors (co-rep) and HDACs, and induces transcriptional inhibition.
Demethylation is mediated by TETs, which can catalyze oxidation of 5mC to
5-hydroxymethylcytosine (5hmC), and finally leads to disassembly of the
repressor complexes and gene transcriptional activation. MBDs,
methyl-binding domain proteins; Dnmts, DNA methyltransferases; HDACs,
histone deacetylase; Co-Rep, co-repressors; TETs, the ten-eleven
translocases; Gadd45β, growth arrest and DNA damage 45-beta.

and MeCP2E2 (Olson et al., 2014). Dnmts isoforms include
Dnmt1, which maintains the methylation on the genes, and
Dnmt3a and Dnmt3b for de novo establishment of DNA
methylation (reviewed in Houston et al., 2013; Smith and
Meissner, 2013). Cytosine methylation of promoter regions
usually represses gene transcription (Figure 1). Conversely,
demethylation is the process which removes a methyl group
(CH3) from 5mC, finally a hydrogen atom is added to
the site, resulting in a net loss of one carbon and two
hydrogen atoms. The ten-eleven translocases (TETs) family
of methylcytosine dioxygenases including TET1–3, collaborate
with DNA damage 45-beta (Gadd45β), Dnmts and HDACs, to
catalyze oxidation of 5mC to 5-hydroxymethylcytosine (5hmC),
thus promoting DNA demethylation (reviewed in Chen and
Riggs, 2011).

In post-mortem brains of patients with SZ, DNA methylation
has been assayed for a number of genes mainly expressed in
neurons, namely, Reelin, catechyl-O-methyltransferase (COMT),
OPRM (opioid receptor, mu), the serotonin-2A receptor gene
(HTR2A), brain derived neurotrophic factor (BDNF) and
arachidonate 5-lipoxygenase (ALOX5; reviewed in Grayson and
Guidotti, 2013). Research has reported an approximately twofold
increase of SAM level in SZ (Guidotti et al., 2007). In addition,
other researchers have reported that SAM levels regulate the
DNA methylome of Schwann cells, which are myelination glial
cells in the PNS (Varela-Rey et al., 2014). Furthermore, it
was also found that there was a higher expression of Dnmt1
and Dnmt3a in SZ than patients without SZ (Guidotti et al.,
2007; Zhubi et al., 2009). Besides neurons, Dnmt1, Dnmt3a and
Dnmt3b are also expressed in glial cells (Feng et al., 2005).
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Dnmt3a-deficient NSCs tend to differentiate into astrocytes and
oligodendrocytes as a result of demethylation of glial genes
(Wu et al., 2012b). This data suggests a potential role of DNA
methylation in glial cells which may partially explain the etiology
of SZ. Moreover, evidence has shown that abnormal glial cells,
such as astrocyte or oligodendrocyte dysfunction conjunction
with myelin deficits occur in white matter. Interestingly, these
changes are thought to be the result of their DNA methylated
status changes in SZ (Iwamoto et al., 2005, 2006; Wockner et al.,
2014).

DNA Methylation in Oligodendrocytes
Studies of Dnmt3a knockout NSCs indicates that Dnmt3amay be
involved in regulating fate determination of the oligodendroglial
lineage (Table 1). In Dnmt3a-deficient NSCs, the methylation
levels of oligodendroglial differentiation related genes such as
PDGFRα, Olig1, Sox10, MBP, Id2, Id4, Nkx2.2 and Nkx6.2 are
decreased, which results in up-regulation of these genes and
enhanced generation of oligodendroglial cells (Wu et al., 2010,
2012b). In addition, other researchers have shown that inMeCP2
null mice the loss of MeCP2 in the oligodendrocyte lineage cells
specifically resulted in more active behaviors with corresponding
severe hind limb clasping phenotypes. Moreover, these MeCP2
null mice displayed reduced expression of some myelin-related
proteins such as CNPase and MBP (Vora et al., 2010; Wu et al.,
2012a; Nguyen et al., 2013). On the other hand, Id2/4 was shown
to be demethylated during oligodendroglial differentiation,
which is mediated by protein arginine N-methyltransferase 5
(PRMT5; Huang et al., 2011).

In vitro studies involving OPC cultures have identified two
Hpa2 sites located at −1836 and −39 of the MAG gene that are
progressively demethylated during differentiation (Grubinska
et al., 1994), thereby altering the normal myelination process.
Recently, it was found that TET1-3 family members can regulate
the differentiation of OPCs. Specifically, TET2 is thought to
be critical for the expression of some important myelin genes,
such as MBP (Zhao et al., 2014; Table 1). Furthermore, the
level of 5hmC exhibited dynamic changes, indicating that the
combination of DNA methylation along with demethylation
may play an important role in the regulation of myelin gene
expression and OPCs’ differentiation (Zhao et al., 2014).

In SZ, Sox10 hyper-methylation was found to be correlated
with its reduced expression and oligodendrocyte dysfunction.
However, the CpG island of Olig2 and the methylated
state of MOBP, which encodes the structural protein in
mature oligodendrocytes, is rarely methylated in normal
brains (Iwamoto et al., 2005, 2006; Wockner et al., 2014).
Recent investigations on the corpus callosum following the
administration of cocaine showed a change in DNA methylation
at the promoter region of the Sox10 gene. However, the
methylated state of the myelin proteins such as MBP or PLP1 was
not affected (Nielsen et al., 2012).

Methylation has also been shown to be involved in myelin
protein integrity. For example, MBP arginine methylation level
decreased following brain development, which is critical for
MBP synthesis. However, in rats exposed to arsenic, MBP

arginine methylation level was increased as compared to normal
controls (Chanderkar et al., 1986; Zarazua et al., 2010).Moreover,
methylation in the promoter of the peptidylarginine deiminase
2 (PAD2; a key enzyme which converts arginines of MBP into
citrullines) was decreased to one-third of normal control in white
matter of patients with multiple sclerosis (MS; Mastronardi et al.,
2007). Recently, transcriptional regulation of BDNF by MeCP2
was believed as a novel mechanism for re-myelination and/or
myelin repair involved in the treatment of MS (KhorshidAhmad
et al., 2015).

DNA Methylation in Astrocyte
Astrocytes are the most abundant glial cells which are known
to play crucial roles in brain development (Namihira and
Nakashima, 2013). Astrocytes are generated from NPCs at early-
gestational to mid-gestational stages. They are located in the
ventricular and subventricular zone in late gestation. During
astrocytogenesis, cytokine-induced activation of the janus kinase
(JAK)-signal transducer and activator of transcription (Stat)
pathway are necessary. Activated Stat3 binds the promoter of
Gfap gene to active gene expression, thus inducing NPCs to
differentiate into astrocytes (Namihira and Nakashima, 2013).
On embryonic day 11.5 (E11.5), the Stat3 binding site at the
promoter region of Gfap gene is highly methylated, causing
its expression silenced. However, on E14.5, the promoter of
Gfap gene is demethylated thereby promoting its expression
(Takizawa et al., 2001; Hatada et al., 2008). In addition to the
promoter, the exon 1 of Gfap gene can also be modified by
methylation. MeCP2E1, an isoform of MeCP2, binds to exon 1
of Gfap gene to suppress Gfap gene expression (Tsujimura
et al., 2009). Moreover, under its ectopic expression, MeCP2
can prevent Gfap transcription and astrocytic differentiation
from NSCs, even in the presence of astrocytic induced cytokine
(Urayama et al., 2013).

As exposed to bromo-deoxyduridene (BrdU) or azacytidine,
Gfap is demethylated and this induces astrocytic differentiation
from NSCs (Schneider and d’Adda di Fagagna, 2012). Several
other targets have been linked to the demethylation of the
Gfap promoter. Specifically, Notch signaling, the hypoxia-
inducible factor 1a (HIF1α), Old astrocyte specifically induced
substance (OASIS), the murine homologs of chicken ovalbumin
upstream promoter transcription factors I and II (COUP-
TFI/II) are typical target molecules that contribute to the
demethylation of the Gfap promoter (Naka et al., 2008; Mutoh
et al., 2012; Saito et al., 2012). Interestingly, the CpG sites
in Gfap gene promoter are heavily methylated in microglia,
while demethylated in astrocytes (Barresi et al., 1999). Without
methylation, histone modifications by H3K9me3 or H3K27me3
are not sufficient for activation of Stat3-binding site in the
Gfap promoter region in NSCs. These facts indicate that
DNA methylation plays a critical role in deciding the timing
of astrocytogenesis (Urayama et al., 2013). In addition, the
gene of S100β is also hypo-methylated during astrocytogenesis
on E11.5. It has also been shown that following chemical
exposure of ethanol, the protein levels of Dnmt3a and activity
of Dnmts become increased, causing demethylation of the tissue
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TABLE 1 | DNA methylated sate and glia related gene expression.

Gene Methylated state Expression Reference Condition

MAG Demethylated Increase Grubinska et al. (1994) Differentiation of culture OLs
MBP Demethylated Increase Wu et al. (2010) Dnmt3a−/− NSCs

Methylated of arginine Increase Nguyen et al. (2013) Development
Olig1 Demethylated Increase Wu et al. (2010) Dnmt3a−/− NSCs
Sox10 Hypermethylated Decrease Iwamoto et al. (2005, 2006)

and Wockner et al. (2014)
Schizophrenia

Decrease Nielsen et al. (2012) Cocaine exposure
PAD2/4 Decreased methylation Increase Mastronardi et al. (2007) Multiple sclerosis (MS)
Id2/4 Demethylated Increase Huang et al. (2011) NSCs differentiation

Increase Wu et al. (2010) Dnmt3a−/− NSCs
GFAP Demethylated Increase Takizawa et al. (2001) and Hatada

et al. (2008)
Gliogenesis

MeCP2 E1 bind to exon 1 of Gfap — Tsujimura et al. (2009) NSCs
S100β Demethylated Increase Hatada et al. (2008) Gliogenesis
EAAT2 Hypermethylated Decrease Zschocke et al. (2007) Glioma cell lines
tPA Demethylated Increase Zhang et al. (2014) Ethanol exposure
Kir4.1 Hypermethylated Decrease Nwaobi et al. (2014) Ischemic, injury, epilepsy,

and Alzheimer
MCT4 Hypermethylated Decrease Liu et al. (2014) Temporal lobe epilepsy

plasminogen activator (tPA) promoter and resulting in increased
expression in of these proteins in astrocytes (Zhang et al.,
2014).

Recent research has also shown that hypo-methylation
in astrocytes alters the expression of EAAT2, a family
member of glutamate transporters (Zschocke et al., 2007).
Interestingly, researchers have also reported that the down-
regulation of MeCP2 did not affect cell morphology, growth,
and cytotoxic reaction, but reduced expression of EAAT1/2
in astrocytes (Okabe et al., 2012). However, MeCP2 deficiency in
astrocytes has been shown to cause significant abnormalities in
BDNF regulation, cytokine production, and neuronal dendritic
induction via non-cell-autonomous mechanism on gap junction
(Maezawa et al., 2009). In SZ, the expression of EAAT2 was
significantly reduced in astrocytes, suggesting that abnormal
methylation status of EAAT1/2 in astrocytes may be involved in
its pathogenesis (Katsel et al., 2011a).

DNA Methylation in Glial Cells and Other
Mental Disorders
Rett syndrome (RTT) is a childhood white matter disorder
caused by mutations in MeCP2. It is an X-linked neuro-
developmental disorder featured by autism and severe mental
retardation and neurological dysfunction in females. Although
RTT is generally attributed to be a primary neuronal dysfunction,
it has recently been shown that astrocytes, oligodendrocytes and
microglia also contribute to RTT pathophysiology (Maezawa
et al., 2009; Derecki et al., 2012; Nguyen et al., 2013). MeCP2
deficiency results in oligodendrocytes and astrocytes abnormities
as mentioned above. MeCP2-null microglia was shown to
produce a fivefold higher level of glutamate. As such, the
blockage of microglial glutamate released by gap junction and
glutamate receptor antagonists attenuated the neurotoxicity
associated with MeCP2-null microglia (Maezawa and Jin, 2010).

Genome-wide methylation map has identified significant
changes in methylation of astrocytic markers such as
Gfap, aldehyde dehydrogenase 1 family, member L1
(ALDH1L1), SOX9, glutamate-ammonia ligase (GLUL), the
sodium/phosphate cotransporters NaPi-IIc (SCL34A3), gap
junction alpha 1 (GJA1) and gap junction beta 6 (GJB6), brain-
enriched guanylate kinase-associated protein (BEGAIN) and
glutamate receptor ionotropic kainate 2 (GRIK2). These markers
can serve as functional candidates involved in the clinical
screening of patients for susceptibility to SZ (Nagy et al., 2015).
In addition, the expression pattern of these markers has been
suggested to correlate with changes in depression that is often
suffered by patients with SZ. For these reasons, the significant
differences in the methylation patterns specific to astrocytic
dysfunction are now thought to be associated with depressive
psychopathology (Nagy et al., 2015).

Kir4.1 is a glial-specific potassium (K+) channel which is
essential for the development of the CNS. As such, decreased
Kir4.1 expression is associated with Dnmt1-mediated DNA
hyper-methylation inmedical conditions such as ischemic injury,
epilepsy, and Alzheimer’s disease (Nwaobi et al., 2014). In
astrocytes, hypermethylation of monocarboxylate transporter 4
(MCT4) gene results in a significantly lower expression ofMCT4,
which subsequently leads to neuronal hyper-excitability and
epileptogenesis in temporal lobe epilepsy patients (Liu et al.,
2014).

CLINICAL IMPLICATIONS AND FUTURE
DIRECTIONS

Based on the comprehensive review of the current literature, we
have identified the importance of abnormal DNA methylation
and demethylation in psychiatric disorders such as SZ.
Specifically, research has identified aberrant methylation, growth
arrest and DNA damage 45-beta (Gadd45β), as part of the
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DNA-demethylation pathway component, whose expression
was increased by nearly threefold in SZ (Matrisciano et al.,
2011). DNA methylation combineds with histone deacetylation
regulate gene expression and represent two key focal points
for epigenetic therapeutic interventional strategies for SZ. As
such, evidence shows that adjunctive therapy for SZ may
be more effective by combining demethylation with histone
deacetylation (Dong et al., 2008, 2010). Because aberrant DNA
methylation and histone deacetylation patterns are potentially
irreversible, it has been suggested that therapy based on
inhibiting DNA demethylation and histone deacetylation may
serve as novel intervention strategies for early stage SZ. For
example, when SZ-like mice being treated with antipsychotic
drug clozapine and HDAC inhibitor VPA, Gadd45β expression
can be activated and bind specific promoter regions of Reelin
and GAD67 to cause hypomethylation, and thereby be beneficial
for SZ treatment (Dong et al., 2008, 2010; Matrisciano et al.,
2011).

Since glial abnormalities are thought to be key players in
SZ pathology, new strategies that target the glial cells may be
beneficial in the treatment of SZ (Takahashi and Sakurai, 2013;
Guidotti and Grayson, 2014; Bernstein et al., 2015). Furthermore,
since DNA methylation has an important role in regulating
expression of glial genes DNA methylation (Table 1), studies
involving more glial candidate genes should be conducted
to elucidate their effects in the underlying pathogenesis of
SZ. Henceforth, the advanced understanding of the specific
mechanisms involving DNA methylation in regulating glial
genesis and their pathological roles in SZ provide new insights
into interventional treatment strategies for SZ and other related
illnesses.
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While neurons have long been considered the major player in multiple brain functions
such as perception, emotion, and memory, glial cells have been relegated to a far lesser
position, acting as merely a “glue” to support neurons. Multiple lines of recent evidence,
however, have revealed that glial cells such as oligodendrocytes, astrocytes, and
microglia, substantially impact on neuronal function and activities and are significantly
involved in the underlying pathobiology of psychiatric disorders. Indeed, a growing body
of evidence indicates that glial cells interact extensively with neurons both chemically
(e.g., through neurotransmitters, neurotrophic factors, and cytokines) and physically
(e.g., through gap junctions), supporting a role for these cells as likely significant
modifiers not only of neural function in brain development but also disease pathobiology.
Since questions have lingered as to whether glial dysfunction plays a primary role in the
biology of neuropsychiatric disorders or a role related solely to their support of neuronal
physiology in these diseases, informative and predictive animal models have been
developed over the last decade. In this article, we review recent findings uncovered using
glia-specific genetically modified mice with which we can evaluate both the causation of
glia dysfunction and its potential role in neuropsychiatric disorders such as autism and
schizophrenia.

Keywords: glia, schizophrenia, autism, mouse models, astrocytes, oligodenrocytes, microglia, MeCP2

Introduction

Glial cells are the non-excitable supporting cells of the central nervous system (CNS) and classi-
fied mainly as oligodendrocytes, astrocytes, and microglia. These cells are typically smaller in size,
but can be far more numerous than neurons in certain brain regions such as the cerebral cor-
tex. Overall, the ratio between neurons, and glial cells in the human CNS is approximately 4:1
(Azevedo et al., 2009), with oligodendrocytes being the most abundant type of glial cells (75.6%),
followed by astrocytes (17.3%) and microglia (6.5%) in human male brains (Pelvig et al., 2008).
Glial cells clearly provide “support” for both cells such as neurons and structures such as blood
vessels, but also can function to increase action potential conduction velocity via saltatory con-
duction from one node of Ranvier to the next in myelinated axons, and also the response to
damage in the CNS via gliosis, a non-specific reactive change in glial cells associated with their
proliferation or hypertrophy. Convergent lines of evidence frommultiple studies in neuroimaging,
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postmortem brains, and genome-wide association studies
(GWAS) have revealed a wide range of white matter abnor-
malities in schizophrenia (Dwork et al., 2007; Bernstein et al.,
2015). Indeed, the implication of oligodendrocytes and myelin
in schizophrenia has come from analyses of postmortem brains
using microarray gene expression (Iwamoto et al., 2005; Katsel
et al., 2005), protein expression (Dracheva et al., 2006), electron
microscopic studies (Uranova et al., 2011), and neuroimaging
(Kubicki et al., 2007).

Astrocytes are regarded as neuronal partners since they hold
concerted cross-talk with neighboring neurons, which is crucial
for normal brain function. Astrocytes are able to sense neurogen-
esis, development, and maturation of brain circuits and neuronal
activity leading to both homeostatic changes and increased cel-
lular crosstalk (Wang and Bordey, 2008; Parpura et al., 2012).
The homeostatic responses of astrocytes includes increases in
metabolic activity, the synthesis of a neuronal preferred energy
substrate lactate, clearance of neurotransmitters and buffering of
extracellular K+ ions to name but a few (Kimelberg, 2007; Wang
and Bordey, 2008; Parpura and Verkhratsky, 2012). The existence
of bidirectional communication between astrocytes and neurons
during synaptic communication and function has been concep-
tualized as the “tripartite synapse” with its associated alterations
in neuron–glia cross talk (Newman, 2003; Perea et al., 2009).

Oligodendrocytes, the myelin forming cells of the CNS, have
a small round cell body and about 4–6 branching processes,
which can myelinate up to 60 axons depending on the diame-
ter (Miller, 2002). By ensheathing axons, mature oligodendro-
cytes provide critical insulation to facilitate axonal conduction
by increasing the resistance and reducing the effective capaci-
tance of the axonal membrane, resulting in faster conduction
speed in myelinated axons compared to unmyelinated axons of

the same diameter. In addition, recent studies have provided
unique roles of oligodendrocytes, indicating that myelination of
the axons cannot only influence neuronal properties in ways not
previously considered, but also may be a key source of trophic
and metabolic support for maintaining axonal integrity (Nave,
2010).

Microglia function as not only members of the innate immune
system but also participate in synaptic modulation and matura-
tion, learning, and memory processes. Importantly, they extend
a broad network of ramified processes in the CNS parenchyma.
After an injury to the brain, microglia rapidly extend highly active
exploratory processes into the sites of injury without any corre-
sponding cell body movement, potentially establishing a barrier
between healthy and injured tissues in which microglia actively
and constantly interact with neurons and astrocytes and sur-
vey the local environment (Davalos et al., 2005; Nimmerjahn
et al., 2005). Moreover, microglia can directly regulate both
synaptic function and synaptic maintenance in the absence of
injury or neuroinflammation (Bessis et al., 2007; Wake et al.,
2009).

The focus of this review is to examine what is known
regarding the relationship between altered glial cell func-
tion and the pathobiology of psychiatric disorders, and
whether glial dysfunction can play a causative role. First,
we examine the monogenic disorder Rett syndrome (RTT)
and examine the mouse model harboring a mutant methyl-
CpG binding protein 2 (MeCP2) gene where neuronal and
glial biology have been extensively investigated (Table 1).
Subsequently, we examine several other mouse models
for schizophrenia (Table 2) and how glial cell function
or dysfunction contributes both to the phenotype and
pathophysiology.

TABLE 1 | Summary of mutant MeCP2 mouse models.

Genotype Phenotype Reference

MeCP2

MeCP2-deficiency astrocytes
MeCP2tm1.1Bird/+ mice

Reduced BDNF
Reduced IL-1β and IL-6
Hyper-activated p38MARK pathways
Abnormal neuronal dendritic neurodevelopment

Maezawa et al. (2009)

MeCP2-deficiency astrocyte in vitro co-culture MeCP2 is present in all glial cell types in normal brain
Abnormal neuronal dendritic neurodevelopment

Ballas et al. (2009)

In globally MecP2 deficit mice, re-expression of MeCP2
preferentially in astrocytes

Improved locomotion and anxiety level Restored
respiratory abnormalities

Lioy et al. (2011)

MeCP2-deficiency microglia
MeCP2tm1.1Bird/+ mice

Increased glutamate release
Increased neurotoxicity
Glutamate inhibitor, gap channel hemichannel blocker,
and glutamate receptor antagonist blocked the
neurotoxicity

Maezawa and Jin (2010)

Re-expression of MeCP2 in microglia in MeCP2 null mice Improved RTT-like phenotype Derecki et al. (2012)

MeCP2tm1.1Bird/+ and MecP2tm1.1Jae mice Related phagocytic activity

Re-expression of MeCP2 in oligodendrocytes in MeCP2 null mice Milder RTT-like phenotype Nguyen et al. (2013)

MeCP2loxJ/y/NRG2Cre mice Mildly prolonging their life span

Significantly improved the locomotor deficits and
hindlimb clasping both in male and female

Fully restored the body weight

PLP and MBP remain reducing
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TABLE 2 | Summary of mutant DISC1, neuregulin-ErbB signaling mouse models, and others.

Genotype Phenotype Reference

DISC1

DISC1-deficiency astrocyte Diminished production of D-serine Ma et al. (2013)

B6.Cg-Tg(GFAP-tTA) 110Pop/J mice Abnormal behavior similar to schizophrenia

Increased sensitivity to NMDA antagonist and he ameliorative effects of
D-serine

DISC1-increased or decreased expression
oligodendrocyte

Knockdown of DISC1 increased oligodendrocytes differentiation
DISC1 overexpression decreased oligodendrocytes differentiation

Hattori et al. (2014)

DBZ-decreased expression oligodendrocyte
DBZ KO mice

Myelination in the corpus callosum was delayed but is mostly recovered
by adulthood
Oligodendrocytes with immature structural features were more
abundant

Shimizu et al. (2014)

Neuregulin-ErbB signaling

Astrocyte specific disruption of synCAM1
signaling

Increased locomotor activity in the dark period that are attenuated by
the psychostimulant D,L-amphetamine

Sandau et al. (2012)

GFAP-DNSynCAM1 mice Exhibited attenuation of changes in diurnal rhythm activity

Reduced anxiety levels

Reduced the acoustic startle paradigm

Neuregulin-ErbB4 receptor
signaling-deficiency oligodendrocyte

Myelin sheath is significantly thinner and
OLs morphology is less complex

Roy et al. (2007)

CNP-DNErbB4 mice Heightened anxiety and had an abnormal behavior

Enhanced sensitization to amphetamine

Altered dopamine signaling including levels of DAT and D1-like receptor
binding

Neuregulin-ErbB3 receptor
Signaling-deficiency oligodendrocyte
PLP/CreERT-ErbB3flox/flox mice

Deletion of selective ErbB3 receptor in oligodendrocytes

Deficits in social interaction and working memory

Makinodan et al. (2012)

Others

Mice with proteolipid protein overexpression
plpltg/− mice

The myelin was intact at the 2 months of age, but developed
demyelination
Reduced conduction velocity

Tanaka et al. (2009)

Increased anxiety

Spatial learning deficits and working memory deficits

Nogo-A knock out mice Sensorimotor deficit Willi et al. (2010)

Nogo-A−/− mice Motor stimulant response to systemic amphetamine

Increased dopamine D2 receptor expression in the striatal and limbic
regions

Selective overexpression of heme
oxygenase-1 (HO-1) in astrocytes

Hyperdopaminergic tone in the nigrostriatal and mesolimbic systems Song et al. (2012)

HMOX1 transgenic mice Sensorimotor deficit

MeCP2

Rett syndrome is currently considered a severe neurode-
velopmental disorder caused by sporadic mutations in the
X-chromosome-linked gene MeCP2 (Amir et al., 1999). Females
born with RTT develop normally for 6–18 months and then
begin to regress, losing speech, motor skills, and purposeful hand
motions and suffering other severe problems including men-
tal retardation, epileptic seizures, and overall retarded growth
(Hagberg, 2002). In fact, RTT brain shares certain features with
regressive type autism including small neuronal size, as well
as reduced dendritic branching and spines in selected regions
(Zoghbi, 2003; Armstrong, 2005).

MeCP2 Knockout Mice
In fact, male MeCP2 null mice show severe neurological symp-
toms at approximately 6 weeks of age, while heterozygous

female mice also develop behavioral symptoms after several
months (Guy et al., 2001). Loss of MeCP2 function in RTT
mice leads to abnormalities in dendritic arborization (Armstrong,
2005), basal synaptic transmission (Moretti et al., 2006), exci-
tatory synaptic plasticity (Asaka et al., 2006; Moretti et al.,
2006; Chao et al., 2007) and reduced spontaneous cortical
activity (Dani et al., 2005). Studies utilizing a mouse line
with a conditional MeCP2 gene knockout specific to neural
stem/progenitor cells, (nestin-Cre/MeCP2-/y) identified pheno-
types that resemble some of the symptoms of RTT-like phe-
notypes (Chen et al., 2001; Guy et al., 2001). However, mice
carrying a conditional knockout of MeCP2 in post-mitotic neu-
rons driven by the calcium/calmodulin-dependent protein kinase
2 (Camk2)-cre transgene (CamkII-Cre/MeCP2-/y; Chen et al.,
2001) exhibit milder and delayed RTT-like phenotypes com-
pared with the nestin-cre driven transgenic mice (Chen et al.,
2001). While the neurological symptoms of MeCP2 knockout
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mice are reversed by restoring MeCP2 expression (Guy et al.,
2007), normal MeCP2 expression in neuronal cells is unable
to prevent the phenotypes of the MeCP2 null mice (Alvarez-
Saavedra et al., 2007), which implicates the specific loss of glial
MeCP2 expression in the pathobiology of RTT. Thus, while
MeCP2 is widely expressed throughout various cell types in the
normal brain including neurons, and all types of glial cell such as
astrocytes, oligodendrocytes, and microglia (Ballas et al., 2009), it
appears plausible that while neuronal dysfunction was formerly
viewed as a significant contributor to RTT causation, glial dys-
function actually may play a greater role in the development
of RTT.

MeCP2-Deficiency in Astrocytes
With the loss of MeCP2 expression in astrocytes, there are
significant abnormalities in the expression of brain-derived neu-
rotrophic factor (BDNF); an established target of MeCP2 bind-
ing (Chang et al., 2006). Interestingly, astrocytes are known
to be involved in the initiation and regulation of nervous sys-
tem immune responses through the release of proinflammatory
cytokines (Farina et al., 2007), and it is noteworthy that the
expression of interleukin (IL)-1β and IL-6 in response to admin-
istration of lipopolysaccharide is reduced in this model compared
to that of controls. In addition, p38 mitogen activated protein
kinases (MARK) pathways are hyper-activated in this model
irrespective of exposure to lipopolysaccharide.

A prominent neuropathological feature associated with brains
of RTT is small neuronal size and reduction in dendritic branch-
ing and spine density (Armstrong, 2005). Since neurons with
more extensive contact with astrocytes promote more extensive
dendritic growth (van den Pol and Spencer, 2000), co-culture
experiments using intact neurons and astrocytes with MeCP2
deficiency were performed. In this study, neurons cultured in the
presence of the MeCP2 deficient astrocytes displayed a much less
developed dendritic arborization than did neurons cultured with
wild type astrocytes (Ballas et al., 2009). Furthermore, the engi-
neered re-expression ofMeCP2 in astrocytes in vivomousemodel
led to both significantly improved locomotion and anxiety levels
as well as respiratory state (Maezawa et al., 2009; Lioy et al., 2011).

MeCP2 Deficiency in Oligodendrocytes
When mice were engineered that lacked MeCP2 expression
in oligodendrocytes, they showed a normal lifespan and the
symptoms associated with the RTT-like phenotype commenced
at ∼10 weeks of age and were milder than those of MeCP2 null
mice where the symptoms typically began at 4–5 weeks of age
(Chen et al., 2001). With the observational phenotypic scoring
system (score = 0–10) considering five typical RTT phenotypic
traits such as mobility, gait, hindlimb clasping, tremors, and gen-
eral conditions (Guy et al., 2007; Nguyen et al., 2012), while
MeCP2 null mice reached a score of 6–10 between 9 and 15 weeks
of age (Chen et al., 2001), oligodendrocyte MeCP2 knockout
mice reached a score of 2 at 20 weeks of age. Additionally,
these mice are more active and develop severe hindlimb clasping
phenotypes. Restoration of MeCP2 expression solely in cells of
the oligodendrocyte lineage in MeCP2 global null mice partially
reverses the RTT-like phenotypes associated with loss of MeCP2

such as diminished life span, locomotor deficits, and hindlimb
clasping both in male and female, and fully restored normal
body weight. However, while MeCP2 expression in the oligoden-
drocyte lineage cells partially rescues the aberrant expression of
MBP protein, it does not affect the expression of either 2′,3′-
cyclic-nucleotide-3′-phosphodiesterase (CNPase), myelin oligo-
dendrocyte glycoprotein (MOG), or myelin proteolipid protein
(PLP) (Nguyen et al., 2012).

MeCP2-Deficiency in Microglia
Activated microglia release a large amount of glutamate and
this microglial-associated neurotoxicity is mediated primarily
by NMDA receptor signaling (Takeuchi et al., 2005). In addi-
tion to glutamate, activated microglia release pro-inflammatory
cytokines such as IL-1β, IL-6, interferon (IFN)-γ, and tumor
necrosis factor (TNF-α), which also promote neuronal dam-
age (Sawada et al., 1989; Mizuno et al., 1994, 2003; Suzumura
et al., 1996). TNF-α secreted from activated microglia is a major
neurotoxic cytokine that induces neurodegeneration through
silencing of cell survival signals and caspase-dependent cas-
cades including promotion of signaling through Fas ligand (Greig
et al., 2004; Block and Hong, 2005). Neurons treated with con-
ditioned media from MeCP2 null microglia display damaged
dendrites and the concentration of glutamate in the media is five
time higher than that in control media. The blocking of both
microglial glutamate synthesis by a glutaminase inhibitor and
microglial glutamate release by a gap junction connexin32 (Cx32)
hemichannel blocker abolishes the neurotoxic activity as well as
the blocking of a glutamate receptor antagonist. These reports
indicate that aberrant glutaminase activity or Cx32 expression
in microglia is responsible for the increased production and
release of glutamate, potentially implicating these modulators
in the pathobiology of microglia-induced RTT-like symptoms
(Maezawa and Jin, 2010).

Introduction of Wild Type Microglia into the
MeCP2 Null Mouse
Allogeneic transplantation of wild type bone marrow into
irradiation-conditioned MeCP2 null mice led to the engraftment
of wild type microglia into the MeCP2 null brain parenchyma.
The lifespan of thesemice was significantly extended as compared
with MeCP2 null mice that received either an autologous bone
marrow transplant or untreated MeCP2 null mice. Similarly,
body and brain weights of MeCP2-null mice recipients of wild
type bone marrow recovered approximately to the level seen
in wild type mice. And while the overall appearance, tremor,
and gait of MeCP2 null mice recipients of wild type bone mar-
row were improved, the hindlimb clasping phenotype was not
changed. Additionally, these mice exhibited significantly reduced
numbers of apneic episodes and greatly reduced respiratory irreg-
ularities. Interestingly, these benefits resulting from engraftment
with wild-type microglia were diminished when phagocytic activ-
ity was inhibited pharmacologically by using annexin V which
results in substantial blocking of phagocytic activities (Lu et al.,
2011; Derecki et al., 2012).

Thus, the focus of RTT studies using animal models has begun
to swing from only studying potential neuronal dysfunction to
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include interrogation of a role for glial dysfunction and the results
of the above studies lends credence to the hypothesis that glial
dysfunction may play a primary rather than a secondary role in
the causation of RTT-like symptoms. Similarly, studies of DISC1
knockout mice and neuregulin 1 (NRG1) knockout mice as mod-
els for schizophrenia initially focused on the role these proteins
play in neurons, but more recently, their activities in glial cells
have begun to be considered.

Disrupted in Schizophrenia 1 (DISC1)

Schizophrenia, which affects ∼1% of the worldwide population,
is also known as a neurodevelopmental disorder (Weinberger,
1987). The clinical features of schizophrenia cluster in three
domains, characterized by positive symptoms (e.g., delusions,
hallucinations, thought disorder), negative symptoms (e.g., social
withdrawal, blunted affect, reduced motivation) and cogni-
tive symptoms (e.g., attention and working memory deficits).
Although schizophrenia is a complex disorder with polygenic
and environmental antecedents, multiple lines of evidence have
proposed some putative susceptibility genes for schizophrenia
(Harrison and Weinberger, 2005; Schizophrenia Working Group
of the Psychiatric Genomics, 2014). For example, two overlap-
ping and opposite strand genes on chromosome 1, DISC1 and
DISC2, are specifically disrupted by a t(1;11; q42.1; q14.3) bal-
anced translocation, in a large Scottish pedigree, resulting in a
cohort with several major mental illnesses such as schizophre-
nia, bipolar affective disorder, and recurrent major depression (St
Clair et al., 1990; Millar et al., 2000, 2001; Blackwood et al., 2001;
Muir et al., 2008). DISC1 is expressed in neurons within various
brain areas including the olfactory bulb, cortex, hippocampus,
hypothalamus, cerebellum, and brain stem, especially during
development (Schurov et al., 2004). DISC1 has been shown to
be involved in several neurodevelopmental processes including
progenitor cell proliferation (Mao et al., 2009), radial migration
(Tomita et al., 2011), dendritic arborization (Kamiya et al., 2006;
Duan et al., 2007), and synapse formation (Camargo et al., 2007;
Duan et al., 2007).

DISC1 Knockout Mice
Since expression of dominant negative proteins frequently has
been used successfully in animal models to achieve partial loss
of function for relevant proteins (Oike et al., 1999), transgenic
mice harboring a C-terminally truncated, dominant negative
DISC1 (DN-DISC1), expressed under the control of a promoter
for αCaMKII, were generated (Hikida et al., 2007). This model
displays several abnormalities including hyperactivity, distur-
bance in sensorimotor gating, the dynamic modulation of reward
value by effortful action, progressive ratio performance, social
behavior, and an anhedonia/depression-like deficit (Hikida et al.,
2007; Pletnikov et al., 2008; Johnson et al., 2013). In distinction
from DN-DISC1 mice, N-ethyl-N-nitrosourea (ENU) was used
to induce mutations in exon 2 of mouse Disc1 gene, resulting in
the occurrence of missense mutations such as Q31L (glutamine
to leucine) or L100P (leucine to proline), causing an increase in
depression-like behaviors in Q31L mice and schizophrenia-like

behaviors including impaired prepulse inhibition (PPI) and latent
inhibition in L100P mice (Clapcote et al., 2007; Shoji et al., 2012).
Furthermore, the phenotypes of Q31L mutant mice were partly
improved with administration of an antidepressant. Thus, DISC1
dysfunction, likely can exert its influence on neuropsychiatric
disorders from its role in both neurons and glia.

An Increase or Decrease of DISC1
Expression in Oligodendrocytes
Expression of �hDISC1 could exert a significant influence
on oligodendrocyte proliferation, differentiation, and function
(Katsel et al., 2011). In fact, DISC1 is expressed in oligoden-
drocytes in the corpus callosum (Seshadri et al., 2010). In rat
oligodendrocyte precursor cell cultures (Hattori et al., 2014),
DISC1 expression decreases in the course of oligodendrocyte dif-
ferentiation. Furthermore, the expression of CNPase and myelin
basic protein (MBP) known to markers of myelin maturation
were decreased following full length DISC1 overexpression. In
contrast, the knockdown of endogenous DISC1 using RNA inter-
ference increased the expression of CNPase as well as the number
of mature oligodendrocytes (Hattori et al., 2014). SRY box con-
taining (Sox) family member, Sox10, the homeobox containing
(Hox) transcription factor Nkx2.2, the basic helix-loop-helix
(bHLH) family members Olig1 and Olig2 and the inhibitor of
DNA binding (Id) family of proteins Id2 and Id4 have all been
shown to be involved in the control of oligodendrocyte differenti-
ation (Nicolay et al., 2007; Emery, 2010). Against this backdrop, it
is perhaps not surprising that knockdown of DISC1 increased the
expression of Sox10 and/or Nkx2.2, and DISC1 overexpression
led to the reduced expression of these transcription factors. These
findings are strongly supportive of a role for DISC1 in negatively
regulating oligodendrocyte differentiation by acting upstream of
Sox10 and/or Nkx2.2 to regulate their transcription (Hattori et al.,
2014).

A Decrease of DBZ Expression in
Oligodendrocytes
DISC1 binding zinc finger protein (DBZ), also known as ZNF365
or Su48, is a CNS specific member of the DISC1 interactome
and is a novel DISC1 binding protein with a predicted C2H2-
type zinc-finger motif and coil domains (Hattori et al., 2007).
DBZ regulates neurite outgrowth via the DISC1-DBZ interac-
tion in primary neurons and cultured PC12 cells in vitro (Hattori
et al., 2007). In DBZ knockout mice, oligodendrocytes display-
ing an immature structural morphology are more abundant than
in control mice and the timing of myelination in the corpus cal-
losum is delayed (Koyama et al., 2013). Although this model
implicates DBZ function in oligodendrocyte development and
myelination, further studies using more specific models such
as oligodendrocyte-specific DBZ knockout mice are needed to
elucidate the precise function of DBZ (Shimizu et al., 2014).

DISC1-Deficiency in Astrocytes
Since the administration of the N-methyl-D-aspartic acid
(NMDA) receptor antagonists phencyclidine andMK-801 induce
behaviors that closely resemble those observed in schizophrenic
patients, dysfunction of the NMDA receptor is regarded as a
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particularly strong candidate for being a component of the mech-
anism of schizophrenia (Javitt and Zukin, 1991; Goff and Coyle,
2001). The stereoisomer D-serine binds to the “glycine site” on the
NR1 subunit and it is crucial for the activation of this receptor.
D-serine acting as co-agonist at the NMDA receptor is involved
in synaptic plasticity (Fossat et al., 2012; Rosenberg et al., 2013),
and D-amino acid oxidase (DAAO) degrades the D-serine, mod-
ulating D-serine levels and thence NMDA receptor function
(Duplantier et al., 2009; Strick et al., 2011). The biosynthesis of D-
serine was clarified by the purification and molecular cloning of
serine racemase (SR), which transforms L-serine to D-serine, and,
interestingly, DISC1 binds to and stabilizes SR (Wolosker et al.,
1999a,b; De Miranda et al., 2000). Furthermore, D-serine and
SR have been predominantly localized to astrocytes ensheath-
ing synapses, especially in brain regions with enriched NMDA
receptors, suggesting that D-serine could be acting as a glial trans-
mitter (Puyal et al., 2006; Williams et al., 2006). In this model
of selective and inducible expression of mutant DISC1 in astro-
cytes, the expression of mutant DISC1 downregulates the level
of endogenous DISC1 expression in astrocytes. The disruption of
DISC1 binding to SR leads to increased ubiquitination and degra-
dation of SR in astrocytes. The decrease of SR in astrocytes results
in diminished production of D-serine in astrocytes. This mouse
model displays abnormal behaviors like schizophrenia including
sensitivity to an NMDA antagonist; MK-801, in an open field test
and pre-pulse inhibition of acoustic startle test, and responds to
the ameliorative effects of D-serine (Ma et al., 2013).

Neuregulin-ErbB Signaling

Neuregulins comprise a large family of widely expressed,
alternatively spliced epidermal growth factor (EGF)-like domain-
containing proteins that have been strongly implicated in neu-
ral development (Corfas et al., 2004; Mei and Xiong, 2008).
NRG proteins act by binding to and activating members of the
ErbB receptor tyrosine kinase family. After the initial discov-
ery of what came to be known as NRG1, five additional NRG1
homologs (NRG2, NRG3, NRG4, NRG5, and NRG6) have been
identified. NRG1 proteins bind only to either ErbB3 or ErbB4
causing a conformational change that promotes receptor dimer-
ization and auophosphorylation, and the subsequent activation
of downstream signaling pathways. However, NRG1 does not
bind to the ErbB2 receptor, which functions as a co-receptor
that heterodimerizes with ErbB3 or ErbB4. Additionally, ErbB4
is known to be able to function as a homodimer. In adult brains,
ErbB receptors are widely and differentially expressed. In gen-
eral, ErbB2 is expressed in most cells, ErbB3 is mainly found in
glial populations, and ErbB4 is enriched in neurons. NRG/ErbB
signaling has been widely implicated in psychiatric disorders
including schizophrenia, bipolar disorder, or depression (Corfas
et al., 2004; Mei and Nave, 2014).

Astrocyte Specific Disruption of synCAM1
Signaling
Synaptic cell adhesion molecule 1 (SynCAM1) is a member of
the immunoglobulin (Ig) superfamily, a large group of proteins

involved in cell surface recognition (Williams, 1992; Rougon and
Hobert, 2003). SynCAM1 plays an important role in CNS devel-
opmental processes such as synaptic assembly (Biederer et al.,
2002), enhancement of excitatory synaptic transmission (Sara
et al., 2005; Fogel et al., 2007), functional presynaptic differen-
tiation (Sara et al., 2005) and the regulation of synapse number
and plasticity (Robbins et al., 2010). SynCAM1 is produced
in astrocytes and plays a major role in facilitating astrocyte-
to-astrocyte and astrocyte-to-neuron adhesive communication
(Sandau et al., 2011). SynCAM1 is co-expressed with ErbB4 in
astrocytes (Sandau et al., 2011) and is functionally related to
ErbB4 receptors (Carpenter, 2003). Mice carrying a dominant-
negative form of SynCAM1, specifically targeted to astrocytes,
exhibited an attenuation of changes in diurnal rhythm activity.
In addition, the locomotor activity in a dark field is increased
and it is attenuated with the psychostimulant D, L-amphetamine,
and anxiety is reduced in a zero maze test and an acoustic star-
tle paradigm in these mice. These findings imply that these mice
could be utilized as a model of neurodevelopmental disorder
(Sandau et al., 2012).

Neuregulin-ErbB4 Receptors
Signaling-Deficiency in Oligodendrocytes
Neuregulin 1-ErbB receptor signaling appears to play a critical
role in the ontogeny of psychiatric disorders and this hypoth-
esis has been supported by the identification of altered expres-
sion levels and/or function of NRG1, ErbB3, and ErbB4 in
patients with schizophrenia (Corfas et al., 2004; Silberberg et al.,
2006). Moreover, mice with reduced levels of NRG1 or ErbB4
have exhibited behavioral alterations akin to those found in
schizophrenia (Gerlai et al., 2000; Golub et al., 2004; Rimer et al.,
2005).

Transgenic mice expressing a dominant-negative ErbB4
receptor in oligodendrocytes exhibit thinner myelin and less
complex oligodendrocyte morphology and show schizophrenia-
like behaviors including high anxiety and an enhanced sensitiza-
tion to amphetamine. This abnormal response to amphetamine
might be due to altered dopamine signaling as aberrant expres-
sions of dopamine transporter (DAT) and dopamine1-like recep-
tor in the cortex, nucleus accumbens, and striatum are evident
(Roy et al., 2007).

Neuregulin-ErbB3 Receptor
Signaling-Deficiency in Oligodendrocytes
Neuregulin 1-ErbB signaling plays, at least in part, a criti-
cal role in oligodendrocyte development and CNS myelination
(Michailov et al., 2004; Taveggia et al., 2005; Chen et al., 2006). In
human prefrontal cortex, microarray analyses revealed that the
level of ErbB3 was significantly reduced in schizophrenia subjects
relative to a normal cohort (Hakak et al., 2001). This decre-
ment was reproduced by another study (Tkachev et al., 2003).
Consistent with the results of human studies, mice with selec-
tive ErbB3 receptor deletion in oligodendrocytes demonstrate
deficits in social interaction and working memory (Makinodan
et al., 2012), suggesting that NRG1-ErbB3 signaling in oligoden-
drocyte might contribute to the pathogenesis of schizophrenia
(Makinodan et al., 2012).

Frontiers in Cellular Neuroscience | www.frontiersin.org May 2015 | Volume 9 | Article 154 | 237

http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Yamamuro et al. Roles of glia in psychiatry

Other Studies

Mice with Proteolipid Protein
Overexpression
Proteolipid protein 1, a major protein in CNSmyelin (Inoue et al.,
1996; Mimault et al., 1999), is regarded as an “adhesive strut”
that binds adjacent lamellae of the compacted myelin membrane
(Boison et al., 1995).

Transgenic mice harboring extra copies of the myelin PLP1
gene have demonstrated that at the 2 months of age, the
myelin was intact with a normally appearing ion channel dis-
tribution (Inoue et al., 1996), whereas the conduction veloc-
ity in all axonal tracts tested in the CNS was markedly
reduced at this age (Tanaka et al., 2009). This observation
was supported by subsequent analysis that these mice showed
altered neuron–glia interaction with subtle changes in axonal
diameters and paranodal structures, leading to schizophrenia-
like behaviors including increased anxiety-related behaviors,
reduced PPI, spatial learning deficits, and working memory
deficits.

Nogo-A Knockout Mice
Nogo signaling plays a crucial role in restricting axonal regen-
eration and compensatory fiber growth in the injured adult
mammalian CNS (Schwab, 2004; Yiu and He, 2006). The mem-
brane protein Nogo-A, which is predominantly expressed in
oligodendrocytes in the adult brain and in neurons mainly
during development, is well-known for its role as one of sev-
eral currently known inhibitors of neurite outgrowth (Huber
et al., 2002; Wang et al., 2002). Postmortem and genetic stud-
ies have implicated Nogo-A and its choromosomal location in
schizophrenia and bipolar disorder (Coon et al., 1998; Novak
et al., 2002).

These mice showed sensorimotor deficits, disrupted latent
inhibition, and perseverative behaviors. Furthermore, they dis-
played an enhanced response to systemic amphetamine in an
open field test. These behavioral phenotypes might be due to
altered monoaminergic transmitter levels in the striatal and lim-
bic regions and/or increased dopamine D2 receptor expression in
the identical brain regions. In contrast, adult mice acutely treated
with anti-Nogo-A antibodies did not exhibit abnormal behaviors,
but showed increased dopamine D2 receptor expression (Willi
et al., 2010).

Selective Overexpression of Heme
Oxygenase-1 (HO-1) in Astrocytes
The heme oxygenases (HOs), which are responsible for the degra-
dation of heme to biliverdin/bilirubin, free iron and carbon
monoxide (CO), has been strongly implicated in mammalian
CNS aging and diseases (Schipper et al., 2009). Mammalian cells
express two isoforms such as an inducible isoform, HO-1, and
a constitutively active form, HO-2. Specifically, HO-1, encoded
by the HMOX1 gene, is a 32-kDa stress protein, and the induc-
tion of the glial HMOX1 gene may lead to pathological brain iron
deposition, intracellular oxidative damage, and bioenergetic fail-
ure in Alzheimer’s disease and other human CNS disorders such
as Parkinson’s disease and schizophrenia (Schipper et al., 2009;
Brown, 2011). This mice model displayed sensorimotor deficits,
increased spontaneous horizontal movements, and stereotypy.
Hyperdopaminergic signaling was identified in the striatum and
substantia nigra and the associated neurochemical alterations
may contribute to these behaviors (Song et al., 2012).

Conclusion

In conclusion, studies leveraging different animal models for
the enhanced biochemical and physiological understanding of
mental disorders have moved from strictly targeting the biol-
ogy of neurons to also include an examination of the glia,
especially since glial cells such as oligodendrocytes, astrocytes,
and microglia have emerged as critically important modifiers of
both CNS development and function. Postmortem brain analy-
ses have clearly indicated that glial cell abnormalities are present
in the brains of patients with schizophrenia. However, it remains
uncertain whether the dysregulation and symptoms seen are a
primary result of alterations in glial cell biology or the deficits
in glial function occur as a side product of neuronal dysfunction.
Nonetheless, as we have described, continued use of cell-type spe-
cific conditional knockout mice will allow us to better dissect
how glial cells are implicated in nervous system dysfunction and
perhaps illuminate their role in the pathobiology of psychiatric
diseases such as schizophrenia.
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The cellular mechanism(s) underlying autism spectrum disorders (ASDs) are not fully
understood although it has been shown that various genetic and environmental factors
contribute to their etiology. As increasing evidence indicates that astrocytes and
microglial cells play a major role in synapse maturation and function, and there is
evidence of deficits in glial cell functions in ASDs, one current hypothesis is that
glial dysfunctions directly contribute to their pathophysiology. The aim of this review
is to summarize microglia and astrocyte functions in synapse development and their
contributions to ASDs.

Keywords: astrocytes, microglia, neurosciences, autism spectrum disorders (ASD)

INTRODUCTION

Autism spectrum disorders (ASDs) have a worldwide prevalence of about 12-15% and are
characterized by significant social, intellectual, behavioral impairment, and sometimes cognitive
deficits (Abrahams and Geschwind, 2008; Geschwind, 2009; Quaak et al., 2013). They typically
manifest early in development and are associated distinct neurodevelopmental syndromes.

The conceptualisation of autism and related disorders has undergone considerable changes
over the last ten years, which are reflected in the fifth edition of the Diagnostic and Statistical
Manual of Mental Disorders (DSM-V, www.dsm5.org). The proposed revisions of the preceding
edition (DSM IV-TR) include combining specific DSM-IV-TR diagnoses into a single broad
ASD, and identifying two domains of impairment (social communication and interactions, and
restricted repetitive behavior) rather than three (social interaction, communication, and restricted
repetitive and stereotyped patterns of behavior, interests, and activities). There are also considerable
differences in clinical presentation and disease progression as ASD patient’s present variously
severe core symptoms and variable co-morbid conditions such as epilepsy, gastrointestinal
problems, intellectual disability, anxiety, and depression (Kim and Lord, 2012). Early estimates
that the heritability of ASDs is approximately 90% (Steffenburg et al., 1989; Bailey et al., 1995),
and even recently revised estimates that it is about 45%, strongly suggest that genetic mutations
are a major cause (Hallmayer et al., 2011; Sandin et al., 2014). However, ASDs are genetically
very heterogeneous (State and Levitt, 2011) and seem to be associated with a large number of
genetic mutations, including possibly 100s of rare causal variants and common variants with small
effects (Murdoch and State, 2013). The genetic heterogeneity of ASD has made it challenging
to identify specific genes associated with the disorder, which has thus hindered efforts to dissect
disease mechanisms. Recent insights into the genetic pathways that are altered in ASDs have come
from studies of syndromic disorders with a high incidence of ASDs caused by mutations of a
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single gene, including fragile X syndrome (fragile X mental
retardation 1 protein, FMR1), Rett syndrome (methyl-
CpG-binding protein 2 protein, MECP2), tuberous sclerosis
(tuberous sclerosis 1 protein, TSC1), neurofibromatosis type
1 (neurofibromin 1 protein, NF1), and PTEN (phosphatase
and tensin homologue) macrocephaly. Recent studies also
implicate neurodevelopmental genes in ASDs through the
identification of recurrent de novo loss of function mutations in
affected individuals (Parikshak et al., 2013; Willsey et al., 2013).
Neurodevelopmental genes are indeed an important factor to
take into consideration since functional and anatomical insults
associated to defects in these genes during brain development
can trigger the appearance of ASDs in the childhood. Genome-
wide association studies have identified susceptibility genes for
ASDs such as forkhead box p2 (FOXP2) (Toma et al., 2013)
or the MAM domain containing glycosylphosphatidylinositol
anchor (MDGA) genes (Bucan et al., 2009; Pettem et al., 2013;
Perez-Garcia and O’Leary, 2016) and have provided evidence
supporting the idea that the large numbers of variants associated
with ASDs converge toward a core set of dysregulated biological
processes (Murdoch and State, 2013). The genes that have been
linked to ASDs can be grouped into three broad categories:
those involved in synapse structure and activity (Etherton
et al., 2011a,b; Peca and Feng, 2012), those involved in protein
synthesis (Kelleher and Bear, 2008), and those involved in
regulating gene expression (van Bokhoven, 2011). Many of them
encode for proteins that have a clear synaptic function, thus
making the pathological features of ASDs mainly “neurocentric”.
However, as the usefulness of parsing neuronal mechanisms
in order to investigate the etiology of ASDs has proved to
be limited, alternative biological analyses may help to reveal
previously unknown cellular and molecular mechanisms.

Extending the theory of purely genetic causes, it seems
likely that genetics alone may not account for all cases of
autism. In addition to a certain combination of autism-related
genes, exposure to a number of non-heritable environmental
factors may significantly affect susceptibility to, and the variable
expression of autism and autism-related traits (Pessah and
Lein, 2008; Rosenberg et al., 2009; Hallmayer et al., 2011;
Estes and McAllister, 2015). In addition to exposure to
chemicals or toxins, these include factors such as parental
age at the time of conception, and maternal nutrition and
infections (including autoimmune diseases) during pregnancy
and prematurity (Grabrucker, 2012). One important area of
research concerns the way in which environmental influences
interact with genetic susceptibility: for example, recent studies
have shown that glial cells in the brains of autistic subjects were
constantly activated and their inflammation response genes were
turned on (Voineagu et al., 2011; Edmonson et al., 2014; Gupta
et al., 2014). It is still not clear what role inflammation plays
in autism or whether it is beneficial or not, or what causes the
activation of glial cells, but these findings and the recent discovery
that glial cells may interact with synaptic activity by influencing
synapse formation and maturation (Clarke and Barres, 2013;
Sahlender et al., 2014; Petrelli and Bezzi, 2016), strongly suggest
that glial cells may be involved in the pathogenesis of ASDs.
Although some excellent reviews have recently discussed the

involvement of glial cells in neuropsychiatric disorders (McGann
et al., 2012; Molofsky et al., 2012; Chung et al., 2015), we will
give our perspective on the role of microglia and astrocytes in
the late step of synapse formation and maturation and in the
pathophysiology of ASDs.

ASTROCYTES AND MICROGLIA
INFLUENCE SYNAPSE FORMATION AND
FUNCTION

Over the last ten years, it has gradually emerged that glial cells (in
particular microglia and astrocytes) influence synapse formation
and function (Araque et al., 2014; Chung et al., 2015; Rossi, 2015).
Neurons and glial cells are closely associated with each other from
an early stage of development, and recent discoveries suggest
that the appropriate assembly of neural circuits requires extensive
neuron-glia signaling (Ullian et al., 2001; Christopherson et al.,
2005; Eroglu, 2009; Allen et al., 2012). In addition to carrying out
various homeostatic functions within the central nervous system
(CNS), they can also engage in bi-directional communication
with neurons by releasing neuroactive substances (Petrelli and
Bezzi, 2016). In particular, astrocytes can make contact with
multiple neurons and up to 100,000 synapses (Bushong et al.,
2002; Halassa et al., 2007), and possess many receptors (mainly
G-protein coupled receptors) and ion channels present in
neurons, thus enabling them to sense and respond to an array
of neuronal signals (Fiacco andMcCarthy, 2006). The generation
and expansion of astrocytes is largely completed before birth,
but the elaboration and maturation of their fine peri-synaptic
processes persists during the active period of synaptogenesis
(Ullian et al., 2001) in the post-natal period. This suggests
that they are in a crucial position to communicate actively
with neurons during synaptogenesis and, thus, coordinate the
development of neural circuits. The formation of synapses
(Clarke and Barres, 2013) and the modulation of synaptic activity
and plasticity by astrocytes (Araque et al., 2014) mainly take
place as a result of the secretion of neuroactive substances now
known as synaptogenic factors. Pfrieger and Barres (1997) were
the first to demonstrate the key role of astrocyte-derived soluble
molecules in synapse formation, and many subsequent studies
by the same group and others have identified the nature of these
synaptogenic factors, with the thrombospondins 1- 5, hevin, and
glypicans seeming to be crucial substances for the formation of
excitatory synapses (Ullian et al., 2001; Christopherson et al.,
2005; Kucukdereli et al., 2011; Allen et al., 2012). Overall,
these findings are seminally important as they have changed
our “neurocentric” view of the astrocytic-dependent processes
involved in the formation and maturation of functional synapses.
However, we are still only beginning to understand the role of
astrocyte-derived synaptogenic molecules in terms of cell biology,
and our knowledge of the molecular and cell mechanisms
regulating the active release of synaptogenic factors is very limited
(Petrelli and Bezzi, 2016).Many of them have only been studied in
cultured cells, and the cellular andmolecular pathways governing
their secretion are still unknown, including whether they are
calcium-dependent or not. Interestingly, astrocytes also release
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many other factors, such as substances regulatingmetabolism, the
energy supply (including cerebral blood flow) and inflammation,
and substances regulating synaptic transmission, including
neurotransmitters and neuromodulators (i.e., gliotransmitters)
(Bezzi and Volterra, 2001; Petrelli and Bezzi, 2016). The cell
mechanisms governing the release of gliotransmitters and their
effects on synaptic activities have been extensively studied, and
there is a large amount of experimental evidence indicating
that gliotransmitters play an active role in synaptic physiology
(Araque et al., 2014). For example, the tumor necrosis factor
alpha (TNFα) released by astrocytes (and possibly also by
microglial cells) is required for synaptic scaling (Stellwagen and
Malenka, 2006), and can control glutamatergic gliotransmission
under both physiological (Santello et al., 2011) and pathological
conditions (Bezzi et al., 2001; Habbas et al., 2015). A recent study
has shown that pathological concentrations of pro-inflammatory
TNFα signal through astrocytes to alter synaptic transmission
and impair cognition in a mouse model of multiple sclerosis
(Habbas et al., 2015). As inflammation of the CNS is a common
feature of nearly all neurological disorders and insults (including
ASDs), and cognitive impairments are also common to many
neuroinflammatory neurological conditions (including ASDs),
it is likely that the activation of glial cells and pathological
concentrations of cytokines (notably TNFα) can contribute to the
cognitive and behavioral impairments characterizing ASDs.

Microglial cells are resident macrophages of the brain that
form the innate defensive system (Hanisch and Kettenmann,
2007; Kettenmann, 2011) and, by acting as sentinels, can detect
the first signs of pathogenic invasion or tissue damage. After
their conversion from a resting (or surveillance) cell type to
an activated form, they remove damaged synapses and their
protective or detrimental functions have been extensively studied
in various brain pathologies (Kettenmann et al., 2013). During
the resting/surveillance phase, microglial processes constantly
extend and retract to check the local environment (Nimmerjahn
et al., 2005), which includes peri-synaptic astrocytes, pre-synaptic
boutons, and post-synaptic spines (Tremblay et al., 2010). Many
of their functions are still unclear and there has beenmuch debate
about whether they are beneficial or detrimental. Like astrocytes,
microglial cells have heterogeneous functions within the brain
(Carson et al., 2007; Bailey-Bucktrout et al., 2008; Bulloch et al.,
2008; Gowing et al., 2008), and release a wide variety of molecules
(e.g., brain-derived neurotrophic factor, BDNF) that can interact
with synapses and play important physiological roles in learning
and memory (Parkhurst et al., 2013).

In addition to affecting synaptic activity, astrocytes and
microglial cells seem to play an important role in removing
(‘pruning’) synaptic connections (Stanfield et al., 1982; Nakamura
and O’Leary, 1989), a process of structural formation and
elimination that is vital for controlling and refining the
connectivity of mature neuronal circuits (Steven et al., 2007;
Barres, 2008). For example, in the developing brain, astrocytes
can physically eliminate synapses through the multiple EGF-
like domains 10 (MEGF10) and c-mer proto-oncogene tyrosine
kinase (MERTK) phagocytic pathways (Chung et al., 2013)
and, in line with this, mice deficient in MEGF10 and MERTK
receptors fail to refine their retino-geniculate connections and

retain excess functional synapses. Interestingly, the rate of
synaptic pruning decreases with age and is regulated by synaptic
activity. Like astrocytes, microglia cells are also important in the
structural elimination of synapses in developing brain. Microglia
processes are highly motile and are well positioned to interact
with boutons and spines. However, synaptic pruning particularly
involves phagocytic microglial processes that, during the first
weeks after birth, can engulf pre- and post-synaptic elements
(Paolicelli et al., 2011; Schafer et al., 2012). This early post-natal
process depends of different molecules such as CX3C chemokine
receptor 1 (CX3CR1), also known as the fractalkine receptor
or G-protein coupled receptor 13 (GPR13), and complement
receptor 3 (CX3C) (Harrison et al., 1998; Stevens et al., 2007;
Zhan et al., 2014; Wu et al., 2015). The importance of the
CX3CR1-mediated mechanisms by means of which microglial
cells remove synapses has been confirmed by studies of CX3CR1
knockout animals, which have aberrant long-range functional
connectivity (Schafer et al., 2012) as well as a deficit in
hippocampal LTP and aberrant social behavior (Zhan et al., 2014).
Overall, these studies show that physiological interactions of
astrocytes and microglia with synapses are crucial for synapse
formation and network functioning, and point out that their loss,
deviation or functional perturbation might contribute to autism
pathogenesis and progression (Figure 1).

THE ROLE OF GLIAL CELLS IN AUTISM
SPECTRUM DISORDERS

The importance of glial cells in the pathophysiology of ASDs is
primarily supported by a recent transcriptomic analysis of autistic
brains. RNA sequencing revealed a close association between
ASDs and the genes related to glial cell activation and genes
belonging to immune and inflammatory categories (Voineagu
et al., 2011). These transcriptional results are supported by
immunohistochemistry data obtained from human post mortem
brain samples showing increased reactive gliosis and glial cell
proliferation (Purcell et al., 2001; Vargas et al., 2005; Fatemi
et al., 2008; Morgan et al., 2012; Tetreault et al., 2012; Edmonson
et al., 2014), and by a recent positron emission tomography
(PET) functional imaging study showing microglial activation
in multiple brain regions of young adults with ASDs (such in
the cerebellum, midbrain, pons, fusiform gyri, and the anterior
cingulate and orbitofrontal cortices; Suzuki et al., 2013). In line
with this, high levels of various pro-inflammatory cytokines, such
as interleukin (IL)-6, TNFα, and IL-1β have been reported in the
post-mortem brain tissues, (Watkins et al., 2001; Vargas et al.,
2005; Li et al., 2009;Wei et al., 2011) and blood of autistic subjects
(Gupta et al., 1998; Jyonouchi et al., 2001).

It is now recognized that pro-inflammatory factors play
an important role in the etiology of various neurological
and neuropsychiatric disorders, including those such as ASDs
whose pathogenetic onset occurs during early brain development
(Meyer et al., 2011; Voineagu et al., 2011; Gupta et al., 2014;
Estes and McAllister, 2015). The developing brain is highly
vulnerable to environmental insults such as those associated
with strong inflammatory reactions (Dammann and Leviton,
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FIGURE 1 | In physiological conditions and during postnatal development, neurons (gray) and glial cells (notably astrocytes –blue- and
microglia –green-) are closely associated with each other. Astrocytes and microglia release a number of neuroactive substances such as gliotransmitters
together with growth factors (such as TNFα, BDNF, glutamate, D-serine; black dots) and synaptogenic factors (such as thrombospondins 1-5, hevin, and glypicans;
red dots) that can promote the formation and maturation of synapses. Glial cells can also contribute to synapse remodeling and pruning through CX3CR1, multiple
EGF-like domains 10 (MEGF10), c-mer proto-oncogene tyrosine kinase (MERTK) phagocytic pathways. In pathological conditions (i.e., in autistic brains)
pro-inflammatory factors (including pro-inflammatory cytokines TNFα, IL-β, IL-6, IL-2, IL-10) may lead to a chronic neuroinflammation in which astrocytes and
microglia become reactive (red), release pro-inflammatory mediators (such as TNFα, glutamate and pro-inflammatory cytokines) and may exacerbate the initial
inflammatory condition. Although the specific contribution of aberrant glial cells (i.e., reactive gliosis) to the pathophysiology of autism has still to be determined,
studies on animal models support a direct association between neuroinflammation and autism, suggesting that reactive gliosis may have a crucial role in many
autism phenotypes including the structural and functional alterations of brain connectivity.

2004) and specific brain lesions (Hagberg et al., 2015). Under
normal conditions, inflammatory processes in the developing
brain are controlled by a number of homeostatic mechanisms that
limit the inflammation induced by an environmental stimulus
such as infection (Serhan and Savill, 2005). These surveillance
mechanisms are mainly controlled by microglia and astrocytes,
and are crucial in ensuring that inflammatory processes efficiently
remove invading pathogens and contribute to tissue repair.

It is therefore likely that, under inflammatory conditions,
any dysfunction in these mechanisms may lead to deleterious
chronic inflammation, and this (together with reports of
increased levels of pro-inflammatory cytokines in the post-
mortem brains of subjects with ASDs) has led to the
hypothesis that chronic neuroinflammation plays a role in
the pathogenesis of ASDs, which is supported by the fact
that chronic systemic inflammatory conditions such as those
associated with autoimmune disorders or infections (together
with acute immune activation) are often observed in the mothers
of children with ASDs (Atladottir et al., 2009; Keil et al., 2010;
Estes and McAllister, 2015). Although the specific contribution
of maternal immune dysregulation to the onset of ASDs has
yet to be determined in humans, animal models have shown
a causal link between the activation of the maternal immune
system and altered neurodevelopment. Studies of various animal
models of maternal infection during pregnancy support the
association between systemic inflammatory processes and ASDs
phenotypes (Malkova et al., 2012; Knuesel et al., 2014; Missault

et al., 2014), all of which seem to indicate that the ASD-like
behavior in the offspring may be caused by altered levels of
maternal cytokines, including TNFα, IL1β, IL-2, IL-6, and IL-
10 (Ponzio et al., 2007; Smith et al., 2007). It is important to
note that there is a specific temporal window in which cytokines
confer a risk of developing ASD (i.e., the perinatal period), which
suggests that the permeability of the developing blood brain
barrier is crucial for the onset of ASD (Meyer et al., 2011).
Pro-inflammatory cytokines in the developing brain classically
lead to neuroinflammation, a condition in which microglia and
astrocytes become reactive (gliosis), proliferate and, depending
on the entity of the gliosis, recruit peripheral leukocytes and thus
amplify the initial tissue damage (Sofroniew, 2015).

The idea that reactive gliosis may exacerbate the inflammatory
conditions caused by immune activation and contribute to the
pathogenesis of ASDs is intriguing, but it is still not clear
what the changes in glial cell activation tell us about the
molecular and cellular mechanisms underlying the disorders.
One possibility is that reactive gliosis may perturb the ability of
microglia and astrocytes to modulate the maturation, elimination
(phagocytosis), or functioning of developing synapses because
developing neural networks are highly vulnerable to insults
affecting the glial pathways governing the pruning of synapses
(Chung et al., 2015). For example, CX3CR1 knockout mice
show impaired synaptic pruning, social behavior and functional
connectivity (Zhan et al., 2014), all of which are features of ASDs.
It can therefore be expected that the inflammatory processes
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targeting the developing brain have a long-lasting impact on
brain and behavioral functions throughout life.

The use of animal models of ASDs has led to substantial
advances in our understanding of the role of glial cells, which
have been found to be abnormal in mouse models of Rett
syndrome (RTT; Maezawa et al., 2009; Yasui et al., 2013),
fragile X syndrome (Yuskaitis et al., 2010), and tuberous
sclerosis (Uhlmann et al., 2002). In particular, a study of a
mouse model of RTT, a devastating neurodevelopmental disorder
caused by loss-of-function mutations in the X-linked MECP2
encoding methyl-CpG-binding protein 2 (MeCP2) (Chahrour
and Zoghbi, 2007), has shown that MeCP2-deficient microglia
cells release an abnormally high level of glutamate, causing
excitotoxicity that may contribute to dendritic and synaptic
abnormalities (Maezawa and Jin, 2010). MECP2 is a well-
known transcription factor that is important in controlling
gene expression by interpreting and regulating epigenetic
markers (Chao and Zoghbi, 2012). MECP2 is expressed in
many tissues but, although the disease is generally attributed
to a primary neuronal dysfunction, glial MECP2 seems to
play a pathophysiological role as it has been recently shown
that MECP2-null astrocytes are unable to support the normal
dendritic ramification of wild-type neurons growing in culture
(Ballas et al., 2009), and two remarkable studies have found
that the expression of wild-type MECP2 protein in the
astrocytes or microglia of MECP2-null hosts dramatically
improves the pathology (Lioy et al., 2011; Derecki et al.,
2012).

Finally, it is interesting to note that a recent RNA-Seq
transcriptome and splicing database of glia and neurons (Cahoy
et al., 2008) indicates that many of the ASD candidate genes
are enriched in glial cells. For example, some genes, such
as Homer1 (HOMER1) (Ronesi et al., 2012), 4-aminobutyrate
aminotransferase (ABAT; Barnby et al., 2005), fatty acid binding
protein 7 (FABP7; Maekawa et al., 2010), and glutathione
S-transferase 1 (GSTM1; Ming et al., 2010), are not specific
for neurons but, instead, are highly enriched in astrocytes;
other genes are equally present in astrocytes and neurons (such
as MeCP2), and some are highly enriched in both astrocytes
and microglial cells (such as dual-specificity tyrosine-(Y)-
phosphorylation- regulated kinase 1A or DYRK1A). Mutations
in the genes encoding a number of members of the IL-1 cytokine
receptor family are also associated with ASDs, and glial cells
are the major contributors to the response of IL-1 signaling

pathways to neuroinflammation (Moynagh et al., 1993; Zhang
et al., 1996; Molina-Holgado et al., 2000). For example, recent
exome-sequencing studies of ASD patients have found a single-
nucleotide polymorphism in the gene encoding IL-1 receptor
type 2 (IL-1R2) (O’Roak et al., 2011; Sanders et al., 2012) that
is highly enriched in microglial cells (Cahoy et al., 2008), and
a rare ASD-associated mutation has been identified in the gene
encoding IL-1 receptor accessory protein –like 1 (IL-1RAPL1;
Bhat et al., 2008), which is highly enriched in astrocytes (Cahoy
et al., 2008).

FUTURE PERSPECTIVES

Until very recently, the role of glial cells in the onset of ASDs
was almost completely overlooked, and so neuropharmacological
strategies for treating the symptoms were almost exclusively
aimed at neuronal activity and synaptic transmission. However,
as accumulating evidence supports the view that astrocytes
and microglia are significantly involved in the regulation of
synapse formation, function, plasticity, and elimination, the
role of astrocyte-derived factors in regulating synapse formation
and the role of microglia in synaptic pruning during postnatal
development (a period that coincides with the onset of many
ASDs) are particularly relevant. These findings may change our
“neurocentric” view of the mechanisms involved in the onset
and progression of ASDs because that it is unlikely that research
solely concentrated on neurons will fully reveal their underlying
pathophysiological mechanisms. Recent data suggest that many
ASDs are at least partially due to disorders affecting glial
cells or neuron-glial interactions, and future pharmacological
research should consider the possibility of improving glial cell
functions.
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Astrocytes play an essential role in supporting brain functions in physiological and
pathological states. Modulation of their pathophysiological responses have beneficial
actions on nerve tissue injured by brain insults and neurodegenerative diseases,
therefore astrocytes are recognized as promising targets for neuroprotective drugs.
Recent investigations have identified several astrocytic mechanisms for modulating
synaptic transmission and neural plasticity. These include altered expression of
transporters for neurotransmitters, release of gliotransmitters and neurotrophic factors,
and intercellular communication through gap junctions. Investigation of patients
with mental disorders shows morphological and functional alterations in astrocytes.
According to these observations, manipulation of astrocytic function by gene mutation
and pharmacological tools reproduce mental disorder-like behavior in experimental
animals. Some drugs clinically used for mental disorders affect astrocyte function.
As experimental evidence shows their role in the pathogenesis of mental disorders,
astrocytes have gained much attention as drug targets for mental disorders. In
this paper, I review functional alterations of astrocytes in several mental disorders
including schizophrenia, mood disorder, drug dependence, and neurodevelopmental
disorders. The pharmacological significance of astrocytes in mental disorders is also
discussed.

Keywords: astrocyte, schizophrenia, mood disease, drug dependence, neurodevelopmental disorder

Introduction

Astrocytes are the most numerous glial cell in the brain and play an essential role in
maintaining efficient neurotransmission through the supply of energy metabolites, turnover of
neurotransmitters, and establishment of the blood–brain barrier. In earlier studies, astrocytes
were not thought to be actively involved in synaptic transmission, but this perception
was revised when astrocytes were shown to express receptors for most neurotransmitters,
and by which, astrocytic actions are regulated in response to receptor activation. Recent

Abbreviations: L-Glu, L-glutamate; D-Ser, D-serine; GS, glutamine synthetase; GFAP, glial fibrillary acidic protein;
BDNF, brain-derived neurotrophic factor; GDNF, glial cell line-derived neurotrophic factor; SR, serine racemase;
DAAO, D-amino acid oxidase; SVZ, sub-ventricular zone; bFGF, basic fibroblast growth factor; CX43, connexin-
43; AQP4, aquaporin-4; MDD, major depressive disorder; NAcc, nucleus accumbens; VTA, ventral tegmental area;
CPP, conditioned place preference; FXS, fragile X syndrome; MeCP2, methyl-CpG-binding protein 2; FMRP, fragile
X mental retardation 1 protein.
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studies have confirmed that astrocytes are more actively involved
in synaptic transmission than previously predicted (Perea
et al., 2009). Astrocytic mechanisms that regulate synaptic
transmission include release of astrocyte-derived neuroactive
substances and dynamic regulation of neurotransmitter turnover
in response to nerve excitation. Moreover, accumulating
evidence has revealed specialized actions of astrocytes in
the injured brain. One well-studied feature of astrocytes in
neuropathological conditions (including acute brain insults and
neurodegenerative diseases) is their phenotypic conversion to
reactive astrocytes. Following phenotypic conversion, astrocytes
function is altered to affect viability and repair of damaged
nerve tissue (Sofroniew, 2009; Buffo et al., 2010; Koyama,
2014). Supported by these findings, modulation of astrocytic
pathophysiological function was predicted to have beneficial
actions on protection and repair of injured nerve tissue.
Subsequent experiments demonstrated the effectiveness of this
strategy using neuroprotective drugs (Acarin et al., 2001; Cifra
et al., 2011; Tsuda et al., 2011; Carbone et al., 2012), and
the pharmacological significance of astrocytes as a drug target
for acute brain insults and neurodegenerative diseases is now
accepted.

Dysfunction of monoamine- or L-glutamate (L-Glu)-
mediated synaptic transmission in particular brain regions
is known to be a primary pathogenic cause of many mental
disorders (Herberg and Rose, 1990; Lee et al., 2007; Laruelle,
2014; Perez and Lodge, 2014). Prompted by the concept that
astrocytes are more actively involved in synaptic transmission,
many studies have been carried out to relate astrocyte
dysfunction with mental disorders. Nervous tissue dysplasia
during embryonic and postnatal brain development has also
been suggested to induce mental disorders in adults. Although
neuronal degeneration is not a common pathological feature
in mental disorder patients, morphological and functional
observations reveal alterations in astrocyte density and gene
expression in several disorders (Cotter et al., 2002; Stockmeier
et al., 2004; Choudary et al., 2005; Madeira et al., 2008; Habl
et al., 2009; Beardsley and Hauser, 2014). Moreover, many
observations have shown that modulation of astrocyte function
using gene manipulation and pharmacological tools affects
mental disorder-like behavior in experimental animals (Ballas
et al., 2009; Basu et al., 2009; Labrie et al., 2010; Sun et al.,
2012; Yang et al., 2012; Kong et al., 2014). Additionally, studies
on the therapeutic mechanisms of drugs currently used to
treat mental disorders found that their beneficial effects are
mediated via astrocytic mechanisms (Table 1). From these
findings, astrocytes were suggested to play an important role
in the etiology of mental disorders. In the present clinical field,
several types of effective drugs are used for care of patients
with mental disorders. However, further development of
psychiatric drugs will be required. Thus, the use of astrocytic cell
pathways was proposed as a novel strategy in mental disorder
etiology, as well as in the mechanisms of neuroprotective
drugs.

This paper reviews recent studies on the possible roles
of astrocytes in the pathogenesis of mental disorders i.e.,
schizophrenia, mood disorders, drug dependence, and mental

retardation (Rett syndrome and fragile X syndrome, FXS). The
pharmacological significance of astrocytes as drug targets for
mental disorders is also discussed.

Novel Concepts of Astrocyte Function

Astrocytes are known to play a supporting role in synaptic
transmission including maintenance of the ionic balance in
extracellular fluid, supply of energy metabolites to neurons, and
reducing transmitters released into the synaptic cleft (Parpura
et al., 2012). To undertake these supporting roles, astrocytes have
many specific transporters and neurotransmitter metabolizing
enzymes. During regulation of synaptic transmission by L-Glu,
astrocytes take up synaptic L-Glu through highly expressed
excitatory amino acid transporters (EAAT-1 and EAAT-2).
Subsequently, L-Glu is metabolized to L-glutamine by an
astrocyte-specific enzyme, glutamine synthetase (GS). Release of
astrocytic L-glutamine is used as a neuronal L-Glu precursor,
and this interplay between neurons and astrocytes is known
as the glutamine cycle. Specific transporters and metabolizing
enzymes for other neurotransmitters are also expressed in
astrocytes. Expression levels of astrocytic transporters and
metabolizing enzymes are not static, but are dynamically
regulated in response to synaptic activity. This enables
astrocytes to effectively support synaptic transmission. Aside
from their supporting role, the concept that astrocytes are
more actively involved in synaptic transmission is being
recognized. This concept involves the ‘‘tripartite synapse’’,
with astrocytes surrounding the synaptic cleft as an essential
component of the synapse, as well as pre- and post-
synaptic neurons, and with part of the pre-synaptic signal
circumvented via astrocytes to modulate the direct signal
to the post-synaptic neuron (Perea et al., 2009). Evidence
to support this includes the discovery of ‘‘gliotransmitters’’.
The term ‘‘gliotransmitter’’ is used to describe neuroactive
substances released from astrocytes in response to a pre-
synaptic signal. Astrocytes excited by L-Glu and adenosine
triphosphate (ATP), release L-Glu, ATP, adenosine, D-serine
(D-Ser), and eicosanoids in a Ca2+ dependent mechanism.
Because of this excitation-induced release and modulatory
action on synaptic transmission, these substances are thought
to be putative gliotransmitters (Araque et al., 2014). However,
regulation of synaptic transmission by gliotransmitters is
still controversial in physiological states. While release of
gliotransmitters is stimulated in a Ca2+-dependent manner,
experimental manipulation of increased astrocytic Ca2+ failed
to affect excitatory synaptic activity in the hippocampus (Fiacco
et al., 2007; Petravicz et al., 2008). Moreover, increased astrocytic
Ca2+ levels in response to pre-synaptic activations were obtained
after excitation of post-synaptic neurons (Agulhon et al.,
2012). From these findings, Agulhon et al. (2012) proposed
that the gliotransmitter role is less significant in physiological
states.

In pathological states, astrocyte function is remarkably
altered. Specifically, astrocytes are converted to a reactive
phenotype in response to brain injury, which is characterized
by cell body hypertrophy and increased expression of
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TABLE 1 | Drugs showing therapeutic effects on mental disorders by modulation of astrocytic functions.

Drugs Actions on astrocytes Mental disorder Reference

ALX5497,
NEPS

Inhibition of D-Ser uptake Schizophrenia Lipina et al. (2005)
Karasawa et al. (2008)
Kawaura et al. (2014)

Compound 8,
CBIO,
AS05728

Inhibition of DAAO Schizophrenia Adage et al. (2008)
Hashimoto et al. (2009)
Smith et al. (2009)

Clozapine Stimulation of D-Ser release Schizophrenia Tanahashi et al. (2012)

Riluzole Increases in L-Glu transport Depression Banasr et al. (2010)

Desipramine, Fluoxtine, Mianserin, Chromipramine,
Paroxetine

Productions of neurotrophic factors Depression Hisaoka et al. (2001)
Mallei et al. (2002)
Bachis et al. (2008)
Allaman et al. (2011)
Liu et al. (2012)
Kittel-Schneider et al. (2012)

Amitriptyrine,
Fluoxetine,
Duloxetine

Increases in CX43 expression Depression Sun et al. (2012)
Morioka et al. (2014)

MS-153 Increases in L-Glu transport Drug dependence Nakagawa et al. (2005)

Cabergoline Production of GDNF Drug dependence Ohta et al. (2003, 2004)

Fenobam,
AFQ056

mGluR5 antagonism Fragile X syndrome Levenga et al. (2011)
Vinueza Veloz et al. (2012)

glial fibrillary acidic protein (GFAP), an astrocyte-specific
intermediate filament protein (Sofroniew, 2009; Koyama, 2014).
Phenotypic conversion to reactive astrocytes is accompanied
by altered expression of various functional molecules, such
as transporters and neurotransmitter metabolizing enzymes
(Buffo et al., 2010). Altered activities of these astrocytic
molecules may result in disturbed synaptic transmission
and aggravate excitoxicity-induced nerve injury. Several
types of soluble factors (e.g., cytokines, chemokines, and
neurotrophic factors) that regulate pathophysiological
responses in nerve tissue are produced by reactive astrocytes
(Hamby and Sofroniew, 2010; Colangelo et al., 2014). Excess
production of cytokines and chemokines causes microglial
activation, infiltration of blood cells, neural apoptosis, and
breakdown of the blood–brain barrier, which exacerbates
neuroinflammation in the injured brain. However, reactive
astrocytes also produce neurotrophic factors, including
brain-derived neurotrophic factor (BDNF) and glial cell
line-derived neurotrophic factor (GDNF; Koyama et al.,
2003). These astrocyte-derived neurotrophic factors prevent
neuronal damage and stimulate neurogenesis, both of which
improve dysfunction of the injured brain. By releasing these
soluble factors, reactive astrocytes play prominent roles in
regulating pathophysiological responses in injured nerve
tissue, and suggest that modulation of astrocyte function
may be a promising target for neuroprotective drugs, which
can treat acute brain insults and neurodegenerative diseases.
The neuroprotective action of some drugs in modulating
astrocyte function have been observed in animal models

of brain ischemia, Parkinson’s disease, and amyotrophic
lateral sclerosis (ALS; Acarin et al., 2001; Cifra et al.,
2011; Tsuda et al., 2011; Carbone et al., 2012). There have
been some excellent review papers on the pharmacological
significance of astrocytes as a target for neuroprotective drugs
(Darlington, 2005; Hamby and Sofroniew, 2010; Colangelo et al.,
2014).

In addition to the release of gliotransmitters and neurotrophic
factors, studies have shown novel roles for astrocytic connexin-
43 (CX43) and aquaporin-4 (AQP4) in regulating nerve
function in both the pathological and physiological state.
CX43 is a main component of the astrocytic gap junction
(Koulakoff et al., 2008). Intracellular communication through
gap junctions enables sharing of cytosolic messengers and
excitability between adjacent cells (Scemes and Spray, 2012). In
astrocytes, CX43 expression is altered by brain injury (Rouach
et al., 2002), which affects the neuroprotective actions and
proliferation of astrocytes (Tabernero et al., 2006; Gangoso
et al., 2012; Theodoric et al., 2012). Therefore, modulation of
CX43-mediated gap junction communication may be a target
for neuroprotective drugs. Besides these pathophysiological
roles, gap junction activity stimulates the release of various
gliotransmitters. Stehberg et al. (2012) found that administration
of CX43 inhibitors to the rat basolateral amygdala prevents
fear memory consolidation, suggesting CX43 involvement in
physiological nerve function. Reduced CX43 expression was
observed in patients with major depressive disorder (MDD)
and alcohol dependence (Bernard et al., 2011; Miguel-Hidalgo
et al., 2014). From these findings, CX43 was proposed to
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be a target of drugs for mental disorders (Sun et al., 2012;
Morioka et al., 2014). AQP4 is a water channel highly expressed
in astrocytes. With regards the functional role of astrocytic
AQP4, its relationship to brain edema etiology has been
investigated (Manley et al., 2000). AQP4 is thought to be
involved in glial scar formation at injured nerve tissue and
in brain edema, because AQP4 inhibitors stimulate migration
of reactive astrocytes (Saadoun et al., 2005; Verkman et al.,
2006). Besides these pathological roles, recent studies have
suggested novel roles for astrocytic AQP4 in synaptic plasticity
and mental disorder pathogenesis. Skucas et al. (2011) found
that induction of long term-potentiation was attenuated in
the hippocampus of AQP4 null mice. In addition, deletion of
astrocytic AQP4 decreased morphine dependence and the anti-
depressant actions of fluoxetine (Kong et al., 2009; Yan et al.,
2013).

Because of the identification of these astrocytic functions,
the relationship between astrocytes and higher brain functions,
including regulation of emotion and mentality, has gained
greater attention. Many studies have since been performed to
determine the involvement of astrocyte dysfunction in mental
disorders (Figure 1), and have shown that astrocytes contribute
to the pathogenesis of some disorders.

Astrocytes in Mental Disorders

Schizophrenia
Schizophrenia is a mental disease that affects approximately 1%
of the population. Its symptoms are hallucination, delusions,
thought disorder, flat affect, social withdrawal, and cognitive
disorder. Genetic and environmental factors are involved in
schizophrenia, although its detailed mechanisms are not fully
understood. Drugs with antagonistic potency against dopamine
D2 receptors are widely used for treating schizophrenia.
These antagonists effectively manage the abnormal behavior,
and thus dysfunction of midbrain dopamine transmission is
generally accepted to underlie the symptoms of schizophrenia.
Further studies have shown involvement of L-Glu-mediated
excitatory transmission in schizophrenia pathogenesis (Coyle,
2006; Laruelle, 2014). In experimental animals, N-methyl-D-
aspartate (NMDA) receptor antagonists cause schizophrenia-
like behavioral abnormalities, accompanied by dopamine system
hyperactivation (Lipina et al., 2005; Karasawa et al., 2008; Bado
et al., 2011; Kawaura et al., 2014). Moreover, administration
of NMDA antagonists to schizophrenic patients aggravates
their symptoms (Javitt and Zukin, 1991; Krystal et al.,
1994), suggesting that inhibition of NMDA receptor-mediated
transmission facilitates induction of schizophrenia. NMDA
receptors have an allosteric site that regulates L-Glu-mediated
receptor activation. D-serine is a necessary co-factor for
NMDA receptor/channel gating, and enhances the excitatory
signal (Balu et al., 2012; Van Horn et al., 2013). The D-
Ser biosynthetic enzyme, serine racemase (SR), and D-Ser
degradation enzyme, D-amino acid oxidase (DAAO), are
both present in brain regions with high NMDA receptor
expression (Van Horn et al., 2013). Immunohistochemical
observations show that SR locates to astrocytes (Wolosker

et al., 1999; Panatier et al., 2006), while D-Ser release from
astrocytes is stimulated by excitatory amino acids (Martineau
et al., 2014), indicating that D-Ser serves as a gliotransmitter.
In schizophrenia patients, D-Ser levels are decreased in
cerebrospinal fluid (Hashimoto et al., 2003; Bendikov et al.,
2007), whereas DAAO protein and its activity are increased
in the hippocampus and cerebrum (Madeira et al., 2008;
Habl et al., 2009). Human genetic analysis shows that several
polymorphic variants of SR and DAAO are related to increased
risk of schizophrenia (Labrie et al., 2009; Caldinelli et al.,
2013). Concurrent with these observations, manipulation of
brain D-Ser levels induces schizophrenia-like behavior in
experimental animals. Basu et al. (2009) reported that genetic
deletion of SR causes hyperactivity and impaired memory
in mice, accompanied by altered NMDA responses. Further
observations of the SR null mouse found morphological and
neurochemical abnormalities in the brain, similar to those
in schizophrenia (Puhl et al., 2014). In contrast, DAAO
deletion reverses schizophrenia-like abnormal behavior in mice
with impaired NMDA receptor function (Labrie et al., 2010).
The effect of D-Ser and related drugs has been examined
in animal models of schizophrenia. Administration of D-
Ser, D-Ser reuptake inhibitors (ALX5407 and (R)-(N-[3-(4′-
fluorophenyl)-3-(4′-phenylphenoxy)propyl] sarcosine (NFPS))
and DAAO inhibitors ([4H-thieno [3, 2-b]pyrrole-5-carboxylic
acid] (compound 8), 5-chloro-benzo[d]isoxazol-3-ol (CBIO)
and AS057278) improve impaired pre-pulse inhibition and
cognitive defects induced by NMDA antagonists (Lipina et al.,
2005; Adage et al., 2008; Karasawa et al., 2008; Hashimoto
et al., 2009; Smith et al., 2009; Bado et al., 2011; Kawaura
et al., 2014). Therapeutic effects of D-Ser and glycine on
negative symptoms of schizophrenia patients have been reported,
and more effective drugs for enhancing NMDA receptor
signaling should be explored (Tuominen et al., 2005; Tsai
and Lin, 2010). Currently, atypical antipsychotics, which
improve both positive and negative symptoms, are used for
the treatment of schizophrenia. Some atypical antipsychotics
(clozapine, olanzapine, and risperidone), but not haloperidol,
enhance L-Glu transmission in the prefrontal cortex via
NMDA receptors (Ninan et al., 2003; Kargieman et al., 2007).
Recently, Tanahashi et al. (2012) showed that clozapine, but not
haloperidol, stimulates D-Ser release from astrocytes, suggesting
a novel mechanism of atypical antipsychotics in schizophrenia
treatment.

Mood Disorders (Major Depressive Disorder)
Among the mood disorders, morphological and functional
alterations of astrocytes are apparent in patients with MDD
(Sanacora and Banasr, 2013). Postmortem brain examination
of MDD patients shows decreased astrocyte cell number
and GFAP protein in the hippocampus (Stockmeier et al.,
2004), frontal cortex (Ongür et al., 1998; Cotter et al., 2002),
and amygdala (Hamidi et al., 2004). Decreased astrocyte cell
number and GFAP protein are reproduced in animal models
subjected to chronic unpredictable stress (Heine et al., 2004;
Czéh et al., 2006). Administration of L-α-aminoadipate (an
astrogliotoxin used as a tool to induce specific astrocytic
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FIGURE 1 | Astrocyte roles in the pathogenesis of mental disorders.
Pathological roles for astrocytes in induction and/or aggravation of
schizophrenia, depression, drug dependence, and fragile X syndrome
(FXS) are proposed. In patients with schizophrenia, D-Ser content in the
brain is decreased, while D-amino acid oxidase (DAAO) expression is
increased. These alterations in D-Ser may cause schizophrenia via
dysfunction of N-methyl-D-aspartate (NMDA) receptor-mediated signaling.
Decreased astrocyte cell number is found in patients with depression.
Reduction of astrocytes leads to leads to decreases in neurotrophic

factors, CX43 and excitatory amino acid transporters (EAATs). Decreases
in these astrocytic molecules cause disturbance of L-Glu turnover and
neurogenesis, which may aggravate depression. Many
dependence-producing drugs activate astrocytes. Production of
brain-derived neurotrophic factor (BDNF) by reactive astrocytes enhances
the rewarding effects of psychostimulants. fragile X mental retardation 1
(FMR1) is the gene responsible for FXS. Mutations in FMR1 cause
dysfunction of mGluR5 signaling in neurons and astrocytes, which impairs
normal brain development.

degeneration) into the rat prefrontal cortex causes depressive-
like behavior (Banasr and Duman, 2008). Based on these
findings, possible involvement of impaired astrocyte function
in the pathogenesis of depression has been investigated. While
therapeutic mechanisms of clinically used antidepressants
can be explained by the ‘‘monoamine hypothesis’’, L-Glu
transmission has also been considered as a therapeutic target
for depression. In rat social interaction and sucrose intake
tests, administration of L-Glu transport inhibitors leads
to depressive-like behavior (Lee et al., 2007; John et al.,
2012), suggesting that impaired L-Glu turnover between
astrocytes and neurons causes depression. As well as GFAP,
expressions of astrocyte-specific molecules (e.g., EAAT-1,
EAAT-2, and GS) are decreased in MDD, along with the
reduction in astrocyte cell number (Choudary et al., 2005).
As EAAT-1 and EAAT-2 are the main uptake pathways for
extracellular L-Glu into astrocytes, decreased EAAT-1 and

EAAT-2 expression may cause impaired L-Glu turnover
and result in depression. Involvement of impaired L-Glu
turnover in depression pathogenesis is supported by the
beneficial effect of riluzole in animal models of depression.
Riluzole, which is clinically used for ALS treatment, activates
L-Glu transporters (Fumagalli et al., 2008). Furthermore,
Banasr et al. (2010) found that riluzole reverses decreased
GFAP expression in the rat prefrontal cortex and improves
depressive-like behavior after chronic unpredicted stress.
Although the mechanisms underlying morphological and
functional alterations of astrocytes remain to be clarified, the
beneficial action of riluzole suggests that modulating L-Glu
turnover in astrocytes is a novel strategy for treatment of
depression.

Neuronal and glial cell genesis is not limited to the developing
brain and can occur in restricted areas of the adult brain,
mainly the hippocampus and sub-ventricular zone (SVZ).
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Many studies have attempted to show correlation between
the pathology of neurological disorders and deregulation of
cellular genesis in the adult brain. Reduced hippocampal
neurogenesis is implicated in the pathogenesis of depression,
and as a possible target of antidepressants (Santarelli et al.,
2003; Banasr and Duman, 2007). Moreover, recent animal
model studies implicate astrogliogenesis in depression
pathogenesis. Olfactory bulb dissection can induce depressive-
like behavioral changes in rats. Keilhoff et al. (2006) showed
that olfactory bulb dissection decreases neural precursor
proliferation in the hippocampus and SVZ, which can be
rescued by the antidepressant, imipramine. Similarly, chronic
social stress decreases astrocyte number and cell volume in
the rat hippocampus, which can be reversed by fluoxetine
(Czéh et al., 2006). In contrast, electroconvulsive seizures, an
effective treatment for severe depression, stimulates astrocyte
proliferation in the rat hippocampus and prefrontal cortex
(Ongür et al., 2007; Jansson et al., 2009). These findings support
the involvement of astrogliogenesis in the pathogenesis of
depression. Recently, Kong et al. (2014) found that deletion
of AQP4, a water channel protein expressed in astrocytes,
aggravates depressive-like behavior and is accompanied by a
further reduction in astrocyte cell number and hippocampal
neurogenesis. This suggests that astrocytic AQP4 may be a novel
target for antidepressants.

Increased production of neurotrophic factors is predicted
to be an effective treatment strategy for mood disorders,
because they promote neurogenesis, gliogenesis, and synaptic
structure remodeling. Levels of BDNF (Dwivedi et al., 2003),
GDNF (Otsuki et al., 2008; Zhang et al., 2008), and basic
fibroblast growth factor (bFGF; Evans et al., 2004) are decreased
in patients with depression, and relates to the reduced
hippocampal neurogenesis. Astrocytes are a main source of
these neurotrophic factors in pathological brain conditions
(Koyama et al., 2003). Administration of antidepressants
(e.g., desipramine, fluoxetine, mianserin, clomipramine, and
paroxetine) increases production of BDNF, GDNF, and bFGF
in the rat hippocampus (Mallei et al., 2002; Martínez-Turrillas
et al., 2005; Bachis et al., 2008; Liu et al., 2012), while in vitro
studies using cultured astrocytes treated with antidepressants
shows production of these neurotrophic factors (Hisaoka et al.,
2001; Allaman et al., 2011; Kittel-Schneider et al., 2012).
Thus, up-regulation of astrocytic trophic factor production
may partially underlie the therapeutic actions of presently used
antidepressants.

A relationship between CX43, a main component of astrocytic
gap junctions, and MDD has been suggested. Reduced brain
CX43 expression is observed in MDD patients (Bernard et al.,
2011; Miguel-Hidalgo et al., 2014). Inhibition of CX43-mediated
gap junction communication causes depressive-like behavior
in rodents (Sun et al., 2012). Besides neurotrophic factor
production, increased CX43 expression is proposed as a novel
mechanism for clinically used antidepressants. Sun et al. (2012)
found that fluoxetine and duloxetine increase CX43 expression
in rat brain. Moreover, amitriptyline increases CX43 expression
by a monoamine-independent mechanism in cultured astrocytes
(Morioka et al., 2014).

Drug Dependence
Repeated abuse of opiates, hypnotics, and psychostimulants
leads to drug dependence. It is known that drug-induced
alterations in synaptic strength in the mesocorticolimbic
dopamine system and modulatory glutamatergic neuronal
circuits, both part of the brain reward system, underlie
drug dependence (van Huijstee and Mansvelder, 2015).
Dependence-producing drugs commonly activate the main
pathway of the brain reward system, with dopamine released
from neurons in the ventral tegmental area (VTA) to the
nucleus accumbens (NAcc) and prefrontal cortex. Studies
on the mechanisms underlying drug dependence show a
possible role for astrocytes in modulating neurotransmission
in the brain reward system (Beardsley and Hauser, 2014).
Administration of amphetamine, methamphetamine, cocaine,
and morphine induces astrocyte activation and increases GFAP
expression in rodent brain (Hebert and O’Callaghan, 2000;
Fattore et al., 2002; Pubill et al., 2003; Alonso et al., 2007).
Although these astrocytic alterations are not necessarily a
common pathological feature shared by other drugs, these
observations facilitate examination of the mechanisms
underlying drug dependence in the context of astrocyte
function.

The L-Glu-mediated neural circuit from the prefrontal cortex
to NAcc plays an important regulatory role in the brain reward
system (van Huijstee and Mansvelder, 2015). Nakagawa et al.
(2005) examined the role of astrocytic L-Glu transporters in mice
by co-administrating MS-153, a glutamate transport activator,
with morphine, cocaine, or methamphetamine. They found
that activation of L-Glu transport attenuates conditioned place
preference (CPP) to these drugs. Administration of an adenoviral
vector carrying the glutamate transporter 1 (GLT1; EAAT-2)
gene into the NAcc also attenuated CPP induction by morphine
and methamphetamine (Fujio et al., 2005). Together, these
findings suggest there is inhibitory regulation from astrocytic
L-Glu transporters on the rewarding effect of dependence-
producing drugs.

Astrocyte-derived soluble factors have important roles in
regulating synaptic strength and plasticity. The effect of
astrocyte-derived factors on susceptibility to drug dependence
was examined using conditioned medium from cultured
astrocytes. Administration of astrocytic conditioned medium
into mouse NAcc caused sensitization of rewarding behavior
elicited by methamphetamine and morphine (Narita et al.,
2005, 2006), suggesting that astrocytes produce soluble factors
that enhance drug dependence. As astrocyte-derived factors
affect susceptibility of drug-dependence, the modulatory roles
of BDNF and GDNF on rewarding effects of psychostimulants
were examined (Ghitza et al., 2010). Enhancement of a rewarding
effect by BDNF was first shown by Horger et al. (1999), with
chronic BDNF administration into rat NAcc increasing CPP to
cocaine. Overexpression of exogenous BDNF and its receptor
(TrkB) in rat NAcc also increased CPP to cocaine (Bahi et al.,
2008), while mouse BDNF null mutants show reduced CPP
(Hall et al., 2003). Positive regulatory roles of BDNF were
also suggested from the rewarding effects of morphine and
amphetamine (Shen et al., 2006; Vargas-Perez et al., 2009). As
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had been predicted from animal experiments (Pu et al., 2006;
Hatami et al., 2007), a recent study showed that serum BDNF
levels in heroin-dependent patients are still higher than those of
control groups, even after drug withdrawal (Zhang et al., 2014).
The results from viral vector-mediated gene transfer experiments
in rodents (Vargas-Perez et al., 2014) propose that enhancement
of the BDNF signal in the VTA is related to drug withdrawal
aversion.

GDNF was originally discovered as a survival and
developmental factor for mesencephalon dopaminergic neurons,
and modulates nerve excitation in many brain regions, including
the VTA and NAcc (Carnicella and Ron, 2009). In contrast to
BDNF, GDNF serves as a negative reinforcement modulator
of the rewarding effects of psychostimulants. Administration
of GDNF into the rat VTA reduced CPP enhancement to
cocaine, while an anti-GDNF neutralizing antibody increased
it (Messer et al., 2000). Heterozygous GDNF deletion in
mice caused higher sensitivity in CPP and seeking behaviors
to methamphetamine than those of wild-type mice (Niwa
et al., 2007; Yan et al., 2007). Taking these observations into
consideration, a therapeutic effect for drugs enhancing GDNF
production in patients with psychostimulant dependence can
be expected. Cabergoline, a dopamine D2 agonist used for the
treatment of hyperprolactinemia and parkinsonism, increases
GDNF production in cultured astrocytes (Ohta et al., 2003,
2004) and rat VTA (Carnicella et al., 2009). Cabergoline-
induced GDNF production in rat VTA reduced reinforcement
of seeking and drinking behavior for alcohol (Carnicella et al.,
2009).

Neurodevelopmental Diseases
Dysplasia of nerve tissue during embryonic and postnatal
development underlies some neurological diseases with mental
retardation and cognitive defects. During development of the
embryonic brain, astrocytes support proliferation and migration
of neural precursors, neuronal differentiation, and synaptic
formation, although neurogenesis generally precedes maturation
of astrocytes from glial precursors (Freeman and Rowitch,
2013). Because of the important role of astrocytes in the
developing brain, investigations to explain the etiology of
neurodevelopmental diseases by astrocyte dysfunction have been
performed (Molofsky et al., 2012; Parpura et al., 2012). A
number of studies on two inherited developmental diseases with
mental retardation, Rett syndrome and FXS, show that mutations
in single genes are responsible for astrocyte dysfunction and
impaired brain development.

Rett syndrome, an X-linked neurological disease
characterized clinically by distinctive hand movements,
seizures, delayed brain and head growth, autism, and mental
retardation (Weng et al., 2011), is caused by mutations
in a transcription factor, methyl-CpG-binding protein
2 (MeCP2; Samaco and Neul, 2011). In studies using
MeCP2 null mutant mice as a model of Rett syndrome
(Chen et al., 2001), conditional MeCP2 expression in
postnatal neurons partly reversed behavioral abnormalities
(Giacometti et al., 2007; Guy et al., 2007), indicating
involvement of reduced neural MeCP2 in pathogenesis

of the model. In addition, reduced function of astrocytic
MeCP2 is also related to Rett syndrome pathogenesis.
In vitro experiments by Ballas et al. (2009) found that
hippocampal neurons cultured with MeCP2 deleted astrocytes
or their conditioned medium, failed to show normal
dendritic development. Impaired dendrite formation by
astrocytic MeCP2 occurs independent of the presence of
neural MeCP2, suggesting that dysregulation of astrocytic
soluble factors induced by MeCP2 deletion may relate to
induction of Rett syndrome-like phenotypes. Maezawa et al.
(2009) reported impairments in BDNF, interleukin-1β, and
interleukin-6 production in astrocytes from MeCP2 deleted
mutant mice.

FXS is a neurodevelopmental disease characterized by mental
retardation, autism, attention deficit, social anxiety, and specific
physical features. One of the genes responsible for FXS, fragile
X mental retardation 1 (FMR1), is on an X-linked chromosome.
Mutations in FMR1, with GCC expansions repeats in the
promoter region, decrease production of fragile X mental
retardation 1 protein (FMRP), which serves as a regulator of
local protein translation. Reduced FMRP activity in neurons
leads to dysregulation of synaptic protein expression and affects
dendrite formation (Bassell and Warren, 2008). FMR1 gene
deletion induces abnormal dendrite elongation and increases
spine density in the developing cerebral cortex (Comery et al.,
1997; Nimchinsky et al., 2001). Besides neuronal reduction,
reduced FMRP activity in astrocytes affects their function during
brain development (Jacobs and Doering, 2010; Jacobs et al.,
2010). The mechanisms by which reduced FMRP in astrocytes
induces abnormal dendrite development were investigated.
Yang et al. (2012) found that FMRP deletion increases
neurotrophin-3 production in astrocytes, which suggests that
excess neurotrophic actions underlie abnormalities in dendrite
development. The metabotropic glutamate receptor 5 (mGluR5)
is predicted to be a therapeutic drug target for FXS (Levenga
et al., 2011; Vinueza Veloz et al., 2012; Pop et al., 2014;
Scharf et al., 2015). Higashimori et al. (2013) proposed that
down-regulation of astrocytic mGluR5 and GLT-1 (EAAT-2)
by FMRP deletion may cause enhanced neuronal excitation
and lead to abnormal dendritic development in FXS mouse
models.

A Perspective of Astrocytes as a Drug
Target for Mental Disorders

Supported by considerable experimental evidence, the
importance of astrocytic functions during acute brain insults and
neurodegenerative diseases is established. Because modulation
of astrocytic function has several beneficial actions, astrocytes
are a promising target of neuroprotective drugs (Darlington,
2005; Hamby and Sofroniew, 2010; Colangelo et al., 2014).
Although neuronal degeneration is generally not observed,
disturbance of neurotransmission, abnormal brain development,
and remodeling of synaptic structure are found in the brains of
patients with mental disorders. Furthermore, morphological and
functional alterations of astrocytes are observed in patients with
certain mental disorders (Cotter et al., 2002; Stockmeier et al.,
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2004; Choudary et al., 2005; Madeira et al., 2008; Habl et al., 2009;
Beardsley and Hauser, 2014). Besides their role in neurogenesis
and synaptic formation during brain development, accumulating
evidence shows that astrocytes are an essential component
of synaptic transmission (Parpura et al., 2012; Araque et al.,
2014). In addition, involvement of astrocyte-specific molecules
such as CX43 and AQP4 in higher brain functions is reported
(Sun et al., 2012; Xiao and Hu, 2014). Prompted by these
findings, many studies have attempted to clarify the role of
astrocytes in mental disorders. As described in this review,
involvement of astrocytic dysfunction in the pathogenesis of
mental disorders is becoming increasingly studied (Figure 1).
Thus, the pharmacological significance of astrocytes as a novel
drug target for schizophrenia, mood disorders, drug dependence,

and neurodevelopmental disorders has been proposed (Table 1).
However, despite the accumulating evidence, compared with
neurons, there are still many astrocyte-related issues that need to
be clarified. These include classification of astrocyte sub-types,
differences in properties among brain regions, astrogliogenesis
in the developing and adult brain, and the associated regulatory
factors. Further investigation of these issues may lead to novel
drugs for the treatment for mental disorders.
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It is widely accepted that there is a close relationship between the endocrine
system and the central nervous system (CNS). Among hormones closely related to
the nervous system, thyroid hormones (THs) are critical for the development and
function of the CNS; not only for neuronal cells but also for glial development
and differentiation. Any impairment of TH supply to the developing CNS causes
severe and irreversible changes in the overall architecture and function of the human
brain, leading to various neurological dysfunctions. In the adult brain, impairment of
THs, such as hypothyroidism and hyperthyroidism, can cause psychiatric disorders
such as schizophrenia, bipolar disorder, anxiety and depression. Although impact of
hypothyroidism on synaptic transmission and plasticity is known, its effect on glial cells
and related cellular mechanisms remain enigmatic. This mini-review article summarizes
how THs are transported into the brain, metabolized in astrocytes and affect microglia
and oligodendrocytes, demonstrating an example of glioendocrine system. Neuroglial
effects may help to understand physiological and/or pathophysiological functions of THs
in the CNS and how hypo- and hyper-thyroidism may cause mental disorders.

Keywords: thyroid hormones, triiodothyronine, microglia, migration, phagocytosis

Introduction

Thyroid hormones (THs; Rothsschild et al., 2006) are critical for the development and function
of the central nervous system (CNS; Zoeller and Rovet, 2004; Stenzel and Huttner, 2013). THs
regulate development and differentiation of neurons and neuroglia (Gomes et al., 1999; Billon
et al., 2001; Lima et al., 2001; Jones et al., 2003; Baxi et al., 2014; Dezonne et al., 2015). There are 2
major types of THs in the CNS represented by L-tri-iodothyronine (T3) and L-thyroxine (T4). The
T4 is the major TH secreted by the follicular cells of thyroid gland; whereas T3, the most powerful
TH, is mainly produced locally within the brain tissue by 5’-deiodination of T4. The T3 is an active
form of the thyroid hormone (TH) essential for the development and function of the CNS.

Hyperthyroidism and hypothyroidism result from overactivation or suppression of thyroid
grand leading to either excessive or insufficient production of THs. The prevalence of subclinical
hyperthyroidism ranges from 1–15%, and of subclinical hypothyroidism from 3–16% in individuals
aged 60 years and older was reported, which also suggested that there are differences in age, gender,
and dietary iodine intake in the populations studied (Biondi and Cooper, 2008).

Any impairment of THs supply to the developing CNS causes severe and irreversible
changes to the overall architecture and function of human brain, leading to various neurological
dysfunctions (Di Liegro, 2008; Henrichs et al., 2010; Duntas and Maillis, 2013). Although in
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many respects the hypothyroid brain appears morphologically
normal, clinical observations reported that hypothyroidism
may be associated with both neurological and behavioral
abnormalities as well as with functional impairments including
mental retardation, ataxia and spasticity (Thompson and
Potter, 2000). Psychiatric symptoms of hypothyroidism can
include psychosis, mood instability, mania, hypersomnia, apathy,
anergia, impaired memory mimicking dementia (Osterweil et al.,
1992; Goh et al., 2014), psychomotor slowing, and attentional
problems (Awad, 2000). The incidence of hypothyroidism
increases with age, and adult-onset hypothyroidism is one of the
most common causes of cognitive impairment (Mallett et al.,
1995; Dugbartey, 1998).

On the other hand, hyperthyroidism may induce emotional
lability, impatience and irritability, distractible overactivity,
exaggerated sensitivity to noise, problems with sleep and the
appetite (Awad, 2000) or depression and anxiety (Demet et al.,
2002). Even at subclinical level, hyperthyroidism in the elderly
is suggested to remarkably increase the risk of cognitive decline,
dementia and Alzheimer’s disease (AD; Kalmijn et al., 2000; van
Osch et al., 2004; Wijsman et al., 2013).

Multiple studies have reported that both hypo- and
hyperthyroidism may potentially increase the risk of
cognitive impairment and neurodegeneration. It has been
also reported that both hyper- and hypothyroidism can
affect the immune system (Klecha et al., 2008; De Vito
et al., 2012). Hyperthyroidism decreases the proinflammatory
activities of monocytes and macrophages. On the other hand,
during hypothyroidism enhancement of phagocytosis and
increased levels of ROS may occur so that the expression of
proinflammatory molecules such as macrophage inflammatory
protein-1α and interleukin-1β increases (De Vito et al., 2011). In

FIGURE 1 | Transport of THs to the brains and their
metabolism. D: iodothyronine deiodinases, LAT: L-type amino
acid transporter, MCT: monocarboxylate transporter,

OATP: organic anion-transporting polypeptide, T2: diiodothyronines,
T3: triiodothyronine, T4: thyroxine, TR: thyroid hormone
receptor.

contrast, hypothyroidism is reported to produce opposite
effects on the immune function, such as decrease in
immune response, antibody production, cell migration, and
lymphocyte proliferation markers (Klecha et al., 2000, 2006),
antioxidant enzymes and their activity (De Vito et al., 2011).
The role of microglia, an immune cell population in the
CNS, in this relationship between thyroid dysfunctions and
neuropsychological disorders remains to be elucidated. In
addition, knowledge of how other glial cells are involved in
neuropsychological disorders, especially in the TH-sensitive
regions of the brain (Fonseca et al., 2013), needs to be
considered.

Transportation of THs to The Brain and
Metabolism in Astrocytes

Circulating T4 is transported across the blood-brain barrier
via specific transporters such as organic anion-transporting
polypeptides (OATPs) containing OATP14/SLCO1C1
(OATP1c1) (Sugiyama et al., 2003; Tohyama et al., 2004) and
OATP1a2 (Gao et al., 2000; Lee et al., 2005; Hagenbuch, 2007),
L-type amino acid transporters (LAT1 and LAT2), mainly LAT1
(Taylor and Ritchie, 2007), and monocarboxylate transporters 8
(MCT8) (SLC16A2) (for both T3 and T4) (Roberts et al., 2008).
T4 also enters into astroytes through OATP1c1 (Dezonne et al.,
2015), where it is de-iodinated by type 2-deiodinase (D2) to
produce T3 (Guadaño-Ferraz et al., 1997; Fliers et al., 2006; Di
Liegro, 2008). Subsequently T3 is released by LAT (Francon
et al., 1989; Blondeau et al., 1993), presumably LAT2, and taken
by other cells via distinct transporters; For example neurons
express MCT8, while microglia express OATP4a1, LAT2 and
MCT10 (Braun et al., 2011; Figure 1).
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Thyroid Hormone Receptors

The majority of TH effects are mediated through TH receptors
(TRs), which belong to the members of the nuclear receptor
superfamily and which function as T3-inducible transcription
factors that are expressed in a tissue-specific and developmentally
regulated manner (Cheng et al., 2010). In mammals, there are
several TR isoforms: TRα1, TRα2, TRβ1, TRβ2a and TRβ3
(Koenig et al., 1989; Macchia et al., 2001). Among TRs, TRα1
is predominantly and widely expressed in the developing brain.
The genomic actions of THs are exerted by the binding of T3 to
nuclear TRs, which can either repress or activate gene expression.

Expression of TRα1 and TRβ1 have been identified in primary
cultured rat microglia (Lima et al., 2001). Mutation of TRα1 in
humans is associated with abnormal levels of TH but normal
levels of thyrotropin as well as with growth retardation, and
mildly delayed motor and cognitive development (van Mullem
et al., 2012). A child with classic features of hypothyroidism with
a de novo heterozygous nonsense mutation in a gene encoding
TRα was also identified (Bochukova et al., 2012).

In addition to genomic effects of TRs, nongenomic signaling
of THs through a plasma membrane–localized receptor has been
recently described (Kalyanaraman et al., 2014; Mori et al., 2015).
Potential mechanism for integrating regulation of development
and metabolism by thyroid hormone and receptor tyrosine
kinases through association of TRβ with PI3K was also suggested
(Martin et al., 2014). These nongenomic effects of T3 may
be important for glial function, which will be discussed later.
In addition, it was suggested that the heterogeneity of TR
expression throughout brain regions and between different cell
types might lead to diverse effects on neuronal morphogenesis.
The complexity may also result from not only the direct action of
the hormone on neurons but also from indirect actions triggered
by astrocytes (Dezonne et al., 2015) or other glial cell type.

Effects of T3 on Microglia

Microglia, the resident macrophages of the CNS are generally
considered the primary immune cells of the brain (Kim
and de Vellis, 2005). In healthy CNS, ramified microglia
are widely distributed to detect any environmental changes
by their motile processes (Streit et al., 1988; Kettenmann
et al., 2011). Pathological insults of multiple etiologies trigger
microglial activation, represented by multi-stage and complex
remodeling involving rapid migration towards the lesion site and
phagocytosis of damaged cells (Becher et al., 2000; Hanisch and
Kettenmann, 2007; Tanaka et al., 2009). It is generally recognized
that the microglial phenotype may change depending on the
microenvironment, which can be modified by various factors
associated with specific types and stages of pathology (Perry et al.,
1993; Scheffel et al., 2012; Solito and Sastre, 2012).

Microglial activation contribute to various pathologies
(including, for example, Alzheimers disease) (El Khoury and
Luster, 2008; Solito and Sastre, 2012). Recently, activated
microglia have been indicated to cause also psychiatric disorders.
Positron emission tomography imaging and postmortem studies
have revealed microglial activation and abnormalities in

schizophrenia, depression and autism (Kato et al., 2013;
Mizoguchi et al., 2014; Monji et al., 2014).

T3 is important for microglial development (Lima et al.,
2001), and could directly or indirectly stimulate morphological
maturation of amoeboid microglial cells and limit their
degeneration (Mallat et al., 2002). Recently, it has been
demonstrated that T3 stimulates microglial migration and
phagocytosis in vitro and in vivo (Mori et al., 2015). Microglial
migration is mediated through T3 uptake by TH transporters
and binding to the TRs. Then TH signaling in microglia
involved several signaling pathways including Gi/o-protein,
PI3K, and MAPK/ERK, as reported in ATP-induced microglial
migration (Honda et al., 2001). T3-induced nitric oxide signaling
(Kalyanaraman et al., 2014) is also present in microglia (Mori
et al., 2015). In addition, Na+/K+-ATPase, Na+/Ca2+ exchanger
operating in the reverse mode, and GABA receptors contribute
to T3-induced microglial migration (Figure 2; Mori et al.,
2015), although the precise mechanism is still unknown. Since
dysfunction of T3 in the aged brain significantly affected
microglial morphology (Mori, 2014), microglial dysfunctionmay
be closely related to psychological impairment in hypo- or hyper-
thyroidism in elderly patients which will be investigated in the
future.

Astrocytes and Oligodendrocytes
Differentiation by T3

In developing CNS T3 exerts numerous effects regulating
axonal myelination and dendritic growth (Walravens and
Chase, 1969; Legrand, 1982; Porterfield and Hendrich, 1993;
Bernal and Nunez, 1995; Vose et al., 2013) and astrocyte and
oligodendrocyte differentiation (Martinez-Galan et al., 1997,
2004; Jones et al., 2003; Schoonover et al., 2004; Manzano
et al., 2007; Dezonne et al., 2009; Baxi et al., 2014). Effects
of TH on astrocytes have been recently reviewed (Dezonne
et al., 2015). Also, differentiation of human cultured CD34+
stem cells into oligodendrocyte precursors under THs action was
also reported (Venkatesh et al., 2014). Expression alterations of
genes using hypothyroidism model rats showed that immature
astrocytes immunoreactive for vimentin and glial fibrillary acidic
protein (GFAP) were increased, while oligodendrocyte lineage
transcription factor 2 were decreased in the corpus callosum
(Shiraki et al., 2014). Effects and molecular mechanisms of T3
action on astrocytes and oligodendrocytes in matured or aged
brain remain to be investigated.

Dysfunction of Glial Cells and Psychiatric
Symptoms

As mentioned above, THs are not only important for neuronal
development (Rami et al., 1986; Gould and Butcher, 1989)
but it also support development of microglia (Lima et al.,
2001), astrocytes (Gould et al., 1990; Manzano et al., 2007)
including radial glial cells (Martinez-Galan et al., 2004), and
oligodendrocytes (Walravens and Chase, 1969; Jones et al., 2003).
Hypothyroid animals and TR mutant mice exhibit severe deficits
in glial development (Morte et al., 2004). Therefore, indirect
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FIGURE 2 | T3-induced signal transduction in microglia. NOS: Nitric oxide synthase, NCX: Na+/Ca2+ exchanger. (Modified from Mori et al., 2015).

action of THs that occurs through astrocytes at different stages
of brain development may contribute to neuronal progenitor
proliferation, neuronal migration and differentiation, axonal
growth and synapse function (Lima et al., 1998; Gomes et al.,
1999; Martinez and Gomes, 2002; Martinez et al., 2011; Dezonne
et al., 2013). Therapeutic use of THs in psychiatric disorders,
mainly in depression, came to the light thus contributing to
better understanding the action of THs in the brain (Weissel,
1999). Perhaps the major role of thyroxine therapy on depression
might be due to hypothalamus-pituitary-thyroid axis activity and
serotonin function in depressive episodes (Gomes et al., 2001).
Neuroglial cells, as well as neurons contribute to psychiatric
symptoms. For example, activated microglia and astrocytes in
immunologically induced fatigue (Ifuku et al., 2014), microglial
oxidative reactions in schizophrenia (Kato et al., 2011; Monji
et al., 2013), and alteration of astrocytes or oligodendrocyte
function in bipolar disorder (Dong and Zhen, 2015) have
been reported. On the other hand, decreased glial density in
association with glial hypotrophy in bipolar disorder or major
depression (Rajkowska et al., 2001; Bowley et al., 2002) was
also reported. Considering these reports, it is likely that indirect
actions of THs through glial cells are important for neuronal
activity and their impairment may at least in part, induce
psychiatric symptoms.

These psychiatric symptoms can be seen in both
hyperthyroidism and hypothyroidism. When it comes to
the metabolism and balance of TH levels, it must be noted that
propylthiouracyl (PTU) is a thiouracil-derived drug that inhibits
thyroid peroxidase and type 1 deiodinase (D1), which is used to

treat hyperthyroidism by decreasing TH level by suppression of
T4 and T3 production. However, unlike D1 which is expressed
mainly in the liver, kidney and testis, the major deiodinase D2
in the brain is known to be insensitive to PTU. Both mRNA
concentration and activity of D2 are increased in hypothyroidism
(van Doorn et al., 1982, 1983) and decreased in hyperthyroidism
(Leonard et al., 1981; van Doorn et al., 1984; Croteau et al., 1996;
Burmeister et al., 1997). D2 was also reported to be up-regulated
in reactive astrocytes following traumatic brain injury (Zou et al.,
1998). Thus, D2 is believed to serve a protective role to preserve
the concentration of intracerebral T3 during states of thyroid
hormone deficiency. This may explain, in part, why both hypo-
and hyperthyroidism cause similar neurological symptoms.

Conclusion

T3 is important not only for neuronal development but also
for differentiation of astrocytes and oligodendrocytes, and
for microglial development. In addition, T3 is an important
signaling factor that affects microglial functions via complex
mechanisms. Therefore, dysfunction of THs may impair glial
function and thus disturb of the brain, which may cause mental
disorders.
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Pathophysiology associated with several psychiatric disorders has been linked to
inflammatory biomarkers. This has generated a theory of major depressive disorders
as an inflammatory disease. The idea of pro-inflammatory cytokines altering behavior is
now well accepted however many questions remain. Microglia can produce a plethora
of inflammatory cytokines and these cells appear to be critical in the link between
inflammatory changes and depressive disorders. Microglia play a known role in sickness
behavior which has many components of depressive-like behavior such as social
withdrawal, sleep alterations, and anorexia. Numerous candidate genes have been
identified for psychiatric disorders in the last decade. Single nucleotide polymorphisms
(SNPs) in the human P2X7 gene have been linked to bipolar disorder, depression,
and to the severity of depressive symptoms. P2X7 is a ligand-gated cation channel
expressed on microglia with lower levels found on astrocytes and on some neuronal
populations. In microglia P2X7 is a major regulator of pro-inflammatory cytokines of
the interleukin-1 family. Genetic deletion of P2X7 in mice is protective for depressive
behavior in addition to inflammatory responses. P2X7−/− mice have been shown to
demonstrate anti-depressive-like behavior in forced swim and tail suspension behavioral
tests and stressor-induced behavioral responses were blunted. Both neurochemical
(norepinephrine, serotonin, and dopamine) and inflammatory changes have been
observed in the brains of P2X7−/− mice. This review will discuss the recent evidence
for involvement of P2X7 in the pathophysiology of depressive disorders and propose
mechanisms by which altered signaling through this ion channel may affect the
inflammatory state of the brain.

Keywords: P2X7, depression, microglia, inflammation, mouse models, SNP

Inflammation as a Theory for Pathogenesis of Mood-Related
Behavioral Changes

Recent evidence suggests that activation of inflammatory responses may contribute to the
pathogenesis of affective disorders such as depression, bipolar disorders and schizophrenia.
Results from studies of clinical psychosis indicate high levels of pro-inflammatory macrophage-
derived cytokines in both serum and plasma in psychotic relative to normal patients. Much
of the available research to date has focused on circulating levels of pro-inflammatory agents,
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including the key interleukins (particularly IL-6, IL-2, IL-1β),
tumor necrosis factor (TNF-α) and its receptors, and interferon
gamma (IFN-γ) in schizophrenia (Gaughran, 2002; Drzyzga
et al., 2006), bipolar disorder (O’Brien et al., 2006; Hope
et al., 2009) and depression (Hiles et al., 2012; Liu et al.,
2012; Dahl et al., 2014). However there is also increasing
evidence of inflammatory cytokines and activation of microglia
in the brains of affective disorder subjects. In schizophrenic
patients elevated levels of IL-6 (Garver et al., 2003; Sasayama
et al., 2013) and IL-1β cytokines (Miller et al., 2011) have
been observed in cerebrospinal fluid (CSF); while in bipolar
disorder an increase in IL-1β in the CSF of patients was recently
found (Söderlund et al., 2011). Cytokines, in turn, promote
detrimental neuronal consequences through activation of neuro-
inflammatory cascades involving microglial release of oxidative
species. Several post-mortem studies have reported an increased
density of microglia in the hippocampus (Bayer et al., 1999)
and regions of the prefrontal, cingulate and temporal cortices
(Bayer et al., 1999; Radewicz et al., 2000; Steiner et al., 2008).
Indeed, imaging and histological studies also report increased
levels astrocyte and microglial markers (e.g., glial fibrillary acidic
protein, GFAP, CD11b) in the prefrontal cortex (Rao et al., 2010)
and hippocampus (Haarman et al., 2014) in bipolar patients
and increased microglial priming and macrophage recruitment
in the cingulate cortex of depressed brains (Torres-Platas et al.,
2014). Moreover, in CSF collected from depressive patients,
increases in inflammatory mediators, such as kynurenine and
quinolinic acid released from microglia, are correlated with
increased IFN-α, soluble TNF-α receptor 2 and the chemokine
monocyte chemo-attractant protein (MCP-1) in CSF (Raison
et al., 2010). While there should also be consideration of
the external influence of medications (lithium, antidepressants
antipsychotics), age, and patient health status (such as metabolic
syndrome or chronic pain) which can all have their own
inflammatory influences, it is still clear that elevated immune-
inflammatory signaling activity is important in the etiology
of mood disorders.

Sickness Behavior; Inflammation-Related
Behavioral Changes

The origin of pro-inflammatory cytokines found in the
brain is yet to be clearly elucidated. While cytokines can
be produced centrally, it is also of consideration that they
are released by circulating immune cells and move to the
brain through specific transport mechanisms such as via the
circumventricular organs or across a dysfunctioning blood
brain barrier. Evidence from animal studies indeed show
that activation of the peripheral immune system influences
brain pathology, cytokine levels, and behavior. Exposure to
the bacterial endotoxin lipopolysaccharide (LPS) or the viral
immunostimulant polyinosinic: polycytidylic acid (poly I:C)
can induce sickness behavior, a depressive-like state where
reductions in food consumption, body weight, social interaction
and activity are observed (Yirmiya, 1996; Cunningham et al.,
2007). This so-called sickness behavior is both a physical and
psychological illness and is observed in humans, encompassing

such complications as fatigue, lethargy, anhedonia, anorexia,
and muscle and joint pain (Dantzer, 2009). Triggered by the
production of pro-inflammatory cytokines by the immune
system, it is thought to be part of a highly organized strategy to
fight infections.

There are several glial (non-neuronal) cell populations in
the brain, notably astrocytes, microglia and oligodendrocytes.
The activation of brain microglia has been associated with
depressive-like behavior in a number of recent studies (Tynan
et al., 2010; Hinwood et al., 2012; Kreisel et al., 2014). In many
cases psychological stress induced through prolonged restraint
or unpredictable events, is demonstrated to alter microglial
responses upregulating various cellular activation markers such
as Iba-1, CD11b, and MHC Class II. The number and density
of microglia in particular brain regions appears to be altered
on the same time-scale as the behavioral changes. Dynamic
changes in both number and activation status of microglia have
been recently documented with acute increases in microglial
number followed by a decline in number with more sustained
(chronic) stress (Kreisel et al., 2014). Potentially, this early
increased density of activated microglia could amplify pro-
inflammatory signaling through the release of inflammatory
and neurotoxic mediators such as cytokines. Blocking the
initial activation with minocycline rescued the decline in
microglial numbers and the behavioral change (Kreisel et al.,
2014).

P2X7 is an Ion Channel Regulating
Inflammatory Signaling

P2X7 is a purinergic ion channel activated by the known
danger signal molecule and neurotransmitter, ATP (Bartlett
et al., 2014). Many immune cells express this purinergic ion
channel including myeloid lineage cells such as macrophages
and their brain-resident counterparts, microglia. P2X7
expression is not restricted to microglia in the brain, with
astrocytes, oligodendrocytes and certain populations of
neurons exhibiting low levels of expression (reviewed in
Bartlett et al., 2014). Over the last decade research into
understanding the role of this ion channel in immune cell
responses has revealed a critical function in the regulation
of cytokine secretion from macrophages and microglia. It
is clear that activation of P2X7 is a major physiological
stimulus for rapid secretion of IL-1 family cytokines from
macrophages and microglia (Ferrari et al., 1997, 2006).
Evidence for involvement of P2X7 activation in regulating
other pro-inflammatory cytokine secretion is less robust
although there is evidence for a role in IL-6 secretion from
macrophages (Solle et al., 2001) and both TNF-α and IL-6
secretion from microglia (Shieh et al., 2014). In addition to
cytokines P2X7 is involved in inflammatory prostaglandin
secretion (Barberà-Cremades et al., 2012) and release of
lysosomal proteases such as cathepsins (Lopez-Castejon et al.,
2010).

Transgenic mice deficient in P2X7 (P2X7−/−) were generated
over a decade ago and have aided our understanding of the
physiological and pathophysiological roles of this ion channel.
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P2X7−/− mice were originally demonstrated to display reduced
cytokine responses (Solle et al., 2001) and subsequent studies
have documented reduced inflammatory-related disorders such
as anti-collagen induced arthritis (Labasi et al., 2002). Ex
vivo macrophages isolated from P2X7−/− mice display no
secretion of IL-1β, IL-18 and IL-1α cytokines in response to in
vitro priming and challenge with ATP (Pelegrin et al., 2008).
Furthermore, intraperitoneal injection of LPS into P2X7−/−

mice caused a reduced febrile response compared to wild-
type mice, which was restored upon injection of recombinant
IL-1β (Barberà-Cremades et al., 2012). This suggests that
P2X7−induced IL-1β secretion plays a key pyrogenic role
in vivo. The behavioral effects of injected LPS were not
investigated by Barberà-Cremades et al. (2012), however a
separate study by Csölle et al. (2013b) has demonstrated that
LPS-induced anhedonia measured using a sucrose preference
test is reduced in P2X7−/− mice. These studies suggest
that inflammatory responses to LPS are reduced in P2X7
deficient mice.

P2X7 and Microglial Responses

Early studies demonstrated that activation of P2X7 stimulated
IL-1β cytokine release from mouse microglial cells (Ferrari
et al., 1997). Experiments utilizing P2X7−/− mice demonstrated
that P2X7 was crucial for ATP-mediated IL-1β release from
microglia and that P2X7 deficiency attenuated LPS-induced
expression of both IL-1β and TNFα (Mingam et al., 2008).
In addition to control of cytokines, P2X7 on microglial cells
has been linked to glial cytotoxicity, with the induction of
apoptotic cell death following prolonged stimulation (Bartlett
et al., 2013). P2X7 on microglia can also induce cortical
neuron cell injury in a co-culture model system, using a
process not requiring direct cellular contact (Skaper et al.,
2006). Microglia deficient in P2X7 or treated with a P2X7
antagonist did not induce neuronal toxicity in this study
highlighting a key role for this ion channel in secreting
mediators capable of reducing neuronal viability (Skaper et al.,
2006).

More recently P2X7 has been implicated in cellular
proliferative responses in microglia amongst other cell types,
with a study reporting that overexpression of P2X7 was sufficient
to drive proliferation and activation of microglia (Monif
et al., 2009). These observations are complemented by a study
investigating basal and TNFα cytokine-induced proliferation in
hippocampal-entorhinal slices where P2X7 was demonstrated
to play a key role in proliferation (Zou et al., 2012). The
involvement of P2X7 in microglial responses is summarized in
Figure 1.

P2X7 Deficient Mice are Resilient to
Depressive-like Behavior

Four studies by different groups have so far investigated
the effect of genetic deletion of P2X7 on behavior using
standard depression tests in mice, namely the forced swim
test and tail suspension test. All four studies demonstrated

FIGURE 1 | P2X7 on central glial cells may drive inflammation. Resting
microglia express purinergic receptors including P2X7. Induction of microglial
activation and proliferation increases microglial density in the brain. P2X7 is
involved in both activation and proliferation of microglia. The presence of ATP,
the major agonist for P2X7 channels would drive release of pro-inflammatory
mediators from central microlia. These could amplify activation and
proliferation of glia and induce toxic damage to neurons and neuronal
signaling pathways potentially driving behavioral changes.

a significant reduction in immobility time in P2X7−/− mice,
a feature associated with anti-depressive behavior (Basso
et al., 2009; Boucher et al., 2011; Csölle et al., 2013a,b).
Differences between genotypes were more obvious after repeated
challenge or stress suggesting that the demonstrated resilience
is more pronounced to stressor-induced behavioral changes.
Pharmacological blockade of P2X7 was also effective in altering
depressive-like behavior and LPS-induced sickness behavior in
mice (Csölle et al., 2013a,b). Selective, centrally penetrating
P2X7 modulators may have potential for further development as
therapies for CNS disorders including affective disorders. Three
P2X7 antagonists A-438079, JNJ-47965567, and JNJ-42253432,
have recently been demonstrated to attenuate amphetamine-
induced behavioral sensitization in rodents (Bhattacharya et al.,
2013; Gubert et al., 2014; Lord et al., 2014), a key process
underlying motivational behavior. Moreover antidepressant and
anxiolytic like behavior is observed after P2X7 antagonism in
animal models exhibiting depressive-like symptomatology in
forced swim and social interaction paradigms (Pereira et al.,
2013; Lord et al., 2014; Wilkinson et al., 2014).

A major finding from the work by Csölle et al. (2013a)
was that peripheral immune cells such as infiltrating monocytes
or macrophages do not appear to be involved in protection
from depressive behavior associated with P2X7 deficiency. To
demonstrate this they used bone marrow chimera experiments.
Here mice were irradiated to destroy circulating immune cells
and underwent a bone marrow transplant from donor mice
which were either wild-type (P2X7+) or knockout (P2X7−).
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Reconstituted mice with both P2X7 expressing and P2X7
deficient bonemarrow demonstrated no difference in immobility
time in the tail suspension test. The study concluded that
deficiency of P2X7 only in peripheral immune cells gave no
protection from depressive-like behavior (Csölle et al., 2013a).
Whilst this study also suggested central microglia were not
involved through the same bone marrow chimera approach,
more data would be helpful to strengthen this particular
conclusion. For example, does central injection of IL-1β restore
depressive-like behavior in the P2X7−/− mouse? This would
indicate whether cytokines were driving depressive behavior.
In addition, these behavioral studies use C57BL/6 mice which
are known to carry a single nucleotide polymorphism (SNP)
in the C-terminus of P2X7 affecting downstream signaling
pathways including cytokine secretion (Adriouch et al., 2002).
It would be interesting and relevant to determine if this effect
is maintained in mouse strains carrying a high functioning
P2X7.

Significant differences in expression (both up- and down-
regulation) of genes involved in synaptic signaling were found
by whole genome microarrays in the amygdala of P2X7−/−

mice (Csölle et al., 2013a). Moreover, exposure to restraint
stress caused an acute elevation in adrenocorticotropic hormone
(ACTH) and corticosterone levels in wild-type C57BL/6 mice
but this was reduced in P2X7−/− mice (Csölle et al., 2013a).
This suggests that P2X7 deficiency may blunt the stress hormone
response. The anterior pituitary, which is responsible for the
production of stress hormones amongst others, expresses P2X
channels (Koshimizu et al., 2000; Zemkova et al., 2006) and ATP
is known to modulate ACTH secretion. Therefore it is possible
P2X7 may play a role in the amplification of secretagogue signals
from the hypothalamus.

A Mutant P2X7 Allele Linked to Depression
and Bipolar Disorder in Human Studies

There have been a number of genetic studies over the last decade
linking a SNP in the human P2RX7 gene to depression, anxiety,
and bipolar disorder (Barden et al., 2006; Lucae et al., 2006;
McQuillin et al., 2009; Soronen et al., 2011). Inheritance of the
minor allele of this SNP (rs2230912-G) has also been correlated
to severity of depression in diabetic and psychiatric patients
(Hejjas et al., 2009; Nagy et al., 2008; Halmai et al., 2013). In
contrast there are several genetic studies that do not find an
association with P2RX7 genotype at this polymorphic site and
bipolar disorder, major depression or schizophrenia (Green et al.,
2009; Viikki et al., 2011). A recent meta-analysis also suggested
no association (Feng et al., 2014). Addressing the functional
relevance of this SNP in vitro studies on circulating immune
cells isolated from humans carrying the rs2230912-G allele have
demonstrated that this genetic variant of P2X7 is inherited
on a gain-of-function allele (Stokes et al., 2010). Importantly
human monocytes expressing this rs2230912-G variant secreted
more IL-1β in response to activation of P2X7 than monocytes
expressing a wild-type variant (Stokes et al., 2010). Therefore
one could speculate that microglia in the brain may also
display enhanced cytokine secretion in response to P2X7 ion

channel activation. Whilst this is difficult to demonstrate in
the human system, a transgenic mouse approach knocking-
in this human variant of P2X7 could begin to address this
question.

In transgenic mouse studies genetic deletion of P2X7
eliminates a full-length P2X7 protein and protects against
depressive learned helplessness behavior (Basso et al., 2009;
Boucher et al., 2011; Csölle et al., 2013a). Could this also be
true for humans? There are numerous loss-of-function SNPs in
the human P2X7 gene which are demonstrated to have dramatic
effects on receptor trafficking or receptor function (Sluyter and
Stokes, 2011). Several studies have included some (but not all)
loss-of-function P2X7 SNPs in their analysis but no difference in
genotype frequency has so far been documented (Barden et al.,
2006; Hansen et al., 2008).

The Gliotransmitter ATP and Depressive
Behavior

The purinergic signaling system is extensive in the body
involving many receptors, ion channels and enzymes. ATP
is a known co-transmitter released at synapses and extra-
synaptic sites modulating the responses of glial and neurons
(Burnstock, 2008). A recent study by Cao et al. presents a
novel case for astrocyte-derived ATP as a rapid anti-depressant
neurotransmitter (Cao et al., 2013). But how does this idea
fit with a role for P2X7 (and potentially other purinergic
receptors) in depressive disorders? Cao et al. (2013) suggest
that astrocytes release ATP in the medial prefrontal cortex
where the P2X2 receptor seems to be the downstream target
for this anti-depressant action of ATP as evidenced by shRNA
experiments. Astrocytes and microglia both express P2X7, which
can be activated by relatively high concentrations of ATP
(>100 µM); levels that may not be achieved in the brain
where nucleotidases are widely expressed (Robson et al., 2006).
Thus astrocyte-derived ATP may not reach concentrations high
enough to stimulate pro-inflammatory signaling through P2X7.
In P2X7−/− mice, which demonstrate an antidepressant-like
phenotype, Csölle et al. (2013a) demonstrated an up-regulation
of a number of genes in the amygdala including P2RX2 (11-
fold change). Together with the evidence that immune cells
(including microglia) do not affect the behavioral phenotype,
perhaps this highlights a role for astrocytes, ATP, and P2X2, in
the antidepressant effect of P2X7 deficiency? It is clear that more
studies are required to understand the role of purinergic signaling
in psychiatric disorders.

Future Perspectives

In humans a correlation between high functioning P2X7 and
affective disorders is often observed but this may be limited
to patients with an inflammatory component, for example
diabetic patients. Perhaps understanding more about the clinical
features associated with affective disorders will lead to a useful
stratification of these disorders and co-morbidity with other
diseases. The evidence for involvement of P2X7 in depressive
disorders from animal studies is promising but it is clear
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that more information about this ion channel and its role in
inflammation and behavior is needed. Microglia are known to
play a role in stress-induced depressive behavior but is P2X7
a major driver of inflammatory signaling in central microglia
under conditions of chronic stress? P2X7 is not restricted

to microglia and it is likely that astrocytes participate in
regulation of microglial and neuronal responses. Future studies
will hopefully address these issues and begin to determine
whether this ion channel could be a novel drug target for affective
disorders.
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