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Glial cells as key elements in the
pathophysiology and treatment of

bipolar disorder

Keshavarz M. Glial cells as key elements in the pathophysiology and
treatment of bipolar disorder.

Objective: The exact pathophysiology of bipolar disorder (BD) is not yet
fully understood, and there are many questions in this area which should
be answered. This review aims to discuss the roles of glial cells in the
pathophysiology of BD and their contribution to the mechanism of action
of mood-stabilising drugs.

Methods: We critically reviewed the most recent advances regarding
glial cell roles in the pathophysiology and treatment of BD and the
neuroprotective and neurotrophic effects of these cells.

Results: Postmortem studies revealed a decrease in the glial cell number
or density in the specific layers of prefrontal and anterior cingulate cortex
in the patients with BD, whereas there was no difference in other brain
regions, such as entorhinal cortex, amygdala and hippocampus.
Astrocytes and oligodendrocytes were the most important glial types that
were responsible for the glial reduction, but microglia activation rather
than loss may be implicated in BD. The decreased number or density of
glial cells may contribute to the pathological changes observed in
neurons in the patients with BD. Alteration of specific neurotrophic
factors such as glial cell line-derived neurotrophic factor and S100B may
be an important feature of BD. Glial cells mediate the therapeutic effects
of mood-stabilising agents in the treatment of BD.

Conclusion: Recent studies provide important evidence on the impairment
of glial cells in the pathophysiology and treatment of BD. However, future
controlled studies are necessary to elucidate different aspects of glial cells
contribution to BD, and the mechanism of action of mood-stabilising drugs.

Significant outcomes

Mojtaba Keshavarz

Shiraz Neuroscience Research Center, Shiraz
University of Medical Sciences, Shiraz, Iran

Keywords: bipolar disorder; glial cells;
glial cell line-derived neurotrophic factor
mood-stabilising drugs; S100B

Dr. Mojtaba Keshavarz, Shiraz Neuroscience
Research Center, Shiraz University of Medical
Sciences, Chamran Hospital, Chamran Boulevard,
PO Box: 7194815644, Shiraz, Iran.

Tel/Fax: +9871 3623 4508,

E-mail: moj.ph60@yahoo.com

Accepted for publication September 24, 2016

First published online October 24, 2016

e The review discusses about the potential roles of glial cells in the pathophysiology of bipolar disorder
(BD) by emphasising on the neurotrophic and neuroprotective roles of these cells.
e Glial cell loss especially in specific brain regions and glial cells-specific neurotrophic factor deprivation

may have important contribution to the pathophysiology of BD.

e Glial cells, at least partly, may mediate the therapeutic effects of mood-stabilising drugs.

Limitations

e In spite of many evidence that addresses glial cell roles in the pathophysiology and treatment of
BD, some inconsistencies are present that may be related to the obstacles present in the

neuropsychopharmacological studies.

e Establishment of relationship between peripheral and central levels of glial cells-specific neurotrophic
factors and assessing glial cell loss in regions revealed by neuroimaging studies seem very necessary.
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Introduction

BD is a common, chronic mental disorder with a high
rate of relapse, cognitive impairment, psychosocial
disability and suboptimal outcome (1). The preva-
lence of BD is between 1% and 2% around the world
(2,3). However, the real prevalence is mainly higher
because of under-diagnosed subjects (4,5). BD is a
heritable disorder that may disrupt several systems
and functioning such as sleep/wake system,
autonomic, motoric, cognitive and endocrine systems
(6). The exact pathophysiology of this complex
disorder remained elusive. However, it has been
proposed that multiple layers of body function
including behavioural, cellular and molecular
systems may be involved in the pathogenesis of this
disorder. Recent studies imply that the impaired
cellular plasticity of neuronal and glial network or
impaired communication of these cells may be
responsible for BD (7-9). Several postmortem
studies with neuroimaging investigations have
implied about the roles of glial cell in the
pathophysiology of this disorder. However, there
are many questions in this area that should be
answered to complete the puzzle of this disorder.
This review aims to discuss the roles of glial
cells in the pathophysiology of BD and their
contribution to the mechanism of action of mood-
stabilising drugs.

Glial cells

Glial cells have been considered as the passive
constitute of central nervous system (CNS) that only
have supportive or nutritional roles for the neural
network (10,11). However, recent evidence has
proposed that high-order CNS functions may be the
outcome of glial-neuronal interaction (12).
Astrocytes, oligodendrocytes and microglia are
three main types of glial cells in the CNS, which are
the most prevalent constitute of the cortex (13). Each
glia type can be distinguished by specialised
functions and specific morphology. For instance,
astrocytes are responsible for the metabolic support
of neurons and the development of blood-brain
barrier, oligodendrocytes for the myelin production,
whereas the function of microglia is important
in the cell immunity in the CNS (14). However,
dysfunction of any type of glial cells may be
involved with the development of neuropsychiatric
disorders (15). In general, all the glial types have
important physiological roles that can regulate
neuronal functions. Regulation of synapses (12), the
clearance of extracellular ions and transmitters
(16,17), the control of neuronal metabolism and
migration (18-20), the regulation of brain energy
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supplies (15), neurotrophic factor synthesis and
release (21), angiogenesis and immune function in
the CNS (22), coping with brain insults (23), and
myelin formation (24) are the most important
functions of the glial cells. Among these functions,
several studies have suggested that neurotrophic and
neuroprotective roles of the glial cells may be very
relevant to the pathophysiology and treatment of
mood disorders (25,26).

Neurotrophic and neuroprotective roles of the glial cells

It has been shown that glial cells, especially
astrocytes, may possess the potency to exert
neuroprotective effects (27). Gliotoxins which abo-
lish astrocyte functions have increased the suscept-
ibility of neurons to the cellular stressors (28).
Moreover, in vivo ablation of astrocytic function
has been increased neuronal cell death and vulner-
ability to ischaemia-induced injuries (29,30). The
roles of the glial cells in the production of
neurotrophic factors, homoeostasis of glutamate and
production of antioxidants may be the important
mechanisms proposed for the neuroprotective actions
of these cells.

Glial cells synthesise and release several neuro-
trophic factors such as brain-derived neurotrophic
factor (BDNF), glial derived neurotrophic factor
(GDNF) and S100B that regulates neuronal survival
and plasticity (14). Accordingly, it was proposed that
the deprivation of neurotrophic factors, potentially
from the glial cells, may contribute to the neural
damage or death (31).

Furthermore, some reports have demonstrated the
role of astrocytes in the protection of neurons against
neurotoxic agents such as hydrogen peroxide and
glutamate (32,33). It has been revealed that
antioxidants are present at high concentrations in
the astrocytes (34,35), and protect other cells,
particularly neurons, from oxidative stress-induced
cell death (35). Moreover, neuro—astrocyte co-culture
system showed the protective effects of astrocytes
against hydrogen peroxide (H,0,)- and nitric
oxide (NO)-induced neuronal death (32,36). In
addition, astrocytes have important roles in the
modulation of glutamate level that may be actively
involved in the protection of neurons against
excitotoxicity. Astrocytes protect neurons against
excitotoxicity in the mixed neuro—astrocyte cultures
by reducing extracellular level of glutamate (37).
Recent findings on the cell loss in the brain of
patients with mood disorders have shown that
neurotrophic and neuroprotective effects of glial cells
may be very relevant to the pathophysiology of these
disorders (25).
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Reduction in the grey matter volume in the patients with BD

Neuroimaging studies have consistently shown a
reduction in grey matter volume in the patients with
BD. A meta-analysis conducted by Ellison-Wright
and Bullmore (38) demonstrated that four regions of
the grey matter were decreased in the patients with
BD. The decrease in the grey matter volume was
occurred in the right insula, perigenual anterior
cingulate, left insula and subgenual anterior cingulate
(38). The findings of their study were similar to the
findings of other studies in which the authors have
reported a reduction in the prefrontal lobe volume
(39), the left anterior cingulate cortex (ACC) (39,40)
and the left subgenual prefrontal cortex (PFC)
(40,41). In contrast, a meta-analysis of amygdala
volumes did not show any significant change in the
patients with BD (42). It has been proposed that the
glial cell loss, at least partly, is responsible for a
reduction in the grey matter volume in the patients
with BD (43). Moreover, it has been revealed that
reduction in the neuronal density, which is more
subtle than glial alteration, may be relevant to
the morphometric changes detected in the patients
with BD (44).

Glial cell loss in the brain of patients with BD

In the late 90s, a theory developed that glial cell
abnormalities may play an important role in the
pathophysiology of mood disorders (13,44). For the
first time, Ongur et al. (45) found a selective
reduction in the glial cell number and density in the
subgenual PFC in the patients with an apparent
family history of BD. Afterwards, Rajkowska et al.
(46) demonstrated a significant alteration in the
density, shape and size of the glial cells in the
dorsolateral PFC of the patients with BD. Their
results showed that the mean glial cell density was
significantly reduced below the control values in the
sublayer Illc of PFC, and was associated with a
marginally significant decrease in the sublayer Vb in
the brain of patients with BD (46). Moreover, Brauch
et al. (47) found a decrease in the glial size of the
temporal cortex in the patients with BD may reflect
glial dysfunction. In contrast, some studies have
reported no glial cell reduction in the dorsolateral
PFC of the patients with BD (48,49).

In addition to PFC, some investigators have
focused on other brain regions to find glial
abnormalities in the brain of patients with BD. In a
study conducted in 2011, Gittins and Harrison (50)
assessed glial cell density in the ACC and found
lower glial density in all layers except Vb in the
patients with major depressive disorder (MDD) and
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BD. In contrast to the above mentioned investiga-
tions, several studies did not find any evidence of
glial cell reduction in this region (51,52). It is
important to notice that Gittins and Harrison study
had the limitation of measuring glial cell density in
only two patients with BD.

Some studies measured the density of the glial
cells in the amygdala of the patients with BD and
controls, but they found no difference in the glial
density in the patients with BD (53-55). Interest-
ingly, Bowley et al. (55) found glial cell reduction in
the amygdala of un-medicated patients with BD.
They proposed that mood-stabilising drugs such as
lithium and valproate may attenuate glial reduction in
the patients with BD (55). Moreover, Webster et al.
(49) studied the glial reduction in the hippocampus
and they reported no significant difference in the glial
cell density in this region in the patients with BD.
Table 1 summarises the studies that evaluated glial
cells loss in different brain regions in the patients
with BD.

An important limitation in postmortem studies is
that many of them have assessed the region that was
not match with the information received from the
volumetric studies. Neuroimaging studies have
shown grey matter volume reduction in the insula
and cingulate cortex of patients with BD (38),
whereas many postmortem studies have measured
glial loss or reduced glial density in the other regions
like amygdala or hippocampus. Moreover, some
reports showed that glial size has increased in the
patients with BD (46). Therefore, it can be suggested
that the reduced density of the glial cells in patients
with BD may be related to the increased glial size. In
addition, in a study conducted by Rajkowska et al.
(46), the authors reported that the glial cell alteration
may be layer specific. Moreover, the mean age of
participants in the majority of studies was above the
40 years, whereas mood disorders are very prevalent
among younger adults. Furthermore, another impor-
tant limitation of almost all of the above mentioned
postmortem studies is the small sample size.

Implications of the loss of glial cells in BD

There are some hypotheses about the mechanisms
underlying neuronal loss in the patients with mood
disorders. However, there are very limited informa-
tion about the cause and mechanism of glial loss or
reduced glial density in the patients with mood
disorders. Therefore, the exact mechanism under-
lying glial loss or reduced density of glial cells in the
patients with BD needs to be further elucidated.
Recent studies implied that chronic stress, cytokines,
excitotoxicity and oxidative stress may be involved
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Table 1. Glial cells loss in different brain regions in the patients with bipolar disorder

Location Results Subjects Factor measured Reference
Prefrontal cortex
PFC Layer IV: decreased 15 BD Oligodendrocyte density (137)
oligodendrocyte numerical 15 MDD
density 15 SChZ
15 controls
Decreased one isoform of 24 SChz Protein (77)
GFAP 23 BP
19 MDD
23 controls
dIPFC Reduced glial density in lllc 10 BD Glial cell density (46)
and Vb sublayers 11 controls
No difference between BD 10 BD Glial cell density (48)
and controls 11 MDD
9 SChz
14 controls
No difference between BD 15 BD Phosphorylated GFAP protein (49)
and controls 15 MDD
15 SChZ
15 controls
Decreased oligodendrocyte- 15 BD Oligodendrocyte-related and (80)
related and myelin-related 15 SChZ myelin-related genes
genes mRNA 15 controls mRNA
No change in GFAP mRNA GFAP mRNA
Subgenual PFC Lower glial number in BD 15 BD Glial cells number (45)
Lower glial number in 14 MDD
familial BD 15 SChz
15 controls
Entorhinal cortex No difference in astrocytes 15 BD GFAP-positive astrocyte (81)
density 14 MDD density
15 SChz
15 controls
Anterior cingulate cortex Lower glial density in all 5 MDD Glial cell density (50)
layers but Vb of mood 28D GFAP protein
disorders 9 controls

Lower GFAP in white matter
of mood disorders

No evidence for glial cell 15 BD Glial cell density (51)
reduction 15 MDD
15 SChz
15 controls
No difference in glial cells 10 BD Glial cell density (52)
11 SChz
12 controls
Amygdala No reduction in BD 7 MDD Glial cell density (55)
Reduced in non-medicated 10 BD
BD 12 controls
No reduction in BD 8 MDD Glial cell density (53)
9 BD S100pB-positive astrocytes
10 controls
No difference in neuron or 15 BD GFAP-positive astrocytes (54)
astrocytes in BD 15
MDD
15
SChz
15 controls
Hippocampus No difference between BD 158D Phosphorylated GFAP- (49)
and controls 15 MDD astrocytes
15 SChZz
15 control

BD, bipolar disorder; dIPFC, dorsolateral PFC; GFAP, glial fibrillary acidic protein; MDD, major depressive disorder; mRNA, messenger RNA; PFC, prefrontal cortex;
SChZ, schizophrenia.
The results only show the condition of patients with bipolar disorder compared with control group.
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in the glial loss in the patients with BD. It has been
proposed that volume change in the patients with
mood disorder may be related to the stress-induced
reduction in the glial cells (56). Cytokines such as
tumour necrosis factor-a (TNF-a) can induce glial
apoptosis (57) and reduce glial fibrillary acidic
protein (GFAP) content in the primary mouse
astrocyte culture and human glioblastoma cells
(58). Stimulation of TNF-receptor with enhanced
level of TNF-a activates apoptotic routes in the glial
cells during mood episodes (57). Glial cells are
sensitive to the elevated levels of glutamate
(excitotoxicity) and oxidative stress (59-62). These
vulnerabilities may contribute to the glial loss in the
ischaemia and demyelinating diseases (59,63,64).
However, the exact relationship between these
factors and glial loss in the patients with BD should
be determined (65).

The impact of glial loss or reduced glial cell
density in the pathophysiology of BD is not fully
elucidated. Moreover, it needs to be fully clarified
that the glial reduction is a reaction to the process of
underlying mechanism of mood disorders or have a
causative role in these disorders (55). However, some
evidence shows that decreasing glial number or
density may play important roles in BD. Neuronal
activity is crucially dependent upon homoeostatic
functions of glial cell and glial loss can damage these
modulatory roles of the glial cells (55).

Glial cells express a wide range of neurotrans-
mitter receptors such as receptors for serotonin,
norepinephrine and dopamine (66). It has been
suggested that perturbation of brain monoamine
system may be an important mechanism underlying
mood disorder (67) and impairment of monoamine
neurotransmission may be related, at least partly,
to the glial loss in mood disorders (65).

In addition, glutamate activity may contribute to
the neuroplasticity impairment detected in the
patients with mood disorders (68). In normal
condition, glutamate exerts substantial roles in the
regulation of neuroplasticity, learning and memory
(69). Glutamate also is the most important excitatory
neurotransmitter responsible for the neurotoxicity in
the CNS, which is known as excitotoxicity (68). Glial
cells, particularly astrocytes, have a primary function
in the regulation of glutamate level in the brain by
glial transporters (70). Reuptake of glutamate by
astrocytes decreases synaptic level of this excitatory
neurotransmitter and protects neurons from apoptotic
insults in the mixed culture (37). Astrocytes convert
glutamate to the glutamine via an enzymatic reaction
by glutamine synthetase and use glutamine as the
source of glutamate and gamma-aminobutyric acid
(GABA) for the neurons (71). Therefore, glial loss
may give rise to the perturbation of glutamate
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homoeostasis and enhancement of the risk of
excitotoxicity in neurons in the patients with mood
disorder. These functions are mainly related to the
astrocytes, whereas oligodendrocytes are the other
glial type which is involved in the glial loss in the
patients with BD (55). Therefore, the effects of
oligodendrocyte loss in BD need to be exactly
clarified in the future.

Contribution of each glial type to the loss of glial
cells in BD

The exact cell type responsible for the glial loss in the
patients with BD is not completely clear. Some studies
have suggested that astrocytes and oligodendrocytes
may be the most relevant cell types in the glial
cell loss in patients with BD (14). However, recent
reports imply that microglia activation but not loss
may contribute to the pathophysiology of BD (53,72).

Contribution of astrocytes to the loss of glial cells in BD

Growing evidence suggests that astrocytes have a
potential role in the pathophysiology of several CNS
disorders (73). It was demonstrated that the structure
and function of astrocytes have been altered in the
neuropsychiatric disorders such as neurodegenerative
disorders, epilepsy, schizophrenia and mood
disorders (74-76). Therefore, many groups have
investigated the potential roles of astrocytes in the
pathophysiology of mood disorders.
Johnston-Wilson et al. (77) showed that some
isoforms of GFAP, specific markers of astrocytes,
were reduced in the frontal lobe of patients with BD.
Moreover, Gittins and Harrison (50) documented
lower level of GFAP in the white matter of patients
with mood disorder (both BD and MDD). A study
conducted by Gos et al. (78) showed that there was a
reduction in S100B-immunocontent of astrocytes in
the hippocampus of patients with BD and MDD.
Toro et al. (79) also demonstrated that the level of
GFAP was reduced in the PFC and orbitofrontal
cortex of the patients with BD compared with the
healthy controls. On the contrary, some studies have
not supported astrocytes role as a main glial type
responsible for the glial loss in the patients with BD.
In line with this, the finding of a study conducted by
Tkachev et al. (80) showed that there was no change
in the level of GFAP in the PFC of patients with BD
compared with the healthy controls. Similarly,
Altshuler et al. (54) found no difference in the
density of astrocyte in the amygdala of the patients
with BD. Another study in the entorhinal cortex in 13
patients with BD showed that there was no difference
in the astrocyte density between the patients with BD
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and the healthy controls (81). Bernstein et al. (82)
measured the numerical density of glutamine
synthetase immunoreactive-astrocytes in eight corti-
cal and two subcortical regions of the patients with
BD. However, they found no change in the glutamine
synthetase immunoreactive-astrocytes in the patients
with BD (82).

It is very hard to make a conclusion about the
astrocytic loss in the brain of patients with BD.
Several factors can confound the results of the studies
on the glial cell loss in the patients with BD. One
important factor may be the proliferative effects of the
mood-stabilising drugs on the astrocytes that affect the
density of these cells in the CNS (83,84). Unfortu-
nately, a majority of these studies have not reported
drug effects on the GFAP or astrocyte density.

Contribution of oligodendrocytes to the loss of glial cells in BD

Oligodendrocyte is another cell type that may be
responsible for the glial cell loss in the brain of
patients with BD. Some studies showed that the gene
expression of oligodendrocyte- and myelin-related
genes has been greatly reduced and multiple
transcription factors with regulatory roles on the
myelin gene expression have been altered in the
patients with BD (80). Moreover, Uranova et al. (85)
showed that the numerical density of oligodendro-
cytes in the VI layer of the PFC in the patients with
BD was reduced compared with the control groups.
Because the volume of brain regions was not
different between groups, authors concluded that
the difference should be related to the reduced
oligodendrocytes numbers in the patients with BD.
Similarly, follow-up studies have demonstrated a
reduction of myelin staining of the dorsolateral PFC
in the patients MDD and BD (86). Gos et al. (78)
showed that S100B-immunocontent of oligodendro-
cytes was reduced in the hippocampus of the patients
with BD, but it was not reduced in that of the patients
with MDD. Therefore, some studies suggested that
the glial cells loss in the patients with BD may be
related to the oligodendrocytes abnormalities (53,85).

Contribution of microglia to the pathophysiology of BD

Some evidence suggests the involvement of microglia
in BD. According to this theory, chronic activation of
the immune system mediated by the microglia in the
CNS and enhanced production of inflammatory
mediators may precipitate mood disturbances (87).
Moreover, it has been postulated that the enhanced
release of pro-inflammatory cytokines by the acti-
vated microglia exerts debilitating effects on the
neuroprotective system, thereby interfering with the
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pathophysiological changes in BD (65,87). In vivo
analysis of peripheral blood showed that the pro-
inflammatory cytokines have increased in various
phases of BD (88). Moreover, Soderlund et al. (89)
revealed higher level of pro-inflammatory markers in
the cerebro-spinal fluids (CSF) of patients with BD.
It has been shown that pro-inflammatory cytokines
activate microglia and this may result in the enhanced
release of glutamate from microglia and excitotoxicity
(90). Therefore, microglia activation rather than
microglia loss may contribute to the pathophysiology
of BD. In this line, Hamidi et al. (53) showed no
significant change in the density of microglia in the
amygdala of patients with BD. However, there are
very limited reports in the literature about the alteration
of microglia in the patients with BD.

Roles of glial cells-specific neurotrophic factors in the
pathophysiology of BD

Recently, it was hypothesised that the cell loss or the
reduced density of glial cells in the patients with BD
may be related to the abnormalities of the neuro-
trophic factor (91). Glial cells loss may be an
important feature of BD and it is possible to assume
that the abnormalities in the synthesis or release of
neurotrophic factors that mainly origin form glial
cells may be, at least partly, responsible for the
pathologic events in the process of BD. Therefore,
we discuss possible roles of some glial cells-specific
neurotrophic factors in the pathophysiology and
treatment of BD.

GDNF in BD

GDNF is an important neurotrophic factor for the
dopaminergic neurons (21). However, this neuro-
trophic factor is extensively expressed throughout the
CNS (92), and produces neuroprotective effects in
different neuronal populations (93). It has been
demonstrated that GDNF has regulatory effects on
the noradrenergic neurons (94) and protects against
kainate-induced oxidative stress in the rat hippocam-
pus (95). Furthermore, it has been shown that GDNF
can protect both neurons and glial cells against
oxidative stress insults (94-96).

Some other studies have shown that GDNF can
contribute to the pathophysiology of BD. In 2006,
Takebayashi et al. (97) studied the alteration in the
level of GDNF in the Japanese patients with BD and
reported that total blood level of GDNF was lower in
the patients with BD I and II compared with the
healthy controls. Moreover, Zhang et al. (98)
evaluated a Chinese Han cohort of patients with
manic and depressive stages of BD for the serum
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GDNF levels and their finding showed a lower level
of serum GDNF in both stages of disease and an
increment of this neurotrophic factor after 8 weeks of
treatment with mood-stabilising drugs (98). On the
contrary, Rosa et al. (99) showed that there was a
higher level of GDNF in the manic and depressive
phases of Brazilian patients with BD. Moreover,
Barbosa et al. (26) reported a higher plasma GDNF
level in the euthymic patients with BD compared
with the manic and healthy controls. In contrast,
Otsuki et al. (100) reported no alterations in the
expression of GDNF messenger RNA in the
peripheral blood cells in the depressive and remissive
phases of patients with BD compared with the
healthy controls. Tunca et al. (101) studied 92
patients with BD I and II and their finding showed
that there was no difference in the serum GDNF
level, whereas early onset patients (before 19) had
higher serum GDNF level. Furthermore, in a study
conducted by Rybakowski et al. (102), the authors
reported that there was no difference in the serum
level of GDNF in the drug-responder and non-
responder patients with BD. Table 2 summarises the
studies which have measured the level of GDNF in
the patients with BD.

Findings related to the peripheral measures of
GDNF are inconsistent (101). An important limita-
tion of most of these studies is the ignorance of the
renal function. It seems that renal impairment may
affect plasma level of neurotrophic factors including
GDNF. To our knowledge, only one study has
reported the renal function (99), whereas others have
not reported any information about the renal condi-
tion of patients with BD. In addition, most of these
studies were limited with the measurement of GDNF

in the peripheral tissues, whereas it is not clear
whether these peripheral changes reflect actual
changes in the CNS. Previous data indicate that
GDNEF penetrates very poorly across the brain—blood
barrier (103,104). Moreover, small sample size of
these studies may be another limitation and future
meta-analyses may overcome this limitation. In spite
of these controversies, it has been suggested that
GDNF may be a non-specific peripheral marker in
different phases of BD (98,105).

S100B in BD

Another glial cells-specific neurotrophic factor that
may be involved in the pathophysiology of BD is
S100B. S100B is an acidic Ca**-binding protein
(106) which is primarily found in the CNS, especially
in the cytoplasm of astrocytes (107). It regulates cell
shape, energy metabolism, contraction, cell-to-cell
communication, intracellular signal transduction and
cell growth (108). Interestingly, the extracellular
S100B can produce both pro- and anti-apoptotic
effects depending on its concentration (106). S100B
at nano-molar concentrations acts as a growth and/or
differentiation factor for neurons and astrocytes,
whereas at micro-molar concentrations may activate
apoptotic pathways (109).

Several animal and human studies have shown that
S100B has a potential role in the pathophysiology of
BD. Previous studies have shown that S100B has
been changed in both serum (110,111) and CSF
(112) of the patients with mood disorder. It was also
revealed in an animal model of mania, S100B
increased in the CSF of rodents (113). Moreover,
Machado-Vieira et al. (114) showed that serum

Table 2. Glial cell line-derived neurotrophic factor (GDNF) level in the patients with major psychiatric disorder

Subjects Location Findings Drug effect Reference
17 BD Blood Lower in BD and MDD vs. healthy Lithium and antidepressant had no effect (97)
39 MDD No difference between BD and MDD
56 control
44 BD | Plasma Higher GDNF immunocontent in manic and NM (99)
14 healthy depressive episodes vs. healthy

No difference between euthymic and healthy
42 BD Peripheral white blood cells No difference between BD (depressive or remissive) Mood stabilisers had no effects (100)
60 MDD and healthy controls
28 control Lower in MDD (depressive but not remissive) vs. Antidepressant or remission in MDD

healthy or BD increased GDNF

40 BD | Serum Lower in BD (manic or depressive) vs. controls Antidepressants, antipsychotics and mood (98)
50 controls stabilisers had no effect
35 manic Plasma Higher in euthymic Drugs had no effect (26)
35 euthymic BD vs. manic and healthy controls
50 healthy Negatively correlated with YMRS in BD
92 BD | or Il Serum Higher in early onset (before 19) than late onset BD Lithium had no effect (101)
61 healthy No difference between groups

BD, bipolar disorder; MDD, major depressive disorder; NM, not mentioned; YMRS, Young Mania Rating Scale.
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S100B was higher in the 16 drug-naive patients with
acute mania compared with the healthy controls.
Similarly, the results of other studies confirmed the
elevated level of S100B in the manic and depressive
but not euthymic patients (115). Furthermore,
a meta-analysis demonstrated that serum S100B is
higher in the acute phase of mania in the patients
with BD (110). In another meta-analysis, Schroeter
et al. (116) studied 174 patients with mood disorder
and 102 healthy controls and their findings
showed that both young and older patients with BD
had higher levels of S100B compared with the
healthy control. In addition to the peripheral levels of
S100B, a postmortem study which was conducted by
Dean et al. (117) revealed that SI00B was increased
in the area supramarginalis of parietal cortex and
decreased in the dorsolateral PFC of patients with BD
compared with the healthy controls. As it was
mentioned previously, the S100B-immunocontent
of astrocytes and oligodendrocytes has decreased in
the hippocampus of patients with BD (78).
However, it is not fully understood that the altered
level of S100B was related to the passive diffusion
from destroyed astrocytes or secretion from
the activated astrocytes to repair neuronal injury
(109,118). Table 3 summarises the studies
which have measured S100B level in the patients
with BD.

Table 3. ST00B level in the patients with mood disorders

Glial roles in bipolar disorder

In addition, genetic studies provide new evidence
for the association of S100B with BD. The gene
encoding S100B in humans is located on chromo-
some 21g22.3 (119). This region shows a genetic
linkage to BD (120, 121).Whole genome scan
revealed that variants within S100B are related to
BD (121). Moreover, Dagdan et al. (122) found that
single nucleotide polymorphisms within the promoter
of S100B gene are related to BD. Furthermore, a
powerful whole genome gene expression studies with
mega-analytic evidence has demonstrated an increase
in the ST00B gene expression in the hippocampus of
patients with BD, but not in that of the patients with
MDD (123).

Consequently, it has been suggested that S100B
may be an important factor involved in the
pathophysiology of BD. However, the exact role of
this neurotrophic factor in the pathophysiology of
BD remains to be elucidated.

Glial cell roles in the mechanism of action of mood
stabiliser drugs

Regarding the roles of the glial cells in the pathophy-
siology of BD, it is possible to assume that these cells
may be involved in the mechanism of action of mood-
stabilising drugs. Several studies have demonstrated
that mood-stabilising drugs such as lithium increase the

Subjects Location Finding in BD Reference
Part | Serum Higher in acute and remission phase vs. control (110)
10 MDD No difference between acute and remission phase
10 control
Part Il meta-analysis Effect size:
86 depressive MDD: 2.57 +0.70
63 manic Manic: 1.53+0.13
44 euthymic Euthymic: 2.54 +2.48

Higher in the acute phases (MDD and manic)
8 BD I Brain Decreased in dorsolateral PFC compared with control and increased in area (117)
20 control supramarginalis of parietal cortex in BD compared with control
20 BD Serum Higher in BD (114)
20 control
7 MDD Serum Higher in MDD and mania in admission and discharge (107)
11 manic
8 control
57 BD Brain, Letter to editor, Increase in gene expression in hippocampus (11)
60 control mega-analysis
9 MDD Hippocampus Decreased S100-immunocontent astrocytes in BD and MDD vs. control (78)
6 BD Decreased S100-oligodendrocytes in BD only
13 control
21 MDD Serum Increased in depressive and manic but not euthymic (115)
32 manic
31 euthymic BD
32 healthy
Rat CSF in animal model of mania 30% increase in manic model animals (113)
BA, Brodmann area; BD, bipolar disorder; CSF, cerebro-spinal fluid; MDD, major depressive disorder.
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volume of brain grey matter (124). An magnetic
resonance imaging (MRI) study has reported that
chronic lithium therapy increased cortical grey matter
volume (125) and N-acetyl aspartate which is a marker
of cell viability in the CNS (126). Accordingly, it was
suggested that lithium may act as a neurotrophic and
neuroprotective agent (127). Some have proposed that
this increase in grey matter volume may be related to
the anti-apoptotic or proliferative effects of these
agents on the glial cells. It has been demonstrated an
increase in the GFAP (83) and astrocytosis (84) in the
hippocampus of rats after 4 weeks treatment with
lithium. Moreover, Rajkowska et al. (128) showed that
4 weeks treatment with lithium increases the total
number of glial cells and the density of astrocytes in
the hippocampus, but not PFC of mice. In our
previous study, we showed that chronic lithium
therapy increased bcl-2, an important anti-apoptotic
agent, only in the astrocytes but not in the neuronal
culture (129). It is likely that lithium may exert glio-
protective effects by promoting bcl-2 up-regulation
(55) that can be possibly relevant to the therapeutic
mechanism of action of this agent (126,130). Human
studies have supported glio-protective effects of
mood-stabilising agents. Bowley et al. (55) showed
that the two patients with BD who were not treated
with lithium or valproic acid had low glial numbers that
were significantly lower than either control or treated
patients. They suggested that the mood-stabilising
drugs may be effective in the modulation of the glial
cell changes in the patients with mood disorders (55).
They proposed that mood-stabilising drugs effect
on the glial cells may be responsible, at least partly,
for the therapeutic effects of these agents. However,
their suggestion was based on only two patients and
future studies may be warranted to further investigate
this idea.

Regarding the glial cells-specific neurotrophic
factors, especially GDNF and S100B roles in the
pathophysiology of BD, it seems logical to assume
that these neurotrophic factors may have important
functions in the mechanism of action of mood-
stabilising drugs. Our study showed that chronic
lithium therapy in the therapeutically relevant con-
centration increased the level of GDNF in the
astrocytes culture (131). Moreover, lithium treatment
has increased GDNF concentration in some cortical
regions of the Flinders resistant rats (132). It has been
reported that up-regulation of neurotrophic factors
like GDNF, originated from astrocytes, may be
responsible for the neurotrophic and neuroprotective
effects of valproic acid (25). In contrast, it was shown
that acute or chronic lithium treatments did not
change GDNF protein expression in the brain of rat
(133), spinal cord-derived progenitor cells (134) and
neural precursor cells (135). Moreover, human
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clinical studies have shown no relationship between
the serum level of GDNF and mood-stabilising drugs
(97,100).

As mentioned above, there are some inconsisten-
cies in the effects of mood-stabilising drugs on the
GDNF. However, regarding the in vitro and animal
studies, these differences may be related to different
setting of experiments (cell culture vs. animal model
or various animal models that were employed).
Moreover, to our knowledge, there is no controlled
clinical trial in the literature that specifically
assessed the effects of mood-stabilising drugs on
the level of GDNF and there is no established
relationship between CNS and the serum level
of GDNF.

There are few investigations on the lithium effects
on the S100B. Chronic lithium therapy does not
increase S100B in the rat primary astrocytes culture
(136). Human studies reported that there is no
relationship between mood-stabilising drugs and the
serum level of S100B (107). Currently, it is
impossible to draw any conclusive comment about
the relationship of the glial cells-specific neuro-
trophic factors and the mechanism of action of the
mood-stabilising drugs. However, future studies may
be warranted to further investigate the possible roles
of these neurotrophic factors in the mechanism of
action of mood-stabilising drugs.

Consequently, it seems that glial cells may be
important mediators for the action of mood-stabilising
drugs. However, future controlled trials may shed
more light on the contribution of these cells in the
mechanism of action of these agents.

Future direction and concluding remarks

Some postmortem studies, but not all, have shown
that there is a loss of glial cells or decreased in the
glial density in some layers of PFC and ACC, but
there is no difference in other regions of brain
including entorhinal cortex, amygdala and hippo-
campus in the patients with BD. Astrocytes and
oligodendrocytes may be the most important glial
types which are responsible for the glial reduction in
the brain of patients with BD. However, it seems
necessary to assess the loss of glial cell in the regions
that were established with neuroimaging studies.
Furthermore, some studies have shown the alteration
of the glial cells-specific neurotrophic factors (GDNF
and S100B) in the different phases of BD. However,
it is necessary to evaluate relationship between
plasma and central levels of these neurotrophic
factors. In addition, glial cells, at least partly, may
mediate therapeutic effects of mood-stabilising
agents in the treatment of BD.
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