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Abstract: Accumulating evidence has shown the importance of glial cells in the neurobiology of

bipolar disorder. Activated microglia and inflammatory cytokines have been pointed out as poten-

tial biomarkers of bipolar disorder. Indeed, recent studies have shown that bipolar disorder involves
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microglial activation in the hippocampus and alterations in peripheral cytokines, suggesting a po-
tential link between neuroinflammation and peripheral toxicity. These abnormalities may also be
the biological underpinnings of outcomes related to neuroprogression, such as cognitive impairment
and brain changes. Additionally, astrocytes may have a role in the progression of bipolar disorder,

as these cells amplify inflammatory response and maintain glutamate homeostasis, preventing exci-

totoxicity. The present review aims to discuss neuron-glia interactions and their role in the patho-

physiology and treatment of bipolar disorder.
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1. INTRODUCTION

Bipolar disorder has a prevalence of about 2%, and sub-
clinical variants affect another 2% of the population [1]. The
World Health Organization mental health surveys have
shown that bipolar disorder ranks second in the number of
days out of role [2]. In addition, the incidence of death by
suicide among patients with bipolar disorder is high, 20-30
times higher than for the general population [3]. Following a
chronic course, bipolar disorder often results in enduring
functional and cognitive impairment [4]. Also, the condition
is associated with illnesses marked by immune activation,
such as metabolic syndrome [5], obesity, type 2 diabetes
mellitus and cardiovascular diseases [6]. Finally, bipolar
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disorder is known to be associated with an increased inci-
dence of autoimmune and inflammatory disorders [7, 8].

Early studies on the pathophysiology of bipolar disorder
followed the findings reported for major depressive disorder
and pointed towards monoamine disturbances [9, 10]. Af-
terwards, the glutamatergic hypothesis emerged [11], and
more recently, glial dysfunctions have been investigated
[12]. For instance, a study on excitotoxicity and neuroin-
flammatory markers in postmortem frontal cortices showed
alterations in astroglial and microglial markers in patients
with bipolar disorder when compared with control subjects
[13]. Furthermore, a positron emission tomography (PET)
scan study found microglial activation and thus neuroin-
flammation in the hippocampus of euthymic patients with
bipolar disorder [14].

Recently, a connection has been suggested between neu-
roinflammation and inflammatory peripheral markers in the
pathophysiology of bipolar disorder [15]. A meta-analysis
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reported significantly higher cytokine levels, such as soluble
interleukins, tumor necrosis factor-alpha (TNF-a) and solu-
ble cytokine receptors, in patients with bipolar disorder
compared with healthy controls [16]. Later on, another meta-
analysis showed changes in cytokine levels during acute
mood episodes, during euthymia, and after treatment [17].
Finally, a recent study proposed a model of disruption of
blood-brain barrier (BBB) integrity and increased permeabil-
ity of signaling molecules, potentially triggering neuroin-
flammation [18]. Thus, the aim of the present narrative re-
view is to discuss the role of glial cells and inflammatory
markers in the pathophysiology of bipolar disorder and to
review potential targets for future therapeutic approaches.

2. BIPOLAR DISORDER AND GLIAL CELLS

Neuropathological findings have shown some glial al-
terations in bipolar disorder [12, 19, 20-22]. A histological
study of the subgenual portion of Brodmann area 24 showed
a reduced number of glial cells in the brains of patients with
bipolar disorder, especially in those with a family history of
mood disorder [23]. Specifically, it has been suggested that
patients with bipolar disorder have abnormal microglial
function [12]. A study that used PET scan images after intra-
venous injection of the radiopharmaceutical [11C]-(R)-
PK11195 was the first to report in vivo neuroinflammation in
patients with bipolar disorder [14]. The study showed focal
microglial activation in the right hippocampus and a non-
significant similar trend in the left hippocampus of euthymic
patients with bipolar I disorder [14].

As a follow-up to that study, the same group combined
PET scan, magnetic resonance imaging and spectroscopy to
investigate the hippocampus of patients with bipolar disorder
[24]. The authors found decreased N-acetylaspartate (NAA)
+ N-acetyl-aspartyl-glutamate (NAAG) concentrations in the
left hippocampus of patients with bipolar I disorder, suggest-
ing decreased neuronal viability in this region [24]. In addi-
tion, a significant positive association between microglial
activation and NAA+NAAG concentration in the left hippo-
campus was observed [24]. Although the authors argued this
association was due to the activation of peripheral immune
system by microglia, these results may be due to activation
of astrocyte and indicate adaptive response. It is worth men-
tioning that the sample size was small and the author chose
not to apply any correction for multiple testing in the analy-
ses [24]. In relation to microglia, a postmortem study
showed significantly higher microglial markers in the frontal
cortex of patients with bipolar disorder when compared with
control subjects [13]. Microglial activation was characterized
by monoclonal human leukocyte antigen D-related (HLA-
DR) antibodies and mRNA levels of CD11b in the brain tis-
sue of patients with bipolar disorder [13].

Some studies involving patients with bipolar disorder
have shown increased levels of microglial biomarkers in vivo
[25]. Monocyte chemoattractant protein 1 (MCP-1), also
called C-C motif chemokine ligand 2 (CCL-2), is a
chemokine produced by microglial cells that have complex
functions with both pro-inflammatory and neuromodulatory
activity [26, 27]. YKL-40, also called chitinase-3-like pro-
tein 1 (CHI3L1), is a glycoprotein produced by reactive mi-
croglia and astrocytes, and it has been associated with sys-

Pinto et al.

temic inflammatory and immune diseases, as well as with
neurological disorders [28], especially the active relapsing-
remitting and secondary progressive forms of multiple scle-
rosis [29, 30]. Soluble cluster of differentiation 14 (sCD14)
is another marker secreted by microglial cells; it is involved
in innate immune responses to infections and also mediates
phagocytosis [25]. A study comparing euthymic patients
with bipolar disorder and healthy controls showed increased
cerebrospinal fluid (CSF) levels of MCP-1 and YKL-40 and
increased serum levels of sCD14 and YKL-40 in the former
[25]. Another study showed that CSF YKL-40 was associ-
ated with executive performance in euthymic bipolar disor-
der [31].

In addition to microglial dysfunction, some studies have
reported abnormalities in astrocytes of patients with bipolar
disorder [12]. S100-B is a calcium-binding protein produced
by astrocytes. A neuropathological analysis has shown bilat-
eral decrease in the numerical density of S100-B im-
munopositive astrocytes in hippocampal CAl pyramidal
layers of patients with bipolar depression [21]. Another brain
analysis showed a decrease in S100-B levels in Brodmann
area 9 and an increase in Brodmann area 40 in tissues from
patients with bipolar disorder [22]. Interestingly, a meta-
analysis (n=104 patients) showed higher levels of peripheral
S100-B in patients with bipolar disorder [32].

Glutamate homeostasis is rooted in two astrocytic func-
tions, namely: clearance of excess glutamate, preventing
excitotoxicity; and glutamate restorage and transportation to
neurons in the form of glutamine provided by glial cells [33].
Glial fibrillary acidic protein (GFAP) is a classical astrocyte
protein marker [34, 35], and it is commonly altered in the
brain of patients with bipolar disorder [13]. For instance, a
study has reported significant increases in GFAP band inten-
sity in the dorsolateral prefrontal cortex of patients with bi-
polar disorder [36]. Conversely, other studies failed to find
positive results in other brain structures, such as the
amygdala [37, 38] and other cortical areas [38, 39]. Further-
more, a study used proton magnetic resonance spectroscopy
to evaluate glutamine/glutamate ratio and NAA levels in the
anterior cingulate cortex (ACC) and parieto-occipital cortex
(POCQ) in patients with bipolar disorder [40]. Authors found
that the glutamine/glutamate ratio was significantly higher in
the ACC and POC of patients in acute mania when compared
with healthy controls [40]. It is worth mentioning that ele-
vated glutamine/glutamate ratio is consistent with glutama-
tergic overactivity and with abnormal neuron-glia interac-
tions. Moreover, a neuropathological study showed a signifi-
cant decrease in the intensity and density of glutamate recep-
tor ASCT-1 (neutral amino acid transporter 1), expressed in
neurons and glial cells, in the brains of patients with bipolar
disorder when compared to healthy controls [41].

At last, it is worth mentioning that a morphometric study
showed reduction in the numerical density of oligodendro-
glial cells in layer VI and Broadmann area 9 in the brains of
patients with bipolar disorder [19]. Another postmortem
study showed a higher number of oligodendrocytes in the
hippocampal CA1 area of patients with bipolar disorder [20].
Some neuropathological findings of glia in bipolar disorder
are summarized in the Table 1.
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Table 1. Neuropathological findings of glia in bipolar disorder.
Author/Year N Sex (m/f) Age (y) Suicide Brain Region Results
Malchow et al., 08 04/04 56.38 (£ 11.1) 03 Hippocampus 1 number of oligodendrocytes in CA1 when compared
2015 to HC.
Feresten et al., 2013 34 16/18 45.40 (£ 10.7) 15 DLPFC 1 GFAP when compared to HC.
Gos et al., 2013 06 03/03 55.70 (£ 13.3) 00 Hippocampus | numerical density of S100B-immunopositive
astrocytes in the CA1 pyramidal compared HC.
ldensity of S100B-immunopositive oligodendrocytes
in the left alveus.
"Torres-Platas et al., | 10* 07/03 48.6 (£5.3) 10 ACC Astrocytes with larger cell bodies, longer and more
2011 ramified processes when compared to HC.
Pantazopoulos et al., 11 070/4 66.7 (£17.3) 00 Deep amygdala Tpositive glial cells marker in the lateral nuclei of the
2010 nuclei amigdala.
Entorhinal cortex | ¢ glial cell marker in layer III of the entorhinal cortex.
Raoetal., 2010 10 06/04 49.0 (£7.2) 05 Frontal cortex 1 GFAP expression and 1 level of CD11b mRNA.
Altshuler et al., 2010 10 06/04 445 (£10.7) 07 Amygdala | density of GFAP-immunoreactive astrocytes in the
amygdala of subjects with MDD compared to the
bipolar disorder.
Dean et al., 2006 08 04/04 59.0 (£3.6) 00 Frontal and parie- 151008 in BA 9 and 1 S1008 in BA 40 when com-
tal cortices pared to HC.
Uranova et al., 2004 15 09/06 423 (£13.1) 09 Frontal cortex |numerical density of oligodendroglial cells was
found in layer VI when compared to HC.
Ongiir et al., 1998 18 11/07 54.8 (= 12.6)/ 06 Subgenual part of | numbers of glia cells when compared to HC.
44.9 (£3.2)** BA 24
Damadzic et al., 13 07/06 44.0 (£12.0) 07 Entorhinal cortex | No significant difference in density of GFAP-positive
2001 astrocytes between the psychiatric diagnostic groups
and the HC.

ACC: anterior cingulate cortex; BA: Brodmann area; CA: Cornu Ammonis 1; CD11b: a marker of astrocyte and microglial activation; DLPFC: Dorsolateral prefrontal cortex GFAP:
glial fibrillary acidic protein; HC: healthy controls; HLA-DR: monoclonal human leukocyte antigen-D realted antibody; 1: increased/elevated; |: decreased; *: unipolar and bipolar

depression subjects; **: two different brain banks used.

3. NEUROIMAGING FINDINGS RELATED TO
BRAIN WHITE MATTER IN BIPOLAR DISORDER

Abnormalities in brain white matter are among the most
consistent neuroimaging findings in bipolar disorder as dem-
onstrated in meta-analyses of voxel-based morphometry [42]
and diffusion tension imaging (DTI) studies [43, 44]. These
alterations may be due to abnormalities in myelin and oli-
godendrocytes [45], and the glial cells responsible for gener-
ating and maintaining the myelin sheath in the brain [46].
Oligodendrocyte progenitor cells, which represent nearly 5%
of the total of brain cells, are proliferative glial cells distrib-
uted in the CNS [46] and are the precursor of mature oli-
godendroglia. The oligodendrocyte generating the myelin
sheaths during the neurodevelopment as well as in the re-
myelination process of damaged sheaths in neurodegenera-
tive illness [47, 48]. The myelin membrane has a high meta-
bolic stability [49], while oligodendrocyte has the capacity to
renew its myelin sheath due to its high metabolic rate [50].
In addition, oligodendroglia is vulnerable to oxidative stress
and neuroinflammation [51-54], both processes related to
bipolar disorder.

Ref. [130].

A voxel-based morphometry meta-analytical study
showed lower white matter concentrations in the left inferior
longitudinal fasciculus, left superior corona radiata, and left
posterior cingulum in subjects with bipolar disorder [42].
Furthermore, a meta-analysis of 10 studies of whole-brain
DTI identified two significant clusters of decreased frac-
tional anisotropy (FA) on the right side of the brain, close to
the parahippocampal gyrus and to the anterior and subgenual
cingulate cortex, two regions crossed by several white matter
tracts [43]. Lastly, another meta-analysis of whole-brain DTI
studies showed that all major classes of white matter (com-
missural tracts, association tracts, and projection tracts) are
affected in bipolar disorder [44].

White matter microstructural integrity abnormalities in
DTI have been studied both as possible trait and state-
dependent changes [55, 56]. In this sense, a study investi-
gated differences in white matter microstructure among pa-
tients with bipolar I disorder in different phases of illness
[55]. The authors found an increasing gradient of white mat-
ter abnormalities from the euthymic to the manic and to the
depressive phases. Euthymic subjects showed low degree
and white matter alterations in the midline structures, while



522 Current Neuropharmacology, 2018, Vol. 16, No. 5

depressive subjects had high degree and widespread white
matter alterations. Manic subjects showed more diffused
white matter alterations in the midline and lateral structures
[55]. Despite the result suggesting abnormalities in acute
episodes, the study has a cross-sectional design and the
true state-dependency needs to be confirmed in longitudinal
studies.

In contrast, white matter microstructural integrity abnor-
malities in DTT also have been described as possible trait-
based marker or endophenotype for bipolar disorder [56].
For instance, a study showed decreased FA in the fornix, left
posterior thalamic radiation and left sagittal stratum in sub-
jects with bipolar disorder and in unaffected siblings when
compared to healthy controls without a first-degree relative
with psychiatric disorder [56]. Another study also showed
reductions in the FA in the superior longitudinal fasciculus
of unaffected siblings of patients with bipolar disorder [57].
All these findings suggest that patients with bipolar disorder
and their first-degree relatives show similar alterations in
microstructural integrity of white matter tracts. Although
these findings do not comply with all criteria for true endo-
phenotypes [58], future longitudinal studies with additional
populations may define this.

It is worth mentioning that, alterations in white matter
have also been evaluated in youths at high risk of developing
bipolar disorder. A neuroimaging study showed white matter
volume reduction in the frontal, occipital and parietal lobes
prior to the development of any psychiatric symptom in 115
offsprings of subjects with bipolar disorder type I [59]. A
result pointed out that white matter volume reductions are
correlated with familial risk to bipolar disorder. It is possible
that vulnerabilities related to oligodendrocytes and myelin
sheaths exist earlier in developmental brain processes of pa-
tients with bipolar disorder and may be disrupted by other
pathophysiological mechanisms throughout the course of
illness.

4. NEURON-GLIA INTERACTIONS

4.1. Microglial Activation and Neuroimmunology

Microglial cells are resident macrophages of the central
nervous system (CNS), and derive from yolk sac hema-
topoietic stem cells [60]. While other macrophages activate
the peripheral immune system, microglial cells are responsi-
ble for CNS homeostasis and synaptic modulation. Their
activation regulates cytokine production, neuronal plasticity,
and also neurotransmission [61]. Microglial cells can adopt
different phenotypes and functions. In the steady state, char-
acterized by ramified processes, microglia are stimulated by
factors such as adenosine triphosphate (ATP) and other nu-
cleotides and reduced by factors such as CX3CL1 [41]. In
the surveillance role, microglial cells produce substances
such as insulin-like growth factor 1 (IGF-1), BDNF, trans-
forming growth factor-beta (TGF-B), and nerve growth fac-
tor (NGF) [60, 62]. Through these secreted factors, microglia
affects the development of other cell types of CNS and play
a role in survival and proliferation of neural precursor cells,
as well as oligodendrocyte precursors cells [63].

When stimulated by pathogen-associated molecular pat-
terns (PAMPs) or damage-associated molecular patterns
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(DAMPs) via toll-like receptors (TLR) or ATP receptors
[64], microglial cells polarize to the M1 phenotype in the
presence of lipopolysaccharide (LPS) and interferon gamma
(IFN-y) [65]. In this activated role, microglial cells can pro-
duce pro-inflammatory cytokines and chemokines such as
interleukin 1 beta (IL-1p), IL-6, TNF-a, MCP-1 or CCL2, as
well as reactive oxygen and nitrogen species, characterizing
a profile with killing activity [65, 66]. Interestingly, drug-
free patients with bipolar disorder evaluated during an acute
mood episode showed increased levels of DAMPs, such as
circulating cell-free nuclear DNA and heat shock protein
(HSP) 70 and 90, when compared to healthy subjects [67].
Thus, DAMP activation of TLR signaling pathways may be
the link between an initial cytotoxic insult (drug abuse, high
stress, affective episode) and the subsequent sterile systemic
inflammatory response.

The suppression of anti-inflammatory activity and gene
transcription of pro-inflammatory cytokines also occur dur-
ing M1 polarization [68]. Conversely, cytokines such as IL-4
and IL-13 can induce microglial activation to the M2 pheno-
type, which down-regulates M1 functions via the anti-
inflammatory cytokine IL-10 [65]. The M2 phenotype in-
cludes different subtypes with different functions [69]: M2a
is associated with the production of anti-inflammatory cyto-
kines, inhibits nuclear factor kB (NFkB) isoforms, and en-
hances the expression of phagocytic receptors [70]; M2b is
considered to be a combination of subtypes M1 and M2a
[69]; M2c is associated with phagocytosis and suppression of
the innate immune system [71]. It is likely that M1/M2 po-
larization of microglial cells and macrophages plays an im-
portant role in controlling the balance between induction and
resolution of neuroinflammation and immune response,
shifting from a pro-inflammatory to an anti-inflammatory
response and vice-versa [65, 66].

Microglia also plays a neuromodulatory role, especially
in the context of the brain development, acting on pruning
and remodeling synaptic plasticity, because it is involved in
neural cell death [62, 63]. With the important role of auto-
phagy, microglial cells are involved in the synaptic refine-
ment process, which is demonstrated by a pre-clinical model
of a neurodevelopmental disorder [72]. Also, an in vivo
study showed that microglial cells phagocytize early neural
precursor cells from the hippocampal neurogenic niche as
part of an apoptotic process, suggesting a role of microglia in
maintaining homeostasis of the baseline neurogenic cascade
[73]. Another in vitro study showed that milk fat globule
epidermal growth factor-8 mediates phagocytosis of viable
neurons during an inflammatory process induced by LPS
[74].

Lithium is a cornerstone in the treatment of bipolar dis-
order [75]. In addition to the evidence from clinical studies,
pre-clinical investigations have demonstrated some of the
molecular properties of this drug. In one study, lithium was
administered to mice to evaluate cell death and proliferation
in the hippocampus after irradiation; the findings showed
that the drug could decrease neural progenitor cell apoptosis,
reduce the number and size of microglia, and ameliorate
learning impairments [76]. In fact, microglia plays a role in
autophagy, and a possible mechanism of the therapeutic ac-
tion of lithium may be due to its property of modulating the
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autophagy process [77-79]. Another therapeutic action of
this drug is the inflammation. A cell culture study showed
that lithium significantly inhibited LPS-induced microglial
activation and pro-inflammatory cytokine production [34].
Also, an animal model of mania induced by d-amphetamine
showed increased levels of 1L-4, IL-6, 1L-10, and TNF-a in
the frontal cortex, striatum, and serum of rats [80] Cytokine
levels were reversed by treatment with lithium, suggesting
that the action of this drug on inflammation may contribute
to its therapeutic efficacy [80].

4.2. Astrocytes and Glutamatergic Excitotoxicity

Astrocytes play roles in all essential functions of the
CNS, such as BBB maintenance, immune defense, neuro-
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transmission, and synapse formation [81]. Astrocytes can
differentiate into two different morphological phenotypes:
type 1 or protoplasmic astrocytes, located in the gray matter
and promoting synapses and BBB functions; and type 2 or
fibrous astrocytes, located in the white matter and contacting
the nodes of Ranvier and blood vessels [82]. Astrocytes are
one of the first responders to injury and infections of the
CNS. When activated, they produce and secrete cytokines
(e.g., IL-1, IL-6, IL-10) that affect themselves and other
brain cells such as neurons, microglia, and oligodendrocytes,
leading to excitotoxicity and inflammation [34, 35]. Interac-
tions of astrocytes and microglial cells with neurons have
been observed in the hippocampal region, where they act on
glutamatergic excitatory synaptic transmission and provide a

Astrocyte

Qﬂamlnase
. Glu

Presynaptic

mGluR1

Fig. (1). Tripartite synapses model. AMPA: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; CB1R: cannabinoid receptor
type 1; AEA: N-arachidonoylethanolamine (anandamide); EAAT]1: excitatory amino acid transporter subtype 1; EAAT2: excitatory amino
acid transporter subtype 2; Gln: glutamine; GInT: glutamine transportes; Glu: glutamate; mGIluR1: metabotropic glutamate receptor 1;
mGIuR2: metabotropic glutamate receptor 2; mGluR3: metabotropic glutamate receptor 3; NMDA: N-methyl-D-aspartate receptor. (The
color version of the figure is available in the electronic copy of the article).
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regulatory system to maintain microglial inflammatory
pathways under control [62]. The release of cytokines during
an inflammatory process might induce BBB permeability,
and consequently allows the entrance of peripheral proin-
flammatory mediators in the brain [83].

Glutamate is the main excitatory neurotransmitter of the
CNS, and glial cells, especially astrocytes, are implicated in
the regulation of its homeostasis [84]. Clearance of excess
glutamate occurs in the synaptic cleft, avoiding excitotoxic-
ity [84] (Fig. 1). Glutamate uptake is performed in humans
by the excitatory amino acid transporter subtype 1 and 2
(EAATI1 and EAAT2, respectively) present in astrocytes
[85]. Additionally, these cells play a role in transferring glu-
tamate back to neurons, maintaining the neuronal pool of this
neurotransmitter in a process called the glutamate-glutamine
cycle. In this cycle, glutamate is converted by a specific as-
trocytic enzyme in the CNS, glutamine synthetase, in glu-
tamine, which is transferred to neurons. Thereafter, glu-
tamine is converted back to glutamate by the enzyme glu-
taminase [85, 86]. Moreover, astrocytes are the only brain
cells that synthesize glutamate from glucose, because its
expression of pyruvate carboxylase [85]. Interestingly, as
discussed previously, a proton magnetic resonance spectros-
copy study demonstrated a significantly higher gluta-
mate/glutamine ratio in the ACC and POC of patients with
bipolar disorder in manic episodes when compared to
healthy control subjects [40].
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5. BRAIN-BLOOD BARRIER DISRUPTION AND
PERIPHERAL INFLAMMATORY MARKERS IN
BIPOLAR DISORDER

The BBB is a diffusion barrier comprised of glial cells,
such as pericytes and astrocytes, and other types of cells,
such as endothelial cells, perivascular macrophages, and the
basal membrane [18] (Fig. 2). The BBB regulates the trans-
port of macro and micromolecules and establishes and main-
tains a specific and stable fluid environment to meet the
needs of the brain and protect the CNS against neurotoxins
and other potentially damaging substances [18]. There is
growing evidence of BBB disruption in neurological dis-
eases with inflammatory components, such as Alzheimer’s
disease and multiple sclerosis, and a model of BBB disrup-
tion in bipolar disorder has been proposed by Patel and Frey
[18], where disruption in the BBB is associated with less
protection and more influx of inflammatory molecules from
the periphery to the brain.

Despite the lack of other direct evidences demonstrating
the disruption of BBB in bipolar disorder, indirect evidence
points in direction to this hypothesis. This is the case of ma-
trix metalloproteinase-9 (MMP-9), a proteinase that may
lead to increased BBB permeability due to proteolysis of the
basal lamina and extracellular matrix [18]. It has been shown
that MMP-9 inhibition restores BBB integrity [87]. In addi-
tion, a study has demonstrated increased serum levels of

" Astrocytic endfeet wm f

Basement membra_

b

|« Endothelium

Gap junction

Fig. (2). Blood-brain barrier model. A blood-brain barrier model showing its components: astrocyte endfeet, pericytes, basement mem-
brane, endothelium and the gap junctions. (The color version of the figure is available in the electronic copy of the article).
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MMP-9 in patients with bipolar disorder in an acute depres-
sive episode, and also in remission after a depressive epi-
sode, when compared to patients in a manic episode and
healthy subjects [88]. Another indirect evidence is the result
of a cross-sectional study with DTI that showed some pe-
ripheral cytokines, such as TNF-a, IFN-y, IL-8, IL-10, had
significant associations with lower FA and higher radial dif-
fusivity (RD) and mean diffusivity (MD) in cortico-limbic
networks [89]. These findings suggest an inversely associa-
tion of the peripheral inflammatory biomarkers and integrity
of myelin sheaths.

Evidences from studies with lithium also demonstrate
that differences in permeability of BBB may occur in bipolar
disorder. Lithium passes unchanged through the BBB and its
transport mechanisms from periphery to the brain may be
involved in treatment resistance in bipolar disorder [90]. A
study using "Li magnetic resonance spectroscopy ('Li-MRS)
in 10 patients with bipolar disorder showed that lithium con-
centrations in the brain increased markedly during manic
episodes, while serum concentrations were unchanged [91].
Another study from the same group using a 'Li-MRS evalu-
ated lithium concentrations in the brain of 14 patients with
bipolar disorder showed that the reduction of manic symp-
toms after the initiation of lithium treatment was correlated
with concentrations in the brain, but was not with blood lev-
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els [92]. A more recent study with 23 patients with bipolar
disorder during depressive episode found a significant asso-
ciation between central and peripheral lithium levels only in
remitters but not in non-remitters [90]. The authors con-
cluded that non-remitters may not transport lithium properly
to the brain, which may underlie treatment resistance to lith-
ium in bipolar disorder [90].

BBB disruption may explain the connection between
changes in peripheral inflammatory markers and the above-
mentioned neuroinflammation in the pathophysiology of
bipolar disorder [17] (Fig. 3). Several meta-analyses reported
increased levels of inflammatory markers in patients with
BD [16, 17, 93, 94] A meta-analysis showed that peripheral
concentrations of cytokines such as IL-6, IL-10 and TNF-a
were significantly elevated in patients with bipolar disorder
[16, 17, 94] Mood episode-related differences were also
shown for cytokines with increased levels of TNF-o and
sTNF-0-R1 in patients in manic state compared to healthy
controls [93]. However, there were no significant differences
between patients with bipolar depression and healthy con-
trols [17, 93]. These evidence support the implication of
immune disruption in the pathophysiology of bipolar disor-
der and, in this sense, a study challenged retinoic acid-
differentiated human neuroblastoma SH-SYS5Y cells with
serum from patients with bipolar disorder at early and late

Fig. (3). Blood-brain barrier disruption. A model of blood-brain barrier disruption showing cytokines and the blood-brain barrier compo-
nents: astrocyte endfeet, pericytes, basement membrane, endothelium, and the gap junctions. IL-6: interleukin-6; TNF-a: tumor necrosis
Sfactor-alpha. (The color version of the figure is available in the electronic copy of the article).
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stages of illness [95]. The authors showed that cells treated
with the serum of patients with bipolar disorder, particularly
at late stages, showed decreased neurite density and de-
creased cell viability [95]. Despite the lack of evidence of
altered cytokine penetration into brain in patients with bipo-
lar disorder, the findings of differences in BBB permeability
and others indirect evidence described above points into di-
rection of this hypothesis, notwithstanding further studies are
needed to clarify it.

6. GLIAL CELLS:
PROGRESSION?

PATHWAYS OF NEURO-

Bipolar disorder is an illness with a chronic course and
different forms of progression, with subsets of patients pre-
senting worse outcomes, marked by cognitive and functional
impairment [96]. These clinical findings have been orga-
nized under the concept of neuroprogression, i.e., clinical
and neurocognitive impairment secondary to the pathological
rewiring of the brain in patients with bipolar disorder [15].
Indeed, several studies have reported reduced volumes of the
left hippocampus [97], corpus callosum [98], and frontal
cortices in patients with late-stage bipolar disorder [99] as a
consequence of prior manic episodes. These findings are in
line with the pioneering study that reported increased ven-
tricular volumes in multiple-episode vs. first-episode patients
with bipolar disorder [100].

Moreover, one study has examined whether structural
neuroimaging scans coupled with a machine learning algo-
rithm could distinguish between patients with bipolar disor-
der and healthy control subjects [101]. Authors found that
the machine algorithm distinguished patients from healthy
control subjects at a 70.3% accuracy (p < .005) using white
matter density data, and at a 64.9% accuracy using gray mat-
ter density. Multiple brain regions, largely covering the
fronto-limbic system, have been identified as the “most rele-
vant” ones in distinguishing between the groups. Further-
more, patients identified by the algorithm with high certainty
belonged to the late-stage bipolar disorder group, which in-
cluded patients with >10 total lifetime manic episodes, in-
cluding hospitalizations [101]. Finally, a meta-analysis of
magnetic resonance imaging studies showed white matter
volume reduction but no gray matter reduction among first-
episode patients with bipolar disorder [102]. Recently, bipolar
disorder has been associated with neurodevelopmental fac-
tors [103-106] and it is possible that the presence of these
brain abnormalities may be explained by the involvement of
astrocytes and oligodendrocytes in the developmental proc-
ess of brain connectivity and circuitry. However, it is also
possible that an initial pathology based on neuroplasticity
impairments and involving exclusively the white matter may
progress to a gray matter pathology associated with neuronal
apoptosis and more substantial brain rewiring.

It has been hypothesized that impaired neuroplasticity in
patients with bipolar disorder may be translated into shrink-
age of the abovementioned brain structures by reducing neu-
rites and intercellular connections in the neuronal network
[15]. Tt is also suggested that the aforementioned biochemi-
cal changes in inflammatory pathways may play a causal role
in this scenario, which has been referred to as systemic tox-
icity [107]. As discussed above, a previous study has re-
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vealed that the serum of patients with bipolar disorder,
mainly those at late stages of the illness, may contain chemi-
cals that could be toxic to neural cells, as proposed by the
systemic toxicity hypothesis [95]. Abnormalities in inflam-
matory stress markers may play an important role in this
process, given the emerging evidence of derangement in the
immune system as a function of illness progression [108].
For example, there is evidence of increased serum IL-6 and
TNF-a in late-stage patients with bipolar disorder [108], not
to mention increased levels of CCL-11 and C-X-C motif
ligand 10 (CXCL10) chemokines [109]. These are pro-
inflammatory cytokines, which rely on the PI3K-Akt path-
way for signaling [109].

It is worth mentioning that the interpretation of elevated
levels of inflammatory markers in bipolar disorder is a mat-
ter of debate. For instance, it is not clear whether these sig-
naling molecules can cross the BBB. As proposed by Patel
and Frey [18] and discussed above, a connection between
peripheral toxicity and CNS due to BBB disruption may lead
to microglial activation. This was demonstrated in vivo with
PET scan studies, which showed microglial activation in
patients with bipolar I disorder [14, 24]. In the healthy brain,
surveillant microglia and astrocytes communicate with neu-
rons and other CNS cells to maintain their functions and
brain homeostasis [62]. Conversely, when activated by brain
injury, astrocytes lose control of the BBB, leading to its dis-
ruption and increasing permeability of peripheral proin-
flammatory markers into the brain [18]. This process con-
tributes to maintaining chronic immune activation by trans-
forming resting microglial cells to an activated form or M1
phenotype and leading to neuronal damage, in a process
similar to that of neurodegenerative diseases [62].

7. GLIAL CELLS AS A THERAPEUTIC TARGET
IN BIPOLAR DISORDER: TOWARDS NEW
TREATMENT STRATEGIES

Lithium treatment is indicated for all phases of bipolar
disorder [110]. Meta-analyses studies have supported the
role of lithium in acute manic episodes and also in mainte-
nance treatments [111, 112]. In particular, two meta-analyses
of neuroimaging studies have supported the neuroprotective
effect of lithium in the hippocampus of patients with bipolar
disorder [113, 114]. Other studies of white matter also sug-
gest protective effects of lithium. A study with DTI found
that euthymic bipolar I disorder patients using lithium had a
higher FA and lower radial diffusivity when compared to
non-lithium-using patients in the corpus callosum and left
anterior corona radiate [115]. A study with older adults
showed that among subjects with bipolar disorder, longer
duration of lithium treatment was related to higher white
matter integrity [116]. A clinical trial comparing protective
effects of lithium and quetiapine in a prospective cohort of
first-episode mania showed that, compared with baseline,
lithium was more effective in slowing the progression of
white matter volume reduction after 12 months [117].

Also, pre-clinical studies suggest some action of lithium
in glial cells. A study of LPS-induced inflammation in rat
primary glial cells found that lithium significantly reduced
the secretion of TNF-a, IL1-B, prostaglandin E2, and nitric
oxide [118]. Another study with microglial cells pretreated
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with lithium and stimulated with LPS showed that lithium
significantly inhibited LPS-induced microglial activation and
pro-inflammatory cytokine production [119]. Moreover, in a
pre-clinical study, lithium inhibited astrocyte activation and
pro-inflammatory cytokine production [34], reinforcing the
neuroprotective role of this drug.

Valproic acid is another first-line drug in the treatment of
bipolar disorder [110]. The anti-inflammatory properties of
this drug have been demonstrated in an animal model of
autoimmune encephalomyelitis [120]. Another study with
mouse neurons in organotypic hippocampal slice cultures
demonstrated a microglia-mediated neuroprotective function
of valproic acid [121]. Primary rat neuronal, astroglial, and
neuro-glial mixed culture systems have also been used to
show that valproic acid may affect the synaptic excitatory-
inhibitory balance through its effect on astrocytes [122]. Fi-
nally, a study with primary rat microglial cultures found that
valproic acid can modulate microglial response to inflamma-
tory insults mediated by LPS [123].

Clozapine, in turn, is an antipsychotic more commonly
used in late-stage bipolar disorder [124]. A three-year fol-
low-up study showed that clozapine was effective in reduc-
ing emergency service visits, hospitalizations, and total hos-
pital days in patients with bipolar disorder [125]. A system-
atic review showed that clozapine was associated with im-
provement of mood and psychotic symptoms, suicidal and
aggressive behaviors, and social functioning [126]. An in
vitro study with astroglial and oligodendroglial cells found
that treatment with clozapine reduced the release of S100B
from both cells under basal conditions and serum and glu-
cose deprivation [127]. In a schizophrenia animal model, the
administration of clozapine reversed microglial activation as
well as inducible nitric oxide synthase increase [128]. Fi-
nally, primary neuron-glia cell cultures showed a neuropro-
tection role of clozapine metabolites through microglial inac-
tivation by inhibition of NADPH oxidase [129].

CONCLUSION

Given the evidence described above, it is possible that
glial cells and the neuron-glia interaction play a role in the
pathophysiology and neurodevelopmental process of bipolar
disorder, even though the exact mechanisms implicated in
the process are still not fully understood. It is also possible
that changes in inflammatory markers and microglial func-
tion play an important role in neuroprogression in bipolar
disorder. Both postmortem and in vivo studies have shown
that microglial activation is involved in bipolar disorder neu-
robiology, which is in line with the presence of peripheral
inflammatory markers described in meta-analyses and the
BBB disruption hypothesis. Furthermore, neuroimaging
studies have supported the presence of white matter micro-
structure abnormalities, pointing towards the involvement of
oligodendrocytes. In addition, some drugs used in the treat-
ment of bipolar disorder have effects on glial cells, and fu-
ture studies may use these cells as targets for the develop-
ment of new treatments. Further research is needed to im-
prove our knowledge of neuron-glia interactions and their
mechanisms to help improve detection and treatment of bi-
polar disorder.
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