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SUMMARY

The blood-brain barrier (BBB) is formed by continuous, closely connected endothelial cells, enveloped
in the basal lamina, pericytes, and foot extensions of astrocytes. BBB has a vital role in brain metabolism
and protects the brain parenchyma from harmful agents present in the systemic circulation. Damage to
the BBB and an increase in its permeability have an important role in many neurodegenerative diseases.
This paper aims to review the literature on the impact of the BBB damage on psychiatric illness, a largely
neglected and under-researched area. Links between BBB impairment and specific neuropsychiatric dis-
orders are described including schizophrenia, affective disorders, dementias with behavioral disorders,
and alcohol use disorder, with comparison to typical hereditary small vessel diseases affecting the BBB
such as cerebral autosomal dominant arteriopathy with subcortical infarction and leukoencephalopathy
and mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes. The authors critically
summarize possible pathogenic mechanisms linking BBB damage and these common disorders.
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reditary small vessel disease

INTRODUCTION

Current research has shown that various neu-
rological diseases occur due to the structural
and/or functional disorder of the blood-brain
barrier (BBB) [1]. Most frequently studied
entities include multiple sclerosis, infectious
or inflammatory brain diseases, certain vas-
cular as well as degenerative disease such as
Alzheimer’s (AD), Parkinson’s disease, and
amyotrophic lateral sclerosis [2]. The patho-
genesis of these conditions includes damage to
the occludent endothelial junction and subse-
quently increased BBB permeability, expres-
sion of a procoagulant endothelial phenotype,
as well as the production of free radicals and
other mediators of inflammation [3]. Changes
in the structure of the BBB can be transient
and mild corresponding to the opening of the
tight junctions, but also chronic with perma-
nent damage to the BBB leading to alterations
in protein and enzyme transport. The conse-
quent activation of microglia and infiltration
of the brain parenchyma with plasma proteins
and immune cells induce the disruption of the
central nervous system (CNS) homeostasis and
damage to the surrounding brain tissue [1].
Interestingly, data in the literature on the im-
pact of the BBB damage on psychiatric illnesses
are mostly lacking. One intriguing contempo-
rary hypothesis states that the BBB dysfunc-
tion and subsequent increase in its permeability

may be the basis for the development of certain
psychiatric disorders [4]. Previous research on
experimental models indicated that the de-
velopment of psychiatric conditions as well
as the co-existence or overlap between certain
neurological and psychiatric diseases may be
explained by BBB disruption, which may widen
the therapeutic approach [4]. Therefore, our
paper aims to review possible pathogenetic
mechanisms linking BBB disruption to the
main psychiatric conditions.

THE STRUCTURE OF THE BBB

The BBB is a very complex cellular system con-
sisting of endothelial cells, pericytes, perivascu-
lar microglia, astrocytes, and continuous basal
laminae made of pericytes and foot extensions
of astrocytes [2]. These components configure
a very restrictive wall named BBB as its main
role is to maintain a safe extracellular environ-
ment for CNS neurons [2]. The impermeability
of the BBB is mostly achieved through the spe-
cific structure of the endothelium [3]. The BBB
protects the brain from toxins in the blood and
controls the transport of glucose and other nutri-
ents to the CNS, but also manages the removal of
various metabolites from the brain tissue.

The vascular wall lining the brain capillaries
is characteristically formed by uninterrupted
endothelial cells surrounded by branching
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cytoplasmatic extension of astrocytes and pericytes [3].
The endothelium of the BBB is continuous, and endothe-
lial cells form an inner sheath of capillaries. These cells
secrete numerous vasoactive substances that have a role
in the regulation of the vascular tone [1]. Nitric monoxide
(NO) is one of the most important vasodilators secreted
by these cells, and its deficiency is an important indicator
of endothelial dysfunction [5]. Endothelial cells are inter-
connected, predominantly by occluding (tight) junctions,
the most important components of BBB, as well as with
adherent compounds that provide mechanical stability
[3]. Occluding compounds form a selective barrier that
regulates and restricts the transport of certain metabo-
lites, ions, macromolecules, toxic substances, pathogenic
microorganisms, erythrocytes, and leukocytes from blood
to the brain tissue [3]. Various nutrients including glucose
and amino acids enter the brain tissue through the trans-
porters, while the introduction of large molecules such as
insulin, leptin, transferrin, and low-density lipoprotein is
carried out by receptor endocytosis [2]. Recent research
has shown that claudins (CLDNS), a family of 24 members,
are the main structural and functional elements of the oc-
cluding compounds [4]. Specifically, claudin-5 (CLDNS5) is
the most expressed occluding compound in the BBB, and
its suppression leads to BBB damage and the emergence of
a schizophrenia-like phenotype in experimental animals
(mice) [4, 6]. In addition, important integral proteins of oc-
cluding compounds are CLDN-12 [2]. The transmembrane
claudin and occluding proteins are linked by the Zonula
Occludens-1 (ZO-1) protein to the actin filaments of the
endothelial cell cytoskeleton, making ZO-1 essential for
maintaining the integrity and functioning of the occluding
compound [2]. The function of the occluding compound is
regulated by a number of factors, including vascular endo-
thelial growth factor, G-proteins, tyrosine kinases, Ca++,
cAMP, proteases, TNF- a (tumor necrosis factor-a) [7].

The characteristic feature of pericytes is contractile,
branched cytoplasmatic extensions surrounding endothe-
lial cells. They express receptors for vasoactive mediators,
such as catecholamines, endothelin-1, and angiotensin II
[1]. All these molecules play a vital role in regulating ce-
rebral blood flow through capillaries [1]. The pericytes
are critical in the maintenance, stability, and selectivity of
the BBB. The most important factor for the functioning
and homeostasis of pericytes and BBB itself, is the platelet-
derived growth factor [3]. The role of pericytes have been
evidenced in the cerebral autosomal dominant arteriopa-
thy with subcortical infarction and leukoencephalopathy
(CADASIL), AD, Huntington’s disease and amyotrophic
lateral sclerosis [3].

The foot extensions of astrocytes are interconnected
by junctions that communicate with each other (Gap
Junctions; nexus) and form a perivascular glial membrane
that envelops the outer surface of the brain capillaries [2].
Astrocytes regulate endothelial vasodynamic, proliferative
and phenotypic activities as well as their capacity for the
formation of occluding compounds within the BBB [1].
Astrocytes synthesize factors such as glial neurotrophic
factor, TGF-P-growth basal fibroblast growth factor, and
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angiopoietin-1, all acting as stimulants for the endothelial
cells [8]. They also contain aquaporins (AQP), and water
transport channels, with AQP4 being specific for astrocyte
foot extensions [9]. Changes in the BBB stability, as well
as changes in the secretion of antioxidative compounds
of glutathione and superoxide dismutase, are implied in
the pathogenesis of many neurodegenerative diseases [2].

Perivascular microglia is positioned between the endo-
thelial basal lamina and cytoplasmatic extensions of astro-
cytes, making an interconnected web of brain macrophages
[10]. These macrophages have significant phagocytic activ-
ity, by which they internalize proteins and other substanc-
es, thus reducing the detritus from the brain parenchyma.
Moreover, these cells can secrete specific cytokines enhanc-
ing the inflammatory response [11]. Perivascular microglia
have a significant role in the presentation of antigens in
the CNS. This has been demonstrated in experimental al-
lergic encephalomyelitis and studied in animal models of
multiple sclerosis [12]. Microglial cells can quickly reduce
inflammation and eliminate infectious agents before they
damage brain tissue [11].

In recent years several studies identified BBB dysfunc-
tion and its increased permeability as potentially important
factor in the development of psychiatric disorders [4, 13,
14]. Numerous control mechanisms can become disrupted
due to infiltration of brain parenchyma with neurotoxic
substances, resulting in inflammation and oxidative stress.
Our previous work has shown that oxidative stress has
a significant role in the development and progression of
psychiatric disorders, including major depressive disorder
(MDD) and bipolar affective disorder (BAD) [15, 16]. In
addition to affective disorders, current literature recognizes
the role of BBB dysfunction in schizophrenia, dementia,
and addictive disorders such as alcohol abuse.

BBB AND SCHIZOPHRENIA

Schizophrenia is a heterogeneous clinical syndrome
characterized by a constellation of symptoms divided
into positive, negative, and cognitive, often severely im-
pacting individual functionality [17]. The pathogenesis
of schizophrenia is still poorly understood, and the vari-
ability of its clinical manifestations indicates several dis-
tinct pathophysiological processes in play [17]. The roles
of neurotransmission disturbances, immune response, and
low-grade inflammation (“low-grade encephalitis”) have
been all implied [18, 19]. Recent data indicate that the
oxidative stress associated with neuroinflammation and
neurovascular endotheliopathy can lead to impairment of
BBB integrity and decreased cerebral perfusion and dis-
ruption of neuronal homeostasis in patients with schizo-
phrenia [13, 19]. The damage to occluding compounds
between endothelial cells of continuous BBB capillaries
(i.e., decreased CLDNS5 expression in the hippocampus)
has been demonstrated in schizophrenia [20]. Decreased
levels of mRNA in charge of the synthesis of occluding
compounds such as CLDN5, CLDN12, and ZO-1 appear
to be associated with schizophrenia [20]. In addition, 5-HT
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regulates the functioning of the BBB by increasing the ex-
pression of CLDNS5, potentially playing an important role
in the pathogenesis of schizophrenia. [6].

The plasma levels of astrocyte protein S100B are el-
evated in schizophrenia, making 100B protein levels a
putative treatment marker particularly in patients with
predominantly negative symptoms [14, 20]. Since S100B
is a calcium-binding protein, specifically found in the as-
trocytes, its elevation indicates astrocyte activation with
increased permeability of the BBB, which may lead to neu-
rodegeneration [21]. Moreover, S100B synthesis induces
oxidative stress, potentially resulting in the promotion of
NO synthesis and an increase of pro-inflammatory cyto-
kines which has a detrimental effect on neuronal integrity
[1, 20]. There are also data indicating beneficial effects of
psychotropic medications by reducing the oxidative stress
in the CNS [22].

BBB ROLE IN AFFECTIVE DISORDERS

There is an increasing body of evidence linking major af-
fective disorders (MDD and BAD) to BBB dysfunction
[23-26]. Both functional and structural abnormalities
are heterogenous and widespread in schizophrenia [27].
Similarly to schizophrenia, elevated values of S100B have
been observed in the serum of patients with affective disor-
ders, and are also associated with the severity of symptoms
in depression [28]. Moreover, the elevation of S100B is a
predictor of a successful response to antidepressant therapy
in MDD [29]. In addition, chronic social stress can have
an effect on CLDN5 levels, potentially affecting the BBB
integrity [26]. The most intense passage of proinflamma-
tory cytokines through the dysfunctional BBB has been
observed in the region of nucleus accumbens, which is a
brain region important for mood regulation [29].

Recent data indicate an association between mRNA
levels for CLDN5, CLDN12, and ZO-1 and the onset and
duration of MDD and BAD [4]. It has been shown that
BAD patients with impaired BBB integrity have a more
pronounced clinical expression of the disease and its pro-
gression [4, 30]. Both acute or chronic BBB damage in-
creases the passage of proinflammatory cytokines such
as IL-1, IL-6, TNF-q, and reactive oxygen species (ROS)
[15]. This triggers the activation of microglial cells with
a central role in the pathway of neuroinflammation, and
also promotes local oligodendrocyte and myelin sheath
damage, compromising neuronal network integrity [15,
31]. Positron emission tomography imaging revealed in-
creased microglial activity and neuroinflammation in the
hippocampus of patients with affective disorders [4]. In ad-
dition, oligodendrocyte density is decreased in BAD which
indicates potential instability of the neural circuitry [31].

BBB STATUS IN DEMENTIA

Frequently, patients with dementia present with addi-
tional psychiatric symptoms such as depression, agitation,
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anxiety, apathy, or psychosis [32, 33]. The brain endothe-
lium becomes progressively dysfunctional in aging, with
corresponding alterations in the BBB [34]. However, in the
two most common types of dementia, AD and vascular de-
mentia, the critical role of BBB dysfunction has been docu-
mented in the last years [2, 3]. The data is especially robust
concerning pericyte degeneration [3]. It has been shown
that an influx of immune cells (CD4+ and CD8 T cells,
dendritic cells, B cells) via disturbed BBB, lead to damage
of multiple efflux transporters (adenosine triphosphate
dependent pumps that remove harmful agents out of the
brain tissue), and accumulation of molecules prone to ag-
gregation, such as amyloid beta [1, 35]. In AD in particular,
amyloid beta as the main component of amyloid plaques
is a key pathological feature of the disease [35]. High lev-
els of amyloid beta and oligopeptides lead to activation
of microglial cells and astrocytes, resulting in increased
production of toxic molecules, and consequent synaptic
and neuronal damage [1]. Microglia activated in relation
to amyloid beta plaques leads to the activation of astrocytes
which results in the release of cytokines such as IL-1, TNF-
B, TNF-a, TGF-B, NGE bNGE and ROS [1]. In addition,
the amyloid beta has been shown to stimulate the nuclear
kappaB transcription factor (NF- kB) which in turn also
induces the transcription of TNF-a, IL-1, IL-6, MCP-1
(monocyte chemotaxis-1 protein), and NO synthase [34].
Activation and migration of immune cells, as well as the
release of cytokines, damage the integrity of the BBB [1].
The dysfunction of BBB is reflected in the impaired func-
tioning of the amyloid beta transporter whose role is to
transport these peptides from brain tissue to the blood, via
BBB [1, 36]. Dysfunction of the amyloid beta transporter
could be the precipitant in the cascade of events leading
to the damage of neurons, synapses, and glial cells [36].

The pathophysiology of the subcortical small-vessel
disease, the most frequent type of vascular cognitive im-
pairment, is also characterized by endothelial damage and
BBB dysfunction [32, 33, 37, 38]. Cerebral hypoxia due to
vascular damage leads to increased levels of inflamma-
tory molecules causing apoptosis [34]. The inflammatory
molecules such as IL-1, IL-6, MMPs (MMP-2, MMP-9),
TNFa, and TLR4 (toll-like receptor 4) cause demyelination
and damage to the axons and oligodendrocytes associated
with the white matter lesions [33, 37]. Besides risk factors,
the clinical presentation including cognitive decline and
behavioral changes, AD and vascular dementia also share
several aspects of brain pathology, such as increased oxi-
dative stress, disturbed amyloid beta clearance, and BBB
disruption [33, 36].

BBB IN ALCOHOL USE DISORDER

Cognitive decline is common in patients with alcohol use
disorder [38]. Largely, an association between alcohol use
and the risk for dementia has been demonstrated in stud-
ies with robust methodology [39]. Particularly vulnerable
might be the elderly and patients with documented neuro-
inflammatory conditions. Although the pathophysiological
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pathways of neurodegeneration associated with alcohol use
are not sufficiently explored, it is clear that dietary defi-
ciencies, such as depletion of vitamin B1 and B12, in com-
bination with alcohol metabolites (such as acetaldehyde)
have a neurotoxic effect [40, 41, 42]. In addition, chronic
alcohol abuse leads to increased BBB permeability via the
inhibition of protein expression such as ZO-1, occludins,
VE-cadherins, AQP4), thus stimulating neuroinflamma-
tion and oxidative stress, most intensely in the hippocam-
pal region [41]. In vitro studies demonstrated a detrimental
effect of alcohol on tight junctions, endoplasmic reticulum,
and an increase in ROS production [41, 42].

BBB STATUS IN HEREDITARY CEREBRAL SMALL
VESSEL DISEASE

The BBB likely has an important role in the pathogenesis of
the CADASIL, the most frequent inherited form of vascu-
lar dementia [43]. This clinical phenotype is characterized
by four basic manifestations: strokes, migraine with aura,
psychiatric symptoms, and cognitive decline that progress-
es to subcortical vascular dementia [44]. Symptomatology
of CADASIL can start with neuropsychiatric symptoms,
sometimes delaying the diagnosis, with depression being
the most frequent psychiatric manifestation [44, 45]. The
main pathological characteristics of CADASIL are damage
to smooth muscle cells of small cerebral arteries and arteri-
oles, as well as deposition of granular osmiophilic material
in the vascular wall, due to mutation in the Notch3 gene
on chromosome 19p13 [46, 47]. Recent data suggest a sig-
nificant role for BBB in this syndrome, with pronounced
destruction of pericytes in the vascular wall of the brain,
increasing the permeability of the BBB [48].
Mitochondrial encephalomyopathy, lactic acidosis, and
stroke-like episodes (MELAS) syndrome is a rare heredi-
tary progressive systemic disease with encephalopathy as a
leading clinical feature [45, 49]. Although the most promi-
nent clinical manifestations of the MELAS are neurologi-
cal, comprising migraine, stroke-like episodes, seizures,
and cognitive decline, depressed mood, anxiety, and be-
havioral changes are often neglected but important clinical
features [44, 45, 49]. At the core of this syndrome are 29
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Ynora KpBHO—-MOXAaHe 6apujepe y ncUXMUjaTPUjCKUM 060/beruma

Maja Jlaukosuh'?, Maja MBkosuh'2, CpeteH Buhentnh'? CredaH Jepotnh'2, Munuua Hectoposuh'?, Tuxomup CrojkoBuh?,

AnekcaHgpa M. Masnosuh*

'YHuBep3uTeTCKN KNHMYKY LeHTap Cpbuje, KnuHuka 3a ncuxujatpujy, beorpag, Cpbuja;

2YHuBep3uTeT y beorpagy, MeanunHckn dakynter, Beorpag, Cpouja;

3YHuBep3auTeT y beorpagy, MeanunHckn dakynteT, VIHCTUTYT 3a KIMHUYKY 1 MeaMUMHCKY 6ruoxemujy, beorpag, Cpbuja;
*YHusep3utet y beorpagy, GakynteT 3a cneuujanty eaykauujy u pexabunutaumjy, beorpag, Cpbuja

CAXETAK

KpBHO-moxaaHa 6apujepa (KMB) cacToju ce of KOHTUHYMpa-
HWX, TECHO CMojeHnX eHaoTenHux henunja omoTaHUx 6azanHom
NaMUHOM, NePULMTIAMA 1 CTOMaNacTUM Npoay»KeLMa acTpo-
umta. KMB uma BuUTanHy yHKUMjy y MOXAAaHOM MeTabonusmy
W WTUTU MOXKAHN MapPEHXUM Of LTETHUX GakTopa NpUCYTHIX
y CMCTeMCKOj LmpKynauumju. lNokasaHo je aa owrteherwe KMb
1 nosehare keHe NPonyCcT/bUBOCTY UMajy 3HauajHy ynory y
MHOFUM HeypofereHepaT!BHIM 060/berMa.

Linsb oBora papa je nperneg nutepatype o 3Havajy owTehera
KMB kog ncuxujatpujckinx 060sbetsa, y BENMKOj Mepy 3aHeMa-
PEeHOj 1 HeflOBO/bHO UCTPaxeHoj obnacTu. MosesaHocT u3mehy
nopemehaja KMB 1 Heyponcuxujatpujckix nopemehaja noce6-
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HO je aHanu3upaHa 3a cxrzodpeHujy, adektnsHe nopemehaje,
AeMeHUyje ca nopemehajyima noHalarba, nopemehaje nosesa-
He ca ynotpebom ankoxona, ca nocebH1M OCBPTOM Ha HacnefHe
601ecTn Manux KpBHYX CyfoBa Mo3ra ca owwtehersem KMB, Kao
WITO Cy LiepebpanHa ayTo30MHO JOMVHAHTHa apTepronaTuja
ca CynKopTMKanHUM HbapKTMa 1 neykoeHuedanonaTtujom v
MUTOXOHAPMjCKa eHLepanommnonaTyija ca JakTaTHOM aLng030Mm
1 enn3ofama Halmk MoXAaHoM yzapy. AyTopu KPUTUYKI CyMU-
pajy moryhe natoreHeTCKe MexaHu3Me Koju nosesyjy owwtehera
KMB ca oBuM yecTim 060o/bermnma.

KrbyuHe peun: KpBHO-MOXXAaHa 6apujepa; cxmzoppeHuja;
adekTrBHY nopemehaju; nopemehaj ynotpebe ankoxona; fe-
MeHUWja; Hacne[He 60NecT Manux KPBHUX CyA0Ba Mo3ra
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