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Tight Junctions of the Neurovascular
Unit

Natalie Hudson* and Matthew Campbell

Trinity College Dublin, Smurfit Institute of Genetics, Dublin, Ireland

The homeostatic balance of the brain and retina is maintained by the presence of the
blood-brain and inner blood-retinal barrier (BBB/IBRB, respectively) which are highly
specialized barriers. Endothelial cells forming the lining of these blood vessels are
interconnected by the presence of tight junctions which form the BBB and iBRB. These
tight junctions, formed of numerous interacting proteins, enable the entry of molecules
into neural tissues while restricting the entry of harmful material such as anaphylatoxins,
bacteria and viruses. If the tight junction complex becomes dysregulated due to changes
in expression levels of one or more of the components, this can have detrimental effects
leading to brain and retinal pathology.
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INTRODUCTION

Vascular heterogeneity is essential for the diverse functions and roles arising across the vascular
tree; and is of particularly great importance in the brain and retina. The microvasculature of
the brain and the retina differs vastly to other vascular beds due to the presence of the blood-
brain (BBB) or inner blood-retinal barrier (iBRB) which are formed from endothelial cells that
interconnect via highly specialized and enriched tight junctions that act as selective barriers (Abbott
et al., 2006; Hudson and Campbell, 2019). The tight junctions help to regulate the entry of
molecules and ions, from the blood into the tissue while restricting entry of potential harmful
blood-borne components, including immune cells and pathogens (Abbott et al., 2006). In addition
to the endothelial cells, the BBB and iBRB requires the presence of astrocytes, pericytes, microglia,
Miiller cells, and the basement membrane to help facilitate the barrier properties that are intrinsic
within the brain and retina. The microenvironment needs to be stringently controlled to maintain
homeostatic conditions, as dysfunction of junctional components can lead to numerous brain and
retinal pathologies (as shown in Table 1).

COMPOSITION OF THE NEUROVASCULAR UNIT

The neurovascular unit (NVU) is comprised of numerous interacting cells that facilitate the
formation, maintenance and functionality of both the BBB/iBRB. The presence of each cell type;
astrocytes, pericytes, microglia and Miiller cells, with innervation from neurones, are all required to
maintain brain and retinal homeostasis. The endothelial cells that form the blood vessel lumen are
surrounded by pericytes which are then ensheathed by astrocytic end-feet that forms a continuous
layer with the basal lamina (Figure 1).

Astrocytes and Miiller cells are the most common glial cells in the brain and retina, respectively.
Both cells types have essential roles in maintaining tissue homeostasis (Abbott et al., 2006;
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TABLE 1 | Contribution of tight junction components to disease pathology.

Tight junction component Disease pathology

Claudin-5

e EAE/MS: claudin-5 loss and remodeling during leukocyte transmigration

e RPE atrophy observed in response to claudin-5 downregulation (@animal model of dry AMD)
e Decreased claudin-5 levels detected in post-mortem brains of individuals diagnosed with Schizophrenia

e Decreased claudin-5 levels found in Epilepsy
o Stroke

e Cold-induced model of traumatic brain injury (TBI) found decreased claudin-5 levels reduced edema and accelerated recovery
o Repetitive mild TBI found decreased claudin-5 levels in association with deposition of hyperphosphorylated tau leading to BBB

dysfunction

e Alzheimer’s disease found increased amyloid- clearance into blood when claudin-5 and occluding down-regulated.
e Claudin-5 knockdown exacerbates social defeat model of depression
e Claudin-5 mislocalization and increased expression in oxygen induced retinopathy (OIR) model

Claudin-1 o Increased expression in stroke

e Decreased expression in Glioblastoma Multiforme
e Expression of claudin-1 reduces vascular leakage in model of EAE

Claudin-3
Occludin

e Decreased expression observed in EAE and Glioblastoma Multiforme
e Lower occludin levels observed in Multiple Sclerosis

o VEGF mediated phosphorylation of occludin in Diabetic Retinopathy leads to dysfunctional iBRB
e Alzheimer’s disease found increased amyloid- clearance into blood when claudin-5 and occludin down-regulated

Zonula Occludens (ZO-1)

o In Multiple Sclerosis lesions ZO-1 expression reduced leading to junctional instability

e Increased JAM-A expression correlates with increased monocyte migration in HIV-infected individuals

LSR e Downregulated in EAE/middle cerebral artery occlusion leading to junctional instability
JAM-A e Loss of JAM-A leads to increased neutrophil transmigration
JAM-C

e Down-regulation of JAM-C inhibits wet AMD patient macrophage adhesion to endothelial cells

Reichenbach and Bringmann, 2020). They are involved in
(1) regulating ion and water transport due to influencing the
expression and locality of influx and efflux transporters such
as aquaporin-4, (2) microvascular permeability mediated
by calcium signaling to the endothelium, (3) cell-cell
communication via junctional components, (4) development
and maintenance of the BBB/iBRB as loss of astrocytic end-feet
overage leads to an increased BBB permeability (Segarra et al,,
2018), and (5) release and uptake of neurotrophic factors such
as glutamate and vascular endothelial growth factor (VEGE).
Dysfunction of astrocyte or Miiller cell behavior can contribute
to neuroinflammation due to pro-inflammatory cytokine release
or tissue edema due to water retention leading to tissue swelling
(Abbott et al., 2006).

The presence of pericytes in the NVU aids in microvessel
stability and regulation of blood flow due to pericyte contractility
and relaxation (Peppiatt et al., 2006; Hamilton et al., 2010;
Lendahl et al., 2019). In contrast to other vascular tissue beds,
the ratio of pericytes to endothelial cells with the CNS and
retina is significantly higher, with 1 pericyte:1 endothelial cell
in the retina (Frank et al, 1990). Pericyte populations vary
along the vasculature- differing in their morphology and alpha
smooth muscle actin expression depending on their location.
Pericytes and the endothelium are usually separated physically
by the basement membrane although the two cell types can
directly interact at peg-socket contact sites (Lendahl et al,
2019). Platelet-derived growth factor (PDGF) signaling recruits
pericytes to the BBB and iBRB and if signaling becomes
dysfunctional pericyte numbers are greatly reduced leading to
increased barrier permeability and dysfunction, although this
may become dispensable in adult mice (Armulik et al., 2010;
Daneman et al., 2010b; Park et al., 2017). Pericytes also release
factors, such as angiopoietin, that influence barrier properties by
inducing tight junction protein expression (Hori et al.,, 2004).

Loss or dysfunction of pericytes has been linked to various
neurodegenerative conditions including, Alzheimer’s Disease,
Amyotrophic lateral sclerosis (Lendahl et al., 2019) and Diabetic
Retinopathy (Enge et al., 2002).

Monocyte-derived microglia are CNS-resident macrophages
which become activated in response to any changes detected
within their microenvironment, such as injury or inflammation.
They continually undertake immune surveillance in the
tissue they reside accounting for between 10 and 15%
of the cell population (Perry et al, 2010; Ronaldson and
Davis, 2020). Depending on the signaling pathway initiated
microglia can become either pro-inflammatory (M1) or anti-
inflammatory (M2) which can influence barrier properties
by either upregulation or downregulation of tight junction
components in both the brain and retina. M1 microglia have
been implicated in BBB dysfunction due to the release and
secretion of cytokines and chemokines such as interleukin
(IL)- 1B, IL-12 and tumor necrosis factor (TNF)a, and CCL2
which can increase leukocyte extravasation. M2 microglia
are believed to play a more protective role by controlling
inflammation and resolving injury due to the release of
cytokines, including IL-10 and transforming growth factor
(TGF)- (Ronaldson and Davis, 2020).

In addition to microglia, the presence of perivascular
macrophages aids in maintaining tissue health. Perivascular
macrophages act as antigen-presenting cells phagocytosing
potential harmful material to present to leukocytes and
subsequently can regulate leukocyte transmigration due
to releasing anti-inflammatory cytokines. The presence of
perivascular macrophages at the BBB and iBRB can enhance
barrier tightness (Lapenna et al., 2018). As observed with the
other cell types found within the NVU changes in perivascular
macrophage behavior and number can be a causative role in
neurodegenerative disease pathogenesis.
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FIGURE 1 | Cellular and tight junction (TJ) protein composition of the blood- brain barrier (BBB) and inner blood-retinal barrier (iBRB). (A) Schematic of the blood
brain barrier (BBB) neurovascular unit (NVU). A single endothelial cell (EC) forms the lumen of the blood vessels surrounded by a pericyte (P) and the basement
membrane (BM) containing laminins, nidogens, collagen IV and heparin sulfate proteoglycans. Astrocytes (AS) end-feet ensheath the cell complex with neurone (N)
and microglia (M) present in the microenvironment. (B) The iBRB is similar in composition to the BBB (as seen in A) although pericytes (P) are at a ratio of 1:1 with
endothelial cells (EC) and Muller cell (MC) processes wrap around the blood vessels along with the astrocytes (AS). The iBRB is found in the retina from the ganglion
cell layer (GCL) to the outer nuclear layer (ONL). (C) Schematic of tight junction proteins expressed that join the same endothelial cell or adjacent endothelial cells to
one another. Claudin-5 is expressed most abundantly with contribution from claudin 1 and 12 (other family members shown to be expressed in other NVU cells). The
TAMPs (occludin, tricelllin) and LSR along with JAM family members (A-C and ESAM) constitute the additional transmembrane proteins. Zonula occludens (ZO) 1

and 2 are expressed cytoplasmic which can form a structural link to the actin cytoskeleton and associate with actin binding proteins.

Basement membrane proteins are essential in supporting role
for the cells found within the NVU which are derived from
astrocytes, pericytes and the endothelium. In the brain there
are two basement membranes- the endothelial and parenchymal
basement membrane which under healthy conditions are
indistinguishable from one another, keeping a separation between
the endothelium and neurones/glial cells. Laminin, collagen
IV, nidogen and heparin sulfate proteoglycans (HSPGs) are
proteins that form the basement membrane and other additional
proteins, such as fibronectin, are also present although their
expression is dependent on the developmental or physiologically
state (Thomsen et al.,, 2017). Agrin and perlecan are the most
abundant HSPGs which integrate within the collagen IV and
laminin network assisting in integrity of the basement membrane
as well as having the capability to bind growth factors. The
interaction of the basement membrane and the NVU cells is
mediated by integrin or dystroglycan receptors that maintain
the cells in their correct location. For example, collagen IV of
the basement membrane interacts with endothelial f1 integrins.
The expression of proteins found within the basement membrane
network varies along the vascular beds. Laminin 411 and 511

are expressed in the endothelial basement membrane with low
or patchy post-capillary venule expression of laminin 511 being
preferential sites for leukocyte transmigration (Wu et al., 2009;
Hallmann et al., 2020). Studies investigating neurodegenerative
conditions, in conjunction with the use of transgenic animal
models, have shown the important role that basement membrane
proteins have in a functional and intact BBB (Thomsen et al.,
2017). Many transgenic mice that lack the expression of a key
basement membrane component are embryonic lethal, such as
agrin or perlecan KO (Sarrazin et al, 2011) and collagen IV
(Poschl et al., 2004), or die within a few weeks of birth, such as
Lama2—/— mice (Miyagoe et al., 1997). Altered tight junction
expression, resulting in a compromised BBB, can arise due to the
loss of basement membrane components as seen in mice lacking
astrocytic laminin (Yao et al., 2014).

TIGHT JUNCTIONS

Tight junctions have been described to have “gate” (paracellular
permeability) and “fence” (apical/basolateral polarity barrier)
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functions which are key to maintaining low endothelial
permeability whilst providing a high transendothelial electrical
resistance (Otani and Furuse, 2020). Individual cells can
regulate the “tightness” of the junction depending on the
cells physiological and pathological demands (Tsukita et al,
2001). The tight junction complex is formed from numerous
interacting proteins and include the tight-junction-associated
MARVEL proteins, claudin family members and junctional
adhesion molecules (JAMs). These link to the actin cytoskeleton
by a cytoplasmic plaque consisting of adaptor, scaffold and
signaling proteins (Zihni et al., 2016). Tight junction complexes
not only confer structural integrity but also play a role
in numerous signaling pathways influencing their assembly,
function and polarity as well as a role in gene expression
(Zihni et al., 2016).

CLAUDIN PROTEIN FAMILY

The claudin protein family are integral transcellular components
of tight junctions and considered to be the main structural
components of intramembrane strands (Furuse et al, 1998;
Tsukita et al., 2001). Claudins are a family of 27 proteins
which form the primary junctional seal through homophilic
or heterophilic interactions (Mineta et al., 2011). Claudins
have numerous functions helping to establish barrier properties,
restricting permeability to solutes and forming charge specific
pores which permit ion diffusion (Zihni et al., 2016). It is believed
that the functionality of claudin proteins is specified by the
extracellular loop; the tightness and ion selectivity involves the
first loop whilst the second loop is important for the two opposing
membranes to interact and adhere (Krause et al., 2008). Ion
selectivity of each molecule across the barrier is thought to be
regulated by a specific claudin protein.

Claudin expression is tissue-specific, with many cells
expressing more than one family member which can be altered
in response to developmental stage. Junctional “tightness”
and ion selectivity arises in response to the combination
and ratio of claudin members (Liebner et al., 2000; Tsukita
et al., 2001). Expression of Claudins-1, -3, -5, and -12 have
been reported in the brain and retinal microvasculature.
However, for both vascular beds claudin-5 appears to be the
most highly enriched and may indeed be the only claudin
expressed at high levels (Daneman et al., 2010a; Luo et al., 2011;
Vanlandewijck et al., 2018).

CLAUDIN-5

Claudin-5 is expressed specifically on endothelial cells (Morita
et al., 1999b), although during embryonic development it has
been shown to be transiently expressed in the retinal pigment
epithelium (Kojima et al., 2002). Due to its high enrichment at the
BBB, the importance of claudin-5 in maintaining BBB function
and integrity has been shown as claudin-5 null mice show a size-
selective increase (for small molecules up to 800 Da) in BBB
permeability and are embryonic lethal, dying within a few hours
of birth (Nitta et al., 2003).

Alterations in claudin-5 expression have been implicated in
a number of neurological conditions including schizophrenia,
depression, epilepsy and traumatic brain injury (Doherty et al.,
2016; Menard et al,, 2017; Greene et al., 2018, 2020; Farrell
et al, 2019). In addition, claudin-5 remodeling occurs at
sites of leukocyte transmigration in both physiological and
pathological conditions such as Multiple Sclerosis (Paul et al.,
2013; Winger et al, 2014; Castro Dias et al, 2021) and
mislocalization of claudin-5 occurs in a mouse model of
oxygen induced retinopathy (Luo et al,, 2011). Recent work
has found the inner retinal blood vessels to be highly dynamic
with claudin-5 expression regulated in a circadian-manner and
claudin-5 changes being a key mediator in initiating dry age-
related macular degeneration like pathology (Hudson et al.,
2019). Transient modulation of claudin-5 expression using RNA
interference has been shown to be beneficial in animal models
of traumatic brain injury, Alzheimer’s disease and choroidal
neovascularization (Campbell et al., 2009, 2012; Keaney et al.,
2015). This technique enabled either the removal of neurotoxic
material from brain to blood or the enhanced penetration
and efficacy of small molecule therapeutics into the brain or
retina. Claudin-5 expression can be modulated by a number of
factors including glucocorticoids, hypoxia, hormones and VEGEF-
A (Koto et al, 2007; Argaw et al., 2009; Burek et al., 2010;
Hudson et al., 2014).

CLAUDIN-1

Claudin-1 is ubiquitously expressed in most tissues of the
body (Furuse et al, 1998), with a key role in skin barrier
formation found as claudin-1 knockout mice die of dehydration
due to the loss of the junctional barrier function to water
and macromolecules (Furuse et al., 2002). The requirement of
claudin-1 in tight junctions of the BBB is highly debated and
may vary among different species. In response to pathological
conditions claudin-1 expression can be altered leading to BBB
disruption. Claudin-1 upregulation has been found in conditions
such as stroke (Sladojevic et al, 2019), where it appears to
impair interactions with other tight junction components due to
its incorporation. In human glioblastoma multiforme claudin-
1 was found to be downregulated in tumor vessels (Liebner
etal., 2000). In contrast, several groups have shown that claudin-
1 mRNA is not detected in brain endothelial cells (Pfeiffer
et al., 2011; Vanlandewijck et al., 2018). It was found that in an
animal model of multiple sclerosis, experimental autoimmune
encephalomyelitis (EAE), endothelial specific inducible ectopic
BBB expression of claudin-1 reduced BBB permeability and
ameliorated clinical disease signs (Pfeiffer et al., 2011).

CLAUDIN-3

The role of claudin-3 in BBB integrity was first shown in
studies investigating EAE and glioblastoma multiforme where
loss of expression lead to a loss of BBB function (Wolburg
et al., 2003). Maturation and stabilization of barrier properties
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occurred in response to p-catenin induced claudin-3 expression
(Liebner et al., 2008). However recent work utilizing claudin-3
deficient mice and transcriptomic analysis found claudin-3 was
not expressed in the BBB endothelium (Vanlandewijck et al,
2018; Castro Dias et al., 2019b). It has been suggested that the
detection of claudin-3 at the BBB may arise due to issues with
antibody specificity and cross-reactivity.

CLAUDIN-12

Claudin-12 is an atypical claudin family member which is unable
to interact with the cytoskeleton due to the inability to bind
to accessory adaptor proteins as it lacks a PDZ binding motif.
Claudin-12 is expressed in numerous organs, and has been
described to be present in the BBB (Nitta et al., 2003) and
in the retina (Luo et al, 2011), although its role in the BBB
tight junction complex was not fully elucidated. Recent work
has found that brain claudin-12 expression is predominantly
found in neurons, astrocytes and smooth muscle cells rather
than the endothelium (Vanlandewijck et al., 2018; Castro Dias
et al., 2019a). In addition, loss of claudin-12 did not impact
BBB integrity under physiological or pathological inflammatory
conditions such as EAE. Mice lacking claudin-12 do show some
behavioral deficits including decreased locomotion and decreased
anxiety, along with minor ear and retina phenotypes such as
slight changes in hearing sensitivity and a reduction in axial
length in the eye (Castro Dias et al., 2019a).

OTHER CLAUDIN FAMILY MEMBERS

Additional claudin family members have been suggested to be
expressed at the BBB, although their cellular expression and
importance in barrier integrity has not been fully characterized.
This is also true for claudin expression in the retina with
some family members being expressed in a developmental
manner (Luo et al,, 2011). Claudin-4 is integral in maintaining
astrocytic tight junctions and claudin-4 degradation influences
EAE development (Horng et al., 2017). Recent studies has
suggested claudin-4 to be a novel BBB tight junction component
(Berndt et al,, 2019), however, single cell RNA sequencing
data could not detect claudin-4 expression in any brain cell
types (He et al., 2018; Vanlandewijck et al., 2018). Expression
of claudin-11 has been detected in a co-culture primary BBB
model of endothelial cells, glial cell and pericytes (Bocsik
et al,, 2016) as well as in microdissected mouse and human
cortical capillaries (Berndt et al., 2019). However, claudin-11
expression may appear to be more specific for oligodendrocytes
localizing within the myelin rather than the tight junctions
(Bronstein et al., 1996; Morita et al, 1999a; Vanlandewijck
et al., 2018). Claudin-20 and -25 have also been implicated as
BBB tight junction components (Berndt et al., 2019) although
single cell RNA sequencing data detected claudin-20 at very
low levels within capillary and arterial endothelial cells and
astrocytes and claudin-25 expressed highest in oligodendrocytes
(Vanlandewijck et al., 2018).

TIGHT-JUNCTION-ASSOCIATED
MARVEL PROTEINS

The tight-junction-associated marvel proteins (TAMP) family
of proteins include occludin, tricellulin (MARVEL D2) and
MARVEL D3. Occludin was the first integral membrane protein
identified to localize to tight junctions (Furuse et al., 1993)
and its high expression at the BBB endothelium correlates
with low endothelial permeability (Hirase et al., 1997). In
contrast to claudin-5 null mice, mice lacking occludin are
viable and do not have a deficient BBB due to the presence
of morphologically intact tight junctions (Saitou et al., 2000;
Tsukita et al., 2001). This suggests that occludin may play
more of a regulatory, rather than structural, role in paracellular
permeability, which can be compensated for by other tight
junction proteins. The phosphorylation status of occludin is
important for barriergenesis aiding in formation (Sakakibara
et al., 1997), permeability (Antonetti et al., 1999; Harhaj et al.,
2006) and tight junction trafficking (Murakami et al., 2009).
Occludin domains exhibit distinct functions and regulatory
features (Cummins, 2012). The C-terminus of occludin associates
with the actin cytoskeleton via accessory proteins, such as
zonula occluden (ZO)-1 (Furuse et al., 1994) and is important
for paracellular permeability along with essential signaling
properties. The phosphorylation status of occludin is important
in disease pathology- in response to diabetes an increase in
VEGF mediated phosphorylation of occludin leads to a loss of
iBRB integrity and subsequent vision loss (Antonetti et al., 1998;
Goncalves et al., 2021).

Tricellulin (MARVEL D2) is another transmembrane protein
that is normally localized to tricellular junctions in the brain and
retina (Ikenouchi et al., 2005; Iwamoto et al.,, 2014). However,
tricellulin relocates to bicellular junctions in the absence of
occludin (Tkenouchi et al., 2008). Therefore, tricellulin may have
a compensatory role in the absence of occludin in the bicellular
tight junction formation. Several studies have found tricellulin
to be specifically enriched in brain endothelial cells (Daneman
et al., 2010a; Vanlandewijck et al., 2018; Castro Dias et al., 2021).
Similar to mice lacking occludin, tricellulin-deficient mice are
viable although they develop hearing loss (Kitajiri et al., 2014;
Kamitani et al., 2015). Under inflammatory conditions within
the brain endothelium tricellulin expression is reduced leading to
increased leukocyte transmigration in response to destabilization
of both bi- and tricellular junctions (Castro Dias et al., 2021).

MARVEL D3 is a transmembrane protein which lacks the
C-terminus found in occludin and tricellulin (Steed et al., 2009;
Raleigh et al,, 2010). The role of MARVEL D3 at the BBB
and iBRB is still unknown although it has been found to
be down-regulated in response to oxygen-glucose deprivation
(Tornabene et al., 2019).

LIPOLYSIS-STIMULATED LIPOPROTEIN
RECEPTOR (LSR/ANGULIN-1)

LSR recruits tricellulin to tricellular tight junctions (Masuda et al.,
2011) and has been found to be specifically expressed in the BBB
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and iBRB (Daneman et al., 2010a; Iwamoto et al., 2014; Sohet
et al., 2015). Mice deficient for LSR are embryonic lethal (Mesli
et al.,, 2004) and show impaired barriergenesis as the BBB fails to
seal and is leaky to small molecules (Sohet et al., 2015). As found
for tricellulin, expression of LSR was found to be down-regulated
in response to inflammation, such as EAE, and middle cerebral
artery occlusion which led to destabilization of the bi- and tri-
cellular junctions (Sohet et al., 2015; Castro Dias et al., 2021).

ZONULA OCCLUDENS

Zonula occludens (ZO) proteins are cytoplasmic plaque proteins
that form a structural link to the actin cytoskeleton and
can bind to actin binding proteins including a-catenin and
cortactin (Pachter et al., 2003). ZO-1 was the first tight junction
protein to be discovered in both epithelial and endothelial cells,
although only the ZO-1 o~ form is expressed in endothelial cells
(Stevenson et al., 1986; Balda and Anderson, 1993). ZO-2 and
Z0-3, have similar sequence homology to ZO-1, also localizing to
tight junctions (Zihni et al., 2016), although ZO-3 is not expressed
in BBB tight junctions (Inoko et al., 2003). Cells deficient for ZO-
1/2 fail to form tight junctions showing the importance of ZO
proteins for tight junction assembly (Umeda et al., 2006) while
Z0-1 knockout mice are embryonic lethal which is believed to
be due to ZO-1 importance in endothelial tissue organization
(Katsuno et al., 2008). ZO proteins have specific domains that
allow for various protein-protein interactions; PDZ domains
enable ZO-1 to interact with ZO-2, ZO-3, and claudin family
C-terminus and occludin interacts via guanylate cyclase domain
(Itoh et al., 1999).

In addition to tight junction complex formation, ZO-1 and
Z0-2 have a role in gene transcription regulating transcription
factors as well as cell proliferation via its ability to bind ZO-
1-associated nucleic acid binding (ZONAB) (Balda and Matter,
2009). Accumulation of ZONAB in the nucleus occurs when
cell density is low, but if cell density is high ZONAB interacts
with ZO-1 at cellular junctions (Balda and Matter, 2000; Balda
et al,, 2003). ZO-1 has also been found to mediate a role in
endothelial cell-cell tension, cell migration and angiogenesis
(Tornavaca et al., 2015). Like claudin-5 and occludin, ZO-1
expression is reduced in certain neurological diseases leading to
barrier instability.

JUNCTIONAL ADHESION MOLECULES

JAMs are single span members of the immunoglobulin
superfamily (Martin-Padura et al., 1998) that are important
for tight junction assembly and integrity (Ebnet, 2017). There
are three family members JAM-A, -B, and -C which can all
interact with PAR-3, a core component of the cellular polarity
regulating machinery which localizes to tight junctions (Ebnet,
2017). All three JAMs have the capacity to interact with ZO-
1, while JAM-A can also regulate the localization of ZO-1
within the junction complex. JAM-A is the predominant isoform
in the brain and retinal endothelium regulating permeability

changes (Aurrand-Lions et al., 2001; Tomi and Hosoya, 2004).
Furthermore, JAM-A and JAM-C have been implicated in
leukocyte trafficking as well as junction integrity (Woodfin et al.,
2007, 2011; Williams et al., 2015; Hou et al., 2021). JAM-C has
been shown to play a specific role in regulating microvascular
permeability during inflammation by targeting the adherens
junction protein vascular endothelial cadherin which can regulate
claudin-5 expression via a f-catenin and FoxOl dependent
pathway (Taddei et al., 2008).

Endothelial selective cell adhesion molecule (ESAM) has
a similar structure to JAM proteins. ESAM localization
is supported by its interaction with ZO-1 in the brain
capillaries (Nasdala et al., 2002) and it plays a role in
endothelial cell-cell interaction during vascular development and
neutrophil extravasation during early stages of inflammation
(Wegmann et al., 2004).

CONCLUSION

Tight junctions found in the BBB and iBRB are complex and
dynamic in nature, comprising numerous interacting proteins
that aid in the gate and fence function. The contribution
of other cell types found in the NVU, astrocytes, pericytes,
and microglia/macrophages as well as the presence of the
basement membrane are essential in ensuring the highly
specialized barrier properties. All components are integral
in maintaining a homeostatic balance and the integrity of
the brain and retina in both healthy and disease states. Of
particular importance in maintaining BBB and iBRB integrity is
claudin-5, the most highly enriched tight junction component
which when dysregulated has been linked to a number of
neurodegenerative pathologies. In recent years the involvement
of claudin-1, -3, and -12 in BBB integrity and function
has come into dispute as these claudin family members
are found to be expressed at extremely low levels in the
brain endothelium.
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