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Abstract The peripheral (PNS) and central nervous system
(CNS) are delicate structures, highly sensitive to homeostatic
changes—and crucial for basic vital functions. Thus, a selec-
tion of barriers ensures the protection of the nervous system
from noxious blood-borne or surrounding stimuli. In this
chapter, anatomy and functioning of the blood—nerve
(BNB), the blood-brain (BBB), and the blood—spinal cord
barriers (BSCB) are presented and the key tight junction
(TJ) proteins described: claudin-1, claudin-3, claudin-5,
claudin-11, claudin-12, claudin-19, occludin, Zona
occludens-1 (ZO-1), and tricellulin are by now identified as
relevant for nerval barriers. Different diseases can lead to or be
accompanied by neural barrier disruption, and impairment of
these barriers worsens pathology. Peripheral nerve injury and
inflammatory polyneuropathy cause an increased permeabili-
ty of BNB as well as BSCB, while, e.g., diseases of the CNS
such as amyotrophic lateral sclerosis, multiple sclerosis, spinal
cord injury, or Alzheimer’s disease can progress and worsen
through barrier dysfunction. Moreover, the complex role and
regulation of the BBB after ischemic stroke is described. On
the other side, PNS and CNS barriers hamper the delivery of
drugs in diseases when the barrier is intact, e.g., in certain
neurodegenerative diseases or inflammatory pain.
Understanding of the barrier - regulating processes has already
lead to the discovery of new molecules as drug enhancers. In
summary, the knowledge of all of these mechanisms might
ultimately lead to the invention of drugs to control barrier
function to help ameliorating or curing neurological diseases.
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Anatomy and function

Barriers in peripheral nerves: blood-nerve and myelin
barriers

The peripheral nerve has several protective measures to shield
itself from external influence. Each axon is surrounded by the
endoneurial layer (Fig. 1). A number of axons together form a
fascicle, surrounded by a protective layer, the perineurium. A
group of fascicles, in turn, is comprised by the rather solid
epineurium, an extension of the dura mater. While complexity
and thickness vary across species, two structures have been
shown to be key to the blood—nerve barrier (BNB)—the peri-
neurium and endoneurial vessels. The perineurium can be
divided into two parts, the external pars fibrosa and the inter-
nal pars epitheloidea. While the first has mainly mechanic
functions, it is the latter that serves as diffusion barrier. It
wraps around the fascicle in several lamellar layers, each
one cell thick. Every layer is covered by a basal lamina, com-
posed of epithelioid myofibroblasts, which account for stretch
compliance properties [11]. The cells, flattened squamous
cells of non-polarized architecture, are interconnected by tight
junctions (TJs), gap junctions, and adherens junctions to
maintain homeostasis. TJ proteins in the perineurium include
zona occludens-1 (ZO-1), claudin-1, claudin-3, and occludin
[87] as well as claudin-19 and tricellulin [94]. Perineurial cells
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Fig. 1 Barriers in the peripheral
nerve. The blood—nerve barrier
(BNB) consists of the
perineurium (right insert) and
endoneurial vessels. The
mesaxon, Schmidt-Lantermann
incisures, and the perinodal
region form the myelin barrier
(left insert). Schematic display of
main components as well as TJ
proteins found in the histological
sections. Red dots mark TJs
formed in compact myelin

Mesaxon
Cldn-1, Cldn-3, Cldn-19,
Ocln, ZO-1, Tric

originate from the central nervous system (CNS), arising
as ventral spinal cord glia before migrating into the
periphery [61]. Schwann cell-derived desert hedgehog
protein (DHH) signals the formation of the connective
tissue sheath around peripheral nerves [82].

The endoneurium contains endoneurial fluid, similar
to the cerebrospinal fluid of the CNS. To maintain ho-
meostasis and protect the nerval microenvironment,
blood-borne toxins have to be minimized, yet a con-
trolled blood-nerve exchange must be allowed to nourish
nerval and other tissues. This regulation is maintained by
endothelial cells of endoneurial vessels, an intrinsic vas-
culature, occupying about 1% of the endoneurial area.
They are sealed by TJs, more permeable than the peri-
neurium. Rather leaky at birth, endoneurial TJs develop
and tighten only gradually [57] [87]. Their main constit-
uents are claudin-5, occludin, and ZO-1 [74].

Besides the BNB, myelinating Schwann cells consti-
tute a further feature to protect the peripheral nerve, the
myelin barrier. These glia cells wrap around neurons in
multiple sheaths to protect and isolate neurons thereby
increasing their conductance velocity. The mesaxon is
the double-layered membrane of a Schwann cell that
envelops a nerve axon. While the outer mesaxon con-
nects to the compact myelin sheath, the inner mesaxon
continues to the last sheath opposite the neuronal cell
membrane. TJ proteins expressed are claudin-1, claudin-
3, claudin-19, occludin, ZO-1, and tricellulin [2].

The process of myelination leaves small clefts referred to as
Schmidt-Lantermann incisures, which allow communication
between layers by connecting Schwann cell cytoplasm to the
inner layer of the myelin sheath. TJ proteins found here are
claudin-1, claudin-3, claudin-5, claudin-12, occludin, and ZO-
1. Myelination of the nerve is interrupted by node of Ranvier
to facilitate salutatory nerve conduction. Close by, in the
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paranodal region, the barrier is sealed by claudin-1, claudin-
19, occludin, ZO-1, and tricellulin [2].

Associated with the myelin barrier is an additional
protein, peripheral myelin protein 22 (PMP22). It is a
22-kDa transmembrane glycoprotein made up of 160
amino acids. PMP22 expression is highest in
myelinating Schwann cells of peripheral nerves, where
it plays an essential role in the formation and mainte-
nance of compact myelin [78]. PMP22-like immunore-
activity is associated with markers of the tight junction-
al complex, including ZO-1 and occludin. Upon disrup-
tion of intercellular contacts, PMP22 is internalized into
vesicles [78]. PMP22 deficiency affects nerve conduc-
tion not through removal of myelin, but through disrup-
tion of myelin junctions [32]. It is the underlying cause
for an inherited neuropathy, hereditary neuropathy with
liability to pressure palsies (HNPP). Duplication of
PMP22 leads to a neuropathy called Charcot—Marie—
Tooth disease type 1A (CMTI1A) (both reviewed in
[102]).

Blood—brain barrier

The existence of the blood-brain barrier (BBB) was first
described by Ehrlich more than 100 years ago. The
endothelial BBB, composed of the highly specialized
CNS microvascular endothelial cells, and the epithelial
blood—cerebrospinal fluid barrier (BCSFB), composed of
the choroid plexus epithelial cells, protect the CNS from
the constantly changing milieu in the blood stream, as
well as infections and toxins (reviewed in [108]). In
addition, brain capillaries are covered by mature
pericytes sharing the basement membrane with the en-
dothelium. Astrocytic end feet form the outer layer of
the mature capillaries. Pericytes and astrocytes secret
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matrix proteins of the basement membrane. The highly
coordinated activity of multiple cell types including vas-
cular cells (endothelial cells, pericytes, and smooth mus-
cle cells), glia (astrocytes, oligodendroglia, and microg-
lia), and neurons is summoned as the neurovascular
unit.

Endothelial cells seal the barrier via TJ proteins in-
cluding claudin-3, claudin-5, and claudin-12, summa-
rized in [34, 79]. The expression of claudin-1 is low
and probably dependent on the species. Claudin-5 is
mainly localized in capillary endothelial cells and less
in choroid plexus epithelial cells. Claudin-5 is >100
times higher expressed than any other claudin and it
dominates the TJs of the BBB [80]. Besides claudins,
occludin and tricellulin are found in the BBB [43]: nu-
merous reports demonstrate cell-cell contact localization
of occludin in vivo and in primary brain ECs; however,
its function is beyond barrier sealing (reviewed in [34,
79]). Tricellulin was recently identified in tricellular and
less in bicellular contacts of human brain endothelium
[43]. In addition to TJ proteins, endothelial cells express
multiple substrate-specific transport systems that control
transport of nutrients, energy metabolites, and other es-
sential molecules from blood into the brain and the
transport of metabolic waste products from the brain’s
interstitial fluid into the blood. Pericytes share a base-
ment membrane with endothelial cells and form direct
synaptic-like peg-socket focal contacts with endothelium
through N-cadherin and connexins, allowing exchanges
of ions, metabolites, second messengers, and ribonucleic
acids between the two cell types. Astrocytes contribute
to the dynamic regulations in the neural system, but it
remains unclear whether astrocytes are essential for
BBB maintenance.

Blood—spinal cord barrier

The spinal cord, part of the CNS, connects the brain to
the PNS. Its center contains the gray matter, neuronal
perikarya, while the surrounding white matter consists
of axons (reviewed in [6]). The spinal cord is, analogous
to the brain, surrounded by three meninges, pia,
arachnoidea, and dura. As a homeostatic microenviron-
ment is also of utmost importance to the spinal cord
function, it is protected from external, blood-borne influ-
ence by the blood—spinal cord barrier (BSCB). As it is
mainly formed by non-fenestrated capillary endothelial
cells, a basal lamina, and pericyte and astrocyte foot
processes, one crucial TJ constituent is claudin-5, along
with occludin and ZO-1 [109]. Compared with the BBB,
it is more permeable for tracers [86] and cytokines [81],
partly due to a relative decrease in occludin and ZO-1
[6]. Expression of claudin-1 and claudin-5, however,

resembles the BBB. The BSCB and BBB together are
sometimes referred to as blood—CNS barrier (BCNSB).

Specific TJ proteins in the nervous system
70-1

Z0-1 is not a transmembrane protein but a cytoplasmatic
TJ-associated protein, organizing its composition
(reviewed in [31]). TJ proteins are connected to cortical
actin cytoskeleton via multi-domain scaffolding proteins
of the peripheral membrane-associated guanylate kinase
(MAGUK) family, i.e., ZO-1, ZO-2, and ZO-3. ZO-1 and
Z0-2 independently determine whether and where
claudins are polymerized [101]. ZO-1 deficiency disrupts
TJs, and reduced ZO-1 levels are associated with barrier
breakdown in many neurological disorders [50].

Claudin-1

The first and most prominent member of the claudin fam-
ily, claudin-1, was described in 1998 by Furuse et al. [25].
It is a 22-kDa protein, consisting of 211 amino acids and
present in various tissues. Besides liver and intestines,
claudin-1 is expressed both in the PNS as well as in the
CNS and plays a pivotal role especially in maintaining the
BNB. In the peripheral nerve, it is found mainly in the
perineurium, in endoneurial vessels, as well as in the
mesaxon, Schmidt-Lantermann incisures, and paranodal
loops of myelinating Schwann cells [2, 85]. Claudin-1
binds to the PDZ domain of ZO-1 [42]. Moreover, it
forms dimers with other claudins, such as claudin-2 and
claudin-3 (reviewed in [7]). Claudin-1 null mice have a
lethal phenotype, owing to cutaneous dehydration caused
by absence in epidermal stratum granulosum TJs [26].
This suggests such crucial role for claudin-1 in TJs that
cannot be compensated for by other TJ proteins.

Claudin-1 is regulated by several factors. Serin thre-
onine kinases such as glycogen synthase kinase 3
(GSK-3) control TJ stability by inducing expression of
claudin-1 and occludin, amongst others [95]. Another
group of regulators are microRNAs (miR). MiRs are
additional post-transcriptional regulators of gene expres-
sion that can silence target genes by translation inhibi-
tion, messenger RNA (mRNA) decay, or both. In intes-
tinal epithelia, for example, application of miR-29b
leads to downregulation of claudin-1 and consequent
breakdown of the epithelial intestinal barrier [110].
Perineurial injection of miR-183 mimics reduces both
claudin-1 RNA and protein expression [107].
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Claudin-3

Claudin-3, a sealing protein of 23 kDa, is ubiquitously
expressed in almost all organs with the highest levels of ex-
pression in intestine, lung, liver, and testis. Expression in the
whole brain is rather low, but it is detectable at the borders of
BBB-forming endothelial cells in various species (reviewed in
[34]). In the peripheral nerve, claudin-3 is located in the
Schmidt-Lantermann incisures and in the mesaxon in humans
but not in rodents [2]. As early as 23 weeks, claudin-3 is
detectable in the fetus, and Schmidt-Lantermann incisures
can be identified by 37 weeks [87].

Claudin-3 is important for the maintenance of the BBB
[34]. Claudin-3 KO have an impaired BCSFB and experience
a more rapid onset and exacerbated clinical signs of experi-
mental autoimmune encephalomyelitis. This coincides with
enhanced levels of infiltrated leukocytes in their CSF [54].
In brain endothelial cells, inactivation of (3-catenin causes
significant downregulation of claudin-3, up-regulation of plas-
malemma vesicle-associated protein, and BBB breakdown
[68].

Claudin-5

Claudin-5 has first been described as mutated in congenital
velo-cardio-facial syndrome and DiGeorge syndrome, caus-
ing cleft palate, heart defects, and facial dysmorphism [97],
hence its initial symbol transmembrane protein deleted in
VCFS (TMVCEF). 1t is a 31.6-kDa protein, expressed in a
multitude of tissues including lung, heart, gut, and skeletal
muscle. Like claudin-1, it can form homo-dimers [7]. It was
the first claudin to be identified as specifically endothelial by
Morita et al. in 1999 [74]. It appears crucial in maintaining the
BBB, causing a stronger barrier sealing in the BBB than in
endothelia of other tissues. This is supported by the KO phe-
notype: null mice show BBB permeation for molecules of
~800 Da. Though macroscopically normal, mice die within
10 days after birth [77]. In the peripheral nerve, it is present in
endothelial cells of endoneurial vessels, as well as mesaxons
and Schmidt-Lantermann incisures [85].

Claudin-11

When claudin-11 was first described, it was named
oligodendrocyte-specific protein (OSP). As a 24-kDa trans-
membrane protein, it was then assigned to the group of TJ
proteins (claudin-11) found in CNS myelin and testis [28].
Tight junctions of the BCSFB are characterized by parallel
running particle strands probably induced by claudin-11. In
addition to its sealing properties, claudin-11 acts as an
autoantigen in the development of autoimmune demyelinating
disease [51]. Recent evidence demonstrated that anti-claudin-
11 antibodies do not recognize native glial claudin-11 and
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may therefore rather represent an epiphenomenon in multiple
sclerosis [4].

In myelinated nerve fibers, claudin-11 is located in the
outer mesaxon and paranodal loops and in Schmidt—
Lantermann incisures [15]. Claudin-11 affords rapid nerve
conduction principally for small diameter myelinated axon.
Claudin-11 KO mice have motor deficiencies, slowed CNS
conduction, and males are sterile. Myelin and axonal struc-
tures are kept, but the insulating properties are damaged there-
by hampering proper signal conduction. In addition, the action
potential threshold is increased and potassium channels are
activated in claudin-11 KO [16]. Myelin lacking claudin-11
is more permeable to water and small osmolytes but has a
preserved structure, stability, and membrane interaction [15].
In summary, claudin-11 creates an electrically tight barrier in
myelinated nerves.

Claudin-12

Claudin-12, a 27.1-kDa protein, is one of the few claudins that
do not possess a PDZ binding motif. Phylogenetically, it ap-
pears to be only distantly related to all other claudins
(reviewed in [31]). Claudin-12 is located in the intestine as
well as in the BBB and in the BNB. In rat brain capillary cells,
expression of claudin-12 mRNA is 751-fold lower than that of
claudin-5 [80]. In absence of claudin-5, claudin-12-based TJ
in brain—blood vessels appear to function as a molecular sieve:
they allow only small molecules (less than 800 Da) to pass
across TJs [77]. Claudin-12 seems to be involved in
paracellular Ca®* permeation, since knock-down decreases
the effect of vitamin D-induced Ca** transfer across epithelial
cell cultures [22].

Claudin-19

Claudin-19, of 23 kDa, is the only claudin expressed in the
PNS but not in the CNS. It is located not only in Schwann
cells paranodal region, mesaxon [2], facilitating TJ assembly
[32] but also in the perineurium [94]. Claudin-19 KO mice are
vital and fertile but have motor deficit resembling a peripheral
neuropathy and lack TJ building in Schwann cells [72].
However, Schwann cell wrapping and forming of node of
Ranvier is not impaired, suggesting no role of claudin-19 in
cell polarity [72]. Moreover, claudin-19 functions as Cl~
blocker. Together with claudin-16 as Na* channel, it regulates
paracellular ion reabsorption in TJs, e.g., in the kidney [38].

Occludin

Occludin was the first integral TJ membrane protein to be
discovered by Furuse et al. in 1993 [23]. Itis a 56-kDa peptide
with four transmembrane segments. It is associated with ZO-1
through its long COOH-terminal cytoplasmic domain that is



Pflugers Arch - Eur J Physiol (2017) 469:123-134

127

required for TJ localization [24]. In the peripheral nervous
system, it is present in the perineurium, in endothelial cells
of endoneurial vessels as well as in Schmidt-Lantermann
incisures and mesaxon of myelinating Schwann cells [2]. In
the CNS, it constitutes endothelial TJs of both BSCB and
BNB. Occludin KO mice are vital but have retarded postnatal
growth [91]. Fertility is reduced in males whereas females
produce expected litters when mated with wild-type. In
occludin KO mice, TJs appear intact, as does the intestinal
barrier function. Yet, histological pathologies were observed,
such as chronic inflammation and hyperplasia of the gastric
epithelium, calcification in the brain, testicular atrophy, loss of
cytoplasmic granules in striated duct cells of the salivary
gland, and thinning of the compact bone [91]. This is in line
with findings that lack of occludin does not necessarily com-
promise TJ function: Ikenouchi et al. have shown that
tricellulin, a protein located in tricellular junctions, can par-
tially take over occludin function in bicellular junctions [41].
Tyrosine phosphorylation in occludin leads to disassembly
and dysfunction of the BBB, e.g., through oxidative stress.
In this context, it seems that the MAPK-ERK pathway is
crucial in maintaining the barrier [92].

Tricellulin

Tricellulin (also known as MARVELD?) is localized mainly in
tricellular TJs and sparsely in bicellular TJs [40]. It is consid-
ered to play a key role in the organization and function of both
tricellular and bicellular TJs [45]. Tricellulin is widely
expressed in various epithelial cells, including the intestine,
hepatocytes, nasal mucosa, cochlear hair cells and the perineu-
rium [94]. It is also detected in non-epithelial cells, such as
nerve fibers, microglia, and Schwann cells [53]. Tricellulin is
localized in the same areas as claudin-19: the mesaxon,
Schmidt-Lantermann incisures, and paranodal loops. The ex-
pression level of tricellulin mRNA is about 10-fold higher in
the sciatic nerve than in the spinal cord or cerebrum, pointing
towards a critical role of tricellulin in the peripheral nerve [53].
Tricellulin protein and mRNA are also found in choroidal epi-
thelial cells in vitro localized at the tricellular contacts, co-
localizing with occludin.

Overexpression of tricellulin in epithelial cells forms a bar-
rier in tricellular TJs that only prevents macromolecule pene-
tration [58]. As tricellular TJs are supposed to be a weak point
of the total network, tricellulin plays a regulating and tightening
role here to establish the paracellular barrier. Tricellulin
KO mice suffer from early-onset rapidly progressive hearing
loss associated with the degeneration of hair cells [45].
Mutations in tricellulin lead to nonsyndromic hearing loss
(DFNB49) [75]. Downregulation of tricellulin by small inter-
fering RNA (siRNA) increases the blood—cerebrospinal fluid
barrier permeability corroborated by decreased transendothelial
electrical resistance and an increased FITC-dextran flux [99].

In conclusion, tricellulin and occludin regulate the passage
of macromolecules through the TJ. Tricellulin directly limits
the passage through tricellular TJs and removes this limit
when downregulated [60]. Occludin downregulation seems
to increase macromolecule permeability either directly by
own action or indirectly by pulling tricellulin out of tricellular
TJs or both [1, 59, 13].

Diseases
Nerve injury

Nerve injury denotes the damage of a peripheral nerve, i.e.,
either damage of the myelin with the axon intact
(neuropraxia), the damage of the axon itself, but sparing the
epineurium (axonotmesis), or damage of the entire neuron
(neurotmesis). In animals, peripheral nerve injury leads to a
disruption of the BNB. After crush injury of the rat sciatic
nerve, mRNA for claudin-1, claudin-5, and occludin are
quickly downregulated in the endoneurium and perineurium,
but gradually recover from day 2 on [36]. Also in rats, after
chronic constriction injury (CCI; a ligation of the sciatic nerve
causing neuropathic pain), BNB leakage is observed as early
as 6 h after surgery [73]. BNB opening occurs thus before the
development of a neuropathic phenotype which evolves over
days. As compared with sham-operated animals, mRNA and
protein for both claudin-5 and occludin are decreased even
carlier, starting 3 h after CCI. Downregulation peaks at 7 days,
i.e., concordant with the phenotype, but is maintained for
2 months. A similar pattern is observed for the corresponding
proteins in endothelial cells of endoneurial vessel [73].
Moreover, Echeverry et al. showed that peripheral nerve inju-
ry (partial sciatic nerve ligation) leads to BSCB disruption
including downregulation ZO-1 and occludin possibly due
to spinal inflammatory reaction [18]. The proteins and thereby
TJ function can be rescued by application of anti-
inflammatory cytokines such as TGF-{31.

Inflammatory polyneuropathy

Inflammatory polyneuropathies in patients as well as preclin-
ical models often exhibit an enhanced BNB permeability. In
fact, barrier disruption with consequent edema [100] is often
regarded as key component leading to the full phenotype of,
e.g., autoimmune polyneuropathies, such as the acute
Guillain—Barré syndrome (GBS) or chronic inflammatory de-
myelinating polyradiculoneuropathy CIDP [49]. In GBS,
while demyelination remains the pathognomonic factor, also
axonal damage occurs. The BNB appears compromised espe-
cially in the endoneurial endothelia, an observation endorsed
by in vitro experiments: incubation with GBS sera leads to
disruption of the endoneurial barrier [46]. Yet, it is not
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understood whether antibodies directly cause the barrier
breakdown or whether opening via inflammatory factors
elicits these changes and ultimately causes demyelination.
Recently, an animal model of GBS was established showing
extensive BNB leakage [106].

In biopsy samples of CIDP patients, Kanda et al. observed
a downregulation of claudin-5 but not of claudin-1 or occludin
[47]. The same group later corroborated these findings
through an in vitro study: incubation with sera from CIDP
patients leads decreased expression of claudin-5, but not of
occludin protein, in endothelial BNB cells [96]. Interestingly,
application of hydrocortisone leads to recovery of claudin-5
(but does not affect occludin) and barrier resistance [49]. The
authors argue that TJ breakdown favors entry of inflammatory
cytokines and immunoglobulins into the endoneurium
distorting the microenviroment and, ultimately, worsening
the neuropathy. In a very small study conducted by Manole
et al., an increase of claudin-1 protein was observed in biopsy
samples from CIDP patients while the analysis of occludin
remained inconclusive [70].

Spinal cord injury

Damage to the vasculature and breakdown of the BSCB is
a universal consequence of spinal cord injury (SCI), clin-
ically as well as in animal models [6]. Within minutes, the
barrier is open to tracers of various sizes. Occludin,
claudin-5, and ZO-1 are rapidly degraded (8 h to 1 day)
and pericytes dissociate from endothelial cells. In parallel,
metalloproteinases (MMP) are upregulated and endoplas-
mic reticulum stress is activated. Several other factors are
involved in the pathophysiology: oxidative stress, free
radicals, as well as endothelin-1 as a vasoconstricting pep-
tide worsen SCI while aquaporin-4 provides protection by
facilitating edema clearance [105].

The elucidation of the pathophysiology led to the dis-
covery of several inhibitors preventing the degradation of
TJ proteins and thereby improving recovery from SCI.
These include MMP-inhibitors, antidepressants, hormones
and chemical chaperones. After SCI, MMP-3 is rapidly
upregulated via NFkB, degrades occludin, ZO-1, and
claudin-5, and activates MMP-9 [66]. The cascade opens
the BSCB, which is mimicked by intrathecal MMP-3 in-
jection and lost in MMP-3 KO mice or after treatment
with MMP-3 siRNA or a MMP-3 inhibitor. Likewise, flu-
oxetine, an antidepressant and serotonin reuptake inhibi-
tor, prevents BSCB disruption and occludin/ZO-1 down-
regulation and improves function recovery from spinal
cord injury via inhibition of MMPs [65]. Similarly, estro-
gen can improve BSCB function after spinal cord injury
[67]. Both treatments reduce the extravasation of
neutrophils/macrophages and decrease proinflammatory
cytokine and chemokine production. The chemical
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chaperone, phenylbutyric acid, has been recently applied
to various diseases that involve a regulatory mechanism
of the endoplasmic reticulum stress response. Application
of phenylbutyric acid prevented the loss of tight proteins
(occludin and claudin-5) in mice with SCI and in vitro in
brain microvascular endothelial cells [111]. In summary,
inhibition of barrier breakdown improves the outcome af-
ter SCL

Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a neurodegenera-
tive disorder concerning the first and second motoneu-
rons. It causes progressive motoric paresis including mus-
cles of respiration, the paralysis of which is usually the
lethal factor. While the exact pathogenesis is not yet clear,
BSCB disruption is established as one crucial early factor.
As early as 1984, blood-borne factors have been described
in the motor cortex and spinal cord of ALS patients, sug-
gesting BCNSB impairment [17]. Later on, Zhong et al.
could show BSCB permeability in SOD1 mutant mice, an
ALS rodent model [109]. Protein levels of ZO-1,
occludin, and claudin-5 are reduced, leading to
microhemorrhage, entry of neurotoxic hemoglobin prod-
ucts, and, ultimately, hypoperfusion. As this endothelial
damage occurs prior to motoneuron degeneration and
neurovascular inflammation, the authors argue that this
barrier dysfunction might be the initial event leading to
ALS. This is endorsed by the fact that closing the BSCB
at an early disease stage retards the advancement of ALS
[104]. Analogous observations have been made in post-
mortem tissue of ALS patients: ZO-1 was decreased in
medulla, cervical, and lumbar spinal cord samples, in both
gray and white matter, whereas occludin and claudin-5
protein were reduced only in the medulla and cervical
spinal cord [27]. It has recently been proposed that
claudin-5 expression is diminished in ALS via an altered
[3-catenin/AKT/FoxO1 pathway [71]. In summary, BSCB
breakdown facilitates entry of noxious products and stim-
ulates ALS disease progress.

Multiple sclerosis

In CNS diseases, particular tumors, and inflammation or
multiple sclerosis, the BBB is disrupted as a primary or
secondary process in the pathophysiology of the disease.
Hallmarks of multiple sclerosis are perivascular infiltrates
of autoreactive, encephalitogenic T cells, demyelination,
neuronal loss, and BBB disruption in acute inflammatory
lesions. However, the regulation and relevance of TJ pro-
teins in autoimmune neuroinflammation are not complete-
ly understood. Claudin-5 [20] and claudin-3 [83] are de-
creased in the endothelium in experimental autoimmune
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encephalomyelitis (EAE). Several molecules and path-
ways have been identified in the past two decades.

Cytokines regulate the BBB in EAE: TNF-« increases the
permeability of the BBB by reducing the expression of
occludin and claudin-5. Vascular endothelial growth factor
affects the BBB integrity by downregulating claudin-5 [3],
and interleukin-17 also diminishes the expression of ZO-1
and occludin [52]. Nerve/glial antigen 2* glia is the major
CNS cellular target of IL-17 in EAE [48].

Netrins are laminin-related proteins that regulate cell mi-
gration and influence cell—cell and cell-substrate adhesion
best known for their axonal guidance functions (reviewed in
[88]). Apart from this function, netrin-1 supports BBB integ-
rity by upregulating endothelial junctional protein expression
[84]. Netrin-1 treatment reduces diffusion across the BBB
in vitro and in vivo in EAE. This is accompanied by preven-
tion of claudin-5, occludin, and JAM-A loss [103] and an
improved clinical phenotype in EAE mice. Also, miR-155 is
highly elevated in acute multiple sclerosis (MS) lesions in
patients and in EAE in mice [69]. It induces delocalization
of ZO-1 from the cell—cell contacts and targets claudin-1.

Several approaches have been used to prevent BBB disrup-
tion in experimental EAE. Treatment with a small molecule
inhibitor of PKC-Cf3 presumably stabilizing the cytoskeleton
improves the clinical features of EAE in mice [63]. Similarly,
overexpression of claudin-1 significantly reduces BBB leaki-
ness and disease burden in the chronic phase of EAE indepen-
dent of immune cell infiltration [83]. In summary, BBB
sealing via claudin-1 overexpression, IFN-y [76], NG2 KO
or microRNA-155 antagomirs, netrin-1, and PKC-Cf3 inhibi-
tion ameliorate the clinical picture of MS/EAE.

Ischemic stroke

Ischemia is a hypoperfusion of tissue or an organ, mostly
caused by stenosis or occlusion of blood vessels. In the brain,
itis the leading cause of stroke. Ischemic stroke can be divided
into two stages, ischemia and reperfusion, as well as two re-
gions, the core area and the ischemic penumbra. The impaired
supply of oxygen and glucose leads to anaerobic stress and
starts a cascade of ATP depletion, efflux of excitotoxic gluta-
mate, ion shifts, and metabolic imbalance with acidosis, oxi-
dative stress, and initiation of inflammation. These events di-
rectly affect the BBB in the core area and lead to cytotoxic
edema: lactic acidosis leads to cell swelling, and protease in-
duction (e.g., tPAs and MMPs) contributes to degradation of
the extracellular matrix and detachment of cells from the ex-
tracellular matrix [30]. In vitro experiments in bEND.3 cells
showed that hypoxia alters both claudin-5 localization and
expression in the plasma membrane leading to a decrease in
transendothelial electrical resistance and permeability of the
barrier for smaller molecules with a phenotype resembling the
claudin-5 KO mouse [56]. Moreover, occludin and ZO-1

expression is decreased after experimental induction of cere-
bral embolism in isolated rat brain capillaries [44]. ZO-1 (and
Z0-2) is relocated towards the cell nucleus [21].

The molecular underlying pathways are multiple.
Kinases such as tyrosine kinases and myosin light-chain
kinase are known to regulate TJ proteins and might be
activated here by calcium dysregulation [10].
Furthermore, inflammatory cytokines like TNF-o disrupt
the BBB by activating MMPs and NF«B [9, 37]. Last but
not least, oxidative stress is crucial in altering the BBB: in
Caco-2 cells, it elicits tyrosine phosphorylation of ZO-1
and occludin, amongst others, leading to redistribution,
less dimer-formation of the two, and decrease in
transepithelial electric resistance [89]. The reperfusion
phase is marked by initial paracellular disassembly due
to an increased cerebral blood flow and loss of cerebral
autoregulation. Early experimental data using mid-
cerebral artery occlusion (MCAO) in cats suggest two
further permeability peaks [39, 62]. This biphasic model
has been endorsed by other studies but may vary due to
extent and duration of the ischemia. It is argued that after
the initial hyperemia has faded into a latent hypoperfu-
sion, TJs first re-assembly and regenerate before a next
phase of permeability is caused by free radicals released
after inflammatory and oxidative stress in combination
with enzymatic activity and degradation of the extracellu-
lar matrix [35]. The last peak in permeability is proposed
to be caused by neoangiogenesis which reconstructs the
BBB with alternating assembly and disassembly phases
[93]. Ultimately, this leads to a vasogenic edema peaking
about 2—5 days after onset [35]. It is to be noted that the
size of this edema is the main determinant of the clinical
outcome. As it has a propensity to white matter, its effect
is more pronounced in humans than, e.g., in rodents. To
sum up, BBB disruption and reconstruction due to vola-
tility in perfusion, oxidative stress, and neoangiogenesis is
a key component in vasogenic edema after ischemic
stroke.

Alzheimer’s disease

Alzheimer’s disease (AD) patients develop an early
neurovascular dysfunction, progressive neurodegeneration, se-
lective loss of neurons, and amyloid accumulation in the brain.
In particular, AD is characterized by the presence of amyloid
(AP) plaques and neurofibrillary tangles in the brain. The
neurovascular hypothesis of AD proposes that cerebrovascular
dysfunction and disruption in the neurovascular integrity contrib-
ute to the onset and progression of cognitive decline. Primary
damage of the cerebrovasculature leads to brain accumulation of
blood-derived neurotoxins, and the decrease in brain perfusion
causes neuronal injury. Prominent variants of the amyloid pre-
cursor protein (APP) A3 consist of the first 40 (A ;_40) and 42
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(Af1_4) amino acids. A3 produced in the brain binds to low-
density lipoprotein receptor-related protein-1 (LRP-1) at the
abluminal side of the BBB, causing its rapid internalization into
endothelial cells and clearance through the blood. A recently
created brain endothelial cell-specific LRP-1 KO confirmed this
pathway [98].

In vitro, amyloid peptide A3, 4, enhances permeabil-
ity, reduces ZO-1, claudin-5 and occludin expression,
and increases intracellular calcium and MMP secretion
in cultured endothelial cells [55]. Similarly, in vivo, ce-
rebral amyloid angiopathy is accompanied by a dramatic
loss of occludin, claudin-5, and ZO-1 in Af3-laden cap-
illaries surrounded by NADPH oxidase-2-positive acti-
vated microglia. Likewise, TJs in SXFAD mice, a model
for AD, appeared to be of significantly shorter lengths
than TJs seen in littermate mice. A3 is toxic to brain
endothelial cells via binding to RAGE and induction of
reactive oxygen species, which also ultimately leads to
disruption of TJs and loss of BBB integrity [12].
In vivo intracerebroventricular injection of A3;_4, first
decreases ZO-1, claudin-1, and occludin and subse-
quently claudin-5, increases MMP gene expression in
the choroid plexus epithelial cells and opens the
BCSFB but not the BBB [8]. In summary, evidence
supports the barrier opening properties of AP peptide
presumably via MMPs. Nevertheless, it should be kept

in mind that age per se is associated with decreased
clearance of A3 by LRP-1 and a loss of ZO-1 and
occludin in the mouse brain [19].

Therapeutic barrier opening for drug delivery

Although barrier function of the BBB, BNB, and BSCB are
crucial to maintain the function of the respective compartment
of the nervous system, they also hinder the penetration of
drugs. Several approaches have been explored to overcome
the barrier, e.g., for the treatment of brain neoplasias, certain
neurodegenerative disorders, metabolic diseases, or pain
treatment.

Opening of the BBB

Drug delivery across the BBB has been a challenge for de-
cades [5]. So far, explored approaches include receptor-
mediated transcytosis and BBB disruption as well as certain
carriers. Synthetic carriers involve liposomes, metallic nano-
particles, and polymersomes (reviewed in [64]). Furthermore,
certain TJ modulators have therapeutic potentials including
claudin-5 and occludin siRNAs, peptides derived from zonula
occludens toxin, as well as synthetic peptides targeting the
extracellular loops of TJs (reviewed elsewhere in [29]).
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Fig. 2 Opening of the perineurial barrier for delivery of opioids or Na,
blockers for analgesia. Peripheral neurons including nociceptors (yellow)
are surrounded by the perineurium composed of perineurial cells
(orange). Pain arising in the periphery is transduced via nociceptors to
the dorsal horn of the spinal cord. On nociceptors, |t opioid receptors
(green) and voltage-gated sodium channels (red, e.g., Nay1.7) are
expressed. Both are specific targets for analgesics like opioids (green
triangles) or Na, blockers (red circles) on nociceptors. Perineurial cells
express LRP-1. Physiologically, the BNB is sealed between pericytes by
TJ proteins like claudin-1. For barrier opening, LRP-1 agonists like tissue
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plasminogen activator (rtPA) or catalytically inactive rtPA (rtPAi) can be
applied locally. This induces Erk phosphorylation and upregulation of
microRNA-29b (miR-29b) or miR-183. Both miRs bind to the
untranslated region of the claudin-1 gene. microRNA binding leads to
transcriptional repression and reduced formation of claudin-1 in the BNB.
This process allows sodium channel blockers or opioids to pass
paracellularly, bind to their receptors on nociceptors, and inhibit
transmission of painful signals from the periphery to the spinal cord
[33,107]
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Opening of the BNB for analgesics

Current treatment of pain is limited to common pain killers
and opioids with known side effects. Analgesic drugs applied
near the nerve are restricted to lipophilic local anesthetics such
as lidocaine, which block all nerve fibers including motor
neurons. Ideally, pharmaceutical agents for regional analgesia
should only block pain receptors (nociceptors) and spare mo-
tor and sensory neurons. Two classes of hydrophilic opioids
and voltage-gated sodium channel blockers are specific for
nociceptors but cannot penetrate the perineurial barrier, which
is sealed by claudin-1. To target this barrier, several ap-
proaches have been developed comprising of non-specific
methodologies like hypertonic saline and MMP-9 [33]
(Fig. 2) as well as more specific methods like claudin-1
siRNA [33] or claudin-1 peptidomimetics [14, 94, 112].
Barrier opening with hypertonic saline is not simply a me-
chanical disruption of TJ [90] but rather a receptor-mediated
process involving the release of MMP-9 and binding of the
non-catalytic domain of MMP-9 (MMP-9-PEX) to low-
density lipoprotein receptor-related protein 1 (LRP-1). Other
agonists of LRP-1 include recombinant tissue plasminogen
activator (rtPA). Therefore, the BNB can transiently be opened
for drug delivery via rtPA or microRNA-183, which is upreg-
ulated after rtPA [107]. All of these enhancers allow for a
transient opening of the barrier between 5 h and 5 days with-
out nerve damage as seen by the absence of
histomorphological and functional nerve changes. Via these
enhancers, selective analgesics can be applied for pain relief
with preserved motor function and sensitivity.

Summary and conclusions

The nervous system is very well protected by several barriers
including the BBB, BSCB, and BNB. Distinct tight junction
proteins form these barriers including claudin-1, claudin-3,
claudin-5, claudin-11, claudin-12, claudin-19, occludin, and
tricellulin. Some of these claudins are ubiquitously distribut-
ed, while others are only found in certain barriers or compart-
ment of barriers. Inflammatory as well as traumatic and de-
generative diseases of the nervous system are frequently ac-
companied by barrier opening. Frequently, barrier opening is
the first hallmark preceding clinical symptoms of the diseases.
Known factors regulating barrier tightness include cytokines,
growth factors, metalloproteinases, microRNAs, as well as
protein kinases amongst others. Understanding the pathophys-
iology of these barrier regulators might stimulate the discov-
ery of new drugs and novel treatments to facilitate barrier
sealing early in the disease process and limit further progres-
sion. On the other hand, the design of drug enhancers to tran-
siently overcome these barriers might prove effective for the
treatment of pain, neoplasias, or degenerative disorders.
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