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Abstract

There is strong evidence for blood-brain and blood-spinal cord barrier dysfunction at the early stages of many neuro-
degenerative diseases, including amyotrophic lateral sclerosis (ALS). Since impairment of the blood-central nervous
system barrier (BCNSB) occurs during the pre-symptomatic stages of ALS, the mechanisms underlying this pathology
are likely also involved in the ALS disease process. In this review, we explore how drivers of ALS disease, particularly
mitochondrial dysfunction, astrocyte pathology and neuroinflammation, may contribute to BCNSB impairment.
Mitochondria are highly abundant in BCNSB tissue and mitochondrial dysfunction in ALS contributes to motor
neuron death. Likewise, astrocytes adopt key physical, transport and metabolic functions at the barrier, many of
which are impaired in ALS. Astrocytes also show raised expression of inflammatory markers in ALS and ablating
ALS-causing transgenes in astrocytes slows disease progression. In addition, key drivers of neuroinflammation, including
TAR DNA-binding protein 43 (TDP-43) pathology, matrix metalloproteinase activation and systemic inflammation, affect
BCNSB integrity in ALS. Finally, we discuss the translational implications of BCNSB dysfunction in ALS, including the
development of biomarkers for disease onset and progression, approaches aimed at restoring BCNSB integrity and
in vitro modelling of the neurogliovascular system.
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Main text

There is strong evidence for blood-brain and
blood-spinal cord barrier (BBB, BSCB) dysfunction
at the early stages of many neurodegenerative
diseases (NDDs), including amyotrophic lateral

sclerosis (ALS)."? Since impairment of the blood-
central nervous system barrier (BCNSB) occurs
during the pre-symptomatic stages of ALS, the mech-
anisms underlying this pathology are likely also
involved in the ALS disease process. In this review,
we explore how drivers of ALS disease, particularly
mitochondrial dysfunction, astrocyte pathology and
neuroinflammation, may contribute to BCNSB impair-
ment. Additionally, while the BCNSB is often consid-
ered to be an obstacle to clinical intervention, its
disruption in ALS presents diagnostic and therapeutic
opportunities.
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The blood-central nervous system barrier

The BCNSB separates the brain and spinal cord paren-
chyma from the general circulation. This barrier con-
trols the influx and efflux of substances to maintain the
CNS microenvironment, which is required for nervous
system function.” The BCNSB facilitates the transport
of amino acids, vitamins and sugars via carrier-
mediated mechanisms while larger molecules such as
lipoproteins and hormones cross using specific recep-
tors. The barrier also restricts the movement of neuro-
toxins and blood cells into the CNS and clears toxins
via efflux pumps.'

These unique properties arise from the cellular and
molecular components of the BCNSB which control
the para- and transcellular movement of substances.*
Endothelial cells (ECs) of cerebral capillaries are con-
nected by tight and adherens junctions (TJs, AlJs)
which limit the paracellular movement of toxic sub-
stances.” The key TJ proteins are occludin, claudins
and zona occludens-1 (ZO-1). ECs secrete the glycoca-
lyx, also known as the pericellular matrix, which covers
the luminal surface of blood vessels and is made up of
glycosaminoglycans. A basement membrane surrounds
endothelial cells and is in contact with pericytes, astro-
cytes and microglia.

Pericytes, which adhere to ECs, are key contributors
to BCNSB integrity and regulate transcellular vesicular
transport, matrix metalloproteinase (MMP) secretion
and blood vessel dilation.® Pericytes and ECs are
embedded in an extracellular matrix rich in collagen,
fibronectin, and laminin proteins, which is a large
source of growth factors.” Astrocyte endfeet are termi-
nal processes which surround virtually all capillary sur-
faces to form the glia limitans and, among other roles,
regulate water, glucose, and electrolyte homeostasis.

Perivascular microglia, the resident immune cells of
the brain, monitor the parenchyma for blood-derived
toxins and inflammatory stimuli that have penetrated
the BCNSB. Neurons rarely make direct contact with
the BCNSB but receive and deliver signals via pericytes
and astrocytes, which have the capacity to modulate
synapses.'

While there is significant structural and functional
overlap between the BSCB and BBB, there are a few
key differences. ECs at the BSCB express fewer TJ
proteins than those at the BBB, making the BSCB
more permeable, particularly to pro-inflammatory
cytokines.® This leaves the BSCB more vulnerable to
infiltration and susceptible to disease. The efflux pro-
tein p-glycoprotein is also downregulated at the BSCB,
causing toxins that cross the barrier to be removed
more slowly.

The neurogliovascular unit (NGVU) is a functional
structure composed of vascular cells, glial cells, neu-
rons and an extracellular matrix which controls the
blood supply to CNS tissue.” Several components of
the NGVU form part of the BCNSB and therefore
provide useful insight into cellular and molecular inter-
actions at the barrier. Similar to the BCNSB, the
NGVU has been found to be dysfunctional in many
NDDs and it is likely that these events share patho-
physiological mechanisms.

There are several ways of evaluating BCNSB func-
tion in disease. Although many studies focus on
BCNSB hyperpermeability, there are other important
features of the barrier which are likely dysregulated in
NDDs. These include the transport of nutrients
required for neuronal function and mechanisms by
which the BCNSB clears toxins and waste products
from the nervous system (Figure 1).
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Figure I. Components of the healthy blood-central nervous system barrier, including the tight junction proteins zonula occludens-|
(ZO-1), claudin and occludin. Adapted from “Endothelial Junctions in the Blood Brain Barrier”, by BioRender.com (2022). Retrieved

from https://app.biorender.com/biorender-templates.
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Amyotrophic lateral sclerosis

ALS, the most common motor neuron disease, is a
multisystem NDD characterised by progressive degen-
eration of upper and lower motor neurons. ALS has an
earlier onset than other NDDs, between the ages of
51 and 66 years, and carries a worse prognosis, with
a median survival time of only 2—4 years from diagno-
sis.'” Patients generally present with either muscular
weakness of the limbs, or bulbar symptoms, such as
dysarthria and dysphagia. Up to 50% of patients also
develop behavioural and/or cognitive impairment over
the disease course. Most patients with ALS die from
respiratory insufficiency.

The majority of ALS cases are sporadic (sALS),
with approximately 10% caused by monogenic muta-
tions (familial ALS, fALS). The most common of these
mutations are in the C9orf72, SODI1, TARDBP (TDP)
and FUS genes, which have multisystem effects."'
These risk genes are preferentially expressed by motor
neurons, which are targeted in ALS, but they are also
expressed by non-neuronal cells at the BCNSB, includ-
ing astrocytes and microglia.'*'* As sALS and fALS
are phenotypically and pathologically indistinguish-
able, generalisable conclusions can be drawn from
studies of fALS. The most common genetic causes of
ALS are a hexanucleotide repeat expansion in the
CY9orf72 gene and missense mutations in the SODI
gene. C9orf72 is part of the differentially expressed in
normal and neoplastic cells (DENN) family of proteins
and is thought to regulate endosomal trafficking and
autophagy in neurons.'*!'> Since being discovered,
C9orf72 repeat expansions have implicated aberrant
RNA processing, metabolic pathways and proteostasis
in the ALS disease process.'® Likewise, mutations in
the SOD1I gene reduce the enzymatic antioxidant func-
tion of SOD1, highlighting the role of oxidative stress
and mitochondrial dysfunction in ALS."” TDP-43
mutations also disrupt RNA regulatory mechanisms,
including transcriptional regulation, alternative splic-
ing, and mRNA stabilisation.'®

Genetic models, including both transgenic and phys-
iological rodents, have proven influential in our under-
standing of the aetiopathogenesis of ALS.'” Transgenic
approaches allow protein deposits to be studied by
overexpressing proteins which are implicated in the dis-
ease process. Conversely, models which use gene target-
ing to express mutant genes at physiological levels help
investigate disecase onset and early-stage mechanisms.
SODI1-G93A was the first transgenic mouse line to be
used for the study of ALS and displays rapidly progres-
sive motor neuron loss and limb paralysis.”® In particular,
several non-cell autonomous and neuroinflammatory
mechanisms have been replicated using the SODI
mouse model.?! However, other features of human

ALS, such as occasional bulbar onset and degeneration,
are not seen in SOD1 rodents.”> While these models do
not completely mirror the disease phenotype seen in
humans, they do allow for detailed mechanistic study of
neurodegeneration and screening of drug targets.

It is now acknowledged that ALS patients experi-
ence a pre-symptomatic disease phase which is associ-
ated with cellular and molecular changes but without
clinical manifestations.”> Understanding the pre-
symptomatic stages of ALS is critical for the identifi-
cation of biomarkers to facilitate early diagnosis and
pre-clinical treatment. This is especially important
given that many ALS patients experience delays to
diagnosis, which are associated with slowed access to
symptomatic treatments, more frequent hospital
admissions and shortened survival.** Notably, both
clinical and experimental studies provide strong evi-
dence of BCNSB dysfunction, particularly changes in
barrier permeability, prior to or at the very early stages
of ALS symptom onset.>> Experimental restoration of
barrier integrity has been shown to delay motor neuron
dysfunction and death in an ALS model and reduces
neuropathology in a model of multiple sclerosis (MS),
highlighting its therapeutic applications.?*-’

BCNSB dysfunction in ALS and
experimental models

Evidence of BCNSB dysfunction in ALS

Alterations in the cellular and structural components of
the BCNSB are responsible for the barrier disruptions
seen in various neurological and CNS disorders. These
changes affect the microenvironment of TJs, including
their expression and distribution; dysregulate transport
systems and enzymatic function; and disrupt the base-
ment membrane, causing immune cell infiltration into
the brain parenchyma, disturbances in CNS homeosta-
sis, and tissue damage.”®

Two studies in the 1980s demonstrated elevated
levels of IgG, albumin and complement protein C3a
in the cerebrospinal fluid (CSF) of ALS patients, pro-
viding evidence of BCNSB hyperpermeability.*
These findings were supported by evidence of IgG
and C3 deposits in the motor cortex and spinal cord
on autopsy.”' Perivascular and intraparenchymal infil-
tration of lymphocytes and cytokines, as well as
immune cell activation, was then identified in human
ALS spinal cords.**3* In SODI mice, Evans blue dye
leaks from spinal cord capillaries at an early stage of
disease.* These abnormalities may be caused by down-
regulation of GLUTI and CD146, proteins which are
key for endothelial cell function.*’

Since then, several different proteins and cell types
have been implicated in the observed BCNSB
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dysfunction in ALS. In SOD1 mice, ECs are highly
vacuolated, and mitochondria within these cells show
abnormal cristae morphology and degenerate.’® In
2008, Zhong et al. identified reduced TJ protein expres-
sion levels (ZO-1, occludin and claudin-5) between
BSCB endothelial cells in this same model.*” These
changes were observed before the onset of motor
neuron degeneration and neuroinflammation. In sup-
port of these findings, another group demonstrated
reduced mRNA expression of ZO-1 and occludin in
the spinal cords of ALS patients.*® Levels of circulating
endothelial cells are also reduced in moderate and
severe ALS patients, which may be explained by a
lack of endothelial shedding and/or impaired endothe-
lial renewal.*

Pericytes regulate capillary permeability and blood
flow at the BCNSB and pericyte-deficient mice experience
reduced brain microcirculation and BBB impairment,
which causes proteins and neurotoxic macromolecules
to accumulate.** Together, these changes cause
vascular-mediated neurodegeneration. Notably, loss of
pericyte-derived pleiotrophin (PTN), a neurotrophic
growth factor, mediates these degenerative changes,
and intracerebroventricular delivery of PTN rescues
neuronal loss in pericyte-deficient mice.*' In ALS
patients, pericytes are severely degenerated in the
medulla and spinal cord.*? Pericyte number and cover-
age are also reduced at spinal cord capillaries, resulting
in perivascular erythrocyte extravasation and fibrin
accumulation.®® Further, electron microscopy studies
have identified significant lipofuscin deposits within
endothelial cells and pericytes, which cause cell death.**

Astrocytes, which normally form the cellular inter-
face between neurons and the BCNSB, are also struc-
turally and functionally affected in ALS. In human
ALS tissue samples, astrocyte end-feet are degenerated
and are dissociated from the endothelium in the spinal
cord.®® At late disease stages in the SODI rat model,
astrocytic processes, which surround blood vessels and
are located near motor neurons, show increased aqua-
porin 4 (AQP4) expression and decreased expression of
the potassium channel Kir4.1.*® These abnormalities
likely affect BCNSB integrity by reducing the ability
of astrocytes to maintain water and potassium homeo-
stasis. Similar to endothelial cells, astrocytes show sig-
nificant mitochondrial pathology in SODI mice. The
basement membrane, which is found between astrocyte
end-feet and endothelial cells, is also disrupted in ALS,
as evidenced by the loss of laminin and the presence of
collagen IV in microglia.***

Together, these abnormalities result in major
impairment of the brain and spinal cord microvascula-
ture in ALS. Blood flow to the cervical and lumbar
spinal cord is reduced by 30-45% in SODI1 mice
prior to symptom onset.’” Total capillary length in

the lumbar spinal cord is also reduced by 10-15%
before motor neuron loss and inflammatory changes
occur. In the spinal cord grey matter of SALS patients,
there is evidence of increased microvascular density,
which may reflect a compensatory response to vascular
insufficiency resulting from dysfunctional capillaries.**
This rapid angiogenesis could, however, be associated
with further BCNSB hyperpermeability, exacerbating
immune and inflammatory cell extravasation.

Since BCNSB impairments arise early in the disease
course, it is likely that the mechanisms initiating this
dysfunction are closely related to the actiopathogenesis
of ALS. Of the mediators of BCNSB integrity dis-
cussed above, mitochondrial dysfunction, astrocyte
pathology and neuroinflammation are known drivers
of ALS disease. With this in mind, we next focus on
how these three mechanisms contribute to both motor
neuron pathology and BCNSB disruption (Figure 2).

Mitochondrial dysfunction and oxidative stress

Mitochondrial dysfunction and oxidative stress are key
mechanisms in the pathophysiology of ALS, specifi-
cally via defective mitochondrial respiration, reduced
ATP production and excessive reactive oxygen species
(ROS) accumulation.*” Mitochondria are also found at
particularly high levels at the BCNSB and play a key
role in maintaining barrier function, which suggests
that mitochondrial pathology may contribute to the
BCNSB abnormalities seen in ALS.*®

Abnormal mitochondrial morphology is common in
the motor neurons of patients with ALS and various
SOD! mouse models replicate this pathology.*>°
Many protein aggregates seen in ALS, such as FUS,
interact directly with mitochondria, which leads to oxi-
dative stress and motor neuron degeneration.®!
Recently, mitochondrial bioenergetic deficits have
been shown to cause motor neuron pathology in an
induced pluripotent stem cell (iPSC) model of
C9orf72-mediated ALS.>? Importantly, overexpression
of peroxisome proliferator-activated receptor gamma
coactivator la (PGCla), a regulator of mitochondrial
function and biogenesis, rescued the deficits in mito-
chondrial transport and axon length seen in this
model. Some variants in the mitochondrial cristate
gene CHCHDI0 are also associated with motor
neuron degeneration and may cause ALS.? As with
BCNSB disruption, mitochondrial damage is demon-
strated prior to disease onset in several experimental
models.*” Further, ALS mouse models show disrupted
mitochondrial cristae and degenerating mitochondria
in ECs which form part of the BCNSB.*® Together,
these lines of evidence strongly implicate structural
and functional mitochondrial impairment in ALS
aetiopathogenesis.
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Figure 2. Evidence for blood-CNS barrier dysfunction in ALS, including (a) reduced tight junction protein expression, (b) IgG
deposits in the motor cortex and spinal cord, (c) reactive microglia and macrophages in the spinal cord, and (d) pericyte degeneration
in the medulla and spinal cord. Adapted from “Endothelial Junctions in the Blood Brain Barrier”, by BioRender.com (2022). Retrieved

from https://app.biorender.com/biorender-templates.

In health, mitochondria have important functions in
maintaining BCNSB integrity. Mitochondria were first
suggested to be involved in BCNSB function when they
were found at high volumes in capillary endothelial
cells from tissues associated with the BBB.*® This was
linked to the high energetic demands of endothelial
cells at the BBB due to their transport and barrier
functions. The mechanistic role of mitochondria in
maintaining barrier function has since largely been elu-
cidated by studying the effects of mitochondrial pathol-
ogy on BCNSB integrity.

In ischaemia-reperfusion injuries, aberrant mito-
chondrial function leads to BBB impairment. Doll
et al. showed that a lipopolysaccharide (LPS) challenge
in a model of ischaemic stroke decreases oxidative
phosphorylation and expression of respiratory chain
complexes in cerebrovascular endothelial cells.”*
Pharmacological blockade of oxidative phosphoryla-
tion using mitochondrial inhibitors increased BBB per-
meability in vitro and in vivo and disrupted TJs in cultured
cerebrovascular ECs. This worsens stroke outcomes in
mice. The same group later demonstrated that overex-
pressing the microRNA miR-34a also increases BBB per-
meability by inhibiting mitochondrial function.>

Similarly, Haileselassie et al. used an LPS challenge
to induce inflammation and BBB disruption in cell cul-
ture and mouse models of sepsis.”® Dynamin-related
protein 1 (Drpl), which regulates mitochondrial fission
and promotes mitochondrial fragmentation in stress
conditions, showed increased activity and mitochondri-
al localisation following LPS exposure. Resulting
mitochondrial defects were associated with BBB
impairment. P110, an inhibitor of the interaction
between Drpl and Fission 1 (Fisl), attenuated this
mitochondrial damage and reduced BBB hyperperme-
ability. Drpl has also been shown to mediate BBB
integrity following middle cerebral artery occlusion.
Specifically, dexmedetomidine, a selective o, adrenergic
agonist, inhibits excessive mitochondrial fission in
endothelial cells and ameliorates BBB disruption.®’
Dexmedetomidine acts by indirectly phosphorylating
serine 637 of Drpl. In two cell models of ALS, inhibi-
tion of the Drpl/Fisl interaction using P110 has been
shown to improve mitochondrial structure and func-
tion and reduce ROS levels. The same study showed
that SOD1 mice treated with P110 from disease onset
experienced improved motor performance and
survival.>®
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In Alzheimer’s disease (AD), amyloid beta (AP)
interacts directly with mitochondria. This causes
defects in calcium handling and ROS production, lead-
ing to BBB and NGVU dysfunction.”® Excessive ROS
production disrupts the BCNSB endothelium by alter-
ing TJ protein and myosin light chain (MLC) expres-
sion and phosphorylation.®®®" MLC activation directly
influences endothelial permeability via actin modula-
tion and indirectly facilitates paracellular passage via
MLC kinase-mediated occludin phosphorylation.
Aberrant AD mitochondria also release damage-
associated molecular patterns (DAMPs) in cerebral
ECs, which exacerbates vascular inflammation and
BBB hyperpermeability.®*

ALS cases and experimental models display mito-
chondrial pathology, and dysfunctional mitochondria
impair BCNSB integrity in several disease contexts.
These pieces of evidence strongly implicate mitochon-
dria as mediators of BCNSB dysfunction in ALS. To
better understand these mechanistic links, the following
rescue experiments could be explored. Given that
PGCla overexpression reverses bioenergetic deficits
seen in an iPSC model of ALS, it would be important
to understand whether restoring mitochondrial func-
tion in vivo also results in improved BCNSB integrity.>
Similarly, since inhibiting the Drpl/Fisl interaction
using P110 improves mitochondrial function in vitro,
this approach may also have effects on BCNSB
health in animal models of ALS.® The effects of restor-
ing mitochondrial function at different stages of ALS
would provide significant insight into the contribution
of barrier pathology to motor neuron disease
progression.

Aberrant astrocytes

Similar to mitochondria, astrocytes are both altered in
ALS and play important roles in maintaining BCNSB
integrity. In ALS, astrocytes surround degenerating
upper and lower motor neurons and show raised
expression of inflammatory markers, including
cyclooxygenase-2 (COX-2) and inducible nitric oxide
synthase (iINOS).> %> SODI rodents have astrocytic
SODI protein inclusions and Cre-loxP systems suggest
that selective ablation of the mutant SOD/ transgene
in astrocytes significantly slows disease progression
and prolongs survival.®*¢” In iPSC cultures, mutant
SOD1 astrocytes release toxins and reduce motor
neuron survival.®® Transplantation of healthy astrocyte
precursor cells in SODI rats attenuates motor neuron
loss and extends survival.®

In addition to their active role in ALS disease pro-
gression, astrocytes form the cellular connection
between the BCNSB and neurons. As discussed previ-
ously, neurons, glia and microvessels are organised into

neurogliovascular units, which regulate cerebral blood
flow and BCNSB function at the capillary level.”
Astrocytes can alter the BCNSB phenotype in three
broad ways, categorised by Abbott et al. into
“physical”, “transport” and ‘“metabolic” mecha-
nisms.’ The physical barrier is determined by the per-
meability of TJs, which can be modulated by astrocytes
via secretion of glial-derived neurotrophic factor
(GDNF) and fibroblast growth factor (FGF).”""2
The expression of TJ proteins and mRNA is dysregu-
lated in ALS. Endothelial cells express transporters,
such as GLUT1 and Pgp, which allow specific substan-
ces to cross the barrier transcellularly and astrocytes
support their expression and localisation.” Several of
these EC transporters are altered in ALS patients and
models.”® Finally, specialised enzymatic pathways,
including those involving cytochrome P450s, facilitate
metabolic control of barrier function and are expressed
in many BCNSB cell types.”*’> These pathways are
disrupted in ALS, which has important implications
for drug distribution in the CNS. Astrocytes thereby
adopt several important functions in BCNSB homeo-
stasis, which are altered in the state of chronic astrocyte
reactivity seen in ALS.

In disease, reactive astrocytes both protect and dis-
rupt BCNSB integrity.”® Astroglial scars help block the
entry of pro-inflammatory molecules into the brain
parenchyma and depleting astrocytes in inflammatory
states worsens CNS pathology.”” Interestingly, astro-
cytes exposed to pro-inflammatory cytokines downre-
gulate TJ protein expression at the BCNSB but
promote the expression of claudin-1, claudin-4, and
junction adhesion molecule-A (JAM-A). These pro-
teins form tight junction-like structures at astrocyte
end-feet in the glia limitans and restrict perivascular
leukocyte infiltration.

On the other hand, microglial release of IL-1f, a
pro-inflammatory cytokine, suppresses sonic hedgehog
(SHH) production by astrocytes.”® This reduces their
protective role at the BCNSB by downregulating TJ
protein expression in ECs, which causes barrier leak-
age. IL-1P also promotes astrocytic release of vascular
endothelial growth factor (VEGF) and pro-
inflammatory chemokines, including CXCL2, CCL2
and CCL20, which exacerbate BCNSB dysfunction.
Further, LPS challenges and reactive oxygen species
induce astrocyte reactivity, suggesting astrocytic
pathology may also contribute to the BCNSB abnor-
malities seen in previously discussed experiments focus-
ing on mitochondria.”%

Astrocytes express receptors for many neurotrans-
mitters and modulators of BCNSB function, including
those which increase BCNSB permeability, such as glu-
tamate, and those which cause barrier tightening, like
noradrenaline.®’ One mechanism by which glutamate
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increases BCNSB permeability is by binding to
N-methyl-D-aspartate (NMDA) receptors on ECs,
which releases nitric oxide (NO).#* Astrocytes respond
to NO by releasing astrocytic glutamate, which may
cause further excitotoxicity and neuroinflammation.®?
High-affinity glutamate transporters on astrocytes,
GLTI1 and GLAST, help protect neurons from excito-
toxicity, but this function is likely overwhelmed in
ALS.® Some ALS patients have raised levels of gluta-
mate in the CSF and glutamate-induced excitotoxicity
is one mechanism which is believed to underpin motor
neuron death.®® Riluzole, one of the few approved
drugs for ALS, appears to have anti-excitotoxic effects
by binding to voltage-gated sodium channels and lim-
iting the axonal release of glutamate.®®

In ALS, dysfunctional astrocytes lose the ability to
promote neuronal survival and synaptogenesis, as well
as their capacity to modulate the BCNSB phenotype
and maintain barrier integrity. In particular, the signal-
ling between astrocytes and ECs appears to be dysre-
gulated in ALS. This pathology contributes to the
early-stage BCNSB changes seen in ALS patients and
animal models. Since transplantation of healthy astro-
cyte precursors appears to have protective effects on
motor neuron survival in models of ALS, it would be
of significant interest to determine whether BCNSB
function is also improved.® This would provide a
more direct link between the astrocytic changes seen
in ALS and BCNSB dysfunction. Similar experiments
could assess BCNSB function following selective abla-
tion of ALS-causing transgenes in astrocytes using
Cre-loxP systems. These approaches could also be
used to study changes in signalling, particularly via
NO and glutamate, between astrocytes and ECs after
astrocyte transplantation or transgene ablation.

Neuroinflammation

Several aforementioned pathways converge to cause
neuroinflammation in ALS, which exacerbates
BCNSB damage. Neuroinflammation has widely been
studied in ALS and is generally considered to be both a
cause and a consequence of neurodegeneration.
Initiation of ALS pathology in the motor cortex is
characterised by carly cerebral microglial and astrocyt-
ic reactivity, increased levels of pro-inflammatory cyto-
kines and subsequent immune cell infiltration.'® Barrier
dysfunction worsens this pathology as ALS disease
progresses.

Three inflammatory mechanisms which affect
BCNSB function in ALS are TDP-43 pathology,
MMP activation and systemic inflammation. TDP-43
is a multifunctional transcriptional regulator which
aggregates in the glial and neuronal cytoplasm in
ALS and is implicated in key immune and

neuroinflammatory pathways.®” TDP-43 deposits are
also found in the basal lamina of small blood vessels
in the spinal cord and frontal cortex of some ALS
patients.®® These inclusions are not seen in ECs or peri-
cytes. Overexpressing TDP-43 in cultured astrocytes
incites secretion of IL-1B, IL-6 and TNF-o, which are
elevated in the blood of ALS patients, and causes
microgliosis via the pro-inflammatory NF-kB path-
way.®>?° This study also found that expression of pro-
tein  tyrosine phosphatase 1B (PTPIB), an
inflammatory regulator, increases following TDP-43
accumulation. Notably, PTP1B inhibition reduces neuro-
nal death and mitochondrial pathology induced by TDP-
43-overexpressing astrocytes. The upregulation of cyto-
kines which results from TDP-43 overexpression also
recruits peripheral immune cells across the barrier. In
TDP-43-overexpressing mice, marked infiltration of
IgG and CD3+ and CD4+ T lymphocytes is associated
with EC and pericyte reactivity.”! Extensive monocyte
infiltration in the motor cortex is also evident in TDP-
43-positive post-mortem tissue from ALS patients.”
Therefore, TDP-43 exerts detrimental effects on barrier
permeability and neuroviability by disrupting BCNSB
function.

The neuroinflammatory effects of TDP-43 are exac-
erbated by the release of MMPs. MMPs, produced by
glial cells, are physiologically active at low levels to
remodel and maintain the integrity of the basal
lamina and regulate cytokines and chemokines.”
MMP activity is closely regulated to prevent excessive
degradation of the basal lamina and cytokine-mediated
immune cell recruitment into the CNS. When these reg-
ulatory mechanisms fail, such as in inflammation asso-
ciated with TDP-43 aggregation and oxidative stress,
serum levels of MMP-2 and MMP-9 rise. This is seen
in both ALS patients and SOD1 models, where MMP
dysregulation is linked to endothelial mitochondrial dys-
function, reduced capillary diameter and progressive
loss of perivascular components, including occludin
and collagen IV.*> These factors combine to increase
BSCB permeability. While this study could not directly
implicate MMPs in barrier component loss, BBB studies
have demonstrated that TJ protein and basement mem-
brane degradation is MMP-mediated.”**> More con-
cretely, MMP-9 knockdown protects motor neurons in
both TDP-43 and SODI1 overexpressing mice.”®"’
Similarly, in experimental autoimmune encephalomyeli-
tis (EAE), a mouse model of CNS immune cell infiltra-
tion, astrocytes express MMP-2 and MMP-9, which
enhances T-cell chemotaxis across the barrier and into
the brain parenchyma.”® In ALS, astrocytic regulation
of MMPs and basement membrane degradation may be
dysfunctional due to the astrocyte reactivity seen in
patients and disease models.
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ALS patients also present with varying degrees of
systemic inflammation, characterised by elevated
levels of pro-inflammatory cytokines, including TNF-
o, VEGF, IL-6, and IL-8, in peripheral blood.”®'%
Wide-range C-reactive protein (wrCRP) and erythrocyte
sedimentation rate (ESR) are also raised in ALS and
correlate with disability, as measured using the ALS
Functional Rating Scale-Revised (ALSFRS-R).'”" This
suggests that systemic inflammation is associated with
worse prognosis in ALS. CRP activates microglia,
increases BBB permeability and affects the complement
system. Blood samples from ALS patients show further
alterations in immune cell type and number, with
increased lymphocyte and monocyte populations and a
raised neutrophil:lymphocyte ratio.' Persistent system-
ic inflammation remodels the BCNSB by altering recep-
tor and carrier signalling and increasing cellular traffic
along the barrier.'”® One hypothesis underlying the link
between systemic inflammation and BCNSB dysfunc-
tion is that primed microglia in NDDs are more
sensitive to systemic inflammation.'® This theory is sup-
ported by the associations between systemic inflamma-
tion, BCNSB disruption and disease progression in AD
and MS, which may also be true for ALS.

In vivo LPS challenges are used to model systemic
inflammation. In some, but not all, studies, LPS disrupts
the BBB by damaging ECs, modifying tight junctions,
and causing structural and functional changes in astro-
cytes.'” LPS also exacerbates TDP-43 aggregation in
astrocytes and microglia and induces mitochondrial dys-
function.'®® This promotes neuroinflammation and
motor neuron death in mouse spinal cords.

Together, this evidence suggests that neurological
and systemic inflammation play important roles in
ALS disease initiation and progression. As with mito-
chondrial dysfunction and astrocytic pathology, these
inflammatory mechanisms provide a link between driv-
ers of ALS disease and BCNSB dysfunction. The fol-
lowing approaches could be used to better understand
how inflammatory cues cause BCNSB impairment in
ALS. Since inhibiting PTP1B reduces neuronal death
induced by TDP-43-overexpressing astrocytes, the
effects of this intervention on BCNSB integrity and
immune cell infiltration warrant further study.®’
Additionally, MMP knockdown studies in ALS
models will improve our understanding of the contri-
bution of basement membrane degradation to the
observed BCNSB abnormalities (Figure 3).

Diagnostics and therapeutics

The BCNSB, due to its role in tightly regulating the
movement of substances into and out of the CNS, is
generally seen as a therapeutic challenge. However, the
identification of BCNSB dysfunction in the early stages

of many neurodegenerative diseases has generated
interest in its diagnostic and therapeutic potential.

The typical time from ALS symptom onset to diag-
nosis is 10-16 months, which can involve misdiagnoses
and unnecessary procedures.>* It is therefore hoped
that biomarkers of disease severity and progression
will shorten the delay to diagnosis and improve moni-
toring of treatment response in clinical trials. Two CSF
neurofilaments, phosphorylated neurofilament heavy
chain (pNfH) and neurofilament light chain (NfL),
are released into the blood and CSF following axonal
degeneration.'”” PNfH and NfL are validated diagnos-
tic biomarkers for ALS but more direct measures of
BCNSB dysfunction could facilitate diagnosis prior to
the onset of neuronal damage. A better understanding
of the timing and mechanisms of BCNSB dysfunction
in ALS would enable the development of blood and
CSF biomarkers which exploit these abnormalities.

From a therapeutic perspective, direct manipulation
of the BCNSB has demonstrated clinical potential for
other neurological diseases, in particular epilepsy. For
example, deep brain stimulation (DBS) of the anterior
thalamic nuclei in rats, which is known to reduce
seizures, also attenuates BBB disruption.'”® Similarly,
drugs which raise the expression of TJ proteins, such as
Z0-1 and claudin-5, have been shown to restore BBB
integrity in rodent models of epilepsy and AD.'*%!1°
Inhibition of MMP-2 and MMP-9, both associated
with BCNSB disruption in ALS, reduces seizure sever-
ity and spontaneous seizure frequency in two rat
models of temporal lobe epilepsy.''!

In addition, targeting mitochondria, astrocytes and
inflammation in ALS may improve BCNSB integrity
and thereby the disease course. Pre-clinical studies sug-
gest that mitochondria, and in particular anti-oxidative
stress pathways, are a promising therapeutic avenue in
ALS.>? Although these mechanisms are likely systemic,
the role of mitochondria at the BCNSB indicates this is
an important component. Astrocytes are also a well-
studied target in ALS. As discussed previously, loss of
mutant SODI in astrocytes slows disease progression in
ALS mice.®” In contrast, overexpression of the tran-
scription factor Nrf2 in astrocytes has neuroprotective
effects in culture and in ALS mouse models, which are
mediated by astrocytic secretion of the antioxidant
glutathione."'? Astrocytes are also implicated in the
neurotoxic inflammation seen in ALS and upregulate
transforming growth factor-B1 (TGF-B1), which inhib-
its the neuroprotective inflammatory response of
microglia and T cells.'"® Survival is extended in
SOD1 mice when TGF-B signalling is inhibited.
Further, activated protein C (APC), a serine protease
with anti-inflammatory properties, corrects barrier
integrity and decreases markers of toxicity in the
CNS of SOD1 mice. In particular, APC administration
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Figure 3. Proposed mechanisms driving observed blood-CNS barrier dysfunction in ALS, including (a) mitochondrial pathology prior
to the onset of motor neuron degeneration, (b) astrocytes surrounding degenerating motor neurons and losing their functions at the
BCNSB, and (c) neuroinflammation, in particular driven by TDP-43 aggregation, matrix metalloproteinase (MMP) activation and
systemic inflammation. Adapted from “Endothelial Junctions in the Blood Brain Barrier” and “Histopathological features of Parkinson’s
Disease and Alzheimer’s Disease”, by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates.

at an carly disease stage delays the onset of motor
neuron degeneration and has been shown to downre-
gulate mutant SOD/ transcription in ALS neurons and
microglia.?®!"* APC also rescues motor neuron pathol-
ogy, including impaired autophagosome formation and
TDP-43 mislocalisation, in an iPSC model of ALS.'"®
This suggests that APC has protective effects on both
BCNSB integrity and directly on neurons via its trans-
membrane signalling mechanism.

Finally, recent advances in the use of in vitro models
of the neurogliovascular system may improve the
screening of diagnostic and therapeutic targets.
Microfluidic and microphysical platforms are com-
monly used in BCNSB modelling and produce func-
tional blood vessels with TJ and matrix protein
expression.''®"7 3-dimensional BBB organoids can

be developed by co-culturing ECs, pericytes and astro-
cytes, which significantly improves upon models which
culture ECs in isolation. In addition, BBB models
which use human iPSC-derived brain ECs appear to
recreate low paracellular permeability more accurately
than primary brain ECs. IPSC models also have the
advantage of deriving multiple BCNSB cell types
from a single pool of cells.!"® Together, these
approaches will facilitate more efficient drug screening
and development by using high-throughput techniques
which consider the BCNSB phenotype in ALS.
However, while tissue engineering methods are begin-
ning to be used to investigate the BCNSB in neurode-
generative disease, there are few studies which
specifically focus on ALS. So far, an iPSC model con-
sisting of patient-derived astrocytes co-cultured with
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ECs has been developed.'" This model showed an
upregulation of the efflux pump P-glycoprotein in
ECs, which was driven by mutant SODI1 astrocytes,
and this has been replicated in SODI rats.'*

Conclusions

Although the presence of BCNSB dysfunction in ALS
has long been known, a better understanding of
the disease-causing mechanisms which induce this
pathology is required. In this review, we discuss how
the mitochondrial pathology, aberrant astrocytes and
neuroinflammation identified in ALS may help explain
BCNSB changes seen in patients and experimental
models. The basis of these hypotheses is that BCNSB
abnormalities are a pre-symptomatic feature of ALS,
which suggests a close biological association with the
condition’s causes. Experiments which restore mito-
chondrial, astrocytic and neuroinflammatory health
in models of ALS are required to further support the
links between these pathologies and BCNSB dysfunc-
tion. BCNSB impairment in ALS also holds significant
diagnostic and therapeutic relevance and advancements
in the use of in vitro models will enable the neuroglio-
vascular aspects of ALS to be studied further.
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