TISSUE BARRIERS
2017, VOL. 5, NO. 4, 1373897 (15 pages)
https://doi.org/10.1080/21688370.2017.1373897

Taylor & Francis
Taylor & Francis Group

REVIEW

‘ W) Check for updates ‘

The blood brain barrier: Insights from development and ageing

Conor Delaney (2 and Matthew Campbell

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

ABSTRACT

The blood brain barrier is a necessity for cerebral homeostasis and response to environmental insult,
thus loss in functionality with age creates opportunities for disease to arise in the aged brain.
Understanding how the barrier is developed and maintained throughout the earlier years of adult
life can identify key processes that may have beneficial applications in the restoration of the aged
brain. With an unprecedented increasing global aged population, the prevention and treatment of
age-associated disorders has become a rising healthcare priority demanding novel approaches for
the development of therapeutic strategies. The aging cardiovascular system has long been
recognised to be a major factor in age-associated diseases such as stroke, atherosclerosis and
cardiac arrest. Changes in the highly specialised cerebral vasculature may similarly drive

neurodegenerative and neuropsychiatric disease.

Introduction

The brain is intrinsically susceptible to long-term
damage due to its reliance on an intact network of
neurons coupled to a low rate of adult neurogenesis.
Indeed, neuron proliferation is mainly limited to
defined regions of neurogenesis in the adult brain, the
dentate gyrus (DG) of the hippocampus' and the sub-
ventricular zone (SVZ) of the lateral ventricles.” Both
of these regions have specialised vasculatures which
support neural stem cell maintenance while providing
cues for differentiation and migration during injury.’
It is well defined that the interplay between the cere-
bral vasculature and neurogenesis aids recovery from
neural insult as well as physiological neurogenesis
associated with learning* and cognitive function. The
cerebral vasculature also protects the brain from insult
through the endothelial blood brain barrier (BBB).
This vasculature plays a central role in the mainte-
nance and regulation of the adult neural stem cell pop-
ulation and gives it a key role in processes involving
neurodegeneration and cognitive impairment.>®

Initial dye-injection experiments by Paul Ehrlich and
Edwin Goldmann revealed the capacity of the CNS vas-
culature to retain and exclude tracer molecules, leading
to the discovery of the BBB. The BBB is a dynamic tissue
barrier that acts to protect and regulate the neural
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environment through restricted permeability and selec-
tive molecule transport from blood to brain and vice
versa. This is achieved through the co-operative actions
of cells within the neurovascular unit (NVU) including
pericytes, astrocytes, neurons and endothelial cells
(ECs).” While gases and very small lipophilic compounds
can freely cross the BBB, a highly specialised CNS endo-
thelium establishes a size selective barrier limiting para-
cellular traffic and preventing the passive diffusion of
molecules as small as 400 Dalton.®® Indeed, creating an
increased dependence on active transport allows the BBB
to physically regulate molecular traffic via the remodel-
ling of intercellular EC tight junctions (TJs) or through
luminal or abluminal transport protein localisation.'®""
This regulation of transport and junctional proteins per-
mits the high nutrient influx required for cognitive func-
tion, such as increased luminal expression of the glucose
transporter GLUT1'%. Simultaneously, endogenous and
exogenous toxins are excluded from the brain paren-
chyma via abluminally enriched efflux proteins."
Dysregulation or deterioration of BBB integrity
with age is believed to be a compounding factor in
neurodegenerative and age-associated diseases such
as multiple sclerosis,'* Alzheimer’s,"> schizophre-
nia'® and type 2 diabetes mellitus.'” Changes in TJ
protein expression and normal NVU functionality
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have been identified at preclinical stages in animal
models of neurodegenerative diseases'® pointing
towards the BBB as an early target in the disease
pathogenesis. The changes observed in early stages
of neurodegenerative diseases may indeed be part of
the pathology, however they equally may be physio-
logic age-related changes which instead render the
brain susceptible towards subsequent disease-induc-
ing insult. Autoimmunity and neuroinflammation
are often central to the pathologies observed in age
associated disorders, and while the concept of a
healthy brain being “immune privileged” - resistant
to all leukocyte invasion — has been shown to be
incorrect,'” leukocyte transmigration across the BBB
is tightly regulated and often aberrant in the aged
brain. This review aims to summarize our current
understanding of BBB development, maintenance
and functionality as well as how these NVU regu-
lated processes — neurogenesis, NVU homeostasis
and leukocyte infiltration — are changed within the
aging brain.

The neurovascular unit

Shown by classical chick-quail studies of CNS and gas-
trointestinal interchange,20 the development of the
BBB is a process not intrinsic to cerebral ECs. Instead,
the neural environment supplies the extracellular sig-
nalling required to induce CNS endothelial cell char-
acteristics such as the high trans-endothelial electric
resistance (TEER) produced by continuous intercellu-
lar TJs. The NVU then maintains these characteristics
in the developed brain. However, during the develop-
ment of the BBB a stepwise induction occurs to create
a functional embryonic barrier which does not appear
to require the fully assembled NVU.”! Understanding
these critical pathways involved in establishing and
maturing the early BBB, we can also find potential tar-
gets to monitor during the detrimental process of

aging.

Endothelial cells

BBB development in the embryo begins at approxi-
mately embryonic day 12 (E12) with invading angio-
blasts forming a vascular plexus of immature blood
vessels which progressively branches to produce a vas-
cularised brain.** Following the recruitment of peri-
cytes to the immature BBB endothelium, functional T
strands form at EC paracellular clefts polarising the

monolayer and generating a tracer excluding barrier
by E18*". The endothelial TJ is comprised of three
principal families of proteins; the claudins,”> MAR-
VEL/D3** and Ig-like junctional adhesion molecules™
(JAMs). The T] complex is anchored to the cell cyto-
skeleton through the binding of protein C-terminal
PDZ domains to zonula occludens (ZO) proteins,
tethering the TJ complex to F-actin.”® ZO-1 and ZO-2
also regulate the T] complex itself, binding modifiers
of Rho GTPases such as shroom2 and cortactin to reg-
ulate cytoskeletal anchoring.*”*®

Claudin-5, which when lost results in postnatal
lethality,® is the most abundant claudin family mem-
ber found in the CNS vasculature, enriched at least
500-fold respective to other family members.**?°
Claudins contain four-transmembrane domains, gen-
erating two extracellular loops which dimerise with
other TJ proteins. These two loops are believed to
have discrete functions, ECL1 acts to regulate paracel-
lular transport via pore formation while ECL2 drives
the physical closure of the paracellular cleft.’’ Occlu-
din, a member of the MARVEL/D3 family, was the
first T] protein identified and is enriched at CNS TTs,
but unlike Cldn5~'~ mice occludin knockouts are via-
ble.”> The MARVEL/D3 and claudin family members
have been shown to regulate each other within the TJ,
indicating a primarily organisational and regulatory
role for the MARVEL/D3 proteins in the BBB.*

While the former TJ proteins are central to T] mod-
ulation and formation, the JAM protein family has a
central role in regulating immune cell traffic through
the BBB. JAM proteins have been implicated in estab-
lishing the apical-basal EC axis through recruiting cell
polarity complexes, and in facilitating leukocyte infil-
tration.”*?> The actions of JAM proteins are in concert
with basolaterally located adherens junctions (AJs)
comprised of cadherins such as vascular endothelial-
cadherin, and nectins from the cell adhesion mole-
cules (CAMs) family which further regulate leukocyte
passage across the BBB.”® Endothelial cells of the BBB
also selectively express leukocyte adhesion proteins to
facilitate immune cell infiltration during disease and
injury, these will be further discussed in the context of
aging (see Fig. 1 for normal BBB overview).

Pericytes

The arrival of pericytes at the developing endothelium
correlates with TJ induction and reduced extravasation
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Figure 1. The Healthy Neurovascular Unit and Endothelial Tight
junction. The normal/healthy tight junction is located at the api-
cal periphery of two contacting endothelial cells or indeed at the
point of contact of one endothelial encompassing the entire
lumen of a vessel. The most enriched tight junction components
in a normal/healthy brain endothelial cell tight junction are clau-
dins-3, —5 and —12. Additionally, occludin and junctional adhe-
sion molecule (JAM) are highly enriched at the blood brain
barrier (BBB) compared to peripheral endothelial cells. Located
below the tight junction is the adherens junction, comprising
cadherins, catenins and nectin amongst others.

of tracer molecules,”’ implicating this NVU component
as one of the primary CNS inducers of the barrier.
Blood vessels within the CNS have the highest pericyte
to EC ratio in the body”” and this ratio has been shown
to correlate with cerebral blood flow and barrier integ-
rity.>® Pericytes preferentially make contact with cere-
bral capillaries at EC junctions while also positioning
themselves at luminal faces of astrocytic end feet®; this
advantageous localisation allows for the regulation of
multiple aspects of the NVU such as capillary diameter,
blood flow and end-feet guidance during barrier
development.*

Endothelial platelet derived growth factor g
(PDGEFp) has been shown to be induced by canonical
Wnt/B-catenin signalling to drive pericyte recruitment
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through its receptor (PDGFRA).*" Similarly, pericyte-
derived glial-derived neurotrophic factor (GDNF) was
found to be a potent stimulator of claudin-5 expres-
sion in both peripheral and cerebral ECs.** With
astrocytes arriving post-barriergenesis, the pericyte
plays a critical role in establishing the BBB. Mice lack-
ing either PDGFRpor its ligand die shortly after
birth*> and through the use of hypomorphic alleles,
research into the EC-pericyte dynamic has produced
new insights into the role of pericytes within the
NVU.*

Armulik et al. utilised the viable PdgfB™""* mouse
expressing a variant of PDGFg lacking its heparin sul-
phate proteoglycan binding ability and compared neu-
rovascular changes against wild-type controls or
PdgfB~'~ mice with an EC-specific Pdgf knock-in
construct (R26P).*® Initial findings showed pericyte
coverage was reduced to 26% in the PdgfB"*""* model,
while the R26P™~ andR26P™'*
40%and 72% respectively. Although T] protein levels

mice retained
were unchanged, junction strand morphology in the
PdgfB™"* and R26P*'~ mice deviated from wild-type
controls. The astrocyte-enriched water channel pro-
tein aquaporin 4 (AQP4) was also redistributed,
potentially due to a loss in astrocyte end-feet guidance
and polarisation. Immunohistochemical staining also
revealed transcellular movement of albumin, Immu-
noglobulin-G (IgG) and injected 70 kDa dextran indi-
cating an increased permeability in the absence of TJ
expression differences. These injected tracers were
observed to accumulated within the endothelium of
PdgfB™""" and R26P™'~ mice only, indicating trans-
cellular transport across the BBB is affected under
conditions of pericyte deficiency.

As will be discussed later in this review, pericyte
dysfunction during ageing is as detrimental as in
development, adding to the pro-inflammatory CNS
environment and failing to maintain Ap clearance as
the brain ages. Understanding how these cells influ-
ence the development of the BBB may provide targets
for restorative therapies to combat the effects of
ageing.

Astrocytes - latecomers to the NVU
and maintainers of the BBB

Astrocytes are glial cells within the CNS and proj-
ect polarized end-feet to ensheath more than 90%
of cerebral capillary surface area; these end-feet act
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to recycle neurotransmitters, provide nutrients and
regulate local immune responses.** Astrocytes are
absent for nearly the duration of embryonic BBB
development, appearing at E19 in the mouse and
postnatally in the rat,*' however glial-like precur-
sors may drive barriergenesis through Wnt and
Sonic hedgehog (SHh) ligand secretion. The CNS
specific mosaic of Wnt ligand expression may be a
factor also in the unique endothelial and pericyte
features seen in the NVU, driving elevated PDGFf
expression relative to peripheral endothelia and
creating a GDNF-enriched environment for BBB
induction and maintenance.

It is widely believed that the role of astrocytes
within the NVU is the maintenance rather than estab-
lishment of the barrier; in adulthood, astrocytes
secrete many of the ligands found within the develop-
ing CNS to preserve BBB characteristics. The Hedge-
hog (Hh) pathway involves ligand SHh binding to cell
surface receptors such as Patched, de-repressing the
G-coupled protein receptor smoothened (Smo) and
activating downstream  transcriptional changes
through the Gli family of transcription factors. Within
the CNS, Smo activity in ECs represses pro-inflamma-
tory interleukin-8 (IL-8) and monocyte chemoattrac-
tant protein-1 (MCP1) production and upregulates T]
and AJ] components. Treatment of EC monolayers
with recombinant SHh or astrocyte-conditioned
media induced downregulation of IL-8 and MCP-1;
congruently an acute increase in BBB permeability
and leukocyte transmigration is observed upon injec-
tion of mice with the Smo inhibitor cyclopamine.*’
Developing mice with a conditional EC-restricted
Smo deletion have reduced TJ expression, increased
plasma protein leakage into the brain parenchyma
and reduced astrocyte recruitment at later stages. SHh
is exclusively sourced from astrocytes in the adult
NVU, indicating their role in maintaining the signal-
ling pathways established in the developing CNS. As
well as their actions through the SHh pathway, astro-
cyte-secreted factors such as GDNF, apolipoprotein E
and J (ApoE, Apo]) and end-feet enriched transport
proteins further regulate CNS ECs. These include
AQP4, downregulated in paediatric CNS neoplasms
with dysfunctional BBB*® and implicated in the clear-
ance of soluble amyloid-8 (AB)*; and excitatory
amino acid transporters EAAT1 and EAAT2 which
take up and recycle glutamate to prevent glutamate
induced excitotoxic neuron death during stroke.*®

The basal lamina & parenchymal basement
membrane

The CNS vasculature has a dual set of extracellular
basement membranes which are produced by the
NVU and provide a cell scaffold, regulatory interface,
and barrier against infiltrating cells.**°

The basal lamina consists of endothelial and peri-
cyte produced collagen IV, fibronectin, perlecan and
lamins 4 and 5 which interact with integrins of infil-
trating immune cells in the initial steps of leukocyte
transmigration.”®>* The parenchymal basement mem-
brane, which fuses with the basal lamina in cerebral
microvessels,” has a differing lamin profile and is
enzymatically degraded via matrix-metalloproteases
(MMPs) produced during leukocyte entry.”* The elas-
ticity and thickness of these membranes changes over
time, as does their susceptibility to degradation, which
has detrimental effects in aging and in the response to
CNS injury.”® The two-step process of crossing the
BBB has been demonstrated in the experimental auto-
immune encephalomyelitis (EAE) mouse model. Fol-
lowing clodronate treatment to deplete MMP-
expressing macrophages, a transient accumulation of
T-lymphocytes in the perivascular space could be
induced where passage through the endothelium and
EC basal lamina succeeds but fails upon reaching the
parenchymal basement membrane.>* The central role
played by MMPs in this process was further emphas-
ised by obtaining the same results in untreated
MMP2/MMP9 double knockout mice. This also has
implications in age-associated neurodegenerative dis-
ease as the balance between MMPs and their inhibi-
tors becomes upset in the aged CNS vascualture.”

The aging blood brain barrier

Aging is an intrinsic physiological process involving
the decline of cell function leading ultimately to organ
failure and organism death. Aberrant maintenance of
cellular identity and replacement due to errors in
DNA replication and repair,”® coupled with the
reduced clearance of metabolism end-products, pro-
duces a stressed and vulnerable cellular environ-
ment.””*® The mitochondrial volume in CNS ECs is
twice that of non-BBB ECs, supplying the energy
required for the complex BBB transport system.”
This has implications in the endothelium’s susceptibil-
ity to aging-induced oxidative stress as increased reac-
tive oxygen species (ROS) produced by the aging



mitochondrial population affect the already oxygen-
sensitive tissue. As well as the direct effects of aging
on the NVU, BBB function in regulating the sur-
rounding neural tissue also decreased with age. Stem
cells are dependent on the surrounding microenviron-
ment, or niche, for robust self-renewal and in the case
of neural stem cells (NSCs) this involves a tight associ-
ation with the NVU.>%

The stem cell theory of aging proposes that a reduc-
tion in adult stem cell self-renewal and differentiation
underlies the process of aging. As with all cells, adult
stem cells fall victim to DNA damage and metabolic
stress, reducing their ability to produce new differenti-
ated cell populations. Hematopoietic stem cells iso-
lated from aged or young individuals for example
have reduced engraftment efficacy and skewed pro-
genitor differentiation.*> The reduced rate of adult
neurogenesis within the aging brain suggests a similar
loss in stem cell function, activity and response to
injury which may contribute to the onset of neurode-
generation.”>** What is known so far about how the
BBB changes with age comes from research into the
age-associated pathologies seen in the brain. Although
critical for understanding how neurodegenerative dis-
ease progresses, these data often are unable to distin-
guish between changes driving the disease and
secondary changes brought about by the disease itself.

An environment primed for inflammation

In a healthy individual, deterioration of the BBB to a
mild degree during aging, particularly in the hippo-
campus, is a physiological process that does not in
itself induce a pathology.® This mild dysfunction
may predispose the aged brain to chronic inflamma-
tion or long-term damage in response to stress or
injury, giving rise to age-associated neuropsychiatric
and degenerative disease. Traumatic brain injury
(TBI), for example, has a higher mortality rate in the
elderly than in adult patients, indicating a robustness
in youth which is lost with age.®® Berman et al.
recently demonstrated the differential response of
the BBB to controlled cortical impacts with age,55
finding that compared to adult controls, aged mice
had a drastic increase in IgG extravasation post-
impact. An imbalance between MMP9, MMP2 and
their respective inhibitors TIMP1 and TIMP2 was
identified as being causative in the aged mouse.
Interestingly, the two MMPs underwent differing
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mechanisms of dysregulation; MMP9 expression was
13.4-fold higher in the injured aged brain indepen-
dent of TIMP1, while MMP2 activity was elevated
due to a 50% decrease in baseline TIMP2 expression
exacerbating the injury response. Compounding the
increase in TJ] and basal lamina degrading enzyme
activity, the injury-induced “recovery” increase in
claudin-5 expression seen in the adult mouse was
absent in the aged brain. Taken together this indi-
cates a deficit in the aged BBB’s response to injury,
and although this was in the context of a cortical
impact it hints towards an underlying loss of func-
tion that may lead to long-term barrier dysfunction.
In fact, the healthy aged BBB displays these degen-
pro-inflammatory characteristics in the
absence of injury. Albumin at approximately 66.5 kDa
is excluded by the intact BBB, however its leakage into
the cerebrospinal fluid (CSF) increases during BBB

erative

dysfunction, allowing the CSF to serum albumin ratio
to be utilised as a measure of barrier integrity. In the
healthy aged brain, this ratio has been shown to
robustly correlate with increasing age.”” This aged
phenotype of the BBB was further expanded to include
decreased endothelial occludin, vascular cell adhesion
molecule-1 (VCAM1) and ZO-1 expression. Accom-
panying these changes were increases in the expres-
sion of pro-inflammatory glial fibrillary acidic protein
(GFAP) in astrocytes, and upregulation of stress-sen-
sitive heat shock chaperone protein GPR78 and cyclo-
oxygenase-2 (COX2) in Elevated
endothelial tumour necrosis factor alpha (TNF«) and
peripheral IL-6 in the aged mice indicated that circu-
lating signalling activators of the largely pro-inflam-
matory Nf-«B pathway may be the key underlying this
age-related inflammation. Although accompanied by
increased hippocampal and cortical IgG extravasation,
there was a reported absence in the increased leuko-
cyte infiltration characteristic of the majority of age-

neurons.68

associated disorders.

An investigation into the cytokine response to TBI
by Sandhir et al. revealed a similar neural environment
primed for chronic inflammation in the aged mouse
thalamus.®® Increased expression of interleukins IL-6,
IL-18, CCL5, TNFa, MCP1 and inducible nitric oxide
synthase (iNOS) was recorded in the uninjured and
injured aged brain relative to adult controls. Coupled
with a reduction in interferon-y, these data indicate
an amplification of the “pro-inflammatory” Thl
response and corresponding reduction in “anti-
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inflammatory” Th2 response occurred post-TBI. A
prolonged, 3.6-fold higher, TNFa upregulation follow-
ing TBI was observed in the aged brain and the dura-
tion of cytokine increases were prolonged relative to
the adult mouse.

Astrocyte regulation of the barrier has been shown
to be disrupted by such cytokines, with IL-18 downre-
gulating SHh expression and emphasising an already
reduced responsivity to SHh stimulation due to
aging.”® This increases astrocyte-derived cytokine and
chemokine secretion, producing a leaky barrier
pathology which facilitates immune cell infiltration in
response to inflammation.”' These data suggest that in
the aged CNS, responses to insult are more severe due
to elevated baseline cytokine levels and sensitivity,
with a corresponding increase in severity and long-
term damage following injury (see Fig. 2 for aging
BBB overview).

An increasing reliance on ApoE and $10043
signalling in the Aged CNS

An aspect of the CNS that makes it vulnerable to aging
is its extensive cellular crosstalk. Failure of individual
cell-cell interaction mechanisms is unlikely to induce
the pathological effects of aging, however when the
small effects of these changes are compounded upon
by the effects of aging it may result in disease. This is
seen in the case of both S100B and ApoE knockout
mice, where age-related BBB deterioration is acceler-
ated in the knockout compared to aged controls.
S1008 is a calcium binding protein involved in cell
differentiation’” and migration” as well as the pro-
cesses of learning and memory.”* A role for S1008 has
also been suggested in the pathologies of Azheimer’s
disease,” schizophrenia’® as well as glutamate uptake
and excitotoxicity.”” Using the S1008~'~ mouse, Wu
et al. identified an age-induced BBB phenotype which
was accompanied by an increase in the passage of
auto-antibodies into the brain.”® In the brains of 6, 9
but not 3-month old 8100[3*/ ~ mice, extensive IgG
leakage and IgG-neuron binding was observed, indi-
cating that the compromised aged BBB facilitated the
generation and entry of autoantibodies. Interestingly,
the autoantibody binding profile differed between the
6 and 9 month old mice, suggesting that the antigen
load escaping the CNS and driving antibody periph-
eral antibody production also changes with age.
Accompanying the increase in barrier permeability

were morphological changes in TJ folds, with knock-
out mice having discontinuous and flattened TJs.
Maintained microglial activation was observed to pre-
cede T] changes and the loss of barrier integrity, peak-
ing as early as 3 months and potentially driving BBB
breakdown via cytokine release. S1008 binds the
receptor for glycation end-products (RAGE) receptor
on ECs, activating pro-inflammatory and migratory
pathways through Nf-«B and Erk/Akt respectively
that in the adult mouse may not be essential for CNS
homeostasis.””* As the CNS becomes pro-inflamma-
tory with age however, the deficit in NVU pro-inflam-
matory signalling may drive microglial activation
instead leading to further barrier disruption.

As with S1008, ApoE also has an age-dependent
impact on the BBB and TJ integrity, displaying iso-
form-specific effects correlating with Alzheimer’s
disease susceptibility alleles. In wild-type mice, there
is a progressive increase in BBB permeability as the
animal ages, however this is exacerbated by the loss
of ApoE. In young (<40d) ApoE~’~ mice, barrier
integrity is identical to that of wild-type controls, yet
when aged groups are compared there is a significant
increase (3.7x) in the rate of barrier degradation in
ApoE™"~ animals.®! Bone-marrow chimeras revealed
that both peripheral and CNS ApoE contribute to
barrier maintenance over time, with ApoE~~ donor
marrow inducing a phenotype intermediary of wild-
type and knockout, and wild-type marrow only par-
tially rescuing barrier preservation in knockouts.
ApoE confers an allele-dependent susceptibility to
Alzheimer’s disease® which is reflected in mouse
models carrying knock-ins of the human alleles var-
iants ApoE2, ApoE3 and ApoE4.*’ Using primary
ECs and pericytes co-cultured in astrocyte condi-
tioned media, Nishitsuji et al. demonstrated that
media produced from ApoE4, but not ApoE2 or
ApoE3, astrocytes was unable to maintain TEERs
above that of cells cultured in ApoE~'~ media. At the
molecular level, expression of T] proteins was
unchanged when ECs were grown in ApoE4 or
ApoE™'~ media. In the absence of TJ expression
change there were reduced levels of phosphorylated
protein kinase C-n (PKCn), a kinase which regulates
TJs, and phosphorylated occludin. Replacing mouse
ApoE with ApoE4 phenocopies the ApoE—/— mouse,
lending support to the theory that the increased sus-
ceptibility for aged individuals carrying the ApoE4
allele is a product of aberrant BBB maintenance.
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Figure 2. The Aged Neurovascular Unit and Aberrant Trans-Endothelial Transport. Tight junction breakdown is evident across a plethora
of age associated neuropathies. Breakdown of the paracellular pathway can lead to extravasation of blood-borne material such as IgG,
fibrinogen and autoantibodies into the delicate neural tissues. Additionally, pericyte loss and transcellular permeability can increase,
with differential expression of basal lamina components matrix metalloproteinase-9 (MMP9), Tissue inhibitor of matrix metalloprotei-
nase-2 (TIMP2) and collagen. Astrocyte components aquaporin-4 (AQP4) and glial fibrillary acidic protein (GFAP), pericyte components
low density lipoprotein receptor-related protein-1 (LRP1) and pro-inflammatory nuclear factor kappa-B (Nf-kB). Endothelial molecules
zonula-occludens-1 (ZO-1), occludin, P-glycoprotein (PgP), Vascular cell adhesion protein-1 (VCAM), receptor for advanced glycation

end products (RAGE) and tumour necrosis factor-alpha (TNF-alpha).

Pericytic low density lipoprotein receptor-related
protein-1 (LRP1) binds ApoE and inhibits down-
stream cyclophillin A, preventing Nf-kB and subse-
quent MMP9 upregulation.** On comparison between
ApoE isoforms, ApoE4 was the sole isoform unable to
induce this Nf-kB repression resulting in an increase

in MMP9 and degradation of claudin-5, ZO-1, occlu-
din, collagen IV. This targeting of ApoE to the pericyte
further supports a vascular origin for age associated
neurodegenerative disease and highlights the increas-
ingly complex role of pericytes in BBB preservation.
Similar to S1008, an unknown change in CNS
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homeostasis occurs in later stages of adulthood that
triggers a dependency on functional ApoE signalling.
Interestingly, LRP1 expression changes with age, dis-
cussed later in this section, which may result in a scar-
city of functional ApoE-LRP1 signalling in the aged
brain and further Nf-kB pathway activity.

Pericyte deterioration in the Aged CNS

As previously mentioned, pericytes are critical to the
formation of the BBB in the developing brain and
while astrocytes contribute greatly to the mainte-
nance of the BBB, pericyte dysfunction has also been
shown to reduce BBB integrity in an age dependent
manner.®> As PdgfrB*/ ~ mice are embryonic lethal,
the role of pericytes in maintaining the BBB over age
was investigated using heterozygous knockouts and
the F7 line which express hypomorphic alleles in
place of the wild-type gene. At 6 months both
PdgfrB*’~ and F7 mice display pericyte degeneration
that co-localises with an apoptosing (TUNEL™)
length.
PDGFRp staining negatively correlated with IgG
extravasation and this correlation increased with age,
indicating an increasing BBB dependency on pericyte
function. Compared to wild-type controls, 8 month
old F7 and PdgfrB*'~ mice had a 17 and 10-fold
increase in IgG extravasation respectively. At the

endothelium and stunted microvessel

same timepoint, vascular dysfunction possibly
caused by the decreased TJ (claudin-5, ZO-1, occlu-
din) and basement membrane (laminin, collagen IV)
proteins resulted in an increase in thrombin, fibrino-
gen and plasmin passage into the brain. These invad-
ing components of the blood are neurotoxic at high
levels and indeed neurodegeneration and cognitive
deficits are seen in these pericyte-deficient mice.
Neuronal death was observed in the hippocampal
CAl region of both pericyte-deficient mice was
increasingly prevalent in the F7 mice, which have the
lowest CNS vessel pericyte coverage. A vascular ori-
gin for this neurodegeneration was supported by the
co-localisation of thrombin and TUNEL+ neurons,
indicating that the BBB degeneration seen months
prior to neurodegeneration allowed neurotoxic levels
of peripheral macromolecules passage into the CNS.
Interestingly, at 1 month both pericyte-deficient
strains had novel object location and recognition
scores comparatively to wild-type mice, indicating
hippocampal function is preserved in early stages of

BBB dysfunction. At 8 months however heterozy-
gous and F7 mice scored much lower, with learning
and memory function declining as neurodegenera-
tion progresses.

These changes were followed by microglial activation
at 16 months in PDGFRB+/— mice, with pro-inflamma-
tory cytokine levels rising in the brain relative to aged
controls. The stepwise degeneration of BBB maintenance
and CNS damage may recapitulate the pathogenesis of
age-associated neurodegenerative disease, with early
stage dysfunction at the BBB leading to increased macro-
molecule entry and eventually neuron toxicity, cognitive
decline and microglia driven neuroinflammation.

This deterioration shares many aspects with the devel-
opmental deficiencies observed in mouse models with
low pericyte coverage and viability. As will be discussed
later, pericyte deterioration also has a role in neural stem
cell niche degeneration. These results highlight the
importance of this cell type at the BB throughout life, it’s
primary induction role during development is preserved
over time and such a critical role makes pericyte damage
or death a strong factor in ageing and age-associated dis-
ease. Future work targeting the source of pericyte-defi-
ciency induced phenotypes — developmental transcellular
leakage, age-associated deterioration of the BBB and cere-
bral inflammation — may reveal central signalling path-
ways, conserved at all stages of life, for future therapeutic
targeting.

A loss in transcellular clearance efficacy

Permeability increases at the BBB without paracellular
T]J degeneration, and how it changes with age is cur-
rently underrepresented in the literature with a scar-
city of publications reporting changing activity
profiles with age. Transcellular transport across the
BBB endothelium can occur via active, passive and
receptor-mediated transport; the BBB endothelium
expresses differing luminal and abluminal protein
profiles to regulate the directionality of these transport
proteins and their cargo. The ATP-binding cassette
transporter Pgp, and AS-binding proteins RAGE and
LRP1 have been documented to have changing expres-
sion and functionality with age. Pgp functionality can
be measured using a ''C-labelled isotope of the Pgp
substrate verapamil ([''C]verapamil) combined with
positron emission tomography (PET) imaging.*® Ear-
lier studies revealed increased retention of [''C]verap-
amil within elderly human subjects when compared to



adult controls, and a follow-on study by van Assema
et al. revealed that there were significant and sex-
dependent changes in Pgp function during aging.®’
Pgp functionality was significantly different in the
youngest (20-30 yr) and eldest (55-70 yr) patient
groups, but not between those and the middle group
(40-50 yr). Interestingly, when the data was analysed
by sex there were significant differences between all
three of the male cohorts not observed in the female
cohort.

With age being the greatest risk factor for Alze-
himer’s disease,”® an age-dependent alteration in the
activities of AS transporting proteins may lead to the
hallmark pathology of sterile AS plaque accumulation.
Two studies utilising the Fischer 344/Brown Norway
(F344/BN) rat hybrid model of aging have revealed
age-dependent changes in A transport proteins at
the BBB as well as a potential interaction between
these changes, Pgp and A load. Silverberg et al. docu-
mented the changes in the soluble and insoluble AS
isoforms, AB-40 and AB-42, in F344/BN rats from 3
to 30 months.* Levels of AB-40 detected by ELISA
rose gradually from 3 months, followed by a plateau
from 12-20 month and a gradual decline; AB-42 rose
at a slower pace, surpassing A$-40 at 12 months, how-
ever unlike AB-40 levels of the insoluble isoform kept
rising until the 30-month cut off. In parallel to the
increase in Ap with age, expression of the Af influx
transporter RAGE decreases from months 3-12, then
undergoes a continuous increase until end of life. The
timing of this increase corresponds with peak of Ap-
40 accumulation and the most rapid phase of AB-42
accumulation, with RAGE and Ap-42 increasing in
tandem until end of life.

A second study, using the same model, revealed
decreased mRNA levels of Pgp and LRP-1, a pericytic
AP uptake protein, past the 30-month mark.” Inter-
estingly, LRP1 transcript levels began to decrease by
12 months, corresponding with the previous changes
seen in RAGE and AS accumulation.

These data create a picture of a dysfunctional AS
clearance mechanism in the aged CNS. The dynamics
of Pgp, RAGE and LRP1 expression fluctuations hint
towards feedback loops as regulators of the transport-
ers, providing a means to respond to the increased
load of AB peptides with age. As seen in the above rat
studies however, the balance of these loops may dete-
riorate with age, perhaps due to the cells within the
NVU becoming overburdened with degradation-
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resistant Af1-42. As previously discussed, pericyte
deficiency also increases the transcellular passage of
macromolecules into the brain. It is possible that as
the pericyte becomes overburdened with A8 through
LRP1 uptake, aberrant regulation of endothelial trans-
cellular transport proteins results in a shift from Ap
efflux to influx.

The BBB in declining adult neurogenesis

Although limited, neurogenesis continues throughout
adulthood to provide neurons in response to injury as
well as to facilitate the neural growth involved in exer-
cise, learning and memory.”' Neural stem cells (NSCs)
undergo stepwise differentiation into migratory inter-
mediates that travel from the two primary regions of
the adult neurogenesis, the SVZ of the lateral ven-
tricles and the DG of the hippocampus,' to the olfac-
tory bulb and hippocampus respectively where they
further differentiate into functional neural subtypes.
As with developmental neurogenesis, there is an
intrinsic interplay between the CNS vasculature and
adult NSC maintenance, development and migration.
First observed in the higher vocal centre of adult song-
birds, the adult NSC population resides within highly
specialised vascular niches in the SVZ and SGZ where
the components of the NVU regulate the activities of
NSCs while the vasculature itself provides a migratory
scaffold.”>”> This intimate relationship between the
vasculature and the brain’s ability to initiate neuron
replacement provides an interface for peripheral fac-
tors to communicate with the NSC niche during dis-
ease and injury. The diverse NVU provides the
complex mosaic of growth factors and signalling com-
ponents to maintain the resident quiescent stem cell
population, and inhibit over-proliferation and stem
cell pool depletion. Pigment epithelium-derived factor
(PEDF) secreted by both ECs and the ependymal cells
of the ventricles acts to preserve NSC self-renewal
through upregulating Notch-driven transcription,”
while EC-derived neurotrophin-3 represses NSC pro-
liferation to preserve the multipotent reservoir
through upregulation of the pro-quiescence factor
endothelial nitric oxide synthase (eNOS) in the NSC
niche.”” ECs also regulate NSCs through interactions
between cell surface receptors EphrinB2, Jaggedl and
their respective ligands Eph and Notch. Interactions
between EphrinB2-Eph and Jagged1-Notch receptors
requires cell-cell contact, inhibiting MAPK-driven cell
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cycle entry and cell differentiation respectively to reg-
ulate the adult NSC pool.” In in vitro co-culture, EC-
specific deletion of either ligand resulted in an acute
increase in cell differentiation and division, followed
by early depletion of NSC replicative potential. The
requirement for this direct and intimate regulation
demands an accommodating specialised vasculature
within regions of adult neurogenesis while creating a
sensitive system whereby BBB alterations can lead to
niche disruption as in the case of the age-associated
increase in EC-derived TGFf1 driving NSC apopto-
sis.”® As the CNS ages and barrier function within the
NVU homeostasis decreases, so does the rate of adult
neurogenesis potentially contributing to the cognitive
decline and neurodegenerative diseases associated
with aging.®>** Surprisingly, NSC maintenance
appears to utilise T] proteins expressed by the stem
cells themselves.”” Both within the brain and in ex
vivo culture NSCs grow in clusters, termed neuro-
spheres in cultures, which express a range of TJ pro-
teins until the onset of differentiation. Knock down of
ZO-1 alone was sufficient to initiate NSC differentia-
tion within these neurospheres, revealing a novel func-
tion of T] components in regulating stem cell identity,
likely though preserving cell-cell contacts within the
3D structures.

The SVZ lies beneath the ependyma of the lateral
ventricles and above a specialised dense vascular net-
work running parallel to the ventricle wall. This co-
localisation allows for NSC sampling of both the CSF
and the blood via protruding cell processes through
the ependymal and endothelial cell monolayers.”® The
SVZ niche itself deteriorates with age as blood vessel
density and flow reduces, however the replicative
potential of aged NSCs equals that of controls when
isolated in vitro, pointing towards niche maintenance
rather than stem cell dysfunction as the cause of
reduced neurogenesis.”” The broad range of factors
required for niche function creates a large target for
age-associated deterioration to affect. Interestingly,
the BBB of SVZ ECs have localised foci of increased
permeability and reduced astrocyte and pericyte cov-
erage,” this may provide NSCs with increased periph-
eral cues via paracellular diffusion or create gaps for
NSC extensions to sample the contents of the vascula-
ture. It’s possible that this steady state dysfunction of
the BBB in the SVZ could lead to localised neurode-
generation following the increased susceptibility of the
brain towards peripheral pro-inflammatory factors. In

fact, although the SGZ lacks the leaky and exposed
BBB observed in the SVZ niche it has been reported to
degenerate with age due to BBB degeneration.®® Look-
ing at cohorts of aged and adult individuals with mild
cognitive impairment (MCI), BBB breakdown in two
regions of the hippocampus (the dentate gyrus and
region CA1) within the MCI cohort surpassed aged
controls with normal cognition, while the adult cohort
had the most intact hippocampal BBB. These results
correlated with increased CSF levels of albumin and
soluble PDGFRS (sPDGFRP) but not a rise in MMPs,
cytokines or markers of endothelial cell death. In
mouse models of pericyte cell death (PdgfrB™'™) as
well as Alzheimer’s (Tg2576), sSPDGFRS is increased
compared to controls in the range of 200-fold and
500-fold respectively, giving rise to the hypothesis that
pericyte cell death had occurred in the MCI cohort
and may have thus affected hippocampal function and
neurogenesis.

As is becoming increasingly evident, pericytes are
susceptible to age-dependent deterioration at the BBB
despite the initiating factor of pericyte cell death being
unknown. Due to their location, these cells are likely
to come into contact with and phagocytose infiltrating
cytotoxic factors from the lumen, as these increase
with age it may stress the lysosomal machinery of the
cell and lead to cell death.

Conclusions

The complex and infinitesimal combinations of inju-
ries, diseases and cerebral changes which occur
throughout life results in a heterogeneous aged popu-
lation presenting common disorders such as Alz-
heimer’s, schizophrenia and dementia. Although the
underlying causes for each of these disorders are likely
to similarly drive pathogenesis, how the CNS becomes
primed for disease onset is likely to be individual in
nature with neurodegeneration being the product of
many compounding effects of aging and underlying
genetic predisposition. Different strategies to combat
the effects of aging on the BBB and CNS include broad
approaches such as the application of “young” rejuve-
nating circulatory factors, for example BMP11,'” as
well as targeting specific key molecules involved in the
processes discussed in this review. The BBB and
NVU’s involvement in age-associated disease as well
as physiological CNS deterioration make the CNS vas-
culature ideal targets for drug action to preserve



barrier functionality, robust injury response, stem cell

maintenance and to combat pathologic cellular

changes such as pericyte degeneration.
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