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Abstract

The blood-brain barrier (BBB) is a critical regulator of CNS homeostasis. It possesses physical and biochemical
characteristics (i.e. tight junction protein complexes, transporters) that are necessary for the BBB to perform this
physiological role. Microvascular endothelial cells require support from astrocytes, pericytes, microglia, neurons, and
constituents of the extracellular matrix. This intricate relationship implies the existence of a neurovascular unit (NVU).
NVU cellular components can be activated in disease and contribute to dynamic remodeling of the BBB. This is especially
true of microglia, the resident immune cells of the brain, which polarize into distinct proinflammatory (MI) or
anti-inflammatory (M2) phenotypes. Current data indicate that M| pro-inflammatory microglia contribute to BBB
dysfunction and vascular “leak”, while M2 anti-inflammatory microglia play a protective role at the BBB.
Understanding biological mechanisms involved in microglia activation provides a unique opportunity to develop novel
treatment approaches for neurological diseases. In this review, we highlight characteristics of M| proinflalmmatory and
M2 anti-inflammatory microglia and describe how these distinct phenotypes modulate BBB physiology. Additionally, we
outline the role of other NVU cell types in regulating microglial activation and highlight how microglia can be targeted
for treatment of disease with a focus on ischemic stroke and Alzheimer’s disease.
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Introduction sealing function and known development of early post-

The blood-brain barrier (BBB) is a physical and bio-
chemical barrier that separates the central nervous
system (CNS) from the peripheral circulation. This
highly specialized barrier tissue is critical in maintain-
ing the CNS microenvironment, a role that permits
physiological functioning of neurons. Such homeostat-
ic capabilities require specialized molecular features
(i.e. tight junction protein complexes, transporters) in
endothelial cells that line the cerebral microvasculature.
Tight junction protein complexes are localized between
apposing endothelial cells and involve transmembrane
proteins (i.e. claudins, occludin, junctional adhesion
molecules (JAMs), tricellulin) that are linked to the
actin cytoskeleton by zonula occludens (ZO) family
members (i.e. ZO-1, -2, -3)."® The essential role of
claudin-5 at the BBB is supported by its established

natal brain edema and lethality in claudin-5 null mice.*
Occludin is also prominently involved in regulating
BBB paracellular permeability; however, occludin
knockout mice exhibit functionally intact tight junc-
tions,” an effect that may reflect compensation from
other tight junction constituents. Tricellulin regulates
paracellular permeability to macromolecules,! while
JAMs can contribute to endothelial barrier properties.’
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Paracellular permeability is also controlled by adherens
junctions, which are formed by interactions between
transmembrane cadherin proteins and intracellular cat-
enins.® Additionally, brain microvascular endothelial
cells express primary active transporters (i.e. P-glyco-
protein (P-gp), breast cancer resistance protein
(BCRP), multidrug resistance proteins (MRPs)) that
restrict the ability of endogenous and exogenous sub-
stances from accessing brain parenchyma.®’ Most
research on efflux transporters has been conducted on
P-gp and high endothelial expression of this critical
transporter is a BBB identifying feature.>® P-gp is
known to limit brain permeability of hundreds of struc-
turally diverse substances ranging in molecular weight
from 100 to 4000 Da. An important concept in under-
standing efflux transport properties at the BBB is the
fact that many P-gp substrates are also transported by
BCRP, which functions in synergy with P-gp to limit
CNS drug permeation.® In contrast to P-gp and BCRP,
MRPs participate in the brain-to-blood transport of a
more limited set of compounds that are primarily
anionic or their associated glucuronidated, sulfated,
or glutathione-conjugated metabolites.®

A detailed understanding of the BBB requires an
appreciation that this “barrier” is a dynamic interface
between the systemic circulation and brain parenchy-
ma. This is necessary due to the high metabolic
demands of the CNS coupled with an inherent inability
to store biological fuels for later use.” As noted by
Constantino Iadecola in his seminal article,’

...the brain receives energy substrates, primarily
oxygen and glucose, “on the fly” through its blood
supply. Considering the dynamic and regionally diverse
energy requirements imposed by brain activity, blood
flow needs to reach the brain at the right time and
place, and in the right amount.

This requirement implies that the brain microvascula-
ture must rapidly respond to environmental changes in
an attempt to match cerebral blood flow to brain met-
abolic demands. It is also abundantly clear that the
BBB phenotype can only be acquired through coordi-
nated intercellular communication. The unique pheno-
type of the cerebral microvasculature implies the
existence of a “neurovascular unit (NVU).” By empha-
sizing the symbiotic nature of cell-cell interactions
between endothelial cells, glial cells, pericytes, and neu-
rons as well as contributions from extracellular matrix
components, the NVU concept led to a significant
ideological shift in our understanding of neurological
diseases.” Instead of considering each cell type indepen-
dently, it is now understood that NVU components
communicate directly with the cerebral microvascula-
ture. This enables endothelial cells to develop distinct

barrier properties and allows for dynamic responses to
pathological stressors.

Over the past several years, much work has focused
on the role of astrocytes and pericytes in regulation of
the BBB phenotype. For example, in vivo administra-
tion of the selective astrocyte toxin 3-chloropropane-
diol resulted in BBB disruption as indicated by
enhanced paracellular “leak” of fluorescent 10-kDa
dextran.'” This BBB injury was reversible as
demarcated by astrocyte repopulation into lesioned
brain tissue and subsequent reduction in 10-kDa dex-
tran permeability that occurred six days post-
3-chloropropanediol treatment.'® Such an observation
indicates that astrocytes play a critical role in mainte-
nance of the BBB phenotype. Several published studies
have identified astrocyte-released effector molecules
that can contribute to development of the BBB pheno-
type including members of the hedgehog family,"
angiotensin II,'> and/or apolipoprotein E (APOE)/
lipoprotein receptor-related protein 1 (LRP1) signal-
ing."® Similarly, pericyte-deficient mice, caused by
dysfunctional platelet-derived growth factor BB
(PDGF-BB) and platelet-derived growth factor recep-
tor-p (PDGFR-B) signaling, suffer from impaired BBB
formation.'*'® More recently, Nikolakopoulou et al.'’
demonstrated reduced pericyte coverage and BBB
breakdown in the cerebral cortex, hippocampus, and
thalamus in Pdgfrp"”"” mice, which exhibit dysfunc-
tional PDGFR signaling.'’

In contrast to astrocytes and pericytes, the role of
microglia in regulation of the BBB phenotype is only
beginning to be defined. Microglia, the innate immune
cells of the brain, were first described by the Spanish
neuroanatomist del Rio-Hortega in 1919'® and com-
prise approximately 10-15% of all cells that reside in
the central nervous system (CNS).'” Microglia are mye-
loid cells, a lineage that also includes monocytes/
macrophages, neutrophils, and platelets.”® The patho-
physiological functions of central myeloid cells (i.e.
microglia) are best exemplified in the setting of ische-
mic stroke where they have been shown to participate
in initiation and maintenance of inflammation but also
post-ischemic inflammatory resolution and tissue
repair.?’ To this end, physiological functions of micro-
glia include participation in regulatory processes that
control tissue development, maintenance of the neural
environment, response to pathophysiological stressors,
and promotion of neural repair.”' Under normal con-
ditions, microglia exist in a quiescent state lacking
endocytotic and phagocytotic activity. These microglia
possess a ramified morphology characterized by a small
(5-10 pm) cell body, exhibit little or no cellular move-
ment, and possess multiple radial processes that extend
from the cell body and screen the brain extracellular
milieu for pathological mediators and/or toxicants.?!
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Evidence for the existence of cytoplasmic projections
and protrusions in resting microglia have been derived
from two-photon microscopy imaging.”” During dis-
ease or trauma, microglia rapidly transition to an acti-
vated phenotype. The degree of activation is directly
correlated to the type and severity of brain injury.
Throughout the scientific literature, activated microglia
are often described as existing in two distinct states
designated as M1 and M2. M1 microglia are defined
by pro-inflammatory and pro-killing functions, where-
as M2 microglia are involved in immunoregulation,
control of inflammatory mechanisms, and repair/
injury resolution.”! M2 microglia are also capable of
phagocytosis, which contributes to the ability of
M2-polarized microglia to remove cellular debris and
contribute to neural repair.”® There are several excep-
tions to the M1/M2 classification system as has been
shown in various studies on neurodegenerative diseases
where considerable heterogeneity in microglial activa-
tion phenotypes have been described.”*** Indeed,
microglial activation and proliferation are implicated
in neuronal cell death in CNS pathological states
such as ischemic stroke and neurodegenerative dis-
eases. Such activation correlates with dysfunction of
the blood—brain barrier (BBB), which is an early
event in stroke® and Alzheimer’s disease.”® In this
review, we will discuss direct effects of microglia acti-
vation on BBB functional integrity. We will also pro-
vide examples of neurological diseases where microglia
activation causes BBB dysfunction and provide per-
spective on microglial molecular targets that can be
exploited for the development of novel treatment
paradigms.

Microglial activation: M1 pro-
inflammatory phenotype and BBB injury

Microglia populate the brain prior to development of
the cerebrovascular network and localize adjacent to
brain microvasculature (i.e. perivascular microglia).
Microglia distribution in brain tissue is not homoge-
neous as evidenced by studies in mouse brain tissue
that described elevated microglia cell counts in basal
ganglia, hippocampus, substantia nigra, and olfactory
telencephalon.* Using immunofluorescence microsco-
py, we have observed resting microglia in close
proximity to cerebral microvessels in healthy
Sprague-Dawley rats (Figure 1). This close physical
association enables microglia to simultaneously moni-
tor BBB integrity and influx of blood-derived solutes
into brain parenchyma. Experimental evidence suggests
that microglia also contribute to maintenance of the
BBB phenotype. For example, co-culture of mouse
brain endothelial cells (b END3) with resting microglia

Figure |. Perivascular microglial cells. This image illustrates the
proximity of microglia to cerebral capillaries in the adult rat
hindbrain. A 30-pm rat brain section was stained for the
microglial marker IBA| (red) and major histocompatibility
complex (MHC) Il (green), which is upregulated in activated
microglia but also stains endothelial cells. Nuclei were stained
with 4',6-diamindino-2-phenylindole (DAPI; blue). The white
arrow highlights a surveillance microglia and the arrowhead
highlights an activated microglia that has increased expression of
MHCII. Note the capillary between the two microglia. This image
is 2 maximum intensity projection of a 10-um segment of the
brain slice and was processed for brightness, contrast, and RGB
levels. Adapted from Herndon JM, Tome ME and Davis TP.
Development and maintenance of the blood-brain barrier. In: LR
Caplan, ] Biller, MC Leary, et al. (eds) Primer on cerebrovascular
diseases, 2" ed. San Diego: Elsevier Academic Press, 2017.

resulted in enhanced endothelial expression of critical
tight junction proteins occludin and ZO-1.*” More
recently, in vivo studies demonstrated that perivascular
microglia may directly supply critical proteins (i.e.
claudin-5) to the BBB endothelium for assembly into
tight junction complexes.?®

Upon vascular exposure to pathophysiological
stressors, there appears to be a very precise and tight
spatiotemporal correlation between vascular activa-
tion, breakdown of the BBB, and transition of resting
microglia to a M1 activated state.?®*° This concept was
recently demonstrated by Haruwaka et al. in vivo
using the Murphy Roths Large/lymphoproliferation
(MRL/Ipr) mouse model of systemic lupus erythema-
tosus. In this study, an increased number of
activated microglia were observed in MRL/Ipr mice
by increased immunohistochemical staining against
ionized calcium binding adaptor molecule 1
(IBA-1).?® IBA-1 is a well-established protein marker
of macrophages and microglia that is selectively
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upregulated in activated microglia. IBA-1-positive
microglia were primarily localized in perivascular
regions of the motor cortex and correlated with
increased BBB leak to 10-kDa dextran.?® Similar effects
on microvascular integrity were observed when micro-
glia were activated following in vivo administration of
lipopolysaccharide (LPS) for seven days.”® It is critical
to point out that these observations are largely correl-
ative and do not provide direct evidence that microglial
transition from a resting to a M1 activated state is
directly responsible for BBB disruption. Nonetheless,
this study does provide evidence for a dual role of acti-
vated microglia involving both beneficial or detrimen-
tal roles at the NVU in a manner that depends upon
the timing of activation. Specifically, CCR5-dependent
migration of activated microglia to the perivascular
space early in the course of inflammation protects the
BBB phenotype, while sustained inflammation triggers
activated microglia to induce BBB damage.”® In con-
trast, measurable disruption of rat brain endothelial
tight junction protein complexes was observed follow-
ing 6-h incubation with LPS as indicated by decreased
transendothelial electrical resistance (TEER), reduced
protein expression of claudin-5, occludin, and ZO-1,
and increased paracellular transport of sodium fluores-
cein (NaF).?! Mice treated with the purinergic receptor
P2Y G-protein coupled 12 (P2RY12) inhibitor clopi-
dogrel, a drug that blocks microglia process motility,
showed an impaired ability of microglia to promote
repair of laser-induced BBB injury.*? This study also
showed that ablation of juxtavascular microglia by
focused laser radiation abolished BBB “leak™ resolu-
tion.>* More recently, studies in spinal cord blood ves-
sels demonstrated that microglial depletion caused
increased vascular permeability to fibrinogen in the set-
ting of chronic mild hypoxia.*® It is also noteworthy
that increased BBB permeability can result from
disruption of endothelial glycocalyx as has been dem-
onstrated in a rodent model of cardiac arrest and sub-
sequent cardiopulmonary resuscitation.** Microglia are
known to engage neuronal glycocalyx, a process that
regulates microglial immune responses and phagocyto-
sis.*® Forsberg et al.*® have recently shown that IBA-
1-positive microglia are colocalized with the glycocalyx
marker Ulex Europaeus Agglutinin 1 (UAE-1) in string
vessels suggesting that activated microglia can interact
with vascular glycocalyx and disrupt vessel integrity.

Production of pro-inflammatory mediators

Activation of microglia to produce and secrete
proinflammatory mediators (M1 phenotype) requires
signaling via toll-like receptor (TLR)-4,°" the
interferon-gamma (IFN-y) receptor complex,*® and/or
the granulocyte-macrophage colony-stimulating factor

(GM-CSF) receptor (Figure 2).* Previous research has
demonstrated that M1 microglia are involved in the
production and secretion of proinflammatory cytokines
and chemokines including TNF-a, IL-1f, IL-6, IL-12,
CCL2 (also known as monocyte chemoattractant
protein-1 (MCP-1)), and CXCL10.2"* Significant
injury to the NVU occurs following exposure to
TNF-o, IL-1p, and IL-6.2>*"** Inflammatory signaling
in microglia may also involve cyclooxygenase-2
(COX2), which is inducible in response to pathological
stressors™ or gonadal testosterone depletion** and con-
tributes to opening of the BBB. In neuroinflammation,
COX2 activates sphingomyelinases leading to release of
ceramides and subsequent activation of p38 mitogen-
activated protein kinase (MAPK).*> Activation of the
p38 MAPK pathway is associated with increased
microglial synthesis of proinflammatory cytokines.*®
This is supported by the observation that pharmaco-
logical treatment with SB203580, a selective p38
MAPK inhibitor, attenuates TNF-a secretion from pri-
mary cultures of rat microglia.*® Additionally, Forster
et al.*’ showed reduced protein expression of occludin
and claudin-5, but no change in VE-cadherin, follow-
ing 8-h exposure to TNF-o. These changes in tight
junction constituent proteins correlated with a statisti-
cally significant reduction in TEER, thereby reflecting a
possible increase in paracellular permeability.*’ The
ability of TNF-a to disrupt tight junctions and open
a paracellular route between apposing endothelial cells
at the BBB is related to the upregulation of matrix
metalloproteinase (MMP) -2, -3 and -9 enzymes in
the extracellular matrix.*** Similar modifications
to BBB functional integrity have been reported
following exposure to IL-18,° IL-6,"' and IL-12.°'
Proinflammatory cytokines can also modulate expres-
sion of critical BBB transporters as shown in in vitro
and ex vivo studies where brain microvascular endo-
thelial cells or isolated brain microvessels were directly
exposed to proinflammatory cytokines. Studies in the
hCMEC/d3 cell line have shown suppression of MDRI
(i.e. the gene that encodes P-gp) mRNA and ABCG?2
(i.e. the gene that encodes BCRP) mRNA following
treatment with IL-6.% In contrast, MDRI mRNA
was increased in hCMEC/d3 cells following cellular
exposure to TNF-o.° Despite the change in mRNA
expression, P-gp protein levels were unchanged follow-
ing TNF-a treatment in the hCMEC/d3 cell line; how-
ever, transport activity was significantly reduced by a
mechanism involving actin filament-associated protein-
1 (AFAP-1).>® Using an ex vivo microvessel transport
assay, Hartz et al.>* showed that TNF-o treatment
abolished P-gp-mediated efflux activity via the endo-
thelin B (ETg) receptor. Interestingly, Bauer et al.>
showed that microvascular exposure to TNF-o at
time points greater than 6 h resulted in increased
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Figure 2. Polarization of microglia in response to pathological stressors. In the absence of pathological mediators, microglia maintain
a resting phenotype where they perform surveillance of the brain extracellular milieu. In the presence of a stressor, microglia are
activated and can assume one of two activation states. Polarization to an M| state is mediated by TLR4, IFN-y receptors, or GM-CSF
receptors and leads to increased production of proinflammatory cytokines and chemokines as well as increased expression of COX2
and iNOS. This results in increased inflammation and oxidative stress, processes that cause dysfunction of the BBB. In contrast, M2
microglia perform inflammation dampening, immune regulation, and tissue repair/injury resolution functions. Polarization of microglia
to a M2 activation state involves IL-4 receptors, Fcy, IL-10 receptors, or VEGFR2. M2 microglia secrete anti-inflammatory mediators
such as IL-10 and TGF-B1 and help to protect the BBB in the setting of neurological disease.

P-gp functional expression. These results suggest that
proinflammatory cytokines, such as those released
from activated M1 microglia, can modulate transport
kinetics at the BBB, alter brain permeability to circu-
lating solutes, and render the brain accessible to poten-
tially toxic substances. Despite their prominent role in
the production of pro-inflammatory mediators, it is
important to note that microglia are not the only
source of such cytokines in the brain. Both astrocytes
and pericytes are well known to release cytokines in
response to pathophysiological stressors and, therefore,
can also contribute to BBB injury under pathological
stress conditions.>®

Promotion of immune cell trafficking

M1 microglia secrete chemokines (i.e. CCL2, CXCL10)
that promote BBB disruption and increased trafficking
of immune cells into brain parenchyma. Deleterious
effects on BBB integrity have been shown following
intracerebroventricular (ICV) injection of murine
recombinant CCL2, which caused a reduction in vas-
cular immunostaining of occludin, claudin-5, ZO-1,
and Z0-2.°" These changes in tight junction molecular
composition were associated with an increase in brain
uptake of fluorescein isothiocyanate (FITC)-albumin, a
fluorescently labeled plasma protein that is not capable
of permeating the intact BBB.?” The effect of CCL2 on
cerebral microvascular permeability is dependent upon

its ability to bind to its receptor CCR2. This mecha-
nism was demonstrated in CCR2-null mice where the
increase in FITC-albumin extravasation following ICV
injection of CCL2 was ameliorated as compared to age-
matched CCR2-positive animals.”’  Additionally,
increased CCL2 secretion promotes migration of
monocytes and macrophages across the BBB, an
effect that further exacerbates NVU injury and neuro-
nal cell loss.”® ®° Microglia signaling via CCR2 (as well
as CX3CR1) may also play a significant role in neuro-
vascular damage in younger individuals as recently
demonstrated in a mouse model of childhood arterial
ischemic stroke.®! In contrast, CCL2 gene expression
was downregulated in microglia isolated from aged
brain tissue.*> CXCL10 (also referred to as IP-10) is
produced by microglia in response to the proinflamma-
tory mediator interferon (IFN)-y. Similar to CCL2,
CXCLI10 acts as a chemoattractant protein that facili-
tates monocyte and macrophage migration across the
BBB. This role for CXCL10 has been observed in ische-
mic stroke®® and elevation of this chemokine in circu-
lating blood is associated with poor neurological
outcomes following hemorrhagic stroke.®* Increased
CXCL10 and associated monocyte/macrophage migra-
tion into brain tissue have also been observed in
Alzheimer’s disease®>®® and traumatic brain injury.®’
Taken together, these studies demonstrate a critical
role for microglial chemokines in exacerbating NVU
injury.
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Microglia and oxidative stress

In addition to cytokines and chemokines, opening of
the BBB during disease can be triggered by production
of reactive oxygen species (ROS) and subsequent oxi-
dative stress. We have shown that occludin is redox-
sensitive and oxidative stress can cause collapse of
occludin oligomeric assemblies and BBB dysfunction.®®
In microglia that are polarized to an M1 phenotype,
ROS generation is related to increased expression and
activity of inducible nitric oxide synthase (iNOS).*
Increased iNOS activity in the brain results in enhanced
production of nitric oxide (NO) that can be conjugated
with superoxide anion (O, ) to form the potent cyto-
toxic molecule peroxynitrite (ONOO™). Peroxynitrite
causes extensive damage to neurons and cerebral
microvessels through lipid peroxidation, consumption
of endogenous antioxidants (i.e. glutathione), DNA
fragmentation, and induction of mitochondrial fail-
ure.”” Peroxynitrite can also induce cellular injury
due to its ability to nitrosylate tyrosine residues,
thereby inducing modifications to critical proteins.”’
Breakdown of peroxynitrite into nitrogen dioxide and
hydroxyl radicals also contributes to endothelial cell
dysfunction and BBB disruption.”” Both NO and per-
oxynitrite can increase MMP-mediated opening of the
BBB. Pharmacological inhibition of iNOS with the
non-selective NOS inhibitor L-N-nitro-arginine-
methyl-ester (L-NAME) reduced MMP-2/MMP-9
activity at the NVU and prevented BBB disruption in
a rodent model of cerebral ischemia/reperfusion
injury.”” More recently, BBB opening following
middle cerebral artery occlusion (MCAO) in male
Sprague-Dawley rats was attenuated by baicalin, a
flavone glycoside and potent antioxidant, in a dose-
dependent manner.”* In the study by Chen et al.,”* bai-
calin was shown to exert BBB protective effects by
direct scavenging of peroxynitrite and inhibition of
MMP-9 activity. Other signaling pathways that can
be targeted by peroxynitrite and promote BBB dys-
function include high mobility group box 1
(HMGBI1), TLR-2 and 4, poly(ADP ribose) polymer-
ase, Src, Rho-associated protein kinase (ROCK), and
glycogen synthase kinase (GSK)3B.”> Of these path-
ways, the link between Src signaling and BBB opening
is particularly intriguing. This connection is supported
by a previous study where imatinib, a drug commonly
used to treat chronic myeloid leukemia, decreased CNS
expression of phosphorylated Src, reduced MMP-9
activity, and reduced Evan’s blue-albumin extravasa-
tion in a rodent model of subarachnoid hemorrhage
(SAH).”® Indeed, allosteric binding sites have been
identified for imatinib on Src that cause reduced
kinase activity upon drug binding.”” These observa-
tions are in contrast to a more recent study in the

setting of intracerebral hemorrhage, where increased
Src signaling following activation by macrophage stim-
ulating protein (MSP) was shown to preserve BBB
integrity.”® Src signaling interacts with multiple down-
stream pathways and may be associated with variable
cross-talk between other intracellular signaling cas-
cades when pathologies differ, which may explain the
conflicting observations between these two studies. It is
noteworthy that these studies also showed involvement
of different downstream pathways that are linked to
Src signaling. Specifically, Zhan et al.”® showed
reduced phosphorylation of JNK following imatinib
treatment, while Lu et al.”® demonstrated that
increased phosphorylation of Src resulted in enhanced
nuclear translocation of B-catenin. Clearly, these obser-
vations point towards a need for detailed molecular
studies to elucidate the exact role of Src signaling in
the regulation of BBB functional integrity.

Microglia activation: M2
anti-inflammatory phenotype and
BBB protection

Activation of microglia is commonly associated
with BBB breakdown and deleterious processes includ-
ing inflammation, oxidative stress, and immune cell
trafficking; however, positive effects such as immune
regulation, inflammation dampening, and repair/
injury resolution have also been reported.’!
Morphologically, microglia that participate in BBB
protection and neural repair have enlarged cell bodies
and produce anti-inflammatory cytokines, extracellular
matrix proteins, glucocorticoids, and other substan-
ces.”’! Transition from a resting state to a protective
M2 phenotype is mediated by signaling via the 1L-4
receptor, the FCy receptor, or the IL-10 receptor.’!
Vascular endothelial growth factor receptor 2
(VEGFR?2) signaling may also be involved in polariz-
ing microglia towards a protective role. This mecha-
nism was shown by Esposito et al.”” where increased
VEGF production in the setting of ischemic precondi-
tioning resulted in increased VEGFR2 expression in
microglia and polarization of IBA-1-positive microglia
to a ramified morphology with increased expression of
M2 markers. The role of VEGFR2 was confirmed
using a Flk-1 inhibitor, which blocks VEGFR2
kinase and attenuated microglial polarization.”
Activation of the IL-4 receptor triggers phagocytotic
mechanisms that are associated with tissue repair.
For example, studies in a mouse model of intracerebral
hemorrhage showed that 1L-4 administration promot-
ed microglial polarization to an anti-inflammatory phe-
notype, an effect that reduced brain infarction
and edema and improved neurological outcomes.®
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Fcy receptors fuse with TLRs, which then enables the
receptor complex to bind I1gG.?' Following IgG bind-
ing, microglia secrete IL-10, increase CD86 expression
on their cell surface, and increase expression of
MHC-II.?' This mechanism is critical to promoting
migration of regulatory T-cells in an effort to amelio-
rate brain injury as has been demonstrated in the set-
ting of hemorrhagic stroke.®' Microglial functions
mediated by the IL-10 receptor promote dampening
of inflammation and injury repair.’' Increased brain
levels of IL-10 activate both IL-10R1 and IL-10R2,
which triggers JAK1 and promotes translocation of
STAT3 to the microglial cell nucleus.®® This mecha-
nism suppresses production of proinflammatory cyto-
kines and ensures microglial polarization to an M2
phenotype.®® Recently, microglia treated with tetrame-
thylpyrazine, a drug that promotes M2 microglial
polarization, were shown to preserve functional integ-
rity of the blood—spinal cord barrier in a murine
model of experimental autoimmune encephalomyelitis
(EAE).® This is the first study to directly show that
microglial cells with an anti-inflammatory phenotype
can protect brain barriers against pathological
stressors.

Production of anti-inflammatory mediators

Following activation of cell surface receptors, anti-
inflammatory microglia can be primed to release medi-
ators that facilitate BBB protection. These substances
include IL-10 and transforming growth factor-Bl1
(TGF-B1). Evidence for protective effects of IL-10 on
BBB functional integrity is provided by a previous
study where the antioxidant resveratrol (3,5,4'-trihy-
droxy-trans-stilbene) prevented EAE-induced loss of
tight junction proteins (i.e. claudin-5, occludin,
Z0O-1), thereby attenuating Evan’s blue-albumin
extravasation.®> This effect was associated with
increased brain levels of IL-10 and arginase-1, a
marker of microglia and macrophages.®> Of particular
note, resveratrol also increased ICAM-1 and VCAM-1
expression in endothelial cells, an effect that promoted
migration of macrophages into brain parenchyma.®
Secretion of TGF-B1 is also likely to have significant
positive effects on BBB functional integrity in health
and disease. Although astrocytes are the primary
source of TGF-B1 in the brain, M2 microglia have
been shown to produce quantities of this cytokine.®¢
It is critical to point out that TGF-B1 production by
microglia may decrease in association with chronolog-
ical age since this is a primary pathway that is
perturbed in response to age-related changes in the
brain.®® Indeed, receptors for TGF-B1 are functionally
expressed at the BBB and play a critical role in main-
tenance of barrier integrity. Members of the TGF-B

superfamily of signaling ligands, which include bone
morphogenetic proteins, activins, and TGF-fs, bind
to two types of serine-threonine kinase receptors
known as type I and type II receptors. At the brain
microvascular endothelium, two distinct type I recep-
tors have been identified that are designated as activin
receptor-like kinase (ALK) -1 and -5.° These receptors
phosphorylate distinct R-Smad proteins, which leads to
physiological differences between ALK-1 receptors and
ALK-5 receptors. Specifically, ALK-1 phosphorylates
Smadl, Smad5, and SmadS8, while ALK-5 propagates
intracellular signals via phosphorylation of Smad?2 and
Smad3. Our laboratory has demonstrated that signal-
ing mediated by the ALK-5 receptor can modulate
tight junction protein expression and BBB “leak”.®’
Specifically, we demonstrated that exogenous adminis-
tration of TGF-B1 attenuated the increase in paracel-
lular permeability to sucrose, a vascular marker that
does not permeate the intact BBB, observed in the set-
ting of peripheral inflammatory pain.®” Furthermore,
pharmacological inhibition of the ALK-5 receptor by
the selective inhibitor SB431542 in both pained and
non-pained experimental animals resulted in dysregu-
lation of tight junction integrity.®” Furthermore,
administration of SB431542 enhanced microvascular
permeability to sucrose, suggesting a critical role for
TGF-B/ALK-5 signaling in the regulation of BBB func-
tional integrity.®’

Dynamic transition between microglia
activation states

Microglia are highly dynamic cells that are capable of
transitioning between activation states. In fact, the
transition of microglial polarization from a M1 pro-
inflammatory phenotype to a M2 anti-inflammatory
state is believed to improve outcomes following CNS
exposure to pathological stressors and to restore cere-
bral homeostasis.”! One factor that may be critical for
the microglial transition between activation states is
suppressor of cytokine signaling 3 (SOCS3). In vitro
studies have shown that upregulation of SOCS3 by cin-
namic acid suppressed expression of iINOS, TNF-a,
IL-1B, and IL-6 in LPS-triggered mouse BV-2 micro-
glia.®® Studies in LysMCre-SOCS3"™ mice, which lack
SOCS3 expression in myeloid lineage cells, demonstrat-
ed enhanced polarization of microglia towards a
pro-inflammatory state as demarcated by increased
production and secretion of TNF-o, IL-1B, IL-6,
CCL3, CCL4, and CXCLI11.*” Histone H3K27me3
demethylase Jumonji domain containing 3 (Jmjd3)
also plays a pivotal role in microglial polarization
towards an anti-inflammatory phenotype.”® Several
mediators have been reported to promote this pheno-
typic shift in microglia including, but not limited to,
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IL-10, glatiramer acetate, beta interferons, and perox-
isome proliferator-activated receptor (PPAR) -y activa-
tors.>! Development of therapeutic approaches that
can favor M2 polarization are likely to provide benefi-
cial effects by protecting the NVU. Further research in
this area will facilitate discovery of new molecular tar-
gets and development of novel strategies to control
microglial ~ activation  states. As noted by
Subramaniam and Federoff in their seminal review,
this is a particularly unique opportunity because micro-
glia can transition between M1 and M2 activation
states, while peripheral immune cells cannot.?!

Microglia activation: Involvement of
other NVU cell types

Astrocytes

Astrocytes are the most abundant cell type in the brain
and are critical in the development and/or maintenance
of BBB characteristics.'®?'”> They are localized
between neuronal cell bodies and endothelial cells
and ensheath over 99% of cerebral capillaries with
their end-feet.”' For example, studies using porcine
brain endothelial cells showed improved BBB proper-
ties when co-cultured with an immortalized rat astro-
cyte cell line (CTX TNAZ2), which implies that
astrocytes secrete trophic factors critical to the BBB
phenotype.’! Astrocytes derived from induced pluripo-
tent stem cells (1IPSC) were shown to enhance TEER,
reduce passive permeability, and improve tight junction
continuity in iPSC-derived brain endothelial cells.””
Astrocytes may be involved in transient regulation of
cerebral microvascular permeability, in particular via
Ca”" signaling between astrocytes and the endothelium
via gap junctions and purinergic transmission.”' Other
key roles for astrocytes include regulation of water and
ion exchange across the microvascular endothelium®***
as well as removal of excess synaptic glutamate and
contribute to maintenance of excitatory neurotransmit-
ter concentrations in the brain.”' Elevated brain levels
of glutamate may lead to a pathological condition
known as excitotoxicity, which has been implicated in
neuronal damage in stroke.”> Additionally, astrocytes
are known to express volume-regulated anion channels
(VRACs). These channels are involved in Ca’*-
independent release of anionic amino acids (i.e. gluta-
mate, aspartate, taurine) during conditions that cause
cellular swelling such as cerebral hypoxia.”®

In the setting of CNS pathology, astrocytes contrib-
ute to neuroinflammation through the release of pro-
inflammatory cytokines.””*® Additionally, crosstalk
between microglia and perivascular astrocytes is critical
in controlling activity of other cellular components of

the NVU such as microglia. In response to stressors,
astrocytes can also secrete large quantities of IL-17A.%°
IL-17A receptors (IL-17AR) are typically expressed at
low levels in the CNS; however, in the setting of neu-
rological disease, signaling via these receptors is
upregulated and contributed to the polarization of
microglia towards a M1 proinflammatory state.'®
For example, pharmacological inhibition of IL-17A/
IL-17AR signaling with neutralizing antibodies
prevented microglial transition to an activated pro-
inflammatory state, a mechanism that reduced cogni-
tive impairment in a murine model of sepsis-associated
encephalopathy.'®! Interestingly, IL-17A signaling con-
tributes to BBB dysfunction as indicated by decreased
claudin-5 and occludin protein expression and
increased MMP-2/MMP-9 activity.'”® Astrocytes also
participate in a positive feedback loop with microglia
that can further exacerbate BBB injury and neuroin-
flammation. For example, pro-inflammatory cytokines
such as IL-1pB that are released from activated micro-
glia can suppress astrocytic production of sonic hedge-
hog and increase secretion of CCL2, CCL20, and
CXCL2.'% This is a critical finding due to the key
role played by sonic hedgehog in the maintenance of
BBB functional integrity."!

Pericytes

Pericytes play a crucial role in maintenance of BBB
homeostasis.'®1°*19 Pericytes are localized to the
basement membrane of small blood vessels including
capillaries, pre-capillary arterioles, and post-capillary
venules.'%®!%” They are flat, contractile mural cells
that communicate with other cell types of the
NVU.'" Pericytes also attempt to maintain contacts
with microvascular endothelial cells as demonstrated
by single-cell pericyte ablation experiments that result
in extension of cytoplasmic processes from adjacent
pericytes to restore contacts with uncovered regions
of the endothelium.'”® Contractile properties of peri-
cytes are evidenced by the observation that several con-
tractile and cytoskeletal proteins including o-smooth
muscle actin (a-SMA), neural/glial antigen-2 (NG-2),
vimentin, desmin, myosin, and nestin are expressed by
pericytes.'%*!% Of particular note, pericytes vary in
terms of their a-SMA content, which implies the pres-
ence of different pericyte populations (i.e. ensheathing
pericytes, mesh pericytes, thin-strand pericytes) with
different morphology.'””  Additionally, pericytes
express multiple cell surface proteins such as
PDGFR-B, aminopeptidases A and N (CD13), regula-
tor of G-protein signaling-5 (RGS5), and CD146.'%¢
When using biochemical approaches to identify peri-
cytes in the cerebral microvasculature, it is important
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to appreciate that many cell surface antigens expressed
by pericytes are also expressed by vascular smooth
muscle cells. Therefore, it is critical that multiple
marker proteins be evaluated in an effort to establish
a “pericyte profile” before making inferences regarding
pericyte localization and/or function at the NVU.
Secretion of angiopoetin by pericytes induces expres-
sion of occludin at the BBB, an observation that sug-
gest that pericytes are directly involved in induction
and/or maintenance of barrier properties.''” Using
mouse mutant strains with reduced mural cell densities,
Armulik et al.'* demonstrated that the degree of micro-
vascular pericyte coverage is inversely proportional to
paracellular leak.'* That is, mice with increased vascu-
lar pericyte coverage showed reduced extravasation of
Evan’s blue-albumin, BSA-Alexa Fluor-555, IgG-
DyLight 549, and horseradish peroxidase.' Increased
BBB leak following pericyte loss is region-specific with
the highest permeability observed in cortex, striatum,
and hippocampus.''" Although the study by Villasenor
et al. indicated that these regional differences in leak
were not due to tight junction dysfunction, they did not
perform a comprehensive evaluation of tight junction
protein expression, localization, or oligomerization in
the pericyte-deficient Pdgf-b"""" mouse model.'"!
Furthermore, BBB permeability was assessed via
extravasation of IgG, a large molecule with a molecular
weight of 150-kDa. Therefore, it is impossible to con-
clude from this study that reduced microvascular peri-
cyte coverage did not result in tight junction
dysfunction, particularly because a range of paracellu-
lar permeability markers of variable molecular weights
were not utilized.

Pericytes are cells that are in a constant state of dif-
ferentiation. Therefore, they have the capability to
transition to a microglia-like phenotype in response
to pathophysiological stressors.''> Using reporter
Rgs5¥PI* mice, pericytes were shown to undergo a
morphological and functional change into microglia
following permanent MCAO.'"® Further evidence for
pericyte differentiation into microglia was obtained by
Sakuma et al.''* who showed presence IBA1-positive
and PDGFR-B-positive microglia in perivascular
regions of ischemic brain tissue in mice subjected to
permanent MCAO. Additionally, pericytes themselves
can be activated by pro-inflammatory mediators and
chemokines secreted from microglia. Pericyte exposure
to cytokines such as TNF-o and IL-1p triggers produc-
tion and release of IL-6 and MMP-9, factors that can
lead to BBB disruption.''® Pro-inflammatory cytokines
can also increase adhesion molecule expression in peri-
cytes, an event that can facilitate monocyte trafficking
across the BBB in the presence of chemokines such as
CCL2.'®

Targeting microglia for treatment of
neurological diseases

Ischemic stroke

Each year in the United States, there are approximately
795,000 new incidences of stroke.!'” Ischemic stroke
comprises 87% of all strokes and involves a pathophys-
iology related to reduced oxygen and glucose delivery
to an affected brain region. This results in an irrevers-
ibly damaged infarct core as well as potentially
salvageable surrounding tissue known as the penum-
bra. Treatment of the ischemic core is virtually
impossible due to rapid development of necrosis; how-
ever, the penumbra is a primary target for therapeutic
intervention due to slower cell degradation.™''!'®
Recombinant tissue plasminogen activator (r-tPA,
alteplase) is the only drug approved for clinical use as
a stroke therapeutic by the Food and Drug
Administration (FDA) of the United States. Therapy
with r-tPA is limited by its narrow therapeutic window
(i.e. 4.5h) and/or risk of intracerebral bleeding compli-
cations."'™ More recently, reperfusion therapy via
mechanical endovascular thrombectomy (EVT) has
provided considerable benefits to stroke patients
including a marked improvement in reperfusion;'?
however, many patients who receive EVT remain
severely disabled.'?*!?! Therapy with r-tPA and EVT
are the only two measures that are currently available
as immediate therapeutic strategies to treat ischemic
stroke. Both r-tPA and EVT involve recanalization
(i.e. reperfusion) of ischemic brain tissue, a process
that can exacerbate neuronal injury. CNS damage fol-
lowing recanalization ranges in severity from ischemic
core enlargement to development of edema or fatal
hemorrhaging, a critical component of ischemia/reper-
fusion (I/R) injury.'**'?* Pathophysiological processes
associated with I/R injury include enhanced cerebro-
vascular permeability and leakage, activation of cell
death mechanisms (i.e. apoptosis, autophagy, necrosis),
and increased production of ROS.*8:123

The frequent use of reperfusion therapies highlights
a requirement for novel stroke treatment modalities
that can protect neuronal tissue from further ischemic
damage or promote neuronal repair following I/R
injury. Discovery and development of new therapeutic
approaches for stroke should incorporate BBB protec-
tion since microvascular leakage and tight junction
dysfunction are primary causes of vasogenic edema
and subsequent mortality. This unmet clinical need
points towards targeting of microglia as a potential
option in development of such therapeutic strategies.
There has been considerable interest in minocycline, a
tetracycline antibiotic, as a therapeutic that selectively
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targets M1 microglia. Minocycline can permeate the
BBB, has a good safety profile, and a delayed thera-
peutic window thus rendering it an ideal candidate
drug for treatment of ischemic stroke.”"'?*
Experimental evidence in animal stroke models indi-
cates that minocycline may limit BBB dysfunction
and reduce vasogenic edema. For example, Yenari
et al.'> reported that minocycline reduced infarction
volume and neurological deficits as well as prevented
BBB disruption and hemorrhage in male C57/BL6 mice
subjected to transient MCAO. Adult spontaneously
hypertensive rats subjected to transient MCAO exhib-
ited reduced microglial production of TNF-o and IL-
1B following treatment with minocycline.'*°Of particu-
lar note, minocycline increased production and secre-
tion of TGF-B1 and IL-10 by microglia, suggesting that
this therapeutic does not inhibit microglia polarized to
a M2 phenotype.'?® More recently, minocycline was
shown to prevent tight junction protein complex dis-
ruption in a rat model of progressive white matter dis-
ease.'?” These in vivo observations have been extended
to the clinic where minocycline has shown promise as a
neuroprotective agent in stroke patients.'*® Taken
together, these studies emphasize the utility of targeting
microglia in development of effective therapeutic strat-
egies for ischemic stroke.

TLRs are widely expressed in the human CNS, par-
ticularly by microglia. Targeting these receptors has
emerged as a promising goal for therapeutic control
of ischemic stroke, primarily due to the fact that
TLRs are involved in all aspects of BBB dysfunction
and NVU injury in the setting of ischemia.'” For
example, administration of the experimental TLR4
inhibitor eritoran (E5564) reduced microglial produc-
tion of pro-inflammatory mediators, reduced infarction
volume, attenuated BBB breakdown, and improved
neurological outcomes in mice subjected to transient
MCAO."° Additionally, regulation of TLR4 activity
by a novel microRNA (i.e. miR-1906) was shown to
reduce ischemic damage and improve functional out-
comes following experimental stroke in mice."’!
Pinocembrin, a flavanone with antioxidant properties,
was shown to block the activity of M1 microglia in
mice subjected to collagenase-induced intracerebral
hemorrhage, an effect that reduced brain injury
volume and improved performance in the wire hanging
test and in the corner turn test as compared to animals
that did not receive this compound.'*? Interestingly,
the effect of pinocembrin was abolished in TLR4'Ps-d¢!
mice, demonstrating that pharmacological effects of
this flavanone are related to inhibition of TLR4 signal-
ing.'*? Taken together, these studies suggest that mod-
ification of microglial cell pathology is a viable
approach for the development of novel strategies to
treat ischemic stroke; however, much work needs to

be done on understanding pharmacokinetics, TLR
ligand selectivity, and off-target effects/systemic toxic-
ity of TLR-targeting drugs before such stroke thera-
peutics can reach evaluation in randomized controlled
clinical trials.

Administration of annexin isoforms is another com-
pelling therapeutic strategy. Recently, Li et al.'*
showed that human recombinant annexin A2
(ANXA2) ameliorated hypoxia/IL-1p changes in cul-
tured human brain endothelial cells. In vivo, ANXA2
gene knockout resulted in decreased expression of crit-
ical BBB proteins (i.e. claudin-5, occludin, VE-
cadherin) and increased BBB permeability to 10kDa
dextran.'®® The BBB protective effect of ANXA2 was
shown to be mediated by the Robo4-paxillin-ADP-
ribosylation factor 6 (ARF6) pathway.'*® ANXA2
may also control the pro-inflammatory response in res-
ident microglia by modulating IL-17 signaling as well
as ROS production.** Additionally, annexin Al
(ANXAT1) was shown to be a regulator of microglia
activation in the BV-2 microglia cell line under
oxygen/glucose deprivation conditions."*> In this
study, the effect of ANXA1 on microglia was shown
to be mediated by formyl peptide receptors (FPRs).'®
Annexins have been shown to exert protective effects in
experimental stroke models such as MCAO"*¢ or focal
embolic stroke.'*” Indeed, the potential of annexins as
stroke therapeutics, particularly with respect to their
ability to control of microglial activation, is intriguing
and requires more detailed analysis.

Alzheimer’s disease

Alzheimer’s disease and associated dementias are an
escalating global health challenge as evidenced by
40-50 million people living with dementia world-
wide."*® The pathological features of Alzheimer’s
disease are neurofibrillary tangles and the formation
of neurite plaques that may be focal or diffuse.
Neurofibrillary tangles are primarily comprised of the
microtubule-associated protein tau. Tau is a soluble
protein; however, insoluble aggregates are produced
during formation of neurofibrillary tangles, a process
that disrupts neuronal structure and function. These
insoluble aggregates are comprised of hyperphosphory-
lated tau, which reduces tau interactions with micro-
tubules and promotes the impairment of both
long-term and short-term synaptic plasticity.'* The
principal component of neurite plaques are aggregates
of amyloid-beta (AP) protein. These aggregates result
from abnormally folded AP peptides comprised of 40
(AP40) or 42 (AP42) amino acids. AB42 is more abun-
dant within neurite plaques because it has a higher rate
of fibrillization and insolubility."*® Elevated brain
levels of AP42 are associated with impaired learning
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and recognition memory in mice.'*" Accumulation of
AP plaques can induce inflammatory processes charac-
terized by astrocytosis and microgliosis. Activated glial
cells secrete neurotoxic mediators that can directly
cause neuronal cell injury and death. Neuronal cell
death in Alzheimer’s disease may result in clinical man-
ifestations, including impaired memory as well as cog-
nitive and behavioral dysfunction.'*? As elegantly
described in recent work from Berislav Zlokovic’s lab-
oratory, microvascular injury is the initial insult in
Alzheimer’s disease, which leads to BBB dysfunction,
reduced cerebral blood flow and, subsequently, AP
accumulation in the brain and neuronal injury.'®
Alzheimer’s disease neurological and cerebrovascular
pathology is accelerated by genetic risk factors (i.e. car-
riage of the €4 allele of apolipoprotein E (APOE4)),
vascular risk factors such as hypertension, diabetes
mellitus, or dyslipidemia, and chronic exposure to envi-
ronmental toxicants such as air pollution.'*:!#*
Microglia are key players in neuroinflammation, a
hallmark of Alzheimer’s disease. As a result, preclinical
studies have examined efficacy of targeting microglia in
an effort to reduce production and secretion of pro-
inflammatory mediators. Similar to ischemic stroke,
minocycline has been examined in preclinical studies
for its ability to inhibit activation of M1 microglia,
counteract neuroinflammation, and protect against fur-
ther neuronal cell loss.'*>'#¢ Despite these positive
observations, minocycline has not been successful in

patients as evidenced by a recent randomized con-
trolled trial where 24 months of minocycline treatment
did not delay progression of cognitive impairment in
the setting of symptomatic Alzheimer’s disease.'*” This
observation suggests that microglia-targeted therapies
will need to focus on different molecular targets for
different neurological diseases. Perhaps a more viable
approach for Alzheimer’s disease is targeting phagocy-
totic mechanisms in microglia, which have been shown
to facilitate AP clearance and limit plaque forma-
tion.'*1% The ability of microglia to phagocytose
APB is dependent, in part, upon triggering
receptor expressed on myeloid cells (TREM)1 and 2
(Figure 3)."4%15% AB oligomers, as well as APOEs, are
ligands for TREM receptors. The role of TREMI in
phagocytosis was demonstrated by the observation that
knockdown of this receptor in the brains of APP/
PSENI1 mice increased AP42 concentrations, while
overexpression of TREMI1 on microglia protected
against AP neuropathology and promoted cognitive
improvements."*® TREMI1 gene expression was
reported to be reduced in aged brain tissue;*> however,
the significance of this observation with respect to
Alzheimer’s disease requires further investigation.
TREM2 deficient microglia also show reduced phago-
cytosis of AP peptides.'® At the microglial plasma
membrane, TREM1 and TREM2 form protein com-
plexes with DAP12, which enables intracellular signal
transduction and activation of downstream targets.'>!

Microglial Cell

Y N\

| DAG IP3

‘.': ApoE or
0" Ap Oligomers

T
PHAGOCYTOSIS

Amyloid-beta Plaques

Figure 3. Involvement of triggering receptor expressed on myeloid cells (TREM) signaling on microglial phagocytosis in Alzheimer’s
disease. Amyloid-beta (AB) oligomers or apolipoprotein E (APOE) isoforms can activate TREMI or TREM2 at the microglia cell
surface. Activation of TREM receptors results in formation of heterologous protein complex with DAP12, thereby enabling
recruitment of Syk protein tyrosine kinase and subsequent signal transduction. Downstream effectors of the TREM/DAP12 complex
include ERK, phospholipase C-gamma (PLC-v), the Vav signaling pathway, and phosphoinositide 3-kinase (PI3K). These pathways
activate phagocytotic mechanisms in microglia, thereby enabling these cells to participate in clearance of AP plaques from the brain.
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Targeting microglia to stimulate phagocytosis of AP is
a therapeutic approach likely to show neuroprotection
as well as BBB (i.e. vascular protection). In fact, several
studies have shown that AP plaque formation and/or
elevated cerebral AP concentrations are associated with
vascular impairment in Alzheimer’s disease and related
dementias. This concept has been demonstrated in mul-
tiple studies using transgenic mouse models of
Alzheimer’s disease that exhibit abnormal cleavage of
amyloid precursor protein by [-secretase and, there-
fore, has elevated cerebral AP concentrations. For
example, Paul et al.">?> demonstrated age-related BBB
breakdown triggered by AP that resulted in enhanced
Evan’s blue-albumin extravasation.'>* Biron et al.'>
demonstrated that transgenic Alzheimer’s disease
mice that overproduce AP have reduced levels of occlu-
din and ZO-1 in their cerebral microvasculature.
Additionally, AB40 has been shown to decrease expres-
sion of critical tight junction proteins (i.e. claudin-1,
claudin-5) and increase MMP-2/MMP-9 expression in
cerebral microvasculature.'>® Interestingly, Hartz
et al.!>* reported that 5% of patients with a positive
diagnosis of cerebral amyloid angiopathy (CAA) in
their study group had asymptomatic BBB leakage
and/or posterior reversible encephalopathic syndrome.
Overall, these studies indicate a critical need to evalu-
ate, in detail, mechanisms of microglial phagocytosis,
particularly with respect to the ability of these cells to
clear AP from the brain. Development of a microglial
cell-targeted therapeutic could make a significant
impact in the pharmacotherapy of Alzheimer’s disease,
particularly due to the fact that enhanced AP deposi-
tion in the brain causes significant BBB impairment
and this vascular impairment is an early biomarker of
Alzheimer’s disease.*

Summary and conclusion

The field of NVU biology has rapidly advanced over
the past 20 years. It is now well-established that tight
junction protein complexes are dynamic in nature and
can organize and reorganize in response to neurological
disease challenge. These changes in tight junction pro-
tein complexes can cause increased BBB permeability
to circulating substances. Many recent studies have
implicated microglia activation as a critical determi-
nant of BBB dysfunction in several disease states
such as ischemic stroke and Alzheimer’s disease.
Despite these exciting advances, we still have a long
road before we understand the exact role of microglia
in regulation of BBB functional integrity and how
drugs can be developed to control microglial activity.
This challenge extends beyond examining putative
intracellular signaling pathways in microglia and
other NVU constituents. Rather, a critical deficiency

in understanding BBB changes induced by microglia
is the experimental design of tight junction/barrier per-
meability studies. While several studies have focused on
tight junction protein modifications and associated
changes in paracellular “leak”, much of this work has
not considered size selectivity of tracer molecule
“leak”/diffusion across the BBB. This is exemplified
by the fact that many publications have reported
altered BBB permeability using only large-molecular
weight tracers such as Evan’s blue-albumin, IgG,
fibrinogen, or fluorescently labeled albumin. The con-
cern with exclusively using large molecular weight trac-
ers is that subtle improvements in BBB integrity will
cause a dramatic reduction in extravasation; however,
the cerebral microvasculature may remain permeable/
“leaky” to small molecules, a fact that can cause con-
tinued cerebral injury and/or toxicity. Therefore, it is
essential that future studies utilize multiple tracers of
variable molecular weights to determine the magnitude
of BBB protection incurred by targeting microglia. The
experimental approach of using multiple paracellular
permeability markers has been well demonstrated by
our group'> and by others.’®!*® In these experiments
on paracellular permeability, selection of an appropri-
ate small molecule tracer is an important consideration.
While sucrose is an effective marker of paracellular
permeability because it is not transported and does
not permeate the intact BBB,*”'7!%¥ NaF is less effec-
tive because it is a substrate for multiple BBB trans-
porters (i.e. organic cation transporter 3, MRP2)."*’
Since these BBB transporters function in the brain-to-
blood direction, NaF as a marker of paracellular per-
meability can greatly underestimate the magnitude of
BBB “leak.” Additionally, there is little published
information as to how microglial activation can mod-
ulate functional expression of transporters at the BBB/
NVU. Transporters that are expressed in brain micro-
vascular endothelial cells are established determinants
of CNS disposition of endogenous and exogenous sol-
utes.®”"? Altered expression of transporters can dra-
matically affect the ability of such substances to access
molecular targets in the brain, even in pathological
settings where tight junction protein complexes are
simultaneously modulated. Our group has demonstrat-
ed this concept in a rodent model of peripheral inflam-
matory pain where P-gp expression and activity are
increased and tight junction protein complexes are dis-
rupted.'® In this study, brain uptake of the P-gp sub-
strate drug morphine was reduced, an observation that
suggests that transcellular transport mechanisms at the
BBB can overcome paracellular “leak”.'®" Similarly, we
have shown that blood-to-brain uptake of drugs is pri-
marily mediated by organic anion transporting poly-
peptide 1a4 in the setting of peripheral inflammatory
pain'®! and cerebral hypoxia,'®* conditions where tight
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junction integrity is known to be compromised. Since
previous studies have shown that microglial polariza-
tion to M1 or M2 phenotypes can have significant
effects on BBB functional integrity, it stands to
reason that microglia can regulate localization
and functional expression of transporters as well.
Furthermore, understanding regulation of BBB trans-
porters by activated microglia is required to determine
drug delivery kinetics of therapeutics developed for
treatment of neurological diseases, including those
designed to target microglia themselves. Innovative
advances that will aid in meeting the challenges
described above are novel in vitro tools that have
been recently developed and characterized.'®® Of par-
ticular note, systems comprised of human fetal brain
endothelial cells'® or utilizing stem cell-derived brain-
like endothelial cells grown on silicon nanomem-
branes'® are well positioned to advance the study of
cell-cell interactions at the BBB interface and can be
applied to the evaluation of microglial effects on para-
cellular “leak” and transporter expression/activity.
Additionally, discovery of novel PET tracers that
target activated microglia provides the ability to simul-
taneously image microglia and the BBB in order to
provide state-of-the-art information on how different
microglial phenotypes can regulate neurovascular
integrity and function.'®® Indeed, the identification
and characterization of novel molecular targets on
microglia provide a unique opportunity for novel ther-
apeutic approaches to meet the challenge of successful-
ly treating neurological diseases. Future work will
continue to provide more insight on the interplay of
tight junction protein complexes, transporters, and
microglial activation states and how these can be effec-
tively targeted. Ultimately, data derived from these
studies will facilitate discovery and development of
novel strategies to treat neurological diseases such as
ischemic stroke and Alzheimer’s disease.
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