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REVIEW ARTICLE

Blood-brain barrier dysfunction as a cause and consequence of

Alzheimer’s disease

Michelle A Erickson™?3 and William A Banks'?

The blood-brain barrier (BBB) plays critical roles in the maintenance of central nervous system (CNS) homeostasis. Dysfunction of
the BBB occurs in a number of CNS diseases, including Alzheimer’s disease (AD). A prevailing hypothesis in the AD field is the
amyloid cascade hypothesis that states that amyloid-f (Af5) deposition in the CNS initiates a cascade of molecular events that cause
neurodegeneration, leading to AD onset and progression. In this review, the participation of the BBB in the amyloid cascade and in
other mechanisms of AD neurodegeneration will be discussed. We will specifically focus on three aspects of BBB dysfunction:
disruption, perturbation of transporters, and secretion of neurotoxic substances by the BBB. We will also discuss the interaction of
the BBB with components of the neurovascular unit in relation to AD and the potential contribution of AD risk factors to aspects of
BBB dysfunction. From the results discussed herein, we conclude that BBB dysfunction contributes to AD through a number of
mechanisms that could be initiated in the presence or absence of Af pathology.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common type of dementia,
and affects ~36 million individuals worldwide (http://www.alz.
co.uk/research/world-report). The majority of individuals afflicted
with AD initially present with symptoms of memory loss and
cognitive impairment late in life (>65 years old). These symptoms
increase in severity as AD progresses, often become so debilitating
that institutionalization is necessary, and are eventually fatal.
Therefore, AD is a disease with tremendous socioeconomic cost.
Because of the growing aged population and lack of treatments
that can prevent or slow disease progression, future AD preva-
lence is expected to increase to an extent that it may threaten the
sustainability of healthcare systems worldwide. This necessitates a
global effort to better understand AD, with the goal of developing
treatments that can prevent or slow AD progression.

Much of the focus in AD research has been on amyloid-f§
peptide (Af5) and tau, which are the protein constituents of the
hallmark senile plaques and neurofibrillary tangles that patho-
logically define AD. The amyloid cascade hypothesis, initially
proposed by Hardy and Higgins in 1992," updated by Hardy and
Selkoe in 2002,% and still a prevalent focus of AD research today,
states that deposition of Af in the brain is the initiating event in
AD. Although the hypothesis remains generally accepted, it is also
increasingly evident that Af plays a complex, multifaceted role in
AD progression. In rare, familial forms of AD, mutations in the Af
precursor protein (APP) or in presenilin proteins, the enzymes that
cleave Af from APP, cause increased Af deposition. In the
remainder of AD cases, it is thought that A deposition results
from deficient clearance.> Multiple routes of clearance have been
elucidated for Ap, including enzymatic degradation,® bulk flow of
cerebrospinal fluid (CSF),* and transport across central nervous

system (CNS)-blood barriers.”> These pathways are illustrated in
Figure 1, and will be described in detail in later sections. In this
review, we will discuss the participation of the blood-brain barrier
(BBB) in AD with special focus on its potential roles both upstream
and downstream of the amyloid cascade.

OVERVIEW OF THE BLOOD-BRAIN BARRIER

Endothelial cells of brain capillaries are the primary anatomic units
of the BBB.° These cells are highly specialized to support the
essential functions of the BBB that include: (1) acting as a diffusion
barrier, (2) transporting substances in and out of the brain, and
(3) serving as an interface for communication between the CNS
and periphery.” Barrier properties of brain endothelial cells are
conferred through expression of tight junctions at cell-cell
contacts, absent fenestrae, degradative enzymes, reduced pino-
cytosis, and efflux transporters.®® Tight junctions also restrict
lateral diffusion of membrane proteins, and therefore support
transporter function by maintaining their polarity.® The BBB
transporters play many roles in supporting proper CNS function
by allowing selective passage of molecules in and out of the brain.
Supportive cells such as astrocytes and pericytes are closely
apposed to the capillary endothelium and play essential roles in
BBB induction and maintenance.”'®> Neurons and microglia
also communicate with BBB endothelial cells.® Collectively, these
cell types are referred to as the neurovascular unit (NVU). Because
the BBB plays critical roles in maintaining CNS homeostasis,
its dysfunction contributes to multiple diseases. The dysfunction
of BBB includes (1) BBB disruption, which results in leakage
of circulating substances into the CNS that can be neurotoxic;
(2) transporter dysfunction, which has consequences such as
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inadequate nutrient supply, buildup of toxic substances in the
CNS, and increased entry of compounds that are normally
extruded; and (3) altered protein expression and secretions by
endothelial cells and other cell types of the NVU that can result in
inflammatory activation, oxidative stress, and neuronal damage.
All three effects have been reported in AD, and are described in
the remainder of this review.

DISRUPTION OF THE BLOOD-BRAIN BARRIER IN ALZHEIMER'S
DISEASE

The possibility that the BBB is leaky in AD, that is, it does not
prevent the uncontrolled entry into the brain of blood proteins
and other molecules, has been investigated for ~ 30 years. This is
clearly an important question as disruption of even a transient or
localized nature could have devastating consequences for brain
function, inducing a cascade of events involving neurotoxicity,
neuroinflammation, and oxidative stress that eventually could
produce the AD phenotype. Indeed, some, but not all, animal
models of AD exhibit BBB disruption. But to determine whether
BBB disruption is actually a feature of AD, one can only consider
clinical material.

Disruption of BBB can be readily shown in conditions such as
stroke and multiple sclerosis, but showing a disrupted BBB in AD
has been more controversial. Many papers have examined the
question of BBB disruption in AD, some concluding that disruption
occurs and some concluding that it does not. Here, we review
selected papers on this topic to give a sense of the problems and
surrounding controversies. In general, investigations fall into three
categories: comparison of CSF/serum ratios of substances of
peripheral origin, usually of albumin; histologic examination for
evidence of blood proteins in the CNS; and imaging studies. These
will each be considered below.

Albumin Cerebrospinal Fluid/Serum Ratios

The rationale as crystallized by Tibbling et al'* is very straight-
forward: albumin in the CNS is derived from peripheral sources;
therefore, an increased amount of albumin in the CNS can be used
as an index of BBB disruption. Tibbling et al'™* established refe-
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rence values for CSF/serum ratios for albumin that could be used
as an indicator of BBB disruption and for the immuno-
globulin G (IgG) index that could be used to indicate antibody
synthesis within the CNS. Alafuzoff et al'®> soon showed that CSF
albumin levels were elevated in both patients with AD and even
more so in patients with multi-infarct dementia; however, CSF/
serum albumin ratios showed statistically significant elevations in
multi-infarct versus AD patients and multi-infarct versus controls,
but not between controls and AD. Elovaara et al'® showed that
CSF/serum albumin ratios were elevated in both ambulatory and
institutionalized AD patients in comparison with age-matched
controls. Hampel et al'” compared ratios from patients with early-
onset AD, late-onset AD, and major depression with age-matched
controls. They found no statistical differences among the groups,
but they did claim that 24% of major depression patients and 18%
of AD patients exhibited a ‘pathologic albumin ratio.” Wada'®
found that the CSF/serum ratio for albumin was elevated in both
AD and vascular dementia patients. Skoog et al'® examined the
CSF/serum albumin ratio in 85-year-old patients with AD, with
vascular dementia, or who were free of dementia. The ratio was
elevated in those with AD and vascular dementia and was
predictive of those who developed dementia during the study,
but was not correlative with dementia severity. The highest
elevations were seen in the individuals who were Apolipoprotein
E3 (ApoE3) negative, with the ratio for nondemented individuals
not carrying the ApoE3 allele being statistically different from that
of ApoE3 carriers. The ratio for demented non-ApoE3 carriers was
arithmetically, but not statistically, elevated and there were no
statistical differences between carriers versus noncarriers for
ApoE2 or ApoE4. Using a reference value of <9.2 as normal,
Algotsson and Winblad®® found that 42% of men and 13% of
women with AD had elevated ratios; plasma creatinine was also a
predictor of elevated ratios. Bowman et al*’ found that ratios were
elevated in ~22% of AD patients and was predictive of changes in
cognitive testing and ventricular volume. In a study by Blennow
et al*? of 118 patients with AD and 50 healthy controls, CSF/serum
ratios for albumin were found to be elevated only in those who
had vascular disease accompanying their AD, but not in those
patients with AD alone. Farrall and Wardlaw?® reviewed 21 studies
that examined CSF/serum albumin ratios in AD. Seven of these
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studies included separate analysis of patients with vascular
disease. We calculate from those seven studies that the mean
ratio for the AD patients ranged from 86% to 138% of the controls
(mean *s.d.: 122 £ 20%, P<0.05) and for the vascular dementia
patients from 105% to 184% (141 +27%, P<0.01).

Substances other than albumin have also been used to assess
BBB function in AD. Immunoglobulin G levels, either as the
CSF/serum ratios or as the IgG index of Tibbling et al,'* have
often been assessed but variably interpreted, with some authors
using them as an index of immune function/inflammation and
others using them as another indicator of BBB disruption.’>"'”?'
Other substances whose CSF or CSF/serum ratios have been used
to indicate BBB disruption in AD are secretory calcium-dependent
phospholipase A2%* and oligoclonal bands.?®

Not all studies have found increases in CSF/serum albumin
ratios. Mecocci et al*® found increased ratios in their multi-infarct
dementia patients but not in their AD patients. Kay et al*” found
no increase in the ratio in AD patients nor a correlation between
albumin levels in CSF and brain atrophy. Frolich et al*® also failed
to find any differences in the ratio between AD and controls. Each
of these studies also assessed IgG and found no abnormalities for
that substance as well.

Both Frolich et al”® and Chen®® considered reasons why conflict-
ing results have been found with regard to CSF/serum ratios
for albumin and other substances. First, many studies, especially
early ones, have been less rigorous in differentiating AD from
vascular dementias. In many of the studies that did distinguish
between AD and vascular dementias, no details are given
regarding the criteria used to categorize patients, making
comparisons among studies difficult. Even today, the criteria
that should be used for diagnosing vascular dementias are
debated® Nevertheless, vascular dementias as categorized in
these studies would have an increased likelihood of having
disruptions of the BBB. Inclusion of patients with such disruptions
would tend to produce false elevations in CSF/serum ratios if
they were included in the AD group. Second, perfect control
groups are difficult to assemble; those with younger healthier
controls might overestimate any elevation in ratios and those
with sicker controls or with diseases that affect BBB integrity
might underestimate any elevation. Third, it may be that only a
subgroup of AD patients have BBB disruption that is measurable
by ratios or that a subgroup of individuals with BBB disruption
are protected by other factors from developing AD. In either
scenario, a subgroup would be difficult to detect and could
greatly sway results in an individual study, especially when that
study has a limited number of patients that by the nature of
circumstances have undefined preselection biases. The major
problem, however, with using CSF/serum ratios as a proxy for
BBB disruption is that factors other than disruption affect the
level of albumin in the CSF. In particular, the rate of CSF turn-
over is greatly slowed in aging and even more so in AD.>*?'
The decreases in CSF production and reabsorption result in
increases in CSF albumin levels and the levels of other substances
not otherwise exported or catabolized by the CNS. These results
make CSF/serum ratios unreliable indicators of BBB integrity.
These studies do, however, indicate a dysfunction in other aspects
of CSF dynamics in AD that could have profound effects on CNS
function.

Histologic Studies

Most of these studies have relied on immunocytochemical
techniques to detect the presence of plasma or serum proteins
in the CNS. Assuming the proteins are not produced in the CNS,
they can be used to indirectly indicate BBB disruption. Wisniewski
and Kozlowski*? examined brains from 7 patients with AD aged 63
to 85 years and 5 nondemented controls aged 29 to 77 years for
albumin and immunoglobulin staining. They found light staining
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for both albumin and immunoglobulins in controls and in the
regions of brain with single or no amyloid plaques. In areas with
heavy plaque burden, they found intensive staining of the plaques
and the neuropile, with the heaviest staining being in the corona
of the amyloid plaques. They also found perivascular staining in
AD brains that was indicative of BBB disruption. In a later study,
Wisniewski et al*® found albumin staining around microvessels
that also had amyloid plaques or angiopathy and suggested that
the staining resulted from an affinity of extravasated albumin for
amyloid.

Substances other than albumin and immunoglobulins have
been used to suggest BBB disruption. Peptides related or derived
from hemoglobin are found in increased concentration in
cerebellums from AD patients.>* These peptides may have arisen
from an increased leakage of blood in AD as suggested by the
work of De Reuck®® or by decreased clearance of these peptides
by the AD brain. Prothrombin is not produced by the normal brain
but shows increased levels in AD brains consistent with leakage
across a disrupted BBB.3® Prothrombin levels in brain were
elevated and it was found to be surrounding microvessels.
Levels were highest in patients with the highest Braak stage
and with at least one ApoE4 allele, but did not correlate with
cerebral amyloid angiopathy. However, prothrombin mRNA is
expressed by brain under some conditions.>”® If prothrombin is
expressed by the AD brain, these results could be because of
defective clearance mechanisms for prothrombin. Claudio®® found
increased vesicularization of brain endothelial cells from AD
patients, consistent with increased transcytotic disruption of the
BBB.

Others have failed to find evidence for BBB disruption in AD.
Alafuzoff et al*® stained for prealbumin, C1q, C3c, and fibrinogen,
as well as albumin and immunoglobulins, concluding that the
BBB is equally compromised in patients with AD as in the
nondemented elderly. Rozemuller et al*' examined the effects of
post-mortem delay in obtaining tissue, of formalin fixation, and of
clinical course on immunohistochemical findings. They found that
post-mortem delay and clinical course had no consistent effects
but that formalin fixation, especially short-term formalin fixation,
resulted in increased levels of staining for albumin, IgG, and
complement fixation in comparison with fresh frozen cryostat
sections. They found both AD cases without albumin staining of
brain tissue and controls with staining, although staining was
more common in AD cases (15 out of 28 AD cases versus 4 out of
18 normal controls and 7 out of 13 cases with non-AD
neuropathological disorders). Although this could indicate that a
subgroup of patients with AD do not have BBB disruption, they
favored the conclusion that staining was a function of agonal and
post-mortem changes in brain with those changes being more
pronounced for damaged or degenerating cells. For these reasons,
they concluded, ‘In our opinion, this approach, studying post-
mortem brain tissue, cannot be used to (dis)prove dysfunction of
the blood-brain barrier in the pathogenesis of Alzheimer's
disease.’

Using fibrinogen and immunoglobulins as markers, Tomimoto
et al*? found evidence for BBB disruption in patients with ischemic
cerebrovascular disease but not with AD. Munoz et al** compared
AD patients with and without infarcts, age-matched controls with
and without infarcts, and patients with multi-infarct dementia, and
found no difference among groups for albumin, IgG, complement
C3c component, or serum amyloid P staining.

Others have examined histologic material for cerebrovascular
lesions in dementias, including AD. One clear finding of these
studies is that patients with evidence for only a single cause of
dementia such as AD, vascular dementia, or Lewy body disease are
a minority. De Reuck® examined the occurrence of small cerebral
bleeds in various neurodegenerative diseases. He found that
~50% of age-matched nondemented controls had microscopic
bleeds. The percent of microscopic bleeds in AD patients was not
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reported, but in a severity scale of microscopic bleeds, those with
AD had a worse score than age-matched controls and those with
AD plus cerebral amyloid angiopathy still worse. Deramecourt
et al* devised a systematic semiquantitative scoring system for
vascular pathology that included microinfarcts and gross infarcts
as well as presence of arteriosclerosis, amyloid angiopathy,
and perivascular hemosiderin leakage, applying it to 135 brains
from patients with dementia. Approximately 50% of these patients
had mixed lesions (a combination of vascular dementia, AD, or
dementia with Lewy bodies), ~20% with vascular dementia only,
and ~15% each with AD or dementia with Lewy bodies only.
Of the many interesting findings from this study, one was that the
most common lesion was arteriosclerosis, although a few patients
from each category did not have this finding. In general, AD
patients had much lower scores than vascular dementia patients,
including the total absence of large and microinfarcts. Although
the differences between the pure vascular dementia group and
the pure neurodegenerative groups were striking, a control group
was not analyzed and hence it is unclear how the vascular score
for age-matched, nondemented controls would have compared
with that for AD.

Overall, the clearest conclusions from histologic studies are that
those with vascular dementia clearly have evidence of small vessel
disease including that consistent with BBB disruption, that such
evidence is more common in vascular dementia than in AD, that
there are cases of AD with little or no evidence of BBB disruption,
and that the patients with only a single disease, such as AD or
vascular dementia, are in the minority of any study. The evidence
also strongly suggests that vascular lesions occur to some extent
in nondemented age-matched controls and that studies that rely
on immunostaining as evidence of leakage must be particularly
careful regarding issues such as time from death to fixation and
fixation techniques. Those studies relying on immunostaining
should also consider whether the increased detection of the index
substance in the CNS is only dependent on its blood-to-brain
leakage and not also affected by its induction of CNS production,
alteration in clearance from the CNS, or increased CNS retention.
Given these considerations, it is difficult to conclude that histo-
logic studies have shown that AD patients without a cerebro-
vascular component have increased BBB disruption when
compared with age-matched controls. However, as the histologic
studies show that the majority of AD patients also have evidence
of infarct (and the majority of vascular dementia patients have
evidence of neurodegenerative disease), the studies suggest that
the most relevant clinical question may not be whether the BBB is
disrupted in AD, but whether or how neurodegenerative diseases
and cerebrovascular disease interact to promote the onset and
progression of dementia. Such interactions might not only induce
BBB disruption, but contribute to the many other altered BBB
functions found in AD.

Imaging

Several studies using various modalities of imaging have
addressed the question of whether the BBB is disrupted in AD.
Two computed tomography (CT) studies*>*® and a positron
emission tomography (PET) study with [®®GalEDTA* did not find
increased BBB permeability in AD. A magnetic resonance imaging
(MRI) study by Starr et al*® found evidence for leakage in AD
patients, but this was not significantly different from the rate of
leakage found in age-matched, nondemented controls. Bronge
and Wahlund,*® using MRI to specifically examine white matter
lesions in 10 demented patients (including 5 with elevated CSF/
serum albumin ratios), found no evidence for BBB leakage. Wang
et al*® found with MRI that the hippocampi of patients had a lower
vascular space, but not a statistically significant difference in
BBB leakage. Overall, imaging studies have not found evidence for
BBB disruption in patients with AD.
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Summary of Results for Blood-Brain Barrier Disruption

The CSF/serum ratios for serum proteins, immunohistochemical
evaluations, and imaging modalities have all been useful in
showing BBB disruption in a host of clinical conditions, including
dementia resulting from infarcts. Application of these techniques
to AD has led some to conclude that AD patients, or at least a
subset of AD patients, have disruptions of the BBB. Others have
not found such evidence, whereas some others have pointed out
the difficulties in applying CSF/serum ratios and immunohisto-
chemical approaches to AD. Several MRI, CT, and PET studies have
failed to show convincing evidence of BBB disruption in AD. Any
method will have a lower limit of detection and any disruption of
the BBB, no matter how transient or limited in scope, could be
relevant, especially in a susceptible population. To date, however,
it is difficult to claim that BBB disruption is a major driver of
pathology in AD patients who do not also have a vascular
component to their dementia.

DEFECTS IN BLOOD-BRAIN BARRIER TRANSPORTERS THAT
MAY CONTRIBUTE TO ALZHEIMER’S DISEASE
Transport of Amyloid-f Efflux

The first observation of Af efflux from the brain was by Ghersi-
Egea et al>" who showed that Af in CSF was rapidly cleared into
the bloodstream. Shibata et al** subsequently showed that Af in
the brain parenchyma was cleared primarily across the BBB via the
low-density lipoprotein receptor-related protein-1 (LRP-1). In the
same study, and later in others, LRP-1 expression was found to be
decreased in the AD brain microvasculature.®*>* As a result, the
neurovascular hypothesis of AD was proposed that originally
stated that defects in Ap efflux across the BBB because of LRP-1
deficiency contribute to A accumulation in the brain and hence
promote AD.> This hypothesis has since been validated and
expanded on by multiple groups. The participation of LRP-1 in BBB
efflux of Af is supported by the finding that knockdown of LRP-1
in the BBB using antisense oligonucleotides causes impaired Af
efflux, accumulation of Af in the brains of young, wild-type mice,
and cognitive impairments.®>® The association of impaired Af
efflux with AD was substantiated by observations of decreased Af}
efflux in rodent models of AD>*~® as well as in aged squirrel
monkeys®” and in a small sample set of humans with AD.>®

More recently, it has become evident that other transporters
in the BBB facilitating Af efflux also become impaired in AD.
One example is the multidrug transporter P-glycoprotein (Pgp).
Evidence supporting this role for Pgp includes: (1) observations
of Pgp-dependent efflux of AB in vitro,”*° (2) an inverse
correlation of Afi deposition and microvascular Pgp expression
in human brain tissue,®' (3) decreased Ap efflux and enhanced Af
deposition in mice that lack Pgp,®® (4) impaired microvascular Pgp
function in a transgenic AD mouse model that is restored by
pharmacologic intervention shows corresponding improvement in
Ap efflux and reduced A deposition,5>%* and (5) showing Pgp
dysfunction in human AD using clinical PET imaging studies.®*
Because of its luminal location,® it has been proposed that Pgp
facilitates the extrusion of Afi from the endothelial cell into the
bloodstream after Af has been internalized from brain interstitial
fluid (ISF) by LRP-1.° However, our group has found that under
inflammatory conditions, antioxidant treatment that preserves
LRP-1 but not Pgp function also preserves Af efflux.?® This
suggests that LRP-1 can also function independently of Pgp.
Furthermore, Pgp may function independently of LRP-1 by
limiting the influx of blood-borne Af into the brain®” The
pathways governing influx will be described in the next section.
The cellular prion protein® and the multidrug transporters ABCG2
and 4 have also been shown to contribute to Af efflux across the
BBB,%® although AD-relevant changes of these are presently
unclear.
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Based on present results, it is conceivable that deficient
BBB efflux of Af could both initiate and be initiated by the
amyloid cascade. Pathologic states such as inflammation, obesity,
diabetes, stroke, and others are known to alter the function of
many transporters in the BBB. Interestingly, many of these
conditions are also considered risk factors for AD. There is
evidence that such risk factors alter the function of Af
transporters in the BBB, and details of this will be described in a
later section. More severe defects in Aff transport are also likely to
occur as a result of Af accumulation in the CNS. Amyloid-f has
a much higher propensity to transition to p-sheet confor-
mation and aggregate as its concentration increases.”® Optimal
BBB efflux occurs for Af in its monomeric state, and trans-
porter affinity decreases with increased aggregation/f-sheet
content.”"”? Therefore, increased Af accumulation in the
CNS would preclude its efflux. Amyloid-f also decreases
microvascular expression of its transporters. This is evident for
LRP-1 and Pgp in transgenic mouse models of AD,%*’! and
in nontransgenic mice treated with AB.”® Impaired Af efflux is
also observed in the SAMP8 mouse model of AD, which derives
from a spontaneous mutation found to cause accelerated
senescence.®® These mice show a modest increase in APP
and Ap compared with transgenic models, yet have marked
age-associated cognitive impairment.”*”> Evidence supports
that the Af efflux deficit occurs as a result of Af accumulation
in this model as well, as antisense oligonucleotide that reduces
APP expression and Af accumulation also restores Af; efflux to
normal levels.”® Together, these results suggest that deficits in
efflux of Af across the BBB feedforward as AD progresses, and
unique therapeutic interventions may be necessary at each stage
of disease.

Transport of Amyloid-f Influx and Systemic Clearance

The amyloid precursor protein is expressed in a variety of tissues
other than brain, and low levels of Af are detectable in the
circulation.”” Before the realization of an efflux system for Af,
it was tested whether circulating Af could contribute to Af
deposition in the brain. Studies in rodents showed that a
28-amino-acid fragment, as well as the 40- and 42-amino-acid
forms of Af, were taken up by capillaries and could com-
pletely cross the BBB from the circulation.”®®? Later, the
transporter that mediates luminal-to-abluminal transcytosis of
Ap was identified as the receptor for advanced glycation
endproducts (RAGE).2% In transgenic rodent AD models, influx
was shown to be a substantial contributor to Afi deposition;
blocking the AfS/RAGE interaction significantly reduced the
appearance of plaques in these models®*®* Furthermore, RAGE
upregulation is observed in the CNS microvasculature of humans
with AD, as analyzed by histochemical methods in post-mortem
tissue 586

Systemic clearance of Af is facilitated by the liver and, to a
lesser extent, the kidneys and spleen.>>®’ Lipoprotein receptor-
related protein-1 was shown to be the predominant transporter
that mediates clearance by the liver. The short half-life of
circulating Af (on the scale of minutes),>®” and the capacity of
the liver to clear Af at levels far exceeding its physiologic
concentration in blood suggest that there is a biologic necessity to
protect against elevations in circulating AB.%” This also suggests
that rapid systemic clearance of A prevents reuptake by RAGE
after efflux. Liver ligation was shown to be an effective method to
maintain high levels of Af in the circulation up to 1hour after
intravenous injection. In the same study, liver-ligated rats with
sustained increased levels of Af in blood showed markedly
reduced efflux of Af from the brain.®® Despite the results of
these studies in rodents, data on plasma Af changes in human
AD have been contradictory. Increased,®¥?° decreased,’*? or
unchanged®** circulating levels of Af have been reported in
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clinical studies. Furthermore, it remains unclear whether changes
that are detected have any predictive value for cognitive
decline 219294

Lack of human evidence showing changes in circulating levels
of Af in AD suggests that an alternative mechanism is relevant
for influx. An early study showed that Aff entering the brain from
the circulation is unbound.2? Amyloid-f in the circulation is bound
to a number of proteins naturally occurring in blood such
as albumin,”® ApoE and ApoJ,°**” and a soluble form of LRP-1
(sLRP-1).” The latter was shown to bind the majority of circulating
Ap, and A bound to sLRP-1 prevents RAGE-dependent influx
but enhances systemic clearance.®® This evidence supports a
peripheral sink hypothesis,”® where binding proteins in serum
facilitate systemic clearance of A and prevent its uptake by RAGE.
Peripheral sink mechanisms may therefore at least in part explain
how therapeutics such as antibodies against AB'®® and other
binding proteins such as gelsolin'®' and sLRP-1°® lower Af levels
in the CNS. Furthermore, individuals with AD have slightly lower
circulating levels of sLRP-1, as well as increased oxidative damage
to sLRP-1, which markedly lowers its binding affinity for Af.%
This would increase the pool of free circulating Af that is available
for RAGE-dependent influx. Future studies are necessary to
investigate the utility of sLRP-1, both as a plasma biomarker of
AD and as an Af-lowering therapeutic.

GLUT-1 Transporter, Alzheimer’s Disease, and the Blood-Brain
Barrier

Glucose use by brain is decreased in AD, with low glucose
metabolism predating clinical symptoms, predicting subse-
quent decline in cognitive function, and with further decreases
in glucose use correlating with those cognitive declines.'®?
Glucose uptake from blood to brain is dependent on GLUT-1
expression by the BBB, with GLUT-1 increasing the transport
rate of p-glucose across the BBB by ~30- to 100-fold.'® With
the capillary bed comprising ~0.1% of brain weight and the
brain using ~20% of the body’s glucose, it is not surprising that
GLUT-1 is highly expressed by the BBB or that a reduction in
GLUT-1 expression is associated with seizures and mental
retardation.'® The brain microvessels in AD, including those
from the hippocampus, have a reduction in the expression of
GLUT-1 protein,'® "% but not a decrease in GLUT-1 mRNA
expression.'

Decreased expression of GLUT-1 in the BBB raises the question
of whether this is because of decreased demand by a dysfunc-
tional brain or whether the brain is dysfunctional in AD because
the BBB is not delivering adequate amounts of glucose, essentially
starving the brain. The answer to this question is vital: if GLUT-1
activity is a primary defect in AD, then providing more energy to
the brain would be the major step to preventing and treating AD.
Harik'% postulated that the decrease in GLUT-1 in the BBB was
secondary because no corresponding decrease in GLUT-1 was
found in the erythrocytes of the AD patients, with erythrocytes
being a readily accessible tissue that contains GLUT-1. This
contrasts with De Vivo's disease, an inherited condition in which
GLUT-1 is underexpressed in both the BBB and erythrocytes. The
brain capillaries of the aged APP/PS1 transgenic mouse have both
an absolute decrease in GLUT-1 expression and a decreased
density of GLUT-1 that seems to occur after a critical level of Af
peptide accumulates in brain.’® In imaging studies of humans,
however, glucose use by brain correlates with ApoE genotype but
not with fibrillated A peptide load in brain as assessed in vivo by
two different compounds.'"

In conclusion, GLUT-1 expression and activity is decreased in
the BBB of AD patients and in transgenic animal models. Although
the reason for this decrease is not known, current thinking seems
to lean toward it being in response to the decreased metabolic
demand by brain.
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CEREBROSPINAL FLUID/INTERSTITIAL FLUID BULK FLOW,
BRAIN BARRIERS, AND ALZHEIMER’S DISEASE
The Role of Cerebrospinal Fluid/Interstitial Fluid Bulk Flow in
Alzheimer’s Disease, and Participation of the Blood-Brain Barrier
The CSF has many critical functions in the CNS, including physical
protection, regulation of intracranial pressure, waste removal, and
providing a supportive milieu (for detailed review, see Johanson
et al*). The CSF is produced by specialized ependymal cells in
the choroid plexus (CP) that form the blood-CSF barrier (BCSFB).
These cells, like the BBB, have tight junctions that restrict
paracellular diffusion of solutes and express specialized transpor-
ters that carefully regulate the molecular composition of CSF.'"® In
humans, the entire CSF volume turns over ~4 to 6 times per day.
In AD," this rate is markedly decreased because of a combination
of decreased CSF production and increased CSF volume caused
by brain atrophy and ventricular enlargement.* Decreased CSF
turnover in aging is associated with decreased clearance of solutes
ectopically administered in CSF,'"® including AB.''®

The ability of CSF to supply nutrients to and clear waste from
the brain ISF depends on its ability to mix with ISF. No barrier
exists between ISF and CSF, and therefore solute transfer can
occur between both fluid compartments. It has been proposed
that a predominant mechanism driving solute transfer is bulk flow
of ISF into CSF compartments. In this model, CSF acts as a ‘sink’
for solutes in ISF.""”"'"® A distinct paravascular anatomic pathway
for CSF volume transfer has also been shown,''®'?° and a recent
study has elucidated a role for aquaporin 4 (AQP4), a water
channel that is localized to astrocytic endfeet of the microvascu-
lature, in this pathway.'" lliff et al'?' found that Af follows this
paravascular pathway, implicating its importance in AD. These
findings show that Af in CSF also has access to vascular clearance,
either through uptake and degradation by vascular mural
cells'*'> or by efflux across the BBB after entry into ISF.>
Conversely, sluggish bulk flow of CSF/ISF may cause Aff accumu-
lation in the perivascular spaces,'** and contribute to vascular
toxicity in AD. This may also be important to cerebral amyloid
angiopathy (CAA) that is observed in a majority of pathologically
diagnosed AD cases.'?® Finally, the data of Iliff et al'*' suggest
that AQP4 may play an important role in AD. Both increases
and decreases in AQP4 expression have been reported in human
AD brains."**'?” In a recent study, it was shown that astrocytes
upregulate AQP4 expression in response to lower concentrations
of Ap42, whereas exposure to higher concentrations results in
downregulation of AQP4.'?® Knockout of AQP4 (ref. 121) and
reduction of AQP4 by endothelial-specific agrin knockout'?® result
in Afi accumulation in the brain with no apparent signs of BBB
disruption.”?"'?° However, AQP4 knockout in astrocytes protects
against Af-induced activation and toxicity.'?® Therefore, variable
changes in AQP4 may reflect a varying necessity for promoting Af8
clearance versus protecting against gliosis as Af concentra-
tions rise to pathologic levels. In contrast to AQP4, aquaporin 1
(AQP1) localization in the CNS is primarily at CP epithelial
cells under physiologic conditions and plays an important role
in CSF dynamics.”®® In pathologic conditions, AQP1 is detected
in astrocytes.”' In AD, astrocytic upregulation of AQP1 and locali-
zation to senile plaques has been reported,’*"** and therefore
AQP1 may also have important functional implications for CSF/ISF
dynamics and AD progression.

Blood-Cerebrospinal Fluid Barrier Transport in Aging and
Alzheimer’s Disease

The BCSFB, like the BBB, is an active transport interface for a
number of peptides between the blood and CSF compartments.
Impaired BCSFB function could therefore cause CNS disturbances
that would promote AD. This is evident with respect to reduced
CSF production in AD,*' whose consequences on CSF turnover
were discussed in the previous section. Evidence also supports,
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however, that CP epithelial cells play a direct role in regulating
levels of Ap in CSF. Choroid plexus epithelial cells show saturable
uptake and complete transcytosis of Aff that favors efflux in the
CSF-to-blood direction.”®® The BCSFB, like the BBB, expresses
transporters for Af that include LRP-1,"3 LRP-2/megalin,'®’
Pgp,’®® and RAGE.'* The efflux transporters LRP-1 and Pgp
in the CP increase with aging,'*? which is opposite to expression
patterns observed with aging in the BBB. Similarly, the bidirec-
tional transporter LRP-2 and influx transporter RAGE were
decreased and unchanged with age, respectively."*® These
changes were associated with decreased concentrations of Af42
in the CP, suggesting that the BCSFB compensates for age-
dependent transporter dysfunctions in the BBB.'* In humans with
AD, increased Af deposition in the CP is observed.'*
Furthermore, Af deposition in CP epithelial cells causes
oxidative damage, disruption of the BCSFB, and cell death.'*
This supports that transporter dysfunction and Af deposition in
the BCSFB is an important pathologic distinction from normal
aging and AD, and likely contributes mechanistically to AD
pathogenesis.

ALZHEIMER'’S DISEASE AND THE NEUROVASCULAR UNIT

Many cell types in addition to brain endothelial cells contribute
to the essential function of the BBB, including pericytes,
microglia, astrocytes, and neurons. These cell types and the
extracellular matrix are collectively referred to as the NVU."' This
section will discuss how pathologic changes in the NVU in AD
could cause BBB dysfunction, and potentially lead to subsequent
neurodegeneration.

Pericytes

Among all cell types of the NVU, pericytes have the closest
anatomic association with the capillary endothelium. They are
located beneath a layer of the basement membrane, and direct
communication between pericytes and endothelial cells is
possible through gap and peg-and-socket junctions. The ratio of
pericytes to endothelial cells in the brain ranges from 1:5 in rats to
1:3 in humans in the CNS, which is much higher than in peripheral
tissues.'*? Pericytes are important for induction and maintenance
of BBB functions as supported by (1) findings of higher
transendothelial electrical resistance and reduced permeability
to fluorescein when pericytes are cocultured with brain endo-
thelial cells in vitro,'*® and (2) a leaky BBB in pericyte-deficient
mice.”'%12 The CNS pericytes are also able to differentiate into
multiple cell types, and therefore are a reservoir of multipotent
stem cells in the brain.'** In AD, it was found that pericyte
coverage of capillaries in the cortex and hippocampus was
markedly reduced compared with nondemented controls, and this
correlated with reduced BBB integrity.'*> Because Af is toxic to
pericytes in vitro,'* it is possible that pericyte degeneration
observed in AD is a consequence of Aff accumulation. However,
other risk factors for AD such as stroke,'*’ traumatic brain
injury,'*® and diabetes'® also cause microvascular pericyte
degeneration in the CNS. Therefore, pericyte loss in AD could
have multiple causes both up- and downstream of Af.

Although anatomically distinct, pericytes have many similarities
to vascular smooth muscle cells (VSMCs). For example, like VSMCs,
pericytes have receptors for vasoactive substances and can
regulate capillary diameter and local blood flow."*® Vascular
smooth muscle cells play an important role in Af uptake and
clearance by degradation, and their ability to clear Af is impaired
in AD.'?2 This function in VSMCs is dependent on Af endocytosis
by LRP-1 or scavenger receptors,'?>'%*">7 followed by lysosomal
degradation.'?®'*! Whether pericytes have a similar Af clearing
function is presently unknown, but they do express LRP-1.'°%1°3
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Astrocytes

Astrocytes are the most abundant cell type in the brain, and have
important functions in the BBB. Their endfeet surround the
endothelium of capillaries, arterioles, and venules.'>” At capillaries,
the astrocytic endfeet are closely apposed to the endothelium and
surrounding basement membrane such that interstitial space is
absent.'> This proximity allows for cross-talk between astrocytes
and capillary endothelial cells that promotes the phenotypic
specialization of both cell types. In vitro, coculture of brain endo-
thelial cell monolayers with astrocytes or astrocyte supernatant
strengthens barrier properties of the monolayer and increases
the integrity of tight junctions.'>®'>” Astrocytes also enhance
expression of BBB transporters such as Pgp in brain endothelial
cells.”®® Induction of the BBB phenotype is strongest when
astrocyte processes are allowed to contact the endothelial
monolayer,'® suggesting an importance of physical contact in
addition to secreted factors. Brain endothelial cells exert reciprocal
effects on astrocytes in coculture, such as influencing the
localization of AQP4 on astrocyte plasma membranes.
Therefore, communication between endothelial cells and
astrocytes is important for a number of BBB-centric processes
discussed in previous sections of this review (i.e., disruption,
transporter function, CSF bulk flow) that become altered in AD.
Astrocytes can internalize and degrade Ap,'>° resulting in
reduced Af accumulation in the CNS.'® In AD, astrocytes
are found in proximity to Af plaques,'®’ and perivascular
astrocytes accumulate ApB.'>* Furthermore, in response to
ApB-ApoE complexes, astrocytes from nondemented human
brain tissue upregulate their expression of scavenger receptor
B1 and neprilysin, which participate in the internalization and
degradation of Af, respectively.'®® This function is lost in
astrocytes derived from AD brains,'®? suggesting that the
Ap clearance function of astrocytes is impaired in AD. Exposure
of astrocytes to AfS also results in astrogliosis, oxidative stress,
and impaired glutamate uptake.'®® This has clear negative conse-
quences for neuronal survival,'®* but the contribution of
Af-induced astrocytic changes to BBB function is less clear. It
has been shown that astrocyte changes precede widespread
amyloid pathology and BBB disruption in a mouse model that
develops plaques and CAA.'®® This suggests that Ap-induced
astrocyte changes in AD may contribute to BBB dysfunction, but
the mechanisms by which this occurs have yet to be determined.

Microglia/Perivascular Macrophages

The resident immune cells of the brain are microglia that derive
from monocyte populations during embryonic development, but
may also be replenished by circulating monocytes that enter the
brain during adulthood."®® Microglia constantly survey the CNS,'®”
and transition to an activated phenotype on contact with an
immune stimulus. Activated microglia interact with the BBB
through secretions of cytokines and vasoactive substances, and
physically shield blood vessels after injury.'®” They are therefore an
important constituent of the neurovascular unit. In AD, activated
microglia are found surrounding amyloid plaques,'®® and micro-
glia activation correlates with cognitive impairment in living AD
patients.’®® Microglia activation has somewhat conflicting roles in
AD. Proinflammatory molecules secreted from activated microglia
could result in direct or indirect neurotoxicity. The BBB may
contribute to this indirect neurotoxicity through disruption,
secretions, and/or aberrant transport in response to microglial
activation. The details of AD-related BBB changes in response to
inflammation will be discussed in a later section. Conversely,
activated microglia can promote Af clearance through phago-
cytosis.'®®17% Phagocytosis of A was shown to be a property
of a specialized subset of brain macrophages that are recruited
from the circulation, migrate to parenchymal plaques, and
inhibit plaque deposition.'””®'”" Perivascular macrophages also
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phagocytose Af, and protect against vascular deposition of Afj in
a mouse model of cerebral amyloid angiopathy.'’? Furthermore,
peripheral blood mononuclear cells from individuals with AD
show inefficient phagocytosis of Af compared with healthy
controls."”® Together, these data support that deficient phago-
cytosis of Af by brain macrophages could contribute to Af
deposition in AD. Although participation of the BBB in recruitment
of these cells into the brain is implicit, the mechanistic details of
this process are presently not well understood.

Neurons

The brain is an organ with an exceptionally high metabolic
demand, and is highly vascularized to meet such a demand. This
allows for neurons to regulate their own blood supply according
to their metabolic needs through communication with the
endothelium. Dysregulation of this communication (neurovascular
uncoupling) is thought to promote AD, and this topic has been
extensively reviewed in a previous issue of this journal.'”*
Therefore, this section will discuss neurovascular cross-talk in the
context of how soluble factors produced in the BBB in AD
influence neurodegeneration. A substantial amount of information
on factors whose expression and/or secretion is altered in the
BBB in AD has been elucidated by Grammas et al'”> (for review,
see ref. 175). Of these secreted products, some were found to
be neurotoxic (e.g., thrombin) and others neuroprotective
(endothelin-1, and CCL5/RANTES).'”¢'7% However, an overall
neurotoxic effect was observed after neuronal coculture with AD
microvessels or conditioned medium.'”® Recent work by the same
group has suggested that vascular endothelial growth factor
(VEGF) may contribute to AD neurodegeneration.180 Vascular
endothelial growth factor is an angiogenic factor that is produced
by endothelial cells in response to insults such as oxidative
stress and ischemia.'®' Vascular endothelial growth factor can be
neuroprotective in ischemic stroke'® and glutamate excito-
toxicity,'®®> and therefore may have therapeutic applications
in such conditions. However, Sanchez et al'® found that VEGF
secretions by microvessels isolated from AD brains resulted
in exceptionally high concentrations ex vivo compared with
controls. Neurotoxicity was observed when comparable concen-
trations of VEGF were applied to neurons in culture, and pre-
viously observed protective effects apparent at low concentrations
were absent.'®° Together, these results suggest that despite up-
regulation of some neuroprotective factors, the net contribution
of the microvasculature in AD is a neurotoxic milieu.

ALZHEIMER'’S DISEASE RISK FACTORS AND THE BLOOD-BRAIN
BARRIER

Despite the continued focus on Af and tau in AD, it is increasingly
evident that other pathologic events and conditions such as
inflammation, oxidative stress, ApoE4 genotype, diabetes/meta-
bolic syndrome, head injury, and vascular pathologies are
associated with AD. This section will consider these changes in
the context of BBB participation, and their potential contribution
to AD neurodegeneration.

Inflammation/Oxidative Stress

Evidence supports that both inflammation and oxidative stress
are early events in AD'®*'8 and activation of inflammatory
and oxidative stress pathways in the BBB recapitulate many of
the AD-associated deficiencies described in previous sections.
The BBB endothelial cells respond to inflammatory stimuli such as
cytokines,186 Lps,'87:188 A,B,“"g'w1 and a truncated tau fragment192
by activating signaling pathways that result in the upregulation
of proinflammatory second messengers and reactive oxygen/
nitrogen species, ultimately causing BBB disruption and paracrine
activation of surrounding cells that are responsive to such stimuli,

© 2013 ISCBFM



The blood-brain barrier in Alzheimer’s disease )
MA Erickson et al @

1507

such as astrocytes'®® and pericytes'>*'%* of the NVU. Inflammation

impairs systemic clearance of Aff by the liver and kidneys, as well
as bulk flow of CSF.'”> Furthermore, BBB transporter changes
occur in response to inflammation and oxidative stress that can
promote the accumulation of Af in the brain. Increased oxidative
damage to LRP-1 in the CNS and circulation has been observed
in human AD.?®'%% In a mouse lacking the antioxidant vitamin E,
LRP-1-dependent brain efflux and systemic clearance of Af are
impaired.'®” Both LRP-1 and Pgp are functionally downregulated
in the BBB in mice with systemic inflammation induced by
LPS,%%198 and this corresponds with impaired Af efflux.?%'®® In
contrast to AD, decreased function of these transporters after LPS
was not attributed to reduced protein levels or oxidative
damage.®® Despite this, the antioxidant N-acetylcysteine (Nac)
was found to protect against LPS-induced Af efflux impairment
and LRP-1 dysfunction, but not Pgp dysfunction in the BBB.®
Furthermore, Nac treatment in the same study was found to exert
the majority of its antioxidant and anti-inflammatory effects in the
blood, despite its ability to cross the BBB. This suggests that
pathological influences of inflammation and oxidative stress in AD
may not be limited to the CNS compartment, but may also arise
from interactions of circulating factors with the BBB. Although
presently a relatively unexplored topic, these interactions are
likely to be highly relevant in a variety of conditions that may
predispose an individual to AD, including those discussed below.

Apolipoprotein E Genotype
Apolipoprotein E is an apolipoprotein that facilitates lipid
transport. Humans have a polymorphic APOE allele that results
in three isoforms: APOE2, APOE3, and APOE4. The predominant
APOE allele in human populations is APOE3, with mean frequency
at 77.9%, whereas APOE4 and APOE2 are substantially less
abundant, at 13.7% and 8.4%, respectively.'”® The APOE4 allele
is the strongest genetic risk factor for nonfamilial AD.2°° The
influences of ApoE4 on CNS function and AD pathogenesis have
been described in a recent review,”®' and this section will
primarily consider functional differences of ApoE isoforms in the
context of their influence on the BBB that are relevant to AD. The
ApoE production occurs in both the CNS and peripheral
compartments, where it is made primarily by astrocytes and the
liver, respectively.?®' An early pharmacokinetic study in guinea
pigs showed that circulating ApoE does not cross the BBB,*°> and
all three ApoE isoforms limit the influx of circulating AB.20%2%
Unlike Af in complex with ApoE2 and 3, circulating ApoE4-Ap
complexes can cross the BBB.2°> All isoforms of ApoE show
significant efflux across the BBB, although at slower rates than
both Afso and Af4,.2%* Furthermore, the efflux rate of ApoE4
across the BBB is slower than that for ApoE2 and 3.2°* Efflux of
ApoE2 and 3 is dependent on LRP-1 and very-low-density-
lipoprotein receptor (VLDLR), whereas ApoE4 efflux is primarily
through VLDLR and is LRP-1 independent.?®* When in complex
with Ap, all three isoforms of ApoE reduce the efflux rate of
AB.7>?%* This reduction is most pronounced for ApoE4-Af
complexes, which was attributed to the slower endocytosis rate
of VLDLR versus LRP-1.2°* Despite these findings for ApoE
complexed to Af ex vivo, efflux rates of Af in ApoE knockout
mice or transgenic mice expressing human ApoE3 or 4 are not
significantly different than wild type.?® Efflux of Af is also
unchanged when ApoE2-4 is preadministered to the brain.”?
Therefore, endogenous factor(s) in the brain likely prevent
ApoE-Af interactions in the brain that would slow its efflux.
Apolipoprotein E also plays a role in maintenance of BBB
integrity. This was first shown in vitro using primary mouse brain
endothelial cells cocultured with astrocytes from wild-type, ApoE
knockout, or ApoE3 or 4 transgenic mice.>°® Barrier properties
of the endothelial cell monolayer when cultured with ApoE3
astrocytes were comparable to wild type. However, co-culture
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with ApoE-null or ApoE4 astrocytes significantly lowered the
integrity of the monolayer. Wild-type ApoE promotes tight
junction assembly through activation of protein kinase Cn and
occludin phosphorylation at threonine residues. The ApoE4 and
ApoE-null astrocytes are less able or unable to activate this
pathway, respectively. Activation of this pathway by wild-type or
ApoE3 astrocytes depended on interaction with LRP-1, but not
LDLR or VLDLR2® Bell et al’®” recently expanded on these
findings by showing that ApoE promotes BBB integrity in vivo
through its interaction with LRP-1. Neurovascular leakage was
observed in targeted-replacement ApoE4 and ApoE-null mice,
which was caused by upregulation of the proinflammatory
cytokine cyclophilin A (CypA) in the pericytes. Cyclophilin A
caused BBB disruption by activating MMP9 (matrix metallo-
peptidase 9)°%” a gelatinase that degrades the extracellular
matrix and causes disruption of tight junctions.’®® Together,
these findings show that ApoE3 interacts with LRP-1 in the BBB to
suppress inflammation and promote tight junction integrity. The
inability of ApoE4 to exert these protective effects in experimental
models suggests that human APOE4 carriers may have BBB
abnormalities and/or increased risk for BBB disruption.

Diabetes/Metabolic Syndrome

Diabetes mellitus is hyperglycemia that results from insufficient
insulin action, the insufficiency caused by either decreased insulin
production by pancreatic f-cells (type 1 diabetes) or by insulin
receptor resistance (type 2 diabetes). Both types of diabetes
are associated with cognitive decline and an increased risk of
developing AD.2°*2'° One probable factor linking these diseases is
insulin resistance in the CNS.>'" Under physiologic conditions,
CNS insulin signaling regulates feeding and cognition.?'? There-
fore, some have proposed that AD should be considered ‘type 3
diabetes.?'?

Because of a lack of detectable insulin production in the CNS
with the exception of a small group of cells in the olfactory
mucosa,>'* CNS insulin is derived primarily from the circulation
through BBB transport.?'® Pharmacokinetic studies of insulin
uptake by the brain confirm that insulin crosses the BBB by a
saturable transport system.?'®2'® Insulin transport across the BBB
increases in a rodent model of diabetes?'® and associated patho-
logic factors such as inflammation®?® and triglycerides.?*'
However, insulin transport is decreased in obese dogs and
rodents.”?' 22> Together, these results indicate that multiple
conditions of the metabolic syndrome influence insulin transport
across the BBB. The BBB therefore plays a likely role in mediating
CNS insulin resistance, but the precise mechanisms of this are
presently unclear.

It is also evident that altered BBB functions in the diabetic
state recapitulate many of those observed in AD. Insulin transport
in the BBB is increased in a transgenic mouse model of AD.
In a rodent model of diabetes, LRP-1-dependent BBB efflux of A
is impaired,”** whereas RAGE-dependent influx of Af increases.*
However, Pgp function is unaltered.??® Disruption of BBB occurs
in a rodent model of diabetes,*?” and has also been reported
in diabetic humans.?*® One factor contributing to BBB disruption is
pericyte loss*?® that occurs from hyperglycemia-induced
mitochondrial oxidative stress in a rodent model of diabetes.'*
Pericyte loss in this model is blocked by the carbonic anhydrase
inhibitor topiramate that shifts glucose metabolism to aerobic
glycolysis and prevents generation of superoxide.'*® Together,
these results suggest that diabetes causes BBB dysfunction that
could contribute to AD.

Traumatic Brain Injury

Traumatic brain injury (TBI) increases the risk for developing AD by
2- to 4.5-fold, depending on severity of the injury.>*° Individuals
who die from TBI have elevated Af plaques®*' and tau pathology
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Downstream consequences

A oligomers, inflammation, oxidative stress,

Ap oligomers, diabetes, inflammation,

Table 1. Potential causes and consequences of proposed BBB dysfunction in AD
BBB dysfunction Upstream causes
Disruption A oligomers, truncated tau, inflammation, oxidative stress,
diabetes, ApoE4 allele, TBI, vascular disease
Altered Of A LLRP-1
transport diabetes
| Pgp Ap oligomers, inflammation, TBI
TRAGE
oxidative stress
Of glucose |l GLUT-1 A oligomers, ApoE4 allele
Altered Of thrombin Oxidative stress,
secretions ischemia
Of VEGF Oxidative stress,
ischemia

Leakage of serum components into CNS,
neurotoxicity, inflammatory activation

Af accumulation in the CNS

Af accumulation in the CNS, altered
xenobiotic transport

A accumulation in the CNS, vascular
inflammation

Energy deprivation, neuronal dysfunction

Neurotoxicity, BBB disruption

Neurotoxicity, BBB disruption,
angiogenesis

Af, amyloid-fi; AD, Alzheimer’s disease; ApoE, Apolipoprotein E; BBB, blood-brain barrier; CNS, central nervous system; LRP-1, lipoprotein receptor-related
protein-1; Pgp, P-glycoprotein; RAGE, receptor for advanced glycation endproducts; TBI, traumatic brain injury; VEGF, vascular endothelial growth factor.

is evident in those who have experienced repeated head injuries
such as boxers, football players, and combat veterans.°
Disruption of BBB occurs as an early response to TBI, but
resolves by 1 week after injury.>>> Endothelial cell activation,
tight junction disruption, and migration of pericytes away from
brain capillaries occur within this time period.'*®22 Recently, Pop
et a**? investigated TBl-induced changes in the rat BBB at 60 days
after injury. Microvascular Pgp was downregulated at this time
point, whereas no significant changes were observed in
microvascular expression of LRP-1, RAGE, or claudin 5. Claudin 5
was upregulated in larger vessels, and no BBB disruption was
evident. These changes were associated with Aff accumulation in
proximity to blood vessels and microglia, and impaired spatial
memory.>>®> Together, these results show that BBB changes
promoting Af accumulation and cognitive impairment in TBI
persist long after BBB disruption has resolved. However, early
pathologies caused by transient opening of the BBB also influence
secondary injury in the brain.>>* Therefore, BBB disruption may
contribute to long-term transporter changes even after its
resolution after TBI.

Cardiovascular Disease

Cardiovascular disease is a risk factor for AD, and is associated with
other AD risk factors such as diabetes and obesity.230 Furthermore,
cerebrovascular disease is often evident in AD.>*> Ischemia caused
by cerebrovascular disease can cause Af accumulation, inflam-
mation, and oxidative stress in the CNS that trigger BBB
dysfunction.”*® In a rodent model of brain ischemia induced by
microsphere embolism, microvascular accumulation of A occurs
and coincides with parenchymal Af deposition and tau hyper-
phosphorylation.”*” This raises the question of whether vascular
pathologies themselves contribute to AD.>*®

CONCLUSION

From the information presented in this review (summarized in
Table 1), it is evident that Aff accumulation in the CNS can be both
a cause and consequence of BBB dysfunction in AD. However,
other Af-independent pathologies can phenotypically mimic BBB
dysfunction observed in AD, and many changes in the BBB cause
neurotoxicity independently of Af. This highlights the complexity
of AD, and the likelihood that AD has diverse etiologies that
converge on Af and tau. A lack of clearcut evidence of BBB
disruption in AD necessitates the consideration of other critical
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functions of the BBB that may become impaired in AD, such as
altered transport and communication within the neurovascular
unit. We conclude that the BBB plays a multifaceted role in AD
both upstream and downstream of the amyloid cascade, and is
therefore important to consider in future efforts towards under-
standing this devastating and widespread disease.
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