1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
J Am Geriatr Soc. Author manuscript; available in PMC 2015 December 02.

-, HHS Public Access
«

Published in final edited form as:
J Am Geriatr Soc. 2010 September ; 58(9): 1749-1757. doi:10.1111/j.1532-5415.2010.03011.x.

The Blood-Brain Barrier: Geriatric Relevance of a Critical Brain-
Body Interface

Neer Zeevi, MD"#, Joel Pachter, PhD", Louise D. McCullough, MD, PhD*, Leslie Wolfson,
MD¥, and George A. Kuchel, MD"
*UConn Center on Aging, University of Connecticut Health Center, Farmington, CT

*Neurology, University of Connecticut Health Center, Farmington, CT

Abstract

The blood-brain barrier (BBB) represents the interface between the brain and other body tissues.
Its ability to protect the brain from harmful compounds has attracted the attention of both
clinicians and investigators. However, far from being a simple physical barrier, the BBB is a
complex, heterogeneous and dynamic tissue. The integrated function of the cerebral
microvasculature, tight junction proteins, brain microvascular endothelial cells (BMEC), cellular
transport pathways and enzymatic machinery jointly contribute to normal BBB integrity. Aging,
systemic diseases and ischemic injury can disrupt these processes, resulting in a decline in overall
BBB function and integrity. Based on the published literature, we propose that age- and disease-
related BBB alterations play a key role in diminishing the ability of older patients to recover from
acute ischemic stroke (AIS). Moreover, we also review evidence linking deficits in the cerebral
microvasculature and BBB integrity to dementia, medication-related cognitive decline, white
matter disease (leukoaraiosis), as well as related geriatric syndromes including delirium, gait
disorders and urinary incontinence. Priority areas for a future research agenda include strategies to
improve clinicians' ability to diagnose, prevent and manage BBB abnormalities. In future years, in
vivo measures such as functional and contrast-enhanced neuroimaging will be used to evaluate
BBB integrity in older adults while also assessing the effectiveness of interventions, some
targeting inflammatory pathways known to disrupt the BBB, for their ability to prevent or slow the
progression of these complex multifactorial geriatric syndromes.
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INTRODUCTION

A major role of the cerebral microvasculature is to support the integrity of the blood-brain
barrier (BBB), regulating the passage of substances between the central nervous system and
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the systemic circulation across the life span. BBB functional integrity requires the
coordination of diverse cellular activities, e.g. tight junction barrier properties, transport
functions and enzyme processes (1). Compromise of the cerebral microvasculature may
predispose older adults to a variety of common clinical conditions (2). In contrast to
conventional large vessel strokes which present with acute onset of focal neurologic deficits,
cerebral microvascular disease may evolve insidiously, with subtle deficits in gait and
cognition. Increasing evidence from both experimental and clinical studies suggests that
BBB impairment is an important contributor to progressive age-associated neurological
decline (2).

This review will summarize the impact of aging on BBB integrity and will also discuss the
potential consequences of these changes on the risk of development of age-related functional
decline. More specifically, the contribution of decreasing BBB function and integrity to the
increased risk of ischemia-related neuronal injury, white matter disease (leukoaraiosis),
delirium and medication-related cognitive decline in the elderly will be discussed. These
diseases play an important role in numerous geriatric syndromes that involve loss of
mobility, impaired executive function and incontinence. Since the goal of this review is to
primarily discuss the BBB in the context of clinically relevant geriatric issues, the interested
reader is referred to excellent reviews pertaining to BBB biology (3-6).

BBB STRUCTURE AND FUNCTION

The Neurovascular Unit

The BBB prevents circulating substances from gaining unlimited access to brain
parenchyma. The neurovascular unit (N\VVU) consists of vascular endothelial cells and
pericytes, as well as closely juxtaposed neurons and astrocytes. The NV U is the principal
functional unit within the BBB (Fig. 1) (1, 6). Tissue culture studies provide insights into the
nature of interactions between constituent cells and their contribution to BBB integrity (1, 5,
6). Cells forming the NVU regulate brain microvascular endothelial cell (BMEC)
proliferation, migration and vascular branching in response to injuries e.g. trauma or
hypoxia (6). Additional structural support is provided by the BMEC basement membrane
where layers of type IV collagen, fibronectin, heparin sulfate and laminin create a
negatively-charged barrier (5). Finally, neural activity may also modulate BBB function
through noradrenergic, serotonergic and cholinergic receptors expressed by BMECs (6).
Inability to fully recapitulate NVU interactions limits the value of in vitro models.

Brain Microvascular Endothelial Cell Properties

BMECs, located at the interface between the brain and its blood supply, are the primary site
for production and function of BBB-related structural proteins, enzymes and membrane
transporters (Fig. 1) (6). The close physical apposition of BMECs to each other, achieved by
tight junctions (TJ's) (Fig. 1) (1), severely restricts solute flux through the paracellular space
(1). TJ's are composed of an elaborate assembly of structural proteins that provide strong
physical linkages between BMECs by tying together the cytoskeleton of adjacent cells (6).

Transport proteins are responsible for the selective transcellular movement of endogenous
and exogenous substances across the luminal and abluminal plasma membranes of the
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BMEC (Fig. 1). For example glucose transporters (GLUT) passively move glucose across
the BBB via carrier-mediated transport/facilitative diffusion, providing a constant energy
supply for neuronal activity (1). Other carriers similarly facilitate the passive entry of
additional hexoses, nitrogenous bases, nucleosides, fatty acids, amines and amino acids.
Included among these amino acids is L-Dopa (3,4-dihydroxy-L-phenylalanine), prescribed
for the treatment of Parkinson's disease (1). There are also active transporters present at the
BBB. An example is P-glycoprotein (P-gp or permeability glycoprotein), an efflux
transporter that plays a role in the development of multidrug resistance to antibiotics,
antifungals and antineoplastic agents (1, 5, 7). Metabolizing enzymes within BMECs
neutralize drugs and other potentially toxic compounds (1, 5).

Cerebral Microvascular Heterogeneity

A concept emerging from BBB research is the heterogeneity of the cellular composition and
regional specialization of the brain microvasculature (4). BMECs obtained from capillaries,
venules and arterioles reveal significant differences in properties which are relevant to BBB
function (4, 8). For example, immunohistochemical staining reveals clear differences in
BMEC surface marker expression and enzymatic activity for each segment of the brain
microvasculature (4). Moreover, BBB properties may display regional heterogeneity
between different brain lobes, between cortical and subcortical areas as well as between gray
and white matter (4, 7, 9). As a result, broad generalizations should be avoided when
discussing the BBB.

Determinants of BBB Permeability

Physical properties of a given solute and relevant aspects of BBB behavior contribute to the
ability of a substance to cross the BBB. Smaller size and lipid solubility favor passage
across the BBB: specifically lipophilic molecules <500 daltons (Fig. 1) (7). For example,
anesthetic gases cross the BBB readily, whereas large proteins such as antibodies are
excluded from the brain. During episodes of inflammation or trauma, producing BBB
damage, fluid and proteins leak into the brain (Fig. 2), leading to vasogenic edema. Due to
the rigid cranial vault even small amounts of brain swelling can raise intracranial pressure,
causing life-threatening brain herniation (5). However even much more subtle increases in
BBB permeability allow entry of macromolecules such as proteases, immunoglobulins and
cytokines into the parenchyma which could impair cognition and also contribute to
neurodegenerative conditions like Alzheimer's dementia (2, 10).

AGE-RELATED CHANGES IN THE BBB

Age-related changes in BBB properties are apparent at anatomic and physiologic levels (11).
These include decreased cortical and white matter microvascular density (12, 13), decreased
capillary lumen size with increased tortuosity (11), as well as a reduced number of
mitochondria per endothelial cell suggesting that energy dependent processes within the
BMEC may be impaired (11).

Functional in vitro studies demonstrate age-related defects in the transport of glucose, amino
acids and hormones across the BBB (14). Resulting deficits in glucose and choline
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bioavailability in the aged brain could contribute to older adults’ vulnerability to
hypoglycemia and cognitive decline (15). More recently, the inclusion of novel ligands in
positron emission tomography (PET) studies has permitted the in vivo assessment of specific
BBB transport systems. For example, studies using radiolabeled verapamil, a ligand for the
P-gp BBB transport system, have revealed lower activity in healthy elderly subjects as
compared to younger controls (16). Age-related defects in cellular transport suggest
functional mechanisms contribute to BBB impairment, although declines in BBB integrity
may be multi-factorial (Table 1).

Since regional heterogeneity also pertains to BBB aging, it has been suggested that such
changes contribute to the well-recognized selective vulnerability of specific cortical and
hippocampal brain circuits in old age (9, 17, 18). For example, increased vascular
permeability appears particularly prevalent from vessels in the aged mouse hippocampus
compared to other regions (9). This is more pronounced in the senescence accelerated mouse
(SAM) which exhibits premature memory impairment. Neurologically intact human subjects
undergoing spinal anesthesia show a gradual age-related increase in cerebral spinal fluid
(CSF)/serum protein concentrations (11). Since serum proteins do not normally cross the
BBB, their presence in CSF is believed to reflect BBB disruption. This suggests that initial
BBB alterations may be subtle and not become evident clinically until late in life, especially
when disease or ischemic injury cause additional damage. Following seizures, old rats
exhibit greater BBB disruption (19), providing additional support of an age-related increase
in this vulnerability.

Hypertension, hyperlipidemia, diabetes mellitus and certain medications contribute to
microvascular injury (2, 20), representing risk factors for BBB disruption which may
confound changes seen with aging (Fig. 3). A limitation of CSF and neuroimaging studies is
that they do not provide information concerning the mechanisms underlying enhanced BBB
vulnerability in old age. It is also undetermined if BBB changes are compensatory responses
to events involving an aged/diseased brain, or if a compromised BBB contributes to age/
disease-related decrements of brain performance.

BBB, AGING AND STROKE
Effects of Stroke on the BBB

In animal models BBB disruption can be detected minutes after middle cerebral artery
occlusion (MCAOQ) and precedes neuronal injury (21). Therefore, BBB disruption may
represent an initial and decisive step in acute ischemic stroke (AIS) pathophysiology
(21-23). A second opening of the BBB occurs several hours later resulting in a biphasic
temporal pattern to BBB breakdown following AIS (22). In animal studies, Evan's blue
extravasation, an index of BBB permeability, correlates with infarct size (21). BBB
disruption, assessed in humans in vivo through magnetic resonance imaging (MRI) (23) and
single photon emission computed tomography (SPECT) studies (24), has also been linked to
worse Rankin scores (23), hemorrhagic transformation (23) and poorer neurologic recovery
at hospital discharge (24). Moreover, following MCAO injury aged female rats demonstrate
evidence of greater BBB permeability compared to young animals (21). Thus, BBB
impairment may contribute to the increased prevalence and severity of cerebrovascular
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disease in the elderly by predisposing to ischemic insult and exacerbating stroke-related
injury and diminishing recovery.

Mechanisms of BBB Injury during Stroke

Markers of BBB dysfunction such as basal lamina constituents matrix metalloproteinase
(MMP-9) and c- fibronectin (c-Fn) predict malignant MCA infarction offering support to the
concept that the BMEC's basal lamina plays a role in ischemic injury (25). Other BBB
components have also been implicated. Stroke in spontaneously hypertensive rats causes
disruption of the TJ protein claudin-5 in immunolabeled brain microvessels (3). Electron
microscopy of BMEC following transient focal ischemia in rats reveals increased
pinocytosis suggesting that the transcellular route, rather than or in addition to the
paracellular route, may mediate BBB disruption in AIS (26). Diminished astrocytic response
following stroke in old rats indicates that different NVU elements are affected (27).
Interference with one or more BBB components at different times may occur during the
evolution of stroke (22). Mediators of BBB disruption in conditions of ischemia that have
been investigated include CCL2 (macrophage chemoattractant protein-1 or MCP-1),
vascular endothelial growth factor (VEGF), tissue plasminogen activator (tPA) and nitric
oxide. Thus, inflammation and proinflammatory molecules could contribute to worsened
stroke-related outcomes via BBB disruption (28). It is unknown if peripheral increases in
inflammatory mediators shown to be linked to aging and frailty (29), are associated with
similar hyperinflammatory responses within the central nervous system (CNS). Other
mechanisms possibly contributing to worsened AIS outcomes include age/disease-related
declines in CNS angiogenesis, neurotransmission, neural plasticity and neurogenesis.

Functional recovery from an AlIS event may also be influenced by medications (e.g.
antipsychotics or sedatives) and systemic illnesses (e.g. sepsis or renal failure) (28). These
factors can compromise CNS function and also may disrupt the BBB (Fig. 3) (5, 6) thus
exacerbating stroke-related injury and recovery. Many seemingly peripheral conditions such
as arthritis and sarcopenia may also play a role in the ability of an older adult to recover
from AIS.

BBB and Lacunar Stroke

Lacunar infarcts which represent 25% of ischemic strokes are often clinically silent.
Involving small penetrating cerebral arteries, lacunes are attributed to cerebral
atherosclerosis and lipohyalinosis although absence of pathologic evidence of occluded
vessels has raised doubts about this theory (30). Alternatively, it is proposed that BBB
leakage might account for vascular changes, edema and neuronal damage seen in lacunar
infarcts. BBB breakdown could initiate the process leading to lipohyalinosis, lumen
narrowing, blood flow reduction and ischemia. Animal studies indicate that plasma leakage
into the vessel wall and surrounding brain parenchyma is an initial step in lacunar strokes
(30). Magnetic resonance imaging of humans with lacunar stroke reveals diffuse BBB
dysfunction (30).
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Sex Differences in Stroke and BBB Integrity

The impact of sex on stroke susceptibility appears age-dependent since AlS and stroke-
related deaths are more common in older postmenopausal women (31). Furthermore, while
young female mice have smaller stroke volumes and improved functional outcome than their
male counterparts following MCAQ, this advantage is no longer present after the menopause
and appears to be estrogen-dependent (32). Interestingly, endothelial expression of
connexin-43, a key gap-junction BBB component that may serve as a conduit by which
astrocytes and endothelial cells interact, is regulated by sex hormones (33). It is also
observed that declines in circulating estrogen result in loss of BBB integrity in animal
models (33). In spite of these intriguing animal studies, current human trials do not support
use of estrogen replacement to address this sex-related vulnerability since hormone
replacement has been associated with a greater incidence of stroke in post-menopausal
women (34).

BBB AND WHITE MATTER DISEASE

White Matter Disease Characteristics

Clinicians are often confronted with the presence of white matter signal abnormalities
(WMSA) on brain imaging studies of older adults. These abnormalities appear as hypodense
lesions on CT and as increased signal intensity on FLAIR or T2-weighted MRI sequences.
They are distributed bilaterally in a patchy or diffuse pattern involving selected
periventricular regions (Fig. 4) (12). MRI is sensitive for detecting WMSA (also referred to
as leukoaraiosis or white matter hyperintensities), which are seen in over 85% of subjects 75
or older (35). New neuroimaging methodology using diffusion tensor imaging can better
localize areas affected by WMSA and identify the specific neural tracts involved. Though
WMSA are frequently asymptomatic, several studies have established a relationship with
common geriatric syndromes such as cognitive impairment in the form executive
dysfunction, gait abnormalities, urinary incontinence and depression (36, 37). It is not
merely the total volume of white matter involvement that determines the type and degree of
deficits, but also the specific regions affected by WMSA (36). In a study of gait impairment
in community dwelling elderly, posterior and frontal WMSA were affected preferentially
and likely represent interruption to long tracts involved with motor-sensory integration
necessary for complex functions such as gait (36). Follow-up studies revealed that this is a
slowly progressive process, with subjects having more extensive WMSA burden and greater
declines in gait also demonstrating an accelerated rate of WMSA accrual (36).

Evidence of BBB Disruption in White Matter Disease

Accumulating evidence supports the hypothesis that injury to the cerebral microvasculature
in general, and the BBB in particular, plays a role in the pathogenesis of WMSA (12). The
symmetry of these lesions is inconsistent with focal cerebral infarction, making a more
generalized process involving the cerebral microvasculature more likely. Arterial blood
supply to deeper hemispheric white matter is particularly vulnerable since it relies on long
penetrating arteries originating from the surface of the brain that travel a considerable
distance before reaching the periventricular white matter (13). It has been proposed that this
unique vascular anatomy and the paucity of relevant collateral blood flow predispose
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individuals to the development of microvascular changes which then lead to BBB leakage
and the accrual of WMSAs. Vascular risk factors such as hypertension, diabetes mellitus,
smoking and hypercholesterolemia all of which have been linked to WMSA (35, 38), have
also been shown to result in relevant changes involving BMEC and the BBB in animal
models (Fig. 3) (6). Moreover, treatment of hypertension may reduce the risk of developing
WMSA (38).

Clinical evidence for BBB dysfunction in WMSA is provided by findings of elevated levels
of serum markers of endothelial dysfunction such as intercellular adhesion molecule |
(ICAMI) and an increased CSF/serum albumin ratio in individuals with WMSA (39).
Contrast-enhanced MRIs in patients with WMSA have detected leakage of contrast agent in
affected areas indicating modest increases in BBB permeability (40). While several
neuropathologic studies have reported on atherosclerotic changes consisting of vessel wall
thickening and narrowed vascular lumen in these individuals, another study of older subjects
without vascular risk factors did not reveal histopathologic changes of atherosclerosis in
regions effected by WMSA (12). However, the presence of decreased capillary density
involving both white matter affected by WMSA and histologically normal white matter in
the same individual suggests that such microvascular pathology may precede parenchymal
involvement (13). Evidence that alterations in the BBB underlie, in part or in whole,
manifestations of WMSA, comes from studies of spontaneously hypertensive rats (SHR).
These investigations using contrast MRI have revealed that increased vascular permeability
preceded the formation of WMSA (20). In a recent study comparing in vivo MRI scans to
brain pathology in elderly subjects, areas of WMSA showed evidence of BBB compromise
as indicated by a reduction in the expression of both the endothelial marker CD31 and the
efflux transporter P-gp (12). These findings are corroborated by decreased P-gp activity on
PET scan in areas of white matter abnormalities (17).

Formation of White Matter Lesions as a Result of BBB Impairment

BBB impairment can cause damage to perivascular white matter through several different
mechanisms. Perivascular edema and altered electrolyte concentrations in interstitial fluid
can lead to myelin loss, gliosis and neuronal injury. Deficiencies of BBB transport can also
result in accumulation of toxins harmful to neuronal and glial cells (12, 17). Infiltration of
serum proteins such as fibrinogen and plasmin protease into the brain tissue via a leaky BBB
can adversely impact white matter directly or indirectly via enhancement of microglial
phagocytosis, the latter possibly yielding considerable “bystander damage”. Alternative
explanations of WMSA pathology include leakage of CSF or impaired venous drainage.
More than one mechanism may be responsible for WMSA based on the underlying etiology
and the involved brain region, as suggested by findings that deeper subcortical white matter
lesions exhibit different rates of progression and clinical significance as compared to
periventricular white matter lesions (41).

Animal Models of White Matter Disease

Poor consensus regarding WMSA pathogenesis may partly derive from a lack of animal
models that faithfully replicate relevant radiographic, vascular and parenchymal changes.
The MCAO animal model of acute ischemia is widely used and produces white matter
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abnormalities within moments of occlusion, yet does not truly reflect WMSAs which result
from chronic ischemia (20). Bilateral common carotid occlusion in rats and bilateral
common carotid stenosis in gerbils chronically reduce cerebral blood flow, inducing a
prolonged hypoperfusion that produces diffuse white matter disease with histopathology
characteristic of WMSA (20). Nevertheless, the fact that the rodent brain contains
proportionately little white matter (20), limits the translational relevance of this model and
highlights the need to develop better animal models for the conduct of pathophysiological
and preclinical studies.

In summary, BBB disturbances play a role in development of WMD and provide a unifying
theory to explain this condition. BMEC dysfunction explains the diffuse distribution of
WMD as well as its progressive course of cumulative neuronal damage from ongoing
microvascular compromise. Though BBB impairment could be secondary to existing
disease, studies to date indicate that BBB changes likely initiate the process of white matter
abnormalities (12, 13, 20). Tools available to measure BBB function in the clinical setting
include contrast-enhanced MRI and CSF analysis. Functional neuroimaging such as PET
scan with radiolabeled verapamil as well as circulating markers of endothelial dysfunction
such as ICAMI, vVWF (Von Willebrand factor) and thrombomodulin represent important
research tools which require validation in the clinical setting. Based on these techniques it
may be possible to detect damage to the brain microvasculature signaling the need for
vascular risk factor management, especially blood pressure control, to reduce progression of
WMD.

BBB AND DELIRIUM

Delirium is characterized by an acute worsening of global cognitive functioning with
decreased attention and altered consciousness that is reversible. Although BBB dysfunction
has not been yet demonstrated in typical geriatric patients experiencing delirium, elevated
levels of calcium binding protein S100B expressed by astrocytes in patients with delirium
may reflect BBB leakiness (42). Moreover, many of the predisposing (e.g. aging, dementia,
WMSA) and precipitating (e.g. stroke, sepsis, hypoxemia) factors associated with delirium
are also known to contribute to BBB disruption (Fig. 3). Since delirium is predominantly
seen in elderly patients with dementia, WMSA (43) and other comorbid conditions with the
potential to compromise BBB integrity, it is likely that many such risk factors may be shared
(Fig. 3) (44, 45). Efforts to elucidate these factors will break new ground in providing
potential insights into the pathophysiology of these multifactorial geriatric syndromes (45).

Mechanisms of BBB Impairment in Delirium

Mechanisms leading to delirium remain poorly understood although intriguing insights have
begun to emerge. A recent prospective study evaluated 42 elderly subjects undergoing
cardiac surgery (46) with one-third developing delirium. From among different categories of
inflammatory mediators measured in the serum, only elevations in the proinflammatory
chemokine CCL2 were associated with the development of post-operative delirium. Since
parenchymal neural cells are major producers of CCL2 (47), it is possible that elevated
peripheral levels of this chemokine may, at least in part, be reflective of brain and/or BBB
injury. At the same time, evidence also exists to indicate that elevations in CCL-2 levels,
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irrespective of source, may play a primary role in both BBB disruption and inflammatory
changes within the brain (48). A role for CCL-2 as a potential contributor to delirium is
supported by studies indicating that CCL2 disrupts the integrity of BMEC TJ's, while also
promoting macrophage migration through the BBB (47). Moreover, evidence that both aging
and opioid medications are associated with elevated CCL-2 levels, indicates that some
distinct risk factors for delirium may potentially mediate their effects through common
shared pathways (45). One candidate pathway is the BBB efflux transporter P-gp, which is
impaired with aging, leading to accumulation of medications, inflammatory molecules and
toxins within the brain parenchyma that may contribute to delirium (16). Since the efflux of
centrally-derived opiate met-enkephalins is decreased in old age, accumulation of
endogenous and exogenous opiates within the aged brain could also raise the risk of
delirium.

BBB AND POLYPHARMACY
Adverse CNS Effects of Medications in Elderly

Older patients are more likely to experience adverse CNS effects to pharmaceuticals
commonly prescribed for psychiatric conditions, sleep problems, pain and urinary
incontinence (49). When such events do occur, they tend to be more severe for a given dose
(49). Altered BBB permeability may contribute to such vulnerability (7).

Anticholinergic medications prescribed for overactive bladder (OAB) have been associated
with adverse effects on cognition, behavior, sleep and gait when taken by healthy older
adults (50). It has been proposed that antimuscarinic agents decrease urge symptoms and
incontinence through peripheral effects, while centrally-mediated cognitive side effects
could result from a more highly permeable BBB (50). Trospium has been promoted as a
safer anticholinergic alternative since this quaternary ammonium compound is less
lipophilic and thus should be less likely to cross an intact BBB (51). Healthy individuals
over age 50 had less REM sleep disturbances following a single dose of trospium than
following a single dose of oxybutynin and tolterodine (51). More research in age-related
changes in the BBB is needed to determine whether alterations in BBB integrity or other
factors contribute to older adults” enhanced sensitivity to many other medications including
benzodiazepines , psychotropics , anesthetics , anti-emetics , or narcotics (49).

Evidence for BBB Involvement in Adverse Drug Reactions

The increased magnitude of cognitive impairment seen in elderly receiving benzodiazepines
was not associated with altered plasma concentrations, indicating that altered
pharmacokinetics were not primarily responsible for the heightened CNS sensitivity to
benzodiazepines in elderly patients (49). Thus, alterations in BBB permeability leading to
higher brain concentrations is a plausible explanation for these findings. Additional evidence
comes from glycopryrronium, another quaternary ammonium structure anticholinergic agent
with reduced penetration of the BBB, which is associated with faster recovery from
anesthesia then atropine (52), suggesting that the degree of BBB permeability may be
responsible for sedating side-effects. These finding imply that altered transport and
permeability of CNS acting drugs by a compromised BBB may result in poor tolerability by
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aged persons. Interestingly older rats show an apparent increase in BBB permeability
following intraperitoneal injection of haloperidol when compared to younger rats,
suggesting that the elderly may also be at greater risk of medication-induced BBB injury
(53).

POTENTIAL IMPACT AND FUTURE DIRECTIONS OF BBB RESEARCH IN
GERIATRIC CARE

Identification of the key contributors to BBB impairment during aging would highlight
prospective targets capable of improving outcomes for older patients. Efforts to delineate
contributions from different elements of the neurovascular unit (e.g. distinguishing BMEC
from astrocytes) while also differentiating components of the microvasculature (e.g.
capillaries versus arterioles and venules) in a regionally-specific manner (e.g. gray versus
white matter) should allow definition of the effects of aging on the BBB. The role of
astrocytes, pericytes and neurons in fostering age-related changes in BMEC has not been
investigated and the extent altered performance of these cells underlies diminished BBB
capacity during the course of normal aging is unclear.

The temporal pattern of BBB alterations can clarify whether BBB changes are the cause of
neurologic disorders or a secondary manifestation of other neurologic insults. The timing of
BBB opening could be transient (as may be the case in delirium and AlIS) or chronic and
insidious (as may occur with WMSA). Chronic changes in the BBB may predispose to
common neurodegenerative diseases such as Alzheimer's and Parkinson's disease (3).
Longitudinal studies can be aimed at following developments in the BBB during aging and
make correlations with clinical finding and modifiable disease risk factors (Fig. 3).

Defining BBB components impaired with aging may facilitate development of diagnostic
tools such as neuroimaging and serum markers that reflect BBB function. Advantages of
PET and MRI studies are that they can be done noninvasively in vivo and allow localization
of the disease process. Techniques such as PET scans measuring P-gp activity and
gadolinium MRI may eventually become more routine in clinical practice. Though the
serum and CSF markers most indicative of BBB breakdown and endothelial damage are yet
to be established, ICAM-1, S100, vVWF, laminin, CCL2 and MMP-9 are a few which have
been investigated and may be helpful in monitoring the progression of BBB impairment.
BBB assessment tools may aid bedside evaluations by providing diagnostic and prognostic
data. Accurate measure of BBB function may permit dose adjustments of psychoactive
drugs appropriate for the elderly similar to renal dosing of medications according to GFR in
order to avoid adverse effects. Markers of BBB breakdown such as CCL2 and c-Fn could be
valuable in assessing the risk of delirium in hospitalized patients by indicating the need for
preventive measures to reduce complications of aspiration pneumonia and falls thus
shortening lengths of hospital stay. In the case of stroke, determinants of BBB function
could better define the therapeutic window for revascularization therapies and minimize
complications from thrombolytics.

Clarification of factors involved in BBB opening during aging can be exploited to optimize
CNS delivery of centrally acting medications such as chemotherapy for brain tumors and
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neuroprotective agents for stroke (7). Definition of the transport processes affected by aging
might be used in designing drugs that take advantage of age-related changes in BBB
function. If structural BBB changes predominate, drugs can be packaged in nanoparticles
that navigate small openings in tight junctions, while if receptor-mediated transcytosis is up-
regulated these processes can be exploited to direct therapeutic agents across the BBB.
Knowledge of enzymatic changes at the BBB will guide the design for a prodrug which is
converted to its active form by BBB enzymes. Effective delivery of drugs used in stroke as
well as other aspects of geriatric care should depend on the changes to the BBB.

Strategies to bolster the BBB have the potential to reduce cerebral edema and hemorrhagic
transformation following AIS. Preserving the BBB may limit neurologic injury from WMD,
neurodegenerative diseases and delirium. The efficacy of proposed BBB treatments such as
statin drugs, angiotensin converting enzyme inhibitors, thiazolidinediones, resveratrol,
nutritional supplements and exercise should be studied using comprehensive geriatric
assessments and in vivo measures of BBB function. Interventions to improve brain imaging
measures of BBB permeability as well as validated measures of physical performance, gait
and cognitive function in older adults will be critical.

Extending the study of BBB properties to include sex differences will help elucidate the
hormonal influences on BBB properties. Changing levels of sex hormones may underlie the
greater degree of stroke-related BBB disruption that occurs with aging and female sex; an
important area of research in light of the very high rate of stroke deaths in postmenopausal
women (31).

A multidisciplinary approach involving geriatricians, neurologists and vascular biologists
offers the best means of shedding light on these aspects of the aging BBB. Collaborations
between scientists and clinicians will ultimately determine what changes in the BBB
underlie healthy aging and disease.

CONCLUSION

Impairment of the BBB occurs as we age and may account for the increased susceptibility to
stroke, WMD, delirium as well as other age-associated neurologic conditions. This age-
related susceptibility to neurologic disease may be related to an altered BBB. Alterations in
BBB tight junctions, cellular transporters and enzymatic processes have been implicated in
age-related impairment of the BBB. Insights into the balance of BBB properties altered in
aged subjects and in response to age-related medical conditions are likely to mold the
approach to geriatric patients. Translational research in aged subjects will provide targets for
more effective diagnostic tools and treatments to limit effects of vascular disease on the
aging brain. Cerebrovascular disease in the elderly can be viewed as a spectrum with large
vessel disease causing acute, focal neurologic deficits on one end and microvascular disease
causing insidious and diffuse cerebral changes on the other. Multidisciplinary collaboration
is needed to extend the expanding knowledge of the BBB into improved care for our
geriatric population.
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Abluminal

II

Abluminal

Figure 1. The Neurovascular Unit with normal and disrupted BBB
(1) Functional barrier composed of transport systems and metabolic enzymes. The structural

barrier includes tight junctions and basement membrane. (11) Disrupted BBB with (A)
Increased paracellular permeability due to tight junction disruption (B) increased
transcellular permeability via upregulated transcytosis (C) drug and toxin accumulation due
to decreased efflux via P-gp (D) basement membrane disruption (E) decreased nutrient
transport TJ = tight junctions, BMEC = brain microvascular endothelial cell, P-gp =
permeability glycoprotein, a.a. = amino acids, gluc = glucose, MAO = monoamine oxidase
inhibitor, P450 = drug metabolizing enzyme system
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Figure 2. Multifactorial Contribution to Blood-Brain Barrier Pathogenesis
Comorbidities and medications compound BBB changes accompanying aging. Compromise

of the BBB is also associated with several age-related disorders.
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Figure 3.
Neuroimaging of an 84 year old woman with a history of gait impairment and urinary

incontinence. (A) hypodense lesions on CT and (B) increased signal intensity on FLAIR
MRI within cerebral white matter.
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The main components of the BBB as well as specific protein products from each category with a possible role
in age-related BBB changes and clinical conditions are listed.

BBB Component

Defining Gene Product

Impact of Aging

Clinical Geriatric Relevance

Tight Junctions Occludin ? AIS, AD, DM
Zonula Occludins ? AIS, PD
Claudin-5 ? AIS
Claudin-2 ? Sepsis
Gap Junctions Connexin-43 ? Sex differences in AIS outcomes
Non-specific tanscytosis Aquaporin ? Hypoxia, AlS Hypoglycemia
Efflux Pumps P-gp J activity Adverse drug reactions
Delirium, AD, PD
WMD, Epilepsy
Brain tumors
Carrier-mediated transporter ~ GLUT-1 | activity Hypoglycemia, MCI
Epilepsy, AIS, AD
Amino acid transporter } activity PD, Epilepsy
Methionine-enkephalin transporter | activity Delirium
Choline transporter } activity Dementia
Enzymes Glutathione transferase ? PD
Basal Lamina Matrix Metalloproteinase ? AIS, PD, AD
c-Fn ? AIS
Laminin ? AIS
Surface Receptors ICAM-1 ? Neuroinflammation
CD31 ? AIS, WMD
RAGE 1 activity AD
LRP J activity AD

AIS = acute ischemic stroke, DM = Diabetes mellitus, PD = Parkinson's disease, P-gp = permeability glycoprotein, AD = Alzheimer's disease,
WMD = White Matter Disease, GLUT-1 = glucose transporter 1, MCI = Mild Cognitive Impairment, c-Fn = c-fibronectin, ICAM-1 = intercellular
adhesion molecule-1, CD31 = platelet endothelial cell adhesion molecule-1, RAGE = receptor for advanced glycation end products, LRP = low-
density lipoprotein receptor-related protein
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