Pathophysiology of the Blood-Brain Barrier
in Neuroinflammatory Diseases
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Abstract Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, multiple
sclerosis, and amyotrophic lateral sclerosis are neurodegenerative disorders that
result in progressive dysfunction and loss of neurons in the central nervous system
(CNS). A strong link between neurodegeneration and chronic inflammation has
recently been demonstrated. Neuropathological studies suggest that the neuroin-
flammatory responses might begin before significant neuronal loss, which supports
the hypothesis that neuroinflammation might play an important role in the patho-
genesis of most neurodegenerative disorders. Chronic neuroinflammation contrib-
utes to increased glial activation and proliferation, leading to the release of
detrimental pro-inflammatory factors. The inflammatory processes promote changes
in brain capillaries, such as loss of tight junction proteins, atrophy of pericytes,
thickening of the basement membrane as a result of the accumulation of basement
membrane proteins, and increased permeability to small molecules and plasma pro-
teins. These changes accelerate transmigration of peripheral cells into the brain
parenchyma. In this work, we discuss the role of neuroinflammation in neurodegen-
erative diseases. We review the impact of immune responses on the CNS, resulting
in blood—brain barrier changes during neurodegeneration.

1 Introduction

Homeostasis of the central nervous system (CNS) is essential for its normal func-
tioning and is maintained by the highly specialized brain endothelial structure, the
blood-brain barrier (BBB). Astrocytes, neurons, pericytes, and microglia communi-
cate with endothelial cells and are collectively referred to as the neurovascular unit.
The BBB strictly controls the exchange of cells and molecules between blood and
the CNS [30]. BBB disruption is associated with numerous pathological conditions
that affect the CNS, such as ischemia, infections, epilepsy, tumors, and
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neuroinflammatory diseases including Alzheimer’s disease (AD), Parkinson’s dis-
ease (PD), Huntington’s disease (HD), multiple sclerosis (MS), and amyotrophic
lateral sclerosis (ALS).

Neuroinflammatory events may begin before significant loss of neural tissue dur-
ing the process of neurodegeneration, which supports the hypothesis that neuroin-
flammation might be associated with the progress of neurodegenerative diseases
and the modulation of pathogenesis. Whether inflammatory processes modulating
BBB permeability precede the process of neurodegeneration or are the consequence
of disease pathology remains to be demonstrated.

In neurodegenerative disorders associated with chronic neuroinflammation,
immune response driven by glial cells triggers the disruption of the BBB.
Inflammatory processes affect the BBB by increasing vascular permeability, enhanc-
ing migration of immune cells, altering transport systems, or influencing the role of
the BBB as a signaling interface. These changes can range from mild and transient
“BBB opening” to chronic breakdown, impairing neuronal activity and leading to
neuronal damage and cognitive dysfunction [39]. Proinflammatory signaling mole-
cules, such as cytokines, chemokines, and adhesion molecules produced by glial
cells, neurons, and endothelial cells, respectively, cooperate to determine BBB
properties and to control leukocyte—endothelial adhesion. These mediators play a
prominent role in regulating blood-to-brain cell migration, perpetuating inflamma-
tion, and thus exacerbating the disease pathology [23, 104] (Fig. 15.1).

Although the role of neuroinflammation during neurodegeneration remains
unclear, findings from experimental models and clinical studies have demonstrated
a significant contribution of inflammation to pathological features and symptoms.

2 Multiple Sclerosis

Multiple sclerosis is a human chronic inflammatory disease of the CNS, leading to
demyelination and neurodegeneration. MS, as an autoimmune disease, affects both
the brain and the spinal cord. The most common form is relapsing-remitting MS,
which affects more than 85 % of patients with MS. MS is more common in women
than in men [20]. MS occurs in genetically predisposed young adults exposed to
unknown environmental triggers [19]. Genome-wide association studies and meta-
analysis identified 23 associated loci outside of the human leukocyte antigen
genomic region [3, 53, 64].

Neuropathologically, MS is characterized by extensive focal and disseminated
infiltration of mononuclear cells in the white and gray matter. Infiltration of autore-
active immune cells causes inflammatory response and neurodegenerative processes
characterized by the development of multiple demyelinated plaques found in prox-
imity to blood vessels, significant axonal damage and loss, and finally irreversible
damage to the CNS [103]. Acute lesions display disruption of the BBB, as demon-
strated by intravenous administration of gadolinium chelate diethylenetriamine pen-
taacetic acid, a contrast dye that can be visualized by magnetic resonance imaging
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Fig. 15.1 Role of inflammatory processes in CNS diseases. Increased concentration of inflam-
matory agents (reactive oxygen species, cytokines, chemokines, etc.) is related to numerous neuro-
degenerative diseases such as Alzheimer’s disease, multiple sclerosis, Parkinson disease’s and
Huntington’s disease. In Multiple Sclerosis T-cells proliferate and infiltrate the CNS through the
upregulation of adhesions molecules on the brain endothelial cells. T-cells in the presence of cyto-
kines differentiate into Th17 cells, which secrete IL-17, that can stimulate further production of
inflammatory agents in astrocytes. T-cell contact induces expression of IL-6, reactive oxygen spe-
cies and nitric oxide in astrocytes, which contribute to damaging myelin sheath on neurons and to
fully development of MS. In Alzheimer’s disease, amyloid-p peptides (Af) produced by cleavage
of amyloid precursor protein (APP) and misfolded tau species, induce microgliosis, astrogliosis and
trigger increased expression of inflammatory agents. Production of inflammatory molecules upreg-
ulate APP, further post-translational modifications of tau protein in neuronal cells and neurovascular
unit changes. On the other hand, inflammatory agents such as cytokines could have a protective role,
they could differentiate microglia into phagocytic cells capable of degrading AP and tau.
Huntington’s disease is associated with mutant form of Huntingtin (mHtt) protein. Toxic intracel-
lular polyglutamine inclusions increase the intracellular Ca®* due to NMDA receptor binding, lead
to mitochondrial dysfunction with ROS production, and to axonal transport disruption due to mHtt/
HAPI1 complexes. Subsequently, increased amount of intracellular Ca** activated enzymes such as
caspases and calpains, which finally cleaved mHitt into toxic N-terminal fragments and triggering
apoptosis. Microglia cells expressing mHtt contribute to neuronal degeneration. Pathogenesis of
Parkinson’s disease is characterized by abnormal intracellular accumulation of insoluble alpha-
synuclein aggregations in the form of Lewy bodies in dopaminergic (DA) neurons due to a muta-
tion. Compare to HD, neuronal death is a result of mitochondrial dysfunction with ROS production,
an intracellular increase of Ca”*, oxidative stress and alterations in the ubiquitinproteasomal system.
Created alpha-synuclein aggregates trigger microglia cells to produce ROS

(MRI), and postmortem evidence of focal microvascular leakage [75, 82]. Whether
BBB dysfunction precedes immune cell infiltration or is the consequence of peri-
vascular leukocyte accumulation remains to be established.

Recruitment of CD4* T cells into the cerebral interstitium is the most significant
consequence of BBB inflammation in MS. In physiological conditions, only a few
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peripheral immune cells are present in CNS. Nevertheless, the luminal side of BBB
is in constant contact with patrolling cells and this immune surveillance is critical
for the organism to respond to any pathological process in the CNS [74]. Studies
using a rat model for experimental autoimmune encephalomyelitis showed T-cell
binding and diapedesis through leptomeningeal vessels and through the BBB [5].
Acute inflammatory lesions are infiltrated mainly by CD4* and CD8* T-and B-cells.
Active (demyelinating) lesions at a later stage show an abundance of macrophages
and reactive proliferating astrocytes.

The migration of immune cells from blood into the brain parenchyma occurs
through a process involving tethering, rolling, adhesion, and finally extravasation
across the BBB. The capture and rolling are mediated by the selectin family of
adhesion molecules and their sulfated, sialylated, and fucosylated glycoprotein
ligands [89]. The most efficient tethering molecules are P-selectin and L-selectin.
Their most important ligand is P-selectin glycoprotein ligand-1 (PSGL-1), which is
glycosylated sialomucin expressed on leukocytes. In vivo studies using mice defi-
cient in PSGL-1 showed that PSGL-1 is the predominant P-selectin ligand expressed
during inflammation. The anchoring of rolling leukocytes is achieved by interac-
tions between antigen-4 and vascular cell adhesion molecule (VCAM-1) [99].
Leukocytes extravasate the BBB through tiny spaces into the brain parenchyma
[32]. The process is regulated by proinflammatory cytokines [117] and leads to
pathological lesions of MS (sclerotic plaques). The plaques growing by radial
expansion result in abnormalities in normal-appearing white matter [38, 72].

The interaction of T-cell receptors on migrated CD4* T lymphocytes with myelin
antigens, presented by major histocompatibility complex (MHC) class II expressed
on brain-resident microglia and astrocytes leads to the activation of glia, subsequent
to an immune attack on the myelin—oligodendrocyte complex and a destructive
inflammatory response. The increase in the local concentration of proinflammatory
mediators, such as cytokines and chemokines, reactive oxygen species (ROS), and
enzymes, induces alterations of the endothelium of the BBB, leads to leukocyte—
endothelium interactions, enhanced leukocyte transmigration across the BBB, and
perpetuating inflammation, thus exacerbating the MS pathology [82].

The further leukocyte migration may be stimulated by reduced junctional integ-
rity and may contribute to structural modifications of endothelial junctions and thus
increased BBB permeability during inflammatory processes.

In active lesions, immune active T-cells, microglia, and astrocytes release Thl
cytokines, including interferon-gamma (IFN-y), tumor necrosis factor-alpha (TNF-
a), interleukin-1-beta (IL-1B), and interleukin-6 (IL-6), that initiate and sustain
inflammatory responses. The cytokines induce increased expression of endothelial
selectins and immunoglobulin superfamily molecules: intercellular adhesion mole-
cule-1 (ICAM-1) and VCAM-1. IFN-y can alter the organization of the tight (occlu-
din) and adherens junctions (vascular endothelial cadherin [VE-cadherin]) of
endothelial cells, and TNF-o and IL-1f induce expression of nitric oxide synthase,
together promoting injury of the BBB [75, 97].

The cytokines act as the main stimuli for chemokine production. Elevated levels
of CCL (2, 3,4, 5,7, 8) and CXCL10 have been described in MS patients [113].
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Chemokines then change low affinity, selectin-mediated interaction of leukocytes
with endothelial cells into the higher affinity, integrin-mediated interaction that
leads to transendothelial migration of blood-borne cells. Taken together, in MS,
cytokines, chemokines, and adhesion molecules cooperate to control leukocyte—
endothelial adhesion and transmigration of blood-borne cells through the BBB, thus
escalating the disease process.

Alterations of BBB integrity not only involve the alterations of the tight junc-
tions, but also include changes in expression of the ATP-binding cassette transport-
ers. The P-glycoprotein (P-gp) is upregulated on astrocytes and downregulated on
endothelial cells within the active and inactive MS lesions, whereas ABCG2 is unal-
tered on endothelial cells in active lesions and increased in chronic lesions [69].

In summary, observations derived from in vitro experiments, animal models, and
patient studies support the hypothesis that BBB disruption represents an early event
in MS pathogenesis, preceding the infiltration of blood-borne cells that leads to
myelin degradation and destruction of the CNS.

2.1 Alzheimer’s Disease

Alzheimer’s disease, the most common form of dementia, is characterized by
cerebrovascular and neuronal dysfunctions leading to a progressive decrease in
cognitive functions [7]. On the histopathological level, AD is defined by the pres-
ence of extracellular amyloid plaques composed of amyloid-beta (AP) peptide
aggregates and neurofibrillary tangles formed of hyperphosphorylated, truncated,
and aggregated tau protein [51, 54, 87]. In addition to the classic neuropathologi-
cal features, accumulation of activated immune cells has been documented in the
AD brain, indicating a contribution of neuroinflammation to the pathogenesis of
this disease [122].

Microglia are the key players in the brain immune system. The loss of cellular
branching, transition from ramified to round shape morphology, and modified
expression of numerous cell surface receptors are characteristic of activated microg-
lia that are present in areas affected by AD pathology. Clusters of reactive microglia
with upregulated expression of a variety of inflammatory cytokines (IL-1f, IL-6,
and TNF-a) are often associated with amyloid plaques [96], and in and around neu-
rofibrillary tangles [24, 98]. Activated microglial cells showed increased expression
of class II histocompatibility antigen near amyloid deposits in the senile plaque
[81]. Microglia in AD also express high levels of MHC class I receptors [112], C3
and Clq [66], IL-1 or ferritin [92]. In AD changes in astrocytes occur. Glial fibril-
lary acidic protein (GFAP)-positive, hypertrophically activated astrocytes have been
located in the proximity of senile plaques. The number of S100 calcium-binding
protein B-positive astrocytes correlates with the number of neurofibrillary tangles
[42]. However, no significant correlation between GFAP upregulation or excitatory
amino-acid transporter 2 (EAAT2) downregulation and amyloid or tau pathology
was observed [102].
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Transgenic (Tg) animal models recapitulate many neuroinflammatory changes
seen in humans. Dense clusters of activated microglia with hundreds of upregulated
genes are associated with extracellular deposits of amyloid beta protein in APP23
amyloid Tg mouse. Mutations in one of them, TREM-2, have been linked to the
development of dementia [40]. In P301S tau transgenic mice, microglia activation
preceded tangle formation, immunosuppression with FK506-attenuated tau pathol-
ogy, and increased lifespan of the animals [123]. We have shown that expression of
truncated tau-induced inflammatory response manifested as upregulation of immune
molecules, such as CD11a, CD11b, CD18, CD4, CD45, and CD68. The number of
immune reactive microglia and astrocytes progressively increased with neurofibril-
lary tangle load, suggesting that activated glial cells might be involved in the
immune response targeting tau pathology [126]. Reactive astrocytes have been
found in the brain parenchyma of transgenic mice overexpressing the London
mutant of the amyloid precursor protein, APP [V7171I]. These reactive astrocytes
produced an increased amount of proinflammatory molecules and upregulated
expression of nitric oxide synthase [56].

Besides activation of immune cells, numerous cerebrovascular abnormalities,
including endothelial and pericyte damage, reduced glucose transport, increased
expression of proinflammatory molecules by activated cells and microvascular
degeneration, were observed in AD [12, 127].

The idea that cerebrovascular changes might be the initial events of AD patho-
genesis was proposed more than 30 years ago [48]. According to the two-hit vascu-
lar hypothesis, vascular changes lead to BBB dysfunction and cerebral hypoperfusion,
initiating a cascade of events resulting in dementia [128].

In AD, the brain endothelium is often degenerated and this leads to the accumu-
lation of AP on the outer side of the basement membrane of capillaries, promoting
a local neuroinflammatory vascular response. A high number of AD patients exhibit
vascular pathology and develop cerebral amyloid angiopathy (CAA) and cerebral
infarcts. In patients with predominantly capillary CAA, loss of tight junction pro-
teins of the BBB is accompanied by a massive inflammatory response [15].

Inflammatory changes in cerebrovascular endothelium are an integral part of AD
pathology. There is an increased immunoreactivity for [CAM-1 and microvessel-
associated monocyte chemoattractant protein (MCP-1) on the cerebrovascular
endothelium of AD patients [41, 49]. In comparison with non-AD microvessels, the
AD microvessels release significantly higher levels of a number of inflammatory
factors including TNF-a, transforming growth factor-f (TGF-f), nitric oxide (NO),
thrombin, cytokines such as IL-1f, IL-6, IL-8, and matrix metalloproteinases
(MMPs) [49]. TGF-p1 is a multifunctional cytokine that has an intense effect on
vasculogenesis, angiogenesis, and maintenance of vessel wall integrity. In AD,
TGF-B1 has been detected to form part of senile plaques and neurofibrillary tangles
[114]. Significantly higher levels of TGF-p1 were also found in serum and CSF of
AD patients compared with nondemented elderly controls [17]. The chronic overex-
pression of TGF-P1 triggered an accumulation of basement membrane proteins and
resulted in AD-like cerebrovascular amyloidosis and microvascular degeneration in
a Tg mouse model, confirming its critical role in BBB changes seen in AD [121].
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Many independent studies showed that various Af species are toxic to endothe-
lial cells from the brain [90, 116] or other organs [9, 107, 110]. Treatment of
endothelial cells with AP has been shown to induce activation of mitogen-acti-
vated protein kinases and increased production of proinflammatory cytokines and
ROS [80].

Plasma-derived A is transported through the BBB by the receptor for advanced
glycation end products (RAGE) [22]. RAGE is upregulated in brain vasculature
from AD, suggesting that it might play a role in the accumulation of Ap within the
brain. Interestingly, after interaction of AP with RAGE, endothelial cells upregulate
expression of C-C chemokine receptor type 5 and MMP-2, which promotes T cells
crossing the BBB [27, 78]. Elimination of Af from the brain is effected via the bulk
flow of CSF and through the transcytosis process mediated by low-density lipopro-
tein receptor-related protein (LRP-1) and P-gp [33]. Systemic inflammation induced
by injection of lipopolysaccharide (LPS) into mice downregulated the expression of
transporters LRP-1 and P-gp, which correlated with impaired AP efflux [34, 63].

In contrast to A, very little is known about the interaction between BBB and tau.
In one of our studies, we showed that exposure of brain endothelial cells to tau does
not evoke any significant responses. However, when glial cells were present, inflam-
matory mediators produced by these cells, such as NO, cytokines ,and chemokines,
significantly modified endothelial properties, such as transendothelial electrical
resistance and permeability for small molecules [71].

Whether the blood-borne immune cells infiltrate the brain in AD has been highly
controversial. Several authors reported that the chronic neuroinflammation seen in
neurodegeneration is provided exclusively by resident CNS cells without influx of
leukocytes from the blood [28, 105]. Others described hematopoietic cells entering
the brain in AD and possibly contributing to inflammatory processes [13, 37, 91,
111]. Recently, accumulating evidence has supported the notion that infiltrating
peripheral cells play a significant and critical role in regulating amyloid depositions
in the brain [45].

In summary, the inflammatory changes in the cerebrovascular endothelium are
common in AD and despite intensive research, the exact mechanisms by which they
contribute to the pathogenesis of AD are not completely understood. Moreover, it is
clear that BBB and inflammation both play an important role in AD and it is there-
fore worth putting more effort into understanding their interplay in the course of this
devastating neurological disease.

3 Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis is a neurodegenerative disease affecting upper and
lower motor neurons in the brain and spinal cord resulting in progressive muscle
atrophy, fatal paralysis, and death [94]. Most cases of ALS are sporadic. About
5-10 % are cases of genetically linked familiar ALS that can be caused by mutation
in the Cu/Zn superoxide dismutase (SOD1) gene [68, 93].
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The neurodegenerative process in ALS is accompanied by sustained inflamma-
tion in the brain and spinal cord [11]. In humans and animal models of ALS, gliosis
with accumulation of a large number of microglia and astrocytes is observed in
brain and spinal cord tissue [76, 124]. Astrocytes in ALS are defective in clearing
glutamate because of a loss of EAAT2/GLT1 transporter. Approximately 60—70 %
of ALS patients have up to 95 % loss of the EAAT?2 protein in the motor cortex and
spinal cord. Loss of EAAT2/GLT1 transporter was also described in SODI mice
and correlates with neuronal loss [79].

The generation and wide use of transgenic rodent models expressing mutant
SOD1 has significantly contributed to the understanding of ALS pathogenesis. A
functional impairment of the BBB and the blood—spinal cord barrier (BSCB) that
might contribute to disease pathogenesis and precede motor neuron death was
described in the G93A SODI transgenic mouse strain, which carries a human
mutant Cu/Zn superoxide dismutase transgene. SOD1 mutant mice display protein
aggregates in the mitochondrial intermembrane space [120]. The mitochondria
from SODI transgenic mice have altered calcium-buffering properties, which have
an effect on calcium-mediated excitotoxicity, leading to neuronal death [21]. Other
authors have also shown that overexpression of SOD1 in a transgenic mouse model
attenuated BBB disruption by superoxide anion during ischemia [67]. Garbuzova-
Davis et al. [43] demonstrated capillary alterations and increased albumin permea-
bility in the brainstem and spinal cord at initial (presymptomatic) and late stages
(symptomatic) of the disease in SOD1 mice. Electron microscopy showed highly
vacuolated and degenerated endothelial cells, perivascular edema, downregulation
of tight junction proteins, microhemorrhages, and swelling of astrocyte end-feet
adjacent to capillaries. Compared with SOD1 transgenic mice, the SOD1 rat model
of ALS demonstrated alterations of the capillaries, such as perivascular swollen
astrocyte end-feet, reduced ZO-1 mRNA synthesis and IgG leakage only at a late
(symptomatic) stage [86].

These observations were confirmed by Zhong et al. [125], who also showed
microvascular barrier damage in the spinal cord preceded by neuroinflammation.
Their analyses showed decreased expression of tight junction proteins such as ZO-1,
occludin, claudin-5 before disease onset. On the other hand, markers of endothelial
activation, such as ICAM-1, and inflammation, such as MCP-1 and cycloxygen-
ase-2 (COX-2), remained unchanged.

Damage to BSCB and BBB was demonstrated in studies on post-mortem tissues
from sporadic and familiar ALS patients. In the brains of ALS patients, inflamma-
tion and activation of immune cells are associated with neuronal death. Studies in
the 1980s reported deposits of IgG and C3/C4 complement in the spinal cord and
cortex in the brain from ALS patients, suggesting BSCB and BBB damage [25].
Engelhardt and Appel [31] observed perivascular inflammation and breakdown of
the BBB, leading to leakage in the brain. They detected the presence of IgG in
motor neurons and the presence of activated macrophages, mainly in the territory of
degenerating pyramidal tracts and ventral horns. Henkel et al. [57] demonstrated
decreased synthesis of the mRNA of occludin and ZO-1 in lumbar spinal cord tissue
from ALS patients. Similarly, Garbuzova-Davis et al. [44] showed a significant
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decrease in the expression of ZO-1, occludin, and claudin-5 proteins in the white
and gray matter of the medulla and the cervical spinal cord in patients with the spo-
radic form of ALS. Angiogenesis, compensating for vascular insufficiency, was also
detected. Additionally, the increased expression of P-gp and breast cancer resistance
protein (BCRP) was determined in the spinal cords of ALS patients and SOD1 ani-
mal models. This suggests that rather than dose adjustments, the combination of
P-gp/BCRP inhibitors and anti-ALS therapies might be necessary [62].

The human ALS tissues showed abnormal perivascular accumulation of base-
ment membrane protein collagen IV, possibly resulting from an imbalance between
MMPs and the tissue inhibitors of metalloproteinases. This may, over a long period
of time, alter the BBB/BSCB transport mechanisms [44]. However, studies showing
opposing results are also available [83].

In summary, the inflammatory changes, together with BBB and BCSB damage,
are widely observed in humans and animal models of ALS and should be considered
a primary target for successful drug development.

3.1 Parkinson’s Disease

Parkinson’s disease is a complex progressive neurodegenerative disorder character-
ized by motor symptoms, including bradykinesia with resting tremor, rigidity, and
gait disturbance [46]. The major neuropathological hallmarks of PD are progressive
degeneration of dopaminergic neurons in the substantia nigra pars compacta (SNpc),
the presence of a-synuclein (a-syn) inclusions called Lewy bodies, and chronic
inflammation. The cause of PD is unknown, but chronic inflammation can act as an
environmental factor and may increase the susceptibility to PD and finally promote
the degeneration of dopaminergic neurons. PD can be triggered by diseases that
induce systemic infections, such as pneumonia and respiratory and gastrointestinal
infections [1].

Inflammatory responses manifested by glial reactions, T-cell infiltration, and
increased expression of detrimental proinflammatory cytokines are recognized as
prominent features of PD. Activated microglia can be seen in early stages of the
disease and parallels the degeneration of dopaminergic neurons [47]. They are
distributed not only in the SNpc and putamen, but also in other brain regions of
PD patients and are associated with a-syn-positive Lewy neurites [61].
Accumulation of intrinsically disordered protein a-syn actively secreted or
released by dying neurons to the extracellular space of the brain leads to microg-
lial activation, CD4+ and CD8+ T-cell infiltration, and increased production of
proinflammatory cytokines, such as IL-1a, IFN-y, IL-18, TNF-a, and IL-10 [55].
The higher levels of cytokines, mainly IL-1p, TNF-a, and IL-2, were also found
in the CSF and serum of PD patients, indicating peripheral inflammation [6, 84,
85]. A massive astrogliosis is present in SNpc in some PD patients [58]; the
majority of cases showed only a mild increase in the number of astrocytes and in
immunoreactivity for GFAP [109].
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The microgliosis and astrogliosis alter BBB permeability. Increased levels of
cytotoxic peripheral CD4+ and CD8+ T-lymphocytes infiltrate the SNpc of PD
patients and animal models [14]. Clinical studies also demonstrated progressive
impairment of barrier integrity and IgG depositions surrounding degenerating neu-
rons during PD progression [50, 70, 77, 88]. Additionally, deficiencies in cerebral
blood flow have been demonstrated with PET imaging [2]. These findings support
early work by Faucheux et al. [36], who found that PD patients have alterations in
the histological appearance of endothelial cells within the SNpc.

Evidence from animal studies indicate a direct link among inflammatory pro-
cesses, a-syn, and BBB permeability during PD pathogenesis. Peripheral inflam-
mation induced by LPS injection does not have any effect on BBB permeability in
a-syn knock-out mice; however, it significantly alters the barrier in wild-type ani-
mals [65]. A recent study showed that a-syn can be transported bi-directionally
through the BBB, and LRP-1, but not P-gp, may be involved in its efflux from the
brain. Interestingly, LPS-induced inflammation increased the uptake of a-syn in
the blood-to-brain direction, indicating the possible role of blood-borne a-syn in
brain pathology [106]. Increased expression of LRP-1 was observed in PD
patients, suggesting that alteration in a-syn transport might contribute to PD
pathogenesis [119].

The risk of PD may be influenced by environmental exposure and nongenetic fac-
tors. The role of environmental factors in PD development was first described in the
1980s. Various toxin-induced animal PD models, including the 6-hydroxydopamine
rats and 1-methyl-1,2,3,6-tetrahydropyridine (MPTP) mice, also show BBB disrup-
tion, as demonstrated by increased permeability for FITC-albumin and horse radish
peroxidase and decreased expression of the tight junction proteins ZO-1 and occludin
[16, 18]. In PD models, neuroinflammation as a consequence of the action of environ-
mental factors is integrally associated within the areas affected by pathology and may
be a major contributor to the BBB changes, finally promoting neurodegeneration.

Recent publications showed that there is a decreased expression of P-gp in BBB
disruption areas [4, 118]. As P-gp is one of the major efflux transporters at the BBB,
the accumulation of xenobiotics, such as MPTP or 1,1-Bis(4-chlorophenyl)-2,2,2-
trichloroethane (DDT), in the brain could be partially associated with P-gp reduc-
tion or dysfunction [115].

In summary, neuroinflammation and BBB changes are integral parts of PD and
should be considered an important therapeutic target in future drug development
programs.

3.2 Huntington’s Disease

Huntington’s disease is an autosomal dominant neurodegenerative disease linked to
mutations in the huntingtin (htt) gene leading to degeneration of neurons, predomi-
nantly in the caudate putamen and cortex [52]. The mutant htt causes movement
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disturbances, psychiatric symptoms and cognitive decline. Although the mechanism
by which mutant htt causes neurodegeneration remains unclear, evidence supports
inflammation as being a key player in HD pathogenesis. It is possible that increased
inflammation in HD brains is a consequence of neuronal death that is a direct result
of mutant htt neurotoxicity. On the other hand, accumulation of mutant htt in glia
may increase the vulnerability of neurons to excitotoxic stimuli and directly cause
inflammation in the CNS [100].

The role of inflammation in HD pathogenesis was supported by microarray pro-
filing, which revealed expression of inflammation-related genes in brain regions
from HD patients [59]. Postmortem studies of HD brains revealed accumulation of
activated microglial cells in regions affected by HD, especially in the basal ganglia
and the frontal cortex [95]. The presence of immunoreactive microglia was seen in
the presymptomatic stage of HD and increased as it progressed [108]. Increased
microglial activation was also shown in a R6/2 mouse model of HD [101]. Astrocyte
reactivity is an early feature of HD. GFAP immunoreactivity is detected in the stria-
tum of presymptomatic carriers and it increases with disease progression [35].
Furthermore, the astrocytes from HD produce more VEGF through an IkB kinase-
nuclear factor kB-dependent pathway [60]. Interestingly, no clear evidence for the
activation of astrocytes in most models of HD exists.

Cytokines are increased in HD. Bjorkqvist et al. [8] determined increased
amounts of proinflammatory cytokines, such as IL-6 and IL-8, in plasma samples
and striatum. Both cytokines, IL-6 and IL-1b, are also increased in the R6/2 mouse.
Studies with neutralizing antibody confirmed the hypothesis that IL-6 produced by
peripheral immune cells might contribute to pathology in the R6/2 model [10].
IL-1b, another member of the proinflammatory cytokine family, is increased in HD
sera and in brain lysates of the R6/2 model [29]. Increased production of proinflam-
matory cytokines together with impaired migration properties of microglia and
peripheral monocytes [73] may lead to chronic exacerbated inflammation, and thus
contribute to HD pathology.

Two recent studies investigated the impairment of BBB in HD. Drouin-Ouellet
et al. [26] found that mutant huntingtin protein aggregates were present in compo-
nents of the neurovascular unit of R6/2 mice and HD patients. This was accompa-
nied by an increase in blood vessel density, in addition to BBB leakage in the
striatum of R6/2 mice, which correlated with the decreased expression of occludin
and claudin-5. The study revealed a significant increase in cerebral blood flow in the
cortical gray matter of HD patients. The results published by Hsiao et al. [60] fur-
ther broaden the field, by measuring the blood vessel density and vascular reactivity
using MRI. The results in several different knock-in models indicate that vascular
density and reactivity are noticeably changed when mutant htt is expressed in both
neurons and astrocytes.

In summary, all the above-mentioned studies clearly demonstrated that BBB is
compromised in both HD patients and animal models of the disease. However,
further studies are needed to investigate at what stage of the disease this
process begins.
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4 Conclusion

It is becoming increasingly evident that neuroinflammation plays a crucial role in
the development and progression of many neurodegenerative disorders. Chronic
neuroinflammation associated with neuronal damage includes extended activation
of microglia and astrocytes followed by increased secretion of detrimental proin-
flammatory cytokines and chemokines. The prolonged inflammation affects the
BBB, which in turn supports the infiltration of blood-borne cells into the brain
parenchyma that further intensifies the inflammatory process. In future research,
suppression of the inflammatory events at the site of the BBB should be explored as
a therapeutic strategy against neuroinflammatory diseases.
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