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The blood-brain barrier in multiple sclerosis
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Abstract. Perivascular inflammation and blood-brain barrier (BBB) leakage marks a key stage in
the development of the typical scattered demyelinated lesions in multiple sclerosis (MS).
Immunocytochemistry and confocal laser microscopy were used to analyse the status of inter-
endothelial BBB tight junctions (TJ) in MS lesional and normal-appearing white matter (NAWM)
and in control white matter. The results revealed TJ abnormalities which, though most common in
active lesions (42% of vessels affected), were also present in inactive lesions (23%), in MS
NAWM (13%) and in neurological control white matter (8%). The observed baseline for normal
controls was 3.7%. Vessels of all sizes were affected equally and TJ abnormality was associated
with serum protein leakage (extravascular fibrinogen immunoreactivity). Tight junctional
abnormalities seen included discontinuities in fluorescent signal, redistribution of signal from
membranes to cytoplasm and apparent separation of junctions. These findings taken with the
results of previous studies, which showed cytoplasmic alterations in MS microvessels consistent
with increased transcellular transport, point to a partial loss of BBB phenotype and to possible
mechanisms of leakage. The resultant increased vascular permeability in many parts of the lesional
and non-lesional white matter is likely to impair homeostasis and may affect both disease
progression and drug delivery. © 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Blood-brain barrier (BBB) leakage has been recognized pathologically in multiple
sclerosis (MS) since the early 1960s [1] and clinically since the advent of CT and MRI
imaging using tracers in the 1980s [2,3]. It is most strongly associated with the
perivascular inflammatory phases of MS immunopathogenesis and in particular with
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leukocyte migration through the vascular walls [4-6]. In acute and relapsing-remitting
MS active demyelinating lesions show upregulation of adhesion molecules on vascular
endothelium, intense focal perivascular infiltration of lymphocytes, BBB leakage and
oedema [5,7]. Both inflammation and the associated BBB leakage peak within a few
days and gradually subside over about 6 weeks, or more quickly, following therapy with
high dose intravenous corticosteroids [8]. Myelin sheaths, axons, blood vessels and
perivascular connective tissue may all be damaged, though repair processes including
remyelination are also initiated. Focal inflammation may be repeated in the same or
different parts of the CNS, its clinical effect depending on the extent, severity and site(s)
of lesions. Progression of disease over a number of years proceeds through extension
and coalescence of existing lesions and through new lesion formation. This involves
further episodes of inflammation, but typically a number of different damaging
processes, primarily immunopathological, also emerge [9—11]. However there is strong
evidence for persistence of BBB leakage in chronic lesions [12]. As the effectiveness of
repair diminishes with time and repeated insults, the accumulating damage contributes to
a variable and unpredictable progressive dysfunction of the central nervous system [9].

The central role of perivascular inflammation and BBB disruption in MS is evident in
the choice of current and proposed drags for relief in acute relapses and as disease-
modifying drugs for longer-term use. The most prominent of these (corticosteroids, (3
interferon, natalizumab) have overlapping or complementary stabilizing effects on the
BBB including the capacity to block integrin-mediated leukocyte migration [6,8,13]. In
this brief article we review pathological research on the BBB in MS and summarise our
recent findings on the involvement of the inter-endothelial tight junctions (TJ).

2. Background and methods

2.1. Tight junctions

The morphological correlate of the blood-brain barrier (BBB) in the mammalian
central nervous system (CNS) is the complex system of belt-like 'tight' junctions
between adjacent endothelial cells in the microvasculature [14]. These act both as
barriers to occlude the paracellular cleft and as fences within the plane of the plasma
membrane. The latter may contribute to but do not fully account for apico-dorsolateral
polarity at the BBB [15]. Crucial molecules which contribute to maintaining barrier
properties in cerebral endothelial TJs include: (i) occludin, a 60-kDa regulatory integral
membrane protein and constituent of TJ strands which forms homotypic dimers between
adjacent cells at the TJs; (ii) several members of the claudin family of small (20-22
kDa) integral membrane proteins (claudin 5, claudin 3 and claudin 12) which through
their homotypic and heterotypic dimerization across the junctions form the primary seal
and determine the specific 'permeability' of the junctions; (iii) one or more junctional-
associated proteins (JAMs)—ca. 40 kDa immunoglobulm superfamily membrane
proteins with multiple functions at the TJ including adhesion, permeability control
and in monocyte extravasation; (iv) zonula occludens-1 (ZO-1), an accessory protein of
the sub membranous plaque which functions to link all three classes of TJ membrane
proteins to the underlying actin cytoskeleton. A comprehensive catalogue and functional
analysis of TJ-associated proteins is available [16]. The TJs of the BBB are dynamic
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structures subject to both physiological regulation and pathological dysregulation
[14,17].

2.2. Clinical and pathological approaches to studying EBB dysfunction in MS

In vivo MRI imaging using gadolinium tracers has been the most common and
productive method for assessing the BBB in MS, being used: (i) in diagnosis; (ii) to
monitor natural disease course in individuals and (iii) to monitor the effects of therapy
[18]. Pathological studies of BBB impairment, carried out on biopsy and autopsy tissue
samples have established the nature and extent of serum protein leakage [7,12,19]. More
recently in our own laboratory we have carried out a post-mortem survey and analysis of
the cerebral vascular TJ in specified lesional and non-lesional white matter sites in MS
[20,21],

2.3. Visualization of altered TJ morphology in pathological tissues

As knowledge of the molecular structure of TJs and technology to visualise their
component molecules has evolved it has become apparent that TJs are pathologically
affected in a wide range of diseases including neoplasia, asthma, Crohn's disease, AIDS
encephalitis, stroke, bacterial infection, preeclampsia, cerebral malaria [21]. There are a
number of possible approaches to studying the integrity of BBB TJs in MS tissue samples,
including tracer studies, freeze-fracture electron microscopic analysis and immunocyto-
chemistry. Considering the nature of available MS tissues, we established an immuno-
fluorescence/confocal scanning laser microscopy protocol for demonstration of TJ proteins
in snap-frozen autopsy brain. Combining this with protocols for neuropathological and
immunopathological characterization we have been able to demonstrate the spectrum of
normal and pathological TJs in MS in their pathological context. Full details of cases and
methods have been published elsewhere [20,21].

3. Results

3.1. Qualitative evidence of altered tight junctions in the BBB in MS white matter

Confocal microscopy of normal TJ in human CNS labelled for the TJ proteins ZO-1
and occludin shows a range of appearances depending on the size, type and orientation
of the vessel and its intercellular junctions [20,22]. Typically they appear as continuous
fluorescent bars, marking the inter-endothelial cellular boundaries (Fig. la, b). In post-
mortem studies of relapsing-remitting (RRMS) and secondary progressive MS (SPMS),
we have demonstrated pathological alterations in the CNS vascular TJs in lesions and to
a lesser extent in non-lesional white matter [20,21], Abnormalities demonstrated
included (i) interruption/discontinuity of the normally bright continuous bars (Fig. Ic);
(ii) redistribution of the fluorescent signal from the membranes to the cytoplasm,
resulting in a finely or coarsely granular distribution within the endothelium (Fig. Id);
(iii) apparent division or separation of the normal bright bar into two adjacent but less
bright bars (Fig. le-f), suggestive of TJ 'opening'. TJs of vessels involved in
inflammatory cell infiltration or present in regions of abundant lipid macrophages (Fig.
Ig-h) were often abnormal. Dual-labelling confocal microscopy has revealed that areas
with most TJ abnormality also showed most fibrinogen leakage, (Fig. Ii, j). Such
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leakage was also observed in chronic inactive plaques and to a lesser extent m NAWM
[21]

3 2 Semiquantitative data on TJ abnormality

Semiquantitative data on TJ abnormality, as revealed by altered ZO-1 staining were
obtained from study of blood vessel segments from 33 active MS lesions, from 18 chronic
lesions, from 16 areas of normal-appearing white matter (NAWM) and from 49 areas from
normal and other neurological disease control cases TJ abnormality was frequent in active
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Fig 2 Companson of the incidence of tight junction abnormalities between tissue types Columns show
mean+SEM (*) indicates significant difference from all three non-lesional categories (normal controls, other
neurological diseases (OND), MS normal appealing white mattei (NAWM) aie maiked with an asterisk (a—0 15)
(+) indicates significant difference fiom normal controls

MS lesions (42%), moderate in inactive lesions (23%), low in MS NAWM (13%) and very
low in controls (3 9-7 6%, Fig 2) [21] Variation in incidence of TJ abnormality amongst
the tissues was similar irrespective of vessel size [21]

3 3 Alterations in BBB-i elated gene expression in MS

As part of a related project in collaboration with Dr Brenda Brankin at the Conway
Institute, University College, Dublin we are carrying out comprehensive analyses of genes
whose expression levels are over- or under-expressed in areas of MS plaque, pen-plaque
and normal-appearing white matter Microarray analyses of MS and control tissue samples
[23] is being performed using the Affymetrix Gene Chip System, which allows for the
screening of 33,000 genes Preliminary results on 7 MS and control tissue samples have
indicated a lower gene expression of occludin and ZO-1 in histologically active MS tissue

Fig 1 Morphology of vascular pathology in MS and controls TJ pi oterns were stained with either FITC (green)
or alexa-568 (red) Inflammatory cells were stained with either FITC (green ) or cy3 (red) In normal control
human CNS, linear fluorescent staining for ZO 1 is seen at inter endothehal junctions in longitudinal (a) and
transversely (b) sectioned vessels Abnormal, discontinuous, punctate or cytoplasrmc staining is evident in MS
lesions stained respectively for ZO-1 and occludin (c, d) The fluorescent staining in occasional junctions (e-f,
ZO 1) in MS was dissociated (anows), consistent with tight junction opening In f, this occurred in a vessel with
an inflammatory cuff of leukocyte common antigen-positive cells Active demyehnatmg lesions in MS are
marked by parenchymal infiltrations of macrophages which are both HLADr (FITC, g,) and oil red O (h) positive
In g, the junctions stained for occludin (alexa-568) are abnormal ovei part of the vessel wall Widespread serum
protein leakage is seen in MS lesions (i, fibnnogen FITC) The red channel only (j, ZO 1, alexa 568) from this
dual labelled example reveals almost total absence of TJ protein expression Bars a, e, f~25 urn, b, c, d"20 urn,
g~30 um, h=100 um, i, j=50 um (For interpretation of the leferences to colour in this figure legend, the reader is
referred to the web version of this article )
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samples compared to controls. Conversely other adherens junction protein genes involved
in trafficking (CD53, interleukin 13 receptor, pl-catenin) show higher expression in MS
samples compared to controls.

4. Discussion

Previous pathological studies of acute and chronic lesions have revealed the extent,
severity and persistence of leak of serum proteins but relatively little about the state of the
endothelium or its TJs [7,12,19,]. The application of immunofluorescence immunocy-
tochemistry and confocal laser microscopy to MS and control tissues has given new
insights into events at the BBB in MS which include relocalization of TJ proteins away
from the membranes and dissociation of junctions [20,21]. These changes are not specific
but are consistent with forms of dysregulation associated with a number of initiating
events such as hypoxia, leukocyte infiltration, peripheral inflammatory pain, or by the
experimental application or generation of various cytokines, oxygen radicals, vasoactive
agents, growth factors and enzymes such as TNF-a, IFN-y, H2O2, NO, histamine, VEGF
and matrix metalloproteinases [13,14,24-27]. Mechanisms implicated include diverse
cascades that lead to downregulation of ZO-1 and occludin expression and proteolysis of
occludin or to alteration of the phosphoryation state of ZO-1 and occludin, with
consequent effects on their binding properties and localization. For example dislocation of
ZO-1 from junctions and retraction of endothelial cell borders has been reported following
application of low concentrations of H2O2 to endothelial monolayers, an effect, reversed
by IFNp. [26]. Recent studies have also shown that the weak binding between the GUK
region of ZO-1 to occludin is susceptible to disruption by substances which generate the
reactive oxygen species NO and peroxynitrite [28].

The widespread disruption of TJ in MS correlates well with the amplitude of leakage as
revealed by Gd DTPH MRI in active lesions and by immunocyochemistry in chronic
lesions [5,12,29]. The extent to which the paracellular barrier function of the junctions is
impaired by the observed alterations (short of dissociation) is not clear. In many cases, TJ-
associated protein remained normally disposed in adjacent parts of the vessel. The
widespread abnormality of TJs however suggests the adoption by the affected endothelium
of a less tight phenotype, which could account for the observed cytoplasmic changes to
endothelial cells and for a transcellular, vesicular leakage mechanism as suggested by
others [12]. Huber et al. have proposed that 'during pathological insult, the BBB is capable
of modulating the cytoarchitecture to yield an increase in permeability while retaining
structural integrity' [30]. The detection in our studies of only occasional dissociated
junctions may however underestimate their overall incidence and significance as a
paracellular route of leakage, if as seems likely they are mainly associated with severe
acute lesions, which are under-represented in our autopsy study.

In MS, TJ alteration and BBB leakage, with all their damaging consequences, are not
likely on their own to be sufficient causes of the acute, recurrent and progressive
demyelination and degeneration that ensues. Permanent or transient breakdown of the
BBB with, in some cases, demonstrable alteration of TJs occurs, usually without
progression to demyelination, in a number of CNS pathologies including trauma,
ischemia, cerebral malaria and HIV encephalopathy. To account for demyelination and
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axonal pathology in MS additional factors stemming from the immunological upregulation
and dysregulation must also be invoked [9].

5. Conclusions

Both our immunofluorescent and gene expression studies are consistent with the
occurrence in MS of pathologically-induced deviations from the normal BBB phenotype
consistent with the focal and diffuse effects on tight junctions of leukocyte trafficking into
the brain and the subsequent immunological upregulation. The semiquantitative confocal
microscopic study demonstrated that such changes are most severe in active lesions but
that they persist at diminished severity in chronic lesions. Abnormal tight junctions were
also demonstrated in NAWM, where they may have arisen for a number of reasons,
discussed elsewhere [21,29]. The resultant increased vascular permeability in many parts
of the lesional and non-lesional white matter is likely to impair homeostasis [30,31] and
may affect both disease progression and drug delivery.
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Discussion

De Boer
From your presentation, it could be concluded that therapy should be focused now mainly
on trying to close tight junctions, is that a good conclusion?

McQuaid
That's a very good conclusion. I don't know how we would do this, but if in some way, we
could close the tight junctions, especially in areas such as lesions that have already formed,
we may allow repair mechanisms behind the blood-brain barrier to be more efficient, hi
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multiple sclerosis it is known that you get remyelination, but it's not that efficient and
perhaps if one were able to make the barrier more intact, that remyelination would be more
efficient.

Gaillard
In my original studies with micro-arrays on the blood-brain barrier, this was exactly the
focus: to repair the blood-brain barrier, to find target genes for that. I have a general
question about the early infiltrations in MS. Do you know where they exactly take place in
the brain? Is it in circumventricular organs? In what type of blood vessel population is the
real primary event starting? Is it in capillaries also?

McQuaid
It's mostly seen in the periventricular regions, where you will get inflammatory infiltrates
associated with small vessels. There's quite a lot of debate on the size of the vessels, but
they contribute to the initial perivascular infiltrates mostly seen in periventricular regions.

Gaillard
So, later on it is the small capillaries that become leaky.

McQuaid
We have been able to measure all the sizes of all the vessels that we have done the tight
junction pathology on. They vary from capillaries right through to quite large arterioles
and venules, but the degree of tight junction disruption is quite constant. You get the same
degree of tight junction disruption in the small capillaries as you do in the large arterioles
and venules. In MS there is a fairly constant degree of tight junction pathology occurring
irrespective of the size of the vessels.




