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Grey matter pathology in multiple sclerosis
Jeroen J G Geurts, Frederik Barkhof

Multiple sclerosis (MS) has been classically regarded as a white matter disease. However, recent histopathological
studies have convincingly shown that grey matter regions are also heavily aﬀected. Grey matter damage starts early in
the disease and substantially aﬀects clinico-cognitive functioning. Detection of cortical grey matter lesions by use of
standard MRI techniques has proved challenging, and more advanced techniques are needed. At present, the causes
of grey matter damage are unclear. We review several exciting new hypotheses on grey matter pathogenesis, including
meningeal inﬂammation as a cause of subpial cortical damage, but also selective vulnerability of neuronal
subpopulations, growth factor dysregulation, glutamate excitotoxicity, mitochondrial abnormalities, and the “use-itand-lose-it” principle. These hypotheses remain to be validated over the coming years, and could substantially aﬀect
our current views on MS pathogenesis.

Introduction
Multiple sclerosis (MS) is an inﬂammatory demyelinating
disease of the CNS that is prevalent among young adults
and usually leads to chronic disability. Although MS has
been classically thought of as a typical white matter
disorder, the involvement of grey matter regions in the
demyelinating process was acknowledged in early
pathology studies.1–5 However, mainly owing to poor
visualisation of demyelination within grey matter areas
with conventional histological staining methods
(ﬁgure 1),6 the issue had long been disregarded. Since the
introduction of myelin immunohistochemistry, the
subject of demyelination in grey matter regions in MS
has received new impetus,7–9 and demyelination of axons
in the cortex has been reported to be extensive and at
least partly independent of the presence of white matter
lesions.6,7,10
Clinically, demyelination of axons in the cortex and
other grey matter regions is of importance, because focal
demyelination in the white matter, visible on MRI, cannot
explain the full extent of clinical, including cognitive,
deﬁcits in patients with MS.11 White matter lesion load,
(juxta)cortical lesions, and brain atrophy, as determined
by MRI, have all been used to explain part of the physical
disability, epilepsy, depression, and cognitive impairment
seen in MS.12–18 However, speciﬁc cognitive deﬁcits, such
as memory impairment, attention deﬁcits, and reduced
mental processing, which can be found in 45–65% of
patients with MS,19,20 might be better explained by
pathological processes (ie, demyelination and possible
resultant damage to the neurons) in the grey matter. This
was illustrated by the fact that MS patients with cognitive
decline have more cortical damage than patients who are
cognitively preserved.21,22 Furthermore, a rarely occurring
cortical variant of MS was deﬁned, with patients showing
predominant or exclusive cognitive decline starting from
disease onset.23,24
Since the recent revival of research on grey matter
abnormalities in MS, much eﬀort has been put into
describing and classifying pathology within grey matter
areas, as well as in imaging grey matter lesions and
relating these lesions to clinical disability. However, the
causes of damage in grey matter regions, which mainly
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consists of demyelination of axons, but also involves
neuroaxonal degeneration in the grey matter, remain
unknown. Recently, several new hypotheses have been
put forward that have explored possible pathogenic
processes leading to grey matter damage. These processes
could be either primary (arising within grey matter
regions) or secondary (pathological changes in grey
matter regions that result from continuing damage in
the cerebral white matter) and might be intricately
connected with each other. The aim of our Review is to
discuss these new ideas, put them into perspective, relate
them to white matter pathology and clinico-cognitive
impairment, and provide a comprehensive overview of
grey matter pathology research in MS.
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Grey matter pathology in MS
A classiﬁcation system for cortical grey matter lesions
was proposed, which distinguishes type I mixed white
matter–grey matter lesions from types II, III, and IV
purely intracortical lesions (ﬁgure 2).7,8,25 Type III, or
subpial, cortical lesions are most common and can extend
over several gyri to involve nearly all cortical areas sampled
at autopsy.6,7 In addition to the neocortex, demyelination
can be found in other grey matter areas, such as the
thalamus, basal ganglia, hypothalamus, hippocampus,
cerebellum, and spinal cord (ﬁgure 2).10,25–28 Extensive
demyelination in the cortex (ﬁgures 1 and 3) is associated
with a more progressive phase of the disease,10 and
(juxta)cortical, hypothalamic, and hippocampal lesions
have been shown to correlate with the degree of clinical
disability.12,14,25,29,30 The pathology of grey matter lesions
diﬀers from that of white matter lesions in that signiﬁcant
lymphocyte inﬁltration, complement deposition, and
blood–brain barrier (BBB) disruption have so far not been
detected in grey matter lesions, whereas white matter
lesions are usually inﬂammatory.8,31,32 However, axonal
transection, in addition to neuronal, glial, and synaptic
loss, can be found to some extent in cortical grey matter
lesions,9,33 which seems important in understanding the
consistent ﬁnding of atrophy and cortical thinning in MS,
as measured by MRI.34–39 In a histopathological study,
Wegner and colleagues33 described a 10% overall cortical
thickness reduction in their MS cases. Whether this
841
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Figure 1: Adjacent paraﬃn sections from an MS patient with general cortical
subpial demyelination
Sections have been (A) histochemically stained for myelin by use of the Luxol
fast-blue technique and (B) immunohistochemically stained for proteolipid
protein (PLP). (A) Demyelination of periventricular white matter (WM),
including the corpus callosum, is readily detectable (green arrow); cortical
myelin is largely unstained (black arrows). (B) Periventricular lesions are also well
delineated by PLP immunohistochemistry (green arrow). In the cerebral cortex
(CTX), all areas have a superﬁcial subpial loss of myelin (black arrows); an area of
myelin loss is also detected in the putamen (arrowhead). At higher
magniﬁcation, a sharply deﬁned cortical lesion border (cingulate gyrus) is visible
by PLP immunohistochemistry (B; inset, black arrow); the border is not
detectable by Luxol fast-blue staining in an adjacent section (A; inset, black
arrow). Reproduced from Bö et al,6 with permission from the American Medical
Association.

global thinning is a secondary result of accumulating
focal demyelination in cortical areas, or whether
substantial neuroaxonal loss also occurs outside focal
cortical lesions, is unclear. The pathological substrate that
underlies cortical volume reduction early in the disease is
also unclear,35,38 because demyelination of axons in the
cortex should still be relatively limited at that stage.10
Cortical thinning on MRI was found to be most
prominent in frontal and temporal areas,34 which is in
agreement with early histopathological ﬁndings on the
topography of demyelination in the cortex.40,41 Those and
other (MRI) studies provided further evidence that
842

Figure 2: Diﬀerent presentations of grey matter lesions (myelin
immunohistochemistry, proteolipid protein)
Panels A–D show four types of cortical grey matter lesions.8 (A) Type I or mixed
white matter–grey matter lesion: the black line indicates the border between the
cortex and subcortical white matter, and the grey matter and white matter parts
of the lesion are indicated by the arrow and arrowhead, respectively (original
magniﬁcation 2·5×). (B) Type II intracortical lesion surrounding a blood vessel
(original magniﬁcation 5×). (C) Type III subpial cortical lesion: arrows indicate
the outline of a type III lesion, with demyelination restricted to the upper layers
of the cortex. Adjacent normal cortex is indicated by the arrowhead (original
magniﬁcation 2·5×). (D) Type IV lesion, which spans the entire cortical ribbon
(original magniﬁcation 5×): arrow indicates the grey matter–white matter
border. (E) Hippocampal lesion (original magniﬁcation 3×). These lesions are
frequent and extensive, and are often mixed (involving both the hippocampus
and the perihippocampal white matter). The green arrow indicates the fully
demyelinated hippocampal subﬁelds, and the white arrows point to areas left
intact with myelin in the perihippocampal grey matter and white matter.
(F) Spinal cord lesion (original magniﬁcation 3×); only some small areas
containing myelin are remaining (arrows). (E, F) Images obtained with a Zeiss
Mirax Scan, courtesy of Jeroen Beliën (Department of Pathology, VU University
Medical Centre, Amsterdam, Netherlands). (E) Reproduced from Geurts et al,25
with permission from Lippincott Williams and Wilkins.

(cortical) grey matter pathological changes importantly
contribute to clinical disease severity.22,34–36,42,43 However,
direct eﬀects of focal cortical grey matter lesions on
clinical measures, including cognition, have not yet been
reliably established. Study of the relation between the
occurrence of cortical lesions and clinico-cognitive
functioning is challenging, because visualisation of
demyelination in cortical grey matter regions in vivo with
MRI has hitherto proved to be diﬃcult; in particular,
subpial (type III) cortical lesions could not be detected.44,45

Imaging of grey matter lesions
Advanced MRI techniques
In a search for new, more advanced imaging techniques
to improve cortical lesion visualisation, a multi-slab
three-dimensional (3D) double inversion recovery (DIR)
technique was developed and applied to an MS
population, which enabled a ﬁve times increase in cortical
lesions detected compared with more standard MRI
techniques (ﬁgure 4).46 This 3D-DIR was further
developed into a single-slab, isotropic version, allowing
for a substantially reduced acquisition time, and a clear
reduction of slice-proﬁle and ﬂow artifacts (ﬁgure 5).47
Furthermore, a T1-weighted 3D spoiled gradient-recalled
echo (SPGR) sequence was recently reported to be useful
in the detection of cortical lesions.48
www.thelancet.com/neurology Vol 7 September 2008
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As judged from the number of cortical plaques reported
in post-mortem studies,44 not all cortical lesions can be
detected by (3D)-DIR or T1-based MRI sequences. It
might well be that only new, possibly slightly more
inﬂammatory (or oedematous), lesions can be observed,29
whereas the more chronic cortical lesions remain
invisible on in vivo MRI. However, inﬂammation might
not be integral to demyelination in the cortex, except in
the type I mixed white matter–grey matter lesions.8 Of
note, an inescapable selection bias exists when comparing
post-mortem tissue to the situation in vivo: cases
examined at autopsy usually had chronic MS before
death, and are thus likely to have built up more (chronic)
grey matter damage than cases examined in life.10
Application of 3D-DIR, probably the most eﬀective
technique for the detection of cortical lesions in vivo, to
the post-mortem situation should be actively pursued,
because it might reveal exactly how many cortical (and
other) grey matter lesions are missed by MRI, and which
speciﬁc pathological hallmark (or lack thereof) is
responsible for cortical lesions being visible or invisible
on MRI. However, whether newer MRI methods will
enable detection of all cortical lesions, and more
speciﬁcally of all subpial cortical lesions in the future,
cannot be ensured. High-ﬁeld MRI, which uses
substantially prolonged scanning times and high signalto-noise ratio, has not led to convincingly improved
cortical lesion visualisation to date.45
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Imaging of normal-appearing grey matter
Because of the abovementioned diﬃculties concerned with
the imaging of cortical lesions in vivo, several MRI studies
have reverted to measuring abnormalities in normalappearing grey matter (NAGM; ie, grey matter that looks
normal on conventional MRI, but is probably not
histopathologically normal) by use of various techniques,
including magnetisation transfer ratio (MTR) imaging,49–51
T1-relaxation time measurements,42,52 diﬀusion tensor
imaging (DTI),53,54 and proton magnetic resonance
spectroscopy (MRS).55–57 However, the pathological substrate
that is responsible for these NAGM changes is unclear. As
mentioned, apart from global cortical thinning,33 little is
known about pathological ﬁndings outside focal cortical
lesions. Abnormalities (transected neurites) outside focal
lesions were shown to be much more subtle than
abnormalities within cortical lesions.9 Therefore, the
abnormal NAGM MRI ﬁndings are more likely to be
inﬂuenced by the cortical lesions that remain largely
undetected on MRI.58 A beneﬁcial application of DIR,
SPGR imaging, or other MRI techniques more sensitive to
cortical lesions, lies in segmenting out grey matter lesions
to achieve a more accurate and reliable investigation of
“real” NAGM (ie, the non-lesional grey matter).
In terms of clinical correlations, the study of quantitative
MRI and atrophy measures of NAGM has proved
worthwhile.59 Cortical grey matter atrophy studies
(essentially a measure of sulcal widening) showed
www.thelancet.com/neurology Vol 7 September 2008

Figure 3: Focal inﬂammatory demyelinated plaques in white matter dominate the lesions seen in acute MS
(AMS) and relapsing-remitting MS (RRMS), whereas cortical demyelination and diﬀuse white matter
inﬂammation are characteristic of primary progressive MS (PPMS) and secondary progressive MS (SPMS)
(A–C, E, G, H) Schematic lesion maps of MS brains and (D, F, I) corresponding sections stained with Luxol fast-blue
stain. Green areas show focal demyelinated plaques in white matter; orange areas show cortical demyelination;
blue areas show demyelinated lesions in deep grey matter; dark blue dots indicate inﬂammatory inﬁltrates in the
brain; and light blue dots indicate inﬂammatory inﬁltrates in the meninges. (A) Acute MS in a 35-year-old man
with disease of 1·5 months’ duration. (B) Relapsing-remitting MS in a 57-year-old woman with disease of
13 years’ duration. (C) Secondary progressive MS in a 43-year-old man with disease of 16 years’ duration. (D, E)
Primary progressive MS with severe demyelination in the cortex, but only minor disease involvement of white
matter. (F, G) Secondary progressive MS in a 46-year-old woman with disease of 16 years’ duration, showing
extensive damage in cortex and white matter. (H, I) Primary progressive MS in a 55-year-old woman with disease
of 5 years’ duration, showing diﬀuse white matter abnormalities; only the subcortical myelin is intact, and only a
few focal demyelinated plaques are visible. Reproduced from Kutzelnigg et al,10 with permission from Oxford
University Press.

signiﬁcant correlations with clinical disability,35,60–62 as
well as cortical thickness measurements,34,36,43 which
reported speciﬁc focal cortical thinning in frontal,
temporal, parietal, precentral, and anterior cingulate
cortex, consistent with histopathological reports on the
preferential distribution of demyelination in the cortex.7
843
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Figure 4: Transverse intermediate-weighted, T2-weighted, 3D-FLAIR, and 3D-DIR images of intracortical lesions
Panels A–D show the lesion (arrow) in cortical grey matter, with a possible juxtacortical component; the intracortical lesion is particularly poorly visible on
intermediate-weighted (IW) and T2-weighted images, and on the ﬂuid-attenuated inversion recovery (FLAIR) image, whereas it is depicted clearly on the double
inversion recovery (DIR) image. Panels E–H (diﬀerent patient): DIR image shows very good delineation of the intracortical lesion (arrow), which could be mistaken for
a juxtacortical lesion or a partial volume artefact on the T2-weighted image and might even be missed on the FLAIR image. No contrast agent was used. Reproduced
from Geurts et al,46 with permission from the Radiological Society of North America.
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Figure 5: Multiplanar representation of single-slab 3D-DIR images of a patient with MS
Compared with the multi-slab 3D-DIR (see ﬁgure 4), this newly developed single-slab, isotropic sequence has the
advantage of shorter acquisition times, improved signal-to-noise properties and easy reformatting to allow the
best visualisation of (small) grey matter lesions. (A) Sagittal view of a juxtacortical lesion (arrow) in the frontal
vertex. (B) Coronal orientation: same wedge-shaped juxtacortical lesion (white arrow), as well as a mixed grey
matter–white matter (type I) lesion (arrowhead) near the frontal operculum, and a smaller juxtacortical lesion
frontomedially (green arrow). (C) Same two juxtacortical lesions as shown in (A) and (B), in the axial orientation.

shown to be related to brain atrophy and clinical
disability.71 As for MRS data, a recent meta-analysis found
that metabolite concentrations could vary substantially
between studies,72 and reproducibility and accuracy of the
MRS experiment are strongly dependent on the brain
region and the metabolite assessed.73
Currently, some controversy exists about the relation
between NAGM and white matter abnormalities.
Although it seems attractive to assume that grey matter
damage arises secondarily to accumulating white matter
damage (both focal and in the normal-appearing white
matter), several MRI and histopathology studies seem to
indicate that grey matter and white matter abnormalities
occur largely independently,6,10,21,35 or at least evolve in
diﬀerent time-frames.10

Spinal cord imaging
Several studies showed that quantitative MRI measures,
such as MTR,63–66 DTI,53,54 and T1-relaxation times,42,52 of
the grey matter were related to, or even predictive of,
disability in MS. Furthermore, changes in several brain
metabolites, as detected by MRS and whole-brain MRS
imaging, could be related to disability.55,67–69 Not only
cortical, but also deep grey matter structures were found
to be abnormal in terms of metabolite concentrations,56,70
which could be partly conﬁrmed histopathologically.70
Furthermore, T2 hypointensities possibly resulting from
increased iron deposition in the basal ganglia were
844

MS lesions are also frequently found in the spinal cord
of patients with MS, and although spinal lesions have
been observed to aﬀect both grey matter and white
matter structures, a recent histopathology study showed
that the proportion of demyelination of grey matter
regions is generally larger in the MS cord.28 Conventional
MRI of the spinal cord in patients with MS was shown to
be feasible and highly disease speciﬁc,74 which led to a
more prominent role for spinal MS lesions in the
diagnostic criteria.75,76 Both focal and diﬀuse lesions can
be seen on MRI of the spinal cord, the latter being
www.thelancet.com/neurology Vol 7 September 2008
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associated with a more progressive clinical course and
greater disability.77
Mainly due to technical diﬃculties, progress in the
more advanced (non-conventional) MRI assessment of
the spinal cord has been slow. However, recent
quantitative MRI studies of the MS cervical spinal cord
consistently reported clinically relevant reductions in
total N-acetylaspartate, decreased fractional anisotropy,
increased mean diﬀusivity, increased cord atrophy, and
functional signal changes when compared with healthy
controls.78–82

Functional MRI of (normal-appearing) grey matter in MS
Over the past few years, functional MRI has been
successfully applied to show diﬀerences in brain
activation between patients with MS and healthy
individuals. Functional cortical changes were found in
response to motor tasks and as a result of accumulating
white matter lesions,83 and were strongly correlated with
axonal damage as measured by MRS,84 and with damage
in normal-appearing brain tissue as measured by MTR
imaging and DTI.85,86 Functional cortical changes were
also speciﬁcally found in relation to cognitive
processing,87–89 even at the earliest stage of disease.90
The existence of a discrepancy between structural and
functional deﬁcits in MS is well known.11 Therefore,
several studies have used functional MRI to focus on the
issue of plasticity within the brain and spinal cord, and
have subsequently shown that, after structural damage,
functional adaptation and reorganisation might take
place to a certain extent,82,86,91–93 depending on disease
stage.91 These ﬁndings can now be uniquely combined
with novel techniques such as diﬀusion tractography81,94
and tract-based spatial statistics95 to study the direct
eﬀects of structural connectivity changes on functional
connectivity. A recent example of such an innovative
combination of techniques is provided by Rocca and
colleagues.92 These investigators showed that patients
with MS had signiﬁcantly more activation in several
brain areas related to motor function, in addition to
increased functional connectivity between these areas,
which could be directly related to structural tissue
damage, as assessed by DTI metrics of the associated
white matter tracts. Similarly, the concept of Wallerian
degeneration (ie, anterograde axonal degeneration after
transection of axons in the white matter),96,97 which is an
interesting pathological concept but remains elusive in
terms of both microscopic and macroscopic assessment,
could thus be studied in more detail.
By use of 18F-ﬂuorodeoxyglucose PET imaging, reduced
rest metabolism was found in the thalamus, cerebellum,
hippocampus, and dorsolateral prefrontal, orbitofrontal,
and occipital cortex of patients with MS.98–100 An especially
interesting and recent development in PET is microglial
imaging.101 This should be relevant in terms of detecting
subtle abnormalities in (cortical) grey matter and normalappearing white matter,10 and possibly even in the in vivo
www.thelancet.com/neurology Vol 7 September 2008
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Figure 6: Meningeal inﬂammation in MS
(A) Immunohistochemical stain for CD20, with a few immunopositive B cells in the sulcal leptomeninges (arrow).
(B) CD3 stain, showing many T cells in the meninges (arrows). (C) CD68-positive macrophages in the meninges
(arrow) and reactive microglia in adjacent cortical grey matter (arrowhead). Original magniﬁcations 10×.
Unpublished data, courtesy of E-J Kooi (Department of Neuropathology, VU University Medical Centre,
Amsterdam, Netherlands).

classiﬁcation of grey matter (and white matter) lesion
subtypes or stages.8 Finally, new insights into the
functional changes of the MS brain have come from
perfusion MRI, which indicates that reduced cerebral
blood ﬂow in the thalamus, putamen, and caudate nuclei
of patients with MS could be related to neuropsychological
impairment and fatigue.102–104

Grey matter damage in MS disease subtypes
In an important study by Kutzelnigg and colleagues,10 the
evolution of demyelination in grey matter regions over
time was illustrated by myelin stainings of acute,
relapsing-remitting (RR), secondary progressive (SP), and
primary progressive (PP) MS cases, indicating that
although demyelination of axons in the grey matter is
already present to some extent in RRMS and acute MS, it
becomes much more prominent in the chronic disease
stages. In SPMS and PPMS cases, demyelination of axons
in the cortex was seen to concur with a diﬀuse microglial
reactivity in the white matter, and with widespread
meningeal (ﬁgure 6) and perivascular inﬂammation.105,106
In a separate study by the same group, patients with
SPMS and PPMS were also shown to exhibit extensive
demyelination in the cerebellum.107 The histopathological
ﬁnding of grey matter abnormalities early in the disease,
with a signiﬁcant increase in grey matter damage over
time, was supported by MRI ﬁndings and biopsy
studies.42,65,108–113
Although early damage to the cortex, or to the brain in
a broader sense, might cause signiﬁcantly higher
disability in patients with MS,35 brain plasticity, and the
so-called “reserve capacity” were shown to partially
compensate for disease damage. Disease-type-dependent
plasticity and functional reorganisation of movementassociated cortical networks have been described in
patients with MS,86,91,93 and these were associated with
abnormalities in normal-appearing brain tissue,
independent of T2-visible focal white matter
abnormalities. The extent to which functional
(dys)connectivity is directly causally related to structural
(dys)connectivity is currently unclear. It would be
interesting for future studies to combine measures of
white matter tract integrity, based on DTI and newly
845

Review

Meningeal
inﬂammation
White matter
lesions
Axonal
demyelination in
GM regions
Virtual
hypoxia

Axonal transection
and redistribution
of Na+ channels

Mitochondrial
dysfunction
Neuroaxonal
degeneration
Glutamate
excitotoxicity
Selective neuronal
vulnerability

Figure 7: Schematic representation of disease processes currently believed to
underlie grey matter damage in MS
Grey matter damage could occur secondarily to white matter pathology. Several
secondary disease mechanisms (blue boxes) have been proposed, including the
“virtual hypoxia” theory by Stys and colleagues.115 This theory postulates that
axonal degeneration in the grey matter might result from inﬂammatory activity
in white matter lesions, combined with subsequent axonal demyelination and
reorganisation of sodium channels and an inadequate mitochondrial energy
supply. Moreover, glutamate excitotoxicity might aggravate neuroaxonal
damage in the grey matter.116–121 This degeneration of axons and neurons in grey
matter might in turn lead to demyelination and the lesions visible under the
microscope in grey matter areas. Alternatively, pathological processes aﬀecting
grey matter areas primarily (green boxes), without intervening eﬀects from
white matter damage, might arise as a result of meningeal inﬂammation and
the concomitant release of a myelinotoxic substance, ultimately leading to
subpial cortical demyelination.105 This might cause demyelination of axons in the
grey matter, which in turn could result in neuroaxonal degeneration.
Furthermore, primary cortical degeneration might occur in speciﬁc predilection
sites, as is seen in dementias; for example, animal studies have shown that the
cholinergic system is speciﬁcally involved in the disease. Led by functional and
cortical thinning studies, consistently active brain areas (eg, default-mode
networks) could be hypothesised to be speciﬁcally subject to neurodegeneration
(the “use-it-and-lose-it” principle). Of note, the primary and secondary disease
processes proposed do not imply sequentiality, but are instead likely to develop
largely independently, with cumulative eﬀects on grey matter damage in MS.

developed statistical modelling methods,95 with functional
connectivity, as measured with functional MRI, for
example.114 Thus, clinico-cognitive functioning might be
approached from the point of view of residual capacity
(ie, the remaining, unaﬀected function of the brain),
which in turn might be advantageous in terms of
rehabilitation and therapeutic strategies. Moreover, in
the context of plotting the time-course of the pathological
processes of MS, the study of the relative contributions of
white matter and grey matter damage to impaired clinicocognitive functioning in every stage of the disease
remains important.

Causes of grey matter damage
As mentioned, there is little or no signiﬁcant inﬂammation,
BBB damage, or gliosis in (cortical) grey matter lesions,8,31,32
as opposed to white matter lesions, in which extensive Tcell inﬂammation, presence of (foamy) macrophages, BBB
disruption, and gliosis can be observed. So how does grey
846

matter damage arise? Several mechanisms have recently
been proposed (ﬁgure 7), and either primary (arising
within grey matter regions) or secondary (as a result of
ongoing damage in the cerebral white matter) pathogenic
processes could be involved.

Secondary pathogenic mechanisms
If grey matter pathology is to be thought of as largely
secondary to inﬂammatory demyelinating damage in the
white matter, several hypotheses can be devised. After
demyelination in the white matter, changes in the
expression of axonal sodium channels were observed in
MS.122 More speciﬁcally, in active MS lesions, an abnormal,
extensive, diﬀuse distribution of Nav1.2 and Nav1.6
sodium channels was found along long lengths of
demyelinated axons that were positive for amyloid
precursor protein (marker for axonal damage). Although
this ion-channel redistribution is necessary to preserve at
least some of the signal transduction properties of the
injured axon, it requires a higher production of cellular
ATP. With concurrent abnormalities found in
mitochondrial functioning,123 for example, resulting from
nitric-oxide exposure as part of the inﬂammatory
cascade,124,125 demyelinated axons in the white matter have
been proposed to enter a state of so-called “virtual
hypoxia”,115 ultimately leading to neuroaxonal degeneration
in the grey matter.
Evidence for alterations in the homoeostatis of the
neurotransmitter glutamate was also found in MS, which
could represent another secondary pathogenic
mechanism leading to neuroaxonal degeneration in the
grey matter. Demyelinated and injured axons in
subcortical white matter, as well as oligodendrocytes,
macroglia, and microglia/macrophages were found to
express increased concentrations of ionotropic and
metabotropic glutamate receptors and glutamate
transporters compared with control brains,116–118 and
treatment with ionotropic glutamate receptor antagonists
was shown to improve clinical disability in experimental
allergic encephalomyelitis (EAE).119,120 However, although
glutamate dys-homoeostasis might indeed lead to axonal
injury and to retrograde degeneration into the cortical
grey matter, upregulated glutamate receptor subtypes
and transporters might also function as a buﬀer, lowering
extracellular glutamate concentrations, and thereby
protecting the oligodendrocytes, which are known to be
extremely vulnerable to glutamate excitotoxicity.120,121
Interestingly, gene transcripts of growth factor (ciliary
neurotrophic factor) signalling pathways and the antiapoptotic molecule bcl2 were found to be upregulated in
cortical neurons,126 possibly reﬂecting a compensatory
action in response to ongoing MS disease activity that
might lead to axonal damage in the white matter and
subsequent retrograde neuroaxonal degeneration.
However, with regard to brain-derived neurotrophic
factor, some controversy exists as to whether the Val66Met
isoform of this growth factor leads to a more favourable
www.thelancet.com/neurology Vol 7 September 2008
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disease course, because both reduction and preservation
of grey matter volumes have been described in MS
patients with this genetic background.127,128 Neuroaxonal
degeneration resulting from these secondary processes
might in turn lead to loss of myelin in the grey matter,
such that the lesions can be seen under the microscope
in grey matter areas of MS brains.

Primary pathogenic processes
Although the above pathological processes might all
seem important contributors to, or modulators of, grey
matter damage in MS, increasing evidence also now
points in the direction of the grey matter being primarily
involved in the pathophysiology of MS. Of note, primary
and secondary pathological processes are not mutually
exclusive. Rather, they are likely to occur simultaneously
in the MS brain, and to have a cumulative eﬀect on
demyelination and degeneration of axons in the grey
matter. An example of how the MS cortex could be
aﬀected primarily (as opposed to secondarily to white
matter pathological processes) was recently described by
Magliozzi and co-workers,105 who suggested that
meningeal inﬂammation (ﬁgure 5), rather than
inﬂammation in the cortical lesions themselves, might
cause cortical subpial demyelination as a side-eﬀect. In
this study, ectopic meningeal B-cell follicles in the
leptomeninges of patients with MS were shown to be
spatially related to cortical pathology. Because the
pathological changes were seen to follow a gradient
pattern in the superﬁcial cortical layers in these cases,
the authors hypothesised that a soluble cytotoxic/
myelinotoxic factor must be involved in the pathogenesis
of cortical damage in MS. The exact nature of this
myelinotoxic factor is not known. However, in EAE
animals immunised with recombinant myelin
oligodendrocyte protein, subpial cortical lesions much
like those in MS were found to develop in association
with band-like subpial microglia inﬁltration and
immunoglobulin deposition on myelin sheaths.129,130
Whether an antibody-related pathological mechanism is
also causally involved in the generation of demyelination
of cortical axons in MS cannot be ruled out. Except for
complement factor C4d, which can be found associated
with myelin in grey matter lesions in a small proportion
of MS cases, no complement deposition could be
observed in MS cortical lesions, in contrast to white
matter lesions.31 Low concentrations of complement and
possibly also of auto-antibodies might be present in the
usually chronically aﬀected cortical MS tissue, but
they might remain below detection levels of the
immunohistochemical techniques. However, antibodies
can also induce demyelination of cortical axons in a
complement-independent fashion through interaction
with Fc-receptors on microglia and monocyte-derived
macrophages or natural killer cells, although no signs of
microglial activation or migration were seen in the grey
matter lesions studied by Brink and colleagues.31
www.thelancet.com/neurology Vol 7 September 2008

Selective vulnerability of neurons and the “use-it-andlose-it” principle
Selective vulnerability of speciﬁc neuronal cell populations
could be another reason for damage to grey matter regions
in MS, similar to what is known for other neurodegenerative
diseases, such as frontotemporal dementia (selective
degeneration of Von Economo neurons).131 In rat EAE, a
consistent decline in choline acetyltransferase activity was
shown in the cerebral cortex, hippocampus, and basal
forebrain, which was associated with learning and memory
deﬁcits. Treatment aimed at restoring acetylcholine
concentrations through chronic administration of selective acetylcholinesterase inhibitors restored cognitive
performance and choline acetyltransferase activity in these
rats.132 Similar improvements in cognitive processing,
including attention, memory, and executive functioning,
were found for patients with MS on administration of the
acetylcholinesterase inhibitor donepezil.133 In MS patients
responding to a Stroop task, functional brain activation
patterns were normalised through the action of the central
acetylcholinesterase inhibitor rivastigmine.87 Furthermore,
a glutamate imbalance was shown to exist in the MS brain,
leading to excitotoxicity and axonal damage.117,134 Future
studies targeting the glutamatergic system by use of
clinically tolerated glutamate-modulating agents such as
memantine might therefore be considered in MS.135
Finally, because sodium ﬂux through sodium channels can
trigger degeneration of axons that are already challenged
in terms of propagation of their action potentials (as
mentioned above),136 and diﬀerent types of neurons express
diﬀerent repertoires of sodium channels that endow them
with diﬀerent ﬁring patterns,137 the diﬀerential tuning of
various subpopulations of neurons, which depends on
diﬀerent expression patterns of sodium channels within
them, might provide an additional basis for selective
vulnerability.
Apart from the vulnerability of speciﬁc neurotransmitter
systems, an interesting hypothesis in the ﬁeld of ageing
and Alzheimer’s disease research postulates that cortical
areas that are metabolically most highly and consistently
active during life (eg, the default-mode network) might
preferentially degenerate due to Alzheimer-related
amyloid deposition.138 Whether a similar pattern of
selective vulnerability of certain cortical areas also exists
in MS (eg, the superior temporal gyrus and the superior
and middle frontal gyri) is not known.34,40,41 Existence of
this “use-it-and-lose-it” principle (as opposed to the more
classically cited “use-it-or-lose-it” concept) should be
investigated in future studies.

Conclusions and future directions
Over the past few years, it has become clear that grey
matter damage in MS is extensive, it is already present in
early disease stages, it increases with disease duration,
and it is clinically relevant. More research is warranted to
clarify the spatiotemporal relations between white matter
and grey matter damage. In light of this research, the
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Search strategy and selection criteria
References for this Review were identiﬁed through PubMed
searches from 1900 to April, 2008, by use of the search terms
“multiple sclerosis”, “grey/gray matter”, “cortical”, and/or
“neurodegeneration”, in combination with topic-speciﬁc
terms such as “mitochondrial”, “glutamate”, “atrophy”,
“functional MRI”, “positron emission tomography”, “EAE”,
“antibody”, and “memantine”. Articles were also identiﬁed
through searches of the authors’ own ﬁles, and recent,
important developments in the area of grey matter research
in MS presented at the 23rd European Congress for
Treatment and Research in Multiple Sclerosis (ECTRIMS),
Prague, Czech Republic (Oct 11–14, 2007), were discussed in
the Review if appropriate. Only papers published in the
English language were reviewed.

innovative combination of structural and functional
connectivity measures might be expected to generate
important insights into the eﬀect of (focal) damage to
white matter tracts on (regional) cortical integrity.
At present, we are unsure of the causes of demyelination
and degeneration of neuroaxonal elements in grey matter
regions in MS. Disease mechanisms leading to grey
matter damage might be diﬀerent from those leading to
white matter damage in MS, but this is still a topic of
debate. Meningeal inﬂammation as a possible cause of
subpial cortical demyelination is one of several exciting
new hypotheses currently being explored. Also, regional
cortical thickness studies have shown that atrophy is
predominantly found in frontal and temporal cortical
areas. This ﬁnding tentatively opens doors to new ideas
on selective vulnerability of neuronal subpopulations in
MS, as was already shown for other neurodegenerative
diseases. Whether and how much the diﬀerent
pathomechanisms reviewed here have a signiﬁcant
contribution in demyelination of cortical grey matter
(and possible neuroaxonal degeneration), and whether
demyelination in diﬀerent grey matter areas, such as the
neocortex and cerebellar cortex, spinal cord, basal ganglia,
and hippocampus, might arise from similar causal
pathways, remains to be elucidated.
An increase in knowledge regarding damage to grey
matter structures in MS might also result in a more
targeted pharmacotherapeutic approach to the disease,
with focus on cognitive decline and speciﬁc
neurotransmitter systems (ie, acetylcholine), for example.
For the coming years, the combination of advanced
neuroimaging, clinico-cognitive, neuropathological,
immunological, and genetic expression studies seems to
be the strategy of choice in disentangling MS grey matter
pathology, which at present remains enigmatic.
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