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Abstract

and the complex architecture of the human brain cortex.

The chronic cortical pathology of Multiple Sclerosis (MS) composes of demyelination and neurodegeneration
and has been studied since the early pathoanatomical descriptions of MS. Due to technical difficulties in detecting
the extent of cortical damage accumulating during the disease process; it has only been recognized as a major
aspect of MS pathology 20 years ago. Whole genome gene expression studies from cortical human brain tissue
have been an invaluable tool to gain novel insights into the molecular pathology of the so-called normal-appearing
cortical grey matter and demyelinated grey matter lesions and have aided in discovering new pathomechanisms.
These studies however are notoriously difficult to perform and interpret, due to the heterogeneity of the disease itself
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Introduction

Multiple Sclerosis (MS) is the most common chronic inflammatory
demyelinating disease of the central nervous system showing both
neurodegenerative and immunological aspects. The main pathological
hallmarks of MS are foci with complete loss of myelin in the grey and
white matter termed lesions. The cause of MS remains elusive but
the development of MS includes a complex genetic trait and several
environmental risk factors, which act in concert and contribute to the
main pathomechanisms including inflammation, de- and remyelination,
axonal and neuronal loss, astroglia activation, and metabolic changes
[1]. MS has been traditionally viewed as an autoimmune disease
mediated primarily by an aberrant T-cell and B-cell reaction directed
against the central nervous system myelin and oligodendrocytes [2].
Whether the initial event triggering MS is an aberrant immune-system
damaging the central nervous system (outside-in hypothesis) or a
primary degenerative mechanism, secondarily triggering an immune-
response (inside-out hypothesis), remains unclear as of today, and
while there is evidence for both concepts, the data provided are not yet
conclusive [3-5].

Changes within the white matter have been the primary focus of
MS research since the first neuropathological description and they were
long considered to be the major pathological hallmark [6,7], whereas
changes within the grey matter were recognized early on [8-12] but
mostly neglected due to technical difficulties to visualize the extent
of cortical demyelination. Only in the past two decades have changes
within the grey matter and especially the cerebral cortical grey matter
become more and more recognized (Figure 1). Cortical demyelination
may be present from the earliest clinical disease stages [13] and
increases strongly when patients reach the progressive stage [14].
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Figure 1: Development of publication numbers on cortical grey matter in MS.Figure
depicting A. the number of publications found on PubMe last called 17.01.2020,
United States National Library of Medicine, Bethesda, Maryland, USA) using the
search term “Multiple+Sclerosis+(Gray+OR+Grey)+Matter” from January 1950 until
December 2020 and B. the number of publications as in A divided by the number of
publications retrieved on PubMed using the search term “Multiple+Sclerosis” to show
the relative increase on grey matter publications among MS publications.

Cortical Grey Matter Lesion Pathology

A histological classification system for cortical grey matter lesions
was proposed by Peterson, et al. and updated in 2003 and has since
been widely accepted and used [15,16]. This classification system
distinguishes four lesion types: Type I lesions (Figure 2A), also termed
leukocortical lesions, are in direct contact with the white matter
border but do not reach the meninges. They are often confluent with
white matter lesions. Type II or intracortical lesions contact neither
the white matter border nor the meninges and are often perivascular
(Figure 2B). Type III or subpial lesions are in direct contact with the
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meninges, often extend unto cortical layer 3 or 4, but do not reach the
border to the subcortical white matter (Figure 2C). Subpial cortical
lesions are the most common type of cortical lesions in MS and are the
only lesion type not detected in any other disease with demyelination
of the cortex such as tuberculous or luetic meningoencephalitis,
progressive multifocal leukoencephalopathy, Rasmussen’s encephalitis,
or paraneoplastic encephalitis [17,18]. This specificity of subpial lesions
suggests that demyelination in MS is not simply a bystander effect of
inflammation but part of a mechanism unique to this disease. Subpial
lesions have a band or ribbon like appearance and may stretch over
several adjacent gyri, in one specific case 69% of the forebrain cortical
area was demyelinated [14]. Subpial cortical lesions have further been
shown to associate with meningeal inflammation while parenchymal
T- and B-cell infiltrates are rare [19,20]. Last, type IV or pancortical lesions
extend from the meninges through all cortical layers and contact the
white matter border (Figure 2D). These lesions might signify a specific
pattern, or they may simply be a fusion of type I, II or III lesion, having
grown to span all cortical layers.
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Figure 2: Types of cortical grey matter lesions Representative images of anti-myelin
oligodendrocyte glycoprotein staining’s of human cortical grey matter tissue and
subcortical white matter. (A.) Type | leukocortical lesion (l.) with adjacent subcortical
White Matter Lesion (WML) (B.) Type Il intracortical lesions (ll.). (C.) Type Il subpial
lesion (ll.) spanning multiple gyri. (D.) Type IV pancortical lesion (IV.). Abbreviations:
NAGM: Normal-Appearing Grey Matter; NAWM: Normal-Appearing White Matter. The
black line delineates the border between grey and white matter.

Cortical grey matter lesions may be staged into active, chronic
active or chronic inactive lesions. To differentiate between these stages a
histological marker for the Major Histocompatibility Complex (MHC)
class IT is used: active lesions are characterized by a distinct MHC class
II positive cell border and lesion core, and hypercellularity. Chronic
active lesions are also characterized by a MHC class II cell border, but
their core shows levels of MHC class II positive cells at the lesion core
comparable to normal-appearing cortex. Chronic inactive lesions do
not show any distinct MHC class II positive lesion border and have a
core comparable to normal-appearing grey matter [15]. For staging the
leukocortical lesions, the white matter part of the lesion has been used
as a surrogate [15].

Apart from the demyelinated lesions, changes have also been
described within the so-called normal-appearing white and normal-
appearing grey matter. These changes are more pronounced during the

progressive phases of the disease and include perivascular inflammatory
infiltrates, edema, diffuse microglia activation and diffuse axonal
injury, and astrocytic gliosis [14]. These changes are in part attributed
to focal lesions, leading to Wallerian (anterograde) and retrograde
degeneration of the neurons. Further, changes within the normal-
appearing white and grey matter develop independent of focal lesions
and partially associate with meningeal inflammation of the spinal cord
and the cortex [21,22].

The Role of Whole Genome Gene Expression Studies in
Cortical Grey Matter Lesion Pathology

Whole genome gene expression studies are an invaluable tool of
descriptive research and may lead to both novel insights and novel
questions, without being strictly hypothesis driven. To date only few
gene expression studies have been performed with material from
normal-appearing cortical grey matter and cortical grey matter lesions
in MS. One study was performed by Dutta, et al. [23,24] and compared
the normal-appearing motor cortex of six MS cases to motor cortex of
six controls without neurological disease. They found a downregulation
of mitochondrial genes involved in the respiratory chain, specific
for neurons, and a lower expression of genes involved in the pre and
postsynaptic components of GABAergic signaling. These results
suggest a disturbance in the energy household of neurons, possibly
contributing to neurodegeneration [23]. They further described an
upregulation of the ciliary neurotrophic factor CNTF and functionally
related genes promoting neuroprotection and anti-apoptotic pathways,
suggestive of adaption mechanisms of the neurons [24].

In another study brain tissue samples from six MS cases and eight
control cases without neurological disease were compared [25]. In
contrast to the earlier study, cortical grey matter as well as cortical grey
matter lesions were included. They observed a higher expression of
immunoglobulin related genes in MS grey matter deriving from plasma
cells located in the meninges.

Another study was designed and performed to distinguish MS
specific gene expression changes from more general pathological
changes [26]. This was achieved by comparing the gene expression
profiles of three MS cases to three cases with tuberculous meningitis,
three cases with Alzheimer’s disease and three control cases without
neurological diseases. By this multi-comparison, they detected changes
in genes related to T-cell mediated inflammation, microglia activation,
oxidative injury, DNA damage and repair, and remyelination.

A study from our lab compared the gene expression profiles of 8
control cases and normal-appearing grey matter of 13 MS cases [27].
We identified a lower expression of astrocyte specific genes involved in
the astrocyte-neuron lactate shuttle, which is important for neuronal
homeostasis, and genes involved in the glutamate-glutamine cycle,
which is also a support mechanism of astrocytes for the neurons. We
further identified a higher expression of interleukin 1 beta within the
normal-appearing grey matter, suggestive of inflammasome activation.

In a recent study from our lab, we analyzed a total of 106 normal-
appearing grey matter samples from MS cases and cortical grey
matter tissue samples from control cases [28]. This study revealed
a distinct, bimodal expression pattern of HLA-DRBI1, with each case
having either a high or a low gene expression throughout all tissue
samples used. This finding was especially interesting, as tissue showing
any sign of inflammation in the histological analysis had been excluded
from the study, using strict definitions of normal-appearing tissue.
HLA-genotyping revealed that all carriers of the MS associated HLA-
DRB1*15:01 allele also showed a high HLA-DRB1 and HLA-DRB5 gene
expression, with a few carriers of other alleles also showing a high HLA-
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DRBI gene expression. Strikingly, this was true in both MS and control
cases. The HLA-DRB1*15:01 allele has been reported to increase the
risk for developing MS about threefold, making it the strongest genetic
risk factor for developing MS [29]. Further, the high HLA-DRBI
gene expression associated with a high HLA-DRA gene expression
and with a higher HLA-DRBI protein expression and with increased
cortical grey matter lesion size. Our study thus hints at a link between
the strongest genetic risk factor for developing MS, a higher gene and
protein expression of HLA-DRBI, and a major pathological hallmark
of MS: demyelinated cortical grey matter lesions. Our study, though
preliminary in this respect, may hint at a unique vulnerability caused
by increased HLA-DR expression within the brain, possibly facilitating
the onset and/or progression of the disease. Such vulnerability could
combine aspects of an inside-out and an outside-in hypothesis.

Discussion and Conclusion

In summary, gene expression studies performed on cortical grey
matter of MS cases have so far revealed gene expression profiles
suggestive of a stressed energy household of the neurons, aggravated
by a failing support of the astrocytes and the myelin sheaths and have
hinted at an increased vulnerability of the cortical tissue related to the
strongest genetic risk factor.

Using human brain tissue from autopsies for gene expression
studies to further increase our understanding of human brain diseases
is an invaluable tool, though far away from the onset of disease,
allowing us insights into chronic disease and adaptation mechanisms.
The limitations of this approach however need to be carefully
explored and confounding factors such as the presence of other
neurological diseases, age-related changes, and post-mortem related
degradation need to be considered. Further, MS is a heterogeneous
disease, clinically and histologically, and gene expression studies are
usually only performed on a number of cases too small to reflect this
heterogeneity. It is for example unclear whether the different cortical
lesion types have a common origin or should rather be studied as
separate entities. Another concern arises from the architecture of the
cortex: to compare different lesions with one another or to compare a
lesion to normal-appearing grey matter, it is necessary to acquire tissue
samples which are as comparable as possible, respecting the cellular
and molecular differences between different areas of the cortex. Thus, a
simple comparison of too few cases will likely not reveal all aspects of
the molecular pathology, and instead, we should aim for larger studies
in the future.

Today, whole genome gene expression studies have become but a
part of the vast field of emerging omics analysis. We see the role of these
techniques in general and especially in the difficult case of cortical grey
matter diseases in hypothesis generation, initiating novel insights, but
always requiring mechanistically oriented research to follow-up on the
propositions.
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