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Abstract

Recent studies have revealed extensive neocortical pathology in multiple sclerosis (MS).
The hippocampus is a unique archaeocortical structure understudied in MS. It plays a
central role in episodic and anterograde memory—the most frequently impaired cognitive
modalities in MS. This histopathological study aimed to investigate inflammatory demyeli-
nation and neurodegenerative changes in the MS archaeocortex. A detailed quantitative
analysis was performed on hippocampal autopsy tissue from 45 progressive MS cases and
seven controls. Forty-one lesions were identified in 28 of the 45 hippocampal MS-blocks
examined, with percentage area of demyelination averaging 30.4%. The majority of lesions
were chronic and subpially or subependymally located. Compared to controls, neuronal
numbers were decreased by 27% in CA1 and 29.7% in CA3-2. Furthermore, the size of
neurones was decreased by 17.4% in CAl. There was evidence of gross hippocampal
atrophy with a 22.3% reduction in the average cross-sectional area, which correlated with
neuronal loss. Our study provides evidence of substantial archaeocortical pathology largely
resembling patterns seen in the neocortex and suggests that hippocampal involvement could
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INTRODUCTION

Multiple sclerosis (MS) is a chronic immune-mediated disease
characterized by disseminated plaques of inflammatory demyelina-
tion in the brain and spinal cord. Although MS has traditionally
been considered a disease of the white matter (WM), early studies
revealed that gray matter (GM) is also commonly affected (11).

Neuropathological investigations have confirmed the abundance
of demyelinating plaques in the MS neocortex (33, 8). Neocortical
plaques most commonly extend from the pial surface to the outer-
most 3—5 cortical layers (type III subpial lesions, 49) often involv-
ing multiple gyri (8). At the microscopic level, cortical lesions
differ considerably from their WM counterparts. They are gener-
ally hypocellular, containing fewer lymphocytes and are dominated
by microglia with activated ramified morphology, with macroph-
ages being almost absent. GM lesions also display evidence of
axonal and dendritic transection, deafferentation and neuronal loss
(49, 69). However, data suggests that GM atrophy and neuronal
loss may also occur in a more diffuse manner not associated with
focal demyelination (67) and that in addition to the neocortex,
MS-related pathological changes may also be found in the deep
cerebral nuclei (28, 14, 6).

Cortical plaque formation is associated with disease progression
as GM plaques appear to be more common in primary and second-
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contribute to memory impairments often seen in MS.

ary progressive forms of MS than in relapsing-remitting MS (35).
Several studies have demonstrated significant correlations between
GM changes and physical disability (54), fatigue (48) and cognitive
deficits (46, 3), suggesting that GM involvement in MS is of great
clinical relevance. Furthermore, neocortical GM atrophy has been
shown to exhibit a stronger association with cognitive dysfunction
in MS patients compared with WM lesion load (53).

A cortical structure that has not been systematically studied in
MS is that of the hippocampal archaeocortex. It comprises several
subfields with the two main regions being Ammon’s horn (CA) or
hippocampus proper and the dentate gyrus (DG) and has rich affer-
ent and efferent cortical and subcortical connections (29). Unlike
the six-layered neocortex, which forms the convex outer surface of
the brain, the hippocampus is structurally unique. It consists of a
phylogenetically older three-layered cortex that forms the floor of
the temporal horn of the lateral ventricle and is thus encompassed
by cerebrospinal fluid (CSF). However, the hippocampus proper is
lined by ependyma rather than being covered with pia mater.

In addition to its structural peculiarity, the hippocampus has a
functional role that could potentially explain some of the cognitive
deficits commonly seen in MS patients. Cognitive deficits are
present in 40%—60% of MS patients (51) and have a profound
impact on the quality of life (52), sometimes despite minimal
physical disability (4). The hippocampus is implicated in the
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processes of learning and memory including anterograde and epi-
sodic memory (15), which are frequently impaired in MS (32).

To date, the pathological changes taking place in the MS hippo-
campus have not been elucidated. Poor sensitivity of imaging
methods for cortical lesions, in particular the hippocampus (26),
necessitated a histopathological approach for its examination. The
present study undertaken on human post-mortem tissue aimed to
investigate the pathological changes in the MS hippocampus with
special reference to lesion distribution, inflammation, atrophy and
neuronal loss, and to correlate these measures with clinical MS
parameters.

MATERIALS and METHODS

Tissue samples

MS and control formalin-fixed, paraffin-embedded hippocampal
tissue blocks were obtained from the UK Multiple Sclerosis Tissue
Bank (66). Two additional control hippocampal blocks were pro-
vided by the UK Parkinson’s Disease Society Tissue Bank. Fully
informed consent for all the tissue and clinical information was
obtained, via a prospective donor scheme, with approval from the
Multicentre Research Ethics Committee (ref. number 02/2/39).

One hippocampal block per case from a total of 52 cases were
included in the study; 45 MS cases and seven controls (Table 1).
The MS cases [13 men and 32 women; mean age 61 * 12.9 years
(range 37-88); mean post-mortem interval (PMI) 19 = 10.4 h
(range 7-61); mean disease duration 27.8 = 10.7 years (range
6-56)] were neuropathologically confirmed. The seven control
blocks (four women and three men) with similar age [mean
63 £ 15.1 years (range 35-84)] and PMI [mean 20.1 = 7 h (range
13-33)] corresponded to coronal hippocampal sections at the level
of the lateral geniculate nucleus (LGN). Starting with an initial
selection of blocks that corresponded as accurately as possible to
the coronal plane of the LGN, a one-to-one matching on age
between MS cases and controls was not possible with the hippoc-
ampal blocks available. However, to prevent age from becoming a
confounding factor the MS blocks (10 women and five men) used
for estimating atrophy, neuronal morphometric characteristics and
loss, synaptic density and HLA class II immunoreactivity were
carefully selected to have closely similar mean age and range
[61 = 13.4 years (range 37-80)] (Table 1) to that of the control
cohort. The same is true for the PMI of the MS blocks used for
quantification [21.6 = 14.3 h (range 8-61)]. No MS or control
cases with a history of seizures or other neurological or psychiatric
disease were included in the study. The neuropathological exami-
nation reports provided by the MS and PD tissue banks were used
to exclude all cases with findings suggestive of Alzheimer’s or
other neurodegenerative disease and metastatic brain disease from
the study.

Histochemistry and immunohistochemistry

Paraffin-embedded hippocampal tissue blocks were sectioned
coronally. Serial sections of 10 um were stained with hematoxylin
and eosin, Luxol-fast blue and cresyl fast violet (LFB/CFV) as well
as LFB and periodic acid Schiff (LFB/PAS). Immunohistochemis-
try for myelin basic protein (MBP), CD3, HLA class II antigens,
200 kD neurofilament protein and B-APP were performed on
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10 um sections and synaptophysin on 5 wm sections. Immunohis-
tochemical staining was performed with the standard avidin-biotin-
horseradish peroxidize method (Vectastain ABC Elite, Vector
Labs, UK). Table 2 summarizes the specific primary antibodies
used. Sections used for automated HLA class II and synaptophysin
quantification were not counterstained. HLA negative controls
included omission of primary antibodies.

LFB/CFV, MBP and HLA class II-stained coronal sections were
scanned with a QICAM digital camera fitted to a Nikon E50i
microscope with a motorized stage using the 10X objective. Image
Scope Pro software (Media Cybernetics, Bethesda MA, USA) was
used to reconstruct complete coronal sections of the hippocampus.
All captured images were coded and analyzed blind.

Hippocampal anatomy and cytoarchitectonics

The subdivisions of the hippocampal formation are the CA or
hippocampus proper, the DG, the subicular complex (SIC) and the
entorhinal cortex (EC), the latter two comprising of transitional
juxtallocortex rather than archaeocortex (Figure 1). The CAl,
CA2-3 and CA4 hippocampal fields were distinguished based
on their cytoarchitectonic characteristics (29). The boundaries
between hippocampal fields were delineated in 10 um CFV-stained
sections in accordance with the definitions of West and Gundersen
(72). Fields CA2 and CA3 were considered together because of
difficulty in reliably distinguishing the border between the two in
Nissl-stained sections. The CA forms part of the floor of the tempo-
ral horn of the lateral ventricle and is therefore lined with
ependyma, whereas the DG is lined with pia matter.

Staging of multiple sclerosis lesions

Cortical lesions were classified according to their level of micro-
glial activation on the basis of density and distribution of HLA
class II-positive cells as active, chronic active or chronic inactive
using the staging criteria described by Peterson et al (49). MBP,
LFB/HLA class II and LFB/PAS-stained serial sections were used
to detect products of myelin breakdown in macrophages and assess
ongoing demyelinating activity.

Neuronal counts in Ammon’s horn

Neurones were counted using the empirical method (16, 50). The
number of neurones (N) was estimated from the formula: N = n/g.
Firstly, the total number of neuronal segments (n) were counted in
10 um LFB/CFV sections from the MS cases in CAl (n=13),
CA3-2 (n=15) and CA4 (n=13) and controls (n=7) (Table 1).
All neuronal segments identified in fields CA1, CA3-2 and CA4
were manually tagged and counted on images of five serial hippoc-
ampal sections per case, using Image Pro-plus 6.0 software (Media
Cybernetics). Neurones were identified by the presence of their
CFV-stained cytoplasm, large, lucent, centrally placed nucleus
with a single nucleolus. Secondly, to determine the g number, neu-
rones were followed through the images of the serial sections by
tracking their segments using Adobe Photoshop 5.0 software. An
unbiased sample of neurones was chosen by systematic sampling.
The number of images that each neurone appeared on was deter-
mined for a total of 50 neurones (50) and averaged to calculate the g
number per case. Total neuronal counts per case were defined as the
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Table 1. Clinical and post-mortem data for M'S and control subjects. Abbreviations: C = control; SP = secondary progressive; PP = primary progressive;
PMI = post-mortem interval, EDSS = expanded disability status scale; R =right hippocampus; L =left hippocampus; M =male; F=female;
PE = pulmonary embolism; M| = myocardial infarct; Gl = gastrointestinal; IHD = ischemic heart disease; Ca = cancer.

Case Sex/age Cause of death PMI Brain weight ~ Fixation Side Course/Duration Timeto Relapses Age at
(years) (h) (9) time EDSS 7 onset
MS14 F/78 Ml 30 1084 23 R SP/44 28 3 34
MS43* M/67 PE 11 1100 7 R SP/40 33 10 27
MS54 F/69 Acute pyelonephritis 7 855 7 L SP/31 12 2 38
MSb55* F/47 Pneumonia 15 1075 9 L SP/32 4 3 15
MS56* M/63 Pneumonia 11 1150 7 L SP/40 16 3 23
MS60 M/55 Aspiration, MS 24 1359 7 R SP/43 43 2 12
MS62 F/49 Respiratory infection 9 935 11 L SP/19 41 12 29
MS63 F/66 Aspiration, MS 15 1050 8 L SP/29 27 3 37
MS64* M/66 Pneumonia 44 1285 51 R SP/28 13 4 37
MS66* F/86 Pneumonia 21 894 7 R SP/56 45 2 29
MS68* F/63 Ml 61 1078 66 R PP/22 21 - 40
MS70 F/77 MS 17 1206 25 R PP/21 21 - 56
MS71 F/78 Bronchial Ca 25 1062 23 L SP/42 10 4 35
MS72 F/78 IHD 21 1174 28 R SP/24 14 - 53
MS73* F/80 Bronchopneumonia 20 1045 26 L SP/50 18 5 29
MS80 F/71 Bowel Obstruction 7 1133 12 R SP/34 25 8 36
MS81* M/72 Bronchopneumonia 23 1273 39 L SP/48 30 7 24
MS82 F/49 Aspiration pneumonia 24 1057 7 R SP/28 21 8 21
MS86 F/81 Bladder cancer 22 1100 9 R RP/30 14 5 51
MS88* F/54 Bronchopneumonia 22 1185 10 R SP/20 6 10 33
MS90 M/62 MS 10 1127 8 L SP/28 16 11 34
MS93 F/57 Pneumonia 20 930 11 R SP/26 5 3 31
MS98 M/58 MS 13 1280 15 R SP/13 6 7 44
MS103 F/77 Bronchopneumonia 21 1183 24 R SP/21 15 8 55
MS121 F/49 MS 24 1006 11 L RP/13 9 3 36
MS129*  F/66 Metastatic lung Ca 8 1147 21 R PP/24 4 - 42
MS130  F/57 MS 28 1150 19 L SP/30 23 - 27
MS136 M/40 Respiratory failure 10 1170 17 R SP/12 11 10 28
MS141 M/66 Carcinomatosis 7 1314 17 L SP/37 - 13 29
MS143 F/62 PE, MS 22 1072 13 L SP/19 7 5 43
MS146 F/63 Pneumonia, MS 25 1228 13 R SP/31 17 5 31
MS159 F/55 Amitryptilene overdose 9 1000 20 R SP/24 16 4 30
MS162*  F/58 Upper Gl bleed 14 1193 18 L SP/21 6 4 36
MS163 F/45 Multiple organ failure 28 1014 20 L SP/6 2 7 39
MS165 F/59 Respiratory failure 10 1380 16 L SP/20 17 4 38
MS166 F/52 Bronchopneumonia 7 891 17 L SP/31 25 10 21
MS168 F/88 Bronchopneumonia 22 1032 27 L PP/30 17 1 58
MS170 M/56 Carcinomatosis 25 1300 23 R SP/29 7 1 26
MS176*  M/37 Intestinal obstruction 12 1210 21 L SP/27 10 4 10
MS179*  F/70 Aspiration pneumonia 20 1100 15 R SP/25 4 2 44
MS180  M/44 MS 9 1103 20 R SP/18 - 10 26
MS191 F/48 Pneumonia 28 1393 34 L SP/31 2 4 16
MS216*  F/53 Breast cancer 9 1220 27 L PP/11 - - 47
MS230*  F/42 MS 31 1029 20 R SP/20 14 4 22
MS255 M/45 Bronchopneumonia 24 1170 15 R SP/25 15 - 20
n=45 32F:13M/61(12.9) 19 1128 18.7 24R/ 38SP:7PP/ 16.4 55 33.1
(10.4) (128.8) (11.7) 21L 27.8(10.7) (10.8) (3.3) (11.5)
n=15% 10F:56M/61(13.4) 21.6 1132.3 22.9 8R/ 12SP:3PP/ 16.0 4.8 30.5
(14.3) (102.5) (17.2) 7L 30.9(13) (12.5) 2.7) (10.7)
C5(PD)*  M/58 Cardiac failure 13 1256 18 R - - - -
C8(PD)*  F/71 Cardiac failure 18 1367 30 R - - - -
C14* M/64 Cardiac failure 18 1431 22 L - - - -
C20* F/84 Cardiac failure 24 1320 24 R - - - -
C22* F/69 Lung Cancer 33 1130 20 L - - - -
C25* M/35 Tongue Ca 22 1670 22 L - - - -
C28* F/60 Ovarian cancer 13 1132 68 L - - - -
n=7% 4F:3M/63(15.1) 20.1 1329.4 29.1 3R/ - - - -
(7.0) (188) (17.54) 4L - - - -
Values represent mean (SD) where appropriate.
The asterisks denote cases used for quantitative analysis.
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Table 2. Primary antibodies used for immunohistochemistry. Abbreviations: MW = microwave; RT = Room temperature.

Antigen Antibody type Source Dilution Clone Antigen retrieval method

MBP Polyclonal R.Reynolds 1:250 - -

Synaptophysin Polyclonal Dako 1:200 - MW (15 minutes), Dako solution (S1700)
Neurofilament Monoclonal Chemicon 1:1000 RT97 -

HLA Class Il Monoclonal Dako 1:50 CR3/43 MW (20 minutes), EDTA buffer (pH 8.0)
CD3 Polyclonal Dako 1:500 - MW (20 minutes), Tris-EDTA buffer (pH 9.0)
B-APP Monoclonal Chemicon 1:500 22C11 RT (10 minutes), 80% formic acid

sum of neuronal counts in CA1l, CA3-2 and CA4. To evaluate
intra-observer reproducibility, neuronal counts were performed in
10 randomly selected blocks on two separate occasions (coefficient
of error (CE)CAl = 0034, CECA3.2 = 0025, CECA4 = 0031) Inde-
pendent quantification by two operators (SD and RP) in 10 ran-
domly selected blocks, revealed a high level of inter-rater agree-
ment in all three hippocampal fields (rpca; = 0.93, rpcaz2> = 0.95 and
Tpcaa = 096, at P < 0001)

Neuronal morphometry

Quantitative morphometric analysis was performed on digital
images of 10 um thick LFB/CFV sections captured with the 20x
objective of a Nikon E1000M microscope fitted with a QiCAM
digital camera (QImaging Inc, Surrey BC, Canada). Sections from
15 MS and seven control hippocampal blocks were used (Table 1).
A consecutive series of images were captured from CA4, CA3-2
and CAL fields. Images were then coded for blinding. One hundred
neurones with a visible nucleolus were tagged and randomly
sampled from each hippocampal field. Neuronal size (Wm?) was
measured as neuronal cell body cross-sectional area by tracing the

Figure 1. LFB/CFV-stained section illustrating the major subdivisions of
the hippocampal formation: Ammon’s horn (CA) comprising of fields
CA1, CA3-2 and CA4 and the dentate gyrus (DG). Borders were delin-
eated based on cytoarchitectonic characteristics in accordance with the
definitions of West and Gundersen (1990) (75). SIC = subicular complex,
LV = lateral ventricle, LGN = lateral geniculate nucleus.

Brain Pathology 19 (2009) 238-253

outline of the soma. The “fcircle” function, defined by 47w [area/
perimeter?], was used as a measure of neuronal shape changes (38).
According to the fcircle formula, increasing fcircle values corre-
spond to objects that are increasingly circular rather than elliptical
and vice versa.

Measurement of hippocampal atrophy

Estimation of hippocampal atrophy was performed on digital
reconstructions of LFB/CFV-stained coronal sections from 13 MS
and seven control hippocampal blocks at the level of the LGN
(Table 1). The total area of the hippocampus was manually outlined
and measured on five LFB/CFV-stained sections from each block
using Image Pro-plus 6.0 software. The total coronal hippocampal
cross-sectional area included the DG and the CA (fields CA1, CA2,
CA3) but not the subiculum or the fimbria (Figure 1). The average
total coronal hippocampal area was calculated for each case. Inde-
pendent quantification of total hippocampal area by two operators
(SD and DP) in 20 randomly selected blocks revealed a high level
of inter-rater agreement (rp=0.92, P <0.001). Intra-observer
reproducibility was evaluated by outlining the total hippocampal
area in 10 randomly selected blocks on two separate occasions
(CE =0.046).

Quantification of demyelination

To achieve maximal sensitivity in detecting GM demyelination
MBP immunohistochemistry was used in addition to routine Luxol
fast blue staining (30). Areas of complete myelin loss were traced
manually on three sections per block using Image Pro-Plus 6.0
software and their surface areas measured and averaged. Measure-
ments were expressed as a percentage of the demyelinated area of
the total coronal hippocampal area, which included the DG and the
CA (fields CA1, CA2, CA3) but not the subiculum or the fimbria.
MSO055 was omitted from the quantification because part of its
CA1l was missing. Independent quantification of total areas of
demyelination by two operators (SD and DP) in 10 randomly
selected blocks revealed a high level of inter-rater agreement
(rp=0.90, P < 0.001). Intra-observer reproducibility was evaluated
by outlining the total hippocampal areas of demyelination in 10
randomly selected blocks on two separate occasions (CE = 0.049).

Quantification of HLA class Il immunoreactivity

HLA class II immunohistochemistry was performed on 10 um
thick coronal hippocampal sections from 15 MS and seven control
hippocampal blocks corresponding to the level of the LGN
(Table 1). The area covered by HLA class Il immunoreactivity was
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measured on images from three coronal sections per block using
Image Pro-Plus 6.0 software by counting the number of pixels
above a set threshold. Images were converted to gray scale 8bpp.
Signal intensity segmentation thresholds were defined to optimize
accuracy and reproducibility. Vessels and artefacts were manually
excluded. The total area of the hippocampus and the cross-
sectional areas of CA1, CA3-2, CA4, the DG and the fimbria were
outlined on CFV/LFB stained coronal sections and transferred to
HLA class II stained images in order to delineate the boundaries of
the above structures. HLA class II immunoreactivity was quanti-
fied in CA1, CA3-2, CA4 and the DG and expressed as a percent-
age of the sampled area covered by HLA class Il immunostaining.

Quantification of synaptic density

Synaptic density was quantified using synaptophysin immunohis-
tochemistry according to a modification of the method described
by Masliah ef al (43). Digital images of synaptophysin-stained
5 um sections were captured with the 20x objective of a Nikon
E1000M microscope with a QiCAM camera (QImaging Inc.).
Light settings were kept constant. Vessels and neuronal perikarya
were manually excluded. For each hippocampal field, optical
density (OD) of pixels was measured in three images of the neuro-
pil and an image of non-demyelinated WM (alveus). The OD for
each hippocampal field was calculated by averaging the ODs of the
three neuropil images and subtracting the OD of the image of the
WM, which was considered background. Quantification was per-
formed on sections from the 15 MS and the seven matching control
hippocampal blocks at the level of the LGN (Table 1).

Statistical analysis

Means were tested for significance with the student’s t-test. Mean
neuronal counts were compared among hippocampal fields with
demyelinated lesions, fields without lesions and controls using
ANOVA and pairwise comparisons were performed with Tukey’s
post-hoc test. Fisher’s exact test was used for comparisons of lesion
incidence between female or male gender and the chi-square test to
examine lesion distribution in the different hippocampal areas.
Analysis of covariance (ANCOVA) and the LSD post-hoc test were
used to compare hippocampal cross-sectional areas between MS
cases and controls with brain weight as a covariate. Age was not
used as a covariate in comparing hippocampal cross-sectional
areas because the two groups do not differ significantly in age
(61 = 13.4 years for MS and 63 = 15.1 for controls, P =0.82),
correlation analysis revealed no association between age and hip-
pocampal cross-sectional area (r=-0.22, P=0.35) and explor-
atory ANCOVA analysis of cross-sectional areas with age as a
covariate showed that it does not influence hippocampal cross-
sectional area (P = 0.16). Correlation analysis was performed with
the Spearman’s rank correlation test. Multiple linear regression
analysis was used to determine the relative strength of the correla-
tions using the pathological parameters determined as the depen-
dent variables and the clinical and post-mortem parameters
(Table 1) as the independent variables. Significance was assessed
at P <0.05. The Pearson’s correlation coefficient was used as a
measure of inter-rater variability. All values are reported as
mean £ SD. PRISM-4 (GraphPad) and SPSS (version 14) were
used for statistical analysis.
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RESULTS

Demyelination in the MIS archaeocortex

Demyelinated lesions affecting the hippocampus were detected in
24 of the 45 MS cases examined (53.3%; Table 3). A total of 41
demyelinated lesions were identified (35 hippocampal lesions and
six involving only the fimbria). The mean number of lesions
per hippocampus affected by demyelination was 1.5 = 0.88 and
ranged from one to four lesions per case. The size of these lesions
varied considerably. Demyelination was expressed as percentage of
hippocampal coronally sectioned area that showed myelin loss.
Demyelination averaged 30.4% * 22% of the total cross-sectional
area of the hippocampus and ranged from 1.8% to 95.4% (Table 3).

Lesion distribution in the MS archaeocortex

Several lesions were not restricted to the hippocampal formation
but also affected adjacent structures (e.g. parahippocampal gyrus).
In some cases hippocampal plaques appeared to be part of periven-
tricular lesions involving the temporal horns of the lateral ventricle
also affecting structures on the opposite side of the ventricular
lumen (Figure 2A,B,E). No hippocampal region (DG, CAA4,
CA3-2, CALl, SIC, EC) or the fimbria was spared in our group of
cases (Table 3). Demyelination commonly affected more than one
hippocampal area and was not limited by anatomical borders. The
CALl field exhibited the highest frequency of involvement (18/24),
which may at least partly reflect its size (Table 3). Plaques affecting
CA1 occurred in some cases as isolated lesions and in others as
parts of larger lesions extending medially to the subiculum and
laterally to CA3-2 and CA4. The medial aspect of the DG was
affected in 11 out of the 24 cases that displayed demyelination.
Field CA4 showed the lowest frequency of involvement (4/24) and
in all cases it appeared to be affected by lesions extending inwards
from the pial lining of the DG. Statistical analysis of lesion distri-
bution revealed that the different hippocampal regions and fields
may not be randomly affected by demyelination with a greatest
predilection for lesion formation in CA1 (P = 0.0014).

Patterns of gray and white matter involvement

A modification of the cortical lesion classification system by Bo
et al (8) was adopted in order to accommodate for the peculiarities
of hippocampal architecture. When parts of the same lesion
affected different cortical layers, these lesions were classified
according to the most extensive pattern encountered. Four lesion
patterns were distinguished: (i) those affecting both GM and WM
but not extending to the ependymal or pial surface (type I), noted in
five of the 35 lesions identified (14.3%; Figure 2C); (ii) those
restricted to the GM (type II) seen in 11 out of the 35 cortical
lesions found (31.4%; Figure 2D); (iii) those involving the ependy-
mal or pial surface but affecting only the most superficial layer of
GM or WM (type I1I; Figure 2E,F), encountered in nine out of the
35 lesions (25.7%) detected; and finally (iv) those involving the
ependymal surface and affecting both underlying layers of GM
and WM (type 1V), a pattern seen in 10 out of 35 cortical
lesions (28.5%) found in our sample (Figure 2E). Thus, the
majority of lesions exhibited a subpial or subependymal pattern of
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Table 3. Demyelinating lesions in the hippocampal formation. Abbreviations: C.A. = chronic active; C.I. = chronic inactive; A. = active; DG = dentate
gyrus; SIC = subicular complex; EC = entorhinal cortex.

Case Lesions  Pattern  Stage Choroid plexus/ Hippocampal fields and related structures involved %DM % HLA
Meninges CA1T CA32 CA4 DG SIC EC  Fimbria class Il 1R
MS014 1 1 C.l. —/- + 1.8 -
MS043* 2 1 C.L —/- + 18.6 22.8
MS055* 3 | C.l. 0/0 + + t 7.9
MS056* 4 Y C.l. 0/0 + + + + 26.5 7.3
MS060 5 Il CA. /- + + 15.4 -
MS063 6 - - —/- + - -
MS064* 7 \% C.A. —/+ + + + + 28.1 8.8
MS066* 8 Il C.l. 0/+ + 2 7.8
MS068* 9 1 C.l. —/- + 471 9.9
10 | C.L + +
11 - - +
MS070 12 - - —/- + 28.5 -
13 \% C.l. +
14 1l C.l. +
MS080 15 1 C.l. ++ + + + 44.7 -
16 \% C.l. +
MS082 17 1 C.l 0/0 + 8.4 -
MS086 18 - - I+ + -
MS088* 19 1 C.l. 0/+ + + + 29.9 10.9
20 Il C.l. +
MS093 21 Il C.l. I+ + 49.7 -
MS098 22 \% C.A. —/- + + + + + + 69.2 -
MS121 23 | C.A. ++ + + + + 39.3 -
MS129* 24 | C.l. -+ + + 271 12.7
MS130 25 \% C.l. 0/+ + 27 -
MS136 26 Il C.l. ++ + 19 -
MS146 27 \% C.A. 0/0 + + + 31.2 -
28 Il C.A. +
MS170 29 - - 0/- + - -
MS176* 30 | C.l. —/- + + + + 8.9 121
MS179* 31 [\ C.A. —/+ + + 15.2 14.1
32 1 C.l. +
MS180 33 Il C.l. -+ + 50.6 -
34 \% C.l. +
35 Il C.l. +
36 Il A +
MS216* 37 - ++ + - 12.1
MS230* 38 \% C.I —/- + + + + + + + 95.4 9.6
MS255 39 Il C.A. +/+ + + + 15.7 -
40 Il C.l. +
41 1l C.A. +
Cortical 35 15, 11:1 C.l.:25
Fimbrial 6 1, C.A:9 18 11 4 11 7 8 16 30422 105*22
Total 41 119, Al
lesions IV:10

tDemyelination was not quantified for MS055 because part of the hippocampus was missing.

Demyelination was detected in a total of 28 out of the 45 blocks examined. The asterisks denote cases used for quantitative analysis. Demyelination
(%DM) is expressed as percentage of the DG and CA coronal cross-sectional area showing myelin loss. HLA class Il immunoreactivity (% HLA class Il
IR) is expressed as percentage of the DG and Ammon’s horn fields covered by HLA class Il immunostaining. Values are available only for the cases used
for quantification of neuronal loss and hippocampal atrophy. Three more MS cases with estimated HLA class |l immuoreactivity (MS073: 6.0%, MS081:
6.5%, MS162: 10.0%) are not presented in the table because they exhibited no demyelinated lesions. Meningeal and choroid plexus inflammation
detected with HLA class Il and CD3 staining. ‘+" denotes inflammation; ‘=’ denotes control levels of staining; O = choroid plexus or meninges missing.
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Figure 2. Patterns of hippocampal lesions. A. Control hippocampus.
B. Extensive demyelinated lesion not restricted to the hippocampus but
also involving neighboring periventricular structures. C. Type | lesion
affecting the CA1 gray matter and the parahippocampal gyrus white
matter, D. type Il intracortical lesion involving the stratum pyramidale of
CA3-2. E. Type lll lesion in the medial aspect of the dentate gyrus (DG),

demyelination (54.3%; types III and IV together; Table 3). All DG
lesions involved its pial surface and tended to extend into the
molecular and granular layer (type I1I).

Lesion staging

The majority of cortical lesions (25/35, 71.4%) were chronic inac-
tive with a density of HLA class II* cells similar to or lower than
that seen in normal appearing cortex (Figure 3A,B; Table 3). Inac-
tive lesion edges appeared indistinguishable from normal appear-
ing tissue surrounding the lesion in terms of cellularity, HLA class
IT" cell density and microglial morphology. In chronic inactive cor-
tical lesions the morphology of the HLA class II* cells was that of
resting ramified microglia with slender processes (Figure 3B,
inset). No CD3* cells were seen in the lesion centers (Figure 3C).
Nine cortical chronic active lesions (9/35, 25.7%) with an inac-
tive lesion center and an active lesion edge were identified. The
lesion center was characterized by reduced density of HLA class II*
cells in the form of ramified microglia (Figure 3D,E,F). HLA class
II* cells at the active lesion edge exhibited an increased density
and an activated microglial and macrophage-like morphology
(Figure 3E inset). Only one acute active cortical lesion was
detected (2.86%), characterized by hypercellularity throughout the
lesion (Figure 3G,H,I). HLA class II* cells had macrophage-like
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and a type IV subependymal lesion extending throughout the alveus to
the the CAT cortex. Extensive periventricular demyelination. F. Higher
magnification of the DG type Il lesion showing demyelination extending
from the pial surface to the hilus (CA4) of the dentate gyrus. MBP
immunohistochemistry.

and activated microglial morphologies and perivascular CD3* cells
were common (Figure 3H inset, I). Statistical analysis revealed no
significant difference in HLA class II expression between MS cases
and controls in any of the hippocampal regions examined.

Inflammation of the meninges
and the choroid plexus

Examination of the temporal horn choroid plexus, which lies adja-
cent to CA3-2 and CA1 alveus, revealed small numbers of perivas-
cular HLA class II" process-bearing cells with small cell bodies,
reminiscent of dendritic cells (Figure 4E). CD3* T cells were
sparse in the connective tissue stroma of control choroid plexi
(Figure 4G). In contrast, increased numbers of CD3* T cells and
cells exhibiting HLA class II upregulation were seen in some
MS cases, suggestive of inflammatory infiltration (Figure 4FH).
Inflammation of the choroid plexus was present in four out of the
15 cases with CA1 and /or CA3-2 lesions, whose choroid plexi
were preserved (Table 3). The inflamed choroid plexi were seen in
association with both chronic active (2/4) and chronic inactive CA1
and/or CA3-2 lesions (2/4). Only one of the four inflamed choroid
plexi were adjacent to a subependymal (type III) lesion (Table 3).
Examination of the leptomeninges lining the DG revealed very
few HLA class II* cells and CD3* T lymphocytes in controls
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Figure 3. Lesion staging. Chronic inactive lesion: MBP immunostaining
showing demyelination in CA1 (A), with HLA class II* cell density the
same or lower than surrounding normal appearing tissue (B). HLA class
II" cells have a ramified microglial morphology (B-inset). Few CD3* cells
in the alveus affected by the lesion (C). The majority of hippocampal
cortical lesions 25/35 (71.4%) were at this stage. D. Chronic active lesion
affecting the dentate gyrus (MBP immunostaining) Inset: Higher magni-
fication of lesion edge. E. HLA class Il staining illustrating a lesion center
with reduced density of HLA class II* cells in the form of ramified micro-

(Figure 4A,C). Increased numbers of CD3" and HLA class II* cells
with monocytic morphology were seen in the meningeal lining of
some MS cases (Figure 4B,D). Meningeal inflammation was
present in five of the nine MS cases with DG lesions, whose
meningeal lining was preserved. Of these, two were chronic active
and three were chronic inactive (Table 3). Meningeal inflammatory
infiltration (but no choroid plexus inflammation) was also seen in
five cases without hippocampal lesions, but these were associated

Brain Pathology 19 (2009) 238-253

glia and a lesion edge exhibiting an increased density of HLA class II*
activated microglia and macrophages (inset). F. Perivascular (inset) and
parenchymal CD3* cells were noted. G. Active lesion: MBP staining of an
MS lesion in the CA1 gray matter (type Il). H. Increased density of class
[I* cells throughout the demyelinated lesion, the predominant cell type
being macrophages (inset). I. Many CD3* cells within the parenchyma
of the lesion and adjacent alveus (inset showing CD3* cell at higher
magnification).

either with demyelination affecting structures of the roof of the
temporal horn of the lateral ventricle or the parahippocampal

gyrus.
Neuronal loss in the MS archaeocortex

A marked reduction in neuronal profiles on LFB/CFV sections
was evident in different areas of the hippocampus in the MS
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HLA class |l

Figure 4. Inflammation of the choroid plexus
of the temporal horn of the lateral ventricle and
meninges lining the dentate gyrus. A. HLA
class II* cells in the pia matter of a control

hippocampus. HLA class II* resting microglia
can be seen in the underlying dentate gyrus.
B. Abundant HLA class II* cells in the pia
matter lining the dentate gyrus of an multiple
sclerosis subject. HLA class II* activated
microglia are visible in the underlying dentate
gyrus. C. T cells in the pia matter (arrows) in a
section from the same control hippocampal
block as (A). CD3 immunohistochemistry.

D. Section from the same MS block as

(B) showing pial infiltration by numerous CD3*
T cells. E. HLA class II* immunoreactivity in the

choroid plexus stroma of a control subject.
HLA class II* process-bearing cells,
reminiscent of dendritic cells (inset)

F. Upregulation of HLA class Il
immunoreactivity in a choroid plexus overlying
a demyelinated lesion. HLA class I
immunoreactivity appears to cover most of the
choroid plexus stroma. G. Sparse CD3* T cells
(arrows) in the choroid plexus stroma of a
control subject. H. Numerous CD3* T cells in
the choroid plexus stroma of an MS case. C-H

group compared with the controls (Figure 6A,B). In order to
assess the extent of neuronal loss in the MS hippocampus, the
total number of neurones counted in the CA1, CA3-2 and CA4
regions was compared between MS and control cases. An average
reduction of 27.0% was observed in CAl neuronal counts
between MS cases and controls (P = 0.04), and a 29.7% reduction
between MS cases and controls was found in CA3-2 (P =0.002;
Table 4). No statistically significant reduction in neuronal counts
was found in CA4.

Correlation analysis was used to assess a possible association
between neuronal loss and HLA class Il immunoreactivity. Neu-
ronal counts in CA3-2 exhibited a significant correlation with
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counterstained with LFB. Scale bar: 100 um.

levels of HLA class II immunoreactivity in the same field
(rs =—0.534, P = 0.04). Neuronal counts in CA3-2 and CA4 exhib-
ited a significant negative correlation with the extent of total
hippocampal demyelination (rs = —0.66, P = 0.01 and rs = —0.652,
P=0.016, respectively). To further analyze the relationship
between demyelination and neuronal loss in the MS hippocampus,
we examined whether neuronal counts differed among hippocam-
pal fields affected by lesions, fields not affected by lesions and
controls. Total neuronal counts only differed significantly between
hippocampi with lesions and controls (P =0.027). However, in
CA3-2 MS cases with demyelinated lesions (681 % 288, 35.7%
reduction, P =0.032) and those without lesions (761 = 189,
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Table 4. Summary of neuronal measures.

Abbreviations: CA = Ammon’s horn: nss = not CA field Measure Controls MS Cases % difference
. L Mean (SD) Mean (SD) (P-value)
statistically significant.
CA1 Numbers 4805 (1223) 3508 (1263) —-27.0 (0.04)
Size (um?) 297.4 (50) 245.6 (44) -17.4 (0.022)
Shape (fcircle) 0.750 (0.04) 0.757 (0.04) nss
CA3-2 Numbers 1060 (178) 746 (203) —29.7 (0.002)
Size (um?) 352.3 (25.2) 317.5 (44) nss
Shape (fcircle) 0.639 (0.05) 0.624 (0.05) nss
CA4 Numbers 634 (142) 630 (172) nss
Size (um?) 353 (42) 322 (45) nss
Shape (fcircle) 0.723 (0.05) 0.771 (0.05) +6.57 (0.038)
Total CA Numbers 6499 (1276) 5017 (1194)* —-22.8 (0.021)

*calculated from cases with data for all CA fields (n = 13).
Nmscar = 13, Nuscaz2 = 15 and Nuscas = 13. Neontois = 7. Four of the cases used to estimate the
neuronal measures: MS073, MS081, MS162 and MS216 exhibited no hippocampal demyelination.

28.2% reduction, P = 0.014) exhibited significantly lower neuronal
counts than controls (1060 = 178) (Figure 5C). No significant
difference was observed in the number of neurones between the
right and left hippocampi in MS or in controls.

Neuronal atrophy in CA1

Morphometric analysis was used to examine whether hippocampal
neurones undergo changes in size and shape that may precede or
accompany neuronal loss. A 17.4% reduction in average neuronal
size was observed in CA1 (P =0.022) compared with the controls
(Table 4). Significantly higher fcircle values were found only in
MS CA4 (P =0.038), suggesting that neurones there were more
rounded than those of the controls (Table 4). Furthermore, neu-
ronal size and fcircle values exhibited no significant association
with the extent of HLA class II expression in different hippocampal
regions.

The hippocampus in MS exhibits
significant atrophy

Comparison of the average hippocampal coronal cross-sectional
area between MS cases (n = 13) and controls (n = 7), using brain
weight as a covariate, revealed a 22.3% reduction in the MS blocks,
which indicates a significant degree of atrophy in the MS hippoc-
ampus (ANCOVA, P = 0.004; Figure 5A). The average hippocam-
pal cross-sectional area exhibited no significant correlation either
with the level of HLA class Il immunoreactivity or with the extent
of demyelination seen in the MS hippocampal blocks. To further
analyze the relationship between demyelination and hippocampal
atrophy in the MS hippocampus, we examined whether hippocam-
pal cross-sectional area differed among MS cases with demyeli-
nated lesions, MS cases not affected by lesions and controls, using
brain weight as a covariate. Cross-sectional area was decreased by
22.2% in MS hippocampal blocks with lesions (n =9, LSD post-
hoc test P =0.007) and by 17.9% in MS blocks without lesions
(n=4, LSD post-hoc test P=0.036), compared with controls
(n=7, ANCOVA, P=0.021) (Figure 5B). The average cross-
sectional area correlated with the total neuronal counts (rs = 0.58,
P =0.044) (Figure 5D) as well as with neurone size in CAl
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(rs=0.691, P=0.009), suggesting that hippocampal atrophy is
largely determined by neuronal atrophy and loss.

Synaptic density changes, axonal
damage and loss

Synaptophysin immunostaining was used as a marker of neuronal
afferent connectivity. In control tissue, anti-synaptophysin immu-
nohistochemistry exhibited a perineuronal and diffuse neuropil
punctate pattern of staining (Figure 6C), which has been shown
to represent clusters of synaptic vesicles (40). In some MS cases
there was a marked reduction in the intensity and density of
synaptophysin staining observed by microscopic examination
(Figure 6C,D). Quantification of the density of the synaptophysin
immunolabeled neuropil revealed a 46.1% reduction in synaptic
terminals in MS CA4 (P =0.014) compared with the controls
(Figure SE). Synaptophysin microdensity did not correlate with
demyelination, neuronal loss or HLA class I immunoreactivity.
Neurofilament staining showed relative sparing of axons in
demyelinated lesions. In some cases a marked decrease of neu-
rofilament immunoreactivity was observed, indicating extensive
axonal loss (Figure 6E, F). Assessment of B-APP immunostaining
revealed scarce B-APP* elements in the alveus and fimbria, sugges-
tive of ongoing axonal damage (22). The few B-APP* elements
detected were seen in chronic demyelinated lesions (Figure 6H).

Pathological changes and clinical parameters

The relationship between the pathological findings and the avail-
able clinical parameters (disease duration, age, relapse rate, time to
EDSS7 or age at presentation) was examined using correlation
analysis. A significant negative correlation between total HLA
class II immunoreactivity (in CAl, CA3-2 and CA4) and disease
duration was revealed (rs = —0.557, P=0.031).

In addition, there was no significant difference in the size of
demyelinated lesions, HLA class II immunoreactivity, neuronal
counts, neuronal size or shape, total hippocampal coronal cross-
sectional area or synaptophysin staining between right and left
hemisphere or male and female gender in either the MS cases or
controls.
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Post-mortem conditions did not significantly affect the patho-
logical parameters measured as correlation analysis revealed no
significant association with PMI and fixation time either in the MS
cases or in the control group. Synaptophysin immunoreactivity
exhibited a negative correlation with fixation time in the control
group (rs =—0.793, P =0.033). However, there was no significant
difference in fixation time between MS cases and controls.

DISCUSSION

Our data confirms that the hippocampus is a CNS structure com-
monly affected by demyelinated plaques and provides evidence of
substantial hippocampal cortical atrophy and neuronal pathology.
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testing performed with ANCOVA and the LSD
post-hoc test using brain weight as a covariate
(P=0.021). (C) Comparison of neuronal counts
in different CA fields in MS cases with lesions,
MS cases without lesions and controls.
Statistical significance in comparing the means
of neuronal counts was examined with ANOVA
and pairwise comparisons were done with the
Tukey's post-hoc test. (D) Correlation between
cross-sectional area and total CA neuronal
counts was examined with the Spearman’s
rank correlation test and revealed a significant
association between the two parameters
(rs=0.58, P=0.044). (E) Optical density of
synaptophysin immunoreactivity in control and
MS cases in different hippocampal fields.
Synaptophysin microdensity only differed
significantly from controls in CA4 (P=0.014).
Synaptophysin microdensity in different fields
was tested for significance with the unpaired
Student's t test. Asterisks denote statistical
significance (* < 0.05, ** <0.01).

To our knowledge, this is the most detailed investigation to date of
the pathological changes occurring in the archaeocortex in progres-
sive MS. A number of pathological features were examined in order
to compare and contrast archaeocortical pathology to that of the
MS neocortex.

Demyelinating plaques were detected in more than half of our
MS hippocampal samples (53.3%) with a mean disease duration
of 27.8 years. Another recent study on paraffin-embedded MS
hippocampal blocks with comparable disease duration (mean =
25.4 years), identified demyelinating lesions in 15 out of 19
sampled hippocampal blocks (79%) using PLP immunostaining
(25). This difference in the frequency of hippocampal involvement
may reflect sampling differences in the two data sets. Nevertheless,

Brain Pathology 19 (2009) 238-253

© 2008 The Authors; Journal Compilation © 2008 International Society of Neuropathology



Papadopoulos et al

Figure 6. Neuronal, synaptic and axonal loss
in multiple sclerosis (MS) cases. A. Reduced
numbers of neuronal profiles in the
demyelinated CA2-CA1 junction of MS230,
compared with a control (C32) B. LFB/CFV
staining. C. Control anti-synaptophysin
immunostaining (SYN) exhibiting a punctate
perineuronal staining pattern in CA1 [C22,
post-mortem interval (PMI) = 33 h]. D. MS
case exhibiting a marked reduction in
synaptophysin positive elements in the same
field, despite shorter PMI (MS230,

PMI =31 h). E. Neurofilament staining (RT97)
in a cross-section of control fimbria. F.
Substantial reduction in neurofilament
immunostaining (RT97) in a cross-section of
the fimbria on an MS case. G. APP* elements
(arrows) in longitudinal section in the CA1
alveus of an MS case. H. Cross-section of two
APP* elements (arrows) in a cross-section of
the fimbria of an MS case. Scale bars
represent 100 um for A-B and 10 pm for C-H.

both estimates indicate that the hippocampus is a common site for
lesion formation. The CA1-3 fields of the hippocampal formation
are covered by ependyma and form the floor of the temporal horn of
the lateral ventricle, whereas the DG forms part of the external
surface of the brain and is lined by pia mater. The high frequency of
hippocampal involvement is consistent with the documented predi-
lection for lesion formation in periventricular and subpial areas
(62, 33).

In the MS neocortex, type I1I subpial lesions that extend from the
pial surface into the cortex have been found to be most abundant
(8). These lesions rarely contain perivascular cuffs (49) and are
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often associated with inflammatory infiltration of the overlying
meninges (36). Their pathogenesis is thought to be associated with
humoral factors, presumably diffusing into the outer cortical layers
from the pial surface (8). This view is supported by studies demon-
strating that exposure to CSF taken from MS patients causes cul-
tured neurones to undergo apoptosis (2, 13).

As reported for neocortical lesions, our data indicates that the
majority of archaeocortical lesions (54.3%) involve its ependymal
and pial surface and extend into the underlying WM, GM (type I1I)
or both (type IV). The most commonly affected hippocampal areas
(CAL1 and DG) form most of the free hippocampal surface that is

249

© 2008 The Authors; Journal Compilation © 2008 International Society of Neuropathology



Hippocampal Lesions in MS

encompassed by CSF. The ependymal and pial hippocampal
surfaces were affected with equal frequency, which indicates that
the CSF-brain interface is equally permeable to CSF-borne
cytotoxic factors on both pial and ependymal sides. The analogy
between the subpial neocortical lesions and the subpial and sub-
ependymal archaeocortical lesions corroborates the CSF humoral
factor hypothesis of subpial cortical demyelination. The high
prevalence of subependymal hippocampal lesions that are not lined
by pia matter suggests that the meninges themselves may not have a
role in the pathogenesis of hippocampal subpial demyelination. In
light of this, the pathogenetic mechanism of subpial cortical lesion
formation may not differ from that of the periventricular WM
plaques.

Recently, subpial cortical lesions in patients with severe pro-
gressive MS were found to be associated with ectopic B cell fol-
licles in the overlying meninges (42, 58). The formation of such
lymphoid tissue may signify the development of an autonomous
immune reaction, independent from the peripheral lymphoid
organs, localized within the limits of the blood-brain barrier.
Choroid and meningeal inflammatory infiltration were only
observed in 4/15 and 5/9 cases with lesions in the adjacent
CA3-1 or the DG, respectively, which suggests that in the remain-
ing blocks there was no ectopic follicle formation. Nevertheless,
the possibility of B cell follicle formation in the choroid plexus
merits investigation.

Most lesions were chronic inactive as described in neocortical
lesions from progressive MS patients (69). In keeping with previ-
ously reported observations from the MS neocortex, archaeocorti-
cal lesions are characterized by a relative paucity of inflammatory
cells, with activated microglia being the main inflammatory cell
type (49, 9, 10). Nonetheless, macrophages were occasionally seen
in the active edge of chronic active lesions when these involved
fiber bundles (alveus or perforant pathway in the stratum
lacunosum-moleculare) and in a single active lesion in the CAl
stratum pyramidale. In the hippocampal formation, two main corti-
cal structures (the CA and the DG) are apposed in the absence of a
clearly defined underlying WM layer. Input tracts and association
fibers run within the cortical layers. The hippocampal archaeocor-
tex exhibits a lower level of differentiation than the neocortex at the
histological level and it is possible it may be sharing common
features with WM in comprising an environment permissive to the
conversion of local microglia to macrophages and the trafficking of
blood-borne monocytes.

Brain and spinal cord atrophy is an established feature of MS.
It exhibits a strong association with physical disability (41) and
evidence suggests that it may start early in the disease course
(17). Atrophy affects both white (12, 23) and GM (54) and is
thought to result from myelin and neuronal and/or axonal loss. In
this study, hippocampal cross-sectional area exhibited a strong
correlation with neuronal counts but no significant association
with the extent of demyelination, which suggests that atrophy in
the MS archaeocortex may be largely determined by neuronal
atrophy and loss.

Imaging data indicates that cognitive impairments are related to
cortical atrophy (46). Reduced hippocampal volume associated
with cognitive deficits is an early feature of Alzheimer’s disease
(AD) (31). The 22.3% reduction in the cross-sectional area of the
hippocampal formation described by this study is in accordance
with previously reported mean reductions of 10% (18) and 31%
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(27) in the hippocampal coronal cross-sectional area in AD
patients. Neocortical thinning by 9% has been reported in the MS
motor cortex, compared with controls (69).

Brain volume reduction, assessed by MRI, has been shown to
correlate better than lesion load with speed of cognitive processing;
suggesting that pathology beyond focal lesions may be important in
MS (39). The notion of more diffuse pathological changes taking
place in the normal appearing GM and WM was confirmed by the
observation that neuronal loss occurs in the medial dorsal nucleus
of the thalamus in the absence of demyelinating plaques (14). Our
finding of significant atrophy and neuronal loss not only in MS
hippocampal fields affected by lesions but also in the ones without
evidence of demyelination supports the concept of diffuse neuronal
injury in the normal appearing GM.

This is the first study to present quantitative evidence of neuronal
loss, the most conclusive evidence of irreversible damage, in the
MS archaecortex. A recent quantitative single voxel MRS study
investigated changes in NAA (N-acetyl aspartate) concentrations
in the MS hippocampus (26). Reduction in the NAA signal inten-
sity is considered to reflect neuronal and/or axonal loss (7). No
significant reduction in the NAA concentration was detected, sug-
gesting that neuro-axonal damage did not occur. However, this
could have been caused by the particularly poor spectral quality of
the hippocampus as the authors pointed out, in combination with
the considerably lower mean age of the MS patients that were
included in the study.

The exact mechanism of neuronal death in MS has not been
clearly established and most data come from animal models of MS.
TUNEL labeling and caspase-3 staining of neurones in cortical MS
lesions implicates some apoptotic cell death in chronic active and
chronic inactive lesions (49, 65). Neuronal apoptosis in an environ-
ment of inflammatory demyelination has also been described in
animal models (1, 45). Neuronal injury in archaeocortical lesions
may be brought about by inflammatory mediators like nitric oxide
(60), matrix metaloproteinases (47) or direct CD8 T cell cytotoxic
action (44). Given that glutamate is the major excitatory transmitter
in the three major pathways of the hippocampal formation: the
perforant pathway terminating in the DG and forming an passant
synapses with distal apical dendrites of CA neurones, the mossy
fibers terminating in the CA3 pyramidal cell layer and the Schaef-
fer collaterals terminating in the CA1 pyramidal cell layer, excito-
toxicity is likely to play an important role in hippocampal neuronal
loss (61, 64).

In addition, retrograde neuronal degeneration secondary to
axotomy taking place in WM lesions (63) is a plausible explanation
for diffuse neuronal loss leading to generalized cortical atrophy
(37). Demyelinated lesions in the fimbria were found in 18 out of the
45 MS blocks examined and in several cases displayed evidence of
axonal damage and loss. Following axotomy and depending on the
distance of the point of transection to the cell body, axotomized
neurones may either die or survive to undergo degenerative changes
including shrinkage and de-afferentation (21). The reduced mean
neuronal size in MS CAL is consistent with the possibility of CA
neurones undergoing slow degeneration following axonal transec-
tion and in keeping with reports from neocortical lesions (69). Field
CA1 is generally considered the most vulnerable area of CA, being
particularly susceptible to ischemia, excitotoxicity and pathological
changes in AD, whereas CA3-2 is generally considered more resis-
tant (24, 5). The almost equal degree of neuronal loss observed in
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CA1 and CA3-2 is suggestive of a specific pathogenetic mechanism
rather than a general increased susceptibility to insults and is com-
patible with cell death following axotomy.

Normal ageing is unlikely to have contributed to the estimated
extent of neuronal loss, not only because the MS cases are
age-matched with the controls but also because of the fact that we
detected significant neuronal loss in CA1 and CA3-2 while age-
related loss of hippocampal neurones is known to affect only CA4
(70).

It is highly likely that the majority of our cohort of patients were
given high-dose glucocorticoid pulse therapy as treatment for MS
exacerbations at some stage in their disease course. Recently, high-
dose glucocorticoid treatment was reported to aggravate retinal
ganglion cell apoptosis in MOG-EAE in the rat (19). Evidence
suggests that prolonged exposure of hippocampal neurones to high
levels of glucocorticoids leads to irreversible pathological changes
including hippocampal atrophy and neurone loss in rodents and
primates (55, 56, 68). The fields thought to be most susceptible to
glucocorticoids are CA3 and CA2 (56). Despite the lack of direct
evidence of hippocampal pathology secondary to exposure to sup-
raphysiologic levels of glucocorticoids in humans, this possibility
merits consideration.

Dendritic transection (49) and loss of synaptic input (69) are
well documented in neocortical MS lesions. CA4 was not found to
be frequently affected by demyelinating plaques. However, it
receives its synaptic input from the granule cell layer of the DG
(29), a common site for lesion formation. This indicates that the
significant reduction in synaptic density found in CA4 may at least
partly reflect neuronal injury and loss in the granule cell layer.
Although de-afferentation may indicate severe failure of neuronal
circuits (57), evidence suggests that it may be largely reversible
(73). Compensatory synaptic remodeling may at least partly
explain why no significant reduction of synaptophysin OD was
observed in CAl and CA3-2 in the presence of severe neuronal
loss.

Although severe dementia is uncommon in MS patients, cogni-
tive deficits are frequent, occurring in all disease subtypes and
often appearing in the early stages of MS (4). The cognitive
domains reported to be affected in MS include memory, attention,
speed of information processing, abstract reasoning, several com-
ponents of executive function and visuospatial abilities (51). The
selective impairment of cognitive functions in the absence of gen-
eralized dementia is indicative of the involvement of specific neu-
ronal circuits. Lesions restricted to the hippocampus have been
proven sufficient to produce clinically significant and long-lasting
memory impairment (74, 75). In the context of this notion, selec-
tive hippocampal malfunction could potentially explain episodic
memory loss, the cognitive deficit most frequently encountered in
MS patients (20).

Neuronal loss ranging from 23% to 69% in different fields of the
hippocampus have been reported in patients with established AD,
the most common cause of dementia (71, 59, 34). Therefore, the
magnitude of neuronal loss found in our MS patient cohort (~23%)
is within the range seen in AD, which suggests that it may suffi-
ciently contribute to the development of memory deficits.
However, evidence suggests that other anatomical structures impli-
cated in memory functions like some thalamic nuclei and/or their
interconnections may also be affected in MS (26). Unfortunately,
no clinical information was available that could allow us to reliably
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correlate the pathological changes seen in this particular cohort of
patients with a measurable level of cognitive impairment. Never-
theless, the extent of hippocampal pathology observed in this study
may represent the clinicopathological substrate of memory-related
deficits seen in some MS patients.

In conclusion, our data suggests that the hippocampal archaeo-
cortex shares common pathological features with the MS neocor-
tex. Among others, we demonstrated similarities in demyelinating
pattern, inflammatory activity, tissue atrophy, neuronal loss and
de-afferentation. This implies the presence of a common pathoge-
netic mechanism being responsible for both subpial and sub-
ependymal GM pathology. Furthermore, these findings support a
role of changes in the archacocortex as the pathological substrate
of episodic memory impairment that frequently occurs in MS
patients.
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