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Summary
Tissues from 13 exceptionally early cases of multiple sclerosis resident microglia. Undegraded myelin is initially enveloped

by membranes bearing fixed complexes of immunoglobulinwere studied to identify and characterize the primary
demyelinating lesion, using a variety of histological and and complement. In contrast with perivenous encephalo-

myelitis, in which demyelination was dominated by T-cellimmunocytochemical methods. Multifactorial cluster analysis
identified five significantly distinct lesion groups, which infiltration, multiple sclerosis lesions of comparable duration

and maturity exhibited humoral immune reactions. Parenchy-showed histological progression from simple microglial
lesions, predominating in tissues from the earliest cases, to mal CD41 T-cell infiltration developed in association with

subsequent plaque maturation. These results emphasize thecomplex hypercellular fully demyelinated plaques, chiefly
associated with cases of intermediate duration. Quiescent need for lesion staging when multiple sclerosis tissues are

being used in the investigation of pathogenic mechanisms,lesions showing evidence of remyelination were found at all
stages of the disease studied, but hypocellular inactive and suggest that further analysis of the oligoclonal B-cell

response may be productive in the search for primaryplaques, were associated with older cases. Evidence is
presented that initial demyelination is effected by activated provoking antigens.
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Abbreviations: AEC 5 3-amino-9-ethylcarbazole inN, N-dimethylformamide and 0.3% hydrogen peroxide; AWE5
approximate weight of evidence; EAE5 experimental allergic encephalomyelitis; FITC5 fluorescein isothiocyanate; H&E5
haematoxylin and eosin; HLA-DR5 human lymphocyte antigen-DR; HRP5 horseradish peroxidase; LFB5 Luxol fast
blue; MHC 5 major histocompatibility complex; NBT5 nitro-blue tetrazolium; ORO5 Oil Red O; R 5 Rand ratio;
SSPE5 subacute sclerosing panencephalitis; TRITC5 tetrarhodamine isothiocyanate

Introduction
A diversity of pathological processes elicit cellular and sclerosis plaque (Hafler and Weiner, 1989). However, it has

not been possible to provide direct evidence of a specifichumoral immune responses within the CNS, usually though
not invariably, initiating clinically important tissue damage. autoimmune T-cell target and the mechanism of demyelination

in multiple sclerosis remains uncertain. A majority of studiesIn the primary demyelinating diseases such as multiple
sclerosis and perivenous (post-infectious) encephalomyelitis, have shown disconcertingly heterogeneous T- and B-cell

responses (Pelfreyet al., 1996), and the observed diversitythe myelin sheath is believed, by analogy with experimental
allergic encephalomyelitis (EAE), to be the target of CD41 of T- and B-cell reactivity to myelin and to other antigens,

may reflect secondary processes of non specific sensitizationT-cell mediated damage (Ransohoffet al., 1994; Utz and
McFarland, 1994) and lymphocytic infiltration has been or immune activation (Esiri and Gay, 1997).

Primary pathogenic processes are most likely to beproposed as the primary event in the genesis of the multiple
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recognized in initial lesions but the primary demyelinating and frozen tissues were analysed in parallel using a variety
of histological and immunocytochemical methods to providelesion in multiple sclerosis has not been identified with any

certainty and it is probable that the inflammatory processes quantitative data for multifactorial cluster analysis, which
was then used to assist in the definition of significant stagesobserved in established plaques inflict myelin sheath damage

and, later, axonal damage, by different mechanisms. This in lesion maturation. Lesions identified and classified by these
methods were studied using additional immunocytochemicalview is strongly supported in a recent review by Lucchinetti

et al. (1996), in which they also provide new data suggesting techniques to characterize the cellular and immune reactions
within CNS tissue compartments and to describe the immuneconsiderable heterogeneity of mechanisms of myelin and

oligodendrocyte destruction in active lesions. events associated with the initiation of myelin sheath damage.
Clues to the nature of an inciting stimulus and to the

pathogenesis of tissue damage may be obtained from an
analysis of the immune response generated, be it cell-Methods
mediated or humoral in emphasis, and attempts have been

Histological and immunocytochemical methodsmade in recent years to exploit immunocytochemical tech-
Clinical details of the autopsy tissues studied are given inniques to characterize various inflammatory and demyelinat-
Appendix 1. Paraffin sections stained with haematoxylin anding conditions of the CNS according to their immunological
eosin (H&E) and with Luxol fast blue (LFB), were used toprofiles. Of particular interest has been the use of monoclonal
survey the available tissue blocks. Initially, 92 distinct lesionsantibodies that identify subpopulations of lymphocytes,
(‘first series’) were identified in the 13 acute and sub-acutemacrophages and immunologically significant surface mole-
multiple sclerosis cases. Cryostat sections were stained withcules such as class I and class II major histocompatibility
Oil Red O (ORO) to assess the extent of myelin phagocytosiscomplex (MHC) (McCallumet al., 1987; Fabryet al., 1994;
and esterification, and with antibodies selected from the panelEsiri and Gay, 1997). Other studies have concentrated on the
detailed in Appendix 2.localization of membrane-bound or secreted proteins such

Total cell counts (cell nuclei) and ‘giant’ astrocyte countsas immunoglobulins, complement, adhesion molecules and
were made using a320 objective and a standard square grid,cytokines (Esiri, 1980; Compstonet al., 1989; Brosnanet al.,
within defined plaque zones, namely, perivascular (central),1995; Woodroofe, 1995).
parenchymal (main body of the plaque) and plaque border,No specific pattern of inflammation has been recognized
and also in surrounding non-plaque tissue. A minimum ofin these studies and some confusing discrepancies between
10 grids were used in each area and the mean count calculated.research groups have been attributed to the lack of an

Quantitative assessments of myelin degradation withinaccepted method of lesion staging, and also to differences in
these zones were based on the density of LFB1 and ORO1

immunohistological techniques between laboratories (Raine,
inclusions in macrophages, Grades from 1 to 41. Similar1994; Utz and McFarland, 1994).
assessments were made on the density of collagen Type IVAn additional problem is the evidence that the tissues
fragments in the parenchyma, reflecting lesion maturationrepresented in CNS sections comprise a number of separate
(Gay and Esiri, 1991), and on the degree of disruption of thecompartments. Recent evidence supports Dawson’s original
blood–brain barrier, by quantifying the perivascular leakagecontention (1916) that the perivascular Virchow–Robin spaces
of fibrinogen, after staining with the appropriate antibodies.represent the lymphatic system of the CNS where, relatively

In a previous communication, some acute multiple sclerosisisolated from brain parenchyma, full-blown immunological
plaques were shown to contain complexes of C3d and IgGresponses may be generated in communication with the
co-locating on the membranes of microglial macrophagesregional cervical and nasopharyngeal lymph nodes (Prineas,
and on material within the Virchow–Robin spaces (Gay and1979; Rennelset al., 1985; Esiri and Gay, 1990; Zhanget al.,
Esiri, 1991; Esiri and Gay, 1997). To assess these findings1992). The Virchow–Robin space, separated from the CNS
further in relation to plaque maturity, cryostat sections wereparenchyma by the glia limitans, needs to be taken into
double labelled for C3d–fluorescein isothiocyanate (FITC)account in describing and quantifying immune activity
and human IgG–tetrarhodamine isothiocyanate (TRITC) afterostensibly ‘within’ lesions. Perivascular cuffs of inflammatory
washing the sections for 2 h with Tris buffer, pH 4.5, tocells are frequently found in multiple sclerosis tissues in the
remove unfixed immunoglobulin (Pambakian and Poston,absence of perivascular demyelination (Adams, 1977).
1987). Serial or adjacent sections were also stained for theWe report here a quantitative histological and immuno-
C9 neoantigen.cytochemical study of 155 lesions from 13 exceptionally

early cases of multiple sclerosis (Cases 1–13, Appendix 1).
These rare cases were selected to increase the probability of
encountering initial lesions and their immediate derivatives,Statistical analysis

Examples of lesion profiles constructed from the quantitativerelatively uncomplicated by secondary events. Parallel studies
were carried out on other demyelinating and inflammatory data are shown in Figs 1–3. The data collected from the 92

lesions identified in the initial study, were pooled andconditions of comparable clinical duration and on various
control tissues (Cases 14–26, Appendix 1). Paraffin embedded subjected to Gaussian cluster analysis withS* matrix methods
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Fig. 1

Figs 1–3 Lesion profiles of acute and subacute multiple sclerosis cases of increasing clinical duration, and of chronic inflammation
controls (B9055 and B8946) (seeAppendix 1 for clinical data). Total cell counts (nuclei) per standard grid (SD bar concerns normal
white matter), with giant astrocyte counts, and graded assessments (Grades 1 to 41) of oil red O (ORO) and luxol fast blue (LFB)
positive inclusions in macrophages, and collagen IV fragments (parenchymal fibrinogen not included). The lesion profiles were
constructed from the histological data in four locations; perivascular or central (pv), main plaque parenchyma (p), plaque border (b), and
periplaque normal tissue (n). In Fig. 1 open circles represent C3d/IgG1 lesions, and in Fig. 3 open triangles represent lesions with
evidence of remyelination. *P72.479 (Fig. 1) and *B670 (Fig. 3), cryostats were not available for IgG/C3d assessment.
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Fig. 2

(Banfield and Raftery, 1993). This was implemented by S- parenchymal fibrinogen, LFB1 inclusions in macrophages
and the presence of C3d/IgG complexes. Where data relatedPLUS version 3.1 statistical software (Statistical Sciences,

S-PLUS for windows, Seattle: Stat Sci, Mathsoft, 1994). The to the four plaque zones studied (seeFigs 1–3), mean values
were used. The best discrimination was found by using aanalysis was carried out using the seven variables detailed

above, namely, total cell counts, giant astrocyte counts, logarithmic transformation, which can account for the error
structure normally associated with counted or concentrationORO1 inclusions in macrophages, collagen IV fragmentation,
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Fig. 3

data of this type. The ‘approximate weight of evidence clusters which submit to a parsimonious interpretation. These
data were plotted with each of the axes as a linear combinationstatistic’ (AWE) peaked at three clusters and remained

positive up to five (seeempirical mean values of the AWE of standardized variables. The statistical techniques employed
avoided any interpretative imposition of axes as the initialin Table 1). As recommended by Banfield and Raftery (1993),

the analysis focused on the largest number of plausible choice was guided by principal component analysis. The
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axes chosen were those which described the largest amount the lesions showing histological evidence of remyelination
of variation within the data, reflecting the plane of the most(Type IV). The presence of this clustering structure was
dominant structures. In order to obtain the primary andconfirmed in the additional clustering methods employed (see
secondary axes described below, we rotated the plane slightlybelow), where the greatest divergence of classifications was
to aid interpretation. When the primary axis consisted of anaround the membership of the Type IV cluster.
equally weighted linear combination of the standardized LFB Frozen tissue was not available in all cases (seeAppendix
data combined with the C3d/IgG results and the secondary1). To test the comparability of clusters obtained using data
axis was a combination of the remaining data, i.e. totalexclusively derived from cryostats, with those obtained from
cellularity, giant astrocyte counts, ORO1 inclusions in macro- paraffin sections (where ORO and C3d/IgG data were not
phages, fibrinogen leakage, and collagen Type IV fragments,available), both sets were resampled 1000 times using a
the structures shown in Fig. 4 were obtained. Further clustermultinormal parametric bootstrap to derive empirical 95%
resolution was obtained by applying a tertiary axis consistingconfidence regions for cluster means. The cluster means
of cellular values plus astrocyte values minus fibrinogen andwere then displayed in a variable plane which defines the
ORO data combined. Figure 5 shows the structures obtainedstandardized lesion characteristics, as seen in Figs 4 and 5.
in this analysis. The fifth cluster was identified mainly with From the cluster means confidence regions were estimated

using empirical contouring. These are displayed for the frozen
Table 1 The ‘approximate weight of evidence’ (AWE) lesions in Fig. 6 and, for comparison, an identical analysis
statistic for the paraffin data is shown in Fig. 7. It may be seen that

clusters defined in frozen sections alone significantly overlayNo. of Empirical Empirical Original
groups mean AWE SEM AWE measured AWE those defined using data derived from paraffin sections.

The structures obtained were consistent across a variety of
2 113 90 80 standardization methods includingZ-standardization ranking3 130 132 91

and log transformation and they were confirmed as a ‘near4 99 139 40
5 47 142 226 optimal’ view using principal component analysis.
6 215 142 2106 In order to demonstrate the reliability of the classification

scheme produced by theS* method, other clustering tech-The ‘approximate weight of evidence’ (AWE) statistic for theS*
niques, available within the S-PLUS software, were applied.classification, with estimated mean and standard errors (SEM)

derived from 1000 parametric boot-strapped samples. Each classification was compared using the Rand ratio (R)

Fig. 4 Cluster analysis of multiple sclerosis lesions (n 5 92). The points plotted are the cluster centres
of each of the 1000 resamples. The primary axis consists of an equally weighted linear combination of
the standardized LFB1 inclusions in macrophages plus C3d/IgG data (positive or negative). The
secondary axis is a combination of total cellularity, ORO1 inclusions in macrophages, parenchymal
fibrinogen and collagen IV fragments. The locations of lesion Types I–V are indicated (for histological
characteristicsseeTable 3).
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(Rand, 1971; Fowlkes and Mallows, 1983). The ratioR is Simulations generated four random planes within the data
space, constrained only to partition at least one data point.the percentage of pairs of data points in a sample which are

similarly dealt with in each classification, i.e. those pairs in Once generated a hierarchical partition was implemented to
optimize the entropy of the partition produced (Venables andthe same grouping in both classifications and those in different

groupings in both classifications. Table 2 details theR ratio Ripley, 1994). This non-parametric simulation explores all
possible classification schemes based on linear partitions ofbetween each classification available, and theS* classification

used [seeBanfield and Raftery (1993), the S-PLUS manual the data. As a result of the simulation, an empirical distribution
of R was generated, firstly by comparing two randomlyand Venables and Ripley (1994) for a specification of

each method]. The table demonstrates the stability of the generated classification schemes to giveR
¯

(%) 5 (65.386
0.50) based on 1000 simulation runs. The uncertainty spansclassification scheme. For comparison, a random partition into

five groups has anR of 64%. The model-based classification the 95% confidence interval assuming that the asymptotic
behaviour of R

¯
is normal. This is significantly.64%schemes similar in nature to theS* method, yield highR

(.80%). The dense type methods of classification have suggesting the presence of structure within the data. Addi-
tional evidence for the structure derived from theS* methodvalues ~70%. Not surprisingly, the single-link scheme is

most different. The discrepancy is an indication of the type is given by a comparison ofR
¯

for random permutations of
the S* classification. These simulations merely preserve theof partitioning present. As would be expected there is an

underlying gradual progression between plaque types with same size of the clusters irrespective of any other information,
the averageR after 1000 simulations wasR

¯
(%) 5 (65.456allowable intermediate positions. This is consistent with the

hypothesis that the lesion variants lying between the major 0.08), consistent with the value obtained for the random
classifications indicating that the structure has a similarplaque types are transitional, and the classifications given

indicate the characteristics through which the lesions progress group size distribution. Further simulations compared theS*
classification used with an additional 1000 random classifica-on the way to greater maturity. Data of this type are less

susceptible to single link type methods which allow the tions and gaveR
¯

(%) 5 (66.43 6 0.42), suggesting that
the S* classification is somewhat better at describing thegrowth of long ‘strings’ in the data, irrespective of the local

identity of the data points (Everitt, 1993). This means that a classification structure than any randomly chosen scheme.
Closer examination of the different classifications pointedcluster is only defined if all data points within the cluster are

closer to each other than to any data point outside the group, to the Type IV (remyelinating) group as the least well defined,
followed by the two intermediate groupings, II (secondary)a situation unlikely to occur in the associated multiple

sclerosis data due to the transitional position of some plaques. and III (border active). The most stable classifications were
Group I (primary) and Group V (chronic/inactive).To allow further confirmation of the presence of structure

within the plaque profiles, simulation studies were conducted. A further 63 lesions (‘second series’) were later identified

Fig. 5 Cluster resolution of lesions, Types I–V, using a tertiary axis consisting of total cellular values
plus astrocyte values minus fibrinogen and ORO data combined.
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in tissue blocks from the 13 cases. These were studied and
classified using the histological methods described above,
but excluding quantitative assessments.

Concurrent single field analysis of lymphocytes
Using the standard square grid and a320 objective, counts
of CD41, CD81 andγδ T-cells and plasma cells were made
on immunostained 5µm cryostat sections. Serial sections
were cut in triplicate, mounted on poly-L-lysine coated slides
and fixed in acetone for 6 min. The first section was
immunostained for plasma cells using a cocktail of rabbit
F(ab9)2anti-human IgG, IgA and IgM. Horseradish peroxidase
(HRP) labelled affinity-purified swine anti-rabbit, as secondFig. 6 Resampled cluster analysis of data from cryostats.

Approximate 95% confidence regions for the cluster means and antibody, was followed by colour development in 3-amino-
the original data points are shown. 9-ethylcarbazole inN, N-dimethylformamide and 0.3%

hydrogen peroxide in water (AEC).
The second section was treated withγδ antibody 5A6.E9,

followed by biotinylated anti-mouse antibody and, finally,
HRP-labelled streptavidin. Colour development was in AEC.

The third section was treated with an equal mixture of
biotinylated anti-CD41 (MT.310, IgG1,kappa) and anti-CD81

(RFT-8, IgM). Second antibodies were streptavidin–HRP and
phosphatase-labelled goat anti-mouse IgM. CD41 cells were
detected with the AEC reagent. After washing in Tris-
buffered saline forù6 h, CD81 cells were detected using
the nitro-blue tetrazolium (NBT) reaction. After washing in
water for a minimum of 6 h, sections were mounted in
‘Glycergel’ (Dako). CD41 and CD81 cells were counted
simultaneously in meningeal tissue, perivascular (Virchow–
Robin) spaces, in lesion parenchyma and at the lesion edge

Fig. 7 Comparability of clustering between data derived from using the standard grid, the edge being conveniently detected
cryostats and from paraffin sections. Combined resampled clusterusing polarized light (Adams, 1989). The same locations
analysis of data from frozen (continuous line) and paraffin identified in the serial sections were counted forγδ T-cellsembedded tissues (broken line), the latter lacking ORO and

and for plasma cells. A minimum of 10 triplicate sectionsC3d/IgG data.
were counted for each lesion studied.

A variant of this method was used in selected cases toTable 2 A comparison of theS* classification with other
classification methods increase sensitivity in the detection of CD41 cells which,

despite employment of a variety of monoclonal antibodies,
Clustering method Rand ratio Jack-knife Jack-knife

singly and as cocktails, tended to show weak reactivity whichcompared withS* R (%) SEM (%) bias (%)
could be obscured by the counter-staining effect of NBT.

S 82.0 3.0 0.4 After CD41 development with AEC and washing in Tris-
Spherical 80.9 3.1 1.1 buffered saline, CD41 cells were counted in defined zones,
Trace 80.3 3.5 2.7

as described above, in the wet preparation. DevelopmentUnconstrained 80.9 3.1 1.1
in NBT, washing and mounting were then carried out, andDeterminant 83.9 2.9 22.1

Centroid 76.8 1.8 0.1 CD81cells were counted in the same defined fields (see
Weighted average link 72.9 3.6 2.9 Fig. 13B and B’). Cell counts were recorded in different
Group average link 74.0 3.1 1.9 tissue zones, as described above.Complete link 75.8 1.9 0.9

Reagent and observer controls for each run involvedSingle link 47.8 4.4 3.8
normal human Ficoll purified peripheral blood leucocytes

A comparison of theS* classification with other classification double labelled for CD41 and CD81 cells. The CD41/CD81

methods available within the ‘S-PLUS’ software. The table showsratio in control experiments was 2.156 0.11 SEM (Fig.the observed Rand ratio (R) with a jack-knife estimate of standard
13A’). Staining ofγδ T-cells was controlled using peripheralerror and bias. The jack-knife estimates are obtained by repeating

the analysis, eliminating each data point in turn. leucocytes from a rheumatoid patient (8%6 1.6 SEM).
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Table 3 Analysis of histological and immunocytochemical characteristics of multiple sclerosis lesions

Type I Type II Type III Type IV Type V

Proposed designation Primary Secondary Border active Remyelinating Chronic/inactive

First series (n 5 92) 24 (26.0%) 16 (17.3%) 40 (43.4%) 9 (9.7%) 3 (3.2%)
Second series (n 5 63) 23 (36.0%) 7 (11.1%) 21 (33.3%) 8 (12.6%) 4 (6.3%)

Luxol fast blue inclusions 1 1 2, (1)e 1 2
Oil red O inclusions 2, (1) 11 (1), 11e Not done 2
C3d/IgG complexes 11 (1) 2 Not done 2
Perivascular fibrinogen 2, (1) 11 (1), 1e (1) 2
Collagen IV fragments 2 11 1, 11e 2 2
Giant astrocytes 2, (1) 11 11e (1) 2
Oligodendrocytes 1 2, (11e) 2 1/11 2
HLA-DR1 microglia 1 (1), 1e 2, 1e Not done 2
EBM11/HAM56/Y1/83A1 cells (1) 11 1, 11e (1) (1)
RFD71 cells 2, (1) 1 11 Not done (1)
Parenchymal CD41 T cells (1) 1 1 Not done 2
Parenchymal CD81 T cells 1 1, 11e 1e Not done 2
Parenchymalγδ T cells 2 1 1 Not done 2

Histological and immunocytochemical characteristics of multiple sclerosis lesions (Cases 1–13) grouped I–V by multifactorial cluster
analysis (n 5 92, first series), and subsequently by qualitative assessment (n 5 63, second series). e5 relating particularly to lesion
edge. (1) 5 occasionally, or weakly positive.

Results
Quantitative analysis of lesions, ‘first series’
(n 5 92)
The five significantly distinct data clusters indicated by the
application of the ‘approximate weight of evidence statistic’
were resolved using Gaussian cluster analysis, and were
designated Types I–V according to their histological and
immunocytochemical characteristics. These are summarized
in Table 3. The analysis to test the comparability of clusters
detected in cryostat and paraffin sections, showed that
strikingly similar results are obtained (Figs 6 and 7).

Qualitative analysis, ‘second series’ (n5 63)
Lesions were categorized according to the histological and
immunocytochemical characteristics identified in the first
series. The proportion of lesions falling into Categories I–V
closely resembled the distribution of lesion types in the first
series (seeTable 3). Fig. 8 Percentage distribution of multiple sclerosis lesion Types

I–V (n 5155) according to the duration of the terminal
demyelinating illness in weeks (χ2 5 81.88, d.f.5 8; likelihood
ratio test5 95.14,P , 0.0001).Type I lesions

The data cluster designated Type I (Fig. 4) was largely
defined by the combination of LFB1 inclusions within
microglial cells and C3d/IgG1 complexes on microglial cell normal limits (B285), or only moderately elevated (P72.479).

It can also be seen that lesions containing C3d/IgG complexesmembranes. These lesions were recorded 30.3% overall but
were the predominating type (60.6%) in the tissues obtained (B285) had the lowest cellularity, least evidence of

astrocytosis, and they tended to be ORO and collagen Typefrom the earliest cases, with a history of a terminal attack
ø5 weeks (seeFig. 8). IV negative, but LFB1, in all zones.A further unexpected

feature of these lesions was that parenchymal reactions forType I lesions predominated in Cases P72.479 and B285
(2 weeks and 1 week duration of terminal illness, respectively) fibrinogen, indicating a breach in the blood–brain barrier, were

not usually detected. Low levels of perivascular fibrinogenand the data profiles of lesions found in these cases (Fig. 1),
unexpectedly showed that total cellularity may be within (grades from 1 to 21) were found in those Type I lesions
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showing greatest myelin disruption and highest total cell sheaths, on myelinic debris or on oligodendroglia, and this
was confirmed using two- and three-layered peroxidase orcounts (e.g. Fig. 9B).

Focal Type I lesions with demyelination grades from 1 to phosphatase immunostaining and avidin–biotin amplification.
HLA-DR1 microglial cells identified in frozen sections21 (Fig. 9A) consisted of groups of microglial macrophages

with reactivity for C3d. Examination at high power and of perivenous encephalomyelitis, subacute sclerosing
panencephalitis (SSPE) and in gliomas were unreactive forusing immunofluorescence combined with polarized light,

consistently showed that complement was located on C3d–IgG complexes.
cytoplasmic membranes enclosing birefringent myelinic
material (Fig. 9A0 and inset). The central vessel in these
lesions was frequently a capillary or small vein but in someLesion Types II–V

The wider scattering of the Type I data cluster seen in Fig. 4instances the vessel was identified as an artery (Fig. 9A9
inset) by the presence of several layers of smooth muscle was the result of lesions showing increased overall activity,

e.g. Fig. 9B, which shows Grade 2–31 myelin disruptionpositive for actin (HHF351). Double labelling of Type I
lesions (Fig. 9A) showed reactivity for fibrinogen within the with raised cellularity and Grade 11 fibrinogen leakage,

undoubtedly representing lesion progression.lumen of vessels but rarely in the parenchyma. All the Type
I lesions studied contained HLA-DR1 microglial cells, which The application of a tertiary axis (Fig. 5) resolved five

data clusters as predicted by the ‘approximate weight ofwere weakly positive for the macrophage monoclonal
antibodies EBM 11, Y1.82A and HAM 56, but RFD 71 evidence statistic’. The Type II cluster represented a group

of lesions predominating (45.2%; Fig. 8) in tissues from‘foamy’ macrophages were very rarely detected.
Transverse sections of cord containing Type I lesions in cases of intermediate clinical duration, that is, between 6 and

20 weeks. These lesions showed the greatest degree ofthe dorsal and ventral long tracts, viewed with polarized
light, showed Class II, HLA-DR1/EBM111 microglia, overall activity, with maximum cellularity, giant astro-

cytosis and fibrinogen leakage within the central plaquecharacteristically intercalated between morphologically intact
myelin sheaths (Fig. 10A–C). The cytoplasmic membranes parenchyma (Fig. 11A and B), accompanied by central ORO1

(Fig. 11C) and LFB1 inclusions and collagen Type IVof these cells were strongly positive for C3d complement
and enclosed birefringent myelinic material. Double labelling fragments (Fig. 11D). Type II profiles are seen in cases B285

and W69 (Fig. 1). The predominating cell type was the EBMfor C3d and IgG showed colocating complement and
immunoglobulin which was not removed by washing sections 111, Y1.82A1 and HAM561 macrophage containing ORO1

inclusions. Macrophages with microglial morphology wereat pH 7.4 or 4.5 for 6 h prior to staining (Fig. 10D).
Reactions to the activated membrane attack complex C5b– confined to the edge of these lesions, and the parenchymal

macrophage population contained numerous RFD 71 ‘foamy’9 were found within and around Type I lesions. Deposits of
C5b–9 were found within small vessel walls and especially cells. HLA-DR and macrophage monoclonal staining, was

characteristically intensified when these cells were locatedin the sub-endothelial Virchow–Robin spaces. Other deposits
were found in the parenchyma, in a similar distribution to within perivascular spaces (Fig. 11B and inset). Oligodendro-

cytes were not found in the parenchyma of Type II lesionsthat ofC3d/IgG, namely on or within microglial cells closely
associated with the surface of apparently intact myelin sheaths but a small proportion showed increased numbers of oligoden-

droglia at lesion margins.(Fig. 10C inset). The overall distribution of C5b–9 in these
lesions closely resembled the pattern described by Linington Reactions for C3d/IgG complexes were identified in 28.5%

of Type II lesions, on microglial membranes at lesion edgeset al. (1989) in acute antibody-mediated demyelinating EAE
(a detailed analysis will be reported separately). and in a single grey matter lesion, within the parenchyma.

Although groups of HLA-DR1, ORO1, RFD71 foamy macro-Type I lesions showing minimal Grade 11 demyelination
(Fig. 10E) could be entirely ORO negative (Fig. 10E9), phages were usually surrounded by strong perivascular and

parenchymal reactions for plasma proteins including fibrino-but strongly reactive for HLA-DR (Fig. 10F) and more
significantly, positive with Clone 10 (Fig. 10G) which detects gen, alpha-2 macroglobulin, C1q complement and immuno-

globulins, fixed colocating IgG and C3d reactions were notthe myelin basic protein epitope 80–89 with a cleavage at
amino acids 89–90 (Groomet al., 1985). Areas within detected on the membranes of these cells.

The cluster classified as Type III (Fig. 5) representedthese lesions, showing increased myelin disruption, contained
groups of microglia with Grade 1 to 21 ORO1 inclusions lesions predominating (70.2%, Fig. 8) in cases greater than

20 weeks duration. This group was differentiated largely onindicating the early establishment of myelin lipid esterification
(Fig. 10H). Adjacent areas showed LFB1 inclusions in account of the reduction of activity at the lesion centre and

its persistence at the lesion edge. This feature may be seenmicroglia.
Type I lesions contained normal oligodendroglia positive in the plaque profiles for cases B9860, B561 and 112.85 in

Figs 2 and 3. Total and astrocyte hypercellularity at lesionfor the monoclonal 14E (Newcombe and Cuzner, 1988) and
for Clone 10. edges was accompanied by a tendency towards central

hypocellularity, with low ORO1, LFB1 and collagen IV1No reactivity to complement components C3 or C9, or to
IgG, IgM or IgA was detected on the surface of myelin counts. Parenchymal fibrinogen was reduced overall but when
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Fig. 9 Immunocytochemistry of Type I lesions. (A) Focal Type I lesion located in the ventral spinocerebellar tract of the cord (Case
B285). Frozen cross section, double labelled with fibrinogen-FITC and macrophage monoclonal EBM 11 and antimouse-TRITC, showing
EBM1 cells with microglial morphology, and fibrinogen reactivity restricted to the lumen of small vessels (arrows). (A9) As in A, but
observed with polarized light showing the focus of Grade 11 demyelination.Inset: serial section, showing central vessel inA, double
labelled for smooth muscle actin (HHF35-antimouse-TRITC) and fibrinogen-FITC. The arteriole is identified by positive reaction for
smooth muscle and is positive for fibrinogen within the lumen. There is no evidence of leakage into the lesion parenchyma. (A0) Second
serial section labelled for C3d showing complement reactions associated with microglial cells. Polyclonal rabbit anti-human C3d
followed by biotinylated anti-rabbit and streptavidin-HRP-AEC, viewed with 50% polarized light.Inset: adjacent section toA0.
Complement reactions (arrows) on the cytoplasmic membranes of microglial cells enclosing birefringent myelinic material is seen in
detail by labelling with anti-human C3d-FITC and observing at high power with 50/50% blue/polarized light. Oil immersion. (B) Type I
lesion showing development (transitional to Type II) with EBM 111 microglia (TRITC) and Grade 11 fibrinogen leakage (FITC,
arrows). (B9) As in B, but viewed with polarized light, shows Grade 31 demyelination in the lesion. Bars represent 50µm in A andB.
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Fig. 10 Immunocytochemistry of C3d/IgG1 microglia. (A–C) Type I lesions with morphologically intact myelin sheaths in the long tracts of
the cord. Class II positive microglia (mi), showing weak macrophage antibody reactivity (mo) are intercalated between morphologically
intact myelinated axons. Polarized light (75%) with immunoperoxidase staining for HLA-DR,(A) and macrophage monoclonal EBM11 (B).
(C) An adjacent section toA andB, reacted with rabbit anti-human C3d-FITC. Strong reactivity for complement is associated with microglia.
Inset: microglia applied to the myelin sheath showing reactivity to the Membrane Attack Complex neo-antigen (C5–C9) (mouse monoclonal
Ae.11 with biotinylated anti-mouse and streptavidin–HRP–AEC; polarized light). InA the bar represents 30µm. (D) Double labelled,
periaxonal groups of microglia, pre-washed with acidic buffer, show strong, fixed, and colocating reactivity to C3d-FITC (D) and IgG-TRITC
(D9), on the membranes of cytoplasmic vacuoles enclosing birefringent myelinic material. (D0) blue with 50% polarized light. InD the bar
represents 5µm. (E–H) Polarized light detects a Grade 11 area of minimal myelin abnormality in the anterior funiculus around the median
fissure (arrows). The lesion is uniformly ORO negative (E9), but serial sections show class II (HLA-DR)1 microglia (F), also positive for
myelin basic protein neoantigen (clone 10) (G, with polarizer). Subsequent sections from this area (e.g.H) showed isolated pockets of cells
with ORO1 inclusions, Grade 11. In E the bar represents 100µm.
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Fig. 11 Histology and immunocytochemistry of lesion Types II and IV. (A) Type II plaque double labelled for macrophages (TRITC) and
fibrinogen (FITC), viewed with combined TRITC–FITC blue/green fluorescence filters (A) and also with polarized light (A9). A typically
high macrophage density is associated with Grade 31 fibrinogen leakage (arrows) (Y1.82A with anti-mouse-TRITC and rabbit anti-
human fibrinogen-FITC). The bar represents 50µm. (B) Double label for macrophages (TRITC) and human fibrinogen (FITC). The
leaky centre of the lesion has a characteristically increased intensity of staining of perivascular macrophages (arrow), which are also
reactive for the macrophage monoclonal RFD7 (inset) (EBM11 with anti-mouse-TRITC, and rabbit anti-human fibrinogen-FITC. RFD7
with anti-mouse-peroxidase-AEC). The bar represents 20µm. (C) Grade 41 ORO inclusions in macrophages, showing a typical
concentration of positive cells in the perivascular spaces. (D) Hypercellular central region of a Type II lesion labelled with CIV.22 anti-
mouse-TRITC to detect Collagen IV. Grade 31 collagen ‘fragments’. (E andF) Type IV lesions. LFB staining showing chains of
oligodendrocytes (o) and partial myelination (m). The lesions lack reactive astrocytes, have low (though LFB1) macrophage counts, and
typically large accumulations of perivascular lymphocytes (E).
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Figs 12 A–K . Inflammatory cell profiles
for Type I and II multiple sclerosis
lesions, multiple sclerosis spinal nerve
roots and inflammatory controls. CD41,
CD81, γδ and plasma (P) cell counts in
tissue compartments, employing a
standard grid at320. Concurrent single
field analysis of double-labelled CD41

and CD81 cells, with plasma andγδ cells
in serial sections (seeMethods). Men5
meninges; VR5 Virchow–Robin space;
Par5 parenchyma.

present it was most marked at the lesion edge. C3d/IgG account of the low cell counts but it is statistically
differentiated by sub-normal cellularity.complexes were not recorded in Type III lesions.

The Type IV data cluster represented a group of lesions
with histological characteristics shared between Types I, II
and III. These lesions were more or less equally represented

T-cell and plasma-cell profiles in Type I and IIwith time (Fig. 8), and were characterized by the presence of
oligodendroglia lying in close relation to partially myelinated lesions

Type I and Type II lesions identified in frozen blocks fromsheaths (Fig. 11E and F). Type IV profiles found in cases
112.85 and B670 (Fig. 3), show that overall activity is B285 (15 Type I, 10 Type II) and W69 (6 Type I, 12 Type

II), were studied to quantify CD41, CD81 and γδ T-cellslow, total cell counts approach the normal range and giant
reactive astrocytes are absent or rare. Collagen IV fragments and plasma cells within defined tissue compartments, using

concurrent single field analysis as described in methods.were not seen but small numbers of LFB1 macrophages
were present, scattered throughout the lesions. Parenchymal Control tissues from C645 (perivenous encephalomyelitis),

R62/86 (SSPE), and C1549 (glioma), were studied in parallelfibrinogen (Grades 1 to 21) was occasionally detected.
Although inflammatory cell activity in the parenchyma of using identical methods. Cell profiles of classified lesions

are shown in Fig. 12A–K, and the cell counts in these lesionsthese lesions was low, they contained the largest perivascular
accumulations of inflammatory cells recorded in this series and in the study overall are given in Table 4.

Multiple sclerosis and all the inflammatory controls showed(Fig. 11E). Unfortunately T-cell, ORO and C3d/IGg
assessment was not possible due to lack of frozen tissues. a strong and remarkably stereotyped compartmentalization

of the T-cell infiltrate. A marked predominance of CD41The small Type V data cluster (4.5% overall), was highly
resolved in both types of analysis. The lesions represented over CD81 T-cells detected in the meninges, with CD4/CD8

ratios in the range 2.4–4.6, extended into the Virchow–Robinwere histologically ‘burnt out’ and inactive. Lesion profiles
(see B9860, Fig. 2) show their close resemblance to the spaces in all cases (2.4–5.3). While there was a clear tendency

for CD41cells to remain within the perivascular spaces,control chronic inactive lesions B9055 (Fig. 2) and B8946
(Fig. 3), 45 and 43 years duration, respectively. The Type V the histological evidence indicated preferential CD81 cell

migration across the glia limitans (Fig. 13A). This wascluster lies in close proximity to Type I (Figs 4 and 5) on
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Fig. 12 continued

accompanied by a corresponding switch to CD81 dominance with normally myelinated nerve root. The CD41 cell count
in the root parenchyma was 1.546 1.41 SEM, and inin the lesion parenchyma with CD4/CD8 ratios in the range

0.2–0.6. There was an overwhelming excess of parenchymal contiguous Type I lesions 1.636 1.28 SEM (not significant).
However, the concurrent CD81 count was 3.436 1.78 SEMCD81 cells on the edge of the glioma (Fig. 12I) accompanied

by CD41 dominance at the centre of the neoplasm. This and 7.546 2.76 SEM, respectively (P , 0.0001) (Table 4
and Fig. 12J and K).tendency for parenchymal T-cells to be CD81 dominant at

the lesion edge but CD41 dominant in the central parenchyma Small numbers ofγδ T-cells weredetected in theparenchyma
of Type II but not in Type I multiple sclerosis lesions.was a feature of the more complex, mature Type II multiple

sclerosis plaques. Quantitative analysis using data contour Plasma cell counts in the parenchyma of Type I lesions
were only slightly lower than CD41 T-cells, but within theplots of Type II lesions confirmed this feature (Fig. 14).

CD41 lymphocytes were initially undetected in the Virchow–Robin spaces of these lesions and in adjacent
meningeal tissues counts were high (Figs 12A and B, andparenchyma of the 21 Type I lesions studied while the CD81

mean counts was recorded as 7.06 2.4 SEM per standard 13C) and only slightly less than in SSPE. Type II
parenchyma (Fig. 12F) contained plasma cells in numbers320 grid. However, by using immunostaining methods to

increase CD4 detection (see Methods and Fig. 13B and approaching, though significantly lower than, those of
parenchymal CD41 T-cells (P , 0.001). While the patternB9), CD41 cells were found in the parenchyma of all but

five of the 21 lesions studied, albeit in very small numbers of CD41 and CD81 cell distribution in perivenous
encephalomyelitis (Fig. 12G) was qualitatively similar to(1.69 6 1.29 SEM per320 standard grid).

A number of Type I lesions of particular interest were multiple sclerosis and SSPE, T-cell numbers in all
compartments, including the parenchyma, were greaterdetected lying in close relation to the dorsal nerve root, in

the region of the dorsal spinocerebellar and dorsolateral tracts in perivenous encephalomyelitis by a factor of 10. The
overwhelming T-cell reactions in perivenous encephalo-and the substantia gelatinosa. This provided an opportunity

to compare, in the same section, the inflammatory cell myelitis were observed in the virtual absence of plasma cells
(Fig. 12G).infiltrate of closely contiguous demyelinating CNS tissue
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Fig. 12 continued

proposed as primary, consisted of an HLA-DR1 but ORO-Discussion
negative microglial nodule, in which demyelination wasWe have shown that a statistical analysis of histological
undetected. In a smaller series of 10 cases (mean durationand immunocytochemical data may be used to categorize
12 years), Liet al. (1993) used myelin degradation to separateclinically early multiple sclerosis lesions into significantly
20 ‘active’ plaques into four groups. Group I lesions, whichdistinct groups. Furthermore, the histological, statistical and
they believe to be the earliest stage in demyelination, con-clinical evidence supports the hypothesis that the groups
tained ORO1 macrophages, also positive for myelin basicidentified represent key stages in early multiple sclerosis
protein peptides, implying that cholesterol ester formation isplaque morphogenesis, commencing with microglial activa-
an early event.tion in the parenchyma of both white and grey matter, and

The autopsy tissues from our 13 cases with clinical historiesprogressing to complex, focal hypercellular plaques in which
ranging from 2 weeks to 10 years (mean 1.9 years), and withmyelin continues to be degraded within foamy macrophages,
documented evidence of a terminal attack between 1 weekaccompanied by giant astrocytosis. Progression, however,
and 10 months before death, represent a much earlier histo-does not appear to be inevitable and may be interrupted by
logical view of multiple sclerosis. With a more detailedthe development of lesions in which a much lower level
histological analysis of multiple sclerosis lesions than hasof demyelination continues but is accompanied by oligo-
been reported to date, our results provide a quantitative basisdendroglial activity without astroglial activation.
for lesion grading which should help in the identification ofA number of recent histological studies of multiple sclerosis
key events in the pathogenesis of the disease.autopsy tissues have attempted to provide a system of

We propose the Type I lesion as the primary demyelinatinglesion grading to assist in identifying primary demyelinating
plaque in multiple sclerosis. These lesions significantlyplaques. Sanderset al. (1993), combining conventional histo-
predominated in the earliest tissues but were rare after 5logy with Class II MHC staining, descriptively grouped
weeks (Fig. 8). Unlike the microglial nodules described bylesions from 52 cases (mean duration, 24.5 years) into four

classes. Their Class I or ‘pre-plaque’ lesion, which they have Sanderset al. (1993) our Type I lesions show evidence of
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Fig. 12 continued

myelin phagocytosis and digestion. The absence of ORO1 limitans, from CSF and via Virchow–Robin spaces, before
major disruption of the vascular endothelium is established.inclusions in these zones contrasts with the Group I lesions

of Li et al. (1993) and provides evidence that although The immune events within the parenchyma of Type I
lesions, associated with the initiation of myelin phagocytosismyelin has been phagocytosed and intracytoplasmic myelin

basic protein cleavage has commenced, lipid digestion with were clearly humoral in emphasis. Deposits of IgG have
been frequently described in unclassified multiple sclerosisthe production of cholesterol esters has not yet developed.

Type I lesions were found in both white and grey matter, lesions but they are readily washed away at neutral pH and
are generally thought to represent non-specific and weakeither as groups of distinct microfoci or as more diffuse areas

with ‘geographical’ margins. Lesions were situated around binding mediated by the Fc region of the IgG antibodies
(Tavolato, 1975). To be significant in demyelination,capillaries and venules, but also around arterioles, and

immediately sub pial. The impression given by their location, immunoglobulins should be accompanied by other bound
molecules including activated complement components.morphology and immune reactivity, was of a diffusing,

parenchymal,in situ activation of resident microglia, and However, the observations of Prineas and Graham (1980) of
the IgG capping of microglial cells applied to myelin sheathsthis hypothesis is supported by the observation of close to

normal total parenchymal cell counts. We cannot, however, has suggested that antibody-mediated demyelination may be
important in the earliest stages of myelin phagocytosis.be entirely confident that all of these cells come from the

microglial pool. Remarkably, Type I lesions showed little or However, surface IgG was also observed on microglia in
ischaemic infarcts and in SSPE, raising doubts regarding itsno histological evidence of fibrinogen leakage. While this

does not necessarily indicate an intact blood–brain barrier, specificity in multiple sclerosis (Prineas, 1985). We have
shown that microglial-bound, fixed complexes of IgG andthe appearance of subpial Type I lesions and lesions around

muscular arteries, suggests that in these earliest stages the complement, with evidence of complement activation, are a
hallmark of the putative primary lesion in multiple sclerosis.factor or factors inducing microglial activation, complement

fixation and initial myelin phagocytosis, may gain access to These reactions were not found in our inflammatory control
tissues including perivenous encephalomyelitis where earlythe parenchyma across the pial membranes and the glia
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Table 4 Cell types in multiple sclerosis lesions

CD41 CD81 CD4/CD8 Plasma cells γδ T cells

Type I MS lesions (Cases B285 and W69,n 5 21)
Meninges 30.86 24.0 (28.56 23.1) 12.66 10.2 (11.26 8.5) 2.44 (2.54) 20.76 7.5 (17.16 8.6) 4.26 3.6 (3.66 3.3)
VR space 30.76 29.0 (28.96 28.4) 12.66 10.0 (11.56 10.4) 2.44 (2.51) 18.76 10.8 (19.56 13.1) 4.06 3.1 (3.86 2.5)
Parenchyma 1.76 1.3 (1.66 1.3) 7.06 2.4 (7.56 2.8) 0.24 (0.22) 1.06 1.4 (0.5) 0 (0)

Type II MS lesions (Cases B285 and W69,n 5 22)
Meninges 38.76 26.0 (35.66 27.8) 15.16 14.6 (13.66 12.3) 2.56 (2.61) 18.06 9.5 (17.96 8.1) 3.76 2.8 (3.16 2.4)
VR space 31.76 28.0 (28.26 26.4) 6.06 5.8 (7.86 6.2) 5.28 (3.64) 31.36 15.5 (30.66 18.8) 4.86 4.1 (5.06 3.5)
Parenchyma 21.16 16.8 (18.96 15.1) 35.86 28.5 (34.46 27.6) 0.59 (0.55) 15.26 6.1 (13.76 6.5) 1.76 2.5 (1.46 2.3)

Spinal nerve root (Case B285)
Meninges 45.86 32.0 (41.76 31.3) 17.16 10.4 (15.96 11.8) 2.68 (2.62) 17.86 10.0 (15.76 9.7) 3.16 2.9 (2.56 2.7)
Parenchyma 1.56 1.4 (1.76 1.7) 3.56 2.2 (3.46 1.8) 0.44 (0.49) 0.15 (0.07) 0 (0)

Perivenous encephalomyelitis (Case C645)
Meninges 36.56 25.0 (35.46 26.0) 8.06 6.5 (7.76 6.1) 4.6 (4.2) 0.26 0.6 Not done
VR space 60.46 29.1 (58.66 30.2) 12.86 8.0 (12.16 8.8) 4.7 (4.8) 0 Not done
Parenchyma 10.96 6.3 (11.56 7.0) 31.26 14.6 (30.56 16.9) 0.35 (0.21) 0.26 0.6 Not done

Glioma (Case C1549)
VR space 17.66 11.5 7.06 5.0 2.5 0.26 0.6 Not done
Edge 8.76 2.9 32.26 11.9 0.27 0.56 1.0 Not done
Central 20.26 9.9 0.66 0.7 33.6 0.46 0.8 Not done

Subacute sclerosing panencephalitis (Case R62.86)
VR space 11.56 7.8 4.66 3.1 2.5 22.76 9.8 Not done
Parenchyma 9.26 4.1 16.56 7.4 0.56 17.06 10.2 Not done

CD41, CD81, γδ T cells and plasma cell counts in tissue compartments of type I and type II multiple sclerosis lesions, spinal nerve root and
inflammatory controls (Cases C645, R62.86 and C1549). Overall mean values (per standard320 grid, using not,20 grids)6 SD (values in brackets for
the cell profiles of Fig. 12). VR space5 Virchow–Robin space.

primary demyelination is a cardinal feature. The dis- and the phagocytic activity of the activated microglia may
be mediated, at least in part, by scavenger receptors capableappearance of these reactions as multiple sclerosis plaques

mature suggests that the inflammatory mechanisms initiating of recognizing denatured tissue components.
In contrast to the findings of Hayset al. (1988) in thedemyelination in the multiple sclerosis lesion may be quite

different from the mechanisms operating in maturing and antibody-mediated demyelinating peripheral neuropathies, we
were unable to detect any complement or immunoglobulinestablished plaques. A recent report of a diffusing factor

in Balo’s concentric sclerosis, which was inhibited using on the myelin sheath itself or on myelinic debris. This does
not support the attractive hypothesis that the myelin sheathimmunoadsorption plasmapheresis (Sekijimaet al., 1997),

has provided further evidence for the role of antibody in is the primary target of humoral immune reactions, or that
antibody-mediated opsonization may account for demy-initial demyelination.

Parenchymal CD41 T-cells were not detected in a propor- elination in primary lesions. However, the presence of C3d/
IgG complexes bound to microglial membranes can betion of Type I lesions and, when present, they were seen in

very small numbers and invariably accompanied by a larger expected to be potent in inducing cellular activation. While
microglial activation may be induced in Type I lesions byCD81 infiltrate. However, parenchymal CD41 infiltration

increased concomitant with plaque maturation so that in Type diffusing cytokines, CNS macrophages are known to be
activated by a wide variety of inflammatory and non-II lesions the relative dispositions of CD41 and CD81 T-

cells carried the hallmark of a balance of opposing (helper inflammatory stimuli, none of which produce demyelinating
plaques. This points to the involvement of a rather moreversus suppressor) forces, as is seen in various chronic

inflammatory and neoplastic lesions (seeFig. 14). The rarity specific or more potent immune activation, and an alternative
explanation is that pathogenic antigens contained withinof γδ T-cells in Type I lesions and their weak association

with Type II lesions suggests a secondary role for these cells immune complexes (Coyle, 1987), and initially processed
within the Virchow–Robin spaces, may spread into thein lesion maturation.

Positive reactions for the C9 neoantigen within the myelin parenchyma across the glia limitans.
If such putative antigens are derived from CNS tissue,sheath–macrophage membrane interface, implies complement

activation and the formation of the membrane attack complex we are not able to account for the lack of localization of
fixed C3d and immunoglobulin on the myelin sheath or on(C5–C9). This requires the transient production of C5–7

which is capable, in free solution, of binding to any lipid other parenchymal tissues. On the other hand if the antigens
are extrinsic, and by implication, microbial, they may gainbilayer to produce ‘reactive lysis’ on bystander cells. The

myelin sheath is unlikely to escape damage in these reactions, access to the lesion parenchyma across the glia limitans
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Fig. 13 Concurrent single field analysis of lymphocytes. (A) Double labelling for CD41 and CD81 T lymphocytes. Cryostat section of a
venule in an advanced Type I multiple sclerosis lesion, double labelled for CD4 (brown–red) and CD8 (blue–purple) T-cells. Biotinylated
anti-CD4, MT.310 (IgG) with streptavidin–HRP–AEC, and anti-CD8, RFT8 (IgM) with anti-mouse IgM, phosphatase-NBT. Brown/red
cells (CD41), are concentrated typically in the perivascular space, while the blue/purple cells (CD81) are distributed along the glia
limitans (arrows) and in the perivascular parenchyma. The bar represents 20µm. (A9) Reagent/observer control. Ficoll purified peripheral
blood leucocytes double labelled in parallel for CD41 and CD81 T cells. CD41/CD81 ratio 5 2.15 6 0.11 SEM. (B) Technique to
increase sensitivity in CD41 T-cell detection. After labelling for both CD4 and CD8 T-cells (seeMethods), preliminary CD41 (AEC)
development and counting in a wet preparation (B) was followed by development (B9) of NBT, to detect CD81 cells. (C) Adjacent
section of vessel inA, labelled with rabbit anti-human immunoglobulins IgG, IgA and IgM (F(ab’)2) with anti-rabbit HRP–AEC. The
perivascular space contains numerous immature immunoglobulin-containing plasma cells. Polarized light (50%) shows Grade 11
perivascular demyelination.Inset: aqueous extract of adjacent tissue section contains cathodic oligoclonal bands of IgG (Agarose IEF of
5 µl extract; method of Walkeret al., 1983.)
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Fig. 14 Data contour plot of a typical Type II lesion, double labelled for CD41and CD81 T-cells. Demyelination (Grades 0 to 41) was
recorded using polarized light (top left) to locate the lesion. Giant (reactive) astrocytes were counted per standard grid, and concurrently
with parenchymal CD41 and CD81 cells. The lesion is characterized by central demyelination and gliosis, with an inner ring of CD41

Tcells and an outer ring of CD81 T cells at the plaque edge.

having gained the perivascular compartment via CSF, as was is seen in all our inflammatory controls and we have not
been able to detect Class I antigens in Type I lesions on anyoriginally postulated by Dawson (1916).

The presence of numerous plasma cells around and within structures other than vascular endothelial cells and on the
perivascular and parenchymal lymphocytes themselves (ourType I lesions is indicative of a strong B-cell response at

this early stage and at the site of primary lesion development. unpublished data).
In view of the evidence of very different immune processesA comparison of the T-cell response at 14 days since clinical

onset in perivenous encephalomyelitis (C 645) and at 7 days at different stages of early plaque morphogenesis, future
immunohistological studies to investigate the pathogenesiswith acute multiple sclerosis (B 285) is shown in Fig. 12C

and G. This data shows that the early demyelinating immune of plaques will need to define the staging of the lesions being
studied clearly.response in perivenous encephalomyelitis is, in sharp contrast

to multiple sclerosis, overwhelmingly T cell in emphasis. This study points strongly to a key role for activated
microglia in initial demyelination in multiple sclerosis, andIt is remarkable that the level of CD41 T-cell activity

measured in normally myelinated nerve root does not supports Prineas’ contention (1985) that the ‘war zone’ in
this disease is primarily at the macrophage–myelin interface.differ significantly from contiguous demyelinating Type I

lesions in central white matter. In contrast, however, parenchy- If this is so, therapeutic strategies to inhibit macrophage
activity such as proteinase inhibitors, may be of greatermal CD81 cells were significantly raised in these lesions

(Fig. 12C). This observation is difficult to interpret as the benefit than efforts to inhibit T cells or other immune
reactions.preferential migration of CD81 cells across the glia limitans
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Esiri MM. Multiple sclerosis: a quantitative and qualitative studyA second implication of these observations is that further
of immunoglobulin-containing cells in the central nervous system.analysis of the oligoclonal B-cell response in the early stages
Neuropathol Appl Neurobiol 1980; 6: 9–21.of multiple sclerosis, and especially the IgM response (Sharief

and Thompson, 1991), may be productive in the search forEsiri MM, Gay D. Immunological and neuropathological
antibody directed against key pathogenic antigens, be theysignificance of the Virchow-Robin space. [Review]. J Neurol Sci

1990;100: 3–8.CNS or microbial in origin.
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Appendix 1 Autopsy cases

Case Autopsy Age Sex Clinical Total Duration Histological Lesions Previously published
number (years) diagnosis duration of terminal diagnosis studied data in each case

illoness (n)

1 B670* 32 M Acute MS 2 years 10 months ‘Severe MS’ 27 Nil
2 112/85 60 M Acute MS 26 weeks 26 weeks Acute MS 10 Adamset al. (1990) (19)
3 P72/479* 45 M Acute MS 2 weeks 2 weeks Acute brainstem MS 12 Adamset al. (1990) (5)
4 W69 26 F Acute MS 4 months 2 months Fulminating MS 20 Esiri and Reading (1987) (1)
5 B9860 52 F Acute MS 2 years 1 month Acute MS 10 Esiri and Reading (1987) (2)
6 B561 51 F Acute MS 2 years 1 week Acute MS 8 Esiri (1977)
7 1413 26 F Acute MS 15 months 2 months Acute MS 6 Nil
8 B285 35 M Acute MS 6 months 1 week Acute MS 31 Gay and Esiri (1991) (5)
9 B260Q7 33 F Progressive MS 10 years 6 months Chronic active MS 4 Gay and Esiri (1991) (4)

10 B303 43 F Acute MS 2 years 6 months Acute MS 6 Gay and Esiri (1991) (6)
11 183/86 23 F Brainstem MS 5 weeks 5 weeks Acute MS 5 Adamset al. (1990) (10)
12 248/83 52 F Acute pontine MS 4 years 12 weeks Acute MS 8 Adamset al. (1990) (16)
13 P63/324* 44 F Brainstem MS 20 weeks 20 weeks Acute MS 8 Adamset al. (1990) (18)
14 B9055 65 F Chronic inactive MS 45 years 2 months Chronic inactive MS 2 Esiri and Reading (1987) (8)
15 B8946 61 F Chronic inactive MS 43 years 6 months Chronic inactive MS 2 Esiri and Reading (1987) (7)
16 C645 20 M Acute encephalitis 2 weeks 2 weeks Perivenous 4 blocks Esiriet al. (1989)

encephalomyelitis
17 458/87 18 F SSPE 13 years Measles SSPE 4 blocks Esiriet al. (1989)
18 R62/86 15 M SSPE 12 months Measles SSPE 2 blocks Esiriet al. (1982)
19 C1229 15 F RTA 30 min Traumatic

haemorrhage
20 C1225 38 M RTA 30 h Contracoup contusion
21 C1248 18 F RTA 36 h Sub dural haematoma
22 C1231 19 M RTA 24 h Sub dural haematoma
23 C1087 15 F Epilepsy R Hemispherectomy
24 C1226 54 M Pancreas carcinoma Sagittal sinus

thrombosis
25 C1549 Cerebral neoplasm Glioma
26 C1557 Cerebral neoplasm Glioma

MS 5 multiple sclerosis; SSPE5 subacute sclerosing panencephalitis; RTA5 road traffic accident. *Paraffin sections only.

Appendix 2 Monoclonal and polyclonal antibodies employed

Antibody Antigen Antibody Labels Second antibody Source of primary antibody
to: source source employed

Collagen IV Human Mouse mc CIV 22 na Rabbit-anti-mouse TRITC Bionuclear, Dako
Laminin Human Mouse mc na Rabbit-anti-mouse FITC Serotec
Actin Human Mouse mc HHF 35 na Rabbit-anti-mouse TRITC Tsukadaet al. (1987)
Actin Human Mouse mc 1A4 na Rabbit-anti-mouse peroxidase Dako
Fibrinogen Human Rabbit FITC na Dako
Complement C3d Human Rabbit FITC na Dako
Complement C5b-9 Human Mouse mc aE11 na Rabbit-anti-mouse peroxidase Dako
Macrophage Human Mouse mc Y1/82A na Rabbit-anti-mouse TRITC Daveyet al. (1988)
Macrophage Human Mouse mc EBM 11 na Rabbit-anti-mouse FITC Franklinet al. (1986)
Macrophage Human Mouse mc RFD 7 na Rabbit-anti-mouse peroxidase Janossyet al. (1986)
Macrophage Human Mouse mc HAM 56 na Rabbit-anti-mouse peroxidase Dako
CD41 T cell Human Mouse mc MT 310 Biotin Streptavidin-peroxidase Dako
CD41 T cell Human Mouse mc Q 4120 na Rabbit-anti-mouse peroxidase Dako
CD41 T cell Human Mouse mc T4 na Rabbit-anti-mouse peroxidase Dako
CD81 T cell Human Mouse mc RFT8 na Goat-anti-mouse IgM phosphatase Professor G. Janossy
IgG Human Rabbit F(ab’)2 na Swine-anti-rabbit peroxidase Dako
IgA Human Rabbit F(ab’)2 na Swine-anti-rabbit peroxidase Dako
IgM Human Rabbit F(ab’)2 na Swine-anti-rabbit peroxidase Dako
γδ T cell Human Mouse mc5 A6.E9 na Rabbit-anti-mouse biotin Serotec
HLA-DR Human Mouse mc na Rabbit-anti-mouse peroxidase Dako
MBP Human Mouse mc Clone 10 na Rabbit-anti-mouse biotin Groomet al. (1985)
Oligodendrocyte Human Mouse mc 14E na Rabbit-anti-mouse biotin Newcombe and Cuzner (1988)

HLA-DR 5 human lymphocyte antigen-DR; MBP5 myelin basic protein; FITC5 fluorescein isothiocyanate; TRITC5 tetrarhodamine
isothiocyanate.


