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Abstract
Reports that chronically demyelinated multiple sclerosis brain and spinal cord lesions
contained immature oligodendrocyte lineage cells have generated major interest aimed at
the potential for promotion of endogenous repair. Despite the prominence of the optic nerve
as a lesion site and its importance in clinical disease assessment, no detailed studies of
multiple sclerosis-affected optic nerve exist. This study aims to provide insight into the
cellular pathology of chronic demyelination in multiple sclerosis through direct morpho-
logical and immunohistochemical analysis of optic nerve in conjunction with observations
from an experimental cat optic nerve model of successful remyelination. Myelin stain-
ing was followed by immunohistochemistry to differentially label neuroglia. Digitally
immortalized sections were then analyzed to generate quantification data and antigenic
phenotypes including maturational stages within the oligodendrocyte lineage. It was found
that some chronically demyelinated multiple sclerosis optic nerve lesions contained
oligodendroglial cells and that heterogeneity existed in the presence of myelin sheaths,
oligodendrocyte maturational stages and extent of axonal investment. The findings advance
our understanding of oligodendrocyte activity in chronically demyelinated human optic
nerve and may have implications for studies aimed at enhancement of endogenous repair in
multiple sclerosis.

INTRODUCTION
A hallmark of multiple sclerosis (MS) is the eventual pre-
dominance of chronically demyelinated “sclerotic” plaques
despite evidence of successful remyelination, particularly in
the early phases of the disease. Recently, it has been reported
that some chronic demyelination lesions in the brain and
spinal cord contained immature phenotype oligodendrocyte
lineage cells (14, 34, 39, 58, 59, 61). Based on these reports,
a tenet has emerged that remyelination failure despite the
presence of immature oligodendrocytes is a widespread feature
of chronic demyelination lesions in MS (32–34). Stimulated by
the prospect of therapeutic intervention to promote functional
repair, numerous experimental studies have since generated
hypotheses to explain why remyelination fails in MS (22, 41, 50,
62, 64).

However, given the relatively few instances of direct investiga-
tion of chronic MS lesions on which the concept of remyelination
failure has been based and also the inter-study variation in
observed pathology, there is a need for further examples to be
described with particular emphasis on the presence and matura-
tional stages of the resident oligodendroglial cells and whether
lesions are quiescent (34, 59, 61) or display active cell turnover
(14, 39).

The optic nerve (ON) provides an ideal setting for investigation
of endogenous repair in MS lesions with regular, aligned fiber
bundles and a relatively simple, well-characterized neuroglial
complement, conducive to both qualitative and quantitative analy-
ses (28). It is also a major lesion site in MS (1, 2, 13, 19, 51).
However, despite extensive statistics on the incidence of optic
neuritis and the obvious relevance to MS, few studies have spe-
cifically investigated the microscopic pathology of multiple scle-
rosis optic nerve (MSON) lesions (20) and, to the best of our
knowledge, none have employed immunohistochemistry (IHC).

The present study describes the pathology found in archival
samples of chronically demyelinated MSON. Characterization of
the neuroglia was aided by previous studies of normal cat and
human ON (28). Similarly, the stage-specific identification of
oligodendroglial cells within demyelinated lesions was made pos-
sible by reference to the experimental cat optic nerve (ECON)
model of demyelination and remyelination in which individual cell
antigenic phenotypes have been correlated with ultrastructural
detail, including relationship to demyelinated axons (7, 27). We
report the presence of oligodendroglial cells in some chronically
demyelinated MSON lesions. Although all such lesions were
stable and quiescent, significant inter- and intra-lesion heteroge-
neity existed in oligodendrocyte maturational stages and the extent
of their axonal investment.
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MATERIALS AND METHODS

Human control optic nerve

Control neuroglial cell quantification and antigenic phenotype
data were generated during previous studies of normal
human optic nerve (NHON) post-fixed for up to 2 weeks in 10%
buffered formalin for relevance to archival MS specimen analysis
(28).

MSON

Eight composite tissue blocks (formalin-fixed paraffin-embedded)
comprising 22 noncontiguous ON segments from four cases of
chronic MS (Table 1) were obtained from Dr. M Esiri (Oxfordshire
Clinical Research Ethics Committee Approval No. C02.340).

Demyelinated cat optic nerve

In studies reported previously, demyelinated lesions were created
in the intra-orbital ON of young adult cats (9) to follow the process
of remyelination (7, 29). For the current study (Table 1), blocks
were selected for further analysis that contained focal lesions
timed between 9 and 24 days post lesion to coincide with the
transition of oligodendrocyte precursor cells to remyelinating
oligodendrocytes (7, 8).

Section preparation

Paraffin-embedded human ON tissue blocks, each containing
between one and four segments, were sectioned serially at 3 μm.
Resin-embedded cat ON segments were sectioned serially in sets
comprising 1 μm sections preceding and following “thin” (80 nm)

Table 1. Stains; primary antibodies; secondary antibodies; chromogens.
Abbreviations: AP = alkaline phosphatase; G = goat; Ig = immunoglobulin; m = mouse/monoclonal; Ol = oligodendrocyte; OP = oligodendrocyte pro-
genitor cell; OPC = oligodendrocyte precursor cell; p = polyclonal; premyOl = premyelinating Ol; remyOl = remyelinating Ol; rb = rabbit.

Marker
abbrev

Name/detail Dilution Target Source

LFB Luxol fast blue Myelin Sigma
SoC Solochrome (eriochrome) cyanine Myelin Sigma
NF Pan neurofilament; p IgG 1:5000 Axonal neurofilaments Affiniti
Ki-67 Ki-67 m IgM clone PP-67 1:800 Nuclear antigen in proliferating cells Sigma
GFAP Glial fibrillary acidic protein; p 1:2000 Astrocytes Dako
Vim Vimentin; m anti-swine clone V9 1:200 Astrocytes, microglia (activated), oligodendroglia

(OPC)
Dako; Spring

rb mono clone SP20 1:400
CAII Carbonic anhydrase isoenz II; m 1:400 Oligodendroglia (Ol) Santa Cruz
MBP Myelin basic protein; m 1:300 Myelin; oligodendroglia (remyOl) NCL
HNK-1 Human natural killer cell/CD57; m IgM—biotin 1:50 Oligodendroglia (premyOl; remyOl; Ol) BD
GS Glutamine synthetase 1:800 Oligodendroglia (premyOl; remyOl; Ol) BD
NoA Nogo-A; p IgG 1:4000 Oligodendroglia (premyOl; remyOl; Ol) Santa Cruz
PLP Proteolipid protein AA3 including isoform DM20; rat m 1:400 Myelin; oligodendroglia (premyOl; remyOl) W. Macklin
p25 P25a/TPPP (tubulin polymerization promoting protein);

m
1:2000 Oligodendroglia (remyOl; Ol) J. Ovadi

Olig1 Ol transcription factor 1; p 1:400 Oligodendroglial lineage (nuclear in OP; OPC) RnD; C. Stiles
1:2000

Olig2 Ol transcription factor 2; p 1:12000 Oligodendroglial lineage (nuclear) C. Stiles
GSLII Griffonia simplicifolia isolectin II 1:20 Oligodendroglia (remyOl; Ol); microglia

(activated)/macrophage
Vector

Fcg/γ HPA010718; p IgG 1:600 Microglia/macrophage Sigma
CD68 CD68; m IgG1k clone KP1 1:400 Microglia/macrophage Dako
RCA-1 Ricinus communis agglutinin I 1:1500 Microglia/macrophage Vector
EV EnVision G anti-rb/g anti-m Fab fragment linked to

peroxidase-labeled dextran polymer
Dako

NL NovoLink polymer Anti-m/rb IgG –p HRP NCL
mAP Monoclonal alkaline phosphatase link G anti-m IgG conjugated to AP Sigma
pAP Monoclonal alkaline phosphatase link G anti-rb IgG conjugated to AP Sigma
AEC 3-Amino-9-ethylcarbazole Chromogen Dako
DAB Diaminobenzidine ImmPACT Chromogen Vector
Fuchsin Fuchsin Chromogen Dako

Source addresses: Affiniti Research, Devon, UK; BD Biosciences, San Diego, CA, USA; Dako Corporation, NSW, Australia; Dr Wendy Macklin,
University of Colorado Medical School, Denver, CO, USA; Santa Cruz Biotechnology, Santa Cruz, CA, USA; NCL: Leica Novocastra, Newcastle-
on-Tyne, UK; Prof Judit Ovadi, Hungarian Academy of Sciences, Budapest, Hungary; Sigma, St Louis, MO, USA; Spring Bioscience, Pleasanton, CA,
USA; Vector, Burlingame, CA, USA; RnD: R & D Systems, Abingdon, UK; Prof. C Stiles, Dana-Farber Cancer Institute, Boston, MA, USA.
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sections collected on formvar-coated slot aperture grids for elec-
tron microscopy. Prior to immunostaining, paraffin sections were
dewaxed and hydrated; resin sections were deplasticised and
etched (29).

Myelin staining

To distinguish areas of demyelination in human ON, sections
were stained with luxol fast blue (LFB) and counterstained with
hematoxylin and eosin. Additionally, solochrome cyanine staining
was used to label intact sheaths but not degenerate myelin (41). Cat
ON resin sections were stained with toluidine blue to highlight the
osmium tetroxide taken up by myelin sheaths during processing
for electron microscopy.

IHC

For antigen retrieval, slides were microwaved in 0.05% citraconic
anhydride (pH 7.4) for 20 minutes at 95°C. Nonspecific protein
binding was blocked with 10% normal horse serum in phosphate
buffered saline (PBS) and endogenous peroxidase activity blocked
with 0.3% hydrogen peroxide for 5 minutes. Sections were
incubated overnight with primary antibodies (Table 1) diluted
in PBS and binding was revealed with peroxidase- or alkaline
phosphatase-substrate chromogens via species- or immunoglobu-
lin subtype-specific secondary link antibodies (Table 1). For dual
staining, primary antibodies applied as a cocktail were separately
revealed with 3,3′-diaminobenzidine (DAB; brown) vs. 3-amino-
9-ethylcarbazole (AEC) or Fuchsin (red) and counterstained with
hematoxylin. To maximize staining information from individual
paraffin sections, the SIMPLE (Sequential Immunoperoxidase
Labeling and Erasing) protocol (24) was modified to incorporate
myelin staining as part of the pre- and/or counterstaining regime.
Rounds of single primary immunostaining, revealed with the
alcohol-soluble chromogen, AEC, were immortalized by digital
slide scanning (see below) before chromogen removal and appli-
cation of the next antibody of interest. Cat lesion serial sections
were reacted with single primary antibodies selected to define cell
identity and maturational stage, digitally scanned and compared to
reveal the antigenic phenotype of individual cells.

Staining controls included positive and negative control tissues
and primary antibody omission.

Imaging and analysis

Light microscopy

Light microscopy images up to ×100 objective magnification oil
immersion were captured from a Zeiss Universal Research Micro-
scope (Carl Zeiss Microscopy, Jena, Germany) fitted with a Leica
DFC420 digital camera linked to Leica LAS version 3.8 software
(Leica Microsystems, Wetzler, Germany).

Virtual microscopy

Slide-mounted sections were digitally scanned in an Aperio
T2 ScanScope (Aperio Technologies, Vista, CA, USA). Using
ImageScope software, the resultant virtual slide (.svs) image could
then be analyzed at magnifications from slide overview up to ×40,

with the software generating separate layers to permanently record
cell counts and individual annotation details such as nuclear
dimensions. Neuroglial cells were counted within standard area
frames (0.2 mm2) and more than five fields per marker averaged
for expression as cells/mm2 (± standard error of the mean; SEM)
and as relative percentages of the total macroglia or neuroglia.
With the .svs images of two or more differentially stained versions
of the same or serial sections centered on the same cell and locked
together, navigation around one image was matched on the others,
allowing accurate comparison of staining outcomes. To ensure the
correct staining designation of individual cells within virtual
microscopy counting frames, sections were viewed concurrently
by light microscopy at ×100.

Electron microscopy and electron microscopy—light

microscopy correlation

Ultrastructural analysis of resin-embedded 80 nm sections
mounted on slot aperture grids was carried out on a Jeol JEM-
1400 digital transmission electron microscope (Jeol USA,
Peabody, MA, USA). Low magnification electron microscopy
digital image print outs were used as a link with individual cells
in immunostained 1 μm sections, enabling direct correlation
between ultrastructure and antigenic phenotype.

RESULTS

ECON model of antiserum-induced
demyelination

Expression of HNK-1 by newly differentiated

premyelinating oligodendrocytes correlates

ultrastructurally with advanced axonal wrapping

One micron sections, cut serially to precede and follow “thin”
(80 nm) electron microscopy (EM) sections, were immunostained
as follows: glial fibrillary acidic protein (GFAP); vimentin (Vim);
HNK; EM sections; HNK; myelin basic protein (MBP); griffonia
simplicifolia isolectin II (GII). The resulting sections were then
digitally scanned and compared as described in the Materials and
Methods section to generate an antigenic phenotype for individual
cells that could be correlated with their ultrastructural character-
istics. In lesions timed at 9, 12, 17 and 24 days post lesion to
precede and include remyelination, three maturational stages of
oligodendrocyte lineage cells were identifiable: oligodendrocyte
precursor cells (OPC; GFAP−/Vim+/HNK−/MBP−/GII−); premye-
linating oligodendrocytes (premyOl; GFAP−/Vim−/HNK+/MBP−/
GII−); and remyelinating oligodendrocytes (remyOl; GFAP−/Vim−/
HNK+/MBPmyelin

+/GII−).
From the earliest time point (9 days post lesion), denuded axons

were closely encircled by Vim intermediate filament-rich OPC
processes. By 12 days post lesion, OPC differentiation into
premyOls was occurring, with a switch from Vim to HNK expres-
sion in cell bodies and processes (Figure 1A,B). Ultrastructurally,
intermediate filaments (Figure 1C) were replaced by microtubules
set in cytoplasm with the inherent electron density characteristic of
oligodendrocytes (Figure 1E). Investing processes exceeded one
and a half wraps around individual axons (Figure 1F). By 17 days
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Figure 1. Immunohistochemistry, morphology and ultrastructure of
oligodendrocyte lineage maturational stages in experimental remyeli-
nation. Experimental cat optic nerve (ECON) remyelination: Immunohi-
stochemistry [A, D, G, HNK (human natural killer cell); B, Vim (vimentin)]
and electron microscopy (C, E, F, H, I) of oligodendroglial differentiation
stages involved in remyelination. A–F. 12 days post lesion. A, B. In serial
1 μm sections of a cross-sectioned fascicle bordered by connective
tissue containing blood vessel “v,” an oligodendrocyte precursor cell
(OPC; o) and premyelinating oligodendrocyte (premyOl; p) show distinc-
tive antigenic phenotypes; Vim+ HNK− (OPC); Vim− HNK+ (premyOl). D–F.

An HNK+ premyOl (p) is correlated with its ultrastructure in serial elec-
tron microscopy (EM) sections. Both precursor stages relate closely to
the surrounding demyelinated axons (*), progressing from relatively
simple process encirclement (OPC; C) to advanced wrapping (premyOl;
F). Macrophage cytoplasm (m) is seen in A, B and D. G–I. 24 days post
lesion. RemyOl (r) differentiation from premyOl is evidenced by the
presence of compact myelin lamellae surrounding axons (H, I).
Remyelinated axons are outlined by HNK+ remyOl cytoplasm (G) but
contiguity with the remyOl cell body can no longer be demonstrated.
Scale bars = 10 μm (A, B, G); 5 μm (D, E, H); 1 μm (C, F, I).
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post lesion, the proportion of OPC relative to premyOls had dimin-
ished and the appearance of thin compact myelin lamellae her-
alded the next maturational stage, that of remyOls. By 24 days post
lesion, thin myelin sheaths surrounded most axons and all
oligodendroglial cells were remyOls, sharing the same basic
antigenic phenotype as premyOls (Vim−/HNK+) but with the addi-
tional expression of MBP in HNK+ periaxonal processes that
could no longer be demonstrated contiguous with cell bodies
(Figure 1G–I). Common to all these lesion durations was the pres-
ence of debris-laden macrophages—throughout the parenchyma
at earlier times (Figure 1A,B,D), with a generalized shift to
perivenular locations as remyelination progressed.

MSON

When sections from the composite paraffin blocks containing seg-
ments of MSON (Table 2) were reacted with LFB counterstained
with hematoxylin and eosin, myelin sheaths around axons were
visible as bright blue-green rings or linear profiles depending on
the plane of section, such that at low magnification, areas of
demyelination appeared pale relative to adjacent myelinated tissue.
Higher magnification revealed the thickness of myelin sheaths and
whether cellularity in demyelinated areas was reduced or lacking
heterogeneity. Also revealed was the quality of morphological
preservation of individual segments and their orientation (trans-
verse, oblique or longitudinal section). Particularly given the limi-
tations inherent in formalin-fixed autopsy tissue, investigation was
focused on segments displaying the highest quality of morphologi-
cal and antigenic preservation, with further selection to those with
cross-sectional physical orientation for the purposes of serial
section analysis and accurate quantification.

Normal-appearing multiple sclerosis optic
nerve (NAMSON)

Analysis of normal-appearing fully myelinated MSON provided
a valuable comparison with the demyelinated lesions in addition
to providing information on normality or otherwise relative to
NHON. Seven NAMSON segments were identified from two cases
(Table 3). Histologically, the main segment examined was fully
myelinated, with no evidence of perivenular inflammation or

neuroglial degeneration (case MS3; “N”; Figure 2A,G). The cross-
sectional area fell within the normal range at approximately 9 mm2

(30), and qualitatively, fiber density was not obviously diminished.
Using cell-type-specific antigenic markers previously shown to
reliably identify human neuroglia in formalin-fixed, paraffin-
embedded sections (28) component cells were labeled and
counted. Astrocytes were identified with antibody to GFAP or
Vim (Figure 3D); microglia with Fcγ or CD68 (Figure 3C);
oligodendrocytes with Olig1, Olig2, HNK, NoA, GS or CAII
(Figure 3D–K); and NG2 cells/OP by Olig1 nuclear positivity
(Figure 3F) or by Olig2 without cytoplasmic oligodendrocyte
markers (Figure 3E). Oligodendrocytes, with nuclear dia-
meters ranging from 6 to 10 μm, displayed the morphological

Table 2. Human and experimental remyelination model tissue samples.
Abbreviations: C = experimental remyelination model cat optic nerve case; F = female; FF = formalin; M = male; MS = multiple sclerosis case;
Mx = male neuter; n = number; NK = not known; PG = paraformaldehyde—glutaraldehyde; PMI = post-mortem interval.

Case
code

Gender Age
(years)

PMI
(hours)

Duration
(years)

Tissue
blocks (n)

Optic nerve
segments (n)

Fixation

MS1 F 66 NK 8 3 7 FF
MS2 F 68 NK NK 2 6 FF
MS3 M 63 NK 10 2 7 FF
MS4 M 40 NK 9 1 2 FF

(days)

C1 Mx 2 0 9 4 4 PG
C2 Mx 2 0 12 4 4 PG
C3 Mx 2 0 17 4 4 PG
C4 Mx 2 0 24 4 4 PG

Table 3. Human and experimental optic nerve lesions and
oligodendroglial cell types.
Abbreviations: — = no detailed analysis; C = experimental remyelina-
tion model cat optic nerve case; DM = demyelination; MS = multiple
sclerosis case; N = normal-appearing MSON; “N“ = example of N
selected for detailed analysis; DMG = astrogliotic demyelination;
“DMA“ = demyelination lesion type A, selected for detailed analysis;
“DMB“ = demyelination lesion type B, selected for detailed analysis;
OP = oligodendrocyte progenitor cell/NG2 cell; OPC = oligodendrocyte
precursor cell; premyOl = premyelinating oligodendrocyte; R =
remyelination; remyOl = remyelinating oligodendrocyte.

Case
code

Predominant
lesion type/s

*Oligodendroglial cell types
in “specified lesions”

MS1 N/DMG/“DMB” post remyOl†
MS2 N —
MS3 N/DMG/“N” OP/Ol

“DMA” OP/OPC/premyOl/remyOl
MS4 N/DMG —
C1 R OPC
C2 R OPC/premyOl
C3 R OPC/premyOl/remyOl
C4 R remyOl

*Antigenic phenotype-based identification.
†post remyOl, best-fit classification based on combination of antigenic
phenotype and nuclear dimensions (see the Results section).
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heterogeneity typically seen in NHON, often surrounded by a halo
of edema that gave the typical “fried egg” appearance associated
with post-mortem artifact (Figure 3B,G–J).

However, comparison of neuroglial counts with those in NHON
revealed differences in both absolute and relative abundance.
Although the total number of neuroglial cells per mm2 was only
slightly decreased, astrocytes were increased (260 cells/mm2 vs.
205 cells/mm2), whereas microglia (65 cells/mm2 vs. 90 cells/
mm2), oligodendrocytes (290 cells/mm2 vs. 340 cells/mm2) and
NG2 cells (18 cells/mm2 vs. 35 cells/mm2) were decreased. When
expressed in terms of relative abundance, astrocytes comprised
41% (vs. 31%), microglia 10% (vs. 13%); oligodendrocytes 46%
(vs. 51%) and NG2 cells 3% (vs. 5%). NG2 cells/OP were half as
numerous as in NHON, with a ratio to oligodendrocytes of 1:16
(vs. 1:10).

Chronically demyelinated MSON lesions

In three of four cases, most segments displayed demyelination,
with lesions occupying up to 100% of the nerve face (Figure 2C–
E), including one extending longitudinally for more than 10 mm
(Figure 2F). Astrogliotic demyelination (demyelination lesion
type G; DMG) (Table 3), ranged from large, full-face plaques

(Figure 2C) to relatively small patches located within NAMSON
(Figure 2B,H) and typically featured reduced cellularity princi-
pally comprising cells with large, pale, ovoid nuclei (Figure 2I). In
contrast, other demyelinated lesions contained plentiful, morpho-
logically heterogeneous nuclei (Figure 2J,K), some of which
labeled with the oligodendrocyte lineage marker, Olig2. To inves-
tigate the presence of oligodendroglia in these other chronic
demyelination lesions, including their quantification relative to the
other classes of neuroglia, detailed analysis was mainly focused
on the best, representative, cross-sectioned segments; one each
from cases MS1 and MS3. In both, the ON faces were totally
demyelinated and markedly decreased in diameter relative to
NHON and NAMSON (Table 4). Both lesions were quiescent,
lacking dividing cells, perivenular cellular infiltrates, degenerate
cells or debris-laden macrophages to indicate recent lesion activ-
ity. Hypertrophic astrocytes, some clustered together, with large,
pale nuclei (up to 7 μm × 10 μm), were prominent.

However, clear differences were revealed by high magnification
viewing of LFB staining and IHC to label oligodendrocytes
(HNK). The two lesion types are hereafter referred to as
demyelination lesion type A (DMA) (case MS3; Figure 2D,J) and
demyelination lesion type B (DMB) (case MS1; Figure 2E,K).
Whereas DMA featured an extensive matrix of inter- and

Figure 2. Normal-appearing and demyelinated optic nerve autopsy
tissue segments from four cases of chronic multiple sclerosis (MS).
Luxol fast blue (LFB) with hematoxylin and eosin counterstain. A–F. Low
magnification overviews of transverse sections (A, D, E) and longitudinal
sections (B, C, F). Myelinated areas were blue (A, B) compared with the
relatively pale demyelinated lesions that in B and C–F occupied a small
patch (*) or the entire nerve face, respectively. G–K. Higher magnifica-
tion revealed myelin sheaths around axons as brightly stained rings (G)
or linear profiles (H) as well as neuroglial cell abundance and basic
nuclear morphology. (A, G; case MS3) Transected segment of normal-
appearing multiple sclerosis optic nerve (NAMSON, “N“). At higher
magnification (G), round oligodendrocyte nuclei among the myelinated
axons are surrounded by a halo of cytoplasmic edema typical of post-

mortem artifact. (B, H; case MS3) NAMSON containing a focal pale area
(*) of astrogliotic demyelination [demyelination lesion type G (DMG)]. (C,
I; case MS4) Totally demyelinated segment in longitudinal orientation. I.
Higher magnification shows the typical DMG features of predominant
uniform large astrocyte nuclei. (D, J; case MS3) Transected totally
demyelinated segment [demyelination lesion type A (DMA)]. J. Higher
magnification shows plentiful heterogeneous neuroglial cell nuclei. (E,
K; case MS1) Transected totally demyelinated segment [demyelination
lesion type B (DMB)]. K. Higher magnification shows plentiful hetero-
geneous neuroglial cell nuclei. (F; case MS1) Totally demyelinated
segment in longitudinal orientation. Scale bars = 1 mm (A–F); 50 μm
(G–K).
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periaxonal oligodendroglial processes, with fine LFB+ profiles
in some fascicles, DMB not only lacked any myelin staining but
had no evidence of axonal investment. To further compare the
two lesion types, correlated morphological and IHC analysis was
undertaken, with emphasis on the neuroglial complement and
maturational stages of oligodendrocyte lineage cells. To this end,
the SIMPLE protocol (24) was modified as described in the Mate-
rials and Methods section. Elements from a panel of antibodies
(Table 1) were applied sequentially to individual sections, some of
which had been pre-imaged with LFB, to allow unequivocal com-
parison of the staining pattern of two or more cell type- or
oligodendroglial stage-specific markers, the relationship of
oligodendroglial cells to axons stained for neurofilaments and/or
evidence for cell division (Ki-67). Final counterstaining with
solochrome cyanine revealed nuclear morphology and the pres-
ence of myelin sheaths.

DMA

Maturational stages of oligodendrocyte lineage cells

in chronic demyelination relate to axons

In DMA, reduced numbers of transected nerve fibers were segre-
gated into fascicles by variably thickened connective tissue septae
(Figure 4A,B,E). Within all fascicles, hematoxylin staining
revealed morphologically heterogeneous neuroglial cell nuclei. In
addition to those typical of astrocytes, there were many darker,
round to ovoid nuclei that were smaller than those of mature
oligodendrocytes and featured aggregated heterochromatin and
central nucleoli (Figure 4D–F). In sections stained with LFB and
viewed at high magnification (×100 oil immersion), very thin
LFB+ profiles were visible in some fascicles as tight or loose
periaxonal rings, depending on the extent of post-mortem artifact

Figure 3. Morphology and immunohistochemistry of neuroglial cells in
normal-appearing multiple sclerosis optic nerve (NAMSON). A, B. Luxol
fast blue (LFB). NAMSON “N“ was fully myelinated and exhibited high
quality morphological preservation within the constraints of post-
mortem autolysis and formalin fixation (eg, cytoplasmic edema in
oligodendrocytes (B)]. D. Dual staining for vimentin (Vim; brown) and
glutamine synthetase (GS; red): Vim+ astrocytes (open arrows) often
featured large nuclei and cell bodies with prominent coarse processes
that extended among the smaller, round-bodied GS+ oligodendrocytes

(arrows). C. Fcγ+ microglial cells were relatively inconspicuous and gen-
erally had small cell bodies extending into one or more long, spindly
processes (arrow). E, F. NG2 cells/OP were distinguished either by
relatively intense Olig2+ (E, arrowhead) without oligodendrocyte cyto-
plasmic markers such as GS (arrows) or by nuclear Olig1 expression (F,
arrowhead). D–K. Oligodendrocytes, in addition to nuclear Olig2, fea-
tured cytoplasmic labeling with GS (arrows in E), Olig1 (arrows in F),
HNK (G), NoA (H) and CAII (K), with MBP (J) and PLP (I) generally
restricted to myelin. Scale bars = 1 mm (A); 5 μm (B–K).
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(Figure 4E). The observation that these profiles also stained with
solochrome cyanine histochemistry confirmed their identity as
viable, albeit thin myelin sheaths are contiguous with
oligodendroglial cell bodies. Fascicles containing such evidence of
nascent remyelination were clustered together in two main foci
(Figure 4A, outlined in red), separated from zones of total
demyelination (Figure 4A, outlined in green) by fascicles exhibit-
ing more scattered sheathing. The physical segregation of these
patterns was maintained as sectioning progressed longitudinally
(>2 mm).

Particularly in the fascicles with the most LFB staining, some
oligodendroglial cell nuclei showed a clear spatial relationship to
nearby myelinated axons, suggestive of them being remyOls
(Figure 4D,H). However, the majority of the oligodendroglial cells,
despite sharing similar nuclear morphology, were not associated
with myelin sheathing (Figure 4F,G). Subsequent immunohisto-
chemical analysis distinguished four oligodendroglial (Olig2+) cell
types on the basis of their antigenic phenotypes and staining
expression patterns, none of which included cells undergoing divi-
sion or apoptosis.

Almost all oligodendroglial cells expressed cytoplasmic Olig1
(weak; Figure 4Q), GS (Figure 4S), HNK (Figure 4I–L), NoA
(Figure 4M,N) and PLP (Figure 4O,P). RemyOls (Figure 4D,H,L,
N,P) were distinguished by perinuclear positivity visually sepa-
rated from periaxonal (HNK, NoA) or myelin sheath staining
(PLP, MBP). Some remyOl cytoplasm was weakly positive for
MBP, p25 and CAII, which denotes oligodendroglial maturity (17,
26). In contrast, in the majority oligodendroglial cells not associ-
ated with myelin (Figure 5G,J,K,M,O), cell body positivity for
HNK, NoA and PLP extended into radiating proximal processes,
some of which contacted demyelinated axons, consistent with the

morphology of PLP+ cells described as premyOls in MS brain
sections (14). Confirmation that the majority of axons were encir-
cled by oligodendroglial cytoplasm was obtained by imaging for
axonal neurofilaments followed by HNK (not shown). Occasional
Vim+ Olig2+ cells with similar nuclei to the remyOls and premyOls
(Figure 4R) had the Vim+/HNK− antigenic phenotype typical of
OPC in the ECON model (11), confirmed by imaging HNK stain-
ing followed by Olig2Vim. Rare NG2 cells/OP were demonstrated
by nuclear expression of Olig1 (Figure 4Q) or by Olig2 in the
absence of oligodendroglial cytoplasmic markers (Figure 4S) (28,
31, 34). Thus, component oligodendrocyte lineage cells were
shown to comprise four separate entities identifiable by their anti-
genic phenotypes (Table 5) as (i) NG2 cells/OP (Olig1n+/Olig2++/
Vim−/HNK−/NoA−); (ii) OPC; Olig2+/Vim+/HNK−/NoA−); (iii)
premyOl; (Olig2+/Vim−/HNK+/NoA+/PLP+/CAII−/MBP−); and (iv)
remyOl; (Olig2+/Vim−/HNK+/NoA+/PLP+/p25+/CAII+/MBP+).

Quantification (Table 4) revealed that the combined abundance
of the oligodendroglial precursor stages was approximately two-
thirds that of NHON oligodendrocytes (Ol) (225 cells/mm2 vs. 340
cells/mm2) and comprised 38% (vs. 51%) of the overall neuroglial
complement. NG2 cells/OP were present in markedly reduced
numbers (5 cells/mm2 vs. 35 cells/mm2), comprising <1% (vs. 5%)
of neuroglia and with a ratio to the other oligodendroglial cells of
1:45 (1:10 Ol in NHON) (28). In contrast, astrocyte abundance
was increased (260 cells/mm2 vs. 205 cells/mm2), comprising 43%
of the total neuroglia. Qualitatively, wholly demyelinated fascicles
contained a greater proportion of hypertrophic astrocytes that also
tended to be clustered together. Heterogeneity among astrocytes
was suggested by differential expression for the markers, GFAP
and Vim, as well as between different Vim antibodies (Table 1).
Microglia were not morphologically prominent, present in clusters
or elevated in number (65 cells/mm2 vs. 90 cells/mm2), comprising
11% (vs. 13%) of the neuroglia. Only occasional perivenular
microglial cells bore an activated antigenic phenotype (Fcγ+/GII+/
Vim+).

DMB

Oligodendroglial cells not associated with

demyelinated axons

In DMB, the overall nerve atrophy relative to NHON was reflected
internally where the fascicles were slightly shrunken despite the
appearance of increased extracellular space (Figure 5A,B). With
NF staining, nerve fibers were reduced in number, with consider-
able variation in both size and orientation of axonal profiles
(Figure 5F). All fascicles contained plentiful, morphologically het-
erogeneous neuroglial nuclei (Figure 5C). Astrocytes positive for
both GFAP and Vim were markedly increased relative to NHON
(335 cells/mm2 vs. 205 cells/mm2; Table 4). Some were hyper-
trophic and clustered together and most featured long processes
coursing among the axons (Figure 5D). Microglia were also
elevated in number (145 cells/mm2 vs. 90 cells/mm2) and contrib-
uted extensive sinuous process profiles throughout the parenchyma
(Figure 5E). Two morphologies were observed; the first were cells
with small dark nuclei, limited cell body cytoplasm and fine,
radiating processes that predominated over the second with larger
cell bodies and relatively pale nuclei.

Table 4. Neuroglial cell-type abundance in control and chronically
demyelinated multiple sclerosis optic nerve.
Abbreviations: As = astrocytes; DMA = demyelination lesion type A;
DMB = demyelination lesion type B; Mic = microglial cells;
NAMSON = normal-appearing multiple sclerosis optic nerve;
NHON = normal human optic nerve; Ol = oligodendrocytes/
oligodendrocyte lineage cells; OP = NG2 cells/oligodendrocyte progeni-
tor cells; Seg = segment; TS = transverse section.

Tissue/Seg
(TS area)

Cells* Total As Mic Ol OP

NHON†
(∼9 mm2)

Per mm2 670 205 90 340 35
SEM 5.2 1.7 1.9 2.0 0.4
% 100 31 13 51 5

NAMSON
(9.5 mm2)

Per mm2 633 260 65 290 18
SEM 6.9 3.8 0.7 1.9 0.3
% 100 41 10 46 3

DMA
(6.0 mm2)

Per mm2 600 260 65 225 5
SEM 4.4 4.3 1.1 1.7 0.2
% 100 43 11 38 <1

DMB
(5.5 mm2)

Per mm2 650 335 145 170 0
SEM 7.3 3.5 2.2 1.5 0
% 100 52 22 26 0

*Counts averaged from multiple standard (0.2 mm2) fields and expres-
sed as cells per mm2 and as a relative percent of the total neuroglia.
†Data from previous study (28).
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Figure 4. Morphology and immunohistochemistry of neuroglial cells in
totally demyelinated multiple sclerosis optic nerve (MSON) with
demyelination lesion type A (DMA). A, B, D–H. Luxol fast blue (LFB)-
stained sections at overview (A) to high power magnification show the
presence of cells with small round nuclei (arrows in D, F) that are closely
associated with thin (MBP+, C) myelin sheaths in some fascicles (out-
lined in red on overview, A and boxed in red; B–D, H) but not in others
(outlined in green on overview, A and boxed in green; E–G). I–L.
Immunohistochemistry with HNK labeled almost all of these cells,
resulting in extensive staining throughout the demyelinated fascicles (I).
J–L. At high magnification, HNK+ staining was seen in two distinct
patterns. J, K. In the majority premyOls (individual images boxed in
green), radiating processes were seen extending out from perinuclear
cell bodies to sometimes end in periaxonal cuffs (arrows), whereas
remyOls (individual images boxed in red) lacked visible processes such
that their perinuclear positivity was separated from nearby periaxonal
rings (arrows in L). Further analysis showed a similar discriminative
pattern with the markers NoA (M, N) and PLP (O, P). C. Immuno-
histochemistry with MBP was restricted to the thin myelin sheaths of

remyOls. Q–R. In addition to premyOls and remyOls, antigenic
phenotyping identified occasional OPC and OP. R. Following the
SIMPLE (Sequential Immunoperoxidase Labeling and Erasing) protocol,
an OPC nucleus at the top of the outlined example is faintly stained with
haematoxylin remaining from the previous imaging stage and encircled
by Vim+ cytoplasm that extends distally to wrap around nearby axons,
(Vim preceding HNK and final counterstain). Q. NG2 cells/OP were
identifiable by nuclear Olig1 expression (arrowhead) in contrast to
premyOls or remyOls that had weak cytoplasmic staining (arrow). S.
Dual staining identified multiple neuroglial cell types simultaneously
within a single preparation. Olig2 combined with NoA (brown) and
contrasted with Vim (red), separated premyOls or remyOls with small
round (weakly) Olig2+ nuclei and NoA+ cytoplasm (Olig2+/NoA+/Vim−;
arrows) from NG2 cells/OP that had intense Olig2+ nuclei but no cyto-
plasmic staining (Olig2+/NoA−/Vim−; arrowhead), astrocytes with large
nuclei and coarse straight processes (Olig2−/NoA−/Vim+; open arrows)
and immuno-negative microglia (Olig2−/NoA−/Vim−; circled). Scale
bars = 1 mm (A); 50 μm (E, I); 20 μm (F); 10 μm (P–R); 5 μm (G, H, J–S).
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Olig2-positive oligodendroglial cells were present in all fasci-
cles in reduced numbers relative to oligodendrocytes in NHON
(170 cells/mm2 vs. 340 cells/mm2) and comprised only 26% of
the total neuroglia (Figure 5C). Their round, 5 to 6 μm diameter
nuclei (Figure 5C) were smaller than those of mature oligoden-
drocytes in NHON and NAMSON (Table 5). The impression of a
uniform population was supported by the shared antigenic pheno-
type; Vim−/HNK+/GS+/NoA+/PLP+/p25+/MBP+/CAII+ (Table 5). In
combination, nuclear size and the maturity level indicated by
expression of myelin-associated proteins best fitted a differentia-
tion status of “post remyOl” (advanced remyOl or immature
oligodendrocyte). However, these cells did not appear normal. All
cytoplasmic markers, including those known to reveal distal
process extension (HNK; NoA), were largely restricted to proxi-
mal cell body cytoplasm (Figure 5F–K), with no evidence of
axonal investment. Dual staining for NF and HNK confirmed that

the occasional profiles of more distal oligodendroglial processes
did not encircle demyelinated axons (Figure 5F). No NG2 cells/OP
were identifiable.

DISCUSSION
Historically, knowledge about the pathology of MS has been
built on the examination of tissue obtained at autopsy. While
sections of MS lesions afford only a snapshot view of the patho-
logical processes at the time of death, careful analysis can reveal
much about the cells involved and likely events that have
occurred. To the best of our knowledge, this study is the first to
describe the IHC of chronic MS pathology in the normal-
appearing and demyelinated human ON. We report the differen-
tial identification and abundance of the neuroglial complement
based on our recent studies in the normal human ON (28).

Figure 5. Morphology and immunohistochemistry of neuroglial cells in
totally demyelinated multiple sclerosis optic nerve with demyelination
lesion type B (DMB). A–C. Luxol fast blue (LFB)-stained sections at
overview (A), low power (B) and high power magnification (C) show the
presence within fascicles of numerous neuroglial cells with morphologi-
cally heterogeneous nuclei. D. Astrocytes were prominent (Vim;
arrows). E. Staining with Fcγ (Table 1) revealed large numbers of mor-
phologically heterogeneous microglia (arrows). C, F–K. Oligodendroglial

cells with uniformly sized rounded (5–6 μm diameter) nuclei (arrows in
C), all shared the mature antigenic phenotype HNK+ (F, G)/NoA+ (H)/PLP+

(I)/MBP+ (J)/CAII+ (K) with positivity restricted to proximal cell body. F.
The absence of axonal investment by processes from these cells was
confirmed with dual staining to differentially label oligodendroglia (HNK;
arrowhead; brown) and axonal neurofilaments (NF; examples arrowed;
pink). Scale bars = 1 mm (A); 50 μm (B); 20 μm (G–K); 10 μm (C–F).
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Interpretation of the findings was further aided by the ECON
model of successful remyelination in which all oligodendroglial
differentiation stages have been characterised (7, 11, 12). Given
the antigenic concordance demonstrated between normal cat and
human neuroglia (28), MS lesion cells could be referenced
against the remyelinating oligodendrocyte lineage by their anti-
genic phenotype, thus predicting differentiation stage, ultra-
structure and detailed relationship to the demyelinated axons. Of
particular relevance, we confirm here that expression of HNK
only appears once axonal investment by oligodendroglial precur-
sor cell processes exceeds a complete wrap, as has been docu-
mented for Schwann cells during peripheral nervous system
myelination (40).

The material examined and forming the basis of this report
comprised four cases of MS (eight ONs) and is therefore neither
claimed to be wholly representative of all MSON lesions, nor to
fully capture the frequency with which the lesions described here
might occur. Nevertheless, we believe that our findings add mate-
rially to the understanding of the histopathology of chronically
demyelinated MSON. The observed differences in neuroglial quan-
tification between NHON and the example of NAMSON (Table 4)
despite its macroscopically normal appearance, serve to highlight
the imperative for detailed direct analysis of MS tissue sections.

In addition to classic sclerotic plaques dominated by astrocytes
(DMG), other totally demyelinated regions featured mixed
neuroglial cell types including significant numbers of oligoden-
droglia. Although these lesions were all quiescent and stable, two
main types (DMA and DMB) differed considerably, both in com-
ponent oligodendrocyte lineage cells and in their relationship to
demyelinated axons. DMA featured multiple oligodendrocyte pre-

cursor stages, the majority of which were engaged in axonal invest-
ment including some nascent remyelination, whereas DMB
contained a uniform population of oligodendroglial cells that did
not provide axonal investment. Together, these two lesion types
provide important insights on the nature of chronically
demyelinated MSON, which are especially relevant to the current
understanding of remyelination failure.

DMA oligodendrocyte lineage cells totaled ∼60% of the NHON
complement (Table 4) and were shown to comprise rare NG2
cells/OP and OPC in addition to the predominant premyOl and
remyOl. Although the presence of such axon-investing cells, some
of which had elaborated thin myelin sheaths, could superficially
suggest the commencement of early, successful remyelination,
supporting evidence was lacking. There were no debris-laden
macrophages as are typically found in both ECON and MS
remyelination (3, 8). In MS, complete clearance of phagocytic
cells indicates a longstanding lesion (3, 4). Nor was evidence
found for a dynamic interplay between cell birth and death as
was reported in a proportion of the original studies that iden-
tified oligodendrocyte precursor cells in chronic MS tissue sec-
tions (14, 18, 52). No evidence of (Ki-67+) dividing cells was
found and we do not consider that the many premyOls were short-
lived as was concluded for morphologically similar, PLP+ axon-
associating “pre-myelinating oligodendrocytes” (14, 56). Rather,
this lesion type appeared stable, implying that the axon-associating
cells had been generated long ago and persisted long term.
Although the past lesion environment evidently supported the
majority of OPCs to differentiate into premyOls, relatively few had
progressed to become remyOls, none of which had achieved full
remyelination.

Table 5. Antigenic phenotype of neuroglial cells in normal and demyelinated cat optic nerve; normal human optic nerve; normal-appearing
multiple sclerosis optic nerve; chronically demyelinated multiple sclerosis optic nerve DMA* and DMB.
Abbreviations: As = astrocytes; diamn = approximate nuclear diameter; DMB = demyelination lesion type B; mic/ф = microglia/macrophage; my =
myelin only; Ol = mature oligodendrocytes; OP = NG2 cells/oligodendrocyte progenitor cells; OPC = oligodendrocyte precursor cells; premyOl =
premyelinating oligodendrocytes; remyOl = remyelinating oligodendrocytes; v = variable/irregular; + = positive; ++ = intense positivity;
− = negative; +n = nuclear positivity; +c = cytoplasmic positivity; +p = positivity extends into processes; −/* = negative except for activated
microglia and macrophages.

Marker Cell type mic/ф As Oligodendrocyte lineage

OP OPC premyOl remyOl DMB Ol

diamn (μm) v 8 v 4 5 5 5–6 6;7;8†
RCA + ‒ ‒ ‒ ‒ ‒ ‒ ‒
Fcg + ‒ ‒ ‒ ‒ ‒ ‒ ‒
GFAP ‒ + ‒ ‒ ‒ ‒ ‒ ‒
Vim ‒/* + ‒ + ‒ ‒ ‒ ‒
Olig1 ‒ ‒ +n +n +c +c +c +c

Olig2 ‒ ‒ ++ + + + + +
HNK ‒ ‒ ‒ ‒ +p + + +
GS ‒ ‒ ‒ ‒ + + + +
NoA ‒ ‒ ‒ ‒ +p + + +
PLP ‒ ‒ ‒ ‒ +p + + my
MBP ‒ ‒ ‒ ‒ ‒ +/‒; my + +
GII ‒/* ‒ ‒ ‒ ‒ ‒ ‒ +
CAII ‒ ‒ ‒ ‒ ‒ +/‒ + +

*Demyelination lesion type A oligodendroglial cells conformed to the antigenic phenotypes of OP; OPC; premyOl; remyOl.
†Mature oligodendrocyte subtypes Ol1; Ol2; Ol3—data from previous study (28).
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It is this scenario of remyelination failure despite the presence of
potentially reparative cells that has become widely accepted as a
common feature of chronically demyelinated MS lesions (32–34,
42). Numerous experimental studies have since generated hypoth-
eses to explain why remyelination fails, stimulated by the prospect
of promoting endogenous repair in MS (15, 22, 25, 35, 43–46, 50,
54, 64). A common assumption is that the cells involved are a
homogeneous population of immature but otherwise normal,
naive “OPC” (arbitrarily referred to as oligodendrocyte precursor
or progenitor cells), prevented from progressing through to
remyelination by external inhibitory factors (32–34). However,
this view may be a serious oversimplification, with lack of con-
textual appreciation of the lesion environment underscoring the
importance of direct MS lesion observation.

In the current study, several features suggested both heteroge-
neity of pathology and more complex dysfunction possibilities.
Firstly, multiple oligodendrocyte precursor differentiation stages
were present concurrently (OPC; premyOl; remyOl) including
some progression to remyelination. Secondly, the majority
premyOls with characteristic HNK+/NoA+/PLP+ radial processes
were unlikely to be normal per se as their longevity contrasted
with the transient nature of this maturational stage in both suc-
cessful remyelination (7) (ECON model, this study) and nor-
mal rodent development (56). Thirdly, possible axon-related
dysfunction was suggested by the observation that the local
limited remyelination foci were maintained longitudinally
through serial sections, consistent with the extent of investment
being specific to individual axons. It has been hypothesized that
deficient, rudimentary myelination occurs when dysfunctional
axons lack energy (ATP) to donate to the myelination process
(50). Fourthly, NG2 cell/OP abundance was markedly reduced.
In addition to their role as oligodendrocyte progenitors (OP)
(28), NG2 cells have other important functions within the normal
CNS, most of which involve intimate physical associations of
their fine, far-reaching processes (16, 23, 28, 36, 47, 53, 63).
Therefore, such pronounced NG2 cell loss, in addition to dimin-
ishing the ability to replace oligodendroglial cells, could have
adversely affected the timely differentiation of the premyOls,
particularly given the suggested role of NG2 cells in the estab-
lishment of nodes (5, 6, 21).

Further evidence of complexity was provided by the pathology
evident in DMB despite superficial similarity to DMA of chronic
demyelination in the presence of oligodendroglial cells. In con-
trast to the multiple axon-investing differentiation stages present
in DMA, DMB oligodendroglial cells comprised a single, more
differentiated population that lacked axonal associations and had
an atypical proximal cell body staining pattern (Figure 5F–K)
compared with mature oligodendrocytes (Figure 3D–K). In one
of the earlier studies of chronically demyelinated MS brain,
cells with a similar morphology and antigenic phenotype were
described as “demyelinated oligodendrocytes,” that is, mature
oligodendrocytes that had survived the loss of their myelin
sheaths (60). Our interpretation, particularly given the total
absence of NG2 cells/OP and the smaller nuclear size of DMB
cells relative to mature ON oligodendrocytes (Table 5), was that
these cells had repaired a previous demyelination episode, reach-
ing the differentiation stage of immature oligodendrocytes before
axonal investment was subsequently lost. Potential reasons for
this to occur include the scenario of so-called virtual hypoxia,

whereby axoglial energy failure is proposed to lead to varying
degrees of myelin and axonal loss (37, 55). Alternatively, other
factors may have caused the lesion environment to become
nonconducive for sustained axoglial relations. For instance, a
switch of microglial activation can favor oligotoxic pro-
inflammatory cytokines (38, 49). Certainly, microglial abundance
in this lesion was markedly elevated in number and of mixed
morphology. Environmental imbalance was also suggested by the
increased numbers of astrocytes and the total absence of NG2
cells (Table 4).

Although remyelination has been shown to be the natural con-
sequence of demyelination (8, 11, 48), many lesions in MS remain
chronically demyelinated. Recent reports that some chronic
lesions contain oligodendroglial cells are supported by our find-
ings in the ON. However, the assumption that all such lesions
display a uniform pathology of basically normal OPC that have
failed to fully differentiate is not supported. Despite superficial
similarities, oligodendroglia-containing chronic demyelination
lesions are not necessarily the same, with implications for both
hypotheses of remyelination failure and sampling for proteomics.
Nevertheless, in terms of the goal to promote endogenous repair in
MS, both lesion types described here revealed evidence suggestive
of an initially successful response to large-scale demyelination,
with extensive repopulation by OPC that had achieved advanced
axonal investment. Particularly given the apparent stability of
these lesions, it is therefore possible that a window of opportunity
exists during which demyelinated axons are afforded physical pro-
tection and may retain electrophysiological function (10, 57) and
whereby additional factors might be induced to act to afford longer
term neuroprotection.
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