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RESEARCH ARTICLE

Disease-responsive neural precursor cells are present 
in multiple sclerosis lesions

Aims: Spontaneous tissue repair occurs in multiple sclerosis (MS), but the origin of remyelinating cells 
remains obscure. Here we explore the hypothesis that endogenous neural precursors are involved in MS 
disease processes. Materials & methods: We studied postmortem brain and spinal cord samples from 
MS patients using immunocytochemical techniques. Results: We show that cells co-positive for nestin and 
musashi- 1 are not merely present in lesions, but found in markedly increased numbers (up to fi vefold). 
Small numbers of nestin-positive cells show direct evidence of proliferation, co-staining for Ki67; some also 
coexpress glial fi brillary acidic protein or oligodendrocyte progenitor markers (NG  -2 or PDGF-α receptor), 
or the early neuronal marker doublecortin, consistent with transition from neural precursors. Conclusions: 
These fi ndings suggest that endogenous neural precursors react to disease processes in MS.

KEYWORDS: multiple sclerosis, nestin, neural precursor, oligodendrocytes, 
regeneration, remyelination

A detailed understanding of spontaneous repair 
processes in human CNS disease, and in partic-
ular of the potential contribution of endogenous 
precursors, should underpin any future devel-
opment of cell therapies in conditions such as 
multiple sclerosis (MS) and indeed in other neu-
rodegenerative diseases. Although the capacity 
of the brain for limited repair was recognized by 
Cajal, intensive interest has been rekindled only 
relatively recently, and the mechanisms involved 
remain poorly understood.

In MS, where damage to oligodendrocytes 
and their myelin sheaths causes demyelination 
in lesions throughout the CNS, spontaneous 
myelin repair was fi rst identifi ed over 40 years 
ago [1]. More recent studies have suggested that 
remyelination occurs earlier and more extensively 
than initially realized [2]. However, the origin of 
remyelinating cells in MS remains unclear [3–5]. 
Schwann cells make a limited contribution [6], 
but most is achieved by oligodendrocyte line-
age cells. These could, theoretically, originate 
from surviving differentiated cells in lesions, or 
from local or inwardly migrating endogenous 
oligodendrocyte progenitors. Another, more 
recently emerging possibility is that endogenous 
stem cells, perhaps better termed multipoten-
tial neural precursors, contribute to the pool of 
remyelinating cells in MS [4,7–9]. 

The study of neural precursors in human 
disease is complicated by the absence of spe-
cifi c markers. Nestin, employed in many exper-
imental studies, is expressed by such cells, but 
is not wholly specifi c [10]. However, the co-
expression of other markers, such as the RNA-

binding protein musashi-1, can help confi rm 
neural precursor identity [11]. Additionally, 
the transient co-expression by differenti-
ating precursors of nestin combined with 
lineage-specifi c markers such as glial fi bril-
lary acidic protein (GFAP; astrocytes), NG2 
(oligodendrocyte progenitors) or doublecortin 
(immature neurons) can offer indicative ‘ret-
rospective’ evidence of precursor cell presence. 
Here we study MS lesions, and show that cells 
with the immunophenotype of neural precur-
sors are present in MS, and expand in number 
substantially in response to the disease. Only 
a minority, however, show evidence of oli-
godendroglial differentiation. We believe our 
fi ndings have signifi cant implications for stem 
cell therapies and for our basic understanding 
of neurodegenerative disease.

Methods
Tissue sections �

A total of 25 postmortem cerebrum and spinal 
cord samples from seven patients (four male 
and three female) with MS were obtained from 
the Multiple Sclerosis Society Tissue Bank 
(Imperial College, London, UK). The mean age 
of patients was 56 years (range: 35–72 years).

Each tissue sample had been histologi-
cally examined, and all lesions classifi ed by 
Dr Federico Roncaroli (MS Tissue Bank). 
Lesions were observed in seven samples of cer-
ebrum, one classifi ed as active, two as chronic 
active and four as inactive (TABLE A1). Two of 
the remaining samples of cerebrum contained 
shadow plaques; the other four appeared 
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normal. Nine of the spinal cord samples con-
tained lesions: one active, two chronic active and 
six inactive. Three spinal cord samples appeared 
normal. All 25 samples contained some areas of 
normal-appearing white matter (NAWM). 

A total of 12 brain samples and three spinal 
cord samples from four control cases (two male 
and two female; mean age: 67 years; range: 
35–92 years) was also studied. Causes of death 
included cardiac failure, carcinoma of the tongue 
and myeloid leukemia. 

CNS tissue samples were divided into seven 
distinct classes:

Macroscopically normal control patient � 

white matter

NAWM from MS patients� 

Lesion tissue from the brain of MS patients� 

Control spinal cord (also normal macro-� 

scopically)

Normal-appearing spinal cord white matter � 

(NASC) from MS patients

Lesion tissue within the spinal cord of MS � 

patients

Shadow plaques within the cerebrum of MS � 

patients

Sectioning �
Cryostat sections 7 µm thick were cut from each 
sample, picked up on 3-aminopyltriethoxysilane-
coated slides, air-dried for 48 h, then stored at 
-80°C until required. Sections were removed 
as required from cold storage and immediately 
fi xed in acetone at 4°C for 10 min. 

Solochrome cyanine & hematoxylin  �
& eosin staining
Sections from all 40 samples (MS and control 
tissue) were stained with solochrome cyanine to 
locate lesions. After fi xation in acetone at 4°C, 
sections were rinsed in tap water and immersed 
in solochrome cyanine for 10 min. Sections were 
washed in running water for 5 min to intensify 
staining and differentiated in 10% iron alum. 
After they had been rinsed thoroughly, sections 
were counterstained with Kernecktrot solution 
for 15 min, dehydrated in industrial methylated 
spirits (IMS), cleared in xylene and mounted in 
DPX (BDH Laboratories, Poole, UK).

Hematoxylin and eosin staining was also per-
formed on sections from all samples to aid in the 
observation of lymphocyte infi ltration. Sections 
were stained with Harris’ hematoxylin for 1 min, 

‘blued’ in tap water, dehydrated and counter-
stained with eosin (Surgipath, Peterborough, 
UK) for 2 min. Sections were then brief ly 
rinsed in IMS, cleared in xylene and mounted 
in DPX.

Diaminobenzidine single staining �
Immunoperoxidase staining for nestin was car-
ried out on three sections from each sample on 
separate occasions. Sections incubated without 
primary antibody or with a mouse IgG-matched 
isotype antibody acted as negative controls. 
After acetone fi xation, sections were washed in 
phosphate-buffered saline (PBS) and permeabi-
lized in methanol at -20°C for 10 min. Sections 
were then immersed in 3% hydrogen peroxide/ 
methanol for 30 min to block endogenous per-
oxidase and washed in running water for 10 min. 
Sections were covered for 20 min with normal 
blocking serum (Vector Universal Elite ABC 
Kit, Vector Laboratories, made up according 
to manufacturer’s recommendations) and incu-
bated with primary antibody overnight. Two 
primary anti-nestin antibodies were initially 
tested: human-specifi c mouse monoclonal IgG1 
antibody and rabbit polyclonal antibody (both 
Chemicon, Livingston, UK). Both were diluted 
1:400 in PBS before use: comparison of these 
two antibodies showed no signifi cant differ-
ence in immunohistochemical or immunofl uo-
rescent staining. All results shown were from 
experiments using mouse IgG1 anti-nestin anti-
body. Rat anti-musashi-1 (a gift from Professor 
Okano, Tokyo) was used at a dilution of 1:500 in 
PBS and mouse IgG2 anti-MBP (Pharmingen, 
Oxford, UK) was diluted 1:200.

After 12 h, sections were washed in PBS and 
incubated with biotinylated secondary antibody 
(Vector Universal Elite ABC Kit) for 20 min, 
washed in PBS and incubated with ABC reagent 
(Vector Universal Elite ABC Kit) for 20 min 
(both made up according to manufactur-
ers’ recommendations). Sections were washed 
again before incubation with diaminobenzi-
dine (DAB) solution for 10 min. DAB solution 
was made up in 5 ml de-ionized water using 
reagents from the DAB substrate kit (Vector 
laboratories; 100µl solution buffer, 200 µl DAB 
reagent, 100 µl H

2
O

2
). Sections were washed 

again before incubation with DAB solution for 
10 min (DAB substrate kit; Vector laborato-
ries). Sections were counterstained with Harris’ 
hematoxylin (BDH Laboratories) for 30 s and 
blued under cold running water for 3 min. 
Sections were dehydrated, cleared with xylene 
and mounted in DPX. 
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Immunofl uorescence staining �
Immunofl uorescence staining was used for dou-
ble labeling. After acetone fi xation, sections were 
washed in PBS and permeabilized in methanol 
at -20°C for 10 min. Sections were washed again 
in PBS, rinsed in de-ionized water and immersed 
in 5 mM copper sulfate/50 mM ammonium 
acetate solution for 45 min to reduce autofl uo-
rescence (this step was omitted when using the 
anti-Ki67 antibody). Sections were re-rinsed in 
de-ionized water, washed in PBS and incubated 
for 1 h with 10% normal goat serum (NGS)/PBS 
to block nonspecifi c binding. Primary antibodies 
were added to the sections and incubated at 4°C 
overnight (the exceptions being anti-PDGF-αR, 
which was incubated for 72 h, and the anti-Ki67 
antibody, which was incubated at room tempera-
ture for 1 h). Primary antibodies were diluted in 
10% NGS (except goat anti-PDGF-αR antibody 
[R&D Systems, Abingdon, UK], for which horse 
serum was used to block sections and dilute anti-
body). The other primary antibodies were rabbit 
polyclonal anti-GFAP (1:400), rabbit anti-NG2 
polyclonal (1:200), rabbit anti-collagen IV poly-
clonal (1:100; all Chemicon), goat polyclonal 
anti-PDGFαR (1:40; R & D Systems), rat anti-
musashi-1 IgG (1:40; Professor Okano, Tokyo), 
guinea pig polyclonal anti-doublecortin (1:500; 
Novus Biological) and rabbit polyclonal IgG 
anti-Ki67 (1:100; Affi nity BioReagents) as a 
proliferation marker [12]. After incubation with 
primary antibody, sections were washed in PBS 
and incubated with secondary antibodies for 
45 min in the dark (in runs using the anti-Ki67 
antibody, 0.1% triton-X100 was added to the 
wash PBS to aid cleaning). Secondary antibod-
ies included goat anti-rabbit IgG conjugated 
to Alexa Fluor 488 nm, goat anti-rabbit IgG-
Alexa Fluor 546nm, goat anti-mouse IgG1-
Alexa Fluor 488nm, goat anti-mouse IgG-Alexa 
Fluor 546nm, goat anti-mouse IgM-Alexa Fluor 
546nm, goat anti-rat IgG-Alexa Fluor 488 nm, 
goat anti-rat IgG-TRITC (1:500, Southern 
Biotech, Cambridge, UK), donkey anti-goat 
IgG-Alexa Fluor 488nm and goat anti-guinea 
pig IgG-Alexa Fluor 568nm (all Alexa Fluor con-
jugates from Cambridge Bioscience, Cambridge, 
UK; diluted 1:2000 in 10% NGS). Sections 
were washed in PBS and incubated with 10% 
NGS for 5 min. Nuclei were counterstained with 
1 µg/ml Hoechst 33342 for 3 min. Sections were 
then washed in PBS and mounted in Vectashield 
aqueous mountant.

As a positive control for proliferation studies, 
fresh frozen human lymph node was sectioned 
and fi xed in the same way as brain tissue and 

anti-Ki67 immunofl uorescence staining was per-
formed to confi rm the ability of this antibody 
to detect the nuclei of proliferating cells (results 
not shown). 

Cell counting & analysis �
To assess the extent of nestin immunoreactiv-
ity, nestin-stained tissue sections were viewed by 
light microscopy (Olympus IX70), at a magnffi -
cation of x400. Counts were obtained from three 
sections from each block. In normal-appearing 
samples, three fi elds were selected at random 
from the NAWM in each section. For samples 
containing lesion tissue or shadow plaques, three 
fi elds within the lesioned or remyelinated area 
and three in NAWM were selected. A total cell 
count and a count of nestin-positive cells were 
obtained for each fi eld. To allow for variation in 
total cell number between individual patients, 
the number of nestin-positive cells was expressed 
as a percentage of total cell count. SPSS 12.0.1 
was used for ana lysis and statistics. Data were 
analyzed using a general linear model for 
repeated measures with a Tukey HSD post-hoc 
test for multiple comparisons of the percentage 
of nestin-expressing cells within the different tis-
sue classifi cations studied (control brain, control 
spinal cord, NAWM, NASC, brain lesions and 
spinal cord lesions).

Sections were viewed using a Leica DM6000B 
fl uorescence microscope, with FW4000 soft-
ware. In addition to counts of total cells and 
number of nestin-positive cells, the number 
of cells expressing the second marker and the 
number of cells that co-expressed both markers 
were also counted.

Results
Nestin-positive cells are present in  �

MS lesions
We studied CNS tissue from normal control sam-
ples and from patients with MS. In control brain 
or spinal cord tissue, few nestin-positive cells 
were present (a mean of 5.6% of all cells; TABLE 1; 

FIGURES 1D, 2 & 3A). Double labeling for nestin and 
collagen-IV showed that most were endothelial, 
as reported elsewhere (FIGURE 1B) [13–15]. Similarly, 
in NAWM and in NASC from patients, only 
small numbers of nestin-positive cells were seen, 
and the great majority of these were endothelial 
(65–100% in the brain co-expressing collagen-
IV; 36–52% co-expressing collagen IV in the 
spinal cord; FIGURES 1B & 3B), although close to 
lesion sites (and not seen in control tissue), a 
few nestin-positive collagen-IV-negative cells 
with multiple processes were observed.
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Within MS lesions, however, there was a 
highly signifi cant increase in both the percent-
age and absolute number of nestin-positive cells: 
26.5% of cells in cerebral lesions versus 5.6% 
in NAWM (p < 0.001), or a mean of 20 cells 
per fi eld compared with 4.8 (a four-to-fi ve-fold 
increase), and 23.4 cells per fi eld in spinal cord 
lesions compared with 5.9 per fi eld in NASC 
(p < 0.001; TABLE 1; FIGURES 1A, 2 & 3C, D, F). Only 
approximately 25% of nestin-expressing cells 
(range: 19.4–33%) within lesions were colla-
gen-IV positive, indicating that increased ang-
iogenesis in MS lesions [13,16] did not explain 
the increase in nestin-expressing cells. Nestin-
positive/collagen-IV-negative cells fell into two 
morphologically distinct groups: small, round, 
densely stained cells and larger cells with multiple 
processes (FIGURE 3D & F). Much smaller numbers 
of both types were also present in NAWM.

In NASC, there were more nestin-positive 
cells (mostly the round, densely-staining type) 
than in brain NAWM (TABLE 1) but this differ-
ence was not signifi cant (p = 0.074). One control 
case and several MS spinal cord samples showed 
nestin-expressing cells apparently converging 
from the edge of the cord, most notably at the 
ventral edge (FIGURE 3G & H). In the MS samples, 
this bore no obvious relationship to lesions. Most 
of these circumferential nestin-expressing cells 
co-expressed musashi-1. Single staining studies 
showed a morphology suggesting nestin-express-
ing and musashi-1-expressing cells are the same 
 population (FIGURE 3G & H).

Although our case numbers are small, we did 
not fi nd any relationship between numbers of 
nestin-positive cells and patient age. We observed 
no clear pattern of distribution of these cells 
within lesions: they appeared evenly dispersed 
throughout lesions, with no tendency to occur 
either at the lesion border or the plaque center.

Differences in nestin expression in active, 
chronic active and inactive brain lesions were seen 
but did not reach statistical signifi cance (active: 

16 cells per fi eld [range: 14–17] expressed nes-
tin; inactive: 21 cells per fi eld [range: 12–29]; 
chronic active: 17 [range: 9–23]). Two shadow 
plaques (from different cases) were identi-
fi ed by myelin pallor on solochrome cyanine 
staining and confirmed by the demonstra-
tion of abnormally thin myelin sheaths in 
MBP-immunostained sections. Each showed 
an increase in the relative numbers of nestin-
expressing cells (means of 18 and 22 cells per 
fi eld) compared with corresponding NAWM 
from MS brains (four and seven cells per fi eld; 
FIGURES 1F, G & 2), although these cell numbers 
were more akin to chronic inactive lesions 
than acute. In shadow plaques, many nestin-
expressing cells showed an interlacing elongated 
morphology with multiple processes, which was 
not seen elsewhere (FIGURE 1F).

Nestin/musashi-1 co-staining �
Immunofl uorescence labeling with nestin and a 
second marker also known to label neural precur-
sors, musashi-1, showed similar staining patterns 
(FIGURES 1C, D & 3G, H). A mean of 65.8% of NASC 
nestin-expressing cells (range: 61–71%) and 
71.1% in NAWM (range: 57–84%) expressed 
musashi-1. Likewise, not all musashi-1-positive 
cells expressed nestin; although there was some 
variation between cases, most showed 50–100% 
musashi-1-positive cells to co-express nestin (but 
as few as 23% in one instance). Within lesions, 
including shadow plaques, the proportion of 
nestin-expressing cells co-expressing musashi-1 
was higher, often approaching 90%. 

Relationship of nestin-positive cells  �
to astrocytes
In NAWM, approximately 30% of all cells 
were GFAP-positive astrocytes, but very few 
(mean of 0.3%; range: 0–1.3%) co-expressed 
nestin. This differed markedly in MS brain 
lesions, including shadow plaques, where up 
to 64.2% (mean of 35%; range: 6–64%) of 

Table 1. Descriptive statistics, including means and ranges for the total numbers of nestin-positive cells (per 
high power fi eld), and the percentage of cells positive for nestin (of total cell number).

Tissue type Mean (%) Range (%) Minimum (%) Maximum (%) Standard deviation

Control white matter brain 4.84 (5.66) 4.13 (5.24) 3.27 (2.86) 7.40 (8.10) 0.99 (1.47)
MS NAWM 5.45 (5.63) 6.11 (7.91) 3.00 (2.86) 9.11 (10.77) 1.94 (2.13)
MS brain lesion 20.02 (28.19) 40.89 (46.31) 8.89 (8.30) 49.78 (54.62) 11.62 (14.42)
Shadow plaques 18.93 (25.02) 5.11 (12.53) 17.00 (19.76) 22.11 (32.29) 2.78 (6.50)
Control spinal cord 5.88 (10.58) 5.02 (5.71) 3.89 (8.49) 8.91 (14.20) 2.67 (3.15)
MS spinal cord NAWM 10.74 (14.84) 19.76 (28.38) 4.11 (5.29) 23.87 (33.67) 5.90 (9.55)
MS spinal cord lesion 23.35 (33.93) 23.78 (58.40) 12.00 (19.38) 35.78 (77.77) 6.20 (17.72)
NAWM: Normal-appearing white matter; MS: Multiple sclerosis.
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Figure 1. Neural precursors in normal and multiple sclerosis-affected CNS. (A–C) Multiple sclerosis (MS) lesion tissue 
(A: MS98 A1C4; B & C: MS53 P3C5) showing nestin-positive single stained cells (A), and nestin-positive double-stained cells co-positive 
for collagen V (B) or for musashi (C). (D) Control spinal cord (C25 SC3) nestin-musashi co-positive cells. (E & H–J) MS lesion tissue from 
brain (MS154 P3C3). (F & G) Shadow plaque from MS affected brain (MS170 P2A2). As indicated, (E–H & J) show nestin-staining cells 
co-positive for GFAP, PDGF-α, NG2, doublecortin or Ki 67, respectively, while (I) shows proliferating CD45/Ki67 co-positive cells. 
Magnifi cation ×400. All images show nestin in green and Hoechst nuclei stain in blue, other antibodies as indicated.
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Figure 2. Quantitation of nestin-positive cells in multiple sclerosis tissue. Box-and-whisker plot 
showing (A) the percentage of cells and (B) the absolute number of cells/high power fi eld that are 
positive for nestin in normal-appearing tissue, MS lesion tissue and shadow plaques from white matter 
and spinal cord. Each case is represented by a different colour bar. C denotes a control case and MS a 
multiple sclerosis case.
MS: Multiple sclerosis; NASC: Normal-appearing spinal cord white matter; NAWM: Normal-appearing 
white matter.
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GFAP-positive astrocytes co-expressed nestin, 
and 63.9% of nestin-expressing cells stained 
for GFAP (FIGURE 1E). Spinal cord showed less 
variation. In NASC, a mean of 28% (range: 
10–48%) of GFAP-positive astrocytes co-
expressed nestin; in spinal lesions, 32% (range: 
17–47%). 

Relationship of nestin-positive  �
cells to oligodendrocyte lineage cells
The increase in nestin-expressing cells was con-
sistent with the possibility that they might gen-
erate oligodendrocyte progenitor cells (OPCs) 
for remyelination. Immunofl uorescent labeling 
for either of two OPC surface markers, NG2 
and PDGF-αR, showed NG2- and PDGF-αR-
expressing cells to be present in lesions (includ-
ing shadow plaques) as previously reported [17–
20]. Within lesions, OPCs were found in greater 
numbers in those areas that also contained 
most nestin-expressing cells. Double labeling 
revealed that nestin-positive cells co-expressing 
NG2 or PDGF-αR were also present, although 
in very small numbers (<1%; FIGURE 1F & G).

Relationship of nestin-positive cells  �
to neuronal lineage cells
We double stained tissue with antibodies to 
nestin and doublecortin, a marker of immature 
neurons [21,22], to pursue the hypothesis that 
some neural precursors in lesions might have 
differentiated not along glial pathways but into 
neuronal cells. We found small numbers of nes-
tin–doublecortin co-positive cells in MS lesions 
(FIGURE 1H). The proportion varied, but a mean of 
13.0% of nestin-positive cells (range: 0–43%) 
within lesions were doublecortin positive.

Proliferation of nestin-positive cells  �
in MS lesions
We used Ki67 immunolabeling to disclose 
proliferation of cells within MS tissue, and in 
particular to assess whether any nestin-posi-
tive cells might be identifi ed in the process of 
division [12]. We found signifi cant numbers of 
Ki67-positive cells, but the great majority of 
these were nestin negative. Further immuno-
cytochemical investigation revealed that most 
Ki67-positive cells were co-positive for the 
leukocyte marker CD45 (FIGURE 1I), suggesting 
these were infi ltrating infl ammatory cells (or 
possibly activated microglia). However, we also 
found very small numbers of nestin-positive 
cells in MS lesions that were clearly co-positive 
for Ki67 (FIGURE 1J; a mean of 0.1 cells per fi eld; 
range: 0–0.56.

.

A B

C D

E F

G H

Figure 3: Nestin-expressing cells stained using mouse anti-nestin antibody 
and visualized with diaminobenzidine peroxidase technique. (A) Control 
white matter (C25 A4B4). (B) Normal-appearing white matter from multiple 
sclerosis (MS) case (MS170 P2A2). (C) and (D) MS lesion (MS154 P3C3). 
(E) Normal-appearing spinal cord white matter from MS case (MS154 Scc1). 
(F) Spinal cord MS lesion (MS154 Scc1). Two morphologically distinct types of 
nestin-positive cells are apparent. (G & H) Anterior edge of control spinal cord 
(C25 SC3). (G) Nestin; (H) musashi-1. Magnifi cation ×400.
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Discussion 
We have demonstrated a marked increase in 
the number of nestin-positive cells in acute MS 
lesions. The majority of these are co-positive for 
musashi-1. Our results are consistent with the 
hypothesis that endogenous neural precursors 
react locally to disease processes in MS. The 
presence of nestin–GFAP co-staining cells, and 
of small numbers of nestin-positive cells that co-
stain for markers of neuronal or oligodendroglial 
lineages, together with the identifi cation of small 
numbers of proliferating nestin-positive cells, 
support this proposal.

Nestin antibody does not exclusively mark 
neural stem cells: normal endothelia and some 
astrocytes can be nestin positive [14]. In our 
study, the absence of differentiated cell markers, 
including endothelial collagen-IV and GFAP, in 
approximately one third of nestin-positive cells in 
lesions rather supports neural precursor identity. 
Furthermore, musashi-1 (although also not abso-
lutely specifi c as a neural stem cell marker) was 
expressed in the majority (50–74%) of nestin-
 expressing cells (excluding collagen IV-expressing 
endothelia), further suggesting that they are 
indeed neural precursor cells.

Adult neural precursors were assumed to be 
restricted to the subependymal zone and hip-
pocampus [23,24]. Subsequently, nestin-positive 
multipotent neural precursors were grown in cell 
culture from various areas of the adult human 
CNS [25–27]. This might be explained as a cell 
culture artefact. However, more recent studies 
indicate that this potential is realized not just by 
in vitro conditioning, but also in vivo following 
tissue damage. In experimental models of stroke, 
trauma and other disorders, large numbers of nes-
tin-positive neural precursors appear in response to 
tissue injury [28–32]. Finally, it has been confi rmed 
that this process also occurs in the adult human 
brain following infarction [33–35], sub-arachnoid 
hemorrhage [36], epilepsy [37], and in Parkinson’s 
[38], Alzheimer’s [39] and Huntington’s diseases 
[40,41]. The molecular mechanisms underlying the 
induction (and suppression) of neurogenesis out-
side the classical neurogenic regions of the adult 
CNS are beginning to emerge [42–44].

In experimental demyelinating disease, pro-
liferation of OPCs precedes the generation of 
new oligodendrocytes and remyelination [45–47]. 
In other (viral) demyelinating models, endog-
enous neural stem cells are a major source of 
proliferating remyelinating cells [48] and subven-
tricular zone neural progenitors contribute to 
oligodendrogliogenesis in the adult mouse [8,49]. 
There is also evidence that cellular activation 

and increased gliogenesis occur in the human 
subventricular zone in MS [50,51]. Others have 
demonstrated neurogenesis in response to 
in fl ammatory demyelination in the rodent spinal 
cord [7,52]. 

Could endogenous neural stem cells there-
fore contribute to the pool of remyelinating 
oligodendrocyte progenitors previously demon-
strated in MS lesions [17–20,53], some of which 
appear to proliferate [18], although (probably 
more mature) O4-positive cells do not [54]? The 
presence of nestin/musashi co-positive cells, their 
fi vefold increase in lesions and the demonstration 
of nestin–Ki67 co-positive cells, their close jux-
taposition within lesions to OPCs, and the fi nd-
ing of small numbers of nestin/NG2 and nestin/
PDGF-αR co-expressing cells (particularly con-
sidering the probable very short transitional stage 
of nestin/PDGF-αR co-expression, with nestin 
expression being limited to perhaps just a few days 
[20,30] during neural precursor differentiation to 
lineage-restricted OPC) are all consistent with 
this possibility. The presence of cells co-positive 
for nestin and doublecortin or GFAP also supports 
the possibility that neural precursors were present 
in lesions. It has in fact been suggested that, being 
only very transiently expressed, the demonstra-
tion of doublecortin alone is a reliable and specifi c 
marker for adult neurogenesis [55–57]. 

Our fi ndings differ slightly from those of 
Nait-Oumesmar et al., whose study used poly-
sialic acid-NCAM as a precursor marker, and dis-
closed, using β-tubulin as a marker, no neuronal 
differentiation. In both studies, small numbers of 
proliferating cells, and small numbers of putative 
precursor cells co-staining with early oligoden-
droglial markers were found. We did not fi nd a 
relationship between the number of cells of puta-
tive neural precursor origin and proximity to the 
sub- or peri-ventricular area, but the number of 
cells identifi ed in our study was small and we 
certainly could not exclude such an origin. 

Others have suggested an alternative (or addi-
tional) origin for neural precursors in the adult 
human diseased brain – namely, the injured and 
reactive parenchymal astrocyte. It is now clear 
that GFAP can be an exception to the rule that 
‘mature’ cell markers are not expressed in stem or 
precursor cells; GFAP-positive ‘astrocytes’ (type B 
cells) in the sub- (or peri-) ventricular zone and 
in the hippocampus exhibit stem cell properties 
[58], particularly in the adult [59–61] (including 
human [62]) brain. However, it is also possible 
that reactive, nestin-expressing parenchymal 
astrocytes in regions distant from the subven-
tricular zone may also assume neural precursor 
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behavior. This was fi rst suggested over a decade 
ago by McKay and Brustle and colleagues [63] 
and supported by subsequent studies exploring 
various types of tissue injury [30,32,64,65]. There 
is, in short, evidence that there is a ‘multipotent 
astrocyte found throughout the postnatal CNS 
amenable to de-differentiation and stem cell-like 
behavior’ [66].

Regardless of their origin, the large num-
bers of precursor cells, and evidence of prolif-
eration, together with the far greater propor-
tion of GFAP-positive nestin-expressing cells 
than those expressing oligodendrocyte-lineage 
markers, implies that environmental signals in 
MS lesions are such as to encourage suffi cient 
numbers to accumulate (through division and/
or migration), but may not be conducive for 
determining an oligodendroglial fate for neu-
ral precursors. Nestin–GFAP co-positive cells 
could thus represent ‘default’ pathway cells use-
ful for no more than scar formation. It remains 
conceivable, however, that they may play a more 
subtle but positive role – helping to reprogram 
repair through various so-called noncanonical 
reparative mechanisms exhibited by stem cells 
[67,68], including immune modulation [69–71], 
neuroprotection [72,73], growth factor produc-
tion [74–76], reduced scar formation and/or other 
effects on local macro- and microglia [68].

Our results may help shift the focus of atten-
tion away from endogenous OPCs towards 
parenchymal neural precursors in understanding 

myelin repair in MS. The challenge becomes to 
dissect and defi ne the relative contribution that 
each potential mechanism of reprogramming 
repair makes to spontaneous remyelination, in 
addition to understanding the mechanisms of 
endogenous neural precursor recruitment and 
proliferation. Thus, a more complete explana-
tion of the frequent failure of tissue repair in 
MS may emerge, which will help the develop-
ment of stem cell-based therapies or small-mol-
ecule interventions that promote or supplement 
their activity.
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Executive summary
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rarely along the oligodendroglial lineage.
Further studies could valuably explore the origins of these cells, and whether parenchymal astrocytes might respond to disease  by  �
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A better understanding of the cell biology of repair in MS, and other neurodegenerative diseases, is vital for the development of  �
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