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Neurobiology of Disease

Expression of Stathmin, a Developmentally Controlled
Cytoskeleton-Regulating Molecule, in
Demyelinating Disorders

Aixiao Liu,' Christine Stadelmann,?> Mario Moscarello,’ Wolfgang Bruck,>* Andre’ Sobel,” Fabrizio G. Mastronardi,’
and Patrizia Casaccia-Bonnefil'

'Department of Neuroscience, R. Wood Johnson Medical School, Piscataway, New Jersey 08854, 2Department of Neuropathology, University of Goettingen,
13353 Goettingen, Germany, *Department of Biochemistry, Hospital for Sick Children, Toronto, Ontario, M5G 1X8 Canada, “Hertie Institute of Multiple
Sclerosis Research, 13353 Goettingen, Germany, and >Unité 440 Institut National de la Santé et de la Recherche Médical, Institut du Fer a’ Moulin Paris,
75005 Paris, France

Understanding the biological relevance of reexpression of developmental molecules in pathological conditions is crucial for the devel-
opment of new therapies. In this study, we report the increased expression of stathmin, a developmentally regulated tubulin-binding
protein, in the brains of patients with multiple sclerosis (MS). In physiological conditions, stathmin immunoreactivity was observed in
polysialic acid—-neural cell adhesion molecule-positive migratory progenitors in the subventricular zone, and its expression progressively
decreased as the cells matured into oligodendrocytes (OLs). In MS patients, however, stathmin levels were elevated in 2",3"-cyclic
nucleotide 3'-phosphodiesterase-positive OLs, in 10 of 10 bioptic samples analyzed. Increased levels of stathmin were confirmed by
Western blot analysis of normal-appearing white matter samples from MS brains. In addition, using mass spectrometry, stathmin was
identified as the main component of a specific myelin protein fraction consistently increased in MS preparations compared with controls.

To test the biological relevance of increased stathmin levels, primary OL progenitors were transfected using a myc-tagged stathmin
cDNA and were allowed to differentiate. Consistent with a distinct role played by this molecule in cells of the OL lineage at different
developmental stages, transient transfection in progenitors favored the bipolar migratory phenotype but did not affect survival. How-
ever, sustained stathmin levels in differentiating OLs, because of overexpression, resulted in enhanced apoptotic susceptibility.

We conclude that stathmin expression in demyelinating disorders could have a dual role. On one hand, by favoring the migratory
phenotype of progenitors, it may promote myelin repair. On the other hand, stathmin in mature OLs may indicate cell stress and possibly

affect survival.
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Introduction
The reexpression of developmental molecules has been docu-
mented in several pathological states, including liver and lung
cancer (Hafner et al., 2004), kidney fibrosis (Sequeira Lopez and
Gomez, 2004), Alzheimer’s disease (Riedel et al., 2003), and mul-
tiple sclerosis (MS) (John et al., 2002), but the biological signifi-
cance of this phenomenon remains only partially defined.

Here, we describe high levels of the tubulin sequestering and
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cytoskeleton interfering protein stathmin in demyelinating dis-
orders and ask the biological relevance of this finding. Stathmin is
a highly conserved protein among vertebrates (Koppel et al.,
1990) that is highly expressed during embryogenesis and progres-
sively declines during the development of the brain and spinal
cord (Amat et al., 1991; Pellier-Monnin et al., 2001). Stathmin is
part of a larger protein family (Schubart et al., 1989; Okazaki et
al., 1993; Ozon et al., 1997) including the neural proteins SCG10
(Anderson and Axel, 1985), SCLIP (Ozon et al., 1998), RB3, and
the spliced isoforms RB3" and RB3” (Ozon et al., 1997, 1998). It
was originally identified as a cytosolic phosphoprotein in neu-
roendocrine cells (Sobel and Tashjian, 1983; Schubart, 1988),
also called Op18 (Hailat et al., 1990) and p19 (Pasmantier et al.,
1986), and then identified in high abundance in the developing
brain (Schubart et al., 1989; Koppel et al., 1990; Amatetal., 1991).
In the adult brain, stathmin has been detected in germinal areas
with neurogenic and gliogenic potential (Amatetal., 1991) and in
specific subpopulations of neurons (Peschanski et al., 1993;
Camoletto et al., 1997; Ozon et al., 1999), although its expression
in neurons is much lower than SCG10 (Himi et al., 1994).
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Stathmin has been shown to increase the rate of microtubule
catastrophe by direct interaction with tubulin dimers and inhibi-
tion of tubulin polymerization (Belmont and Mitchison, 1996;
Curmi et al., 1997; Charbaut et al., 2001). We have previously
identified stathmin as one of the genes encoding for cytoskeletal
elements that were epigenetically downregulated during oligo-
dendrocyte progenitor differentiation in vitro (A. Liu etal., 2003).
Because of the importance of the microtubule network as struc-
tural support for the myelin membrane and transport system of
myelin components (Wilson and Brophy, 1989; Ainger et al.,
1993; Benjamins and Nedelkoska, 1994; Carson et al., 1998; Song
et al., 2001), we now asked whether stathmin was expressed in
pathological conditions associated with myelin dysfunction.

Materials and Methods

Primary cultures of oligodendrocyte progenitors from the neonatal rat brain.
Oligodendrocyte progenitors were isolated from the cortex of postnatal
day 1 rats and cultured according to a modified McCarthy and de Vellis
procedure (1980), as described by A. Liu et al. (2003).

Immunocytochemistry on primary cultures. Cells were grown on Per-
manox chambers for all immunocytochemistry. For oligodendrocyte lin-
eage staining, cells were rinsed gently with PBS, incubated with O4 hy-
bridoma supernatant (1:10; a gift from Dr. R. Bansal, University of
Connecticut Health Center, Farmington, CT) for 30 min at 37°C, and
then fixed with 4% paraformaldehyde (PFA). For immunofluorescence,
cells were incubated with antibodies against stathmin (1:1000; Calbio-
chem, San Diego, CA), Myc-Tag (1:500; Upstate Biotechnology, Lake
Placid, NY), and green fluorescent protein (GFP) (1:8000; Chemicon,
Temecula, CA) for 1 h, followed by incubation with the appropriate
secondary antibodies conjugated with fluorophores. Immunoreactive
cells were analyzed using a fluorescence microscope (Leica DM-RA;
Leica, Nussloch, Germany), and the images were captured using a
Hamamatsu (Hamamatsu City, Japan) CCD camera interfaced with a G4
computer.

Ethidium bromide injection. Eight-week-old C57BL/6 mice (10 mice)
were anesthetized using a mixture of Nembutal (6 mg/ml) and xylazine
(0.58 mg/ml) ata dose of 7.5 ul per gram of body weight. A small incision
was made on the scalp to expose the skull and drill a small hole. A
micropipette attached to a Hamilton syringe was used for the delivery of
1 ul of a 0.1% ethidium bromide, using the following stereotactic coor-
dinates: right, 1.2 wm; anterior to bregma, 0.5 wm; depth, 1.2 um; ac-
cording to the atlas of Franklin and Paxinos (1997). The hole was closed
using gelfoam, and the skin was sutured. The animals were allowed to
recover on a heated pad and were kept for two survival points: 4 d after
injection (n = 5) and 2 weeks after injection (n = 5).

Immunohistochemistry of brain sections from adult mice. Mice were
perfused with 4% PFA, and the brains were removed. After postfixation
in 4% PFA, the brains of the mice used for the developmental studies and
those of the mice used for ethidium bromide injection were kept in 30%
sucrose and then cryopreserved.

Cryosections of 20 um thickness were permeabilized by a 10 min
incubation in —20°C methanol, washed, and blocked with 10% NGS in a
phosphate-based buffer containing 0.1% gelatin, 1% bovine serum albu-
min, and 0.5% Triton X-100 (PGBA). The primary antibody against
stathmin was obtained from Calbiochem and consisted of a polyclonal
antiserum raised against a C-terminal epitope of stathmin. The primary
antibody was used at a dilution of 1:1000 in PGBA and incubated over-
night at room temperature. Secondary anti-rabbit antibody conjugated
with rhodamine (Jackson ImmunoResearch, West Grove, PA) was used
at a dilution of 1:200 for 1 h at room temperature. Migratory precursors
were labeled using anti-polysialic acid—neural cell adhesion molecule
(PSA-NCAM) antibodies (1:400; AbCys, Paris, France). Oligodendro-
cyte progenitors were identified using NG2 antibodies (Chemicon) and
Sox10 antibodies (1:1000; a kind gift from Dr. M. Wegner, Institut fiir
Biochemie, Erlangen, Germany). Oligodendrocytes were labeled using
the monoclonal antibody against adenomatous polyposis coli (APC;
clone CC1) (Oncogene, San Diego, CA) at a dilution of 1:30; astrocytes
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were detected using anti-GFAP (1:1000; Dako, Carpinteria, CA), and
axonal staining was performed using anti-neurofilaments (1:200;
Chemicon). Biotinylated secondary antibodies followed by FITC-
conjugated avidin were used for the detection of the labeled cells. Con-
focal images were obtained using an LSM510 Meta confocal laser-
scanning microscope (Zeiss, Oberkochen, Germany). The LSM5 Image
Browser software was used for image acquisition.

Immunohistochemistry of human brain sections. Ten biopsies from MS
patients, four biopsies from patients with temporal lobe epilepsy, and
four autopsy brains of patients with no neurological diseases were exam-
ined. Biopsies on MS patients were performed for diagnostic purposes.
Tissue was formalin fixed and paraffin embedded. After deparaffiniza-
tion and rehydration, sections were pretreated with microwaving (except
for stathmin) in 10 mwum citrate buffer as described previously (Stadel-
mann et al., 2002). Primary antibodies [stathmin, 1:500 (Calbiochem);
anti-CNPase, 1:200 (Sternberg Monoclonals, Lutherville, MD); myelin
basic protein (MBP), 1:500 (Dako)] were incubated overnight at 4°C.
Biotinylated secondary antibodies (Amersham, Piscataway, NJ) were fol-
lowed by avidin—peroxidase (Sigma, St. Louis, MO), followed by diami-
nobenzidine as a chromogenic substrate and hematoxylin counterstain.
For immunofluorescence stainings, specific immunoreactivity was de-
tected with secondary antibodies coupled with Cy2 and Cy3 fluoro-
phores, followed by treatment with 0.5% Sudan black in 70% ethanol to
suppress autofluorescence and 4',6-diamidino-2-phenylindole (DAPI)
as counterstain. Pictures were taken using an Olympus BX51 fluores-
cence microscope equipped with a CCD camera (Color View II; Soft
Imaging System).

Stathmin identification in the C8a fraction isolated from myelin prepa-
ration of MS and control brains. Myelin was prepared from white matter
samples of normal (n = 3) and MS (n = 4) human brains, as described
previously (Wood and Moscarello, 1989). MBP and its variously charged
isomers were separated by CM52 cation exchange chromatography, into
several fractions defined C1 to C8, as described previously (Cheifetz and
Moscarello, 1985). The unbound protein fraction appearing in the void
volume was defined as “C8” and further purified by HPLC into two
components defined as “C8a” and “C8b,” both containing proteins of a
molecular weight in the 17-18 kDa range (Boulias et al., 1995). Stathmin
was identified as the main component within the C8a fraction by matrix-
assisted laser desorption/ionization-time of flight (MALDI-TOF) mass
spectrometry. Briefly, protein components of the C8a fractions from MS
and control white matter samples were separated by 12.5% SDS-PAGE,
the gels were stained with amido black, and the 17-18 kDa bands of
interest were excised and trypsinized as described previously (She et al.,
2002). Trypsinized fragments were analyzed using an Applied Biosys-
tems/MDS Sciex (Concord, Ontario, Canada) Qstar x 2 MALDI Q2 TOF
mass spectrometer at the Advanced Protein Center in The Hospital for
Sick Children in Toronto. The matrix used was 2,5-dihydroxybenzoic
acid in acetonitrile/water (1:1 v/v). The peptide fragment with 1388.761
amu of the 18 kDa band in the C8a sample was sequenced by tandem
mass spectrometry, then submitted to the MASCOT search engine (www.
matrixscience.com/) at the National Center for Biotechnology Informa-
tion database.

Western blots and slot blot quantitation. Whole-cell lysates were pre-
pared from cultured progenitors or differentiated oligodendrocyte as
described previously (A. Liu et al., 2003). Normal-appearing white mat-
ter samples from MS patients (n = 6) and control brains (n = 4) were
obtained from the UCLA Brain Tissue Bank (to P.C.-B.) and from the
Canadian Brain Tissue Bank (to M.M.). Whole protein lysates were ob-
tained from these samples, by incubation in 50 mm Tris buffer, pH 7.5,
containing 1% SDS, 1 mm DTT, 1 mm EDTA, 1 mm PMSF, 1 mMm apro-
tinin, and 1 mM leupeptin for 15 min on ice. For the Western blot analysis
of the C8 fractions, samples were prepared from MS patients (n = 3) and
control brains (n = 4) as described above. Western blot analysis was
performed by incubating nitrocellulose membrane with a monoclonal
antibody recognizing MBP (MAb26) and with the rabbit polyclonal
stathmin antibody (Calbiochem), raised against the last C-terminal aa
134-149 of the molecule (Koppel et al., 1990). The detection of the
phosphorylated forms of stathmin was obtained by Western blot analysis
using specific antibodies [generated by A.S. and characterized in the
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study by Gavet et al. (2002)] against phosphoserine S16, S25, or S38, used
at a dilution of 1:20,000. Immunoreactive bands were identified with
horseradish peroxidase-conjugated secondary antibodies, followed by
chemiluminescence (Amersham). For slot blot analysis and quantifica-
tion, the protein samples were diluted with 3 M urea in PBS, pH 7.4 to 100
pg/ml protein. The amounts of stathmin and phosphostathmin (S16P,
S25P, S38P) were determined by placing 5 ug of protein in 50 ul/slot
onto wetted nitrocellulose membrane in a Biodot (SF) ultrafiltration unit
(Bio-Rad, Hercules, CA) under vacuum. The amount of stathmin in the
C8a fraction from MS patients was expressed as the ratio over the levels in
the C8a fraction from normal brain. The relative amounts were then
corrected for the yield of C8a isolated for each individual preparation.
This correction factor accounts for the total amount of stathmin in the
C8a fractions. Each experiment was performed in triplicate.

Transfection of myc-tagged stathmin in cultured oligodendrocyte progen-
itors. A2B5 immunoselected oligodendrocyte progenitors were trans-
fected using the Rat Oligodendrocyte Nucleofector kit (Amaxa, Gaith-
ersburg, MD) according to the manufacturer’s instructions. Briefly, 1 ug
of pcDNA carrying myc-tagged human stathmin (Lawler et al., 1998) or
enhanced GFP (EGFP) was electroporated into 5 X 10° cells. After a 15
min incubation with DMEM plus 10% EBS, 2 X 10* cells/well were
plated in Permanox slide chambers coated with either poly-lysine (0.1
mg/ml in H,O; Sigma) or laminin (20 pg/ml in PBS buffer; Sigma) for
18 h and then replaced with chemically defined oligodendrocyte differ-
entiation medium. For the analysis of morphological differentiation,
cells were classified as described by A. Liu et al. (2003).

Effect of increased levels of stathmin on cell death induced by glucose
deprivation. For the susceptibility to apoptosis, progenitors were trans-
fected with mammalian expression vectors containing myc—stathmin.
Cells transfected with EGFP or empty vector (pcDNA) were used as
controls. Progenitors were induced to differentiate by mitogen depriva-
tion in the presence or in the absence of limiting amounts of glucose in
the medium. After 24 and 72 h in these culture conditions, cultures were
washed twice with PBS, to remove all the loosely attached cells, then
stained live with the anti-O4 antibody and fixed by incubation in 4% PFA
for 20 min at room temperature. After processing the samples for immu-
nohistochemistry, the number of surviving cells was evaluated in the
control and in the myc—stathmin-transfected cultures. The number of
surviving cells was then counted in the myc—stathmin- and EGFP-
transfected cultures. The total number of surviving cells in the EGFP-
transfected culture was arbitrarily set as 100%, and the number of cells in
the stathmin-transfected culture was referred to this arbitrary value. To
further demonstrate that the decreased number of cells in the stathmin
overexpressors was attributable to decreased survival, we performed ter-
minal deoxynucleotidyl transferase-mediated biotinylated UTP nick end
labeling (TUNEL). Briefly, myc-tagged stathmin-transfected cells and
pcDNA controls were labeled using DAP]I, to identify all of the cell nuclei,
and the ApopTag plus kit (Chemicon), to identify apoptotic cells.
DAPI+ nuclei and apoptotic green nuclei were counted in both culture
conditions, and the values were presented as the percentage of apoptotic
cells relative to the total number of DAPI+ cells.

Results

Stathmin expression is high in primary cultures of
oligodendrocyte progenitors and decreases during
oligodendrocyte differentiation in vitro

We have previously reported that process outgrowth during oli-
godendrocyte differentiation correlates with downregulation of
genes encoding for cytoskeletal depolymerizing proteins, includ-
ing stathmin (A. Liu et al., 2003). We now asked whether stath-
min protein was expressed in primary cultures of rat cortical
immunoselected oligodendrocyte progenitors and whether its
levels were downregulated by differentiative stimuli. High levels
of stathmin were detected in the soma and cytoplasmic processes
of bipolar progenitors, cultured in the presence of PDGF and
basic FGF (bFGF), and identified by A2B5 immunoreactivity
(Fig. 1a,b). Differentiation induced by mitogen withdrawal re-
sulted in the redistribution of stathmin to a perisomatic location
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Figure 1.  Progressive decrease of stathmin levels during oligodendrocyte morphological
differentiation in vitro. Inmunofluorescent staining of stathmin (red) in neonatal primary rat
cortical progenitors cultured on poly-lysine-coated slides (a—f) and maintained undifferenti-
ated in medium containing PDGF plus bFGF (g, b) or differentiated by mitogen withdrawal (c, d)
or by PDGF plus T3 treatment (e, f) for 3 d are shown. Morphological differentiation and myelin
membrane formation was also assessed by culturing cells on laminin-coated slides ( g—) in the
presence of PDGF plus T3 ( g, h) or in the absence of mitogens (i, j). Undifferentiated bipolar
progenitors were identified by positive immunoreactivity for the early oligodendrocyte progen-
itor marker A2B5 (green; b), whereas branched developing oligodendrocytes were identified by
04 immunoreactivity (green; d, f, h, j). Note that stathmin immunoreactivity (red; a—j) was
reduced during differentiation in vitro and that growth on laminin further decreased its levels
and confined its localization to the soma of the differentiated cells ( g, i) with complete exclu-
sion from the cytoplasmic processes and the myelin membrane (j). Scale bar, 40 pum. Phos-
phorylated stathmin was detected by Western blot analysis (k) using antibodies generated
against specific phosphorylated serine residues, such as serine 16 (516), serine 25 (525), and
serine 38 (538). Note that stathmin was weakly phosphorylated on residues 25 and 38. Actin
was used as a loading control.

within 24 h (Fig. 1¢,d). Similar results were observed after 3 d of
differentiation in the presence of PDGF and thyroid hormone
(Fig. le,). It is well established that culturing progenitors on
laminin substrate results in the elaboration of large myelin mem-
branes (Fig. 1j). Given the importance of microtubule stability
for myelin membrane formation and function, we also tested the
effect of laminin on stathmin levels. In agreement with the neces-
sity of a stable microtubule network for myelin maintenance,
growth on laminin dramatically reduced stathmin levels in the
mature myelin-forming cells (Fig. 1g—j). These results support
the downregulation of stathmin levels and its subcellular redis-
tribution during the differentiation of progenitors into myelin-
forming oligodendrocyte in vitro.

An additional level of regulation of stathmin function is the
phosphorylation of specific serine residues at positions 16 (S16),
25 (825), and 38 (S38) of the molecule. To address the role of
stathmin phosphorylation in developing oligodendrocytes in
vitro, we used phosphorylation-specific antibodies in immuno-
cytochemistry (data not shown) and Western blot analysis (Fig.
1k). Progenitors or differentiated oligodendrocytes did not show
any immunoreactivity with antibodies against S16 phospho-
stathmin. A weak immunoreactivity could be detected in progen-
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itors and in mature oligodendrocytes
stained with antibodies against S25 and
S38 phospho-stathmin (Fig. 1k). We con-
clude that stathmin function during oligo-
dendrocyte differentiation is prevalently
regulated by controlling the protein levels.

Stathmin immunoreactivity is observed
in progenitors residing in the adult
subventricular zone in physiological
conditions and is increased in
demyelinating conditions induced by
ethidium bromide injection

Previous studies have reported high stath-
min expression levels in neural and glial
progenitors during development, followed
by a progressive decrease in its levels
(Schubart et al., 1989; Amat et al., 1991).
Using immunohistochemistry on frozen
brain sections, we were able to detect
strong stathmin immunoreactivity in ar-
eas containing adult multipotent progeni-
tor cells, such as the subventricular zone
(SVZ) (Fig. 2a). These cells have been pre-
viously characterized to also express the
A2B5 antigen (Decker et al., 2000), the
polysialated form of the cell adhesion mol-
ecule NCAM (PSA-NCAM), and to be
highly migratory (Ben-Hur et al., 1998).
These SVZ precursors tend to primarily
form neuroblasts in physiological condi-
tions (Doetsch et al., 1997) and oligoden-
drocytes in pathological conditions (Nait-
Oumesmar et al., 1999; Decker et al., 2002;
Picard-Riera et al., 2002). Consistent with
a role of stathmin in microtubule depoly-
merization and possibly migration, the
stathmin+ cells were also PSA-NCAM+
(Fig. 2a—c). The levels of stathmin were dramatically reduced as
cells differentiated toward the oligodendrocyte lineage. Stathmin
levels were decreased as the cells acquired a stellate morphology
characteristic of the NG2+ stage (data not shown), although very
few NG2+/stathmin+ cells could be detected in the proximity of
the SVZ. As progenitors matured into CC1+ oligodendrocytes,
stathmin immunoreactivity decreased further (Fig. 2d—f). Occa-
sional stathmin-immunoreactive cells were observed in the cor-
pus callosum. These cells were characteristically arranged in lin-
ear arrays, parallel to the axons. They did not stain with
antibodies against the oligodendrocytic marker CC1 (Fig. 2d—f)
or with antibodies against MBP (data not shown). These cell
were also GFAP negative (Fig. 2¢—i) and neurofilament nega-
tive (Fig. 2j-1).

Because adult progenitors in the SVZ have been shown to be
mobilized in response to demyelinating conditions in the brain
(Nait-Oumesmar et al., 1999; Decker et al., 2002), we asked
whether the mobilized cells were also stathmin immunoreactive.
A localized lesion was induced in the corpus callosum of 8-week-
old mice (Fig. 3a—c), using the ethidium bromide injection par-
adigm (Woodruffand Franklin, 1999). The close proximity of the
lesion to the SVZ was selected to determine whether stathmin
expression would increase during the 3—4 d period after the in-
jection, when oligodendrocyte progenitors begin to repopulate
the lesion site (Levine and Reynolds, 1999). Consistent with the

Figure 2.
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Stathmin is expressed in cells of the SVZ and in the corpus callosum. Confocal images (a—/) of the mouse corpus
callosum (CC) and SVZ stained with stathmin (red) and with antibodies specific for the migratory SVZ progenitors PSA-NCAM
(green; b, c), the oligodendrocytic marker APC/CCT (green; e, f), the astrocytic marker GFAP (green; h, /), and the axonal marker
neurofilament NF-M (green; k, /) are shown. DAPI (blue) was used as a nuclear counterstain. Note that intense stathmin immu-
noreactivity was observed only inthe SVZ (a, d, g, j) and in sporadic cells in the adult corpus callosum. Stathmin-positive cells were
often CCT negative (e), with the exception of few weakly positive cells (e, white arrows) that could be better appreciated at a
high-power view of the same field (). Note that stathmin immunoreactivity did not colocalize with the astrocytic marker GFAP
( g—i) or with the axonal marker neurofilament NF-M ( j—/). In contrast, the vast majority of the stathmin-positive cells in the SVZ
were PSA-NCAM positive (a— c). Scale bar, 50 pm.

high levels of stathmin in migratory progenitors, a large increase
in the number of immunoreactive cells was detected in the region
between the SVZ and the lesion in the injected side (Fig. 3c¢),
whereas only few stathmin+ cells were detected in the SVZ of the
uninjected side (Fig. 3b). Several stathmin+ cells were colabeled
by antibodies specific for the oligodendrocyte progenitor marker
Sox 10 (Fig. 4a—c) or by antibodies recognizing the migratory cell
marker PSA-NCAM (Fig. 4d—f). No CCl1+ cells were detected
around the lesion site at the 4 d survival time (data not shown).
Two weeks after the injection, however, when the lesion site be-
gan to get repopulated by CC1+ oligodendrocytes, we observed a
decrease in the stathmin level, similar to what was described pre-
viously, and the CC1+ cells were consistently stathmin negative
(Fig. 4g—1).

Together, these data indicate that stathmin expression in the
SVZ is a physiological response associated with migratory popu-
lations of PSA-NCAM + progenitors.

Stathmin expression is increased in oligodendrocytes in the
brain of patients with MS

The increased expression of stathmin was also observed in oligo-
dendrocytes in the demyelinated human brain. Briefly, paraffin-
embedded sections were obtained from brain biopsies of 10 MS
patients and 8 controls. As shown in Fig. 5, stathmin-
immunoreactive cells were detected only occasionally in the brain
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Figure 3.  Stathmin expression in SVZ migratory progenitors is increased in response to
chemically induced demyelination. Demyelination was induced by ethidium bromide injection in the
corpus callosum on the right side. Four days after injection, mice were perfused, and the brains were
removed and cryosectioned. DAPI staining (blue) was performed to detect the nuclei of the cells and to
reveal cell loss on the injected side (, right arrow) compared with the noninjected side (a, left arrow).
Immunofluorescence staining using antibodies against stathmin (red; b, ¢) revealed a larger number
of stathmin-positive cells in the SVZ and in the region surrounding the lesion site () compared with
the noninjected side (). Scale bars: a, 100 um; b, ¢, 50 um.

of control subjects without any neurological disease (Fig. 5a),
whereas numerous immunoreactive oligodendrocytes were ob-
served in 10 of 10 MS bioptic samples (Fig. 5b). In our staining
conditions, no stathmin-positive axons or axonal spheroids were
observed in the lesion (Fig. 5¢) or in the cortex adjacent to the
lesion site, although occasional positive astrocytes could be de-
tected in 3 of 10 MS lesions. The intracellular localization of
stathmin immunoreactivity was predominant in the soma, al-
though several processes appear to be stained as well (Fig. 5¢). The
identification of the stathmin-positive cells as oligodendrocytes
was based on size and nuclear morphology and further confirmed
by double immunofluorescence with specific markers such as
CNPase (Fig. 5d—f) and CC1 (Fig. 5¢—i). The average number of
stathmin-positive CNP+ oligodendrocytes (obtained by count-
ing the number of immunoreactive cells in the 10 MS samples) in
the lesion was 77.2 = 26 cells/mm? compared with 0 cells/mm >
in normal tissue biopsies. In the periplaque white matter, the
number of cells was much lower than at the lesion site but still
higher than in the normal-appearing white matter. To determine
a possible association between stathmin immunoreactivity and
the pathology of the lesion, we conducted a detailed analysis of
the bioptic material. Demyelination and remyelination were de-
fined according to previously described criteria, including prote-
olipid protein (PLP) in situ hybridization; MBP, MAG, and my-
elin oligodendrocyte glycoprotein (MOG) immunoreactivity; as
well as the appearance and thickness of myelin (Bruck and Sta-
delmann, 2003). Together, these data revealed the lack of corre-
lation between stathmin immunoreactivity and a specific lesion
type, suggesting that this protein is expressed in cells of the oli-
godendrocyte lineage at different developmental stages.

These morphological data were substantiated by a thorough
biochemical analysis of white matter samples from MS patients
compared with controls.

To further confirm that stathmin was increased in MS pa-
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tients, the normal-appearing white matter from MS patients (n =
4) and control brains (n = 3) was acid extracted and fractionated
by cation exchange chromatography on a CM52 column, as de-
scribed by Wood and Moscarello (1989). The isolated fractions
were called C1, C2, C3, and C4. The C8 component represented
the void volume of the CM2 column and was further purified
using HPLC into a C8a and C8b fraction (Fig. 6a). Coomassie
blue staining of proteins from each fraction, separated by SDS gel
electrophoresis, revealed the presence of prominent bands
~17-18 kDa (Fig. 6b). Although the relative yield of fractions C1
to C4 was consistently lower in MS patients, whereas the yield of
fractions C8a and C8b was dramatically increased (Fig. 6a), the
protein composition of each fraction was preserved, as indicated
by the similar patterns of protein bands detected after SDS gel
electrophoresis (Fig. 6b). The main component in fractions C1 to
C4 and in fraction C8b was MBP and its differently charged iso-
mers identified by mass spectrometry by electrospray ionization
and partial sequence analysis after cyanogens bromide cleavage
(Boulias et al., 1995). Intriguingly, the main component of the
fraction C8a, which was consistently increased in MS patients
(Fig. 6a) was identified as stathmin by MALDI-TOF mass spec-
trometry and was further confirmed by partial sequencing and
Western blot analysis (Fig. 6b). The 17-18 kDa protein bands in
fractions C1 to C4 and in C8b, but not in C8a, were immunore-
active with antibodies specific for MBP (Fig. 6b), whereas the
bands in fraction C8a reacted only with an antibody against the
C-terminal part of stathmin (Koppel et al., 1990). The stathmin
antibody identified the protein as a doublet in Western blot anal-
ysis of the C8a fraction (Fig. 6b) and of in total protein lysates
extracted from normal-appearing white matter samples from MS
and control brains (Fig. 6¢). The 17 kDa stathmin-immuno-
reactive band is the likely result of the N-terminal cleavage of the
18 kDa stathmin. The quantitative differences in stathmin protein
levels between MS patients and controls were further assessed by slot
blot analysis of the protein samples (Fig. 6d). The mean value of
intensity of the stathmin-immunoreactive band in normal brain was
a47 =+ 5 pixel area, whereas the mean value of intensity for MS brain
samples was a 90.25 * 19 pixel area (Fig. 6e).

Together, these data demonstrate that stathmin is expressed at
higher levels in the brain of MS patients than in normal controls.
Its overexpression is predominantly found in the normal-
appearing white matter and in myelin preparations. Because in
the bioptic samples from MS patients stathmin-positive cells
were predominantly observed in areas with a significant inflam-
matory component, we asked whether inflammatory cytokine
could regulate the levels of this protein. To test this hypothesis,
primary cultures of oligodendrocyte were treated with either tu-
mor necrosis factor & (TNFa) or TGF for 24 h, and the levels of
stathmin were compared with those observed in untreated cul-
tures. Both cytokine treatments resulted in increased mRNA and
protein (Fig. 6f) levels of stathmin compared with untreated con-
trols. These data suggested that stathmin expression is favored by
inflammation.

Stathmin overexpression in progenitors favors the
maintenance of a simple morphology

The high levels of stathmin detected in the immunohistochemi-
cal and biochemical analysis of MS tissue led us to investigate the
functional consequences of stathmin overexpression in cells of
the oligodendrocyte lineage. Briefly, A2B5-immunopanned pro-
genitors were transfected either with EGFP or with a myc-tagged
stathmin cDNA using electroporation or FUGENE 6 and were
then plated on poly-lysine-coated (Fig. 7a—d) or laminin-coated
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(Fig. 7f-i) chamber slides. The morpho-
logical differentiation was assessed after
the removal of mitogens from the culture
medium for 24 h. Transfected cells were
identified by EGFP (Fig. 7a,b,f,g) or myc-
tag (Fig. 7¢,d,h,i) immunoreactivity, and
their morphology was identified by O4 la-
beling of the membrane processes (Fig.
7b,d,g,1). Transfected cells were classified
according to their morphology into sim-
ple, intermediate, and complex pheno-
type, as described previously (Marin-
Husstege et al., 2002; A. Liu et al., 2003). Of
the 365 EGFP+/04+ double-reactive cell
cultured on poly-lysine and counted in
three separate experiments, 53.7 = 2% of
the cells were classified as “intermediate
morphology,” as defined by the presence
of secondary and tertiary branches,
whereas 40.8 * 0.8% were identified as
“complex morphology,” characterized by
the presence of several interlaced fine
branches. Only 5.5 * 2.7% of cells dis-
played a “simple morphology,” defined by
primary branches and the absence of sec-
ondary and tertiary processes. In contrast,
the stathmin-overexpressing cells, in the
same culture conditions, were unable to
generate complex branches (Fig. 7¢,d). The
majority of the 190 myc-tag+/O4+
stathmin-overexpressing cells was classi-
fied as simple (x = 51.3 = 5.2%) and as
intermediate (x = 45.9 = 2.9%), and only
2.8 * 2.5% of cells displayed a complex
morphology (Fig. 7e). Similar results were
observed in cells plated on laminin sub-
strate. After removal of mitogen for 24 h,
the majority of EGFP-transfected cells
showed intermediate (65.1 = 2.8%) and
complex (24.2 * 4.6%) morphology. Only
10.7 * 2.1% of EGFP-transfected cells showed simple morphol-
ogy. However, on laminin-coated slides, the majority of
stathmin-transfected cells showed very simple morphology
(73.7 = 1.2%). Only 21.2 £ 4.7% of the cells showed intermedi-
ate morphology, and 5.1 = 4.7% of the cells showed complex
morphology (Fig. 7j). The difference in the percentage of cells
with simple morphology between the transfected and untrans-
fected cells was statistically significant ( p < 0.005). We conclude
that downregulation of stathmin is crucial for the complex mor-
phological changes observed during oligodendrocyte progenitor
differentiation and that high levels of this molecule in progenitors
may favor migration by maintaining the cells in a simple
morphology.

Sox10/stathmin

PSA-NCAM/stathmin

CC1/stathmin

Figure 4.

Elevated stathmin levels in differentiated oligodendrocytes
render the cells more prone to apoptotic stimuli

Because the stability of the microtubule network is crucial for
myelin maintenance and proper function, we asked whether the
persistence of high levels of stathmin in differentiating oligoden-
drocytes could affect cellular viability, by interfering with the
function of the microtubule network. To address this issue, myc-
tagged stathmin and EGFP-transfected progenitors were exposed
to an apoptotic stimulus, either at the progenitor stage (Fig. 8a)

Liuetal. » Stathmin and Myelin Disorders

Stathmin expression decreases as progenitor cells mature into oligodendrocytes to repair the lesion caused by
ethidium bromide injection. Four days after ethidium bromide injection, stathmin-positive cells (red; a, b, d, e) were colabeled by
antibodies recognizing the oligodendrocyte progenitor marker Sox10 (green; a, ¢) and PSA-NCAM (green; d, f). Although several
of the stathmin-positive cells were Sox10 positive (a— ¢, arrow), most of the stathmin-positive cells were identified by the marker
for migratory progenitors PSA-NCAM (d—f, arrows). Two weeks after injection, when the process of remyelination begins, the
newly generated mature oligodendrocytes identified by APC/CC1 staining (green; g, i) did not show stathmin immunoreactivity
( g—). Scale bar, 50 pm.

or after 3 d of differentiation (Fig. 8b), the loosely attached cells
were removed by several washes, and the number of surviving
cells were counted. Glucose deprivation was the apoptotic stim-
ulus of choice because it affects the energetic metabolism of the
cell (Almeidaetal.,2002;Y. Liu et al., 2003; Majewski et al., 2004),
thus mimicking the environment encountered by oligodendro-
cytes in pathological conditions such as MS (Roelcke et al., 1997;
Bakshi et al., 1998).

No statistically significant difference ( p = 0.11) was observed
in the percentage of surviving cells in the myc—stathmin-
transfected progenitors (survival, 91.2 = 6.4%; total number of
viable cells, 2230) compared with EGFP-transfected controls
(Fig. 8a) (total number of viable cells, 2443), thereby confirming
that high levels of this protein in early migratory progenitors were
compatible with survival. In contrast, the number of surviving
stathmin-transfected cells after differentiation was significantly
lower than the number of cells in EGFP controls ( p < 0.002). The
myc—stathmin-expressing differentiating oligodendrocytes were
more susceptible to apoptosis than the controls (Fig. 8b), because
only 52.2 = 4.5% of myc-tagged transfected cells (total number
of cells counted, 214) survived a glucose-deprivation stimulus
compared with EGFP-transfected controls (total number of via-
ble cells, 410). To confirm that the cell loss observed in stathmin
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Figure 5.

Double-stained cells appear yellow (/).

overexpressors was attributable to enhanced susceptibility to ap-
optotic stimuli, we repeated the experiment in the differentiating
cells and assessed the number of TUNEL+ cells (Fig. 8¢—e). Con-
sistent with previous results, the percentage of apoptotic cells was
higher in the myc-tag+ stathmin-transfected population (x =
19.5 * 3.2%; total number of cells counted, 209) compared with
pcDNA-transfected controls (x = 6.4 * 2.1%; total number of
cells counted, 337), thus resulting in a statistically significant dif-
ference between the two populations ( p < 0.005).

Together, these results suggest that high levels of stathmin in
progenitors favor a simple morphology but do not affect survival,
whereas in differentiated cells, they may enhance the susceptibil-
ity to apoptotic stimuli.

Discussion

A better understanding of the functional role of developmentally
regulated molecules reexpressed in disease state is crucial for the
development of repair strategies based on the recruitment of endog-
enous progenitors. We have previously identified stathmin, a devel-
opmentally regulated tubulin-sequestering and microtubule-
interfering molecule, as one of the transcripts that is epigenetically
downregulated during oligodendrocyte differentiation in vitro (A.
Liu et al., 2003). Given the importance of the microtubule network
for the maintenance and the stability of a functional myelin mem-
brane (Ainger et al., 1993; Benjamins and Nedelkoska 1994; Carson
et al,, 1998; Song et al., 2001), we asked whether the levels of this
molecule were also modulated in demyelinating conditions. Here,
we describe the reexpression of stathmin in the brain of MS patients
and in animal models of demyelination.

Increased stathmin levels in the brain of MS patients. Very few immunoreactive cells (dark brown staining) were
found in the white matter of control brain sections counterstained with hematoxylin (purple staining in a). In contrast, numerous
stathmin-immunoreactive oligodendrocyte-like cells (dark brown staining) were found in the highly inflamed lesional area in MS
patients (b; original magnification, 400 <). Stathmin (brown staining) was found predominantly in the soma and in the processes
of oligodendrocytes in MS lesions counterstained with hematoxylin (¢; original magnification, 1000 ). Note that no stathmin
immunoreactivity was observed in axons ( ¢). Inmunofluorescence of MS brain lesions using anti-CNPase (red; d) and stathmin
(green; e) antibodies further confirmed that the immunoreactive cells belong to the oligodendrocyte lineage, as seen in the
overlay of the two panels (). The stathmin-positive cells (green; h) in MS brain lesions are also APC/CCT immunoreactive (red; g).
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It has been reported previously that
stathmin is widely expressed in the embry-
onic and neonatal brain and then progres-
sively declines during development (Kop-
pel et al., 1990; Amat et al., 1991). In the
adult rat brain, immunoreactivity is re-
tained in highly proliferative areas, such as
the adult SVZ (Amat et al., 1991). Consis-
tent with these studies, we also observed
strong stathmin immunoreactivity in mul-
tipotential progenitors in the SVZ of
4-week-old normal mice (Fig. 2). The role
of SVZ cells in generating glial progenitors
has been characterized extensively in the
neonatal brain (Zerlin et al., 2004). It has
also been demonstrated that these SVZ
cells tend to reacquire this gliogenic poten-
tial in response to demyelinating condi-
tions (Gensert and Goldman, 1997; Nait-
Oumesmar et al., 1999; Picard-Riera et al.,
2002). Stathmin expression in these cells is
crucial for their migration. This role has
been highlighted recently by the experi-
ments of Jin et al. (2004), who have shown
that decreased stathmin levels in these cells
inhibit their mobilization from the SVZ.
The linkage between stathmin levels and
migration is also supported by studies on
tumoral cell lines in which stathmin levels
correlate with an invasive phenotype (Bal-
achandran et al., 2003; Walter-Yohrling et
al., 2003). Our studies in vitro, in cultured
oligodendrocyte progenitors, indicate that
stathmin is elevated by stimuli favoring
migrations (i.e., PDGF and bFGF) (Fig. 1),
and its expression is downregulated by differentiative stimuli,
such as mitogen withdrawal and growth on a laminin substrate,
known to favor membrane spreading and myelin formation
(Buttery and ffrench-Constant, 1999; Chun et al., 2003). In vivo,
in physiological conditions, stathmin is expressed by migratory
precursors labeled by PSA-NCAM (Fig. 2). However, its levels
progressively decrease as these cells develop into mature CC1+
oligodendrocytes (Fig. 2). The population of stathmin-
expressing PSA-NCAM + cells is increased after a chemically in-
duced demyelinated lesion (Figs. 3, 4). Downregulation of stath-
min levels from progenitors to mature oligodendrocyte is also
observed during remyelination of the chemical lesion (Figs. 3, 4).

From these data, we conclude that stathmin expression is ele-
vated in SVZ precursor cells, where it labels a migratory popula-
tion of progenitor cells, and it is low in mature oligodendrocytes,
as observed during normal development or in remyelination in
the absence of an inflammatory component.

In contrast, in pathological conditions associated with inflam-
matory demyelination, stathmin is predominantly found in
CNP+ oligodendrocytes, and it appears to be localized mostly in
the soma but also in the processes of the immunoreactive cells
(Fig. 5).

To determine whether the increase in stathmin observed in
the brain of MS patients occurred in newly formed oligodendro-
cytes, in preexisting myelinating cells, or in both populations, we
conducted a careful immunohistochemical analysis of bioptic
material, as well as a detailed biochemical characterization of
stathmin in the white matter samples of patients and control
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subjects. Using antibodies against MAG,
MOG, and MBP combined with PLP in
situ hybridization, and following previ-
ously described morphological criteria for
the analysis of myelin (Bruck and Stadel-
mann, 2003), stathmin+ cells were classi-
fied according to the specific histopathol-
ogy of each sample. Interestingly, stathmin
immunoreactivity was present in samples
characterized by oligodendrocytic loss and
severe demyelination as well as in those
characterized by extensive remyelination
and “shadow” plaques. From these data,
we conclude that the increase in stathmin
protein levels correlate with the presence
of inflammatory demyelination, rather
that to a specific stage of oligodendrocyte
development.

Increased levels of stathmin were also
observed using an independent approach
based on the biochemical characterization
of the white matter samples isolated from
the brain of MS patients compared with
controls (Fig. 6). It was previously re-
ported that after acid extraction followed
by cation exchange chromatography, the
white matter of MS patients consistently
yielded much higher levels of a specific
fraction, called C8a, compared with con-
trols (Moscarello et al., 1994). The main
components of this fraction were two pre-
viously unidentified bands of 17 and 18
kDa. Here, using mass spectrometry, these
components were unequivocally identi-
fied as stathmin (Fig. 6). The increased
stathmin levels in MS brain were further
confirmed by Western blot analysis of pro-
tein lysates from samples of normal-
appearing white matter and by immu-
noslot blot of the specific C8a myelin
fractions. In both, normal and MS prepa-
ration stathmin appeared as a doublet of
17-18 kDa. The lower molecular weight
band was the most prominent in patients
and could be the result of proteolytic
cleavage of the N terminus, because the
antiserum used was specific for the last
C-terminal amino acids of the molecule
(Koppel et al., 1990). The N terminus of
the molecule contains multiple phosphor-
ylation sites responsible for the inactiva-
tion of stathmin destabilizing activity,
whereas the C terminus contains the
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Figure 6. Increased stathmin protein levels in the brain of MS patients. To characterize the expression of stathmin in the

human normal-appearing white matter from patients (MS) and normal controls (control), we adopted a fractionation method
described previously for the isolation of basic proteins (Wood and Moscarello, 1989). Several fractions named C1 to (8a and (8b
were isolated from the white matter samples of control and MS human brains (a). The yield of the (1 to (3 fractions was
dramatically decreased in MS patients, whereas fractions (8a and (8b were increased compared with controls (). A Coomassie
blue staining of equal amount of proteins isolated from these different fractions and separated by gel electrophoresis (b, coom-
assie) revealed the presence of prominent bands in the 17—18 kDa molecular weight range in each fraction (double arrows). Mass
spectrometry confirmed that MBP and its variously charged isomers were the main component of the 17—18 kDa band in fractions
(1to C4and (8b, whereas stathmin was identified with a high level of confidence (individual ion score of >33) as the main band
in fraction (8a. Each experiment was performed on samples from three normal and four patients and performed in triplicate.
Western blot analysis with antibodies against MBP or stathmin confirmed the mass spectrometry results ( b). Note that stathmin
was identified as a doublet with the lower band significantly increased in MS patients. Western blot analysis revealed a similar
increase in the stathmin doublet also in whole-cell lysate preparations obtained from the normal-appearing white matter of MS
patients compared with age- and sex-matched samples. Actin was used as loading control (¢). Quantitative slot-immunoblot
analysis of the acid-extracted white matter (8 fractions isolated from control and MS brain samples further confirmed the
increased stathmin levels in MS brain compared with control (d). Quantification of these results is shown as a bar graph (e).
Although some variability was observed for the various patients, stathmin levelsin the membrane fractions isolated from MS brain
tissue were almost twice as high as the levels found in the control brains. The effect of inflammatory cytokines on stathmin
expression in the oligodendrocyte lineage was therefore tested in vitro, by treating differentiating oligodendrocyte progenitors
(0L) with 0.2 peg/ml TGF-B (OL plus TGF-3) or TNF-cx (OL plus TNF-cx) for 24 h after mitogen withdrawal. £, Cytokine treatment
of primary cultured cells resulted in increased levels of stathmin mRNA, as detected by RT-PCR, and protein, as detected by
Western blot analysis. Actin was used as a control for equal loading.

tubulin-binding site (Segerman et al., 2000). Therefore, it is
tempting to speculate that the increased lower band observed in
MS patients could result from proteolytic cleavage of the N ter-
minus, thus yielding a microtubule destabilizing protein more
resilient to inactivation mechanisms because of external stimuli
modulating its phosphorylation state.

Together, the immunohistochemical and the biochemical
data unequivocally identify increased protein levels of stathmin
in the white matter oligodendrocytes of MS patients. Similar re-
sults were also obtained in a transgenic mouse model of sponta-

neous demyelination, the ND4 mouse (Mastronardi et al., 1993,
1996). In these animals, stathmin immunoreactivity was ob-
served in damaged oligodendrocytes in the corpus callosum and
in protein extracts from the myelin fraction (data not shown).
Therefore, our data suggest that in physiological conditions and
during development, stathmin is expressed in early progenitors
in the SVZ and is rapidly downregulated after differentiation. In
contrast, in inflammatory demyelination, such as in the brain of
MS patients, stathmin is expressed in mature oligodendrocytes.
Consistent with a role for inflammation in elevating stathmin
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Figure 7.  Stathmin gain-of-function in progenitors prevents the attainment of a highly

branched phenotype. Inmunoselected A2B5-positive rat cortical oligodendrocyte progenitors

were electroporated with a mammalian expression vector containing either EGFP (g, b, f, g) or

myc-tagged stathmin (¢, d, h, i) and then plated on poly-lysine-coated (a— d) or laminin-coated

( i) chamber slides. The day after transfection, cells were induced to differentiate in mitogen-

free chemically defined medium for 24 h and then fixed. Double immunofluorescence for 04

(red; b, d, g, i) and either GFP (green; a, b, f, g) or myc-tag (green; ¢, d, h, i) was used to identify

the morphology of the transfected cells. DAPI (blue; a—d, i) was used as a nuclear counter-

stain. A total of >500 transfected cells from triplicate experiments were classified according to

their morphology as simple, intermediate, or complex and then quantified (e, j). Stathmin

overexpression increased cells with simple and intermediate morphology and prevented the

attainment of a complex phenotype. Note that this inhibitory effect on branching occurred

independently of the substrate. The difference between the number of cells with simple mor-

phology in the GFP-transfected versus the myc—stathmin-transfected groups was statistically
significant ( p << 0.005). Scale bar, 100 pm.

levels, in vitro treatment of cultured oligodendrocytes with two
inflammatory cytokines that have been shown previously to in-
duce death of differentiated oligodendrocytes, TGF and TNF«
(Yu et al., 2000; Schuster et al., 2003), increased the levels of this
molecule. Remarkably, these results are also in agreement with
the enhanced susceptibility to apoptosis observed in stathmin-
overexpressing cells (Fig. 8).

The functional consequences of elevated stathmin levels in
cells of the oligodendrocyte lineage were further assessed by using
a gain-of-function approach. Overexpression of stathmin in oli-
godendrocyte progenitors significantly inhibited branching, thus
resulting in a simple morphology characteristic of the migratory
phenotype (Fig. 7). Maintenance of the stathmin-overexpressing
cells in differentiation conditions, however, rendered the cells
more susceptible to apoptotic stimuli (Fig. 8).

Together, these data suggest that upregulation of stathmin
could provide a pathogenetic mechanism able to explain the re-
ported success of therapies aimed at promoting the stability of the
microtubule network in demyelinating diseases (Moscarello et
al,, 2002). In agreement with this hypothesis, treatment of mice
with active or passive experimental allergic encephalomyelitis
(Cao et al., 2000; Pritzker and Moscarello, 1998) and of ND4
transgenics (Moscarello et al., 2002) with microtubule stabilizing
drugs (i.e., Taxol) have shown a remarkable improvement in the
neuropathology and clinical score. Therefore, the results of the
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Figure 8.  Elevated levels of stathmin in differentiating, but not in proliferating, oligoden-
drocyte progenitors enhance the susceptibility of these cells to apoptotic stimuli. Myc-tagged
stathmin- and EGFP-transfected progenitors kept in PDGF plus bFGF (a) or allowed to differen-
tiate for 3 d by mitogen removal (b) were subject to glucose deprivation during the last 24 h,
and the number of surviving transfectants was calculated. Note that high levels of stathmin did
not affect survival of proliferating progenitors (a), whereas it enhanced the susceptibility of
differentiating cells to death (b). To confirm that in stathmin-overexpressing cells were apo-
ptotic, TUNEL+ cells (green; ¢, d) were counted in pcDNA-transfected ( ¢) and myc—stathmin-
transfected ( d) cells. The percentage of TUNEL + cells was calculated by referring the number to
the total number of DAPI + cells (blue; ¢, d), and the data are presented as a bar graph (e). The
difference in apoptotic cells between the two groups of differentiating oligodendrocytes was
statistically significant ( p << 0.005). Scale bar, 100 m.

interdisciplinary and multifaceted experimental approach
adopted in this study identify stathmin in particular and the mi-
crotubule network in general as an important target in demyeli-
nating disorders.

In conclusion, our data suggest that high stathmin levels are
characteristic of migratory progenitors. However, as the cell be-
gins to differentiate, its levels decrease to allow the microtubule
network to form properly. Therefore, we suggest that increased
stathmin in newly formed or in preexisting oligodendrocytes in
both cases could result in microtubule instability and improper
function of the cytoskeletal apparatus (Ainger et al., 1993; Ben-
jamins and Nedelkoska 1994; Carson et al., 1998; Song et al,,
2001). Changes in morphology, myelin stability, and possibly
survival could result from increased stathmin levels in mature
oligodendrocytes. Future studies using conditional system and
possibly transgenic mice will allow us to further test this
possibility.
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