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Abstract
The extension of processes of oligodendrocyte (OLG) and their precursor cells (OPCs) are crucial
for migration, axonal contact and myelination. Here we show that a non-lethal oxidative stress
induced by 3-nitropropionic acid (3-NP) elicited a rapid shortening of processes (~24%) in
primary OLGs and in OLN-93 cells (~36%) as compared to vehicle-exposed cells. This was
reversible and prevented by antioxidants. Proteomics of OLG lysates with and without 3-NP
treatment yielded collapsin response mediator protein 2 (CRMP-2) as a candidate effector
molecule. Inhibition of rho kinase (ROCK) was sufficient to prevent process retraction in both
OLGs and OLN-93 cells. Oxidative stress increased phosphorylation of CRMP-2 at T555 that was
completely prevented by Y27632. Moreover, transfection of OLN-93 cells with the mutant
CRMP-2 T555A which cannot be phosphorylated by ROCK, prevented process shortening
induced by 3-NP as compared to wild-type CRMP-2. Our results suggest a role for endogenous
reactive oxygen species in a pathway that regulates OLG process extension. The vulnerability of
late myelinated neurons in the adult brain and the presence of white matter pathology in human
dementias warrant the study of this oligodendroglial pathway in the early stages of
neurodegenerative conditions characterized by oxidative stress.
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Introduction
In the human brain, axonal myelination starts in late fetal life and has its peak during the
first postnatal year (Back et al. 2001, Jakovcevski et al. 2007, Ulfig et al. 1998, Baumann &
Pham-Dinh 2001). Yet, certain associative regions continue to increase their myelin content
into the 5th–6th decades of life. This protracted myelination may impose a high metabolic
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burden to oligodendrocyte precursor cells (OPCs) and oligodendrocytes (OLGs) in specific
meso-cortical areas of the aging brain (Benes et al. 1994). Neurons with long, unmyelinated
axons in this brain region are known to be affected in very early stages of major human
dementias such as Alzheimer’s disease (AD) (Bartzokis et al. 2004). The extension and
retraction of processes is crucial for 1) migration of OPCs throughout the CNS and 2) for
mature OLGs to establish axonal contacts and subsequent myelin ensheathment (Dawson et
al. 2003b). Extension of OPC and OLG processes is dependent on actin polymerization-
driven protrusion that involves actin filament nucleation-promoting proteins such as N-
WASP (Bacon et al. 2007). Molecular motors and cargo proteins that travel along actin
filaments such as myosin Va and VAMP2, respectively, also promote process extension
(Sloane & Vartanian 2007). The inhibition of myosin II, in turn, promotes branching and
lamella formation in vitro (Wang et al. 2008). Secreted proteins known to act as guidance
cues are implicated in the regulation of OPC and OLG process dynamics such as netrin-1,
via its receptor Deleted in Colorectal Cancer (Dcc) and semaphorin3A (sema3A) via a
receptor complex consisting of neuropilins and the Plexin-A subfamily (Spassky et al. 2002,
Okada et al. 2007). Netrin-1 promotes the extension of processes in mature OLG. This effect
is triggered by netrin-1 upon binding to its receptor Dcc through the phosphorylation of the
Src family tyrosine kinase Fyn and inhibition of RhoA activity (Rajasekharan et al. 2010,
Rajasekharan et al. 2009) Activation of the sema3A-neuropilin pathway, in turn, results in
process retraction in OLGs and OPCs mediated by collapsing response mediator protein-2-
(CRMP-2) (Ricard et al. 2001, Spassky et al. 2002). In addition, lysophospholipids including
sphingosine-1-phosphate (S1P) and lysophosphatidic acid (LPA) can induce the retraction of
pre-OLGs upon interaction with the G-protein-coupled Edg receptor family (Jaillard et al.
2005). The effect of lysophospholipids seems to be mediated by the activation of the small
GTP-binding protein RhoA followed by activation of Rho kinase (ROCK) and
phosphorylation of CRMP-2 (Dawson et al. 2003a, Novgorodov et al. 2007). Two different
pathways have been reported for CRMP-2 phosphorylation, one mediated by ROCK which
is crucial for neuronal retraction induced by LPA and ephrin-A5 (Arimura et al. 2000,
Arimura et al. 2005) and the other one mediated by cdk5 (as a priming kinase) for further
phosphorylation at upstream residues by GSK3β (Cole et al. 2006, Uchida et al. 2005). Both
pathways are involved in neuronal process retraction yet, their role in OLG process dynamic
is poorly understood.

In neurons, CRMP-2 binds and delivers tubulin dimers to the plus ends of growing
microtubules (Gu & Ihara 2000, Fukata et al. 2002), co-polymerizes with tubulin
heterodimers and promotes tubulin polymerization in vitro (Yoshimura et al. 2005, Chae et
al. 2009). Upon phosphorylation, CRMP-2 decreases its affinity for tubulin and favors
microtubule disassembly (Uchida et al. 2005, Arimura et al. 2005).

The mammalian brain is characterized by a high rate of reactive oxygen species (ROS)
production. Together with its limited antioxidant capacity as compared to other organs, this
results in an increasing age-dependent oxidative stress. (Perez-Campo et al. 1998, Smith et
al. 1999, Sastre et al. 2000). OLGs and OPCs are particularly vulnerable to oxidative stress
due to their high metabolic rate and low levels of glutathione (GSH) and glutathione
peroxidase (Back et al. 1998, Juurlink et al. 1998). In addition, oligodendroglial cells have
the highest content of iron (Fe) in the brain (Connor & Menzies 1995). The effects of
diverse oxidative stimuli upon OPCs and OLGs have been focused mainly on the
mechanisms of apoptosis involving the release of cytochrome C from mitochondria and
activation of caspases 3 and 9 (Hollensworth et al. 2000, Mronga et al. 2004). Mature OLGs
under oxidative stress also show chromatin segmentation related to the activation of the
transcription factors c-fos and c-jun (Richter-Landsberg & Vollgraf 1998). More recently, it
has been shown that ROS can induce apoptosis of human primary OLGs through the
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activation of neutral sphingomyelinase and the production of ceramide (Lee et al. 2004, Jana
& Pahan 2007).

Such increased susceptibility to oxidative stress may account for the role of OPC and OLG
dysfunction and death in a broad range of sporadic diseases across the human life span
including periventricular leukomalacia due to perinatal hypoxia, inflammation-related
multiple sclerosis, ischemia-associated leukoaraiosis and AD (Takashima et al. 2009, Haider
et al. 2011, Szolnoki 2007, Sjobeck & Englund 2003).

In this paper we focused on the effect of a non-lethal oxidative stress upon the dynamic
changes of OLGs processes including branching and length, in mature primary rat OLGs
and in the cell line OLN-93. We found that mitochondrial inhibition induced a rapid and
reversible shortening of OLG processes that was prevented by antioxidants. Our findings
using proteomics, kinase inhibitors, phospho-specific antibodies and transfection with
CRMP-2 mutants, suggest a major role of phosphorylated CRMP-2 by ROCK as a
mechanism involved in process retraction induced by ROS.

Materials and Methods
Antibodies

All the antibodies, their specificities and sources used in this study are described in
Appendix S1

Reagents
The reagents used in this work are listed in Appendix S1

Cell cultures and treatments
Primary rat OLGs were isolated as described previously (McCarthy & de Vellis 1980).
Newborn (P0-P2) Wistar rats were obtained from the Animal Facility of FIL. The protocol
for the care, handling and use of animals followed the ARRIVE guidelines (Kilkenny et al
2010) and was approved by the Institutional Animal Care and Use Committee of FIL.
Details are presented in Appendix S1. OLN-93 rat oligodendroglial cell line (Richter-
Landsberg & Heinrich 1996) was cultured in Dulbeco’s Modified Eagle’s Medium (DMEM)
containing 10% FCS, 50 U/ml penicillin, and 50 μg/ml streptomycin at 37°C in 10% CO2.
After 48 h, cells were rinsed with PBS and subjected to treatments. Details are presented in
Appendix S1.

Viability assay
The proportion of viable OLGs was measured by the uptake of neutral red as described
(Richter-Landsberg & Vollgraf 1998). Details are presented in Appendix S1.

Assessment of ROS accumulation
OLGs were incubated with PBS containing 1 mM 3-NP or PBS alone for 30 min after which
100 μM of 6CDFDA was added to the culture medium and incubated at 37°C under 5%
CO2 in the dark for additional 30 min. Details are presented in Appendix S1.

Immunocytochemistry
Cells were fixed with 4% paraformaldehyde, permeabilized with PBS containing 0.1%
Triton X-100, and blocked in 5% normal goat serum (NGS) in PBS at room temperature.
Details are presented in Appendix S1.
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Morphometric analysis
OLG diameter and branching were estimated by a modification of the method described by
Sholl (Sholl 1953). Details are presented in Appendix S1 and S2 Fig. S1.

2-D difference gel electrophoresis (DIGE)
Mature OLGs with at least 95% purity were treated with 1 mM 3-NP or PBS for 1 h,
harvested and cell pellets containing approximately 6 × 106 cells for each condition were
kept at −80°C. This procedure was repeated 8 times. Pellets were pooled and solubilized into
a buffer containing 7 M urea; 2 M thiourea and 4% CHAPS detergent. The samples, each
containing 100 μg of protein (determined by amino acid analysis), were differentially
labeled with Cy2, Cy3 and Cy5 N-hydroxysuccinimidyl ester dyes as described previously
(Wu 2006). Details about technical procedures are presented in Appendix S1.

Mass spectrometry analysis of digests
Spots of interest were subjected to robotic tryptic (Promega) digestion on a GE Healthcare
Ettan TA Digester and desalted using a C-18 ZipTip. Details about technical procedure for
peptides elution, loading onto MALDI target plates and search for protein candidates are
presented in Appendix S1.

SDS-PAGE and Western blots
Cells were harvested in PBS and resuspended in cold deoxycholate buffer (10 mM
NaH2PO4, 150 mm NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.5% SDS)
containing complete protease inhibitor cocktail, 5 mM EDTA, 5 mM EGTA, 50 mM NaF
and 5 mM sodium orthovanadate. For de-phosphorylation with calf intestinal alkaline
phosphatase, cocktail of proteases, chelators and kinase inhibitors were omitted. Details
about homogenates preparation, determination of protein concentration, SDS-PAGE and
immunoblottings are presented in Appendix S1.

Plasmids, mutagenesis and cell transfection
The plasmid pRK5 containing the cDNA of human wild type (wt) CRMP-2 with a Flag
sequence at its N-terminus was kindly provided by Dr. Calum Sutherland, University of
Dundee, Scotland (Bacsi et al. 2006, Cole et al. 2004). A mutant of Rho-kinase
phosphorylation site replacing threonine for alanine at position 555 (T555A) CRMP-2
cDNA was generated by PCR-based directed mutagenesis. See details in Appendix S1.

Statistics
Each experiment was repeated at least three times unless otherwise stated. Significant
differences between multiple groups were analyzed using one way ANOVA with Tukey’s
pot-hoc test and differences between two groups were determined by Student’s t test. A p
value < 0.05 was considered significant. The software Graph Pad Prism version 4.0 was
used.

Results
Oxidative stress leads to a rapid shortening of OLG processes

To investigate the effect of acute oxidative stress on mature OLGs, these were exposed to 3-
NP, an irreversible inhibitor of mitochondrial complex II known to induce the accumulation
of superoxide (Bacsi et al. 2006). Treatment of OLG with 3-NP at 1 mM for 1 h did not
result in loss of cell viability (Fig. 1A) however induces the intracellular accumulation of
ROS as confirmed by staining with 6CDFDA (Fig. 1B, upper right panel). In addition, after
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immunofluorescence with anti-MBP (Fig. 1B, upper left panel) morphometric analysis
showed that the average diameters were significant different in controls as compared to 3-
NP-treated cells (81 ± 2.8 μm vs. 61.3± 4 μm; p<0.001) (Fig. 1B, right panel). To rule out a
rapid redistribution of MBP from peripheral membranes, measurements were also done after
immunofluorescence with anti-α tubulin (Fig. 1B, lower panel). A significant reduction of
OLG diameter was seen in 3-NP treated as compared to controls (65.4 ± 3.24 vs. 56.75 ±
2.32; p< 0.05) (Fig. 1B, right panel). Moreover, α-tubulin-positive intersections measured
with a concentric grid (as described in Appendix S1 and S2 Fig. S1) were significantly
fewer starting at 15 μm from the center toward the periphery in 3-NP-treated as compared to
controls (26.35 ± 0.45 vs. 20.8 ± 0.1; p< 0.005) (Fig. 1C). Although unlikely, it was possible
that 3-NP halted process extension accounting for the observed differences. Thus, processes’
lengths were calculated in OLGs grown with a 1 h difference in regular medium in the
absence of 3-NP. No significant differences were observed (not shown).

Process retraction is reversible and prevented by antioxidants
To assess reversibility, OLGs were treated for 1 h with 3-NP that was then washed out by
replacement with fresh medium. After 1 h, no differences were found in the diameter
between 3-NP-treated and control cells (65.9 ± 4.22 vs. 65.1 ± 2.76) (Fig. 1D). To test the
effect of antioxidants, OLGs were exposed to 3-NP with or without pre-incubation with
antioxidants, Trolox or NAC. A reversible retraction of processes was evident after 3-NP
treatment that was fully prevented by Trolox (56 ± 2.82 vs. 71.24 ± 2.21) (Fig. 1E), and
NAC (51 ± 1.82 vs. 57.51 ± 2.91) (Fig. 1F), indicating that the accumulation of ROS was
necessary for the observed process of shortening upon mitochondrial inhibition.
Representative microphotographs of cells in each condition are shown in Appendix S2 Fig.
S2.

Proteomics of mature OLGs reveals an increase in CRMP-2 after 3-NP treatment
In an unbiased attempt to relate the dynamic changes induced by oxidative stress with
changes in the pattern of protein expression, primary rat OLGs were treated with 3-NP at 1
mM for 1h and total lysates analyzed by 2D-DIGE using vehicle-treated cells as control. A
representative 2D-DIGE analysis is shown in Fig. 2A. Eight spots with Cy5/Cy3 or Cy3/Cy5
ratios greater than 1.5 were identified by tryptic digestion and MS/MS (See Table I in
Appendix S3). Four spots were identified as vimentin: one of these spots had a molecular
mass of 53 kDa, a pI ~6 and was increased two-fold while the other 3 spots were of slightly
lower molecular mass, in the ~4–5 pI range and showed a 1.7 to 1.9 reduction in 3-NP-
treated samples. One spot of ~33 kDa and pI ~4.8 was identified as ribosomal protein SA
(rpSA) with a 2-fold reduction after treatment. At ~67 kDa and ~pI 5.8, a spot with an
increased intensity of 1.76-fold induced by 3-NP exposure was identified as CRMP-2. To
confirm that these proteins with quantitative changes were expressed in mature OLGs,
double immunofluorescence with anti-MBP and anti-rpSA or CRMP-2 was used. While
rpSA was below levels of detection (not shown) CRMP-2 staining was strong in cell bodies
and main branches and showed no co-localization with MBP, consistent with its known
cytosolic location (Fig. 2B). The assessment of branching by using anti-CRMP-2
immunofluorescence yielded similar results as those found with anti-α-tubulin, consistent
with process retraction after 3-NP treatment (11.2 ± 0.81 vs. 8.35 ± 0.65; NS) (Fig. 2C). To
confirm the changes observed after 2-D-DIGE, the levels of CRMP-2 were assessed by
Western blots of total OLG lysates normalized with 2′,3′-cyclic-nucleotide-3′
phosphodiesterase (CNP), an early marker of OLG differentiation, and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) as a housekeeping protein (Fig. 2D and E). Since CNP
interacts with tubulin heterodimers (Lee et al. 2005), we confirmed that the levels of CNP
relative to GAPDH did not change after 3-NP exposure (Appendix S2 Fig. S3). An antibody
against the N-terminus of CRMP-2 showed a minor band at ~60 and a major one at ~70
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kDa, the latter was increased ~2-fold after treatment with 3-NP (101 ± 0.57 vs. 131.5 ± 3.65;
p< 0.005) (Fig. 2D lower panel). Since the expected molecular mass for the only splicing
isoform of CRMP-2 detected in OLG is 62 kDa (Bretin et al. 2005), we tested whether the
upper band could be a phosphorylated isoform. Treatment of lysates with alkaline
phosphatase showed a significant reduction (101 ± 0.57 vs. 68.33 ± 6; p< 0.005) in the
intensity of the 70 kDa band while the 62 kDa was increased, compatible with a partial de-
phosphorylation of CRMP-2 (Fig. 2Elower panel).

Oxidative stress induces a reversible process retraction and increases CRMP-2 in cell line
OLN-93

The cell line OLN-93 was derived from primary glial cultures of neonatal rat cerebral
hemispheres. They express markers of mature primary OLGs such as galactocerebroside,
MBP, proteolipid protein, myelin-associated glycoprotein and CNP (Richter-Landsberg &
Heinrich 1996). Yet, morphologically, OLN-93 at low density are mainly bipolar with long
cellular extensions that make testing and measuring of retraction easier and faster than with
primary OLGs. Exposure to 1 mM 3-NP for 1 h had no effect upon cell viability (100.5 ±
0.5 vs. 100.05 ± 18.75), yet, OLN-93 showed a significant shortening of the main processes
(16.30 ± 2.03 μm vs. 9.11 ± 0.95 μm in control and 3-NP, respectively, p< 0.001). This
retraction was fully reversible after 3-NP removal and Trolox (not shown) or by treatment
with NAC (Fig. 3A), reproducing the effects found in primary OLGs (Fig. 1D, E and F).
Representative microphotographs of treated cells are shown in Appendix S2 Fig. S4.
Moreover, as determined by Western blot of total cell lysates (Fig. 3B, left panel) there was
a 1.5-fold increase in the levels of a single ~70 kDa CRMP-2 band after exposure to 3-NP
(Fig. 3B, right panel). Therefore, the dynamic response of process retraction after oxidative
stress is shared by primary mature OLGs and OLN-93 cell line and the increase in CRMP-2
induced by 3-NP suggests that these similarities may extend to basic molecular mechanisms.

3-NP treatment does not modify Netrin-1-Dcc signaling
Netrin-1-Dcc signaling promotes OLG process extension and branching through Fyn
phosphorylation and inactivation of RhoA. (Rajasekharan et al. 2009, Rajasekharan et al.
2010). In addition, mitochondrial redox state may modulate PKA activity, which in turn
regulates the recruitment of Dcc to the cell surface (Ryu et al. 2005, Bouchard et al. 2004).
To test if the effect of 3-NP treatment could be mediated by down-regulation of this
pathway, OLN-93 cells treated with 3-NP or vehicle were analyzed by quantitative
immunocytochemistry of the Dcc extracellular domain. No significant differences in the
levels of cell surface Dcc were observed between control and 3-NP treated cells (Appendix
S2 Fig. S5A). Moreover, Western blots showed that the levels of p-Fyn at Tyr416, a key
down-stream effector of Dcc did not change in response to 3-NP exposure (Appendix S2
Fig. S5B).

The effect of kinase inhibitors on OLGs process retraction induced by ROS
Roscovitine (an inhibitor of cdc2, cdk2 and cdk5) and Y27632 (an inhibitor of ROCK) were
used in the absence or presence of 3-NP. No effect was seen with roscovitine (Fig. 3C) yet, a
complete prevention of process retraction after 3-NP exposure was found after pre-
incubation with Y27632, suggesting a role for ROCK activation in response to oxidative
stress in OLGs (Fig. 3D). Likewise, OLN-93 cells showed that inhibition with Y27632
totally prevented process retraction (Fig. 3E). Representative microphotographs of treated
OLN-93 cells are shown in Appendix S2 Fig. S4C.
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CRMP-2 phosphorylation at ROCK site in response to ROS
To further assess CRMP-2 phosphorylation induced by 3-NP treatment, OLGs or OLN-93
total cell lysates were analyzed by Western blot with antibodies that recognize specifically
CRMP-2 T555 phospho-epitope (ROCK site) and normalized by CNP. In primary OLGs,
despite an increase of a ~70 kDa CRMP-2 isoform that was likely phosphorylated, as
described above, the signals obtained with anti-pT555 were very low, even after loading 100
μg of protein (not shown). Yet, a mouse brain lysate used as positive control showed a very
strong labeling at the same amount of protein loading (not shown). Considering the similar
behavior of OLN-93 in terms of process shortening induced by 3-NP, its reversibility, and
its prevention by antioxidants and the ROCK inhibitor Y27632, these cells were tested by
Western blots. A single major CRMP-2 positive band of ~70 kDa showed a ~1.5 fold
increase in 3-NP treated cells as compared to control (Fig. 4A, upper left panel). When
probed with anti-CRMP-2 specific for phosphorylated T555 (Fig. 4A, lower left panel), a
significant 40% increase was found (Fig. 4A, right panel). As expected from previous
studies, phosphorylation at T555 did not induce a shift in electrophoretic mobility
(Patrakitkomjorn et al. 2008), precluding the normalization with anti-total CRMP-2 to
estimate the phosphorylation ratio. The increase in the CRMP-2 T555 phospho-isoform
induced by 3-NP was fully prevented in the presence of Y27632, further confirming the
involvement of ROCK in this response.

Expression of the mutant CRMP-2 T555A prevents ROS-dependent process retraction
Based on our results using kinase inhibitors and phospho-specific Western blots,
phosphorylation at T555 by ROCK was a major candidate to mediate the OLG process
retraction induced by ROS. Therefore, OLN-93 cells were transiently transfected with flag-
tagged wild type CRMP-2 (wt) or CRMP-2 T555A and analyzed by Western blot (Fig. 4B)
and immunofluorescence (Fig. 4C). To include an additional control, OLN-93 cells were
transfected with EGFP as an unrelated, cytosolic protein. Remarkably, the levels of total
CRMP-2 normalized by CNP, were similar between non-transfected and transfected cells,
indicating that the over-expression of total CRMP-2 was compensated within the 48 h period
after transfection. In mock-transfected cells and in cells transfected with EGFP or wt
CRMP-2, 3-NP treatment induced a significant process retraction as compared to untreated
cells. In contrast, transfection with the CRMP-2 T555A mutant (resistant to phosphorylation
by ROCK) fully prevented the effect of 3-NP (Fig. 4D).

Discussion
Our results indicate that in rat primary OLGs and in the rat cell line OLN-93, sub-lethal
oxidative stress induced by mitochondrial inhibition results in a rapid and reversible
retraction of processes. The complete prevention of this effect by two different antioxidants
indicates that accumulation of ROS is necessary for such retraction to take place, ruling out
a major role of other acute effects that may be induced by 3-NP such as the reduction of
ATP intracellular levels (Liot et al. 2009). Proteomics of the primary OLGs in the presence
or absence of 3-NP yielded a few differential proteins including vimentin, rpSA and
CRMP-2. The differential spots included fragments of vimentin without a definite
quantitative tendency and rpSA, which was undetectable by immunocytochemistry,
precluding its further study. CRMP-2 was increased ~1.8 fold, clearly detected in the
cytoplasm of mature OLGs and its labeling reflected the same tendency to peripheral
retraction as shown with MBP and α-tubulin. Western blots of OLGs homogenates showed
an increase of a likely phosphorylated isoform of ~70 kDa thus confirming the 2D-DIGE
results. In OLN-93, a single band of 70 kDa had a ~2-fold increase as compared to control.
Thus, in both OLGs and OLN-93 cells, CRMP-2 seemed to increase its phosphorylation
level after 3-NP exposure. The pyridine-derived smooth muscle relaxant Y27632 is a well
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known ROCK inhibitor although it can also inhibit other kinases including LRRK2, PRK2
and MNK1 (Davies et al. 2000, Nichols et al. 2009). Of these, only ROCK is known to
phosphorylate CRMP-2. CaMK II and PKA have been recently proposed to phosphorylate
CRMP-2 in neurons. Yet Y27632 does not inhibit these kinases (Hou et al. 2009, Boudreau
et al. 2009). This point is of interest because CaMK II phosphorylates CRMP-2 at T555, just
like ROCK (Hou et al. 2009). In addition, Fyn-dependent phosphorylation of CRMP-2 at
Tyr32 is involved in Sema3A signaling in neurons and phosphorylation at Y479 by the Src-
family kinase Yes mediates T-cell polarization induced by chemokines (Uchida et al. 2009,
Varrin-Doyer et al. 2009). The lack of Fyn phosphorylation at Tyr 416 after 3-NP exposure
in OLN-93 cells suggests that involvement of netrin-1-Dcc pathway in process shortening
was very unlikely. Process retraction elicited by 3-NP was completely inhibited by Y27632
in primary OLGs and OLN-93 cells. In addition, the increase of CRMP-2 phosphorylated at
T555 by 3-NP was completely prevented by Y27632 in OLN-93. The functional
significance of these correlations was tested by transfecting OLN-93 cells with a mutant
CRMP-2, T555A, which cannot be phosphorylated by ROCK. Two observations indicated
that CRMP-2 T555A may function as a “dominant negative” for the tubulin-unbound and
microtubule disassembly-promoting isoform of CRMP-2. Firstly, it is known that CRMPs
assemble into homo-and hetero-tetramers (Wang & Strittmatter 1997, Stenmark et al. 2007,
Majava et al. 2008), secondly, the total levels of CRMP-2 after 48 h of transfection in our
experiments were similar to the untransfected cells, while the anti-flag Western blot and
immunofluorescence labeling showed high levels of transfection efficiency. This would
imply a high stoichiometry of mutant CRMP-2 over endogenous CRMP-2 and a higher
occupancy at the microtubule of less phosphorylated tetrameric forms. This is a likely
explanation for the inability of 3-NP to induce process retraction in OLN-93 expressing
CRMP-2 T555A. A large body of evidence has involved CRMP-2 phosphorylation in the
cytoskeletal dynamic changes of axonal growth cones and neurites regulated by external
stimuli (Petratos et al. 2008). In OPCs in culture, S1P can activate Edg8/S1P5 receptor and
induce process retraction through a ROCK pathway that involves CRMP-2 phosphorylation
(Jaillard et al. 2005). In mature rat OLGs, exposure to sema3A is capable of inducing a
rather slow (24 h) and reversible process retraction mediated by neuropilin-1 that is
prevented with incubation with anti-CRMP-2 (Ricard et al. 2001). Apart from these two
pathways, little is known about CRMP-2 phosphorylation and its impact on process
extension in oligodendroglia. Here we propose that accumulation of ROS in viable, mature
OLGs may modulate CRMP-2 phosphorylation and process growth by inducing ROCK
activation in a fast and reversible way. Two major features suggest that 3-NP is not acting
through activation of Edg8 or neuropilin-1. Firstly, the activation of Edg8 by S1P induces
retraction only in OPCs and not in mature OLGs (Jaillard et al. 2005), secondly, the effect
upon neuropilin-1 stimulation with sema3A in mature OLGs is very slow as compared to
what we found with 3-NP (1h vs 24 h for retraction and 1h vs 72 h for reversibility). The
major kinase of sema3A-neuropilin pathway that phosphorylates CRMP-2 in neurons seems
to be CDK5 rather than ROCK (Uchida et al 2005). Yet, since very little is known in OLG
and despite the lack of effect of roscovitine in our study, a possible contribution of CRMP-2
phosphorylation by CDK5-GSK3β in OLG process retraction deserves further exploration.
The mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK)
pathway promotes OLG process elongation and branching (Younes-Rapozo et al. 2009).
Although oxidative stress is known to stimulate this pathway leading to apoptosis (Fragoso
et al. 2004), we cannot rule out a rapid and transient inhibition of MAPK/ERK contributing
to process shortening in our experiments. ROS are known to regulate the activity of
GTPases including the Rho family members RhoA, Rac1, and Cdc42 which contain a
distinct redox-active motif located in their phosphoryl-binding loop (Heo & Campbell
2005). RhoA can be activated by ROS in rat aorta, alveolar epithelial cells and in fibroblast
cell lines (Jin et al. 2004, Dada et al. 2007). Such RhoA activation seems to be mediated by
two highly conserved, redox sensitive cysteines at positions 16 and 20 (Aghajanian et al.
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2009). Very recently, a role for hydrogen peroxide has been proposed for a thioredoxin-
mediated phosphoprylation of CRMP-2 by GSK3 in axonal growth cone (Morinaka et al.
2011). In a pathological context, CRMP-2 is overexpressed in the rat adult brain in response
to focal ischemia (Chen et al. 2007) and phospho-CRMP-2 increases in axons near the
inflammatory lesions of multiple sclerosis patients (Menon et al. 2011). In AD, CRMP-2
localizes with neurofibrillary tangles in human cortex and its accumulation is considered an
early event in the pathogenesis of the disease. Interestingly, CRMP-2 is
hyperphosphorylated in brain tissue from human AD subjects and in some mouse models of
AD (Gu et al. 2000, Takata et al. 2009, Cole et al. 2007). CRMP-2 is also an oxidatively
modified protein in the AD brain (Castegna et al. 2002, Di Domenico et al. 2011). Most of
the studies in AD have been focused on neuronal CRMP-2. The vulnerability of late
myelinated neurons in the brain (Braak & Braak 1996, Morrison et al. 1998), the age-
associated oxidative stress and the presence of white matter pathology in many AD cases
(Roher et al. 2002, Roher et al. 2003) together with our present results warrant further
studies of the role of CRMP-2 phosphorylation in OLGs and OPCs in disease pathogenesis.
The recent description of defects in myelination preceding the appearance of amyloid and
tau pathology in triple-transgenic AD (3xTg-AD) mice may provide a model to study the
CRMP-2 phosphorylation pathway in OLGs (Desai et al. 2009). In summary, our results
suggest a role for endogenous ROS signaling in the regulation of OLG process dynamics
that may be deranged in early stages of diseases with rampant oxidative stress in the CNS,
including AD.
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Abbreviations

ACN acetonitrile

AD Alzheimer’s disease

AP alkaline phosphatase

CaMKII Ca2+/calmodulin-dependent protein kinase II

6CDFDA 2,7-dichlorodihydrofluorescein diacetate

Cdc2 cell division control protein 2 homolog

Cdc42 cell division control protein 42 homolog

CDK2 cyclin dependent kinase 2

CDK5 cyclin dependent kinase 5

CHAPS 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
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CNP -2′,3′-cyclic nucleotide 3′-phosphodiesterase

CNT control

CRMP-2 collapsin response mediator protein-2

DAPI 4′, 6′ diamidine-2′ phenylindole dihydrochloride

Dcc deleted in colorectal cancer

2D-DIGE bidimensional difference gel electrophoresis

DMEM Dulbeco’s Modified Eagle’s Medium

Edg8 endothelial differentiation gene 8

EGFP enhanced green fluorescent protein

ERK extracellular-signal-regulated kinase

FCS fetal calf serum

Fyn tyrosine protein kinase

GAPDH glyceraldehyde-3-phosphate dehydrogenase

GFAP glial fibrillary acidic protein

GSK3β glycogen synthase kinase 3β

IPG immobilized pH gradient

LPA lysophosphatidic acid

LRRK2 Leucine Rich Repeat Protein Kinase-2

MAPK Mitogen-activated protein kinase

MBP myelin basic protein

MNK1 MAP kinase-interacting serine/threonine-protein kinase 1

MS/MS tandem mass spectrometry

NAC N-acetyl-L-cysteine

3-NP 3-nitropropionic acid

N-WASP neuronal Wiskott–Aldrich Syndrome protein

OLGs oligodendrocytes

OLN-93 oligodendroglial cell line

OPCs oligodendrocyte precursor cells

PBS phosphate buffered saline

PKA protein kinase A

PRK2 protein kinase C-related kinase

Rac1 ras-related C3 botulinum toxin substrate 1

RhoA ras homolog gene family, member A

ROCK rho kinase

rpSA ribosomal protein SA

ROS reactive oxygen species
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ROSC roscovitine

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

Sema3A semaphorin3A

S1P sphingosine-1-phosphate

TFA trifluoroacetic acid

VAMP2 vesicle-associated membrane protein 2

Veh vehicle

WT wild type
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Figure 1.
A) Quantitative estimation of 3-NP toxicity at increasing concentrations assessed by the
uptake of neutral red. Viability is expressed as the percentage of control (mean ± SEM). NS,
non-significant, one-way ANOVA. *p<0.05 ; **p<0.001 Student’s t test as compared to
control (CNT). B) Left panels, microphotographs of immunofluorescence with anti-MBP
(red, upper) and anti-α-tubulin (green, lower) of rat primary oligodendrocytes (OLGs)
incubated in the absence or the presence of 1 mM 3-NP for 1 h. Arrow indicates ROS
accumulation in the merge of immunofluorescence with anti-MBP (red) and the
fluorescence of 6CDFDA (green). Scale bar=10μm. Right panel, quantification of OLGs
diameter after immunofluorescence as describe above. Bars represent the mean ± SEM of at
least 25 cells for each condition. Three independent experiments were done. **p<0.001
Student’s t test as compared to control (CNT). C) Plot of the number of α-tubulin-positive
processes intersections with concentric circles at increasing distance from the centre of the
cell body. *p<0.05, Student’s t test of controls (○) vs 3-NP (▲) at each distance point. D)
Reversibility of OLG process retraction induced by 3-NP after replacement with fresh
medium (FM) without 3-NP (3-NP-FM). Effect of preincubation with E) Trolox and F)
NAC in the process retraction mediated by 3-NP. Bars represent the mean ± SEM of OLG
diameters. *p<0.05; **p<0.001, one-way ANOVA. Veh, PBS.
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Figure 2.
A) Representative 2D-DIGE of proteins from mature OLG homogenates after incubation
with 3-NP for 1h. First dimension, isoelectric point (pI); second dimension, molecular mass
(kDa). Arrows point spots with a Cy5/Cy3 fluorescent signal change higher or lower than
1.5 selected for identification by tryptic digestion and mass spectrometry. Numbers refer to
those proteins identified and listed in Table I (Appendix S3). B) Merge of confocal
immunofluorescence of primary OLGs with anti-MBP (red) and anti-CRMP-2 (green). Note
the lack of co-localization, as expected from the cytosolic and membrane location of
CRMP-2 and MBP, respectively. Scale bar=10μm. C) Plot of the number of CRMP-2
immunoreactive processes that intersect concentric circles at increasing distance from the
centre of the cell body in controls (○) or after treatment with 3-NP (▲). *p<0.05, Student’s t
test at each distance point. D) Upper panel, representative Western blot of OLG
homogenates probed with anti-CRMP-2 in control cells (−) or after treatment with 3-NP (+).
Lower panel, bars represent the mean ± SEM of the immunoreactivity of the phosphorylated
CRMP-2 isoform (~70 kDa) expressed in arbitrary units (A.U.). E) Upper panel,
representative Western blot probed with anti-CRMP-2 of proteins from OLGs after exposure
to 3-NP and treated (+) or not (−) with alkaline phosphatase (AP) before SDS-PAGE. Lower
panel, bars represent the mean ± SEM of the immunoreactivity of phosphorylated CRMP-2
isoform (~70 kDa) expressed in arbitrary units (A.U.). Membranes were probed with anti-
CNP and anti-GAPDH for protein loading control. Arrowheads, phosphorylated CRMP-2
isoform.(~70 kDa); Arrows, unphosphorylated CRMP-2 isoform (~62 kDa). **p<0.001
Student’s t test.
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Figure 3.
A) Quantitative assessment of the preventive effect of NAC upon process shortening
induced by 3-NP. Bars represent the mean ± SEM of process length for each condition. Veh,
PBS. B) Left panel, Western blot probed with anti-CRMP-2 of homogenates from OLN-93
cells incubated with PBS in the absence (−) or presence (+) of 3-NP. Anti-CNP in the same
membrane was used as a control of protein loading. Right panel, bars represent the mean ±
SEM of the immunoreactivity of CRMP-2 expressed in arbitrary units (A.U.). C)
Assessment of the lack of effect of roscovitine (Rosc) upon the process retraction induced
by 3-NP in primary OLGs. Bars represent the mean ± SEM of OLG diameter in each
condition. Vehicle (Veh), DMSO. D) Quantitative estimation of the effect of the ROCK
inhibitor, Y27632, upon the shortening of process of primary OLGs elicited by 3-NP. Bars
represent the mean ± SEM of OLG diameter. Note the complete prevention of process
shortening by Y27632. Vehicle (Veh), PBS. E) Prevention of 3-NP-induced process
retraction in OLN-93 cells by Y27632. Bars represent the mean ± SEM of process length.
**p<0.001, one-way ANOVA.
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Figure 4.
A) Left upper panel, representative Western blots of OLN-93 proteins with anti-CRMP-2
showing the effect of 3-NP and its prevention by ROCK inhibitor Y27632. Lower panel,
Western blots with anti-CRMP-2 specific for the phosphorylated epitope T555 (the ROCK
site). In both cases, membranes were probed with anti-CNP for control of protein loading.
Right panel, quantitative assessment of the increase of CRMP-2 phosphorylated at T555
induced by 3-NP and its prevention by Y27632. Bars represent the mean ± SEM of
immunoreactivity, in arbitrary units (A.U.), expressed as percentage of control. B) Western
blot of OLN-93 cells transiently transfected with empty vector (mock), wild type CRMP-2
(WT) or the mutant CRMP-2 T555A (T555A). Anti-flag was used to detect transfected
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proteins (upper panel); anti-CRMP2 was used to assess levels of total CRMP-2 (middle
panel). In both experiments, the same membranes were probed with anti-CNP (lower panel)
for protein loading control. C) Representative microphotographs showing OLN-93 cells
transfected with EGFP, or with wild type CRMP-2 (WT) or CRMP-2 T555A mutant
(T555A), treated (+) or not (−) with 3-NP and probed with anti-flag. Dotted line shows the
distance from the centre of the cell to the end of the process, used to quantify the retraction.
Arrows depict process shortening induced by 3-NP. Note the prevention of the effect in
T555A cells. Scale bar=10μm. D) Quantitative assessment of the process length in EGFP,
CRMP-2 WT or CRMP-2 T555A transfected cells in the presence (+) or absence (−) of 3-
NP. Bars represent the mean ± SEM for each experimental situation. **p<0.001, one-way
ANOVA. RE: JNC-E-2011-1028.R1

Fernández-Gamba et al. Page 20

J Neurochem. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


