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Neurodegenerative diseases, such as multiple sclerosis
represent global health issues. Accordingly, there is an
urgent need to understand the pathogenesis of this and
other central nervous system disorders, so that more ef-
fective therapeutics can be developed. Cerebrospinal
fluid is a potential source of important reporter molecules
released from various cell types as a result of central
nervous system pathology. Here, we report the develop-
ment of an unbiased approach for the detection of reac-
tive cerebrospinal fluid molecules and target brain pro-
teins from patients with multiple sclerosis. To help identify
molecules that may serve as clinical biomarkers for mul-
tiple sclerosis, we have biotinylated proteins present in
the cerebrospinal fluid and tested their reactivity against
brain homogenate as well as myelin and myelin-axolem-
mal complexes. Proteins were separated by two-dimen-
sional gel electrophoresis, blotted onto membranes and
probed separately with biotinylated unprocessed cere-
brospinal fluid samples. Protein spots that reacted to two
or more multiple sclerosis-cerebrospinal fluids were fur-
ther analyzed by matrix assisted laser desorption ioniza-
tion-time-of-flight time-of-flight mass spectrometry. In
addition to previously reported proteins found in multiple
sclerosis cerebrospinal fluid, such as �� crystallin, eno-
lase, and 14–3-3-protein, we have identified several addi-
tional molecules involved in mitochondrial and energy
metabolism, myelin gene expression and/or cytoskeletal
organization. These include aspartate aminotransferase,
cyclophilin-A, quaking protein, collapsin response medi-
ator protein-2, ubiquitin carboxy-terminal hydrolase L1,
and cofilin. To further validate these findings, the cellular
expression pattern of collapsin response mediator pro-
tein-2 and ubiquitin carboxy-terminal hydrolase L1 were
investigated in human chronic-active MS lesions by im-
munohistochemistry. The observation that in multiple
sclerosis lesions phosphorylated collapsin response me-

diator protein-2 was increased, whereas Ubiquitin car-
boxy-terminal hydrolase L1 was down-regulated, not only
highlights the importance of these molecules in the pa-
thology of this disease, but also illustrates the use of our
approach in attempting to decipher the complex patho-
logical processes leading to multiple sclerosis and other
neurodegenerative diseases. Molecular & Cellular Pro-
teomics 10: 10.1074/mcp.M110.000042, 1–14, 2011.

Multiple sclerosis (MS)1 is an inflammatory disorder of the
central nervous system (CNS), characterized by focal demy-
elinating lesions and axonal degeneration and loss (1–3). Al-
though the etiology of this disease remains largely unknown,
it is generally recognized that the immune system contributes
to the pathogenesis of MS and that a complex interplay
between environmental and genetic factors are involved. One
of the biochemical markers of MS is an increased level of
immunoglobulins (IgG) in the cerebrospinal fluid (CSF), par-
ticularly during exacerbation (4). It is now recognized that at
the site of active demyelination, the perivascular cells con-
sist predominantly of CD4� activated T lymphocytes secret-
ing various cytokines, clonally restricted B cells and antigen
presenting cells that express class II antigen (5–7). Immu-
nological responses to various known antigens, including
viruses have been related to an increased IgG in the CSF in
MS (8, 9), but such responses account for only a small
proportion of all oligoclonal IgG. Moreover, no unique pat-
tern of reactivity has as yet been described across ethnic
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dent anion-selective channel protein 1; CRMP-2, collapsin response
mediator protein-2; p-CRMP-2, phosphorylated collapsin response
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and geographic boundaries and the full array of effectors
and/or regulators resulting in myelin damage and axonal
pathology remain uncertain.

Given that the CSF compartment is in close anatomical
contact with the brain interstitial fluid, attempts have been
made in recent years to identify molecules that are generated
during the pathogenesis of CNS disorders (10–15). These
approaches include immunoblotting (16), antigen microarrays
(17, 18) and proteomic profiling of the CSF (19, 20). Although
these different experimental paradigms have led to the iden-
tification of several molecules including immunoglobulins (11–
13, 15), their exact pathophysiological role(s) remain to be
determined. Moreover, most of these studies have analyzed
the reactivity of CSF to defined brain antigens or have used as
detection reagents, secondary antibodies specific for a de-
fined class of immunoglobin, thus precluding an unbiased
analysis of CSF reactivity to unselected CNS components.
This is an important issue because MS-CSF can induce sev-
eral pathological effects such as axonal damage in culture
and clonal expansions of plasma cells in the brain that have
been shown to produce myelin-specific antibodies (21–22).
Thus, deciphering the reactivity of immune and nonimmune
molecules present in diseased-CSF may lead to the discovery
of disease-specific molecules. This in turn could help under-
stand the pathogenesis of MS as well as the identification of
novel therapeutic targets.

Although the initial events that lead to myelin and axonal
damage in MS are still unknown, there is now the realization
that axonal damage is a major determinant for the clinical
deficits which characterize this disease (3, 23, 24). Impor-
tantly, the functional co-existence of myelin and the underly-
ing axon is crucial to the meticulous organization and integrity
of both structures (25, 26). For example, axon diameter, which
is critical for the conduction of impulses, is regulated by
myelin and in turn many myelin genes are regulated by axons
(27, 28). Therefore, in MS, molecules involved in the organi-
zation, maintenance and functionality of both myelin and ax-
ons could serve as potential targets for either autoimmune

attack or other damaging insults resulting in the impairment of
myelin-axonal communication.

Given that CSF can serve as a valuable reporter for the
ensuing pathogenesis in MS and/or other neurological condi-
tions in which axonal degeneration and demyelination occur,
we devised an unbiased methodology, whereby the proteins
of unprocessed CSF samples were biotinylated and the pat-
tern of binding to brain proteins, enriched fractions of myelin,
and myelin-axolemmal complexes were analyzed, using two-
dimensional-immunoblotting technique. Protein spots that re-
acted to biotinylated MS-CSF were analyzed and identified by
matrix-assisted laser desorption ionization (MALDI)-time-of-
flight (TOF)-TOF mass spectrometry. By comparing the reac-
tivity of CSF from MS patients with that of controls, we have
identified novel reactive CSF proteins and target proteins in
the brain. As a proof of principle we have validated two of
these targets in chronic-active MS lesions.

EXPERIMENTAL PROCEDURES

CSF Samples and Isolation of Myelin and Myelin-Axolemmal Com-
plexes—Both control brain and MS-CSF samples were obtained from
the Human Brain and Spinal Fluid Resource Center, CA, USA (Table
I). These unprocessed samples were kept frozen at �80 °C until used.
A rapid separation of myelin and myelin-axolemmal junctions was
carried out according to the method described in Menon et al., (29).
Briefly, 1 g of white matter was homogenized in ice-cold 0.32 M

sucrose containing 2 mM EGTA and protease mixture inhibitors
(Sigma Chemicals) in a dounce homogenizer until a homogeneous
suspension was visually recognized (�15 strokes). The brain homo-
genate was layered on top of ice-cold 0.85 M sucrose/2 mM EGTA
solution. The material was spun at 140,000 � g for 1 h at 4 °C. The
crude fractions of myelin at the 0.32/0.85 M sucrose interface and the
0.85 M sucrose suspension up to the pellet (myelin-axolemmal junc-
tions) were collected separately. In order to minimize cytosolic con-
taminants, these fractions were subjected to osmotic shock and
centrifuged at 35,000 � g for 15 min, as previously described (29).
The pellets were suspended in 2 mM EGTA solution containing 1�
protease inhibitors (Sigma Chemicals). The protein content was de-
termined using the Bio-Rad DC protein assay kit (Bio-Rad, Hercules,
CA).

Analysis of Biotinylated Human Cerebrospinal Fluid Proteins—Five
control and six MS-CSF samples were chosen for the biotinylation

TABLE I
Laboratory features of MS and control CSF samples. M: Male; F: Female

Pair and
sample

numbera
CSF from Age IgG synthesis (g/L) IgG CSF (g/L) Albumin CSF (g/L)

Pair 1 5922 Spondylosis, Cervical 42 M 3.7 3.7 22.0
5282 MS 49 M 40.8 20.0 38.0

Pair 2 6828 Myocardial Infarction 44 M 27.5 15.0 42.0
7046 MS 27 M 35.4 12.5 30.5

Pair 3 5191 Peripheral Neuropathy 66 M 3.3 11.5 31.0
8582 MS 54 M 10.7 4.1 18.7

Pair 4 5475 Osteo-Arthritis, Cervical 52 M 0.1 3.8 21.7
5273 MS 57 M 16.6 7.3 13.0

Pair 5 5658 Diabetic Demyelinating Neuropathy 59 M 3.1 10.4 74.0
5536 MS 64 F 1.8 3.3 18.5

a Sample numbers are from the Human Brain and Spinal Fluid Resource Center., CA.
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analysis (Table I). In order to have more relevant and informative CSF
controls than that of healthy individuals, which contain very low
amount of proteins, including immunoglobulins (8), samples from four
different neurological and nonneurological diseases with nonimmune
etiologies plus one sample from a diabetic patient with demyelinating
neuropathy were selected (Table I). This later sample was chosen as
this disease affects distinct regions of the CNS and is associated with
antibody and cell-mediated immune responses to a variety of neuro-
nal structures (30–32). Contents of a single tube from No-Weigh
phospho-biotin (Thermo Fisher) was mixed with 170 �l of MilliQ water
and pipetted up and down five times. One hundred microliters biotin
for 1000 �l of CSF was used for biotinylation. After addition of biotin
to CSF, the tubes were covered with aluminum foil and incubated at
room temperature on a rotator for 3 h. For each analysis, three
different gels were electrophoresed: two gels having 1 �g each and
one gel with 3 �g of total biotinylated CSF proteins. The gel with 3 �g
was silver stained to visualize the proteins and the other two (1 �g of
sample) were subjected to western/far Western blotting (29, 33). Total
biotinylated proteins on one of the blots were visualized using strepta-
vidin-horseradish peroxidase (HRP). Presence of immunoglobulins
were detected using HRP conjugated anti-human Ig G, A, and M
(Sigma Chemicals) on the second blot. Reactivity of biotinylated CSF
proteins and CSF immunoglobulins were visualized on Kodak films
using ECL supersignal solution (Pierce).

Two-dimensional Gel Electrophoresis—One milligram of myelin,
myelin-axolemmal complexes or human brain homogenate was sol-
ubilized in 300 �l of lysis buffer [1% ASB-14 (Calbiochem, San Diego,
CA)/25 mM Tris/5 mM EDTA/2x protease inhibitor (Sigma Chemicals)
mixture] at 37 °C for 30 min. Proteins were precipitated by adding two
volumes of 100% ethanol at �20 °C overnight. The precipitated ma-
terial was spun at 18,000 � g (sigma centrifuge) for 60 min and
resuspended in 20 �l of 20% ASB-14 prior to sonication. These
samples were then mixed with rehydration buffer (200 �l) [7 M urea
(MP Biomedicals, Solon, OH)/2 M thiourea (Thermo Fisher)/4%
CHAPS]. 200 �g of total protein were loaded per 7-cm strip (GE
healthcare, Immobiline dry strip, pI 3–10) in a total of 125 �l of
rehydration buffer containing a final concentration of focusing com-
ponents 2% ASB-14, 2% IPG buffer pI 3–10 and 100 mM dithiotreitol
(DTT). After loading the samples onto 7-cm IPGphor strip, they were
overlaid with 3.5–5 ml of mineral oil and rehydrated actively at 30 V for
18 h. The steps involved in isoelectric focusing were as follows; (a) at
the end of 18 h run, filter wicks were saturated with 200 mM DTT or
water was placed at the cathode (DTT wick) and anode (water wick)
ends respectively. (b) 300 V for 30 min, (c) 1000 V for 30 min (d) 5000
V for 1.5 h (e) 5000 V for 30 min and finally on hold at 50 V for 12 h.
After focusing of the proteins, the IPG strips were incubated in equil-
ibration buffer (50 mM Tris, pH 8.8/6 M urea/30% glycerol/2% SDS)
with 1% DTT for 15 min, then in equilibration buffer with 2% iodoac-
etamide for 15 min. On occasion, the strips were kept at �20 °C until
further use.

SDS-PAGE and Western/Far Western blotting—Proto-Gel (National
Diagnostics, Atlanta, GA) was used for making 12% acrylamide gel.
Western/far Western blotting was performed as previously described
(29, 33). IPG strips were placed on SDS/PAGE gels and sealed in
place with 0.5% agarose. two-dimensional SDS/PAGE was per-
formed using a Bio-Rad mini protean system. Gels were transferred
onto polyvinylidene fluoride (Immobilon-P, Millipore, Billerica, MA) for
immunoblotting or stained with colloidal Coomassie brilliant blue
(Sigma).

Detection of CSF Reactivity on Western/Far Western Blots—After
blotting, membranes were blocked with protein free Tween blocking
buffer (Pierce) for 45 min and were then incubated first with control
biotinylated CSF sample as follows. Forty microliters (�80 �g of CSF
proteins) of control biotinylated CSF sample was added to 1 ml of 5%

gelatin (Sigma) in Tris-buffered saline (TBS) containing 0.1% TW20
and applied onto blot in plastic bags and kept overnight rotating at
4 °C. After 16 h incubation, the blots were taken out and washed with
TBS-TW20 (0.2%) three times. These blots were then incubated with
5% milk in TBS-TW-20 (0.1%) containing streptavidin-HRP (Pierce) at
1:4000 dilutions for 40 min, washed as above with TBS-TW20 three
times and developed using supersignal ECL solution (Pierce) and
exposed to Kodak x-ray films. The spots obtained were considered
control CSF reactivity spots. After exposure to obtain the control CSF
reactivity, the blots that were probed with control biotinylated CSF
were washed immediately for three times 10 mins each with TBS-
TW20. These same blots were again incubated overnight with biotin-
ylated CSF from MS patients [40 �l (�80 �gs of CSF proteins)/ml of
5% gelatin (Sigma) in TBS-TW20] as described above for control.
Blots were then washed and developed as described for the control
CSF incubations. A schematic representation of our procedure is
shown in supplemental Fig. 1.

Qualitative Protein Identification of MS-CSF Reactive Spots—To
qualitatively identify the spots that reacted with MS-CSF, the exact
same blots of brain homogenate, myelin and myelin-axolemmal com-
plexes were first probed with control biotinylated CSF to identify the
control reacting spots and then probed with biotinylated MS-CSF to
visualize the MS-CSF reactive spots. This was done by comparing the
reactivity of one control CSF, arbitrarily paired with one MS-CSF.
Autoradiograms provided confirmation of differential reactivities. Pro-
tein spots that were reactive to two or more MS-CSF samples were
selected for MALDI-TOF-TOF mass spectrometry analysis. Spot se-
lection was therefore based on comigration from corresponding Coo-
massie-stained two-dimensional gels. Because the blots used for
probing both control and MS CSF were the same, spots identified
with control CSF, could be subtracted from the MS CSF spots by
superimposing the autoradiograms. The potential of false positive
identification through comigrating proteins within a single spot was
minimized by probing two-dimensional blots generated from isolated
myelin and myelin-axolemmal complexes samples with the same CSF
that was used for the two-dimensional blots generated from brain
homogenates. Moreover, because identical results were obtained
when triplicate myelin two-dimensional blots were probed with the
same control CSF sample (data not shown), it is unlikely that the
detection of spots occurred by chance. Using this strategy we were
able to identify and characterize 91 spots. These spots were then
excised from the Coomassie-stained two-dimensional gels and tryp-
sin digested. Digest samples were cospotted onto the MALDI target
plate with Matrix solution of 10 mg/ml a-cyano-4-hydroxycinnamic
acid (Laser BioLabs, Sophia-Antipolis, France) in 50% acetonitrile
0.1% trifluoroacetic acid. The samples were analyzed on an Applied
Biosystems (Foster City, CA) 4700 Proteomics Analyzer MALDI TOF/
TOF in reflectron mode with a mass range of 800 to 3500 Da, focus
mass of 1400 Da at 1500 shots per spectra. The 4700 Series Explorer
software selects the 12 most intense peptides as precursor masses
for tandem MS (MS/MS) analysis, and acquiring in the order of de-
creasing intensity. MS/MS analysis is carried out in reflector mode
with spectra summed to 2500 shots/spectrum.

The probability mass function and MS/MS data was compiled by
the GPS explorer software Ver. 3 (build 311) (Applied Biosystems,
Foster City, CA) and searched against the National Center for Bio-
technology Information nonredundant and Swiss-Prot databases us-
ing the MASCOT search engine (version 1.9, Matrix Science Inc.,
London, UK) with Human taxonomy selected. The following search
parameters used were: missed cleavages, 1; peptide mass tolerance, �
50 ppm; peptide fragment tolerance, � 0.3 Da; peptide charge, 1�;
fixed modifications, carbamidomethyl; Variable modification, oxida-
tion (Met). Scores above 53 for each protein was considered signifi-
cant. Among the 91 spots analyzed by mass spectrometry, 43 spots
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had significant scores and 15 of those proteins appeared repeatedly.
When several members of a protein family were matched, only with
the proteins with the top scores and unique matched sequences were
reported. These spots showed reactivity against myelin, myelin-ax-
olemmal complex and brain homogenate proteins as compared with
the controls tested (Table II). The characterization and specificity of
this antibody is shown in supplemental Fig. 2.

Production of Phosphorylation Site-specific Antibody for CRMP-2
(p-CRMP-2)—A rabbit polyclonal antibody against CRMP-2, (a micro-
tubule associated protein involved in neuron development and axon
pathfinding), phosphorylated at Thr-555 (anti-pT555), was generated
using the chemically synthesized phosphopeptide Cys-Ile550-Pro-
Arg-Arg-Thr-Thr(P)-Gln-Arg-Ile-Val-Ala560 as an antigen (34). This
peptide was used in antibody blocking experiments along with the
unphosphorylated peptide as a control. The characterization and
specificity of this antibody is shown in supplemental Fig. 2.

Autopsy Specimens—Human cerebral tissue from autopsy speci-
mens was obtained via the Department of Anatomical Pathology, The
Royal Melbourne Hospital, in accordance with the ethical guidelines

outlined by the National Health and Medical Research Council
(NHMRC). Sections used for histology were from a 52-year-old
male with a 7-year history of Multiple Sclerosis (MS-1) and a 38-
year-old female with an 11-year history of Multiple Sclerosis (MS-2).
Both had multiple chronic-active lesions on histopathology (35).
These samples were fixed by immersion in 10% buffered formalin
and processed for histology. Sections were stained with Luxol fast
blue (LFB) to identify the plaques of demyelination as previously
reported (23).

Immunohistochemistry—Paraffin embedded sections (10 �m) were
dewaxed and washed in phosphate-buffered saline (PBS; pH7.4).
Heat-induced epitope retrieval was performed by the standard mi-
crowave oven method using 0.1 M citrate buffer (pH6.0) for 10 min,
cooled and washed in PBS (5 min x2). Sections were incubated with
6% hydrogen peroxide (15 min at room temperature) to quench
endogenous peroxidase followed by 0.5% Triton X 100 for 5 min. The
sections were incubated with 5% goat serum (Sigma) in PBS for 60
min followed by primary antibody for 60 min both at room tempera-
ture in a humidified chamber. The after primary antibodies were used:

TABLE II
MS-CSF reactive Protein-ID from two-dimensional blots. Spots that reacted with MS-CSF were excised from the corresponding Coomassie
stained gels and processed for mass spectrometric identification as described in the methods. Any score greater than 56 is considered

significant, proteins reported below this score have been manually verified

Spot numbers
on gels Protein name Accession

number
Mascot search

score
Sequence

coverage %
Total peptides

matched
Number confirmed

with MSMS
Total masses
unmatched

1 Fructosebisphosphate
aldolase A

P04075 209 47 11 3 42

2 Alpha enolase P06733 220 34 14 3 41
3 Phosphoglycerate kinase 1 P00558 173 51 15 2 45
4 Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH)
P04406 105 24 6 3 57

5 Dihydropteridine reductase P09417 80 40 6 1 34
6 Triosephosphate isomerase P60174 294 67 15 7 42
7 ATP synthase subunit alpha,

mitochondrial precursor
P25705 188 38 20 4 47

8 Pyruvate kinase isozymes
M1/M2

P14618 154 40 18 1 44

9 Gamma-enolase P09104 366 55 23 8 45
10 Guanine nucleotide-binding

protein G(I)/G(S)/G(T)
subunit beta 1

P62873 53 16 5 1 23

11 Collaspsin response mediator
protein-2 (CRMP-2) (DRP-2)

Q16555 428 59 25 10 50

12 Ubiquitin carboxyl-terminal
hydrolase isozyme L1
(UCH-L1/PGP 9.5)

P09936 73 40 6 2 29

13 Heat shock-related 70 kDa
protein 2

P54652 111 24 13 2 44

14 Creatine kinase B-type P12277 92 39 10 2 69
15 Cofilin-1 P23528 119 30 4 2 39
16 Aspartate aminotransferase,

cytoplasmic
P17174 56 19 6 0 22

17 2�,3�-cyclicnucleotide 3�-
phosphodiesterase
(CNPase)

P09543 303 34 17 5 43

18 Alpha crystallin ß chain P02511 137 61 12 0 36
19 Quaking protein Q96PU8 25 9 2 0 22
20 14-3-3 protein zeta/delta P63104 66 24 5 1 69

14-3-3 protein gamma P61981 64 17 4 2 69
21 Peptidylprolyl cis-trans

isomerase A (Cyclophilin A)
P62937 56 48 6 0 34

22 Voltage dependent anion-
selective channel protein
1(VDAC-1)

P21796 53 17 3 1 29

23 Actin � P60709 289 38 15 6 46
Actin � P63261 350 65 17 4 58

24 Tubulin � 4 P04350 532 72 33 9 42
Tubulin �-1B chain P68363 481 51 19 7 55
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polyclonal rabbit anti-phospho-Thr555-CRMP-2 at 1:50 dilution,
mouse neurofilament SMI 31 monoclonal IgG (Covance, Princeton,
NJ) at 1:2000 dilution and mouse Class III, �-Tubulin (TUJ1) mono-
clonal IgG (Covance) at 1:250 dilution and polyclonal rabbit IgG anti
UCH-L1/PGP9.5 (Thermo Scientific) at 1:200 dilution. Sections were
washed in PBS-0.05% Tween-20 (pH7.4) for 5 min 3� before being
incubated with appropriate HRP conjugated secondary antibody;
goat anti-mouse (1:200 dilution, Calbiochem, San Diego, CA) or goat
anti-rabbit (1:300 dilution, Calbiochem). The Avidin-Biotin peroxidase
(ABC) method was used for the sections of MS-2 incubated with SMI
31 and �-Tubulin antibodies. In brief, sections were blocked with
avidin and biotin prior to incubation with the primary antibody fol-
lowed by goat anti-mouse IgG-biotinylated (Vector, Burlingame, CA)
(1:250) and the ABC complex (Vector). All sections were finally
washed in PBS-0.05% Tween-20 (5 min, 3�) followed by incubation
with ImmPACT™ diaminobenzidine peroxidase substrate (Vector) for
6 min and counterstained with Harris hematoxylin (Amber Scientific
Midvale, Australia) for 20 s. Sections were dehydrated through abso-
lute ethanol and xylene and mounted using DPX. Isotype-matched
immunoglobulins (rabbit IgG, mouse IgG; Zymed Laboratories Inc.)
were used as negative controls.

Immunofluorescence—Immunofluorescence was performed on the
same tissue blocks used for immunohistochemistry. Dewax, epitope
retrieval, serum blocking and primary antibody incubation was per-
formed as described above for immunohistochemistry. After thorough
washing with PBS-0.05% Tween-20 (5 min, 3�), sections were incu-
bated with the appropriate secondary antibody; anti-rabbit Alexa
Fluor 488 conjugate or anti-mouse Alexa Fluor 647 conjugate (both
1:1000 dilution, Invitrogen) for 60 min at room temperature. 4�, 6-Di-
amidino-2-phenylidole dilactate (DAPI; 1:10000 dilution; Molecular
Probes, Carlsbad, CA) was added to sections to stain nuclei. Sections
were mounted using fluorescence mounting media (Dako, USA).

Image Acquisition and Processing—Bright field microscopy analy-
sis and images were acquired under the 40� objective lens of an
Olympus Provis Ax70 microscope and an Olympus DP70 color digital
camera. Immunofluorescence was analyzed with an Olympus Fluoview
FV1000 confocal microscope (Olympus, GmbH, Germany) and FV10-
ASW software (version 1.7.2.2; Olympus) and the images taken using
PLAPOx100 OI NA: 1.4 objective lens. Images were acquired in the XY
scan mode at 100 �s/pixel sequentially using Kalman line integration.
Immunohistochemistry images were saved as RGB TIFF files. Immuno-
fluorescence images were saved as gray scale TIFF files. Images were
imported into Adobe Photoshop v9.0.2 (Adobe Systems Incorporated,
USA) and minor brightness and contrast adjustments performed in a

linear manner. Immunofluorescence images were colored and com-
bined to produce pseudo-colored merged images.

RESULTS

Validation of Biotinylation of CSF Proteins—In order to iden-
tify unbiased CSF reactivity (by antibodies or any other moi-
eties) toward proteins of myelin, myelin-axolemmal com-
plexes, and total brain homogenate, we first tagged CSF
proteins with biotin. Biotinylation was chosen for two main
reasons: first, any proteins with a reactive amine group can be
biotinylated and second, biotinylation is an event that does
not discriminate between proteins, because all proteins es-
sentially have reactive amines. The effectiveness of CSF bio-
tinylation was analyzed, by comparing the 3 �g-silver stained
gels from the five control and the six MS-CSF samples, with
that of the 1 �g-biotinylated CSF using western/far Western
blotting and subsequent staining with avidin-HRP. As shown
in Figs. 1A and 1B, the pattern of biotin conjugated proteins in
the CSF remained similar to that of the silver stained gel. The
presence of immunoglobulins in the CSF, was confirmed by
staining the blotted-biotinylated CSF with anti-human Ig G, A,
and M. (Fig. 1C). However, additional bands were present on
the biotinylated CSF blot, indicating the presence of nonim-
munoglobulin reactive proteins in the CSF.

Identification of Reactive Brain Proteins Using Biotinylated
MS-CSF—To identify the reactivity of MS-CSF molecules to
brain proteins, enriched fractions of compact myelin and the
myelin-axolemmal complexes were subjected to two-dimen-
sional gel electrophoresis. Proteins from each gel were trans-
ferred onto polyvinylidene fluoride membranes and western/
far Western blotting performed using biotinylated CSF from
the five control subjects and from five of the six biotinylated
MS patients, namely samples 5282, 8582, 7046, 5536, and
5273. MS-CSFs reactive spots (Fig. 2) were excised out from
Coomassie-stained gels and after tryptic digestion, subjected
to mass spectrometric analysis to identify the proteins. With
the exception of the diabetic demyelinating neuropathy, none

FIG. 1. Analysis of biotinylated CSF from controls and MS patients. A, Silver stained 12% gel showing the profile of biotinylated CSF
proteins (3 �g) from different samples. B, western/far Western blot of the biotinylated CSF proteins (1 �g) probed with streptavidin-HRP to
show the extent of biotinylation. Note the extent of similarity in pattern with silver stained gel on the left. C, western/far Western blot of
biotinylated CSF proteins (1 �g) probed with anti-human Ig GAM showing Fc chains of immunoglobulins.
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of the control CSFs reacted to any of the spots observed with
MS-CSFs (Fig. 3 and supplemental Table S1). The list of the
24 MS-CSF reactive proteins identified by our approach is
shown in Table II. Among those, six were only reactive to the
MS-CSFs: these are GAPDH, pyruvate kinase isozymes,
UCH-L1/PGP 9.5, heat shock-related 70 kDa protein 2,
CNPase and ��-crystallin. The consitancy of the MS-CSF
reactivity to many of these proteins, especially CRMP-2, di-
hydropteridine reductase, creatine kinase, guanine nucleo-
tide-binding protein and quaking protein between the brain
homogenate, myelin, and myelin-axolemmal complexes is
shown in Fig. 3 and the supplemental Table S1.

MS-CSF Reactivity to Molecules Associated with Energy
Metabolism—Among the different molecules that showed re-
activity to MS-CSF, proteins related to glycolytic pathway
were predominant (Table II, Figs. 3 and 4). Six of the ten
different enzymes that participate in the breakdown of glu-
cose to pyruvate in the glycolytic pathway reacted with MS-
CSF (Table II, Figs. 3 and 4). These are triose phosphate
isomerase (TPI), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), �-enolase (AE), fructose bisphosphate aldolase-A,
pyruvate kinase (PK), and phosphoglycerate kinase (PGK) (36,
37). Although these enzymes are mainly involved in carrying
out their glycolytic functions, they also take part in other
cellular responses. For example, GAPDH and AE are involved
in transcriptional regulation and apoptosis (36). Similarly, TPI
is involved in the regulation of KATP channels and its defi-
ciency leads to neurodegeneration (37, 38). Proteins belong-

ing to mitochondrial complexes also reacted with MS-CSF.
These include ATP synthase subunit � and voltage dependent
anion-selective channel protein 1 (VDAC-1). We also detected
the cytoplasmic form of aspartate aminotransferase, an en-
zyme that catalyzes the production of N-acetyl-aspartate
(NAA) involved in the mitochondrial energy metabolism and is
critical for the myelin lipid synthesis (39, 40).

MS-CSF Reactivity to Proteins of Myelin and Axonal Me-
tabolism—In comparison to the identified proteins related to
energy metabolism, the number of myelin specific proteins
identified was relatively low (Table II, Fig. 2, 3, and 4). Those
belonging to myelin metabolism include 2�, 3�-cyclicnucle-
otide 3�-phosphodiesterase (CNPase), a potential autoantigen
(15) whose role is not yet defined and the quaking protein, an
RNA-binding protein that plays a central role in myelination.
MS-CSF reacted to a significant number of proteins belonging
to cytoskeletal architecture and cellular metabolism of both
myelin and oligodendrocytes and neurons (Table II, Figs. 2, 3,
and 4). These include CRMP-2, � enolase, cofilin, ��-crystal-
lin, cyclophilin A, creatine kinase B, and Ubiquitin carboxy-
terminal hydrolase L1 (UCH-L1/PGP 9.5). CRMP-2, a mole-
cule that regulates neuronal polarity by way of axonal
microtubule assembly, is found associated with degenerating
neurons in its phosphorylated form (41–44). Together with
Rho-GTP, CRMP2 is an intracellular effector of neurite retrac-
tion, primary involving myelin-associated inhibitory factors
(39, 41). It regulates actin and tubulin dynamics after injury
(41). Like CRMP-2, Cofilin is known to affect actin cytoskele-

FIG. 2. Representative two-dimen-
sional blot showing the reactivity of
Control and MS-CSF to different brain
preparations. Two-dimensional gels of
brain homogenate, myelin and myelin-
axolemmal complex preparations were
subjected to western/far Western blot-
ting, probed first with the biotinylated
spondylosis CSF control and developed
using streptavidin-HRP (A). The same
blots were washed thoroughly and
probed again with the paired MS-CSF
sample 5282 (B) as described in the
methods. (C) Corresponding Coomassie
stained two-dimensional gels of brain
homogenate, myelin and myelin-ax-
olemmal complexes. Spots that showed
reactivity to MS-CSF were numbered.
Spots common to both blots were no
further assessed. Note the reproducibil-
ity of the different spots both on the
blots (B) and Coomassie stained gels
(C).
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ton dynamics, growth cone mobility and neurite outgrowth.
The molecule of neuronal origin, � enolase, is generally found
elevated in CSF of patients with neurodegenerative disorders
(45) and is involved in actin filament disassembly. Notably, we
detected ��-crystallin, a molecule present at enhanced levels

in oligodendrocytes and astrocytes in MS lesions. Interest-
ingly, the concentration of anti-��-crystallin antibodies in sera
and CSF of MS patients correlates with activity as well as
severity of the disease (42). Among the other molecules
known to be up-regulated in inflammatory conditions and
autoimmune diseases are Peptidylprolyl cis-trans isomerase
A (Cyclophilin A), an immunophilin with a variety of intracel-
lular function, including protein trafficking, intracellular signal-
ing, and apoptosis, (46); creatine kinase B, a molecule
involved in cellular energy homeostasis and Ubiquitin carboxy-
terminal hydrolase L1 (UCH-L1) also known as PGP 9.5 (47,
48). UCH-L1/PGP 9.5 is a highly conserved protein localized
in neurons and neuroendocrine cells and has been implicated
in several neurodegenerative disorders such as Parkinson’s
disease and Alzheimer (47, 48).

MS-CSF Reactivity to Proteins of Ubiquitous Nature—In
addition to the molecules that are specifically associated with
energy metabolism, oligodendrocytes, and myelin or neurons,
we found MS CSF reactivity to proteins that are generally
found in eukaryotic cells. These include, actin cytoplasmic 1

FIG. 3. Frequency of reactivity of
CSF samples to the proteins identified
by mass spectrometry. This graph
shows the total number of times the five
MS-CSF and the control diabetic demy-
elinating neuropathy (DN) samples re-
acted to the proteins for each of the gels
shown in Fig. 2 and supplemental Fig. 4.
None of the other controls showed any
reactivity to these proteins. Protein
spots that were reactive to two or more
MS-CSF samples were selected for
identification by mass spectrometry and
correspond to the proteins listed in Table
II. Note the consistancy of the reactivity
to most proteins, especially dihydrop-
teridine reductase, guanine nucleotide-
binding protein, CRMP-2, creatine ki-
nase, actin and tubulin.

FIG. 4. Classification of CSF reactivity to various brain proteins.
Pie chart showing overall MS-CSF reactivity pattern to various brain
proteins. Note the relatively increased levels of CSF reactivity to
proteins of energy and axonal metabolism compared with myelin.

Proteomic Analysis of Multiple Sclerosis Cerebrospinal Fluid

Molecular & Cellular Proteomics 10.6 10.1074/mcp.M110.000042–7

http://www.mcponline.org/cgi/content/full/M110.000042/DC1


(�-actin), actin cytoplasmic 2 (�-actin), tubulin �-4 chain, tu-
bulin �-ubiquitous chain, tubulin �-3 chain, heat shock protein
70, dihydropteridine reductase and guanine nucleotide-bind-
ing protein (Transducin). In this context it is interesting to note
that antibody responses to tubulin were seen in Leber’s he-
reditary optic neuropathy, a mitochondrially inherited degen-
eration of retinal ganglion cells and their axons that lead to an
acute or subacute loss of central vision, a clinical feature often
seen in MS patients (42).

Expression of p-CRMP-2 and UCH-L1 in Chronic-active MS
Lesions—The normal physiological role of CRMP-2 has been
demonstrated to play a critical role in axon outgrowth and
axon-dendrite specification (41, 43). Importantly, the phos-
phorylation of CRMP-2 at its C terminus is a major determi-
nant in the neurodegenerative phases of several CNS dis-
eases such as Alzheimer’s disease (41, 44). Likewise, UCH-L1

has been linked to neurodegenerative disorders. This mole-
cule is selectively and abundantly expressed in neurons and
represents 1–2% of total soluble protein in the brain and
immunoreactivity to UCH-L1 is a sensitive method to detect
axonal dystrophy in pathological conditions of the CNS (47,
48). We therefore focused our attention on the phosphoryla-
ted form of CRMP-2 (p-CRMP-2) as well as the levels of
UCH-L1/PGP 9.5 in MS plaques in order to gain some insight
into the putative role of these two molecules during the active
phase of MS. As shown in Fig. 5B (p-CRMP-2) and sup-
plemental Figs. S3A and S3C, the cellular expression of p-
CRMP-2 was increased in chronic active plaques, (as indi-
cated by the absence of LFB staining, Fig. 5B; LFB) in the
axons near the inflammatory lesions (supplemental Figs.
S3A and S3C) As judged by the absence of such reactivity in
normal brain (Fig. 5A; p-CRMP-2) and the normal appearing

FIG. 5. Levels of p-CRMP-2 and
UCH-L1 in chronic-active MS lesions.
Postmortem human brain paraffin sec-
tions (cut at 10 �m) were obtained from
a 70-year-old control, who died of non-
neurological causes (A) and a patient
who had died with associated chronic-
active MS lesions with 11 years duration
of disease (B) (38 year old female).
A, shows normal regions of white matter
stained with LFB, the anti-p-CRMP-2
and the anti-UCH-L1 (PGP9.5) antibod-
ies. B, a chronic-active MS lesion situ-
ated in the subcortical white matter of
the frontal lobe stained as in panel A.
Note the marked region of demyelination
(LFB), increased levels of p-CRMP-2 im-
mmunoreactivity and decreased levels
of UCH-L1 staining, compared with that
obtained from control brain and normal
appearing white matter (NAWM) (C).
C, shows that the reactivity obtained
with the anti-p-CRMP-2 and UCH-L1
antibodies in the tissue adjacent to the
MS lesion are similar to that of control
tissue. D, shows a higher magnification
of double immunofluorescence images
of labeled axons with the anti-p-
CRMP-2 antibody and SMI-3 from the
chronic-active MS lesion shown in sup-
plemental Figs. 3A and 3B.
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white matter (NAWM) of patient MS-1 (Fig. 5C) and total inhibi-
tion of the staining after the pre-incubation of the antibody with
the phospho-peptide of CRMP-2 (data not shown), this reactiv-
ity was specific. p-CRMP-2 immuno-positive axons also stained
strongly for phosphorylated neurofilaments (supplemental Figs.
S3B and S3D). Double immunofluorescence staining with the
anti-CRMP-2 and -SMI-31 antibodies clearly demonstrated the
presence of degenerating axons within the chronic-active le-
sions (Fig. 5D). These results were further validated by the
marked decreased of immunoreactivity for UCH-L1/PGP 9.5
within the demyelinating lesions (Fig. 5B; UCH-L1) as compared
with normal brain and NAWM (Figs. 5A and 5C). Taken together,
these results imply that the up-regulation of p-CRMP-2 and the
down-regulation of UCH-L1/PGP 9.5 within chronic MS lesions
may play an important role in the demyelinating process as well
the degeneration of axons (41).

DISCUSSION

In an attempt to identify potential molecules of clinical and
physiological significance in the development of MS, we first
performed a two-dimensional immunoblotting of brain, myelin
fraction and myelin-axolemmal proteins using biotinylated
molecules from unprocessed CSF. This method overcomes
the general limitation of two-dimensional proteome analysis of
CSF, which often necessitates the pooling and concentrating
of samples (19). Despite the fact that the amount of brain
homogenate loaded in the western/far Western blot using
biotinylated CSF (1 �g) was one third that of the silver stained
gel (3 �g), the patterns of staining between silver-stained CSF
gels and the biotinylated CSF blots probed with streptavidin-
HRP were similar. This highlights the sensitivity and effective-
ness of the biotinylation procedure used in this study and also
indicates that in addition to immunoglobulins (Fig. 1C), other
moieties are present in the MS CSF samples. Experiments
attempting to decipher the nature of these additional mole-
cules are currently in progress. However, given that the po-
tential of CSF proteins interacting with denatured proteins on
two-dimensional blots is small, the detected reactivity is most
likely because of high affinity antigen-antibody mediated in-
teractions. In order to reduce the possibility of false positives
as well as enhancing the detection of putative protein candi-
dates, CSF samples were not only probed on brain homoge-
nate but also two different brain fractions. As illustrated in Fig.
2, supplemental Table S1 and supplemental Fig. S4, several
independent CSF-reactive spots could be identified on blots
from brain homogenate, myelin and myelin-axolemmal com-
plex fractions. This differential reactivity is partly because of
the enrichment of various proteins as a result of the fraction-
ation of the brain tissue into myelin and myelin axolemmal
complex as well as other factors, such as the avidity and
affinity of the MS reactive moieties (e.g. antibodies) and pos-
sibly the stage of the disease.

The MALDI-TOF-TOF mass spectrometry analysis has per-
mitted the identification of potential new candidate-molecules

that are present in the MS-CSF. Based on the overall CSF
analysis on brain proteins, we found that biotinylated MS-CSF
molecules reacted predominantly to proteins related to mito-
chondrial metabolism pathways in general (33%) and axonal
metabolism (29%) (Fig. 4). In particular, many cytoskeletal
proteins and proteins regulating the cytoskeletal dynamics
showed reactivity with MS-CSF (Table II). In line with previous
reports, molecules such as ��-crystallin, enolase, 14–3-3
protein and GAPDH were also identified (11, 15, 49) in the
MS-CSF, thus validating our experimental approach. Interest-
ingly, 17% of reactive proteins were myelin proteins and
molecules from immunological origin (Fig. 4 and Table II). In
this context, it is worth noting that several of the proteins
identified by the MS CSFs were also reactive to the control
diabetic demyelinating neuropathy CSF (Fig. 3, supplemen-
tal Table S1 and supplemental Fig. S4). These findings cor-
roborate several studies showing that beside lymphocytic
infiltrates in damaged ganglia and nerve bundles, cell-medi-
ated immune responses and autoantibodies to autonomous
nervous tissue structures typically affect such a condition
(30–32). This further highlights the relevance of our approach
in deciphering within a complex array of tissue antigens,
potential pathogenic targets as well as providing insight into
the pathogenesis of neurodegenerative as well as other dis-
orders.

Significance of Glycolytic Pathway enzymes in MS—A sig-
nificant proportion of the brain’s energy needs are met from
the metabolic breakdown of glucose (50). Therefore, it is not
surprising that any events that may impair the function of
molecules involved in glucose metabolism could lead to sig-
nificant damage in the integrity and function of neurons or
their supporting cells. In this context, it is noteworthy that
antibodies to AE, TPI, and GAPDH have been shown to be
present in the CSF from MS patients (15, 51, 52). Besides their
glycolytic roles, these enzymes also have other functions. For
example, AE can bind to c-myc binding protein and indirectly
influence myelination as c-myc overexpression leads to hy-
pomyelination (53). Similarly, GAPDH, TPI and PK are com-
ponents of KATP channels and can be immunoprecipitated
along with potassium channel subunit Kir 6.2, suggesting that
these enzymes could influence the regulation of KATP chan-
nels function (37). KATP channels act as metabolic sensors
and control the firing rate of neurons thereby protecting them
from hypoxia. In disease states, activation of these channels
can control the death of dopaminergic neurons (54). GAPDH,
on the other hand is associated with �-aminobutyric acid-type
A receptors and functions as a kinase involved in maintaining
�-aminobutyric acid-type A receptors-mediated responses
(55); inhibition of GAPDH activity leads to induction of apo-
ptosis (56). Although antibodies are the most likely reactive
candidates, the possibility that other reactive molecules could
interact with intracellular proteins cannot be excluded. None-
theless, Fc gamma receptor mediated uptake of antibodies
has been shown in motor neurons (57) and their interaction
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with intracellular components has been implicated in a variety
of diseases (58). As demonstrated here, reactivity to the in-
tracellular component CRMP2 was not only detected in MS-
CSF but also up-regulated in MS lesions, illustrating for the
first time the role of CRMP-2 in MS axonal pathology. The
generation of reactive molecules, particularly antibodies to
GAPDH, TPI, or PK could influence the activity of these mol-
ecules and potentially be of pathological significance. How-
ever, the basis of the interactions with these MS protein
targets as well as their relevance to the disease process,
remains to be established. Experiments are currently under-
way to try and answer these critical questions. Indeed, it is
pertinent to note that not all autoimmune responses are path-
ogenic. For example, whereas we have identified aldolase A,
(another glycolytic enzyme) as a potential target, immuniza-
tion of C57BL/6 and NOD mice or Lewis rats with this protein
does not lead to the development of any diseases (59). Like-
wise, whereas antibodies to alpha-enolase are associated
with autoimmune diseases such as rheumatoid arthritis, sys-
temic lupus erythematosus and mixed cryoglobulnemia,
these are nonpathogenic (45).

Among the different glycolytic enzymes we detected in our
study, is PGK, a molecule involved in regulating endocytosis,
expressed in relatively high levels in cells (60). The presence
of antibodies or other putative binding proteins could there-
fore inhibit the function of PGK and thus lead to impaired
neural cell function. In addition to the glycolytic enzymes
involved in the energy metabolism, creatine kinase B (CKB), a
molecule involved in cellular energy homeostasis also reacted
with MS-CSF (Table II, Figs. 3 and 4). CKB catalyzes the
reversible transfer of phosphoryl group from phosphocreatine
to ADP generating ATP thereby propelling cells with high-
energy demands such as neurons. Moreover, CKB influences
the cytoskeletal changes mediated by PAR-1 signaling (61).
Recently, PAR-1 has been localized to the nodes of Ranvier
and its activation leads to conduction block (62). Given the
role of CKB in PAR-1 signaling, factors that influence CKB
activity could lead to impairment in impulse conduction and
cytoskeletal organizations as clearly illustrated by the collapse
of oligodendrocyte membrane architecture after treatment
with demyelinating antibodies (63, 64).

Mitochondrial Proteins in MS—It is now recognized that
axonal injury occurs early in acute MS lesions (2, 3). In order
to compensate for the impulse conduction at demyelinated
regions along the axon, mitochondria migrate into the sites of
axonal damage to provide ATP (65). However, with time,
mitochondrial function is affected because of mitochondrial
DNA damage mediated by free radicals generated from acti-
vated immune cells, a common feature of chronic-MS plaques
(66). Thus, mitochondria play a central role in the function and
survival of the neuron. The intricate mechanism by which
mitochondrial function is impaired in MS remains to be estab-
lished. One of the reactive molecules detected by our pro-
teomic screening with biotinylated MS-CSF was the ATP

synthase subunit alpha of the mitochondrial oxidative phos-
phorylation pathway from complex-V (Table II, Fig. 3 & 4).
Interestingly, the cytosolic accumulation of ATP synthase al-
pha subunit is associated with early degenerating neurons in
Alzheimer’s disease (67). VDAC1, another molecule associ-
ated with mitochondrial membrane component also showed
reactivity with MS-CSF. VDAC1 is critical for the release of
cytochrome c, a molecule that induces apoptosis (68) and in
addition plays an important role in the transport of ATP,
calcium and other metabolites across the mitochondrial mem-
brane (69). VDAC1, in conjunction with the pro-apoptotic
Bcl-2 family of proteins Bax, Bak and chemical agents such
as ruthenium red and fluoxetine (70) regulates the release of
cytochrome c. Notably, VDAC1 is involved in the pathophys-
iology of neurodegenerative diseases such as Alzheimer’s
and Huntington’s diseases (71, 72). Thus, regulators of
VDAC1 activity present in MS-CSF could play a role in the
neurodegenerative phase of MS.

Detection of MS-CSF reactivity to aspartate aminotrans-
ferase (AAT) is interesting given the mitochondrial involvement
in neurodegeneration. Indeed, AAT utilizes oxaloacetate and
glutamate to produce aspartate. Furthermore, �keto-glutarate
and aspartate are indicators of axonal degeneration, com-
monly demonstrated by magnetic resonance spectroscopic
imaging, to detect the extent of neurodegeneration (73). No-
tably, the substrate for AAT, N-acetyl aspartate (NAA), which
is a key molecule used by oligodendrocytes for myelin lipid
synthesis and is generated by neurons, has to be transported
from the neuron to the myelinating oligodendrocytes (39, 40,
74). The compartmentalization of NAA in neurons and the
exclusive requirement of NAA by oligodendrocytes for myelin
synthesis suggest a complex relationship that is important for
the survival of both neuron and oligodendrocytes. Thus, im-
pairment in the regulation of enzymes and transporters that
take part in the NAA metabolism could have an important role
to play not only in the neuropathology of MS but also in other
neurodegenerative diseases. Another interesting molecule we
have identified in this study is cyclophilin A (CypA). Apart from
its role in T-cell activation and protein chaperoning, CypA
participates in the caspase-independent route of pro-
grammed cell death, where the apoptosis inducing factor
recruits the endonuclease CypA for its DNA degrading capa-
bility and perhaps may play a role in the neurodegenerative
process (75). Indeed, CypA deficiency affords neuroprotec-
tion in vivo (46). Given that the inactivation of cyclophilin D
also protects axons after experimental autoimmune enceph-
alomyelitis induction (76), the possibility that CypA may also
play a role in the neurodegenerative aspects of MS cannot be
excluded.

Role of Stress Proteins and Oligodendrocyte and Myelin
Proteins in Neurodegeneration—The identification of MS-CSF
reactivity to quaking protein is potentially an important find-
ing, given that the 37 kDa isoform has been shown to be
essential for the development of oligodendrocyte progenitor
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cells by regulating their gene expression toward a promyeli-
nating phenotype (77). Similarly, HSP-70 is required for the
optimal expression of MBP (78), with HSP-70 also found to be
associated with MBP in MS lesions, in an ATP-dependent
fashion (79). Complexes of MBP and HSP-70 can stimulate
MBP-T cell lines and that HSP-70 null mice have a low clinical
score of MOG-experimental autoimmune encephalomyelitis
and a decreased proliferation of MOG-CD4� T cells (79, 80).
It is therefore tempting to speculate that in MS, HSP-70 may
have the ability to modulate the immune response mediated
by encephalitogenic T cells. In addition, when oligodendro-
cytes are treated with H2O2 and subjected to heat shock, both
HSP-70 and �� crystalline are expressed, suggesting that the
detection of these two molecules with MS-CSF is indicative of
an oxidative stress on oligodendrocytes (81). In this context, it
is noteworthy that the apoptosis-inducing factor that interacts
with cyclophilin A also interacts with HSP-70 (82). In line with
the findings of Lovato and colleagues (15), we found that
CNPase, one of the third most abundant myelin proteins of
the CNS, reacted with MS-CSF. Although CNPase has been
proposed as a putative autoantigen in MS, its encephalito-
genic role has not yet been established and thus further
investigations on its role in MS are warranted.

Proteins of Cytoskeletal Organization and Degradation—
Treatment of oligodendrocytes with demyelinating antibodies
to galactocerebroside (GalC) and to myelin oligodendrocyte
glycoprotein (MOG) has been shown to potentiate cytoskel-
etal collapse (63, 64), indicating that cytoskeletal components
play an essential role in maintaining the structural architecture
of oligodendrocytes. CRMP-2 is one such protein that regu-
lates cytoskeletal dynamics in neurons (43) and in a subset of
mature oligodendrocytes that exhibit Semaphorin 3A sensi-
tivity (83). CRMP-2 interacts with tubulin heterodimers and
takes part in the tubulin dynamics during axonal growth (84).
Over-expression of CRMP-2 results in the induction of multi-
ple axons (85). Phosphorylation of CRMP-2 on Thr555 leads
to growth cone collapse and prevents the association of
CRMP-2 with tubulin dimers (41, 43). This may in turn have
important implications in regulating the axonal cytoskeletal
dynamics. Notably, semaphorin 3A-sensitive oligodendro-
cytes show an increased expression of CRMP-2 in associa-
tion with oligodendrocyte process retraction (83). Our finding
that there is an increase in the expression levels of p-CRMP-2
(ROCK II substrate) in chronic-active MS lesion, particularly in
SMI-31-positive axons, suggest that the collapse of cytoskel-
etal dynamics in axons may play a role in axonal degenera-
tion. This contention is further supported by the demonstra-
tion that UCH-L1 is down-regulated in MS plaques, a finding
also observed in the brains of Alzheimer’s as well as Parkin-
son’s disease patients (47, 48). In addition to it putative role in
neurodegeneration, UCH-L1/PGP 9.5 is thought to be in-
volved in the regulation of ATP receptors in neurons and the
morphology of neuronal precursors (47). Thus, it is possible
that in MS, the altered activity of this molecule leads to

additional deleterious effects on axon. In this context, it is
noteworthy that cofilin, another molecule involved in the actin
filament disassembly reacts with MS-CSF (Figs. 3 and 4).
Cofilin has also been shown to have a role in neurodegenera-
tion associated with Alzheimer’s disease, whereby dephos-
phorylation of cofilin is stimulated by beta-amyloid peptide
(86). This leads to the activation of cofilin and the formation of
rod shaped actin filaments that inhibit axonal transport (86).
The finding that both CRMP-2 and cofilin were reactive to
MS-CSF is important in view of some similarity existing be-
tween Leber hereditary optic neuropathy and MS (87). In-
creased anti-tubulin antibody levels with inflammatory demy-
elination similar to MS were also seen in Leber hereditary
optic neuropathy patients, suggesting a role for these anti-
bodies in inducing demyelination (42, 87). Besides the regu-
lation of actin and tubulin dynamics by cofilin and CRMP-2,
we also found as reported by others (88, 89), that the 14–3-3
protein reacted to MS-CSF. 14–3-3 interacts with cofilin (90)
and controls the phosphorylation status of cofilin and LIM
kinase via slingshot phosphatase 1L, along with F actin (91,
92) leading to the regulation of cytoskeletal dynamics. Thus,
detection of MS-CSF reactivity to 14–3-3 and CRMP-2 is
important in the context of the ability of demyelinating anti-
MOG antibody in inducing cytoskeletal damage to oligoden-
drocytes in cultures (63, 64).

In summary, using an unbiased approach aimed at identi-
fying putative biomarkers for MS, we have identified several
novel molecules that are either involved in myelin metabolism,
mitochondrial survival and/or apoptosis. As discussed above,
these may play a significant role in the pathogenesis of MS.
The group of MS patients and controls studied here is rela-
tively small, thus precluding any definite conclusion on the
potential pathogenic role of these molecules in MS. Longitu-
dinal CSF analysis using a larger cohort of patients presenting
with different forms of MS, across geographic and ethnic
boundaries is required to validate these results and identify
novel targets for research as well as the development of new
treatments.
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22. von Büdingen, H. C., Harrer, M. D., Kuenzle,. S., Meier, M., and Goebels, N.
(2008) Clonally expanded plasma cells in the cerebrospinal fluid of MS
patients produce myelin-specific antibodies. Eur. J. Immunol. 38,
2014–2023

23. Karnezis, T., Mandemakers, W., McQualter, J. L., Zheng, B., Ho, P. P.,
Jordan, K. A., Murray, B. M., Barres, B., Tessier-Lavigne, M., and Ber-
nard, C. C. (2004) The neurite outgrowth inhibitor Nogo A is involved in
autoimmune-mediated demyelination. Nat. Neurosci. 7, 736–744

24. Wang, D., Ayers, M. M., Catmull, D. V., Hazelwood, L. J., Bernard, C. C.,
and Orian, J. M. (2005) Astrocyte-associated axonal damage in pre-
onset stages of experimental autoimmune encephalomyelitis. Glia 51,
235–240

25. Sherman, D. L., and Brophy, P. J. (2005) Mechanisms of axon ensheath-
ment and myelin growth. Nat. Rev. Neurosci. 6, 683–690

26. Susuki, K., and Rasband, M. N. (2008) Molecular mechanisms of node of
Ranvier formation. Curr. Opin. Cell Biol. 20, 616–623

27. Goto, K., Kurihara, T., Takahashi, Y., and Kondo, H. (1990) Expression of
genes for the myelin-specific proteins in Oligodendrocytes in vivo de-
mands the presences of axons. Neurosci. Lett. 117, 269–274

28. Peles, E., and Salzer J. L. (2000) Molecular domains of myelinated axons.
Curr. Opin. Neurobiol. 10, 558–565

29. Menon, K., Rasband, M. N., Taylor, C. M., Brophy, P., Bansal, R., and
Pfeiffer, S. E. (2003) The myelin-axolemmal complex: biochemical dis-
section and the role of galactosphingolipids. J. Neurochem. 87,
995–1009

30. Segal, P., Teitelbaum, D., and Ohry, A. (1983) Cell-mediated immunity to
nervous system antigens in diabetic patients with neuropathy. Isr.
J. Med. Sci. 19, 7–10

31. Ejskjaer, N. T., Zanone, M. M., and Peakman, M. (1998) Autoimmunity in
diabetic autonomic neuropathy: does the immune system get on your
nerves? Diabet. Med. 15, 723–729

32. Vinik, A. I., Anandacoomaraswamy, D., and Ullal, J. (2005) Antibodies to
neuronal structures: innocent bystanders or neurotoxins? Diabetes Care
28, 2067–2072

33. Wu, Y., Li, Q., and Chen, X. Z. (2007) Detecting protein-protein interactions
by far western blotting. Nat Protoc 2, 3278–3284

34. Azari, M., Ozturk, E., Profyris, C., Wang, S., Small, D., Bernard, C. C .A., and
Petratos, S. (2008) LIF treatment reduces Nogo-A deposits in spinal cord
injury, modulating Rho GTPase activity and CRMP-2 phosphorilation.
J. Neurodegeneration Regeneration 1, 23–29

35. Petratos, S., Gonzales, M. F., Azari, M. F., Marriott, M., Minichiello, R. A.,
Shipham, K. A., Profyris, C., Nicolaou, A., Boyle, K., Cheema, S. S., and
Kilpatrick, T. J. (2004) Expression of the low-affinity neurotrophin recep-
tor, p75(NTR), is upregulated by oligodendroglial progenitors adjacent to
the Subventricular zone in response to demyelination. Glia 48, 64–75

36. Senatorov, V. V., Charles, V., Reddy, P. H., Tagle, D. A., and Chuang, D. M.
(2003) Overexpression and nuclear accumulation of glyceraldehyde-3-
phosphate dehydrogenase in a transgenic mouse model of Huntington’s
disease. Mol. Cell. Neurosci. 22, 285–297

37. Dhar-Chowdhury, P., Harrell, M. D., Han, S. Y., Jankowska, D., Parachuru,
L., Morrissey, A., Srivastava, S., Liu, W., Malester, B., Yoshida, H., and
Coetzee, W. A. (2005) The glycolytic enzymes, glyceraldehyde-3-phos-
phate dehydrogenase, triose-phosphate isomerase, and pyruvate kinase
are components of the K(ATP) channel macromolecular complex and
regulate its function. J. Biol. Chem. 280, 38464–38470
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