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Embryonic motoneurons from mutant SOD1 (mSOD1) mouse models of amyotrophic lateral sclerosis (ALS), but not wild-type motoneu-
rons, can be triggered to die by exposure to nitric oxide (NO), leading to activation of a motoneuron-specific signaling pathway down-
stream of the death receptor Fas/CD95. To identify effectors of mSOD1-dependent cell death, we performed a proteomic analysis.
Treatment of cultured mSOD1 motoneurons with NO led to a 2.5-fold increase in levels of collapsin response mediator protein 4a
(CRMP4a). In vivo, the percentage of mSOD1 lumbar motoneurons expressing CRMP4 in mSOD1 mice increased progressively from
presymptomatic to early-onset stages, reaching a maximum of 25%. Forced adeno-associated virus (AAV)-mediated expression of
CRMP4a in wild-type motoneurons in vitro triggered a process of axonal degeneration and cell death affecting 60% of motoneu-
rons, whereas silencing of CRMP4a in mSOD1 motoneurons protected them from NO-induced death. In vivo, AAV-mediated
overexpression of CRMP4a but not CRMP2 led to the death of 30% of the lumbar motoneurons and an 18% increase in denervation
of neuromuscular junctions in the gastrocnemius muscle. Our data identify CRMP4a as a potential early effector in the neurode-
generative process in ALS.

Introduction
Amyotrophic lateral sclerosis (ALS) is a devastating neurodegen-
erative disease characterized by the selective and gradual loss of
both upper and lower motoneurons. Most patients present a spo-
radic form of the disease, but much of our knowledge of the
cellular and molecular pathogenic mechanisms comes from the
study of familial forms. Approximately 10% of ALS cases are
familial and of these up to 20% are caused by dominant mu-
tations in superoxide dismutase 1 (SOD1). Correspondingly,

transgenic mice overexpressing mutant forms of SOD1
(mSOD1) develop a motor syndrome closely resembling ALS
(Bruijn et al., 2004). Multiple in vitro and in vivo studies have
demonstrated that the actions of mSOD1 on motoneurons are
both cell autonomous and nonautonomous (for review, see
Boillee et al., 2006), but the sequence of events leading to mo-
toneuron degeneration and subsequent death remains to be pre-
cisely mapped.

We previously showed that purified embryonic motoneurons
from mSOD1 mice display increased susceptibility to activation of
the Fas death receptor, which triggers a motoneuron-specific path-
way (Raoul et al., 1999, 2002). We demonstrated that nitric oxide
(NO), a downstream effector of Fas activation in motoneurons,
increases the expression of Fas ligand and leads, in mSOD1 mo-
toneurons but not in controls, to further production of NO
through a feedback loop (Raoul et al., 2006b). This Fas/NO path-
way is relevant in vivo since elements of the pathway are upregu-
lated or misexpressed before the onset of symptoms in mSOD1
mice (Bendotti et al., 2004; Wengenack et al., 2004; Kiaei et al.,
2007). Moreover, both pathway activation and disease onset are
delayed by the intrathecal administration of siRNA to Fas (Lo-
catelli et al., 2007). Therefore, a clearer understanding of the
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transcriptional and posttranslational changes triggered by Fas
activation may potentially lead to identification of new thera-
peutic targets. In the present study, we used a proteomic ap-
proach to detect changes in motoneurons triggered by Fas in
the mSOD1 context. One major protein whose expression we
found to be upregulated was CRMP4 (collapsin response me-
diator protein 4).

CRMP4 is a member of a family of five developmentally reg-
ulated cytosolic phosphoproteins also known as TUCs or Ulips
(for review, see Charrier et al., 2003). Functional studies in vitro
and in vivo, focused mainly on CRMP2 and CRMP4, indicate that
CRMPs may have positive or negative effects on neurite out-
growth depending on the cell type and the CRMP family member
and isoforms (Quinn et al., 2003; Arimura et al., 2004; Quach et
al., 2004; Alabed et al., 2007). The expression of CRMPs is signif-
icantly altered in models of adult neurodegenerative disease
(Minturn et al., 1995; Yoshida et al., 1998; Pasterkamp and Ver-
haagen, 2001; Liu et al., 2003; Suzuki et al., 2003), but their pre-
cise links to the degenerative process have yet to be determined.

We show here that increased expression of CRMP4a, one of
two splice variants of CRMP4, is observed in a subpopulation of
lumbar motoneurons in mSOD1 mice starting at presymptom-
atic stages. Overexpression of CRMP4a in cultured motoneurons
leads to inhibition of neurite outgrowth followed by cell death.
On the contrary, inhibiting CRMP4 expression in NO-treated
mSOD1 motoneurons through shRNA-CRMP4a prevents NO-
triggered cell death. Adeno-associated virus (AAV)-mediated
overexpression of CRMP4a in motoneurons in vivo leads to sig-
nificant muscle denervation as well as reduction in motoneuron
cell numbers. These data identify CRMP4a as a candidate early
effector in motoneuron degeneration in the mSOD1 mouse
model of ALS.

Materials and Methods
Animals. All animal experiments were performed in compliance with the
European and national directives for the care and use of laboratory ani-
mals. CD1 mice were obtained from Iffa-Credo. Transgenic mice ex-
pressing mutant G85R (SOD1 G85R) and wild-type human SOD1
(SOD1 WT) were kindly provided by Prof. D. Cleveland (University of
California at San Diego, La Jolla, CA) and Prof. S. Przedborski (Columbia
University, New York, NY); transgenic mice for mutant G93A
(SOD1 G93A) were obtained from Transgenic Alliance. SOD1 G85R (line
148) (Bruijn et al., 1997) and SOD1WT mice (line 76) (Wong and Borchelt,
1995) were maintained as hemizygotes by crossing transgenic males with
non-transgenic females of the same C57BL/6 genetic background.
SOD1 G93A mice (line G1H) (Gurney et al., 1994) were maintained as
hemizygotes by crossing transgenic males with non-transgenic females of
the same B6/SJL genetic background. Offspring were genotyped as pre-
viously described (Raoul et al., 2002). During PCR genotyping of embry-
onic tail DNA (3– 4 h), embryos were kept at 4°C in Hibernate E medium
(Invitrogen).

Reagents. DETANONOate, a NO donor, was purchased from Alexis
Biochemicals. Primary antibodies rabbit polyclonal anti-CRMP4 (source
1), rabbit polyclonal anti-CRMP-2, rabbit polyclonal anti-vesicular ace-
tylcholine transporter (VAChT), and mouse monoclonal anti-neuronal
nuclei (NeuN) were purchased from Millipore. Rabbit polyclonal anti-
CRMP4 (source 2) was purchased from CovalAb. Mouse monoclonal
anti-myc (9E10) was from Santa Cruz Biotechnology. Mouse monoclo-
nal anti-GFP antibodies (a mixture of 7.1 and 13.1) were from Roche
Diagnostics. Rabbit polyclonal anti-neurofilament (145 kDa) was from
Millipore. �-Bungarotoxin-tetramethylrhodamine conjugate was pur-
chased from Invitrogen. Secondary antibodies Alexa Fluor 488 goat anti-
mouse IgG, Alexa Fluor 488 goat anti-rabbit IgG, Cy3-conjugated
AffiniPure goat anti-mouse IgG, and Cy3-conjugated AffiniPure goat
anti-rabbit IgG were purchased from Invitrogen and Jackson Immu-
noResearch Laboratories.

Expression constructs and recombinant adeno-associated virus vectors.
Expression vectors for CRMP4a and CRMP2 were PCR amplified from
pSG5-FLAG-CRMP4a and pSG5-FLAG-CRMP4a vectors (provided
by V.R.), and the products were cloned into PGK1 (phosphoglycerol
kinase 1)-6myc (pmyc) vectors using the following primers: CRMP4a,
5�-GGACATATGTCCCTACCAGGGCAAGAA-3� (forward) and 5�-
AATTGAGTCCCTACACTACAAT-3� (reverse); CRMP2, 5�-CCGAATT-
CCATGTCTTATCAGGGGAAGAAAAATATTC-3� (forward) and
5�-GGCTCGAGTTAGCCCAGGCTGGTGATGTTG-3� (reverse). Cod-
ing sequences for EGFP and myc-tagged CRMP2 or CRMP4a were
cloned into AAV under the control of PGK1 promoter (Towne et al.,
2008). shRNA stem sequences were as follows: sh1crmp4, 5�-AGTC-
CGATCTGAGTCCAAG-3�; sh2crmp4, 5�-AGTAGTAACTGCTAA-
GAGG-3�; sh1crmp4-mismatch, 5�-AGTCCTATATGAGTCCAAG-3�.
These shRNAs were cloned into a bipartite pAAV vector in which expres-
sion of EGFP was placed under the control of the cytomegalovirus
(CMV) promoter and the expression of the shRNAs under the control of
the H1 promoter (pAAV-CMV-EGFP:H1-shRNA) (Towne et al., 2008).
All clones were sequenced before use. Recombinant AAV serotype 6
vectors were produced using a helper-free system as previously described
(Towne et al., 2008). Immunofluorescence titration with antibodies to
GFP, CRMP2, and CRMP4a was achieved using NSC-34 cells and the
viral titer expressed as transducing units (TU) per milliliter.

Cell cultures. Motoneuron cultures were prepared from embryonic day
(E)12.5 mouse spinal cords essentially as described previously by Arce et
al. (1999), and modified by Raoul et al. (2002). Motoneurons were plated
onto polyornithine/laminin-coated tissue culture plastic (Nunc) in sup-
plemented Neurobasal medium in the presence of a mixture of neuro-
trophic factors (referred to as “NTFs”; 1 ng/ml BDNF, 100 pg/ml GDNF,
10 ng/ml CNTF) added at the time of cell seeding. After 24 h in culture,
motoneurons were treated by addition of 10 �M DETANONOate (NO)
diluted in Neurobasal medium. Unless otherwise stated, motoneurons
were then incubated at 37°C for 24 h before fixation. Wherever indicated,
motoneurons were electroporated before plating with DNA plasmids as
described previously (Raoul et al., 2002) or infected after 24 h in vitro
with the indicated AAV vectors.

Primary hippocampal neurons were cultured from E17.5 embryos of
transgenic mSOD1 and control mice. Neurons were dissociated and
plated at a cell density of 10,000 cells per well onto polyornithine/
laminin-coated four-well plates in Neurobasal medium supplemented
with 1 mM glutamine and 2% B27 (Invitrogen).

Expression analysis of myc-tagged CRMP2 or CRMP4a was per-
formed by Western blot after transfection using Fugene 6 following the
manufacturer’s instructions (Roche Diagnostics) or by immunocyto-
chemistry after infection of NSC34 motoneuron-like cells (Cashman et
al., 1992) with the mentioned AAVs.

Expression inhibition analysis of EGFP-tagged CRMP4 or mis-
matched shRNAs was performed by Western blot of NSC34 cells after
transfection with Lipofectamine 2000 following the manufacturer’s in-
structions (Invitrogen) or by immunocytochemistry on motoneurons
electroporated with the corresponding plasmids.

Preparation of protein samples from cultured motoneurons and two-
dimensional gel electrophoresis. After 24 h of treatment [i.e., 2 days in vitro
(DIV)], cells were rinsed twice with PBS and lysed directly in the dish
with 100 �l of lysis buffer. This extract was pooled in an Eppendorf tube
with a 100 �l wash and proteins were precipitated for 1 h at 4°C with
trichloroacetic acid at a final concentration of 10% (w/v). After centrif-
ugation at 15,000 rpm for 15 min, protein pellets were washed twice in
diethyl ether and resuspended in 350 �l of isoelectrofocusing medium
containing 7 M urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl)dimethy-
lammonio]-1-propanesulfonate, 8 mg/ml ampholines (preblended; iso-
electric point range, 3.5–9.5; GE Healthcare), 100 mM DTT, 0.2%
Tergitol NP7 (Sigma-Aldrich), and traces of bromophenol blue. Proteins
(30 �g/gel) were first separated according to their isoelectric point values
along nonlinear immobilized pH-gradient strips (pH 3–10; 18 cm long).
Proteins were then resolved on 10 –16% gradient gels and stained with
silver, as described previously (Delcourt et al., 2005). Gels to be com-
pared were always processed and stained in parallel. Gels were scanned
using a computer-assisted densitometer. Spot detection, gel alignment,
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and spot quantification were performed with the ImageMaster 2D Pla-
tinium software (GE Healthcare).

MALDI-TOF mass spectrometry and protein identification. Protein
spots were excised and digested in-gel using trypsin (Trypsin Gold; Pro-
mega), as described previously (Delcourt et al., 2005). Digested samples
were dehydrated in a vacuum centrifuge, solubilized in 10 �l of formic
acid (2%), desalted using C18 ZipTips [Millipore; elution with 10 �l of
0.1% trifluoroacetic acid (TFA) in 50% acetonitrile], and concentrated to
a 1 �l volume. Aliquots of 0.3 �l, mixed with the same volume of
�-cyano-4-hydroxy-trans-cinnamic acid (10 mg/ml 0.1% TFA in 50%
acetonitrile), were deposited on a 384-well matrix-assisted laser desorp-
tion/ionization (MALDI) target using the dry droplet procedure and air
dried at room temperature. Analyses were performed using an UltraFlex
MALDI-time-of-flight (TOF)/TOF mass spectrometer (Bruker-Franzen
Analytik) operating in the reflectron mode with a 20 kV accelerating
voltage and a 70 ns delayed extraction. Mass spectra were acquired in the
automatic mode using the AutoXecute module of Flexcontrol ((Bruker-
Franzen Analytik ; laser power ranged from 30 to 70%, 500 shots). Spec-
tra were analyzed using FlexAnalysis software (Bruker-Franzen Analytik)
and autoproteolysis peptides of trypsin (mass-to-charge ratios 842.51,
1045.56, and 2211.10) were used as internal calibrates. Peptides were
selected in the mass range of 900 – 4000 Da. Identification of proteins was
performed using the Mascot software package (version 2.1; Matrix-
science) against the Swiss-Prot database. The following parameters were
used for database interrogation: mass tolerance of 50 ppm (although the
mass accuracy of our analyses was usually better than 20 ppm); fixed
chemical modification: carbamidomethylation of cysteine residues; vari-
able chemical modification: oxidation of methionines; and matching
peptides with one missed cleavage accepted only when they included two
consecutive basic residues or when arginine or lysine residues were fol-
lowed by one or several acidic residues inside the peptide amino acid
sequence. Mascot scores of �53 were considered as significant (*p �
0.05) for Swiss-Prot database interrogation.

AAV injections of mice. BL6/SJL 40-d-old female mice were anesthe-
tized with a mixture of Rompun and Imalgene and then injected in three
different parts of the gastrocnemius muscles with 3 � 10 �l of PBS
containing in total 5 � 10 6 AAV infecting particles (infectious titer of
AAV preparations was determined by counting EGFP- or myc-
expressing NSC34 cells 24 h after their infection with serial dilutions of
the AAV preparations). AAV-EGFP was injected into the left muscle
(contralateral side), whereas AAV-6myc-CRMP2 or AAV-6myc-
CRMP4a were injected into the right muscle (ipsilateral side).

Immunocytochemistry. Embryonic motoneurons from wild-type,
SOD1 G85R, SOD1 G93A, or SOD1 WT mice were cultured on glass cover-
slips at a density of 5000 cells/cm 2 and processed for immunocytochem-
istry as described previously (Raoul et al., 2002, 2005). Primary
antibodies used were rabbit polyclonal anti-CRMP4 (1:500) and poly-
clonal anti-CRMP2 (1:500). Secondary antibodies used were Alexa Fluor
488- or 555-conjugated donkey anti-rabbit. Cells were visualized with a
Leica DM IRB inverted fluorescence microscope and images were cap-
tured with a Kappa camera. Analysis of fluorescence intensity was per-
formed on at least 50 motoneurons per condition using NIH ImageJ
1.34s software (http://rsb.info.nih.gov/ij/).

Immunohistochemistry. Mice were perfused with PBS followed by 4%
paraformaldehyde in PBS and the spinal cord (SC) as well as gastrocne-
mius muscles immediately dissected out. Tissues were incubated for 6 h
in 4% paraformaldehyde at 4°C. Lumbar parts of the SC and whole
gastrocnemius muscles were incubated in 20% sucrose overnight at 4°C.
Tissues were embedded in optimal cutting temperature compound
(CML). Sixteen-micrometer-thick transverse cryosections of the lumbar
SC and 35-�m-thick longitudinal sections of the gastrocnemius muscles
(Frey et al., 2000) were collected onto Superfrost Plus slides (CML).
Tissue sections were dried, permeabilized either in 0.1% Triton X-100-
PBS (SC) or in 1% Triton X-100-PBS (gastrocnemius muscles) for 1 h at
room temperature, and then incubated in 4% BSA (Sigma-Aldrich), 2%
goat serum (Invitrogen), and 0.1% Triton X-100 in PBS for 1 h to block
nonspecific binding. Primary antibodies were added in the same block-
ing solution and incubated at 4°C overnight. For SC sections, rabbit
polyclonal anti-CRMP4 (1:200) and rabbit polyclonal anti-CRMP2 (1:

100) were used in combination with mouse monoclonal anti-NeuN (1:
800); for gastrocnemius muscle sections, rabbit polyclonal anti-
neurofilament 145 kDa (1:1000) was used. Slides were incubated with
appropriate secondary antibodies and, in the case of gastrocnemius
muscle sections, together with �-bungarotoxin-tetramethylrhod-
amine conjugate (1:500) for 1.5 h at room temperature and then
stained with DAPI (1:10,000; Sigma-Aldrich) to visualize nuclei and
mounted using Mowiol mounting medium. Cells were visualized with
a Leica DM IRB inverted fluorescence microscope and images cap-
tured with a Kappa camera.

For AAV-injected mice, motoneuron immunohistochemistry in the
spinal cord was performed on alternate slices with either mouse mono-
clonal anti-EGFP (1:200) or mouse monoclonal anti-myc (1:500) to-
gether with rabbit polyclonal anti-VAChT (1:500).

Western blot. Lumbar spinal cords were dissected from SOD1 G93A at
various ages between 60 and 110 d. SDS-PAGE and Western blotting
were performed using protocols described previously (Raoul et al., 2002,
2005). Primary antibodies were anti-CRMP4 (pab0117, CovalAb;
1:2000) and anti-actin (AC-40, Sigma-Aldrich; 1:20,000). Proteins were
detected using horseradish peroxidase (HRP)-conjugated secondary an-
tibodies and visualized with the chemiluminescent HRP substrate (Mil-
lipore). Immunoblots images were quantified and normalized relative to
actin levels using the NIH ImageJ software.

Statistical methods. For quantification of 2D gel spots, a nonparametric
Kruskal–Wallis test was used. For all culture experiments in which the
number of surviving or immunoreactive motoneurons was determined,
three different experiments with three or four wells per condition
were performed. If not otherwise indicated, results are expressed as
percentages relative to control � SD. Differences between treatments
or genotypes were analyzed for their statistical significance by two-
tailed, unpaired Student’s t test. Results are expressed as percent-
ages � SD (*p � 0.05; **p � 0.01; ***p � 0.001). To determine the
statistical significance of the in vivo AAV infection experiments, the
percentages of EGFP�/VAChT� and myc�/VAChT� in the spinal
cord or the percentage of NF�/�-bungarotoxin� versus NF �/�-
bungarotoxin� in the gastrocnemius muscle was subjected to a one-
way ANOVA followed by a Bonferroni’s post hoc test using the
GraphPad Instat software.

Results
Proteomic analysis of molecular changes in mutant SOD1
motoneurons exposed to nitric oxide
To identify potential effectors of NO-induced death in mSOD1 mo-
toneurons, we performed a differential proteomic analysis. Embry-
onic motoneurons isolated from E12.5 wild-type mice or mice
overexpressing the G85R mutant form of SOD1 (SOD1G85R) were
cultured for 24 h in the presence of a mixture of neurotrophic
factors (see Materials and Methods) before being treated, or not,
for a further 24 h with the NO donor DETANONOate (referred
to here as NO). Figure 1A shows a typical silver-stained 2D gel of
an extract of 100,000 motoneurons that yielded �30 �g of total
protein. Quantification of proteins, expressed as spot volumes,
was performed from four different 2D gels per experimental con-
dition, each obtained from different sets of cultured cells. The
volume of each spot was first processed by background removal
and then normalized relative to the volume of all spots. This
comparative analysis revealed only six spots whose intensity re-
producibly changed when motoneurons were treated with NO. A
list of the analyzed proteins that showed changes is provided in
supplemental Figure 1 A (available at www.jneurosci.org as
supplemental material). The following different patterns were
observed: the basal levels of two spots—14-3-3 � and peroxire-
doxin-2—were higher in mSOD1 than in wild-type motoneu-
rons, whereas the other four showed no difference. Levels of two
spots—HSP90 and peroxiredoxin-2—were increased by NO
treatment in both wild-type and mSOD1 motoneurons, whereas
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calreticulin showed an increase in wild-type and a decrease in
mSOD1 neurons. However, because our aim was to identify po-
tential intermediates in the death pathway that is triggered by NO
only in motoneurons from SOD1 G85R mice, but not in wild-type
neurons, we focused on spots that only showed an NO-
dependent increase in mSOD1 motoneurons.

This pattern was observed only for two spots (Fig. 1B,C), both
identified as CRMP4 by MALDI-TOF mass spectrometry (sup-
plemental Fig. 1B, available at www.jneurosci.org as supplemen-
tal material). Since two splice-variant isoforms of CRMP4,
named CRMP4a and CRMP4b, have been described (Quinn et
al., 2003), we analyzed their expression in extracts of purified

E12.5 motoneurons. The CRMP4a isoform has an N-terminal
region of 13 aa that is absent in the CRMP4b isoform. Conversely,
the CRMP4b isoform has an N-terminal region of 126 aa that is
absent in the CRMP4a isoform. RT-PCR using primers specific to
the two different isoforms revealed significant expression of the
CRMP4a isoform but failed to detect CRMP4b even after 35 cy-
cles of amplification (data not shown). In contrast, both forms
were identified when amplifying testis and cortex cDNA (data
not shown). This result is consistent with the apparent molecular
weight of spots identified as CRMP4 on 2D gels (�60 kDa),
which is similar to the theoretical molecular weight of CRMP4a
(62 kDa), and with the lack of detection of specific peptides of
the CRMP4b sequence in MALDI-TOF analyses. Thus, follow-
ing treatment of mSOD1 motoneurons with concentrations of
NO that are sufficient to trigger mSOD1 motoneuron death
but not that of wild-type motoneurons, only CRMP4, of all the
proteins that can be detected at this level of sensitivity, appears
to be upregulated in a manner that correlates with neuronal
susceptibility.

Exposure of cultured mSOD1 motoneurons to NO triggers
increased expression of CRMP4a but not of CRMP2
To validate and extend the conclusions from the proteomic anal-
ysis, we performed immunostaining to detect changes in CRMP4
levels in motoneurons from two different SOD1 mutants and
compared the results to those for another CRMP family member.
Motoneurons were isolated from wild-type, SOD1 G93A, or
SOD1 G85R E12.5 embryonic spinal cords, cultured for 24 h,
treated or not with 10 �M NO, and fixed 24 h later. Quantification
of immunofluorescence intensity revealed significant increases in
CRMP4 levels following NO treatment of motoneurons of both
SOD1 G93A (2.4 � 0.2-fold; ***p � 0.001) and SOD1 G85R (2.7 �
0.2-fold; ***p � 0.001) genotypes (Fig. 2A,B). Although the an-
tibody used does not distinguish between isoforms, our reverse
transcription-PCR analysis strongly suggests that this must re-
flect an increase in CRMP4a. We will therefore refer to CRMP4 as
CRMP4a from here on. In contrast, no significant difference in
CRMP4a immunoreactivity was detected in wild-type or
SOD1 WT motoneurons treated with NO or in untreated mSOD1
motoneurons compared with controls (Fig. 2A,B). Because
CRMP2 may have some functions in common with CRMP4, we
analyzed its expression in parallel. No increase in CRMP2 expres-
sion was observed in any condition (Fig. 2C,D). Thus, treatment
with NO at concentrations that lead to Fas-dependent death of
mSOD1 but not wild-type motoneurons specifically triggers
rapid accumulation of CRMP4a, but not of CRMP2, in an
mSOD1-dependent manner.

Increased levels of CRMP4a in vivo in lumbar spinal cord
motoneurons of presymptomatic mutant SOD1 mice
Our results thus far demonstrated specific upregulation of
CRMP4a in an in vitro paradigm thought to reflect the ALS dis-
ease process, but both the identification of CRMP4a and the val-
idation of NO-triggered changes were based on embryonic
motoneurons. To determine whether analogous changes might
occur in adult motoneurons in the ALS disease context, we ana-
lyzed CRMP4a expression in vivo in SOD1 transgenic mice.
Transverse sections of spinal cords from wild-type mice and from
mice overexpressing the human wild-type SOD1 (SOD1 WT) or
the G93A or G85R mutant forms of the SOD1 protein were dou-
ble immunostained for NeuN, a neuronal marker, and CRMP4a.
Immunostaining of mSOD1 tissues was performed in parallel
with age-matched wild-type controls of the corresponding ge-

Figure 1. Proteomic analysis of SOD1 G85R motoneurons exposed to nitric oxide reveals in-
creased levels of CRMP4 expression. Whole-protein extracts from cultured motoneurons
(100,000 neurons per 30 �g of protein) were resolved on 2D gels (first dimension, pH 3–10
nonlinear gradient; second dimension, 10 –16% gradient). A, A representative silver-stained
gel of NO-treated SOD1 G85R motoneurons is shown. Arrows indicate the position of spots cor-
responding to CRMP4. IEF, Isoelectrofocusing. Mw, Molecular weight. B, Higher-magnification
views of gel areas containing CRMP4 spots showing an increased expression of both CRMP4
forms (1, basic; 2, acidic) in the NO-stimulated SOD1 G85R motoneurons. C, Quantification of the
levels of the two forms of CRMP4. Results (spot volume relative to the volume of all detected
spots) are means � SD of values obtained in four experiments performed on different sets of
cultured neurons. *p � 0.05 versus untreated wild-type motoneurons (nonparametric
Kruskal–Wallis test).
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netic background at different stages of disease, corresponding
to the following postnatal ages: presymptomatic (150 d for
SOD1 G85R; 45 and 60 d for SOD1 G93A) and early-onset (90 d
for SOD1 G93A) stages (Fig. 3A). As a control for effects of human
SOD1 overexpression unrelated to ALS, we also stained SOD1 WT

spinal cord sections at 200 d. Following immunostaining, mo-
toneurons were identified as large NeuN-positive neurons in the
ventral horn of the spinal cord, and the fraction of these express-
ing levels of CRMP4a significantly above background was quan-
tified (Fig. 3B). In SOD1 G93A mutant spinal cord, the fraction of
motoneurons strongly expressing CRMP4a was indistinguish-
able from controls at 45 d, showed a 2.5-fold increase in 60-d-old
presymptomatic animals, and reached a peak at the early-onset
stage (90 d). In these mice, the fraction of motoneurons express-
ing CRMP4a was 25 � 5% (n 	 3; **p � 0.01), a value �6-fold
higher than that for SOD1 WT controls at 200 d (Fig. 3B). Values
in SOD1 G85R mice also were increased 3- to 4-fold above controls
at presymptomatic stages, demonstrating that CRMP4a upregu-
lation is a shared feature of disease triggered by two SOD1 mu-
tants with quite different properties (Gurney et al., 1994; Bruijn et
al., 1997). Western blot analysis of wild-type and SOD1 G93A lum-
bar spinal cord extracts probed with anti-CRMP4 confirmed a
2.5-fold increase in CRMP4a at 90 and 110 d (beginning of mo-
toneuron loss), whereas no significant difference was seen at 60 d
(Fig. 3C,D). Therefore, as predicted by the in vitro proteomic
data, CRMP4a upregulation occurs at an early stage of the disease
process in vivo, making CRMP4a a candidate effector that could
potentially contribute to different aspects of the disease process,
including axon withdrawal and motoneuron cell death.

Overexpression of CRMP4a triggers a
neurodegenerative process in cultured
motoneurons, but not in hippocampal
neurons
The increased expression of CRMP4a
observed in vivo could in principle re-
flect a role in the disease process but
could also be part of a protective re-
sponse by motoneurons to other degener-
ative processes. To distinguish between
these possibilities, given the predictive
value of the in vitro motoneuron system,
we turned to it once again to investigate
functional activities of CRMP4a in spinal
motoneurons. We first focused on neurite
outgrowth, because CRMPs have been re-
ported to either enhance or inhibit axonal
growth, depending on the CRMP isoform
and the neuronal cell type (Inagaki et al.,
2001; Quinn et al., 2003; Alabed et al.,
2007; Rogemond et al., 2008).

We first generated a vector encoding
myc-tagged CRMP4a under the control of
the CAGGS (chicken �-actin promoter
coupled to a CMV early enhancer) pro-
moter and confirmed expression of the
tagged protein following transfection of
the motoneuron-like NSC34 cell line by
Western blotting for myc (supplemental
Fig. 2A, available at www.jneurosci.org as
supplemental material). As a control, be-
cause there have been many reports of the
effects of CRMP2 on axonal specification
and/or growth, we used an analogous

construct for myc-CRMP2 (supplemental Fig. 2A, available at
www.jneurosci.org as supplemental material). To determine the
effects of CRMP4a overexpression, suspensions of E12.5 mo-
toneurons were coelectroporated with the myc-CRMP4a con-
struct and another vector encoding EGFP. Immunostaining for
myc 24 h after electroporation showed a coexpression of EGFP
and myc in 92 � 5% of the motoneurons (data not shown). One
day after seeding, we quantified neurite outgrowth of fluorescent
motoneurons and compared values to those in cultures electro-
porated with empty myc vector together with the EGFP reporter.
As we reported previously, all neurons at this stage have a single
long process that corresponds to the axon because it expresses the
microtubule-associated protein tau (data not shown). Overex-
pression of CRMP4a led to a 60% reduction in axonal length in
motoneurons (supplemental Fig. 2B,C, available at www.
jneurosci.org as supplemental material). In contrast, overexpres-
sion of CRMP2 in a similar manner had no significant effect on
axonal outgrowth (supplemental Fig. 2B,C, available at www.
jneurosci.org as supplemental material). To determine whether
the effects of CRMP4a are cell type specific, we performed the
same experiments using E17.5 hippocampal neurons, which have
been used for most studies on CRMP2. In marked contrast to the
results with motoneurons, neither CRMP4a nor CRMP2 affected
neurite outgrowth from hippocampal neurons, even after 72 h in
culture (supplemental Fig. 2D,E, available at www.jneurosci.org
as supplemental material). Thus, although there are many differ-
ences between neurite outgrowth in vitro and axonal dieback in
vivo, these data show that high levels of CRMP4a negatively affect

Figure 2. Exposure to NO in vitro induces an increase in CRMP4a, but not CRMP2, in mutant SOD1 motoneurons, but not
controls. A, C, Immunostaining for CRMP4a (A) or CRMP2 (C) in cultured wild-type or SOD1 G85R motoneurons treated or not
with NO for 24 h. Scale bar, 25 �m. B, Quantification of CRMP4a immunofluorescence intensity in wild-type (WT), SOD1 WT,
SOD1 G93A, or SOD1 G85R motoneurons treated or not with NO. D, Quantification of CRMP2 immunofluorescence in WT
and SOD1 G85R motoneurons treated or not with NO. Analysis was performed using NIH ImageJ 1.34s software on 50
motoneurons in each experimental condition in three independent experiments. ***p � 0.001 versus untreated wild-type
neurons.
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axonal dynamics in a manner that is dependent on neuronal class
and is not shared by the close family member CRMP2.

It remained possible that the relatively stressful process of
electroporation had rendered motoneurons more sensitive to the
effects of CRMP4a. Moreover, we needed techniques for overex-
pression that could be used in vivo. We therefore developed vec-
tors for viral delivery of CRMP cDNAs. We used AAVs, as they
have been shown to be efficiently retrogradely transported to
motoneurons when injected into muscles (Kaspar et al., 2003)
and to demonstrate long-lasting expression, in particular when
using the AAV-6 serotype (Towne et al., 2008). We produced
AAV-myc-CRMP2 and AAV-myc-CRMP4a as well as AAV-
EGFP serotype 6 viruses and first confirmed their functionality in

vitro. Following infection of NSC34 cells (10 TU/cell), myc-
tagged proteins were detected at high levels by immunostaining
(Fig. 4A). In cultured neurons (Royo et al., 2008) and motoneu-
rons (K. Langou and C. Raoul, unpublished results), infection
efficiency with AAV serotype 6 was found to be �90%. Motoneu-
rons were therefore cultured for 24 h with neurotrophic factors
before infection with AAV-EGFP, AAV-myc-CRMP4a, or AAV-
myc-CRMP2, and 24 h later axonal lengths of infected motoneu-
rons expressing EGFP or stained using anti-myc were measured.
As with electroporation, viral overexpression of CRMP4a led to a

Figure 3. CRMP4a is upregulated in vivo in a subset of lumbar motoneurons of presymp-
tomatic mutant SOD1 mice. A, Wild-type (90 d), presymptomatic (60 d), and early symp-
tomatic (90 d) SOD1 G93A mice were perfused and cryosections of their lumbar spinal cords
were immunostained for NeuN (green) or CRMP4a (red). Scale bar, 100 �m. B, Quantifi-
cation of CRMP4a-positive motoneurons as a percentage of NeuN-positive motoneurons
in different mice strains (wild type, SOD1 WT, SOD1 G85R, SOD1 G93A) at different stages of
the disease: presymptomatic (150 d for SOD1 G85R and 45 or 60 d for SOD1 G93A) and early
symptomatic (90 d for SOD1 G93A) (n 	 3; *p � 0.05; **p � 0.01). C, D, Western blot and
quantification of CRMP4a in lumbar spinal cord extracts of wild-type and SOD1 G93A mice
at 60, 90, and 110 d. n 	 2, mean � SEM.

Figure 4. Overexpression of CRMP4a in motoneurons in vitro leads to decreased axonal
outgrowth and cell death. A, NSC34 cells were infected with 10 TU per cell of AAV-myc-CRMP2
or AAV-myc-CRMP4a. Immunostaining 24 h later using an anti-myc antibody shows strong
expression of both myc-CRMP2 and myc-CRMP4a. Scale bar, 10 �m. B–D, Motoneurons were
infected with 10 TU/cell AAV-EGFP, AAV-myc-CRMP4a, or AAV-myc-CRMP2, and axonal length
was measured directly (for AAV-EGFP) or after immunostaining for myc (AAV-myc-CRMP4a and
AAV-myc-CRMP2) using the Neuron J software. Results in B and C show reduced axonal out-
growth with AAV-myc-CRMP4a, but not with AAV-myc-CRMP2, compared with AAV-EGFP.
Scale bar (B), 30 �m. Survival of infected motoneurons measured 48 h after infection shows
that overexpression of CRMP4a, but not of CRMP2, leads also to 60% cell death (D). C and D
show the average results of three different experiments. *p � 0.05; **p � 0.01 versus control
(AAV-EGFP).

790 • J. Neurosci., January 13, 2010 • 30(2):785–796 Duplan et al. • Role of CRMP4a in Motoneuron Death



marked decrease in axonal length (42 � 15% of control; *p �
0.05) (Fig. 4B,C). In contrast, viral overexpression of CRMP2
had no effect on axon length, although the tagged protein was
expressed at levels similar to those of CRMP4a (Fig. 4B,C).

The reduction in axon length we observed could reflect either
a slowing of normal development in vitro or the beginning of a
process of neuronal degeneration. To distinguish between these
possibilities, we monitored survival of neurons infected with
AAV-myc-CRMP4a over the first 2 d postinfection. After 24 h,
survival of motoneurons infected with AAV-myc-CRMP4a was
already reduced to 60 � 12% of AAV-EGFP control values
(data not shown). Neuronal loss continued over the next day
and, at 48 h postinfection, survival of CRMP4a-infected mo-
toneurons was only 40 � 3% of the AAV-EGFP control value.
This cell death was a specific effect of CRMP4a, because mo-
toneuron survival in cultures infected with AAV-myc-CRMP2
or AAV-EGFP was always �80% and did not decrease with
time (Fig. 4 D). Thus, expression of CRMP4a, but not CRMP2,
in cultured embryonic motoneurons is sufficient to trigger a
neurodegenerative process involving reduction in axon length
and cell death.

Inhibiting CRMP4a expression in mSOD1 motoneurons
in vitro prevents their NO-induced death
To test whether the increased expression of CRMP4a in mSOD1
motoneurons treated with NO played an essential role in their
death, we designed several CRMP4-specific shRNAs and cloned
them into a bipartite vector in which expression of EGFP was
placed under the control of the CMV promoter and the expres-

sion of the shRNAs under the control of
the H1 promoter (Towne et al., 2008). Us-
ing Western blots, we first quantified their
silencing effect in NSC34 cells transfected
with either a CRMP4a expression vector
(pmyc-CRMP4a) plus EGFP-shCRMP4
or the same expression vector plus
the negative control EGFP-shCRMP4mis

(sh1CRMP4 with two mismatched nu-
cleotides). Two different (sh1 and sh2)
shRNAs were shown to decrease CRMP4a
expression levels by 50%, whereas the
mismatched shRNA had no significant
effect (Fig. 5A,B and data not shown).
Quantitative immunocytochemistry on
electroporated motoneurons yielded sim-
ilar results with a 64% inhibition of the
fluorescence level with the CRMP4-
sh1RNA compared with the mismatched
shRNA (Fig. 5C and data not shown). We
then tested the ability of CRMP4 silencing
to prevent the death of NO-treated
mSOD1 motoneurons. We electropo-
rated motoneurons isolated from either
wild-type or SOD1 G93A mice with the
same combinations of vectors as de-
scribed above, treated them or not 24 h
later with NO, and measured cell survival
48 h later. CRMP4a-specific shRNAs
(sh1CRMP4 and sh2CRMP4), but not
mismatched shRNA (sh1CRMP4 mis),
prevented NO-induced death of mSOD1
motoneurons without altering overall
survival levels (Fig. 5D). Thus, this loss-

of-function approach indicated that the increased expression of
CRMP4a triggered by NO in mSOD1 motoneurons is responsible
for their death.

In vivo overexpression of CRMP4a, but not of CRMP2, in
lumbar motoneurons induces motoneuron death and
neuromuscular denervation in the gastrocnemius muscle
The availability of AAV vectors allowed us to test whether in-
creased levels of CRMP4a, as found in motoneurons of presymp-
tomatic mSOD1 mice, could potentially be sufficient to trigger
motoneuron degeneration and death. Intramuscular injection of
AAV viruses allows for highly efficient transduction of motoneu-
rons in the corresponding pool. Gastrocnemius muscles of two
groups of 40-d-old wild-type mice were injected with AAV-myc-
CRMP4a or AAV-myc-CRMP2, respectively, on one side, and
with AAV-EGFP on the contralateral side. Three weeks after in-
jection, sections of lumbar spinal cord were coimmunostained
for vesicular acetylcholine transporter (VAChT), together with
either EGFP (Fig. 6A) or myc (Fig. 6B,C). In each section, the
percentage of VAChT-positive motoneurons that were EGFP
positive or myc positive was counted (Fig. 6D). No significant
difference in rate of infection (25–30% of lumbar motoneurons)
was found between the three virus preparations, allowing us to
compare the effects of overexpressing different CRMPs at signif-
icant levels in vivo with those of viral overexpression of EGFP,
which is known not to affect long-term survival (Towne et al.,
2008).

To evaluate the functional effects of CRMP overexpression,
we injected two groups of 10 40-d-old wild-type mice as in the

Figure 5. Silencing of CRMP4a expression protects mSOD1 motoneurons against death induced by nitric oxide. A, B, Silencing
efficiency of sh1CRMP4 on CRMP4 and myc expression was shown by Western blots of NSC43 cells transfected with sh1CRMP4 or
sh1CRMP4 mis together with pPGK-myc-CRMP4a; n 	 2; **p � 0.01. C, The silencing efficiency of sh1CRMP4 was confirmed by
immunocytochemistry on motoneurons transfected as in A and B; Scale bar, 40 �m; n 	 2; **p � 0.01. D, Motoneuron survival
was assessed at 72 h in motoneurons electroporated at the time of seeding and treated or not with NO at 24 h. Electroporation with
two different shRNAs to CRMP4 (sh1 and sh2), but not with the negative control sh1CRMP4 mis, prevented NO-induced death of
mSOD1 motoneurons; n 	 3; **p � 0.01.
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previous experiment. Three months after
injection (i.e., at 130 d), animals were
killed and alternate sections of the lum-
bar cord were immunostained for EGFP
and VAChT and for myc and VAChT, re-
spectively (Fig. 7A,B). Throughout the ex-
tent of the lumbar enlargement of the cord,
numbers of surviving myc-positive and
VAChT-positive motoneurons were mea-
sured in alternate sections, while EGFP-
positive and VAChT-positive motoneurons
were counted in the adjacent sections. Re-
sults were expressed as the percentage of
myc (CRMP)-positive motoneurons rela-
tive to the percentage of EGFP-positive mo-
toneurons. Using AAV expressing CRMP2,
there was no significant decrease in mo-
toneuron survival compared with that of
EGFP (Fig. 7C). However, as in vitro, forced
expression of CRMP4a, but not of CRMP2,
led to significant motoneuron loss: survival
of motoneurons expressing CRMP4a was
only 71 � 2% (*p � 0.05) of the value for
contralateral gastrocnemius motoneurons
expressing EGFP. Thus, overexpression of
CRMP4a is sufficient to induce motoneu-
ron degeneration in vivo, supporting the hy-
pothesis of an active role of CRMP4a in the
onset and/or progression of the disease in
mSOD1 mice. In vitro data indicated that
CRMP4a overexpression induced both mo-
toneuron death and a reduction in axonal
length. We therefore asked whether overex-
pression of CRMP4a induced axonal
changes in vivo. Neuromuscular junctions
(NMJs) in AAV-treated mouse gastrocne-
mius muscles were examined for evidence
of denervation at 3 months after injection.
Longitudinal sections were stained for neu-
rofilament and �-bungarotoxin (AChR).
Neurofilament-negative, �-bungarotoxin-
positive NMJs were classified as denervated
(Fischer et al., 2004), whereas neurofilament-
positive, �-bungarotoxin-positive NMJs
were counted as innervated (Fig. 7D).
Quantification shows that denervation of
the gastrocnemius is significantly more
pronounced (18% of NMJs showing de-
nervation) in mice injected with AAV-myc-CRMP4a than in
mice injected with AAV-myc-CRMP2 or AAV-myc-EGFP (�5%
denervation) (Fig. 7E). Thus, overexpression of CRMP4a in vivo
triggers both motoneuron death and muscle denervation, two
characteristic phenotypes of ALS in mSOD1 mice.

Discussion
We have identified CRMP4a as a novel potential effector of
neurodegeneration in the mutant SOD1 model of ALS. Several
arguments support such a role. First, CRMP4a is one of a very
small group of proteins that show significant upregulation in an
in vitro model of mSOD1-dependent motoneuron death. Sec-
ond, CRMP4a levels progressively increase in vivo in a subset of
motoneurons in mSOD1 mice at presymptomatic and early
symptomatic stages. Third, overexpression of CRMP4a in mo-

toneurons in vitro and in vivo is sufficient to trigger their degen-
eration and death, whereas inhibiting CRMP4a expression in
mSOD1 motoneurons prevents NO-induced death. These effects
are specific to CRMP4a and motoneurons as follows: the related
protein CRMP2 is not upregulated in mSOD1 mice and is not
sufficient to trigger motoneuron death, whereas hippocampal
neurons are not affected by CRMP4a overexpression. These re-
sults further validate our model of Fas/NO-triggered motoneu-
ron cell death as a reliable predictor of early ALS-related changes
in vivo.

Definitive evidence for a role of CRMP4a in ALS pathogenesis
will require loss-of-function approaches in mSOD1 mice in vivo.
One approach to reducing CRMP4a levels would be to use AAV-
shRNA vectors (Raoul et al., 2005, 2006a). AAV2 vectors encod-
ing shRNA to human SOD1 were injected into hindlimb muscles

Figure 6. Characterization of viral infection efficiency in vivo. A–C, Experiment assessing the functionality and titration of the
AAV vector preparations. Three weeks after injection with AAV-EGFP (contralateral side) and AAV-myc-CRMP2 or AAV-myc-
CRMP4a (ipsilateral side) in the gastrocnemius muscle, double immunostaining for EGFP and VAChT (A) or myc and VAChT (B, C)
was performed on lumbar spinal cord sections and shows good expression of all overexpressed proteins on the injected side and no
significant staining on the contralateral side. Scale bar (in A) A–C, 25 �m. D, Counting of EGFP-, myc-, and VAChT-positive
motoneurons on serial sections through the lumbar spinal cord shows no statistically significant difference between the three
preparations.
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of mSOD1 mice and led to a significant delay in the loss of grip
strength (Miller et al., 2005). Nevertheless, because expression
was restricted to a limited number of motoneurons, there was no
long-term effect on survival or motor behavior. A more complete
evaluation of the role of CRMP4 would involve crossing mice
with targeted deletions of CRMP4 with mSOD1 mice to deter-
mine whether this confers benefit for survival, muscle innerva-
tion, and/or motoneuron numbers. Unfortunately, although

null-mutant mice have been developed
for CRMP1 (Charrier et al., 2006; Su et
al., 2007) and CRMP3 (Quach et al.,
2008a,b), no knock-out strains exist for
CRMP4.

The results of our initial proteomic ap-
proach are clearly validated by expression
studies on mSOD1 motoneurons in vitro
and in vivo. Yet, despite the existence of a
considerable number of prior microarray
and proteomic studies focusing on mu-
tant SOD1 mice, this is the first report to
implicate CRMP4a. There are several po-
tential explanations for this. One reason
may be the highly selective filter we put on
the proteomic data: we searched for pro-
teins that would be specifically regulated
by NO only in the mutant SOD1 context.
Our published data led us to believe that
these would constitute a subset of proteins
activated by Fas and involved in SOD1-
related cell death (Raoul et al., 2002). In
contrast, a comparable proteomic study
analyzed the effects of stable overexpres-
sion of mSOD1 in the motoneuron-like
cell line NSC34 (Allen et al., 2003). This
study identified several changes that could
be confirmed in postmortem material
from ALS patients. However, these cells
are clearly not identical to primary mo-
toneurons, and it is possible that high lev-
els of CRMP4a were inconsistent with
generation of stable mSOD1 overexpres-
sors. Several groups have used a pro-
teomic approach to analyze spinal cord
extracts of mutant SOD1 mice at different
stages of the disease (Perluigi et al., 2005;
Massignan et al., 2007), but the fact that
the affected motoneurons represent only a
small minority of spinal cord cells may
conceal motoneuron-specific changes such
as the one we report. Using a microarray
approach, Saxena et al. (2009) recently re-
ported a comparative analysis of longitudi-
nal molecular changes in vulnerable (fast)
and resistant (slow) motoneurons inner-
vating different muscle compartments in
mSOD1 mice. There are dynamic changes
in expression levels of multiple genes early
in the disease process, culminating in the
activation of an unfolded protein re-
sponse specifically in vulnerable neurons.
Correspondingly, disease progression was
slowed by salubrinal, which protects
against ER stress. Thus, analysis of early

molecular changes in diseased neurons is a valid strategy for
identifying candidate therapeutics. However, although mi-
croarray approaches are extremely useful, they necessarily de-
tect modifications in accumulation or stability only of mRNA,
not of protein.

Two previous reports have linked CRMP family members to
neurodegenerative disorders. Increased expression of CRMPs has
been observed in Alzheimer’s disease, in which CRMP2 was

Figure 7. Viral overexpression of CRMP4a in vivo leads to motoneuron degeneration and muscle denervation. A, B, Two cohorts
of 10 mice were injected in the gastrocnemius muscle with AAV-EGFP on the contralateral side and either AAV-myc-CRMP2 (A) or
AAV-myc-CRMP4a (B) on the ipsilateral side. Ninety days later, mice were perfused with fixative, and spinal cords and muscle were
dissected. A–C, Double immunostaining was performed on alternate sections of the lumbar spinal cord, one for EGFP and VAChT,
the adjacent one for myc and VAchT. Scale bar (in B) A, B, 25 �m. C, Positive immunostained motoneurons were counted
throughout the lumbar spinal cord. A 30% decrease in motoneuron survival is observed only in mice overexpressing CRMP4a,
compared with EGFP. D, E, Gastrocnemius muscle sections were immunostained for neurofilament (NF) and incubated with
�-bungarotoxin. NMJs were counted as innervated when NF and �-bungarotoxin (AChR) colocalized (D, top) and as denervated
when NF staining was absent (D, bottom). E, An 18% increase in denervated NMJs was specifically observed in mice overexpressing
CRMP4a. *p � 0.05; **p � 0.01, ANOVA one-factor analysis.
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found to be associated with tangles (Yoshida et al., 1998). In
bovine spongiform encephalopathy (BSE), CRMP4 was specifi-
cally upregulated in the brain of BSE-infected mice (Auvergnon
et al., 2009). In both cases, it was unclear whether upregulation
reflected an attempt by the neurons to block degeneration, a
protective effect, or to accelerate the disease process. Our data on
the ability of CRMP4a to trigger axonal degeneration and mo-
toneuron death argue for an active role in this and other degen-
erative processes. It will therefore be interesting to determine
whether CRMP4a is also upregulated during the development of
the SOD1-linked and sporadic forms of ALS in human patients.
In the microarray data of Jiang et al. (2005) on laser-captured
human postmortem motoneurons, CRMP4 mRNA levels show
no change in ALS, whereas CRMP2 is downregulated 2.7-fold.
This may reflect a difference between sporadic and SOD1-linked
ALS, but it is also possible that the most resistant motoneurons,
which persist in late-stage patients, do not overexpress CRMP4 to
a detectable extent.

Indeed, it was striking that in our study the fraction of mo-
toneurons expressing high levels of CRMP4a in mSOD1 lumbar
spinal cord never exceeded 25%, whereas the percentage of mo-
toneuron loss in the SOD1 G93A strain of mice we used has been
estimated at �40% at symptomatic stages (Bendotti et al., 2004).
There are three potential explanations for this fractional labeling.
First, at any given point in time only a fraction of those motoneu-
rons destined to die may express high levels of CRMP4, perhaps
reflecting the progressive loss of those motoneurons expressing
the highest levels of CRMP4a. Second, a subset of motoneurons
may die using other pathways/effectors. If the second hypothesis
were true, it would be intriguing to determine whether high
CRMP4 expressors correspond to particularly susceptible
groups, such as the fast fatigable motoneurons innervating the
lateral gastrocnemius muscle (Frey et al., 2000), and whether
CRMP4 fails to be expressed in the motor nuclei (oculomotor
and Onuf’s nucleus) known to be ALS resistant (Mannen et al.,
1982; Bergmann, 1993).

In evaluating the role of CRMP4 in ALS pathology, one im-
portant question concerns the relative timing of the changes de-
scribed here and others reported in the literature. After a neonatal
period in which motoneuron excitability is altered (Durand et al.,
2006; van Zundert et al., 2008), the first morphological changes to
be detected are at the neuromuscular junction where motor ax-
ons die back, leading to skeletal muscle paralysis that is only
transiently overcome by regenerative axon sprouting (Frey et al.,
2000; Fischer et al., 2004; Schaefer et al., 2005). Fast motor units
are more vulnerable than slow motor units to axonal dieback,
even within the same muscle (Pun et al., 2006). Following this
phase, motoneuron cell bodies begin to die in the spinal cord
through a process with some features of programmed cell death
(Martin, 1999; Przedborski, 2004; Wengenack et al., 2004). In the
G1H line of mSOD1 G93A mice (the one we used), onset of the
disease is around 90 d, with motoneuron loss starting at around
110 d (for review, see Turner and Talbot, 2008). Our results
showing significant upregulation of CRMP4a in mSOD1 mo-
toneurons from 60 d onward would position the action of
CRMP4a at onset and early disease. This would place it among
the earliest identified potential effectors in the mSOD1 G93A mice,
allowing it to potentially play a role in muscle denervation in the
most susceptible motor units.

How might elevated levels of CRMP4a contribute to the ALS
disease process? It is not possible from our data to determine
whether the effects on axonal length and on cell survival are part
of a single mechanism, but their close temporal coincidence

in vitro would argue for this. The fact that overexpressing
CRMP4a leads to both axonal dieback and motoneuron death
argues for a critical role of CRMP4a in ALS pathogenesis, as these
two features are hallmarks of the disease (Bruijn et al., 2004;
Fischer et al., 2004). Although little is known about cell death
triggered by CRMPs, a number of studies have implicated them
in regulation of neurite outgrowth. Proposed mechanisms for the
actions of CRMP2, the most studied, involve regulation of micro-
tubule assembly (Fukata et al., 2002), endocytosis of adhesion
molecules (Nishimura et al., 2003), reorganization of actin fila-
ments (Kawano et al., 2005), and axonal trafficking of proteins
(Kimura et al., 2005). However, no such mechanistic studies have
been reported for CRMP4. Because in our hands CRMP2 showed
no activity in motoneurons, and CRMP4a no activity in hip-
pocampal neurons, the mechanisms of degeneration and death
triggered by CRMP4a are likely to be different from those acti-
vated by other CRMPs. If, like the Fas/NO pathway by which
CRMP4a expression is triggered, they are motoneuron specific,
they are of potentially high significance as therapeutic targets.

Overall, molecular profiling of an in vitro model of ALS has led
us to discover a potential effector whose pattern of expression in
mSOD1 ALS mice and whose properties when overexpressed, fit
it well for a role in the disease process. Further confirmation of
the significance of CRMP4a will require loss-of-function studies
in vivo and expression studies in human postmortem spinal cord,
but the pathways triggered by Fas, NO, and CRMP4a itself are
already worthy of further investigation as potential levels at
which to intervene therapeutically.
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