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Abstract Amyotrophic lateral sclerosis (ALS) is a pro-
gressive neurodegenerative disease characterized by loss of
motor neurons in the cerebral cortex, brain stem, and spinal
cord. Most cases (90%) are classified as sporadic ALS
(sALS). The remainder 10% are inherited and referred to as
familial ALS, and 2% of instances are due to mutations in
Cu/Zn superoxide dismutase (SOD1). Using cDNA micro-
array on postmortem spinal cord specimens of four sALS
patients compared to four age-matched nonneurological
controls, we found major changes in the expression of
mRNA in 60 genes including increase of cathepsin B and
cathepsin D (by the factors 2 and 2.3, respectively),
apolipoprotein E (Apo E; factor 4.2), epidermal growth
factor receptor (factor 10), ferritin (factor 2), and lysosomal
trafficking regulator (factor 10). The increase in the
expression of these genes was verified by quantitative
reverse transcriptase polymerase chain reaction. Further
analysis of these genes in hSOD1-G93A transgenic mice
revealed increase in the expression in parallel with the
deterioration of motor functions quantified by means of
rotorod performance. The comparability of the findings in

sALS patients and in the hSOD1-G93A transgenic mouse
model suggests that the examined genes may play a specific
role in the pathogenesis of ALS.
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Background

Amyotrophic lateral sclerosis (ALS) is a progressive neurode-
generative disease, characterized by the loss of motor neurons
in the cerebral cortex, brain stem, and spinal cord. To date, six
mutated genes have been reported to cause or predispose
individuals to ALS (for review see Pasinelli and Brown 2006;
Gros-Louis et al. 2006). The most widely studied are the
mutations in the Cu–Zn-superoxide dismutase-1 gene
(SOD1), located on chromosome 21, which has been
identified in 15–20% of familial ALS (fALS) cases
(Cudkowicz et al. 1997). Sporadic and familial forms are
clinically and pathologically similar except for different age at
onset and disease duration, and in both diseases there is
marked involvement of the spinal cord including anterior horn
cells. Moreover, several studies have demonstrated no major
differences between fALS and sporadic ALS (sALS) (Bruijn
et al. 2004) in terms of calcineurin-mediated pathways of
signal transduction (Ferri et al. 2004), activity of CuZn–SOD
(Jacobsson et al. 2001), glutamate toxicity, lipid peroxidation,
and oxidative damage (Rothstein et al. 1992; Benotti et al.
2001; Howland et al. 2002; Pedersen et al. 1998; Gurney
et al. 1996; Ferrante et al. 1997; Liu 1996). Expression of
mutant SOD1 genes in transgenic mice causes progressive
paralysis resembling ALS (Gurney et al. 1994) and provides
insight into the mechanisms of motor neuron degeneration.
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Several putative pathogenetic mechanisms have been
discussed in sALS and the SOD1 ALS mice models, such as
free toxic radicals (Liu 1996; Ferrante et al. 1997), lipid
peroxidation (Pedersen et al. 1998; Guerney et al. 1996),
glutamate toxicity (Rothstein et al. 1992; Bendotti et al.
2001; Howland et al. 2002; Guerney et al. 1996), lack of
calcium-binding proteins, and inflammatory processes (P. L.
McGeer and E. G. McGeer 2002). Several studies have
found morphologic and biochemical changes suggesting
programmed cell death (apoptosis) (Guégan and Przedborski
2003; Mu et al. 1996; Li et al. 2000; Embacher et al. 2001;
Pasinelli et al. 2000; Martin 1999; Pedersen et al. 2000).

Although extensive research promotes our understanding
of the pathophysiological mechanisms of ALS, the cause of
the disease remains unknown. Most of the ALS studies
looking for biochemical or genetic changes are based on
mechanistic hypotheses and their outcome is theory-
dependent. The aim of the current study was to screen
spinal cord tissue of sALS patients using cDNA gene array
approach for alterations in gene expression potentially
related to motor neuron degeneration and to find out
whether comparable changes occur in the hSOD1-G93A
mouse model. We identified genes that were upregulated
both in sALS spinal cord tissue and in the hSOD1-G93A
mouse model of ALS.

Material and Methods

Tissues from Human Control and ALS Patients

The study was approved by the Tel-Aviv University and the
Ministry of Health local ethical committee. Autopsies and
human postmortem studies were conducted according to
Austrian law. Blocks of cervical spinal cord from four
nonneurological control persons and four patients with sALS
were obtained at autopsy (Table 1). The study included tissue
specimen of patients described previously (ALS cases
numbers 2 and 5, controls numbers 1 and 7; Embacher
et al. 2001). All sALS patients fulfilled both the clinical and
the neuropathological criteria of ALS (Embacher et al. 2001).
Part of the tissue was frozen at −30°C in methyl-butane,

transferred in dry ice, and stored at −80°C. The remaining
tissue was immersed in formalin and paraformaldehyde as
described previously (Embacher et al. 2001).

Animal Model

The colony of TgN(SOD1-G93A)1Gur transgenic mice
(Gurney et al. 1994) was obtained from the Jackson
Laboratory (USA). The mice were bred in CSJLF1, and at
1 month of age, offspring were genotyped by polymerase
chain reaction (PCR) analysis, using the following PCR
primers: IL2 CTAGGCCACAGAATTGAAAGATCT and
GTAGGTGGAAATTCTAGCATCATCC, SOD1 CAT
CAGCCCTAATCCATCTGA and CGCGACTAACAAT
CAAAGTGA. The annealing temperature is 53°C, the
PCR products 236 bp (hSOD1), 324 bp (IL2). Mice used in
this study were healthy until 3 months of age and become
progressively paralyzed after 4 to 5 months of age onwards.
The motor function test was performed on Rotorod (San
Diego Industries, San Diego, CA, USA) 16 rpm speed. The
time until the mouse fall or maximum 2 min was measured
three times for each mouse and the average was calculated.
Thirty two transgenic and wild-type mice were sacrificed at
the ages of 30, 80, and 120 days. The whole spinal cords
were removed and stored at −80°C. The mRNA of six
selected genes [cathepsin B and D, Apo E, epidermal
growth factor (EGF) receptor (EGFR), ferritin, and lyso-
somal trafficking regulator (LYST)] was measured.

Preparation of mRNA and Gene Array Analysis

Total RNA from spinal cord sections of sALS patients,
nonneurological controls, and mice expressing the human
mutant SOD1 was extracted using the Atlas pure total RNA
labeling system kit (Clontech, Mountain View, CA, USA).
RNAwas quantified by spectrophotometer and separated on
1% agarose formaldehyde-denaturing gel electrophoreses to
verify its integrity. Two micrograms of DNase I (RNase-
free) treated total RNA from each spinal cord tissue was
processed according to the Clontech protocol and hybrid-
ized with the Clontech cDNA-expression arrays human 3.6
(3 membranes containing 1,176 human specific probes

Table 1 Tissues from human
control and ALS patients

ARDS = acute respiratory dis-
tress syndrome

Patient Age Sex Diagnosis Postmortem delay (h)

170/97 54 M ALS 11
245/98 58 M ALS 13.5
134/98 57 M ALS 12
244/01 64 M ALS 16
637/97 80 M Myocardial infarction, ARDS 24.5
653/97 74 M Lung cancer, myocardial infarction 22.5
576/01 63 F Acute myeloic leukemia, septicemia 17
384/01 86 F Renal cancer, myocardial infarction 20
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each). The hybridization signals were measured with a
phosphor imager (Cyclone, Packard, Pangbourne, UK) and
the Clontech Image Software. Calculation of each cDNA
expression ratio was based on normalization to the global
signal background.

Reverse Transcription Reaction

Reverse transcription (RT) was carried out on 0.5-μg RNA
samples using the 10-U enzyme RT-superscript II (Gibco-
BRL, Gaithersburg, MD, USA) in a mixture containing
2 μM Random primer (Invitrogen), 1xBuffer supplied by
the manufacturer, 10 mM dithiothreitol, 20 μM deoxyribo-
nucleotide triphosphates, and RNase inhibitor (RNAguard,
Amersham Pharmacia Biotech, Buckinghamshire, UK). RT
was performed in a Thermocycler: 25°C for 10 min, 42°C
for 2 h, 70°C for 15 min, and 95°C for 15 min.

Real-Time Quantitative RT-PCR

RT-PCR was performed in an ABI Prism 7700 sequence
detection system (Applied Biosystems, Foster City, CA,
USA) using Syber green PCR master mix and specific

primers (see Table 2) at final concentrations of 500 nmol/L.
We used amplification of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) for stimulated conditions for
sample normalization. The amplification protocol was 40
cycles of 94°C for 15 s followed by 60°C for 1 min each.
Quantification of gene expression relative to GAPDH was
calculated by the protocols 2�ΔΔCT method and from
standard curve method.

Protein Preparation and Western Blot Analysis

Protein preparation was performed as previously described
(Guegan et al. 2001). Tissue was gently homogenized with
a glass–glass homogenizer in 10 vol (w/v) of cold buffer
containing 250 mM sucrose, 10 mM KCl, 1.5 mM MgCl2,
2 mM EDTA, 20 mM HEPES, and protease inhibitor
cocktail (Boehringer Mannheim, Indianapolis, IN, USA).
Homogenates were centrifuged (10,000×g, 10 min, in 4°C)
and supernatants were collected. Protein concentration was
determined with the BCA protein assay (Pierce, Rockford,
IL, USA). The proteins were separated on 12% sodium
dodecyl sulfate-polyacrylamide gel and transferred to
polyvinylidene difluride membrane (Bio-Rad, Hercules,

Table 2 Primers sequence for RT-PCR

Gene Gene ID Primer Sequence Product size (bp)

Human Apo E NM 000041 F TGGGATTACCTGCGCTGG 686
R TTGAGGCGGGCCTGGAAG

Mouse Apo E NM 009696 F TGGGATTACCTGCGCTGG 696
R TTGAGGCGGGCCTGGAAG

Human cathepsin D M 11233 F AACCTGTGGGTCCCCTCCAT 644
R CCGATGGCCTTCTGCAGCTC

Mouse cathepsin D X 53337 F AACCTGTGGGTCCCCTCCAT 638
R CCGATGGCCTTCTGCAGCTC

Human cathepsin B NM 147783 F GGGGACGGCTGTAATGGTGG 418
R CCCAGCCCAGGATGCGGATG

Mouse cathepsin B NM 007798 F GGGGACGGCTGTAATGGTGG 418
R CCCAGCCCAGGATGCGGATG

Human EGFR NM 201284 F CAA CCC CAC CAC GTA CCA G 101
R GATCTGTCACCACATAATTACGGG

Mouse EGFR NM 007912 F GAACCAAGGGAGTTTGTGGAAA 101
R GTTGTCTGGTCCCCTGCCT

Human ferritin L NM 000146 F TCTCTTGCTTCAACAGTGTTG 207
R GGTGGAATAATTCTGACGAATC

Mouse ferritin L NM 008049 F TCTCTTGCTTCAACAGTGTTG 207
R GGTGGAATAATTCTGACGAATC

Human LYST NM 000081 F GGTACAGAGAGCGACAGACCAGA 106
R ATC AAC GCT TTG GAT CCC AGT

Mouse LYST NM 010748 F TTGACACCCAAGACGATGGA 139
R TTCCCCGTGAGTGAGGTTTTC

Human GAPDH NM 002046 F CGA CAG TCA GCC GCA TCT T 100
R CCA ATA CGA CCA AAT CCG TTG

Mouse GAPDH BC 083065 F AAGGTCATCCCAGAGCTGAA 318
R ATGTAGGCCATGAGGTCCAC
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CA, USA). Blots were probed with the mouse anti-heavy
neurofilament (NF) (Sigma, St. Louis, MO, USA) diluted at
1:2,000 in 5% nonfat milk in Tris-buffered saline plus
Tween 20 (TBS-T). Equal loadings of proteins were probed
with mouse monoclonal antibody to actin (Chemicon,
Temecula, CA, USA) diluted at 1:1,000 in 5% nonfat milk
in TBS-T. The filters were then exposed to horseradish-
peroxidase conjugated goat anti-mouse IgG (Jackson
ImmunoResearch, West Grove, PA, USA) diluted
1:20,000, detected by SuperSignal® chemiluminescent
(Pierce) and exposed to medical x-ray film (Fuji Photo
Film, Tokyo, Japan). X-ray film densitometry was done in
Versa Doc® imaging system (Bio-Rad).

Immunohistochemistry (IHC)

To verify morphological correlates of the biochemical studies
and to find out whether our results corresponded to the
literature (Masliah et al. 1996; Kikutchi et al. 2003),
immunohistochemistry was performed on transverse 5-μm,
formalin-fixed and paraffin-embedded, slide-mounted sec-
tions through the cervical spinal cord of two ALS patients and
two controls using rabbit polyclonal IgG ABs to cathepsin D
(catalog #. ab826, dilution 1:200) and horseradish-peroxidase
secondary antibodies. The methods corresponded to those
described previously (Embacher et al. 2001).

Statistical Analysis

Results are presented as mean±standard errors of the mean;
p values were calculated using two-tailed unpaired Student
t test. In all tests, significance was assigned when p<0.05.

Results

Immunohistochemistry of sALS spinal cords and non-
neuronal controls shows a motor neuron reduction
(Fig. 1a). Western blot analysis on those spinal cord
extracts with anti-heavy NF antibodies demonstrated
significantly lower levels in the sALS patients as compared
to the four nonneurological control persons (minus 47%;
Fig. 1b). The 200-kD bands density of the heavy NF from
normal controls and the sALS patients was compared to the
actin parallel bands. This specific reduction suggests loss of
neurons and axons, which is characteristic for ALS.

To further analyze and compare the gene expression
profiles of human sALS spinal cords with those of normal
controls, we used the Clontech gene array containing 3,600
selected genes. We synthesized cDNAs from spinal cords of
four ALS patients and four matched controls and hybrid-
ized them with the applied probes on the filters. First, we
normalized the signal in each gene array with the

expression of the housekeeping genes. Then, the ratio
between the mean signals from the sALS patients and the
normal controls were calculated. Table 3 presents all genes
(N=60) that showed a more than twofold increase or a less
than 0.5-fold decrease in the sALS group compared to the
control. The changes in all these presented genes were
statistically significant (p<0.05). Changes in transcription
levels were found in a wide spectrum of gene groups, as
classified by Clontech, including apoptosis, protein turn-
over, cell cycle functions, extracellular carrier/transport
functions, cytoskeletal proteins, intracellular proteins, and
transcription and translation proteins.

We decided to further analyze six genes that demonstrated
either a dramatic elevation in expression levels in sALS
patients or genes that were previously linked to the disease.
The levels of the selected genes in sALS patient’s mRNA as
compared to matched controls were cathepsin B (×2),
cathepsin D (×2.3), apolipoprotein E (Apo E; ×4.2), EGFR
[×(10 Ferritin; ×2)], and LYST (×10, Fig. 2). We also
confirmed statistically increased expression of these genes
by real-time PCR preformed on the same cDNA prepara-
tions, taken spinal cord tissues of healthy and ALS patients.
We found indeed that the results from the gene array

Figure 1 The number of motor neurons in the anterior horn was
reduced in ALS and part of the neurons appeared shrunken (b) as
compared to matched controls (a). Statistically lower levels of heavy
NF protein (HNF) in the spinal cords of ALS patients seen in Western
blot analysis (asterisk p<0.05) (c). The graph represents x-ray film
densitometry of heavy NF calculated vs. the actin densitometry
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experiment and the real-time PCR analysis were comparable
(Fig. 2).

As the cDNA preparations were taken postmortem from
patients in the end stage of the disease, we intended to
study the association of the transcripts levels and the
disease progression. Therefore, we used the mice over-
expressing human mutant SOD1, which are widely used as
the animal model for ALS. The SOD1 Tg mice (A93G)
developed progressive paresis until death at the age of 120–
160 days (Fig. 3a,b). We isolated the RNA from the spinal
cords on days 30, 80, and 120 and measured the mRNA
expression of these six selected genes (cathepsin D and B,
Apo E, EGFR, ferritin, and LYST).

Apo-E expression was found to be low in the first
80 days of age (asymptomatic phase), whereas later it
increased dramatically in parallel to the development of the
motor symptoms (p<0.05) (Fig. 3c). Similarly, cathepsin-B
and cathepsin-D EGFR and LYST increased during disease
progression and paralysis development, peaking on
day 120, just before death (p<0.05) (Fig. 3d,e,g,h). Ferritin
level was stable along the 120 days but was higher than the
wild type (p<0.05).

Discussion

cDNA array is an established method to monitor changes in
gene expression on a global scale in different pathological
conditions. We found 60 genes that were differently expressed
in the spinal cords of sALS patients as compared to controls.
Some of the differently expressed genes, such as astrocyte
glial fibrillary acidic protein (GFAP), cathepsin B, and Apo E,
are know to be associated with ALS (Masliah et al. 1996;
Lacomblez et al. 2002; Malaspina et al. 2001), whereas other

Table 3 The gene expression ratio between ALS patients and controls
calculated from the gene arrays

Ratio Protein/gene NCBI
accession
number

Extracellular transport/carrier proteins
4.2 Apolipoprotein E precursor M12529

Protein turnover
2.3 Cathepsin D precursor M11233
2.0 Cathepsin B precursor M14221

Cytoskeleton/motility proteins
2.6 Astrocyte GFAP J04569

Apoptosis associated proteins
>10.0 Tumor necrosis factor, alpha-induced protein 3 tnfaip3 M59465
0.4 Astrocytic phosphoprotein PEA-15 X86809
0.3 Defender against cell death 1 D15057
0.3 CD40 receptor-associated factor 1 U21092

Cell cycle
4.3 Helix–loop–helix protein HLH 1R21 X69111
2.1 Prothymosin alpha (ProT-alpha) M26708
0.3 KINESIN-RELATED MOTOR PROTEIN EG5 X85137

Stress response proteins
0.5 Glutathione peroxidase (GSHPX1; GPX1) Y00483
0.5 Natural killer cell enhancing factor L19185
0.5 Heat shock-related 70-kDa protein 2 L26336

Cell adhesion receptors/proteins
6.8 Integrin beta 8 precursor M73780
3.5 GP90 lymphocyte homing/adhesion receptor M59040
0.5 Vascular endothelial cadherin precursor X79981

Membrane channels and transporters
2.1 T-lymphocyte maturation-associated protein MAL M15800

Cell signaling, extracellular communication proteins
>10.0 Leukocyte cell-derived chemotaxin 2 precursor D63521
0.5 Thymosin beta 4; FX M17733

Intracellular transducers/effectors/modulators
5.3 14-3-3 protein zeta/delta (PKC inhibitor protein-1) M86400
4.5 Calmodulin M27319
2.4 Brain-derived neurotrophic factor/NT-3 U12140
2.3 Janus kinase 3; leukocyte janus kinase U09607
2.0 CALPONIN, ACIDIC ISOFORM

(CALPONIN 3)
S80562

Cell surface antigens
3.6 Laminin alpha-2 subunit precursor Z26653
0.5 Myelin proteolipid protein M17085
0.5 Myelin basic protein M13577
0.4 Monocyte differentiation CD14 antigen precursor M86511
<0.01 Myelin-associated oligodendrocytic basic protein D28113

Oncogenes and tumor suppressors
>10.0 EGFR X00588
4.3 Ezrin; cytovillin 2; villin 2 X51521
2.4 c-myc purine-binding transcription factor puf L16785

Trafficking/targeting proteins
>10.0 LYST U70064
0.3 CLATHRIN light chain b (brain and lymphocyte lcb) M20470

Metabolism
3.7 ATP synthase gamma chain, mitochondrial precursor D16562
3.3 Glutamine synthetase Y00387
3.2 Cytochrome c oxidase polypeptide VIIC precursor X16560
3.0 ATP synthase lipid-binding protein p2 precursor D13119
2.7 Cytochrome c oxidase polypeptide VIC precursor X13238
2.3 ACYL-COA desaturase Y13647
0.5 Prostaglandin-H2 D-isomerase precursor;

prostaglandin-D synthase; glutathione-independent
PGD synthetase

M61900

Table 3 (continued)

Ratio Protein/gene NCBI
accession
number

0.4 Membrane-bound and soluble catechol-
O-methyltransferase

M65212

Cell receptors (by ligands)
0.2 interleukin-2 receptor alpha subunit precursor; CD25 X01057
0.2 Growth hormone receptor precursor X06562
0.1 Heat-stable enterotoxin receptor L30117

Transcription
10.0 ZINC FINGER PROTEIN 140. U09368
3.6 POLYADENYLATE-BINDING PROTEIN 1 Y00345
0.4 ZINC FINGER PROTEIN 136. U09367

Posttranslational modification/protein folding
4.1 Platelet-activating factor acetylhydrolase IB beta

subunit
D63390

Ratios higher than 1 are upregulated in ALS, whereas ratios lower
than 1 are downregulated in ALS. p<0.05 for all the presented genes
NCBI = National Center for Biotechnology Information
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genes such as LYST, EGFR, and ferritin are reported here for
the first time in association with ALS. We therefore focused
on EGFP and LYST due to their extraordinary upregulation
(10-fold in the cDNA gene array). In addition, we looked at
cathepsin D and ferritin because they seem to play an
important role in other neurodegenerative diseases, such as
Alzheimer’s disease (Papassotiropoulos et al. 2002;
Nakanishi et al. 1997; Callahan et al. 1999; Nakamura et
al. 1991; Simmons et al. 2007).

We found threefold higher mRNA levels of GFAP in the
spinal cords of ALS patients as compared to the control.

Elevated expression of GFAP (×3), a marker for activate
astrocytes, suggests astrogliosis in the late stage of the
disease, as was already reported for advanced stage of ALS
(Hoyaux et al. 2002). Selective loss of NF, as demonstrated
in our study by Western blot, is also a typical hallmark of
both sALS and fALS (Menzies et al. 2002).

Apo E is a cargo protein that participates in cell
trafficking signals and localizing of the lysosomal system.
Apo-E is highly produced by microglia and is known to
play a central role in the mobilization of lipids and
cholesterol in injured neural tissue including neurodegen-
eration (Masliah et al. 1996). It has been shown that ApoE
plasma levels correlate with the rate of deterioration and
survival time in ALS (Lacomblez et al. 2002). Additionally,
knock-out of ApoE was found to be neuroprotective in the

SOD-1 mouse model for ALS (Olsen et al. 2001). Whether
the Apo-E ɛ4 allele is a risk factor for ALS needs to be
clarified in further studies (Moulard et al. 1996; Drory et al.
2001). However, ApoE isoforms were not analyzed in our
study. Here we show that total Apo E mRNA was up-
regulated both in sALS patients and in advanced motor
dysfunction in hSOD1 G93A tg mice. Our data are in
agreement with a previous report by Haasdijk et al. (2002).

To our knowledge, we report here for the first time that
LYST mRNA level is markedly increased in the spinal
cords of sALS patients (×>10) and also in advanced motor
dysfanction in hSOD1-G93A transgenic mice. LYST is
known to modulate lysosomal exocytosis and vesicular
trafficking and thus plays an important role in cellular
homeostasis. Mutations in the 429-kDa LYST cytoplasmic
protein lead to disruption of lysosome-related organelle
function, resulting in immune insufficiency and albinism
(Chediak–Higashi syndrome, Certain et al. 2000). The
mechanism by which LYST regulates lysosome function,
however, is unknown, as is its role in ALS.

The mRNAs of cathepsin D and cathepsin B, two
lysosomal proteases, were at least two times higher in sALS
spinal cords as compared to controls and increased with
disease progression in hSOD1 G93A transgenic mice.
Cathepsin B and D seem to play an important role in neuronal
cell and are associated with the pathology of neurodegener-
ative diseases such as Alzheimer’s disease (Papassotiropoulos
et al. 2002; Nakanishi et al. 1997; Callahan et al. 1999;
Nakamura et al. 1991). It was suggested that cathepsin B and
D are involved in protein turnover and serve as proapoptotic
enzymes in various models of apoptosis (Kikuchi et al. 2003;
Kagedal et al. 2000; Foghsgaard et al. 2001; Kingham and
Pocock 2001; Kohda et al. 1996; Takuma et al. 2003).
Moreover, increase of cathepsin B has recently been reported
in sALS patients mainly in degenerating anterior horn
neurons and in astrocytes of the lateral anterior horn (Kikuchi
et al. 2003). In our study we found that cathepsin B is
elivated in SOD mice on day 90, before the development of
motor impairment. This might suggest a role of cathepsin B
in the early stage of the disease.

Upregulation of EGFR in sALS and in mSOD mice is
also a novel finding. EGFR is expressed in neurons of the
hippocampus, cerebellum, and cerebral cortex and in other
regions of the central nervous system. It binds to the
mitogenic factor EGF that stimulates the proliferation of
different types of cells, especially fibroblasts, epithelial
cells, and neurons. Moreover, EGFR is involved in the
migration, invasion, and proliferation of astrocytes
(Kajiwara et al. 2003). EGFR activation triggers astrocytes
to become reactive astrocytes (review Liu and Neufeld
2007). Therefore, the more than 10-fold increase in EGFR
mRNA in sALS patients compared to control could be
related to the astrogliosis seen in these patients. EGFR

Figure 2 Gene expression analysis of ApoE, cathepsin D, cathepsin
B, EGFR, ferritin, and LYST mRNA expression in spinal cord of ALS
patients and age-matched controls. a The genes as expressed in the
gene array. b The genes as expressed in RT-PCR. Asterisk p<0.05
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immunoreactivity has previously also been found in
neuritic plaques in Alzheimer’s disease, which could also
relate to gliosis (Birecree et al. 1988). On the other hand, it
was reported that transgenic mice lacking the EGFR
develop neurodegeneration and die within the first month
after birth (Threadgill et al. 1995; Kornblum et al. 1998;
Sibilia 1998). In the adult CNS, the EGFR pathway is
absent in astrocytes but is up-regulated and activated
following neuronal injury (Liu et al. 2006). The robust
effects and the fact that other EGFR inhibitors are also in
clinical use in cancer treatments make these drugs partic-
ularly attractive candidates for clinical trials in spinal cord
injury (Erscbamer et al. 2007). Thus, although the role of
EGFR in the pathophysiology of ALS is yet unclear and
further studies are needed, EGFR inhibitor might be a
possible treatment for ALS.

We also found an increase in ferritin L transcript in the
sALS spinal cords and in the spinal cords of SOD
transgenic mice. Ferritin L is one of the proteins known

to play a key role in iron metabolism and is found to be
associated with the pathophysiology of neurodegenerative
diseases, including Huntington’s disease (Simmons et al.
2007). It was suggested that the elevated level of ferritin L
might reflect an adaptive response to the intracellular iron
released due to mitochondrial dysfunction (Olsen et al.
2001). Interestingly, transferrin, another iron-binding pro-
tein, was found to accumulate in Bunina bodies of ALS
patients (Mizuno et al. 2006), again suggesting the
pathological role of iron in ALS.

In conclusion, our study confirms, albeit in a small
number of humans with sALS, a gene expression pattern
related to inflammatory reaction followed by demyelin-
ation, astrogliosis, and motor neuron apoptosis. Part of
these genes has previously been reported in human ALS
patients or in a mouse model of ALS, whereas others are
described here for the first time. Comparison of these
selected genes demonstrates similarity between sALS and
the fALS models in mice so that, with respect to these

Figure 3 a SOD-1 transgenic mice survival curve. b Transgenic and
wild-type mice rotorod performance at different ages. c Apo-E mRNA
expression is upregulated in spinal cord of human mutant SOD1
transgenic mice. d Cathepsin D mRNA expression is upregulated in
spinal cord of human mutant SOD1 transgenic mice. e Cathepsin B
mRNA expression is upregulated in spinal cord of human mutant

SOD1 transgenic mice. f Ferritin mRNA expression is higher in SOD1
transgenic mice during all their life. g LYST mRNA expression is
upregulated in spinal cord of human mutant SOD1 transgenic mice.
h EGFR mRNA expression is upregulated in spinal cord of human
mutant SOD1 transgenic mice. Asterisk p<0.05

J Mol Neurosci (2009) 38:85–93 9191



genes, experiments in the hSOD1-G93A model might allow
conclusions for human ALS. Further analysis of these
genes might increase our understanding on the disease
etiology and progression and might provide selective
targets for future therapies.
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