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An increase in the expression of the proinflammatory cytokine tumor necrosis factor � (TNF-�) has been observed in patients with
amyotrophic lateral sclerosis (ALS) and in the mice models of the disease. TNF-� is a potent activator of macrophages and microglia and,
under certain conditions, can induce or exacerbate neuronal cell death. Here, we assessed the contribution of TNF-� in motor neuron
disease in mice overexpressing mutant superoxide dismutase 1 (SOD1) genes linked to familial ALS. This was accomplished by the
generation of mice expressing SOD1 G37R or SOD1 G93A mutants in the context of TNF-� gene knock out. Surprisingly, the absence of
TNF-� did not affect the lifespan or the extent of motor neuron loss in SOD1 transgenic mice. These results provide compelling evidence
indicating that TNF-� does not directly contribute to motor neuron degeneration caused by SOD1 mutations.
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Introduction
Amyotrophic lateral sclerosis (ALS) is a progressive, adult-onset
neurodegenerative disorder that affects primarily motor neurons
in the cortex, brainstem, and spinal cord. The selective degener-
ation of these neurons leads to atrophy of skeletal muscle and,
ultimately, to paralysis and death within 1–5 years. ALS occurs in
both sporadic (90% of cases) and familial forms, which are clin-
ically and pathologically similar. Missense mutations in the gene
encoding the free radical-scavenging metalloenzyme, copper,
zinc superoxide dismutase (SOD1) are responsible for 20% of
familial ALS cases (Rosen et al., 1993). To date, more than 115
mutations have been found in the SOD1 gene. Transgenic mice
overexpressing various SOD1 mutants develop an ALS-like phe-
notype through a gain of unknown toxic properties (Gurney et
al., 1994). Several mechanisms have been proposed to explain
motor neuron death in ALS, including glutamate-induced exci-
totoxicity (Rothstein, 1995), cytoskeletal abnormalities (Julien et
al., 2005), protein aggregation (Julien, 2001), oxidative stress
(Cleveland and Rothstein, 2001), and, more recently, toxicity via
extracellular SOD1 (Urushitani et al., 2006).

Accumulating evidence indicates that non-neuronal cells may
contribute to neurodegenerative processes in ALS (Clement et al.,

2003; Boillee et al., 2006). Reactive astrocytes and activated mi-
croglia can be found in the spinal cord and motor cortex of
patients with ALS and in SOD1 mice models of the disease
(Engelhardt and Appel, 1990; Kawamata et al., 1992; Alexianu et
al., 2001; Nguyen et al., 2002). Furthermore, gliosis is associated
with an increase in the production of various potentially cyto-
toxic molecules, including reactive oxygen species, nitric oxide,
proteases, and cytokines (Nguyen et al., 2002). Interestingly, an
increased level of proinflammatory cytokines interleukin-1� (IL-
1�), IL-6, and tumor necrosis factor-� (TNF-�) have been re-
ported in SOD1 mice models and in ALS patients (Sekizawa et al.,
1998; Poloni et al., 2000; Elliott, 2001; Nguyen et al., 2001; Hen-
sley et al., 2003).

TNF-� is a potent proinflammatory cytokine and can elicit
trophic or toxic biological responses depending on the pathways
elicited by binding of its receptor subtypes, TNFR1 and TNFR2
(Viviani et al., 2004). TNF-� receptors are constitutively ex-
pressed on both neurons and glia in the CNS, and TNF-� can be
synthesized and released by astrocytes, microglia, and some neu-
rons (Zou and Crews, 2005). Production of TNF-� is closely
associated with disease progression in SOD1 transgenic mice
(Elliott, 2001; Hensley et al., 2003), and several studies have des-
ignated TNF-� as a pathogenic mediator in many CNS diseases
with an inflammatory component (Ghezzi and Mennini, 2001;
Viviani et al., 2004). Although TNF-� can mediate motor neuron
death (Terrado et al., 2000; Robertson et al., 2001; He et al., 2002),
its role in disease pathogenesis mediated by SOD1 mutants re-
mains unclear. Here, to elucidate the contribution of TNF-� to
the neurodegenerative processes in ALS caused by SOD1 muta-
tions, we generated mice overexpressing SOD1 G37R or SOD1 G93A

in the context of TNF-� gene knock-out. We then assessed
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whether the absence of TNF-� affected the development of mo-
tor neuron pathology.

Materials and Methods
Animals. TNF-� knock-out (B6;129S6-Tnf tm1Gkl/j; 003008) and
SOD1 G93A [B6SJL-TgN(SOD1-G93A)1Gur/J; 002726] mice were ac-
quired from The Jackson Laboratory (Bar Harbor, ME). SOD1 G37R (line
29) transgenic mice were a gift from Drs. P. Wong and D. Price from John
Hopkins University (Baltimore, MD). The SOD1 G93A mice were crossed
for at least six generations onto a C57BL/6 background before the start of
the experimentation with the TNF-� knock-out mice. The SOD1 G37R

transgenic mice have been maintained as C57BL/6 for many years in our
laboratory. The TNF-� knock-out mice were backcrossed for three gen-
erations onto C57BL/6 background before breeding with SOD1 trans-
genic mice. Our studies used a large number of mice derived by breeding
TNF-� �/� mice with mutant TNF-� �/�; SOD1 �/� to assess the effect
of both TNF-� loss (�/�) and TNF-� reduction (�/�) on survival of
mutant SOD1 transgenic mice. Hence, all analyses were performed with
littermate controls. Mice were genotyped by Southern blot as described
previously (Pasparakis et al., 1996; Couillard-Despres et al., 1998) or by
PCR analysis in accordance with The Jackson Laboratory protocols. For
mice in the SOD1 G37R background, presymptomatic, early symptomatic,
and end-stage mice refer to 7, 10, and 12 months, respectively. For mice
in the SOD1 G93A background, presymptomatic, early symptomatic, and
end-stage mice refer to 2, 3, and 4 months, respectively. The use and
maintenance of the mice described in this article were performed in
accordance with the Guide of Care and Use of Experimental Animals of the
Canadian Council on Animal Care.

Tissue collection, immunohistochemistry and in situ hybridization. Mice
were anesthetized and transcardially perfused with 0.9% NaCl and fixed
with 4% paraformaldehyde. Tissue sample preparations, immunohisto-
chemistry, and in situ hybridization procedures using S 35 cRNA probes
were performed as described previously (Laflamme et al., 1999; Nguyen
et al., 2001). The primary antibodies used in this study were mouse
monoclonal anti-glial fibrillary acidic protein (GFAP) (MAB360;
Chemicon, Temecula, CA) and rat monoclonal anti-Mac-2 (galactose-
specific lectin) (TIB-166; ATCC, Manassas, VA). The cDNA vectors for
Toll-like receptor (TLR-2), inhibitor �B� (I�B�), IL-1�, and TNF-�
were provided by Dr. S. Rivest (Laval University, Quebec, Quebec, Can-
ada). Counts of L5 ventral root axons were done with Image-1 software
(Universal Imaging Corporation, Downington, PA). The data were ana-
lyzed by one-way ANOVA, followed by Tukey’s post hoc analysis.

ELISA assay. TNF-� knock-out mice and control littermates were in-
jected intraperitoneally with 1 mg/kg lipopolysaccharide (from Esche-
richia coli; serotype O55:B5; L2880; Sigma, St. Louis, MO), and sera were
collected 4 h later. TNF-� and IL-1� were measured using mouse Quan-
tikine immunoassays (MTA00, MLB00B; R & D Systems, Minneapolis,
MN) according to the instructions of the manufacturer. ELISA plates
were then read in a spectra max 340pc plate reader and analyzed using
Soft max pro 3.11 software.

Quantification of proinflammatory transcripts. The mRNA hybridiza-
tion signals for IL-1�, TLR-2, and I�B� revealed on dipped NTB2 nu-
clear emulsion slides were analyzed and quantified under dark-field illu-
mination at a magnification of 10� as described previously (Nguyen et
al., 2001). Briefly, counts were made of clusters of silver grain hybridiza-
tion signal present in every sixth section of the transverse lumbar spinal
cord, each cluster corresponding to accumulation of silver grain labeling
in individual cells. Colocalization of clusters with thionin-labeled cells
was verified under bright-field illumination at higher magnification. The
data were analyzed by unpaired t test.

Results
Absence of TNF-� does not influence disease progression or
axonal degeneration in ALS mice
To assess the contribution of TNF-� in ALS pathogenesis, we
generated SOD1 G37R and SOD1 G93A in the context of TNF-�
gene knock-out. TNF-�-deficient mice are viable and fertile and
show no apparent phenotypic abnormalities (Pasparakis et al.,

1996). To confirm the absence of TNF-� in knock-out mice,
TNF-�- and IL-1�-specific ELISA assays were performed. No
TNF-� could be detected in knock-out mice (TNF-�, 1.8 � 1.2
ng/ml; IL-1�, 118.4 � 7.7 ng/ml) compared with TNF-��/�

control littermates (TNF-�, 642.2 � 43.2 ng/ml; IL-1�, 189.0 �
19.9 ng/ml).

The effect of TNF-� deficiency on severity of motor neuron
disease was examined using cohorts of TNF-��/�; SOD1 G93A

and TNF-��/�; SOD1 G93A, TNF-��/�; SOD1 G37R, TNF-��/�;
SOD1 G37R, as well as mutant SOD1 transgenic mice in TNF-�
heterozygous background. As shown in Figure 1, the lack or re-
duction of TNF-� did not influence rate of mortality in mutant
SOD1 transgenic mice. The TNF-��/�; SOD1 G93A and TNF-

Figure 1. Absence of TNF-� does not affect survival of SOD1 G93A or SOD1 G37R mice. Kaplan–
Meier survival curves: A, TNF-� �/�; SOD1 G93A (n�22), TNF-� �/�; SOD1 G93A (n�53), and
TNF-� �/�; SOD1 G93A (n � 34; log rank test for survival, p � 0.09); B, TNF-� �/�; SOD1 G37R

(n � 15), TNF-� �/�; SOD1 G37R (n � 25), and TNF-� �/�; SOD1 G37R (n � 14) (log rank test
for survival, p � 0.26).
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��/�; SOD1 G93A had a comparable median lifespan of 142 and
133 d, respectively. Similarly, the absence of TNF-� did not affect
survival of mice expressing SOD1 G37R with a median survival of
368 d for TNF-��/�; SOD1 G37R and 363 d for TNF-��/�;
SOD1 G37R. Furthermore, motor axon loss in L5 ventral roots was
quantified at presymptomatic, early symptomatic, and end stage of
disease in mutant SOD1 transgenic mice with or without TNF-�.
Absence of TNF-� did not affect the degree of axonal degeneration
in SOD1G93A or SOD1G37R transgenic mice (Table 1).

No change in gliosis attributable to TNF-� deficiency in
ALS mice
Astrocytosis and microgliosis are non-neuronal events that likely
contribute to the neurodegenerative process in ALS. TNF-� is a
potent microglial activator and is also involved in the induction
of reactive astrogliosis. We therefore investigated whether the
absence of TNF-� in mutant SOD1 mice had any effect on the
expression of Mac-2, a marker of microglial activation, and
GFAP, a marker of astrogliosis. Immunoreactivity was assessed in
the spinal cord of normal mice, TNF-��/�; SOD1, and TNF-
��/�; SOD1 mice at early symptomatic and end stages of disease.
No obvious difference for these markers could be identified at
any stage of the disease (Fig. 2). At both early symptomatic (Fig.
2B,C,G,H) and end stage (Fig. 2D,E, I, J) of disease, comparable
numbers of Mac-2 (Fig. 2A–E) and GFAP (Fig. 2F–J) labeled

cells were present in the lumbar ventral horns of TNF-��/�;
SOD1 G93A and TNF-��/�; SOD1 G93A. Analogous results were
obtained for mice expressing SOD1 G37R (data not shown). The
levels of Mac-2 and GFAP expression were also determined by
Western blot analysis. No significant differences were detected
between the ALS mice with or without TNF-� (data not shown).

Detection of proinflammatory molecules in the spinal cord of
ALS mice lacking TNF-�
Neurofilament-�B (NF-�B) is a key transcription factor involved
in the induction of proinflammatory molecules, such as TNF-�,
IL-1�, IL-6, and TLR-2 (O’Neill and Kaltschmidt, 1997). Activa-
tion of NF-�B also induces the transcription of its inhibitory
factor I�B� to modulate inflammatory processes. To examine
whether compensatory mechanisms occur in the spinal cord of
SOD1 mice in the context of TNF-� deficiency, mRNA encoding
I�B�, IL-1�, and TLR-2 were assayed by in situ hybridization. No
change in I�B� mRNA expression could be detected between
TNF-��/�; SOD1 mice and TNF-��/�; SOD1 mice (Fig.
3A,B,F,G,P,S). However, a significantly greater number of cells
positive for IL-1� (Fig. 3A,B,H–J,Q) and TLR-2 (Fig. 3A,B,K–
O,R) were counted in the lumbar spinal cord of TNF-��/�;
SOD1 G93A compared with TNF-��/�; SOD1 G93A controls at the
early symptomatic stage of disease but was similar at end stage of
disease. A comparable tendency occurred in TNF-��/�;
SOD1 G37R compared with TNF-��/�; SOD1 G37R, but it was not
statistically significant (Fig. 3T,U). To further search for poten-
tial compensatory changes, a microarray analysis of spinal cord
RNA expression was performed on early symptomatic TNF-
��/�; SOD1 G93A mice and TNF-��/�; SOD1 G93A mice (supple-
mental Fig. 1, available at www.jneurosci.org as supplemental
material). No major difference was detected between the two
groups, notably in TNFR1 and TNFR2 expression levels.

Discussion
Neuroinflammation has been detected in affected tissue of ALS
cases and is a feature of mutant SOD1 transgenic mice models of
the disease (Nguyen et al., 2002). Several studies have shown that

Figure 2. Absence of TNF-� does not influence gliosis. Immunohistochemistry on lumbar spinal cord for Mac-2 (A–E) and GFAP (F–J ) did not reveal any apparent differences in gliosis in
TNF-� �/�; SOD1 G93A mice (C, E, H, J ) compared with TNF-� �/�; SOD1 G93A mice (B, D, G, I ) at early symptomatic ( B, C and G, H ) or end-stage (D,E and I,J ) of disease. Scale bars, 50 �m. n �
5–7 mice per group.

Table 1. Axonal degeneration in SOD1 mice deficient in TNF-�

TNF-� KO; SOD1G93A TNF-� KO; SOD1G37R

Genotype
Number of axons at 3 months
of age (SEM)

Number of axons at 10 months
of age (SEM)

TNF-��/� 1041 (43) 1002 (59)
TNF-��/�;SOD1 687 (93) 563 (126)
TNF-��/�;SOD1 769 (55) 595 (72)
TNF-��/�;SOD1 733 (31) 450 (56)

Motor axon counts in L5 ventral roots of TNF-� �/�; SOD1 and TNF-� �/�; SOD1 mice. No significant difference in
the number of motor axon counts was found in TNF-� �/�; SOD1G93A compared with TNF-� �/�; SOD1G93A and
TNF-� �/�; SOD1G37R compared with TNF-� �/�; SOD1G37R at early symptomatic and end stage of the disease.
n � 3 mice per group.
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expression of proinflammatory mediators such as TNF-� and
IL-1� is an early event in mutant SOD1 transgenic mice
(Alexianu et al., 2001; Elliott, 2001; Nguyen et al., 2001). In fact,
expression of TNF-� correlates with the onset and progression of
paralysis in mutant SOD1 mice (Elliott, 2001; Nguyen et al., 2001;
Hensley et al., 2003). However, neither the presence of antigenic
nor bioactive TNF-� correlated with disease severity, duration,
or weight loss in ALS patients (Poloni et al., 2000). There is con-
flicting literature on the neuroprotective versus neurotoxic effect
of TNF-� both in vivo and in vitro (Ghezzi and Mennini, 2001).
TNF-� is one of the most potent proinflammatory cytokine and
is capable of activating microglia and causing neurotoxicity in
systems in which the neuronal population has been compro-
mised (Robertson et al., 2001; Zou and Crews, 2005). Further-
more, neutralization of TNF-� can reduce neuronal damage
(Terrado et al., 2000), and TNF-� is able to mediate motor neu-
ron cell death in certain experimental paradigms (He et al., 2002).
Interestingly, administration of thalidomide, a potent anti-
inflammatory and immunomodulatory drug, whose effects in-
clude inhibition of TNF-� synthesis, delays death in SOD1 G93A

mice (Kiaei et al., 2006). Hence, the hypothesis of a central role

for TNF-� in exacerbating disease pathogenesis in various con-
text of neurodegeneration including ALS has emerged. However,
it must be considered that, although TNF-� can induce apopto-
sis, activation of TNF receptors in neurons can also modulate the
expression of proteins such as Bcl-2, manganese superoxide dis-
mutase, and calcium-regulating proteins in ways that increase
cellular resistance to apoptosis (Guo et al., 2004). Furthermore,
TNF-� can induce IL-6 and leukemia inhibitory factor, two cy-
tokines that have protective effects against motor neuron degen-
eration in wobbler mice (Ikeda et al., 1995, 1996). It is also note-
worthy that motor neurons in mnd mice, a spontaneous
mutation of mouse that causes a late-onset motor dysfunction
and eventual paralysis, do not degenerate at presymptomatic
stage despite the presence of high levels of TNF-� (Mennini et al.,
2004).

Unexpectedly, we report here that disruption of the TNF-�
gene in mice failed to influence onset, severity, or progression of
disease caused by SOD1 mutations. Moreover, absence of TNF-�
had no effect on axonal degeneration in mutant SOD1 mice.
These results suggest that TNF-� is not a crucial contributor to
motor neuron degeneration in this model. Surprisingly, the ab-

Figure 3. mRNA expression and quantification of proinflammatory molecules in SOD1 mice with or without TNF-�. In situ hybridization for TNF-�, I�B�, IL-1�, and TLR-2 in TNF-��/�;
SOD1 G93A (A) and TNF-� �/�; SOD1 G93A (B); 40� magnification. Scale bar, 50 �m (dark-field photomicrographs). Bright-field photomicrographs of TNF-� (C–E), I�B� (F, G), IL-1� (H–J ), and
TLR-2 (K–O) for TNF-� �/�; SOD1 G93A (C, D; F, H; K, L) and for TNF-� �/�; SOD1 G93A (E, G, I, J, M–O); 100� magnification. Scale bar, 25 �m. No TNF-� could be detected in TNF-� knock-out
mice (B) compared with control (A). Quantification of I�B� (P, S), IL-1� (Q, T ), and TLR-2 (R, U ) at early symptomatic and end stage of disease in TNF-� �/�; SOD1 transgenic mice and
TNF-� �/�; SOD1 mice. No significant difference in the expression of I�B� was detected in SOD1 mice in the absence of TNF-� (P, S). A significant increase in the mRNA expression of IL-1� (Q)
( p � 0.02) and TLR-2 (R) ( p � 0.01) was observed in TNF-� �/�; SOD1 G93A mice compared with TNF-� �/�; SOD1 G93A mice at early symptomatic but not at end stage of disease. IL-1� (T ) and
TLR-2 (U ) hybridization signals were not significantly different in mice of SOD1 G37R background. Error bars correspond to SEM. * indicates a significant difference between groups. n � 5–7 mice per
group. Arrows indicate I�B�-positive cells.
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sence of TNF-� did not influence the appearance of gliosis or the
expression levels for mRNA encoding I�B� in mutant SOD1
mice. However, an increase in transcripts encoding for IL-1� and
TLR-2 at early symptomatic stage of the disease was observed in
TNF-��/�; SOD1 G93A mice compared with TNF-��/�;
SOD1 G93A controls but not in TNF-��/�; SOD1 G37R compared
with TNF-��/�; SOD1 G37R. Hence, it is possible that, in TNF-
��/�; SOD1 G93A mice, the upregulation of IL-1� and TLR-2 may
be part of a compensatory process. Indeed, IL-1� has a leading
role in the activation of the inflammatory response and shares the
same collection of downstream effectors as TNF-� (Allan et al.,
2005). The TLR family is a major class of pattern-recognition
receptor that has emerged as a central player in the initiation and
tailoring of both innate and subsequent adaptive immune re-
sponses (Beutler, 2004; Iwasaki and Medzhitov, 2004). More-
over, TLR-2 has been found to ligate a broad array of ligands,
both pathogen associated and endogenously derived (Jack et al.,
2005). Interestingly, another cytokine, lymphotoxin-�, has also
been shown to bind TNF receptors (Ware, 2005). However, a
study by Kuprash et al. (2002) concluded that TNF-� and
lymphotoxin-� have primarily nonredundant functions in vivo
(Kuprash et al., 2002).

Previous studies indicate that TNF-� can enhance or inhibit
neuronal injury (Zou and Crews, 2005; Turrin and Rivest, 2006).
The effects of TNF-� is determined in part by duration, extent of
expression, and the state of the surrounding microenvironment
(Allan and Rothwell, 2001). Indeed, TNF-� does not directly
induce neuronal death in healthy brain tissue or on normal neu-
rons (Viviani et al., 2004). However, TNF-� can enhance the
effect of neuronal insults and act synergistically with other cyto-
kines to promote neurodegeneration (Hemmer et al., 2001; He et
al., 2002). The dual effects of TNF-� may also be explained by the
different signaling pathways activated by TNFR1 and TNFR2.
TNFR1 is thought to be responsible for the cytotoxic effect of
TNF-�, whereas TNFR2 would mediate neurotrophic functions
(Viviani et al., 2004). Interestingly, the expression of both recep-
tors is increased in the spinal cord of mutant SOD1 transgenic
mice (Veglianese et al., 2006).

Although an increase in the expression of the proinflamma-
tory cytokine TNF-� has been observed in ALS patients and in the
mice models of the disease, the results presented here suggest that
TNF-� alone is not a key factor in motor neuron degeneration
caused by SOD1 mutations.
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