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Abstract
The accumulation of protein aggregates is thought to be an important component in the pathogenesis
of mutant SOD1 induced disease. Mutant SOD1 aggregates appear to be cleared by proteasomes, at
least in vitro, suggesting a potentially important role for proteasome degradation pathways in vivo.
G93A SOD1 transgenic mice show an increase in proteasome activity and induction of immuno-
proteasome subunits within spinal cord as they develop neurological symptoms. To determine what
role immuno-proteasomes may have in mutant SOD1 induced disease, we crossed G93A SOD1
transgenic mice with LMP2−/− mice to obtain G93A SOD1 mice lacking the LMP2 immuno-
proteasome subunit. G93A SOD1/LMP2−/− mice show significant reductions in proteasome
function within spinal cord compared to G93A SOD1 mice. However, G93A SOD1/LMP2−/− mice
show no change in motor function decline, or survival compared to G93A SOD1 mice. These results
indicate that the loss of immuno-proteasome function in vivo does not significantly alter mutant
SOD1 induced disease.
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Mutations in the gene encoding Cu, Zn superoxide dismutase (SOD1) cause one form of
familial amyotrophic lateral sclerosis (FALS) linked to chromosome 21q (Rosen et al.,
1993). Studies using SOD1 knockout or transgenic mice expressing mutant SOD1 have
established a toxic gain of function model for the abnormal SOD1 protein that may be related
to protein misfolding and aggregation (Gurney et al., 1994; Ripps et al., 1995; Wong et al.,
1995; Reaume et al., 1996; Kabashi and Durham, 2006). Indeed, the presence of SOD1 positive
aggregates is a pathologic hallmark of disease both in transgenic mutant SOD1 mice and in
patients dying from SOD1 related FALS (Shibata et al., 1996; Watanabe et al., 2001). SOD1
aggregates accumulate as the disease progresses and can be visualized as high molecular weight
protein complexes (HMWPCs) on Western gels or as ubiquitin positive cellular inclusions via
immuno-staining (Bruijn et al., 1997; Johnston et al., 2000; Wang et al., 2002). The finding
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that mutant SOD1 protein and SOD1 aggregates appear to be cleared largely by proteasomes
has raised important questions concerning the nature of proteasome function in ALS
(Urushitani et al., 2002; Puttaparthi et al., 2003; Di Noto et al., 2005). Early in vitro work with
protein aggregates had predicted that proteasome function might be inhibited in
neurodegenerative diseases, but studies using transgenic rodent models of Huntington’s disease
and ALS found that instead there appeared to be induction of proteasome activity within the
CNS as the animals developed neurological disease (Bence et al., 2001; Diaz-Hernandez et al.,
2003; Kabashi et al., 2004; Cheroni et al., 2005; Puttaparthi and Elliott, 2005; Ahtoniemi et
al., 2007). The 26S proteasome is composed of one 20S proteolytic complex and two axially
positioned 19S (PA700) regulatory complexes (DeMartino and Slaughter, 1999). The 20S
complex is itself composed of 2 copies each of 7 α and β type subunits, each encoded by a
distinct gene. Each β ring contains three proteolytic sites that differs in its specificity, including
a chymotrypsin-like site that cleaves after hydrophobic residues, a trypsin-like site that cleaves
after basic residues, and a post-glutamyl peptide hydrolase (PGPH) or caspase like activity that
cleaves after acidic residues particularly aspartate (Kisselev et al., 2003). Certain β subunits
of the 20S core, such as LMP2 (β1i), MECL-1 (β2i), and LMP7 (β5i), are inducible and can
replace the normal constitutive β1,β2 and β5 subunits, conveying differing proteolytic function
to the immuno-proteasome (Peters et al., 2002). Knockout mice lacking LMP2, MECL-1 or
LMP7 subunits are viable, show modest reductions in proteasome activity as well as in
immunologic function but manifest no neurological deficits (Van Kaer et al., 1994; Stohwasser
et al., 1996; Martin et al., 2004; Basler et al., 2006).

Several groups have analyzed the expression pattern of individual proteasome subunits within
spinal cords from transgenic mutant SOD1 animals in order to better define the molecular basis
for the increased proteasome activity observed with disease progression (Cheroni et al.,
2005; Puttaparthi and Elliott, 2005; Ahtoniemi et al., 2007). It is the inducible and immuno-
proteasome specific subunits (LMP2, MECL1 and LMP7) that are substantially upregulated
in the spinal cords of mutant SOD1 transgenic animals while levels of constitutive proteasome
subunits remain unchanged. This immuno-proteasome induction occurs primarily in astrocytes
and microglia, rather than neurons, and is likely regulated by differential cytokine expression
within the affected spinal cord (Puttaparthi and Elliott, 2005; Ahtoniemi et al., 2007). Because
non-neuronal cells significantly contribute to disease progression in mutant SOD1 mice,
assessing the potential role of immuno-proteasome function within astrocytes and microglia
is relevant (Puttaparthi et al., 2002; Clement et al., 2003; Boillee et al., 2006). Pharmacological
blockade of immuno-proteasome subunit induction using pyrrolidine dithiocarbamate, an
inhibitor of nuclear transcription factor kappa-B (NF-κB) results in a reduction in lifespan for
mutant SOD1 rats (Ahtoniemi et al., 2007). However, largely due to the non-specificity of drug
effect, this study does not provide definitive answers to importance of immuno-proteasome
function on disease course. We therefore have used a genetic approach to more specifically
assess the role of immuno-proteasomes in mutant SOD1 induced disease in vivo by crossing
G93A SOD1 transgenic mice with LMP2 knockout mice.

Material and Methods
Animals

Transgenic mice expressing the low copy number human G93A SOD1 mutation (B6SJL-
TgNSOD1-G93A; JR2300) were used in these experiments. These mice have a mean survival
of 250 days with the onset of motor dysfunction beginning at 6 months of age (Puttaparthi et
al., 2002). The generation of LMP2 knockout mice has been described (Van Kaer et al.,
1994). LMP2 knockout mice were originally on a mixed 129xB6 background, and subsequently
backcrossed ten times to a B6 background. G93A SOD1 transgenic mice were crossed to LMP2
knock out mice. Appropriate F1 offspring were bred allowing all possible genotypes to be
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generated with adequate internal controls. All animal protocols were approved by our
university IACRAC in compliance with NIH guidelines. Genotypes were identified by PCR
on DNA isolated from tail clippings.

Western Blotting
Animals were overdosed with sodium pentobarbital (250mg/kg, i.p.). Tissues were dissected
and homogenized in 20mMTris-Hcl, pH7.5, 2mM DTT, 0.1mg of leupeptin, 1mM EDTA, and
1mM EGTA. Total protein (40μg) from each sample was run on a 4–20% Tris-glycine gel
(Invitrogen). The experiments were performed using the following primary antibodies:
polyclonal anti-SOD1 (1:1000; Calbiochem), anti-actin (1:1000; Sigma), monoclonal anti-
LMP2 (1:500; Biomol), polyclonal anti-LMP7 (1:20,000; Biomol), polyclonal anti-β5 (1:1000;
Affinity BioReagents) and monoclonal anti-α7 (1:2000; Biomol). After several washes,
membranes were incubated with a secondary goat anti-mouse or goat anti-rabbit antibody
(1:8000; Santa Cruz Biotechnology) followed by ECL detection. Protein load was normalized
by blotting with anti-actin antibody.

Immunohistochemistry
Anaesthetized mice were perfused transcardially with ice-cold PBS followed by 4%
paraformaldehyde and embedded in paraffin. Spinal cords sections (6μm) were deparaffinized,
hydrated and subjected to antigen retrieval at 90°C for 2 min using Target Unmasking Fluid
(Pharmingen). The spinal cord sections were pretreated for 2 hours with 5% normal goat serum
and 0.1% Triton X-100 and then incubated overnight at 4°C with primary antibodies. Primary
antibodies used were as follows: rabbit anti-LMP7 (1:400; Biomol International); monoclonal
anti-GFAP (1:2000; Sigma); monoclonal anti-NeuN (1:1000; Chemicon); isolectin B4 (1:100;
Sigma); polyclonal anti-ubiquitin (1:1000; Dako). According to the manufacturer, the anti-
ubiquitin antibody recognizes both mono- and polyubiquitin. Sections were washed, incubated
with secondary antibodies at the following dilutions: goat anti-mouse IgG labeled with Oregon
Green 488 from Molecular Probes (1:400) and goat anti-rabbit IgG labeled with Texas Red
from Molecular Probes (1:400). Next, they were incubated for one minute with DAPI (1:1000)
from Molecular Probes. Slides were viewed with a fluorescent microscope (Nikon Instruments
Inc.) or under confocal microscopy.

Survival analysis and motor testing
The survival analysis, stride lengths and grip strengths were done with G93A SOD1/LMP2−/
− dual transgenic mice, G93A SOD1/LMP2+/− transgenic mice and G93A SOD1/LMP+/+
transgenic mice. Stride lengths (cm), grip strengths (dg) and survival analysis were done as
previously described (Puttaparthi et al., 2002). Because of inter-gender differences in stride
length and grip strength, we selected only female animals for measurements of motor function.

Measurement of proteasome activity
For measurement of proteasome activity, 1 month and 8 month old mice were euthanized with
sodium pentobarbital (250mg/kg, i.p) and perfused intracardiac with 1X PBS. Tissue was
harvested immediately and placed on ice, sonicated in Buffer H (20mM Tris, 20mM NaCl,
1mM EDTA, 5mM β-mercaptoethanol, pH7.6) on ice. Lysates were cleared by centrifugation
and the supernatant was used for determination of protein concentration and enzymatic activity.
Proteasome activity was assessed using synthetic peptide substrates linked to the fluorimetric
reporter, aminomethylcoumarin (for chymotrypsin-like activity, Suc-LLVY-AMC; for
peptidylglutamyl-peptide hydrolase activity, Z-LLE-AMC; for trypsin-like activity, Z-VVR-
AMC). Lysates (10μl) were assayed by addition of 200 μl of substrate. AMC hydrolyzed from
the peptides was quantitated in a BioTek Synergy HT plate reader using 360 nm excitation and
460 nm emission wavelengths. Enzymatic activity was normalized for protein concentration
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and expressed as percent of activity in control lysates. Experiments were repeated at least three
times. The specificity of these substrates for measuring proteasome activity was confirmed by
adding a known specific inhibitor, lactacystin (Calbiochem), which dropped activity levels by
99%.

Results
Proteasome function and subunit expression pattern is altered in G93A SOD1 mice lacking
LMP2

We first wished to determine whether the loss of the LMP2 immuno-proteasome subunit
affected overall proteasome function in the spinal cord of G93A SOD1 transgenic mice. We
therefore assayed the three forms of proteasome activity, chymotrypsin-like, trypsin-like and
PGPH, in spinal cords from G93A SOD1 mice and G93A SOD1/LMP2−/− mice (Figure 1A
& B). Both chymotrypsin-like and trypsin-like activities are significantly reduced in G93A
SOD1/LMP2−/− mice compared to G93A SOD1 mice. This reduction is evident at an early 1
month time point when G93A SOD1 mice are asymptomatic, as well as in later adult life (7.5
months) when motor deficits are present. In contrast, there is no significant change in PGPH
activity within spinal cords of G93A SOD1/LMP2−/− mice. We then used Western blots to
assess the changes in proteasome subunit expression that accompanied the decline in
measurable proteasome activity observed in G93A SOD1/LMP2−/− mice (Figure 2). As
expected, LMP2 expression is absent in LMP2−/− and G93A SOD1/LMP2−/− mice (Figure
2; lanes 2, 4 and 6). There is compensatory increase in the expression of the LMP7, another
immuno-proteasome subunit, in the spinal cords of mice lacking LMP2. This up-regulation of
LMP7 subunit expression within the spinal cords of G93A SOD1/LMP2−/− mice is also
evident by immuno-staining (data not shown). In contrast, expression levels of two constitutive
proteasome subunits, α7 and β5, are unchanged in non-transgenic or G93A SOD1 mice with
or without LMP2 expression. These results indicate that the loss of LMP2 subunits in G93A
SOD1 mice alters specific aspects of proteasome function, chymotrypsin-like and trypsin-like
activity, in spinal cord. Because constitutive proteasome subunit levels are unchanged in G93A
SOD1/LMP2−/− mice, the decline in measurable proteasome function is likely related to a
selective loss of immuno-proteasomes.

Survival, motor function and pathology in G93A SOD1 mice lacking LMP2
In order to determine the effect of immuno-proteasome function on G93A SOD1 induced motor
neuron disease, we crossed LMP2 knockout mice with G93A SOD1 mice and longitudinally
followed offspring for changes in survival and motor function. Overall, the loss of LMP2
immuno-proteasome subunit had no significant effect on survival in G93A SOD1 mice (Figure
3). The mean survival of G93A SOD1 mice was 247 ± 5 days compared to 248 ± 3 days for
G93A SOD1/LMP2+/− mice or 241 ± 4 days for G93A SOD1/LMP2−/− mice. Analysis of
motor function using stride length or grip strength was also performed longitudinally to discern
whether loss of LMP2 subunit might alter onset or disease pattern (Figure 4A& B ). However,
G93A/SOD1 LMP2−/− and G93A SOD1 mice showed neither significant difference in disease
onset as measured by motor function testing or alteration in the progressive loss of motor
function. Although G93A SOD1/LMP2−/− mice have reduced proteasome activity within
spinal cord, there appeared to be no significant difference in the accumulation of SOD1
aggregates, either SOD1 positive HMWPCs on Western blots or as ubiquitin positive cellular
inclusions on immuno-staining (Figure 5A–C). These results indicate that the loss of the LMP2
subunit and immuno-proteasome function does not significantly impact survival, disease
course or aggregate accumulation in G93A SOD1 mice.

Because immuno-proteasome induction in G93A SOD1 mice occurs in non-neuronal cells, we
asked whether G93A SOD1/LMP2 −/− mice show changes in the astrocytosis or microgliosis
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that normally accompanies G93A SOD1 induced disease. Staining sections of symptomatic
G93A SOD1/LMP2−/− mice for GFAP and IB4 lection reactivity, showed prominent astroglial
and microglial change that was associated with LMP7 subunit induction (Figure 5D). However,
the degree of increased GFAP and IB4 lectin reactivity was comparable in G93A SOD1 mice
with or without LMP2 subunit expression (data not shown).

Discussion
The presence of ubiquitin positive inclusions within spinal cord is a pathological hallmark of
disease in both human patients with familial ALS as well as in the mutant SOD1 transgenic
mouse model. That these aggregates are central to the pathogenesis of disease forms the basis
for the aggregation or protein mishandling model of ALS (Kabashi and Durham, 2006). Much
experimental evidence has found that mutant SOD1 and its aggregates are cleared by
proteasome mediated degradation pathways raising the possibility that alterations in
proteasome function in vivo might influence the rate of aggregate accumulation and change
disease course (Johnston et al., 2000; Puttaparthi et al., 2003; Di Noto et al., 2005). Several
groups have found that there is induction of immuno-proteasomes in the spinal cords of mutant
SOD1 transgenic mice as they develop neurological dysfunction suggesting a potential
compensatory role for immuno-proteasomes as a response to the increasing accumulation of
SOD1 aggregates (Cheroni et al., 2005; Puttaparthi and Elliott, 2005; Ahtoniemi et al., 2007).

In order to determine whether the immuno-proteasome does play an important role in disease,
we made use of knockout mice lacking the immuno-proteasome subunit, LMP2, by crossing
them with G93A SOD1 mice. Our results using these LMP2 knockout mice indicate that the
loss of immuno-proteasomes does not impact motor function or survival in G93A SOD1 mice.
This finding differs from the recent work which found that the addition of pharmacologic agents
which in part reduce immuno-proteasome induction do affect survival in mutant SOD1 animals
(Ahtoniemi et al., 2007). Although Ahtoniemi and colleagues use a mutant SOD1 transgenic
rat rather than a transgenic mouse model, the more likely explanation to explain this difference
is that their group employed pharmacologic agents (dithiocarbamates) which have non-specific
effects beyond prevention of immune-proteasome induction. In contrast, our genetic approach
using LMP2 knockout mice offers a more targeted approach aimed selectively at the immuno-
proteasome. We cannot exclude that strain background of the mice used in some way did not
mitigate the effect of LMP2 loss.

These results do not imply that loss of the LMP2 subunit has no physiological effect on G93A
SOD1 mice. In fact, we find clear evidence to indicate that loss of the LMP2 subunit results
in significant decreases in proteasome function within G93A SOD1 spinal cord for both
chymotrypsin-like and tryspsin-like activities. In addition, we find clear compensatory
induction of another immune-proteasome subunit, LMP7, within spinal cord. However, there
is no change in the expression levels of constitutive proteasome subunit, α7 and β5, indicating
little if any compensatory effort by the constitutive proteasomes. The loss of the LMP2 subunit
clearly decreases immuno-proteasome function within G93A SOD1 mice, but that this loss
does not significantly impact G93A SOD1 induced disease.

Although, immuno-proteasome subunits are expressed in both neuronal and non-neuronal
cells, immuno-proteasome induction within G93A SOD1 spinal cord is largely limited to
astrocytes and microglia (Diaz-Hernandez et al., 2003; Puttaparthi and Elliott, 2005; Ahtoniemi
et al., 2007). This pattern of expression means that loss of immuno-proteasome function would
affect non-neuronal cells to a greater extent than neuronal cells and might explain why we did
not observe a more significant impact on disease course. Although non-neuronal cells
contribute to the overall phenotype observed in G93A SOD1, it is likely that the primary site
of mutant SOD1 action is within neurons (Gong et al., 2000; Puttaparthi et al., 2002; Clement
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et al., 2003; Boillee et al., 2006). For this reason it is possible, that alterations of constitutive
proteasome function within neuronal cells might significantly impact mutant SOD1 induced
disease.
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Fig 1.
Proteasome activity is altered in spinal cords of G93A SOD1 mice lacking LMP2.
Chymotrypsin-like, trypsin-like and PGPH activities were measured in the spinal cords of 1
month (A) and 7.5 month old (B) G93A SOD1 or G93A SOD1/LMP2−/− mice. * = p<.04; #
= p< .02 N = 6 for each group. Units represent fluorescence activity.
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Fig 2.
Proteasome subunit expression in spinal cord. Spinal cord extracts from 7.5 month WT (1),
7.5 month LMP2−/− mice (2), 1 month G93A SOD1 (3), 1 month G93A SOD1/LMP2−/− (4),
7.5 month G93A SOD1 (5) and 7.5 month G93A SOD1/LMP2−/− (6) mice probed with
antibodies against immuno-proteasome subunits (LMP2 and LMP7) and constitutive
proteasome subunits (α7 and β5). 40 μg of total protein loaded per lane. Actin was used as a
loading control.
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Fig 3.
The loss of immuno-proteasome LMP2 subunit does not impact survival of G93A SOD1 mice.
Survival curve for G93A SOD1, G93A SOD1/LMP2+/− and G93A SOD1/LMP2−/− mice
shows no difference between the three groups. N = 14 for each group.

Puttaparthi et al. Page 10

Exp Neurol. Author manuscript; available in PMC 2009 June 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 4.
The loss of immuno-proteasome LMP2 subunit does not impact motor function loss in G93A
SOD1 mice. Stride length (A) in centimeters and grip strength (B) in decigrams were measured
longitudinally in G93A SOD1, G93A SOD1/LMP2+/−, and G93A SOD1/LMP2−/− female
mice. There was no significant difference in onset or course of motor dysfunction among the
three groups. N = 14 for each group.

Puttaparthi et al. Page 11

Exp Neurol. Author manuscript; available in PMC 2009 June 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 5.
Aggregate pathology in G93A/LMP2−/− mouse spinal cord. Immuno-staining of spinal cord
from 7.5 month old G93A SOD (A) or G93A SOD1/LMP2−/− (B) mice for ubiquitin (red) or
the neuronal marker, NeuN (green). (C) Western blot of spinal cord extract from 1 month G93A
SOD1 (1), 1 month G93A SOD1/LMP2−/− (2), 7.5 month G93A SOD1 (3) or 7.5 month G93A
SOD1/LMP2−/− mice probed with antibody to SOD1. Bracket highlights area of high
molecular weight SOD1 positive complexes. 20 μg of protein loaded per lane. (D) Confocal
microscopy showing immuno-staining for LMP7 (red) and IB4 lectin (green) within a
microglial cell from the spinal cord ventral horn of 7.5 old G93A SOD1/LMP2−/− mouse.
Magnification = 400× (A and B); 600× for D.
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