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BH3-only proteins couple diverse stress signals to the evolutionarily
conserved mitochondrial apoptosis pathway. Previously, we reported
that the activation of the BH3-only protein p53-up-regulated media-
tor of apoptosis (Puma) was necessary and sufficient for endoplasmic
reticulum (ER) stress- and proteasome inhibition-induced apoptosis in
neuroblastoma and other cancer cells. Defects in protein quality
control have also been suggested to be a key event in ALS, a fatal
neurodegenerative condition characterized by motoneuron degen-
eration. Using the SOD1G93A mouse model as well as human post
mortem samples from ALS patients, we show evidence for increased
ER stress and defects in protein degradation in motoneurons during
disease progression. Before symptom onset, we detected a significant
up-regulation of Puma in motoneurons of SOD1G93A mice. Genetic
deletion of puma significantly improved motoneuron survival and
delayed disease onset and motor dysfunction in SOD1G93A mice.
However, it had no significant effect on lifespan, suggesting that
other ER stress-related cell-death proteins or other factors, such as
excitotoxicity, necrosis, or inflammatory injury, may contribute at
later disease stages. Indeed, further experiments using cultured
motoneurons revealed that genetic deletion of puma protected
motoneurons against ER stress-induced apoptosis but showed no
effect against excitotoxic injury. These findings demonstrate that a
single BH3-only protein, the ER stress-associated protein Puma, plays
an important role during the early stages of chronic neurodegenera-
tion in vivo.

neurodegeneration � SOD1 � Bcl-2 family

ALS is a fatal neurodegenerative condition characterized by
progressive loss of motoneurons from the spinal cord,

brainstem, and motor cortex (1). Although most cases of ALS
are sporadic, 5–10% of cases are familial (fALS). Mutations in
the gene encoding Cu/Zn super oxide dismutase (SOD1) have
been found in 20–25% of fALS cases (2). Transgenic mice
overexpressing human mutant SOD1 develop an ALS-like phe-
notype (3) of progressive motoneuron degeneration with a
reduced lifespan.

Although the precise etiology of ALS remains unclear, the
common sequestration of aberrant proteins into inclusions in
motoneurons and astrocytes in ALS patients (4) and SOD1G93A

mice (5) implicate protein misfolding and aggregation as com-
mon aspects of pathogenesis. In SOD1G93A mice, misfolded
mutant SOD1 has been shown to accumulate in the endoplasmic
reticulum (ER) (6, 7). In motoneurons of ALS patients and
SOD1G93A mice, inclusions also often contain ubiquitinylated
proteins and protein chaperones (8), suggesting that accumula-
tion of misfolded proteins also disturbs protein degradation and
sequesters cytoplasmic chaperones that are required for cata-
lyzing the folding/refolding of proteins.

When misfolded or unfolded proteins accumulate in the
lumen of the ER, it results in a condition denoted ‘‘ER stress
response’’ or ‘‘unfolded protein response’’ (UPR). The UPR
provokes a transcriptional response, which triggers increased

expression of chaperones to promote the correct folding of
nascent proteins in the ER. However, if accumulation of un-
folded proteins persists, ER stress can also activate apoptotic cell
death pathways (9). We have previously shown that the proapo-
ptotic BH3-only protein Puma was necessary and sufficient for
ER stress-induced apoptosis (10) and was also activated in cells
subjected to proteasome inhibition (11). BH3-only proteins
constitute a proapoptotic subgroup of the Bcl-2 family that share
a short (9–16 aa) Bcl-2 homology (BH) 3 region. This domain is
required for their ability to bind and neutralize Bcl-2-like
prosurvival proteins, leading to the activation of Bax and Bak
and to the caspase cascade (12).

Eight mammalian BH3-only proteins have been identified to
date. Although redundancies exist, it is believed that individual
BH3-only proteins couple specific stress stimuli to the activation
of the mitochondrial apoptosis pathway (13). In the present
study, we tested the hypothesis that the activation of a single
BH3-only protein is sufficient to mediate chronic neurodegen-
eration in vivo by using SOD1G93A mice.

Results
Evidence of ER Stress and Protein Degradation Defects in SOD1G93A

Mice and Sporadic ALS Patients. In SOD1G93A mice, motoneuron
degeneration in the lumbar spinal cord is histologically detect-
able from 60 days, and overt disease symptoms such as decreased
stride length and tremor of the hind limbs are evident from 90
days (3, 14, 15). We investigated the activation of target genes of
the UPR in SOD1G93A mice. The UPR target genes include the
ER-resident chaperones, Grp78 and Grp94, which help to alle-
viate ER stress by promoting the correct folding of proteins in
the ER. Using an anti-KDEL antibody, which recognizes both
Grp78 and Grp94, we observed that the expression of ER-
resident chaperones in motoneurons of SOD1G93A mice in-
creased as early as 50 days compared with WT littermates (Fig.
1A). An increase in the expression of Grp78 was confirmed by
Western blotting (Fig. 1B). In SOD1G93A mice, we also detected
an increase in ubiquitin immunostaining in motoneurons during
the early stage of disease progression, and this result was also
confirmed by Western blotting (Fig. 1 C and D). The increase in
ubiquitin expression in motoneurons of SOD1G93A mice is sug-
gestive of an increased accumulation of aberrant, nondegradable
proteins or of direct defects in protein degradation. Together,
these results confirmed previous reports of evidence for ER

Author contributions: D.K. and J.H.M.P. designed research; D.K. and I.W. performed
research; A.V. and A.S. contributed new reagents/analytic tools; D.K. analyzed data; and
D.K., A.V., A.S., and J.H.M.P. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

§To whom correspondence should be addressed. E-mail: jprehn@rcsi.ie.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0707906105/DC1.

© 2007 by The National Academy of Sciences of the USA

20606–20611 � PNAS � December 18, 2007 � vol. 104 � no. 51 www.pnas.org�cgi�doi�10.1073�pnas.0707906105

http://www.pnas.org/cgi/content/full/0707906105/DC1
http://www.pnas.org/cgi/content/full/0707906105/DC1


stress and defects in protein degradation in SOD1G93A mice
(6–8).

Post mortem spinal cord cross sections from sporadic ALS
(sALS) and non-ALS patients were also immunostained with
antibodies to KDEL and ubiquitin [Fig. 1 E and F; see supporting
information (SI) Table 1 for case details]. Anterior horn mo-
toneurons from both non-ALS and sALS cases stained positively
for KDEL; however, in sALS cases, a greater proportion of
neurons showed strong expression of KDEL compared with
non-ALS cases (P � 0.05, SI Table 2). Similarly, the intensity of
ubiquitin immunostaining was greater in sALS cases compared
with non-ALS cases (SI Table 2). These results indicate that
motoneurons that have not yet degenerated in ALS patients
show evidence of ER stress and defects in protein degradation.

Puma Is Activated in Motoneurons During Disease Progression.
C/EBP homologous protein (CHOP/GADD153) is a transcrip-
tion factor induced by ER stress and other stressors that has been
suggested to be involved in the transition of ER-stress responses
from prosurvival to proapoptotic (16–18). We detected a mod-
erate increase in C/EBP homologous protein (CHOP) mRNA
and protein expression in ventral horn tissue homogenates from
the spinal cord of SOD1G93A mice from 50 days (Fig. 2 A and B).
We also detected a moderate increase in the expression of Bim,
a BH3-only protein and a CHOP target gene (18) (Fig. 2 A and
C). Interestingly, we also detected a pronounced and progressive
increase in the expression of Puma (Fig. 2 A and D). Immuno-
staining for Puma in spinal cord sections showed Puma expres-
sion directly in motoneurons at an early stage in disease pro-
gression (70 days) in SOD1G93A mice (Fig. 2E). These findings

suggested that Puma may be involved in controlling motoneuron
degeneration in vivo.

Genetic Deletion of puma in SOD1G93A Mice Delays Disease Progres-
sion. In light of previous reports showing protective effects of
genetic deletion of puma in models of ER stress- and proteasome
inhibition-induced apoptosis (10, 11, 19, 20), we next tested
whether Puma is involved in motoneuron degeneration of
SOD1G93A mice. A cross-breeding program was carried out to
generate SOD1G93A mice deficient for puma. Cross-breeding of
SOD1G93A mice with puma�/� mice did not alter the expression
of human SOD1 (Fig. 3A) or lead to any compensatory changes
in other BH3-only proteins (Bim and Bid) (Fig. 3B).

Analysis of the lifespan of cross-bred mice demonstrated that
deletion of puma in SOD1G93A mice did not significantly improve
lifespan (Fig. 3C). However, further analysis showed a significant
delay in disease progression in cross-bred mice. Disease pro-
gression was monitored using functional assessments of motor
performance. Analysis of animal weight showed that, from 77
days, the weight of SOD1G93A mice steadily declined (Fig. 4A).
However, in puma�/�;SOD1G93A mice, body weight did not begin
to decrease significantly until 105 days. The paw-grip endurange
(PaGE) test was used to monitor the onset and progression of
motor symptoms in cross-bred mice (Fig. 4B). The PaGE test
performance showed that, from 77 days, the performance of
SOD1G93A mice began to steadily decline. This decline in PaGE
test performance was delayed in puma�/�;SOD1G93A mice and
only became evident at 98 days. Because the PaGE test is a
sensitive assessment of detecting early motor signs in SOD1G93A
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mice (21), these results indicated that genetic deletion of puma
delayed the onset of motor deficits in SOD1G93A mice.

To quantify motor performance, footprint analysis of stride
length was performed (Fig. 4C) and showed significant impair-
ment in walking patterns of SOD1G93A mice at 90 days, when
stride length was reduced to 40 mm (� 2.7) compared with 62
mm (� 2.9) in WT mice (P � 0.005). In puma�/�;SOD1G93A,
mice stride length at 90 days was 50 mm (� 3.1, P � 0.005). By
120 days, stride length in SOD1G93A mice was only 22 mm (� 3.2),
but puma�/�;SOD1G93A failed to show a significant improvement
in stride length at this late stage in the disease.

puma Deficiency Protects Against Motoneuron Loss at the Early Stage
of Disease. We next examined whether puma deficiency delayed
motoneuron degeneration by using histological analysis of sciatic
motoneuron survival in the lumbar spinal cord (Fig. 5A). In
SOD1G93A mice at 90 days, there was a significant decrease in
sciatic motoneuron survival, with only 423 (� 12.7) motoneurons
surviving compared with 573 (� 19.1) surviving in WT mice. At
90 days, sciatic motoneuron survival of puma�/�;SOD1G93A mice
was significantly increased compared with SOD1G93A littermates,
such that 537 (� 22.6) motoneurons survived. Motoneuron

integrity was also assessed by immunostaining sections with
antibodies to choline acetyltransferase (Chat) (22). The number
of Chat-positive motoneurons counted in the sciatic motor pool
of mice at 90 days was not significantly different from the number
of gallocyanin-stained motoneurons counted in the same
animals (SI Fig. 7).

The improvement in motoneuron survival at 90 days in
puma�/�;SOD1G93A mice suggested that the delay in disease
onset and disease progression was a direct consequence of
increased motoneuron survival. However, the significant in-
crease in motoneuron survival in puma�/�;SOD1G93A mice at 90
days was not maintained at the disease end point, and only 278
(� 11.2) motoneurons survived (Fig. 5A). This finding was not
significantly different from motoneuron survival in SOD1G93A

mice, in which 264 (� 10.4) motoneurons survived (P � 0.05).
We further examined the spinal cords of puma�/�;SOD1G93A

mice at 90 days and at the end stage to determine whether the delay
in motoneuron degeneration was accompanied by a delay in gliosis
and/or microglial activation. A reduction in the rate of apoptosis
could also induce a shift to necrotic cell death pathways and a
subsequent increase in tissue inflammation. Interestingly, we found
that, at 90 days, both gliosis and microglial activation were reduced
rather than increased in puma�/�;SOD1G93A mice compared with
that in SOD1G93A mice (Fig. 5 B and C). By the disease end stage,
there was no difference in the level of immunostaining for glial
fibrillary acidic protein (GFAP), a marker for astrocyte activa-
tion, or CD11b, a marker for microglial activation, between
puma�/�;SOD1G93A mice and SOD1G93A mice.

Genetic Deletion of puma Protects Cultured Motoneurons Against ER
Stress-Induced Apoptosis but Has No Protective Effect Against Exci-
totoxic Injury. ALS is multifactorial disease in which stress signals
other than defects in protein quality control are likely to be
involved. Excitotoxicity due to defective glutamate signaling has
been particularly implicated in ALS pathogenesis (23, 24). Here
we wished to determine whether or not puma also contributed
to the death of motoneurons induced by other stress paradigms,
in particular excitotoxic injury. Primary motoneuron cultures
prepared from puma�/� and WT mouse embryos were exposed
to the ER-stress inducer tunicamycin or the glutamate agonist
AMPA at 10 days in vitro (DIV). Because motoneuron cultures
consist largerly of nonproliferating cells, overall toxicity was
analyzed by determining the mitochondrial redox status by using
a 3-(4,5-dimethylthiazol-2-yl)-2,5-dphenyltetrazolium bromide
(MTT) assay. Exposure of WT primary motoneuron cultures to
3 �M tunicamycin for 48 h resulted in a significant decrease in
MTT reduction to 61% (� 3.4). However, in puma�/�, motoneu-
ron cultures MTT reduction was significantly improved to 85%
(� 3.6, Fig. 6A). Exposure of WT motoneurons to the glutamate
agonist �-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) (50 �M, 48 h) also resulted in a similar decrease in MTT

Fig. 3. Lifespan analysis in cross-bred mice. (A) Immunocytochemistry on
spinal cord sections for human SOD1 (green) and the nuclear stain DAPI (blue).
(Scale bar: 100 �m.) Western blot analysis of human SOD1 expression in
cross-bred mice. (B) Western blot analysis of Bim and Bid expression in cross-
bred  mice. n.s.  indicates  a nonspecific  band  showing  equal  sample
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reduction. However, puma�/� motoneurons failed to be protected
from AMPA-mediated excitotoxic injury (Fig. 6 B and C).

We also performed direct counts of motoneuron survival by
using the trypan blue exclusion method in cultures immunola-
beled with an antibody to SMI-32 (Fig. 6 C–E). After exposure
to tunicamycin (3 �M, 48 h), only 48% (� 4.1, Fig. 6D) of WT
motoneurons survived. In contrast, 73% (� 3.7) of puma�/�

motoneurons survived (P � 0.05). However, there was no
significant difference in motoneuron survival between WT and
puma�/� mice motoneuron cultures after an exposure to AMPA
(50 �M, 48 h) (P � 0.05, Fig. 6E), suggesting that puma does not
protect motoneurons against excitotoxic injury.

We finally investigated whether the mitochondrial apoptosis
pathway initiated by BH3-only proteins was inhibited during
tunicamycin-induced apoptosis in puma�/� motoneurons. Im-
munostaining of active caspase-9 revealed potent inhibition of
caspase-9 activation during ER stress, but not AMPA-mediated
excitotoxic injury in the puma�/� motoneurons compared with
WT motoneurons (Fig. 5 G and H).

Discussion
Here we provide evidence for stress responses in motoneurons
of SOD1G93A mice and sALS patients, originating from defects

in protein quality control. These responses include increased
expression of ER-resident chaperones, indicative of ER stress, as
well as pronounced defects in protein degradation. In SOD1G93A

mice, both occurred before the onset of symptoms. These results
confirm previous reports of ER stress in SOD1G93A mice, where
accumulation of misfolded mutant SOD1 in the ER (6), an
increase in ER-resident chaperone expression (7), and activation
of UPR transcription factors (6) have been reported. Prolonged
ER stress is also associated with activation of the ER-associated
degradation (ERAD) pathway (25, 26), which targets misfolded
proteins for degradation via the proteasome. The pronounced
increase in ubiquitin expression in motoneurons in SOD1G93A

mice occurring in parallel with increased ER stress suggests that
the proteasome may be overloaded with misfolded proteins and,
hence, may be dysfunctional (8, 27), although these may also be
independent events. We also provide evidence for an increased
expression of CHOP, a transcription factor believed to mediate
proapoptotic responses and that is induced by ER stress and
proteasome inhibition but also by other stress stimuli (28, 29).
CHOP has been implicated in mediating ER stress-induced
apoptosis via activation of the BH3-only protein Bim (18) or by
death receptor 5 expression (30). However, in this study we also
found a pronounced and early increase in Puma expression.
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Our data demonstrate that genetic deletion of puma protected
motoneurons from degeneration in the SOD1G93A mouse model,
delayed disease onset, and lead to an improved motor perfor-
mance. However, deletion of puma did not result in a significant
increase in lifespan. The findings of this study therefore support
the concept of a critical role for puma during the early stage of
chronic neurodegeneration in ALS. puma has been described as
a p53 target gene (31, 32); however, puma induction during ER
stress and other death stimuli can also occur in a p53-
independent manner (10, 33). In this context, it is interesting to
note that previous studies have shown that SOD1G93A mice
cross-bred with p53 knockout mice showed no difference in
disease onset or motoneuron degeneration compared with
SOD1G93A mice (34, 35). In further studies using cultured
motoneurons, we found that deletion of puma protected mo-
toneurons from ER stress-induced cell death, but no improve-
ment was seen against excitotoxic cell death, which has also been
implicated in ALS (1, 23, 24).

Although we clearly demonstrate that the knockdown of a
single proapoptotic BH3-only protein, puma, is sufficient to
delay motoneuron degeneration and disease progression in
SOD1G93A mice, at later stages Puma-independent cell death
pathways and/or other BH3-only proteins may participate in
disease progression and may substitute for puma loss. These
BH3-only proteins include Bim and Bid, which, like Puma, have
the capacity to inactivate all prosurvival Bcl-2 family proteins
(36). Bim can be activated via CHOP during ER stress (18), as
well as via JNK and p38 kinase pathways (37). Activation of both
p38 MAPK and JNK has been shown to occur in activated
microglial cells of SOD1G93A mice at an advanced stage of the
disease (38). It has recently been shown that bim deficiency in
SOD1G93A mice also reduces cellular apoptosis in the spinal cord
of SOD1G93A mice (39). In this context, it would be interesting
to examine the effect of a simultaneous deletion of bim and puma
in SOD1G93A mice.

Bid is involved in the so-called extrinsic apoptosis pathway.
This pathway is activated by death receptors of the TNF receptor
superfamily. It involves activation of the FADD/caspase-8 cas-
cade and cleavage of Bid by caspase-8 into a truncated, active
form (tBid) (40). In SOD1G93A mice, there is evidence for the
involvement of the extrinsic pathway in motoneuron degenera-
tion (41, 42), including the detection of the cleaved form of Bid
and active caspase 8 in SOD1G93A mice. Because activated
caspase 8 has been detected in the late stages of disease
progression, Bid may be a potential substitute for Puma or Bim
at later stages in disease progression, when proinflammatory
responses become more prominent.

A recent study has examined the effect of genetically deleting
bax in SOD1G93A mice (43). Bax is central in activating the
mitochondrial apoptosis pathway in neurons, as Bax activation
directly induces mitochondrial outer membrane permeabiliza-
tion and the release of caspase-activating factors. Bax deletion in
SOD1G93A mice delayed disease onset and moderately increased
lifespan but ultimately failed to alter disease duration. The
protective effect of bax deletion in SOD1G93A mice was attributed
to retarding denervation at the neuromuscular junction (43).
Other studies have shown that therapeutic strategies aimed at
targeting components of the (mitochondrial) apoptotic pathway,
including downstream caspases, can delay disease progression
and to some extent improve lifespan (44). Although the results
of these findings and the present study support a role of the
BH3-only protein/Bax/caspase pathway in motoneuron degen-
eration in SOD1G93A mice, approaches to block these pathways
cannot abrogate it. Indeed, at later stages of disease, alternative
and/or necrotic cell-death pathways may be triggered by patho-
logical events such as mitochondrial dysfunction and ATP
depletion, inflammation, or astrocyte-mediated toxicity. How-
ever, the results of our study also suggest that strategies that

inhibit apoptosis pathways may not necessarily accelerate the
induction of proinflammatory processes (Fig. 5 B and C).

In summary, we show that the BH3-only protein Puma is
critically involved in disease progression in SOD1G93A mice,
suggesting that Puma may be a critical factor in controlling
chronic neurodegeneration in ALS and other neurodegenerative
disorders that involve defects in protein quality control.

Materials and Methods
Immunohistochemistry. Spinal cord sections were incubated with anti-KDEL
antibody (1:500; Stressgen Biotechnology), anti-Ubiquitin antibody (1:500;
Biomol), anti-Puma antibody (1:250; Abcam), anti-GFAP antibody (1:500; DAKO),
anti-CD11b antibody (1:500; Abcam), or anti-ChAT antibody (1:500; Abcam) to
detect respective proteins, as described in ref. 15. Human spinal cord sections
were deparaffinized in xylene, and antigen retrieval was performed using citrate
bufferand incubatedwithprimaryantibody (KDEL,1:250asperabove;ubiquitin,
1:200 as per above), biotinylated secondary antibody (1:500; Jackson Immuno-
Research), and visualized using Sigma fast 3,3�-diaminobenzadine tables.

Semiquantitative Analysis of Immunohistochemistry. The intensity of immuno-
staining in human spinal cord sections was assessed using a four-point scale (0,
staining absent; �, weak; ��, moderate; ���, strong) (45). Sections from 11
ALS cases and 10 non-ALS cases were assessed (post mortem interval, 10–14 h).
Immunostaining was considered weak (�) if it was poorly apparent at low-
power magnification but was identifiable using the high-power objective.
Moderate (��) and strong (���) staining reactions were apparent at low
power. Five fields (area � 0.125 mm2) were assessed in each anterior horn. The
number of motoneurons in each staining category was then expressed as a
proportion of the total number of motoneurons counted (45). Statistical
analysis was assessed using the Fisher’s exact test.

Western Blotting. Preparation of cell lysates, Western blotting and immuno-
detection was performed as described in ref. 10. The blots were incubated
with anti-Grp78 antibody (1:1,000; Santa Cruz Biotechnologies), anti-human
SOD1 antibody (1:500; Sigma–Aldrich), anti-CHOP (GADD153) antibody
(1:500; Santa Cruz Biotechnology), anti-Puma antibody (1:500; Abcam), anti-
Ubiquitin antibody (1:500; Biomol), anti-Bim antibody (1:2,000; Santa Cruz
Biotechnology), anti-Bid antibody (1:1,000; Santa Cruz Biotechnology), or an
anti-�-actin antibody (1:3,000; Sigma–Aldrich).

Real-Time Quantitative PCR. Total RNA was extracted using the RNeasy Mini Kit
(Qiagen). First-strand cDNA synthesis was performed according to the manufac-
turers’ instruction by using 2 �g of Moloney murine leukaemia virus reverse
transcriptase (Invitrogen). Quantitative real-time PCR was performed using the
LightCycler (Roche Diagnostics) and the QuantiTech SYBR green PCR kit (Qiagen)
(11). Sense and antisense primers used were as follows: CATACACCACCACACCT-
GAAAGandCCGTTTCCTAGTTCTTCCTTGCforCHOP,ATGGCCCGCGCACGCCAGG
and CCGCCGCTCGTACTGCGCGTT for Puma, and CAACACAAACCCAAGTCCT and
CATTTGCAAACACCCTCCTT for Bim. The data were analyzed using LightCycler
software, version 4.0, with all samples normalized to �-actin.

Primary Motoneuron Cultures. Primary motoneuron cultures were prepared
from embryonic day-13 mouse embryos as described in ref. 15. At 10 days in
vitro cultures were exposed to 50 �M AMPA (Tocris Cookson) or 3 �M
tunicamycin (Bachem). Mitochondrial redox status in cultures was determined
using a MTT assay. MTT assay data were supported with direct counts of
motoneuron survival in treated cultures assessed using the trypan blue
(Sigma) exclusion method. Trypan blue is a blue dye that is excluded from
living cells. trypan blue-stained cells are clearly identifiable using a light
microscope. After incubation with trypan blue, cultures were immunostained
with antibodies to SMI-32 (Abcam), an antibody to nonphosphorylated neu-
rofilaments that labels motoneurons in dissociated spinal cultures. In trypan
blue/SMI 32-costained cultures, the number of viable motoneurons was de-
termined by counting only SMI-32-stained motoneurons containing no trypan
blue. Values were expressed as a percentage of untreated sister cultures.
Caspase-9 activation in puma�/� and WT motoneurons after treatment with
AMPA or tunicamycin for 48 h was assessed by immunostaining with antibod-
ies to active caspase 9 (1:300; Calbiochem). The number of caspase 9-positive
motoneurons was counted in an area of 0.9 cm2 along a diagonal in 24-well
plates. Data are given as mean � SEM. Statistical significance was assessed
using a Mann–Whitney U test, P � 0.05.

Cross-Breeding. Transgenic SOD1 mice (TgN[SOD1-G93A]1Gur) (3) generated
on a C57BL/6 (The Jackson Laboratory) and puma�/� mice (C57BL/6 back-
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ground) (19) were identified by genotyping from tail DNA (3, 19). To minimize
variations in genetic background, two SOD1G93A males were mated with four
female puma�/� to generate F1. Four F1 males (puma�/�;SOD1G93A) were then
mated with eight puma�/� females to generate all of the genotypes for
comparison (46). A total of seven litters were used to generate WT, puma�/�,
SOD1G93A, and puma�/�;SOD1G93A mice for this study.

Assessment of Disease Progression. The body weight, PaGE test, and stride
length assessments were carried out blind, twice weekly in 15 mice from each
genotype. The PaGE test was repeated three times for each animal (21). Stride
length was measured manually and was defined as the distance between
successive right-to-right and left-to-left footprints (3). Disease end stage was
determined by the inability of the mouse to right itself when placed on its side
and by a 20% reduction in body weight compared with body weight at 77
days. Spinal cord sections were stained with gallocyanin, a Nissl stain (15).
Gallocyanin-stained sciatic motoneurons �50 �m in diameter and with a clear
nucleolus were counted in every third section between L2 and L5 (n � 20

sections). Alternate sections of lumbar spinal cord were immunostained with
antibodies to ChAT (22). The number of ChAT-positive motoneurons �50 �m
in diameter were counted in every third section between L2 and L5 (n � 20
sections). The counts of ChAT-positive motoneurons were compared with the
counts of gallocyanin-stained motoneurons in the same animal. No significant
differences were detected in animals examined. Data are given as mean �

SEM. Statistical significance was assessed using a Mann–Whitney U test,
P � 0.05.
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