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Apoptosis of motor neurons is a well-documented feature in amyotrophic lateral sclerosis (ALS) and related motor neuron
diseases (MNDs). However, the role of apoptosis in the pathogenesis of these diseases remains unresolved. One
possibility is that the affected motor neurons only succumb to apoptosis once they have exhausted functional capacity. If
true, blocking apoptosis should confer no therapeutic benefit. To directly investigate this idea, we tested whether tissue-
specific deletion in the mouse CNS of BCL2-associated X protein (BAX) and BCL2-homologous antagonist/killer (BAK), 2
proapoptotic BCL-2 family proteins that together represent an essential gateway to the mitochondrial apoptotic pathway,
would protect against motor neuron degeneration. We found that neuronal deletion of Bax and Bak in a mouse model of
familial ALS not only halted neuronal loss, but prevented axonal degeneration, symptom onset, weight loss, and paralysis
and extended survival. These results show that motor neurons damaged in ALS activate the mitochondrial apoptotic
pathway early in the disease process and that apoptotic signaling directly contributes to neuromuscular degeneration and
neuronal dysfunction. Hence, inhibiting apoptosis upstream of mitochondrial permeabilization represents a possible
therapeutic strategy for preserving functional motor neurons in ALS and other MNDs.
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Apoptosis	of	motor	neurons	is	a	well-documented	feature	in	amyotrophic	lateral	sclerosis	(ALS)	and	related	
motor	neuron	diseases	(MNDs).	However,	the	role	of	apoptosis	in	the	pathogenesis	of	these	diseases	remains	
unresolved.	One	possibility	is	that	the	affected	motor	neurons	only	succumb	to	apoptosis	once	they	have	
exhausted	functional	capacity.	If	true,	blocking	apoptosis	should	confer	no	therapeutic	benefit.	To	directly	
investigate	this	idea,	we	tested	whether	tissue-specific	deletion	in	the	mouse	CNS	of	BCL2-associated	X	protein	
(BAX)	and	BCL2-homologous	antagonist/killer	(BAK),	2	proapoptotic	BCL-2	family	proteins	that	together	
represent	an	essential	gateway	to	the	mitochondrial	apoptotic	pathway,	would	protect	against	motor	neuron	
degeneration.	We	found	that	neuronal	deletion	of	Bax	and	Bak	in	a	mouse	model	of	familial	ALS	not	only	halt-
ed	neuronal	loss,	but	prevented	axonal	degeneration,	symptom	onset,	weight	loss,	and	paralysis	and	extended	
survival.	These	results	show	that	motor	neurons	damaged	in	ALS	activate	the	mitochondrial	apoptotic	path-
way	early	in	the	disease	process	and	that	apoptotic	signaling	directly	contributes	to	neuromuscular	degen-
eration	and	neuronal	dysfunction.	Hence,	inhibiting	apoptosis	upstream	of	mitochondrial	permeabilization	
represents	a	possible	therapeutic	strategy	for	preserving	functional	motor	neurons	in	ALS	and	other	MNDs.

Introduction
Neuronal tissues are susceptible to a number of insults that con-
tribute to motor neuron dysfunction and cell death, including 
misfolded proteins, reactive oxygen and nitrogen species, calcium 
entry, excitotoxicity, trophic factor withdrawal, death receptor 
activation, and mitochondrial complex inhibition (1, 2). There is 
abundant evidence that injured motor neurons undergo apopto-
sis in a variety of motor neuron diseases (MNDs). For example, 
mouse models, cell culture systems, and/or postmortem tissues 
from affected patients of spinal muscular atrophy, Kennedy dis-
ease, and amyotrophic lateral sclerosis (ALS) show caspase activa-
tion in degenerating neurons (3–5). Caspase-3, one of the major 
cysteine-aspartate proteases responsible for degrading cellular 
components during apoptosis, is activated in both motor neurons 
and astrocytes contemporaneously with the first stages of motor 
neuron degeneration in the best-studied mouse models of ALS 
(6, 7). Moreover, inhibiting caspases through various approaches 
modestly improves outcome in several models of neurodegenera-
tion (8–10). These findings suggest that apoptosis may actively 
contribute to the ongoing disease process.

In opposition to this view, recent temporal studies of neurode-
generative models have strongly argued that apoptosis is a rela-
tively late event, preceded by earlier functional abnormalities (e.g., 
activation of cellular stress pathways, electrophysiological deficits) 
and microanatomical deficits (e.g., synapse loss, neurite retrac-

tion) (11–13). These studies have led to the widely held view that 
degenerating neurons activate apoptosis only after end-stage irre-
versible damage and functional exhaustion have already ensued. 
Therefore, the contribution of apoptosis to the pathology and/or 
clinical manifestations of neurodegeneration remains unresolved. 
Given the morbidity and mortality associated of these diseases and 
the current lack of effective therapies, it is essential to determine 
whether disruption of the apoptotic program represents a valid 
therapeutic strategy to treat MNDs such as ALS.

Results
To study the effects of disabling the mitochondrial (intrinsic) 
apoptotic pathway on the onset and progression of neurodegen-
eration in a mouse model of familial ALS, we generated mice defi-
cient for BCL2-associated X protein (Bax) and BCL2-homologous 
antagonist/killer (Bak) in the CNS. In response to diverse types 
of cell injury, the proapoptotic BCL-2 proteins BAX and/or BAK 
homo-oligomerize at the outer mitochondrial membrane, which 
leads to efflux of proapoptotic mitochondrial matrix proteins (i.e., 
cytochrome c, SMAC/DIABLO) and activation of downstream 
effector caspases (i.e., caspase-3) (14–17). Cells doubly deficient in 
Bax and Bak are strikingly resistant to apoptosis in response to 
a wide range of intrinsic death stimuli (e.g., DNA damage, pro-
tein misfolding, reactive oxygen species). Since germline-deficient 
Bax–/–Bak–/– mice generally die in utero by embryonic day 18, we 
used mice with a previously described floxed (f) conditional allele 
of Bax and germline deletion of Bak (18). These Baxf/fBak–/– mice 
were then bred to express Cre recombinase under the rat nestin 
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Figure 1
Deletion of BAX/BAK-dependent apoptosis delays symptom onset, prolongs survival, and preserves motor neurons in a mouse model of ALS.  
(C and E) Control mice were harvested at 120 days of age. Symptom onset occurred at 90 days and 120 days for SOD1G93ACreCNS and  
SOD1G93ADKOCNS mice, respectively. End-stage occurred at 120 days and 150 days for SOD1G93ACreCNS and SOD1G93ADKOCNS mice, respective-
ly. (A) Symptom onset of SOD1G93ACreCNS mice (111.3 ± 4.3 days) and SOD1G93ADKOCNS mice (135.6 ± 4.6 days). P < 0.0001, unpaired 2-tailed  
Student’s t test. n = 10. (B) Survival of SOD1G93ACreCNS mice (138.6 ± 3.8 days) and SOD1G93ADKOCNS mice (167.2 ± 8.7 days). P < 0.0001, log-rank test.  
n = 10. (C) Representative choline acetyltransferase staining (brown) of the anterior horn region of spinal cords from the indicated genotypes. 
Arrowheads indicate motor neurons. Scale bar: 200 μm. (D) Quantitation of anterior horn motor neurons from control and SOD1G93A mice using 
choline acetyltransferase staining. (E) Representative spinal cord anterior horn sections stained with antibody to caspase-3 (brown). Arrowheads 
indicate activated caspase-3 staining. Scale bar: 100 μm. (F) Numbers of apoptotic cells (positive for activated caspase-3) from control and  
SOD1G93A mice. The solid colors represent motor neurons, while the hatched pattern represents all other cell types. Quantification of data was ana-
lyzed via unpaired 2-tailed Student’s t test (for all quantitation data, n = 3). ψ indicates that all mice were deceased at the indicated time point.
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promoter (NesCre) to specifically delete Bax in the CNS (19). We 
confirmed Cre-mediated excision of Bax in the spinal cord by quan-
titative reverse-transcription PCR (RT-PCR) and immunoblotting 
(Supplemental Figure 1; supplemental material available online 
with this article; doi:10.1172/JCI42986DS1). These results indicat-
ed that Baxf/f is efficiently deleted from the CNS. The conditionally 
deficient Bax and Bak mice (DKOCNS mice) were born according 
to normal Mendelian ratios and showed no gross developmental 

defects into adulthood (data not shown). Moreover, motor 
neuron numbers in DKOCNS mice were essentially identi-
cal to those of mice expressing NesCre alone and similar 
to those published in previous studies (ref. 20, Figure 1, C 
and D, and Supplemental Figure 5). Hence, this is an ideal 
genetic model to study motor neuron degeneration in the 
absence of BAX/BAK-dependent apoptosis.

We bred the DKOCNS mice to a model of familial ALS that 
expresses a toxic gain-of-function mutation in copper/
zinc superoxide dismutase-1 (SOD1). Mice that express 
the human mutant SOD1G93A-transgene under the control 
of its endogenous promoter begin developing apoptosis 
of spinal cord motor neurons and paralysis of the hind 
limbs at approximately 100 days of age and become termi-
nally paralyzed over the next approximately 30 days (21). 
We followed ALS onset and survival in SOD1G93A hemizy-
gous mice on a BAX/BAK-positive versus DKOCNS back-
ground. Bax and/or Bak heterozygosity failed to affect 
symptom onset or survival (Supplemental Figure 2 and 
ref. 22); therefore, we pooled results from mice express-
ing at least one allele of both Bax and Bak into a single 
littermate cohort (CreCNS mice). To minimize differences 
due to environment and gender, we compared identically 
housed, congenic cohorts with an equal number of males 
and females. Weight loss is an accepted measurement of 
symptom onset (motor dysfunction) and progression in 
this model of neurodegeneration (20, 23). Symptom onset 
was significantly delayed by approximately 3.5 weeks in 
the  SOD1G93ADKOCNS  mice  as  compared  with  that  of 
the  SOD1G93ACreCNS  mice  (Figure  1A).  Moreover,  the  
SOD1G93ADKOCNS mice lived almost 1 month longer than 
SOD1G93ACreCNS mice (167.2 and 138.6 days, respectively; 
P < 0.0001), representing an approximately 21% extension 
in life span (Figure 1B). In agreement with prior reports, 
gender did not result in a statistically significant differ-
ence in symptom onset or survival (Supplemental Figure 3 
and ref. 24). Notably, at the age when the SOD1G93ACreCNS 
mice  were  terminally  paralyzed,  the  majority  of  the  
SOD1G93ADKOCNS mice showed no weight loss or paral-
ysis.  Interestingly,  SOD1G93A  mice,  deficient  in  either  
Bax (BaxCNS) or Bak, also outlived SOD1G93ACreCNS litter-
mates, albeit to a lesser degree than the SOD1G93ADKOCNS 
mice (Supplemental Figure 4), suggesting a gene-dosage 
effect. The significant delay in symptom onset and extend-
ed survival of the DKOCNS ALS mice strongly suggest that 
the mitochondrial apoptotic pathway directly contributes 
to pathogenesis in this model of neurodegeneration.

Delayed paralysis and extended life span were associ-
ated with conspicuous preservation of motor neurons in 
the SOD1G93ADKOCNS mice that continued even through 
end-stage paralysis (Figure 1, C and D, via choline acetyl-
transferase staining and Supplemental Figure 5 via cresyl 

violet staining). As such, it took the SOD1G93ADKOCNS mice 150 
days to approach the same degree of motor neuron loss seen in the  
SOD1G93ACreCNS  littermates  at  90  days  of  age.  Motor  neuron 
survival in the SOD1G93ADKOCNS mice strongly correlated with 
decreased apoptosis, as determined by caspase-3 activation and 
TUNEL staining (Figure 1, E and F, and Supplemental Figure 6). 
This is striking in comparison with the SOD1G93ACreCNS cohort, 
which showed caspase-3 activation and TUNEL staining as early as  

Figure 2
SOD1G93ADKOCNS neurons lack morphological features of apoptosis but show evi-
dence of autophagy. (A–D) Transmission electron microscope images of motor 
neurons from control and SOD1G93A mice. (A and E) Control mice were harvest-
ed at 120 days. Symptom onset [symptomatic] began at 90 days and 120 days  
for SOD1G93ACreCNS and SOD1G93ADKOCNS mice, respectively. End-stage began 
at 120 days and 150 days for SOD1G93ACreCNS and SOD1G93ADKOCNS mice, 
respectively. (B–D) The SOD1G93ADKOCNS animal was harvested at end-stage 
(156 days). (A) Motor neurons from SOD1G93ACreCNS animals appear apoptot-
ic, while motor neurons from SOD1G93ADKOCNS animals appear healthy. Scale 
bars: 5 μm. (B) SOD1G93ADKOCNS motor neurons display morphological fea-
tures of autophagy. Scale bar: 0.5 μm. (C) SOD1G93ADKOCNS motor axons are 
dystrophic and contain lysosomes. Scale bar: 5 μm. (D) Increased intracellular 
aggregates in SOD1G93ADKOCNS motor neurons. Scale bar: 2 μm. (E) Repre-
sentative LC3 (brown) and p62 (green) staining of the anterior horn region of 
spinal cords from control and SOD1G93A mice. Arrows indicate motor neurons 
(top row) and positive p62 staining (bottom row). Scale bar: 100 μm (top row); 
50 μm (bottom row). A, aggregates; AV, autophagic vesicle; L, lysosome; M, 
mitochondria; N, nucleus.
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Figure 3
Deletion of BAX/BAK preserves neuronal function. (A and C) Control, symptomatic, and end-stage are as defined as in the legend for Figure 2.  
(A) Representative ventral root sections from control and SOD1G93A mice stained with toluidine blue. Scale bar: 200 μm. (B) Quantitation of 
myelinated ventral root axons from control and SOD1G93A mice. n = 3. (C) Representative neuromuscular junction images from control and 
SOD1G93A mice stained with FITC-conjugated α-bungarotoxin (green) and antibody to Tuj1 (red). Asterisks and arrowheads indicate fully inner-
vated and partially innervated neuromuscular junctions, respectively. Notice the rounded, degenerated appearance of the SOD1G93ACreCNS 
symptomatic neuromuscular junction. nAchR, nicotinic acetylcholine receptor. Scale bar: 8 μm. (D) Percentage of innervated synapses in control 
and SOD1G93A mice as quantified from neuromuscular junction staining. n = 2. (E) Percentage of the longest rotarod performance by each mouse 
(n = 3 for each group). P < 0.05 via ANOVA. (B and E) Data were analyzed using unpaired 2-tailed Student’s t test. ψ indicates that all mice 
were deceased at the indicated time point.
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90 days of age. These results indicate that activation of the mito-
chondrial apoptotic pathway is a critical route through which 
SOD1G93A triggers neuronal cell death early in the disease process.

In the absence of the mitochondrial apoptotic pathway, there is 
some eventual motor neuron loss in the SOD1G93ADKOCNS mice, 
which is apparently independent of caspase-3 activation. These 
findings are consistent with the delayed cell death that eventually 
occurs in fibroblasts from Bax–/–Bak–/– mice when exposed to a 
range of intrinsic apoptotic stimuli (25).

To examine the morphological features of the diseased neu-
rons, we performed EM on spinal cord sections from the ALS 
mice.  While  motor  neurons  from  the  SOD1G93ACreCNS  mice 
showed morphological features of apoptosis as early as 90 days of 
age, many SOD1G93ADKOCNS motor neurons lacked such features, 
even at end-stage disease (Figure 2A). With extended survival, the 
motor neurons from the SOD1G93ADKOCNS mice showed increased 
intracellular aggregates, lysosomes, and autophagosomes (Figure 2,  
B–D). Moreover, spinal cord axons from the SOD1G93ADKOCNS 
mice were dystrophic and contained prominent lysosomes at late 
stages of disease (Figure 2C), a hallmark of neuronal associated 
autophagy (26). To determine whether the increase in lysosomes 
and autophagosomes was due to the induction of autophagy, 
we stained spinal cord sections with LC3 (a marker of mature 
autophagosomes) (27) and p62 (a protein specifically degraded 
by autophagy) (28, 29). Interestingly, end-stage SOD1G93ADKOCNS 
motor neurons showed accumulation of LC3 and diminished 
p62  staining,  consistent  with  active  autophagy  (Figure  2E). 
This finding is consistent with the occurrence of autophagy in  
Bax–/–Bak–/– fibroblasts when challenged with various stresses 
(30). During disease progression, the SOD1G93ADKOCNS motor 
neurons continued to accumulate SOD1-containing aggregates 
(Supplemental  Figure  7).  Thus,  blocking  the  mitochondrial 
apoptotic pathway preserves motor neuron viability, despite 
amassing toxic protein species (31, 32).

To assess motor neuron function, we quantified the number of 
ventral root myelinated axons and innervated medial gastrocnemii 
synapses from the ALS mice. The SOD1G93ADKOCNS mice retained 

significantly more myelinated axons and innervated synapses com-
pared with those of the SOD1G93ACreCNS littermates (Figure 3, A–D), 
indicating functional preservation of spinal cord motor neurons. 
Furthermore, the neuromuscular junctions of SOD1G93ACreCNS  
mice were significantly more denervated and degenerated in com-
parison with those of age-matched SOD1G93ADKOCNS mice (Figure 3,  
C and D). Finally, the SOD1G93ADKOCNS mice maintained motor 
function, as measured by rotarod performance, significantly lon-
ger than SOD1G93ACreCNS littermates (Figure 3E). In accordance 
with a previous study on Bax–/– mice and rotarod performance 
(33), our DKOCNS animals exhibit impaired performance on the 
rotarod at higher speeds, which likely explains the discrepancy 
found in protection against symptom onset data, between using 
weight loss (3.5 weeks) versus rotarod performance (1.5 weeks) as 
a measure of motor function. However, using either measurement, 
onset is significantly delayed in SOD1G93ADKOCNS mice in compari-
son with SOD1G93ACreCNS littermates. Therefore, SOD1G93ADKOCNS 
motor neurons not only demonstrate increased viability, but also 
retain functional capacity for an extended period of time after 
SOD1G93ACreCNS motor neurons succumb.

Discussion
In this study, we show that genetic deletion of the mitochondrial 
apoptotic pathway  significantly preserves neuronal viability, 
motor function, and life span in a mouse model of familial ALS 
(see Table 1). Prior attempts have been made to partially address 
the role of apoptosis in the pathogenesis of neurodegeneration 
in mouse models of ALS. Neuron-specific overexpression of anti-
apoptotic BCL-2 or administration of the broad-spectrum cas-
pase inhibitor z-VADfmk extended life span by approximately 2 
weeks in SOD1G93A mice (7, 34). Bcl-2 is less effective at blocking 
the mitochondrial apoptotic pathway than deletion of BAX/BAK 
and, when overexpressed, is known to regulate tangential cell 
death signals unrelated to the BAX/BAK pathway, such as calci-
um-induced death, autophagy, and cell cycle entry (35–38). More-
over, z-VADfmk is a potent inhibitor of several key downstream 
effector caspases that are activated only after BAX/BAK-depen-
dent mitochondrial permeabilization has occurred, an event that 
is incompatible with long-term cell viability (39, 40). Finally, a role 
for BAX in this process was suggested when SOD1G93A mice bred 
to animals germline-deleted for Bax outlived SOD1G93A wild-type 
controls by about 2 weeks (22), in agreement with our results for 
SOD1G93A mice deficient for Bax in the CNS (SOD1G93ABax–/–;CNS 
mice) (Supplemental Figure 4).

In contrast with our findings in the SOD1G93ADKOCNS mice, 
Gould  et  al.  reported  no  protection  against  neuromuscular 
denervation in the SOD1G93ABax–/– mice (22) and therefore rea-
soned that targeting the intrinsic apoptotic pathway would pro-
vide little functional benefit against MNDs. However, BAX and 
BAK are often partly redundant in triggering apoptosis and must 
both be deleted for long-term protection from apoptotic stimuli 
in many cell types (14, 15). By conditionally deleting Bax and Bak 
specifically in the neurons of the ALS mouse, we show that the 
mitochondrial apoptotic pathway is a major contributor to the 
pathogenesis of this disease. Compared with the SOD1G93ABcl-2 
and SOD1G93ABax–/– mice (7, 34), the SOD1G93ADKOCNS mice show 
an approximately 40% greater extension in survival. Moreover, 
the SOD1G93ADKOCNS mice demonstrate a 1.33-fold and 3-fold 
increase in the preservation of innervated synapses at end-stage 
compared with the SOD1G93ABcl-2 and SOD1G93ABax–/– animals, 

Table 1
Summary of quantitation data in control and SOD1G93A mice

	 Control		 SOD1G93A		 SOD1G93A		 SOD1G93A		
	 (120	days)	 (90	days)	 (120	days)	 (150	days)

No.	motor	neurons/2.2-mm2	sectionA

CreCNS 16.4 ± 4.8 8.5 ± 2.1 4.7 ± 0.3 0B

DKOCNS 17.1 ± 2.6 12 ± 1 11.6 ± 2.2 8.6 ± 0.7

No.	apoptotic	cells/2.2-mm2	section
CreCNS 1.2 ± 0.5 7 ± 0.9 10.2 ± 0.5 0B

DKOCNS 1.3 ± 0.6 1 ± 0 2.7 ± 0.3 2.7 ± 0.3

No.	myelinated	axons/cross	section
CreCNS 136 ± 2 56.7 ± 3.1 26.3 ± 0.6 0B

DKOCNS 128 ± 6.2 106.7 ± 2.1 76.1 ± 1.7 45.3 ± 1.5

Innervated	MG	synapses	(%)
CreCNS 98.9 ± 1.7 54.2 ± 7.4 40.6 ± 6.1 0B

DKOCNS 94.1 ± 6.8 88 ± 4.7 84 ± 7.8 67.9 ± 4.1

Data were taken at the time indicated in each column head. AVia choline 
acetyltransferase staining. BAll mice were deceased at the indicated time 
point. MG, medial gastrocnemii; %, percentage of innervated synapses.
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respectively (22, 34). BAX/BAK deletion not only halts neuronal 
loss, but prevents axonal degeneration, symptom onset, weight 
loss, and paralysis and extends survival by approximately 21%. 
Hence, complete blockade of the mitochondrial apoptotic path-
way through deletion of both BAX and BAK in ALS preserves 
neuronal function for an extended period. These findings suggest 
that the same mitochondrial apoptotic machinery first causes 
neuromuscular degeneration and neuronal dysfunction before 
ultimately triggering cell death.

Interestingly, blocking apoptosis also induced autophagy, a pro-
cess implicated in the clearance of intracellular protein aggregates 
in several neurodegenerative diseases (41, 42). Mounting evidence 
supports the notion that autophagy plays a largely protective role 
in neurodegeneration (43–46). Indeed, a recent study reports that 
p62 interacts with mutant SOD1, suggesting a potential role for 
autophagy in the degradation of misfolded SOD1 species (47). 
However, further studies will need to be done to define the exact 
role of autophagy induction in ALS.

In summary, our findings show that the mitochondrial apoptotic 
pathway plays a direct role in the pathogenesis of familial ALS and 
suggest that inherited differences in the threshold for triggering 
apoptosis may be one determinant in susceptibility to disorders of 
motor neuron loss. As such, therapeutic interventions to inhibit 
apoptosis upstream of mitochondrial permeabilization represent 
a promising strategy to treat ALS and related MNDs (48).

Methods
Western blots and antibodies. Proteins from spinal cords were extracted in 
RIPA buffer (20 mM Tris-MOPS [pH 7.4], 150 mM NaCl, 1 mM EDTA,  
1 mM EGTA, 1% NP-40) containing protease inhibitor cocktail (Roche). 
The extract was sonicated and then centrifuged at 15,682 g for 10 minutes 
at 4°C. Protein concentration was measured using BCA assay (Pierce). Sixty 
μg of each sample was loaded on a 10% Bis-Tris gel (Invitrogen), transferred 
to PVDF membranes, and immunoblotted with antibodies against BAX 
(1:1,000; Cell Signaling Technology), or actin (1:1,000; Chemicon). Horse-
radish peroxidase–conjugated secondary antibodies were purchased from 
Jackson ImmunoResearch Laboratories Inc. (anti-mouse and anti-rabbit 
antibodies) or Millipore. Membranes were developed with Western Light-
ning Chemiluminescence Reagent (PerkinElmer).

Quantitative RT-PCR and primers. Total RNA was extracted from spinal 
cords using the RNeasy Mini Kit (Qiagen). cDNA was generated using the 
SuperScript II Reverse Transcriptase Kit (Invitrogen). Bax transcript levels 
were assessed by using SYBR Green PCR Master Mix (Applied Biosystems) 
and were normalized to hypoxanthine phosphoribosyltransferase (HPRT) 
levels. Samples were run in triplicate. Primer sequences used for Bax were 
as follows: forward, 5′-GCTGACATGTTTGCTGATGG-3′; reverse, 5′-GAT-
CAGCTCGGGCACTTTAG-3′.

Animal models. All animal experiments were performed in accordance 
with NIH guidelines and approved by the Institutional Animal Care and 
Use Committee at the University of California, San Francisco. The Bax con-
ditionally deficient mice and Bak-null mice were a gift from O. Takeuchi 
(Immunology Frontier Research Center, Osaka University, Osaka, Japan) 
and the laboratory of the late Stanley J. Korsmeyer (Dana-Farber Cancer 
Center, Boston, Massachusetts, USA). The Baxflox mice were derived from 
injection of RW4 ES cells (strain 129/SvJ) into C57BL/6J recipients, and the 
resulting chimera were bred to C57BL/6J for germline transmission (18). 
Baxflox mice were backcrossed to C57BL/6J background for 6 generations 
prior to these experiments. Bak–/– mice were backcrossed to C57BL/6J back-
ground for 6 generations before breeding to Baxflox mice. NesCre (B6.Cg[SJL]-
Tg[Nes-cre]1Kln/J) and SOD1G93A mice (B6SJL-Tg[SOD1-G93A]1Gur/J)  

were purchased from The Jackson Laboratory and are on C57BL/6J back-
ground. Mice compared in this study were all  littermates and housed 
together to minimize environmental factors. Mice were genotyped using 
PCR protocols from The Jackson Laboratory.

Survival, symptom onset, and rotarod studies. Mice were considered termi-
nally paralyzed if they were unable to right themselves after 15 seconds of 
being placed on their backs. To assess symptom onset, mice were weighed 
daily, starting at 100 days of age. Weight data were then plotted to create 
a “weight curve.” The peak of the weight curve was taken as the day of 
symptom onset. For the rotarod studies, mice were tested twice a week for 
3 trials, each starting at 60 days of age, until they were unable to remain 
on the rotarod for at least 10 seconds. The best trial per day was recorded 
and used for analysis. Data were graphed as the percentage of the longest 
rotarod performance by each mouse.

Immunohistochemistry and antibodies. Spinal cords were fixed in 10% for-
malin for 24 hours and paraffin embedded. Six-μm sections were stained 
with the following antibodies: SOD1 (1:1,000; Calbiochem), activated 
caspase-3 (1:50; Cell Signaling Technology), choline acetyltransferase 
(1:25; Chemicon), LC3 (1:500; gift from J. Debnath, University of Califor-
nia, San Francisco), and p62 (1:250; Progen Biotechnik GmbH). Staining 
for activated caspase-3 was performed using the PicTure-MAX Polymer 
Detection Kit (Zymed Laboratories). TUNEL staining was performed 
using the ApopTag Peroxidase In Situ Apoptosis Detection Kit (Milli-
pore). Activated caspase-3 and TUNEL stains were counterstained with 
cresyl violet. To quantify innervated neuromuscular junctions, medial 
gastrocnemii were fixed in 10% formalin for 24 hours, followed by 30% 
sucrose at 4°C for 24 hours. The samples were then embedded in OCT 
compound (Tissue-Tek) and flash frozen. Five-micron sections were fixed 
in acetone and stained with the following reagents: FITC-conjugated 
α-bungarotoxin (1:200; Sigma-Aldrich), anti-TUJ1 antibody (1:1,000; 
Covance), and Alexa Fluor 568–conjugated anti-mouse secondary anti-
body (1:1,000; Molecular Probes).

Motor neuron numbers were determined by staining lateral 6-μm 
sections of the lumbar spinal cord with cresyl violet. To determine the 
number of myelinated axons, sections of the lumbar ventral root were 
embedded in 1% agarose and fixed in Karnovsky’s fixative (5% glutar-
aldehyde and 4% paraformaldehyde in 0.08 M sodium phosphate buf-
fer) for at least 24 hours. The sections were then postfixed in osmium 
tetroxide and embedded in Epon. Sections were cut at 1 μm and stained 
with toluidine blue.

EM. Spinal cords were fixed in Karnovsky’s fixative (5% glutaraldehyde 
and 4% paraformaldehyde in 0.08 M sodium phosphate buffer) for at least 
24 hours and then treated with 2.5% glutaraldehyde in 0.1 M cacodylate 
buffer. The sections were then postfixed in osmium tetroxide and embed-
ded in Epon. Sections were cut at 80 nm, stained with lead citrate and ura-
nyl acetate, and examined under a Philips CM10 electron microscope.

Statistics. Kaplan-Meier survival curves were generated using Origin 
software and were analyzed using the log-rank test. Quantitative RT-PCR 
data, symptom onset, caspase-3 and TUNEL quantifications, innervated 
synapses, and motor neuron and myelinated axon numbers were compared 
using 2-tailed unpaired Student’s t test. Rotarod data were compared using 
ANOVA. In figure legends, data are presented as mean ± SEM. P values of 
less than 0.05 were considered significant.
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