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Abstract
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease of motor neurons (MNs)
that causes paralysis. Some forms of ALS are inherited, caused by mutations in the superoxide
dismutase-1 (SOD1) gene. The mechanisms of human mutant SOD1 (mSOD1) toxicity to MNs are
unresolved. Mitochondria in MNs might be key sites for ALS pathogenesis, but cause-effect
relationships between mSOD1 and mitochrondiopathy need further study. We used transgenic
mSOD1 mice to test the hypothesis that the mitochondrial permeability transition pore (mPTP) is
involved in the MN degeneration of ALS. Components of the multi-protein mPTP are expressed
highly in mouse MNs, including the voltage-dependent anion channel, adenine nucleotide
translocator (ANT), and cyclophilin D (CyPD), and are present in mitochondria marked by
manganese SOD. MNs in pre-symptomatic mSOD1-G93A mice form swollen megamitochondria
with CyPD immunoreactivity. Early disease is associated with mitochondrial cristae remodeling and
matrix vesiculation in ventral horn neuron dendrites. MN cell bodies accumulate mitochondria
derived from the distal axons projecting to skeletal muscle. Incipient disease in spinal cord is
associated with increased oxidative and nitrative stress, indicated by protein carbonyls and nitration
of CyPD and ANT. Reducing the levels of CyPD by genetic ablation significantly delays disease
onset and extends the lifespan of G93A-mSOD1 mice expressing high and low levels of mutant
protein in a gender-dependent pattern. These results demonstrate that mitochondria have causal roles
in the disease mechanisms in MNs in ALS mice. This work defines a new mitochondrial mechanism
for MN degeneration in ALS.
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Introduction
ALS is a progressive, severely disabling fatal neurological disease in humans characterized by
weakness, muscle atrophy, spasticity, and eventual paralysis and death generally within 3 to 5
years after symptoms begin (Rowland and Shneider, 2001). The cause of the spasticity,
paralysis and morbidity is progressive degeneration and loss of upper motor neurons (MNs)
in cerebral cortex and lower MNs in brainstem and spinal cord (Rowland and Shneider,
2001; Price et al., 2006). More than 5600 people in the US are diagnosed with ALS each year
(ALS Association, www.alsa.org). The triggering events for MN degeneration are not
understood and why MNs are selectively vulnerable in ALS is unclear. The molecular
pathogenesis of most forms of ALS is understood poorly, contributing to the lack of effective
mechanism-based therapies to treat this disease (Martin and Liu, 2004). Two forms of ALS
exist: sporadic and familial (Rowland and Shneider, 2001). The majority of ALS cases are
sporadic with no known genetic component, except for missense mutations in TAR-DNA
binding protein (Kabashi et al., 2007). Aging is a strong risk factor for ALS because the average
age of onset is 55 (ALS Association, www.alsa.org). Familial forms of ALS (fALS) have
autosomal dominant or autosomal recessive inheritance patterns and make up ∼10% or less of
all ALS cases (Price et al., 2006). ALS-linked mutations occur in genes encoding SOD1
(ALS1), Alsin (ALS2), senataxin (ALS4), vesicle associated membrane protein (VAMP/
synaptobrevin)-associated protein B (ALS8), dynactin, and TAR-DNA binding protein (Price
et al., 2006; Schymick et al., 2007).

Mutations in the SOD1 gene account for ∼20% of all fALS cases (∼2% of all ALS cases)
(Deng et al., 1993; Rosen et al., 1993). SOD1 (also known as copper/zinc SOD) is a
metalloenzyme of 153 amino acids (∼16 kDa) that binds one copper ion and one zinc ion per
subunit. SOD1, functioning as a ∼32 kDa non-covalently linked homodimer, is responsible for
the detoxification and maintenance of intracellular superoxide anion (O2

-) concentration in the
low femtomolar range by catalyzing the dismutation of O2

- to molecular oxygen and hydrogen
peroxide (O2

- + O2
- + 2H+ → H2O2 + O2)(McCord and Fridovich, 1969). SOD1 is ubiquitous

(intracellular SOD concentrations are typically ∼10-40 μM) in most tissues and possibly greater
in neurons (Rakhit et al., 2004). SOD1 mutants appear to gain a toxic property or function,
rather than having diminished O2

- scavenging activity (Deng et al., 1993; Borchelt et al.,
1994; Yim et al., 1996). A common mutation in SOD1 is the substitution of glycine by alanine
at position 93 (G93A). Gurney et al were the first to develop transgenic (tg) mice that express
this mutant form of human SOD1 linked to fALS (Gurney et al., 1994; Dal Canto et al.,
1994). These mice are used widely as an animal model of ALS (Bendotti and Carri, 2004;
Martin and Liu, 2004; Cozzolino et al., 2008; Turner and Talbot, 2008). Effects of this human
mutant gene on mice are profound. Hemizygous tg mice expressing high copy number of the
G93A variant of mutant SOD1 (mSOD1) become completely paralyzed and die at ∼16-18
weeks of age (Gurney et al., 1994). MNs in mice expressing G93Ahigh-mSOD1 undergo
prominent degeneration; about 70% of lumbar MNs are eliminated by end-stage disease
(Martin et al., 2007). MNs in these mice do not degenerate with the classic morphology of
apoptosis (Bendotti et al 2001; Martin and Liu, 2004; Martin et al., 2007). The MN degeneration
seen in these mice more closely resembles a prolonged necrotic-like cell death process
involving early-occurring mitochondrial damage, cellular swelling, and dissolution (Martin et
al., 1998; Martin and Liu, 2004; Martin et al., 2007). Mitochondrial microvacuolar damage in
MNs emerges by 4 weeks of age in G93A mice with high expression (Bendotti et al 2001;
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Martin et al., 2007). Thus, mitochondria might be primary sites of pathogenesis in mSOD1
mice (Wong et al., 1995; Kong and Xu et al., 1998; Jaarsma et al., 2001; Higgins et al.,
2002; Higgins et al., 2003; Martin et al., 2007). Human SOD1 mutants associate with spinal
cord mitochondria and can aggregate with Bcl-2 (Liu et al., 2004; Pasinelli et al., 2004).
mSOD1 (and low-mobility species) binding to mitochondria has been reported to be spinal
cord selective and age-dependent (Vande Velde et al., 2008). Human SOD1 mutants can also
shift mitochondrial redox potential when expressed in cultured cells (Ferri et al., 2006).

Although mitochondrial toxicity of mSOD1 has been implicated in the pathogenesis of ALS,
cause-effect relationships between mitochondrial damage and disease initiation and/or
progression are still vague. This relationship needs to be discerned because new mechanism-
based treatments for ALS could hinge on this knowledge. In the present study we demonstrate
that mitochondrial abnormalities are related causally to the disease process in ALS mice
through the mitochondrial matrix protein cyclophilin D (CyPD) that regulates the
mitochondrial permeability transition pore and necrotic cell death forms (Baines et al., 2005;
Nakagawa et al., 2005; Schinzel et al., 2005).

Materials and methods
Mice

The ALS mice studied here were tg mice expressing human mSOD1. Two different mSOD1
mouse lines were studied. One mouse line (B6SJL-TgN[SOD1-G93A]1Gur, G1H line, stock
#002726, The Jackson Laboratory, Bar Harbor, ME) had a high copy number of human G93A
mutant SOD1 allele (∼20 copies) and a rapid disease onset. We also used G93A-mSOD1 mice
with reduced transgene copy number and a much slower disease progression, B6SJL-Tg
(SOD1-G93A)dl1Gur/J mice (The Jackson Laboratory, stock #002300). Controls were tg mice
expressing the normal human SOD1 gene (B6SJL-TgN[SOD1]2Gur, The Jackson Laboratory,
stock # 002297) and non-tg mice studied at the same ages as the mutants. CyPD null mice are
described elsewhere (Baines et al., 2005). The institutional Animal Care and Use Committee
approved the animal protocols.

Western blotting
The presence of CyPD, ANT, and VDAC in mouse CNS was evaluated by immunoblotting.
Non-tg mice (n=4), ppif-/- mice (n=4), human wtSOD1 tg mice (n=4), and human G93Ahigh-
mSOD1 at different stages of disease, including pre-symptomatic, early- to mid-symptomatic,
and end-stage (n=8), were deeply anesthetized with sodium pentobarbital, decapitated, and the
brain and spinal cord were removed quickly and placed in ice-cold Hanks buffer. The forebrain
was dissected from the brainstem and all samples were frozen quickly on dry ice. Forebrain,
brainstem, and spinal cord samples were used to prepare soluble protein and mitochondrial-
enriched membrane protein fractions by subcellular fractionation using a confirmed protocol
(Martin et al., 2003). Protein fractions were subjected to SDS-PAGE and immunoblotting using
enhanced chemilumesence (ECL) detection as described (Martin et al., 2003). Antibodies to
mPTP proteins were purchased from commercial sources. For CyPD a mouse monoclonal
antibody (Mitoscience, clone E11AE12BD4) was used. For ANT, a mouse monoclonal
antibody (Mitoscience, clone 5F51BB5AG7) and a rabbit polyclonal antibody (Santa Cruz,
H-188) were used. For VDAC two mouse monoclonal antibodies (Mitoscience, clone
20B12AF2 and Calbiochem, clone 89-173/016) were used. ANT and VDAC antibodies were
not isoform specific.

Immunohistochemistry
mSOD1 tg mice at pre-symptomatic (n= 6) and symptomatic stages (n=10), wtSOD1 tg mice
(n=6) and non-tg mice (n=6) were deeply anesthetized and perfusion-fixed using 4%
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paraformaldehyde (PF). After perfusion-fixation, spinal cords remained in situ for 4 hours
before they were removed from the vertebral column and then placed in 20% glycerol for
cryoprotection before frozen-sectioning for immunohistochemistry. Transverse serial
symmetrical sections (40 μm) through lumbar spinal cord were cut using a sliding microtome
and stored individually in 96-well plates.

We determined the in situ localizations of mPTP proteins in MNs as done for other
mitochondrial proteins (Martin and Liu, 2002; Martin et al., 2007). We studied VDAC, ANT,
and CyPD. Antibodies to these proteins were characterized by western blotting to determine
specificity in tissue extracts of wildtype and gene knockout mice (CyPD). Additional negative
controls for antibody specificity were incubating sections in the primary antibody diluent
without primary antibody with all other steps similar. For single labeling proteins were detected
using a standard immunoperoxidase method with diaminobenzidine (DAB) as chromogen.

Immunofluoresence was used for dual labeling to colocalize mPTP proteins with the
mitochondrial marker manganese SOD (or SOD2) using a rabbit polyclonal antibody (Assay
Design). Immunoreactivity was visualized with species-specific secondary antibodies (all
raised in goat) conjugated to Alexa Fluor 488 or Alexa Fluor 594 (Invitrogen Corporation,
Carlsbad, CA). Spinal cord sections were imaged using a 100× oil immersion objective (1.3
numerical aperture lens) mounted on a Zeiss LSM 510 confocal microscope. All sections were
imaged under identical conditions and analyzed using identical parameters.

Electron microscopy (EM)
Tg human mSOD1 at pre-symptomatic stages of disease (n=4) and wtSOD1 mice (n=4) were
evaluated for mitochondrial ultrastructural pathology in spinal cord ventral horn using
conventional EM. Mice were deeply anesthetized and perfusion-fixed using 2% PF and 2%
glutaraldehyde. Lumbar spinal cords were dissected carefully to isolate ventral horn tissue
columns that were processed en bloc. Sample were rinsed in phosphate buffer, placed in 2%
osmium tetroxide for two hours, dehydrated, and embedded in plastic. Semithin sections (1
μm) stained with 1% toluidine blue were screened for areas of interest, and then thin sections
(gold interference color) were cut on an ultramicrotome (Sorvall, Norwalk, CT), contrasted
with lead citrate and uranyl acetate, and viewed with a JEOL 100S electron microscope.

Immunoprecipitation and detection of nitrated proteins
Immunoprecipitation and western blot analysis of spinal cord homogenates from mSOD1 and
wtSOD1 mice were used to identify peroxynitrite-mediated nitration of CyPD and ANT.
Protein (100 μg) from mitochondria-enriched membrane fractions from mouse spinal cord was
immunoprecipitated using 5 μg of monoclonal nitrotyrosine antibody (Upstate, Lake Placid,
NY) as described previously (Golden et al., 2003; Martin et al., 2007). After immunocapture
the samples were subjected to SDS-PAGE and electroelution for western blot detection of
CyPD and ANT using ECL.

Protein oxidation assay
To detect oxidative modification of proteins in mSOD1 mouse spinal cord we used an OxyBlot
protein oxidation detection kit (Chemicon) for carbonyl groups (aldehydes and ketones).
Aliquots of equal amounts of protein (10 μg) were denatured with 10% SDS, then derivatized
to 2-4 dinitrophenylhydrazone (DNP) by a reaction with 2-4 dinitrophenylhydrazine (DNPH)
for exactly five minutes. This reaction allows for a chemical conjugation of the DNPH to the
carbonyl group of the protein side chain to create a hydrazone moiety that can be
immunodetected. The reaction was quenched with a neutralizing solution (6% SDS), and a
characteristic color change to brown followed. Samples were then placed on ice, and loaded
onto 10% gels for SDS-PAGE. Proteins with conjugated DNP residues where detected with
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polyclonal rabbit antibody DNP used at a concentration of 1:150. Proteins were then visualized
goat anti-rabbit HRP-conjugated antibody and ECL.

Mitochondrial imaging in vivo
Mitochondria were visualized in MNs of wtSOD1 and G93Ahigh-mSOD1 tg mice in vivo using
in situ fluorescent dye imaging. MN mitochondria within the preterminal axons and synaptic
terminals were labeled using the cell-permeable, fixable mitochondrian selective probe
(MitoTracker Red CM-H2XRos, Molecular Probes, Eugene, OR). Stock solution was prepared
by dissolving the dye powder in anhydrous DMSO to a final concentration of 1 mM. Working
solution of tracer was prepared in Influx (Molecular Probes) pinocytic cell-loading reagent.
MNs were loaded in vivo by unilateral injection of probe into the gastrocnemius (3 injection
sites within the gastrocnemius; 2 μl/injection, 100 nM-200 nM) to label lumbar MNs (n= 4/
genotype/probe). Mitotracker is endocytosed at the neuromuscular junction and transported
retrogradely (Martin et al., 2005). Mice were killed 4 days later by deep anesthesia and
perfusion-fixation with 4% PF. The spinal cord was removed and cryoprotected in 20%
glycerol overnight. Lumbar spinal cord sections were cut (40 μm) serially using a sliding
microtome, and every 10th section was mounted on a glass slide and coverslipped with antifade
buffer. Sections were viewed with a Deltavision deconvolution microscope (Applied Precision,
Inc, Issaquah, WA) using a 100× oil immersion objective lens. Deconvolution (DECON) is
the process of relocating signal scatter and out-of-focus information present in digital images
so that the image is clarified and its data is restored quantitatively. Mitochondria in age-matched
wtSOD1 and mSOD1 mouse (n=4/genotype) MNs were imaged in ∼50 neurons, cut through
the approximate cell center as judged by the nucleus, in each mouse. Image processing for
relative fluorescence intensity, reflected by the average-integrated intensity of pixels, was done
using Velocity software.

Mouse crossing experiments
Mice homozygous for the CyPD targeted mutation are viable, with normal growth and
appearance, and are fertile (Baines et al., 2005). Mitochondria isolated from heart of CyPD-/-

mice are devoid of CyPD, resistant to mitochondria swelling and mPT, and are protected from
mitochondrial Ca2+ overload and oxidative stress (Baines et al., 2005). We crossed G93A-
mSOD1 mice (high and low expressers) to ppif-/- mice to test the hypothesis that CyPD, and
possibly the mPTP, has a role in MN cell death caused by mSOD1. Mice with targeted deletions
of both CyPD alleles were crossed to G93A mice and F1 offspring positive for the G93A
transgene were crossed with F1 siblings lacking the transgene. The F2 generation therefore
yielded progeny carrying all PCR-confirmed CyPD genotypes (ppif+/+, ppif+/-, and ppif-/-) with
or without the G93A mSOD1 transgene. These mice were maintained for 3 generations and
followed longitudinally.

At the end-stage of disease, G93A-ppif+/+, G93A-ppif+/-, and G93A-ppif-/- were weighed,
deeply anesthetized, and perfusion-fixed using 4% PF. Tissue handling was the same as
describe above. Transverse serial symmetrical sections (40 μm) through spinal cord were cut
using a sliding microtome and stored individually in 96-well plates. A subsample of sections
was stained with cresyl violet for Nissl staining and immunohistochemically for VDAC to
assess spinal cord pathology and morphology of remaining MNs.

Data analysis
Group means and variances were evaluated statistically by one-way ANOVA and a Newman-
Keuls post-hoc test.
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Photography and figure construction
The original images used for figure construction were generated using digital photography.
Digital images were captured as TiF files using a SPOT digital camera and SPOT Advanced
software (Diagnostic Instruments) or a Nikon digital camera (DXM1200) and ACT-1 software.
Images were altered slightly for brightness and contrast using ArcSoft PhotoStudio 2000 or
Adobe Photoshop software without changing the content and actual result. Figure composition
was done using CorelDraw 9 software with final figures being converted to TiF files. Files of
composite figures were adjusted for brightness and contrast in Adobe Photoshop.

Results
Localization of mPTP proteins in mouse spinal MNs

Western blotting of mouse CNS extracts was done to screen for specific antibodies to mPTP
proteins. CyPD was detected as a single band with a monoclonal antibody at ∼20 kDa in spinal
cord (Fig. 1A), consistent with expectation (Johnson et al., 1999). This reactive band was absent
in protein extracts of brain and spinal cord from ppif-/- mice (Fig. 1A). CyPD was found at
similar levels in spinal cord and forebrain but was slightly greater in amount in brainstem (Fig.
1B). Both ANT and VDAC were detected with monoclonal and polyclonal antibodies at
∼33-35 kDa (Fig. 1B,C), consistent with expectations (Yu et al., 1995;Graham et al., 1997).
ANT levels appeared highest in brainstem followed by spinal cord and then forebrain (Fig.
1B). VDAC levels were similar in spinal cord, brainstem, and forebrain (Fig. 1C).

Immunohistochemistry, done by immunoperoxidase and immunofluoresence, showed
enrichment of mPTP proteins in wildtype mouse spinal MNs. CyPD was concentrated in large
cells in ventral horn (Fig. 1D,H), while only faint staining was seen in other regions of spinal
cord (Fig. 1D). No CyPD immunoreactivity was seen in ppif-/- mouse spinal cord (Fig. 1E).
ANT and VDAC were also concentrated in large cells in ventral horn (Fig. 1F,G,I,J). The
VDAC localization pattern was different from CyPD and ANT patterns in that it was also
present in superficial layers of dorsal horn (Fig. 1G) and it also had a prominent neuropil
localization (Fig. 1J). At greater magnification, CyPD immunoreactivity in MN cell bodies
was seen as fine discrete dots and as diffuse cytoplasmic labeling (Fig. 1H). Dual labeling for
CyPD and the mitochondrial marker SOD2 and confocal microscopy showed a high amount
of CyPD localization to mitochondria and also a non-mitochondrial pool of CyPD (Fig. 1H,
inset). ANT immunoreactivity in MN cell bodies was seen also as fine discrete dots and as
diffuse cytoplasmic labeling (Fig. 1I). ANT was found in mitochondrial and non-mitochondrial
pools (Fig. 1I, inset). VDAC immunoreactivity within the cytoplasm of MN cell bodies was
seen as fine dots, large clumps, and long strands (Fig. 1J). VDAC immunoreactivity was also
near or associated with the plasma membrane of MNs (Fig. 1J) and was also seen associated
with processes within the neuropil (Fig. 1J). Dual labeling for VDAC and the mitochondrial
marker SOD2 showed mitochondrial and non-mitochondrial localizations of VDAC within
MNs (Fig. 1J, inset).

CyPD in SOD1 tg mice
The localization of CyPD in spinal cord of tg mice expressing human wtSOD1 and G93A-
mSOD1 was examined by immunohistochemistry. As in non-tg mice (Fig. 1D), CyPD was
enriched in MNs of wtSOD1 and mSOD1 tg mice (Fig. 2A,C). CyPD immunoreactivity in
MNs in wtSOD1 tg mice was seen as fine discrete particles and diffuse cytoplasmic pools (Fig.
2B). The spinal cord neuropil of wtSOD1 tg mice contained very sparse CyPD
immunoreactivity (Fig. 2B). The CyPD localization pattern in MNs of pre-symptomatic and
symptomatic mSOD1 mice differed markedly from that seen in wtSOD1 tg mice (Fig. 2C).
CyPD immunoreactivity in MNs of mSOD1 tg mice was seen as fine and large particles and
clumps in the cytoplasm (Fig. 2D,C). In highly swollen MNs, CyPD was present at the cell
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periphery and clustered around the nucleus (Fig. 2E). In the neuropil of mSOD1 mice CyPD
was seen often as fine dots and larger circular profiles (Fig. 2D,E). Western blots of
mitochondrial membrane-enriched fractions isolated from spinal cord did not show any major
differences in the amount of CyPD in mSOD1 tg mice at pre-symptomatic and early
symptomatic stages of disease compared to wtSOD1 tg mice (Fig. 2F), but at end-stage disease
CyPD levels appeared lower than control (Fig. 2F).

To identify the subcellular locations of CyPD in wtSOD1 and mSOD1 tg mouse MNs confocal
microscopy was used to evaluate SOD2 and CyPD/SOD2 immunolabeled spinal cord sections.
SOD2 immunoreactivity in MNs of wtSOD tg mice had a pattern that was completely discrete
and seen as round, elliptical, and tubular profiles (Fig. 3A), consistent with a mitochondrial
localization (Jensen, 2005). Vast numbers of mitochondria were seen in MNs (Fig. 3A). SOD2
immunoreactivity in MNs of symptomatic G93A-mSOD tg mice was seen mostly as small and
large circular profiles (Fig. 3B). Dual labeling for CyPD/SOD2 in wtSOD1 tg mouse MNs
showed CyPD in mitochondrial and cytosolic compartments (Fig. 3C) similar to non-tg mouse
MNs (Fig. 1H, inset). In pre-symptomatic mice, the mitochondrial network had a very linear
and tubular organization with CyPD localized mostly to mitochondria and sparse cytosolic
localization (Fig. 3D). Symptomatic mSOD1 mouse MNs showed a near complete localization
of CyPD to mitochondria that were swollen (Fig. 3E).

MNs in pre-symptomatic mSOD1accumulate mitochondria from the distal axon
Because the morphology and distribution of mitochondria in MN cell bodies of G93Ahigh-
mSOD1 mice become altered early in the disease process, we examined the possibility that
mitochondria within the MN cell body accumulate from distal regions of the neuron. Axonal-
derived mitochondria in MN perikarya were visualized by denconvolution microscopy (Fig.
3F,G) after their labeling by loading injections of Mitotracker Red into the gastrocnemius
muscle, thus only a subset of the total population of mitochondrial are seen in MNs (those
derived from the distal axon). As a negative control, a sciatic nerve ligature blocked the
accumulation of Mitotracker-stained profiles in the MN cell body (data not shown).
Mitotracker labeling is distinct from general retrograde transport of dyes and has an appearance
and distribution similar to mitochondria. Mitotracker-labeled, axon-derived mitochondria in
MN cell bodies of 10-week-old wtSOD1 tg mice were seen dispersed within the perikaryon,
although they tended to be concentrated within a particular somal region (Fig. 3F), possibly
corresponding to the axon hillock. The mitochondrial distribution profiles in MNs in 10-week-
old mSOD1 tg mice (Fig. 3G) were very different from age-matched wtSOD1 tg mice. MNs
in mSOD1 mice contained large swollen and aggregated or clustered mitochondria that were
intensely labeled (Fig. 3G) compared to the smaller, dispersed, more weakly labeled
mitochondria in control MNs (Fig. 3F). Quantification (mean ± SD) of the perikaryal peak
fluorescence of mitotracker-labeled mitochondria revealed significantly higher (p < 0.01)
amounts in mSOD1 mouse MNs (1120 ± 320) compared in age-matched wtSOD1 tg mouse
MNs (490 ± 130).

The mitochondrial inner membrane is remodeled and the matrix vesiculates in pre-
symptomatic mSOD1 mouse spinal cord

EM was used to identify abnormalities in the fine structure of mitochondria in the spinal cord
ventral horn of G93Ahigh-mSOD1 mice. Dramatic changes in mitochondrial ultrastructure
were observed in the IMM and matrix of numerous mitochondria in dendrites of pre-
symptomatic 6- and 8-week-old G93Ahigh-mSOD1 mice (Fig. 4A) but not in 4-week-old
G93Ahigh-mSOD1 mice (Fig. 4F) and age-matched wtSOD1 tg mice. The conformation of the
cristae was changed from straight infoldings to distorted membranes brought about by swelling
of the matrix (Fig. 4A). In mitochondria showing early pathology, microvacuoles within the
matrix were discerned (Fig. 4A, center mitochondrion). Eventually the matrix in subsets of
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mitochondria became highly fragmented into cristae-bound compartments (Fig. 4. A,B). Many
profiles of processes seen in cross-section in the neuropil were occupied completely with
megamitochondria displaying profound remodeling of cristae and severe matrix vesiculation
(Fig. 4B). The OMM remained snug around the mitochondria despite profound IMM changes
(Fig. 4A,B). Mitochondria with matrix swelling in pre-symptomatic mice were also found with
apparent buds (Fig. 4A, lower right, double arrows).

To examine structurally a potential role for mitochondrial permeability transition in early
pathological mechanisms of mSOD1 mice, contact sites between the outer and inner
mitochondrial membranes were examined in electron micrographs (Fig. 4A,B, insets, arrows).
Estimates revealed a greater than two-fold increase in the number of outer and inner
mitochondrial membrane contact sites in mitochondrial profiles located in dendritic processes
in the ventral horn (Fig. 4C). Other mitochondrial changes in G93Ahigh-mSOD1 mice at pre-
symptomatic stages of disease were fragmentation of matrix-swollen mitochondria in ventral
horn dendrites (Fig. 4D) and fission of mitochondria within the cell bodies of MNs (Fig. 4E).
Mitochondria interpreted as undergoing fission had well-defined narrow connecting
membranes (Fig. 4E, arrows).

Spinal cords of mSOD1 mice were examined for oxidative damage to proteins because
oxidative stress can cause mitochondrial abnormalities, including permeability transition
(McStay et al., 2002). The presence of protein carbonyl groups, a hallmark of the oxidative
alteration of proteins, was identified by oxyblot analysis. Proteins in mitochondrial-enriched
membrane fractions of G93Ahigh-mSOD1 mice at pre-symptomatic, symptomatic, and end-
stage disease had enhanced carbonyl modification compared to control (Fig. 4F). The damage
to proteins appeared in part to be an accentuation of baseline damage (Fig. 4F). As expected,
the pattern of oxidative damage to soluble proteins in mSOD1 mouse spinal cord was different
from that seen for the mitochondrial-enriched membrane fractions (Fig. 4F). Surprisingly,
soluble proteins in pre-symptomatic and early symptomatic mice had protein carbonyl levels
lower than baseline (Fig. 4F). A prominent band of carbonyl modified proteins at a low
molecular mass was seen in both fractions (Fig. 4F).

mPTP proteins in spinal cords of mSOD1 mice were examined for nitration because
peroxynitrite (ONOO-), a biologically significant oxidant formed by the reaction of nitric oxide
(NO) with O2

- (Beckman et al., 1993; Pacher et al., 2007) can induce permeability transition
(Vieira et al., 2001). Immunoprecipitated CyPD in mitochondrial-enriched membrane and
soluble fractions of spinal cord had basal levels of tyrosine nitration (Fig. 4G, top). CyPD in
both spinal cord fractions of symptomatic G93Ahigh-mSOD1 mice had greater amounts of
tyrosine nitration than control (Fig. 4G, top). The greatest change in CyPD nitration was seen
in the soluble compartment of early symptomatic mice (Fig. 4G, top). The nitration of ANT in
mouse spinal cord was very different from CyPD. ANT nitration was not detected in control
mitochondrial-enriched membrane fractions of spinal cord (Fig. 4G, bottom). In G93Ahigh-
mSOD1 mice, ANT nitration was found at highest amounts in pre-symptomatic and
symptomatic mice, while it was barely detectable in mice at end-stage disease (Fig. 4G,
bottom). Possibly two different isoforms of ANT showed nitration at pre-symptomatic disease
(Fig. 4G, bottom).

CyPD deletion delays disease onset and prolongs survival of ALS mice in gender-preferential
patterns

mSOD1 mice without CyPD were generated to determine if its absence alters the course of
disease. Prominent gender and model severity effects were seen (Fig. 5). With G93Ahigh-
expressers, the mean survival was extended ∼25% in male mSOD1 mice without CyPD and
79% in female mSOD1 mice without CyPD compared to gender-matched mSOD1 mice with
both CyPD alleles (Fig. 5A). No significant effect on survival was seen with heterozygous
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male G93Ahigh mice, but heterozygous female G93Ahigh mice had modest, but significant,
survival effect (Fig. 5A). A few (n=4) female G93Ahigh-expressing mSOD1-CyPD-/- mice,
which were excluded from this analysis, had an unusually rapid death and subsequent autopsy
revealed that these mice had either lymphoma or cardiomegaly (data not shown), with the
former consistent with the finding that CyPD can function pro-apoptotically to delete malignant
cells (Yasuda et al., 2006;Kang et al., 2007). With G93Alow-expressers, a slight (10%)
improvement was seen with male mSOD1 mice without CyPD, but heterozygous and
homozygous CyPD null female mouse groups showed a 20-22% increase in mean survival
compared to gender-matched mSOD1 mice with both CyPD alleles (Fig. 5B). The time to
disease onset was extended 60% in male G93Ahigh-expressers without CyPD and was over
doubled in female G93Ahigh-expressers without CyPD (Fig. 5C). With G93Alow-expressers
the time to disease onset was extended 30% and 52% in heterozygous and homozygous CyPD
null males, respectively, and ∼81-85% in heterozygous and homozygous CyPD null females
(Fig. 5D). The absence of CyPD in G93A-mSOD1 mice had no effect on body mass at end-
stage disease (Fig. 5E,F).

A histopathological assessment of spinal cords of mice at end-stage ALS was done to determine
if the absence of CyPD altered the pathological degenerative process in MNs. Residual MNs
in G93A-mSOD1 mice with CyPD showed the characteristic (Martin and Liu, 2004; Martin
et al., 2007) cytoplasmic vacuolation (Fig. 6A) and mitochondrial swelling (Fig. 6C). In
contrast, remaining MNs in G93A-CyPD null mice had Nissl-rich, darkly-stained cell bodies
(Fig. 6B), and the cytoplasmic vacuolation and mitochondrial swelling was attenuated
markedly or blocked (Fig. 6D). However, MNs in G93A-CyPD null mice accumulated
numerous granule-like structures within their cell body cytoplasm (Fig. 6B, arrows).

Discussion
The major findings of this study relate to mitochondria and the mPTP in MNs and mouse ALS.
First, we demonstrate that the major components of the mPTP are present and seemingly
enriched selectively, in mouse MNs. Second, early in the course of MN disease in ALS mice,
mitochondria undergo profound trafficking abnormalities and dramatic remodeling of the
cristae and matrix resulting in the formation of megamitochondria and coinciding with
increased protein carbonyl formation and nitration of mPTP components. Third, the genetic
deletion of a major mPTP component, CyPD, has robust effects in ALS mice by delaying
disease onset and extending survival. These observations demonstrate that the mPTP
participates in the causal mechanisms of MN degeneration in mouse ALS.

Mitochondrial permeability transition is a mitochondrial state in which the proton-motive force
is disrupted (Crompton, 1999; van Gurp et al., 2003; Bernadri et al., 2006; Leung and Halestrap,
2008). This disruption involves the mPTP that functions as a voltage, thiol, and Ca2+ sensor.
Conditions of mitochondrial Ca2+ overload, excessive oxidative stress, and decreased
electrochemical gradient (ΔP), ADP, and ATP can favor mitochondrial permeability transition.
The mPTP is believed to be a poly-protein transmembrane channel formed at the contact sites
between the IMM and the OMM. The collective components of the mPTP are still
controversial, but the VDAC in the OMM, the ANT in the IMM, and CyPD in the matrix are
core components (Crompton, 1999; van Grup et al., 2003; Bernardi et al., 2006). The VDAC
adopts an open conformation at low or zero membrane potential and a closed conformation at
potentials above 30-40 mV making the OMM permeable to most small hydrophilic molecules
up to 1.3 kDa for free exchange of respiratory chain substrates (Rostovtseva et al., 2005). The
ANT is a multi-pass membrane protein, with odd-numbered transmembrane helices having
kinks because of proline residues, which mediates the exchange of cytosolic ADP for
mitochondrial ATP (Graham et al., 1997). During normal mitochondrial function the OMM
and the IMM are separated by the intermembrane space, and the VDAC and the ANT do not
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interact (Crompton, 1999). Permeability transition is activated by the formation of the mPTP;
the IMM looses its integrity and the ANT changes its conformation from its native state into
a non-selective pore (Crompton, 2003). This process is catalyzed by CyPD which is a
peptidylprolyl isomerase (PPIase) that functions in protein cis-trans isomerization and
chaperoning (Waldmeier et al., 2003). The ANT and CyPD interact directly (Woodfield et al.,
1998). The molar concentration of CyPD (in heart mitochondria) is much less (>5%) than ANT;
thus, under normal conditions only a minor fraction of the ANT can be in a complex with CyPD
(Johnson et al., 1999; Leung and Halestrap, 2008). When this occurs, small ions and metabolites
permeate freely across the IMM and oxidation of metabolites by O2 proceeds with electron
flux not coupled to proton pumping, resulting in collapse of ΔP, dissipation of ATP production,
production of ROS, equilibration of ions between the matrix and cytosol, matrix volume
increases, and mitochondrial swelling (van Grup et al., 2003; Rostovtseva et al., 2005).

Our study demonstrates for the first time the localization of the core components of the mPTP
directly in MNs. Antibodies to CyPD, ANT, and VDAC all yielded strong signals in mouse
MNs compared to other regions and cells in spinal cord. We used antibodies that are not isoform
specific, thus we were unable to distinguish the predominant forms of ANT and VDAC in
MNs. There are only two other reports of CyPD localization in mammalian CNS which found
CyPD enriched in subsets of neurons with relative low levels in astrocytes (Naga et al.,
2007; Hazelton et al., 2008). Moreover, we found that CyPD, ANT, and VDAC have
mitochondrial and non-mitochondrial localizations in MN. They are all nuclear-encoded
mitochondrial-targeted proteins, thus a possible explanation for their non-mitochondrial
localizations is that they are pre-mitochondrial forms. Other cyclophilin isoforms are located
in the cytoplasm (Bose and Freedman, 1994), but this immunoreactivity was abolished in
ppif-/- mice, demonstrating that it is CyPD. Work on ANT localization in nervous tissue is very
scarce. ANT appears to be expressed in reactive astrocytes (Buck et al., 2003). Previous studies
of nervous tissue have found VDAC in neurons and glial cells (McEnery et al., 1993) and
associated with mitochondria, the endoplasmic reticulum, and the plasma membrane (Shoshan-
Barmatz et al., 2004; Akanda et al., 2008), although the non-mitochondrial localizations of
VDAC have been disputed (Yu et al., 1996). We observed that spinal cord, brainstem, and
forebrain had similar levels of CyPD as well as similar levels of ANT and VDAC. Thus,
differences in the levels of individual mPTP components fails to explain the intrinsic
differences in the sensitivity to Ca2+-induced mitochondrial permeability transition seen in
spinal cord versus brain (Sullivan et al., 2004; Morota et al., 2007). We also observed that not
all mitochondria within MNs contained CyPD, ANT, and VDAC. This observation supports
that idea of that mitochondria are heterogeneous in shape (Collins and Bootman, 2003; Jensen,
2005) and biochemical composition, notably metabolism (Hamburger et al., 1970), CyPD
content (Naga et al., 2007), and genetics (Wallace, 2005).

Mitochondrial pathology has been implicated in the mechanisms of ALS (Martin, 2006), but
the evidence was largely circumstantial. In mSOD1 mouse models of ALS, mitochondria in
spinal cord exhibit pathology (Wong et al., 1995; Kong and Xu, 1998; Bendotti et al., 2001)
and some of the mitochondrial degeneration occurs very early in the course of the disease
(Bendotti et al., 2001; Martin et al., 2007). Wildtype SOD1 and human mSOD1 associate with
mitochondria (Okado-Matsumoto and Fridovich, 2001; Higgins et al., 2002). One
interpretation is that the mSOD1 causes mitochondrial degeneration by inducing OMM
extension and leakage and intermembrane space expansion (Higgins et al, 2003). Our data
reported here suggest that the OMM remains relatively intact to permit formation of mega-
mitochondria in MNs cell bodies in G93Ahigh mice. Our observations here also demonstrate
that mitochondria in dendrites in spinal cord ventral horn undergo extensive cristae and matrix
remodeling. Mechanisms for this damage could be related to mSOD1 gaining access to the
matrix (Vijayvergiya et al., 2005) and inducing disturbances in oxidative phosphorylation
(Mattiazzi et al., 2002). This mitochondrial conformation might favor the formation of the
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mPTP; indeed, we found evidence for increased contact sites between the OMM and IMM in
G93Ahigh mice. Some mitochondria with vesiculated matrix form bud-like structures
continuous with the matrix and appear to undergo fragmentation. Another feature of
mitochondria in MNs of young mice without symptoms was apparent fission of
ultrastructurally normal mitochondria. Our interpretation of electron micrographs as
mitochondrial fission is consistent with those of others (Ju et al., 2008; Han et al., 2008), but
corroboration is required using alternative methods. It is not clear if the cristae and matrix
remodeling and the apparent fragmentation and fission mitochondria are related or independent
events; nevertheless, our morphological observations enforce the idea that mitochondria are
critical to the pathobiology of mSOD1 toxicity to MNs.

The possibility of changes in mitochondrial trafficking in MNs of mSOD1 mice is mostly
unexplored. We show here that MNs in mSOD1 mice at pre-symptomatic disease accumulate
mitochondria from their distal axons/terminals. We demonstrated previously that MNs in
mSOD1 mice at pre-symptomatic disease generate higher levels of superoxide, NO, and
ONOO- than MNs in tg mice expressing human wtSOD1 (Martin et al., 2007). This
mitochondrial accumulation occurs at a time when cell body volume is increasing (Martin et
al., 2007). G93A-mSOD1 perturbs anterograde axonal transport of mitochondria in cultured
primary MNs (de Vos et al., 2007) making it possible that retrogradely transported
mitochondria with toxic properties from the neuromuscular junction fail to be returned to distal
processes. It is noteworthy is this regard that mitochondria within synapses are more susceptible
to Ca2+ overload than non-synaptic mitochondria (Brown et al., 2006). Mitochondria with
enhanced toxic potential from distal axons and terminals could therefore have a “Trojan horse”
messenger role in the degeneration of MNs in ALS via retrograde transport from skeletal
muscle.

Aberrant oxidative chemistry could contribute to the mechanisms of mitochondriopathy in
G93Ahigh mice (Beckman et al., 2001; Liochev and Fridovich, 2003). G93A-mSOD1 has
enhanced free radical-generating capacity compared to wildtype enzyme (Yim et al., 1996)
and can catalyze protein oxidation by hydroxyl-like intermediates and carbonate radical
(Pacher et al., 2007). We found that protein carbonyl formation in the mitochondrial membrane-
enriched fraction of spinal cord is a robust signature of pre- and incipient-disease, while,
surprisingly, in the same pre-symptomatic mice, oxidative damage to soluble proteins appeared
lower than control. In human sporadic ALS, protein carbonyls are elevated in motor cortex
(Ferrante et al., 1997). A pervious study of G93Ahigh mice showed increased protein carbonyl
formation in total spinal cord extracts at pre-symptomatic disease, and one of these oxidatively
damaged proteins was SOD1 (Andrus et al., 1998), but it was not identified as human or mouse
SOD1. We observed a similar low molecular weight band of oxidatively damaged protein that
could be SOD1, and we also found oxidative damage to higher molecular mass proteins not
seen earlier (Andrus et al., 1998). A more recent mass spectroscopy study of G93Ahigh mice
identified proteins in total spinal cord extracts with greater than baseline carbonyl modification,
including SOD1, translationally controlled tumor protein, and ubiquitin carboxyl-terminal
hydrolase-L1 in G93Ahigh mice (Poon et al., 2005).

Beckman, Estevez, and colleagues have proposed that mSOD1 and wtSOD1 can catalyze the
formation of ONOO- that mediates tyrosine nitration in proteins causing alteration in function
(Beckman et al., 1993; Crow et al., 1997; Estevez et al., 1999). Studies have found increased
protein nitration and free 3-nitrotyrosine in CNS tissues from human ALS patients (Abe et al.,
1995; Beal et al., 1997) and animal models of ALS (Martin et al., 1999; Martin et al., 2005;
Martin et al., 2007) to support of this theory. Very few studies have emerged identifying these
nitrated proteins (Casoni et al., 2005). We found cytochrome c oxidase subunit I and SOD2
with elevated nitration in G93Ahigh mouse spinal cord at early disease (Martin et al., 2007).
Here, we identify two mPTP proteins as targets of nitration in ALS mice. The nitration of CyPD
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is very interesting in several aspects. First, CyPD in both mitochondrial membrane-enriched
and soluble compartments is nitrated in wtSOD1 tg mouse spinal cord. Second, in G93Ahigh

mice, CyPD nitration is elevated in early- to mid-symptomatic stages, but declines to baseline
at end-stage disease. Third, CyPD nitration is greater in the soluble protein compartment
compared to proteins in the mitochondrial membrane-enriched fraction. We also found ANT
to be nitrated in G93Ahigh mouse spinal cord. This finding is notable particularly because
nitrated ANT is found in pre-symptomatic and symptomatic stages but not at end-stage disease
or in wtSOD1 tg mice. In vitro protein and cell experiments have shown that NO and
ONOO- can act directly on the ANT to induce mitochondrial permeabilization in a cyclosporine
A-sensitive manner (Vieira et al., 2001). Oxidative stress can enhance CyPD binding to the
ANT (McStay et al., 2002). Interestingly, copper interactions with ANT and thiol modification
of ANT can cause mPTP opening (Constantini et al 1998; Costantini et al., 2000; Garcia et al.,
2007). Together these data and future work could reveal that oxidative and nitrative damage
to proteins, some of which are core components of the mPTP, in G93Ahigh mice is targeted
rather than stochastic and could impinge on the functioning of the mPTP.

CyPD is the best known regulator of the mPTP (Baines et al., 2005; Bernardi et al., 2006). We
therefore examined the role of CyPD in the process of MN disease in mice through gene
ablation. There is precedence for this logic in mouse models of stroke (Schinzel et al., 2005),
multiple sclerosis (Forte et al., 2007), myocardial infarction (Nakayma et al., 2007), muscular
dystrophy (Millay et al 2008), Alzheimer's disease (Du et al., 2008), and cell models of necrosis
(Baines et al., 2005; Nakagawa et al., 2005; Schinzel et al., 2005) where mitochondrial
abnormalities have been interpreted in the causal mechanisms of cell death. G93Ahigh-mSOD1
mice without CyPD had a marked delay in the onset of disease and lived significantly longer
than tg mice with CyPD. The effect of CyPD deletion was much more prominent in females
than in males. Female mice showed positive effects with haplo-deletion of CyPD. It has been
argued that mitochondrial damage in G93Ahigh-mSOD1 mice is related to supra-normal levels
of SOD1 and might not be related causally to the disease process (Jaarsma, 2006), but
mitochondrial abnormalities have been found in G93Alow-mSOD1 mice (Sasaki et al., 2004).
We therefore repeated the experiment using a tg mouse line with much lower levels of human
mSOD1 expression and a slower disease progression. G93Alow-mSOD1 mice without CyPD
also had a significant delay in the onset of disease and lived significantly longer than tg mice
with CyPD. Thus, some form of mitochondrial pathobiology is occurring regardless of whether
transgene expression of G93A is high or low. Three other reports have implicated the mPTP
in ALS using pharmacological approaches. Cyclopsorine A treatment, delivered
intracerebroventricularly or systemically in combination with a multiple drug resistance type
1a/b mouse background, modestly improved outcome in G93Ahigh mice (Keep et al., 2001;
Karlsson et al., 2004; Kirkinezos et al., 2004), but these studies are confounded by the
immunosuppressant actions of cyclopsorine A through calcineurin inhibition. CyPD inhibitors
devoid of effects on calcineurin need to be tested in ALS mice. Nevertheless, G93A-mSOD1
mice without CyPD develop eventually MN disease. The effects of CyPD deficiency on MN
cell mechanisms need to be examined in more detail, but the cell death phenotype appears to
be switched or converted to another form with the attenuation of mitochondrial swelling. A
switch in the cell death morphology and molecular mechanisms in MNs of mSOD1 mice
without CyPD is an outcome consistent with the cell death continuum (Portera-Cailliau et al.,
1997; Martin et al., 1998).

We conclude that the mPTP actively participates in the mechanisms of MN death in ALS mice.
mPTP activation is a possible triggering event for MN degeneration and MN selective
vulnerability in ALS could be related to amount, composition, and trafficking of mitochondria
in MNs. This work defines new mitochondrial mechanisms for MN degeneration in ALS and
can lead to the identification of molecular mechanism-based therapies for treating this fatal
disease.
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Figure 1.
Expression and localization of mPTP proteins in non-tg mouse spinal cord.
A. Full-length blot demonstrating mono-specific detection of CyPD at ∼18-20 kDa in
mitochondrial-enriched membrane fractions of mouse spinal cord. This immunoreactive band
is not present in spinal cord of ppif-/- mice. Molecular weight markers (in kDa) are indicated
at left. Blots were re-probed for glyceraldehyde-phosphate dehydrogenase (GAPDH) as a
protein loading control.
B. Full-length blot demonstrating mono-specific detection of ANT at ∼33 kDa in
mitochondrial-enriched membrane fractions of mouse spinal cord, brainstem, and forebrain.
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Molecular weight markers (in kDa) are indicated at left. Blots were reprobed for CyPD and
actin.
C. Full-length blot demonstrating mono-specific detection of VDAC at ∼35 kDa in
mitochondrial-enriched membrane fractions of mouse spinal cord, brainstem, and forebrain.
Molecular weight markers (in kDa) are indicated at left. Blots were reprobed for actin as a
protein loading control.
D. Immunohistochemical localization of CyPD in mouse spinal cord. Antibody binding was
visualized using immunoperoxidase with DAB as chromogen to give brown signal. A
hemisection of lumbar spinal cord is shown. MNs in ventral horn are strongly immunopositive
(arrows) for CyPD. Faint neuropil immunoreactivity is present in the dorsal horn and ventral
horn and low immunolabeling is in white matter. Scale bar (same for F,G) = 100 μm.
E. Immunostaining for CyPD in ppif-/- mouse spinal cord is negative. Scale bar = 80 μm.
F and G. Immunohistochemical localization of ANT (F) and VDAC (G) in mouse spinal cord.
Antibody binding was visualized as in D but with cresyl violet counterstaining. A hemisection
of lumbar spinal cord is shown. MNs in ventral horn are strongly immunopositive for ANT
and VDAC (arrows) and neuropil immunoreactivity is present in the dorsal horn and ventral
horn. Immunolabeling is in white matter is low.
H-J. Localization of CyPD (H), ANT (I) and VDAC (J) in mouse spinal MNs.
Immunoreactivities for CyPD and ANT were seen as diffuse labeling in the cytoplasm and as
discrete particles (arrows). VDAC immunoreactivity was seen as larger structures in the
cytoplasm. The nucleus is marked by the asterisk. Dual immunofluorescent staining for CyPD,
ANT, or VDAC and the mitochondrial marker SOD2 and confocal or epifluorescence
microscopy (insets) shows co-localization of CyPD, ANT, and VDAC with SOD2 (seen as
yellow-orange) in MNs, but there is also non-mitochondrial pools. Scale bar in H (same for I
and J) = 7 μm. Scale bars in insets = 1.5 μm.
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Figure 2.
Expression and localization of CyPD in tg human wtSOD1 and G93Ahigh-mSOD1 mouse
spinal cord.
A. Spinal MNs (open arrows) in tg wtSOD1 mice have high immunoreactivity for CyPD
compared to the surrounding neuropil and white matter.
B. In MNs of tg wtSOD1 mice, CyPD immunoreactivity is seen as discrete dots in the cytoplasm
(arrows) of the cell body and proximal dendrites and diffusely in cytoplasm. Asterisk marks
nucleus.
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C. Spinal MNs (open arrows) in tg G93Ahigh-mSOD1 (early symptomatic shown here) mice
have high immunoreactivity for CyPD compared to the surrounding neuropil and white matter
matter.
D. In mSOD1 mouse MNs at early symptoms the CyPD-positive particles within the cytoplasm
appear to swell.
E. In subsets of MNs showing near end-stage degeneration with severe swelling of the cell
body (hatched lines delineate MNs) due to a slow necrotic-like process (Martin and Liu,
2004; Martin et al., 2007), CyPD immunoreactivity is marginated to the periphery of the cell
(arrows) and decorates the nuclear surface (asterisk).
F. Western blots of mitochondrial membrane-enriched fractions of spinal cord of G93Ahigh-
mSOD1 mice at pre-symptomatic and early symptomatic disease stages reveal levels of CyPD
similar to tg wtSOD1 control, but at end-stage disease CyPD levels appeared slightly lower
than control.
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Figure 3.
Formation of megamitochondria in MNs of mSOD1.
A and B. Confocal z-stack composite images showing the immunofluorescent detection of
SOD2 (red), used to mark specifically mitochondria, in lumbar spinal MNs of tg wtSOD1 (A)
and G93Ahigh-mSOD1 (B) mice at 10 weeks of age. The nucleus is the dark center. Vast
numbers of mitochondria are present in MNs. In control MNs, mitochondria are small (∼0.3-0.5
μm in diameter) and pleiomorphic (round, ellipitical or filamentous). There is no detection of
a non-mitochondrial pool. Mitochondria in MNs of mSOD1 mice become essentially all round.
Some of these mitochondria are tiny (∼0.1 μm in diameter), suggesting a fragmentation or
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fission process (see Fig. 4D,E), while other mitochondria are huge (>2 μm in diameter)
indicating swelling. There is no detection of a non-mitochondrial pool of SOD2 in mSOD1
mouse MNs indicating no disruption of mitochondria with release of matrix constituents. Scale
bar in A (same for B) = 2.3 μm.
C, D, and E. Immunofluorescent localization of SOD2 (red) and CyPD (green) in lumbar
spinal MNs of tg wtSOD1 (C) and G93Ahigh-mSOD1 (D, E) mice at 8 or 10 weeks of age.
Colocalization of SOD2 and CyPD is seen as yellow-orange. In control MNs (C), CypD is
present in mitochondria and in a non-mitochondrial cytoplasmic pool (green only). Some
mitochondria are not positive for CyPD (red only). In mSOD1 mouse MNs before the formation
of many mega-mitochondria (D, arrow), most mitochondria, many of which are seen as long
vermiform structures, are positive for CyPD. In mSOD1 mouse MNs when many swollen
mega-mitochondria are present (E, arrows), essentially all mitochondria are CyPD positive. In
some swollen mitochondria CyPD fills the matrix and the SOD2 is marginated to the periphery
of the matrix (green cores with red or orange halos). Scale bar in C (same for D and E) = 4
μm.
F and G. DECON analysis of mitochondrial abnormalities in MNs of pre-symptomatic
G93Ahigh-mSOD1 tg mice compared to age-matched control human wtSOD1 tg mice.
Mitotracker-labeled mitochondria from the distal axon/terminals in skeletal muscle are red.
The nucleus is black profile in center (asterisk). Note the enlargement and clumping of
mitochondria in the mSOD1 mouse MN (arrows). Scale bar in F (same for G) = 2 μm. The
graphs below each image (generated by measuring pixel fluorescence intensity) are maps of
mitochondria within the perikaryon of the actual MNs shown in the upper images. The graphs
are projections of the imaged MNs. The empty zone in the center of the graph is the location
of the nucleus. The fluorescence intensity was quantified in mid-perikaryal optical sections of
MNs (see text). mSOD1 mouse MNs have large aggregates of brightly labeled mitochondria.
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Figure 4.
Ultrastructural and biochemical changes in G93Ahigh-mSOD1 tg mice are consistent with
permeability transition pore activation.
A and B. EM shows major cristae remodeling and matrix swelling and vesiculation (black
asterisks) in spinal cord ventral horn dendrites of G93Ahigh-mSOD1 mice. Normal
mitochondria are marked by white asterisks. Mitochondria delineated by white-dotted boxes
are shown at higher magnification in insets. Mitochondria with vacuoles (A, lower left and
right; B, inset) have apparent OMM and IMM contacts (darker spots without narrow space
separating the OMM and IMM, hatched arrows). The OMM appears breached at some locations
(A, lower left and right, open arrows). Some mitochondria with vesiculation of the matrix have
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buds extending from the surface (A, lower right, double arrow), suggesting a non-replicative
fission or fragmentation process. Some dendrites (B, open arrow) have mitochondria with
extreme cristae remodeling and matrix vesiculation. A nearby mitochondrion exhibits early
swelling (B, hatched arrow). Scale bars = 0.63 μm (A); 0.3 μm (A, insets); 0.3 μm (B); 0.15
μm (B, inset).
C. Graph showing the estimated number (mean ± SD) of contact sites per mitochondria in
spinal cord ventral horn dendrites (identified by presynaptic contacts) of wtSOD1 and
G93Ahigh-mSOD1 mice. Asterisk denotes significantly different (p < 0.05).
D. Apparent fragmentation of mitochondria was seen in spinal cord ventral horn dendrites of
G93Ahigh-mSOD1 mice. Shown is a cross-sectional profile of a dendrite with four identifiable
mitochondria (1-4). All of the mitochondria contain matrix vacuoles. Mitochondrion 4 has
fragmented into several smaller mitochondrial buds with vacuoles (open arrows). Scale bar =
4 μm.
E. Apparent fission of mitochondria was seen in spinal MN cell bodies of G93Ahigh-mSOD1
mice. Contact sites between mitochondria are distinct (arrows). One mitochondrion is abnormal
with pale matrix, but not showing vacuolation, while the other three mitochondria appear
normal. Scale bar = 0.2 μm.
F. Western blot analysis for protein carbonyls (Oxyblot) in the mitochondrial membrane-
enriched fraction and the soluble fraction of spinal cord from wtSOD1 tg mice and G93Ahigh-
mSOD1 tg mice at different stages of disease. Molecular weight standards are indicated at
right.
G. Increased nitration of CyPD and ANT in G93Ahigh-mSOD1 mouse spinal cord. Nitrated
proteins from soluble and mitochondrial membrane-enriched fractions from wtSOD1 and
mSOD1 tg mice at different stages of disease were IP with monoclonal mouse 3-nitrotyrosine
antibody followed by western blotting with monoclonal CyPD or polyclonal ANT antibodies.

Martin et al. Page 26

Exp Neurol. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
CyPD depletion improves survival of G93Ahigh- and G93Alow-mSOD1 mice and delayed the
onset of disease. n=8-10 mice/genotype/gender. PCR genotyping of tail genomic DNA is
shown for representative mice (A) above. Values are mean ± SD. Significant difference (*p <
0.05 or **p <0.01) from ppif+/+ control.
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Figure 6.
CyPD depletion changes the degenerative process in MNs of G93A-mSOD1 mice.
A and B. Cresyl violet (Nissl) staining shows that degenerating MNs in G93A mice with CyPD
have prominent vacuolation of the cytoplasm (A, arrows), while MNs in G93A mice without
CyPD have attenuated cytoplasmic vacuolation and the formation of numerous cytoplasmic
granule-like structures (B, arrows). Asterisk marks nucleus. Scale bar in A (same for B) = 4
μm.
C and D. Immunoperoxidase staining for VDAC (brown signal) shows that degenerating MNs
in G93A mice with CyPD have prominent mitochondrial swelling (C, arrows), while the
mitochondrial swelling in MNs in G93A mice without CyPD is blocked (D, arrows). Asterisk
marks nucleus. Scale bar in C (same for D) = 3.5 μm.
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