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ABSTRACT

Amyotrophic Lateral Sclerosis (ALS) is a progressive motoneuron degenerative disease; its cause and mechanisms of pathogenesis
remain obscure. Apoptosis may be one of the pathways responsible for motoneuron death in ALS. The present study is to further explore
the role of apoptosis in ALS. Using a mutant Cu, Zn-superoxide dismutase (mSOD1) transgenic mouse model, we investigated the
correlation between SOD1 mutation and neuronal and glial apoptosis in different brain regions. TUNEL-fluorescence staining and ELISA
quantification found significantly more DNA fragmentation in mSOD1 mice than in controls. Double staining with TUNEL + an anti-choline
acetyltransferase antibody showed many TUNEL-positive motoneurons and glial cells in the spinal cord and brain stem of mSOD1 mice,
but not in the controls. Transmission electron microscopy confirmed neuronal and glial apoptosis in the spinal cord, brain stem, and
motor cortex by specific morphological features of apoptosis. Double staining with TUNEL + an anti-neuron-specific enolase antibody
showed many TUNEL-positive neurons in both the motor and sensory cortices of mSOD1 mice, but not in the controls. Counting the
number of TUNEL-positive neurons in the sections from the three mouse groups showed significantly more TUNEL-positive neurons in
both the motor and sensory cortices of mSOD1 mice than in the corresponding regions of control mice. There is no significant difference
between motor and sensory cortices of mSOD1 mice. These results provide firm in vivo evidence that SOD1 mutation induced apoptosis
of motoneurons and non-motoneuron cells in motoneuron-enriched brain regions. Therefore, apoptosis is not specific for motoneuron
death, but a common pathway causing neuronal and glial degeneration and death in motoneuron-enriched brain regions. SOD1 mutation
also induced apoptosis in sensory neurons of sensory cortex. Together, these findings imply that apoptosis might be one of pathways in

which the non-neuronal cells and non-motoneuron-enriched brain regions involve in motoneuron death in ALS.

Keywords: Amyotrophic Lateral Sclerosis; Cu, Zn-Superoxide Dismutase Mutation; Neuronal And Glial Apoptosis; Motoneuron
Degeneration; Transgenic Mouse Model; Transmission Electron Microscopy

ABBREVIATIONS

Amyotrophic Lateral Sclerosis - ALS; Familial ALS - fALS; Analysis
Of Variance - ANOVA; Choline Acetyltransferase - ChAT; Cu, Zn-
Superoxide Dismutase - SOD1; Mutant SODI - mSOD1; Normal
Control - N¢; Hydroxyl Radical - ‘OH; Neuron Specific Enolase - NSE;
Peroxynitrite - ONOO-; Superoxide Anion - (O Phosphate-Buffered
Saline - PBS; Reactive Species - RS; Transgenic - Tg; Transmission
Electron Microscopy - TEM; Terminal Deoxynucleotidyl Transferase
(TdT) Mediated Deoxyuridine Triphosphate-Biotin Nick End
Labeling - TUNEL; Enzyme-Linked Immuno-Sorbent Assay- ELISA

INTRODUCTION

Amyotrophic Lateral Sclerosis (ALS) is a progressive
degenerative disorder of motoneurons in the spinal cord, brain
stem and motor cortex. The disease typically strikes adults, usually
causing paralysis and death after five years of symptom onset. A
number of mechanisms have been proposed for the pathogenesis of
ALS, including genetic factors, oxidative stress, abnormal protein
modifications, protein misfolding and aggregation, misregulation of
RNA transcription, excess excitotoxicity of glutamate, mitochondrial
dysfunction, impaired axonal transport, inflammatory cascades,
dysfunctional signaling pathways, and apoptotic cell death. Despite
extensive research, the mechanisms of ALS pathogenesis remain
obscure, and no effective therapy is available [1-5]. Approximately
10% of ALS cases are inherited. The discovery of mutations in the
Cu, Zn-superoxide dismutase (SOD1) gene in familial ALS (fALS)
patients [6] was the first breakthrough towards identifying the cause
of fALS. Based on this discovery, a Transgenic (Tg) mouse model was
established by introducing a mutant human SOD1 gene (Gly 93 >
Ala, G93A) into the mouse [7]. These Tg mice developed symptoms
resembling human ALS. Although over 100 different SOD1 mutations
have been identified in fALS families and a number of Tg mouse
models with different mutation sites have been developed [8], most
of the research addressing ALS pathogenesis and the development
of therapeutic strategies has been performed using the G93A mutant
SOD1 (mSOD1) Tg model [9-19]. Therefore, the G93A mSOD1 Tg
mouse is still a very powerful and popular animal model for studying
the pathogenesis of ALS. The hereditary and non-hereditary forms of
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the disease are clinically indistinguishable; thus, the final nerve cell
destruction is likely the same for both. Information obtained using
the mSOD1 mouse model should therefore also be informative to the
much larger number of cases of sporadic, non-inherited ALS. In the
present study, the most popular G93A mSOD1 Tg mouse model was
used and the results compared with those in wild-type SOD1 (SOD1)
mouse and normal mouse (Nc) without gene transfection.

Studies using genetically engineered mouse models have indicated
that the expression of mutant SOD1 in neurons alone is insufficient
to cause degeneration of motoneurons if they are surrounded
by a sufficient number of normal non-neuronal cells [8,20-22].
Conversely, wild type/normal- or mSODI-deleted motoneurons,
surrounded by mSOD1-containing non-neuronal cells lead to signs
of abnormality. Therefore, the participation of non-neuronal cells
such as microglia [23,24], astrocytes [10,25- 27] and oligodendrocytes
[28] may contribute to the pathogenesis of the ALS disease [15,29].
These findings changed the concept of ALS as solely a motoneuron
degeneration disorder to a complex multi systemic and multifactorial
syndrome in which motoneuron degeneration is only part of a wider
multifaceted disease process. However, opposite report exist: selective
insertion of the G93A SOD1 mutant into motoneurons has shown
that these cells inevitably undergo degeneration and death, regardless
of the status of the surrounding glial cells [30].Therefore, it is
important to further explore the roles of surrounding non-neuronal
cells in this motoneuron degenerative disease.

Apoptosis has been suggested to be one of the pathways
responsible for motoneuron death. Apoptosis is important in
regulating normal development and maintaining tissue homeostasis
in the adult. However, too much or too little apoptosis can result in
pathological disorders [31,32]. Molecular evidence from animal and
cellular models as well as postmortem tissues indicates that apoptosis
occurs in motoneuron death in ALS [11-14,33-36]. However, the
morphological evidence for apoptosis in ALS remains equivocal and
contradictory [9,12,37]. Therefore, the present study is to provide
sound in vivo evidence of apoptosis in motoneuron and surrounding
non-neuronal cells so as to clarify the role of apoptosis in ALS.

To explore the role of apoptosis in ALS, DNA fragmentation
was examined as a biochemical marker of apoptosis by fluorescence



Scientific Journal of Multiple Sclerosis a

staining of Terminal Deoxynucleotidyl Transferase (TdT)-mediated
deoxyuridine triphosphate-biotin nick end labeling (TUNEL)-
positive nuclei and by enzyme-linked immuno-sorbent assay (ELISA)
in the three groups of mice to determine whether mSOD1 mice are
more susceptible to DNA fragmentation than controls are. TUNEL-
positive neurons (TUNEL + neuron-specific enolase, NSE) and
TUNEL-positive motoneurons (TUNEL+ choline acetyltransferase,
ChAT) were double-stained in motor cortex, brain stem and spinal
cord - the regions that suffer the most from motoneuron degeneration
in ALS - and also in the sensory cortex in the three groups of mice, to
explore apoptosis in neurons and motoneurons in different regions
of the brain and spinal cord. Neuronal and glial apoptosis was
confirmed by their characteristic morphological features among the
three groups of mice via Transmission Electron Microscopy (TEM).
The DNA fragmentation and morphological characterization provide
sound evidence for whether SOD1 mutation induces motoneuron
apoptosis, whether apoptosis is specifically for motoneuron death,
and whether non-neuronal cells also suffer apoptosis in mSOD1
mice. Comparing the number of TUNEL-positive neurons between
motor and sensory cortices in the three groups of mice explores
whether in the mSOD1 mice motoneurons in the motor cortex are
more susceptible to apoptosis than are sensory neurons in the sensory
cortex. Together, these molecular and morphological results clarify
the equivocal and contradictory of previous reports regarding the
involvement of apoptosis in experimental ALS with strong in vivo
evidence, and exam whether apoptosis is a pathway in which non-
neuronal cells involved in motoneuron death in ALS.

MATERIALS AND METHODS
Animal use

The procedures using mice were approved by the University of
Texas Medical Branch Animal Care and Use Committee and were
in accord with the NIH Guide for the Care and Use of Laboratory
Animals. All efforts were made to use no more animals than needed
and to minimize their suffering by careful anesthesia.

Three groups of male mice purchased from the Jackson Laboratory
(Bar Harbor, ME, USA) were used: mSOD1 mice transfected with the
mutant (G93A) SOD1 gene from humans with fALS - B6SJL-TgN
(SOD1-G93A)1Gur; SOD1 mice transfected with the normal human
SOD1 gene - B6SJL-TgN (SOD1) 2Gur; and Nc mice - normal control
mice (B6SJLF1) without gene transfection. As reported in our previous
publication [38], we found no difference for our measurements when
using the littermates of mSOD1mice, the littermates of SOD1 mice
and the normal mice (B6SJLF1) as controls. Therefore, the B6SJLF1
normal control mice are a valid control for mSOD1 mice. Based on
our previous publications, 3 - 5 data from each group of mice were
sufficient for statistical analysis of significant difference [38,39]. In
the present study, 4 mSOD]I, 4 SOD1, and 6 Nc mice were used for
double staining of TUNEL-positive neurons and motoneurons in
brain and spinal cord sections. Four additional mice for each group
were used for ELISA quantification of DNA fragmentation in brain
tissues. The mSOD1 mice died by 4 - 5 months; therefore, 3-month +
1 week old mSOD1 mice and age-matched SOD1 and Nc mice were
used while paralysis was developing in the mutant strains. The mice
were delivered to our housing facility on different dates based on their
birthdays, so the surgical operation for tissues harvesting were also
performed on different dates to insure all tissues were obtained from
each mouse at the age of 3-month + 1 week, so that the results are
comparable.
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Tissue preparation and processing for staining

In all case the mouse was anesthetized with 3% halothane and
maintained with 0.5-1% halothane in an oxygen (3 L/min) and air
mixture (1:1) until the completion of surgery. After a craniotomy
and a laminectomy were performed at vertebrae T 10 - L5, the brain
and spinal cord were frozen in situ with liquid nitrogen, which
also sacrificed the animal. The tissue was then removed and stored
at -80°C. Before staining, the frozen brain and spinal cord were
fixed in 4% (w/v) paraformaldehyde in 0.01M phosphate-buffered
saline (PBS, pH 7.2-7.4) for 24 hours at 4°C, then in 20% sucrose
in 0.01M PBS overnight at 4°C. The brain was then cut coronally
at the bregma and frozen in liquid nitrogen. Coronal sections of 25
pm thickness were cut in rostral and caudal directions on a cryostat
(IMEB CUT 4500, Leica, Microsystems, Bensheim, Germany). The
spinal cords were processed similarly. All sections were collected and
kept in 15% sucrose and 0.1% sodium azide in PBS at 4°C until use.
Sections selected from the frontal cortex (motor cortex), temporal
cortex (sensory cortex), brain stem (medulla oblongata containing
hypoglossal nerve nucleus), and spinal cord were processed by free-
floating staining as we previously described [39].

Characterization of apoptosis by DNA fragmentation

Apoptosis was characterized by assessing fragmented DNA as a
marker of apoptosis, and by morphological identification of specific
apoptotic features using TEM.

TUNEL-fluorescence staining of fragmented DNA: To
characterize specific DNA fragmentation, TUNEL staining was
performed using an ApopTag Fluorescein Direct in Situ Apoptosis
Detection Kit (Intergen Company, Purchase, NY, USA) following
the manufacture’s instruction. Briefly, the floating brain sections
were fixed in 1% paraformaldehyde in PBS for 1h and in pre-cooled
ethanol: acetic acid (2:1) for 5 min at -20°C. The fixed sections were
then immersed in equilibration buffer for 10 min, incubated with
TUNEL reagent in a humidified chamber at 37°C for 1 hour, and then
incubated in the stop/wash buffer at room temperature for 10 min to
stop the reaction. The floating sections were then mounted on slides,
coverslipped with PBS/glycerol and stored at 4°C. The fluorescence-
stained sections were observed under a Nikon epifluorescence
microscope with FITC optics (excitation: BP 450 - 490) to observe
TUNEL-positive cells.

TUNEL and immunohistochemical double staining of
fragmented DNA in neurons and motoneurons: After fixation and
quenching of the endogenous peroxidase in the floating sections
in 3.0% hydrogen peroxide in PBS for 5 min at room temperature,
TUNEL staining was performed using the ApopTag in Situ
Apoptosis Detection Kit (Intergen Company, Purchase, NY, USA)
and the reaction stopped as described above. The sections were then
washed with three changes of PBS for 1 min each and incubated in
anti-digoxigenin peroxidase conjugate for 30 min. After washing
in PBS, the sections were visualized with 0.05% diaminobenzidine
in staining buffer (0.05% M PBS, pH 7.6). Control sections were
treated similarly, but water or equilibration buffer was substituted
for the volume of TdT enzyme reagent. To identify TUNEL-positive
neurons, the TUNEL-stained brain sections were double-stained with
a monoclonal anti-NSE antibody (DAKO, Carpinteria, CA, USA) to
identify neurons in motor and sensory cortices. To identify TUNEL-
positive motoneurons, the TUNEL-stained sections in the spinal
cord and the hypoglossal nerve nucleus were double-stained with a
polyclonal antibody directed against ChAT (Abcam, Cambridge, UK).
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After TUNEL staining, the sections were washed in three changes of
PBS for 5 min each, blocked with 5% goat serum, and incubated with
an antibody to ChAT (1:200) or NSE (1:100). After washing in PBS,
the sections were incubated with biotinylated goat anti-rabbit-IgG
or goat anti-mouse-IgG (1:200, Sigma, St. Louis, MO, USA), then
with a solution of an avidin-biotin-horseradish peroxidase complex
(1:200, Vector Laboratories, Inc., Burlinghame, CA). The sections
were then visualized with a SG Substrate Kit (Vector Laboratories,
Inc., Burlinghame, CA), washed in water, dehydrated, cleaned and
coverslipped with Permount.

TEM Characterization of apoptosis by morphological
feature

Neuronal apoptosis was confirmed by its specific morphological
characteristics using our previously published TEM procedure
[40-42]. At 3 months, the mice were anesthetized and sacrificed
by transcardial perfusion-fixation with a solution consisting of 4%
paraformaldehyde and 2.0% glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.2). The frontal cortices, brain stems, and spinal cords
(T1-T5) of the mice were removed following a craniotomy and a
laminectomy and kept in the same fixative overnight at 4°C. After
washing with cacodylate buffer, tissue blocks (0.1x0.1x0.1 mm) were
taken from the frontal cortex (layer III-V), brain stem (containing
the hypoglossal nerve nucleus) and spinal cord (ventral horn, Rexed
layer VIII) under an anatomical microscope and further fixed in 4%
osmium tetroxide in 0.1 M cacodylate buffer for 1 hour under a fume
hood. The blocks were stained overnight with 2% uranyl acetate at
4°C; the tissue blocks were then dehydrated and embedded in epoxy
resin. The semi-thin (1 pm) sections were stained with 1% toluidine
blue to locate apoptotic neurons; sections containing apoptotic
neurons were cut into ultra-thin sections with an ultramicrotome
(Reickert Ultra-cut S; Reichert, Depew, NY, USA), observed by TEM
at a magnification of X14,300-42,625 (Phillips CM-100; Philips,
Amsterdam, The Netherlands), and photographed.

Quantitative analysis of DNA fragmentation

DNA fragmentation in different brain regions was quantified
by counting the double-stained TUNEL-positive neurons. DNA
fragmentation in brain tissues was quantified by ELISA.

Quantification by counting TUNEL-positive neurons: For
quantitative evaluation of the differences between the motor cortex
and sensory cortex in terms of neuronal apoptosis, the TUNEL-
positive neurons in motor and sensory cortices were counted within
an area of 700 x 400 pum? in layer II-VI of the cerebral cortex under a
microscope with a 10x field (Olympus BX40), or 40x for confirmation.
Three sequential sections in each animal were counted (3x each) and
the counts averaged.

ELISA quantification of DNA fragmentation: After a
craniotomy, the mouse brain was frozen in situ with liquid nitrogen
to avoid oxidative damage during cutting of the tissue; this also
sacrificed the animal. The brain was then removed and stored at
-80°C for analysis. The frozen brain was homogenized in lysis buffer
containing 8 M urea, 0.24 M sodium phosphate, 1% sodium dodecyl
sulfate and 10 mM EDTA, pH 6.8, using a 20:1 solution to tissue
ratio (v:w). The homogenates were extracted with an equal volume
of phenol-chloroform-isoamyl alcohol (25:24:1) saturated with the
homogenization buffer. The resulting emulsion was separated into
two phases by centrifugation at 4,500 g for 3 min. The aqueous phase
above the organic phase was removed for DNA analysis as reported
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originally by Beland and coworkers [43] and slightly modified by us
[44]. Aliquots (10 pL) of each sample were used to quantitate the
nucleosome-associated apoptotic DNA fragments by ELISA using a
commercial cell death detection kit (Roche Boehringer Mannheim,
Indianapolis, IN, USA) that detects histone-associated DNA
fragments enriched in the cytoplasm of a dying cell. The analysis was
performed in duplicate according to the manufacturer’s instructions.

Statistical analysis

An unpaired ¢-test was used for comparing the difference in DNA
fragmentation between mSOD1 mice and each control measured by
ELISA in brain tissues. One-way ANOVA followed by the Turkey test
was used for statistical analysis of TUNEL-positive neurons in the
motor and sensory cortices of the three groups of mice. All data are
presented as mean + SD.

RESULTS AND DISCUSSION
SOD1 mutationsignificantlyincreased DNA fragmentation

DNA fragmentation has frequently been used as an indicator of
apoptosis. In this study, DNA fragmentation was characterized as
a marker of apoptosis by fluorescence staining of TUNEL-positive
nuclei as described in the Materials and Methods. The upper panel
of figure 1 shows the typical TUNEL-fluorescence-stained nuclei
in the frontal cortices of an Nc mouse (A) and an mSOD1 mouse
(B) selected from the sections of 4 mSOD1 and 4 Nc mice. Very few
TUNEL-positive nuclei were seen in the control section (A). Many
TUNEL-positive nuclei were found in the section from mSODI
mice (B), especially in layer V. This indicated that SOD1 mutation
increased the number of TUNEL-positive cells.

ABSORBANCE (405 nm)

NC SODI1
ELISA

mSOD1

Figure 1: Characterization and quantification of DNA fragmentation: Upper
panel, photographs of the representive sections of TUNEL-fluorescence
stained mouse frontal cortices: (A) from an Nc mouse; (B) from an mSOD1
mouse. The SOD1 mutation apparently increased the number of TUNEL-
positive nuclei. Lower panel, ELISA quantification of DNA fragmentation in
brain tissues of three groups of mice. Significantly more DNA fragmentation
was found in mSOD1 mice than in SOD1 or Nc mice. Scale bar = 100 um.
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The DNA fragmentation was also quantified by ELISA after
removal of the brain tissues from the three groups of mice as
described in the Materials and Methods (n = 4 for each group) and
shown in the lower panel of figure 1. The average absorbance (mean
+ SD) was 1.10 * 0.38 in normal control mice, 1.50 £ 0.55 in normal
SOD1-overexpressing mice, and 2.39 * 0.35 in mutant SOD1 mice.
Unpaired t-tests demonstrated that there was significantly more DNA
fragmentation in mSOD1 mice than in SODI (p = 0.03) and Nc (p =
0.002) mice, with no significant difference between the two control
groups (p = 0.2). This result demonstrated that SOD1 mutation
induced apoptotic-like DNA fragmentation.

SOD1 mutation induced DNA
motoneurons

fragmentation in

Since ALS is a motoneuron degenerative disorder, to determine
whether apoptosis is a pathway for motoneuron death in ALS,
motoneuron apoptosis was specifically assessed by double staining
with TUNEL and ChAT antibody in the brain stem and spinal
cord sections, as described in the Materials and Methods. The
motoneurons in the hypoglossal nerve nuclei of the brain stem
and the ventral horn of the spinal cord were observed from Nc,
SOD1 and mSODI mice (n = 4 for each group). Figure 2 shows
selected typical TUNEL + ChAT double stained sections. Almost
no apoptotic motoneurons were observed in the hypoglossal nerve
nuclei of the brain stem (Figure 2-left) and the ventral horn of the
spinal cord (Figure 2-right) from Nc (A and A’ in the left, and A - A”
in the right) and SOD1 (B and B’ in the left, and B - B” in the right)
mice. However, many TUNEL + ChAT-positive motoneurons were
observed in the sections from mSOD1 mice, both in the hypoglossal
nerve nuclei of the brain stem (C and C’ in Figure 2-left) and the
ventral gray matter of the spinal cords (C - C” in Figure 2-right). The
solid arrowheads in C’ (Figure 2-left) and C” (Figure 2-right) indicate
typical TUNEL-positive motoneurons. The fact that many TUNEL +
ChAT-positive motoneurons observed in the sections from mSOD1
mice in both regions, but almost no apoptotic motoneurons observed
in the corresponding areas in the SOD1 and Nc mice demonstrated
that SOD1 mutation induced apoptosis-like DNA fragmentation in
motoneurons.

It was noticed that many deeply stained TUNEL-positive nuclei
appeared in the sections from mSOD1 mice (C’ in the left and C” in
the right of Figure 2), as indicated by hollow arrowheads as examples.
This possibly represents apoptosis of other neurons and glial cells.

TEM confirmation of mSOD1 induced neuronal and glial
apoptosis

Since DNA fragmentation is not a specific marker for apoptosis;
the most reliable identification is via the morphological features of
apoptosis [33,37], so DNA fragmentation must be supported by
morphological observation. TEM 1is a gold-standard approach to
characterizeapoptosis based on specific ultra-structural morphological
changes such as cell surface blebbing, cell shrinkage, apoptotic
body formation, nuclear chromatin condensation, cytoplasmic
organelle compaction, and nuclear lobation [36,45]. In this study,
apoptotic neurons and glial cells were characterized by their specific
morphological features via TEM observation in ultra-thin sections of
the frontal cortex, brain stem (hypoglossal nerve nucleus) and spinal
cord ventral horn of the mSOD1 and Nc mice as shown in figure 3.
The neurons in the spinal cord and hypoglossal nerve nucleus of the
brain stem from normal mice were morphologically normal, showing
a large nucleus (N, pale-stained euchromatin) with abundant rough
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endoplasmic reticulum (R, Figure 3A and D). The apoptotic neurons
in the spinal cord ventral horn (Figure 3B), hypoglossal nerve
nucleus (Figure 3E), and motor cortex (Figure 3H) from mSOD1
mice showed condensed chromatin accumulated in the nucleus and
condensed cytoplasm. Apoptotic glial cells were also observed in the
sections of the spinal cord (Figure 3C), hypoglossal nerve nucleus
(Figure 3F), and motor cortex (Figure 3, G and I) from the mSOD1
mice, characterized by condensed chromatin accumulated in the

TUNEL and Anti-ChAT Double-Stained Motoneurons

Nc

SOD1

mSOD1

— A

brain stem spinal cord

Figure 2: DNA fragmentation in motoneurons: photographs of representive
double-stained sections of the brain stem (hypoglossal nerve nuclei, left
panel) and ventral horn of spinal cord (right panel). The motoneurons were
double-stained with TUNEL and an anti-ChAT antibody: (A) from Nc, (B) from
SOD1 and (C) from mSOD1 mice. A’, B, and C’ are higher magnifications
of A, B and C, respectively. A”, B”, and C” in the right panels are higher
magnifications of A’, B’ and C’, respectively. Arrowheads in C’ (left panel)
and C” (right panel) of the mSOD1 mouse indicate typical TUNEL-positive
motoneurons. Arrows in A, B, and C indicate the central canal. Hollow
arrowheads in C’ and C” indicate TUNEL-positive non-motoneurons. Scale
bar =100 pm.

Spinal cord

Brain stem

Motor cortex

Figure 3: TEM confirmation of neuronal and glial apoptosis: The tissues were
fixed and processed for TEM examination as described in the Materials and
Methods. A, B, and C from the spinal cord (magnification X10, 725, X24, 475,
and X18, 150, respectively) of Nc and mSOD1 mice as indicated. D, E, and
F from brain stem (hypoglossal nerve nucleus, magnification X10, 725, X14,
300 and X 24, 475, respectively) of Nc and mSOD1 mice, as indicated. G, H,
and | from the motor cortex of mMSOD1 mice (magnification X 31, 625, X2 4,
475 and X 24, 475, respectively). Symbols: N, nucleus; R, rough endoplasmic
reticulum; Ch, chromatin; L, lipofuscin.
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nuclear rim. The apoptotic glial cells shown in Figure: 3C are from
the white matter of the spinal cord of an mSODI mouse, with one
cell in an early stage of apoptosis. Figure 3G from the motor cortex
of an mSOD1 mouse shows a normal neuron with a large nucleus
and abundant rough endoplasmic reticulum and an apoptotic
glial cell, characterized by condensed chromatin accumulated in
the nuclear rim. These TEM observations clearly show the typical
morphology of neuronal (Figure 3, B, E and H) and glial (Figure 3,
C, F, G, and I) apoptosis in all three of these regions in mSOD1 mice,
but no apoptotic cells were observed in Nc control mice (Figure 3,
A and D). Our findings of DNA fragmentation, together with our
structural observations by TEM, clearly demonstrated that 1) SOD1
mutation indeed induced apoptotic cell death in the motoneuron-
enriched regions; 2) apoptosis is one of the pathways causing cellular
degeneration and death in mSODI mice, and possibly in fALS; and
3) mSOD1-induced apoptosis is not specific to motoneurons, but is
also seen in other neurons and glial cells in the motoneuron-enriched
regions. Our finding that not only motoneurons but also glial cells
in the motoneuron-enriched regions die via apoptosis supports the
idea that neighboring non-motoneuron cells are involved in this
motoneuron degenerative disease, as mentioned in the Introduction.
Our observation of different stage of glial apoptosis in the white
matter of the spinal cord in mSOD1 mice (Figure 3C) indicates that
SOD1-induced glial apoptosis is wide spread, not limited to the gray
matter of the spinal cord.

It was noticed that a large lipofuscin granule (L) in the cytoplasm
appeared near the apoptotic glial cells from the motor cortex (Figure
3, G and I) and brain stem (Figure 3F) in mSOD1 mice. Number
of lipofuscin granules were also observed in the apoptotic neuron
(Figure 3E). The observation of large lipofuscin granules near the
apoptotic glial cells in all apoptotic glia-containing sections from the
grey matter of mSODI mice (Figure 3, F, G and I), and a number
of lipofuscin granules within an apoptotic neuron in a section of
an mSODI1 mouse (Figure 3E) suggests that lipofuscin might be
involved in the apoptotic cell death processes and play a role in the
apoptotic communications between glia and neurons in mSOD1
mice. Although no report can be found regarding this phenomenon,
whether the appearance of lipofuscin is related to the onset of cellular
apoptosis warrants further study.

SOD1 mutation significantly increased DNA fragmentation
in both the motor and sensory cortices

The present study compared neuronal DNA fragmentation
between the motor cortex and the sensory cortex. The frontal cortex
(motor cortex) and temporal cortex (sensory cortex) of the three
mouse groups (n = 4 per group) were double-stained with TUNEL
and an anti-NSE antibody as described in the Materials and Methods.
Figure 4 illustrates the typical double-stained sections of the motor
and sensory cortices selected from the sections in each mouse group.
Very few double-stained TUNEL-positive neurons were observed in
the sections from Nc and SOD1 mice in both the motor (left panel)
and sensory (right panel) cortices. Several double-stained TUNEL-
positive neurons were found in both cortices, especially in layer V
of the motor cortex and in layer II of the sensory cortex of mSOD1
mice as indicated by solid arrowheads in C”. TUNEL-positive nuclei
(Non-NSE positive cells) also appeared in both cortices in the sections
from mSOD1 mice (C” Figure 4). indicated by hollow arrowheads),
possibly representing glial cells. The unexpected finding that TUNEL-
positive neurons and possible glial cells not only appeared in the
motor cortex but also in the sensory cortex of mSOD1 mice suggested
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that apoptosis are not specifically occur in the motoneuron-enriched
region and not only limited in the neurons in the later stage of disease.

To quantitatively compare the neuronal apoptosis between
motor and sensory regions, TUNEL-positive neurons were counted
in the sections from the three groups of mice (n = 4 per group). In
the motor cortex, the average number of TUNEL-positive neurons
was 0.75 + 0.95 in Nc mice, 1.67 + 1.86 in SOD1 mice, and 19.10
+ 6.83 in mSODI1 mice. Statistical analysis by one-way ANOVA
followed by the Tukey test indicated that SOD1 mutation induced
significantly more TUNEL-positive neurons in the motor cortex of
mSOD1 mice than were seen in Nc mice (p < 0.001) or SODI1 mice
(p = 0.002), as shown in the top panel of figure 5. In the sensory
cortex, the average number of TUNEL-positive neurons was 0.42
+ 0.50 in Nc mice, 0.78 + 0.69 in SODI1 mice, and 12.30 + 6.20 in
mSOD1 mice. The SOD1 mutation thus also significantly increased
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Figure 4: DNA fragmentation in neurons of motor and sensory cortices:
Photographs of representive sections from the motor (left panel) and sensory
(right panel) cortices, double-stained with TUNEL and an anti-NSE antibody.
Section A from Nc, section B from SOD1, and section C from mSOD1 mice.
A, A”,B’, B”, C’, and C” are higher magnifications of A, B and C, respectively.
Solid Arrowheads in C” indicate TUNEL-positive neurons. Hollow arrowheads
in C” indicate TUNEL-positive non-neuronal cells. Scale bar = 50 ym.
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Figure 5: Quantitative comparison of DNA fragmentation between motor and
sensory cortices: TUNEL and anti-NSE antibody double-stained TUNEL-
positive neurons were counted in layers II-VI of the motor and sensory
cortices, as described in the Materials and Methods. The counts were
compared among the three groups of mice and statistically analyzed by
one-way ANOVA followed by the Tukey test. The number of TUNEL-positive
neurons was significantly higher in both the motor and sensory cortices of
mSOD1 mice than in Nc and SOD1 mice. There was no significant difference
between motor and sensory cortices in the mSOD1 mice.
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DNA fragmentation in the sensory cortex compared to Nc mice (p =
0.006) and to SOD1 mice (p = 0.01) (Figure 5, bottom panel). There
were no significant differences between Nc and SOD1 mice in either
the motor or sensory cortex. No significant difference was found for
the number of TUNEL-positive neurons in the motor cortex vs the
sensory cortex (p = 0.2) in the mSOD1 mice, although the average
number of apoptotic neurons in the motor cortex was higher than
in the sensory cortex (19.10 + 6.83 vs. 12.30 + 6.20). The finding
that SOD1 mutation induced significantly more TUNEL-positive
neurons in both the motor and sensory cortices compared to SOD1
and Nc mice (Figure 5) quantitatively demonstrated that apoptosis
is not limited to the motoneuron-enriched regions. This is contrary
to some earlier reports, such as apoptosis occur in the motor regions
(motor cortex and ventral horn of spinal cord) but not in the region
unaffected by ALS (somatosensory cortex) [34]; cortical interneuron
populations are apparently not affected in mSOD1 mice [13].

The mechanisms by which mSOD1 causes apoptosis are not
completely understood. It has been reported that oxidative stress and
mitochondrial dysfunction contribute to apoptosis in motoneurons of
mSOD1 Tg mice [9,12,34,46-50]. Using the G93A mSOD1 Tg models,
our previous studies demonstrate that mutation of SOD1 elevates the
in vivo levels of Reactive Species (RS), such as hydrogen peroxide
(H,0,), hydroxyl radical (OH), and nitric oxide. Consequently, the
oxidative and nitrative products malondialdehyde (an end product
of membrane lipid peroxidation), protein carbonyls (a marker for
protein oxidation), 8-hydroxy-2-deoxyguanosine (a marker of DNA
oxidation), and protein-bound nitrotyrosine are also significantly
elevated in mSOD1 mice compared to SOD1 and Nc mice [38,39].
Elevation of RS and resulting oxidative/nitrative damage in mSOD1
mice have also been reported by many other publications [51,52]
as examples. The demonstration of elevation of RS and all markers
of oxidation and nitration of protein, DNA and membrane lipids
in mSOD1 mice but not in SOD1 and Nc mice strongly supports
a correlation between SOD1 mutation and RS generation, with
consequent oxidative and nitrative damage. We also demonstrate
previously that the generation of OH, H,O, or peroxynitrite (ONOO
) in an uninjured rat spinal cord induces oxidative and nitrative
damage [53,54] and necrotic and apoptotic cell death, confirmed
by TEM [40-42,55]. These findings demonstrate in vivo that RS
overproduction indeed induced apoptotic cell death. Together, these
results support a possible sequence of: SOD1 mutation > elevation
of RS > oxidative stress to major cellular components > apoptotic
cell death. We previously report that the number of neurons
positively immune-stained for all the markers of protein oxidation
and nitration is significantly higher in both the motor and sensory
cortices of mSOD1 mice than in controls [39]. The elevated oxidative
damage in both the motor and sensory cortices of mSOD1 mice may
cause apoptosis in both motor and sensory cortices of mSOD1 mice,
further supporting the causal relationship between oxidative stress
and apoptotic DNA fragmentation and explaining the reason that
apoptosis are not limited in the motoneuron-enriched brain regions.
Motoneuron apoptosis has been correlated with RS production and
oxidative stress in the mSOD1 model [14,56-58].

The SOD1 mutation, mitochondrial dysfunction, oxidative stress
and selective vulnerability of motoneurons are well reviewed by
Barber and Shaw [48]. Since SOD1 is ubiquitously expressed and not
restricted to motoneurons, it is understandable that motoneurons
are not the only cell type affected in ALS. However, motoneurons are
unusually large, with a cell body of approximately 50 - 60 um and an
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axon up to 1 m long in humans; therefore, SODI is present at higher
levels within motoneurons than in other types of cells [59]. The
higher level of SOD1 in motoneurons demands a high energy supply
from the cellular powerhouse - the mitochondria. In the case of SOD1
mutation, higher levels of mSOD1 and damaged mitochondria cause
increased RS production and thereby more severe oxidative stress,
and decreased mitochondrial efficiency for supplying energy in the
motoneurons of mSODI mice. This may lead more motoneurons
to go through RS and oxidative stress-induced apoptotic death.
Therefore the major consequence of SOD1 mutation is the selective
death of motoneuron populations, although other cells also suffer
apoptosis in ALS.

In summary, using molecular and morphological characterization,
the present study provides strong in vivo evidence that SODI
mutation indeed induces motoneuron apoptosis in the motor cortex,
brain stem and ventral horn of the spinal cord; mSOD1-induced
apoptosis is not specific to motoneurons, but is also seen in other
neurons and glial cells in these motoneuron-enriched regions. This
suggests that apoptosis is not specifically for motoneuron death, but a
common pathway causing neuronal and glial degeneration and death
in mSOD1 mice, and possibly in fALS. It was also found that mSOD1
induces apoptosis in both motor cortex and sensory cortex and
there is no significant difference in apoptotic DNA fragmentation in
neurons between these regions. This indicates that apoptosis is not
specific to neuron death in motoneuron-enriched regions, but also
causes sensory neuron death in mSOD1 mice at the later stage of ALS.
Our TEM observation that large lipofuscin granules appeared near
the apoptotic glial cells in all apoptotic glia-containing sections from
the grey matter of mSOD1 mouse and a number of lipofuscin granules
were also found within an apoptotic neuron in a section of an mSOD1
mouse. Although the role of lipofuscin has not been reported, we
assume that lipofuscin might be involved in the apoptotic cell death
processes and play a role in the apoptotic communications between
glia and neurons in mSOD1 mice.
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