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Workshop: Recent Advances in Motor Neuron Disease

Is motoneuronal cell death in amyotrophic lateral
sclerosis apoptosis?

Mineo Yamazaki,"” Eisaku Esumi® and Imaharn Nakano*

Division of Neurology, 2nd Department of Internal Medicine, Nippon Medical School, “Department of Neuropathology,
Tokyo Metropolitan Institute for Neuroscience, "Department of Neurology, Tokyo Tama Hospital, Tokyo and ‘Department
of Neurology, Jichi Medical School, Tochigi, Japan

To clarify the controversy concerning whether the cell
death of motor neurons in ALS is apoptosis, we investi-
gated the expression of Apaf-1 and caspase-9 mRNA in
spinal cord tissue obained at autopsy from patients with
ALS and controls using RT-PCR; the presence of in situ
nuclear DNA fragmentation in motor neurons by the
TdT-mediated dUTP-biotin nick end-labeling (TUNEL)
method; and immunocytochemical localization of Apaf-1
and caspase-3, which are known as promotors of apoptotic
processes. Although Apaf-1 and caspase-9 mRNAs levels
were increased in ALS, Apaf-1 immunoreactivity (IR)
showed no significant difference between ALS and the con-
trol, and caspase-3 IR was not observed in ALS motoneu-
rons, casting doubt on the notion that motor neurons in
ALS undergo death by the classic apoptotic pathway.
Although TUNEL-positive motor neurons were frequently
observed in the anterior horn in ALS, these neurons always
showed an atrophic cell body with a shrunken and pyknotic
nucleus, indicating that they were at the terminal stage of
degeneration. No apoptotic bodies were seen. These find-
ings suggest that the mechanism of meotor neuronal cell
death in ALS might not be apoptosis, but some other as yet
unidentified mechanism.

Key words: amyotrophic lateral sclerosis, Apaf-1, apopto-
sis, caspase, cell death, DNA fragmentation.

INTRODUCTION

Since the discovery of missense mutations in the chromo-
some 21 gene which encodes copper/zinc superoxide
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dismutase-1 (SOD1) in the dominantly inherited ALS fam-
ily,"* ALS research has focused on this SOD1 gene muta-
tion.” A number of authors have proposed the possibility
of programmed cell death, termed apoptosis, in the motor
neurons in SOD1 transgenic mice, and suggested that the
same cell death processes also occur in classic ALS in
humans.

The definition of apoptosis is so fuzzy, however, as to
confound attempts to interpret the results of apoptosis
studies over a range of degenerative diseases. This lack
of clarity is reflected in inconsistencies in the biochemical
and morphological features of motoneuronal cell death
observed in SOD1 transgenic mice and in patients with
ALS.IO_M

Several recent investigations of motor neuronal cell
death in ALS have focused on caspases and related pro-
teins in SOD1 transgenic mice”® Caspases are gener-
ated in the form of pro-enzymes (inactive form), and are
activated by proteolysis to form active complexes which
kill neurons via the apoptosis process. The caspases
examined in the present study are thought to be associ-
ated with mitochondria and to be active in the final com-
mon pathway of the caspase cascade. Cytochrome C
(Apaf-2) and Apaf-1 are discharged together from mito-
chondria, and form a complex with caspase-9 through
caspase recruitment domain in the presence of dATP. As
a result, caspase-9 is changed to the activated form,
which in turn activates caspase-3, which finally induces
cell death.

To clarify whether apoptosis is in fact associated with
the cell death of motoneurons in ALS patients, we studied
the presence of DNA fragmentation, the definitive sign of
apoptosis, in these cells. In addition, we also analyzed
Apaf-1 and caspase-9 mRNA, and immunocytochemically
investigated Apaf-1 and caspase-3 in spinal motoneurons
in ALS patients.
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MATERIALS AND METHODS

Tissue preparation

The brain and cervical and lumbar segments of the spinal
cord were rapidly obtained at autopsy of patients with
ALS (n=3), disease controls (n=2, ossification of the
posterior longitudinal ligament and MSA) and non-
neurological disease controls (n = 2, acute myocardial inf-
arction and adrenal gland cancer). All ALS patients
showed symptoms of upper and lower motor neuron
involvement and fulfilled the pathological criteria of ALS.
The tissues obtained at autopsy were preserved, frozen at
~80°C until analysis. For the TdT-mediated dUTP-biotin
nick end-labeling (TUNEL) method, sections were made
from formalin-fixed and paraffin-embedded blocks of the
appropriate regions.

RT-PCR method

Total mRNA was isolated from the cerebral cortex (area
17), putamen and spinal cord of ALS patients. Poly A+
mRNA was controlled using a Quickprep mRNA purifica-
tion kit (Amersham Pharmacia Biotech, Uppsala, Swe-
den). RT-PCR was performed using the following primers
specific to Apaf-1 and caspase-9 genes. The sense and
antisense primers for Apaf-1 were 5-ACATCACGAA
TCTTTCCCGC-3, corresponding to APPN, and 5-
AACACTTCACTATCACTTCC-3, corresponding to
APPC. The primers used for caspase-9 were 5-GCCATG
GACGAAGCGGATCGGCGG-3" (sense) and 5-GGC
CTGGATGAAAAAGAGCTGGG-3" (antisense). PCR
was performed with a synthetic first-strand cDNA tem-
plate. Amplification was continued for 35 cycles (1 min
denaturation at 94°C, 1 min annealing at 55°C, 2 min
extension at 72°C).
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Immunohistochemistry

Immunohistochemical staining was performed using
mouse monoclonal anti-Apaf-1 antibody (MABS868; R &
D systems, Minneapolis, MN, USA), rabbit polyclonal anti-
CPP32 antibody” and mouse monoclonal anticaspase-3
antibody (sc-7272; Santa Cruz Biotechnology, CA, USA).
Frozen sections were incubated with 3% hydrogen perox-
ide for 30 min to block endogenous peroxidase activity.
The sections were incubated with the antibodies at 4°C
overnight and immunoreactivity was visualized with a His-
tostain SP kit (Zymed, San Francisco, CA, USA).

TURNEL method

Formalin-fixed, paraffin-embedded lumbar cord specimens
from six ALS patients were examined in comparison with
those from four controls. To facilitate the earliest possible
detection of changes in motor neurons, these six cases were
selected from among more than 50 ALS cases for their rel-
atively well-preserved anterior horn cells. Mean age of the
ALS and control (three with cerebral infarction and one
with Marchiafava-Bignami disease) patients was 67 years
(range 50-84 years) and 50 years (range 18-70 years),
respectively.

DNA fragmentation was detected by the TUNEL
method, using an in situ cell death detection kit
(Boehringer-Mannheim, Indianapolis, MN, USA). Nega-
tive controls were examined using TUNEL reaction solu-
tion without TdT or fluorescein dUTP. Feasibility of the
nuclear labeling of cells by the TUNEL method was con-
firmed in intestinal tissue obtained at autopsy of patients
with malignant lymphoma. After oligonucleosomal DNA
cleavages were labeled, photos of each TUNEL-positive
neuron were taken, the same specimens were stained with
HE, and TUNEL-positive neurons identified from the

1-604bP gy 1 Detection of Apaf-1 mRNA in

the brains of control and ALS patients.
B-actin mRNA in the same samples was
used as control. The Apaf-1 mRNA
band was detected in the cervical and
thoracic cord, and was compared with
cerebral cortex and putamen in
patients with ALS (N:negative control,
C: C8, T: Th12, P: putamen, 17: area

ALS2 Control 1

Control 2

17).
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photos were cytopathologically observed. TUNEL-
positive spinal motor neurons and all anterior motor
neurons in all sections were counted, and the frequency of
TUNEL-positive spinal motor neurons was measured.

RESULTS

PT-PCR

PCR using primers to amplify Apaf-I clearly revealed pos-
itive bands of Apaf-1 mRNA in the cervical (C8) and tho-
racic cord (T12) in patients with ALS, but not in the
cerebral cortex and putamen as such. In contrast, Apaf-1
mRNA was scarcely detected in the spinal cord of control
cases (Fig. 1). Apaf-1 mRNA was clearly expressed in the
putamen and cervical cord of patients with MSA (Fig. 2).
The caspase-9 mRNA band was detected in the spinal cord
of ALS patients and putamen and cervical cord of MSA
patients, but was hardly seen in control cases (Fig. 3).

Immunocytochemistry

To determine whether Apaf-1 and caspase-3 are acti-
vated in ALS, control and ALS brains were immun-
ostained with anti-Apaf-1 and anticaspase-3 antibodies.
For Apaf-1, anterior horn motoneurons in control and
ALS spinal cords showed weak cytoplasmic staining for
Apaf-1, whereas ALS brains showed no significant dif-
ferences to control brains (Fig.4a,b). Immunolabeling
using antibodies specific to caspase-3, rabbit polyclonal
anti-CPP32 antibody (Fig. 4c,d) and mouse monoclonal
anticaspase-3 antibody (Fig.4ef) revealed only scarce
caspase-3 immunoreactivity in motor neurons in control
and ALS brains.

TUNEL method

TUNEL-positive motor neurons in the anterior horn were
observed in three of six ALS cases, whereas in control cases

Fig.3 Expression of  caspase-9
mRNA in control, MSA and ALS
brains. The caspase-9 mRNA band was
detected in the spinal cord of ALS
patients and in the putamen and cervi-
cal cord of MSA patients, but not in  g-act
control case tissues (N: negative con- .
trol, C: C8, T: Th12, P: putamen, 17:

area 17). ALS1

383

only two TUNEL-positive neurons were seen, one each in
two cases. The TUNEL-positive motor neurons were atro-
phic and round in both groups, without large cell processes.
They were filled with lipofuscin and the nucleus was eccen-
tric, flat and pyknotic (Fig. 5a,b). Although TUNEL-
positive motor neurons with Lewy body-like hyaline
inclusions were occasionally found (Fig. 5¢,d), no TUNEL-
positive neurons carrying Bunina bodies were observed.
Not all atrophic anterior horn neurons were TUNEL-
positive; some had TUNEL-negative nuclei, which were
always a generally round shape with a light nucleoplasm.
(Fig. 5e.f). However, most TUNEL-negative neurons were
of normal size and had many processes in their cell bodies.
TUNEL-positive motor neurons represented 5.3-8.9% of

MSA ALS2
Fig.2 Detection of Apaf-1 mRNA in the brains of MSA
patients. Apaf-1 mRNA was expressed in the putamen and

cervical cord of a patient with MSA (N: negative control, C:
C8, P: putamen).

AlS2 MSA  Controli Control2
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all anterior horn neurons (Table 1), and all motor neurons
with a normal appearance were TUNEL-negative. No apo-
ptotic bodies were seen in any ALS patient specimen.

DISCUSSION

For several reasons, the findings of this study on whether
neurons in ALS undergo apoptosis were inconclusive.
Although mRNAs of Apaf-1 and caspase-9 were appar-
ently expressed in ALS brains, indicating that apoptosis
through Apaf-1 and caspase-9 may be, at least to some
extent, involved in this neuronal cell death, expression was
not restricted to the ALS brain but was also recognized to
some degree in the MSA brain. Further, we could not
determine whether Apaf-1 mRNA and caspase-9 mRNA

M Yamazaki et al.

Fig.4 Immunohistochemical expression of Apaf-1
and caspase-3 in the spinal cord of control and ALS
patients. (a,b) No difference in Apaf-1 immunostain-
ing between ALS (a) and control (b) cervical cords
(C8). (c,d) Immunolabeling using rabbit polyclonal
anti-CPP32 antibody showed no immunoreactivity in
anterior horn neurons of control (¢) or ALS (d) lum-
bar cords (L5). (e,f) Mouse monoclonal anticaspase-3
antibody revealed almost no immunoreactivity of
caspase-3 in motor neurons in ossification of the pos-
terior longitudinal ligament (e) or ALS (f) cervical
cords (C8). Bar, 100 pm.

in the ALS brains were expressed by neurons, glia, or both.
Indeed, our immunocytochemical investigation of Apaf-1,
caspase-9 and caspase-3 failed to show any substantial
increase in the production of these proteins in ALS over
control brains. Against these findings, however, it was
recently reported that caspase-9 is activated in spinal
motor neurons of ALS patients.” It thus remains unclear
whether caspase-9 is activated in motor neurons of ALS
brains. In our study, caspase-9 mRNA was expressed in
ALS brains and was clearly activated in motor neurons of
the ALS spinal cord. However, our data also suggest that
caspase-3 was not activated in the spinal motor neuron,
and it was unlikely that the apoptotic cascade from
caspase-9 to caspase-3 was present.

The phenomenon apoptosis was originally defined as
fulfilling the following conditions: (i) DNA fragmentation;
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Fig. 5 TdT-mediated dUTP-biotin nick end-labeling
(TUNEL) staining of anterior horn neurons in ALS
patients. (a,b) A TUNEL-positive lumbar motor neu-
ron is seen (case 1). The cell body is round and filled
with lipofuscin. The same section stained with HE
stain (a) and the TUNEL method (b). (c,d) TUNEL
staining was occasionally observed in motor neurons
with hyaline inclusions. (e,f) Some TUNEL-negative
anterior horn neurons were atrophic and filled with
lipofuscin. Bar, 50 pm.
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Table 1 Positive TdT-mediated dUTP-biotin nick end-labeling (TUNEL) of ALS spinal motor neurons

Case Age (years), sex Total no. neurons (no.sections) TUNEL-positive neurons Mean % positive per section
1 61, female 486 (10) 26 53

2 81, female 219 (5) 13 59

3 67, male 202 (10) 18 8.9

and (ii) nuclear fragmentation and cellular budding (the
presence of apoptotic bodies). Given the inconclusive
PCR and immunocytology results here, we also checked
whether the morphological changes of motor neurons in
ALS were compatible with this definition. Results using
the TUNEL method showed the presence of in situ DNA
fragmentation in 5-9% of spinal motor neurons in ALS
patients. If this DNA fragmentation does in fact represent
a process of apoptosis, and if apoptotic cell death in moto-
neurons proceeds over a few hours as seen in other organs,
this high proportion of TUNEL-positive cells would result
in the total mathematical disappearance of spinal motor
peurons in only a few months, with patients of course dying
long before. In reality, however, the typical clinical course

of several years before death means that one or both of the
above assumptions is wrong. Although the possibility that
apoptosis occurs more slowly in i sifu motor neurons than
other organ cells cannot be denied, in vitro studies using
neuronal cell cultures® and our present finding that all
TUNEL-positive neurons had shrunken pyknotic nuclei
suggest that the mechanism of motor neuronal cell death in
ALS represents a different process to apoptosis as defined
above.

Moreover, it has been reported that the formation of
apoptotic bodies was completed within several minutes in
cells of a culture system.? Further, in vive, apoptotic bod-
ies disappear within only a few hours after formation in
organs such as the liver.” If this is the case for motoneu-
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rons also, this rapid time course may explain why apoptotic
bodies can hardly be detected in human brain tissue. DNA
fragmentation detected by the TUNEL method, however,
is considered to represent an early stage of apoptosis, so
specimens containing frequent TUNEL-positive neurons
undergoing apoptosis should show at least some apoptotic
bodies. This was not the case for our ALS specimens,
implying again that the DNA fragmentation we observed
may not be related to apoptosis. The present study thus
fails to corroborate several reports indicating the apoptotic
processes of motoneuronal cell death in ALS.?*? ALS is a
lethal disease without effective therapy, so the exploration
of new drugs and therapies on the basis of immature
hypotheses of pathomechanisms is both valid and neces-
sary. At the same time, however, it is necessary to pursue
investigations into the cause and mechanism of this diffi-
cult disease via a rational and critical observation and anal-
ysis of patient tissues.
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Unique Tauopathy in Fukuyama-Type Congenital
Muscular Dystrophy

Yuko Saito, MD, PhD, Yasufumi Motoyoshi, MD, PhD, Takeshi Kashima, MD, PhD,
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Abstract

Fukuyama-type congenital muscular dystrophy (FCMD) is char-
acterized by muscular dystrophy and cortical dysgenesis of the cere-
brum and cerebellum. We investigated the extent and nature of tanopathy
in the brains of 7 postfetal (14-34 years of age) and 2 fetal (18- and
20-week gestational age) FCMD cases. In all postfetal cases, tauopathy
was found in the areas of cortical dysgenesis in the cerebrum, in
addition to predictable sites such as the hippocampus. In fetal cases,
the neuropil of malformed cerebral cortex was diffusely immunostained
with anti-aberrantly phosphorylated tau antibodies. By immunoelec-
tron microscopy, the epitope of the antibodies was associated with
microtubule-like bundles within cellular processes protruding through
disrupted glia limitans. In Western blot analysis, a unique 50-kDa
band of tau was detected in a fetal and a postfetal case. In addition,
3 to 4 tau bands of 60 to 68 kD, similar to tau in Alzheimer disease,
were also detected in the latter. After dephosphorylation, the insoluble
tau from the fetal and the postfetal cases showed highly similar immu-
noblotting patterns. This anomalous phosphorylation of tau may be
related to the development of the cortical dysgenesis in FCMD and
may shed light on the biologic function of tau in the development of
the central nervous system.
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INTRODUCTION

Fukuyama-type congenital muscular dystrophy (FCMD;
MIM 2533800) is the second most common muscular dys-
trophy next to Duchenne muscular dystrophy in Japan. An
autosomal-recessive disorder, FCMD is characterized by
severe congenital muscular dystrophy associated with brain
malformation, principally cerebral and cerebellar cortical dys-
genesis (1, 2). Recently, the FCMD gene was identified on
chromosome 9q31 and its gene product was named fukutin (3).
However, the role of fukutin in various clinical presentations
of FCMD remains to be clarified.

The neuropathology of FCMD is characterized by
polymicrogyria of the cerebrum and cerebellum, pachygyria,
agyria, and anomalies of the pyramidal tracts (2) and is cat-
egorized as type II lissencephaly (4). A migration disorder
during the period of brain development is thought to cause
these brain abnormalities (2, 5). Microscopically, the surface
of the brain in FCMD cases is covered with neurogliomesen-
chymal tissue (nGMT) containing mixtures of neuronal and
glial tissue. We and others have recently reported that there are
breaches of the glia limitans—basal lamina complex of the
brains and in the skeletal muscles in fetal (6, 7) and postfetal
(8, 9) cases.

Neurofibrillary tangles (NFTs) have been reported in
FCMD cases in the locus ceruleus, basal nucleus of Meynert
(10), and hippocampus (11), and thus FCMD has been clas-
sified as a secondary tauopathy along with muscle diseases
such as myotonic dystrophy, hamartomatous diseases such as
tuberous sclerosis (12), and infections such as subacute scle-
rosing panencephalitis (13), as well as metabolic diseases such
as Niemann-Pick type C disease (14) and Salla disease (15).
However, the phosphorylation of tau in these cases has not
been fully studied except in a few examples such as Niemann-
Pick type C disease (16) and myotonic dystrophy (17).

Here we examined both fetal and postfetal cases of
FCMD neuropathologically and biochemically and found
accumulation of aberrantly phosphorylated tau in the mal-
formed tissue from both groups. The immunochemical anal-
ysis of the insoluble tau from the fetuses and postfetal cases
revealed that it included a unique band that was distinct from
the insoluble tau from typical Alzheimer disease (AD). Our
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