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Pathogenesis of amyotrophic lateral sclerosis
(ALS), a neurodegenerative disease, is unknown
and several hypotheses are still under investiga-
tion. In order to test the occurrence of an auto-
immune phenomenon in ALS (and in acquired
lower motor neuron disease (LMND)), we (i)
tested ALS/LMND sera on mouse central nervous
system tissue sections, and (ii) passively immu-
nized mice with ALS/LMND immunoglobulins
(Ig). In in vitro and passive transfer studies, ALS/
LMND Ig (but not control Ig) labelled both
neurons and astrocytes in the brain, brainstem,
spinal cord and cerebellum of mice. These results
emphasize the potential contribution of ALS/
LMND Ig to neuronal death process, and the role
that astrocytes, that have the capacity to take part
actively to immune responses, may play in this
disorder.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a neuro-
degenerative disorder involving primarily upper
and lower motor neurons (the latter is selectively
impaired in acquired lower motor neuron disease
(LMND)), and leading progressively to death
within five years of onset [1]. Its pathogenesis is
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unknown although some recent findings have
emphasized a role for neurotoxic and autoimmune
factors as potential mechanisms implying neuronal
death [2,3]. The occurence of an autoimmune pro-
cess in ALS was supported by postmortem studies
[3], that showed astrocytes capacity to express
major histocompatibility complex (MHC) class I
and IT antigens [4, 5] additionally to the dramatic
loss of motor neurons in anterior horns and of
pyramidal cells in the IIIrd and Vth layers of the
motor cortex. Cortical neurons positive for MHC
class II were only rarely observed [5]. Leukocyte
infiltrates, including CD8* and/or CD4* T cells
[4, 6], were as well detected in ventral horns and
near corticospinal tracts. In addition, (i) some ALS
patients possess immunoglobulin G (IgG)-type
autoantibodies to L-type skeletal muscle voltage-
gated calcium (Ca2+) channels (VGCCs) inhibiting
L-type Ca?* current [7, 8], (ii) ALS IgG are able
to enhance Ca?+ current in a motor neuron-neuro-
blastoma hybrid cell line (VSC 4.1) by activating
neuronal N- or P-type VGCCs,leading to cell death
[9, 10] and suggesting that ALS IgG may recog-
nize epitopes common to the different VGCCs,
and (iii) a subgroup of ALS patients, predomi-
nantly patients with lower motor neuron signs,
present with IgM and IgG anti-ganglioside anti-
bodies (especially GM1) [11, 12], although they
are also found in motor neuropathy with conduc-
tion blocks and LMND [13] and anti-GM1 antibo-
dies are suspected to be part of the normal human
antibody repertoire [14] being thus expected to
participate to a secondary immune reaction after
exposure of damaged neural tissue in neurolo-
gical diseases. These are all arguments for an
autoimmune response triggering or at least being
concomitant to neuronal degeneration in ALS.
On the other hand, the neurotransmitter gluta-
mate is believed to be involved in neuronal cell
death in ALS [15, 16], and abnormalities in the
transport and metabolism of glutamate have been
demonstrated in ALS postmortem material [2].
Glutamate and aspartate tissue levels are de-
creased in ALS brain and spinal cord, which is
likely to be due to the impairment of glutamate
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reuptake from the extracellular space by astro-
cytes and/or axon terminals, and marked decrease
in the high-affinity sodium-dependent glutamate
transport was demonstrated using synaptosomes
prepared from ALS spinal cord, motor cortex
and somatosensory cortex [2]. These alterations
were region-specific,and were not found in patients
with Alzheimer’s or Huntington’s disease. Finally,
a role of free radicals in motor neuron damage
is suggested in some of the 8 to 10% of ALS pa-
tients presenting with familial ALS linked to
mutations in the Cu/Zn superoxide dismutase
(SOD1) gene on chromosome 21 [17]. Mutations
in the SOD1 gene have also been discovered in
sporadic ALS [18-20], underlining its potential
contribution to neuronal death in sporadic ALS
as well.

We searched for the presence of a potential
autoimmune factor directed against (motor) neu-
rons in ALS/LMND. Patients” sera were tested
on mouse central nervous system (CNS) tissue
sections for their binding, and patients’ Ig frac-
tions were injected into mice in the attempt
to develop a mouse passive transfer model of
ALS/LMND.

Patients and methods
Patients

Serum was obtained from 9 patients with typical
clinical and electromyographic features of ALS
(with either bulbar and peripheral or purely peri-
pheral presentation),and from 1 case with acquired
LMND. Pooled sera from patients presenting with
herniated disc (n = 3) or transient ischemic attack
(n=4),withno underlying inflammation, were used
as controls. Anti-GM1 antibody activity was tested
in all sera by ELISA, as described by Adams et al.
[21]. Purified ganglioside GM1 was kindly provided
by Dr. C. Chizzolini, Fidia Research Laboratories,
Abano Terme, Italy.

Immunocytochemical studies

Unfixed tissue blocks (in Ames OCT) of brain and
spinal cord from an adult female BALB/c mouse
were snap-frozen in isopentane cooled in liquid
nitrogen and stored at —80° C. Cryostat sections
(6 um) were air-dried and then fixed in acetone.
Sections were stained using a double indirect
immunofluorescence technique (IIF) as follows:
sections were incubated at room temperature
with (1) patients’ and control sera (dilution 1/104),
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(2) goat anti-human (Hu) IgG(H+L) and anti-Hu
IgM(Fc) (Pierce, Rockford, IL) preabsorbed with
15 % normal mouse serum to preclude cross-reac-
tions, (3) rabbit anti-goat IgG(H+L) coupled to
tetramethylrhodamine isothiocyanate (TRITC;
Pierce), previously blocked with 15% normal
mouse serum (4a) a mouse monoclonal antibody
cocktail to non-phosphorylated neurofilaments
(SMI 311, Affiniti, Nottingham, UK) or (4b) a
mouse monoclonal anti-glial acidic protein (GFAP)
antibody (Amersham, Buckinghamshire, UK), (5)
horse anti-mouse IgG(H+L) conjugated to fluo-
rescein isothiocyanate (FITC; preabsorbed with
15% normal goat and rabbit sera) (Pierce). Sec-
tions were washed after every step in phosphate-
buffered saline (PBS; pH 7.3), containing 0.5%
bovine serum albumine (PBS/BSA). ALS and
LMND patients’ sera with anti-GM1 activity
were absorbed with 10 pg of purified ganglioside
GM1 before they were tested on mouse CNS
sections; absorbed sera and native control sera
were devoid of anti-GM1 activity (ELISA).

Passive transfer studies

Crude Ig fractions were prepared from sera by
precipitation with 50% ammonium sulfate fol-
lowed by extensive dialysis, and IgG content
determined by laser nephelometry. Five-week-old
female BALB/c mice were injected intraperito-
neally (i.p.) with the equivalence of 10 mg IgG,
after a prior i.p. injection of cyclophosphamide
(300 mg/kg) to suppress the immune response to
foreign Ig. Four animals were injected with
LMND Ig for 8 to 12 days, 3 mice with ALS Ig
(patient 1) for 12 days, and 3 mice with control Ig
for 6 to 22 days. Two animals received no treat-
ment. Mice were sacrificed by ether inhalation
24 to 48 hours after the last i.p. injection. Animals
were bled on day 8 and on the day of sacrifice
from the retro-orbital venous plexus for quantita-
tive determination of Hu circulating IgG (radial
immunodiffusion; LC-Partigen-IgG, Behringwer-
ke, Marburg), and for anti-GM1 antibody activity
(ELISA). Mice were directly dissected after sacri-
fice. Unfixed whole spinal cord, brainstem, cere-
bellum and brain were snap-frozen as described
previously and stored at —80° C. Cryostat sections
(6 um) were air-dried, fixed in acetone, and
stained by double IIF as described earlier (omis-
sion of step (1)).Some sections were also incubated
with a lectin from Bandeiraea simplicifolia (BS)-
FITC (Sigma, St Louis, MO) to identify blood
vessels. Lumbar, dorsal, cervical spinal cord and
one brain hemisphere were systematically ex-
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amined using double IIF, and the adjacent sec-
tions stained with Toluidin Blue to identify neu-
ronal cell types and/or anatomical structures,
whereas brainstem and cerebellum were studied
less extensively.

Results
Anti-GM1 activity

No anti-GM1 activity was detected in control
sera used for immunocytochemical studies or
for passive transfer experiments. ALS patient 1
had an anti-GM1 antibody titer of 590 (normal
<20), ALS patients 2 to 9 were negative, and
LMND patient had a low anti-GM1 antibody
titer of 60 (likely to reflect a secondary immune
process).

ALS/LMND Ig binding to normal mouse
CNS sections

90 to 100% of neurons (SMI 311 positive cells,
FITC) from normal mouse brain/spinal cord were
stained for Hu Ig(G+M) (TRITC) when sections
were incubated with serum from 5/9 ALS and
LMND patients (serum from patient 1 and LMND
patient was preabsorbed for anti-GM1 activity)
(Figure 1la, b). Neuronal cell bodies were con-
stantly positive for Hu Ig(G+M), but axons and
dendrites were rarely labelled. A majority of
astrocytes were also recognized by Ig(G+M)
from the same 5/9 ALS and LMND patients
(Figure 1c, d), however, the number and staining
intensity of TRITC-positive astrocytes were infe-
rior to those obtained for neurons. No neuron or
astrocyte was TRITC positive when sections were
tested with control sera (not shown).

Passive transfer studies

We did not detect any clinical deficit in mice injec-
ted i.p. with ALS/LMND Ig (ALS patient 1) or
with control Ig. Particularly, they did not show
weight loss or muscle weakness. The lack of clini-
cal impairment may be explained by the short
experimental duration. Circulating Hu IgG levels
ranged from 3.8 to 7.4 mg/ml on day 8, and 3.0
to 8.5 mg/ml on day of sacrifice. No trace of Hu
IgG with anti-GM1 activity was detected in mouse
sera when tested at day 8 and on day of sacrifice.
Control and ALS/LMND Ig(G+M) (TRITC)
bound to all CNS blood vessels (endothelial
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Figure 1

When normal mouse brain sections were incubated with
serum from ALS patient 1, preabsorbed for its anti-GM1 anti-
body activity, most neurons (a; SMI 311-FITC) are labelled
for Hu 1g(G+M) (b; TRITC), and numerous astrocytes (c; GFAP-
FITC) show diffuse positive staining for Hu Ig(G+M) (d; TRITC)
(x 980).
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Figure 2

Brain sections from a mouse injected with ALS Ig show some
neurons (a; SMI 311-FITC) positive for Hu Ig(G+M) (b; TRITC),
with TRITC staining sometimes limited only to the cytoplasmic
membrane, and groups of astrocytes (c; GFAP-FITC) stained
with Hu 1g(G+M) (d; TRITC) with scattered TRITC negative
astrocytes (x 980).
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cells, perivascular microglial cells) identified with
BS-FITC, although Hu Ig-TRITC staining pattern
was not as homogeneous as BS-FITC. Apart from
this exception, CNS cells (whole spinal cord,
brain, brainstem and cerebellum) from mice in-
jected with control Ig showed no labelling for
Hu Ig(G+M).

CNS sections from mice injected with ALS/
LMND Ig demonstrated neuronal cells positive
for Hu Ig(G+M) in lumbar, dorsal, and cervical
spinal cord, brainstem, brain and cerebellum.
Only a restricted number of neurons were stained.
In spinal cord, they were not specifically located
in anterior horns and thus were not exclusively
motor neurons. In motor cortical areas, pyramidal
cells were more rarely labelled than other neurons;
the latter were on the whole the neuronal types
preferentially labelled, although some neurons in
the frontal cortex, thalamus, caudate nucleus,
putamen and pallidum were also positive for Hu
Ig(G+M). TRITC-positive neurons were either
isolated or in cluster, and their frequency per
section was highly variable. In cerebellum, rare
positive neurons were only seen in the molecular
layer and in white matter; no Purkinje or granular
cell bound ALS/LMND Ig. Neuronal TRITC
staining pattern was variable: neurons were usu-
ally weakly stained, with either diffuse labelling of
the neuronal body or with mainly TRITC staining
of the cell membrane (Figure 2a, b). All TRITC-
positive neurons showed consistently complete
or partial staining of their cell body, whereas
axons and dendrites were only extremely rarely
stained. Astrocytes positive for Hu Ig(G+M)
were only detected in mice injected with ALS/LM-
ND Ig, and were located in the same CNS struc-
tures and levels as TRITC-positive neurons. Their
distribution among the different CNS areas was
the same as for TRITC-positive neurons, but
their frequency was lower. Interestingly, large
clusters of neurons stained for Hu Ig(G+M) were
associated with the presence of numerous astro-
cytes positive for Hu Ig(G+M), identified in an
adjacent section in the corresponding area. Groups
of 2 to 4 TRITC-positive astrocytes were also
observed in close contact with vessels. As for
neurons, astrocyte cell bodies could be decorated
with Hu Ig but their processes were usually TRITC
negative (Figure 2c, d). We found no correlation
between the number of days mice were injected
and immunohistological observations, and detec-
ted no difference in the results obtained for mice
injected with ALS Ig or LMND Ig. The delay
of sacrifice (24 to 48 hours), motivated by the
potential role of Ig retrograde transport from
the presynaptic membrane to the neuronal cell

149 m 4/1998



body in the pathogenesis of ALS/LMND, did not
influence significantly the amount of CNS cells
labelling.

Discussion

We have demonstrated that Ig from 5/9 ALS
patients and 1 LMND patient (but not control Ig)
(i) specifically bind to neurons and astrocytes
from mouse CNS, independently of clinical pre-
sentation, degree of neurological handicap or
length of disease, and that (ii) when passively
transferred into mouse, ALS/LMND Ig are able to
pass the blood-brain barrier (BBB) and recognize
neuronal and astrocytic epitopes. This last obser-
vation may be partly explained by the fact that
high levels of circulating Hu Ig(G) (control or
ALS/LMND) should be able to some extent to
cross the intact BBB, by analogy to human cere-
brospinal fluid observations. Uniform decoration
of CNS endothelial cells with control and ALS/
LMND Ig strengthens this hypothesis, with the
suspicion, however, for a more specific capacity of
ALS/LMND Ig to cross the BBB. As we have
shown, only ALS/LMND Ig-labelled mouse neu-
rons and astrocytes; this indicates strongly an
autoimmune phenomenon occurring in ALS/
LMND, at least concomitantly to neuronal death
and that does not involve anti-GM1 antibodies.
However, the small number of patients included
in our study can only suggest this kind of process
and its potential targets in ALS/LMND, and fur-
ther experiments including cell culture models
and testing a larger number of ALS/LMND
patients are warranted.

Motor neurons were not the only neuronal
cells to be targeted by ALS/LMND Ig, as it might
be expected. It is conceivable that, in case these
autoantibodies are part of a secondary reaction
to neuronal death, they can be generated against
epitopes common to different types of neurons as
well as against antigens specific to motor neurons.
Furthermore, if these autoantibodies participate
to the pathogenic process leading to neuronal
death, the fact that they do not seem to be specif-
ically restricted to neurons contributing to the
corticospinal tract and to motor neurons in the
anterior horns corroborates observations giving
some evidence that other systems are impaired in
ALS [22,23]. Pathological studies in ALS patients
with long-lasting course of the disease may be of
crucial importance for the understanding of ALS
etiological mechanisms, since prolonged clinical
course of ALS possibly represents a late step in
the ALS degenerative process, affecting different
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types of neurons and leading to multisystemic
degeneration. Widespread disturbances in ALS
are also supported by the demonstration of a
generalized glucose hypometabolism, using posi-
tron emission tomography [24]; the utilisation of
glucose is decreased not only in motor areas
but in particular also in parietal and occipital
lobes, frontal cortex, caudate nucleus, putamen
and thalamus. The occurrence of cognitive im-
pairment [25] and somatosensory loss (evoked
potentials studies [26]) was as well found in ALS
patients.

These in vitro and passive transfer studies
finally also emphasize the possible role of astro-
cytes in ALS/LMND pathogenesis. Astrocytes
have the capacity to take part actively in immune
responses [27, 28], since they can express sponta-
neously in culture MHC class I antigens (increased
after stimulation i.e. with interferon-y), and MHC
class II antigens under appropriate stimulation.
Expression by astrocytes of both MHC class I and
IT antigens was inhibited when they were in con-
tact with viable neurons in culture [27, 28]. This
observation may explain lack of expression of
these antigens by astrocytes in vivo, in the vicinity
of neurons [29]. It is then conceivable that when
neuronal function is impaired or when there is an
important loss of (motor) neurons, such as in ALS,
astrocytes could recover their ability to express
MHC antigens as it has been demonstrated in
some postmortem studies in ALS patients [4, 5].
We then postulate, since moreover CD4+ and/or
CDS8+ lymphocyte infiltrates have been demon-
strated in ALS CNS [4, 6], that some immune
mechanisms may contribute to ALS pathogenesis
and bring out the hypothesis that (i) CD8+ T cells
may recognize antigenic epitopes presented by
astrocytes in association with MHC class I mole-
cules [30] and contribute to neuronal death, and
that (ii) potentially primed CD4+ T cells would
induce astrocytes to express MHC class I antigens,
which can then restimulate CD4+ T cells and
perpetuate the immune response [30].
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