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Abstract

Amyotrophic lateral sclerosis (ALS), a neurodegenerative disease  Key words

of unknown etiology, affects motor neurons leading to atrophy of  « Amyotrophic lateral
skeletal muscles, paralysis and death. There is evidence for the sclerosis
accumulation of neurofilaments (NF) in motor neurons of the spi- ° Slf’heroi_dS .
nal cord in ALS cases. NF are major structural elements of the ° Neurofilament proteins
neuronal cytoskeleton. They play an important role in cell architec-  ° Immunohistochemistry
ture and differentiation and in the determination and maintenance

of fiber caliber. They are composed of three different polypeptides:

light (NF-L), medium (NF-M) and heavy (NF-H) subunits. In the

present study, we performed a morphological and quantitative

immunohistochemical analysis to evaluate the accumulation of NF

and the presence of each subunit in control and ALS cases. Spinal

cords from patients without neurological disease and from ALS

patients were obtained at autopsy. In all ALS cases there was a

marked loss of motor neurons, besides atrophic neurons and pre-

served neurons with cytoplasmic inclusions, and extensive gliosis.

In control cases, the immunoreaction in the cytoplasm of neurons

was weak for phosphorylated NF-H, strong for NF-M and weak for

NF-L. In ALS cases, anterior horn neurons showed intense immu-

noreactivity in focal regions of neuronal perikarya for all subunits,

although the difference in the integrated optical density was statis-

tically significant only for NF-H. Furthermore, we also observed

dilated axons (spheroids), which were immunopositive for NF-H

but negative for NF-M and NF-L. In conclusion, we present quali-

tative and quantitative evidence of NF-H subunit accumulation in

neuronal perikarya and spheroids, which suggests a possible role

of this subunit in the pathogenesis of ALS.

Introduction of large motor neurons of the spinal cord,
brain stem and motor cortex (1-3). The

Amyotrophic lateral sclerosis (ALS) isa common clinical symptom of this disease is
progressive neurodegenerative disease of  progressive failure of motor neurons that
unknown etiology characterized by the loss  leads to muscle atrophy, paralysis and death,
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usually from respiratory failure (4,5), within
2 to 5 years. Up to 50% of motor neurons
may have already degenerated before clinical
signs appear. Sensory and cognitive func-
tions are not affected and certain motor
neuron groups, including those in the oculo-
motor and Onuf’s nuclei, are also spared (6).
The diagnosis is based on the clinical symp-
toms and/or neuropathologic findings (7).
ALS cases can be both sporadic and familial.
Five to ten percent of all ALS patients show
a family history, and approximately 20% of
them (1-2% of all ALS cases) have a caus-
ative mutation of the Cu/Zn superoxide dis-
mutase gene (8,9).

Among the pathologic signs of ALS,
hyaline inclusions, ubiquitin positivity and
neurofilament (NF) accumulations are promi-
nent features. NF deposits in degenerating
motor neurons are considered to be an early
pathological hallmark of this disease. These
deposits usually involve the anterior horn
neurons, both in the soma and in the axonal
process. These focal enlargements of neu-
ronal processes, called spheroids, are pale
and present crinkled edges when stained
with hematoxylin and eosin (10).

NF are major structural elements of the
neuronal cytoskeleton (11) where they play
an important role in cell architecture and
differentiation, and in the determination and
maintenance of fiber caliber (12). They be-
long to type IV intermediate filaments and are
composed of three different polypeptides:
light (NF-L), medium (NF-M) and heavy
(NF-H) subunits (13,14). Each NF subunit
has a 310-amino acid, a-helical rod domain
following a ~100-residue head domain, and
differences in size are primarily due to the
length of the carboxyterminal tail sequences
(KSP repeats), which in NF-M and NF-H
contain an abundance of charged residues,
lysine and glutamic acid, along with numer-
ous serine phosphates (4,15,16). These re-
gions are potential phosphorylation sites (17).
Immunohistochemical experiments suggest
that the tail domains of NF-M and NF-H are
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mostly involved in the formation of cross-
bridges (12,18). NF-H and NF-M subunits
are found in the phosphorylated state in
normal axons and in the non-phosphorylated
state in normal soma and dendrites (19,20).

NF have long been assigned a role in the
pathogenesis of several types of neurode-
generative disease, including ALS (4). The
abundance of NF in motor neurons may be a
natural risk factor for the vulnerability of the
motor neurons in ALS (21). In the present
study, we performed a morphological and
quantitative immunohistochemical analysis
to evaluate the presence of each subunit -
light, medium and high - in spinal cord cell
bodies of control and ALS cases and in
spheroids of ALS cases.

Material and Methods

Spinal cords were obtained at autopsy
from 3 sporadic ALS patients and from 5
patients without neurological disease (con-
trols). The control patients suffered from
one of the following diseases: hypertensive
cardiopathy (N = 1), aortic aneurysm (N =
1), acute myocardial infarction (N = 1), and
acute respiratory failure (N =2). The average
post-mortem time was 4 h both in ALS and
control cases. The time of fixation was about
two weeks. The summary of ALS cases is
shown in Table 1. Formalin-fixed, 5-um
paraffin-embedded tissue sections from cer-
vical, thoracic, lumbar, and sacral levels
were obtained and collected on gelatin-coated
glass slides and stained with hematoxylin-
eosin and luxol fast blue for morphological
analysis, or immunostained with the antibod-
ies. ALS cases were then tested for ubiquitin
and all were found to be positive. Sections
were observed and photographed with a
Zeiss Axioskop 2 plus Microscope.

Immunohistochemistry

Tissue sections were incubated with 3%
hydrogen peroxide in distilled water for 20
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min to block the endogenous peroxidase and
then washed three times (5 min each) in PBS
containing 0.3% Triton. After incubation for
I h with 10% normal goat serum in PBS-
0.3% Triton, the sections were microwave
treated (1 min, twice) in order to expose
hidden epitopes and then reacted with a
primary antibody overnight at 4°C. We used
the following primary antibodies: anti-NF-H
phosphorylated (clone NE14 - 1:40), anti-
NF-M (clone NN18 - 1:40), and anti-NF-L
(clone NR4 - 1:200), all from Sigma (St.
Louis, MO, USA). Sections were then incu-
bated with the corresponding biotinylated
secondary antibody at a 1/200 dilution (Vec-
tor Laboratories, Burlingame, CA, USA) for
2 h. After reaction with the avidin-biotin-
peroxidase complex (Vectastain ABC Kit,
Vector), immunoreactivity was visualized by
5-min exposure to 3,3'-diaminobenzidine/
H,0,. Primary antibodies were omitted for
negative controls. Hematoxylin was used for
nuclear staining. Sections were dehydrated
in a graded alcohol series, cleared in xylene
and coverslipped under permount.

Quantitative analysis

The immunostaining intensity of NF from
ALS and control cases was determined and
the material was submitted to careful light
microscopic examination for morphological
analysis. Thereafter, cell bodies and sphe-
roids were analyzed quantitatively. It is im-
portant to emphasize that immunohistochem-
istry was performed at the same time for all
sections used in the quantitative study. Two
or three sections of each spinal cord level
were used for all ALS and control cases. All
neuronal cell bodies found in both anterior
horn areas were sampled and all the struc-
tures identified as spheroids were also ana-
lyzed. The images obtained were captured on
an image analysis system and analyzed with
the Image Pro Plus software (Media Cyber-
netics, Baltimore, MD, USA). NF immuno-
staining was compared quantitatively be-

tween ALS and control cases. Because some
atrophic neurons exhibited a stronger reac-
tion when compared to normal-sized neu-
rons we evaluated the integrated optical den-
sity, which represents the mean optical den-
sity multiplied by cell area. “Integrated” re-
fers to the integration, or sum, over a given
region, of all the pixel intensity or density
values (22). Higher values in the bars repre-
sent weaker staining and vice-versa. Statis-
tical analysis was performed by the Mann-
Whitney test using the Prism software
(GraphPad Inc., San Diego, CA, USA), with
the level of significance set at P < 0.05.

Results

In the present study, we used hematoxy-
lin and eosin to identify the general morpho-
logic aspects of ALS cases and immunohis-
tochemistry to characterize, both qualita-
tively and quantitatively, the distribution of
NF subunits in ALS and control cases, ob-
serving each subunit individually.

The normal appearance of motor neurons
in the anterior horn of the spinal cord from
control cases stained with hematoxylin and
eosin can be seen in Figure 1a. The Nissl stain
is well distributed throughout the perikarya.
The nucleus, when observed, is centrally
located. It is possible to observe glial cell
nuclei that are lightly stained with hematoxy-
lin. In ALS cases, loss of motor neurons is
clearly observed. The remaining preserved
neurons presented inclusion bodies with in-
tracytoplasmic organelle displacement (Fig-
ure 1b). There was also extensive gliosis

Table 1. Data regarding the amyotrophic lateral
sclerosis cases studied.

Sex Age at Survival time Family
death after diagnosis history

of the disease
M 65 9 months Negative
M 44 1 year and 6 months Negative
M 62 1 year and 5 months Negative
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Figure 1. a-¢, H&E staining of ventral horn motor neurons. a, Normal aspect of motor neurons in a control case.
All motor neurons display Nissl's stain regularly distributed throughout the perikarya; the nucleus, when
observed, is centrally located and glial cell nuclei are lightly stained with hematoxylin. b,c, Motor neurons from
amyotrophic lateral sclerosis (ALS) cases. b, Motor neuron with intracytoplasmic inclusions (arrows) and Nissl
stain displacement (asterisk). Reactive gliosis is also observed (thick arrow). ¢, Atrophic neuron (arrows). d-/,
Immunohistochemistry for neurofilaments. d-f, Immunohistochemistry for neurofilament heavy subunit (phos-
phorylated form). d, Control case exhibiting weak and equally distributed reaction in the perikarya. e, ALS
atrophic neuron presenting strong immunostaining (arrow) and spheroids are also observed (arrowheads). f, ALS
neuronal fragment displaying strong immunostaining (asterisk). g-i, Immunohistochemistry for neurofilament
medium subunit. g, Motor neurons of a control case exhibiting a strong and uniform immunostaining. h, Atrophic
neurons presenting stronger immunoreaction (arrowheads). /, Motor neuron with strong immunoreaction in
perikarya. j-, Immunohistochemistry for neurofilament light subunit. j, In control cases the immunoreactivity
appears mild and distributed throughout the cytoplasm of motor neurons. k, ALS neuron with early morphologi-
cal alteration exhibiting stronger immunoreaction when compared to control. /, Atrophic neurons presenting

strong immunoreaction (arrowheads). Scale bar: (a, b, ¢, d, e, h, i, k, 1) 35 pm; (g, j) 70 pm; (f) 10 um.

characterized by increased numbers of nu-
clei and enlargement of cytoplasmic pro-
cesses (Figure 1b). Some atrophic neurons
were also noted (Figure 1c¢). Neuronal loss
was observed at all spinal levels. The lateral
corticospinal tract was pale and showed
extensive gliosis.

Immunohistochemistry for all tested NF
subunits was positive in cell bodies and
neurites of controls and in preserved neurons
of ALS cases. However, the amount of
labeling was different according to the spe-
cific subunit and cell region. Immunoreac-
tivity was distributed throughout the cyto-
plasm and extended into neuronal processes;
however, in control cases, cell bodies with
the most intense label were those reacting for
the NF-M subunit. The axoplasm in the white
matter was strongly labeled for most anti-
bodies, except for the NF-L subunit, whose
immunoreaction was relatively weak.

Immunohistochemistry for NF-H
(phosphorylated form only)

In control cases, the immunoreactivity
for the phosphorylated form of NF-H was
weak and equally distributed throughout the
perikarya (Figure 1d). However, in the axo-
plasm of white matter the immunoreactivity
was very strong. In ALS cases, some re-
maining cells presented immunoreactivity

similar to control cases, but others presented
focal areas of intense staining, indicating an
accumulation of the tested subunit in these
regions. Atrophic neurons and spheroids
were also seen in the ventral horns and
showed strong immunostaining (Figure 1e).
Structures appearing to be neuronal frag-
ments also showed strong immunostaining
(Figure 1f). Spheroids were distinguished
from atrophic and fragmented neurons by
their rounded appearance and also due to the
fact that neurons are not usually rounded and
1 or 2 processes can be seen arising from
their cell bodies.

Immunohistochemistry for NF-M

The antibody to the NF-M epitope labeled
neurons in a strong and uniform pattern in
control cases (Figure 1g) and the same was
observed in white matter axons. In ALS
cases, atrophic neurons usually presented a
strong immunoreaction when compared to
other groups of neurons (Figure 1h). Re-
maining neurons usually exhibited the same
immunoreaction as controls, but some neu-
rons were strongly stained (Figure 11). Sphe-
roids were negative for this subunit.

Immunohistochemistry for NF-L

In control cases, the immunoreactivity
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Figure 2. Quantification of im-
munostaining intensity in cell
bodies of control and amyo-
trophic lateral sclerosis (ALS)
cases for all antibodies studied.
|IOD = integrated optical den-
sity. Higher values in the bars
represent weaker staining and
vice-versa. Data are reported as
means + SD for 1340 measure-
ments. A, Quantitative compari-
son of neurofilament heavy
(NF-H) subunit immunostaining.
Cell bodies of ALS cases were
significantly more stained than
cell bodies of control cases (P <
0.05, Mann-Whitney test). B,
Neurofilament medium (NF-M)
subunit and C, neurofilament
light (NF-L) subunit did not
present a significant difference
between groups.

Braz ] Med Biol Res 38(6) 2005

was mild when compared to the other sub-
units and regularly distributed throughout the
cytoplasm of motor neurons (Figure 1j).
Axons in the white matter presented various
degrees of staining; some were weakly stained
and others were strongly labeled. In ALS
cases, immunoreaction seemed to be more
intense in preserved neurons and in neurons
with early morphological alterations (Figure
1k), as well as in atrophic neurons (Figure
11). Similar to NF-M, spheroids did not stain
with NF-L.

Quantitative analysis

Although immunoreactivity for all anti-
bodies used seemed to be more intense in
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collections of motor neurons from ALS cases
when visualized by light microscopy, quan-
titative analysis revealed that this immunore-
activity was significantly increased only for
the NF-H subunit phosphorylated form (Fig-
ure 2A). However, for NF-M (Figure 2B)
and NF-L (Figure 2C) this increase was not
significant.

Spheroids were only positive for NF-H.
When we compared immunostaining be-
tween spheroids and cell bodies, we ob-
served that they both showed strong immu-
noreaction with no statistically significant
difference (Figure 3).

Discussion

ALS is a neurodegenerative disease that
has been the subject of many studies focus-
ing on different aspects of this disorder.
However, the pathogenesis of the disease is
still unresolved. An important feature of the
pathogenesis of ALS is the presence of NF
accumulations in degenerating neurons. The
results of the present study show the neuro-
pathological signs of ALS cases and the
presence, localization and quantitative distri-
bution of the three NF subunits - NF-L, NF-
M and NF-H in control and ALS cases. We
also investigated the presence of NFs in
swollen axonal processes (spheroids). To
our knowledge, our results represent the first
quantitative analysis of all different NF sub-
units in ALS cases, both in cell bodies and
spheroids.

In control cases, immunohistochemistry
revealed an intense immunoreaction for anti-
bodies against NF-M epitopes in neuronal
perikarya. NF-H in its phosphorylated form
presented the lightest staining in the peri-
karya. Both subunits, however, presented a
strong staining in neuronal processes. These
data are consistent with the fact that the
phosphorylated form of NF subunits is mainly
located in the axoplasm, while the non-
phosphorylated form is found preferentially
in the neuronal perikarya and dendrites
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(19,20). The immunoreaction for the NF-L
subunit, as described in our results, was
discrete in neuronal perikarya and mild to
moderate in the processes. This last result
agrees with data reported by others (12,15,
23,24), showing that this subunit is more
central to the axis of the filament since it is
involved in the arrangement of the core
filament, and therefore is less exposed to the
antibody.

The classical morphological features of
ALS such as dramatic neuronal loss, inclu-
sion bodies associated with intracytoplasmic
organelle displacement, atrophic neurons,
and extensive gliosis were all present in our
cases (6).

The results obtained by immunohis-
tochemistry for ALS cases showed accumu-
lations of immunostaining for all tested anti-
bodies in the perikarya of motor neurons of
the ventral horn of the spinal cord. Accumu-
lations of NF proteins, as observed in our
cases, can result in abnormalities in the
axonal cytoskeleton, leading to a gradual
block of axonal transport (4). Various fac-
tors may lead to the formation of abnormal
accumulations, including dysregulation of
intermediate filament gene expression, NF
mutations and post-translational modifica-

40,000 .
= Cell bodies
30,000 = Spheroids
a
© 20,000
10,000
0

Figure 3. Quantitative analysis of neurofilament heavy
(NF-H) subunit on axonal spheroids compared to im-
munostaining of this subunit in the cell bodies. The
difference between the spheroids and cell bodies
immunostaining was not significant (Mann-Whitney
test) because in this case the comparison was done
between amyotrophic lateral sclerosis (ALS) cases;
therefore, the sample size was 3 for both groups. In
the other comparisons, however, the sample size was
the same for ALS cases (N = 3) but larger (N = 5) for
control cases. |0D = integrated optical density.

tions such as phosphorylation, glycosyla-
tion, nitration, and protein cross-linking (25).
It is clear from this and previous studies
(11,25) that the integrity of the NF network
is undoubtedly essential to motor neuron
survival and that this network becomes dis-
rupted during motor neuron degeneration.
Of particular relevance is the observation
that NF inclusions are also found in cases of
familial ALS caused by superoxide dismu-
tase mutations, implying a toxic action of
NFs in the disease (26).

Statistical analysis of our data confirmed
a significant increase of immunoreaction for
the antibody used for NF-H, while the in-
crease in NF-M and NF-L was not statisti-
cally significant. Our observations indicate
that, although all NF subunits seem to be
involved in the disease, the NF-H subunit
plays amajor role in the pathogenesis of ALS.
A possible explanation for the nonsignificant
results for NF-M and NF-L is the fact that we
used only 3 subjects. Thus, if more cases had
been available the results for NF-M and NF-
L might have been significant.

Large neurons, with their fast conduct-
ing, large caliber axons require a high content
of NFs for structural support and integrity
(27). Since NF-rich motor neurons are pref-
erentially affected in human ALS, the quan-
tity of NFs may be important in this selective
neuronal vulnerability. Moreover, NF-H plays
a major role in the maintenance of fiber
caliber since its tail domain is a structural
component of cross bridges and is involved
in the formation of parallel bundles in NFs
(18). In agreement with these observations,
Kriz and collaborators (28) reported that
transgenic mice expressing high levels of
human NF-H proteins present NF inclusions
in the perikarya resulting in atrophy of motor
axons and altered axonal conductances.

There is growing evidence of a direct
participation of NF in many neurological
diseases. Hedreen and Koliatsos (29) de-
scribed in the brains of patients with stroke
and other focal lesions the presence of the
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phosphorylated form of NF-H in neuronal
perikarya, where it is not normally observed.
We have recently observed an increase of NF
immunoreaction in degenerating axons of the
rat optic nerve following removal of the eyes
(30). The present study supports the view
that NFs also play a possible role in the
pathogenesis of ALS. Furthermore, we pres-
ent quantitative evidence that the phosphory-
lated form of the NF-H subunit is the main
protein involved in this disease. What is the
possible explanation or cause of these obser-
vations? We believe that an abnormal phos-
phorylation of NF-H can induce a cytoskel-
etal disorder, leading to massive accumula-
tions of hyperphosphorylated protein in the
neuronal perikarya and proximal neurites as
described by other investigators (31). The
literature shows that many factors may ac-
count for the formation of NF aggregates in
ALS. Recently, it was suggested that gluta-
mate-mediated excitotoxicity, which is one
of the factors associated with the pathogen-
esis of ALS, induces NF side-arm hyper-
phosphorylation in neurons, leading to an
impairment of NF transport (32). Also, in
approximately 1% of sporadic ALS cases
there is a mutation in the KSP repeats of the
carboxyl terminus of the NF-H gene corre-
sponding to the phosphorylation sites (4).
This mutation may also account for the
formation of NF inclusions in ALS cases
since it was not observed in over 300 normal
individuals (4). Another possible cause of NF
accumulation and subsequent neurodegen-
eration in ALS is a failure of the capacity of
proteolytic degradation of the aggregates, via
the ubiquitin-proteosome pathway, as al-
ready described in other neurological dis-
eases (33,34).

Another interesting finding of the present

D.M.F. Mendonca et al.

study was the presence of NF-H-positive
spheroids in all ALS cases. Spheroids are
considered to be a conspicuous and early
finding in proximal axons of motor neurons
in ALS (35). Although their significance in
ALS has not been completely established,
they have been described in conditions asso-
ciated with impairment of axonal transport
(36). Our quantitative results showed the
presence of phosphorylated NF-H subunits
in spheroids. It is possible that hyperphos-
phorylation increases disassembly of NF
thus impairing their axonal transport, as sug-
gested previously (37). A failure of pro-
teolytic degradation might also be associated
with accumulation of NF and other interme-
diate filaments, such as peripherin, in axonal
spheroids (35). The presence of phosphory-
lated NF-H in both the neuronal perikarya and
spheroids of ALS cases suggests a possible
role of this subunit in the pathogenesis of
ALS.

Despite all the evidence presented above,
an unresolved question is whether the accu-
mulating NFs are merely by-products of the
pathogenic process or active participants in
motor neuron dysfunction. However, our
observations may contribute to the idea that
the high NF content in motor neurons may
account for the selective vulnerability of
these neurons and that the heavy subunit may
have a crucial role in the disease process.
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