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ABSTRACT

Qur earlier studies in vitro indicated that expression of TGFA2 was induced by toxic amyloid s (Ags) in both glial
and neuronal cells and increased levels of TGF2 triggered a neuronal cell death pathway related to Alzheimer's
disease (AD) by binding to the extracellular domain of amyloid g precursor protein (APP). in this study we have
demonstrated by immunohistochemical analysis that the levels of TGFA2 are elevated in cells mainly consisting
- of neurons of both the hippocampi and cerebral cortices of human AD brains. This result indicates that upreg-
ulation of the TGF82 level is a common pathological feature of AD brains and suggests that it may be closely

linked to the development of neuronal death related to AD.

KEYWORDS: Alzheimer’s disease, neuronal death, TGFBZ

INTRODUCTION

Transforming growth factor s (TGFSs) consisting
of three isoforms, TGFS1, TGFB2, and TGFS3,
have been shown to be involved in various bio-
logical processes (Bottner, Krieglstein, & Unsicker,
2000; Massagué, Blain, & Lo, 2000). They may be
proapoptotic or prosurvival in a context-dependent
" manner. For example, TGFSs play a neuronal-
cell-death-inducing role in some situations while
they exert neurotrophic function in other situa-
tions (Krieglstein, Suter-Crazzolara, Fischer, & Un-
sicker, 1995; Krieglstein et al., 2000; Mattson, 2000;
Poulson et al., 1994).

It has been long assumed that TGFBs ‘may be
involved in the pathomechanism of neurodegenera-
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tive diseases including Alzheimer’s disease (AD). We
showed that TGFB2 promoted neuronal cell death
by binding to the- extraceltular domain of amyloid
B precursor protein (APP) in vimo (Hashimoto et
al., 2005). Neuronal and glial expression of TGFg2
was induced by amyloid 8 (AB) (Hashimoto et al.,,
2006) and anti-TGFB2 neutralizing antibody inhib-
ited Ap42-induced death of PCNs (Hashimoto et al.,
2006). These results support the notion that TGF2
is a neuronal-cell-death-inducing ligand for APP. In
accordance, we also demonstrated that expression
of TGFA2 in both neuronal and glial cells was in
vitro induced by toxic Afs and that TGFS2 expres-
sion is generally upregulated in cerebral cortices of
mice, in which the Swedish-type familial AD (FAD)
gene is constitutively overexpressed and generation
of ABs is markedly upregulated (Hashimoto et al.,
2006). In agreement, an immunohistochemical study
indicated that expression levels of TGFS2 were in-
creased in glial cells, especially those surrounding .
amyloid plaques, and in neurons in the frontal cor-
tex of human samples from FAD brains with pre-
senilin I mutants (Flanders, Lippa, Smith, Pollen,
& Sporn, 1995). In additon, the concentrations of
TGFB2 were shown to be upregulated in sera and



cerebrospinal fluids of AD patients (Chao et-al.,
1994). Despite these foregoing studies, however, it
remains undetermined whether the TGFB2 level is
commonly upregulated in sporadic AD cases as well
as FAD. ‘ '

. In this study, we have demonstrated that TGFS2
level is significantly elevated in neurons in both the
hippocampi and cerebral cortices of sporadic AD
brains. This result supports the notion that the up-
regulation of the TGFS2 level is a common patholog-
ical feature of AD and suggests that it may be closely
linked to the development of neuronal loss related
AD.

MATERIALS AND METHODS

Vectors

Human TGFB2 ¢cDNA was obtained by polymerase

. chain reaction amplification using primers (sense, 5'-
GGAATTCACCATGCACTACTGTGTGCTG-3,
and antisense, 5'-CGGGATCCGCTGCATTTGC
AAGACTTTACAATC-3) from human cDNA AD
brain frontal lobe (obtained from Biochain Institute
Inc.). Subsequently, human TGFS2 ¢DNA was
subcloned in pCMV-FLAG-5, a vector.

Antibodies

Rabbit TGFB2 polyclonal antibody was purchased
from Santa Cruz Biotech (Santa Cruz, CA). FLAG
(M2) monoclonal antibody was purchased from
Sigma. Antibody to human tau was from Dako. -

Immunohistochemical analysis of human
samples :

Cerebral cortices and hippocampi used in this study
originated from samples of sporadic AD patients,
patients with sporadic amyotrophic lateral sclero-
_sis (ALS), and non-AD and non-ALS patients with
no pathologic findings in their cerebrums. The ages
of AD, ALS; and control groups were 55-97 years
(mean, 75.9 & 13.4 years), 60-79 years (mean, 66.7
+ 6.8 years), and 66-88 years (mean, 77.7 + 8.0
years), respectively. All AD patients were clinically di-
agnosed as advanced AD (stage 7 by Functional As-
sessment Staging Test and stage 3 by Clinical Demen-
tia Rating Scale) and the diagnosis was confirmed by
neuropathological analysis at autopsy. Brains of ALS

Cases that are considered to be normal except for mo-

tor neurons were used as another negative control. All
ALS cases were not complicated with frontotemporal
lobar degeneration. Brain weights of AD cases were

© 2010 Informa Healthcare USA, inc.
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9651165 g (mean, 1050 g) while those of normal
controls and ALS cases were 1050-1330 g (mean,
1120 g) and 1145-1360 g (mean, 1260 g) at autopsy.

Formalin-fixed, paraffin-embedded 5-um-thick
hippocampal and cortical sections were then sub-
jected to neuropathological examination. Sliced sec-
tions were deparaffinized, rehydrated to phosphate-
buffered saline (PBS), and unmasked in Antigen Un-
masking Solution (Vector Laboratories) at 70°C for
10 min. Subsequently, the sections were incubated at
room temperature for 20 min in g blocking solution
containing normal goat serum in PBS, and then incu-
bated at 4°C over seven nights with anti-TGFA2 an-
tibody (1:50) or anti-human tau antibody (1:30000).

Immunoreactivity was visualized with three dif-
ferent methods. The first method was by using
diaminobenzidine (DAB) after signal amplification
with Vectastain Elite ABC kit (Vector Laboratories),
mounted on slides, and coverslipped with Entellan
new (MERCK, Germany) (the DAB method). The
second method was by using the streptoavidin-biotin
method (Histofine SAB-PO kit; Nichirei, Tokyo,
Japan). The third method was by using Tyramide-
FITC (TSA kit; NEN-Perkin-Elmer) (the FITC
method). For fluorescent Nissl co-staining, sections
were finally incubated with NeuroTrace 530/615 red
fluorescent Nissl stain (1:50; Molecular Probes). at
room temperature for 30 min and then washed with

PBS.

Fluorescence-labeled samples were observed with
a laser scanning, confocal microscope LSM 510 (Carl
Zeiss, Germany). Fluorescence images were analyzed
by Image J 1.37 .

Quantification of TGFB2 immunofluorescence
intensities of cells

Using Image ] 1.37 v, we quantified mean im-
munofluorescence intensity per pixel of a’ Nissl-
positive and neuron-like morphologic cell (a) and
mean immunofluorescence intensity per pixel of a
noncell area around the cell (b). Then a ratio of (a)
to (b) was calculated as the relative mean immunoflu-
orescence intensity of the cell. Relative mean im-
munocfluorescence intensities of all neuronal cells in
10 random fields of hippocampal CA regions or cor-
tices per sample was calculated for each sample, as
shown in the Result section and in Table 1,

Autofluorescence analysis of AD and control
brains

To detect the autofluorescence ievels, we performed
laser microscopical scanning of unstained deparaf-
finized neighbor samples under the same condition

=~ 145 -
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TABLE 1. Lists of samples and TGFA2 immunofiuorescence intensities

- Age/Sex Brain weight (g) Tissue TGFB2 level Tissue TGFA2 level

Normal ) 71/F 1330 Hippocampus 2.69 . Parietal lobe 3.16
: 79/F 1150 Hippocampus 6.84 Occipital lobe 6.98

83/M 1050 Hippocampus 4.62 Parieral lobe 4.20

88/M 1100 Hippocampus 4.52 Parietal lobe 6.40

66/M 1240 Hippocampus 3.65 Parietal lobe 4,87

79/M 1310 Hippocampus 4.38 Parietal lobe 5.27

64/F 1290 Hippocampus 3.49 Occipital lobe 3.10

69/F 1145 Hippocampus 4.08 Occipital lobe 2.66

60/M 1290 Hippocampus 3.32 Qccipital lobe 4.44

ALS . 79/M 1360 Hippocampus 3.67 QOccipital lobe 3.31
62/M 1300 Hippocampus 4.46 Occipital lobe 5.64

66/M 1150 Hippocampus 3.89 Occipital lobe 7.26

55/F - 965 Hippocampus 8.89 Occipital lobe 7.92

79/F 1080 Hippocampus 13.41 Occipital lobe 16.50

65/M. 1090 Hippocampus NE Occipital lobe 16.46

AD | 73/M 1050 Hippocampus 8.87 Parietal lobe 18.31
79/F 1050 Hippocampus 10.52 Parietal lobe - 13.69

83/F 1165 Hippocampus 6.73 Parieral lobe 13.54

97/F 1060 Hippocampus 8.30 - Qccipital lobe 17.64

Note: Hippocampal sections and sections of outer pyramidal layers and inner pyramidal layers of parietal or occipital lobes from AD
patients, ALS patients, and controls were immunostained with antibody to TGF2. Immunodetection was performed with the FITC
method. Relative mean immunofluorescence intensities (TGFA2 levels) were measured with Image J 1.37 v, as described in detail in the
Materials and Methods section. NE indicates “not examined” because of poor fixation state. Ten microscopical areas were randomly
selected per sample. Average relative mean immunofluorescence intensity of all Nissl-positive and neuron-like cells in thé 10 areas was

calculated for each sample.

as used for the detection of each TGF,BZ—stained
sample.

Cell cultures

COST cells were grown in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10%
FBS and 2 mM glutamine. Transient transfection was
performed with lipofect AMINE PLUS™ reagents
according to the manufacturer’s instructions (Gibco-
BRI, MD), as shown previously.

Immunocytochemistiry

COS7 cells seeded on a coverslip at a density of 3.0 x
10* were transfected with C-terminally FLAG-tagged
TGFA2 encoding vectors. At 48 hr after transfec-
tion, they were fixed with 4% paraformaldehyde in
PBS for 24 hr at 4°C, rinsed two times with PBS,
permeabilized with 0.1% Triton X-100 in PBS for
3 min, blocked for 5 min with 0.1% BSA in PBS at
room temperature, and then stained with the TGFB2
antibody (1:200) for 60 min at room temperature.
Subsequently, they were stained with the FLAG (M2)
antibody (1:200) for 60 min at room temperature,

After being washed three times with 0.1% BSA in

PBS, cells were stained with FITC-conjugated goat
anti-rabbit IgG (1:250) (Jackson ImmunoResearch
Laboratories, West Grove, PA) or Texas-Red-
conjugated goat anti-mouse IgG (1:250) (Jackson
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ImmunoResearch Laboratories, West Grove, PA) for
60 min at room temperature. Before detection, they
were washed three times with 0.1% BSA in PBS. Flu-
orescernce signals were detected with a laser scanning,
confocal microscope LSM (Carl Zeiss, Germany).

In an experiment, the antibody was preincubated
with or without immunizing peptide whose amount
was 25-fold (by weight) more than the amount of
antibody in PBS with 0.1% BSA under constant
rotation at 4°C for 24 hr before immunostaining of
COS7 cells.

Statistical analyses

Values in the figures are mean + SE. Statistical anal-
ysis was carried out by the one way-ANOVA followed
by a post hoc test (Fisher’s PLSD test). p < .001 were
assessed as significant.

RESULTS

Specific recognition of TGFS2 by an antibody
to TGFA2

To test the specificity of the TGFA2 antibody, we
ectopically overexpressed FLAG-tagged TGFS82 in
COS7 cells by transfection. As shown in Figure 1(A),
COS cells overexpressing TGFA2-FLAG were
immunocytochemically stained by the antu-TGFS2
antibody as well as anti-FLLAG antibody while those

International Journal of Neuroscience
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FIGURE 1 Characterization of TGFf2 antibody.
TGFB2 antibody specifically recognized TGFA2. (A and
B) COS7 cells were transfected with the TGFA2-FLAG-
encoding vector. At 48 hr after transfection, cells were
fixed and stained with OJ indicated antibodies or Hoechst.
(B) The TGFA2 antibody was preincubated with/without
immunizing peptide whose amount was 25-fold (by
weight) more than the amount of antibody under constant
rotation in PBS with 0.1% BSA at 4°C for 24 hr and the
antibody/peptide mixture was then used for immunos-
taining. Hoechst 33258 (indicated Hoechst) was used for
staining of nucleus.

not overexpressing TGFB2-FLAG were not stained
by either antibody (stained only with Hoechst
33258). In Figure 1(B), both the anti-TGFA2 and
anti-FLAG antibodies immunocytochemically rec-
ognized TGFB2-FLAG overexpressed in COS7 cells
(top panel). However, preincubation of the TGFA2
antibody with the immunizing peptide markedly
reduced immunoreactivity of cells to TGFA2, but
not immunoreactivity of cells to FLAG (bottom
panel). These results indicated that the TGFB2
antibody specifically recognized TGFS2.

TGFp2 levelis upreguléted in the
hippocampal and neocortical cells of AD
brains

We examined whether TGFB2 expression is upreg-

ulated in hippocampi and cerebral cortices of AD

brains. All AD cases were clinically diagnosed as
advanced AD (stage 7 by Functional Assessment
Staging Test and stage 3 by Clinical Dementia Rat-
ing Scale). Immunochistochemical analysis also con-
firmed that there were many “typical neurofibril-
lary tangles (Figure 2) and senile plaques (data not
shown) in hippocampi and cortices of all AD cases
while there were few neurofibrillary tangles and se-
nile plaques in control cases. First of all, hippocampi
of an AD case (81 years old, female) and a non-AD

© 2010 Informa Healthcare USA, Inc.

Increased TGFA2 in Alzheimer’s Disease 171

FIGURE 2 Detection of neurofibrillar tangles in
AD hippocampus. A hippocampal section (pyrami-
dal layers of the CAl regions from an AD patient
(79 years old, female) was immunostained with an-
tibody to tau. Immunodetection was performed with
the streptoavidin~biotin method. Scale bars, 50 um.

(normal) case (76 years old, female) were immunos-
tained with the anti-TGFS2 antibody and visualized
by the DAB method (Figure 3). Anatomically similar
hippocampal regions (the pyramidal cell layers of the

Normal AD
(76 years old, female) (81 years old, female)

FIGURE 3 Elevated TGFpA2 level in the AD hip-
pocampal neurons (DAB method). Hippocampal
sections (pyramidal layers of the CAl regions (left
panels) and CA4 regions (right panels)) from an AD
patient (81 years old, female) and a control (76 years
old, female) were immunostained with antibody to
TGFpB2. A senile plaque is shown in the middle of
CA1 region of the hippocampal section of the AD pa-
tient (arrow). Immunodetection was performed with
the DAB method. To strengthen the TGFS2 signal.
Scale bars, 50 jum.
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Cortex (occipital lobe):

(A) Hippocampus

Normal
(79 years old, female) §

ALS
(69 years old, female) &

AD
(79 years old, female)

(B) _ (%)) Cortex
Hippocampus (occipital lobe)

Stain 2™ antibody only

Stain Autofluorescence

Normal
(88 years old, male)

Normal
(79 years old, female)

ALS
(79 years old, male)

ALS
(89 years old, female)

AD

. . AD .
(73 years old, male)

(79 years old, female) £

FIGURE 4 Elevated TGFB2 levels in neurons of the AD hippocampus and cortex
(FITC method). (A) Hippocampal sections (pyramidal layers of the CAl regions (left
panels) and CA4 regions (right panels)) and two sections of outer pyramidal layers and
inner pyramidal layers of occipital lobes from an AD patient (79 years old, female),
an ALS patient (69 years old, female), and a control (79 years old, female) were im-
munostained with antibody to TGFf2. Immunodetection was performed with the
FITC method. Fluorescent Nissl co-staining was performed to recognize all cells con-
tained in the fields. Scale bars, 50 um. (B) Autofluorescence of unstained hippocampal
sections (pyramidal layers of the CA4 region) from an AD patient (73 years old, male),
an ALS patient (79 years old, male), and a control (88 years old, male) were exam-
ined under the same condition as used for the detection of TGFf2-immunostained
neighbor samples. TGFfA2 immunodetection was performed with the FITC method,
as shownin (A). Scale bars, 50 um. (C) Neighbor cortical sections from an AD patient
(79 years old, female), an ALS patient (69 years old, female), and a control (79 years
old, female) were immunostained with or without TGFf2 antibody (stain or 2nd an-
tibody only). Immunodetection was performed with the FITC method, as shown in
(A). Scale bars, 50 jtm. )

CA1l and CA4 regions) were immunostained. Note a
senile plaque in another CAl region of hippocampus
of the same AD patient (the right panel of the AD pa-
tient). The TGFB2 levels in hippocampal cells in the
pyramidal layer of these regions mainly consisting of
neurons (and/or glial cells) were generally elevated as
compared with those of the normal brain.

To confirm the elevated TGFB2 levels of AD
brains as compared with those of normal controls, we
further performed immunohistochemical analysis us-
ing the FITC method. Fluorescent Nissl co-staining
was performed to recognize all cells contained in the
fields. As shown in Figure 4(A), the TGFA2 level
was elevated in hippocampal neuronal cells of an AD
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brain (79 years old, fermale) as compared with those of
normal (non-AD, non-ALS) brains (79 years old, fe-
male). We simultaneously stained brain samples from
ALS patients as controls because ALS is a selective

motoneuronal disease and found that the TGFS2

level was not significantly elevated in hippocampal
cells of an ALS brain (69 years old, female). The
TGEFf2 level was alsq elevated in outer pyramidal
cells and inner pyramidal cells mainly consisting of
neurons in occipital lobes of cerebral cortices of the
AD brain as compared with those of the normal and
ALS brains (Figure 4A, right panels).

To exclude the possibility that the elevation of

TGEFS2 levels incidentally occurred in a single AD -

case, we examined six or five other AD, ALS, and
aged normal brains by the FITC method. We then
found that TGFB2 levels were elevated in hippocam-
pal and cortical neuronal cells of all examined AD
brains as compared with those of ALS or normal
brains (data not. shown but see parts of these im-
munofluorescence pictures in Figures 4B and C).

-Elevation of TGFS2 levels was not caused by
cellular autofluorescence

It has been reported that autofluorescence increased
in aged neurons mainly due to increased intracellu-
lar lipofuscin (Van de Lest, Versteeg, Veerkamp, &
Van Kuppevelt, 1995). Such autofluorescence may
contribute to the increase in TGFB2 immunofiuo-
rescence levels. To exclude this possibility, we exam-
ined cellular autofluorescence in an unstained contin-
uous neighbor brain sample under the same condition
of the laser microscopy as used for the immunofiu-
orescence detection of each TGFB2-stained sample
(Figure 4B). As shown in Figure 4(B), autofluores-
cence was not detected under the same condition. We
also performed immunostaining of another continu-
ous neighbor brain sample only with second antibody
as a negative control and found that significant im-
munofluorescence was not detected under the same
condition as used for the immunofluorescence de-
tection of each TGFS2-stained sample (Figure 4C).
These results supported our notion that the TGFB2
level was elevated in hippocampal and cortical neu-
ronal cells of the AD brains.

Quantification of elevated TGFB2 levels in AD
brains

To quantify cellular TGFB2 levels, we examined
mean cytoplasmic immunofluorescence intensity per
pixel of a Nissl-positive and neuron-like morphologic
cell (a), as shown in Figure 5(A). We simultaneously
quantified mean immunofluorescence intensity per

© 2010 Informa Healthcare USA, Inc.
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pixel of a noncell area around the cell (b). Then a
ratio of (a) to (b) was calculated as a relative mean im-
munofluorescence intensity of the cell. We randomly
selected 10 microscopical areas in each sample, and
fluorescence intensities of all neuronal cells were mea-
sured and an average relative mean immunofluores-
cence intensity was calculated for each sample, as
shown in Table 1. Statistical analysis indicated that
the TGFB2 level was significantly elevated in cells
mainly consisting of neurons of the hippocampi and
cortices of AD brains (Figure 5B) (Table 1).

DISCUSSION

We have herein demonstrated that the TGFA2 level

is upregulated in cells mainly consisting of neurons

in hippocampi and cortices of sporadic AD brains.

This result is consistent with our earlier in vitro

data (Hashimoto et al., 2006) as well as a forego-

ing in vivo study which indicated that TGFA2 levels

in autopsied FAD cases with presenilin 1 mutations

were upregulated in reactive glial cells around se-

nile plaques and neurons with neurofibrillary tangles

(Flanders et al., 1995). In addition to normal aged

brains, we examined the hippocampi and cortices of

brains of ALS cases without frontotemporal lobar de-
generation which are thought to be completely nor-

mal (except for cortices containing motor neurons)’
(Figure 4). As expected, levels of TGFB2 were not

increased in normal and ALS brains. Thus, this study

contributes to the establishment of the notion that the

upregulation of the neuronal TGFA2 level is a com-

mon pathological feature of AD.

We showed that AB42 increased the intracellu-
lar TGFB2 level (Hashimoto et al.,, 2006). How-
ever, in the current experiment, r.he intracellular .
TGFB2 levels around senile plaques are not signif-

‘icantly higher than those not around senile plaques

(data not shown). This result suggests that there are
other important mechanisms than the upregulation of
ApB42 underlying the increase in the TGFﬁ’) level in
AD brains.

In earlier studles, it was hypothesized that TGFB2
might behave as a mediator of defensive reaction and
the neuronal and glial levels of TGFB2 were upregu-
lated so that neurons survive in neurological diseases
including AD (Krieglstein et al., 1995), based on the
fact that the levels of TGFB2 were increased in the
surviving neurons and the speculation that neurons
without upregulation of the TGFES2 level died. How-
ever, there is no direct evidence supporting the notion
that upregulated T'GFS2 inhibits neuronal cell death
in AD brains. Conversely, based on the experimental
findings showing that TGFB2 promotes neurcnal
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FIGURE 5 Quaritiﬁcation of the elevated levels of neuronal TGFg2. (A) Two
examples of quantification of cellular immunofluorescence intensity are demon-
strated. A Nissl-positive and neuron-like morphologic cell area (a) and a noncell
area surrounding the cell (b) were enclosed by marking and mean immunofluores-
cence intensity per pixel were measured for each area. Then a ratio of (a) to (b) was
calculated as the relative mean immunofluorescence intensity of the neuron. (B)
Hippocampal sections and cortex (parietal or occipital lobes not containing motor
neurons) from AD patients, ALS patients, and normal controls shown in Table !
(including those shown in (A)) were immunostained with antibody to TGFA2. Im-
munodetection was performed with the FITC method. Mean immunofluorescence
intensities were measured with Image J 1.37 v, as described in detail in the Materials
and Methods section. Dara are shown as mean & SEM.

cell death by binding to the extracellular domain tralizing antibody inhibited AB42-induced death of
of APP in vitro (Hashimoto et al., 2005), neuronal PCNs (Hashimoto et al., 2006), it could be alterna-
and glial expressions of TGFB2 were induced by tively speculated that upregulated TGFB2 promotes
Ap (Hashimorto et al., 2006), and anti-TGFA2 neu- neuronal cell death in vivo, and neurons generating
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relatively lower levels of TGFB2 or neurons with ‘

more self-defensive ability may survive in brains of
human AD cases. It is also possible that the elevated
TGFB signal in neurons is a simple secondary effect
of AD and is not related to the AD pathogenesis.
One of the hallmarks of the human AD pathology
is neuronal loss (Hardy & Selkoe, 2002; Mattson,
2000). Neuronal loss 1s directly linked to the catas-
trophic and irreversible dementia, while neuronal
dysfunction is linked to the reversible dementia of
AD. Although it is speculated in the AB-cascade
hypothesis that long exposure of neurons to increased
levels of ABs ultimately results in neuronal cell death
(Hardy & Selkoe, 2002), the detailed molecular
mechanism underlying this process remains un-
determined. This study reinforces the hypothesis
proposed by a series of the foregoing studies that
upregulated TGFB2 may be a mediator of this
process (Hashimoto et al., 2005, 2006; Matsuoka,
Hashimoto, Aiso, & Nishimoto, 2006). Further
investigation .is needed to ultimately differentiate
whether TGF 2 is neurotoxic or neurotrophic in AD
or whether the upregulation of TGFB2 is a simple
secondary effect unrelated to the AD pathogenesis.
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Morphological changes of Golgi apparatus in adult
rats after facial nerve injuries
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We examined the morphological changes of Golgi appara-
tus (GA) of the facial motor neurons in rats after facial
nerve avulsion or axotomy. In rats after avulsion, the
numbers of motor neurons showed reduction and fragmen-
tation of GA, namely the organelle lost the normal network-
like configuration which was replaced by numerous small
disconnected elements (fine fragmentation). This GA frag-
mentation was morphologically indistinguishable from that
previously reported in amyotrophic lateral sclerosis (ALS).
On the other hand, axotomy did not induce significant
motor neuron loss, and the GA had lost the elongated
profiles (coarse fragmentation). These results suggest that
there may be a similar cascade leading to motor neuron
death in rats after avulsion, and ALS and GA observed in
rats after axotomy may not be related to neuronal death.

Key words: amyotrophic lateral sclerosis, avulsion,
axotomy, facial nerve, Golgi apparatus.

INTRODUCTION

As animal models of motor neuron degeneration, there are
rats that have undergone avulsion or axotomy of periph-
eral nerves.” Significant neuronal degeneration is
observed in both neonatal and adult rats after avulsion;
however, the neuronal degeneration seen in adult rats after
axotomy is generally milder compared to that in neonatal
rats. The precise mechanisms behind these differences are
not known. On the other hand, several reports showed that
the fragmentation of Golgi apparatus (GA), namely the
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organelle, lost the normal network-like configuration
which was replaced by numerous small disconnected ele-
ments (fine fragmentation), and was frequently observed in
the motor neurons of patients with amyotrophic lateral
sclerosis (ALS) and mice expressing G93A mutation of the
SODI gene, before the first signs of clinical dysfunction.5
These results strongly suggest that the GA is an early target
of the pathological processes initiating neuronal degenera-
tion in ALS. We herein investigated using immunohisto-
logical methods whether the fragmented GA of the facial
motor neurons is also present in rats after facial nerve
avulsion or axotomy. If fine fragmentation of the GA is
present, it is reasonable to propose that there may be a
similar cascade leading to motor neuron death in rats with
injured facial nerve and ALS.

MATERIALS AND METHODS

The experimental protocols were approved by the Animal
Care and Use Committee of the Tokyo Metropolitan Insti-
tute for Neuroscience. Eighteen adult Fisher 344 male rats
(12-14 weeks old, 200-250 g) were prepared for facial
nerve axotomy or avulsion, respectively, and then they
were anesthetized with an intraperitoneal injection of pen-
tobarbital sodium (40 mg/kg). As for facial nerve avulsion,
the right facial nerve was exposed at its exit from the
stylomastoid foramen and avulsed by gentle traction as
described elsewhere.’* Regarding axotomy, the right facial
nerve was transected at its exit from the stylomastoid
foramen, and a distal portion of the nerve, 5 mm in length,
was cut and removed.! After 30 min to 4 weeks, rats were
anesthetized with a lethal dose of pentobarbital sodium
and transcardially perfused with 0.1 M phosphate buffer
(PB), pH 7.4 followed by 4% paraformaldehyde in 0.1 M
PB. The brain stem tissues containing facial nuclei were
dissected and immersion-fixed in the same fixative for 2 h.
The tissues were dehydrated and embedded in paraffin.
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Every fifth section (24-um intervals) of each 2 rats were
collected at 30 min, 2 h, 6 h, 1day, 3 days, 1 week, 2 weeks, 3
weeks and 4 weeks after avulsion or axotomy, respectively.
For facial motor neuron cell counting, the sections were
deparaffinized, and stained with cresyl violet (Nissl stain-
ing), and facial motor neurons having nuclei containing
distinct nucleoli were counted in 25 sections as described
elsewhere.?

Immunohistochemistry

A polyclonal anti-MG-160 antibody (1:700 dilution, gifted
by Gonatas NK: University of Pennsylvania School of
Medicine, PA, US), which recognizes a sialoglycoprotein of
the medial cisternae of the GA, was used to demonstrate
the morphological changes of the GA.*2 Autoclave treat-
ment (121°C, 10 min) was required to improve antigen
retrieval for the anti-MG-160 antibody. The sections were
incubated with polyclonal anti-MG-160 antibody over-
night at 4°C, followed by a secondary reagent containing
biotinylated anti-rabbit IgG for 30 min, and finally labelled
streptoavidin-biotin methods for 30 min. The tissues were
subjected to peroxidase reaction using diaminobenzidine.

Electron microscopy

For electron microscopy, the tissues were fixed with 3%
gultaraldehyde in 0.1IM PB, pH 7.4, post-fixed in 4% osmic
acid, then embedded in epoxy resin. Ultrathin sections
were double-stained with uranyl acetate and lead citrate,
and observed with a JEM 200CX electron microscope
(JEOL Co., Ltd., Tokyo, Japan).

RESULTS

The numbers of facial motor neurons on the ipsilateral side
of rats after avulsion were reduced compared to the con-
tralateral side at 24 weeks (Fig. 1B). On the other hand,
neurons on the ipsilateral side of rats after axotomy did not
show a significant loss (Fig. 1C). The average percentages
of surviving facial motor neurons after avulsion reached
20-30% of the contralateral side by 4 weeks (Fig. 2). GA of
the motor neurons in rats was adequately and specifically
immunostained with the anti-MG-160 antiserum (Fig. 3).
GA of the contralateral side in rats after avulsion or
axotomy showed a normal profile, being larger, angular, or
elongated, and filling the cell body (Fig. 3A). On the other
hand, approximately 3%, 28%, 68%, 55% and 34% of the
GA in the remaining facial motor neurons on the ipsilat-
eral side showed fine fragmentation in adult rats at 3 days,
1 week, 2 weeks, 3 weeks and 4 weeks after avulsion,
respectively (Fig. 3B). In contrast to avulsion, we observed
few fine fragmentations of GA in the facial motor neurons
in rats after facial nerve axotomy; however, approximately

© 2010 Japanese Society of Neuropathology
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Fig.1 Facial motor neurons on the contralateral (A) and ipsilat-
eral (B, C) sides 4 weeks after facial nerve avulsion (A, B) and
axotomy (C). The surviving facial motor neurons on the ipsilateral
side (B) were reduced in number compared with the contralateral
side (A) in a rat after avulsion. On the other hand, the number of
neurons after facial nerve axotomy did not show a significant
reduction (C). Nissl stain. Bar = 100 um.

34%, 52%, 40% and 34% of the GA in the facial motor
neurons on the ipsilateral side at 1-4 weeks showed GA
changes which had lost the elongated profiles (coarse frag-
mentation), respectively (Fig. 3C).
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Fig.2 Time courses of facial motor neuron loss after operations.
The average percentages of surviving facial motor neurons in 25
sections of two rats after facial nerve avulsion or axotomy are
plotted. m: minutes, h: hours, d: days, w: weeks.

In electron microscopy, GA of the ipsilateral side in rats
after both avulsion and axotomy showed short cisternae
compared to the contralateral side (Fig. 4), while coated
and uncoated vesicles in the vicinity of the residual short-
ened cisternae of the GA were virtually absent. Further,
the arrangements of shorter cisternae in rats after avulsion
were more irregular than that in rats after axotomy
(Fig. 4B,C).

DISCUSSION

The extent of motor neuron loss after peripheral nerve
injury is highly variable. In neonatal rats, axotomy induces
the degeneration of motor neurons, and neuronal apopto-
sis has been shown to be the major mechanism of cell
death.’** On the other hand, the neuronal degeneration
seen in adult rats after axotomy is generally milder com-
pared to that in neonatal rats, and no neuronal apoptosis is
observed.'>'® In contrast to axotomy, peripheral nerve avul-
sion induces significant degeneration of motor neurons in
both neonatal and adult rats. Martin et al. demonstrated
motor neuronal apoptosis after sciatic nerve avulsion in
adult rats;> however, other studies failed to show neuronal
apoptosis in both neonatal and adult rats after avulsion.”’
The precise molecular mechanisms behind these differ-
ences between avulsion and axotomy are not known;
however, the peroxinitrite-mediated oxidative damage and
perikaryal accumulation or phosphorylated neurofila-
ments, both of which were observed in motor neurons in
ALS, were also demonstrated in injured motor neurons
after avulsion.>!®? Thus, rats with peripheral nerve avul-
sion are good models of motor neuron degeneration in
ALS.

Y Fujita et al.

Fig.3 Immunostaining of the facial motor neurons on the con-
tralateral side in a rat at 4 weeks after avulsion (A), ipsilateral side
in a rat at 1 week after avulsion (B) and ipsilateral side in a rat at
2 week after axotomy (C) with anti-MG-160 antibody. A facial
motor neuron on the contralateral side showed a normal Golgi
apparatus (GA) profile (A). Fine fragmentation of GA was
observed in the facial motor neuron of a rat after avulsion (B,
arrow), and the GA in the facial motor neuron of a rat after
axotomy showed coarse fragmentation (C). Bar = 20 pm.

© 2010 Japanese Society of Neuropathology
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Fig.4 Electron microscopy of the facial motor neurons on the
contralateral side in a rat at 4 weeks after avulsion (A), ipsilateral
side in arat at 4 weeks after avulsion (B), and ipsilateral side in a rat
at4 weeks after axotomy (C). Golgi apparatus of the ipsilateral side
inrats after both avulsion and axotomy (B, C,arrows) showed short
cisternae compared to the contralateral side (A, arrow), and the
arrangements of shorter cisternae in rats after avulsion (B) were
more irregular than that in rats after axotomy (C). Bar =1 pm.

Morphological changes of GA were also described as
mildly hypertrophic in the hypoglossal motor neurons of
rats at the end of the first week following axotomy;*
however, these GA changes were not detected in motor
neurons in rats after facial nerve avulsion. We demon-
strated the frequent fine fragmentation of the GA of motor
neurons in rats after facial nerve avulsion. Similar GA
fragmentation was frequently observed in motor neurons

© 2010 Japanese Society of Neuropathology
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of the spinal cord and motor cortex in ALS patients, and in
transgenic mice expressing human mutant Cu/Zn superox-
ide dismutase (G93A).5° Of course, fine fragmentation of
GA was not specific for ALS;?* however, the GA of motor
neurons were more frequently fragmented in patients with
ALS than other neurodegenerative diseases and a majority
of motor neurons contained cytoplasmic inclusions had
fine-fragmented GA.>* Further, GA fragmentation is one
of the early neuropathological changes in transgenic mice
expressing the G93A mutation of the SODI gene.!’ These
results suggest that fine fragmentation of GA may be
related to neuronal degeneration in patients with ALS.
Therefore, our results suggest that a similar cascade of
motor neuron death may be present in rats with peripheral
nerve avulsion and ALS.

On the other hand, fine-fragmented GA of motor
neurons was rare on the ipsilateral side of rats after
axotomy, and approximately 34-52% of facial motor
neurons at 1-4 weeks after axotomy showed coarse frag-
mentation of the GA. In this study, we demonstrated that
axotomized neurons did not show significant loss; there-
fore, we considered that these morphological changes of
the GA observed in rats after axotomy may \ not be related
to neuronal death.

The biological difference between axotomy and avul-
sion has been considered the difference in the length of the
remaining axons and whether there are cells such as
Schwann cells adjacent to the axons.® In contrast to
axotomy, avulsion causes the complete disappearance of
peripheral nerve components, including Schwann cells,
which produce several neuroprotective molecules for
motor neurons. A recent study revealed that cytoplasmic
RNA content per neuron decreased markedly in the facial
nucleus after facial nerve avulsion compared with that
after axotomy, and the degree of decrease of cytoplasmic
RNA in motor neurons was correlated with the extent of
loss of large motor neurons.” Therefore, we speculate that
the loss of some neuroprotective molecules may induce a
disturbance of protein metabolism and cause fine fragmen-
tation of GA.

By electron microscopic study, we demonstrated that
GA of the ipsilateral side in rats after both avulsion and
axotomy showed short cisternae compared to the contralat-
eral side, while coated and uncoated vesicles in the vicinity
of the residual shortened cisternae of the GA were virtually
absent. In contrast, in cells undergoing apoptotic cell death,
the stacks of the cisternae of the GA are replaced by clusters
of vesicles similar to those seen in mitosis.”** Therefore, our
results may support that neuronal death in our facial nerve
avulsion model was not apoptosis.

Further studies are needed to clarify the significance of
GA morphological changes in these animals using immu-
noelectron microscopy.
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Numerous FUS-positive inclusions in an elderly
woman with motor neuron disease
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We report an autopsy case of a 75-year-old Japanese
woman with motor neuron disease (MIND) showing numer-
ous neuronal and giiai inclusions immunostained with anti-
fused in sarcoma (FUS) antibody. At 73 years, she received
a diagnosis of MIND and died of respiratory insufficiency 2
years later. No mutation was found in all exons of the FUS
gene. Neuropathological examination revealed a reduced
number of anterior horn cells and degeneration of the
pyramidal tracts. Neither Bunina bodies nor inclusions
positive for ubiquitin/phosphorylated TAR DNA binding
protein of 43 kD (pTDP-43), such as skein-like or round
inclusions, were observed. However, basophilic inclusions
(BIs) were frequently observed in the remaining neurons
of the anterior horns, facial nuclei, hypoglossal nuclei, ves-
tibular nuclei, dentate nuclei and inferior olivary nuclei. In
an immunohistochemical aralysis, the BIs showed strong
immunoreactivity with anti-FUS and anti-ubiquitin-
binding protein p62 (p62) antibodies. The nuclear staining
of FUS was preserved in some neurons with FUS-positive
inclusions, and a few FUS-positive glial inclusions were
found. FUS-positive inclusions were more common than
p62-positive inclusions in some anatomical regions, and in
some neurons, p62 immunoreactivity was observed in only
parts of the BIs. These results suggest that BI formation
and TDP-43 aggregation have different pathogenic mecha-
nisms, and FUS may play an important role in the patho-
genesis of MND with BIs. This patient has the oldest
reported age of caset for MIND with BIs, and clinical fea-
tures observed in this patient were indistinguishable from
those of classic sporadic MIND. Therefore, we consider that
the age of onset and clinical features of FUS-related disor-
ders may be variable.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a chronic degenera-
tive disease characterized by progressive degeneration and
loss of motor neurons in the spinal cord, brain stem and
motor cortex. The etiology of the sporadic form of ALS,
which accounts for approximately 90% of all cases, is
unknown. Of all cases of familial ALS (FALS), 15-20% are
caused by mutations in the Cu/Zn superoxide dismutase 1
(SODI) gene, and an additional 5-10% are caused by
mutations in the TAR DNA binding protein of 43 kD
(TDP-43) gene.! Recently, two studies have implicated
mutations in the gene encoding the fused in sarcoma
protein (FUS) in the etiology of FALS type 6.>* Further-
more, FUS gene mutations have been identified in patients
with FALS and sporadic ALS.** FUS has been also immu-
nohistochemically detected in the inclusions found in neu-
ronal intermediate filament inclusion disease (NIFID) and
basophilic inclusion body disease (BIBD).*” BIBD is
classified into two subtypes: a generalized variant Pick’s
disease and a motor neuron disease (MND) characterized
by the presence of basophilic inclusions (BIs). MND with
Bls was previously referred to as juvenile MND because
cases of adult-onset disease were rare.>*? Here, we report
an autopsy of an elderly woman with MND showing
numerous Bls which were strongly immunostained with
anti-FUS antibodies in multiple anatomical regions. Fur-
thermore, this patient had no mutations in the FUS gene,
and the clinical features observed in this patient were indis-
tinguishable from those of classic sporadic MND without
apparent pyramidal tract signs.

CLINICAL SUMMARY

The patient was a 75-year-old Japanese woman who
noticed weakness in her right hand at the age of 73. Past
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medical and family histories were negative for neurological
disorders. Neurological examinations revealed progressive
muscle weakness and atrophy in the right hand and gener-
alized areflexia. Tongue atrophy and fasciculation, facial
weakness, dysarthria, dysphagia, extrapyramidal signs,
cognitive dysfunction, cerebellar ataxia and Babinski sign
were not observed. Ocular movements, sensation and the
autonomic nervous system were also normal. Laboratory
tests revealed that the patient’s serum creatine kinase level
was slightly elevated and the cerebrospinal fluid (CSF)
protein level was normal. Computed tomography (CT)
scan of the brain revealed mild frontal lobe atrophy,
and cervical magnetic resonance imaging (MRI) showed
normal results. The findings of nerve conduction studies in
the extremities were normal, but needle electromyography
revealed acute and chronic neurogenic changes in her
upper and lower limbs. Because of progressive muscle
weakness, she became bedridden 2 years after the onset
of the symptoms. She died of respiratory insufficiency at
the age of 75, 2 years and 4 months after the onset of
symptoms.

GENE ANALYSIS OF FUS

We purified genomic DNA from the brain of this patient.
Genomic DNA was extracted from frozen brain samples
by using standard methods.”® The PCR products of FUS
were generated with intronic primers located upstream
from exon 1 to exon 15.2 The PCR products were excised
from a 3% Nusieve (FMC Bioproducts, Rockland, ME,
USA) agarose gel, purified, and treated with the T vector
cloning system pGEM-T® (PROMEGA, Madison, WI,
USA). The plasmid clones were then subjected to sequenc-
ing with an ABI 3130XL Genetic Analyzer (Applied Bio-
systems, Foster City, CA, USA).

NEUROPATHOLOGICAL FINDINGS

Autopsy was performed 2h after death. The general
autopsy findings were unremarkable. The brain
(weight = 1000 g) and spinal cord were fixed in phosphate-
buffered formalin and embedded in paraffin. Brain and
spinal cord sections (thickness =5 pm) were stained with
HE, KB and Gallyas-Braak stains and were immunostained
with several antibodies. To compare HE staining with
Gallyas-Braak stain and immunostaining in the same sec-
tions, some sections were stained with HE, photographed,
decolorized using alcohol and PBS, and then stained with
Gallyas-Braak silver method and immunostained.

Immunohistochemical analyses

Several deparaffinized sections (thickness =5 pum) of the
brain, brainstem and spinal cord were incubated with 1%
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H0; in methanol for 30 min to eliminate endogenous per-
oxidase activity in the tissue. The sections were blocked with
normal serum and incubated overnight at 4°C with the
following antibodies: rabbit polyclonal anti-ubiquitin anti-
body (1:2000; Dako, Glostrup, Denmark), mouse mono-
clonal anti-phosphorylated neurofilament (pNF) antibody
(1:10 000; SMI 31, Sternberger-Meyer, Jarrettsville, MD,
USA), rabbit polyclonal anti-phosphorylated TDP-43
(pTDP-43) antibody (1:3000; phosphorylated C-terminal
Ser409/410 of the synthetic peptide derived from human
TDP-43, CSMDSKS(p)S(p)GWGM), rabbit polyclonal
anti-o-synuclein antibody (1:8000; MPVDPDNEAYEMP-
SEE, a synthetic peptide derived from o-synuclein),?
mouse monoclonal anti-phosphorylated tau antibody
(AT-8,1:2000; Innogenetics, Ghent, Belgium), mouse mono-
clonal anti-glial fibrillary astrocyte protein (GFAP) anti-
body (1:500; Dako), guinea pig monoclonal antibodies
against the N-terminals of p62 (1:2000; Progen Biotechnik,
Heidelberg, Germany), rabbit polyclonal anti-o-internexin
antibody (1:100; Abcam, Cambridge, UK), and rabbit poly-
clonal anti-FUS antibody (1:500; Sigma, St Louis, MO,
USA). Antibodies against pTDP-43 and a-synuclein were
prepared in our laboratory.!**

The sections were washed in PBS for 30 min and incu-
bated in biotinylated anti-rabbit, anti-mouse, or anti-
guinea pig secondary antibodies for 1h and then in
streptavidin-biotinylated horseradish peroxidase complex
(Histofine SAB-PO kit; Nichirei, Tokyo, Japan) for 30 min.
The peroxidase labeling was visualized with 3,
3’-diaminobenzidine (DAB) as the chromogen, and the
sections were counterstained with hematoxylin. Before the
sections were stained with antibodies against pTDP-43,
pNF, p62, a-internexin, and FUS, they were treated with
10 mM sodium citrate buffer in an autoclave at 121°C for
10 min.

Immunofluorescence analyses

Double-labelled immunofluorescence was performed on
the spinal cord by using a rabbit polyclonal anti-FUS anti-
body and a guinea pig monoclonal anti-p62 antibody. The
secondary antibodies were Alexa Fluor 594-conjugated
anti-rabbit (1:100) and Alexa Fluor 488-conjugated anti-
guinea pig (1:100) (Molecular Probes-Invitrogen, Eugene,
OR, US). 4’-6-diamidino-2-phenylindol (DAPI; Southern
Biotech, Birmingham, AL, US) was used for nuclear
counterstaining,

ULTRASTRUCTURAL STUDY

The anterior horns from the lumbar spinal cord were fixed
with 4% paraformaldehyde and 2% glutaraldehyde in
0.1 moVL PBS, cut into small pieces, post-fixed in 2%
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osmium tetroxide for 2 h, dehydrated and embedded in
epoxy resin. The embedded specimens were then cut into
semi-thin sections and stained with toluidine blue. The Bls
were identified by light microscopy, after which appropri-
ate portions of the specimens were trimmed and cut into
ultra-thin sections. These sections were stained with
uranyl acetate and lead citrate and examined under a
JEM 100CX (JEOL Co., Ltd. Tokyo, Japan) electron
microscope.

RESULTS

No mutation was detected in the sequences of all exons in
the FUS gene of this patient.

Neuropathologically, we observed neuronal loss in the
anterior horns and hiypoglossal nuclei as well as mild
degeneration of the pyramidal tracts. A few spheroids were
found in the anterior horns. Bunina bodies and ubiquitin/
pTDP-43-positive inclusions, such as skein-like or round
inclusions, were not observed in the anterior horn cells. On
the other hand, round or globular Bls were frequently
observed in the neurons of the anterior horns and in the
facial, vestibular, hypoglossal, dentate and inferior olivary
nuclei (Fig. 1al-e1). The BIs were weakly argyrophilic with
Gallyas-Braak stain (Fig. 1a2). Immunohistochemical
analysis showed that the BIs were negative for pNF,
pTDP-43, a-synuclein, phosphorylated-tau, GFAP and
o-internexin. A few BlIs were weakly stained with anti-
ubiquitin antibody but strongly stained with FUS antibody
(Fig. 1b2,c2). Bls were also immunostained with anti-p62
antibody, but some BIs labeled only part of the inclusion
(Fig. 1d2,e2). Nuclear immunostaining of FUS was pre-
served in a significant number of the neurons containing
BIs (Fig.2). Furthermore, FUS-positive neuronal inclu-
sions were also present in the neurons of the substantia
nigra, oculomotor nuclei, red nuclei, inferior olivary nuclei,
facial nuclei, pontine nuclei, dentate nuclei, hypoglossal
nuclei, vestibular nuclei and locus coerulei (Fig. 3). A few
neuronal FUS-positive inclusions were observed in the
thalamus and globus pallidus. Glial cytoplasmic inclusions
and dystrophic neurites were observed in the regions
where the neuronal FUS-positive inclusions were observed
(Fig. 3). No FUS-positive inclusions were observed in the
Betz cells and the neurons of the cerebral cortex and the
granule cells of the dentate gyrus. Immunofluorescence
analysis revealed that all p62-positive Bls were also
FUS-positive. On the other hand, some FUS-positive Bls
labeled only part of the inclusion for anti-p62 antibody and
a few FUS-positive inclusions were negative for anti-p62
antibody (Fig.4). The Betz cells, Onuf nuclei, Clarke
column, Purkinje cells, caudate nuclei, amygdala, putamen
and substantia nigra were well preserved. A few neu-
rofibrillary tangles and threads were found in the parahip-
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pocampal gyrus and amygdala (Braak stage I) and no
Lewy pathology was detected using o-synuclein antibody.

Electron microscopy revealed that the BIs consisted of
thick filamentous structures associated with granules. The
BIs had no limiting membranes. Rough endoplasmic
reticulum was frequently observed on the periphery and
mitochondria were enclosed within the inclusions (Fig. 5).

DISCUSSION

We have described the clinical and neuropathological find-
ings from an elderly patient with MIND showing numerous
Bls. The inclusions observed in this patient were found to
be basophilic when stained with HE and KB stains. Immu-
nohistochemical analysis revealed that the BIs were nega-
tive for pNF, pTDP-43, o-synuclein, phosphorylated-tau,
GFAP and a-internexin antibodies. A few BIs were weakly
stained with anti-ubiquitin antibody, but strongly stained
with anti-FUS and anti-p62 antibodies. These findings have
also been demonstrated in previous reports®>!® and are
compatible with BIs observed in patients with BIBD as
mentioned in the consensus criteria recently reported by
the Consortium for Frontotemporal Lobar Degeneration
(FTLD).” BIBD is divided into two subtypes: a general-
ized variant Pick’s disease and MND with BIs.® The gener-
alized variant Pick’s disease is associated with clinical
evidence of frontotemporal dementia. Because our patient
did not have dementia, we diagnosed her as having MND
with Bls.

Recently, the FUS gene, located on chromosome
16p11.2, has been implicated in the etiology of FALS type
6.7 This gene encodes a 526-amino acid protein that binds
to RNA and is known to be involved in RNA processing.
Neuropathological examination has revealed nuclear FUS
immunoreactivity in both controls and patients with FALS
type 6. Patients who have FALS with FUS gene mutations
exhibit increased neuronal cytoplasmic FUS immunoreac-
tivity, dystrophic neuritis and globular neuronal cytoplasmic
inclusions.* Recently, Munoz ez al.immunohistochemically
labeled the neuronal inclusions found in BIBD with anti-
FUS antibody and concluded that FUS may play an impor-
tantrole in the pathogenesis of this condition.’ Similarly, we
found that the inclusions in this case exhibited strong immu-
nostaining with the anti-FUS antibody. FUS is involved in
regulating transcription, RNA splicing, and transport and
is functionally homologous to another ALS-related gene,
TDP-43,which has been identified as a major component of
cytoplasmic inclusions in the motor neurons of patients with
sporadic MND and FTLD with ubiquitinated inclusions,’8
Thus, protein aggregation in the neuronal cytoplasm and
defective RNA metabolism may be a mechanism respon-
sible for motor neuron degeneration in both sporadic ALS
and MND with BIs.
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Fig.1 Basophilic inclusions (BIs, indicated with
arrows) in the anterior horn cells appear as
round or globular basophilic masses after HE
staining (al-el). BI was weakly argyrophilic with
Gallyas-Braak stain (a2). BIs were strongly
immunostained with anti-fused in sarcoma
protein (FUS) (b2,c2) and anti-p62 (d2) antibod-
ies in the same sections. Some BIs were labeled in
only a part of the inclusion for anti-p62 antibody
(e2). Scale bar: 20 pm.
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Fig.2 Anti- fused in sarcoma protein
(FUS) antibody immunostained the nucleus
in a normal-looking anterior horn cell (a).
Nuclear staining of FUS was preserved in an
anterior horn cell containing a FUS-positive
cytoplasmic inclusion (arrow) (b). Nuclear
immunoreactivities of FUS were weak (c) or
absent (d) in the anterior horn cells contain-
ing FUS-positive inclusions (arrows).
N =nucleus, Scale bar: 20 pm.

Fig.3 Fused in sarcoma protein (FUS)-
positive cytoplasmic inclusions are observed
in the neurons of the substantia nigra (a,
arrow), oculomotor nucleus (b), red nucleus
(c), locus coeruleus (d), facial nucleus (e,
arrow), pontine nucleus (f), inferior olivary
nuclei (g), hypoglossal nucleus (h) and
dentate nucleus (i). A FUS-positive skein-
like cytoplasmic inclusion was seen in the
anterior horn cell (j). A FUS-positive glial
inclusion (k) and dystrophic neurite (I) were
evident in the anterior horn. Scale bars: a—j,
20 pm; k, 5 pm; 1, 15 pm.
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