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Fig. 2 Photomicrographs of immunohistochemical staining for phos-
phorylated a-synuclein in paraffin sections of bodily organs and
tissue. Positive staining is black, the counterstain is neutral red.
a, b Low and higher magnification images of the submandibular gland
in two subjects with PD, showing immunoreactive nerve fibers within
the stroma of the gland. Calibration bar in a 0.2 mm; in b 100 pm.
¢ The submucosa of the lower esophagus of a subject with PD,
showing immunoreactive puncta, fibers and perikaryal cytoplasmic
inclusions in ganglion cells. d Immunostaining of fibers in the
duodenal submucosa of a subjects with DLB. Calibration bar 20 pm.
e A single immunoreactive fiber in the stroma of the pancreas from a
subject with PD. Calibration bar 40 pm. f A single immunoreactive
fiber in the submucosa of a primary bronchus of a subject with PD.
Calibration bar 40 pm. g A few immunoreactive fibers in the
submucosa of the larynx of a subject with PD. Calibration bar 20 pm.
h Several immunoreactive fibers in an epicardial nerve twig entering
the myocardium in a subject with DLB. Calibration bar 100 pm.
i A single immunoreactive fiber in the intermyenteric plexus of the
urinary bladder of a subject with DLB. Calibration bar 20 pm.
j Frequent immunoreactive fibers, puncta as well as cells with
diffusely stained perikaryal cytoplasm in the adrenal medulla of a
subject with PD. Calibration bar 100 pm. k A single immunoreactive
fiber in the stroma of the parathyroid gland of a subject with PD.
Calibration bar 10 pm. 1 The ovary of a woman with PD showing
diffuse perikaryal immunostaining of a neuron-like cell with adjacent
immunoreactive fibers and puncta. Calibration bar 10 pm

Subjects with ILBD and ADLB had much lower fre-
quencies of positive staining in body regions (Fig. 4a, d).
In subjects with ADLB, positive staining was limited
entirely to the spinal cord and sympathetic ganglia, with
only 1/18 and 2/18 subjects affected, respectively. Subjects
with ILBD showed higher frequencies of positive staining
than ADLB subjects in the spinal cord, sympathetic gan-
glia, vagus nerve and gastrointestinal tract while all other
areas, as with the ADLB cases, showed no positive stain-
ing. When several microscopic slides from each spinal cord
subdivision were stained, 5/6 of the ILBD cases had PASH
present while on single-slide analysis, only 1 of 6 subjects
had been positive. For the ADLB subjects for which serial
paraffin and 80-pm sections of submandibular gland and
esophagus were examined, 3/15 were found to be positive,
whereas examination of single paraffin sections had found
no positively stained structures. Figure 4e depicts the
regional staining distribution, derived from analysis of a
single slide per region, when data from all subjects were
combined. This shows generally the same pattern as for PD
and DLB subjects.

Table 6 and Fig. 5a and b show the regional distribution
and density of PASH within paraffin sections on single
slides of the major subdivisions of the spinal cord as well
as cervical and thoracic sympathetic ganglia, for all sub-
jects combined. The frequency of positive staining between
different cord regions is similar, with the cervical cord
being the least-often affected (Fig. 5a). In terms of the
density scores, the thoracic and sacral cord regions have
higher mean scores than the cervical and lumbar regions.
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Cervical sympathetic ganglia had the highest frequency
and mean density scores of any region.

Table 7 and Fig. 5c and d show the regional distribu-
tion and density of PASH within major sites within the
gastrointestinal (GI) system. There is a marked trend for a
diminishing rostrocaudal gradient. The submandibular
gland and lower esophagus have the highest frequency of
PASH, followed by the stomach, small bowel regions,
large bowel regions and rectum. The data shown for
submandibular gland and esophagus do not include, to
provide an unbiased comparison between GI regions,
results from the serial paraffin or 80-um sections. As
mentioneéd previously, when staining from these extra
sections was considered, a higher percentage of subjects
were graded as positive. A striking finding was the
complete absence of positive staining in upper esophagus
and therefore all data for esophagus shown are derived
from analysis of the lower esophagus. Although not
quantitatively assessed here, it was apparent that PASH
was more frequently present in the myenteric plexus than
in the submucosal plexus.

Discussion

The results of this investigation support prior studies [12,
14, 17-19, 29, 40, 48, 81] that have indicated that PASH is
widespread throughout the spinal cord and peripheral ner-
vous system of subjects with PD. The present study adds to
this body of knowledge by providing data for other Lewy
body disorders including DLB, ILBD and ADLB, by sur-
veying many more sites than had previously been
investigated, and using large enough sample sizes to pro-
vide preliminary estimates of the relative frequency and
density of a-synuclein histopathology at these locations. In
addition, the use of a method that is specific and sensitive
for phosphorylated a-synuclein, which is detected only in
pathological structures [34] effectively eliminates the
ambiguity of staining results derived using antibodies that
recognize normal o-synuclein.

For spinal cord and sympathetic ganglia, subjects with
PD as well as DLB invariably have PASH in the regions of
the cord containing preganglionic autonomic neurons as
well as within sympathetic ganglia. Because these neurons
project widely throughout the body, it is highly probable
that, for subjects with PD and DLB, that a-synuclein his-
topathology is also very widely present within the end-
organ targets of the autonomic nervous system, although a
full test of this hypothesis will require multiple-section
examination of each of the many sites [49]. This study has
found that the relative frequency of PASH in end-organs
was generally much lower than in the spinal cord or
sympathetic ganglia, but when sampling was expanded
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Fig. 3 Photomicrographs of immunohistochemical staining for phos-
phorylated a-synuclein in 80-pm thick frozen sections of formalin-
fixed, cryoprotected tissue blocks of submandibular gland and lower
esophagus. Positive staining is black. There is no counterstain.
Submandibular gland from subjects with DLB (a—c) and PD (d)
showing frequent immunoreactive fibers in the gland parenchyma (a),

considerably through the use of multiple paraffin or 80-pm
sections, such as was done for the submandibular gland and
esophagus, the frequency of positive staining was
increased.

For subjects with ILBD, PASH has a more limited dis-
tribution, being more likely to be confined to the spinal
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stroma (b) and around a small artery (d), while frequent immuno-
reactive puncta are seen in ¢. Lower esophagus from subjects with PD
(e, g, h) and DLB (f) showing immunoreactive nerve fibers in e, nerve
fibers and puncta in f, a thickened nerve fiber adherent to a bundle of
smooth muscle fibers in g and a ganglion cell with diffuse perikaryal
cytoplasmic staining in h

cord, sympathetic ganglia, vagus nerve and a subset of end-
organs. Given the wide projections of the involved spinal
preganglionic and sympathetic ganglion neurons, a wide
but sparse involvement of the peripheral nervous system is
likely to exist in ILBD, although again a more definitive
investigation with multiple-section analysis will be
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Table 5 Regional frequency of phosphorylated a-synuclein histopathology in single slides of different body regions, with subjects grouped by
neuropathological diagnosis

Dx SpCd Sym Vagus Sciat GI Resp Endo Cardio GU MSK Skin
ILBD 1/6" 3/6 27 1/6 177 0/4 1/4 0/6 0/4 N/A 0/2
PD 16/17 1215 11/15 8/16 1117 1/8 2/9 0/9 1/8 0/6 0/8
DLB 9/9 79 4/6 2/8 5/9° 1/4 3/5 1/4 2/5 0/3 0/3
ADLB 1/19 2/15 1715 0/17 17194 0/10 0/11 0/12. 0/10 077 0/9
All 27/51 24/45 18/43 11/47 18/52 2/26 6/29 1731 3/29 0/16 0/22

See Table 1 for listing of individual sites sampled and Fig. 4 for graphic representation; see supplementary online table for frequency of PASH
within individual sites

Dx diagnosis, SpCd spinal cord, Sym sympathetic ganglia, Vagus vagus nerve, Sciat sciatic nerve, GI gastrointestinal system, Resp respiratory
tract, Endo endocrine system, Cardio cardiovascular, GU genitourinary tract, MSK musculoskeletal

* 6/7 when multiple slides of paraffin-embedded spinal cord were examined

® 14/15 when multiple slides of paraffin-embedded and 80-um frozen sections of esophagus and submandibular gland were examined
© 8/8 when multiple slides of paraffin-embedded and 80-pm frozen sections of esophagus and submandibular gland were examined

9 3/15 when multiple slides of paraffin-embedded and 80-pm frozen sections of esophagus and submandibular gland were examined

required to confirm this. Subjects with ADLB have a very = may occur early in the motor progression and there is
restricted frequency and distribution of PASH, with very - suggestive evidence that some may even occur in the
sparse involvement outside the spinal cord and sympathetic =~ premotor prologue [2, 3, 47, 66, 74]. The description of
ganglia, detectable only when multiple sections are  Lewy bodies within the sympathetic and parasympathetic
examined. ganglia, adrenal medulla and GI tract within autopsied
Other groups have reported higher frequencies for  subjects with PD [17, 21, 29, 35, 39, 50, 75] has shown that
PASH in selected body regions including skin, adrenal  peripheral nervous system o-synuclein histopathology is
medulla, urinary bladder and cardiac epicardium [35, 43, certainly present but there has been insufficient data
45, 61]. Each of these earlier studies stained multiple slides  regarding the findings in prodromal phases of disease.
from each site, however, probably accounting for most of ~ Autopsy studies of relatively small numbers of subjects
the differences from the present work, in which for most of =~ with ILBD have demonstrated a high prevalence of
these regions only a single slide was stained. Differing sites ~ o-synuclein histopathology within the spinal cord, sympa-
of sampling may also have been responsible for differing  thetic ganglia, adrenal medulla and upper GI tract [12, 17,
results, for example Iwanaga et al. [45] sampled the heart 21, 48, 61], consistent with accumulating reports of pre-
from around the coronary arteries while in the present motor autonomic dysfunction in PD [78], but only two
study the cardiac apex was sampled. Differences in staining  subjects, out of more than a thousand examined in recent
methods may also have contributed to the different find-  studies, have had a-synuclein histopathology in the spinal
ings. Minguez-Castellano et al. [61] used an antibody  cord or peripheral nervous system in the absence of brain
against normal (unphosphorylated) o-synuclein while in  involvement. Fumimura et al. [35] reported one case out of
the present study the antibody was specific for a-synuclein 783 with adrenal medulla as the only site with a-synuclein
phosphorylated at serine 129, which is found only in  histopathology, but the olfactory bulb was not examined.
pathological a-synuclein deposits [34]. Most other groups  Miki et al. [60] reported a single subject with o-synuclein
have used formic acid pretreatment for epitope exposure  histopathology restricted to the heart and stellate ganglion;
while the present study used proteinase K pretreatment in this case, the olfactory bulb was examined. The present
[10, 41]. Proteinase-K would theoretically destroy normal  work is in general agreement with these prior studies as, of
o-synuclein and thus further eliminate non-specific (non-  the 40 subjects without brain and olfactory bulb PASH,
pathological) staining. none had PASH within the spinal cord or peripheral ner-
A critical question has been whether or not a-synuclein ~ vous system sites sampled. However, owing to the
histopathology begins in the brain or within elements of the  relatively small sample size and single-section analysis at
peripheral nervous system [20, 38, 55]. The stimulus for ~ many sites, it cannot be excluded that o-synuclein pathol-
this intriguing hypothesis has come largely from clinical  ogy may rarely begin in the peripheral nervous system
studies of PD that have found a wide range of non-motor  prior to CNS involvement.
signs and symptoms that accompany the disease [4, 78]. A derivative of the “body-first” hypothesis has been the
Many of these non-motor accompaniments are related to  conjecture as to whether an exogenous pathogen might be
dysfunction of the peripheral autonomic system. These  the cause of disease and gain entry through peripheral
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Fig. 4 Relative frequency of
PASH by diagnostic group for
phosphorylated o-synuclein in
different body regions including
spinal cord, sympathetic
ganglia, vagus nerve, sciatic
nerve and multiple organs and
tissues. Relative frequency is
the percentage of subjects that
showed immunoreactive tissue
elements of any kind (fibers,
puncta, perikaryal diffuse
staining, perikaryal cytoplasmic
inclusions) in single slides from
each of the sites evaluated. For
list of individual sites within
each body region or organ
system, see Table 1 and
supplementary online table.
Frequency was investigated
further for some sites (see text)
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Table 6 Frequency and mean (SD) density of with phosphorylated o-synuclein histopathology in single slides from major spinal cord and
sympathetic nervous system subdivisions (all cases considered together)

Cervical Thoracic Lumbar Sacral CSymp ThSymp
Frequency 23/49 (47%) 26/47 (55%) 25/49 (51%) 25148 (52%) 14/20 (70%) 19/36 (53%)
Density score 0.7 (0.9) 1.2 (1.3) 0.9 (1.1) 1.4 (1.5) 2.1 (1.6) 1.5 (1.6)

See Fig. 5 for a graphic representation
CSymp cervical sympathetic, ThSymp thoracic sympathetic

nerve endings [20, 38], either through the olfactory epi-
thelium or GI mucosa. The findings of the present study are
not incompatible with a GI entry for PD, ILBD and DLB,
but as subjects with ADLB have relatively rare or sparse

involvement of the caudal neuraxis this seems unlikely for
" that group. The universal and primal involvement of
the olfactory bulb in all of the Lewy body disorders [8, 11]
is highly compatible with the exogenous pathogen
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Fig. 5 Relative frequency and Synucleinopathy Frequency b Synucleinopathy Density
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Table 7 Frequency of and mean density of with phosphorylated a-synuclein histopathology in single slides of subdivisions of the gastroin-
testinal system (all cases considered together)

Submand Esoph Stomach Duodenum Jejunum Tleum Colon Rectum
Frequency 11/37 (39%) 17/51 33%) 731 (22%)  5/30 (17%) 2124 (8.3%)  4/24 (17%) 3/50 (6%)  3/50 (6%)
Density score 0.4 (0.7) 0.4 (0.7) 0.2 (0.4) 0.2 (0.6) 0.08 (0.28) 0.17 (0.4) 0.06 (0.2) 0.06 (0.2)

See Fig. 5 for a graphic representation
Submandib submandibular gland, esoph lower esophagus

hypothesis. If an exogenous pathogen is involved, whether The rostrocaudal gradient of PASH within the gastro-
it be a virus, micro-organism or toxin, if it was able to  intestinal system is an interesting finding of the present
induce aggregation of o-synuclein in exposed neurons, this ~ work and confirms a previous report by Wakabayashi et al.
change could then be propagated throughout the remainder ~ [81] who mapped Lewy bodies in the alimentary tract of
of the PNS and CNS, generating the observed brain and  seven PD subjects using classical stains. The reason for this
spinal cord regional pattern of a-synuclein histopathology  rostrocaudal gradient may be of interest. It could be due to
through trans-synaptic transmission. Recently, there have  the known distribution of vagal innervation, which extends
been reports of PD subjects that have developed Lewy  only as far as the proximal colon and which has been
bodies within non-host neurons transplanted into the stri-  documented to be more heavily distributed to the lower
atum more than a decade earlier, supporting the possibility ~ esophagus and stomach than to the small bowel or proxi-
that a-synuclein histopathology might be acquired and  mal colon [25, 42]. If so, this would suggest that, for the
passed along from neuron to neuron [51-53, 57]. In rela-  gastrointestinal tract, a-synuclein histopathology within
tion to this, experimental studies have recently shown that  vagal efferents predominates over o-synuclein histopa-
aggregated o-synuclein may be transferred between neu-  thology originating from sympathetic ganglia or from
rons by endocytosis [26, 27, 30]. enteric neurons. However, as Lewy bodies and a-synuclein
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histopathology have been demonstrated to occur within
sympathetic ganglia as well as intrinsic neurons of the
enteric nervous system [17, 54, 69, 80, 81] an alternative
explanation is that either or both of these have a selective
rostrocaudal vulnerability to a-synuclein histopathology. A
notable exception to the rostrocaudal a-synuclein histopa-
thology gradient is the upper esophagus, which on single-

slide analysis was always negative for PASH. This may be

due to the fact that while most of the vagal innervation of
the GI tract is derived from neuronal cell bodies located in
the dorsal motor nucleus of the vagus, the cell bodies
giving rise to the vagal innervation of the upper esophagus
arise in the nucleus ambiguus. The former develop o-syn-
uclein histopathology but the latter do not [20].

Spinal cord involvement with a-synuclein histopathol-
ogy has usually been found to be concentrated in the
preganglionic parasympathetic cell columns of the thora-
columbar intermediolateral horn and its clinical expression
has, therefore, been assumed to be mainly autonomic
dysfunction, but there have also been reports localizing
substantial a-synuclein histopathology to the dorsal horn,
where this might conceivably be a cause of neuropathic
pain, and to the ventral horn, where it may affect motor
neuron function [12, 21, 48, 63, 79]. The findings of the
present study support these earlier works, as PASH,
although most densely and frequently seen within the
intermediolateral horn, was also not uncommonly present
within posterior and anterior horns. The large size of some
affected anterior horn neurons is consistent with involve-
ment of small numbers of o-motor neurons, a surprising
finding because there are, to our knowledge, no prior
reports of Lewy bodies or o-synuclein histopathology in
either spinal cord or brainstem motor neurons. Several
electrophysiological studies, however, have been consistent
with mild spinal motor neuron disease in PD, with evidence
of motor unit reinnervation and dropout [22-24, 72, 73].

To our knowledge, this is the first report of a-synuclein
histopathology within many of the sites studied. Of these, the
most interesting location was the submandibular gland,
which, together with the lower esophagus, was the most
frequent non-neural peripheral structure affected. Sialor-
rhea, or drooling, has long been recognized as a
characteristic sign of PD. Rather than being due to over-
production of saliva, however, sialorrhea appears to be
primarily due to decreased swallowing and hence oral
accumulation, and that secretion of saliva is actually
decreased in subjects with PD [6, 7, 32, 56, 65, 67, 68, 76]. As
both sympathetic and parasympathetic innervation of sali-
vary glands have stimulatory effects on saliva production, it
is possible that o-synuclein histopathology within either or
both of these could be responsible for the decreased pro-
duction observed in PD. Of further and perhaps more
practical interest is the accessibility of the submandibular
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gland to biopsy, which could theoretically improve the low
clinical diagnostic accuracy for early PD and DLB.
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Familial Danish dementia (FDD) is a progressive neurodegenerative
disease with cerebral deposition of Dan-amyloid (ADan), neuro-
inflammation, and neurofibrillary tangles, hallmark characteristics
remarkably similar to those in Alzheimer's disease (AD). We have
generated transgenic (tg) mouse models of familial Danish dementia
that exhibit the age-dependent deposition of ADan throughout the
brain with associated amyloid angiopathy, microhemorrhage, neu-
ritic dystrophy, and neuroinflammation. Tg mice are impaired in the
Morris water maze and exhibit increased anxiety in the open field.
When crossed with TauP301S tg mice, ADan accumulation promotes
neurofibrillary lesions, in all aspects similar to the Tau lesions
observed in crosses between f-amyloid (Ap)-depositing tg mice and
TauP301S tg mice. Although these observations argue for shared
mechanisms of downstream pathophysiology for the sequence-unre-
lated ADan and Ap peptides, the lack of codeposition of the two
peptides in crosses between ADan- and Af-depositing mice points
also to distinguishing properties of the peptides. Our results support
the concept of the amyloid hypothesis for AD and related dementias,
and suggest that different proteins prone to amyloid formation can
drive strikingly similar pathogenic pathways in the brain.

ADan | ABeta | tau | neurodegeneration | mouse model

amilial Danish dementia (FDD) is an autosomal-dominant

disorder caused by a 10 nucleotide duplication just before the
stop codon of the BRI2 gene (also known as ITM2B) (1). This
mutation generates an extended ORF, resulting in expression of a
C-terminally elongated protein. The BRI2-type II integral trans-
membrane protein is processed by furin-like protease (2, 3), and
through this normal processing the FDD mutation results in the
release of the longer than normal and amyloidogenic C-terminal
cleavage product designated Dan-amyloid (ADan) (represented
in Fig. 14). Similar to many other neurodegenerative diseases,
FDD is a disease involving aberrant protein accumulation. Certain
features of the disease pathology, such as the accumulation of the
ADan peptide as widespread cerebral vascular amyloid and
abundant amyloid plaques in the hippocampus, as well as the
associated neurofibrillary Tau pathology and neuroinflammation,
are remarkably similar to those seen in Alzheimer’s disease (AD)
(4). The clinical course of disease includes progressive dementia;
however, it also features visual cataracts, hearing loss, spasticity,
and cerebellar ataxia (4).

The amyloid hypothesis of AD—which may be extended to
similar amyloidoses, such as FDD—stresses the role of increased
amyloidogenic peptide levels and amyloid formation as a causative
factor in instigating disease pathogenesis (5). This hypothesis is
strongly supported by the effects of the mutations that lead to
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familial forms of AD. Indeed, many transgenic (tg) mouse models
of AD recapitulating cerebral p-amyloidosis (Ap) and associated
lesions, neuroinflammation, and memory impairment, are based
on familial AD mutations that increase Ap production (6-9).
However, the majority of AD cases are sporadic and challenges
have been raised to the amyloid hypothesis by arguing that the
increase in A plaque pathology and neurofibrillary tangle for-
mation may be linked through parallel but independent mecha-
nisms (10). Additionally, Ap deposition and tangle formation may
be disease bystanders rather than causative for the disease (11).
To advance our understanding of FDD pathogenesis, we gen-
erated tg mice that overexpress the Danish mutant form of BRI2
(ADan precursor protein; ADanPP). By cross-breeding these mice,
we have examined the relationship between ADan- and Af path-
ology and the impact of ADan on the promotion of Tau pathology.

Results

ADanPP-Tg Mice Demonstrate the Age-Related Deposition of ADan.
Tg mice expressing the Danish mutant form of BRI2 (Fig. 14)
were generated on a C57BL/6 background using the cosmid-based
Syrian Hamster prion protein expression cassette. Two tg lines
were selected (ADanPP6 and ADanPP7). The ADanPP7 line
revealed higher levels of both full-length and cleaved precursor
protein expression compared with the ADanPP6 line, and several-
fold that over endogenous murine Bri2 (Fig. 1B). The ADanPP7
mice were then analyzed more extensively.

Precursor protein expression in ADanPP7 mice remains stable
with aging; however, ADan peptide is initially detected by routine
Western blotting at 4 months of age and increases dramatically
with aging (Fig. 1C). Immunohistochemical analysis revealed
ADanPP expression throughout the brain, mainly in neurons and
to a lesser degree in astrocytes, with the strongest staining in hip-
pocampus and neocortex (Fig. 1D). As early as 2 months of age,
ADan deposition, detected by immunohistochemistry or amyloid-
binding dyes (thioflavin S, Congo red, methoxy), was observed in
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Fig. 1. Age-related deposition of cerebral Dan-
amyloid in ADanPP-tg mice. (A) Mutant BRI2 con- 1 =
tains a 10-nucleotide duplication just before the
stop codon generating a longer ORF (277 instead of
266 amino acids) (1). Normal cleavage at position
243 by a furin-like protease releases the amyloido-
genic 34 amino acid long ADan peptide in FDD (2,
3). In addition, BRI2 undergoes processing by
ADAM10 to release the extracellular Brichos
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domain from the membrane-bound N-terminal part
that, in turn, undergoes regulated intramembrane
proteolysis by SPPL2a/b (42). The recognition sites of
various antibodies (Ab) are indicated in green. (B)
Western blotting at 2 months of age reveals higher
levels of ADanPP in line 7 compared to line 6
(Upper, Ab 1139). Transgene expression in line 7 is
several-fold higher than endogenous murine itm2b

(Lower, Ab 1141 recognizes both murine and
human BRI2). (C) Western blot of ADanPP7 mouse
brain at 2, 4, 10, and 18 months demonstrates that
levels of precursor protein remain relatively the
same (Upper, Ab 1139) with increasing accumu-
lation of ADan peptide, which runs at the same
height as the ADan monomer (M) of FDD patients
(Lower, Ab 5282). (D) ADanPP expression in a 2-
month-old ADanPP7 mouse (Ab Itm2b). (E) Methoxy

staining of ADan lesions in an 18-month-old ADanPP7 mouse. (F-/) Quantification of the amyloid lesions in ADanPP7 mice in hippocampus was done using
ADan-specific Ab 5282 in combination with Congo red. At 4 months of age amyloid deposits are seen in the stratum lacunosum moleculare of CA3 (F); at 10
months of age the amyloid appears largely associated with vessels and occurs throughout the dentate gyrus (G); at 18 months of age the entire hippocampus
is covered with amyloid lesions (H). Stereological analysis of the Congo-red ADan material (/) revealed a significant increase from 2 to 18 months of age [F
(3,24) = 56.404, P < 0.0001] with no gender difference [F(1,24) = 0.017, P = 0.8979; n = 4 females and 4 males, per age group]. (Scale bar, 200 ym.)

hippocampus and in meningeal vessels. At 18 months of age,
ADan deposition occurs throughout the brain (Fig. 1E), including
the amygdala, thalamus, brainstem, and to a lesser extent the
cerebellum, with the majority of ADan-deposits associated with
the vasculature. Stereological quantification in the hippocampus
of 2-, 4-,10-, and 18-month-old ADanPP7 mice confirmed the age-
related increase in ADan deposition, which starts in the stratum
lacunosum moleculare of the CA3 region, followed by the dentate
gyrus and the CA1l region. ADan accumulation did not sig-
nificantly differ between genders (Fig. 1 F-I). ADan deposition in
the ADanPP6 line showed a delayed progression compared to the
ADanPP7 line, but generally followed a similar distribution.

ADan Lesions and Their Impact on the Neuropil and Vasculature.
ADan deposition was primarily associated with the vasculature.
Although in larger vessels the ADan was confined to the vessel wall
with a sheet-like appearance (Fig. 24), other smaller vessels
revealed a thick coat of ADan that often completely obstructed the
vessel lumen (Fig. 2B). Perivascular plaques often surrounded a
significant portion of the vessel surface, and appeared as paren-
chymal plaque-like structures (Fig. 2C). Some lesions appearing to
be parenchymal ADan deposits (Fig. 2D) were typically surrounded
by a cloud of small punctate ADan-immunoreactive, but Congo red-
negative, aggregates. By 18 months of age, entire regions—including
the hippocampus, cortex, and brainstem—were covered with diffuse
clouds of the small punctate ADan-immunoreactive aggregates.

Ultrastructural analysis revealed that ADan is highly compact in
nature (Fig. 2 E-G). Amyloid in the vessel wall appeared to be
integrated into the endothelial and vascular basement membrane
and lead to an abnormal thickening of the membrane and destruc-
tion of vessel wall integrity (Fig. 2E). Often, such perivascular amy-
loid penetrated into the surrounding parenchyma and was found to
be surrounded by microglia and dystrophic neurites (Fig. 2F).
Smaller “plaque-like” lesions without an obvious vascular compo-
nent were also observed, typically surrounded by microglial cytosolic
structures (Fig. 2G).

With age, the accumulation of ADan in the vasculature led to a
loss of vascular smooth-muscle cells (Fig. 2 H and I). Consistent
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with a weakening of the vessel wall, vessel-associated microbleeds
were observed in the 18-month-old ADanPP7 tg mice, although no
incidence of microhemorrhage was found in the control non-tg
mice (Fig. 2J and K).

Associated primarily with parenchymal ADan lesions, dystro-
phic boutons were detected (Fig. 2L), an observation consistent
with the ultrastructural analysis (Fig. 2F). Additionally, structures
consistent with (secondary) axonal swelling or spheroids were
observed throughout the brain in regions with ADan deposition
(Fig. 2L). No significant neuron loss was found in the hippo-
campus, although there was an apparent displacement of neuronal
cell bodies in the CA3/4 region of the hippocampus (Fig. 2 M-0).

ADan Lesions Evoke a Neuroinflammatory Response. ADan deposi-
tion elicited a robust activation of astrocytes, revealed by darkly
stained GFAP-immunoreactive hypertrophic cell bodies and
processes (Fig. 3 A-F). Astrocytosis, initially seen in the stratum
lacunosum moleculare of the CA3 hippocampal region (Fig. 3D),
spread throughout the hippocampus and neocortex, and closely
followed the temporal pattern of ADan deposition (Fig. 3E). By 18
months of age, astrogliosis was seen throughout the entire brain
(Fig. 3F). Similarly, microgliosis closely followed the spreading
and temporal development of the amyloid lesions (Fig. 3 G-L).
Although activated astrocytes covered entire areas containing
ADan deposits with hypertrophic processes (Fig. 3M), activated
microglia were observed in close juxtaposition to amyloid deposits,
with one to four microglial cells per ADan deposit (Fig. 3N).
Confocal microscopy confirmed the tight association between
microglia and ADan deposits (Fig. 30).

ADanPP Mice Have Behavioral Deficits, Including Increased Anxiety.
In the place and cue navigation task of the Morris water maze, 18-
to 20-month-old ADanPP7 mice took longer to find the platform
compared with age-matched non-tg controls (Fig. S14). When the
swim path was analyzed, a flattened learning curve was found (Fig.
S1B). Thigmotaxis and passive floating were increased in the tg
mice; however, swim speed was reduced (Fig. S1). During the
probe trials, tg mice tended to have a lower preference for the
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Fig. 2. ADan lesions and their impact on the neuropil and vasculature. (A-D)
Various types of ADan lesions in 18-month-old ADanPP7 tg mice (Ab 5282) at
light microscopic level. (E-G) Ultrastructural appearance of the ADan lesions.
Amyloid fibrils (asteriks), microglia cell nucleus (N); dystrophic neurites (DN);
microglia cell with the typical features of phagosomal/lysosomal material
(arrowhead in G). (H and /) Confocal microscopy of double-immunolabeled
vessels (red, smooth muscle-cell actin; green, ADan) in a non-tg control (H) and
g (/) mouse. Note the focal disappearance of smooth muscle cells at sites of
ADan deposition (arrowheads, /). (/) Hemosiderin-positive microglia (blue)
reveal the occurrence of cerebral microhemorrhages. (K) Hemorrhage fre-
quency per hemispherein tg and non-tg 18-month-old mice [F(1,14) = 14.440, P
< 0.002; n = 8, four females and four males per group). (L) Dystrophic syn-
aptophysin-positive structures in the vicinity of both parenchymal and vas-
cular ADan deposits (arrowhead), but also throughout the parenchyma
(arrow). (M and N) Cresyl violet staining of the hippocampus of an 18-month-
old tg mouse (N) compared with a non-tg littermate (M). (O) Number of CA3
neurons in 18-month-old ADanPP7 mice did not reveal significant changes [F
(1,10) = 0.326, P = 0.5806; n = 6 non-tg, 6 tg; five males, seven females). [Scale
bars: 20 pm (A-D, J, L), 2 pm (E, G), 3 pm (F), 10 pm (H, /), 200 pm (M, N).]

trained target zone compared with the controls (Fig. S1 C and D).
Searching precision during the two probe trials revealed a minor
reduction after 24 h, and a total loss of spatial selectivity after 6 d
(Fig. S1 E and F).

In the open field, the ADanPP7 mice revealed reduced activity in
the beginning of each of the two observation periods (Fig. S1G).
This observation, together with the increased preference of tg mice
for the wall zone (Fig. S1H), the observed reduction of vertical
activity, and the more numerous fecal boli in the open field (Fig. S1),
isindicative of an anxiety-related phenotype of the ADanPP7 mice.

At 6 months of age, ADanPP7 mice did not display the phenotypic
changes that were observed in the aged mice, suggesting that the be-
havioral changes in the ADanPP7 mice are age-dependent (Fig. S1).

Analysis of body weight revealed that ADanPP7 tg mice failed
to gain weight with age (Fig. S17). This failure to continue to gain
weight is temporally coincident with brain amyloid accumulation.
By 18 months of age, the ADanPP7 mice were 20 to 30% lighter
than their non-tg littermates, and additionally showed alopecia
and kyphosis.

AP Deposition Is Reduced and Not Coincident with ADan Deposition in
Double-Tg ADanPP7/APPPS1 Mice. The Ap and ADan peptides have
been reported to colocalize in amyloid lesions of FDD patients,
suggesting a disease-promoting pathogenic interaction (4, 12, 13). To
examine this, ADanPP7 mice were crossed with Ap-depositing
APPPS1 tg mice (14) and analyzed at 4 months of age, when single-tg
mice exhibit ADan and AP deposits, respectively. Surprisingly,
double-tg ADanPP7/APPPS1 mice showed a 68% reduction in
neocortical Ap deposition compared with APPPS1 single-tg litter-
mates (Fig. 4 A-C). Western blot of whole-brain homogenates
confirmed a decrease in both Ap40 and Ap42 in double-tg mice
compared with single-tg APPPS1 mice, while levels of amyloid pre-
cursor protein (APP) remained relatively unchanged (Fig. 4 D-F).In

Coomaraswamy et al.

Fig. 3. Glial activation in response to ADan deposition. (A-F) GFAP immu-
nohistochemistry reveals an activation of astrocytes (arrowheads) at sites of
Congo-red stained ADan deposition (red) in 4-month-old (D), 10-month-old
(), and 18-month-old (F) ADanPP7 tg mice. No such hypertrophic and darkly
stained astrocytes are seen in non-tg littermates (A, B, and C, respectively).
(G-L) Similarly, activation of Iba1-positive microglia in ADanPP7 mice closely
follows the temporal-spatial pattern of ADan deposition (arrowheads in J, K,
and L). Corresponding non-tg littermates in (G, H, and /, respectively). (M and
N) Higher magnification of GFAP* astroglia (M) and Iba1* microglia (N) with
congophillic amyloid (red). (O) Confocal imaging of Iba1 (red) and amyloid
(green; methoxy staining) gives the impression that microglia are capable of
engulfing ADan (shown is a z-stack of 28 slices). [Scale bars: 300 pm (A-L), 50
pm (M and N), 5 pm (0).]

contrast to Ap, ADan levels were not different between double-tg
ADanPP7/APPPS1 and single-tg ADanPP?7 littermates (Fig. 4 G-I).
Immunohistochemical analysis of ADan deposition also showed no
appreciable difference between double-tg ADanPP7/APPPS1 and
single-tg ADanPP7 mice. Given that BRI2 expression has been
shown to alter APP metabolism and AB generation (15-18), brain Ap
levels were determined in 1.5-month-old predepositing mice. A
small, but not statistically significant, decrease (15-17%) in both
AP40 and AB42 was seen comparing double-tg mice with single-tg
APPPS1 littermates [AB40: 0.72 + 0.21 and 0.60 =+ 0.08 pmol/g wet
weight; F(1,14) = 0.466, P = 0.506; Ap42:0.97 +:0.19 and 0.82+:0.09
pmol/g; F(1,14) = 0.686, P = 0.421; n = 5 single tg, 11 double tg; all
females]. To confirm the reduction in A pathology by ADanPP/
ADan and to eliminate any confound because of the high AB42-drive
from the PS1 mutation in the APPPSI line, the lower-expressing
ADanPP6 line was crossed with the APP23 mouse model (9). At 13
months of age, again when single-tg mice exhibit ADan and Af
deposits, a 70.0% reduction in AP deposition in the neocortex of
double-tg ADanPP6/APP23 mice was seen compared to single-tg
APP23 mice [0.42 +0.11% vs. 1.41 +0.42% AP load; n = 6 and 4 per
group; all females; F(1,8) = 7.734, P < 0.03].

Double immunolabeling of sections from both ADanPP7/
APPPS1 mice and ADanPP6/APP23 mice showed limited coin-
cidence of the two amyloids. Although ADan and Ap appeared to
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Fig. 4. Ap deposition is reduced and not coincident with ADan deposition in
double-tg ADanPP7/APPPS1 mice. (A and B) Ap immunostaining of 4-month-
old ADanPP7*/APPPS1* double-tg mice compared with single-tg ADanPP7~/
APPPS1* littermates reveals a decrease in Ap deposition. Higher magnifica-
tions additionally show a change in plaque morphology (i.e., less but occa-
sionally larger plaques in the doubletg mice). (C) Quantification of
neocortical Ap load reveals a drastic decrease in Ap deposition in the double-tg
mice [F(1,10)=17.852, P<0.0019; all females; n=5single tg, n=7 double tg]. (D
and E) Western blotting of APP and Ap40/42 (Ab 6E10) in ADanPP7*/APPPS1*
mice in comparison with ADanPP7~/APPPS1* siblings reveals no change in APP
but a decrease in the double-tg mice in both Ap40 and Ap42. Shown are three
mice from each genotype. (F) Densitometry of Ap levels of all of the mice
confirms the significant decrease in both Ap40 [71.4%, F(1,10) = 7.444, P <
0.0213] and Ap42 [47.9%, F(1,10) =8.106, P < 0.0173] species (all females; n=5
single tg, 7 double tg). (G and H) Western blotting of ADanPP (Ab Itm2b) and
ADan peptide (Ab 5282) reveals no change in ADanPP and ADan levels
between genotypes. Shown are three mice each. (/) Densitometry of ADan
levels of all of the mice indicates no significant difference (all females; n =4
single tg, 7 double tg). (/-M) Confocal microscopy reveals deposition of both
peptides (green, ADan; red, Ap) in some amyloid plagues in the neocortex of
double-tg mice; however, plaques consistently contained separate amyloid
foci in which the two proteins do not colocalize (J). Other amyloid deposits in
the hippocampus demonstrated deposition of only ADan or only Af in close
vicinity to each other (K). Plagues consisting of only Ap were often decorated
with ADanPP/ADan" dystrophic boutons (arrowheads in L). Vascular amyloid
consistently contained either ADan alone, or fascinatingly, both ADan and Ap
as separate foci along the same vessel, without colocalization. [Scale bars: 500
and100 pm (A and B), and 20 pm (J-M).]

coexist in individual amyloid plaques, they formed separate foci
within a given plaque (Fig. 47). More interestingly, a large portion
of plaques consisted of only one amyloid peptide (Fig. 4 Kand L).
In vessels showing both ADan and Ap deposition, ADan and A
were localized to separate areas along the same vessel, with little or
no colocalization (Fig. 4M).

ADan Accumulation Accelerates Tau Pathology. The occurrence of
neurofibrillary Tau pathology in combination with ADan deposition
in FDD (4) suggests that ADan and Tau may participate in a
common neurodegenerative pathway. To test this experimentally,
ADanPP7 mice were crossed to TauP301S tg mice (19). Mice were
aged for 12 months, an age at which single TauP301S tg mice have
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robust Tau lesions in the brainstem and only infrequent lesions in
the neocortex (19). Double-tg ADanPP7/TauP301S mice had a
>50-fold increase in Gallyas-positive neurofibrillary pathology in
the neocortex compared with the single-tg TauP301S littermates
(Fig. 54 and B). When phosphorylated AT8" Tau inclusions were
counted, an 18-fold increase in neocortex was found in double-tg
mice compared with single-tg TauP301S littermates [627.0 + 277.6
vs.33.4+13.8; F(1,11) = 5396, P < 0.04; n = 6-7/group; all females].
Westernblotting of sarcosyl-insoluble Tau confirmed the increase in
higher molecular weight insoluble Tau species (64 kDa band) in the
forebrain of double-tg mice compared with Tau single-tg siblings
(Fig. 5C). Immunohistochemistry and Western blotting for ADan
did not reveal any changes between double-tg mice and single-tg
ADanPP7 littermates (Fig. 5 D-F). Finally, predepositing 1.8- to 2-
month-old double-tg ADanPP7/TauP301S mice did not reveal any
ATS8" Tau inclusions and no difference was noted in AT8-immu-
noreactivity between the double-tg and single-tg TauP301S mice.
The potentiation of Tau lesions in aged double-tg ADanPP7/
TauP301S mice compared with single-tg Tau mice is in all aspects
reminiscent of previous studies reporting increased Tau pathology
in Tau tg mice crossed with lines that develop Ap plaque pathology
(20-22). To directly compare the ADan-induced Tau lesions to AB-
induced Tau lesions, APPPS1 mice were crossed with the TauP301S
mice and analyzed at 12 months of age. Again, an increase (3- to 4-
fold) in AT8" Tau lesions was observed in the neocortex of double-
tg APPPS1/TauP301S mice compared with single-tg TauP301S
mice (212 + 53 vs. 62 + 50, respectively; n = 8-9/group; males and
females combined; P = 0.05). Subsequent comparison of Tau
lesions between ADanPP7/TauP301S mice and APPPS1/TauP301S
mice by a panel of antibodies against conformationally altered,
phosphorylated, and truncated forms of Tau (Table S1) revealed no
differences, consistent with the similar morphological and regional
appearance of the Tau lesions in the two crosses (Fig. 5G).

Discussion

The identification of mutations in BRI2 causing familial British
dementia (FBD) and FDD (1, 23) has stimulated intense research
into the pathophysiology of these rare diseases. This research
interest is sparked because of the similarities between the neuro-
pathological lesions in FBD and FDD and those of AD (4, 12).
Modeling FBD and FDD in mice was initially disappointing, but
recent work has begun to successfully model FDD in mice (24, 25).
The ADanPP mouse model described here recapitulates the
cerebral amyloidosis of FDD. In both ADanPP mice and FDD
patients, ADan lesions are abundant in the hippocampus, and also
occur in the neocortex (4). The cerebellum in FDD appears to be
more affected compared with the mouse model; however, this may
be in part a result of the promoter used to drive trangene expression.
Most of the ADan lesions in the ADanPP mouse model are asso-
ciated with the vasculature, as is the case for FDD patients (4). This
finding is striking, given that a primarily neuronal promoter was used
for the expression of ADanPP. Tg mouse models of cerebral
p-amyloidosis using the same PrP promoter accumulate A primarily
in the brain parenchyma in form of amyloid plaques (6, 8). These
findings argue that properties of the amyloidogenic peptide, in this
case AP versus ADan, and not the promoter used, can determine in
which compartment amyloid formation occurs in the brain (26).
Neuroinflammation is prominent in FDD and in ADanPP mice,
with microglia surrounding congophilic ADan deposits and
extensive astrocytosis (4). Similarly, dystrophic boutons associated
with parenchymal and perivascular amyloid plaques, and amyloid-
associated vessel wall degeneration with loss of smooth muscle
cells and hemorrhage are seen in both FDD and the ADanPP
mouse model (4). All these amyloid-associated changes are
remarkably similar to the neurodegeneration, neuroinflammation,
and vascular pathology described in AD and in mouse models of
cerebral p-amyloidosis (6-9, 14, 26-29). Thus, the shared patho-
physiology of ADan and A accumulation suggests that, regardless
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Fig. 5. ADan accelerates the occurrence of Tau
lesions in double-tg ADanPP7/TauP301S mice. (A) (iR
Gallyas silver staining of 12-month-old ADanPP7*/ :
TauP301S*™ mice reveals increased Tau lesions in
both neocortex and brainstem in comparison with
single-tg ADanPP7 /TauP301S* littermates, with no
staining in ADanPP7*/TauP301S™ mice. Inserts are
higher magnifications. (B) Quantification of neo-
cortical Gallyas-positive cells shows a dramatic
increase in ADanPP7*/TauP301S* mice [all female; n
= 6 double tg, n = 7 single tg; F(1,11) = 5377, P <
0.041]. (C) Western blotting of the sarcosyl insoluble
fraction of forebrain “F* and hindbrain “H”
homogenates using Ab HT7 reveals an increase in D
the forebrain of ADanPP7*/TauP301S* mice (Lane 3)

Neocortex

_Brainstem

x
in comparison with ADanPP77/TauP301S* litter- g
mates (Lane 1), while the increase in the hindbrain e
appears smaller (Lanes 4 and 2, respectively). (D and z
E) No difference in neocortical ADan pathology (Ab e
5282) between ADanPP7*/TauP301S* mice and
ADanPP7*/TauP301S~ littermates is observed (D) Elan
consistent with the stereological quantification [E; F 2
(1,10) = 1.014, P = 0.338; all females; n = 6 double tg, E

[

6 single tg]. (F) Western blotting also does not
reveal a difference in ADan peptide levels between
ADanPP7*/TauP301S* mice (Lanes 3 and 4) in com-
parison with ADanPP7*/TauP301S~ littermates
(Lanes 5 and 6). (G) Phenotyping of the Tau-lesions
in the neocortex of ADanPP7*/TauP301S* mice
reveals a Tau conformation folded at the N terminus
(Ab Alz-50) with mostly an intact C terminus (Ab
Tau-46.1). The Tau lesions are Thiazin red (TR)-
negative, while ADan deposits in the wall of blood
vessels are TR-positive (see merger of Alz-50,
Tau46.1, and TR staining). The lesions consist of
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hyperphosphorylated Tau at Ser396-404 (Ab PHF1) and Ser199-202 (Ab pSer199-202). For comparison, phenotyping of the Tau lesions in the neocortex of 12-
month-old APPPS1*/TauP301S* mice reveals the same conformation and phosphorylation pattern. For a list of antibodies and stains, see Table S1. [Scale bars:

100 and 20 pm (A-F), 10 pm (G).]

of protein sequence, the amyloidogenic properties of the ADan
and AP peptides are responsible for driving similar downstream
disease pathologies.

A common mechanism of amyloid pathophysiology, independent of
the sequence of the amyloidogenic peptide, is further supported by our
findings that ADan, like AB, can induce Tau pathology. Tau lesions in
ADanPP mice are absent unless ADanPP mice are crossed with a
mouse model overexpressing human mutant Tau. The same is true for
APP and APP/PS tg mouse models of AD (20-22). When crossed, the
promotion of tau phosphorylation and aggregation appears remark-
ably similar in ADanPP/TauP301S and in APPPS1/TauP301S mice,
and mimics in many aspects human neurofibrillary tangle formation in
FDD and AD (4, 30,31). Thus, our findings suggest that A and ADan
(or their respective precursors) share a similar mechanistic link leading
to the induction of Tau pathology, possibly mediated by GSK-3 or
ChIP (22, 32). The importance of endogenous Tau for AB-mediated
dysfunction has been recently demonstrated (33), and this may con-
tribute to the behavioral dysfunction of ADanPP mice as well.

However, Ap and ADan also have distinguishing properties
within the brain. The lack of increased amyloid deposition and
codeposition in the ADanPP/APP tg mice was unexpected in light of
the reported colocalization—and suggested disease-promoting
effect—of Ap and ADan in FDD. However, in patients the coloc-
alization of Ap and ADan has been reported to be incomplete (4, 12,
13), as was seen in the mice. Our observations of reduced Ap dep-
osition in the ADanPP/APP tg mice are consistent with previous
studies, showing that secreted and potentially amyloidogenic pep-
tides, such as Ap1-40, Bri2-23, cystatin C, and transthyretin, can
inhibit Ap pathogenesis (34-37). These peptides have been reported
to bind AP, suggesting that the formation of heterogenous structures
may prevent mature amyloid fibril formation (35, 38, 39). Indeed,
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for cystatin C, the inhibition has been shown to be bidirectional, with
Ap also inhibiting cystatin C dimerization in the brain (35).
Understanding the interdependence of Ap and ADan deposition,
however, is complicated by the potential role BRI2 can play in
inhibiting APP processing through binding of its transmembrane
and Brichos domain to the Ap region of APP (15-18). Although only
a nonsignificant 15 to 17% decrease in Ap was found in pre-
depositing double-tg ADanPP/APP mice compared with single-tg
APP mice, such a steady-state reduction in A generation may be
sufficient to account for the observed significant reduction of AB
deposition several months later. Indeed, that ADan deposition was
not affected in the ADanPP/APP crosses is consistent with recent
results suggesting that only C-terminal cleaved BRI2 affects APP
processing and AP generation (18, 40).

A difference between ADanPP mice and mouse models of cerebral
p-amyloidosis is the reduced body weight, and (presumed) early death
of ADanPP mice (tg mice beyond 24 months of age could not be
included in our analyses because mice had to be killed as a result of the
significant rate of morbidity). Premature death has only been repor-
ted in a few APP and APP/PSI tg lines and does not appear to be
related to the amyloid pathology (6, 33, 41). Although the temporal
convergence of ADan deposition and the body-weight loss make a
causal link possible, alopecia and kyphosis may indicate that ADanPP
expression outside the CNS is responsible for these phenotypes.

Our findings argue that Ap and ADan, in spite of their lack of
sequence homology, participate in similar pathways, leading to neu-
roinflammation and dementia through their shared amyloid proper-
ties. Because ADan does not occur in healthy individuals, our results
imply that the relationship between Ap and AD pathogenesis s likely
not directly related to AB physiology. Extending our understanding of
such shared pathways will lead to the identification of mechanistic
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targets for therapeutic intervention common to apparently disparate,
albeit pathophysiologically related, neurodegenerative diseases.

Materials and Methods

Generation of ADanPP-Tg Mice. cDNA constructs encoding human BRI2 with
the Danish mutation were microinjected into C57BL/6N pronuclei (C57BL/6N-
Tg(SHaPrP-BRI2;gsnstrraaricr)- Founders were bred with C57BL/6J mice. For
cross-breeding, APPPS1-21 mice (14), APP23 mice (9), and TauP301S mice (19)
were used. For details, see S/ Materials and Methods.

Tissue Preparation, Histology, and Stereology. Formaldehyde-fixed free-
floating or paraffin-embedded serial sections were used. For details and
antibodies, see S/ Materials and Methods.

Western Blot and Ap Immunoassay. For Western blotting, various previously
described gel systems were used. Human Ap40/42 was measured by sandwich
immunoassay using MULTI-ARRAY Human (6E10) Ap ultra-sensitive kits (Meso
Scale Discovery). For details see S/ Materials and Methods.

-

. Vidal R, et al. (2000) A decamer duplication in the 3’ region of the BRI gene originates
an amyloid peptide that is associated with dementia in a Danish kindred. Proc Nat/
Acad Sci USA 97:4920-4925.

2. Kim SH, Creemers JW, Chu S, Thinakaran G, Sisodia S$ (2002) Proteolytic processing of

familial British dementia-associated BRI variants: Evidence for enhanced intracellular

Fog laid,

1 of amy nic peptides. J Biol Chem 277:1872-1877.

3. Kim SH, et al. (1999) Furin mediates enhanced production of fibrillogenic ABri
peptides in familial British dementia. Nat Neurosci 2:984-988.

4. Holton JL, et al. (2002) Familial Danish dementia: A novel form of cerebral amyloidosis
associated with deposition of both amyloid-Dan and amyloid-beta. J Neuropathol Exp
Neurol 61:254-267.

acc

5. Hardy J, Selkoe DJ (2002) The amyloid hypothesis of Alzheimer's dit Progress and
problems on the road to therapeutics. Science 297:353-356.
6. Chishti MA, et al. (2001) Early-onset amyloid deposition and cognitive deficits in

transgenic mice expressing a double mutant form of amyloid precursor protein 695. J
Biol Chem 276:21562-21570.

7. Games D, et al. (1995) Alzheimer-type neuropathology in transgenic mice
overexpressing V717F beta-amyloid precursor protein. Nature 373:523-527.

8. Hsiao K, et al. (1996) Correlative memory deficits, Abeta elevation, and amyloid
plaques in transgenic mice. Science 274:99-102.

9. Sturchler-Pierrat C, et al. (1997) Two amyloid precursor protein transgenic mouse

dels with Alzhei di like pathology. Proc Natl Acad Sci USA 94:

13287-13292.

10. Small SA, Duff K (2008) Linking Abeta and Tau in late-onset Alzheimer’'s disease: A
dual pathway hypothesis. Neuron 60:534-542.

11. Lee HG, et al. (2007) Amyloid-beta in Alzhei di
hypotheses. J Pharmacol Exp Ther 321:823-829.

12. Rostagno A, et al. (2005) Chromosome 13 dementias. Cell Mol Life Sci 62:1814-1825.

13. Tomidokoro Y, et al. (2005) Familial Danish dementia: Co-existence of Danish and
Alzheimer amyloid subunits (ADan AND Abeta) in the absence of compact plaques.
Biol Chem 280:36883-36894.

14. Radde R, et al. (2006) Abetad2-driven cerebral amyloidosis in transgenic mice reveals
early and robust pathology. EMBO Rep 7:940-946.

15. Fotinopoulou A, et al. (2005) BRI2 interacts with amyloid precursor protein (APP) and
regulates amyloid beta (Abeta) production. J Biol Chem 280:30768-30772.

16. Matsuda S, et al. (2005) The familial dementia BRI2 gene binds the Alzheimer gene
amyloid-beta precursor protein and inhibits amyloid-beta production. J Biol Chem
280:28912-28916.

17. Matsuda S, Giliberto L, Matsuda Y, McGowan EM, D'Adamio L (2008) BRI2 inhibits
amyloid beta-peptide precursor protein processing by interfering with the docking of
secretases to the substrate. J Neurosci 28:8668-8676.

18. Peng §, Fitzen M, Jornvall H, Johansson J (2010) The extracellular domain of Bri2
(ITM2B) binds the ABri peptide (1-23) and amyloid beta-peptide (Abeta1-40).
Implications for Bri2 effects on processing of amyloid precursor protein and Abeta
aggregation. Biochem Biophys Res Commun 393:356-361.

19. Allen B, et al. (2002) Abundant Tau filaments and nonapoptotic neurodegeneration
in transgenic mice expressing human P301S Tau protein. J Neurosci 22:9340-9351.

20. Bolmont T, et al. (2007) Induction of Tau pathology by intracerebral infusion of
amyloid-beta -containing brain extract and by amyloid-beta deposition in APP x Tau
transgenic mice. Am J Pathol 171:2012-2020.

The null versus the alternate

7974 | www.pnas.org/cgi/doi/10.1073/pnas.1001056107

96

Behavior Experiments. Morris water-maze testing was done in a circular pool
(150 cm diameter). Open-field testing was done in a round open-field (150 cm
diameter). All trials were tracked using a Noldus EthoVision system (Noldus
Information Technology). Raw data were transferred to the public domain
software Wintrack2.4 to calculate the various parameters. For details see S/
Materials and Methods.
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Basophilic inclusions (Bls) are the pathological feature in a subset of frontotemporal lobar degeneration
(FTLD), sporadic amyotrophic lateral sclerosis (SALS) and familial ALS (FALS) cases. Mutations in the fused in
sarcoma (FUS) gene have been recently identified as the cause of FALS type 6. FUS-immunoreactive (ir)
inclusions are consistently found in cases of FTLD with BIs, but the association between ALS cases with Bls
and FUS accumulation is still not well understood. In this study, we immunohistochemically analyzed the
autopsied case of FALS with Bls using anti-FUS antibodies. The case was a 42-year-old woman who
developed proximal weakness of the bilateral upper limbs, followed by weakness of other parts including the
bulbar regions, and died at age 45. Since this case is a member of a family with FALS harboring the R521C
mutation of the FUS gene, she may have carried the same FUS mutation. Histopathologically, neuronal loss
was evident in the motor system and other areas including the cuneate nucleus of the medulla oblongata. Bls
appeared in the brain stem, cerebellum and anterior horn of the lumbar cord. FUS-ir neuronal cytoplasmic
inclusions, glial cytoplasmic inclusions and dystrophic neurites were more abundantly and widely occurring
than BIs, especially in the cuneate nucleus and globus pallidus. These findings support the idea that both Bls
and FUS-ir structures are pathological hallmarks of a subset of ALS cases.

© 2010 Elsevier B.V. All rights reserved.
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pre-mRNA, whereas binding of its N-terminus to polymerases leads to
transcriptional activation. A total of 14 different mutations, mostly
missenses in exon 15, were reported in the two original studies [3,4].
Neuropathologically, severe lower motor neuron loss in the spinal

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disorder, clinically characterized by upper and lower motor neuron

signs, with degenerative changes of the upper and lower motor
neurons of the brain and spinal cord [1,2]. Autosomal dominant
familial cases account for about 10% of ALS. Thus far, three genes have
been confidently linked to familial ALS (FALS): Cu/Zn superoxide
dismutase-1 (SOD1), angiogenin (ANG), and the TAR DNA-binding
protein of 43 kDa (TARDBP).

Recently, mutations in a gene coding another DNA-RNA binding
protein called fused in sarcoma (FUS) have been identified in FALS
cases linked to chromosome 16 (ALS6) [3,4]. FUS is a heterogeneous
ribonuclear protein (hnRNP) that binds to mRNA/DNA or other
hnRNPs through its C-terminus, regulating splicing and transport of

* Corresponding author. Department of Psychogeriatrics, Tokyo Institute of Psychi-
atry, Tokyo Metropolitan Organization for Medical Research, 2-1-8 Kamikitazawa,
Setagaya-ku, Tokyo, 156-8585, Japan.

E-mail address: zen@bg7.so-net.ne.jp (Z. Kobayashi).

0022-510X/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jns.2010.03.029

cord and, to a lesser degree, in the brain stem and mild to moderate
upper motor neuron loss in the motor cortex are observed [4].
Immunohistochemical staining of FUS within neuronal and nonneur-
onal nuclei is observed in both control and patient sections [3], while
additional prominent cytoplasmic FUS staining [3] or elongated
inclusions in spinal cord motor neurons and dystrophic neurites
(DNs) [4] are found only in patient sections.

Subsequent studies have found FUS-immunoreactive (ir) neuronal
cytoplasmic inclusions (NCIs) and glial cytoplasmic inclusions (GCIs)
in tau-negative and TDP-43-negative frontotemporal lobar degener-
ation (FTLD), including atypical FTLD with ubiquitinated inclusions
(aFTLD-U) [5], in neuronal intermediate filament inclusion disease
(NIFID) [6], and in basophilic inclusion body disease (BIBD) [7].

Basophilic inclusions (Bls) were first described in sporadic ALS
(SALS) showing onset in the teens [8-12], and then have been
reported in SALS with onset in the twenties [13-15], thirties [16-18],
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forties [19], fifties [20,21] and sixties [22]. Munoz et al. reported the
occurrence of FUS-ir NCls, DNs and GCls in the two cases of SALS with
Bls, which were previously reported by Kusaka et al. [7,17,20]. More
recently, Tateishi et al. have identified the R521C mutation of FUS in
FALS cases with Bls, and found FUS-ir Bls and GClIs in affected lesions
[23]. Suzuki et al. have also reported another Japanese FALS family
with the R521C FUS mutation and Bls [24]. These findings suggest the
possibility that occurrences of both Bls and FUS-ir structures are
pathological hallmarks of a subset of FALS and SALS cases. To further
validate this hypothesis, in this study, we immunohistochemically
reevaluated a previously reported case of FALS with Bls [25], using
anti-FUS antibodies. This case is a member of the family with FALS
reported by Suzuki et al. [24], suggesting that she may carry the R521C
FUS mutation.

2. Case report

A 42-year-old Japanese woman developed muscle weakness of the
proximal part of the bilateral upper limbs. There were 23 patients
with ALS over four generations in her family (Fig. 1), in a member of
which the R521C mutation of the FUS gene has been identified [24].
Neurological examination at age 43 showed dysarthria, muscle
weakness and atrophy in the bilateral upper limbs with proximal
dominance, spasticity in the right upper limb and bilateral lower
limbs, and hyperreflexia in the bilateral lower limbs. At the same age,
she presented with dysphasia. At age 44, she developed difficulty in
respiration, and neurological examination showed muscle weakness
and atrophy in the four limbs with upper limb dominance and a
bilateral Babinski's sign. At the same age, she required artificial
respiratory support, and died of bronchopneumonia about one year
and five months later. The total disease duration was three years and
one month. There was no sensory disturbance, ataxia or parkinsonism
in the clinical course. No dementia or behavioral abnormalities were
detected as well.

3. Methods
3.1. Neuropathological examination

Brain tissue samples were fixed postmortem with 10% formalin
and embedded in paraffin. Ten-um thick sections were prepared from
the frontal, temporal, parietal, occipital, insular, and cingulate cortices,
hippocampus, amygdala, basal ganglia, midbrain, pons, medulla
oblongata, cerebellum and spinal cord including the cervical, thoracic,
lumbar and sacral cord. These sections were stained by the
hematoxylin-eosin (HE) and Kliiver-Barrera (KB) methods. The
severity of neuronal loss and tract degeneration was evaluated as
none (—), mild (+) or severe (++); Table 1.

i

3.2. Immunohistochemistry

Most immunohistochemistry was performed using the Ventana
Discovery XT automated staining system (Roche, Tokyo, Japan) and
developed with diaminobenzidine (DAB). Antibodies employed in
this study are shown in Table 2. FUS-ir structures were assessed
according to the grading system of the previous studies [6], and are
indicated as none (0), rare (1), occasional (2+), common (3+) or
numerous (4+) in Table 1. Immunoreactivity (IR) of cystatin C,
ubiquitin and TDP-43 was examined in the brainstem and spinal cord.

4. Results
4.1. Macroscopic findings

Brain weight was 1100 g. There were no abnormalities in the brain
on macroscopic examination. The anterior roots of the spinal cord
were atrophic, and the anterior horn of the cervical cord was also
atrophic.

4.2. Microscopic findings

Marked neuronal loss was observed in the anterior horn of the
spinal cord (Fig. 2A-C), cuneate nucleus (Fig. 2D, E) and hypoglossal
nucleus (Fig. 2F). Neuronal ldss was also seen in Clarke's column, the
gracile nucleus, motor nucleus of the trigeminal nerve, substantia
nigra, and globus pallidus in milder degree. In the primary motor
cortex, Betz cells were sparse in comparison with normal controls. In
the cervical cord, the lateral part of the anterior horn was markedly
atrophic (Fig. 2A). In the whole spinal cord, the anterior and lateral
funiculi including the spinothalamic and spinocerebellar tracts were
extensively degenerated, while the anterior and lateral corticospinal
tract (CST) was relatively spared (Fig. 2A). In the posterior funiculus of
the upper thoracic and cervical cord, degeneration was evident in the
cuneate fasciculus, whereas the gracile fasciculus was less affected
(Fig. 2A). In the lumbar cord, degeneration was demonstrated in the
posterior funiculus corresponding to the gracile fasciculus (Fig. 2B).
There was slight gliosis in the pontine base and subthalamic nucleus,
but neuronal loss was not apparent in these regions. Ischemic changes
and a mild loss of Purkinje cells were seen.

The Bls were best seen in KB-stained sections, and were
demonstrated in the Betz cells (Fig. 2G), subthalamic nucleus,
substantia nigra, periaqueductal gray matter, locus ceruleus, pontine
nucleus (Fig. 2H), lateral cuneate nucleus (Fig. 21), gracile nucleus,
reticular formation of the medulla oblongata, cerebellar dentate
nucleus and anterior horn of the lumbar cord (Fig. 2J). Most Bls were
homogenous and round with no halo or core as previously reported
[17,20]. The color of the Bls in HE-stained sections was near to pink
(Fig. 21, J), rather than blue, with occasional thin basophilic rim
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Fig. 1. Pedigree of a Japanese family with FALS harboring a FUS mutation. Males are represented by square, females by circles. Affected members are represented by solid symbols,
deceased individuals by diagonals. The gray and black arrows indicate the proband harboring the R521C FUS mutation and the present case, respectively.
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Table 1
Distribution and severity of lesions across scanned central nervous system regions.

DEG BI NCI DN GCI

Cerebrum
Corpus callosum =
Cingulate gyrus cortex -
Cingulate white matter -
Frontal cortex -
Frontal white matter —
Primary motor cortex =
Primary motor white matter -
Amygdala - -
Hippocampal dentate gyrus — -
Hippocampal CA - =
Subiculum = -
Temporal cortex — -
Temporal white matter - N
Caudate nucleus — -
Putamen - -
Globus pallidus + -
Thalamus - -
Subthalamic nucleus - p
Meynert nucleus - -
Midbrain
Substantia nigra + P
Periaqueductal gray matter - p
Oculomotor nucleus - -
Trochlear nucleus - -
Reticular formation
Red nucleus - -
Medial longitudinal fasciculus — N
Cerebral peduncle o N
Pons
Motor nucleus of trigeminal nerve
Locus ceruleus
Reticular formation
Central tegmental tract
Superior cerebellar peduncle
Pontine nucleus
Pyramidal tract
Medulla oblongata
Hypoglossal nucleus
Dorsal vagal nucleus
Nucleus tractus soritarius
Gracile nucleus
Cunetate nucleus
Spinal nucleus of trigeminal nerve
Inferior olivary nucleus
Reticular formation
Medial lemniscus
Pyramid
Cerebellum
Purkinje cells
Dentate nucleus
White matter -
Spinal cord
Anterior horn +4
Posterior horn N -
Clarke's nucleus + -
Intermediolateral horn —
Anterior and lateral CST +
Anterior and lateral funiculi® Chpia
Cuneate fasciculus et
Gracile fasciculus e
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DEG: degeneration assessed on the HE- and KB-stained sections. The degeneration was

indicated as none (—), mild (+) or severe (++). BI: basophilic inclusion. The Bls were

indicated as absent (-) or present (p). NCI: FUS-immunoreactive (ir) neuronal

cytoplasmic inclusion, GCI: FUS-ir glial cytoplasmic inclusion. DN: FUS-ir dystrophic

neuritis, N: not evaluated (or not able to evaluate) The FUS pathology was indicated as

none (-), rare (1), occasional (2), common (3) or numerous (4). CST: corticospinal tract.
2 This means the region outside the CST.

(Fig. 2]), which is consistent with some previous descriptions
[7,17,18,20]. Neuronal cytoplasmic vacuolar changes similar to
granulovacuolar degeneration were sometimes observed (Fig. 2I).

Table 2
Antibodies used in immunohistochemistry.
Antibody Type Source Dilution
Anti-ubiquitin Rabbit Dako, Glostrup, Denmark 1:500
polyclonal
Anti-p62 Rabbit Biomol, Philadelphia, USA  1:1000
polyclonal
Anti-phosphorylated  Rabbit Made by Hasegawaetal. [36] 1:1000

TDP-43 (pS409/410) serum

Anti-FUS Rabbit Sigma, St. Louis, MO, USA  1:200
polyclonal

Anti-FUS Rabbit Made by Doi et al. [37] 1:500
polyclonal

Anti-cystatin C Rabbit Dako, Glostrup, Denmark 1:3000
polyclonal

4.3. Immunohistochemical findings

FUS immunohistochemistry showed a widespread distribution of
NClIs (Fig. 3A-F), GCIs (Fig. 3D) and DNs (Fig. 3G) in the cerebrospinal
regions. Most NCIs were round (Fig. 3A-D), but crescentic (Fig. 3E) or
mushroom-shaped (Fig. 3F) NCIs were also found. Round or irregular-
shaped FUS-ir structures of similar size to the NCIs but lacking an
outline of the neuron were sometimes observed within the neuropil
in the globus pallidus, cuneate nucleus and anterior horn of the spinal
cord (Fig. 3H). There was no or very weak FUS IR in the nucleus and
the cytoplasm of neurons and glial cells without inclusions in all
cerebrospinal regions examined. Neuronal intranuclear inclusions
(NIIs) were absent.

The number of FUS-ir NCIs was greater than that of the Bls which
were visible with KB or HE stain. In general, NCIs were preferentially
observed in large neurons, and were hardly seen in small neurons.
FUS-ir structures were numerous in the cuneate nucleus and globus
pallidus. Other areas containing FUS-ir structures were the pyramidal
cell layer of the frontal cortex, including the primary motor cortex,
putamen, thalamus, substantia nigra, periaqueductal gray matter,
oculomotor nucleus, locus ceruleus, pontine nucleus, hypoglossal
nucleus, dorsal vagal nucleus, spinal nucleus of the trigeminal nerve,
reticular formation of the brainstem, cerebellar dentate nucleus, and
anterior and posterior horns of the spinal cord. There were no obvious
differences in the distribution of NCIs, GCIs and DNs. The distribution
and degree of degeneration and FUS-ir structures are summarized in
Table 1. p62 immunohistochemistry also labeled some NCls, but
ubiquitin immunohistochemistry did not label any NCls. No Bunina
bodies were identified even by cystatin C immunohistochemistry.

5. Discussion

This is the second report of an autopsied FALS case with Bls
showing a widespread occurrence of FUS-ir neuronal and glial
inclusions. Unfortunately, the sequence analysis of FUS gene in this
case could not be performed because only formalin-fixed and
paraffin-embedded tissues were available. However, Suzuki et al.
recently identified the R521C FUS mutation in an ALS patient [24],
who is a member of the family of the present case, suggesting that she
may have carried the same FUS mutation.

FUS mutations have been found in 3-5% of patients with FALS
[3,4,26-29], and in some SALS cases [28,30,31]. The R521C mutation is
one of the most common mutations [3], and the mean age at onset and
disease duration of the cases with this mutation were 42.9 years and
1.9 years, respectively [26]. Among cases with this mutation,
weakness of the neck and/or proximal upper limbs is frequently
seen [23,26,29], and bulbar dysfunction, dystonia or frontotemporal
dementia is rarely observed [26]. There is no sensory disturbance,
ataxia or parkinsonism. The clinical features of the present case are
largely consistent with those previously reported.
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Fig. 2. A. The lateral part of the anterior horn is atrophic in the cervical segment 6 (arrowheads). The anterior and lateral funiculi are extensively degenerated while the anterior
(short arrows) and lateral (long arrows) corticospinal tract is less affected. In the posterior funiculus, degeneration is evident in the cuneate fasciculus (indicated by Cu), whereas the
gracile fasciculus is relatively preserved (indicated by Gr). B. In the lumbar segment 3, extensive white matter degeneration is demonstrated in the anterior and lateral funiculi, and
posterior funiculus corresponding to the gracile fasciculus. Only the periphery of the posterior funiculus was preserved (arrowheads). C. A high power view of the right anterior horn
shows almost complete neuronal loss. D. The medulla oblongata at the level of caudal end of the fourth ventricle is shown. The CST degeneration is not apparent at the pyramid
(arrowhead). The arrow indicates the right lateral cuneate nucleus. E. A high power view of the right lateral cuneate nucleus demonstrates evident loss of neurons and myelin. F. The
right hypoglossal nucleus shows complete neuronal loss. G. The neuronal cytoplasmic inclusion (NCI) in the Betz cell is larger than the nucleus, and show intense and homogenous
staining without halo or core. H. In a neuron of the pontine nucleus, the NCI is recognized by the presence of the outline, and the nucleus is located in the periphery. I. The basophilia is
not apparent in the NCI in the cuneate nucleus. Neuronal cytoplasmic vacuolar changes similar to granulovacuolar degeneration are observed. J. The NCI showing a thin basophilic
rim in the intermediate zone of the anterior horn of the lumbar segment 4. A-H. Kliiver-Barrera stain, I, J. hematoxylin-eosin stain. Scale bar A-D. 1 mm, E. 200 pum, F. 500 pm, G-J.

10 pm.

To date, four papers have described the neuropathology of the
patients with the R521C mutation [3,4,23,26], but details were
reported only by Tateishi et al. [23]. Our case is neuropathologically
characterized by severe neuronal loss in the cuneate nucleus and
extensive white matter degeneration of the spinal cord with relative
preservation of the CST. It is noteworthy that the distributions of FUS-
ir structures and that of degeneration were largely parallel in the
cerebrospinal regions (Table 1). These findings suggest that FUS
accumulation plays an important role in the degeneration. In the first
autopsied FALS case with Bls and FUS-ir structures, reported by
Tateishi et al. [23], degenerative changes and FUS-ir structures were
more severe and widely distributed throughout the cerebrospinal
regions, including the frontotemporal cortex, hippocampus, thalamus,
and brain stem, than in our case. One reason for such a discrepancy
may be the longer disease duration of their case than of ours. It has
already been reported that a widespread and severe degeneration is

100

frequently seen in ALS cases showing long-term survival with artificial
respiratory support [21,32,33].

The normal physiological staining pattern of FUS has been
reported to consist of strong IR of neuronal nuclei, weaker but
consistent staining of neuronal cytoplasm and more variable IR of glial
nuclei in normal controls, aFTLD-U [5], NIFID [6], and BIBD [7]. In both
the nuclei and cytoplasm, the normal staining pattern is generally
diffuse but with occasional small granules [5}. Neumann et al.
reported that in cells with FUS-ir inclusions in aFTLD-U and NIFID,
at least some of such normal nuclear and cytoplasmic distribution of
FUS staining is retained [5,6]. Munoz et al. indicated that in BIBD, the
presence of FUS-ir NCI was accompanied by total or partial loss of
nuclear FUS IR in some cells, whereas others maintained a normal
level of nuclear staining [7]. This variability of FUS IR is in contrast to
the consistent reduction in nuclear TDP-43 staining in cells harboring
TDP-43-ir inclusions [34]. In the case with the R521C mutation
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Fig. 3. Anti-FUS antibodies show round NCIs in the cuneate nucleus (A), periaqueductal gray matter (B), pontine nucleus (C) and globus pallidus (D, arrow), and a GCl in the globus
pallidus (D, arrowhead). Crescentic (E) or mushroom-shaped (F) NCIs are also found. A long DN is seen in the spinal nucleus of the trigeminal nerve (G). In the neuropil of the
cuneate nucleus, there are round or irregular-shaped FUS-immunoreactive structures showing similar size to the NCls but lacking outline of the neuron (H). Scale bar A, D, G, H.

50 um, B, C, E, F. 10 pm.

reported by Tateishi et al. [23], on the other hand, faint diffuse nuclear
immunostaining to FUS with prominent nucleolar staining was seen
in neurons without inclusions, while such nuclear FUS IR was lost in
neurons bearing inclusions [23]. Thus, there is some discrepancy in
FUS IR between reports or diseases. Furthermore, the absence or very
weak FUS IR in the nucleus and cytoplasm of neurons and glial cells
without inclusions in our case differs from these previous findings.
The most plausible explanation for that may be due to the high
fixation-related variation in IR for anti-FUS antibodies as previously
reported [7]. In immunohistochemistry, FUS proteins physiologically
distributed in the nucleus and cytoplasm may be more vulnerable to
the influence of fixation than those abnormally accumulated. This
should be further examined by more detailed histochemical studies
using a larger number of FALS cases with Bls.

Rounded FUS-ir structures of similar size to the NCIs but lacking an
outline of the cell body and nucleus were found in our case (Fig. 2H)
but have not so far been described in cases of aFTLD-U, NIFID, BIBD
and FALS with FUS mutations. They may represent a residual form of
inclusions after neuronal death, similar to the ghost tangles in
Alzheimer's disease or the extracellular Lewy bodies in dementia
with Lewy bodies [35]. It could be important to clarify whether they
are specific for a subset of FALS with BI cases or whether they are
commonly found in other disorders with FUS accumulation.

It is known that there are many similarities between FUS and TDP-
43. They are DNA/RNA binding proteins involved in transcriptional
regulation, mRNA splicing, transport and translation [5]. Mutations in
both genes cause ALS, and both gene products accumulate in neurons
and glial cells. Clinically, both cases with FUS pathology and those
with TDP-43 pathology can present as ALS, FTLD, or a combination of
the two [7]. However, there are some differences between the two
proteins, including their intracellular localization in the normal
physiological state and the degree of their nuclear localization in
cells harboring inclusions, as mentioned above. In terms of the
morphology of NCls in the spinal cord, skein-like inclusions are one of
the pathological hallmarks of TDP-43-associated ALS, while more
rounded NCIs are the major species in FUS-related ALS. Furthermore,

the abundant occurrence of NCIs which we found in the cuneate
nucleus and globus pallidus has not so far been reported in TDP-43-
associated ALS cases. Thus, regardless of their functional similarities,
FUS and TDP-43 may contribute to the development of ALS and FTLD
by distinct molecular pathways. The normal roles of both proteins in
brains and the pathological effect of mutations of the genes encoding
them should be further investigated to elucidate the pathogenesis of
these disorders.

In conclusion, we demonstrated a widespread occurrence of FUS-ir
neuronal and glial structures in a case of FALS with BIs in this study.
Further studies using a larger number of cases are needed to prove the
hypothesis that the cases of FALS and SALS with Bls share a common
pathological process associated with the FUS abnormality.
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