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Abstract Pathological TDP-43 is the major disease pro-
tein in frontotemporal lobar degeneration characterized
by ubiquitin inclusions (FTLD-U) with/without motor
neuron disease (MND) and in amyotrophic lateral sclero-
sis (ALS). As Guamanian parkinsonism—dementia com-
plex (PDC) or Guamanian ALS (G-PDC or G-ALS) of the
Chamorro population may present clinically similar to
FTLD-U and ALS, TDP-43 pathology may be present in
the G-PDC and G-ALS. Thus, we examined cortical or
spinal cord samples from 54 Guamanian subjects for evi-
dence of TDP-43 pathology. In addition to cortical neuro-
fibrillary and glial tau pathology, G-PDC was associated
with cortical TDP-43 positive dystrophic neurites and
neuronal and glial inclusions in gray and/or white matter.
Biochemical analyses showed the presence of FTLD-U-like
insoluble TDP-43 in G-PDC, but not in Guam controls
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(G-C). Spinal cord pathology of G-PDC or G-ALS was
characterized by tau positive tangles as well as TDP-43
positive inclusions in lower motor neurons and glial cells.
G-C had variable tau and negligible TDP-43 pathology.
These results indicate that G-PDC and G-ALS are associ-
ated with pathological TDP-43 similar to FTLD-U with/
without MND as well as ALS, and that neocortical or
hippocampal TDP-43 pathology distinguishes controls
from disease subjects better than tau pathology. Finally,
we conclude that the spectrum of TDP-43 proteinopathies
should be expanded to include neurodegenerative cogni-
tive and motor diseases, affecting the Chamorro popula-
tion of Guam.
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Introduction

Parkinsonism—dementia complex (PDC) and amyotrophic
lateral sclerosis (ALS) of the Chamorro population on
Guam are diseases of unknown etiology. Although they
have been extensively characterized (for review see [9]),
their nosological status is still unclear. The presence of
widespread central nervous system Alzheimer’s disease
(AD)-like neurofibrillary tangles (NFTs) formed by patho-
logical tau defines these disorders as neurodegenerative tau-
opathies with clinical and pathological overlap between
Guamanian PDC (G-PDC) and Guamanian ALS (G-ALS)
[9]. In G-ALS ubiquitinated inclusions in lower motor neu-
rons (LMN) are found, similar to ALS outside of Guam;
thus, it is likely that G-PDC and G-ALS represent a continuous
spectrum of a single neurodegenerative disease with a
common underlying pathogenetic mechanism [6]. However,
this notion has been challenged by the presence of NFTs in
clinically unaffected Chamorros [1, 4, 26, 28, 30], and it is
possible that a different and as yet unidentified pathology or
pathogenesis might underlie this group of diseases.

“Ubiquitin only dementia” known as frontotemporal
lobar degeneration (FTLD) with ubiquitin positive inclu-
sions (FTLD-U) is mainly characterized by a degeneration
of the neocortex and hippocampus with ubiquitin positive,
tau and a-synuclein-negative inclusions without motor neu-
ron disease (MND) (for review see [11]); in the presence of
a history of MND, the term FTLD-MND is used. Parkinson-
ism is present in up to 60% of FTLD-U cases [7]. On the
basis of ubiquitin and novel monoclonal antibodies (MAbs)
generated by using material from FTLD-U brains, at least
four subtypes of FTLD-U have been identified [3, 23, 32].
ALS-like LMN inclusions may occur in FTLD-U [20, 24].
Further, ALS cases may show ubiquitinated inclusion
pathology in the cortex or hippocampus, especially in asso-
ciation with a history of dementia [19]. Recently, TDP-43, a
43 kDa nuclear TAR DNA-binding protein, was identified
as the major disease protein in FTLD-U, FTLD-MND, and
ALS, thereby implicating a common pathogenesis of these
disorders [24]. As G-PDC or G-ALS may present clinically
with symptoms similar or even indistinguishable to FTLD-
U, FTLD-MND or ALS, we hypothesized that TPD-43
might also be involved in the pathogenesis of G-PDC and
G-ALS. To address this question, we examined 54 Guama-
nian subjects and found pathological TDP-43 inclusions in
both brain and spinal cord of the diseased population, but it
was rare in controls. While a report on a small number of
cases appeared recently describing similar findings on TDP-
43 pathology in atypical Parkinsonism of Guam [13], we
independently found TDP-43 proteinopathy in G-PDC and
report the first evidence of spinal cord TDP-43 pathology in
G-ALS. Thus, TDP-43 may play a major pathogenic role in
G-PDC and G-ALS similar to FTLD-U and ALS.
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Material and methods
Study subjects

Postmortem brain samples from a cohort of deceased resi-
dents of Guam were obtained from the Guam Brain Bank at
Mount Sinai School of Medicine or directly from the Uni-
versity of Guam. The patients were evaluated by neurolo-
gists from the University of California at San Diego during
regular study visits to Guam, and clinical diagnoses were
established as described earlier [10]. The study subjects
were categorized either as G-PDC, G-ALS, or as Guama-
nian controls (G-C). Patients with a combination of G-PDC
and G-ALS were classified as either G-PDC or G-ALS
according to their predominant or earliest clinical features.

Immunohistochemistry

Fresh or frozen tissues from brain and spinal cord were fixed
in 10% neutral buffered formalin or 70% ethanol with
150 mmol NaCl, paraffin-embedded, and cut into 6 um sec-
tions. The latter were stained with hematoxylin and eosin.
Immunohistochemistry was performed as previously
described using the avidin—biotin complex detection method
(Vectastatin ABC kit, Vector Laboratories, Burlingame, CA,
USA) with 3,3’-diaminobenzidine as chromogen [19]. The
following primary antibodies were used: mouse anti-paired
helical filament-1 (PHF-1) MADb (1:1,000) [12], mouse anti-
ubiquitin (1510, Chemicon, Temecula, CA, USA; 1:40,000)
MADb and rabbit polyclonal anti-TDP-43 (ProteinTech
Group, Chicago, IL, USA; 1:3,000). Sections stained for
ubiquitin and TDP-43 were microwaved in citrate antigen
unmasking solution (Vector Laboratories Burlingame, CA,
USA). Double-labeling immunofluorescence using Alexa
Fluor 488 and 594 conjugated secondary antibodies
(Molecular Probes, Eugene, OR, USA) was performed as
previously described [24]. Digital images of immunohisto-
chemistry were obtained by using an Olympus BX 51
(Tokyo, Japan) equipped with bright-field and fluorescence
light sources using a ProGres C14 digital camera (Jenoptik
AG, Jena, Germany) and Adobe Photoshop, Version 9.0
(Adobe Systems, San Jose, CA, USA) or digital camera-
DP71 (Olympus, Orangeburg, NY, USA), and DP manager
(Olympus, Orangeburg, NY, USA). Digital images of immu-
nofluorescence were obtained using a Nikon TE2000 micro-
scope and were captured with a CoolSNAP Monochrome
camera (Photometrics, Tucson, AZ, USA) and Metamorph
(Molecular Devices, Downingtown, PA, USA) software.

Quantitation of pathology

Grading of PHF-1, ubiquitin and TDP-43—immunoreactive
pathology was performed on stained tissue sections. The
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scoring system for LMN neuronal cytoplasmic inclusions
(NClIs) is based on total numbers in a single section of spi-
nal cord with maximal pathology. For TDP-43, a total score
of NCIs including filamentous, round, or irregular shaped
inclusions, small dense granules, and axons with focal posi-
tivity/dystrophic neurites was calculated using the follow-
ing scoring system: none 0; 1-3 inclusions per section,
stage 1; 4-10 inclusions per section, stage 2; and >10 inclu-
sions per section, stage 3 [19]. For tau, the presence of
NFTs and oligo- or astroglial tau pathology was evaluated,
and TDP-43 positive glial inclusions were assessed in the
gray and adjacent white matter of the spinal cord on the
same grading scale. Neocortical and hippocampal pathol-
ogy were rated on a similar ordinal grading scale (none 0;
mild 1; moderate 2; severe 3), but a 0.5 score was included
to account for rare pathology. The specific cortical pathology
including neuronal or glial inclusions and dystrophic cellular
processes is described in the results section.

Biochemical analyses

Frontal and temporal gray and white matter derived from
frozen brain samples were divided and processed sepa-
rately. To examine the solubility profile of TDP-43, brain
tissues were sequentially extracted with buffers of increas-
ing strength as described earlier [38]. Briefly, brain tissue
was homogenized in high salt buffer (0.75 M NaCl, 50 mM
Tris-HCI, 2 mM EDTA, pH 7.4), high salt Triton-X 100
buffer (high salt buffer + 1% Triton-X 100), radioimmuno-
precipitation assay buffer (0.1% sodium dodecyl sulfate
(SDS), 1% NP-40, 0.5% deoxycholic acid 5 mM EDTA,
150 mM NaCl, 50 mM Tris-HCI, pH 8.0) and SDS buffer
(2% SDS in 50 mM Tris-HCI1 pH 7.6). Protease inhibitors
were added to buffers prior to use. SDS insoluble material
was extracted in 70% formic acid (FA). FA was evaporated
in an Automatic Environmental SpeedVac System (Savant
Instruments, Holbrook, USA). The dried pellets were re-
suspended in SDS-polyacrylamide gel electrophoresis sam-
ple buffer and the pH was adjusted to neutral with 2 M
NaOH.

For immunoblot analysis, proteins were resolved by 5—
20% gradient Tris-glycine SDS-polyacrylamide gel electro-
phoresis, transferred to nitrocellulose membranes, and
probed with a mixture of anti-tau MAb T14 (1:3,000) and
T46 (1:1,000) [15, 17], or rabbit polyclonal anti-C-terminus
TDP-43 antibody (1038). The primary antibodies were
detected with horseradish peroxidase conjugated anti-rabbit
or anti-mouse IgG (Santa Cruz Biotechnologies, Santa
Cruz, CA, USA). Blots were developed with Renaissance
Enhanced Luminol Reagents (NEN Life Science Product,
Boston, MA), and digital images were acquired using a
Fujifilm Intelligent Darkbox II (Fuji Systems USA, Stam-
ford, CT, USA).

Statistical analyses

The data were analyzed using SPSS 11.5 or 15.0 for Win-
dows (SPSS, Chicago, IL, USA). The “average” or
“spread” of data on patient characteristics or ordinal rating
scale was estimated by calculating the mean (and standard
deviation) or median (and 25th to 75th percentiles). Fur-
ther, the medians and 25th to 75th percentiles of the ratings
were calculated from “grouped data” taking into account
that one stage follows continuous into the other, and there-
fore, they represent classes rather than clearly distinguish-
able values on a numerical scale. When a certain percentile
was not available from grouped data, a standard percentile
was obtained. Non-parametric tests were used for hypothe-
sis testing including the Mann—Whitney U, Friedman and
Wilcoxon signed ranks test for continuous or ordinal data.
P values of the exact tests were reported for these non-para-
metric tests. The Fisher’s exact test was applied to compare
proportions. Association analyses [31] were performed
using Spearman’s rank correlations. The correlation coeffi-
cients were interpreted as follows: <0.30 as low, 0.30-0.60
as moderate, 0.60-0.90 as moderately high, and >0.9 as
high correlation. The significance level was set at 0.01
rather than the usual 0.05 because multiple statistical tests
were done. All statistical tests applied are two sided.

Results
Clinical characteristics

We examined 54 Guamanian subjects including 31 males
and 23 females. All the patients (n = 39) had clinical evi-
dence of dementia, parkinsonism, or motor neuron signs in
various combinations, and were confirmed at autopsy to
have the typical pathology of G-PDC or G-ALS as previ-
ously reported [8, 30]. G-C did not show any overt neuro-
logical or cognitive dysfunction. The study subjects were
categorized as either G-PDC (n = 30, cortical areas avail-
able: n = 13, spinal cord available: n = 17), G-ALS (spinal
cord available: n=9), or as G-C (n =15, cortical areas
available: n = 11, spinal cord available: n = 5). The clinical
characteristics of the study cohort are summarized in
Table 1 (for complete list, see supplementary data Table 1).
G-PDC patients had a significantly longer disease duration
compared with G-ALS cases and their age at death was sig-
nificantly higher. There was no significant difference in age
at death between G-PDC and G-C. Nearly all study subjects
were Chamorros (50/54), one was a mixed Chamorro and
Japanese and three were migrants to Guam, two Filipino
and one Caucasian (Table 1). All autopsies were performed
between the mid 1970s and mid 2000s (see supplementary
data Table 1).
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Table 1 Summary of clinical characteristics

N M:F ratio Ethnicity (N) Age at death (yrs*) Disease duration (yrs*¥*)
G-PDC 30 1:0.7 29 Cham,1 Filip* 68.5 (7.4); 68.0 (63.8-74.0) 6.3 (3.4); 6.0 (4.0-8.0)
G-ALS 9 1:0.8 8 Cham, 1Cauc® 53.3(9.1); 52.0 (49.5-61.5) 5.0 (8.2); 2.0 (1.34.3)
G-C 15 1:0.9 13 Cham, 1 Filip, 1 Cham/Japan® 68.5 (12.6); 69.0 (57.0-78.0) -

Values are mean (standard deviation), or median (25th to 75th percentile)

M male, F female, Cauc Caucasian, Cham Chamorro, Filip Filipino, Cham/Japan Chamorro/Japanese, yrs years, G-PDC Guamanian parkinson-
ism—dementia complex, G-ALS Guamanian amyotrophic lateral sclerosis, G-C Guamanian controls, N number

*G-PDC versus G-ALS: P < 0.0001; G-PDC versus G-C: P = 0.948; G-ALS versus G-C, P < 0.008 (Mann—Whitney U test)

**G-PDC versus G-ALS: P = 0.009 (Mann—Whitney U test)
# Migrant, lived final 43 years on Guam
® Migrant, lived final 20 years on Guam

¢ No migrant, lived whole life on Guam
Cortical pathology

To determine if TDP-43 pathology is present in G-PDC,
cortical regions from G-PDC and G-C were examined. All
G-PDC cases with cortical tissue available (n = 11) stained
positive for tau, ubiquitin, and TDP-43, albeit to varying
degrees in the various cortical areas (Table 2). There were
widespread tau positive NFTs both in the hippocampal for-
mation and neocortex (Table 2) associated with neuron loss
and gliosis. These changes were predominantly located in
layers IT and III of the neocortex. White matter tau pathology
was present as well and included oligodendrogial (or
astroglial) inclusions and dystrophic cellular processes.
TDP-43 staining revealed a varying degree of, sometimes

focal, pathology including neuronal and oligodendroglial
inclusions and dystrophic neurites/axonal profiles as well as
occasional lentiform shape nuclear inclusions (Table 2,
Figs. 1, 2). As with the tau pathology, the degree of TDP-
43 pathology was similar in both gray and white matter
(Table 2). When comparing PHF-1 with TDP-43 overall
average scores (as shown in Table 2), PHF-1 scores in the
neocortical gray and white matter and hippocampal forma-
tion tended to be higher than the corresponding TDP-43
scores (P values: 0.090 or 0.044 or 0.018). Further, both tau
positive and TDP-43 positive pathological structures
stained for ubiquitin. Double labeling immunofluorescence
experiments demonstrated that pathological TDP-43 co-
localized with ubiquitin, but not with tau pathology

Table 2 Severity of cortical tau and TDP-43 pathology in Guamanian parkisonism—dementia complex

N PHF-1 TDP-43
GM WM GM WM

Neocortex Frontal 8 2.0 (0.8-2.8) 1.5 (0.6-2.0)* 0.9 (0.6-1.8) 0.8 (0.5-1.5)

Parietal 8 1.3 (0.8-2.0) 0.9 (0.6-1.6) 0.7 (0.3-1.3) 0.8 (0.4-1.3)

Temporal 11 2.1(0.9-2.9) 1.6 (0.9-2.4) 1.2 (0.4-2.3) 0.8 (0.5-1.4)

Occipital 5 1.0 (0.2-1.8) 0.5 (0.1-1.3) 0.4 (0.1-0.8) 0.3 (0.0-0.5)*

Average neocortical** 11 1.8 (0.8-2.2) 1.4 (0.7-1.7) 1.0 (0.5-1.3) 0.8 (0.5-1.0)

Pk 0.016 0.002 0.022 0.024
Hippocampal formation Entorhinal cortex 7 2.6 (2.0-3.0)* 1.7 (1.1-2.4) 1.0 (0.4-2.2) 0.8 (0.3-1.5)

CA1/Subiculum 7 2.6 (2.0-3.0)* - 0.4 (0.0-0.5)* -

Dentate gyrus 7 2.4 (1.0-3.0)* - 2.4 (0.5-3.0)* -

Average hippocampal %% 7 2.4 (2.1-2.8) - 1.2 (0.8-1.7) -

Pk 0.920 - 0.033 -
Cerebellum 5 0.4 (0.3-0.5)* 0.1 (0.0-0.3)* 0.0 (0.0-0.0) 0.0 (0.0-0.0)

TDP-43 TDP-43-immunoreactive, PHF-1 paired helical filament-1-immunoreactive, N number, GM gray matter, WM white matter

Grading scale 0 none, 0.5 rare, / mild, 2 moderate, 3 severe, scores are the median and 25th to 75th percentile (calculated from grouped data,
except¥)

**Average score across all neocortical brain areas

*##*Friedman test for any difference between the brain areas

**k*%k Average score across all hippocampal brain areas
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Fig. 1 Spectrum of neocortical a
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(Figs. 3a-1, 4). In the hippocampal formation, TDP-43
pathology in the CA1/subiculum was scarce and consisted
mainly of dystrophic neurites in sharp contrast to the den-
tate gyrus and entorhinal cortex with perikaryal inclusions
(Fig. 5a, b). Normal nuclear TDP-43 staining was found in
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unaffected neurons, but not in neurons bearing cytoplasmic
inclusion suggesting a shift from TDP-43 from the nucleus
into the cytoplasm (“nuclear clearing”) in the diseased neu-
rons. In contrast to the CA1/subiculum of the hippocampus,
in the dentate nucleus the tau and TDP-43 burden were sim-
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Fig. 3 Co-localization of TDP-
43 with ubiqutin immunoreac-
tivity in double-label immuno-
fluorescence of cortical regions
of G-PDC. a—c Dystrophic neu-
rite in parietal cortex; a 1510;

b TDP-43; ¢ merge; d—f neuronal
cytoplasmic neuronal inclusion
in temporal cortex; d 1510; e
TDP-43; f merge; g—i intranucle-
ar neuronal inclusion (“cat eye
sign”) in temporal cortex; g
1510; h TDP-43; i merge; j-I1,
cytoplasmic oligodendroglial
inclusion in temporal white
matter; j 1510; k TDP-43;1
merge; bar 10 pm

ilar (Table 2, P =0.157). A subset of the ubiquitin-positive
inclusions in dentate granule cells was TDP-43 positive and
another subset was tau and ubiquitin positive, but none was
TDP-43 and tau positive (Fig. 5c, d, e).

Considering the most affected area or regions of focal
TDP-43 pathology as the defining feature for severity grad-
ing, five cases were categorized as severe, two as moderate,
and four as mild. The morphological and distributional pat-
tern of cortical TDP-43 pathology of the moderate and
severe cases was reminiscent to FTLD-U subtype 3 with
pathology predominantly located in superficial cortical lay-
ers including mainly short dystrophic neurites, NCIs, and
variable numbers of neuronal intranuclear inclusions. In the
mild cases, scattered dystrophic neurites and, to a lesser

@ Springer

degree, neuronal inclusions were present, and in one case
the pathology was restricted to the dentate nucleus of the
hippocampus. Only statistical trends, but no significant
differences between any of the various neocortical or hippo-
campal brain areas for TDP-43 pathology were found
(Table 2).

Five of ten G-C cases with cortical tissue available
showed tau pathology. When comparing the total tau bur-
den between G-PDC and G-Cs, the former showed
greater tau pathology in the neocortex (gray matter: 1.8
[0.8-2.2] vs. 0.4 [0.0-1.3], P =0.011 and white matter:
1.4 [0.7-1.7] vs. 0.3 [0.0-0.6], P =0.001; values are
median or 25th to 75th percentile), although the P-value
for the gray matter is only borderline significant. Such a
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Fig. 4 Pattern of tau and TDP-43 pathology in temporal cortex of
Guam-PDC. Different patterns of tau (a) and TDP-43 (b) pathology in
the same brain area (bar 100 um). a Note the presence of neuronal
cytoplasmic tau immunoreactivity (e.g., large arrow) and astrocytic
pathology (e.g., small arrow). b Note the presence of TDP-43 positive
cytolasmic inclusions (e.g., large arrow) and dystrophic cellular
processes (e.g., small arrows). c—e No co-localization of tau with
TDP-43 pathology in double-label immunofluorescence of a NFT
in the temporal cortex of G-PDC. ¢ PHF-1; d TDP-43; e merge; bar
10 pm

difference was not present in the hippocampal formation
(2.4 [2.1-2.8] vs. 3.0 [2.3-3.0], P = 0.658) (Table 2, sup-
plementary data Table 2). The G-C subjects were virtu-
ally free of TDP-43 pathology with only two individuals
showing rare or mild TDP-43 NClIs restricted to the den-
tate gyrus.

Spinal cord

All G-PDC and G-ALS spinal cords examined exhibited
pathological changes, albeit different kinds and to various
degrees (Fig. 6a—k). For example, NFTs were present in both
G-PDC (17/17 cases) and G-ALS (7/9 cases; P =0.111) and
TDP-43 NCIs were more common in G-ALS (9/9 cases)
than in G-PDC (5/17 cases; P =0.001). TDP-43 positive
NCIs were found in various shapes including filamentous/
skein-like, or round dense frayed or Lewy body-like forma-
tions and smaller granules (Fig. 6a, b, e—g). Twelve of the 26
cases with spinal cord available for examination showed
both tau positive NFTs and TDP-43 positive neuronal inclu-
sion pathology (Fig. 6a, b, e-i). The degree of tau pathology
tended to be higher in G-PDC as compared with G-ALS
(Table 3). This contrasted with the TPD-43 pathology,
which was significantly more severe in G-ALS as compared
with G-PDC (Table 3). Moreover, in G-PDC, tau positive
NFT pathology was significantly more severe than TDP-43
positive NCI pathology (P < 0.0001), whereas in G-ALS no
significant difference in neurofibrillary changes and TDP-43
NCI pathology was found (P = 0.094; Fig. 7). Further, TDP-
43 positive oligodendroglial pathology was found as comma
shaped coiled body-like inclusions (Fig. 6¢, d) and corre-
lated positively with NCI pathology (r=0.840, P <0.01).
Association analysis between tau positive (astro-)glial
pathology and NFTs in the spinal cord revealed a moderately
high correlation (r = 0.662, P <0.01). These changes were
associated with varying degrees of degeneration of the long
descending tracts, and variable neuron loss accompanied by
gliosis. There was no co-localization of TDP-43 and tau pos-
itive pathology.

Overall, NFTs were present to a very slight degree in the
spinal cord of G-C (see supplementary data Table 3).
Indeed, two of five G-C subjects showed mild neurofibril-
lary pathology. The degree of neurofibrillary pathology in
G-C [0.4 (0.0-1.0)] did not differ significantly from G-ALS
(1.0 [0.4-1.6]) (P =0.233), but did so as compared to G-
PDC [1.6 (1.0-2.4)] (P = 0.002) (values are median or 25th
to 75th percentile; Table 3, supplementary data Table 3).
None of the G-C showed pathological TDP-43 in the spinal
cord. For both the spinal cord and the brain, the non-Cham-
orro individuals did not show any pathological distinctions
from the native Chamorros.

Biochemistry

To examine the biochemical properties of TDP-43 in Gua-
manian subjects, sequential extractions of both cortical gray
and white matters from 5 G-PDC and 4 G-C brains were
analyzed. Biochemical analysis of the fractions revealed
TDP-43 is in the SDS fractions in both gray and white mat-
ter of G-PDC (Fig. 8a) and G-C cases (Fig. 8b). Further-
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Fig. 5 Hippocampal pathology a

of G-PDC. a Anti-PHF-1 and

b, anti-TDP-43 immunohisto-

chemistry (bar 200 um). Note

CA4-CA1 regions/subiculum ¢
with the presence of tau-positive i
neurofibrillary tangles (e.g., ar-
row) and no apparent TDP-43 s e
pathology; ¢, d Anti-TDP-43 L =
immunohistochemistry

(bar 20 pm). ¢ CAl/subiculum,
note single dystrophic cellular
process (arrow); d dentate gy-
rus, note nuclear TDP-43 clear-
ing in hippocampal granular
cells bearing TDP-43 positive
cytoplasmic inclusions (arrows)
as compared with unaffected
neurons (e.g., arrowhead);

e—g anti-TDP-43 and anti-tau
(PHF-1) immunofluorescence
histochemistry. Note that the
neuronal cytoplasmic inclusion
stained for TDP-43 (arrow) does
not co-localize with the tau posi-
tivity in another neuron (arrow-
head). e PHF-1; f TDP-43;

g merge; bar 10 pm

more, in all G-PDC brains examined, but not in any of the
G-C cases, detectable levels of normal and pathological
TDP-43 were observed in the FA-soluble fraction (Fig. 8a,
b, e, f and data not shown). Thus, TDP-43 pathological sig-
nature in G-PDC may include change in solubility in addi-
tion to the already reported presence of a high relative
molecular mass smears and 20-25 kDa C-terminal frag-
ments [24]. Further, to examine the solubility profile of tau,
the immunoblots were stripped and re-probed with the
MADbs T14 and T46. Consistent with previously published
results [38], insoluble tau was detected in both the gray and
white matter of G-PDC and, to a lesser extent, G-C brains
(Fig. 8c, d).

@ Springer

Discussion

The clinical similarities in FTLD-U or FTLD-MND and
G-PDC or G-ALS suggest a pathogenetic link between
these disorders. Thus, it is significant that, on the basis of
our studies of the largest cohort of clinically and patho-
logically confirmed G-PDC or G-ALS cases examined to
date for the presence of TDP-43 proteinopathy, we dem-
onstrate TDP-43 pathologies occur in the cortex of
G-PDC, but are virtually absent in G-C subjects of similar
age. Notably, we show that both cortical and gray matter
spinal cord TDP-43 pathology are coupled with white
matter pathology. In addition to these findings, we dem-
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Fig. 6 Spinal cord pathology in a : b
G-PDC and G-ALS. a-d Anti-

TDP-43 immunohistochemistry ‘ :

in G-ALS (bar 10 um). a, b, ¢ Sily : &
Gray matter of thoracic spinal a l . ¢ 5
cord; d white matter (adjacent to & '
gray matter) of thoracic spinal = f-'-x
cord; a filamentous motorneuro- vz : S
nal inclusion (large arrow); 2 . : T 2 L&
b dense round motoneuronal T
inclusion (large arrow), ¢ glial

inclusion (arrowhead), d glial
inclusion (arrowhead); e-g
Anti-TDP-43 and anti-ubiquitin
(1510) double-label immunoflu- 3 . | e
orescence histochemistry in G-
ALS (bar 10 um). Co-localiza- A
tion of TDP-43 and ubiquitin in ! € g4
dense round motorneuronal

inclusion (large arrow); e 1510; »

f, TDP-43; g merge. h—k Anti- .

tau (PHF-1) immunohistochem- 4. m
istry, note neurofibrillary pathol- o v,
ogy in G-PDC (large arrow) (h)

and G-ALS (large arrow) (i), or - = =
G-C (large arrow) (j), and astro-
cytic glial inclusion pathology
(small arrow) in G-ALS (Kk), bar
20 mem

-

L %

onstrated widespread tau pathology in G-PDC, G-ALS 38]. On the basis of a case series with a small sample size,
and G-C consistent with previous reports including those  patients with atypical parkinsonism and ALS in the Kii
from our group and other centers [26, 28, 30, 33, 34, 37, peninsula of Japan have been shown to exhibit NFTs in a
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Table 3 Severity of spinal cord pathology in Guamanian parkisonism—dementia complex and Guamanian amyotrophic lateral sclerosis

N NFTs NCIs GlIs
PHF-1 TDP-43 PHF-1 TDP-43
G-PDC 17 1.6 (1.0-2.4) 0.3 (0.0-0.8) 0.9 (0.3-1.5) 0.2 (0.0-0.7)
G-ALS 9 1.0 (0.4-1.6) 1.7 (1.0-2.5) 0.3 (0.0-0.8) 1.3 (0.5-1.9)
P* 0.044 <0.0001 0.054 0.001

G-PDC Guamanian parkinsonism—dementia complex, G-ALS Guamanian amyotrophic lateral sclerosis, NFTs neurofibrillary tangles, NCIs neu-
ronal cytoplasmic inclusions, GIs inclusion glial, TDP-43 TDP-43-immunoreactive, PHF-1 paired helical filament-1-immunoreactive, N number

Grading scale 0 none; 1, 1-3 per section; 2, 4—10 per section; 3, >10 per section; values are median and 25th to 75th percentile (calculated from

grouped data)
*Mann—-Whitney U test

Fig. 7 Severity of tau (PHF-1)

G-PDC G-ALS

positive NFTs and TDP-43 posi-
tive NCls in spinal cord of G-
PDC and G-ALS. Figures show
error bars with mean and 95%
confidence interval (95% CI). 204
Note the significantly higher de-

gree of tau positive NFTs as

compared with TDP-43 positive 1.5+
NClIs pathology (P < 0.0001)
with no overlap of the 95% Cl in
G-PDC (n=17). In G-ALS 104
(n =9), there is no significant
difference between TDP-43 NCI
pathology and tau NFT pathol-
ogy (P =0.094), and there is a
substantial overlap of the 95%
Cls

2.5

0.5

0.0+

similar topographic distribution in PDC and ALS [21],
and they have been reported to be associated with dentate
gyrus and spinal cord pathological TDP-43 findings simi-
lar to our study [18].

Severe atrophy of the frontal and temporal cortex have
been previously described in G-PDC [14, 27]. The cortical
or hippocampal topographical distribution of both gray and
white matter TDP-43 pathology shown here is similar to
that in FTLD-U. TDP-43 pathology included NClIs, intra-
nuclear inclusions, dystrophic neurites (or axonal profiles)
and oligodendroglial inclusions. In fact, its cortical pattern
in the advanced cases was reminiscent of the subtype 3 of
FTLD-U, although intranuclear inclusions were present in
very variable numbers. Corresponding to the different histo-
logical architecture of gray and white matter, we found a
different frequency of a similar kind of pathology including
NClIs, glial cytoplasmic inclusions and dystrophic cellular
processes; however, the overall degree of pathology was
similar in both gray and white matter. Whereas overall
PHEF-1 pathology in hippocampal formation or some phylo-
genetic younger brain areas trended to be more robust than
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NFTs NCIs NFTs NCIs
(PHF-1) (TDP-43) (PHF-1) (TDP-43)

the TDP-43 pathology, there was clearly no difference in
the burden of tau and TDP-43 pathologies in the dentate
gyrus. A previous report suggested that the ubiquitinated
inclusions in the dentate gyrus of patients with G-PDC or
G-ALS seem to be AD-like NFTs and not the typical ubiqu-
itin-positive intracytoplasmic neuronal inclusions seen in
ALS with dementia (ALS-D) [16]. Here, we demonstrate
that there is a co-occurrence of both tau- and ubiquitin-pos-
itive NFT-like inclusions and FTLD-U-like TDP-43 and
ubiquitin-positive inclusions in a similar frequency or
degree which suggests that TDP-43 pathology, such as tau
pathology, contributes to mechanisms of neurodegenera-
tion. Interestingly, TDP-43 positive but not tau positive
intranuclear inclusions are present in G-PDC. We did not
observe a co-localization of TDP-43 and tau pathology,
suggesting that TDP-43 abnormalities are unlikely to be the
result of tau-related cellular disruption. Further, tau positive
tangle associated neuritic clusters have been reported ear-
lier to be common in early and mild cases of G-PDC and
the possibility of a causative interaction between tangle and
dystrophic neurite formation has been raised [35]. In our
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Fig. 8 Biochemical analyses of
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study, some cases showed cortical TDP-43 positive dystrophic
neurites predominating over cytoplasmic inclusion, and the
CA1/subiculum regions were devoid of TDP-43 pathology
except for rare dystrophic neurites. The cerebellum was
free of TDP-43 pathology, reminiscent to FTLD-U, and
only rare tau pathology was present, which is consistent
with the literature [25, 28].

Our spinal cord finding in G-ALS and G-PDC of TDP-
43 positive NCIs is novel, and there appeared to be more
NClIs in G-ALS as compared to G-PDC. However, the NFT
burden in the spinal cord did not differ between PDC and
ALS, in contrast to the degree of TDP-43 pathology.
Almost half of the cases showed both kinds of pathology,
although to a different degree. In G-PDC, but not in
G-ALS, a significantly lower degree of NCIs as compared

15-
WB: TDP-43

with NFTs were found, suggesting that pre-clinical ALS-
like pathology may occur in the former. The presence of
ubiquitinated and TDP-43 positive inclusions in the LMN
of G-ALS or G-PDC is paralleled by ALS, FTLD-U or
FTLD-MND outside Guam [2, 19, 20, 24, 36]. Further,
LMN inclusion pathology was associated with glial inclu-
sions in our study. In fact, the correlation of TDP-43 neuro-
nal with TPD-43 glial inclusion pathology appeared to be
somewhat higher than the association of neurofibrillary
changes with tau-positive glial pathology. Recently, TDP-
43 positive white matter pathology, most likely in oligo-
dendroglial cells, was demonstrated in the neocortex and
spinal cord of FTLD-U cases [22]. In addition, a large
series of ALS cases demonstrated similar glial inclusions in
spinal cord gray and white matter [19]. Analogous to o-syn-
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ucleinopathies, where the concept of “gliodegeneration” is
increasingly raised taking into account that glial cells may
represent a primary target of an as yet unknown degenera-
tive disease processes [5], glial pathology could contribute
to the dysfunction and death of adjacent neurons in TDP-43
proteinopathies [19].

Guamanian subjects without symptoms of PDC or ALS
have been shown to exhibit an increased prevalence of neu-
rofibrillary pathology with age, often with a widespread
appearance in Chamorros in their 30s and 40s and up to
100% of Chamorros over age of 50 [1, 4, 9, 26, 28, 29].
Thus, in contrast to the neocortex, the degree of tau pathol-
ogy in the hippocampus was similar in G-PDC and G-C. In
the spinal cord, G-PDC and G-ALS showed an overall mild
(to moderate) degree of neurofibrillilary pathology, and a
few tangles were present in the limited number (i.e., five) of
examined G-C subjects. TDP-43 pathology was completely
absent in the neocortex and spinal cord in G-C, and only
slightly present in the dentate of two subjects with signifi-
cant tau pathology in hippocampus. These data suggest that
TDP-43 pathology in neocortical or hippocampal brain
areas discriminates disease from control better than tau
pathology.

The finding of a lack of an apparent difference in the
pathology between the non-Chamorro individuals including
three migrants, i.e., two Filipinos (G-PDC and G-C) and
one Caucasian (G-ALS), as well as one mixed Chamorro/
Japanese subject (G-C) might have etiological significance.
However, as only a few non-Chamorro individuals have
been studied, comparative studies with larger sample size
are certainly needed in order to establish the nature and
degree of pathology in non-native individuals having lived
on Guam and eventually draw reasonable pathogenetic con-
clusions.

Importantly, our studies demonstrated a pathological
signature for TDP-43 including a shift in the solubility of
TDP-43 toward the FA soluble fraction, a high molecular
weight TDP-43 smear plus low molecular weight TDP-43
fragments in G-PDC, which is very similar to that in
FTLD-U [24]. Further, consistent with previously pub-
lished data [38], the immunhistochemically identified tau
pathology was confirmed to represent insoluble tau by bio-
chemical analyses.

Taken together, these results demonstrate that G-PDC
and G-ALS are associated with pathological TDP-43, sug-
gesting that these disorders represent similar TDP-43 pro-
teinopathy diseases just like FTLD-U, FTLD-MND, ALS,
and ALS-D, and we hypothesize that common pathogenetic
mechanisms linked to TPD-43 pathology underlie these
disorders. Thus, neocortical or hippocampal TDP-43
pathology distinguishes disease from controls better than
tau pathology and pathological TDP-43 might therefore
reflect a more disease specific process.
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