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Absence of ubiquitinated inclusions

in hypocretin neurons of patients
with narcolepsy

ABSTRACT

Objectives: The cause of hypocretin cell loss in human narcolepsy-cataplexy is unknown but has
been suggested to be neurodegenerative in nature. To test this hypothesis, we evaluated the
remaining hypocretin cells in human narcolepsy brains for the presence of aggregated protein
inclusions, gliosis, and inflammation.

Methods: Brains were examined by routine histologic methods for potential comorbid neurode-
generative diseases and through immunohistochemical screening for protein inclusions in the
hypothalamus. Hypothalamic sections of 4 subjects with narcolepsy and 5 nonneurologic controls
were examined immunohistochemically with antibodies against ubiquitin (a marker of aggregated
protein), allograft inflammatory factor 1 {AIF1, a microglial activation marker), glial fibrillary acidic
protein (GFAP, a reactive astrocytic marker), and hypocretin. Hypothalami of subjects with narco-
lepsy were additionally examined for the presence of known components of protein aggregates
{tau, a-synuclein, amyloid g, and TDP-43).

Results: Hypocretin cells were markedly decreased in all 4 subjects with narcolepsy. Ubiquitinated
inclusions were not observed in the total of 96 remaining hypocretin cells in these subjects. Further,
we noted that even in patients with dementia neuropathology, the lateral hypothalamic hypocretin
area was spared from ubiquitinated inclusions. AIF1 and GFAP staining in the perifornical area was
unremarkable.

Conclusions: Our findings suggest that hypocretin cell loss does not involve ubiquitinated inclu-
sions, the hallmark of most neurodegenerative diseases. The lack of increased markers of inflam-
mation also argues against a progressive and continuous neurodegenerative process. Neurology
2009;73:511-5617

GLOSSARY

(AD) = neuropathologically consistent with Alzheimer disease, AIFI = allograft inflammatory factor 1; CERAD = Consortium
10 Establish a Registry for Alzheimer's Disease; DAB = diaminobenzidine, Fx = fornix; GFAP = glial fibrillary acidic protein;
IgG = immunoglobulin G; LBD = Lewy body disease; NA = not available; NFT = neurofibrillary tangle, PBS = phosphate-
buffered saline; PLM = periodic leg movement, PMI = postmortem interval; PSG = polysomnography; REML = REM latency,
SL = sleep latency; SOREMP = sleep onset REM period; 3V = third ventricle.

Studies in animals and humans have shown that narcolepsy—cataplexy is caused by impaired hypo-
cretin (also called orexin) neurotransmission.'* Impaired hypocretin transmission due to single
hypocretin gene mutations is rare in humans.’ Rather, in most cases of narcolepsy with cataplexy,
hypothalamic hypocretin cells are lost through an unknown and highly selective process that does
not alter the closely intermingled melanin-concentrating hormone cell population.'* Speculation on the
causes of this cell loss have included an autoimmune process (based on the tight HLA-DQB1*0602
association) or degeneration of hypocretin neurons.* Repeated attempts to identify an autoimmune pro-
cess have so far failed,* suggesting that it is necessary to explore other potential mechanisms.

In neurodegenerative disorders, specific neuronal subtypes are often affected by a process
associated with the accumulation of intracellular protein aggregates, but whether these aggre-
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Table Demographic data regarding brains used in this study
Nsuropathologic
Diagnosis Age,y Sex Ethnicity Cause of death diagnosis PMiLh
N1 Narcolepsy 69 M Japanese Epidural hematoma - 10.0
N2 Narcolepsy 75 M Japanese Spinal cord infarction, prostate cancer (AD) 55
metastasis, sepsis
N3 Narcolepsy 89 White NA LBD 20.0
N4 Narcolepsy 79 F Japanese Chronic renal failure, heart failure, Senile dementia of 3.0
melena the NFT type
C1 Control 84 F Japanese Heart failure, kidney carcinoma — 8.8
cz2 Control 70 F Japanese Status asthmaticus — 75
c3 Control 79 M White Aging (heart failure) — 6.5
c4 Control 84 F White NA - NA
c5 Control 67 M Japanese Lung cancer, malnutrition, hydrothorax - 4.0

PMI = postmortem interval; {AD} = neuropathologically consistent with Alzheimer disease (Consortium to Establish a Reg-
istry for Alzheimer’s Disease diagnosis NP possible b); LBD = Lewy body disease; NFT = neurofibrillary tangle; NA = not

available.

gates cause cell death or protect against neuro-
degeneration remains unresolved. These
aggregates generally contain ubiquitin, a “tag”
that is added to proteins that are targeted for
degradation.” Recently, analysis of ubiquiti-
nated protein revealed the novel TDP-43
protein as a cause of amyotrophic lateral
sclerosis.%” Hypocretin cell numbers are
decreased in several
disorders, including Parkinson disease,?? mul-
tiple system atrophy,’® and Huntington dis-
ease.'’ In these diseases, protein inclusions
were identified in small numbers of hypocre-
tin cells,® indicating that these cells can be af-
fected by neurodegenerative processes.
Ubiquitin-containing deposits have also been
identified in the hypothalamus of patients
with Niemann—Pick disease type C,'? a disor-
der known to cause secondary narcolepsy.
We hypothesized that hypocretin cell neuro-
degeneration occurs in narcolepsy, a process
likely marked by the presence of protein aggre-
gates. We examined rare remaining hypocretin
cells of patients with narcolepsy for the presence
of ubiquitinated inclusions, and potential astro-
cytic or microglial reactions, processes associated
with active neurodegeneration. We also exam-
ined hypothalamic sections from 4 subjects with
narcolepsy for the presence of known compo-
nents of protein aggregates (tau, a-synuclein,

amyloid 3, and TDP-43).

neurodegenerative

METHODS This study was approved by the ethical commit-

tees of the collaborative institutes. Written informed consent was
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obrained from all patients or families. We examined brain tissue
from 4 patients with narcolepsy (50% men, aged 78 * 8 years,
75% Japanese, postmortem interval [PMI] 9.6 + 7.5 hours) and
5 nonneurologic controls (2 men and 3 women, without a clini-
cal history of unexplained excessive daytime sleepiness, aged
77 * 8 years, 60% Japanese, PMI 6.7 = 2.0 hours). None of
these subjects were used in previous neuropathologic studies.*"
Demographic data are shown in the table. In most cases (7 of 9),
brains were first studied by routine neuropathologic examina-
tion. Right brain hemispheres were fixed postmortem with 10%
formalin, embedded in paraffin, and 8-um sections from corti-
ces, hippocampus, basal ganglia, midbrain, and pons cerebellum
were prepared. These sections were stained using the hematoxylin
and eosin, Kliiver~Barrera, methenamine silver, and Gallyas-Braak
methods. We used Consortium to Establish a Registry for Alzhei-
mer’s Disease (CERAD) scoring™ and Braak staging'® when Alzhei-
mer neuropathology was noted.

Seven brain blocks containing hypothalamus (3 narcolepsy
and 4 controls) were also obtained and fixed in 4% paraformal-
dehyde, cut into 40-pum cryosections and used for immunohisto-
chemical staining. Hypothalamic structure orientation was
determined using human atlas coordinates.® Four stained sec-
tions (spaced at approximately 800 pm) covering the hypocretin
cell-containing perifornical area, were selected. This area spans
from the mammillary bodies (optic chiasm + 10 mm) to an area
immediately proximal to where the fornix makes contact with
the third ventricle (optic chiasm + 7 mm). Paraffin-embedded
hypothalamic sections were used for immunostaining in the 2 sub-
jects (1 narcolepsy and 1 control) whose hypothalamic tissue was
unavailable in frozen sections. For these, representative 8-um thin
coronal sections (corresponding to atlas figure 28, optic chiasm + 8
mm) were selected for evaluation.

Cryosectioned brain samples were permeabilized with 0.3%
Triton X-100 in phosphate-buffered saline (PBS) for 4 weeks.
All subsequent steps were performed on free-floating sections at
4°C, interspersed with washes in PBS buffer (5 minutes 3 times).
Sections were 1) treated with 0.6% H,O, in PBS for 30 min-
utes; 2) blocked in 1.5% normal goat or horse serum in PBST
(PBS + 0.25% Triton X-100) for 30 minutes; and 3) incubated
in PBST for 24 hours with rabbit anti-ubiquitin polyclonal anti-
body (1:10,000, Z0458, Dako, Carpinteria, CA), rabbit anti-
allograft inflammatory factor 1 (AIF1, also called ionized
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calcium binding adaptor molecule 1:Thal) polyclonal antibody
(1:5.000, 019-19741; Wako, Osaka, Japan), or rabbit anti-glial
fibrillary acidic protein (GFAP) antibody (1:5,000, RB-087-A,
Thermo, Fremont, CA) and a mouse anti-hypocretin monoclo-
mal antibody (1:10,000 house made). Four narcolepsy hypotha-
lamic sections were also stained with rabbit anti-phosphated tau
polvclonal antibody (1:50,000, AP4227), rabbit anti-a-
svnuclein polyclonal antibody (1:5.000, 1175%), rabbit anti—
amvloid B polyclonal antibody (1:20.000, ES50'), mouse
anti-phosphated TDP-43 monoclonal antibody (1:5,000,
pS409/410”), anti-ubiquitin antbody (polyclonal antibody
Z0458 or mouse monoclonal anti-ubiquitin antibody (1:5,000,
MAB1510 clone FK1, Millipore, Bellerica, MA), and anti—
phosphated tau polyclonal antibody (AP422) as well as anti-
hypocretin monoclonal antibody; 4) incubated with biotinylated
goat anti-rabbit immunoglobulin G (IgG) or horse anti-mouse
IgG antibody (1:200, Vecror Laboratories, Burlingame, CA) in
PBST for 1 hour: 5} incubated in ABC reagents (Vector Labora-
tories) in PBST for 1 hour; and 6) preincubated in 0.25 mg/mL
diaminobenzidine (DAB) or DAB with 1% nickel chloride in
PBST for 15 minutes followed by the addition of H,0, as a final
concentration of 0.02% for 15 minutes. Sections were then
mounted and analyzed by microscopy, and an Olympus BX51
microscope (Olympus, Tokyo, Japan) equipped with charge-
coupled device camera (DP70, Olympus) was used 1o take digi-
wl photographs of stained sections. Paraffin sections were first
deparaffinized in xylene, hydrated, and stained on the slide ac-

cording o the procedures described above.

RESULTS Case reports. Case N1 (a Japanese man)
began working in a fish market at age 14 years, and
recutrent daytime sleep episodes began at age 15
years. He slept frequently during work, unaware that
he was affected by hypersomnia. His first cataplexy
episode, at age 53 years, caused him to fll to the
ground. Cataplexy occurred when he became excited
or angry, and he resigned from work at age G0 years
afrer dropping a special knife while cleaning a large
fish with a fellow worker. His cataplexy continued to
become aggravated, leading him to seek medical
help, and he was diagnosed with narcolepsy at age 63
years. He rarely experienced hypnagogic hallucina-
tions and sleep paralysis. His 1 nap polysomnogra-
phy (PSG) at his initial visit showed shortened sleep
latency (S1) and REM latency (REML) (2 minutes
and 6 minutes), and indicated a sleep onset REM
period (SOREMP). At age 66 years, he sustained a
brain injury in a traffic accident, and MRI revealed a
right frontal lesion. Subsequently, his unsteady walk-
ing led to frequent falls and injuries, He sometimes
showed nocturnal occupational delirium and was
hospitalized 3 times for the treatment of prolonged
disoriented hallucinatory states. Nocturnal PSG at
age 68 years showed lack of deep sleep but no signs of
sleep apnea or periodic leg movements (PLMs). Cog-
nitive function was not assessed, but memory distur-
bances were not noted when he was fully awake. He
died of epidural hematoma, due to repeated head in-
jury at age 69 years. Neuropathologic examination
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revealed small numbers of neurofibrillary tangles
(NFTs) in the hippocampus (Braak stage 1) and se-
nile plaques in the temporal cortex (Braak stage A,
CERAD age-related plaque score B). Sparse
ubiquitin-positive threads were observed in the ven-
tral part of the posterior hypothalamus (premammil-
lary area) but not in the lateral hypothalamic
hypocretin area. No ubiquitin-pasitive inclusions
were found in the 16 remaining hypocretin cells. Ad-
ditional screening of hypothalamic sections for
known protein aggregates revealed 1 NFT and sev-
eral neuropil threads in premammillary area.
There were no amyloid B—positive senile plaques,
a-synuclein—positive inclusions, Lewy neurites,
TDP-43-positive inclusions, or dystrophic neu-
rites in the hypothalamus of case N 1.

Case N2 (a Japanese man) had a maternal family
history of hypersomnia. Frequent napping episodes
at school began at age 12 years, followed by the onset
of terrifying hypnagogic hallucinations and sleep pa-
ralysis. He described the illusion of a robber entering
his bedroom, sitting on his face, and preventing him
from moving or screaming for help. His first episode
of cataplexy was at age 18 years, and artacks occurred

with laughter or excitement (such as winning at

Mahjong, or when scolding children). He worked in
his father’s woodworking company, taking 2 naps on
weekdays, and was diagnosed with narcolepsy at age
33 years. His initial 1 nap PSG showed shorrened
sleep and REM latencies (SL 2 minures, REML 2
minutes), which were also consistently seen in
follow-up 1 nap PSG studies later in his life. After
age 70 years, he sometimes stood still or moved dur-
ing the night while half asleep. His nocturnal PSG at
age 72 years showed mild sleep disturbances with an
apnea hypopnea index of 9.8, a PLM index of 5.8,
and a 7.5-minute stage-1 REM period. At age 74
years, he underwent surgery for bile duct merastasis
of testicular carcinoma followed by hormone ther-
apy. He subsequently became anxious and entered a
disoriented, agirated, and confusional state at night.
Brain MRI ar age 74 years revealed age-related mild
brain atrophy, but cognitive function was not as-
sessed. He died of spinal cord infarction and sepsis at
age 76 years, Neuropathologic examination showed
substantial NFT in the neocortex (Braak stage V)
and senile plaques in precentral gyrus (Braak stage C,
CERAD age-related plaque score C). Neuropatho-
logic diagnosis for AD was CERAD NP passible b."
In hypothalamic tissues, several ubiquitin-positive
threads and abundant neuropil threads and NFT
were observed, mainly in the ventral or medial parts
of the posterior hypothalamus including the tube-
romammillary nucleus, which is consistent with pre-
vious reports showing regional preference of NFT
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Figure 1 Ubiquitfn and hypocretin immunoreactivity in hypothalamic tissue of narcolepsy and
control subjects

hypothalamic tissues. Note that hypocretin cell were reduced in narcolepsy (B} vs contro! {A), and no ubiguitinated inclu-
sions were observed in hypocretin cells in narcolepsy or control (C, D). Scalebar = 1 mminAandB, 50 uminCandD. Fx =
fornix; 3V = third ventricle. Dashed rectangle indicates approximate area used for higher magnification.

pathology in the hypothalamus.”* No ubiquitin-
positive inclusions were found in the lateral hypo-
thalamic area or in 53 remaining hypocretin cells.
There were no amyloid B-positive senile plaques,
a-synuclein—positive inclusions, Lewy neurites,
TDP-43-positive inclusions, or dystrophic neu-
rites in the hypothalamus of case N2.

Detailed clinical data of case N3 (a white woman)
were not available. Her narcolepsy symptoms of ex-
cessive daytime sleepiness and rtypical cataplexy
started in her 20s, and she was diagnosed with narco-
lepsy. Her nocturnal PSG and Multiple Sleep La-
tency Test results met International Classification of
Sleep Disorders 1 narcolepsy criteria. She had co-
morbid dementia later in her life, and died of de-
mentia at age 89 years. Immunohistochemical
examination revealed many tau-positive NFTs and
neuropil threads (Braak stage V) and moderate
amounts of senile plaques in the neocortex (CERAD
age-related plaque score B). Abundant a-synuclein—
positive Lewy neurites and Lewy bodies were also
found in the neocortex. The neuropathologic diag-
nosis was Lewy body disease. No ubiquitinated in-
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clusions were found in the lateral hypothalamic area
or in 7 remaining hypocretin cells. Several NFTs and
neuropil threads and many Lewy neurites were
observed in the ventral part of the posterior hypothala-
mus. There were no senile plaques, a-synuclein-posi-
tive inclusions, TDP-43—positive inclusions, or
dystrophic neurites in the hypothalamus of case N3.
Case N4 (a Japanese woman) began to experience
excessive daytime sleepiness at age 10 years. She fell
asleep during walking and eating, awakening re-
freshed after 5-minute naps. Her first episode of car-
aplexy was at age 13 years, when she experienced
sudden loss of muscle tone in her shoulders and
knees after a sensation of swelling pride. Hypnagogic
hallucinations and sleep paralysis began around the
same time, and she described feeling as if she was
being crushed by a dead body. She did not realize she
was affected by hypersomnia, but was diagnosed with
narcolepsy at age 55 years upon her first visit to a
hospital. Her initial 1 nap PSG test showed short-
ened sleep and REM latencies with SOREMP (SL 3
minutes and REML 4 minutes). A resting finger
tremor and memory disturbance started at age 72

srohibited.



Figure 2 Ubiquitin-positive inclusions in the cortex of narcolepsy subjects
with comorbid dementia

Ubiquitinated inclusions {arrows) were frequently observed in the cortex of narcolepsy pa-
tients with comorbid dementia (A; case N2; B: case N3). Scale bar = 50 pm.

years, preventing her from taking medicines appro-
priately. Occasional delirium at night began ar age 73
years, and memory disturbances, delusions, and hal-
lucinations in a disoriented state became progres-
sively worse. Brain MRI at age 76 years showed
marked brain atrophy in frontal and temporal lobes.
Incontinence occurred at age 78 years, and she was
restricted to her bed. She died of acurte aggravation of
chronic renal failure, heart failure, and disseminated
intravascular coagulation at age 79 years. Upon neu-
ropathologic examination, massive NFTs and neuro-
pil threads were observed in the subiculum and
entorhinal cortex, with some also in neocortex. A few

Figure 3 Preferential localization of tau-positive NFTs in hypothalamus of
narcolepsy subject with comorbid dementia

Tau-positive threads and neurofibrillary tangles {NFTs) (brown} in hypothalamus were pref-
erentially localized in ventral part {C) and sparse in perifarnical hypocretin area (B) of narco-
lepsy with comorbid dementia (case N2). Only 1 NFT (arrow) was found near remaining
hypocretin cell {purple; arrowhead). Note that the hypocretin cell had no tau-positive inclu-
sions (B}. Scalebar - 1 mminA, 100 umin B and C.Fx = fornix; 3V = third ventricle.
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senile plaques were observed selectively in the hip-
pocampus but not in other cortical regions. Multiple
small, old infarctions were found in basal ganglia.
The neuropathologic diagnosis was senile dementia
of the NFT type.* No ubiquitin-positive inclusions
were found in the lateral hypothalamic area or in 20
remaining hypocretin cells, A few ubiquitin-positive
threads and several rau-positive neuropil threads
were observed, mainly in the ventral patt of the pos-
terior hypothalamus at the premammillary level, and
1 NFT was found in the tuberomammillary nucleus,
which is consistent with a previous report.?* There
were no senile plaques, Lewy neuritis, a-synuclein—
positive inclusions, TDP-43—positive inclusions, or
dystrophic neurites in the hypothalamus of case N4,

Summary of clinical and neuropathologic findings. All
4 patients had typical narcolepsy, showing cataplexy
and SOREMPs, and all carried the HLA-
DQB1*0602 allele (HLA typed at clinic or postmor-
tem). Similar to previous reports, a dramatic
(=90%) hypocretin cell loss was observed in all 4
narcolepsy brains examined, indicating that our sub-
jects all had typical narcolepsy with hypocretin defi-
ciency (figure 1),

Three of the 4 patients had comorbid dementia pro-
cesses on neuropathologic examination. Many
ubiquitin-positive inclusions were observed in the cor-
tex of these subjects {figure 2), but no ubiquitinared
inclusions were found in cytoplasm or nucleus of hypo-
cretin cells in narcolepsy (regardless of comorbid de-
mentia) (figure 1D) or in control subjects (figure 1C).

Examination of hypothalamic sections for possible
protein aggregates (tau, a-synuclein, amyloid f3, and
TDP-43) revealed that all narcolepsy cases had tau-
positive NFT's and neuropil threads, showing regional
preference, many in the ventral part of the posterior
hypothalamus (figure 3C) but sparse in the periforpical
hypocretin area (figure 3B). a-Synuclein—positive Lewy
neurites were also observed {case N3), Double immu-
nostaining for tau and ubiquitin, or for ¢-synuclein and
ubiquitin revealed that part of these tau-positive or
a-synuclein—positive structures were also positive for
ubiquitin. No inclusions consisting of these compo-
nents were observed in hypocretin cells of subjects with
narcolepsy (figure 3B).

No differences between narcolepsy and control
subjects were observed for glial response markers
AIF1 (figure 4, A-D) and GFAP (figure 4, E-H) in
the perifornical hypothalamic area.

DISCUSSION The presence of ubiquitinated pro-
tein aggregates is a hallmark of neurodegenerarive
diseases.” In this study, we used ubiquitin immuno-
reactivity as a marker to identify putative narcolepsy-
specific protein aggregates. Because narcolepsy is
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Figure 4

No increased inflammation markers in hypothalamic hypot.:retin area

of patients with narcolepsy

A I

A microglial activation marker allograft inflammatory factor 1 staining (brown; A-D) and a
reactive astrocytic marker glial fibrillary acidic protein staining (brown; E-H) in lateral hypo-
thalamic area were stained with hypocretin {purple). No significant differences between

control (A, C, E, G; case C1) an

d narcolepsy (B, D, F, H; case N2) were observed. Scale bar =

1mminA, B E, andF; 50 umin C, D, G, and H. Fx = fornix; 3V = third ventricle.
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associated with nearly complete disappearance of
hypocretin cells, 4 narcolepsy brains were needed to
study 96 hypocretin cells in detail. Ubiquitinated in-
clusions were not found in any of these cells (figure
1). Interestingly, ubiquitinated inclusions were not
found in hypocretin cells in 3 of 4 narcolepsy pa-
tients with comorbid dementia. The few ubiquitin-
positive granular or dot-like structures observed
(figure 1) may be associated with aging, as previously
reported.® Additional screening of known protein ag-
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gregates showed that tau-positive NFT's were ob-
served mainly in ventral part of posterior
hypothalamus and scarcely in the perifornical hypo-
cretin area (figure 3), confirming a previous report
describing NFT localization.? Again, no inclusions
in hypocretin neurons were observed.

Our findings do not support a role for known
neurodegenerative processes accompanied by ubiqui-
tinated inclusions in the pathogenesis of narcolepsy,
but it is possible, if unlikely, that the remaining cells
have somehow escaped such a process. Indeed, pro-
tein aggregation is suggested to be a protective cellu-
lar response? rather than a cause of degeneration. In
this context, the failure to form ubiquitinated inclu-
sions could reflect an increased vulnerability of hypo-
cretin cells to yet unknown pathologic process.
Nevertheless, the majority of hypocretin cells lost in
narcolepsy could not involve ubiquitinated inclu-
sions demonstrated by few ubiquitinated inclusions
in the perifornical hypocretin area.

Our study of ATF1 and GFAP immunoreactivity
in the perifornical area also found no active inflam-
mation (microglial response) or residual gliosis (as-
trocytic fibrous network), extending our preliminary
findings in a small number of subjects using
HLA-DR and GFAP.! These findings are compatible
with the lack of ubiquitinated protein aggregation in
remaining hypocretin cells, which would have caused
inflammation along with progressive neurodegenera-
tion, These findings are also compatible with the
nonprogressive clinical course of most narcolepsy
cases, i.e., rapid onset and stable symptomatology.
Controversy exists regarding the increase of GFAP
staining in the hypothalamus of subjects with narco-
lepsy.'? In this study, we observed no increase in
GFAP staining even in narcolepsy patients with co-
morbid dementia. Astrocytic activation with reactive
GFAP increase is a nonspecific finding associated with
multiple forms of neuronal injury, including subclinical
cases. Our results suggest that previous reports of in-
creased GFAP may reflect interindividual variance
rather than narcolepsy neuropathology.

We cannot completely exclude the possibility of
apoptotic hypocretin cell death triggered by a neuro-
degenerative process at narcolepsy onset, with no re-
sidual abnormal protein deposits or traces of
inflammation at the time of death. Further studies
are required to explore the possibility of apoptotic
hypocretin cell loss in narcolepsy.
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Abstract Trans-activation-responsive DNA-binding pro-
tein 43 (TDP-43) is a component of pathological inclusions
in amyotrophic lateral sclerosis and several forms of spo-
radic and familial frontotemporal lobar degeneration. This
has suggested defining a new class of diseases known as
TDP-43 proteinopathies. However, it has been reported
more recently that TDP-43 positive inclusions occur in
other neurodegenerative disorders such as Alzheimer’s
disease, Dementia with Lewy Bodies and Parkinsonism
dementia complex of Guam. Here we report the occurrence
of TDP-43 inclusions in one other neurodegenerative disor-
der: familial British dementia. Using a variety of antibodies
against phosphorylated and non-phosphorylated TDP-43
epitopes, we found intense accumulation occurred in the
form of dystrophic neurites, neuronal cytoplasmic inclu-
sions and was also occasionally associated with neurofibril-
lary tangles. Double immunostaining revealed that TDP-43
and tau aggregates were rarely directly colocalized, but
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co-existed in the same neurons as separate inclusions.
Double staining with ubiquitin showed a direct colocaliza-
tion with TDP-43. The phosphorylation-dependent TDP-43
antibodies proved superior to phosphorylation-independent
antibodies in revealing pathological inclusions since the
former did not stain non-phosphorylated TDP-43 in normal
nuclei. Our results support the concept that TDP-43 pathol-
ogy is not narrowly restricted, but is involved in the etiol-
ogy of many neurodegenerative disorders.

Keywords TDP-43 . Familial British dementia -
ABri - Ubiquitin - Intracellular inclusions -
Phosphorylation-dependent TDP-43 antibodies

Introduction

Trans-activation-responsive (TAR) DNA-binding protein
43 (TDP-43) has been identified as a major component of
ubiquitinated tau-negative inclusions in several forms of
sporadic and familial frontotemporal lobar degeneration
(FTLD) and amyotrophic lateral sclerosis (ALS) [2, 25].
For this common trait, these disorders were grouped
together as a new entity of neurodegenerative diseases,
TDP-43 proteinopathies [6, 20]. TDP-43 is ubiquitously
expressed and involved in regulating transcription and
alternative splicing [4, 5, 26]. TDP-43 has also been linked
to cytoskeletal stability and axonal transport by a recent
study, which showed that TDP-43 regulates hNFL. RNA
stability [32].

More recently an association of TDP-43 with other
inclusion-forming proteins has been described. TDP-43
inclusions have been shown to co-exist with tau aggregates
in a subset of Alzheimer’s disease (AD) cases, particularly
those with hippocampal sclerosis [1, 3, 13, 15, 22, 33],
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Parkinsonism dementia complex of Guam (PDC-G) [9, 11,
21] as well as argyrophilic grain disease (AGD) [8] and
coexistence with tau deposits also occurs in some cases of
Pick’s disease and corticobasal degeneration [7, 13, 33].
Association with alpha-synuclein containing inclusions has
been described in Lewy body dementia (LBD) and Parkin-
son’s disease (PD) [3, 13, 22]. Additionally we recently
reported colocalization of TDP-43 with huntingtin inclu-
sions in Huntington’s disease (HD) [30].

Familial British dementia (FBD) is another neurodegen-
erative disorder characterized by tau inclusions and amyloid
deposits. While tau aggregates similarly to the neurofibril-
lary tangles (NFT) in AD, the amyloid plaques in FBD are
created by ABri, and not by f-amyloid of AD, and the
distribution of plaques is different to that of AD.

Familial British dementia is a rare familial disorder
caused by a point mutation in the BRI gene [34]. This muta-
tion changes a stop-codon and leads to an 11-amino acid
extension of Bri-precursor protein. Its 22 C-terminal amino
acids are cleaved off as ABri peptide and aggregate in the
form of various types of amyloid plaques and angiopathy
[14]. The deposition of the amyloidogenic ABri is accom-
panied by tau pathology, in the form of AD-type NFT, dys-
trophic neurites (DN) and neuropil threads [10, 28, 35].

Fig. 1 Photomicrographs of
immunohistochemistry in amyg-
dala (a-d), CA1 (e-h), entorhi-
nal cortex (i-1), midtemporal
cortex (m-p) and cerebellum
(g-t) of a case with familial Brit-
ish dementia. The first column
(a. e, i, m, q) shows that
ABri-labeled deposits appear in
all regions except midtemporal
cortex, where only amyloid
angiopathy is found. Abnormal
tau inclusions are most dense in
amygdala and entorhinal cortex
(b, j), a moderate number is
found in CAl and midtemporal
cortex (f, n), and none in the cer-
ebellum (r). Distribution if ubig-
uitin is similar (¢, k, o, §), with
the exception of CA | where
many extracellular NFTs are
stained (g). Immunostaining

of TDP-43 parallels that

of tau (d, h, L, p, t). Calibration
bar 100 pm, except

in a—d and i-{: 50 um

@ Springer

ABri amyloid deposition in FBD is generally limited to the
limbic system, the cerebellum and brain stem areas. Tau
pathology is found in the same regions, except the cerebel-
lum [14].

Since association of TDP-43 with tau aggregates has
been reported in AD and PDC-G (1, 9, 11, 13, 22, 33], we
examined if such an association also exists in FBD and
whether the distribution of TDP-43 pathology correlates
with that of ABri amyloid and tau aggregates.

Materials and methods

For this study the following cases were selected from our
brain bank at the University of British Columbia: one case
of familial British dementia (female, 64 years, postmortem
delay 4 h) and two elderly control cases (female, 87 years,
4 h postmortem delay and male, 72 years, 4.5 h postmortem
delay). The FBD case had been identified in a family
described by Plant and colleagues [28] and appears as V44
in Fig. 1.

Immunohistochemistry was carried out on brain tissue
using a panel of antibodies against TDP-43, tau, ubiquitin,
B-amyloid and ABri. Their source and dilutions used are
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Table 1 Antibody source and dilutions

Antibody Source Catalog # Antigen/specificity Host, dilution

(DAB/fluorescence)
ATS Pierce, Rockford, IL MN1020 PHF tau pS202 Mouse, 1:3,000/1:500
A0024 Dako, Carpinteria, CA A0024 C-term. of recombinant human tau  Rabbit, 1:2,000/1:1000
ABri Dr. H. Akiyama® [31] NA ABri 22-34 Rabbit, 1:10,000/1:5,000
6F3D DAKO, Mississauga, ON  MO0872 Synthetic B-amyloid, 8-17 Mouse, 1:500/ND
Ubiquitin DAKO, Mississauga, ON  Z0458 Ubiquitin from cow erythrocytes Rabbit, 1:1,000/1:200
TDP-43 ProteinTech, Chicago, IL  10782-2-AP Recombinant protein Rabbit, 1:300/ND
TDP-43 Abnova, Taipei, Taiwan HO00023435-A01  Full-length recombinant protein Mouse, P1:300/200

with GST tag (1-261)

TDP-43 pS403/04 Dr. M. Hasegawa®112] NA TDP-43 (398-408, pS403/404) Rabbit, 1:2,000/1:1,000
TDP-43 pS409/10 Dr. M. Hasegawa® [12] NA TDP-43 (405-414, pS409/410) Rabbit, 1:2,000/ND
TDP-43 pS409/10 (m) Dr. M. Hasegawa® [17)] NA TDP-43 (405414, pS409/410) Mouse, °1:5,000/1:1,000

Anti-TDP-43N (3-12)
Anti-TDP-43C (405-414)

Dr. M. Hasegawa® NA
Dr. M. Hasegawa® [12] NA

Rabbit, ®1:5,000/ND
Rabbit, 1:5,000/ND

TDP-43 (N-terminal)
TDP-43 (C-terminal)

# Tokyo Institute of Psychiatry, Tokyo, Japan
® Antigen retrieval
ND Not determined, NA not applicable

shown in Table 1. The phosphorylated TDP-43 antibodies
were raised against phosphorylated sequences of human
TDP-43 {12, 17] and have the advantage of not recognizing
normal TDP-43.

Brain tissues had been fixed in 4% paraformaldehyde,
and, after 34 days, transferred to a 15% buffered sucrose
maintenance solution. For immunohistochemistry, 30 pm
sections of selected brain areas were cut on a freezing
microtome (American Optical Corporation, Buffalo, NY).

For light microscope immunostaining, the sections were
treated for 30 min with 0.5% H,0, solution in 0.01 M
phosphate buffered saline, pH 7.4, containing 0.3% Triton
X-100 (PBS-T), transferred into 5% skim milk in PBS-T
for 30 min, and incubated for 72 h at 4°C or overnight at
room temperature with one of the primary antibodies
(Table 1). Sections were next treated with the appropriate
biotinylated secondary antibodies (DAKO, Mississauga,
ON, 1:2,000) for 2 h at room temperature, followed by
incubation in avidin—-biotinylated horseradish peroxidase
complex (DAKO, Mississauga, ON, 1:10,000) for 1 h at
room temperature. Peroxidase labeling was visualized by
incubation in 0.01% 3,3-diaminobenzidine (DAB; Sigma,
Oakville, ON) containing 1% nickel ammonium sulfate
(Fisher Scientific, Ottawa, ON), 5 mM imidazole (BDH
Laboratory Supplies, Poole, UK) and 0.001% H,0, in
0.05 M Tris—HC! buffer, pH 7.6. When a dark purple/black
color developed, sections were washed, mounted on glass
slides, air-dried, and coverslipped with Entellan (EMD
Biosciences, Gibbstown, NJ). Some sections were counter-
stained with Neutral Red (BDH Laboratory Supplies,
Poole, UK) prior to coverslipping. Antigen retrieval as indi-
cated in Table | was carried out by boiling the sections in

PBS for 5 min prior to all other steps to improve the stain-
ing of inclusions.

For double immunofluorescence staining, sections were
incubated in 5% skim milk in PBS-T for 30 min, and then
incubated for 72 h at 4°C or overnight at room temperature
with a combination of two primary antibodies. These
combinations were: AT8/TDP-43(pS403/404), A0024/TDP-
43(Abnova), TDP-43(mouse pS409/10)/ABri 1129 and
TDP-43(mouse pS4(09/10)/Ubiquitin (for the source and
concentration of antibodies used see Table 1). Sections
were next incubated with a mixture of fluorophore-labeled
secondary antibodies (Alexa Fluor 488 goat-anti-mouse
and Alexa Fluor 546 goat-anti-rabbit, Invitrogen, Burlington,
ON, Canada; 1:500) in the dark, counterstained with
Hoechst 33258 (Invitrogen, Burlington, ON, Canada), and
mounted on glass slides. To reduce lipofuscin autofluores-
cence, sections were next treated with a solution of 0.3%
Sudan Black B (Gurr Ltd, London, UK) in 70% ethanol for
7 min and washed in PBS eight times [29]. Subsequently,
sections were air-dried and coverslipped with Prolong Gold
(Invitrogen, Burlington, ON). The staining pattern for each
individual antibody following the double-fluorescence
staining was identical to the pattern observed in single
immunostaining experiments. Controls for immunostaining
were performed by omitting the primary antibodies. No
staining was observed in these controls.

Confocal images were captured with a spindisk confocal
microscope (inverted Olympus widefield microscope with
Carv Spindisk, Olympus, Center Valley, PA) at 60x objec-
tive magnification. Fluorescent images were colocalized
with ImagePro software (Improvision Inc., Waltham, MA).
To assist interpretation of the figures, TDP-43 antibodies
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were always assigned the color green and tau, ABri and
ubiquitin antibodies were assigned the color red in the false
color assignment with ImagePro.

Results

In the control cases, no immunostaining was found with the
antibodies against ABri (ABri 1129) or with the phosphory-
lation-dependent antibodies against TDP-43 (TDP-43
pS403/04, TDP-43 pS409/10, mouse TDP-43 pS409/10).
The phosphorylation-independent TDP-43 antibodies stained
nuclei of neurons and glia cells. The antibodies against tau
and ubiquitin revealed occasional DNs and NFTs in hippo-
campus, fusiform and temporal cortex.

The results of immunostaining with the ABri, tau, TDP-
43 and ubiquitin antibodies in the FBD case are summa-
rized in Table 2.

The ABri antibody stained various types of amyloid
deposits in the form of diffuse, compact and star-shaped
plaques and vessel associated amyloid angiopathy (Fig. 1
first column, Fig. 3r). These deposits were most frequently
found in the hippocampus, entorhinal cortex and cerebel-
lum, although the cerebellum was devoid of compact and
star-shaped plaques. The other areas examined contained
amyloid angiopathy and only minor diffuse amyloid depos-
its. No staining was found with the 6F3D antibody against
B-amyloid in the FBD case.

Table 2 Pathological pattern in FBD

Pathological patterns revealed by the tau antibodies
(AT8 and A0024) included numerous intracellular NFTs
(iNFTs), pre-tangle neurons and a thick meshwork of DNs
and neuropil threads (Fig. 1, column 2). These inclusions
were most densely distributed throughout the amygdala and
the entorhinal cortex. Many dentate granule neurons had
tau-positive inclusions. Hippocampal CAl and subiculum
were almost devoid of surviving neurons but contained
many extracellular NFTs (eNFTs). Therefore, very few
iNFTs were present in these regions and stained by the tau
antibodies. However, thick, elongated dystrophic neurites
were frequently associated with the eNFT forming tangle
associated neuritic clusters (TANCs). In brainstem regions,
such as the locus coeruleus, periaqueductal gray and thala-
mus, tau pathology in the form of iNFTs was less frequent.
The cerebellum was devoid of tau pathology.

The ubiquitin antibody stained a dense network of DN,
neuronal cytoplasmic inclusions (NCIs) and NFTs (Fig. |
column 3). Distribution and extend of staining was similar
to that observed with the tau antibodies. But while the tau
antibodies labeled a dense web of DNs and neuropil threads
of various calibers, mostly thick elongated DNs were
labeled by the ubiquitin antibody. Additionally to the above
described pattern, Marinesco bodies in the SN were labeled
only by the ubiquitin antibody.

The staining patterns with the three phosphorylation-
dependent TDP-43 antibodies were very similar, labeling
NClIs, DNs, and single fiber strands in iNFTs (Fig. 2). This

Brain region ABri Tau

TDP-43 Ubi

Severity Pattern

Severity Pattern

Severity Pattern Severity Pattern

Amygdala et dPl, cPl, AAIG  ++++ iNFT, preNFT, DN,  +++ NCI, iNFT, -+ iNFT, eNFT, NCI,
NPT, TANC DN, TANC DN, TANC

CAl/subiculum +44++ dPL cPl, AA,IG + DN, NPT, TANC + DN, TANC ++ iNFT, eNFT, DN

Dentate gyrus +4 dpPl, cPl et PreNFT, DN NCI, DN ++ NCI, DN

Entorhinal cortex +4++ dPi, cPl, AAIG  +++ iNFT, preNFT, DN,  ++ NCJ, iNET, +++ iNFT, eNFT, NCI,
NPT, TANC DN, TANC . DN, TANC

Midfrontal cortex + AA -+ DN - + DN

Temporal cortex ++ dPL, AA + iNFT, DN, NPT - + iNFT, DN

Supramarginal cortex dPl, AA - - -

Visual cortex + AA - - -

Thalamus dPl, AA + iNFT + DN + iNFT, DN

Locus coeruleus +Ht dPlL, AA + iNFT - + -iNFT, DN

Substantia nigra - - - + DN, Marinesco B

Periaqueductal gray — +++ dpl, AA + iNFT - + iNFT, DN

Pedunculi cerebri ++ dPl, AA - -

Cerebellum 44+ dPl, AA - - -

Ubi Ubiquitin, ¢P1 diffuse plaques, ¢PI compact plaques, AA amyloid angiopathy, /G intracellular glial aggregates, iNFT intracellular neurofibril-
lary tangles, preNFT pre-tangle neurons, DN dystrophic neurites, NPT neuropil threads, TANC tangle associated neuritic clusters, NCI neuronal

cytoplasmic inclusions
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TDP-43 pathology was predominantly found in the gray
matter. Dystrophic neurites were mostly of a large caliber
in various shapes and sizes, forming round and elongated
hooks and loops. Spherical dystrophic neurites were associ-
ated with extracellular NFTs (TANCs). NClIs were of vari-
ous sizes and shapes. Some neurons contained merely a few
wisps of TDP-43 immunopositive material, others were
filled with a dense cocoon-like net and some contained
solid inclusions filling almost the entire perikaryon. The C-
terminal and phosphorylation-dependent TDP-43 antibod-
ies also labeled peculiar starfish-shaped inclusions (Fig. 2p,
q). Intranuclear TDP-43 aggregates were not found. The
distribution of TDP-43 inclusions paralleled that of patho-
logical tau immunoreactivity. Intense pathology was pres-
ent in the amygdala and the entorhinal cortex. Moderate
pathology was present in the adjacent fusiform gyrus, the
dentate gyrus, CA1 and subiculum and light pathology was
present in brainstem and some isocortical regions. No TDP-
43 pathology was found in the cerebellum (Fig. It). In the
amygdala and CAl, the density of TDP-43 inclusions was
similar to that of the tau inclusions, but it was lower in all
other areas examined. While the staining density of the C-
terminal phosphorylation-independent TDP-43 antibody
was comparable to that of the phosphorylation-dependent
TDP-43 antibodies, the antibody against the N-terminal of
TDP-43 stained fewer inclusions (Table 3). In addition to
the pathological inclusions, the phosphorylation-indepen-
dent TDP-43 antibodies labeled normal appearing cell
nuclei. In areas with a high load of pathology, this nuclear
staining was greatly diminished, as has been described as
‘clearing’ of nuclei [25].

TDP-43 and tau. Confocal microscopy of double-immu-
nostained sections with TDP-43 and tau antibodies,
revealed that TDP-43 and tau inclusions often coexisted
within the same neurons (Fig. 3). However, the staining
was only rarely directly colocalized. Instead, TDP-43 and
tau-labeled separate parts of the same inclusions or more
often completely separate inclusions in the same neuron.
NFT fibers were labeled by the tau antibodies while TDP-
43 labeled round inclusions nestled between the tau-posi-
tive strands. Exceptions to this separate staining pattern
were occasional fibers in tau-immunoreactive NFTs which
appeared to be coated with TDP-43 (Fig. 3e-h). In addition
to neurons with both TDP-43 and tau-labeled inclusions,
many neurons had only one type of inclusion, either posi-
tive for TDP-43 or tau. In the amygdala, half of the neurons
with any type of inclusion contained both TDP-43 and
tau aggregates, while the other half had either TDP-43 or
tau inclusions (approximately 25% for each type). Both taun
antibodies stained a dense network of dystrophic dendrites
and neuropil threads, often obscuring neuronal inclusions.
Dystrophic neurites labeled by TDP-43 were more sparse,
thicker and contorted. In TANCs, tau and TDP-43 labeled

different sets of DNs. Tau stained DNs were elongated
while TDP-43 labeled round DNs. In addition to the patho-
logical aggregates, the monoclonal TDP-43 (Abnova) anti-
body stained normal appearing nuclei in neurons that
carried tau-NFT.

TDP-43 and ubiquitin. Almost all TDP-43 immuno-
stained inclusions were also labeled by the ubiquitin anti-
body (Fig. 3u—x). In contrast to tau, ubiquitin and TDP-43
labeling were directly colocalized. Additionally, the ubiqui-
tin antibody stained many inclusions that were unstained by
TDP-43; the majority of these were NFTs and DNs. The
number of ubiquitin-labeled DNs was approximately one
order of magnitude higher than that of DNs stained by
TDP-43. However, a small number of small round DNs was
negative for ubiquitin staining and labeled with TDP-43
only. While in the amygdala and the entorhinal cortex the
number of neurons containing TDP-43 inclusions was only
slightly lower than the number of neurons with ubiquitin
inclusions, in other areas like the parahippocampal gyrus
and adjacent temporal cortex a much higher proportion was
stained with ubiquitin alone.

TDP-43 and ABri. Although immunostaining with both
TDP-43 and ABri antibodies was intense, there was no
direct association of TDP-43-labeled DNs or NCIs with
ABri plaques (Fig. 3q-t).

Discussion

In the present study, we report severe TDP-43 pathology in
a case of FBD. Most of the pathological inclusions were
found in the amygdala, hippocampus, entorhinal cortex and
parahippocampal gyrus, paralleling the distribution of tau
inclusions and ABri amyloid in this disorder. The TDP-43
antibodies labeled DNs, NClIs and fibers in NFTs. Confocal
analysis revealed that the TDP-43 immunoreactivity was
almost always directly colocalized with ubiquitin immuno-
staining. The exception was rare DNs which were stained
by TDP-43 alone. Double staining of TDP-43 with tau
revealed that these were rarely directly colocalized
although many neurons contained both types of inclusions.
No immunostaining for B-amyloid was detected, ruling out
confounding AD-type pathology.

This report is based on the single case available to us.
However, the occurrence of TDP-43 in FBD parallels
other reports on conditions where there is co-deposition of
TDP-43 with tau. They include AD, PDC-G, AGD and
Pick’s disease [1, 7-9, 11, 13, 21, 22, 33]. As in these
other ‘tauopathies’, TDP-43 in FBD is rarely directly
colocalized with tau, but is frequently found as separate
inclusions in the same neurons [1, 9, 11, 13]. The rate
of TDP-43/tau double-labeling in FBD was higher than
reported in AD by Hasegawa and colleagues {11].
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Approximately half of neurons with TDP-43 had also tau
inclusions in AD [11], while in the amygdala of FBD,
approximately two-thirds of TDP-43 inclusions were
accompanied by tau inclusions. This could be explained
by differences in the pathoetiology or variations in sever-
ity of pathology in the individual cases. Although the
selection of brain regions available for this FBD case was
limited, most severe pathology was found in the amyg-
dala, indicating that the anatomical pattern and progres-
sion of TDP-43 pathology may be similar to the pattern
observed in AD and DLB [3, 15].

@ Springer

. -
E %
' . % - .
;g 2 . 2 ! -
z g - T
. et -
: s 1 |
* %’ ‘
-
. : -
.
& o

2

» -

: 5
s

n «» O

The types of TDP-43 inclusions found in FBD. were
NCIs, DNs and occasional fibers in NETs;. similar. to the
inclusions described in AD and PDC-G {1, 9, 11, 13]. Glial
TDP-43 inclusions have been described in PDC-G [9], but
were not found in FBD. This parallels reports of prominent
glia pathology in PDC-G [21, 27] but not in FBD. Lack of
glia pathology in FBD may be the reason for predominance
of TDP-43 inclusions in gray matter compared to white
matter. In PDC-G the severity of TDP-43 pathology has
been described as equal in white and gray matter or even
more severe in white matter [9, 11].
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Fig. 3 Confocal images of dou-
ble staining with TDP-43, tau,
ABri and ubiquitin. a-1pS 403/
404 (green: a, e, i) and AT8 (red:
b, £, j). Sections were counter-
stained with Hoechst 33258. Tau
and TDP-43 inclusions co-exist
but are not colocalized (a-d).

A tau-labeled tangle contains a
few TDP-43-labeled fibers
(e-h). Occasionally tau-NFTs
contain small ring-shaped TDP-
43 inclusions (i1, arrow). m—-t
TDP-43 Abnova (green: m) and
A0024 (red: m). Although TDP-
43 and tau inclusions co-exist in
the same neuron, the staining is
not directly co-localized (p).
Double-fluorescence staining of
TDP-43 (green: monoclonal
pS409/10, q, u) with ABri 1129
(red: r) or ubiquitin (red: v).
TDP-43 inclusions are not asso-
ciated with ABri plagues (g-t).
Double staining with ubiquitin
(u~x) reveals that most TDP-43
labeled inclusions are stained by
ubiquitin. Several inclusions
(possibly NFT) are positive for
ubiquitin alone (v), and some
small DN are stained by TDP-
43 only (u, x, arrows). Sections
were counterstained with
Hoechst 33258. Calibration
bar 20 pm in a-p and 30 pm

in g—x

In contrast to other TDP-43 proteinopathies (ALS and
FTLD), in this case of FBD, no TDP-43 containing intranu-
clear inclusions (NII) were found. Even in most types of
FTLD, with the exception of cases with VCP mutations,
NII are “never very numerous” [19, 24]. Presence of NII
was reported only in a fraction of cases in AD and PDC-G
[11, 13] and not found in LBD {22]. Lack of intranuclear

Woechat

Hoechst

Hoechst

TDP-43 inclusions could indicate differences in the mecha-
nism of the disorders.

In FBD, antibodies which recognize TDP-43 phosphory-
lated at S403/404 and S409/10 exclusively labeled patho-
logical inclusions. This is in agreement with previous
reports that TDP-43 is phosphorylated in abnormal aggre-
gates [2, 11, 12, 17, 23, 25).
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Table 3 Staining pattern with various TDP-43 antibodies

Antibody Epitope Nuclei NCI DN NFT TANC SF
TDP-43 (Abnova) Full-length recombinant protein ++ - ++ + ++ 0
TDP-43 (ProteinTech) Recombinant protein +++ -+ ++ + ++ 0
TDP-43 pS403/04 pTDP-43 (398-408, pS403/404) 0 ++ -+ ++ ++ +
TDP-43 pS409/10 pTDP-43 (405-414, pS409/410) 0 4 +H+ + ++ +
TDP-43 pS409/10 (monoclonal) pTDP-43 (405-414, pS409/410) 0 +4++ ++ ++ ++ +
Anti-TDP-43N (3-12) TDP-43 (N-terminal) ++ ++ + = + 0
Anti-TDP-43C (405-414) TDP-43 (C-terminal) + +++ ++ +4 ++ +

Number of stained objects: 0, none; +, rare; ++, intermediate; -+++, numerous
NCI Neuronal cytoplasmic inclusions, DN dystrophic neurites, NFT neurofibrillary tangles, TANC tangle associated neuritic clusters, SF star fish-

shaped inclusions

We found that the antibodies directed against TDP-43 C-
terminal epitopes (including phosphorylation-dependent
epitopes) label a higher number of pathological inclusions
compared to the antibody against the N-terminus. Although
variations in antibody affinity could be the cause, enrich-
ment of C-terminal fragments in inclusions has been previ-
ously reported [16, 18, 23, 25].

It is interesting to note that the distribution of TDP-43
inclusions parallels that of tau, and not that of ABri amy-
loid. Despite having a heavy amyloid load, the cerebellum
is free of TDP-43 (and tau) inclusions. This could point to
differences in the propensity of the particular neuron types
to accumulate and develop inclusions, be it tau, TDP-43 or
alpha-synuclein.

Co-deposition of TDP-43 with tau, alpha-synuclein or
huntingtin does not necessarily imply a direct interaction
between these molecules. Instead it may suggest that com-
mon pathological mechanisms act which lead to the aggre-
gation of various abnormal proteins in susceptible neurons.
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TDP-43 in ubiquitinated inclusions in the inferior olives
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neurodegenerative diseases: a degenerative process
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Abstract Ubiquitin immunoreactive (UBQ-ir) inclusions
were present to variable extents in the inferior olivary
nucleus (ION) in 37/48 (77%) patients with frontotemporal
lobar degeneration (FTLD), in 10/11 (91%) patients with
motor neurone disease (MND), in 5/5 (100%) patients
with Alzheimer’s disease (AD), 5/7 (71%) patients with
dementia with Lewy bodies, 13/19 (68%) patients with
Parkinson’s disease, 11/11(100%) patients with Progressive
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Supranuclear Palsy, 2/6 (33%) patients with Multisystem
Atrophy, 1/3 (33%) patients with Huntington’s disease and
in 14/14 (100%) normal elderly control subjects. In FTLD,
UBQ-ir inclusions were present in 26/32 (81%) patients
with FTLD-U, in 10/15 (67%) patients with tauopathy, and
in the single patient with Dementia Lacking Distinctive
Histology. In 13 FTLD-U patients, and in a single AD and
in 2 MND patients, the UBQ-ir inclusions had a rounded,
spicular or skein-type appearance, and these were also
TDP-43 immunoreactive (TDP-43-ir). In all other affected
patients in all diagnostic groups, and in control subjects,
the UBQ-ir neuronal cytoplasmic inclusions (NCI) were of
a conglomerated type, resembling a cluster of large gran-
ules or globules, but were never TDP-43-ir. In 3 of the 13
FTLD-U patients with spicular NCI, conglomerated NCI
were also present but in separate cells. Double-labelling
immunohistochemistry, and confocal microscopy, for UBQ
and TDP-43 confirmed that only the spicular UBQ-ir
inclusions in patients with FTLD-U, AD and MND
contained TDP-43, though in these patients there were
occasional TDP-43 immunoreactive inclusions that were
not UBQ-ir. Nuclear TDP-43 immunoreactivity was absent
in ION in FTLD-U, AD or MND when TDP-43 cytoplas-
mic inclusions were present, but remained in neurones with
UBQ-ir, TDP-43 negative inclusions. The target protein
within the UBQ-ir, TDP-43-negative inclusions remains
unknown, but present studies indicate that this is not
tau, neurofilament or internexin proteins. These TDP-43
negative, UBQ-ir inclusions appear to be more related
to ageing than neurodegeneration, and are without appar-
ent diagnostic significance. The pathophysiological
mechanism leading to their formation, and any conse-
quences their presence may have on nerve cell function,
remain unknown.
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Introduction

Frontotemporal Lobar Degeneration (FTLD) is a descriptive
term that is widely used to refer to a heterogeneous group of
non-Alzheimer forms of dementia with onset of illness
usually before 65 years of age arising from the degeneration
of the frontal and temporal lobes. Although many cases of
FTLD show insoluble tau proteins in their brains in the form
of intraneuronal neurofibrillary tangles or Pick bodies
(known as FTLD-tau [29], a tau-negative histology, in the
form of (UBQ)-immunoreactive (UBQ-ir) neuronal cyto-
plasmic inclusions (NCI) and/or neuritic changes in the
outer laminae of the frontal and temporal cortex, and in the
dentate gyrus of the hippocampus—a pathology referred to
as FTLD-U or FTLD-MND when clinical motor neurone
disease (MND) is also present—more commonly underlies
FTLD [8, 13, 15, 16, 18, 21, 26, 28, 29, 37, 43, 45]. In some
FTLD-U cases, neuronal intranuclear inclusions (NII) of a
“cat’s eye” or “lentiform” appearance have been described
[24, 25, 47], especially in those cases with autosomal
dominant inheritance associated with mutations in pro-
granulin gene (PGRN) [3,5, 9,27, 38,41, 44]. The presence
of UBQ-ir NCI within anterior horn cells of the spinal cord,
and motor neurones of certain cranial nerve nuclei, has long
been recognised as a principal pathological change in
patients with classic MND [20, 23, 25], and similar UBQ-ir
NCI can be seen in these neurones in patients with FTLD-
MND and FTLD-U [43]. UBQ-ir inclusions have also been
observed in neurones of superior and inferior olivary nuclei
(ION) in some patients with FTLD-U, FTLD-MND and
MND alone (10, 11, 25].

Biochemical and immunohistochemical analyses have
shown the TAR DNA-binding protein, TDP-43, to be a
major constituent of the UBQ-ir lesions of the cerebral
cortex and hippocampus in most cases of FTLD-U and
FTLD-MND (2, 10, 40], and such cases are now classed as
FTLD-TDP [29]. Importantly, this same protein is present
in NCI in anterior hom cells and cranial nerve motor
neurones in patients with MND alone [2, 10, 40]. It has
been noted that at least some inclusions within ION also
appear to contain TDP-43 protein [10]. However, the
specificity of NCI in ION in relationship to FTLD clinical
and histological phenotype, and their relevance to disease
symptomatology, remains to be clarified.

In this present study, we have investigated the frequency
and composition of UBQ-ir NCI within the ION in patients
with FTLD-TDP compared to patients with FTLD-tau (i.e.,
patients with familial FTDP-17 associated with MAPT
mutation, or sporadic FTLD with Pick bodies), and to
patients with a range of other neurodegenerative diseases,
such as classic MND, Alzheimer’s disease (AD), Dementia
with Lewy bodies (DLB), Parkinson’s disease (PD),

@ Springer

Progressive Supranuclear Palsy (PSP), Multi System
Atrophy (MSA) and Huntington’s disease (HD), and in
mentally and neurologically normal elderly persons. In this
way, we have determined whether the presence of UBQ-ir
NCT within the ION is specific to patients with (particular
forms of) FTLD, is a feature widely observed in neurode-
generative disease, or is present ‘simply’ as an aspect of
growing older irrespective of the presence of neurological
illness.

Materials and methods

Blocks of medulla oblongata (at the level of the hypo-
glossus nerve nucleus) were cut from the brains of 124
patients, 74 drawn from the Manchester Brain Bank and 50
from the UK Parkinson’s Disease Society Tissue Bank. All
brains had been collected with Local Research Ethical
Committee approval, and had been fixed in 10% buffered
formaldehyde for at least 3—4 weeks before cutting. The
study group was comprised of 48 patients with sporadic
and familial FTLD [7, 8, 39] (28 males, 20 females, age
31-78 years, mean 65.3 + 8.3 years), 11 with sporadic
MND [6] (8 males, 3 females, age 45-72 years, mean
65.4 £ 104 years), 5 with AD [34] (3 males, 2 females,
age 59-86 years, mean 68.6 + 10.6 years), 7 with DLB
[33] (4 males, 3 females, age 62-81 years, mean
73.6 £ 74 years), 19 with PD [33] (12 males, 7 females,
age 59-89 years, mean 78.6 & 7.2 years), 11 with PSP
[22] (10 males, | female, age 06-90 years, mean
79.0 & 8.4 years), 6 with MSA [46] (4 males, 2 females, age
42-86 years, mean 67.8 + 14.8 years), 3 with (genetically
verified) HD (2 males, 1 female, age 50-70 years, mean
58.3 & 10.4 years) and 14 neurologically normal control
subjects (7 males, 7 females, age 58-93 years, mean
78.9 + 8.8 years); all diagnoses were made according to
standard consensus clinical and pathological criteria.
Thirty-two patients (21 males, 1l females, age
45-T1 years, mean 66.0 + 8.8 years) had tau-negative,
FILD-TDP histology (4 also had clinical MND, i.e., FTLD-
MND). Nine of 32 FTLD-TDP patients had FTLD-U type 1
histology, 10had FTLD-U type 2 histology and 13 had type 3
FTLD-U histology (see [8, 297 for details of classification
system). Of 15 patients with FTLD-tau (7 males, 8 females,
age 53-77 years, mean 63.6 & 7.3 years), 8 had Pick-type
histology and 7 had neuronal and glial cell tangles (FTDP-
17T) associated with exon 10 mutations in MAPT. One
patient had DLDH. Clinically, 30 of the FTLD patients had
FTD, 4 had FTD + MND, 8 had semantic dementia (SD)
and 6 had progressive non-fluent aphasia (PNFA). Of the 30
patients with FTD, pathologically, 15 had tauopathy (8 with
Pick body histology and 7 with FTDP-17T (6 patients had
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MAPT exon 10 +16 mutation and 1 had MAPT exon 10 413
mutation), 14 had FTLD-TDP and 1 had DLDH. All
4 patients with FTD + MND, all 8 patients with SD and all
6 patients with PNFA had FTLD-TDP.

Five patients with FTLD-TDP (3 with FTD and 2 with
PNFA) had PGRN mutations. Two FTD patients had exon
10 V452W{sX38 mutation, and 1 had exon 11 R493X
mutation. The PNFA patients had exon 1C31LfsX34
mutation, and exon 4 Q130SfsX124 mutation.

The clinical, demographic, histopathological and genetic
characteristics of these FTLD patients have recently been
described by us [3, 10, 26, 28, 43, 45].

Tissue blocks were processed routinely into paraffin
wax and sections cut at a thickness of 5 um. Sections were
immunostained for UBQ using a polyclonal anti-UBQ
antibody (Dako, Glostrup, Denmark, 1:500) (see [28] for
details). Other sections from these same patients were
immunostained for TDP-43 using a commercially available
phosho-independent TDP-43 polyclonal antibody (10782-
1-AP, Proteintech Inc, Chicago, IL) at a dilution of 1:1000
(see [10] for details). Selected sections from cases with
high density of UBQ-ir/TDP-ir inclusions in ION were also
immunostained [10] for phosphorylated TDP-43 using
the phospho-dependent TDP-43 antibody pS409/410-2
(Cosmobio Co Ltd, Tokyo) at a dilution of 1:1,000. Other,
similarly selected sections were immunostained for p62
protein using a commercially available polyclonal antibody
[p62 Ick ligand (610832), BD Biosciences Europe, Oxford]
at a dilution of 1:100. To enhance p62 immunoreaction,
sections were again microwaved in 0.1 M citrate buffer,
pH 6:0-prior to incubation in primary antibody (see [10] for
details). Other sections from these selected cases were
immunostained for phosphorylated tau (ATS, Innoge-
netics, Antwerp 1:500), neurofilament protein (SMI31,
Sternberger Meyer Immunochemicals 1:200), a-synuclein
{Novocastra, UK 1:500), o-internexin (Zymed Laboratories
Inc, San Franscisco, USA 1:200) as described elsewhere
[43]. In all instances, subsequent steps in the immunore-
action were performed using Vector Elite secondary
antibody kit with DAB as revealing agent. Sections were
then lightly counterstained with haematoxylin.

For selected cases, double immunolabelling was per-
formed. TDP-43 immunoreaction was first performed, as
above, with DAB as revealing agent. This was followed by
UBQ immunoreaction employing mouse monocional UBQ
antibody (NCL-UBIQm, Vision Biosciences, Newcastle,
UK, 1:50), with Vector Elite secondary antibody kit with
very intense purple (VIP) as revealing agent. Sections were
again lightly counterstained with haematoxylin.

Immunofluorescence confocal microscopy was per-
formed on selected (representative) cases with UBQ-ir,
TDP-43 pesitive or TDP-43 negative inclusions. Double
immunofluorescence was carried out using TDP-43 and

UBQ antibodies sequentially, TDP-43 signal was visualised
using tetramethyl rhodamine labelled secondary antibody
and UBQ with the fluorescein signal amplification kit
(Perkin Elmer, UK).Sections were washed thoroughly in
phosphate buffered saline and mounted in aquamount
(Merck, UK). Contro! sections incubated without primary
antibody exhibited no significant background staining.
Fluorescent signals from sections were scanned using aLeica
SP2 laser confocal microscope with Leica LCS software.

The severity of UBQ and TDP-43 NCI pathology within
the ION was rated semiquantitatively:

0 = absent, no inclusions present on either side of ION
0.5 = rare, just one or two inclusions present in either or
both sides of ION.

1 = mild, 2-5 inclusions present in ION on either side.
2 == moderate, 5~10 inclusions present in ION on either
side;

3 = severe, 10-15 inclusions present in ION on either
side.

4 = very severe, more than 15 inclusions present.

Al statistical tests were performed using SSPS 13.0.

Results
UBQ immunostaining

Within ION, NCI adopted two morphologies on UBQ
immunostaining (UBQ-ir). Most often, they appeared as a
single clump, or a cluster, of small granules or larger
globules (known henceforth as ‘conglomerated NCI')
(Fig. 1a). However, on other occasions, UBQ-ir NCI were
of a more solid, rounded appearance (Fig. 1c) often spic-
ular (Fig. 1b), sometimes more skein-like (Fig. 1d) (known
henceforth as ‘spicular NCI'). ‘Ghost’ cells containing
spicular UBQ-ir NCI, but without apparent organelles,
were occasionally present (Fig. Ic) and spicular UBQ-ir
extracellular NCI were sometimes seen (Fig. 1d). The
conglomerated type of NCI were sometimes visible on
haematoxylin—eosin staining, but not consistently so across
all cases.

UBQ-ir inclusions {conglomerated or spicular, or both)
were seen in 37/48 (77%) FTLD cases, these being present
in 26/32 (81%) FTLD-TDP cases (including 1/4 FTLD-
MND cases), in 10/15 (67%) FTLD-tau cases, and in the
single DLDH case. With respect to FTLD-TDP cases,
spicular NCI were (often widely) present in 12/13 patients
with FTLD-U type 3 histology (i.e., those cases with a
moderate number, or numerous, UBQ-ir NCI and neurites
within the cerebral cortex—see [8, 29]), including all 5
with PGRN mutations. The conglomerated type of NCI was
also seen in 2 of these 12 patients, but always in separate
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Fig. 1 Neuronal cytoplasmic
inclusions (NCI) in neurones of
the inferior olivary nucleus.

On UBQ immunostaining two
distinct types of NCI are
present; one type (a) appears as
a cluster or conglomerate of
small granules or globules,
while the other type (b—d) has a
more solid, rounded, sometimes
spicular or skein-like,
appearance. ‘Ghost’ cells
containing spicular NCI {(c) and
extracellular NCI (d) are
sometimes seen. The rounded,
spicular NCI are TDP-43
immunoreactive (e, f) and
occasional neurones undergoing
nevronophagia with liberation
of NCI into extracellular space
are seen (f). Both the rounded,
spicular (g) and conglomerated
th) NCI are p62
immunoreactive. Microscope
objective magnification x40

cells from those with spicular NCI. Conglomerated UBQ-ir  with FTLD-U type 2 histology (i.c., those with numerous,
NCI were also seen in 8/9 patients with FTLD-U type 1 ~ UBQ-ir NCI but few or no neurites within the cerebral
histology (i.e., those with numerous, UBQ-ir neurites but  cortex [8, 29]). These were usually of the conglomerated
few NCI within the cerebral cortex [8]) and in 6/10 patients ~ type, and spicular NCI were present (again in separate
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