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The present study aimed to determine the spatial distribution patterns of
hyperphosphorylated tau-immunoreactive cells in subcortical nuclei of post-mortem
human brain with primary age-related tauopathy (PART). Subcortical tauopathy has
important pathological and clinical implications. Expression of tau was examined in
different subcortical regions of definite PART cases with a Braak neurofibrillary tangle
stage >0 and <IV, and with a Thal phase 0 (no beta-amyloid present). Post-mortem
brain tissue of PART was studied using immunohistochemistry and subsequent semi-
quantitative assessment with Braak NFT stage -matched pre-Alzheimer’s disease (AD)
and AD cases as a control. Expression of tau was frequently found in subcortical nuclei
including the substantia nigra, inferior colliculus, locus coeruleus, medulla oblongata
in the brainstem, the caudate, putamen, nucleus globus pallidus in the striatum, the
hypothalamus, thalamus, subthalamus in the diencephalon, and the cervical spinal
cord in both PART and AD, but not in the dentate nucleus of the cerebellum.
A positive correlation was found between the Braak NFT stage and the tau distribution
(qualitative)/tau density (quantitative) in PART and AD. Brainstem nuclei were commonly
involved in early PART with NFT Braak stage l/Il, there was no preference among
the substantia nigra, inferior colliculus, locus caeruleus and medulla oblongata. The
prevalence and severity of tau pathology in subcortical nuclei of PART and AD
were positively correlated with NFT Braak stage, suggesting that these nuclei were
increasingly involved as PART and AD progressed. Subcortical nuclei were likely the
sites initially affected by aging associated tau pathology, especially the brainstem nuclei
including the substantia nigra, inferior colliculus, locus caeruleus and medulla oblongata.

Keywords: primary age-related tauopathy, subcortical nuclei, Alzheimer’s disease, neurofibrillary tangle,
brainstem, brain bank

INTRODUCTION

The stepwise progression of tau pathology in Alzheimer’s disease (AD) is reflected by NFT Braak
stages and this pathology is generally assumed to begin from the trans-entorhinal region (Braak
et al., 2006). However, it has been shown that some subcortical nuclei are involved early, even
at NFT Braak stage I or 0 (Braak et al., 2011; Attems et al., 2012b; Stratmann et al., 2016).
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Specifically, it has been shown recently that tau pathology is
frequently seen in locus caeruleus (LC), suggesting that AD-
associated tau pathology may begin from LC rather than from the
trans-entorhinal region (Braak and Del Tredici, 2011; Braak et al.,
2011). It is noted that LC was recently considered as the pretangle
stage b before Braak stage I (Braak et al., 2011; Braak and Del
Tredici, 2015), whereas the subcortical nuclei are in general
not considered in the basic scheme of Braak staging. In fact, a
number of other subcortical nuclei were reported to be involved
in AD, including the hypothalamus, thalamus, and the substantia
nigra (SN) (Mattila et al., 2002; Arendt et al., 2015; Theofilas
et al.,, 2015). The studies have shown that these nuclei were
involved early in the progression of the disease and the lesions
had important clinical consequences (Riib et al., 2017). Further
studies are thus needed to determine how early and consistently
these nuclei are affected (Braak and Del Tredici, 2012).

Primary age-related tauopathy (PART) is characterized
neuropathologically by the presence of AD-type neurofibrillary
changes without, or with few A plaques. Definite PART has
recently been defined by the absence of AP plaques (Crary
et al., 2014). Whether PART is a subtype of early AD, or an
individual aging related change, is still controversial (Duyckaerts
et al., 2015; Jellinger et al,, 2015). Due to the absence of AP
plaques, PART shows a pure tauopathy. This is helpful for
seeking the starting point of NFT “seeding” and the NFT
progression mechanism (Crary, 2016). Subcortical tauopathy has
been described in AD in the medulla oblongata (MO), SN,
LC, and some other subcortical nuclei (Arendt et al., 2015).
Tauopathy was also reported in the aging brain (Wharton et al.,
2016), but this phenomenon has not been comprehensively
described in PART. To address this issue, we examined tau
pathology in the subcortical nuclei of definite PART cases that
met the pathological criteria, Braak NFT stage-matched pre-
AD, and AD cases. We found that tauopathy was frequently
observed in the subcortical nuclei of PART, pre-AD, and AD,
including SN, colliculus inferior, LC, MO in the brainstem;
the caudatum, putamen, globus pallidus (GP) in the striatum;
the hypothalamus, thalamus, subthalamus in the diencephalon.
The severity (distribution and density) of tau pathology in
these subcortical nuclei was significantly correlated with Braak
stages and tauopathy in nuclei of the brainstem, striatum
and diencephalon has important pathological and clinical
consequences (Theofilas et al., 2015).

MATERIALS AND METHODS

Materials

Two independent groups, including 16 neuropathologically
confirmed definite PART brains, 7 AD (Braak NFT stage >V
and CERAD plaque density C) and 5 pre-AD (Braak NFT
stage @/IV and CERAD plaque density C) brains were selected
for this study. All cases were obtained from the China Brain
Bank, Zhejiang University School of Medicine. Subcortical
nuclei were checked in five major brain areas: SN, colliculus
inferior/pons (CIP), locus caeruleus/pons (LCP), and MO in
the brainstem; the caudatum, putamen, and globus pallidus in

the basal gangalia; the hypothalamus, thalamus, subthalamus in
the diencephalon; the cerebellum (dentate nuclei) and cervical
spinal cord (SCC).

The study included 16 PART cases: their age was
78.5 £ 9.17 years in the range of 60-98 years; 12 were male
and 4 were female; their average brain weight was 1240 £ 70.71 g.
7 neuropathologically confirmed definite Pre-AD cases: their age
was 80.9 + 6.67 years in the range of 69-90 years; 2 were male
and 5 were female; their average brain weight was 1152 £ 73.05 g.
5 neuropathologically confirmed definite AD cases: their age was
86.8 £ 6.94 years in the range of 79-99 years; 3 were male and 2
were female; their average brain weight was 1235 + 136.73 g.

Immunohistochemistry

Immunohistochemistry was performed on formalin-fixed,
paraffin-embedded tissue from all autopsy cases. Small
blocks of brain were dissected at autopsy and fixed in 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.4)
for 2 days. Following cryoprotection in 15% sucrose in 0.01 M
phosphate-buffered saline (PBS, pH 7.4), blocks were cut at
3 pwm thickness using a microtome. Free floating sections were
incubated with 3% H,O; for 10 min to eliminate endogenous
peroxidase activity in the tissue. Prior to immunostaining,
sections underwent microwave antigen retrieval for 15 min in
the citrate buffer (pH 6.0). After washing with PBS containing
0.3% Triton X-100 (Tx-PBS) for 30 min, sections were blocked
with 10% normal goat serum, and then incubated with
the primary antibody (anti-hyperphosphorylated-tau, ATS:
Mouse monoclonal, 1:200, Thermo Fisher Scientific, Rockford,
United States; anti-amyloid B protein: Mouse monoclonal,
1:200, Sigma-Aldrich, St. Louis, United States) for 24 h
in a cold room. Following treatment with the appropriate
secondary antibody (anti-mouse), labeling was detected using
the avidin-biotinylated HRP complex (ABC) system (Vector
Laboratories, Burlingame, CA). The peroxidase reaction was
carried out using a developer solution containing 0.4 mg/ml
DAB and 0.0006% hydrogen peroxide in TBS. For negative
control, the primary antibodies were omitted and all other
steps carried out as described above. After the staining
procedures, sections were mounted onto gelatin coated slides
and dehydrated before being coverslipped with the DPX
mounting medium.

The severity of tau pathology was semi-quantitatively scored
based on a four-point grading scale (—/0, none; +/1, mild;
+-+/2, moderate; ++4+4-/3, severe). Of note, all cases initially were
checked using the routine protocol for the Braak stage system.

Data Analysis

The hyperphosphorylated-tau  immunochemistry  results
were analyzed using the semi-quantitative tau score index
(severity) and the qualitative tau score index (distribution). The
quantitative tau score index was evaluated using a four-point
grading scale, and the qualitative tau score index is evaluated
using a two-point grading scale (negative, 0; positive, 1). For
inter-group comparison of means, the Kruskal-Wallis H test was
used. Statistical comparison between variables was performed
using the Mann-Whitney test.
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TABLE 1 | Subcortical nuclei tau distribution in PART.

PART Age Sex Striatum Diencephalon Brainstem CcD SCcC
Ca Pu Pa HT T ST SN CIP LCP MO
60 M - - - - - - - - - — - +
74 F - - - - - - - - - - - -
76 M - - - - - - + + + - - +
80 M - - - - + + + - ++ - - +
84 M - - - - - - - - - + - -
91 M + + + - - - + + - - - -
Il 70 M + - - - - - + + + - - +
83 M + - - - + - - + - + - N
65 M - - - - - - + + - - -
1 80 F - - ++ + + ++ + N + - +
81 F - - + + - + + + + - +
83 F - + + + + - + ++ + + - -
% 74 M - + + + + + + + + - -
78 M + - + + - + + + - + - N
79 M - + + ++ - - - + + - - N
98 M + + + ++ + + + + + + - +

NFT, neurofibrillary tangle; Ca, caudate; Pu, putamen; Pa, globus pallidus; HT, hypothalamus; Th, thalamus; ST, subthalamus; SN, substantia nigra; CIF colliculus
inferior/pons; LCPR, locus caeruleus/pons; MO, medulla oblongata; CD, cerebellum/dentate nuclei; SCC, cervical spinal cord. —, None, +/1, mild; ++/2, moderate;

+++/3, severe. N not examined.

RESULTS

We investigated both the prevalence and severity of subcortical
tau pathology in PART brains and compared them with those
of pre-AD and AD brains. The present study correlated tau
pathology in the subcortical nuclei with their Braak stages.

Tau Pathology in Subcortical Nuclei in

PART (Table 1)

Among 16 PART cases, 15 cases (15/16) had tau-positive
pathology in the subcortical regions. The region affected most
frequently by tau pathology in the PART cohort was the
brainstem including CIP (12 out of the 16 cases), SN (10/16), MO
(9/16), and LCP (8/16); followed by the diencephalon including
the thalamus (7/16), subthalamus (7/16), and hypothalamus
(4/16); and the striatum including the caudatum (5/16), putamen
(5/16), globus pallidus (6/16) (Figure 1). The SCC showed ATS8
immunoreactivity (AT8-ir) in 7 out of the 16 cases (7/16). None
of the cerebellum showed tau pathology (0/16).

The same regions were assessed using NFT Braak staging. In
PART with Braak stage I, subcortical tauopathy was present in
the brainstem (SN 3/6, CIP 2/6, LCP 2/6, MO 1/6), basal ganglia
(caudatum 1/6, putamen 1/6, globus pallidus 1/6), thalamus 1/6,
subthalamus 1/6 and SCC 3/6. PART cases with NFT Braak stage
III/TV showed more AT8-ir in the brainstem (SN 6/7, CIP 7/7,
LCP 5/7, MO 6/7), followed by the diencephalon (hypothalamus
7/7, thalamus 5/7, subthalamus 3/7), and the striatum (caudatum
2/7, putamen 4/7, globus pallidus 5/7). SCC showed AT8-ir in 3
out of 7 cases (3/7). Notably, the hypothalamus was consistently
affected at Braak stage III /IV, but not at Braak stage I/II. None of
the cerebellum showed tauopathy in PART cases.

In terms of tau distribution sites, the low grade (Braak stage
I/II) PART showed AT8-ir in fewer subcortical sites (within 0-5
brain nuclei) than in the high grade (Braak stage III /IV) PART
cases (between 5 and 11 nuclei). There was a statistical difference
in the means of NFT distribution sites between PART with Braak
NEFT stage I/II and PART with Braak NFT stage @/IV (p < 0.01)
(Figure 3A). The total tau IHC scores (four-point grading scale)
were low in all subcortical nuclei of PART, below 1 at Braak stage
I/11, and 1-2 at Braak stage III/IV. The tau score means of PART
with Braak NFT stage III/IV cases were significantly higher than
those of PART with Braak NFT stage I/II (P < 0.01) (Figure 3D).

Tau Pathology in Subcortical Brain Sites
in Pre-AD and AD (Table 2)

In all AD individuals, nearly all of the subcortical nuclei showed
a marked to severe AT8-ir tau pathology (Figure 2). Compared
with PART, the subcortical regions were frequently affected
by tau pathology in pre-AD and AD cases. Tauopathy was
frequently observed in the striatum (caudatum 10/12, putamen
10/12, globus pallidus 10/12), diencephalon (thalamus 8/12,
subthalamus 5/12, hypothalamus 11/12), and brainstem (SN
8/12, CIP 9/12, LCP 11/12, MO 7/12). In pre-AD cases, fewer
brain sites showed HP-tau immunoreactivity (i.e., within 2-8
sites) than in AD (10-11 sites). A significant difference was
found in the number of sites affected between pre-AD and AD
(p < 0.01), between PART with Braak NFT stage I/II and pre-
AD/AD (p < 0.05), and between PART with Braak NFT stage
OI/IV and AD (p < 0.05). There was no significant difference
in the number of sites affected between pre-AD and PART with
Braak NFT stage III/IV (P > 0.05) (Figure 3A).

In terms of tau density, similar to late PART with Braak stage
III/IV, Pre-AD cases showed minimal ATS8-ir with a total tau
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FIGURE 1 | Subcortical nuclei tau distribution in PART. Tau pathology in the subcortical nuclei in PART cases: hypothalamus (A), thalamus (B), subthalamus (C) in
the diencephalon; caudatum (F), putamen (D), globus pallidus (E) in the striatum; substantia nigra (1), colliculus inferior/pons (H), locus caeruleus/pons (G), medulla
oblongata (J) in the brainstem. All images are of the same magnification x 100. scale bars, 100 pm.

C Subthalamus

TABLE 2 | Subcortical nuclei tau distribution in AD and pre-AD.

AD NFT Age Sex SP Striatum Diencephalon Brainstem CcD SCC
(Braak) (CERAD)
Ca Pu Pa HT T ST SN CIP LCP MO

i 69 F C - - - + - - - - + - - -
79 F c + + + + + + - ++ + - - -
90 M c + + + + - - - - + + - -

v 78 F c - - + - - - - +++ ++ - - -
81 F c + + - ++ - - + + - - - -
83 M c + + + + + + + + - -
86 F c + + ++ ++ ++ - + ++ + ++ - ++

% 85 M c ++ ++ ++ ++ ++ + + - - +++
99 F c + + + +++ + - + + ++ + - +

Vi 79 M c ++ o+ ++ +++ 4+ ++ ++ ++ ++ ++ - +
86 F c ++  ++ + +++ +++ ++ ++ ++ - N
85 M c + + + + ++ + ++ ++ ++ + - +

AD, Braak NFT stage >IV and CERAD SP density = C; Pre-AD, Braak NFT stage lll/IV and CERAD SP density = C or B. SR Senile plaque; NFT,

neurofibrillary

tangle; Ca, caudate; Pu, putamen; Pa, globus pallidus; HT, hypothalamus; Th, thalamus, ST, subthalamus; SN, substantia nigra; CIR, colliculus inferior/pons; LCR, locus
caeruleus/pons; MO, medulla oblongata,; CD, cerebellum/dentate nuclei; SCC, cervical spinal cord. —, None; +/1, mild; ++4/2, moderate; +++/3, severe. N not examined.

score of 1-2 in subcortical nuclei, whereas nearly all AD cases
showed a higher tau score of 2-3 in the majority of subcortical
nuclei. A statistical difference in the means of tau scores was
observed between pre-AD and AD (p < 0.01), between PART
with Braak NFT stage I/II and pre-AD/AD (p < 0.01), between
PART with Braak NFT stage III/TV and AD (p < 0.01). There
was no statistical difference in the means of tau scores between

pre-AD and PART with Braak NFT stage III/IV (Figure 3D).
Similarly, total tau scores increased with the increasing NFT
Braak stages in SCC, scoring 1 in pre-AD and 3 in AD. No AT8-ir
was seen in the cerebellum of either AD or pre-AD cases.

The tauopathy distribution scores of the striatum,
diencephalon and brainstem showed no significant difference
between AD and pre-AD cases (P > 0.05). In PART, especially

Frontiers in Neuroscience | www.frontiersin.org

May 2019 | Volume 13 | Article 529


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Zhu et al.

Aging Tauopathy in Subcortical Nuclei

‘ B Thalamus

A Hypothalamus D

D'. Caudate

C Subthalamus l:]

Pallidum’

Diencephalon

E Putamen

Striatum

Brainstem

FIGURE 2 | Subcortical nuclei tau distribution in AD. Tau pathology in the subcortical nuclei in AD cases: hypothalamus (A), thalamus (B), subthalamus (C) in the
diencephalon; caudate (D), putamen (E), globus pallidum (F) in the striatum; substantia nigra (1), colliculus inferia/pons (H), locus ceruleus/pons (G), medulla
oblongata (J) in the brainstem. All images are the same magnification x 100. scale bars, 100 pm.
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FIGURE 3 | Correlation of Braak NFT stages with tau scores in PART and pre-AD/AD. (A) The qualitative tau score means (tau distribution pathology) in PART and
AD/pre-AD. There was a statistical difference in NFT distribution score means between PART with Braak NFT stage I/Il, PART with Braak NFT stage &/IV, pre-AD,
and AD (p < 0.01). (B) The qualitative tau score means (tau distribution pathology) in the striatum, diencephalon, and brainstem in PART and AD/pre-AD. (C) The
qualitative tau score means (tau distribution pathology) in SN, CIP, LCP, and MO in PART and AD/pre-AD. (D) The quantitative tau score means (tau density
pathology) in PART and AD/pre-AD. There was a statistical difference in the tau score means between PART with Braak NFT stage I/Il and PART with Braak NFT
stage @/IV cases (p < 0.01) as well as pre-AD/AD (p < 0.01). (E) The quantitative tau score means (tau density pathology) in the striatum, diencephalon, and
brainstem in PART and AD/pre-AD. (F) The quantitative tau score means (tau density pathology) in SN, CIP, LCP, and MO in PART and AD/pre-AD.

in the early Braak stage I/II, many brainstem nuclei showed
tauopathy (Figure 3B) with a moderate to high severity score.
Because of the limitated number of cases, a statistical difference
was only found between the brainstem and the diencephalon

in PART with Braak stage I/II (Figure 3E). There was no
significant difference in the distribution (Figure 3C) and severity
(Figure 3F) scores between brainstem nuclei including SN,
CIP, LC, and MO.
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FIGURE 4 | The qualitative and quantitative tau scores in PART and AD. (A) The qualitative tau score means in subcortical nuclei in PART and AD. (B) The
quantitative tau score means in subcortical nuclei in PART and AD. (C) The qualitative tau score means in the striatum, diencephalon, brainstem, and cervical spinal
cord in PART. (D) The qualitative tau score means in brainstem nuclei in PART and AD. (E) The quantitative tau score means in brainstem nuclei in PART and AD. (F).

The qualitative tau score means in SN, CIP, LCP, and MO in PART.

DISCUSSION

Recent studies indicated that tau pathology in AD did not initially
manifest in the cerebral cortex but in selected subcortical nuclei,
including the thalamus, striatum and brainstem, in particular LC
(Elobeid et al., 2012). Structural brain imaging studies also found
changes in subcortical regions in early stage AD (Tentolouris-
Piperas etal., 2017). For example, the thalamus and striatum were
found to be atrophied in symptomatic patients, with an altered
caudate volume implicated in early stage AD (Leh et al.,, 2016).
Without AB deposition, PART represents a pure tau pathology
at the early stage of neurodegeneration and is a good model of
studying the mechanism for NFT Braak staging. In a previous
study (Attems et al., 2012a), we addressed the question whether
degeneration of subcortical nuclei occurred early during the
progression of PART. In the present study, we systematically
assessed the subcortical nuclei in PART and per-AD/AD patients
ranging from preclinical stages to severe dementia. In the five
brain regions we checked, tau became detectable in the brainstem,
diencephalon, striatum, and spinal cord in PART and pre-AD, but
not in the cerebellum. Tauopathy was more pronounced in these
regions in more advanced AD with higher NFT Braak stages.

Primary Age-Related Tauopathy in the

Brainstem

It was reported that brainstem nuclei were affected by early
AD before the supratentorial regions, including the LC, SN
and the nucleus basalis of Meynert (NbM). Some normal aging
subjects without NFTs (Braak 0) in LC showed NFTs in the
dorsal raphe nucleus (DR) (Grinberg et al., 2011). In the present
study, LC showed tau pathology in early PART with NFT Braak
stage I, other brainstem nuclei including SN, CIP and MO
also showed tau pathology at the same time. In some PART

cases with NFT Braak stage I, a few brainstem nuclei, such
as the MO (Table 1/ case 5), SN, and CIP (Table 1/case 6),
but not LC, showed tau pathology. So at least, when LC was
involved, some other brainstem nuclei have already manifested
tauopathy in early PART with NFT Braak stage 1. Compared
with the striatum and the diencephalon, brainstem nuclei were
the most commonly affected region at the early stage of PART
with NFT Braak stage I/II, which supports that tauopathy may
begin from the brainstem (Simic et al., 2009; Lee et al., 2015;
Riib et al, 2016b). In pre-AD and AD brains, tau pathology
was severe and evenly distributed in these nuclei without a clear
preference (Figures 3B,E).

Primary Age-Related Tauopathy in

Striatum and Diencephalon

In our study cohort, tauopathy was also positive in the other
subcortical nuclei including the caudate nucleus, putamen,
globus pallidus in the striatum, the thalamus and subthalamus
in the diencephalon in early PART with NFT Braak stage I.
Early tauopathy is not confined to a single subcortical nucleus.
The possibility that neurodegeneration occurs independently
at a number of sites in parallel cannot be ruled out (Riib
et al., 2016a). Moreover, more subcortical nuclei were positive
for tau in PART with higher Braak stages like III/IV. Tau
pathology (both distribution and density) in the diencephalon
and striatum showed a nearly identical pattern as that shown in
the brainstem. In the hypothalamus, thalamus, and subthalamus,
tau pathology (density and distribution) was negative or mild
in early PART (NFT Braak stage I/II), moderate in late PART
(NFT Braak stage III/IV) and pre-AD (NFT Braak stage
III/IV), and severe in AD brains. Nuclei in the striatum
(caudatum, putamen, globus pallidus) showed a similar pattern.
We propose, therefore, that the subcortical nuclei should be

Frontiers in Neuroscience | www.frontiersin.org

May 2019 | Volume 13 | Article 529


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Zhu et al.

Aging Tauopathy in Subcortical Nuclei

considered in the basic scheme of Braak NFT staging in the future
as others suggested (Paskavitz et al., 1995; Mattila et al., 2002;
Pievani et al., 2013; Kawakami et al., 2014).

Primary Age-Related Tauopathy in the
Spinal Cord and the Cerebellum

To date, there are few studies having examined deposition of
abnormally phosphorylated tau in the spinal cord of normal
aging subjects or AD patients. A study showed that the cervical
cord segments were affected in 96% AD vs. in 27% non-
demented individuals (Dugger et al, 2013). We found that
SCC was frequently positive for tau pathology (11/12, 92% in
AD vs. 7/16, 44% in PART) in both AD and PART brains,
and was even positive in early PART with Braak stage I. No
tauopathy was observed in the cerebellum/dentate nuclei in our
PART and AD brains.

Subcortical Tauopathy Has Important

Clinical Implications

In the present study, tauopathy was observed in subcortical
nuclei of PART brains. Based on the tau score (both qualitative
and quantitative scores), brainstem was the most frequently
affected region by tauopathy, followed by the diencephalon,
striatum and SCC in PART (Figures 4A-C). Among these
brainstem nuclei, there was no evident prevalence tendency
observed (Figures 4D-F). The presence of tau pathology in
subcortical nuclei has important implications for both the
pathogenesis and clinical manifestations of PART and AD. As
tau immunoreactivity is present in the subcortical regions of
PART as well as pre-AD subjects, it could explain some clinical
symptoms prior to typical dementia symptoms manifest (Besser
et al,, 2017; Josephs et al., 2017). The density (tau score) of AT8-
ir cells increased in all regions investigated as the NFT Braak
stage increased in AD, which could explain symptoms frequently
found in AD. But this has not been correlated with tau pathology
in the subcortical nuclei such as SN or LC in PART (Giaccone,
2015). Tau pathology in the brainstem is severe in AD, which
may explain clinical symptoms due to serotonergic deficit found
in AD, and a variety of less well-understood symptoms of AD
patients. For example, parkinsonian extrapyramidal motor signs,
depression, hallucinations, dysfunctions of the sleep/wake cycle,
etc. (Attems et al., 2007).

Although there are some reports about the subcortical
tauopathy in AD, the extent of the subcortical tauopathy in aging
and AD has been underestimated (Janocko et al., 2012; Lemche,
2018). To our knowledge, this is the first systemic report on
the occurrence of tau accumulation in the subcortical regions

REFERENCES

Arendt, T., Briickner, M. K., Morawski, M., Jager, C., and Gertz, H. J. (2015). Early
neurone loss in Alzheimer’s disease: cortical or subcortical? Acta Neuropathol.
Commun. 3:10.

Attems, J., Quass, M., and Jellinger, K. A. (2007). Tau and alpha-synuclein
brainstem pathology in Alzheimer disease: relation with extrapyramidal
signs. Acta Neuropathol. 113, 53-62. doi:  10.1007/500401-006-

0146-9

in PART. Our findings showed that tau pathology began from
the subcortical nuclei in PART as early as NFT Braak stage L
The distribution and density of tau pathology in the subcortical
nuclei significantly increased as the NFT Braak stage increased in
both PART and AD. These observations indicate that subcortical
nuclei are inflicted by neurofibrillary changes as early as the trans-
entorhinal cortex in both PART and AD. Study of tau pathology
in the subcortical nuclei improves our understanding about the
evolution of clinical manifestations of AD and provides a simple
and early structural indicator of PART and AD development.
Prevalence of abnormal tau accumulation in the subcortical
regions in PART and AD may support the hypothesis that
abnormal tau aggregation propagates via neural circuits. PART
will be an optimal disease model for testing hypotheses related to
tau propagation in the brain.

ETHICS STATEMENT

The research was given ethical approval by Medical Ethics
Committee of Zhejiang University School of Medicine.

AUTHOR CONTRIBUTIONS

XW, BS, JW, XZ, and HL did the immunohistochemistry
analysis and tissue preparation. KZ and XW contributed to
statistical assessment and data processing. KZ designed the study,
supervised the results, and wrote the first advanced version of the
manuscript which was circulated among all the contributors for
comments and suggestions. HL, DZ, and CL contributed to the
final version of the manuscript.

FUNDING

This research was supported by the National Natural Science
Foundation of China (91632109) (to Zhong and KZ), the
Zhejiang Provincial Natural Science Foundation (LY16H090013)
(to KZ), and the Zhejiang Medical and Health Science and
Technology Plan Project (WKJ2013-2-009) (to KZ).

ACKNOWLEDGMENTS

We wish to thank the families of the patients who donated their
brains to China Brain Bank in School of Medicine, Zhejiang
University, to allow the completion of this study.

Attems, J., Thal, D. R,, and Jellinger, K. A. (2012a). The relationship between
subcortical tau pathology and Alzheimer’s disease. Biochem. Soc. Trans. 40,
711-715. doi: 10.1042/BST20120034

Attems, J., Thomas, A., and Jellinger, K. (2012b). Correlations between cortical
and subcortical tau pathology. Neuropathol. Appl. Neurobiol. 38, 582-590. doi:
10.1111/j.1365-2990.2011.01244.x

Besser, L. M., Crary, J. F., Mock, C., and Kukull, W. A. (2017). Comparison of
symptomatic and asymptomatic persons with primary age-related tauopathy.
Neurology 89, 1707-1715. doi: 10.1212/WNL.0000000000004521

Frontiers in Neuroscience | www.frontiersin.org

May 2019 | Volume 13 | Article 529


https://doi.org/10.1007/s00401-006-0146-9
https://doi.org/10.1007/s00401-006-0146-9
https://doi.org/10.1042/BST20120034
https://doi.org/10.1111/j.1365-2990.2011.01244.x
https://doi.org/10.1111/j.1365-2990.2011.01244.x
https://doi.org/10.1212/WNL.0000000000004521
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Zhu et al.

Aging Tauopathy in Subcortical Nuclei

Braak, H., Alafuzoff, L, Arzberger, T., Kretzschmar, H., and Del Tredici, K. (2006).
Staging of Alzheimer disease-associated neurofibrillary pathology using paraffin
sections and immunocytochemistry. Acta Neuropathol. 112, 389-404. doi: 10.
1007/s00401-006-0127-z

Braak, H., and Del Tredici, K. (2011). The pathological process underlying
Alzheimer’s disease in individuals under thirty. Acta Neuropathol. 121, 171-181.
doi: 10.1007/s00401-010-0789-4

Braak, H., and Del Tredici, K. (2012). Where, when, and in what form does sporadic
Alzheimer’s disease begin? Curr. Opin. Neurol. 25, 708-714. doi: 10.1097/WCO.
0b013e32835a3432

Braak, H., and Del Tredici, K. (2015). The preclinical phase of the pathological
process underlying sporadic Alzheimer’s disease. Brain 138, 2814-2833. doi:
10.1093/brain/awv236

Braak, H., Thal, D. R, Ghebremedhin, E., and Del Tredici, K. J. (2011).
Neuropathol Stages of the pathologic process in Alzheimer disease: age
categories from 1 to 100 years. Exp. Neurol. 70, 960-969. doi: 10.1097/NEN.
0b013e318232a379

Crary, J. F. (2016). Primary age-related tauopathy and the amyloid cascade
hypothesis: the exception that proves the rule? J. Neurol. Neuromed. 1, 53-57.
doi: 10.29245/2572.942x/2016/6.1059

Crary, J. F,, Trojanowski, J. Q., Schneider, J. A., Abisambra, J. F., Abner, E. L.,
and Alafuzoff, I. (2014). Primary age-related tauopathy (PART): a common
pathology associated with human aging. Acta Neuropathol. 128, 755-766. doi:
10.1007/s00401-014-1349-0

Dugger, B. N., Hidalgo, J. A., Chiarolanza, G., Mariner, M., Henry-Watson, J., Sue,
L. L, et al. (2013). The distribution of phosphorylated tau in spinal cords of
Alzheimer’s disease and non-demented individuals. J. Alzh. Dis. 34, 529-536.
doi: 10.3233/JAD-121864

Duyckaerts, C., Braak, H., Brion, J. P., Buée, L., Del Tredici, K., Goedert, M., et al.
(2015). PART is part of Alzheimer disease. Acta Neuropathol. 129, 749-756.
doi: 10.1007/s00401-015-1390-7

Elobeid, A., Soininen, H., and Alafuzoff, I. (2012). Hyperphosphorylated tau in
young and middle-aged subjects. Acta Neuropathol. 123, 97-104. doi: 10.1007/
500401-011-0906-z

Giaccone, G. (2015). The existence of primary age-related tauopathy suggests
that not all the cases with early braak stages of neurofibrillary pathology are
alzheimer’s disease. J. Alzh. Dis. 48, 919-921. doi: 10.3233/JAD-150435

Grinberg, L. T., Rueb, U., and Heinsen, H. (2011). Brainstem: neglected locus in
neurodegenerative diseases. Front. Neurol. 2:42. doi: 10.3389/fneur.2011.00042

Janocko, N. J., Brodersen, K. A., Soto-Ortolaza, A. I, Ross, O. A., Liesinger, A. M.,
and Duara, R. (2012). Neuropathologically defined subtypes of Alzheimer’s
disease differ significantly from neurofibrillary tangle-predominant dementia.
Acta Neuropathol. 124, 681-692. doi: 10.1007/s00401-012-1044-y

Jellinger, K. A., Alafuzoff, ., Attems, J., Beach, T. G., Cairns, N. ., Crary, J. F., et al.
(2015). PART, a distinct tauopathy, different from classical sporadic Alzheimer
disease. Acta Neuropathol. 129, 757-762. doi: 10.1007/s00401-015-1407-2

Josephs, K. A., Murray, M. E., Tosakulwong, N., Whitwell, J. L., Knopman,
D. S., and Machulda, M. M. (2017). Tau aggregation influences cognition
and hippocampal atrophy in the absence of beta-amyloid: a clinico-imaging-
pathological study of primary age-related tauopathy (PART). Acta Neuropathol.
133, 705-715. doi: 10.1007/s00401-017-1681-2

Kawakami, I., Hasegawa, M., Arai, T., Ikeda, K., Oshima, K., and Niizato, K. (2014).
Tau accumulation in the nucleus accumbens in tangle-predominant dementia.
Acta Neuropathol. Commun. 2:40. doi: 10.1186/2051-5960-2-40

Lee, J. H., Ryan, J., Andreescu, C., Aizenstein, H., and Lim, H. K. (2015). Brainstem
morphological changes in Alzheimer’s disease. Neuroreport 26, 411-415. doi:
10.1097/WNR.0000000000000362

Leh, S. E., Kilin, A. M., Schroeder, C., Park, M. T., Chakravarty, M. M., Freund,
P., et al. (2016). Volumetric and shape analysis of the thalamus and striatum

in amnestic mild cognitive impairment. | Alzheimers Dis. 49, 237-249. doi:
10.3233/JAD-150080

Lemche, E. (2018). Early life stress and epigenetics in late-onset alzheimer’s
dementia: a systematic review. Curr. Genomics 19, 522-602. doi: 10.2174/
1389202919666171229145156

Mattila, P., Togo, T., and Dickson, D. W. (2002). The subthalamic nucleus has
neurofibrillary tangles in argyrophilic grain disease and advanced Alzheimer’s
disease. Neurosci. Lett. 320, 81-85. doi: 10.1016/s0304-3940(02)00006-x

Paskavitz, J. F., Lippa, C. F., Hamos, J. E., Pulaski-Salo, D., and Drachman, D. A.
(1995). Role of the dorsomedial nucleus of the thalamus in Alzheimer’s disease.
J. Geriatr. Psychiatry Neurol. 8, 32-37.

Pievani, M., Bocchetta, M., Boccardi, M., Cavedo, E., Bonetti, M., Thompson, P. M.,
et al. (2013). Striatal morphology in early-onset and late-onset Alzheimer’s
disease: a preliminary study. Neurobiol. Aging 34, 1728-1739. doi: 10.1016/j.
neurobiolaging.2013.01.016

Riib, U., Stratmann, K., Heinsen, H., Del Turco, D., Ghebremedhin, E., Seidel,
K., et al. (2016a). Hierarchical distribution of the tau cytoskeletal pathology
in the thalamus of alzheimer’s disease patients. J. Alzheimers Dis. 49, 905-915.
doi: 10.3233/JAD-150639

Riib, U., Stratmann, K., Heinsen, H., Turco, D. D., Seidel, K., Dunnen, W. D.,
etal. (2016b). The Brainstem tau cytoskeletal pathology of alzheimer’s disease: a
brief historical overview and description of its anatomical distribution pattern,
evolutional features, pathogenetic and clinical relevance. Curr. Alzheimer Res.
13,1178-1197. doi: 10.2174/1567205013666160606100509

Riib, U., Stratmann, K., Heinsen, H., Seidel, K., Bouzrou, M., and Korf, H. W.
(2017). Alzheimer’s disease: characterization of the brain sites of the initial tau
cytoskeletal pathology will improve the success of novel immunological anti-tau
treatment approaches. J. Alzheimers Dis. 57, 683-696. doi: 10.3233/JAD-161102

Simic, G., Stanic, G., Mladinov, M., Jovanov-Milosevic, N., Kostovic, 1., and Hof,
P. R. (2009). Does Alzheimer’s disease begin in the brainstem? Neuropathol.
Appl. Neurobiol. 35, 532-554. doi: 10.1111/j.1365-2990.2009.01038.x

Stratmann, K., Heinsen, H., Korf, H. W., Del Turco, D., Ghebremedhin, E., Seidel,
K., et al. (2016). Precortical phase of Alzheimer’s disease (AD)-related tau
cytoskeletal pathology. Brain Pathol. 26, 371-386. doi: 10.1111/bpa.12289

Tentolouris-Piperas, V., Ryan, N. S., Thomas, D. L., and Kinnunen, K. M. (2017).
Brain imaging evidence of early involvement of subcortical regions in familial
and sporadic Alzheimer’s disease. Brain Res. 1655, 23-32. doi: 10.1016/j.
brainres.2016.11.011

Theofilas, P., Dunlop, S., Heinsen, H., and Grinberg, L. T. (2015). Turning on
the light within: subcortical nuclei of the isodentritic core and their role in
alzheimer’s disease pathogenesis. J. Alzheimers 46, 17-34. doi: 10.3233/jad-
142682

Wharton, S. B., Minett, T., Drew, D., Forster, G., Matthews, F., and Brayne, C.
(2016). Epidemiological pathology of Tau in the ageing brain: application of
staging for neuropil threads (BrainNet Europe protocol) to the MRC cognitive
function and ageing brain study. Acta Neuropathol. Commun. 4:11. doi: 10.
1186/s40478-016-0275-x

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Zhu, Wang, Sun, Wu, Lu, Zhang, Liang, Zhang and Liu. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Neuroscience | www.frontiersin.org

May 2019 | Volume 13 | Article 529


https://doi.org/10.1007/s00401-006-0127-z
https://doi.org/10.1007/s00401-006-0127-z
https://doi.org/10.1007/s00401-010-0789-4
https://doi.org/10.1097/WCO.0b013e32835a3432
https://doi.org/10.1097/WCO.0b013e32835a3432
https://doi.org/10.1093/brain/awv236
https://doi.org/10.1093/brain/awv236
https://doi.org/10.1097/NEN.0b013e318232a379
https://doi.org/10.1097/NEN.0b013e318232a379
https://doi.org/10.29245/2572.942x/2016/6.1059
https://doi.org/10.1007/s00401-014-1349-0
https://doi.org/10.1007/s00401-014-1349-0
https://doi.org/10.3233/JAD-121864
https://doi.org/10.1007/s00401-015-1390-7
https://doi.org/10.1007/s00401-011-0906-z
https://doi.org/10.1007/s00401-011-0906-z
https://doi.org/10.3233/JAD-150435
https://doi.org/10.3389/fneur.2011.00042
https://doi.org/10.1007/s00401-012-1044-y
https://doi.org/10.1007/s00401-015-1407-2
https://doi.org/10.1007/s00401-017-1681-2
https://doi.org/10.1186/2051-5960-2-40
https://doi.org/10.1097/WNR.0000000000000362
https://doi.org/10.1097/WNR.0000000000000362
https://doi.org/10.3233/JAD-150080
https://doi.org/10.3233/JAD-150080
https://doi.org/10.2174/1389202919666171229145156
https://doi.org/10.2174/1389202919666171229145156
https://doi.org/10.1016/s0304-3940(02)00006-x
https://doi.org/10.1016/j.neurobiolaging.2013.01.016
https://doi.org/10.1016/j.neurobiolaging.2013.01.016
https://doi.org/10.3233/JAD-150639
https://doi.org/10.2174/1567205013666160606100509
https://doi.org/10.3233/JAD-161102
https://doi.org/10.1111/j.1365-2990.2009.01038.x
https://doi.org/10.1111/bpa.12289
https://doi.org/10.1016/j.brainres.2016.11.011
https://doi.org/10.1016/j.brainres.2016.11.011
https://doi.org/10.3233/jad-142682
https://doi.org/10.3233/jad-142682
https://doi.org/10.1186/s40478-016-0275-x
https://doi.org/10.1186/s40478-016-0275-x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Primary Age-Related Tauopathy in Human Subcortical Nuclei
	Introduction
	Materials and Methods
	Materials
	Immunohistochemistry
	Data Analysis

	Results
	Tau Pathology in Subcortical Nuclei in PART ([T1]Table 1)
	Tau Pathology in Subcortical Brain Sites in Pre-AD and AD ([T2]Table 2)

	Discussion
	Primary Age-Related Tauopathy in the Brainstem
	Primary Age-Related Tauopathy in Striatum and Diencephalon
	Primary Age-Related Tauopathy in the Spinal Cord and the Cerebellum
	Subcortical Tauopathy Has Important Clinical Implications

	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


