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Abstract
Although, by age 40, individuals with Down syndrome (DS) develop amyloid-β (Aβ) plaques and tau-containing neurofibril-
lary tangles (NFTs) linked to cognitive impairment in Alzheimer’s disease (AD), not all people with DS develop dementia. 
Whether Aβ plaques and NFTs are associated with individuals with DS with (DSD +) and without dementia (DSD −) is 
under-investigated. Here, we applied quantitative immunocytochemistry and fluorescent procedures to characterize NFT 
pathology using antibodies specific for tau phosphorylation (pS422, AT8), truncation (TauC3, MN423), and conformational 
(Alz50, MC1) epitopes, as well as Aβ and its precursor protein (APP) to frontal cortex (FC) and striatal tissue from DSD + 
to DSD − cases. Expression profiling of single pS422 labeled FC layer V and VI neurons was also determined using laser 
capture microdissection and custom-designed microarray analysis. Analysis revealed that cortical and striatal Aβ plaque 
burdens were similar in DSD + and DSD − cases. In both groups, most FC plaques were neuritic, while striatal plaques were 
diffuse. By contrast, FC AT8-positive NFTs and neuropil thread densities were significantly greater in DSD + compared 
to DSD −, while striatal NFT densities were similar between groups. FC pS422-positive and TauC3 NFT densities were 
significantly greater than Alz50-labeled NFTs in DSD + , but not DSD − cases. Putaminal, but not caudate pS422-positive 
NFT density, was significantly greater than TauC3-positive NFTs. In the FC, AT8 + pS422 + Alz50, TauC3 + pS422 + Alz50, 
pS422 + Alz50, and TauC3 + pS422 positive NFTs were more frequent in DSD + compared to DSD- cases. Single gene-
array profiling of FC pS422 positive neurons revealed downregulation of 63 of a total of 864 transcripts related to Aβ/tau 
biology, glutamatergic, cholinergic, and monoaminergic metabolism, intracellular signaling, cell homeostasis, and cell 
death in DSD + compared DSD − cases. These observations suggest that abnormal tau aggregation plays a critical role in 
the development of dementia in DS.
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Introduction

Down syndrome (DS) is a genetic disorder characterized 
by intellectual disability attributed to a full or partial extra 
copy of human chromosome 21 (HSA21), that accounts 
for 95% of the chromosomal anomalies in DS (1% due 
to mosaicism and 4% due to translocation). In addition, 
individuals with DS exhibit characteristics of premature 
aging and are at high risk for developing dementia of the 
Alzheimer’s disease (AD) -type several decades earlier 
than seen in sporadic AD [118, 137, 138]. By the age of 
40, people with DS exhibit β-amyloid (Aβ) senile plaque 
and tau-containing neurofibrillary tangle (NFT) pathology 
[135], cholinergic basal forebrain and brainstem mono-
aminergic cell loss [79, 80, 82, 136], and neurotrophic 
deficits [52, 53], that may contribute to the early onset 
of dementia. However, despite consistent and profuse 
neuropathology, only two-thirds of all adult cases with 
DS develop dementia [37, 83, 139]. In DS, an increase in 
soluble Aβ species precedes plaque deposition [42, 121, 
127] as early as 21 gestational weeks [42, 121], followed 
by diffuse deposits of Aβ42 between 8 and 12 years of age, 
and Aβ40 by the third decade of life, occurring earlier than 
seen in AD [68, 69, 76]. Positron emission tomography 
(PET) imaging revealed cortical and subcortical amyloid 
load visualized by [11C]Pittsburgh compound-B [4, 44, 
45, 63], [18F]Florbetapir [84, 112], and [18F]Florbetaben 
[54] in adult individuals with DS, but differences between 
DS with  (DSD+) and without dementia  (DSD-) remain to 
be clarified. Interestingly, PET imaging found that striatal 
amyloid precedes that seen in the neocortex [44, 45, 64, 
130], which was related to cognitive decline in DS [4]. 
However, the relation of amyloid pathology to cognition 
in DSD + and DSD − remains an under-investigated area 
[46].

Compared to the extensive number of reports of amy-
loid in the brain of people with DS, the involvement of tau 
pathology is less well understood. NFT pathology occurs 
at a later age than Aβ in DS [76, 78, 81, 93], exhibits 
an age-related pattern similar to AD [47] and, is a bet-
ter correlate of cognitive decline and dementia in DS [8, 
83, 97, 108]. These observations suggest that, despite the 
appearance of Aβ at an early age, NFT pathology is more 
closely linked to cognitive decline and dementia in DS. 
The evolution of NFTs follows a linear progression where 
tau undergoes posttranslational phosphorylation, confor-
mation, and truncation events in AD [5, 9, 26, 28, 41, 
131] where tau phosphorylation occurs early [90, 91] and 
correlates with AD severity [104, 131]. Despite a single 
study showing that phosphorylated tau is an early post-
transcriptional event in three subjects with DS [92], very 

little is known about tau posttranslational modifications in 
NFTs in DSD + and DSD −.

While several cell type specific gene expression profil-
ing studies examined classes of transcripts underlying the 
molecular pathogenesis of the progression of AD within 
subcortical [15, 32, 33, 103, 128] and limbic cortical pro-
files [17, 30], only regional microarray and RNA sequencing 
(RNA-seq) approaches have been used to detect transcrip-
tional alterations in the human DS brain [39, 73]. To our 
knowledge, we are not aware of any study that has applied 
single-cell gene profiling of tau-containing cortical neu-
rons accrued postmortem from individuals with DSD + and 
DSD −.

The present study examined amyloid plaque and NFT 
pathology in FC and striatal tissue obtained from subjects 
who came to autopsy with a clinical diagnosis of DSD + and 
DSD − using immunohistochemical and histofluorescence 
approaches combined with quantitative morphometry. In 
addition, single-population expression profiling of layer V 
and VI FC neurons immunostained for the phosphorylated 
pretangle tau maker pS422 was performed in tissue obtained 
postmortem from the same DS cases − via laser capture 
microdissection (LCM) coupled with  custom-designed 
microarray analysis [30, 36, 95].

Materials and methods

Subjects

Tissue samples were obtained from a total of 18 individuals 
with DS (12 DSD + and 6 DSD −) ranging in age from 42 to 
60 years obtained from the University of California at Irvine 
Alzheimer Disease Researcher Center (UCI ADRC; n = 10), 
Rush University Alzheimer’s Disease Center (RADC; n = 7), 
and Banner Sun Health Research Institute (BSHRI; n = 1) 
(Table 1). Three RADC, eight UCI ADRC, and one BSHRI 
DS cases had a clinical diagnosis of AD-like dementia 
(Table 1). There was no difference in gender frequency, age 
at death, postmortem interval (PMI), brain weight, or APOE 
e4 carrier status between the sources of DS tissue (data not 
shown). DS diagnosis was confirmed by the presence of an 
extra HSA21 using fluorescence in situ hybridization and/
or chromosome karyotyping.

Dementia status of the UCI ADRC and the BSHRI cases 
was determined in accordance with international classifica-
tion of diseases and related health problems-tenth revision 
(ICD-10) and dementia questionnaire for mentally retarded 
persons (DMR-IV-TR) criteria [124]. All UCI ADRC sub-
jects with DS were followed longitudinally prior to death. 
Assessments included physical and neurological exams and 
a history obtained from both the participant and a reliable 
caregiver. Standardized direct and indirect cognitive and 
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behavioral assessments were also completed. The diagno-
sis of dementia required deficits in two or more areas of 
cognitive functioning, and progressive worsening of cog-
nitive performance compared to the individual’s baseline 
performance. Cognitive decline due to confounding factors 
that may mimic dementia (e.g., depression, sensory deficits, 
and hypothyroidism) was eliminated. Premorbid intelligence 
quotient (IQ) was also determined in all UCI ADRC DS 
cases. Dementia diagnosis for the RADC cases was deter-
mined by a neurologist trained in gerontology and in discus-
sion with a caregiver. Human Research Committees of Rush 
University Medical Center and University of California at 
Irvine approved this study. Table 1 details the clinical, demo-
graphic and neuropathological features and tissue source of 
the individuals with DSD + and DSD −.

Chromogen‑based immunohistochemistry

FC [Brodmann area (BA8) and/or (BA9)] tissue fixed 
in either 4% paraformaldehyde or 10% formalin from 6 
DSD − and 10 DSD + and striatum (caudate and puta-
men) from 4 DSD − and 4 DSD + cases were cut on a slid-
ing freezing microtome at 40 µm thickness and stored in cry-
oprotectant at − 20 °C prior to processing [103] (Table 1). 
FC and striatal sections were processed for single-label avi-
din–biotin-based immunohistochemistry using the following 
primary antibodies: rabbit polyclonal anti-phosphorylation 
pS422 tau, (1:1000, Invitrogen, Carlsbad, CA), mouse mon-
oclonal anti-phosphorylation clone AT8 tau (1:1000, Invitro-
gen), mouse monoclonal anti-conformation Alz50 (1:1000), 
and MC1 tau (1:1000, both Gifts from Dr. Peter Davies, 
Hofstra Northwell School of Medicine, Manhasset, New 
York), mouse monoclonal anti-truncation TauC3 (1:1000, 
ThermoFisher, Waltham, MA) and MN423 (1:5000, gift 

Table 1   Demographics and neuropathological characteristics of DS cases

–No available data or tissue
PMI postmortem interval, FC frontal cortex, Str striatum, P-IQ premorbid IQ, UCI ADRC University of California at Irvine Alzheimer Disease 
Researcher Center, RADC Rush University Alzheimer’s Disease Center, BSHRI Banner Sun Health Research Institute

Case# Clinical
Diagnosis

Age (y) Gender PMI (h) Brain
Weight (g)

APOE Braak
Stage

FC Str P-IQ Source

1 DSD − 42 F 5 1116 3/4 V ✔ – Moderate UCI
ADRC

2 DSD − 44 F 8 1060 2/3 V ✔ ✔ – RADC
3 DSD − 46 M 3 – 2/3 – ✔ ✔ – RADC
4 DSD − 47 F 5 – 2/3 V ✔ ✔ – RADC
5 DSD − 48 F 18 1093 3/3 III ✔ – Mild UCI

ADRC
6 DSD − 60 F 15 1030 2/4 V ✔ ✔ – RADC
7 DSD+ 45 F 3 944 3/3 VI ✔ – Moderate UCI

ADRC
8 DSD+ 45 F 3 900 3/3 VI ✔ – Mild UCI

ADRC
9 DSD+ 46 M 6 933 2/3 VI ✔ – Moderate UCI

ADRC
10 DSD+ 46 M 20 1090 2/3 VI ✔ ✔ – RADC
11 DSD+ 49 M 2 1010 3/3 VI ✔ – Mild UCI

ADRC
12 DSD+ 50 F 5 871 3/4 VI ✔ – Mild UCI

ADRC
13 DSD+ 52 F 4 940 2/3 VI ✔ – Moderate UCI

ADRC
14 DSD+ 55 M 4 823 3/3 VI ✔ – Moderate UCI

ADRC
15 DSD+ 55 M 3 1224 3/3 VI – ✔ – BSHRI
16 DSD+ 57 F 5 1054 3/3 VI ✔ – Severe UCI

ADRC
17 DSD+ 58 F 12 740 2/3 – – ✔ – RADC
18 DSD+ 59 F 4 – 2/3 VI ✔ ✔ – RADC
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from the late Dr. Lester Binder), and monoclonal antibod-
ies against APP/Aβ (6E10; 1:1000, BioLegend, San Diego, 
CA) and Aβ (MOAB2; 1:800, gift from Dr. Mary Jo LaDu, 
University of Illinois, Chicago, IL) (Table 2). Sections pro-
cessed using the MOAB2 antibody were pretreated with 
formic acid (75%, 5 min). Immunohistochemistry was per-
formed on two to three sections per case/region. Sections 
were washed in Tris-buffered saline (TBS), incubated in 
0.1 M sodium metaperiodate (Sigma, St. Louis, MO) to inac-
tivate endogenous peroxidase, then permeabilized in TBS 
containing 0.25% Triton-X (ThermoFisher) and blocked in 
the same solution containing 3% goat serum for 1 h. Sec-
tions were then incubated with primary antibodies overnight 
at room temperature (RT) in 0.25% Triton-X-100 and 1% 
goat serum solution [103]. The next day, after three TBS 
washes containing 1% goat serum, sections were incubated 
with affinity-purified goat anti-rabbit or anti-mouse bioti-
nylated secondary antibodies (1:200 dilution) for 1 h (Vector 
Labs, Burlingame, CA). Following washes in TBS, sections 
were incubated in Vectastain ABC kit (Vector Labs) for 1 h 
and developed in acetate-imidazole buffer containing 0.05% 
3,3′-diaminobenzidine tetrahydrochloride (DAB, Sigma, 
St. Louis, MO). Reaction was terminated in acetate-imida-
zole buffer, and sections were mounted to charged slides, 

air-dried, dehydrated, cleared in xylenes, and cover-slipped. 
At least one section was counter stained with cresyl vio-
let (Sigma) for cytoarchitectural identification. To validate 
custom-designed microarray expression data, additional FC 
sections from both groups were incubated with a rabbit poly-
clonal antibody against the human nuclear sirtuin 6 (SIRT 
6; 1:5000, Sigma), after performing antigen retrieval using 
Dako target retrieval solution, pH 9 (DAKO, Carpinteria, 
CA) for 20 min in a steamer [96].

To visualize the relationship between amyloid plaques 
and tau-containing neurites, additional cortical and stri-
atal sections were dual immunolabeled using two different 
colored chromogens. Mouse monoclonal antibodies directed 
against MC1 (1:1000) and phosphorylated neurofilament H 
(SMI-34; 1:1000, BioLegend) labeled tau-containing neu-
rites were treated with a rabbit polyclonal antibody against 
the C-terminal of Aβ42 (1:1000, Millipore) for plaques 
[106]. Likewise, additional striatal sections were processed 
using a goat polyclonal antibody (1:800, Millipore) to label 
choline acetyltransferase (ChAT) positive interneurons, a 
rabbit polyclonal antibody to mark tyrosine hydroxylase 
(TH; 1:800, Invitrogen) profiles, and 6E10 to label APP/Aβ 
and rabbit Aβ42 to visualize amyloid plaques (Table 2). Fol-
lowing MC1, SMI-34, ChAT, or TH-labeling sections were 

Table 2   List of antibodies

IH Immunohistochemistry, IF Immunofluorescence

Antigen Antibody Dilution
IH (IF)

Company
Catalog#

APP/Aβ (6E10) IgG1 mouse monoclonal to residues 1–16 of Aβ 1:1000 BioLegend
#803002

Aβ (MOAB2) IgG2b mouse monoclonal to Aβ 1:800 Gift from M. J. LaDu
Aβ42 IgG rabbit polyclonal to Aβ42 1:1000 Millipore

#AB5078
Conformational Tau (Alz50) IgM mouse monoclonal to tau residues 5–15, 312–322 1:1000

(1:50)
Gift from P. Davies

Conformational Tau (MC1) IgG1 mouse monoclonal to tau residues 5–15, 312–322 1:1000 Gift from P. Davies
Phosphorylated Tau (pS422) IgG rabbit polyclonal to tau phospho-Serine 422 1:1000

(1:50)
Invitrogen
# 03151

Phosphorylated Tau (AT8) IgG1 mouse monoclonal to tau phospo-Serine 202 and phospho-
Threonine 205

1:1000
(1:50)

Invitrogen
# MN1020

Truncated Tau (TauC3) IgG1 mouse monoclonal to truncated tau at 421/422 residues 1:1000
(1:50)

ThermoFisher
# AHB0061

Truncated Tau (MN423) IgG1 mouse monoclonal to truncated tau at
glutamic acid 391

1:5000 Gift from L. Binder

Choline Acetyltransferase
(ChAT)

IgG goat polyclonal to human placental choline acetyltransferase 1:800
(1:50)

Millipore
#AB144P

Tyrosine Hydroxylase (TH) IgG rabbit polyclonal to tyrosine hydroxylase 1:1000 Invitrogen
#OPA1-04050

Neurofilament (SMI-34) IgG1 mouse monoclonal to phosphorylated neurofilament H 1:1000 BioLegend
#8535503

Sirtuin 6 IgG rabbit polyclonal to amino acids 330-348 of human Sirt6 1:5000 Sigma
#S4197
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incubated in an avidin/biotin blocking kit (Vector Labora-
tories) and any remaining peroxidase activity was quenched 
with a solution containing 3% H2O2 for 30 min at RT. Block-
ing buffer was reapplied for 1 h at RT and incubated in the 
second primary antibody (Aβ42 or 6E10) overnight at RT, 
followed by the appropriate biotinylated secondary antibody 
(1:200 in dilution buffer; Vector Labs) for 1 h at RT. The 
following day sections were incubated in ABC solution as 
described above. Sections were processed with the Vector 
SG Substrate Kit (blue reaction product, Vector Laborato-
ries) according to the manufacturer’s protocol. This dual 
staining resulted in an easily identifiable two-colored profile: 
brown for ChAT, TH, MC1, and SMI-34 positive profiles 
and dark blue/black for Aβ42 and APP/Aβ positive plaques. 
Slides were air-dried, dehydrated, cleared in xylenes, and 
cover-slipped. Omission of primary antibodies resulted in 
no detectable immunostaining (not shown).

Immunofluorescence

Free-floating sections were triple labeled with pS422 (1:50), 
AT8 (1:50) and Alz50 (1:50), or pS422, and Alz50 and 
TauC3 (1:50) antibodies [103]. Immunoglobulin class IgG 
and IgM antibodies were employed to detect TauC3, AT8, 
and Alz50, respectively, allowing TauC3 or AT8 to be distin-
guished from Alz50. Tissue was singly incubated overnight 
for AT8 or TauC3 followed by pS422 and Alz50 at RT. The 
appropriate secondary antibody was applied in the follow-
ing sequence: first, Cy5-conjugated donkey anti-mouse IgG 
for AT8 or TauC3 (1:200, Jackson Immuno-research, West 
Grove, PA); second, Cy3-donkey anti-rabbit IgG for pS422 
(1:400, Jackson Immuno-research), and thirdly, Cy2-don-
key anti-mouse IgM for Alz50 (1:200, Jackson Immuno-
Research). Auto-fluorescence was blocked with Auto-fluo-
rescence Eliminator Reagent (Millipore, Burlington, MA) 
according to the manufacturer’s instructions. Sections were 
mounted to charged slides, air-dried, and cover-slipped with 
aqueous mounting media (Thermo Scientific). Fluorescence 
was visualized and photographed with an LSM 710 Zeiss 
confocal microscope (Zeiss, Germany) equipped with Zen 
2009 software using excitation lasers at wavelength 488, 
560, and 633 nm to see Cy2 (emission green), Cy3 (emission 
red; pseudocolored blue), and Cy5 (emission infrared; pseu-
docolored red) fluorochromes, respectively. To determine the 
chemical phenotype of striatal NFTs, sections were double 
immunolabeled for ChAT (1:50) and AT8 (1:50) using sec-
ondary antibodies Cy3-donkey anti-goat and Cy2-donkey 
anti-mouse IgGs [103], respectively. For comparison, stri-
atal sections from a non-cognitively impaired (71-year-old 
female) and a severe AD (76-year-old female) case were pro-
cessed as described above. Dual immunofluorescence was 
visualized with the aid of a Revolve Fluorescent Microscope 
(Echo laboratories, San Diego, CA) with excitation filters at 

wavelengths 489 and 555 nm for Cy2 and Cy3, respectively 
[75].

X‑34 and 6‑CN‑PiB histofluorescence

X-34 and 6-CN-PiB histofluorescence was used to assess 
amyloid burden in the FC and striatum [105]. Sections were 
mounted to charged slides, air-dried, and rinsed in potassium 
phosphate buffered saline (KPBS, 0.076% NaCl, 0.0152% 
K2HPO4, and 0.002% KH2PO4, pH 7.4). To reduce auto-
fluorescence prior to X-34 and 6-CN-PiB staining, sections 
were incubated sequentially in 0.25% KMnO4 for 20 min, 
twice in KPBS for 2 min, in 1% potassium meta-bisulfite and 
oxalic acid for 5 min and twice in KPBS for 2 min. Sections 
were rinsed in KPBS, incubated in 100 µM X-34 for 10 min, 
dipped in tap water, and incubated in 0.2% NaOH made with 
80% EtOH [49] or incubated in 10 µM 6-CN-PiB for 45 min, 
dipped three times in KPBS followed by a 1-min differen-
tiation in KPBS [50]. Subsequently, sections were rinsed in 
running tap water for 10 min and cover-slipped with Fluoro-
mount (Electron Microscopy Services, Hatfield, PA). X-34 
was visualized using an ultraviolet filter and 6-CN-PiB was 
visualized using a hydroxycoumarin filter (Chroma, Bellows 
Falls, VT) using an Olympus BX3 microscope with epifluo-
rescence. X-34 is a highly fluorescent derivative of Congo 
red, which detects the full spectrum of amyloid deposits: 
neuritic and diffuse plaques and cerebrovascular amyloid, as 
well as neurofibrillary pathology [49, 126], while 6-CN-PiB 
is a highly fluorescent derivative of Pittsburgh Compound-B, 
which reveals only amyloid deposits [50].

Amyloid plaque load and number

Relative numbers and load of 6E10 and MOAB2 immunore-
active (-ir) plaques were evaluated in two FC sections (five 
fields per section) at 10× magnification covering an area of 
1.10 mm2/field [104]. Three caudate and five putamen fields 
per section were analyzed with a 20× objective covering an 
area of 0.20 mm2/per field in two striatal sections. Plaque 
load was determined as percentage area per cortical and stri-
atal field by an investigator blinded to clinical diagnosis, 
and means were calculated per section. Quantification was 
performed with the aid of a Nikon Eclipse microscope cou-
pled with NIS-Elements Imaging software (Nikon, Japan).

NFT and neuropil thread (NT) quantitation

Since MC1, Alz50, pS422, TauC3, and AT8-ir tau profiles 
were consistently observed in FC layers V and VI, which are 
prone to NFTs [7, 10, 47], the relative numbers of NFTs and 
NTs positive for these tau markers were evaluated in the FC 
and striatum. Since MN423-positive tau profiles were incon-
sistently observed in FC layers V and VI, we also counted 
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layer III MN423 NFTs. MN423 profiles were absent in the 
striatum. For each tau marker, NFTs and NTs within the FC 
were counted in at least two sections within four fields per 
section using a 20× and 40× objective covering an area of 
0.14 and 0.03 mm2 per field, respectively. Due to the limited 
number of striatal tau positive NTs, only NFTs were counted 
in two sections containing the caudate and putamen within 
three-to-five random fields per section, respectively, using 
a 10× objective covering an area of 1.10 mm2 per field. An 
investigator blinded to clinical diagnosis performed counts 
and data were presented as mean counts per section.

NFT immunofluorescence counts

Semiquantitative counts of FC sections following triple 
immunofluorescent straining for AT8, pS422, and Alz50 or 
TauC3, pS422, and Alz50-positive NFTs in layer V and VI 
were performed in ten fields in a single section, using a 20× 
objective covering an area per field of 0.10 mm2 using a 
Revolve microscope (Echo Laboratories, San Diego, CA) 
coupled with appropriate fluorescent filters by an investiga-
tor blinded to clinical diagnosis. Mean counts were calcu-
lated per section.

Statistical analysis for morphometric analyses

Data derived from counts, demographic, and clinical charac-
teristics between groups were evaluated using Mann–Whit-
ney, Kruskal–Wallis, Fisher’s test, Wilcoxon signed-rank, 
and Friedman repeated-measures test followed by Tukey, 
Conover–Inman, and Dunn’s post hoc test for multiple com-
parisons as appropriate. Spearman rank sum test was used 
to evaluate linear associations among the variables (Sigma 
Plot 14, Systat Software, San Jose, CA). False discovery 
rate (FDR) was used to correct for multiple comparisons 
among the correlations. Statistical significance was set at 
0.05 (two-tailed) and measurements were graphically rep-
resented using Sigma Plot 14.0 software (Systat Software).

Single‑population expression profiling

Individual immunolabeled pS422 layer V and VI FC neu-
rons (a total of 60 neurons per case pooled/per assay) from 
DSD − (n = 5) and DSD + (n = 10) cases were accrued 
by LCM (PALM MicroBeam C IP, Carl Zeiss Micro-
Imaging Inc, Thornwood, NY). mRNA amplification 
was performed using terminal continuation (TC) RNA 
amplification, which preserves the original quantitative 
relationships among the transcripts [2, 12, 24, 31]. Micro-
dissected FC neurons were homogenized in Trizol solution 
(ThermoFisher Scientific), and RNAs were reverse tran-
scribed in the presence of the poly d (T) primer (100 ng/
ml) and TC primer (100 ng/ml) in 1× first strand buffer 

(ThermoFisher Scientific), 500 uM dNTPs, 5 mM DTT, 
20 U of SuperRNase Inhibitor (ThermoFisher Scien-
tific), and 200 U of reverse transcriptase (ThermoFisher 
Scientific). Single-stranded cDNAs were digested with 
RNase H and re-annealed with the primers in a thermal 
cycler: RNase H digestion step at 37 °C, 30 min; dena-
turation step 95 °C, 3 min; primer reannealing step 60 °C, 
5 min. This step generated cDNAs with double-stranded 
regions at the primer interface. Samples were then puri-
fied by column filtration (Montage PCR filters; Millipore, 
Billerica, MA). RNA hybridization probes were synthe-
sized by in vitro transcription with the use of 33P incor-
poration in 40 mmol/L Tris (pH 7.5); 6 mmol/L MgCl2; 
10 mmol/L NaCl; 2 mmol/L spermidine; 2.5 mmol/L DTT; 
125 μmol/L ATP, GTP, and CTP; 2.5 μmol/L cold UTP; 20 
U of RNase inhibitor; 2 kU of T7 RNA polymerase (Illu-
mina, San Diego, CA); 60 μCi of 33P-UTP (PerkinElmer, 
Waltham, MA). The labeling reaction was performed at 
37 °C for 4 h. Radiolabeled terminal continuation RNA 
probes were hybridized to custom-designed microarrays 
without further purification. Arrays were run in triplicate 
for each case.

Custom‑designed microarray platforms and data 
analysis

Platforms consist of 1 μg of linearized cDNA purified from 
plasmid preparations adhered to high-density nitrocellulose 
(Hybond XL, GE Healthcare, Piscataway, NJ) [24, 31, 34, 
95]. cDNA was verified by sequence analysis and restric-
tion digestion. Approximately 864 cDNAs comprised the 
custom array platform. Arrays were hybridized for 24 h in 
a solution consisting of 6× saline-sodium phosphate-eth-
ylenediaminetetraacetic acid (SSPE), 5× Denhardt’s solu-
tion, 50% formamide, 0.1% sodium dodecyl sulfate (SDS), 
and denatured salmon sperm DNA (200 μg/ml) at 42 °C 
in a rotisserie oven. Following the hybridization protocol, 
arrays were washed sequentially in 2× SSC/0.1% SDS, 1× 
SSC/0.1% SDS and 0.5× SSC/0.1% SDS for 15 min each at 
37 °C. Arrays were placed in a phosphor screen for 24 h and 
developed on a phosphor imager (Storm 840, GE Healthcare, 
Piscataway, NJ).

Hybridization signal intensity was determined utilizing 
ImageQuant software (GE Healthcare). Briefly, each array 
was compared to negative control arrays utilizing the respec-
tive protocols without any starting RNA. Expression of TC 
amplified RNA bound to each target minus background was 
then expressed as a ratio of the total hybridization signal 
intensity of the array (a global normalization approach). 
Global normalization effectively minimizes variation due to 
differences in the specific activity of the synthesized probe 
and the absolute quantity of probe [32].
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Relative changes in total hybridization signal intensity 
and individual mRNAs between groups were analyzed using 
the Mann–Whitney Rank sum test. Adjustment for multiple 
comparisons was applied within each group of genes using 
false discovery rates. Expression levels were analyzed and 
clustered using bioinformatic and graphic software pack-
ages (GeneLinker Gold, Improved Outcomes Inc., Kingston, 
ON). Level of statistical significance was set at p ≤ 0.05.

Results

Demographics

There was no difference in gender, age at death, postmortem 
interval (PMI), brain weight, or APOE e4 carrier status when 
comparing DSD + and DSD − (p > 0.05) (Table 3). Braak 
NFT scores were significantly higher in DSD + cases com-
pared to DSD − cases (p < 0.001) (Table 3). All DSD + cases 
had a Braak score of VI, while 4/5 DSD − cases had a Braak 
score of V (Tables 1 and 3). Fifty percent of UCI ADRC 
cases showed a moderate IQ, 40% a mild and 10% showed 
a severe premorbid IQ. These data were not available for 
RADC cases (see Tables 1 and 3).

Cortical and striatal plaque load and numbers 
in DSD − and DSD+

FC and striatal plaque load and number were determined 
in DSD + and DSD − sections immunolabeled with 6E10 
and MOAB2 antibodies (Fig. 1). Histofluorescence com-
pounds X-34 and 6-CN-PiB were also used to determine 
amyloid load (Fig. 2). FC plaques appeared round with well-
defined borders (Figs. 1a–d and 2a–d), while striatal plaques 

were diffuse and lacked well-defined limits (Figs. 1e–l and 
2e–h). 

FC immunohistochemical and histofluorescent positive 
Aβ plaques were detected in all cases. Statistical analyses 

Table 3   Summary of 
the demographics and 
neuropathology of DS cases

1 DSD- and 1DSD + subjects do not have Braak scores
2 DSD- and 1 DSD + subjects do not have brain weight
*Mean ± standard deviation
a Mann–Whitney rank sum test
b Fisher’s exact test

DSD-
(n = 6)

DSD+
(n = 12)

p value Group-wise
comparisons

Age (years)
[range]

47.80 ± 6.30*
[42, 60]

51.40 ± 5.20
[45, 59]

0.24a –

Male/female 1/5 5/7 0.60b –
PMI (h)
[range]

9.00 ± 6.00
[18.50, 3.00]

5.90 ± 5.10
[20.00, 2.20]

0.18a –

Brain weight (g)
[range]

1074.75 ± 37.70
[1116, 1030]

957.10 ± 133.30
[1224, 740]

0.06a –

APOE e4 (n) 2 1 0.25b –
Braak Scores (n) III (1), V (4) VI (11) 0.001a DSD − < DSD +

Frontal Cortex
DSD- DSD+APP/Aβ Aβ

a b c d

DSD+

e f

j

DSD-

Caudate

Putamen
g h

i k l

Fig. 1   Photomicrographs showing frontal cortex (FC) APP/Aβ 
(6E10) (a, b) and Aβ (MOAB2) (c, d) immunoreactive (-ir) plaques 
in 46-year-old male non-demented (a, c) and 46-year-old male 
demented (b, d) subjects with DS. Note the rounded shape of the 
plaques in both cases. Photomicrographs of APP/Aβ (6E10) (e, f, i, 
j) and Aβ (MOAB2)-ir (g, h, k, l) plaques in the caudate (e–h) and 
in the putamen (i–l) in a 47-year-old female non-demented and a 
46-year-old male demented individual with DS. Note the “amor-
phous” shape of the APP/Aβ and Aβ-ir plaques in both cases and the 
greater abundance of APP/Aβ-ir (e, i) compared to Aβ-ir plaques (g, 
k) in the caudate and putamen of the non-demented individual with 
DS. 50 µm scale bar in d and l applies to a–c and e–h, i–k, respec-
tively
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revealed no significant differences in cortical APP/Aβ, 
Aβ, X-34 and 6-CN-PiB plaque loads between DS groups 
(Online Resource 1a, b, Mann–Whitney rank sum test, APP/
Aβ p = 0.30, Aβ p = 0.50, X-34 p = 0.14, 6-CN-PiB p = 0.30). 
In addition, APP/Aβ and Aβ-ir plaque numbers were sta-
tistically comparable between groups (Online Resource 
1c, Mann–Whitney rank sum test: APP/Aβ p = 0.74, Aβ 
p = 0.55). By contrast, cortical APP/Aβ and X-34 plaque 
load was significantly higher than Aβ (Online Resource 
1a, Mann–Whitney rank sum test, p = 0.031) and 6-CN-
PiB (Online Resource 1c, Mann–Whitney rank sum test, 
p = 0.004) plaque load, respectively, in DSD + , while corti-
cal APP/Aβ and Aβ plaque numbers were similar in both 
groups (Online Resource 1c, DSD-, Mann–Whitney rank 

sum test, p = 0.11 and DSD + , Mann–Whitney rank sum 
test, p = 0.50).

Striatal APP/Aβ, Aβ, X-34, and 6-CN-PiB-positive 
plaques were observed in all cases (Figs. 1 and 2) with 
the exception of DSD + case 15 (see Table 1), where Aβ-ir 
plaques were not detected. Statistical analyses revealed 
no significant differences in caudate or putamen APP/Aβ, 
Aβ, X-34 and 6-CN-PiB plaque load and APP/Aβ, Aβ 
plaque numbers between DSD + (n = 4) and DSD − (n = 4) 
groups (Online Resource 2, Mann–Whitney rank sum test, 
p > 0.05). However, while caudate and putamen APP/Aβ 
and X-34 load displayed higher mean values than Aβ and 
6-CN-PiB in DSD- compared to DSD + (Online Resource 
2a, b), only APP/Aβ plaque number in the striatum was 
significantly increased compared to Aβ plaque number in 
DSD − (Fig. 1e–l and Online Resource 2c, Mann–Whitney 
rank sum test, p < 0.029), but not in DSD + .

FC and striatal X‑34, and 6‑CN‑PiB profiles in DSD‑ 
and DSD+

X-34, and 6-CN-PiB staining, which reveal β-pleated sheet 
structures, was performed to establish the extent of fibrillar 
Aβ (conformational state) deposits in FC and striatum in 
both DS groups (Fig. 2). FC plaques were strongly reactive 
with the pan-amyloid X-34 and fibrillar Aβ selective 6-CN-
PiB markers in both DS groups (Fig. 2a–d), while weaker 
reactivity was observed for plaques stained within either 
marker  in the striatum (Fig. 2e–f). Many cortical X-34 
and 6-CN-PiB positive plaques displayed a stronger central 
than peripheral reactivity (Fig. 2a–d), consistent with classic 
cored plaques. In addition, X-34 revealed NFTs and NTs in 
the FC (Fig. 2a, b), but not in the striatum (Fig. 2e, f), in both 
DS groups, indicating that at the age range examined the 
majority of FC plaques consisted of dense fibrillar deposits 
with a β-pleated sheet conformation, a feature of neuritic/
compact plaques, whereas less fibrillar Aβ was seen in dif-
fuse plaques, the main striatal plaque component.

Dystrophic neurites surround cortical 
but not striatal plaques in DSD − and DSD+

To evaluate whether FC and striatal plaques were associated 
with dystrophic neurites, sections were double labeled with 
6E10 or Aβ42 antibodies and SMI-34, MC1, ChAT, or TH. 
Cortical MC1-positive dystrophic neurites were observed 
in all cases examined and virtually all FC plaques displayed 
numerous swollen MC1 and SMI-34 positive dystrophic 
neurites in both DS groups (Fig. 3a–h). In addition, MC1 
and SMI-34-ir NFT and NT profiles were observed in FC 
in both DSD − and DSD + cases (Fig. 3a, d, f). By contrast 
MC1, SMI-34, ChAT, and TH-ir dystrophic neurites and 
NTs were not detected in the striatum in either DS group 

DSD- DSD+

6-CN-PiB

X-34

X-34

6-CN-PiB

a b

c d

e f

g h

FC FC

Str Str

Str Str

FC FC

Fig. 2   Photomicrographs of frontal cortex X-34 (a, b) positive 
plaques (unfilled white arrows) and NFTs (filled white arrows) and 
6-CN-PiB (c, d) positive plaques (unfilled white arrows) in a 44-year-
old female non-demented (a, c) and a 59-year-old female demented 
(b, d) subject with DS. Note the intense fluorescence for both dyes 
(unfilled arrows) in the center of the plaques (dotted circles), char-
acteristic of classic cored/neuritic plaques. Images showing X-34 (e, 
f) and 6-CN-PiB (g, h)-positive plaques in the caudate of a 46-year-
old male non-demented and a 59-year-old female demented DS case. 
Note the diffuse, less intense pattern of X-34 and 6-CN-PiB histofluo-
rescence and the lack of a center core compared to FC plaques (a–d). 
Abbreviations: FC, frontal cortex, Str, striatum. 50 µm scale bar in d 
and h  applies to a-c and e-g, respectively
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(Fig. 3i–l). ChAT-ir neurons adjacent to Aβ42 plaques in 
the striatum did not show abnormal morphological features 
(Fig. 3k).

Cortical and striatal NFTs and NTs counts in DSD‑ 
and DSD+

To determine whether changes in posttranslational tau 
epitopes differ in the FC and striatum between DS groups, 
NFT and NT counts were performed. FC layer V and VI 
glutamatergic neurons, which are susceptible to NFT 
pathology, were evaluated [11, 47]. Sections from both 

Frontal Cortex Striatum
DSD-

DSD+

DSD+

MC1/Aβ42

MC1/Aβ42

SMI-34/Aβ42

a

b

c

d e

f

g

h

TH/APP/Aβ DSD+

MC1/Aβ42 DSD-

i

ChAT/Aβ42DSD+

SMI-34/Aβ42DSD+

j

k

l

Fig. 3   Photomicrographs of dual-labeled frontal cortex sections 
showing dystrophic neurites displaying immunoreactivity for the 
tau conformational epitope MC1 (brown) intermingled within 
Aβ42-ir plaques (blue) in a 47-year-old female non-demented (a) 
and a 46-year-old male demented (d) individual with DS. Note the 
presence of numerous MC1-ir NTs (small arrows) in the demented 
compared to non-demented DS case. b, c and e, High-power images 
of plaques (large arrows in a and d) displaying dystrophic neurites. 
Images of frontal cortex showing Aβ42-ir plaques (blue) surrounded 
by dystrophic neurites positive for the phosphorylated neurofilament 
H marker SMI-34 (dark brown) in a 46-year-old male demented per-
son with DS (f). g and h, High-power images showing the bulbous 
nature of the dystrophic neurites within Aβ42-ir plaques shown in f 
(arrows). Photomicrographs of the putamen showing Aβ42-ir plaques 
(dark blue) and neuropil lacking MC1-ir dystrophic neurites (brown) 
in a 47-year-old female non-demented individual with DS (i). Inset 
shows high-power image of Aβ42-ir plaque from i (arrow). j, Image 
of a dual-labeled caudate section demonstrating the absence of 
SMI-34-ir (dark brown) dystrophic neurites within Aβ42-ir plaques 
(blue) in a 46-year-old male demented subject with DS. Inset show 
an apparent intact SMI-34-ir fibers (arrow) in close proximity to an 
Aβ42-ir plaque (j). k and l Images showing Aβ42-ir plaques (dark 
blue) and ChAT-ir neurons (brown) (k) as well as APP/Aβ-ir plaques 
(blue) and TH-ir fibers (brown) (l) in the putamen of a 46-year-old 
male demented subject with DS. Note the lack of ChAT-ir (k) and 
TH-ir (l) dystrophic neurites within plaques. Insets in k and l images 
show the absence of morphological alterations in a ChAT-positive 
interneuron adjacent to an Aβ42-ir plaque as well as TH-ir fibers 
neighboring an APP/Aβ-ir plaque indicated (arrows), respectively. 
Scale bars in a, d, f, and i–l = 50 µm and c, e, g, h and insets = 10 µm

pS422

AT8

Alz50

MC1

DSD- DSD+

TauC3

a b

c d

e f

g h

i j

Fig. 4   Photomicrographs showing frontal cortex Alz50 (a, b), MC1 
(c, d), pS422 (e, f), AT8 (g, h), and TauC3 (i, j)-ir NFTs and NTs in 
layers V and VI in a 47-year-old female non-demented and a 46-year-
old male demented cases with DS. Boxed insets show high-power 
images of NFTs. Note that all posttranslational Alz50, MC1, pS422, 
AT8, and TauC3 tau epitopes positive profiles were observed in the 
frontal cortex in both demented and non-demented cases with DS. 
pS422-stained section was counterstained with crystal violet (blue) in 
panels e and f. 50 µm scale bar in panel j also applies images a–i. The 
10 µm scale bar in the j inset applies to all insets
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regions were processed using tau antibodies pS422, AT8, 
Alz50, MC1, TauC3, and MN423. In FC, pS422, AT8, 
Alz50, MC1, and TauC3 positive tau profiles (NFTs and 
NTs) were observed in layers V and VI in all DSD- and 
DSD + cases (Fig. 4), except DS case five, which had rare 
NTs and lacked NFTs (see Table 1). Visual assessment of 
various tau epitopes revealed that pS422 and the late trun-
cated TauC3 NFTs and NTs were more abundant compared 
to conformational Alz50 or MC1 profiles in cortical layers 
V and VI in both DS groups (Fig. 4, Table 4). However, 
statistical analyses only revealed differences in pS422 and 
TauC3 compared to Alz50-positive NFT profile densities in 
the FC of the DSD + group (Fig. 5a, Kruskal–Wallis rank 
sum test, p < 0.001). In addition, pS422 positive NT num-
bers were significantly higher than MC1- and Alz50-ir NT 
profiles (Fig. 5b, Kruskal–Wallis rank sum test, p < 0.001), 
and the number of AT8-ir NTs was greater than MC1-
ir NTs in DSD + , but not in the DSD − group (Fig. 5b, 
Kruskal–Wallis rank sum test, p < 0.05). Furthermore, NFT 
counts showed that only the number of FC AT8-ir NFTs 
and NTs was significantly higher in DSD + compared to 
DSD − (Table 4 and Fig. 5a, b, Mann–Whitney Rank Sum 
test, p < 0.05). By contrast, MN423 positive profiles were 
seen in only 2/6 DSD − (33%) compared to 6/8 DSD + (75%) 
cases. MN423-ir profiles were seen mainly in layers II and 
III, with the exception of two female cases with DSD + (59 
and 45 years old) where NFTs were also observed in lay-
ers V and VI (Online Resource 3a, b). Counts of MN423-ir 
NFTs in FC (layers II, III, and Vl) showed a trend towards 
higher numbers in DSD + (Online Resource 3c, Mann–Whit-
ney rank sum test, p = 0.06).  

Striatal pS422, AT8, Alz50, MC1, and TauC3-positive 
NFT profiles were detected in all DSD + cases, whereas 
conformational Alz50 and MC1-positive NFT profiles were 
observed in a subset of DSD − cases (Fig. 6a–t). MN423-ir 
profiles were not detected in the striatum of either DS group 
(Fig. 6u–x). Quantitation of pS422, AT8, Alz50, MC1, and 
TauC3-positive striatal NFTs revealed higher numbers of 
pS422 compared to TauC3-ir NFTs in the putamen com-
pared to caudate (Fig. 7) in DSD − (Fig. 7b, Kruskal–Wallis 
rank sum test, p = 0.030) and DSD + (Fig. 7b, Kruskal–Wal-
lis rank sum test, p = 0.013). However, there were no signifi-
cant differences in pS422, AT8, TauC3, MC1, and Alz50 
positive NFTs in the caudate or putamen between DS 
groups (Table 5 and Fig. 7a, b, Mann–Whitney rank sum 
test, p > 0.05).  

Table 4   Summary of NFT- and NT-positive counts in the frontal cor-
tex by clinical diagnosis

*Mean ± standard error
a Mann–Whitney rank sum test

DSD-
(n = 6)

DSD+
(n = 10)

p valuea Pair-wise
comparisons

NFTs
 Alz50 2.70 ± 1.20* 4.10 ± 0.90 0.40 –
 MC1 6.50 ± 2.60 10.00 ± 1.80 0.30 –
 pS422 10.70 ± 4.30 17.00 ± 2.20 0.30 –
 AT8 4.20 ± 1.40 10.00 ± 1.10 0.03 DSD − < DSD+
 TauC3 10.00 ± 4.20 17.80 ± 2.30 0.10 –

NTs
 Alz50 118.90 ± 17.60 141.10 ± 5.90 0.20 –
 MC1 99.20 ± 30.70 107.00 ± 16.70 1.00 –
 pS422 138.00 ± 40.90 209.00 ± 8.10 0.30 –
 AT8 117.80 ± 29.10 186.00 ± 11.50 0.03 DSD − < DSD+
 TauC3 99.80 ± 37.10 168.80 ± 2.30 0.10 –
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Fig. 5   Histograms showing significant increases in AT8-ir NFTs (a) 
and NTs (b) densities in the frontal cortex of demented compared 
to non-demented subjects with DS (*Mann–Whitney test, p < 0.05). 
Within-group, statistical analysis revealed significantly greater phos-
phorylated pS422-ir and truncated TauC3-ir NFT densities compared 
to Alz50-ir NFT density in the frontal cortex in demented (#Kruskal–
Wallis test, p < 0.001), but not in DS without dementia (a). Frontal 
cortex AT8 and pS422-ir NT numbers were significantly increased 
compared to conformational MC1-ir NTs in demented (#Kruskal–
Wallis test p < 0.05), but not in DS without dementia (b)
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To characterize the phenotype of the cells displaying tau 
pathology in the striatum, sections were double immunola-
beled using antibodies against AT8 and ChAT in DSD −, 
DSD +, as well as tissue from an aged non-cognitively 
impairment (NCI) and sAD subjects (Fig. 8a–i). In the sAD 
case, ChAT-ir striatal neurons appeared small and rounded 
compared to AT8 negative perikarya (Fig. 8d–f). By con-
trast, striatal fusiform-shaped cholinergic neurons (Fig. 8g, 
i) displayed a normal morphology in DSD- and DSD + simi-
lar to that observed in the NCI case (Fig. 8a, c). However, 
striatal cholinergic neurons contained aggregations of tau 
resembling skeins of yarn (Fig. 8h, i), indicating that NFTs 
develop within striatal aspiny cholinergic interneurons in 
both DS groups.

Frontal cortex triple immunofluorescence in DSD‑ 
and DSD + cases

To evaluate the evolution of FC layer V and VI NFTs, sec-
tions were triple immunolabeled with different combina-
tions of tau antibodies: AT8, pS422, Alz50 and TauC3, 
pS422, Alz50. Qualitative examination showed that 

triple-labeled neuron numbers (either AT8 + pS422 + Alz50 
or TauC3 + pS422 + Alz50) were greater in DSD + com-
pared to the DSD − cases (Fig. 9). In addition, the major-
ity of AT8-ir neurons were also pS422 and Alz50 positive. 
However, not all TauC3-bearing neurons contained pS422 
and Alz50 in either DS group (Fig. 9e–h, m–p). Semiquan-
titative analysis revealed significantly greater numbers 
of triple AT8 + pS422 + Alz50 (Fig.  10a, Mann–Whit-
ney rank sum test, p = 0.007), and double pS422 + Alz50 
(Fig. 10a, Mann–Whitney rank sum test, p = 0.03) NFTs 
in DSD + compared to DSD −. Within-group analy-
sis revealed that the number of cortical NFTs containing 
AT8 + pS422 + Alz50 was significantly greater than those 
positive for pS422 + Alz50 in both DS groups (DSD −, 
Fig. 10a, Friedman RMANOVA, p < 0.02; DSD + , Fig. 10a, 
Friedman RMANOVA, p = 0.002), while numbers of NFTs 
containing AT8 + pS422 + Alz50 were higher than those 
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Fig. 6   Photomicrographs showing Alz50 (a–d), MC1 (e–h), pS422 
(i–l), AT8 (m–p), and TauC3 (q–t)-ir profiles in the caudate and/or 
putamen in a 60-year-old female non-demented and in a 46-year-old 
male demented subject with DS. By contrast, MN423-positive pro-
files were lacking in both regions of the striatum in both demented 
and non-demented cases with DS (u–x). Abbreviations: Cd, caudate, 
Pu, putamen. 50 µm scale bar in y applies to all panels
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Fig. 7   Histograms showing no differences in pS422, AT8, TauC3, 
MC1, and Alz50-positive NFT mean numbers either in the a cau-
date or b putamen between the two DS groups (Mann–Whitney rank 
sum test, p > 0.05), while pS422-ir NFTs numbers were significantly 
higher compared to TauC3-ir NFTs in the putamen, but not in the 
caudate, in demented (#Kruskal–Wallis rank sum test, p = 0.013) and 
non-demented (#Kruskal–Wallis rank sum test, p = 0.030) individuals 
with DS
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positive for AT8 + Alz50 (Fig. 10a, Friedman RMANOVA, 
p = 0.007) in DSD +. 

Triple TauC3 + pS422 + Alz50 (Fig. 10b, Mann–Whitney 
rank sum test, p = 0.02) and double labeled TauC3 + pS422 
(Fig.  10b, Mann–Whitney rank sum test, p = 0.004) 
NFTs were significantly greater in DSD + compared to 
DSD-. Within the DSD + group, numbers of NFTs con-
taining TauC3 + pS422 + Alz50 were higher than both 
pS422 + Alz50 (Fig. 10b, Friedman RMANOVA, p < 0.001) 
and TauC3 + Alz50 (Fig.  10b, Friedman RMANOVA, 
p = 0.006) NFTs. Numbers of TauC3 + pS422 positive 
NFT profiles were significantly greater than pS422 + Alz50 
(Fig. 10b, Friedman RMANOVA, p = 0.04) NFT profiles. No 
differences were found between double- and triple-labeled 
NFT numbers in the DSD- group.

Plaque, NFT, and NT correlations

Frontal cortex APP/Aβ and Aβ plaque load (area cover-
age) and number were strongly correlated within and across 
groups (Online Resource 4, r = 0.69–9 p < 0.003). A strong 
relationship between cortical X-34 and 6-CN-PiB was 
also observed (Online Resource 4, r = 0.83, p < 0.001) and 
only X-34 plaque load correlated with TauC3 NFT values 
(Fig. 11a, r = 0.85, p < 0.001, Online Resource 4). Interest-
ingly, APP/Aβ and Aβ plaque load and number were associ-
ated with MC1 but not Alz50 positive NT numbers, across 
groups (Online Resource 4, r = 0.64–0.73, p < 0.01). Striatal 
Aβ plaque load and number strongly correlated with each 
other (Online Resource 5, r = 0.9–1, p < 0.001), but the cor-
relation between APP/Aβ plaque load and APP/Aβ number 
was not significant (Online Resource 5). X-34 and 6-CN-
PiB plaque load in the striatum correlated across DS groups 
(Online Resource 5, r = 0.93–0.98, p < 0.001). Neither histo-
fluorescent amyloid marker correlated with APP/Aβ or Aβ 
plaque load or number. There were no correlations between 
FC or striatal plaque pathology, Braak stage, and age across 
DS groups.

Counts of cortical pS422 NFTs strongly correlated with 
AT8-bearing neurons (Fig. 11b, r = 0.82, p < 0.001, Online 
Resource 4). The number of Alz50-labeled NFTs was cor-
related with MC1 containing neurons (Fig. 11c, r = 0.97, 
p < 0.001, Online Resource 4) across groups, respectively, 
while TauC3 counts showed a weaker relationship with 
pS422 (Fig. 11d, r = 0.68, p = 0.004, Online Resource 4), 
Alz50 (Online Resource 4, r = 0.60, p = 0.01), and MN423 
(r = 0.76, p = 0.001) NFTs. FC AT8-positive NFT counts 
correlated with MN423 NFT with and without removal of 
an outlier (Fig. 11e, r = 0.87, p < 0.001, r = 0.59 p = 0.04, 
respectively) and AT8-positive NT number (Fig.  11f, 
r = 0.85, p < 0.001), while pS422 (r = 0.68, p = 0.003) and 
TauC3 (Online Resource 4, r = 0.55, p = 0.02) positive 
NFTs showed a weak correlation with pS422 and TauC3 

Table 5   Summary of NFT-positive counts in caudate and putamen by 
clinical diagnosis

*Mean ± standard error
a Mann–Whitney rank sum test

DSD-
(n = 4)

DSD+
(n = 4)

p valuea Pair-wise
comparisons

Caudate
 Alz50 0.21 ± 0.12* 0.38 ± 0.12 0.70 –
 MC1 0.09 ± 0.06 0.19 ± 0.03 0.90 –
 pS422 0.50 ± 0.09 0.34 ± 0.11 0.70 –
 AT8 0.50 ± 0.09 0.41 ± 0.13 0.70 –
 TauC3 0.15 ± 0.10 0.12 ± 0.04 0.70 –

Putamen
 Alz50 0.20 ± 0.11 0.34 ± 0.09 0.50 –
 MC1 0.05 ± 0.03 0.13 ± 0.07 0.50 –
 pS422 0.50 ± 0.12 0.49 ± 0.10 1.00 –
 AT8 0.44 ± 0.07 0.41 ± 0.07 0.90 –
 TauC3 0.14 ± 0.12 0.10 ± 0.05 0.70 –

NCIChAT AT8 Merge

a b c

DSD+

sAD

g h i

d e f

Fig. 8   Immunofluorescence showing striatal neurons single labeled 
for ChAT (red) and AT8 (green) and merged (yellow) images from 
a 71-year-old female non-cognitively impaired (a–c), a 76-year-old 
female severe AD (d–f) and a 46-year-old male demented  DS (g–i) 
case. Note that AT8 NFTs within cholinergic neurons (yellow) in the 
AD and in demented case with DS, but not in the non-cognitively 
impaired aged subject. Of particular interest is the globose and 
shrunken appearance of the cholinergic tangle-bearing neuron (white 
arrow, f ) in AD compared to the relative normal morphology despite 
NFT pathology within cholinergic perikarya in a demented subject 
with DS  (i). Abbreviations: NCI, non-cognitive impairment, sAD, 
severe AD. 50 µm scale bar in j applies to all panels
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NT counts, respectively. In addition, pS422 NFT profiles 
were significantly associated with AT8 NT values (r = 0.75, 
p < 0.001) and TauC3 NFTs correlated with pS422 NT 
(r = 0.65, p = 0.006) across groups. MC1, pS422, AT8, and 
TauC3-positive NFTs, but not Alz50, correlated positively 
with Braak stage (r = 0.70, p = 0.02). Alz50, AT8, and 
TauC3-positive NTs correlated positively with Braak stage 
(r = 0.60–0.50, p = 0.01–0.03). There were no correlations 
between FC NFT values and age in either DS group.

AT8 and pS422-positive NFTs correlated with each other 
in the caudate (Online Resource 6a, pS422 vs AT8 r = 0.89, 
p = 0.004) but not in the putamen (Online Resource 6b, 
pS422 vs AT8 r = 0.79, p = 0.01), while Alz50 correlated 
with MC1 positive NFT counts in the putamen (Online 
Resource 6d, Alz50 vs MC1 r = 0.95, p < 0.001), but not in 
the caudate (Online Resource 6c, Alz50 vs MC1 r = 0.80, 
p > 0.005) across groups (Online Resource 5). Interestingly, 
caudate pS422 NFT values displayed a relationship with 
caudate X-34 plaque load (Online Resource 6e, r = 0.95, 

p = 0.004) and 6-CN-PiB (Online Resource 6f, r = 0.90, 
p = 0.002), but no putaminal association was found across 
groups (Online Resource 5).

Frontal cortex expression profiling of pS422 
immunopositive neurons

Custom-designed microarrays were used to compare gene 
expression profiles in FC layers V and VI pS422-ir neurons 
between DSD − and DSD + groups. Quantitative analysis 
revealed 64 transcripts related to amyloid and cytoskeleton/
tau related biology, glutamatergic, cholinergic and mono-
aminergic metabolism, endocytosis, and intracellular signal-
ing, which were significantly altered between the two groups 
(Mann–Whitney rank sum test, p<0.05, Online Resource 
7–10).

Specifically, transcript levels related to AD markers: 
APP/Aβ metabolism -β-secretase (Bace1), γ-secretase com-
ponents nicastrin (Ncstn), presenilin enhancer 2 (Psenen), 

Fig. 9   Confocal immuno-
fluorescence single-labeled 
images showing pS422 (green) 
(a, e, i, m), Alz50 (blue) (b, 
f, j, n), AT8 (red) (c, k) and 
TauC3 (red) (g, o) positive 
profiles and merged images 
(pink) (d, h, l, p) in the frontal 
cortex of a 44-year-old female 
non-demented subject with 
DS (a–h) and a 46-year-old 
demented male with DS 
(i–p). Note many more corti-
cal pS422 + Alz50 + AT8 and 
pS422 + Alz50 + TauC3 positive 
NFTs and NTs (pink) in the 
demented cases with DS (l, p) 
as well as the presence of single 
cortical TauC3-positive NFTs 
(white arrow) in both cases (h, 
p). 50 µm scale bar in p applies 
to all panels

DSD-

DSD-

DSD+

pS422 Alz50

TauC3

AT8 merge

pS422 Alz50 merge

DSD+pS422 Alz50 AT8 merge

pS422 Alz50 TauC3 merge
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anterior pharynx defective 1A subunit (Aph1a), α-secretase 
ADAM10 component (Adam10), and the calcium-binding 
protein calsenilin (Kcnip3), lipoprotein metabolism: very-
low-density lipoprotein receptor (Vldlr), the apolipoprotein 
serum amyloid A4 (Saa4), and the high-density lipoprotein 
(Hdlbp), tau (Mapt5), prion (Prnp), and parkin7 (Park7/Dj1) 
were significantly downregulated only in DSD + (Fig. 12a, 
Online Resource 7). Among AD-related genes (Online 

Resource 7), Mapt5 (r = 0.59, p = 0.02) and Vldlr (r = 0.56, 
p = 0.03) were correlated moderately with APP/Aβ plaque 
load; however, these correlations were not significant after 
adjusting for multiple comparisons (FDR α = 0.003). Aph1a 
(r = − 0.54, p = 0.04), Park7/Dj1 (r = −t0.69, p = 0.005), 
Prnp (r = − 0.57, p = 0.03), and Saa4 (r = − 0.52, p = 0.05) 
were correlated moderately with NTs; however, these corre-
lations were not significant after adjusting for multiple com-
parisons (FDR α = 0.002). No significant correlations were 
found between the AD-related genes and NFT measures.

The glutamatergic-related neurotransmission mark-
ers glutamate receptor 1 (mGluR) 1 (Grm1) and 5 
(Grm5), NMDA receptor subunits 2B (Grin2b) and 2D 
(Grin2d), kainate receptor 2 (Grik2), AMPA receptor 
3 (Gria3), excitatory amino acid transporter 1 (Slc1a3) 
and 3 (Slc1a1), glutamate receptor interacting protein 1 
(Grip1) and 2 (Grip2), and transglutaminase 1 (Tgm1) 
transcript levels were downregulated in DSD + compared 
to the DSD − group (Fig. 12b, Online Resource 8). Plaque 
load and counts, and NFT measures showed no signifi-
cant correlation with any glutamatergic transcripts. AT8 
NT number correlated with Gria3 (r = − 0.59, p = 0.02), 
Grin2b (r = − 0.52, p = 0.05) and Grin2d (r = −0.52, 
p = 0.05), although these correlations were not statisti-
cally significant after adjusting for multiple compari-
sons (FDR α = 0.002). Similarly, expression levels of 
the cholinergic-related neurotransmission markers ace-
tylcholinesterase (Ache), butyrylcholinesterase (Bche), 
muscarinic acetylcholine receptor M2 (Chrm2) and M4 
(Chmr4), cholinergic receptor nicotinic alpha 2 (Chrna2), 
3 (Chrna3), 4(Chrna4), and 7 (Chrna7) subunits, as well 
as the monoaminergic-related neurotransmission α1B 
adrenergic receptor (Adra1b), serotonin receptor 1B 
(Htr1b), 2C (Htr2c), 3A (Htr3a), 7 (Htr7), monoamine 
oxidase A (Maoa) and B (Maob), noradrenaline trans-
porter (Slc6a2), serotonin transporter (Slc6a4), and tyros-
ine hydroxylase (Th) were downregulated in individuals 
with DSD + (Fig. 13a, Online Resource 9). Among the 
monoaminergic genes Slc6a2 expression correlated with 
AT8 NTs (r = − 0.54, p = 0.04), but this correlation was not 
significant after adjusting for multiple comparisons. None 
of the other genes showed significant correlations with 
plaques or NFTs prior to multiple comparison adjustment.

Transcript levels of the autoimmune regulator (Aire) and 
FAM3B protein (Fam3b), both located on chromosome 21, 
the development neocortical-related empty spiracles home-
obox 2 (Emx2) transcript factor and the autophagy protein 
5 (Atg5) were downregulated in DSD + (Fig. 13b, Online 
Resource 10). Cell survival/death markers including the 
death-related tumor necrosis factor receptor (TNF) type-1 
(Tradd), p53 (Tp53), caspase 6 (Casp6), BCL2-associated 
X (Bax), cell cycle cyclin proteins: cyclin B1 (Ccnb1), cyc-
lin D1 (Ccnd1) and cyclin D2 (Ccnd2), G-proteins: (Rgs2), 
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Fig. 10   a Histogram showing significantly greater numbers of triple 
AT8 + pS422 + Alz50 (*Mann–Whitney rank sum test, p = 0.007), 
and double pS422 + Alz50 (*Mann–Whitney rank sum test, p = 0.03) 
positive NFTs in the frontal cortex of demented compared to non-
demented individuals with DS. Cortical AT8 + pS422 + Alz50 
NFT numbers were significantly higher than pS422 + Alz50 NFT 
numbers in non-demented (#Friedman RMANOVA, p < 0.02) and 
demented subjects with DS (#Friedman RMANOVA, p = 0.002), 
while AT8 + pS422 + Alz50-positive NFT numbers were greater 
than AT8 + Alz50 positive NFT number (Friedman RMANOVA, 
p = 0.007) only in demented subjects with DS. b Histogram showing 
a significantly higher number of TauC3 + pS422 + Alz50 (*Mann–
Whitney rank sum test, p = 0.02) and TauC3 + pS422 (*Friedman 
RMANOVA test, p = 0.004) positive NFTs in demented compared 
to non-demented DS. Within-group analysis revealed that the num-
ber of TauC3 + pS422 + Alz50 NFT was greater than pS422 + Alz50 
(#Friedman RMANOVA, p < 0.001) and TauC3 + Alz50 (#Fried-
man RMANOVA, p = 0.006) positive NFTs and TauC3 + pS422-
positive NFTs were significantly higher than pS422 + Alz50 (#Fried-
man RMANOVA, p = 0.04) NFTs in DS with dementia, while no 
differences between triple- and double-labeled NFT numbers were 
observed in non-demented DS
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(Rgs3), (Rgs4), (Rgs9), (Rgs10)-, and adenylate cyclase 1 
(Adcy1) and 6 (Adcy6) transcripts were downregulated in 
DSD + . The proto-oncogene c-fos (Fos), Jun (proto-onco-
gene Jun), protein fosB (Fosb), and the transcript factor 
EB (Tfeb) were also significantly downregulated in DSD- 
(Fig. 13b, Online Resource 10). Conversely, the expres-
sion levels of the epigenetic gene Sirt6 were significantly 
upregulated in DSD + compared to DSD − (Fig. 13b, Online 
Resource 10). Rgs2 expression correlated with APP plaque 
load (r = 0.53, p = 0.04) and counts (r = 0.52, p = 0.05), but 
these correlations were not significant after adjusting for 
multiple comparisons. None of the other genes showed sig-
nificant correlations with NFTs or NTs prior to multiple 
comparison adjustment.

Table 6 shows no significant differences in transcript lev-
els associated with DS pathogenic genes located on chromo-
some 21 including amyloid precursor protein (App), Down 
syndrome critical region 1 (Dscr1), dual-specificity, and 
tyrosine phosphorylation-regulated kinase1A (Dyrk1A), 
as well in other randomly chosen genes non-located on 
chromosome HSA21 including caveolin 2 (Cav2), drebrin 
(Dbn1), doublecourtin (Dcx), apolipoprotein E (Apoe), sir-
tuin 3 (Sirt3), and alpha synuclein (Snca) (Online Resource 
11, Mann Mann–Whitney rank sum test, p > 0.05). Dscr1 
correlated with X-34 plaque load (r = 0.54, p = 0.04), 
while Dyrk1a correlated with APP plaque load (r = − 0.64, 
p = 0.02) and counts (r = − 0.57, p = 0.03). However, these 
correlations were not significant after multiple comparison 
adjustment. None of the other genes showed significant cor-
relations with NFTs or NTs prior to multiple comparison 
adjustment.

Immunohistochemical gene‑array validation

Immunolabeling of the Sirt6 gene product was performed to 
validate our single-cell gene-array findings. We found that 
nuclear SIRT6 immunoreactivity was stronger in cells of 
cortical layers V and VI in DSD + compared to DSD − cases 
(Online Resource 12), confirming the upregulation Sirt6 
observed on the custom-designed array platform in DSD + .

Discussion

Frontal cortex and striatal plaque pathology 
in DSD − and DSD+

Plaque severity was determined by measuring plaque load 
(area) and plaque numbers. Interestingly, differences in 
cortical and striatal APP/Aβ (6E10), Aβ (MOAB2), X-34, 
and 6-CN-PiB positive plaque load as well as APP/Aβ and 
Aβ positive plaque numbers were not detected between  
DSD + and DSD- cases. By contrast, FC APP/Aβ and 

X-34-labeled plaque load was significantly higher com-
pared to Aβ and 6-CN-PiB plaque loads, respectively, but 
not in the striatum in the DSD + group, suggesting that 
APP and non-fibrillar Aβ contribute to a greater degree to 
cortical plaque pathology in DSD +. In addition, the num-
ber of striatal APP/Aβ-positive plaques was significantly 
higher than those reactive for Aβ compared to the FC in 
DSD − cases. In this regard, FC plaques showed intense 
X-34 and 6-CN-PiB fluorescence in DSD + and DSD − and 
displayed features indicative of cored/neuritic plaques 
[121], similar to a previous study showing strong 3H-PiB 
and 6-CN-PiB binding in the FC of adult individuals with 
DS [70], demonstrating the fibrillar nature of Aβ in the 
FC of those with DS. On the other hand, striatal plaques 
showed weak X-34 and 6-CN-PiB fluorescence and lacked 
a central core [121] indicative of more dispersed and less 
densely packed Aβ fibrils, characteristic of diffuse plaques 
[49, 50, 59]. These observation are consistent with autopsy 
[50, 98] and in vivo PET imaging studies using [11C]PiB 
in DS [4, 44, 45, 64–66, 130], familial [61, 62, 85, 109, 
111, 116, 132], and sporadic AD [51, 58, 60, 115]. Swol-
len dystrophic neurites positive for neurofilament and 
MC1 were associated with Aβ42 containing FC plaques, 
but not in the striatum, supporting our observation of neu-
ritic plaques in the former but diffuse in the latter in both 
DSD − and DSD + [47, 77] similar to AD [27]. Further-
more, striatal cholinergic or dopaminergic dystrophic neu-
rites were not found in association with amyloid plaques 
or within the striatal neuropil. It is particularly interest-
ing that striatal cholinergic interneurons contained NFT 
pathology, but their morphology remained similar to that 
seen in the aged cognitively normal case examined. These 
findings question the concept of tau and amyloid toxicity 
[133], at least in the striatum.

The relationship between amyloid pathology and cogni-
tive impairment in DS is unclear. Hartley and colleagues 
[45] did not find an association between high levels of neo-
cortical PiB-amyloid retention in adults with DS with or 
without dementia. By contrast, high plasma Aβ and tau lev-
els were associated with demented individuals with DS [67, 
117, 119], while others showed no differences in plasma 
Aβ levels in adults with DS with or without dementia [56]. 
However, fibrillar Aβ PiB in vivo imaging showed ligand 
retention first in the striatum and then the cortex in DS [4, 
44, 64, 130], similar to what has been reported in familial 
AD (FAD) [61]. In addition, higher PiB retention correlated 
with cognitive decline and dementia in DS [4]. Although 
PET imaging indicates that the early and high striatal amy-
loid pathology seen in DS are reminiscent of that observed 
in FAD [13, 44], higher striatal PiB retention in FAD was 
not associated with cognitive status [132]. The observation 
that striatal PiB binding precedes cortical labeling suggests 
more advanced fibrillar Aβ deposits in people with DS [4, 



428	 Acta Neuropathologica (2019) 137:413–436

1 3

Frontal cortex pS422-ir  NFT mean number

Fr
on

ta
l c

or
te

x 
A

T8
-ir

  N
FT

 m
ea

n 
nu

m
be

r

0

2

4

6

8

10

12

14

16

18

Fr
on

ta
l c

or
te

x 
M

C
1-

ir 
N

FT
 m

ea
n 

nu
m

be
r

0

5

10

15

20

Frontal cortex Alz50-ir NFT mean number

0

5

10

15

20

25

30

Frontal cortex pS422-ir  NFT mean number

Fr
on

ta
l C

or
te

x 
Ta

uC
3-

ir 
N

FT
 m

ea
n 

nu
m

be
r

Frontal cortex AT8-ir NFT mean number

Fr
on

ta
l c

or
te

x 
M

N
42

3-
ir 

N
FT

 m
ea

n 
nu

m
be

r 

-10

0

10

20

30

40

Frontal cortex AT8-ir NFTs  mean number

6 8 10 12 14 160 2 4 0 2 4 6 8 10 12 14 16 18Fr
on

ta
l c

or
te

x 
A

T8
-ir

 N
T 

m
ea

n 
nu

m
be

r 

0

50

100

150

200

250

300

r=0.82, p<0.001

r=0.97 p<0.001 r=0.68 p=0.004

r=0.87 p<0.001 r=0.85 p<0.001

Frontal cortex TauC3-ir NFT mean number 
0 5 10 15 20 25 30 35

0 2 4 6 8 10 0 5 10 15 20 25 30 35

0 5 10 15 20 25 30

Fr
on

ta
l c

or
te

x 
X-

34
 p

la
qu

e 
lo

ad
 m

ea
n 

nu
m

be
r

0

5

10

15

20

25

30

35 r=0.85 p<0.001

a b

c d

e f

DSD-
DSD+



429Acta Neuropathologica (2019) 137:413–436	

1 3

44, 64]. However, plaque pathology was recently reported 
to originate in the neocortex followed by subcortical areas, 
including the striatum in postmortem DS tissue [18]. Further 
investigations comparing PiB imaging with immunohisto-
chemical plaque staining are needed to resolve this discrep-
ancy. Overall, FC and striatal plaque load and number were 
similar between DSD + and DSD − groups, suggesting that 
other aspects of neurodegeneration after 40 years of age, 
such as neuritic dystrophy and/or tau pathology, play a 
more critical role in the onset of dementia in adults with 
DS. Alternatively, the early onset of Aβ accumulation prior 
to NFT formation suggests a dual-hit scenario.

Frontal cortex and striatal tangle pathology in DSD‑ 
and DSD+

AT8 was the only posttranscriptional epitope showing differ-
ences between DS groups. In this regard, FC AT8 positive 
NFT and NT counts were significantly higher in DSD + com-
pared to DSD-. In FC, AT8 co-localized with Alz50, pS422, 
and TauC3 in NFT and the number of AT8-ir NFTs cor-
related with pS422 and MN423-ir NFTs. Unlike pS422, 
which marks phosphorylation at the C-terminal domain 
[125], AT8 detects phosphorylated amino acids in the mid-
dle, proline-rich region of the tau epitope [38] and is asso-
ciated with a more severe stage of AD [1]. We also found 
that AT8 and pS422 positive NTs were higher than those 
displaying tau conformational changes in DSD + , suggest-
ing that phosphorylated tau epitopes are an early pathogenic 
events associated with cognitive deficits in DS similar to 
AD [104, 131]. Since tau is involved in the regulation of 
motor proteins that play a key role in cellular cargo trans-
port, accumulations of tau in neuronal processes have been 
related to axonal transport deficits [57] in the early stages of 
abnormal tau formation [133], resulting in synaptic loss and 
cognitive impairment in DS. In fact, pS422 immunoreactiv-
ity in cholinergic neurons in the nucleus basalis of Meynert 
was correlated with cognitive decline in AD progression 
[131]. pS422, which co-localizes with oligomeric tau [102, 
129, 133], inhibits anterograde and retrograde fast axonal 
transport in AD [129]. Therefore, the larger number of FC 
phosphorylated NTs in DSD +  suggests that phosphoryla-
tion of tau contributes to axonal transport deficits in DSD +.

Surprisingly, the majority of pS422 immunoreactivity 
reported here was associated with fibrillar tau in the FC and 
striatum in both DS groups indicating an advanced stage of 
tau aggregation. In addition, higher numbers of FC pS422 
NFTs containing Alz50/AT8, and Alz50/TauC3 epitopes 
were observed in DSD + than in DSD-, most likely reflecting 
a more widespread cortical tau pathology in DSD + , where 
phosphorylated tau co-localized with conformational and 
late truncated tau events to a greater degree. Remarkably, 
in vivo and in vitro studies suggest that tau phosphoryla-
tion at Serine422 prevents truncation at the C-terminal by 
caspase 3 [22, 40, 113] significantly delaying events related 
to the interaction between phospho-Serine422 and trunca-
tion Aspartic421 (D421) in AD [40]. However, we found 
numerous cortical NFT profiles that displayed both TauC3 
and pS422 in DSD + cases, suggesting that these posttransla-
tional events occur close in time, perhaps, associated with an 
upregulation of Down syndrome critical region 1 (DSCR1) 
[23, 123] and tyrosine phosphorylation-regulated kinase1 ( 
DYRK1) [72, 134] protein levels associated with tau phos-
phorylation in DS. The greater number of NFTs displaying 
Serine422 in FC and striatum suggests that phosphorylation 
of tau at this site is an early event in tau pathogenesis in 
DS [19, 21, 48]. In fact, blood levels of exosomal phos-
phorylated Serine396 tau were reported to be significantly 
higher in DSD+ compared to those  DSD- [43] reflecting 
widespread tau phosphorylation in the brain of DSD + . The 
density of TauC3 positive NFT profiles was significantly 
higher than conformational Alz50 containing tangles within 
the FC in DSD + cases. The TauC3 epitope is associated 
with a more mature NFTs, detecting cleavage of tau at the 
Aspartic421 site by the apoptotic enzyme caspase 3, mainly 
in fibrillar tau structures [25, 110] after the appearance of 
tau phosphorylation epitopes [90, 91], and contemporary to 
the conformational Alz50, which herald the appearance of 
filamentous/fibrillar tau in NFTs in AD [41]. By contrast, we 
found lower numbers of Alz50 positive FC NFTs, suggest-
ing a later occurrence than tau truncation. Here, we found 
that cortical numbers of NFTs containing Alz50 + pS422 
and Alz50 + TauC3 epitopes were lower compared to 
AT8 + pS422 + Alz50 and TauC3 + pS422 + Alz50 NFTs in 
DSD- and DSD + , respectively, suggesting that phospho-
rylation and truncation precede conformational tau events in 
DS supporting an alternative model of tangle maturation in 
AD (Mondragon-Rodriguez et al. [90]). By contrast, putami-
nal TauC3 NFT density was significantly lower than pS422, 
but comparable to Alz50 in both DS groups, revealing a 
less advanced stage of NFT maturation, where phospho-
rylation at Serine422 precedes cleavage at D421 and confor-
mational changes detected by Alz50. Interestingly, TauC3 
was reported in soluble misfolded tau “propagation seeds” 
in AD, suggesting a role for truncation at D421 early in the 

Fig. 11   Linear regression graphs showing a strong significant posi-
tive correlation between frontal cortex X-34 plaque load and TauC3 
NFTs values (a, r = 0.85, p < 0.001), cortical pS422 and Alz50 NFT 
counts, and phosphorylated AT8 (b, r = 0.82, p < 0.001), and MC1 (c, 
r = 0.97, p < 0.001) across the groups, while TauC3 counts showed 
a weaker relationship with pS422 (d, r = 0.68, p = 0.004). Cortical 
phosphorylated AT8-positive NFT counts were strongly associated 
with the number of MN423-bearing NFTs (e, r = 0.87, p < 0.001) and 
AT8 (f, r = 0.85, p < 0.001) positive NT numbers

◂
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evolution of NFT pathology in AD [99] that could explain 
the greater number of TauC3 NFTs in DS.

Gene profiling in cortical pS422 tangle‑bearing 
neurons in DSD − and DSD+

Single-population expression profiling of cortical pS422 
tangle-bearing neurons revealed significant alterations in 
64 transcripts examined related to amyloid/tau biology, 
glutamatergic, cholinergic and monoaminergic metabolism, 
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Fig. 12   Histograms showing a downregulation in the mean values of 
relative signal intensity of mRNA transcripts related to (a) APP/Aβ 
metabolism [β-secretase (Bace), γ-secretase (Ncstn, Psenen, Aph1a), 
α-secretase (Adam10) and calsenilin (Kcnip3)], lipoprotein metabo-
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Dj1) and (b) glutamatergic neurotransmission [mGluR1 (Grm1) 
and 5 (mGluR5) (Grm5) receptors, NMDA receptor subunits 2B 
(Grin2b) and 2D (Grin2d), Glutamate receptor ionotropic, kainate 2 
(Grik2), AMPA ionotropic glutamate receptor 3 (Gria3), transport-
ers 1 (Slc1a3) and 3 (Slc1a1), glutamate receptor interacting protein 1 
(Grip1) and 2 (Grip2), and transglutaminase 1 (Tgm1)] derived from 
single frontal cortex pS422 positive NFTs in demented compared 
to non-demented subjects with DS (Mann–Whitney rank sum test, 
p < 0.05)
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Fig. 13   a Histogram showing downregulation of expression levels of 
several cholinergic [acetylcholinesterase (Ache), butyrylcholinesterase 
(Bche), muscarinic receptor M2 (Chrm2), M4 (Chmr4), cholinergic 
receptor nicotinic alpha 2 (Chrna2), 3 (Chrna3), 4  (Chrna4) and 7 
(Chrna7) subunits], and monoaminergic [α1B adrenergic receptor 
(Adra1b), serotonin receptor 1B (Htr1b), 2C (Htr2c), 3A (Htr3a), 
7 (Htr7), monoamine oxidase A (Maoa) and B (Maob), noradrena-
line transporter (Slc6a2), serotonin transporter (Slc6a4) and tyrosine 
hydroxylase (Th)] neurotransmission-related genes in frontal cortex 
pS422 positive NFTs in demented compared to non-demented sub-
jects with DS (Mann–Whitney rank sum test, p < 0.05). b Histogram 
showing downregulation of autoimmune regulator (Aire), FAM3B 
protein (Fam3b), homeobox 2 (Emx2) transcript factor, the autophagy 
protein 5 (Atg5), TNF type-1 (Tradd), protein p53 (Tp53), caspase 
6 (Casp6), BCL2-associated X (Bax), several cyclin proteins [cyc-
lin B1 (Ccnb1), cyclin D1 (Ccnd1) and cyclin D2 (Ccnd2)], G-pro-
teins [(Rgs2), (Rgs3), (Rgs4), (Rgs9), (Rgs10)], adenylate cyclases 
[(Adcy1), (Adcy6)], proto-oncogene c-fos (Fos), Jun (Jun), protein 
fosB (Fosb), and transcript factor EB (Tfeb) mRNAs in frontal cor-
tex pS422-positive NFTs in demented compared to non-demented 
subjects with DS, while transcript expression levels for the Sirt6 gene 
were upregulated in frontal cortex pS422-positive NFTs in demented 
compared to non-demented subjects with DS (Mann–Whitney rank 
sum test, p < 0.05)
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intracellular signaling, and cell homeostasis between 
DSD + and DSD − subjects. Reduction in the APP amylo-
dogenic (e.g., β-secretase and γ-secretase-associated tran-
scripts and non-amylodogenic pathways (e.g., α-secretase) 
in DSD + , while App was unchanged between groups, con-
sistent with previous observations in the adult DS brain and 
fetal fibroblasts [6, 73]. The lack of differential regulation 
in the FC of App in DS is consistent with our observations 
in cholinergic basal forebrain [33, 94], CA1 pyramidal neu-
rons [30, 35] in AD, and pS422-bearing cholinergic neu-
rons in chronic traumatic encephalopathy [95]. We found 
that the expression levels of the cholesterol carrier Apoe, 
which is involved in Aβ production via α-secretase regu-
lation [122], were comparable between DS groups, while 
Apoe gene expression upregulation was seen in the pre-
frontal cortex between DS and controls [73]. Cholesterol-
related genes Vldlr, Hdlbp, and Saa4 were downregulated 
in DSD + , suggesting that low cholesterol neuronal uptake 
might favor an APP non-amyloidogenic pathway that may 
result in APP protein augmentation, which is supported by 
our findings showing an increase in APP plaque burden in 
the FC in DSD + .

Gene profiling of FC layer V and VI neurons indicated 
dysfunction of select genes in other relevant pathways 
including glutamatergic, cholinergic, and monoaminergic 
neurotransmission in DSD + , suggesting that a dysregula-
tion of these systems plays a role in cortical dysfunction in 
demented individuals with DS [20]. Cortical pyramidal 
glutamatergic neuron excitability is modulated via metabo-
tropic muscarinic and ionotropic nicotinic receptors by 
acetylcholine [107], a neurotransmitter synthesized in cho-
linergic basal forebrain neurons within the nucleus basalis 
of Meynert [86, 88], which display deficits in DS [80, 82, 

136]. Gene expression levels of Ache [87], the acetylcholine 
degrading enzyme, were also downregulated in DSD +. In 
addition, transcripts related to monoaminergic and seroton-
ergic receptors, which interact with FC pyramidal neurons 
[3, 89, 114], were also downregulated in DSD +. Noradr-
energic and serotoninergic cortical innervation arises from 
neurons located within the locus coeruleus [55, 101] and 
raphe nuclei [14, 100], respectively, which contain NFTs in 
adults with DS [16, 18, 79, 82], suggesting that alterations in 
extraneuronal cortical projections systems affect FC neuron 
expression in DSD +.

Evidence for dysregulation of genes related to the immune 
system and cell cycle was found in DS. For example, Aire, 
which plays a crucial role in autoimmunity, is diminished 
in the thymus in DS [29] and was downregulated in DSD +. 
Several other immune-related genes were upregulated in DS 
compared to controls [73], supporting immune system defi-
cits in DS patients. We also found a reduction in cell death/
cell cycle/proliferation related genes within cortical NFTs 
in DSD +, which has shown to be upregulated in prefrontal 
cortex brain homogenates of adults with DS compared to 
controls [73]. Moreover, gene and protein levels of the epi-
genetic marker Sirt6, a nuclear deacetylase enzyme involved 
in DNA repair, tumor suppression, and oxidative stress [71, 
74, 120], were increased in DSD + . Taken together, these 
data suggest that genes related to cellular homeostasis are 
dysfunctional in NFT-bearing FC neurons in DSD +.

There are caveats associated with this study that merit 
discussion. For example, there are a limited number of 
postmortem DS cases available, especially clinically well-
characterized DS subjects. In particular, the relatively small 
number of striatal cases evaluated in the present study 
advised for a conservative interpretation of these data. 

Table 6   Example of stable gene transcripts in FC pS422 neurons between DSD − and DSD +

AD Alzheimer’s disease, GLIA glia-associated markers, CYT​ cytoskeletal elements, DS Down syndrome, PP/K protein phosphatases and 
kinases, DV development-related markers, SIRT sirtuin proteins, ns non-significant
*Mean ± standard deviation
**Mann–Whitney with false discovery rate-adjusted p value

Gene abbreviation Group Gene/protein name DSD-
(n = 5)

DSD+
(n = 10)

Comparison**
(p value)

Function

APP AD Amyloid-β precursor protein 0.60 ± 0.10* 0.50 ± 0.07 ns APP/Aβ metabolism
APOE GLIA Apolipoprotein-E 0.49 ± 0.06 0.41 ± 0.05 ns Cholesterol metabolism
CAV2 CYT​ Caveolin 2 2.14 ± 0.60 2.92 ± 0.50 ns Cellular homeostasis
SNCA SYN Alpha synuclein 1.21 ± 0.30 1.24 ± 0.16 ns Synapsis
DSCR1 DS DS critical region protein 1 0.52 ± 0.50 0.05 ± 0.07 ns Cell homeostasis
DYRK1A PP/K Dual-specificity tyrosine phospho-

rylation-regulated kinase1A
1.90 ± 0.30 2.20 ± 0.30 ns Cell proliferation

DBN1 DV Drebrin 1 0.43 ± 0.07 0.35 ± 0.06 ns Synapsis
DCX DV Doublecortin 0.48 ± 0.06 0.41 ± 0.05 ns Cell proliferation
SIRT3 SIRT Sirtuin 3 0.80 ± 0.40 0.60 ± 0.20 ns Gene regulation
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Moreover, inadequate record keeping, profound intellectual 
disability, or lack of proper cognitive testing can be a pit-
fall associated with DS studies. In this regard, only UIC 
and BSHRI cases received extensive premortem cognitive 
testing. For the Rush cases, an individual’s physician and 
interviews with family members determined the diagnosis 
of dementia. The later could lead to an incorrect clinical 
diagnosis. Despite these caveats, we found that the genomic 
and histopathological findings’ was sufficient for an experi-
menter blinded to case antemortem diagnosis to place each 
subject in its appropriate clinical category. These findings 
suggest that combining vulnerable single population genetic 
and neuropathological characteristics could provide a bio-
marker for DSD + . In addition, frozen brain tissue from the 
individuals with DS examined was not available for qPCR 
validation of expression data or determination of RNA integ-
rity. However, we were able to confirm profiling findings for 
Sirt6 using immunocytochemistry of tissue from the same 
cases used for the genetic signature analysis. The lack of 
large numbers of antemortem well-characterized clinical and 
postmortem neuropathological evaluated DS cases supports 
the need to stress brain banking from individuals with DS 
at all ages.

In summary, we found a greater number and more 
advanced NFTs in FC, but not in the striatum in DSD + , 
while Aβ load in both cortical and subcortical regions was 
comparable between groups. The density of cortical NFTs 
and NTs positive for the pretangle marker pS422 and the 
late truncated TauC3 epitopes were upregulated compared 
to conformational tau events in DSD + . Likewise, corti-
cal pretangle bearing FC pS422 neurons exhibited a select 
downregulation of classes of transcripts related to amyloid/
tau biology, glutamatergic, cholinergic, and monoaminergic 
neurotransmission, intracellular signaling, and cell homeo-
stasis in DSD + . The profile of vulnerable FC pyramidal 
layer V and VI neurons between DSD − and DSD + , sug-
gests that these two groups have similarities as well as differ-
ences in neuropathological and gene expression signatures 
that may be used to develop therapeutic interventions that 
arrest cognitive decline in this population that represents a 
unique genetic model of early AD.
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