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Figure 4. Results of FACS sortingand pyrosequencing analyses. NeuN-positive (+) are neuronal and NeuN-negative ( —) are non-neuronal cells. (A) APP, (B) MAPT,
(C) GSK3B. Two-way ANOVA and Bonferroni’s multiple comparison tests revealed statistical significance. *P < 0.05, **P < 0.01,™*P < 0.001.
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Figure 5. Results of TALE DNMT3a construct transfection. Two different constructs coding APP CpGS and one against MAPT Cst were transfected into 293 T
cells, which were theén incubated for 48 h. RNA and DNA were simultaneously extracted and subjected to gPCR and pyrosequencmg (A and B) TALE construct
against 4PP.(C) TALE construct against MAPT. Fold % methylation was calculated as the relative value of methylation comparing the wild-type DNMT3a construct
against the methylation-defective mutant. Average value from three independent experiments are shown (bar = SEM). Insets are gPCR expressmn assay results
(DNMT V777G mutant = 100). *P = 0.001, **P = 0.0020, ***P < 0.0001. (D) Actual methylation measurement value (average and SD) of region of interest
upon transfection of the constructs are shown. *P < 0. 05 versus mt, **P < 0.01 versus mt.
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Since our results are considering relatively low methylation
level differences between AD and NC brains, it could raise the
concern of pathological significance. For this reason, the results
were further analyzed by bisulfite cloning and sequencing of
APP and MAPT in a limited numbers of samples. This revealed
some heavily methylated clones among fully unmethylated
clones in the AD samples (Supplementary Material, Fig. S8),
thus suggesting that a small percentage of abnormally methylated
cells are located among normal cells in AD brains. This result sup-
ports the aggregation propagation hypothesis that proposes aggre-
gation seed formed somewhere in the brain spreads to other areas
(27), that these ‘abnormally’ methylated cells could serve as seed
clones for aggregated protein production. Regional differences
observed in this study that most of the methylation differences
were observed only in the temporal lobe, where AD pathology
usually begins, could also be supportive of the aggregation propa-
gation hypothesis. Our result suggests that there are nearly 2—5%
of abnormally methylated cells in the AD temporal cortex. Those
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Figure 6. Subgroup analysis of the 4PP methylation status in temporal lobe
samples by the presence or absence of APOE &4 (APOE4). Overall significance
was tested by two-way ANOVA and Bonferroni’s multiple comparison tests,
which revealed a statistically significant positive relationship *P < 0.0001
versus NC APOE4—, P = 0.0333 versus AD APOE4+, **P = 0.0015 versus
NC APOE4—, ***P < 0.005 versus NC APOE4—. We analyzed 64 NC
APOE4— 10 NC APOE4+, 27 AD APOE4— and 29 AD APOE4+ cases.

cells overproduce APP and MAPT, which could aggregate locally
and further spread to adjacent areas of the brain where abnormal
seed cells are less abundant. This is further supported by the
data shown in Figure 5D that even increase in <10% methylation
level can associate with expression alteration, which is due to low
transfection and expression efficiency resulting in similar situ-
ation observed in the brain that a few abnormally methylated
cells are present among normal cells.

Several genes are considered risk factors for AD; APOE, espe-
cially the e4 genotype, confers the strongest risk. This has been
shown to affect the disease pathogenesis by impairing AR clear-
ance. Approximately 60% of patients with sporadic AD have this
allele (28); however, possession ofthe &4 allele does not guaran-
tee that an individual will develop AD. Similarly, a significant
portion of patients with AD has £3 alleles, which doés not in-
crease the risk of dementia (29). Thus, it is of great interest to
identify AD risk factors for the APOE e4-negative population.
Our results suggest a potential role of epigenetic alterations in
the disease pathogenesis, especially in the APOE &4-negative
AD population. APOE is a protein related to AR clearance,
while the E4 protein is reported to be less effective at this task
(30); for this reason, it is thought to play a major role in AR ac-
cumulation in APOE &4 cases. Thus, in APOE e4-negative indi-
viduals, it may be increased APP production rather than less
effective APOE that is related to the disease pathogenesis.

AD is the most prevalent neurodegenerative disease among the
elderly and is characterized by the slow progressive decline in
memory and executive function, both of which impair the
patient’s quality of life. As a result of the growing aging popula-
tion in both developed and developing countries, the number of
AD patients will increase dramatically by the year 2050, and the
subsequent impact of this on the world economy will be disastrous
(31). Existing symptomatic treatments do not change the under-
lying disease process or halt symptomatic progression (32). Spor-
adic AD pathogenesis is still unclear, but it is assumed to be
somewhat similar to the FAD disease process. Here, we report a
novel epigenetic alteration that specifically occurs in sporadic
AD patient brains. This result pathomechanistically links FAD
and sporadic AD. We hope this finding improves our
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Figure 7. Structures of CpG islands analyzed in this study. Each vertical bar represents a CpG. Regions translated to mRNAs are shown as ‘exon’, and the first ATG
positions are shown. Detected CpG regions are located below the sequences. (A) APP, (B) MAPT, (C) GSK3B.
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understanding of AD and can lead to better therapies for this de-
bilitating disease.

MATERIALS AND METHODS
Sample preparation and pyrosequencing '

Post-mortem brains were obtained with written consent from
patient families; and frozen at —80°C until use. Fifty NC, AD
and DLB subjects were obtained from Tokyo Metropolitan Geri-
atric Hospital brain bank, 16 NC and 10 AD were from Univer-
sity of Tsukuba and 30 NC and 2 AD were from the University of
Tokyo. The research was approved by the ethics committee of
the University, of Tokyo (#2183-6). Unless otherwise noted,
gray matter from the inferior temporal lobe, the superior parietal
lobe and the cerebellum were excised, and DNA was extracted
using the DNeasy Blood and tissue kit (Qiagen, Hilden,
Germany), as according to the manufacturer’s protocol. After
extraction, DNA -concentration was measured using a Qubit
dsDNA BR assay kit (Invitrogen, Carlsbad, CA, USA). Next,

500 ng genomic DNA was subjected to the Epitect Bisulfite -

Kit (Qiagen) and eluted with 40 wl buffer. Next, 0.5 pl of the
post-bisulfite reaction eluate was amplified via polymerase
chain reaction (PCR) with a Pyromark PCR Kit (Qiagen), sub-
jected to pyrosequencing with a Pyromark Q24 analyzer
(Qiagen), and the result was analyzed with the Pyromark Q24
software (Qiagen). The list of PCR primers, sequencing
primers and analysis settings are shown in Supplementary Ma-

terial, Table S1. Primer sets for pyrosequencing were designed .

by the Pyromark Assay Design 2.0 software (Qiagen). EpiTect
PCR Control DNA set (Qiagen) was used for primer calibration.

Statistical analyses

Statistical analyses were performed using the Graphpad Prism
software (Graphpad Software, La Jolla, CA, USA). Statistical
significance was tested by f-test and two-way ANOVA with
Bonferroni’s multiple comparison tests. Correlation analysis
was tested by Pearson product-moment correlation coefficient
analysis.

Neuropathological diagnosis

According to established criteria by Braak and McKeith
(33-35), trained neuropathologists made diagnosis of AD,
DLB or NC using hematoxylin—eosin, Nissl and silver staining,
as well -as immunostainings. Diagnosis of AD was based on
Braak stage >3 and amyloid stage >B. DLB samples were at
Lewy body score >4, Braak stage <3 and amyloid stage <B.

CpG island detection

CpG islands were detected using the CpG island searcher
software (www USCNOITS. com/cpglslands/) (12).

Quantitative PCR

Cells were cultured under 5% CO, and 95% air, and kept at 37°C
in ATCC recommended medium conditions. Cultured cells
included 293, 293T, BE-(2)-C, H4, HeLa, HeLa-S3, IMR-32,
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SH-SY5Y and SK-SN which were used in Supplementary Ma-
terial, Figure S5 experiments. Cells were treated with TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) to extract RNA and
DNA. A total of 1 pg total RNA per sample was reverse tran-
scribed with Rever-Tra-ACE (Toyobo, Osaka, Japan) and ana-
lyzed by a Taqman assay using Hs00902194_m1 (MAPT),
Hs01552283_ml (4PP), Hs01047719_ml (GSK) and Hu
GAPDH vprobe sets (Applied Biosystems, Foster City, CA,
USA) in the 7900HT Fast Real-time PCR system (Applied Bio-
systems). Each individual experiments were assayed in quadru-
plicate and average values were used for further statistical
analysis.

APOE genotyping

APOE genotyping was performed with a Tagman assay using
probes C_3084793_20 and C_904973_10 (Applied Biosystems).

FACS mlcleus’ sorting

FACS sorting was performed according to a published protocol
(13). One hundred to 200 mg of brain tissue were processed to
obtain 100 000—2 000 000 events following NeuN antibody
staining.

TALE construct

TALE constructs were made with the TALE toolbox kit' h

(Addgene, Cambridge, MA, USA). The target sequences for
APPwere 5'-TGCCGAGCGGGGTGGGCCGG-3 and 5'-TGG
GCCGGATCAGCTGACTC-3'. The target sequence for MAPT
was 5-TTCTCCTCCGGCCACTAGTG-3'. The TALE effector
sequence was confirmed by direct sequencing. DNMT3a cDNA
(FX(C03883) was purchased from Kazusa DNA Research
Institute (Kisarazu, Ciba, Japan). The V777G mutation was

‘introduced by PCR. Transfection was performed by Lipofecta-

mine2000 (Lifetechnologies, Carlsbad, CA USA) following
manufacturer’s protocol.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Ultrastructural differences in pretangles between

Alzheimer disease and corticobasal degeneration
‘revealed by comparatlve hght and electron

microscopy
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( Abstract

showed essentxal differences at the EM level.

Pretangles are defined under the light microscope as diffuse and granular tau immunoreactivity in neurons in
tissue from patients with Alzheimer disease (AD) or corticobasal degeneration (CBD) and are considered to be a
premature stage before neurofibrillary tangle formation. However, the ultrastructure of pretangles remains to be
described: To clarify the similarities and differences between pretangles from patients with AD and CBD

(AD- pretangies and CBD-pretangles, respectively), we examined cortical pretangles in tissue from patients with each
of diseases. For direct light and electron microscopic (LM/EM) correlation of the pretangles, we used quantum dot
nanocrystals (QDs) with dual ﬂyudresceht and electron-dense properties. We first identified tau-labeled pretangles on
fluorescence LM and subsequently examined the same neurons on EM. Energy dispersive X-ray spectrometry (EDX)
color mapping identified selenium (Se) and cadmium (Cd) as elementary components of QDs and highlighted each
QD particle clearly against gray-scale EM images. With these methods, we were successful for the first time in
demonstrating accurately that LM-defined pretangles are tau-positive straight filaments sparsely distributed
throughout neuronal cytoplasm and neurites in both AD and CBD at the EM level. Notably, AD-pretangles showed
a strong tendency to form fibrillary tangles even at an early stage, whereas pretangles or Pick-like inclusions in
“tissue from patients with CBD did not even at an advanced stage. In conclusion, AD-pretangles and CBD-pretangles

lntroduction

Changes that occur in relevant molecules before they be-
come organlzed into disease-specific inclusions in hu-
man brains are attracting increasing attention [1]. The
pretangle is an example of such an early change; it was
originally defined under light microscopy (LM) as diffuse
and granular tau immunoreactivity in the cytoplasm and
neurites of otherwise intact neurons in brains from pa-
tients with Alzheimer disease (AD) [2-4]. Mature neuro-
fibrillary tangles (NFTs), which are hallmarks of AD, are
readily identified as bundles of paired helical filaments
(PHFs) under electron microscopy (EM) [5]. However, it

* Correspondence: uchihara-ts@igakuken.orjp

“Laboratory of Structural Neuropathology, Tokyo Metropolitan Institute of
Medical Science, 2-1-6 Kamikitazawa, Setagaya, Tokyo 156-8506, Japan
Full list of author information is available at the end of the article
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is difficult to identify pretangles under EM because their

faint tau immunoreactivity suggests that their ultrastruc-
ture is less distinct. Although putative ultrastructures of
pretangles in AD have been reported, it is not yet cla-
rified whether they really represent neurons containing
diffuse and granular tau immmunoreactivity as defined
under LM [2]. Similar granular tau immunoreactivity has
also been observed in corticobasal degeneration (CBD),
a four-repeat tauopathy that causes degeneration of the
cerebral cortex, basal ganglia, and substantia nigra. Be-

‘cause they appear similar to AD-pretangles under LM,

this granular tau immunoreactivity is also known as pre-
tangles. Pretangles are considered one of the most im-
portant neuronal cytopathologies in CBD [6,7] but are
also found in argyrophilic grain disease or progresswe
supranuclear palsy [8].

© 2014‘Tatsumi et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,

unless otherwise stated.
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The aim of this study was to visualize the ultrastruc-
tures of LM-defined AD- and CBD-pretangles and there-
by to identify possible differences between them. For
this purpose, it is necessary to directly compare LM and
EM images of the same pretangle, an approach that is
now named “correlative light and electron microscopy
(CLEM)”. Although CLEM protocols have been develop-
ing [9-17], they usually allow LM/EM comparisons for
only small fields (the size of the EM preparation). This
limitation makes it practically impossible to capture pre-
tangles for immunoEM study because pretangles are not
sufficiently frequent to be included by chance in such
tiny preparations. Therefore, it is necessary to excise tis-
sue containing a pretangle from the LM sample before it
can be prepared for EM.

Quantum dots (QDs) are fluorescent, electron-dense
semiconductor nanocrystals of uniform size with a core
of cadmium selenide [18]. On EM examination, QDs
also display a characteristic peripheral halo [19]. These
dual optical properties allow QDs to be identified under
both LM and EM and therefore permits labeled LM
structures to be compared directly with their ultrastruc-
tures [16]. Using QDs, we recently established three di-
mension (3D) - oriented immunoelectron microscopy
[19,20]. In this method, a thick floating section from the
formalin-fixed human brain is incubated with the pri-
mary and QD-conjugated secondary antibodies. After a
target neuron is examined with fluorescent LM (confocal
microscopy), landmarks are punched out around the
neuron using laser microdissection. Then, this floating
section is processed for EM preparation. The advantage
of this stepwise LM-EM approach is that the neuron of
interest can be observed closely on confocal microscopy
prior to the EM examination, and its EM findings can
be supplemented with confocal images because the same
reporter (i.e., QDs) can been seen under both LM and
EM immunostaining.

Although QDs provide a powerful bridge between LM
and EM, their electron density is lower and their contour
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is less distinct than those of gold particles, leading to
doubts about QD use as an immunolabeling material
for EM. We previously overcame this problem using en-
ergy dispersive X-ray (EDX) spectrometry, which dem-
onstrated parallel peaks corresponding to selenium (Se)
and cadmium (Cd) on the pixels for definitive confirm-
ation of QDs on EM preparations [19]. Because it is
possible to obtain EDX spectrum for each pixel, we ex-
tended this pixel-based EDX analysis to plot the entire
EM field pixel by pixel in this study. Operational display
of pixels containing Cd peak or those containing Se
peak highlighted QD particles based on their elemental
composition with different colors. When it was overlaid
onto the conventional gray-scale EM image, this EDX
color mapping clearly distinguished QDs from back-
ground structures such as ribosomes.

With these methods, it is possible to examine the ul-
trastructural details of AD- and CBD-pretangles and to
elucidate their similarities and differences at the EM level
[2-4,6]. Using this LM/EM correlation with novel map-
ping method, we obtained an EM image of the early stage
of neuronal tau deposition in AD-pretangles and found
essential differences between AD- and CBD-pretangles at
the EM level. This is the first successful demonstration of
their ultrastructural differences.

Materials and methods

Alzheimer disease and corticobasal degeneration cases
To investigate the ultrastructure of pretangles, we com-
pared them in different diseases with different severities
(Table 1). We used samples from one case of AD, a case
of normal aging, and two typical cases of CBD. The diag-
noses of AD and CBD were based on the current diagnos-
tic criteria [6,21]. Identification of pretangles was based on
LM findings as “cytoplasmic diffuse and granular tau im-
munoreactivity without apparent fibrillary structures”. In
the normal aging samples, pretangles and Alzheimer-type
NFTs were localized to the hippocampus and the para-
hippocampal cortex. In the CBD samples, we examined

Table 1 Demographic features of cases with AD, normal aging, and CBD

Pathological Age of death  Brain weight (g) Duration (y) Braak Clinical symptoms Type of tau-positive
diagnosis (y)/sex NFT stage inclusions investigated
Case 1 Normal aging  73/F 1,260 na [ No history of dementia Pretangles, NFTs
or motor symptoms
Case 2 AD 58/F 850 14 Vi Severe dementia, Pretangles, NFTs
disorientation
Case3 (CBD 60/M 1,145 7 | : Supranuclear gaze palsy, Pretangles, Pick-like
frequent fall, parkinsonism,  inclusions®
frontal signs
Case 4 CBD 70/F 770 11 il Frontotemporal dementia,  Pretangles, Pick-like

inclusions, ballooned
neurons

parkinsonism

*Pick-like inclusions denoting densely packed round inclusions usually observed in the small-sized cortical neurons in corticobasal degeneration; AD, Alzheimer

disease; CBD, corticobasal degeneration; NFT, neurofibrillary tangle.

— 165 —



Tatsumi et al. Acta Neuropathologica Communications 2014, 2:161
http://www.actaneurocomms.org/content/2/1/161

pretangles and densely packed round inclusions (Pick-like
inclusions) [6] in the frontal lobe.

Pre-embedding tau/QD labeling for LM/EM observation
_ Formalin-fixed brains were rinsed in phosphate-buffered
saline (PBS) and cryoprotected in 20% sucrose/PBS over-
night. The tissue was frozen in optimal cutting tempera-
ture (OCT) compound and cut into 25-pm-thick floating
sections on a freezing microtome. The sections were
immersed in 1% bovine serum albumin/PBS for 30 min
‘and- then incubated in anti-PHF tau antibody (ATS,
‘mouse, monoclonal, 1:700; Thermo Fisher - Scientific,
Tokyo, Japan) for 24 hours at room temperature (RT).
After washing in PBS for 30 min, sections were incu-
bated in an anti-mouse secondary antibody conjugated
to Q-dot 655 (QD 655) (goat, 1:100 to 1:800, diluted in
PBS; Invitrogen, Carlsbad, CA) for 8 hours at RT. A QD
655 dilution at 1:400 (Additional file 1: Figure S1) for a
CBD pretangle provided appropriate immunoEM label-
ing on tau-positive filaments, whereas its fluorescent
signal was not intense enough to delineate subcellular
details under confocal microscopy (Additional. file 1:
Figure S1). Therefore, the QD-labeled sections were sub-
sequently incubated in an anti-mouse secondary antibody
conjugated to Alexa 488 (goat, 1:200; Molecular Probe)
for 3 hours at RT to allow more detailed LM observa-
tion. After incubation, sections were rinsed in PBS and
then mounted in ﬂuorescence—mountmg medium (53023;
Dako, Glostrup, Denmark). :

Confocal LM observation and EM preparation

Three-dimensional reconstruction images of the pre-
‘tangles were obtained under fluorescence confocal mi-
croscopy (LSM 710; Carl Zeiss, Oberkochen, Germany)
using a 63 x —oil immersion objective lens. Alexa 488
was excited using an argon laser (488 nm), and the de-
tection bandwidth was set at 493 to 601 nm (expected
peak at 520 nm). QD 655 was excited with a diode laser
(405 nm), and the detection bandwidth was set at 605 to
690 nm (expected peak at 655 nm), which gave essen-

tially the same image as obtained with Alexa 488 [19]. A

Z-series scan (800 x 800 pixels, interval 0.40 pm, ap-

~ proximately 10-yum thick in total) was performed for 3D

reconstruction. After obtaining 3D data sets with the con-
focal microscope, landmarks were punched out around
the target neurons using the UV laser Micro dissec-
tion system PALM (P.A.L.M. Microlaser Technologies,
Bernried, Germany) (Figure 1). The sections were then
detached from the glass slide, fixed in 2% glutaralde-
hyde for 10 min, and postfixed in 1% osmium tetroxide
for 30 min. Next, the sections were embedded in epon
as follows: they were gently pressed between aclar films
(Nissin EM catalog #4513, Tokyo, Japan) so that flat
preparation on epon was possible and then hardened
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with heat (60°C). An aclar film on one side was detached

" from the hardened epon-embedded section. Then, the

section was stuck to columnar epon that had been pre-
pared in advance (Figure 1). The target-oriented trimming
of the epon block was facilitated by the guidance of
punched out Jandmarks around the target already identi-
fied and 3D-reconstructed on confocal microscopy. Ultra-
thin sections of the trimmed blocks were stained with
uranyl acetate/lead citrate and examined with a JEM-1400
electron microscope (JEOL, Tokyo, Japan). After obtaining
the most appropriate EM images, their exact LM counter-
part was retrieved from the corresponding fluorescent 3D

data set for direct comparison (Figure 1).

Energy dispersive X-ray (EDX) spectrometry and
elemental mapping of QDs

The EM sections were also observed under a Hitachi
HD-2700 scanning transmission electron microscope
(STEM, Hitachi High Technologies Corporation, Tokyo,
Japan). This STEM is equipped with a cold-field emission

gun and detectors that consist of bright-field, high-angle
- annular dark-field (HAADF) and secondary electron (SE)

detectors, which distinguish different elements (Cd and Se
in this experiment) based on their energy spectra on a
pixel basis. This approach identifies the presence of Cd
and Se in each STEM pixel. This pixel-based identification
of Cd and Se is then extended to map the entire EM field
to delineate the QD particles in relation to underlying ul-
trastructures. The STEM was operated at 200 kV and an
EDX spot analysis was performed with an incident beam
size of 0.2 nm and a current of 0.4 nA. The acquisition
time for each pixel was 200 psec. In the EDX mapping,
the EDX analysis was performed in a 0.4 pm x 0.5 pm
field, and the total acquisition time was 90 min. Pixels
containing Se or Cd peaks were displayed on the EM field
independently in different color channels.

Results

EDX analysis and EDX mapping of QDs

The shape of electron-dense QD 655, dribbled on the
formvar membrane, was spherical to oblong on the STEM
image (Additional file 2: Figure S2A). Pixel-based EDX
elementary mapping highlighted the distribution of Se and
Cd (Additional file 2: Figure S2B and D, respectively),
which exactly corresponded to the ultrastructural shape of
QDs (Additional file 2: Figure S2C). In a CBD-pretangle
(case 3) examined using a QD 655-conjugated secondary
antibody, tau filaments were labeled with numerous QDs
of similar morphology (Figure 2A). The EDX spot analysis
identified these QDs on the basis of energy peaks corre-
sponding to Se and Cd. Elemental mapping with this EDX
analysis further showed the distribution of QDs based on
the presence of Se and Cd (Figure 2B). As mentioned,
when the original STEM image was overlaid onto this
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3D confocal image Epon specimen

correlate
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7 stack

aclar film
§

Confocal study
and landmarking

Subsequent epon embedding of
free floating section

Figure 1 Outline of correlation of confocal and EM images. Three-dimensional (3D) reconstructed confocal data of the pretangles were
obtained from a free-floating section. After landmarks were punched out around the target neuron using laser microdissection, sections were
fixed and embedded in epon: the section was gently pressed between aclar films, hardened, then stuck to the columnar epon prepared in
advance. The epon block was trimmed by the guidance of landmarks around the neuron, and ultrathin section of the block were examined with
electron microscopy (EM). After obtaining the most appropriate EM images, their exact light microscopic counterparts were retrieved from the

corresponding fluoresent 3D data set for direct comparison.

EDX mapping, the regional distributions of these ana-
lytical QD signals were identical to the ultrastructural
shapes of QDs (Figure 2C). With this technique, the
QDs could be readily differentiated from the grayscale
background, even if the tau-filaments were intermingled
with (similarly round) ribosomes (Figure 2C, arrow).

LM findings and corresponding ultrastructures of
pretangles in AD and aging

Confocal examination of AD-pretangles revealed a mix-
ture of granular tau immunoreactivity and small tangle
formation (Figure 3A, stacked 3D image). When an EM
section (C) and the corresponding LM counterpart on
the same plane (B) were compared, the tangle-like aggre-
gate (B, arrow; C, rectangle d) was found to be a small
bundle of straight filaments tightly arranged in parallel
(D), which is indistinguishable from mature NFTs in AD
(Figure 3B-D). Such a precise comparison on the corres-
ponding planes of LM and EM was not possible between

3D stacked image (A) and the EM section (C). In con-
trast, granular immunoreactivity on the LM plane (B),
corresponded to straight filaments randomly and sparsely
distributed throughout the cytoplasm (arrowheads, E),
probably representing an earlier stage before bundle
formation (Figure 3B, C, E). Occasional paired helical fila-
ments (PHFs) were observed in AD-pretangles (Figure 3F).
The distribution of these tau filaments was so sparse that
they could be identified on EM only with dual guidance
through subcellular orientation using a LM image and QD
immunolabeling. Perinuclear staining was sometimes
found in AD-pretangles on confocal images (G: stacked
3D image and corresponding plane on LM (H) and
EM (I)). This corresponded to a low density of immuno-
labeled straight filaments attached to the nuclear mem-
brane (Figure 31, J, asterisk). The diameter of straight
filaments ranged from 14 to 16 nm, and the period of fila-
ment constriction was 70 to 90 nm in AD and normal
aging cases.
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3.80

3.40

308

Figure 2 EDX mapping of QDs around tau-positive straxght filaments in a case of CBD. EDX spot analysis of the section highlighted energy
peaks corresponding to Se and Cd on QDs (Arrowheads a and b in panel A correspond to energy spectra a and b), but not on the background
(arrowhead ¢) and the filament itself (arrowhead d). This pixel-based identification of Cd and Se is then extended to map the entire EM field to

delineate the QD particles in relation to underlying ultrastructures. This approach produced Se (pink)- and Cd {yellow)-specific signals derived
from QDs (B) as a map mdependent of underlying ultrastructures. The QDs were eas:iy distinguished from a nbosome (arrow) (overlay, C).
Scale bar = 50 nm. :

LM findings and correspondmg ultrastructures of -

CBD-pretangles ,

CBD-pretangles, which were often found in the superfi-
cial and deep layers of the cerebral cortex, were charac-
terized by diffuse and reticular (rather than granular)
immunoreactivity in the neuronal cytoplasm with few
solid aggregates (Figure 4A). The density of the reticular
structures varied from cell to cell or from case to case.
3D observations using confocal microscopy showed that
the reticular structures extended into the distal por-
tions of dendrites (Figure 4A). Perinuclear tau immuno-
reactivity, as seen in AD-pretangles, was not observed
in CBD-pretangles. Correlation of the LM and EM ima-
ges demonstrated that reticular structures seen by con-
focal microscopy corresponded to straight filaments,
which were diffusely and -randomly distributed through-
out the cytoplasm and did not displace cellular organellae

(Figure 4A-C, E). In dendrites, a few straight filaments
were assembled in a roughly parallel fashion. Their ar-
rangement was less tight than in NFTs in AD (Figure 4D).
In tissue from the more severe case of CBD (case 4), re-
ticular structures were denser on both confocal micros-
copy and EM images than in case 3 (Figure 5A- E).
Interestingly, straight filaments were thicker in diam-
eter in case 4 (15-20 nm) than in case 3 (14 to 15 nm).
Straight filaments also appeared longer in case 4. In this
study, PHFs were not observed in CBD-pretangles in
either case.

Ultrastructure of Pick-like inclusions in small neurons in
two CBD cases

Densely packed round inclusions (Pick-like inclusions)
were found mainly in the small neurons in the superfi-

* cial layer of the cerebral cortex of CBD cases; their tau
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D, E, J =500 nm; F=100 nm.

Figure 3 Correlation of immunolabeled LM and EM images of Alzheimer disease (AD)-type pretangles. A mixture of granular tau
immunoreactivity and tangle-like aggregates in a pretangle neuron from a normal aging brain (case 1) (A, stacked 3D image). This neuron was
labeled with anti-tau antibody(AT8) visualized with QD 655, also labeled with Alexa 488 for clearer confocal images. When an EM section (C) and
the corresponding LM counterpart on the same plane (B) were compared, the tangle-like aggregate (B, arrow; C, rectangle d) was found to

be a small bundle of straight and.paired helical filaments tightly arranged in parallel (D). Granular immunoreactivity on LM (C, rectangle e)
corresponded to 15-nm straight filaments widely and randomly distributed throughout the cytoplasm on EM (E). Paired helical filaments were
occasionally seen in pretangle neurons of AD (F). Another pretangle neuron with perinuclear accentuation of tau immunoreactivity (G, stacked
3D image; case 2). EM image (I) and the corresponding LM counterpart on the same plane {H) were compared, QD-decorated straight filaments
were seen around the nucleus (N) and some of them were attached to the nuclear membrane at the tip (asterisk, J). Scale bars in A-C, G- = 5um;

immunoreactivity was more compact and denser than
that of CBD-pretangles. On confocal observation, we
found that these inclusions often contained small ca-
vities (Figure 6A-B). The correlation of LM and EM
images revealed bundles of tau filaments around the
cavities (Figure 6B-D). Tau-positive filaments were com-
posed of straight filaments and PHFs with a periodicity
of approximately 130 nm (Figure 6D-E). These fila-
ments were loosely assembled and usually intermingled
with cellular organellae, especially ribosomes (Figure 6D,
arrow). Strictly speaking, the straight filaments were

not oriented parallel to each other. The diameters of
straight filaments in these inclusions ranged from 13 to
15 nm in case 3 and 15 to 16 nm in case 4. Similarities
and differences among AD-pretangles, NFTs in AD,
CBD-pretangles, and Pick-like inclusions in CBD are
listed in Table 2.

Among hundreds of AT8-positive neurons on con-
focal, 3—4 pretangles were selected in each AD and CBD
case, which were 3D-reconstructed and prepared for EM
observation. In addition, 3-4 Pick-like inclusions were
selected in each CBD case and were processed similarly.
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