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Abstract

Accumulation of pathological tau aggregates is a prominent feature in tauopa-
thies that leads during the course of the diseases to neuronal dysfunction
before and cell death after. Microglia and astrocytes have been described as
playing important roles in synaptic spreading of toxic tau in several neurode-
generative diseases (NDs). Here, we have investigated the immunological and
biochemical properties of aggregated tau species in different brain cell types in
tau-induced neurodegenerative diseases such as Alzheimer’s disease (AD), pro-
gressive supranuclear palsy (PSP), and dementia with Lewy bodies (DLB).
Additionally, we examined nuclear size, nuclear density, and chromatin com-
paction in neuronal and glial cells from diseased brain tissues. Microscopic-
histological examination was performed using in-house mouse monoclonal
antibodies for toxic fau conformers (TTC-M1 and TTC-M2) and rau oligo-
mers (TOMAI1-4). By immunohistochemistry and co-immunofluorescence
assays using TOMA/TTC-Ms and cell-type specific markers for neurons,
astrocytes, and microglia, we observed that TOMA/TTC-Ms were immunore-
active to diverse tau species in different cell types. Analysis of colocalization
coefficients indicated an increased pathological tau deposition mainly in the
neurons. Western blot analysis of brain homogenates using TOMA/TTC-Ms
revealed distinct patterns of tau aggregation in each disease, suggesting that
TOMA/TTC-Ms can distinguish between different tau aggregates present in
different tauopathies. Additionally, using DAPI staining, we observed that
neuronal and astrocytic nuclei had significantly greater nuclear area and
increased chromatin compaction in AD cortices compared to non-demented
controls. In contrast, reduction in nuclear density/area and more relaxed chro-
matin was noticed in DLB neurons, astrocytes and microglia and PSP astro-
cytes and microglia. Cell-type specific tropism of toxic tau species in
tauopathies will provide a greater understanding of the involvement of differ-
ent brain cell types in tau pathology. In this study, we observed that each dis-
ease presented cell-type specific nuclear phenotype and tau deposition pattern.
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Neurodegenerative diseases (NDs) are a major cause of
morbidity and mortality in the aging population, with
its treatment being one of the greatest challenges today.
NDs encompass a multitude of cerebral proteinopathies
which are characterized by the deposition of insoluble
protein aggregates in neurons and non-neuronal cells
leading to cognitive, motor, and behavioral deficits [1].
Advances in neuropathology have allowed for a classifi-
cation system for NDs grouping them based on varying
protein accumulation. One of such groups is tauopa-
thies [2, 3]: NDs characterized by the accumulation of
misfolded microtubule-associated protein tau. Tauopa-
thies include more than 20 clinicopathological entities,
including Alzheimer’s disease (AD) and progressive
supranuclear palsy (PSP). Other proteinopathies, such
as dementia with Lewy bodies (DLB), belong to the
group of alpha-synucleinopathies [4]. However, tau
pathology is a frequent comorbidity in multiple neuro-
degenerative diseases, as observed also in DLB [5].
Since most of the abnormal protein aggregation in NDs
occurs in the cytoplasm, research has primarily focused
on the biochemistry of the cytoplasmic compartment of
the cell. However, recent data indicates that disease
progression may also lie within the nucleus via changes
in splicing, expression, and regulation of the genes that
encode for disease-relevant proteins. The discovery that
abnormal protein aggregation also occurred in the
nucleus was initially made in Huntington’s disease [6],
which pushed research toward studying nuclear changes
and the role it plays in ND progression. The debate is
unresolved on whether nuclear changes result in intra-
nuclear pathogenic events or if nuclear alterations are
the consequences of the neurodegenerative process itself.
While the chronology of the cause-and-effect relation-
ship is still unknown, studying the nucleus in these
NDs could lead to the development of specific therapies
that might have the ability to target and correct specific
disease-related gene expressions.

The various neurodegenerative diseases are all char-
acterized by unique histopathological changes but result
in an overall generalizable change in cell morphology
with loss of synapses, retraction of dendrites, axonal
degeneration, and cell body shrinkage. Tauopathies are
characterized by the aggregation of misfolded tau pro-
teins. In tauopathies, misfolded tau proteins detach from
the microtubule, destabilizing it and compromising the
structure of cytoskeleton, resulting in nuclear dissolution
[7]. Alternatively, misfolded tau can modify neuronal sig-
naling, leading to pathological changes that result in the
symptoms of dementia or mitochondrial dysfunction and
cell death [8]. Although, the exact path by which patho-
logical tau causes neuronal death is still unclear, all the
proposed mechanisms result in eventual increased cell
death, a characteristic of NDs. This process of cell death
leads to chromosomal dissolution, nuclear shrinkage, and

ultimately nuclear dissolution resulting in the overall
characteristic cortical shrinkage.

In addition to the changes caused by tau aggregation,
tauopathies are also characterized by a dysfunction in
Lamin, the filamentous meshwork that provides support
for highly condensed heterochromatic DNA and its
attachment to the nuclear envelope [8]. The dysfunction
of Lamin leads to the relaxation of heterochromatic
DNA, which eventually results in neuronal death. Recent
studies have shown that irregular protein folding results
in lamina dysregulation concentrated in the nucleus. This
dysregulation promotes cell death and genome instability
[9] in tauopathies, demonstrating that Lamin pathology
plays a role in tau-mediated neurotoxicity [10, 11]. This
provides strong evidence for an alternative pathway for
tau-mediated neuronal death that can be utilized for the
treatment of neurodegenerative disorders.

Neuroinflammation, alongside misfolded protein
deposition, is associated with neurodegenerative diseases.
Microglia and astrocytes are key regulators of inflamma-
tory responses in the central nervous system (CNS) in
response to oligomeric tau [12-16]. The activation of
microglia and astrocytes is heterogeneous and tradition-
ally dichotomized into neuroprotective and neurotoxic
phenotypes [17]. This phenomenon has been most thor-
oughly researched in Alzheimer’s disease [18]. These
immunological protective activities involve the activation
of microglia to a disease-associated microglia (DAM)
state. When factors such as aging, genetic susceptibility,
along with insufficient microglial functionality accumu-
late, tau pathology mounts in neurons. The resulting
pathology induces microglia into an inflammatory state
through which neuronal injury is compounded. This clas-
sification system of different phenotypes is a simple
means of grouping the different phenotypes that these
cells can acquire during the progression of these diseases.
The dysfunction of these immune-resolution processes
during late-stage disease progression eventually leads to
irreversible neuronal loss that is characteristic of NDs as
a whole.

Previous studies suggest that tau is present in human
brain nuclei [19, 20] and that its aggregation occurs in
both neuronal cytoplasm and nuclei [20]. However, the
exact mechanism and characteristics of this toxicity
remains unclear. While studies have investigated the cel-
lular characteristics of neurons in neurodegenerative dis-
eases, the current study takes on the novel task of
comparing and characterizing nuclear changes and path-
ological tau signatures in neurons, astrocytes, and micro-
glia. Understanding the changes seen in various cell types
in tauopathies, can reveal a greater range of mechanisms
to target for therapeutic purposes, expanding the possibil-
ities of treatment.

Recently, we reported that conformation-specific
mouse monoclonal antibodies generated against tau olig-
omers, TOMA1 and TOMA2, selectively detect aggre-
gated tau pathology in the brain tissues of P301L mice
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TABLE 1 Brain tissues analyzed in this study from diseased and age-matched control subjects
Clinical diagnosis Case number Age
Control 1092 86
Control 1106 79
Control 1153 75
Control 1170 84
Control 1925 88
Control 1965 89
AD 1104 90
AD 1120 83
AD 1154 86
DLB 887 67
DLB 1316 87
DLB 2083 71
DLB 2140 89
PSP 1569 66
PSP 1972 79
PSP 2010 84
PSP 2114 79
PSP 2121 85

and human AD, ALS, FTD and Huntington’s disease
patients [20-22]. Here, we report the generation of two
more clones of TOMAs, TOMA3 and TOMA4 along
with two other mouse monoclonal antibodies that recog-
nize toxic tau conformations, TTC-M1 and TTC-M2. In
addition to characterizing all the new antibodies, we have
further expanded our analyses of TOMA1 and TOMA2
in a cohort of pathologically diagnosed AD, DLB and
PSP patients. In this study we evaluate and compare
nuclear size, nuclear density, chromatin compaction
grade and cell-type-specific tau deposition in AD, DLB
and PSP cortical sections. New evidence of distinct path-
ological phenotypes in each disease urges investigators to
analyze cell pathology within the context of each
ND. Furthermore, this approach could explore patholog-
ical phenotypes of TDP-43 and a-synuclein proteins,
establishing cell-type vulnerability pattern in other neuro-
degenerative diseases, such as frontotemporal dementia
(FTD) and Parkinson disease (PD). With the use of
newly developed antibodies specific for different con-
formers of tau, we studied the cell-type-specific deposi-
tion of toxic tau species, revealing a deep difference in
immunoreactivity between neurons, astrocytes, and
microglia within the human brain.

2 | METHODS AND MATERIALS

2.1 | Human tissue processing

Postmortem frontal cortex tissue from subjects with AD,
DLB, PSP and age-matched controls (Ctr) was provided

Sex PMI (h) Braak stage (0-6)
F 1.75 1
M 1.75 2
F 3.50 1
F 2.50 1
F 19.00 N/A
F 5.50 N/A
M 3.25

F 4.75

M 3.25

F 12.00 N/A
M 6 N/A
M 6 5
M 3.00 N/A
F 12.00 N/A
F 6.00 N/A
M 4.5 N/A
M 12 3
M 7 4

as frozen blocks by the University of Kentucky Alzhei-
mer’s Disease Center Tissue Bank and Oregon Brain
Bank after approval by the Institutional Ethics Commit-
tee (Table 1). The samples were homogenized in 1x
phosphate-buffered saline (PBS) mixed with a protease
inhibitor cocktail (Roche) and phosphatase inhibitor
(Sigma) at a 1:3 (w/v) dilution of brain tissue:PBS. Sam-
ples were then centrifuged at 11,000g for 20 min at 4°C.
The supernatants (PBS-soluble fractions) were aliquoted,
snap-frozen in liquid nitrogen, and stored at —80°C. The
pellets (insoluble fractions) were resuspended in homoge-
nization buffer (1x PBS), aliquoted and frozen at —80°C
until use [20].

2.2 | Generation of TTC-M antibodies

Mouse monoclonal TTC-M antibodies were generated by
GenScript (NJ, USA). Recombinant tau oligomers were
prepared following our published protocol [23] and used
as antigen. Briefly, purified lyophilized monomeric tau
was dissolved in 1x PBS keeping the final concentration
0.5 mg/ml and stirred overnight in a fume hood at room
temperature. The resulting tau oligomers were purified by
fast protein liquid chromatography (Superdex 200 HR
10/30 column: GE Healthcare). The tau oligomers were
characterized as described [24]. The TTC-Ms were gener-
ated by GenScript through clonal selection of hybridoma
cells and their cultured media were received. After multi-
ple screenings of several clones, TTC-M1 and TTC-M2
were chosen. The specificity of TTC-M1 and TTC-M2
were determined by enzyme-linked immunosorbent assay,
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dot blots and WB using oligomeric and monomeric tau.
AP oligomers were used to rule out their cross-reactivity
to other amyloid oligomers.

2.3 | Generation of TOMASs

All the four clones of TOMASs were generated as we dis-
cussed previously for the first TOMA (Diana 2014).
Briefly, recombinant tau oligomers (discussed above)
mixed with Freund’s complete adjuvant were used as
antigen. Following clonal selection of hybridoma cells,
four clones (TOMA1-4) were chosen based on thorough
characterization. The four clones were sequenced and
used for generating stable cell lines by GenScript. All the
antibodies used in this study are purified and produced
by GenScript.

24 |
sections

Immunolabeling of fixed human brain

Frozen human brain sections were first fixed in chilled
20% methanol for 20 min and then permeabilized in 70%
ETOH for 5 min. After 1-h blocking in PBS/5% goat
serum at RT, the sections were incubated for 10 min with
0.1% (w/v) Sudan Black B solution to quench any
autofluorescence. After further washing in PBS, the
sections were incubated in primary antibodies diluted in
Ab diluent overnight at 4°C. Immunolabeling for
TOMA1 (1:100), TOMA2 (1:250), TOMA3 (1:200),
TOMAA4 (1:100), TTC-M1 (1:1000, Genscript) and TTC-
M2 (1:1000, Genscript) was performed in all cases. The
next day, sections were washed three times in PBS (5 min
each), and secondary antibodies were applied as
described for Alexa Fluor 633 goat anti-mouse IgG for
TOMAs, TTC-M1 and TTC-M2 (1:1000, A21052,
Thermo Fisher Scientific). After further washing in PBS,
the sections were incubated for 30 min with AffiniPure
Fab Fragment goat anti-mouse IgG (1:30, 115-007-003,
Jackson ImmunoResearch). One more PBS wash was
completed before overnight incubation at 4°C for respec-
tive primary staining of neurons: recombinant anti-NeuN
ab rabbit Alexa Fluor 488 (1:250, ab190195, Abcam);
astrocytes: anti-GFAP ab chicken (1:500, ab4676,
Abcam); and microglia: Ibal Polyclonal guinea pig anti-
serum (1:100, 234004, Synaptic Systems) with purified
anti-Tau5 (1:300, 806402, BioLegend), phosphoS139 His-
tone H2A.X (1:100, ab206898, Abcam). The next day,
sections were washed three times in PBS (5 min each),
and secondary antibodies were applied as described for
goat pAb to chicken IgY Alexa Fluor 488 (1:1000,
ab150169, Abcam) for astrocytes and goat pAb to guinea
pig IgG Alexa Fluor 488 (1:1000, ab150185, Abcam) for
microglia in addition to secondary Alexa Fluor 568 goat
anti-mouse (1:1000, A11031, Thermo Fisher Scientific)
on all slides. After a final wash in PBS, the slides were

then mounted with Prolong Gold Antifade with DAPI
(Thermo Fisher Scientific P36931) to stain the nuclei as
previously described [20]. Cell markers used include:
NeuN, glial fibrillary acidic protein (GFAP) and Ibal
derived from different species compared to TOMA/TTC-
Ms to reduce as many non-specific immunoreactions and
overlapping signals as possible. Labeled primary have
been used to minimize secondary antibodies use.

25 |
analysis

Immunofluorescence imaging and

Micrographs from human tissue samples were obtained
from three independent experiments with similar results,
and all figures show representative micrographs. All pic-
tures were captured with Keyence BZ-X700 microscope
from Keyence Company. Analyses of nuclei and TTCs
foci were performed on a BZ-X Analyzer using three
regions of interest (ROIs) for each set of experiments.
Area, area ratio, integrated density, and number and den-
sity of nuclei were measured and stored. Pearson’s coeffi-
cient correlation (PCC) analysis has been performed with
FIJI ImageJ (NIH Software).

2.6 |
tissue

Immunohistochemistry of human brain

Immunohistochemistry (IHC) was performed on frozen
brain sections. In brief, sections were fixed with chilled
methanol followed by blocking with goat serum for 1 h.
Next, sections were incubated with primary antibodies
TOMALI (1:350), TOMA2 and TOMA3 (1:450), TOMA4
(1:250), TTC-M1 (1:1000), TTC-M2 (1:1500) and Tau5
(1:500) overnight at 4°C. The next day, sections were
washed in PBS three times (10 min each) and then incu-
bated with biotinylated goat anti-mouse IgG secondary
antibody (1:200, Vectastain ABC Kit, #PK4002, Vector
Laboratories) for 1 h at room temperature. Sections were
then washed four times (10 min each) in PBS and incu-
bated with ABC solution (Vector Laboratories) for 1 h
according to the manufacturer’s instructions. Next, sec-
tions were counterstained with hematoxylin (Vector Labo-
ratories, H-3401) for nuclei staining and mounted. Images
were acquired with a Keyence BZ-800 Microscope using
40x objective and analyzed using BZ-X Analyzer.

2.7 | Brain homogenates and western blotting
Western blot analyses were performed with brain homog-
enates from Ctr, AD, DLB and PSP human tissues.
Approximately 10 pg of protein preparations were loaded
on precast NuPAGE 4%-12% Bis-Tris gels (Invitrogen)
for sodium dodecyl sulfate polyacrylamide gel electro-
phoresis. Proteins were subsequently transferred onto
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nitrocellulose membranes and blocked overnight in 10%
nonfat dry milk at 4°C. Membranes were then probed for
1 h at RT using primary antibodies against TOMAI1
(1:100), TOMA2 (1:100), TOMA3 (1:100), TOMA4
(1:100), TTC-M1 (1:1000), TTC-M2 (1:10,000) and Pan-
Tau (1:10,000, Taul3 Biolegend—835204), GAPDH
(1:1000) diluted in 5% nonfat dry milk. TOMA/TTC-Ms
immunoreactivities were detected with a horseradish per-
oxidase (HRP)-conjugated anti-rabbit IgG (1:6000, GE
Healthcare). Immunoreactivity for other antibodies was
detected using an anti-mouse IgG (1:6000, GE Health-
care) diluted in 5% nonfat milk. Enhanced chemilumines-
cence (ECL) plus (GE Healthcare) was used for band
visualization. GAPDH was probed to normalize and
quantify proteins, respectively.

2.8 | Precision of the procedure used to
estimate the total number of nuclei in Ctr, AD,
DLB and PSP brain sections

To evaluate the precision of the estimates of the total
number of nuclei, the mean of the coefficients of error
(CEs) of the induvial estimates, CE, was calculated for
each group. The relative variance of the estimate of den-
sity was calculated as the square of the coefficient of
error, CE (CE is the standard error of the mean divided
by the mean, SEM/mean) of the 18 measures of numeri-
cal density made in each case. The relative variance of
the estimate, CE?, was estimated with the quadratic
approximation formula of Gundersen et al. using a
smoothness factor m = 0 [25-27] and a shape factor (b)
given by equation:

4nA
=
shape factor (b), nuclear area (4) and nuclear perimeter
(p). Nuclear morphology depends on shape factor (b)
determination factor [25, 26]. Intra-subjects CE estimated
CEAD1154: 0024, CEAD]]ZO: 0024, CEAD1104I 0022,
Mean CEADI 0.023. CEDL3837Z 0036, CEDL132140: 0030,

Mean CEDLB: 0.033. CEpsp1569I 0030, CEpspzolol 0030,
CEpsp19722 0034, Mean CEpsp; 0.031.

b

2.9 | Statistical analysis and reproducibility

GraphPad 9.0 Software was used to generate graphs and
perform statistical analyses. All data are presented as
means + SD (standard deviation) and were analyzed
using GraphPad Prism Software 6.0. Statistical analyses
among case numbers within each group were carried out
using Student’s z-tests or one-way analyses of variance
(ANOVAs). Groups were compared with one-way
ANOVA using neurodegenerative disease as the indepen-
dent variable. Colocalization profiles were produced

using NIH Software ImageJ FIJI, and Pearson’s colocali-
zation coefficient (PCC) was presented as an averaged
coefficient of determination, R*. As with morphometric
analysis, statistical analyses among case numbers within
each group were carried out using Student’s z-tests or
one-way analyses of variance (ANOVAs), and groups
were compared with one-way ANOVA using neurode-
generative disease as the independent variable.

3 | RESULTS
3.1 | Identification of different tau variants in
AD, DLB and PSP brain cortices

The immunoreactivity of TTC-M1 and TTC-M2 anti-
bodies to tau deposits was evaluated in neurons, astro-
cytes, and microglia by co-immunofluorescence (Co-IF).
We evaluated the specificity of TTC-M1 and TTC-M2
staining in Ctr, AD, PSP and DLB brain sections by
co-staining with a commercial tau antibody (Tau5). To
measure the grade of colocalization, Pearson’s correla-
tion coefficient (PCC) was measured and plotted. Co-IF
showed positive tau aggregates in AD, DLB and PSP tis-
sues. TTC-M1 and TTC-M2 showed a stronger immuno-
reactivity in AD and PSP tissues compared to DLB
(Figure 1A,C). PCC analysis showed a significant coloca-
lization in all the diseases of TTC-M1 with NeuN in AD
(p = 0.0001), DLB (p = 0.0019) and PSP (p < 0.0001)
(Figure 1B) and TTC-M2 with NeuN in AD (p = 0.0011)
and PSP (p = 0.0188) (Figure 1D). There was no signifi-
cance observed in the colocalization of TTC-M2 with
NeuN in DLB compared to the controls. These results
indicate that there are greater TTC-M immunoreactive
tau deposits in the human cortical neurons of diseased
brains compared to the controls.

Similar approach and analysis were adopted to evaluate
TTC-M1 and TTC-M2 immunoreactivity for astrocytic tau
deposition. Significant colocalization of TTC-M1 with GFAP
in AD (p < 0.0001) and DLB (p = 0.0001) was observed
(Figure 2A,B). No significant correlation between TTC-
M1 and GFAP was observed in PSP brains compared to
Ctr brains. Interestingly, no correlation between TTC-
M2 and GFAP was observed in any pathology
(Figure 2C,D). These results suggest that TTC-M1, but
not TTC-M2, recognizes tau aggregates in astrocytes,
indicating the presence of TTC-M1 positive tau oligo-
mers in neurons and astrocytes of the diseased brains.

In microglia Co-IF, we observed a positive correla-
tion between Ibal and TTC-M1 staining in AD
(p <0.0001), DLB (p < 0.0001) and PSP (p < 0.0001) but
with a large PCC variation (Figure 3A,B) among micro-
glia cells analyzed. The only significant correlation of
TTC-M2 and Ibal was seen in DLB microglia
(p = 0.0266). No significant positive correlation in AD
and PSP microglial cells was detected. The trend of
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Deposition of tau conformers in neurons. Immunofluorescence staining of AD, DLB, and PSP brain cortices with antibodies for

toxic tau conformers TTC-M1 (A), TTC-M2 (C) and NeuN for neurons (magnification: 20x, white scale bar: 100 pm). (B) Bar graph of NeuN/TTC-
M1 colocalization in Ctr, AD, DLB and PSP brains. (D) bar graph of NeuN/TTC-M2 colocalization in Ctr, AD, DLB and PSP brains. Analysis was
conducted via one-way ANOVA *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

colocalization of tau deposits in glial cells confirmed that
specific tau aggregates are associated with immune
response cells, indicating a disease-specific immunomo-
dulation. Colocalization PCC comparison dot plots of
neurons, astrocytes and microglia stained with TTC-M1
and TTC-M2 Abs is represented in Figure S1.

3.2 | Immunological distinction of tau
aggregates by TOMAs in AD, DLB and PSP
brain cortices

To immunologically distinguish tau aggregates from dif-
ferent tauopathies, we investigated and compared the

pattern of TOMA immunoreactivity for tau oligomers.
In Co-IF analysis of AD, DLB and PSP brain cortices,
each of the TOMA antibodies was applied separately in
combination with each cell-type marker. Immunofluo-
rescence signal was measured by PCC analysis for each
TOMA in either neurons, astrocytes, or microglia. In
AD, all TOMASs showed a positive immunoreactivity in
neurons (Figure 4A). TOMAI1, TOMA3 and TOMA4
showed tau oligomers in neuronal cell bodies and neuro-
nal projections. TOMA2 showed a positive signal pre-
dominantly located in the cell bodies and neuronal
nuclei. TOMA3 showed higher PCC in neurons com-
pared to TOMA?2 while TOMA1 and TOMA4 showed
a low colocalization in the neurons (Figure 4D).
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FIGURE 2 Deposition of tau conformers in astrocytes. Immunofluorescence staining of AD, DLB, and PSP cortices with antibodies for toxic
tau conformers TTC-M1 (A)/TTC-M2 (C) and GFAP for astrocytes (magnification: 20x, white scale bar: 100 pm). (B) Bar graph of GFAP/TTC-M1
colocalization in Ctr, AD, DLB and PSP brains. (D) bar graph of GFAP/TTC-M2 colocalization in Ctr, AD, DLB and PSP brains. Analysis was
conducted via one-way ANOVA *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

In astrocytes, only TOMA1 showed certain degree of
colocalization (Figure 4B,E). TOMA2, TOMA3 and
TOMAA4 did not show positive correlation in astrocytes.
On the contrary, microglia showed positive colocaliza-
tion with TOMA?2 and TOMA3 and a lower level with
TOMA4 and TOMA1 (Figure 4C-F). In summary,
TOMASs showed a significantly higher positive correla-
tion between colocalizing with microglia compared to
astrocytes. Tau5 versus TOMAs PCC was measured to
confirm the specificity between in-house TOMAs and
commercial tau Ab (Figure 4G).

The same approach was used in DLB brains
(Figure 5). DLB neurons showed immunoreactivity and
colocalization with all TOMAs (Figure 5A,D). Astro-
cytes were positively correlated with TOMA1, TOMA3

and TOMA4 but not with TOMA2 (Figure 5B,E). In
DLB, microglia co-stained with TOMA2 showed a
strong immunoreactivity and colocalization, compared to
TOMAI1, TOMA3 and TOMA4 (Figure 5C,F). Tau
5 was used as the control antibody in all the TOMA and
cell marker combinations showing the specificity of
TOMAs for recognizing oligomeric tau in different cell
types in DLB (Figure 5G).

In PSP neurons, all TOMAs showed strong immunore-
activity and colocalization (Figure 6A,D) with TOMA
I, 2, and 3 showing moderate signal in astrocytes
(Figure 6B.,E). In microglia, TOMA2 and TOMA3
showed strong colocalization and TOMA1 showed moder-
ate signal compared to TOMA4 (Figure 6C,F). Tau5 and
TOMASs PCC were measured and reported (Figure 6G).
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FIGURE 3
with toxic tau conformers TTCM1 (A)/TTCM2 (C) and Ibal for microglia (magnification: 20x, white scale Bar: 100 pm). (B) Bar graph of Ibal/
TTC-M1 colocalization in Ctr, AD, DLB and PSP brains. (D) Bar graph of Ibal/TTC-M2 colocalization in Ctr, AD, DLB and PSP brains. Analysis
was conducted via one-way ANOVA *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Deposition of tau conformers in microglia. Immunohistochemistry staining of neurodegenerative disease cases (AD, DLB, and PSP)

Overall, the immunoreactivity of all the TOMAs was 3.3 | Tau oligomers present different patterns

strongest in AD and PSP neurons and was comparatively
higher than the signal observed in DLB neurons. TOMA1
detected neuronal tau more strongly in DLB and PSP
compared to AD. TOMA2 showed more affinity for
microglial tau aggregates, while TOMA3 and TOMA4
mostly detected neuronal tau aggregates in all the three
pathologies. These results suggest that in each disease ana-
lyzed there are different tau depositions signatures based
on cell-types indicating that different tau variants accumu-
late in neurons, astrocytes, and microglia. Cell-type
TOMA/TTC-Ms immunoreactivity is summarized based
on PCC values in Figure 7. Clustered PCC Dot plots of
TAOs in NeuN, GFAP and Ibal positive cells in AD,
DLB and PSP brains are presented in Figure S2.

in AD, DLB and PSP brain homogenates

AD, DLB and PSP brain cortices were also analyzed by
IHC using TTC-M and TOMA antibodies (Figure 8). In
AD (Figure 8B), we observed strong immunoreactivity of
all TOMAs (i-iv) detecting tau in the projections and cell
bodies. TOMAZ2 (ii) strongly reacted in the projections
and nuclei. The signal for TTC-M2 (vi) was robust, found
mainly in the cell body and projections, while TTC-M1
(v) signal was weak and mostly punctate. In DLB
(Figure 8C) and PSP (Figure 8D), TOMALI (i) reactivity
was comparable to AD, while TOMAZ2 (ii) showed a very
dense signal in the cell nuclei. In all three pathologies,
TOMA3 (iii) signal was primarily observed in the
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FIGURE 4 TOMAs signatures in AD brain cortices. (A) Representative co-IF of TOMA1-4 (magenta) from the top to the bottom with NeuN
(green), Tau5 (red) and nuclei (DAPI—Dblue). Magnification 40 x, white scale bar, 50 pm. (B) Representative co-IF of TOMA1-4 (magenta) with
GFAP (green), Tau5 (red) and nuclei (DAPI—blue). Magnification 40x, white scale bar, 50 pm. (C) Representative co-IF of TOMA1-4 (magenta)
with Ibal (green), Tau5 (red) and nuclei (DAPI—blue). Magnification 40 x, white scale bar, 50 pm. All channels are represented singularly and
merged. All the images are obtained from the same case number (D) NeuN/TOMAs PCC dot plots in 10 neurons. (E) GFAP/TOMAs PCC dot plots
in 10 astrocytes. (F) NeuN/TOMAs PCC dot plots in 10 microglial cells (G) TauS/TOMAs PCC dot plots in 10 regions of interests of AD tissue.
Analysis was conducted via one-way ANOVA and Tukey’s multiple comparison test *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

projections and TOMA4 (iv) immunoreactivity was
mostly detected in the perinuclear region appearing as
small puncta. Similar to AD, TTC-M1 showed punctate
signal in DLB (Figure 8C). However, we did not observe
any comparable signal from TTC-M1 in PSP. TTC-M2
showed moderate signal in DLB, while in PSP a dense and
diffused signal was observed within the cells. As expected,
the control brain tissue did not show any noticeable immu-
noreactivity with these antibodies (Figure 8A), except for
with TOMA2. Overall, TOMA1 and TOMA?2 detected
neuronal tau aggregates in all the three pathologies. They
also detected tau in the oligodendrocytes. On the contrary,
TOMA?2 selectively detected cytoplasmic as well as

nuclear tau, unlike of any other TOMA. More interest-
ingly, TOMAZ2 detected glial tau in both AD and DLB
(Figure 8E,F) confirming our observation in immunofluo-
rescence analyses (Figures 5 and 6). Commercial Ab Tau5
was used as control antibody showing pathological tau
aggregates in these tauopathies (Figure 8G).

We confirmed our histological observations by immu-
noblotting brain homogenates from AD, DLB and PSP
cortices (Figure 8H-M). All the TOMA/TTC-Ms
detected tau oligomers at different molecular weights. In
AD and DLB, TOMAI1 and TOMA?2 recognized tau
aggregates of similar molecular weights at 75 and
150 kDa (Figure 8H,I). However, a strong 75 kDa band
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TOMAs signatures in DLB brain cortices. (A) Representative co-IF of TOMA1-4 (magenta) from the top to the bottom with NeuN

(green), Tau5 (red) and nuclei (DAPI—blue). Magnification 40 x, white scale bar, 50 pm. (B) Representative co-IF of TOMA1-4 (magenta) with
GFAP (green), Tau5 (red) and nuclei (DAPI—blue). Magnification 40x, white scale bar, 50 pm. (C) Representative co-IF of TOMA1-4 (magenta)
with Ibal (green), Tau5 (red) and nuclei (DAPI—blue). Magnification 40 x, white scale bar, 50 pm. All channels are represented singularly and
merged. All the images are obtained from the same case number. (D) NeuN/TOMAs PCC dot plots in 10 neurons. (E) GFAP/TOMAs PCC dot plots
in 10 astrocytes. (F) NeuN/TOMAs PCC dot plots in 10 microglial cells. (G) TauS/TOMAs PCC dot plots in 10 regions of interests of DLB tissue.
Analysis was conducted via one-way ANOVA and Tukey’s multiple comparison test *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

was noticed in both AD and DLB cases, but not in PSP
cases. TOMA3 and TTC-M1 detected similar patterns of
tau species (Figure 8J,K). TOMA4 (Figure 8L) and
TTC-M2 (Figure 8M) recognized multiple tau species
above 50 kDa form and HMW species in the homoge-
nates of the three diseases. Moreover, TOMA4 recog-
nized several HMW and LMW tau species in both AD
and PSP. Interestingly, we observed TOMA/TTC-Ms dif-
ferences in the banding pattern over 50 kDa across the
three diseases. Collectively, each TOMA/TTC-M recog-
nizes aggregated tau species of different molecular
weights with some degree of overlap. IB of secondary Ab
alone and Taul3 Ab are presented in Figure S3.

3.4 | Tauopathies are characterized by
cell-type dependent differences in nuclear size,
nuclear density and chromatin compaction

Tauopathies, as well as NDs in general, are characterized
in late disease stages, by neuronal death and chronic glial
activation [18]. To evaluate and compare differences in
cell-type number, nuclear size, and chromatin compac-
tion level, we performed a Co-IF in brain cortical
sections from Ctr, AD, PSP, and DLB cases using cell-
type markers (NeuN-neurons, GFAP-astrocytes, and
Ibal-microglia) with DAPI (nuclear staining). These were
then measured using the BX-Analyzer Keyence software
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FIGURE 6 TOMAs signatures in PSP brain cortices. (A) Representative co-IF of TOMA1-4 (magenta) from the top to the bottom with NeuN
(green), Tau5 (red) and nuclei (DAPI—Dblue). Magnification 40 x, white scale bar, 50 pm. (B) Representative co-IF of TOMA1-4 (magenta) with
GFAP (green), Tau5 (red) and nuclei (DAPI—blue). Magnification 40x, white scale bar, 50 pm. (C) Representative co-IF of TOMA1-4 (magenta)
with Ibal (green), Tau5 (red) and nuclei (DAPI—blue). Magnification 40x, white scale bar, 50 pm. All channels are represented singularly and
merged. All the images are obtained from the same case number (D) NeuN/TOMAs PCC dot plots in 10 neurons. (E) GFAP/TOMAs PCC dot plots
in 10 astrocytes. (F) NeuN/TOMAs PCC dot plots in 10 microglial cells. (G) Tau5/TOMAs PCC dot plots in 10 regions of interests of PSP tissue.
Analysis was conducted via one-way ANOVA and Tukey’s multiple comparison test *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

for the following parameters: nuclear density (cell-type
number), nuclear averaged area (NAA, pm?) and DAPI
integration density (chromatin compaction level). Total
nuclear analysis was conducted in 18 ROIs for each
group and 6887 Ctr nuclei, 9747 AD nuclei, 7611 DLB
nuclei and 4590 PSP nuclei. Total nuclear density analy-
sis (Figure 9A) was significantly increased in AD sections
and significantly reduced in PSP brains, while no signifi-
cant change was noted in DLB compared to the Ctr.
Representative nuclear staining images in human brains
is presented in Figure 9B. A significant increase in NAA

was noted in AD, while both DLB and PSP showed
reduced NAA (Figure 9C) indicating an alteration of
nuclear activities. These nuclear differences are repre-
sented in IF images in Figure 9D. This increase in AD
nuclei size is associated with increased chromatin com-
paction, and the reduction of NAA in DLB and PSP is
associated with a lower level of chromatin compaction
(Figure 9E). Representative confocal micrographs of cor-
tical nuclei are presented in Figure 9F. Together, we
observed that AD nuclei are larger with a higher level of
heterochromatin compared to DLB and PSP, which
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FIGURE 7 Cell-specific immunoreactivity of TOMA/TTC-Ms in AD, DLB and PSP. Graphical representation of TOMAs and TTC-Ms abs
immunoreactivity in each cell-type (neurons, microglia, and astrocytes) in each diseases studied AD, DLB and PSP. Abs have been included in the

diagram considering a PCC higher than 0.2.

showed a significant shrinkage of NAA and much more
relaxed chromatin level (euchromatin). These data sug-
gest a disease-specific signature of nuclear abnormality.
Nuclear density, NAA and chromatin compaction are
broken down by neurodegenerative disease cases ana-
lyzed as represented in Figure S4 and broken down by
cell-type and cases as presented in Figure S5.

While it is known that the size and shape of the
nucleus is strictly regulated, the mechanisms and func-
tions of nuclear size and shape regulation remains poorly
understood. Many cancers are diagnosed and staged
based on graded increases in nuclear size. Moreover,
changes in nuclear size play an important role in subnu-
clear chromatin organization and gene expression.
Nuclear size can be regulated by nuclear envelope struc-
tural elements and cell cycle events may influence nuclear
morphologies. These aspects have been not investigated
in this study but open the possibilities to investigate
deeply known altered nuclear elements, such as nuclear
size and shape alterations, which are mainly investigated
in cancer [27]. To determine the percentage of different
cell types in each brain tissue examined, we measured the
number of each cell type separately in respect to total
cells from region of interests on cortical region (20 x mag-
nification field). A sustained decrease in AD neurons was
noted by almost 6% compared to Ctr, while DLB neu-
rons were substantially decreased by 16%. On the totality
neurons represented 74% in Ctr, 58.7% in AD and 48%
in DLB. PSP neuronal count showed a reduction of more
than 10% compared to the Ctr case% (Figure 9G,H,

green spots). Astrocytes and microglia showed increase in
AD (7% and 8%, respectively), DLB (12% and 14%,
respectively) and increase in PSP microglia (7%) and in
astrocytes (4%) when compared to Ctr (Figure 9G-J,
pink spot astrocytes and red spots microglia). These data
showed an interesting disease-specific pattern in terms of
cell-types. As expected, we observed a reduction in neu-
rons and an increase in glial cells but with a different
magnitude in AD and DLB. In DLB, particularly, more
than 50% of the cells with altered nuclear measurements
were glial cells, indicating that each disease, in this case
the cortical region, has a specific signature in terms of
nuclear characteristics and cell-type occurrence.

To evaluate in which cell types specifically these
nuclear changes occur, we isolated the data in neurons,
astrocytes, and microglia separately. Overall, the increase
in NAA was mostly associated with neuron and
astrocytes (Figure 9K,M) while no relevant differences
were observed in microglia NAA among the cases
(Figure 90). Chromatin compaction level was high in
AD neurons and microglia while it was lower in DLB
and PSP (Figure 9L,P). No relevant differences were
noted in astrocyte chromatin compaction levels
(Figure 9N). The NAA and chromatin compaction grade
for the three cell types in AD, DLB, PSP and Ctr are
summarized in Figure 10 diagram. All these nuclear
alterations were associated with double-strand DNA
damage grade (Figure S6). To measure DNA damage
grade, already observed in several neurodegenerative dis-
ease [28], we performed a co-IF with pH2A . X (marker of
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ds DNA damage) [29] in neurons, astrocytes, and micro-
glia of Ctr, AD, DLB, and PSP. In previous study we
observed higher levels of pH2A.X in AD compared to
Ctr brains [30], here in addition, we observed a cell-type
dependent vulnerability to DNA damage with different
levels, higher in microglia and neurons then astrocytes.

4 | DISCUSSION

Accumulation of pathological tau aggregates in neurons
and glial cells is a prominent feature of tauopathies [3].
We previously showed that TOMA1 and TOMA2 recog-
nized oligomeric tau in P301L tauopathy mouse model
and AD, ALS and FTD postmortem brain tissues [20,
21]. Here, we report two groups of monoclonal anti-
bodies generated in-house; one group recognizing oligo-
meric tau, TOMAs and another group recognizing toxic
conformation of tau (TTC-M). Collectively, TOMA/
TTC-Ms recognize different variants of aggregated tau
species in tauopathy brain tissues. Using TOMA/TTC-
Ms in immunofluorescence in combination with markers
for neurons, astrocytes, and microglia, we observed that
different cell types vary in the type of aggregated tau spe-
cies as well as in the degree of tau deposition.

Tau pathology in glial cells is a characteristic feature
of certain tauopathies. In recent years, the contribution
of astrocytes and microglia in tau-induced degeneration
has received much attention. Tau deposition in astrocytes
and the involvement of astrocytes in the uptake and
spread of pathological tau has been observed [31]. Several
astrocyte phenotypes have been identified, with each hav-
ing functional alterations that impedes their ability to
support properly neurons and/or cause neurotoxicity [32].
Similarly, microglial activation can exacerbate tau
pathology by damaging dendrites and axons in a mouse
model of tauopathy [33]. Such synaptic pathology pre-
ceded neuronal degeneration in this mouse model. Micro-
glia can internalize pathological tau seed and improper
processing of the seed can promote tau seeding and
aggregation in adjacent cells [34]. Here, we have extended
our investigation on these novel anti-tau antibodies for
their ability to detect cell-type specific tau aggregates.
While we observed strong immunoreactivity of TTC-M1
for neuronal tau in AD, DLB and PSP, immunoreactivity
to astrocytic tau deposits was only present in AD and

DLB. TTC-M2 signal was strongly noted for neuronal
tau in AD and PSP only. Interestingly, this antibody did
not detect any astrocytic tau in any of the pathologies.
Both TTC-M1 and M2 showed substantial differences in
detecting microglial tau in all the pathologies. These
results indicate their preference for tau aggregates in cell-
specific manner.

All the four TOMA antibodies differed in recognizing
tau deposits. TOMALI strongly detected neuronal tau in
DLB, and PSP compared to AD, while it showed moder-
ate immunoreactivity for microglial tau in PSP only.
TOMA?2 showed strong signal for microglial tau in all
AD, DLB and PSP and moderately for neuronal tau in
all the three pathologies. On the contrary, TOMA3 was
strongly immunoreactive for neuronal in the three dis-
eases and to some extent in microglia in AD and PSP.
TOMAA4 signal was variable being strongest in the neuro-
nal tau in PSP and having little to no reactivity in either
microglia or astrocytes, respectively. TOMA/TTC-Ms
cell-type profiles is graphically expressed in Figure 7.

The majority of the studies on tau monoclonal anti-
bodies focus on their ability to bind to the extracellular
tau seeds, neutralize them and thus halt the transmission
of tau pathology [35]. Few other studies have also dem-
onstrated the ability of other tau antibodies to be inter-
nalized into human neuroblastoma cells, where they bind
and neutralize pathological tau aggregates, specifically
paired helical filament [36, 37]. However, whether these
antibodies act via binding to intracellular or extracellular
tau aggregates is yet to be investigated. We previously
showed that passive immunotherapy with TOMA (which
is referred to here as TOMAI1) reversed both locomotor
and memory deficits for 60 days accompanied with
reduced tau oligomers levels but not NFTs or tau mono-
mer in P301L transgenic mouse model of tauopathy [21].
In this study, we reported that tauopathies differ in terms
of their clinical manifestations as well as characteristic
tau pathology in terms of cell-type nuclear morphology
and cell-type tau deposits. High resolution structural
studies like cryo-EM provided the field with unparallel
information that tau filaments, which constitute different
hallmark tau pathologies, are structurally different in
AD, PSP, Pick’s disease, corticobasal degeneration, and
chronic traumatic encephalopathy [38-43]. However,
what is still unknown is whether tau oligomers observed
in multiple tauopathies are different in terms of their

FIGURE 8 Differential tau oligomeric patterns in AD, DLB and PSP brain homogenates. Immunohistochemistry of Ctr (A), AD (B), DLB

(C) and PSP (D) brain cortical sections with TOMA1, TOMA2, TOMA3, TOMA4, TTC-M1, TTC-M2 abs. Magnification 40x, black scale bar

50 pm. Top left of each image represent an inset 20x zoomed from the original frame. (E) TOMA2 IHC in AD brains, magnification 40x, black
scale bar 50 pm, blue boxes are represented with 20x zoomed inset 1 and 2. (F) TOMA2 IHC in DLB brains, magnification 40 x, black scale bar

50 pm, blue boxes are represented with 20x zoomed inset 1 and 2. Western blot analyses of AD, DLB and PSP brain homogenates (G) Tau5 IHC in
Ctr, AD, DLB, PSP cortical sections. Magnification 40x, black scale bar 50 pm. Top left of each image represent an inset 20x zoomed from the
original frame. (H) TOMAL IB in brain homogenates of Ctr, AD, DLB and PSP cortices. (I) TOMAZ2 IB in brain homogenates of Ctr, AD, DLB
and PSP cortices. (J) TTC-M1 IB in brain homogenates of Ctr, AD, DLB and PSP cortices. (K) TOMA3 IB in brain homogenates of Ctr, AD, DLB
and PSP cortices. (L) TOMAA4 IB in brain homogenates of Ctr, AD, DLB and PSP cortices. (M) TTC-M2 IB in brain homogenates of Ctr, AD, DLB

and PSP cortices



CELL-TYPE TROPISM IN TOXIC TAU DEPOSITION

rain 150f 18
P<:1‘rhologyJ—o

a
S

-
o
S

Nuclear Density

Nuclear Averaged Area (pmz)

Human Brains Tissue

100 um

o0 o0
@
@
00 Q@00 :
OOOOOOOOOO @ 000000
0000000000 000000000 @@0OO00000
OOV OOOOO0 0000000 00000000 00000000 0®
0000000000 @ 00000000
0000000000 0000000000 000
Total=224.35 Total=231.24 Total=154 Total=166.11
[l 73.28% Neurons [ 58.77% Neurons 1 48.05% Neurons 062.61% Neurons
[0 11.62% Astrocytes [ 18.45% Astrocytes [22.94% Astrocytes [ 15.18% Astrocytes
B 15.11% Microglia W 22.78% Microglia 029.01% Microglia 0 22.21% Microglia

:jul M) \Ka§f/ () :$g;§;T
[ WX%

. = ‘ ‘ =
ns ns
ns
s L.

& & <& ns

£ 60 E 50 E 50

3 ) <

s = =

5 g% g

< 40 < <

3 3 30 2 30

: H 4

g § 20 g 20

z2 z <

H RS 5 10

3 8 ]

20 20 20

Cntrl AD DLB PSP Cntrl AD DLB PSP Cntrl AD DLB PSP

Human Brain Tissue Human Brain Tissue Human Brain Tissue

Y ﬁ P OO

7

ns ns
ns (N) ns
o
40,000
> 20,000 25,000
£ 5 3
& 30,000 g 15,000 g 20,000
E B B 15,000
g 20000 T 10,000 g
2 g £ 10000
£ 10,000 E 500 S
§ ’ T & 5000
g 3 8
0 [ o
Cntrl AD DLB PSP Cntl AD DLB PSP Cntrl AD DLB PSP
Human Brain Tissue Human Brain Tissue Human Brain Tissue

FIGURE 9 Legend on next page.



MONTALBANO ET AL.

16 of 18 Brain
Pathology:

structure and conformation, features which can modulate
their immunological detection as well as their bioactivity.
Further, the contribution of tau isoforms in the patholog-
ical aggregates are different in different tauopathies. To
this end, developing antibodies that specifically target the
pathological form of tau aggregates and further identify
their different conformations is of great interest. The
antibodies investigated in this study show differences in
their immunoreactivity to tau oligomers thus aiding in
selective recognition of tau aggregate patterns in different
brain cell types.

Nuclear shrinkage and deformity are reported in sev-
eral neuropathologies, such as diseases associated with
polyglutamine repeat inclusions, Machado-Joseph dis-
ease (MJD) and Huntington’ disease (HD) [44, 45]. Here,
we studied previously unreported nuclear traits associ-
ated with AD, DLB and PSP Our overall analysis

revealed nuclei morphometric alteration in DLB and
PSP. Nuclear density, nuclear averaged area, and DAPI
integration showed significant decreases in these two
pathologies. This observation was in line with observed
chromosomal dissolution, nuclear shrinkage, and even-
tual nuclear dissolution that may result in cerebellar
shrinkage. On the other hand, a significant increase in
nuclear size was observed in AD, indicating an early
nuclear hypertrophic change that is speculated to stall the
progression of disease. This increase in neurons as well as
in glial cells further support the idea that mounting glial
response is what allows certain patients with asymptom-
atic Alzheimer’s to normally function despite the pres-
ence of AD lesions. The increase in glial cells allows for
greater compacting of AP aggregates in dense core pla-
ques that can be shielded from neurons [17]. In our study,
this hypertrophic reaction in AD only remained
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FIGURE 10 Graphic of nuclei
properties in human diseased brains.
Nuclear averaged area (NAA) and
chromatin compaction grade (CG) in
neurons (green), astrocytes (pink) and
microglia (red) cells are grouped in three
main clusters. Nuclei size is partitioned in
small (10-40 pm?), medium (40-80 pm?)
and large (>80 pm?) nuclei groups. DNA
CG in heterochromatin (DNA
transcription repressed—Ilight green),
switchable (intermediate state of DNA
transcription—orange) and euchromatin
(DNA actively transcribed—gray). NAA
reported in the graphic represents an
average of each disease included in the
study: Ctr, AD, DLB and PSP. Graphic is
created with BioRender software.
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FIGURE 9 Nuclear size, nuclear density, and chromatin compaction of neurons, astrocytes, and microglia in Ctr, AD, DLB and PSP brains.
(A) Bar graph of nuclear density in Ctr, AD, DLB and PSP brains. (B) Nuclear tissue density represented by DAPI staining (gray) of Ctr, AD, DLB
and PSP (magnification: 20x, white scale bar: 100 mm). (C) Bar graph of nuclear averaged area in Ctr, AD, DLB and PSP brains. (D) Representative
micrographs for the size comparison of nuclei (DAPI staining—gray) in Ctr, AD, DLB and PSP (magnification: 40x, white scale bar: 5 ym). (E) Bar
graph of DAPI integrated density based on control and neurodegenerative disease cases. (F) Representative micrographs for the DAPI fluorescent
intensities comparison of nuclei (DAPI staining—gray) in Ctr, AD, DLB and PSP (magnification: 40, white scale bar: 5 pm). Analysis was
conducted via one-way ANOVA *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (G) Parts of total representation of neurons, astrocytes, and
microglia percentage within Ctr brain cortex. (H) Parts of total representation of neurons, astrocytes, and microglia percentage within AD brain
cortex. (I) Parts of total representation of neurons, astrocytes, and microglia percentage within DLB brain cortex. (J) Parts of total representation of
neurons, astrocytes, and microglia percentage within PSP brain cortex. Bar graphs of nuclear averaged area in neuron (K) astrocytes (M) and
microglia (O). DAPI integrated density based on control and neurodegenerative disease cases broken up by cell type: Neuron (L), astrocyte (N) and
microglia (P). Analysis was conducted via one-way ANOVA Dunnett’s multiple comparison test: *p < 0.05; **p < 0.01; ***p < 0.001;

*EEED < 0.0001.
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consistent in terms of nuclear density among all cell
types. When further broken down by cell type, DLB and
PSP showed no significant changes in any characteristic.
Nuclear size (area) and DNA compaction grade in neu-
rons, astrocytes, and microglia of Ctr, AD, PSP and
DLB brains are summarized in Figure 2 showing the dis-
tinctive pattern of nuclear morphology in the three
pathologies.

In our previous study, we showed abnormal nuclear
morphology in AD, FTD and ALS and we observed an
increment of DAPI integrated density in HEK cells trea-
ted with exogenous recombinant Tau oligomers [20], sup-
porting our observation of higher DAPI intensity in AD
brains in this study. Previously, using inducible-tau HEK
cells model, we observed a reduction of euchromatin tri-
methylated Histone H3K4 (H3K4me3) and higher chro-
matin compaction in P30I1L tau expressing models
compared to WT controls. This observation supports the
hypothesis that a higher heterochromatin (chromatin
condensate state) is present in AD compared to PSP and
DLB. These epigenomic signatures have been observed in
AD brains, where high levels of H3K9me3 have been
detected [46]. However, further studies are needed for dis-
secting out the extent of nuclear trophism in these dis-
eases more precisely.

In conclusion, these observations suggest that AD,
PSP and DLB present case-specific nuclear morphologi-
cal signatures and cell-type tropism of toxic tau oligo-
mers. For this reason, gaining greater comprehension
into the interplay of these antibodies and cell-type may
provide a new avenue for treatment and can give greater
insight into more appropriate personalized therapeutic
frameworks.
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