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The aggregation of abnormally phosphorylated tau protein in neurons and glia is a
neuropathological hallmark of several neurodegenerative disorders, collectively known
as tauopathies. They are further subclassified based on the preferential pathological
aggregation of three carboxyl-terminal repeat domains (3R) and/or 4R tau. Corticobasal
degeneration (CBD) is a rare neurodegenerative disorder classified as a 4R tauopathy.
In the present study, we extend analysis of CBD-tau cell-type specific pathology
transmission with 3R and 4R tau isoform distinguishable changes. We use a
humanized tau (hTau) mouse line, which overexpress all six human tau isoforms in
a murine tau knockout background and perform intrastriatal inoculation of control
and CBD-tau enriched human brain homogenate. We show that CBD-tau causes
hyperphosphorylation of tau at Ser202 predominantly in oligodendrocytes. Next, we
demonstrate the spread of tau pathology from striatum to the overlaying corpus callosum
and further to the contralateral side. Finally, we demonstrate that the almost exclusive
oligodendrocyte-based transmission of hyperphosphorylated tau is reflected in the
endogenous 4R tau isoform expression and corresponds to subclassification of CBD
as a 4R tauopathy. Additionally, we identify functional changes in oligodendrocytes
reflected by myelin basic protein abnormalities upon CBD-tau inoculation. These changes
are not observed in murine tau knockout mice lacking both human and murine tau.
Our study presents not only in vivo tau isoform-driven region- and cell-specific tau
pathology, but also underlines that tau pathology seeding and transmission might be
oligodendrocyte-based. These results, which need to be extended to more cases, give
new insights into why tauopathies might vary greatly in both histopathological and
neuroanatomical patterns.
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INTRODUCTION

Corticobasal degeneration (CBD) is a rare neurodegenerative disorder with 0.6-0.9 cases per
100,000 individuals per year (1, 2), and in a more recent study of a Russian population, it
was estimated at 0.02 cases per 100,000 individuals per year (3). The cardinal CBD features
are progressive asymmetric rigidity and apraxia, accompanied by aphasia and dystonia. The
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neuropathological hallmark of CBD is astrocytic plaque
formation and accumulation of abnormally phosphorylated
tau in neurons and glia (oligodendroglia and astrocytes)
predominantly in forebrain structures (4). Although the CBD tau
pathology is mainly astrocytic and neuronal, the oligodendroglia
tau aggregates are also present in a form of numerous and
widespread  cytoplasmic  process (argyrophilic
threads) (5) and oligodendroglia cell body inclusions (coiled
bodies) (6). Although astrogliopathy predominates in the earliest
stage of CBD pathology, the oligodendroglia involvement in
the early preclinical stages is also reported (7). Furthermore,
in connection to the oligodendroglia pathology, the white
matter volume loss in subcortical structure is observed in CBD
(8, 9). Although CBD is a predominantly sporadic disorder,
familial cases with tau protein mutation (N296N) have been
reported (10).

Abnormalities in tau protein, resulting in its aggregation
in neurons and glia, are a neuropathological hallmark of
more than 20 neurodegenerative disorders collectively named
tauopathies (11). Human tau protein is encoded by the
microtubule associated protein tau (MAPT) gene containing
16 exons. The alternative splicing of exon 2 (E2), E3,
and E10 result in expression of 6 tau isoforms in the
adult human brain. The E2 and E3 determine the presence
of 0, 1, or 2 near-amino-terminal inserts (ON, 1IN, or
2N, respectively), and the existence of 3 or 4 carboxy-
terminal repeat domains (3R or 4R, respectively) is dictated
by alternative splicing of E10, in which only 4R variants
include E10. The carboxy-terminal repeat domains are part
of the microtubule assembly domain, and the presence
of an extra repeat in 4R tau accelerates the microtubule
assembly process 2.5-3.0 times compared to 3R (12). The
presence or absence of E10 is particularly interesting in
tauopathies. The preferential accumulation of 3R and/or 4R
tau provides a subclassification of tauopathies (13). The
most frequent neurodegenerative disorder, Alzheimer disease
(AD), is a 3R + 4R tauopathy; progressive supranuclear
palsy (PSP), CBD, and argyrophilic grain disease are 4R
tauopathies; and Pick’s disease (PiD) represents a 3R tauopathy
(13). The tau protein also undergoes many post-translational
modifications, among which phosphorylation is of particular
interest due to insoluble hyperphosphorylated tau deposits found
in postmortem brains from patients with tauopathy (14). Since
the first classification of tau as a phospho-protein (15), at least 85
phosphorylation sites have been identified (16). Under normal
physiological conditions, phosphorylation/dephosphorylation of
tau modulates its microtubule binding properties. Tau affinity
to the microtubule decreases upon phosphorylation (14), which
increases the amount of more aggregation-prone cytosolic tau
fraction (17). In addition, a recently published study challenges
the current hypothesis that tau protein is a microtubule-
stabilizing protein in axon and favor a new theory in which
tau rather enables axonal microtubules to have the long labile
domains (18).

Over the years, much attention has been placed on the
neuronal connectome from the injection side and specific tau
strains to elucidate the intraneuronal spread of tau aggregates

inclusions

in tauopathies. Recently, more focus is placed on explaining
the role of astrocytes, oligodendrocytes, and microglia in tau-
driven neurodegenerative disorders. Moreover, the striatum
and prefrontal cortex are indicated as the earliest sites of tau
pathology in CBD (7). Therefore, we utilize humanized tau
(hTau) animals, overexpressing all six human tau isoforms
in a murine knockout background and perform intrastriatal
CBD-tau enriched brain homogenate inoculation to study a
CBD-tau cell-type-specific pathology transmission. We show an
oligodendrocyte predominant disease transmission, which we
further identify to be 4R tau dependent.

MATERIALS AND METHODS

Subjects and Sample Collections

Subjects’ consent was obtained according to the Declaration
of Helsinki. All experiments involving human subjects were
approved by the regional ethical committees at Karolinska
University Hospital (2016/19-31/1). Formalin-fixed, paraffin-
embedded 5-um human brain sections and fresh frozen human
brain blocks from subjects without neurological disorders (n =
1) or pathologically typical CBD (n = 1) were obtained from
the Queens Square Brain Bank, London. The control case was
an 88-year-old male with pathological aging-related amyloid
beta deposition, limbic TDB-43, and mild small vessel disease.
The CBD case was a 78-year-old male with characteristic CBD
pathology, including typical AT8 positive astrocytic plaques,
neuropil threads, and scattered oligodendroglial coiled bodies in
the subcortical white matter. He also exhibited pathological aging
(CERAD sparse amyloid beta plaques), Braak & Braak stage II. A
detailed neuropathological description of the cases is presented
in the Supplementary Data.

Purification of Insoluble Tau From CBD and

Control Brains

The fresh frozen blocks of human frontal cortex from the
CBD and control cases were homogenized at 1:5 (w/v) in
sterile phosphate-buffered saline (PBS) with complete protease
inhibitors (1836153, Roche, Basel, Switzerland), sonicated 5 x 1's
and centrifuged at 3,000 g at 4°C for 5 min. Next, the supernatant
was centrifuged at 100,000 g at 4°C for 20 min. The supernatant,
containing soluble tau, was aliquoted and stored at —70°C, and
the pellet fraction containing insoluble tau was resuspended in
the original volume of homogenization buffer, sonicated 5 x 1,
aliquoted, and stored at —70°C (19).

Animals

hTau transgenic mice B6.Cg-Mapt!™! (EGFP)KIt
Tg(MAPT)8cPdav/] (stock #004808 005491, The Jackson
laboratory, Bar Harbor, ME, USA) and tau knockout (KO) mice
B6.Cg-Mapt™!EGFPIKIt (tck #004779, The Jackson laboratory,
Bar Harbor, ME, USA) were bred in the laboratory according to
supplier instructions.

Stereotaxic Surgery
The 3-month-old mice were randomly assigned (4-8 per
group) to the experimental groups. All experiments were
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performed in agreement with the European Communities
Council (86/609/EEC) and approved by the Stockholm North
Ethical Committee (Ethical permit # N13014). Stereotaxic
surgery was performed under anesthesia in a stereotaxic frame
(Stoelting, Wood Dale, IL, USA). The right striatum was injected
with 8 g of insoluble tau fractions from brain lysates of CBD
or control cases at the coordinates 0.8 mm posterior, 1.95 mm
lateral to bregma, and 3.0mm ventral according to bregma.
The infusion of 2 wl was conducted with a 10-pul Hamilton
syringe (Hamilton, Bonaduz, Switzerland) at a rate of 0.2 pl/30s.
After infusion completion, the needle was left at the position
for an additional 5 min and then slowly retracted. The skin was
sutured and postoperative pain relief, Temgesic (s.c.; Indivior UK
Limited, Slough, UK), was given directly after the surgery and
additionally two times within 48 h. The animals were placed back
in the cage with unlimited access to water and food until the
experimental endpoint.

Immunocytochemistry

At 1 and 12 months postsurgery, mice were deeply anesthetized
and perfused transcardially with saline followed by buffered 4%
paraformaldehyde. Both hemispheres were collected, dehydrated,
and embedded in paraffin and then sectioned into 4-pm-
thick sagittal sections using a microtome. Next, slides were
deparaffinized, rehydrated, and subjected to the antigen retrieval
step in sodium citrate pH 8.5 for 30 min at 80°C. All washes
were made with 1X PBS (7.2 mM Na,HPOy, 2.8 mM NaH,POy,
140 mM NaCl, pH 7.4). Blocking of endogenous IgG with a
Mouse on Mouse (M.O.M.™) Basic kit (BMK-2202, Vector
Laboratories, Burlingame, CA, USA) was performed according
to manufacturer protocol for mouse primary antibodies.
The overnight incubation was performed at 4°C with the
following primary antibodies: CP13 antibody (gift from P.
Davis, dilution 1:1,000) for detection of phosphorylated tau
at Ser202, Olig2 (ab109186, Abcam, Cambridge, UK; dilution
1:300), Sox9 (ab185966, Abcam, Cambridge, UK; dilution
1:300), NeuN (ab177487, Abcam, Cambridge, UK; dilution
1:300), MBP (sc-271524, Santa Cruz Biotechnology, Dallas,
TX, USA; dilution 1:300), and RD4 (05-804, Merck Millipore,
Burlington, MA, USA; dilution 1:300). Next, sections were
washed and quenched of endogenous peroxidase in 3% hydrogen
peroxide and 10% methanol in PBS. Thereafter, sections were
washed, and secondary antibody incubation was performed with
M.O.M.™ Biotinylated Anti-Mouse IgG Reagent (BMK-2202,
Vector Laboratories, Burlingame, CA, USA) or ImmPRESS™-
AP REAGENT Anti-Rabbit IgG (MP-5401, Vector Laboratories,
Burlingame, CA, USA) according to manufacturer protocol. The
subsequent washes were performed, and avidin-biotin complex
horseradish peroxidase kit (ABC Elite) (PK-6100, Vector
Laboratories, Burlingame, CA, USA) with 3,3-diaminobenzidine
(DAB, D5637, Sigma-Aldrich, St. Louis, MO, USA) based
detection, yielding brown product, was applied for CP13, MBP,
and RD4 antibody detection. The Vector® Red AP substrate
(SK-5100, Vector Laboratories, Burlingame, CA, USA), yielding
red/pink reaction product, was applied for Olig2, Sox9, and
NeuN antibodies. The multiple antigen labeling was performed
for detection of CP13 or RD4 antibody with DAB chromogen

and followed by subsequent Olig2, Sox9, or NeuN overnight
incubation and detection with Vector® Red AP substrate.
Negative controls, omitting primary antibodies, were always
conducted in parallel for immunohistochemical staining. The
human paraffin sections were treated as described above for mice
sections with the following alterations: no M.O.M. kit incubation
was applied, and horseradish peroxidase directly conjugated
secondary antibody (P044701-2, Dako, Denmark; dilution 1:100)
was applied to detect CP13 mouse antibody.

Sodium Dodecyl Sulfate Polyacrylamide

Gel Electrophoresis (SDS-PAGE)

The SDS-PAGE was performed as previously described (20). The
sample was mixed in a 3:1 ratio with denaturing loading buffer
(106 mM Tris-HCI, 141 mM Tris, 2% lithium dodecyl sulfate
(LDS), 10% glycerol, 6% p-mercaptoethanol, 0.51 mM EDTA,
0.22 mM SERVA Blue G-250, 0.175 mM Phenol Red, pH 8.5) and
boiled at 95°C for 5min. Next, samples were separated using a
bis-tris acrylamide gel using MES running buffer (50 mM Tris,
50 mM 2-(N-morpholino) ethanesulfonic acid (MES), 0.1% SDS,
1 mM EDTA, pH 7.3).

Western Blotting

After SDS/PAGE, gels were assembled with 0.45 pm pore size
polyvinylidene difluoride membranes, and semidry transfer was
performed. Membranes were blocked during 1h incubation in
5% skim milk at RT. Next, membranes were incubated overnight
at 4°C with a primary antibody diluted 1:1,000 (vol/vol)
in 1% skim milk. Membranes were thereafter incubated for
2h with appropriate horseradish peroxidase (HRP)-conjugated
secondary antibody (Dako, Denamrk) diluted 1:10,000 (vol/vol)
in 1% skim milk at RT. The signal was developed by a Clarity
Western ECL Substrate (BioRad, USA). A colorimetric scan was
used to visualize the protein ladder. The intensity of protein
bands was analyzed using Image] (21). Primary antibodies used
were RD3 (05-803, Merck Millipore, USA), RD4 (05-804, Merck
Millipore, USA), CP13 (gift from P. Davis, 1:5,000 dilution), AT8
(MN1020, Thermo Fisher Scientific, USA), AT100 (MN1060,
Thermo Fisher Scientific, USA), pThr181 (12855, Cell Signaling,
USA) and DAY (gift from P. Davis).

Dot Blotting and Ponceau S Staining

One pl of the insoluble tau fractions from brain lysates of CBD
and control cases was placed on a nitrocellulose membrane and
air dried. The Ponceau S staining (P7170-1L, Sigma-Aldrich,
St. Louis, MO, USA) was performed according to manufacture
protocol. A colorimetric scan was used to visualize the signal. The
intensity of the protein signal was analyzed using Image]J (21).

Negative Stain TEM

Three pl of the sample was applied on glow-discharged, carbon-
coated, and formvar-stabilized 400 mesh copper grids (Ted Pella)
and incubated for approximately 30 s. Excess sample was blotted
off, and the grid was washed with MilliQ water prior to negative
staining using 2% uranyl acetate. TEM imaging was done using
Hitachi HT7700 (Hitachi High-Technologies) transmission
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electron microscope operated at 100 kV equipped with a 2k x 2k
Veleta CCD camera (Olympus Soft Imaging System).

Cell Counting

Cell counting was performed on representative light microscopy
pictures. The digital images of the striatum and corpus callosum
were obtained by a microscopic objective lens (20x, Plan Fluor;
Nikon, Tokyo, Japan) and analyzed using Image]. For each
animal, three sections were analyzed. From each section, three
locations of the structures were selected for microphotography.
For the striatum, the two dorsal (one anterior and one posterior)
and one ventral images were analyzed. The dorsal anterior
striatum analysis was performed, omitting the internal capsule.
For the corpus callosum, pictures corresponding to the anterior,
medial, and posterior parts of the corpus callosum overlaying the
striatum were analyzed. The manual exhausted counting of single
and double positive cells was performed blindly. The data are
presented as a fraction of double positive (CP13%/Olig2™) cells
of all single positive (Olig2™) cells and displayed as a percentage
of control injected animals.

Densitometry

The optical density of MBP immunoreactivity was performed on
representative light microscopy pictures. The digital images of
the corpus callosum were obtained by a microscopic objective
lens (10x, Plan Fluor; Nikon, Tokyo, Japan) during one
microscopic session and analyzed in gray scale using Image].
The same microscope light intensity was applied to all acquired
pictures. For each animal, three sections were analyzed. From
each section, three locations from the anterior, medial, and
posterior parts of the corpus callosum overlaying the striatum
were selected, omitting backgrounds gaps. The picture collections
and data analysis were performed blindly. The optical density
for each location was corrected for non-specific background
density. The data are presented as a percentage of control
injected animals.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism
software (GraphPad Inc). A Mann-Whitney U test was applied
for nonparametric comparison between two groups. The Student
t test was applied for parametric comparison between two groups
after assessing normality with the Shapiro-Wilk normality
test. A Spearman’s rank correlation coefficient was used to
analyze dependence between two sets of data. All statistical
tests were 2-tailed, and a P-value < 0.05 was considered
statistically significant.

RESULTS

To investigate cell-specific propagation of CBD-tau, we prepared
an insoluble tau fraction from a neuropathologically confirmed
CBD case and a control non-neuropathological case. The
detailed neuropathological case description is presented in the
Supplementary Data. The Western blot analysis of the tau
insoluble fraction of control and the CBD brain homogenate used
for inoculation is presented in Supplementary Figure 1A. The
3R tau isoforms are presented in both CBD and control cases,

and no high molecular weight aggregates were detected in either
of them. Importantly, the 4R tau isoforms were also detected in
both cases, but only the CBD case possessed a high molecular
aggregated form of 4R tau. Further analysis reveals that only the
CBD case possessed CP13 (pSer202), AT8 (pSer202, pThr205),
AT100 (pThr212, pSer214), and pThrl81 positive tau in the
tau insoluble brain homogenate fraction. All of them were also
detected as a high molecular weight species. In addition, the CBD
inoculated material had 3-fold greater signal intensity for total
tau than the control case (DA9, pan-tau antibody). Importantly,
Ponceau § staining showed that the protein load was 2-fold lower
in the CBD case than in the control. Therefore, the observed
greater total tau load in the CBD case was due to tau pathology,
not difference in total protein load. Further, we performed
TEM analysis of injected insoluble material from both the CBD
and control cases. Only a few short tangles were observed
in the control case (Supplementary Figure 1B). In material
isolated from the CBD case, numerous short tangles can be seen
(Supplementary Figure 1C). We have not observed any long
tangles in any of the samples, which is connected with performing
a sonication step of the material prior to injection into
mice brains. In addition, we performed immunohistochemistry
analysis of frontal cortices from the control and CBD cases using
CP13 antibody (Supplementary Figures 1D,F) specific for tau
phosphorylated at Ser202 (pSer202), commonly used to detect
tau pathology in both early (pretangle) and more advanced
stages of neurofibrillary tangle accumulation (22-24). The CP13
positive (CP13") astrocytic plaques were observed only in the
CBD case. The neuronal CP13 staining was regularly detected in
the CBD case, and only few neurons were observed in the control
case. The aging-related tau astrogliopathy was present in both
cases in the form of CP13% thorn-shaped astrocytes. No fuzzy
CP13™" astrocytes were detected in any of the cases. The negative
microphotography representation of CP13 staining highlights
abundant pSer202 involvement in CBD pathology compared to
the control case (Supplementary Figures 1E,G).

The insoluble tau fraction of CBD or control case brain
homogenate was stereotaxically injected into the right striatum
of 3-month-old humanized tau (hTau) animals and tau knockout
mice (KO) based on neuropathological findings highlighting the
striatum in preclinical and early stages of CBD (7). The hTau mice
overexpress all six human tau isoforms under the tau promoter
in the murine tau KO background. Next, we examined tau
pathology at 1 and 12 months post-surgery using CP13 antibody
(pSer202, pretangles, and more advanced stages of neurofibrillary
tangle accumulation) (22-24).

We started analysis of oligodendrocytes using the Olig2
nuclear marker combined with CP13 immunoreactivity.
Interestingly, 1 month after inoculation, the vast majority of
CP13 positive (CP137) oligodendrocytes in the striatum were
located within or in close proximity to white matter tracts, and
CP13 negative (CP13 ™) were equally distributed (Figure 1A). No
significant differences were observed in Ser202 phosporylated
tau positive oligodendrocytes (CP131/0lig2™) between control-
tau and CBD-tau injected hTau animals in either contra- or
ipsilateral striatum (Figures 1B,C, respectively). However,
12-month inoculation of CBD-tau resulted in a significantly
higher presence of CP13% oligodendrocytes in the striatum
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(Figures 1A,D,E). Interestingly, the location of the CP13*
oligodendrocytes was no longer mainly restricted to the
white matter tracts and their near proximity, but CP13%
oligodendrocytes were also regularly observed in striatal gray
matter (Figure 1A). Importantly, the significantly increased
number of CP13" oligodendrocytes was not restricted to the
ipsilateral hemisphere but was also present in the contralateral
striatum (Figures 1A,D,E). This suggests that CBD-tau can
induce transmittable changes in oligodendrocyte population
across hemispheres.

Due to anatomical connections of striatal white matter
tracts to the corpus callosum, we also analyzed CP13%
oligodendrocytes in the corpus callosum. After 1 month of the
control-tau homogenate inoculation, approximately one third
of oligodendrocytes were CP13" (Figure 1A). At that time
point, no significant differences in CP13" oligodendrocytes
were observed between control-tau and CBD-tau injected hTau
animals in either the contra- or ipsilateral sides (Figures 1EG,
respectively). Although in line with striatal results, 12 months
after homogenate inoculation, CP13" oligodendrocytes were
significantly more frequently observed in CBD-tau than in
control-tau injected hTau animals (Figure 1A) in both the
contra- and ipsilateral sides (Figures 1H,I, respectively). This
confirms that tau-enriched brain homogenate from a CBD case
induced transferrable changes in the oligodendrocyte population
also in the corpus callosum. Furthermore, the significant
positive correlation in the fraction of CP13%1 oligodendrocytes
was observed between the striatum and corpus callosum
(Figure 1J), suggesting the presence of the oligodendrocytes’
transmissible changes in tau phosphorylation between these
structures. Interestingly, when comparing the spread of
Ser202 phosporylated tau pathology across hemispheres, the
significant positive correlation between the number of ipsi-
and contralateral CP13" oligodendrocytes was present only in
CBD-tau (Figure 1K) and not control-tau (Figure 1L) injected
animals. This supports that only the CBD-tau, not control-tau, is
able to trigger and transmit pathology across hemispheres.

Subsequently, we studied if an increased fraction of CP13%
oligodendrocytes could be reflected in their functional changes.
To assess this possibility, we measured myelin basic protein
(MBP) immunoreactivity in the corpus callosum of 12-month
post-injected hTau and KO animals. The densitometric analysis
revealed a significant decrease in MBP immunoreactivity in
CBD-tau compared with control-tau injected hTau animals
(Figures 2A-C). On the contrary, analysis of tau KO animals
did not show any significant differences in MBP density between
CBD-tau and control-tau injected animals (Figures 2A,D,E),
highlighting the importance of human endogenous tau presence
in triggering CBD-tau pathology. In addition, the significant
negative correlation was detected between MBP density
and the number of CP13% oligodendrocytes in the corpus
callosum of hTau mice (Figure2F), indicating the myelin
disruption as a functional consequence of increased Ser202
hyperphosphorylated tau in oligodendrocytes.

Because CBD is primarily an astrogliopathy, we analyzed
tau pathology in astrocytes. We applied Sox9, a nuclear marker
specific for astrocytes, to identify astrocytes in the adult mouse

brain outside the neurogenic regions. Examination of striatal
astrocytes revealed that CP13+ astrocytes are a very rare event
in hTau animals, and the vast majority of astrocytes are CP13™.
Similar results were observed in control-tau and CBD-tau
injected animals at both experimental time points (Figure 3).
Likewise, the astrocyte population in the corpus callosum also
remained mainly CP137 in all experimental groups (Figure 3).

Furthermore, we also analyzed Ser202-specific tau
phosphorylation in the neurons of the striatum, and no
significant alterations were observed in any of the experimental
groups at any of the time points (Figures 1A, 3, based on
neuronal morphological discrimination). The corpus callosum
was not examined due to a lack of neurons in this structure.
The clear neuronal immunoreactivity of CP13 was present
in the hippocampus (Supplementary Figure?2) and other
brain regions in hTau animals indicating that CP13 antibody
recognized pSer202 tau not only in oligodendrocytes, but also
neurons (22-24).

Finally, to determine the possible cause of preferential
oligodendrocyte susceptibility to CBD-tau induced changes
over other cell types in the striatum and corpus callosum,
we performed 4R tau-specific immunorectivity to follow
subclassification of CBD as a 4R tauopathies (Figure4).
Interestingly, we identified that the only 4R positive cells
in the striatum and corpus callosum were oligodendrocytes,
and no 4R tau-positive astrocytes or neurons were observed.
Furthermore, none or weak expression of 4R tau were detected
in oligodendrocytes in the cortex or hippocampus. Only a few
4R tau-positive neurons were observed in the cortex and some in
the hippocampus. In none of the analyzed structures were 4R tau
positive astrocytes identified. Interestingly, this suggests that 4R
tau expression in hTau animals is both cell and site specific.

DISCUSSION

Numerous studies have been performed with intracerebral
injection of human brain homogenates from a range of
tauopathies in mice expressing human tau (19, 25-29) or WT
animals (29-33). In the present study, by applying a humanized
tau (hTau) mouse line (22), we generated a new model in
which CBD-tau transmission could be examined not only in
the presence of all six human tau isoforms, but also excluding
any interaction resulting from endogenous murine tau. The
important advantage of the applied model is a non-predominant
4R tau environment, which allows the 3R and 4R tau isoforms
distinguishable study. Additionally, tau overexpression in this
line is driven by the endogenous tau promoter. Furthermore,
performed striatal inoculation relates to the brain region mostly
affected by astrogliopathy in the early stages of CBD (7). In
our research, the manifestation of pathological tau was analyzed
by monitoring the presence of phosphoepitope Ser202 on tau
protein by CP13 antibody immunoreactivity, commonly used to
detect tau pathology in both early (pretangle) and more advanced
stages of neurofibrillary tangle accumulation (22-24).

We show that CBD-tau brain homogenate inoculation in
striatum of hTau animals caused hyperphosphorylation of
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FIGURE 1 | The tau pathology transmission in oligodendrocytes. (A) The microphotography pictures of double immunohistochemistry staining of tau phosphorylated
at Ser202 (CP13 antibody, brown chromogen) in oligodendrocytes (Olig2, nuclear marker, red/pink chromogen). The cell distribution in the contralateral (left panel) and
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FIGURE 1 | ipsilateral side (right panel) of the striatum (left subpanel) and corpus callosum (right subpanel) after 1 month (upper panel) and 12 months (lower panel) of
control-tau (upper subpanel) or CBD-tau (lower subpanel) inoculation. The representative pictures of cells in each group are presented as the black bordered inserts.
The presence of pathological tau in oligodendrocytes increases upon CBD-tau inoculation at 12 months postsurgery. No changes for control-tau were observed. The
scale bar represents 50 wm and applies to all pictures; the black-bordered inserts represent 4 x digital enlargement. (B-l) the quantitative analysis of double positive
oligodendrocytes (CP13*/0lig2™): 1 month postsurgery in the contralateral (B, controls n = 3, CBD n = 8) and ipsilateral (C, controls n = 4, CBD n = 8) striatum; 12
month postsurgery in the contralateral (D, controls n = 6, CBD n = 4) and ipsilateral (E, controls n = 4, CBD n = 4) striatum; 11 months postsurgery in the
contralateral (F, controls n = 3, CBD n = 7) and ipsilateral (G, controls n = 4, CBD n = 7) corpus callosum; and 12 month postsurgery in the contralateral (H, controls
n =25, CBD n = 4) and ipsilateral (I, controls n = 4, CBD n = 4) corpus callosum. The significant increase of tau phosphorylated at Ser202 positive oligodendrocytes
in CBD-tau injected animals was observed in striatum and corpus callosum 12 months postsurgery compared to control-tau animals. (J-L) the correlation of
double-positive oligodendrocytes (CP13%/0lig2™) as a fraction of all oligodendrocytes between the corpus callosum and striatum (J), between the ips- and
contralateral side of CBD-tau (K) and control-tau (L) injected animals. The striatum and corpus callosum transmissible changes in oligodendrcytic tau pathology were
detected by the presence of the significant positive correlation between them (J). The significant positive correlation between ipsi-and contralateral hemispheres of
oligodendreytic tau pathology was observed only in CBD-tau (K), and not control-tau (L) injected animals strengthening that only pathological tau is able to trigger
transmissible changes in oligodendrocytes across hemispheres. Comparison between 2 groups was performed using the Mann-Whitney U test. Spearman’s rank

correlation coefficient was used to analyze dependence between 2 sets of data. P value < 0.05 was considered statistically significant. “P < 0.05.

tau at Ser202 predominantly in oligodendrocytes. Next, the
pathology of tau hyperphosphorylated at Ser202 was transmitted
from the striatum to the overlaying corpus callosum in the
ipsilateral side and 12 months postinjection was also detected
in oligodendrocytes in the contralateral corpus callosum and
striatum. These results are in line with well-documented
oligodendrocytes and white matter pathology in CBD patients
(4-6, 8, 9). Although astrogliopathy predominates at the earliest
stage of CBD pathology, the oligodendroglia involvement in
the early preclinical stages is also reported in patients (7).
Interestingly, the striatum (caudate and putamen) was the
most affected by astrocytic plaque in the earliest stages, and
astrogliopathy was accompanied by oligodendroglia pathology
present in form of coiled bodies in the putamen (7).
Furthermore, the results showing oligodendrocyte
involvement in CBD-tau propagation in our model are in line
with previously reported studies in WT (31) and other transgenic
mice (26, 27, 29, 34). These studies report oligodendrocytic next
to neuronal and astrocytic involvement in CBD-tau propagation
although with discrepancy in the cell types involved and timing
in both WT and transgenic animals. Interestingly, intracerebral
inoculation of the same tauopathies’ brain homogenates in the
same mouse brain region, presented the diverse magnitude
of the cell type involvement in tau spreading depending on
whether the animals were WT or transgenic (PS19) (26). In
the PS19 transgenic mouse line, expression of the T34 isoform
of tau (4RIN) containing the P301S tau mutation is driven
by the murine prion protein promoter (35). It is, therefore,
not surprising to observe disease pathology in all reported
cell types (neurons, astrocytes, and oligodendrocytes) because
they have been preconditioned and unified toward it not
only by mutation per se but also 4R tau isoform presence
(both human and endogenous murine). However, even in this
preconditioned environment, predominantly oligodendrocytes
and white matter pathology was observed, over infrequent
intraneuronal tau aggregates upon CBD-tau inoculation for
1 month. Astrocytic pathology was scarcely detected later
in time, 6 months postinjection (26). This agrees with our
current report, in which exclusive oligodendrocyte involvement
over neuronal and astrocytic is observed after striatal CBD-
tau inoculation in hTau mice. A non-significant increase in
CP13%" oligodendrocytes was also detected as early as after

1 month CBD-tau inoculation, and it became significant at
12 months. We did not observe any significant neuronal or
astrocytic involvement. However, it should be noted that
robust acceleration of pathological changes caused by P301S
mutation reported by Lee, Trojanowki, and colleagues (35)
and other studies (23, 36-38), together with the tau isoform
expression pattern, need to be taken into consideration. On
the contrary, in the other study reported by Lee, Trojanowki,
and colleagues, CBD-tau injection into WT mice triggered tau
aggregates in oligodendrocytes and astrocytes simultaneously 1
month post-injection with accompanying systematic neuronal
inclusions (31). In addition, similarly to our study, propagation
of oligodendrocyte aggregates was shown over time from the
ipsi- to contralateral side of the white matter tracks (fimbria and
corpus callosum). Importantly, with our quantitative data, we
reported a significant positive correlation between the number
of ipsi- and contralateral CP13*" oligodendrocytes only in
CBD-tau and not control-tau injected animals, reinforcing that
only the CBD-tau was able to trigger and transmit pathology
across hemispheres.

Likewise, CBD-tau inoculation in ALZ17 animals (27),
expressing the longest human tau isoform (4R2N) under the
neuron-specific promotor (39) also caused oligodendrocytic tau
pathology. The presence of small neurofibrillary tangles and
abundant neuropil threads in the hippocampus were observed
6 months after post-hippocampal CBD-tau injection, and were
accompanied by tau inclusions in oligodendrocytes in the form
of coiled bodies. In line with the aforementioned studies (31, 35)
the astrocytic plaques were identified later in time (after 12
months inoculation).

The observed changes in diverse magnitude of the cell type
involvement and timing in tau spreading, reported in our
and previous studies (26, 27, 31, 34), might be explained by
heterologous promoters controlling overexpression of different
tau variants (normal or mutated), use of transgenic or WT
animals, as well as differences in tau isoform expression. The
ratio of 3R and 4R tau isoforms in the human adult brain is
1:1, and adult mice express exclusively 4R isoforms (12, 22,
23, 40-42). The radical changes in tau isoform expression were
reported in the literature upon introduction of all six human
tau isoforms in a mouse null background (with endogenous
tau knockout) animal lines (22, 41), and the predominant
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FIGURE 2 | The functional changes in oligodendrocytes triggered by CBD-tau inoculation. (A), the corpus callosum microphotography pictures of myelin basic protein
(MBP) immunoreactivity in the contralateral (left panel) and ipsilateral (right panel) sides in hTau (upper panel) or KO (lower panel) animals 12 months after control-tau
(upper subpanel) or CBD-tau (lower sub panel) injection. The scale bar represents 25 um and applies to all pictures. (B-E), The quantitative analysis of densitometric
data of MBP immunoreactivity in the corpus callosum of hTau animals contralateral (B, controls n = 4, CBD n = 4) and ipsilateral (C, controls n = 4, CBD n = 4)
hemispheres; and KO animals contralateral (D, controls n = 3, CBD n = 4) and ipsilateral (E, controls n = 3, CBD n = 4) hemispheres. The significant decrease in
MBP densitometry was observed bilaterally only in hTau animals, reflecting presence of tau-dependent changes. (F), correlation of MBP density and double-positive
oligodendrocytes in the corpus callosum. The presence of significant positive correlation indicates functional changes in oligodendrocytes upon tau pathology
presence. Comparison between two groups was performed using the Student ¢ test. Spearman’s rank correlation coefficient was used to analyze dependence
between two sets of data. P-value < 0.05 was considered statistically significant. *P < 0.05, ***P < 0.0001.

expression of 3R over 4R human tau isoforms is observed.
Furthermore, as in other mouse lines with null background
expressing all six human tau isoforms (hT-PAC-N, Mapt™/7),
we observed indications of the region- and cell-specific tau
isoform expression in hTau animals. We found that 4R tau
isoforms are only expressed in oligodendrocytes in the striatum
and corpus callosum. Furthermore, none or weak expression
of 4R tau isoforms were observed in oligodendrocytes in
the cortex or hippocampus. No astrocytes in any of the
analyzed structures were 4R immunoreactive, and only a few
4R tau positive neurons were detected in cortex, some in the
hippocampus, and none were identified in the striatum. This

supports our observation that CBD, as a predominantly 4R tau
disorder, triggered tau pathology mainly in oligodendrocytes,
the only striatal cells in hTau animals expressing 4R tau. In
addition, we show that disease transmission is triggered in
anatomically connected regions only in the cells expressing
4R tau isoforms. This greatly correlates with a previously
published in vitro study in which tau fibrils from different
tauopathies recruited tau isoforms corresponding to the original
human cases (4R recruits 4R, 3R+4R recruits 3R and 4R)
(31). Likewise, a recent study using a newly generated 6hTau
transgenic line (expressing an equal ratio of 3R and 4R human tau
isoforms in null-background mice) states that distinct tauopathy
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FIGURE 3 | The absence of tau pathology transmission in astrocytes. The microphotography pictures of double immunohistochemistry staining of tau phosphorylated
at Ser202 (CP13 antibody, brown chromogen) in astrocytes (Sox9, nuclear marker, red/pink chromogen). The cell distribution in the contralateral (left panel) and
ipsilateral side (right panel) of striatum (left subpanel) and corpus callous (right subpanel) after 1 month (upper panel) and 12 months (lower panel) of control-tau (upper
subpanel) or CBD-tau (lower sub panel) inoculation. The representative pictures of cells in each group are presented as black-bordered inserts and demonstrate the
absence of pathological tau in astrocytes in any of the experimental group at any time points, and similarly, the absence of pathological tau in neurons (morphological
cell distinction) in any of the experimental group at any time points. The scale bar represents 50 wm and applies to all pictures; the black-bordered inserts represent
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strains recruit the corresponding tau isoforms present in AD,
PSP, CBD, and PiD into tau aggregates in 6hTau mice (34).
Importantly, in line with our report, the cross-seeding of non-
corresponding tau isoforms was inefficient in PSP and CBD
in contrary to AD. Moreover, oligodendrocytes together with
neuronal and astrocyte tau pathologies was observed upon CBD-
tau inoculation.

Furthermore, a recent study on human tau pathology
transition by glia in the absence of neuronal tau supports our
observation (29). In the absence of neuronal tau pathology
(no neuronal tau expression), the propagation of CBD-tau
pathology across the mouse brain was observed only in
oligodendroglia in the fimbria and corpus callosum, which
agrees with our report. In addition, astrocytic tau aggregates
did not spread in CBD-tau injected animals in the absence
of neuronal tau, and neuronal tau aggregate release and local
uptake by astrocytes was suggested as a basis of astrogliopathy.
Furthermore, in this study reported by Lee, Trojanowki,
and colleagues (29) the oligodendrocyte loss is reported, and
“oligodendroglial connectome” is suggested as a tau propagation
road. Our data also suggest oligodendrocyte connectome-based
tau transmission. The oligodendrocyte connectome is based

on the gap junctions (GJ) formed by connexin and pannexin
transmebrane proteins (43-45). The GJ allows exchange of small
molecules, ions, and metabolites between coupled cells. The
connexin-43 (Cx42), as reported by the Lee and Trojanowki
team, is highlighted together with aquaporin-4 as markers of
aging-related tau astrogliopathy (46). Although this study is
connecting tau pathology with connexin, highly expressed in
astrocytes and generating homotypic channels (Cx42/Cx42) in
astrocyte-astrocyte coupling, Cx42 is also highly involved in
generating heterotypic channels in astrocyte-oligodendrocyte
coupling with connexin-32 (Cx32). The Cx32 is highly
expressed by oligodendrocytes and recently reported to be
pivotal in a-synuclein oligomer uptake and transfer in neurons
and oligodendrocytes (47). Furthermore, a number of small
compounds and ions that alter tau aggregation have been
reported (48, 49). For example, the zinc ion (Zn?*) is one of the
most potent tau aggregation stimulators. Importantly, in mature
oligodendrocytes, the myelin sheath integrity was indicated to
be greatly dependent on MBP and PLP complexes with Zn?*
(50-53). In addition, a Zn?>* involvement in pathologies of
Alzheimer’s, Parkinson’s, and other neurodegenerative diseases is
reported (51).

Frontiers in Neurology | www.frontiersin.org

January 2021 | Volume 11 | Article 589471


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

Zareba-Paslawska et al.

CBD-Tau Pathology Transmission in Oligodendrocytes

Olig2

Sox9

NeuN

Striatum

Cortex Corpus callosum

Hippocampus

pictures; inserts represent 4 x digital enlargement.

FIGURE 4 | The cell- and side-specific expression of four repeats of tau (4R) isoform in hTau animals brain. The high-power microphotography of double
immunohistochemistry staining of 4R tau isoform (RD4, brown chromogen) combined with oligodendrocytes (Olig2, left panel, red/pink chromogen), astrocytic (Sox9,
middle panel, red/pink chromogen) or neuronal (NeuN, right panel, red/pink chromogen) markers. The representative pictures of four brain regions: striatum (upper
panel), corpus callosum (second upper panel), cortex (third upper panel), and hippocampus (lower panel) with higher magnification of representative cells on the right
side of each image. In striatum and corpus callosum only oligodendrocytes were RD4 positive, and no RD4 immunoreactive astrocytes or neurons were detected. In
cortex only, some oligodendrocytes and rear neurons were RD4 positive, and no RD4 immunoreactive astrocytes were identified. Similarly, in the hippocampus, no
astrocytes were RD4 positive, and only some oligodendrocytes and neurons were weakly RD4 immunoreactive. The scale bar represents 25 pm and applies to all

Although it did not include CBD, a previous study describing
oligodendrocytic involvement in tau seeding and spreading
from a variety of tauopathies by white matter injection
is in line with our present data (33). The inoculation of
sarkosyl-insoluble homogenates into the corpus callosum of WT
animals triggered tau pathology in oligodendrocytes without
any neuronal and astrocytic pathology. Furthermore, both tau
seeding and spreading in oligodendrocytes were active processes
with phospho-kinase involvement and, comparable to our data,
extending from the ipsi- to contralateral hemisphere. Also,
several reports using transgenic mice expressing tau mutations
display inclusions in oligodendrocytes in addition to neuronal
and astrocytes (54-58). Besides this, the pattern of glial tau
pathology spreading in PS19 animals upon CBD-tau inoculation
differed dramatically from intra-axonal spreading and the
occurrence of the axonal afferent- and efferent-independent
pattern has been proposed, which is consistent with our
report (26).

Importantly, in the current study, we also report the
functional consequences of increased oligodendrocytes with
tau hyperphosphorylated at Ser202. We show the significant
decrease in MBP density in the corpus callosum, both ipsi-
and contralaterally, in 12 months CBD-tau inoculated hTau

animals in comparison to controls. Furthermore, reduction
in MBP density was not observed in tau KO mice injected
either with CBD-tau or control-tau. This highlights the
importance of an endogenous tau presence in CBD-tau pathology
transmission and triggering of the subsequent functional
changes. In addition, the significant negative correlation
was detected between MBP density and number of CP137
oligodendrocytes in corpus callosum, further strengthening the
myelin disruption as a functional consequence of increased
Ser202 hyperphosphorylated tau in oligodendrocytes. This is in
line with the aforementioned well-documented oligodendrocytic
and white matter pathology in CBD patients (8, 9). It is also
interesting to note that large-scale genetic studies have reported
that gene variants in myelin-associated oligodendrocyte basic
protein confers risk to develop CBD and PSP (59, 60).

Our research supports the emerging hypothesis that
the accumulation of tau in oligodendrocytes might cause
neurodegeneration by disrupting axonal transport (36). In
this context, it is important to mention that oligodendrocytes
are the most numerous glia cells in the brain (61). Moreover,
their classical role, myelin-based electric insulation to axons,
in optimizing axon potential conduction has been extended to
providing a trophic support to long axons (62, 63), white matter
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angiogenesis (64), and increasing tightness of the blood-brain
barrier (65). To our knowledge, we are the first reporting that
non-mutated human tau could contribute to MBP dysfunction
upon CBD-tau inoculation. The previous study presents
structural disruption and progressive loss of myelin in T34 P301S
mutant mice, but not in T34 tau overexpressing oligodendrocytes
in CNP promotor-driven (oligodendrocyte-specific) transgenic
animals (36). In this study, impairment in axonal transport
preceded axonal degeneration and correlates with early stages
of tau aggregate accumulation in oligodendrocytes. In another
report, the signs of slightly disrupted myelin are reported
in corpus callosum-injected WT animals by a variety of
tauopathies in diverse magnitudes by presenting proteolipid
protein 1 immunoreactive balls and dots (although this study did
not include any CBD cases) (33).

In conclusion, we demonstrate new insights into cell and
regional selectivity of tau spreading in sporadic CBD tauopathy.
We show that CBD-tau brain homogenate inocculation in
the striatum of hTau animals caused hyperphosphorylation of
tau at Ser202, predominantly in oligodendrocytes. Next, the
pathology was transmitted from striatum to overlaying corpus
callosum in the ipsilateral side and 12 months postinjection
also in oligodendrocytes in the contralateral corpus callosum
and striatum. Moreover, we report that the almost exclusive
oligodendrocyte-based transmission of hyperphosphorylated tau
is reflected by the endogenous 4R tau isoforms immunoreactivity.
Furthermore, we demonstrate that non-mutated human tau
could contribute to myelin dysfunction, reflected by decreased
MBP immunoreactivity, upon CBD-tau inoculation as the
functional consequence of increased oligodendrocytes with tau
hyperphosphorylated at Ser202.

The question of why tauopathies vary greatly not only in
histopathological but also neuroanatomical patterns could be
partially answered by region- and cell-specific tau isoform
presence in the human brain; however, additional larger studies
with more CBD cases are required to elucidate this issue.
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