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Abstract

Filamentous tau pathologies are hallmark lesions of several neurodegenerative tauopathies 

including Alzheimer’s disease (AD) and corticobasal degeneration (CBD) which show cell type-

specific and topographically distinct tau inclusions. Growing evidence supports templated 

transmission of tauopathies through functionally interconnected neuroanatomical pathways 

suggesting that different self-propagating strains of pathological tau could account for the diverse 

manifestations of neurodegenerative tauopathies. Here, we describe the rapid and distinct cell 

type-specific spread of pathological tau following intracerebral injections of CBD or AD brain 

extracts enriched in pathological tau (designated CBD-Tau and AD-Tau, respectively) in young 

human mutant P301S tau transgenic (Tg) mice (line PS19) ~6–9 months before they show onset of 

mutant tau transgene-induced tau pathology. At 1 month post-injection of CBD-Tau, tau 

inclusions developed predominantly in oligodendrocytes of the fimbria and white matter near the 

injection sites with infrequent intraneuronal tau aggregates. In contrast, injections of AD-Tau in 

young PS19 mice induced tau pathology predominantly in neuronal perikarya with little or no 

oligodendrocyte involvement 1 month post-injection. With longer post-injection survival intervals 

of up to 6 months, CBD-Tau- and AD-Tau-induced tau pathology spread to different brain regions 

distant from the injection sites while maintaining the cell type-specific pattern noted above. 

Finally, CA3 neuron loss was detected 3 months post-injection of AD-Tau but not CBD-Tau. 

Thus, AD-Tau and CBD-Tau represent specific pathological tau strains that spread differentially 

and may underlie distinct clinical and pathological features of these two tauopathies. Hence, these 

strains could become targets to develop disease-modifying therapies for CBD and AD.
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Introduction

Alzheimer’s disease (AD), corticobasal degeneration (CBD), progressive supranuclear palsy 

(PSP), argyrophilic grain disease (AGD) and Pick’s disease (PiD) are neurodegenerative 

tauopathies characterized by different clinical features as well as distinct topographic and 

cell type-specific tau pathologies [2, 29]. Tau is predominantly an axonal microtubule-

associated protein expressed as 6 alternatively spliced isoforms encoded by the tau gene 

(MAPT) with 3 (3R tau) versus 4 (4R tau) microtubule (MT)-binding repeats and 0 (0N), 1 

(1N) or 2 (2N) amino terminal inserts resulting in 4R0N, 4R1N, 4R2N, 3R0N, 3R1N and 

3R2N tau proteins at a 1:1 ratio of 3R to 4R tau in the adult CNS [2, 29]. Tau promotes MT 

assembly as well as stability, and while young tau knockout mice appear normal, aged 

knockout mice show synapse loss and cognitive impairments [36]. In the disease state, tau is 

hyperphosphorylated [28], nitrated [17], acetylated [8, 20, 21, 38] and glycosylated [26, 37] 

which may contribute to disease. While all 6 tau isoforms contribute to tau pathology in AD, 

4R tau isoforms predominate in CBD, AGD and PSP, and 3R tau isoforms predominate in 

PiD [11, 39, 54–56]. The identification of >40 MAPT mutations pathogenic for familial 

tauopathies indicates that pathological tau alone is sufficient to cause neurodegeneration [2, 

18, 44, 47, 48, 53].

It is known that pathological tau is taken up by cells and seeds aggregation of endogenous 

tau to form AD-like paired helical filaments (PHFs) or neurofibrillary tangles (NFTs) [9, 12, 

14]. Further, injections of brain extracts from mutant human tau Tg mice harboring NFTs 

into the brains of Tg mice overexpressing wild-type human tau (ALZ17 line) induced tau 

inclusions [7], while injections of synthetic preformed tau fibrils (PFFs) into PS19 mice 

over-expressing mutant human tau induced similar tau pathology [19] indicating that tau 

PFFs alone are sufficient to transmit tau pathology. These and other studies suggest that 

pathological tau propagates to neighboring normal cells or those that are synaptically 

interconnected [1, 10, 35].

Since distinct tau strains may underlie diverse manifestations of neurodegenerative 

tauopathies [6, 45], we characterized the differential topography, cell spreading and 

consequences of tau pathology induced in the PS19 mice after injections of enriched 

pathological tau preparations from CBD (CBD-Tau) or AD (AD-Tau) brains and showed 

that this resulted in striking CBD-like or AD-like tau pathology that we attribute to different 

specific tau strains in CBD-Tau and AD-Tau.

Materials and methods

Tg Mice

Line PS19 Tg mice overexpressing the T34 isoform of tau (4R1N) encoding the P301S 

MAPT mutation driven by the murine prion protein promoter [52] were used in the studies 
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described here. The PS19 line at Penn was maintained on a B6C3 background, but as 

recently reported [19] and reviewed elsewhere (http://www.alzforum.org/research-models/

tau-p301s-line-ps19), the onset of neurodegenerative tauopathy in the PS19 Tg mice at Penn 

has shifted from 6 to about 12 months of age thereby allowing a longer time window for the 

transmission studies described here.

Generation of enriched pathological tau from CBD and AD brains

Brain extracts from two longitudinally followed and autopsy confirmed CBD subjects as 

well as one AD patient and one elderly individual with Down syndrome (DS) whose brain 

contained abundant NFTs indistinguishable from AD, so we refer to this here as DSAD [28], 

were prepared. Brain extracts from a non-demented patient who showed no signs of 

neurodegenerative disease and no AD neuropathologic change at postmortem histological 

examination were used to generate normal or control tau (CTRL-Tau) preparations. All 

procedures were done sterile and at 4 °C.

For the preparation of CBD-Tau and CTRL-Tau, 400 mg of cortical gray matter from 

histologically confirmed cases of CBD and CTRL subjects were homogenized in 10 % PBS 

(W/V), briefly sonicated with an ultrasonic liquid processor (QSonica Microson™ XL-2000; 

10 pulses; setting 2; 0.5 s/pulse) and centrifuged at 3,000g for 5 min (Beckman Coulter 

Optima™ MAX Ultracentrifuge). The resulting supernatant was centrifuged again at 

100,000g for 30 min, following which the pellet was re-suspended in PBS in 1/3 of the 

initial volume, briefly sonicated and centrifuged again at 100,000g for 60 min. The resulting 

pellet was resuspended in PBS at 50 % of the initial volume. The pellet was sonicated, 

aliquoted, snap-frozen and stored at −80 °C until use.

The pathological AD-Tau- and DSAD-Tau-enriched preparations were processed from 

histologically confirmed AD and DSAD cases following a modified sucrose gradient 

protocol for the purification of AD PHFs [31]. Briefly, 50 g of frozen cortical gray matter 

was dissected, homogenized in 4 volumes of high-salt (H–S) RAB buffer (RAB buffer: 100 

mM MES, 1 mM EDTA, 0.5 mM MgSO4, 2 mM DTT, pH 6.8 + 0.75 M NaCl), incubated 

for 30 min on ice to depolymerize MTs and centrifuged at 126,000g for 45 min to remove 

soluble tau. The resulting pellet was used to generate AD-Tau by differential centrifugation, 

extraction with Sarkosyl and boiling to remove contaminants, followed by fractionation 

using a step-wise sucrose gradient to enrich for pathological AD-Tau [31]. AD-Tau was 

most enriched between the 1.75 and 2.00 M sucrose interface after over-night centrifugation 

and this material was collected and washed after which its purity was verified (see below).

Western blot analysis

The purity of enriched CBD-Tau and AD-Tau as well as the lack of pathological tau in the 

normal CTRL-Tau preparations was confirmed using Coomassie blue stained 7.5 % SDS-

PAGE gel. The total protein loaded was 18 µg for CTRL, 22 µg for CBD-1, 26 µg for 

CBD-2, 32 µg for DSAD and 26 µg for AD. The same samples were analyzed by 

immunoblotting using anti-tau antibodies that recognize a phosphorylation-independent anti-

tau polyclonal anti-body raised to recombinant tau (17025, 1:2,000; produced in the Penn 

Center for Neurodegenerative Disease Research (CNDR); [52]) and PHF tau phosphorylated 
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at Ser 396/404 (monoclonal antibody (mAb) PHF-1, 1:1,000; a gift of Peter Davies; [41]) as 

shown in Fig. 1.

Tau enzyme-linked immunosorbent assay (ELISA)

To determine total tau concentration in the fractions enriched in CBD-Tau, AD-Tau, DSAD-

Tau and CTRL-Tau, we performed sandwich ELISA with anti-tau mAb Tau 5 as the 

capturing antibody in combination with mAbs HT7/ BT2 (Thermo-Scientific) for the 

reporter antibodies, as previously described [14].

Stereotaxic surgery

All experiments were performed in accordance with protocols approved by the Institutional 

Animal Care and Use Committee of the University of Pennsylvania. Briefly, 2 to 5 month 

old PS19 mice of either gender were deeply anesthetized with a ketamine/xylazine/

acepromazine mixture, immobilized in a stereotaxic frame (David Kopf Instruments), 

following which different brain extracts were injected stereotaxically into the hippocampus 

and overlying neocortex using predetermined coordinates for hippocampus (Bregma −2.5 

mm, lateral +2 mm, and depth −2 mm from brain surface) and overlying cortex (Bregma 

−2.5 mm, lateral +2 mm and depth −0.8 mm from brain surface) with a 10 μl Hamilton 

syringe under aseptic conditions as described [19]. All injected mice were observed during 

and after surgery. The total volume injected per site was 2.5 µl for all mice. The mice used 

for each experimental condition are summarized in Table 1.

Histology and immunohistochemistry (IHC)

At 1, 3 and 6 months post-injection, mice were sacrificed and their brains were fixed and 

processed as reported [19]. IHC was conducted on mouse brain sections incubated with 

primary antibodies followed by a polymer horseradish peroxidase detection system 

(Biogenex) and counterstained with hematoxylin. For semiquantitative IHC studies, every 

20th slide from the serially sectioned mouse brains was immunostained with mAb AT8 

(specific for tau phosphorylated at Ser202/Thr205; 1:10,000; Thermo-Scientific) and mAb 

MC1 (specific for a pathologic conformation of tau; 1:8,000; a gift from Peter Davies; [22]). 

Other anti-tau antibodies used in this study include: TG3 (specific for a conformation-

dependent phosphorylated tau epitope; 1:250; a gift from Peter Davies; [23]), mAb T49, 

CNDR (specific for mouse tau; 1:2,000; [52]) and mAb T14, CNDR (specific for human tau, 

amino acids 141–178; 1:1,000; [25]). We also used 3R (RD3 1:2,500-5,000; Millipore, 

Billerica, MA, USA) and 4R (RD4 1:5,000-10,000; Millipore, Billerica, MA, USA) tau 

isoform-specific antibodies as described earlier [20]. Other antibodies used include mAb 

81A, CNDR (specific for α-synuclein phosphorylated at Ser129; 1:50,000; [51]), mAb 

409/410-TDP-43 (phosphorylation dependent at amino acids 409/410; 1:200; [40]), mAb 

NAB228, CNDR (antibody specific for Aβ1–11: 1:60,000 with formic acid pre-treatment; 

[27]), Olig2 (specific for oligodendrocytes; 1:250, Millipore), a rat anti-glial fibrillary acidic 

protein (GFAP) mAb, CNDR (specific for astrocytes; 1:1,000; clone 2.2B10; [30]) and pAb, 

Iba-1 (specific to microglia; 1:1,000; Wako Chemicals).

Double-label immunofluorescence studies were used to identify glial cells with tau 

pathology as described [19]. To assess the amyloid properties of the tau inclusions induced 
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by CBD-Tau, AD-Tau and DSAD-Tau, sections were also stained with the Thioflavin S 

(ThS) amyloid-binding dye as described [19].

Quantification and statistics

We quantified the extent of glial tau pathology spread following injections with CBD-Tau in 

PS19 mice in a semi-quantitative manner (0: none; 1+: scant; 2+: moderate; 3+: abundant) 

where 1+ is rare (at least two tau inclusion bearing oligodendrocytes in a section) to a low 

burden of glial tau pathology and 3+ represents the presence of at least 25 tau-positive 

oligodendrocytes in a section. The tau pathology spread in the PS19 mice injected with AD-

Tau and DSAD-Tau was more abundant than the CBD-Tau-injected mice, but they were 

very similar to each other and they were evaluated semiquantitatively (0: none; 1+: scant; 

2+: moderate; 3+: abundant) as a single group. Scant (1+) tau pathology represents the 

presence of at least two tangle-bearing neurons in a particular region of a section and low 

neuritic tau pathology. Abundant (3+) represents >50 tau-positive neurons in a region of a 

section or abundant neuritic tau pathology. The same criteria were used for the assessment 

of the serial dilution assay of DSAD-Tau-injected mice. The topographical distribution of 

the tau pathology following CBD-Tau and AD-Tau or DSAD-Tau injections was used to 

generate heatmaps as described [19].

To evaluate neuron loss, we assessed a defined portion of the CA3 and CA1 region of 

matched brain sections stained with hematoxylin and eosin (H&E) from PS19 mice injected 

with AD-Tau or DSAD-Tau (n = 7 per time point), CBD-Tau (n = 6 per time point) and 

CTRL-Tau (n = 2 per time point) at 1, 3 and 6 months post-injection using 20× images. 

Neurons were individually counted using ImageJ software (National Institutes of Health). 

To determine statistical differences between groups, one-way ANOVA and Tukey’s 

multiple-comparison test were used.

Results

Injections of CBD-Tau and AD-Tau induce tau pathology in PS19 Tg mice

To investigate whether pathological tau from different tauopathy brains induce distinct tau 

pathologies, we generated CTRL-Tau, CBD-Tau, AD-Tau or DSAD-Tau enriched 

preparations from the brains of a CTRL subject and 4 patients afflicted with these 

tauopathies, respectively, and then we injected them into the right hippocampus and 

overlying cortex of PS19 Tg mice (2–5 months old) (Table 1) after which we examined the 

resulting tau pathology at 1, 3 and 6 months post-injection intervals (Figs. 2, 3, 4). Mice 

developed pathology as early as 1 month after injection. PS19 mice injected with CBD-Tau 

induced predominantly glial tau pathology in white matter tracts and hippocampus close to 

the injection site at the earliest post-injection time point as detected by mAb AT8 (Fig. 2a, c, 

e). At 1 month post-injection, AT8-positive tau inclusions were seen in oligodendrocytes of 

the adjacent hippocampal fimbria (4/6; 66 % of mice) as well as in the alveus/ subcortical 

white matter/external capsule contiguous with the injection site (3/6; 50 % of mice) (Fig. 2, 

3). Neurons in hippocampal regions CA1, CA3, dentate gyrus and subiculum also showed 

some perikaryal tau inclusions (Fig. 2e), but they were scant compared to the 

oligodendrocytes with tau pathology in the fimbria (Fig. 2c). They also were infrequent 
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compared to the large numbers of tangle-bearing neurons seen in the AD-Tau and DSAD-

Tau injected mice (Fig. 2b, d, f) described below. Oligodendroglial tau inclusions extended 

beyond the injection site to rostral and caudal regions of the brain quite distal from the 

injection site (Fig. 3b). Infrequent or sparse intraneuronal tau inclusions in the hippocampus 

were also seen rostral and caudal to the injection site. Additionally, a small number of AT8 

immunoreactive neurons were seen in the supramammillary bodies (data not shown). At 1 

month post-injection, the tau inclusion pathology was limited to the side of the injection site, 

however, no tau pathology was seen in the overlying cortex even near these cortical 

injection sites. Finally, similar results were obtained when CBD-Tau from a second case 

with a confirmed CBD neuropathological diagnosis was injected in another cohort of mice 

(Table 1).

We next injected AD-Tau and DSAD-Tau into the brains of young PS19 mice which also 

showed prominent tau pathology at 1 month post-injection. Since the distribution of tau 

pathology in mice injected with AD-Tau and DSAD-Tau is very similar and the burden of 

AD pathology in both brains was similar, the data generated with these extracts were 

considered together as the AD/DSAD group. However, in contrast to the CBD-Tau-injected 

mice, the AD/DSAD-Tau-injected mice showed tau pathology mainly in perikarya and 

processes of hippocampal neurons (Fig. 2b, d, f). Mapping the spread of pathological tau 

from the hippocampal injection site over time post-injection in the AD/ DSAD-Tau injected 

mice demonstrated that the tau pathology extended to rostral and caudal regions of the brain 

(Fig. 4). In rostral areas, lateral septal nuclei were involved bilaterally with a moderate 

burden of tau inclusions in the processes of neurons. In caudal brain regions such as the 

subiculum, entorhinal cortex (EC) (Fig. 4), locus coeruleus (LC) and raphe nuclei, there also 

were AT8-positive neuronal aggregates (data not shown). Additionally, intracytoplasmic 

hyperphosphorylated tau inclusions were seen in the supramammillary nuclei (5/8; 63 % of 

mice) and in neocortex (4/8; 50 % of mice). Moreover, neuronal tau inclusion pathology was 

seen in the contralateral hemisphere where it was mainly limited to hippocampal neurons, 

with a predominance of involvement of CA3 region, and a few AT8-positive neurons in the 

EC. As in the ipsilateral side, intraneuronal tau pathology extended to rostral and caudal 

regions of the brain. Notably, no oligodendrocytic tau pathology was seen 1 month post-

injection in the fimbria or the subcortical white matter/external capsule following AD/

DSAD-Tau injections. Finally, the tau pathology detected in these studies was exclusively 

4R immunoreactive as would be expected in the PS19 that do not express any 3R tau.

As noted above, our non-injected PS19 mice begin to show transgene-driven tau pathology 

at ~12 months of age [19]. To control for this onset of transgene-driven tau pathology, we 

injected four young (2- to 3-month-old) PS19 mice with CTRL-Tau intracerebrally and 

these mice did not show any tau pathology at 1 or 6 months post-injection (data not shown).

Finally, none of the CBD-Tau- or AD/DSAD-Tau-injected PS19 mice showed any evidence 

of α-synuclein, TDP-43 or β-amyloid pathology despite the fact that these pathologies co-

occur in AD/DSAD brains [32–34].

Boluda et al. Page 6

Acta Neuropathol. Author manuscript; available in PMC 2015 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Tau pathology induced by CBD-Tau and AD/DSAD-Tau injections into young PS19 mice 
spread and increase with time

We assessed the progression of transmission of tau pathology with increasing survival times 

in PS19 mice following intracerebral injections of CBD-Tau and AD/ DSAD-Tau. The 

remarkable oligodendroglial tau pathology seen at 1 month post-injection in the CBD-Tau-

injected Tg mice increased in the fimbria near and distal to the injection site at 3 months, 

and more so at 6 months post-injection (Fig. 3). Despite the variability in the burden of this 

oligodendroglial tau pathology, the PS19 mice that survived for 3 and 6 months post-

injection displayed a clear increase in oligodendroglial tau pathology with time. 

Additionally, oligodendrocytic tau pathology spread to the contralateral fimbria although it 

was not as abundant as on the ipsilateral side (Fig. 3b). At 6 months post-injection, 

astrocytic-like plaques that closely resemble those seen in authentic human CBD brains 

were prominent in the stratum radiatum of the hippocampus in both hemispheres (Fig. 3a). 

Similarly, PS19 tau Tg mice injected with AD/DSAD-Tau showed an increase in the 

neuronal tau pathology burden as well as prominent spread to regions quite distal from the 

injection site with increasing post-injection survival times (Fig. 4). However, this pattern of 

neuronal spread, which is consistent with intra-axonal transmission, differed dramatically 

from the pattern of glial tau pathology spread seen following the CBD-Tau injections, 

suggestive of a different mode of transmission that does not depend on the axonal afferents 

and efferents of the injection sites like the AD/ DSAD-Tau injections.

At 3 months post-injection, there was an increase of the pathology in the regions that were 

already involved at 1 month post-injection. In the ipsilateral side, the dentate gyrus (DG) 

showed an increase in neuronal tau pathology at 3 months that seemed to plateau at 6 

months. In the CA1 region, there was variability in the burden of intra-neuronal tau 

inclusions at 1 month post-injection, but there was a decrease of pathology from 3 to 6 

months post-injection. CA3 tau pathology also decreased from 1 to 6 months post-injection. 

In the contralateral hemisphere, hippocampal tau inclusions were less numerous, but they 

showed an increase in quantity with time in DG and CA1, while a reduction of tau pathology 

was observed in the CA3 region. Additionally, in keeping with the interpretation that the 

spread of AD/DSAD-Tau-induced tau pathology occurs through intra-axonal transport, tau 

pathology was seen in other regions that were not involved at earlier stages such as the 

thalamus, mammillary nuclei and other hypothalamic nuclei (Fig. 4b). At 3 months post-

injection, neocortical neurons were involved in all of the AD/DSAD-Tau-injected mice. 

Additionally, some tau pathology appeared in white matter tracts with involvement of the 

fimbria and the dorsal hippocampal commissure at 3 months, and this pathology increased at 

6 months post-injection where it appeared to be in astrocytes and oligodendroglia, but it 

never approached the abundance of the glial tau pathology induced by the CBD-Tau 

injections (data not shown). However, at 6 months post-injection there was a decrease in 

NFT pathology in the majority of affected areas in the AD/DSAD-Tau-injected mice.

Tau pathology induced by AD/DSAD-Tau, but not CBD-Tau injections into young PS19 
mice results in neuron loss with time

To determine if the decreasing NFT pathology seen in the hippocampal region of AD/

DSAD-Tau injected PS19 mice may be due to neuron loss, we quantified the number of 
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CA3 neurons, in the area delimited by the rectangle, on the side contralateral to the injection 

site using digital micrography. As shown in Fig. 5, fewer neurons were seen in CA3 at the 

1–3 months post-injection time period compared to controls, but this loss of neurons did not 

progress further as it stabilized at the 6 months post-injection survival time [138 ± 6 cell, 74 

± 7 and 69 ± 3 neurons at 1, 3 and 6 months, respectively; p < 0.001; (Fig. 5b)]. In marked 

contrast, no neuron loss was seen in mice injected with CBD-Tau (128 ± 5, 126 ± 5, 129 ± 9 

neurons at 1, 3 and 6 months, respectively) or CTRL-Tau injected mice (129, 130 ± 9 

neurons at 1 and 6 months, respectively). Additionally, we analyzed the CA1 region of the 

hippocampus on the contralateral side of the injection site but no neuron loss was observed 

at any of the post-injection survival time points for mice injected with AD/DSAD-Tau (330 

± 13, 321 ± 36, 318 ± 25 neurons at 1, 3 and 6 months, respectively), CBD-Tau (301 ± 17, 

303 ± 32, 325 ± 30 neurons at 1, 3 and 6 months, respectively) or CTRL-Tau (286 ± 13, 330 

± 5 neurons at 1 and 6 months, respectively) (data not shown).

We further studied the association of the neuron loss with reactive changes to 

neurodegeneration and we observed an increase in astrogliosis in the CA3 region of the 

hippocampus associated with the loss of neurons, however, microgliosis was less intense.

The burden and distribution of DSAD-Tau-induced tau pathology is dose dependent

The abundance of neuronal tau inclusions induced in the PS19 mice with synthetic tau PFF 

injections was not only time dependent as described above, but following injections of 

increasing amounts of recombinant P301S mutant human T40 tau (T40/PS) PFFs, the 

induced pathology increased in a dose-dependent manner as well [19]. Thus, we investigated 

this dose dependency here by injecting serially diluted DSAD-Tau into the hippocampus and 

overlying neocortex of PS19 mice (Table 1) and analyzing the tau pathology at 1 month 

after injection. As shown schematically in Fig. 6, at the lowest concentration of injected 

DSAD-Tau, only the ipsilateral hippocampus showed induced tau pathology. AT8-positive 

inclusions in the perikarya of neurons of dentate gyrus, CA3 and CA1 were seen at the 

injection site and also in rostral and caudal regions of the hippocampus of the ipsilateral 

side. The burden of tau pathology in the hippocampus increased with increasing 

concentrations of injected pathological tau with other regions of the brain becoming 

involved with increasing DSAD-Tau concentrations (Fig. 6). Inclusions in the contralateral 

hemisphere also developed in a dose-dependent manner. Hence, at the lowest concentrations 

of DSAD-Tau, there was no tau pathology on the contralateral side of the PS19-injected 

mice, while higher concentrations of injected pathological tau induced more tau pathology in 

the contralateral CA3 region. In sharp contrast to the CBD-Tau injected at 1 month post-

injection, there was no tau pathology in the ipsilateral or contralateral white matter tracts at 

any concentration of injected DSAD-Tau at 1 month post-injection.

CBD-Tau- and AD/DSAD-Tau-induced tau pathology acquires the key characteristics of 
their human counterparts

We further characterized the nature of the CBD-Tau- and AD/DSAD-Tau-induced tau 

pathology in PS19 mice by performing IHC using anti-tau mAbs to pathological tau that 

detect human CBD and AD-Tau pathology. IHC with MC1 and TG3 showed that tau 

inclusions induced by CBD-Tau was modestly positive for both mAbs at 1 month post-
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injection, but detected more intense and abundant tau pathology at 3 months which 

increased further by 6 months post-injection (Fig. 7). By contrast, AD/DSAD-Tau-induced 

tau pathology was intensely immunoreactive for both MC1 and TG3 already at 1 month 

post-injection. Notably, human (T14) and mouse (T49) specific anti-tau mAbs stained all of 

the tau pathologies described above although T49 stained oligoden-droglial tau pathology 

very weakly (data not shown).

Since AD NFTs are detected by amyloid-binding dyes such as ThS, while tau inclusions in 

CBD cases are ThS negative [46], we asked if these properties of tau aggregates persisted in 

our PS19 mice following injections with CBD-Tau and AD/DSAD-Tau. Remarkably, the 

tau pathology in mice, injected with human-derived CBD-Tau that were AT8 positive, did 

not show ThS positivity, even at 6 months after injection, however, tau inclusions appearing 

only 1 month post-injection with AD/DSAD-Tau were detected by ThS (Fig. 7). Thus, 

human CBD-Tau and AD/DSAD-Tau templated and propagated tau pathology in the 

injected PS19 mice that showed compelling immunological and histochemical verisimilitude 

to their human counterparts.

Further evidence of this verisimilitude came from double immunofluorescence studies 

showing that the CBD-Tau-induced pathology was double labeled with AT8 and Olig2 

mAbs confirming the oligodendroglial nature of this oligodendroglial tau pathology while 

the astrocytic plaques induced by the CBD-Tau showed partial or incomplete co-localization 

of AT8 and GFAP similar to what is seen in the astrocytic plaques of human CBD (Fig. 8) 

as described [16].

Discussion

Here, we substantially extend the prior studies of Clavaguera et al. [6] by showing that 

intracellular tau pathology rapidly develops within 4 weeks rather than within several 

months in a Tg mouse model (line PS19) overexpressing P301S mutant human 4R1N tau 

after intracerebral injections of brain extracts enriched in CBD-Tau, AD-Tau or DSAD-Tau. 

We confirm the earlier findings [6] that this tau pathology is largely cell type specific and 

recapitulates the specific features of CBD or AD Tau pathology following injections of 

CBD-Tau or AD/DSAD-Tau, respectively. Thus, while the tau inclusions induced by CBD-

Tau predominantly developed in oligodendrocytes with some astrocytic plaques, similar to 

authentic CBD-Tau pathology, the tau inclusions induced by AD/DSAD-Tau formed mainly 

in neurons similar to the NFTs in AD and DSAD brains. However, we significantly 

extended the initial report of Clavaguera et al. [6] by biochemically characterizing the 

pathological tau, we injected in more detail and demonstrating that the induction and spread 

of this tau pathology is time as well as dose dependent, and in the case of AD/DSAD-Tau, 

this tau pathology is associated with time-dependent neuron loss in the CA3 region while no 

similar neuron loss was seen in the CBD-Tau injected mice. Moreover, we also used 

antibodies to specific pathological tau conformations as well as ThS staining and double-

label immunofluorescence with AT8 and Olig2 and GFAP antibodies to extend the 

comparison of the human CBD and AD/DSAD pathologies to the tau pathologies induced in 

the PS19 tau Tg mice injected with CBD-Tau or AD/DSAD-Tau, respectively. Thus, we 

report novel data indicating that while CBD-Tau and AD/DSAD-Tau induced dramatically 
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different tau pathology in the PS19 mice, CBD-Tau- and AD/DSAD-Tau-induced tau 

pathology shows remarkable verisimilitude to human CBD and AD-Tau pathology, 

respectively.

While the AD-like tau pathology spreads in a manner consistent with dissemination through 

the connectome of the injected brain regions, most likely via intra-axonal transport, the 

manner in which the CBD glial tau pathology spreads is enigmatic and will require further 

studies to elucidate. Indeed, while there are staging schemes for AD-Tau pathology that 

support the notion of tau pathology spread through interconnected brain regions [3–5], no 

similar staging exists for CBD-Tau pathology so it is not clear how tau pathology might 

progress and spread in CBD brains. The fact that injections of brain extracts from control 

non-diseased human brains lacking any insoluble pathological tau did not induce tau 

pathology in age-matched PS19 mice support data from a growing number of studies 

indicating that pathological tau and not normal tau induce the seeded transmission and 

spread of pathological tau in vivo and in vitro (for reviews, see [15, 24]).

Transmission of tau pathology in vitro was demonstrated initially using AD brain extracts 

that induced formation of PHFs in cultured fetal neurons [9] and later used synthetic tau 

PFFs to induce the templated conversion of intracellular soluble tau into fibrillar aggregates 

in cultured cells [12, 14]. In vivo studies showed that inoculation of brain homogenates from 

mutant tau Tg mice (that form NFTs) into the brains of WT tau expressing ALZ17 mice 

(that do not form tau inclusions) induced the formation of tau inclusions in the ALZ17 Tg 

mice [7]. Iba et al. [19] demonstrated that synthetic tau fibrils injected into a PS19 tauopathy 

model is sufficient to induce and propagate AD-like tau pathology. Altogether, it was 

established that fibrillar species of tau are capable of recruiting and converting endogenous 

soluble tau into pathological aggregates in neurons and neuronal processes in vivo. In our 

present study, we showed that enriched pathological tau extracts obtained from CBD or AD 

and DSAD brains induce tau pathology in PS19 mice similar to CBD and AD Tau pathology 

in human brains, respectively. These results support the notion that different tauopathy-

specific pathological tau strains may account for the diverse clinical and pathological 

phenotypes of tauopathy variants. Moreover, our mouse model differs from the initial report 

of Clavaguera et al. [6] in that the tau pathology in our model developed earlier and showed 

a striking verisimilitude to key features of CBD or AD Tau pathology following injections 

of CBD-Tau or AD/ DSAD-Tau, respectively.

Some tauopathies characteristically show tau inclusions in glial cells and neurons [2, 29]. 

The basis of this cell-type preference for the formation of tau inclusions is unknown, but a 

recent study demonstrated in vitro and in vivo that pathological tau can acquire different 

conformations which propagate tau pathology suggesting that these different conformers or 

strains could result in the different tauopathies [45]. These characteristics have been also 

shown for α-synuclein [13] and Aβ [43, 49, 50]. Moreover, since tau inclusions in CBD and 

AD are formed by different tau isoforms (i.e. CBD is predominantly 4R; AD is 

predominantly 3R and 4R), this also might determine the structure of different tau strains. 

However, little is known about how different pathological tau isoforms contribute to the 

heterogeneous phenotypes seen in different tauopathies. That said, we observed that the 

injection of enriched tau extracts from AD and DSAD brains resulted in similar AD-like 
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neuronal tau pathologies while both the CBD cases produced distinctly different pathology 

from the AD/DSAD cases that was remarkably CBD like. Thus, these findings suggest that 

the characteristics and distributions of these different tau inclusions are directly related with 

the nature of the tauopathy.

Notably, the tau pathology seen in the hippocampus of PS19 tau Tg mice after the injection 

of AD/DSAD-Tau was variable and appeared to decrease in the CA3 region ipsilateral and 

contralateral to the injection and we showed that this could be explained by the neuron loss 

seen in this region that was already significant at 3 months post-injection (Fig. 5). It is 

noteworthy that the CA3 region in the injected PS19 mice develops neuronal tau inclusions 

at 1 month post-injection, and is one of the first regions to show AT8-positive inclusions in 

the contralateral hippocampus preceding neuronal death. Thus, it is possible that distinct tau 

species have a differential effect in the neurons of these mice causing neuronal death and 

this may occur in a neuron type-specific manner or could be dose and time dependent, as 

might be inferred from a recently published study in which high doses of synthetic tau fibrils 

caused hippocampal neuron death [42]. For comparison, we also analyzed neuron loss in the 

CA1 region of the hippocampus contralateral to the injection site, where tau inclusions were 

less abundant than in CA3 and no neuron loss was observed. Interestingly, neuron loss in the 

CA3 region was accompanied by moderate astrogliosis and less conspicuous microgliosis, 

which is evidence of reactive changes to this neurodegeneration.

Other data support the verisimilitude of the CBD-Tau- and AD/DSAD-Tau-induced tau 

pathology in the injected PS19 mice to their human counterparts in CBD and AD, 

respectively. For example, the inclusions resulting in oligodendrocyte pathology in the 

fimbria after injection of human-derived CBD-Tau were positive for the conformational 

antibody MC1 while a few inclusions showed TG3 immunoreactivity. Interestingly, ThS 

was negative even at 6 months after injection which is a characteristic of tau inclusions in 

human CBD [46]. In contrast, in the AD/ DSAD-Tau-injected mice there was an intense 

immunore-activity for MC1 and TG3 and positivity for ThS staining already at 1 month 

after injection, indicating more mature NFT structures analogous to what is seen in AD 

patients at histological examination.

In conclusion, we present mouse models of CBD-like and AD-like tauopathies that rapidly 

develop glial and intraneuronal tau inclusions after the injection of pathological tau isolated 

from CBD or AD/DSAD brains, respectively, and also rapidly progress in a stereotypical 

pattern. For AD/DSAD-Tau, this progression is both time and dose dependent as well as 

dependent on the connectome of the injection sites. Notably, this tau pathology leads to the 

death of tangle-bearing CA3 neurons over time. In sharp contrast, the spread of CBD-Tau-

induced tau pathology in glial cells was more limited as well as unrelated to the connectome 

of the injection site and it did not appear to cause the loss of neurons or glial cells. Thus, we 

anticipate that these models will provide informative systems for studies on the transmission 

of tau pathology, tau-mediated neuronal and glial degeneration and the development of 

disease-modifying therapies for CBD and AD.
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Fig. 1. 
Biochemical analysis of the pathological tau protein-enriched extracts obtained from human 

brains with a neuropathological diagnosis of CBD, AD, DSAD and a non-disease normal 

control brain used for injection into PS19 Tg mice. SDS gel stained with Coomassie blue 

(a). Immunoblots stained with 17025 (b) and PHF1 (c)
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Fig. 2. 
Development of cell type-specific tau inclusions after injection of CBD-Tau- or DSAD-Tau-

enriched protein extracts into the brains of PS19 mice. a, c, e AT8-positive oligodendroglial 

inclusions developed in the fimbria of the hippocampus on the injected side at 1 month after 

the injection of CBD-Tau. b, d, f AT8-positive inclusions developed in the perikarya of 

neurons of the hippocampus of DSAD-Tau-injected mice. c A higher magnification of the 

square boxed area in (a) is shown in (c) demonstrating AT8-positive tau inclusions in many 

oligodendrocytes of the fimbria (c). The inset in (c) shows a detail of the oligodendrocytes 

indicated by the black arrows. d A higher magnification of the square boxed area in (b) is 

shown in (d) demonstrating the absence of tau inclusions in the oligodendrocytes of the 

fimbria (d) which contrasts with the CBD-Tau-injected mice. e Higher magnification of the 

rectangular boxed area in (a) demonstrating only rare intraneuronal inclusions in the CA3 

region of the hippocampus (e). In f, where a higher magnification of the rectangular boxed 

area in (b) is depicted, there is abundance of perikaryal AT8 inclusions in CA3 of the 

hippocampus. Scale bar, upper row 500 μm; middle and bottom rows 50 μm
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Fig. 3. 
Tau inclusions that developed in PS19 mice injected with CBD-Tau increased in intensity 

and spread to regions distal from the injection site with increasing post-injection survival 

times. a Microphotographs of brain sections immunostained with AT8 showing the fimbria, 

alveus/external capsule and stratum radiatum ipsilateral to the injection site in the PS19 mice 

at 1, 3, 6 months post-injection. Scale bar, upper row 200 μm; middle and lower rows 100 

μm. b Heatmaps of coronal sections showing the CBD-Tau-induced glial tau pathology at 

the same time points as in (a). Quantification [1 month (n = 6), 3 months (n = 6) and 6 

months (n = 6)] was conducted as described in “Materials and methods” to generate these 

heatmaps. Each heatmap panel represents pathology distribution in one of the three coronal 

planes (Bregma −1.22, −2.18 and −2.92). Left column shows sagittal view of the selected 

coronal planes indicated by a red line. Blue stars indicate injection site
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Fig. 4. 
Neuronal tau inclusions developed in PS19 mice injected with AD-Tau and DSAD-Tau and 

they increased in abundance, intensity and spread to regions distal from the injected site with 

increasing post-injection survival times. a Microscopic images of brain sections of DSAD-

Tau-injected mice. The images are representative of the dentate gyrus, CA1 and entorhinal 

cortex of the side ipsilateral to the injection following IHC with AT8 at 1, 3, 6 months post-

injection. Scale bars 75 μm. b Heatmaps of coronal sections of tau pathology seen after 

injection at the same time points as in (a). Semiquantitative analysis of AT8 pathology was 

performed in AD-Tau- and DSAD-Tau-injected mice and combined in the heatmap here [1 

month (n = 8), 3 months (n = 8) and 6 months (n = 8)]. Each panel represents pathology 

distribution in one of the five coronal planes (Bregma 0.98, −1.22 −2.18, −2.92 and −4.48 

mm) at different time points after injection. Left column shows sagittal view of the selected 

coronal planes that are indicated by a red line. Blue stars indicate injection site
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Fig. 5. 
There is neuron loss in the CA3 region of PS19 mice injected with AD-Tau and DSAD-Tau 

at 3 and 6 months post-injection. a The upper row of images show H&E stained low-power 

microphotographs of the hippocampus contralateral to the AD-Tau injection in PS19 mice at 

1, 3, and 6 months post-injection. The microphotographs in the lower row show higher 

magnification images of the boxed areas in the upper row. Scale bar, upper row 500 μm; 

lower row 100 μm. b Quantification of the neurons in the CA3 region of PS19 mice injected 

with non-pathological or control (CTRL-Tau) human brain extract versus enriched CBD-

Tau or AD-Tau and DSAD-Tau fractions. Error bars indicate SEM; ***p < 0.001, as 

determined by one-way ANOVA and Tukey’s multiple-comparison test, with n = 2 in 

CTRL-Tau at 1 month and 6 months; n = 5 in CBD-Tau at 1 month and 3 months; n = 6 in 

CBD-Tau at 6 months; and n = 7 in AD/DSAD-Tau at 1, 3 and 6 months
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Fig. 6. 
Dose-dependent increase in tau pathology in PS19 mice after the injection of human brain 

derived DSAD-Tau. At 1 month after injection, the burden of tau pathology increases and 

the distribution of pathology is more extensive throughout brain structures following 

injections of increasing amounts of injected pathological tau. Heatmaps of coronal sections 

of tau pathology after injections of serial dilutions of DSAD-Tau into PS19 mice. Each 

panel represents pathology distribution in one of the five coronal planes (Bregma 0.98, 

−1.22 −2.18, −2.92 and −4.48 mm) at 1 month post-injection (n = 3 for each dose of DSAD-

Tau). Left column shows sagittal view of the selected coronal planes that are indicated by a 

red line. Blue stars indicate injection site
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Fig. 7. 
Tau inclusions in PS19 mice after injection of CBD-Tau and DSAD-Tau show properties 

that recapitulate their human disease counterparts. Microphotographs are of brain sections 

stained with mAbs AT8, MC1 and TG3 to detect abnormal phosphorylation (AT8) and 

conformational (MC1, TG3) changes in pathological tau and ThS histochemistry to 

demonstrate the amyloid properties of the inclusions. Shown here are the fimbria of Tg mice 

injected with CBD-Tau at 1 month, 3 and 6 months post-injection (upper three rows) and 

CA3 of Tg mice injected with DSAD-Tau extracts at 1 month after injection (lower row). 

Scale bars 50 μm
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Fig. 8. 
Accumulation of tau pathology in oligodendrocytes and astrocytes in PS19 mice injected 

with CBD-Tau parallels pathology of sporadic CBD in humans. a Brain sections stained 

with mAb AT8 in the far left column, while the 3 columns to the right show double 

immunofluorescence with Olig2 (green in nucleus), AT8 (red in cytoplasm and neurites) 

and merged images in the fimbria of a PS19 mouse 6 months after injection (upper row) and 

subcortical white matter of the cingulate gyrus in a sporadic CBD case (lower row). b Brain 

sections stained with mAb AT8 and double immunofluorescence with GFAP (green), AT8 

(red) and merged images in the stratum radiatum of the hippocampus of a PS19 mouse 6 

months after injection (upper row) and gray matter of the parietal cortex of a sporadic CBD 

case (lower row). Scale bar 50 μm

Boluda et al. Page 23

Acta Neuropathol. Author manuscript; available in PMC 2015 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Boluda et al. Page 24

Table 1

PS19 mice used for the experiments

Injections of CBD-Tau and CTRL-Tau

CBD (n = 18 mice)

Time postinjection (months) Number of mice Total injected tau (μg)

CBD-1 CBD-2

1 4 2 0.05

3 4 2 0.05

6 4 2 0.05

CTRL (n = 4 mice)

Time postinjection (months) Number of mice Total injected tau (μg)

1 2 0.003

6 2 0.003

Injections of AD-Tau and DSAD-Tau

AD (n = 12 mice)/DSAD (n = 12 mice)

Time postinjection (months) Number of mice Total injected tau (μg)

AD DSAD AD DSAD

1 4 4 10.5 12.5

3 4 4 10.5 12.5

6 4 4 10.5 12.5

DSAD serial dilutions (n = 12 mice)

Time postinjection (months) Number of mice Total injected tau (μg)

1 3 0.065

1 3 0.25

1 3 1.5

1 3 12.5

All mice were injected at two sites: right hippocampus and overlying cortex. The injected volume for all mice was 5 μl total (2.5 μl/site). CBD1 and 
CBD2 represent CBD-Tau generated from two different CBD brains. All mice were 2 months old at time of injection except for the group injected 
with CBD-Tau (CBD-1) that were 5 months old at time of injection. The older mice did not show any differences in the distribution and extent of 
tau pathology since mice injected with CBD-Tau from CBD1 and CBD2 brains were similar
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