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Abstract

Mislocalization and aggregation of the axonal protein Tau are hallmarks of Alzheimer disease and
other tauopathies. Here, we studied the relationship between Tau aggregation, loss of spines and
neurons, and reversibility by aggregation inhibitors. To this end we established an in vitro model
of tauopathy based on regulatable transgenic hippocampal organotypic slice cultures prepared
from mice expressing pro-aggregant TaurpAK. Transgene expression was monitored by a
bioluminescence reporter assay. Abnormal Tau phosphorylation, mislocalization of exogenous and
endogenous Tau into the somatodendritic compartment, followed by reduction of dendritic spines,
altered morphology from mushroom-shaped to thin spines, dysregulation of Ca** dynamics, Tau
aggregation, neuronal loss and elevated activation of microglia. Neurotoxicity was mediated by
Caspase-3 activation and correlated with the expression level of pro-aggregant TaugpAK. Finally,
Tau aggregates appeared in areas CAl and CA3 after three weeks in vitro. Neurodegeneration was
relieved by aggregation inhibitors or by switching off transgene expression. Thus the slice culture
model is suitable for monitoring the development of tauopathy and the therapeutic benefit of anti-
aggregation drugs.
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1 Introduction

Tau, a microtubule-associated protein in the brain, aggregates abnormally in Alzheimer
disease (AD) and other neurodegenerative tauopathies (Ballatore et al, 2007; Morris et al,
2011). Tau is highly soluble and adopts a natively unfolded structure in solution. In Tau
fibers of AD (termed paired helical filaments, PHFs), short motifs of Tau adopt a B-
conformation which leads to interactions with other Tau molecules (von Bergen et al., 2000).
The spreading of Tau aggregates correlates well with cognitive decline in AD (Braak &
Braak, 1994). Abnormal phosphorylation and mislocalization of Tau is an early hallmark of
neurodegeneration and precedes aggregation (Braak & Braak, 1994; Giannakopoulos et al,
2003; Gomez-Isla et al, 1997). Mutations within the Tau repeat domain, like the FTDP-17
mutation AK280 (Rizzu et al, 1999) increase Tau's propensity for p-structure and promote
aggregation in vitro (Barghorn et al, 2000). Mechanisms of Tau-mediated cell death are still
under debate (Spires-Jones et al, 2011). Caspase activation and caspase-cleaved Tau was
found in tauopathy models (Rohn et al, 2002; Gamblin et al, 2003) suggesting that apoptosis
plays a role in Tau-induced cell death. Others found early caspase activation, following Tau
cleavage thereby initiating tangle formation. After a new tangle has formed, the neuron
remained alive and caspase activity seemed to be suppressed (de Calignon et al, 2010). A
loss or alteration of dendritic spines has been described in patients with neurodegenerative
disorders and is thought to be responsible for cognitive deficits but the underlying
mechanisms are poorly understood. To clarify some of these issues we used transgenic
hippocampal organotypic slices from pro-aggregant TaugrpAK280 mice to study the
relationship between Tau expression, physiological dysfunction, aggregation and finally
neurotoxicity and their prevention by Tau aggregation inhibitors. The hippocampus is highly
affected in AD (Braak & Braak, 1991; Smith et al, 2009). Furthermore, the remarkable
ability for regeneration makes hippocampal organotypic slices suitable for long term
cultivation (Gahwiler, 1988; Stoppini et al, 1991). Such slices from young animals share
many similarities with acute slices, e.g. development of dendritic spines (De Simoni et al,
2003), but can be kept for weeks and allow extended monitoring and experimental
manipulation without the complications of the blood-brain barrier. These preparations are
therefore particularly suitable to analyze the time course of pathological events and allow
testing of potential drugs. In the present study we show that Tau can aggregate in
hippocampal slice cultures, that Tau aggregation and toxicity occurs in parallel, and that
aggregation inhibitors can abolish both aggregation and toxicity. Moreover, alterations and
loss of dendritic spines occurred before aggregation and cell death. Our findings suggest that
Tau pathology starts with missorting of Tau into the somatodendritic compartment, resulting
in reduction and changes in morphology of dendritic spines. At the same time we observed a
reduction of Ca++ influx evoked by membrane depolarization in TaugrpAK slices. At later
stages Tau aggregates and cell death accompanied by caspase-3 activation were observed.
Compound bb14, a Tau aggregation inhibitor from the rhodanine class, was able to prevent
the development of Tau pathology, i.e. phosphorylation, missorting, aggregation, spine loss;
it preserved Ca++ dynamics and protected neurons against toxicity and cell death.
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2 Materials and Methods

Transgenic mice expressing the human Tau four-repeat domain with the FDTP-17 mutation
AK?280 (TaugpAK, 129 residues, M-Q244-E372 without K280) and reporter gene firefly
luciferase under control of a Tet-operon response element (tetO) (Mocanu et al, 2008), were
crossed with CaMKIla-tTA mice (Mayford et al, 1996) to generate a regulatable Tet-off
system. For histochemical and behavioral details on these double transgenic mice see Sydow
etal, 2011. Animals were housed and tested according to standards of the German Animal
Welfare Act.

Hippocampal organotypic slice cultures were prepared following Stoppini et al (1991),
with modifications. Briefly, 7-10 days old mice were decapitated, brains were rapidly
removed and hippocampi dissected at 4°C. A Mcllwain tissue chopper (Gabler, Bad
Schwabach; Germany) was used to prepare 400 um thick transverse slices which were
transferred to semi-porous cell culture inserts (Millipore, Bedford, MA, 0.4 um). Inserts
containing 6-8 slices were placed in six well culture trays containing 1 ml of culture media
(50% MEM, 25% HBSS, penicillin/streptomycin (all from PAA, Austria), 25% horse serum,
4.5 mg/ml glucose (Sigma, Germany), pH 7.4). The culture medium was changed on the first
day after preparation and afterwards every 3 day. Slices were kept in culture for 3 - 4
weeks. Suppression of the human Tau transgene was achieved by adding doxycycline
hydrochloride (Sigma, Germany) to the culture media (final concentration 2 pg/ml). The
treatment with doxycycline was carried out from DIV1 unless stated otherwise. During
treatment, doxycycline was refreshed every 3 day, simultaneously with full medium
change.

Immunohistochemistry

Slice cultures were left attached on the Millicell membrane and stained as free-floating
sections in 6-well plates. Cultures were first fixed with 4% paraformaldehyde in PBS (PAA,
Austria) for 2 h at 4°C. After washing with cold PBS, slices were permeabilized by 0.4%
TritonX-100/PBS for 90 min at RT. Slices were then blocked with 5% BSA for 2 h and
afterwards incubated with primary antibody diluted in PBS for 2-3 days at 4°C. After
washing with PBS, slices were incubated with secondary antibody for 2 d at 4°C. After
washing, slices were mounted with Permafluor mounting solution (Beckman Coulter, Paris,
France), cover-slipped and dried before imaging. The following primary antibodies were
used: monoclonal anti-neuronal nuclei (NeuN) antibody (Chemicon International, Temecula,
CA) (1:500), pan-Tau antibody K9JA (Dako, Hamburg, Germany, Nr. A0024 (1:1000)),
MAP2a/b (AP20, Sigma-Aldrich, Germany (1:200)),12E8 (1:1000) for phosphorylated
$262/S356 Tau (gift from Dr. P. Seubert, Elan Pharma, South San Francisco, CA); PHF1
antibody for phosphorylated S396/404 Tau (gift from Dr. Peter Davies, Albert Einstein
College, NY) and anti-lbal (Wako Chemicals, Germany) (1:1000). All fluorescent (goat
anti-rabbit/mouse cyanine 2, 3 and 5)-labeled secondary antibodies were from Dianova
(Hamburg, Germany) (1:1000). Thioflavine-S (ThS) (Sigma, Germany) staining was done as
previously described (Mocanu et al, 2008). Briefly, fixed slices were incubated in 0.05%
ThS for 8 min, washed twice with 80% ethanol, followed by 3 washing steps with ddH,0.
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Diolistic labeling for spine detection

Microscopy

The lipophilic tracer 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil,
Invitrogen, Germany) was used to investigate dendritic spines in Tau transgenic or control
slice cultures (Moolman et al, 2004). Gold particles (1.6 um radius) were coated with Dil by
sonication for 20 min at RT. Dil coated gold particles were applied under high pressure (650
psi) in living slice cultures by using a helium pump (BioRad, Germany). Cultures were
immediately fixed in fixation solution and stored at 4°C for at least 48 h before imaging by
using TRITC-filter settings. The spine density of apical dendrites of CA1 pyramidal neurons
was estimated after 10 and 20 days /n7 vitro. Apical dendritic branches (>150 pm from cell
soma) were imaged by high resolution confocal microscopy (see below). Spine density was
determined from Z-stacks using ImageJ (NIH). Spines were further classified by the 3D
image analysis software NeuronStudio (Rodriguez et al, 2008) which allows reconstruction
of neuronal structures from confocal images and yields classification of spines into thin,
stubby and mushroom.

Images were acquired with an Olympus laser scanning microscope FVV1000 (Olympus,
Tokyo), equipped with confocal laser scanning unit, argon (Ar; 488 nm) and helium/neon
(He/Ne 543 nm and 633 nm). For 2 or 3 channel imaging, images were acquired via
sequential scanning. Image stacks were collected for the whole hippocampus at lower
magnification and for all hippocampal subfields at higher magnifications. Digital zoom was
used for fluorescent dye tracing of single neurons and spines. Maximum projection images
were generated from resulting Z stacks using ImageJ software (NIH).

Ca** imaging experiments

For Ca++ imaging experiments, organotypic slices were used at DIV15. Slices were loaded
with Fura-2AM (Invitrogen, Carlsbad, US) at a concentration of 100 pM at 37°C for 30 min.
Fura-2 AM stock solution (5 mM dissolved in DMSO) was added to the culture dish
containing 1 ml of medium. After loading, slices were washed with HEPES-buffered saline
(HBSS; 130mM NaCl, 5.4mM KCI; 10mM HEPES, 25mM glucose, 1.8mM CaCl,, 1mM
MgCl,; ph 7.4) for another 30 min to allow complete de-esterification of the Fura dye. After
washing, cultures were transferred to a submerged imaging chamber of an Examiner. Al
microscope (Zeiss, Germany). Fura-2 fluorescence was imaged at RT in HBSS, using a 10x
water-immersion objective. Prior to the experiments the level of auto fluorescence of the
slices was addressed, by imaging cultures in the absence of Fura-2 AM. Resulting
fluorescence units (FU) were ~300% lower than in the presence of Fura-2 AM. The
emission of Fura-2-loaded pyramidal neurons in area CA3 was collected at 510 nm after
excitation at 340 and 380 nm respectively with a Sutter DCIV shutter (Sutter Instrument Co.,
Navato, CA, USA). Images were taken at a rate of 1 Hz. For baseline intracellular Ca++
levels we recorded a 30 s period following a perfusion with high potassium (HBSS
containing 180 mM KCL) for additional 30 s. As a KCI stimulation control we stimulated
slices with HBSS alone and did not observe any changes in Ca++ concentrations. Also the
restitution of basal Ca++ levels after washing out the KCI stimulation was tested. Analysis
was performed offline, using 10 regions of interests (ROIs) with constant diameter inside a)
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stratum radiatum b) pyramidal cell layer and c¢) stratum oriens. For each slice we performed
an internal background substraction and averaged the ROI values of the different
hippocampal layers and normalized with their individual baseline. Absolute intracellular Ca
++ concentrations were calculated from the ratio of emitted fluorescence (510 nm) after
excitation at 340 nm and 380 nm in HBSS, by calibrating with the standard Grynkiewicz
formulary (Grynkiewicz et al., 1985). The Kd'value was calculated by using Invitrogen
Fura-2 calibration Kit.

Biochemistry of slice cultures

To estimate protein expression, cultured hippocampal slices (6-8, prepared and pooled from
the same animal) were homogenized in lysis buffer [50 mM Tris-HCI, pH 7.4, 10% glycerol,
1% NP-40,5mM DTT, 1 mM EGTA, 20 mM NaF, 1 mM NagVO,, 150 mM NacCl, protease
inhibitors (Complete Mini; Roche, Indianapolis, IN), 5 mM CHAPS (3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate), 100 U/ml benzonase, 5 pm
okadaic acid]. Slice homogenates were resolved by SDS-PAGE (17% polyacrylamide gels)
and transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Bedford, MA).
The membrane was incubated in 5% non-fat milk in TBS-Tween for 1 h at RT, washed with
TBS-Tween the next day and incubated overnight in primary antibody solution at 4°C. The
membrane was washed with TBS-Tween and incubated with the secondary antibody (Dako,
Germany) coupled to horseradish peroxidase (HRP) for 1 h at RT. The membrane was
developed by ECL Western Blotting Detection Kit (GE Healthcare, USA) and analyzed by
densitometry (LAS 3000; AIDA software; Raytest, Straubenhardt, Germany). The following
antibodies were used: monoclonal anti-neuron-specific beta-111 tubulin antibody (R&D
Systems, Minneapolis, MN) (1:1000); pan Tau antibody (DakoCytomation, Carpinteria, CA)
(1:5000); 12E8 (1:2500) for phosphorylated S262/S356 Tau (gift from Dr. P. Seubert, Elan
Pharma, South San Francisco, CA), anti- actin (Sigma, Germany) (1:10.000) and secondary
antibodies, HRP-anti-rabbit and HRP-anti-mouse (DakoCytomation, Carpinteria, CA).

Extraction of sarkosyl-insoluble Tau from cultured slices was done as described (Mocanu
et al, 2008). Cultured slices at DIV25 were homogenized in 10-30ul of cold buffer H and
centrifuged at 27,200xg for 20 min at 4°C. The pellet was again homogenized in the same
volume of buffer H and centrifuged a second time using the same settings. Both supernatants
were combined, adjusted to 1% (w/v) N-lauroylsarcosine, and incubated at 37°C with
shaking for 2 h. After centrifugation at 150,000xg for 35 min at 20°C, the supernatant was
collected and the pellet resuspended in 10-15ul 50mM Tris-HCI, pH7.4. Supernatant and
pellet fractions were analyzed by densitometry (LAS 3000; AIDA software; Raytest) after
western blotting with pan-Tau antibodies (Dako, Germany).

Cytotoxicity was assessed by the LDH assay using the Roche Cytotoxicity Detection Kit
(Roche Diagnostics, Mannheim, Germany). Slice culture media (serum free) were collected
and treated as prescribed. Absorbance at 492 nm (indicating dying cells) was assayed in 96-
well plates (plate reader Tecan Safire, Switzerland). For further investigation of
neurotoxicity, slice cultures were stained against NeuN to visualize neurons in the DG and
CA regions. NeuN positive cells were blindly counted within the granule and pyramidal cell
layer of area CA1, CA3 and DG using ImageJ (NIH). Caspase-3 activity was determined
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fluorimetrically by the EnzChek Caspase-3 Assay Kit with Z-DEVD-AMC substrate
(Molecular Probes). Pooled slice cultures (6 slices/sample) were homogenized and treated as
prescribed. The assay was performed in 96-well microplates and read on a fluorescence
plate reader (Tecan Safire) at excitation 342 nm and emission 441 nm. Caspase-3 activity
was normalized relative to total protein. As a positive control, slices were treated with 0.5
UM staurosporine, an inducer of apoptosis (Calbiochem, USA), 24 hours prior to
measurement.

Assessment of luciferase activity

Since the mouse line was generated using a bidirectional promoter to express both TaugpAK
and the reporter protein Firefly luciferase, its enzymatic activity can be used to quantify the
expression levels and regional distribution (Contag, 2007). Photon emission was detected
with a luminometer (IVIS Spectrum) at 560-660 nm (Caliper Life Sciences, Germany) after
incubation of cultures with 470 pM of the luciferase substrate D-luciferin (Caliper Life
Sciences, Germany) and measured after 10, 15, 20, 25 and 30 days in culture. The
chemiluminescent reagent XenoLight RediJect Inflammation probe (Caliper Life Sciences,
Germany) was used to track the inflammation status by incubation of slices with 400 uM of
reagent and measuring photon emission 5 min later by a luminometer.

Drug application

Slice cultures were treated with compound bb14, a rhodanine-based Tau aggregation
inhibitor identified in previous screens (Pickhardt et al, 2005; Bulic et al, 2007). Compound
bb14 was dissolved in 100% DMSO and added to the culture media at a final concentration
of 15 uM (0.15% (v/v) DMSOQ). Untreated control groups received the same amount of
DMSO alone. In all experiments treatment was done for the entire cultivation period starting
at DIV1. During treatment, the compound was refreshed one day after preparation and
afterwards every 3" day, simultaneously with full medium change. The L-VGCC inhibitor
nifedipine and NMDAR blocker APV (both from Tocris Biosciences, USA) were dissolved
in DMSO and diluted in HBSS. Slices were treated either with 100 uM APV or 20 uM
nifedine 15 min before and during the Ca** imaging experiments. The caspase 3/7 inhibitor
DEVD-CHO (Molecular Probes, USA) was applied at 30 pM from DIV10 - DIVV20 and
refreshed every 3" day.

Statistical analysis

Statistical analysis was done by using the statistics software Prism5 (GraphPad, La Jolla,
CA, USA). Evaluation of data was performed either by Student’s t-test or One way ANOVA
followed by Tukey’s post-hoc test as indicated. Data are shown as mean + SEM. p values are
as follows: *p < 0.05, **< 0.01, and ***p < 0.001.

3 Results

3.1 Distribution of pro-aggregant TaugrpAK in organotypic slice cultures

TaugpAK has a high propensity for B-structure and strongly promotes Tau aggregation in
vitro and in a cell model (Barghorn et al, 2000; Khlistunova et al, 2006; (Fig. 1A)). Western
blot analysis with the pan-Tau antibody K9JA (Fig. 1A) detected TaugrpAK at Mr~14 kDa in

Neurobiol Aging. Author manuscript; available in PMC 2016 August 15.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Messing et al.

Page 7

pro-aggregant TaurpAK slice cultures (Fig. 1B), not visible in slice homogenates from non-
transgenic animals. Endogenous mouse Tau was apparent in 1-2 bands at M,~50-56 kDa
(Fig. 1B). The molar ratio between protein levels of exogenous TaurpAK and endogenous
mouse Tau was ~0.8:1 (n=6 experiments, 6-8 sister slices per experiment) assuming that the
antibody binds roughly equally to the repeat domain and full-length Tau (Fig. 1C). We used
luciferase as a reporter co-expressed with TaugrpAK to determine localization and strength of
transgene expression in hippocampal slices (Fig. 1D). The highest activity occurred in area
CA1-CA3 and pre- and/or parasubiculum whereas activity in the DG was ~three-fold lower
(n=7 slices, 3 animals) (Fig. 1E). To follow transgene expression over time, bioluminescence
was measured in 5-day intervals from DIV10-DIV30. Luciferase activity declined steadily to
~60% of the initial level at DIV30 (p<0.05; n=5 experiments, 6-8 sister slices per
experiment) (Fig. 1F). TaurpAK expression depends on CaMKIla-tTA which is already
active in newborn mice (Krestel et al, 2001) and promotes the expression of human Tau in
the absence of doxycycline (DOX). To analyze the efficiency of this switch-off system, sister
slices (n=3 experiments, 3 animals) were cultured either with media alone (to allow
expression of exogenous Tau) or with DOX to suppress exogenous Tau. In the presence of
DOX TaurpAK was not detectable in western blot analysis (Fig. S1C,D). This was
confirmed by strongly reduced luciferase activity already six hours after DOX application
(F(2122)=137.5; p<0.001; n=8-9 experiments, 6 sister slices per experiment) (Fig. S1A,B).

3.2 Pro-aggregant TaugrpAK causes Tau aggregation

Thioflavine S (ThS) is a common marker for insoluble protein aggregates with 3-pleated
sheets. We detected ThS labeled cells in cell bodies of area CA1 and CA3 in TaugpAK
expressing slices, starting around DIV20 (data not shown) and prominent at DIV25 (Fig.
2B,C), but absent in slice cultures from non-transgenic litter mates (Fig. 2A). Aggregates
were co-stained against phosphorylation independent Tau antibody (K9JA, Fig. 2B,C) and
phospho-Tau (pS396/pS404, PHF1 epitope, lying outside the repeat domain, Fig. 2C)
confirming the presence of co-aggregates of human and mouse Tau. The appearance of
aggregated Tau protein in TaugpAK slice cultures was confirmed biochemically by sarkosyl-
extraction (Greenberg & Davies, 1990) followed by western blot analysis with K9JA
antibodies, which detected an insoluble fraction of both exogenous and endogenous Tau in
TaurpAK slice cultures at DIV25 (Fig. 2D, lane 3). TaugrpAK was detected in homogenates
of transgenic slices at ~14kDa (Fig. 2D, lanes 1, 3) in soluble and insoluble fractions, but not
in slices from control mice (Fig. 2D, lanes 2, 4). In control slices, Tau occurred only in the
soluble fraction (Fig. 2D, lane 2). In contrast, in TaugrpAK slices a prominent part of Tau
was insoluble, indicating co-aggregation of human and mouse Tau.

3.3 Pro-aggregant TaugrpAK causes phosphorylation and mislocalization of endogenous
and exogenous Tau

Phosphorylation of Tau at the KXGS-motifs in the repeat domain, particularly at Ser262,
reduces its affinity to microtubules in vitro (Biernat et al, 1993) and promotes the
detachment of Tau from microtubules, leading to mislocalization to the somatodendritic
compartment (Thies & Mandelkow, 2007). Similar features were seen in organotypic slice
cultures when TaurpAK was expressed, i.e. the protein became highly phosphorylated at the
KXGS motifs, as seen by 12E8 antibody staining (Fig. 3B). The phosphorylation was
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accompanied by mislocalization into the somata and apical dendrites (including dendritic
spines) of pyramidal neurons where it colocalizes with the dendritic marker MAP2a/b (Fig.
3A), in contrast to the axonal distribution observed in control slices (Fig. 3A, Fig. S2A).
Mislocalization of exogenous and endogenous Tau was already observed at DIV5 (Fig.
S2B). At DIV10 Tau was clearly visible in dendritic spines (Fig. 3A) and staining of Tau in
DIV25 neurons indicated dystrophic features (Adalbert et al., 2009), such as irregularly
shaped cell bodies, ballooned and truncated apical dendrites (Fig. S2B). Like TaurpAK,
endogenous mouse Tau became also highly phosphorylated at the KXGS motifs in slices
from pro-aggregant mice (Fig. 3B). The mislocalization and hyperphosphorylation of
endogenous mouse Tau was further confirmed by staining for the proline-directed phospho-
epitope PHF1, lying outside the repeat domain (Fig. 1A, Fig. 3A). In contrast, the
phosphorylation at the PHF1 epitope was not seen in slice cultures from control littermates
(Fig. 3A). These data argue that the expression of TaurpAK perturbs the kinase/phosphatase
balance, leading to increased phosphorylation and mislocaliaztion of all Tau variants.

3.4 Expression of TaugpAK reduces dendritic spine density

Missorting of Tau into the somatodendritic compartment, including dendritic spines, is
considered an early sign of neuronal degeneration (Coleman & Yao 2003). We therefore
wanted to analyze the effect of pro-aggregant TaugpAK on dendritic spines. Spines were
visualized by diolistic labeling and analyzed in apical pyramidal dendrites of area CA1 (Fig.
4A,B) after 10 and 20 DIV. In non-transgenic controls we found a typical development-
related three-fold increase in spine density between DIV5 and DIV20 in pyramidal CA1
neurons (not shown), similar to rat organotypic slices (De Simoni et al, 2003). In contrast,
the spine density increased only two-fold in TaurpAK expressing slice cultures, indicating a
retardation in neuronal development. For example, at DIV10 the spine density was ~1.0
spines/um in slices from non-transgenic littermates, but significantly reduced (F2/76)=14.41;
p<0.001) to only ~0.7 spines/um in TaurpAK expressing slices; at DIV20 the decrease in
density was still highly significant (F(,/77)=15.64; p<0.001) from ~1.4 to 1.0 spines/um
(n=20-29 neurons, 15 slices per group) (Fig. 4C). Apart from the number of spines, their
morphology has a strong impact on neuronal functionality (Bourne & Harris, 2008).
Therefore, spines were further classified with regard to morphology (thin, stubby and
mushroom spines) using 2D/3D image analysis software (NeuronStudio; Rodriguez et al,
2008) (Fig. 4D). In pro-aggregant TaurpAK expressing pyramidal neurons there was a
pronounced (~50%) shift from mushroom-type spines (F(2/27)=6.426; p<0.05) to thin spines
(n=10 neurons; 480-900 spines per group) (Fig. 4E). In contrast, the fraction of stubby
spines remained unchanged (Fig. 4E). Dendritic spines in TaugrpAK slices showed a more
immature morphology than non-transgenic slices (higher proportion of thin spines, lower
proportion of mushroom spines).

3.5 TaurpAK attenuates Ca++ dynamics

Dysregulation of intracellular Ca++ dynamics appears to play an important role in Tau
mediated neurodegeneration (Furukawa et al, 2003; Zempel et al, 2010; Stoppelkamp et al,
2011). Therefore we measured intracellular Ca** concentration ([Ca**]i) in slices from pro-
aggregant TaurpAK and control animals as the ratio of fluorescence intensities excited at
340 and 380 nm (R F340/F380) (Fig. 5A,B). Ratios were measured in the stratum radiatum

Neurobiol Aging. Author manuscript; available in PMC 2016 August 15.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Messing et al.

Page 9

(s.r.), stratum pyramidale (s.p.) and stratum oriens (s.0.) of area CA3 (Fig. 5A,B). The
resting [Ca**]i levels were similar in control and TaugrpAK slices (ctrl: 80.6+5.1 nM;
TaurpAK: 80.3+4.1 nM; averaged values of the three layers), but pronounced changes
became apparent after KCl-induced depolarization leading to an intracellular Ca++ elevation
up to 300-350 nM (Fig. 5A, B). In s.r. and s.o0. stimulation with high KCL resulted in a
profound increase in intracellular Ca++ in non-transgenic control slices (227.2 + 35% and
262.6+38% respectively); by contrast, the same stimulation evoked an increase of only
132.1+ 5.6% and 162.3 £ 8.7% in TaurpAK slices (Fig. 5 C, D, G, H). This attenuating
effect on Ca++ influx in response to strong membrane depolarization was less prominent in
s.p. where somata of principal neurons are located (177.6+17.8%, control vs. 152+15.4%,
TaurpAK, Fig. 5E,F). Under physiological conditions, depolarization induced Ca++ influx
through L-type voltage gated Ca++ channels (L-VGCC) and NMDAR regulates gene
expression, synaptic and homeostatic plasticity (Higley & Sabatini, 2008). To test the
contribution of L-VGCCs to the depolarization induced Ca++ dynamics, we applied
nifedipine (a blocker of L-VGCCs) to slices 15-20 min before and during experiments.
Under these conditions, the potassium-induced increase in [Ca**]i was significantly
decreased in control slice cultures in s.r. and s.0. (133.8+£8.3% and 124.2+4.7% resp; Fig.
5D,H). Notably, this Ca** reduction was similar to the maximum response observed in
TaurpAK expressing slices without nifedepine application. Nifedipine caused only a minor
reduction of Ca++ influx in TaugpAK expressing slices compared to its effect in control
slices (132.145.6% (untreated) versus 116.3+£2.5% (nifedipine) in s.r., Fig. 5D). The
NMDAR blocker APV had no major effect on the Ca++ influx after depolarization in either
control or TaugpAK slices (Fig. 5D,F,H; control: averaged peak reduction of three layers of
-29.146.7%; TaugrpAK: -11.4+5.8%). These observations indicate that the main part of
depolarization-induced Ca++ influx in our slice culture system is mediated by L-VGCC's
and that overexpression of TaurpAK leads to severe impairment of intracellular Ca++
dynamics. During our experiments, we found that glial cells showed a delayed Ca++
response induced by membrane depolarization, compared with neurons (data not shown).
Neuron reached a peak response within 30 sec after bath application of high potassium,
whereas glial cells peaked at ~1 min. This difference in Ca++ kinetics allowed us to avoid
“false positive” signals from glia cells.

3.6 Pro-aggregant TaugrpAK induces neuronal death accompanied by caspase 3

activation

To determine the effect of TaugpAK expression on the survival of neurons we employed the
LDH cell toxicity assay. TaurpAK expression caused a non-significant increase (p=0.122) of
13% in LDH release at DIV15 and a significant increase of 44% (F(3/19) =7.736; p<0.01) at
DIV20, compared with non-transgenic slice cultures (Fig. 6E). This increase in LDH release
was not yet apparent at an earlier time point (DIV10, Fig. 6E). To identify hippocampal sub
regions affected by the increased toxicity, NeuN positive cells were counted in area DG,
CAl and CA3 in slice cultures expressing TaurpAK and in control slices (8-10 slices, 6
animals per group) (Fig. 6A). The number of neurons was reduced but not significantly by
~20% in areas CA3 and CAL at DIV20 and significantly at DIV25 (-37% in CA3, -28% in
CAL; F(2/30)=4.405; p <0.05 and F(/31)=5,41; p<0.05 respectively) Fig. 6C) when compared
to control slices. Neuronal numbers in areas CA1 and CA3 were only slightly affected at
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DIV15 (-6%). Neuronal cell death was less prominent (and not significant) in the DG (-13%
at DIV25) (Fig. 6B,C). This difference is likely due to the different expression level of the
transgene within the areas CA and DG (Fig. 6D). Areas CA1-3 show higher reporter gene
activity compared with the DG, correlating with increased neuronal death (r=0.9759; Fig.
6D). By contrast, there was no neuronal loss in the absence of TaugrpAK at DIV25.
TaurpAK slice cultures switched off by doxycycline (treatment from DIV1-DIV25, n=11
slices) had equal cell numbers as control slices (100% (control) versus 98+6% (n=9 slices, 6
animals)). To test if the TaugrpAK induced neurotoxicity occurred via the apoptotic pathway,
caspase-3 activity was determined fluorimetrically, revealing a non-signifcant increase by
10% at DIV15 and by 40% (F (2/16)=12.20; p<0.001) at DIV20 in TaurpAK expressing slice
cultures compared with non-transgenic litter mates (n=6-7 experiments, 6 sister slices per
group), (Fig. 6F) whereas caspase-3 activity was unchanged at DIV10 (Fig. 6F). In a further
experiment we examined whether the presence of a caspase inhibitor can prevent the
toxicity. TaugpAK slice cultures were treated with the caspase 3/7 inhibitor DEVD-CHO
(30uM; Nicholson et al, 1995) from DIV10 to DIV20. In the presence of DEVD-CHO
toxicity at DIV20 (measured via LDH release) was reduced to control levels (F(2/12)=8.49;
p<0.01) (Fig. 6F).

Neurodegeneration is closely associated with an activation of inflammatory cells in AD
(Wyss-Coray, 2006; Querfurth & LaFerla, 2010). In agreement, we found high levels of
activated glial cells in our slice model at DIV25 as judged by immunohistochemistry
stainings against microglia (Fig. S3A), astrocytes (data not shown) in all hippocampal
subregions and the presence of reactive oxygen species (ROS) (Fig. S3B/C). Slice cultures
prepared from TaurpAK mice showed a higher number of activated microglia at DIV25
(Fig. S3A) and an increased production of ROS (Fig. S3C) when compared to control slices.

3.7 Pathological effects of TaugrpAK are prevented by aggregation inhibitors

Throughout these experiments, we asked whether the negative effects of pro-aggregant
TaurpAK expression could be prevented or reversed by inhibiting aggregation. As an
example, we tested compound bb14, one of the inhibitors from the rhodanine class (Fig. 2E)
identified in a screen for Tau aggregation inhibitors (Pickhardt et al, 2005; Bulic et al, 2007).
Treatment of TaurpAK slices with 15 pM bb14 reduced the fraction of sarkosyl-insoluble
exogenous Tau significantly by ~70% in comparison to untreated TaugrpAK slices (p<0.001;
n=4 experiments; ~50 slices, 5 animals per experiment) (Fig. 2F), and reduced the
phosphorylation at S262/S356 of endogenous mouse Tau (-40%) and particularly of
exogenous TaurpAK (-80%; p<0.001, n=3) (Fig. 3C,D). Mislocalization of Tau into the
somatodendritic compartment was also observed in bb14 treated slice cultures (Fig. S2C)
but without dystrophic features. Compound bb14 partly rescued spine toxicity observed in
TaurpAK slices at both time points investigated (F(2/76)=14.41; p<0.01 (DIV10) and
F(2177)=15.64; p<0.05 (DI1V20)) in comparison with control slices (Fig. 4B,C), and partly
prevented conversion to “immature” spine morphology due to TaugrpAK expression (Fig.
4E). The fraction of mushroom spines returned nearly to control levels, and thin spines were
partly reduced. Correspondingly, the impairment in the Ca++ influx after depolarization was
rescued in bb14 treated cultures in all three layers (Fig. 5D,F,H). The most prominent
beneficial effect was observed in stratum radiatum (88.7+ 28.8% (treated) versus
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32.1+ 5.6% (untreated)) and compared to control slices. Finally, neurotoxicity was prevented
by bb14 in all hippocampal subregions (Fig. 6B,C). Neuronal numbers in bb14-treated
TaurpAK slices remained equal to those in control slices (Fig. 6C). The protective effect on
toxicity of bb14 was confirmed by a pronounced decrease in LDH release in TaugpAK slices
nearly to control levels (Fig. 6E) as well as reduced caspase 3 activities (Fig. 6F). The
inflammatory response at DIV25 was reduced in parallel (Fig. S3C).

4 Discussion

The role of Tau under normal and pathological conditions is still poorly understood. In order
to make advancements in understanding one needs fast, flexible and robust test systems. The
aim of this study was to generate a tauopathy model which makes the pathological cascade
accessible to experimental intervention and analysis and allows testing of aggregation
inhibitors. By using organotypic hippocampal slices, which maintain many aspects of in vivo
biology (Gahwiler, 1988), we could recapitulate major aspects of tauopathy and demonstrate
the neuroprotective capacity of aggregation inhibitors.

In mature neurons, Tau is mostly axonal (Binder et al, 1985), although dendritic functions
have been proposed as well (Ittner et al, 2010; Morris et al, 2011). In our control slices
mouse Tau was restricted to axons, whereas in slices from pro-aggregant TaurpAK mice
exogenous and endogenous Tau was mislocalized to cell bodies, dendrites and dendritic
spines. For endogenous Tau, the appearance in the somatodendritic compartment is
unexpected and indicates that pro-aggregant TaurpAK expression forces also endogenous
mouse Tau to mislocalize starting at DIV5. Mislocalization of exogenous and endogenous
mouse Tau is closely correlated with phosphorylation at S262/S356 which reduces Tau’s
affinity for microtubules (Drewes et al, 1997; Thies & Mandelkow, 2007).

In mice, the co-aggregation of exogenous and endogenous Tau becomes detectable at
advanced age (Mocanu et al, 2008). We confirmed this finding for the slice model, but in this
case it occurred on a much shorter time scale (weeks rather than months as in transgenic
mice. This acceleration of pathological changes in cultured slices compared with transgenic
mice was also observed for other pathological features, including Tau missorting,
synaptotoxicity and cell death (compare Fig. 7 with Sydow et al, 2011). Since the
organotypic slice model allows easy experimental access it was possible to observe other
features as well, for example the increase in caspase 3 activity parallel to an increased LDH
release due to TaurpAK expression. On the basis of these oberservations we infer that
apoptotic processes contribute strongly to neuronal cell death in our model. However,
whether or not this represents the situation in human conditions is still a matter of debate
(Spires-Jones et al, 2011). Besides neurotoxicity, it was possible to investigate
synaptotoxicity in the slice model in terms of morphological spine changes and final spine
loss. Mislocalized Tau was already present in dendritic spines at an early time point, similar
to observations in primary neuronal cell culture (Thies et al, 2007; Zempel et al, 2010;
Hoover et al, 2010). Density and dynamics of dendritic spines is thought to be a structural
correlate of synaptic strength and plasticity (Bonhoeffer & Yuste, 2002). In particular, the
number of voltage gated Ca** channels (VGCCs) increases with greater spine volume,
thereby enhancing Ca** influx (Sabatini & Svoboda, 2000). The loss of dendritic spines and
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their morphological modulation from mushroom-shaped to thin spines in pro-aggregant
TaurpAK slices was reflected in functional constraints measured by Ca*™ imaging. The
main source of activity-related Ca** influx was mediated by L-VGCCs and NMDA
receptors, which are both present in dendritic spines (Higley & Sabatini, 2008). The Ca**
influx after a depolarizing stimulus was strongly decreased in TaurpAK slices. Since we
observed a reduced sensitivity to the L-VGCC blocker nifedepine in TaugrpAK slices
compared to controls we suspect a TaugrpAK specific impairment in Ca** dynamics through
L-VGCCs. Correspondingly, the reduction in Ca++ influx in TaugpAK slices could be
mimicked in control slices by treating them with the L-VVGCC blocker nifedepine. In our
model the loss of dendritic spines and the shift from mushroom-shaped to thin spines could
thus contribute to the observed Ca++ impairment. Considering that the proline-rich region of
Tau has a high affinity for proteins with src homology 3 (SH3) domains (Reynolds et al.,
2008) one could speculate that mislocalized mouse Tau might contribute to the impairment
of Ca++ dynamics by a direct interaction with the SH3 domain of the B-subunit of L-VGCC.
In any case, since the funtional impairment of Ca++ dynamics in TaugrpAK slices occurs
before neurofibrillary tangle formation, it is likely that Tau monomers or oligomeric species
are responsible for early functional deficits in depolarization evoked Ca++ responses.

Given that Tau aggregation is closely related to the Alzheimer disease process, the inhibition
of Tau aggregation is a promising therapeutic target. Therefore, one aim of this study was to
test aggregation inhibitors in a more physiological paradigm than previous cell culture based
systems (Pickhardt et al, 2005). Results with the rhodanine-based compound bb14 (Bulic et
al, 2007) demonstrate the feasibility of this approach. Treatment of slices with compound
bb14 inhibited Tau aggregation and partly prevented the loss of spines and neurons, arguing
that pathological changes are closely related to Tau's aggregation/oligomerization process.

The importance of the capacity of Tau to aggregate for the development of pathology was
supported by previous findings with an another transgenic mouse line expressing the same
construct with additional proline mutations (anti-aggregant TaurpAK280PP; Mocanu et al,
2008). This mouse line developed no phenotype typical for tauopathies, indicating that 8-
propensity is central to the pathology. In contrast to previous slice models of tauopathy (Duff
et al, 2002; Congdon et al, 2009), we could model the whole range of pathological aspects
and thereby analyze their exact chronology (for a summary see Fig. 7) without side effects
due to viral vectors in transiently expressing models (Shahani et al, 2006; Hinners et al,
2008). Our study demonstrates the neuroprotective effect of bb14 and the potential
pathogenic effects of Tau on L-VGCCs. Therefore, this model lends itself to the evaluation
of pathological processes and different Tau aggregation inhibitors, which is currently in
progress.
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AD Alzheimer Disease

CAl cornu ammonis 1

CA3 cornu ammonis 3

CaMKlla calcium/calmodulin-dependent protein kinase lla

Casp3 caspase 3

C-terminal Carboxy-terminus

[Ca*t]i intracellular calcium concentration

DG dentate gyrus

DIV Days in vitro

DOX doxycycline

FTDP-17 Frontotemporal dementia and parkinsonism linked to
chromosomel7

LDH lactate dehydrogenase

LUC Firefly luciferase

L-VGCC L-type voltage gated calcium channel

MAPs Microtubules associated proteins

NeuN neuronal nuclear protein

NMDAR NMDA-type glutamate receptor

PHF paired helical filament

RT room temperature

TaurpAK, TAK Tau repeat domain with FTDP-17 mutation AK280
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Fig. 1. Human TaurpAK is highly expressed in area CA1 and CA3 in slice cultures.
(A) TaurpAK construct is based on the human Tau repeat domain carrying the FTDP-17

mutation AK280. Four repeats in the C-terminal half of Tau are highlighted in red (R1-R4).
The sequence of the two hexapeptide motifs at beginning of R2 and R3, which promote
aggregation by inducing R-structure, is shown. The FTDP-17 mutation AK280 within R2
(marked in red) strongly increase the propensity for B-structure. Epitopes recognized by
phosphorylation-dependent antibodies 12E8 and PHF1 and pan-Tau antibody K9JA are

indicated.

Days in vitro

(B) Slice homogenates of either control or TaurpAK cultures were blotted with the Tau
antibody K9JA. Endogenous mouse Tau is detected at ~56kDa and TaugpAKat ~14kDa.
(C) Molar ratio of exogenous TaugpAKto endogenous mouse Tau is ~0.8:1 (n=6

experiments (6-8 sister slices/group, 6 animals)).

(D) Luciferase activity within TaurpAK slices (DIV5) were determined by bioluminescence
(photons/sec) in area CA and DG (bright field image; left panel). Luciferase activity (right

panel) is very high in the CA region and in the remaining cells of the cortex.

(E) Quantification of the luciferase activities in CA and DG region. Area CA1-3 show
~three-fold higher activities (n = 7 slices, 3 animals, Unpaired t-test *** p- value < 0.001).
(F) Luciferase activity monitored over 20 days /n vitro. The signal is constant up to 15 DIV
but declines thereafter to ~60% of its maximum value at DIV10 (n = 5 experiments, 6 slices/

experiment, 3 animals, Unpaired t-test * p- value < 0.05).
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Fig. 2. Expression of TaurpAK causes Tau aggregation in the CA region.
(A) TaurpAK or control slices were stained with thioflavine S (ThS) after 15 or 25 days in

vitro Control slices showed no ThS signal after 15 or 25 DIV.

(B,C) TaurpAK slices developed Tau aggregates at DIV 25 but not before. Aggregates
appeared inside the somata and could also be stained with K9JA Tau antibodies (asterisks).
The co-aggregation of human and mouse Tau was confirmed by antibodies specific for
phosphorylated mouse Tau at pS396/pS404 (PHF1).
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(D) Western blotting of the soluble (lanes 1, 2) and sarkosyl-insoluble (lanes 3, 4) fraction
with K9JA antibodies of DIV25 slices. Human TaurpAK is detected in homogenates of
transgenic slices as a prominent band at Mr ~14kDa in both the soluble (lane 1) and
insoluble fractions (lane 3), but not in slices from control mice (lanes 2, 4). In control slices,
endogenous mouse Tau occurs only in the soluble fraction. In contrast, in TaugpAK slices a
prominent part of mouse Tau was insoluble, indicating co-aggregation of endogenous and
exogenous Tau (lane 3).

(E) Structure of compound bb14, a rhodanine-based tau aggregation inhibitor (Bulic et al,
2007).

(F) Influence of compound bb14 on the aggregation of Tau was investigated by densitometry
after western blot analysis with K9JA Tau antibodies of the sarkosyl-insoluble Tau fraction.
Compound bb14 (15 uM, treated DIV1-DIV25) reduced the fraction of insoluble TaurpAK
by ~70% (n=4 experiments, unpaired t-test ** p- value < 0.01). Scale bars: A, B, 10um; C,
5um.
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Fig. 3. Endogenous mouse Tau is phosphorylated at 12E8 and PHF1 epitopes and is mislocalized
into the somatodendritic compartment.

(A) Immunoreactivity with K9JA antibodies. Microphotographs of control slice cultures
indicate an axonal distribution of endogenous mouse Tau at DIV10. In contrast, pro-
aggregant TaurpAK becomes mislocalized into somata, dendrites, where it colocalizes with
the dendritic marker MAP2, and dendritic spines (white circles) in the presence of pro-
aggregant TaugrpAK. Mislocalized Tau was also detected by the PHF1 antibody in TaugpAK
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slice cultures but not in slices from control littermates, confirming the presence of
mislocalized endogenous mouse Tau in dendrites and soma.

(B) Western blot showing that both TaugrpAK and endogenous Tau is highly phosphorylated
at the 12E8 epitope at DIV10. The phosphorylation level of human and mouse Tau in
untreated TaurpAK slices is higher than in control slices or in TaurpAK slices treated with
the aggregation inhibitor bb14 from DIV1-DIV10.

(C,D) Phosphorylation at Ser262/356 of human (C) and mouse Tau (D) was reduced in
samples treated with compound bb14 (by ~80% for exogenous Tau and by ~40% for
endogenous Tau) (n=3 experiments; 3 animals, unpaired t-test *** p- value < 0.001). Scale
bars in A, upper panel, 50um; lower panel, 20um; image on spines, 10um.
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Fig. 4. Expression of TaurpAK causes a reduction and morphological changes of dendritic
spines.

(A) Representative pyramidal neuron of area CAL in DIV20 slice cultures visualized by
diolistic labeling. The apical dendritic area taken for spine quantification is indicated.

(B) Representative apical dendritic areas of neurons (DIV10 or DIV20) are presented either
in control, TaurpAK, and TaurpAK+ bb14 slices.

(C) When comparing the spine density in control, TaurpAK and TaugpAK +bb14 slices
(n=25 neurons, 15 slices, 3 animals/group) quantitatively, it displays a ~25% reduction due
to the presence of TaurpAK (DIV10 and DIV20). Treatment with compound bb14 (starting
at DIV1) strongly attenuates the spine loss (decrease only -11% (DIV10) or -13% (DI1V20).

Neurobiol Aging. Author manuscript; available in PMC 2016 August 15.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Messing et al.

Page 23

One-way ANOVA followed by Tukey’s post-hoc test *** p- value < 0.001, ** p-value <
0.01, *p-value <0,05.

(D) Apical dendritic areas in CA1 were reconstructed using NeuronStudio (Rodriguez et al,
2008). Unprocessed dendritic area (top) and representative 3D reconstruction (down). Spines
were classified into thin (yellow), stubby (purple) and mushroom spines (orange) (n= 10
neurons (480-900 spines per group)) in DIV20 slices.

(E) Mushroom spines are reduced by ~50% in TaugpAK expressing pyramidal neurons
(F(2127=6.426; p<0.05). Treatment with compound bb14 (15 M) partly abolished this
reduction in mushroom spines. The fraction of thin spines increases by ~50% (p=0.139) due
to TaurpAK expression, indicating a shift from mushroom-shaped to thin spines. Treatment
with compound bb14 nearly abolishes this effect. The fraction of stubby spines is unchanged
in all groups; and treatment with bb14 has no effect. One-way ANOVA followed by Tukey’s
post-hoc test * p- value < 0.05. Scale bars: A, 20um; B,D, 5um.
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Fig. 5. TaugrpAK attenuates Ca++ dynamics in area CA3.
(A, B) Slices (DIV15) from control (A) and TaugpAK mice (B) were loaded with the Ca++

indicator Fura-2AM. Ratio images (F340nm/380nm) are presented before membrane
depolarization (baseline) and at the peak response to KCL application. Fura2-AM loading
resulted in fluorescence of neurons as shown in the insets of A and B. The layers of area
CAL1-CA3, stratum radiatum (s.r.), stratum pyramidale (s.p.) and stratum oriens (s.0.) were
analyzed consecutively.
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(C, E, G) show the mean time course of [Ca**]i changes in response to high KCI. After
depolarization [Ca**]i rises up to 250% of the initial levels in control slices (n=7, 4 different
animals) in apical (s.r.) and basal (s.0.) dendrites. Cell somata in s.p. showed lower Ca++
responses (170%; n=7, 4 different animals). In contrast, in TaurpAK slices the Ca++
response was strongly attenuated in peak responses of all three layers (only 130%; averaged
value; n=7, 4 different animals).

(D, F, H) Quantification of the maximum peak increase in intracellular Ca++ concentrations
after high KCL stimulation. The strongest increase in [Ca**]i was observed in s.r. (ctrl
227%) and s.o.(ctrl 262%) whereas in s.p. the Ca++ response was only 177%. In TaugpAK
slices the maximum response was strongly attenuated in str. radiatum (Fg/29)=3.796;
p<0.05) and str. oriens (Fg/25)=5.056; p<0.05). This effect was partly rescued in the
presence of bb14. The inhibition of L-VGCC by nifedipine (Nif, 20uM) inhibited the Ca++
influx of control slices to similar values as in TaugrpAK slices without nifedepine apllication.
The effect of nifedipine in TaurpAK slices was less prominent (n=5) compared with control
slices. The application of the NMDAR blocker APV (100uM) reduced Ca++ influx only
slightly in both control and in TaurpAK (n=3 and n=4 respectively). One-way ANOVA
followed by Tukey’s post-hoc test: * p- value < 0.05, ** p-value < 0.01. Scale bar in A/B:
200pMm
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Fig. 6. Expression of TaurpAK causes neuronal loss via activation of caspase 3.
(A) NeuN positive cell bodies were counted in the DG and within the pyramidal cell layer in

area CA1 and CA3 (dashed lines, slice at DIV25).

(B) Representative neuronal cell layers from slice cultures at DIV25: control, TaurpAK
slices in switched-ON mode TaurpAK slices in switched-off mode (DOX treated for DIV1-
DIV25) and TaurpAK slices in switched-on mode in the presence of compound bb14

(treated for DIV1-DIV25).
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(C) Neurons in area CA1, CA3 and DG were counted at DIV15, 20 and 25 (8-10 slices, 6
animals/group). The number of neurons was strongly reduced in TaurpAK slices, both
within area CA1 (-28%); F(2/30)=4.405; p<0.05) and CA3 (-37%); F(2/31)= 5.410; p <0.05) at
DIV25 in comparison to control slices. This effect was already observed at DIV20 (CAl
(-18%) and CA3 (-16%) (not significant) and less prominently at DIV15 (CAL (-6%) and
CA3 (-5%). The neuronal number of the DG was only slightly reduced at DIV25 (-14%) and
unaffected at earlier time points. Neuronal loss could be prevented by compound bb14
(15uM, starting at DIV1) in all the subregions (e.g. CA3 (only 3% (DIV20) and 7%
(DIV25)).

(D) Correlation between TaurpAK expression (determined by reporter gene activity) and
neuronal loss. The high expression of TaurpAK in the pyramidal cell layer causes a strong
neuronal loss, but not in the DG where the expression level was much lower (Pearson r =
0.9759, linear regression test).

(E) LDH release (cytotoxicity) was analyzed in TaurpAK, TaurpAK+bb14, TaugpAK
+DEVD-CHO and control slices at 10, 15 and 20 DIV. A pronounced increase (~40%;
F(3/19)=7.736; p<0.001) in LDH release was observed due to TaurpAK expression at 20 DIV
but not at 10 DIV. At DIV15 the LDH release was slightly increased by 13% in TaugpAK
expressing slices. The presence of bb14 rescued the effect on LDH release at 20 DIV to
control levels. Treatment of slice cultures with the caspase-3 inhibitor DEVD-CHO strongly
prevents LDH release when comparing TaugrpAK, TauRDAK+bb14, TaugrpAK+DEVD-
CHO and control slices.

(F) Caspase 3 activity was analyzed in TaurpAK, TaugpAK+bb14 and control slices at DIV
10, 15 and 20. Caspase 3 activity was unchanged at DIV10. TaurpAK expression caused an
increase in caspase 3 activity by 10% (DIV15) and a significant increase by 35%
(F2116)=12.20; p<0.001) (DI1V20), compared with slices from control mice. Treatment with
bb14 relieved apoptosis (p<0.05). Apoptosis inducer staurosporine (0.5 uM for 24 hours)
increased the caspase 3 activity by ~600%.

One-way ANOVA followed by Tukey'’s post-hoc test. *p < 0.05; **p < 0.01 and ***p <
0.001. Scale bars: A, upper panel, 200um; A, lower panel, B, 50uM.
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Fig. 7. Summary of pathological changes in pro-aggregant TaurpAK slices.
TaurpAK expressing mice were used for slice preparation at postnatal day 8. Cultures were

analyzed up to 25 days in vitro (DIV). Early pathological events include the mislocalization
of both endogenous and exogenous Tau into the somatodendritic compartment, observed
already at DIV5 and remaining apparent until DIV25. From DIV10 onwards Tau becomes
detectable in dendritic spines, and phospho-Tau appears in apical dendrites indicating
mislocalization of endogenous Tau. At the same time (DIV10) the number of dendritic
spines becomes strongly reduced. This is still observed at a later time point (DIV20), when
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spines in TaurpAK slices are in an immature state. This effect is also observed in apical
dendrites of pyramidal neurons and correlates with impairment in Ca++ dynamics,
especially in stratum radiatum at DIV15. ThS positive Tau aggregates (neurofibrillary
tangles (NFTs)), consisting of human and mouse Tau, are first detected at DIV20 and more
prominently at DIV25. An increase in neuronal cell death (measured by LDH release, loss of
NeuN) is first observed at DIVV15 and increases further at DIV20 and DIV25. The activity of
the apoptosis marker caspase 3 increases in parallel.
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