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Neurobiology of Disease

Early Improved and Late Defective Cognition Is Reflected by
Dendritic Spines in Tau.P301L Mice

Anna Kremer, Hervé Maurin, David Demedts, Herman Devijver, Peter Borghgraef, and Fred Van Leuven
Laboratory of Experimental Genetics and Transgenesis/Experimental Genetics Group, Department of Human Genetics, Katholieke Universiteit Leuven,
Campus Gasthuisberg, B-3000 Leuven, Belgium

Cognitive demise correlates with progressive brain tauopathy in dementing patients. Improved cognition of young Tau.P301L mice
contrasts with dysfunction later in life and remains unexplained (Boekhoorn et al., 2006). To unravel early mechanisms, we composed a
correlative time line of clinical symptoms, cognitive defects, and biochemical and pathological traits, including comprehensive analysis
of dendritic spines in specified regions of the cortex and hippocampus of young and adult Tau.P301L mice. Remarkably, young Tau.P301L
mice have not more, but more mature spines than wild-type mice, revealing the anatomical substrate for their improved cognition and
LTP. Spine maturation remained high in the hippocampus of adult Tau.P301L mice. However, spines regressed in length paralleling
impaired cognition and increased Tau phosphorylation (Terwel et al., 2005). Conversely, spine maturation was unaffected in adult Tau.4R
mice, while spine density was increased and length reduced similar to Tau.P301L mice. To explain how protein Tau promoted spinogen-
esis, we analyzed hippocampal synaptosomes and dendritic spines for mouse and human Tau. While synaptosomes were positive for both
mouse and human Tau, weak variable reaction in spines was observed only after fixation according to Bouin. Mouse Tau was absent from
spines in wild-type mice, dissociating the pathological actions of Tau in transgenic mice by relocalization into dendrites and spines from
the physiological actions of protein Tau in axons only. We conclude that mutant protein Tau modulates cognition and morphology of
spines similarly and in both directions, with pathology later in life coinciding with increased phosphorylation and relocalization of Tau

from axons to soma and processes.

Introduction

Tauopathies are a broad class of neurodegenerative diseases char-
acterized by aggregates of protein Tau in different regions and
types of neurons, the basis of postmortem diagnosis and differ-
entiation (for review, see Delacourte and Buée, 2000; Ingram and
Spillantini, 2002; Duyckaerts et al., 2009; Ludolph et al., 2009).
Conversely, various mutations in gene coding for Tau cause a
subtype of frontotemporal dementia clinically similar to Alzhei-
mer’s disease (AD), although AD is a secondary tauopathy.

The transient state known as mild cognitive impairment
(MCI) is neither a disease nor an obligatory intermediate to de-
mentia because individuals convert at very different rates; some
never become demented, while others even revert. In AD, spatial
and temporal patterns not of amyloid but of tauopathy correlate
with cognitive decline (Braak and Braak, 1991; Delacourte and
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Buée, 2000; Delacourte, 2008). Immunohistochemistry (IHC)
for phosphorylated protein Tau with antibody AT8 benchmarks
the pathological progression of AD (Braak and Braak, 1991). Of
note, operational implementation of AT8 in pathology does not
define the specified phosphorylations as pathological because
ATS8 reaction is evident physiologically in development and the
adult brain, in humans and animals, and in normal conditions,
hibernation, and hypothermia (Kenessey and Yen, 1993; Takuma
etal., 2003; Hartig et al., 2005, 2007; Planel et al., 2009; Braak and
Del Tredici, 2011; Duyckaerts, 2011).

Here, we analyzed dendritic spines in Tau.P301L mice in the
context of the time line of clinical symptoms, cognitive defects, and
biochemical and pathological traits. In contrast to amyloid effects
(Penzes et al., 2011), studies of Tau and spines in vivo are needed.
Other studies used ex vivo sections transduced to express EGFP-Tau
(Tackenberg and Brandt, 2009), injection of dyes (Dickstein et al.,
2010; Rocher etal., 2010), or in vivo microscopy (Bittner etal., 2010).
Others were restricted to primary neurons, transfected or trans-
duced (Thies and Mandelkow, 2007; Hoover et al., 2010; Zempel et
al., 2010). We combined our validated Tau.P301L and Tau.4R mice
with yellow fluorescent protein (YFP) mice (Spittaels et al., 2000;
Terwel et al., 2005). Technical advantages are obvious: no manipu-
lation of brain or sections postmortem and no restriction to single
area or layer. This study is the first to analyze systematically the
effects of protein Tau on dendritic spines in four specified brain
regions relevant for tauopathy and AD.

We describe the impact of protein Tau on density and mor-
phology of spines, both positively and negatively. Unexpectedly,
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in young Tau.P301L mice, the increased spine maturation ex-
plains their improved cognition and LTP (Boekhoorn et al.,
2006). Synaptosomes contained both endogenous mouse and
transgenic human protein Tau. Mutant protein Tau distributed
diffusely throughout the cytoplasm in somata and processes,
including presynaptic and postsynaptic compartments. Con-
versely, wild-type murine protein Tau was immunohistochemi-
cally detectable mainly in axons and not in dendritic spines. The
combined data dissociate the pathological action of Tau in trans-
genic mice in dendrites and spines from the physiological actions
of Tau in axons: mutant protein Tau modulates cognition and
morphology of spines similarly, and in both directions, depend-
ing on phosphorylation and relocalization to processes.

Materials and Methods

Transgenic mice. Two transgenic mouse models expressing either
Tauw.P301L or Tau.4R (Spittaels et al., 1999; Terwel et al., 2005) were
crossed with the transgenic Thyl-YFP mouse strain with relatively low
expression of the fluorescent protein (Feng et al., 2000). Offspring were
genotyped for human protein Tau transgenes and for the YFP transgene
by standard PCR methods on DNA isolated from tail biopsy (Spittaels et
al., 1999; Feng et al., 2000; Terwel et al., 2005).

Dendritic spine analysis. Spines were analyzed by confocal microscopy
(Olympus Fluoview 1000) in four different brain regions, i.e., stratum
radiatum (SR), stratum oriens (SO), and cortical layer III above the
striatum (CS) and above the hippocampus (CH) (Fig. 2A). In total, 12
independent images per mouse, and five mice per genotype per age time
point, resulted in the analysis of 57,870 spines on an overall length of
45.37 mm dendrites. At age 1-2 months, we analyzed ~14,000 WT.YFP
spines on a total length of 11.53 mm dendrites and 12,569 spines in
Tau.P301LxYFP mice over 10.19 mm dendrite length. At age 4-6
months, 10,187 WT.YFP spines were counted and analyzed on 8.45 mm
of dendrites, with 10,958 spines in Tau.P301LxYFP mice on 8.04 mm of
dendrites and 10,156 spines in Tau.4RxYFP mice on 7.16 mm of den-
drites. The analysis was based on projection images of confocal z-stacks
(0.3 um) without postprocessing, and spines were defined visually and
counted manually. Spine density is expressed as the number of spines per
10 wm length of dendrite. Spine maturation index is defined as the ratio
of mushroom spines to all other spine types, with mushroom spines
defined by the spine head at least twice as wide as the spine neck (Fig. 2 A,
right). Spine length was measured from the base of the spine at the
dendritic shaft to the top, or head for mushroom spines (Image]J soft-
ware). Statistical analysis was by ANOVA followed by Dunnett post hoc
analysis (SPSS software). The error bars in all graphs represent SEM, and
statistically significant differences are indicated (*p < 0.05, **p < 0.01).

Immunohistochemistry. Mouse brain was dissected rapidly after trans-
cardiac perfusion with ice-cold saline under deep anesthesia. Hemi-
spheres were fixed overnight at 4°C in either 4% paraformaldehyde
(PFA) or in fixative according to Bouin: 71.4% saturated picric acid,
23.8% formaldehyde, 4.8% glacial acidic acid. Sagittal vibratome sections
(40 um) were stored in PBS with 0.1% sodium azide before analysis by
IHC performed as described previously (Terwel et al., 2005). After block-
ing with 10% fetal calf serum, sections were incubated overnight at 4°C
with primary antibody: Tau5 (PharMingen) and Taul (Roche) for total
Tau, HT7 for human Tau, and AT8 and AT180 (Thermo Scientific) for
phospho-Tau. Secondary antibodies were goat anti-mouse or goat anti-
rabbit IgG, labeled with horseradish peroxidase or biotin (DAKO).

Phosphatase antigen retrieval. Sagittal sections were incubated with calf
intestinal alkaline phosphatase (CIAP) (New England Biolabs) at 600
U/ml in 100 mm Tris-HCI, pH 8.0, for 5 h at 37°C. After phosphatase
activity was quenched by incubation in 50 mm Tris-HCI, pH 7.6, 0.2 M
NaCl at 0°C, immunohistochemistry was performed as above.

Biochemical analysis by Western blotting. Total forebrain or cortex was
homogenized as described previously (Terwel et al., 2005, 2008) and
proteins separated on 10% Tris-glycine SDS-PAGE gels (Anamed). After
protein transfer, nitrocellulose membranes were probed with primary
antibodies: Tau5 and HT7 for total Tau; and ATS, AT180, AD2, and
pS199 for phosphorylated Tau.
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Hippocampal synaptosomes were prepared as described previously
(Pérez-Otano et al., 2006) from total hippocampal homogenates after
centrifugation for 15 min at 1000 X g at 4°C. The supernatant was cen-
trifuged again for 15 min at 10,000 X g at 4°C to obtain a crude synap-
tosomal pellet. The pellet was resuspended in 10 volumes of
homogenization buffer (0.32 M sucrose, 4 mm HEPES, pH 7.4) and pel-
leted again to yield the washed synaptosomal pellet, which was resus-
pended for analysis on Western blot as described above.

Primary hippocampal neurons and immunocytochemistry. Primary cul-
tures of hippocampal neurons were prepared from wild-type Friend vi-
rus B-type (FvB) mouse embryos (E16-E18) according standard
procedures (Banker and Cowan, 1977; Dotti et al., 1987). Neurons were
seeded on poly-L-lysine-coated glass coverslips (150,000 cells per 60 mm
dish). They were cultured for up to 16 d in Neurobasal medium with B-27
supplement (Invitrogen) in the presence of an astroglial feeder layer. At
the indicated time points, cells were fixed with 4% paraformaldehyde for
10 min and subsequently washed and stored in PBS until analysis.

Immunocytochemistry was performed on cultured neurons on single
coverslips by incubating with PBS containing 0.1% Triton X-100 (PBST)
before blocking of nonspecific binding sites by incubation with 1% fetal
calf serum in PBST (PBST/FCS). Coverslips were incubated with primary
antibodies as indicated: Tau5 (PharMingen) and Taul (Roche) for total
Tau; AT8 and AT180 (Thermo Scientific) for phosphorylated Tau;
MAP?2 (Sigma) as dendritic marker; SV2 (Abcam) as presynaptic marker;
and PSD95 (Abcam) as postsynaptic marker. All antibodies were suitably
diluted in PBST/FCS for 3 h at room temperature. Neurons were washed
in PBST and incubated for 1 h at RT with secondary antibodies labeled
with either streptavidin, Alexa488, or Alexa594 (Invitrogen), as indi-
cated. Eventually coverslips were additionally incubated with phalloidin
labeled with Alexa488 (Invitrogen) as indicated to reveal fibrillar actin.
Coverslips were washed in PBS and mounted in Mowiol 1,4-
diazabicyclo[2.2.2]octane mounting media for standard and confocal
fluorescence microscopy.

Results

Time line of defects in Tau.P301L mice

Since the generation and initial characterization of our
Tau.P301L mouse model for tauopathy (Terwel et al., 2005), we
continued to collect data on cognitive and general behavior, and
we analyzed clinical, biochemical, histological, and pathological
parameters, including the premature death from our breeding
colony. The accumulated comprehensive dataset allows a reliable
time line of characteristics and defects, including a precise Ka-
plan—Meier mortality curve (Fig. 1). The mortality was recently
demonstrated to be closely associated with upper airway defects
originating in the brainstem and leading to physical exhaustion
and asphyxia of the Tau.P301L mice around age 9—10 months
(Dutschmann et al., 2010; Menuet et al., 2011). No gender differ-
ences have been noted for mortality nor for any other character-
istic of the Tau.P301L mice (Terwel et al., 2005, 2008; Boekhoorn
et al., 2006; Dutschmann et al., 2010; Menuet et al., 2011; this
study).

The surprising finding of improved cognition and LTP at
young age (Boekhoorn et al., 2006), in sharp contrast to the later
cognitive dysfunction and pathology (Terwel et al., 2005), re-
mains to be explained. Here, we concentrate on the characteris-
tics of dendritic spines in Tau.P301L mice at two early, clinically
presymptomatic stages.

Analysis of dendritic spines

We analyzed dendritic spines in brains of Tau.P301L mice as part
of a comprehensive study of the mouse models we developed,
characterized, and validated over the last decade (Moechars et al.,
1999; Spittaels et al., 1999, 2000; Terwel et al., 2005, 2008; Boek-
hoorn et al., 2006; Dutschmann et al., 2010). Here we report on
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Figure1. Premature mortality of Tau.P301L mice. The premature death rate s illustrated by
the Kaplan—Meier curve based on 421 female and 194 male Tau.P301L mice. The mean age of
survivalis 9.4 months, without a gender difference, and with practically no survivors over age 12
months. Indicated by the horizontal boxes are the approximate time windows of improved and
defective cognition in young and adult Tau.P301L mice, respectively. The progressive motor
problems of aging Tau.P301L mice result in severe defects in the terminal phase, defined by
decreasing weight, abnormal posture, and ultimately the upper airway defects as the likely
cause of death (Dutschmann et al., 2010; Menuet et al., 2011).

Tau.P301L and Tau.4R mice, while analyses of APP.V717,
GSK3p, biAT, and biGT mice are in progress.

All genotypes were crossed with transgenic YFP mice to gen-
erate double and triple transgenic mice expressing the transgenic
human proteins in fluorescently marked neurons, processes, and
spines (Fig. 2A). The thy1-YFP strain was selected because of the
neuron-specific expression of relatively low levels of YFP (Feng et
al., 2000). Moreover, the same mouse thyl gene promoter was
used as in all our transgenic mice. Confocal microscopy addition-
ally demonstrated that transgenic YFP and Tau.P301L were co-
expressed in neurons in the analyzed brain regions (boxed in Fig.
2A). The overall strategy allowed us to analyze dendritic spines in
great detail in specified brain regions of all genotypes at different
ages, as outlined in the introductory section. The measured pa-
rameters of spines are relevant for synaptic plasticity and cogni-
tion: spine density per unit dendrite length, relative spine length,
and spine maturation index. The index, defined as the ratio of the
number of mushroom spines to the number of other spine types,
is based on the understanding that mushroom spines carry ma-
ture and functional synapses (Hering and Sheng, 2001). The
brain regions were selected in the hippocampus and cortex (Fig.
2 A) because these are informative for many tauopathies, includ-
ing frontotemporal dementia (FTD) and AD.

Dendritic spines in young and adult Tau.P301L mice

Spines in Tau.P301L mice were analyzed at young and adult ages.
The spines of young mice were analyzed at 1-2 months to corre-
late with their improved cognition. The spines of adult mice were
analyzed at 4—6 months to correlate with their defective cogni-
tion (Terwel et al., 2005, 2008; Boekhoorn et al., 2006). The anal-
ysis yielded quantitative datasets (Fig. 2B,C) with the most
salient aspects schematically summarized in Table 1.

In the cortex and hippocampus of young Tau.P301L mice, the
spine density was not significantly different from that in young
control YFP mice at the same age of 1-2 months (Fig. 2 B, Table 1).
However, the maturation index of spines was significantly higher
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in the hippocampus and cortex of young Tau.P301L mice. More-
over, mushroom spines were longer in the cortex of young
Tau.P301L mice than in control mice (Fig. 2 B, right; Table 1). In
the hippocampus of young Tau.P301L mice, only the maturation
index was affected, with a significant increase in the stratum
oriens (Table 1).

In the hippocampus of adult Tau.P301L mice (4—6 months),
spine density was not affected, while the spine maturation index
remained significantly higher than in control mice. The most
marked contrast with young Tau.P301L mice was the overall
length of mushroom spines, which was significantly reduced rel-
ative to the length of such spines in control mice (Fig. 2C, Table
1). Therefore, the length of mushroom spines correlates with the
defective cognition of adult Tau.P301L mice.

In the cortex of adult Tau.P301L mice, the spine maturation
index and length of mushroom spines were both reduced to con-
trol levels from the initially higher levels in young Tau.P301L
mice (Fig. 2B, C, Table 1). Conversely, the spine density increased
significantly in adult Tau.P301L mice, which can be explained by
significantly more short stubby and thin spines (Fig. 2 B, C, Table
1; data not shown).

The combined data demonstrate that, compared to spine
density, maturation index and length of mushroom spines
more closely correlate with improved cognition in young mice
and with defective cognition in adult mice of this model for
Tau pathology.

Dendritic spines in adult Tau.4R mice

Tau.4R transgenic mice express wild-type human Tau.4R to the
same level as Tau.P301L mice, driven by the same mouse thyl-
gene promoter, and in the same genetic background (Spittaels et
al., 1999; Terwel et al., 2005; Sennvik et al., 2007). Here, only
adult Tau.4R mice (4—6 months) were analyzed for spines be-
cause analysis of cognition is not possible, hampered by the mo-
toric problems caused by the axonopathy (Spittaels et al., 1999).

The analysis of spines revealed similar effects in adult Tau.4R
mice as in adult Tau.P301L mice. The spine density was signifi-
cantly higher in the cortex and hippocampus of adult Tau.4R
mice (Fig. 2C, Table 1). On the other hand, the length of mature
spines was significantly shorter not only in the hippocampus but
also in the cortex of Tau.4R mice (Fig. 2C, Table 1). Unchanged,
but thereby notably conspicuous, was the maturation index of
dendritic spines in Tau.4R mice (Fig. 2B, C, Table 1). This obser-
vation was surmised to directly relate to the typical axonopathy of
the Tau.4R mice (Spittaels et al., 1999), which was confirmed by
subsequent analysis (vide infra).

The important issues raised by previous studies and revived by
the analysis of spines were further approached by biochemical
analysis of brain and synaptosomes, by analysis of primary neu-
rons, and by rigorous immunohistochemical analysis of mouse
brain sections.

Synaptosomes contain mouse and human protein Tau
Biochemically, in total forebrain protein extracts, no major dif-
ferences were evident in either the total level of protein Tau or in
its phosphorylation in young and adult Tau.P301L mice (Fig.
3A). Obviously, the differences in cognition and in dendritic
spine morphology between young and adult Tau.P301L mice are
not explained simply by overall levels or by marked differences in
phosphorylation of protein Tau.

Isolated synaptosomes from mouse hippocampus were ana-
lyzed biochemically for markers that eventually would correlate
and explain the changes in spine morphology and cognition. The
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Figure2. Dendritic spinesin different brain regions of Tau.P301L mice. 4, Pyramidal neurons in four specified regions of hippocampus and cortex of Tau.P301L mice crossed to YFP mice: SO, SR,
and layer lll neurons in CHand CS. Left, Enlarged image of dendritic spines. B, Parameters of spines in cortex of young and adult Tau.P3071L mice crossed to YFP mice (black bars) relative to wild-type
YFP mice (open bars). Graph of spine maturation index shows ratio of mushroom spines to other types of spines (left). Spine density is represented as number of spines per 10 m dendritic shaft
(middle). Spine length was measured in micrometers (right). The data are values measured in the cortical region denoted CS in A. C, Parameters of spines in hippocampus and cortex of adult
Tau.P301L (black bars) and Tau.4R mice (gray bars) both crossed to YFP mice, and compared to wild-type YFP mice (open bars). The data are values measured in the cortical region denoted (S and

hippocampal region SR in A. All error bars represent SEM, with statistical significance denoted by asterisk (*p << 0.05; **p << 0.01).

Table 1. Modulation of spine parameters by Tau.P301L and Tau0.4R expression

Density Maturation index Mushroom length
(A1 CA1 Cortex (A1 Cortex
Genotype Age SR S0 SR SO S CH SR SO S CH
Tau. P301L 1-2mo 1* 1* 1 T
4—-6mo T** T* \L** l/*-x—
Tau.4R 4-6mo 1* 1 * 1 (RS L

Changes in density, maturation index, and length of dendritic spines in Tau.P301L and Tau.4R crossed with YFP mice are expressed relative to those in age- and gender-matched wild-type YFP mice per brain region. Empty boxes indicate
no change compared to wild-type levels. Arrows indicate a significant increase or decrease. Single asterisk indicates p << 0.05. Double asterisks indicate p < 0.01.
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Figure 3.
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Phosphorylation of Tau in brain of young and adult presymptomatic Tau.P301L mice. A, Representative Western blots for total human Tau (HT7) and for phosphorylated epitopes AT8,

AT180, and pS199 on human and mouse Tau (denoted by hTau and mTau, respectively, in top panel). The blots were recorded and quantified digitally (bottom) (n = 6 per age group). Error bars
represent SEM. B, Hippocampal synaptosomes isolated from nontransgenic mice and from Tau.P301L mice contained human and mouse protein Tau, as well as variable amounts of phosphorylated
isoforms detected by the specific antibodies indicated. Representative blots are shown, recorded, and quantified digitally (bottom) (n = 7 per genotype). Error bars represent SEM. €, IHC for human
Tau in young and adult presymptomatic Tau.P301L mice. Top, Total human Tau (HT7). Middle, AT8 (pS199/5202/5205). Bottom, AT180 (pT231/5235). Scale bars, 100 um.

experimental outcome was, however, negative. For one, synapto-
somes from Tau.P301L and wild-type mice contained similar
levels of glutamate receptors NMDA-R and GluR1 (data not
shown). Similarly, several presynaptic or postsynaptic proteins were
evaluated in different preparations of synaptosomes, some further
purified by Percoll gradient centrifugation. Attempts failed to reveal

a consistent pattern of markers that could explain the observations
on spines and cognition described here and previously (Terwel et al.,
2005, 2008; Boekhoorn et al., 2006; Sennvik et al., 2007).

The most consistent finding was nevertheless interesting: hu-
man transgenic Tau.P301L as well as endogenous mouse Tau
were present in synaptosomal preparations isolated from
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Tau.P301L mice (Fig. 3B). In addition, well known phosphory-
lated isoforms of protein Tau, similar to those found in total
brain extracts, were biochemically detected in synaptosomes (Fig.
3A,B). Nevertheless, a notable difference between biochemical
and immunohistochemical analysis of the same brains became
evident.

Immunohistochemistry with AT8 and AT180 for
phosphorylated protein Tau

By our standard method of immunohistochemistry, we observed
in adult Tau.P301L mice the mutant protein in somata of pyra-
midal neurons in cortex and hippocampus, and in proximal and
distal segments of apical dendrites (Fig. 3C, right), thus extending
our previous observations (Terwel et al., 2005; Boekhoorn et al.,
2006; Sennvik et al., 2007).

In the brain of young Tau.P301L mice, the phosphorylation of
mutant Tau detected with AT8 was weaker, albeit with regional
differences: minimal in hippocampus while more distinct
throughout cortical layers (Fig. 3C, left). Somewhat unexpect-
edly, reaction with AT180 (pT231/pS235) was the earlier and
prominent phosphorylated Tau marker (Fig. 3C, left). Reaction
with AT180 remained important in hippocampal and cortical
pyramidal neurons in brains of adult Tau.P301L mice, both in
somata and segments of apical dendrites (Fig. 3C, right).

AT8 is the marker of choice in pathological settings to define
pretangle and tangle pathology in human brain (Braak and
Braak, 1991). Nevertheless, though the reaction with AT8 was
weak in the brain of young Tau.P301L mice, its mere presence
early in life extends its dual or even ambiguous designation as a
fetal and pathological epitope. Of note, the early presence of AT8
is consistent with the most recent findings of AT8 in the brain of
children (Braak and Del Tredici, 2011).

In the brain of adult Tau.P301L mice, the intensity of reaction
in the hippocampus increased markedly for AT180, but was even
more forceful for AT8, which distinctly marked CA1 soma and
dendrites, comparable to AT180 and total human Tau (HT7)
(Fig. 3C, right).

Comparing the immunohistochemical and biochemical data
obtained with AT8 revealed an apparent contradiction, already
referred to in the previous section. The biochemical levels of AT8
in total brain extracts of young mice was inconsistent with the
weak reaction in immunohistochemistry. More AT8-positive
protein Tau was evident in the somata of CA1 pyramidal neurons
in adult Tau.P301L mice (Fig. 3C, right). We ascribe this to aug-
mented phosphorylation and also to relocalization into somata of
phosphorylated protein Tau, which carries the AT8 epitope.

Protein Tau in primary neurons
Because of the marked effects of protein Tau on spinogenesis and
on the subsequent pathological evolution of spines in mouse
brain, we aimed to visualize its localization more precisely, even-
tually in dendrites and spines. We analyzed primary cultures of
hippocampal neurons generated from wild-type mouse embryos
(E16—E17), in which protein Tau is accepted as axonal micro-
tubule-associated protein (MAP) and even as an axonal marker,
especially in the absence of more reliable axonal markers (Dotti et
al., 1987; Papasozomenos and Binder, 1987). MAP?2 is the ac-
cepted marker for dendrites in primary cultures because it is
excluded from axons. MAP?2 is therefore also used as a negative,
exclusion marker for axons.

Surprisingly, mouse protein Tau was evident in most pro-
cesses of wild-type primary neurons, colocalizing with MAP2
even though the reaction for protein Tau was weaker (Fig. 4 A, B).
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Moreover, the localization of both MAPs differed importantly: in axons,
protein Tau was present equally throughout the volume of axons, while
in dendrites, protein Tau was restricted to a patchy distribution along
the membranes (Fig. 4A, B).

Of note, murine protein Tau was evident in dendritic protru-
sions on primary neurons, particularly when stained for total
Tau, although these presumed spines were not nearly as distinct
or demarcated as in brain sections from YFP mice and the com-
binations and Tau did not colocalize with F-actin (Fig. 4A, com-
pare to Fig. 2A). Moreover, protein Tau colocalized with the
presynaptic marker SV2 but only very partially with the postsyn-
aptic marker PSD95 (Fig. 4C).

Immunocytochemistry for phospho-epitopes AT8 and AT180
revealed different aspects: smooth throughout the cytoplasm for
AT8 and granular for AT180 (Fig. 4A). Moreover, in contrast to
staining for total protein Tau and for ATS, reaction with
AT180 was largely restricted to the soma and dendritic shafts,
while almost completely excluded from the dendritic protru-
sions (Fig. 4B).

In parallel experiments, primary mouse neurons were trans-
duced with adeno-associated viral vectors (AAVs) to express ei-
ther human wild-type Tau.4R or mutant Tau.P301L (Jaworski et
al., 2009b). After 5 d, protein Tau became localized in the cyto-
plasm throughout soma, axons, and dendrites, including spines
(data not shown). No marked differences in localization were
noted between human wild-type and mutant Tau. Again, reac-
tions for AT8 and AT180 were evident in only a subset of spines
(data not shown).

Because in wild-type primary neurons, the localization of pro-
tein Tau rather confirmed the classic view of an axonal MAP, and
because even in transfected primary neurons the analysis was not
conclusive for the presence of protein Tau in dendritic spines,
further immunohistochemical analysis was more extensive.

Mouse protein Tau is lacking from dendritic spines in

mouse brain

Our standard procedure for IHC on free-floating sagittal or cor-
onal brain sections failed to distinctly reveal the presence of hu-
man Tau in dendritic spines of the transgenic mice (Figs. 3, 4). In
contrast to localization of transgenic human Tau, the localization
of endogenous mouse Tau in brain sections proved most chal-
lenging and obliged us to invest in different methods of fixation,
embedding, sectioning, antigen retrieval, and antibodies, de-
scribed here only briefly and in part.

First, because even in normal physiological conditions phos-
phorylation of protein Tau is variable in extent and positions, we
pretreated brain sections with alkaline phosphatase for detection
of nonphosphorylated Tau with Taul (specific for S199/5202)
(Papasozomenos and Binder, 1987). Detection of endogenous
and human transgenic Tau was thereby improved, but dendritic
spines remained unmarked for endogenous murine and human
mutant protein Tau (Fig. 5A; data not shown).

To better preserve the cytoskeleton (Trojanowski et al., 1989),
we next applied fixation according to Bouin by perfusion and/or
by postfixation. This resulted in improved visualization of actin
filaments, the main cytoskeletal elements in spines (Fig. 5B; data
not shown). Nevertheless, mouse protein Tau was detected in
CA1l stratum radiatum of wild-type mice merely as discrete
puncta surrounding empty neuronal processes (Fig. 5B). These
represent presynaptic compartments of Schaffer collaterals dock-
ing onto proximal segments of the dendrites from CA1 neurons
(Binder et al., 1985). Consequently, our data verify the axonal
and presynaptic localization of mouse Tau (Dotti et al., 1987;
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Figure 4.
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Localization of endogenous mouse protein Tau in primary neurons. A, Primary hippocampal neurons of 16 DIV express mouse Tau (left) and phosphorylated mouse Tau (right) in

cytoplasm of cell body and processes. B, Colocalization of mouse protein Tau (red) with MAP2 (blue) and F-actin (green). Note total Tau and particularly Tau-1 (arrow) and AT8 on dendritic
membranes and in spines, while AT180 colocalized with MAP2 (right). €, Total mouse protein Tau (red) colocalized with F-actin (green) and with presynaptic markers SV2 (left) and postsynaptic

marker PSD95 (right) (both blue) in spinelike protrusions (arrows). Scale bars, 20 m.

Papasozomenos and Binder, 1987), but the data do not docu-
ment the presence of mouse protein Tau in dendritic spines.

Mutation and phosphorylation defines localization of human
protein Tau

The additional steps in IHC analysis, although negative for
mouse Tau in spines, did yield extra information on the localiza-
tion of human protein Tau in the brain of transgenic Tau.P301L
and Tau4R mice.

IHC for human protein Tau was more intense in brain sec-
tions fixed according to Bouin, although the overall distribution
of total Tau (HT7) was similar to that of standard fixed sections
(Fig. 5C, compare to Fig. 2A, panels labeled HT7). Conversely,
IHC with AT8 remained weak on sections fixed according to
Bouin, relative to total Tau and AT180, but AT8 revealed the
most striking difference between Tau.P301L and Tau.4R mice
(Fig. 5C, middle). This was unexpected because AT8 is the gen-
erally accepted “pretangle” marker, while Tau.4R mice, unlike
Tau.P301L mice, do not suffer tauopathy defined by fibrillar Tau
aggregates (Spittaels et al., 1999; Terwel et al., 2005).

Interestingly, marked differences for total human Tau and the
AT8 and AT180 epitopes were most evident in the CA3 subregion,
where localization of Tau.4R and Tau.P301L were markedly differ-
ent. In Tau.4R mice, the CA3 stratum lucidum contained almost no
protein Tau (Fig. 5C), while Tau.P301L localized in dendrites in the
stratum lucidum and stratum lacunosum moleculare of CA3 (Fig.
5C). Reaction with AT8 was weak in CA3 of Tau.P301L mice, in
contrast to strong reaction in all CA3 strata except stratum lucidum
of Tau.4R mice (Fig. 5C). Finally, AT180 also marked the CA3 region
of Tau.4R mice more intensely than in Tau.P301L mice, including the
cell bodies in the stratum pyramidale (Fig. 5C).

The CA1 hippocampus subregion was inspected in greater
detail and at higher magnification (Fig. 6). Phosphorylated
Tau.P301L was evident in dendrites and spines in CAl (Fig.
6A, B, red arrows) as well as in other structures (Fig. 6 A, lower
left). In contrast, phosphorylated Tau.4R was contained in axons
in the neuropil (Fig. 6C), corroborating the axonopathy of
Tau.4R mice (Spittaels et al., 1999; Kiinzi et al., 2002). Interest-
ingly, reaction with AT180 was confined to dendrites of CAl
stratum radiatum in both Tau.P301L and Tau.4R mice (Fig. 6C),
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Figure 5.
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Alkaline phosphatase and fixation according to Bouin improves IHC for protein Tau. 4, Brain sections were incubated with CIAP as indicated (WT mice, left; Tau.P301L mice, right) and

immunostained with Tau1 for unphosphorylated mouse and human protein Tau, respectively. Note the markedly denser reaction, particularly for endogenous mouse Tau in the CAT somata. Scale
bar, 100 rum. B, Fixation according to Bouin of brain sections from wild-type mice stained for 3-actin improves reaction of cytoskeletal elements compared to PFA fixation. Scale bars, 100 wm. €,
Fixation according to Bouin improved detection of protein Tau.P301L, while distribution of human Tau (HT7) and pTau (AT8, AT180) in hippocampus of Tau.P301L mice was unchanged (top, compare
to Fig. 2A). When compared to Tau.4R mice (bottom), the stronger reaction with AT8 in hippocampus of Tau.4R mice is evident. Scale bar, 200 pm.

while only a subset of spines reacted and only in the CA1 stratum
radium of Tau.P301L mice (Fig. 6 A, B).

In the cortex of both strains of Tau mice, dendrites were bur-
dened with phospho-Tau carrying both AT8 and AT180 epitopes
(Fig. 6 A—C). Phospho-Tau was, however, barely detectable with
ATS in spines in the cortex of Tau.P301L mice, while readily
evident in cortical spines in Tau.4R mice (Fig. 6C). In contrast,
AT180 was the earlier marker for phosphorylated Tau and evi-
dent only in a subset of spines in Tau.P301L mice, while observed
in most spines in Tau.4R mice (Fig. 6 A, B). Both epitopes were

absent in the brains of young transgenic YFP mice and in the
brains of mice with a wild-type FVB genetic background (Fig. 6 D;
data not shown).

Discussion

To better understand the morphological counterparts of early
changes in cognition in our different transgenic disease models,
we analyzed dendritic spines by crossing them to YFP transgenic
mice. This strategy was time-consuming and costly but allowed
us to perform detailed comparative analysis of dendritic spines in
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Figure6. Localization of phosphorylated human Tau.4R and mutant Tau.P301Lin dendritic spines. A, IHCwith AT8 and AT180 reveals protein Tauin CA1and cortex of young Tau.P301L mice. Note
immunoreaction of AT8 in varicosities along dendrites in CA1 (bottom, labeled CA1 SR), of AT8 in dendrites, and of AT180 in dendrites and spines in CS (bottom, labeled CS). Scale bars: top, 100 wm;
bottom, 10 m. B, Distribution of AT8 and AT180 in CA1 and cortex of adult Tau.P301L mice. Note immunoreaction of AT8 and AT180 in dendrites and spines in CAT (bottom, labeled CA1 SO/SR),
while distributionin cortexis not different from thatin young Tau.P301L mice. Scale bars: top, 100 m; bottom, 10 em. €, Distribution of AT8 and AT180in CA1 and cortex of 4 — 6-month-old Tau.4R
brains. Note axonal immunoreaction of AT8 in SO and of AT180 in dendrites of CA1 neurons (bottom, labeled CAT SO/SR). Both phospho-epitopes are detected in cortical dendritic spines (bottom,
labeled CS). Scale bars: top, 100 m; bottom, 10 em. D, Absence of immunoreaction with AT8 (left) and AT180 (right) in brain of young wild-type mice. Scale bars, 100 um. Allimages are from brain
sections fixed according to Bouin. Red arrows indicate spines containing protein Tau.
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specified brain regions of all genotypes at different ages. More-
over, the technical and biological advantages were considerable:
no manipulations of intracerebral injection of viral vectors were
needed. Also evident was the advantage over ex vivo acute or
organotypic sections, which requires Golgi staining, a technique
that is demanding and variable in outcome. Finally, our approach
allowed us to study effects of endogenous and transgenic protein
Tau, and compare them at different ages under the same condi-
tions, in the same brain regions, by the same techniques. Param-
eters of spines that were analyzed and relevant for synaptic
plasticity include density, length, and maturation index, mea-
sured in hippocampus and frontal cortex relevant for tauopa-
thies, including AD.

Here, we focus on Tau.P301L mice as a model for tauopathy
(Terwel et al., 2005; Boekhoorn et al., 2006; Dutschmann et al.,
2010) and include some data on adult Tau.4R mice that develop
axonopathy (Spittaels et al., 1999). Of note, the cognitive impair-
ment of adult Tau.P301L mice (4—6 months) is preceded by a
transient improvement in cognition at young age (1-2 months)
(Boekhoorn et al., 2006), a characteristic that was unexplained
until now.

Protein Tau promotes dendritic spines

Density of dendritic spines increased in the cortex of adult
Tau.P301L mice, and in the cortex and hippocampus of adult
Tau.4R mice, relative to wild-type mice, demonstrating that hu-
man protein Tau promotes spinogenesis. Nevertheless, in adult
Tau.P301L mice, defective cognition is reflected in significantly
shorter dendritic spines in the hippocampus, which was even
more pronounced in the hippocampus and cortex of adult
Tau.4R mice. Unfortunately, their early and severe axonopathy
with associated motor defects precludes reliable cognitive testing
and prohibits the correlative analysis of spines and cognition in
Tau.4R mice.

With respect to cognition, the most remarkable and interest-
ing result was the significant higher spine maturation index in
CA1l and cortex of young Tau.P301L mice. These structural
changes are the anatomical substrate that can underpin and ex-
plain the improved cognition and LTP of young Tau.P301L mice
(Boekhoorn etal., 2006). In retrospect, this important conclusion
can be extended to the improved cognition of our Tau.KOKI
mice, which expressed human Tau.4R but at lower levels than
Tau.4R mice, producing no motor problems (Sennvik et al.,
2007). Tau.KOKI mice performed cognitively better, similar to
young Tau.P301L mice, which we ascribed to their augmented
neurogenesis, implying increased spinogenesis and/or matura-
tion, completely in line with current observations.

Of note, even at 4—6 months, Tau.P301L mice are still patho-
logically presymptomatic because their terminal phase sets in at
~7-8 months with motor deficits, muscle wasting, and tauopathy,
all progressing over a period of 4—6 weeks to end by upper airway
dysfunction and premature death (Fig. 1) (Terwel et al., 2005, 2008;
Dutschmann et al., 2010; Menuet et al., 2011; this study).

The combined data fully support the hypothesis that wild-
type and mutant Tau similarly contribute to genesis and mor-
phology of dendritic spines. Most interestingly, protein Tau acts
on the characteristics of spines in opposite ways, depending on
the age of the animal. Finally, the changes in spines closely corre-
late with the cognitive status of the Tau.P301L mice, resulting in
improved for young mice and diminished for adult mice (Terwel
et al., 2005; Boekhoorn et al., 2006). Intuitively, any MAP con-
tributing to the generation of dendritic spines would be assumed
to be located at the dendritic shaft and at the postsynaptic side of
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the spine. The above outcome was therefore unexpected because
protein Tau is known mainly, if not solely, as an axonal MAP. The
data support this hypothesis only if it is valid in pathology and not
physiologically.

By extrapolation and comparison of data obtained in
Tau.P301L and Tau.4R mice, we corroborate our thesis that,
in pathology, wild-type Tau can be as effective as mutant Tau in
causing dendritic problems and eventually neurodegeneration
(Jaworski et al., 2009b, 2011). It is evident that wild-type protein
Tau causes most tauopathies, including all cases of AD, the most
frequent, albeit secondary tauopathy (Duyckaerts et al., 2009).
Moreover, an important subset of FTDP-17 cases is caused by
intronic MAPT mutations and express wild-type protein, which
must be the obligatory cause of the disease. The fact that
Tau.P301L, or a similar mutant, is needed in transgenic mice to
develop tauopathy must be attributed to an extra, unknown char-
acteristic. Equally important are levels of protein Tau.4R and
Tau.3R that can tilt the balance from physiology to pathology,
exemplified by sporadic tauopathies (Duyckaerts et al., 2009).

Conversely, the physiologically important outcome of our ob-
servations on the contribution of protein Tau to the genesis and
maturation of spines, accentuates the major problem this re-
search field is facing. The action of any protein on dendritic
spines is intuitively attributed to its location at dendritic, post-
synaptic sides, either in dendritic shafts or in evolving filopodia
or spines. We evidently cannot exclude the possibility that axonal
signals, mediated directly or indirectly by protein Tau, addition-
ally or even preponderantly, contribute to the observed effects on
dendritic spines. In the case of protein Tau, our expectation con-
trasted with the classic view of protein Tau as an exclusive axonal
MAP, which obliged us to undertake extra experimental efforts to
define the localization of protein Tau and its major phosphory-
lated isoforms in the brain of wild-type and transgenic mice.

Pathologically, but not physiologically, protein Tau lodges

in spines

The finding that synaptosomes contain human Tau.P301L and
phosphorylated isoforms is consistent with, but does not prove,
the presence at synapses. Interestingly, endogenous mouse Tau
was prominent in synaptosomal preparations isolated from wild-
type mice, but markedly less and less phosphorylated than hu-
man Tau. On the other hand, because synaptosomes contain
presynaptic and postsynaptic compartments, we went on to de-
fine the location of protein Tau in primary neurons and in brain
sections.

In embryonic hippocampal neurons, either transfected or
transduced with viral vectors or derived from transgenic mice,
spines contained human protein Tau, which was readily demon-
strated by immunocytochemistry. Pathologically, protein Tau is
present in spines and its negative effects on spines, and by exten-
sion on synaptic plasticity and cognition, are caused by this ab-
normal postsynaptic localization. The next question is whether
this pathological mislocalization is part of an exaggerated or a
derailed physiological mechanism, i.e., whether protein Tau is
physiologically also present in spines. The normal physiological
function—if any—that Tau can exert as MAP in spines remains
obscure because spines do not permanently contain microtu-
bules (Jaworski et al., 2009a).

These questions, addressed in primary neurons from wild-
type mice, were not answered conclusively: although we observed
protein Tau in nearly all processes, colocalization with postsyn-
aptic markers was rare. In vivo, standard IHC on free-floating
sagittal or coronal mouse sections failed to distinctly reveal the
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presence of mouse or human Tau in dendritic spines. The exten-
sive analysis of endogenous mouse and mutant human Tau by
different methods of fixation, embedding, sectioning, antigen re-
trieval, and antibodies proved negative. Pretreatment of brain
sections with alkaline phosphatase (Papasozomenos and Binder,
1987) improved detection of endogenous and human transgenic
Tau in soma and dendrites, but dendritic spines remained un-
marked for Tau.

Fixation according to Bouin (Trojanowski et al., 1989) im-
proved visualization of actin filaments in spines. Nevertheless,
mouse Tau was only detected in CA1 stratum radiatum of wild-
type mice in presynaptic compartments of Schaffer collaterals
docking onto proximal segments of dendrites from CA1 neurons
(Binder et al., 1985). Consequently, while our data verify the
axonal and presynaptic localization of mouse Tau (Dotti et al.,
1987; Papasozomenos and Binder, 1987), they do not unequivo-
cally demonstrate mouse Tau in dendritic spines in wild-type
mice.

Concluding remarks

Our main finding that protein Tau, wild-type and mutant alike,
directly affects formation, maturation, and morphology of den-
dritic spines in transgenic mice is evidenced by its postsynaptic
location in dendritic spines. Mice expressing either wild-type or
mutant human Tau revealed similar, but not identical, effects on
density and length of dendritic spines, despite differences in
phosphorylation and localization of Tau.

Interestingly, wild-type and mutant human Tau located dif-
ferentially in the hippocampus, but similarly in cortical dendrites
and spines. In the hippocampus, wild-type Tau.4R was mostly
retained within axons, while mutant Tau.P301L accumulated
in dendritic shafts and spines. The data thereby implicate re-
gional differences in phosphorylation of protein Tau to con-
tribute to subcellular localization and sorting, and to the
characteristics of dendritic spines. These findings can relate to
brain-regional, pathological, and clinical differences observed
in tauopathy patients.

The combined data imply that Tau affects spine density and
length from within both presynaptic and postsynaptic compart-
ments. However, questions still remain about how Tau affects
spine density and length from within postsynaptic compartments
in normal physiological conditions because mouse Tau is not
observed in dendritic spines. This observation is consistent with
the finding that microtubules are absent in dendritic spines (Ja-
worski et al., 2009a), obviating any need for the presence of pro-
tein Tau or other MAPs in spines. Alternatively, the results
question the contribution of protein Tau to the transport of the
Src-kinase Fyn to the postsynaptic density under normal physio-
logical conditions, but add considerable weight to the potential
importance of protein Tau-Fyn interactions in pathology (Lee et
al., 1998; Ittner et al., 2010; Zempel et al., 2010).

Finally, the documented presence of mutant protein
Tau.P301L in postsynaptic compartments in the hippocampus,
and the initial increased maturation of spines, demonstrates a
beneficial effect of mutant Tau to explain the improved cognition
of young Tau.P301L mice (Boekhoorn et al., 2006). The transient
nature leads us to conclude that mutations in protein Tau dem-
onstrate evolutionary attempts to improve spinogenesis and mat-
uration, and thereby cognitive ability. The subsequent cognitive
demise and tauopathy progressing with age, in patients and in
mutant Tau mice alike, evidently prevent the fixation of this and
similar mutations in the gene coding for protein Tau in the
population.

Kremer et al. ® Protein Tau and Dendritic Spines
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