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ImprovedImproved memory in young Tau-P301L mice 

Abstrac t t 
Thee microtubule binding protein tau is impl icated in 

neurodegenerativee tauopathies including frontotemporal dementia with 
Parkinsonismm (FTDP-17) caused by diverse mutations in the tau gene. 
Hyperphosphorylationn of tau is considered crucial in the age-related 
formationn of neurofibrillary tangles (NFT) correlating well with neurotoxicity 
andd cognitive defects. Transgenic mice expressing FTD mutant tau-P301L 
recapitulatee the human pathology with progressive neuronal impairment 
andd accumulation of NFT. Here, we studied tau-P301L mice for parameters of 
learningg and memory at young age, before hyper-phosphorylation and 
tauopathyy were apparent. Unexpectedly, in young tau-P301 L mice 
increasedd long-term potentiation in the dentate gyrus (LTP) was observed in 
parallell with improved cognitive performance in object recognition tests. 
Neitherr tau phosphorylation, neurogenesis nor other morphological 
parameterss that were analyzed could account for these cognitive changes. 
Thee data demonstrate that learning and memory processes in the 
hippocampuss of young tau-P301L mice are not impaired and actually 
improvedd in the absence of marked phosphorylation of human tau. We 
concludee that protein tau plays an important beneficial role in normal 
neuronall processes of hippocampal memory, and conversely, that not tau 
mutationss per se, but the ensuing hyperphosphorylation must be critical for 
cognitivee decline in tauopathies. 

Introductio n n 
Proteinn tau is a microtubule-associated protein (MAP) involved in the 

assemblyy and stabilization of microtubuli (MT). The affinity of tau for MT is 
activelyy regulated by phosphorylation and by changes in the ratio of its 
isoforms,, containing either 3 or 4 MT binding domains (tau-3R, tau-4R) (Buee 
ett al., 2000). In an increasing number of neurodegenerative disorders, 
includingg Alzheimers disease (AD), intracellular accumulat ion of 
hyperphosphorylatedd tau as neurofibrillary tangles (NFT) parallel memory 
disturbancess (Tolnay et al., 1999). In a diverse group of inherited tauopathies, 
knownn as frontotemporal dementia with Parkinsonism (FTDP-17), mutations in 
thee tau gene located on chromosome 17 are the underlying genetic causes. 
ADD and FTDP-17 patients share the diagnostic accumulations of 
hyperphosphorylatedd tau as NFT (Goedert and Jakes, 2005). 

FTDP-177 mouse models show that increased phosphorylation of tau 
resultss in severe tauopathy, often with premature death (for recent review 
seee (Lee et al., 2005). Furthermore, FTDP-17 modeling transgenic mice have 
memoryy impairment (Tatebayashi et al., 2002; Arendash et al., 2004; 
Pennanenn et al., 2004) and severe hyperphosphorylation of tau at later ages 
(Chen,, 2005; Sun et al., 2005; Terwel et al., 2005). 

Inn most studies, memory was tested when phosphorylation of tau was 
evident.. In the present study, we questioned whether mutant tau per se 
alterss memory and learning, i.e. in the absence of increased phosphorylation 
andd before NFT formation. We analyzed transgenic mice expressing tau-
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P301LL in the human tau-2N/4R isoform, in an otherwise normal genetic 
backgroundd (Terwel et al-, 2005). Hippocampal learning and memory was 
studiedd at young age, when phosphorylation of tau is normal or even 
somewhatt lower than in wild-type mice [Terwel et al., 2005). Moreover, the 
behaviorall tests were performed prior to the onset of any motor defects, as 
testedd by rotarod performance that showed motor impairment in older tau 
transgenicc mice (Lee et al., 2005; Terwel et al., 2005). Long term potentiation 
(LTP)) in both the CA1 and dentate gyrus (DG) was measured in parallel with 
aa hippocampus-dependent memory task that imposes a low level of stress, 
i.e.. the object recognition task (ORT). The CA1 is early and severely affected 
inn AD, while the DG is severely affected in FTDP-17 patients (van Swieten et 
al.,, 1999; Kobayashi et al., 2003; Bronner et al., 2005). Adult neurogenesis was 
studiedd as a possible factor contributing to tau related changes in 
hippocampall memory function (Gould et al., 1999; van Praag et al., 1999; 
Shorss et al., 2002; Jin et al., 2004; Shors, 2004), particularly since disruption or 
overr expression of human protein tau affects the cell cycle, neuronal 
maturationn and axonal elongation (Takei et al., 2000; Dawson et al., 2001; 
Zhaoo et al., 2003; Andorfer et al., 2005). A second factor possibly contributing 
too hippocampal memory function, i.e. the morphology CA1 pyramidal and 
DGG granular cells, was also studied in detail. The surprising outcome of 
improvedd learning and memory in young tau-P301L mice was however not 
correlatedd with increased neurogenesis nor with changes in hippocampal 
morphology. . 

Material ss  and method s 
Transgenicc mice 

Unlesss indicated otherwise, 8 to 10 week old male tau-P301L 
transgenicc mice in the FVB/N genetic background (Terwel et al., 2005) were 
comparedd to age- and sex-matched FVB/N non-transgenic mice. In the 
transgenicc mice, the longest human tau isoform bearing the P301L mutation 
(tau-4R/2N-P3011 L) is expressed under control of the mouse thyl gene 
promoter,, resulting specifically in neuronal expression only, which begins in 
thee second week post-natally. Several independent founder lines were 
obtainedd and phenotyped initially, demonstrating similar genotypic and 
phenotypicc characteristics. We selected one strain for further experiments, 
basedd on a very similar expression of the tau-P301L transgene as the 
previouslyy characterized tau-4R strain (Spittaels et al., 1999; Spittaels et al., 
2000)) and both strains were characterized in extensive detail (Spittaels et al., 
1999;; Terwel et al., 2005). Homozygous tau-P301L mice obtained by 
inbreedingg are normally fertile and transmit the transgene in a stable manner 
too their offspring. 

Behaviorall testing 
Micee were housed in groups from 3 to 7 animals per cage and 

placedd in the behavioral testing room at least 30 min before the experiments 
commenced.. Two age groups of mice, 5 and 9 weeks old, were subjected to 
thee following tests, performed in chronological order as described below. 
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First,, motor ability was tested by rotarod, on a revolving, horizontal rod 
off 3.2 cm in diameter (Med Associates, Georgia, Vermont). After one (5 
weekk old mice) or two (9 week old mice) training sessions of 5 min at 16 
rotationss per minute (rpm), the mice were finally tested on the rod, 
acceleratingg from 4 to 40 rpm over a 3 min period. The time that mice 
remainedd on the rod was recorded automatically. 

Exploratoryy and motor capacities were subsequently analyzed in an 
openn field setting. Each mouse was placed for 5 min on an elevated, white 
opaquee Plexiglas surface of 52x52 cm without bordering-walls, dimly lit from 
underneathh with fluorescent tubes. The travel path was recorded by a video 
cameraa linked to a computer and analyzed using dedicated software 
(Ethovision,, Noldus, Wageningen, The Netherlands). The center of the open 
fieldd was defined as an inner square of 40x40 cm, and the time spent in the 
centerr was calculated. 

Learningg and memory characteristics were analyzed by means of the 
objectt recognition test (ORT) (Dewachter et al., 2002). Individual mice were 
habituatedd on day 1 for 2 sessions of 5 min in a Plexiglas box (52x52x40 cm), 
withh a white opaque floor and black walls softly illuminated from underneath. 
Onn day 2, in the acquisition phase, mice were presented for 10 min with 2 
identicall objects placed in 2 adjacent quadrants of the box. The time the 
animall spent exploring an object, with its snout directed towards the object 
withinn  2 cm, was recorded manually. The travel paths were recorded by 
computerizedd video imaging and analyzed using dedicated software, as 
above.. A 10 min retention trial was given after a delay of either 1 or 3.5 hr. 
Duringg the retention trial the mice were confronted with one familiar and one 
novell object. We used two sets of identical objects. Combinations of objects, 
andd their positions in the box (left, right) were randomized to avoid 
preferencess not based on novelty. However, after analysis neither wild-type 
(WT)) nor P301L mice showed a preference for the different objects, or for left 
orr right side of the box. After each trial objects were cleaned to eliminate 
odorr cues. The level of discrimination (d2) was calculated by the formula d2= 
(b-a)/(b+a),(b-a)/(b+a), in which a and b are the exploration times spent on the old and 
novell objects, respectively. Furthermore, exploration time during acquisition 
andd retention, and the absolute discrimination index, d l (=b-a) were 
analyzedd (data not shown). 

Electrophvsioloav v 
SliceSlice preparation and recording conditions. 

Afterr decapitation between 9:00 and 10:00 a.m., brains were 
immediatelyy removed and kept at 4 C in artificial cerebrospinal fluid (ACSF) 
containing:: 120 mM NaCI; 3.5 mM KCI; 5.0 mM MgSCu; 1.25 mM NOF^PCM; 0.2 
mMM CaCb; 10 mM D-g!ucose; 25 mM NaHC03, gassed with 95% O2 and 5% 
CO2.. The right hemisphere was immersion fixed for histology; the left 
hemispheree was used for field potential recordings. For Schaffer collateral 
recordings,, 400 um transversal hippocampal sections were prepared using a 
tissuee chopper; for perforant path recordings, 400 um horizontal forebrain 
sectionss were obtained using a vibroslicer (Leica VT 1000S). After Ih of 
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incubationn at room temperature in oxygenated recording ACSF (120 mM 
NaCI;; 3.5 mM KCI; 1.3 mM MgSCu; 1.25 mM NahbPCU; 1.25 mM CaCb; 10 mM 
D-glucose;; 25 mM NaHCC>3), slices were transferred to a recording chamber 
andd perfused with oxygenated ACSF at 31.5 . 

Bipolar,, stainless steel, isolated (except for the tip) stimulating 
electrodess were placed in the Schaffer collaterals or in the perforant path to 
recordd field excitatory postsynaptic potentials (fEPSPs) using a glass 
microelectrodee (2-5 MQ filled with ACSF) placed in the stratum radiatum of 
CA11 or the middle third of the molecular layer of the DG, respectively. To 
evokee robust LTP in the DG, y-arninobutyric acid mediated activity was 
blockedd by adding 10 uM bicuculline methiodide (Sigma Chemicals) to the 
ACSFF (Alfarezetal., 2003). 

StimulationStimulation protocol 
Beforee baseline recording commenced the maximal fEPSP amplitude 

andd slope were determined by gradually increasing the stimulus intensity (60 
ss interstimulus interval) until the response saturated. The relationship between 
thee stimulus intensity and the evoked response was fit to a Bolzmann 
equation:: R(,)=Rmax/(]+exp(i-ih)/(S)), in which R® is the response at stimulus 
intensityy (\), Rma* is the maximal response, 'iu is the intensity at which the half-
maximall response is observed and slope factor S is the index that is 
proportionall to the slope of the stimulus-response curve. The half maximal 
stimulationn intensity was used to record baseline responses for at least 20 min. 
Recordingss in which the baseline was not stable or the maximal fEPSP 
amplitudee was <1.5 mV were rejected. 

Afterr baseline recordings, paired-pulse responses with inter stimulus 
intervalss of 50, 100, 200 and 500 ms were tested in the DG to make sure the 
mediall perforant path was stimulated. Recordings that showed paired pulse 
facilitationn were discarded. If all of the above criteria were met, LTP was 
evokedd in both the CA1 and the DG using a theta burst protocol consisting 
off two trains of four pulses at 100 Hz intermitted by 200 ms. This procedure 
wass repeated five times with an interval of 30 s. After theta burst stimulation, 
LTPP was recorded for 60 min. 

Brainn histology 
Thee histological experiments described below were performed on the 

samee animals, with the other hemisphere used for electrophysiological 
recordings,, except for the histological Golgi-staining, which was performed 
onn a separate set of mice of the same age. After decapitation, the right 
cerebrumm was immersion fixed in 4% paraformaldehyde in 0.1 M phosphate 
bufferedd saline (PBS; pH 7.4} for 7 days. The hemisphere was washed in PBS, 
equilibratedd in 30% sucrose overnight and frozen on dry ice after which 30 
Mmm coronal sections were cut using a sliding microtome. The left cerebrum 
wass used for field potential recordings as described above. 

Totall volume and cellular density of the DG and other hippocampal 
subb regions were determined by a stereological approach as described 

91 1 



ImprovedImproved memory in young Tau~P301 L mice 

(Heinee et al., 2004a). In short, every 10th section was hematoxylin stained and 
usedd to determine the total volume of the granular cell layer (GCL), the hilus 
andd the total CA1, calculated according to Cavalieri's direct estimator. On 
eachh section, areas of interest were photographed using a standard 
magnification,, and surface areas were measured on a Macintosh computer, 
usingg the public domain program Object-Image (an extended version of NIH 
Image,, developed at the U.S. National Institutes of Health and at the 
Universityy of Amsterdam; available from http://simon.bio.uva.nl). Total 
volumee was calculated using the formula V=£Ax7", where £A is the sum of 
areaa measurements and T is the intersection distance (300 pm). 

Thee same sections were used to determine the three-dimensional 
numericall density of neurons (NV, neurons per cubic millimeter) in the 
granulee cell layer (GCL), using the optical dissector method. Counting frames 
weree placed randomly over the GCL. Individual neurons were visualized 
(Zeisss Axiophot microscope, lOOx, NA 1.30 oil objective) and counted, 
accordingg to the dissector approach, if their nuclear profile was present and 
iff they were positioned within the counting frame or intersected by its 
inclusionn edges [i.e. the top and the right edges). Per hippocampus at least 
1000 dissectors were used to calculate the numerical density (NV) of neurons 
fromm NV=£Q/£VDIS, where £Q is the sum of the neurons counted in all 
dissectorss and £VDIS is the sum of the dissector volumes. One dissector 
volumee is 7.5 x 104 pm3, as calculated from VDIS=aDISxh, where aDIS is the 
areaa of the square counting frame, measuring 50 um on a side, and h the 
dissectorr height of 30 pm. 

Golgii staining 
Micee were decapitated and their brains removed and placed in 

Golgi-Coxx solution (1.04 % potassium dichromate, 1.04 % mercury chloride, 
0.833 % potassium chromate, dissolved in double distilled water). After rinsing 
inn water for 5 min and dehydration in 70% EtOH (O/N), 96% EtOH (O/N), 100% 
EtOHH (8 h), 1:2 EtOH/ether (O/N), brains were saturated by consecutive 
overnightt incubations in 3%, 6% and 12% celloidine. Celloidine was cleared 
withh chloroform before 200 pm coronal sections were cut. Staining was 
developedd by a 5 min rinse in water, 30 min in 16% ammonia, a 2 min rinse in 
water,, 7 min in 1% sodium thiosulphate, a 10 min rinse in water, followed by 
dehydrationn for 5 min in 70 % in EtOH, 5 min in 96% EtOH, 5 min in butanol, 
andd 5 min in Histo-clear (Biozym, Landgraaf, The Netherlands). The sections 
weree mounted in Histomount (National diagnostics, Atlanta, Georgia) under 
glasss cover-slips. 
Inn the thick impregnated sections, dentate granule cells were selected from 
thee middle third of the inner pyramidal blade at approximately Bregma -2.54 
mm.. Pyramidaf cells were selected from the same level of the CA1 area 
oppositee to the middle third of the inner pyramidal blade of the DG. If 
neuronss were completely stained and horizontally orientated within the 
section,, 99 Z-stacks of 1 pm were recorded with the program Image-Pro Plus, 
versionn 5.1.1.38 (Media Cybernetics©, Inc.), using an Axioplan 2 (Zeiss) 
microscope,, equipped with an Evolution QEi FAST (monochrome, 12 bit) 
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cameraa (Media Cybernetics©, Inc.), at a 40x magnification (Plan-
Apochromat).. The drawing tool NeuroDraw (Image-Pro Plus, developed by K. 
dee Vos, J. van Heerikhuize and C.W. Pool, Netherlands Institute for Brain 
Research,, Amsterdam) was used to determine total dendritic length per 
neuron,, number of dendrites per cell, cell area, length per dendrite, number 
off dendritic ramifications, number of terminal segments, mean terminal 
segmentt length and the mean inter segment length (Ramakers et al., 1998). 

Immunohistochemistrv v 
Immunohistochemistryy for phosphorylationnndependent human tau 

withh Mab HT7 (Innogenetics, Gent, Belgium, 1:10,000) and for the specific 
phospho-epitopee Ser(P)39VSer(P)4^(AD2, A. Delacourte, 1:1000), Thr(Ppi 
(ATI80,, Innogenetics, Gent, Belgium, 1:250) and Ser(P)202/|hr(P)205 (AT8, 
Innogenetics,, Gent, Belgium, 1:1000) was as described before (Terwel et al., 
2005).. In short, mice were anesthetized with pentobarbital (120 mg/kg, 
intraperitoneal^),, and fixed by transcardiac perfusion with 4% 
paraformaldehydee in phosphate buffered saline (PBS, 2 ml/min for 10 min). 
Thee brain was removed, post-fixed overnight in 4% paraformaldehyde, and 
storedd in PBS, 0.1% sodium azide at 4 . Saggital sections (40 urn) were cut, 
rinsedd in PBS, and treated with 1.5% H2O2 in 50% methanol to inactivate 
endogenouss peroxidases. Nonspecific binding of antibodies was blocked by 
treatmentt with 10% fetal calf serum, 3% bovine serum albumin in PBS 
(blockingg buffer). The sections were incubated at room temperature 
overnightt with primary antibodies in blocking buffer and 0.1% Triton X-100. 
Thee sections were then incubated for 1 h with goat anti-mouse or anti-rabbit 
IgG-horseradishh peroxidase, diluted 1:500 in blocking buffer and 0.1% Triton X-
100.. Next, the sections were washed with PBS and 50 mM Tris.HCI (pH 7.6) for 
55 min and developed with 3,3'-diaminobenzidine (DAB), 0.3% H2O2 in 50 mM 
Tris.HCII (pH 7.6) for 3-5 min. 

Westernn blotting 
Westernn blotting was performed as described (Terwel et al., 2005) on 

extractss of isolated hippocampi of 3 individual mice per genotype and age-
group.. The total amount of tau was detected using Mab Tau-5 (Pharmingen, 
1:1000)) and selected phospho-epitopes were detected with Mabs AT8 
(1:200),, AD 180 (1:200) and AD2 (1:5000). Tau-4R isoforms were specifically 
detectedd with the rabbit polyclonal antibody directed against the second 
microtubulee binding domain (Takuma et al., 2003). 

Analysiss of neurogenesis 
Sincee hippocampal LTP and learning and memory have been related 

too parallel changes in neurogenesis, we analyzed 3 different neurogenesis 
markers,, (i) doublecortin, as a cumulative marker for young, migratory 
neuronss [3 days to 3 weeks of age) (Couillard-Despres et al., 2005); (ii) the 
birthh date marker BrdU, and (iii) Ki-67, an endogenous DNA binding protein 
presentt only in proliferating cells. 
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BrdUBrdU immunohistochemistry 
Too study the effects of mutated tau on adult generated cell survival, 1 

monthh old mice were injected in the morning with BrdU (5 mg/ml dissolved in 
0.0077 M NaOH/0.9% NaCI, i.p.) at a dose of 50 mg /kg , repeated for seven 
consecut ivee days. The mice were sacrif iced 4 weeks after the first injection. 
Afterr blocking endogenous peroxidase with 1% H2O2 for 20 minutes and 
denatur ingg DNA in hot formamide and 2 N HCI, free-floating sections were 
i ncuba tedd in the primary ant ibody mouse a-BrdU (Roche Diagnostics, The 
Nether lands,, 1:3000), d i lu ted in phospha te bu f fe r /0 .1% bovine serum 
albumin/0.3%% Triton X-100/1% goat serum for 1 h at room temperature and 
thenn overnight at 4 . The rest of the p rocedure was ident ical to that 
describedd elsewhere (Heine et al., 2004b). 

DoublecortinDoublecortin immunohistochemistry 
Sectionss were rinsed in 50 mM Tris buffered saiine (TBS, pH 7.6) for 3 

timess 5 min. After blocking endogenous peroxidase activi ty by 2% H2O2, 
sectionss were incubated for 1 hr at room temperature and overnight at 4 C 
withh the primary goat anti-doublecortin antiserum (C-18, Santa Cruz) (diluted 
1:6000 in 0.25 % gelatin/0.5% Triton X-100 in TBS. The secondary ant ibody 
(donkeyy ant i goa t Ig, 1:500) was app l ied for 2 hr at room temperature. 
Subsequentlyy the react ion was amplif ied for 2 hrs with the Elite Vectastain 
avidin-biotinn complex [ABC kit; Vector Laboratories, Burlingame). The signal 
wass further ampli f ied with biotinylated tyramide (1:500) and 0.01% peroxide 
forr 30 min fol lowed by 45 min incubation with ABC. DAB was used to visualize 
ant ibodyy labeling. 

Ki-67Ki-67 immunohistochemistry 
Thee Ki-67 antigen is a 345 to 395 kDa non-histone protein complex present in 
proliferatingg cells during G i , S, G2 and M, but not the Go phase of the cell 
cyc lee (Gerdes et al., 1984; Endl and Gerdes, 2000; Duchrow et al., 2001). Ki-67 
iss widely used in tumor biology and considered a g o o d proliferation marker. 
Moreover,, numbers of cells visualized with BrdU labeling after a short survival 
t imee are highly comparab le to the numbers obta ined with Ki-67 staining (Kee 
etal . ,2002). . 

M i c r o w a v ee an t i gen retr ieval was a p p l i e d be fo re a n t i b o d y 
incubat ion.. Sections were mounted on Menzel Superfrost Plus glass sections. 
Afterr air-drying, sections were p laced in 400 ml 0.01 M citrate buffer (pH 6.0) 
a n dd hea ted in a household mic rowave dev i ce starting at 800 W and 
gradual lyy decreasing to 100 W once boiling c o m m e n c e d . Sections were 
a l lowedd to cool d o w n to RT. The following procedure was identical to that 
usedd for doublecort in immunohistochemistry, however, instead of 0.05 M TBS, 
0.11 M TBS was used. The primary ant ibody solution was 1:1500 (NCL-Ki67p 
Novocastra,, New Castle, UK). The secondary an t ibody solution was 1:200 
(biotinylatedd anti- rabbit, Amersham Life Sciences). 
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Statisticall analysis 
Exceptt for the Golgi data, which were analyzed using a 

nonparametricc Mann Whitney U test, differences between strains were tested 
usingg a two-way ANOVA. 

Result s s 
Tauu expression and phosphorylation 

Previously,, we analyzed the phosphorylation status of protein tau in 
wholee brain and in spinal cord, and its progression with age. We observed 
thatt in young tau-P301L mice, mutant tau was less phosphorylated than wild-
typee tau-4R in brain of age-matched tau-4R mice, which differ only in the 
mutationn (Terwel et al., 2005). 

Heree we compared specifically the phosphorylation status of tau in 
thee hippocampal formation in both the transgenic strains, and relative to 
non-transgenicc mice, all at age 2 months. First, IHC with mAb HT7 specific for 
humann tau demonstrated expression in all hippocampal sub-areas in tau-
P301LL mice (Fig 1, color figure). Some differences in localization, i.e. tau-P301L 
moree in somatodendritic compartments than tau-4R, were evident in the 
CA1,, dentate gyrus and perforant pathway (Fig 1). Secondly, IHC with Mabs 
AT8,, ATI80 and AD2, directed against specified phospho-epitopes, revealed 
thatt in brain of tau-P301L mice, less phosphorylated epitopes were present 
thann in tau-4R mice, and even hardly more than in non-transgenic mice (Fig 
1). . 

Sincee IHC is not well suited for quantitative estimations, we quantified 
byy western blotting the IHC results, using the same phospho-epitope specific 
antibodiess AT8, ATI80 and AD2, as well as the pan-tau antibody Tau-5. 
Particularlyy the AT8 epitope was less abundant in hippocampal extracts from 
tau-P301LL mice, but also the other phospho-epitopes were less prominent 
(Figg 2). The lesser phosphorylation of transgenic tau-P301L was also inferred 
fromm its higher electrophoretic mobility in SDS-PAGE (Fig 2) as observed 
previouslyy (Terwel et al., 2005). 

Proteinn tau-isoforms with 3 or 4 microtubule binding domains were 
differentiatedd in western blotting with an antiserum that specifically 
recognizess the second microtubule binding domain present only in tau-4R, 
andd not in tau-3R (Takuma et al., 2003). The data unequivocally demonstrate 
thatt the tau isoforms expressed in brain of young adult mice examined here 
wass tau-4R (Fig 2, lower panel), in accordance with the reported complete 
post-natall switch in expression from tau-3R to tau-4R in mouse brain (Andorfer 
andd Davies, 2000; Takuma et al., 2003). 
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FVB/NN Tau-P301L Tau-4R 

FigureFigure I. Immunohistochemistr y for huma n tau and phosphorylate d tau in the hippocampu s of young 
nontransgeni cc and of tau-4R and tau-P301 L transgenic mice. 

Humann protein tau was detected with mAb HT7 in the hippocampal formation of tau-P30lL and tau-4R 
transgenicc mice (8 weeks of age) but not in nontransgenic mice (FVB/N). IHC with the phosphorylation-
specificc antibodies AD2, AT8, and ATI80 demonstrated less phosphorylation in tau-P30lL mice. Except for 
IHCC with HT7, all sections were counterstained with hematoxylin (original magnification, 5x). 

Thee current observation ot lesser phosphorylation of tau-P301L relative 
too tau-4R are complete ly conform our previous findings in brain and spinal 
cordd of older tau-P301L transgenic mice (Terwel et al., 2005). Although in 
youngg mice, tau-P301L is relatively less phosphorylated at the AT8 and AD2 
epitopes,, no immunoreactivi ty at all was de tec ted with Mab ATI00, which 
definess a typical patho log ica l ep i tope (Terwel et al., 2005). Moreover, the 
electrophoret icc mobility of tau-P30lL was not markedly slow, which further 
underliness the minimal degree of post-translational phosphorylation. 
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Wee therefore conclude that in young tau-P301L mice the 
phosphorylationn of protein tau in the hippocampus is, if anything, lower than 
inn age-matched non-transgenic mice. 
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FigureFigure 2. Western blotting for human tau and phosphorylated tau in the hippocampus of young nontransgenic 
andd tau-4R and tau-P301 L transgenic mice. 

Proteinn extracts from the hippocampus of nontransgenic mice (FVB) and tau-P30ll_ and tau-4R transgenic 
micee (n 3, each) were analyzed by Western blotting with mAbTau5 to detect total tau (i.e., mouse tau and 
transgenicc human tau). Western blotting with phosphorylation-dependent antibodies AT8, AT180. and AD2 
demonstratedd that transgenic tau-P30lL was less phosphorylated than wildtype mouse tau and transgenic 
tau-4R.. Only tau-4R isoforms were present as demonstrated with antibody 2R (bottom panel) directed against 
thee second microtubule binding domain in protein tau-4R (Takuma et al., 2003). The different tau-4R isoforms 
aree indicated. Protein loaded was threefold higher for the nontransgenic than for the transgenic mice to 
compensatee for the overexpression relative to endogenous mouse tau for different levels of the epitopes and 
forr differences in titer and avidity of the respective antibodies. Samples loaded for tau-P30lL and tau-4R 
transgenicc mice were eguivalent to 2.8 g of protein for mAbs Tau-5 and AD2, 9 g for mAb ATI80, 18 g for mAb 
AT8,, and 5.6 g for 2R antibody. 
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WTCA11 P301LCA1 WT DG P301LDG 
(nn  = 12) (n = 7) (n = 7) (n = 5) 

Slope e 
Rmax(mV/ms)) - 2.3  0.6 - 2.2 4 -1.7  0.7 -1.8  0.7 
It,It, (arbitrary units) 196  4 200  6 197  9 206  8 
Slopee factor - 0.6  0.7 -9.8 8 -4.1 7 - 7.0  3.2 

Amplitude e 
Rmax(mV/ms)) -3.0 1 -2.4 2 -1.8 4 - 2.2  0.3 
llhh {arbitrary units) 196 3 188  4 193  10 199 + 6 
Slopee factor - 8.8  0.7 -7.1 3 - 4.3  2.9 -6.2 3 

Tabiee I. Basal neura l transmissio n in tau-P30U transgeni c and nontransgenl c mice . 

Basall neural transmission is unchanged in tau-P30l L transgenic mice, whether recorded in the CA1 or DG. 
Valuess are mean SEM. Rmax, Maximal response: lh. half-maximal stimulation intensity. 

Electrophysiology y 
Too characterize typical hippocampal properties, we recorded field 

potentialss and induced LTP in brain sections, both in the DG and in CA1. By 
fittingg the input-output curves to a Bolzmann equation, the three major 
determinantss for basal transmission were calculated, i.e. maximal amplitude 
orr slope of the fEPSP, half maximal stimulation intensity and slope factor 
[Tablee l). None of these parameters were significantly different in brain 
sectionss of young tau-P301L mice compared to age-matched non-
transgenlcc mice, regardless of whether recording was in the CA1 or DG. 

LTPP in the CAl area was unaffected (Fig 3A), but LTP in the DG was 
significantlyy increased in brain sections from tau-P30lL mice, both when 
analyzedd over the complete l hr recording period (p= 0.031, F=6.28, n=5] 
andd over the last 5 minutes of the session (p=0.036, F=5.84, n=5) [Fig 3B). 

Sincee facilitated LTP in the DG is potentially indicative of improved 
cognition,, the mice were tested for motor and cognitive parameters. 
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FigureFigure 3. Long-ter m potentiatio n in 
CA11 and DG of youn g mic e at 9 
weekss of age. 

A,, LTP is similar in CA1 of 
nontransgenicc and t au-P301L 
transgenicc mice. B, LTP in the DG is 
significantlyy increased in tau-P301L 
transgenicc mice compared with 
nontransgenicc mice (WT) over the 
wholee 60 min period ("p 0.031) as 
welll as over the I ast 5 m in (*p 
0.036).. Although potentiation was 
loww in the W T DG, it was still 
significantlyy increased between 55 
andd 60 min compared with the 
pretetanuss situation ( p 0.027). The 
levell of 100% was defined as the 
averagee of the slope of 20 f EPSP 
recordingss before the induction of 
LTPP by theta burst stimulation 
(arrow).. Error bars represent SEM. 

Behaviorall testing 
Priorr to the ob jec t recogni t ion test (ORT), the basal motor and 

behaviorall parameters were tested by rotarod and open field tests. Tau-
P301LL mice fell off the rotating rod significantly earlier than non-transgenic 
micee (182 +/- 39 sec vs 268+/- 12 sec; mean+/ - SEM, p=0.039, F= 4.86, n=10 
andd 11 respectively) indicating some motor impairment already at the young 
agee of 9 weeks. Locomotor activity in an open field revealed that tau-P301L 
micee traveled overall significantly more distance than non-transgenic mice, 
i.e.. 2030 +/- 292 c m vs 1223+/- 136 c m , p=0.006, F= 9.74, n= l 1 a n d 10 
respectively).. Both genotypes exhibited equal relative times spent in the 
centerr of the open field (17.2+/- 4.9 % vs 417.9+/- 3.0 %) demonstrat ing no 
differencee in anxiety or exploratory behaviour. 

Wee then substantiated whether the electrophysiological change , i.e. 
increasedd LTP in the DG was para l le led by concur rent a l terat ion of 
h i p p o c a m p a ll memory funct ion, by subject ing the mice to the ob jec t -
recognit ionn task (ORT). Tau-P301L mice per formed similar to non-transgenic 
micee in ORT with a 1 hr delay. High d2 values indicated that both groups had 
aa g o o d recall of the familiar ob ject (0.49 +/-0.05 vs 0.45+/-0.11, respectively 
111 wild-type vs 10 transgenic mice). At the 3.5 h interval, however, the non-
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transgenicc mice showed low d2 values, indicating they had low recall of the 
familiarr object in contrast to tau-P301 L mice that performed similar at the 3.5 
hrr as at the 1 hr interval (Fig 4), demonstrat ing that they still recognized the 
familiarr object. Since this difference was highly significant (p=0.046, F= 4.65), 
w ee conc lude that young tau-P301L mice display improved memory in this 
taskk compared to age-matched non-transgenic mice. 

0.8 8 

0.7 7 

0 6 6 

- ,, 0.5 

LUU 04 

ÜÜ 0.3 

SS 0.2 

0.1 1 

0 0 

ORT:: 1 h delay ORTT 3.5 h delay 

 WT(rt=10) 0.8 

 P301L(n=8) 0.7 

>1 1 « 0 3 --

0.1--

 WT(n=11) 
nn P301L(n=9) 

Figuree 4. Objec t recognitio n in youn g mic e at 9 weeks of age. 

Youngg age-matched nontransgenic and tau'P301L transgenic mice were assessed in the object 
recognitionn task with l h and 3.5 h delay intervals after acquisition. Both genotypes showed a similar 
preferencee for the novel object at l h, whereas at 3.5 h. the preference of the tau-P301L transgenic mice 
forr the novel object remained high, as opposed to the decline in nontransgenic (WT) mice [*p = 0.02) This 
demonstrationn of improved memory was also observed in younger tau-P301 L mice [ot 5 weeks of age) (for 
details,, see Results, Behavioral testing). Error bars represent SEM. 

Sincee the rotarod test po in ted to motor problems, we addit ional ly 
testedd even younger tau-P301L mice in ORT, i.e. at the age of 5 weeks. At this 
a g e ,, neither a motor impairment was evident in the ro tarod test nor 
increasedd travel distance in the open field (results not shown). Nevertheless, 
alsoo at age 5 weeks the tau-P30lL mice performed significantly better in ORT 
att the 3.5 h interval than age -ma tched non-transgenic mice (0.42+/-0.07 vs 
0.05+/-0.09,, p=0.0 l1, F=8.00, n=12and 10 respectively). 

Hippocampa ll  morpholog y 
Too address possible morphological correlates of the increased LTP in 

thee DG and the improved cognit ion, we investigated structural changes in 
severall h ippocampa l subareas of tau-P301L mice in direct compar ison to 
non-transgenicc mice of the same a g e , same gender and same genet ic 
backg round .. No major differences were observed in the volume of the 
h ippocampall subregions or in cellular density (Fig 5). 
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FigureFigure 5. Vo lume of the h i p p o c a m p a l format ion. 

Totall v o l u m e of th ree h i p p o c a m p a l subareas 
perr hemisphere w a s not d i f ferent in tau-P301L 
t r a n s g e n i cc m i c e re l a t i ve t o a g e - m a t c h e d 
nontransgenicc m i c e (WT). Cell densi ty in the DG 
granularr layer was similar in a g e - m a t c h e d tau -
P301LL a n d nont ransgenic m i c e (WT) (see Results 
forr details a n d discussion of o ther parameters ) . 
Errorr bars represent SEM. G C L : g ranu la r ce l l 
layer. . 

Thenn w e analysed the morphology of CA1 and DG at the individual, 
singlee cell level by Golgi impregnat ion. Various parameters of the dendrit ic 
treee were measured, i.e. cell area, dendrit ic length, number of dendri t ic 
ramifications,, number of terminal segments, mean terminal segment length 
andd mean intersegment length. 

Totall number of dendrites Dendriticc length 

--

apicall basal 

Totall number of basal dendrites Dendriticc length 

FigureFigure 6. Dendritic morpho logy in young tau-P301 L t ransgenic mice. 

Exampless of Go lg i -Cox i m p r e g n a t e d cells in DG a n d CA1 are shown. Quant i ta t i ve analysis of Go lg i -Cox 
i m p r e g n a t e dd cells in the DG (A) as wel l as the C A I (B) r evea led no major dendr i t ic c h a n g e s in di f ferent 
cel lu larr parameters in the tau-P301L t ransgenic m i c e re lat ive to a g e - m a t c h e d nont ransgen ic m i c e (WT) 
(seee Results for details). Error bars represent SEM. 

Twoo parameters eventual ly relevant for the problem at hand , e.g. 
totall dendrit ic length and total number of dendrites, were not different in 
eitherr brain region of tau-P301L and non-transgenic mice (results not shown). 
Onn the other hand, in CA1 the area of individual soma was significantly 
smallerr in tau-P30lL mice (160+/- 6 um_, n=41) than in non-transgenic mice 
(1800 +/- 6 um_, n= 44) (pO.01) . The length of the terminal branch of the 
ap ica ll dendrites was increased from 46+/-2 um in non-transgenic mice 
(n=44)) to 52 +/- 2 urn in tau-P301L mice (n=41)(p=0.037). In the DG, the 
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intersegmentt length was increased from 22.2 +/- 1.7 pm in non-transgenic 
micee (n=91) to 28.8 +/- 2.2 u.m in tau-P301L mice (n=98) (p=0.018). All other 
parameterss did not differ between the two genotypes. 

Neurogenesis s 
Stereologicall measurements were performed using three 

independentt markers for different stages of the neurogenesis process: DCX 
ass marker for young migrating neurons, Ki-67 as marker for cycling cells and 
BrdUU as a "cell-age" marker, analysed here 4 weeks after injection of BrDU 
(Figg 7, color figure). Neither of these markers revealed a major difference in 
eitherr the number of newborn, of proliferating or of surviving young neurons 
inn tau-P301L mice compared to non-transgenic mice [Table 2). 

Thee analysis therefore excludes that changes in basal neurogenesis 
contributedd to the demonstrated functional alterations in the hippocampus 
off young tau-P301 L mice. 
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FigureFigure 7. Newborn cells and survival in young tau-P301L transgenic mice. 

Differentt markers were examined to aefine putative changes in cell genesis and/or turnover. A, D, 
Immunohistochemistryy for doublecortin marks young neurons. B, E, BrdU was analyzea 4 weeks after 
injectionn as a measure of cell age (see Results for details). C, Immunohistochemistry for the Ki-67 antigen as 
aa marker of proliferating cells. A-C show an overview of the dentate gyrus, and representative individual 
cellss or groups of cells are illustrated in D and E. Sections were counterstained with hematoxylin. 

103 3 



ImprovedImproved memory in young Tau-P301L mice 

Ki-67[10vs5] ] 
BrdU[10vs7] ] 
DCXX [8 vs 31 

hiluss (WT) 
1299 1 
2488  30 
244 6 

hilus{P301L) ) 
1088 5 

6 6 
433 3 

SGZZ (WT) 
6655  57 
26844 4 
74244 4 

SGZ(P301L) ) 
7600 t 70 
25733 3 
77400 0 

GCLL (WT) 
555 2 
1844 3 
2566  33 

GCL(P301L) ) 
944 9 
1633 5 
313  12 

Fablee 2. Cell birt h and surviva l is unchange d In tau-P301 L transgeni c mic e 

Thee markers used are Ki-67, which labels proliferating cells; BrdU, a marker for cell survival (4 weeks); and 
DCX,, which labels young migrating neurons. The numbers indicate total cells per hemisphere SEM. The 
numberr of animals per group is in parentheses [WT vs P301L). SGZ, Subgranular zone. 

Discussio n n 
Thee current study demonstrates tor the first time that neuronal 

expressionn of a mutant protein tau does not impair hippocampal functions 
perper se. On the contrary, the remarkable and unexpected increase in LTP in 
thee DG of young tau-P30l L mice was paralleled by a significant 
improvementt in cognitive performance in the object recognition task. At this 
youngg age, no tau-pathology was evident and the phosphorylation of 
proteinn tau was normal or, if anything, less than in age-matched non-
transgenicc mice. Finally, no major morphological or neurogenic 
abnormalitiess were detected. 

Ourr previous biochemical and pathological analysis of the tau-P30lL 
micee already established the progressive and age-related nature of the 
phosphorylationn of protein tau, leading to conformational changes and 
extensivee neurofibrillary pathology (Terwel et al., 2005). The progressive 
morbidityy with age is accompanied by progressive motor defects, and 
increasingg hyper-phosphorylation. In the early stages of life, phosphorylation 
off protein tau is low without any signs of axonal dilations or inclusions (Terwel 
ett al., 2005), this study. 

Thee combined data lend strong support to the hypothesis that not 
mutantt tau itself, but the progressive hyper-phosphorylation with age is 
criticall in FTDP-17 tauopathies, inflicting or at least signaling the onset of 
memoryy impairment and neuro-degeneration. Moreover, the current data 
pointt to an important physiological function of protein tau in contributing to 
memoryy performance in the hippocampus. 

Tauu transgenic mice including those expressing tau-P301L, have 
shownn cognitive impairment (Arendash et al., 2004; Pennanen et al., 2004; 
Santacruzz et al., 2005). Most of these transgenic mice were tested, however, 
whenn tau hyperphosphorylation and pathology was already evident. Most 
recently,, suppression of tau-P301L expression in an inducible transgenic 
modell ameliorated memory functions, without reversing the tauopathy 
(Santacruzz et al., 2005). All these data are in line with our previous and our 
currentt study, while the combined results demonstrate that hyper-
phosphorylatedd tau, and not NFT must be the cause of the observed 
memoryy defects. This conclusion is based on observations that hyper-
phosphorylationn of tau invariably precedes the formation of any tau 
aggregatess in al! model systems studied (see introduction). In analogy with 
thee evolution of concepts in the "refined" amyloid cascade hypothesis 
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proposingg soluble oligomers rather than insoluble polymers of amylo id 
peptidess to be the ac tua l culprits in AD (Selkoe, 2005), w e underwrite the 
hypothesiss that not NFT are detrimental for neuronal functions (Andorfer et 
al-,, 2005) but the soluble isoforms of abnormally phosphorylated tau (Terwel 
e ta l . ,, 2005; this study). 

Motorr impa i rment has been observed in tau transgenic mice , 
progressingg with age (Lewis et al., 2000; Arendash et al., 2004; Ikeda et al., 
2005;; Terwel et al., 2005). To exclude possible confounding parameters, we 
performedd rotarod and open field experiments prior to cognit ive testing. The 
higherr locomotor activity of tau-P301 L mice at age 9 weeks in the open field 
corroboratess the increased explorative activity in other tau transgenic mice 
(Tanemuraa et al., 2002; Pennanen et al., 2004). H ippocampal alterations are 
knownn to af fect explorative activity (Decker et al., 1995; Harley and Martin, 
1999;; Crusio, 2001). Using a d e m a n d i n g test -protocol in the ro tarod 
paradigm,, i.e. involving less training sessions than in a previous study (Terwel 
ett al., 2005), w e demonstrate that 5 week old tau-P301L mice do not suffer 
anyy motor def ic i t . Important ly, the cogn i t i ve improvement was not 
inf luencedd to any degree by hyperactivi ty or motor problems, since tau-
P301LL mice at 5 weeks of age displayed a similar improvement in memory 
per fo rmancee in the ob jec t recogni t ion pa rad igm, wi thout showing any 
alterationss in motor or locomotor faculties. Thereby, the improved cognit ive 
performancee in the ORT task, is not related to nor caused by motor disabilities 
orr problems. 

Thee alternative test for cognit ive per formance, i.e. the water-maze 
task,, proved not suitable for tau-P301L mice as this test depends heavily on 
swimmingg abil i ty a n d per fo rmance is negat ive ly in f luenced by motor 
defects.. Al though the FVB mouse strain carries the retinal degenerat ion gene 
thatt c a n hamper visual tasks, particularly at older age (Pugh et al., 2004). In 
contrast,, the ORT task depends on short-range visual, as well as tactile stimuli, 
iss less stressing than the watermaze task, and requires limited motor skills. 
Interestingly,, a similar improvement in learning per formance of tau-P301L 
micee are observed in a water maze task, in an independent strain of tau-
P301LL mice with a different genetic background (A. Blokland, Maastricht and 
H.J.. Schroder, Koln; personal communicat ion). 

Moreover,, h i ppocampa l LTP in CA1 have been demonstrated to 
correlatee well with memory functions measured by ORT [Miller et al., 2002; 
Wangg et a l . , 2004). The suggestion that ORT wou ld not d e p e n d on 
h ippocampa ll functions [Mumby, 2001) was largely based on tests with short 
delayy protocols in which animals were tested immediately (minutes) after 
training.. Recent studies demonstrate that the delay length determines 
h i ppocampa ll involvement (Hammond et al., 2004) and this is crucial for 
ob jec tt recogni t ion at longer delay (hours) like w e studied here. We d o 
a c k n o w l e d g e ,, however , that associated structures like perirhinal a n d 
postrhinall cortex may influence ORT performance (Bussey et al., 1999; Kesner 
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ett al., 2001) and alterations in these brain regions could contribute to the 
changess observed in the young tau-P301 L mice. 

Thee current data illustrate the clear correlation between improved 
memoryy performance and increased LTP in the DG but not CA1 
hippocampall areas. To define possible causes of these interesting regional 
effects,, we analysed several cellular and structural correlates. Adult 
neurogenesis,, uniquely occurring in the DG, has been implicated in memory 
functionn (Gould et al., 1999; van Praag et al., 1999; Shors et al., 2001; Shors et 
al.,, 2002). Despite improvements in cognition and LTP in the DG, no changes 
inn either proliferation or survival of the newborn cells, nor in the extent of 
neurogenesiss were observed in the tau-P301L mice. The tau-P301L mice 
therebyy represent an example of improved cognition not accompanied or 
paralleledd by alterations in neurogenesis, proving that the mutant tau protein 
affectss hippocampal functions through other mechanisms. 

Sincee only relative minor changes were observed in dendritic 
properties,, and in other morphological parameters of hippocampal neurons, 
andd only in DG, we conclude that subtle intracellular effects must underlie 
thee changes in LTP and cognition. One possibility is a differential stabilization 
off microtubuli by tau that could contribute importantly to vesicular transport 
(Zhangg et al., 2005) and in turn to synaptic plasticity and memory. The 
traffickingg of NMDA and AMPA receptors, critically implicated in LTP and 
memoryy formation (Davis et al., 1992; Malinow and Malenka, 2002; Bast et al., 
2005)) depends heavily on stable MT-mediated transport (Setou et al., 2002; 
Yuenn et al., 2005). Possibly, MT stability is improved in the tau-P301L mice 
despitee a possibly reduced binding of mutant tau (Hong et al., 1998; Perez et 
al.,, 2000; Zhang et al., 2004), which coufd, however, be balanced by the 
higherr concentration of tau. Moreover, the mutant tau-P301L is embedded in 
thee tau-4R isoform, which binds more avidly to MT than the tau-3R isoform. 

Whetherr the alterations are the result of expression of mutant tau or 
over-expressionn of tau-4R is unresolved. Although tau-2N/4R mice are 
availablee that overexpress the same isoform as the tau-P301L mice, evidently 
withoutt the mutation, the same experiments cannot be performed in these 
micee since they suffer a severe axonopathy (Spittaels et al., 1999; Terwel et 
al.,, 2005). On the other hand, an interesting analogy is observed in 
transgenicc mice that overexpress p25, since these, also unexpectedly, 
showedd improved hippocampus-dependent memory functions (Angelo et 
al.,, 2003). The calpain-truncated cdk5 activator subunit p25 is associated 
withh pathological hyperphosphorylation of tau, and was expected to induce 
neurodegenerationn (for review see (Tsai et al., 2004). Increased tau 
phosphorylationn was not observed in young p25 transgenic mice, but tau 
expressionn was increased (Angelo et al., 2003). This is consistent with the 
hypothesiss that increased concentration of protein tau, and not the mutation 
perr se, underlies the improved cognitive performance in young tau-P301L 
mice. . 
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Althoughh the present transgenic mice replicate many features of the 
correspondingg human tauopathy, including adult onset, progressive 
neurodegeneration,, accumulation of abnormal tau-aggregates and 
prematuree death, we are not aware of any reports of similar improvements in 
memoryy performance in young adult human subjects bearing tau-P301L or 
otherr FTDP-17 mutations. In part, this could also be due to the clinical 
heterogeneityy of FTDP-17 patients (Ingram and Spillantini, 2002). Alternatively, 
improvedd hippocampal functioning may be unique to the present type of 
transgenicc model that is essentially different from the human situation in that 
itt expresses only the 2N/4R splice variant of tau. 

Inn summary, we describe an unexpected parallel improvement in 
hippocampall LTP and memory in young tau-P301L mice, prior to the onset of 
hyperphosphorylationn or aggregation of protein tau. We thereby 
demonstratee that not the tau-P301L mutation per se is critical for cognitive 
decline,, but conclude that excess phosphorylation of tau, triggered by the 
mutationn is pathogenic. Moreover, the results highlight an important novel 
rolee for protein tau in hippocampal memory function. 
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