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ABSTRACT 29 

Tau is a microtubule-associated protein that becomes dysregulated in a group of neurodegenerative diseases 30 

called tauopathies. Differential tau isoforms, expression levels, promoters, and disruption of endogenous 31 

genes in transgenic mouse models of tauopathy make it difficult to draw definitive conclusions about the 32 

biological role of tau in these models. We addressed this shortcoming by characterizing the molecular and 33 

cognitive phenotypes associated with the pathogenic P301L tau mutation (rT2 mice) in relation to a genetically 34 

matched transgenic mouse overexpressing non-mutant (NM) 4-repeat (4R) human tau (rT1 mice). Both male 35 

and female mice were included in this study. Unexpectedly, we found that 4R NM human tau (hTau) exhibited 36 

abnormal dynamics in young mice that were lost with the P301L mutation, including elevated protein stability 37 

and hyperphosphorylation, which were associated with cognitive impairment in 5-month old rT1 mice. 38 

Hyperphosphorylation of NM hTau was observed as early as 4 weeks of age, and transgene suppression for 39 

the first 4 or 12 weeks of life prevented abnormal molecular and cognitive phenotypes in rT1, demonstrating 40 

that NM hTau pathogenicity is specific to postnatal development. We also show that NM hTau exhibits stronger 41 

binding to microtubules than P301L hTau, and is associated with mitochondrial abnormalities. Overall, our 42 

genetically matched mice have revealed that 4R NM hTau over expression is pathogenic in a manner distinct 43 

from classical aging-related tauopathy, underlining the importance of assaying the effects of transgenic 44 

disease-related proteins at appropriate stages in life.  45 

 46 

SIGNIFICANCE  47 

Due to differences in creation of transgenic lines, the pathological properties the P301L mutation confers to the 48 

tau protein in vivo have remained elusive, perhaps contributing to the lack of disease-modifying therapies for 49 

tauopathies. In an attempt to characterize P301L-specific effects on tau biology and cognition in novel 50 

genetically-matched transgenic mouse models, we surprisingly found that non-mutant (NM) human tau has 51 

development-specific pathogenic properties of its own. Our findings indicate that overexpression of 4-repeat 52 

human tau during postnatal development is associated with excessive microtubule-binding, which may disrupt 53 
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important cellular processes such as mitochondrial dynamics, leading to elevated stability and 54 

hyperphosphorylation of tau, and eventual cognitive impairments.  55 

 56 

INTRODUCTION  57 

Tau is the main axonal microtubule-associated protein of the mammalian central nervous system. Though tau 58 

is principally found in neuronal axons where it functions in microtubule assembly (Weingarten et al., 1975) and 59 

microtubule transport (Dixit et al., 2008), it has other ‘atypical’ functions in different regions in an isoform-60 

dependent manner (Liu and Gotz, 2013) such as receptor anchoring (Ittner et al., 2010) and DNA protection 61 

(Benhelli-Mokrani et al., 2018). Perhaps because of the complex and multifunctional role of tau in neuron 62 

biology, tau dysfunction in a family of neurodegenerative diseases called tauopathies can result in a wide 63 

spectrum of clinical and neuropathological phenotypes.  64 

 65 

The mechanisms underlying tau pathogenicity remain unclear, in part due to extreme variability in phenotypes 66 

of tauopathy mouse models. The P301L mutation is frequently used to model human disease because it is the 67 

most common MAPT mutation (AD & FTD mutation database). Although in vitro studies indicate that this 68 

mutation confers pathogenic properties to the tau protein such as reduced microtubule binding (Hong et al., 69 

1998), this idea is inconsistently replicated in mouse models. Transgenic mice harboring the P301L mutation 70 

exhibit diverse phenotypes such as severe early neuropathology (Santacruz et al., 2005), late-onset tauopathy 71 

(de Calignon et al., 2012), progressive motor impairments (Lewis et al., 2000), mild or absent phenotypes 72 

(Gilley et al., 2012; Kimura et al., 2010), or even improvements in cognition (Boekhoorn et al., 2006).  73 

Mouse models expressing non-mutant (NM) human tau should be used as controls for P301L models, 74 

however, NM tau mouse models also have a range of phenotypes including mild phenotypes (Brion et al., 75 

1999; Gotz et al., 1995), developmental neuropathology (Orr et al., 2012; Terwel et al., 2005), progressive 76 

synaptic and cognitive impairments (Polydoro et al., 2009), neurodegeneration (Andorfer et al., 2005), 77 

progressive tauopathy (Adams et al., 2009; Ishihara et al., 1999; Ishihara et al., 2001), glial pathology (Forman 78 

et al., 2005; Higuchi et al., 2002), and axonopathy associated with motor deficits (Probst et al., 2000; Spittaels 79 

et al., 1999; Terwel et al., 2005).  80 
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 81 

Variability in tauopathy mouse models can be attributed to differential tau isoforms, expression levels, 82 

promoters, and disruption of endogenous genes (Goodwin et al., 2019). We recently found that in a popular 83 

tauopathy mouse model, rTg4510, two transgene insertion-deletion (INDEL) mutations disrupt genes important 84 

for brain function, calling into question the precise role of tau in that phenotype (Gamache et al., 2019). If 85 

confounding variables such as those associated with random genome disruption are not specifically accounted 86 

for, it is difficult to draw conclusions about the biological role of tau in tauopathies. 87 

 88 

In this study, our goal was to characterize phenotypes associated with the P301L mutation by systematically 89 

comparing a novel P301L mouse model to a genetically matched non-mutant (NM) mouse line with the same 90 

human tau (hTau) isoform, expression pattern, and transgene insertion sites in the genome. These lines harbor 91 

a single copy of a ‘responder’ human tau transgene in the same non-disruptive genomic locus. To activate 92 

hTau expression, they are crossed to the same ‘activator’ tTA line used in our previous publication, which has 93 

a transgene INDEL mutation that disrupts several forebrain genes and causes dentate gyrus degeneration 94 

(Gamache et al., 2019; Han et al., 2012). Unfortunately, these studies began before we were aware of the 95 

genomic disruption in the tTA line, however, we control for this confound because the lines are genetically 96 

identical except for the P301L mutation.  97 

 98 

Unexpectedly, we found that the NM mouse line we intended to use as a control exhibited a robust and early 99 

phenotype, which was absent in the P301L line. Our findings indicate that overexpression of the 0N4R isoform 100 

of NM hTau is pathogenic during postnatal development, in a manner distinct from classical aging-related 101 

tauopathy. We show that developmental toxicity of NM hTau is associated with strong microtubule-binding, 102 

which we hypothesize is a pathological trigger that leads to a disruption of cellular processes and eventual 103 

cognitive dysfunction.  104 

 105 

MATERIALS & METHODS 106 

Animals 107 
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An ES cell line generated in the Koob lab was used for this work (Gamache et al., 2019). A construct was 108 

generated that was essentially identical to the construct used to generate Tg4510, but incorporated a Flp-In 109 

promoter cassette (PGK promoter-ATG-FRT), and 6 μg this construct and 0.5 ug pCAGGS-FlpE (Gene 110 

Bridges cat# A201) were transfected into the V6.5Col1a#15 ES cell line. Hygromycin selection at 140ug/mL 111 

was added day 2 through day 6, and Hygro resistant ES clones were picked on day 7. DNA was analyzed for 112 

5’ (5ArmCol1A assay primer + TRE start Rev) and 3’ (AMP R Reverse + Hygro Connection) junctions, internal 113 

Tau (TAU assay F and R), and multiple integration assay (AMP R Reverse + TRE start R) by PCR. Clones that 114 

passed all assays were expanded and karyotyped, and T1 (non-mutant) and T2 (P301L) responder mice were 115 

generated by injection into blastocysts. These mice were back-crossed five times to FVB prior to generating 116 

the rT1 and rT2 lines. 117 

 118 

ES Cell Assay Primer sequences: 119 

5ArmCol1A pcr assay 5’-CAGGTGCACAGCATTGCGGACATG-3’ 120 

TRE Start Rev 5’-ATTGCTCCAGGCGATCTGAC-3’ 121 

Amp R Reverse 5’-GGAATAAGGGCGACACGGAA-3’ 122 

Hygro Connecton 5’-ATCCACGCCCTCCTACATCGAA-3’ 123 

Tau Assay F 5’-GTTCGAAGTGATGGAAGATCACG-3’ 124 

Tau Assay R 5’-TTGGGTGGAGTACGGACCA-3’ 125 

 126 

PCR Probe Primers: 127 

Amp F 5’-CCTCCATCCAGTCTATTAATT-3’ 128 

Amp R 5’-TCCTTGAGAGTTTTCGCCCCG-3’ 129 

 130 

A human tau plasmid was used to generate T1 and T2 responders, which harbor a 0N4R human tau cDNA 131 

transgene flanked by non-coding regions of the murine Prion protein gene and regulated by a tetracycline 132 

response element (TRE). Activator mice harbor a tetracycline transactivator (tTA) transgene under the control 133 

of the CaMKIIα-tTA (tTA) promoter to drive expression specifically in forebrain excitatory neurons (Mayford et 134 
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al., 1996). Human tau expression is activated in bigenic Tau+/-tTA+/- rT1 and rT2 progeny of an activator-135 

responder cross. Responder T1 and T2 mice were maintained on an FVB/N background while activator mice 136 

were maintained on a 129S6 background. Littermates with Tau+/-tTA-/-, Tau-/-tTA+/-, and Tau-/-tTA-/- genotypes 137 

were used as controls. Both male and female mice were used, and were combined in statistical analyses after 138 

demonstrating the absence of significant gender effects (P > 0.05). All animal breeding was conducted 139 

conservatively assuming 8 pups per litter based on accumulated data from the Ashe lab colony. All 140 

experiments with animals described in this study were conducted in full accordance with the American 141 

Association for the Accreditation of Laboratory Animal Care and the Institutional Animal Care and Use 142 

Committee at the University of Minnesota. 143 

 144 

qRT-PCR  145 

mRNA expression levels of hTau were quantified relative to a reference gene, Hprt (Table 2). Total cellular 146 

RNA was extracted from homogenized forebrain tissue using RNeasy Lipid Tissue Kit (Qiagen) according to 147 

the manufacturer’s instructions. RNA samples were treated with DNaseI (New England Biolabs) to digest 148 

contaminating DNA, and subjected to cDNA synthesis using the iScript cDNA synthesis kit (Invitrogen) 149 

according to the manufacturer’s instructions. PCR reactions were set up in a 20-μl volume in 96-well plates, 150 

with 3 replicates per sample. Roche SYBR Green PCR master mix was used and reactions were run in the 151 

Roche LightCycler® 480 instrument (Table 3). A final melting curve confirmed that single amplicons were 152 

present for each variant and reference reactions, and a basic relative quantification was performed using the 153 

∆∆CT-Method (LightCycler® 480 Software release 1.5.0 SP3). All data were normalized to a positive calibrator 154 

sample used in each experiment.  155 

 156 

Protein extraction from brain tissue in RIPA buffer 157 

Soluble and insoluble protein was extracted from mouse forebrain hemisphere tissue in RIPA buffer (50 mM 158 

Tris-HCl, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 1% sodium deoxycholate, 0.3% SDS, 0.1 mM 159 

phenylmethyl sulfonyl fluoride, 0.2 mM 1,10-Phenoanthroline Monohydrate, Phosphatase Inhibitor Cocktail A 160 

(Sigma), Protease Inhibitor Cocktail (Sigma), Phosphatase Inhibitor Cocktail 2 (Sigma)) by drawing up and 161 



 

 7 

expulsing tissue through 1 mL MonojectTM syringes (Covidien) first without and then with 20G BD 162 

PrecisionGlideTM needles. Homogenates were nutated for 1 hour at 4°C then centrifuged at 13,000 rpm for 90 163 

minutes at 4°C, and the supernatant was collected.  164 

 165 

Protein extraction from brain tissue in TBS buffer 166 

Soluble protein was extracted from mouse left forebrain hemispheres in TBS buffer (25 mM Tris-HCl, pH 7.4, 167 

140 mM NaCl, 3 mM KCl) using a Dounce Homogenizer (PolyScience) at setting 10 for 25 strokes. A series of 168 

protease inhibitors were added to buffer within 1 hour of use at the following final concentrations: 0.1 mM 169 

phenylmethyl sulfonyl fluoride, 0.2 mM 1,10-Phenoanthroline Monohydrate, Phosphatase Inhibitor Cocktail A 170 

(Sigma), Protease Inhibitor Cocktail (Sigma), Phosphatase Inhibitor Cocktail 2 (Sigma). After homogenization, 171 

samples were centrifuged at 15.6 x g for 90 minutes at 4°C. Supernatants were collected and diluted 172 

appropriately for ELISA. 173 

 174 

Subcellular fractionation of brain tissue 175 

Mouse right forebrain hemispheres were biochemically fractionated into cytosolic and light membrane 176 

(GAPDH-enriched, G-E), presynaptic (Synaptophysin-enriched, S-E), and postsynaptic (PSD-95-enriched, P-177 

E) fractions using a modified version of a previously published protocol (Wang et al., 2013). Briefly, to obtain 178 

the G-E fraction, tissue was gently homogenized in sucrose buffer (0.32 M sucrose, 25 mM HEPES, pH 7.4) 179 

using a Dounce Homogenizer (PolyScience) at setting 1 for 12 strokes. Homogenates were centrifuged at 180 

3,000 x g for 5 minutes at 4°C. The supernatant was then centrifuged at 10,000 x g for 12 minutes at 4°C, and 181 

the resulting supernatant was collected. To obtain the S-E fraction, pellets were washed in sucrose buffer and 182 

then resuspended in HBS (25 mM HEPES, 150 mM NaCl, pH 7.4). 80% Triton X-100 (Sigma) was added to 183 

the suspension for a final concentration of 2%. Samples were then incubated on ice for 30 minutes, centrifuged 184 

at 10,000 x g for 20 minutes at 4°C, and the resulting supernatant was collected. To obtain the P-E fraction, 185 

pellets were resuspended in PBS (0.01 M phosphate buffer, 0.0027 M KCl, 0.137 M NaCl, pH 7.4). A series of 186 

protease inhibitors were added to all buffers within 1 hour of use at the following final concentrations: 0.1 mM 187 
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phenylmethyl sulfonyl fluoride, 0.2 mM 1,10-Phenoanthroline Monohydrate, Phosphatase Inhibitor Cocktail A 188 

(Sigma), Protease Inhibitor Cocktail (Sigma), Phosphatase Inhibitor Cocktail 2 (Sigma). 189 

 190 

Phosphatase treatment of brain extracts 191 

RIPA extracts (see above) were treated with calf intestinal alkaline phosphatase (CIP, New England Biolabs), 192 

and samples were resuspended in 10 μl CIP buffer (100 mM NaCl, 50 mM Tris-HCl, 10 mM MgCl2, 1 mM 193 

dithiothreitol, EDTA-free protease inhibitor cocktail, pH 7.9) per 1 μg protein. One unit CIP per μg protein was 194 

added to the samples prior to incubation at 37°C for 30 minutes. Samples were then concentrated using 0.5mL 195 

10K Amicon Ultra centrifugal filters (Millipore, UFC501096).  196 

 197 

Isolation of microtubules and associated proteins 198 

Microtubules (MTs) and microtubule-associated proteins were isolated using a previously published protocol 199 

(Miller et al., 2010), which was modified from two original publications (Kuznetsov et al., 1981; Vallee, 1982). 200 

Mouse forebrains were flash frozen in liquid nitrogen and crushed into a powder using a mortar and pestle. The 201 

powder was resuspended in 1.5X volume of MES/glutamate buffer (0.1M pH6.8 2-(N-202 

morpholino)ethanesulfonic acid, 0.5mM MgCl2, 1mM EGTA, 1M glutamate) containing 1mM DTT. The 203 

suspensions were sonicated 5 times for 10 seconds with 30-second rest intervals on ice (sonicator amplitude 204 

20%, 1 short burst per second done manually in Continuous mode) (Fisher Scientific 150E Digital Sonic 205 

Dismembrator, with model 4C15 cell disruptor). Samples were ultracentrifuged at 30,000 x g at 4°C for 15 206 

minutes, and then supernatants were ultracentrifuged at 120,000 x g at 4°C for 1 hour (Beckman Coulter 207 

OptimaTM L-80 XP Ultracentrifuge with Type 70.1 Ti Fixed-Angle Titanium rotor and 4mL thick-walled 208 

polycarbonate tubes). 20μM Taxol (Paclitaxel, ApexBio #A4393) and 1mM GTP were added to the clarified 209 

supernatants, which were then incubated at 37°C for 30 minutes. Samples were gently layered onto a sucrose 210 

cushion (MES/glutamate buffer containing 20% sucrose) and ultracentrifuged at 30,000 x g at 37°C for 30 211 

minutes. The supernatants were then collected as the cytosolic fraction while MT/MAP pellets were 212 

resuspended in 50ul MES/glutamate buffer containing 20μM taxol and stored at -80°C.  213 

 214 
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Sarkosyl extraction 215 

To obtain sarkosyl-insoluble fractions, a modified version of a previously published method was used (Planel et 216 

al., 2009). Briefly, RIPA-insoluble pellets were homogenized in 1% sarkosyl and incubated at room 217 

temperature for 30 minutes with constant shaking. Samples were centrifuged for 1 hour at 100,000 xg at 20°C, 218 

and the supernatant and pellet were separated and diluted in O+ buffer (62.5 mM Tris-HCl, pH 6.8; 10% 219 

glycerol; 5% 2-mercaptoethanol; 2.3% SDS; 1 mM EGTA; 1 mM EDTA; 1 mM PMSF; 1 mM Na3VO4; 1 mM 220 

NaF; 10 μl/ml of protease inhibitor cocktail P8340; Sigma-Aldrich). Samples were boiled for 3 minutes and 221 

stored at -20°C.  222 

 223 

Western blot and analysis 224 

Total protein concentrations for each sample were determined by Pierce™ Bicinchoninic Acid protein assay 225 

(Thermo Scientific).  Equal amounts of protein for each sample were loaded and separated using SDS-PAGE 226 

on 10%, 10-20% or 10.5-14% CriterionTM pre-cast Tris-HCl gels (Bio Rad). Protein was transferred to 227 

nitrocellulose membranes (Bio Rad), which were blocked with 5% Bovine Serum Albumin (Sigma) in 1X TBST 228 

buffer (10 mM Tris-Base (Sigma), 0.2 M NaCl (Macron Chemicals), 0.1% Tween-20 (Sigma) pH 7.4).  Protein 229 

was immunoblotted with Tau13 (1:60,000, BioLegend), GAPDH (14C10, Cell Signaling Technology, 1:4,000), 230 

Tau46 (4019T, Cell Signaling Technology, 1:10,000), β-III tubulin (79-720, ProSci, 1:10,000), Synaptophysin 231 

(SY38 ab8049, Abcam, 1:10,000), PSD-95 (2507S, Cell Signaling Technology, 1:10,000), CP13 (pSer202, 232 

Peter Davies, 1:1,000) , PHF1 (pSer396/404, Peter Davies, 1:1,500), rabbit anti-human tau (ab74391, Abcam, 233 

1:10,000), α-tubulin (ThermoFisher, DM1A 62204, 1:10,000), MAPK (05-481, Millipore, 1:250) and JNK/SAPK1 234 

(06-748, Millipore, 1:5,000) antibodies. For total protein analysis, Li-Cor REVERTTM total protein stain kit 235 

(product #926-11010) was used to obtain normalized phospho-tau to total tau ratios on separate western blots, 236 

after ab74391 was discontinued. To visualize immunoreactivity using a LiCor imaging system, IRDye-linked 237 

goat anti-mouse 800CW and goat anti-rabbit 680LT secondary antibodies were used (LI-COR 238 

Biosciences,1:100,000). Immunoreactivity was quantified by densitometry using OptiQuant version 3 software.   239 

 240 

ELISA 241 
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Samples were run in duplicate in the Human Total Tau V-PlexTM ELISA kit (Meso Scale Discovery) according 242 

to the manufacturer’s instructions. To be within the range of detection for this assay, extracts were diluted in 243 

Diluent 35 at the following ratios: TBS 1:10,000, G-E 1:5,000, S-E 1:2,000, and P-E 1:150.  244 

 245 

Half-life measurements 246 

Doxycycline chow (DOX) (Diet 7013, 200mg/kg) was administered to 8-week old rT1 and rT2 mice 3 times per 247 

week for 0, 1, 3, 6, 11, 16, and 21 days resulting in suppression of hTau mRNA expression for 0, 2, 5, 10, 15, 248 

and 20 days, because it takes 24 hours to suppress hTau suppression in these mouse lines (data not shown). 249 

hTau protein levels measured by ELISA (ng hTau / mg brain mass) were Log transformed and plotted over 250 

days on DOX chow. Simple linear regressions were used to determine the slopes (k’) of rT1 and rT2 lines and 251 

the half-life (t1/2) was determined based on the integrated rate law of first-order chemical reactions: k = 2.303 * 252 

k’ ; and t1/2 = 0.693 / k (Yamada et al., 2015). 253 

 254 

Morris Water Maze 255 

The investigators were blinded to the group allocation and mice were randomized to control for potential age, 256 

gender and litter effects. Sample sizes were estimated based on our unpublished data. Spatial reference 257 

memory was measured by using a modified Morris water maze with a protocol tailored for rapid learning in the 258 

129/FVB F1 mice (Weitzner et al., 2015). Mice were prehandled for 5 sessions during the week preceding 259 

testing to gradually introduce the animals to handler manipulations and exposure to the transportation devices 260 

(beaker and scoop). In addition, there was a gradual increase in the time that mice were in home cages without 261 

micro-isolator lids and then outside of their cage in an open field and under brighter light conditions without 262 

exposure to water. Mice received visible-platform training for 5 d, with three trials per day, followed by hidden-263 

platform training for 8 d, with two trials per day. The path lengths to the hidden platform were averaged over 264 

two-day periods (two trials per day, four trials total) for statistical analysis. There was a 3-d rest period between 265 

the visible- and hidden-platform training sessions. Three probe trials of 30 s duration each, during which the 266 

platform was removed from the pool, were performed 72 h after the 8th, 12th and 16th trials of hidden-platform 267 

training, after days 4, 6, and 8 of hidden training, respectively. Hidden training continued immediately after the 268 
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first and second probe trials. Accordingly, there was 72-h interval between hidden trials 8 and 9 (days 4 and 5) 269 

and between trials 12 and 13 (days 6 and 7). The quadrant occupancy scores of the three probe trial scores 270 

were averaged for statistical analysis. For developmental suppression experiments, DOX chow (40 mg/kg, 271 

Envigo) was administered 3 times per week to either pregnant T1 and T2 dams (Diet 5015) upon separation 272 

from sires or to weaned litters (Diet 7013). This dosage of DOX was chosen because higher doses cause 273 

placental abnormalities and fetal loss (Moutier et al., 2003). rT1 and rT2 hTau+/-tTA+/- mice in addition to hTau-/-274 

tTA-/- and hTau-/-tTA+/-  littermates included in this study all received the DOX chow diet. Upon switching diets 275 

between DOX and regular chow, clean cages were used. All trials were monitored, and performance measures 276 

were extracted using a computerized tracking system (Noldus EthoVision XT 10; Noldus Information 277 

Technology). hTau-/-tTA-/- and hTau+/-tTA+/- mice of the same line underwent water maze training at the same 278 

time to control for batch effects.  279 

 280 

Mitochondrial length and transport measurements 281 

Mitochondria were examined using methods validated previously (Vossel et al., 2015). Primary hippocampal 282 

cultures were established using postnatal day 0 pups. The hippocampus was dissected in cold Earle’s 283 

balanced salt solution (Gibco) and digested with 10 U/ml papain (Worthington Biochemical Corporation) in 284 

Earle’s balanced salt solution at 37°C for 15 min. Low ovomucoid solution containing 0.15% BSA (Sigma-285 

Aldrich), 0.15% trypsin inhibitor (Sigma-Aldrich) in Dulbecco’s phosphate-buffered saline (DPBS) with calcium 286 

and magnesium (Gibco), and 66.6 U/ml deoxyribonuclease I (Sigma-Aldrich) was added to stop the digestion 287 

reaction. After 5 min, cells were suspended in fresh low ovomucoid solution. Debris was removed with a BD 288 

70-μm nylon strainer and the cells were spun at 341x g for 7 min. Cell pellets were then resuspended in warm 289 

Neurobasal A medium (Gibco) containing 2% B27 (Gibco), 0.5 mM GlutaMAX (Gibco), and 100 U/ml 290 

penicillin/streptomycin (Gibco).  291 

 292 

Hippocampal primary neurons were plated on glass-bottom microwell dishes (MatTek Corporation) that had 293 

been coated overnight with 0.5 mg/ml poly-L-lysine (Sigma-Aldrich) in borate buffer and for 1-2 h with 0.005 294 

mg/ml laminin from Roche in neurobasal A. Hippocampal cells were plated at a density of 350,000 cells per 10-295 



 

 12 

mm microwell dish. After 24 h, 5-fluoro-2’-deoxyuridine (Sigma-Aldrich) was added at a final concentration of 296 

7.15 μg/ml to inhibit glial growth. Half-medium changes were performed every 7 d to maintain culture health. 297 

 298 

Transfections of hippocampal cultures were performed on DIV 8-11. Plasmids used (provided by K. Vossel, 299 

University of MN) included an FUGW EGFP construct (Lois et al., 2002) and mito-RFP, which was constructed 300 

by fusing the mitochondrial-targeting sequence of human isovaleryl coenzyme A dehydrogenase to the N 301 

terminus of RFP within the pDsRed1-N1 vector backbone containing a CMV promoter (Takara Bio Inc.) (Yoon 302 

et al., 2003). After removal of conditioned medium, cells were washed once with warm DPBS without calcium 303 

or magnesium (Gibco) and immediately placed into 500 μl warm transfection medium consisting of Neurobasal 304 

A (Gibco) with 0.5 mM GlutaMAX (Gibco), 1 mM kynurenic acid (Sigma-Aldrich) and 10 mM magnesium 305 

chloride (Sigma-Aldrich). To prepare transfection complexes, Lipofectamine 2000 (Invitrogen) was added to 306 

OptiMEM reduced serum medium with GlutaMAX (Gibco) at a ratio of 1.35 μl Lipofectamine per 25 μl 307 

OptiMEM. In separate tubes, plasmid DNA was combined in amounts that were equimolar to 1 μg FUGW per 308 

25 ml OptiMEM. After incubating separately 5 min, the Lipofectamine-OptiMEM and DNA-OptiMEM solutions 309 

were combined and incubated at room temperature while covered for 25 min. Then, 50 ml of combined 310 

transfection solution was added to each microwell dish. Neuronal cultures were then incubated for 30 min at 311 

37°C. Finally, cells were washed twice with warm DPBS and immediately placed in ¾ conditioned medium and 312 

¼ fresh medium.  313 

 314 

Live imaging of axonal mitochondria was conducted on DIV 10-13 with a Nikon inverted TiE deconvolution 315 

microscope system with Ibidi live cell environmental chamber, PFS Perfect Focus III focus lock technology, 316 

LED Light engine, motorized stage, Zyla 5.5MP sCMOS camera, and Nikon NIS-Elements Viewer imaging 317 

software version 5.10. Objective lenses were 10x (PlanFluor, NA 0.25), 20x (PlanFluor, NA 0.25 ELWD), and 318 

40x (Plan Apo, NA 0.95). EGFP and RFP were illuminated at wavelengths of 470 nm and 555 nm, 319 

respectively.  320 

 321 
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At the beginning of each section, positions of neurons with easily identifiable axons were recorded at 10x 322 

magnification, using FUGW (EGFP) as a morphology marker. Cells exhibiting axonal beading were excluded 323 

from imaging sessions. Axons were distinguished as the longest neurite (≥3 times longer than other neurites), 324 

validated previously (Vossel et al., 2015). Imaging of axonal mitochondria using mito-RFP was performed for 325 

each axon with a 40x objective. Images were acquired every 1 s for 150 s, with an exposure time of 100 ms 326 

per frame.  327 

 328 

Images were processed in Fiji using the Multiple Kymograph and tsp050706 plugins. Moving mitochondria 329 

were defined as showing displacement of at least 2 μm, which was the average length of mitochondria 330 

observed previously (Vossel et al., 2015). Velocity was measured for each moving mitochondrion by averaging 331 

its total velocity, including brief pauses, while in the image frame. Lengths of mitochondria were measured on 332 

the kymographs. Pixels were converted to μm based on the calibration of the objective. 333 

 334 

Fluorescent immunohistochemistry, imaging, and analysis  335 

At two months of age mice were transcardially perfused with 50ml phosphate-buffered saline followed by 50ml 336 

4% paraformaldehyde. Brains were removed, post-fixed overnight in 4% paraformaldehyde, and cryoprotected 337 

for 48hr in 30% sucrose. Brains were coronally cryo-sectioned at 40 microns, and all subsequent incubations 338 

and washes were performed free-floating in 24-well plates. 339 

 340 

Following three washes of PBS+ .1% TritonX-100, sections were placed in 1% NaBH for 20 min at room 341 

temperature.  Sections were washed 5x15minutes in PBS+ .1% TritonX-100. Sections were incubated in an 342 

antigen retrieval sodium citrate buffer (Reveal Decloaker, Pacheco, CA) for 30 minutes at 80° and allowed to 343 

cool for 30 minutes. Sections were washed 3x15min in PBS+ .1% TritonX-100 and transferred to blocking 344 

buffer of PBS + .5% triton X-100, 5% Normal goat serum. Sections were incubated for 48hr at 4° in primary 345 

antibody solution of PBS + .3% triton X-100, 3% Normal goat serum, at a 1:1,000 dilution (DNA/RNA Oxidative 346 

Damage Oh8dG, QED Bioscience Inc. San Diego, CA). 347 

 348 
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Following three washes of PBS+ .1% TritonX-100, sections were incubated for 1hr at room temperature in 349 

secondary antibody solution of PBS + .3% triton X-100, 3% Normal goat serum, at a 1:1,000 dilution (Goat 350 

Anti-Mouse IgG H&L Alexa Fluor594, Abcam, Cambridge, United Kingdom). Sections were washed 3x15min in 351 

PBS and placed onto Superfrost slides. Sections were treated for 30 seconds with TrueBlack® Lipofuscin 352 

Autofluorescence Quencher and washed 3x15min with PBS.  Slides were coverslipped with Vectashield 353 

mounting media containing DAPI (Vector Laboratories, Burlingame, CA). Note that RNase treatment made no 354 

difference in signal intensity in pilot studies, so this was not used for experimental tissue. 355 

 356 

After blinding the investigator, samples were imaged on a Nikon NiE C2 Upright Confocal microscope and 10x 357 

images were taken of the dentate gyrus of the hippocampus, CA1 region of the hippocampus, and the cortex. 358 

Analysis of the Alexa Fluor594 signal intensity was performed in Fiji/ImageJ. The pyramidal layer of the CA1 359 

region of the hippocampus, the granular cell layer of the dentate gyrus, and all cortical layers were outlined as 360 

the region of interest (ROI) using the polygon tool. The integrated density (area x mean intensity) of the ROI 361 

was measured to account for differences in area between samples.  362 

 363 

Experimental Design and Statistical Analysis 364 

Power analyses on preliminary data were performed for pTau quantification, hTau ELISA, and Morris Water 365 

Maze. For pTau detection by western blot, it was determined that an n of 6 mice would be sufficient to have an 366 

84% chance of detecting a 39% difference in means at a significance level of 0.05. For ELISA experiments, it 367 

was determined that an n of 4 mice per line would be sufficient to have a 91% chance of detecting a 21% 368 

difference in means. Therefore, a group size of 6 was chosen for tau quantification experiments by western 369 

blot and ELISA. For behavioral experiments, it was determined that a sample size of 12 would be sufficient for 370 

a 64% chance of detecting a 41% difference in group means.  371 

 372 

For half-life experiments, R programming language was used to conduct multiple linear regressions for 373 

detecting differences between linear regression slopes. Statistical analyses for all other data were conducted 374 

using GraphPad Prism version 7.00 software (GraphPad Software). Unpaired two-tailed t-tests were used to 375 
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detect differences between rT1 and rT2 hTau mRNA, protein (by western blot and ELISA), phosphorylated 376 

hTau at 8 weeks of age, and NM vs. P301L hTau levels in microtubule-binding experiments. Two-way 377 

ANOVAs with Sidak’s multiple comparisons test were used for comparing human and mouse tau levels in rT1 378 

and rT2 mice, as well as hTau levels and phosphorylation with or without DOX suppression. Simple linear 379 

regression was used to calculate slopes, y-intercepts, and R2 values for NM and P301L hTau half-life data. 380 

Bonferroni-corrected unpaired two-tailed t-tests were used to compare phosphorylation levels of hTau in rT1 381 

and rT2 at 3, 5, and 7 weeks of age. Two-way ANOVAs with Tukey’s multiple comparisons test were used to 382 

detect differences in hTau levels and phosphorylation with 4 or 12 weeks of DOX suppression in rT1 and rT2. 383 

 384 

Two-way repeated measures ANOVAs with Sidak’s multiple comparisons tests were used for Morris Water 385 

Maze visible and hidden trial data to determine if rT1, rT2, and non-transgenic littermate path lengths changed 386 

over time. Two-Way repeated measures ANOVAs with Tukey’s multiple comparisons tests were used for 387 

Water Maze visible and hidden data to determine if rT1 and rT2 path lengths differed from 4-week and 12-388 

week DOX suppression groups. One-way ANOVAs followed by Holm-Sidak’s multiple comparisons tests with 389 

target (T) as the control column were to assess search bias in Water Maze probe trial data to separately 390 

determine if each group spent more time in the target than the other 3 quadrants (Sakimura et al., 1995). One-391 

way ANOVAs followed by Holm-Sidak’s multiple comparisons tests were also used to compare 0-, 4-, and 12- 392 

week suppression groups and to compare hTau-/-tTA-/-, hTau-/-tTA+/-, and hTau+/-tTA+/- genotypes in time spent 393 

only in the target quadrant. Two-tailed Mann Whitney tests were used to directly compare the percent time 394 

spent only in the target quadrant between rT1 or rT2 and non-transgenic littermates. A Kruskal-Wallis test with 395 

Dunn’s multiple comparisons test was used to analyze mitochondrial length data. Two-way ANOVAs with 396 

Sidak’s multiple comparisons tests were used to determine whether there were differences in oxidative stress 397 

between rT1 and rT2 and between each of the genotypes in each brain region. Two-way ANOVAs with Sidak’s 398 

multiple comparisons test were used to test if postnatal brain mass differed between genotypes, if rT1 brain 399 

mass differed from rT2, and to test if DOX suppression affected rT1 and rT2 brain mass. In all cases, p<0.05 400 

was considered to be statistically significant.  401 

 402 
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RESULTS 403 

Elevated steady-state levels of 4R NM compared to P301L hTau 404 

Responder T1 and T2 mice were generated using site-specific targeting of a human tau (hTau) transgene 405 

downstream of the Col1A1 3’ untranslated region in modified embryonic stem cells. Correct single-copy 406 

integration was confirmed using PCR assays and whole-genome sequencing (Gamache et al., 2019). The 407 

transgene consists of the cDNA sequence for the 0N4R isoform of hTau, flanked by non-coding regions of the 408 

murine Prion protein gene to enhance brain expression (Santacruz et al., 2005), and regulated by a 409 

tetracycline response element (TRE) promoter. T1 mice harbor a non-mutant hTau transgene while T2 harbor 410 

a P301L mutant hTau transgene. Responder T1 and T2 mice are crossed to the CaMKIIα-tTA line (Mayford et 411 

al., 1996) to generate Tet-OFF bigenic rT1 and rT2 (r = regulatable) progeny that express 0N4R hTau 412 

selectively in forebrain neurons, except in the presence of doxycycline.  413 

 414 

Despite expressing similar levels of hTau mRNA in the forebrain (Figure 1A), rT1 mice had elevated steady-415 

state levels of hTau protein at 8 weeks of age (t(21) = 4.60, p = .0002, 95% CI [-1.10 , -.42]) (Figure 1B). A 416 

difference in electrophoretic mobility also suggested a difference in post-translational modifications (Figure 417 

1C). A human tau ELISA (Meso Scale Discovery) confirmed the difference in hTau steady-state levels (t(10) = 418 

5.06, p = .0005,  95% CI [-112.3 , -43.66]) (Figure 1D). To quantify fold-overexpression of hTau relative to 419 

endogenous mouse tau, phosphatase-treated extracts from rT1 and rT2 were compared to activator-only (tTA) 420 

brains using a pan-tau antibody, which revealed 12.6-fold overexpression in rT1 and 6.2-fold in rT2 (tTA vs. 421 

hTau F(1, 20) = 73.71, p < .0001; rT1 vs. rT2 F(1, 20) = 12.01, p = .0024) (Figure 1E,F). rT1 hTau 422 

overexpression was significantly higher than that of rT2 (p = .0002).  423 

 424 

Longer half-life of 4R NM than P301L hTau 425 

Because hTau mRNA levels are similar between rT1 and rT2, it is unlikely that hTau protein is higher in rT1 426 

due to a higher rate of production. We therefore tested the hypothesis that the elevation in 4R NM hTau 427 

steady-state levels was due to a slower rate of degradation by measuring the half-life in 8-week old rT1 and 428 

rT2 mice in a manner similar to a previous study (Yamada et al., 2015), taking advantage of doxycycline 429 
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(DOX)-mediated suppression. Using ELISA measurements, we found that hTau levels declined with longer 430 

periods of transgene suppression (F(3, 80) = 443.9, R2 = 0.94, p < .000), and that the clearance rate of soluble 431 

hTau was slower in 8-week old rT1 than rT2 forebrains (Figure 2A, Table 1).  432 

 433 

To determine if clearance of 4R NM hTau was impaired in a specific subcellular compartment, forebrains were 434 

fractionated into GAPDH-enriched (G-E), synaptophysin-enriched (S-E), and PSD-95-enriched (P-E) fractions 435 

(Figure 2B). Again, hTau levels declined with longer periods of transgene suppression in the G-E (F(3, 80) = 436 

147.6, R2 = 0.85, p < .000), S-E (F(3, 80) = 115.9, R2 = 0.81, p < .000), and P-E fractions (F(3, 80) = 125.5, R2 437 

= 0.83, p < .000) (Table 1). In addition, NM hTau degradation was significantly slower than P301L in the P-E 438 

fraction (Figure 2C, Table 1). The half-life of NM hTau was consistently longer than for P301L hTau in all 439 

fractions tested (Table 1). These results demonstrate that hTau steady-state levels are higher in rT1 than rT2 440 

because of a slower clearance rate, and suggest that hTau degradation is impaired primarily in the 441 

postsynaptic compartment. Although only a small fraction of total hTau is localized to the postsynaptic 442 

compartment, reduced clearance may begin early and compound over time to cause elevated levels by 8 443 

weeks of age. 444 

 445 

Hyperphosphorylation of 4R NM hTau compared to P301L hTau 446 

We observed altered electrophoretic mobility of NM compared to P301L hTau, suggesting a difference in post-447 

translational modifications (see Figure 1C). In addition, some studies indicate that NM tau has a higher 448 

propensity to become phosphorylated than P301L tau (Orr et al., 2012; Rodriguez-Martin et al., 2016; Terwel 449 

et al., 2005). Therefore, we next determined whether 4R NM hTau was hyperphosphorylated compared to 450 

P301L hTau in 8-week old rT1 and rT2 forebrains by immunoblotting with a series of antibodies that recognize 451 

well-known tau phosphoepitopes in human tauopathy post-mortem tissue.  452 

 453 

While some antibodies showed no differences between rT1 and rT2, including AT8 (pSer202/pThr205) and 454 

PG5 (pSer409) (data not shown), CP13 (pSer202) and PHF-1 (pSer396/pSer404) revealed significantly higher 455 

phosphorylation levels of NM than P301L hTau (CP13: t(10) = 11.47, p < .0001, 95% CI [-.27 , -.18]; PHF-1: 456 
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t(10) = 6.18, p = .0001, 95% CI [-.17 , -.08]) (Figure 3A, B). NM hTau was also hyperphosphorylated compared 457 

to P301L hTau in the biochemically isolated postsynaptic fraction (CP13: t(10) = 3.32, p = .0078, 95% CI [-.31 , 458 

-.062]; PHF-1: t(10) = 6.35, p < .0001, 95% CI [-.31 , -.15]) (Figure 3C, D). Elevated NM hTau phosphorylation 459 

compared to P301L hTau could be detected as early as 5 weeks of age (CP13: t(6) = 4.76, p = .0093, 95% CI 460 

[-.402 , -.13]; PHF-1: t(6) = 6.61, p = .0018, 95% CI [-.33 , -.15]), and continued at 7 weeks (CP13: t(5) = 7.38, 461 

p = .0021, 95% CI [-.37 , -.18]; PHF-1: t(5) = 4.11, p = .028, 95% CI [-.44 , -.10]), suggesting that this could be 462 

a neurodevelopmental phenomenon (Figure 3E, F). 463 

 464 

There is much overlap between the sites highly phosphorylated on tau during development and in aging-465 

related neurodegenerative diseases, but normal developmental phosphorylation is insufficient to induce tau 466 

aggregation and insolubility (Yu et al., 2009). To determine whether phosphorylation of 4R NM hTau in young 467 

mice was associated with insolubility, protein from forebrains of 8-week old mice was extracted in sarkosyl. No 468 

high-molecular-weight hTau species above 55 kDa were observed (data not shown), indicating that the 469 

phosphorylation in rT1 brains does not induce the formation of insoluble aggregates. 470 

 471 

Developmental transgene suppression temporarily reduces NM hTau levels and phosphorylation 472 

The predominance of 3R tau isoforms in the developing mouse brain (McMillan et al., 2008) is essential for 473 

neurite polarity establishment (Caceres and Kosik, 1990) and neurite outgrowth (Hanemaaijer and Ginzburg, 474 

1991; Sayas et al., 2015). We therefore hypothesized that overexpression of 4R tau during a developmental 475 

period in which 3R normally predominates causes the abnormal molecular phenotype of NM hTau. To 476 

determine whether the elevation in steady-state levels and hyperphosphorylation of NM compared to P301L 477 

hTau was due to overexpression during development, and whether pathogenicity of NM hTau is established 478 

during a specific developmental window, we suppressed hTau and tTA-DNA binding with DOX for either the 479 

first 4 or 12 weeks of life. Following suppression, mice were taken off of DOX chow for 4 or 8 weeks, and brain 480 

tissue was collected. Importantly, hTau expression and tTA toxicity in these models are intrinsically linked. 481 

Suppression of tTA-DNA binding during development prevents the observed reduction of dentate gyrus 482 

granule cells in that line (Han et al., 2012), presumably by preventing off-target binding of the overexpressed 483 
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tTA protein during this vulnerable period. However, we reiterate that this phenomenon is matched between rT1 484 

and rT2.  485 

 486 

Developmental suppression followed by 4 weeks of hTau and tTA expression lowered NM hTau levels (F(2, 487 

29) = 6.96, p = .0034), pSer202 phosphorylation (F(2,29) = 24.96, p < .0001), and pSer396/404 488 

phosphorylation (F(2,29) = 9.45, p = .0007), while suppression had no effect on P301L hTau biochemistry 489 

(Figure 4). There were also significantly higher levels of pSer202 phosphorylation of NM hTau than P301L 490 

hTau in 4-week old non-suppressed control mice (F(1, 29) = 46.96, p < .0001) (Figure 4). After 8 weeks of 491 

post-suppression expression, there was no effect of suppression and no difference between rT1 and rT2 492 

except for pSer202 phosphorylation, which remained reduced in suppressed mice (F(2,29) = 8.88, p = .001) 493 

and remained higher in rT1 than rT2 (F(1,29) = 31.41, p < .0001). In conclusion, suppression of hTau and tTA-494 

DNA binding for either 4 or 12 weeks reduced 4R NM hTau steady-state levels and phosphorylation to levels 495 

comparable to P301L hTau after 4 weeks of expression. However, these molecular phenotypes were partially 496 

or fully reversed after 8 weeks of expression, indicating that the effect of developmental transgene suppression 497 

on NM hTau regulation is only temporary. 498 

 499 

Of note, we were not able to replicate differences in hTau steady-state levels (Figure 1) and pSer396/404 500 

phosphorylation (Figure 3) in the 8-week old non-suppressed controls included in the DOX-suppression 501 

experiment (Figure 4). As these were different groups of mice, we attribute these observations to litter effects. 502 

However, the pSer202 observation remained quite robust in the suppression experiment (Figure 4), suggesting 503 

that this phosphorylation event occurs first and increases propensity for phosphorylation at pSer396 and 504 

pSer404 (Li et al., 2006; Li and Paudel, 2006), leading to elevated stability (Poppek et al., 2006; Ren et al., 505 

2007). Our observations indicate that the timing of these events is highly variable in different litters of mice, and 506 

took longer in the mice included in the suppression experiment. 507 

  508 

rT1 but not rT2 mice exhibit cognitive impairments 509 
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Behavioral studies to assess cognition in these lines were conducted before we were aware of the abnormal 510 

molecular phenotype of 4R NM hTau. Therefore, we originally predicted that the P301L mutation would be 511 

associated with spatial learning and memory deficits in the Morris Water Maze in 5-month old rT2 mice. Non-512 

transgenic littermates were used as internal controls for ‘batch effects’ such as effects of season, times of day 513 

and week, and animal husbandry schedules in these experiments. However, cognitive phenotypes in rT1 and 514 

rT2 should be considered in relation to one another rather than to non-transgenic animals, which lack both 515 

hTau and tTA transgenes. 516 

 517 

Both rT1 (main effect of Day: F(4, 88) = 35.80, p<.0001) and rT2 (main effect of Day: F(4, 88) = 43.76, 518 

p<.0001) path lengths to the visible platform were significantly reduced as training progressed, indicating 519 

sensorimotor acquisition of the task in both lines (Figure 5A). Path lengths to the hidden platform also 520 

decreased as training progressed for both rT1 (main effect of Day: F(3, 66) = 7.521, p=.0002) and rT2 (main 521 

effect of Day: F(3, 66) = 9.752, p<.0001), indicating improvements in spatial navigation (Figure 5B). However, 522 

when compared to non-transgenic littermates, we were surprised to find that 5-month old rT1 but not rT2 mice 523 

exhibited learning deficits during visible-platform training (main effect of Genotype: F(1, 22) = 18.46, p = .0003) 524 

and hidden-platform training (main effect of Genotype: F(1, 22) = 23.76, p < .0001) (Figure 5A, B).  525 

 526 

rT1 mice also exhibited deficits in spatial reference memory during probe trials. Search bias was detected in 527 

Tau-/-tTA-/- mice (F(3,44) =15.79, p<.0001) but not in Tau+/-tTA+/- rT1 mice (F(3,44) =3.72, p=.018) (Figure 5C). 528 

In addition, Tau+/-tTA+/- rT1 mice spent significantly less time in the target quadrant than non-transgenic 529 

littermates (U = 8, p < .0001) (Figure 5C). This indicates either a pure learning deficit or a combined learning 530 

and spatial memory deficit in rT1 mice, associated with the abnormal molecular phenotype of 4R NM hTau. In 531 

contrast, 5-month old rT2 mice exhibited no such deficits (Figure 5D, E, F), suggesting that the low levels of 532 

P301L hTau phosphorylation at this age are insufficient to cause cognitive deficits in rT2.  533 

 534 

Developmental transgene suppression prevents cognitive impairments in rT1 535 
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Developmental transgene suppression temporarily reduced 4R NM hTau steady-state levels and 536 

phosphorylation levels compared to P301L hTau (see Figure 4). To determine whether developmental 537 

suppression also prevents the cognitive deficits in rT1 mice, and whether pathogenicity is established during a 538 

specific developmental window, we again suppressed hTau expression and tTA-DNA binding with DOX for 539 

either the first 4 or 12 weeks of life. Following suppression, hTau and tTA were expressed for 5 months so as 540 

to match the expression period of impaired rT1 mice. Data from non-suppressed mice are included for 541 

comparison, and therefore the same data from hTau+/-tTA+/- mice in Figure 5A-F are included in Figure 5G-L 542 

and Figure 6. 543 

 544 

Both 4 weeks and 12 weeks of suppression improved rT1 performance in visible-platform training (F(2, 33) = 545 

12.9, p < .0001) and hidden-platform training (F(2, 33) = 6.89, p = .0032) compared to non-suppressed rT1 546 

mice (Figure 5G, H). Developmental suppression of hTau also improved spatial reference memory in probe 547 

trials. Search bias was detected in both the 4-week suppression (F(3,44) = 17.6, p<.0001) and 12-week 548 

suppression (F(3,44)=15.33, p<.0001) groups (Figure 5I). In addition, suppressed rT1 spent significantly more 549 

time in the target quadrant than non-suppressed mice (F(2, 33) = 10.37, p = .0003). In contrast, suppression of 550 

hTau and tTA-DNA binding had no effect on rT2 cognition (Figure 5J, K, L).  551 

 552 

Suppressed rT1 and rT2 mice were also compared to hTau-/-tTA-/- and hTau-/-tTA+/- littermates. In the 4-week 553 

suppression group, rT1 mice improved as visible training (F(4, 132)=46.8, p<.0001) and hidden training (F(3, 554 

99=21, p<.0001) progressed, and no differences were detected between genotypes (Figure 6A, B). All rT1 555 

genotypes exhibited search bias in probe trials: hTau-/-tTA-/- (F(3,44)=32.41, p<.0001), hTau-/-tTA+/- 556 

(F(3,44)=14.43, p<.0001), and hTau+/-tTA+/- (F(3,44)=17.6, p<.0001) (Figure 6C). rT1 hTau+/-tTA+/- spent less 557 

time in the target quadrant than hTau-/-tTA-/- mice (F(2,33)=3.89, p<.031), but were comparable to hTau-/-tTA+/- 558 

littermates (Figure 6C). With 4 weeks of suppression, all rT2 genotypes also improved during visible 559 

(F(4,132)=87.15, p<.0001) and hidden (F(3,99)=18.28, p<.0001) training with no differences between 560 

genotypes (Figure 6D, E). All rT2 genotypes also exhibited search bias in probe trials: hTau-/-tTA-/- 561 
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(F(3,44)=17.41, p<.0001), hTau-/-tTA+/- (F(3,44)=17.45, p<.0001), and hTau+/-tTA+/- (F(3,44)=18.45, p<.0001) 562 

(Figure 6F). There was no difference in time spent in the target quadrant between rT2 genotypes (Figure 6F).  563 

 564 

In the 12-week suppression group, rT1 performance was comparable to hTau-/-tTA-/- and hTau-/-tTA+/- 565 

littermates in visible (F(4,128)=57.19, p<.0001) and hidden (F(3,96)=32.32, p<.0001) training (Figure 6G, H). A 566 

main effect of genotype (F(2,32)=3.66, p=0.037) in hidden training arose due to slight differences on Day 1 567 

(Figure 6H). All rT1 genotypes exhibited search bias in probe trials: hTau-/-tTA-/- (F(3,44)=17.71, p<.0001), 568 

hTau-/-tTA+/- (F(3,44)=12.35, p<.0001), and hTau+/-tTA+/- (F(3,44)=12.94, p<.0001) (Figure 6I). No differences 569 

between rT1 genotypes were detected in terms of time spent in the target quadrant (Figure 6I). rT2 mice 570 

suppressed for 12 weeks also improved as visible (F(4,132)=100.9, p<.0001) and hidden (F(3,99)=33.3, 571 

p<.0001) training progressed (Figure 6J, K). A main effect of genotype (F(2,33)=3.29, p=0.050) arose due to 572 

slight differences between genotypes on Day 1 of visible training (Figure 6J). All rT2 genotypes also exhibited 573 

search bias in probe trials: hTau-/-tTA-/- (F(3,44)=33.1, p<.0001), hTau-/-tTA+/- (F(3,44)=18.82, p<.0001), and 574 

hTau+/-tTA+/- (F(3,44)=15.33, p<.0001) (Figure 6L). There was no difference in time spent in the target quadrant 575 

between rT2 genotypes (Figure 6L). Taken together, these data show that developmental transgene 576 

suppression prevented the cognitive impairments in rT1 mice.  577 

 578 

Higher ratios of microtubule-bound to –unbound 4R NM hTau than P301L hTau 579 

If developmental overexpression of 4R tau is toxic, why are abnormal molecular phenotypes and cognitive 580 

dysfunction present only in rT1 mice and not also rT2? A major consequence of the P301L mutation, which lies 581 

in tau’s second microtubule (MT) binding domain encoded by the alternatively spliced exon 10, is a reduction in 582 

the ability of tau to bind MTs (Hong et al., 1998). We hypothesized that this loss of function conferred by the 583 

pathogenic P301L mutation is protective against molecular and cognitive phenotypes associated with 4R NM 584 

hTau. 585 

 586 

To quantify MT -bound vs. -unbound hTau in 8-week old rT1 and rT2, we isolated microtubules (MTs) and 587 

microtubule-associated proteins (MAPs) from forebrains (Figure 7A). P301L hTau was found to be more 588 
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abundant in the cytosol (t(12) = 5.60, p = 0.0001) while NM hTau was more abundant in the MT/MAP pellet 589 

(t(12) = 5.21, p = 0.0002) (Figure 7B, C). The mean ratios of MT -bound to -unbound hTau were 1.46 for NM 590 

and 0.70 for P301L hTau, demonstrating that 4R NM hTau binds MTs significantly stronger than P301L hTau. 591 

This also suggests that reduced MT-binding of P301L hTau protects against abnormal molecular and cognitive 592 

phenotypes. 593 

 594 

Mitochondrial abnormalities and oxidative stress in rT1  595 

Overexpression of tau is known to cause a disruption of mitochondrial fission and fusion dynamics (Li et al., 596 

2016), which contributes to neurodevelopmental disorders (Waterham et al., 2007). Therefore, we examined 597 

mitochondrial length in primary hippocampal neurons derived from P0 rT1 and rT2 mice. Active hTau 598 

expression was confirmed in our cultures (data not shown), which were transfected with an EGFP construct to 599 

identify axons and a mitochondria-specific RFP construct to visualize mitochondria within the axon, as done 600 

previously (Vossel et al., 2015). We found that while there was no difference in mitochondria density (Figure 601 

8B), mitochondria were longer in axons from rT1 (hTau+/-tTA+/-) than from control (hTau+/-tTA-/-) neurons (H = 602 

10.9, p = 0.012) whereas there was no difference in mitochondrial length between rT2 and control neurons 603 

(Figure 8A, C). We also observed no differences in the percentages of moving mitochondria or the velocity of 604 

mobile mitochondria between groups (data not shown). Although we did not observe effects on mitochondrial 605 

transport, these findings are consistent with developmental pathogenicity of 4R NM hTau, and further suggest 606 

that impaired mitochondrial dynamics are part of that pathogenic pathway. 607 

 608 

Disruptions in mitochondrial dynamics have been shown to be linked to oxidative stress (DuBoff et al., 2012). 609 

Therefore, we assessed oxidative damage to DNA and RNA using the marker 8-hydroxy-2’-deoxyguanosine 610 

(8OHdG) in 2-month old rT1, rT2, and littermate controls. We found that 8OHdG staining was more intense in 611 

rT1 than for other samples (Figure 9A). We also quantified the signal intensity and found that, indeed, oxidative 612 

stress was higher in rT1 than rT2 in the CA1 region of the hippocampus (F(1,30) = 29.38, p<.0001) and in 613 

cortex (Ctx) (F(1,30) = 11.11, p=.0023) (Figure 9B, C). Interestingly, oxidative stress in the dentate gyrus (DG) 614 

was highest in non-transgenic littermates (F(2,30) = 16.93, p<.0001) (Figure 9D), which may be explained by a 615 
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requirement for high levels of reactive oxygen species in the regulation of adult neurogenesis (Le Belle et al., 616 

2011; Wilson et al., 2018). This suggests that tTA and hTau expression may contribute to redox imbalance in 617 

the DG, which could have consequences for adult neurogenesis and therefore cognition. We note that the 618 

8OHdG signal may represent not only nuclear and mitochondrial DNA, but also RNA.  619 

 620 

Reduced brain mass in postnatal rT1 mice 621 

Knowing that aberrantly elongated mitochondria in neurodevelopmental disorders are accompanied by 622 

microcephaly (Waterham et al., 2007), and that an excess of tau interferes with cell division, leading to 623 

aneuploidy and neuronal apoptosis (Bouge and Parmentier, 2016; Malmanche et al., 2017), we postulated that 624 

rT1 mice may have abnormal brain development. To test this, we simply weighed whole brains and compared 625 

brain mass of rT1, rT2, and littermates.  626 

 627 

Our analysis of brain mass showed that rT1, rT2, and tTA mice had reduced brain mass compared to hTau-/-628 

tTA-/- and hTau+/-tTA-/- controls (F(3, 251) = 45.15, p < .0001), and that rT1 mice had reduced brain mass 629 

compared to rT2 (F(1, 251) = 19.27, p < .0001; rT1 mean = .429g, SD = 0.018; rT2 mean = 0.443g, SD = 630 

0.021) (Figure 10A). Despite the contribution of tTA-induced toxicity, 4R NM hTau was associated with a subtle 631 

reduction in brain mass compared to P301L hTau. This suggests that tTA-DNA binding interferes with normal 632 

brain development and that P301L hTau is protective from tTA toxicity, while NM hTau is not. In addition, 4 633 

weeks and, to a greater extent, 12 weeks of developmental suppression of hTau and tTA-DNA binding was 634 

associated with increased brain mass in rT1 (F(2,46) = 17.67, p<.0001), but had no effect on brain mass in rT2 635 

mice (Figure 10B). These results indicate that 4R NM hTau overexpression during postnatal development is 636 

associated with a subtle reduction in brain size compared to P301L hTau. 637 

 638 

DISCUSSION  639 

The 30 different tauopathy mouse models harboring MAPT-related modifications 640 

(https://www.alzforum.org/research-models) have extreme variability in their phenotypes, creating confusion in 641 

attempts to understand how the tau protein causes neurodegenerative diseases. Using novel genetically 642 



 

 25 

matched mouse lines, we sought to determine how the pathogenic P301L mutation affects tau biology in vivo. 643 

Surprisingly, we have identified a development-specific toxicity of 4R NM hTau, which undergoes abnormal 644 

regulation in young animals and eventually causes cognitive impairments. Strikingly, both the molecular and 645 

behavioral phenotypes associated with 4R NM hTau were lost with the P301L mutation. 646 

 647 

We found that clearance of hTau was impaired in rT1 mice, underlying an elevation of steady-state levels. The 648 

half-life of 4R NM hTau was significantly longer than P301L hTau (Figure 2, Table 1), and is comparable to a 649 

different tauopathy mouse model (Yamada et al., 2015). The hyperphosphorylation of NM hTau (Figure 3) may 650 

explain its long half-life because phosphorylation of Ser396 and Ser404, elevated in rT1 mice, has been 651 

associated with impaired proteasome function (Poppek et al., 2006; Ren et al., 2007). The robust pSer202 652 

phosphorylation of NM hTau (Figures 3 and 4) may be particularly important for regulating tau dynamics 653 

because this event primes tau for Ser396/404 phosphorylation (Li et al., 2006; Li and Paudel, 2006). 654 

 655 

Patterns of tau phosphorylation during normal rodent development suggest that NM hTau remains aberrantly 656 

hyperphosphorylated. Many sites on tau, including Ser202 and Ser404, are highly phosphorylated early on and 657 

slowly decline thereafter (Yu et al., 2009). P301L but not NM hTau follows this normal developmental pattern, 658 

and NM hTau remains hyperphosphorylated by 4-5 weeks of age (Figures 3 and 4), strongly suggesting 659 

developmental dysregulation of hTau in rT1 brains. These findings parallel those of other transgenic lines in 660 

which developmental mislocalization (Brion et al., 1999) and hyperphosphorylation (Probst et al., 2000; 661 

Spittaels et al., 1999; Terwel et al., 2005) of overexpressed NM hTau is observed. In particular, a non-662 

progressive developmental phenotype associated with NM but not P301L hTau was previously published 663 

(Hoover et al., 2010), suggesting a similar pathogenic process occurs in rT1 and rTg21221 (rTgWT) lines. We 664 

previously used genetically matched transgenic lines to demonstrate that the level of hTau expression 665 

positively correlates with the severity of histopathology (Gamache et al., 2019). Similarly, our current results 666 

show elevated tau phosphorylation in rT1, which overexpress hTau by about two-fold compared to rT2 (Figure 667 

1E). Future studies on tau histopathology in rT1 and rT2 will clarify whether the level of hTau overexpression, 668 

regardless of any disease-linked mutations, is the determining factor in the severity of histopathology.  669 
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 670 

The rise in 4R NM hTau levels in rT1 brains, in addition to the 12.6-fold overexpression of human relative to 671 

endogenous mouse tau, causes massive overrepresentation of 4R tau isoforms. Most MAPT mutations that 672 

alter splicing in human tauopathies increase the 4R:3R ratio (Arendt et al., 2016), leading 4R tau to be labeled 673 

as a toxic variant (Schoch et al., 2016). Therefore, it is no surprise that 4R NM hTau exhibits an abnormal 674 

molecular phenotype, especially when considering the importance of splice variant regulation during 675 

development. In both rodent (McMillan et al., 2008) and human (Hefti et al., 2018) fetal brain, 3R tau isoforms 676 

predominate. With a three-fold lower MT-binding capacity than 4R tau (Goode et al., 2000), 3R tau facilitates 677 

MT dynamics necessary for developmental processes such as neurite outgrowth (Bunker et al., 2004; Shea 678 

and Beermann, 1994). The dramatic imbalance of 3R and 4R tau in postnatal rT1, during which newborn 679 

neurons require dynamic rather than stable microtubules, likely contributes to the abnormal rT1 phenotype. 680 

 681 

Counterintuitively, yet consistent with our other findings, rT1 and not rT2 mice were cognitively impaired in the 682 

Morris Water Maze at 5 months of age (Figure 5). Hyperphosphorylated tau, when mislocalized to dendritic 683 

spines, can cause deficits in postsynaptic transmission due to internalization of postsynaptic AMPA receptors 684 

(Hoover et al., 2010). Phosphorylation at the sites we have reported here is required both for tau 685 

mislocalization to the postsynapse and for tau-induced reduction of AMPARs (Teravskis et al., 2019). Our 686 

observations of hyperphosphorylated 4R NM hTau within PSD-95-enriched fractions (Figure 3C, D) suggest 687 

that a reduction in postsynaptic signaling underlies rT1 cognitive deficits. 688 

 689 

Disruption of mitochondrial dynamics and oxidative stress (Figures 8-9) may be related to the subtle 690 

deficiencies in brain mass (Figure 10). Tau overexpression in other experimental models is associated with MT 691 

elongation (DuBoff et al., 2012) via increased expression of fusion proteins (Li et al., 2016). Impaired fission is 692 

linked to neurodevelopmental abnormalities in humans (Waterham et al., 2007) and rodents (Ishihara et al., 693 

2009), as neural stem cell fate requires a switch from elongated to fragmented mitochondria (Khacho et al., 694 

2016). Our findings suggest that 4R NM hTau is associated with a failure of mitochondria to switch to a 695 

fragmented phenotype, disrupting stem cell fate decisions. Although we do not show the relative timing of 696 
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these events, previous studies suggest that oxidative stress associated with mitochondrial dysfunction occurs 697 

upstream of tau hyperphosphorylation via imbalanced activation of kinases and phosphatases (Melov et al., 698 

2007; Su et al., 2010). Taken together, our results are consistent with a neurodevelopmental failure, rather 699 

than a progressive neurodegenerative phenotype. 700 

 701 

Developmental suppression temporarily reduced NM hTau levels and phosphorylation (Figure 4) and 702 

prevented cognitive deficits in rT1 (Figure 5G-I and Figure 6A-C, G-I). 4 weeks had essentially the same 703 

effects as 12 weeks of suppression, suggesting that 4R NM hTau overexpression specifically interferes with 704 

developmental milestones during the first 4 weeks of life such as peaks in brain growth, synaptic density, and 705 

myelination rate (Semple et al., 2013). Importantly, DOX treatment did not lower hTau expression after 8 706 

weeks (Figure 4), establishing that amelioration of the phenotype is not due to reduction of hTau per se. 707 

Furthermore, despite a moderate rise in NM hTau levels and phosphorylation after suppression (Figure 4), rT1 708 

cognition remained intact, indicating that those molecular phenotypes are harmful during the first 4 weeks but 709 

not afterwards. Because hTau expression and tTA toxicity are intrinsically linked in our models, we cannot 710 

exclude the possibility that tTA-driven toxicity and suppression of tTA-DNA binding contribute to the abnormal 711 

rT1 phenotype and amelioration of that phenotype, respectively (Han et al., 2012). Further examination of the 712 

tTA mouse phenotype in future studies may provide a mechanistic explanation for the specificity of these 713 

effects to rT1 mice.  714 

 715 

We found that 4R NM hTau bound MTs significantly more than P301L hTau (Figure 7), suggesting that a 716 

function of the MT-binding domain encoded by exon 10 is part of a pathogenic pathway in developing rT1 717 

brains. Because we made this observation in 8-week old mice, it is possible that stronger MT-binding of NM 718 

compared to P301L hTau is downstream of other events. However, because of natural physiological 719 

differences between 4R NM and P301L tau (Goode et al., 2000; Hong et al., 1998), we view strong MT-binding 720 

as a pathological trigger rather than a downstream effect. In this context, it appears that the P301L mutation is 721 

protective. Future studies on aged rT1 and rT2 will determine whether pathogenicity of P301L hTau requires 722 

the unique milieu of the aging brain. 723 
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 724 

The developmental pathogenicity of 4R NM hTau we have uncovered may be relevant to a range of 725 

neurological conditions. Infantile tauopathies, which include neurodevelopmental conditions such as 726 

hemimegalencephaly, ganglioglioma, and tuberous sclerosis, are characterized by upregulation and 727 

hyperphosphorylation of tau (Ohmi et al., 2009; Sarnat and Flores-Sarnat, 2015). Future experiments will 728 

determine if the pathway we have identified may be involved in the pathogenesis of these diseases. Although 729 

our results strongly suggest a development-specific mechanism, the massive overexpression of 4R tau may 730 

exaggerate and accelerate the phenotype. Therefore, our results may be indicative of an event that occurs 731 

early in human disease yet slowly manifests over time, similar to what occurs in Huntington’s disease (Wiatr et 732 

al., 2018).  733 

 734 

In summary, genetic matching between transgenic mouse lines has allowed us to explore molecular and 735 

cognitive phenotypes associated with different forms of tau in a well-controlled manner, and to identify a 736 

pathogenic mechanism of 4R NM hTau distinct from classical aging-related tauopathy. Future studies using a 737 

tTA line without the transgene INDEL mutation (Gamache et al., 2019) will clarify whether the phenotypes we 738 

observed here are due to hTau alone or in concert with other tTA-induced dysfunctions. It will also be useful to 739 

characterize phenotypes associated with other tau isoforms and expression patterns, and to use this system to 740 

test hypotheses concerning other disease-linked mutations, truncated forms of tau, etc.  741 

 742 

We believe our findings also highlight the importance of assaying the effects of transgenic proteins at 743 

appropriate stages in life, as the milieu of the infantile brain consists of an entirely different proteome than the 744 

aged brain (Emilsson et al., 2018; Yousefzadeh et al., 2018). This study is one example among others (Han et 745 

al., 2012; Helboe et al., 2017; Serra et al., 2006) demonstrating that the effects of transgenic proteins differ in 746 

mice at different times during their lifespan. Now that advances in techniques allow more precise 747 

characterization and manipulation of genomes of transgenic mice, models of neurodegenerative diseases can 748 

be held to higher standards. We hope that this type of work will improve translatability of therapies from mice to 749 
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humans in clinical trials, and bring the field closer to solving the complex puzzle of tauopathies like Alzheimer’s 750 

disease.  751 

 752 

 753 
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FIGURE/TABLE LEGENDS 996 

 997 

Figure 1. Higher steady-state levels of 4R NM than P301L hTau. (A) Relative RT-qPCR shows similar hTau 998 

mRNA expression in 8-week old rT1 and rT2 forebrains. hTau mRNA was not detected in T1 or T2 responders, 999 

demonstrating a lack of leaky transgene expression in the absence of the activator transgene (data not 1000 

shown). (B) Densitometric analysis of western blots shows higher steady-state levels of NM than P301L hTau 1001 

in forebrains of 8-week old mice. (C) Representative immunoblots for hTau (Tau13 antibody) and GAPDH 1002 

protein for data in B. Proteins were extracted in RIPA buffer and run on a 10-20% Tris-HCl gel. (D) Soluble tau 1003 

extracted in TBS buffer and measured by human tau ELISA also shows higher steady-state levels of NM than 1004 

P301L hTau in 8-week old forebrains. (E) Quantification of full-length (FL) human and mouse tau in 1005 

phosphatase-treated samples from 8-week old forebrains, showing higher overexpression of hTau in rT1 (12.6-1006 

fold) than rT2 (6.2-fold) relative to tTA+/- mice. (F) Representative immunoblots for human and mouse tau 1007 

(Tau46) and β-III tubulin for data in E. Proteins were extracted in RIPA buffer, treated with phosphatase, and 1008 

run on a 10.5-14% Tris-HCl gel. n’s for each group in parentheses. Graphs display group means + SD. 1009 

***p<0.001 1010 

 1011 

Figure 2. Slower clearance rate of 4R NM than P301L hTau. (A) The clearance rate of soluble NM hTau is 1012 

slower than P301L hTau (see also Table 1). (B) Validation of biochemical fractionation method into GAPDH-1013 
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enriched (G-E), Synaptophysin-enriched (S-E), and PSD-95-enriched (P-E) compartments. Proteins were run 1014 

on a 10% Tris-HCl gel. (C) The clearance rate of NM hTau is slower than P301L hTau in the P-E fraction (see 1015 

also Table 1). Symbols on graphs are group means ± error, solid lines represent linear regressions with 1016 

standard error as dotted lines. n’s in parenthesis. *p<0.05, **p<0.01 1017 

 1018 

Table 1. Summary of 4R NM and P301L hTau half-life and regression data. Half-lives of NM and P301L 1019 

hTau as measured by the experiment shown in Figure 2 in rT1 and rT2 mice were calculated using the 1020 

integrated rate law for first-order chemical reactions (t1/2 = 0.693 / (2.303 x k’) (Yamada et al., 2015), where k’ 1021 

is the slope of the log-transformed values of tau plotted over time on DOX. Cofficients of determination (R2) 1022 

values, y-intercepts, and slopes from simple linear regressions (SLR) are listed. Multiple linear regressions 1023 

(MLR) were used to test for differences between slopes, and p-values are shown.  1024 

Fraction 

NM hTau 

half-life 

(days) 

P301L 

hTau half-

life (days) 

SLR R2 

(NM, 

P301L) 

SLR Y-intercept 

(NM, P301L) 

SLR slope 

(NM, P301L) 

MLR p-

value 

Soluble 15.0 12.5 0.92, 0.96 2.56, 2.53 -0.020, -0.024 0.00292 

G-E 12.6 11.1 0.86, 0.83 2.14, 2.08 -0.024, -0.027 0.1762 

S-E 18.5 15.6 0.78, 0.80 1.68, 1.61 -0.016, -0.019 0.14309 

P-E 12.5 9.7 0.78, 0.84 0.047, 0.00014 -0.024, -0.031 0.0214 

 1025 

Figure 3. 4R NM hTau is hyperphosphorylated compared to P301L hTau by 5 weeks of age. 1026 

Phosphorylation of hTau was greater in rT1 than in rT2 forebrains (A, B) and in the biochemically isolated 1027 

PSD-95-enriched (P-E) fraction (C, D) at 8 weeks of age. Top panels: graphs summarizing densitometric 1028 

analyses of western blots immunoblotted with CP13 (pSer202), PHF-1 (pSer396/Ser404), and ab74391 1029 

(hTau), with n’s for each group in parentheses. Bottom panels: representative western blots for data in top 1030 

panels with sex of the animals indicated above. (E) Western blot comparison of phospho-hTau levels in 1031 

subcellular compartments in rT1 and rT2 brains, with targeted phospho-epitope indicated below each blot. 1032 

Equal amounts of total protein (4 ug) were loaded in each lane. NM hTau becomes hyperphosphorylated as 1033 
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early as 5 weeks of age at both pSer202 (F) and pSer396/404 (G) (rT1: n = 4 3wk, 6 5wk, and 5 7wk; rT2: n = 1034 

6 3wk, 2 5wk, and 2 7wk). (F-G, lower panels) Representative blots with indicated ages of animals. Proteins 1035 

were extracted in RIPA buffer and run on 10% Tris-HCl gels. Graphs display group means ± SD. *p<0.05, 1036 

**p<0.01, ***p<0.001, ****p<0.0001 1037 

 1038 

Figure 4. Developmental suppression temporarily reduces 4R NM hTau levels and phosphorylation in 1039 

rT1 forebrains. Quantitative data from densitometry of western blots for human tau normalized to total protein, 1040 

and phospho-hTau at pSer202 and pSer396/404 normalized to total protein, represented as ratios to 1041 

normalized total hTau levels (phospho-hTau:total protein::hTau:total protein). hTau was suppressed for either 1042 

the first 4 weeks (OFF 4W → ON) or 12 weeks (OFF 12W → ON) of life followed by expression for 4 (top row) 1043 

or 8 (bottom row) weeks. Non-suppressed controls aged 4 or 8 weeks (ON) are included to match the 1044 

expression period of suppressed mice. n = 5-6 per group.  “ * ” symbols indicate effect of DOX treatment while 1045 

“ # ” symbols indicate differences between rT1 and rT2. Graphs display group means + SD. *p<0.05, **p<0.01, 1046 

***p<0.001, **** or #### p<0.0001.   1047 

 1048 

Figure 5. Cognitive deficits in rT1 are prevented with developmental suppression. The Morris water 1049 

maze was used to measure cognitive function in rT1 and rT2 mice. 5-month old rT1 mice exhibit learning 1050 

deficits in visible-platform training (A), in hidden-platform training (B), and in spatial reference memory during 1051 

probe trials (C). Probe trial data shows time spent in left (L), opposite (O), target (T), and right (R) quadrants to 1052 

assess search bias. (D-F) Five-month old rT2 mice are indistinguishable from non-transgenic littermates in all 1053 

trials. With doxycycline-mediated suppression of hTau during the first 4 weeks or 12 weeks of life, followed by 1054 

hTau expression for 5 months, (OFF 4W → ON 5M and OFF 12W → ON 5M, respectively) rT1 performance 1055 

improves in all aspects of the task when compared to 5-month old animals (ON 5M) (G-I). “ * ” indicates 1056 

differences between ON 5M and OFF 4W groups while “ # ” indicates differences between ON 5M and OFF 1057 

12W groups (G, H). DOX treatment had no effect on rT2 cognition (J-L). For all probe data, “ * ” indicates tests 1058 

for search bias while “ $ ” indicates differences in time spent in target quadrant (T) between groups. n’s for 1059 

each group in parentheses. Graphs display group means ± SD. All probe data represent the average values for 1060 
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three probe trials. Symbols to right of Visible and Hidden graphs indicate main effect of Genotype (A-F) or DOX 1061 

treatment (G-L). * or # p<0.05; **, ##, or $$ p<0.01; ***p<0.001; $$$$ or ****p<0.0001 1062 

 1063 

Figure 6. Cognitive performance in suppressed rT1 and rT2 compared to control genotypes. rT1 and 1064 

rT2 performance was comparable to hTau-/-tTA-/- and hTau-/-tTA+/- littermate controls with both 4 weeks (A-F) 1065 

and 12 weeks (G-L) of suppression. “ * ” indicates differences between hTau-/-tTA-/- and hTau-/-tTA+/- while “ # ” 1066 

indicates differences between hTau-/-tTA-/- and hTau+/-tTA+/- (H,J). For all probe data, “ * ” indicates tests for 1067 

search bias while “ $ ” indicates differences in time spent in target quadrant (T) between groups. n’s for each 1068 

group in parentheses. Graphs display group means ± SD. All probe data represent the average values for 1069 

three probe trials. Symbols to right of Visible and Hidden graphs indicate main effect of Genotype. * or $ 1070 

p<0.05; **p<0.01; *** or ### p<0.001; ****p<0.0001  1071 

 1072 

Figure 7. 4R NM hTau binds microtubules more strongly than P301L hTau. (A) Validation of protocol to 1073 

isolate microtubules (MTs) and microtubule-associated proteins (MAPs) in the pellet (P), leaving cytosolic 1074 

elements in the supernatant (S). The cytosolic fractions (B) and MT/MAP fractions (C) were run through SDS-1075 

PAGE and immunolabled with hTau, GAPDH, and β-III tubulin antibodies (representative images in right 1076 

panels). Proteins were run on 10.5-14% gels. Fluorescent signal from western blots was quantified by 1077 

densitometry, and values represent averages of two separate experiments (left panels). Graphs show group 1078 

means + SD with n’s indicated in parentheses. ***p<0.001 1079 

 1080 

Figure 8. Elongated mitochondria with no change in density in rT1 hippocampal axons. The length of 1081 

mitochondria (A) and density of mitochondria (B) were measured in primary hippocampal neurons derived from 1082 

rT1 and rT2 postnatal day 0 pups. hTau-only (hTau+/-tTA-/-) controls were included for comparison. The number 1083 

of axons in which mitochondria were counted and measured are shown in parenthesis for each group. Neurons 1084 

were taken from a total of 10 rT1 hTau+/-tTA+/-, 7 rT1 hTau+/-tTA-/-, 7 rT2 hTau+/-tTA+/-, and 4 rT2 hTau+/-tTA-/- 1085 

mice. (C) Representative images of axonal mitochondria in hippocampal neurons. Graphs display group 1086 

means + SEM. *p<0.05 1087 
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 1088 

Figure 9. Elevated oxidative stress in 2-month rT1 brains. (A) Representative images showing 8-hydroxy-1089 

2’-deoxyguanosine (8OHdG, red), a marker for oxidative damage to DNA and RNA, in 2-month old rT1 and rT2 1090 

animals in addition to hTau-/-tTA-/- and hTau-/-tTA+/- littermate controls. Images are shown for the three areas 1091 

assessed: hippocampal CA1, somatomotor areas of cortex (Ctx) and dentate gyrus (DG). DAPI is shown in 1092 

blue. (B-D) Quantification of intensity of the red signal in terms of integrated density to account for differences 1093 

in region of interest (ROI) areas. n = 3 males and 3 females per group. Graphs show group means + SD. Scale 1094 

bars represent 500 μm. ***p<0.001, ****p<0.0001 1095 

 1096 

Figure 10. Reduced brain mass in postnatal rT1 mice. (A) Whole brains from rT1, rT2, and littermates 1097 

between the ages of 3 and 5 weeks were weighed (rT1: n = 27 hTau-/-tTA-/-, 35 hTau+/-tTA-/-, 28 hTau-/-tTA+/-, 1098 

and 33 hTau+/-tTA+/-; rT2: n = 33 hTau-/-tTA-/-, 33 hTau+/-tTA-/-, 36 hTau-/-tTA+/-, and 34 hTau+/-tTA+/-). “ * ” 1099 

indicates differences between genotypes while “ # ” indicates differences between lines. (B) Brain mass was 1100 

compared between 3 groups of Tau+/-tTA+/- rT1 and rT2: 4 week-old animals (ON 4W, n = 12 rT1 and 7 rT2), 1101 

hTau suppressed for 4 weeks followed by expression for 4 weeks (OFF 4W → ON 4W, n = 9 rT1 and 10 rT2), 1102 

and 12 weeks of suppression followed by 4 weeks of expression (OFF 12W → ON 4W, n = 6 rT1 and 8 rT2). 1103 

Graphs display group means + SD. *p<0.05, ** or ## p<0.01, ****p<0.0001.  1104 

 1105 

Table 2. Primer sequences used for relative RT-qPCR. Forward and reverse primers used to quantify hTau 1106 

and Hprt mRNA in qPCR experiments are shown. 1107 

Target Primers 

Forward Reverse 

hTau 5’- CTACACCATGCACCAAGACC -3’ 5’- TGCTTTTACTGACCATGCGA -3’ 

Hprt 5’- GCTGGTGAAAAGGACCTCT -3’ 5’- CCACAGGACTAGAACACCTGCTA -3’ 

 1108 

 1109 
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Table 3. PCR cycling conditions using for relative RT-qPCR. PCR cycling parameters to amplify hTau and 1110 

Hprt are shown. 1111 

No. cycles Temp. (°C) Time 

(min:sec) 

1 95 10:00 

32 95 00:10 

55 00:10 

72 00:10 

 1112 

 1113 






















