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Abstract 33 

Neurodegenerative proteinopathies characterized by intracellular aggregates of tau proteins, termed 34 

tauopathies, include Alzheimer’s disease (AD), frontotemporal lobar degeneration (FTLD) with tau 35 

pathology (FTLD-tau), and related disorders. Pathological tau proteins derived from human AD brains 36 

(AD-tau) act as proteopathic seeds that initiate the templated aggregation of soluble tau upon 37 

intracerebral injection into tau transgenic (Tg) and wild type (WT) mice thereby modeling human tau 38 

pathology. In this study, we found that aged Tg mice of both sexes expressing human tau proteins 39 

harboring a pathogenic P301L MAPT mutation labeled with green fluorescent protein (T40PL-GFP Tg 40 

mouse line) exhibited hyperphosphorylated tau mislocalized to the somatodentritic domain of 41 

neurons, but these mice did not develop de novo insoluble tau aggregates characteristic of human AD 42 

and related tauopathies. However, intracerebral injections of either T40PL preformed fibrils (PFFs) or 43 

AD-tau seeds into T40PL-GFP mice induced abundant intraneuronal pathological inclusions of 44 

hyperphosphorylated T40PL-GFP. These injections of pathological tau resulted in the propagation of 45 

tau pathology from the injection site to neuroanatomically connected brain regions and these tau 46 

inclusions consisted of both T40PL-GFP and WT endogenous mouse tau.  Primary neurons cultured 47 

from the brains of neonatal T40PL-GFP mice provided an informative in vitro model for examining the 48 

uptake and localization of tau PFFs. These findings demonstrate the seeded aggregation of T40PL-GFP 49 

in vivo by synthetic PFFs and human AD-tau and the utility of this system to study the 50 

neuropathological spread of tau aggregates.  51 

Significance statement 52 
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The stereotypical spread of pathological tau protein aggregates have recently been attributed to the 53 

transmission of proteopathic seeds. Despite the extensive use of transgenic mouse models to 54 

investigate the propagation of tau pathology in vivo, details of the aggregation process such as the 55 

early seeding events leading to new tau pathology have remained elusive. This study validates the use 56 

of GFP-labeled tau expressed by neurons in vivo and in vitro as models for investigating mechanisms 57 

underlying the seeded transmission of tau pathology as well as tau focused drug discovery to identify 58 

disease modifying therapies for AD and related tauopathies. 59 

Introduction 60 

Intracellular inclusions formed by  pathological tau proteins are the signature  lesions of a class of 61 

neurodegenerative diseases termed tauopathies including Alzheimer’s disease (AD) and 62 

frontotemporal lobar degeneration (FTLD) with tau pathology (FTLD-tau) (Lee et al., 2001). The 63 

natively unstructured microtubule-binding protein, tau, is primarily expressed in CNS neurons  as six 64 

alternatively spliced isoforms generated by the MAPT gene on chromosome 17, and they contain 0-2 65 

N-terminal acidic regions (0-2N tau isoforms) and 3 or 4 microtubule binding domain repeats (3R or 66 

4R tau isoforms) (Ballatore et al., 2007). In tauopathies, tau proteins are converted into diverse 67 

species of  insoluble aggregates as exemplified  by neurofibrillary tangles (NFTs) in AD (Dickson et al., 68 

2011, Irwin et al., 2015). Furthermore, >30 pathogenic MAPT mutations  have been identified in 69 

families with hereditary frontotemporal dementia with parkinsonism linked to chromosome 17 70 

(FTDP-17), also referred to as familial FTLD-Tau (Hutton et al., 1998, Lee et al., 2001, Spillantini and 71 

Goedert, 2013). The MAPT exon 10 mutation  that converts proline 301 to leucine (P301L) decreases 72 

the microtubule binding and increases the aggregation of  the corresponding mutant 4R tau isoforms  73 

(Hong et al., 1998, Hutton et al., 1998, Nacharaju et al., 1999). Similarly, the MAPT mutation leading 74 

to  the substitution of proline at position 301 to serine (P301S) causes an early onset, rapidly 75 
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progressive form of FTDP-17 in combination with epileptic seizures (Bugiani et al., 1999, Sperfeld et 76 

al., 1999).  77 

Notably, transgenic (Tg) mice  expressing tau proteins with a P301L or P301S mutation develop AD-78 

like tau tangles and are useful models  for investigating  mechanisms of disease in AD and related 79 

tauopathies (Lewis et al., 2000, Allen et al., 2002, Yoshiyama et al., 2007). Expression of P301L tau 80 

(0N4R) in the CNS driven by the mouse prion promoter results in AD-like NFT pathology at 4.5 months 81 

of age in the JNPL3 Tg tauopathy mouse model (Lewis et al., 2000). Similarly, 2N4R tau containing the 82 

P301L mutation expressed from the Thy1.2 promoter, leads to accumulation of hyperphosphorylated 83 

tau that is aberrantly localized from axons to the somatodendritic compartment of neurons in the 84 

pR5 murine model (Gotz et al., 2001). PS19 mice containing the P301S mutation in human tau (1N4R) 85 

were generated using  the mouse prion promoter driving expression of mutant human tau at 86 

approximately five-fold higher levels than endogenous mouse tau in the CNS (Yoshiyama et al., 2007). 87 

Pathological  tau  extracted from human tauopathy brains or synthetic tau preformed fibrils (PFFs) 88 

generated in vitro seed aggregation of mutant human tau in PS19 mice upon intracerebral injection, 89 

thereby providing strong evidence for transmission of pathological tau in vivo (Iba et al., 2013, Boluda 90 

et al., 2015).  91 

A Tg mouse model expressing green fluorescent protein (GFP)-labeled tau could provide a means to 92 

monitor the temporal sequence, spatial distribution, and dose-dependent templated fibrillization 93 

process induced by CNS injections of pathological tau in vivo, as well as providing a useful in vitro 94 

model using neurons cultured from the brains of these Tg mice. Notably, a Tg  mouse  expressing 95 

human α-synuclein fused to GFP enabled studies of  α-synuclein aggregation  processes in vivo over 96 

time using live imaging  (Spinelli et al., 2014). However, it is not clear whether GFP-labeled tau 97 

protein would exhibit aggregation properties in vivo following CNS injections of AD-brain derived tau 98 
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(AD-tau) or synthetic tau PFFs similar to that observed with unlabeled tau proteins expressed by tau 99 

Tg mouse models. To address these issues,  we established a Tg mouse line expressing the 2N4R 100 

human tau T40 isoform with the P301L mutation tagged with GFP (T40PL-GFP) at the C-terminus in 101 

the CNS driven by the mouse prion promoter using methods similar to those described (Yoshiyama et 102 

al., 2007).    103 

Most attempts to exploit GFP-tagged tau to analyze tau dynamics have used viral transductions to 104 

express GFP-tagged tau in vivo or in vitro. While these models have been useful for investigating 105 

aspects of tau aggregation and transmission, the variability in expression due to transient 106 

transfection makes these models less reliable than stable expression of a tau-GFP construct. In order 107 

to study the process of neuronal tau aggregation in vivo, we utilized intracerebral injections of tau 108 

fibrils purified from AD brains (AD-tau) and synthetic tau PFFs into the CNS of our new T40PL-GFP 109 

mouse model as well as neurons cultured from the brains of these Tg mice that were exposed to AD-110 

tau and tau PFFs.  111 

 112 

Materials and Methods 113 

T40PL-GFP Tg mice 114 

Site directed mutagenesis was used to convert amino acid 301 of the T40 tau isoform (2N4R) from 115 

proline to leucine (P301L) and this mutation was confirmed by sequencing followed by ligation to 116 

GFP. The cDNA construct of the P301L mutant human T40 tau with GFP was cloned into the 117 

MoPrP.Xho expression vector at the XhoI site downstream of the mouse prion promoter (Borchelt et 118 

al., 1996). T40PL-GFP Tg mice were created on a B6C3/F1 background using the 15.5 kb NotI fragment 119 

containing T40-GFP. Stable heterozygous (T40PL-GFP+/-) and homozygous (T40PL-GFP+/+) Tg lines 120 
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carrying the T40PL-GFP transgene were established. Both male and female mice were utilized for this 121 

study and no differences between sexes were observed in our analyses. All animal care and 122 

experimental protocols were approved by the University of Pennsylvania’s Institutional Animal Care 123 

and Use Committee.   124 

 125 

Fluorescence microscopy 126 

Mice were anesthetized with intraperitoneal injection of ketamine/xylazine, then transcardially 127 

perfused with 30 mL phosphate buffered saline (PBS) at 120 mL/hr. For frozen sectioning, brains were 128 

removed and fixed in 4% paraformaldehyde (PFA) 24 hrs at 4°C followed by sucrose saturation at 4°C 129 

24 hrs and several PBS washes. Brains were subsequently frozen in optimal cutting temperature 130 

(OCT) compound on dry ice. Frozen brains were cut into 20 μm thick sections and fluorescent images 131 

acquired on a Leica DMI6000 microscope and Perkin Elmer Lamina slide scanner.  132 

 133 

Sequential Extraction of mouse brains 134 

Frozen brain tissue from mice of both sexes was weighed and sonicated in 9x tissue weight high 135 

salt/RAB buffer, containing 100 mM 2-(N-morpholino)ethanesulfonic acid (MES), 1mM ethylene-136 

bis(oxyethylenenitrilo)tetraacetic acid (EGTA), 0.5 mM MgSO4, 0.75 M NaCl, 20 mM NaF 137 

supplemented with protease and phosphatase inhibitors as well as phenylmethylsulfonyl fluoride 138 

(PMSF) and centrifuged at 100,000xg for 30 min at 4°C. Supernatants were analyzed as soluble 139 

fractions and the pellets were re-suspended by sonication in 9x volume of high salt/RAB/1% Triton X-140 

100 buffer and centrifuged at 100,000xg for 30 min at 4°C. The pellets were re-suspended by 141 

sonication in PHF buffer containing 10 mM Tris pH 7.6, 0.85M NaCl, 1 mM 142 



 

6 
 

ethylenediaminetetraacetic acid (EDTA), 20 mM NaF, 10% sucrose, and 1% sarkosyl followed by 143 

rotation at room temperature for one hr and then centrifuged at 100,000xg for 30 min at 4°C. 144 

Supernatants were removed and the pellets were washed with PBS and centrifuged at 100,000xg for 145 

30 min at 4°C, then re-suspended in PBS to generate the final insoluble fractions. Protein 146 

concentrations in each fraction were determined by BCA assay, and 15 μg total protein was run on a 147 

7.5% SDS-PAGE gel. The insoluble fractions were re-suspended in PBS and loaded at a 4-fold greater 148 

amount than the soluble fractions. Protein was transferred to 0.2 μm nitrocellulose membrane, 149 

blocked with 5% non-fat milk in tris buffered saline with 0.1% Triton X-100 (TBST) for 30 min at room 150 

temperature, then immunoblotted with primary antibodies diluted in 5% non-fat milk in TBS at 151 

dilutions described in Table 1 for one hr at room temperature. The membrane was washed and 152 

probed with infrared dye conjugated secondary antibodies (1:20,000 dilution) in 5% non-fat milk. 153 

Membranes were scanned using an Odyssey Imaging System. 154 

 155 

Statistical analysis 156 

Total soluble tau extracted from aging T40PL-GFP +/+ was measured by immunblot as described 157 

above. Quantification of T40PL-GFP protein was determined for n= 3 mice at each age 6, 9, and 12 158 

months old using Image Soft software and normalized to GAPDH protein levels. Statistical analysis 159 

was performed using GraphPad Prism software by one-way analysis of variance (ANOVA) with Tukey’s 160 

post-hoc test.  161 

 162 

Tau PFF Generation 163 

T40PL PFFs were generated by mixing 40 μM purified recombinant T40PL tau with 40 μM heparin and 164 

2 mM DTT in PBS followed by shaking at 37°C for 5 days. Prior to injection in the brains of mice, the 165 
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mixture was centrifuged at 100,000xg for 30 min at 22°C and the pellet was re-suspended in PBS. 166 

Fluorophore-tagged T40PL-594 PFFs were generated by labeling recombinant monomeric T40PL using 167 

a AlexaFluor 594 microscale protein labeling kit (Life Technologies) to generate T40PL-594. 168 

Fibrillization reactions were prepared with 2 μM T40PL-594 and 38 μM T40PL monomer to generate 169 

PFFs  containing 5% labeled T40PL. AD-tau seeded T40PL PFFs (T40PL AD-P1) were prepared as 170 

previously described (Guo et al., 2016).  Briefly, 4 μM of AD-tau were incubated with 36 μM T40PL 171 

monomer in PBS and shaken at 37oC for 3 days. Fibrillization was monitored by sedimentation assay 172 

using ultracentrifugation and analysis by SDS-page gels followed by Coomassie blue staining of the 173 

soluble and pelleted fractions.  174 

 175 

Stereotaxic intracerebral injections 176 

Two to three month old T40PL-GFP or B6C3/F1 mice of both sexes were deeply anesthetized with 177 

ketamine/xylazine/acepromazine and immobilized in a stereotaxic frame (David Kopf Instruments) 178 

installed with both a stereotaxic robot and a microinjection robot (Neurostar, Germany) for 179 

motorized, computer-controlled injections. Animals were aseptically injected with synthetic tau PFFs, 180 

AD-tau, or PBS in the dorsal hippocampus unilaterally (bregma: -2.5 mm; lateral: +2 mm; depth: -2.4 181 

mm from the skull) using a Hamilton syringe. The injection site received 2.5 μl of tau proteins using 182 

both the synthetic tau PFFs and AD-tau which were sonicated prior to injection at a concentration of 183 

0.8 μg/μl (2 μg/site). 184 

 185 

Antibodies used in this study 186 

Table 1 summarizes the antibodies used in this study.  187 

 188 
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Immunohistochemistry 189 

Paraffin embedded PFA fixed brains were sectioned at 6 μm. Following deparrafinization in xylene 190 

and rehydration, endogenous peroxidases were inactivated by treatment with methanol/hydrogen 191 

peroxide for 30 min at room temperature. Tissue was blocked with 2% fetal bovine serum (FBS) in 0.1 192 

M Tris pH 7.6 and stained with primary antibodies diluted in blocking buffer at 4oC overnight. 193 

Antibody binding was detected with a chromogenic horseradish peroxidase development solution 194 

(Biogenex) and counterstained with hematoxylin.  195 

 196 

Heatmaps of tau pathology 197 

Coronal tissue sections of varying Bregma depths spanning the entire brain were stained for AT8 by 198 

IHC described above. Tissue sections spanning the hippocampuse (Bregma -1.22, -2.18, -2.92, -3.52, -199 

4.48 mm) were graded by a semi-quantitave pathological tau score for each region and averaged for 200 

3 mice per group. Semi-quantitative scores of tau pathology were mapped onto the brain regions as 201 

previously described (Iba et al., 2013).  202 

 203 

Primary neuronal culture 204 

Primary hippocampal neurons were dissected from E16-18 T40PL-GFP homozygous mice and plated 205 

on poly-D-lysine (PDL) coated coverslips. Cells were grown in neurobasal media with 1% glutamax, 2% 206 

B27, and 1% penicillin/streptomycin at 37oC with 5% CO2  as described (Guo and Lee, 2013).  207 

 208 

PFF uptake and tau aggregation in primary neuron cultures 209 

Primary hippocampal neurons generation from T40PL-GFP+/+ mice as described above were used at 210 

DIV 7-10 and treated with 1 μg sonicated T40PL PFFs or T40PL-594 PFFs per well of a 24-well plate. 211 
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Live cell imaging was performed 3 hr post-treatment and a z-stack of images was obtained 212 

throughout the focal plane for cell bodies. Alternatively, live cell imaging was obtained over time and 213 

cells were maintained in imaging chamber at 37oC with 5% CO2. For tau aggregation, cells were 214 

incubated for 14 days post-treatment with media exchanged 7 days post-treatment. For chloroquine 215 

treatment, media was removed 3 hr post-treatment with T40PL-GFP PFFs and replaced with media 216 

containing 200 μM chloroquine for 30 min 37oC. Coverslips were removed from the 24-well plate, 217 

washed with PBS, and transferred to a new 24-well plate containing 500 μL of conditioned neuronal 218 

media per well and incubated for 7 days. Cells were fixed with 4% PFA, 10% sucrose in PBS and 219 

imaged on a Leica DMI6000 microscope.  220 

 221 

Results 222 

T40PL-GFP localizes to somatodendritic compartment of neurons in T40PL-GFP Tg mice 223 

Since P301L tau isoforms show diminished binding to microtubules and increased  self-assembly into 224 

filamentous insoluble aggregates (Hong et al., 1998),  we generated Tg mice that express a GFP 225 

conjugated form of the longest human tau isoform, T40, containing a P301L mutation (T40PL-GFP) 226 

driven by the mouse prion promoter. Initial characterization of the transgene expression level was 227 

examined by immunoblot (IB) of cortical extracts from 2-3 month old T40PL-GFP+/+ homozygous and 228 

T40PL-GFP+/- heterozygous mice compared to age matched WT and PS19 mice. IB with the pan-tau 229 

rabbit polyclonal antibody K9JA with similar affinity for human and mouse tau showed human T40PL-230 

GFP expression roughly equivalent to endogenous levels of mouse tau expression. Total expression of 231 

tau in T40PL-GFP mice was ~2-fold higher than in WT mice and comparable to the expression levels of 232 

tau in the PS19 Tg mice (Figure 1A). Although initially reported to have human tau expression five-233 

fold greater than endogenous tau, there has been an apparent downward shift  in the expression of 234 
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tau in the PS19 line over time, resulting in slightly decreased human tau expression relative to 235 

endogenous mouse tau (Yoshiyama et al., 2007).  236 

To define the regional distribution of T40PL-GFP expression, we examined GFP signal by fluorescence 237 

microscopy in 20 μm thick frozen brain sections. T40PL-GFP was expressed throughout the brain with 238 

particularly high expression in the cortex and hippocampus and low expression in the cerebellum, 239 

olfactory bulbs, and brain-stem (Figure 1B). Accumulation of T40PL-GFP was observed in cell bodies 240 

of the dentate gyrus granular cell layer and within axonal projections into the molecular layer in 6 241 

month old mice (Figure 1C). Subcellular localization of T40PL-GFP was determined using double 242 

immunofluorescence (IF) examination of T40PL-GFP primary neurons cultured in vitro. T40PL-GFP 243 

expression was observed mainly in neuronal perikarya whereas endogenous mouse tau was primarily 244 

localized to axons (Figure 2). Furthermore, T40PL-GFP co-labeled the dendritic compartment of cells 245 

stained by the microtubule associated protein MAP2 and partially with the axonal marker 246 

neurofilament light chain (NFL1/2) (Figure 2). Redistribution from axons to the somatodendritic 247 

compartment was attributed to overexpression of the P301L protein and the effect of this mutation 248 

on its reduced binding to microtubules as described earlier (Yoshiyama et al., 2007, Helboe et al., 249 

2017). 250 

T40PL-GFP Tg mice do not develop de novo tau pathology with advancing age 251 

To examine whether overexpression of T40PL-GFP results in hyperphosphorylated insoluble tau 252 

aggregates, we performed sequential extraction of hippocampal tissue from T40PL-GFP and PS19 253 

mice at various ages. We observed that nearly all of the overexpressed T40PL-GFP protein is 254 

extracted in the initial soluble fraction of CNS proteins despite the presence of T40PL-GFP that is 255 

phosphorylated at the Ser 396/404 epitope indicated by PHF1 staining (Figure 3A). These results also 256 
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demonstrate a greater overexpression of T40PL-GFP relative to endogenous mouse tau in the 257 

hippocampus compared to the cortical extracts. There were no age-dependent changes in the levels 258 

of T40PL-GFP protein expression (Figure 3B; One-way  ANOVA p = 0.133), Ser 396/404 259 

phosphorylation, or solubility in T40PL-GFP mice up to 12 month of age. As previously reported, PS19 260 

mice developed increases in the phosphorylation of tau and accumulation in the insoluble fraction 261 

with advancing age. Despite the high expression of T40PL-GFP and its mislocalization to the 262 

somatodendritic compartment as shown by immunohistochemistry (IHC) with anti-GFP antibodies 263 

(Figure 3C), there was a lack of AT8 (phospho Ser202/Thr205) staining by IHC (Figure 3D) which is a 264 

signature of pathological tau. These results indicate that although T40PL-GFP accumulates in cell 265 

bodies and is phosphorylated at Ser 396/404, it remains soluble and does not mature into AT8 266 

positive intraneuronal AD-like NFTs in the T40PL-GFP Tg mice up to 12 months of age. 267 

T40PL-GFP aggregates are seeded in vivo by intracerebral injections of synthetic tau PFFs and AD-268 

tau  269 

To determine whether recombinant human tau (T40PL) PFFs or human AD-brain derived tau (AD-tau) 270 

are capable of seeding the aggregation of T40PL-GFP in vivo, we performed unilateral injections of 271 

T40PL PFFs or AD-tau into the hippocampus of 2-3 month old T40PL-GFP mice and examined their 272 

brains for evidence of tau pathology 3 months post-injection (p.i.) by IHC with AT8 (Figure 4). We 273 

observed that both AD-tau and T40PL PFFs induced tau aggregates in T40PL-GFP+/+ and T40PL-274 

GFP+/- Tg mice. Synthetic T40PL PFFs did not induce tau pathology in WT mice 3 months p.i. as 275 

expected from our previous studies (Guo et al., 2016). T40PL PFF injections produced fewer 276 

intracellular tau aggregates in T40PL-GFP+/- mice compared to T40PL-GFP+/+ mice. Neither PBS-277 

injected nor age matched uninjected Tg T40PL-GFP mice developed any AT8 positive tau pathology 278 

(data not shown), indicating that damage from injections does not induce non-specific tau pathology 279 
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and that the tau pathology described above was due to seeding by the injected pathological tau 280 

rather than by de novo aggregation of the tau proteins expressed by the transgene. 281 

T40PL-GFP+/+ and T40PL-GFP+/- mice had comparable burdens of tau pathology after injection of 282 

AD-tau or T40PL PFFs, although there was somewhat less tau pathology induced by CNS injections of 283 

AD-tau than by T40PL PFFs (Figure 4). This finding demonstrates that AT8 signal is not due to 284 

detection of injected tau material as T40PL PFFs are not phosphorylated at Ser202/Thr205 in 285 

agreement with the previous observation that injected AD-tau material is not detectable 7 days post 286 

injection (Guo et al., 2016).  WT mice developed AT8 positive neuronal tau pathology primarily in the 287 

caudal hippocampus following CNS injections of AD-tau, which was not observed upon injection of 288 

T40PL PFFs (Figure 4).  Together, these findings indicate a preferential seeding of T40PL-GFP by T40PL 289 

PFFs compared to AD-tau, whereas in WT mice, endogenous mouse tau is preferentially seeded by 290 

AD-tau compared to T40PL PFFs. 291 

To investigate the extent of the templated spread or transmission of pathological tau in the brains of 292 

T40PL-GFP mice induced by T40PL PFFs or AD-tau, every 30th section from serial sections of the entire 293 

brain were stained by IHC to detect AT8-positive tau pathology which was semi-quantitatively 294 

mapped onto coronal brain sections to generate CNS heatmaps of this pathology (Figure 5). Tau 295 

pathology was most abundant in CA3, subiculum, retrosplenial granular cortex, and the polymorph 296 

layer of the dentate gyrus after CNS injections of T40PL PFFs.  AD-tau CNS injections seeded the 297 

development of tau pathology in the same areas but there was more cortical tau pathology, 298 

especially in the entorhinal cortex. While the majority of the propagated tau pathology was on the 299 

ipsilateral side of the injections, there was some spread to the contralateral hemisphere after 300 

injections of PFFs or AD-tau. T40PL-GFP+/+ mice developed greater contralateral tau pathology than 301 

T40PL-GFP+/- mice, but the patterns of the spread of tau pathology were similar on the ipsilateral 302 
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and contralateral hemispheres. Consistent with our prior findings in the PS19 model (Iba et al., 2013, 303 

Boluda et al., 2015), overexpression of P301S mutant human tau facilitates the spread of tau 304 

pathology after seeding with injected tau PFFs or AD-tau.  Yet, neither AD-tau or T40PL PFFs induced 305 

tau aggregates in the spinal cord of T40PL-GFP homozygous or heterozygous mice (data not shown). 306 

Interestingly, the burden of tau pathology did not directly correlate with T40PL-GFP expression levels 307 

indicating that tau pathology spread is influenced by neuroanatomical connections and cell type 308 

selective vulnerability to a greater extent than the transgene regulated expression levels of tau in the 309 

T40PL-GFP model. 310 

Tau aggregates seeded by injecting AD-tau and T40PL-GFP PFFs into the brains of T40PL-GFP Tg 311 

mice consist of both T40PL-GFP and endogenous mouse tau  312 

Next, we sought to determine whether tau aggregates induced by AD-tau and T40PL PFFs in T40PL-313 

GFP mice consist of T40PL-GFP or endogenous mouse tau or both by utilizing double IF (Figure 6). In 314 

both T40PL PFF and AD-tau injected T40PL-GFP mice, all GFP-positive aggregates detected by green IF 315 

of the expressed T40PL-GFP were also immunostained by the human tau specific antibody DMR180. 316 

This suggests that the T40PL-GFP fusion protein is intact and that there are no proteolytic cleavage 317 

fragments of GFP alone forming aggregates independent of tau protein. This observation is further 318 

supported by the biochemical extraction of full-length T40PL-GFP fusion protein from aged 319 

uninjected T40PL-GFP mice shown above. Interestingly, T40PL-GFP aggregates also co-stained for 320 

mouse tau with the mouse tau specific polyclonal antibody R2295M, which was immuno-depleted of 321 

human tau-reactive IgG. This finding demonstrates that T40PL-GFP inclusions co-aggregate with 322 

endogenous mouse tau in addition to the overexpressed mutant human tau. Lastly, GFP aggregates 323 

colocalized with AT8 indicating that the pathological aggregates are hyperphosphorylated, consistent 324 

with previous IHC findings. Thus, in T40PL-GFP expressing Tg mice, T40PL-GFP forms phosphorylated 325 
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pathological tau aggregates that also recruit endogenous mouse tau in vivo after seeding by CNS 326 

injections of either T40PL PFFs or AD-tau. 327 

Synthetic tau PFFs are internalized and seed tau aggregates in cultured T40PF-GFP Tg mouse 328 

primary neurons 329 

To investigate if primary neurons generated from the hippocampus of T40PL-GFP Tg mice are useful 330 

for probing cellular mechanisms of tau PFF uptake and trafficking, we performed fluorescence 331 

microscopy, including live-cell imaging experiments with AlexaFluor 594-labeled T40PL fibrils (T40PL-332 

594). T40PL-594 PFFs were generated as described in “Material and Methods” by incorporating 5% of 333 

labeled T40PL-594 with 95% unlabeled T40PL tau monomers and the biological activities of these tau 334 

PFFs were tested in primary neurons from Tg mice as described (Guo et al., 2016). Low label 335 

incorporation (5%) enabled rapid visualization of internalized T40PL-594 PFFs with minimal signal 336 

from external fibrils (Figure 7A). Upon internalization, T40PL-594 PFFs are accumulated into bright 337 

intracellular punctae while external T40PL-594 PFFs remain diffuse. Fluorescent image acquisition 338 

parameters that enable detection of high intensity intracellular T40PL-594 PFFs punctae require short 339 

exposure times that are insufficient to detect the low intensity signal from dispersed extracellular 340 

T40PL-594 PFFs.  Z-stack images acquired at varying intraneuronal depths revealed perikaryal and 341 

neuritic  T40PL-594-positive PFF aggregates within the T40PL-GFP positive cell bodies of cultured Tg 342 

mouse primary neurons. Over the time course of 9 hours post treatment of neurons with T40PL-594 343 

PFFs, intracellular puncta were dynamically trafficked within these cultured neurons (Figure 7B). 344 

Initially small and dispersed T40PL-594 puncta were translocated to cell bodies and coalesced into 345 

large, bright intracellular accumulations. Thus, these T40PL-GFP Tg primary neurons provide a 346 

valuable tool to rapidly assess the internalization of T40PL-594 fibrils without the need for 347 
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extracellular fluorescence quenching reagents or trypsinization, and this model system also enabled 348 

temporal resolution of dynamic tau aggregate trafficking processes within neurons.  349 

To test the hypothesis that exogenously added T40PL-594 PFFs are processed through the 350 

lysosomal/endosomal pathway upon uptake by neurons, we evaluated the effects of chloroquine on 351 

T40PL-GFP aggregation in neurons generated from T40PL-GFP+/+ mice. Chloroquine is a highly basic 352 

small molecule that  impairs lysosomal function by altering  the pH gradient across  lysosomal 353 

membranes (Wibo and Poole, 1974). Cultured T40PL-GFP homozygous Tg primary neurons were 354 

treated with T40PL-594 PFFs and recruitment of T40PL-GFP protein into fibrils was assessed 7 days 355 

post-treatment. We observed that more T40PL-594 PFFs were retained in the chloroquine treated 356 

cells than in untreated cells, which is consistent with the chloroquine induced inhibition of lysosomal 357 

PFF degradation (Figure 7C). Additionally, chloroquine treatment increased the amount of T40PL-GFP 358 

aggregates suggesting that inhibition of T40PL PFF seed degradation leads to enhanced recruitment 359 

of T40PL-GFP. However, it is not clear whether this is a direct result of increasing T40PL PFF seeds by 360 

inhibiting their degradation or whether chloroquine treatment perturbs the lysosomal degradation 361 

pathway in a manner that promotes PFF escape from lysosomal compartments thus increasing 362 

contact between T40PL PFF seeds and transgene expressed T40PL-GFP substrate for templated 363 

aggregation. Nonetheless, these results highlight the utility of this model for cell biological studies to 364 

interrogate the kinetics and mechanisms of the seeded aggregation process in neurons.  365 

Finally,  to test whether tau aggregates in primary neuron  culture models recapitulate those 366 

observed in vivo, we cultured E14-16 hippocampal neurons from T40PL-GFP+/+ mice and treated 367 

them with AD-tau and T40PL PFFs seeded by 10% AD-tau in vitro (T40PL AD-P1). Cultured T40PL-GFP 368 

neurons developed tau aggregates 14 days post-treatment with AD-tau and T40PL AD-P1 fibrils 369 

(Figure 7D). In each of these experiments, endogenous mouse tau showed extensive insoluble 370 
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accumulations, while there were fewer GFP positive accumulations. Since all the GFP aggregates also 371 

were positive for mouse tau (Figure 7D), we infer that the mouse tau is preferentially seeded by the 372 

exogenously added fibrils and then seeds the accumulation of T40PL-GFP into the aggregate. Thus, 373 

the fact that seeded aggregates in T40PL-GFP mouse brain were comprised of both T40PL-GFP and 374 

endogenous mouse tau (Fig. 6) suggests that T40PL-GFP can be recruited to and co-localize with 375 

nearly all mouse tau aggregates with time. 376 

 377 

Discussion 378 

We have shown that a Tg mouse line (T40PL-GFP) expressing human full-length mutant human tau 379 

fused with GFP is capable of forming intracellular hyperphosphorylated tau aggregates upon 380 

intracerebral injections of synthetic mutant tau PFFs or pathological AD-tau that act as proteopathic 381 

seeds to induce templated propagation of both endogenous mouse tau and the transgenically 382 

expressed T40PL-GFP. In these mice, T40PL-GFP is highly expressed in the hippocampus and cortex, 383 

where it is mislocalized to the somatodendritic compartment. This mislocalization is consistent with 384 

reports that T40PL diminishes binding to microtubules, leading to its mislocalization compared to WT 385 

tau (Nacharaju et al., 1999). However, the somatodendritic mislocalization of T40PL-GFP alone did 386 

not lead to the formation of AD-like tau pathology, since the uninjected mice living up to 12 months 387 

of age did not form AT8-positive tau inclusions. Furthermore, sequential biochemical extraction 388 

revealed that T40PL-GFP was phosphorylated at the Ser 396/404 epitope, yet it remained soluble and 389 

did not convert to an insoluble pathological species of tau as the mice age up to 12 months as evident 390 

by the absence of AT8 IHC staining of tissue. While the lack of de novo tau pathology may have 391 

previously limited the applications of this model system, utilizing the pathological tau seeded 392 
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aggregation paradigm allowed us generate a compelling GFP-labeled model of an AD-like human 393 

tauopathy.  394 

T40PL-GFP mice formed pathological tau aggregates following intracerebral injection with either AD-395 

tau or synthetic T40PL PFFs. Homozygous mice developed greater tau pathology than heterozygous 396 

mice when seeded with T40PL-PFFs, whereas AD-tau induced similar burdens of tau pathology. In the 397 

case of the homozygous T40PL-GFP+/+ Tg mice, high T40PL-GFP expression provides abundant 398 

substrate to propagate T40PL PFFs and less T40PL-GFP substrate is available in the heterozygous 399 

T40PL-GFP+/-  mice. However, in both cases, there are equivalent levels of endogenous mouse tau 400 

and the development of similar levels of tau pathology seeded by AD-tau suggests that endogenous 401 

mouse tau may be the initially recruited species of tau that is propagated by AD-tau. This is supported 402 

by several additional lines of evidence; 1) although mouse tau is present in T40PL PFF-induced 403 

aggregates at 3-months  post-injection, there is greater endogenous mouse tau colocalized with 404 

T40PL-GFP in AD-tau induced inclusions at this time and 2) when we examined seeding events in 405 

primary neurons, mouse tau was more readily seeded by AD-tau with minimal T40PL-GFP co-406 

aggregation at these early time points. Together, these findings suggest that the GFP tag on tau may 407 

provide a modest kinetic barrier for nucleation with AD-tau but, given sufficient time in vivo, T40PL-408 

GFP is recruited into pathological tau aggregates seeded by either T40PL PFFs or AD-tau. 409 

The spreading pattern of pathological tau in T40PL-GFP mice is similar to other Tg mutant human tau 410 

mouse models following intracerebral injection with tau PFF seeds (Iba et al., 2013). Injection of 411 

K18/T40 PFFs into the hippocampus of PS19 mice resulted in tau pathology throughout the 412 

hippocampus and entorhinal cortex at one-month post-injection, similar to the observations for 413 

T40PL-GFP mice injected with T40PL fibrils at three-months post-injection. Furthermore, injection of 414 

T40PL-GFP mice with AD-tau resulted in more abundant cortical pathology than those injected with 415 
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T40PL PFFs; this is in agreement with injections of extracts from a Down’s syndrome patient with AD 416 

pathology in the PS19 Tg mice (Boluda et al., 2015). However, there was more ipsilateral to 417 

contralateral spread of tau pathology in the PS19 mice than in the T40PL-GFP mice after injection of 418 

either tau PFFs or AD-tau. This may be due to slowed kinetics of tau aggregate formation resulting 419 

from the GFP tag, resulting in slower transneuronal spread of pathology. Overall, the pattern of 420 

spread of pathology in the T40PL-GFP mice was consistent with what has been previously described 421 

for PS19 mice and with a model of transynaptic transmission of pathological tau (Liu et al., 2012). 422 

Culturing of primary neurons derived from T40PL-GFP with stable and consistent tau expression levels 423 

that can be visualized provides a compelling in vitro model system in which to investigate the 424 

dynamics of seeded tau aggregation without the need for viral infection. Live imaging of this model 425 

will allow interrogation of the cell biology of cell-to-cell transmission including uptake and trafficking 426 

of exogenously added tau PFFs and AD-tau, as well as studies of the aggregation of T40PL-GFP over 427 

time. Time-lapse microscopy revealed the accumulation of fluorescently labeled synthetic T40PL-594 428 

PFFs internalized by neurons occuring over several hours. In order to observe tau PFF internalization 429 

over time we adopted a strategy of low T40PL-594 incorporation into PFFs allowing for relatively dim 430 

extracellular fibrils to be contrasted below the detection threshold. The resulting intracellular 431 

accumulations of puntate T40-594 PFF signal represent the most abuntant accumulations of PFFs and 432 

not necessarily individual PFFs. Fluorescence quenching methods recently applied by our lab utilize 433 

high label incorporation into PFFs for more sensitive detection of individual internalized species 434 

(Karpowicz et al., 2017). To investigate the fate of internalized tau PFFs and AD-tau, we utilized 435 

chloroquine, a small molecule that disrupts lysosomal function (Gonzalez-Noriega et al., 1980, Chen 436 

et al., 2011). Treatment of neurons with chloroquine resulted in decreased degradation of 437 

exogenously added PFFs and increased accumulation of T40PL-GFP aggregates,  suggesting that the 438 
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inhibition of the lysosomal degradation of tau PFFs increased the speed with which T40PL-GFP 439 

aggregated as they were not observed at the same time point  post-treatment in the absence of 440 

chloroquine.  Accordingly, by increasing the amount of tau PFF seeds through blocking their 441 

degradation, more nucleation sites are available for the recruitment of T40PL-GFP into aggregates. 442 

These data further support the notion that tau PFFs  taken up in neurons are trafficked for 443 

degradation via the lysosomal pathway as was demonstrated for α-synuclein PFFs in WT  mouse 444 

primary neurons (Karpowicz et al., 2017). Disruption of this pathway therefore accelerates the tau 445 

aggregation process and increases the amount of tau pathology seeded by the tau PFFs.  Thus, this 446 

new in vitro model system provided new insights into the process of seeded aggregation of tau in 447 

cultured neurons.  448 
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 531 

Figure 1. GFP-labeled mutant human tau overexpression results in somatodendritic mislocalization of T40PL-532 

GFP. A, Immunoblot analysis with a rabbit polyclonal K9JA antibody that detects total tau extracted from 533 

cortex of 2-3 month old WT mice and T40PL-GFP as well as PS19 tau Tg mice. The endogenous mouse tau band 534 

migrates at 55 kDa while the T40PL-GFP tau band migrates at 75 kDa. Immunoblot quantification of total tau 535 
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protein in transgenic mouse models relative to WT mice. B, Fluorescent signal of T40PL-GFP and DAPI in 536 

coronal and sagittal 20 μm thick sections from frozen brain tissue sections from 3-month old T40PL-GFP 537 

homozygous mice. C, 3D-deconvolution of a z-stack of fluorescent images showing T40PL-GFP expression and 538 

DAPI in the dentate gyrus and hippocampus CA1 in a 20 μm thick section of frozen brain tissue from 539 

homozygous T40PL-GFP Tg mouse. 540 

 541 

Figure 2. Subcellular localization of T40PL-GFP in primary neurons. Co-immunofluoresence of T40PL-GFP 542 

primary neurons 14 days in vitro fixed with 4% paraformaldehyde and stained for mouse tau (T49),  543 

neurofilament light chain (NFL 1/2), which serves as an axonal marker, and MAP2, a marker of the 544 

somatodendritic compartment. 545 

 546 

Figure 3. Aging T40PL-GFP mice do not develop de novo insoluble tau aggregates. A, western blot analysis of 547 

soluble and insoluble tau extracts from hippocampus of aged T40PL-GFP and PS19 Tg mice. Phospho-tau 548 

immunoblotting was performed using PHF1 antibody which recognizes phosphorylated tau at Ser 396/404. 549 

Total tau immunoblotting was performed with the polyclonal pan-tau antibody K9JA and GAPDH was used as a 550 

loading control. The soluble fraction consists of protein extracted by high salt RAB buffer followed by 551 

sequential extraction with 1% Triton-X100 and then 1% sarkosyl. The insoluble fraction consists of the sarkosyl 552 

insoluble proteins re-suspended and sonicated in PBS. B, Immunoblot quantification of soluble T40PL-GFP 553 

relative to GAPDH reveals no statistically significant change in T40PL-GFP protein levels with age. One-way 554 

ANOVA with Tukey’s post-hoc test was performed p = 0.133. C, IHC reveals the presence of GFP protein and 555 

demonstrates the high expression levels of the T40PL-GFP protein in the hippocampus of aged T40PL-GFP 556 

homozygous (+/+) and heterozygous (+/-) mice. D, IHC with AT8, which recognizes tau phosphorylated at 557 
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residues S202 and T205, is completely negative in the T40PL-GFP mice, demonstrating that 558 

hyperphosphorylated tau detected by biochemical methods does not form insoluble aggregates in vivo.  559 

 560 

Figure 4. AD-tau and T40PL PFFs seed tau aggregation in T40PL-GFP Tg mice. Analysis of tau pathology induced 561 

by AD-tau or in vitro fibrillized T40PL PFFs injected into the dorsal hippocampus of 3-month old T40PL-GFP 562 

homozygous or heterozygous T40PL-GFP Tg mice or WT non-Tg control mice assessed 3 months p.i. by IHC 563 

with AT8. Representative images of caudal hippocampus and subiculum are shown with n > 3 mice per group. 564 

 565 

Figure 5. Propagation of tau pathology in T40PL-GFP mice following intracerebral injections of T40PL-PFFs and 566 

AD-tau. Heatmaps of AT8 positive tau immunostaining in 6-month old T40PL-GFP homozygous or 567 

heterozygous mice 3 months p.i.  with either AD-tau or T40PL-PFFs. Coronal sections represent rostral (top) to 568 

caudal coronal planes indicated in the left panels. Black star indicates injection site. 569 

Figure 6. Mouse tau and human T40PL-GFP co-aggregate into hyperphosphorylated tau inclusions seeded by 570 

T40PL PFFs or AD-tau. IF staining of GFP and human tau specific antibody DMR180 confirm that there is no 571 

cleavage of the GFP tag. Colocalization of GFP and mouse tau-specific antibody R2295M or AT8 demonstrate 572 

co-aggregation of mouse tau and human T40PL-GFP into AD-like tangle pathology. 573 

 574 

Figure 7. T40PL PFFs are internalized by primary neurons derived from T40PL-GFP Tg mice and they 575 

preferentially seed mouse tau aggregates. A, Z-stack fluorescent images of T40PL-GFP primary neurons 576 

treated with AlexaFluor 594-labeled T40PL tau incorporated into PFFs (T40PL-594) at low label inocorporation 577 

(5%). Image acquisition parameters were optimized for detection of bright intracellular accumulations and 578 

constrasted such that individual external T40-594 PFFs are below the detection threshold. B, Time course of 579 
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T40PL-GFP neuronal uptake of T40PL-594 PFFs demonstrating accumulation into cell bodies. C, Treatment of 580 

T40PL-GFP expressing neurons with chloroquine after application of T40PL-594 PFFs decreases degradation of 581 

PFFs and increases T40PL-GFP aggregation 7 days post-treatment. D, Treatment of T40PL-GFP expressing 582 

neurons with either AD-tau or AD-seeded recombinant T40PL PFFs (T40PL AD-P1) preferentially induces 583 

aggregation of endogenous mouse tau with limited T40PL-GFP incorporation into the mouse tau aggregates 14 584 

days post-treatment. n = 3 independent biological replicates.   585 

 586 

Table 1. Antibodies used in the study including Research Resource Identifiers (RRIDs) where available. 587 

 588 

Antibody Name Specificity Host Species Dilutions Source  
(Reference or RRID) 

K9JA human and mouse tau C-
terminal (amino acids 
243-441) 

rabbit 
polyclonal  

1:5,000 (WB)  Dako (AB_10013724) 

T49 mouse tau mouse 
monoclonal 

1:1,000 (ICC) In-house (Kosik et al., 
1988) 

R2295M mouse tau rabbit 
polyclonal  

1:1,000 (IF) In-house (Guo et al., 
2016) 

DMR180 human tau N-terminal mouse 
monoclonal 

1:1,000 (IF) Newly generated in 
house 

PHF-1 p-tau (phosphorylated at 
Ser396 and Ser404) 

mouse 
monoclonal 

1:5,000 (WB) Gift from Dr. Peter 
Davies (Greenberg et 
al., 1992) 

AT8 p-tau (phosphorylated at 
Ser202 and Thr 205) 

mouse 
monoclonal 

1:10,000 (IHC), 
1:5000 (IF) 

ThermoFisher 
Scientific (AB_223647) 

NFL1/2 Neurofilament light chain rabbit 
polyclonal 

1:500 (ICC) In house (Balin and 
Lee, 1991) 

GFP Green fluorescent 
protein 

Mouse 
monoclonal 

1:1,000 (IHC) Santa Cruz 
Biotechnology 
(AB_627695) 

GAPDH (6C5) Glyceraldehyde-3- 
phosphate 
dehydrogenase 

mouse 
monoclonal 

1:5,000 (WB)  Advanced 
Immunochemical 
(NA) 

MAP2 (17028) Microtubule associated 
protein 

rabbit 
polyclonal 

1:500 (ICC) In-house (Volpicelli-
Daley et al., 2011) 
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