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Abstract

Tau protein consists of an N-terminal projection domain, a microtubule-binding domain and a C-

terminal domain. In neurodegenerative diseases, including Alzheimer’s disease and frontotemporal 

dementia, the hyperphosphorylation of tau changes its shape, binding partners and resulting 

function. An early consequence of tau phosphorylation by proline-directed kinases is postsynaptic 

dysfunction associated with the mislocalization of tau to dendritic spines. The specific 

phosphorylation sites leading to these abnormalities have not been elucidated. Here, using imaging 

and electrophysiological techniques to study cultured rat hippocampal neurons, we show that 

postsynaptic dysfunction results from a sequential process involving differential phosphorylation 

in the N-terminal and C-terminal domains. First, tau mislocalizes to dendritic spines, in a manner 

that depends upon the phosphorylation of either Ser396 or Ser404 in the C-terminal domain. The 

blockade of both glycogen synthetase kinase 3β and cyclin-dependent kinase 5 prevents tau 

mislocalization to dendritic spines. Second, a reduction of functional AMPA receptors depends 

upon the phosphorylation of at least one of five residues (Ser202, Thr205, Thr212, Thr217 and 

Thr231) in the proline-rich region of the N-terminal domain. This is the first report of differential 

phosphorylation in distinct tau domains governing separate, but linked, steps leading to synaptic 

dysfunction.
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Introduction

Increasing evidence supports a key role of tau in mediating synaptic and cognitive 

dysfunction in Alzheimer’s disease and other tauopathies (Tracy & Gan, 2018). Tauopathies 

are neurodegenerative diseases characterized by intraneuronal inclusion bodies composed of 

hyperphosphorylated species of tau (McKee et al. 2009; Ghetti et al. 2015; Montenigro et al. 
2015). These inclusions are frequently associated with dementia in disorders such as 

Alzheimer’s disease (Braak et al. 2011), frontotemporal dementia (Ghetti et al. 2015) and 

chronic traumatic encephalopathy (McKee et al. 2009; Montenigro et al. 2015). The precise 

sequence of pathophysiological events leading from mild cognitive deficits to overt clinical 

dementia remains unclear. The early phases of the disease likely involve disturbances of the 

balanced modulation of synaptic strength at glutamatergic synapses, followed by disruption 

of synaptic structures, neuritic retraction, and ultimately neurotoxicity leading to cell death 

and overt clinical dementia (Tracy & Gan, 2018).

In order to identify signalling pathways that contain promising therapeutic targets, numerous 

functional and molecular studies have focused upon synapses in cellular and mouse models 

of tauopathies (Santacruz et al. 2005; Hoover et al. 2010; Ittner et al. 2010; Min et al. 2010; 

Lasagna-Reeves et al. 2011; Maday et al. 2014; Sherman et al. 2016; Tracy et al. 2016; Zhao 

et al. 2016; Sealey et al. 2017; Zhou et al. 2017; Mclnnes et al. 2018). As tau is enriched in 

the axons of healthy neurons, it is not surprising that, in some models of disease, tau has 

been shown to interfere with molecular pathways in axonal transport (Maday et al. 2014; 

Sherman et al. 2016) as well as the release of presynaptic vesicles (Sherman et al. 2016; 

Zhou et al. 2017; Mclnnes et al. 2018). In diseased neurons, tau is found in higher 

concentrations in the soma and dendrites (Kowall & Kosik, 1987; Avila et al. 2004). When it 

is present in dendrites, tau can mislocalize to postsynaptic structures, namely the dendritic 

spines. This mislocalization of tau is currently believed to be an important mechanism 

underlying tau-mediated synaptic and cognitive deficits (Zempel & Mandelkow, 2014; Tracy 

& Gan, 2018).

The long-lasting synaptic plasticity defects that are associated with neurological disorders 

commonly feature a dysregulation of glutamatergic AMPA receptors in the postsynaptic 

membrane of dendritic spines (Hoover et al. 2010; Ittner et al. 2010; Kam et al. 2010; Miller 

et al. 2014; Zhao et al. 2016). Recently, reports have linked soluble, post-translationally 

modified forms of tau, either directly or indirectly, to defects in AMPA receptor trafficking 

(Hoover et al. 2010; Sydow et al. 2011). Some of the post-translational modifications that 

have been described are phosphorylation by proline-directed kinases (Hoover et al. 2010), 

cleavage by caspase-2 (Zhao et al. 2016), and acetylation by major tau acetyltransferases 

p300 and CREB-binding protein (CBP) (Min et al. 2010; Tracy et al. 2016). Tau 

phosphorylation has been associated with AMPA receptor reduction in the postsynaptic 

membrane of dendritic spines, as well as tau mislocalization to dendritic spines (Hoover et 
al. 2010; Ittner et al. 2010; Miller et al. 2014; Zhao et al. 2016). Still unknown is whether tau 

mislocalization to dendritic spines alone is sufficient to cause AMPA receptor loss. 

Furthermore, it is unclear whether this mislocalization is initiated by specific tau 
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phosphorylation sites or by a non-specific change in electrical charge (due to the addition of 

negatively charged phosphates) throughout the entire tau molecule.

In this paper, we report the effects of multi-regional phosphorylation of tau on synaptic 

dysfunction using imaging and electrophysiological methods. Our results indicate that tau 

mislocalization to dendritic spines depends on phosphorylation of residues in the C-terminal 

domain, whereas a reduction of AMPA receptors in the postsynaptic membrane of dendritic 

spines requires the phosphorylation of residues in the proline-rich region of tau in the N-

terminal domain. Our novel results demonstrate for the first time that differential 

phosphorylation in distinct tau domains governs separate but linked processes that lead to 

tau mislocalization and subsequent postsynaptic dysfunction.

Methods

Ethical approval

All work was conducted in accordance with the American Association for the Accreditation 

of Laboratory Animal Care and Institutional Animal Care and Use Committee (IACUC) at 

the University of Minnesota (protocol no.1211A23505). Animals were euthanized by 

decapitation using inhaled carbon dioxide anaesthesia. We performed all procedures of 

euthanasia and anaesthesia strictly according to the guidelines of the IACUC at the 

University of Minnesota. In carbon dioxide anaesthesia, rats were put in a standard rat cage 

(L48 × W25 × H19 cm), which would be subsequently connected with a tube and a flow 

meter to a gas tank of carbon dioxide. The flow rate was adjusted so that it would not 

displace any more than 30% of the cage volume per minute. The gas flow would continue 

until the animals no longer displayed the pedal reflex (firm toe pinch).

Materials

All common chemical reagents and cell culture supplies were purchased from Sigma-

Aldrich (St Louis, MO, USA), Promega (Madison, WI, USA) and Thermo-Fisher Scientific 

(Waltham, MA, USA)/Invitrogen/Life Technologies unless otherwise indicated.

Plasmids

All human tau and DsRed constructs were expressed in the pRK5 vector and driven by the 

cytomegalovirus promotor (Clontech Inc., Takara Bio Inc, Mountain View, CA, USA). All 

human tau was N-terminally fused to enhanced green fluorescent protein (eGFP). The wild-

type, native human tau construct encoded human four-repeat tau lacking the transcriptional 

variant N-terminal sequences (0N4R) and contained exons 1, 4, 5, 7, 9–13, 14 and intron 13 

(RRID:Addgene_46904). P301L mutant as well as alanine and glutamate tau variant 

constructs were created using step-wise site-directed mutagenesis (QuikChange SDM Kit, 

Agilent Technologies, Santa Clara, CA, USA). PCR primers for mutagenesis were 15–22 

nucleotides long, centred on mutated nucleotide(s) (Integrated DNA Technologies, 

Coralville, IA, USA). All nucleotide mutations as well as plasmid construct integrity were 

confirmed with Sanger Sequencing (UMN Genomics Centre, Minneapolis, MN, USA). Tau 

sequence numbering was based on the longest functional human isoform: 441-tau (2N4R 

tau; NCBI reference sequence: NP_005901.2).
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Primary hippocampal neuron cultures

Briefly, a 22 mm diameter glass coverslip (0.09 mm thickness) was silicone-sealant-fastened 

to the bottom of a 35 mm culture dish with a bored hole of 20 mm in diameter and sterilized 

as we previously described (Lin et al. 2004). Coverslips were coated with poly-D-lysine. 

Hippocampi were dissected from CO2-anaesthetized neonatal Sprague–Dawley timed-

pregnancy rats (Envigo, Indianapolis, IN, USA) at 0–24 h of life. Rats were fed a diet of 

regular chow, ad libitum. Hippocampi were enzymatically digested in Earle’s balance salt 

solution (EBSS) supplemented with 1% glucose and cysteine-activated papain. Digestion 

was blocked with dilute DNase, and cells were rinsed in fresh EBSS and plated in plating 

medium (minimal essential medium with Earle’s salts, 10% fetal bovine serum, 5% horse 

serum, 2 mM glutamine, 10 mM sodium pyruvate, 0.6% glucose, 100 U ml−1 penicillin and 

100 mg ml−1 streptomycin) at 1.0 × 106 cells/dish. After 18 h, cell adherence was 

established. Cells were then grown in neurobasal medium (NbActiv1; BrainBits LLC, 

Springfield, IL, USA) and incubated at 37°C in a 5% CO2 biological incubator.

Low efficiency calcium-phosphate transfection

At 5–7 days in vitro (DIV) cells were transfected. DNA plasmid transfection was performed 

using standard calcium phosphate precipitation and incubation as we previously described 

(Liao et al. 2005). Briefly, neurons were transfected with human tau constructs and DsRed 

(2:1 by plasmid DNA mass) for live imaging, and with human tau alone for 

electrophysiology and immunocytochemistry. Precipitated DNA was applied to cells in a 

solution of glial conditioned medium (neurobasal medium previously conditioned for 14 

days on a glial monolayer and reserved) containing 100 μM DL-2-Amino-5-

phosphonopentanoic acid (APV) to prevent calcium-induced excitotoxicity. After 3–4 h 

transfection time, cells were rinsed in glial conditioned medium and grown in neurobasal 

medium as described above until mature (21–28 DIV).

Electrophysiolology

Miniature excitatory postsynaptic currents (mEPSCs) were recorded from cultured 

dissociated rat hippocampal neurons at 21–25 DIV with a glass pipette (resistance ~5 MΩ) at 

holding potentials of −65 mV on an Axopatch 200B amplifier (Molecular Devices, San Jose, 

CA, USA; output gain = 1; filtered at 1 kHz) as we previously described (Hoover et al. 
2010). Input and series resistances were assessed and found to have no significant difference 

before and after recording time (5–20 min). Recording sweeps lasted 200 ms and were 

sampled for every 1 s (pClamp, v10, RRID:SCR_011323; Molecular Devices). Neurons 

were bathed in bubble-oxygenated artificial cerebral spinal fluid (ACSF) at 23°C with 100 

μM APV (NMDA receptor antagonist), 1 μM tetrodotoxin (TTX; sodium channel blocker) 

and 100 μM picrotoxin (GABAA receptor antagonist). Passive oxygen perfusion was 

established with medical-grade 95% O2–5% CO2. ACSF contained (in mM): 119 NaCl, 2.5 

KCl, 5.0 CaCl2, 2.5 MgCl2, 26.2 NaHCO3, 1 NaH2PO4 and 11 D-glucose. The internal 

solution of the glass pipettes contained (in mM): 100 caesium gluconate, 0.2 EGTA, 0.5 

MgCl2, 2 ATP, 0.3 GTP and 40 Hepes. The pH of internal solution was normalized to 7.2 

with caesium hydroxide and diluted to a trace osmotic deficit in comparison to ACSF (~300 

mOsm). All analysis of recordings was performed manually (Mini Analysis Program, 
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v6.0.7, RRID:SCR_002184; Synaptosoft Inc., Fort Lee, NJ, USA). Minimum analysis 

parameters were set at greater than 1 min stable recording time and event amplitude greater 

than 2 pA. A mEPSC event was identified by distinct fast-rising depolarization and slow-

decaying repolarization. Combined individual events were used to form relative cumulative 

frequency curves, whereas the means of all events from individual recordings were treated as 

single samples for further statistical analysis. Example traces were exported from Mini 

Analysis and live-traced, simplified, and united in vector editing software (Adobe Illustrator 

CS5, v15, RRID:SCR_010279).

Image analysis of live neuronal cultures

Transfected cells were continually bathed in neurobasal media and were passively perfused 

with medical-grade 95% O2–5% CO2. Micrographs were taken on a Nikon epifluorescence 

inverted microscope with ×60 oil lens with a computerized focus motor at DIV 21–23. All 

digital images were processed using microscopic imaging software (MetaMorph Microscopy 

Automation and Image Analysis Software, v7.1, RRID:SCR_002368, MetaMorph Inc., 

Nashville, TN, USA). Images were taken as 15 plane stacks at 0.5 μm increments, processed 

by deconvolution to the nearest planes, and averaged against other stacked images. A 

dendritic spine was defined as having an expanded head diameter, greater than 50% larger in 

diameter than the neck. The number of spines per neuron was counted and normalized to a 

100 μm length of dendritic shaft.

Pharmacology

Roscovitine and CHIR99021 were purchased from Sigma-Aldrich and were diluted in 

DMSO to four 1000× concentration aliquots for ultimate concentrations in neurobasal 

medium of 0.05, 0.5, 5 and 10 μM. Primary cultured rat hippocampal neurons transfected 

with DsRed and eGFP-P301L-tau were treated with one of four 1000× aliquots or DMSO 

vehicle on DIV 20–22. Treated cells were incubated for 24 h prior to imaging on DIV 21–

23. Cell death was visually assessed under differential interference contrast (DIC) for 

decreased cell density, lost soma adhesion, and gross qualitative neurite retraction. If 

evidence of cell death was observed under DIC, cells were fixed in 4% sucrose and 4% 

paraformaldehyde in phosphate-buffered saline (PBS) and stained with 300 nM 4′,6-

diamidino-2-phenylindole (DAPI) in PBS. DAPI-stained cells were analysed under 

fluorescence microscopy for nuclear pyknosis and karyorrhexis; DsRed expressing cells 

were analysed for spine loss. If no cell death was evident under DIC, live fluorescence 

images were acquired and analysed as above.

Immunocytochemistry

Cultured neurons were fixed and permeabilized with 4% paraformaldehyde + 4% sucrose 

(23°C, 30 min), 100% methanol (−20°C, 20 min) and 0.2% Triton X-100 (23°C, 20 min) 

applied successively as previously described (Lin et al. 2004). Cells were blocked with 10% 

normal goat serum (NGS) at room temperature for 20 min (Jackson ImmunoResearch 

Laboratories, West Grove, PA, USA, cat. no. 005-000-121). Neurons were co-incubated with 

a primary mouse monoclonal AT8 anti-phospho-tau antibody (Thermo Fisher Scientific, cat. 

no. MN1020, RRID: AB_223648; targeting phospho-S202 and phospho-T205 residues; 

diluted at 1:200 in 10% NGS) (Goedert et al. 1995), and a primary rabbit polyclonal anti-
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GFP antibody (to compensate for decreased eGFP signal due to fixation; Thermo Fisher 

Scientific, cat. no. A-11122, RRID:AB_221569; diluted at 1:200 in 10% NGS) at room 

temperature overnight. The neurons were washed with PBS three times and subsequently 

incubated with two secondary antibodies from Jackson Immuno-Research Laboratories (goat 

rhodamine anti-mouse, cat. no. 111-025-003, RRID:AB_2337926; and goat fluorescein 

isothiocyanate tagged anti-rabbit, cat. no. 111-095-003, RRID:AB_2337972) at a dilution of 

1:200 in 10% NGS for 1 h. Fluorescence intensity was derived from peak pixel intensity 

taken at the centre of a soma or the middle of a dendrite branch and normalized by dividing 

by pixel intensity of adjacent background fluorescence using Metamorph software 

(MetaMorph Inc.).

Statistics and figure design

All statistics were performed in biological statistical analysis software (Prism, v6, 

RRID:SCR_002798, GraphPad Software Inc., La Jolla, CA, USA). We utilized one- and 

two-way ANOVA for univariate and multivariate analysis, respectively. If ANOVA revealed 

significant variance between all groups, post hoc analysis was performed using Bonferroni 

analysis adjusted for multiple groups. Univariate cumulative frequency distributions were 

compared using the unmodified Kolmogorov–Smirnov goodness-of-fit (GOF) test. Single 

comparisons were analysed using Student’s t test. For all, statistical significance was set for 

α = 0.05. Data representations are described in respective figure legends. Figures were 

designed and created using Adobe Photo-shop CS5 (v12, RRID:SCR_014199) for raster 

images and Affinity Designer (v1.6.1, RRID:SCR_016952, Serif (Europe) Ltd., Nottingham, 

UK) for vector images.

Results

Phosphorylation is one of the most common post-translational modifications of tau in 

tauopathies. It has been associated with both a reduction of AMPA receptors in the 

postsynaptic membrane of dendritic spines and the mislocalization of tau to dendritic spines 

(Hoover et al. 2010; Ittner et al. 2010; Miller et al. 2014). Here, we systematically mutated 

tau to further clarify the relationship between tau phosphorylation and mislocalization. We 

formulated three domains (designated A-, B- and C-domains) in a balanced, semi-random 

fashion, each containing clusters of four or five SerPro/ThrPro (SP/TP) residues 

phosphorylated by proline-directed kinases (Fig. 1A; see also the rationale for the initial 

domain map and its evolution in Fig. 8). Thr111, Thr153, Thr175, Thr181 and Ser199 

constitute the A-residues in the A-domain; Ser202, Thr205, Thr212, Thr217 and Thr231 

constitute the B-residues in the B-domain; and Ser235, Ser396, Ser404 and Ser422 

constitute the C-residues in the C-domain. To determine the differential effects of 

phosphorylation within each domain, we mutated SP/TP residues in each domain to alanine 

(Ala) to block phosphorylation and to glutamate (Glu) to mimic phosphorylation, and 

compared the effects of the variant and native tau proteins. In this study, Pro301-to-Leu 

(P301L) ‘mutant’ and ‘wild-type’ refer to 0N4R tau with and without the P301L mutation, 

respectively; ‘variant’ and ‘native’ refer to tau with and without SP/TP substitutions, 

respectively. The P301L mutation is associated with frontotemporal dementia with 

parkinsonism linked to chromosome 17 (Hutton et al. 1998).
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To identify the phosphorylated residues that regulate the mislocalization of tau, we first 

tested the effects of blocking phosphorylation in each of the three domains on the subcellular 

distribution of tau. At 7–10 DIV, we co-expressed DsRed (to visualize cellular morphology) 

and P301L mutant or wild-type eGFP–tau constructs with alanine substitutions in the A-

domain (A-Ala), B-domain (B-Ala) or C-domain (C-Ala) in cultured rat hippocampal 

neurons. At 21 DIV, we photographed the dendrites of live neurons and determined the 

percentage of spines containing eGFP–tau. Consistent with prior studies (Hoover et al. 
2010), we found that eGFP–tau was distributed throughout the dendritic shaft in all 

conditions, and we found significantly more eGFP-containing spines in neurons expressing 

P301L mutant eGFP–tau (Fig. 1B and C). Neurons expressing the A-Ala and B-Ala variants 

of P301L mutant eGFP–tau showed slight reductions in the percentage of eGFP–tau-

containing spines (Fig. 1B and C), but these changes were not significant when the data 

were normalized to their respective wild-type tau control groups (Fig. 1D). Interestingly, in 

neurons expressing the C-Ala variant of P301L mutant eGFP–tau, the percentage of eGFP-

containing spines dropped dramatically, to the level observed in neurons expressing wild-

type eGFP–tau (Fig. 1B–D). Thus, blocking phosphorylation of SP/TP residues in the C-

domain, but not in the A- and B-domains, prevented P301L-induced mislocalization to 

dendritic spines. We found no change in spine density among the various tau species (Fig. 

1E), indicating no overt synaptotoxicity associated with mislocalization over the period 

observed.

We obtained additional support for the conclusion that tau mislocalization depends on C-

domain phosphorylation by evaluating the effects of differential phosphorylation in each 

domain using phosphomimetic variants. Because we found that pseudophosphorylation of 

the A-residues is neither necessary nor sufficient to mediate tau-induced deficits (Figs 3 and 

9), we focused on characterizing the effects of pseudophosphorylation of the B-residues and 

C-residues. As above, we co-expressed DsRed and P301L mutant or wild-type eGFP–tau 

constructs with glutamate substitutions in the B-domain (B-Glu) or C-domain (C-Glu) in 

cultured rat hippocampal neurons and photographed their dendrites to determine the 

percentage of spines containing eGFP–tau (Fig. 2A and B). Confirming previous results 

(Hoover et al. 2010), in neurons expressing tau variants that contain the P301L mutation, a 

high percentage of DsRed labelled spines contained eGFP–tau regardless of the expression 

of phosphomimetic mutations in B-and C-domains. In the absence of the P301L mutation, 

neurons expressing native wild-type eGFP–tau showed a low percentage of eGFP-containing 

spines. Interestingly, expressing the C-Glu variant of wild-type eGFP–tau led to dramatically 

increased percentages of eGFP-containing spines that were comparable to expressing P301L 

mutant eGFP–tau (Fig. 2B). In contrast, expressing the B-Glu variant of wild-type eGFP–tau 

did not lead to an increase in eGFP-containing spines. Based upon results in Figs 1 and 2, 

we concluded that the phosphorylation of one or more C-residues, but not B-residues, 

induces tau to mislocalize to dendritic spines.

To evaluate the role of phosphorylation in tau-related postsynaptic dysfunction, we tested the 

effect of separately blocking phosphorylation in each domain on AMPA receptor function. 

We expressed A-Ala, B-Ala and C-Ala variants of P301L mutant and wild-type eGFP–tau in 

cultured rat hippocampal neurons and performed whole-cell, patch-clamp electrophysiology 

to record glutamatergic mEPSCs. In neurons expressing P301L mutant eGFP–tau we found 
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mEPSCs with smaller amplitudes (Fig. 3A, B and D) and normal frequencies (Fig. 3C). 

Preserved mEPSC frequencies, indicating normal presynaptic function, likely result from the 

very low transfection efficiency (1–5%) in our experimental system. Low transfection 

efficiency makes it unlikely that a patched cell would be predominantly innervated by pre-

synaptic terminals from a neuron expressing exogenous eGFP–tau. Alanine substitutions in 

the A-, B- and C-domains produced different effects on postsynaptic dysfunction caused by 

the P301L mutation. The mEPSCs in neurons expressing the A-Ala variant of P301L mutant 

eGFP–tau remained abnormally small (Fig. 3A, B and E), indicating that postsynaptic 

function was not affected by phosphorylation in the A-domain. However, both B-Ala and C-

Ala substitutions restored the amplitudes of mEPSCs (Fig. 3A, B, F and G). Given that the 

B-Ala variant of P301L mutant eGFP–tau is abnormally elevated in dendritic spines (Fig. 

1C), the normal mEPSCs in these neurons is surprising; these data suggest that tau 

mislocalization alone is not sufficient to induce post-synaptic dysfunction. Therefore, we 

hypothesize that postsynaptic dysfunction is contingent on mislocalization, which depends 

on C-domain phosphorylation, in addition to phosphorylation in the B-domain.

To further test the hypothesis that phosphorylation within the B- and C-domains collaborates 

to disrupt postsynaptic function, we examined the effects of phosphomimetic B-Glu, C-Glu 

and B+C-Glu on tau-induced glutamatergic postsynaptic function. We accomplished this by 

measuring mEPSCs in cultured rat hippocampal neurons expressing P301L mutant or wild-

type eGFP–tau. As expected, neurons expressing P301L mutant eGFP–tau showed 

reductions in mEPSC amplitudes, irrespective of phosphomimetic mutations (Fig. 4A, B and 

D–G). However, in neurons expressing wild-type eGFP–tau, neither B-Glu nor C-Glu alone 

altered mEPSCs (blue and pink lines and symbols, Fig. 4A, B, E and F). Interestingly, 

mEPSC amplitudes were greatly reduced in neurons expressing the B+C-Glu variant of 

wild-type eGFP–tau (green lines and symbols, Fig. 4A, B and G), indicating that 

postsynaptic dysfunction depends on phosphorylation in both the B- and the C-domains. 

Taken together with the results of the phospho-blocking experiments (Figs 1 and 3), we 

conclude that post-synaptic dysfunction occurs through a coordinated series of events. 

Specifically, this dysfunction entails C-domain phosphorylation-induced tau mislocalization 

to spines, and subsequent weakening of AMPA receptor-mediated postsynaptic responses 

secondary to phosphorylation in the B-domain.

Hyperphosphorylated tau proteins have been reported to be enriched in the somatic and 

dendritic compartments of neurons from rTg(tauP301L)4510 mice brain tissue (Ramsden et 
al. 2005). However, still unknown is whether the P301L mutation leads to tau 

hyperphosphorylation also in primary neuronal cultures, and whether the phosphorylation of 

C-domain residues leads to secondary phosphorylation of B-domain residues. To address 

that question, we used the AT8 antibody to detect the presence of tau proteins 

phosphorylated at S202 and T205 in the B-domain. We stained neurons expressing wild-

type, P301L or C-Glu eGFP–tau (Fig. 5), and found strong AT8 staining in the somas, 

dendrites and dendritic spines of neurons expressing P301L eGFP–tau (Fig. 5A and C). 

Neurons expressing wild-type tau or C-Glu eGFP–tau had weakly staining somas (Fig. 5A), 

and almost no staining in dendrites (Fig. 5C). Quantitatively, the fluorescence intensity of 

AT8 staining in somas and dendrites in P301L eGFP–tau-expressing neurons was 

significantly higher than in neurons expressing wild-type or C-Glu eGFP–tau (Fig. 5B and 
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D). These results confirm that the P301L mutation induces hyperphosphorylation of B-

domain residues in primary neuronal cultures. By contrast, the weak AT8 staining in neurons 

expressing C-Glu eGFP–tau does not differ significantly from that in neurons expressing 

wild-type eGFP–tau (Fig. 5B and D). Thus, pseudophosphorylation of C-domain residues 

does not induce secondary phosphorylation of at least two B-domain residues.

Based on previously reported 2D-phosphopeptide mapping of purified cell lysates 

(Illenberger et al. 1998; Kimura et al. 2014; Tenreiro et al. 2014), among the residues in the 

C-domain, S235 and S404 are phosphorylated by cyclin-dependent kinase 5 (CDK5) 

whereas S396 (dominant site) and S404 (minor site) are phosphorylated by glycogen 

synthetase kinase 3β (GSK3β) (illustrated in Fig. 6A). To determine the roles of the two tau 

kinases in tau mislocalization to dendritic spines, we first treated neurons expressing P301L 

mutant eGFP–tau with CHIR99021, a GSK3β inhibitor, and roscovitine, a CDK5 inhibitor at 

the concentrations of 0.05, 0.5 and 5 μM (Fig. 6B–D). We found that the treatment of either 

drug alone reduce tau mislocalization to some degree (Fig. 6B–D). However, at 

concentrations up to 5 μM, neither drug alone lowered the percentage of eGFP-containing 

spines to control levels (Fig. 6B–D). Concentrations of CHIR99021 above 5 μM led to overt 

cell death (data not shown). In contrast, treating neurons expressing P301L mutant eGFP–

tau with a combined 500 nM CHIR99021 and 500 nM roscovitine reduced the percentage of 

eGFP-containing spines to that of wild-type eGFP–tau (Fig. 6D–E). These results indicate 

that the inhibition of both kinases is necessary to suppress mislocalization, and GSK3β and 

CDK5 act as redundant activators of a signalling cascade that ultimately leads to synaptic 

deficits. The treatment with either or both drugs did not significantly change the density of 

dendritic spines (Fig. 6F).

Based on the above pharmacological studies, we hypothesized that S235, S396 and S404 are 

involved in tau mislocalization to dendritic spines. To refine the identification of C-residues 

responsible for mislocalization, we mutated the above three residues as well as S422, which 

is phosphorylated by mitogen-activated protein kinase kinase 4 (MKK4) (Grueninger et al. 
2011), to alanine residues in multiple combinations (Fig. 7A). P301L mutant tau-induced 

mislocalization was blocked to the same extent with S396A:S404A as with 

S235A:S396A:S404A:S422A, suggesting that simultaneous blockade of the phosphorylation 

of only two residues, S396 and S404, is required to ameliorate the tau-induced 

abnormalities. S235A:S396A:S404A also blocked tau mislocalization, excluding a role for 

S422 phosphorylation in mislocalization (Fig. 7A). As the S235 residue is located within the 

proline-rich region of tau, we sought to exclude its involvement in inducing synaptic deficits 

(Figs 1A and 7B–D). We expressed a wild-type eGFP–tau variant pseudophosphorylated at 

all five B-domain residues along with residues S396, S404 and S422 in the C-domain, but 

with the phosphorylation-blocking S235A mutation in the proline-rich region. 

Electrophysiological analysis of neurons expressing this variant revealed significant 

reductions in mEPSC event amplitude, but no functional differences compared to the B+C-

Glu eGFP–tau variant (Fig. 7B–D). Taken altogether, these results indicate that 

phosphorylation at either S396 or S404 is sufficient to induce tau mislocalization to 

dendritic spines and that phosphorylation of S235 is not necessary to induce postsynaptic 

signalling deficits.
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Discussion

Our current study shows that postsynaptic dysfunction is the result of a coordinated 

progression of differential phosphorylation along a common pathway, as depicted in our 

conceptual model (Fig. 7E). Our reduction of tau hyperphosphorylation into three functional 

phosphorylation domains permitted us to deduce that tau mislocalization to spines and 

decreased AMPA receptor signalling take place along one common pathway. This process 

further enabled us to identify the individual residues in the C-terminal tail and the residues 

in the proline-rich domain that govern tau-induced postsynaptic dysfunction.

In cultured neurons, preventing the phosphorylation of both S396 and S404 reduced tau 

mislocalization to dendritic spines. In addition, the phosphorylation of either S396 or S404 

in the C-terminal tail is both necessary and sufficient to induce tau mislocalization to 

dendritic spines (Fig. 7E). Either blocking tau mislocalization or blocking the 

phosphorylation of B-residues (S202, T205, T212, T217, T231) prevented the reduction of 

mEPSC amplitudes.

An interesting question concerning the B-domain residues is: are they phosphorylated before 

or after they enter the dendritic spines? In P301L eGFP–tau-expressing neurons, we found 

abundant AT8 staining, which detects the phosphorylation of S202 and S205 in the B-

domain, in somas, dendrites and dendritic spines (Fig. 5). Therefore, it is likely that the B-

domain residues are phosphorylated prior to mislocalizing to dendritic spines (Fig. 7E).

The exact upstream factors that cause cellular stress and consequent pathological activation 

of kinases are unknown. The unfolded protein response that is activated by endoplasmic 

reticulum (ER) stress (Lai et al. 2007; Su et al. 2016) was shown to increase phosphorylation 

of the S202 and S205 residues in the B-domain (Kim et al. 2017). It was also reported that 

ER stress activates GSK3β (Liu et al. 2016). The dysregulation of CDK5, which 

phosphorylates the C-residue S404, and GSK3β, which predominantly phosphorylates the 

C-residue S396, is implicated in the pathogenesis of Alzheimer’s disease (Patrick et al. 
1999; Bhat et al. 2004; Shukla et al. 2012).

The signalling cascade downstream from tau likely involves alterations in its binding 

partners resulting from phosphorylation in the B- and C-domains. One potential binding 

partner involved is calcineurin. This phosphatase mediates AMPA receptor endocytosis 

occurring in long-term depression, a form of long-lasting synaptic plasticity underlying 

memory formation (Dell’Acqua et al. 2006; He et al. 2011; Miller et al. 2014; Sanderson et 
al. 2016). Calcineurin interacts with a segment in the proline-rich domain (aa 198–244; Yu 

et al. 2008), which encompasses the B-domain (S202–T231; Figs 1A and 8). If B-domain 

phosphorylation enhances tau-calcineurin binding affinity, then it is possible that the 

mislocalization of tau to dendritic spines would result in a greater concentration of 

calcineurin in the spines. This enhancement could lead to an increase in the internalization 

of GluA1 subunits of AMPA receptors dephosphorylated by calcineurin (Dell’Acqua et al. 
2006; He et al. 2011; Sanderson et al. 2016). Supporting this idea, we previously showed 

that the calcineurin inhibitor FK-506 (tacrolimus) prevents tau-induced loss of functional 
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AMPA receptors in dendritic spines by blocking the dephosphorylation of GluA1 (Miller et 
al. 2014).

There are 85 putative phosphorylation residues in tau which vary in their extent of 

phosphorylation (Mair et al. 2016; Silva et al. 2016). Studies have used a mass-

spectrometry-based assay to measure the stoichiometry of phosphorylated residues in 

soluble wild-type tau expressed in Spodoptera frugiperda (Sf9) cells and human neuronal 

induced pluripotent stem cells. The most frequently phosphorylated SP/TP residues were 

found to be S199, S202, T205, T212, T217, T231, S235, S396 and S404 (Mair et al. 2016; 

Silva et al. 2016). Specifically, ~85% of the wild-type tryptic fragments containing S396 and 

S404 were modified (reported as ~15% unmodified), indicating that one or both residues are 

phosphorylated in ~85% of wild-type tau molecules expressed and therefore should be 

mislocalized. It is puzzling why most wild-type tau proteins are not mislocalized in previous 

studies (Hoover et al. 2010; Ittner et al. 2010; Zhao et al. 2016). The stoichiometry of 

phosphorylation in primary neurons and the brain may differ from that in the insect and 

induced pluripotent stem cell culture paradigms. Support for this possibility includes the late 

appearance of staining of phosphorylated S396 and S404 with PHF-1 in humans with AD 

(Augustinack et al. 2002) and in a mouse model of frontotemporal dementia (Mair et al. 
2016). Alternatively, there may be one or more ‘bottlenecks’ or rate-limiting steps controlled 

by other post-translational modifications of tau such as cleavage by caspase-2 (Zhao et al. 
2016), acetylation by the major tau acetyltransferases CBP and p300 (Min et al. 2010; Tracy 

et al. 2016), and phosphorylation at non-SP/TP residues. One possible ‘bottleneck’ 

mechanism may be tau cleavage at Asp314 by caspase-2, which was previously shown to be 

necessary for the mislocalization of mutant P301L eGFP–tau (Zhao et al. 2016).

In summary, our findings define a common pathway in which the phosphorylation of 

residues in the C-terminal and proline-rich regions of tau regulates different steps leading to 

postsynaptic dysfunction. Several different post-translational modifications of tau must 

converge to cause synaptic deficits; these collectively form a cascade that plays a key role in 

the pathogenesis of Alzheimer’s disease and other tauopathies. We found that postsynaptic 

dysfunction does not result from the mislocalization of tau to dendritic spines per se, but 

dysfunction requires the additional phosphorylation of tau in another domain, which may 

reconcile some current conflicting results. For example, AAV-expressed Δtau314, a 

truncated species of tau that forms when caspase-2 cleaves tau at Asp314, mislocalizes to 

dendritic spines but does not impair cognition (Zhao et al. 2016). Our findings suggest that 

preventing either the mislocalization of tau or the reduction of AMPA receptors in dendritic 

spines—by targeting the specific phosphorylation sites characterized here—may result in 

promising therapies for Alzheimer’s disease and other tauopathies.
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Key points

• Tau mislocalization to dendritic spines and associated postsynaptic deficits 

are mediated through different and non-overlapping phosphorylation sites.

• Tau mislocalization to dendritic spines depends upon the phosphorylation of 

either Ser396 or Ser404 in the C-terminus.

• Postsynaptic dysfunction instead depends upon the phosphorylation of at least 

one of five residues in the proline-rich region of tau.

• The blockade of both glycogen synthetase kinase 3β and cyclin-dependent 

kinase 5 is required to prevent P301L-induced tau mislocalization to dendritic 

spines, supporting redundant pathways that control tau mislocalization to 

spines.
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Figure 1. Blocking phosphorylation of C-domain residues reduces the mislocalization of P301L 
mutant tau to dendritic spines
A, map of A-, B- and C-domains of tau (coloured orange, blue and pink, respectively; Fig. 8 

shows the rationale for this grouping). B, representative images of eGFP–tau constructs 

(green) and DsRed (red) expressed in rat primary hippocampal neuronal cultures. Tau 

expressing the P301L mutation mislocalizes to a majority of spines, except when C-residues 

are mutated to alanine to block phosphorylation. ‘–’ refers to wild-type tau without a P301L 

mutation and ‘native’ refers to tau lacking mutations of the A-, B- or C- residues. ‘-Ala’ 

indicates mutation to alanine. C, quantification of percentage of spines containing tau. D, 

spines containing P301L mutant eGFP–tau normalized to respective wild-type alanine 

variants to estimate the amount of tau missorting. E, quantification of total spine density. In 

C and E, data were analysed by two-way ANOVA shielded Bonferroni post hoc analysis. In 

C, F(3, 112) = 49.24; Native, A, B: ***P < 0.0001, C: n.s. P > 0.9999. In E, F(3, 112) = 0.277. 

In D, data were analysed by one-way ANOVA shielded Bonferroni post hoc analysis; F(3, 56) 

= 72.03; ***P < 0.0001. For all, error bars represent mean ± SD; n = 15 neurons.
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Figure 2. Pseudophosphorylation of C-domain residues enhances the mislocalization of wild-type 
tau to dendritic spines
A, representative photomicrographs of eGFP–tau constructs (green) and DsRed (red) 

expressed in rat primary hippocampal neuronal cultures. ‘-Glu’ indicates glutamate 

substitutions of S/T residues to mimic phosphorylation in the respective domains. The 

mislocalization of tau with pseudophosphorylated C-residues (4th row) is comparable to that 

of P301L mutant tau (1st row). The addition of B-Glu mutations to tau with C-Glu mutations 

does not further increase the mislocalization of tau (5th row). B, quantification of percentage 

of spines containing tau. C, quantification of total spine density. Data were analysed by two-

way ANOVA shielded Bonferroni post hoc analysis. In B, F(3, 98) = 40.45; ***P < 0.0001. In 

C, F(3, 98) = 0.699. n (number of neurons) is represented in parentheses. Error bars represent 

mean ± SD.
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Figure 3. Blocking phosphorylation of B- or C-domain residues prevents P301L mutant tau-
induced glutamatergic postsynaptic deficits
A, representative traces of rat hippocampal neurons transfected with eGFP–tau constructs. 

Neurons were bathed in ACSF containing TTX (1 μM), picrotoxin (100 μM), and APV (100 

μM) to isolate AMPA receptor mEPSCs. P301L mutant tau-containing constructs led to a 

reduction in mEPSC amplitude, except when either the B-residues or the C-residues were 

mutated to alanine to prevent phosphorylation. B, quantification of mEPSC amplitudes. C, 

quantification of mEPSC frequencies. D–G, relative cumulative frequency of amplitudes of 

all mEPSC events in multiple groups. In B and C, data were analysed by two-way ANOVA 

shielded Bonferroni post hoc analysis. In B, F(3, 79) = 5.082; native: ***P = 0.0005, A: *P = 

0.0179. In C, F(3, 79) = 0.4394. In D–G, data were analysed by the Kolmogorov–Smirnov 

GOF test; ***P < 0.0001. Error bars represent mean ± SD. n (number of neurons) is 

represented in parentheses.
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Figure 4. Pseudophosphorylation of B- and C-domain residues combined induces glutamatergic 
post-synaptic deficits
A, representative traces of rat hippocampal neurons transfected with eGFP–tau constructs. 

Neurons were bathed in ACSF as before to isolate AMPA receptor mEPSCs. All P301L 

mutant tau-containing constructs show reduced mEPSC amplitudes. Pseudophosphorylation 

in a single domain does not induce deficits; however, pseudo-phosphorylation of both B- and 

C-residues in combination reduced mEPSC amplitudes. B, quantification of mEPSC 

amplitudes. C, quantification of mEPSC frequencies. D–G, relative cumulative frequency of 

amplitudes of all mEPSC events in multiple groups. In B and C, data were analysed by two-

way ANOVA shielded Bonferroni post hoc analysis. In B, F(3, 76) = 3.406; Native: ***P < 

0.0001, B: ***P = 0.0004, C: **P = 0.0015. In C, F(3, 76) = 0.5672. In D–G, data were 

analysed by the Kolmogorov–Smirnov GOF test; ***P < 0.0001. Error bars represent mean 

± SD. n (number of neurons) is represented in parentheses.
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Figure 5. Pseudophosphorylation of C-domain residues is not sufficient to induce 
phosphorylation of the complete set of B-domain residues
A, representative photomicrographs of neuronal somas expressing native wild-type or P301L 

eGFP–tau, and neurons expressing variant C-Glu eGFP–tau stained for S202 and T205 

phosphorylation with AT8 antibodies. B, quantification of somatic eGFP and AT8 luminance 

normalized to background fluorescence. C, representative photomicrographs of dendrites 

from neurons presented in A. D, quantification of dendritic eGFP and AT8 fluorescence 

luminance normalized to background fluorescence. All data were analysed by two-way 

ANOVA shielded Bonferroni post hoc analysis. For B, F(1, 30) = 29.57; P < 0.0001. In D, 

F(1, 30) = 76.51; wild-type and C-Glu P = 0.017. For all, n = 6 neurons; error bars represent 

mean ± SD.
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Figure 6. Blocking mislocalization of P301L mutant tau requires the inhibition of both GSK3β 
and CDK5
A, schematic representation of C-residues. Maroon colour (S235 and S404) indicates 

residues phosphorylated by CDK5; teal colour (S396) indicates residues phosphorylated by 

GSK3β. B, representative images of neurons treated by control vehicle DMSO, CDK5 

inhibitor roscovitine (Ros) alone, GSK3β inhibitor CHIR99021 (CHIR) alone and CHIR + 

Ros. C, dose–response curves of Ros and CHIR on percentage of spines containing tau in 

neurons that express eGFP–tau constructs (green) and DsRed (red). These results indicate 

that inhibition of either GSK3β or CDK5 alone is insufficient to block P301L mutation-

induced tau mislocalization to dendritic spines. D, percentage of spines containing tau in 

neurons that had been treated with 500 nM roscovitine (CDK inhibitor) and/or CHIR99021 

(GSK3β inhibitor). E, percentage reduction in mislocalization from untreated P301L-tau by 

each drug treatment regime. Results in D and E demonstrate that blocking both GSK3β and 

CDK5 kinases is required to block tau mislocalization. F, quantification of total spine 
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density in neurons with different treatment paradigms, showing no overt loss of dendritic 

spines. Data were analysed by one-way ANOVA shielded Bonferroni post hoc analysis. 

***P < 0.0001; n = 10 neurons; error bars represent mean ± SD.
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Figure 7. Blocking phosphorylation of S396 and S404 together prevents P301L mutant tau-
induced mislocalization, but blocking phosphorylation of S235 in the proline-rich region has no 
effect on synaptic dysfunction
A, systematic mutagenesis of C-residues shows that blocking phosphorylation of S396 and 

S404 together prevents P301L mutant tau-induced mislocalization, but blocking either S396 

or S404 alone does not prevent mislocalization. Data were analysed by one-way ANOVA 

shielded Bonferroni post hoc analysis. F(6, 65) = 74.32; *** P < 0.001; n = 6–15 neurons; 

error bars represent mean ± 95% CI. B, relative cumulative frequency of amplitudes of all 

mEPSC events in each group. Data were analysed by Kolmogorov–Smirnov GOF test. D = 
0.318; *** P = 0.0004. C, representative traces. D, event amplitudes and frequencies for 

mEPSCs described in B and C. Data were analysed by one-way ANOVA shielded 

Bonferroni post hoc analysis. F(2, 31) = 2.332; ***P < 0.0001; n = 10–12 neurons; error bars 

represent mean ± SD. E, diagram illustrating a hypothetical model that integrates the 

interaction between phosphorylation by protein kinases GSK3β and CDK5. Kinases 

activated by P301L mutant tau must phosphorylate residues in the B- and C-domains for 

mislocalization and synaptic deficits to occur.
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Figure 8. Evolution of hypotheses pertaining to the role of phosphorylation on postsynaptic 
dysfunction
We partitioned tau based on our initial hypothesis (Hypothesis 1) that SP/TP residues in the 

A-domain and/or B-domain activate calcineurin leading to the internalization of AMPA 

receptors causing postsynaptic dysfunction (Step 1). The scientific rationale for this 

hypothesis was based on our own studies (Hoover et al. 2010; Miller et al. 2014) and a 

published observation describing the interaction of a segment (aa 198–244) of the proline 

rich region of tau (aa 151–244) with the regulatory domains of the catalytic subunit of 

calcineurin (Yu et al. 2008). To test this hypothesis, we mutated SP/TP residues in the A-, B- 

or C-domains of wild-type or P301L mutant tau to alanine to block phosphorylation (Step 

2). We found that the phosphorylation state of A-residues was neither necessary (Fig. 3) nor 

sufficient to cause synaptic deficits (Fig. 9). Next, we characterized the B- and C-domains 

further by producing tau variants with phosphomimetic substitutions in these domains (Step 
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3). Based on results shown in Figs 1–4, we revised Hypothesis 1 and generated Hypothesis 

2. The findings in Figs 6–7 led us to Hypothesis 3, a refinement of Hypothesis 2.
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Figure 9. Analyses of mEPSCs recorded in neurons expressing A-Glu tau
A, comparison of mEPSC amplitudes in neurons expressing native tau and the A-Glu variant 

(neither contains the P301L mutation). B, quantification of mEPSC frequencies. C, relative 

cumulative frequency of amplitudes of all mEPSC events in both groups. These results 

indicate that phosphorylation of A-domain alone is not sufficient to cause synaptic deficits. 

The results here and the results in Fig. 3 suggest that the phosphorylation of A-domain 

residues plays a minimal role in tau-induced synaptic deficits over the time period observed 

(11–14 days after transfection). However, whether the A-domain is involved in spine loss or 

cell death at later stages remains to be determined. In A and B, data were analysed with 

Student’s t test; n = 12 neurons; error bars are mean ± SD. In C, data were analysed by the 

Kolmogorov–Smirnov GOF test.
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