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Background: Tau phosphorylation affects synaptic transmission, but the underlying mechanism remains elusive.
Results:NMDA receptor activation leads to phosphorylation of endogenous tau, thereby regulating the interaction of tau with
Fyn and postsynaptic scaffolding protein PSD95.
Conclusion: Phosphorylation of tau controls the interaction of tau with the postsynaptic PSD95-Fyn-NMDA receptor complex
leading to changes in synaptic activity.
Significance: The here described physiological mechanism could go awry during the development of Alzheimer disease.

Amyloid-� and tau protein are the two most prominent fac-
tors in the pathology of Alzheimer disease. Recent studies indi-
cate that phosphorylated taumight affect synaptic function.We
now show that endogenous tau is found at postsynaptic sites
where it interacts with the PSD95-NMDA receptor complex.
NMDA receptor activation leads to a selective phosphorylation
of specific sites in tau, regulating the interaction of tau with Fyn
and the PSD95-NMDA receptor complex. Based on our results,
we propose that the physiologically occurring phosphorylation
of tau could serve as a regulatory mechanism to prevent NMDA
receptor overexcitation.

Alzheimer disease (AD),4 a progressive neurodegenerative
disorder, is characterized by histopathological changes in the
brain comprising massive neurodegeneration and loss of neu-
ronal connectivity (1). Brains ofADpatients reveal extracellular
amyloid-� (A�) plaques and intracellular neurofibrillary tan-
gles mainly composed of hyperphosphorylated tau protein
(2–5). Tau protein is classically known as a microtubule-inter-
acting protein involved in regulating microtubule dynamics
and stability (6–8). Data from human genetics and transgenic
mouse studies strongly implicate A� in the etiology and patho-
genesis of AD (9).

Memory deficits in AD patients, however, do not correlate
well with A� plaque burden but, instead with synaptic marker
loss (10). More importantly, learning deficits and synaptic dys-
function in transgenic animal models of AD appear before the
formation of plaques, suggesting that a physiological synaptic
deficit rather than neuronal loss underlies initial AD develop-
ment (11–13). Several studies have suggested that A� could act
as a homeostatic regulator of synaptic strength (14–16). These
data have lent support to the notion that perturbations of A�
levels, and their effects on synapses, might be linked directly to
the learning andmemory deficits in patients with AD (2, 10, 17,
18). A cellular neurophysiological correlate for learning and
memory is synaptic plasticity and its two most well character-
ized forms, long term potentiation (LTP) and long-term
depression (LTD). LTP and LTD can be induced by a transient
activation of NMDA-sensitive glutamate receptors and an
increase in the postsynaptic calcium concentration (19), caus-
ing an increase in synaptic transmission and spine size in LTP
(20–25) or reduction in synaptic transmission and spine loss in
LTD (26–32).
Interestingly, A� was described to localize at synaptic termi-

nals (33), where it was found to enhance NMDA receptor-de-
pendent transmission and to alter synaptic function (34, 35).
Furthermore, A� can impair LTP as well as facilitate LTD (36,
37). Recent data show that lack of tau protein inhibits A�-in-
duced impairment of LTP (38), suggesting that tau protein
could play a role in regulating synaptic function. These data
have lent fresh support to the hypothesis that the cellular action
of tau and A� could be linked; in fact suggesting that in the AD
signaling cascade A� could be upstream of tau.
Ten years ago it was found that A� fibrils were able to accel-

erate the formation of abnormally phosphorylated neurofibril-
lary tangles in a tau transgenic mouse (39) and that A� was
inducing tau phosphorylation and toxicity in cultured septal
cholinergic neurons (40). More recently it has been shown that
soluble A� oligomers cause abnormal tau phosphorylation and
loss of spines (41). Furthermore, naturally occurring A� dimers
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isolated from AD brains are sufficient to induce AD-type tau
phosphorylation and neuronal death (42).
Interestingly, many kinases involved in abnormal tau phos-

phorylation during AD (like GSK3� and PKA) are also known
to play a critical role in synaptic plasticity (43, 44), again sug-
gesting that deregulated tau protein could be involved in per-
turbing synaptic function during AD. However, whether
endogenous tau is localized at synapses or playing an active role
in regulating synaptic transmission remains largely unknown.
To address these questions, we studied endogenous tau in

organotypic hippocampal slice cultures, primary neurons and
synaptosomal preparations from rat brains. We find that a
small fraction of tau localizes under physiological conditions in
dendrites and spines. There, tau is getting phosphorylated upon
NMDA receptor activation through a signaling cascade that is
also activated by preincubating neurons with A�. Furthermore,
we show that tau interacts in a phosphorylation-dependent
manner with the PSD95-Fyn-NMDA receptor complex at the
postsynaptic site. Taken together, we propose that tau phos-
phorylation might regulate synaptic activity through changing
protein interactions, a mechanism that goes awry during the
development of AD.

EXPERIMENTAL PROCEDURES

Primary Cell Culture—Primary hippocampal neurons were
prepared following the “Banker protocol” (45). Briefly, neurons
were isolated from embryonic day 18 rats and plated on poly-
D-lysine-coated glass coverslips (50 g/ml) in 24-well plates at a
density of 50,000 cells/well or in 12-well plates at 100,000 cells/
well. The plating medium was based on �-MEM (Invitrogen)
supplemented with 10% horse serum. The medium was
changed to Neurobasal medium (Invitrogen) supplemented
with B27 (Invitrogen) and 0.5 mM glutamine after 2–4 h. The
mediumwas changed after 72 h, and 5 �M cytosine arabinoside
(Sigma) was added to reduce glial growth. From then on, one
third of the medium was exchanged three times per week.
Neurons were kept for 3 weeks and then analyzed by
immunohistochemistry.
Immunostaining and Fluorescence Imaging—Cells were fixed

in 4% paraformaldehyde for 15 min, permeabilized, and
blocked for 30 min (0.2% Triton X-100, 0.5% FBS) and incu-
bated with the following antibodies: chicken anti-MAP2 (Mil-
lipore; 1:2000); Tau5 (mAb against total Tau, Abcam, 1:100);
PHF-1 (mAb against phosphorylated Tau, kindly provided by
Peter Davis, 1:100); AT180 (mAb against phosphorylated Tau,
Thermo Scientific, 1:100); AT8 (mAb against phosphorylated
Tau,ThermoScientific, 1:100);AT100 (mAbagainst phosphor-
ylated Tau, Thermo Scientific, 1:100). As secondary antibodies,
Alexa Fluor-labeled goat anti-mouse and goat anti-rabbit IgG
antibodies were used (Invitrogen). Fluorescent images were
taken with a 60� objective on a Fluoview 1000 Laser Scanning
Confocal microscope (Olympus) using wavelength and filters
according to the fluorophore characteristics.
ElectronMicroscopy—Hippocampal slices were fixed in 0.1 M

cacodylate buffer (pH 7.4; 37 °C) containing 1.5% glutaralde-
hyde (Canemco & Marivac, Québec, Canada) and 1% parafor-
maldehyde (Fisher). Slices were postfixed in 1% osmium tetrox-
ide (Canemco & Marivac) in cacodylate buffer for 1 h at room

temperature. After washing in buffer, slices were dehydrated in
a graded series of alcohols at room temperature, then washed
twice for 10 min in 90% ethanol and embedded in LRWhite
resin (Canemco &Marivac). The resin was polymerized under
anaerobic conditions for 48 h at 56 °C. Ultrathin sections (�70
nm) were cut with an ultramicrotome and placed on nickel
grids coated with Formvar and carbon (MECALAB, Montréal,
Québec, Canada). Sections were treated with a saturated solu-
tion of sodiummetaperiodate in water for 1min followed by 1%
ovalbumin in PBS for 5min. Sections were then incubated with
AT8primary antibody diluted in PBS containing 1% goat serum
overnight. After being washed twice for 5 min in PBS contain-
ing 1% ovalbumin, followed by incubation in Colloidal gold
coated with IgG (1:1) diluted in PBS for 30 min, sections were
stained with uranyl acetate for 2 min and lead citrate for 5 min
and analyzed with an electron microscope Philips EMCM 100.
Cell Culture Transfection—HEK-293 cells were maintained

in DMEM supplemented with 10% fetal bovine serum (Invitro-
gen). Cells were plated in 100-mm culture dishes and trans-
fected, using Lipofectamine 2000 reagent (Invitrogen), accord-
ing to the manufacturer’s instructions, with cDNAs of the
4R/0N human tau isoform cloned in pEGFP-C1 vector (Clon-
tech): the wild type tau, tauE (Ser to Glu point mutations for
Ser199, Ser202, Thr205, Ser214, Thr231, Ser235, Ser262, Ser356,
Ser396, Ser400, Ser404, Ser409); tauA (Ser to Ala point mutations
for Ser199, Ser202, Thr205, Ser214, Thr231, Ser235, Ser262, Ser356,
Ser396, Ser400, Ser404, Ser409); tau-S199A; tau-T212A, and tau-
T231A. Cells were harvested 48 h after transfection and
homogenized in lysis buffer (50 mM Tris-HCl (pH 7.4), 150 mM

NaCl, 5 mM EDTA, 1.5% Triton X-100, protease inhibitor
(Calbiochem)).
Western Blotting—For Western blot analysis, total protein

from hippocampal brain slices were obtained by boiling slices
for 5min, sonicating 2min, and boiling 3min in 1% SDS. A total
of 15–20 �g of total protein was loaded on a 10% SDS-PAGE,
separated, and transferred onto Immobilon-P transfer mem-
branes (Millipore). The following antibodies and dilutions were
used: chicken anti-MAP2 (Millipore; 1:1000); Tau5 (mAb
against total Tau, Abcam, 1:2000); PHF-1 (mAb against phos-
phorylated Tau, kindly donated by Peter Davis, 1:2000); AT180
(mAb against phosphorylated Tau, Thermo Scientific, 1:1000);
AT8 (mAb against phosphorylated Tau, Thermo Scientific,
1:1000); AT100 (mAb against phosphorylated Tau, Thermo
Scientific, 1:1000); actin (monoclonal anti-�-actin, Sigma;
1:10,000); Fyn (G-4) (Santa Cruz Biotechnology, 1:2000);
GluN2B (G-4) (Millipore, 1:1000). Blots were developed using
ECL-Plus (GEHealthcare) or SupersignalWest Femto (Pierce).
Results were quantified with the ImageJ software andwere nor-
malized to the actin signal.
A�—A� 1–42 (Bachem) or scrambled A� (Covance) as con-

trol, was dissolved in ice-cold hexafluoroisopropyl alcohol,
thoroughly vortexed, aliquoted, the hexafluoroisopropyl alco-
hol completely evaporated, and frozen at �80 °C until use. The
A� was dissolved in 4.4 �l of dimethyl sulfoxide, sonicated for
30 s, and used in a 0.5 �M final concentration. To analyze the
formation of oligomeric A�, 50�l of slice culturemedium from
day 1 and day 5 was loaded on a 10–20% continuous gradient
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Tris-Tricine gel. Western blot analysis was performed by using
anti-A� antibody (Millipore).
Purification of Synaptosomes—Synaptosomes were purified

by discontinuous Percoll gradient procedure according to
Dunkley and colleagues (46). Briefly, hippocampi and cortices
from adult rats (6–12 months) were homogenized in 10 vol-
umes of 0.32 M sucrose, buffered at pH 7.4 with Tris, using a
glass/Teflon tissue grinder (clearance 0.25 mm). The homoge-
natewas centrifuged at 1000� g, and the supernatantwas strat-
ified on a discontinuous Percoll gradient (6, 10, and 20% v/v in
Tris-buffered sucrose) and centrifuged at 33,500 � g for 5 min.
The layer between 10 and 20% Percoll (synaptosomal fraction)
was collected and washed by centrifugation, and the resulting
pellet was used for further experimentation.
Immunoprecipitation—Dynabeads (25 �l, from Invitrogen)

were washed once with PBS-Tween 2% and incubated with
mAb PSD95 (Invitrogen; 1:10) in PBS-Tween 2% for 60 min at
room temperature on a nutator. The beads were washed and
then incubated for 1 h at 4 °C with 200 �g of protein extract in
a total of 500 �l of lysis buffer containing proteinase inhibitors.
The beads were washed three times with PBS-Tween buffer.
The immunoprecipitated proteins were eluted by boiling for 10
min in Laemmli buffer and analyzed by Western blotting.
Slice Preparation—Hippocampal slices were prepared from

p6/7 rat pups as described previously andmaintained in culture
for 10 days as described earlier (47, 48). For electrophysiological
recording, slices were transferred to a submerged recording
chamber maintained at 32 °C. For biochemistry, slices were
submerged for 5 min in ACSF (119 mM NaCl, 2.5 mM KCl, 26
mM NaHCO3, 1 mM NaH2PO4, 11 mM glucose) containing
NMDA (20 �M) before being transferred to ACSF without
NMDA.
Electrophysiological Protocols—Extracellular field recordings

from CA1 were made with an Axoclamp-2B amplifier (Axon
Instruments), and data were acquired using Clampex 10 soft-
ware (Axon Instruments). Borosilicate glass recording elec-
trodes were filled with ACSF and positioned in CA1. Field
EPSCswere evoked by stimulating the Schaffer collaterals at 0.2
Hz with a bipolar tungsten electrode, connected to a stimulus
isolation unit (A.M.P.I.). Baseline recording lasted for 20 min.
Simultaneouswhole cell recordings were obtained under vis-

ual guidance from pairs of nearby control and tau-expressing
CA1 pyramidal neurons (GFP-tagged tau WT, tauA, or tauE
cloned into Sindbis virus expression vector, Invitrogen). The
recording chamber was perfused with ACSF containing 0.1mM

picrotoxin (Sigma), 4mMCaCl2, 4mMMgCl2, and 4mM2-chlo-
roadenosine (Sigma), bubbled with a Carbogen mix (5%
CO2,95% O2). All recordings were performed at 30 °C. Patch
pipettes (3–5 megohms) were filled with internal solution con-
taining 115 mM cesium methanesulfonate, 20 mM CsCl, 10 mM

HEPES, 2.5mMMgCl2, 4mMNa2ATP, 0.4mMNa3GTP, 10mM

sodium phosphocreatine, 0.6 mM EGTA, at pH 7.25 and 290
mosm. Whole cell recordings were carried out using a
MultiClamp700B amplifier (Axon Instruments). Bipolar tung-
sten stimulation electrodes were placed over Schaffer collateral
fibers 250 �m lateral to the recording site in hippocampal slice
cultures. EPSC amplitudes were obtained from an average of
100 sweeps at each holding potential. All recordings were done

by stimulating two independent synaptic inputs; results from
each pathway were averaged and counted as n � 1. The AMPA
receptor-mediated EPSCwasmeasured as peak inward current
at �60 mV, the NMDA receptor-mediated component was
measured as the late component (80–85 ms after stimulus) of
the outward current at �40 mV.
Statistical Analysis—Bar diagrams represent the experimen-

tal mean; the error bars represent the standard error. For sta-
tistical analysis we used the Student t test with a p value of 0.05.

RESULTS

A�Affects Tau Phosphorylation at Specific Sites—Ahallmark
ofAD is the increased phosphorylation of tau protein at specific
sites, recognized by the phosphospecific antibodies AT8,
AT100, AT180, and PHF-1 (Fig. 1a). To determine whether A�
increases tau phosphorylation in general or rather acts on spe-
cific sites, we incubated 10-day-old organotypic hippocampal
slices withA� for 5 days.While we addedmonomeric A� to the
slice cultures, A� formed oligomers over the incubation time of
5 days (Fig. 1b). Western blot analysis of total protein revealed
basal levels of phosphorylated tau protein at all tested sites
(AT8, AT100, AT180, and PHF-1, Fig. 1c). Five days incubation
with A� increased tau phosphorylation significantly at Ser396/
Ser404 (PHF-1) and Thr231/Ser235 (AT180) bymore than 2-fold,
whereas phosphorylation at Ser199/Ser202 (AT8) and Thr212/
Thr217/Ser214 (AT100) were not changed (Fig. 1d). The total
amount of tau protein did not changewithA� incubation (indi-
cated by the Tau 5 antibody, Fig. 1, b and c). Taken together, A�
initially phosphorylates specific sites on tau, rather than
increasing global tau phosphorylation at all sites as seen in late
AD. This suggests that certain tau phosphorylation sites could
depend on additional signaling pathways other than those
directly elicited by A�.
Endogenously Phosphorylated Tau Protein Is Present in Den-

drites and Synaptosomal Fractions—We detected a consider-
able amount of tau protein being phosphorylated at all four sites
in untreated hippocampal slice cultures, indicating that tau
phosphorylation at those sites might occur under physiological
conditions and is not necessarily linked to AD (Fig. 1c). This is
consistent with earlier reports where tau phosphorylation was
observed under nonpathological conditions (e.g. Ref. 49).
To further elucidate the presence and localization of endog-

enously phosphorylated tau, we immunostained phosphory-
lated tau protein in dissociated hippocampal neurons (3 weeks
in culture, Fig. 2a). To differentiate axonal from dendritic com-
partments, we additionally stained for MAP2, a microtubule-
associated protein found in dendrites. Staining for total tau pro-
tein by the antibody Tau5 showed a strong labeling of axons but
also to some extent of dendrites (Fig. 2a, top row). Interestingly,
the different phosphorylation specific tau antibodies revealed
an increased localization of endogenous phospho-tau to the
somatodendritic compartment for PHF-1 and a dendritic local-
ization for AT180 and AT8 staining (Fig. 2a). Only immuno-
staining with AT100 did not show any preference of dendritic
over axonal localization. These results suggest that tau phos-
phorylation occurs continuously under physiological condi-
tions and that phosphorylated tau is mainly found in dendrites.
To elucidate furtherwhether endogenously phosphorylated tau
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could be found postsynaptically, we performed electron
microscopy on hippocampal slice cultures. Given its strong
dendritic signal in Fig. 2a, we decided to analyze phosphoryla-
tion of the tau AT8 site. We observed tau AT8 reactivity in 10
synapses (from four different preparations). Seven times phos-
phorylated tau localized postsynaptically (Fig. 2b, upper), twice
presynaptically and once pre- and postsynaptically (Fig. 2b,
lower). Given the phospho-tau localization in spines and den-
drites, we wanted to further analyze tau phosphorylation at
synapses with a more quantitative method. We therefore pre-
pared hippocampal synaptosomal fractions from adult rats and
analyzed their phospho-tau contents. Phosphorylated tau as
well as total tau (detected by Tau5 antibody) was enriched in
synaptosomes compared with total brain lysate (Fig. 2, c and d).
The synapse-specific protein PSD95 (a marker for the postsyn-
aptic density) was used as a control for the successful enrich-
ment of synaptic proteins in the synaptosomal fraction. In sum-
mary, we find low amounts of phosphorylated tau to be present

at all times in neurons; however, when phosphorylated, tau
tends to be localized in dendrites and near synapses.
NMDA Receptor Activation Leads to a Transient Increase in

Tau Phosphorylation—We had shown previously that A�
engages an NMDA receptor-dependent intracellular signaling
pathway leading to LTD like loss of AMPA receptors in the
synapse (16). Given that phosphorylated tau was found at syn-
apses (Fig. 2b), we wondered whether the underlying mecha-
nism of tau phosphorylation could be mediated by NMDA
receptor-dependent LTD. We took advantage of an NMDA
receptor-dependent chemical induction protocol that pro-
duces a consistent and long lasting LTD (as shown by extracel-
lular excitatory field recordings, Fig. 3a). We induced NMDA-
dependent LTD in hippocampal slice cultures and analyzed tau
phosphorylation at different time points. Consistent with our
previous data, Western blots from total protein extracts
revealed a basal level of phosphorylated tau protein at sites rec-
ognized by PHF-1, AT180, AT8, andAT100 antibodies (Fig. 3b,

FIGURE 1. A� increases tau phosphorylation in organotypic slice cultures. a, tau protein (here 4R/0N) contains multiple phosphorylation sites, such as
Ser199/202-Thr205, Thr212/217-Ser214, and Thr231-Ser235 located in the proline-rich domain (in red) or Ser396/404 located behind the repeat domain region (in blue).
The corresponding phospho-specific antibodies AT8, AT100, AT180, and PHF-1 can detect the phosphorylation at these sites. b, A� forms oligomers after 5-day
incubation with hippocampal slice cultures. 50 �l of slice culture medium was taken at days 1 and 5, and A� was revealed via Western blotting. Monomeric A�
from day 1 (1 h in culture) forms oligomers after 5 days in culture. Numbers indicate size in kDa. c, Western blot analysis of 5-day A�-treated organotypic
hippocampal slices showed an increase of tau phosphorylation at sites Ser396/404 (PHF-1) and Thr231-Ser235 (AT180), but not at sites Ser199/202-Thr205 (AT8) and
Thr212/217-Ser214 (AT100). The amount of total tau protein (Tau 5) was not affected by treatment with A�. d, tau protein showed a significant increase in
A�-induced phosphorylation at PHF-1 and AT180 sites (Ser396/404 and Thr231-Ser235) compared with control. *, p � 0.05, n � 4. Error bars represent the S.E.
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0 min). After NMDA receptor activation for 5 min, phosphor-
ylation of tau at PHF-1 (Ser396/Ser404), AT180 (Thr231/Ser235),
and AT8 (Ser199/Ser202) steadily increased, reaching its maxi-

mum at 120min (Fig. 3, c, PHF-1; d, AT180; and e, AT8). Inter-
estingly, tau phosphorylation at those sites was reversible
because the amount of tau phosphorylation was significantly
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decreased after 240 min compared with 120 min (Fig. 3, c–e).
Conversely, tau phosphorylation at the AT100 site (Thr212/
Ser217/Ser214) did not show any increase after NMDA receptor

activation but a decrease (Fig. 3f). The total amount of tau pro-
tein remained constant during the NMDA incubation period
(Fig. 3g). Hence, LTD-inducing NMDA receptor activation

FIGURE 2. Endogenously phosphorylated tau protein is present in dendrites and synapses. a, immunohistochemistry of primary neurons with tau
phospho-specific antibodies (PHF-1, AT180, AT8, and AT100) revealed the presence of endogenous phosphorylated tau protein in dendrites (green). Dendrites
were labeled with an anti-MAP2 antibody (orange). Total tau protein was found in dendrites and axons (Tau5). Scale bars, 30 �m. b, postsynaptic localization of
tau phosphorylated at the AT8 site (red arrowhead) was revealed by immunoelectron microscopy with the AT8 antibody. Scale bars, 100 nm. c, Western blot
analysis of synaptosomes for phosphorylated tau protein at sites Ser396/404 (PHF-1), Thr231-Ser235 (AT180), Ser199/202-Thr205 (AT8), and Thr212/217-Ser214 (AT100),
as well as total tau (Tau5) revealed increased amounts of tau at synapses compared with total brain preparation. PSD95 protein is a control for the successful
enrichment of intact synaptosomes. d, results from c were quantified. *, p � 0.05, n � 3. Error bars represent the S.E.

FIGURE 3. Phosphorylation of tau protein increases after NMDA receptor activation. a, chemically induced LTD in CA1 neurons. 10-day-old hippocampal
slice cultures were incubated for 5 min in 20 �M NMDA to activate NMDA receptors and induce LTD. Right, a significant depression is seen after NMDA
application (first 15 min compared with last 15 min of recording). n � 4. b, Western blot analysis revealed increased levels of tau phosphorylation after NMDA
receptor activation at Ser396/404, Thr231-Ser235, and Ser199/202-Thr205 (labeled by PHF-1, AT180, and AT8) in slice cultures. The increase in tau phosphorylation is
reversible (compare 120 with 240 min). No increase in phosphorylation was seen for Thr212/217-Ser214 (AT100). The amount of total tau protein (Tau 5) did not
change due to NMDA treatment. c–f, quantification of NMDA receptor-dependent tau phosphorylation is shown at sites PHF-1: Ser396/404 (c), AT180: Thr231-
Ser235 (d), AT8: Ser199/202-Thr205 (e), and AT100: Thr212/217-Ser214 (f). g, quantification of total tau protein (Tau 5) over the time course of NMDA treatment. *, p �
0.05, n � 4. Error bars represent the S.E.
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leads to an increase in tau phosphorylation at sites PHF-1,
AT180, as well as AT8 and to a reduction at AT100. Again, like
with A�, we see a selective increase of certain phosphorylation
sites in tau protein rather than a nonselective general increase
in phosphorylation of tau (i.e. all sites increase with NMDA
exceptAT100). Furthermore, our data suggest that endogenous
tau phosphorylation occurs at the synapse and in dendrites,
contrary to the concept of having tau only being phosphory-
lated in the axon and then transported to the somatodendritic
region.
A� and NMDA Receptor-dependent Tau Phosphorylation

Share Common Pathways—As seen in Fig. 1c, A� incubation
for 5 days increases tau phosphorylation at PHF-1 and AT180
sites; both sites are also targeted by NMDA receptor activation
(Fig. 3). However, AT8 is only increased in response to NMDA
(but not A�), whereas AT100 does not show an increase with
either treatment.Wewanted to investigate further whether the
combined effects of A� and NMDA on tau phosphorylation
would activate independent (additive or exponential effect) or
common intracellular signaling pathways (occlusion effect). To
test this, we wanted to analyze tau phosphorylation in response
to NMDA receptor activation in hippocampal slice cultures
with or without prior incubation of A� for 5 days. To rule out
changes in tau phosphorylation due to incubating slices in
ACSF and to show that A� treatment leads to a long lasting
increase in specific tau phosphorylation, we first incubated
A�-treated slices in ACSF and quantified the changes of phos-
phorylation at the PHF-1 site over time. As expected,
A�-treated slices show an increase in PHF-1 phosphorylation,
which does not change over time with incubation in ACSF
alone (Fig. 4a). To test whether A� occludes tau phosphoryla-
tion via NMDA receptor signaling (which means “preactivate”
the same signaling pathway and therefore reduce the effect of
NMDA), we compared normalized NMDA receptor-induced
tau phosphorylation with andwithout prior A� exposure. Con-
sistentwith our previous findings, 5 days ofA� incubation leads
to an increased tau phosphorylation at the PHF-1 and AT180
sites (Fig. 4b, PHF-1 and AT180; compare the first and second
lanes). Furthermore, as seen before, NMDA receptor activation
without A� induced phosphorylation at PHF-1, AT180, and
AT8 sites, again without affecting theAT100 site (compare first
with last lanes, Fig. 4b). However, as seen in Fig. 4c, the NMDA
receptor-dependent increase of PHF-1 tau phosphorylation is
reduced in slices pretreated with A� compared with mock-
treated slices, indicating that for the phosphorylation of the
PHF-1 site, A� and NMDA receptor signaling share a common
intracellular pathway. The same result was obtained for AT180
(Fig. 4d). As mentioned before, A� alone increased tau phos-
phorylation at PHF-1 andAT180 sites but had no effect onAT8
and AT100 phosphorylation (see Fig. 1d). We hence did not
expect an occlusion of NMDA receptor-mediated phosphory-
lation at these sites after pretreatmentwithA�. Consistentwith
this idea, we still observe a large transient increase at AT8 phos-
phorylation after prior incubationwithA� (Fig. 4e). TheAT100
site, however, did not show any increase in tau phosphoryla-
tion, neither with A� alone, nor with A� followed by NMDA
receptor activation (Fig. 4f). Finally, we wanted to test whether
A� induces tau phosphorylation through a direct activation of

NMDA receptors. We therefore incubated slice cultures with
A� in the presence of the NMDA receptor antagonist APV and
tested for tau phosphorylation at the PHF-1 site. As seen in Fig.
4g, A� induces tau phosphorylation even in the presence of
APV, indicating that A� does not act through the NMDA
receptor.
Taken together, we find that LTD-inducing NMDA receptor

activation leads to an increase in tau phosphorylation at specific
sites (PHF-1, AT180, and AT8), which can overlap with A�-in-
duced phosphorylation sites (PHF-1 andAT180). However, A�
does not induce tau phosphorylation through the activation of
NMDA receptors.
Phosphomimetic Tau Facilitates LTD Induction—So far, our

findings indicate that phosphorylated tau is enriched in den-
drites and synaptosomes (Fig. 2) and that phosphorylation of
tau protein is increased by A� as well as by NMDA receptor
activation (Fig. 4). Given these results, we speculated that phos-
phorylated tau could play a role in NMDA receptor-dependent
signaling. To address this question further, we made use of tau
constructs carrying either phosphomimetic mutations (tauE,
which means point-mutated serines/threonines to glutamates,
including the PHF-1, AT8, andAT180 sites) or phospho-block-
ing mutations (tauA, which means point-mutated serine/thre-
onine to alanine, including the PHF-1, AT8, and AT180 sites).
We therefore either overexpressed tau wild type, tauA, or tauE
in CA1 neurons of hippocampal slice cultures. Analyzing
evoked NMDA receptor-dependent currents, by comparing
control cells with tau-expressing cells, we could show that tau
alone had no effect on postsynapticNMDA receptor responses.
However, the overexpression of tauA reduced NMDA receptor
currents, whereas tauE overexpression increased NMDA
receptor currents significantly (Fig. 5a). Contrary to changes in
NMDA receptor currents, we did not detect changes in AMPA
receptor-dependent transmission with tauA or tauE overex-
pression (data not shown). Given that NMDA receptor
responses are at the core of synaptic plasticity, we wondered
whether a facilitation of NMDA receptor responses would lead
to a facilitated induction of LTD in cells overexpressing tauE.
To test this hypothesis, we chose a weak LTD induction proto-
col for hippocampal slice cultures (400 stimuli, 1 Hz, CA1
pyramidal cells clamped at �20 mV in 9–10-day-old cultures).
We failed to induce a robust LTD in control neurons; however,
wewere able to obtain a stable LTD in cells expressing tauE (Fig.
5, b and c). Thus, short term overexpression of phosphomi-
metic tau increasesNMDAreceptor-dependent synaptic trans-
mission and facilitates induction of LTD. Taken together, we
show that A� as well as NMDA receptor activation trigger an
increase in tau phosphorylation in spines. In return phospho-
mimetic tau is regulating NMDA receptor-dependent trans-
mission and LTD.
NMDA Receptor-dependent Tau Phosphorylation Causes

Endogenous Tau to Leave the Postsynaptic Complex—Given
these effects of phosphomimetic tau on synaptic NMDA recep-
tor-dependent transmission, we speculated whether endoge-
nous phosphorylated tau could be part of the postsynaptic com-
plex, i.e. tau interacts directly with proteins of the postsynaptic
density. The PSD95 protein is a member of the MAGUK pro-
tein family, serving as scaffolding proteins in the postsynaptic
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density, linking ion channel complexes with intracellular
signaling cascades. Recent publications suggested a direct
interaction between tau and PSD95 (50). We therefore immu-
noprecipitated PSD95 from synaptosomes and tested for co-

immunoprecipitated tau protein. As seen in Fig. 6, a and b,
PSD95 co-immunoprecipitated tau (indicated by theTau5 anti-
body) as well as phosphorylated tau (PHF-1, AT180, AT8, and
AT100). Given this interaction, we wondered whether NMDA

FIGURE 4. A� partially occludes NMDA receptor-dependent tau phosphorylation. a, in hippocampal slices, A�-induced elevated tau phosphorylation at
Ser396/404 remained constant over time in the absence of additional NMDA; n � 4. b, Western blot analysis of NMDA receptor-induced tau phosphorylation with
(lanes 2–5) or without (lanes 1 and 6) prior A� incubation is shown (PHF-1:Ser396/404; AT180:Thr231-Ser235; AT8:Ser199/202-Thr205; and AT100:Thr212/217-Ser214).
c, quantification of tau phosphorylation at PHF-1 with and without prior A� incubation reveals that A� partially occludes NMDA receptor-dependent phosphor-
ylation at this site. d, the same appears with tau phosphorylation at AT180. e, phosphorylation at AT8, however, showed a significant increase in phosphoryl-
ation in samples treated with A� and NMDA. f, phosphorylation of tau protein at AT100 did not show significant changes. g, blocking the NMDA receptor with
APV (50 �M) does not block the A�-induced increase of tau phosphorylation at the PHF-1 site. *, p � 0.05, n � 4. Error bars represent the S.E.

Endogenous Phospho-tau Interaction with Synaptic Proteins

SEPTEMBER 14, 2012 • VOLUME 287 • NUMBER 38 JOURNAL OF BIOLOGICAL CHEMISTRY 32047



receptor activation would change the interaction between tau
protein and PSD95. To test this, we treated synaptosomes with
NMDA. Surprisingly, we observed a reduction in the interac-
tion of tauwith PSD95, suggesting that the activation ofNMDA
receptors leads to a loss of tau from the postsynaptic density
complex (Fig. 6, a and b). Combining our data with those of the
literature, one can suggest amultiprotein complex composed of
PSD95, NMDA receptors (51), tau (Fig. 6a), and the tyrosine
kinase Fyn (52, 53).Wewanted to investigate further the fate of
this multiprotein complex after NMDA receptor stimulation.
Again, we used NMDA-treated synaptosomes to immunopre-
cipitate PSD95 and analyze for the co-immunoprecipitated
NMDA receptor subunit GluN2B (old nomenclature: NR2B)
and Fyn. NMDA receptor activation did not change the inter-
action between GluN2B and PSD95 (Fig. 6c); however, the

interaction with Fyn was significantly reduced (Fig. 6d). Inter-
estingly, when analyzing the interaction between tau and Fyn,
we found that NMDA receptor activation increased the inter-
action between phospho-tau and Fyn (Fig. 6e).
Given these results it appears that NMDA receptor activa-

tion leads to tau phosphorylation, leading to an increase of tau
interaction with Fyn, but a decrease of tau interaction with
PSD95. One could therefore speculate, that tau transiently
increases the Fyn content at the synapse followed by a dissoci-
ation of tau/Fyn from the PSD95-NMDA receptor complex.
PSD95-Tau Interaction Is Regulated by Phosphorylation of

Tau at Specific Sites—So far, our data suggest that tau protein
interacts with the PSD95-GluN2B-Fyn complex and that acti-
vation of NMDA receptors regulates this interaction. Although
it is very tempting to speculate that NMDA receptor-depen-

FIGURE 5. Phosphomimetic tau enhances evoked NMDA receptor EPSCs. Whole cell recordings from CA1 hippocampal neurons in slice cultures are shown.
a, mutated phospho-blocked tau (tauA) significantly reduces electrically evoked NMDA receptor EPSCs, whereas the phosphomimetic version (tauE) signifi-
cantly enhances them. b, a weak LTD induction protocol results in robust LTD expression in neurons expressing tauE, but not in control neurons. c, results from
b were quantified, comparing currents recorded during base line with those from the last 3 min (47–50 min). *, p � 0.05. Error bars represent the S.E. n refers to
the number of recorded cells.
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dent tau phosphorylation is at the core of this regulation, we
lack evidence for this scenario. To address this hypothesis, we
wanted to analyze further the effects of tau phosphorylation on
its interaction with PSD95. We therefore expressed tau, tauE,
or tauA togetherwith PSD95 inHEKcells, immunoprecipitated
PSD95, and probed for associated tau protein inWestern blots
(Fig. 7a). The expression levels of the different tau constructs
were monitored with Tau5 antibody. Compared with wild type
tau protein, the interaction of tauE with PSD95 is significantly
reduced, whereas that of tauA is significantly increased (Fig.
7b). These data strongly support a regulation of PSD95-tau

interaction through tau phosphorylation. However, whether
different phosphorylated sites in tau have varying effects on the
interaction with PSD95 remains unclear. We therefore intro-
duced phospho-blocking serine/threonine to alanine point
mutations for three relatively adjacent sites: AT8, AT100, and
AT180 (see Fig. 1a), representing sites that are phosphorylated
in response to A� as well as NMDA (AT180), only NMDA
(AT8), or neither (AT100). Again, we tested these tau point
mutants for the interaction with PSD95 in HEK cells. All tested
phospho-blocked tau constructs increased their interaction
with PSD95 as revealed byWestern blotting (Fig. 7c). However,

FIGURE 6. Reduced interaction between tau protein and the PSD protein complex after activation of NMDA receptors. a, immunoprecipitation (IP) of
PSD95 and co-immunoprecipitated tau from synaptosomal preparations. After NMDA receptor activation, the amount of co-immunoprecipitated phosphorylated
tau protein was reduced compared with untreated control, leading to a general loss of tau protein (Tau5 antibody) interaction with PSD95. b, quantification of
co-immunoprecipitated phosphorylated tau protein for the sites Ser396/404 (PHF-1), Thr231-Ser235 (AT180), Ser199/202-Thr205 (AT8), Thr212/217-Ser214 (AT100), and
total tau (Tau5). c, immunoprecipitation of PSD95 and co-immunoprecipitated GluN2B from the same synaptosomal preparations showing no change upon
NMDA receptor activation. d, immunoprecipitation of PSD95 and co-immunoprecipitated Fyn from the same synaptosomal preparations showing a significant
loss of Fyn interaction with PSD95 upon NMDA receptor activation. e, immunoprecipitation of Fyn and co-immunoprecipitated tau from the same synapto-
somal preparation showing an increase in Fyn and phospho-tau interaction (here PHF-1) upon NMDA receptor activation. *, p � 0.05, n � 3. Error bars represent
the S.E.
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although the increase with PSD95 for the AT100 mutant was
very moderate, it was more pronounced for the AT8 mutant
and strongest for the AT180 mutant. These data corroborate
that different phosphorylation sites in tau not only represent
different intracellular signaling pathways, but also have differ-
ent effects on the interaction of tau with other proteins, like
PSD95 in postsynaptic densities.

DISCUSSION

A� and tau protein are the twomost prominent factors in the
etiology of AD. Recently, several studies suggested that at least
some effects of A� are executed via the action of tau (38, 54).
Although widely agreed upon, that hyperphosphorylated tau
can act as a pathologically active form of tau in AD, the under-
lying mechanisms remain largely elusive. The overall idea of
this project was to analyze the effects of endogenously occur-
ring tau phosphorylation, to obtain insight on potential initial
mechanisms engaged during AD. We now show that endoge-
nous tau is found at postsynaptic sites and thatNMDAreceptor
activation induces tau phosphorylation. The acute overexpres-
sion of phosphomimetic tau leads to an increase in NMDA
receptor transmission and thereby to a facilitation of LTD
induction. Furthermore, we show that tau interacts with the
PSD95-NMDA receptor complex and that selective phosphor-
ylation of tau decreases its affinity to PSD95, but increases
interaction with Fyn.
Localization of Phosphorylated Tau in Dendrites—Tau pro-

tein was originally described as being overall restricted to axons

(55); however, recent results from several groups could show
that overexpressed tau can localize in somatodendritic com-
partments like spines (41, 50, 56). Our results suggest that
endogenous tau is also localized in dendritic compartments
where it is getting phosphorylated through the action of
NMDA receptor activation. Furthermore, the NMDA recep-
tor-mediated increase of tau phosphorylation in synaptosomes
argues for the presence of unphosphorylated as well as phos-
phorylated tau in spines. Interestingly, tau phosphorylation
through NMDA receptor activation appears to be reversible
(Fig. 3), i.e. tau is likely to oscillate between a phosphorylated
and unphosphorylated form at synapses.
These results strongly suggest that in dendritic compart-

ments, phosphorylation of tau fulfills primarily a physiological
function, contributing only when deregulated to tauopathies
and AD.
NMDA Receptor-dependent Tau Phosphorylation and Syn-

aptic Plasticity—Our results show that tau phosphorylation is
increased after LTD-like NMDA receptor activation (Fig. 3).
GSK3� as one of the most prominent tau kinases was recently
described as a major effector for NMDA receptor-dependent
LTD induction (43), an observation that would place tau
directly downstreamof the LTD signaling pathway. GSK3� tar-
gets, among others, the PHF-1, AT8, andAT180 sites in tau (57,
58), sites we identified as bona fide phosphorylation targets
after NMDA receptor-dependent LTD induction (Fig. 3). Con-
trary to these sites, we did not observe AT100 phosphorylation

FIGURE 7. Phosphorylation of tau protein regulates its interaction with PSD95 protein. HEK cells transfected with PSD95 and various tau constructs.
a, immunoprecipitated PSD95 revealing the direct interaction between tau and PSD95 (left lane). The tau-PSD95 interaction decreases with phosphomimetic
tauE (middle lane) and increases with the phospho-blocked mutant tauA (right lane). b, quantification of a; n � 4. c, phospho-blocking point mutations of tau
protein at sites Ser199 (tau S199A-AT8), Thr212 (tau T212A-AT100), and Thr231 (tau T231A-AT180) promoting the interaction between PSD95 and tau protein
compared with wild type tau. d, quantification of c, revealing that different point mutations in tau have different effects on its interaction with PSD95. *, p � 0.05,
n � 4. Error bars represent the S.E.
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after activation of NMDA receptors (Fig. 3). Interestingly,
AT100 does not appear as a GSK3� target site, but was
described being phosphorylated in response to the activation of
the kinases p70 S6, DYRK1A, and Akt, with the latter two being
directly involved in synaptic function (59–61). DYRK1A, orig-
inally analyzed for its gene being localized in the Down syn-
drome critical region, is involved in regulating bidirectional
synaptic plasticity, thereby affecting LTP as well as LTD (62),
whereas Akt is a key kinase for the induction of LTP (43). It has
to be emphasized that in the context of synaptic plasticity, the
role of Akt in neurons is to phosphorylate and thereby inhibit
GSK3�, allowing the expression of LTP and blocking subse-
quent LTD induction (most likely a mechanism involved in
memory consolidation, (43)). Our result, that NMDA receptor-
dependent LTD does not increase tau phosphorylation at the
AT100 site (Fig. 3), is in line with this observation, hinting
toward a signaling pathway-dependent differential phosphory-
lation of tau.
We observed tau getting phosphorylated after LTD induc-

tion and being part of synaptosomes, suggesting that tau and
tau kinases could be localized at the postsynaptic density (Figs.
2 and 3). Indeed, tau is able to interact directly with PSD95 (Fig.
6), a major postsynaptic scaffolding protein, which in turn
interacts with NMDA receptors and Src kinases like Fyn (51).
Tau, however, is also able to interact with the tyrosine kinase
Fyn (52). Interestingly, we see an increase in the interaction of
tau and Fyn when tau is phosphorylated as a result of NMDA
receptor activation (Fig. 6e). This result is supported by recent
studies showing that the interaction between Fyn and tau is
regulated through tau phosphorylation at the AT8 site, increas-
ing tau-Fyn interaction by 42-fold after tau is phosphorylated or
bearing a phosphomimeticmutation at theAT8 site (63). In our
experiments, tau phosphorylation at AT8 is strongly up-regu-
lated through the activation of NMDA receptors (Fig. 3), sug-
gesting that NMDA receptor activation could massively
enhance the interaction between tau and Fyn. A prominent role
of Fyn at the synapse is to phosphorylate and thereby increase
NMDA receptor-dependent transmission (64). It is of particu-
lar interest that this change of NMDA receptor phosphoryla-
tion through Fyn is regulating synaptic plasticity like LTD and
LTP (64). Hence, allowing Fyn to localize to the postsynaptic
signaling complex will affect NMDA receptor activity and as a
consequence synaptic plasticity. We show that short term
expression of phosphomimetic tau leads to an increase in
NMDA receptor-dependent synaptic transmission and a facil-
itation of LTD induction (Fig. 5). Given that a prolonged
expression of phospho-tau should induce LTD-like mecha-
nisms leading to AMPA receptor endocytosis, this result
appears to be in line with a recent report showing that the pro-
longed expression of phosphomimetic tau in dissociated neu-
rons can lead to a reduction in AMPA receptor-dependent syn-
aptic transmission (NMDA receptor-dependent transmission
was not tested (56)).
Given our result that tau-PSD95 interaction is weakened

upon tau phosphorylation (see Fig. 7) but that tau phosphory-
lation strengthens the tau-Fyn interaction, we propose the fol-
lowing model: the Fyn kinase signaling complex at the synapse
contains, among others, PSD95 interacting with NMDA recep-

tor, Fyn, and tau. The activation of NMDA receptors leads to
phosphorylation of different sites in tau, which modulates the
interaction of tau with its partners: the tau-Fyn interaction is
strengthened (see Fig. 6e), whereas the tau-PSD95 interaction is
weakened (see Figs. 6 and 7). These changes could lead to a
transient increase in synaptic Fyn and hence to a transient
increase in NMDA receptor activation before tau-Fyn leaves
the PSD95-NMDA receptor complex.
It is furthermore noteworthy that the interaction of tau with

different proteins appears to be regulated via different phos-
phorylation sites: whereas AT8 seems to have a strong effect on
tau-Fyn interaction (63), the AT180 site seems to be more
important for tau-PSD95 interaction (Fig. 7). Future research
has to clarify whether phosphorylation of tau at different sites is
a common mechanism for fine-tuning its interaction with dif-
ferent partners.
Implications for Alzheimer Disease—The above discussed

phosphorylation of tau as a consequence of NMDA receptor
activation suggests that tau phosphorylation at multiple sites
(“hyperphosphorylation”) could be part of a physiological intra-
cellular signaling cascade, regulating synapticNMDAreceptor-
dependent transmission. We already hypothesized in the past
that an early stage of AD could involve A� inducing an NMDA
receptor-dependent LTD-like pathway (16). Again, we see a
similar picture with tau: phosphorylation of tau can be induced
by NMDA receptor stimulation as well as by incubation with
A� (Figs. 3 and 4). It has to be emphasized, however, that acute
NMDA receptor-dependent tau phosphorylation was reversi-
ble (Fig. 3) whereas the increase in tau phosphorylation after 5
days of A� exposure was not (Fig. 4a).

Interestingly, whereas A� in our hands does increase tau
phosphorylation at the PHF-1 and the AT180, site it has no
direct effect on the AT8 or the AT100 site (Figs. 1 and 4). This
result could be explained by the fact that in AD, the tau phos-
phorylation at the AT8 and AT100 sites generally appears at a
later stage (65); i.e. we do not mimic the late stages of AD by
incubating slice cultures with A� for only 5 days but only the
early phase where an impaired synaptic transmission rather
than neuronal loss would occur (12).
Taken together, we hypothesize that tau phosphorylation is

part of a regulatory mechanism to control NMDA receptor
activity. During AD, A� might perturb this regulatory pathway
by increasing specific tau phosphorylation sites, leading to an
increase of NMDA receptor activation and in consequence to
an increase of NMDA receptor-dependent calcium influx, ulti-
mately causing changes in synaptic plasticity and eventually
neurotoxicity as described before (35, 66–68).
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