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Synaptic Released Zinc Promotes Tau Hyperphosphorylation
by Inhibition of Protein Phosphatase 2A (PP2A)**
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zinc may be involved in tau hyperphosphorylation.

tauopathy.
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(Background: Tangle distribution is largely overlapped with zinc-containing glutamatergic neurons. Synaptically released

Results: Increased synaptic activity induces tau hyperphosphorylation by synaptic zinc through PP2A inhibition.
Conclusion: Synaptic activity promotes tau hyperphosphorylation, and synaptically released zinc plays a central role.
Significance: Therapies targeted to maintaining zinc homeostasis and moderating synaptic activity may benefit AD by reducing

J

Hyperphosphorylated tau is the major component of neurofi-
brillary tangles in Alzheimer disease (AD), and the tangle distri-
bution largely overlaps with zinc-containing glutamatergic neu-
rons, suggesting that zinc released in synaptic terminals may
play arole in tau phosphorylation. To explore this possibility, we
treated cultured hippocampal slices or primary neurons with
glutamate or Bic/4-AP to increase the synaptic activity with or
without pretreatment of zinc chelators, and then detected the
phosphorylation levels of tau. We found that glutamate or Bic/
4-AP treatment caused tau hyperphosphorylation at multiple
AD-related sites, including Ser-396, Ser-404, Thr-231, and Thr-
205, while application of intracellular or extracellular zinc
chelators, or blockade of zinc release by extracellular calcium
omission almost abolished the synaptic activity-associated tau
hyperphosphorylation. The zinc release and translocation of
excitatory synapses in the hippocampus were detected, and
zinc-induced tau hyperphosphorylation was also observed in
cultured brain slices incubated with exogenously supplemented
zinc. Tau hyperphosphorylation induced by synaptic activity
was strongly associated with inactivation of protein phospha-
tase 2A (PP2A), and this inactivation can be reversed by pre-
treatment of zinc chelator. Together, these results suggest that
synaptically released zinc promotes tau hyperphosphorylation
through PP2A inhibition.

Alzheimer disease (AD)? is one of the most common neuro-
degenerative disorders that cause adult dementia (1). It is char-
acterized by the presence of extracellular amyloid plaques and
intracellular neurofibrillary tangles (NFTs) within afflicted
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brains. Hyperphosphorylated and aggregated microtubule-as-
sociated protein tau is the major component of NFT's (2, 3). Itis
believed that hyperphosphorylated tau loses the ability to bind
with and stabilize microtubules, dissociates from microtubules,
and aggregates into paired helical filaments (PHF) (4, 5), the
latter, precedes the formation of insoluble NFTs. Recently,
researchers found that phosphorylation of tau promoted tau
mislocalization to dendritic spines and disruption of synaptic
function, as well as early memory deficits before overt synaptic
or neuronal degeneration (6). Thus, tau phosphorylation seems
to be an early event in the development of AD, although until
now the mechanisms underlying tau hyperphosphorylation
have not been fully elucidated.

In AD patients and many AD animal models, a high inci-
dence of epilepsy was observed, indicating that abnormal
synaptic activity is involved in AD pathogenesis (7-9). Gluta-
matergic neurons are the major excitatory neurons in AD-sus-
ceptible brain regions such as hippocampus, entorhinal, and
temporal cortex, which are overloaded with NFT's. Recent stud-
ies suggested a positive role of glutamatergic excitatory neu-
rotransmission in A oligomer formation and accumulation at
synapses (10), which is mediated by synaptically released zinc.
Neurons with synapses which release zinc and glutamate
together are called “gluzinergic” neurons. Because most of the
gluzinergic neurons have their cell bodies located in either the
cerebral cortex or the limbic structures of the forebrain (11),
where tauopathy and neurodegeneration occur, we suspect that
zinc released in excitatory neurotransmission may be also
involved in tau hyperphosphorylation.

Our previous research has found that exogenous zinc appli-
cation could activate extracellular signal-regulated kinase 1/2
(ERK1/2), c-Jun N-terminal kinase (JNK), p38, and glycogen
synthase kinase 33 (GSK-33), which are consequently involved
in changes in tau in cultured SH-SY5Y cells (12). Of all these
kinases, GSK-33 is the most widely investigated kinase induc-
ing tau hyperphosphorylation (13, 14). At the same time, pro-
tein phosphatase 2A (PP2A) is the most important phosphatase
involved in tau dephosphorylation (15, 16). The relationship
between synaptically released zinc and PP2A activity has not
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been clarified. In the present study, we used cultured compe-
tent brain slices and primary neurons as experimental mod-
els to explore the effects of synaptically released zinc on tau
phosphorylation and the underlying mechanisms. Results
showed that synaptic activity dramatically enhanced tau
hyperphosphorylation both in cultured hippocampal slices
and primary neurons. Hyperphosphorylation of tau was pre-
vented by blockade of synaptic transmission or zinc release,
or by zinc chelation. PP2A inhibition, but not GSK-38 acti-
vation, plays an important role in synaptic zinc-induced tau
hyperphosphorylation.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Rabbit polyclonal antibodies
(pAb) pS396, pS404, pT231, and pT205 (1:1000) against tau
phosphorylated at corresponding sites were from Signalway
Antibody (Pearland, TX). Polyclonal antibodies against PP2A C
subunit (1:1000), total GSK-3 (1:1000), phosphorylated
GSK-38 at Ser-9 (1:1000), total and phosphorylated Erk1/2
(1:1000) at Thr202/Tyr204, phosphorylated p38 (1:500) at
Thr180/Tyr182, and total JNK (1:1000) were from Cell Signal-
ing Technology (Beverly, MA). PAD against p-JNK (1:1000) at
Thr183/Tyr185 was from BIOSOURCE (Camarillo, CA). PAb
of Y307-PP2A and monoclonal antibody (mAb) of total p38
(1:1000) were from Abcam (Cambridge, UK). MAb against
DMI1A (1:2000) was purchased from Sigma, demethyl-PP2A C
(1:500) was from Millipore (Billerica, MA), and AT8 PHF-tau
(Ser202/Thr205) was from Innogenetics (Ghent, Belgium).
Rabbit pAb R134d (1:1000) against total tau was a generous gift
from Drs. K. Igbal and I. Grundke-Igbal (New York State Insti-
tute for Basic Research, Staten Island, NY). Clioquinol
(5-chloro-7-iodo-8-hydroxyquinoline, CQ, 50 um) was from
Merck (KGaA, Darmstadt, Germany). Ca-EDTA (1 mm), gluta-
mate (100 um for brain slices and 20 uM for cultured neurons),
bicucullin (50 um), 4-aminopyridine (4-AP, 250 um), APV (50
M), nimodipine (10 um), and SP600125 (10 wm) were all from
Sigma. CNQX (10 um) and SB216763 (10 um) were from Tocris
Bioscience (Bristol, UK). Tetrodotoxin (TTX) was purchased
from Ruifang Bio-company (Dalian, Liaoning, China).
D-Erythro-S (DES) was from Calbiochem (San Diego, CA).
PD98059 (10 um) was from Cell Signaling Technology, and
S$B202190 (10 um) was from Millipore. Neurobasal and B27
were from Invitrogen (Grand Island, NY). The PP2A assay kit
was from Promega (Fitchburg, W1).

Rat Brain Slice Culture and Treatment—Rat hippocampal
slices were prepared following the procedures previously
described (17). Sprague-Dawley rats (male, 150-200 g) were
supplied by Experiment Animal Center of Tongji Medical Col-
lege, Huazhong University of Science and Technology. Rats
were decapitated when they were deeply anesthetized. Brains
were rapidly removed and put into oxygenated (95% O,, 5%
CO,) artificial cerebrospinal fluid (aCSF) containing 126 mm
NacCl, 3.5 mm KCl, 1.2 mm NaH,PO,, 1.3 mm MgCl,, 2.0 mm
CaCl,, 11 mM p(+)-glucose, and 25 mm NaHCO,, pH 7.4, for
7—8 min at4 °C. The hippocampus was separated and mounted
on a vibratome holder. Coronal hippocampal slices (400 um
thick) were sectioned with a Mcllwain Tissue Chopper (The
Mickle Laboratory Engineering Co. Ltd, Gomshall, Surrey,
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UK). After 30 min of equilibration at room temperature, the
brain slices were transferred into incubating chambers with
aCSF bubbled with 95% O, and 5% CO, at 33 °C for different
treatments. At the end of the incubation, brain slices were har-
vested and homogenized in buffer containing 50 mm Tris-HCI,
pH 7.0, 1.0 mm PMSF, 1.0 mm EDTA, 10 mM 3-mercaptoetha-
nol, 1:200 protease inhibitors mixture at a ratio 1:9 (g/ml).
Homogenates were divided into two parts. One was centrifuged
at 16,000 X g for 10 min at 4 °C, and the supernatant was used
for activity assays. For the other half, equal volumes of phos-
phate inhibitor mixture (2.0 mm Na;VO, and 100 mm NaF, pH
7.0) were immediately added, and the homogenates were stored
at —80 °C for Western blotting.

Primary Neuronal Culture and Immunofluorescence—Pri-
mary hippocampal neurons were isolated from embryonic E18
Sprague-Dawley rats. Briefly, embryonic hippocampus were
dissected, dissociated, and incubated with 5 ml of D-Hanks
containing 0.25% trypsin for 5 min, centrifuged at 1000 X g for
5 min after addition of 4 ml of the neuronal plating medium
containing DMEM/F12 with 10% fetal bovine serum. Then the
cells were resuspended and plated onto 12-well plates for West-
ern blotting or glass cover slips for cell imaging. Both the plates
and the glass cover slips were previously coated with poly-p-
lysine. The neurons were then put into a humidified incubator
with 5% CO, at 37 °C. The medium was changed to Neurobasal
medium supplemented with 2% B27 (maintenance medium)
after 2—4 h. The cells were cultured for 9-11 days for treat-
ment. During the culture, the medium was half-changed every 3
days with fresh maintenance medium.

After treatment, the primary hippocampal neurons were
quickly fixed with 4% paraformaldehyde for 15 min, permeabi-
lized in 0.1% Triton X-100 for 15 min, followed by incubation
with 3% bovine serum albumin (BSA) to block nonspecific sites.
Primary antibody against AT8 PHF-tau (Ser202/Thr205, 1:200)
incubation was performed overnight at 4 °C. Alexa 488-conju-
gated anti-mouse secondary antibody (1:200) was used for
fluorescence labeling. The imaging was observed with the
LSM710 confocal microscope (Zeiss, Germany).

Western Blotting—For Western blotting, samples were
boiled at 100 °C for 5 min in the loading buffer (50 mm Tris-
HCI, pH 7.6, 2% SDS, 10% glycerol, 10 mm DTT, and 0.2% bro-
mphenol blue). The proteins were electrophoresed in 10% SDS-
polyacrylamide gel and the separated proteins transferred to
nitrocellulose membranes (Amersham Biosciences). The mem-
branes were then blocked with 5% nonfat milk dissolved in TBS
Tween-20 (50 mm Tris-HCl, pH 7.6, 150 mm NaCl, 0.2%
Tween-20) for 1 h and probed with primary antibody at 4 °C
overnight. Then the blots were detected using anti-rabbit or
anti-mouse IgG conjugated to IRDye™ (800CW/; Licor Biosci-
ences, Lincoln, NE) for 1 h at room temperature and visualized
using the Odyssey Infrared Imaging System (LicorBiosciences,
Lincoln, NE). The protein bands were quantitatively analyzed
by Kodak Digital Science 1D software (Eastman Kodak Com-
pany, New Haven, CT). The levels of the phosphorylated pro-
teins were normalized by the corresponding total protein levels.

Detection of Zinc Concentration in the aCSF—The zinc con-
centration in the aCSF was analyzed by atomic absorption spec-
trophotometry. At the end of brain slice incubation, 3 ml of
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FIGURE 1. Increased synaptic activity induces tau hyperphosphorylation
at multiple AD-related sites in cultured hippocampal slices. A, rat hip-
pocampal brain slices were incubated with glutamate (100 um, to increase
synaptic activity) for 20 min, with or without the pretreatment of TTX (3 um,
synaptic transmission blocker). Tau phosphorylation levels at Ser-396, Ser-
404, Thr-205, and Thr-231 were detected by Western blotting. B, quantitative
analysis of the blots in A. Tau phosphorylation levels at different sites were
normalized by total tau level recognized by R134d.*, p < 0.05 versus control
slices; #, p < 0.05 versus glutamate-treated slices.

aCSF were collected for each sample; three replicates (1 ml per
sample) were analyzed using atomic absorption spectropho-
tometer AA-240FS from Varian (Palo Alto, CA).

PP2A Activity Assay—PP2A activity was measured according
to the protocol provided by the manufacturer (V2460 kit, Pro-
mega). First, endogenous free phosphate was removed from the
supernatants, and then the extracts were normalized for pro-
tein content, 5 ug of protein samples in triplicates were
incubated with a chemically synthesized phosphopeptide
(RRA(pT)VA), an optimal substrate for PP2A, PP2B, and PP2C,
not for PP1 in the buffer optimized for PP2A activity while
cation-dependent PP2B and PP2C were inhibited for 30 min at
33 °C. Phosphate released from the substrate was detected by
measuring the absorbance of a molybdate-malachite green-
phosphate complex at 630 nm. PP2A activity was calculated by
the release of phosphate per ug of protein and per minute
(pmol/pg/min).

Statistical Analysis—Values are presented as mean * S.D. All
individual experiments were repeated at least three times.
Changes were analyzed by ANOVA followed by post hoc com-
parisons using Tukey’s test or Student’s ¢ test. The significance
was assessed at p < 0.05. All results shown correspond to indi-
vidual representative experiments.

RESULTS

Increased Synaptic Activity Induces Tau Hyperphosphoryla-
tion at Multiple AD-related Sites in Hippocampal Slices—First
we explored the effect of increased synaptic activity on tau
phosphorylation in cultured rat hippocampal brain slices. The
hippocampal brain slices were incubated with glutamate (100
uM) (10) for 20 min to increase the synaptic activity, with or
without the pretreatment of TTX (3 um, 20 min). Glutamate
induced tau hyperphosphorylation at several AD-like tau
hyperphosphorylation sites such as Ser-396, Ser-404, Thr-205,
and Thr-231. No significant change of the total tau level was
observed (R134d). Preincubation of the slices with 3 um TTX to
block the synaptic activity before the addition of glutamate
completely blocked tau hyperphosphorylation (Fig. 1). Pro-
longed incubation with glutamate for up to 1 h still resulted in
strong tau phosphorylation at most studied sites (supplemental
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Fig. S1). These results indicate that the tau phosphorylation
state is modulated by synaptic activity; increased activity of glu-
tamatergic neurons may induce tau hyperphosphorylation.

Synaptic Activity-induced Tau Hyperphosphorylation Is
Dependent on Zinc Release—Zinc is enriched in synaptic vesi-
cles together with glutamate; multiple research studies have
demonstrated that zinc is co-released with glutamate in the
synaptic cleft (18, 19). Zinc can also accelerate the aggregation
of a tau peptide (20). Thus, we hypothesized that a local
increase in zinc concentration as a result of synaptic activity
may promote tau hyperphosphorylation at the excited neurons.
To test this hypothesis, we used the zinc-binding 8OH-quino-
line clioquinol (CQ), a membrane-permeable zinc chelator,
which has been shown to decrease A3 deposition and improve
cognitive deficits in AD animal models (21). Preincubation of
the slices with 50 um CQ for 30 min before the addition of
glutamate blocked the increase in tau phosphorylation (Fig. 2, A
and B), indicating that endogenous zinc is involved in the syn-
aptic activity-induced tau hyperphosphorylation.

To further identify whether the synaptically released zinc or
the motivated intracellular zinc mediates tau hyperphosphory-
lation, we used another membrane-impermeable zinc chelator
Ca-EDTA (1 mM) to treat the slices 10 min before the adminis-
tration of glutamate. Asis shownin Fig. 2, Cand D, Ca-EDTA at
a concentration that only chelates extracellular zinc (22) com-
pletely blocked tau hyperphosphorylation induced by gluta-
mate, suggesting that increased extracellular zinc by synaptic
activity up-regulates tau phosphorylation.

To confirm that the tau phosphorylation state is modulated
by synaptically released zinc in neurotransmission, we used
another established model of enhanced synaptic activity by
using the GABA , receptor antagonist bicuculline (Bic). This
treatment results in synchronized bursts of action potentials
(APs), which are associated with activation of NMDA recep-
tors, as well as zinc release from synaptic vesicles. A weak potas-
sium channel blocker 4-aminopyridine (4-AP) was co-applied
with bicuculline to enhance burst frequency (23), herein labeled
Bic/4-AP. Consistent with previous findings, treatment of Bic/
4-AP for 3 h induced tau hyperphosphorylation at the same
phosphorylation sites. Preincubation of the slices with
Ca-EDTA completely blocked the increase of the tau phos-
phorylation level (Fig. 2, E and F).

Zinc release is calcium-dependent; omission of Ca** from
bathing slices reduced zinc release by more than 70% (24), so we
explored the effect of glutamate on tau phosphorylation in
slices cultured in aCSF without Ca®". In the aCSF withdrawal of
Ca®" glutamate treatment no longer induced marked tau
hyperphosphorylation. With the addition of exogenous zinc
sulfate (100 um), tau hyperphosphorylation was re-observed
(Fig. 2, G and H). This result further confirmed that tau hyper-
phosphorylation was mediated by synaptic released zinc.

Last, we used the cultured hippocampal primary neurons as
an experimental model to identify the effect of synaptically
released zinc on tau phosphorylation. Glutamate treatment (20
uM, with addition of 10 um glycine, dose-dependent effects are
showed in supplemental Fig. S2) induced a similar change of tau
hyperphosphorylation in primary neurons; while Ca-EDTA
preincubation restored the tau phosphorylation to control lev-
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FIGURE 2. Synaptic activity-induced tau hyperphosphorylation is
dependent on endogenously released zinc. Rat hippocampal brain slices
were incubated with glutamate (100 um) for 20 min, with or without the
pretreatment of membrane-permeable zinc chelator CQ (50 um) (A) or mem-
brane-impermeable zinc chelator Ca-EDTA (1 mm) (C), tau phosphorylation
levels were detected by Western blotting. Band D, quantitative analysis of the
blots in A and C. Tau phosphorylation levels were normalized by total tau
levels recognized by R134d, *, p < 0.05 versus control slices; #, p < 0.05 versus
glutamate-treated slices. E, rat hippocampal brain slices were incubated with
Bic/4-AP (50 um/250 um, another experimental model to increase synaptic
activity) for 3 h, with or without the pretreatment of Ca-EDTA (1 mm). Tau
phosphorylation levels were detected by Western blotting. F, quantitative
analysis of blots in E, *, p < 0.05 control versus slices; #, p < 0.05 versus Bic/4-
AP-treated slices. G, rat hippocampal brain slices were incubated with gluta-
mate (100 um) for 20 min in aCSF without Ca?*, with or without addition of
ZnSO, (100 um). Tau phosphorylation levels were detected by Western blot-
ting. H, quantitative analysis of blotsin G, *, p < 0.05; **,p < 0.01 versus control
slices.
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els at most studied sites (Fig. 3, A and B). Compared with cul-
tured brain slices, tau phosphorylation levels at some sites (Ser-
404, Thr-205) in primary neurons showed a larger variation
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FIGURE 3. Increased synaptic activity induces zinc-dependent tau hyper-
phosphorylation in cultured hippocampal neurons. A, rat primary hip-
pocampal neurons were incubated with glutamate (20 um, with 10 um gly-
cine) for 20 min, with or without the pretreatment of extracellular zinc
chelator Ca-EDTA (1 mm). Tau phosphorylation levels were detected by West-
ern blotting. B, quantitative analysis of blots in A, *, p < 0.05; **, p < 0.01 versus
untreated neurons, #, p < 0.05 versus glutamate-treated neurons. C, hip-
pocampal neurons were treated as described in A, then cells were fixed and
immunostained with AT-8 (phosphorylated tau at Ser202/Thr205). Scale bar:
50 wm.

upon the treatment, possibly because tau phosphorylation in
developing neurons in different stages is not as steady as that in
mature neurons (3, 25). This big variation may also explain that
Ca-EDTA showed no significant blocking to the effect of Glu on
pT205, pS404 in primary neurons, even though there was such
a tendency. In normal control neurons, weak staining of phos-
phorylated tau (AT8, recognizes PHF-tau at Ser-202/Thr-205)
was observed in the cell body and a few axon-like neurites, while
glutamate treatment induced enhanced tau staining in the cell
body and tau hyperphosphorylation both in axons and den-
drites. Extracellular zinc chelating by Ca-EDTA reversed tau
hyperphosphorylation (Fig. 3C).

Increased Synaptic Activity Induces Zinc Release and Trans-
location in Cultured Brain Slices—To confirm that zinc is
released during excitatory synaptic neurotransmission in our
experimental models, we measured total zinc level in the aCSF
by atomic absorption spectrophotometry after glutamate or
Bic/4-AP incubation of the brain slices. Glutamate treatment
for 20 min induced a slight increase in zinc concentration (Fig.
4A), while Bic/4-AP incubation for 3 h resulted in a higher
increase of zinc concentration in the aCSF (Fig. 4B), possibly
due to the longer incubation with the drugs. A dramatic zinc
level increase was observed in both groups when Ca-EDTA was
added into the aCSF before glutamate or Bic/4-AP treatment
(Fig. 4). Because the detected zinc level is the extracellular total
zinc, which includes free zinc ions and Ca-EDTA-chelated zinc,
the results strongly indicate that large amounts of zinc ions are
released into the aCSF in neurotransmission. When there is no
Ca-EDTA chelating, most of the zinc ions undergo re-uptake or
influx into the postsynaptic neurons through membrane zinc
channels (voltage-gated calcium channels/NMDA/AMPA
receptors), Ca-EDTA captures the zinc ions released into the
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aCSF, then prevents the downstream effects induced by zinc,
including tau hyperphosphorylation.

Exogenous Zinc Induces Tau Hyperphosphorylation Directly—
Zinc is released during synaptic activity, reaching extracellular
concentrations close to 300 um (18). To further confirm that
synaptic-released zinc mediates tau hyperphosphorylation, we
treated the brain slices with different concentrations of ZnSO,
for different times to observe the direct effect of zinc on tau
phosphorylation. Zinc treatment induced a time- and dosage-
dependent tau phosphorylation at the Ser/Thr sites, which
were hyperphosphorylated in neurotransmission. 100 um
ZnSO, for 20 min was sufficient to induce tau phosphorylation
at all the detected sites; concentrations higher than 100 pum
induced similar tau hyperphosphorylation (Fig. 5). These
results indicated that zinc promotes tau hyperphosphorylation
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FIGURE 4. Increased synaptic activity induces zinc release and transloca-
tion in cultured hippocampal slices. Zinc levels in aCSF after the hippocam-
pal slices incubation were detected by atomic absorption spectrophotome-
try. A, zinc levels in aCSF after glutamate treatment with or without
preincubation of Ca-EDTA (1 mm, membrane impermeable zinc chelator,
which prevents translocation of the released zinc); B, zinc levels in aCSF after
Bic/4-AP treatment with or without preincubation of Ca-EDTA. *, p < 0.05; **,
p < 0.01 versus control group.
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directly. Extracellular zinc may enter into the cells through
voltage-gated calcium channels (VGCC), Ca®"-permeable
AMPA and NMDA receptor channels (26, 27). We further
explored the possible route mediating zinc influx in our exper-
imental model, and found that VGCC was the most implicated
channel that mediated the zinc-induced tau hyperphosphory-
lation (supplemental Fig. S3).

Synaptically Released Zinc Induces Tau Hyperphosphoryla-
tion through PP2A Inhibition—To identify the mechanisms for
synaptically released zinc-induced tau hyperphosphorylation,
we explored the possible involved tau kinase and phosphatase.
Zinc has been reported to modulate the activity of several
kinases that may phosphorylate tau, including ERK1/2, JNK,
p38, and GSK-3p (12), so we measured the levels of total and
activated/inactivated forms of these kinases. No changes of
GSK-383, ERK1/2, JNK, and p38 were observed in brain slices
treated with glutamate for 20 min (Fig. 6, A and B). Preincuba-
tion of kinase inhibitors: SB216763 (inhibitor of GSK-3),
PD98059 (inhibitor of Erk1/2), SP600125 (inhibitor of JNK),
and SB202190 (inhibitor of p38) for 30 min did not prevent tau
hyperphosphorylation by glutamate (supplemental Fig. S4).
These results suggested that tau hyperphosphorylation induced
by synaptically released zinc may be mediated by mechanisms
other than kinase activation.

We further explored whether the activity of PP2A changed
during glutamatergic neurotransmission, since PP2A ac-
counted for more than 70% dephosphorylation of tau in all
identified tau phosphatases (15). To our surprise, a dramatic
inhibition of PP2A was induced in brain slices by glutamate incu-
bation. At the same time, the levels of two inactive forms of PP2A
(Tyr-307 phosphorylated PP2A and Leu-309 demethylated PP2A)
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FIGURE 5. Exogenous zinc induces tau hyperphosphorylation. A, rat hippocampal brain slices were incubated with 0, 50, 100, or 300 um ZnSO, for 20 min,
tau phosphorylation levels at different sites were detected by Western blotting. B, quantitative analysis of blots in A, *, p < 0.05; **, p < 0.01 versus untreated

controlslices. C, rat hippocampal brain slices were incubated with 300 um ZnSO,,

for 0,20 min, 60 min, and 180 min. Tau phosphorylation levels at different sites

were detected by Western blotting. D, quantitative analysis of blots in C, *, p < 0.05; **, p < 0.01 versus untreated control slices.
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FIGURE 6. Synaptically released zinc inhibits PP2A with no effects on GSK-
3B, ERK1/2,JNK, and p38. Rat hippocampal brain slices were incubated with
glutamate, with or without the pretreatment of Ca-EDTA. A, total protein
levels and active/inactive forms of GSK-383, ERK1/2, JNK, and p38 were
detected by Western blotting. B, quantitative analysis of the blots in A. The
phosphorylation levels were normalized by corresponding total protein lev-
els. C, two inactive forms of PP2A (Tyr-307 phosphorylated and Leu-309 dem-
ethylated PP2A) levels were detected by Western blotting. D, quantitative
analysis of blots in C. Phosphorylation and demethylation levels of PP2A were
normalized by total PP2A level. E, PP2A activities in glutamate-treated slices
with or without preincubation of Ca-EDTA. *, p < 0.05; **, p < 0.01 versus
control slices; #, p < 0.05; ##, p < 0.01 versus glutamate-treated slices. F, rat
hippocampal brain slices were incubated with Bic/4-AP, with or without the
pretreatment of Ca-EDTA. PP2A activities in slices were detected. ¥, p < 0.05
versus control slices; #, p < 0.05 versus Bic/4-AP-treated slices.

were significantly increased (Fig. 6, C and D), which was consistent
with the activity assay result. Ca-EDT A preincubation restored the
PP2A activity (Fig. 6E). PP2A inhibition by synaptic zinc was fur-
ther confirmed in Bic/4-AP-incubated slices (Fig. 6F). These
results suggest that synaptically released zinc may induce tau
hyperphosphorylation through inhibition of PP2A. To confirm
this hypothesis, we used p-erythro-S (DES) to activate PP2A (28) in
glutamate- or Bic/4-AP-treated brain slices. We found that prein-
cubation of DES (10 nu, 1 h) could reverse tau hyperphosphoryla-
tion at all the Ser/Thr sites detected (Fig. 7). These results suggest
that PP2A inhibition plays an important role in synaptic zinc-in-
duced tau hyperphosphorylation.

DISCUSSION

Zinc is one of the most abundant essential elements in the
adult human brain. Nearly half of the glutamatergic synapses
are “gluzinergic” in the cerebral cortex and limbic nuclei (29).
These gluzinergic neurons release glutamate and zinc simulta-
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FIGURE 7. PP2A agonist DES reverses synaptic activity-induced tau
hyperphosphorylation. Rat hippocampal brain slices were incubated with
glutamate (100 um) for 20 min (A), or Bic/4-AP (50 um/250 um) for 3 h (C), with
or without the pretreatment of DES (10 nm, PP2A activator). Tau phosphory-
lation levels were detected by Western blotting. Band D, quantitative analysis
of the blots in A and C. Tau phosphorylation levels were normalized by total
tau levels recognized by R134d.*, p < 0.05 versus control slices; #, p < 0.05; ##,
p < 0.01 versus glutamate- or Bic/4-AP-treated slices.

neously upon excitation in neurotransmission. Synaptically
released Zn?" interacts with various neuronal ion channels,
receptors, and transporters and therefore modulates synaptic
transmission and plasticity (30, 31). Most of the released zinc
ions are re-uptaked by the presynaptic neurons and further
sequestered into the synaptic vesicles by zinc transporter-3
(ZnT-3) (32). In AD brains, zinc levels are elevated in degener-
ated brain regions such as hippocampus, amygdala, and cortex
(33, 34). ZnT-3 is significantly down-regulated, together with
the altered expression of other zinc transporters such as ZnT-1,
-4, and -6 (35-37), indicating an impaired zinc homeostasis.
High concentrations of zinc are observed in the neuritic
plaques and amyloid deposits (38), suggesting the possible roles
of zinc in the development of AD pathology. Recently, a role of
synaptic zinc in AP oligomer formation and accumulation at
excitatory synapses was observed and reported (10). In the
present study, we explored the effect of synaptic zinc on
tauopathy, and found that endogenously released zinc in excit-
atory neurotransmission promoted AD-like tau hyperphos-
phorylation through PP2A inhibition.

In cultured rat hippocampal brain slices, we used two classic
strategies to increase the synaptic activity, glutamate and Bic/
4-AP treatments (10, 23). Exogenous glutamate may activate
glutamate receptors directly, while Bic/4-AP increased the
intrinsic synaptic activity by inhibiting GABA , receptors (23).
The hippocampal slices were chosen because of the highest
concentration of zinc in this region of mammalian brains (39).
Both glutamate and Bic/4-AP treatments induced tau phos-
phorylation at several AD-like tau hyperphosphorylation sites,
indicating that synaptic activity may modulate the phosphory-
lation state of tau. TTX, a potent blocker of sodium channels,
completely blocked tau hyperphosphorylation, underscoring
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the role of neuronal activity in tau phosphorylation modifica-
tion. Hyperphosphorylation of tau induced by glutamate was
completely reversed by preincubation of CQ, a membrane-per-
meable zinc chelator, which has been shown to significantly
reduce the AB oligomer formation at synapses in neurotrans-
mission (10). This result suggests zinc is involved in intracellu-
lar tau hyperphosphorylation.

During the activation and neurotransmission of excitatory
synapses, large amounts of zinc ions are released into the syn-
aptic cleft, reaching an extracellular concentration close to 300
uM. Previous studies have identified the zinc release and trans-
location in different models with increased synaptic activity,
which include physiological stimulations such as electrical
stimulation and KClI treatment (24), and pathologic conditions
such as oxygen and glucose deprivation (40), hypoglycemia
(41), and global cerebral ischemia (42). The routes responsible
for zinc influx were also widely studied and identified as volt-
age-gated calcium channels (VGCC), Ca®* - permeable AMPA
and NMDA receptor channels (26, 27). To confirm that zinc
ions are released and translocated during glutamate or Bic/
4-AP incubation, we detected the zinc concentrations in the
aCSF after the slice culture. Results showed that extracellular
zinc levels were increased by synaptic activity. The increase of
zinc level in the glutamate treatment group was not statistically
significant, possibly due to the short incubation time. Preincu-
bation of the slices with Ca-EDTA, a membrane-impermeable
zinc chelator, resulted in dramatic elevation of detected zinc levels
in aCSF, indicating that most of the released zinc are rapidly re-
uptaked by presynaptic neurons or entered into postsynaptic neu-
rons when there is no extracellular zinc chelator. The observation
that Ca-EDTA also completely prevented tau hyperphosphoryla-
tion by increased synaptic activity favors an external origin of zinc
that induces modifications of tau. In other words, it is the synapti-
cally released zinc but not the intrinsic zinc in cells which mediate
tau hyperphosphorylation. This idea was further confirmed by
omission of calcium from the aCSF, since synaptic zinc release is
calcium-dependent. In the absence of extracellular Ca>™, zinc
release may be reduced by more than 70% (24). When calcium was
withdrawn from the aCSF, glutamate treatment no longer induced
marked tau hyperphosphorylation, while addition of exogenous
zinc sulfate into the calcium-free aCSF resulted in tau hyperphos-
phorylation in glutamate-treated slice. When we incubated brain
slices with zinc directly, we also observed tau hyperphosphoryla-
tion at the same Ser/Thr sites seen in glutamate or Bic/4-AP incu-
bation, which was mediated by zinc influx through VGCC. All
these data strongly indicated that synaptic zinc promoted tau
hyperphosphorylation.

Several protein kinases and phosphatases are involved in reg-
ulating tau phosphorylation. To explore the mechanism of syn-
aptic zinc-induced tau hyperphosphorylation, we measured the
activities of possible involved tau kinases and phosphatases.
GSK-3p is the most important kinase tau phosphorylates tau in
the brain (13, 14). Our previous research also showed that exog-
enous zinc may activate GSK-38, ERK1/2, JNK, and p38 in
SH-SY5Y cells, which are all tau kinases (12). In a recently pub-
lished report, zinc was found to promote tau phosphorylation
at Ser-214 in human wild-type taul—441-expressing SH-SY5Y
cells through ERK activation (43). But in the present study, we
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did not observe any change of active or inactive forms of GSK-
3B, ERK1/2, JNK, and p38. Preincubation of the slices with spe-
cific inhibitors of these kinases also failed to prevent tau hyper-
phosphorylation by glutamate-induced synaptic activity,
suggesting that these kinases may not be the most implicated
kinase in tau hyperphosphorylation in our experimental sys-
tem. Lee et al. (44) have reported that GSK-3 showed undu-
lating phosphorylation/dephosphorylation after membrane
depolarization by KCl, indicating that the time point chosen for
detection may influence the results of kinase activity. In addi-
tion, the zinc-regulated pathways may be different in primary
neuron cultures from that in neuroblastoma cells.

Because the kinases detected did not account for tau hyper-
phosphorylation induced by synaptically released zinc, we fur-
ther examined the activity of PP2A, which is the most impor-
tant tau phosphatase in human brain. We were surprised to find
that PP2A is significantly inhibited by synaptically released
zinc; an activator of PP2A can reverse tau hyperphosphoryla-
tion. These results indicate that PP2A is a key regulator in syn-
aptic zinc-promoted tau hyperphosphorylation. It has been
reported that zinc at concentrations as low as 10 uM could
completely inhibit a membrane-associated phosphotyrosyl-
protein phosphatase in vitro (45). So, it is possible that zinc
entered into the cells directly inhibits PP2A. Recent studies
showed that crystal structure of the core domain of small T
antigen of DNA tumor viruses SV40 (SV40 ST, an inhibitor of
PP2A, which bind to the scaffolding subunit of human PP2A)
has a novel zinc-binding fold (46), implying that zinc may also
indirectly inhibit PP2A through regulating the function of SV40
ST. The underlying mechanisms for synaptic zinc inhibition of
PP2A and the physiological roles of PP2A inhibition in gluta-
matergic neurotransmission need to be further investigated.

Zinc concentration undergoes highly dynamic changes dur-
ing neurotransmission, which implies that the phosphorylation
state of tau is also dynamically changed in zinc-rich areas. In the
human brain, zinc-releasing neurons located in hippocampus,
amygdala, olfactory bulb, and cerebral cortex (38), which are all
brain regions susceptible to NFTs formation. The observations
in our study disclosed a mechanism for the region-specific
development and distribution of NFTs. A recent study showed
that phosphorylation of tau in dendritic spines correlated well
with the early impairment of synaptic function and memory
deficit before obvious neurodegeneration occurs (6). Since the
synaptic-released zinc ions first enter the dendrites though
membrane channels, we suspect that zinc also plays a role in
early dendritic tau phosphorylation and synaptic dysfunction.
This hypothesis requires further exploration.

In summary, we show that synaptic activity promotes tau hyper-
phosphorylation, and synaptically released zinc plays a central
role. Therapies targeted on maintaining zinc homeostasis and
moderating synaptic activity may benefit the AD patients not only
through reducing amyloidosis but also through reducing
tauopathy.
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