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Abstract.
Background: Cognitive decline in Alzheimer’s disease (AD) correlates with the extent of tau pathology, in particular
tau hyperphosphorylation, which is strongly age-associated. Although elevation of cerebrospinal fluid or blood levels of
phosphorylated tau (p-Tau) at residues Thr181 (p-Tau181), Thr217 (p-Tau217), and Thr231 (p-Tau231) are proposed to be
particularly sensitive markers of preclinical AD, the generation of p-Tau during brain activity is poorly understood.
Objective: To study whether the expression levels of p-Tau181, p-Tau217, and p-Tau231 can be enhanced by physiological
synaptic long-term depression (LTD) which has been linked to the enhancement of p-Tau in hippocampus.
Methods: In vivo electrophysiology was performed in urethane anesthetized young adult and aged male rats. Low frequency
electrical stimulation (LFS) was used to induce LTD at CA3 to CA1 synapses. The expression level of p-Tau and total tau
was measured in dorsal hippocampus using immunofluorescent staining and/or western blotting.
Results: We found that LFS enhanced p-Tau181 and p-Tau217 in an age-dependent manner in the hippocampus of live rats.
In contrast, phosphorylation at residues Thr231, Ser202/Thr205, and Ser396 appeared less sensitive to LFS. Pharmacological
antagonism of either N-methyl-D-aspartate or metabotropic glutamate 5 receptors inhibited the elevation of both p-Tau181
and p-Tau217. Targeting the integrated stress response, which increases with aging, using a small molecule inhibitor ISRIB,
prevented the enhancement of p-Tau by LFS in aged rats.
Conclusion: Together, our data provide a novel in vivo means to uncover brain plasticity-related cellular and molecular
processes of tau phosphorylation at key sites in health and aging.
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INTRODUCTION

Clinical evidence indicates that age-associated
progressive cognitive decline in Alzheimer’s dis-
ease (AD) patients correlates with the extent of tau
pathology, in particular the degree and nature of tau
phosphorylation [1–4]. Among the latter, elevation
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of phosphorylated tau (p-Tau) on residues of Thr181
(p-Tau181), Thr217 (p-Tau217), and Thr231 (p-
Tau231) in cerebrospinal fluid (CSF) or blood were
recently proposed to be particularly sensitive mark-
ers of early AD, long before the diagnosis of clinical
dementia [5–11]. P-Tau in the brain and its sub-
sequent release into CSF and blood is a dynamic
process that changes during disease evolution [5,
12]. Although reports from various memory clin-
ics indicate that p-Tau181, p-Tau217, and p-Tau231
distinguish AD from controls with high accuracy
for very early AD diagnosis [13, 14], the genera-
tion of these p-Tau species in patients’ brains, in
particular learning and memory processes, is still
unclear. Also, the phosphorylation patterns of physi-
ological and pathological tau are surprisingly similar
and heterogenous, making it difficult to identify spe-
cific modifications as therapeutic targets [3, 15–17].
Whether the phosphorylation of tau at those residues
is physiological or pathological should be carefully
distinguished before embarking on the costly devel-
opment of treatments targeting individual forms of
abnormal tau.

Hyperphosphorylation of tau, together with other
post-translational modifications, causes it to form
species more likely to aggregate, which likely leads
to the deposition of fibrillar tau in neurofibrillary tan-
gles, the main intraneuronal lesions in AD [18, 19].
The lesions primarily accumulate in the transentorhi-
nal and entorhinal regions (Braak stages I-II), and
subsequently progress to the limbic allocortex and
adjoining neocortex (Braak stages III-IV) and later
the neocortex including the secondary and primary
fields (Braak stages V-VI) [20, 21]. The hippocampus
is one of the areas that p-Tau first appears dur-
ing Braak stage II of AD [21] and this region of
brain is particularly vulnerable to age-related changes
[22–26]. Activity-dependent persistent increases and
decreases in synaptic strength, long-term poten-
tiation (LTP), and long-term depression (LTD),
respectively, are the main forms of synaptic plas-
ticity in the hippocampus and are used to study
the neurophysiological substrates of normal learn-
ing and memory function [27, 28]. Interestingly,
recent studies indicate that LTD induction enhances
tau phosphorylation at Ser396 (p-Tau396) [29, 30]
and, when repeated chronically, Ser202/Thr205 (p-
Tau202/205) [31] in hippocampus in vitro. It is still
unknown whether the expression levels of p-Tau181,
p-Tau217, and p-Tau231 can also be enhanced by
physiological LTD induction. Whether or not their
enhancement is more sensitive compared with other

reported residues and the age dependence of tau phos-
phorylation remains elusive.

Both N-methyl-D-aspartate receptors (NMDARs)
and metabotropic glutamate receptors (mGluRs) are
required for the induction of most forms of LTD
by low frequency conditioning stimulation (LFS)
[32]. Recent evidence implicates a particular role for
extrasynaptic NMDAR [33, 34] and metabotropic
glutamate receptor subtype 5 (mGluR5) [35–38],
both also involved in tau pathology [39–41], in LTD
induction.

The integrated stress response (ISR) is aberrantly
elevated in aged mouse brain and a small molecule
ISR inhibitor, ISRIB (trans-isomer), restores age-
related changes in hippocampal neuron function [42].
Increasing the ISR can facilitate mGluR-LTD [43, 44]
while suppressing it has the opposite effect [43–46].
We therefore hypothesized that the ISR may mediate
any increased tau phosphorylation triggered by LFS
in aged animals.

Using LFS to induce LTD at CA3 to CA1 synapses
in live rats [37, 47, 48], the current study inves-
tigated 1) the age dependence ((2-3-months and
17-18-months) of tau phosphorylation at specific sites
(p-Tau181, p-Tau217, p-Tau231, p-Tau202/205, and
p-Tau396), 2) the role of NMDARs and mGluR5, and
3) the involvement of the ISR.

MATERIALS AND METHODS

Animals

All experiments were performed following the
guidelines of the ARRIVE (Animal Research:
Reporting of In Vivo Experiments) guidelines 2.0 [49]
and were approved by the Animal Care and Use Com-
mittee of Zhengzhou University, China. All efforts
were made to minimize the number of animals used
and their suffering.

Young adult (2-3-month-old) and aged (17-18-
month-old) male Sprague Dawley rats were provided
by the Laboratory Animal Center of Zhengzhou Uni-
versity. We conducted the experiments in accordance
with local and international guidelines on the ethical
use of laboratory animals and made efforts to mini-
mize the number of rats used in this study. Totally, 20
young adult and 40 aged rats were used in this study.
The number of animals allocated to each experimen-
tal group was 4–8 based on previous publications [37,
50]. All efforts were made to minimize the number
of animals used as well as their suffering.
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The animals were housed under a 12 h light-dark
cycle at room temperature (19–22◦C) with continu-
ous access to food and water ad libitum. Prior to the
acute experiments, animals were anaesthetized with
urethane (1.5-1.6 g/kg, i.p.). Lignocaine (10 mg, 1%
adrenaline, s.c.) was injected over the area of the skull
where electrodes and screws were to be implanted.
The body temperature of the rats was maintained at
37-38◦C with a feedback-controlled heating blanket
during the whole period of surgery and recording.

Electrophysiology

Electrodes were made and implanted as described
previously [37]. Briefly, monopolar recording elec-
trodes were constructed from Teflon-coated tungsten
wires (75 �m inner core diameter, 112 �m external
diameter) and twisted bipolar stimulating elec-
trodes were constructed from Teflon-coated tungsten
wires (50 �m inner core diameter, 75 �m external
diameter) separately. Field excitatory postsynaptic
potentials (EPSPs) were recorded from the stratum
radiatum in the CA1 area of left or right hippocampus
in response to stimulation of the Schaffer collateral-
commissural pathway. Electrode implantation sites
were identified using stereotaxic coordinates relative
to bregma, with the recording site located 3.4 mm
posterior to bregma and 2.5 mm lateral to midline,
and stimulating site 4.2 mm posterior to bregma and
3.8 mm lateral to midline. The final placement of elec-
trodes was optimized by using electrophysiological
criteria and confirmed via postmortem analysis.

Test EPSPs were evoked by a single square wave
pulse (0.2 ms duration) at a frequency of 0.033 Hz
and an intensity that triggered a 50% maximum EPSP
response. LTD was induced using 1 Hz low frequency
stimulation (LFS) consisting of 900 pulses (0.2 ms
duration). During the LFS the intensity was raised
to trigger EPSPs of 95% maximum amplitude. LTP
was induced using 200 Hz high frequency stimulation
(HFS) consisting of one set of 10 trains of 20 pulses
(inter-train interval of 2 s). The stimulation intensity
was raised to trigger EPSPs of 75% maximum dur-
ing the HFS. None of the conditioning stimulation
protocols elicited any detectible abnormal changes
in background EEG, which was recorded from the
hippocampus throughout the experiments.

Immunofluorescent staining

The rats were sacrificed 30 min post-LFS in the
LFS-treated group or and equivalent time in the

baseline recording control group. After electrophys-
iological recording under urethane anesthesia, rats
were transcardially perfused with pre-warmed nor-
mal saline followed by cold 4% paraformaldehyde in
PBS at pH 7.4. Brains were carefully removed and
post-fixed in 4% paraformaldehyde for 6 h. Brains
were cryoprotected in 20% sucrose followed by 30%
sucrose. Tissues were rapidly frozen and cut coro-
nally (50 �m). Sections near the stimulating and
recording electrodes were reserved and stored in
cryoprotective solution (150 mM ethylene, 100 mM
glycerol, 250 mM PBS) at –20◦C. For total tau and
phosphorylated-tau staining, sections were washed
three times with PBS for 5 min and then perme-
abilized with 0.1% Triton X-100 diluted in PBS
for 30 min at room temperature. Then sections were
blocked in a PBS solution containing 10% normal
goat serum, 3% BSA, and 0.1% Triton X-100 for
1 h at room temperature. Sections were incubated
respectively with the primary antibodies (Supple-
mentary Table 1) (Tau5, Cell Signaling Technology,
46687 S, 1:200; Tau46, Cell Signaling Technology,
4019 S, 1:200; Phospho-Tau (Thr181), Cell Sig-
naling Technology, 12885 S, 1:200; Phospho-Tau
(Thr217), ThermoFisher, 44–744, 1:200; Phospho-
Tau (Thr231), Abcam, ab151559, 1:200; Phospho-
Tau (Ser202, Thr205), ThermoFisher, MN1020,
1:200; Phospho-Tau (Ser396), Affinty, AF3148,
1:200) in a humidified chamber overnight at 4◦C.
After 24 h, sections were washed three times
with PBS for 5 min, followed by incubation with
species-specific secondary antibodies conjugated
to 488 nm or 568 nm fluorophores (Alexa Fluor®

488, Abcam, 150113, 1:500; Alexa Fluor® 568,
Abcam, 175471, 1;500) for 1 h at room tempera-
ture. Sections were subsequently washed and stained
with 4′,6-diamidino-2-phenylindole (DAPI) solution
(Solarbio, C0065) for 10 min at room temperature.
After washing with PBS, sections were mounted
on the glass slide with antifade mountant (Southern
Biotech, 0100-35) and then processed for imaging
using an Olympus fluorescent microscope (BX53F,
Olympus, Japan). ImageJ version 1.52a software
(National Institute of Mental Health, Bethesda, MD,
USA) was used to analyze the intensity of total tau
and p-Tau of immunofluorescent staining.

Western blot

The rats were sacrificed 30 min post-LFS in the
LFS-treated group or the same timeline under ure-
thane anaesthesia in the naı̈ve control group. The
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whole brain was taken out and the hippocampus
from both sides was separated. Approximately 2-
mm-thick hippocampal tissue surrounding the sites
of electrodes was kept and frozen immediately in
liquid nitrogen and stored at –80◦C. The tissues
were homogenized in lysis buffer (10 mM Tris-HCl,
pH 7.5, 150 mM NaCl, and 0.5% Triton X-100,
0.1 mM PMSF) containing 1% protease inhibitor
cocktail (CWBiO, CW2200S) and 1% phosphatase
inhibitor cocktail (CWBiO, CW2383S). The protein
concentrations were determined by the BCA Pro-
tein Assay Kit (Glpbio, GK10009), and samples were
separated by 10% Tris-glycine SDS-PAGE. The pro-
teins were transferred onto polyvinylidene fluoride
(PVDF) membranes (Millipore, IPVH00010). Then
the membranes were blocked with 5% non-fat milk
for 1 h at room temperature. After blocking, the mem-
branes were incubated respectively with the primary
antibodies (Supplementary Table 1) overnight at 4◦C.
After primary antibody incubation, the membranes
were washed three times in TBST and then incubated
with HRP-conjugated goat anti-rabbit IgG (ZSGB-
BIO, ZB-2301, 1:25000) for 2 h at room temperature.
Finally, the target protein bands were visualized
with chemiluminescence reagents (Shanghai Will-
get Biotech, F03) and then detected with FluorChem
E System (ProteinSimple, USA). Quantification of
the protein expression was calculated with ImageJ
(version 1.52a).

Pharmacological agents

(R,S)-3-(2-carboxypiperazin-4-yl)propyl-1-phos-
phonic acid ((±)-CPP, Alomone Labs, C-175)
and 3-((2-methyl-1,3-thiazol-4-yl)ethynyl)pyridine
hydrochloride (MTEP hydrochloride, Abcam,
ab120035) were prepared in distilled water and
diluted with saline to the required concentration.
Trans-N,N′-(Cyclohexane-1,4-diyl)bis(2-(4-chloro-
phenoxy) acetamide (ISRIB, Sigma, SML0843) was
dissolved in dimethyl sulfoxide (DMSO) with gentle
warming in a 40◦C water bath and vortexed until
the solution became clear. Then the solution was
diluted in polyethylene glycol 400 (PEG400) with
gentle warming in a 40◦C water bath and vortexed.
The solution was prepared freshly and diluted in
warm saline (37◦C) before injection. 1:1 DMSO and
PEG400 in saline was used as vehicle control. The
choice of dose and timing of ISRIB administration
was based on previous reports [42] and our study of
the pharmacokinetics of ISRIB in live rats [44]. Four
pair-housed aged (17-18-month-old) rats received a

single daily injection of ISRIB (2.5 mg/kg, i.p.) on 3
consecutive days. Then the rats stayed pair-housed
for 18 days after the third injection of ISRIB.

Data analysis

Values are expressed as the mean ± s.e.m. For the
electrophysiology experiments, the last 10 min prior
to LFS was used to calculate the “Pre” -induction
EPSP amplitude. Unless otherwise stated the mag-
nitude of LTD was measured over the last 10 min
at the end of recording after (“Post”) LFS. To com-
pare between two group, repeated measures two-way
ANOVA with Bonferroni post hoc test was used.
To compare between groups of three or more, one-
way ANOVA with Bonferroni multiple comparisons
was used. A two-tailed paired Student’s t-test (paired
t) was used to compare between “Pre” and “Post”
within groups. For the immunofluorescence staining,
internal comparison was used. Thus, immunofluo-
rescent staining signal was quantified in the entire
and selected subregions of the ipsilaterally stimu-
lated hippocampi and the contralateral one from the
same animals. The average of the contralateral control
was standardized to 1. A two-tailed paired Student’s
t-test was used to compare between ipsilateral and
contralateral. Data of western blotting between con-
ditions were compared using one-way ANOVA with
Bonferroni multiple comparisons. A value of p < 0.05
was considered statistically significant (∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001). All data
were evaluated and graphed using Prism 9.0 (Graph-
Pad Inc, San Diego, CA, USA).

RESULTS

Induction of LTD by LFS enhances p-Tau181 and
p-Tau217 in an age-dependent manner in live
rats

Having developed stimulation protocols to reliably
induce LTD at CA3 to CA1 synapses in live rats [37,
38, 47, 48], we confirmed [37] that this protocol (LFS-
900, 900 pulses at 1 Hz) triggered a robust persistent
form of LTD that, like certain forms of long-term
memory formation, is protein synthesis-dependent
(Supplementary Figure 1). We used the same pro-
tocol (LFS-900, 900 pulses at 1 Hz) in this study
(Fig. 1A). LFS depressed field EPSPs to 63.8 ± 7.8%
of baseline in 2-3-month-old rats, and 62.4 ± 3.4%
in 17-18-month-old rats. The magnitude of LFS-
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Fig. 1. LFS promotes p-Tau181 in an age-dependent manner in live rats. A) Schematic of the field EPSP recording configuration in CA1
stratum radiatum (REC) overlaid with a schematic of a bipolar stimulation electrode (STIM) for Schaffer collateral axon fibers (black) in
the ipsilateral hemisphere. Additional excitatory projections from CA3 include local recurrent connections (blue) of CA3 pyramidal cells
onto other CA3 pyramidal cells, and the back projection (pink) of CA3 pyramidal neurons to the dentate gyrus (DG). B) Application of
LFS (horizontal bar, LFS-900; 900 pulses at 1Hz) induced robust LTD at CA3-CA1 synapses in anaesthetized rats at two different ages
(2-3-months and 17-18-months). Calibration bars: vertical, 2 mV; horizontal, 10 ms. C) Summarized EPSP amplitude 30 min post LFS. The
EPSP decreased to 63.8 ± 7.8% in 2-3-month-old rats (n = 5, p = 0.0147 compared with Pre), and 62.4 ± 3.4% in 17-18-month-old rats (n = 7,
p < 0.0001 compared with Pre) respectively; paired t test. The amplitude of LTD is comparable in both groups (two-way ANOVA, age, F (1,
10) = 0.09427, p = 0.7651). D) The upper panel shows p-Tau181 (red) immunofluorescent staining in dorsal hippocampus (Scale bar: 200 �m),
CA1, CA3, and hilus of DG (scale bars: 50 �m) from 2-3-month-old rats. The corresponding statistical results compared with contralateral
side are displayed in the lower panel. The expression level of p-Tau181 was not affected by LFS in dorsal hippocampus (p = 0.4611), CA1
(p = 0.3792), CA3 (p = 0.6842), and DG (p = 0.1953); paired t test. E) Immunofluorescent staining of p-Tau181 (red) in ipsilateral dorsal
hippocampus, CA1, CA3, and DG from 17-18-month-old rats. LTD induction by LFS significantly enhanced the level of p-Tau181 in dorsal
hippocampus (p < 0.0001), CA1 (p = 0.0220), CA3 (p = 0.0059), and DG (p = 0.0202); paired t test. Values are mean ± s.e.m.

induced synaptic depression is thus comparable at
both ages (Fig. 1B, C).

Assessed by immunofluorescent staining, the
application of LFS did not lead to a change in total

tau expression level in either age group (Supplemen-
tary Figure 2). Whereas no difference of p-Tau181
level was apparent at 2-3-months of age (Fig. 1D),
in 17-18-month-old animals tau phosphorylation at
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Fig. 2. LFS promotes p-Tau217 in an age-dependent manner in live rats. A) The upper panel shows immunofluorescent staining of p-Tau217
(red) in dorsal hippocampus (Scale bar: 200 �m), CA1, CA3, and hilus of DG (scale bars: 50 �m) from 2-3-month-old rats. The corresponding
statistical results compared with contralateral side are displayed in the lower panel. LFS did not affect the expression level of p-Tau217 in
dorsal hippocampus (p = 0.3820), CA1 (p = 0.4488), CA3 (p = 0.3409), and DG (p = 0.1567); paired t test. B) Immunofluorescent staining of
p-Tau217 (red) in dorsal hippocampus, CA1, CA3, and DG from 17-18-month-old rats. LFS ipsilaterally enhanced the level of p-Tau217 in
dorsal hippocampus (p < 0.0019), CA1 (p = 0.0153), CA3 (p = 0.0003), and DG (p = 0.0251); paired t test. Values are mean ± s.e.m.

Thr181 was obviously enhanced in all three hip-
pocampal fields ipsilateral to the side of LFS, relative
the contralateral hippocampus (Fig. 1E, Supplemen-
tary Figure 3). We then assayed the expression level
of p-Tau217 in adjacent brain slices from the same
animals. Similar to p-Tau181, no difference was
observed in 2-3-month-old rats (Fig. 2A), while an
enhancement of p-Tau217 was seen in CA1, CA3, and
the hilus of dentate gyrus (DG) in 17-18-month-old
rats (Fig. 2B, Supplementary Figure 4). In contrast,
the expression levels of p-Tau231, p-Tau202/205,
and p-Tau396 did not appear to change in adjacent
brain slices from young (Supplementary Figure 5)
or aged rats overall, with the exception of a signifi-
cant enhancement of p-Tau202/205 in the CA1 area
of older rats (Supplementary Figure 6).

To confirm the changes in p-Tau by ipsilateral
LTD-inducing LFS detected using immunofluores-
cence, we measured the expression level of the same
phospho-tau species using western blotting after
the same conditioning LFS was applied in another
cohort of 17-18-month-old rats (Fig. 3A, B). �-
actin was used to ensure equal protein loading on

gels. The total tau expression level, normalized to
�-actin, in either the ipsilateral or contralateral hip-
pocampus did not differ from age-matched naı̈ve
control rats (Supplementary Figure 7). Consistent
with the immunofluorescent staining, LTD-inducing
LFS significantly enhanced p-Tau181 (Fig. 3C;
Supplementary Figure 8) and p-Tau217 (Fig. 3D;
Supplementary Figure 8) in the ipsilateral hip-
pocampus, while it had no overall significant effect
compared with naı̈ve controls on the expression level
of p-Tau at the other residues investigated (Supple-
mentary Figure 9). Western blotting indicated that
the expression levels of p-Tau181 and p-Tau217,
slightly, although not significantly, also increased
in the contralateral hippocampus when compared
with naı̈ve controls. This indicates that application of
LFS activates the commissural pathway sufficiently
to weakly enhance the expression levels of both p-
Tau181 and p-Tau217 in parts of the contralateral
hippocampus.

Enhanced neuronal activity accelerates tauopathy
in vivo in tau mouse models [51] and mechanical
injury of neurons induces tau mislocalization to den-
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Fig. 3. LFS enhances p-Tau181 and p-Tau217 in aged rats. A) Application of LFS-900 induced robust LTD at CA3-CA1 synapses in
anaesthetized 17-18-month-old rats. Calibration bars: vertical, 2 mV; horizontal, 10 ms. B) Summarized EPSP amplitude 30 min post LFS.
The EPSP decreased to 54.8 ± 10.2% (n = 5, p = 0.0110 compared with Pre, paired t). C) Left panels show representative blotting band of
p-Tau181 and total tau (Tau5) in the hippocampus of age-matched naı̈ve control group and the experimental group either contralateral or
ipsilateral to LFS. Statistical results of p-Tau181 over total tau was quantified and normalized to naı̈ve control (n = 5 per group, ipsilateral
versus naı̈ve, p = 0.0292; contralateral versus naı̈ve, p = 0.5075; contralateral versus ipsilateral, p = 0.4022; one-way ANOVA-Bonferroni). D)
Left panels show representative blotting band of p-Tau217 and total tau (tau5) in age-matched naı̈ve control group, contralateral hippocampus,
and ipsilaterally stimulated hippocampus. Statistical results of p-Tau217 over total tau was quantified and normalized to naı̈ve control (n = 5
per group, ipsilateral versus naı̈ve, p = 0.0049; contralateral versus naı̈ve, p = 0.0979; contralateral versus ipsilateral, p = 0.3905; one-way
ANOVA-Bonferroni). Values are mean ± s.e.m.

dritic spines [52]. In order to exclude any influence
of electrode implantation and baseline recording of
evoked field EPSPs on the local expression level of
p-Tau, the same experimental processes were per-
formed but no LFS was applied in another cohort

of 17-18-month-old rats (Supplementary Figure 10A,
B). The immunofluorescent staining results con-
firmed that no change of p-Tau181 and p-Tau217
levels were detectible in hippocampus from these rats
(Supplementary Figure 10C, D).
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Antagonists of NMDAR or mGluR5 inhibit the
elevation of both p-Tau181 and p-Tau217

Previously, we found that the induction of LTD by
LFS was not blocked by standard systemic doses of
either NMDAR or mGluR5 antagonists when applied
alone [37, 47], while combined systemic injection of
both antagonists completely abrogated the induction
of synaptic LTD in young adult rats [47]. There-
fore, we wondered if synaptic LTD could be blocked
by standard systemic doses of either NMDAR or
mGluR5 antagonists when applied alone in rela-
tively aged (17-18-month-old) rats. Similar to our
previous finding in young rats [37, 47], a standard
systemic dose (10 mg/kg, i.p.) of the competitive
NMDAR antagonist CPP which completely blocked
synaptic LTP in CA3-CA1 synapses (Supplemen-
tary Figure 11), did not affect the induction of LTD
in aged rats. Thus 1 h post the injection of CPP,
the application of LFS suppressed the field EPSPs
to 70.2 ± 2.5% in 17-18-month-old rats (Fig. 4A,
B). Next, we tested the standard dose of MTEP
(3 mg/kg, i.p.) which is known to non-competitively
block mGluR5, with a rat hippocampal receptor occu-
pancy of >90% [53]. The application of LFS induced
a depression of field EPSPs to 79.6 ± 3.7% in these
MTEP-treated animals (Fig. 4A, B).

Given that neither block of NMDAR with CPP nor
block of mGluR5 with MTEP prevented the induc-
tion of LTD in aged rats, we hypothesized that neither
of these treatments on their own would affect the
enhancement of p-Tau181 and p-Tau217 by LFS. To
test this, we assessed total tau and p-Tau on both
residues in the hippocampus of the rats treated with
CPP or MTEP. Total tau immunofluorescence with
Tau46 confirmed that neither agent affected total tau
expression level after induction of LTD by LFS in
aged rats (Supplementary Figure 12). Surprisingly,
even though neither of these treatments on their own
affected the induction of LTD, elevation of p-Tau181
and p-Tau217 by LFS were abolished/inhibited in
both CPP and MTEP-treated aged rats. After systemic
treatment of CPP, the enhancement of p-Tau181 by
LFS was strongly inhibited overall although some
enhancement was seen in the CA1 area (Fig. 4C),
while the elevation of p-Tau217 by LFS was com-
pletely abolished (Fig. 4D). Somewhat similarly, the
elevation of both p-Tau181 and p-Tau217 triggered by
LFS was completely prevented by systemic adminis-
tration of MTEP (Fig. 4E, F). CPP is a competitive
NMDAR antagonist, so its ability to block NMDARs
depends on the magnitude of stimulus-evoked trans-

mitter release during the LFS period. This may help
explain why the enhancement of p-Tau181 was resis-
tant to CPP in the CA1 area.

Targeting the ISR with a small molecule inhibitor
ISRIB blocks the enhancement of p-Tau181 and
p-Tau217 by LFS in aged rats

Given that induction of LTD by LFS enhances
p-Tau181 and p-Tau217 in an age-dependent man-
ner and the ISR is aberrantly elevated in aged brain
[42], we hypothesized that suppressing the ISR with
ISRIB [42] might prevent the elevation of p-Tau181
and p-Tau217 by LFS. To test this hypothesis, we
treated relatively aged (17-18-month-old) rats with
the same ISRIB treatment paradigm of daily injec-
tions (2.5 mg/kg, i.p.) on 3 consecutive days as
reported [42], and in vivo electrophysiological exper-
iments were carried out on these animals 18 days after
the last injection of ISRIB (Fig. 5A). LFS induced
stable and robust LTD in all these rats (Fig. 5B,
C). Assessed by immunofluorescence, induction of
LTD by LFS did not lead to a change in total
tau expression level in ISRIB-treated rats (Supple-
mentary Figure 13). Intriguingly, neither p-Tau181
(Fig. 5D) nor p-Tau217 (Fig. 5E) were increased
by the same LFS conditioning protocol which trig-
gered enhancement of both p-Tau181 and p-Tau217
in untreated age-matched rats (Figs. 1E and Fig. 2B).

DISCUSSION

This study reveals that aging enables the ele-
vation of p-Tau181 and p-Tau217 triggered by
LTD-inducing conditioning stimulation in live rats.
The enhancement of tau phosphorylation at these
residues by LFS appeared more sensitive compared
with residues Thr231, Ser202/Thr205, and Ser396.
Pharmacological antagonism of either NMDAR or
mGluR5, or a small molecule ISR inhibitor ISRIB
inhibited/prevented the elevation of both p-Tau181
and p-Tau217 by LFS in aged rats.

Growing evidence from many different memory
center cohorts indicates that p-Tau181 and p-Tau217
distinguish AD from controls with high accuracy
very early in the disease process [9, 54]. These
findings encourage the prospect that these markers
are good enough to become early AD diagnostic
tools. Our data provide a novel in vivo means to
uncover brain plasticity-related cellular and molec-
ular processes of tau phosphorylation at these key
sites in health and aging. Because LTD induction
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Fig. 4. Antagonists of either NMDAR or mGluR5 prevent the elevation of both p-Tau181 and p-Tau217 induced by LFS in aged rats. A)
Systemic injection of the competitive NMDAR antagonist CPP (10 mg/kg, i.p.) alone 1 h prior to the application of LFS did not affect LTD
induction in 17-18-month-old rats. Similarly, intraperitoneal injection of the mGluR5 negative allosteric modulator MTEP (3 mg/kg) alone
did not affect LTD induction by LFS 1 h later in 17-18-month-old rats. Calibration bars: vertical, 2 mV; horizontal, 10 ms. B) Summary of
the mean EPSP amplitude pre and post -LFS. The EPSP decreased to 70.2 ± 2.5% (n = 6, p < 0.0001 compared with pre, paired t test) and
79.6 ± 3.7% (n = 5, p = 0.0068 compared with pre, paired t test) 30 min post-LFS in CPP or MTEP treated rats respectively (two-way RM
ANOVA, Treatment F1,9 = 6.999, p = 0.0267). C) The upper panel shows the fluorescent images of p-Tau181 labeling (red) and the lower
panel displays the corresponding statistical results in CPP-treated 17-18-month-old rats (Scale bar = 200 �m in dorsal hippocampus; scale
bars = 50 �m in CA1, CA3, and DG regions). LTD induction by LFS did not affect the level of p-Tau181 in dorsal hippocampus (p = 0.1218),
CA3 (p = 0.6147), and DG (p = 0.0578) except for CA1 region (p = 0.0353); paired t test. D) The upper panel shows the fluorescent images
of p-Tau217 labeling (red) and the corresponding statistical results are displayed in the lower panel in CPP-treated 17-18-month-old rats. No
significant difference was found in p-Tau217 levels compared with that in contralateral dorsal hippocampus (p = 0.8075), CA1 (p = 0.0920),
CA3 (p = 0.5811), and DG (p = 0.7041); paired t test. E) In MTEP-treated aged rats, LFS failed to promote the levels of p-Tau181 (red
as shown in the upper panel). Summarized mean fluorescence intensities (fold to contralateral) in dorsal hippocampus (p = 0.9154), CA1
(p = 0.3161), CA3 (p = 0.1839), and DG (p = 0.8417); paired t test. F) MTEP treatment also prevented the enhancement of p-Tau217 by LFS
in aged rats. The upper panel shows the fluorescent images of p-Tau217 (red). The corresponding statistical results are displayed in the lower
panel and no significant difference was found in dorsal hippocampus (p = 0.7702), CA1 (p = 0.1598), CA3 (p = 0.2262), and DG (p = 0.5311);
paired t test. Values are mean ± s.e.m.

by LFS at CA3-CA1 synapses in the hippocampus
usually necessitates transient elevated synaptic gluta-
mate release and subsequent activation of NMDARs
and/or mGluRs [32], we wondered if the enhanced
tau phosphorylation triggered by LFS entails these
receptors also. Pretreatment with either the NMDAR
or mGluR5 antagonist alone completely abrogated
the LFS-induced tau phosphorylation. If the acti-
vation of either glutamate receptor subtype alone
was sufficient to trigger the increased tau phospho-
rylation by LFS, co-application of both antagonists
together would have been required to prevent the
increase. Therefore, given our finding that either
antagonist alone was effective, it seems likely that
both receptors need to be co-activated for LFS to
trigger enhanced p-Tau181 and p-Tau217. Although
we only examined one time point, it is clear that
LFS triggers an NMDAR and mGluR5-dependent
increase in tau phosphorylation that persists for at
least 30 min in all hippocampal subfields examined.
Whereas the induction of in vivo LTD is only blocked
by combined pretreatment with standard doses of
CPP and MTEP [47], injecting either agent alone pre-
vented LFS-triggered tau phosphorylation. In view
of these findings, it seems unlikely that enhanced
tau phosphorylation at either residues Thr181 or
Thr217 is essential for LTD at CA3-CA1 synapses
in vivo. In apparent contrast, a tau-dependent form
of NMDAR-dependent LTD has been reported to
require tau phosphorylation at Thr396 in vitro [29,
30]. However, our findings do not exclude the pos-
sibility that background, rather than LFS-triggered,
tau phosphorylation at these or other sites may be
sufficient to enable LTD induction in vivo. Also, it
remains to be determined if the LFS protocol used

in the present study triggers LTD at CA3 recur-
rent collaterals [55] or back projections as reported
previously. Recent evidence implicates a particular
role for extrasynaptic NMDAR in LTD induction
[33, 34]. In the hippocampal CA1 area, mGluR5
is found predominantly located perisynaptically and
extrasynaptically on postsynaptic spines of pyrami-
dal cells [56, 57]. Co-activation of mGluR5 with
NMDARs located in this vicinity is known to strongly
enhance the function of the NMDARs, in particular
GluN2B-containing NMDARs [58, 59]. Numerous
studies have shown that synaptic NMDARs are
mainly involved in normal cognitive function, while
extrasynaptic NMDARs are important mediators of
neurotoxicity [60]. Glutamate-induced excitotoxicity
increases tau phosphorylation [61] and more recent
evidence indicates the involvement of extrasynaptic
NMDARs activation in tau pathology [39, 40]. Tau
is phosphorylated at many different sites by differ-
ent protein kinases. Both glycogen synthase kinase
3� (GSK3�) and cyclin-dependent kinase-5 (Cdk5)
can phosphorylate tau at Thr181 and Thr217 [62].
The activity of GSK3� is significantly enhanced
during hippocampal LTD [63] but very recent evi-
dence indicates the involvement of glycogen synthase
kinase 3� (GSK3�) in both NMDAR-dependent [64]
and mGluR5-dependent [65] LTD. Cdk5 activation
appears to be required for NMDAR-dependent LTD
at CA3-CA1 synapses also [66].

Age-related changes in brain make it espe-
cially susceptible to most neurodegenerative diseases
including AD [67]. Age-related reduction in glu-
tamate uptake is associated with extrasynaptic
NMDAR and mGluR activation at hippocampal CA1
synapses [68]. Very recent evidence indicates that
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Fig. 5. ISRIB blocks LFS-induced enhancement of p-Tau181 and p-Tau217 in aged rats. A) Experimental paradigm for ISRIB injections
and electrophysiology experiments. ISRIB (2.5 mg/kg, i.p.) was systemically injected for 3 days and in vivo electrophysiology experiments
were performed 18 days after the last injection. B) LFS induced robust LTD in ISRIB-treated aged rats. Calibration bars: vertical, 2 mV;
horizontal, 10 ms. C) The EPSP decreased to 81.8 ± 2.7% at 30 min post LFS (n = 4, p = 0.0211 compared with pre, paired t test). D) Treatment
of ISRIB completely prevented the increase of p-Tau181 induced by LFS in aged rats. The upper panel shows the fluorescent images of
p-Tau181 labeling (red). As summarized in the lower panel, no significant difference was found in the dorsal hippocampus (p = 0.0579), CA1
(p = 0.7006), CA3 (p = 0.0715), and DG (p = 0.2696); paired t test. E) Treatment with ISRIB also successfully blocked the enhancement of
p-Tau217 induced by LFS in aged rats. The upper panel shows the fluorescent images of p-Tau217 labeling (red). Summarized statistical
results in the lower panel show no significant difference in all regions, including dorsal hippocampus (p = 0.1185), CA1 (p = 0.9049), CA3
(p = 0.9172), and DG (p = 0.6636); paired t test. Scale bar = 200 �m in hippocampus, scale bar = 50 �m in CA1, CA3 and DG regions. F)
Schematic diagram showing proposed mechanism of LTD-inducing LFS-triggered tau phosphorylation in aged rats. The ISR is enhanced
in aged brain, resulting in increased susceptibility to cellular processes underlying the induction of mGluR and NMDAR-dependent LTD
either directly or indirectly. Facilitation of certain LTD-associated kinases, such as GSK3�/� or Cdk5, may phosphorylate tau at residues
Thr181 and Thr217 with high sensitivity. Values are mean ± s.e.m.

imbalanced synaptic weights underlie the aberrant
elevated firing characteristics of both CA3 and CA1
pyramidal neurons in aged, learning-impaired rats
[25]. Intriguingly, Krukowski et al. discovered that
ISRIB reverses the aberrantly elevated ISR in aged
mice brain and restores age-related changes in hip-
pocampal neuron function [42]. In the present study,
the same ISRIB treatment paradigm successfully pre-
vented the elevation of both p-Tau181 and p-Tau217
by LFS in aged rats (Fig. 5F).

As noted in the Introduction, increasing the ISR
can facilitate mGluR-LTD [43, 44] while suppress-
ing it has the opposite effect [43–46]. Enhanced
mGluR-LTD has also been found in models of dif-
ferent neurological diseases including AD [37, 44,
69] and aberrant elevated ISR has been found in spo-
radic AD patients’ brains [70–76]. Moreover, ISRIB
has been found to have beneficial effects in neurode-
generation models [77] including AD models [44,
76]. Although the safety of ISRIB in humans has
yet to be evaluated in clinical trials, given that the
action of ISRIB is state-dependent and it lacks the
pancreatic toxicity of the protein kinase R-like endo-
plasmic reticulum kinase inhibitors [78], targeting the
ISR with ISRIB-like agents may provide a feasible
therapeutic strategy for AD [79].

Previous reports indicate that p-Tau396 can be
enhanced by LFS-900 (1 Hz) in acute hippocam-
pal slices [29, 30]. In contrast, no change in
p-Tau202/205 was triggered by LFS except under
the extreme condition of 2 h LTD induction over a
period of 7 days in slice cultures [31]. The experi-
mental conditions used to detect changes in p-Tau396
in hippocampal slices differ very significantly from
our live brain studies, including relatively young
age and non-physiological temperature. It is well
recognized that p-Tau is developmentally regulated
[80–84] and can be hypothermia-induced [85–88].

Although not statistically significant, we found slight
elevation of p-Tau396 triggered by LFS-900 in vivo
in this study. Nevertheless, future studies should elu-
cidate if, like the present in vivo studies, changes in
p-Tau181 and p-Tau217 are more sensitive to LTD-
inducing LFS in vitro. Phosphorylated tau species
have faster tau turnover rates and shorter half-lives
in cultured human and rodent neurons compared
with that in human and rodent brains [89]. LTD of
synaptic transmission can be induced in human hip-
pocampal slices from apparently non-pathological
tissue resected from patients undergoing surgery for
epilepsy and brain tumors [90]. LTD-like plasticity
can also be induced in intact human brain cortex
by non-invasive brain stimulation techniques, such
as transcranial magnetic stimulation [91] or transcra-
nial direct current stimulation but how this LTD-like
plasticity relates to synaptic LTD remains to be deter-
mined [92, 93]. Thus, our findings in live animals
provide a valuable experimental model to directly
study the generation of p-Tau during learning and
memory-related synaptic plasticity.

We want to also note some limitations of this
study. AD is a complex disease and the neu-
ropathological hallmarks of AD include extracellular
amyloid-� (A�) plaques and cerebral amyloid
angiopathy, intracellular hyperphosphorylated tau-
containing neurofibrillary tangles, and glial responses
[94]. Accumulating evidence suggests that AD most
likely involves the interplay between A� and tau [95].
Taylor et al. recently discovered that tau hyperphos-
phorylation caused by either A� or LTD-inducing
LFS share similar mechanisms in organotypic hip-
pocampal slices [31]. The current study presents the
age dependence of the preferential tau phosphoryla-
tion triggered by LTD-inducing LFS in the absence
of synaptotoxic A� conditions in vivo. Previously,
we and others reported that A� oligomers facilitate a
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novel form of LTD in hippocampus [35, 37, 38, 44].
Future studies should examine the mechanisms of tau
phosphorylation triggered by LTD-inducing LFS in
the presence of synaptotoxic A� in vivo.

Further highlighting that AD is a chronic disease, it
is feasible to carry out more detailed time course anal-
ysis of phosphorylated tau in our live animal models.
To conclude, our data in this study show that, similar
to clinical biomarker findings, tau phosphorylation
is preferentially triggered at certain sites including
Thr181 and Thr217 by LTD-inducing conditioning
stimulation in aged brain in live rats. Thus, our experi-
mental models provide a valuable means to 1) directly
study the generation of p-Tau during learning and
memory-related synaptic plasticity, and 2) aid in the
selection of p-Tau directed therapies in early AD.
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