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Activation of Glycogen Synthase Kinase-3 Inhibits Long-
Term Potentiation with Synapse-Associated Impairments
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Activation of glycogen synthase kinase-3 (GSK-3) can cause memory deficits as seen in Alzheimer’s disease, the most common age-
associated dementia, but the mechanism is not understood. Here, we found that activation of GSK-3 by wortmannin or transient
overexpression of wild-type GSK-3� could suppress the induction of long-term potentiation (LTP) in rat hippocampus, whereas simul-
taneous inhibition of GSK-3 by lithium or SB216763 or transient expression of a dominant-negative GSK-3� mutant (dnGSK-3�) pre-
served the LTP. After high-frequency stimulation (HFS), the presynaptic release of glutamate and the expression/clustering of synapsin
I, a synaptic vesicle protein playing an important role in neurotransmitter release, decreased markedly after upregulation of GSK-3. In
vitro studies further demonstrated that GSK-3 inhibited the expression of SynI independent of HFS. In postsynaptic level, the expression
of PSD93 and NR2A/B proteins decreased significantly when GSK-3 was activated. The LTP-associated synapse impairments including
less presynaptic active zone, thinner postsynaptic density, and broader synaptic cleft were also prominent in the hippocampal slices after
HFS with activation of GSK-3. These synaptic impairments were attenuated when GSK-3 was simultaneously inhibited by LiCl or
SB216763 or transient expression of dnGSK-3. We conclude that upregulation of GSK-3 impairs the synaptic plasticity both functionally
and structurally, which may underlie the GSK-3-involved memory deficits.
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Introduction
Glycogen synthase kinase-3 (GSK-3) is a protein kinase with di-
verse physiological functions in mediating intracellular signaling,
regulating neuronal plasticity, gene expression, and cell survival
(Grimes and Jope, 2001). It also plays an important role in Alz-
heimer’s disease (AD), the most common age-associated neuro-
degenerative disorder, characterized by formation of neurofibril-
lary tangles and senile plaques, as well as progressive memory loss
(Ramsden et al., 2005). The major protein component of the
tangles is the hyperphosphorylated microtubule-associated pro-
tein tau (Grundke-Iqbal et al., 1986a,b; Lee et al., 1991). Previous
studies have demonstrated that upregulation of GSK-3 by condi-
tional induction (Hernandez et al., 2002; Engel et al., 2006) in
mice or by simultaneous inhibition of phosphatidyl inositol 3

kinase and protein kinase C (Liu et al., 2003) in rats not only
induces tau hyperphosphorylation, but also impairs spatial learn-
ing and memory. Moreover, several recent studies have shown
that two types of reagents approved for the AD therapy, i.e., an
inhibitor of acetylcholinesterase (Scarpini et al., 2003) and a
blocker of NMDA receptor (Reisberg et al., 2003), can increase
the inhibitory serine phosphorylation of GSK-3 in mouse brain
and thus lead to the inhibition of the kinase (De Sarno et al.,
2006). These lines of evidence suggest that activation of GSK-3
impairs learning and memory, whereas inhibition of GSK-3 re-
verses this effect. However, the mechanism by which GSK-3 reg-
ulates learning and memory is not understood.

Long-term potentiation (LTP) in hippocampus is recognized
as the most plausible and the most intensively studied model for
the cellular mechanisms of synaptic plasticity that may underlie
memory function (Bliss and Lomo, 1973; Martin et al., 2000).
Altered synaptic transmission and impaired LTP were shown in
the transgenic mice bearing a familial AD mutant of amyloid
precursor protein (Chapman et al., 1999; Larson et al., 1999).
Additionally, spatial learning deficits were observed in a condi-
tional mouse model overexpressing GSK-3 in the brain (Hernan-
dez et al., 2002). GSK-3 is a major tau kinase playing a crucial role
in AD-like hyperphosphorylation of tau (Engel et al., 2006; Plat-
tner et al., 2006; Rockenstein et al., 2007), which is proposed to be
a prelude to the formation of neurofibrillary tangles in the AD
brains. An in vitro study also revealed that lithium, the seminal
inhibitor of GSK-3 (Jope, 2003), could enhance LTP in dentate
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gyrus independent of neurogenesis (Son et
al., 2003). Lithium was also shown to in-
duce axonal remodeling and change the
synaptic connectivity that was indepen-
dent of inositol depletion and appeared to
be mediated by GSK-3 (Lucas and Salinas,
1997; Lucas et al., 1998). A most recent
study demonstrated that GSK-3 was in-
hibited during LTP, and it was activated
during long-term depression (Peineau et
al., 2007). Another recent study showed
that conditional expression of GSK-3 in
mouse brain inhibited LTP (Hooper et al.,
2007). Until now, the possible molecular
link between GSK-3 and LTP is still
missing.

In the present study, we demonstrated
in rat hippocampus that upregulation of
GSK-3 inhibited the induction and main-
tenance of LTP, which is accompanied by
prominent impairment of synapses. We
propose that GSK-3 may play a key role in
regulating synaptic plasticity, which in
turn contributes to the learning/memory
deficits in neurological disorders, includ-
ing AD.

Materials and Methods
Antibodies and plasmids. Rabbit monoclonal
antibody (mAb) against total GSK-3� (1:1000
for Western, 1:200 for immunohistochemistry)
and rabbit polyclonal antibody (pAb) against
phosphorylated GSK-3� at Ser9 (1:1000 for
Western, 1:200 for immunohistochemistry)
were from Cell Signaling Technology (Beverly,
MA); pAb against synapsin I (1:500 for Western
blot, 1:1000 for immunofluorescence), pAb
against PSD93 (3 �g/ml), NMDA receptor 1 (NMDAR 1) (0.5 �g/ml),
NMDAR 2A/B (0.5 �g/ml), and mAb against �-tubulin (1:1000) were
from Abcam (Cambridge, UK); pAb against PKA II� (1:1000) was from
Santa Cruz Biotechnology (Santa Cruz, CA); and mAb against synapto-
physin (1:1000) was from Sigma (St. Louis, MO). Neurobasal and B27
were from Invitrogen (Rockville, MD). Wild-type and dominant-
negative GSK-3� plasmids were gifts from Dr. J. R. Woodgett at Toronto
University (Toronto, Ontario, Canada). Hemagglutinin (HA)-
pcDNA3.0 plasmid was a gift from Dr. K. Marcelo at the University of
Pennsylvania School of Medicine (Philadelphia, PA).

Animals. Wistar rats (grade II, male, weight 250 –300 g, 4 months old)
were purchased from the Experimental Animal Center of Tongji Medical
College. All animal experiments were performed according to the “Poli-
cies on the Use of Animals and Humans in Neuroscience Research”
revised and approved by the Society for Neuroscience in 1995. All rats
were kept under standard laboratory conditions: 12 h light and 12 h dark;
lights on at 6:00 A.M.; temperature: 22 � 2°C; water and food ad libitum.

Brain surgery and electrophysiological recording. Rats were anesthetized
by urethane (1.2 g/kg) and placed on a Narishige (Tokyo, Japan) stereo-
taxic instrument (SR-6N). The body temperature of the rats was main-
tained at �37°C using a bath circulator. The skull was exposed, and a
small hole was made at the appropriate coordinates to enable vertical
penetration by the stimulating and recording electrodes. As shown in
Figure 1 A, the stimulating electrode made of a bipolar stainless steel was
placed in the area of perforant path at coordinates of approximately
anteroposterior (AP) �6.9 to �7.1, mediolateral (ML) �4.4 – 4.6, and
dorsoventral (DV) �3.4 to �3.6 according to the rat brain atlas of Paxi-
nos and Watson (1998); the recording electrode made of stainless-steel
wires with 100 �m diameter was placed in CA3 at coordinates of approx-

imately AP �3.4 to �3.6, ML �3.4 –3.6, and DV �3.2 to �3.4; the drug
administration system was placed in CA3 at coordinates of AP �3.5, ML
�3.5, and DV �3.0. The GSK-3 modulators, wortmannin (Wort) or
lithium chloride (Li) (Sigma) or SB216763 (SB; Tocris Bioscience, Bris-
tol, UK), were infused 30 min before the recording. For the transient
transfection of wild-type GSK-3� (wtGSK-3�), or a dominant-negative
mutant GSK-3� (dnGSK-3�) or its pcDNA vector, Lipofectamine 2000
(Invitrogen) was used following the manufacturer’s instructions, and the
expression of the transfected genes was confirmed by immunostaining.
Electrophysiological recording was performed as reported previously
(Berger and Yeckel, 1991). Briefly, initial baseline responses were ob-
tained by delivering a single pulse of stimulation once every 10 s. For each
recording experiment, a stable baseline (�10% change) for at least 30
min was required before application of conditioning stimuli. LTP was
elicited using high-frequency stimulation (HFS) consisting of four trains
of 50 pulses delivered at 200 Hz with a 2 s intertrain interval. The popu-
lation spike (PS) was depicted as shown in Figure 1 B. Point d is the
midpoint of a and c, and point m is the intersection of baseline to the
ascending curve (s) labeled with a dashed line with dual arrows. The
amplitude ( A) of PS is calculated using the equation of A � Ud � Ub (Ud

and Ub represent, respectively, the potential of points d and b). The slope
( S) of EPSP is evaluated for the slope of the point m to point a as follows:
(Ua � Um)/(Ta � Tm). Ua and Um represent, respectively, the potential of
points a and m, and Ta and Tm represent, respectively, the time of points
a and m (Shirasaka and Wasterlain, 1994; Mazarati et al., 2000; Walling et
al., 2004). The calculations were done by a computerized program
(RM6240BD; Chengdu, China). For paired-pulse facilitation (PPF) re-
cording, PPF was measured using various interpulse intervals (50, 100,
150, 200, 250, and 300 ms) after delivery of the tetanus stimulations.
Because PPF is mediated by presynaptic mechanism, changes in PPF after

Figure 1. Activation of GSK-3 inhibits LTP. A, An ideographic electrophysiology recording setup with the stimulating electrode
and recording electrode placed in perforant path and CA3 regions, respectively, and a drug administration system placed near the
recording electrode. B, A diagram for the calculation of the amplitude of PS and slope of EPSP. C, The representative analog traces
of evoked potential before (broken line) and after (solid line) HFS. D, E, The pharmacological manipulation of GSK-3 on LTP: the
electrophysiology recording was started 30 min (�30) after the administration of vesicle (DMSO, 3 �l) or Wort (100 �M, 3 �l),
Wort plus LiCl (Wort � Li, 100 �M � 100 mM, 3 �l) or Wort plus SB216763 (Wort � SB, 100 �M � 5 �M, 3 �l). At 0 min, the HFS
was added, and the alterations of LTP represented by normalized amplitude of PS (D) and slope of EPSP (E) were recorded. F,
Effects of Wort, Li, and SB alone on the basal synaptic transmission by a prolonged PS recording. G, H, The genetic manipulation of
GSK-3 on LTP: the wtGSK-3�, dnGSK-3�, or the control pcDNA plasmids were transfected into the CA3 region of the rat brains for
24 h. Then, the recording was performed as indicated, and the alterations of the normalized amplitude of PS (G) and slope of EPSP
(H ) were presented. The data represent means � SD of 7–12 rats.
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various treatments indicate whether a presynaptic mechanism underlies
the effect of the treatments (Hou et al., 2006; Veliskova and Velisek,
2007).

Electron microscopy and the image analysis of synapses. The tissue prep-
aration as well as an unbiased stereological sampling and counting were
performed as described previously (Geinisman et al., 2004). In brief, the
rats were perfused transcardially with PBS, pH 7.4, and 4% paraformal-
dehyde solution after electrophysiological recording. The brain was then
removed and fixed in 2.5% glutaraldehyde for 2 h. After being washed
thrice in PBS, the tissue was postfixed in 1% osmium tetroxide (OsO4)
for 30 min, dehydrated with graded alcohol and acetone, and then em-
bedded in Epon 812. The ultrathin sections, cut with a diamond knife on
a Leica UCT ultramicrotome (Leica, Wetzlar, Germany), were picked up
on uncoated 200-mesh copper grids and stained for 25 min in uranyl
acetate and lead citrate. The grids were viewed by a transmission electron
microscope (FEI Tecnai G 2 12; Eindhoven, The Netherlands). Synapses
were identified with the aid of electron micrographs of serial sections by
the presence of synaptic vesicles in the presynaptic terminal and the
postsynaptic density (PSD) in a postsynaptic element. The width of syn-
aptic cleft (SC) and the thickness of PSD were analyzed according to
previously reported protocol (Rabenstein et al., 2005) using NIH Image J
software. Statistical analysis of PSD was performed by taking the average
density from each synapse using Student’s t test.

Preparation of synaptosome and analysis of glutamate release. The syn-
aptosome (P2 fraction) was prepared by a previously established method
(Bradford, 1976; McGahon and Lynch, 1996): the hippocampal CA3
region was excavated and homogenized in 320 mM ice-cold sucrose and
centrifuged at 800 � g for 5 min at 4°C. The resulting supernatant was
further centrifuged at 20,000 � g for 15 min at 4°C, and P2 fraction-
containing synaptosome was collected. After preincubation of P2 at 37°C
for 15 min in oxygenated Krebs solution containing 2 mM CaCl2, the
samples were aliquot onto Millipore (Billerica, MA) filters (0.45 �m) and
rinsed under vacuum. The filter was incubated in 250 �l oxygenated
Krebs solution at 37°C for 3 min in the presence or absence of KCl (50
mM), and the filtrate was collected and stored. For measurement of glu-
tamate (Ordronneau et al., 1991), samples (50 �l) or glutamate standards
(50 �l; 50 nM to 10 mM prepared in 100 mM PBS, pH 8.0) were added to
96-well plates coated with glutaraldehyde (320 �l; 0.5% in 100 mM PBS,
pH 4.5), incubated for 2 h at 37°C, and washed in 100 mM PBS. To bind
any unreacted aldehydes, 100 mM ethanolamine in 100 mM PBS (320 �l)
was added, and incubation continued for 60 min at 37°C. Plates were
washed with PBS containing 0.5% Tween 20 (PBS-T), nonspecific bind-
ing was blocked by incubation for 60 min with donkey serum (200 �l; 3%
in PBS-T), and 100 �l of mouse anti-glutamate antibody (G9282, 1:5000
in PBS-T; Sigma) was added. Samples were incubated overnight at 4°C,
washed with PBS-T, and reacted with anti-mouse horseradish
peroxidase-conjugated secondary antibody (95 �l; 1:10,000 in PBS-T;
GE Healthcare, Little Chalfont, UK). After incubation for 60 min at room
temperature, 3,3�,5,5�-tetramethylbenzidine liquid substrate was added,
and incubation continued for 60 min at room temperature. H2SO4 (4 M;
50 �l) was added to stop the reaction, and optical densities were deter-
mined at 450 nm using a multiwell plate reader. Values were calculated
with reference to the standard curve, corrected for protein (Bradford,
1976; McGahon and Lynch, 1996), and expressed as micromoles of glu-
tamate per milligram of protein.

Assay of GSK-3 activity. The hippocampus was homogenized as de-
scribed above, and the homogenate was centrifuged at 12,000 � g for 20
min at 4°C. The resulting supernatant was assayed for GSK-3 activity
using phospho-GS peptide 2 (Millipore) as described previously (Liu et
al., 2004). Briefly, 7.5 �g of protein was incubated for 30 min at 30°C with
20 �M peptide substrate and 200 �M �- 32P ATP (1500 cpm/pmol ATP) in
30 mM Tris, pH 7.4, 10 mM MgCl2, 10 mM NaF, 1 mM Na3VO4, 2 mM

EGTA, and 10 mM �-mercaptoethanol in a total volume of 25 �l. The
reaction was stopped with 300 mM o-phosphoric acid (25 �l). Then the
reaction mixture (5 �l) was applied in triplicates to phosphocellulose
units. The filters were washed three times with 75 mM o-phosphoric acid,
dried, and analyzed by a liquid scintillation counter (1450 MicroBeta
JET; PerkinElmer Life and Analytical Sciences, Shelton, CT). Relative
activity of GSK-3 activity was expressed.

Cell culture. Primary embryonic hippocampal neurons of the rats were
cultured according to the procedure described previously (Meberg and
Miller, 2003; Kaech and Banker, 2006). Briefly, the hippocampi of the
embryonic rats (18 d, �10 embryos/litter, three litters) were collected
and incubated with 5 ml of 0.25% trypsin in D-Hanks for 15 min and
then centrifuged at 1000 � g for 5 min after addition of 5 ml of the
neuronal plating medium containing DMEM/F12 with 10% fetal bovine
serum and 10% vituline serum, and the cells in the pellet were triturated
and plated onto a 60 mm plastic culture dish (100�200 neurons/mm 2)
and incubated in a humidified incubator with 5% CO2 at 37°C for 4 h.
Then the Neurobasal medium supplemented with 2% B27 (maintenance
medium) was replaced and the cells were cultured for 8 d. The medium
was changed every 3 d with replacement of half volume fresh mainte-
nance medium each time. N2a cells were cultured as described previously
(Wang et al., 2006).

Reverse transcription-PCR for measuring the mRNA level of synapsin I.
Total RNA was isolated using Trizol according to the manufacturer’s
instructions (Invitrogen). Then total RNA (3 �g in 25 �l) was reverse
transcribed, and the produced cDNA (1 �l) was used to detect the tran-
scripts. The primers used for synapsin I: 5�-GCCCTTCATTGAT-
GCTAAA-3� (forward), 5�-GTGATCCCTTCCGTCCTT-3� (reverse);
the primers used for �-actin: 5�-AGCCTTCCTTCTTGGGTAT-3� (for-
ward), 5�-GCTCAGTAACAGTCCGCCTA-3� (reverse). For PCR ampli-
fication, 32 cycles was performed, and each cycle was programmed as
follows: denaturing at 94°C, 60 s, annealing at 54.2°C, 50 s; and chain
extension at 72°C, 1 min. The PCR products were separated on 1.5%
agarose gels and stained with GoldView. The cDNA bands were visual-
ized under UV transillumination and quantitatively analyzed using soft-
ware BioCaptMW V.10 (Vilber Lourmat, Marne-La-Vallee Cedex 1,
France).

Western blotting. For brain samples, the hippocampi taken immedi-
ately after electrophysiological recording were homogenized in buffer
containing 10 mM Tris-Cl, pH 7.6, 50 mM NaF, 1 mM Na3VO4, 1 mM

edetic acid, 1 mM benzamidine, 1 mM PMSF, and a mixture of aprotinin,
leupeptin, and pepstatin A (10 �g/ml each). For cell samples, the cells
were rinsed twice in ice-cold PBS, pH 7.5, and lysed with buffer contain-
ing 50 mM Tris-Cl, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 0.02% NaN3, 100 �g/ml PMSF, and 10 �g/ml
each of the protease inhibitors (leupeptin, aprotinin, and pepstatin A)
followed by sonication for 5 s on ice. Three volumes of the homogenate
(for both brain and cell samples) was added to one volume of the extract-
ing buffer containing 200 mM Tris-Cl, pH 7.6, 8% SDS, 40% glycerol.
After measurement of protein concentration in the extracts using BCA
kit (Pierce, Rockford, IL), a final concentration of 10%
�-mercaptoethanol and 0.05% bromophenol blue were added, and the
samples were boiled in a water bath for 10 min. The proteins in the
extracts were separated by 10% SDS-PAGE and transferred to nitrocel-
lulose membrane. Immunoreactive materials were detected using a
chemiluminescent substrate kit (Pierce) and exposed to CL-XPosure
film. The blots were scanned, and the sum optical density was quantita-
tively analyzed by Kodak Digital Science 1D software (Eastman Kodak,
New Haven, CT).

Immunohistochemistry. The rats were killed by overdose of chloral
hydrate (1 g/kg) and fixed in situ for 20 min by perfusion of 4% parafor-
maldehyde in 24 mM NaH2PO4-126 mM Na2HPO4, pH 7.2, at 4°C. Coro-
nal brain sections of hippocampal tissue were cut at 35 �m using a vibrate
microtome (VT1000s; Leica) (Pei et al., 1997). For immunohistochem-
istry, the sections were incubated for 48 h at 4°C with primary antibodies,
and the slices were developed with Histostain-SP kits (Zymed, South San
Francisco, CA) and visualized with DAB (Sigma). For immunofluores-
cence, sections were incubated overnight at 4°C with primary antibodies
as indicated in the related figures, and the immunoreactivity was mea-
sured using rhodamine red-X- or Oregon Green 488-conjugated second-
ary antibodies (1:1000; Invitrogen). For the triple-labeling studies,
Hoechst 33258 (1 �g/ml; Sigma) was used for the nuclear staining. For
each primary antibody, three to five consecutive sections from each brain
were used. The images were observed by using a laser confocal micro-
scope (FV500; Olympus, Tokyo, Japan) or a fluorescence microscopy
(System Microscopy IX70; Olympus). For cell studies, cells were cultured
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on coverslips and fixed with 4% paraformalde-
hyde for 1.5 h at 4°C and then incubated for
12�36 h at 4°C with primary antibodies over-
night. The rest of the processes were the same as
the brain samples as described above.

Statistical analysis. Data were analyzed by us-
ing SPSS 11.0 statistical software (SPSS, Chi-
cago, IL), and the one-way ANOVA procedure
followed by Student’s t tests was used to deter-
mine the differences between the groups.

Results
Upregulation of GSK-3 inhibits LTP
To induce and record LTP, we placed a
stimulating electrode in the perforant path
and a recording electrode in CA3 region of
rat hippocampus through a stereotaxic in-
strument. A drug administrating system
was placed in CA3 region near the record-
ing electrode as indicated (Fig. 1A). We
used wortmannin (a general activator),
LiCl (the seminal inhibitor), or SB216763
(a specific inhibitor) to manipulate the ac-
tivity of GSK-3. The drugs were adminis-
tered 30 min before recording, and an HFS
was supplied to evoke LTP. The changes in
amplitude of PS and slope of EPSP after
HFS were calculated to evaluate the alter-
ations of LTP (Fig. 1B). We observed that
the amplitude of PS and slope of EPSP
were much lower in rats treated with wort-
mannin than those treated with vehicles;
however, this inhibition was prominently
antagonized by a simultaneous addition of
LiCl or SB216763 (Fig. 1C–E). Without
HFS, we did not observe any obvious change in the amplitude of
PS and slope of EPSP when GSK-3 manipulators were added 30
min before the recording (Fig. 1D,E, from �30 to 0 min); fur-
thermore, by prolonged recording for up to 2 h to detect the
effects of wortmannin, LiCl or SB216763 alone on baseline re-
sponses without HFS, we also did not detect any significant alter-
ations compared with the vehicle control (Fig. 1F). These data
suggest that GSK-3 may not affect the basal synaptic transmis-
sion. To rule out any possible artifacts that may be caused by the
ionic effect of lithium or chloride on the preserved LTP, we used
NaCl with the same concentration as LiCl in the study, but no
protection by NaCl was detected (data not shown). Additionally,
a full range of the input– output recording for normalizing the
condition was also performed before the study (data not shown).

To confirm the role of GSK-3, we transiently expressed
wtGSK-3�, dnGSK-3�, or pcDNA into the rat brains. The effi-
cient expression of GSK-3� (see Fig. 4A, HA-tag) in the region of
CA3 (Fig. 1A, black square) was confirmed by examination using
a fluorescence microscope immediately after the electrophysio-
logical recording (�26 h after the transfection). After HFS, the PS
amplitude increased to approximately 2.2- to 2.6-fold of the basal
level in rats expressing pcDNA, whereas the increase was only
approximately 1.4- to 1.6-fold of the basal level in rats overex-
pressing wtGSK-3�. The levels of PS amplitude were restored to
approximately 2.0- to 2.3-fold of the normal basal levels in rats
expressing dnGSK-3� and in rats expressing wtGSK-3� with si-
multaneous treatment of SB216763 (Fig. 1G). Similar results
were also observed by EPSP analysis (Fig. 1H). Together, these
data strongly suggest that upregulation of GSK-3� inhibits LTP.

To verify the status of GSK-3 during the pharmacological
treatments as shown in Figure 1C–E, we measured the activity of
GSK-3 by a 32P-labeling assay using a specific substrate
phospho-GS peptide 2. We found that wortmannin treatment
increased the activity of GSK-3 to 2.9-fold of the control level,
and the activation of GSK-3 was partially antagonized by pre-
treatment with LiCl and SB216763 (Fig. 2A). Additional studies
by Western blotting and immunocytochemistry demonstrated
that wortmannin markedly reduced the inhibitory phosphoryla-
tion of GSK-3� at Ser9, and this reduction was prevented by LiCl
treatment in the CA3 region of the hippocampus (Fig. 2B,C)
(n � 5, p � 0.01 for Western blotting analysis). No obvious
change was seen in the total level of GSK-3� (Fig. 2B,C). These
results not only further assure the efficiency of the chemicals on
GSK-3 activity, but also confirm the role of GSK-3 in modulating
LTP. Although SB216763 inhibited the activity of GSK-3 (Fig.
2A), it did not affect significantly the Ser9 phosphorylation of
GSK-3� (data not shown), suggesting that SB216763 inhibits
GSK-3 with different mechanism from lithium.

Upregulation of GSK-3 reduces presynaptic transmission and
glutamate release
To explore whether the presynaptic transmitter release is in-
volved in the suppressed LTP induced by GSK-3 upregulation, we
applied PPF recording immediately after HFS or 1 h after the
HFS. We found that the relative ratio of the second pulse-induced
PS amplitude over the first pulse-induced PS amplitude (i.e.,
PS2/PS1) decreased significantly in wortmannin-treated rats
compared with the vehicle-treated ones, and simultaneous appli-
cation of SB216763 prominently reserved the inhibition (Fig.

Figure 2. The alterations of GSK-3 activity after pharmacological manipulation. The drug administration and the electrophys-
iological recording were performed as described in Figure 1. A, After the recording, the extract of hippocampal CA3 was prepared,
and the activity of GSK-3 was measured by a 32P-labeling assay using phospho-GS peptide 2 as a specific substrate. **p � 0.01,
versus control (Con); ##p � 0.01, versus Wort (n � 5; means � SD). B, With the same brain extracts used in A, the total GSK-3�
(t-GSK-3�) and Ser-9-phosphorylated GSK-3� (S9-GSK-3�) were analyzed by Western blotting. DM1A against �-tubulin was
used as a loading control. C, The immunocytochemistry staining was performed immediately after the electrophysiological
recording as described in Figure 1. Scale bar, 100 �m.
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3A). A similar profile was also observed when the PPF was re-
corded after 1 h of the HFS (Fig. 3B). These results suggest that
the presynaptic factors may play an important role in the GSK-3-
induced LTP inhibition. To further verify the presynaptic in-
volvement in the altered LTP induced by manipulation of GSK-3,
we isolated the synaptosome and measured the K�-evoked syn-
aptosomal release of glutamate in the tetanized CA3 region of the
hippocampus. Compared with each unevoked control, K� stim-
ulation increased significantly the release of glutamate (Fig. 3C).
When the K�-stimulated release of glutamate was normalized to
each unevoked control, we observed that the level of glutamate in
wortmannin-treated rats decreased to �59% of the control level,
and pretreatment with LiCl or SB216763 restored the glutamate
content to �87% and �78% of the control level, respectively
(Fig. 3D). Statistical analysis revealed a highly negative correla-
tion between the relative activity of GSK-3 and the relative level of
glutamate release ( p � 0.001; r � 0.9590) (Fig. 3E). These results
suggest that inhibition of LTP by GSK-3 upregulation involves an
impaired presynaptic release of glutamate.

Upregulation of GSK-3 reduces expression and clustering of
synapsin I
The presynaptic release of glutamate is tightly regulated by syn-
apsin I (SynI), a synaptic vesicle protein (Nichols et al., 1992). To
explore whether GSK-3 affects SynI, we transiently expressed
wtGSK-3�, dnGSK-3�, or pcDNA in the hippocampal CA3 re-
gion of the rats. LTP was recorded as indicated in Figure 1A at
24 h after the transfections, the level of SynI was measured by
immunofluorescence staining. SynI was detected in both the cy-
toplasm and the processes of neurons in the pcDNA-transfected
region of the brain slices. The staining of SynI was almost com-
pletely diminished in neurons expressing wtGSK-3� and was sig-
nificantly restored when dnGSK-3� was expressed (Fig. 4A).
These results indicate that activation of GSK-3 inhibits the ex-

pression of SynI after induction of LTP. To
explore whether GSK-3 affects SynI inde-
pendent of LTP, we measured the expres-
sion of SynI in 8 d in vitro (DIV) primary
hippocampal neurons without potentia-
tion treatment. Compared with nontrans-
fected neurons in the same visual view,
SynI staining became much weaker in
neurons overexpressing wtGSK-3�-HA
(Fig. 4B, arrowheads). We selected 8 –12
neurons from four independent experi-
ments and analyzed the staining of Syn I in
GSK-3�-positive and -negative cells. We
found that the staining intensity of Syn I in
GSK-3�-positive cells decreased to �35%
of the control cells, in which GSK-3�
(HA-tag) was negative ( p � 0.01). Addi-
tional study in N2a cells revealed that up-
regulation of GSK-3 decreased SynI pro-
tein (Fig. 4C) and mRNA (Fig. 4D) to
�75% and �65% of the control levels
( p � 0.01), respectively. These data dem-
onstrate that GSK-3 can inhibit the ex-
pression of SynI independent of LTP,
which may contribute to the decreased
presynaptic release of glutamate (Nichols
et al., 1992) and the suppressed induction
of LTP.

Unlike the genetic manipulation as de-
scribed above, the effects of pharmacological GSK-3 modulators
on LTP are immediate. To further explore how SynI participates
in these immediate effects, we measured SynI clustering. We
found in 8 DIV primary hippocampal neurons that the clustering
of SynI decreased significantly assayed by immunofluorescence
staining after wortmannin treatment and was restored to the nor-
mal level when LiCl or SB216763 was simultaneously adminis-
tered (Fig. 5), indicating that GSK-3 activation interrupt SynI
clustering. These data may at least partially explain the immediate
effect of GSK-3 modulators on the altered glutamate release and
LTP.

To exclude the possibility that the decrease in SynI clusters
was induced by general synapse loss, we performed double-
immunostaining study by using another synaptic marker, synap-
tophysin I (Eastwood et al., 1995). No significant change in the
level of synaptophysin I was detected after wortmannin treat-
ment (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material), confirming the effect of GSK-3 on the
formation of SynI clusters.

Upregulation of GSK-3 reduces the level of PSD93
and NR2A/B
To explore whether GSK-3 also affects the postsynaptic associ-
ated proteins, we measured the levels of PSD93, NMDA receptor
1 (NR1) and NR2A/B, synaptophysin, and PKAII�. Among these
proteins, only the level of PSD93 was significantly decreased after
wortmannin treatment in the hippocampal lysates, which was
partially restored when GSK-3 was simultaneously inhibited by
SB216763 (Fig. 6A). To further confirm the changes of these
postsynaptic proteins, we prepared the P2 fraction to enrich the
synaptic associated proteins (Hooper et al., 2007). We found that
the levels of NR2A/B subunits were also reduced in addition to a
more prominent decrease of PSD93 after wortmannin treatment,
and these proteins were partially restored when GSK-3 was si-

Figure 3. Activation of GSK-3 reduces presynaptic transmission. A, B, The relative ratio of the second pulse-induced PS (PS2) to
the first pulse-induced PS (PS1) recorded immediately after HFS (A) or 1 h after the HFS (B) with the treatments as indicated (n �
5 for each data point). C, The released levels of glutamate in K �-stimulated and unstimulated synaptosome fractions prepared
from hippocampal CA3 region of the HFS-potentiated rats. **p � 0.01, versus each unstimulated control (Con). D, The K �-
evoked release of glutamate normalized to each of the unstimulated samples. **p � 0.01, versus vehicle control; ##p � 0.01,
versus Wort (n � 5; means � SD). E, The bivariate correlation analyses of relative GSK-3 activity and relative glutamate release
level.
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multaneously inhibited by SB216763 in
this P2 fraction (Fig. 6B). Statistical anal-
ysis revealed a highly negative correlation
between the relative activity of GSK-3 and
the relative levels of PSD93 (r � 0.9599) or
NR2A/B (r � 0.9406) (Fig. 6C,D). These
data suggest that GSK-3 also influences the
postsynaptic transmission.

Upregulation of GSK-3 impairs the
ultrastructure of the synapses
To explore the morphological changes as-
sociated with the suppressed LTP by
GSK-3 activation, we measured the mor-
phology of synapses in the tetanized CA3
region of the hippocampus using an elec-
tron microscope. Compared with vehicle
controls, prominent synaptic impair-
ments, including the reduced size of pre-
synaptic active zone, thinner PSD, and
broader SCs, were observed after wort-
mannin treatment. These changes were re-
stored almost to the control level when
SB216763 was simultaneously adminis-
tered (Fig. 7A). To quantitatively evaluate
the alterations, we selected those synapses
with synaptic vesicles in the presynaptic
terminal and PSD in a postsynaptic com-
partment for the analysis. We found that
alterations of the apparent thickness of
PSD and the width of SC in the synapses
were statistically significant ( p � 0.01)
when GSK-3 activity was manipulated
(Fig. 7B). These data further support that
both presynaptic and postsynaptic loci are
implicated in the altered plasticity of syn-
apses in response to GSK-3-mediated in-
hibition of LTP.

Discussion
We have previously reported that activa-
tion of GSK-3 causes spatial memory def-
icits in rats (Liu et al., 2003). Transgenic
mice that conditionally overexpress
GSK-3� in brain also show spatial learning
impairment (Hernandez et al., 2002; Engel
et al., 2006). However, the underlying
mechanism for GSK-3-involved learning/
memory deficits is not clear. It is well rec-
ognized that synaptic plasticity, which can
be assessed by altered LTP and/or mor-
phology of synapses, is a prerequisite of
learning and memory. By measuring the al-
terations of the amplitude of PS and the slope of EPSP, the accepted
parameters for the in vivo measurement of LTP (Richter-Levin and
Segal, 1991), and manipulating the activity of GSK-3 both pharma-
cologically and genetically, we demonstrated in the present study
that overactivation of GSK-3 inhibited the induction of LTP in rat
hippocampus. With activation of GSK-3, both presynaptic release of
glutamate and postsynaptic expression of PSD93 and NR2A/B pro-
teins decreased prominently, and the LTP-associated synapse im-
pairments were also observed morphologically. The above lesions
were partially but significantly restored with a concomitant inhibi-

tion of the GSK-3 upregulation. We also observed that inhibition of
basal GSK-3 activity seemed not to affect the synaptic transmission.
These results reveal that GSK-3 activation impairs synaptic plasticity
both functionally and structurally, which may underlie the GSK-3-
involved deficits in learning and memory. Without HFS, we did not
observe any obvious change in the amplitude of PS and the slope of
EPSP when GSK-3 manipulators were added 30 min before the re-
cording, suggesting that GSK-3 may not affect the basal synaptic
transmission.

In this study, LTP was recorded in vivo through the perforant

Figure 4. Activation of GSK-3 reduces expression of SynI. A, The effect of GSK-3 on SynI measured in the tetanized rat brains:
the wtGSK-3�, dnGSK-3�, and pcDNA were transfected respectively into CA3 region of the rat brains for 24 h. Then, the rats
received the electrophysiological recording as described in Figure 1, and the brain slices in the area marked as a square in Figure 1 A
were prepared. SynI (green) was colabeled with HA-GSK-3� (red), and Hoechst was used to stain the cell nuclei. Scale bar, 10 �m.
B, The effect of GSK-3 on SynI measured in primary culture: the HA-tagged wtGSK-3� plasmid was transfected into 8 DIV
hippocampal neurons for 24 h, and then SynI (green) was colabeled with HA-GSK-3� (red, HA-tag). The arrowheads show a
negative correlation of SynI and HA-GSK-3� staining. Scale bar, 20 �m. C, D, The effect of GSK-3 on SynI measured in N2a cells:
the wtGSK-3�, dnGSK-3�, and pcDNA were transfected respectively into wild-type N2a cells, and SynI protein (C) and mRNA (D)
levels were measured by Western blotting (n � 4) and reverse transcription-PCR (n � 4) at 48 h after the transfection.
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path–CA3 pathway of the hippocampus, an information proces-
sor responsible for spatial learning and memory. Studies have
demonstrated that direct projection from the perforant path to
CA3 mediates distinct and essential functions (Marr, 1971; Mor-
ris and Mcnaughton, 1987), and plasticity induced in the direct

perforant path–CA3 projection during
learning serves subsequently as the pri-
mary input for memory (Treves and Rolls,
1994). Associative LTP can be induced in
the perforant path–CA3 pathway, and this
form of LTP plays an important role in the
hippocampal information processing
(Berger and Yeckel, 1991; Do et al., 2002).
This summing-up evidence directed us to
the design of the LTP study as shown in
Figure 1A. Using this setting, we success-
fully recorded the reduction of the ampli-
tude of PS and the slope of EPSP by acti-
vating GSK-3. The results suggested that
GSK-3 may affect learning and memory
through participating in the regulation of
perforant path–CA3 pathway.

Synaptic transmission in the nerve sys-
tem involves coherent presynaptic and
postsynaptic actions. In this study, we re-
ported an apparently inhibited presynap-
tic activation after upregulation of GSK-3.
Among various presynaptic elements in-
volved in the formation of LTP, glutamate
release has brought great attention (Lus-
cher et al., 1998; Bortolotto et al., 1999).
Previous studies in the tetanized rat tissues
have revealed an LTP-associated increase
in glutamate release (Lynch et al., 1990;
Bliss and Collingridge, 1993; Canevari et
al., 1994), which was inhibited by wort-
mannin treatment (Kelly and Lynch,
2000). Here, we also observed a significant
inhibition of LTP-associated glutamate
release after wortmannin treatment. Fur-
thermore, this inhibition was greatly res-
cued by lithium or SB216763, which
points to a role of GSK-3 in the LTP-
associated reduction of glutamate release.
An effective presynaptic vesicle release is
essential for a functional synapse. There-
fore, we speculate that the impaired gluta-
mate release may be at least partially re-
sponsible for the decreased presynaptic
activation and inhibition of LTP by GSK-3
activation.

The presynaptic release of neuro-
transmitters involves synaptic vesicle-
associated proteins including SynI
(Greengard et al., 1993; Pieribone et al.,
1995). A locally high level of SynI has been
considered to be a marker of synaptic plas-
ticity in neural networks (Melloni et al.,
1993). An increased SynI immunoreactiv-
ity was detected during LTP in rat hip-
pocampus (Sato et al., 2000), whereas de-
letion of SynI retarded the formation of
synapse in neuronal cultures (Chin et al.,

1995; Ferreira et al., 1998). Mice lacking SynI show apparent
impairment of presynaptic function and depletion of synaptic
vesicles in nerve terminals (Rosahl et al., 1995; Terada et al.,
1999). Here, we also found that upregulation of GSK-3 signifi-
cantly inhibited the expression of SynI at both the mRNA and

Figure 5. Activation of GSK-3 reduces SynI clusters (arrowheads) in primary hippocampal neurons. The rat embryonic (18 d)
hippocampal neurons were cultured for 8 DIV. SynI cluster was measured by immunofluorescence staining after the treatment
with the chemicals as indicated for 2 h. The right panels are shown with higher magnifications. The images are representatives of
five independent experiments. Scale bar, 20 �m.

Figure 6. Activation of GSK-3 decreases the levels of synapse-associated proteins. The drug administration and the electro-
physiological recording were performed as described in Figure 1. A, B, After the recording, the brain extracts (A) or P2 fraction (B)
were prepared from CA3 region of the hippocampus, and Western blotting (A, B) was performed. The blots were representatives
of three independent experiments. C, D, The bivariate correlation analyses of relative GSK-3 activity and relative PSD93 or NR2A/B
level.
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protein levels. Because the in vivo staining
of SynI was performed in the tetanized
brain tissue, the altered SynI expression
can be either cause or consequence of the
altered LTP. To verify this, we performed
the in vitro studies using primary neuron
culture and N2a cell line. We found that
activation of GSK-3 could suppress the ex-
pression of SynI independent of high-
frequency stimulation. These results not
only provide a direct link between GSK-3
and SynI, but also suggest that the alter-
ation of SynI may be upstream of the al-
tered LTP. In our study, we found consis-
tently that inhibition of basal GSK-3 by
dnGSK-3 did not affect the expression of
SynI, although activation of GSK-3 prom-
inently decreased the level of SynI. These
results suggest the gain of toxic function of
GSK-3 activation. The effect of wortman-
nin on LTP is immediate. To understand
whether the effect of wortmannin on SynI
is also immediate, we measured the SynI
clustering in 8 DIV hippocampal neurons,
which is an immediate response of neu-
rons to high levels of neuronal activity and is a critical step for
neurotransmitter release (Hilfiker et al., 1999; Chi et al., 2001;
Bloom et al., 2003). We found that manipulation of GSK-3 activ-
ity significantly affected the axonal clustering of SynI. To confirm
that the decreased SynI clustering was not caused by a general loss
of synapses, we did double-staining studies with SynI and synap-
tophysin I. The results confirmed that the synapses were not ob-
viously affected, although the number of the clusters was remark-
ably decreased after GSK-3 activation. Based on these data, we
speculate that the decreased SynI clustering and/or expression
may play a crucial role in the GSK-3-induced suppression of
presynaptic release of glutamate and thus contribute to the inhib-
ited LTP. How exactly GSK-3 affects SynI needs additional
investigation.

Examined by a transmission electron microscope, a signifi-
cant damage in PSD was also evident when GSK-3 was activated.
Therefore, we measured the levels of several synaptic associated
proteins (Gardoni et al., 1998; Teter and Ashford, 2002), includ-
ing PSD93, NR2A/B, NR1, synaptophysin, and PKAII�, in the
crude extracts and the P2 fraction of the tetanized CA3 region of
the hippocampus. We found that only PSD93 and NR2A/B were
decreased after activation of GSK-3, and they were partially re-
covered when GSK-3 was simultaneously inhibited. These data
suggest that activation of GSK-3 restricts the LTP-associated ex-
pression of PSD proteins. Although it was proposed that inhibi-
tion of GSK-3 by lithium might increase the levels of synaptic
proteins (Salinas and Hall, 1999), we are not able to conclude at
this stage whether GSK-3 acts directly on the PSD proteins.

Together, we found here that activation of GSK-3 inhibits LTP
and causes significant presynaptic and postsynaptic damages in
synapses. According to our findings and the well established
knowledge on the subject, we propose that GSK-3 activation may
inhibit the expression and/or clustering of SynI, which in turn
suppresses glutamate release and presynaptic activation and thus
inhibits LTP. The suppression of LTP leads to decreased synthesis
of synaptic proteins that may inversely aggravate the inhibition of
LTP. These impairments together will damage the synaptic plas-
ticity of the neurons and thus contribute to the learning/memory

deficits (Fig. 8). Our findings not only unveil the functional and
structural bases for the GSK-3-involved memory deficits, but also
imply that proper regulation of GSK-3 activity may favor the
preservation of memory in some neurological disorders, such as
AD.

Figure 7. Activation of GSK-3 impairs the synaptic plasticity morphologically. The drug administration and the electrophysio-
logical recording were performed as described in Figure 1. After recording, the brain slices were prepared, and the morphological
changes were detected by electron microscopy. A, The typical micrographs of asymmetric synapses in hippocampal CA3 are shown,
and the white arrows in the lower panels with high power indicate the presynaptic active zones. Scale bar, 200 nm. B, The
quantitative data show the width of SC and the thickness of PSD [72, 69, and 84 synapses each were analyzed respectively in
control (Con), Wort, and Wort�SB treatments]. **p � 0.01, versus control; ##p � 0.01, versus Wort.

Figure 8. A proposed scheme for GSK-3-involved suppression of synaptic transmission. Ac-
cording the results observed in our study, we propose that activation of GSK-3 inhibits the
expression and/or clustering of SynI, which in turn suppresses glutamate release and inhibits
induction of LTP. The suppression of LTP then results in decreased synthesis of PSD proteins, and
the decreased postsynaptic response inversely restricts the LTP. These impairments together
may eventually lead to learning/memory deficits.
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