
voltage clamp recordings were performed with 1 mM
ADPR in the patch solution. Under these recording con-
ditions TRPM2 currents were absent until multiple vol-
tage-ramps are used to evoke these slowly developing
currents. Large TRPM2 inward currents were generated
at a holding potential of -60 mV in neurons from WT
mice (Figure 1a,c; 553.4 ± 132 pA, n = 5) but were
entirely absent in those from TRPM2-/- mice (Figure 1b,
c; 7.9 ± 7.2 pA, n = 6; unpaired t-test, p = 0.001).
Importantly, no genotypic difference in peak Ca2+ cur-
rents were detected (3648 ± 715 pA in WT, 2836 ± 390
pA in KO; unpaired t-test, p = 0.3234; data not shown).
Furthermore, there were no changes in peak responses

(or steady-state to peak ratios) to applications of NMDA
(Figure 2a,b) or in the GluN2Bmediated component of
this response determined by application of 1 μM Ro 25-
6981, a highly selective antagonist of GluN2B containing
receptors (Figure 2c-e). These results confirm the func-
tional identification of TRPM2 currents in hippocampal
pyramidal neurons, the absence of TRPM2 currents in
neurons cultured from TRPM2 deficient mice, and that
the absence of TRPM2 does not alter either voltage-
dependent or NMDAR-dependent Ca2+ currents.
Next, acute transverse hippocampal slices were pre-

pared from TRPM2-/- and WT mice at 3-4 weeks of age
using standard approaches described in the methods.

Figure 1 LTD is impaired in hippocampal slices derived from TRPM2-/- mice. (a,b) ADPR-primed TRPM2 currents are facilitated by voltage
ramps ( ± 100 mV, 1/10 sec) in WT (a), but not in cultured neurons from TRPM2-/- mice (b). (c) Summary bar graph of ADPR-primed peak
current amplitude in WT and TRPM2-/- neurons. (unpaired t-test p = 0.001, 553.4 ± 132 pA in WT, n = 5; 7.9 ± 7.2 pA in KO, n = 6) (d) Transient
oxygen-glucose deprivation (5 min OGD) causes long-lasting depression of fEPSP slopes in slices from WT (n = 12) but not TRPM2-/- (n = 6). (e)
LTP is unaffected by knockout of TRPM2 (WT, n = 6; TRPM2-/-, n = 8). (f) LTD of fEPSPs evoked by repetitive stimulation (900 stimuli at 1 Hz) in
WT slices (n = 10) is absent in slices from TRPM2-/- mice (n = 10). (g) LTD of fEPSPs was inhibited by application of clotrimazole, a TRPM2
inhibitor. Timing of clotrimazole application, in treated slices, is indicated by the black bar. (h) Metabotropic-glutamate receptor dependent LTD
is unimpaired by deletion of TRPM2 (WT, n = 6; TRPM2-/-, n = 7). (i) Chem-LTD, evoked by 5 min application of NMDA (10 μM) is abolished in
slices from TRPM2-/- (n = 6) but not WT (n = 6) slices. (j) Summary graph for a series of recordings from WT and TRPM2-/- slices in which
plasticity was induced by repetitive stimulation delivered at 1, 10, 20, 50 Hz (900 pulses at each frequency) or 100 Hz (four 1 sec trains delivered
20 sec apart). For each induction frequency, normalized fEPSP slopes, measured at the end of recording from each of the two populations of
slices, are plotted. Numbers in parentheses represents the number of recordings at each point. *denotes p = 0.016.
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Field excitatory postsynaptic potentials (fEPSPs) were
recorded from CA3-CA1. We noted no difference in the
paired-pulse ratios between WT and TRPM2-/- mice
(additional file 1). We then examined the effects of a

short period of oxygen-glucose deprivation (OGD) on
fEPSPs in slices from both genotypes. In WT slices,
OGD resulted in a strong depression of the fEPSPs.
This depression was greatly diminished in TRPM2-/-

Figure 2 NMDAR function is unaffected by disruption of TRPM2 channel expression. Neither peak (a) nor steady-state/peak (b) currents,
generated in response to rapid applications of NMDA to cultured hippocampal neurons, are affected by loss of TRPM2 expression. Similarly, the
sensitivity of NMDA-evoked responses (peak amplitude (c), total charge transfer (d) and representative traces (e) recorded from cultured
hippocampal neurons, to inhibition by the GluN2B specific antagonist, Ro 25-6981, is unaltered in neurons from TRPM2-/-. (f) Inhibition of
pharmacologically isolated NMDAR-mediated synaptic currents, recorded from CA1 pyramidal neurons in response to Schaffer-collateral
stimulation, by Ro 25-6981 is unaltered in slices from TRPM2-/-. For all results presented in panels a-d, n = 5; for panel f, WT: n = 6; TRPM2-/-: n = 5)
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slices, consistent with a phenotype of a reduced respon-
siveness to the oxidative stress mediated by TRPM2
channels (Figure 1d).
Given that TRPM2 currents can be activated by

NMDAR stimulation we examined whether TRPM2
might contribute to NMDAR-dependent synaptic plasti-
city. We first examined the induction of long-term
potentiation (LTP) using a standard 100 Hz stimulation.
No difference in LTP was observed in slices from
TRPM2-/- mice (Figure 1e) suggesting that TRPM2 plays
little or no role in this form of synaptic plasticity. How-
ever, NMDARs are also required for one form of long-
term depression (LTD) at these synapses so we extended
our studies to include low frequency stimulation.
Applying 900 pulses at 1 Hz induced LTD in WT

mice (0.84 ± 0.021, n = 10) but failed to do so in
TRPM2-/- mice (Figure 1f; 0.98 ± 0.025, n = 10; p =
0.017). Acute applications of the TRPM2 blocker clotri-
mazole also blocked LTD induced using this protocol
(Figure 1g). Clotrimazole did not inhibit the induction
of LTP (data not shown). LTD at these synapses can
also depend upon activation of group 1 mGluRs rather
than NMDARs[6], we therefore examined responses to a
bath exposure to NMDA (10 μM, 5 min) or DHPG (10
μM, 20 min) in slices of both genotypes. The LTD
induced by DHPG was similar in WT and TRPM2-/-

mice (Figure 1h; 0.85 ± 0.043, n = 6 in WT vs 0.80 ±
0.031, n = 7 in TRPM2-/- mice, respectively; p > 0.05).
Conversely, NMDA application induced LTD in slices
from WT (n = 6) but failed to do so TRPM2-/- mice
(Figure 1i; n = 6). When plasticity induced by a range of
repetitive stimulation frequencies was examined it was
clear that TRPM2-/- slices demonstrated a substantial
impairment in NMDA-dependent LTD (Figure 1j).
The expression of NMDAR-dependent LTD at CA3-

CA1 synapses requires the endocytosis of AMPA Recep-
tors (AMPARs)[6,7]. To determine if there was a change
in the functional expression of AMPARs in TRPM2-/-

mice we used whole cell voltage clamp recordings to
measure the ratio of AMPAR to NMDAR mediated
EPSCs. By holding the membrane potential at -70 and
+40 mV the relative contribution of each receptor type
was determined. This ratio was significantly reduced in
TRPM2-/- (n = 10) neurons compared to WT (n = 10, p
< 0.01; Figure 3a). These results suggest that a reduction
of synaptic AMPARs or alternatively an enhancement of
NMDARs may underlie the deficiency of LTD in
TRPM2-/-mice. A change in AMPARs was supported by
our observation of a reduction of mEPSC amplitude but
not frequency in TRPM2-/- mice (Figure 3b,c). We also
examined the relative contribution of NMDARs com-
posed of GluN2A or GluN2B subunits to synaptic cur-
rents by measuring EPSCNMDAR before and after
application of the selective GluN2B antagonist, Ro 25-

6981. The relative block was the same regardless of gen-
otype (Figure 2f).
During LTD there is some loss of postsynaptic density

95 protein (PSD-95) from the synapses followed by
endocytosis of AMPAR[8]. Therefore, we used western
blotting to examine if there was a change in PSD-95
expression in TRPM2-/- mice. Consistent with the
change in AMPARs, we observed a significant reduction
in PSD-95 expression (Figure 3d). Previous reports link
the level of PSD-95 expression with AMPAR number
without an overall change in synaptic number[8,9]. We
examined the total expression of GluR1 in TRPM2-/-

slices versus those from WT mice, and as anticipated
observed a reduction in the expression of GluR1 (Figure
3e). In contrast, the expression levels of GluR2 and
NMDAR subunits were the same regardless of genotype
(Figure 4a,b).
To further explore the mechanism of the loss of

NMDAR-dependent LTD in TRPM2-/- mice we exam-
ined the activity of glycogen synthase kinase-3b (GSK-
3b), which is required for this form of LTD[10,11]. We
compared the expression levels as well as the phosphor-
ylation of this kinase at Ser9, which is indicative of inac-
tivation of GSK-3b[12]. Although the expression of
GSK-3b was unaltered, there was a significant increase
in Ser9 phosphorylation (GSK-3b inactivation) in
TRPM2-/- slices (Figure 3f) suggesting that impaired
LTD in TRPM2-/- mice results from inhibition of GSK-
3b[10]. Insulin also acts via stimulation of Akt/PKB to
inactivate GSK-3b via Ser9 phosphorylation, resulting in
a long lasting depression of AMPAR-mediated synaptic
transmission, which in turn occludes low frequency
induced LTD[13]. We therefore examined the effect of
insulin on wildtype and TRPM2-/- slices. The long-last-
ing depression induced by applications of insulin was
lacking in TRPM2-/- slices (Figure 3g) suggesting that
insulin-induced LTD was occluded in this genotype due
to the pre-existing inactivation of GSK-3b. To determine
if the loss of LTD in TRPM2-/- was attributable to the
consistent inhibition of GSK-3b we applied the D2 ago-
nist, quinpirole in order to stimulate Akt GSK-3b signal-
ing[14] and observed an enhanced activation of GSK-3b
(Figure 3h) and rescue of LTD in TRPM2-/-mice (Figure
3i).

Discussion
Our results show that loss of TRPM2 expression modi-
fies NMDAR-dependent synaptic plasticity, specifically
LTD, but they do not implicate TRPM2 channels
directly in excitatory synaptic transmission. Instead, the
presence of TRPM2 channels is associated with mainte-
nance of the appropriate level of GSK-3b activation as
well as full expression PSD-95 and AMPARs. In the
absence of the TRPM2 expression there is a reduction
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in the relative contribution of AMPA receptors to
synaptic transmission at CA1 synapses along with a
reduction of LTD and a shift to lower thresholds for the
induction of LTP. This metaplastic shift towards LTP in
TRPM2-/- slices results from enhanced phosphorylation
and inactivation of GSK-3b. The resulting inactivation
of GSK-3b prevented further depression of synaptic
transmission by applications of insulin. Importantly,
applications of quinpirole reduced GSK-3b phosphoryla-
tion in TRPM2-/- slices and effectively rescued LTD
induction by repetitive low-frequency stimulation. More-
over, acute block of TRPM2 function by clotrimazole
prevented LTD induction thereby mimicking TRPM2
loss of function by genetic deletion. Collectively, these
findings argue that the reductions in GSK-3b activity,
PSD-95 and GluR1 expression, as well as AMPAR-
mediated synaptic transmission and plasticity observed
in hippocampal slices derived from TRPM2-/- mice can-
not simply be attributed to developmental compensa-
tions resulting from genetic deletion of TRPM2. Rather,
in light of our findings, we propose that ongoing
TRPM2 channel activity contributes to the regulation
AMPAR-mediated fast excitatory synaptic transmission
through maintenance of constitutive GSK-3b activity.

The precise mechanism through which TRPM2 activ-
ity regulates GSK-3b remains to be determined; however
the contribution of TRPM2 to Ca2+ signaling is likely to
play an important role is this regard. Previous findings
have proposed the Ca2+-dependent phosphatase, calci-
neurin (or PP2B), as a candidate for mediating depho-
sphorylation of GSK-3b at Ser9[15]. Alternatively, the
Ca2+-dependent tyrosine kinase Pyk2 has been shown to
associate and regulate GSK-3b activity through tyrosine
phosphorylation[16]. Whether the activity of either cal-
cineurin, Pyk2, or other kinases or phosphatases are
altered by TRPM2-initiated Ca2+ signaling remains to be
established. Similarly, the behavioural consequence of
altered synaptic transmission and plasticity associated
with the loss of TRPM2 function has yet to be investi-
gated; however, a recent paper by Kim and colleagues
(2011) may offer some insight. These authors demon-
strated that behavioural flexibility, evaluated by reversal
learning in the Morris water maze and by the delayed
non-match to place T-maze task, was reduced following
genetic disruption of PI3Kg, which also resulted in a
selective loss of NMDAR dependent LTD [17]. Addi-
tional research is required to assess whether these beha-
viours are similarly altered in TRPM2-/- mice.

Figure 4 Comparison of glutamate receptor subunit expression in hippocampal slices derived from WT and TRPM2-/- mice. (a) Western
blots and summary bar graph representing the expression levels of the AMPA receptor subunit subtypes, GluR1 and GluR2. Note that the
quantified data for GluR1 is the same as that presented in Figure 2. (b) Western blots and summary bar graph representing the expression levels
of the NMDA receptor subunit subtypes, GluN1 (n = 3), GluN2A (n = 5) and GluN2B (n = 3).
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Conclusions
The present study establishes that loss of TRPM2 func-
tion through genetic means provokes long lasting
changes in excitatory synaptic transmission and plasticity
at the CA3-CA1 hippocampal synapse. Specifically, we
show that the ability to induce NMDAR-dependent LTD
is impaired in TRPM2-/- mice. Such impairment was
associated with increased phosphorylation and inactiva-
tion of GSK-3b. Consistent with previously reported
changes associated with GSK-3b inhibition, we report
reduced PSD95 and GluR1 expression and identify a cor-
responding reduction in AMPAR-mediated synaptic
transmission. Interestingly, both GSK-3b and TRPM2
channels have been implicated in a number of overlap-
ping pathophysiological processes ranging from pancrea-
tic insulin secretion to Alzheimer’s disease[1,18].
Accordingly, our results show the importance of continu-
ing studies to determine the pathophysiological roles of
GSK-3b and TRPM2 in neurodegenerative diseases[19].

Methods Experimental animals
TRPM2-/- mice, generated as described previously[5],
were provided by Dr Y Mori. Wild-type and KO mice
used for experimentation were derived from heterozy-
gous matings and mouse genotyping was performed as
previously described[5]. Mice were kept in a pathogen-
free environment, and analyses were performed using
mice that were matched for age. All animal experiments
were performed in accordance with protocols approved
by the University of Western Ontario Animal Use Sub-
committee of the University Council on Animal Care.

Whole-cell recording from primary culture
Mouse hippocampal primary neuronal cultures were
prepared from timed-pregnant TRPM2-/- or WT mice
according to previously described procedures[20]. Cur-
rents were recorded from 21-28 days in vitro. Whole-
cell voltage-clamp recordings were performed as
described previously[3], with minor adjustments. Briefly,
standard intracellular solution (ICS) contained (in mM):
150 cesium gluconate, 10 Hepes, and 2 MgCl2. To
record NMDA currents, 11 mM EGTA, 1 mM CaCl2,
and 2 mM K2-ATP was added to the ICS. TRPM2 cur-
rents were recorded with 1 mM ADPR added to the
ICS. Standard extracellular solution (ECS) contained (in
mM): 140 NaCl, 5.4 KCl, 25 Hepes, 33 glucose, 2 CaCl2,
and 0.2 μM TTX. To generate NMDA currents, 50 μM
NMDA and 0.5 μM glycine was added to the standard
ECS and applied for 3 seconds every minute using a
multibarrelled rapid perfusion system (SF77B; Warner
Instruments). For experiments examining the contribu-
tion of GluN2B receptor, 1 μM Ro 25-6981 (Tocris) was
applied after having obtained 3 stable control sweeps in

its absence. ADPR-primed TRPM2 currents were gener-
ated with voltage ramps ( ± 100 mV, 1/10 sec) applied
in the presence of standard ECS supplemented with 1
mM MgCl2 and 1 mM BaCl2. After the TRPM2 current
stabilized, or after 10 minutes of voltage ramps, cal-
cium-free solution was applied (total divalent concentra-
tion maintained by replacing CaCl2 with equimolar
BaCl2). Voltage-clamp recordings (Vhold = -60 mV)
were performed at room temperature (20-22°C) using a
Multiclamp 700A amplifier (Molecular Devices). Data
were filtered at 2 kHz, digitized, and acquired using
pCLAMP and Axoscope software (Molecular Devices).

Hippocampal slices preparation
Hippocampal slices were prepared from age-matched
TRPM2-/- and wild type mice (post-natal day 20-30).
Briefly, mice were decapitated after isoflurane anesthe-
sia, and brains were quickly removed and placed in ice-
cold oxygenated (95% O2, 5% CO2) artificial CSF
(ACSF) containing: 124 mM NaCl, 3 mM KCl, 1.25 mM
NaH2PO4, 1.3 mM MgCl2, 2.6 mM CaCl2, 26 mM
NaHCO3 and 10 mM glucose (osmolality between 300
and 310 mOsm). Whole-brain coronal slices (300 μm)
containing transverse sections of the hippocampus were
prepared using a vibrating microtome (VT100E; Leica).
After a recovery period of 1 h in oxygenated ACSF, hip-
pocampal slices were transferred to a recording chamber
continuously perfused with oxygenated ACSF (3 ml/
min), warmed to 31°C through an in-line solution
heater.

Field excitatory postsynaptic potentials (fEPSP) recording
from Schaffer collateral-CA1 synapses
fEPSPs were evoked every 30 s (0.033 Hz) by electrical
stimulation (100 μs duration) delivered to the Schaffer-
collateral pathway using a concentric bipolar stimulating
electrode (25 μm exposed tip) and recorded using glass
microelectrodes (3-5 MΩ, filled with ACSF) positioned
in the stratum radiatum of the CA1 area. The stimuli
intensity was adjusted to evoke fEPSPs corresponding to
30~50% of the maximal response evoked in the absence
of a contaminating spike discharge. The paired-pulse
ratio was determined in each slice by delivering pairs of
stimuli at varying interstimulus intervals (10-1000 ms).
For LTD/LTP experiments, baseline fEPSPs were moni-
tored for at least 20 min to ensure stability, following
which synaptic plasticity was induced by repetitive sti-
mulation delivered at 1, 10, 20, 50 Hz (900 pulses at
each frequency) or 100 Hz (four 1 sec trains delivered
20 sec apart). Following repetitive stimulation, fEPSP
slopes were monitored for 1 h. Signals were amplified
(Axoclamp 700B, Molecular Devices, recorded digitally
(Digidata 1440A) and analyzed offline using Clampfit 10.
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Whole-cell patch clamp recordings from hippocampal
slices
Visual patch recordings from CA1 pyramidal neurons
were performed using the whole-cell configuration with
holding potential at -60 mV. Patch pipettes, pulled from
borosilicate glass (4-6 MΩ), were filled with an internal
solution containing (in mM): Cs-gluconate 132.5, CsCl
17.5, HEPES 10, EGTA 0.2, Mg-ATP 2 and GTP 0.3 (pH
7.25, 290 mOsm). Synaptic responses were evoked with a
concentric bipolar tungsten electrode located about 50
μm from the cell body layer in CA1. In some recordings,
NMDAR-mediated EPSCs were pharmacology isolated
by supplementing our aCSF with CNQX (10 μM). The
AMPAR- and NMDAR-mediated EPSCs were measured
at -70 mV and +40 mV, respectively. For NMDAR-
EPSCs, the amplitude was measured 20 ms after the start
of the stimulus artifact[21]. Signals were amplified using
multiclamp 700B, sampled at 5 kHz, and analyzed with
Clampfit 10 software (Molecular Devices).

Western Blotting
For the basal protein expression and protein phosphoryla-
tion assays, hippocampal tissue from wild type and
TRPM2-/- mice (post-natal day 20-30) was used for Wes-
tern blot. For experiments involving quinpirole treatment,
hippocampal slices were incubated in ECS solution
bubbled with 95%O2 and 5%CO2 at room temperature for
at least 1 h, followed by exposing to quinpirole (10 μM) or
vehicle for 30 min in aCSF. After 3 times wash with cold
PBS, hippocampal tissue was homogenized in ice-cold
RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1
mM EDTA, 0.1% SDS, 0.5% Triton-X100, and 1% Sodium
Deoxycholate) containing protease and phosphatase inhi-
bitors. These samples were subjected to SDS-PAGE, trans-
ferred to a nitrocellulose membrane, which was then
subjected to repeated stripping and successive probing
with antibodies, as described. The signals were quantified
using VersaDoc Imaging System (BioRad). The antibodies
PSD95, pGSK3bSer9, GSK3b, NR2A and NR2B were pur-
chased from Cell Signaling Technology, and GluR1 and
GluR2 from Santa Cruz Biotechnology, Inc.

Statistics
Data are expressed as mean ± SEM. Statistical compari-
sons were made using either unpaired t-test or one-way
ANOVA followed by Bonferroni post-hoc test, depend-
ing on the experimental protocol.

Additional material

Additional Files 1: Short-term plasticity of excitatory synaptic
transmission is unaltered in slices from TRPM2-/-. Summary graph (a)
and representative traces (b). Only a subset of interstimulus intervals are
shown from a series recordings from WT (n = 11) and TRPM2-/- (n = 11)

slices. The time course for recovery from paired-pulse facilitation was
identical in slices derived from WT and TRPM2-/- mice.

Acknowledgements
This study was supported by CIHR grant (#R4321A07) to J. F. M and M.F.J.

Author details
1Molecular Brain Research Group, Robarts Research Institute, University of
Western Ontario, London, ON, N6K 5K8, Canada. 2Department of Physiology
and Pharmacology, University of Western Ontario, London, ON, N6K 5K8,
Canada. 3Department of Anatomy and Cell Biology, University of Western
Ontario, London, ON, N6K 5K8, Canada. 4Department of Physiology,
University of Toronto, Toronto, ON, M5S 1A8, Canada. 5Toronto Western
Hospital Research Institute, Toronto, ON, M5T 2S8, Canada. 6Department of
Synthetic Chemistry and Biological Chemistry, Graduate School of
Engineering, Kyoto University, Katsura Campus, Nishikyo-ku, Kyoto 615-8510,
Japan.

Authors’ contributions
YFX designed and performed extracellular field and whole-cell voltage-
clamp recordings from hippocampal slices. JCB designed and performed
whole-cell voltage-clamp recordings from cultured hippocampal neurons. GL
designed and performed immunoblotting. YM generated TRPM2-/- mice and
contributed to the design of experiments. JFM, MT and MFJ conceptualized
and supervised the project, contributed to the design of experiments and
wrote the manuscript. All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 8 November 2011 Accepted: 21 December 2011
Published: 21 December 2011

References
1. Takahashi N, Kozai D, Kobayashi R, Ebert M, Mori Y: Roles of TRPM2 in

oxidative stress. Cell Calcium 2011.
2. Xie YF, Macdonald JF, Jackson MF: TRPM2, calcium and

neurodegenerative diseases. Int J Physiol Pathophysiol Pharmacol 2010,
2(2):95-103.

3. Olah ME, Jackson MF, Li H, Perez Y, Sun HS, Kiyonaka S, Mori Y,
Tymianski M, MacDonald JF: Ca2+-dependent induction of TRPM2
currents in hippocampal neurons. J Physiol 2009, 587(Pt 5):965-979.

4. Scharenberg AM: TRPM2 and TRPM7: channel/enzyme fusions to
generate novel intracellular sensors. Pflugers Arch 2005, 451(1):220-227.

5. Yamamoto S, Shimizu S, Kiyonaka S, Takahashi N, Wajima T, Hara Y,
Negoro T, Hiroi T, Kiuchi Y, Okada T, Kaneko S, Lange I, Fleig A, Penner R,
Nishi M, Takeshima H, Mori Y: TRPM2-mediated Ca2+influx induces
chemokine production in monocytes that aggravates inflammatory
neutrophil infiltration. Nat Med 2008, 14(7):738-747.

6. Collingridge GL, Peineau S, Howland JG, Wang YT: Long-term depression
in the CNS. Nat Rev Neurosci 2010, 11(7):459-473.

7. Sanderson TM, Collingridge GL, Fitzjohn SM: Differential trafficking of
AMPA receptors following activation of NMDA receptors and mGluRs.
Mol Brain 2011, 4:30.

8. Bhattacharyya S, Biou V, Xu W, Schluter O, Malenka RC: A critical role for
PSD-95/AKAP interactions in endocytosis of synaptic AMPA receptors.
Nat Neurosci 2009, 12(2):172-181.

9. Chen X, Nelson CD, Li X, Winters CA, Azzam R, Sousa AA, Leapman RD,
Gainer H, Sheng M, Reese TS: PSD-95 is required to sustain the molecular
organization of the postsynaptic density. J Neurosci 2011,
31(17):6329-6338.

10. Peineau S, Taghibiglou C, Bradley C, Wong TP, Liu L, Lu J, Lo E, Wu D,
Saule E, Bouschet T, Matthews P, Isaac JT, Bortolotto ZA, Wang YT,
Collingridge GL: LTP inhibits LTD in the hippocampus via regulation of
GSK3beta. Neuron 2007, 53(5):703-717.

11. Peineau S, Nicolas CS, Bortolotto ZA, Bhat RV, Ryves WJ, Harwood AJ,
Dournaud P, Fitzjohn SM, Collingridge GL: A systematic investigation of
the protein kinases involved in NMDA receptor-dependent LTD:

Xie et al. Molecular Brain 2011, 4:44
http://www.molecularbrain.com/content/4/1/44

Page 8 of 9

http://www.ncbi.nlm.nih.gov/pubmed/21383889?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21383889?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19124544?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19124544?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16001276?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16001276?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18542050?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18542050?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18542050?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20559335?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20559335?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21794146?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21794146?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19169250?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19169250?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21525273?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21525273?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17329210?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17329210?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19583853?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19583853?dopt=Abstract


evidence for a role of GSK-3 but not other serine/threonine kinases. Mol
Brain 2009, 2:22.

12. Frame S, Cohen P, Biondi RM: A common phosphate binding site explains
the unique substrate specificity of GSK3 and its inactivation by
phosphorylation. Mol Cell 2001, 7(6):1321-1327.

13. Man HY, Lin JW, Ju WH, Ahmadian G, Liu L, Becker LE, Sheng M, Wang YT:
Regulation of AMPA receptor-mediated synaptic transmission by
clathrin-dependent receptor internalization. Neuron 2000, 25(3):649-662.

14. Beaulieu JM, Gainetdinov RR, Caron MG: The Akt-GSK-3 signaling cascade
in the actions of dopamine. Trends Pharmacol Sci 2007, 28(4):166-172.

15. Kim Y, Lee YI, Seo M, Kim SY, Lee JE, Youn HD, Kim YS, Juhnn YS:
Calcineurin dephosphorylates glycogen synthase kinase-3 beta at serine-
9 in neuroblast-derived cells. J Neurochem 2009, 111(2):344-354.

16. Sayas CL, Ariaens A, Ponsioen B, Moolenaar WH: GSK-3 is activated by the
tyrosine kinase Pyk2 during LPA1-mediated neurite retraction. Mol Biol
Cell 2006, 17(4):1834-1844.

17. Kim JI, Lee HR, Sim SE, Baek J, Yu NK, Choi JH, Ko HG, Lee YS, Park SW,
Kwak C, Ahn SJ, Choi SY, Kim H, Kim KH, Backx PH, Bradley CA, Kim E,
Jang DJ, Lee K, Kim SJ, Zhuo M, Collingridge GL, Kaang BK: PI3Kgamma is
required for NMDA receptor-dependent long-term depression and
behavioral flexibility. Nat Neurosci 2011, 14(11):1447-1454.

18. Bhat RV, Budd Haeberlein SL, Avila J: Glycogen synthase kinase 3: a drug
target for CNS therapies. J Neurochem 2004, 89(6):1313-1317.

19. Jo J, Whitcomb DJ, Olsen KM, Kerrigan TL, Lo SC, Bru-Mercier G,
Dickinson B, Scullion S, Sheng M, Collingridge G, Cho K: Abeta(1-42)
inhibition of LTP is mediated by a signaling pathway involving caspase-
3, Akt1 and GSK-3beta. Nat Neurosci 2011, 14(5):545-547.

20. MacDonald JF, Mody I, Salter MW: Regulation of N-methyl-D-aspartate
receptors revealed by intracellular dialysis of murine neurones in
culture. J Physiol 1989, 414:17-34.

21. von Engelhardt J, Mack V, Sprengel R, Kavenstock N, Li KW, Stern-Bach Y,
Smit AB, Seeburg PH, Monyer H: CKAMP44: a brain-specific protein
attenuating short-term synaptic plasticity in the dentate gyrus. Science
2010, 327(5972):1518-1522.

doi:10.1186/1756-6606-4-44
Cite this article as: Xie et al.: Dependence of NMDA/GSK-3b Mediated
Metaplasticity on TRPM2 Channels at Hippocampal CA3-CA1 Synapses.
Molecular Brain 2011 4:44.

Submit your next manuscript to BioMed Central
and take full advantage of: 

¥ Convenient online submission

¥ Thorough peer review

¥ No space constraints or color Þgure charges

¥ Immediate publication on acceptance

¥ Inclusion in PubMed, CAS, Scopus and Google Scholar

¥ Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Xie et al. Molecular Brain 2011, 4:44
http://www.molecularbrain.com/content/4/1/44

Page 9 of 9

http://www.ncbi.nlm.nih.gov/pubmed/19583853?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11430833?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11430833?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11430833?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10774732?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17349698?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17349698?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19659461?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19659461?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16452634?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16452634?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22019731?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22019731?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22019731?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15189333?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21441921?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21441921?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21441921?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2558167?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2558167?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2558167?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20185686?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20185686?dopt=Abstract

	Abstract
	Background
	Results
	Discussion
	Conclusions
	Methods Experimental animals
	Whole-cell recording from primary culture
	Hippocampal slices preparation
	Field excitatory postsynaptic potentials (fEPSP) recording from Schaffer collateral-CA1 synapses
	Whole-cell patch clamp recordings from hippocampal slices
	Western Blotting

	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


