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NMDA receptor (NMDAR) activation controls long-term potentia-
tion (LTP) as well as long-term depression (LTD) of synaptic trans-
mission, cellular models of learning and memory. A long-standing
view proposes that a high level of Ca2+ entry through NMDARs
triggers LTP; lower Ca2+ entry triggers LTD. Here we show that
ligand binding to NMDARs is sufficient to induce LTD; neither ion
flow through NMDARs nor Ca2+ rise is required. However, basal
levels of Ca2+ are permissively required. Lowering, but not main-
taining, basal Ca2+ levels with Ca2+ chelators blocks LTD and drives
strong synaptic potentiation, indicating that basal Ca2+ levels con-
trol NMDAR-dependent LTD and basal synaptic transmission. Our
findings indicate that metabotropic actions of NMDARs can
weaken active synapses without raising postsynaptic calcium,
thereby revising and expanding the mechanisms controlling syn-
aptic plasticity.
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Glutamate, the major excitatory transmitter in the brain, acts
on several receptors that have been divided into ionotropic

[(AMPA, NMDA, kainate) those whose primary function is to
allow entry of ions into neurons] and metabotropic [(mGluR1-8)
those that through conformational changes drive intracellular
signaling pathways independent of ion-channel flow] classes (1,
2). Identification of selective NMDA receptor (NMDAR)
antagonists (3) permitted ascribing its requirement (4) for the
long-term potentiation (LTP) of synaptic transmission triggered
by a high-frequency stimulus (5). Early studies also found that
NMDARs were permeable to Ca2+ (6) and that LTP induction
produces a rise in intracellular Ca2+ in postsynaptic sites (7).
Furthermore, introduction of a Ca2+ chelator into the post-
synaptic neuron blocked LTP (8). These studies provided a
simple model that the NMDAR was selectively activated during
a high-frequency stimulus and allowed entry of Ca2+ ions that
initiated intracellular signaling, leading to LTP. A major ques-
tion arose after the finding that a low-frequency stimulus (LFS)
produced long-term depression (LTD) of synaptic transmission
that was also blocked by an antagonist to NMDARs (9, 10).
LTD was blocked by intracellular introduction of a calcium
chelator, and rises in calcium were observed during LTD in-
duction (11–13). Thus, a model was proposed in which a small
rise in cytoplasmic calcium produced LTD, whereas high rises in
calcium produced LTP (14–16). In addition to physiological
processes, NMDAR-dependent LTD may participate in patho-
logical conditions, in particular the synaptic depression pro-
duced by exposure of neurons to β-amyloid (Aβ). We sought to
examine the role of NMDAR function in these forms of
NMDAR-dependent synaptic depression [see the companion
article in this issue (17)].

Results
NMDAR-Dependent LTD Is Independent of Ion Influx. NMDAR-de-
pendent LTD was studied in acute hippocampal slices with field
potential recordings of AMPA receptor (AMPAR)-mediated
responses. Two independent pathways were monitored; robust
depression was observed in the pathway receiving LFS, compared

with a control pathway that received no LFS (Fig. 1A). As ex-
pected (9, 10), this form of LTD was blocked by 100 μM D-(-)-
2-Amino-5-phosphonopentanoic acid (D-APV) (Fig. 1B), an
NMDAR antagonist that blocks glutamate binding to the GluN2
subunit. To test whether ion flux through the NMDAR channel
is required, we used the NMDAR ion-channel blocker MK-801.
Slices were incubated for 3–4 h in 100 μM MK-801 and sub-
sequently placed in a recording chamber containing 100 μMMK-
801. After monitoring baseline transmission, an LFS was de-
livered to one pathway, which produced synaptic depression that
was indistinguishable from that seen in the no-drug control
conditions [Fig. 1C; cf. 18; but see Raymond et al. (19)]. Because
NMDAR blockade by MK-801 is use-dependent, we conducted
control experiments to rule out the possibility that the NMDAR
channel was not fully blocked during the LTD induction pro-
tocol. These control experiments indicate that NMDAR-medi-
ated synaptic currents are more than 99% blocked before an
LTD protocol was delivered (Fig. 2A). Synaptic NMDARs are
likely blocked in this experiment owing to the opening of
NMDARs during the 3- to 4-h incubation period and the evoked
transmission during the baseline period. These results indicate
that LTD does not require ionic flux through synaptic NMDARs.
We examined further the requirements for LTD using 100 μM7-

chlorokynurenate (7CK), an antagonist at the glycine-binding site
on the GluN1 subunit of NMDARs (20). 7CK fully blocked both
synaptic and extrasynaptic NMDAR-mediated currents (Fig. S1).
Even during an LTD induction protocol, which conceivably could
release glycine and overcome the competitive block by 7CK, this
drug prevents NMDAR channel opening (Fig. 2B). In the presence
of 7CK LTD was still observed (Fig. 1D), supporting the view that
ion flux through the NMDAR channel is not required for LTD. To
rule out the possibility that in the presence of MK-801 or 7CK
a different form of LTDwas triggered [e.g., LTD requiring mGluR5
(21, 22) or voltage-gated calcium channels (11)], we included in-
hibitors of mGluR5 (3-[(2-Methyl-4-thiazolyl)ethynyl]pyridine
[MTEP], 4 μM) and voltage-gated calcium channels (nifedipine,
100 μM) in the bath. Experiments with 7CK+MTEP+ nifedipine
showed LTD that was no different from those experiments using
MK-801 or 7CK alone (Fig. 2C). The LTD remaining in the
presence of 7CK was dependent on NMDARs: experiments in
which we added both 7CK and D-APV displayed no LTD (Fig.
2D). Our results suggest that ligand binding to the NMDAR
glutamate-binding site at the GluN2 subunit (which is blocked by
D-APV) but not ion channel flow (which is blocked by MK-801
and 7CK) is necessary to induce LTD.
LTD generally requires long induction protocols (e.g., LFS

for 15 min). If ligand binding to NMDARs is sufficient to
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induce LTD, we reasoned that brief, high-frequency stimuli
could induce LTD as long as calcium entry through NMDARs
(and LTP) was blocked. We tested this prediction by delivering
100-Hz tetanic conditioning stimuli in the presence of MK-801
(Fig. 3). Indeed, whereas 100 Hz tetani in the absence of MK-
801 produced LTP, in the presence of MK-801 100 Hz tetani
produced LTD.
To examine signaling triggered by ligand binding to NMDARs

we measured p38 MAPK activation in dissociated cultured
neurons. Previous studies have implicated p38 MAPK signaling
in LTD (23). Cultured neurons transiently exposed to NMDA
produced an increase in p38 MAPK phosphorylation (Fig. 4).
This increase in p38 MAPK phosphorylation was blocked by
D-APV but not by MK-801. These results indicate that NMDARs
can drive ligand-dependent, ion-channel independent signaling
(i.e., metabotropic signaling).

Impact of Calcium Chelators on Synaptic Transmission. Our results
indicating that ion flux through the NMDAR channel is not re-
quired for NMDAR-dependent LTD are consistent with pre-
dictions based on calcium dynamics in spines during LFS (24)
but run counter to conclusions reached by previous studies in

Fig. 1. NMDAR-dependent LTD requires ligand binding but not ion-channel
flux through NMDAR. (A) Field potential recordings from two independent
pathways; one pathway (black symbols) received a 1-Hz, 15-min stimulus
where indicated. The control pathway (red symbols) received no stimulus.
(Left) Individual experiment; (Right), collated average. (Inset) Average field
responses obtained before and after LFS delivery. (B) LFS-induced depression
is blocked by inclusion of 100 μM D-APV in the bath. (C) LFS-induced de-
pression is not blocked by 100 μM MK-801. Slices were incubated for 3–4 h in
100 μM MK-801 before transfer to the recording chamber, which also in-
cluded 100 μM MK-801. (D) LFS-induced depression is not blocked by in-
clusion of 100 μM 7CK in the bath. In approximately half of the experiments
shown in A, B, C, and D 4 μM MTEP was included in the bath to rule out the
possible involvement of mGluR5; there was no difference in results with and
without MTEP (Fig. S5). Error bars throughout represent SEM. Statistics
throughout: paired t test when comparing cell pairs; unpaired t test when
comparing across different slices. (Scale bars, 0.3 mV, 5 ms.)

Fig. 2. MK-801 and 7CK fully block NMDAR-mediated responses even
during LTD induction. (A, Left) Average of five AMPAR-mediated field
responses in the absence of MK-801; 10 μM NBQX was added (A, Center),
and whole-cell responses were obtained at holding potential of +40 mV
displaying (A, Right) the first five evoked NMDAR-mediated responses (gray
lines) along with an average (black line). (Scale bars, Left, 0.3 mV, 5 ms;
Right, 100 pA, 100 ms.) The integrated NMDA current relative to the in-
tegrated (AMPAR-mediated) field potential was 6.5 × 103 pA/mV. (A, ii)
Same as A, i but slices were incubated in 100 μM MK-801 for 2 h before and
during recordings, producing an integrated NMDA current to integrated
AMPAR-mediated field potential of 16.5 pA/mV. (B) Plot of NMDAR-medi-
ated whole-cell response vs. time. (Inset) Average of 10 responses obtained
where indicated. Note little difference between B, iii and B, iv, indicating
that 7CK completely blocks NMDAR-mediated response, even during LFS. For
A and B similar results were obtained in two independent experiments. (C
and D) Field potential recordings with one pathway (black symbols) re-
ceiving a 1-Hz, 15-min stimulus where indicated, and the other control
pathway (red symbols) receiving no stimulus. (Left) Individual experiment;
(Right) collated average. (Inset) Average field responses obtained before
and after LFS delivery. (Scale bars, 0.3 mV, 5 ms.) (C) LFS-induced depression
is not blocked by inclusion of 7CK (100 μM) + MTEP (4 μM) + nifedipine (100
μM). (D) LFS-induced depression is blocked by inclusion of 7CK (100 μM) +
D-APV (100 μM).
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which calcium chelators were used to block LTD (11–13). We
thus examined the impact of intracellular infusion of calcium
chelators on synaptic transmission. We obtained simultaneous
whole-cell recordings from two nearby cells: one cell with
a standard internal solution (which contains 0.6 mM EGTA) that
does not block LTD (13), whereas for the other cell the internal
solution was supplemented with a high concentration (15 mM)
of calcium chelator 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-
tetraacetic acid (BAPTA), which is known to block LTD (11).
AMPAR-mediated synaptic transmission in the cell containing
15 mM BAPTA was markedly potentiated (Fig. 5A), within
minutes of whole-cell access (Fig. S2). Transmission onto the cell
with the standard 0.6-mM EGTA internal solution remained
constant throughout. This effect of 15 mM BAPTA was similar
to that of 15 mM EGTA (Fig. 5C) and was selective for
AMPAR-mediated transmission because NMDAR-mediated
transmission, monitored at +40 mV, was not affected (Fig. 5B).
How does 15 mM BAPTA enhance transmission? Addition of

15 mM BAPTA to the cytosol of a neuron reduced basal levels of
intracellular calcium (Fig. S3 A and B). To test whether this was
the cause for enhanced transmission, we added 1.3 mM Ca2+ to
the internal solution containing 15 mM BAPTA, to maintain
cellular free Ca2+ at a level comparable to that seen with 0.6 mM
EGTA (Fig. S3 A and B), which is close to basal levels previously
observed in hippocampal pyramidal neurons (25). In contrast to
the effects of 15 mM BAPTA alone, infusion of 15 mM BAPTA
with 1.3 mM Ca2+ produced no significant potentiation of
AMPAR-mediated transmission compared with transmission
onto a cell containing 0.6 mM EGTA (Fig. 5D). These results
suggest that basal calcium maintains a constitutively active process
that acts to reduce AMPAR-mediated synaptic transmission; upon
lowering cytoplasmic calcium this process is blocked, effectively

enhancing AMPAR-mediated transmission. One possibility is that
basal calcium acts to restrict access of AMPARs to the synapse, as
has been seen for recombinant GluA1-containing receptors (26,
27). Indeed, infusion of 15 mM BAPTA produced no synaptic
potentiation in tissue from mice lacking GluA1 (Fig. 5 G and H),
supporting the view that basal calcium acts to restrict GluA1-
containing AMPARs from synapses.
How do basal levels of Ca2+ maintain reduced synaptic

transmission? We hypothesized an action through active calci-
neurin, which is thought to produce depression of AMPAR-
mediated transmission (28). To test this possibility we infused the
calcineurin inhibitor FK506 into one of two simultaneously
recorded neurons. After whole-cell access, the neuron containing
FK506 showed synaptic potentiation (Fig. 5E; cf. 29). Further-
more, incubating slices with FK506 for 1–2 h significantly re-
duced the potentiation produced by intracellular infusion of 15
mM BAPTA (Fig. 5F), suggesting that these two manipulations
use similar mechanisms. These results suggest that lowering basal
levels of free Ca2+ reduces basal levels of calcineurin activity,
thereby inhibiting a process that normally acts to reduce AMPAR-
mediated transmission.

NMDAR-Dependent LTD Does Not Require a Ca2+ Rise. We hypoth-
esized that the process keeping AMPAR-mediated synaptic
transmission at a reduced level is required for NMDAR-de-
pendent LTD to be generated. In this model, infusion of 15 mM
BAPTA blocks this depressive process and thereby prevents
LTD. To test this model we examined LTD in conditions
whereby intracellular calcium could be controlled with whole-cell
recordings. NMDAR-dependent LTD was obtained (22) with 0.6
mM EGTA and blocked with 15 mM BAPTA or 15 mM EGTA
in the internal solution, as previously reported (11) (Fig. 6 A and
B and Fig. S4). To test our model we used 15 mM BAPTA and
1.3 mM Ca2+ in the internal solution, which maintains in-
tracellular free Ca2+ levels close to physiological levels (Fig. S3 A
and B) and maintains a buffering capacity similar to 15 mM
BAPTA with no added Ca2+ (Fig. S3C). In these conditions LTD
was obtained, comparable in magnitude to that seen when using
0.6 mM EGTA in the internal solution (Fig. 6C). As an addi-
tional test to our model, we induced LFS conditioning while

Fig. 3. Blockade of ion flux through NMDAR reverses the direction of
synaptic plasticity induced by 100 Hz stimulation. (A) In the absence of
NMDAR antagonist, 100 Hz tetani (arrows) induced LTP of the field poten-
tial, which is fully blocked by 100 μm D-APV (B). Inclusion of 100 μM MK-801,
however, causes a long lasting depression (C). (Left) Individual experiment;
(Right) Collated average. (Inset) Average field responses obtained before
and after tetani delivery. (Scale bars, 0.3 mV, 5 ms.)

Fig. 4. NMDAR-dependent phosphorylation of p38 requires ligand binding
but not ion-channel flux through NMDAR. (A) NMDA (40 μM) increase p38
phosphorylation (NMDA), which is largely blocked by 100 μM D-APV (NMDA+
D-APV) but not by 100 μM MK-801 (NMDA+MK-801). Magnitude of p38
phosphorylation is normalized to the no-treatment (Ctl). (B) Individual ex-
periment (n = 12).
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holding the membrane potential at −80 mV to minimize NMDAR
currents (30). In this case we also obtained LTD, suggesting that
relief of the voltage-dependent Mg2+ block of NMDA receptors to
allow ion flux is not required for LTD (Fig. 6D). These results
indicate that LTD requires intracellular free Ca2+ to be at basal
levels but does not need free Ca2+ to rise above basal levels. We
conclude that NMDAR-dependent LTD can be induced with no
rise in postsynaptic free Ca2+.

Discussion
In this study we have examined the role of the NMDAR in
NMDAR-dependent LTD. We find that whereas an antagonist
at the glutamate-binding site of the NMDAR blocks this form of

depression, antagonists at the glycine-binding site (7CK) or at
the channel pore (MK-801) do not. This failure to block synaptic
depression is not due to a lack of NMDAR block by MK-801 or
7CK or to the recruitment of other forms of non-NMDAR–de-
pendent synaptic depression. Our findings indicate that ion flux
through the NMDAR is not required for NMDAR-dependent
depression of synaptic AMPARs to occur. We propose that
glutamate binding to the NMDAR during an LFS produces
conformational changes in its GluN2 subunits, which are linked
to intracellular signaling pathways (independent of ion flux) that
generate LTD. Such Ca2+ flux-independent (i.e., metabotropic)
NMDAR signaling is also required for Aβ-driven synaptic de-
pression [see the companion article in this issue (17)]. Our
results suggest that activation of p38 MAPK is one signal pro-
duced by metabotropic activation of NMDARs.
Our conclusions run counter to the widely held view that low

levels of Ca2+ passing through the NMDAR are necessary to
trigger LTD—a view primarily based on the use of calcium
chelators (11–13). Indeed, we confirm that infusion of a cell with
15 mM BAPTA does block LTD. However, infusion of a cell
with 15 mM BAPTA reduces free cytoplasmic Ca2+ and pro-
duces a large potentiation of AMPAR-mediated transmission,
effects not produced by 15 mM BAPTA + 1.3 mM Ca2+. Thus,

Fig. 5. Lowering cytoplasmic Ca2+ level with high chelator concentration
selectively enhances AMPAR-mediated synaptic transmission. (A) Amplitude
plot of AMPAR-mediated transmission from two nearby CA1 hippocampal
pyramidal neurons obtained by simultaneous whole-cell recordings (holding
potential at −60 mV) with internal solution containing 0.6 mM EGTA (red
symbols) or 15 mM BAPTA (black symbols). (Inset) Average responses si-
multaneously recorded from the two cells. (B) Same as A for NMDAR-
mediated transmission (holding potential at +40 mV). Note the large
discrepancy in AMPAR-mediated responses with similar NMDAR-medi-
ated responses from the two neurons. (C ) Same as A but cells contain 0.6
mM EGTA (red) and 15 mM EGTA (black). (D) Same as A but cells contain
0.6 mM EGTA (red) and 15 mM BAPTA + 1.3 mM Ca2+ (black); light gray
symbols show synaptic responses to 15 mM BAPTA (from A) for compar-
ison. (Scale bars, 200 pA, 20 ms.) (E ) Same as A but one cell (black) con-
tained 100 μM FK-506 in the internal solution (0.6 mM EGTA in both cells).
(F ) Same as A but slices were incubated prior (1–2 h) and during whole-
cell recordings with 100 μM FK-506 in the bath. Light gray symbols in-
dicate responses (from A) in the absence of FK-506 for comparison. (G)
BAPTA failed to induce synaptic potentiation (black) in mice lacking
GluA1 (GluA1−/−); however, it was effective in the wild-type littermates
(GluA1+/+).

Fig. 6. Clamping intracellular Ca2+ to basal levels does not block LTD. (A–D)
Plot of whole-cell synaptic responses with internal solution containing 0.6
mM EGTA; LFS delivered to one path (black symbols) where indicated; con-
trol path not stimulated (red symbols). (Left) Individual experiment; (Right)
collated averages; error bars SEM. (A) LFS induces stable LTD. (B) LTD is
blocked with internal solution containing 15 mM BAPTA. (C) LTD is not
blocked with internal solution containing 15 mM BAPTA + 1.3 mM Ca2+. (D)
Hyperpolarization to −80 mV during LFS does not inhibit LTD.
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lowering basal calcium seems to remove a check on basal
transmission that normally maintains AMPAR-mediated trans-
mission at a low level. This check is mediated by the actions of
basal calcineurin activity because infusion of FK506 also pro-
duces synaptic potentiation that occludes the potentiation pro-
duced by 15 mM BAPTA. This check requires GluA1, which is
known to participate in LTD (31). We conclude that calcium
chelators are not simply clamping cytoplasmic Ca2+ levels; they
are lowering Ca2+ levels and thereby modifying cellular pro-
cesses that control synaptic transmission and plasticity. Indeed,
when we use calcium chelators to clamp cytoplasmic Ca2+ to
near-baseline levels, we see no block of LFS-induced LTD. Thus,
previous studies using Ca2+ chelators do not argue against ion
flux-independent LFS-induced LTD.
A previous study showed that hyperpolarization of the post-

synaptic cell to −105 mV during a conditioning LFS can block
LTD (10). The authors interpreted this to mean that a voltage-
dependent Mg2+ block of ion flux through the NMDAR is re-
quired for LTD. An alternative explanation is that hyperpolar-
ization to −105 mV can affect the conformation of the NMDAR
such that it cannot undergo transitions that are required for LTD
signaling to occur. The observed voltage dependence of NMDAR
function that is independent of Mg2+ (32) is consistent with this
latter view.
Our study supports the view that a rise in cytoplasmic calcium

is not required for NMDAR-dependent LTD. This is not in-
consistent with the view that there can be circumstances in which
a cytoplasmic Ca2+ rise can produce synaptic depression. Indeed
a rise in calcium produced by a series of depolarizing steps (11)
or by photolysis of “caged calcium” (33) can produce synaptic
depression that can occlude LTD. In agreement with this view,
our study indicates that basal levels of calcium control synaptic
transmission in such a way that lowering Ca+2 enhances trans-
mission; a transient rise in calcium by various manipulations
could well lower synaptic transmission.
Our findings suggest unique mechanisms underlying synaptic

plasticity. We show that synaptic weakening can be induced by
repetitive activation of NMDARs with no rise in postsynaptic
Ca2+. Indeed, high-frequency synaptic activation can produce
LTD if the ion flux through the NMDAR is blocked. This may
normally occur when a synapse is hyperactive while surrounding
synapses onto the same cell are inactive; or when excitatory
synapses are active during inhibitory tone. The link between
conformational changes in the NMDAR and the signaling (34–
36) causing depression of AMPAR-mediated responses remains
to be elucidated. Basal calcium may be acting through hippo-
calcin, a calcium-sensitive protein that is required for LTD (37).
Previous studies showed that ligand-binding of the NMDAR
produces NMDAR endocytosis (38) and switch of GluN2B- to
GluN2A-containing NMDARs (39): the role of such processes in
LTD will need to be examined. It is notable that sizable synaptic
strengthening can be produced by decreasing the levels of in-
tracellular Ca2+; this could constitute a molecular mechanism
underlying homeostatic plasticity (40, 41) (i.e., prolonged si-
lencing of neuronal activity could act to lower basal levels of Ca2+

and thereby enhance transmission). The phenomena we have
identified add to the rich list of mechanisms that control normal
synaptic plasticity and may participate in pathophysiological
conditions, such as those produced by excessive Aβ [see the
companion article in this issue (17)].

Experimental Procedures
Organotypic and Acute Hippocampal Slices. Organotypic hippocampal slices
were prepared from 6- to 7-d-old rat pups as described previously (26) and used
at 6–9 days in vitro (DIV). Acute hippocampal slices were prepared from 2- to
3-wk-old Sprague-Dawley rats. Slices were cut in cold sucrose cutting solution
containing, in mM, sucrose 72, glucose 22, NaHCO3 2.6, NaCl 83, KCl 2.5,
MgSO4 3.3, and CaCl2 0.5. Slices were transferred to a recovery chamber

containing artificial cerebrospinal fluid (ACSF) solution supplemented with 11
mM glucose, 1 mMMgCl2, and 2 mM CaCl2 and maintained at 35 °C for 45 min
and subsequently at room temperature for at least 45 min. The CA3 region
was surgically removed in organotypic slices to prevent stimulus-induced
bursting. A slice was transferred to the recording chamber, where it was
submerged with continuous flow of ACSF, containing 119 mM NaCl, 2.5 mM
KCl, 26 mM NaHCO3, 1 mM NaH2PO4, 11 mM glucose, 100 μM picrotoxin (pH
7.4), supplemented with 1 mM MgCl2, and 2 mM CaCl2 (acute slice) or 4 mM
CaCl2, 4 mM MgCl2, and 4 μM 2-chloroadenosine (organotypic slice). All
experiments were performed at 24–28 °C.

Dissociated Cortical Cultures and Immunoblot for Phospho-p38. Primary neu-
ronal culture was prepared from postnatal day 2 (P2) Sprague-Dawley rat
pups with papain digestion and mechanical trituration (42). Cells were
plated on poly-D-lysine–coated glass-bottom dishes (MatTek). At 14 DIV,
neurons were treated with 40 μM NMDA solution for 3 min (43). Cell
lysates were prepared with radioimmunoprecipitation assay buffer con-
taining 50 mM Tris·HCl (pH 8), 150 mM NaCl, 1% Nonidet P-40, 0.5% so-
dium deoxycholate, 0.1% SDS, 2% (vol/vol) protease inhibitor (Roche), and
1% of phosphatase inhibitors mixtures II and III (Sigma). Lysates were
cleared at 16,100 × g for 15 min. After measuring the concentration (BCA
assay kit; Thermo Scientific), 20 μg of protein per lane was loaded on SDS/
PAGE gels (4–20%; Bio-Rad). The resulting gel was transferred to the transfer
membrane (Millipore). The membranes were incubated with anti-phospho-
p38 MAPK (Cell Signaling) at 4 °C overnight. Phospho-p38 antibody was re-
moved by incubating the membranes in the stripping solution [2% SDS, 62.5
mM Tris·HCl (pH 6.8), and 114mM βmercaptoethanol] for 30 min at 50 °C and
reprobed with anti-p38 MAPK. The relative amount of p38 phosphorylation
(Thr180/Tyr182) was calculated by taking the ratio of phospho-p38 to p38.

Electrophysiology. Whole-cell recordings were obtained from individual or
pair of neighboring cells in CA1 region using glass pipettes (3–6 MΩ) filled
with internal solution containing, in mM, K-gluconate 170, Hepes 10, NaCl 5,
KCl 10, EGTA 0.6, Na2GTP 2, and NaGTP 0.3. Where K4-BAPTA (15 mM) or K2-
EGTA (15 mM) was loaded into cells, equimolar amount of K-gluconate was
replaced. For experiments shown in Figs. 2 A and B, 5B, and 6D and Fig. S1,
K-Gluconate was substituted with equimolar Cs-methanesulfonate. Synaptic
responses were evoked by stimulating two independent pathways using
bipolar stimulating electrodes (Frederick Haer) placed 150–250 μm down the
apical dendrites, 100 μm apart, and 150–200 μm laterally in opposite direc-
tions. For excitatory postsynaptic currents (EPSC) measurements from paired
recordings, results from two pathways were averaged and analyzed as n = 1;
cell pairs with more than 20% difference in series resistance were excluded.
The AMPAR-mediated EPSC was measured by averaging a fixed 3-ms win-
dow covering the peak amplitude and subtracting from an average current
window before stimulation. NMDAR-mediated response, measured as total
charge, was calculated by integrating the area under response curve.

Extracellular field potential was recorded in stratum radiatum with glass
electrodes (1–2 MΩ) filled with the perfusion solution. Field excitatory post-
synaptic potential was measured by averaging the response over a 5-ms fixed
window covering the peak amplitude. 2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzo[f]quinoxaline-2,3-dione (NBQX) (10 μM) was added at the end of most
experiments, and responses were subtracted from the responses before drug
addition.

Whole-cell voltage clamp LTD was induced as described by Terashima et al.
(44). After a minimum of 30-min baseline EPSCs recorded at −60 mV by stim-
ulating afferents at 0.1 Hz, LTD was induced in one of two independent
pathways by applying 300 stimuli at 1 Hz at holding potential of −40 mV,
except for Fig. 6D, in which holding potential was set at −80 mV. Recording
was terminated if input resistance decreased or series resistance increased by
more than 20%. Experimentswere excluded if control pathway, at 30min after
induction to the test pathway, decreased by more than 10% of its baseline.

Extracellular field LTD was induced as described previously (9, 10). After
20-min baseline (or 40 min when MK-801 was used), established by stimu-
lating two independent pathways at 0.1 Hz, LTD was induced in one path-
way by applying 900 pulses at 1 Hz. Experiments were excluded if control
pathway, 30 min after induction to the test pathway, decreased by more
than 10% of its baseline or there was a 10% change between the first and
last 5 min of the 20-min baseline of test pathway.

Extracellular field LTP was induced as described previously (11) after 20-
min baseline (or 40 min when MK-801 was used), established by stimulating
at 0.1 Hz. The amplitude of the field potential was adjusted to 0.4–0.8 mV
corresponding to a stimulus strength of less than 50% of the maximal field
response. LTP was induced by applying 4 trains, 20 s apart, of 100 Hz tetanus
with 1-s duration.
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Calcium Imaging. Free calcium concentration and calcium buffering capability
were measured in pyramidal neurons in CA1 region from acute slices of 2- to
3-wk-old rats. For Fig. S3A, we performed dual indicator-based (25, 45) two-
photon laser scanning microscopic imaging (Prairie Tech., Coherent Tech.),
using Ca2+ sensitive Oregon green BAPTA (G, 100 μM) and Ca2+ insensitive
Alexa-594 (R, 20 μM). We calibrated the system by measuring G/R max and G/
R min (including 2 mM Ca or 2 mM BAPTA, respectively) in a recording pipet.
We then measured G and R in neurons perfused with different Ca2+ buffers
(as in Fig. S3) and used the equation

�
Ca2+

��
KD =

�ðG=RÞ− ðG=RÞmin

���ðG=RÞmax − ðG=RÞ�

to determine the free cytoplasmic Ca2+ levels. The KD value for Ca2+ binding
to Oregon Green BAPTA is 290 nM (45). Images were taken 10–20 min after

whole-cell access was obtained. To measure the ability of neurons to buffer
a calcium transient, neurons were loaded with different internal solutions
(as per Fig. S3) along with 100 μM FURA-2. Images were captured at ∼0.1 Hz
(Till Photonics) before, during, and after a 1-s train of 50 action potentials.
Cell body fluorescence was background subtracted, and deltaF/F was calcu-
lated relative to the first image.

Sources of Drugs. NMDAR and AMPAR antagonists were from Tocris Bio-
science; BAPTA, Oregon Green BAPTA, and FURA-2 were from Invitrogen;
EGTA was from Amresco. All other drugs were from Sigma.
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