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Ionotropic NMDA Receptor Signaling Is Required for the
Induction of Long-Term Depression in the Mouse
Hippocampal CA1 Region
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Previous studies have provided strong support for the notion that NMDAR-mediated increases in postsynaptic Ca 2� have a crucial role
in the induction of long-term depression (LTD). This view has recently been challenged, however, by findings suggesting that LTD
induction is instead attributable to an ion channel-independent, metabotropic form of NMDAR signaling. Thus, to explore the role of
ionotropic versus metabotropic NMDAR signaling in LTD, we examined the effects of varying extracellular Ca 2� levels or blocking
NMDAR channel ion fluxes with MK-801 on LTD and NMDAR signaling in the mouse hippocampal CA1 region. We find that the induction
of LTD in the adult hippocampus is highly sensitive to extracellular Ca 2� levels and that MK-801 blocks NMDAR-dependent LTD in the
hippocampus of both adult and immature mice. Moreover, MK-801 inhibits NMDAR-mediated activation of p38-MAPK and dephos-
phorylation of AMPAR GluA1 subunits at sites implicated in LTD. Thus, our results indicate that the induction of LTD in the hippocampal
CA1 region is dependent on ionotropic, rather than metabotropic, NMDAR signaling.
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Introduction
Excitatory synapses in many brain regions undergo long-lasting,
activity-dependent changes in synaptic strength. For example,
increases in intracellular Ca 2� mediated by NMDAR activation
during brief periods of high-frequency synaptic activity induces
long-term potentiation (LTP), a long-lasting enhancement of
synaptic strength (Lüscher and Malenka, 2012). In contrast,
long-term depression (LTD), a persistent decrease in synaptic
strength, is induced by periods of low-frequency synaptic activ-
ity. Although activation of G-protein-coupled metabotropic glu-
tamate receptors (mGluRs) can induce LTD, at many synapses
the induction of LTD is dependent on NMDAR activation and
increases in intracellular Ca 2� (Collingridge et al., 2010).

The notion that Ca 2� signaling has a crucial role in NMDAR-
dependent forms of synaptic plasticity is widely accepted. How-

ever, although the induction of LTD is blocked by competitive
NMDAR antagonists (Dudek and Bear, 1992; Mulkey and
Malenka, 1992), a recent study found that LTD is not inhibited by
MK-801, an uncompetitive antagonist that blocks NMDAR
channels (Nabavi et al., 2013). This suggests that LTD involves a
metabotropic form of NMDAR signaling where, in a manner
similar to mGluR signaling, conformational changes in
NMDARs induced by glutamate binding can directly activate
downstream signaling pathways. Interestingly, the NMDAR-
dependent inhibition of excitatory synaptic transmission in-
duced by amyloid-� (A�) peptides is also MK-801 insensitive,
suggesting that NMDAR metabotropic signaling contributes to
A�-induced synaptic dysfunction in Alzheimer’s disease (Kessels
et al., 2013; Tamburri et al., 2013). In addition, metabotropic
NMDAR signaling may mediate activation of p38-MAPK
(Nabavi et al., 2013), a protein kinase implicated in both LTD
(Zhu et al., 2002) and the synaptotoxic effects of A� peptides (Li
et al., 2011; Chen et al., 2013).

NMDAR-mediated ionotropic signaling undergoes pro-
nounced changes during early postnatal development, in part
because of developmental changes in the expression of different
GluN2-type NMDAR subunits (Paoletti et al., 2013). Whether
metabotropic signaling by NMDARs is also developmentally
regulated is unclear, however. To examine this question, we com-
pared the effects of MK-801 on LTD induction and NMDA-
induced changes in protein phosphorylation in hippocampal
slices obtained from young and adult mice. We find that MK-801
blocks LTD in the hippocampal CA1 region of adult and, surpris-
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ingly, young mice. Moreover, LTD induction in the adult hip-
pocampus is highly sensitive to extracellular Ca 2� levels. Thus,
ionotropic, rather than metabotropic, NMDAR signaling is re-
sponsible for the induction of LTD during postnatal develop-
ment and in the mature hippocampus.

Materials and Methods
Slice preparation and extracellular recording. Standard methods approved
by the University of California, Los Angeles (UCLA) and Stanford Uni-
versity Institutional Animal Care and Use Committees were used to pre-
pare 400-�m-thick hippocampal slices. In experiments done at UCLA,
slices were obtained from adult (8 –12 weeks old, male) or young (14 –21
d old, male or female) C57BL/6N mice and maintained (at 30°C) in
interface-type chambers perfused (2–3 ml/min) with oxygenated (95%

O2/5% CO2) ACSF containing (in mM) 124 NaCl, 4 KCl, 25 NaHCO3, 1
NaH2PO4, 2 CaCl2, 1.2 MgSO4, and 10 glucose. Slices were allowed to
recover for �2 h before an experiment, and fEPSPs evoked by Schaffer
collateral/commissural fiber stimulation in the CA1 region were re-
corded using techniques described previously (Delgado et al., 2007).
Because of the use-dependent nature of the blockade of NMDARs by
MK-801 (Huettner and Bean, 1988), slices were exposed to ACSF con-
taining MK-801 (10 �M) for �2 h before the start of an experiment, and
MK-801 was present throughout the experiment. To facilitate the induc-
tion of LTD in slices from adult mice, the extracellular concentration of
Ca 2� was increased to 4 mM (Norris et al., 1996; Delgado et al., 2007).

In experiments done at Stanford, hippocampal slices obtained from
CD1 mice (18 –21 d old, male or female) were prepared in a similar
manner to C57BL/6N mice. Slices (300 �m thick) were allowed to re-

Figure 1. MK-801 blocks LTD in the hippocampal CA1 region of adult mice. A, LTD induced by 1 Hz LFS (open circles, n � 6) is blocked by 10 �M MK-801 (filled circles, n � 8) or 50 �M D-APV
(triangles, n � 6). MK-801 or D-APV was present throughout the experiment. Traces are superimposed fEPSPs recorded during baseline and 45 min after LFS. B, Changes in synaptic strength induced
by LFS in slices bathed in ACSF containing 2 mM CaCl2 (open bar, n � 8) or 4 mM CalCl2 (filled bars, *p � 0.005 compared with pre-LFS baseline). C, HFS-induced LTP (open circles, n � 9) is inhibited
by MK-801 (filled circles, n � 8) or D-APV (triangles, n � 6). Traces show superimposed fEPSPs recorded during baseline and 45 min after HFS. D, chem-LTD is blocked by MK-801. Bath application
of 20 �M NMDA induced LTD in interleaved control experiments (open circles, n � 6) but had no effect on synaptic strength in MK-801-treated slices (filled circles, n � 4, p � 0.001 compared with
control). Traces are superimposed fEPSPs recorded during baseline and 50 min after NMDA application. E, chem-LTD is blocked when NMDA is applied in Ca 2�-free ACSF (no added CaCl2). A 15 min
bath application of Ca 2�-free ACSF alone (shaded region) transiently abolished synaptic transmission but had no lasting effect on synaptic strength (squares, n � 8). Bath application of NMDA
induced LTD in interleaved control experiments (open circles, n � 6) but had no lasting effect on synaptic strength when applied in Ca 2�-free ACSF (filled circles, n � 6). Traces show superimposed
fEPSPs recorded during baseline and 50 min after NMDA application in Ca 2�-free ACSF (right) in control experiments (left). Calibration: A, D, E, 1 mV, 5 ms; C, 2 mV, 5 ms.
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cover in oxygenated (95% O2/5% CO2) ACSF maintained at 30°C for 1 h
and transferred to a holding chamber containing ACSF or ACSF with
MK-801 (50 �M) at room temperature for a minimum of 2 h before being
transferred to the recording chamber (at 30°C). To maximize the num-
ber of synaptic NMDARs blocked by MK-801, slices were prestimulated
at 0.2 Hz for 5 min at approximately twice the intensity used to elicit
baseline fEPSPs. Picrotoxin (50 �M) was present in the perfusion solu-
tion in all experiments.

Three different synaptic stimulation protocols were used to examine
the effect of MK-801 on activity-dependent changes in synaptic strength:
(1) 1 Hz low-frequency stimulation (LFS; 900 pulses); (2) 2 Hz LFS (900
pulses); and (3) high-frequency stimulation (HFS; four trains of 100 Hz
stimulation, 1 s in duration; inter-train interval, 20 s). We also examined
the effect of MK-801 on LTD using a chemical induction protocol
(chem-LTD; Lee et al., 1998; Delgado et al., 2007). In these experiments,
slices were maintained in a submerged-slice recording chamber, and
LTD was induced by a 3 min bath application of 20 �M NMDA.

Western immunoblotting. Hippocampal slices or CA1 mini slices
(where CA3 and dentate gyrus were removed during dissection to isolate
the CA1 region) were prepared and maintained as described above. Slices
were then placed into two separate interface-type chambers and allowed
to recover for 2 h. During this time, one chamber was perfused with
ACSF, whereas slices in the second chamber were exposed to ACSF con-

taining 10 �M MK-801. Several slices from both chambers were then
collected to serve as untreated controls, and the remaining slices were
collected immediately after a 3 min bath application of 20 �M NMDA.
Slice homogenates were prepared using techniques described previously
(Delgado et al., 2007), and proteins were resolved on 12% SDS-PAGE
gels and transferred onto nitrocellulose membranes. After incubation in
primary and secondary antibodies, immunoreactive bands were visual-
ized using enhanced chemiluminesence. For quantification, all blots
were probed with anti-tubulin antibodies, and the optical density of
bands of interest were normalized to tubulin levels in each lane to control
for variations in loading.

Reagents and antibodies. NMDA (Sigma-Aldrich) and MK-801 and
D-APV (both from Abcam) were prepared as concentrated stock solu-
tions in double-distilled H2O. Anti-phospho-Thr840 GluA1 (1:2000)
and total GluA1 (1:4000) antibodies were from Abcam. Anti-phospho-
Ser845 GluA1 (1:1000) was from Millipore. Anti-phospho-p38-MAPK
(1:1000) antibody was from Cell Signaling Technology. Anti-�III-
tubulin (1:20,000) was from Sigma-Aldrich. HRP-conjugated secondary
antibodies (1:2000) were obtained from GE Healthcare.

Statistics. All results are presented as mean � SEM. Statistical sig-
nificance was determined using paired and unpaired t tests, one-way
ANOVAs, or, where appropriate, one-way ANOVAs on ranks. Stu-
dent–Newman–Keuls tests were used for post hoc comparisons.

Results
MK-801 blocks LTD and LTP in hippocampal slices from
adult mice
Blocking NMDAR ionotropic signaling with MK-801 provides
a useful approach for examining ion channel-independent,
metabotropic forms of NMDAR signaling (Yang et al., 2004; Kes-
sels et al., 2013; Nabavi et al., 2013; Tamburri et al., 2013). Thus,
to determine whether metabotropic NMDAR signaling underlies
LTD in the CA1 region of the adult hippocampus, we first exam-
ined whether MK-801 fails to inhibit LTD induced by 1 Hz LFS in
slices obtained from 8- to 12-week-old mice. In control experi-
ments, fEPSPs were depressed to 77 � 4% of baseline 45 min after
LFS (n � 6; p � 0.005 compared with pre-LFS baseline; Fig. 1A).
In contrast, LFS in the presence of the competitive NMDAR an-
tagonist D-APV had no lasting effect on synaptic strength (fEPSPs
were 102 � 4% of baseline, n � 6), indicating that the induction
of LTD is NMDAR dependent (Fig. 1A). LTD was also blocked,
however, in slices where LFS was delivered in the presence of
MK-801 (10 �M; Fig. 1A; fEPSPs were 100 � 12% of baseline, n �
8). Consistent with previous reports (Norris et al., 1996; Delgado
et al., 2007), the induction of LTD in slices from adult animals
was sensitive to extracellular Ca 2� levels as LTD was not induced
by LFS in slices bathed in ACSF containing 2 mM CaCl2 (Fig. 1B).
Thus, Ca 2�-dependent, ionotropic NMDAR signaling is re-
quired for the induction of LTD in the hippocampal CA1 region
of adult mice.

In the CA1 region of hippocampal slices from young animals,
HFS in the presence of MK-801 induces LTD (Nabavi et al.,
2013). Thus, we also examined the effect of MK-801 on HFS-
induced changes in synaptic strength in slices from adult mice.
Although MK-801 significantly inhibited HFS-induced LTP, it
did not enable the induction of LTD [Fig. 1C; 45 min post-HFS
fEPSPs were 164 � 6% of baseline in control experiments (n � 9)
and were 111 � 4% of baseline in MK-801 experiments (n � 8);
p � 0.001 compared with control]. The small potentiation of
synaptic transmission induced by HFS in the presence of MK-801
was also seen in experiments where NMDARs were blocked with
D-APV (Fig. 1C). Together, these data suggest that the HFS pro-
tocol used in these experiments induces a small NMDAR-
independent form of potentiation and that blocking NMDAR

Figure 2. MK-801 blocks LTD induction in the hippocampal CA1 region of slices from young
animals. A, MK-801 blocks 1 Hz LFS-induced LTD in slices from young C57BL/6 mice (open
circles, interleaved control experiments, n � 7; filled circles, LFS in 10 �M MK-801, n � 6, p �
0.05 compared with control). B, MK-801 blocks 2 Hz LFS-induced LTD in slices obtained from
young CD1 mice. Slices were incubated in ACSF containing 50 �M MK-801 for 2– 6 h before 2 Hz
LFS, and MK-801 was washed out after LFS (filled symbols, n � 8, p � 0.05 compared with
control). Open symbols indicate results from interleaved control experiments (n � 8). Traces in
A and B show superimposed fEPSPs recorded during baseline and after LFS in control (bottom)
and MK-801 (top) experiments. Calibration: A, 1 mV, 10 ms; B, 0.5 mV, 10 ms.
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channels with MK-801 does not enable
HFS-induced LTD in slices from adult
mice.

As a final test for the potential role of
metabotropic NMDAR signaling in LTD
in the adult hippocampus, we examined
whether chem-LTD can still be induced in
the presence of MK-801. Although a 3
min bath application of 20 �M NMDA in-
duced significant LTD in control experi-
ments (fEPSPs were 52 � 7% of baseline
50 min after NMDA application, n � 6),
NMDA had no effect on synaptic trans-
mission in slices incubated in ACSF con-
taining MK-801 (Fig. 1D; fEPSPs were
101 � 1% of baseline, n � 4; p � 0.001
compared with control). Thus, like LFS-
induced LTD, chem-LTD is also depen-
dent on ionotropic NMDAR signaling.
Indeed, bath application of NMDA in
Ca 2�-free ACSF failed to induce LTD
[Fig. 1E; 50 min post-NMDA application
in Ca 2�-free ACSF fEPSPs was 112 � 8%
of baseline (n � 6) compared with 53 �
8% of baseline in interleaved control ex-
periments (n � 6); p � 0.001].

MK-801 blocks LTD in hippocampal
slices from young mice
Because MK-801 readily blocked LTD in
hippocampal slices from adult animals,
we reexamined the effects of MK-801 on
LTD induction in slices obtained from
young mice to test whether LTD is MK-
801 insensitive in the hippocampus of
young animals (Nabavi et al., 2013). Sur-
prisingly, MK-801 completely blocked
LFS-induced LTD in slices obtained from
young C57BL/6 mice Fig. 2A; fEPSPs were
78 � 5% of baseline 50 min after LFS in
interleaved control experiments (n � 7)
but were 99 � 6% of baseline after LFS in
the presence of MK-801 (n � 6); p � 0.05
compared with control). Similarly, MK-
801 also blocked LTD induced by a differ-
ent LFS protocol (900 pulses at 2 Hz) in
slices obtained from young CD1 mice Fig.
2B; fEPSPs were 104 � 6% of baseline af-
ter LFS in MK-801 (n � 8) compared with
81 � 5% of baseline in interleaved control
experiments (n � 8); p � 0.05. Thus, as in
adult animals, our results indicate that
NMDAR channel ion flux is crucial for
inducing LTD in the hippocampal CA1
region of young mice.

MK-801 blocks NMDAR-mediated
changes in protein phosphorylation at
sites implicated in LTD
Because dephosphorylation of AMPAR GluA1 subunits and ac-
tivation of p38-MAPK are thought to contribute to LTD induc-
tion (Lee et al., 1998, 2000; Zhu et al., 2002; Delgado et al., 2007),
we also used MK-801 to examine whether metabotropic signaling

by NMDARs regulates p38-MAPK and GluA1 phosphorylation.
Although a 3 min application of 20 �M NMDA induced a nearly
twofold increase in p38-MAPK phosphorylation in control CA1
mini slices from adult mice, it had no effect on p38-MAPK phos-
phorylation in mini slices incubated in ACSF containing MK-801

Figure 3. MK-801 blocks activation of p38-MAPK and AMPAR GluA1 subunit dephosphorylation induced by NMDAR
activation. A, MK-801 blocks NMDA-induced increases in p38-MAPK phosphorylation and GluA1 dephosphorylation at
serine 845 and threonine 840 in CA1 mini slices from adult mice ([Ca 2�]o � 4.0 mM, n � 6). Although basal levels of GluA1
S845 phosphorylation tended to be elevated in MK-801-treated slices, this difference was not statistically significant ( p �
0.065). UT, Untreated slices; N, NMDA treated slices. B, NMDA-induced increases in p38-MAPK phosphorylation and GluA1
phosphorylation are blocked by MK-801 in hippocampal slices from young mice ([Ca 2�]o � 2.0 mM, n � 5). *p � 0.05
compared with untreated control slices.
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(Fig. 3A). NMDA-induced increases in p38-MAPK phosphory-
lation in slices from young mice were also blocked by MK-801
(Fig. 3B). Similarly, MK-801 blocked NMDA-induced dephos-
phorylation of GluA1 subunits in slices from adult (Fig. 3A) and
young (Fig. 3B) mice. Thus, ionotropic NMDAR signaling is re-
quired for activation of downstream signaling pathways impli-
cated in LTD in the hippocampus of young and adult mice.

Discussion
Within the postsynaptic density of excitatory synapses, NMDARs
are associated with a large number of adaptor proteins and down-
stream signaling molecules through protein interactions medi-
ated by the C-terminal tails of their GluN2 subunits (Husi et al.,
2000; Paoletti et al., 2013). These protein interactions might pro-
vide a mechanism whereby conformational changes associated
with glutamate binding could activate downstream signaling
pathways. Thus, the notion that NMDARs are capable of
metabotropic-like signaling is an intriguing possibility. More-
over, kainate receptors, another type of ionotropic glutamate
receptor, are capable of metabotropic signaling (Lerma and
Marques, 2013). However, until recently, there have been only a
few reports suggesting that NMDARs might be capable of
metabotropic signaling (Vissel et al., 2001; Yang et al., 2004).
Thus, the recent suggestion that a Ca 2�-independent, metabo-
tropic form of signaling by NMDARs underlies the induction of
LTD represents a potentially important advance in our under-
standing of both synaptic plasticity and NMDAR signaling
(Nabavi et al., 2013). However, in contrast to these findings, we
find that the induction of LTD is sensitive to extracellular Ca 2�

levels and that blocking NMDAR channels with MK-801 blocks
LTD. MK-801 also abolished activation of p38-MAPK and
changes in AMPAR GluA1 subunit phosphorylation induced by
NMDAR activation. Thus, our results are consistent with the
view that Ca 2�-dependent, ionotropic NMDAR signaling under-
lies the induction of LTD at Schaffer collateral fiber synapses onto
CA1 pyramidal cells in both the adult and young hippocampus.

The reasons for the discrepancy between our findings and
those reported by Nabavi et al. (2013) are unclear. Because of the
use-dependent nature of the MK-801 block of NMDAR channels
(Huettner and Bean, 1988), one possibility is that the MK-801-
resistant LTD seen in the experiments of Nabavi et al. (2013) is
caused by incomplete block of NMDARs. This explanation seems
unlikely, however, as we find that LTD is blocked by 2- to 10-fold
lower concentrations of MK-801 than those used by Nabavi et al.
(2013). Moreover, MK-801 completely prevents the inhibition of
synaptic transmission induced by bath application of NMDA
(Fig. 1D), suggesting that spontaneous glutamate release pro-
duces sufficient levels of receptor activation to enable inhibition
of NMDARs during prolonged exposures to MK-801. An alter-
native, albeit unlikely, explanation is that even if NMDAR-
mediated currents and NMDAR-triggered changes in intracellular
Ca2� are undetectable after application of MK-801 (Nabavi et al.,
2013), these assays may have been unable to detect very small cur-
rents and, more importantly, small increases in Ca2� levels at the
intracellular mouths of the NMDAR channels during LTD induc-
tion protocols.

Because our experiments were done using hippocampal slices
obtained from mice whereas rat hippocampal slices were used in
the previous studies (Nabavi et al., 2013), another possibility is
that the role of metabotropic NMDAR signaling in LTD is species
dependent. It would be surprising, however, if such a fundamen-
tal property of LTD induction was so different in two closely
related species. Moreover, previous findings have shown that

MK-801 not only inhibits LTD in the mouse visual cortex (Cro-
zier et al., 2007) but also blocks LFS-induced LTD and chem-LTD
in the CA1 region of rat hippocampus (Raymond et al., 2003;
Kollen et al., 2008). Our observation that MK-801 blocks
NMDA-induced activation of p38-MAPK also contradicts the
role of metabotropic NMDAR signaling in LTD induction
(Nabavi et al., 2013), but it is consistent with previous studies
showing that MK-801 inhibits NMDA-induced increases in p38-
MAPK phosphorylation in hippocampal neurons (Waxman and
Lynch, 2005; Xiao et al., 2011).

The ability of MK-801 to inhibit LTD induction is consistent
with a number of previous findings suggesting that LTD induc-
tion requires ionotropic NMDAR signaling. For example, pat-
terns of synaptic stimulation that normally have no effect on
synaptic strength can induce LTD when paired with modest post-
synaptic depolarization (Oliet et al., 1997; Ngezahayo et al., 2000)
or dendritic spikes (Holthoff et al., 2004). This property of LTD
induction can be readily explained by the voltage-dependent
Mg 2� block of NMDAR ion channels, but it is difficult to
understand if LTD induction involves an ion channel-
independent form of NMDAR signaling. In addition, LTD is
blocked by postsynaptic infusions of Ca 2� chelators (Bröcher et
al., 1992; Mulkey and Malenka, 1992; Debanne et al., 1994) and is
dependent on Ca 2�-activated signaling mechanisms, such as ac-
tivation of protein phosphatase 2B (Mulkey et al., 1994) and the
neuronal Ca 2� sensor hippocalcin (Palmer et al., 2005). Al-
though the mechanism underlying the block of LTD by Ca 2�

chelators has been questioned (Nabavi et al., 2013), it is unclear
how a Ca 2�-independent form of NMDAR signaling could ac-
count for the key role of Ca 2�-dependent signaling pathways in
LTD. Indeed, activation of voltage-dependent Ca 2� channels
alone can induce a form of LTD that occludes NMDAR-triggered
LTD (Cummings et al., 1996), and the induction of LTD by LFS
occludes the persistent depression of synaptic transmission in-
duced by photolysis of caged Ca 2� chelators (Neveu and Zucker,
1996). Thus, our results are consistent with a large body of pre-
vious results, all of which support a crucial role for NMDAR-
mediated Ca 2� signaling in LTD. Although our results do not
rule out the possibility that NMDARs are capable of metabo-
tropic signaling, they do indicate that this form of signaling is
unlikely to have an important role in NMDAR-dependent LTD at
excitatory synapses on hippocampal CA1 pyramidal neurons.
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