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Metaplastic Regulation of Long-Term Potentiation/Long-
Term Depression Threshold by Activity-Dependent Changes

of NR2A/NR2B Ratio
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In vivo experience induces changes in synaptic NMDA receptor (NMDAR) subunit components, which are correlated with subsequent
modifications of synaptic plasticity. However, little is known about how these subunit changes regulate the induction threshold of
subsequent plasticity. At hippocampal Schaffer collateral-CA1 synapses, we first examined whether a recent history of neuronal activity
could affect subsequent synaptic plasticity through its actions on NMDAR subunit components. We found that prior activity history
produced by priming stimulations (PSs) across a wide range of frequencies (1-100 Hz) could induce bidirectional changes in the
NR2A/NR2B ratio, which governs the threshold for subsequent long-term potentiation/long-term depression (LTP/LTD). Manipulating
the NR2A/NR2B ratio through partial NR2 subunit blockade mimicked the PS regulation of the LTP/LTD threshold. Our results demon-
strate that activity-dependent changes in the NR2A/NR2B ratio can be critical factors in metaplastic regulation of the LTP/LTD threshold.

Introduction

The Bienenstock—Cooper—Munro (BCM) theory, proposed in
the early 1980s, was considered as a complement to Hebb’s theory
by proposing that active synapses could grow stronger or weaker
depending on whether their postsynaptic activity fell above or
below a “modification threshold” called 6,,, (Bienenstock et al.,
1982; Deisseroth et al., 1995; Abraham and Bear, 1996; Abraham
and Tate, 1997; Bear, 2003; Abraham, 2008), also called the long-
term potentiation/long-term depression (LTP/LTD) crossover
point (0 p,.1p). The properties of synaptic plasticity could pri-
marily be affected by the recent history of synaptic or cellular
activity. This property could keep the network of modifiable syn-
apses within a useful dynamic range and contribute to homeosta-
sis (Bear, 2003; Abraham, 2008).

NMDA receptors (NMDARs) consist of the obligatory NR1
subunit in combination with NR2A-D and NR3A-B subunits
(Sheng et al., 1994; Perez-Otano et al., 2001). NR2A and NR2B
subunits have longer intracellular C-tails than the NR1 subunit,
which endow them the capability to interact with neighboring
postsynaptic density proteins (Osten et al., 2000). Therefore,
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NR2A and NR2B mainly determine the properties of the
NMDAR. Many forms of synaptic plasticity depend on NMDAR
activation and subsequent increase of intracellular Ca** (Morris
et al., 1986; Cline et al., 1987; Kleinschmidt et al., 1987). Modu-
lation of NMDAR activation and the biochemical downstream
cascade after Ca*™ entry through the NMDAR are favorable tar-
gets for metaplasticity expression (Abraham and Tate, 1997).

A series of elegant investigations by Bear’s laboratory in layer 3
of the visual cortex demonstrated that the “sliding threshold” is
an attractive mechanism based on experience-dependent alter-
ations in NMDARs (Kirkwood et al., 1996; Quinlan et al.,
1999a,b; Philpot et al., 2001, 2003, 2007; Shouval et al., 2002;
Bear, 2003; Iny et al., 2006). The coincident alterations in the
NR2A/NR2B ratio and in the 60;p,; rp inspired the assumption
that changes in NR2A/NR2B lead to sliding of 6, 1p,11p (Bear,
1995; Quinlan et al., 1999a,b; Philpot et al., 2007; Yashiro and
Philpot, 2008). They put forward a hypothesis that activity-
dependent changes in NR2A/NR2B are involved in metaplastic
regulation of the LTP/LTD threshold (Morishita et al., 2007;
Yashiro and Philpot, 2008). Although a recent study using genetic
ablation of NR2A suggests an obligatory role of NR2A for meta-
plasticity in the visual cortex, and thus adds new support to this
hypothesis (Philpot et al., 2007), there is no direct examination
whether and how activity-dependent changes in the NR2A/NR2B
ratio take an active role in bidirectional metaplastic regulation of
the LTP/LTD threshold. Resolving this question will be very help-
ful to understand in depth the role of NR2 subunits in the regu-
lation of synaptic plasticity.

In the present study, we first studied the effects of priming
stimulations (PSs) at different frequencies on the properties of
NMDAR-mediated synaptic responses and 60, 1p, 1 in CA1l py-
ramidal neurons. We then demonstrated that the changes in



Xu etal. o Bidirectional Metaplastic Regulation of LTP/LTD Threshold

NR2A/NR2B and 6, ;1 are highly correlated. Finally, through
manipulation of the NR2A/NR2B ratio using partial NR2A or
NR2B blockade, we provided direct evidence for the active role of
changes in NR2A/NR2B in bidirectional metaplastic regulation

of O 1o

Materials and Methods

Hippocampal slice preparation

Male Sprague Dawley rats, 2—-3 weeks old, were anesthetized with ethyl
ether and decapitated. The entire hippocampus was removed from the
brain. Coronal brain slices (350 wm thickness) were cut using a vibrating
blade microtome in ice-cold artificial CSF (ACSF) containing (in mwm)
126 NaCl, 2.5 KCl, 1 MgCl,, 1 CaCl,, 1.25 KH,PO,, 26 NaHCO,, and 20
glucose. ACSF was bubbled continuously with carbogen (95% O,/5%
CO,) to adjust the pH to 7.4. Fresh slices were incubated in a chamber
with carbogenated ACSF and recovered at 34°C for at least 1.5 h, before
they were transferred to a recording chamber.

Electrophysiological studies
PSs across a range of frequencies (1, 5, 10, 20, 50, and 100 Hz) were
applied to Schaffer fibers through a constant current pulse delivered by a
bipolar tungsten electrode. To avoid PSs that cause persistent changes in
EPSPs, we used a dual-recording technique [one pipette for the field
EPSP (fEPSP) recording and another one for the whole-cell EPSC re-
cording (Malinow et al., 1989)] in the preliminary experiments and
found that, at the intensity producing one-fifth maximal fEPSPs, PSs
across different frequencies consistently failed to induce persistent
changes under these two recording configurations. In our subsequent
formal experiments, we used only a single electrode. Each time before we
delivered PSs, we first recorded fEPSPs to set the intensity to the one-fifth
maximal level. Immediately after we finished the PSs, we rapidly switched
from the pipette containing saline solution (resistance, 2-5 M(}) for
recording fEPSPs to a pipette for whole-cell EPSC recordings and only
started the 5 min baseline EPSC recording 20 min later. So LTP/LTD
induction with the whole-cell patch configuration was conducted 25 min
after the PSs were finished. The slices were perfused with bicuculline
immediately after PSs were delivered; therefore, we can achieve an equi-
librium concentration and make sure the baseline data are real EPSCs in
before induction of plasticity. Conventional whole-cell recordings were
made with patch pipettes containing (in mwm) 17.5 CsCl, 2 MgCl,, 0.5
EGTA, 10 HEPES, 4 ATP, and 5 QX-314, with the pH adjusted to 7.2 by
CsOH. Hippocampal slices were perfused with 34°C ACSF that was bub-
bled continuously with carbogen (95% O,/5% CO,) to adjust the pH to
7.4. Evoked synaptic responses were evoked at 0.05 Hz, except during the
induction of LTP or LTD. LTP was induced with 200 synaptic stimuli at
2 Hz during a 2.5 min depolarization to 0 mV (Chen et al., 1999; Zhao et
al., 2008). LTD was induced with 300 synaptic stimuli at 1 Hz during
depolarization to —45 mV (Zhuetal., 2002; Liu et al., 2004; Toyoda et al.,
2005). The threshold response was elicited with stimulation of 300 pulses
of 1 Hz during depolarization to —30 mV (Artola et al., 1990; Toyoda et
al., 2005), a protocol that we refer to as the “threshold protocol” here.
This stimulating protocol might induce a response at the crossover point
(6 1p/1mp)> Whereas the PSs allow it to now elicit either LTP or LTD. The
current intensity of test stimuli (25-50 wA) was set to produce half-
maximal EPSCs. EPSCs were recorded in ACSF perfusion medium con-
taining bicuculline methiodide (BMI; 10 uMm) to block GABA , receptor-
mediated inhibitory synaptic currents. CA1 neurons were viewed under
upright microscopy (ECLIPSE E600-FN, Nomasky; Nikon) and re-
corded with an Axopatch-200B amplifier (Molecular Devices). Changes
in LTP/LTD production were examined during the last 5 min of record-
ing. Data were low-pass filtered at 2 kHz and acquired at 5-10 kHz. The
series resistance (R) was always monitored during recording for fear of
resealing the ruptured membrane, which will cause changes in both the
kinetics and amplitude of the EPSCs. Cells in which the R or capacitance
deviated by >20% from initial values were excluded from the analysis.
Also, cells with R > 20 M() at any time during the recording were ex-
cluded from the analysis. Data were collected with pClamp 9.2 software
and analyzed using Clampfit 9.2 (Molecular Devices).

The NR2A/NR2B ratio was measured using a specific NR2B antago-
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nist, ifenprodil (3 um), to distinguish between the NR2A and NR2B
components. The area under the evoked NMDAR-mediated EPSC
curves before and after ifenprodil application (i.e., the ifenprodil-
sensitive component) was considered as current mediated by the NR2B
subunit. The remaining current component was considered mediated by
the NR2A subunit. The data were averaged and analyzed using Mini-
analysis software (Synaptosoft).

Drugs. Blockers, including AP-5, NBQX (1,2,3,4-tetrahydro-6-nitro-
2,3-dioxo-benzo[f]quinoxaline-7-sulfonamide hydrate), and ifen-
prodil were purchased from Sigma-Aldrich. BMI was purchased from
Tocris. NR2A antagonist NVP-AAMO077 was kindly provided by
Novartis.

Data analysis. Within-group comparisons were performed using two-
tailed ¢ tests, and differences between groups were compared using
ANOVA post hoc comparisons. An ANOVA post hoc least significant
difference (LSD) test was used when equal variances were assumed. Dif-
ferences were considered significant when p < 0.05, and significance for
the homogeneity of variance test was set at 0.1. Data are shown as the
mean = SEM.

Results

PSs at different frequencies exert differential influences on
subsequent LTP/LTD induction

We first examined whether and how PSs at different frequencies
could change the subsequent LTP induction. PSs across a range of
frequencies (1, 5, 10, 20, 50, and 100 Hz) was delivered to the
Schaffer’s fibers of hippocampal slices. The pulse number for the
stimulation at each frequency was fixed at 600 (Wagner et al.,
1998; Wang and Wagner, 1999; Mockett et al., 2002). The inten-
sity of the PSs was set to produce one-fifth maximal fEPSPs. PSs at
this intensity failed to produce any persistent changes in either
fEPSPs or EPSCs (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). Immediately after we
finished the PSs, we rapidly switched from the pipette containing
saline solution (resistance, 2-5 M) for recording fEPSPs to the
pipette for whole-cell EPSC recordings. It was reported that the
effect of prior activity history on subsequent synaptic activity
could last at least 30 min but decay in <1 h (Huang et al., 1992;
Abraham and Bear, 1996). To avoid the decay of the effect exerted
by prior activity history and make our results between different
groups comparable, we started to collect baseline EPSCs only
~20 min after the PSs were finished, using a whole-cell patch-
clamp recording technique on hippocampal CAl neurons.
Therefore, recording of whole-cell EPSCs only started 20 min
later. After 5 min of stable baseline recording of evoked EPSCs
with a perfusate containing GABA , receptor antagonist BMI (10
uM), LTP was induced in CA1 pyramidal neurons with 200 syn-
aptic stimuli at 2 Hz during a 2.5 min depolarization to 0 mV
(Chen et al., 1999; Zhao et al., 2008). This pairing protocol elic-
ited a marked potentiation of EPSC amplitude (150.5 = 3.7% of
baseline; n = 6; p < 0.001) (Fig. 1 A). Interestingly, we found that
low-frequency PSs (LPS; 1 or 5 Hz) significantly elevated the
magnitude of subsequent potentiation (1 Hz: 201.3 = 11.3% of
baseline compared with control LTP, p < 0.001, n = 7; 5 Hz:
175.8 = 5.0% of baseline compared with control LTP, p < 0.01,
n = 7; ANOVA post hoc LSD test) (Fig. 1A,B,G). In contrast,
high-frequency PSs (HPS; 50 or 100 Hz) significantly decreased
the magnitude of subsequent potentiation (50 Hz: 106.4 = 3.3%
compared with control LTP, p < 0.001, n = 8; 100 Hz: 109.5 =
4.1% compared with control LTP, p < 0.001, n = 7) (Fig. 1 E-G).
PSsat 10 and 20 Hz did not lead to marked changes in the poten-
tiation level (10 Hz: 154.7 = 5.9% compared with control LTP,
p>0.05,n=7;20Hz: 146.2 = 5.6% of baseline compared with
control LTP, p > 0.05, n = 7) (Fig. 1C, D, G). These data suggest
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fects on subsequent L'TD induction.

paring LTP in CAT cells delivered with 600 pulses of 1 Hz (4; n = 7) or 5 Hz (B; n = 7) LPS with LTP in interleaved control cells

without PSs. PSs were applied ~20 min before the baseline recording. LTP was induced in CA1 neurons with 200 synaptic stimuli

PSs at different frequencies induce
sliding of Oy 1p,11p
Previous studies have suggested that the
mechanisms for regulating the threshold for
inducing synaptic plasticity and the magni-
tude of the expressed plasticity could be dif-
ferent (Lu et al., 2001; Philpot et al., 2007);
thus, we also investigated whether the above
observed changes in LTP/LTD magnitude
after PSs could be attributable to a shifting
0, rp/i7r>» defined as the LTP/LTD crossover
point. A stimulating protocol that is above the LTD induction
threshold but below the LTP induction threshold and induces nei-
ther LTP nor LTD might induce a response at the crossover point,
whereas PSs allow this protocol to now elicit either LTP or LTD.
Previous studies have examined the persistent changes in synaptic
responses using various pairing protocols with different depolariza-
tion levels. Those studies showed that one protocol (stimulation
with 300 pulses at 1 Hz depolarization to —30 mV) that was at a
depolarization level set between inducing LTP and LTD was very
reliable and consistently failed to elicit a threshold response (Artola
et al., 1990; Toyoda et al., 2005). Indeed, we made similar observa-
tions that no significant persistent changes in EPSC amplitude were
detected with this protocol (99.6 = 1.7% of baseline; n = 6; p >
0.05). Therefore, we called this induction protocol the threshold
protocol.

Then, we investigated whether PSs at different frequencies could

on the Schaffer fibers at 2 Hz during a 2.5 min depolarization to 0 mV in the presence of the GABA, antagonist BMI (10 rum).
Obviously, 1and 5 Hz LPSs facilitated subsequent LTP induction by increasing the potentiation magnitude. Filled arrows refer to
the time points that the PSs were delivered. Open arrows refer to the time points when the LTP-producing pairing protocols were
applied. €, D, Summary graphs comparing LTP in cells primed with 600 pulses of 10 Hz (C;n = 7) or 20 Hz (D; n = 7) PSs with LTP
ininterleaved control cells without PSs. The 10 and 20 Hz PSs failed to exert any significant effect on subsequent LTP induction. E,
F, Summary graphs comparing LTP in CA1 cells primed with 600 pulses of 50 Hz (E; n = 8) or 100 Hz (F; n = 7) HPS with LTP in
interleaved control cells without PSs. The 50 and 100 Hz HPS suppressed subsequent LTP induction by decreasing the potentiation
magnitude. G, Summary of data comparing LTP in cells primed with stimulations at different frequencies. **p << 0.01; ***p <
0.001; ANOVA post hoc LSD test versus control. H, Cumulative distributions of normalized EPSCs in cells primed with different
stimulations and in interleaved control cells without PSs. Norm., Normalized; con., control.

affect subsequent threshold responses induced by this threshold pro-
tocol. Interestingly, after 600-pulse LPS (1 and 5 Hz), LTP was pro-
duced with the threshold protocol (1 Hz: 128.9 = 2.3% of baseline
compared with control, p < 0.05, n = 6; 5 Hz: 124.3 * 6.0% of
baseline, p < 0.01, n = 6; ANOVA post hoc LSD test) (Fig.
3A,B,E, F).In contrast, HPS at 50 or 100 Hz led to the production of
LTD (50 Hz: 70.9 * 6.3% of baseline compared with control, p <
0.05, n = 7; 100 Hz: 65.7 = 7.9% of baseline, p < 0.05, n = 6) (Fig.
3C,D,G,H). These data suggest bidirectional regulation of 0, p/; 1
by prior activity history. LPS led to left-shifting of 6,1, 1 and fa-
cilitation of subsequent LTP induction, whereas HPS led to right-
shifting of 6, -p;; 1 and facilitation of subsequent LTD production.

PS-induced changes in LTP/LTD induction are correlated
with changes in the NR2A/NR2B ratio

There is evidence for altered NMDAR function as a basis for
metaplasticity in the visual system (Quinlan et al., 1999a,b;
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Figure 2.  PSs with different frequencies exert differential influences on subsequent LTD induction. 4, B, Summary graphs ~ and in the level of the NR2A/NR2B ratio

comparing LTD in CA1 cells primed with 600 pulses of 1 Hz (4; n = 7) or 5 Hz (B; n = 8) LPS with LTD in interleaved control cells
without PSs. PSs were applied ~20 min before the baseline recording. LTD was induced in CAT neurons with 300 synaptic stimuli
of the Schaffer fibers at 1 Hz during depolarization to —45 mV in the presence of the GABA, antagonist BMI (10 wum). Obviously,
1or5Hz LPS suppressed subsequent LTD induction by decreasing the depression magnitude. Filled arrows refer to the time points
when the PSs were delivered. Open arrows refer to the time points when the LTD-producing pairing protocols were applied. C, D,
Summary graphs comparing LTD in cells primed with 600 pulses of 10 Hz (C; n = 7) and 20 Hz (D; n = 7) PSs with LTD in
interleaved control cells without PSs. The 10 and 20 Hz PSs failed to exert any significant effect on the subsequent LTD induction.
E, F, Summary graphs comparing LTP in CA1 cells primed with 600 pulses of 50 Hz (E; n = 7) or 100 Hz (F; n = 8) HPS with LTD in
interleaved control cells without PSs. The 50 and 100 Hz HPS facilitated subsequent LTD induction by increasing the depression
magnitude. G, Summary of data comparing LTD in cells primed with PSs at different frequencies. ***p << 0.001, ANOVA post hoc
LSD test versus control. H, Cumulative distributions of normalized EPSCs in cells priming with different stimulations and in

interleaved control cells without PSs. Norm., Normalized; con., control.

Philpot et al., 2003). We therefore also examined whether any
NMDAR function changes were accompanied with above
changes in LTP/LTD induction after PSs in CAl pyramidal
neurons. Because previous studies in the visual system dem-
onstrated altered NR2 subunit composition or the NR2A/
NR2B ratio after different visual experiences (light depriva-
tion or light reexposure), we examined the NR2A/NR2B ratio
at the same time points for detecting LTP/LTD induction after
PSs. We used an NR2B-specific antagonist, ifenprodil (3 um),
to distinguish the NR2A and NR2B components. The area
between the NMDAR-mediated EPSC current curves before
and after ifenprodil application (i.e., the ifenprodil-sensitive
component) was considered as the NR2B-mediated current.
The area under the remaining current curve was considered to
be mediated by the NR2A subunit (Fig. 4A). We found that
600-pulse LPS (1 and 5 Hz) markedly decreased the NR2A/
NR2B ratio (1 Hz: 1.8 £ 0.7 compared with control, 2.0 = 0.1;

set by PSs were negatively correlated. The
correlation could be explicitly interpreted
by the equation Y= —77.0X + 206.4 (r =
—0.93; p < 0.01) (Fig. 4C). Conversely, the
changes in the magnitude of depression
and in the level of NR2A/NR2B ratios set
by PSs were positively correlated and
well interpreted by the equation Y =
38.0X — 43.3 (r = 0.97; p < 0.001) (Fig.
4D). These data analyses suggest that
changes in the NR2A/NR2B ratio and
LTP/LTD threshold are highly corre-
lated. One possibility is that PSs first lead
to changes in the NR2A/NR2B ratio, which in turn causes a
shift in the LTP/LTD threshold.

We also examined whether the metaplasticity caused by PS re-
quired NMDAR activity. After simultaneous application of AP-5 (50
M) with PSs, the subsequent NR2A/NR2B ratio showed no marked
difference compared with the no-priming control (1 Hz PSs and
AP-5: NR2A/NR2B = 2.1 £ 0.1, n = 7; compared with control,
NR2A/NR2B = 2.0 £ 0.1, n = 7, p > 0.05, ANOVA post hoc LSD
test; 100 Hz PSs and AP-5: 2.1 * 0.03, n = 6; compared with control,
p > 0.05,n = 6). Accordingly, the threshold protocol failed to pro-
duce LTP or LTD (1 Hz PSs and AP-5: 92.9 = 1.7% of baseline, n =
7; compared with no-priming control, p > 0.05; 100 Hz PSs and
AP-5,95.0 = 7.5% of baseline, n = 6; compared with control, p >
0.05) (supplemental Fig. 3, available at www.jneurosci.org as supple-
mental material). These results demonstrated that PS-induced
metaplasticity is dependent on NMDAR activity.
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7.4% of baseline, n = 6; p < 0.05, ANOVA
post hoc LSD test; former 100 Hz plus sub-
sequent 1 Hz PSs, NR2A/NR2B = 2.0 *
0.2, n = 7; compared with 100 Hz, NR2A/
NR2B = 2.6 £ 0.1, n = 7; p < 0.01,
ANOVA post hoc LSD test) (Fig. 5B,D,F).
Therefore, it is likely that the subsequent
LPS counteracts the effect of the former
HPS, and vice versa.

We analyzed the normalized EPSC as to
the function of induction intensity at dif-
ferent levels of NR2A/NR2B ratios (Fig.
5G). Without PSs, the NR2A/NR2B ratio
at the time point of LTP/LTD induction
was 2.0. LTD and LTP induction protocols (stimuli A and C)
could produce persistent depression and potentiation, respec-
tively, as we show in the above data (Figs. 1, 2). Stimulus B, which
was termed as the threshold protocol and used to induce 6, 1p;;1p
response, could elicit neither LTP nor LTD. A 1 Hz PS decreased
the NR2A/NR2B ratio to 1.8. Accordingly, the same LTD induc-
tion protocol (stimuli A) produced an LTD with decreased mag-
nitude, whereas the LTP induction protocol (stimuli C) produced
LTP with an enhanced potentiation level. Conversely, 100 Hz led to
an increase in the NR2A/NR2B ratio to 2.6. The LTD induction
protocol (stimuli A) produced LTD with increased magnitude,
whereas the LTP induction protocol (stimuli C) produced LTP with
a decreased potentiation level. Furthermore, interleaved PSs could
reverse the effect on the NR2A/NR2B ratio and LTP/LTD induction
exerted by the former PSs at different frequencies, strongly suggest-
ing that distinct PSs delivered consecutively could regulate subse-
quent NR2A/NR2B ratios and LTP/LTD thresholds bidirectionally.

Figure3.

Priming Stimulations Frequency (Hz)

100 200

Norm. EPSC (%)

50 100 0 50 150

PS-induced shifting of the 6, 1, 1p. 4, B, LPS led to a leftward shiftin the 6, 1p,, 1. Simulation with 300 pulses at 1 Hz
during depolarization to —30 mV, which we termed as the threshold protocol, failed to induce any persistent changes in the
evoked EPSCs without PSs. However, after 1 Hz (4) or 5 Hz (B) LPS, the threshold protocol consistently produce reliable LTP,
suggesting that the 6, 1, shifted to the left. C, D, HPS led to right-shifting of the 6, 15, 1p. After 50 Hz (€) or 100 Hz (D) HPS, the
threshold protocol consistently produced reliable LTD, suggesting that the 6, 1,1, shifted to the right. Filled arrows refer to the
time points when PSs were delivered. Open arrows refer to the time points when the threshold pairing protocols were applied. E,
Summary of data comparing normalized EPSCs in cells primed with 1 or 5 Hz LPS with that in interleaved control cells without PSs.
*p < 0.05; **p < 0.01. F, Cumulative distributions of normalized EPSCs in cells primed with 1 or 5 Hz LPS and in interleaved
control cells. G, Summary of data comparing normalized EPSCs in cells primed with 50 or 100 Hz HPS with that in interleaved
control cells without PSs. *p << 0.001. H, Cumulative distributions of normalized EPSCs in cells primed with 50 or 100 Hz HPS and
ininterleaved control cells. Norm., Normalized; con., control.

Changes in the NR2A/NR2B ratio led to LTP/LTD

threshold shifting

Although our above data suggest that the changes in the NR2A/
NR2B ratio and LTP/LTD threshold are highly correlated, we still
do not know whether changes in the NR2A/NR2B ratio caused
the LTP/LTD threshold shift. To examine this possibility, we used
a low concentration of an NR2B-specific antagonist, ifenprodil,
to partially block the NR2B-mediated function and thus increase
the NR2A/NR2B ratio. Then we observed how the changes in the
NR2A/NR2B ratio through this pharmacological manipulation
could affect subsequent 6, p, 1. It is possible that a partial NR2B
block could decrease total NMDAR function, which might in
turn lead to a change in 6, p; 1p. To rule out this possibility, we
first investigated the dose—response relationship of a competitive
NMDAR antagonist, AP-5, and chose a concentration (1 um)
that did not display any marked effect on the NR2A/NR2B ratio
or synaptic plasticity. Then we adjusted the concentration of if-
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Figure4. PS-induced changesin LTP/LTD induction are correlated with changes in the NR2A/NR2B ratio. A, Summary of data

comparing the NR2A/NR2B ratio in cells primed with stimulations with that in interleaved control (con.) cells. The 1and 5 Hz LPS
led to a decreased NR2A/NR28B ratio. Conversely, 50 and 100 Hz HPS led to an increased NR2A/NR2B ratio. Stimulations at 10 and
20 Hz failed to induce marked alterations in the NR2A/NR2B ratio. *p << 0.05; ***p << 0.001; ANOVA and post hoc LSD test.
Representative traces at the top show measurements of the NR2A/NR2B ratios using the NR2B-specific antagonist ifenprodil
(ifen.; 3 um). This measurement of the NR2A/NR2B ratio was conducted at the same time point that subsequent LTP/LTD was
induced with pairing protocols. The NR2B-specific antagonist ifenprodil (3 1uu) abolished the EPSC components mediated by the
NR2B subunit, which was measured as the difference of area under the EPSC curves before and after ifenprodil application (left).
The effect of ifenprodil on NR2B was confirmed by the shortened current decay time after ifenprodil treatment (right). B, The mean
(== SEM) effects of PSs of 600 pulses at various frequencies delivered to the Schaffer fibers on the normalized (Norm.) NR2A/NR2B
ratio measured in CA1 neurons at the same time point that subsequent LTP/LTD was induced with pairing protocols after PSs. C,
Plot of averaged data showing LTP magnitude as a function of the NR2A/NR2B ratio. The potentiation magnitude after LTP
production and the level of NR2A/NR2B ratios set by PSs were negatively correlated, which fit with the equation ¥ = —77.0X +
206.4 (r = —0.93; p < 0.01). D, Plot of averaged data showing the LTD magnitude as a function of the NR2A/NR2B ratio. LTD
production and the level of the NR2A/NR2B ratio were positively correlated, which fit with the equation ¥ = 38.0X — 433 (r =
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elevated the NR2A/NR2B ratio, which was
already decreased by 1 Hz LPS, to the level
of the no-priming control (Fig. 6F). As a
result, induction with the threshold proto-
col failed to elicit any persistent change,
similar to the control without PSs (Fig.
6D, E). Application of 1 um AP-5 seemed
to partially inhibit the LTP amplitude, but
this effect was not significant (1 Hz and
AP-5, 117.3 = 3.9%, n = 8, vs 1 Hz,
125.7 * 2.8%, n = 6; p > 0.05) (Fig. 6C,E).
This observation was at odds with several
previous studies, which demonstrated that
low concentration of AP-5 tends to either
partially or totally block LTP production
(Cummings et al., 1996; Nishiyama et al.,
2000; Liu et al., 2004). This discrepancy
could be caused by the different protocols
used to produce LTP in these experiments.
The threshold pairing protocol (stimula-
tion with 300 pulses at 1 Hz during depo-
larization to —30 mV) used in the present
study could induce neither LTP nor LTD
but was now able to facilitate the produc-
tion of plasticity by PSs (see above data).
To further examine how changes in the
NR2A/NR2B ratio caused by changes in
NR2B could regulate LTP/LTD thresh-
olds, we investigated the effect of low-
concentration ifenprodil (0.6 um) on LTP/
LTD induction with a conventional
pairing protocol. Our results showed that
ifenprodil inhibited the induction of LTP
by the 2 Hz pairing protocol and enhanced

0.97;p < 0.001).

enprodil to a level that matched the NMDAR inhibition by 1 um
AP-5 (supplemental Fig. 4, available at www.jneurosci.org as sup-
plemental material). We determined that AP-5 at the 1 uM con-
centration failed to exert any effect on synaptic plasticity induced
by the threshold protocol (87.5 * 8.1% of baseline compared
with control, 94.5 * 4.4%; p > 0.05) (Fig. 6A). Ifenprodil at 0.6
uM could inhibit NMDAR-mediated EPSCs to the same level that
1 uMm AP-5 did (72.2 £ 5.2% of control compared with 71.9 =
5.9% of control; p > 0.05; n = 5) (supplemental Fig. 4, available
at www.jneurosci.org as supplemental material). However, 0.6
uM ifenprodil applied before and during LTP induction mark-
edly increased the NR2A/NR2B ratio (2.6 = 0.1 compared with
control, 2.0 £ 0.1; p < 0.001, ANOVA post hoc LSD test; n = 6)
(Fig. 6 F). In sister slices obtained from the same hippocampus
with the same concentration, ifenprodil, the threshold protocol,
produced LTD (70.6 = 9.3% of baseline compared with control,
94.5 * 4.4%; p < 0.05, ANOVA post hoc LSD test; n = 6) (Fig.
6B). Thus, partial NR2B blockade mimicked the effect of 100 Hz
PSs.

These data suggest that pharmacologically resetting the
NR2A/NR2B ratio could lead to a reset of the subsequent LTP/
LTD threshold. Next, we asked whether and how this reset of the
NR2A/NR2B ratio by pharmacological manipulation could affect
changes in subsequent LTP/LTD induction caused by PSs. After 1
Hz LPS priming, we applied 0.6 uM ifenprodil immediately be-
fore and during threshold protocol stimulation. This treatment

the induction of LTD by pairing 1 Hz syn-

aptic stimulation with depolarization of

the postsynaptic cell to —45 mV. These
data provide more convincing support to our above results that
increases in the ratio of NR2A- to NR2B-containing NMDARs to
the synaptic currents underlie the effects of HPS on LTD/LTP
induction (Fig. 7).

The above results could not rule out the possibility that only
changes in NR2B contribute to changes in the NR2A/NR2B ratio
that play a role in regulating the subsequent LTP/LTD threshold.
To test this possibility, we also used a low concentration of NR2A
antagonist NVP-AAMO077 (10 nMm) (Auberson et al., 2002) to par-
tially block the NR2A component of NMDAR-mediated EPSC to
the same level as 1 um AP-5 did (supplemental Fig. 4, available at
www.jneurosci.org as supplemental material). It is true that
NVP-AAMO77 at saturated concentrations has only ~10 times
the selectivity for NR2A over NR2B and is thus considered as a
nonspecific NR2A antagonist (Berberich et al., 2005; Neyton and
Paoletti, 2006; Morishita et al., 2007). However, at a low concen-
tration like 10 nM, NVP-AAMO077 exerts almost no effect on
NR2B and therefore has a specific effect on NR2A (Neyton et
al., 2006). NVP-AAMO077 (10 nMm) partially blocked NR2A over
NR2B and, as a result, decreased the NR2A/NR2B ratio, which
was already increased by 100 Hz HPS (supplemental Fig. 5,
available at www.jneurosci.org as supplemental material). Ac-
cordingly, the subsequent threshold protocol produced LTD
with a decreased depression magnitude, suggesting a sliding
back of the 0, p; rp toward the no-priming state. These data
confirm that changes in both NR2A and NR2B could contrib-



8770 - J. Neurosci., July 8, 2009 - 29(27):8764 - 8773

ute to observed changes in NR2A/NR2B,
which in turn led to changes in the

GLTP/ LTD-

Discussion

Prior activity induces bidirectional
switching of synaptic NMDAR subunit
components and sliding of the LTP/LTD
threshold

Recently, it was reported that the LTP-
producing pairing protocol could induce
shortening of NMDAR-mediated synaptic
responses. This observation was demon-
strated by the simultaneous increase in
synaptic NR2A and decrease of NR2B
components in postsynaptic sites, which
was reversed by depotentiation of LTP.
Therefore, the NMDAR component could
be rapidly and bidirectionally regulated by
different induction protocols (Bellone and
Nicoll, 2007). In the present study, we
found that PSs at different frequencies
could also bidirectionally change NR2
components represented by the NR2A/
NR2B ratio examined ~20 min later, on
which subsequent LTP/LTD induction
was conducted. LPS of 600 pulses at 1 or 5
Hz decreased the subsequent NR2A/NR2B
ratio. Conversely, 600-pulse 50 or 100 Hz
HPS increased the resulting NR2A/NR2B
ratio. Thus, it is likely that LPS (1 and 5
Hz) and HPS (50 and 100 Hz) could
mimic the effects exerted by light depriva-
tion and reexposure in the visual system,
respectively (Quinlan et al., 1999a,b; Phil-
pot et al., 2001; Smith et al., 2008). In ad-
dition, the changes caused by 1 Hz LPS in
both the NR2A/NR2B ratio and 60, 1p,11p
could be reversed by subsequent 100 Hz
HPS delivered later, and vice versa (Fig. 5).
The opposing actions exerted by 100 and 1
Hz PSs were probably caused by distinct
underlying molecular mechanisms. High-
frequency stimulation at 100 Hz, which is
usually used to induce LTP, could activate
CaMKII (calcium/calmodulin-dependent
protein kinase IT), which is critical for LTP
production (Malinow et al., 1988; Silva et
al., 1992). In contrast, 1 Hz low-frequency
stimulation was observed to erase LTP
through an NMDAR-mediated activation
of protein phosphatases (O’Dell and Kan-
del, 1994). Thus, sequential prior activities
at different frequencies could bidirection-
ally regulate subsequent plasticity.

Metaplasticity occurs when PSs fail to induce

persistent changes
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Figure 5.  Sequential PSs bidirectionally regulate the NR2A/NR2B ratio and LTP/LTD threshold. A, The effect of 1 Hz LPS on

subsequent LTP induction was reversed by the interleaved 100 Hz HPS. Treatment with 1 Hz LPS alone led to the emergence of LTP
produced with the threshold protocol. However, the threshold protocol failed to produce LTP after 100 Hz intervened between 1
Hz LPS and threshold protocol stimulations. Double filled arrows refer to sequential PSs at different frequencies delivered at
different time points. Open arrows refer to the time points when the threshold pairing protocols were applied. B, The effect of 100
Hz HPS on subsequent LTP induction was reversed by the interleaved 1 Hz LPS. The 100 Hz HPS alone led to the emergence of LTD
produced with the threshold protocol. However, the threshold protocol failed to produce LTD after 1 Hz intervened between the
first priming and threshold protocol stimulations. C, D, Statistical plot of averaged data showing normalized EPSCs examined after
sequential PSs as a function of PS frequencies. The interleaved 1 Hz PSs reversed the effects of the former 100 Hz, and vice versa.
*p < 0.05; **p << 0.01; ANOVA post hoc LSD test versus control. E, F, Statistical plot of averaged data showing the normalized
NR2A/NR2B ratio as a function of PS frequencies. *p << 0.05; **p << 0.01; ***p << 0.001; ANOVA post hoc LSD test versus control.
G, Summary plot showing bidirectional shifting of the 6,51, after sequential PSs at different frequencies. Without PSs, the
NR2A/NR2B ratio at the time points of LTP/LTD induction was 2.02. LTD and LTP induction protocols (stimuli A and C) could
produce persistent depression and potentiation, respectively. Stimuli B, which was also referred to as the threshold protocol and
was used to induce the 6, 1, response, failed to induce any persistent change. The 1Hz priming LPS decreased the NR2A/NR2B
ratio to 1.78. Accordingly, the threshold protocol produced LTP, indicating that the 6, 1,1, shifted to the left. Conversely, 100 Hz
HPS increased the NR2A/NR2B ratio to 2.60. As a result, the 6, 1p,,1p shifted to the right. Sequential PSs of 1and 100 Hz led the
0,1p11p t0 slide back to the no-priming control position, as did sequential PSs of 100 and 1 Hz. The red spot refers to the position
of the 6,1p,,1p- Norm., Normalized; con., control.

could exert influence on subsequent synaptic activity, although a
few studies hint that it might occur (Mockett et al., 2002). In the
present study, we address this question by setting the intensity to

Previous studies confirmed that metaplasticity occurs when PSs
lead to persistent changes in the direction or degree of synaptic
activity (Christie et al., 1995; Abraham and Bear, 1996; Abraham
and Tate, 1997; Abraham, 2008). However, it is still unclear
whether prior activity without producing persistent changes

produce one-fifth maximal fEPSPs. PSs at this intensity failed to
produce any persistent changes in either fEPSPs or EPSCs (sup-
plemental Fig. 1, available at www.jneurosci.org as supplemental
material). However, prior activity through PSs could still induce
reliable changes in subsequent LTP/LTD induction, which as we
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Figure 6.  Artificially manipulating the NR2A/NR2B ratio with an NR2 subunit antagonist led to 6, 1,1, shifting, suggesting

that changes in the NR2A/NR2B ratio govern 6,51, requlation. A, The competitive NMDAR antagonist AP-5 at 1 uum concentra-
tion did not display any marked effect on synaptic plasticity induced by the threshold protocol. AP-5 was applied before and during
threshold protocol stimulation. B, Partial NR2B inhibition by the specific NR2B antagonist ifenprodil at a concentration of 0.6 rum,
whichinhibited NMDAR-mediated EPSCs to the same level as 1 pum AP-5 did, led to the emergence of LTD induced by the threshold
protocol. G, The 1 um AP-5 application seems to partially inhibit LTP amplitude, but this effect was not significant (1 Hz and AP-5,
117.3 = 3.9%, n = 8,vs 1Hz, 125.7 = 2.8%, n = 6; p > 0.05, ANOVA post hoc LSD test). D, Comparison of EPSCs after 1 Hz LPS
alone with EPSCs after 1Hz LPS combined with partial NR2B blockade. The 1Hz LPS led to the emergence of LTP produced with the
threshold protocol. In contrast, after both 1 Hz LPS and subsequent 0.6 wum ifenprodil treatment, the threshold protocol failed to
induce any persistent change. These data suggest that changes in NR2B contribute to subsequent metaplasticity. £, Summary
graphs showing normalized EPSCs induced by the threshold protocol under various treatments including 1 Hz PS (1 Hz), 1 Hz PSs
plus ifenprodil treatment (1 Hz & ifen.), 1 Hz PSs plus AP-5 treatment (1 Hz & AP-5), AP-5 treatment (AP-5), ifenprodil treatment,
and no-priming control. F, Summary graphs showing changes in NR2A/NR2B ratios under various treatments. *p << 0.05; **p <
0.01; ***p < 0.001; ANOVA post hoc LSD test versus control. Norm., Normalized; con., control; ifen., ifenprodil.
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Figure7.  The effect of partial NR2B inhibition on LTP and LTD induction produced by the conventional pairing protocol. 4, The

0.6 wum ifenprodil application, which significantly increased the NR2A/NR2B ratio (Fig. 6), primarily inhibited the LTP amplitude
induced by the LTP-producing pairing protocol (200 synaptic stimuli at 2 Hz during a 2.5 min depolarization to 0 mV). B, In
contrast, 0.6 wm ifenprodil application facilitated the LTD level induced by the LTD-producing pairing protocol (300 synaptic
stimuli at 1 Hz during depolarization to —45 mV).

demonstrated here was caused by accompanying changes in the
NR2A/NR2B ratio. These results demonstrated that metaplastic-
ity could also occur when PSs fail to induce persistent changes in
synaptic plasticity.
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Altered NR2A/NR2B ratio as a
mechanism for shifting of 0y 1p,11p
Previous studies have proven that altered
NMDAR functions are a basis for meta-
plasticity in the visual cortex (Quinlan et
al.,, 1999a,b; Philpot et al., 2001, 2003).
This altered NMDAR function could be
caused by changes in visual experience.
Light deprivation led to a decrease in the
NR2A/NR2B ratio and a slower NMDAR
current decay time in neurons in layer 2/3
of visual cortex. In contrast, increases in
visual experience caused an increase in the
NR2A/NR2B ratio and a faster NMDAR
current decay time. Accompanying these
changes in the NR2A/NR2B ratio are
changes in LTP/LTD induction. These
data are consistent with our present obser-
vations in hippocampal CAl neurons,
suggesting a strong correlation between
changes in the NR2A/NR2B ratio and sub-
sequent LTP/LTD induction. Although a
recent investigation suggested that distinct
mechanisms may underlie LTD in layer
2/3 visual cortex and CAl region, both
mechanisms could contribute to the
changes in NR2A/NR2B (Crozier et al.,
2007). Observations through extreme de-
letion of NR2A in NR2A knock-out ani-
mals also supported an obligatory role for
NR2A in visual cortex metaplasticity
(Philpot et al., 2007). However, it is still
unclear whether changes in the NR2A/
NR2B ratio or in NR2A or NR2B alone
take an active role in inducing LTP/LTD
production. In the present study, we ma-
nipulated the NR2A/NR2B ratio with low-
concentration NR2A or NR2B antagonist
that partially attenuated the NR2A or
NR2B component. We demonstrated that
changes in the NR2A/NR2B ratio are caus-
ative factors for subsequent metaplasticity.
Priming-induced changes in NR2A/NR2B
could be reset by this pharmacological
method, and, as a result, the 60 1p;p
could also be reset. These results confirm
that changes in either the NR2A or NR2B
subtype could contribute to the observed
changes in NR2A/NR2B, which governs
the threshold for subsequent activity-
dependent synaptic modifications.

Then, we asked whether there is an ef-
fective range for the NR2A/NR2B ratio to
take an active role in metaplasticity. The
observation that the absence of NR2A
through NR2A knockout failed to enhance
the magnitude of subsequent LTP suggests
that the effect of changing the NR2A/
NR2B ratio could be invalid when this ra-

tio goes beyond a certain range. In our study, after 100 Hz PSs, the
NR2A/NR2B ratio was reset from 2.0 = 0.1 t0 2.6 £ 0.1 (p <
0.001; n = 6). Further increasing the NR2A/NR2B ratio with
partial NR2B blockade failed to facilitate subsequent LTD induc-
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tion (supplemental Fig. 5, available at www.jneurosci.org as sup-
plemental material). Consistently, decreasing the NR2A/NR2B
ratio with partial NR2A blockade after 1 Hz PSs failed to further
facilitate subsequent LTP induction. Along with some other re-
cent findings (Lu et al., 2001; Philpot et al., 2007), these results
highly support the notion that only when the activity-dependent
changes in NR2A/NR2B ratio are within a certain range can they
exert influence on subsequent plasticity. The precise mechanism
by which the NR2A/NR2B ratio alters the plasticity threshold is
currently unknown. It is possible that changes in the NR2A/
NR2B ratio regulate Ca** influx through the NMDAR (Sobczyk et
al., 2005; Sobczyk and Svoboda, 2007), or that the NR2A/NR2B ratio
might regulate synaptic plasticity through changing the NR2A-
and/or NR2B-associated downstream intracellular signaling mole-
cules (Yashiro and Philpot, 2008).

Although our present findings provide direct evidence for the
assumption that activity-dependent changes in the NR2A/NR2B
ratio are involved in bidirectional metaplastic regulation of the
LTP/LTD threshold (Bear, 2003; Iny et al., 2006; Philpot et al.,
2007), we should keep in mind that there are probably many
different mechanisms contributing to metaplasticity, as is also the
case for synaptic plasticity [e.g., the observation that proportional
but delayed NMDA potentiation after AMPA potentiation is the
opposite of the prediction by the BCM theory, which predicts
that LTP should reduce NMDA currents to raise the threshold for
inducing subsequent LTP (Bienenstock et al., 1982; Watt et al.,
2004)]. Therefore, although the BCM theory might have more
generalized internal representations, the underlying mechanisms
for 6 1p,11p sliding could vary on a case-by-case basis. In addi-
tion, the metaplasticity that we observed here is homosynaptic in
nature. It still remains to be determined whether the activity at
the CA1 neurons that we studied could also induce the same
affect on subsequent plasticity at neighboring synapses, as is pre-
dicted by the BCM theory and supported by recent studies (Hol-
land and Wagner, 1998; Wang and Wagner, 1999; Abraham et al.,
2001; Roth-Alpermann et al., 2006).
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