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NMDA Receptor-Dependent Synaptic
Depression in Potentiated Synapses of the
Anterior Cingulate Cortex of adult Mice
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Abstract

Long-term potentiation (LTP) is an important molecular mechanism for chronic pain in the anterior cingulate cortex (ACC),

a key cortical region for pain perception and emotional regulation. Inhibiting ACC LTP via various manipulations or phar-

macological treatments blocks chronic pain. Long-term depression (LTD) is another form of synaptic plasticity in the ACC,

which is also proved to be involved in the mechanisms of chronic pain. However, less is known about the interactive

relationship between LTP and LTD in the ACC. Whether the synaptic depression could be induced after synaptic LTP in the

ACC is not clear. In the present study, we used multi-channel field potential recording systems to study synaptic depression

after LTP in the ACC of adult mice. We found that low frequency stimulus (LFS: 1Hz, 15min) inhibited theta burst

stimulation (TBS)-induced LTP at 30min after the induction of LTP. However, LFS failed to induce depression at 90min

after the induction of LTP. Furthermore, NMDA receptor antagonist AP-5 blocked the induction of synaptic depression after

potentiation. The GluN2B-selective antagonist Ro25-6981 also inhibited the phenomenon in the ACC, while the GluN2A-

selective antagonist NVP-AAM077 and the GluN2C/D-selective antagonist PPDA and UBP145 had no any significant effect.

These results suggest that synaptic LTP can be depressed by LTD in a time dependent manner, and GluN2B-containing

NMDA receptors play important roles in this form of synaptic depression.
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Introduction

Long-term potentiation (LTP) is an important molecular

mechanism for generation and maintenance of chronic

pain and pain-related emotions within the anterior

cingulate cortex (ACC), a key cortical region for pain

perception and emotional regulation.1,2 Synaptic poten-

tiation in the ACC induced by the injury contributes to

behavioral allodynia, hyperalgesia and spontaneous

pain.1,3 Behavioral, genetic and pharmacological studies

show that inhibiting or reducing LTP can produce anal-

gesic effects in animal models of chronic pain.

Depotentiation at nociceptive C-fibers functions to

erase a memory trace of pain or relieve pain.4 Except

for LTP, long-term depression (LTD) is another form

of synaptic plasticity, which is also proved to be involved

in mechanisms of chronic pain.5,6 Recently, Wang et al.

reported that overexpression of Casp3 restores LTD
within the ACC after nerve injury and reduces peripheral
hypersensitivity.7 Few studies have shown that
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low-frequency stimulation (LFS)-induced LTD can also

reverse LTP, occurring the synaptic depotentiation.8

However, the interactive relationship between LTP and

LTD are not clear, especially for pain manipulation.

Most studies about LTD only focus on the normal syn-

apse condition, and do not explore the underlying mech-

anisms and functions under potentiated condition, for

example after LTP.
Previous studies have shown that low-frequency stim-

ulation (LFS) is a classical protocol to induce synaptic

depression.9,10 In the hippocampus, the persistence of

LTP could be disrupted by LFS and this synaptic

depression was time-dependent.11,12 With the prolonged

time intervals, it is more difficult to observe synaptic

depression, indicating that synaptic depression after

LTP is closely related to protein synthesis.12,13 Some

studies also showed that LFS-induced depotentiation

could be blocked by NMDA receptor antagonist

AP-5.8,14,15 Direct application of NMDA revealed a

time-dependent reversal of LTP in the CA1 region of

hippocampal slices,8 indicating that LFS-induced synap-

tic depression after LTP in hippocampus requires the

involvement of NMDA receptors.
Many studies have reported that LTP and LTD both

existed in the ACC. However, no direct evidences

showed whether synaptic depression exists after the

induction of LTP in the ACC. In the present study, we

used a 64-channel multi-electrode dish (MED64) record-

ing system to examine LFS (1Hz, 15 min)-induced syn-

aptic depression after theta burst stimulation (TBS)-

induced LTP in the ACC of adult mice. Our results

showed that synaptic depression might be observed

only within a short time window after potentiation,

which provided an important mechanism for pain relief

or forgetting. And this phenomenon is dependent on

NMDA receptors, especially GluN2B-containing

NMDA receptors.

Materials and methods

Animals

Adult male C57BL/6 mice (aged 6-8 weeks) were pur-

chased from Experimental Animal Center of Xi’an

Jiaotong University. All experimental animals were ran-

domly housed in plastic cage with enough food and

water under a 12-h light/dark cycle. Mice were adapted

the environment at least one week before carrying out

experiments. All experimental procedures were in accor-

dance with the guidelines of the Ethics Committee of

Xi’an Jiaotong University.

Brain slice preparation

Coronal ACC brain slices from C57BL/6 mice were

prepared as described previously.16,17 Mice were anes-

thetized with 1% to 2% gaseous isoflurane within a

short time and quickly decapitated. The whole brain

was rapidly removed into ice-cold oxygenated (95% O2

and 5% CO2) cutting solution (in mM: 252 sucrose, 2.5
KCl, 6 MgSO4, 0.5 CaCl2, 25 NaHCO3, 1.2 NaH2PO4,

and 10 glucose, pH 7.3 to 7.4) for a short time.

Appropriate parts of the brain were then trimmed and

the remaining brain block was glued onto the ice-cold

platform of a vibrating tissue slicer (Leica VT1200S).

Then coronal ACC brain slices (300 mm) were cut and

transferred to an incubation chamber with oxygenated
artificial cerebrospinal fluid (ACSF) (in mM: 124 NaCl,

2.5 KCl, 1 NaH2PO4, 1 MgSO4, 2 CaCl2, 25 NaHCO3

and 10 glucose, pH 7.3 to 7.4) at room temperature for

at least 1-h incubation before conducting experiments.

The 64 multi-electrode array

MED64, a 64-channel recording system (Alpha-Med

Sciences, Japan) was generally used throughout all the
experiments for multi-channel field potential recordings.

The MED64 P515A probe is an 8� 8 array of 64 planar

microelectrodes with a 150-mm interpolar distance. Before

use, the surface of the MED64 P515A probe needs to be

pre-treated with 0.1% polyethyleneimine (Sigma Aldrich)

in 25 mM borate buffer (pH 8.4) overnight at room tem-

perature. The probe surface was rinsed three times with

sterile distilled water. After incubation for 1 h, one brain
slice was transferred into the probe, and a fine mesh

anchor were carefully positioned onto the slices to

ensure slice stability during recordings. The different

layers of ACC are placed to cover the surface of 64 micro-

electrodes. The slice was continuously perfused with oxy-

genated ACSF at the rate of 2-3 mL/min.

Field potential recordings

Multi-channel field potential recordings were based on

our previous studies.10,18 After a minimum 1-hour recov-

ery period of slices in the probe, one of the 64 channels

was chosen as the optimum stimulation site, by which

the best synaptic responses could be induced in sur-

rounding channels. Biphasic constant current pulse test

stimulation (0.2ms) was applied once per minute for the
stimulation channel to evoke the field excitatory post-

synaptic potentials (fEPSPs). The optimum stimulation

intensity was decided by which 40%-60% of the maxi-

mum number of channels could be induced. For LTP

recordings, basal synaptic responses were stably
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recorded at least 30min as a baseline, then a TBS (five

trains of burst with four pulses at 100Hz, at 200ms

interval; repeated five times at intervals of 10 s, with

the same stimulation intensity and stimulation site with

baseline) was given to induce stable LTP. LTP in a chan-

nel was defined if the potentiated synaptic response

increased at least 20% of baseline during the entire

recording period.
For LTD recordings, stable basal synaptic responses

were recorded for 30min, and then a classical LFS pro-

tocol (1Hz, 15min, with the same stimulation intensity

and stimulation site with baseline) was given to induce

LTD as described previously. The fEPSP responses were

continuously recorded for 30min after LFS on stimula-

tion site. To test if synaptic depression would be produced

after TBS-induced potentiation, LFS was given with dif-

ferent time windows after LTP induction. Furthermore,

various antagonists were perfused to detect the character-

istics of synaptic depression after LTP induction.

Drugs

Selective competitive NMDA receptor antagonist AP-5

(Cat. No. HB0225) and GluN2D-selective NMDA recep-

tor antagonist UBP145 (Cat. No. HB4717) were purchased

from HelloBio (Princeton, NJ, USA). GluN2A-selective

NMDA receptors antagonist NVP-AAM077 (also called

PEAQX tetrasodium hydrate; Cat. No. P1999) was from

Sigma Aldrich (St Louis, MO, USA). GluN2B-selective

NMDA receptors antagonist Ro25-6981 maleate (Cat.

No. 1594) and GluN2C/D-selective NMDA receptor

antagonist PPDA (Cat. No. 2530) were obtained from

Tocris Cookson (Bristol, UK). Drugs were prepared as

stock solutions for frozen aliquots at �20�C. All these

drugs were diluted from the stock solution to the final

concentration in the ACSF before immediate using.

Statistical analysis

Mobius software paired with the MED64 system, was

used for all data acquisition and analysis. To quantify

the data, the initial slope of fEPSP was measured sepa-

rately for each channel. The percentage of the fEPSP

slope of every minute was normalized by baseline average.

Some activated channels with baseline response variation

>5% were discarded. The 2-minute normalized fEPSP

slopes were averaged as a data point for plotting figures

(OriginPro 8.0). All data was presented as mean� SEM,

and SPSS 22.0 software was used for data analysis. Two-

tail paired or unpaired t-test were used for statistical com-

parisons. In all cases, p< 0.05 was considered to be the

criterion for statistical significance.

Results

LFS-induced synaptic depression in LTP-potentiated

synapses of the ACC

Previous reports showed that inhibition of LTP could
relieve neuropathic pain.19,20 In our recent study, we
used the extracellular field potential recording system

MED64 to test whether LFS (1Hz, 15min) could reverse
TBS-induced LTP in the ACC at synapse level. The dif-

ferent layers of ACC were covered onto the surface of
8� 8 array MED64 P515A probe microelectrodes, and
one channel of them in the deep layer (layer V) was

chosen as the stimulation site which could evoke the
best synaptic responses and the other 63 channels were

used to record the evoked synaptic responses (Figure 1
(a) and (b)). The fEPSP slope of all activated channels
were recorded from different layers of the ACC around

the stimulation site. At first, we recorded the TBS-
induced LTP and LFS-induced LTD in the ACC inde-
pendently. Consistent with previous reports, we also

observed TBS-induced potentiated synaptic responses
LTP in the ACC of male mice (157.99� 10.02% of the

baseline, Figure 1(c)). Meanwhile, LFS-induced synaptic
depression was also shown in the Figure 1(d) (86.78�
4.57% of the baseline). These results told us that synap-

tic potentiation and synaptic depression can be stably
induced in the ACC of mice.

Next, we tested synaptic depression in TBS-induced
potentiated synapses of the ACC. After recording stable

baseline for at least 30min, TBS was given to induce
LTP. And then after 30min, LFS (1Hz, 15min) was
input to induce synaptic depression (Figure 1(e)). As

shown in Figure 1(f), we found that TBS-induced LTP
was reversed by LFS stimulation in one typical sample

slice. By specific analysis of the type of synaptic
responses, there were four types synaptic plasticity in
the ACC after TBS and LFS stimulation. In one typical

sample slice, there were 6 channels showed Type I
(LTPþDepression) (Figure 2(a)), 5 channels showed

Type II (LTPþNo-Depression) (Figure 2(b)), 2 chan-
nels showed Type III (No-LTPþDepression) (Figure 2
(c)), while 3 channels showed Type IV (No-LTPþNo-

Depression) (Figure 2(d)). In a total of 11 slices from 9
mice, the final fEPSP slope was potentiated to 127.98�
2.41% of the baseline at 30min after TBS, and then the
potentiated synaptic response was decreased to 109.42�
4.81% of the baseline at 30min after LFS, which was

significantly decreased relative to after TBS stimulation
(**p<0.01, paired t-test; Figure 2(e) and (f)). These

results suggest that LFS induced synaptic depression in
potentiated synapses of the ACC.
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LFS reduced the recruited channels induced by TBS

Previous studies showed that some recruited synaptic

responses can be observed using multi-channel recording

system, which are originally inactive but can be recruited

after LTP induction.18,21 In our study, we want to know

whether LFS can affect the recruited synaptic responses

induced by TBS. We found that there were 23 channels

(2.09� 0.70 channels per slice) recruited after TBS from

11 slices of 10 mice. Among them, 15 channels still

existed after LFS (1.36� 0.53 channels per slice), and

time-varying fEPSP amplitudes were increased to

about 6 mV over time which was about 0 mV during base-

line (Figure 3(a) and (b)). However, there were 8 channels

silenced (0.73� 0.25 channels per slice) after LFS, and

the fEPSP amplitudes were increased over time after

applying TBS and were decreased to baseline after

LFS (Figure 3(a) and (c)). These results showed that

TBS-induced recruited synaptic responses can be

silenced by LFS.

LFS-induced synaptic depression in potentiated

synapses of the ACC was time-dependent

Next, we checked whether synaptic depression in poten-

tiated synapses was dependent on the stimulus interval

between TBS and LFS in the ACC. In our experiments,

90-min interval was performed between TBS and LFS in

the ACC. As shown in the Figure 4, in a total of 9 slices

from 5 mice, the final fEPSP slope was potentiated to

133.59� 6.60% of the baseline after TBS, and then the

LTP was not significantly changed by LFS (128.04�

Figure 1. LFS can induce synaptic depression after TBS-induced LTP at 30-min interval in the ACC of male mice. (a) Schematic diagram
showed the scale of the location of MED-64 probe on the ACC slice (left), MED-64 P515A probe (right, 8� 8 array of 64 planar
microelectrodes with a 150-mm interpolar distance and an electrode size 50� 50 mm). (b) One example microscopy photograph of the
location of ACC slice and MED-64 probe. The red circle indicated the stimulation site. Vertical dashed lines indicated the layers of ACC
slices. (c) Time-varying fEPSP slope of all recorded slices were summarized in male mice. LTP induced by TBS could sustain at least 3
h (n¼ 10 slices/8 mice; red arrow: TBS). Top: sample traces at 0 min (number 1), 180 min (number 2). (d) LTD in response to LFS (1 Hz, 15
min) was recorded from 8 slices of 8 mice (orange arrow: LFS). (e) Schematic diagram of an induction protocol about synaptic depression
in potentiated synapses. (f) Synaptic depression induced by LFS was recorded from all 16 activated-channels of one slice within 30-min
interval after TBS (red arrow: TBS; orange arrow: LFS). The dashed line indicated the mean basal synaptic responses.
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9.09% of the baseline at 30min after LFS, Figure 4(a)

and (b)). These results suggested that LFS failed to

induce synaptic depression in potentiated synapses

with long-term interval after TBS. However, by specific

analysis of the type of synaptic responses, we also

observed LFS-induced synaptic depression in potentiat-

ed synapses (Type I) from 38 channels out of 165

activated channels (n¼ 7 slices/5 mice) and their aver-

aged fEPSP slope reached 111.47� 6.22% of the

baseline after LFS (TBS: 135.56� 5.31% of the baseline;

Figure 4(c)). In other activated channels, 86 channels

showed LTP and no depression (Type II: n¼ 8 slices/5

mice; Figure 4(d)), 17 channels showed synaptic depres-

sion and no LTP (Type III: n¼ 5 slices/5 mice; Figure 4

(e)), and 24 channels showed no any changes of synaptic

plasticity (Type IV: n¼ 8 slices/5 mice; Figure 4(f)). In

addition, we compared the difference of induction rate

from four different synaptic responses within 30-min and

90-min intervals between TBS and LFS. In all activated

channels, the induction rate of channels from type I was

41.67� 7.37% at 30-min interval and 20.55� 6.83% at

90-min interval (*p< 0.05, unpaired t-test). However,

the induction rate of channels from type II at 30-min

interval was lower than 90-min interval (*p< 0.05,

unpaired t-test) and that no significant differences were

observed in other two different types (Figure 4(g)). In

summary, these results showed that LFS-induced synap-

tic depression was weakened at 90-min interval after

LTP induction.

NMDA receptors are required for synaptic depression

in potentiated synapses of the ACC

NMDA receptors play important roles in synaptic

potentiation and depression.6,20,22,23 We examined the

effects of NMDA receptors on the synaptic depression

Figure 2. Four types of synaptic responses were observed in the ACC after TBS and LFS stimulation. (a–d) The sample temporal changes
of fEPSP slopes with four types of plasticity from one the ACC slice. All recorded 16 channels were divided into four different types: 6
channels with type I (LTPþDepression) (a), 5 channels with type II (LTPþNo-Depression) (b), 2 channels with type III (No-
LTPþDepression) (c) and 3 channels with type IV (No-LTPþNo-Depression) (d). Top: sample traces at 0 min (number 1), 30 min
(number 2) and 75 min (number 3). (e) The pooled fEPSP slopes plot indicated the final averaged fEPSP slopes of all recorded channels,
showing that LFS could induce synaptic depression after LTP induction within 30-min interval (n¼ 11 slices/9 mice). (f) Statistical results
showed the last 10-min averaged fEPSP slopes from total activated channels at different time points (**p< 0.01, paired t-test). The dashed
line indicated the mean basal synaptic responses.
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in potentiated synapses in the ACC. At first, we applied
NMDA receptors antagonist AP-5 (50 mM) in the whole
recording time and found that AP-5 could block both
TBS- and LFS-induced synaptic plasticity in the ACC
(Figure 5(a) and (b); TBS: 106.16� 6.30% of the base-
line; LFS: 101.97� 7.54% of the baseline). These results
are consistent with our previous observation that
NMDA receptors play crucial roles in LTP and LTD
in the ACC. Next, we applied AP-5 for 30min (started
at 10min before LFS and washed out at 5min after
LFS) after LTP successfully induced by TBS (Figure 5
(c) to (e)). We found that LFS could not induce synaptic
depression after LTP in the presence of AP-5 (TBS:
131.07� 7.22% of the baseline; LFS: 140.16� 9.24%
of the baseline; n¼ 9 slices of 7 mice; Figure 5(d)).
Meanwhile, we also analyzed some recruited synaptic
responses in the presence of AP-5. Totally, there were
20 channels (2.22� 0.61 channels per slice) recruited
after TBS from 9 slices of 7 mice. Among them, 18
recruited channels still existed after LFS (2.00� 0.68
channels per slice), and the remained 2 channels were
depressed by LFS (Figure 5(e)). In the Figure 5(f), we
also compared the induction rate of four different syn-
aptic responses, found that the induction rates of
channels from type I and type III were significantly
decreased. Overall, these results show that synaptic
depression in potentiated synapses was dependent on
NMDA receptors in the ACC of adult male mice.

GluN2B-containing NMDA receptors-dependent

synaptic depression in potentiated synapses

GluN2(A-D) subunits play crucial roles for functions of

NMDA receptors.24 We wonder that which subtype of

GluN2 subunits was involved in synaptic depression in

potentiated synapses. Here, we tested the role of

GluN2A and 2B-containing NMDA receptors in the

ACC. Firstly, GluN2A-containing NMDA receptors

antagonist NVP-AAM077 (0.4 mM) was applied for

30min after TBS-induced LTP.25 As shown in the

Figure 6(a) and (b), LFS-induced synaptic depression

was still induced in the presence of NVP-AAM077.

The fEPSP slope was potentiated to 123.48� 2.51% of

the baseline after TBS. Then the potentiated synaptic

response was decreased to 104.01� 2.28% of the base-

line after LFS, which was significantly decreased more

than that of TBS (**p< 0.01, paired t-test; n¼ 12 slices/9

mice). These results indicate that GluN2A doesn’t con-

tribute to synaptic depression after potentiation in the

ACC. Next, we tested the involvement of GluN2B-

containing NMDA receptors by applying selective

antagonist Ro25-6981 (3 mM) for 30min.22 And we

found that Ro25-6981 prevented LFS-induced synaptic

depression after potentiation in the ACC. As illustrated

in Figure 6(c) and (d), the synaptic response after LFS

(127.67� 6.36% of the baseline) was not different from

the potentiated synaptic response after TBS (132.96�

Figure 3. The network propagation of synaptic responses after TBS and LFS stimulation in the ACC. (a) Basal activated areas (blue),
recruited areas (red) induced by TBS, and silent areas (yellow) induced by LFS in male mice, respectively. The recruited channels are shown
as green dots and the silent channels are shown as purple dots. (b) Time-varying fEPSP amplitude from 15 recruited channels. These
channels (green dots) are recruited by TBS and still exist after LFS. (c) Time-varying fEPSP amplitude from 8 silent channels. These channels
(purple dots) are recruited by TBS and are silenced after LFS.

6 Molecular Pain



4.19% of the baseline) (n¼ 14 slices/11 mice). These data

indicate that in the ACC of male mice, synaptic depres-

sion in potentiated synapses was dependent on GluN2B-

containing NMDA receptors.

The role of GluN2C/D-containing NMDA receptors in

synaptic depression after potentiation

Except for GluN2A/B, increasing studies reported that

GluN2C/D subunits also play important roles in func-

tions of NMDA receptor,26–29 and are involved in syn-

aptic plasticity.30–33 Here, we used GluN2C/D-selective

antagonist PPDA (10 mM)29,34,35 and GluN2D-selective

antagonist UBP145 (3 mM)33 to detect their effects on

synaptic depression in potentiated synapses of the ACC.

As shown in the Figure 7(a), PPDA (10 mM) was

perfused for 30min, and we found that PPDA failed to
block the induction of synaptic depression induced by
LFS after LTP-induction. The potentiated synaptic
response (130.48� 2.80% of the baseline) was still
decreased to the level of the baseline after LFS
(102.98� 6.17% of the baseline) (**p< 0.01, paired t-
test; Figure 7(a) and (b); n¼ 9 slices/8 mice), indicating
that PPDA had no effect on the induction of synaptic
depression in potentiated synapses. In addition, we used
UBP145 (higher selectivity toward GluN2D) to observe
whether GluN2D was involved (Figure 7(c) and (d)).
These results showed that the averaged fEPSP slope
after TBS (123.94� 1.77% of the baseline) was
decreased to 114.43� 3.56% of the baseline by LFS in
14 slices from 11 mice (*p< 0.05, paired t-test; compared
with TBS). Therefore, these results show that GluN2C/

Figure 4. Loss of synaptic depression in the ACC at 90-min interval between TBS and LFS stimulation. (a) The summarized plot showed
the final averaged fEPSP slopes of all recorded channels at 90-min interval between TBS and LFS (n¼ 9 slices/5 mice). (b) Statistical results
showed that no significant difference was observed between TBS and LFS. (c-f) The summarized plots of fEPSP slopes from four different
types of synaptic responses. All recorded 165 channels were divided into four different types of synaptic responses from 5 mice, including
type I (38 chs/7 slices), type II (86 chs/8 slices), type III (17 chs/5 slices), type IV (24 chs/8 slices). (g) The comparisons of the percentage of
activated channels between 30-min and 90-min intervals for four different types of synaptic responses (*p< 0.05, unpaired t-test, com-
pared with 30-min interval). n.s. means no significant difference, error bars indicated SEM.
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D-containing NMDA receptors may not involve in

synaptic depression after potentiation in the ACC of

male mice.

Discussion

The ACC is suggested to be involved in chronic pain and

pain-related emotions.20,36,37 LTP and LTD, two impor-

tant synaptic plasticity in the ACC, correlate with each

other for pain and pain relief.6,38 However, less is known

about the interactive relationship between LTP and

LTD in the ACC. In the present study, we found that

LFS (1Hz, 15min) could induce synaptic depression

after LTP induction within a short time window in the

ACC. LFS can silence TBS-induced recruited synaptic

responses in the ACC. Finally, we found that synaptic

depression in potentiated synapses requires the involve-

ment of GluN2B-containing NMDA receptors. This is

the first time that we used multi-channel recordings

to map LFS-induced network synaptic responses in

potentiated synapses of the ACC, raising the possibility

that LFS-induced synaptic depression after potentiation

may be beneficial for relieving pain or erasing a

memory trace.

Figure 5. NMDA receptors were required for synaptic depression after synaptic potentiation in the ACC. (a) The summarized fEPSP
slope plot showed that bath applied AP-5 (NMDA receptor antagonist, 50 mM) throughout the whole recordings blocked the induction of
LTP and LTD (n¼ 7 slices/6 mice). (b) Statistical results showed that no difference of fEPSP slopes after TBS and LFS in the presence of AP-
5. (c) The summarized fEPSP slope plot showed that AP-5 inhibited LFS-induced synaptic depression after TBS-induced LTP (n¼ 9 slices/7
mice). (d) Statistical results showed that the fEPSP slope was not decreased by LFS in the presence of AP-5 after TBS-induced LTP. (e) The
network propagation of synaptic responses after AP-5 applied. Basal activated areas (blue), recruited areas (red) induced by TBS, and silent
areas (yellow) induced by LFS in male mice, respectively. The recruited channels are shown as green dots and the silent channels are shown
as purple dots. n.s. means no significant difference, error bars indicated SEM. (f) The percentage of activated channels for four different
types of synaptic responses after AP-5 applied.
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Figure 6. GluN2B-containing NMDA receptors were involved in synaptic depression after synaptic potentiation. (a) The final fEPSP slope
plot showed that bath-applied NVP-AAM077 (GluN2A-selective NMDA receptors antagonist, 0.4 mM) had no effect on synaptic
depression after TBS-induced potentiation in the ACC (n¼ 12 slices/9 mice). (b) Statistical results showed that significant difference was
observed between TBS and LFS by comparisons of the last 10-min fEPSP slopes in presence of NVP-AAM077 (TBS: 123.48� 2.51% of the
baseline; LFS: 104.01� 2.28% of the baseline). **p<0.01, paired t-test, compared with TBS. (c) The normalized fEPSP slope plot showed
that Ro25-6981 (GluN2B-selective NMDA receptors antagonist, 3 mM) inhibited the induction of synaptic depression after potentiation in
the ACC (n¼ 14 slices/11 mice). (d) Statistical results showed that no any difference was observed between TBS and LFS in presence of
Ro25-6981. n.s. means no significant difference, error bars indicated SEM.

Figure 7. GluN2C/D-containing NMDA receptors were not involved in synaptic depression after synaptic potentiation. (a) The sum-
marized fEPSP slope plot about the effect of PPDA (GluN2C/D-selective NMDA receptors antagonist, 10 mM) on synaptic depression after
potentiation (n ¼ 9 slices/8 mice). (b) Statistical results showed that significant difference was observed between TBS and LFS by
comparisons of the last 10 min fEPSP slopes in presence of PPDA (TBS: 130.48� 2.80% of the baseline; LFS: 102.98� 6.17%). **p<0.01,
paired t-test, compared with TBS. (c) The averaged fEPSP slope plot about the effect of UBP145 (GluN2D-selective NMDA receptors
antagonist, 3 mM) on synaptic depression after potentiation (n¼ 14 slices/11 mice). (d) Statistical results showed that the averaged fEPSP
slope after TBS was higher than that of LFS (TBS: 123.94� 1.77%; LFS: 114.43� 3.56% of the baseline; *p<0.05, paired t-test, compared
with TBS). Error bars indicated SEM.
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In current study, we found that synaptic depression

can be induced using LFS protocol after synaptic poten-

tiation. This phenomenon is also thought as the process
of plasticity of synaptic plasticity.39 We compared four

different synaptic responses at different recording sites

and observed higher induction rate from Type II and

lower induction rate from Type I at 90-min interval

than 30-min interval in the ACC, indicating that LTP

has a lower sensitivity toward LFS with prolonged time
window.40 This is consistent with previous reports in the

hippocampus, showing that with the prolonged time

intervals, LTP is more resistant to depotentiation due

to gene transcription and local protein synthesis.

Moreover, post-LTP was divided into at least two mech-
anistically distinct temporal phases: protein synthesis-

independent E-LTP (early-phase LTP) and protein

synthesis-dependent L-LTP (late-phase LTP). It is pos-

sible that E-LTP can be depotentiated by LFS and L-

LTP is insensitive to LFS.12,13

Previous studies showed that some synapses which

contained only NMDA receptors and no or very few

AMPA receptors were silent under basal synaptic con-

ditions. These silent synapses were functionally recruited

or waken up because of the insertion of more AMPA
receptors to postsynaptic membranes after LTP induc-

tion protocol applied.18,38,41,42 Conversely, some func-

tional synapses can be transformed into silent synapses

by endocytosis and inactivation of postsynaptic AMPA

receptor after synaptic depression.10,38 Consistent with

previous reports, we observed two different synaptic
responses from inactivated channels under basal condi-

tions and found that a part of recruited channels by TBS

can be silenced after LFS, which may correlate with the

insertion or removal of AMPA receptors. The insertion

or removal of AMPA receptors was involved in the
phosphorylation level of serine sites from C-terminal

domains (CTDs).43

NMDA receptors play key roles in LTP and LTD.20

In our studies, we found that LFS-induced synaptic

depression in potentiated synapses were significantly
blocked by NMDA receptors antagonists AP-5, indicat-

ing that was dependent on NMDA receptors. Previous

reports also showed that LFS-induced synaptic depres-

sion was partially dependent on NMDA receptors in the

ACC,44 and that synaptic depotentiation was dependent
on NMDA receptors in the hippocampus and spinal

cord dorsal horn.8,14,15 The possible molecular and cel-

lular mechanism was that NMDA receptors lead to

influx of Ca2þ, to activate downstream protein phospha-

tase (PP) cascades. And then the activation of PP cas-
cades dephosphorylates GluA1 subunit of AMPARs,

that leads to the reversal of LTP.14,45 However, some

studies showed that the reversal of LTP was NMDA

receptors-independent.46

GluN2A and GluN2B-containing NMDA receptors
play crucial roles for synaptic plasticity and physiologi-
cal functions. The expression of GluN2B was increased
after peripheral inflammation, and pharmacological
blockade of GluN2B selectively relieved inflammatory
pain in the ACC.47 GluN2B receptors were also involved
in morphine-induced analgesic tolerance in the ACC48,49

and contextual fear memory in the CA1 of hippocam-
pus.50 In the ACC, GluN2A and GluN2B-containing
NMDA receptors have been reported play different
roles in different forms of NMDA receptor-dependent
synaptic plasticity, such as LTP and LTD.6,20,51,52

Previous reports also showed that GluN2B-containing
NMDA receptors were involved in novelty
exploration-induced and PP-LFS-induced synaptic
depotentiation.53,54 Consistent with previous reports,
our present studies also found that GluN2B-containing
NMDA receptors are critical for LFS-induced synaptic
depression after potentiation in the ACC, but not
GluN2A or GluN2C/D-containing NMDA receptors.
However, some studies also find that synaptic depoten-
tiation requires the involvement of GluN2A-containing
NMDA receptors in the perirhinal cortex52 or hippo-
campus.51,55 Our results suggest that synaptic depoten-
tiation or depression may employ different mechanisms
at different brain regions,8 and we guessed that influx of
Ca2þ via GluN2B-containing NMDA receptors could
activate downstream PP1 cascades for removal of
AMPA receptors to induce synaptic depotentiation in
the ACC, but specific mechanisms are needed to be fur-
ther studied.

In conclusion, it is important to understand molecular
mechanism for synaptic depression after ACC LTP.
From translational point of view, the restoration of
LTD or the induction of synaptic depression after
chronic pain will be beneficial for relieving chronic pain.
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