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the Network of Long-Term Potentiation in the Anterior
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Phosphorylation of AMPA receptor GluA1 plays important roles in synaptic potentiation. Most previous studies have been performed in
the hippocampus, while the roles of GluA1 phosphorylation in the cortex remain unknown. Here we investigated the involvement of the
phosphorylation of GluA1 in the LTP in the anterior cingulate cortex (ACC) using mice with a GluA1 knock-in mutation at the PKA
phosphorylation site serine 845 (s845A) or CaMKII/PKC phosphorylation site serine 831 (s831A). The network LTP, which is constructed
by multiple recordings of LTP at different locations within the ACC, was also investigated. We found that the expression of LTP and
network LTP was significantly impaired in the s845A mice, but not in the s831A mice. By contrast, basal synaptic transmission and NMDA
receptor-mediated responses were not affected. Furthermore, to uncover potential information under the current acquired data, a new
method for reconstruction and better visualization of the signals was developed to observe the spatial localizations and dynamic temporal
changes of fEPSP signals and multiple LTP responses within the ACC circuit. Our results provide strong evidence that PKA phosphory-
lation of the GluA1 is important for the network LTP expression in the ACC.
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Introduction
AMPA receptors (AMPARs) play important roles in synaptic
transmission and plasticity (Malinow and Malenka, 2002; Col-

lingridge et al., 2004; Anggono and Huganir, 2012). At baseline,
most of the central synaptic currents are mediated by AMPARs.
Potentiation of postsynaptic AMPARs by phosphorylation of the
GluA1 subunit is one of the major synaptic mechanisms contrib-
uting to long-term potentiation (LTP), a key synaptic mechanism
for learning and memory. In the hippocampus, phosphorylation
of GluA1 at the serine 831 (s831) site is reported to increase the
channel conductance of AMPARs (Kristensen et al., 2011), and
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Significance Statement

Previous studies have shown that PKA and PKC phosphorylation of AMPA receptor GluA1 plays critical roles in LTP in the
hippocampus, while the roles of GluA1 phosphorylation in the cortex remain unknown. In the present study, by combining a
64-channel multielectrode system and a novel analysis and visualization method, we observed the accurate spatial localization and
dynamic temporal changes of network fEPSP signals and LTP responses within the ACC circuit and found that PKA phosphory-
lation, but not PKC phosphorylation, of the GluA1 is required for LTP in the ACC.
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PKA phosphorylation at the serine 845 (s845) site of the GluA1
contributes to AMPAR trafficking to the plasma membrane (Es-
teban et al., 2003; Oh et al., 2006). The s831 and s845 double-
mutant mice showed significant deficits in LTP and spatial
memory (Lee et al., 2003), providing strong evidence for the im-
portant roles of both s831 and s845 in the hippocampal LTP.
However, the roles of phosphorylated GluA1 in the cortical LTP
of adult animals remain unknown.

The anterior cingulate cortex (ACC) is an important area for
pain perception and chronic pain, in which glutamatergic synap-
tic transmission undergoes long-term plastic changes after pe-
ripheral inflammation or nerve injury (Zhuo, 2008, 2016; Zhuo
et al., 2011; Bliss et al., 2016). Previous studies have shown that
phosphorylated GluA1 at the s845 site is increased in the ACC in
animals with neuropathic pain (Xu et al., 2008; Chen et al., 2014a).
Injury-induced cortical synaptic responses and behavioral sensi-
tizations are significantly inhibited in GluA1 s845 but not s831
mutant mice (Zhuo, 2008; Chen et al., 2014a). However, it is
unknown whether phosphorylation of GluA1 at the s845 or s831
sites of AMPARs actually contributes to LTP in the ACC.

To directly investigate the roles of phosphorylated GluA1 in
ACC LTP, we used a 64-channel multielectrode (MED64) system
to record the LTP and the network of LTP in the ACC in mice
with an s845 or s831 knock-in mutation, in which the PKA or
CaMKII/PKC phosphorylation sites in GluA1 were replaced with
an alanine (Lee et al., 2000). We also developed a novel method
from which we got better 2D and 3D visualization of the spatio-
temporal signals using the low-resolution MED64 signals. We
found that ACC LTP was largely impaired in the s845A mice but
not in the s831A mice. Our results provide strong evidence that
PKA phosphorylation, but not PKC phosphorylation, of the
GluA1 is important for ACC LTP.

Materials and Methods
Animals. Experiments were performed with adult (8 –10 weeks old) male
serine 831 mutants (s831A) mice and serine 845 mutants (s845A) mice
(C57BL/6J background) and wild-type (WT) mice. All mice were main-
tained on a 12 h light/dark cycle with food and water provided ad libitum.
All experiments protocols were approved by the Animal Care and Use
Committee of University of Xi’an Jiaotong University.

Slice preparation. The general methods for preparing ACC slices were
similar to those described previously (Liu et al., 2013b; Chen et al.,
2014d). Adult male mice were anesthetized with ether, and the whole
brain was quickly removed from the skull and submerged in ice-cold
oxygenated (95% O2 and 5% CO2) artificial CSF (ACSF) containing the
following (in mM): 124 NaCl, 4.4 KCl, 2 CaCl2, 1 MgSO4, 25 NaHCO3,
1 NaH2PO4, and 10 glucose, pH 7.35–7.45. After cooling in the ACSF for
a short time, the whole brain was trimmed to yield an appropriate sample
to glue onto the ice-cold stage of a vibrating tissue slicer (VT1200S,
Leica). Coronal brain slices (300 �M), containing the ACC, were pre-
pared after the corpus callosum connection. After cutting, slices were
then incubated in a submerged recovery chamber with the ACSF, for at
least 2 h at room temperature.

Preparation of the multielectrode array. A commercial MED64 record-
ing system (Panasonic) was used for extracellular field potential record-
ings. The procedure for preparation of the MED64 probe (P515A,
Panasonic) used standard methods (Kang et al., 2012; Liu et al., 2013a).
The MED64 probe has an array of 64 planar microelectrodes, each ar-
ranged in an 8 � 8 pattern, with an interelectrode distance of 150 �m.
Before use, the surface of the MED64 probe was treated with 0.1% polyeth-
yleneimine (P-3143, Sigma-Aldrich) in 25 mmol/L borate buffer, pH 8.4,
overnight at room temperature. Before using it in the experiments, the probe
surface was rinsed at least three times with sterile distilled water.

Field potential recording in adult ACC slices. After incubation, one slice
containing the ACC was transferred to the prepared MED64 probe and
perfused with the oxygenated fresh ACSF at room temperature and

maintained at a flow rate of 2 ml/min. The slice was positioned on the
MED64 probe in such a way that the different layers of the ACC were
entirely covered by the whole array of the electrodes, then a fine-mesh
anchor was placed on the slice to ensure its stabilization during the experi-
ments. After at least a 1 h recovery period for the slices in the recording
chamber, biphasic constant-current pulse stimulation (0.2 ms) was applied
to the stimulation channel to evoke the field EPSPs (fEPSPs) in the channels
closest to the stimulation site. Stable baseline responses were recorded for at
least 1 h, then a theta-burst stimulation (TBS; five trains of bursts with four
pulses at 100 Hz, at 200 ms intervals, repeated five times at intervals of 10 s)
protocol was given to induce the LTP (Chen et al., 2014d).

Whole-cell patch-clamp electrophysiology. Experimental procedures
were based on those described previously (Zhao et al., 2005; Xu et al.,
2008). Slices were transferred to a submerged recovery chamber with
oxygenated ACSF at 28 –30°C. After a 1 h recovery period, slices were
transferred in a recording chamber on the stage of a BX51W1 microscope
(Olympus) equipped with infrared differential interference contrast op-
tics for visualized recording. The EPSCs were recorded from neurons in
superficial layers (II/III) with an Axon 200B amplifier (Molecular
Devices). The stimulations were delivered using a bipolar tungsten stim-
ulating electrode placed in a deep layer (V/VI) of ACC. In the voltage-
clamp configuration, recording pipettes (3–5 M�) were filled with the
following solution (in mM): 112 Cs-Gluconate, 5 TEA-Cl, 3.7 NaCl, 0.2
EGTA, 10 HEPES, 2 MgATP, 0.3 Na3GTP, 5 QX-314, and 0.1 spermine,
adjusted to pH 7.2 with CsOH, and osmolarity of 290 mOsmol. AMPA
receptor-mediated EPSCs were induced by repetitive stimulations at 0.05
Hz, and neurons were voltage clamped at �60 mV in the presence of
D-AP5 (50 �M). NMDA receptor (NMDAR)-mediated EPSCs were re-
corded at �20 mV by bathing with CNQX (20 �M). Picrotoxin (100 �M)
was always present to block GABAA receptor-mediated inhibitory syn-
aptic currents in all experiments. Data were collected and analyzed with
Clampex version 10.3 and Clampfit version 10.2 software (Molecular
Devices).

Drugs. The chemicals used in this study were as follows: picrotoxin and
CNQX were purchased from Sigma-Aldrich. D-AP5 was purchased from
Tocris Cookson. Drugs were prepared as stock solutions for frozen ali-
quots at �20°C. All these drugs were diluted from the stock solutions to
the final desired concentration in ACSF before use.

A novel method for accurate localization of multiple fEPSP peaks and
network LTP. To achieve smoother and more stable interpolation of the
data acquired using the MED64 hardware with an 8 � 8 value in a 2D
grid-distributed array, we developed novel software for quantitative
analysis and meaningful visualization based on the combination nonlin-
ear cubic spline interpolation method.

In this method, the low-resolution 64 array 2D signals (8 � 8 pixels)
are interpolated into a high-density 2D fEPSP signal image (e.g., 640 �
640 pixels, 1280 � 1280 pixels). We use a spline interpolation method
where the interpolant can be a defined type of piecewise polynomial. In
numerical analysis, a spline is a term for elastic rulers for interpolating a
number of predefined points. The mathematical model of the spline is
the shape of such elastic rulers fixed by n �1 knots {(xi:yi): i � 0, 1, …, n}.
It is used to interpolate between all the pairs of knots. The curvature of a
curve of interpolation can be achieved using polynomials of degree 3 or
higher. Here, we first apply an interpolation using polynomials of degree
3 (i.e., the case of a nonlinear cubic spline). The goal of cubic spline
interpolation is to get an interpolation formula that is smooth in the first
derivative and continuous in the second derivative, both within an inter-
val and at its boundaries. The cubic spline is more stable than polynomial
interpolation due to its continuous property through the second deriva-
tive without overinterpretation effects.

The workflow of the software prototype included three processing
steps (see Fig. 7). The first step was to import the originally recorded
MED64 values of fEPSP slopes into a 2D fEPSP value matrix including
active channels and nonactive channels. Then we reconstructed a high-
density 2D signals by using a nonlinear cubic spline interpolation algo-
rithm. The advantage of this algorithm is in using higher-order cubic
interpolation for keeping the accuracy and smoothness of the signals.
The high-density array (from 2D array 8 � 8 pixels to 640 � 640 pixels)
showed more smoothing patterns of 2D signals and continuities than the
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original MED64 2D grid array at all acquisition times. In this way, we
could estimate and visualize the accurate locations of multiple fEPSP
signal peaks and nadirs by using contour lines. The peaks of fEPSP signals
can be considered as the nodes or vertices in a graph network. The dis-
tributions of contour lines of multiple peaks of fEPSP signals show the
underlying relationships among them in 2D spaces. Finally, we trans-
ferred the single 2D image into a 3D surface image by converting the
strength of the fEPSP slopes into different peak values. The strength of
the fEPSP slopes was digitized using a color scale bar.

Experimental design and statistical analysis. Experiments were per-
formed with adult (8 –10 weeks old) male s831A, s845A, and the WT
mice. We used the whole-cell patch clamp to test whether the basal syn-
aptic transmission within the ACC was affected by the GluA1 phosphor-
ylation site mutation. The 22 neurons and 8 slices from five s845A mice,
17 neurons and 6 slices from six s831A mice, and 21 neurons and 7 slices
from seven WT mice were used to record the paired-pulse facilitation
(PPF). The spontaneous EPSCs (sEPSCs) were recorded in 24 neurons
and 8 slices from six s845A mice, 25 neurons and 9 slices from six s831A
mice, and 24 neurons and 7 slices from six WT mice. For the AMPAR-
mediated input– output response, data were recorded from 20 neurons
and 7 slices from six s845A mice, 23 neurons and 7 slices from six s831A
mice, and 17 neurons and 6 slices from seven WT mice. For the AMPAR-
mediated current–voltage relationship ( I–V) response, data were re-
corded from 22 neurons and 9 slices from six s845A mice, 20 neurons and
7 slices from six s831A mice, and 18 neurons and 6 slices from six WT
mice. For the NMDAR-mediated input– output response, data were re-
corded from 20 neurons and 8 slices from seven s845A mice, 19 neurons
and 6 slices from seven s831A mice, and 20 neurons and 7 slices from
seven WT mice. The 21 neurons and 9 slices from s845A mice, 18 neu-
rons and 7 slices from seven s831A mice, and 23 neurons and 10 slices
from seven WT mice were collected to test with Clampex version 10.3
and Clampfit version 10.2 software (Molecular Devices). In the MED64
system, 15 slices from 13 s845A mice, 15 slices from 13 s831A mice, and
15 slices from 11 WT mice were used to test the NMDAR-mediated I–V
response. The rise times and decay times of NMDARs were recorded
from 10 neurons and 7 slices from six s845A mice, 9 neurons and 6 slices
from six s831A mice, and 8 neurons and 6 slices from six WT mice. The
whole-cell patch-clamp data were collected with Clampex version 10.3
and Clampfit version 10.2 software (Molecular Devices).

In the MED64 system, 15 slices from 13 s845A mice, 15 slices from 13
s831A mice, and 15 slices from 11 WT mice were used to test the LTP in
ACC by TBS. Mobius software was used for all multichannel electrophys-
iological data acquisition and analysis. The percentages of the fEPSP
slopes were normalized by the averaged value of the baseline. A new
method for reconstruction and better visualization of the signals was
developed to observe the spatial localizations and dynamic temporal
changes of fEPSP signals and multiple LTP responses within the ACC
circuit. All MED64 data were analyzed using the new method.

Results are expressed as the mean � SEM. The Student’s t test, one-
way ANOVA, and two-way ANOVA were used for statistical compari-
sons. The level of significance was set at p � 0.05.

Results
s845 mutation of the GluA1 impaired ACC LTP
To investigate the role of the s845 site of GluA1 in ACC LTP, we
recorded LTP using the multichannel signals through the MED64
system (Fig. 1A). After 1 h of stable baseline recording, TBS was
applied to induce network late phase of LTP (L-LTP). Unlike in
wild-type mice (Fig. 1F–J), TBS failed to induce L-LTP of the
fEPSP slope in most of the active channels in the s845A mice. As
shown in a typical sample slice with 19 active responses in the
s845A mice (Fig. 1A–E), only two active channels showed L-LTP
(168.1 � 20.3% of baseline) lasting for 4 h and five active chan-
nels showed a short-term LTP (S-LTP) lasting �3 h, while most
of the channels (12 channels) showed no potentiation through-
out the entire recording period. The final averaged slope of all 19
channels was 101.0 � 6.0% of the baseline at 4 h after TBS induc-

tion (Fig. 1E). In a total of 264 active channels from 15 slices from
13 mice, TBS induced L-LTP in 67 channels (25.4%; 141.9 �
4.0% of the baseline), S-LTP in 48 channels (18.2%), but no LTP
in 149 channels (56.4%). In a sum of the 264 channels, TBS failed
to induce L-LTP (108.3 � 4.8% of the baseline; t(14) � �1.795,
p � 0.0943, paired t test; see Fig. 4F).

In the ACC of WT mice, however, TBS induced L-LTP in most
of the active channels, which was similar to our previous reports
(Chen et al., 2014b; Song et al., 2015). As shown in one typical
sample slice with 21 active channels (Fig. 1F–I), 15 channels
showed L-LTP (157.7 � 6.2% of the baseline), 3 channels showed
S-LTP, and 3 channels showed no potentiation. The final aver-
aged slope of 21 channels was 141.4 � 5.2% of the baseline at 4 h
after TBS induction (Fig. 1J). In a total of 15 slices from 11 mice,
we found that TBS induced L-LTP in 83.8% (233 from 278 active
channels) of active channels and their averaged fEPSP slope
reached to 158.8 � 2.5% of the baseline. In the other 45 channels,
18 channels (6.5%) showed S-LTP, and 27 channels (9.7%)
showed no potentiation. The fEPSP slope of the total 278 chan-
nels was potentiated to 149.7 � 3.2% of the baseline at 4 h after
TBS (t(14) � �17.868, p � 4.928E-11, paired t test), and that was
significantly greater than that in s845A mice (t(28) � 7.656, p �
2.44E-8, unpaired t test; see Fig. 4F). It was also indicated that the
number of channels showing L-LTP was affected (see Fig. 4G), as
follows: s845A mice showed significantly fewer channels with
L-LTP (WT mice, 15.53 � 1.75 channels; s845A mice, 4.47 � 1.87
channels; t(28) � 5.199, p � 1.61E-5, unpaired t test), more chan-
nels with no LTP (WT mice, 1.80 � 0.41 channels; s845A mice,
9.93 � 1.80 channels; t(28) � �6.456, p � 5.42E-7, unpaired t
test), and more channels with S-LTP (WT mice, 1.20 � 0.47
channels; s845A mice, 3.20 � 0.92 channels; t(28) � �2.36, p �
0.0255, unpaired t test; n � 15 slices from 11 WT mice and 15
slices from 13 s845A mice; see Fig. 4H).

AMPAR-mediated synaptic transmission was not changed in
s845A mice
Next, we explored whether or not the basal synaptic transmission
within the ACC was affected by the GluA1 phosphorylation site
mutation. By using whole-cell patch-clamp method, we recorded
neurons in the superficial layers (II/III) by stimulating the deep
layers (V/VI) of the ACC (Fig. 2A). PPF and sEPSC, the two
simple measurements for measuring the presynaptic transmitter
release possibility and postsynaptic receptor efficiency, were
tested first. We examined the PPF at different stimulus intervals
of 35, 50, 75, 100, and 150 ms and found that the PPF ratios were
not different between the WT and s845A mice (F(1,214) � 0.243,
p � 0.913, two-way ANOVA; n � 21 neurons and 7 slices from
WT mice and 22 neurons and 8 slices from s845A mice; Fig. 2B).
Consistently, neither the frequency (WT mice, 3.0 � 0.6 Hz;
s845A mice, 2.8 � 0.3 Hz; t(46) � 0.345, p � 0.732) nor the
amplitude (WT mice, 9.8 � 0.4 pA; s845A mice, 10.2 � 0.5 pA;
t(46) � �0.573, p � 0.596) of the sEPSCs was changed between
WT and s845A mice (n � 24 neurons and 7 slices from WT mice
and 24 neurons and 8 slices from s845A mice; unpaired t test;
Fig. 2C–E).

We then tested the input (stimulation intensity)–output (EPSC
amplitude) efficiency and I–V relationship of the AMPAR-mediated
synaptic responses. The slopes of the AMPAR-mediated input–
output curve were not different in WT and s845 mice (F(1,234) �
0.057, p � 1.000, two-way ANOVA; n � 17 neurons and 6 slices
from WT mice and 20 neurons and 6 slices from s845A mice; Fig.
2F). The same tendency was also found in the I–V curve (F(1,359) �
1.424, p � 0.485, two-way ANOVA; n � 18 neurons and 6 slices
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from WT mice and 22 neurons and 9 slices from s845A mice; Fig.
2G). These results suggest that the AMPAR-mediated basal excit-
atory synaptic transmissions were not different between the WT
and s845A mice.

NMDA receptor-mediated responses in s845A mice
NMDARs play crucial roles in the induction of LTP in the ACC
(Zhao et al., 2005; Zhuo, 2008; Bliss et al., 2016). We next checked
whether the properties of NMDAR-mediated responses were af-
fected in s845A mice. We found that the NMDAR-mediated in-
put– output curves were not different between the WT and s845A
mice (F(1,199) � 0.0146, p � 1.000, two-way ANOVA; n � 20
neurons and 7 slices from WT mice and 20 neurons and 8 slices
from s845A mice; Fig. 3A). Similarly, the NMDAR-mediated I–V
curve was not changed in the s845A mice (F(1,395) � 0.411,

p � 0.914, two-way ANOVA; n � 23 neurons and 10 slices from
WT mice and 21 neurons and 9 slices from s845A mice; Fig. 3B).
In consistent with this, the rise time and decay time of the NMDAR-
mediated EPSCs were not changed (rise time: 15.4 � 1.3 ms in
WT mice; 14.8 � 1.2 ms in s845A mice; t(16) � 0.342, p � 0.737;
decay time: 213.3 � 16.5 ms in WT mice; 229.8 � 11.4 ms in
s845A mice; t(16) � �0.899, p � 0.382, unpaired t test; n � 8
neurons and 6 slices from WT mice and 10 neurons and 7 slices
from s845A mice; Fig. 3C). These results suggest that the proper-
ties of NMDARs in ACC neurons were not different between WT
and s845A mice.

s831 mutation of the GluA1 did not affect the LTP
Since CaMKII- and PKC-dependent phosphorylation of GluA1
play important roles for LTP expression in the hippocampus (Lee

Figure 1. s845 mutation of the GluA1 impaired the LTP. A, F, Two mapped samples show the network fEPSP in the ACC of s845A mice (A) and WT mice (F ). The fEPSPs were induced by electrical
stimulation on one channel (37, marked as light yellow) and were recorded from the other 63 channels 1 h before (black) and 4 h after (red) TBS. Asterisks indicated the channels with recruited fEPSPs
in the ACC of WT mice. Superimposed sample traces at different time points (1 h before and 4 h after TBS) showed the following three types of plasticity: channels showing L-LTP (a), channels showing
S-LTP (b), and channels without potentiation (c). B–D, The temporal changes of the fEPSP slopes with three types of plasticity from one slice from the s845A mouse: 2 channels with L-LTP (B), 5
channels with S-LTP (C), and 12 channels without potentiation (D). The final averaged slope for all 19 active channels at 4 h after TBS (101.0�6.0% of the baseline) in the slice from the s845A mouse
was shown in E. G–I, The temporal changes of the fEPSP slopes from one slice from the WT mouse: 15 channels with L-LTP (G), 3 channels with short-term potentiation (H ), and 3 channels without
potentiation (I ). The final averaged slope for all 21 active channels at 4 h after TBS (141.4 � 5.2% of the baseline) in the WT slice was shown in J. Arrows in B–E and G–J indicate the starting point
of TBS application.
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Figure 2. Both s845 and s831 mutations of the GluA1 did not change the AMPA receptor-mediated basal synaptic transmission. A, Schematic diagram showed the location of the stimulation
electrode in the layer V/VI and recording electrode for one pyramidal neuron in layer II/III of the ACC. B, Sample traces and summarized results showed the paired-pulse ratio recorded with intervals
of 35, 50, 75, 100, and 150 ms in WT, s845A, and s831A mice. C, Representative mEPSC recorded in the ACC neuron from WT and mutant mice. D, Cumulative histograms of the interevent interval
(left) and amplitude (right) of mEPSCs from sample neurons of WT and mutant mice. E, Summarized results of the frequency (left) and amplitude (right) of sEPSCs. F, G, Synaptic input– output curves
(F ) and I–V curves (G) of AMPAR-mediated evoked EPSCs in WT, s845A, and s831A mice.
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et al., 2000), we then applied TBS to determine whether LTP is
also impaired in the ACC of s831A mice. We found that LTP was
induced in most of the active channels in the s831A mice, with a
similar pattern in WT mice. As shown in a typical sample slice
with 18 active responses (Fig. 4A), 12 channels showed L-LTP
(150.4 � 8.8% of baseline), 3 channels showed S-LTP, and 3
channels showed no LTP (Fig. 4B–D). The final averaged slope of
all 18 channels was 133.6 � 8.3% of the baseline at 4 h after TBS
induction (Fig. 4E). In a total of 15 slices from 13 mice, we found
that 77.3% (211 from 273 channels) of active channels showed
L-LTP (156.1 � 2.8% of the baseline), 30 channels (11.0%)
showed S-LTP, and 32 channels (11.7%) showed no potentiation.
The fEPSP slope of all 273 channels was potentiated to 146.0 �
3.9% of the baseline, which was not different with the WT mice
(t(28) � �0.726, p � 0.474, unpaired t test; Fig. 4F). Further
analysis showed that the occurrence of L-LTP and S-LTP and no
LTP of s831A mice was not different with WT mice (L-LTP: t(28) �

0.783, p � 0.440; S-LTP: t(28) � �0.8, p � 0.336; no LTP: t(28) �
�0.333, p � 0.563, unpaired t test) but significantly different with
s845A mice (L-LTP: t(28) � 6.268, p � 8.93E-7; no LTP: t(28) �
�6.16, p � 1.19E-7; S-LTP: t(28) ��1.21, p � 0.236, unpaired t test;
Fig. 4H). These findings suggest that the s831 mutation of GluA1 has
no important impact on LTP expression in the ACC.

The basal synaptic transmission in the ACC of s831A mice
was also tested. These experiments demonstrated that the PPF
(F(1,189) � 0.973, p � 0.325, two-way ANOVA; n � 17 neurons and
6 slices from s831A mice and 21 neurons and 7 slices from WT mice;
F(1,194) � 0.900, p � 0.465, two-way ANOVA; n � 17 neurons
and 6 slices from s831 mice and 22 neurons and 8 slices from
s845A mice), sEPSC (frequency: s831A mice, 2.7 � 0.3 Hz; s831A
vs WT mice: t(47) � �0.626, p � 0.534; s831A vs s845A mice,
t(47) � �0.221, p � 0.826, unpaired t test; amplitude: s831A mice,
9.6 � 0.5 pA; s831A vs WT mice, t(47) � 0.29, p � 0.773; s831A vs
s845A mice, t(47) � 0.822, p � 0.415, unpaired t test; n � 25

Figure 3. NMDA receptor-mediated responses were not changed in either s845A or s831A mice. A, Synaptic input– output curves of NMDA receptors mediated evoked EPSCs in WT, s845A, and
s831A mice. B, Synaptic I–V curves of NMDA receptors mediated evoked EPSCs in WT, s845A, and s831A mice. C, Normalized traces (left) and pooled data of rise time and decay time (right) in WT,
s845A, and s831A mice.
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neurons and 9 slices from s831A mice, 24 neurons and 7 slices
from WT mice, and 24 neurons and 8 slices from s845A mice),
the AMPAR-mediated synaptic response (input– output curve:
s831A vs WT mice, F(1,199) � 1.045, p � 0.401; s831A vs s845A
mice, F(1,214) � 1.243, p � 0.281, two-way ANOVA; n � 23
neurons and 7 slices from s831A mice, 17 neurons and 6 slices
from WT mice, and 20 neurons and 6 slices from s845A mice; I–V
curve: s831A vs WT mice, F(1,341) � 1.009, p � 0.429; s831A vs
s845A mice, F(1,377) � 0.634, p � 0.749, two-way ANOVA; n � 20
neurons and 7 slices from s831A mice, 18 neurons and 6 slices
from WT mice, and 22 neurons and 9 slices from s845A mice),
and NMDAR-mediated synaptic responses (input– output curve:
s831A vs WT mice, F(1,194) � 0.0639, p � 0.992; s831A vs s845A
mice, F(1,194) � 0.129, p � 0.972, two-way ANOVA; n � 19
neurons and 6 slices from s831A mice, 20 neurons and 7 slices
from WT mice, and 20 neurons and 8 slices from s845A mice; I–V
curve: s831A vs WT mice, F(1,368) � 0.387, p � 0.927; s831A vs
s845A mice, F(1,350) � 0.118, p � 0.999, two-way ANOVA; n � 18
neurons and 7 slices from s831A mice, 23 neurons and 10 slices
from WT mice, and 21 neurons and 9 slices from s845A mice; rise
time, 14.3 � 1.6 ms in s831A mice; s831A vs WT mice, t(15) �
0.342, p � 0.737; s831A vs s845A mice, t(17) � �0.279, p � 0.783;

decay time, 215.5 � 16.5 ms in s831A mice; s831A vs WT mice,
t(15) � �0.1, p � 0.921; s831A vs s845A mice, t(17) � �0.765, p �
0.455, unpaired t test; n � 9 neurons and 6 mice from s831A
mice, 8 neurons and 6 slices from WT mice, and 10 neurons and
7 slices from s845A mice) were not different in the s831A mice
compared with those in the WT and s845A mice (Figs. 2, 3).

Recruited responses in the ACC of WT and s831A mice but
not s845A mice
One of the advantages of the multichannel recording system is
that we can observe the recruitment of channels, which are orig-
inally inactive but can be recruited by TBS induction (Chen et al.,
2014d). In WT mice, 18.53 � 1.55 channels per slice (15 slices and
11 mice) were originally activated and showed fEPSP during the
baseline recording. However, 2.5 � 0.3 channels were recruited
after TBS (Fig. 5G). In consistent with our previous observation
(Chen et al., 2014c), the recruited channels were located on the
edge of the basal active area (Fig. 5A).

We then tested whether s845 or s831 mutations may affect the
TBS-induced channel recruitment. We found that the number of
basal activated channels was not changed in s845A and s831A
mice, compared with WT mice (s845A mice, 17.67 � 0.88 chan-

Figure 4. Network plasticity of the fEPSP in the ACC of s831A mice. A, One samples showed the network fEPSP in the ACC of s831A mice. B–D, The temporal changes of fEPSP slopes from one slice
from the s831A mouse: 12 channels with L-LTP (B), 3 channels with short-term potentiation (C), and 3 channels without potentiation (D). E, The final averaged slope for all 18 active channels at 4 h
after TBS (133.6 � 8.3% of the baseline) in the s831A slice was shown. F, The averaged fEPSP slopes of all recorded channels in WT (15 slices/11 mice), s845A and s831A mice (both from 15 slices/13
mice). G, The averaged fEPSP slopes from total active channels of WT, s845A, and s831A mice at different time points after the TBS. H, The average number of the channels showed three types of
plasticity from WT, s845A, and s831A mice. Arrows in B–F indicate the starting point of TBS application. *p � 0.05, ***p � 0.001, WT mice vs s845A mice. ###p � 0.001, s845A mice vs s831A mice.
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nels; s831A mice, 18.2 � 1.17 channels; n � 15 slices and 13
s845A mice and 15 slices and 13 s831A mice; F(2,42) � 0.223, p�
0.801, one-way ANOVA). However, recruited channels were ob-
served only in s831A mice, not in s845A mice (Fig. 5B,C).

The time courses of the changed fEPSP slope in the recruited
channels were further shown in Figure 5D–F. In WT and s831A
mice, the number of recruited channels gradually increased after
TBS induction (Fig. 5E). In these recruited channels, TBS-
induced fEPSPs were gradually potentiated, and the amplitude
finally became as large as 24.5 � 1.5 �V in WT mice and 22.5 �
1.4 �V in s831A mice at 4 h after TBS induction (Fig. 5F). Neither
the numbers of recruited channels (t(28) � 0.386, p � 0.702,
unpaired t test) nor their fEPSP amplitudes (t(70) � �1.065,
p � 0.291, unpaired t test) were different in WT and s831A mice
(Fig. 5G).

Spatial and temporal tracing of fEPSPs
For a better understanding of the distribution patterns of the
active responses, we analyzed their spatial distribution in dif-
ferent layers of the ACC and their temporal changes before
and after TBS in WT, s845A, and s831A mice. At first, we
plotted the fEPSP slopes from all 63 recorded channels with
active and nonactive (defined as 0 mV/ms) responses at 0.5 h
before and 4 h after TBS (n � 15 slices acquired in each group;
Fig. 6A–C) into a 2D channel–slope strength system. When we
stimulated the channel in a deep layer (channel 37), the active
responses were observed in both the deep and superficial lay-
ers around it. The peak intensity of fEPSP slopes was near
channels 27–29, the superficial layers of the stimulation site
(also shown in Fig. 1A). Basal fEPSP slopes were similar in the
three types of mice. However, the average level of potentiation

Figure 5. The temporal changes of recruited responses in WT, s845A, and s831A mice. A–C, Sample slices showed the distribution of the basal activated channels (blue) and the TBS-recruited
channels (red) in WT mice (A) and s831 mice (C) but not in s845A mice (B). D, Superimposed samples showed the recruited responses induced by TBS. E, F, The temporal changes of the number (E)
and amplitude (F ) of the recruited fEPSPs in WT and s831A mice. G, The averaged number (left) and amplitude (right) of recruited channels in WT and s831A mice.
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of fEPSP slopes after TBS was quite different, in which much
smaller potentiation was shown in s845A (Fig. 6B) mice com-
pared with WT (Fig. 6A) and s831A mice (Fig. 6C). We then
plotted the temporal changes in each channel before and after
TBS, in which the spatial distribution of responses from all 63
recording channels were plotted on the y-axis and their tem-
poral changes were plotted on the x-axis (n � 15 slices in each
type of mice; Fig. 6D–F ). The traces showed that TBS could
induce stronger potentiation of fEPSP slopes in most of the
channels in WT and s831A mice than in s845A mice.

Spatiotemporal pattern of LTP
To determine the accurate spatiotemporal properties of the
fEPSP signals, we developed a software prototype that can recon-
struct smoother and more stable interpolation of signals (640 �
640 pixels) by using a nonlinear cubic spline interpolation algo-
rithm in an optimal way (for detailed description, see Materials
and Methods). By this method, the originally recorded MED64
values of fEPSP slopes, including active channels and nonactive
channels (Fig. 7A,D), were reconstructed into high-density 2D
signals (640 � 640 pixels; Fig. 7B,E) and then transferred to 3D

Figure 6. The spatiotemporal accumulated distribution of fEPSP slope for all 64 channels. A–C, The channel distribution of averaged fEPSP slope before and after TBS in WT (A), s845A (B), and
s831A (C) mice. The simulating site (channel 37) in each panel is indicated with a purple triangle. D–F, The average fEPSP signals from all channels in WT (D), s845A (E), and s831A mice (F ) were
recorded over time. The curves in all channels show the temporal changes of the normalized fEPSP slope and recruited responses after TBS using the mean value of all 15 measured slices. TBS
application time was indicated with green triangles.
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signals (Fig. 7C,F). This is helpful to show smoother patterns for
2D signals and continuities at all acquisition times.

The multiple fEPSP peaks were considered as vertices of a
graph network, and the contour line map showed the spatial
distribution of the LTP network. In this way, we applied the
similar acquisition and reconstruction methods for analyzing
data before and after TBS for all acquired datasets (Figs. 8–10).
The values of the fEPSP slope in three representative slices with
respect to WT, s845A, and s831A mice were shown (Fig. 8). The
values of fEPSP signals at baseline (Fig. 8A,D,G), after TBS (Fig.
8B,E,H), and the differences between values at baseline and after
TBS (Fig. 8C,F, I) were presented in a color-encoded 2D contour
line map with strength calibration color bars, respectively.

The locations of multiple fEPSP signal peaks and the distribu-
tion of networks were accurately computed using the height
levels of contour lines. The 3D surfaces (Fig. 8J–R) were recon-
structed based on the 2D color map shown in Figure 8A–I, by
using the height level contour lines in a 3D version with a calibra-
tion bar. From these figures, we were able to localize the spatial
distribution and the strength of the basal network active re-
sponses and their potentiation effect. Based on the 2D and 3D
versions of the reconstructed results (Fig. 8), the difference in
network responses before and after TBS were accurately exhib-
ited. Although the intensity and spatial distributions of the basal
fEPSP slopes were similar, it is easy to find that TBS significantly

increased the intensity in most of the active areas surrounding the
stimulation sites in WT and s831A mice. However, very weak
potentiation was observed in the s845A mice, indicating that
the s845 site of GluA1 is important for the network LTP in the
ACC.

Further quantitative analyses of recruited responses were vi-
sualized in spatiotemporal 3D spaces. The TBS-induced recruit-
ment in WT, s831A, and s845A mice could be easily measured
and visualized in 3D spatiotemporal space (Fig. 9). In typical
samples of WT, s845A, and s831A mice, the spatial characteristics
of the network active responses were presented along the time
course to show their temporal changes during the whole experi-
mental procedure (Fig. 9A,D,G) or during split procedures [at
baseline (Fig. 9B,E,H) and after TBS phases (Fig. 9C,F, I), re-
spectively]. We found that the recruited responses, which were
located on the edges of the active areas, emerged after TBS induc-
tion and increased gradually in WT mice (Fig. 9A–C) and s831A
mice (Fig. 9G–I), but not in s845A mice (Fig. 9D–F).

Spatiotemporal characterization of the network L-LTP
We computed the spatial strength distribution of L-LTP (Fig.
10A–I, yellow calibration bar) and the spatial frequency distribu-
tion of L-LTP (Fig. 10J–R, blue calibration bar) in 63 recording
channels (channels with S-LTP and no potentiation were not
included). Based on the originally acquired low-resolution 64-

Figure 7. A workflow for reconstructing sparsely grid-distributed signals into highly representative spatial 2D and 3D signals. A–C, A workflow showed the interpolation of the signals from
MED64 channels (8 � 8; A) to a 640 � 640 2D image (B) and its 3D version (C). D, The 8 � 8 pixels MED64 signals in five randomly selected slices in WT mice. E, The interpolated 2D image showed
the continuity of signals as well as the accurate localization of fEPSP peaks with contour lines in each acquisition slice. F, 3D surfaces showed the peaks of fEPSP signals and their locations.
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channel datasets with 8 � 8 values, the averages of fEPSP slopes
(strength) at 4 h after TBS induction were computed for WT mice
(Fig. 10A), s845A mice (Fig. 10D), and s831A mice (Fig. 10G; n �
15 slices in each type of mice). Then we reconstructed the 63
values from 2D signals into the high-density 640 � 640 pixel 2D
(Fig. 10B,E,H) and 3D representations (Fig. 10C,F, I), respec-
tively. The probability distributions of the spatial strength net-
work of L-LTP with multiple L-LTP peaks (vertices) were thus
quantitatively and accurately visualized. Similarly, the probabil-
ity distributions of the spatial frequency network of L-LTP were
computed to show the spatial distributions of the L-LTP on the
same measured slices, so that we could easily observe where
L-LTP often happens. The probability distributions of spatial
frequency L-LTP network were shown with the averaged 63
channels as the 2D map (Fig. 10 J,M,P), a reconstructed highly

representative contour line map (Fig. 9K,N,Q), and a 3D surface
map (Fig. 10L,O,R).

According to the quantitative analysis, we found that the spa-
tial strength (Fig. 10C,F, I) and spatial frequency (Fig. 10L,O,R)
of the network L-LTP are often formed as a ring distribution
surrounding the location where stimulation was delivered. The
spatial strength and spatial frequency distributions of L-LTP were
similar in both WT and s831A mice, but obviously were weak in
s845A mice.

Discussion
In the present study, by using genetic mutant mice in the phos-
phorylation of GluA1 at s845 and s831 sites of AMPARs, we
found that PKA phosphorylation site s845 of GluA1 is important
for the ACC L-LTP. By using a multiple-channel MED64 field

Figure 8. The spatial distribution pattern of LTP in three types of mice. A–C, The high-density images showed the value of fEPSP slopes before (A) and 4 h after TBS (B) in one sample slice of WT
mice; their difference was shown in C. D–F, The value of the fEPSP slope before and after TBS in one sample slice of s845A mice (D, E); their difference was shown in F. G–I, The values of the fEPSP
slope before and after TBS in one sample slice from s831A mice (G, H ); their difference was shown in I. J–L, The 3D versions of A–C were shown respectively. M–O, The 3D versions of D–F were shown
respectively. P–R, The 3D versions of G–I were shown respectively.
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recording system, we showed that TBS applied at one site in the
ACC produces L-LTP within most of the recording sites in the
WT and s831A mice, but not in the s845A mice. We also devel-
oped novel software for quantitative analysis and meaningful
visualization that enhanced the spatial accuracy to the level of
micros for the fEPSP signals in reconstructed high-resolution
spaces. We thus computed accurate and quantitative information
including dynamic location and the distribution of multiple
fEPSP peaks and the network LTP in temporal (1D) and spatial
(2D) dimensions.

The roles of phosphorylation of GluA1 for LTP have been
investigated in the hippocampus. After the induction of hip-
pocampal LTP, the expression of phosphorylated GluA1 at s831
and s845 sites is increased in the hippocampal CA1 (Barria et al.,
1997; Mammen et al., 1997). Activation of CaMKII and PKC
phosphorylates the s831 site of the GluA1 (Lee et al., 2000), which
increases channel conductance of AMPARs and directly leads to
LTP expression (Benke et al., 1998; Derkach et al., 1999). PKA
phosphorylation of the s845 site of the GluA1, however, mainly
contributes to AMPAR trafficking to the plasma membrane (Es-
teban et al., 2003; Oh et al., 2006). Phosphorylation of GluA1 at
s831 or s845 lowers the threshold for LTP induction (Makino et
al., 2011), while there are significant LTP deficits in s831 and s845
double-mutant mice (Lee et al., 2003), indicating that the phos-
phorylated s831 and s845 sites of GluA1 both play important
roles for the hippocampal LTP. However, unlike the hippocam-
pus, we found that the AC1– cAMP–PKA pathway rather than the
PKC pathway is much more involved with synaptic potentiation
in the ACC (Zhuo, 2008; Bliss et al., 2016; Zhuo, 2016). In cingu-
late pyramidal cells, LTP induced by TBS or pairing stimulation is
abolished in AC1 knock-out mice or by AC1 inhibitor NB001

(Liauw et al., 2005; Wang et al., 2011). By contrast, hippocampal
CA1 LTP was not affected by AC1 deletion or NB001 application
(Wang et al., 2011). These results indicate that signaling pathways
for LTP in central synapses (hippocampus vs cingulate) are dif-
ferent. Such a difference actually provides a unique view for fu-
ture clinical manipulations such as inhibiting chronic pain with
fewer cognitive side effects or enhancing cognition without in-
creasing chronic pain.

In animal models of acute inflammatory or neuropathic pain,
the elevated density and activity of PKA-phosphorylated GluA1
at s845 has been reported (Xu et al., 2008; Bie et al., 2011; Chen et
al., 2014a,c). Phosphorylation of GluA1 s845 sites likely contrib-
utes to behavioral sensitization, since both enhanced synaptic
potentiation and behavioral hyperalgesia are greatly inhibited in
s845 but not s831 mutant mice (Zhuo, 2008; Chen et al., 2014a,c).
Nerve injury-induced overexpression of Ca2�-permeable AMPARs
(CP-AMPARs) depends on the activation of PKA, and CP-AMPAR
inhibitor NASPM reverses ACC LTP (Chen et al., 2014c). In the
present study, we further confirmed that PKA phosphorylation at
s845 but not PKC phosphorylation at s831 of GluA1 is important
for LTP in the ACC. Therefore, unlike the hippocampus, we pro-
pose that, in the ACC, PKA but not CaMKII/PKC phosphoryla-
tion of GluA1 is required for the expression of LTP. One possible
reason is that the expression of LTP in the ACC depends on
membrane AMPAR trafficking but not on the increased channel
conductance. This prediction is supported by our previous find-
ings that peripheral nerve injury mainly increases the number of
membrane AMPARs but not the channel conductance in the
ACC (Li et al., 2010; Chen et al., 2014c). Activation of PKA and
increased postsynaptic CP-AMPAR on the membrane may con-
tribute to AMPAR trafficking in the ACC. In addition, it is pos-

Figure 9. LTP induction evoked recruitment of cortical circuitry in WT and s831A mice. A, The spatiotemporal 3D volume showing the recruited responses after TBS in one sample slice from WT
mice. The Z direction represented the whole recording procedure. B, C, The spatiotemporal distribution of the fEPSP before (B) and after (C) TBS split from A. D–F, The spatiotemporal 3D volume from
one sample slice from s845A mice showed that TBS could not induce recruited responses. G–I, The spatiotemporal 3D volume showed the recruited responses after TBS in one sample slice from s831A
mice.
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sible that CaMKII/PKC-phosphorylated s831 of GluA1 in the
ACC may contribute to other forms of plasticity such as long-
term depression (LTD). In the visual cortex, it has been reported
that associative LTD requires the involvement of PKC activation
(Seol et al., 2007). Future experiments are clearly needed to ad-
dress this possibility.

Another interesting finding is that LTP induction recruited
cortical circuitry in the WT and s831A mice but largely dimin-
ished such circuity in the s845A mice. The recruitment of synap-
tic responses may be caused by the enhancement of presynaptic
glutamate release, silent synapses, or postsynaptic trafficking of
AMPAR (Chen et al., 2014b). Since the basal synaptic transmis-

Figure 10. The probability distribution of the spatial strength and spatial frequency network L-LTP. A–C, The probability distributions of the averaged fEPSP slope (spatial strength) were from
channels with L-LTP in WT mice. The originally acquired 8 � 8 dataset (A) reconstructed (640 � 640) 2D signals (B) and 3D signals (C) were shown respectively. D–F, The probability distributions
of the averaged fEPSP slope (spatial strength) were from channels with L-LTP in s845A mice. G–I, The probability distributions of the average fEPSP slope (spatial-strength) were from channels with
L-LTP in s831A mice. J–R, Probability distributions of averaged frequency of network L-LTP (spatial frequency) in WT mice (J–L), s845A mice (M–O), and s831A mice (P–R). n � 15 slices in each
type of mouse.
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sion is not changed in the three types of adult mice, we think the
postsynaptic trafficking of AMPAR may have a more important
role for the recruitment of synaptic responses. Some researchers
have found that LTP induction promotes the GluA1 surface ex-
pression in spines and dendrites through PKA phosphorylation
of GluA1 at the s845 site (Esteban et al., 2003; Oh et al., 2006;
Henley and Wilkinson, 2016). This is likely the main reason for
the recruited responses in our present work. The deficiency of
recruitment in s845A mice is largely due to the inactive PKA
pathway that failed to induce AMPAR surface trafficking.

In our research, by using the MED64 system, the LTP was
recorded from multiple channels in one ACC slice. Comparing
this to traditional two-electrode (one stimulation and one re-
cording electrode) methods, this system helps to deepen our un-
derstanding of the multiple activated responses and signal spread.
However, the spatial distribution of the real network response is
limited by the low resolution of the recording channels. The tem-
poral change of the signals is also hard to analyze. By the unbiased
quantitative analysis, the number, shape, and distribution of
multiple peaks of fEPSP signals can be visually achieved with a
smoother and more stable interpolation of the original signals. In
graph theory, a graph in this context is made up of vertices, nodes,
or points that are connected by edges, arcs, or lines. Here, we
consider the peaks of fEPSPs as the nodes or vertices in a graph
network. The connectivity between these vertices is visualized
using the distributed contour lines of slopes. In this way, the
bottleneck for accurate localization and distribution of network
signals acquired from the low-resolution recording system has
been conquered to a large extent. We can further compute mul-
tiple distributions of contour lines to visualize the probable spa-
tial strength and spatial frequency properties of the network LTP.
To our knowledge, our work is for the first time to apply this type
of analyzing method to check the spatial–temporal properties of
network signals and LTP. This is useful for revealing the cellular
response, synaptic transmission, and drug effect at circuit level.
However, there are still a lot of uncertainties for the underlying
connectivity among multiple fEPSP peaks by using only electro-
physiology data in spatiotemporal dimensions. In the future, we
will extend our approach to reconstruct higher-fidelity and more
meaningful network signals by combining, for example, electro-
physiology, morphology, and imaging information. In this way,
we may reveal the underlying relationships for the connectivity
and spatial-temporal changes of the network signals.

In summary, our results demonstrated that the PKA phos-
phorylation site of the GluA1 is important for the network LTP
and recruitment of cortical circuitry in the ACC. Since ACC is
important for the process of chronic pain, this PKA site of GluA1
may serve as a new target to inhibit the chronic pain. Further
studies would investigate the detection of the relationship be-
tween pairwise channels before and after TBS, as well as expanded
application such as the possible changed spatial-temporal prop-
erties of network LTP in chronic pain.
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