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Anterior cingulate cortex (ACC) is known to play important roles in key brain functions such as pain perception, cognition, and emotion.
Different forms of homosynaptic plasticity such as long-term potentiation (LTP) and long-term depression have been studied in ACC
synapses. However, heterosynaptic plasticity such as synaptic tagging has not been reported. Here, we demonstrate synaptic tagging in
the ACC of adult male mice by using a 64-channel multielectrode array recording system. Weak theta burst stimulation (TBS), normally
inducing early-phase LTP or No-LTP in most of the activated channels, produced late phase-LTP (L-LTP) in a majority of channels when
a strong TBS was applied earlier to a separate input within a certain time window. Similar to hippocampus, synaptic tagging in the ACC
depends on the synthesis of new proteins. Tail amputation-induced peripheral injury caused a loss of this heterosynaptic L-LTP and
occluded strong TBS-evoked L-LTP as well. Together, we provide the first report of the synaptic tagging-like phenomenon in the ACC of
adult mice, and the loss of synaptic tagging to amputation may contribute to injury-related cognitive changes and phantom limb
sensation and pain.
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Introduction
Long-term potentiation (LTP), an activity-dependent long-
lasting increase of synaptic efficacy caused by high-frequency
stimulation, has been well established as a cellular model of in-
formation storage in the brain (Bliss and Collingridge, 2013;
Takeuchi et al., 2014). Multiple lines of evidence suggest that LTP
has at least two mechanistically distinct temporal phases: protein
synthesis-independent early-phase LTP (E-LTP) and protein

synthesis-dependent late-phase LTP (L-LTP; Chen et al., 2014a,
2017; Park et al., 2016). Interestingly, E-LTP and L-LTP can in-
teract with each other in a ‘synaptic tagging-like’ manner, where
a weak tetanus inducing E-LTP sets a “tag”, which can capture the
plasticity-related proteins (PRPs) synthesized following the
strong tetanus inducing L-LTP (Frey and Morris, 1997, 1998;
Reymann and Frey, 2007). Consequently, a weak stimulus can
induce L-LTP if it is preceded or followed by a strong tetanus
given to a separate, independent pathway that converges into the
same neuronal population. The synaptic tagging hypothesis has
been validated by increasing numbers of studies (Young and
Nguyen, 2005; Alarcon et al., 2006; Ishikawa et al., 2008; Shires et
al., 2012; Sharma et al., 2017) and is believed to play important
roles in long-term memory storage/allocation (Wang et al., 2010;
Redondo and Morris, 2011; Rogerson et al., 2014) as well as
memory deficits in neurodegenerative diseases such as the Alz-
heimer’s disease (Sharma et al., 2015; Li et al., 2017).

Anterior cingulate cortex (ACC) is an important forebrain
structure involved in many higher brain functions, such as learn-
ing, memory, pain, and emotion processing (Frankland et al.,
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Significance Statement

ACC is an important cortical region involved in many brain functions. Previous studies have dissected the molecular mechanism
of multiple types of homosynaptic plasticity of ACC synapses. Here, we report a novel form of heterosynaptic plasticity occurring
in the ACC. This newly identified, protein synthesis-dependent neocortical synaptic tagging is sensitive to peripheral tail ampu-
tation injury and may provide basic mechanisms for synaptic pathophysiology of phantom pain and related cognitive changes.
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2004; Bliss et al., 2016; Zhuo, 2016; Chen et al., 2018; Ko et al.,
2018). Previous work have shown that excitatory synapses in the
ACC are highly plastic, being capable of exhibiting multiple types
of synaptic plasticity, including postsynaptic LTP (Zhao et al.,
2005; Liu and Zhuo, 2014a), presynaptic LTP (Koga et al., 2015,
2017), and long-term depression (LTD; Wei et al., 1999; Chiou et
al., 2012; Kang et al., 2012). Additionally, we demonstrate that
ACC synapses can equally exhibit a form of L-LTP, which is
dependent on protein kinase M� (PKM�) activation (Li et al.,
2010) and AMPA receptor phosphorylation (Song et al., 2017).
However, it is unclear whether synaptic tagging also occurs in the
ACC.

Amputation-induced limb deafferentation has been docu-
mented to model the pathological tissue injury conditions in pa-
tients with phantom limb pain (Flor et al., 2006). Our previous
work demonstrates that peripheral amputation could result in
long-lasting plastic changes in excitatory synaptic transmission in
the rodent forebrain structures, including ACC and insular cor-
tex (Wei and Zhuo, 2001; Zhuo, 2012). One common synaptic
dysfunction caused by amputation is the loss of LTD in the cortex
(Wei et al., 1999; Kang et al., 2012; Liu and Zhuo, 2014b). How-
ever, little information is now available concerning the effect of
amputation on LTP inducibility and associativity in the brain. In
the present study, we used a 64-channel multielectrode dish
(MED64) recording system (Liu et al., 2013a; Liu and Zhuo,
2014a) to first investigate the induction properties of E-LTP and
L-LTP in the acute mouse ACC slices by two different types of

conditioning stimulus, weak theta burst stimulation (TBS) and
strong TBS. We found that weak TBS, which normally induces
E-LTP in most of the activated channels, could cause L-LTP when
a strong TBS is delivered before the weak TBS within a certain
time window, indicating the occurrence of synaptic tagging-like
phenomenon in the ACC. We then demonstrate that tail ampu-
tation resulted in a loss of this heterosynaptic interaction of ACC
LTP, possibly due to the occlusion of strong TBS-evoked L-LTP
induction in the amputated slices.

Materials and Methods
Animals. The experiments were performed on male C57BL/6 mice (8 –10
weeks old, Charles River Laboratories). All animals were fed in groups of
three per cage under standard laboratory conditions (12 h light/dark,
temperature 22–26°C, air humidity 55– 60%) with ad libitum water and
mice chow. All works were conducted according to the policy and regu-
lation for the care and use of laboratory animals approved by Xi’an
Jiaotong University or University of Toronto.

Slice preparation. The general procedures for making the ACC slices
are similar to those described previously (Song et al., 2017; Ko et al.,
2018). Briefly, mice were anesthetized with gaseous isoflurane and de-
capitated. The whole brain was rapidly removed and immersed into a
cold bath of oxygenated (equilibrated with 95% O2 and 5% CO2) artifi-
cial CSF (ACSF) containing the following (in mM): 124 NaCl, 2.5 KCl, 1.0
NaH2PO4, 1 MgSO4, 2 CaCl2, 25 NaHCO3, and 10 glucose, pH 7.35–
7.45. This ACSF was used throughout the experiment. After cooling for
1–2 min, appropriate portions of the brain were then trimmed and the
remaining brain block was glued onto the ice-cold stage of a vibrating

Figure 1. Synaptic tagging occurs in the adult mouse ACC. A, Light microscopy photograph showing the location of the MED64 probe relative to one ACC slice. We applied electrical stimulation
separately to two distinct inputs as shown by the two red dots in the picture. The S1 stimulation site received strong TBS in the superficial layer, whereas the S2 site was given a weak TBS in the deep
layer of ACC (see Materials and Methods for the details of the protocols). CC, Corpus callosum. B, Summarized plot of the fEPSP slope demonstrates the induction of E-LTP by weak TBS alone that
gradually decayed to the baseline within 3 h. C, Summarized plot of the fEPSP slope demonstrates the induction of L-LTP by weak TBS if preceded, 30 min earlier, by a strong TBS (i.e., tagged TBS).
Tagged TBS-evoked L-LTP lasts for at least 4 h. D, Summarized plot of the fEPSP slope shows the induction of persistent L-LTP by strong TBS alone that lasts for 4.5 h. E, Bar histogram showing
quantified data within last 10 min of the LTP recording for weak TBS alone, strong TBS alone, and tagged TBS. The magnitude of tagged TBS-induced L-LTP did not differ from that of strong TBS alone.
F, Pooled data showing that delivery of strong TBS onto S1 pathway had no effect on the baseline responses in another S2 pathway. B–D, F, Schematic diagram of the recording procedure for each
experiment is shown at the top of the plot. Insets, Representative fEPSP traces taken at the time points indicated by numbers in the graph. Calibration: 100 �V, 10 ms. Large arrows indicate starting
point of strong TBS application; small arrows mark the time point of weak TBS delivery. ***p � 0.001 versus weak TBS. NS, No significance. Error bars represent SEM.
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tissue slicer (Leica, VT1000S). Then three coronal ACC slices (300 �m)
were obtained at the level of corpus callosum connection and placed in a
submerged recovery chamber with oxygenated (95% O2, 5% CO2) ACSF
at room temperature for at least 2 h.

Multichannel field potential recordings. A commercial 64-channel re-
cording system (MED64, Panasonic Alpha-Med Sciences) was used for
multichannel field potential recordings in this study. Procedures for
preparation of the MED64 probe and extracellular field potential record-
ings were similar to those described previously (Liu et al., 2013a,b; Liu
and Zhuo, 2014b). Before use, the surface of the MED64 probe (MED-
P515A, 8 � 8 array, interpolar distance 150 �m; Panasonic) was treated
with 0.1% polyethyleneimine (Sigma-Aldrich) in 25 mM borate buffer,
pH 8.4, overnight at room temperature. Then, the probe surface was
rinsed three times with sterile distilled water. After incubation, one slice
was positioned on the MED64 probe in such a way that the whole array of
the electrodes could cover the different layers of the ACC (Fig. 1A). Once

the slice was settled, a fine mesh anchor (Warner Instruments) was care-
fully positioned to ensure slice stability during recording. The slice was
continuously perfused with oxygenated, fresh ACSF at the rate of 2–3
ml/min with the aid of a peristaltic pump (Minipuls 3, Gilson) through-
out the entire experimental period.

After a 10 –15 min recovery period, one of the 64 planar microelec-
trodes was selected for stimulation by visual observation through a
charge-coupled device camera (DP70, Olympus) connected to the in-
verted microscope. For test stimulation, constant current pulses (0.2 ms
in duration) generated by the data acquisition software (Mobius, Pana-
sonic Alpha-Med Sciences) were applied to either deep layer (layer V–VI,
for S2-weak input) or superficial layer (layer I-III, for S1-strong input) of
the ACC slice at 0.008 Hz. The intensity of the stimuli was �40 – 60% of
the intensity that induced the maximal field EPSPs (fEPSPs). The fEPSPs
evoked at both superficial layer and deep layer of the ACC were amplified
by a 64-channel amplifier, displayed on the monitor screen, and stored

Figure 2. Individual data presentation of synaptic tagging recording in the ACC. A, C, E, Individual data of L-LTP-, E-LTP-, and No-LTP-showing channels for the S2 input receiving weak TBS alone.
Totally, 30 channels underwent L-LTP, while 20 channels showed E-LTP. There were 34 channels that did not exhibit any potentiation (n � 8 slices/8 mice). B, D, F, Individual data of L-LTP-, E-LTP-
and No-LTP-showing channels for the S2 input receiving weak TBS at 30 min after a strong TBS (i.e., tagged TBS). Among the eight slices analyzed, 59, 16, and 14 channels showed L-LTP, E-LTP, and
No-LTP, respectively. Tagged TBS induced more L-LTP-showing channels than weak TBS, confirming the occurrence of synaptic tagging in the ACC. Large arrows indicate starting point of strong TBS
application; small arrows mark the time point of weak TBS delivery.
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on the hard disk of a microcomputer for off-line analysis. Stable baseline
responses were first recorded until the variation is �5% in most of the
active channels within 1 h. For E-LTP induction, a weak TBS protocol (5
bursts at 5 Hz, four pulses at 100 Hz for each burst) was given at the deep
layer (Fig. 1A, S2 weak) with the same stimulation intensity as the base-
line. For L-LTP induction, a strong TBS protocol (5 bursts at 5 Hz,
repeated 5 times at 10 s intervals, four pulses at 100 Hz for each burst;
Chen et al., 2014a) was delivered at the superficial layer (S1 strong; Fig.
1A). The interval between strong TBS and weak TBS varied from 30 min
to 2 h. After TBS, the test stimulus was repeatedly delivered as described
above once every 2 min for 4 – 4.5 h to monitor the time course of cin-
gulate LTP. In some experiments, we applied anisomycin (25 �M; Tocris
Cookson) from 20 min before until 20 min after strong TBS to examine
the protein synthesis dependence of heterosynaptic tagging in the ACC.

Tail amputation. To determine whether peripheral injury could influ-
ence the synaptic tagging in the ACC, we performed tail amputation on
adult male mice as described previously (Kang et al., 2012; Liu and Zhuo,
2014b). After anesthesia with gaseous isoflurane, the mouse was put in a
box where a 2.5 cm length of the tail tip was removed using surgical
scissors. A drop of Krazy Glue was used to stop bleeding. Amputated
animals did not exhibit any neurological deficits when returned to the
home cage. Procedure was executed with caution to minimize handling-
induced stress in the mice. In the present study, we performed electro-
physiological recordings at 2 weeks after tail amputation based on our
previous reports showing an evident plastic change in the ACC at this
time point (Wei et al., 1999; Kang et al., 2012; Liu and Zhuo, 2014b).

Experimental design and statistical analysis. In the present study, we
mainly used the multielectrode array system to test the possible het-
erosynaptic interactions between two separate afferent inputs of the ACC
pyramidal neurons. To probe the occurrence of synaptic tagging in the
ACC, we applied a strong TBS protocol to one site of the superficial layer
of the ACC slice while delivering a relatively weak TBS protocol at differ-

ent time intervals to the deep layer of the same slice. By analyzing the
induction properties of LTP in three categories (No-LTP, E-LTP, and
L-LTP) in different conditions, we can determine the inducibility and
heterosynaptic associativity of LTP among distinct inputs. We also bath
applied the drug anisomycin around the delivery of strong TBS to eval-
uate the dependence of synaptic tagging on new protein synthesis. Last,
we performed similar multisite recordings of LTP in the ACC slices ob-
tained from tail-amputated animals, to see whether synaptic tagging is
vulnerable to peripheral injury.

All multichannel electrophysiological data were analyzed off-line by
the MED64 Mobius software. For quantification of the LTP data, the
initial slope of fEPSPs was measured by taking the rising phase between
10% and 90% of the peak response, normalized and presented as a per-
centage change from the baseline level. We defined LTP in a channel if the
response was increased by at least 20% of baseline during the entire
recording period. In some cases, we presented the data of all activated
channels according to three major categories: L-LTP, E-LTP, and No-
LTP. The number of activated channels, E-LTP-, L-LTP- and No-LTP-
showing channels was also counted and the induction ratio in each
category was calculated as described previously (Liu et al., 2013b; Liu and
Zhuo, 2014a). All data are presented as mean � SEM. When necessary,
the statistical significance was assessed by two-tailed Student’s t test or
one-way ANOVA ( post hoc Fisher’s LSD test) with SigmaPlot software.
p � 0.05 was assumed to be statistically significant.

Results
Synaptic tagging occurs in the ACC synapses
To explore the possibility of synaptic tagging in the ACC, we used
a 64-channel field potential recording system to study the induc-
tion probability and properties of E-LTP, L-LTP and their asso-
ciative interactions in acute ACC slices in vitro (Liu et al., 2013b;

Figure 3. No recruitment of new responses after synaptic tagging in the ACC. A, Polygonal diagrams of the channels that were activated in the baseline state (blue, pre) and at 4.5 h after strong
TBS of the S1 site (red, post) in one slice. Black dots represent the 64 channels in the MED64 system. Vertical lines indicate the layers in the ACC slice. B, Pooled data of eight slices from eight mice for
the spatial analysis performed as in A. C, Polygonal diagrams of the channels that were activated in the baseline state (blue, pre) and at 4 h after weak TBS (preceded by strong TBS, i.e., tagged TBS,
red, post) in one slice. D, Pooled data of eight slices from eight mice for the spatial analysis performed as in C. Delivery of strong TBS resulted in an enlargement of the activation area, whereas tagged
TBS did not recruit new synaptic responses in the ACC.
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Chen et al., 2014a). For most of the experiments, we separately
stimulated two different synaptic inputs in different layers of the
ACC (S1, superficial layer; S2, deep layer) and performed simul-
taneous multichannel fEPSP recordings evoked by these two
stimulation sites (Fig. 1A). In the first set of experiments, how-
ever, we only delivered a single weak TBS (5 trains of burst with 4
pulses at 100 Hz at 200 ms interval) to the S2 stimulation site after
obtaining stable baseline synaptic responses for at least 1 h. Mon-
itoring of S2 stimulation-evoked synaptic responses revealed that
only a short-lasting E-LTP was induced by weak TBS alone, with
the potentiation decayed to the baseline within 3 h (104.2 � 3.5%
of baseline at 3 h after weak TBS, n � 8 slices/8 mice, t(7) �
�1.806, p � 0.114, paired t test; Fig. 1B).

Next, to determine the heterosynaptic interactions between S1
and S2 sites, we first applied a strong TBS to the S1 site and 30 min
later, the weak TBS was delivered to S2 site. Interestingly, we
found that weak TBS now elicited an L-LTP of S2 inputs that
maintained at a higher level of synaptic potentiation for at least
4 h (tagged TBS, 165.1 � 5.3% of baseline at 4 h after weak TBS,
n � 8 slices/8 mice, t(7) � �12.207, p � 0.001, paired t test; Fig.

1C). Not surprisingly, strong TBS application onto the S1 site
evoked an endured L-LTP of S1 inputs (143.9 � 3.3% of baseline
at 4.5 h after strong TBS, n � 8 slices/8 mice, t(7) � �6.941, p �
0.001, paired t test; Fig. 1D), which is consistent with our previous
reports where strong TBS is delivered in the deep layer of the ACC
(Chen et al., 2014a; Song et al., 2017). Importantly, the averaged
magnitude of L-LTP induced by tagged TBS is comparable to that
evoked by strong TBS (last 10 min of the recording, tagged TBS vs
strong TBS: 168.2 � 5.3% of baseline vs 143.6 � 2.9% of baseline,
n � 8 slices/8 mice, p � 0.218, one-way ANOVA followed by post
hoc Fisher’s LSD test; Fig. 1E), suggesting that, like the hippocam-
pus (Frey and Morris, 1997), synaptic tagging-like phenomenon
also exists in the adult ACC synapses. To examine whether strong
TBS in S1 input could elicit a heterosynaptic potentiation of base-
line synaptic responses in S2 input, we performed input specific-
ity experiments. We applied a strong TBS to the S1 site but
without delivering any tetanic stimulation on the S2 site and then
monitored the LTP induction in both pathways for 3 h (Fig. 1F).
We found that strong TBS alone could only produce significant
L-LTP in S1 input (165.3 � 3.9% of baseline at 3 h after strong

Figure 4. Time window of synaptic tagging in the ACC. A, Top, Schematic diagram of the recording procedure. We applied the weak TBS protocol to the S2 site at 1 h after strong TBS of the S1 site
(tagged TBS, 1 h). Bottom, Pooled data showed that both strong TBS at S1 site and weak TBS at S2 site could induce L-LTP (n � 5 slices/5 mice). B, Top, schematic diagram of the recording procedure.
The weak TBS protocol was applied to the S2 site at 2 h after strong TBS of the S1 site (tagged TBS, 2 h). Bottom, Pooled data showed that weak TBS could still benefit from the strong TBS by inducing
sustained L-LTP (n � 6 slices/6 mice). C, Bar histogram summarizing quantified data within last 10 min of the L-LTP recording for strong TBS, tagged TBS 30 min, tagged TBS 1 h, and tagged TBS
2 h. NS, No significance. D, Percentage of L-LTP-showing channels among the four groups. Although L-LTP could still be generally induced by weak TBS, the percentage of channels that undergo
L-LTP was clearly decreased with 2 h interval. *p � 0.05 versus strong TBS. NS, No significance. Large arrows in A and B indicate starting point of strong TBS application; small arrows mark the time
point of weak TBS delivery. Error bars represent SEM.
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TBS, n � 5 slices/5 mice), without inducing any potentiation of
the S2 baseline synaptic transmission (102.2 � 4.7% of baseline at
3 h after strong TBS, n � 5 slices/5 mice). This result further
confirms the input independence of two pathways we stimulated
in this study.

Counting analysis of synaptic tagging in the ACC
To present a more complete picture of synaptic tagging in the
cortex, we performed in-depth analysis of the channel distribu-
tions of the ACC slices that pertain to three categories of LTP
induction: L-LTP, E-LTP, and No-LTP. We defined L-LTP-
showing channels as those exhibiting potentiated fEPSP that
could sustain the whole recording period. E-LTP-showing chan-
nels in the ACC synapses were assigned as those where LTP grad-
ually declines to the baseline with prolongation of the recording.
No-LTP-showing channels are considered to have no significant
synaptic potentiation after TBS delivery. According to this crite-
rion, we analyzed the number of channels belonging to the three
categories and calculated their induction ratios (percentage of
LTP- or No-LTP-occurring channels vs all activated channels).
We found that weak TBS alone resulted in more E-LTP- and
No-LTP-showing channels than L-LTP-showing channels. Spe-
cifically, 30 channels of 8 ACC slices underwent L-LTP (L-LTP
induction ratio: 18.8 � 3.2%; Fig. 2A), but 54 channels failed to
exhibit L-LTP (E-LTP: 20 channels, induction ratio: 21.3 � 4.4%;
Fig. 2C; No-LTP: 34 channels, induction ratio: 40.2 � 7.0%; Fig.
2E). By contrast, for tagged TBS, more activated channels exhib-
ited L-LTP (59 channels of 8 slices, induction ratio: 62.0 � 6.6%;
Fig. 2B) with much less E-LTP-showing channels (16 channels,
induction ratio: 14.7 � 3.2%; Fig. 2D) and No-LTP-showing
channels (14 channels, induction ratio: 16.3 � 3.2%; Fig. 2F).
Therefore, our counting analysis revealed more precisely the na-
ture of heterosynaptic plasticity in the ACC.

No recruitment of new responses after synaptic tagging
Previous work has demonstrated that strong TBS-induced L-LTP
could recruit newly activated responses in the ACC (Chen et al.,

2014b; Song et al., 2017). Consistently, in
the present study, we also found a clear
enlargement of the response area follow-
ing strong TBS of S1 site (Fig. 3A,B). We
used a previously described mapping
method (Kang et al., 2012; Liu et al.,
2013b) to analyze the spatial distribution
of activated channels across the MED64
recording screen at both baseline state
(Pre) and at 4.5 h after strong TBS at the
S1 site (Post). Strong TBS resulted in a
great increase in the responsive scope
within the ACC slice (Fig. 3B). In total,
121 channels exhibited clear synaptic re-
sponses from 8 slices at the baseline state;
and 24 new channels were recruited at
4.5 h after strong TBS. These data indicate
that delivery of the strong TBS to the su-
perficial layer (S1 stimulation site) of the
ACC slice could similarly cause a network
recruitment of newly activated responses
compared with our previous report by
conditioning deep layers in the ACC
(Chen et al., 2014a). We next analyzed
data after synaptic tagging (Fig. 3C, D).
We found that there is no significant re-

cruitment (a total of 133 channels vs 139 channels activated for
the baseline and 4 h after the tagged L-LTP, n � 8 slices/8 mice).
These results suggest that synaptic tagging is only effective for
temporal but not spatial changes of L-LTP in the ACC.

Time window of synaptic tagging in the ACC
Previous studies on synaptic tagging in the hippocampus show
that weak conditioning stimulus-induced “tag setting” is activity
dependent and the so-called “tag” has a life span of �2 h (Frey
and Morris, 1997, 1998; Sajikumar and Frey, 2004).Therefore, we
are interested to see whether synaptic tagging still occur in the
ACC when the interval between S1-strong and S2-weak is pro-
longed. We performed similar experiments with the exception
that weak TBS was given to the S2 site either 1 or 2 h after the
strong TBS was delivered to the S1 site (Fig. 4). We found that
synaptic tagging persisted when the interval was 1 h. Among the
five slices analyzed, 30 channels (59.1 � 9.1%) showed L-LTP, 11
channels (17.5 � 5.4%) showed E-LTP, and five channels (8.2 �
2.5%) displayed No-LTP in S2 inputs. The averaged potentiation
level of activated channels was 155.1 � 6.5% (n � 5 slices/5 mice,
t(4) � �5.167, p � 0.006, paired t test; Fig. 4A). Interestingly,
when the interval was prolonged to 2 h, synaptic tagging still
could be observed in the S2 pathway (150.9 � 6.3%, n � 6 slices/6
mice, t(5) � �3.132, p � 0.026, paired t test; Fig. 4B). Indeed, the
magnitude of synaptic potentiation within last 10 min of the
recording is similar among 30 min, 1 h, and 2 h time gap (30 min:
168.2 � 5.3% of baseline, n � 8 slices/8 mice; 1 h: 155.4 � 6.6%
of baseline, n � 5 slices/5 mice; 2 h: 149.3 � 6.1% of baseline, n �
6 slices/6 mice; Fig. 4C). However, a more detailed analysis of
spatial distribution of LTP-showing channels revealed a marked
decrease in the percentage of L-LTP-showing channels induced
in the S2 pathway at 2 h interval compared with 30 min and 1 h
interval (percentage of L-LTP channels: 30 min, 62.0 � 6.0%; 1 h,
59.1 � 6.1%; 2 h, 50.5 � 3.0%; Fig. 4D). Thus, although the
temporal progression of LTP could still be extended to a very long
time, the spatial extent of L-LTP propagation is greatly shrinked
with 2 h interval of synaptic tagging.

Figure 5. Synaptic tagging in the ACC requires new protein synthesis. A, Schematic diagram of the recording procedure for this
experiment. We applied the weak TBS protocol to the S2 site at 30 min after strong TBS of the S1 site in the presence of anisomycin
(25 �M). B, Pooled data of the fEPSP slope from all channels for both S1-strong and S2-weak inputs. Neither strong nor weak TBS
can induce L-LTP (n � 5 slices/5 mice). Anisomycin blocked the occurrence of synaptic tagging in the ACC. Large arrow indicates
starting point of strong TBS application; small arrow marks the time point of weak TBS delivery. Error bars in B represent SEM.
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Protein synthesis-dependent synaptic
tagging in the ACC
It is well known that L-LTP requires novel
protein synthesis (Costa-Mattioli et al.,
2009; Chen et al., 2017), including ACC
L-LTP (Chen et al., 2014b). We decided
to test whether synaptic tagging also re-
quires protein synthesis. We applied
anisomycin (25 �M), a selective protein
synthesis inhibitor, 20 min before the
delivery of strong TBS to the S1 site. The
drug was washed out 20 min after strong
TBS and a weak TBS was then given 10
min later. We monitored responses for
another 4 h (Fig. 5A). Bath applica-
tion of anisomycin during strong TBS
blocked the induction of L-LTP in the
S1-strong input (114.7 � 3.9% of base-
line at 4.5 h after strong TBS, n � 5
slices/5 mice, t(4) � �0.187, p � 0.861,
paired t test; Fig. 5B). At S2 site, synaptic
tagging was also blocked (115.3 � 5.3%
of baseline at 4 h after weak TBS, n � 5
slices/5 mice, t(4) � �0.151, p � 0.887,
paired t test; Fig. 5B). Thus, these obser-
vations confirmed the de novo protein
synthesis-dependent nature of synaptic
tagging in the ACC.

Loss of synaptic tagging after
tail amputation
Previous studies demonstrate that digit or
tail amputation triggers long-lasting plas-
tic alterations in the ACC (Wei et al., 1999;
Wei and Zhuo, 2001; Kang et al., 2012).
We wanted to test whether synaptic tag-
ging is also affected. After distal tail ampu-
tation, we found that synaptic tagging was
completely blocked (Fig. 6A,B). Neither
strong TBS nor weak TBS was able to elicit
any significant L-LTP at the end of the
recording period (S1: 112.7 � 2.8% of
baseline at 4.5 h after strong TBS, n � 7
slices/7 mice, t(6) � �2.235, p � 0.067,
paired t test; S2: 113.0 � 3.1% of baseline
at 4 h after weak TBS, n � 7 slices/7 mice,
t(6) � �1.379, p � 0.217, paired t test;
Figure 6B). Most of the activated channels
are classified as either E-LTP- (S1: 29
channels, induction ratio: 41.4 � 5.1%;
S2: 37 channels, induction ratio: 36.1 �
5.3%) or No-LTP-showing (S1: 12 chan-
nels, induction ratio: 16.6 � 4.7%; S2: 32
channels, induction ratio: 33.9 � 4.7%)
category. Figure 7 presents the individual
channel data of the fEPSP slope pertaining
to the three categories for both S1-strong
(A, C, E) and S2-weak (B, D, F) afferent
pathways. Furthermore, we found that tail
amputation blocked the recruitment of
new channels elicited by strong TBS (Fig.
6C, D). These findings suggest that pe-
ripheral injury also abolished the re-

Figure 6. Loss of synaptic tagging in the ACC after tail amputation in adult mice. A, Schematic diagram of the recording procedure for
this experiment. We applied the weak TBS protocol to the S2 site at 30 min after strong TBS of the S1 site in the ACC slices taken from
tail-amputated mice (2 weeks experience). TA, Tail amputation. B, Pooled data of the fEPSP slope from all channels for both S1-strong and
S2-weak inputs. Neither strong nor weak TBS can induce L-LTP (n � 7 slices/7 mice), indicating the loss of cortical synaptic tagging after
amputation. Inset, Representative fEPSP traces taken at the time points indicated by numbers in the graph. Calibration: 100 �V, 10 ms.
Large arrow indicates starting point of strong TBS application; small arrow marks the time point of weak TBS delivery. Error bars represent
SEM. C, Polygonal diagrams of the channels that were activated in the baseline state (blue, pre) and at 4.5 h after strong TBS of the S1 site
(red, post) in seven slices from seven tail-amputated mice. Black dots represent the 64 channels in the MED64. Vertical lines indicate the
layers in the ACC slice. D, Pooled data of the spatial analysis similar as in C but for the weak TBS of the S2 site (n � 7 slices/7 mice). Tail
amputation blocked strong TBS-induced network potentiation in the ACC.
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cruitment of local responses by strong TBS, possibly by the
occlusion mechanism.

Occlusion of L-LTP after amputation: a possible mechanism
for loss of synaptic tagging
It is believed that cortical synaptic plasticity shares some com-
mon mechanisms with chronic pain (Zhuo, 2008, 2015; Bliss et
al., 2016). As a line of supportive evidence, we previously re-
ported that the induction of cingulate L-LTP could be fully oc-
cluded by neuropathic pain (Li et al., 2010). Based on these

observations, we hypothesized that tail amputation might simi-
larly occlude the induction of strong TBS-elicited L-LTP. The
loss of L-LTP leads to the lack of newly synthesized PRPs that
could otherwise be captured by the weakly tetanized S2 input,
thus preventing synaptic tagging to develop in amputated
ACC slices. To test this, we investigated the effect of tail am-
putation on the LTP inducibility elicited by strong TBS alone
applied into the superficial layer of the ACC slices. As ex-
pected, delivery of a single strong TBS into the S1 site only
induced decremental LTP in the ACC slices (105.0 � 4.0% of

Figure 7. Individual data presentation of abolished synaptic tagging after tail amputation. A, C, E, Individual data of L-LTP-, E-LTP- and No-LTP-showing channels for the S1 input of the ACC slices
obtained from tail-amputated mice. In total, 19 channels underwent L-LTP in response to the strong TBS, whereas 29 channels showed E-LTP. There were 12 channels that did not exhibit any
potentiation (n � 7 slices/7 mice). B, D, F, Individual data of L-LTP-, E-LTP-, and No-LTP-showing channels for the S2 input. Among the seven slices analyzed, 22, 37, and 32 channels showed L-LTP,
E-LTP, and No-LTP, respectively. Tail amputation reduced the induction probability of L-LTP at both S1 and S2 inputs. Large arrows indicate starting point of strong TBS application; small arrows mark
the time point of weak TBS delivery.
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baseline at 4 h after strong TBS, n � 6
slices/6 mice, t(5) � �0.775, p � 0.473,
paired t test; Fig. 8 A, B).

Discussion
ACC is an important forebrain structure
critically involved in a variety of higher
brain functions, such as pain perception,
memory storage, and emotional process-
ing. Synaptic plasticity in the ACC has
been proved to be the key cellular/synap-
tic substrate for chronic pain, fear, and
anxiety (Zhao et al., 2005; Koga et al.,
2015; Zhuo, 2016). In the present study,
we report that synaptic tagging, a het-
erosynaptic form of plasticity, exists in
adult excitatory synapses of the ACC. This
form of synaptic tagging is lost in animals
with peripheral distal tail amputation, in-
dicating that it may contribute to patho-
logical changes on the brain after injury.
In addition, we demonstrate that a single
weak TBS into the deep layer of the ACC
mainly results in an E-LTP that decays
within 3 h, and a stronger TBS of superfi-
cial layer in the ACC produces L-LTP.

E-LTP in the ACC and hippocampus
In the present study, we find that weak TBS induces declining
E-LTP in the ACC that lasts �2–3 h. In the hippocampus, the
time course of E-LTP usually lasts for 1–2 h (Alarcon et al., 2006;
Ramachandran and Frey, 2009; Shires et al., 2012; Sharma et al.,
2017). One possible explanation is that different induction proto-
cols were used. In the hippocampus, high-frequency tetanic stimu-
lation is used, whereas TBS is used in the ACC. Our present study
provides another useful method to explore possible mechanistic dif-
ference between hippocampal and cortical synapses.

Synaptic tagging: a heterosynaptic form of L-LTP in the ACC
Previous electrophysiological studies in the hippocampus suggest
that two different pathways in the CA1 region can interact in an
associative manner, so that a weakly tetanized synaptic input
could paradoxically exhibit L-LTP if the weak tetanus is preceded
or followed by a strong tetanus within a finite time window (Frey
and Morris, 1997, 1998). This phenomenon has been well ex-
plained by the synaptic tagging theory, which proposes that the
weak tetanus generates a tag being capable of capturing the newly
synthesized PRPs triggered by the strong tetanus (Reymann and
Frey, 2007; Redondo and Morris, 2011). Many studies have been
reported about the basic mechanisms and behavioral relevance of
synaptic tagging in the hippocampus (Young et al., 2006; Ram-
achandran and Frey, 2009; Sajikumar and Korte, 2011; Dasgupta
et al., 2017). However, it is unclear whether synaptic tagging is
unique in learning-related hippocampal synapses. In this study,
we first demonstrate that heterosynaptic interactions could also
occur in the adult mouse ACC synapses. A weak TBS, that nor-
mally causes E-LTP or No-LTP, induces L-LTP in most of the
activated channels when it is given 30 min or 1 h after a strong
TBS applied to a separate pathway. Furthermore, this heterosyn-
aptic L-LTP is dependent on the de novo protein synthesis. By
using the multiple recording system, we demonstrate that such
tagging can occur at multiple synapses within the circuit, suggest-
ing that the persistence of synaptic changes in the ACC could be

equally influenced by the previous history of neuronal activity in
the same area. Considering the importance of ACC synapses in
pain perception, fear, and anxiety (Bliss et al., 2016; Zhuo, 2016;
Chen et al., 2018; Keum et al., 2018; Sellmeijer et al., 2018), these
findings raise the possibility that synaptic tagging may have a
more general physiological function in the brain. It will be of
great interest for a future study to further elucidate the molecular
mechanisms of this newly identified cortical synaptic tagging and
to dissect its behavioral relevance.

Different forms of synaptic plasticity in the adult ACC
ACC synapses of adult animals are highly plastic. Cumulative evi-
dence demonstrates that two major form of LTP can be detected in
ACC synapses: NMDA receptor-dependent postsynaptic LTP
(post-LTP; Zhao et al., 2005), and kainate receptor-dependent
presynaptic LTP (Koga et al., 2015). The present study extends
the discovery of LTP, especially post-LTP, into both E-LTP and
L-LTP. Application of a single weak TBS into the deep layer of the
ACC mainly results in a E-LTP that decays gradually after condi-
tioning stimulation. However, delivery of a stronger TBS proto-
col into the superficial layer produces a much longer form of
persistent L-LTP that can be maintained for 4.5 h. More impor-
tantly, we demonstrate that synaptic tagging, which is originally
discovered in hippocampal synapses, also exists in the ACC. Two
separate inputs can interact with each other in a heterosynaptic
manner, leading to the interpathway transfer of L-LTP. These
results indicate that both homosynaptic and heterosynaptic LTP
occur in the ACC, providing distinct basic mechanisms for dif-
ferent physiological and pathological functions of ACC.

Functional significance of synaptic tagging
Excitatory synaptic transmission in the ACC is significantly en-
hanced in various animal models of pain (Zhao et al., 2006; Xu et
al., 2008). Injury-induced LTP-like synaptic enhancement oc-
cludes the induction of cingulate LTP by electrical conditioning
stimulus (Zhao et al., 2006; Li et al., 2010; Koga et al., 2015).

Figure 8. Tail amputation occludes strong TBS-evoked L-LTP in the ACC. A, Schematic diagram of the recording procedure for
this experiment. We applied the strong TBS protocol to the S1 site in the ACC slices obtained from amputated mice (2 weeks
experience). B, Pooled data of the fEPSP slope from all channels. Strong TBS-induced L-LTP was occluded by amputation (n � 6
slices/6 mice). Large arrow indicates starting point of strong TBS application. Error bars represent SEM.
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According to this theory, we sought to determine whether
the synaptic tagging in the ACC is equally vulnerable to tail
amputation-induced abnormal pain. We found that a 2 week
experience of tail amputation ablated the associative interactions
between S1-strong and S2-weak pathway in the mouse ACC
slices. One possible explanation for this result might derive from
the observation that application of strong TBS alone failed to
induce L-LTP in the amputated ACC slices. Loss of strong TBS-
evoked L-LTP due to occlusion results in less available PRPs that
could be used by weak TBS-induced tags, thus leading to the
failure of heterosynaptic facilitation of L-LTP after amputation.
Interestingly, strong tetanization-induced network recruitment
of new activated channels is also blocked by amputation. Collec-
tively, the present study provides the first demonstration of the
effect of tissue amputation on LTP inducibility and associativity
in the cerebral cortex, which, combined with previous observa-
tions on cortical LTD (Kang et al., 2012; Liu and Zhuo, 2014b),
expands our understanding of the possible synaptic pathophysi-
ology of phantom pain.

In summary, we report a novel form of heterosynaptic plas-
ticity in the adult mouse neocortex, by showing the occurrence of
synaptic tagging between two different afferent inputs in the ACC
slices in vitro. This newly identified cortical synaptic tagging is
dependent on the de novo synthesis of new proteins. In addition,
peripheral tail amputation abolishes the heterosynaptic tagging
in the ACC, which might provide a novel way by which peripheral
injury elicits long-lasting maladaptive alterations in synaptic
transmission and function in the CNS.
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