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Abstract 

Long‑term potentiation (LTP) is a key cellular mechanism for learning and memory, and recent studies in the hip‑
pocampus found that LTP was impaired in aged animals. Previous studies of cortical LTP have focused primarily on the 
homosynaptic plasticity in adult mice, while fewer studies have looked at heterosynaptic plasticity—such as synaptic 
tagging in aged mice. In the present study, we investigated synaptic tagging in adult and middle‑aged mice’s anterior 
cingulate cortex (ACC) using the 64‑channel multielectrode dish (MED64) recording system. We found that synaptic 
tagging was impaired in the ACC of middle‑aged male mice as compared to adult mice. Both the network late‑phase 
LTP (L‑LTP) and the recruitment of inactive responses were reduced in the ACC of middle‑aged male mice. Similar 
results were found in female middle‑aged mice, indicating that there is no gender difference. Furthermore, bath 
application of brain‑derived neurotrophic factor (BDNF) or systemic treatment with newly developed TrkB receptor 
agonists R13, was shown to rescue both synaptic tagging, and L‑LTP, in middle‑aged mice. To determine the distribu‑
tion of synaptic LTP within the ACC, a new visualization method was developed to map the Spatio‑temporal variation 
of LTP in the ACC. Our results provide strong evidence that cortical potentiation and synaptic tagging show an age‑
dependent reduction, and point to the TrkB receptor as a potential drug target for the treatment of memory decline.
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Introduction
Long-term potentiation (LTP), an activity-dependent 
long-lasting increase of synaptic efficacy caused by high-
frequency stimulation or theta burst stimulation (TBS), 
has been established as a cellular model of memory in 
different regions of the brain, including the hippocam-
pus, prefrontal cortex, and the anterior  cingulate  cor-
tex (ACC) [1–3]. LTP has at least two distinct temporal 
phases: protein synthesis-independent early-phase LTP 
(E-LTP), and protein synthesis-dependent late-phase LTP 
(L-LTP) [4–6]. Furthermore, it has been reported that 
E-LTP and L-LTP can interact with each other in a ’syn-
aptic tagging-like manner. Weak tetanus-inducing E-LTP 
sets a “tag”, which can capture the plasticity-related 
proteins (PRPs) synthesized following the strong teta-
nus-inducing L-LTP [7–9]. A weak stimulus can induce 
L-LTP if it is preceded or followed by strong tetanus 
given to a separate, independent pathway that converges 
into the same neuronal population. This finding has been 
subsequently repeated and extensively investigated [10].

Synaptic tagging is not just limited to the hippocampus. 
In the ACC, a cortical region that is important for pain 
perception and emotional memory process [11–17], syn-
aptic tagging has also been reported. Similar to our find-
ings in the hippocampus, our previous studies reported 
that weak TBS can also induce heterosynaptic synap-
tic tagging in the ACC of adult mice, which depends on 
a certain time window and the synthesis of new pro-
teins[18]. Functionally, several lines of evidence suggest 
that synaptic tagging may contribute to memory alloca-
tion and storage [19–21]. It may also provide a synaptic 
mechanism for emotional tagging [22]. For example, Liu 
et  al. previously reported that tail amputation-induced 
peripheral injury caused a loss of hetero-synaptic L-LTP 
in the ACC [18]. Vecsey et al. found that sleep depriva-
tion impaired synaptic tagging in the mouse hippocam-
pus [23]. Most of the previous synaptic tagging studies 
have focused primarily on adult mice—it is unclear to 
this point whether synaptic tagging is affected by aging.

Age-related synaptic LTP and memory impairment has 
been reported in the hippocampus and hippocampus-
dependent behavioral tests [24–26]. Interestingly, age-
related impairment of behavioral tagging and synaptic 
tagging has also been reported in the hippocampus [27, 
28]. Wong et  al. (2021) reported that synaptic tagging 
was attenuated in the hippocampal region of middle-
aged mice [27]. There is no report of age-related changes 
in synaptic tagging in the ACC. Our recent studies using 
animal models of amputation found that synaptic tagging 
in the ACC was either reduced or abolished in ACC slices 
after tail amputation [18], suggesting that cortical syn-
aptic tagging is plastic, and may possibly be affected by 
either peripheral injury or aging.

In the present study, we employed the MED64 record-
ing system to investigate synaptic tagging in the ACC of 
both adult and middle-aged mice. Both male and female 
mice were used. We found that synaptic tagging in the 
ACC was significantly reduced in middle-aged animals 
as compared to adults. Cumulative data has demon-
strated that brain-derived neurotrophic factor (BDNF) 
is crucially involved in synaptic plasticity in the adult 
brain [29]. Furthermore, by using BDNF—or selective 
trkB receptor agonist R13—we were able to reverse the 
loss of synaptic tagging in middle-aged animals. Finally, 
we developed a novel method to better visualize the Spa-
tio-temporal signals of fEPSP signals and multiple LTP 
responses within the ACC circuit from low-resolution 
MED64 inputs.

Materials and methods
Animals
For the animal groups, we divided them into two major 
groups by age: adult mice (6–8 weeks), and middle-aged 
mice (50–60  weeks). All mice were done on male and 
female C57BL/6 mice purchased from the Experimental 
Animal Center of Xi’an Jiaotong University (6–8 weeks) 
and Charles River Laboratories in Beijing (50–60 weeks). 
All mice were randomly housed by three to four per cage 
under standard laboratory conditions (12  h light/12  h 
dark, temperature 22–26 °C, air humidity 55–60%). Food 
and water were available ad-lib. All research protocols 
performed in this experiment were approved by the Eth-
ics Committee of Xi’an Jiaotong University.

Preparation of the multi‑electrode array
There is an array of 64 square planar microelectrodes 
(50 × 50  µm/each) arranged in an 8 × 8 pattern in the 
MED64 probe (P515A, chamber depth 10  mm, Alpha 
MED Scientific, Japan), with an interpolar distance of 
150  μm. Since the surface of the MED64 probe is rela-
tively hydrophobic, in order to attach the slice to the 
MED64 probe well, the new MED64 probe received 
hydrophilic treatment. Before experiments, we treated 
the surface of the MED64 probe with 0.1% polyethyl-
eneimine (Sigma, St. Louis, MO; P-3143) in 25 mmol/L 
borate buffer (pH 8.4) overnight at room temperature. 
Then we used sterile distilled water to flush the probe 
surface three times to remove any harmful substances 
that may affect the activity of brain slices [30, 31].

Brain slice preparation
The general procedures for making the ACC slices were 
similar to that in our previous study [30, 31]. Acute 
coronal brain slices (300 μm) containing ACC were pre-
pared from C57BL/6 mice. In brief, we anesthetized 
C57BL/6 mice with 1–2% isoflurane and sacrificed them 
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by decapitation. The entire brain was quickly removed 
from the skull and submerged in an ice-cold oxygenated 
(equilibrated with 95%  O2 and 5%  CO2) cutting solution 
containing (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. After a brief cooling, the brain 
was trimmed, and the remaining brain block was glued 
onto the ice-cold stage of a vibrating tissue slicer (Leica, 
VT1200S). In this way, the brain coronal brain slices 
(300 μm) containing ACC were obtained, and the slices 
were then transferred to a submerged recovery cham-
ber with oxygenated (95%  O2 and 5%  CO2) artificial cer-
ebrospinal fluid (ACSF) containing (in mM) NaCl 124, 
KCl 2.5,  CaCl2 2,  MgSO4 2,  NaHCO3 25,  NaH2PO4 1 and 
glucose 10, pH 7.3–7.4 at room temperature for at least 
1.5  h. This ACSF was used throughout the experiment, 
including the recording stage.

Field potential recording
A commercial 64-channel recording system (MED64, 
Panasonic Alpha-Med Sciences, Japan) was used to 
record extracellular field potential in ACC in male and 
female C57BL/6 mice. After incubation, one slice con-
taining ACC was transferred to the prepared recording 
probe. The ACC part was placed on the MED64 probe’s 
electrodes, and the 64 electrodes were covered by differ-
ent layers of the ACC. We can easily choose the super-
ficial layers (layers II-III) or deep layers (layers V-VI) as 
the stimuli site. Once the slice was settled, a mesh and 
an anchor (Warner Instruments, Harvard) were care-
fully positioned to ensure the stability of the slice dur-
ing recording. The slice was perfused continuously with 
oxygenated (95%  O2 and 5%  CO2) ACSF at 26–28  ℃ 
and maintained at a 2–3  ml/min flow rate with the aid 
of a peristaltic pump (Minipuls 3, Gilson) throughout the 
experiments. Figure  1a shows a micrograph of an ACC 
slice placed on a MED64 probe. Before the experiment, 
the slices were kept in the probe for at least 1 h.

For test stimulation, constant current pulses (0.2  ms 
in duration) generated by a data acquisition software 
(Mobius, Panasonic Alpha-Med Sciences) were applied 
to either deep layers (layer V-VI, for tagging TBS input) 
and/or superficial layers (layer II-III, for strong TBS 
input) of the ACC slice. Bipolar constant current pulse 
stimulation (6–10 µA, 0.2 ms) was applied to the stimula-
tion site, and the intensity was adjusted so that we could 
evoke a half-maximum field excitatory postsynaptic 
potential (fEPSP) in the channel nearest to the stimula-
tion site. The channel with fEPSP was regarded as an acti-
vated channel, and its fEPSP response was sampled every 
2  min and averaged every 4  min. The ‘slope’ parameter 
represented the average slope of each fEPSP recorded by 
the activated channel. Stable baseline responses (varia-
tion in the baseline response of a single channel is < 5% 
and the number of channels with unstable baseline 
responses was ≤ 10% of the total number of active chan-
nels) were first recorded for 60 min. Then, a strong TBS 
(five trains of bursts with four pulses at 100 Hz at 200 ms 
intervals; repeated five times at intervals of 10 s, 4 × 5×5) 
with the same intensity as the baseline stimulation was 
applied to the same stimulation channel to induce LTP. 
After a half hour of strong TBS, a tagging TBS (five trains 
of bursts with four pulses at 100 Hz at 200 ms intervals, 
4 × 5×1) with the same intensity as the baseline stimula-
tion in the deep layer was applied to the same stimulation 
channel to induce synaptic tagging. After the induction 
of LTP or/and tagging LTP, the fEPSP responses were 
continued recording for another 4–4.5 h. The fEPSPs of 
sites S1 and S2 will be recorded in turn, with an interval 
of one minute.

We also applied BDNF to the brain slices of middle-
aged mice. We added 1  µg BDNF to 20  ml oxygenated 
ACSF to perfuse the brain slice. The ACSF with BDNF 
was applied for 1  h, from 15  min after strong TBS to 
45  min after tagging TBS. Then the BDNF was washed 
out. Synaptic tagging in R13 oral gavage of middle-aged 

(See figure on next page.)
Fig. 1 Synaptic tagging was induced in the ACC by tagging TBS in middle‑aged male mice. Tagging was recorded from a slice of a male mouse by 
extracellular field potential recording. a Microscopy photograph showing the relative location of ACC slice and MED64 probe and the arrangement 
of the microelectrodes (electrode size 50 × 50 μm, the interpolar distance of electrodes 150 μm). Schematic diagram of stimulation site (S1: blue 
circle for the strong TBS; S2: red circle for the weak TBS) of microelectrodes in the ACC. Spatial distribution of extracellular field potential induced 
by strong TBS on channel 26 (marked as a blue circle) in layers II and weak TBS on channel 46 (marked as a red circle) in layers V of the ACC. b 
Schematic diagram of the recording procedure for sites S1 and S2. c The Markov Random Field model was introduced to smooth and visualize the 
low‑resolution 8 × 8 MED64 data. The graph model consists of the observation at site i  (Oi), the state at site i  (Si), and the state at a neighboring site 
j  (Sj). d As a generative process, the value of  Oi is generated from  Si, while the value of  Si also depends on its 4‑connection neighborhood denoted 
as  Sj. The original 8 × 8 MED64 record for a single time frame. Then, a 256 × 256 projection of the original MED64 data that is both spatially and 
temporally smoother with a color bar. Finally, the temporal evolving of the 3D surface of the projected 256 × 256 MED64 recording. e The temporal 
evolving of the 3D surface on the site S1 in the middle‑aged mice. f Summarized plot of the time‑varying fEPSP slope in all activated channels for 
site S1 from 1 slice of a middle‑aged male mouse. g The temporal evolving of the 3D surface on site S2 of the middle‑aged mice. h Summarized 
plot of time‑varying fEPSP slopes in all activated channels for tagging TBS protocol from the 1 slice
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Fig. 1 (See legend on previous page.)
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mice was also studied. After R13 oral administration 
(concentration: 43.6 mg/kg/d) for 15 days, we performed 
the same field potential recording protocol as above 
mentioned. R13 was dissolved in pure DMSO, then sus-
pended in 0.5% methylcellulose at a final concentration of 
5% DMSO/0.5% methylcellulose.

Western blot
After the fEPSPs recording, the ACC was collected from 
the brain slices on ice in cold PBS and homogenized in 
lysis buffer (10  mM Tris–HCl (pH 7.4), 2  mM EDTA, 
1% SDS including a protease inhibitor cocktail). Samples 
were then centrifuged (12,000g, 20 min, 4 °C) for superna-
tant. Western blot was performed as previously described 
[32]. Sample protein concentrations were quantified 
using Bradford assay (Beyotime), and electrophoresis of 
equal amounts of protein (30 μg) was performed on 7.5% 
SDS–polyacrylamide gel. Separated proteins were trans-
ferred to polyvinylidene fluoride (PVDF) membranes, 
followed by blocking with 5% skim milk in TBS-T (Tris-
buffered saline with Triton X-100) at room temperature 
for 1  h, and were then probed with primary antibody: 
anti-Trk B receptor (1:1000, rabbit polyclonal, Santa Cruz 
Biotechnology), anti-CREB (1:1000, rabbit polyclonal, 
Abcam) and anti-GAPDH (1:10,000, rabbit polyclonal, 
Abcam) at 4  °C overnight. The membranes were incu-
bated with horseradish peroxidase-coupled anti-rabbit/
mouse lgG secondary antibody diluted at 1:5000 (Milli-
pore) for 1 h, followed by enhanced chemiluminescence 
detection of the proteins with Enhanced chemilumines-
cence, ECL (GE Healthcare). ImageJ software (National 
Institute of Health) was used to assess the intensity of 
immunoblots.

A novel fEPSP signal modeling and visualization system
We consider the recorded 8× 8 Med64 data as a partially 
observed Markov Random Field [33]. Specifically, we 
assume that the original data is from a larger field with 
N ×N sites. Typically, N ≥ 8 but technically N can be 
any integer value greater than zero. We define the state 
space to be continuous in [mmin,mmax] , and for visualiza-
tion purpose, we stretch the range to be discrete within 
[ 0, 255] . Among the N ×N sites, 8× 8 state has observa-
tionsO = {o0, . . . , o63} . Therefore, the MRF has the fol-
lowing structure as shown in Fig. 1c.

We aim to estimate the state value of all the sites 
X = {x0, . . . , xN×N } with the Maximum a Posteriori 
(MAP) criterion based on the partial observation and the 
interdependency between sites. The MAP estimation of 
the MRF strives to minimize the following loss,

(1)�(X)= �unary(X)+�pairwise(X)

where the unary term considers the consistency from 
observation and is defined by

and the pairwise term considers the interdependency 
between sites and is defined by

Specifically, the smoothness weight ai,j between site i and 
j is defined using the Lanczos [34] filter by

and N (i) denotes a neighborhood of site i and is con-
trolled by α . In our implementation, we set α = 3 and 
hence N (i) includes sites from within a 5× 5 grid region 
centering at i.

The following figures (Fig.  1d) illustrate the original 
8× 8 Med64 data, the obtained 256× 256 estimation, 
and visualization of the 256× 256 surface with some 
additional information.

Since we have a continuous recording of the MED64 
signal, we could actually further consider a more com-
plete spatio-temporal relationship between sites to get a 
more stable, smooth and possibly more accurate estima-
tion of the site value. Mathematically this is achievable by 
defining a 3D neighborhood system in addition to Eq. (3), 
we have

Specifically, the smoothness weight ai,j,t between site i 
and j spanning over t frame is defined as

where ai,j is calculated by Eq. 4, while t considers the tem-
poral distance between two sites as

where β controls the size of the temporal neighborhood, 
and in our implementation, we set β = 3 . Now, com-
pared to the spatial case, in spatio-temporal case our 
N (i) includes sites from within a 5× 5× 5 grid region 
centering at i.

(2)�unary(X) =
8×8

i=0
(oi − xi)

2

(3)�pairwise(X) =
∑N×N

i=0

∑

j∈N (i)

ai,j(xi − xj)
2

(4)ai,j =
αsin

(

π(i − j)
)

sin
(

π(i − j)/α
)

π2(i − j)2

(5)

�pairwise(X) =
∑N×N

i=0

∑

t∈NT (i)

∑

j∈N S(i)

ai,j,t(xi,t − xj,t)
2

(6)ai,j,t = ai,jat

(7)at =
β − t

β
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Statistical analysis
The data, either in 8× 8 or more generally as N ×N 
channels, is presented by channel-wise means ± SEM. 
Statistical comparisons between the two groups were 
performed using Student’s t-test to identify significant 
differences. In all cases, *p < 0.05 was considered sta-
tistically significant. All statistical analysis was done 
using SPSS Statistics.

Results
Impaired synaptic tagging LTP observed in the ACC 
of middle‑aged mice
We employed a 64-channel field potential record-
ing system and analyzed the induction probability and 
properties of synaptic tagging in  vitro ACC slices from 
middle-aged male mice (50–60  weeks). Two different 
channels were stimulated in different layers of the ACC 
(S1: superficial layer; S2: deep layer). Simultaneously, the 
evoked multi-channel fEPSP around the stimulation sites 
were recorded (Fig. 1a, b). Specifically, we first applied a 
strong TBS (4 × 5×5) to site S1, and 30 min later, a weak 
TBS (tagging TBS, 4 × 5×1) was delivered to site S2. We 
found that normal LTP can be induced by strong TBS in 
middle-aged mice (Fig.  1f ). There are 2 channels show-
ing E-LTP and 6 channels showing L-LTP in 8 activity 
channels around site S1. However, the synaptic tagging 
LTP induced by weak TBS was impaired in middle-aged 
mice, although there were 2 channels showing tagging-
like response, while the other 4 activated channels only 
showed the E-LTP on site S2 (Fig. 1h).

A novel fEPSP signal modeling and visualization sys-
tem was developed to monitor the Spatio-temporal 
properties tagging LTP. We assumed that the 8 × 8 obser-
vations from the MED64 system, corresponding to the 63 
recording channels plus the  64th channel as the stimula-
tion input, are only a sparse observation of the complete 
fEPSP signal field residing in latent state space. Such 
latent state space could then project into another obser-
vation space with N ×  N resolution where N is usually 
greater than 8 and was set to 256 in our experiments. In 
this way, the originally recorded MED64 values of fEPSP 
slopes were reconstructed into high-density 3D signal 
sequences (Fig. 1d) As shown in Fig. 1e and g, the peak 
intensity and spatial distribution of the fEPSP slopes 
were significantly increased at 120  min and 240  min 
after strong TBS (Fig.  1e). However, the peak intensity 
and spatial distribution ware slight increased at 120 min 
after tagging TBS in middle-aged mice (Fig.  1g). These 
3D maps clearly showed that the synaptic tagging was 
impaired in the ACC of middle-aged mice.

Next, we compared synaptic tagging response in adult 
mice (6–8 weeks) and middle-aged (50–60 weeks) mice. 
At site S1, strong TBS induced late-phase LTP (L-LTP) 

in all 5 adult mice, but only 3 mice showed L-LTP in 5 
recorded middle-aged mice (Fig.  2a). The fEPSP slopes 
of the last 30 min were 148.01 ± 5.79% in adult mice and 
128.04 ± 6.88% in middle-aged mice (Fig. 2c). At site S2, 
most channels showed tagging-like response after tag-
ging TBS in all 5 adult mice. However, in middle-aged 
mice, only 3 mice out of 5 mice showed 1 or 2 tagging 
L-LTP, and most activated channels showed the E-LTP 
(Fig. 2b). The fEPSP slopes were 175.20 ± 8.92% in adult 
mice and 114.35 ± 7.75% in middle-aged mice (t = 42.54, 
**p < 0.01,  n = 5 mice for each group). The conclusion 
could also be supported by analyzing the percentage of 
channels with tagging-like responses over all activated 
channels. The ration of the induction of tagging LTP was 
significantly higher in the adult group (73.33 ± 4.67%) 
than in the middle-aged group (33.33 ± 4.24%, t = 6.446, 
*p = 0.023 < 0.05, Fig. 2d).

Less recruitment of inactive responses after synaptic 
tagging in middle‑aged male mice
Previous studies have shown that the strong TBS-
induced L-LTP could recruit newly-activated channels in 
the ACC [31, 35]. Consistently, we also found that there 
was clear enlargement of the response areas surrounding 
the strong TBS at site S1 both in adult mice and middle-
aged mice (Fig.  3a). After tagging TBS on site S2, the 
enlargement of response areas can be observed in adult 
mice, but not in middle-aged mice (Fig.  3b). In adult 
mice, the number of recruited channels both on sites S1 
and S2 gradually increased after TBS induction (Fig. 3c, 
d, n= 5 mice). However, in middle-aged mice, the tagging 
TBS on site S2 failed to increase many recruited chan-
nels. The recruited channels around site S2 are less than 
those in adult mice.  (t1h = 2.473,  t2h = 4.750,  t3h = 10.633, 
 t4h = 18.174,  t5h = 22.136, *p < 0.05, **p < 0.01, n = 5 mice).

The time courses of the changed fEPSP slope in the 
recruited channels were further shown in  Fig.  3g, h. In 
these recruited channels, strong TBS-induced fEPSPs 
on site S1 were gradually potentiated, and the amplitude 
finally became as large as 24.79 ± 0.81 μV in adult mice 
and 23.85 ± 0.79  μV in middle-aged mice at 4.5  h after 
TBS induction (Fig. 3g). It is worth noting that the ampli-
tudes of fEPSPs in tagging-TBS recruited channels were 
no significant difference in adult mice (23.90 ± 0.87 μV) 
and in middle-aged mice (24.09 ± 0.81  μV) when the 
channels occurred. (Fig. 3h).

Synaptic tagging LTP in middle‑aged female mice
We further tested the synaptic tagging LTP in middle-
aged female mice. Similar results were obtained in 
middle-aged female mice and male mice (Fig. 4). A sum-
marized plot of the fEPSP slope showed that both strong 
TBS at the site S1 and tagging TBS at the site S2 can 
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induce L-LTP in adult female mice (n = 5 mice). How-
ever, in the middle-aged female mice, there was no tag-
ging LTP, and the L-LTP occurred only in site S1 in 4 
slices from 5 mice (Fig. 4a, b). These results suggest that 
there is no gender difference for synaptic tagging LTP in 
middle-aged mice.

Next, we showed the spatial distribution of the active 
responses in the ACC before and after strong TBS and 
tagging TBS application across both male and female 
mice. The distribution of all observed activated channels 
was displayed by a polygonal diagram on a grid repre-
senting the channels (Fig. 4c–j).

In adult male mice, there were 55 channels exhibited 
clear synaptic responses from 5 slices (5 mice) at the 
baseline, and 26 new channels were recruited at 4.5  h 
after strong TBS in site S1 (Fig. 4c). Meanwhile, in mid-
dle-aged male mice, only 28 channels exhibited clear syn-
aptic responses from 4 slices (4 mice) at the baseline, and 
8 new channels were recruited at 4.5 h after strong TBS 
in site S1 (Fig. 4e). For tagging LTP, in adult male mice, 53 
channels exhibited clear synaptic responses from 5 slices 
at the baseline, and 26 new channels were recruited at 4 h 
after tagging TBS in site S2 (Fig. 4d). In middle-aged male 
mice, 26 channels exhibited clear synaptic responses 

Fig. 2 Synaptic tagging was observed in the ACC at different ages in male mice. Summarized plot of the fEPSP slope demonstrates that both 
strong TBS at site S1 and tagging TBS at site S2. Either adult male mice (n = 5 slices/5 mice) or middle‑aged male mice (n = 3 slices/3 mice) could 
induce L‑LTP on site S1 (a). The tagging‑like response could be induced in adult male mice (n = 5 slices/5 mice) but not in middle‑aged male mice 
on site S2 (n = 3 slices/3 mice) (b). The fEPSP slope in the last 30 min on site S1 and site S2 in each group (c). Percentage of activated channels that 
has tagging induced by tagging TBS (d) (**p < 0.01, Student’s t‑test)
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from 4 slices at the baseline, and only 3 new channels 
were recruited at 4 h after tagging TBS site S2 (Fig. 4f ).

In adult female mice, 60 channels exhibited clear syn-
aptic responses from 5 slices in 5 mice at the baseline, 
and 22 new channels were recruited at 4.5 h after strong 
TBS in site S1 (Fig. 4g). In middle-aged female mice, only 
47 channels exhibited clear synaptic responses in 4 slices 
from 4 mice at the baseline, and 4 new channels were 
recruited at 4.5 h after strong TBS in site S1 (Fig. 4i). For 

the site S2, in adult female mice, 93 channels exhibited 
clear synaptic responses from 5 slices in 5 mice at the 
baseline, and 20 new channels were recruited at 4 h after 
tagging TBS (Fig.  4h). In the middle-aged female mice, 
72 channels exhibited clear synaptic responses from 4 
slices in 4 mice at the baseline, and only 1 new channel 
was recruited at 4  h after tagging TBS (Fig.  4j). Taken 
together, these results suggest tagging TBS can signifi-
cantly enhance the spatial distribution of active responses 

Fig. 3 New responses were recruited after synaptic tagging in the male mice ACC. Sample slices showed the distribution of the basal activated 
channels (blue) and the TBS‑recruited (a) or tagging TBS (b) recruited channels (red) in adult and middle‑aged male mice. The temporal changes of 
the number (c, d) and amplitude (g, h) of the recruited fEPSPs on sites S1 and S2. (*p < 0.05, **p < 0.01, n = 5 mice for each group, Student’s t‑test.). 
Samples showed the recruited responses induced by strong TBS and tagging TBS in adult and middle‑aged male mice (e, f)

Fig. 4 Synaptic tagging occurred in female mice. Summarized plot of the fEPSPs slope demonstrates that both strong TBS at site S1 and tagging 
TBS at site S2. Either adult female mice (n = 5 slices/5 mice) or middle‑aged female mice (n = 4 slices/4 mice) could induce L‑LTP on site S1 (a). 
Tagging‑like response could be induced in adult female mice (n = 5 slices/5 mice) but not in middle‑aged female mice on site S2 (n = 3 slices/3 
mice) (b). Polygonal diagrams of channel data in each group (4 groups, n = 5) pooled from slices with the tagging‑like response. c, e, g, i The 
channels were activated in the baseline (blue, pre) and at 4.5 h after strong TBS of the site S1 (red, post) in the slice. Black dots represent the 64 
channels in the MED64 system. Vertical dashed lines indicate the layers in the ACC slice. d, f, h, j Polygonal diagrams of the channels of pool 
data that were activated in the baseline state (blue, pre) and at 4 h after tagging TBS (red, post) at site S2. Delivery of strong TBS resulted in an 
enlargement of the activation area in all groups, while tagging TBS recruit less or no new synaptic responses in the ACC in adult and aged groups

(See figure on next page.)
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Fig. 4 (See legend on previous page.)



Page 10 of 16Zhou et al. Molecular Brain            (2023) 16:4 

in the adult mice, but failed to change spatial distribution 
of active responses in middle-aged mice.

Age difference of weak TBS‑induced L‑LTP within ACC 
In the above results, it was observed that synaptic tag-
ging induced by tagging TBS (weak TBS) was more 
easily found in younger mice. Therefore, we wonder 

whether L-LTP could be induced by weak TBS alone, and 
whether it is age dependent or not.

We attempted only delivering a single weak TBS, the 
same as tagging TBS (five trains of a burst with four 
100 Hz pulses at 200 ms intervals), to the deep layer of 
ACC after obtaining a stable baseline for an hour. Inter-
estingly, it was found that L-LTP could be induced by 
weak TBS in some channels in adult mice. However, 

Fig. 5 L‑LTP was more easily induced by weak TBS in adult mice than in middle‑aged mice. The induction of E‑LTP (a) and L‑LTP (b) in adult male 
mice. Summarized plot of the fEPSP slope demonstrates that weak TBS could induce L‑LTP in adult male mice (n = 5 slices/5 mice) (c). The induction 
of E‑LTP by weak TBS lasts for at least 2.5 h. Individual data of E‑LTP (d) were induced by weak TBS in middle‑aged male mice. Summarized plot 
of the fEPSP slope demonstrates that weak TBS could induce E‑LTP in middle‑aged male mice (n = 5 slices/5 mice) (e). The induction of E‑LTP 
(f) and L‑LTP (g) by weak TBS in adult female mice. Summarized plot of the fEPSP slope demonstrates that weak TBS could induce L‑LTP in adult 
female mice (n = 5 slices/5 mice) (h). Individual data of E‑LTP (i) were induced by weak TBS in middle‑aged female mice. Summarized plot of the 
fEPSP slope demonstrates that weak TBS could induce E‑LTP in middle‑aged female mice (n = 5 slices/5 mice) (j). The bar plots are a quantitative 
representation of the number of activated channels induced by weak TBS in different ages and genders (k)
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there was no L-LTP induced by weak TBS in middle-
aged mice (Fig.  5). In adult male mice, there were 99 
channels activated in total after weak TBS, among 
which there were 21 channels showing E-LTP, 54 chan-
nels showing L-LTP and 24 channels showing non-LTP 
(n = 5 mice, Fig.  5a–c). The ratio of L-LTP channels 
was 54.55% in all activated channels (Fig.  5k). In mid-
dle-aged male mice, there were 34 channels activated, 
among which there were only 6 channels showing 
E-LTP and 28 channels showing non-LTP (n = 5 mice, 
Fig.  5d, e). No channel showed L-LTP in the middle-
aged mice.

Similarly, in adult female mice, there were 91 chan-
nels activated, among which 22 channels were showing 
E-LTP, 59 channels showing L-LTP, and 10 channels 
showing non-LTP (n = 5 mice, Fig. 5f–h), and the ratio 
of L-LTP channels was 65.56% (Fig. 5k). In the middle-
aged female mice, there were 27 channels activated, 
among which 15 channels were showing E-LTP and 
12 channels showing non-LTP (Fig.  5i, j), and again 
no channel showed L-LTP. In summary, L-LTP can be 
induced by weak TBS in the ACC and shows an age-
dependent manner in both male and female mice.

BDNF rescued synaptic tagging LTP in middle‑aged mice
Our previous study reported that BDNF contributes to 
synaptic potentiation in the ACC of adult mice (Miao 
et  al. [36]). In this study, we tested whether BDNF can 
rescue the impaired tagging LTP in middle-aged mice. 
As shown in Fig. 6a, all the BDNF–incubated brain slices 
had synaptic tagging responses in middle-aged mice, and 
35 channels (34.3%) exhibited clear synaptic tagging LTP. 
In control mice, only 2 brain slices from 5 middle-aged 
mice showed tagging-like response, and only 11 chan-
nels (9.73%) exhibited synaptic tagging LTP. In site S1 of 
strong TBS, it was also found that BDNF improved the 
L-LTP in the middle-aged mice (Fig.  6b). All the BDNF 
incubated brain slices had L-LTP after strong TBS, while 
only 3 brain slices from 5 mice showed L-LTP in no 
BDNF application slices.

In addition, the change of tyrosine kinase receptor B 
(Trk B) and cAMP-response element binding protein 
(CREB) were also tested in the middle-aged mice slices 
after the application of BDNF. The result from the west-
ern blot showed that both the Trk B and the CREB in the 
ACC increased after BDNF incubation in the middle-
aged mice (Fig.  6c, d). These results are consistent with 
the previous reports [37, 38].

Next, we compared the Spatio-temporal distribution 
of the synaptic tagging LTP after BDNF in middle-aged 
mice by using the developed modeling and visualiza-
tion system (Fig. 6e, f ). After incubating BDNF, it is then 
observed that the adopted tagging-TBS exhibits multiple 

L-LTP peaks (vertices), representing the spatial strength 
and spatial frequency of the synaptic tagging changes in 
brain slices after the application of BDNF. This is consist-
ent with our previous work [31] that the network LTP is 
often formed as a ring distribution surrounding the stim-
ulation site.

TrkB agonist R13 rescued synaptic tagging LTP 
in middle‑aged mice
R13 is a prodrug for 7,8-dihydroxyflavone(7,8-DHF), 
which is a flavone found in plants and has a similar func-
tion to BDNF [39, 40]. We also tested the roles of R13 in 
the impaired tagging LTP in middle-aged mice. R13 was 
orally administered for 15 days in middle-aged mice, and 
then the brain slices were used for fEPSPs recording as 
above mentioned. As shown in Fig. 7, in R13-treated mid-
dle-aged mice, all the brain slices from 5 mice with R13 
treatment had synaptic tagging response, while no brain 
slices from control mice showed tagging-like response 
(Fig.  7a). On site S1, we found that R13 enhanced the 
L-LTP in middle-aged mice (Fig. 7b). All the R13 treated 
mice shown L-LTP responses after strong TBS (n = 5 
slices/ 5 mice), while only 4 mice showed E-LTP in con-
trol mice.

We also analyzed the recruited channels in R13-treated 
middle-aged mice. As shown in Fig.  7c, d, 4.5  h after 
strong TBS on site S1, 2.4 ± 1.4 channels were recruited in 
each slice with R13 treated mice, and 1.6 ± 0.9 channels in 
untreated mice(t1h = 1.395, p1h = 0.235 > 0.05;  t2h = 0.196, 
p2h = 0.854 > 0.05;  t3h = 0.93, p3h = 0.405 > 0.05;  t4h = 1, 
p4h = 0.374 > 0.05;  t5h = 1.089, p5h = 0.338 > 0.05, n = 5 
mice for each group, Student’s t-test). After tagging TBS, 
6.2 ± 2.6 channels were recruited in brain slices from 
R13 treated mice, and it was 0.4 ± 0.4 channels for the 
untreated mice  (t1h = 1.360, p1h = 0.245 > 0.05;  t2h = 0.222, 
p2h = 0.835 > 0.05;  t3h = 1.037, p3h = 0.359 > 0.05;  t4h = 1.6
01, p4h = 0.185 > 0.05;  t5h = 2.558, *p = 0.043 < 0.05, n = 5 
mice for each group, Student’s t-test.). These results sug-
gest that R13 enhances the network propagation of syn-
aptic tagging responses in the ACC of middle-aged mice.

In addition, as revealed in Fig. 7e, f, where the Spatio-
temporal distribution of synaptic plasticity response after 
R13 oral administration was visualized as a 3D surface. 
Taken together, these results show that the TrkB agonist 
rescued synaptic tagging and LTP in middle-aged mice.

Discussion
The ACC is a critical forebrain structure involved in a 
variety of high-level brain functions, such as pain per-
ception, memory storage, and emotional processing. 
Synaptic plasticity in the ACC has been proven to be the 
key cellular and synaptic substrate for chronic pain, fear, 
and anxiety [12, 41, 42]. In the present study, we report 
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Fig. 6 BDNF rescued the synaptic tagging in middle‑aged mice. BDNF was applied in the brain slices of middle‑aged male mice. Tagging LTP 
recorded around site S2 from the brain slices of the BDNF applied /unapplied in middle‑aged male mice (a). LTP was recorded around site S1 
from the brain slices of the same mice (b). Trk B, CREB levels were detected by western blot in three groups, adult mice, middle‑aged mice, and 
BDNF‑applied middle‑aged mice (c). The intensity level of Trk B and CREB in each group, n = 5 for each group (d). The Markov Random Field model 
was introduced to smooth and visualize the low‑resolution 8 × 8 MED64 data. The temporal evolving of the 3D surface on site S2 on the brain 
slice of the control middle‑aged male mouse (e). The temporal evolving of the 3D surface on site S2 on the brain slice of the BDNF‑incubated 
middle‑aged male mouse (f)
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that synaptic tagging, hetero-synaptic plasticity, exists 
in adult excitatory synapses of the ACC. We found that 
synaptic tagging LTP in the ACC was impaired in both 
male and female middle-aged mice. The loss of synaptic 
tagging in mice indicates its relevance to the physiology 
changes in the brain of middle-aged mice. In addition, we 

found that TrkB agonists, both BDNF and R13, rescued 
the impaired synaptic tagging in middle-aged mice. Our 
study provides strong evidence that impaired cortical 
synaptic tagging may contribute to memory dysfunction 
in aged mice.

Fig. 7 R13 rescued the synaptic tagging in middle‑aged mice. Tagging was recorded around site S2 from the brain slices of the R13 treated/
untreated middle‑aged male mice (a). LTP around S1 was recorded around site S1 from the same brain slices (b). The temporal changes of the 
average number on sites S1 and S2 of the recruited channels in R13 treated and untreated mice. n = 5 slices from 5 R13 treated mice and n = 4 
slices from 5 untreated mice, respectively (c, d). (*p < 0.05, n = 5 mice for each group, Student’s t‑test.). The temporal evolving of the 3D surface on 
site S2 of the R13 untreated mouse brain slice (e). The temporal evolving of the 3D surface on site S2 of the R13 treatment mouse brain slice (f)
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Loss of synaptic tagging in middle‑aged mice
Many studies have reported on the basic mecha-
nisms and behavioral relevance of synaptic tagging 
in the hippocampus [43–46]. Synaptic tagging seeks 
to explain how neural signaling at a particular  syn-
apse  creates a target for subsequent  plasticity-related 
product  (PRP) trafficking, which is essential for sus-
tained  LTP.  Recently, our group found that synaptic 
tagging also occurred in the ACC [18]. Loss of synap-
tic tagging in ACC due to amputation may contribute 
to injury-related cognitive changes and phantom limb 
sensation and pain. It was also discovered that the 
spatial extent of tagging LTP propagation was greatly 
dependent on the interval time window. However, it 
has been unclear to this point if synaptic tagging cor-
relates with aging.

In this study, we first demonstrated that synaptic tag-
ging channels can perform in the ACC synapses in mid-
dle-aged mice. The synaptic tagging LTP was impaired in 
the ACC in middle-aged mice. Both the network L-LTP 
and the recruitment of inactive responses were reduced. 
As age increases, the ACC synapses may have some phys-
iological change in response to stimulation, which leads 
to a change in synaptic tagging. Considering the impor-
tance of ACC synapses in pain perception, fear memory, 
and anxiety [2, 12, 47, 48], these findings suggest that 
synaptic tagging may have a more general physiological 
function in the brain. It is of great interest to further elu-
cidate the molecular mechanisms of this cortical synaptic 
tagging and to dissect its behavioral relevance.

No differences between gender in synaptic tagging
Gender differences in responses to brain diseases have 
been reported in both animal and human studies. In the 
present work, we find that there is no significant differ-
ence in synaptic tagging in the ACC between male and 
female mice. This is similar to findings in our previous 
work [49], which indicated that there is no gender-related 
difference in LTP in the ACC. However, in AD patients, 
some reports have shown that synaptic plasticity and 
associative memory impairments are more prominent in 
females due to the difference in hippocampus LTP [50]. 
These inconsistent results of gender differences in syn-
aptic plasticity may be due to the different regions of the 
brain or various induction paradigms employed.

L‑LTP induced by weak TBS
Our previous studies found that weak TBS only induced 
declining E-LTP in the ACC for 2–3 h in adult mice [18]. 
We wonder whether weak TBS was able to induce L-LTP 
and whether it was age-dependent. However, it was found 
that L-LTP could be induced by weak TBS only in adult 
mice, but not (or much more rarely) in middle-aged mice. 

One possible explanation is that, younger mice have bet-
ter synaptic plasticity that favors a lower fire threshold, 
while the induction protocols we used might be over 
strong and therefore biased over L-LTP. This result was 
also reported in previous work [51]. This result gives us a 
new way to define the strong effect of the TBS protocol.

TrkB agonist rescued synaptic tagging in middle‑aged 
mice
BDNF plays a diverse, and broad, role in regulating neu-
ronal structure and function in the central nervous sys-
tem [52]. Our previous study reported that BDNF can 
contribute to synaptic potentiation in the ACC of adult 
mice (Miao et  al. [36]). In present studies, we adopt 
BDNF to explore whether it can contribute to synap-
tic tagging in the ACC or not. We found that BDNF can 
rescue the impaired synaptic tagging and network LTP 
in middle-aged mice. Previous studies reported that 7,8-
DHF can imitate  the  function  of  BDNF [39, 40]. R13, 
as an optimal prodrug of 7,8-DHF, increases the half-
life, oral bioavailability, and brain exposure of 7,8-DHF 
[53]. We found that similar to BDNF, R13 also revised 
the impaired synaptic tagging and network LTP in mid-
dle-aged mice. These results showed that R13 may be a 
potential therapeutic agent for the treatment of memory 
loss, which is consistent with the previous reports [53].

BDNF‑TrkB signaling in middle‑aged mice
In the present study, we found that BDNF and a TrkB 
receptor agonist R13 both rescued aged-related reduc-
tion of synaptic tagging. These results indicate that 
BDNF-related signaling pathway maybe altered dur-
ing aging. In consistent with this observation, reduced 
BDNF levels and altered BDNF-TrkB signaling have been 
reported in aged mice. For example, total BDNF mRNA 
and the expression level of TrkB receptor were reduced 
in 12-month-old rat hippocampus [54]. It is known that 
BDNF is expressed in the hippocampus and cortex in the 
brain, and can be synthesized by both neurons and glial 
cells. While a previous report showed that BDNF gene 
expression in microglia is at very low level in the adult 
brain [55], Zhou et  al. reported that microglial BDNF 
deletion prevents high-frequency stimulation-induced 
LTP [56]. Future studies are clearly needed to determine 
the exact cellular mechanism for BDNF and its release in 
the ACC of both adult and aged animals.

In the present study, it is quite likely that BDNF-TrkB 
signaling contributes to the rescuing of synaptic tag-
ging by regulating the AMPAR expression and function, 
including synaptic AMPAR subunit trafficking and phos-
phorylation. Our previous study has found that selective 
phosphorylation of AMPAR at the PKA phosphoryla-
tion site serine 845 contributes to the network of LTP 
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expression in the ACC [31]. Furthermore, Miao et  al. 
found that BDNF-induced enhancement in the ACC is 
dependent on L-VGCC, calcium-stimulated adenylyl 
cyclase subtype 1(AC1) and postsynaptic incorporation 
of calcium-permeable AMPA receptors (CP-AMPARs) 
[36]. In the hippocampus, it has also been reported that 
BDNF-TrkB signaling enhances synaptic transmission by 
upregulating the AMPAR subunit trafficking on the post-
synaptic membrane [57, 58].

The novel fEPSP signal modeling and visualization system
In our research, by using the MED64 system, the LTP 
could be recorded from up to 64 channels for one ACC 
slice, as compared to the traditional methods that 
are based on two-electrode (one for stimulation and 
one for recording). Unfortunately, to obtain a more 
comprehensive understanding of the Spatio-tempo-
ral dynamics of signals and responses in a real net-
work, the number of available activations is only 8 × 8 
which is still insufficient. To overcome the constraint, 
we consider the original MED64 recording only as a 
sparse observation from a latent state space that could 
be either discrete or continuous, and by estimating 
the values of the state variables, we can easily project 
them back into a smoother observation space such that 
visualizing and analyzing the Spatio-temporal dynam-
ics of activation and response becomes easier. In our 
previous work, we attempted modeling such a pro-
cess for a single time frame with a Gaussian Mixture 
Model [31]. In this paper, we generalize the problem 
with a state space model (“A novel fEPSP signal mod-
eling and visualization system” section), and by adopt-
ing the graph theory, we can build a Markov Random 
Field based on the MED64 observation to estimate the 
latent state variable, and then project the original 8 × 8 
input into a higher resolution output (256 in our exper-
iments). Such an observation-state-projection pipe-
line is generic enough to take observations from both 
single time frame (the spatial case) as well as multiple 
time frames (the Spatio-temporal case), and can also 
project into a single higher resolution estimation (this 
paper) as well as multiple higher resolution estima-
tions (on-going work). In fact, we believe that our pro-
posed model aligns well with the unknown mechanism 
of ACC where the recorded MED64 signal (the obser-
vation) depends on the behavior of the ACC neurons 
(the state), and once we obtain an accurate estimation 
of the state value, we can further estimate responses 
at a finer granularity (the high-resolution projection). 
Such a generic model could apply to many other similar 
scenarios.

In summary, our results demonstrate that middle-aged 
mice have less ability to induce the synaptic tagging and 

recruitment of cortical circuitry in the ACC. Application 
of TrkB agonist can rescue the synaptic tagging in mid-
dle-aged mice. Since L-LTP is important for the process 
of anxiety and fear memory, further studies should inves-
tigate the detection of the relationship between strong 
TBS site and tagging TBS site in synaptic tagging, as well 
as an expanded application such as the possible changed 
spatial–temporal properties of network L-LTP in anxiety 
and fear memory.
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