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Abstract

Previous studies have demonstrated that brain-derived neurotrophic factor (BDNF) is one of the diffusible messengers
for enhancing synaptic transmission in the hippocampus. Less information is available about the possible roles of
BDNF in the anterior cingulate cortex (ACC). In the present study, we used 64-electrode array field recording system to
investigate the effect of BDNF on ACC excitatory transmission. We found that BDNF enhanced synaptic responses in

a dose-dependent manner in the ACC in C57/BL6 mice. The enhancement was long-lasting, and persisted for at least
3 h.In addition to the enhancement, BDNF also recruited inactive synaptic responses in the ACC. Bath application of
the tropomyosin receptor kinase B (TrkB) receptor antagonist K252a blocked BDNF-induced enhancement. L-type
voltage-gated calcium channels (L-VGCC), metabotropic glutamate receptors (mGluRs), but not NMDA receptors
were required for BDNF-produced enhancement. Moreover, calcium-stimulated adenylyl cyclase subtype 1 (AC1) but
not AC8 was essential for the enhancement. A selective ACT inhibitor NBOO1 completely blocked the enhancement.
Furthermore, BDNF-produced enhancement occluded theta burst stimulation (TBS) induced long-term potentiation
(LTP), suggesting that they may share similar signaling mechanisms. Finally, the expression of BDNF-induced enhance-
ment depends on postsynaptic incorporation of calcium-permeable AMPA receptors (CP-AMPARs) and protein kinase
MC (PKMQ). Our results demonstrate that cortical BDNF may contribute to synaptic potentiation in the ACC.
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Background

Brain-derived neurotrophic factor (BDNF) is a member
of the neurotrophin family which plays a diverse, and
broad, role in regulating neuronal structure and function
in the central nervous system [1]. Cumulative data has
demonstrated that BDNF is crucially involved in synaptic
plasticity in the adult brain [2]. Application of BDNF can
trigger a long-lasting increase in synaptic transmission in
the hippocampus, visual cortex, insular cortex, and spinal
dorsal horn [3-7], although some of these enhancements
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are found to be activity-dependent, or unreliable. Most of
the previous studies have focused on the hippocampus.
Less information is available about the BDNF related
synaptic enhancement in the anterior cingulate cortex
(ACCQC).

ACC is a key cortical area for processing painful and
emotional information [8-11]. Adult synapses in the
ACC are highly plastic, and both presynaptic release
of glutamate and postsynaptic excitatory responses
can undergo long-term potentiation (LTP) [8, 12]. The
molecular mechanism of ACC LTP has been recently
investigated [12—14]. Inhibition or genetic deletion of
key molecules required for triggering LTP produces anal-
gesic effects in animal models of chronic pain as well as
emotional fear, anxiety, and depression [13, 14]. Several
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studies have indicated that ACC BDNF can be regulated
in an activity-dependent manner, and its alternation may
contribute to chronic pain, depression, and other mental
disorders [15-18]. For example, Thibault et al. reported
that injections of recombinant BDNF into the ACC trig-
gered neuronal hyperexcitability and cold allodynia [15].
Tropomyosin receptor kinase B (TrkB) receptor and ERK
phosphorylation were involved in BDNF induced effects
[15]. However, the mechanism of BDNF induced synap-
tic enhancement is largely unknown. In the present study,
we aimed to study the effect of BDNF on synaptic trans-
mission in ACC by using a 64-channel multielectrode
(MED64) recording system. Furthermore, calcium-stim-
ulated adenylyl cyclase subtype 1(AC1), calcium-perme-
able AMPA receptors (CP-AMPARs), and protein kinase
MC{ (PKM{) might be involved in BDNF induced synaptic
enhancement in ACC.

Methods

Animals

Adult (8-12 weeks old) male C57BL/6 mice were pur-
chased from Charles River. ACI KO and AC8 KO mice
with the C57BL/6 background were obtained from Dr.
Daniel R. Storm (University of Washington, Seattle, WA).
All animals were housed under a 12 h light/dark cycle
with food and water provided ad libitum. All works were
conducted according to the policy and regulation for the
care and use of laboratory animals approved by Institu-
tional Animal Care and Use Committee at University of
Toronto.

Brain slice preparation

Adult male mice were anesthetized with 1-2% isoflurane
and the whole brain was quickly removed and transferred
to ice-cold oxygenated (95% O, and 5% CO,) artificial
cerebrospinal fluid (ACSF) containing (in mM) 124 NaCl,
2.5 KCl, 2 CaCl,, 2 MgSO,, 25 NaHCO,, 1 NaH,PO,
and 10 glucose, pH 7.3-7.4. Three coronal brain slices
(300 pum), after the corpus callosum meets and contains
ACC, were cut using a vibratome (Leica VT 1200S). The
slices were placed in a submerged recovery chamber with
oxygenated (95% O, and 5% CO,) ACSF at room temper-
ature for at least 1 h.

The 64 multi-electrode arrays

The multielectrode array (MEA) system used in the cur-
rent study was MED64 (Alpha-Med Sciences, Japan). The
procedures for preparation of the MED64 system were
similar to those described previously [19]. The MED64
probe (MED-P515A, Panasonic, Japan) were arranged in
an 8 x 8 pattern, with an interpolar distance of 150 um.
The surface of the MED64 probe was treated with 0.1%
polyethyleneimine (Sigma, St. Louis, MO; P-3143) in
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25 mmol/L borate buffer (pH 8.4) overnight at room tem-
perature before experiments. Then the surface of probe
was rinsed three times with sterile distilled water [20, 21].

Field potential recording in adult ACC slices

After recovery, one ACC slice was placed in a MED64
probe covering most of the 64 electrodes. Slices were
kept in the recording chamber for 1 h after transfer and
perfused with oxygenated (95% O, and 5% CO,) ACSF
at 28 °C and maintained at a 3—4 ml/min flow rate. The
slice was positioned on the MED64 probe that the differ-
ent layers of the ACC were entirely covered by the whole
array of the electrodes, and then a fine-mesh anchor was
placed on the slice to ensure its stabilization during the
experiments [22]. One of the channels located in the
layer V of the ACC was chosen as the stimulation site,
from which the best synaptic responses can be induced
in the surrounding recording channels. Bipolar constant
current pulse stimulation was applied to the stimulation
channel and the intensity was adjusted so that 40-60% of
maximal field excitatory postsynaptic potential (fEPSP)
was elicited in the channels closest to the stimulation
site. The channels with fEPSPs were considered as active
channels and their fEPSPs responses were sampled every
2 min. The parameter of “slope” indicated the averaged
slope of each fEPSP recorded by activated channels.
Then, the drug of BDNF was applied for 30 min before
washout. After BDNF infusion, the test stimulus was
repeatedly delivered for at least 3 h to allow long-term
monitoring. In another set of experiments, paired-pulse
facilitation (PPF) with the interpulse interval at 50 ms
was recorded to determine the locus of synaptic trans-
mission expression. The ratio of the slope of the second
response to the slope of the first response was calculated
and averaged. In the occlusion test, a theta-burst stimu-
lation (TBS) (five trains of bursts with four pulses at
100 Hz at 200 ms interval; repeated five times at intervals
of 10 s) was applied to the same stimulation channel. In
most experiments, 6—8 channels near the stimulation site
were selected for data analysis.

Drugs

Drugs were prepared as stock solutions for frozen ali-
quots at — 20 °C. They were diluted from the stock solu-
tion to the final desired concentration in the ACSF before
being applied to the perfusion solution. BDNF (1, 20,
50 ng/ml), nimodipine (10 uM), D (—)-2-amino-5-phos-
phonopentanoic acid (AP-5, 100 pM), (+4)-a-methyl-
4-carboxylphenlyglycine (MCPG, 500 pM), K252a
(200 nM), NASPM (50 uM), ZIP (5 pM) and NBOO1
(20 uM) were used in the current study. Drugs were
infused during the period of the horizontal bar on the
graphs. NB0O1 was provided by NeoBrain Pharmac Inc
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(Canada). BDNF, nimodipine, MCPG, K252a, ZIP was
purchased from Tocris Bioscience. AP-5, NASPM were
purchased from Hello Bio.

Data analysis

MED64 Mobius was used for data acquisition and anal-
ysis. All data were presented as means=+ SEM. The per-
centages of the fEPSP slopes were normalized by the
averaged value of the baseline. The synaptic enhancement
levels used in histograms are averaged fEPSP slope value
of the last 20 min of the experiment. Statistical compari-
sons were performed using two-tail paired or unpaired
Student’s t-test, one-way ANOVA by GraphPad Prism
6.0.

Results

BDNF induced long-term synaptic enhancement in the ACC
In the present study, we used the 64-channel multielec-
trode array, MED64 [14, 20], to examine if BDNF might
affect excitatory synaptic transmission in the ACC. One
representative example recording was illustrated in
Fig. 1. The relative location of the 8 x 8 square-shaped
MEDG64 probe within the ACC slice was shown in
Fig. 1A. The light microscope photograph of the loca-
tion of the MED64 probe electrodes within the ACC slice
was showed in Fig. 1B. One channel in the deep layer V
of ACC was chosen as the stimulation site (Fig. 1C, D)
and fEPSPs were recorded from the other 63 channels
around the stimulation site. Activated channels with fEP-
SPs around the stimulation channel expressed from the
superficial to deep layers of ACC during baseline period
(Fig. 1C) and 3 h after BDNF perfusion (Fig. 1D) were
shown. After 30 min stable baseline recording, BDNF
(50 ng/ml) was applied for 30 min and then washed
out. We found that BDNF induced synaptic enhance-
ment in the ACC slice with four active channels show-
ing long-term enhancement lasting over 3 h (Fig. 1E) and
two active channels showing a short-term enhancement
lasting less than 2 h (Fig. 1F), with one channel remain-
ing unchanged throughout the entire recording period
(Fig. 1G). The averaged data from the six active chan-
nels was plotted in Fig. 1H. We then tested the dose—
response of BDNF effects on synaptic transmission in the
ACC (Fig. 2). As shown in Fig. 2A and B, 0.9% saline or
1 ng/ml BDNF for the same duration did not change the
fEPSP slope in the ACC (Saline: 98.2+3.1% of baseline,
n=6 slices/5 mice; 1 ng/ml BDNF: 97.34+2.1% of base-
line, n=6 slices/6 mice). However, application of 20 ng/
ml BDNF induced a short-term enhancement in the
ACC, which lasted less than 2 h (124.94+3.4% of base-
line at 1 h after BDNF perfusion; 97.3+3.8% of base-
line at 3 h after BDNF perfusion, n=6 slices/6 mice,
Fig. 2C). Finally, we found that 50 ng/ml BDNF induced
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a long-term enhancement in the ACC that lasted over
3 h (159.8 £4.5% of baseline, n =6 slices/6 mice, Fig. 2D).
This data suggests that BDNF induces a dose-dependent
synaptic enhancement in the ACC.

Spatial distribution and recruitment of BDNF induced
synaptic responses

Next, we mapped the spatial distribution of the active
responses in the ACC before, and after, BDNF perfu-
sion using the previous method [20]. In one typical sam-
ple slice, as shown in the Fig. 3A, the distribution of all
observed activated-channels during baseline period was
displayed by a polygonal diagram on a grid represent-
ing the channels (gray). Application of BDNF (50 ng/ml)
significantly enhanced the spatial distribution of active
responses in the ACC (Fig. 3B). The enlarged area was
observed in both the deep, and superficial, layers in the
ACC. Our previous studies reported that recruitment of
synaptic responses in the TBS induced L-LTP [14, 20].
The recruited channels were also observed by application
of BDNE. The sample traces and recruited channels were
shown in Fig. 3C and D, the recruited channel showing
no fEPSP at baseline, but with increased potentiation at
1 h and 3 h after BDNF application. Plotted data from six
slices for the spatial distribution of the active responses
before and after BDNF perfusion were shown in Fig. 3E
and F. These results suggest that BDNF application was
also effective for spatial changes of synaptic enhancement
in the ACC.

Effects of BDNF application on paired-pulse facilitation
(PPF)

PPF is often used for measuring presynaptic function. To
investigate the locus of BDNF induced synaptic enhance-
ment expression, we recorded the PPF with 50 ms
interval during the baseline and at 1 h, 3 h after BDNF
application. As shown in Fig. 4A and B, the PPF was not
significant changed (1.17£0.09 at baseline; 1.17 4-0.06 at
1 h and 1.154+0.06 at 3 h, n=6 slices/6 mice, P=0.91,
one-way ANOVA), indicating that the BDNF produced
synaptic transmission was most likely postsynaptic.

BDNF induced synaptic enhancement was blocked

by inhibition of TrkB receptor

To test whether the effect of BDNF on ACC field poten-
tials are receptor-specific, we explored the role of TrkB
receptor activation in BDNF induced synaptic enhance-
ment pharmacologically, as shown in Fig. 4C, K252a
(200 nM) was bath applied 30 min before BDNF and
throughout the recording period, then BDNF induced
enhancement was completely blocked. The fEPSP slope
(%) of baseline and 3 h after BDNF application was not
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Fig. 1 Spatial distribution of BDNF produced synaptic enhancement in the ACC obtaining with multichannel field potential recording. A Schematic
diagram and the microphotograph showed the scale of the MED-64 probe (left), location of MED-64 probe on the ACC slice (right). B One example
microscopy photograph of the location of ACC slice and MED-64 probe. C A general view of the spatial distribution of the potentials in all active
channels within different layers (vertical lines) of one ACC slice at baseline period. D An overview of the spatial distribution of the evoked potentials
in all active channels across different layers (vertical lines) of one ACC slice at 3 h after BDNF perfusion. E-G Individual data of changes of the fEPSP
slopes with three types of plasticity from one ACC slice of applying BDNF: E Long-lasting synaptic enhancement showing channels; F short-time
synaptic enhancement showing channels; G No enhancement showing channels. H Summarized date showed fEPSP slopes from channels with
synaptic enhancement after the application of BDNF in one ACC slice
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significant changed (100.5+0.5% vs. 94.8 +£3.3%; n=6
slices/6 mice, P=0.10, paired ¢-test, Fig. 4D).

BDNF induced synaptic enhancement and TBS-LTP
occluded each other in the ACC

To test whether the BDNF induced synaptic enhance-
ment might share common cellular mechanisms with
TBS induced LTP, we investigated the ability of each to
occlude subsequent induction of the other form. BDNF
was applied at 2 h after LTP induction by TBS (Fig. 5A).
We found that TBS-LTP occluded the enhancement of
synaptic transmission by BDNF application. The fEPSP
slope at 2 h after TBS-LTP induction was 146.2£5.6%
and 150.1+£7.8% at 2 h after subsequent BDNF perfu-
sion (n =6 slices/6 mice, P=0.34, paired t-test, Fig. 5B).
Oppositely, BDNF induced synaptic enhancement
also attenuated the subsequent potentiation by TBS
(Fig. 5C). The fEPSP slope at 2 h after BDNF perfusion
was 141.34+3.7% and 142.44+5.2% at 2 h after subse-
quent TBS-LTP induction (n =6 slices/6 mice, P=0.81,
paired t-test, Fig. 5D). Taken together, this data sug-
gests that these two forms of synaptic enhancement in
the ACC may involve some similar mechanisms.

L-VGCC, mGIuR but not NMDA receptors were required

for BDNF induced synaptic enhancement

Previous research had shown that effects on TBS induced
synaptic enhancement in the ACC requires the activa-
tion of NMDARSs. Hence, we investigated whether BDNF
induced synaptic enhancement in the ACC was depend-
ent on the activation of the NMDA receptor. The NMDA
receptor antagonist AP-5 (100 pM) was bath-applied
30 min before the application of BDNF and then were
washed out together. As shown in Fig. 6A, the fEPSP
slope was increased and lasted for 3 h (159.1 +4.5%, n=6
slices/6 mice), indicating that BDNF produced NMDA
receptor independent synaptic enhancement in the ACC.
Next, to determine any involvement of L-VGCC in BDNF
induced synaptic enhancement, we perfused an ACC
slice with nimodipine (a selective L-type voltage-gated
calcium channel blocker, 10 uM) and found an effec-
tive attenuation of synaptic transmission (100.2 = 3.3%,
n=6 slices/6 mice) (Fig. 6B). Additionally, we used an
mGluR antagonist, MCPG (500 uM) to test the role of
metabotropic glutamate receptor in BDNF produced
synaptic enhancement. The MCPG significantly blocked
BDNF induced synaptic enhancement (97.0+4.0%,
n=6 slices/6 mice) (Fig. 6C). These results suggest that
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Fig. 3 BDNF enhanced the network propagation of synaptic responses in the ACC. A, B Sample polygonal diagram showed the distribution

of activated channels in the baseline state (gray) and BDNF recruited channels (orange). The yellow circle indicated the stimulation site. C, D

The sample traces showed the long-lasting synaptic enhancement and recruited channel at baseline and 1 h, 3 h after BDNF application. E, F
Superimposed polygonal diagrams of the activated channels in the baseline state (gray) and the enlarged area after application of BDNF (orange).
Black dots represented the 64 channels in the MED64. Vertical lines indicated the layers in the ACC slice
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L-VGCC and mGIluR, but not NMDA receptors, are
important for BDNF produced synaptic enhancement in
the ACC.

AC1 but not AC8 were required for BDNF induced synaptic
enhancement

In the ACC, TBS induced postsynaptic LTP requires
activation of Ca®*/calmodulin-stimulated —adenylyl
cyclase subtype 1(AC1), but not AC8 [8]. We tested
whether AC1 or AC8 was required for BDNF pro-
duced synaptic enhancement, and found that in genetic
knockout AC1 mice, BDNF perfusion did not affect
synaptic transmission in the ACC (107.5£3.5%, n=6
slices/5 mice) (Fig. 6D). Conversely, BDNF still produced
synaptic enhancement in AC8 KO mice (150.84+6.1%,
n==6 slices/5 mice) (Fig. 6E). To further test the role of
AC1, we used a selective AC1 inhibitor NB0O1 (20 pM)
30 min before BDNF application, BDNF induced syn-
aptic enhancement was attenuated by NBOOl in the
ACC (103.1£3.8%, n=6 slices/6 mice) (Fig. 6F). Taken

together, this data suggests that AC1 is essential for
BDNF produced synaptic enhancement in the ACC.

CP-AMPARs and PKMU were involved in BDNF induced
synaptic enhancement
In the ACC, changes in postsynaptic AMPARSs contrib-
ute to the expression of TBS induced L-LTP, and the
application of a CP-AMPAR antagonist 3 h after induc-
tion reduced synaptic potentiation [13]. To follow, we
then tested whether CP-AMPAR affected BDNF induced
synaptic enhancement in the ACC. As expected, the per-
fusion of CP-AMPAR antagonist NASPM (50 uM) 2 h
after BDNF perfusion abolished BDNF induced synaptic
enhancement (Fig. 7A), the fEPSP slope changed from
147.24+7.1% at 2 h after BDNF perfusion to 108.0 £4.8%
1 h after NASPM application (n=6 slices/6 mice,
P<0.01, paired t-test, Fig. 7B).

Previous studies suggested that PKM({ was required
to maintain persistent synaptic potentiation in the ACC
[23]. We also assessed whether PKM{ was involved



Miao et al. Mol Brain (2021) 14:140

Page 8 of 13

A B
250' 250 =
X 1 —_
s X
o 2004 < 200-
5 2
o - ()
- 100 (QI-J
o = 2
E i o 100
ATBS n =6 slices )
50 T T T T T T T T T v 1 50
» o Baseline  TBS2h  BDNF 2h
D
— _ 250+
S S
(] @ 200+
Q. Q.
Ke) k)
»n ) 1504
o o
»n »n
o 0. 1004
H l TBS A n =6 slices H
50 T T T T T T T T T T T 1 50
-1 0 1 2 3 4 B Baseline BDNF2h  TBS 2h
Time (h)
Fig. 5 BDNF produced synaptic enhancement and TBS-LTP occluded each other in the ACC. A BDNF produced synaptic enhancement was
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in BDNF induced synaptic enhancement. The selec-
tive PKMC inhibitor, {-pseudosubstrate inhibitory pep-
tide (ZIP, 5 uM), erased synaptic enhancement 2 h after
BDNF perfusion in the ACC (Fig. 7C), the fEPSP slope
changed from 148.4+4.6% at 2 h after BDNF applica-
tion to 117.04+2.6% 1 h after ZIP perfusion (n=6 slices/6
mice, P<0.01, paired ¢-test, Fig. 7D). Therefore, both CP-
AMPAR and PKM{ are required for BDNF induced syn-
aptic enhancement.

Discussion

In the present study, we demonstrate that bath applica-
tion of BDNF produces synaptic enhancement in the
ACC of adult mice. The BDNF induced enhancement
is post-synaptically expressed and prevented by TrkB
receptor blocker. BDNF induced synaptic enhancement
and TBS-LTP occlude each other in the ACC. Activa-
tion of L-VGCC, mGluRs, but not NMDA receptors,
were involved in BDNF induced synaptic enhancement
and the genetic deletion of AC1, but not AC8, impaired
BDNF induced synaptic enhancement. Using the AC1

inhibitor NB0OO1 also blocked BDNF produced synaptic
enhancement. CP-AMPARs and PKM{ were involved
in BDNF induced synaptic enhancement. Although the
functional significance of this BDNF induced potentia-
tion remains to be investigated in future, it is likely that
BDNF may contribute to chronic pain, emotional anxiety,
fear, or depression in the ACC (Fig. 8).

BDNF induced synaptic enhancement in the ACC

Previous investigation of the effect of BDNF on central
synaptic transmission were mainly focused on the hip-
pocampus, visual cortex, and spinal dorsal horn [4, 5,
7]. The impairment of synaptic transmission in BDNF-
knockout mice could be rescued by acute application
of BDNF [24]. In the ACC, injections of recombinant
BDNF or a viral vector synthesizing BDNF triggered
long-term potentiation and sustained pain hypersensi-
tivity [15]. In the present study, we found that exog-
enous application of dose-dependent BDNF increased
synaptic transmission in the ACC slices. Moreover,
BDNE-TrkB signaling was required for this chemically
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induced synaptic enhancement. BDNF also induced
the recruitment of cortical circuits and increased the
spatial distribution of active responses which was
consistent with TBS-induced LTP in the ACC. In
addition, the PPF was not significantly changed after
BDNF application indicating that the BDNF produced
synaptic enhancement was most likely postsynaptic.
However, we cannot completely rule out the possible
presynaptic effects of BDNF on glutamate release that
cannot be detected by PPF. It has been reported in the
ACC that the level of BDNF is related to changes in the
uptake of glutamate and/or glutamate release [25].

Mechanisms of BDNF induced synaptic enhancement

in the ACC

Multiple ions/receptors have been reported to contribute
to synaptic LTP [26], depending on the induction proto-
col, regions of the brain, recording methods, and age of
animals [27]. TBS induced LTP in the ACC has been well
investigated. It has been shown that, in response to TBS,
synaptic responses in the ACC exhibited LTP lasting
many hours. Induction of this form of LTP requires the
activation of NMDA receptors, mGluRs, and L-VGCCs.
In the dentate gyrus, it was reported that BDNF induced
synaptic enhancement was NMDAR independent while
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other study showed that the enhancement was blocked
by NMDA receptor in spinal dorsal horn [7, 28]. LTP is
divided into early-phase and late-phase LTP (>3 h). We
found that BDNF in the ACC directly induces late-phase
LTP, which was NMDA receptor independent. This result
suggests that NMDA receptor is not necessary for BNDF
induced late-phase LTP in the ACC. Moreover, L-VGCC
and mGluRs were required for BDNF induced synaptic
enhancement.

AC1 was considered critical for TBS produced syn-
aptic enhancement in the ACC [29], we also found that
BDNF produced enhancement was blocked in genetic
deletion of AC1 or by a selective AC1 inhibitor NBOO1.
These results provided strong evidence that ACC syn-
aptic transmission might through AC1 signal pathway,
although the exact signaling pathway remains to be
determined. In the ACC, CP-AMPA receptors and PKM{
are involved in TBS-LTP expression in our previous
studies. In the present study, we found that CP-AMPA
receptors and PKMU{ were also required for the expres-
sion of BDNF produced synaptic enhancement; suggest-
ing that BDNF is likely contributing to postsynaptic form

of LTP. Furthermore, BDNF induced synaptic enhance-
ment and TBS-LTP occluded each other in the ACC,
suggesting that BDNF induced LTP is postsynaptic. The
synaptic source of BDNF can be multiple. Thibault et al.
[15] reported that peripheral inflammation increased
the expression of BDNF in neurons and glial cells in the
ACC. Future studies are needed to determine molecular
mechanism for BDNF regulation and release in the ACC.

Functional and clinical implications

ACC has been indicated in different high-brain functions,
including chronic pain, fear, anxiety, and depression [8, 9,
11]. Evidence has accumulated that BDNF is involved in
chronic or persistent pain in the ACC. BDNF was upreg-
ulated in the ACC in rats with inflammatory pain. Injec-
tions of recombinant BDNF, or a viral vector synthesizing
BDNE, into the ACC triggered sustained pain hypersen-
sitivity [15]. In 2014, Thibault et al. reported that local
injections of recombinant BDNF or a viral vector syn-
thesizing BDNF into the ACC induced sustained cold
hypersensitivity. Pharmacological blockade of BDNE-
TrkB signaling, through local injection of cyclotraxin-B
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in the ACC prevented the emergence of cold hypersen-
sitivity and passive avoidance behavior [15]. In addition
to the ACC, BDNF in the spinal cord also underlies the
development and maintenance of inflammatory and
neuropathic pain [30, 31]. However, compared with the
upregulation of BDNF in the ACC and spinal dorsal
horn, BDNF is downregulated in hippocampus in spared
nerve injury (SNI) model. These studies suggest that
BDNF in different brain areas may play diverse roles in
the process of chronic pain. BDNF may underlie chronic
pain in the ACC and spinal dorsal horn, while involved in
pain memory and emotional deficits in the hippocampus
[15, 32—-34]. Previous studies in the hippocampus showed
that BDNF can enhance glutamate release [4, 35]. In the
ACC, Koga et al. [12] reported a form of presynaptic
LTP in the ACC and this pre-LTP is required for injury
induced anxiety. Although we did not detect changes in

PPF of evoked responses in the ACC of the present study,
we cannot rule out effect of BDNF on glutamate release
as well as the uptake of glutamate at synapses. Thus, it is
likely that BDNF may affect ACC related anxiety.

The genetic mutation and altered BDNF levels in the
ACC have been reported in patients with mental diseases
[16, 17]. Sellmeijer et al. [36] reported that chronic pain-
induced anxiodepressive-like consequences are under-
pinned by ACC hyperactivity. Combined with our present
data, the activity of ACC enhanced by BDNF may play a
pivotal role in the modulation function of BDNF on men-
tal diseases. BDNF may also contribute to fear memory
[35]. Zhao et al. reported that the long-term changes in the
ACC synapses is required for trace fear memory. Pharma-
cological or genetic blockade of the GIluN2B subunit in the
ACC impaired the formation of early contextual fear mem-
ory [37]. In summary, BDNF in the ACC may contribute
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to many pathological processes. The long-term synaptic
changes in the ACC synapses may determine these patho-
logical mechanisms. In our present study, we demonstrate
that NB0O1, a selective AC1 inhibitor, blocked BDNE-
induced synaptic enhancement in the ACC, which may be
useful for future treatment of BDNF-related diseases.

Abbreviations

ACC: Anterior cingulate cortex; BDNF: Brain-derived neurotrophic factor; TrkB:
Tropomyosin receptor kinase B; LTP: Long-term potentiation; TBS: Theta-burst
stimulation; PPF: Paired-pulse facilitation; ACSF: Artificial cerebrospinal fluid;
MEA: Multielectrode array; fEPSP: Field excitatory postsynaptic potential; AC1:
Adenylyl cyclase subtype 1; L-VGCC: L-type voltage-gated calcium channels;
mGluRs: Metabotropic glutamate receptors; CP-AMPARs: Calcium-permeable
AMPA receptors; PKMC: Protein kinase MC.

Authors’ contributions

HHM, ZM and JGP performed the experiments. HHM, XHL and MZ drafted
the manuscript. MZ designed the project and finished the final version of the
manuscript. All authors read and approved the final manuscript.

Funding

This work was supported by grants from the Canadian Institute for Health
Research (CIHR) Project Grant (PJT-148648 and 419286) awarded to M. Z; by
the National Science Foundation of China (82071180 and 81701040), Natural
Science Foundation of Beijing (7212023) and Beijing Municipal Administra-
tion of Hospitals Youth Programme (QML20200102) awarded to HH.M. X H.L.
is supported by grants from the China Postdoctoral Science Foundation
(2019M663669).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

Slice experiments were approved by the Animal Care and Use Committee of
the University of Toronto (Protocol ID, 20012315). Some of preliminary experi-
ments were performed in Capital Medical University, and approved by local
Animal Care and Use Committee.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Anesthesiology, Beijing Shijitan Hospital, Capital Medical Uni-
versity, Beijing 100038, People’s Republic of China. ?Department of Physiology,
Faculty of Medicine, University of Toronto, Medical Science Building, 1 King's
College Circle, Toronto, ON M55 1A8, Canada. *Center for Neuron and Dis-
ease, Frontier Institute of Science and Technology, Xi'an Jiaotong University,
Xi'an 710049, Shaanxi, People’s Republic of China. *Institute for Brain Research,
QingDao International Academician Park, Qing Dao, Shandong, People’s
Republic of China.

Received: 13 August 2021 Accepted: 4 September 2021
Published online: 15 September 2021

Page 12 of 13

References

1. Panja D, Bramham CR. BDNF mechanisms in late LTP formation: a synthe-
sis and breakdown. Neuropharmacology. 2014;76(Pt C):664-76. https://
doi.org/10.1016/j.neuropharm.2013.06.024.

2. Bramham CR, Messaoudi E. BDNF function in adult synaptic plasticity:
the synaptic consolidation hypothesis. Prog Neurobiol. 2005;76:99-125.
https://doi.org/10.1016/j.pneurobio.2005.06.003.

3. Escobar ML, Figueroa-Guzman Y, Gomez-Palacio-Schjetnan A. In vivo
insular cortex LTP induced by brain-derived neurotrophic factor. Brain
Res. 2003;991:274-9. https://doi.org/10.1016/j.brainres.2003.08.015.

4. JiY,LuY,Yang F, Shen W, Tang TT, Feng L, Duan S, Lu B. Acute and gradual
increases in BDNF concentration elicit distinct signaling and functions in
neurons. Nat Neurosci. 2010;13:302-9. https://doi.org/10.1038/nn.2505.

5. Jiang B, Akaneya Y, Ohshima M, Ichisaka S, Hata Y, Tsumoto T. Brain-
derived neurotrophic factor induces long-lasting potentiation of synaptic
transmission in visual cortex in vivo in young rats, but not in the adult.
Eur J Neurosci. 2001;14:1219-28. https://doi.org/10.1046/j.0953-816x.
2001.01751x.

6. KangH, Schuman EM. A requirement for local protein synthesis in
neurotrophin-induced hippocampal synaptic plasticity. Science.
1996;273:1402-6. https://doi.org/10.1126/science.273.5280.1402.

7. ZhouLJ, Zhong Y, Ren WJ, Li YY, Zhang T, Liu XG. BDNF induces late-phase
LTP of C-fiber evoked field potentials in rat spinal dorsal horn. Exp Neurol.
2008;212:507-14. https://doi.org/10.1016/j.expneurol.2008.04.034.

8. Bliss TV, Collingridge GL, Kaang BK, Zhuo M. Synaptic plasticity in the
anterior cingulate cortex in acute and chronic pain. Nat Rev Neurosci.
2016;17:485-96. https://doi.org/10.1038/nrn.2016.68.

9. Zhuo M. Cortical excitation and chronic pain. Trends Neurosci.
2008;31:199-207. https://doi.org/10.1016/j.tins.2008.01.003.

10. Zhuo M. Long-term potentiation in the anterior cingulate cortex and
chronic pain. Philos Trans R Soc Lond B. 2014,369:20130146. https://doi.
0rg/10.1098/rstb.2013.0146.

11. Vogt BA. Pain and emotion interactions in subregions of the cingulate
gyrus. Nat Rev Neurosci. 2005;6:533-44. https://doi.org/10.1038/nrn1704.

12. Koga K, Descalzi G, ChenT, Ko HG, Lu J, Li S, Son J, Kim T, Kwak C, Huganir
RL, Zhao MG, Kaang BK, Collingridge GL, Zhuo M. Coexistence of two
forms of LTP in ACC provides a synaptic mechanism for the interactions
between anxiety and chronic pain. Neuron. 2015,85:377-89. https://doi.
org/10.1016/j.neuron.2014.12.021.

13. ChenT, Wang W, Dong YL, Zhang MM, Wang J, Koga K, Liao YH, Li JL,
Budisantoso T, Shigemoto R, Itakura M, Huganir RL, Li YQ, Zhuo M.
Postsynaptic insertion of AMPA receptor onto cortical pyramidal neurons
in the anterior cingulate cortex after peripheral nerve injury. Mol Brain.
2014;7:76. https://doi.org/10.1186/513041-014-0076-8.

14. Song Q, Zheng HW, Li XH, Huganir RL, Kuner T, Zhuo M, Chen T. Selec-
tive phosphorylation of AMPA receptor contributes to the network
of long-term potentiation in the anterior cingulate cortex. J Neurosci.
2017;37:8534-48. https://doi.org/10.1523/JINEUROSCI.0925-17.2017.

15. Thibault K, Lin WK, Rancillac A, Fan M, Snollaerts T, Sordoillet V, Hamon
M, Smith GM, Lenkei Z, Pezet S. BDNF-dependent plasticity induced by
peripheral inflammation in the primary sensory and the cingulate cortex
triggers cold allodynia and reveals a major role for endogenous BDNF
as a tuner of the affective aspect of pain. J Neurosci. 2014;34:14739-51.
https://doi.org/10.1523/jneurosci.0860-14.2014.

16. Martens L, Herrmann L, Colic L, Li M, Richter A, Behnisch G, Stork O,
Seidenbecher C, Schott BH, Walter M. Met carriers of the BDNF Val66Met
polymorphism show reduced GIx/NAA in the pregenual ACC in two
independent cohorts. Sci Rep. 2021;11:6742. https://doi.org/10.1038/
$41598-021-86220-3.

17. Ray MT, Shannon Weickert C, Webster MJ. Decreased BDNF and TrkB
mRNA expression in multiple cortical areas of patients with schizophrenia
and mood disorders. Trans| Psychiatry. 2014;4:e389. https://doi.org/10.
1038/tp.2014.26.

18. Notaras M, van den Buuse M. Neurobiology of BDNF in fear memory,
sensitivity to stress, and stress-related disorders. Mol Psychiatry.
2020;25:2251-74. https://doi.org/10.1038/541380-019-0639-2.

19. Kang SJ, Liu MG, ChenT, Ko HG, Baek GC, Lee HR, Lee K, Collingridge
GL, Kaang BK, Zhuo M. Plasticity of metabotropic glutamate receptor-
dependent long-term depression in the anterior cingulate cortex after
amputation. J Neurosci. 2012;32:11318-29. https://doi.org/10.1523/
JNEUROSCIL0146-12.2012.


https://doi.org/10.1016/j.neuropharm.2013.06.024
https://doi.org/10.1016/j.neuropharm.2013.06.024
https://doi.org/10.1016/j.pneurobio.2005.06.003
https://doi.org/10.1016/j.brainres.2003.08.015
https://doi.org/10.1038/nn.2505
https://doi.org/10.1046/j.0953-816x.2001.01751.x
https://doi.org/10.1046/j.0953-816x.2001.01751.x
https://doi.org/10.1126/science.273.5280.1402
https://doi.org/10.1016/j.expneurol.2008.04.034
https://doi.org/10.1038/nrn.2016.68
https://doi.org/10.1016/j.tins.2008.01.003
https://doi.org/10.1098/rstb.2013.0146
https://doi.org/10.1098/rstb.2013.0146
https://doi.org/10.1038/nrn1704
https://doi.org/10.1016/j.neuron.2014.12.021
https://doi.org/10.1016/j.neuron.2014.12.021
https://doi.org/10.1186/s13041-014-0076-8
https://doi.org/10.1523/JNEUROSCI.0925-17.2017
https://doi.org/10.1523/jneurosci.0860-14.2014
https://doi.org/10.1038/s41598-021-86220-3
https://doi.org/10.1038/s41598-021-86220-3
https://doi.org/10.1038/tp.2014.26
https://doi.org/10.1038/tp.2014.26
https://doi.org/10.1038/s41380-019-0639-2
https://doi.org/10.1523/JNEUROSCI.0146-12.2012
https://doi.org/10.1523/JNEUROSCI.0146-12.2012

Miao et al. Mol Brain

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2021) 14:140

ChenT, Lu JS, Song Q, Liu MG, Koga K, Descalzi G, Li YQ, Zhuo M. Pharma-
cological rescue of cortical synaptic and network potentiation in a mouse
model for fragile X syndrome. Neuropsychopharmacology. 2014;39:1955—
67. https://doi.org/10.1038/npp.2014.44.

Miao HH, Li XH, Chen QY, Zhuo M. Calcium-stimulated adenylyl cyclase
subtype 1 is required for presynaptic long-term potentiation in the insu-
lar cortex of adult mice. Mol Pain. 2019;15:1744806919842961. https://
doi.org/10.1177/1744806919842961.

Li XH, Matsuura T, Liu RH, Xue M, Zhuo M. Calcitonin gene-related
peptide potentiated the excitatory transmission and network
propagation in the anterior cingulate cortex of adult mice. Mol Pain.
2019;15:1744806919832718. https://doi.org/10.1177/1744806919832718.
Li XY, Ko HG, ChenT, Descalzi G, Koga K, Wang H, Kim SS, Shang Y, Kwak
C, Park SW, Shim J, Lee K, Collingridge GL, Kaang BK, Zhuo M. Alleviating
neuropathic pain hypersensitivity by inhibiting PKMzeta in the anterior
cingulate cortex. Science. 2010;330:1400-4. https://doi.org/10.1126/scien
ce.1191792.

Pozzo-Miller LD, Gottschalk W, Zhang L, McDermott K, Du J,
Gopalakrishnan R, Oho C, Sheng ZH, Lu B. Impairments in high-frequency
transmission, synaptic vesicle docking, and synaptic protein distribution
in the hippocampus of BDNF knockout mice. J Neurosci. 1999;19:4972—
83. https://doi.org/10.1523/jneurosci.19-12-04972.1999.

Simsek-Duran F, Lonart G. The role of RIM1alpha in BDNF-enhanced
glutamate release. Neuropharmacology. 2008;55:27-34. https://doi.org/
10.1016/j.neuropharm.2008.04.009.

Bliss TV, Collingridge GL. A synaptic model of memory: long-term poten-
tiation in the hippocampus. Nature. 1993;361:31-9. https://doi.org/10.
1038/361031a0.

Citri A, Malenka RC. Synaptic plasticity: multiple forms, functions, and
mechanisms. Neuropsychopharmacology. 2008,33:18-41. https://doi.
org/10.1038/sj.npp.1301559.

Messaoudi E, Ying SW, Kanhema T, Croll SD, Bramham CR. Brain-derived
neurotrophic factor triggers transcription-dependent, late phase long-
term potentiation in vivo. J Neurosci. 2002;22:7453-61. https://doi.org/10.
1523/jneurosci.22-17-07453.2002.

Li XH, Chen QY, Zhuo M. Neuronal adenylyl cyclase targeting central plas-
ticity for the treatment of chronic pain. Neurotherapeutics. 2020;17:861-
73. https://doi.org/10.1007/513311-020-00927-1.

Lin YT, Ro LS, Wang HL, Chen JC. Up-regulation of dorsal root gan-

glia BDNF and trkB receptor in inflammatory pain: an in vivo and

31

32.

33

34.

35.

36.

37.

Page 13 of 13

in vitro study. J Neuroinflamm. 2011;8:126. https://doi.org/10.1186/
1742-2094-8-126.

Geng SJ, Liao FF, Dang WH, Ding X, Liu XD, Cai J, Han JS, Wan Y, Xing GG.
Contribution of the spinal cord BDNF to the development of neuropathic
pain by activation of the NR2B-containing NMDA receptors in rats with
spinal nerve ligation. Exp Neurol. 2010;222:256-66. https://doi.org/10.
1016/j.expneurol.2010.01.003.

Mai CL, Wei X, Gui WS, Xu YN, Zhang J, Lin ZJ, Tan Z, Meng YT, Li YY, Zhou
LJ, Liu XG. Differential regulation of GSK-3f3 in spinal dorsal horn and in
hippocampus mediated by interleukin-1beta contributes to pain hyper-
sensitivity and memory deficits following peripheral nerve injury. Mol
Pain. 2019;15:1744806919826789. https://doi.org/10.1177/1744806919
826789.

LiuY, Zhou LJ, Wang J, Li D, Ren WJ, Peng J, Wei X, Xu T, Xin WJ, Pang RP,
Li YY, Qin ZH, Murugan M, Mattson MP, Wu LJ, Liu XG. TNF-a differentially
regulates synaptic plasticity in the hippocampus and spinal cord by
microglia-dependent mechanisms after peripheral nerve injury. J Neuro-
sci. 2017;37:871-81. https://doi.org/10.1523/jneurosci.2235-16.2016.
Zhou W, Xie Z, Li C, Xing Z, Xie S, Li M, Yao J. Driving effect of BDNF in the
spinal dorsal horn on neuropathic pain. Neurosci Lett. 2021,756:135965.
https://doi.org/10.1016/j.neulet.2021.135965.

Hallock HL, Quillian HMt, Mai 'Y, Maynard KR, Hill JL, Martinowich K.
Manipulation of a genetically and spatially defined sub-population

of BDNF-expressing neurons potentiates learned fear and decreases
hippocampal-prefrontal synchrony in mice. Neuropsychopharmacology.
2019;44:2239-46. https://doi.org/10.1038/541386-019-0429-1.

Sellmeijer J, Mathis V, Hugel S, Li XH, Song Q, Chen QY, Barthas F, Lutz

PE, Karatas M, Luthi A, Veinante P, Aertsen A, Barrot M, Zhuo M, Yalcin

. Hyperactivity of anterior cingulate cortex areas 24a/24b drives

chronic pain-induced anxiodepressive-like consequences. J Neurosci.
2018;38:3102-15. https://doi.org/10.1523/jneurosci.3195-17.2018.

Zhao MG, Toyoda H, Lee YS, Wu LJ, Ko SW, Zhang XH, Jia Y, Shum F, Xu

H, Li BM, Kaang BK, Zhuo M. Roles of NMDA NR2B subtype receptor in
prefrontal long-term potentiation and contextual fear memory. Neuron.
2005;47:859-72. https://doi.org/10.1016/j.neuron.2005.08.014.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1038/npp.2014.44
https://doi.org/10.1177/1744806919842961
https://doi.org/10.1177/1744806919842961
https://doi.org/10.1177/1744806919832718
https://doi.org/10.1126/science.1191792
https://doi.org/10.1126/science.1191792
https://doi.org/10.1523/jneurosci.19-12-04972.1999
https://doi.org/10.1016/j.neuropharm.2008.04.009
https://doi.org/10.1016/j.neuropharm.2008.04.009
https://doi.org/10.1038/361031a0
https://doi.org/10.1038/361031a0
https://doi.org/10.1038/sj.npp.1301559
https://doi.org/10.1038/sj.npp.1301559
https://doi.org/10.1523/jneurosci.22-17-07453.2002
https://doi.org/10.1523/jneurosci.22-17-07453.2002
https://doi.org/10.1007/s13311-020-00927-1
https://doi.org/10.1186/1742-2094-8-126
https://doi.org/10.1186/1742-2094-8-126
https://doi.org/10.1016/j.expneurol.2010.01.003
https://doi.org/10.1016/j.expneurol.2010.01.003
https://doi.org/10.1177/1744806919826789
https://doi.org/10.1177/1744806919826789
https://doi.org/10.1523/jneurosci.2235-16.2016
https://doi.org/10.1016/j.neulet.2021.135965
https://doi.org/10.1038/s41386-019-0429-1
https://doi.org/10.1523/jneurosci.3195-17.2018
https://doi.org/10.1016/j.neuron.2005.08.014

	Brain-derived neurotrophic factor produced long-term synaptic enhancement in the anterior cingulate cortex of adult mice
	Abstract 
	Background
	Methods
	Animals
	Brain slice preparation
	The 64 multi-electrode arrays
	Field potential recording in adult ACC slices
	Drugs
	Data analysis

	Results
	BDNF induced long-term synaptic enhancement in the ACC​
	Spatial distribution and recruitment of BDNF induced synaptic responses
	Effects of BDNF application on paired-pulse facilitation (PPF)
	BDNF induced synaptic enhancement was blocked by inhibition of TrkB receptor
	BDNF induced synaptic enhancement and TBS-LTP occluded each other in the ACC​
	L-VGCC, mGluR but not NMDA receptors were required for BDNF induced synaptic enhancement
	AC1 but not AC8 were required for BDNF induced synaptic enhancement
	CP-AMPARs and PKMζ were involved in BDNF induced synaptic enhancement

	Discussion
	BDNF induced synaptic enhancement in the ACC​
	Mechanisms of BDNF induced synaptic enhancement in the ACC​
	Functional and clinical implications

	References


