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Calcium-stimulated adenylyl cyclase
subtype 1 is required for presynaptic
long-term potentiation in the insular
cortex of adult mice

Hui-Hui Miao1,2,3, Xu-Hui Li2,3, Qi-Yu Chen2,3, and Min Zhuo2,3

Abstract

Recent studies indicate that presynaptic long-term potentiation in the anterior cingulate cortex may contribute to chronic

pain-related anxiety. In addition to the anterior cingulate cortex, the insular cortex has also been indicated in chronic pain

and its related emotional disorders. In the present study, we used a 64-channel multielectrode dish (MED64) system

to record pre-long-term potentiation in the insular cortex. We showed that low-frequency stimulation paired with a

GluK1-containing kainate receptor agonist induced N-methyl-D-aspartic acid receptor-independent pre-long-term potenti-

ation in the insular cortex of wild-type mice. This form of pre-long-term potentiation was blocked in the insular cortex of

adenylyl cyclase subtype 1 (AC1) knockout mice. Furthermore, a selective AC1 inhibitor NB001 blocked pre-long-term

potentiation in the insular cortex with a dose-dependent manner. Taken together, our results suggest that AC1 contributes

to pre-long-term potentiation in the insular cortex of adult mice and NB001 may produce anxiolytic effects by inhibiting pre-

long-term potentiation in the anterior cingulate cortex and insular cortex.
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Introduction

Patients with chronic pain often suffer from affective

disorders such as anxiety, and anxiety may increase the

likelihood of chronic pain development.1 Among several

cortical regions, the anterior cingulate cortex (ACC) and

insular cortex (IC) are two key forebrain structures

involved in pain perception and emotional response.2–4

Previous studies mainly focus on the ACC,5–7 and less

studies have been carried out in the IC.
Long-term potentiation (LTP) serves as a key cellular

model for chronic pain and anxiety.5–7 In both ACC and

IC, different forms of LTP have been reported.6,8 Two

major forms of LTP have been observed within the

ACC: N-methyl-D-aspartic acid (NMDA) receptor-

dependent postsynaptic LTP (post-LTP) and NMDA

receptor-independent presynaptic LTP (pre-LTP).9–11

For pre-LTP in the ACC, the recent study suggested

that it may play important roles in emotional anxiety

in chronic pain states.10 However, few studies investigat-

ed the pre-LTP in the IC.
Calcium-stimulated adenylyl cyclase subtype 1 (AC1)

plays a critical role in the downstream of glutamate
receptors and contributes to chronic pain-related neuro-

nal plasticity in the ACC and IC.12,13 Application of a

selective AC1 inhibitor NB001 produced powerful anal-

gesic effects in different chronic pain animal models due
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to inhibition of pain-related post-LTP in the ACC and

IC 14–16. Furthermore, our recent study showed that

AC1 activity is required for the induction of pre-LTP

in the ACC.10 However, it is not clear whether AC1 is

required for pre-LTP in the IC. In the present study, we

used an MED64 system, pharmacology, and gene

knockout (KO) mice to investigate pre-LTP in the IC.

We showed that AC1 contributed to the induction of

pre-LTP in the IC by using AC1KOmice and an elective

inhibitor for AC1, NB001. These observations are per-

tinent for the understanding of pain processing and

anxiety-related mood disorders in the IC.

Materials and methods

Animals

Adult male C57BL/6 mice (7–10 weeks old) were pur-

chased from Charles River. AC1 KO mice with the

C57BL/6 background were obtained from Dr Daniel R

Storm (University of Washington, Seattle, WA). All ani-

mals were housed under a 12 h light/dark cycle with food

and water provided ad libitum. All works were con-

ducted according to the policy and regulation for

the care and use of laboratory animals approved

by Institutional Animal Care and Use Committee at

University of Toronto.

Brain slice preparation

Adult male mice were anesthetized with isoflurane and

the brains were removed and transferred to ice-cold arti-

ficial cerebrospinal fluid (ACSF) containing (in mM):

124 NaCl, 25 NaHCO3, 2.5 KCl, 1 NaH2PO4,

2 CaCl2, 1 MgSO4 and 10 Glucose, pH 7.35–7.45.

After 1 to 2 min cooling period, the brains were trimmed

appropriately and glued onto the specimen disc of the

vibrating tissue slicer (Leica VT1200S). Then, three IC

slices (300 lm) were gained and transferred to the recov-

ery chamber with oxygenated (95% O2, 5% CO2) ACSF

at room temperature for at least 1 h.

Preparation of the multielectrode array

The MED64 system (Panasonic Alpha-Med Sciences,

Japan) was used in this study. The procedures for prep-

aration of the MED64 system were the same as

described before.17,18 Before using, the surface of the

MED64 probe (MED-P515A, 8� 8 array, interpolar dis-

tance 150 lm, Panasonic) was treated with 0.1% poly-

ethyleneimine (Sigma-Aldrich) in 25 mM borate buffer,

pH 8.4, overnight at room temperature.

Field potential recording

After 1 h of recovery, one IC slice was placed in a
MED64 probe covering most of the 64 electrodes.
When the slice was fixed, a fine mesh anchor (Warner
Instruments, Harvard) was carefully placed to ensure
slice stabilization during recording. The slice was contin-
uously perfused with ACSF at a 2 to 3 ml/min flow rate.
One planar microelectrode with monopolar constant-
current pulses (0.2 ms in duration) was used for stimu-
lation. The stimulation site was selected within the deep
layer V region. Electrical stimulation was delivered to
the stimulation channel and evoked field excitatory post-
synaptic potentials (fEPSPs) were monitored and
recorded from the other 63 channels. The intensity of
the stimuli was adjusted so that 40% to 60% of the
maximal amplitude of fEPSP was elicited in the channels
closest to the stimulation site. The channels with the
amplitude over �20 lV were defined as activated chan-
nels and their responses were sampled every 2 min.
Baseline responses were first recorded until the variation
was <5% in most of the active channels within 1 h.
Then, in the presence of the NMDA receptor
antagonist (D(-)-2-amino-5-phosphonopentanoicacid
(AP5), 50 lM, 38min), low-frequency stimulation
(LFS, 2 Hz, 2 min) with a selective GluK1-containing
kainate receptor agonist (amino-3–(3-hydroxy-5-tert-
butylisoxazol-4-yl) propanoic acid (ATPA), 1 lM,
18min) was applied to the same stimulation site to
induce pre-LTP. After LFS, the test stimulus was repeat-
edly delivered once every 2 min for 1 h to monitor the
time course of pre-LTP.

Drugs

AP5 and ATPA were purchased from Hello Bio Inc.
NB001 was provided by NeoBrain Pharmac Inc
(Canada). AP5, ATPA, and NB001 were dissolved in
distilled water. All of these drugs were diluted from the
stock solutions to the final desired concentration in the
ACSF before immediate use.

Data analysis

MED64 Mobius was used for data acquisition and anal-
ysis. For quantification of the LTP data, the initial slope
of fEPSP was measured by taking the rising phase
between 10% and 90% of the peak response, normalized
and expressed as percentage change from the baseline
level. The channels with at least the fEPSPs slopes
increased 20% of baseline at the end of 20 min were
defined as the LTP showing channels. For the paired
pulse ratio (PPR), the ratio of the slope of the second
response to the slope of the first response was calculated
and averaged. For comparison between two groups, we
used paired or unpaired Student’s t test. For comparison
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among three groups, we used one-way analysis of vari-
ance (ANOVA). All data are presented as means
� SEM. In all cases, p< 0.05 was considered statistically
significant.

Results

Pre-LTP of the IC

In our previous studies, we have shown that combined
LFS (2 Hz, 2 min) with kainate receptor agonist (ATPA)
produced NMDA receptor-independent pre-LTP in the
ACC.19,20 Here, we wanted to see if similar pre-LTP
could be found in the IC. The location of the 8� 8
array MED64 probe electrodes within the IC slice is
shown in Figure 1(a) and (b). The channel located on
the deep layer V was chosen as the stimulation site
(Figure 1(b), yellow dot). Activated channels with
fEPSPs around the stimulation channel expressed from
the superficial to deep layers of IC during baseline period
(Figure 1(c)) and 1 h after pre-LTP induction (Figure 1
(d)). After the baseline responses were stabilized for
20 min, we bath applied AP5 (50 lM) for 20 min,
before applying LFS (2 Hz, 2 min) in the presence of
ATPA (1 lM, 18 min) as described previously.19 The
LFS was delivered 8 min after the onset of ATPA appli-
cation. AP5 was always present during the pre-LTP
induction process to exclude any contribution of post-
synaptic NMDA receptor. We found that the combina-
tion of LFS with ATPA produced LTP lasting for at
least 1 h (Figure 1(e) and (f)). As shown in an example,
the fEPSP slope of one single channel (Channel 35) was
potentiated to 165% of baseline at 1 h after LFS (Figure
1(e)). The averaged potentiation of nine pre-LTP show-
ing channels from one IC slice reached 150� 4% of
baseline at 1 h after pre-LTP induction (Figure 1(f)).

We then analyzed the expression of pre-LTP between
superficial and deep layers in the IC. As shown in Figure
2(a), pre-LTP was obviously induced in superficial layers
in the IC (186� 24% of baseline, n¼ 6 slices/6 mice,
p< 0.01, paired t test). Meanwhile, pre-LTP was also
induced in deep layers in the IC (Figure 2(b), 189
� 12% of baseline, n¼ 6 slices/6 mice, p< 0.01, paired
t test). There was no significant difference in the ampli-
tudes of potentiation of fEPSPs between the superficial
and deep layers in the IC of wild-type (WT) mice (super-
ficial vs. deep: 186� 24% vs. 189� 12%, n¼ 6 slices/
6 mice, unpaired t test, p> 0.05, Figure 2(c)).

Loss of pre-LTP in the IC of AC1 KO mice

Our previous studies have shown that AC1 is required
for pre-LTP induction in the ACC.10 To determine
whether AC1 is essential for pre-LTP induction in the
IC, we performed the same pre-LTP induction protocol

in the IC slices of AC1 KO mice. As shown in Figure 3

(a), in the superficial layers of AC1 KO mice, combina-

tion of LFS with ATPA failed to induce any significant

pre-LTP in the IC (107� 7% of baseline, n¼ 6 slices/

5 mice, p> 0.5, paired t test, black circles). Similarly,
pre-LTP was abolished in the deep layers of AC1 KO

mice (107� 8% of baseline, n¼ 6 slices/5 mice, p> 0.5,

paired t test, Figure 3(b), black circles). As compared with

WT mice (Figure 3(a) and (b), black dots), pre-LTP in

AC1 KO mice were absent in superficial layers (WT vs.

AC1 KO: 186� 24% vs. 107� 7%, six slices/six mice vs.

six slices/five mice, p< 0.01, unpaired t test, Figure 3(c))

and deep layers (WT vs. AC1 KO: 189� 12% vs. 107
� 8%, six slices/six mice vs. six slices/five mice, p< 0.01,

unpaired t test; Figure 3(c)). These results suggest that

AC1 is required for the induction of pre-LTP in the IC.

Effects on PPR during pre-LTP in the IC

PPR is commonly used for measuring presynaptic func-

tion. As shown in Figure 4(a), sample traces revealing

that ATPA combined with LFS significantly reduced the

PPR 1 h after pre-LTP induction in IC slice of WT mice.
Statistical results also showed that PPR (50 ms interval)

was significantly decreased after pre-LTP induction in

WT mice (baseline vs. 1 h after pre-LTP: 1.21� 0.04

vs. 1.11� 0.02, n¼ 6 slices/6 mice, paired t test,

p< 0.05, Figure 4(c)). Accordingly, sample traces of

AC1 KO mice were demonstrated in Figure 4(b).

However, the PPR in AC1 KO mice was not obviously

changed after the pairing. Summarized data of PPR
from AC1 KO mice were also not changed by the

ATPA combined with LFS induction (baseline vs. 1 h

after pre-LTP: 1.17� 0.06 vs. 1.20� 0.07, n¼ 6 slices/

5 mice, paired t test, p> 0.05, Figure 4(d)).

AC1 inhibitor NB001 blocked pre-LTP in the IC

Our previous study has shown that a selective AC1

inhibitor NB001 blocked pre-LTP in the ACC neu-
rons.10 To test the requirement of AC1 activity for

pre-LTP in the IC, we bath applied NB001 at the same

time with AP5. NB001 we used has been purified to the

level that is ready for human studies. As expected, we

found that the pre-LTP expression was totally blocked

in the presence of 5 lM NB001 in the superficial layers

of IC (96� 8% of baseline, n¼ 6 slices/5 mice, p> 0.5,

paired t test, Figure 5(a), black circles). Consistently,

5 lM NB001 effectively blocked pre-LTP in deep
layers of IC (106� 6% of baseline, n¼ 6 slices/5 mice,

p> 0.5, paired t test, Figure 5(b), black circles).

Compared with WT mice (Figure 5(a) and (b), black

dots), pre-LTP was attenuated with 5 lM NB001 at 1 h

after pre-LTP induction both in superficial layers (WT

vs. 5lM NB001: 186� 24% vs. 96� 8%, six slices/six

Miao et al. 3



Figure 1. Spatial distribution and multisite synaptic responses of pre-LTP in the IC slice. (a) The location of MED64 probes on the IC slice
(left, adapted from Paxinos and Franklin 2001, Bregma 0.74mm) and the exhibition of the 8� 8 electrodes (right). (b) Microscopic image of
the MED64 probes on the IC slice. The yellow dot was the selected stimulation site and the yellow rectangle was the main activated region.
(c) A general view of the spatial distribution of the potentials in all active channels within different layers (vertical lines) of one IC 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 IC slice at 1 h after pre-LTP induction. (e) One sample trace and the time line of fEPSP slope for the pre-LTP are shown in one
channel (channel 35). (f) The pooled time line of fEPSPs slopes of pre-LTP is shown in nine channels in one slice. Calibration: 50 lV, 10 ms.
LTP: long-term potentiation; ATPA: amino-3–(3-hydroxy-5-tert-butylisoxazol-4-yl) propanoic acid; AP5: D(-)-2-amino-5-phosphonopen-
tanoicacid; fEPSP: field excitatory postsynaptic potential.
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mice vs. six slices/five mice, p< 0.01, unpaired t test,
Figure 5(a)) and deep layers (WT vs. 5 lM NB001: 189
� 12% vs. 106� 6%, six slices/six mice vs. six slices/five
mice, p< 0.01, unpaired t test, Figure 5(b)). We also cal-
culated the change of PPR with 5 lM NB001 during the
pre-LTP induction. As shown in Figure 5(c), sample
traces and statistical data show that the PPR was not
significantly affected in the presence of 5 lM NB001 by
the ATPA combined with LFS induction in the IC (base-
line vs. 1 h after pre-LTP: 1.20� 0.04 vs. 1.17� 0.06,
n¼ 6 slices/5 mice, paired t test, p> 0.05).

We also tested different doses of NB001 on the induc-
tion of pre-LTP in the IC. As shown in Figure 5(d), both

50 lM NB001 (95� 4% of baseline, n¼ 6 slices/5 mice,
p> 0.05, paired t test) and 5 lM NB001 (105� 5% of
baseline, n¼ 6 slices/6 mice, p> 0.05, paired t test) total-
ly blocked the pre-LTP induction. Moreover, when we
reduced the concentration to a low dose of 0.5 lM, it
still worked as partially blocking effect on the pre-LTP
induction (134� 7% of baseline, n¼ 6 slices/5 mice,
p> 0.05, paired t test). There was significant difference
of fEPSPs slopes among 50 lM, 5 lM and 0.5 lM
NB001 groups (F(2, 15)¼ 13.99, p< 0.01, one-way
ANOVA with Tukey’s post hoc). Taken together, these

Figure 2. Summarized data of pre-LTP in the IC of WT mice.
(a) Pooled data show fEPSPs slopes of pre-LTP in the superficial
layers of IC in WT mice (six slices of six mice). (b) Pooled data
show fEPSPs slopes of pre-LTP in the deep layers of IC in WT mice
(six slices of six mice). (c) Statistical data of fEPSPs slopes to
illustrate the potentials in superficial and deep layers at 1 h after
pre-LTP induction comparing with baseline level. There was no
significant difference of fEPSPs slopes between superficial and deep
layers at 1 h after pre-LTP induction. The dashed line indicated the
mean basal synaptic responses. **p < 0.01 means comparing with
baseline. n.s. means no significant difference, error bars indicated
SEM. LTP: long-term potentiation; ATPA: amino-3–(3-hydroxy-5-
tert-butylisoxazol-4-yl) propanoic acid; AP5: D(-)-2-amino-5-
phosphonopentanoicacid; fEPSP: field excitatory postsynap-
tic potential.

Figure 3. Pre-LTP was failed to induce in the IC of AC1 KO mice.
(a) Pooled data show that pre-LTP was attenuated in the superficial
layers of the IC in AC1 KO mice (open circles, six slices of six
mice). The same data from WT mice in Figure 2(a) were plotted
for comparison. (b) Pooled data show that pre-LTP was abolished
in the deep layers of the IC in AC1 KO mice (filled circles, six slices
of mice mice). The same data from WT mice in Figure 2(b) were
plotted for comparison (filled circles). (c) Statistical results show
the difference of averaged fEPSPs slopes between AC1 KO mice
and WT mice. The dashed line indicated the mean basal synaptic
responses. **p< 0.01, error bars indicated SEM. ATPA: amino-
3–(3-hydroxy-5-tert-butylisoxazol-4-yl) propanoic acid; AP5: D
(-)-2-amino-5-phosphonopentanoicacid; fEPSP: field excitatory
postsynaptic potential; KO: knockout; WT: wild-type; AC1:
adenylyl cyclase subtype 1.
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findings strongly suggest that AC1 is essential for the
induction of pre-LTP in the IC.

Discussion

In this study, we identified the cortical pre-LTP in the
adult mice IC by using the 64-channel multielectrode
dish system. This form of LTP was presynaptically
expressed and involved GluK1-containing kainate recep-
tors but NMDA independently. Moreover, AC1 KO
mice failed to produce pre-LTP in the IC and a selective
AC1 inhibitor NB001 blocked pre-LTP in the IC.

Recording of pre-LTP in the IC

Pre-LTP has been documented in the hippocampus and
amygdala.21,22 The induction of pre-LTP in the ACC has
been reported recently.10 By using the previously

established MED64 recording system,8 we revealed

that a combination of LFS (2 Hz, 2 min) with a kainate

receptor agonist ATPA produced pre-LTP in the IC.

This form of pre-LTP was NMDA receptor indepen-

dent, which was consistent with previous observations

in the ACC.19,20,23 Moreover, pre-LTP in IC was asso-

ciated with changes in PPR, which was similar to recent

studies in the ACC.10,22,23

Requirement of AC1

This study provides strong genetic and pharmacological

evidence that AC1 contributes to the IC pre-LTP. Pre-

LTP was absent in the IC of AC1 KO mice, furthermore,

Figure 4. Different effects on paired pulse ratio during pre-LTP in
the IC between AC1 KO and WT mice. (a) Sample traces of the
PPR before (left) and after pre-LTP induction (right) in the IC
of WT mice. (b) Sample traces of the PPR before (left) and after
pre-LTP induction (right) in the IC of AC1 KO mice. (c) Statistical
results show that PPR was significantly decreased at 1 h after
pre-LTP induction compared with baseline in WT mice (six slices
of six mice). (d) Statistical results show that PPR was not signifi-
cantly changed at 1 h after pre-LTP induction compared with
baseline in AC1 KO mice (six slices of five mice). *p< 0.05,
n.s. means no significant difference, error bars indicated SEM.
Calibration: 50 lV, 10 ms. KO: knockout; WT: wild-type;
AC1: adenylyl cyclase subtype 1; LTP: long-term potentiation.

Figure 5. NB001 blocked the pre-LTP in the IC of WT mice.
(a) Pooled data of fEPSPs slopes show that pre-LTP was totally
blocked by 5 lM NB001 in the superficial layers of IC (six slices of
six mice). (b) Pooled data of fEPSPs slopes show that pre-LTP was
effectively blocked by 5 lM NB001 in the deep layers of IC (six
slices of six mice). (c) Sample traces and statistical data show that
PPR was not significantly changed during pre-LTP induction with
5 lM NB001. (d) Summarized data show the blocking effect on the
induction of pre-LTP with different doses of NB001 from 0.5 to
50lM. n.s. means no significant difference, Calibration: 50 lV,
10ms. LTP: long-term potentiation; ATPA: amino-3–(3-hydroxy-5-
tert-butylisoxazol-4-yl) propanoic acid; AP5: D(-)-2-amino-5-
phosphonopentanoicacid; fEPSP: field excitatory postsynap-
tic potential.

6 Molecular Pain



pre-LTP was blocked by a selective AC1 inhibitor
NB001 in the IC. This finding is similar to a recent
study in the ACC.10 In addition to pre-LTP, post-LTP
induced by theta burst stimulation (TBS) or pairing
stimulation was totally abolished in cingulate pyramidal
cells of AC1 KO mice.24 Pharmacological inhibition of
AC1 with NB001 in ACC neurons also abolished post-
LTP induced by pairing training.13,15 Additionally, Chen
et al. found that AC1 was essential for the induction of
late-phase LTP (L-LTP) in the ACC synapses.13 These
results consistently demonstrate that calcium-stimulated
AC1 play important roles in different forms of LTP in
the ACC.5 Evidence for AC1 contribution in the IC has
been found recently. We reported that AC1 is required
for the induction of post-LTP in the IC.12 Together with
the current findings, it is likely that AC1 plays important
roles in pain-related cortical plasticity such as pre- and
post-LTPs in the IC and ACC of adult animals.

Role of IC in chronic pain and anxiety

Clinical studies had pointed out disease-related anxiety,
especially in chronic pain conditions. In patients with
post-traumatic stress disorder (PTSD), a chronic and
debilitating anxiety disorder, enhanced chronic pain
was often reported.25 In patients with irritable bowel
syndrome (IBS), IBS-related fear/anxiety significantly
enhanced a patient’s suffering from pain.26 Consistent
with this, it had been reported that techniques or manip-
ulations that reduced anxiety and anxiolytic drugs were
beneficial for reducing pain in chronic pain patients.27

The IC received afferent projections from thalamic
nuclei, and it formed reciprocal connections with the
amygdala, limbic system, and cortical association
areas.28–30 These anatomic connections provided the
basis for its important roles in higher brain functions
like pain perception, especially emotional and motiva-
tional components of pain. Moreover, it has been
reported that the IC may be also related to PTSD,
social anxiety disorders, fear, sadness, and phobias.2,31,32

Pre-LTP in the ACC was considered taking part in
pain-related anxiety, erasing pre-LTP by a pharmacolog-
ical inhibitor of hyperpolarization-activated cyclic nucle-
otide-gated (HCN) channels produced inhibitory effects
on injury-induced anxiety.10 Therefore, pre-LTP may
constitute a synaptic mechanism by which anxiety and
chronic pain interact. To induce pre-LTP in the IC, we
used the same protocol as previously reported in the
ACC. Anatomic evidence suggested that neurons in
ACC and IC were likely interacted and both form bidi-
rectional projections with neurons in the amygdala. We
found that AC1 is similarly involved in LTP in both
ACC and IC. Future studies are needed to investigate
whether pre-LTP in the IC is also related to mood dis-
orders and to investigate the possible interaction

between ACC and IC areas at molecular and behavioral

levels.
In conclusion, these results demonstrate that kainate

receptor-dependent form of pre-LTP is expressed in the

IC and AC1 is required for IC pre-LTP. A selective AC1

inhibitor NB001 may produce anxiolytic effects by

inhibiting pre-LTP in the IC and ACC.
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