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BACKGROUND AND PURPOSE

Substantial evidence shows that negative reinforcement resulting from the aversive affective consequences of opiate
withdrawal may play a crucial role in drug relapse. Understanding the mechanisms underlying the loss (extinction) of
conditioned aversion of drug withdrawal could facilitate the treatment of drug addiction.

EXPERIMENTAL APPROACH

Naloxone-induced conditioned place aversion (CPA) of Sprague-Dawley rats was used to measure conditioned aversion. An
NMDA receptor antagonist and MAPK kinase inhibitor were applied through intracranial injections. The phosphorylation of
ERK and cAMP response element-binding protein (CREB) was detected using Western blot.

KEY RESULTS

The extinction of CPA behaviour increased the phosphorylation of ERK and CREB in the dorsal hippocampus (DH) and
basolateral amygdala (BLA), but not in the central amygdala (CeA). Intra-DH injection of AP5 or intra-BLA injection of AP-5 or
U0126 before extinction training significantly attenuated ERK and CREB phosphorylation in the BLA and impaired the
extinction of CPA behaviour. Although intra-DH injections of AP-5 attenuated extinction training-induced activation of the
ERK-CREB pathway in the BLA, intra-BLA injection of AP5 had no effect on extinction training-induced activation of the
ERK-CREB pathway in the DH.
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CONCLUSIONS AND IMPLICATIONS

Hippocampal regulation of amygdala plasticity

These results suggest that activation of ERK and CREB in the BLA and DH is involved in the extinction of CPA behaviour and
that the DH, via a direct or indirect pathway, modulates the activity of ERK and CREB in the BLA through activation of NMDA
receptors after extinction training. Understanding the mechanisms underlying the extinction of conditioned aversion could

facilitate the treatment of drug addiction.

LINKED ARTICLES

This article is part of a themed section on Opioids: New Pathways to Functional Selectivity. To view the other articles in this

section visit http://dx.doi.org/10.1111/bph.2015.172.issue-2

Abbreviations

BLA, basolateral amygdala; CeA, central amygdala; CPA, conditioned place aversion; CREB, cCAMP response

element-binding protein; DH, dorsal hippocampus

Introduction

Opiate addiction is the chronic relapsing disorder character-
ized by compulsive drug taking (Milton and Everitt, 2012).
Substantial evidence shows that negative reinforcement
resulting from the aversive affective consequences of with-
drawal may play a crucial role in loss of control over drug
seeking (Koob, 2009; Ungless et al., 2010). Extinction therapy
has been proposed as a method to reduce the motivational
impact of drug-associated cues to prevent relapse (Taylor
etal., 2009). However, the mechanisms underlying the
extinction of conditioned aversion are not fully understood.
Extinction is a form of new learning that requires synaptic
plasticity. It has been established that extinction learning and
memory involves the interaction of the amygdala, medial
prefrontal cortex (mPFC) and the hippocampus (Quirk and
Mueller, 2008). Reciprocal anatomical projections between
the mPFC, amygdala and the hippocampus appear to utilize
glutamate as a primary neurotransmitter (Del Arco and Mora,
2009; Peters and De Vries, 2012). NMDA receptors (see
Alexander et al., 2013) have been shown to be involved in
extinction learning and memory (Myers et al., 2011). ERK is
an important downstream target molecule regulated by
NMDA receptors and plays an important role in synaptic
plasticity (Thomas and Huganir, 2004). Its activation has
been demonstrated in different brain regions with several
learning paradigms (Eckel-Mahan etal., 2008; Fan etal.,
2010; Lyons etal., 2013) and it is involved in activity-
dependent modulation of synaptic plasticity in various brain
areas (Shiflett and Balleine, 2011; Zhai et al., 2013).
Conditioned place aversion (CPA) is the most sensitive
measurement for the negative motivational state and can be
used to explore the neurobiological mechanisms underlying
the aversive memories of opioid withdrawal in opiate-
dependent animals (Azar et al., 2003). Our recent study shows
that extinction of CPA behaviour requires NMDA receptor-
mediated activation of the ERK-CREB signalling pathway in
the rat ventromedial prefrontal cortex (Wang et al., 2012). We
also demonstrated that the acquisition of aversive memories
requires functional interactions between the amygdala and
the dorsal hippocampus (DH) (Hou et al., 2009a,b). However,
it is unclear whether NMDA receptor-mediated activation of
the ERK-CREB signalling pathway in the amygdala and the
DH are also necessary for the extinction of CPA behaviour
and whether there are functionally reciprocal modulations
between the amygdala and the hippocampus in the activa-

tion of the ERK-CREB signalling pathway. Here, we address
these issues using the CPA paradigm. The results from the
present study demonstrated that extinction training results
in the activation of ERK and cAMP response element-binding
protein (CREB) in the basolateral amygdala (BLA) and the DH
through NMDA receptors, which are necessary for the extinc-
tion of conditioned aversion associated with morphine with-
drawal and that DH modulates the activity of ERK and CREB
in the BLA during extinction training through activation of
NMDA receptors.

Methods

Animals

Adult Sprague-Dawley male rats (Laboratory Animal Center,
Chinese Academy of Sciences, Shanghai, China) weighing
220-250 g were housed three per cage under conditions of
constant temperature (23 + 2°C) and maintained on a 12 h
light/dark cycle with access to food and water ad libitum. The
total number of animals used in these studies was 195. All
procedures used were as humane as possible. All animal care
and experimental procedures complied with the US National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH Publication 80-23, revised 1996). All studies
involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010).

Surgery and drug microinjection

Animals were anaesthetized with sodium pentobarbital
(55 mg-kg™, i.p.) and the depth of anaesthesia was checked
by testing for lack of a pain response to gentle pressure on the
hind paws. Then, the animals were placed in the stereotaxic
apparatus (Narishige, Setagaya-ku, Tokyo, Japan) and were
implanted with guide cannulae 2 mm above the BLA (AP,
-2.9 mm; ML, £5.0 mm; DV, -8.5 mm) or the DH (AP,
-3.8 mm; ML, £2.5 mm; DV, -2.5 mm). A stainless steel
blocker was inserted into each cannula to keep them patent
and prevent infection. The rats were allowed to recover from
surgery for 5 days.

U0126 (Sigma-Aldrich, St Louis, MO, USA) was dissolved
in 25% DMSO and diluted in PBS to a final concentration of
200 ng-ul’! (Li etal, 2008, Wang etal., 2012). AP-5
(10 pg-uL'; Sigma-Aldrich) was dissolved in PBS (Hou et al.,
2009a; Myskiw et al., 2010). The rats were randomly assigned
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to vehicle infusion group or drug infusion group; each infu-
sion volume was 0.5 uL per side. Bilateral microinfusions
were made through 31 gauge injection cannulae (2.0 mm
beyond the tip of guide cannulae) that was connected to a
10 uL microsyringe mounted in the microinfusion pump
(Harvard Apparatus, Holliston, MA, USA), and the drugs were
infused over 2 min and given an additional 2 min for drug
diffusion.

Histology

After behavioural testing, rats were deeply anaesthetized with
sodium pentobarbital and perfused transcardially with saline,
followed by 4% formalin. The brains were removed and
stored in a 30% sucrose solution for 2-3 days. Coronal sec-
tions (30 mm thick) were cut on a cryostat (Leica, Leider Lane
Buffalo Grove, IL, USA), stained with cresyl violet and then
examined by light microscopy to determine the injection
sites. In all experiments, animals were only kept for analyses
if their cannulae were placed in the right sites.

Conditioned place aversion

Apparatus. The CPA apparatus made of Plexiglas was divided
into two equal-sized compartments by a removable partition
with an opening at one end, which allowed the rat free access
to each compartment. The two compartments were distin-
guished by visual (white or black) and tactile cues (bar or
slick) and provided the distinct contexts. The apparatus were
equipped with an infrared photobeam connected to a com-
puter that recorded the rat’s location in the chambers.

Procedures. The experiments were performed as previously
described (Hou et al., 2009b; Wang et al., 2012). Briefly, the
rats were initially placed in the apparatus with the doors
removed for 15 min (pre-conditioning test) to determine
baseline place preference. Rats that showed a strong uncon-
ditioned aversion (<180 s in any chamber) were excluded
from this study. Conditioning took place over the next 2
days. On the first day, the rats were injected with saline
(1 mL-kg™, s.c.) and then returned to home cages. Four hours
later, they were again given saline and then confined to either
compartment in a counterbalanced manner for 30 min. On
the second day, the rats were injected with morphine
(10 mg-kg™, s.c.) and then returned to their home cages. Four
hours later, they were injected with naloxone (0.3 mg-kg™,
s.c.) and then confined to the compartment opposite to that
on the first day for 30 min. This compartment will be referred
to as the ‘drug treatment-paired compartment’. In the post-
training testing phase (24 h after the conditioning trial), all
rats were allowed to freely explore the entire apparatus for
15 min. CPA score represents the time in the drug treatment-
paired compartment during the testing phase minus that
during the pre-conditioning phase.

Extinction. The experiments were performed as previously
described (Wang etal., 2012). Briefly, extinction training
began 24 h after the post-training test and consisted of
30 min confinements in the previously naloxone-paired
compartment. Three confinement days were conducted and a
15 min extinction test was performed 24 h after each con-
finement day.
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Western blot

Most rats were decapitated under sodium pentobarbital
anaesthesia 30 min after the last test. Rats in the control
conditions (Ext O h) were decapitated at the corresponding
time, but had not received extinction training. Samples were
subjected to SDS-PAGE and transferred to nitrocellulose
membrane (Bio-Rad, Berkeley, CA, USA). Membranes were
incubated in primary antibodies, including anti-pERK and
anti-ERK antibody (Santa Cruz Biotechnology, Dallas, TX,
USA), anti-pCREB and anti-CREB (Millipore, Billerica, MA,
USA) at a dilution of 1:2000, overnight at 4°C and in second-
ary antibodies (Santa Cruz Biotechnology) for 2.5 h at room
temperature. Visualization was performed using an ECL
(Amersham Biosciences, Pittsburgh, PA, USA). Band intensi-
ties were quantified using Quantity One software from Bio-
Rad. The mean of the phosphorylation level (the ratio of
phosphorylated protein to total protein) of the control group
was set as 100%, and the relative phosphorylation level of
individual subjects was calculated relative to the mean of the
control group.

Data analysis

The data were analysed with one- or two-way aNova, followed
by Bonferroni’s post hoc tests when appropriate. Differences
with P < 0.05 were considered statistically significant. The
results are presented as mean + SEM.

Results

The CPA scores induced by morphine
withdrawal were significantly decreased after
extinction training

Consistent with our previous study (Hou et al., 2009b), we
found that rats pretreated with a single dose of morphine,
followed by one pairing with naloxone, spent significantly
less time in the compartment paired with morphine with-
drawal compared with rats pretreated with saline, followed by
a pairing with saline (aversion score: saline/saline: —23.7 £
75.9 s, n = 9; morphine/naloxone: -336.3 + 49.32s, n = 20; t
= 6.35, P < 0.001; Figure 1A), indicating that naloxone-
precipitated morphine withdrawal produced significant aver-
sion for the environment paired with naloxone precipitation
in rats exposed to a single dose of morphine. Next, the rats in
the morphine group were randomly divided into two groups.
The rats in the morphine-extinction group (n = 10) were
repeatedly confined to the previously drug treatment-paired
compartment in the absence of withdrawal, whereas the rats
in the morphine-no extinction group (n = 10) were kept in
their home cage. As shown in Figure 1B, after extinction
training, there was a significant difference in the CPA scores
between the morphine group and the morphine-extinction
group. Two-way ANOVA assays revealed the significant main
effect of time (F;s54 = 3.83, P < 0.05) and extinction training
(Fi54 = 9.06, P < 0.01), as well as a significant interaction
between these two factors (Fss4 = 6.56, P < 0.001). The results
demonstrated that naloxone-induced CPA scores in rats
treated with a single dose of morphine were diminished fol-
lowing exposure to the previously naloxone paired environ-
ment in the absence of acute withdrawal.
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Extinction training induced activation of ERK
and CREB in the BLA, but not in the central
amygdala (CeA)
ERK activation is involved in activity-dependent modulation
of synaptic plasticity in various brain areas (Huang et al.,
2000) and in a variety of learning paradigms, including
extinction (Lu etal., 2001). Next, we determined whether
ERK activation in the BLA was involved in the extinction
of aversive memories associated with drug withdrawal.
For this purpose, rats were randomly divided into four
groups, including the CPA conditioning (saline/saline and
morphine/naloxone) and extinction training (no and yes).
Rats were decapitated 30 min after the last test and brains
were extracted for determination of pERK in the CeA and BLA
by Western blotting (n = 6-7 in each group). As shown in
Figure 2A and B, increased pERK in the BLA, but not the CeA,
was observed only in CPA rats that underwent extinction
training. The statistical analysis included the factors of
extinction training (yes and no) and CPA conditioning. One-
way ANOVA assays (Fs.. = 6.39, P < 0.01)and the following post
hoc test (P < 0.05) revealed a significant effect of CPA extinc-
tion training on pERK levels in the BLA, but not the CeA.
The transcription factor CREB, as a target for ERK during
plasticity, is perhaps the most intensively studied kinase sub-
strate in the field of learning and memory (West et al., 2002).
We subsequently assessed the effect of extinction training on
pCREB activation in the CeA and the BLA. As shown in
Figure 2C and D, a significant increase in pCREB in the BLA,
but not in the CeA, was detected 30 min after the last test.
One-way ANOVA assays revealed a significant main effect of
extinction training (morphine vs. morphine extinction: F;
= 13.26, P < 0.001). The following Bonferroni post hoc test
showed a significant difference between treatments for
PCREB (P < 0.01, n = 6). These results suggest that activation
of the ERK/CREB signalling pathway in the BLA, but not the
CeA, may be involved in the extinction of CPA behaviour.

Intra-BLA injection of the MEK inhibitor
U0126 suppressed extinction of CPA
behaviour and activation of the ERK-CREB
signalling pathway in the BLA induced by
extinction training

To address the question whether ERK/CREB signalling
pathway is required for the acquisition of extinction, U0126
was injected bilaterally into the BLA 20 min before extinction
training. As shown in Figure 34, intra-BLA injection of U0126
before extinction training impaired extinction of CPA behav-
iour. Two-way ANOVA assays revealed the significant main
effect of extinction training (Fs 100 = 7.31, P < 0.01) and drug
treatment (F100 = 15.82, P < 0.01). The following post hoc test
showed a significant decrease in CPA scores in the vehicle
group after extinction training (P < 0.01), but not in the
U0126 group, which is significantly increased compared with
the vehicle group (P < 0.05). The placement of the cannulae
for the animals is shown in Figure 3B.

To determine whether blockade of extinction of CPA
behaviour by U0126 was induced by it preventing the acti-
vation of ERK and CREB, we examined the effects of intra-
BLA injections of the same dose of U0126 on ERK and CREB
phosphorylation. As shown in Figure 3C, intra-BLA injection
of U0126 before extinction training attenuated extinction
training-induced phosphorylation of both ERK (f = 3.24, n =
6, P <0.05, Student’s t-test) and CREB (t=3.25,n=6, P <0.05,
Student’s t-test). These data support the idea that extinction
of CPA behaviour is dependent upon the activation of ERK/
CREB signalling in the BLA.

Intra-BLA injections of APS disrupted CPA
extinction and prevented activation of ERK
and CREB

Previous studies have demonstrated that NMDA receptor-
dependent synaptic plasticity in amygdala neurons
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plays a critical role in the extinction of aversion memory
(Sotres-Bayon et al., 2007). Next, we determined whether
the NMDA receptor in the BLA was involved in CPA
extinction. As shown in Figure 4A, bilateral injection of
the NMDA receptor antagonist AP-5 into the BLA 10 min
before extinction training significantly blocked the extinc-
tion of CPA behaviour. Two-way ANOvA assays revealed a
significant main effect of extinction training (Fs3 = 5.12,
P < 0.01) and drug treatment (Fi3 = 5.67, P < 0.05), as
well as a significant interaction between these two factors
(F336 = 3.15, P < 0.05). The following Bonferroni post hoc
test showed a significant increase in CPA scores com-
pared with the vehicle-injected control group (P < 0.095).
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Figure 4B illustrates the microinjection tips located in the
BLA.

Next, we assessed whether the NMDA receptor was
involved in the acquisition of CPA extinction through acti-
vation of the ERK/CREB pathway in the BLA. To do this, we
examined the effect of a microinjection of AP-S into the BLA
on activation of the ERK/CREB pathway. Injections of AP-5
before extinction training significantly decreased extinction-
induced increases in the levels of pERK (t =3.21, n =6, P <
0.01, Student’s t-test) and pCREB (f = 2.92, n = 6, P < 0.05,
Student’s t-test) (Figure 4C). These results suggest that NMDA
receptor signalling in BLA is important for the extinction of
CPA behaviour.
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Pre-training AP5 infusion in the BLA blocked the extinction of CPA behaviour and suppressed extinction-induced ERK and CREB phosphorylation.
Intra-BLA injections of AP-5 before extinction training blocked the extinction of CPA behaviour (A). n = 7 per group. *P < 0.05, two-way ANOVA.
Schematic representation of injection sites in the BLA for rats used in the experiments (O, Vehicle; @, AP-5) (B). Intra-BLA injections of AP-5

attenuated pERK and pCREB (C). n = 6 per group. *P < 0.05 and **P < 0.01, t-test. All data are expressed as mean + SEM.

Extinction training also induced activation of
ERK and CREB in the DH

Given a growing body of evidence that the hippocampus
plays an important role in using contextual cues during the
encoding of memory (Fischer et al.,, 2004), we thus investi-
gated whether activation of the ERK/CREB pathway in the
DH was involved in the extinction of CPA behaviour. For
this purpose, the levels of pERK and pCREB in the DH were
measured by Western blotting. As shown in Figure 5A and
B, we found that pERK and pCREB levels in the DH
were increased after the extinction training session. The
statistical analyses included the factor of different groups
and revealed a significant effect of this factor for pERK (F3 2
=7.78, P < 0.01) and pCREB (F;, = 7.33, P < 0.01) in the
DH. These results suggest that activation of ERK/CREB in
the DH may also be involved in the extinction of CPA
behaviour.

Intra-DH injections of AP-5 prevented both
the extinction of CPA behaviour and
activation of the ERK-CREB

signalling pathway

Substantial evidence indicates that extinction depends on the
glutamate NMDA receptor-linked signalling pathway, gene
expression and protein synthesis in the hippocampus (Myers
and Davis, 2002; Szapiro et al., 2003; Vianna et al., 2003). To
determine whether NMDA receptors in the DH are involved
in CPA extinction, we examined the effect of a microinjection
of AP-5 into the DH on the CPA extinction. As shown in
Figure 6A, bilateral injection of AP-5 into the DH 10 min
before extinction training significantly blocked the extinc-
tion of CPA behaviour. Two-way ANOVA assays revealed a sig-
nificant main effect of extinction training (Fs3s = 3.25, P <
0.05) and drug treatment (Fi3 = 7.11, P < 0.05), as well as a
significant interaction between these two factors (F; 35 = 4.36,
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P < 0.05). The following Bonferroni post hoc test showed a
significant increase in CPA scores compared with the vehicle-
injected control group (P < 0.05). Figure 6B illustrates the
microinjection tips located in the DH.

Next, we assessed whether NMDA receptors were involved
in the acquisition of CPA extinction through activation of the
ERK/CREB pathway in the DH, by examining the effects of
microinjection of AP-5 into the DH on activation of the
ERK/CREB pathway. As shown in Figure 6C, intra-DH injec-
tions of AP-S5 before extinction training significantly
decreased extinction-induced increases in the levels of pERK
(t=4.26,n=6, P <0.01, Student’s t-test) and pCREB (t = 2.82,
n =6, P < 0.05, Student’s t-test). These results support the
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CPA extinction training increased ERK and CREB phosphorylation in
the DH. Extinction training induced an increase in pERK (A) and
pCREB (B) in the DH. n = 6 per group. *P < 0.05 and **P < 0.01,
one-way ANOVA. All data are expressed as mean + SEM.

notion that the glutamatergic system within the DH partici-
pates in the extinction of CPA behaviour.

Intra-DH injections of AP-5 attenuated
extinction training-induced activation of the
ERK-CREB pathway in the BLA, whereas
intra-BLA injection of AP5 had no effect on
extinction training-induced activation of the
ERK-CREB pathway in the DH

Many studies suggest that the influence of the glutamatergic
system within the DH on amygdala plasticity has a critical
role in spatial and contextual learning (Akirav and
Richter-Levin, 2002). Moreover, considerable evidence has
shown that the amygdala is functionally and anatomically
connected to the hippocampus (McIntyre et al., 2005; Huff
et al., 2006; Hou et al., 2009b). We hypothesized that the DH
might exert a regulatory effect on synaptic plasticity in the
BLA. To test this, we examined the effect of intra-DH injec-
tions of AP-5 on the phosphorylation of ERK and CREB. As
shown in Figure 7A, intra-DH injections of AP-5 before
extinction training significantly decreased extinction-
induced increases in the levels of pERK (t=2.87, n =6, P <
0.05, Student’s t-test) and pCREB (f = 2.34, n = 6, P < 0.05,
Student’s t-test) in the BLA.

Next, we also assessed the effects of microinjection of
AP-5 into the BLA on extinction-induced increases in pERK
and pCREB in the DH. As shown in Figure 7B, intra-BLA
injections of AP-5 before extinction training failed to attenu-
ate extinction-induced increases in the levels of pERK (¢t =
0.87, n=6, P> 0.05, Student’s t-test) and pCREB (t = 0.47, n
=6, P>0.05, Student’s t-test) in the DH. These results support
the notion that the glutamatergic system within the DH can
modulate activation of the ERK/CREB pathway in the BLA,
and this contributes to the extinction of CPA behaviour.
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Effects of intra-DH injection of AP-5 on the ERK/CREB pathway in the DH and the extinction of CPA behaviour. Intra-DH injections of AP-5 before
extinction training blocked the extinction of CPA behaviour (A). n=7 per group. *P < 0.05, two-way ANovA. Schematic representation of injection
sites in the DH for rats used in the experiments (O, Vehicle; ®, AP-5) (B). Intra-DH injections of AP-5 attenuated pERK and pCREB (C). n = 6 per
group. *P < 0.05 and **P < 0.01, t-test. All data are expressed as mean = SEM.
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Figure 7

The DH regulates ERK/CREB activation in the BLA associated with the
extinction of CPA behaviour. Intra-DH injection of AP-5 before extinc-
tion training prevented the activation of ERK and CREB in the BLA
induced by extinction training (A). Intra-BLA injections of AP-5 had
no effect on the level of pERK and pCREB in the DH (B); n = 6 per
group, P> 0.05, t-test. (A) *P < 0.05, t-test; n= 6 per group. All data
are expressed as mean + SEM.

Discussion

The two main findings of this study are that: (i) extinction of
CPA behaviour induces an increase in NMDA receptor-
dependent ERK and CREB phosphorylation in the BLA, but
not in the CeA, as intra-BLA injection of AP-5 or U0126
before extinction training significantly attenuated ERK and
CREB phosphorylation in the BLA and impaired the extinc-
tion of CPA behaviour. (ii) NMDA receptor signalling in the
DH can modulate ERK and CREB phosphorylation in the BLA
via a direct or indirect pathway, because intra-DH injection of
AP-5 before extinction training significantly attenuated ERK
and CREB phosphorylation in the BLA, whereas intra-BLA
injection of AP-5 failed to diminish activation of ERK and
CREB in the DH. Thus, our results demonstrate that interac-
tions occurring in the DH and the BLA are essential for the
extinction of conditioned aversion of drug withdrawal,
and reveal a role for the direct or indirect neural circuit
between the DH and BLA in regulating the extinction of CPA
behaviour.

The amygdala is one of the key brain structures for emo-
tional memory acquisition and storage (LeDoux, 2000). The
amygdala is composed of several distinct nuclei, including
the basolateral complex of the amygdala and the central
nucleus. It is well established that glutamatergic synaptic
plasticity in the BLA is crucial for extinguishing conditioned
fear (Sotres-Bayon etal., 2007; Zimmerman and Maren,
2010). Substantial evidence demonstrates that local interfer-
ence with glutamatergic synaptic plasticity in the BLA, such
as infusion of NMDA receptor antagonists or ERK/MAPK
inhibitor into the BLA, prevents or attenuates extinction (Lu
et al., 2001; Herry et al., 2006; Zimmerman and Maren, 2010).
Likewise, the present study demonstrated that extinction of
CPA behaviour results in the activation of ERK and CREB in
the BLA and that intra-BLA injection of AP-5 or U0126 before
extinction training suppressed the activation of ERK and
CREB induced by extinction training and impaired the
extinction of CPA behaviour. Our findings support an

Hippocampal regulation of amygdala plasticity

important role for NMDA receptor-dependent plasticity in
the BLA in extinction learning.

Intriguingly, the present study also demonstrated that
NMDA receptor-dependent activation of ERK and CREB
only occurs in the BLA, but not in the CeA, in response to
extinction training. Consistent with our findings, a recent
study showed that infusion of AP-5 into the CeA does not
impair extinction of conditioned fear (Zimmerman and
Maren, 2010). Our results, together with the results from
Zimmerman and Maren (2010), suggest that NMDA receptor-
dependent plasticity in the CeA may not be required for
extinction learning, although there is evidence that NMDA
receptor-dependent plasticity in the CeA is involved in the
acquisition of conditioned fear (Wilensky et al., 2006). The
functional dissociation between the BLA and the CeA has also
been reported by several previous studies (Bahar et al., 2003;
Goosens and Maren, 2003; Zimmerman and Maren, 2010).

In addition to the BLA, there is substantial evidence to
support an important role for the DH in contextual fear
conditioning (Phillips and LeDoux, 1992; Anagnostaras et al.,
2001; Matus-Amat et al., 2004). Also, it is increasingly recog-
nized that the DH contributes to the extinction of contextual
freezing (Chen et al., 2005; Corcoran et al., 2005). Further-
more, up-regulation of ERK activity in the DH is required for
the extinction of contextual fear (Fischer et al., 2007; Tronson
et al., 2008). In line with these findings, in the present study
it was demonstrated that training for extinction of CPA
behaviour enhances ERK and CREB phosphorylation in the
DH, and intra-DH injection of AP-5 impairs the extinction of
CPA behaviour, supporting the crucial role of the DH in
extinction learning. More importantly, we found that
intra-DH injection of AP-5 before extinction training also
significantly attenuated the activation of ERK and CREB in
the BLA.

There is considerable evidence that the amygdala and
hippocampus are anatomically connected to each other
(Pitkanen efal.,, 2000) and functionally interact during
encoding of emotional memory (Richardson efal., 2004;
Calandreau et al., 2006). It has been shown that intra-DH
infusion of muscarinic antagonists or NMDA receptor antago-
nists diminishes contextual fear conditioning-induced phos-
phorylation of ERK1/2 or CREB in the BLA (Calandreau et al.,
2006; de Oliveira Coelho et al., 2013). It has also been shown
that a lesion in the DH disrupts the context specificity of
extinction and impairs the context dependence of amygdala
neuronal activity evoked by an extinguished conditioned
stimulus (Ji and Maren, 2005). Consistent with these find-
ings, in the present study it was shown that training for
extinction of CPA behaviour increases both the ERK1/2 and
CREB phosphorylation in the DH and the BLA and that
intra-DH infusion of APS before extinction training prevents
ERK1/2 and CREB phosphorylation in the BLA and impairs
the extinction of CPA behaviour. These results indicate that
the DH can modulate the extinction of CPA behaviour by
directly or indirectly influencing learning-related plasticity in
the BLA and support a role for the direct or indirect neural
circuit between the DH and the BLA in regulating the con-
textual control of extinction.

In a previous study we demonstrated that lesions of the
amygdala abolishe synaptic actin rearrangements in the DH
induced by place aversion conditioning and impair CPA for-
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mation, which suggests that the amygdala may control syn-
aptic plasticity in the DH during the acquisition of aversive
memory (Hou et al., 2009a,b). In addition, a large amount of
data support the idea that the amygdala exerts a modulatory
influence on hippocampal functions during fear condition-
ing (Kim et al., 2005; McIntyre et al., 2005; Huff et al., 2006).
Specifically, the BLA is likely to be the principal region that
modulates hippocampal consolidation processes. Taken
together, these data suggest a dynamic interaction occurs
between the amygdala and hippocampus, in which both
regions mutually influence the plasticity processes.

In conclusion, we demonstrate that interactions between
the DH and the BLA, through mechanisms involving the
NMDA receptor-mediated ERK-CREB signalling pathway, are
necessary for the extinction of CPA behaviour and suggest a
similarity between neural mechanisms mediating extinction
of conditioning to interoceptive (and presumably affective)
withdrawal cues and mechanisms underlying the extinction
of conditioned fear to nociceptive cues (usually footshock).
The present findings provide further evidence for a critical
role of NMDA receptor-mediated plasticity, via the ERK/CREB
pathway in the BLA and DH, in the extinction of negative
affective memories.
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