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Exposure to a heroin-associated conditioned stimulus can reactivate drug reward
memory, trigger drug cravings, and induce relapse in heroin addicts. The amygdala,
a brain region related to emotions and motivation, is involved in processing rewarding
stimulus. Recent evidence demonstrated that disrupting the reconsolidation of the
heroin drug memories attenuated heroin seeking which was associated with the
basolateral amygdala (BLA). Meanwhile, neural functions associated with learning and
memory, like synaptic plasticity, are regulated by glycogen synthase kinase 3 beta (GSK-
3β). In addition, GSK-3β regulated memory processes, like retrieval and reconsolidation
of cocaine-induced memory. Here, we used a heroin intravenous self-administration
(SA) paradigm to illustrate the potential role of GSK-3β in the reconsolidation of
drug memory. Therefore, we used SB216763 as a selective inhibitor of GSK-3β.
We found that injecting the selective inhibitor SB216763 into the BLA, but not the
central amygdala (CeA), immediately after heroin-induced memory retrieval disrupted
reconsolidation of heroin drug memory and significantly attenuated heroin-seeking
behavior in subsequent drug-primed reinstatement, suggesting that GSK-3β is critical
for reconsolidation of heroin drug memories and inhibiting the activity of GSK-3β in
BLA disrupted heroin drug memory and reduced relapse. However, no retrieval or 6 h
after retrieval, administration of SB216763 into the BLA did not alter heroin-seeking
behavior in subsequent heroin-primed reinstatement, suggesting that GSK-3β activity is
retrieval-dependent and time-specific. More importantly, a long-term effect of SB216763
treatment was observed in a detectable decrease in heroin-seeking behavior, which
lasted at least 28 days. All in all, this present study demonstrates that the activity of
GSK-3β in BLA is required for reconsolidation of heroin drug memory, and inhibiting
GSK-3β activity of BLA disrupts reconsolidation and attenuates heroin relapse.
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INTRODUCTION

Opioid use disorder is a chronic recurrent brain disease
caused by abnormal learning and memory patterns. And the
symptom is the loss of substance use control. Drug-associated
cues are important factors to promote the relapse to drug
use. In addiction animal models, cues related to drug abuse
can promote relapse (Davis and Smith, 1976; Dymshitz and
Lieblich, 1987; Di Ciano and Everitt, 2004; Anker and Carroll,
2010). Once drug use occurs, it is possible to form the
association between cues and reward-related memory that is not
easily disrupted.

Same as other types of memories (Nader et al., 2000;
Milekic and Alberini, 2002; Morris et al., 2006; Piva et al.,
2019), drug reward memory experiences the process of
acquisition, consolidation, retrieval, and reconsolidation. Once
a consolidated drug memory is reactivated, it becomes unstable,
allowing for modification or destruction by different treatments
(Miller and Marshall, 2005; Lee et al., 2006; Wang et al., 2008;
Lee, 2009; Li et al., 2010). The role of reconsolidation is critical
in stabilizing the reactivated memory, involving de novo protein
synthesis (Nader et al., 2000). Reconsolidation provides a time
window, during which is expected to modify or even eliminate
drug memory. Thus, disrupting reconsolidation of addiction
memory is considered to be an effective measure of preventing
relapse and drug seeking.

A large amount of evidence shows that pharmacological
interventions disrupting reconsolidation of drug-reward
memory are effective in relapse prevention. Using a conditioned
place preference (CPP) or self-administration (SA) animal
model, propranolol or rapamycin has been shown to effectively
interfere with reconsolidation of drug memory and attenuate
drug-seeking behavior (Lin et al., 2014; Xue et al., 2017; Chen
et al., 2021; Zhang et al., 2021).

Glycogen synthase kinase-3 (GSK-3), a serine/threonine-
protein kinase expressed widely in the mammalian brain, has
essential roles in physiological activities like development, cell
cycle, or apoptosis (Jope and Johnson, 2004; Medina et al.,
2011). GSK-3β is a isoform of GSK-3, extensively involved in
memory processing. The regulation of GSK-3β can affect neural
functions like synaptic plasticity, which is the foundation of
learning and memory (Banach et al., 2022; Li et al., 2022;
Marosi et al., 2022). Also, GSK-3β regulates the structural and
functional synaptic plasticity. GSK-3β deficient mice marked
that memory reconsolidation and their ability to form long-term
memories were impaired, suggesting that GSK-3β is important
for normal brain function (O’Brien et al., 2004; Kimura et al.,
2008; Kaidanovich-Beilin et al., 2009; Maurin et al., 2013).
It has been detected that GSK-3β Ser21/9 phosphorylation
levels changed during long-term potentiation (LTP) or long-
term depression (LTD), which were essential for memory
(Hooper et al., 2007; Peineau et al., 2007). For example,
GSK-3β affects long-term memory formation as it promotes
LTD by inhibitory phosphorylation of Serine-9 in inhibitory
avoidance and novel object recognition test (Dewachter et al.,
2009). The removal of GSK-3β in excitatory neurons of dentate
gyrus reduced the synaptic transmission of hippocampus and

decreased the expression of synaptic proteins like N-methyl-D-
aspartate receptor (NMDAR) and anti-alpha-amino-3-hydroxy-
5-methyl-4-isoxazolepropinoic receptor (AMPAR), impairing
the formation of spatial and fear memories (Liu et al., 2017).
Cocaine administration for 14 days could obviously reduce the
phosphorylation of GSK-3β in the amygdala (Perrine et al., 2008).
Hippocampal GSK-3β was activated during memory retrieval
progress in the passive avoidance task (Hong et al., 2012).
Memory retrieval activates hippocampal GSK-3β, and memory
reconsolidation is impaired by a GSK-3 inhibitor systemically
administration before memory retrieval (Kimura et al., 2008;
Hong et al., 2012). Knockdown GSK-3β of ventral hippocampal
displays a developmental reduction in cocaine-CPP, while not in
morphine-CPP (Barr et al., 2020). Wu et al. (2011) directionally
inhibited GSK-3β in the BLA immediately after the retrieval of
drug cue memories to reduce the subsequent cocaine-seeking
behavior (Wu et al., 2011). It has been shown that GSK-3β

signaling pathway participated in the reconsolidation of cocaine-
induced CPP.

However, whether the inhibition of GSK-3β in BLA could
disrupt reconsolidation and prevent drug seeking and relapse in
heroin SA animal model remains unknown. In our present study,
we inhibited the activity of GSK-3β in the BLA to identify the
effects of GSK-3β on reconsolidation of heroin cue memory in
SA animal model. Amygdala plays a critical role in both cue-
associated learning and the expression of cue-induced relapse of
drug-seeking behavior (Luo et al., 2013), and also mediates the
reconsolidation of aversive or appetitive memories (McGaugh,
2004; Díaz-Mataix et al., 2013; Nader, 2015; Björkstrand et al.,
2016; Haubrich et al., 2020; Higginbotham et al., 2021; Yan
et al., 2021). So we chose it as a targeted brain region to
deliver SB216763. The role of GSK-3β activity in amygdala
on reconsolidation of heroin cue memory was assessed by
the heroin self-administration paradigm. More importantly, the
long-term inhibitory effects of GSK-3β activity inhibition on
reconsolidation of heroin cue memory were also tested.

MATERIALS AND METHODS

Subjects
We housed the Sprague Dawley rats (male, 7-8 weeks of age on
arrival) five-per-cage in a 26◦C and 60% humidity room and the
cycle was 12-h- light/dark (8 a.m.–8 p.m.). Food and water were
provided ad libitum. For the animal better adapted to operator,
we performed a 5-day grasp-stroking adaptation procedure 3 min
per day on experimental animals before the surgeries. All animal
procedures and operations were carried out with the approval
of the Xiangya Hospital Ethics Committee, Xiangya Hospital
(Changsha, China). At the dark phase (8 a.m.–8 p.m.), the
experiments were performed.

Intravenous Surgery
Surgery was performed when the rats’ weight reaches 300–320 g.
We used the sodium pentobarbital (60 mg/kg, i.p.) to anesthetize
rats. The right jugular was exposed by surgery, then inserted an
aseptic catheter into it (Lu et al., 2005; Ambroggi et al., 2008).
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The catheter passed under the skin of the neck and through the
skin of the head and was fixed to the rat’s skull with dental acrylic.
Heparinized saline (30 USP heparin/saline; Hospira) was infused
into the intravenous catheters per 2 days to prevent clogging.
After surgery, rats undergo a 7-day recovery period and their
weight should remain constant.

Cannulae Implantation
Guide cannulae was implanted 1 mm above the BLA or
CeA bilaterally after the rats (300–320 g) were anesthetized
by using the sodium pentobarbital (60 mg/kg, i.p.). And the
coordinate of BLA (Wu et al., 2011) were the following:
anterior/posterior: –2.9 mm and medial/lateral: ± 5.0 mm
from bregma, dorsal/ventral: –8.5 mm from the surface of
the skull. The coordinates for the CeA were the following:
anterior/posterior: –2.9 mm and medial/lateral: ± 4.2 mm from
bregma, dorsal/ventral: –7.8 mm from the surface of the skull.
And the guide cannulae was anchored by the stainless steel
screws and dental cement. After surgery, rats undergo a 5–7 days’
recovery period.

Intracranial Injections
The injection of SB216763 was based on a previous report
by some minor changes (Xu et al., 2009). The BLA or CeA
(0.5 µL/side) was received drug delivery by a microinjection
pump with a rat of 0.5 µL/min. The injection time was no more
than one minute. To ensure that the drug is fully administered
and fully diffused, wait for more than 1 min to withdraw the
needle after administration. Nissl staining was used to verify the
cannula placements. A schematic diagram of the injection site in
the BLA or CeA is shown in Figure 1.

Behavioral Procedures
Intravenous Heroin Self-Administration (SA) Training
Following the study of Ye et al. (2017), we established an
intravenous SA training session experimental conditions were
slightly modified. The operant chambers (AniLab Scientific
Instruments Co., Ltd., China) used in this experiment were
equipped with two nosepoke sensors, which were 5 cm
high from the installation floor. The nosepoke sensors
could record the number of animals’ nosepokes. The
number of nosepoke recorded by the sensor in the left side
operandum was defined as “active.” Nosepokes in “active”
would lead to intravenous heroin administration with a 5 s
tone-light cue synchronization. Corresponding to “active,”
the sensor operandum recorded the number of “inactive”
nosepoke in the right side. “Inactive” nosepokes had no
programmed consequences.

We trained rats to adapt the intravenous heroin self-
administration (0.05 mg/kg/infusion) for 10 days. In the training
sessions, rats have been trained for three 1-h daily training
sessions and every training session was separated by 5 min. The
training of rats using a fixed ratio 1 (FR1) reinforcement program
up to 40 s. In 10-day training program, rats were received
three 1-h heroin infusions intravenously (0.05 mg/kg/infusion)
per day, each infusion separated 5 min. All heroin infusions
were completed by an injection pump loading a 10 ml

syringe. Each training companied a house light illuminated
until the end. When rats were at the left nosepoke (active),
the maneuver results in an intravenous heroin infusion with
a 5 s tone-light cue synchronization. However, the inactive
nosepokes had no consequences. To prevent animals’ from
death due to overdose, the drug infusions degree was restricted
to 20 times/h (Xue et al., 2012; Luo et al., 2015). Some rats
(n = 11) were excluded from the experiments: five rats died
in intravenous surgery and six rats can’t form a stable heroin
self-administration.

Nosepoke Extinction
After the drug self-administration session, a 3-h daily
nosepoke extinction training was followed. In extinction
training (Experiments 1–4), the nosepoke behavior of rats
to the sensor resulted in no programmed consequences like
heroin intravenous delivery, tone-light cues. When at the
last three self-administration sessions, the number of active
nosepoke responding decreased at least 80% compared with the
self-administration, the nosepoke extinction session was ended.

Heroin Memory Retrieval Trial
In Experiments 1, 2, and 4, the heroin-associated memories were
reacted by performing a 15 min retrieval trial. The conditions
of the retrieval session were the same as the SA training
session, except that when rats got the “active” sensor, no reward
heroin was infusion.

Cue Extinction
In Experiments 1, 3, and 4, a cue extinction session, which 3-
h per day, was performed on rats. The conditions of the cue
extinction session were the same as that SA training session.
But after the cue (tone/light) rendering, there was no heroin
intravenous delivery.

Cue-Induced Reinstatement of Drug-Seeking
(Experiments 1–4)
After the SB216763 or vehicle administration (intracranial
injections into BLA or CeA), rats got rest for 24 h and then
returned to the SA training context and the reinstatement test
was performed. In this session, the number of active and inactive
nosepokes was recorded for 1 hr. The test condition was the same
as the heroin memory retrieval trial.

Heroin-Induced Reinstatement Test (Experiments 1,
3, and 4)
A low dose of heroin (0.25 mg/kg, s.c.) was delivered to rats
5 min earlier before the session started, then put rats in the SA
training context. Through the two sensors, the number of two
type nosepokes (“active” and “inactive”) was recorded during the
test. The reinstatement test lasted for 1 h. The test condition was
the same as the heroin memory retrieval trial.

Spontaneous Recovery Test (Experiment 2)
In this test, after 28 days of the withdrawal phase, two types of
nosepokes (“active” and “inactive”) were recorded for 1 h. The
test condition was the same as the heroin memory retrieval trial.
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FIGURE 1 | The regions of the basolateral amygdala [basolateral amygdala (BLA): –2.8 mm from bregma] and central amygdala [central amygdala (CeA): –2.8 mm
from bregma]. The cannula was placed into them as shown in the rostral faces of each coronal section.

Experimental Design
Experiment 1: The Effect of Immediate Post-CS
Retrieval SB216763 Treatment on Subsequent
Heroin-Seeking Behavior
Through 10 days of heroin SA training, nosepoke
extinction training was followed in the same apparatus
for 10 consecutive days. After nosepoke extinction
training, rats were allowed a rest for 24 h, then rats were
received a 15-min conditioned stimulus (CS) retrieval
session. After CS exposure, the rats were divided into
four groups: (1) Intracranial injection of vehicle into
BLA (0.5 µL/side) immediate after the retrieval trial
(BLA+vehicle); (2) Intracranial injection of SB216763 into
BLA (0.5 µL/side) immediate after a 15 min retrieval test
(BLA+SB216763); (3) Intracranial injection of vehicle into
CeA (0.5 µL/side) immediate after a 15 min retrieval test
(CeA+vehicle); (4) Intracranial injection of SB216763 into
CeA (0.5 µL/side) immediate after a 15 min retrieval test

(CeA+SB216763). On Day 23, the rats were performed
a cue-induced reinstatement test to explore the effect of
SB216763 on heroin drug memory. Subsequently, the
two-day cue extinction session was carried out. On Day
26, heroin priming-induced reinstatement was tested in
rats (Figure 2A).

Experiment 2: The Lasting and Long-Term Effect of
Immediate Post-CS Retrieval SB216763 Treatment on
Cue-Induced Reinstatement Test and Spontaneous
Recovery 28 Days Later
After CS exposure, the rats were divided into four groups:
(1) Intracranial administration of vehicle into BLA
(0.5 µL/side) immediate after a 15 min retrieval trial
(BLA+vehicle); (2) Intracranial injection of SB216763
into BLA (0.5 µL/side) immediate after a 15 min retrieval
trial (BLA+SB216763); (3) Intracranial injection of the
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FIGURE 2 | Immediate post-CS SB216763 treatment in BLA rather than CeA can reduce subsequent cue-induced and heroin-primed reinstatement of heroin
seeking. (A) Timeline of heroin self-administration, nosepoke extinction, cue-induced reinstatement test and drug-induced reinstatement test. (B) Total number of
heroin infusions during acquisition of heroin self-administration. (C) Total number of active nosepoke responses during extinction training sessions. (D,F) Active (left)
and inactive (right) nosepoke responses during the last extinction training session and the cue-induced reinstatement test. (D) Nosepoke responses of rats with BLA
drug injection. (F) Nosepoke responses of rats with CeA drug injection. (E,G) Active (left) and inactive (right) nosepoke responses across the saline- or heroin-
primed reinstatement test. (E) Nosepoke responses of rats with BLA drug injection. (G) Nosepoke responses of rats with CeA drug injection. n = 10–11 mice per
group. Data are means ± SEM, ∗∗∗∗p < 0.0001, compared with the vehicle group. CS, conditioned stimulus; Ext, extinction; Reinst, reinstatement.

vehicle into CeA (0.5 µL/side) immediate after a 15 min
retrieval trial (CeA+vehicle); (4) Intracranial injection of
SB216763 into CeA(0.5 µL/side) immediate after a 15 min
retrieval (CeA+SB216763). Rats were received a cue-induced
reinstatement test after a 24 h rest. After 28 days of abstinence,
to access the long-term effect of SB216763 on heroin-
seeking behavior, a spontaneous recovery test was carried
out (Figure 3A).

Experiments 3 A and B: The Effect of SB216763
Treatment on Subsequent Heroin-Seeking Behavior
Without CS Exposure
The experimental procedure was the same as Experiment 1,
except that no CS exposure session to reactivate heroin cue
memories (Figure 4A).

Experiment 4: The Effect of Delayed Post-CS
Retrieval SB216763 Treatment
The rats were received treatment of SB216763 delayed for 6 h after
the retrieval session, and other parts of the experiment were the
same as Experiment 1 (Figure 5A).

Statistical Analysis
We used the repeated-measures ANOVAs to analyze the data
with the between-subjects factor of treatment condition and
within-subjects factor of test condition, followed by Tukey’s
post-hoc test in each experiment (see Results). All values of
experiments were presented as mean ± SEM and data analysis
was done on GraphPad, v.9.0. p values < 0.05 were considered
statistically significant.
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FIGURE 3 | Immediate post-CS SB216763 treatment in BLA rather than CeA can reduce subsequent cue-induced heroin seeking and the spontaneous recovery of
heroin seeking. (A) Timeline of heroin self-administration, nosepoke extinction, cue-induced reinstatement test and spontaneous recovery test. (B) Total number of
heroin infusions during acquisition of heroin self-administration. (C) Total number of active nosepoke responses during extinction training sessions. (D,F) Active (left)
and inactive (right) nosepoke responses during the last extinction training session and the cue-induced reinstatement test. (D) Nosepoke responses of rats with BLA
drug injection. (F) Nosepoke responses of rats with CeA drug injection. (E,G) Active (left) and inactive (right) nosepoke responses across the last extinction training
session and spontaneous recovery test. (E) Nosepoke responses of rats with BLA drug injection. (G) Nosepoke responses of rats with CeA drug injection. n = 10
mice per group. Data are means ± SEM, ∗∗∗∗p < 0.0001, compared with the vehicle group. CS, conditioned stimulus; Ext, extinction; Reinst, reinstatement; SR,
spontaneous recovery.

RESULTS

Experiment 1: Immediate Post-CS
SB216763 Treatment in BLA Rather Than
CeA Can Reduce Subsequent
Cue-Induced and Heroin-Primed
Reinstatement of Heroin Seeking
We tested the influences of post-retrieval BLA and CeA
SB216763 injection on reinstatement of heroin seeking which
was cue-induced or heroin-induced by using four groups
of rats (Figure 2A). In the acquisition session, there were
no significant differences between groups of BLA injected

with vehicle (N = 10) or SB216763 (N = 11) and groups of
CeA treated with vehicle (N = 10) or SB216763 (N = 11)
which were shown by the heroin infusion numbers [main
effect of acquisition time: F(9,342) = 81.35, p < 0.0001;
administration condition: F(3,38) = 0.2803, p = 0.8393;
acquisition time × administration condition interaction:
F(27,342) = 1.443, p = 0.0744; Figure 2B]. As the numbers of
nosepokes showed, groups did not significantly differ from
each other in the extinction session [main effect of extinction
time: F(9,342) = 95.68, p < 0.0001; administration condition:
F(3,38) = 0.092, p = 0.9640; extinction time × administration
condition interaction: F(27,342) = 0.8897, p = 0.6274;
Figure 2C].
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FIGURE 4 | SB216763 treatment without CS retrieval does not affect subsequent cue-induced and heroin-primed reinstatement of heroin seeking. (A) Timeline of
heroin self-administration, nosepoke extinction, cue-induced reinstatement test and drug-induced reinstatement test. (B) Total number of heroin infusions during
acquisition of heroin self-administration. (C) Total number of active nosepoke responses during extinction training sessions. (D,F) Active (left) and inactive (right)
nosepoke responses during the last extinction training session and the cue-induced reinstatement test. (D) Nosepoke responses of rats with BLA drug injection.
(F) Nosepoke responses of rats with CeA drug injection. (E,G) Active (left) and inactive (right) nosepoke responses across the saline- or heroin- primed reinstatement
test. (E) Nosepoke responses of rats with BLA drug injection. (G) Nosepoke responses of rats with CeA drug injection. n = 10 mice per group. Data are
means ± SEM. CS, conditioned stimulus; Ext, extinction; Reinst, reinstatement.

In active nosepokes, BLA+vehicle and BLA+SB216763
groups were significantly different in cue-induced reinstatement
test [main effect of trial condition: F(1,37) = 65.71, p < 0.0001;
administration condition: F(1,37) = 15.47, p = 0.0004;
trial condition × administration condition interaction:
F(1,37) = 16.05, p = 0.0003]. In cue-induced reinstatement
test, the post-hoc test revealed a reduction significantly in active
side nosepokes of BLA+SB216763 group compared to that
BLA+vehicle (p < 0.001) (Figure 2D left), while there was
no obvious difference in the inactive side [main effect of trial
condition: F(1,19) = 1.187, p = 0.2895; administration condition:
F(1,19) = 0.2169, p = 0.6467; trial condition × administration
condition interaction: F(1,19) = 0.0156, p = 0.9020; Figure 2D

right]. While in the cue-induced reinstatement test of the
CeA+vehicle and CeA+SB216763 groups, no significant
differences were found in active side [main effect of trial
condition: F(1,38) = 101.4, p < 0.0001; administration condition:
F(1,38) = 0.0052, p = 0.9432; trial condition × administration
condition interaction: F(1,38) = 0.0140, p = 0.9063; Figure 2F
left] and the inactive side [main effect of trial condition:
F(1,19) = 0.7022, p = 0.4125; administration condition:
F(1,19) = 0.1727, p = 0.6824; trial condition × administration
condition interaction: F(1,19) = 0.0065, p = 0.9368; Figure 2F
right]. In addition, in drug-induced reinstatement test,
active nosepokes significantly differed in BLA+vehicle and
BLA+SB216763 groups [main effect of trial condition:
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FIGURE 5 | SB216763 treatment 6 h after retrieval does not affect the heroin seeking in the following cue-induced and heroin-primed reinstatement. (A) Timeline of
heroin self-administration, nosepoke extinction, cue-induced reinstatement test and drug-induced reinstatement test. (B) Total number of heroin infusions during
acquisition of heroin self-administration. (C) Total number of active nosepoke responses during extinction training sessions. (D,F) Active (left) and inactive (right)
nosepoke responses during the last extinction training session and the cue-induced reinstatement test. (D) Nosepoke responses of rats with BLA drug injection.
(F) Nosepoke responses of rats with CeA drug injection. (E,G) Active (left) and inactive (right) nosepoke responses across the saline- or heroin- primed reinstatement
test. (E) Nosepoke responses of rats with BLA drug injection. (G) Nosepoke responses of rats with CeA drug injection. n = 9–10 mice per group. Data are
means ± SEM. CS, conditioned stimulus; Ext, extinction; Reinst, reinstatement.

F(1,19) = 51.16, p < 0.0001; administration condition:
F(1,19) = 9.702, p = 0.0057; trial condition × administration
condition interaction: F(1,19) = 12.55, p = 0.0022]; the post-
hoc test showed a significant reduction of BLA+SB216763
group in drug-seeking compared with BLA+vehicle group
in heroin priming-induced reinstatement test (p < 0.0001)
(Figure 2E left), but did not differ in the inactive side
[main effect of trial condition: F(1,19) = 0.0450, p = 0.8342;
administration condition: F(1,19) = 0.0123, p = 0.9130;
trial condition × administration condition interaction:
F(1,19) = 0.0736, p = 0.7891; Figure 2E right]. Moreover, no
significant differences were found in active side of CeA+vehicle

and CeA+SB216763 groups in drug-induced reinstatement test
[main effect of trial condition: F(1,19) = 67.29, p < 0.0001;
administration condition: F(1,19) = 0.0369, p = 0.8498;
trial condition × administration condition interaction:
F(1,19) = 0.2259, p = 0.6400; Figure 2G left column] or the
inactive side [main effect of trial condition: F(1,19) = 0.0218,
p = 0.8841; administration condition: F(1,19) = 0.1738, p = 0.6814;
trial condition × administration condition interaction:
F(1,19) = 0.0218, p = 0.8841; Figure 2G right].

The results suggest that injecting SB216763 in BLA but not
the CeA reduced cue-induced and heroin-primed heroin seeking
reinstatement immediately after heroin cue retrieval.
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Experiment 2: Immediate Post-CS
SB216763 Treatment in BLA Rather Than
CeA Can Reduce Subsequent
Cue-Induced Heroin Seeking and the
Spontaneous Recovery
of Heroin Seeking
We tested the influences of immediate post-retrieval SB216763
injection in BLA and CeA on heroin seeking reinstatement
which was cue-induced or heroin-induced besides the influences
of long-term by using four rats groups (Figure 3A). In
the heroin self-administration acquisition session, groups of
BLA administrated vehicle (N = 10) or SB216763 (N = 10)
and of CeA administrated vehicle (N = 10) or SB216763
(N = 10) had no significant differences that were shown by
the similar heroin infusion numbers [main effect of acquisition
time: F(9,324) = 48.79, p < 0.0001; administration condition:
F(3,36) = 0.1662, p = 0.9185; acquisition time × administration
condition interaction: F(27,324) = 0.5552, p = 0.9663; Figure 3B].
Analogously, no significant differences of group were found
in 10-day extinction training [main effect of extinction
time: F(9,324) = 207.2, p < 0.0001; administration condition:
F(3,36) = 0.5019, p = 0.6833; extinction time × administration
condition interaction: F(27,324) = 0.9528, p = 0.5354; Figure 3C].

Consistent with the results of Experiment 1, in the cue-
induced reinstatement test, we found that nosepokes of
groups differed from each other significantly in active side of
BLA+vehicle and BLA+SB216763 groups [main effect of trial
condition: F(1,18) = 67.92, p < 0.0001; administration condition:
F(1,18) = 21.07, p = 0.0002; trial condition × administration
condition interaction: F(1,18) = 22.67, p = 0.0002]. In the cue-
induced reinstatement test, the post-hoc test shown a significant
reduction in active side nosepokes of BLA+SB216763 group
compared to that BLA+vehicle (p < 0.001) (Figure 3D left),
but not in the inactive side [main effect of trial condition:
F(1,18) = 1.212, p = 0.2854; administration condition:
F(1,18) = 0.0327, p = 0.8585; trial condition × administration
condition interaction: F(1,18) = 0.2860, p = 0.5993; Figure 3D
right]. And in the cue-induced reinstatement test, there
were no significant differences between CeA+vehicle and
CeA+SB216763 groups of the active side [main effect of trial
condition: F(1,18) = 53.73, p < 0.0001; administration condition:
F(1,18) = 0.1503, p = 0.7028; trial condition × administration
condition interaction: F(1,18) = 0.0223, p = 0.8830; Figure 3F left
column; Figure 3F left] and the inactive side [main effect of trial
condition: F(1,18) = 1.683, p = 0.2110; administration condition:
F(1,18) = 0.0485, p = 0.8281; trial condition × administration
condition interaction: F(1,18) = 0.3407, p = 0.5666; Figure 3F
right]. Furthermore, during the spontaneous recovery test,
active nosepokes significantly differed in BLA+vehicle and
BLA+SB216763 groups [main effect of trial condition:
F(1,18) = 29.44, p < 0.0001; administration condition:
F(1,18) = 13.79, p = 0.0016; trial condition × administration
condition interaction: F(1,18) = 15.39, p = 0.0010]. During
the spontaneous recovery test, a post-hoc test showed a
significant reduction of BLA+SB216763 group in drug-
seeking compared with BLA+vehicle group (p < 0.0001)

(Figure 3E left) but not in the inactive side [main effect of trial
condition: F(1,18) = 1.688, p = 0.2103; administration condition:
F(1,18) = 2.840, p = 0.1092; trial condition × administration
condition interaction: F(1,18) = 0.0604, p = 0.8086; Figure 3E
right]. While, in spontaneous recovery test, no significant
differences of CeA+vehicle and CeA+SB216763 groups were
found in active side [main effect of trial condition: F(1,18) = 74.83,
p < 0.0001; administration condition: F(1,18) = 0.1074,
p = 0.7469; trial condition × administration condition
interaction: F(1,18) = 0.027,p = 0.8714; Figure 3G left] and
the inactive side [main effect of trial condition: F(1,18) = 0.0110,
p = 0.9176; administration condition: F(1,18) = 0.1554, p = 0.6981;
trial condition × administration condition interaction:
F(1,18) = 0.6468, p = 0.4318; Figure 3G right].

Thus, the results suggest that immediate post-CS BLA
SB216763 treatment rather than CeA can reduce subsequent
cue-induced heroin seeking and last at least 28 days.

Experiment 3: SB216763 Treatment
Without CS Retrieval Does Not Affect
Subsequent Cue-Induced and
Heroin-Primed Reinstatement of Heroin
Seeking
We tested whether SB216763 affecting subsequent heroin
seeking depends on CS retrieval by using four rats groups.
When heroin acquisition and extinction training were
finished, rats were received BLA or CeA SB216763 treatment
with no CS exposure (Figure 4A). During the training
sessions of heroin self-administration, groups of BLA
administrated vehicle (N = 10) or SB216763 (N = 10)
and of CeA administrated vehicle (N = 10) or SB216763
(N = 10) had no differences in acquisition session [main
effect of acquisition time: F(9,324) = 37.72, p < 0.0001;
administration condition: F(3,36) = 0.0764, p = 0.9724; acquisition
time × administration condition interaction: F(27,324) = 0.1869,
p > 0.9999; Figure 4B] and in 10-day extinction training
[main effect of extinction time: F(9,324) = 127.0, p < 0.0001;
administration condition: F(3,36) = 0.1659, p = 0.9187;
extinction time × administration condition interaction:
F(27,324) = 0.4249, p = 0.9953; Figure 4C] as suggested by the
similar heroin infusions.

Cue-induced reinstatement test was shown that no
significant differences were found in nosepokes of active side
[main effect of trial condition: F(1,18) = 67.15, p < 0.0001;
administration condition: F(1,18) = 0.0008, p = 0.9778;
trial condition × administration condition interaction:
F(1,18) = 0.0415, p = 0.8409; Figure 4D, left] and inactive side
[main effect of trial condition: F(1,18) = 0.0816, p = 0.7784;
administration condition: F(1,18) = 0.0184, p = 0.8937;
trial condition × administration condition interaction:
F(1,18) = 0.0816, p = 0.7784; Figure 4D, right] between
the BLA+vehicle and BLA+SB216763 groups. Similarly,
no significant differences of nosepokes were found in
active side [main effect of trial condition: F(1,18) = 78.74,
p < 0.0001; administration condition: F(1,18) = 0.0068,
p = 0.9353; trial condition × administration condition
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interaction: F(1,18) = 0.1212, p = 0.7317; Figure 4F, left] or in
inactive side [main effect of trial condition: F(1,18) = 1.561,
p = 0.2275; administration condition: F(1,18) = 0.0312,
p = 0.8618; trial condition × administration condition
interaction: F(1,18) = 0.0285, p = 0.8678; Figure 4F, right]
of CeA+vehicle and CeA+SB216763 groups. In drug-
induced reinstatement test, no significant differences of
nosepokes were found in active side [main effect of trial
condition: F(1,18) = 61.05, p < 0.0001; administration condition:
F(1,18) = 0.0232, p = 0.8806; trial condition × administration
condition interaction: F(1,18) = 0.1465, p = 0.7064; Figure 4E,
left] and in inactive side [main effect of trial condition:
F(1,18) = 0.3709, p = 0.5501; administration condition:
F(1,18) = 0.0075, p = 0.9318; trial condition × administration
condition interaction: F(1,18) = 0.2887, p = 0.5976; Figure 4E,
right] in BLA+vehicle and BLA+SB216763 groups. Besides,
it was not significantly different in nosepokes of active side
[main effect of trial condition: F(1,18) = 58.06, p < 0.0001;
administration condition: F(1,18) = 0.0397, p = 0.8444;
trial condition × administration condition interaction:
F(1,18) = 0.0209, p = 0.8866; Figure 4G, left] or inactive side
[main effect of trial condition: F(1,18) = 0.1848, p = 0.6724;
administration condition: F(1,18) = 2.064, p = 0.1679;
trial condition × administration condition interaction:
F(1,18) = 0.1118, p = 0.7420; Figure 4G, right] between the
CeA+vehicle and CeA+SB216763 groups.

Thus, the results indicate that the CS retrieval of drug-
associated memory determines the effect of SB216763 on
subsequent heroin seeking and when SB216763 is used alone,
there will be no influence on the heroin seeking of the subsequent
cue-induced and heroin-primed reinstatement test.

Experiment 4: SB216763 Treatment 6 h
After Retrieval Does Not Affect the
Heroin Seeking in the Following
Cue-Induced and Heroin-Primed
Reinstatement
Finally, we employed whether SB216763 treated out of the
reconsolidation time window would suppress the following
heroin seeking (Figure 5A). During the training sessions, groups
of BLA administrated vehicle (N = 10) or SB216763 (N = 10) and
of CeA administrated vehicle (N = 10) or SB216763 (N = 10)
had no differences in heroin self-administration acquisition
[main effect of acquisition time: F(9,315) = 32.37, p < 0.0001;
administration condition: F(3,35) = 0.0423, p = 0.9882; acquisition
time × administration condition interaction: F(27,315) = 0.1182,
p > 0.9999; Figure 5B] and in 10-day extinction sessions
[main effect of extinction time: F(9,315) = 155.5, p < 0.0001;
administration condition: F(3,35) = 0.0613, p = 0.9798; extinction
time × administration condition interaction: F(27,315) = 1.120,
p = 0.3139; Figure 5C] which were shown by the similar heroin
injections numbers.

In cue-induced reinstatement test, the nosepokes did not
significantly differ in the active side [main effect of trial
condition: F(1,18) = 73.20, p < 0.0001; administration condition:
F(1,18) = 0.0001, p = 0.9922; trial condition × administration

condition interaction: F(1,18) = 0.0675, p = 0.7979; Figure 5D,
left] or in the inactive side [main effect of trial condition:
F(1,18) = 0.3240, p = 0.5763; administration condition:
F(1,18) = 0.0135, p = 0.9088; trial condition × administration
condition interaction: F(1,18) = 0.2073, p = 0.6543; Figure 5D,
right] of BLA+vehicle and BLA+SB216763 groups. Similarly,
no significant differences in nosepokes were found in active side
[main effect of trial condition: F(1,17) = 67.32, p < 0.0001;
administration condition: F(1,18) = 0.1421, p = 0.7106;
trial condition × administration condition interaction:
F(1,17) = 0.0610, p = 0.8079; Figure 5F, left] or in the
inactive side [main effect of trial condition: F(1,17) = 0.0001,
p = 0.9944; administration condition: F(1,17) = 0.3902,
p = 0.5405; trial condition × administration condition
interaction: F(1,17) = 0.0182, p = 0.8943; Figure 5F, right]
of CeA+vehicle and CeA+SB216763 groups. As for the
drug-induced reinstatement test, the nosepokes did not
significantly differ in the active side [main effect of trial
condition: F(1,18) = 77.38, p < 0.0001; administration condition:
F(1,18) = 0.1286, p = 0.7241; trial condition × administration
condition interaction: F(1,18) = 0.0481, p = 0.8289; Figure 5E,
left] or in the inactive side [main effect of trial condition:
F(1,18) = 0.0473, p = 0.8304; administration condition:
F(1,18) = 0.2022, p = 0.6583; trial condition × administration
condition interaction: F(1,18) = 0.0241, p = 0.8783; Figure 5E,
right] between the BLA+vehicle and BLA+SB216763 groups.
Besides, the nosepokes did not significantly differ in the
active side [main effect of trial condition: F(1,17) = 94.30,
p < 0.0001; administration condition: F(1,18) = 0.1377,
p = 0.7149; trial condition × administration condition
interaction: F(1,17) = 0.0955, p = 0.7611; Figure 5G, left] or in
the inactive side [main effect of trial condition: F(1,17) = 0.3672,
p = 0.5525; administration condition: F(1,17) = 0.0108,
p = 0.9184; trial condition × treatment condition interaction:
F(1,17) = 0.2189, p = 0.6458; Figure 5G, right] in the CeA+vehicle
and CeA+SB216763 groups.

The results suggest that the effect of SB216763 on the
heroin seeking of the following cue-induced and heroin-primed
reinstatement test is time-specific.

DISCUSSION

In our present study, we examined the effects of SB216763,
a GSK-3β inhibitor, on heroin-seeking behavior and relapse
via an intravenous heroin SA procedure. The main findings
are following: (1) Immediate post-CS SB216763 treatment
in BLA rather than CeA can reduce subsequent cue-induced
and heroin-primed reinstatement of heroin seeking. (2)
The effect of SB216763 (intracranial injection into BLA)
immediately after retrieval session, which reactivated the heroin
cue memory, on cocaine-seeking behavior continued for at
least twenty-eight days; (3) SB216763 administration into
BLA delayed 6 h or without the retrieval have no effect on
the cue-induced and heroin priming-induced reinstatement
test, suggesting that the effects of SB216763 on drug-seeking
behavior are retrieval-dependent and time-specific. The
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results demonstrated that the activity of GSK-3β in BLA
is required for reconsolidation and intra-BLA injection of
SB216763 disrupts memory reconsolidation, suggested that
inhibiting GSK-3β activity of BLA disrupts reconsolidation and
attenuates heroin relapse.

Existing evidence has shown that consolidated drug-induced
memory could be unstable after retrieval by conditioned stimulus
(drug-associated cues) or unconditioned stimulus (the drugs).
Disrupting the reconsolidation after drug memory retrieval
effectively blocks the association between drug-related cues and
drugs, thus producing a forgetting effect and reducing drug-
seeking behavior. Memory retrieval activates GSK-3β in the BLA,
and reconsolidation was impaired by systemical administration
of a GSK-3 inhibitor before memory retrieval in rats (Wu
et al., 2011). We have demonstrated that SB216763, as a GSK-
3β inhibitor, reduced heroin seeking and relapse by disrupting
reconsolidation of heroin drug memory. Nevertheless, without
CS exposure or with a 6h delay administration of SB216763
has no effect on heroin seeking behavior, which is consistent
with the “reconsolidation theory” that allowing for modifications
during reconsolidation in a putative time window. Indeed, GSK-
3β expressed in multiple brain regions (e.g., NAc, PFC, amygdala)
(Winder et al., 2002; Morgane et al., 2005; Robbins et al.,
2008), regulates the dopamine-associated behaviors (Beaulieu
et al., 2007a). The role of GSK-3β in drug addiction has
also been confirmed by several studies. For example, in a
cocaine-induced CPP model, the reconsolidation of cocaine-
cue memories was impaired by systemic injection of lithium
chloride (a GSK-3β inhibitor) after memory retrieval, and
SB216763 administration into BLA can result in a long-term
effect on cocaine cue memories via disrupting reconsolidation
(Wu et al., 2011).

Our present study complements the role of GSK-3β in
heroin self-administration model. We show that inhibiting GSK-
3β activity by injection of SB216763 into the BLA, but not
the CeA, immediately after the retrieval reduced the drug-
seeking behavior. In addition, some studies have shown that
the GSK-3β in the hippocampus regulates learning and memory
ability. Targeted downregulation of GSK-3β in the ventral
hippocampus disrupting the formation of cocaine CPP and the
spatial memory (Barr et al., 2020). Overexpression of GSK-3β

in the hippocampus impaired the spatial memory (Liu et al.,
2020). And both the amygdala, hippocampus, are the important
brain regions in drug addiction (Alizamini et al., 2022). Previous
study found that inhibited the activity of GSK-3β in the BLA
immediately after the retrieval could disrupte cocaine context
memory (Wu et al., 2011). Our findings are consistent with these
results and showed that inhibiting GSK-3β in the BLA in the
reconsolidation time window decreased drug seeking and relapse
in heroin SA rats.

The amygdala, associated with emotion and motivation, plays
roles in processing rewarding environmental stimulus (Janak and
Tye, 2015). Recent evidence demonstrates that disrupting the
reconsolidation of the cocaine drug memories attenuates cocaine
seeking which was associated with the BLA (Wu et al., 2011). In
our present study, we discussed the role of GSK-3β in a heroin
self-administration rat model. Inhibiting activity of GSK-3β in

the BLA, but not the CeA, effectively disrupted reconsolidation
of heroin cue memory and blocked subsequent drug-seeking
behaviors. Many studies have demonstrated that BLA is involved
in memory reconsolidation (Wells et al., 2013; Yuan et al., 2020).
However, the spcefic mechanism of GSK-3β in drug memory
reconsolidation remains to be elucidated.

GSK-3β is widely expressed in the brain and involved in
fundamental brain functions like neurogenesis, neurotransmitter
signaling (Beaulieu et al., 2004, 2007b; Li et al., 2004), circadian
rhythms (Yin et al., 2006), and memory process (Hooper et al.,
2007; Kimura et al., 2008; Hong et al., 2012). GSK-3β has been
shown to regulate many transcription factors (e.g., β-catenin, NF-
κB, activator protein-1), and memory-associated proteins which
have been implicated in fundamental brain functions (Frame and
Cohen, 2001). Specifically, in Liu et al.’s study, the role of GSK-
3β/β-catenin signaling pathway on memory consolidation in rats
trained in a Morris water maze task was proved (Liu et al., 2014)
and the consolidation of fear memory need the β-catenin in the
amygdala (Maguschak and Ressler, 2008). As a study revealed, the
Akt/GSK-3/mTORC1 signaling pathway, which has been found
in the hippocampus and nucleus accumbens, participates in the
reconsolidation progress of cocaine memory (Shi et al., 2014).
Psychostimulant activates GSK-3β by inactivating protein kinase
B (Akt) and reducing its inhibition of serine-phosphorylation
(Miller et al., 2014). These findings indicate that during the
reconsolidation process, GSK-3β may be required to be activated,
but the role of GSK-3β on reconsolidation of heroin-SA and the
possible molecular mechanisms involved in this process have not
yet known. Our present study showed that intra-BLA infusion
of the GSK-3β inhibitor SB216763 disrupted the reconsolidation
of heroin reward memory and the reduction of heroin seeking
behaviors lasted for a long time (28 days). And these effects
were BLA- specific and time-specific. Studies have reported that
the activity of GSK-3β was involved in the LTP and LTD which
both depended on the NMDA receptor and also regulated the
interreaction between them (Peineau et al., 2007, 2008, 2009). But
there is less study that reported the relationship between GSK-
3β and NMDA in addiction. Furthermore, reconsolidation is
associated with de novo protein synthesis and synaptic plasticity
alteration (Nader et al., 2000). Thus, our future study will focus on
the relationship between GSK-3β and NMDA in reconsolidation
of heroin reward memory and investigate the synaptic plasticity
alteration during this process by electrophysiological methods.
Compared with Wu et al. (2011) study, our present study
is the extension of previous studies, and we used a drug
self-administration paradigm, which can simulate craving and
relapse in addicts and is more suitable for studying craving
and relapse (Spealman and Goldberg, 1978; Schindler et al.,
2002).

In summary, the present study demonstrated the effects of
GSK-3β on the reconsolidation of drug reward memory via a rats
heroin SA paradigm. After heroin cue memory retrieval, injection
of SB216763 into BLA impairs reconsolidation of the heroin
cue memory, effectively reduces the heroin seeking behavior in
rats, and these effects lasted at least 28 days. Moreover, the
reconsolidation window may be an important determinant to
reduce heroin seeking and relapse. Our present study identifies
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that GSK-3β inhibitors may have the potential therapeutic value
in the treatment of heroin addiction.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the
Xiangya Hospital Ethics Committee, Xiangya Hospital
(Changsha, China).

AUTHOR CONTRIBUTIONS

HL and YX: conceptualization. YZ and YX: data curation. TH
and ZZ: writing – original draft preparation. YX and QL: writing
– review and editing. HL: supervision and funding acquisition.
All authors have read and agreed to the published version
of the manuscript.

FUNDING

This work was financially supported by National Natural Science
Foundation of China (Grant No. 82101247) and the Natural
Science Foundation of Hunan Province, China (Grant Nos.
2021JJ40999 and 2021JJ31112).

REFERENCES
Alizamini, M. M., Li, Y., Zhang, J. J., Liang, J., and Haghparast, A.

(2022). Endocannabinoids and addiction memory: relevance to
methamphetamine/morphine abuse. World J. Biol. Psychiatry 2022, 1–21.
doi: 10.1080/15622975.2022.2039408

Ambroggi, F., Ishikawa, A., Fields, H. L., and Nicola, S. M. (2008). Basolateral
amygdala neurons facilitate reward-seeking behavior by exciting nucleus
accumbens neurons. Neuron 59, 648–661. doi: 10.1016/j.neuron.2008.07.004

Anker, J. J., and Carroll, M. E. (2010). Reinstatement of cocaine seeking induced by
drugs, cues, and stress in adolescent and adult rats. Psychopharmacology (Berl)
208, 211–222. doi: 10.1007/s00213-009-1721-2

Banach, E., Szczepankiewicz, A., Kaczmarek, L., Jaworski, T., and Urban-Ciecko,
J. (2022). Dysregulation of miRNAs levels in glycogen synthase kinase-
3beta overexpressing mice and the role of miR-221-5p in synaptic function.
Neuroscience 490, 287–295. doi: 10.1016/j.neuroscience.2022.03.024

Barr, J. L., Shi, X., Zaykaner, M., and Unterwald, E. M. (2020). Glycogen
synthase kinase 3β in the ventral hippocampus is important for cocaine
reward and object location memory. Neuroscience 425, 101–111. doi: 10.1016/j.
neuroscience.2019.10.055

Beaulieu, J. M., Gainetdinov, R. R., and Caron, M. G. (2007a). The Akt-GSK-
3 signaling cascade in the actions of dopamine. Trends Pharmacol. Sci. 28,
166–172. doi: 10.1016/j.tips.2007.02.006

Beaulieu, J. M., Tirotta, E., Sotnikova, T. D., Masri, B., Salahpour, A., Gainetdinov,
R. R., et al. (2007b). Regulation of Akt signaling by D2 and D3 dopamine
receptors in vivo. J. Neurosci. 27, 881–885. doi: 10.1523/jneurosci.5074-06.
2007

Beaulieu, J. M., Sotnikova, T. D., Yao, W. D., Kockeritz, L., Woodgett, J. R.,
Gainetdinov, R. R., et al. (2004). Lithium antagonizes dopamine-dependent
behaviors mediated by an AKT/glycogen synthase kinase 3 signaling cascade.
Proc. Natl. Acad. Sci. U.S.A. 101, 5099–5104. doi: 10.1073/pnas.0307921101

Björkstrand, J., Agren, T., Åhs, F., Frick, A., Larsson, E. M., Hjorth, O., et al.
(2016). Disrupting reconsolidation attenuates long-term fear memory in the
human amygdala and facilitates approach behavior. Curr. Biol. 26, 2690–2695.
doi: 10.1016/j.cub.2016.08.022

Chen, L., Huang, S., Yang, C., Wu, F., Zheng, Q., Yan, H., et al. (2021). Blockade
of β-adrenergic receptors by propranolol disrupts reconsolidation of drug
memory and attenuates heroin seeking. Front. Pharmacol. 12:686845. doi: 10.
3389/fphar.2021.686845

Davis, W. M., and Smith, S. G. (1976). Role of conditioned reinforcers in the
initiation, maintenance and extinction of drug-seeking behavior. Pavlov J. Biol.
Sci. 11, 222–236. doi: 10.1007/bf03000316

Dewachter, I., Ris, L., Jaworski, T., Seymour, C. M., Kremer, A., Borghgraef, P.,
et al. (2009). GSK3beta, a centre-staged kinase in neuropsychiatric disorders,
modulates long term memory by inhibitory phosphorylation at serine-9.
Neurobiol. Dis. 35, 193–200. doi: 10.1016/j.nbd.2009.04.003

Di Ciano, P., and Everitt, B. J. (2004). Conditioned reinforcing properties of
stimuli paired with self-administered cocaine, heroin or sucrose: implications

for the persistence of addictive behaviour. Neuropharmacology 47, 202–213.
doi: 10.1016/j.neuropharm.2004.06.005

Díaz-Mataix, L., Ruiz Martinez, R. C., Schafe, G. E., LeDoux, J. E., and Doyère,
V. (2013). Detection of a temporal error triggers reconsolidation of amygdala-
dependent memories. Curr. Biol. 23, 467–472. doi: 10.1016/j.cub.2013.01.053

Dymshitz, J., and Lieblich, I. (1987). Opiate reinforcement and naloxone
aversion, as revealed by place preference paradigm, in two strains of rats.
Psychopharmacology (Berl) 92, 473–477. doi: 10.1007/bf00176481

Frame, S., and Cohen, P. (2001). GSK3 takes centre stage more than 20 years after
its discovery. Biochem. J. 359, 1–16. doi: 10.1042/0264-6021:3590001

Haubrich, J., Bernabo, M., and Nader, K. (2020). Noradrenergic projections from
the locus coeruleus to the amygdala constrain fear memory reconsolidation.
Elife 9:e57010. doi: 10.7554/eLife.57010

Higginbotham, J. A., Jones, N. M., Wang, R., Christian, R. J., Ritchie, J. L.,
McLaughlin, R. J., et al. (2021). Basolateral amygdala CB1 receptors gate HPA
axis activation and context-cocaine memory strength during reconsolidation.
Neuropsychopharmacology 46, 1554–1564. doi: 10.1038/s41386-020-00919-x

Hong, J. G., Kim, D. H., Lee, C. H., Park, S. J., Kim, J. M., Cai, M., et al. (2012). GSK-
3β activity in the hippocampus is required for memory retrieval. Neurobiol.
Learn. Mem. 98, 122–129. doi: 10.1016/j.nlm.2012.07.003

Hooper, C., Markevich, V., Plattner, F., Killick, R., Schofield, E., Engel, T.,
et al. (2007). Glycogen synthase kinase-3 inhibition is integral to long-term
potentiation. Eur. J. Neurosci. 25, 81–86. doi: 10.1111/j.1460-9568.2006.05245.x

Janak, P. H., and Tye, K. M. (2015). From circuits to behaviour in the amygdala.
Nature 517, 284–292. doi: 10.1038/nature14188

Jope, R. S., and Johnson, G. V. (2004). The glamour and gloom of glycogen synthase
kinase-3. Trends Biochem. Sci. 29, 95–102. doi: 10.1016/j.tibs.2003.12.004

Kaidanovich-Beilin, O., Lipina, T. V., Takao, K., van Eede, M., Hattori, S., Laliberté,
C., et al. (2009). Abnormalities in brain structure and behavior in GSK-3alpha
mutant mice. Mol. Brain 2:35. doi: 10.1186/1756-6606-2-35

Kimura, T., Yamashita, S., Nakao, S., Park, J. M., Murayama, M., Mizoroki, T., et al.
(2008). GSK-3beta is required for memory reconsolidation in adult brain. PLoS
One 3:e3540. doi: 10.1371/journal.pone.0003540

Lee, J. L. (2009). Reconsolidation: maintaining memory relevance.Trends Neurosci.
32, 413–420. doi: 10.1016/j.tins.2009.05.002

Lee, J. L., Milton, A. L., and Everitt, B. J. (2006). Cue-induced cocaine seeking and
relapse are reduced by disruption of drug memory reconsolidation. J. Neurosci.
26, 5881–5887. doi: 10.1523/jneurosci.0323-06.2006

Li, F. Q., Xue, Y. X., Wang, J. S., Fang, Q., Li, Y. Q., Zhu, W. L., et al. (2010).
Basolateral amygdala cdk5 activity mediates consolidation and reconsolidation
of memories for cocaine cues. J. Neurosci. 30, 10351–10359. doi: 10.1523/
jneurosci.2112-10.2010

Li, N., Xiao, K., Mi, X., Li, N., Guo, L., Wang, X., et al. (2022). Ghrelin signaling
in dCA1 suppresses neuronal excitability and impairs memory acquisition via
PI3K/Akt/GSK-3beta cascades. Neuropharmacology 203:108871. doi: 10.1016/j.
neuropharm.2021.108871

Li, X., Zhu, W., Roh, M. S., Friedman, A. B., Rosborough, K., and Jope, R. S.
(2004). In vivo regulation of glycogen synthase kinase-3beta (GSK3beta) by

Frontiers in Molecular Neuroscience | www.frontiersin.org 12 June 2022 | Volume 15 | Article 932939

https://doi.org/10.1080/15622975.2022.2039408
https://doi.org/10.1016/j.neuron.2008.07.004
https://doi.org/10.1007/s00213-009-1721-2
https://doi.org/10.1016/j.neuroscience.2022.03.024
https://doi.org/10.1016/j.neuroscience.2019.10.055
https://doi.org/10.1016/j.neuroscience.2019.10.055
https://doi.org/10.1016/j.tips.2007.02.006
https://doi.org/10.1523/jneurosci.5074-06.2007
https://doi.org/10.1523/jneurosci.5074-06.2007
https://doi.org/10.1073/pnas.0307921101
https://doi.org/10.1016/j.cub.2016.08.022
https://doi.org/10.3389/fphar.2021.686845
https://doi.org/10.3389/fphar.2021.686845
https://doi.org/10.1007/bf03000316
https://doi.org/10.1016/j.nbd.2009.04.003
https://doi.org/10.1016/j.neuropharm.2004.06.005
https://doi.org/10.1016/j.cub.2013.01.053
https://doi.org/10.1007/bf00176481
https://doi.org/10.1042/0264-6021:3590001
https://doi.org/10.7554/eLife.57010
https://doi.org/10.1038/s41386-020-00919-x
https://doi.org/10.1016/j.nlm.2012.07.003
https://doi.org/10.1111/j.1460-9568.2006.05245.x
https://doi.org/10.1038/nature14188
https://doi.org/10.1016/j.tibs.2003.12.004
https://doi.org/10.1186/1756-6606-2-35
https://doi.org/10.1371/journal.pone.0003540
https://doi.org/10.1016/j.tins.2009.05.002
https://doi.org/10.1523/jneurosci.0323-06.2006
https://doi.org/10.1523/jneurosci.2112-10.2010
https://doi.org/10.1523/jneurosci.2112-10.2010
https://doi.org/10.1016/j.neuropharm.2021.108871
https://doi.org/10.1016/j.neuropharm.2021.108871
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-932939 June 21, 2022 Time: 12:27 # 13

Xie et al. Inhibition of GSK-3β Disrupts Reconsolidation

serotonergic activity in mouse brain. Neuropsychopharmacology 29, 1426–1431.
doi: 10.1038/sj.npp.1300439

Lin, J., Liu, L., Wen, Q., Zheng, C., Gao, Y., Peng, S., et al. (2014). Rapamycin
prevents drug seeking via disrupting reconsolidation of reward memory in rats.
Int. J. Neuropsychopharmacol. 17, 127–136. doi: 10.1017/s1461145713001156

Liu, E., Xie, A. J., Zhou, Q., Li, M., Zhang, S., Li, S., et al. (2017). GSK-3β deletion
in dentate gyrus excitatory neuron impairs synaptic plasticity and memory. Sci.
Rep. 7:5781. doi: 10.1038/s41598-017-06173-4

Liu, G., Yin, F., Zhang, C., Zhang, Y., Li, X., and Ling, Y. (2020). Effects of regulating
miR-132 mediated GSK-3β on learning and memory function in mice. Exp.
Ther. Med. 20, 1191–1197. doi: 10.3892/etm.2020.8768

Liu, H., Xu, G. H., Wang, K., Cao, J. L., Gu, E. W., Li, Y. H., et al.
(2014). Involvement of GSK3β/β-catenin signaling in the impairment effect of
ketamine on spatial memory consolidation in rats. Neurobiol. Learn. Mem. 111,
26–34. doi: 10.1016/j.nlm.2014.02.012

Lu, L., Hope, B. T., Dempsey, J., Liu, S. Y., Bossert, J. M., and Shaham, Y. (2005).
Central amygdala ERK signaling pathway is critical to incubation of cocaine
craving. Nat. Neurosci. 8, 212–219. doi: 10.1038/nn1383

Luo, Y. X., Xue, Y. X., Liu, J. F., Shi, H. S., Jian, M., Han, Y., et al. (2015). A novel
UCS memory retrieval-extinction procedure to inhibit relapse to drug seeking.
Nat. Commun. 6:7675. doi: 10.1038/ncomms8675

Luo, Y. X., Xue, Y. X., Shen, H. W., and Lu, L. (2013). Role of amygdala in
drug memory. Neurobiol. Learn. Mem. 105, 159–173. doi: 10.1016/j.nlm.2013.
06.017

Maguschak, K. A., and Ressler, K. J. (2008). Beta-catenin is required for memory
consolidation. Nat. Neurosci. 11, 1319–1326. doi: 10.1038/nn.2198

Marosi, M., Arman, P., Aceto, G., D’Ascenzo, M., and Laezza, F. (2022). Glycogen
synthase kinase 3: ion channels, plasticity, and diseases. Int. J. Mol. Sci. 23:413.
doi: 10.3390/ijms23084413

Maurin, H., Lechat, B., Dewachter, I., Ris, L., Louis, J. V., Borghgraef, P., et al.
(2013). Neurological characterization of mice deficient in GSK3α highlight
pleiotropic physiological functions in cognition and pathological activity as tau
kinase. Mol. Brain 6:27. doi: 10.1186/1756-6606-6-27

McGaugh, J. L. (2004). The amygdala modulates the consolidation of memories of
emotionally arousing experiences. Ann. Rev. Neurosci. 27, 1–28. doi: 10.1146/
annurev.neuro.27.070203.144157

Medina, M., Garrido, J. J., and Wandosell, F. G. (2011). Modulation of GSK-3
as a therapeutic strategy on tau pathologies. Front. Mol. Neurosci. 4:24. doi:
10.3389/fnmol.2011.00024

Milekic, M. H., and Alberini, C. M. (2002). Temporally graded requirement for
protein synthesis following memory reactivation. Neuron 36, 521–525. doi:
10.1016/s0896-6273(02)00976-5

Miller, C. A., and Marshall, J. F. (2005). Molecular substrates for retrieval and
reconsolidation of cocaine-associated contextual memory. Neuron 47, 873–884.
doi: 10.1016/j.neuron.2005.08.006

Miller, J. S., Barr, J. L., Harper, L. J., Poole, R. L., Gould, T. J., and Unterwald, E. M.
(2014). The GSK3 signaling pathway is activated by cocaine and is critical for
cocaine conditioned reward in mice. PLoS One 9:e88026. doi: 10.1371/journal.
pone.0088026

Morgane, P. J., Galler, J. R., and Mokler, D. J. (2005). A review of systems and
networks of the limbic forebrain/limbic midbrain. Prog. Neurobiol. 75, 143–160.
doi: 10.1016/j.pneurobio.2005.01.001

Morris, R. G., Inglis, J., Ainge, J. A., Olverman, H. J., Tulloch, J., Dudai, Y., et al.
(2006). Memory reconsolidation: sensitivity of spatial memory to inhibition of
protein synthesis in dorsal hippocampus during encoding and retrieval. Neuron
50, 479–489. doi: 10.1016/j.neuron.2006.04.012

Nader, K. (2015). Reconsolidation and the dynamic nature of memory. Cold Spring
Harb Perspect Biol. 7:a021782. doi: 10.1101/cshperspect.a021782

Nader, K., Schafe, G. E., and Le Doux, J. E. (2000). Fear memories require
protein synthesis in the amygdala for reconsolidation after retrieval. Nature 406,
722–726. doi: 10.1038/35021052

O’Brien, W. T., Harper, A. D., Jové, F., Woodgett, J. R., Maretto, S., Piccolo, S.,
et al. (2004). Glycogen synthase kinase-3beta haploinsufficiency mimics the
behavioral and molecular effects of lithium. J. Neurosci. 24, 6791–6798. doi:
10.1523/jneurosci.4753-03.2004

Peineau, S., Bradley, C., Taghibiglou, C., Doherty, A., Bortolotto, Z. A., Wang, Y. T.,
et al. (2008). The role of GSK-3 in synaptic plasticity. Br. J. Pharmacol. 153,
S428–S437. doi: 10.1038/bjp.2008.2

Peineau, S., Nicolas, C. S., Bortolotto, Z. A., Bhat, R. V., Ryves, W. J., Harwood,
A. J., et al. (2009). A systematic investigation of the protein kinases involved
in NMDA receptor-dependent LTD: evidence for a role of GSK-3 but
not other serine/threonine kinases. Mol. Brain 2:22. doi: 10.1186/1756-66
06-2-22

Peineau, S., Taghibiglou, C., Bradley, C., Wong, T. P., Liu, L., Lu, J., et al. (2007).
LTP inhibits LTD in the hippocampus via regulation of GSK3beta. Neuron 53,
703–717. doi: 10.1016/j.neuron.2007.01.029

Perrine, S. A., Miller, J. S., and Unterwald, E. M. (2008). Cocaine regulates protein
kinase B and glycogen synthase kinase-3 activity in selective regions of rat brain.
J. Neurochem. 107, 570–577. doi: 10.1111/j.1471-4159.2008.05632.x

Piva, A., Gerace, E., Di Chio, M., Padovani, L., Paolone, G., Pellegrini-Giampietro,
D. E., et al. (2019). Reconsolidation of sucrose instrumental memory in rats: the
role of retrieval context. Brain Res. 1714, 193–201. doi: 10.1016/j.brainres.2019.
03.006

Robbins, T. W., Ersche, K. D., and Everitt, B. J. (2008). Drug addiction and the
memory systems of the brain. Ann. N.Y.Acad. Sci. 1141, 1–21. doi: 10.1196/
annals.1441.020

Schindler, C. W., Panlilio, L. V., and Goldberg, S. R. (2002). Second-order schedules
of drug self-administration in animals. Psychopharmacology (Berl) 163, 327–
344. doi: 10.1007/s00213-002-1157-4

Shi, X., Miller, J. S., Harper, L. J., Poole, R. L., Gould, T. J., and Unterwald,
E. M. (2014). Reactivation of cocaine reward memory engages the
Akt/GSK3/mTOR signaling pathway and can be disrupted by GSK3 inhibition.
Psychopharmacology (Berl) 231, 3109–3118. doi: 10.1007/s00213-014-
3491-8

Spealman, R. D., and Goldberg, S. R. (1978). Drug self-administration by laboratory
animals: control by schedules of reinforcement. Ann. Rev. Pharmacol. Toxicol.
18, 313–339. doi: 10.1146/annurev.pa.18.040178.001525

Wang, X. Y., Zhao, M., Ghitza, U. E., Li, Y. Q., and Lu, L. (2008). Stress impairs
reconsolidation of drug memory via glucocorticoid receptors in the basolateral
amygdala. J. Neurosci. 28, 5602–5610. doi: 10.1523/jneurosci.0750-08.2008

Wells, A. M., Arguello, A. A., Xie, X., Blanton, M. A., Lasseter, H. C., Reittinger,
A. M., et al. (2013). Extracellular signal-regulated kinase in the basolateral
amygdala, but not the nucleus accumbens core, is critical for context-response-
cocaine memory reconsolidation in rats. Neuropsychopharmacology 38, 753–
762. doi: 10.1038/npp.2012.238

Winder, D. G., Egli, R. E., Schramm, N. L., and Matthews, R. T. (2002). Synaptic
plasticity in drug reward circuitry. Curr. Mol. Med. 2, 667–676. doi: 10.2174/
1566524023361961

Wu, P., Xue, Y. X., Ding, Z. B., Xue, L. F., Xu, C. M., and Lu, L. (2011). Glycogen
synthase kinase 3β in the basolateral amygdala is critical for the reconsolidation
of cocaine reward memory. J. Neurochem. 118, 113–125. doi: 10.1111/j.1471-
4159.2011.07277.x

Xu, C. M., Wang, J., Wu, P., Zhu, W. L., Li, Q. Q., Xue, Y. X., et al. (2009). Glycogen
synthase kinase 3beta in the nucleus accumbens core mediates cocaine-induced
behavioral sensitization. J. Neurochem. 111, 1357–1368. doi: 10.1111/j.1471-
4159.2009.06414.x

Xue, Y. X., Deng, J. H., Chen, Y. Y., Zhang, L. B., Wu, P., Huang, G. D., et al. (2017).
Effect of selective inhibition of reactivated nicotine-associated memories with
propranolol on nicotine craving. JAMA Psychiatry 74, 224–232. doi: 10.1001/
jamapsychiatry.2016.3907

Xue, Y. X., Luo, Y. X., Wu, P., Shi, H. S., Xue, L. F., Chen, C., et al. (2012). A memory
retrieval-extinction procedure to prevent drug craving and relapse. Science 336,
241–245. doi: 10.1126/science.1215070

Yan, Y., Zhang, L., Zhu, T., Deng, S., Ma, B., Lv, H., et al. (2021). Reconsolidation of
a post-ingestive nutrient memory requires mTOR in the central amygdala. Mol.
Psychiatry 26, 2820–2836. doi: 10.1038/s41380-020-00874-5

Ye, X., Kapeller-Libermann, D., Travaglia, A., Inda, M. C., and Alberini, C. M.
(2017). Direct dorsal hippocampal-prelimbic cortex connections strengthen
fear memories. Nat. Neurosci. 20, 52–61. doi: 10.1038/nn.4443

Yin, L., Wang, J., Klein, P. S., and Lazar, M. A. (2006). Nuclear receptor rev-
erbalpha is a critical lithium-sensitive component of the circadian clock. Science
311, 1002–1005. doi: 10.1126/science.1121613

Yuan, K., Cao, L., Xue, Y. X., Luo, Y. X., Liu, X. X., Kong, F. N., et al. (2020).
Basolateral amygdala is required for reconsolidation updating of heroin-
associated memory after prolonged withdrawal. Addict. Biol. 25:e12793. doi:
10.1111/adb.12793

Frontiers in Molecular Neuroscience | www.frontiersin.org 13 June 2022 | Volume 15 | Article 932939

https://doi.org/10.1038/sj.npp.1300439
https://doi.org/10.1017/s1461145713001156
https://doi.org/10.1038/s41598-017-06173-4
https://doi.org/10.3892/etm.2020.8768
https://doi.org/10.1016/j.nlm.2014.02.012
https://doi.org/10.1038/nn1383
https://doi.org/10.1038/ncomms8675
https://doi.org/10.1016/j.nlm.2013.06.017
https://doi.org/10.1016/j.nlm.2013.06.017
https://doi.org/10.1038/nn.2198
https://doi.org/10.3390/ijms23084413
https://doi.org/10.1186/1756-6606-6-27
https://doi.org/10.1146/annurev.neuro.27.070203.144157
https://doi.org/10.1146/annurev.neuro.27.070203.144157
https://doi.org/10.3389/fnmol.2011.00024
https://doi.org/10.3389/fnmol.2011.00024
https://doi.org/10.1016/s0896-6273(02)00976-5
https://doi.org/10.1016/s0896-6273(02)00976-5
https://doi.org/10.1016/j.neuron.2005.08.006
https://doi.org/10.1371/journal.pone.0088026
https://doi.org/10.1371/journal.pone.0088026
https://doi.org/10.1016/j.pneurobio.2005.01.001
https://doi.org/10.1016/j.neuron.2006.04.012
https://doi.org/10.1101/cshperspect.a021782
https://doi.org/10.1038/35021052
https://doi.org/10.1523/jneurosci.4753-03.2004
https://doi.org/10.1523/jneurosci.4753-03.2004
https://doi.org/10.1038/bjp.2008.2
https://doi.org/10.1186/1756-6606-2-22
https://doi.org/10.1186/1756-6606-2-22
https://doi.org/10.1016/j.neuron.2007.01.029
https://doi.org/10.1111/j.1471-4159.2008.05632.x
https://doi.org/10.1016/j.brainres.2019.03.006
https://doi.org/10.1016/j.brainres.2019.03.006
https://doi.org/10.1196/annals.1441.020
https://doi.org/10.1196/annals.1441.020
https://doi.org/10.1007/s00213-002-1157-4
https://doi.org/10.1007/s00213-014-3491-8
https://doi.org/10.1007/s00213-014-3491-8
https://doi.org/10.1146/annurev.pa.18.040178.001525
https://doi.org/10.1523/jneurosci.0750-08.2008
https://doi.org/10.1038/npp.2012.238
https://doi.org/10.2174/1566524023361961
https://doi.org/10.2174/1566524023361961
https://doi.org/10.1111/j.1471-4159.2011.07277.x
https://doi.org/10.1111/j.1471-4159.2011.07277.x
https://doi.org/10.1111/j.1471-4159.2009.06414.x
https://doi.org/10.1111/j.1471-4159.2009.06414.x
https://doi.org/10.1001/jamapsychiatry.2016.3907
https://doi.org/10.1001/jamapsychiatry.2016.3907
https://doi.org/10.1126/science.1215070
https://doi.org/10.1038/s41380-020-00874-5
https://doi.org/10.1038/nn.4443
https://doi.org/10.1126/science.1121613
https://doi.org/10.1111/adb.12793
https://doi.org/10.1111/adb.12793
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-15-932939 June 21, 2022 Time: 12:27 # 14

Xie et al. Inhibition of GSK-3β Disrupts Reconsolidation

Zhang, F., Huang, S., Bu, H., Zhou, Y., Chen, L., Kang, Z., et al. (2021). Disrupting
reconsolidation by systemic inhibition of mtor kinase via rapamycin reduces
cocaine-seeking behavior. Front. Pharmacol. 12:652865. doi: 10.3389/fphar.
2021.652865

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Xie, Zhang, Hu, Zhao, Liu and Li. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org 14 June 2022 | Volume 15 | Article 932939

https://doi.org/10.3389/fphar.2021.652865
https://doi.org/10.3389/fphar.2021.652865
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

	Inhibition of Glycogen Synthase Kinase 3β Activity in the Basolateral Amygdala Disrupts Reconsolidation and Attenuates Heroin Relapse
	Introduction
	Materials and Methods
	Subjects
	Intravenous Surgery
	Cannulae Implantation
	Intracranial Injections
	Behavioral Procedures
	Intravenous Heroin Self-Administration (SA) Training
	Nosepoke Extinction
	Heroin Memory Retrieval Trial
	Cue Extinction
	Cue-Induced Reinstatement of Drug-Seeking (Experiments 1–4)
	Heroin-Induced Reinstatement Test (Experiments 1, 3, and 4)
	Spontaneous Recovery Test (Experiment 2)

	Experimental Design
	Experiment 1: The Effect of Immediate Post-CS Retrieval SB216763 Treatment on Subsequent Heroin-Seeking Behavior
	Experiment 2: The Lasting and Long-Term Effect of Immediate Post-CS Retrieval SB216763 Treatment on Cue-Induced Reinstatement Test and Spontaneous Recovery 28 Days Later
	Experiments 3 A and B: The Effect of SB216763 Treatment on Subsequent Heroin-Seeking Behavior Without CS Exposure
	Experiment 4: The Effect of Delayed Post-CS Retrieval SB216763 Treatment

	Statistical Analysis

	Results
	Experiment 1: Immediate Post-CS SB216763 Treatment in BLA Rather Than CeA Can Reduce Subsequent Cue-Induced and Heroin-Primed Reinstatement of Heroin Seeking
	Experiment 2: Immediate Post-CS SB216763 Treatment in BLA Rather Than CeA Can Reduce Subsequent Cue-Induced Heroin Seeking and the Spontaneous Recovery of Heroin Seeking
	Experiment 3: SB216763 Treatment Without CS Retrieval Does Not Affect Subsequent Cue-Induced and Heroin-Primed Reinstatement of Heroin Seeking
	Experiment 4: SB216763 Treatment 6 h After Retrieval Does Not Affect the Heroin Seeking in the Following Cue-Induced and Heroin-Primed Reinstatement

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


