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Introduction
Drug addiction is a type of brain disease that is characterized by 

behavioral features and is thought to be a form of distorted memory 
[1]. During the usage of the addicted substance, both reward effects and 
environmental cues are entered into reward memory after consolidation, 
thereby resulting in the context-cue stimulus being able to induce the drug 
craving behavior [2]. The consolidated memories are stable and difficult 
to disturb [1]. However, other studies have indicated that the retrieval of 
memory traces could induce an additional labile phase after reactivation/
retrieval [3,4]. This phase was termed as the reconsolidation of memory, 
which has been thought of as an important component of long-term 
memory processing [5]. In 2000, Nader et al. challenged consolidation 
during the Pavlovian association of a tone (CS) with a shock (US), 
thereby showing that a CS-alone reminder that is presented long after the 
consolidation phase was completely re-engaged during the temporary 
susceptibility phase of memory access [6]. In memory formation, 
protein synthesis is needed, thereby suggesting that disturbances in 
protein synthesis may prevent memory formation [7]. Previous studies 
have considered that the stabilization of a new memory occurs through 
consolidation, which requires gene expression. Importantly, memories 
can again become transiently labile and sensitive to protein synthesis 
inhibitors if memories are reactivated after consolidation [8,9]. Many 
studies have indicated that disturbing the reconsolidation of different 
memories, including reward memory and fear-conditioned memory, 
could destroy consolidated memories [10-12]. Therefore, disturbing the 
reconsolidation of reward memory to inhibit drug-craving behavior has 
become a novel target for curing the addiction. 
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 Abstract
Drug-associated memories are critical for addictive behaviors, as these memories can trigger drug seeking and 

relapse by contextual cues. The transfer of lactate from astrocytes to neurons plays an important role in reward 
memory. Recently, studies have indicated that the insular cortex has a vital role in addictive procedure, which can 
be induced by contextual cues using both rat and human memory models. However, the neural locus in which the 
role of astrocyte–neuron lactate transport in long-term conditioning is required for reward memories is unclear. In 
investigating the involvement of insular astrocyte–neuron lactate transport in the processing of reward memory, 
using the conditioned place preference (CPP), we show that the local blockage of astrocyte–neuron lactate transport 
via the infusion of an inhibitor of glycogen phosphorylase (DAB) into the insular cortex impairs CPP expression of 
reconsolidation, but not extinction. Co-administering L-lactate and DAB confirmed that lactate could restore DAB-
induced memory deficit. The expression of c-fos in the insula cortex, the product of an immediate early gene, is also 
inhibited following memory reactivation. We found that the administration of DAB in the insula prior to reactivating 
the memory could inhibit the reconsolidation of reward memory, which could be reversed by the co-administration of 
DAB and L-lactate, and decrease the number of c-fos-positive cells. However, these treatments have no contribution 
to the extinction procedure, thereby indicating that the inhibitory contribution is reactivation dependent. Our results 
demonstrate that insular astrocyte–neuron lactate transport has a role in the processing of drug memory and that the 
blockage of insular astrocyte–neuron lactate transport could inhibit the reconsolidation of reward memory. This offers 
a novel therapeutic target to reduce the long-lasting conditioned responses to drug abuse.
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During abstinence, drug-related cues induce drug-seeking 
behaviors by the activation of reward memory. The insular cortex 
is a key cortical region for activation, which is regulated by the 
interoception procedure for reward memory [13]. Viscerosensory 
and nociceptive nonspecific thalamic inputs were transmitted into the 
insular cortex, which stores emotional and affective state information 
in the parahippocampal-hippocampal system [14]. Reward effects of 
morphine and environmental cues were integrated to become reward 
memories. Therefore, disturbing the insular cortex may contribute to 
the reconsolidation of reward memory.

Previous studies have indicated that metabolic coupling between 
astrocytes and neurons is considered a key mechanism in response to 
neuronal activity [15].  Further studies have shown that interference 
with lactate transfer from astrocytes to neurons could affect this 
memory procedure. The astrocyte network could be interconnected 
through gap junctions to form many synapses, thereby permitting 
a continuous supply of energy substrates [16]. Astrocytic storage of 
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glycogen has been used as a supplemental energy bank for neurons 
when more energy is needed. Therefore, metabolic coupling between 
astrocytes and neurons is considered to be glycogenolysis dependent 
[17]. Inhibiting the releasing lactate transfer from astrocytes into 
neurons in the hippocampus impairs memory formation by astrocytic 
(MCT4) and neuronal (MCT2) lactate transporters [18, 19]. Therefore, 
growing evidence suggests that lactate may directly play an important 
role in memory. 

We hypothesized that the reconsolidation of memories of contextual 
cues that were previously paired with morphine is mediated by lactate 
transport in the insular cortex. To address this issue, the glycogen phos-
phorylation inhibitor 1,4-dideoxy-1,4-imino-D-arabinitol (DAB)  was 
used to disturb glycol genolysis in astrocytes and neurons in an effort 
to affect memory reconsolidation. Furthermore L-lactate with DAB was 
co-administered to confirm that lactate could restore the DAB-induced 
memory deficit by activating the MCTs. The conditioned place prefer-
ence (CPP) that was induced by morphine was used to examine memory 
in rats. The expression of c-fos, the product of an immediate early gene 
related to memory reconsolidation was used as a marker at the cellar level 
following a brief reward memory reactivation [20]. 

Materials and Methods 

Animals
Male Sprague Dawley rats (weighing 220–240 g upon experiment) 

were obtained from the Laboratory Animal Center, Kunming Medical 
University. They were housed four per cage in a temperature- (23 ± 2°C) 
and humidity-controlled environment with ad libitum access to food 
and water. They were fed on a normal cycle (12 h/12 h, lights off at 8:00 
A.M.). All experimental procedures were performed in accordance with 
the Guide for the Care and Use of Laboratory Animals. The experimental 
procedures were approved by the Biomedical Ethics Committee for 
animal use and protection of Kunming Medical University.

Drugs 
Morphine sulfate was dissolved in sterile saline at a concentration 

of 10 mg/ml and administered at a dose of 10 mg/kg ((Shenyang first 
pharmaceutical factory). DAB (No. 1542, obtained from Sigma Aldrich, 
Shanghai) was dissolved in sterile saline. DAB was injected using a 10-
μl Hamilton syringe at a rate of 200 nl min-1 over 2 min. After infusion, 
the injectors were kept in place for an additional 2 min.

CPP
Precondition (days 1-3): As described in previous works, CPP 

of rats was trained using an unbiased procedure [21]. During the 
precondition phase, the rats were individually habituated in the neural 
chamber with the doors freely removed for 15 min. Animals with a 
strong preference for any chamber (i.e., >540 s spent in each chamber) 
were removed from the experiments. 

Condition (days 4-11): Then, animals underwent conditioned 
training once per day for 8 consecutive days. During conditioning, 
animals received morphine (10 mg/kg, intra peritoneal injection, i.p.) 
or an equal volume of vehicle (i.p.) immediately before being placed in 
the drug-paired or non-drug-paired chamber for 30 min on alternating 
days and were then returned to their home cages. 

Post-conditioning test (day 12): After conditioning training, the 
time spent in the drug-paired compartment was recorded (day 12). 
Expression of CPP was conducted 24 h after the last training session. 

Reconsolidation and extinction (days 13 and 14): For 

reconsolidation of reward memory in the CPP model, animals were re-
exposed to the drug-paired or non-drug-paired chamber for 30 min 
without any injections, which was considered to be a memory retrieval 
trial (day 13), before performing the reconsolidation test (day 14). 
During extinction, animals were exposed to the CPP chamber (US) in 
the absence of any administration after the post-conditioning test (day 
12). Finally, on day 14, CPP expression was examined. CPP scores were 
analyzed by comparing the time spent between the precondition and 
cross CPP tests. All locomotors could be recorded using an infrared-
detecting instrument.

Insular injection

Rats were anesthetized with 100 mg/kg of ketamine (i.p., No. 
6740881, Shenyang first pharmaceutical factory). Sterile stainless-
steel guide cannulae (26G, 4.5 mm) were bilaterally implanted into 
the insular field, which were fixed to the skull with screws and dental 
acrylic using a stereotaxic apparatus before being sealed with an 
occlude. The injection cannulae (33 G) protruded 1 mm from the tip of 
the guide cannulae. These operations were based upon the coordinates 
of the rats’ brain atlas (insular cortex: bregma 0.72, midline ± 5.2 mm; 
depth 6.8 mm) [22]. The location was verified by Nissl-stained sections. 
Rats will be trained for CPP after the operation. DAB was dissolved 
in sterile saline. A 10-μl Hamilton syringe was coupled with an 
injection cannula to inject DAB or sterile saline at a rate of 200 nl min-
1 over 2 min. Controls received the same volume of vehicle for insular 
microinjections. All microinjections were performed in the DAB group 
using an automatic pump. The injection needle was located for 5 min 
and then slowly removed, with the occluders being reinserted. 

Brain tissue processing for immunocytochemistry

Immediately after the behavioral test, animals were anesthetized 
with pentobarbital (500 mg/kg, i.p.; Shanghai Medical Pharm) and 
perfused transcardially with 4% paraformaldehyde (4%PFA) in 0.01 M 
sodium phosphate buffer, pH 7.4 (0.01 M PBS). Brains were post-fixed 
for 4 hours in 4% PFA and then stored at 4°C. Serial coronal sections 
(30 µm, one slice per five slices) were cut with a freezing microtome 
(Leica). After being washed in 0.01 M PBS ((3×5 min, pH 7.4), free 
floating brain sections were incubated for 5 min in PBS containing 
1% H2O2 and rinsed again in PBS (3×5 min). Then, the sections were 
incubated with rabbit anti-c-fos polyclonal antibody (1:200, dilution in 
BSA, cat numbers: sc-52, Santa Cruz Biotechnology) overnight at 4°C. 
The sections were washed with 0.01 M PBS (3×5 min) and incubated 
at room temperature for 60 min in biotinylated goat anti-rabbit IgG 
(1:200, cat numbers: sc-45101, Santa Cruz Biotechnology). They 
were then washed (3×5 min) with PBS and subsequently incubated 
for 2 h in avidin–biotin complex (1:500, dilution in PBS-X, Vector 
Laboratories). Sections were rinsed (3×5 min) in PBS and then stained 
with 3,3’-diaminobenzidine (DAB, Sigma-Aldrich). The reaction was 
stopped by washing in PBS. Finally, the sections were dried using 
gradient alcohol solutions and exposed to xylene for delipidation.

Experimental Design
Experiment 1: Retrieval-dependent effects of intra-insula 
DAB on the reconsolidation of CPP 

To determine the effect of DAB on the retrieval of reward memory, 
morphine (10 mg/kg, i.p.) or sterile saline (0.5 ml per injection, i.p.) was 
used to train CPP in rats after preconditioning. Then, CPP expression 
was tested (day 12). Animals from every group were randomly divided 
into two parts after retrieval (day 13) and were bilaterally administered 
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with DAB (0,3,30 pmol/0.5 μl per side) in the insular cortex 5 min prior 
to reconsolidation in the previously drug-paired box or the non-drug-
paired box for 15 min (day 14, Figure 1A). Then, the rats were allowed 
to freely explore the CPP compartments for 15 min without injections, 
and the time spent in each compartment was recorded. At the same time, 
locomotors in the CPP apparatus were also recorded by infrared photo 
beam breaks. Immediately after being re-exposed to the drug-paired 
compartment (reconsolidation), four animals from each group were 
randomly selected and decapitated for c-fos immunohistochemistry.

Experiment 2: Retrieval-independent effects of intra-insula 
DAB effects on the expression of CPP 

To determine whether the effect of DAB on reconsolidation of CPP 
was retrieval dependent, another set of rats (8-10 rats per group) was 
trained into extinction of morphine CPP. After a post-condition test, 
the animals were bilaterally administered DAB (0, 3, or 30 pmol/0.5 µl 
per side) into the insular cortex 5 min prior to retrieval. On day 14, 
the time spent in each compartment and the locomotor activity were 
recorded.

Experiment 3: Effects of co-administration of DAB and 
L-lactate into the insular cortex on the reconsolidation of CPP 

To antagonize the DAB effect, we co-administered DAB with L-lactate 
to confirm the DAB-induced memory deficit by mono carboxylate 
transporters (MCTs). Morphine (10 mg/kg, i.p.) or sterile saline (0.5 ml 
per injection, i.p.) was used to train for CPP in rats after preconditioning. 
Then, CPP expression was tested (day 12). After retrieval (day 13), the 
animals were bilaterally co-administered with L-lactate (50 nmol) and 
DAB (0, 30 pmol/0.5 μl per side) into the insular cortex 5 min prior to 
reconsolidation in the previously drug-paired box or the non-drug-
paired box for 15 min to antagonize the DAB effect (day 14). The dose 
of L-lactate was based upon a previous study [18]. Then, the rats were 
allowed to freely explore the CPP compartments for 15 min without 
injections, and the time spent in each compartment was recorded. 

Data Analysis
The data are expressed as the mean ± SEM. The CPP score was defined 

as the time spent in the drug-paired box. Data sets were compared with 
either student’s test or as a repeated measure ANOVA followed by post 
hoc analysis (LSD) by SPSS 13.0 software. We used the origin 8.0 software. 
The results were considered to be significant at p < 0.05.

Results
Retrieval-dependent intra-insula DAB effects on the 
reconsolidation of CPP 

In experiment 1, we examined the effect of intra-insular infusions 
of sterile saline and DAB (3 pmol/0.5 µl and 30 pmol/0.5 µl per side) 
before retrieval on the expression of morphine CPP in six groups of 
rats (n=8–10 per group). The timeline for preconditioning, CPP 
conditioning, the CPP test and reconsolidation of CPP is described 
in  Figure 1A. During preconditioning, no obvious difference was 
found in the time spent in each chamber (p > 0.05). After morphine/
sterile saline conditioning for 8 days, CPP behavior was diminished 
significantly (p < 0.05; Figure 1B). Vehicle (sterile saline, 0.5 μl per side), 
3 DAB (3 pmol/0.5 μl, per side), or 30 DAB (30 pmol/0.5 μl, per side) 
was bilaterally infused into the insular cortex via an implanted cannula 
5 min before reconsolidation of reward memory on day 14 in the 
previously drug-paired box or the non-drug-paired box for 15 min. On 
day 14, the CPP was tested without any drug or vehicle administration. 

Repeated-measure ANOVA revealed that morphine conditioning 
(F1,44=54.57, p < 0.05) and intra-insular DAB treatments (F2,44=17.43, p 
< 0.001) had significant effects on the time spent in the drug-paired 

A
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C

D

Figure 1: Intra-insula DAB effects on the reconsolidation of CPP.
A) Timeline of the protocol used in these experiments
 B) Bilateral DAB infusion into the insular cortex 5 min prior to reconsolidation 
in the drug-paired context resulted in loss of the CPP
 C) Bilateral DAB infusion into the insular cortex 5 min prior to reconsolidation 
in the non-drug-paired context
D) Photomicrographs of cannula placements and injection sites in the insular 
cortex. * indicates p < 0.05 vs, the vehicle group. Error bars indicate the SEM 
using eight rats per group
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compartment. Furthermore, there was a significant interaction between 
morphine conditioning and DAB treatments (F2, 44=11.32,   p < 
0.001; Figure 1B). Subsequent post hoc tests (LSD) showed that insular 
infusions of 30 DAB blocked the reconsolidation of CPP (p < 0.05) in 
the drug-paired compartment, but did not significantly affect the CPP 
score in the non-drug-paired compartment (p > 0.05, Figure 1C). Thus, 
intra-insular 30 DAB blocked the reconsolidation of CPP in the drug-
paired compartment in a retrieval-dependent manner.

Retrieval-independent intra-insula DAB effects on the 
extinction of CPP 

In experiment 2, we examined the effect of intra-insular infusions 
of sterile saline and DAB (3 pmol/0.5 µl and 30 pmol/0.5 µl per side) 
on the expression of morphine CPP in three groups of rats (n=8–10 
per group) with no retrieval. After CPP training, there was a significant 
main effect that indicated that morphine/sterile saline conditioning 
induced significant CPP behavior [F(2,21) = 14.119; p < 0.05]. After 
intra-insular infusion of DAB (3 pmol/0.5 µl and 30 pmol/0.5 µl per 
side) in the home cage, no significant effects were identified [exposure 
× DAB, F(2,42) = 2.753, p > 0.05], indicating that CPP behavior was 
observed after extinction (p > 0.05) on day 14, as shown in Fig. 2. 
Thus, the inhibitory effect of DAB on the reconsolidation of CPP was 
dependent upon the retrieval of drug-paired context and memory 
reactivation. Furthermore, studies that DAB inhibited reward memory 
were retrieval dependent (Figure 2).

The effects of the co-administration of DAB and L-lactate into 
the insular cortex on the reconsolidation of CPP 

In experiment 3, we examined if the effect of intra-insular infusions of 
L-lactate can antagonize the DAB effects. After CPP training, there was a 
significant main effect, indicating that morphine/sterile saline conditioning 
induced significant CPP behavior [F(2,21) = 56.541, p < 0.05]. After intra-
insular infusion of DAB (30 pmol/0.5 µl per side) or L-lactate prior to 
reconsolidation, significant effects was observed [exposure × groups, 
F(4,42) = 3.161, p < 0.05]. Subsequent post hoc tests (LSD) demonstrated 
that L-lactate inhibited the DAB effects on reconsolidation (Figure 3).

Intra-insula DAB effect on locomotors in CPP of 
reconsolidation

During reconsolidation of CPP, loco motor activities in the 

conditioning chambers were tracked by infrared photo beam breaks. 
Locomotors activities were analyzed with one-way ANOVA. Intra-
insula DAB could not significantly alter the total locomotors activities 
after retrieval of reward memory [F (2, 26) = 0.256, p > 0.05]. 

c-fos immunohistochemistry

To contrast intra insula DAB effects on reconsolidation, immune 
reactive c-fos proteins, which are memory activity-related proteins, 
in the insular cortex were counted [23]. On day 14, rats were killed 
immediately after the CPP test. In contrast with the rats that were 
injected with vehicle into the insula plus retrieval (653.7 ± 171.8 c-fos-
ir neurons per mm2), the number of c-fos-ir neurons in the DAB plus 
retrieval group (30pmol/0.5 μl, per side) was decreased ((F (2, 18) = 
17.434, p < 0.05, Figure 4). We found that the DAB/retrieval treatment 
decreased c-fos expression in the insular cortex in comparison with the 
rats that received vehicle/retrieval treatment.

Figure 2: Intra-insula DAB effects on the extinction of CPP.
After CPP training, intra-insular infusion of DAB (3 pmol/0.5 µl and 30 pmol/0.5 
µl per side) in the home cage was revealed to have no effect on the extinction 
of CPP. Error bars indicate the SEM using eight rats per group

Figure 3: Intra-insula DAB effect on the locomotors in CPP of reconsolidation.
During the reconsolidation of CPP, locomotor activities in the CPP 
compartments were analyzed using one-way ANOVA. Intra-insula DAB could 
not significantly alter the locomotor activities in the drug-paired compartment 
[F (2, 26) = 0.256, p>0.05] and in the non-drug-paired compartment [F (2, 27) 
=1.311, p>0.05] after retrieval of reward memory. The error bars indicate the 
SEM, and there were eight rats per group

Figure 4: Intra-insula DAB administration after retrieval decreased the 
expression of the c-fos protein in the insular cortex. A) Quantification of c-fos 
expression in different groups. B) Photomicrographs showing high c-fos 
immune reactivity in the insula of a rat treated with DAB after retrieval. * 
indicates p<0.05 vs Mor/vehicle group. Error bars indicate the SEM
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Discussion
In the present study, we investigated the intra-insula DAB effect on 

the reconsolidation of reward memory. We found that intra-insula DAB 
injections prior to reconsolidation could disrupt the morphine reward 
memories in the drug-paired compartment in a retrieval-dependent 
manner; however, there were no obvious effects on CPP expression 
in the absence of retrieval-dependent extinction. This effect could be 
reversed by the co-administration of DAB+L-lactate, indicating that 
DAB could disturb glycol genolysis, which results in a decrease in 
MCT activity. Additionally, intra-insula DAB treatment did not affect 
the animal response to exposure to the non-drug-paired compartment 
and loco motor activities in the CPP compartments. Importantly, 
the number of c-fos-ir neurons was decreased by intra-insula DAB 
administration. In summary, our data showed that intra-insula DAB 
could impair the reconsolidation of reward memory, which indicates 
that these effects were retrieval dependent. 

In 2000, Nader et al. reported that the unconditioned stimulus (a 
tone) reactivated the original memory trace, thereby making it necessary 
to “reconsolidate” the memory or suffer erasure of the memory [6]. 
Many studies have supported the existence of a reconsolidation 
procedure of memory and reported similar results using a variety of 
manipulations to block memory [24-26]. Therefore, several studies 
concerning addiction have supported the idea that reconsolidation was 
also an important node in the CPP model [11,27,28]. The hippocampus, 
the basolateral amygdala, and the nucleus accumbens were included 
in the reconsolidation of memory [29-31]. Other studies have agreed 
that declarative memories were stored in the neo cortex. However, a 
neocortical region, such as the insular cortex, may be a better hub for 
linking environmental information with drug effect to become the 
addition memory.

Conversely, the insular cortex was the intero ceptive hub, which 
was fundamentally involved in the hedonic and incentive motivational 
aspects of reward [32]. A previous animal study demonstrated that the 
insula was activated by presenting a drug-related image to a substance-
using individual and were conceptualized as a conditioned stimulus 
that changes the internal state of the individual towards processing 
drug-related memories, experiences, and urges to use the drug [33]. 
Interoceptive information is transmitted by the insular cortex, in which 
poly sensory region located in environmental cues [34]. Environmental 
information reaches the insula via brain regions that process spatial 
information or context, such as the entorhinal cortex and hippocampus 
[35]. Environmental cues activated representations of the bodily effects 
of drug use, in which neural activities were enhanced and more energy 
supply were needed.

Previous studies have suggested that astrocytes have been considered 
to support the function of neurons, which fulfilled the information 
processing, signal transmission and regulation need of neural and 
synaptic plasticity [36]. Recent studies have revealed that astrocytes and 
neurons actively interacted in response of neuronal activity and that 
lactate transfer from astrocytes into neurons could induce the molecular 
changes needed for long-term aversive memory formation [19]. The 
astrocyte network that is interconnected through gap junctions could 
form around thousands of synapses, thereby permitting a supply of 
energy. Disruption of the astrocytic and neuronal lactate transporters 
was shown to prevent the retention of an inhibitory avoidance task [19]. 
In addition, in our results, glycol genolysis that was blocked by DAB in 
the insular cortex could impair the reconsolidation of reward memory, 
which was inversed by the co-administration of DAB +L-lactate. 

According to previous studies [18], L-lactate activated MCTs, thereby 
resulting in enhanced memory. Intra-insula DAB injections inhibited 
glycol genolysis, thus decreasing the neural energy supplement in the 
insular cortex to impair the reconsolidation of CPP. c-fos protein, as a 
marker of activity of the insula, was decreased following retrieval in a 
paired context, but not the non-paired one [37]. Previous studies have 
indicated that the insular cortex has an important role in addiction 
memory [22]. For example, inactivating the insular cortex blunted the 
signs of malaise that were induced by acute lithium administration and 
impaired the reward memory [22]. One explanation is that lactate may 
supply sufficient energy to activate the insular neuron underlying long-
term memory formation. Therefore, DAB inhibits the lactate effects 
that lead to disturbance in insular function.

Conclusion
Our results confirm the importance of astrocyte–neuron metabolic 

interactions in cognitive functions and demonstrate the key role of the 
astrocyte–neuron metabolic coupling in positive affective memory 
storage and retrieval. These findings open novel therapeutic avenues to 
reducing the long-lasting impact of drug cues on conditioned responses 
to cocaine.
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