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Abstract
Remote memory usually decreases over time, whereas remote drug-cue associated memory exhibits
enhancement, increasing the risk of relapse during abstinence. Memory system consolidation is a
prerequisite for remote memory formation, but neurobiological underpinnings of the role of consolidation
in the enhancement of remote drug memory are unclear. Here, we found that remote cocaine-cue
associated memory was enhanced in rats that underwent self-administration training, together with a
progressive increase in the response of prelimbic cortex (PrL) CaMK  neurons to cues. System
consolidation was required for the enhancement of remote cocaine memory through PrL CaMK  neurons
during the early period post-training. Furthermore, dendritic spine maturation in the PrL relied on the
basolateral amygdala (BLA) input during the early period of consolidation, contributing to remote
memory enhancement. These �ndings indicate that memory consolidation drives the enhancement of
remote cocaine memory through a time-dependently increase in activity and maturation of PrL CaMK
neurons receiving a sustained BLA input.

INTRODUCTION
Forming memories are essential for survival, guiding our behaviors based on past experience. The
expression of most these memories typically gradually weakens over time as an adaptive process of
forgetting1. Whereas, in some types of maladaptive memories, such as the drug-cue associated
memories which account for the risk of drug relapse2, their expression is progressively enhanced from
recent memory to remote one during prolonged time3. The formation of remote memory depends on
system-level of memory consolidation, during which speci�c brain regions undergo reorganization, with
subcortical areas responsible for recent memory and the neocortex involved in permanent storage of
remote memory4. Previous studies have reported that memory enhancement can be modulated through
reconsolidation process5, but we have a limited understanding of the neural underpinnings about
enhancement of remote drug-cue associated memory through system consolidation.

The prelimbic division of the medial prefrontal cortex (PrL) has been increasingly shown to be important
for the consolidation of remote memory. Numerous studies have identi�ed that the PrL can function as a
storage hub of remote memory, and this role gradually gets matured during the system consolidation
process, evidenced by the speci�c reactivation by remote but not recent memory expression6, 7.
Furthermore, this functional maturation of PrL required dense upstream inputs, such as from the
basolateral amygdala (BLA) and hippocampus6–8. Optogenetically silencing projections from the
hippocampus or amygdala effectively dampened synaptic plasticity of the prefrontal cortex, attenuating
the expression of remote memory6, 9. Although these studies identi�ed the contribution of PrL to
consolidation of remote memory, whether the enhancement of remote drug-cue associated memory is
established through the PrL during system consolidation has far been unknown. Of these broad upstream
inputs, the BLA has shown greater potential in modulating drug-cue associated memory10, 11. However, it
remains to be determined whether and how the BLA input participants in the enhancement of remote drug
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memory via assisting the PrL. In this study, we found that the enhancement of remote cocaine memory
resulted from memory system consolidation via a stepwise increase in response to cues and mature
dendritic spines in the PrL, which depended on the BLA projection during an early period of system
consolidation.

MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats (weighing 280–300 g upon arrival) were purchased from Vital River
Laboratories. The rats were housed �ve per cage for 2 weeks before the experiments and then were
individually housed after virus delivery or self-administration surgery. All rats were maintained on a
reverse 12 h/12 h light/dark cycle (lights on at 8:00 AM) with free access to food and water. All animal
procedures were performed in accordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and approved by the Biomedical Ethics Committee for animal use and
protection of Peking University.

Surgery
Self-administration surgery was performed as described previously12, 13. The rats were anesthetized with
iso�urane (4–5% for induction; 1.5-2% for maintenance). Silastic catheters were inserted in the jugular
vein, passed to the midscapular region, and attached to a cannula. To sterilize the catheters and keep
them clear, we injected penicillin (North China Pharmaceutical Group Corporation, 80 U/mg, dissolved in
0.2% heparin sodium at 0.25 mg/mL) in the cannula daily until the end of self-administration training.

For calcium imaging, AAV-CaMK α-GCaMP6s-WPRE-hGH polyA (AAV2/9, ≥ 2.00 × 1012 vector
genome/mL) was unilaterally injected in the PrL or BLA (300 nl/side). For the chemogenetic inhibition of
PrL and BLA CaMK  neurons, AAV-CaMK α-hM4D(Gi)-mCherry-WPRE polyA (AAV2/9, 1.00 × 1013 vector
genome/mL) and AAV-CaMK α-mCherry-WPRE polyA (AAV2/9, 1.0 × 1013 vector genome/mL) were
diluted with phosphate-buffered saline (PBS) at a ratio of 1:1 and injected in the PrL (500 nl/side) or BLA
(300 nl/side). For chemogenetic inhibition of the BLA→PrL or BLA→IL glutamatergic projection, we
injected retroAAV-hSyn-GFP-Cre-WPRE polyA (AAV2/R, 1.0 × 1013 vector genome/ml) in the PrL (400
nl/side) or IL (250 nl/side) and AAV-CaMK α-DIO-hM4D(Gi)-mCherry-WPRE-hGH polyA (AAV2/9, 1.00 ×
1013 vector genome/mL) in the BLA (300 nl/side). For detecting the dendritic spine in the PrL CaMK
neurons receiving BLA input along with the inhibition of BLA CaMK  neurons, AAV-CaMK α-DIO-EGFP-
WPREs (AAV2/8, 5.81× 1012 vector genome/mL) was injected into the PrL (300nl/side), and a mixture of
AAV-hSyn-Cre-WPRE-hGH polyA (AAV2/1, 1.04 × 1013 vector genome/ml) and AAV-CaMK α-hM4Di-
mCherry-WPRE polyA (AAV2/9, 5.81× 1012 vector genome/mL or 1.04 × 1013 vector genome/ml) was
injected in the BLA (1:1 ratio, total of 500 nl/side).
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Virus was injected in the PrL (anterior/posterior, + 3.2 mm, medial/lateral, ± 0.5 mm; dorsal/ventral, -4.0
mm), BLA (anterior/posterior, + 2.3 mm; medial/lateral, ± 5.2 mm; dorsal/ventral, -8.6 mm), or IL
(anterior/posterior, + 3.3 mm; medial/lateral, ± 0.6 mm; dorsal/ventral, -5.3 mm). All viruses were
purchased from BrainVTA (Wuhan, China). We injected the virus (1 nL/s) bilaterally in the BLA, PrL, or IL
using 10 µL microsyringes (Shanghai Gaoge Industrial and Trading Co., Ltd) that were connected to a
borosilicate glass capillary. The syringes were connected to a nanoliter microinjection pump (World
Precision Instruments) that was controlled by SYS-Micro4 (World Precision Instruments). To prevent virus
from diffusing to adjacent brain regions, we maintained the glass capillary for 5 min after insertion and
held it for an additional 10 min after the injection.

Retrograde tracing
For retrograde RV tracing of the monosynaptic input to PrL CaMK  neurons, a mixture of AAV-CaMK α-
Cre-WPRE-hGH polyA (AAV2/9, 5.22 × 1012 vector genome/ml), AAV-EF1α-DIO-mCherry-F2A-TVA-WPRE

polyA (AAV2/8, ≥ 2.00 × 1012 vector genome/ml), and AAV- EF1α-DIO-ΔRVG-WPRE-hGH polyA (AAV2/8,
≥ 2.00 × 1012 vector genome/ml) was injected in the PrL in wildtype rats (1:1:1 ratio, a total of 600 nL). 3
weeks later, RV-EnvA-ΔG- EGFP (300 nl, ≥ 2.00 × 108 IFU/ml) was injected at the same coordinates under
the same conditions. The injection method was the same as for virus delivery. We used the Zeiss LSM880
with Airyscan with a 40 oil-immersion objective for imaging.

Fiber photometry
During the memory test, we recorded the �uorescence signal of the CaMK  neurons in the PrL or BLA,
using a standard 405/470-nm multi-channel �ber photometry device (Inper Technology, Hangzhou,
Zhejiang province, China). A 470nm laser was used to excite GCaMP �uorescence signals to measure the
Ca2+ activity of BLA/PrL neurons, and 405nm laser served as a control for movement artifacts and
�uorescence bleaching. As an appropriate acquisition parameter, the intensity of the laser at the tip of
�ber was adjusted to 20–40 µW, and the signal was recorded at 50Hz. All data were analyzed using
custom programs written in Python. To process Ca2+ signals, baseline correction and motion-correction
strategies were employed. The 405nm trace was subtracted from the 470nm trace using a least-squares
regression approach. Then we sorted the recorded data by behavioral trials. For each trial, data were
collected between the �rst and last 10 s of the cue onset. For each trial, Delta F/F ratio = (470 signal –
405 signal) / 405 signal14. Graphs and heatmaps were generated in the jupyter notebook by plotting data
10 s before and after cue onset. The AUC was calculated in the jupyter notebook by sklearn.metrics auc
function data 10 s before and after cue onset. The trial data were aligned with the cue exposure and
presented as an average trace, with shaded areas indicating standard error mean (SEM) �uctuations.

Cocaine self-administration training
Self-administration chambers were equipped with two transparent organic glass walls, two gray
aluminum walls, and a steel grid �oor. There was one left nosepoke hole and one right nosepoke hole
positioned 5 cm above the grid �oor. When the rat put its nose in the left nosepoke hole, it would receive a



Page 6/29

cocaine infusion, simultaneously paired with cues (tone and extinguished light) that remained on for 5 s.
We recorded this nosepoke as an “active nosepoke.” A nosepoke in the right hole had no drug or cue
consequences and was recorded as an “inactive nosepoke.”

Consistent with our previous research15, we trained rats for 10 days (some poorly conditioned rats were
trained for less than 10 days) to self-administer cocaine HCl (Qinghai Pharmaceutical Factory, dissolved
in 5% saline; 0.75 mg/kg/infusion) in six 1-h daily sessions (�xed-ratio 1), separated by a 5 min interval.
After an active nosepoke, a 40 s timeout period elapsed, during which no drug was available and no cue
was presented. The number of cocaine infusions was limited to 20 per session to prevent overdose.
Training began at the beginning of the dark cycle with the presentation of a light. After cocaine self-
administration training, the rats were housed in their homecage for abstinence and handled 1–2 times
per week. Food and water were freely available.

Memory test
The memory test consisted of a 1 h session. The test conditions were the same as training, including the
tone and light, with the exception that an active nosepoke did not trigger cocaine delivery. The test began
at the beginning of the dark cycle with the presentation of a light.

Locomotor test
We equipped locomotor chambers (40 cm × 40 cm × 60 cm, JL Behv-LAG-8) with dark walls and a grid
�oor. A camera was mounted on top of each chamber. An activity monitoring system recorded the
distance travelled, time spent in the center area, and velocity. The test lasted 10 min16.

Chemogenetic manipulation
Clozapine-N-oxide (catalog no. HY-17366) was purchased from MedChem Express. Before the
intraperitoneal injection, CNO was prepared in 10 mg/mL with dimethylsulfoxide (DMSO) and diluted to 1
mg/mL with saline. For acute chemogenetic intervention, CNO or vehicle (1 mg/kg) was injected
intraperitoneally 30 min before the retrieval test. For chronic inhibition, we injected CNO or vehicle (1
mg/kg, i.p.) twice daily (8:00–9:00 AM, 8:00–9:00 PM) because the effect duration of CNO is only 10–11
h17.

Immuno�uorescence
We chose 60 min after the relapse test to measure Fos levels in the brain. After the rats were anesthetized
with 20% chloral hydrate, they were perfused with 1× PBS and 4% paraformaldehyde (PFA). Brains were
post�xed in 4% PFA for 48 h, followed by dewatering three times with 30% sucrose solution. Brains were
then frozen in dry ice and stored at -80℃. Bains were sectioned coronally at 20 µm for
immuno�uorescence or 30 µm for Nissl staining.

Brain sections were blocked in 5% bovine serum albumin (BSA) in 1× PBS for 1 h at 37℃ and incubated
overnight at 4℃ with rabbit anti-c-fos (1:500, Cell Signaling Technology, catalog no. 2250s), mouse anti-



Page 7/29

NeuN (1:500, Millipore, catalog no. MAB377B), mouse anti-CaMK  (1:500, Abcam, catalog no. ab52476),
or mouse anti-GAD67 (1:500, Abcam, catalog no. ab26116) in 5% BSA in 1× PBS. Sections were rinsed in
1× PBS (4 × 5 min) and incubated for 2 h in the dark at room temperature with donkey anti-rabbit Alexa
Fluor 488 (1:500, Invitrogen, catalog no. A-21206) and donkey anti-mouse Alexa Fluor 594 (1:500,
Invitrogen, catalog no. A-21203). Sections were rinsed in 1× PBS (4 × 5 min) and mounted on glass
slides. We used a �uorescence microscope (Olympus, Tokyo, Japan) with a 20× objective lens.

For detecting the c-Fos positive cells, all cell counting was conducted by a researcher who was blind to
experimental groups and analyzed using ImageJ software. At least three sections were selected from
each brain region for every rat. Cell numbers from the left and right sides of every section were averaged
to represent the positive cell numbers for each brain region. The boundaries of each brain region
(including the PrL, NAcc, NAcsh, BLA, and dorsal CA1) were outlined as regions of interest according to a
rat brain atlas18. The area was quanti�ed by applying scale calibration. The number of Fos-positive cells
was automatically counted by applying a uniform threshold for each section from each brain region. The
number of dual Fos-positive/CaMK -positive cells was manually calculated from cells that were selected
by ImageJ.

Spine morphometry analysis
The brains were extracted, cut into 50 µm sections, and prepared for confocal microscopy. We used the
TCS-SP8 DIVE with a 63 oil-immersion objective (APO CS2 63×, NA = 1.4), a zoom factor of 4, image size
(1024 × 1024 pixels, 43.93 × 43.93 µm), with a pinhole set at 1 AU, and a 0.1-µm step size for z-stack
image acquisition. Dendritic segments were collected from the secondary or tertiary branches of neurons.
We utilized the FilamentTracer module within the Imaris 8 software (Oxford Instruments) to perform three-
dimensional reconstructions of dendritic spine morphologies. By utilizing a semi-automated auto-depth
function, we analyzed reconstructed dendritic segments with an average length of 20 µm and identi�ed
spines. After completing the FilamentTracer creation wizard and generating dendrites and spine objects,
all available XTensions are listed under the Tool tab. We used the Imaris Spines Classi�er XTension,
displaying a list of four default classes: stubby, mushroom, long thin, and �lopodial. According to the �rst
rule, all spines with a total length of less than 1 µm are classi�ed as stubby. The second rule states that
spines with a mean width of the head greater than the mean width of the neck are classi�ed as
mushroom. Long/thin satisfy the third rule, in which the mean width of the neck multiplied by 2 is less
than the length of the spine, and the mean width of the neck is less than or equal to the maximum width
of the head. All other spines are classi�ed as �lopodia19. One dendrite was analyzed per neuron, and an
average of 25 dendrites were analyzed per animal by a blinded rater. The calculation method for delta
density was to �rst calculate the density of dendritic spines (the number of dendritic spines per unit
length of dendrite). This value was then divided by the average spine density. The calculation method for
delta nosepoke was the number of nosepokes per rat divided by average nosepoke.

Statistical analysis



Page 8/29

We used two-sample t-tests, Welch’s t-test, one-way repeated measures analysis of variance (ANOVA)
followed by Tukey’s multiple-comparison post hoc test, Brown-Forsythe and Welch’s ANOVAs followed by
Dunnett’s T3 multiple-comparison post hoc test, two-way repeated measures ANOVA followed by the
Šídák multiple-comparison post hoc test, and two-way ANOVA followed by Tukey’s multiple-comparison
post hoc test for the statistical analyses using GraphPad Prism 9.2 software. We used simple linear
regression to analyze the correlation between delta spine density and delta nosepokes. The data are
expressed as the mean ± SEM for continuous variables with a normal distribution. Values of P < 0.05 were
considered statistically signi�cant.

RESULTS

Enhancement of remote cocaine memory aligns with
enhancement of PrL activity to cues
To investigate the dynamics of PrL activity during cocaine memory expression, we employed an
extended-access cocaine self-administration model in rats whereby intravenous cocaine was injected and
paired with a tone after rats nosepoked in the active hole (Fig. 1a). Similar with previous research3, rats
acquired cocaine-cue associated memory following 10 days of self-administration training (Fig. 1b). The
expression of cocaine memory was manifested by cue-induced active nosepokes, and this memory test
was performed 1, 15, or 30 days after training. The results showed that cue-induced nosepoke behavior
increased on day 30 compared with day 1, suggesting the enhancement of remote cocaine memory
(Fig. 1c). Next, we assessed whether PrL neurons were activated during recent and remote memory
expression. We analyzed the c-Fos levels, a marker of neuronal activation, after the behavioral test. Rats
that remained in their homecage and did not undergo the memory test were used as controls (no test
group). We found a parallel change in the density of PrL activated cells with cocaine memory expression.
After the memory test on day 1 or 15, the number of c-Fos positive cells per mm2 did not differ in the test
and no test groups. In contrast, the enhancement of remote memory on day 30 markedly increased the
density of c-Fos positive cells in the PrL. Additionally, the number of PrL activated cells on day 30 was
signi�cantly higher than on days 1 and 15 (Fig. 1d, e). Collectively, these �ndings indicate that the
enhancement of remote cocaine memory can activate the PrL to a greater extent.

We next determined the speci�c subtype of these PrL activated cells, and detected over an 80% proportion
of Ca² /calmodulin-dependent protein kinase II (CaMK ; a marker of glutamatergic neurons20) in PrL c-
Fos positive cells (Fig. S1a, b). Therefore, we assessed the activity of PrL CaMK  neurons in recent and
remote memory, showing that the density of activated CaMK  neurons also showed a time-dependent
increase over time (Fig. 1f). Then, to examine the real-time activity of PrL CaMK  neurons during memory
expression, we performed in vivo �ber photometry in rats expressing the adeno-associated virus (AAV)-
CaMK -GCaMP6s (Fig. 1g, h). After self-administration training, the Ca2+ signal of PrL CaMK  neurons
was monitored during the test, in which a nosepoke was paired with a 5-s tone (Fig. 1i). The results
showed that cue exposure elicited robust increases in Ca2+ signals in PrL CaMK  neurons during the day
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1, 15 and 30 tests (Fig. 1j-p). Additionally, Ca2+ signals on days 15 and 30 were both signi�cantly stronger
than day 1, whereas Ca2+ signals did not differ between days 15 and 30 (Fig. 1q). These results suggest
that the activity of PrL CaMK  neurons in response to cues time-dependently increases, accompanied by
an enhancement of remote cocaine memory.

PrL activity during the early period of consolidation
facilitates the enhancement of remote memory
To functionally determine whether PrL CaMK  neurons modulate cocaine memory expression, we
employed a chemogenetic method to acutely inhibit their activity 1 day (recent memory) and 30 days
(remote memory) post-training. AAV-CaMK -hM4Di-mCherry was injected in the PrL, thereby causing
inhibitory hM4Di designer receptors exclusively activated by designer drugs (DREADD) expression
speci�cally in PrL CaMK  neurons (Fig. 2a, b). After self-administration training, clozapine-N-oxide (CNO;
1 mg/kg of body weight) or vehicle was administered intraperitoneally 30 min before the test (Fig. 2c-e).
We found that the acute inhibition of PrL CaMK  neurons did not alter recent memory expression, but it
effectively suppressed the expression of remote memory, consistent with previous �ndings (Fig. 2f)21.
Notably, the enhancement of remote cocaine memory was markedly attenuated compared with recent
one (Fig. 2g). These �ndings suggest that remote but not recent memory expression relies on PrL CaMK
neurons.

Numerous studies reported that the functional contribution of the PrL to remote memory emerged during
memory system consolidation6, 8, 22. Therefore, we hypothesized that the enhancement of remote cocaine
memory stems from memory consolidation through strengthening of PrL CaMK  neurons activity. To test
this hypothesis, we utilized chemogenetic inhibition by injecting CNO (1 mg/kg, i.p.) twice daily to
repeatedly suppress the activity of PrL CaMK  neurons during system consolidation without affecting the
memory expression process (Fig. 2h)17, 23. Based on our �nding that the pattern of the PrL response to
cocaine-related cues was shifted from day 15 (Fig. 1q) and based on previous research22, 24, we
distinguished an early period (day 1–14 post-training) and late period (day 15–28 post-training) to
investigate the in�uence of PrL CaMK  neurons in different consolidation processes on remote memory
(Fig. 2i, j). After chronically silencing PrL CaMK  neurons during the early period, we found a pronounced
decrease in the number of active nosepokes in the CNO group and no change in the number of inactive
nosepokes (Fig. 2k-m). An identical manipulation was performed during the late period, whereas the
expression of remote cocaine memory on day 30 was not different between the CNO and vehicle groups
(Fig. 2n-p). These results indicate that the activity of PrL CaMK  neurons during the early, but not late,
period of consolidation is necessary for remote cocaine memory enhancement. To exclude the possible
confounding effect of the CNO injection itself 25, control rats received injections of AAV-CaMK -mCherry
in the PrL and were trained in the same paradigms, accompanied by administering CNO or vehicle (1
mg/kg, i.p.) during the early period (Fig. S2a-c). The result showed that injections of CNO alone during the
early period did not affect active nosepokes on day 30 (Fig. S2d-f). Thus, these collective �ndings
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suggest that memory consolidation contributes to this PrL-involved remote memory enhancement, which
is established during the �rst 2 weeks after training.

The BLA serves as a monosynaptic input to PrL but does not exert a function in memory expression

Our above results demonstrate that memory consolidation promotes the enhancement of remote cocaine
memory through a time-dependent increase in the activity of PrL CaMK  neurons to cues. Strong evidence
indicates that during system consolidation, the PrL requires upstream inputs to drive its function in
remote memory6, 8. Therefore, to identify PrL inputs that may contribute to its progressive activity during
consolidation, we applied retrograde trans-synaptic labeling to speci�cally assess the presynaptic targets
of PrL CaMK  neurons (Fig. S3a, b). A mixture of AAV-CaMK α-Cre, AAV-EF1α- double �oxed inverted open
reading frame (DIO)-mCherry-TVA, and AAV- EF1α-DIO-ΔRG was injected into the PrL in wild-type rats. 21
days later, rabies virus (RV)-EnvA-ΔG-enhanced green �uorescent protein (EGFP) was administered in the
same location in all animals (Fig. 3a). We detected the co-expression of RV-EGFP and mCherry neurons in
the PrL, indicating starter CaMK  neurons in the PrL (Fig. 3b, c). Robust EGFP labeling was detected in
brain regions with known inputs to PrL CaMK  neurons, including the BLA (Fig. 3d), nucleus accumbens
core (NAcc; Fig. S3c) and shell (NAcsh; Fig. S3d), and hippocampus (Fig. S3e), demonstrating direct
monosynaptic connections to the PrL CaMK  neurons.

Among these inputs, we selected the BLA for further investigation because it has been shown to be a hub
of processing stimulus-cue associations, and its projection is necessary for the PrL to maintain this
association information26, 27. Hence, we �rst investigated whether the BLA is activated after cocaine
memory expression, �nding that the density of BLA c-Fos positive cells was increased across every test
(Fig. S4, Fig. S5a, b). Unexpectedly, although most activated cells in the BLA were CaMK  type, no
difference in the density of BLA activated CaMK  neurons was found over time (Fig. S5c, d). Next, to
investigate the real-time activity of BLA CaMK  neurons during cocaine memory expression, we applied
�ber photometry. Our results showed that the Ca2+ signals of BLA CaMK  neurons were elevated after cue
exposure compared with before cue onset (Fig. 3e-j), suggesting that BLA CaMK  neurons respond to
cocaine-related cues during memory expression28. However, in contrast to observations of PrL CaMK
neurons (Fig. 1p, q), we did not �nd time-dependent changes in Ca2+ signals of BLA CaMK  neurons to
cue from day 1, 15, to 30 (Fig. 3l). Thus, BLA CaMK  neurons may stably store information about
cocaine-cue associations.

To further elucidate the behavioral function of BLA CaMK  neurons in cocaine memory expression, we
acutely inhibited BLA CaMK  neurons by injecting AAV-CaMK -hM4Di-mCherry in the BLA (Fig. 3m-o).
After self-administration training, we found that neither recent nor remote memory expression changed
after inhibiting BLA CaMK  neurons (Fig. 3p-r). Rats in both the CNO and vehicle group presented
enhanced nosepokes in the 30-day test compared with day 1 (Fig. 3s). Altogether, our results indicate that
despite the stable response of BLA CaMK  neurons to cues is not required for remote cocaine memory
enhancement, the BLA may serve as a continual input to the PrL during the consolidation process.
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BLA input supports the enhancement of remote memory
and PrL spine plasticity during consolidation
Previous evidence suggests that the BLA input during consolidation is critical for supporting PrL function
in remote memory6. Thus, we hypothesized that the PrL required the BLA projection across system
consolidation to facilitate the enhancement of remote cocaine memory. To examine this hypothesis, we
injected the retroAAV–hSyn–EGFP–Cre into the PrL and simultaneously injecting the AAV-CaMK -DIO-
hM4Di-mCherry into the BLA, to speci�cally inhibit BLA CaMK  neurons projecting to the PrL (Fig. 4a-c).
After cocaine self-administration training, CNO or vehicle (1 mg/kg, i.p.) was administered twice daily
during the early period (Fig. 4d-f). The results showed that the chronic silencing of PrL-projecting BLA
CaMK  neurons signi�cantly prevented active nosepokes on day 30 (Fig. 4g). To identify the behavioral
speci�city of this effect, we assessed the in�uence of chronically inhibiting the BLA-PrL circuit on
exploratory behavior in an open �eld (Fig. 4h). We found no change in the total distance traveled (Fig. 4i),
average velocity (Fig. 4j), or time spent in the center zone (Fig. 4k) between rats received CNO or vehicle
during the early period post-training. These �ndings demonstrate that nonspeci�c effects on locomotor
activity did not account for the attenuation of remote memory when the BLA-PrL circuit was blocked.
When CNO or vehicle (1 mg/kg, i.p.) was administered during the late period (Fig. 4l), we observed no
change in cocaine memory expression on day 30 (Fig. 4m-o), and no change in any behaviors in the open
�eld apparatus in these rats (Fig. 4p-s).

To further investigate the speci�c role of the BLA-PrL circuit, we studied the effect of chronically inhibiting
the BLA-infralimbic cortex (IL; a region adjacent to the PrL) circuit. RetroAAV-hSyn-EGFP-Cre was
bilaterally injected into the IL, and AAV-CaMK α-DIO-hM4Di-mCherry was simultaneously injected in the
BLA (Fig. S6a-d). After cocaine self-administration training, the rats received an injection of CNO or
vehicle (1 mg/kg, i.p.) during the early period (Fig. S6e, f). The results showed that chronically silencing
the BLA-IL circuit had no signi�cant in�uence on the enhanced remote cocaine memory on day 30 (Fig.
S6g). Collectively, these results suggest that the contribution of system consolidation to the enhancement
of remote cocaine memory speci�cally depends on activity of BLA-PrL projection during the early period
post-training.

Numerous studies have revealed that PrL function on remote memory results from gradually mature
spine plasticity during consolidation, which relies on upstream inputs29. Therefore, we hypothesized that
the BLA input may drive PrL function on remote cocaine memory through modulating dendritic spines in
the PrL. To visualize the structure of dendritic spines in PrL CaMK  neurons receiving BLA projection, we
applied a trans-synaptic anterograde method (Fig. 5a). An anterograde trans-synaptic virus AAV1 was
infused with Cre-recombinase, and AAV1-hSyn-Cre was injected in the BLA. Simultaneously, AAV-CaMK -
DIO-EGFP was administered in the PrL, leading to the expression of green �uorescence in PrL CaMK
neurons which received BLA inputs (Fig. S7b). Furthermore, to simultaneously investigate the effect of
the BLA projection on PrL spine plasticity during memory consolidation, AAV-CaMK -hM4Di-mCherry was
inject into the BLA in these rats (Fig. S7c). After chronically silencing the BLA CaMK  neurons through
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administering CNO or vehicle (1 mg/kg, i.p.) during the early period post-training, rats were sacri�ced to
detect spines of PrL neurons receiving BLA projection (Fig. 5b-d). We performed high-�delity three-
dimensional reconstruction of dendritic spine morphologies and differentiated various types of spines,
including nonmature spines (e.g., �lopodia and long thin type) and mature spines (e.g., mushroom type
and stubby type; Fig. 5e-g)30. We found that the spine density of PrL neurons receiving BLA input
signi�cantly decreased after chronically silencing BLA glutamatergic neurons (Fig. 5h). The strati�cation
of spines by morphological subtype showed that this effect was driven by a selective decrease in
�lopodia-shaped spines and mushroom-shaped spines (Fig. 5i-l). Next, we examined whether there was a
relationship between mushroom-type spines and cocaine memory expression. Through analyzing the
correlation between delta spine density and delta nosepokes (calculation see “Materials and methods”),
we found a signi�cant positive correlation between mushroom-shaped spines and cocaine memory
(Fig. 5m). Altogether, these �ndings suggest that the maturation of PrL dendritic spines during the early
period of consolidation requires the BLA input, thereby facilitating the enhancement of remote cocaine
memory.

DISCUSSION
The present study provides compelling evidence that the enhancement of remote cocaine memory is
driven by memory system consolidation. Using an extended cocaine self-administration model in rats, we
found that remote cocaine-cue associated memory expression exhibited an enhancement. During this
process, we observed a time-dependent strengthening of the response of PrL CaMK  neurons to cocaine-
related cues. Chemogenetic suppression also revealed that memory consolidation drove the
enhancement of remote cocaine memory through PrL CaMK  neurons, and the early period after training
was the major stage for effective intervention. Furthermore, the function of PrL CaMK  neurons in remote
memory required the BLA input during the early period of consolidation, which can promote the
maturation of PrL dendritic spines, mainly mushroom-shaped spines. These data extend previous
�ndings and showed the contribution of system consolidation to the enhancement of remote cocaine
memory through PrL CaMK  neurons receiving the BLA input (Fig. 5n).

Our results indicate that cocaine-cue associated memory was time-dependently enhanced, but not
attenuated, over time, which was different from typical remote memory expression. Notably, a similar
phenomenon has been reported in previous �ndings that cue-induced drug craving (i.e., an intense desire
for the effects of a drug) progressively increased during long-term abstinence, which was termed as the
incubation of cue-induced drug craving31, 32. The incubated drug craving is a critical contributor to drug
relapse and generalizes across various drugs33. Many human studies have identi�ed this phenomenon in
individuals with a history of taking nicotine34, methamphetamine35, alcohol36, or cocaine37. Emerging
evidence support that drug craving stemmed from past experiences about drug use which can be
encoded and stored in memory, suggesting that memory serves as the foundation of drug craving2, 10, 38,

39. Here, our results further demonstrate homogeneity between the enhancement of remote drug-cue
associated memory and the incubation of drug craving. Thus, we speculate that the stable memory is a
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prerequisite for persistent drug craving during abstinence, and the enhancement of remote drug-cue
memory driven by memory consolidation leads to the increased cue-induced drug craving40. Although
direct evidence is still scarce, many indirect studies have shown that disrupting the memory
reconsolidation process can attenuate cue-induced drug craving12, 39. Therefore, it is worthy to explore the
ways in which the enhancement of drug memories causes an abnormal intensi�cation of drug craving.

Memory system consolidation typically facilitates recent memory to maintain and to turn into stable over
time, whereas remote memory tends to become weaker through a process of forgetting1. In contrast, our
data reveal that memory consolidation can drive remote cocaine memory to an abnormal state, that is
expression enhancement, similar to previous �nding5. This kind of remote memory enhancement
generalizes to other types of memory, such as the natural reward-cue associated memory41 and fear
memory42. Therefore, it is reasonable to suspect that the role of system consolidation in remote memory
enhancement is neither attributable to the effect of the additive drug per se, nor correlated with stimulus
valence (i.e., appetitive or aversive). One possible factor affecting the function of consolidation is
memory strength, in which high-intensity learning would induce stronger expression of remote memory
than low-intensity learning43. Here, we applied an extended self-administration training paradigm
whereby rats underwent 6-h sessions per day, and every nosepoke can trigger a simultaneous cocaine
injection until the maximum number of nosepokes was reached. The strength of association between
cocaine and the cue may be a contributor to the increased remote memory expression, due to that the rats
which were trained with a rapid infusion rate (5 s), but not a slow (90 s), showed a more pronounced
enhancement of remote cocaine memory44. Additional �ndings showed that in rats cue extinction
session (repetitive exposure to drug-related cues without injecting the drug) during abstinence reduced
the remote drug memory enhancement45, possibly due to that extinction session weakened the
association between the drug and related cues and blocked the consolidation of drug-cue associated
memory. Hence, we hypothesize that the over-strengthened cocaine-cue association during learning
would be abnormally consolidated over long periods of time, making behavioral responses to related
cues gradually increase. This may explain why individuals with substance use disorders or those who
have experienced traumatic events have a higher risk of relapse or suffer from post-traumatic stress
disorder46, 47. In turn, the early period of consolidation represents a potential time window for blunting
remote memory enhancement. Our results showed that chronic inhibition during the early period reduced
the cue-induced behavioral response on day 30 post-training. This �nding aligns with previous research
that the initial 2 weeks post-learning is critical for remote memory24, suggesting the therapeutic value of
preventing system consolidation to reduce the drug relapse.

The role of neocortex in remote memory is not �xed but rather undergoes an evolving process during
memory system consolidation48. Recent investigations have further revealed a time-dependent
maturation process of PrL function in memory which required inputs from kinds of brain regions6,
showing a greater in�uence on remote memory22. In the present study, we found that the function of PrL
glutamatergic neurons on remote cocaine memory enhancement was established during the



Page 14/29

consolidation process. This was supported by two key �ndings. First, we observed an increase in Ca2+

signals after cue onset from day 1 to day 30 post-training, indicating a gradually greater ability of the PrL
to process the information about cocaine related cues. Consistently, previous �ndings also showed a
pronounced increase in the encoding of related cues information after prolonged abstinence from
cocaine49. Second, our results revealed that the chronic chemogenetic inhibition of PrL CaMK  neurons
during the early period signi�cantly reduced the enhancement of remote cocaine memory, in line with
previous research that pharmacological inhibition of the PrL decreased the cue-induced behavioral
response to cocaine at remote time point21.

The BLA serves as a focal point for drug memory50, where sensory and emotional signals are processed
and integrated51. Our study found an increase in Ca2+ signals in BLA CaMK  neurons following exposure
to cocaine-related cues. However, unlike the PrL, BLA activity did not show temporal changes during
system consolidation, and the acute inhibition of BLA CaMK  neurons did not affect the expression of
cocaine memory. These results imply that although the BLA may mediate the integration of cocaine and
related cues, it is not necessary for the behavioral response to cocaine-related cues. Consistent results
were also reported, in which pharmacological inhibition of the BLA had no in�uence on cue-induced
cocaine seeking behaviors at remote time 52.

Our �ndings highlight that the sustained input from the BLA to PrL during the early period of
consolidation contributes to enhancement of remote cocaine memory, which is consistent with a previous
�nding that optogenetic inhibition of the BLA-PrL circuit reduced remote fear memory6. These processes
are accompanied by dynamic dendritic spine plasticity on PrL neurons de�ned by afferent connections29,

53. Here, we found that blocking the BLA glutamatergic projection during the early period of consolidation
decreased dendrite spine density in PrL CaMK  neurons receiving BLA input. Among these, the
mushroom-shaped spines possibly served as the primary substrate for the elevation of activity of PrL
during system consolidation, and appeared to be necessary for the enhancement of remote cocaine
memory. This is similar to previous research that PrL neurons displayed more mature and stable synaptic
connections during abstinence54. Furthermore, the BLA input to PrL also resulted in the transmission of
cocaine-cue association information55. And this transmission possibly has its behavioral signi�cance
that the learned object values encoded by the prefrontal cortex can be retained for at least several months
and resistant to interference56. Accordingly, we propose that the BLA may function as a cache that
integrates the strong association between cocaine and related cues, and during system consolidation
BLA can convey this information to PrL for long-term storage. Remarkably, during the early period post-
training, more mature and stable dendritic spine plasticity which occurred in PrL neurons receiving BLA
input possibly makes the association information abnormally consolidated, inducing stronger response
when cue exposure at remote time and leading to enhancement of remote cocaine memory. Following
that, the NAcc may be a promising output for investigating the ways in which consolidated cocaine-cue
association information �ows from the BLA to PrL for persistent storage, and then to downstream
regions for directing higher behavioral responses to cues. This is supported by extensive �ndings that the
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optogenetic inhibition of NAcc neurons receiving PrL input can attenuate cue-induced drug seeking at
remote57.

In summary, we delineated that memory system consolidation drives the enhancement of remote cocaine
memory through stepwise mature dendritic spines plasticity and elevated response to cue in PrL neurons
receiving BLA input. Importantly, we identi�ed the early period of consolidation as an essential time
window for intervention, providing valuable insights into the treatment of drug relapse after prolonged
abstinence.
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Figure 1

PrL CaMK  neuron activity time-dependently increases along with the enhancement of remote cocaine
memory. a, Experimental timeline. After 10 days of cocaine self-administration, the rats underwent a 1 h
memory test on day 1, 15, or 30. After 1h following test, rats were perfused for the immuno�uorescence
of c-Fos. b, Number of cocaine infusions during the 10-day training. c, Nosepokes on day 30 were higher
than on day 1 (n = 11-12 rats). d, The density of c-Fos positive cells in the PrL increased on day 30 after
the test. The number of PrL c-Fos positive cells after the test on day 30 was higher than on days 1 and 15,
respectively (n = 6-8 rats). e, Representative images of c-Fos expression in the PrL in the test group.
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Green: c-Fos. Red: NeuN. Scale bar: 500 μm, 200 μm. f, Cells co-labeled with c-Fos and CaMK  in the PrL
was higher after the test on day 30 than on day 1 (n = 4 rats). g, AAV-CaMK -GCaMP6s was injected into
the PrL, along with the optical �ber in the same location. h, Representative photo of GCaMP6s expression
in the PrL. Green: GCaMP6s. Blue: DAPI. Scale bar: 200 μm. i, Experimental timeline. After 10 days
training, �ber photometry was performed during the memory test on day 1, 15, and 30. j-l, Area under
curve (AUC) of PrL CaMK  neuron Ca2+ signals increased after cue onset (0-10 s) compared with baseline
(-10 to 0 s) on day 1(j), day 15 (k), and day 30 (l) (n = 11 rats). m-o, Trial-by-trial heatmap representations
of Ca2+ signals during the memory test on day 1 (m), day 15 (n), and day 30 (o). p, Peri-event plot of
average Ca2+ signals aligned to cue exposure from day 1 to day 30. q, The AUC change (after-before) was
enhanced on day 15 and day 30 compared with day 1. *P 0.05, **P 0.01, ***P 0.001, ****P 0.0001. The
data are expressed as the mean ± SEM. Details of the statistical analyses are shown in Supplementary
Table 1-3.
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Figure 2

Inhibition of PrL CaMK  neurons prevents the enhancement and consolidation of remote cocaine
memory. a, AAV-CaMK -hM4Di-mCherry was injected in the PrL. b, Representative photograph of hM4Di
expression in the PrL. Red: hM4Di-mCherry. Blue: DAPI. Scale bar: 1 mm, 20 μm. c, Experimental timeline.
After 10 days of training, the rats underwent the memory test on day 1 and day 30, along with a CNO or
vehicle (1 mg/kg, i.p.) injection 30 min before each test. d,e, Number of cocaine infusions (d) and inactive
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nosepokes (e) during the 10 days of training. f, The chemogenetic inhibition of PrL CaMK  neurons only
reduced active nosepokes on day 30 (n = 11 rats). g, In rats receiving a CNO administration, the number
of nosepokes on day 30 was less than on day 1. h, Representative photographs of hM4Di-mCherry
expression in the PrL. Red: mCherry. Blue: DAPI. Scale bar: 1 mm, 20 μm. i,j,Experimental timeline of
chronic CNO or vehicle (1 mg/kg, i.p.) administration from day 1 to day 14 (i) or from day 15 to day 28 (j).
k,l, Number of cocaine infusions (k) and inactive nosepokes (l) during the 10 days of self-administration
training. m, The chronic inhibition of PrL CaMK  neurons from day 1 to day 14 post training attenuated
active nosepokes on day 30 (n = 10-12 rats). n,o, Number of cocaine infusions (n) and inactive nosepokes
(o) during the 10 days of self-administration training. p, The chronic inhibition of PrL CaMK  neurons
from day 15 to day 28 post training had no in�uence on active nosepokes on day 30 (n = 10-17 rats). *P
0.05, **P 0.01, ****P 0.0001. The data are expressed as the mean ± SEM. Details of the statistical
analyses are showed in Supplementary Table 1.
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Figure 3

Enhancement of remote cocaine memory does not require BLA CaMK  neurons. a, Experimental timeline.
To trace the upstream input to PrL CaMK  neurons, an AAV expressing Cre under the CaMK  promotor
was co-injected with AAV-EF1α-DIO-mCherry-TVA and AAV-EF1α-DIO-ΔRG in the PrL. 21 days later, RV-
EnVA-ΔG-EGFP was injected in the same location. Starter neurons are identi�ed according to the co-
expression of mCherry and RV-EGFP. Input neurons only express RV-EGFP. b,c, Representative images of
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starter neurons in the PrL which co-expressed mCherry and EGFP at scales of 500 μm (b) and 20 μm (c).
White arrowheads: true starter neurons. Red: mCherry. Green: EGFP. Blue: DAPI. d, RV-EGFP labeled input
neurons in the BLA at scales of 200 μm scale (d) and 20 μm (d, inset). Green: EGFP. Blue: DAPI. e-g, Trial-
by-trial heatmap representations of the Ca2+ signals in BLA CaMK  neurons during the memory test on
day 1(e), day 15 (f), and day 30 (g) (n = 7 rats). h-g, The AUC of BLA CaMK  neuron Ca2+ signals
increased after cue onset (0-10 s) compared with before cue exposure (-10 to 0 s) on day 1 (h), day 15 (i),
and day 30 (g). k, Peri-event plot of average Ca2+ signals aligned to cue exposure from day 1 to day 30. l,
The AUC change (after-before) had no change across test days. m, AAV-CaMK -hM4Di-mCherry was
injected in the BLA. n, Representative photograph of hM4Di expression in the BLA. Red: hM4Di-mCherry.
Blue: DAPI. Scale bar: 200 μm, 20 μm, o, Experimental timeline. After 10 days of training, the rats
underwent the memory test on day 1 and day 30, along with a CNO or vehicle (1 mg/kg, i.p.) injection 30
min before every test. p,q, Number of cocaine infusions (p) and inactive nosepokes (q) during the 10 days
of self-administration training. r, The chemogenetic inhibition of BLA CaMK  neurons did not in�uence
active nosepokes (n = 6 rats). s, In rats receiving a CNO or vehicle injection, both active nosepokes
increased on day 30 compared with day 1. ** P 0.01. The data are expressed as the mean ± SEM. Details
of the statistical analyses are shown in Supplementary Table 1 and 3.



Page 26/29

Figure 4

Chronic inhibition of the BLA-PrL circuit during the early period of consolidation prevents the
enhancement of remote cocaine memory. a, AAV-CaMK -DIO-hM4Di-mCherry was injected in the BLA, and
retroAAV-hSyn-EGFP-cre was injected in the PrL. b,Representative images of EGFP-cre expression in the
PrL. Green: EGFP. Blue: DAPI. Scale bar: 1 mm (left), 50 μm (right). c, Representative images of hM4Di-
mCherry expression in the BLA. Red: mCherry. Green: EGFP. Blue: DAPI. Scale bar: 200 μm, 20 μm (c,
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inset). d,Experimental timeline of chronic  CNO or vehicle (1 mg/kg, i.p.) administration from day 1 to day
14. e,f, Number of cocaine infusions (e) and inactive nosepokes (f) during the 10 days of self-
administration training. g, Chronic inhibition of BLA-PrL circuit from day 1 to day 14 post training reduced
the active nosepokes on day 30 (n = 9-13 rats). h, Trajectory path during the locomotor test in the CNO
and vehicle groups which received injection during the early period (n = 5-7 rats). i-k, Total distance
travelled (i), average velocity (j), and time spent in the center zone (k) did not change after chronic
inhibition of the BLA-PrL projection during the early period. l, Experimental timeline of chronic CNO or
vehicle (1 mg/kg, i.p.) administration from day 15 to day 28. m,n, Number of cocaine infusions (m) and
inactive nosepokes (n) during the 10-day self-administration training. o,The number of active nosepokes
on day 30 had no difference after chronically blocking the BLA-PrL circuit from day 15 to day 28 post-
training (n = 13-14 rats). p, Trajectory path during the locomotor test in the CNO and vehicle groups which
received injection during the late period (n = 5-6). q-s, Total distance travelled (q), average velocity (r), and
time spent in the center zone (s) had no change after chronic inhibition of the BLA-PrL projection during
late period. *P 0.05. The data are expressed as the mean ± SEM. Details of the statistical analyses are
shown in Supplementary Table 1.
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Figure 5

Chronic inhibition of the BLA input during the early period of consolidation impairs the dendritic spine
density and maturation of PrL CaMK  neurons. a, A mixture of AAV1-hSyn-Cre and AAV-CaMK -hM4Di-
mCherry was injected in the BLA, along with an injection of AAV-CaMK -DIO-EGFP in the PrL. b,
Experimental timeline of chronic CNO or vehicle (1 mg/kg, i.p.) administration from day 1 to day 14. c,d,
Number of cocaine infusions (c) and inactive nosepokes (d) during the 10 days of self-administration
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training. e, Representative image showing the EGFP expression in the PrL neurons receiving BLA input.
Green: EGFP. Scale bar: 10 μm. f,g,Representative three-dimensional dendritic spine reconstruction and
classi�cation in the vehicle (f) and CNO (g) groups. Scale bar: 2 μm. Red: stubby type. Green: mushroom
type. Blue: long thin type. Purple: �lopodia type. h-l, Dendritic spine density for all spines (h) and strati�ed
by �lopodia (i), long thin type (j), mushroom type (k), and stubby type (l). Of these, a reduction of spine
density was observed in all spines, �lopodia-shaped spines, and mushroom-shaped spines (n = 5 rats). m,
The delta density of mushroom-shaped spines showed a signi�cant positive correlation with the delta
nosepoke behaviors. n, Cocaine memory expression after cue exposure showed time-dependent
enhancement, relying on the progressively increased and mature dendrite spine in PrL CaMK  neuron.
And these neurons required the sustained BLA input during memory consolidation, especially during the
early period of system consolidation process. *P 0.05, ***P 0.001, ****P 0.0001. The data are expressed
as the mean ± SEM. Details of the statistical analyses are shown in Supplementary Table 4.
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