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A coordinated and enhanced brain network supports the
persistence of long-term cocaine memory
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The persistence of drug memories accounts for the high risk of drug relapse, which is a major challenge in the treatment of
substance use disorders. However, the neurobiological underpinnings, especially the dynamic changes of brain networks
underlying long-term drug memories, remain unclear. Here we utilized cocaine conditioned place preference (CPP) in rats
combined with c-Fos mapping in multiple brain regions and network analysis to assess dynamic patterns of neural activity and
functional memory networks following the recall of short-term and long-term cocaine memory. Furthermore, we employed
chemogenetic interventions to disrupt the core nodes within the long-term memory network. Our results showed that the recall of
long-term cocaine memory is characterized by more extensive and stronger neuronal activation, greater interregional co-activation,
and a more coordinated and stable brain network, compared to short-term cocaine memory. Within this reorganized network, the
retrosplenial cortex (RSC) emerged as a key hub. Chronic inhibition of RSC disrupted the network and impaired the recall of the
long-term memory. These findings demonstrate that the persistence of cocaine memory is encoded by a large-scale reorganization
toward a more integrated and stable brain state, and identify the RSC as a critical cortical node orchestrating this process, offering a
potential target for relapse prevention strategies.
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INTRODUCTION
Memories associated with obtaining positive outcomes promote
continued reward-seeking behavior, which is essential for survival.
However, when the outcome is an abused drug, the memories
become maladaptive and abnormally strong, resulting in compul-
sive drug use over other behaviors [1–3]. Even after long-term
abstinence, exposure to drug-associated context or cues can
reactivate these drug memories and lead to drug relapse [4–6].
Consequently, elucidating the mechanisms underlying the long-
term maintenance of drug memories holds considerable promise
for the development of novel therapeutic interventions for
substance use disorders and relapse behaviour.
The formation of long-term memory relies on system con-

solidation, during which specific brain networks undergo
systematic reorganization, with brain regions holding memory
traces transitioning from subcortical areas to the neocortex [7, 8].
Previous studies utilizing functional magnetic resonance imaging
(fMRI) have suggested that the consolidation of drug memories
does not merely rely on changes in a single or a few discrete brain
regions; rather, it triggers global alterations in neural network
structure and function [9, 10]. Specifically, changes in structural
connectivity have a limited impact on cognitive function during

drug abstinence, while functional connectivity plays a more crucial
role in the persistence of long-term memories [11, 12]. However,
the precise manner in which brain networks are constructed and
remodeled, together with their specific contributions during
system consolidation of drug memories remain elusive.
With growing interest in neural mesoscale and macroscale

networks, network-based analysis has emerged as a critical field in
neuroscience [13, 14]. The neural network of the brain delineates
the manner in which information is processed, comprising two
fundamental components: nodes and edges. Edges are mainly
used to describe the transmission of neural signals within the
brain network, whereas nodes serve as critical junctures in the
construction of brain networks. Network-based approaches have
been widely used to describe brain structural and functional
connections in the study of fear memory [15–18], while their
application in the context of drug memories remains scarce.
Therefore, in this study, we employed a cocaine-conditioned place
preference (CPP) rat model together with large-scale immuno-
fluorescence, network analysis, fiber photometry and chemoge-
netic approaches to delineate the dynamic profile of neural
networks during the formation and persistence of long-term drug
memory.
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MATERIALS AND METHODS
We used male Sprague Dawley rats weighing 220–250 g upon arrival. See
Supplemental Material for all other information.

RESULTS
Distinct response patterns of brain regions in short-term and
long-term cocaine memory recall
To investigate brain regions activated during cocaine memory
recall at different time points, rats were first trained in a 6-day
cocaine CPP model to acquire cocaine-context associated
memory. Based on previous studies [19, 20], short-term and
long-term cocaine memory recall tests were conducted on day 1
and day 14 after training, respectively (Fig. 1A). The expression of
cocaine memory was assessed by CPP score. Results suggested
that the CPP score was significantly increased on the day 1 test
(D1-Test) and day 14 test (D14-Test) compared with the Pre-test in
the cocaine group. No difference was observed between the D1-
Test group and the D14-Test group, indicating that cocaine
memory was successfully established in rats and persisted for at
least 14 days (Fig. 1B).
We next assessed c-Fos expression (a marker of neuronal

activation) after the CPP test in brain regions associated with
memory formation and recall, including the medial prefrontal
cortex (mPFC), hippocampus, striatum, and amygdala [17, 21]
(sFigure 1 and 2). Results showed that in the prelimbic cortex (PrL),
infralimbic cortex (IL), anterior cingulate cortex (ACC), dorsal
hippocampal CA3, ventral hippocampal CA1, ventral hippocampal
CA3, and basolateral amygdala (BLA), c-Fos levels were signifi-
cantly higher after both the day 1 and day 14 tests. However, in
the dorsal hippocampal CA1 and hippocampal dentate gyrus (DG),
c-Fos expression was increased only after the day 1 test but not
the day 14 test, while in the nucleus accumbens core (NAcc),
nucleus accumbens shell (NAcSh), ventral pallidum (VP), and
central amygdala (CeA), c-Fos expression was increased only after
the day 14 test but not the day 1 test. Furthermore, c-Fos
expression was enhanced in the PrL, ACC, NAcc, NAcSh, and CeA,
while weakened only in dCA1, after the day 14 test compared with
the day 1 test (Fig. 1C–F and Table S3).
We also examined c-Fos expression in 23 additional brain

regions (sFigure 3 and Table S3). The number of regions involved
in long-term cocaine memory expression was significantly higher
than that in short-term memory expression, with 13 regions
activated on day 1 and 20 regions activated on day 14 (sFigure
4A). Increased activation was observed in regions such as the
lateral habenula (LHb), dorsomedial hypothalamic nucleus dorsal
part (DMD), dorsal subiculum (dSub), medial entorhinal cortex
(MEC), ventral tegmental area (VTA) and ventral subiculum (vSub)
during long-term memory recall compared with short-term
memory recall (sFigure 4B).
To confirm that these changes were specific to the rewarding

nature of the drug memory, we compared them to a saline-CPP
control group. We analyzed c-Fos expression levels in 27 brain
regions of rats subjected to 6-day saline CPP training during
testing on day 1 and day 14, and compared the results with those
of the cocaine groups. Results showed that in the PrL, IL, anterior
insular cortex (AIC), NAcSh, VP, dorsal hippocampal CA3, DMD,
BLA, paraventricular thalamus (PVT), VTA, lateral entorhinal cortex
(LEC) and ventral periaqueductal gray (vPAG), the cocaine groups
of c-Fos levels were significantly higher compared with those of
the saline groups, after both day 1 and day 14 tests. However, in
the OFC, lateral septum (LS) and ventral hippocampal CA3, c-Fos
expression was increased only after the day 1 test but not the day
14 test, while in the NAcc, CeA, retrosplenial cortex (RSC), ventral
subiculum (vSub), and medial entorhinal cortex (MEC), only c-Fos
expression was increased after the day 14 test but not the day 1
test. Additionally, we found that in the saline groups, c-Fos

expression only in the PrL and LHb was significantly higher after
the day 14 test than the day 1 test (sFigure 5).
Together, these results demonstrate that the persistence of a

long-term cocaine memory is supported by a large-scale neural
reorganization, featuring in a broader and more distributed brain
network compared to both short-term and neutral associative
memories.

Enhanced positive coordination of brain activity during
abstinence
Previous studies indicated that memory recall requires the
coordination of multiple brain regions [8, 22–25]. Building on
our c-Fos mapping, we next sought to characterize the underlying
interregional coordination that supports cocaine memory. To
address this question, we computed Pearson correlation coeffi-
cients (r) of c-Fos expression between all pairs of brain regions, a
robust proxy for functional connectivity and network-wide
coordination [14]. First, we found that the long-term cocaine
memory group (D14-Test) exhibited significantly higher average r-
values across the brain compared to home-cage controls that
were not exposed to the apparatus (D14-No Test), confirming a
recall-induced increase in network coordination (Fig. 2A, B).
Next, we dissected how this coordination evolves over time.

Focusing on positive correlations (co-activations) [15, 17], we
found that the average positive r values in the D14-Test group
were significantly higher than those in both the D1-Test group
and the D14-No Test group (Fig. 2C), indicating an enhanced
positive co-activation of brain regions in long-term cocaine
memory recall. Furthermore, we examined the functional con-
nectivity of brain regions involved in the memory process with
other brain regions. Results suggested that the functional
connectivity between the mPFC, hippocampus, striatum, and
other regions was increased, as indicated by a higher mean r value
in the D14-Test group compared to the D14-No Test group. No
changes in the functional connectivity between the amygdala and
other regions were observed (sFigure 7 and Table S3).
To investigate whether this coordination is specific to the drug

memory, we compared the changes in functional connectivity
between cocaine memory and neutral memory during memory
consolidation (sFigure 6). Results showed that the average r-values
of the D14-Coc group were significantly higher than those of the
D14-Sal group and the D1-Coc group, and that the average r
values of the D14-Sal group and the D1-Coc group were
significantly higher than those of D1-Sal group (sFigure 6C).
The results above indicated that while memory recall generally

involves network coordination, long-term cocaine memory is
characterized by a particularly robust and widespread hyper-
connectivity, distinguishing it from both short-term and neutral
memories.

Increased stability of the brain network during abstinence
To further investigate changes in brain network connectivity
during short-term and long-term memory recall, we used graph
theory to construct a functional network based on the co-
activated brain regions in short-term and long-term memory
[14, 15]. In this approach, each brain region was treated as a node,
and edges were retained if the p-value from the correlation
analysis was less than 0.05. Degree centrality measures the
number of direct connections a node has with other nodes in the
network, reflecting the importance of the node in information
integration. Betweenness centrality quantifies the extent to which
a node lies on the shortest paths between other network nodes,
reflecting its role in coordinating information transfer across
different brain modules. Nodal efficiency, calculated as the inverse
of the average shortest path length from a node to all others,
reflects its information-exchange capacity, while global efficiency
quantifies global network communication [17].
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Fig. 1 Activated brain regions during recall of short-term and long-term cocaine memories. A Timeline of the experiment. Rats underwent
6 consecutive days of 10mg/kg cocaine or saline intraperitoneal injections for CPP training. CPP tests were conducted on day 1 or day 14, and
brains were extracted for c-Fos immunohistochemistry 60–90minutes after CPP test. B Compared to the Pre-test, CPP scores increased on
both day 1 (D1) and day 14 (D14) in rats paired with cocaine, but not saline. Between-subjects assessment was performed on eight groups of
rats. n= 11–12 per group. Two-way ANOVA followed by Tukey’s post hoc test. Plots show the mean ± SEM. ***p < 0.001 compared with the
saline group; ###p < 0.001 compared with the Pre-test group. C-F c-Fos expression of four groups (D1-No test, D1-Test, D14-No test, and D14-
Test) in the prefrontal cortex, hippocampus, amygdala, and striatum. n= 8 per group. Two-way ANOVA followed by Fisher’s LSD post hoc test.
Plots show the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 2 Functional connectivity changes during recall of short-term and long-term cocaine memories. A Pearson correlation matrices
showing the interregional correlation values for the 27 brain regions included in the network analysis for the D1-No test, D1-Test, D14-No test,
and D14-Test groups. B Mean r values were higher in the D14-Test group than in the D14-No test group. C Mean positive r values were higher
in the D14-Test group than in the D1-Test and D14-No test groups. Two-way ANOVA followed by Fisher’s LSD post hoc test. **p < 0.01;
***p < 0.001.
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Fig. 3 Analysis of functional brain networks engaged in recall of short-term and long-term cocaine memories. A The networks consist of
nodes representing brain regions and edges representing values that are correlated between each pair of regions. The edges’ colors indicate
the r-value. The edge of p < 0.05 is a solid line, and the other is a dashed line. B Representation of the functional networks of the D1-No test,
D1-Test, D14-No test, and D14-Test groups. C Brain regions ranked for degree centrality in descending order. D Mean degree centrality was
higher in the D14-Test group than in the D1-Test and D14-No test groups. E Mean betweenness centrality was higher in the D14-Test group
than in the D14-No test group. F Global efficiency was higher in the D14-Test group than in the D1-Test and D14-No test groups. Plots show
the mean ± SEM. Two-way ANOVA followed by Fisher’s LSD post hoc test. *p < 0.05; **p < 0.01; ***p < 0.001.
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We found that compared with the other three groups, the
number of network connections in the D14-Test group was
significantly increased (Fig. 3A, B). We also found similar changes
when comparing with neutral memory (sFigure 6B-F). The results
indicated that, compared to short-term memory and long-term

neutral memory, there is a significant increase in the connectivity
of neural networks following recall of long-term cocaine memory.
To assess the stability of the network, we calculated degree

centrality, betweenness centrality, and nodal efficiency [17].
According to these metrics, we ranked the nodes to reveal the

X. Chen et al.
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significance of individual nodes within the network. Degree
centrality analysis suggested that the average degree values of the
D14-Test groups were higher than those of the D1-Test and D14-
No Test groups (Fig. 3D). In contrast, betweenness centrality
analysis showed that the average degree values of the D14-Test
group were only higher than those of the D14-No Test group, but
not the D1-Test groups (Fig. 3E). Analysis of global efficiency
showed similar results to those of degree centrality (Fig. 3F).
Besides, in the D14-Test network, the RSC, dCA3, DG, and
orbitofrontal cortex (OFC) were among the highest-ranked nodes
across measurements, indicating a central and well-connected
position in the network (Fig. 3C and sFigure 8 & 9). However, in the
D1-Test network, the vSub, MEC, vPAG, and ACC showed a central
and well-connected position.
The above findings suggested that the persistence of remote

cocaine memory is not simply encoded by more connections, but
by a reorganization of the network’s topology. This process
culminates in a more stable, integrated state orchestrated by a
distinct set of cortical and hippocampal hubs.

A critical role of RSC in the recall and persistence of long-term
cocaine memory
Our network analyses revealed that the brain-wide network
supporting long-term cocaine memory undergoes a profound
reorganization during system consolidation, becoming more
integrated and stable over time. Given that the RSC was identified
as a primary topological hub unique to the cocaine memory
network (Fig. 3C), we posited that it plays a critical and causal role
in the persistence and expression of long-term cocaine memory.
To determine if RSC activity dynamically tracks memory recall,

we used fiber photometry to record Ca²+ signals during CPP
testing at pre-training, short-term (D1), and remote (D14) time
points (Fig. 4A). Of these, photometry signals were synchronized
with the time-stamped transitions between the central chamber
and either the saline- or cocaine-paired chambers [26] (Fig. 4D).
Given that the rats repeatedly shuttled directly among the three
chambers during the test, and the duration spent passing through
the central chamber was approximately 3 seconds, the AUC was
calculated and analyzed data within 3 seconds before or 3 seconds
after the event occurrence. Results revealed that, compared with
the Pre-test group, both the D1-test and D14-test groups showed
a significant increase in Ca2+ signals in the RSC during the
3 seconds before entry into the cocaine-paired chamber (Fig. 4F).
Conversely, compared with the Pre-test group, both the D1-test
and D14-test groups exhibited a significant decrease in Ca2+

signals in the RSC during the 3 seconds after entry into the
cocaine-paired chamber (Fig. 4G). However, during the 3 seconds
before entry into the saline-paired chamber, only the D1-test
group showed significantly higher Ca2+ signals in the RSC than the
Pre-test and D14-test groups, whereas no significant differences
were observed among groups within 3 seconds after entering the
saline-paired chamber (sFigure 10). These results suggest that RSC
activity is selectively associated with the recall of cocaine memory.
Next, to establish the causal necessity of the RSC for long-term

cocaine memory, we chronically inhibited its activity specifically

during the systems consolidation window (from D2 to D11) using
the chemogenetic inhibition method by intraperitoneally injecting
CNO (1 mg/kg of body weight) or vehicle twice daily for ten days
to chronically suppress the activity of RSC [27] (Fig. 4H–J). After
chronically inhibiting the RSC, we found a significant decrease in
the CPP score on day 14 (Fig. 4K). This effect was not due to motor
deficits, as suggested by tests of total distance traveled, average
velocity, or time spent in the central zone (sFigure 11G–I and Table
S4 & S5). We also found similar results in the chronic intervention
of DG, whereas no difference was observed after inhibiting OFC
(sFigure 11A–F).
These results establish the RSC as a critical, causally necessary

hub for the maintenance and recall of remote cocaine-associated
memories.

A critical role of RSC in the stability of the brain network of
long-term cocaine memory
Next, we explored whether chronic inhibition of the RSC would
disrupt the long-term memory network. After the long-term
cocaine memory recall with chronic intervention in the RSC, we
performed c-Fos immunofluorescence labeling on 27 brain
regions (Fig. 5A). Results showed that chronic inhibition of the
RSC significantly decreased c-Fos expression in the PrL, IL, ACC,
DMD, RSC, vCA1, and vSub after recall of long-term cocaine
memory (Fig. 5B). To identify how the RSC connects and
coordinates the activation of other brain regions, we applied an
antegrade trans-synaptic labeling system to assess the down-
stream targets of the RSC. The results showed that RSC projects to
the PrL, IL, ACC, contralateral RSC, dCA1, DG, VTA, and dSub
(sFigure 12).
We next evaluated co-activation among brain regions to

determine whether functional connectivity was influenced
following intervention in the RSC (Fig. 5C). The comparison of
the average Pearson’s r values among all brain regions showed
that the interregional correlation coefficients were significantly
lower in the CNO group than in the Vehicle (Veh) group (Fig. 5D
and sFigure 13). Furthermore, comparisons of average positive
Pearson’s r values among all brain regions revealed a similar
result (Fig. 5E). Next, we constructed functional networks for the
two groups separately and then applied graph theory to analyze
the patterns of functional networks after memory recall (sFigure
14B). In the degree analysis, the CNO network exhibited
significantly lower degree values compared with the Veh group
(Fig. 5F, G). However, when analyzing betweenness, no significant
difference was found between the two groups (Fig. 5H).
Furthermore, the global efficiency values of the networks also
differed, with the CNO group displaying lower values than those
of the Veh group (Fig. 5I). In the network of the Veh group, the
RSC and hippocampal subregions were among the highest-
ranking nodes in the measurements. However, these regions
were not high-ranking nodes in the CNO group (Fig. 5F and
sFigure 14C).
Altogether, these findings suggest that intervening with the

RSC during system consolidation disrupts activation levels of
several brain regions, regional co-activation levels, and network

Fig. 4 The RSC is involved in cocaine memory recall and essential for the persistence of long-term cocaine memory. A Experimental
timeline of fiber photometry recordings in the RSC during CPP test. B AAV-hSyn-GCaMP7s was injected into the RSC, along with the optical
fiber in the same location. C Representative photo of GCaMP7s expression in the RSC. Green: GCaMP7s. Blue: DAPI. Scale bar: 200 μm. D Trial-
by-trial heatmap representations of Ca2+ signals in the RSC during the Pre-test, D1-test, and D14-test. E Peri-event plot of average Ca2+ signals
aligned to entry into the cocaine-paired chamber. F Ca2+ signals in the RSC were enhanced in the D1-test and D14-test compared with the
Pre-test during the 3 seconds before entry into the cocaine-paired chamber. G Ca2+ signals in the RSC were enhanced in the Pre-test and D14-
test compared with the D1-test during the 3 seconds after entry into the cocaine-paired chamber. AUC, Area under the curve. One-way
ANOVA. H Experimental timeline of chronic CNO or vehicle (1 mg/kg, i.p.) administration from day 10 to day 20. I Viral injection schematic of
the RSC. J Representative images of viral placements in the RSC. Green: EGFP. Blue: DAPI. Scale bar: 200 μm. K Chronic inhibition of the RSC
reduced CPP score during the D14-test. n= 10 per group. Two-way ANOVA followed by Tukey’s post hoc test. *p < 0.05; **p < 0.01;
***p < 0.001.
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Fig. 5 Chronic inhibition of the RSC disrupted brain network stability of long-term cocaine memory. A Timeline of the experiment. B c-Fos
expression was reduced after chronic inhibition of the RSC in the PrL, IL, ACC, DMD, RSC, vCA1, and vSub during long-term cocaine memory
recall. n= 8 per group. t-test. Plots show the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001. C The interregional correlation values were
changed after chronic inhibition of the RSC. The lower left part is the CNO group, and the upper right part is the Veh group. D Mean r values
were decreased after chronic inhibition of the RSC. E Mean positive r values were decreased after chronic inhibition of the RSC. F Degree
centrality distribution was changed. G Mean degree centrality was lower in the CNO group than in the Veh group. H Mean betweenness
centrality has not changed between the CNO and the Veh groups. I Global efficiency was lower in the CNO group than in the Veh group.
Unpaired t-test. ***p < 0.001.
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activation patterns following the recall of the long-term cocaine
memory.

DISCUSSION
In this study, we investigated the functional changes in brain
networks during the recall of short-term and long-term cocaine
memories. By employing the CPP model, we observed distinct
activation patterns of the brain networks. Specifically, the
activation of the brain network in long-term cocaine memory
recall was enhanced and coordinated. We further identified the
critical roles of the RSC within the cocaine memory network,
whose disruption would compromise the stability of the cocaine
memory network and subsequently impair the persistence of
long-term cocaine memory. These findings demonstrated the
causal relationship between the persistence of cocaine memory
and brain network coordination, expanding our understanding of
neural mechanisms underlying drug memory.
Our results are consistent with a previous study on fear

memory, which showed that neural activity of brain regions
associated with memory recall increases over time, along with
more coordinated activation patterns [15]. This change may result
from memory system consolidation, which posits that memories
are initially encoded and stored in the hippocampus and, during
an offline period, gradually transferred to the cortex [28, 29].
Consistent with this theory, we also found that neural activity and
functional connectivity in prefrontal cortical subregions increased
in the expression of long-term cocaine memory compared with
the short-term one. In contrast, changes in hippocampal
subregions were more diverse. For example, the neural activity
was attenuated in the hippocampal dCA1 during the recall of
long-term cocaine memory compared with the short-term
memory, which was not found in other regions. However, the
functional connectivity of hippocampal subregions showed
significant enhancement during long-term memory recall. This
may be attributed to the fact that some hippocampal subregions
did not complete functional transfer within 14 days post-memory
encoding. Additionally, another possibility may stem from the
specificity of cocaine memory itself, that is, cocaine exposure may
cause continuous activation of the hippocampus in long-term
memory. Some studies have found that cocaine can continuously
increase the plasticity of reward-related neurons during absti-
nence, thereby enhancing their neural activity associated with
memory recall [27, 30–32]. Notably, the enhanced functional
connectivity in long-term memory brain regions may stem not
only from increased c-Fos expression but also from concurrent
reductions in c-Fos expression across subsets of cells in multiple
brain regions. Previous studies have shown that brain regions such
as the hippocampus undergo selective synaptic pruning during
sleep to optimize memory engrams [33–35].
In addition to the hippocampus and cortex, we have identified

another critical brain region, the RSC. There is extensive research
supporting the function of the RSC in memory formation and
expression. Specifically, the functional connection between the
RSC and the hippocampal-parahippocampal structure may be a
key mechanism for integrating and storing information such as
time and space with various sensory experiences [36–39]. In
addition, the RSC is particularly important in the storage and
processing of spatial memory information. A recent study has
revealed that when two memories occur in close temporal
proximity, they are preferentially allocated to the same dendritic
branches in the RSC for integration. Activating specific dendritic
branches can link the independent memories, underscoring the
critical role of the RSC in associative memory [40]. Importantly,
cocaine memory represents a robust drug-associated memory [1].
Similarly, our research confirms the critical role of the RSC in the
recall of long-term cocaine memory. The results from fiber
photometry recording showed that neural activity in the RSC

underwent significant changes after cocaine CPP training.
Specifically, both on day 1 and day 14 tests, an anticipatory
activation occurred before entering the cocaine-paired chamber,
which also matched the behavioral performance after cocaine CPP
training. We hypothesize that during the initial exposure to the
cocaine-paired chamber (without cocaine exposure), the RSC
primarily participates in encoding spatial information. In contrast,
during CPP testing, the RSC is mainly involved in recognizing or
navigating spaces associated with reward information. Although
anticipatory activation was also observed when entering the
saline-paired chamber on the day 1 test, no significant differences
were found in other conditions. We speculate that this phenom-
enon stems from the instability of cocaine memory on day 1 test,
as the effect disappeared after memory system consolidation, or
the rats engaged in more exploratory attempts due to unmet
expected experiences in the cocaine-paired side. Thus, we
propose that the RSC activity is highly correlated with the recall
of cocaine memory, and system consolidation enhances the
precision of its response.
Given the structural and functional connections between the

RSC, hippocampus, and cortex [37, 41], we hypothesize that the
RSC may serve as an “intermediary bridge” within the functional
network of long-term cocaine memory. This notion is further
supported by our inhibition experiments. Following chronic
inhibition of the RSC, we observed that the expression of cocaine
memory was disrupted, accompanied by significant reductions in
neural activity and functional connectivity within the cortex and
hippocampus. Meanwhile, our antegrade tracing results showed
that while most brain regions affected by chronically inhibiting the
RSC received direct projections from RSC, the activity in DMD,
vCA1, and vSub was still affected, despite the absence of direct
RSC projections. This result may be attributed to the disruption of
polysynaptic communication in the RSC [42]. Analogous to a
2016 study, Grayson and colleagues used chemogenetic techni-
ques to inhibit the amygdala of rhesus monkeys, finding that
resulting alterations in interregional functional connectivity
extended beyond brain areas with direct structural connections
to the amygdala [43]. However, there are still few studies on the
role of the RSC in addiction [44]. Interestingly, a recent study
examining whole-brain c-Fos mapping and functional connectivity
analysis during methamphetamine-associated memory retrieval
has revealed that the mPFC acts as a critical hub, integrating
inputs from the RSC and VTA to support the expression and
reconsolidation of methamphetamine-associated memory during
its retrieval [45]. In conclusion, the role of the RSC in the drug-
associated memory requires further exploration.
Previous studies have demonstrated that functional network

characteristics vary across different types of memories [17, 21, 46].
In our research, we observed that cocaine memory exhibits both
unique and shared characteristics with other types of memories.
Compared to neutral, fear, and social memory networks, the
cocaine memory network encompasses more brain regions
associated with processing reward information (such as the BLA,
NAc, and VTA), and neural activity of these regions shows a time-
dependent enhancement [47–49]. Based on these observations,
we hypothesize that during prolonged abstinence, the cocaine
memory network undergoes system consolidation and neural
remodeling, progressively strengthening the recruitment of
“reward-related brain regions”. When cocaine-related cues are
presented, stronger impulses and cravings will be triggered.
From the perspective of the whole brain network, we found that

the long-term cocaine memory network is more coordinated and
stable. Indeed, this reflects an increase in both the number of
activated neurons in the brain regions involved in memory
expression and the level of co-activation between these neurons.
The enhanced neural activity and functionality of these brain
regions may account for the enhanced resistance to interference
of long-term cocaine memories compared with the short-term
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ones [5, 50]. This phenomenon has also been reported in fear
memory [51–53]. Previous research by Dorst et al. [54] and
Frankland et al. [16] suggests that interfering with the networks
and nodes involved in the memory encoding process may disrupt
the stability of the overall network and impair the expression of
specific memories. In our study, we applied a chronic chemoge-
netic intervention strategy to disrupt specific brain areas and
successfully prevented them from becoming core nodes of the
long-term memory network. The results indicate that this
intervention strategy was effective in disrupting the long-term
memory network and significantly impaired addictive behaviors.
Currently, research on the relationship between memory networks
and memory expression remains indirect. In the future, more
research to demonstrate the causal relationship between memory
networks and memory expression is needed.
Several limitations exist in our study. First, the accuracy of using

c-Fos as a marker for neuronal activity requires further validation.
Under certain conditions, glial cells can also induce c-Fos
expression [55–57]. However, recent research indicates that the
activation of certain astrocytes or microglia also plays a critical role
in memory performance [58, 59]. Therefore, an investigation into
cellular activity from a more comprehensive cellular perspective is
still important to understand memory consolidation. Another
limitation is the restricted scale of c-Fos mapping, which is limited
to areas specifically associated with learning and memory. Some
studies on addiction have pointed out that chronic substance use
leads to brain network dedifferentiation and narrowing, with certain
brain regions showing increased activity over time while others
become progressively inactive [60, 61]. More powerful tools should
be employed in exploring changes in cocaine memory networks
across the whole brain over time. Additionally, the use of only male
rats in this study is also a limitation, as growing evidence highlights
the relationship between differences in addictive behaviors and the
effects of gender and ovarian hormones [62]. Exploring changes in
cocainememory networks during consolidation in females will be of
great significance in future research.
In conclusion, our study reveals a systems-level mechanism for

the long-term cocaine memory: a progressive network reorganiza-
tion, orchestrated by the RSC, that transforms a transient memory
trace into a stable, highly integrated circuit. This framework
explains the enduring nature of drug memories and highlights a
key cortical hub as a potential therapeutic target for preventing
relapse.
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