
 

New insights on the neural mechanisms
underlying compulsive drug use during
cocaine addiction
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A subpopulation of rats displayed compulsive cocaine use behavior. (A)
Experimental timeline for identifying rats with compulsive cocaine use. (B)
Hierarchical clustering based on t-distributed stochastic neighbor embedding (t-
SNE) projection of parameters in punishment sessions 2 and 3 (P2 and P3) and t-
SNE three-dimensional representation of clusters including resistant (cluster 1)
and sensitive (cluster 2) rats. Behavioral performance included active nosepokes
(A), inactive nosepokes (IA), futile nosepokes, and cocaine infusions. (C) Ratio
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of sensitive and resistant rats (left), and cocaine infusions obtained from baseline
and the third punishment session (right). Sensitive rats had fewer infusions
compared with resistant rats. Two-way analysis of variance (ANOVA) revealed a
statistically significant interaction effect, F1,89 = 80.76, P Science Advances
(2022). DOI: 10.1126/sciadv.abq5745

Drug addiction is characterized by compulsive drug use among
individuals despite adverse consequences underlying such tendencies.
However, the specific neural circuits underlying the mechanisms of
addictive behavior remain unidentified. In a new study now published in 
Science Advances, Yang Chen and a research team in medical sciences,
biomimetic drugs, and neuroscience in China conducted several
experiments with animal models to understand specific neural
mechanisms behind cocaine addiction.

During the experiments, they implemented a footshock-triggered
method of cocaine self-administration among the rats to assess the
variability of rodent behavior during the process. The outcomes showed
how rats with compulsively habitual cocaine use presented increased
neural activity of the anterior insular cortex (aIC) when compared with
non-compulsive rats.

Chen and colleagues recognized the chemogenic manipulating activity of
neurons in the anterior insular cortex (aIC), which received inputs from
the orbitofrontal cortex (OFC) during compulsive cocaine use. When
they suppressed this OFC-aIC neural circuit, the rat behavior changed
from triggered compulsive activity to display sensitivity. This work
showed how the aIC glutamatergic neurons and the orbitofrontal cortex
-anterior insular cortex facilitated a shift towards compulsive cocaine
use, which can serve as a therapeutic target to prevent drug addiction.
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https://www.sciencedirect.com/science/article/pii/S0960982217305468
https://medicalxpress.com/tags/insular+cortex/
https://www.nature.com/articles/nrn1747
https://medicalxpress.com/tags/orbitofrontal+cortex/


 

The insular cortex of the mammalian brain

Compulsive drug addiction is characterized by persistent drug use
regardless of negative consequences surrounding a user's addictive
behavior. Epidemiological studies have revealed individual differences
among users during the development of drug addiction. Neuroscientists
have recognized the insular cortex to be involved in a spectrum of drug
addictive behavior. Interestingly, smokers with insular cortex damage 
can undergo smoking disruption, allowing them to discontinue smoking.
However, implications of the insular cortex during compulsive drug
seeking behavior remain unknown.
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https://www.ncbi.nlm.nih.gov/pubmed/15310907
http://https://jamanetwork.com/journals/jamapsychiatry/fullarticle/2300494/
https://www.ncbi.nlm.nih.gov/pubmed/29930131
https://www.ncbi.nlm.nih.gov/pubmed/29930131
https://www.ncbi.nlm.nih.gov/pubmed/17255515


 

  

Hyperactive aIC neurons in shock-resistant rats. (A) Mapping of c-Fos across
brain regions 90 min after the third punishment test. Unpaired t test, t11 = 2.24,
*P = 0.046 for OFC; t10 = 4.21, **P = 0.005 for aIC; t12 = 2.50, *P = 0.039 for
NAc core; t12 = 2.53, *P = 0.027 for NAc shell; t12 = 4.13, **P = 0.004 for
DLS; t12 = 2.71, *P = 0.03 for CeA; n = 5 to 6 and 7 to 8, respectively. (B)
Representative images of c-Fos immunofluorescence staining of aIC. Scale bars,
500 μm (left) and 50 μm (right). (C) Schematic of calcium photometry. Scale
bar, 1 mm. (D and E) Heatmap and plot of z-scored aIC Ca2+ signals in no
punish, sensitive, and resistant group; n = 5 for each group. (F) AUC of z-scored
aIC Ca2+ signals in 0 to 2 s. One-way ANOVA, F2,12 = 17.58, P Science
Advances, DOI: 10.1126/sciadv.abq5745
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The insular cortex is a complex anatomical hubris in the mammalian
brain, which includes an anterior insular cortex (aIC) and a posterior
insular cortex (pIC). The researchers showed how the anterior insular
cortex is associated with compulsive cocaine use. They demonstrated
this by implementing a footshock-triggered cocaine self-administration
procedure and combined the process with cluster analysis,
immunostaining, fiber photometry, electrophysiology, and chemo-
genetics.

The outcomes showed how the glutamatergic neurons of the anterior
insular cortex and orbitofrontal cortex-anterior insular cortex regions
played a key role to regulate compulsive cocaine use. The outcomes
provide hitherto unidentified anatomical and functional circuits to
therapeutically mediate drug addiction.

The rodent experiments

The research team conducted experiments with the rats who were trained
to self-administer cocaine across 12 days. Under the conditions of freely
available cocaine use, rats learned to compulsively self-administer the
drug. When the team introduced three days of an hour of footshock-
triggered drug administration, they observed that approximately 34% of
the rats were shock resistant, while 66% were shock sensitive.

The cocaine-sensitive rats quickly reduced self-administration of the
drug, while those resistant to the dose kept administering the drug
despite the trigger. Further analysis showed the anterior insular cortex
neurons of the shock-resistant rats to be hyperactive. The researchers
performed specific neural activities to examine the activation of anterior
insular neurons in the two groups of rats via trigger assays.
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Activation of aIC neurons was required and sufficient for compulsive cocaine
use. (A) Experimental timeline and schematic of viral infusion to analyze
compulsive cocaine use behavior after inhibition of aIC among resistant rats.
Scale bar, 1 mm. (B) Cocaine infusions obtained from AAV-mCherry and AAV-
hM4D group. Two-way ANOVA, F1,18 = 22.51, P Science Advances, DOI:
10.1126/sciadv.abq5745

 Investigating different proteins of interest involved in cocaine
addiction

The team first studied the c-Fos protein expression specific to brain
development in several nonspecific brain regions involved with drug
addiction. The rats presenting with drug resistance had an increased
number of c-Fos positive neurons in the anterior insular cortex, the
orbital frontal cortex, nucleus accumbens and in the central amygdala, in
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4712328/
https://medicalxpress.com/tags/drug+resistance/
https://www.sciencedirect.com/topics/neuroscience/nucleus-accumbens


 

comparison to sensitive rats.

While the team positively stained neurons for this protein of interest,
they could not be differentiated between drug resistant and sensitive rats
in the parietal insular cortex, indicating their exclusion during
compulsive cocaine use within the specific brain regions. The team
additionally confirmed the relationship between the activated anterior
insular cortex neurons and compulsive cocaine use with further
experiments to highlight a connection between cocaine use and
hyperactivity of the neurons.

Additional experiments showed the activation of the anterior insular
cortex neurons for compulsive cocaine use. During chemically induced
inhibition of the anterior insular cortex, the team noted a significant
reduction of compulsive cocaine use among resistant rats alongside a
notable restoration of their sensitivity to triggers. However, similar
inhibition of the same brain region in already sensitive rats did not affect
their use of cocaine during triggers. The outcomes yet again highlighted
the necessity of activating the anterior insular cortex for compulsive
cocaine use.
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The aIC glutamatergic neurons bidirectionally modulated compulsive cocaine
use. (A) Experimental timeline and schematic of viral infusion to analyze
compulsive cocaine use behaviors after inhibition of aIC glutamatergic neurons
among resistant rats. Scale bar, 1 mm. (B) Cocaine infusions obtained from
AAV-mCherry and AAV-hM4D group. Two-way ANOVA, F1,16 = 9.89, P =
0.006, post hoc analysis, **P = 0.001 for P4, ***P Science Advances, DOI:
10.1126/sciadv.abq5745

The role of the anterior insular cortex (aIC) glutamatergic neurons
and the OFC-aIC axis

Since previous investigations linked the aIC (anterior insular cortex)
neurons with glutamatergic properties; glutamate is the major excitatory
neurotransmitter in the nervous system, the researchers speculated that
this region modulates compulsive cocaine use. They specifically tested
this by inhibiting the characteristic neuron subset with a chemogenic
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https://www.ncbi.nlm.nih.gov/books/NBK62187/
https://medicalxpress.com/tags/nervous+system/


 

assay, which reduced compulsive cocaine use, while inhibiting the aIC
glutamatergic neurons among rats already sensitive to cocaine did not
alter their drug use. The neuron subtype bidirectionally regulated
compulsive cocaine use among the animal models.

Further studies showed how the anterior insular cortex received direct
inputs from the orbital frontal cortex (OFC-aIC axis). The team used a
viral vector system to study the implications of the OFC-aIC pathway
during compulsive cocaine use between sensitive and resistant rats. The
outcomes highlighted the significance of activating the neural circuit for
compulsive drug use.

  
 

  

Glutamatergic projections from OFC to aIC were potentiated in resistant rats.
(A) Experimental timeline and schematic of whole-cell patch-clamp recordings
of aIC neurons that received inputs from OFC. Scale bars, 1 mm (left) and 100
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μm (right). (B) Amplitude and frequency of sEPSCs recorded from OFC-aIC
neurons. Unpaired t test, t35 = 2.42, *P = 0.021 for amplitude; t35 = 10.71,
***P Science Advances, DOI: 10.1126/sciadv.abq5745

Outlook

In this way, Yang Chen and colleagues used animal models to show the
gating role of glutamatergic neurons of the anterior insular cortex (aIC)
and the orbital frontal cortex- anterior insular cortex (OFC-aIC) circuit,
during the regulation of compulsive cocaine use. The outcomes
highlighted how patients with insula damage could easily quit smoking.
The findings can add to the understanding of compulsive drug addiction
and the design of related therapies to attenuate the tendency.

  More information: Yang Chen et al, An orbitofrontal cortex–anterior
insular cortex circuit gates compulsive cocaine use, Science Advances
(2022). DOI: 10.1126/sciadv.abq5745 

Billy T. Chen et al, Rescuing cocaine-induced prefrontal cortex
hypoactivity prevents compulsive cocaine seeking, Nature (2013). DOI:
10.1038/nature12024
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