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Abstract

Background and Purpose: Incubation of craving, the progressive increase in drug

seeking over the first weeks of abstinence, is associated with temporal changes

during abstinence in the activity of several structures involved in drug-seeking behav-

iour. Decreases of dopamine (DA) release and DA neuronal activity (hypodopaminer-

gic state) have been reported in the ventral tegmental area (VTA) during cocaine

abstinence, but the mechanisms underlying these neuroadaptations are not well

understood. We investigated the potential involvement of a VTA inhibiting circuit

(basolateral amygdala [BLA]–ventral pallidum [VP] pathway) in the hypodopaminergic

state associated with abstinence from chronic cocaine.

Experimental Approach: In a model of cocaine self-administration, we performed

in vivo electrophysiological recordings of DA VTA neurons and BLA neurons from

anaesthetised rats during early and protracted abstinence and evaluated the involve-

ment of the BLA–VP pathway using a pharmacological approach.

Key Results: We found significant decreases in VTA DA population activity and sig-

nificant increases in BLA activity after protracted but not after short-term abstinence

from chronic cocaine. The decrease in VTA DA activity was restored by pharmacolog-

ical inhibition of the activity of either the BLA or the VP, suggesting that these

regions exert a negative influence on DA activity.

Conclusion and Implications: Our study sheds new lights on neuroadaptations occur-

ring during incubation of craving leading to relapse. In particular, we describe the

involvement of the BLA–VP pathway in cocaine-induced decreases of DA activity in

the VTA. This study adds important information about the specific brain network

dysfunctions underlying hypodopaminergic activity during abstinence.
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1 | INTRODUCTION

Chronic cocaine produces persistent neuroadaptations in brain net-

works that underlie long-term risks of relapse and incubation of drug

craving (van Huijstee & Mansvelder, 2015). Rewarding properties of

psychostimulants such as cocaine are associated with hyperdopami-

nergic state (increase of dopamine [DA] release and increase in activ-

ity of DA neurons) (Wise & Hoffman, 1992) whereas acute

withdrawal from acute and chronic psychostimulants leads to a hypo-

dopaminergic state (decrease of DA release and decrease in DA neu-

ronal activity), specifically in the mesolimbic system (Belujon et al.,

2016; Salin et al., 2021; Shen et al., 2007), leading to hedonic deficits

(Belujon & Grace, 2017; Wise, 2008). A hypodopaminergic state has

been proposed to be a major mechanism involved in drug addiction

(Melis et al., 2005). Reduction of DA activity is also observed after

long abstinence (Diana et al., 1996; Salin et al., 2021); this reduction

could be involved in dysphoria (Haake et al., 2019) and anhedonia

(Hatzigiakoumis et al., 2011) described after protracted abstinence. In

patients, a positive correlation has been shown between craving and

anhedonia in detoxified users, suggesting a strong association

between hedonic capability and craving (Janiri et al., 2005). Several

studies in humans and animal models have also suggested that incu-

bation in cocaine seeking and craving during abstinence may be

associated with alterations in DA neurotransmission (Alonso et al.,

2021; Calipari et al., 2015; Shin et al., 2016). In particular, a

withdrawal-dependent decrease in cue-induced DA release has

been shown in cocaine-seeking rats (Shin et al., 2016). Altogether,

these studies support a putative role of a prolonged hypodopami-

nergic state during abstinence as a negative prognostic factor for

relapse.

DA activity is regulated by different afferent circuits. In particular,

the basolateral nucleus of the amygdala (BLA)–ventral pallidum

(VP) pathway has been shown to inhibit VTA DA activity (Chang &

Grace, 2014). The BLA is a crucial brain structure involved in emo-

tional processes (Adhikari et al., 2015; Janak & Tye, 2015; LeDoux,

2000) and in reward-associated learning and memory (Murray, 2007;

Wassum & Izquierdo, 2015). In drug addiction, the BLA is a major

brain substrate for drug-associated cue memory and imaging studies

in humans report increased activity in the amygdala in cocaine craving

addicts exposed to drug-cues (Childress et al., 1999; Garavan et al.,

2000; Maas et al., 1998). In rodents, increased activity of BLA neurons

has been described during abstinence from chronic cocaine (Munshi

et al., 2019) and exposure to drug-related environmental cues triggers

drug-seeking behaviour which is alleviated by lesion of the BLA

(Meil & See, 1997). The VP is a central site for limbic reward signals

(Smith et al., 2009) and is involved in drug-seeking behaviour after

long-term abstinence (Farrell et al., 2019), in particular its projections

to the VTA (Mahler et al., 2014). Importantly, the BLA-dependent

decrease in VTA activity found in animal models of psychiatric disor-

ders such as major depressive disorders appears to be regulated by

the VP (Chang & Grace, 2014). However, it is not known whether the

same circuit plays a role in the DA hypoactivity that characterizes pro-

longed abstinence.

In this work, we investigated the potential involvement of the

BLA and the VP in VTA hypodopaminergic activity during withdrawal

from chronic cocaine, using a model of cocaine self-administration,

and in vivo electrophysiological recordings of DA VTA neurons and

BLA putative projection neurons from anaesthetised rats during early

and protracted abstinence.

2 | METHODS

2.1 | Animals

Rats were used in this study because the rat behavioural repertoire

makes them a species of choice for the investigation of addiction-

related processes (Parker et al., 2014). Eighty-three (cocaine n=53,

no cocaine n=30) male Sprague–Dawley rats (Charles River

Laboratories, Ecully, France) weighing 325–350 g upon arrival were

housed in a temperature and humidity-controlled environment and

maintained on a 12-h light/12-h dark cycle (on at 07:00 AM).

Animals were housed two per cage from arrival to surgery and one

per cage after surgery. When animals were isolated, enrichment

(wood blocks) was added in the home cage. Experiments were

performed during the light phase. Animals had ad libitum access to

standard chow and water in the home cage. All experiments were

What is already known

• Protracted abstinence from cocaine self-administration

produces hyperactivity of BLA and hypoactivity of VTA

DA neurons.

• The BLA–ventral pallidum pathway is a potent inhibitory

circuit of VTA DA activity.

What does this study add

• Hyperactivity of the BLA and hypoactivity of VTA DA

neurons requires several weeks to develop.

• Increased activity of the BLA–VP pathway inhibits DA

activity after long-term abstinence.

What is the clinical significance

• Hypodopaminergic activity after prolonged abstinence

might underlie dysphoria leading to relapse.

• Imaging of the circuit regulating DA activity might give

critical information on emotional symptoms.

2 SALIN ET AL.
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conducted in accordance with the European Union directives

(2010/63/EU) for the care of laboratory animals and all

experimental protocols were approved by the local ethics commit-

tee (COMETHEA, n�7147).

Animal studies are reported in compliance with the ARRIVE

guidelines (Percie du Sert et al., 2020) and with the recommendations

made by the British Journal of Pharmacology (Lilley et al., 2020;

McGrath & Lilley, 2015).

2.2 | Cocaine self-administration and seeking

2.2.1 | Catheter implantation

Rats were prepared for cocaine self-administration by surgical cath-

eterization of the right jugular vein. Briefly, rats were anaesthetised

with isoflurane (isoflurane-Belamont, Centre Specialités Pharmaceu-

tiques, Cournon d'Auvergne, France) (5% induction, 2.5% mainte-

nance) in O2 and administered with the nonsteroidal anti-

inflammatory ketoprofen (ketofen®, Ceva, Brussels, Beligium, 2.5

mg�kg�1, s.c.). Animals were placed on a heating pad from the

induction of anaesthesia to the end of surgery. A handmade silastic

catheter (external diameter: 0.94 mm; ref. 228-0670, HelixMark™,

Fisher Scientific, Illkirsh, France) was inserted into the jugular vein,

and the distal end was led to the back between the scapulae. Rats

were allowed to recover for 7 days and flushed daily with 0.1-ml

sterile saline (0.9%), gentamicin (20 mg�ml�1), and heparin

(100 UI�ml�1) in sterile saline to help protect against infection and

catheter occlusion.

2.2.2 | Apparatus

Experiments were conducted in operant-conditioning chambers,

equipped with nose-pokes as operanda, a cue-light above the active

nose-poke and a house light, controlled by Imetronic interfaces and

software (Imetronic, Pessac, France).

2.2.3 | Cocaine self-administration procedure

Rats were allowed to self-administer cocaine (Cooper, Melun,

France; 6 g�L�1 in saline solution 0.9%; 0.75 mg�kg�1 per infusion).

Control rats received saline infusions according to a yoked proce-

dure, which consists of the delivery of an injection of saline each

time the paired “master” rat self-administered an injection of

cocaine. Rats were randomly assigned to the yoked saline or

cocaine group. One cohort consisted of 12 rats with at least four

yoked saline rats in each cohort. Rats were placed in the self-

administration chamber for 6 h�day�1 for 10 sessions, using a fixed

ratio 1 (FR1) schedule of reinforcement. The response to an active

nose poke resulted in one intravenous (i.v.) cocaine infusion with

the concomitant activation of the light that remained on for 5 s

and then pulsed for 5 s, followed by a 5-s time-out. Inactive nose-

pokes were recorded but did not produce any consequences. After

the last self-administration session, rats remained in their home

cage for up to 45 days of forced abstinence. To avoid any effect

of the relapse test on electrophysiological measures, animals were

then either used for electrophysiological recordings or tested for

cocaine-seeking behaviour.

2.2.4 | Cocaine-seeking behaviour

Abstinent cocaine rats were re-exposed to the operant chambers after

1 and 30 days of abstinence as previously described (Chauvet et al.,

2012). Active nose-pokes triggered cue-light and syringe holder acti-

vation (similarly to self-administration sessions), but rats were not

connected to tubing and did not receive any cocaine infusions.

Cocaine-seeking behaviour was measured for 1 h where active and

inactive responses were recorded. The same groups of rats were used

for each time point.

2.3 | In vivo single-unit extracellular recordings

2.3.1 | Randomization

Recordings were randomized in the morning or afternoon between

saline and cocaine rats.

2.3.2 | Local drug administration

A cannula was lowered into targeted regions at the following coordi-

nates on the right hemisphere (antero-posterior [AP] relative to

bregma, medio-lateral [ML] relative to midline, and dorso-ventral

[DV] relative to brain surface): BLA: AP �2.8 mm, ML +4.8 mm, DV

�6.8 mm; VP: AP �0.3 mm, ML +2.0 mm, DV �6.8 mm.

Drug solutions were prepared with Dulbecco's PBS buffer:

tetrodotoxin (TTX), 8 μg/0.5 μl/infusion (Tocris, Bio-Techne,

Noyal Châtillon sur Seiche, France, CAS 4368-28-9), kynurenic acid (5

μg in 0.5 μl) (Sigma-Aldrich, Saint-Quentin-Fallavier, France, CAS 492-

27-3). Kynurenic acid, a glutamate receptor antagonist, is known to

block glutamatergic inputs onto VP (Chang & Grace, 2014). Drugs or

vehicle were infused 1 min after cannula lowering, by slow manual

infusion. The cannula was left in place for an additional 1 min and

then removed before VTA DA neuron recordings.

For acute withdrawal, extracellular recordings were performed

from 18 h up to 72 h after the last cocaine self-administration

session. For protracted withdrawal, recordings were performed from

26 days to 45 days after the last session. Naive rats were also

used for recording of BLA (3 naïve rats) and DA (7 naïve rats)

activity. Since there was no difference in BLA and DA activity

between naive rats and saline WD1–3 and saline WD26–45, data

were pooled.

SALIN ET AL. 3

 14765381, 0, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.16034 by C

ochrane France, W
iley O

nline L
ibrary on [15/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2616
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2918


2.3.3 | Single-unit extracellular recordings

Rats were anaesthetised with isoflurane (5% induction, 2.5% mainte-

nance) and placed in a stereotaxic frame. Body temperature was

maintained at 37�C with a temperature-controlled heating pad. The

scalp was exposed, and burr holes were drilled in the skull overlying

the VTA, the BLA, or the VP. Extracellular recording electrodes were

pulled from glass micropipettes (WPI; impedance 10–20 MΩ for

BLA recordings, 6–8 MΩ for VTA recording). The tip of the glass

microelectrode was broken to a diameter of 2 μm and filled with a

2% Chicago Sky Blue dye (Sigma-Aldrich, CAS 2610-05-01) solution

in 2-M NaCl.

For DA neurons, the recording electrode was lowered using a

microdrive through the right VTA in nine sequential vertical tracks of

0.2 mm (Figure S1). Spontaneously active cells encountered identified

as DA neurons (online analysis) were recorded to determine population

activity as previously described (Salin et al., 2021). Single-unit activity

recorded from the VTA was amplified 10 times, filtered (low pass:

30 Hz; high pass: 16 kHz), and further amplified 50 times (Multiclamp

700b, Axon Instruments, Union City, CA). The signal was digitized at

16 kHz (Cambridge Electronics Design, Cambridge, UK, CED 1401) and

acquired on a computer using Spike 2 7.0 software (Cambridge Elec-

tronics Design). Three parameters were analysed: the number of neu-

rons/electrode track, firing rate, and the percentage of spikes in bursts.

For BLA recordings, the electrode was lowered through the right

BLA at the following coordinates: AP �2.8 mm to �3.2 mm (from

bregma), ML +4.6 mm to 5.2 mm (from midline) and DV �7.0 mm to

�9.5 (from brain surface). Encountered cells in the targeted area meet-

ing BLA putative pyramidal neuron criteria (action potential from peak

to trough ≥0.5 ms; Bienvenu et al., 2012) and with a signal-to-noise

ratio of 3:1 (or greater) were recorded for at least 5 min. Single-unit sig-

nals were amplified 10 times, filtered using a high-pass filter at 30 Hz

and a low-pass filter at 10 kHz, and further amplified 50 times (Multi-

clamp 700b, Axon Instruments). The signal was digitized at 16 kHz

(CED 1401) and acquired on a computer using Spike 2 7.0 software

(Cambridge Electronics Design). Bursts were detected using characteris-

tic parameters of pyramidal neurons (Vitrac et al., 2014) (maximum

interval to start a burst: 40 ms, maximum interval to end a burst: 10 ms,

minimum interval between burst: 20 ms, minimum duration of a burst:

5 ms, and minimum number of spikes in a burst: 2) and analysed using

NeuroExplorer® (Nex Technologies, Colorado Springs, USA).

For all recorded cells, the following electrophysiological parame-

ters were analysed: basal firing rate, bursting rate, and the percentage

of spikes in bursts.

2.4 | Histology

Electrode placements were verified via electrophoretic ejection of

Chicago Sky Blue dye (Sigma-Aldrich) at the recording site. Rats

were killed with a lethal dose of pentobarbital (182.2 mg�kg�1, IP),

and brains were removed. The tissue was fixed in 8% paraformal-

dehyde for at least 48 h and transferred to a 25% sucrose solution

for cryoprotection. Once saturated, the brains were frozen and

sliced coronally at 60 μm thick using a cryostat (Thermo Fischer

Scientific™ Cryostat CryoStar™ NX70, Illkirch, France) and mounted

onto gelatin-coated slides. Tissue was stained with a combination

of neutral red and cresyl violet. Only rats with verified electrode

placements for both recording and infusion sites were included in

the data analysis.

2.5 | Statistical analysis

The manuscript complies with the recommendations of the British

Journal of Pharmacology on experimental design and analysis in phar-

macology (Curtis et al., 2022). The statistical analysis was performed

only where each group size was at least n = 5. Group mean values

and statistical analysis used independent values and n is number of

animals. The sample size and animal numbers were determined by

power analysis of pre-existing data (Belujon et al., 2016; Belujon &

Grace, 2014; Chang & Grace, 2014; Salin et al., 2021).

Data were analysed with the statistical program GraphPad Prism

(Version 8.0.1; GraphPad Prism, San Diego, California, USA, RRID:

SCR_002798).

All the results are expressed as the mean ± SEM. Results from

individual neurons were used as replicates in calculating the mean

value ± SEM per rat. A Grubb's test was used to identify statistical

outlier animals. Two outliers were found in this study and were

removed from the analyses. The level of probability (P), for

determining differences between groups, was set at P < 0.05. We

followed significant main effects and interactions (P < 0.05) with post

hoc tests (Sidak's multicomparison test). Post-hoc tests were run only

if F achieved P < 0.05 and there was no significant variance of

inhomogeneity.

For active/inactive responses in yoked saline animals, a two-way

repeated measure (RM) ANOVA was performed with session as the

within-subject factor and number of nose-pokes as the between-

subject factor. Since corresponding data for cocaine animals did not

pass the normality test, a mixed-effects model was used. For incuba-

tion of cocaine craving, a paired Mann–Whitney test was performed.

Electrophysiological data were analysed using either a two-way

ANOVA with time (WD1–3 and WD26–45) and drug (saline and

cocaine) as factors followed by Sidak's post hoc when comparing

more than two experimental conditions. When comparing two groups,

first a Kolmogorov–Smirnov normality test was used. If data passed

the normality test, an unpaired t test was used; otherwise, an unpaired

Mann–Whitney test was used.

Complete statistical analyses and exact P values are reported in

Table S1.

2.6 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in http://www.guidetopharmacology.org, and are

4 SALIN ET AL.
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permanently archived in the Concise Guide to PHARMACOLOGY

2021/22 (Alexander et al., 2022).

3 | RESULTS

3.1 | Cocaine self-administration and cocaine
seeking behaviour after 1 and 30 days of withdrawal

All rats were allowed to self-administer cocaine for 10 sessions under

an FR1 schedule of reinforcement. During the 10 sessions of self-

administration, cocaine rats had more active than inactive nose-pokes

(Figure 1b; n = 53), whereas there were no differences in yoked saline

rats (Figure 1c; n = 20). The number of injections was stable across

the self-administration sessions in cocaine rats (Figure 1d). As previ-

ously described (Chauvet et al., 2012; Grimm et al., 2001), cocaine

seeking (measured in a 1-h-extinction session) was significantly higher

after 30 days of withdrawal compared with 1 day of withdrawal

(Figure 1e; n = 6).

3.2 | Abstinence from cocaine intake induces
changes in dopaminergic activity in the VTA after
30 days of withdrawal, but not 1 day of withdrawal

We have previously shown a significant persistent decrease in the

dopaminergic population activity recorded in the VTA after 7 and

30 days of abstinence from extended cocaine intake (25 days) (Salin

et al., 2021). Here, we investigated potential changes in DA VTA activ-

ity after a shorter 10-day period of cocaine self-administration, in the

early phase of abstinence (withdrawal days 1–3), and after protracted

abstinence (withdrawal days 26–45). An example of the location of the

F IGURE 1 Self-administration and relapse test. Experimental design timeline (a). Number of active (black) and inactive (white) nose-pokes
during the 10 sessions in cocaine rats (b) and in yoked saline rats (c). Number of cocaine injections (0.75 mg�kg�1 per infusion) during the ten self-
administration sessions (d). Number of active responses during cocaine-seeking over a 1 h-session, 24 h (WD1) and 30 days (WD30) after the last
self-administration session (e). Data are mean ± SEM; *P < 0.05; cocaine rats: n = 53, yoked saline rats: n = 20, cocaine seeking: n = 6.

SALIN ET AL. 5
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recording electrode at the end of a recording is presented in Figure 2a.

Population activity (Figure 2b), firing rate (Figure 2c), and percentage of

spikes firing in bursts (Figure 2d) were analysed for VTA DA neurons in

saline/naive and cocaine rats after 1–3 and 26–45 days of abstinence.

Exposure to cocaine induced a significant decrease in population activ-

ity of VTA DA neurons during long-term but not short-term abstinence,

compared with saline/naive rats (Figure 2b). Post hoc analysis revealed

a significant difference between saline/naive WD1–3 and cocaine

WD26–45, saline/naive WD26–45 and cocaine WD26–45, and

cocaine WD1–3 and cocaine WD26–45 rats. There was no change in

the firing rate (Figure 2c), or in the percentage of spike firing in bursts

(Figure 2d) of DA neurons between groups.

3.3 | Abstinence from cocaine intake induces
changes in neuronal activity in the BLA after 26–
45 days of withdrawal, but not 1–3 days of withdrawal

Previous studies have shown that chronic cocaine intake increases

the spontaneous firing rate of BLA neurons after 15 days of absti-

nence (Munshi et al., 2019) and that the BLA is part of the regulating

circuit that decreases tonic DA (Chang & Grace, 2014). Here, we

investigated the firing rate and the percentage of spikes firing in burst

of BLA neurons in saline and cocaine rats after 1–3 and 26–45 days

of abstinence (Figure 3). An example of the location of the recording

electrode is presented in Figure 3a. An example of spike doublet and

triplet (Rainnie et al., 1993) recorded from a putative projection neu-

ron (Bienvenu et al., 2012; Washburn & Moises, 1992) in the BLA

and an example of a spike shape (averaged over 5 min) are presented

in Figure 3b. We found a significant drug effect for the firing rate

(Figure 3c,d top). Post hoc analysis revealed a significant difference

between saline WD26–45 and cocaine WD26-45. No significant dif-

ference was found for the percentage of spikes in burst (Figure 3c,d

bottom).

3.4 | Attenuation of BLA activity restores DA
neuron activity after long-term abstinence from
cocaine

The DA system is regulated by an inhibitory circuit including the BLA

(Belujon et al., 2016; Belujon & Grace, 2017), and amygdala-driven

F IGURE 2 Dopaminergic activity in the ventral tegmental area after short- (24 h: WD1) and long- (30 days: WD30) term withdrawal from
chronic cocaine and yoked saline. Histological slice showing a Chicago sky blue deposit dot in the VTA (a). Mean number of spontaneously active
DA neurons recorded per electrode track (b), number of spikes per second (firing rate) (c), and percentage of action potential firing in bursts (d) in
saline/naive and cocaine rats after 18–72 h (WD1–3) and saline/naive and cocaine rats after 26–45 days after the last self-administration session
(WD26–45). Data are mean ± SEM; *P < 0.05; saline/naive WD1–3: nine rats (five saline, four naive), 64 neurons; cocaine WD1–3: five rats,
61 neurons; saline/naive WD26–45: nine rats (six saline, three naive), 65 neurons; cocaine WD26–45: six rats, 30 neurons. Coronal brain sections
adapted from Swanson (2018).
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attenuation of DA neuron activity has been described after with-

drawal from acute amphetamine (Belujon et al., 2016). Thus, we then

tested whether DA neuron population activity could be restored by

attenuating BLA activity by local infusion of the sodium channel

blocker TTX (or vehicle), immediately before VTA recordings. A

representative example of placement of the infusion cannula is pre-

sented in Figure 4a, and the location of the vehicle and TTX infusion

cannula is presented in Figure 4b. As expected, cocaine rats infused

with vehicle (VEH) after 26–45 days abstinence had fewer spontane-

ously active DA neurons, in comparison to after inactivation of BLA

F IGURE 3 Activity of neurons recorded from the basolateral amygdala after short- (1-3 days: WD1–3) and long- (26-45 days: WD26–
45) term withdrawal from chronic cocaine and yoked saline. Histological slice showing a Chicago sky blue deposit dot in the BLA (a).
Representative electrophysiological trace of a BLA neurons showing the presence of a triplet and doublet of spikes (black arrows). Inset
represents the shape of action potentials (averaged over 5 min), with the action potential duration measured from peak to trough (dashed
line) (b). Two-minute representative electrophysiological trace of a BLA neurons recorded from (top to bottom): saline WD1–3, cocaine
WD1–3, saline WD26–45, and cocaine WD26–45 rats (c). Number of action potentials per second (firing rate; top) and percentage of
action potentials firing in burst (bottom)(d). *P < 0.05. Saline WD1–3: 6 rats (4 saline and 2 naive), 33 neurons; cocaine WD1–3:
30 neurons; saline WD26–45: 6 rats (5 saline, 1 naive), 32 neurons; cocaine WD26–45: 7 rats, 56 neurons. Coronal brain sections adapted
from Swanson (2018).
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activity with TTX (Figure 4c left). No differences in the mean firing

rate (Figure 4c middle) or the percentage of spikes in a burst (Figure

4c right) were observed.

3.5 | Blockade of ventral pallidum glutamatergic
inputs restored DA neuron activity after long-term-
abstinence from chronic cocaine

The ventral pallidum (VP) attenuates VTA DA neuron population

activity (Floresco et al., 2001) and receives glutamatergic inputs from

the BLA (Maslowski-Cobuzzi & Napier, 1994), and blocking glutama-

tergic inputs in the VP using kynurenic acid has been shown to restore

DA population activity in the CMS model of depression (Chang &

Grace, 2014). We used kynurenic acid, a broad-spectrum glutamate

receptor antagonist (Chang & Grace, 2014; Floresco et al., 2001), to

block glutamatergic afferents from the BLA to the VP. A representa-

tive example of placement of the infusion cannula is presented in

Figure 5a, and the location of the vehicle and kynurenic acid (KYN)

infusion cannula is presented in Figure 5b. Cocaine rats infused with

vehicle (VEH) after 26–45 days abstinence had fewer spontaneously

active DA neurons, in comparison to when VP glutamatergic inputs

were blocked by kynurenic acid (Figure 5c left). No differences in the

mean firing rate (Figure 5c middle) or the percentage of spikes in a

burst (Figure 5c right) were observed.

4 | DISCUSSION

In this study, we found a significant decrease of VTA DA population

activity after long term, but not short term, abstinence from chronic

cocaine self-administration, a pattern paralleling the phenomenon of

incubation of craving (Grimm et al., 2001). We also found a significant

increase of BLA activity after long, but not short-term, abstinence.

Finally, we show that the decrease in VTA DA activity depends on the

BLA–VP pathway.

We have previously shown that extended exposure to cocaine

(25 days) followed by abstinence (7 and 30 days) persistently

decreases DA activity in the VTA (Salin et al., 2021). Here, we extend

these findings using a shorter 10-day self-administration protocol,

F IGURE 4 Effect of inactivating the BLA with TTX on VTA DA neuron activity. Histological slice showing track of the guide cannula in the
BLA (a). Coronal brain section adapted from Swanson (2018) (vehicle, VEH: black dots; TTX: white and black dots) (b). Number of spontaneously
active DA neurons recorded per electrode track (c, left), number of spikes per second (firing rate; c, middle), and percentage of action potential
firing in bursts (c, right) in cocaine long term withdrawal (26-45 days: WD26–45) rats after vehicle (VEH) or TTX infusion in the BLA. Data are
mean ± SEM; *P < 0.05; cocaine WD26–45 VEH: seven rats, 32 neurons; cocaine WD26–45 TTX: six rats, 50 neurons. Coronal brain sections
adapted from Swanson (2018).
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showing a decrease in DA population activity after 26–45 days but

not 1–3 days of abstinence. We found no changes of DA population

activity during acute withdrawal, suggesting no changes in tonic DA

release in VTA target structures (Floresco et al., 2003) at this time

point. This is consistent with some studies using microdialysis that

showed no changes in baseline DA during acute withdrawal (Calipari

et al., 2014; Cameron et al., 2016), but it is inconsistent with other

work (Hurd et al., 1989; Weiss et al., 1992) demonstrating reduced

basal DA levels during acute withdrawal. There are multiple differ-

ences between studies that can account for these discrepancies,

including the use of slice versus in vivo preparation, the type of self-

administration paradigm (length of the self-administration period for

example), and the time of microdialysis measurements relative to

the last self-administration sessions (12 h, 24 h, or up to 72 h after

the last self-administration session). In our study, DA neuron activity

was recorded from 18 h up to 72 h after the last session, suggesting

that potential decreases in population activity and subsequent

decreased DA release might normalize rapidly following discontinua-

tion of cocaine self-administration. Another explanation could be

that tonic DA decreases independently of population activity (via

changes in presynaptic DA release or increased reuptake). Although

there are discrepancies in changes of DA level or DA activity during

acute withdrawal, a decrease in DA activity has been consistently

described in the literature following long-term withdrawal (Salin

et al., 2021; Shen et al., 2007). This decrease could participate in

the dysphoria described after protracted cocaine abstinence (Haake

et al., 2019).

Previous work has shown that activation of the BLA potently

decreases the number of DA neurons firing (Chang & Grace, 2014).

Increased activity in the BLA has been previously described after

extended withdrawal from chronic cocaine (Munshi et al., 2019),

which is consistent with the increased firing rate and percentage of

spikes in bursts after long-term abstinence in our study. However,

Munshi et al. did not study BLA activity after acute withdrawal. Here,

we show no changes in the firing rate or the percentage of spikes fir-

ing in burst after 1–3 days of withdrawal between cocaine and saline

rats. The increased firing rate after long term abstinence in the BLA

could be attributed to multiple factors, such as changes in intrinsic

excitability, in the expression of NMDA or AMPA receptors, or

changes in different inputs to pyramidal neurons. Changes in

F IGURE 5 Effect of blocking glutamatergic afferents with kynurenic acid in the ventral pallidum on VTA DA neuron activity. Histological slice

showing track of the guide cannula in the VP (a). Coronal brain section adapted from Swanson (2018) (vehicle, VEH: black dots; kynurenic acid,
KYN: white and black dots) (b). Number of spontaneously active DA neurons recorded per electrode track (c, left), number of spikes per second
(firing rate; c, middle), and percentage of action potential firing in bursts (c, right) in cocaine WD30 rats after VEH or KYN infusion in the VP. Data
are mean ± SEM; *P < 0.05; cocaine WD26–45 VEH: five rats, 27 neurons; cocaine WD26–45 KYN: five rats, 49 neurons. Coronal brain sections
adapted from Swanson (2018).
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membrane properties have been described in several pathological

conditions such as drug addiction (Kourrich et al., 2015). Numerous

studies have described increased excitability of BLA neurons after

chronic stress (Rau et al., 2015; Rosenkranz et al., 2010). Since chronic

stress and drug of abuse share common substrates (Belujon & Grace,

2011; Munshi et al., 2019), the increased firing rate and bursting

activity of BLA neurons after long abstinence could be due to

increased neuronal excitability. Another factor that might contribute

to increased firing is changes in the expression of NMDA or AMPA

receptors in the BLA. Indeed, previous work has shown an increase in

the expression of GLUR1 and GLUR2 subunits as well as a decrease in

the expression of NR2B subunits in the BLA during cocaine absti-

nence (Lu et al., 2005). Interneurons in the BLA tightly regulate excit-

ability of principal neurons (Ehrlich et al., 2009) by targeting their

perisomatic region (Bienvenu et al., 2012) and blocking activity in

principal neurons (Woodruff & Sah, 2007). Since activity of BLA prin-

cipal neurons is regulated by local interneurons, dysregulation of

interneuron activity in the BLA after chronic cocaine could increase

spontaneous activity of principal neurons. Although increased activity

of parvalbumin (PV) interneurons has been described in the central

amygdala after chronic opiate withdrawal (Wang et al., 2016), there is

a lack of information concerning PV interneurons in the BLA after

psychostimulant withdrawal. Moreover, BLA activity can be potently

modulated by the prefrontal cortex through inhibitory control via

reciprocal connections (Rosenkranz & Grace, 2002). Changes in activ-

ity in the medial prefrontal cortex has been observed in abstinent

cocaine abusers (Bolla et al., 2004), which could lead to pathological

activation of the amygdala. Therefore, after protracted abstinence of

chronic cocaine, hyperactivity of the BLA could underlie the reduced

DA VTA population activity observed in the present study.

Chronic stress has been shown to increase BLA activity (Munshi

et al., 2019) and decrease DA population activity in the VTA (Chang &

Grace, 2014). Inactivation of the BLA in a model of chronic stress has

also been shown to increase DA population activity (Chang & Grace,

2014). In our model, we tested the effect of BLA inactivation on DA

population activity after long-term abstinence. In agreement with the

stress literature (Chang & Grace, 2014), BLA inactivation increased

dopaminergic activity in cocaine rats after long-term withdrawal.

These results support the existence of common substrates between

addiction and stress-related emotional disorders (Belujon & Grace,

2011; Polter & Kauer, 2014) and emphasize that normalization of BLA

activity may be involved in reducing abstinence-related emotional

symptoms.

The BLA does not project directly to the VTA but has strong pro-

jections to the VP (Maslowski-Cobuzzi & Napier, 1994), and the BLA–

VP–VTA has been shown to exert potent actions on DA neuron activ-

ity states (Chang & Grace, 2014). In our model, blocking glutamatergic

afferents in the VP after long-term abstinence restores DA activity

suggesting that the BLA–VP pathway is involved in the decreased DA

activity after protracted abstinence. Mahler et al. have shown that

GABAergic neurons from the rostral part of the VP (RVP) projecting

to the VTA, but not the caudal part, are activated during cue-induced

reinstatement and that inactivation of the RVP–VTA pathway reduces

cocaine seeking behaviour after long-term abstinence (Mahler et al.,

2014). In our study, glutamatergic afferents were blocked in the RVP,

suggesting that increased activity of the BLA–RVP pathway leading to

hypodopaminergic activity in the VTA after long-term withdrawal

might play a critical role in cue-induced seeking. Another region such

as the rostromedial tegmentum nucleus could be an additional relay

structure in restoring DA activity since it receives direct projections

from the BLA (Kaufling et al., 2009) and sends direct GABAergic inhib-

itory afferents to the VTA (Lecca et al., 2012). However, the rostro-

medial tegmentum nucleus activation inhibits DA neuron firing rate

(Lecca et al., 2012), but firing rate of VTA neurons was not altered

during withdrawal in our study. It should be noted that the current

findings on the BLA–VP–VTA pathway after long-term abstinence

only apply to male rats and future studies are needed to confirm these

findings in female rats.

5 | CONCLUSION

Our study sheds new light on neuroadaptations occurring during incu-

bation of craving, a phenomenon believed to play a role in persistent

risks of relapse, which is crucial to improve novel therapeutic strate-

gies. In particular, we demonstrate that after long-term withdrawal,

the decrease of DA activity in the VTA is associated with hyperactiv-

ity of the BLA and involves a circuit comprising the BLA and the

VP. Dysfunctions of this circuit could underlie dysphoria, which has

been described during acute but also long-term withdrawal from

cocaine. Treating/reversing hypodopaminergia in detoxified patients

could be critical in terms of relapse prevention strategies, and imaging

studies focusing on the interactions of regions in this specific network

could be used as a marker of vulnerability to dysphoria, craving, and

relapse in these patients.
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