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ABSTRACT

The development of compulsive cue-controlled-incentive drug-seeking habits is a hallmark of substance use disorder that is
predicated on an intrastriatal shift in the locus of control over behaviour from a nucleus accumbens (Nac) core-dorsomedial stri-
atum network to a Nac core-anterior dorsolateral striatum (aDLS) network. This shift is paralleled by drug-induced (including
cocaine) dopamine transporter (DAT) alterations originating in the ventral striatum that spread eventually to encompass the
aDLS. Having recently shown that heroin self-administration results in a pan-striatal reduction in astrocytic DAT that precedes
the development of aDLS dopamine-dependent incentive heroin-seeking habits, we tested the hypothesis that similar adaptations
occur following cocaine exposure. We compared DAT protein levels in whole tissue homogenates, and in astrocytes cultured
from ventral and dorsal striatal territories of drug-naive male Sprague-Dawley rats to those of rats with a history of cocaine tak-
ing or an aDLS dopamine-dependent incentive cocaine-seeking habit. Cocaine exposure resulted in a decrease in whole tissue
and astrocytic DAT across all territories of the striatum. We further demonstrated that compulsive (i.e., punishment-resistant)
incentive cocaine-seeking habits were associated with a reduction in DAT mRNA levels in the Nac shell, but not the Nac core-
aDLS incentive habit system. Together with the recent evidence of heroin-induced downregulation of striatal astrocytic DAT,
these findings suggest that alterations in astrocytic DAT may represent a common mechanism underlying the development of
compulsive incentive drug-seeking habits across drug classes.

Abbreviations: CS, conditioned stimulus; CUD, cocaine use disorder; DAT, dopamine transporter; DLS, dorsolateral striatum; DMS, dorsomedial striatum; FI, fixed interval schedule of
reinforcement; FR1, fixed ratio schedule of reinforcement; HC, highly compulsive; NC, non-compulsive; Nac, nucleus accumbens; NacC, nucleus accumbens core; NacS, nucleus accumbens
shell; aDLS, anterior dorsolateral striatum; pDLS, posterior dorsolateral striatum; aDMS, anterior dorsomedial striatum; pDMS, posterior dorsomedial striatum; SOR, second-order schedule of
reinforcement
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1 | Introduction

The relatively inflexible nature of drug seeking that character-
ises cocaine use disorder (CUD) has been hypothesised to result
from the development of compulsive incentive drug-seeking hab-
its in vulnerable individuals (Belin et al. 2013). These incentive
habits, which support drug foraging over long periods of time
and promote compulsive relapse (Fouyssac et al. 2022; Robbins
et al. 2024), develop in rats over a long history of cue-controlled
drug seeking under second-order schedules of reinforcement
(SOR) (Belin and Everitt 2008; Murray, Belin, and Everitt 2012;
Murray et al. 2015). Under these conditions, which closely resem-
ble drug foraging in humans (Koob 2021), daily drug-seeking
is invigorated and maintained over long periods of time by the
response-contingent presentation of drug-paired cues acting as
conditioned reinforcers (Everitt and Robbins 2016). At the neu-
ral systems level, the development of incentive cocaine-seeking
habits, which sets the stage for the transition to compulsive drug
seeking in vulnerable individuals (Jones et al. 2024), involves
a progressive intrastriatal shift in the locus of control over be-
haviour. The acquisition of cue-controlled drug seeking depends
on a basolateral amygdala-nucleus accumbens core (NacC)-
posterior dorsomedial striatum (pDMS) network, whereas well-
established, habitual cue-controlled drug seeking depends on a
network involving the central amygdala, the NacC and anterior
dorsolateral striatum (aDLS) dopamine-dependent mechanisms
(Murray, Belin, and Everitt 2012; Belin et al. 2013; Murray
et al. 2015; Puaud et al. 2021). A similar progressive engagement
of aDLS dopamine-dependent control over behaviour occurs fol-
lowing a protracted cue-controlled heroin seeking (Hodebourg
et al. 2019), thereby suggesting that the development of incentive
drug-seeking habits represents a core component of maladaptive
drug seeking behaviour across drugs.

Such recruitment of aDLS dopamine-dependent control over
cue-controlled drug-seeking likely depends on neurobiological
adaptations within the striatum observed in response to expo-
sure to drugs across species, such as alterations in glucose me-
tabolism (Porrino et al. 2004) or alterations in the expression of
the dopamine transporter (DAT) (Letchworth et al. 2001) and
D2 dopamine receptors (Moore et al. 1998), all originating in
the ventral striatum and gradually spreading to the more lateral
and dorsal territories of the striatum over the course of drug
exposure.

Since striatal astrocytes also express the DAT (Inazu et al. 1999;
Karakaya et al. 2007; Asanuma et al. 2014; Hynes et al. 2024;
Socan et al. 2024), they may also contribute to the drug-induced
systems-level alterations in striatal DAT expression previously
assumed to occur only in neurons. Importantly, striatal astro-
cytes are involved in the control of the balance between goal-
directed actions and habits (Kang et al. 2020), and drug-induced
adaptations suggested to be associated with the development of
substance use disorders (Spencer and Kalivas 2017; Fouyssac
and Belin 2019). Striatal astrocytes not only play a pivotal role
in cocaine-induced alterations in NacC glutamate homeostasis
and its influence on cue reactivity (Scofield and Kalivas 2014;
Spencer and Kalivas 2017), but they also contribute to aDLS
dopamine-dependent cue-controlled cocaine seeking (Murray,
Everitt, and Belin 2012). In addition, striatal astrocytes control
the tendency to relapse following self-imposed abstinence in the

face of punishment in rats with a history of escalated cocaine
intake (Ducret et al. 2016).

We recently demonstrated that alterations in striatal DAT pro-
tein levels over the course of heroin exposure occur within
astrocytes (Hynes et al. 2024) and that a history of heroin self-
administration results in a similar decrease in astrocytic DAT
protein and mRNA levels throughout the striatum that occurs
before the emergence of aDLS dopamine-dependent incentive
heroin-seeking habits. However, whether incentive cocaine-
seeking habits and their compulsive manifestation are also as-
sociated with and preceded by a decrease in DAT expression in
striatal astrocytes has not been elucidated.

To this end, DAT protein levels were measured in total tissue
p-punches or cultured astrocytes harvested from ventral and
dorsal striatal territories of male Sprague-Dawley rats with a
history of training under an incentive seeking habit-promoting
SOR, a history of cocaine taking under continuous reinforce-
ment, known to maintain pDMS-dependent goal-directed con-
trol over behaviour (Murray, Belin, and Everitt 2012), or with
no exposure to cocaine. In a second set of experiments, we ex-
amined whether the individual tendency to develop compul-
sive incentive cocaine-seeking habits was also associated with
further alterations in DAT expression in striatal astrocytes. We
previously demonstrated that heroin exposure resulted in sim-
ilar downregulation of protein and mRNA levels in striatal as-
trocytes, but that only the latter remained reliably detected by
qPCR (Hynes et al. 2024). Thus, we assessed DAT mRNA levels
from p-punches of incentive habit- and compulsion-related stri-
atal territories, namely the NacC, the aDLS (Belin et al. 2013;
Giuliano et al. 2019; Jones et al. 2024) and the nucleus ac-
cumbens shell (Chernoff et al. 2024), in rats that persevered in
their incentive cocaine-seeking habits vs rats that readily relin-
quished their drug-seeking behaviour in the face of punishment
(highly (HC) vs non- (NC) compulsive rats, respectively) after a
long history of training under a SOR (Jones et al. 2024).

2 | Methods and Materials
2.1 | Subjects

Our previous investigations on the role of astrocytic DAT
in the development of incentive heroin-seeking habits and
all the studies related to the neurobehavioural basis of in-
centive cocaine-seeking habits have been conducted exclu-
sively on male rats (Belin and Everitt 2008; Murray, Belin,
and Everitt 2012; Murray, Everitt, and Belin 2012; Murray
et al. 2014, 2015 Giuliano et al. 2015; Ducret et al. 2016;
Hodebourg et al. 2019; Puaud et al. 2021; Hynes et al. 2024;
Jones et al. 2024). Therefore, in this study, we used 88 male
Sprague-Dawley rats (Charles River, UK), weighing 300-350 g
at the start of experiments and single-housed under a reversed
12-h light/dark cycle (lights off at 7:00 AM). In order to be
consistent with the experimental conditions of these previous
studies, all the rats used in the present experiments were food-
restricted to 85-90% of their theoretical free-feeding body
weight after a week-long habituation to the vivarium. Water
was always available ad libitum. Experiments were conducted
during the dark phase under the project licence 70/8072 held
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by David Belin in accordance with the UK Animals (Scientific
Procedures) Act 1986, amendment regulations 2012, follow-
ing ethical review by the University of Cambridge Animal
Welfare and Ethical Review Body (AWERB).

2.2 | Timeline

The experiments conducted in this study are schematically sum-
marised in Figure 1.

2.3 | Drugs

Cocaine hydrochloride (Macfarlan-Smith, Edinburgh, UK) was
dissolved in sterile physiological saline at a concentration of
2.5g/L.

2.4 | Surgery

All rats undergoing cocaine self-administration (n=68) were
implanted with a home-made indwelling catheter into their
right jugular vein under isoflurane anaesthesia as previously
described (Jones et al. 2024). Perioperative analgesia was pro-
vided with Metacam (1mg/kg, subcutaneously, Boehringer
Ingelheim). Following surgery, rats received daily oral treatment
with the analgesic for 3 days and an antibiotic (Baytril, 10mg/
kg, Bayer) for a week, which they first received on the day prior
to surgery. Catheters were flushed with 0.1 mL of heparinized
saline every other day after surgery and then before and after
each daily self-administration session.

2.5 | Apparatus

All behavioural procedures were conducted in 24 oper-
ant chambers as previously described (Hynes et al. 2024).
Scheduling and recording of experimental events were con-
trolled by either MED-PC IV software (Med Associates,
St. Albans, USA) or the Whisker software suite (Whisker,
Cambridge, UK).

2.6 | Cocaine and Food Self-Administration

2.6.1 | Fixed Ratio 1 Schedule of Reinforcement
for Cocaine or Food

Rats were trained instrumentally to respond for cocaine (0.25mg/
infusion; 100uL/5s) or food (one 45mg food pellet) under a fixed
ratio 1 (FR1) schedule of reinforcement as previously described
(Hynes et al. 2024). Under this schedule, one active lever press
resulted in the delivery of the outcome associated with the pre-
sentation of a conditioned stimulus (CS, cue light above the active
lever). Active and inactive lever assignment was counterbalanced,
and a maximum of 30 infusions of cocaine or 100 food pellets were
available for this stage. For cocaine self-administration, each ac-
tive lever press resulted in a drug infusion, initiated concurrently
with a 20-s time out that included onset of the CS, offset of the
house light and retraction of both levers. Inactive lever pressing

was recorded but had no scheduled consequence. For cocaine self-
administration, rats were trained for approximately 12 consecu-
tive days, such that the number of cocaine infusions they received
matched that of the individuals of the SOR group. For food rein-
forcement, rats were trained for 10 daily sessions to control for in-
strumental and Pavlovian conditioning effects on DAT expression.
Native DAT expression was assessed on rats which were handled
every day but otherwise left undisturbed in their home cage for
a duration equivalent to that of food self-administration training.

2.6.2 | Cue-Controlled Cocaine Seeking Under a
Second-Order Schedule of Reinforcement

Rats were trained to develop aDLS dopamine-dependent in-
centive cocaine-seeking habits after extended exposure to a
SOR as previously described (Fouyssac et al. 2022). Chiefly,
rats initially acquired cocaine self-administration under a FR1
schedule of reinforcement for 3 days. Rats were subsequently
trained to seek cocaine under fixed interval schedules of re-
inforcement the duration of which increased across sessions
from FI1 to FI2, FI4, FI8, FI10, and eventually FI15. After
3 days of training under a FI15 schedule of reinforcement,
rats were further trained for 21 sessions under a FI15(FR10:S)
SOR. Under these conditions, rats receive the drug upon re-
sponding after each 15min has elapsed. During these 15-min
seeking periods, rats receive a response-produced CS every
10th lever press, thereby responding under the control of the
reinforcing properties of the drug-paired cue.

2.6.3 | Compulsive Incentive Cocaine-Seeking Habits

Rats acquired cocaine self-administration under a FR1 sched-
ule of reinforcement for 3 days and were subsequently trained
to seek cocaine under fixed interval schedules of reinforcement
of increasing duration as described above. Following 17 daily
sessions of SOR, rats were challenged with three daily sessions
during which drug seeking was punished as previously de-
scribed (Jones et al. 2024). During these three sessions, when
rats were actively engaged in responding for the drug, namely
during the last 7-min of each 15-min interval, they received
mild electric foot-shocks (1 s duration, 0.45mA) every 16th lever
press. This contingency enables the suppression of responding
in resilient animals while minimising the probability of counter-
conditioning and avoiding extinction of drug seeking behaviour.
Each shock was paired with a cue light located on the top mid-
dle region of the wall distinct from that paired with cocaine
infusions.

Following the punished sessions, rats were re-exposed to three
baseline SOR sessions. An unbiased k-means cluster analysis
(Giuliano et al. 2021; Marti-Prats et al. 2021; Jones et al. 2024)
was carried out on the number of shocks rats were willing to
receive to maintain their incentive habit during the first, drug-
free, interval of the last two punishment sessions, when a sig-
nificant and stable suppression of seeking was observed in
non-compulsive individuals, as shown in Figure 4.

To ensure that potential differences in resistance to punishment
were not attributable to a differential sensitivity to nociceptive
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stimuli, rats were subjected to a hot plate test before the punish-
ment sessions. As previously described (Fouyssac et al. 2021),
rats were placed on a hot plate calibrated to remain at a stable
temperature of 52°C. The time elapsed before the appearance of
pain-associated behaviours, including paw-licking and jumping,
was measured and considered a direct indicator of pain thresh-
old (Woolfe and Macdonald 1944).

2.7 | Astrocytes Primary Cell Cultures

Astrocytes primary cultures were carried out under the exact
same conditions as in our recent study on incentive heroin-
seeking habits (Hynes et al. 2024).

2.7.1 | Astrocytes Primary Cell Cultures
for Western Blot

Rats were briefly anaesthetized (5% isofluorane, O,: 2L/min) and
decapitated. Sacrifice took place 22 to 24h after the last cocaine/
food self-administration session. The anterior and posterior dorso-
lateral striatum (aDLS and pDLS), the anterior and posterior dor-
somedial striatum (aDMS and pDMS), and the nucleus accumbens
core (NacC) were quickly dissected from fresh brains and mechan-
ically dissociated with a pellet mixer in 300uL of growth media
(Gibco DMEM-21969035 supplemented with 10% foetal bovine
serum, 1% L-glutamine and 1% penicillin-streptomycin) and sub-
sequently vortexed then centrifuged at 1300rpm during 5min.
Supernatants were removed, and the pellets were resuspended
in 300uL of fresh growth media. Samples were vortexed and cen-
trifuged once again, supernatants were removed, and cells were
resuspended in 1mL growth media. Following 10min of decan-
tation, supernatants were plated directly into 12-well plates and
stored in an incubator (37°C, 5% CO,). Four days later, 500 uL of
media were removed and replaced by 500uL of fresh media sup-
plemented with basic Fibroblast Growth Factor (bFGF, Gibco,
Fisher Scientific, UK) at a concentration of 10ng/mL, which pro-
motes astrocytes proliferation. Subsequently, over a period of 4 to
5weeks, the media was changed and the cells were treated with
bFGF (10ng/mL) weekly. Once the cells had reached confluence,
they were immediately processed for Western blot.

2.7.2 | Astrocytes Primary Cell Cultures
for Immunohistochemistry Assays

Samples from drug-naive rats were dissociated as described
above, and suspensions were plated on poly-D-lysine (Sigma-
Aldrich) coated coverslips. Cells were cultured for a further 4
weeks as described above, then coverslips were removed, and
cells were bathed in 1x PBS (4 °C) and fixed with 4% PFA. The
cells were then blocked in 2% bovine serum albumin (BSA)
for 1h and incubated overnight with a rabbit anti-GFAP pri-
mary (1:500; Merck Millipore, #04-1062), a mouse anti-Iba-1
primary (1:500; Merk Millipore, #MABN92), a chicken anti-
NeuN primary (1:1000; Merc Millipore #ABN91), or a mouse
anti-GFAP primary (1:500; Merck Millipore #MAB360).
Secondary antibodies were incubated for 90 min at room tem-
perature: anti-rabbit Alexa Fluor 647 (1:300; Merck Millipore,
#AP187SA6), anti-mouse Alexa Fluor 488 (1:800; Merck

Millipore, #AP124JA4), anti-mouse Alexa Fluor 568 (1:1000;
Invitrogen #A-11004), or anti-chicken Alexa Fluor 647
(1:1000; Invitrogen #A-21449). Cells were then treated with
DAPI (Life Technology, #D1306) and mounted on slides with
DPX mounting medium (Fischer, #D/5319/05). Images were
acquired using a Zeiss LSM800 confocal microscope under
40x magnification.

2.8 | Western Blot

Protein extraction, electrophoresis, antibody incubation, vi-
sualisation and quantification were carried out in the exact
same conditions as those used for experiments 1 and 2 of our
recently published study on incentive heroin-seeking habits
(Hynes et al. 2024). Chiefly, for culture samples, growth media
was aspirated from the wells and cells were treated with 100 uL
lysis buffer (Complete Lysis-M Kkit, Roche). For brain samples,
rats were decapitated 22 to 24h after the last heroin/food self-
administration session, and their brains were harvested and
snap-frozen in —40 °C isopentane (Sigma-Aldrich, UK). Bilateral
punches of each striatal territory were then taken with a 1mm
micro-puncher, weighed and mixed with lysis buffer (10uL/
mg; Complete Lysis-M Kkit, Roche). For both culture and brain
samples, following pipette homogenization and centrifugation
(15min, 15,000g, 4 °C), supernatants were collected, and protein
levels were quantified via spectrophotometry (Nanodrop, ND-
1000, Thermo Fisher Scientific). Following electrophoresis on
4-20% NuPAGE Tris-Glycine gel (Invitrogen-Life Technologies,
UK), proteins were transferred on nitrocellulose membranes
(Invitrogen-Life Technologies, UK) with an iBlot device
(Invitrogen). Membranes were then washed in Tris-buffer saline
containing Tween 0.05% (TBST) for 10min and blocked for 1h
(5% BSA in TBST) before being incubated for 24h at 4°C and
then for 1h at room temperature with a custom-made anti-DAT
primary antibody (Giros et al. 1996) (1:750) previously tested
against a Recombinant DAT protein (Abnova, H00006531-P01)
(Hynes et al. 2024). The membranes were then washed in TBST
and incubated with an anti-Actin primary antibody (1:75,000;
Abcam, ab8226) for 1h at room temperature. The membranes
were washed again in TBST and incubated with HRP-linked
secondary antibodies (1:1000; anti-rabbit, cell signalling, 7074S
and anti-mouse, ImmunoReagents Inc., gtxmu-003-dhrpx) for
1h at room temperature. The membranes underwent a final
wash and were imaged using an electrochemoluminescence
detection system (ChemiDoc-It, Ultra-violet products) after re-
ceiving 1 mL of the HRP substrate (Luminata, Millipore). Signal
intensities were quantified with ImageJ software (imagej.net).
The percentage of DAT relative to Actin (i.e. (DAT/Actin) X 100)
was calculated for each sample to control for variations in pro-
tein loading. All samples were run in duplicate, and the average
%DAT/Actin (log) value was used as the dependent variable for
statistical analyses. Raw and uncropped western images used in
Figures 2 and 3 are presented in the supplement Figure S1.

2.9 | Quantitative Polymerase Chain Reaction
(gPCR)

Tissue collection, RNA extraction, reverse transcription,
gPCR reaction and analysis were carried out as previously
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described (Hynes et al. 2024). The following primers were
used to assess the relative level of DAT mRNA (Qiagen Ref.
PPR44664C; Slc6a3; Rn.10093) in comparison to that of the
housekeeping gene Cyclophilin A (Qiagen Ref. PPR06504A;
Ppia; Rn.1463).

2.10 | Data and Statistical Analyses

Data are presented as means + SEM and individual data points.
Assumptions for normal distribution, homogeneity of variance
and sphericity were verified using the Shapiro-Wilk, Levene
and Mauchly sphericity tests, respectively. When assumptions
were violated, data were Log transformed.

Differences in Western blot data, qPCR data and cocaine infu-
sions received were analysed using one-way analysis of vari-
ance (ANOVA) with groups (CTL, FR1C, SOR, HC and NC) as
the between-subject factor. Behavioural data were subjected
to repeated measures ANOVAs with sessions as the within-
subject factor and compulsivity groups (HC vs NC) as the
between-subject factor for Figure 4. The effect of cocaine ex-
posure on striatal DAT protein levels was assessed by planned
comparisons (CTL vs cocaine experienced groups, i.e., FR1C
and SOR). Significant main effects were further analysed
with Newman-Keuls post hoc tests. Data from western blot
of cultured astrocytes were subjected to a one-sample ¢ test to
test if the control group was significantly greater than zero.

Because, as expected, DAT protein levels displayed by naive
rats and those trained to self-administer food did not statisti-
cally differ, they were pooled to constitute the control (CTL)
group (Figure S2).

For all analyses, significance was set at «=0.05 and effect sizes
reported as partial eta squared (npz).

3 | Results

3.1 | Cocaine Exposure Results in
the Downregulation of DAT Protein Levels Across
the Striatum

SOR rats (Figure 1) acquired and maintained cocaine seeking
under the control of the conditioned reinforcing properties of the
drug-paired CS (main effect of session: F7’63= 5.09, p<0.0001,
'r]p2=0.32) (Figure 2A), in line with previous reports (Belin
and Everitt 2008; Puaud et al. 2021; Fouyssac et al. 2022). SOR
rats did not differ in their overall cocaine intake from FR1C
rats (main effect of group: F < 1), which had been trained
to self-administer cocaine under continuous reinforcement
(Figure 2B).

Analysis of total tissue content of DAT proteins across striatal
territories revealed that cocaine exposure, irrespective of sched-
ule of reinforcement, resulted in decreased DAT protein levels

Experiment 1 Experiment 2

Compulsive groups
Punished SOR

Experiment 1a
T~ Western blot

anti-DAT Cocaine Seeking
n=10 37sessions  n=30
FR1C group (n=17) e sue U bu, n=6 : '
g P(n tissue p-punch =10 High Non
FR1 Cocaine Compulsive Compulsive
Self-Administration Experiment 1b HC n=6 NC n=24
~12 sessions
= Western blot
SOR group (n=21) a%:%_ anti-DAT
Second Order Seg=” n=10
Cocaine Seeking acsg:zg;ggs ::H

32 sessions

FIGURE 1 | Experimental design. In experiment 1, rats (n=58) were trained instrumentally to respond under a fixed ratio 1 schedule of rein-
forcement for either food pellets (FR1 food group; n=12) or cocaine (FR1C group; n=17) or to seek cocaine under the control of the conditioned
reinforcing properties of drug-paired conditioned stimulus (CS), as operationalised under a FI15(FR10:S) second-order schedule of reinforcement
(SOR group; n=21). Other control animals were left undisturbed in their home cage (drug-naive group; n=38). In experiment 1a, we sought to charac-
terise the impact of a history of drug taking or drug seeking on striatal DAT protein levels. The incentive drug-seeking habit striatal system, namely
NacC and aDLS, was investigated alongside the pDMS, pDLS and aDMS. Each structure was collected from the frozen brains of individuals of each
of the four experimental groups, namely drug-naive untrained rats, FR1 food rats and cocaine exposed rats with (SOR rats) or without (FR1C rats)
an incentive cocaine-seeking habit. Total tissue DAT protein levels (including those expressed in striatal astrocytes and presynaptic dopaminergic
neurons) were measured using western blot. To specifically investigate the influence of a history of cocaine exposure or well-established incentive
cocaine-seeking habits on the DAT protein levels of striatal astrocytes, we extracted primary astrocytes from freshly dissected striatal territories of
individuals of each of these four groups in experiment 1b. DAT protein levels in these cultures were then assessed using western blot. Western blot
data from the two control groups, i.e., FR1 food and drug naive groups, were pooled into a single control group (CTL) since, as anticipated, they did
not differ in their DAT protein levels. In experiment 2, rats (n=30) were trained to seek cocaine under a SOR until the compulsive nature of their in-
centive cocaine-seeking habit was established over 3 sessions during which seeking responses were punished by mild electric foot shocks. Rats were
characterised as highly compulsive (HC; n=6) or non-compulsive (NC; n=24) by an unbiased k-means cluster analysis based on their resistance to
punishment. Subsequently, astrocytic DAT mRNA levels were assessed by qPCR from micro-punches collected in the incentive habit striatal net-
work, namely NacC and aDLS, as well as the NacS, which is also involved in a variety of compulsive behaviours.

50f11



>
v y)
(@

3= 3=
m 2504 - = 350 . .
Q = (=
3 [} o o
@ 2004 c =2 < 24
& 2 £ £
< 150+ 2 8 )
> c < <
> © = 1 E 1
.S 100+ £ < <
< I a o
3 3 2 ®
@ 504 o ° o
(=2} —_—
2 g 0 0
o o o CTL FR1C SOR
= DAT DAT
70~75 kDA 70~75 kDA
R-Actin B-Actin
FR1IC SOR  4o-s5kDA = . 40~45 kDA = = =
3= 3=2aDMS
_— _— # _—
e g o @ — g 0 *
S | Q = ()
= 2d T od * %Qp < 24 [e] 0o
£ = % o £ B« 0
E=1 -’ =1
< < <
= 1 =14 = 14
< < <’
a o a
=2 ES R
0- 0~ 0
CTL FR1C SOR CTL FR1C SOR CTL FR1C SOR
DAT = DAT n I = DAT
70~75 kDA 70~75 kDA 70~75 kDA
R-Actin R-Actin R-Actin
Frine il — I — B — | Frine il — B — B — | Frine Nl — N — N |
FIGURE 2 | Cocaine exposure triggers a downregulation of DAT protein levels across the striatum. (A) Rats trained to seek cocaine under a

second-order schedule of reinforcement (SOR) acquired and maintained cocaine seeking under the control of the conditioned reinforcing properties
of the drug-paired CS over a period of 3 weeks. (B) They did not differ in their overall cocaine intake from rats that had been trained to self-administer
cocaine under continuous reinforcement (FR1C group). (C-G) Analysis of total tissue content of DAT proteins across striatal territories revealed that
cocaine exposure, irrespective of schedule of reinforcement, resulted in decreased DAT protein levels across the five striatal territories investigated,
i.e., the NacC, the aDLS, the pDLS, the aDMS and the pDMS. Some decreases were more specifically pronounced in SOR or FR1C individuals. FR1C
rats displayed lower DAT protein levels than controls in the aDMS. In contrast, SOR rats displayed lower DAT protein levels than controls in the
aDLS. Inserts show illustrative Western blots. (* in A: p <0.05 as compared to FI15 block; # in C-G: planned comparisons CTL vs cocaine experienced
groups, p<0.05; * in C-G: pairwise comparisons CTL vs FR1C or CTL vs SOR, p <0.05).

The overall decrease in striatal DAT content reflects alterations
in both striatal astrocytes and presynaptic dopamine neurons.
We further investigated astrocyte-specific alterations in DAT
protein levels.

across the five striatal territories investigated, i.e., the NacC,
the aDLS, the pDLS, the aDMS and the pDMS [main effect of
group: NacC: F, ,,=6.17, p<0.01, np2= 0.35; aDLS: F, ,;=3.74,
p<0.05, ﬂp2 =0.25;pDLS: F, ,,=7.83, p<0.01, Y]pz =0.40; aDMS:
F,,;=4.27, p<0.05, 'r)p2 =0.27; pDMS: F,,,=5.04, p<0.05,
np2 =0.30] (Figure 2C-G). Planned comparisons confirmed that
drug-exposed groups showed lower DAT protein levels than
CTL group in each striatal territory even though, pairwise com-
parisons revealed that some decreases were specifically more

3.2 | Striatal Astrocytic DAT Protein Content Is
Profoundly Reduced by Exposure to Cocaine

pronounced in SOR or FRI1C individuals. FR1C rats displayed
lower DAT protein levels than controls in the aDMS, in contrast,
SOR rats displayed lower DAT protein levels than controls in
the aDLS.

DAT protein levels across the five striatal territories did
not correlate with the performance in the different self-
administration procedures (total AL presses) or with the
level of cocaine exposure (total cocaine infusions received)
(Table S1).

In a second experiment, SOR rats readily acquired and main-
tained cocaine seeking under the control of the conditioned
reinforcing properties of the drug-paired CS as did those of
experiment 1a (main effect of session: F7,70=5.92, p<0.0001,
'r]p2=0.37) (Figure 3A). SOR rats did not differ in their overall
cocaine intake compared to FR1C rats (main effect of group:
F,,1,=1.48,p> 0.05) (Figure 3B).

Immunohistochemical analysis of the cultures revealed the
presence of pure astrocytic monocultures free from microglial
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FIGURE 3 | Pan-striatal reductions in astrocytic DAT protein levels are observed following both a history of cocaine-taking and cue-controlled

cocaine-seeking. (A) Rats trained to seek cocaine under a second-order schedule of reinforcement (SOR) readily acquired and maintained cocaine
seeking under the control of the conditioned reinforcing properties of the drug-paired CS over a period of 3 weeks. (B) They did not differ in their overall
cocaine intake from rats that had been trained to self-administer cocaine under continuous reinforcement (FR1C group). (C) Immunohistochemical
analysis of the cultures from astrocytes harvested from five striatal territories of each individual brain revealed pure striatal astrocyte monocultures
without microglial or neuronal contamination, as evidenced by the presence of GFAP-positive cells and the absence of Iba-1-positive (top panel) and
NeuN-positive cells (bottom panel). (D-H) Striatal astrocytes cultured from the striatal territories of control individuals expressed detectable levels
of DAT protein, whereas no DAT protein was detected in astrocytes cultured from the FR1C or SOR groups. Inserts show illustrative Western blots.

(*in A: p<0.05 as compared to FI15 block; * in D-H: p <0.05).

or neuronal contamination, as evidenced by the presence of
GFAP-positive cells and the absence of both Iba-1-positive cells
(Figure 3C, top panel) and NeuN-positive cells (Figure 3C, bot-
tom panel).

Cultured astrocytes from CTL rats showed significantly non-
zero levels of DAT protein in all striatal territories (NAcC:
t,=4.82,p<0.001, npz =0.72;aDLS: t,=6.39,p <0.001, np2 =0.83;
pDLS: t,=7.94, p<0.0001, npz =0.89; aDMS: t,=5.84, p<0.001,
npz =0.79; pDMS: t,=6.80, p <0.001, npz =0.85) (Figure 3D-H).
In contrast, no DAT protein could be detected in striatal astro-
cytes cultured from FR1C or SOR individuals, thereby demon-
strating a pan-striatal effect of cocaine exposure on astrocytic
DAT protein expression, as we have previously demonstrated to
be the case after exposure to heroin (Hynes et al. 2024).

Having previously shown that astrocytic DAT mRNA can be
detected using qPCR even under conditions, such as after her-
oin exposure, resulting in astrocytic protein levels low enough
not to be detectable using western blot (Hynes et al. 2024), we
used qPCR to assess whether compulsive incentive cocaine-
seeking habits were associated with further alterations in post-
synaptic striatal, astrocytic, DAT mRNA levels in SOR-trained

individuals (Hynes et al. 2024). Considering the recent body of
evidence implicating monoaminergic innervation of the Nac
shell (NAcS) in compulsive behaviours (Chernoff et al. 2024),
we measured DAT mRNA levels from this striatal region as well
as the striatal incentive habit circuitry, namely NacC and aDLS,
in rats with a compulsive incentive cocaine-seeking habit (high
compulsive, HC) or not (non-compulsive, NC).

3.3 | Compulsive Incentive Cocaine-Seeking
Habits Are Associated With Decreased DAT mRNA
in the NacS

As in the previous two experiments, rats readily acquired and
maintained cocaine seeking under the control of the conditioned
reinforcing properties of the drug-paired CS (main effect of ses-
sion: Fy,5,=23.62, p<0.0001, np2:0.45) (Figure 4A) before
being challenged over three sessions for the persistence of their
incentive seeking habits in the face of punishment. Unbiased k-
means clustering on the number of shocks rats received during
drug-free seeking periods revealed two very different popula-
tions. HC rats maintained cocaine seeking across the punished
SOR sessions while NC rats dramatically decreased their level
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FIGURE 4 | Compulsive incentive cocaine-seeking habits are associated with lower astrocytic DAT mRNA levels in the shell of the nucleus ac-
cumbens. (A) Rats readily acquired and maintained cocaine seeking under the control of the conditioned reinforcing properties of the drug-paired
CS before being challenged over three sessions for the persistence of their incentive cocaine-seeking habits in the face of punishment. Rats that per-
sisted in their incentive cocaine-seeking habit in the face of punishment (HC rats) did not differ from those that rapidly abstained from seeking over
the three punished sessions (NC rats). (B) HC rats maintained their cocaine seeking across the punished SOR sessions, whereas NC rats dramatically
decreased their level of responding in the face of punishment. (C) This difference was not attributable to differential pain sensitivity (top panel) or
exposure to cocaine throughout self-administration training (bottom panel). HC did not differ from NC rats in the astrocytic DAT mRNA levels
measured in their incentive habit striatal network, namely aDLS (D) and NacC (E). In marked contrast, HC rats displayed much lower DAT mRNA

levels in the NacS than NC rats (F). (*p <0.05).

of responding in the face of punishment (main effect of group:
F1,28:10.78, p<0.01, np2:0.28; group X session interaction:
F, 6=3.93,p<0.05, np2 =0.12) (Figure 4B). This difference was
neither attributable to differential pain sensitivity nor exposure
to cocaine throughout self-administration training (all Fs<1)
(Figure 4C) or acquisition and maintenance of cue-controlled
cocaine seeking prior to be exposed to contingent punishments
(main effect of group: F, ,¢=1.22, p>0.1; group X session inter-
action: Fy . =174, p> 0.1) (Figure 4A).

DAT mRNA levels did not differ between HC and NC rats in the
striatal incentive habits network, namely aDLS and NacC (all
Fs<1) (Figure 4D,E). However, HC rats displayed lower DAT
mRNA levels than NC rats in the NacS (F, ,,=8.22, p<0.01,
np2 =0.23) (Figure 4F).

1,28

DAT mRNA levels across the three striatal territories did not
correlate with the performance in the self-administration pro-
cedures (total AL presses) or with the level of cocaine exposure
(total cocaine infusions received) at the population level or
within each group (Table S1).

4 | Discussion

Exposure to cocaine, either under continuous reinforcement
or SOR (promoting aDLS dopamine-dependent incentive hab-
its), resulted in a profound decrease in DAT protein levels in
the striatum that was mostly attributable to alterations within
astrocytes across the ventral and dorsal territories of the stri-
atum. These results parallel previous reports of a reduction in
DAT binding sites in the caudate, putamen and Nac of humans
with cocaine addiction (Hurd and Herkenham 1993). Similarly,
studies in non-human primates have shown a decrease in DAT
binding sites, initially confined to the ventral striatum, that pro-
gressively spreads to more lateral and dorsal areas of the stria-
tum over the time course of continued cocaine use (Letchworth
et al. 2001).

Drug-induced pan-striatal reduction in astrocytic DAT pro-
tein levels to levels undetectable by western blot assays ob-
served here following cocaine exposure is not unprecedented.
A similar drug-induced decrease in astrocytic DAT protein
expression was also observed after heroin exposure (Hynes
et al. 2024), suggesting that such alterations in astrocytes
across the striatum are triggered by a drug-induced increase
in dopamine release across drug classes [i.e., DAT blockade
by cocaine (Ritz et al. 1987) and disinhibition of midbrain
dopaminergic neurons by opioids (Johnson and North 1992)].
In astrocyte monocultures from drug-naive rats, we have pre-
viously shown that chronic exposure to dopamine, at levels
equivalent to those induced by intravenous cocaine infusions,
results in decreased DAT protein levels in some striatal re-
gions (Hynes et al. 2024). Together, these data suggest that
prolonged exposure to high dopamine levels, as experienced
following cocaine, or heroin self-administration, may result in
a downregulation of astrocytic DAT protein levels.

The present cocaine-induced alterations in astrocytic DAT were
observed in the incentive habit striatal circuit, namely NacC
and aDLS, even after a short period of training under contin-
uous reinforcement for cocaine but not for food. Together with
our recent demonstration of heroin-induced decrease in striatal
astrocyte DAT protein and mRNA levels, this observation sup-
ports our hypothesis that exposure to drugs of abuse triggers
downregulation of dorsal striatal astrocytic DAT protein levels
before the development of incentive drug-seeking habits.

While a history of cocaine self-administration, irrespective of
the schedule of reinforcement, triggers a decrease in total tis-
sue DAT protein levels (both neuronal and astrocytic), we previ-
ously showed that a prolonged exposure to heroin under a SOR
resulted in a downregulation of total tissue DAT exclusively in
the aDLS whereas self-administration of heroin under continu-
ous reinforcement resulted in an upregulation of DAT in both
the aDLS and the pDLS. This suggests that while a common
mechanism between addictive drugs likely underlies astrocytic
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adaptations in DAT expression, drug-specific processes may
elicit distinct, potentially compensatory, neuronal adaptations
in DAT expression across functional domains of the striatum.
While this warrants further research, it may be speculated
that such differences in neuronal alterations following cocaine
or heroin exposure could stem from differences in the char-
acteristics of the hyperdopaminergic states induced by these
two drugs, direct drug interactions with astrocytic targets or
even distinct indirect mechanisms at the system-level. Indeed,
chronic in vitro opiate application downregulates DAT protein
in cultured striatal astrocytes (Hynes et al. 2024), indicating a
role for astrocytic opioid receptors in heroin-induced downreg-
ulation of DAT protein. Interestingly, cocaine itself directly in-
teracts with DAT, causing internalisation of the transporter in
cultured neurons (Saenz et al. 2023). Whether this also occurs
in astrocytes remains to be established.

As previously discussed (Hynes et al. 2024), changes in pre-
and/or post/peri-synaptic dopamine reuptake are very likely
to affect the temporal and spatial dynamics of striatal dopa-
mine transmission (Schneider et al. 1994; Ozcete et al. 2024).
Decreased expression of striatal astrocytic DAT for instance
may enable dopamine to diffuse further beyond its release site,
fostering functional synchronisation of neighbouring striatal
microcircuits. At the level of the pan-striatum astrocytic syn-
cytium, these alterations, alongside dopamine receptor-driven
changes in calcium signalling across the striatal syncytium
(Jennings et al. 2017) would likely drive the functional cou-
pling of adjacent striatal domains, perhaps even contributing
to the recruitment of the striato-meso-striatal spiralling cir-
cuitry (Ikeda et al. 2013) that mediates the ventral to dorsal
striatum dopamine-dependent functional shift underlying
the development of incentive drug-seeking habits (Belin and
Everitt 2008) (for further details on potential molecular mech-
anisms, see Fouyssac and Belin 2019).

While drug self-administration and incentive drug-seeking hab-
its are associated with a decrease in DAT protein and mRNA
levels across the striatum, compulsive incentive cocaine-seeking
habits are characterised by a decrease in astrocytic DAT mRNA
levels in the NacS, but not in the incentive habit striatal system.
Rats that persisted in their incentive cocaine-seeking habit (HC
rats) did not differ from those whose responding was profoundly
reduced by the same electric foot shocks in their levels of DAT
mRNA in the incentive habits-associated striatal system (NacC
and aDLS). This suggests that the inability to disengage aDLS
dopamine-dependent incentive habits in the face of punish-
ment, as we have previously shown to be the case for compulsive
alcohol seeking (Giuliano et al. 2019), is not directly related to
astrocytic DAT levels in this system.

HC rats displayed lower DAT mRNA levels in the NacS than
NC rats. This observation is in agreement with the role that
NacS monoaminergic mechanisms have been shown to
play in several compulsive behaviours (Sturm et al. 2003;
Chernoff et al. 2024). The NacS is the only striatal territory
innervated by noradrenergic neurons from the locus coeru-
leus (Berridge et al. 1997; Delfs et al. 1998). DAT can clear
extracellular noradrenaline, albeit with less efficacy than it
does dopamine (Ranjbar-Slamloo and Fazlali 2019), and co-
caine has a relatively high affinity for the norepinephrine

transporter (Koe 1976), which also reuptakes dopamine
(Moron et al. 2002). The present findings therefore suggest
that compulsive incentive cocaine-seeking habits, the vulner-
ability to which is predicted by impulsivity- and stickiness-
related structural and functional alterations in several parallel
loops of the corticostriatal circuitry, including the ventral stri-
atum (Jones et al. 2024), may also result from drug-induced
hyper dopaminergic and noradrenergic states in the NacS.

Previous findings have highlighted significant sex differences
in dopamine regulatory mechanisms, particularly in DAT den-
sity. More precisely, both humans and rodents females exhibit
greater membrane DAT density and higher DAT function as
compared to males (Bhatt and Dluzen 2005; Walker et al. 2006;
Costa et al. 2021; Zachry et al. 2021). It is therefore important
to investigate whether the adaptations observed in the present
study in males are similar in females, and if not, whether they
may play a role in the sex differences observed in the vulnerabil-
ity to develop CUD (Becker et al. 2017).

In summary, the results of the present study demonstrate that
exposure to cocaine self-administration triggers similar pan-
striatal adaptations in astrocytic DAT to those produced by ex-
posure to heroin while the compulsive expression of incentive
cocaine seeking habits is associated with a selective decrease in
DAT mRNA in the NacS astrocytes. These findings suggest that
alterations in astrocytic DAT may represent a common mecha-
nism underlying the striatal dopaminergic adaptations that lead
to the development of compulsive incentive drug-seeking habits
across addictive drugs.
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