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Addictive drugs increase [DA],, in the nucleus accumbens (NAc)
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-  Common reinforcing effect partly explains why addictive drugs are initially & repeatedly taken



Psychological processes involved in addiction: Paviovian conditioning

Amygdala & insula

Pavlovian conditioned stimuli (CSs)
Drug (unconditioned stimulus, US) Childress et al.. 2000

Motivation, craving, and invigoration of foraging behaviour



Psychological processes involved in addiction: habits

The striatum
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Habits:

Stimulus-bound

Rigid enactment of behavioural sequences
Depend on the dorsolateral striatum (DLS)



Habits: behavioural manifestation

The striatum




Addiction: engagement of the DLS DA-dependent habit system

Craving is associated with increased DA transmission in the dorsal striatum in
humans

Volkow et al., J. Neurosci. 2006



Engagement of the dorsolateral striatum in heavy alcohol drinkers

Recreational user Heavy drinker

Vollstadt-Klein et al., 2010



Intrastriatal functional shifts: does it matter?
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Engagement of the aDLS-dependent habit system: non-human primates

Initial 0%

- 10-20 %

. 21-30%

- >30%

Initial Chronic

2DG metabolic activity decreases D2 binding site decreases

Porrino L. 2004



Engagement of the dDLS-dependent habit system: rodents

Short term cocaine Chronic cocaine
exposure - 12 days exposure - 50 days

In situ hybridisation
of the D2 dopamine receptor

DMS

Decreased dopamine D2 receptor level

Besson et al., Neuropsychopharmacology, 2013



Amygdalo-striatal mechanisms in addiction: real life drug foraging

What mechanisms underlie the development of drug seeking habits in
addiction?

The amygdala: motivation/ The dorsolateral striatum:
urges habits

.....

The amygdala does not project directly to the dorsolateral striatum!



Amygdalo-striatal mechanisms in addiction: real life drug foraging

How do we operationalise drug foraging in non human mammals?

Importance of conditioned reinforcement




In the real world, habits are not divorced from cues: conditioned
reinforcement

Cue-controlled drug seeking

Second order schedule of reinforcement
A model of drug seeking that measures the impact of
drug CSs over delays to drug taking (conditioned
reinforcement)
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In the real world, habits are not divorced from cues: conditioned
reinforcement

Cue-controlled drug seeking

Second order schedule of reinforcement 150
A model of drug seeking that measures the impact of
drug CSs over delays to drug taking (conditioned
reinforcement)
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Lever presses

Incentive habits

Cue-controlled drug seeking behaviour
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Incentive habits

Neural basis of the acquisition of cue-
controlled drug seeking



Cue-controlled drug seeking: role of the basolateral amygdala and of the NAc Core

BLA lesion or inactivation
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Cue-controlled drug seeking: a BLA - NAcC circuit underlies the impact of drug CSs on
cocaine seeking

Bregma 1.20 mm ) TS Bregma - 3.24 mm Bregma - 3.36 mm

CAV2-Cre

BLVANSEMEES

2 mm

DIO-hsyn-HmM4dGi

Puaud et al., Biol. Psychiatry, 2021



Cue-controlled drug seeking: a BLA - NAcC circuit underlies the impact of drug CSs
on cocaine seeking

Selective inhibition of the neurons of the BLA-AcbC pathway prevents the
development of cue-controlled cocaine seeking
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Incentive habits

When cue-controlled drug seeking becomes well
establihsed, its control devolves to the aDLS



Cue-controlled drug seeking becomes reliant on aDLS Dopamine

Incentive cocaine seeking habits Incentive heroin seeking habits
50 -
45.- FR1- early / seeking test 250, FI15(FR10:S) - late / seeking test
£ * %k 401 T T
2.20 mm € 40- o . 200
< 35 A v rEa @ 150
s - 2 20 — L = *
1.70 mm < 30- < b 100 1 . %
o 104 50 —
v 254
© 0- 0
1.20 mm % 20 - N 12- L o 12- - .
S 15. 1111 =  JO D Ed e ~ 000 Em =
i e 0 5 10 15 0 5 10 15
1.00 mm L>Ij 10 - FI20(FR10:S) o-flupenthixol (ug/side) o-flupenthixol (pug/side)
[ I
5. CS+ CS+
0 Early vs late seeking test
i | T T T T T T T A
0.70 mm 100 -
50 0 50 100 150 200 250 300 " EiEarly
. . ) [ ILate
Time (min) 7 [ T
Ito et al., J Neurosci. 2002 o
250 o o
m 5= T *
o o 90 %
- 200 > | T
AP +1.7 < -1
(@) )
£ 150 2
= =
— | AP 41,0 3 5(,
o 100 0.
o . 5 10 15
— S 50 o-flupenthixol (ug/side)
8 Hodebourg et al., EJN 2019
0
0 5 10 15

Vanderschuren et al.. J Neurosci. 2005 a—-flupenthixol (ug/side)



Incentive habits: the path to compulsion?

Instrumental deprivation eftect: forced abstinence in cocaine seeking

Cocaine Cocaine seeking

Self-administration
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Incentive habits promote compulsive relapse

Incentive habits promote aberrant relapse... Independently of pharmacological withdrawal

3 days Absiso

No cocaine Cocaine No cocaine Cocaine

SOR n=12 n=10 n=12 n=9

Fouyssac et al., Biol. Psy 2022 SOR



Incentive habits promote compulsive relapse

Incentive habits-mediated relapse occurs when SEEKING, but not TAKING is prevented
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3 days SA but not seeking, SOF..
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Incentive habits: hypothetical associative model
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Independent of the value of the drug



Incentive habits: hypothetical associative model

Second order
Interdimensional
Conditioning




Incentive habits: flexibility in the inflexibility - neural correlates
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Incentive habits: flexibility in the inflexibility - causal evidence
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Incentive habits: fiexibility in the inflexibility
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Compulsion resulting from a response aiming at reducing distress and
alleviating the urge for action: negative reinforcement beyond withdrawal.



Incentive habits and compulsive behaviours in OUD

Instrumental deprivation effect: voluntary abstinence in heroin seeking
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Incentive habits and compulsive behaviours in OUD

Incentive habits promote a compulsion to respond maladaptively in anticipation

of, and under, punishment :
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Incentive habits and compulsive behaviours in OUD

The compulsion to respond maladaptively in anticipation of, and under,
punishment predicts compulsive relapse in individuals with an incentive heroin-
seeking habit
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Incentive habits

Neural basis of incentive heroin seeking habits
and their compulsive manifestations
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Incentive habits: neural signature of incentive heroin seeking habits

Functional convergence matrices of Zif268 mRNA levels in discrete regions

In Situ hybridisation targeting ZIF-268 mRNA
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Fouyssac et al., In preparation



Incentive habits: neural signature of incentive heroin seeking habits

Functional convergence matrices of Zif268 mRNA levels in discrete regions

Habits Incentive habits

F|_1 5 Rvalues-

-4-20.2.4.6 .81

SOR R values-

-4-20.2.4.6.81

IL Cx IL Cx

*
m-OFC B3 . ‘% m-OFC
v-OFC B A% v-OFC
I-OFC [E; * I-OFC
Al Cx K3 * Al Cx
DI Cx [ * DI Cx
aDLS K, * aDLS
pDMS E; % pDMS
AcbC K; * AcbC
m-AcbS * m-AcbS
I-AcbS I-AcbS
I-BLA I-BLA
BLA BLA
CeA CeA
ch’f»d&é‘\%‘(é%\%z%*\zi;@&?&& ™ NP

Fouyssac et al., In preparation



Incentive habits: neural signature of incentive heroin seeking habits

Greater plasticity in the habit system in incentive habits
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Compulsive incentive habits: purinergic mechanisms

Compulsion is associated with A2ZAR mRNA and protein levels in the NacC
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Compulsive incentive habits: purinergic mechanisms

Causal evidence for a role of A2ARs in compulsive incentive heroin seeking
habits and relapse
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Conclusions

A long history of drug seeking under the control of the conditioned reinforcing properties
of the drug-paired cues results in incentive habits.

Individuals prevented from enacting their incentive habits experience and urge to respond
that is mediated by a new goal-directed schemata, the goal of which is not the drug, but
the response.

This promotes responding in the face of future negative consequences that will result in an
inability to fulfil the incentive habit and an increased tendency to relapse following
self-imposed abstinence.

Incentive habits are associated with a specific corticostriatal functional signature similar to
that observed in humans with SUD and purinergic mechanisms in the NacC.
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Incentive habits

Neural basis of the ventral to dorsolateral striatal
shift in the locus of control over cue-controlled
drg seeking when it becomes habitual
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Intrastriatal mechanisms of drug seeking habits

Intrastriatal functional disconnection

Haber et al., 2000




Functional disconnections

Haber et al., 2000
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Intrastriatal mechanisms of cocaine seeking habits

Cocaine seeking habits depend upon functional interactions between the ventral and the
dorsolateral striatum
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Incentive habits

But, what drives this shift?



The BLA recruits aDLS-dependent control via antecedent glutamatergic
mechanisms in the NAcC

Disconnecting BLA from aDLS DA Disconnecting CeN from aDLS DA
mechanisms mechanisms
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The BLA remotely controls aDLS-MSNSs via glutamatergic mechanisms
in the NAcC

DLS pMSNs AP recording
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Photostimulation of BLA terminals in the NAcC controls the activity of
aDLS MSNs
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Incentive habits

Cellular mechanisms in the BLA underlying the
expression of incentive drug seeking habits

Sue Jones



Changes in synaptic activity in the BLA over the course of the
development of aDLS-dependent cocaine seeking habits

BLA synaptic activity increases during acquisition before decreasing during the habitual
expression of cue-controlled cocaine seeking
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Changes in BLA excitibility

over the course of the decelopment of aDLS-
dependent cocaine seeking habits

BLA excitability increases during acquisition of cue-controlled cocaine seeking before decreasing when it
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Incentive habits

The unexpected guest: more to incentive habits
than neural systems

BB UNIVERSITY OF
<V CAMBRIDGE



Striatal quadripartite synaptic microenvironment
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Striatal astrocytes express DAT
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Investigating the effect of drug exposure on striatal astrocytic DAT
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Astrocytic DAT expression is downregulated by drug exposure
throughout the striatum
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NAcC astrocytes regulate the development of aDLS DA-dependent
Incentive drug seeking habits

Experimental Timeline
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NACcC astrocytes regulate the development of aDLS DA-dependent
Incentive drug seeking habits

Inhibition of astrocytic striatal syncytium facilitates the recruitment of aDLS DA-dependent
control of drug seeking

- Activation of astrocytic striatal syncytium prevents the recruitment of aDLS DA-dependent
control of drug seeking

Control CalEx Gq

early probe late probe earIX probe late probe early probe late probe
aDLS Independent aDLS Dependent aDLS Dependent aDLS Dependent aDLS Independent aDLS Independent

@ 601 2 601 T 601
@ 600 % 600 Early Recruitment i A 600
o = | o
o o o
- - -
< 400 ns - < 400 x < 400 o
ns
: — g g | ]
e 3 3 ‘
» 200 ¢ — o o 200 © 200 T
o) o o)
~ SZ céz\ g ~
]

=2 0 0 0 B=——3

aCSF Flu aCSF Flu aCSF Flu aCSF Flu aCSF Flu aCSF Flu



Conclusions

A long history of drug seeking under the control of the conditioned reinforcing properties
of the drug-paired cues results in incentive habits.

Individuals prevented from enacting their incentive habits experience and urge to respond
that is mediated by a new goal-directed schemata, the goal of which is not the drug, but
the response.

This promotes responding in the face of future negative consequences that will result in an
inability to fulfil the incentive habit and an increased tendency to relapse following
self-imposed abstinence.

Incentive habits are associated with a specific corticostriatal functional signature similar to
that observed in humans with SUD and purinergic mechanisms in the NacC.

Differential cellular and synaptic plasticity in the BLA accompany the acquisition of cue-
controlled drug seeking and the expression of incentive drug seeking habits

Striatal astrocytes play an unexpected role in the recruitment by the NAcC of aDLS DA-
dependent incentive habits of aDLS
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Cue-controlled drug seeking: a BLA - NAcC circuit underlies the impact of drug CSs
on cocaine seeking

Selective inhibition of the neurons of the BLA-AcbC pathway prevents the
development of cue-controlled cocaine seeking
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NACcC astrocytes regulate the development of aDLS DA-dependent
Incentive drug seeking habits
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Diagnosis of substance use disorder

A chronic relapsing disorder characterised by the compulsive engagement in drug seeking and taking
behaviour, the inability to control drug use and the experience of negative affective states on withdrawal

Multiple brain systems and circuits are

DSM 5: Substance use disorder nvolved in addiction

Taking more drug than intended
Unsuccessful efforts to cut down

Strong urges & craving for the drug (cues)
Excessive time spent acquiring drug
Activities given up because of use
Failure to fulfill major role obligations
Use despite negative effects

Recurrent use in hazardous situations
Continued use despite consistent social
or interpersonal problems

10. Tolerance to drug effect

11. Withdrawal signs
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Moderate (4-6)
Severe (7-11)

Severity measured by the
number of symptoms



Amygdalo-striatal mechanisms and incentive habits

Optogenetic inhibition of the BLA prevents the development of cue-controlled
cocaine seeking
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Cue-controlled drug seeking becomes reliant on aDLS Dopamine

Well-established cue-controlled cocaine seeking: role of both D1 and D2 dopamine receptors in the aDLS
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In the real world, habits are not divorced from cues: conditioned
reinforcement

Cue-controlled drug seeking

Second order schedule of reinforcement

A model of drug seeking that measures the impact of
drug CSs over delays to drug taking (conditioned
reinforcement)

Conditioned reinforcement



