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In âlde frou rint op'e wei
se nimt twa lege krúken mei,

sil nei de put om wetter.
Dy put is noch in hiele reis

se is in oere ûnderweis
soms wurdt it noch wat letter.

Sa rint se dêr dan mei har jok
oan beide kanten elts in krúk
moarns ier giet se dêr hinne.

Mar sjoch, dy iene krúk is lek,
dêr sit in barst, in raar gebrek, 

soe it har net skele kinne?

As se wer thús komt mei har fracht,
heart se in stimke, lyts en sêft,
de skeinde krúk seit dimmen:

"Ik wit net watst noch mei my moatst,
want ik ha dochs dy rare barst, 

kinst net in oaren nimme?"

"Nee", seit de frou, "dat doch ik net,
ik ha fan dy no krekt ferlet,

want hast dit wol fernommen? 
Just oan ien side fan de wei, 
joechsto wat wetter, elke dei
en no bloeie dêr blommen!"



Chapter 1

General introduction
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1.1 Substance use disorder

Substance use disorder (SUD) is a chronic psychopathology resulting in the inability 
of affected individuals to control the intake of addictive substances, such as drugs of 
abuse, nicotine or alcohol. There are widespread differences in the prevalence of drug 
use and SUD worldwide, with a lifetime prevalence ranging from 1.3-15% according 
to the World Health Organisation1. Globally, approximately 275 million people used 
drugs in the past year and 36 million people are estimated to suffer from SUD2. The 
burden of disease attributable to the use of drugs can be measured by mortality and 
the number of healthy life years lost (disability-adjusted life years (DALYs)). In 2019, 
almost half a million deaths and 31 million DALYs were lost due to drug use2. When 
incorporating alcohol in the data, these numbers rise sharply. Harmful use of alcohol 
resulted in ~3 million deaths (5.3% of all deaths) worldwide yearly and over 130 mil-
lion DALYs3, a number that has remained relatively stable over the last years. To put 
this into perspective, mortality attributable to alcohol consumption is higher than 
that caused by HIV/AIDS, diabetes or tuberculosis3. In the past decade, the number 
of drug-related deaths, either directly or indirectly through e.g. liver disease due to 
hepatitis or self-harm associated with drug use, have strongly increased2. It is thought 
that this increase is mainly driven by the injection of opioids, rendering people more 
vulnerable to deathly overdoses. Together, these data indicate that SUDs are placing 
a significant burden on societies and healthcare systems worldwide. 

Besides the regional differences in SUD prevalence, there are also strong gender dif-
ferences in drug and alcohol use and consequently in SUD prevalence2,3. For alcohol 
use disorder (AUD), it has been reported that men experience AUD five times more 
frequently than women3. However, more recent studies have indicated that this ge-
nder gap in alcohol and drug use and misuse is narrowing4,5. While differences in 
AUD and SUD prevalence can be partly explained by biological sex differences (e.g. 
pharmacokinetic response to drugs and neurobiological differences in glutamate and 
endocannabinoid systems), the narrowing gender gap is mainly due to changes in 
gender roles, as access to, and acceptability of, using substances is increasing for wo-
men4–6. This trend should be closely monitored in the coming years and considered in 
the design of clinical, but also preclinical studies.

Throughout this thesis, I will use the brain disease model of addiction as a framework 
for our studies (see section 1.2), as preclinical and clinical studies have repeated-
ly provided evidence that repeated drug exposure induces specific neuroadaptati-
ons7–10. Furthermore, molecular target and circuit identification has resulted in the 
development of a number of effective pharmacotherapies8,11. Moreover, elucidation 
of neurocircuits associated with SUD or AUD can aid the development of non-invasive 
transcranial stimulation therapies, with the goal to enhance control over ones actions 
or reduce stress reactivity, which has shown promising results in initial studies12,13. 
Furthermore, the brain disease framework reduces the stigma associated with SUD or 
AUD, as this can contribute to enhanced access to healthcare and treatment, which is 
of pivotal importance8–10.
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According to the Diagnostic Statistical Manual of Mental Disorders 5th edition (DSM-V), 
SUD can be diagnosed if a person meets two or more of the following criteria: 

1.  hazardous use, 
2.  social or interpersonal problems related to use, 
3.  neglected major roles due to substance use, 
4.  withdrawal symptoms (physical and mental symptoms that occur once long-term use  
      of a drug is stopped), 
5.  tolerance (requiring a higher dose of a drug to experience the same effects), 
6.  using larger amounts or for a longer time than intended, 
7.  repeated attempts to quit or control use, 
8.  significant time spent using substances, 
9.  physical or psychological problems related to substance use, 
10. other life activities given up to use and 
11.  craving or strong desire or urge to use the substance14. 

The severity of SUD can be determined by the number of criteria met, ranging from 
mild (two to three criteria met) to moderate (four to five criteria met) to severe (six 
or more criteria met). From these criteria follows that SUD is an umbrella term that 
captures a heterogeneous disorder with a wide range of subpopulations. Modera-
te-to-severe or severe SUD, often coinciding with substantial loss of self-control, is 
also termed addiction. This higher end of the spectrum often (but not always) shows 
the chronic, relapsing phenotype classically used to describe addiction9. Of note, when 
discussing SUD or AUD within, and beyond the scientific community, stigmatising 
terms are commonly used (e.g. “alcoholic”, “drunk”, “abuser”, “addict”, “junkie”) that 
can negatively impact the quality of care received15–19. Therefore, it has been proposed 
to use more clinically accurate terminology describing patients with AUD or SUD and 
their symptomatology17–19. 

Epidemiological studies have revealed that the large majority of SUDs remain untre-
ated20 and if treatment is sought, this is often unsuccessful. The treatment of SUD is 
further complicated by the finding that half of people experiencing SUD also suffer 
from other mental disorders, such as anxiety disorders, attention-deficit hyperacti-
vity (ADHD), bipolar disorder, eating disorders and major depression disorder20–22. 
Despite efforts to improve treatment strategies for SUD and AUD in the past deca-
des, the number of individuals remaining abstinent successfully has remained largely 
unchanged over time (<50% after one year)23–25. Remarkably, relapse is a common 
phenomenon across different drugs of abuse and alcohol and relapse rates are often 
found to be similar for different drugs of abuse, suggesting common neurobiological 
mechanisms are involved in relapse to alcohol or drug intake24–27. Even after periods 
of prolonged abstinence, craving and relapse can be triggered by stress, priming do-
ses of alcohol or the drug itself, or environmental factors associated with alcohol or 
drugs28. This long-lasting vulnerability to relapse to drug or alcohol use is the con-
sequence of persistent neuroadaptations and might be an entry point for effective 
pharmacotherapy. 
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Taken together, SUD is a chronic, complex and debilitating psychopathology that 
affects millions of people worldwide and treatment is often inefficient. In order to op-
timise treatment strategies and elucidate novel therapeutic targets, more insight into 
the persistent neurobiological mechanisms underlying SUD is of pivotal importance. 
With my PhD project, I have attempted to contribute to this by investigating how 
learned alcohol- and drug-associations are processed at the level of neuronal circuit-
ry, cells and molecules. In the next sections, I will outline a theoretical framework of 
AUD/SUD and summarise knowledge on the neurobiological mechanisms underlying 
it, with an emphasis on the role of the medial prefrontal cortex (mPFC) in alcohol and 
cocaine use disorder.

1.2 Theoretical framework: the addiction cycle

Moderate-to-severe SUD, or addiction, is a disorder that encompasses elements of 
both impulsivity and compulsivity, that together compose a three stage addiction 
cycle: 1) intoxication and binge consumption, 2) withdrawal and negative affect and 
3) preoccupation and anticipation29. These stages are mediated by discrete brain re-
gions, with the reward circuitry, encompassing the ventral tegmental area (VTA), nu-
cleus accumbens (NAc) in the striatum and thalamus, playing a key role in intoxication 
and binge drinking. Withdrawal and negative affect has been shown to be strongly 
mediated by the extended amygdala circuitry, and preoccupation and anticipation 
involves a more distributed network, with key regions being the mPFC and hippocam-
pus (Fig. 1)8,29. Furthermore, associative learning plays an important role in addiction, 
as during drug and alcohol consumption, previously neutral environmental stimuli 
(i.e. cues) become associated with the rewarding effects of addictive substances. The 
mPFC, amygdala and hippocampus play a prominent role in drug-associated learning, 
which induces long-term neuroadaptations that are thought to mediate relapse upon 
re-exposure to drug-associated cues, even after prolonged periods of abstinence. 

Withdrawal
Negative a�ect

Preoccupation
Anticipation

Intoxication
Binge drinking

Response to alcohol/drugs
Associative learning Stress & reward

Neurocircuitry Synaptic systems Molecules

Long-lasting neuroadaptations

mPFC HPC

NAc VTA

AMY

PAGTHA
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Figure 1 – Conceptual framework: stages and neurocircuitry involved in SUD and AUD. 
A schematic model of the cycle of SUD and AUD, and associated brain regions. Exposure to 
alcohol or drugs can lead to persistent neuroadaptations at the level of circuits, synapses and 
molecules, which in turn alter the response to alcohol or drugs. For example, by influencing 
the level of intoxication or binge drinking of alcohol. After intoxication, withdrawal and ne-
gative affect can occur, which often results in craving for alcohol or drugs, leading to preoc-
cupation with, and anticipation of, alcohol or drug seeking. This may evoke relapse to alcohol 
or drug consumption. Stress and reward are bidirectionally associated with withdrawal and 
negative effect, and can induce neuroadaptations that subsequently alters stress suscepti-
bility and reward sensitivity. Long-lasting neuroadaptations are also evoked by associative 
learning during drug use. Environmental stimuli that are present at the time of drug/alcohol 
exposure are associated with the rewarding experience and this induces memory formation. 
Upon re-exposure to such cues, the drug- or alcohol memories are retrieved and can induce 
craving and relapse to drug intoxication or binge drinking. Brain regions associated with these 
stages of the addiction cycle are indicated in the schematic sagittal outline of a mouse brain, 
with a focus on connections of the mPFC. Brain areas in blue are associated with intoxication 
and binge drinking, brain areas in pink are associated with withdrawal and negative affect, and 
green brain areas are linked to preoccupation, anticipation and associative learning. Arrows in-
dicate direction of connectivity of the mPFC with the other brain regions (i.e. reciprocal mPFC 
connectivity = double arrows, efferent output = right arrow, afferent input = left arrow). mPFC 
= medial Prefrontal Cortex, NAc = Nucleus Accumbens, AMY = (extended) Amygdala, HPC = 
Hippocampus, THA = Thalamus, VTA = Ventral Tegmental Area, PAG = Periaqueductal Grey. 
Figure adapted from and inspired by Volkow, Koob and McLellan (2016)8, The New England 
Journal of Medicine and Anastasiades and Carter (2021), Trends in Neurosciences30.

1.2.1 Intoxication and binge drinking – Reward circuitry
The brain’s reward systems have evolved in order to mediate responses to natural 
rewards, like food or sex, that are essential for survival of the organism. However, this 
neural circuitry can also be hijacked by powerful stimuli like drugs of abuse or alcohol 
that induce intoxication, by evoking strong stimulation of dopaminergic transmission. 
All known addictive drugs stimulate dopaminergic signalling, either by directly en-
hancing the firing frequency of dopaminergic signalling in the VTA or by increasing 
dopamine levels extracellularly in the NAc8. Therefore, much of the early SUD rese-
arch focused on the mesolimbic dopaminergic system, with special emphasis on mid-
brain dopamine release induced by rewarding stimuli, dopaminergic basal ganglia 
targets that play a role in reward processing, and dopamine in the dorsal striatum 
contributing to reward-driven actions31–33. Several studies have revealed alcohol- and 
drug-induced neuroadaptations in the NAc, both after acute and chronic drug admi-
nistration23,34,35. Besides dopamine, a wide range of neurotransmitters in the central 
nervous system are involved in drug and alcohol metabolism and the development 
of addiction, such as serotonin, γ-aminobutyric acid (GABA), glutamate, acetylcholine, 
opioids, and noradrenaline36,37. Drugs of abuse exert control over the brain’s reward 
circuitry either by directly influencing dopaminergic signalling, or by altering activity 
of other neurotransmitter systems that modulate the mesolimbic dopaminergic path-
way37, which differs per type of addictive substance. 
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1.2.2 Associative learning
An important hallmark of addiction is the formation of persistent maladaptive drug-as-
sociated memories that can sustain drug seeking and are difficult to extinguish38–40. In 
addictive disorders, long-lasting neuroadaptations have been observed in neuronal 
circuits that are responsible for normal appetitive reward memory processing, which 
led to the hypothesis that positive drug-related learning is enhanced, while learning 
about negative consequences associated with drug use is suppressed39–43. The impor-
tance of aberrant associative learning mechanisms in SUD and AUD first came from 
studies observing that relapses to drug taking often followed exposure to or drug- or 
alcohol-associated cues44–48. Neural substrates involved in long-term associative me-
mory processing, such as the mPFC, amygdala and hippocampus, amongst others, 
receive dopaminergic input from the midbrain41,42 and are hypothesised to allow per-
sistent drug-associated memory formation. Subsequently, cue-evoked drug-memory 
retrieval induces craving, thereby rendering an individual vulnerable to relapse, even 
after prolonged periods of abstinence40,41. After repeated exposure to the drug re-
ward, dopaminergic signalling shifts from responding to the reward itself, to respon-
ding to the conditioned stimuli, or cues, that predict reward49. Thereby, environmental 
cues can trigger conditioned dopamine release, which is thought to induce craving, 
resulting in alcohol- or drug-seeking behaviour and ultimately leading to harmful 
drug use. Since long-term drug-associated memories can last for many years or even 
a lifetime, they can sustain relapse vulnerability even long after cessation of drug use 
and after negative withdrawal symptoms have subsided. 

1.2.3 Withdrawal and negative affect
A negative consequence of altered physiological processes involved in drug addicti-
on, is that healthy, non-drug rewards become less rewarding following chronic drug 
use. Also, clinical and preclinical studies have revealed that drug consumption itself 
induces smaller increases in dopamine levels in humans and animals with a history 
of drug abuse than in those without50–52. Therefore, in chronic drug users, the brain’s 
reward system becomes significantly less sensitive to stimulation by drug rewards 
and non-drug rewards. Withdrawal from chronic drug or alcohol administration is 
accompanied by decreases in activity of the dopaminergic and serotonergic systems 
and produces an aversive or anxiety-like state in which stress-related systems are 
activated29. On the other hand, repeated drug use also results in increased activa-
tion of an ‘anti-reward’ system, recruited to oppose the excessive activation of the 
reward system53, causing enhanced stress reactivity and negative emotions through 
neuroadaptations in the extended amygdala8,54. This anti-reward system increases le-
vels of dynorphin, noradrenalin and corticotropin-releasing factor, inducing a dysp-
horic state after the direct drug effects subdue53. The net effect of these changes in 
reward and anti-reward systems is that a person transitions from pleasurable, recre-
ational drug use to taking drugs to transiently escape the distress and dysphoria felt 
upon withdrawal, i.e. when not intoxicated.

1.2.4 Preoccupation and anticipation
The changes in the brain’s reward and emotional systems, as outlined above, are ac-
companied by alterations in executive functioning that rely heavily on the prefrontal 
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cortex (PFC). In these prefrontal regions, changes in dopaminergic and glutamatergic 
signalling are found8 that lead to a reduction in inhibitory control55,56 (i.e. weakens the 
ability to resist strong urges to take drugs), impaired decision making56 and increased 
impulsivity57. 

Hence, the combination of reduced inhibitory control by the PFC with alterations in 
neurocircuitry underlying reward processing, memory and emotional regulation cre-
ates an imbalance in which cessation of drug or alcohol intake becomes increasingly 
difficult. Since the mPFC is an integrative hub with (reciprocal) connections to the 
other addiction-relevant brain areas described above, and has been heavily impli-
cated in relapse to alcohol and drug seeking, this brain region is the main focus of 
the studies described in my thesis. In the following paragraphs, I will first introduce 
preclinical models to study aspects of AUD and SUD and then discuss the role of the 
mPFC in this. 

1.3 Animal models to study SUD and AUD

           “all models are wrong, but some are useful” - George E. P. Box58

Animal model development allows us to study the brain mechanisms involved in ad-
dictive behaviour. The idea is that identification of neurobiological mechanisms at 
the molecular, cellular and circuit level can aid the development of treatment options 
for AUD and SUD by diminishing craving, relapse and/or compulsive drug intake. In 
humans with a history of drug use, craving and relapses are often triggered by en-
vironments or cues that are associated with drug use59 (e.g. bars or paraphernalia). 
This can be modelled in animals by pairing neutral discrete or contextual cues with a 
drug reward, thereby increasing the valence of these cues. After repeated pairing with 
the drug or alcohol, presentation of drug-associated cues in absence of the drug evo-
kes drug/alcohol seeking. In the next section I will describe commonly used animal 
models to study facets of SUD/AUD behaviour, with a specific focus on those using 
discrete and contextual cues that are employed in the studies presented in this thesis. 
Of note, all animal models described below have their limitations, which for some 
models restricts applicability to the complex psychopathology of addiction60. 

1.3.1 Conditioned place preference 
Conditioned place preference (CPP) relies on Pavlovian conditioning61, whereby an 
otherwise neutral environment (conditioned stimulus (CS)) becomes associated with 
the rewarding effects of a drug (unconditioned stimulus (US)). This leads to a chan-
ge in the valence of the environment. As a result, animals will show a preference for 
this environment over a neutral context under drug-free conditions62–64. The strength 
of preference for the reward-paired context serves as a measure of associative re-
ward learning. Prolonged unreinforced exposure to the CS will lead to a reduction of 
preference, indicative of extinction learning. A CPP apparatus generally consists of 
two distinct compartments, differing in visual and tactile cues, and a neutral middle 
compartment. To assess whether animals have an innate preference for one of the 



14

compartments, an animal is placed in the middle compartment and allowed to freely 
roam the entire apparatus (pre-conditioning test, or pre-test). Conditioning typically 
takes place on consecutive days, during which the animal receives an intraperitoneal 
(i.p.) injection of saline and is immediately confined to one of the compartments. In 
the next session, the animal receives an i.p. injection of a rewarding substance and is 
placed in, and confined to, the other compartment. Generally, these sessions are re-
peated multiple times and the reward- and saline-paired context is counterbalanced 
within a group. The preference for the reward-paired compartment is assessed in a 
post-conditioning test (post-test), wherein the animal is again allowed to freely roam 
the entire apparatus under drug-free conditions. The time spent in the reward-paired 
versus saline-paired context serves as a measure for reward memory expression. An 
important limitation of CPP as animal model for addiction is that it lacks face validity; 
the experimenter controls drug exposure (e.g. by injecting the rewarding drug or by 
exposing animals to oral alcohol), thereby bypassing motivated drug intake behavi-
our64 and drug exposure is limited to a brief period of time. This is in stark contrast to 
human drug intake, as in humans intake is self-initiated, duration of alcohol- or drug 
intake is self-controlled and there is a choice between drug use and abstinence60. Ne-
vertheless, CPP is a useful paradigm to study the formation, expression and extinction 
of drug reward-associated contextual memories64. 

1.3.2 Reward self-administration
Self-administration (SA) of a drug or alcohol is a paradigm in which an animal has 
to make an operant response (e.g. nose poke or lever press) to obtain a reward (e.g. 
drug delivery or oral alcohol). It is common in SA studies to pair reward delivery with 
the presentation of a discrete cue (e.g. a light or tone), leading to the formation of 
an association between the reward and the cue. Responses on an active operandum 
are rewarded, while responses on an inactive operandum have no consequences. The 
distinction between these two types of responses can serve as a measure of learning 
and as a control for general activity. To assess the motivation of the animal to obtain 
the reward, the number of responses required to earn one reward is increased over 
sessions. The most commonly used schedule of reinforcement is the Fixed Ratio (FR) 
schedule, in which the number of responses is fixed and can be increased over the 
course of learning. An increase in FR should induce an increase in responding of the 
animal, indicative of the animal’s motivation to obtain the reward and learning of the 
operant association. Another commonly used method to assess the motivation of 
the animal to obtain a reinforcer is the Progressive Ratio (PR) schedule, in which the 
number of responses to obtain one reward increases progressively for each reward 
during a session. Learned associations induced by drug reward self-administration are 
robust, persist after prolonged periods of abstinence65, and can therefore serve as a 
model for long-term appetitive memories. 

Classic procedures often incorporate periods without drug reinforcement, or absti-
nence, which can be forced (i.e. experimenter imposed) or voluntary (self-imposed; 
either due to negative consequences or by an alternative non-drug reward (e.g. natu-
ral reward or social reward))66. A period of abstinence from the drug is often accom-
panied by “incubation of craving”, the phenomenon that animals and humans show 
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increased responding to drug-associated cues over time67–69. Already in the 1930s, 
this phenomenon was observed in rodents lever pressing for food pellets70, and it was 
later described for cocaine69, as well as other reinforcers, such as methamphetamine, 
alcohol, nicotine or sucrose67. Incubation of craving can be measured after a period 
of abstinence by re-exposing animals to the environment and operandum previously 
associated with the drug. 

To disentangle the contribution of cues and contexts in evoking drug seeking, dif-
ferent behavioural paradigms are used, of which the most commonly used ones are 
cue-induced reinstatement and ABA renewal71–73. To measure drug seeking specifi-
cally induced by a discrete cue, drug seeking evoked by contextual stimuli has to 
be diminished first. Unreinforced exposure to the conditioning context can induce 
extinction learning, leading to a decrease in operant responding and the formation of 
a new extinction memory74. Once response rates are stable, presentation of the cue 
in absence of reward can evoke drug seeking, a process called cue-induced reinstate-
ment73,75. To assess the propensity of the context to induce drug seeking after cessati-
on of SA, responding for alcohol or drug reward can be extinguished in an alternative 
context (context B), where responses ideally lead to presentation of the discrete cue 
without reward delivery. Re-exposure to the conditioning context (context A) will then 
induce reinstatement of drug seeking. This paradigm is called ABA renewal76. Besi-
des contextual and discrete cues, stress and drug-priming injections can also induce 
reinstatement of drug seeking, which are likely mediated by different neurobiological 
mechanisms77. 

The SA models described above have their limitations, as addiction in humans is 
characterised by alcohol or drug use despite negative consequences, either imme-
diately or in the long-term, escalation of drug use over time and involves choosing 
between abstinence and drug use60. To increase validity of animal models and inclu-
de key features of AUD and SUD, paradigms have been developed that incorporate 
drug choice over alternative rewards, like sucrose or social interaction78–80, and drug 
or alcohol SA despite negative consequences81,82. While the extinction-reinstatement 
model does show reasonable face validity, predictive validity has been shown for 
some drugs, construct validity has not been established73,83. Another limitation of the 
extinction-reinstatement model is that abstinence in human patients does not involve 
operant extinction learning in their daily environment. Studies using animal models of 
AUD and/or SUD should be taking these limitations into account and avoid overinter-
pretation of results, since models can provide valuable knowledge merely on certain 
facets of the human disease.

1.4 mPFC in AUD and SUD

Both clinical and preclinical studies have ascribed an important role for the mPFC in 
the regulation of responses to drug-associated environmental factors (cues). In this 
section I will outline the evidence for the involvement of the mPFC and its subregions 
(dorsal mPFC (dmPFC) and ventral mPFC (vmPFC)) in alcohol- and cocaine-associated 
behaviour. First, I will shortly describe key findings from brain imaging studies from 



16

humans, followed by a more elaborate discussion of animal studies. I will mainly focus 
on cocaine- and alcohol-associated memory processing in these models, because this 
will be the focus of the experimental chapters of my thesis.

1.4.1 Human imaging studies
Human brain imaging studies have demonstrated anatomical and functional alte-
rations in people suffering from AUD or cocaine use disorder84. Alcohol-dependent 
patients have a significantly reduction in grey matter volume and this deficit predicts 
faster return to alcohol use85. In individuals with cocaine use disorder, a decrease in 
PFC grey matter volume is observed, which is associated with reduced inhibitory con-
trol86–88. Functional magnetic resonance imaging (fMRI) studies revealed heightened 
activation of the mPFC in response to alcohol- and drug-related stimuli compared to 
neutral stimuli in people suffering from AUD or SUD84,89–91. Importantly, cue-induced 
responses in the PFC correlate positively with craving92,93, severity of drug use94 and 
subsequent alcohol use after abstinence95. Cocaine cue-reactivity studies consistently 
highlight that the dmPFC, including the dorsal ACC, exhibits increased activity in res-
ponse to cocaine-associated cues96. Moreover, greater activation of the dorsal ACC 
was associated with attentional bias to cocaine cues and was predictive of higher 
cocaine use 3 months later97. Stress is known to increase drug craving and relapse 
risk: it was found that stress-induced alcohol craving predicts faster relapse to alcohol 
re-intake and higher severity of alcohol use98, similar to what has been observed in 
cocaine-dependent individuals99. The mPFC also plays an important role in stress-in-
duced relapse, as stress-induced drug craving was associated with reduced anterior 
cingulate activation in abstinent cocaine-dependent individuals99,100. This may point to 
an inability to control drug-associated behaviour in stressful situations. Similar to co-
caine, the extent of alcohol cue-reactivity in the mPFC predicts subsequent relapse89,95, 
indicating that this brain region is highly involved in the processing of alcohol- and 
drug-related stimuli. A meta-analysis of cue-reactivity studies between cocaine, alco-
hol and nicotine demonstrated overlap in activation of the ventral striatum, amygdala 
and the ACC in response to drug cue exposure101. Similarly, neuroimaging studies 
show that a distributed network encompassing the OFC, ACC, dorsolateral PFC and 
amygdala is linked to cue-elicited craving102. Taken together, the mPFC has been pro-
posed to be a key neural substrate for relapse vulnerability for alcohol, cocaine and 
other drugs of abuse and understanding how it contributes to this behaviour at a 
circuit, cellular and molecular level is of clinical relevance103. 

1.4.2 Cocaine-conditioned behaviour in rodents
Animal studies have shown that the mPFC is critical for both expression and extinction 
of drug-seeking behaviour. Initially, it was thought that a dorsal-ventral dichotomy 
exists in the mPFC, with the dmPFC driving cocaine seeking and the vmPFC driving 
inhibitory control over cocaine seeking through extinction learning103,104. Global inac-
tivation of the dmPFC results in reduced reinstatement to cocaine seeking when in-
duced by cocaine-associated stimuli (contexts105 and discrete cues106), stress107, as well 
as cocaine itself107,108. In contrast, many studies show that the vmPFC is not involved 
in driving drug-seeking105–107. Rather, the vmPFC plays an active role in suppression of 
cocaine seeking, through facilitation of extinction memory109–111. Of note, the role of 
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the vmPFC in drug seeking can be different for other drugs of abuse112,113, therefore I 
will focus on studies investigating cocaine seeking. 

Lesioning the dmPFC blocks acquisition of cocaine CPP114,115, whereas vmPFC lesions 
have no effect115. However, no effect of pre-acquisition quinolinic acid infusions into 
the dmPFC on acquisition or extinction of cocaine CPP was found, but quinolinic acid 
mediated lesioning reduces reinstatement of cocaine CPP after cocaine priming injec-
tions116. Recently, the role of excitatory and inhibitory neurons in the mPFC was inves-
tigated by expressing an inhibitory Designer Receptor Activated by Designer Drugs 
(DREADD) in either pyramidal neurons or GABAergic interneurons117. Suppression of 
pyramidal neurons before conditioning or testing reduces the acquisition or expressi-
on of cocaine CPP respectively, while there was no effect of interneuron suppression. 
This shows that pyramidal neurons in the mPFC are involved in formation and retrieval 
of cocaine-associated memories. Of note, this study did not differentiate between the 
subregions of the mPFC, so the contribution of excitatory and inhibitory neurons in 
specific mPFC subregions to processing of cocaine-associated memories remains to 
be investigated.

With regards to structural plasticity, cocaine exposure persistently increases the num-
ber of dendritic branches and spine density on layer 5 pyramidal neurons in the PFC 
24 days after last cocaine exposure118. Furthermore, cocaine CPP induces a rapid incre-
ase in dendritic spine plasticity in layer 5 dmPFC neurons and the formation of new 
persistent spines correlates with cocaine preference119. This suggests that a persistent 
increase in spines may support the consolidation and stabilisation of cocaine-associ-
ated memories. Furthermore, increased intrinsic excitability of dmPFC pyramidal neu-
rons is observed 1h after a cocaine CPP test120,121, and this positively correlates with 
the level of CPP expression121. However, whether these alterations in excitability are 
induced by the test or repeated cocaine exposure during CPP training is unknown. 
Remarkably, increased excitability was only observed in animals with high CPP ex-
pression, compared to naïve or low CPP-expressing animals. This study also found 
that blockade of cyclic AMP-dependent signalling prevents CPP expression and sub-
sequent cocaine-induced reinstatement of CPP. Furthermore, cocaine CPP increases 
both pre- and postsynaptic transmission in dmPFC pyramidal neurons, by enhancing 
excitatory presynaptic release, paired-pulse facilitation and AMPA receptor mediated 
transmission120. Administration of β-adrenergic receptor antagonist propranolol befo-
re cocaine memory retrieval reverses these cocaine-induced neuroadaptations in the 
dmPFC and causes a long-lasting disruption of cocaine-associated memory, showing 
these memories can be persistently impaired during retrieval120–123. Furthermore, when 
assessing the effects of cocaine CPP after prolonged abstinence, it was found that 
dmPFC, but not vmPFC, neurons encompass an increase in contribution of calcium 
permeable AMPA receptors124. Together, these findings highlight that cocaine con-
ditioning-induced increased synaptic plasticity in mPFC pyramidal cells is underlying 
the formation and storage of cocaine-associated memories.

The vmPFC can actively suppress drug seeking, through facilitation of extinction of 
conditioned behavior104, which is commonly investigated by studies using operant 
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cocaine SA. Pharmacological inactivation of the vmPFC after extinction training rein-
states cocaine seeking under extinction conditions, whereas pharmacological stimu-
lation of the vmPFC during a cocaine primed reinstatement test suppresses cocai-
ne seeking110. Pharmacological manipulation of the vmPFC directly after extinction 
training shows that the vmPFC exerts bidirectional control over consolidation of co-
caine-associated extinction learning111. Furthermore, chemogenetic activation of the 
vmPFC during a cue-induced reinstatement test decreases cocaine seeking125, whe-
reas optogenetic suppression immediately after unreinforced lever presses increases 
cue-induced cocaine seeking126. It is thought that the vmPFC at least partially mediates 
this by its projection to the nucleus accumbens shell (NAc shell)110,127, since stimulation 
of the vmPFC-to-NAc shell projection decreases cocaine seeking125. An elegant study 
showed that during cocaine withdrawal silent synapses emerge in the vmPFC-to-NAc 
shell projection and reversal of these changes increases cocaine seeking128. The vmP-
FC-to-NAc shell projection has also been implicated in suppression of seeking beha-
viour related to other rewards129–131. 

A previous study from our lab using cocaine CPP shows that optogenetic stimulation 
of pyramidal neurons in the vmPFC facilitates extinction of remote memory, without 
affecting recent memory109. Vice versa, optogenetic silencing of vmPFC excitatory 
neurons during extinction learning disrupts the formation of an extinction memory. A 
potential cellular mechanism underlying the role of the vmPFC in extinction learning 
of cocaine-associated memory is derived from a study that showed that tropomyo-
sin-related kinase B (TrkB) receptor activation increases GluN2B-containing NMDA 
receptor currents in the vmPFC to support extinction learning132. Specific activation or 
blockade of the TrkB receptor in the vmPFC during extinction learning strengthens or 
disrupts, respectively, the consolidation of cocaine-associated extinction memory132. 
Another report emphasises the contribution of the noradrenergic system, as acti-
vation or suppression of adrenergic receptors in the vmPFC strengthens or impairs, 
respectively, the retention of extinction memory111. 

Recent reports have shown a more complex role for the mPFC subregions, with the dmP-
FC also serving an inhibitory role in regulation of cocaine- and reward-seeking133–135, 
suggesting that the dmPFC might play a role in selection of contextually-appropriate 
behavioural responses136. Also, the vmPFC is able to mediate both reward seeking and 
extinction of reward seeking137,138. Koya and colleagues found that pharmacological 
suppression of the vmPFC (but not dmPFC) reduces cocaine seeking after a month 
of withdrawal, suggesting that vmPFC activity is required for recall of a conditioned 
cocaine memory139. Increasing vmPFC neuronal activity after short withdrawal (1 day) 
strongly increases extinction responding in their study. Together, these seemingly 
contradictory findings may suggest that both the dmPFC and vmPFC harbour distinct 
memory traces (i.e. cue-drug and extinction (cue-no drug)) that can drive or suppress 
cocaine seeking. Selection of the behaviourally-relevant response by the dmPFC/
vmPFC likely depends on the state of the animal, the strength of cocaine conditioning 
and/or time after last cocaine exposure. 
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1.4.3 Alcohol-conditioned behaviour in rodents
In the following section I will discuss the role of the mPFC specifically in conditioned 
behaviours related to alcohol, and briefly mention direct effects of alcohol consump-
tion, ethanol dependence or binge-like alcohol consumption paradigms on the mPFC 
(reviewed elaborately by others, see140,141).

Long-term alcohol consumption induces elaborate dendritic restructuring in cortical 
pyramidal neurons142–145 and increases in spine density142,145–147. Electrophysiological 
studies have shown that persistent alcohol exposure increases excitatory postsynaptic 
currents in pyramidal neurons of the mPFC142,143. Chronic alcohol exposure also im-
pairs inhibitory synaptic transmission in deep layers of the dmPFC, driven by attenua-
ted GABAA receptor-mediated signalling148. Together, these studies show that chronic 
alcohol exposure evokes structural alterations in mPFC neurons that coincide with 
changes in both excitatory and inhibitory neurotransmission. 

Alcohol-associated cues can induce reinstatement of conditioned alcohol seeking, 
even after prolonged abstinence149. Similar to findings from clinical studies, preclinical 
studies have shown an increase in activity in the mPFC upon exposure to alcohol-as-
sociated cues and contexts, as measured by expression of Fos (used as a molecu-
lar marker of recent neuronal activity; for a more detailed description see section 
1.6)150,151. Alcohol withdrawal and craving is also associated with an increase in activity 
in the mPFC152,153. Furthermore, cue-induced reinstatement to alcohol seeking indu-
ces Fos expression in both the dmPFC and vmPFC, which is significantly increased 
after protracted abstinence compared to immediate reinstatement (5 months vs. 1 
day after last extinction session)154. These data suggest that the dmPFC and vmPFC 
subregions are involved in cue representation and integration of internal and external 
alcohol-associated information and that their activation increases over time. This is 
potentially mediated by the process of systems consolidation by which remote me-
mories become more dependent on cortical areas155–158, which has been repeatedly 
demonstrated for retrieval of remote contextual fear memory159,160 and socially-acqui-
red food memory157. 

Several studies have ascribed a role for the vmPFC in inhibitory control over alcohol 
seeking, similar to cocaine seeking (see above), although the differential contribution 
of mPFC subregions has not been explored as extensively for alcohol seeking para-
digms. Meinhardt and colleagues showed that vmPFC-mediated inhibitory control 
over alcohol seeking is reduced in alcohol dependent rats, but this can be regained 
by rescuing a metabotropic glutamate receptor (mGluR)2 deficit in alcohol depen-
dent rats161. Furthermore, infusion of an mGluR5 allosteric modulator in the vmPFC 
facilitates acquisition of extinction and reduced cue-induced reinstatement of alco-
hol seeking behaviour, which is linked to the formation of calcium-permeable AMPA 
receptors162. These studies confirm that the vmPFC mediates inhibitory control over 
alcohol seeking by enhancing extinction learning and reducing relapse, through mo-
dulation of mGluR signalling. However, a study by Willcocks & McNally investigated 
the role of mPFC subregions on context-induced reinstatement, reacquisition and 
extinction of alcoholic beer seeking and did not find an effect of vmPFC inactivation163. 



20

In contrast, they show that dmPFC inactivation reduces ABA renewal and amplifies 
re-acquisition of alcohol SA. This latter finding is remarkable, especially since dmPFC 
suppression can prevent drug-primed reinstatement of drug seeking107,108,164, implying 
that it is not merely drug presence during a test that is responsible for this difference. 
Rather, it suggests that the dmPFC is important for retrieval of learned contingencies; 
by suppressing the dmPFC during context-induced reinstatement in absence of alco-
hol, retrieval might be impaired and thereby operant responding reduced, whereas 
during re-acquisition, alcohol availability alleviates the impairment and promotes res-
ponding163. Alternatively, the presence of alcohol reward can override dmPFC-medi-
ated suppression of extinguished beer-seeking, possibly through activation of other 
brain regions, in contrast to what has been described for cocaine or methampheta-
mine107,108,164. Taken together, these studies show that the vmPFC has a more complex 
role in relapse to alcohol seeking than simply acting as a brake, and that the dmPFC 
is responsible for cue-representation and learned contingencies. However, their exact 
roles in alcohol-related behaviour require further investigation. 

In an elegant study investigating the neuronal circuitry underlying cue-induced rein-
statement of alcohol seeking, a retrograde viral ablation technique was used to ex-
press diphtheria toxin receptors in mPFC-to-NAc and mPFC-to-basolateral amygdala 
(BLA) projecting neurons130. Selective ablation of mPFC-to-NAc projecting neurons 
blocks cue-driven reinstatement of alcohol seeking, while this manipulation does not 
affect extinction learning. In contrast, the mPFC-to-BLA projection is not required 
for extinction learning, nor cue-induced reinstatement. Since this study did not dif-
ferentiate between mPFC subregions, the role of subregion-specific projections in 
alcohol-associated behaviour are an interesting topic for future investigation. Interes-
tingly, neural activity before alcohol binge drinking in mPFC neurons that project to 
the PAG predict alcohol consumption despite negative consequences, and inhibition 
of mPFC-PAG neurons drives compulsive drinking165. Furthermore, the vmPFC plays a 
key role in regulating alcohol SA after punishment, as a recent study shows that opto-
genetic silencing of the vmPFC reverses punishment-induced suppression of alcohol 
seeking166. Expression of extinction of alcoholic beer seeking is associated with incre-
ased activation of vmPFC-to-medial dorsal hypothalamus projection neurons, emp-
hasising the role of cortico-hypothalamic pathways in extinction learning167. Punished 
alcohol SA induces altered plasticity in vmPFC-to-dopamine D1 receptor expressing 
medium spiny neurons in the NAc shell and optogenetic suppression of vmPFC-to-
NAc shell axonal fibres released suppression of lever pressing for alcohol. These initial 
studies have started to illuminate the neural circuitry underlying alcohol seeking and 
suggest that projections from the mPFC to NAc (shell) exert inhibitory control over 
alcohol seeking, both after extinction and punishment-induced abstinence.

From the studies outlined above it follows that the mPFC plays an important role 
in alcohol- and cocaine-conditioned behaviours, with the dmPFC being strongly 
implicated in cue-induced craving and drug seeking, and representation of reward 
contingencies, while the vmPFC is heavily implied in inhibitory control by mediating 
extinction learning of both alcohol- and cocaine conditioned behaviour, and to a 
lesser extent also in promoting cocaine seeking. The dmPFC undergoes structural 
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adaptations in the form of altered dendritic branching and increased spine densi-
ty upon alcohol and cocaine intake. Even after abstinence, the dmPFC is important 
for the retrieval of learned reward-cue contingencies and can thereby mediate con-
text- and cue-induced reward seeking for both alcohol and cocaine. The vmPFC, likely 
through projections to the NAc (shell), can exert inhibitory control over alcohol and 
cocaine seeking by facilitation of extinction learning. However, the vmPFC can also 
promote cocaine conditioned behaviour, which has not been described for alcohol. 
These different functions of the vmPFC (and dmPFC) in reward conditioned behavi-
our show that a brain region can fulfil multiple, even opposing, roles in expression of 
learned behaviour. This can be reconciled by the concept that sparse populations of 
neurons, rather than whole brain regions, control the expression of a learned behavi-
our168 (section 1.6). Next, I will summarise the anatomy and composition of the mPFC, 
with a specific focus on the role of interneurons and their contribution to alcohol- and 
cocaine-conditioned behaviour. 

1.5 Anatomy and composition of the mPFC

The mPFC is a cortically and subcortically interconnected brain region that orches-
trates many complex cognitive processes, including executive functioning, decision 
making and inhibitory control, and has been strongly implicated in relapse to alcohol 
and cocaine seeking in both clinical and preclinical studies as described above. In this 
section I will explicate the anatomy, connectivity and composition of the mPFC. 

Through its many (often reciprocal) connections with other brain regions169–171, the 
mPFC is thought to integrate information from various inputs and relay this to its out-
put structures. Technological advances in neuroscience, such as transgenic animals, 
viral vectors, tools for the visualisation and manipulation of neural activity in beha-
ving animals, have allowed unprecedented insight into the molecular and cellular 
architecture, circuitry and function of the mPFC. However, these insights rely mostly 
on rodents, and to a lesser extent non-human primates. In the field of translational 
neuroscience there is a longstanding debate on the existence of the rodent PFC and 
the homology of specific prefrontal regions between primates and rodents172–175. It is 
therefore important to acknowledge these differences and investigate how findings 
from studies on the rodent mPFC can be translated to the human mPFC, especially 
when investigating aspects of a human psychopathology in rodent models. 

1.5.1 Anatomy of the mPFC
Anatomically, the mPFC in rodents can be divided in four main subregions along the 
dorsoventral axis: the medial precentral area (PrCm), the anterior cingulate cortex 
(ACC), the prelimbic cortex (PL) and the infralimbic cortex (IL)170. Based on several 
differences in function and connectivity, the mPFC can also be subdivided into the 
dmPFC encompassing the PrCm, ACC and dorsal PL, and the vmPFC that includes the 
ventral PL, IL and medial orbital areas170. The rodent PL is considered homologous 
to the agranular human Brodmann Area (BA) 32, and shows some similarities to the 
human dorsolateral PFC176,177. The IL in rodents is thought to be homologous to BA 
25 in the vmPFC of primates, and the human dmPFC includes parts of the dorsal ACC, 
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similar to the rodent ACC172,176,178. For the remainder of my thesis, I will use the terms 
dmPFC and vmPFC where applicable and relevant.

1.5.2 Connectivity of the mPFC
The rodent mPFC exhibits a different laminar organisation compared to other cortical 
areas, as it does not contain a distinct input layer IV. Both superficial (I-III) and deep 
(V-VI) layers receive long-range inputs from cortical and subcortical brain regions and 
project to other (sub)cortical structures179. Tracing studies have shown that there is a 
dorsoventral gradient of projection targets, with sensorimotor regions being innerva-
ted by the dmPFC and limbic regions receiving input from the vmPFC179. Furthermore, 
the dmPFC has been shown to primarily innervate the NAc core, whereas the vmPFC 
preferentially targets the NAc shell, which both have been shown to be relevant for 
drug-associated behaviours104,166,180,181. The mPFC also has strong reciprocal connecti-
ons with the BLA that play an important role in modulating top-down control in the 
processing of emotional stimuli170,182,183. Neurons in superficial layers of the dmPFC 
send projections to the BLA, and conversely, the BLA preferentially targets dmPFC 
neurons from which it receives input182. 

Whereas the functional relevance of mPFC projections to other brain areas is relati-
vely well studied, the dmPFC and vmPFC also show anatomical and functional inter-
connectivity170,179,184–186, which is poorly understood. Stimulation of vmPFC neurons by 
optogenetics reduced action potential firing in the dmPFC, indicating that the vmPFC 
can control dmPFC output184. Using a combination of retrograde labelling techniques 
and optogenetics, it was shown that deep layer dmPFC neurons project to deep layer 
vmPFC neurons and that activation or silencing of this connection respectively enhan-
ces or impairs extinction of fear memory187. This suggests that the dmPFC, through its 
direct projections to the vmPFC, mediates fear extinction. Besides the dmPFC-to-vmP-
FC connection, the authors also observed vmPFC-to-dmPFC projecting neurons, albeit 
to a lesser extent. Another recent study confirmed reciprocal connectivity between 
deep layers of the dmPFC and vmPFC, and showed that vmPFC→dmPFC connectivity 
is required during vmPFC-dependent learning of alternative associations188. Further-
more, reciprocal connectivity between vmPFC and dmPFC 12-14h after association 
learning is required to support the role of the vmPFC in subsequent learning. These 
initial studies on the functional relevance of the interaction between the vmPFC and 
dmPFC show that these connections can regulate behavioural output, although more 
research is needed to delineate their precise roles in processing of (appetitive) asso-
ciations. 

1.5.3 Cellular composition of the mPFC
The large majority of neurons in the PFC (80-90%) are glutamatergic pyramidal 
neurons, while the remaining population consists of interneurons that use gam-
ma-aminobutyric acid (GABA) as a neurotransmitter. Even though this latter po-
pulation is relatively small, it has an important role in controlling network activity, 
by applying inhibitory control through targeting the soma and proximal dendri-
te, or axon initial segment of pyramidal cells189–191. To illustrate this, a single inter-
neuron can influence the activity of hundreds of neighbouring neurons192. GABA- 
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ergic interneurons are a diverse population of cells, and can be classified based on 
their morphological, neurochemical and electrophysiological properties or histologi-
cal markers189–191,193. Most commonly, cortical interneurons are divided into three clas-
ses based on the expression of histological markers: Parvalbumin (PV), somatostatin 
(SST) and ionotropic serotonin receptor 5HT3a (5HT3aR; including vasoactive inte-
stinal peptide-expressing (VIP) interneurons)194,195, although further sub-distinctions 
can be made191,196. The PV interneurons are the most abundant class of interneurons 
throughout the cortex, with the exception of layer 1. SST neurons are most abundant 
in deeper cortical layers and VIP neurons in superficial layers197,198. Of these interneu-
ron populations, PV interneurons are the most well-studied and orchestrate cortical 
oscillations199. Thereby, these cells mediate the balance between excitation and inhi-
bition (E/I balance) and control cognitive processes199. 

1.5.4 mPFC interneurons in alcohol- and cocaine-conditioned behaviour
Despite their importance in maintaining E/I balance, only a few studies to date have 
investigated the contribution of mPFC interneuron subtypes in cocaine- and alco-
hol-conditioned behaviour. A recent study showed that morphine attenuates synaptic 
transmission from PV interneurons onto pyramidal neurons in the mPFC, while it en-
hances inhibitory inputs from SST neurons onto PV neurons, leading to disinhibition 
of pyramidal neurons and enhanced reward sensitivity200. Acute and repeated cocaine 
exposure alters perineuronal nets surrounding PV interneurons in the dmPFC and 
pharmacological ablation of these perineuronal nets impaired acquisition and recon-
solidation of cocaine CPP201,202. Furthermore, reactivation of a cocaine CPP memory 
induces functional adaptations in PV interneurons. More specifically, it decreased in-
trinsic excitability of PV cells and increased glutamatergic synaptic transmission onto 
these neurons, which may alter cortical output to promote cocaine seeking behavi-
our203. 

Optic stimulation of PV interneurons in the mPFC enhances extinction of a Pavlovian 
cue-reward association, but it does not affect anticipatory or consummatory licking 
behaviour during rewarded training sessions204. On the other hand, chemogenetic 
stimulation of PV interneurons in the mPFC increases sucrose SA, but not alcohol 
SA205. Moreover, both chemogenetic excitation and inhibition of SST neurons in the 
dmPFC reduces alcohol binge drinking in a drinking in the dark paradigm, with no ef-
fect on sucrose consumption206, suggesting that by modulating the local microcircuit, 
SST neurons in the dmPFC control alcohol binge drinking. These seemingly opposing 
findings can be explained by the hypothesis that SST activation increases inhibitory 
transmission onto pyramidal neurons directly, while SST silencing results in disinhibi-
tion of PV interneurons, leading to an overall suppression of pyramidal neurons, both 
resulting in attenuation of alcohol binge drinking.

Together, these studies show that even though inhibitory neurons are relatively small 
in number, they strongly modulate cortical microcircuits, and thereby control neuro-
nal circuitry that regulates information processing and behavioural responses. Too 
few studies have investigated the role of interneurons in alcohol and cocaine condi-
tioned behaviour to draw overarching conclusions, but pioneering studies suggest 
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a specific role for PV interneurons in extinction of reward seeking and cocaine CPP 
memory processing, and SST interneurons in alcohol binge drinking. However, their 
precise roles in cocaine- and alcohol-conditioned behaviour remain elusive.

1.6 Encoding of learned behaviour by neuronal ensembles 

Addictive disorders have been hypothesised to, at least partly, stem from aberrant 
reward-related learning and memory processing, as drug-related associations are 
persistently encoded in the brain and promote cue-induced relapse40. So, how does 
the brain encode long-term memories? This question has been the subject of studies 
even before the common era and several pioneers in the field of learning and memory 
research have provided milestone contributions to our current understanding of me-
mory processing in the brain. 

Learned associations are encoded by the synchronised activity of sparsely distributed 
neurons in memory-relevant brain regions, so-called neuronal ensembles or memo-
ry engrams168,207. Over a century ago, Richard Wolfgang Semon defined an engram 
as “the enduring though primarily latent modification in the irritable substance pro-
duced by a stimulus”208. Tragically, his theory remained overlooked in the field of 
learning and memory during his life, until his ideas resurfaced in the late seventies of 
the previous century209. Halfway the 20th century, Donald Hebb theorised that “cell 
assemblies” of co-activated and interconnected neurons allow long-term memory 
representation210, often simplified as “neurons that fire together, wire together”. The-
ories on the physical basis of memory date back to aforementioned pioneers, and 
even Plato211, with important contributions of Karl Lashley in the early 1900s212, who 
employed lesion studies to show engrams were not localised in one discrete brain 
area, but rather distributed throughout the brain213. Yet, the first evidence for the exi-
stence of memory harbouring neuronal ensembles was provided relatively recently.

Expression of immediate early genes (IEGs), such as Fos, Arc or Egr1, that are rapidly 
and transiently induced after neuronal activation, can be used as a proxy for recent 
neuronal activity214,215. Therefore, these markers allow identification of those neurons 
that are activated by learning and retrieval of a memory, i.e. the neuronal ensemble. 
Technological advances have exploited promotor regions of IEGs to drive the expres-
sion of fluorescent reporters, or genetic tools to manipulate neuronal activity (e.g. 
opsins or DREADDs), specifically in neuronal ensembles, thereby enabling identificati-
on and manipulation of activated neurons216–222. These studies have provided the first 
evidence that memory encoding and expression depends on activation of specific 
neuronal ensembles.

1.6.1 Tools to study neuronal ensembles
In the past years, the neurobiological toolkit to interrogate neuronal ensembles has 
greatly expanded. Below, and in Fig. 2, I will shortly summarise the most commonly 
used IEG-based tools and their timelines. For a more extensive review, see223.

An IEG promotor can be used in a viral vector or transgenic animal to directly drive the 
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expression of fluorescent reporters or optogenetic or chemogenetic tools that allow 
manipulation of previously activated neuronal ensembles (Fig. 2a). For instance, stu-
dies have shown altered neuronal excitability of ensemble neurons 24h after an expe-
rience (single-whisker rearing) utilising the Fos::GFP transgenic mouseline224, and the 
contribution of ensemble neurons to behaviour by using selective Daun02-mediated 
ablation of cocaine-activated neurons or optic stimulation of foot shock- or nicoti-
ne-activated BLA neuronal ensembles220,225. The Daun02 inactivation method allows 
interrogation of the causal contribution of neuronal ensembles in behaviour, by abla-
tion of previously activated neurons, using transgenic Fos::lacZ rats in combination 
with infusion of prodrug Daun02220. Upon neuronal activation, the Fos promotor dri-
ves the expression of lacZ, encoding for β-galactosidase, which in turn catalyses the 
conversion of the prodrug Daun02 into the toxic compound daunorubicin, leading to 
reduced excitability (and potentially apoptosis226) of specifically the activated neurons. 

However, an important caveat of these methods is that expression of the transgene is 
transient, for several hours after a behavioural stimulus and, in case of Daun02, that 
ablation is irreversible. Therefore, the next generation of IEG-based tools was desig-
ned to allow longer lasting expression of effector genes, thereby paving the way for 
investigation of the contribution of learning-activated neurons to recent and remote 
memory retrieval. The Fos::tTA mouseline, or TetTag mouseline, uses the Fos pro-
motor to induce expression of an effector gene in a doxycycline-controlled manner, 
allowing tagging of an activated neuronal ensemble during an experimenter-defined 
time window216 (Fig. 2b). Studies using this mouseline revealed that training-activated 
neurons are reactivated upon retrieval, and more importantly, are sufficient and re-
quired for memory expression218,219. Due to the transient expression of the transgene, 
this mouseline is unsuitable to investigate memory persistence (>2 weeks after neu-
ronal tagging), which is of high relevance for addiction research. 

To allow permanent expression of a transgene selectively in activated neurons, the 
promotor of an IEG can be used to drive expression of Cre recombinase (Cre) fused 
to a mutated oestrogen receptor ligand-binding domain (ERT2), which upon binding 
of tamoxifen (or 4-hydroxytamoxifen) induces recombination of a floxed effector 
gene217,223,227,228 (Fig. 2c). This tagging method is also known as Targeted Recombinati-
on in Active Populations (TRAP), and is available in transgenic mouse lines with the Fos 
or Arc promotor217. Its successor, the TRAP2 line, was developed to reduce Cre-media-
ted recombination in absence of 4TM, and to preserve endogenous Fos expression223. 
Alternatively, we developed a dual-viral approach, which we named viral-TRAP228,229. 
Viral-TRAP can be used in wild-type animals and thereby facilitates cross-species ap-
plication228–231. Therefore, TRAP approaches facilitate permanent tagging of neurons 
with a protein of interest, thereby allowing investigation of the persistence of neuro-
nal ensembles that encode drug-conditioned behaviours. 
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Figure 2 – Tools for the identification and manipulation of neuronal ensembles. a. Neu-
ronal activity triggers an IEG promotor to drive the expression of an effector gene, such as 
a fluorescent reporter or opsin. This evokes transient expression of the effector proteins, a 
few hours after the stimulation, allowing visualisation, electrophysiological recording and 
temporarily restricted manipulation of these ensembles either in transgenic animals or by 
using a viral approach. b. Fos-tTA (or TetTag) transgenic animals allow neuronal activity-de-
pendent and doxycycline-controlled expression of an effector that typically lasts several days 
(max. 2 weeks) after tagging223. c. Using a transgenic mouseline or viral approach, an IEG 
promotor drives the expression of Cre recombinase fused to a mutated oestrogen receptor 
ligand-binding domain (ERT2), enabling activity- and -tamoxifen (or its fast-acting metabolite 
4-hydroxytamoxifen (4TM)) dependent permanent expression of a transgene. Figure adapted 
from DeNardo & Luo (2017), Current Opinion in Neurobiology223.

1.6.2 Neuronal ensembles encoding reward memories
The long-lasting propensity to relapse indicates that drug-related associative memo-
ries are persistently encoded in the brain. Whereas the majority of initial studies of 
neuronal ensembles focussed on the encoding of aversive memories218,219,221,222,232,233 
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(but see112,220,234 for pioneering drug-related reports), more recent studies provided 
unparalleled understanding into how appetitive reward- and drug-related memories 
are encoded and retrieved by the brain. In this section, I will summarise available 
literature on neuronal ensembles encoding appetitive memories, with a particular 
focus on the role of the mPFC in the processing of cocaine- and alcohol-associated 
memories. 

An initial study using the Daun02 inactivation method showed that ablation of NAc 
neurons activated by repeated cocaine injections reduces cocaine-induced locomotor 
sensitisation specifically in an environment where animals previously experienced the 
cocaine reward220, indicating that these neurons encode a cocaine-associated contex-
tual memory. In the NAc, an increase in silent synapses has been detected in ensem-
ble neurons in response to cocaine associative learning235. Furthermore, it has been 
shown that an ensemble of neurons in the NAcore activated upon cocaine seeking 
is largely distinct from a sucrose seeking ensemble, suggesting that reward enco-
ding by neuronal ensembles is highly specific236. The CA1 subregion of the hippo-
campus harbours a contextual cocaine ensemble, as repeated selective optogenetic 
suppression of cocaine-activated ensemble reduced cocaine place preference237. The 
paraventricular nucleus of the thalamus encompasses increased Fos immunoreactivity 
by cocaine-conditioned cues that correlates with cocaine seeking238, but ensemble 
specific manipulations are required to establish a role for these thalamic neurons in 
cocaine seeking behaviour. Other brain regions, such the VTA, PAG and other thala-
mic subregions that are heavily implied in addictive disorders and the processing of 
drug-related stimuli239–242, remain to be investigated at the level of functional neuronal 
ensembles. Thus far, the focus of ensemble research in addiction has primarily been 
on the mPFC, NAc and amygdala. 

The vmPFC harbours neuronal ensembles mediating expression of drug reward 
seeking, as well as extinction of reward seeking137,138,243. Using the Daun02 chemo-
genetic inactivation procedure, suppression of a vmPFC neuronal ensemble activated 
during a drug-free heroin SA context exposure session (but not exposure to an extinc-
tion context) was shown to inhibit context-induced relapse to heroin112. Furthermore, 
Warren et al. showed that ablation of neuronal ensembles activated during recall of 
food SA reward reduces subsequent food seeking, whereas inactivation of an ensem-
ble activated upon retrieval of an extinction memory increases food seeking137. An 
elegant follow-up study from the same lab revealed that distinct neuronal ensembles 
controlling cocaine SA and extinction are both located in the vmPFC, but preferenti-
ally innervate the NAc core or shell to promote or suppress cocaine seeking, respecti-
vely138. More evidence for the co-existence of mutually exclusive neuronal ensembles 
controlling both the promotion and suppression of reward seeking, was provided by 
a study using Daun02-mediated inactivation of vmPFC neurons activated during a 
discriminative cue predictive of reward availability or omission243. Ablation of vmPFC 
neurons activated by the reward availability cue attenuates reward seeking, whereas 
ablation of those activated by the reward omission cue elevates it, demonstrating 
that neuronal ensembles in the vmPFC mediate bidirectional control over conditioned 
reward seeking. 
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With regards to ensembles that encode alcohol reward, it was found that Daun02-me-
diated suppression of cue-induced reinstatement-activated vmPFC neurons results 
in enhanced alcohol seeking, while non-selective or ensemble-specific dmPFC abla-
tion had no effect on alcohol seeking244. Interestingly, c-Fos colocalisation analysis 
in a dual-reward paradigm showed that alcohol- and saccharin-associated vmPFC 
ensembles in the same animal consist of largely overlapping neuronal populations245. 
Besides the mPFC, the central amygdala (CeA) also plays an important role in al-
cohol-related behaviours, particularly in excessive alcohol seeking, negative affect 
during withdrawal and compulsive alcohol intake246–249. Moreover, the CeA exhibits 
neuroadaptations associated with alcohol dependence247,248. De Guglielmo and colle-
agues show that a neuronal ensemble in the CeA is responsible for excessive alcohol 
drinking in alcohol-dependent rats246, and ablation of this ensemble results in a per-
sistent reduction of alcohol drinking. Interestingly, this effect was less pronounced in 
non-dependent rats, suggesting this CeA ensemble might underlie the transition to 
alcohol dependence. Another recent study elegantly showed, using viral-TRAP228,229,250, 
that a neuronal ensemble in the CeA underlies punishment resistant (i.e. compulsive) 
alcohol drinking230. 

mPFC HPC

VTA
PAGTHA

NAc

AMY
mPFC

reward seeking ensemble
reward extinction ensemble
appetitive reward ensemble
aversive reward ensemble

non-activated neuron
activated neuron

Figure 3 – Neuronal ensembles encoding appetitive memories throughout the brain. 
Cartoon illustrating a hypothetical model of a mouse brain encompassing several neuronal en-
sembles in appetitive memory relevant brain regions. Neuronal ensembles form a distributed 
network of activated neurons throughout the brain, also in brain regions that are not highligh-
ted in this image. The thickness of the circles surrounding the ensembles indicates the level of 
evidence provided for this brain region harbouring cocaine- or alcohol-associated neuronal 
ensembles. Studies have revealed that the mPFC harbours multiple ensembles, illustrated by 
the different coloured circles, that can both promote and suppress reward-related behaviours. 
Other reports convincingly provided evidence for the existence of appetitive memory ensem-
bles in the NAc and amygdala (AMY). Additionally, there is one study that demonstrated the 
existence of an ensembles in the hippocampus (HPC) encoding a cocaine-contextual memory, 
whereas neuronal ensembles in other addiction-relevant brain areas such as the thalamus 
(THA), VTA and PAG remain to be investigated.
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1.6.3 Molecular adaptations in memory encoding neuronal ensembles
Recent technological developments allow investigation of learning-activated ensem-
ble neurons and probing of these ensembles during different memory processes, like 
allocation, consolidation and retrieval251. It has been shown that at the time of learn-
ing, a memory is allocated to neurons that have higher levels of cAMP responsive ele-
ment-binding protein (CREB) and/or that show increased intrinsic excitability233,251–253. 
Following learning, memory consolidation involves structural and functional changes 
in ensemble neurons in order to maintain a memory over time. Compared to non-en-
semble neurons, ensemble neurons exhibit greater synaptic strength and increased 
dendritic spine density254. Interestingly, post-learning administration of protein syn-
thesis inhibitor anisomycin abolished these ensemble-specific changes, showing that 
memory consolidation in ensemble neurons depends on protein synthesis. Persistent 
maintenance of a memory involves strengthening of synaptic connections between 
neuronal ensembles that were active during encoding of a memory. This strengthe-
ned synaptic connectivity between ensemble cells is hypothesised to underlie ap-
propriate reactivation of ensemble cells upon memory retrieval, although the exact 
mechanisms that lead to ensemble specific strengthened synaptic connectivity will 
have to be elucidated by future studies255. 

Long-lasting molecular alterations in ensemble cells that underlie structural and 
functional remodelling are likely regulated by de novo protein synthesis and gene 
transcription. This idea is supported by the finding that protein synthesis blockade 
abolishes ensemble-specific synaptic changes254 and recent studies that revealed 
learning-induced transcriptomic changes in learning-activated ensemble neurons in 
the dentate gyrus of the hippocampus256–258 that showed enrichment for immediate 
early genes and CREB target genes. CREB-mediated transcription in a dentate gyrus 
ensemble is necessary for the consolidation of a recent contextual fear memory256. 
Furthermore, a study from our lab revealed that selective disruption of CREB functi-
on in learning-activated mPFC ensemble cells disturbed remote, but not recent, fear 
memory recall228, suggesting that systems consolidation depends on CREB function in 
ensemble neurons. Additionally, epigenetic alterations are beginning to be elucidated 
as supporters of memory maintenance and memory recall259–261. Interestingly, it was 
found that reinforcing DNA-methylation mechanisms in allocated neuronal ensem-
bles in the hippocampus strengthens long-term memory in mice259. Most of these 
studies focussed on fear memory ensembles in the lateral amygdala and hippocam-
pus, therefore future studies should investigate whether similar mechanisms apply to 
other memory relevant areas, like the mPFC, and other types of memory. 

Whereas several studies have addressed global alterations in synaptic strength and 
protein expression in the mPFC associated with learning and remote memory159,262,263, 
the evidence for ensemble-specific adaptations associated with remote memories in 
the mPFC is scarce. Transcriptome profiling of mPFC cells activated by cocaine ex-
posure or fear conditioning revealed that these cells exhibit a differential gene ex-
pression program compared to non-activated neurons two weeks after learning264,265. 
Not surprisingly, the cocaine reward ensemble strongly innervates the NAc and op-
togenetic stimulation of this ensemble induces real-time place preference. Although 
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the functional contribution of the differential expressed genes to memory storage 
remains to be investigated, they may support ensemble cells in facilitating a long-las-
ting increase in synaptic connectivity. Structurally, it has been shown that mPFC 
ensemble neurons develop a gradual increase in spine density lasting at least two 
weeks after fear memory acquisition266. Neurons of a dmPFC neuronal ensemble that 
controls food seeking exhibit increased intrinsic excitability after 10 days of food SA 
training compared to 1 day of training267. In contrast, the opposite effect was found 
in non-ensemble neurons: a reduction of intrinsic excitability after learning. Using a 
sophisticated combination of genetic tagging with retrograde and anterograde tra-
cing of cocaine-activated neurons in the dorsal striatum, it was shown that these cells 
receive input from broadly distributed populations of co-activated cortical neurons268. 
Furthermore, synapses between cocaine-activated ensemble neurons in the cortex 
and striatum exhibit persistently enhanced strength (measured as increased AMPA/
NMDA ratio and decreases paired pulse ratio (indicative of increased transmitter re-
lease probability269)) compared to cortical synapses onto non-activated striatal neu-
rons. This synaptic strength is enhanced between co-activated striatal and cortical 
neurons after cocaine experience for at least three weeks268. 

Taken together, the studies described above in section 1.6.2 and 1.6.3 emphasise 
that the vmPFC harbours neuronal ensembles that can bidirectionally control reward 
seeking and show that ensembles encoding experiences with opposing valence re-
cruit different neurons, while two appetitive, but different rewards seem to recruit 
an overlapping ensemble. Of note, these studies also warrant caution for the inter-
pretation of global inactivation studies, since opposing behaviours can be encoded 
by ensembles in the same brain region, as has been shown for cocaine-conditioned 
behaviour in the vmPFC. Neuronal ensembles in the dmPFC control appetitive food 
seeking, whereas CeA ensembles mediate the transition to alcohol dependence and 
excessive alcohol consumption despite negative consequences. Initial studies suggest 
that there is some degree of overlap between the role of vmPFC ensembles in me-
diating inhibitory control over both alcohol- and cocaine seeking, but whether alco-
hol- and cocaine-conditioned stimuli are processed by the same or different neuronal 
ensemble mechanisms remains to be investigated.

Even though these studies have contributed significantly to our understanding of the 
cellular processing of learned behaviours induced by appetitive stimuli, little is known 
about how the mPFC stably encodes cocaine and alcohol memories, especially at the 
level of neuronal ensembles. Moreover, even less is known about molecular mecha-
nisms that support memory formation and storage in these specific cells. Pioneering 
studies represent the initial steps towards understanding how memories are main-
tained and stored in neuronal ensembles at the molecular level. Understanding the 
fundamental molecular mechanisms by which drug-related memories are encoded by 
the brain to allow reactivation of ensemble cells to evoke reward seeking is of pivotal 
importance for the design of novel therapeutic strategies.
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1.7 Aims and outline of my thesis

The long-lasting vulnerability to relapse evoked by drug-associated environmental 
stimuli suggests that alcohol- and cocaine-related associative memories are persis-
tently encoded in the brain. The mPFC has been implicated as an important hub in 
the formation, consolidation and extinction of long-term aversive and appetitive me-
mories. However, how the mPFC mediates the expression and extinction of drug-as-
sociated memories at the level of local circuitry, neuronal ensembles and molecular 
adaptations in memory-encoding cells is currently largely unknown. Therefore, we 
used a multi-level approach to study the processing of drug-associated memories by 
the mPFC from behaviour to molecules. Specifically, in this thesis I aimed to: 

1. Elucidate the role of vmPFC and dmPFC interconnectivity in extinction of a 
cocaine-associated memory;
2. Investigate the role of alcohol SA-activated neuronal ensembles in the mPFC 
in cue-induced relapse to alcohol seeking after prolonged forced abstinence;
3. Determine whether alcohol consumption is controlled by a persistent neuro-
nal ensemble in the mPFC;
4. Reveal proteome adaptations in a persistent mPFC neuronal ensemble that 
promotes relapse to alcohol seeking after prolonged abstinence.

In chapter 2, we used antero- and retrograde tracing combined with chemo- and op-
togenetics in mice to dissect mPFC circuitry involved in cocaine-associated memory. 
More specifically, we assessed whether interaction between vmPFC and dmPFC is re-
quired for extinction of cocaine-associated memories and investigated the role of PV 
interneurons in acquisition of extinction memory. We reveal a previously undiscover-
ed intra-mPFC circuit, that depends on PV-mediated feed-forward inhibition from the 
vmPFC to the dmPFC and is required for extinction of cocaine-associated contextual 
memory. 

In chapter 3, we employed the viral-TRAP method to tag and manipulate mPFC neu-
rons that are activated during cue-paired alcohol SA, with the goal to determine 
whether these cells are required for cue-induced relapse to alcohol seeking after pro-
longed abstinence. Furthermore, we investigated the context- and reward specificity 
of this mPFC ensemble and its outputs to reward-related brain regions. We discovered 
that a small ensemble of mPFC neurons that is specifically activated during cue-paired 
alcohol SA functions as a persistent memory trace that can promote cue-induced re-
lapse to alcohol seeking after prolonged abstinence.

In chapter 4, we investigated whether mPFC neurons that are activated during alcohol 
consumption in the home cage promote alcohol re-intake one month later. For this, 
we again used viral-TRAP to selectively suppress the alcohol consumption-activated 
neurons. Even though we observed reactivation of alcohol consumption-activated 
neurons in the home cage upon alcohol re-intake, we conclude that this ensemble is 
not causally involved in alcohol re-intake.
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In chapter 5, we utilised a combination of genetic tools and fluorescence activated cell 
sorting followed by mass spectrometry to unravel the molecular signature of alcohol 
SA activated neurons. We also investigated whether cue-induced relapse evoked acu-
te proteome adaptations in tagged mPFC neurons compared with animals that un-
derwent an additional extinction session. We revealed no acute proteome alterations 
by cue-induced reinstatement, but we identified specific proteome changes in mPFC 
neurons that are activated during alcohol SA compared to non-activated neighbou-
ring neurons. In particular, differentially expressed proteins are involved in cytoske-
leton remodelling and CamKII-dependent signalling. These molecular adaptations 
may serve to store a learned alcohol-cue association in the mPFC ensemble, thereby 
promoting relapse to alcohol seeking upon re-exposure to alcohol-associated cues.

In the last chapter of my thesis, chapter 6, I discuss and integrate the results of each 
chapter in the light of currently available literature. Furthermore, I discuss how our 
work can contribute to the understanding of AUD and cocaine use disorder, the de-
velopment of novel therapeutic targets and identify interesting avenues for future 
studies. 
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Abstract

Background
Cocaine-associated environments (i.e., contexts) evoke persistent memories of co-
caine reward and thereby contribute to the maintenance of addictive behaviour in 
cocaine users. From a therapeutic perspective, enhancing inhibitory control over co-
caine-conditioned responses is of pivotal importance but requires a more detailed 
understanding of the neural circuitry that can suppress context-evoked cocaine me-
mories, e.g., through extinction learning. The ventral medial prefrontal cortex (vmPFC) 
and dorsal medial prefrontal cortex (dmPFC) are thought to bidirectionally regulate 
responding to cocaine cues through their projections to other brain regions. Howe-
ver, whether these mPFC subregions interact to enable adaptive responding to cocai-
ne-associated contextual stimuli has remained elusive.

Methods
We used antero- and retrograde tracing combined with chemogenetic intervention 
to examine the role of vmPFC-to-dmPFC projections in extinction of cocaine-induced 
place preference in mice. In addition, electrophysiological recordings and optogene-
tics were used to determine whether parvalbumin-expressing inhibitory interneurons 
and pyramidal neurons in the dmPFC are innervated by vmPFC projections.

Results
We found that vmPFC-to-dmPFC projecting neurons are activated during unreinfor-
ced re-exposure to a cocaine-associated context, and selective suppression of these 
cells impairs extinction learning. Parvalbumin-expressing inhibitory interneurons in 
the dmPFC receive stronger monosynaptic excitatory input from vmPFC projections 
than local dmPFC pyramidal neurons, consequently resulting in di-synaptic inhibition 
of pyramidal neurons. In line with this, we show that chemogenetic suppression of 
dmPFC parvalbumin-expressing inhibitory interneurons impairs extinction learning.

Conclusions
Our data reveal that vmPFC projections mediate extinction of a cocaine-associated 
contextual memory through recruitment of feed-forward inhibition in the dmPFC, 
thereby providing a novel neuronal substrate that promotes extinction-induced inhi-
bitory control.
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Introduction

Persistently recurring memories of cocaine reward interfere with the ability of chro-
nic cocaine users to abstain from cocaine intake. It is well established that locations 
where cocaine is repeatedly used (e.g., drug houses or clubs) become strongly associ-
ated with the rewarding effects of cocaine, and re-exposure to these cocaine contexts 
during prolonged periods of abstinence triggers retrieval of cocaine reward memory 
and thereby promotes relapse59. The salience of cocaine-associated contextual cues 
can be reduced by prolonged cue exposure in absence of cocaine reward, a process 
called extinction learning104. However, cue exposure therapies have been largely un-
successful in treatment of substance use disorders270. Therefore, it is crucial to eluci-
date the neuronal circuitry that promotes suppression of behavioural responding to 
cocaine-contextual cues, with the ultimate goal to facilitate the design of therapeutic 
interventions that can strengthen inhibitory control over cocaine-seeking behaviour.

The medial prefrontal cortex (mPFC) has been implicated in cue-induced craving in 
humans84 and responding to stimuli that are associated with cocaine, other drugs of 
abuse, and natural rewards in animal models103,136. In rodent operant cocaine self-ad-
ministration paradigms, a conditioned response is typically referred to as cocaine 
seeking75, whereas cocaine conditioned place (i.e., context) preference (CPP) can be 
assessed after cocaine is administered to an animal by the experimenter64. Specifi-
cally, the dorsal mPFC (dmPFC) is thought to drive conditioned cocaine seeking via 
projections to the nucleus accumbens (NAc) core128,271. The ventral mPFC (vmPFC) has 
a more complex role, because it is able to promote cocaine seeking138,139 and inhibit 
conditioned responses (seeking and place preference) after extinction learning128,139,271. 
Projections of the vmPFC to the NAc shell mediate the effect of extinction-induced 
inhibitory control125,138. Thus, both the dmPFC and vmPFC have a critical role in res-
ponding to cocaine cues but have thus far been considered to function as separate 
hubs in parallel circuits that regulate this behaviour. Recent studies point to reciprocal 
connectivity between the vmPFC and the dmPFC179,187,188,272. However, how this intrinsic 
mPFC connectivity contributes to adaptive responding to cocaine-associated stimuli 
has remained poorly understood.

To this end, we anatomically and physiologically dissected vmPFC-to-dmPFC projec-
tions and investigated whether this circuit modulates extinction of responding to a 
cocaine-associated context using CPP. We found that vmPFC projections innervate 
parvalbumin-expressing interneurons (PV-INs) in the dmPFC, resulting in di-synaptic 
inhibition of dmPFC pyramidal neurons (PNs). Furthermore, vmPFC-to-dmPFC neu-
rons were preferentially activated during unreinforced re-exposure to a cocaine-asso-
ciated context, and selective suppression of vmPFC-to-dmPFC projecting neurons or 
direct suppression of dmPFC PV-INs impaired extinction of cocaine place preference 
memory, confirming the critical contribution of this circuit to extinction learning.
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Materials & Methods

Animals
Male wild-type C57BL/6J and transgenic PV::Cre mice (The Jackson Laboratory, stock 
number 017320, maintained on a C57BL/6J background) aged 6-8 weeks at the start 
of experiments were individually housed. Mice were kept on a 12-h light/dark cycle 
with regular laboratory chow food and water available ad libitum. Behavioral experi-
ments were conducted during the animals’ light phase. All experimental procedures 
were approved by the Central Committee for Animal experiments (Centrale Commis-
sie Dierproeven) of The Netherlands and the Animal Ethical care Committee (Instantie 
voor Dierenwelzijn) of the Vrije Universiteit Amsterdam. 

AAV vectors and stereotactic micro-injections
AAV-CaMKII⍺::ChR2(H134R)-EYFP (titer: 4.0 X 1012), AAV-hSyn::DIO-mCherry and 
AAV-hSyn::DIO-hM4Di-mCherry (titers: 5.0-6.0 X 1012) were packaged as serotype 
2/5. For retrograde tracing, we used retroAAV2-hSyn::EGFP-iCre (titer: 2 X 1012; v146, 
Zürich Viral Vector Facility, Switzerland) and retroAAV2-hSyn-1::Cre (titer: 1.3 X 1012; 
Janelia Research Campus, USA273). For stereotaxic micro-injection of AAVs, mice re-
ceived 0.05 mg/kg Temgesic (RB Pharmaceuticals, UK) 30 min before the start of sur-
gery, were then anesthetised with isoflurane and mounted onto a stereotactic frame. 
Lidocaine (2%, Sigma-Aldrich Chemie N.V., The Netherlands) was topically applied to 
the skull before incision to provide local analgesia. Microinjection glass needles were 
used to infuse virus in the dmPFC (+1.8 mm AP; +0.45 mm ML; -2.1 mm DV; relative 
to Bregma) or vmPFC (+1.9 mm AP; -0.5 mm ML; -3.0 mm DV; relative to Bregma; 
unless otherwise indicated) at a flow rate of 0.1 µL/min followed by an additional 5 
min to allow diffusion, followed by stepwise retraction of the needle. For visualisation 
of vmPFC-to-dmPFC projecting neurons, retroAAV-hSyn::EGFP-iCre (0.4 µL) was uni-
laterally injected in the dmPFC and AAV-hSyn::DIO-mCherry (0.4 µL) in the contrala-
teral vmPFC. For chemogenetic suppression of vmPFC-to-dmPFC projecting neurons, 
retroAAV-hSyn::EGFP-iCre (0.3 µL/hemisphere) was bilaterally injected in the dmPFC 
and Cre-dependent AAV-hSyn::DIO-hM4Di-mCherry virus (0.3 µL/hemisphere) bila-
terally injected in the vmPFC (ML-DV angle 25°; +1.9 mm AP; ±1.37 mm ML; -3.0 mm 
DV; relative to Bregma). For chemogenetic suppression of PV-INs, PV::Cre mice re-
ceived AAV-hSyn::DIO-hM4Di-mCherry or AAV-hSyn::DIO-mCherry bilaterally in the 
dmPFC (0.5 µL/hemisphere). For electrophysiology recordings, PV::Cre mice received 
AAV-CaMKII⍺::ChR2(H134R)-EYFP into the vmPFC (0.4 µL/unilateral) and AAV-hSyn::-
DIO-hM4Di-mCherry or AAV-hSyn::DIO-mCherry into the contralateral dmPFC (0.5 
µL/unilateral). Analgesia was provided 24 and 48 h after surgery (Carprofen, 5 mg/kg). 
Animals remained in their home-cage for 3 weeks until the start of behavioral expe-
riments or for at least 5 weeks until electrophysiological recordings were performed. 
Mice with virus misplacements were excluded from analysis (n = 1 CTB tracing Fig. 1F, 
n = 1 Ext group and n = 1 No Ext group Fig. 2B-D, n = 2 hM4Di-mCherry group Fig. 
2E-F)

CTB tracing
CTB conjugated to Alexa 555 or Alexa 488 (ThermoFisher) was dissolved in sterile PBS 
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(0.33 or 1% w/v; as no differences were observed between the two concentrations, 
animals were pooled) and injected into the dmPFC (+1.8 mm AP; +0.45 mm ML; -2.1 
mm DV) and NAc shell (+1.25 mm AP; +0.6 mm ML; -4.7 mm DV). One week later, 
animals were sacrificed by transcardial perfusion. 

Cocaine conditioned place preference
The conditioning apparatus consisted of two main compartments that differed in tac-
tile and visual cues, connected by a small center compartment109. On day 0, baseline 
preference for the main compartments was assessed by allowing animals to freely ex-
plore all compartments (pre-test; 10 min). The cocaine-paired and saline-paired com-
partment were counterbalanced within all groups, such that on average the groups 
did not have a baseline preference for one the two main compartments, thereby al-
lowing an unbiased procedure. Conditioning sessions (15 min) were conducted twice 
daily over 3 consecutive days. For this, mice received saline (i.p.; morning) or cocaine 
(15 mg/kg in saline; i.p.; afternoon) prior to being confined to one of the main com-
partments. After 3 weeks of forced abstinence in the home-cage, animals were sub-
jected to extinction training and/or a post-conditioning test (post-test). For extinction 
training, mice were re-exposed to the cocaine- and saline-paired compartment (15 
min) in the absence of cocaine or saline treatment. In a post-test, we determined pre-
ference scores by allowing animals to freely explore all compartments for 5 min (to 
avoid within session extinction) under drug-free conditions. Time spent in each com-
partment was measured using a video camera and Ethovision video-tracking software 
(Noldus, The Netherlands). A preference score for each animal was calculated as: time 
spent in cocaine-paired compartment minus saline-paired compartment.

Chemogenetic intervention
Clozapine N-oxide (CNO; HB6149 HelloBio, United Kingdom) was dissolved in sterile 
saline. Mice received an injection of 5 mg/kg (i.p.) CNO 30 min before a test session.

Immunohistochemistry
Mice were transcardially perfused using ice-cold PBS pH 7.4, followed by ice-cold 4% 
paraformaldehyde (PFA) in PBS pH 7.4. Brains were removed, post-fixed overnight in 
4% PFA solution and then immersed in 30% sucrose in PBS with 0.02% NaN3. Brains 
were then sliced in 35 µm coronal sections using a cryostat and stored in PBS with 
0.02% NaN3 at 4°C until further use. Immunohistochemical stainings were performed 
using standard procedures109, using the following antibodies: rabbit anti-Fos (1:500, 
sc52, Santa Cruz, USA), mouse anti-PV (1:1000, MAB1572, Millipore, USA), mouse 
anti-GAD67 (1:1000, MAB5406, Millipore, USA) and NeuroTraceTM 500/525 Green 
Fluorescent Nissl Stain or 4’,6-diamidino-2-phenylindole (DAPI, Vectashield). For 
quantification experiments, 4-6 z-stacks per animal were generated using a confocal 
microscope (Zeiss LSM510 or Nikon Ti) with the experimenter blinded to the treat-
ment conditions. ImageJ software was used to extract the ROIs of the cells stained 
with Nissl or DAPI (Gaussian filter, Li threshold). Only ROIs within a predefined range 
for size (70-2000 square units; to exclude glial cells and non-specific staining) and 
circularity (0.5 to 1.0) were included. As cells were frequently present in 2 or 3 sub-
sequent images of a z-stack, MATLAB (MathWorks) was used to group the ROIs that 
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belonged to the same Nissl or DAPI cell, and then to count the total number of Nissl+ 
or DAPI+ cells in a stack. Cells expressing hM4Di-mCherry, mCherry, PV, GAD67, Fos 
or CTB-488/555 were counted manually.

Electrophysiological recordings
Mice were swiftly decapitated and brains were extracted in carbogenated (95% O2, 
5% CO2) ice-cold partial sucrose solution containing (in mM): 70 NaCl, 2.5 KCl, 1.25 
NaH2PO4*H20, 5 MgSO4*7H2O, 1 CaCl2*2H2O, 70 Sucrose, 25 D-Glucose, 25 NaHCO3, 
1 Na-Ascorbate, 3 Na-Pyruvate (~300 mOsm/kg, pH 7.4). The brains were trimmed 
and glued onto the stage of a vibrating microtome (Microm). Coronal slices (thickness 
300 µm) containing the mPFC were cut in the carbogenated ice-cold partial sucro-
se solution. Slices were transferred into continuously carbogenated holding artificial 
cerebrospinal fluid (aCSF) containing (in mM): 125 NaCl, 3 KCl, 1.25 NaH2PO4*H2O, 
2 MgCl2*6H2O, 1.3 CaCl2*2H2O, 25 D-Glucose, 25 NaHCO3, 25 D-Glucose, 25 NaH-
CO3, 1 Na-Ascorbate, 3 Na-Pyruvate (~300 mOsm/kg, pH 7.4), where they were left 
to recover at room temperature for at least 1 hour before recording. Subsequently, 
slices were transferred to a submerged recording chamber of an upright microscope 
(BX51WI, Olympus) and left to equilibrate for 10 min under continuous perfusion (2 
mL/min) with carbogenated running aCSF (holding aCSF without Na-Ascorbate or 
Na-Pyruvate and only 1 mM MgCl2*6H2O) heated to 31-33°C. The dmPFC was ima-
ged using differential interference contrast microscopy and pyramidal neurons were 
identified based on their shape, large apical dendrites and typical action potential 
discharge pattern274 (Fig. S3). ChR2-EYFP positive fibers and PV-INs expressing hM-
4Di-mCherry or mCherry were identified in the dmPFC using a mercury-vapor lamp 
combined with a fluorescent filter. When possible, PNs were chosen in the close vici-
nity of a recorded PV-IN to control for potential differences in density of ChR2-EYFP+ 
fibers. Whole-cell recordings were conducted using borosilicate glass pipettes (2.5-
5.5 MΩ) pulled on a horizontal puller (P-87, Sutter Instruments Co). Recordings were 
acquired with pClamp software (Molecular Devices), using a Multiclamp 700B ampli-
fier (Molecular Devices), sampled at 20 kHz, low-pass filtered at 6 kHz, and digitised 
with an Axon Digidata 1440A (Molecular Devices). Membrane and action potential 
(AP) discharge properties were investigated in current-clamp mode using K-glucona-
te based intracellular solution containing (in mM): 70 K-Gluconate, 148 KCl, 10 Hepes, 
4 Mg-ATP, 4 K2-phosphocreatinine, 0.4 GTP, osmolarity 280-290 mOsm/kg, pH adjus-
ted to 7.2-7.3 with KOH. To analyze passive membrane properties and characteristics 
of AP firing, depolarising current steps (750 ms) with an increment of 25 pA were 
applied every 3 s ranging from -100 pA to 500 pA. Input resistance was calculated 
from the linear fit of the voltage-current response to hyperpolarising current injection 
steps from -100 pA to 0 pA. Membrane time constant was obtained by a double expo-
nential fit of the voltage response to a −50 pA current injection. AP threshold voltage 
was defined as the point where the depolarization speed first exceeded 10 mV/ms. AP 
amplitude and afterhyperpolarization (AHP) were determined relative to the AP thres-
hold. Minimal inter-spike interval (ISI) was calculated including all the sweeps where 
APs were detected. Evoked excitatory postsynaptic currents (eEPSCs) and evoked in-
hibitory postsynaptic currents (eIPSCs) were recorded using Cs-gluconate-based in-
tracellular solution containing (in mM): 130 Cs-Gluconate, 8 NaCl, 10 Hepes, 0.3 EGTA, 
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4 Mg-ATP, 10 K2-phosphocreatinine, 0.3 GTP, 3 QX134-Cl, osmolarity 280-290 mOsm/
kg, pH adjusted to 7.2-7.3 with CsOH. In experiments in Fig. S3J-N a K-Gluconate 
based intracellular solution was used. Cells were recorded in an area of the dmPFC 
where ChR2-EYFP positive fibers were identified. Slices were illuminated by pulses 
of blue light (470 nm, 20 ms, 0.1 Hz) controlled by an electro-mechanical shutter. 
Duration of photostimulation was controlled using the patch-clamp digitizer. eEPSCs 
and eIPSCs were recorded at a holding potential of -70 mV and 0 mV, respectively. In 
the experiment using K-Gluconate intracellular solution, eIPSCs were recorded at -30 
mV. In order to avoid the influence of insufficient or absent ChR2 expression in our 
recordings, only cells that showed a clear and stable excitatory or inhibitory response 
to photostimulation were included in the analysis. 

A minimum of ten traces were obtained at each holding potential and response am-
plitudes and latencies to onset averaged per cell. Latency to onset was measured as a 
time interval between the start of photostimulation and the onset of eEPSC or eIPSC. 
Excitatory-inhibitory (E/I) ratio was calculated by dividing the amplitude of eEPSC by 
the amplitude of eIPSC recorded within the same neuron. Running aCSF containing 
pharmacological reagents was perfused at a rate of approximately 2 mL/min, for at 
least 5 minutes before repeating the measurement of evoked responses. CNO (50 
µM, HelloBio, UK) was used for chemogenetic inhibition. 6-cyano-7-nitroquinoxali-
ne-2,3-dione (CNQX, 10 µM, HelloBio, UK) and DL-2-Amino-5-phosphonopentanoic 
acid (DL-AP5, 50 µM, HelloBio, UK) were used to block AMPA and NMDA receptors, 
respectively. Gabazine (10 µM, HelloBio, UK) was used to block GABAA receptors. For 
confirmation of a monosynaptic vmPFC-dmPFC excitatory connection (Fig. S3) tetro-
dotoxin (TTX, 1 µM, Abcam, UK) was used to block Na+ gating channels, and 4-ami-
nopyridine (4-AP, 100 µM, Sigma-Aldrich, NL) to block K+ channel-mediated shun-
ting of the light-evoked response. Custom written MATLAB (Mathworks, Natick, MA) 
scripts were used to analyze passive membrane properties and AP discharge. Evoked 
currents were quantified using Clampfit software (Molecular Devices).

Quantification and Statistical analysis 
Statistical details are presented in the figure legends. Number of animals is shown as 
n and number of cells as ncells. All graphs show means ± SEM. SPSS software (version 
25, IBM) and Prism (GraphPad Software, Inc) were used for statistical analysis. Com-
parisons between groups were made using two-tailed unpaired t-tests or in case of 
paired data, a two-tailed paired t-test. When the data was not modeled by a normal 
distribution, analysis was subjected to non-parametric Mann-Whitney U test for bet-
ween group comparisons and Wilcoxon signed rank test for within-subject compari-
sons. To investigate differences in activation of labelled cells between groups (Group 
x Population (Fos+/mCherry- vs. Fos+/mCherry+)), a repeated measures ANOVA was 
conducted, followed by post hoc Bonferroni tests. Significance was set at p < 0.05. 

Results

Identification of vmPFC-to-dmPFC Projecting Neurons
We previously found that optogenetic stimulation of vmPFC PNs has no effect on 
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expression of cocaine CPP memory during the first 2 days after conditioning but faci-
litates extinction 3 weeks after conditioning109. We now aimed to identify the neuronal 
target of vmPFC PN projections that promote extinction learning. To anatomically 
trace projections of vmPFC PNs, we unilaterally expressed CaMKII⍺ promoter-dri-
ven ChR2 (channelrhodopsin-2) fused to EYFP in the vmPFC of mice and observed 
EYFP+ axonal fibres in both the ipsi- and contralateral dmPFC (Fig. 1A). Layer 5/6 of 
the dmPFC exhibited the highest density of EYFP+ fibres. We then applied retrogra-
de viral tracing by injecting retroAAV-hSyn::Cre in the dmPFC and Cre-dependent 
AAV-hSyn::DIO-mCherry in the contralateral vmPFC. This revealed a population of 
vmPFC-to-dmPFC projecting neurons (Fig. 1B). Axonal fibres were observed in the 
corpus collosum, indicating that they ran via the ipsilateral forceps minor of the cor-
pus collosum through the corpus collosum and then back through the contralateral 
forceps minor of the corpus collosum to terminate in the dmPFC (Fig. 1C). The vmPFC 
heavily innervates the NAc shell109 and projections to this region have been implicated 
in extinction of cocaine seeking125,138. Therefore, we questioned whether vmPFC neu-
rons that project to the dmPFC have collateral projections to the NAc shell. Whereas 
dense mCherry+ axonal fibres were observed in the dmPFC after retrograde labelling, 
very sparse mCherry+ fibres were observed in the NAc shell (Fig. 1D), suggesting that 
vmPFC neurons that project to the dmPFC and NAc shell overlap to a small extent 
only. To confirm this, we retrogradely labelled vmPFC neurons by injection of CTB-488 
or CTB-555 in the NAc shell and dmPFC, respectively (Fig. 1E). We examined coloca-
lisation in the contralateral vmPFC to exclude the possibility that neurons in the ipsi-
lateral vmPFC were labelled as a result of CTB injection in the adjacent dmPFC and/or 
NAc shell. Of the vmPFC-to-dmPFC projecting neurons (CTB-555+), 9.96 ± 4.8% (mean 
± SEM) were also CTB-488+ (Fig. 1F). Inversely, only 5.54 ± 2.1% of the vmPFC-to-NAc 
shell projecting neurons (CTB-488+) were CTB-555+. Hence, vmPFC neurons that pro-
ject to the dmPFC and NAc shell represent largely distinct populations.

vmPFC-to-dmPFC Projecting Neurons Mediate Extinction of Cocaine CPP  
Memory
We next assessed whether vmPFC-to-dmPFC projecting cells are activated on re-ex-
posure to a cocaine-associated context. Mice were conditioned to associate one of 
two distinct contexts with cocaine reward, and after 3 weeks of forced abstinence, 
they showed a strong preference to explore the previously cocaine-paired context 
over the neutral (saline-paired) context (Fig. 2A). Unreinforced re-exposure to the 
cocaine and neutral context on the day before the test reduced preference for the 
cocaine context (Fig. 2A)109, pointing to successful extinction learning. Next, inde-
pendent groups underwent conditioning and were re-exposed to the cocaine-as-
sociated context in the presence (no extinction) or absence (extinction) of cocaine 
reinforcement (Fig. 2B). Ninety minutes later, animals were sacrificed to examine co-
localisation of the neuronal activity marker Fos and retrogradely labelled mCherry+  

vmPFC-to-dmPFC projecting neurons (Fig. 2C). Both groups showed a similar per-
centage of Fos+ and mCherry+ neurons in the vmPFC, but mCherry and Fos prefe-
rentially colocalised in mice that did not receive cocaine before the last session (Fig. 
2D), suggesting that the vmPFC-to-dmPFC projecting neuronal population is acti-
vated during extinction learning. Additionally, we found that Fos colocalised more 
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with vmPFC-to-dmPFC projecting neurons after unreinforced exposure to the cocaine 
context compared with a novel context (Fig. S1). To determine whether this projection 
is necessary for extinction learning, we retrogradely expressed the inhibitory DREADD 
(designer receptors exclusively activated by designer drug) hM4Di fused to mCherry 

Figure 1 – Identification of vmPFC-to-dmPFC projecting neurons. (A) AAV-CaMKI-
Iα::ChR2-EYFP was injected into the vmPFC. EYFP+ vmPFC terminals were present in the ipsi- 
and contralateral dmPFC. Scale bar = 250 µm. (B) After retroAAV-hSyn::Cre injection into the 
dmPFC and Cre-dependent AAV-hSyn::DIO-mCherry into the contralateral vmPFC, retrograde-
ly labelled mCherry+ cells were observed in the vmPFC. Scale bars = 100 µm. (C) Trajectory of 
retrogradely labelled contralateral projections (mCherry+). Axonal fibres (arrows) were present 
in the fmi (right top panel) and the cc (right bottom panel). Scale bars = 100 µm. (D) Example 
of mCherry+ axonal fibres of vmPFC neurons in the dmPFC and NAc shell. Boxed areas (top) 
indicate region imaged at higher magnification (bottom). Contralateral retrograde labelling n 
= 3; bilateral retrograde labelling n = 3. Scale bar top = 100 µm; bottom = 50 µm. (E) CTB-488 
was injected into NAc shell and CTB-555 in the dmPFC (n = 5 mice). CTB-488+ and CTB-555+ 

neurons were observed and quantified in the vmPFC. Arrowheads indicate colocalisation. Scale 
bar = 50 µm. (F) Colocaliation of NAc shell projecting neurons within the dmPFC-projecting 
population (left) and vice versa (right). All graphs show mean ± SEM. ac, anterior commissure; 
cc, corpus callosum; CTB-488, cholera toxin subunit B conjugated to Alexa Fluor 488; CTB-555, 
CTB conjugated to Alexa Fluor 555; dmPFC, dorsal medial prefrontal cortex; fmi, forceps minor; 
LV, lateral ventricle; ml, midline; NAc, nucleus accumbens; vmPFC, ventral medial PFC.
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or mCherry alone (control) in vmPFC-to-dmPFC projecting neurons (Fig. 2E). One day 
after chemogenetic suppression during extinction training, preference for the cocaine 
context was diminished in control mice, whereas hM4Di mice still showed a robust 
preference to explore the cocaine context (Fig. 2F). Note that the CPP score of the 
mCherry control group is similar to the extinction group in Fig. 2A, suggesting that 
CNO alone did not influence extinction learning. Hence, vmPFC-to-dmPFC projecting 
neurons are activated on unreinforced re-exposure to a cocaine-associated context, 
and accordingly, are required for extinction learning.

vmPFC Projections Evoke Strong Monosynaptic Excitation of dmPFC PV-INs and 
Di-synaptic Inhibition of PNs
Global optogenetic stimulation of the vmPFC reduces firing of dmPFC PNs184, sug-
gesting that vmPFC PNs may target local GABAergic (gamma-aminobutyric acider-
gic) interneurons. Furthermore, dmPFC PV-INs facilitate extinction of natural reward 
seeking204 and conditioned fear275. We found that PV-INs comprise the majority (~66%) 
of GABAergic neurons in the dmPFC and are most abundant in dmPFC layers 5/6 (Fig. 
S2), where we also observed the highest density of vmPFC axons (Fig. 1A). Based on 
this, we determined whether vmPFC projections inhibit dmPFC PNs via innervation of 
PV-INs in this region. Expression of ChR2-EYFP in vmPFC PNs revealed EYFP+ puncta 
on somata and dendrites of PV-INs in the dmPFC (Fig. 3A). To determine whether 
these puncta reflect functional synapses and to compare the strength of innervation 
of dmPFC PV-INs and PNs, we used PV::Cre mice to label dmPFC PV-INs with mCherry 
and expressed ChR2-EYFP in vmPFC PNs (Fig. 3B). PNs and PV-INs were distinguished 
based on mCherry expression and electrophysiological profiles (Fig. S3A–I). On optic 
stimulation of ChR2+ vmPFC terminals, we measured evoked excitatory postsynaptic 
currents (eEPSCs) and evoked inhibitory PSCs (eIPSCs) in dmPFC PV-INs and PNs using 

Figure 2 – vmPFC-to-dmPFC projecting neurons mediate extinction of cocaine  
conditioned place preference memory. (A) Experimental design of the conditioning para-
digm. Red lines depict fictional trajectories of mice during tests. On day 24, animals remained 
in their home cage (No Ext; n = 7) or underwent extinction training (Ext; n = 7) through unre-
inforced re-exposure to the saline and cocaine context. On day 25, preference for the cocaine 
context was reduced in the Ext compared with the No Ext group (t12 = 2.417, p = .033). (B) Mice 
with retrogradely labelled vmPFC-to-dmPFC projecting neurons underwent conditioning. On 
day 24, animals were re-exposed to the cocaine context for 15 min in the presence (No Ext; 
n = 5) or absence (Ext; n = 5) of cocaine reinforcement. (C) Representative images of DAPI, 
Fos, and mCherry expression in the vmPFC. Scale bar = 50 µm. (D) Percentage of Fos+ and 
mCherry+ neurons did not differ between groups. In the Ext group, Fos colocalised more with 
the mCherry+ than mCherry− population (population × group interaction F1,8 = 8.86, *p= .018; 
post hoc Fos+/mCherry+ No Ext vs. Ext t16 = 3.58, * p = .005; post hoc Fos+/mCherry+ vs. Fos+/
mCherry− Ext group t8 = 3.12, * p = .028). (E) Top: hM4Di-mCherry (n = 6) or mCherry (n = 
8) was bilaterally expressed in vmPFC-to-dmPFC projecting neurons. Bottom: representative 
example of hM4Di-mCherry expression in vmPFC. (F) Top: experimental design. Mice received 
CNO before extinction training. Test: preference for the cocaine context was higher in hM-
4Di-mCherry mice than control mice (U = 44, * p = .008). All graphs show mean ± SEM. CNO, 
clozapine N-oxide; coc, cocaine; CPP, conditioned place preference; dmPFC, dorsal medial 
prefrontal cortex; Ext, extinction training; fmi, forceps minor; sal, saline; vmPFC, ventral medial 
prefrontal cortex.
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whole-cell electrophysiological recordings (Fig. 3C,D; Fig. S3J). Evoked excitatory drive 
was strongest onto dmPFC PV-INs (Fig. 3E; Fig. S3K), whereas evoked inhibitory drive 
was strongest onto dmPFC PNs (Fig. 3F; Fig. S3L). In neurons exhibiting both exci-
tatory and inhibitory responses (12/15 PNs; 8/9 PV-INs), the eEPSC/eIPSC (E/I) ratio 
robustly favoured excitation of dmPFC PV-INs (Fig. 3G; Fig. S3M). The latency to onset 
of eEPSCs was shorter than of eIPSCs in PNs and PV-INs (Fig. 3H; Fig. S3N), suggestive 
of monosynaptic excitation and di-synaptic inhibition. In support of this, application 
of the AMPA/kainate receptor antagonist CNQX abolished both eEPSCs and eIPSCs 
(Fig. 3I,J), whereas GABAA receptor blockade by Gabazine only affected eIPSCs (Fig. 
3K), demonstrating that glutamate release initiated both evoked responses. Gabazine 
applied together with CNQX and the NMDA receptor antagonist D-AP5 prevented 
the residual eEPSC (Fig. 3K). In line with this, both responses were also abolished by 
tetrodotoxin (Fig. S3O,P) and co-application of the potassium channel blocker 4-AP276 
recovered eEPSCs only (Fig. S3Q), further confirming the monosynaptic and di-synap-
tic nature of the excitatory and inhibitory response, respectively.

dmPFC PV-INs Mediate Feed-Forward Inhibition and Extinction of Cocaine CPP 
Memory
To determine whether the di-synaptic inhibitory response in PNs is evoked by ex-
citation of PV-INs, we expressed hM4Di-mCherry in dmPFC PV-INs and ChR2-EYFP 
in vmPFC PNs (Fig. 4A). PN responses to optic stimulation of ChR2+ vmPFC termi-
nals were recorded before and after CNO-mediated suppression of PV-INs (Fig. 4B,C). 
CNO did not alter the eEPSC amplitude (Fig. 4D) but reduced the eIPSC amplitude in 
dmPFC PNs (Fig. 4E). Consequently, the E/I ratio shifted toward less inhibition (Fig. 4F), 
confirming that di-synaptic inhibition of dmPFC PNs is at least partially mediated by 
excitation of PV-INs. CNO similarly suppressed di-synaptic inhibition of PV-INs (Fig. 
S4). We next determined whether activity of dmPFC PV-INs is necessary to extinguish 

 Figure 3 – vmPFC projections evoke strong monosynaptic excitation of dmPFC PV-INs 
and di-synaptic inhibition of PNs. (A) After AAV-CaMKIIα ::ChR2-EYFP injection into the 

vmPFC, ChR2-EYFP+ puncta (arrowheads) were detected on PV+ cells in the dmPFC. Scale bar 
= 10 µm. (B) Experimental design. ChR2-EYFP was expressed in vmPFC PNs and mCherry in PV-
INs in the dmPFC. Whole-cell recordings were obtained from dmPFC PNs and PV-INs on optic 
stimulation of ChR2+ terminals. (C, D) Representative eIPSC (top) and eEPSC (bottom) traces in 
PNs (C) and PV-INs (D) in response to a blue light pulse (20 ms, blue line). The initial downward 
peak in the eIPSC trace of PV-IN represents a residual excitatory current at Vh 0 mV. (E) eEPSC 
amplitude was higher in PV-INs than PNs (t22 = 2.38, ∗p = .026; PN ncells/n  = 15/6, PV-IN ncells/n  
= 9/6). (F) eIPSC amplitude was higher in PNs than PV-INs (t13.49 = 3.34, *p = .005; PN ncells/n 
= 12/6, PV-IN ncells/n = 8/6). (G) eEPSC/eIPSC ratio was higher in PV-INs than PNs (t7.06 = 5.11; 
*p = .001; PN ncells/n  = 12/6, PV-IN ncells/n  = 8/6). (H) Latency to onset was lower for eEPSCs 
than eIPSCs in both cell types (F1,39 = 50.93, *p < .001). (I, J) PN recording demonstrating that 
CNQX (10 µM) abolished eEPSCs (I) and eIPSCs (J) on optic stimulation (20 ms pulse, blue line) 
of vmPFC terminals. (K) Application of gabazine (10 µM) abolished eIPSCs and coapplication 
of CNQX (10 µM) and D-AP5 (10 µM) blocked the residual eEPSC at a Vh of 0 mV. All graphs 
show mean ± SEM. aCSF, artificial cerebrospinal fluid; dmPFC, dorsal medial prefrontal cortex; 
eEPSC, evoked excitatory postsynaptic current; eIPSC, evoked inhibitory PSC; PN, pyramidal 
neuron; PV-IN, parvalbumin-expressing inhibitory interneuron; Vh, holding potential; vmPFC, 
ventral medial PFC.
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preference to explore a cocaine-associated context. In PV::Cre mice, hM4Di-mCherry 
or mCherry alone (control) was expressed in the majority of dmPFC PV-INs (Fig. 4G-
I). Following chemogenetic suppression of PV-INs during extinction training, hM4Di 
animals showed stronger preference for the cocaine context than control mice (Fig. 
4J), confirming that extinction learning requires activity of these neurons. 

Finally, we determined whether chemogenetic stimulation of dmPFC PNs also impairs 
extinction of cocaine place preference. For this, we bilaterally expressed a CaMKIIα 
promoter-driven excitatory DREADD hM3Dq fused to mCherry or mCherry alone in 
dmPFC PNs (Fig. S5A). One day after CNO or saline treatment during extinction trai-
ning, we did not observe a difference in preference scores between groups, and all 
groups showed a similar low preference for the cocaine context (Fig. S5B). Thus, bulk 
activation of dmPFC PNs does not affect extinction learning, suggesting that vmP-
FC-mediated recruitment of feed-forward inhibition in the dmPFC does not result in 
global suppression of local PNs. Moreover, because the saline control groups showed 
similar preference scores as the CNO-treated groups, this further confirmed that CNO 
alone did not affect extinction learning.

Discussion

Our data reveal that extinction of context-evoked cocaine memory depends on acti-
vation of an intrinsic mPFC circuit (Fig. 4K). We show that vmPFC projections innervate 
the dmPFC, and vmPFC-to-dmPFC projecting neurons are activated on unreinforced 
re-exposure to a cocaine-associated context. In line with this, chemogenetic suppres-
sion of vmPFC-to-dmPFC projecting neurons prevented extinction of context-evo-
ked cocaine memory. In the dmPFC, PV-INs receive strong monosynaptic excitatory 

 Figure 4 – dmPFC PV-INs mediate feed-forward inhibition and extinction of cocaine 
conditioned place preference memory. (A) In PV::Cre mice, ChR2-EYFP was expressed in 

vmPFC PNs and hM4Di-mCherry in dmPFC PV-INs. (B) Experimental design and hypothe-
tical effect of chemogenetic suppression of PV-INs on vmPFC-mediated inhibition of PNs. 
(C) Representative traces at baseline (black) or after CNO application (turquoise) in PNs. (D) 
eEPSC amplitude of PNs was unaltered by CNO application (t6 = 0.67, p = .53; ncells/n = 7/4). 
(E) eIPSC amplitude of PNs was decreased by CNO (t6 = 5.69, *p = .001; ncells/n = 7/4). (F) E/I 
ratio in PNs was increased by CNO (t6 = 2.75, *p = .033; ncells/n = 7/4). (G) Using PV::Cre mice, 
mCherry or hM4Di-mCherry was bilaterally expressed in dmPFC PV-INs. (H) Example of PV 
(left) and mCherry (right) expression. White arrows indicate colocalisation of PV and mCher-
ry (n = 6). Scale bar = 50 µm. (I) 74.7% ± 3.2% of PV+ cells expressed mCherry and 94.7% ± 
1.0% of mCherry+ cells were PV+. (J) Mice (hM4Di n = 8; mCherry n = 8) underwent cocaine 
conditioning and received CNO before extinction training. During the test, hM4Di animals 
showed higher preference for the cocaine context than control mice (t14 = 3.33, *p = .005). (K) 
Model of vmPFC-to-dmPFC circuit. Unreinforced re-exposure to a cocaine-associated context 
triggers activation of vmPFC-to-dmPFC projecting neurons, which strongly excite dmPFC PV-
INs, resulting in feed-forward inhibition of PNs. All graphs show mean ± SEM. aCSF, artificial 
cerebrospinal fluid; CNO, clozapine N-oxide; coc, cocaine; dmPFC, dorsal medial prefrontal 
cortex; eEPSC, evoked excitatory postsynaptic current; eIPSC, evoked inhibitory PSC; PN, py-
ramidal neuron; PV-IN, parvalbumin-expressing inhibitory interneuron; sal, saline; Vh, holding 
potential; vmPFC, ventral medial prefrontal cortex.
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input from vmPFC terminals and subsequently inhibit PNs, typical for feed-forward 
inhibition276. Similar to manipulation of vmPFC-to-dmPFC neurons, chemogenetic 
suppression of dmPFC PV-INs impaired extinction of context-evoked cocaine reward 
memory. Hence, under extinction conditions, vmPFC projections recruit feed-forward 
GABAergic inhibition in the dmPFC to attenuate conditioned responding to a cocai-
ne-associated context.

Whereas previous models propose that the dmPFC and vmPFC exert control over con-
ditioned cocaine seeking via divergent projections to other brain regions103,104,125,138, we 
now demonstrate that direct connectivity between the vmPFC and dmPFC provides 
critical adaptive control over responding to cocaine-associated contextual cues. Our 
findings do not rule out the involvement of vmPFC projections to other regions, such 
as the NAc shell125,138, but reveal an additional mechanism for extinction-induced be-
havioural inhibition. Of relevance is that we found that vmPFC-to-dmPFC projections 
are required for acquisition of extinction, whereas vmPFC-to-NAc shell connectivity 
exerts inhibitory control over cocaine seeking after extinction learning125,138, but not 
during a first extinction session110. Global manipulation of vmPFC function, however, 
affects both the acquisition and expression of extinguished cocaine seeking111. Becau-
se we found that the vmPFC-to-dmPFC projecting neuronal population has little over-
lap with the vmPFC-to-NAc shell projecting neurons and sends only sparse collateral 
projections to the NAc shell, this suggests that extinction learning requires vmPFC 
projections to the dmPFC, whereas vmPFC projections to the NAc shell control the 
retention of extinguished responding to cocaine-associated cues.

Distinct coexisting neuronal ensembles within the vmPFC exert opposing effects on 
conditioned behaviour137,138,243. Although the selective suppression of vmPFC-to-dmP-
FC projecting neurons using our retrograde tracing approach is a more refined inter-
vention method than global vmPFC manipulation, we cannot rule out that the vmPFC 
population that projects to the dmPFC is composed of distinct neurons that can pro-
mote and inhibit cocaine-conditioned responses. However, vmPFC-to-dmPFC neu-
rons were not preferentially activated on reinforced re-exposure to the cocaine-as-
sociated context, suggesting that the cocaine-context association is not allocated to 
this neuronal population. This leaves the possibility that selective suppression of vmP-
FC-to-dmPFC neurons that are activated during extinction learning could have a dif-
ferent effect on cocaine place preference. Unfortunately, it is technically not feasible 
to assess the effect of manipulation of the activated neuronal ensemble on extinction 
learning in our CPP paradigm, because it would require neuronal activity–dependent 
labelling and manipulation within the same extinction session.

Recruitment of feed-forward GABAergic inhibition in the dmPFC during extinction 
learning may result in global suppression of PN firing and a reduction of output from 
this region. However, we think that the cortical network effect of PV-IN activation 
might be more complex, potentially enabling a switch between dmPFC PNs that pro-
mote or suppress expression of cocaine memory. This hypothesis is supported by our 
finding that global chemogenetic stimulation of dmPFC PNs does not affect extinction 
learning. Furthermore, neurons within the prelimbic cortex fire during the initiation of 
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reward seeking and under extinction conditions, both in a context-dependent man-
ner277. Therefore, distinct neuronal ensembles within the dmPFC may drive and inhibit 
cocaine-conditioned responses, similar to what has been reported for the vmPFC138. 
If this is true, global chemogenetic stimulation of dmPFC PNs may have resulted in 
simultaneous activation of twos ensembles with opposing effects on cocaine place 
preference, which could have cancelled out effects on extinction learning. Alternati-
vely, stimulation of dmPFC PNs may not have affected extinction learning, because 
bulk excitation using chemogenetics does not mimic endogenous firing patterns re-
quired to overrule extinction learning. Whether PV-INs in the dmPFC suppress dmPFC 
neurons that drive expression of cocaine memory and/or facilitate the recruitment of 
dmPFC neurons that mediates extinction-induced behavioural inhibition is an impor-
tant topic for future research.

We implicate the vmPFC-to-dmPFC feed-forward inhibition circuit in extinction of co-
caine-conditioned behaviour, but this network may be involved in extinction learning 
in general. Pharmacological inactivation of the vmPFC or inhibition of protein kinase M 
zeta in this region results in a re-emergence of opiate-induced place preference278,279, 
and cue-induced heroin seeking is driven by acute AMPA receptor endocytosis and 
a reduction in synaptic strength in the vmPFC280. Additionally, lesions of the vmPFC 
enhance spontaneous recovery, reinstatement, and contextual renewal of Pavlovian 
food seeking281,282. Together, these studies indicate that following extinction learn-
ing, the vmPFC exerts behavioural inhibition over responding to reward-related cues. 
Note that this does not exclude the coexistence of vmPFC ensembles that promote 
conditioned responses before extinction137,138. To our knowledge, the monosynap-
tic innervation of dmPFC PV-INs by vmPFC projections has not been previously re-
ported, but independent studies have shown that vmPFC-to-dmPFC projections and 
PV-INs mediate extinction of conditioned fear188,275 and extinction of natural reward 
seeking204. In line with our observations, extinction of cue-evoked food seeking drives 
recruitment of GABAergic interneuron activity in the dmPFC283. Furthermore, excitato-
ry projections in the opposite direction, from dmPFC to vmPFC, also mediate extinc-
tion of conditioned fear187. Together with our findings, this indicates that a reciprocal 
intrinsic mPFC circuit serves to provide important adaptive control over conditioned 
behaviour, in particular when an originally learned association (context → reinforcer) 
does not match with the conditions during re-exposure to the same context and an 
alternative association (e.g., context → no reinforcer) is learned.

To conclude, we discovered that monosynaptic interaction between the vmPFC and 
dmPFC mediates extinction of cocaine reward memory through activation of dmPFC 
PV-INs. This sheds new light on the architecture of the neuronal circuit that enables 
adaptive responding to cocaine-contextual cues and may provide a new therapeutic 
target for strengthening of behavioural inhibition on context-evoked retrieval of co-
caine memories.
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Figure S1 – vmPFC-to-dmPFC projecting neurons are activated during extinction learn-
ing. (A) Mice received retroAAV-hSyn::Cre in the dmPFC and AAV-hSyn::DIO-mCherry in the 
vmPFC and underwent cocaine CPP training. Three weeks later, animals were exposed to a 
novel context (NC) or re-exposed to the cocaine-associated context in absence of cocaine 
reward (Extinction). (B) Representative images of DAPI, Fos and mCherry expression in the 
vmPFC. (C) Quantification of the percentage of Fos+ and mCherry+ neurons and colocalisation. 
Percentages of Fos+ and mCherry+ cells were similar in both groups, but the percentage of 
Fos+/mCherry+ neurons was higher in the extinction group than the novel context group (U = 
4.0, p = 0.022). All graphs show mean ±SEM.

Figure S2 – Distribution of PV-INs in the dmPFC and proportion of the total GABAergic 
population. (A) Example of PV and GAD67 immunostaining in dmPFC. Outlined arrowheads: 
PV-/GAD67+ cells. Filled arrowheads: PV+/GAD67+ cells. (B) Quantification of colocalisation of 
PV+ and GAD67+ cells. Approximately all PV+ cells express GAD67 (96.8 ± 0.7%), as expected, 
and the vast majority of GAD67+ neurons express PV+ (65.8 ± 3.5%). Graph shows mean ±SEM. 
(C) PV-IN density was highest in in the deep layers (mainly layer 5) compared with the super-
ficial layers (layer 1-3) of the dmPFC. Scalebar = 100 µm. Fmi = forceps minor of the corpus 
callosum. 
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Figure S3 – Electrophysiological profiles of recorded dmPFC PNs and PV-INs and their 
differential responses following stimulation of vmPFC terminals. (A) Representative elec-
trophysiological profile of a PN (top) and PV-IN (bottom) in response to corresponding cur-
rent steps. (B) Resting membrane potential did not differ between both cell-types (U = 161, 
p = 0.083). (C) PV-INs demonstrated a lower input resistance compared to PNs (U = 111, **p 
= 0.003). (D) Membrane time constant was lower in PV-INs (t42 = 19.93, ***p < 0.001). (E) AP 
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threshold was similar in PNs and PV-INs (t42 = 0.0525, p = 0.958). (F) Action potential (AP) 
amplitude was higher in PNs than in PV-INs (t42 = 18.25, *** p < 0.001). (G) AP half-width was 
lower in PVs (U = 0, *** p < 0.001). (H) Minimum inter-spike interval (ISI) was lower in PV-INs 
than in PNs (U = 94, *** p < 0.001). (I) Maximum inter-spike interval (ISI) was lower in PV-INs 
than in PNs (U = 92, *** p = 0.005). Graphs show mean ± SEM. (PN ncells/n = 26/9; PV-IN ncells/n 
= 18/7). (J) Representative eEPSC and eIPSC traces recorded with a K-Gluconate-based in-
tracellular solution in PNs and PV-INs. The initial downward peak in the eIPSC trace represents 
a residual excitatory current at Vh -30 mV. Out of all cells that showed an eEPSC, 58% of PNs 
and 55% of PV-INs showed an eIPSC (eEPSC PN ncells/n = 26/9, eEPSC PV-IN c = 22/7, eIPSC PN 
ncells/n = 15/9, eIPSC PV-IN ncells/n = 12/7). Note that both percentages are lower than obser-
ved with a Cs-based intracellular solution due to reduced amplification of inhibitory responses 
with the K-Gluconate-based intracellular solution (see also Fig. 2c, e). Vh, holding potential. 
(K) eEPSC amplitude was higher in PV-INs than PNs (U = 112 , *** p < 0.001; PN ncells= 26; PV 
ncells = 19). Inset displays PN eEPSC amplitude at reduced scale. (L) eIPSC amplitude was higher 
in PNs than PV-INs (t25 = 2.064, * p = 0.049). (M) E/I ratio is higher for PV-INs than PNs (U= 7, 
*** p < 0.001; PN ncells/n = 15/9, PV-IN ncells/n = 12/7). Inset displays PN E/I ratio at reduced 
scale. (N) Latency to onset of eEPSCs was lower than eIPSCs (F1,71 = 258.2, p < 0.001; post-hoc 
eEPSC PN vs. eEPSC PV-IN t71 = 4.097, p = 0.025). (O-P) eEPSCs and eIPSCs (O) in response to 
optic stimulation (20 ms pulse; blue line) were abolished by application of TTX (1 µM; P). Vh = 
holding potential. (Q) Combined application of TTX and 4-AP (100 µM) abolished eIPSCs and 
partially recovered eEPSCs. All graphs show mean ± SEM.

Figure S4 – Chemogenetic suppression of PV-INs reduces di-synaptic inhibition of PV-
INs in the dmPFC. (A) Representative traces in PV-INs in absence (purple) and presence of 
CNO (turquoise) upon optic stimulation (blue line; 20 ms pulse) of ChR2-expressing vmPFC 
terminals. (B) eEPSC amplitude of PV-INs was unchanged by CNO (t5 = 1.64, p = 0.16; ncells/n = 
6/4). (C) eIPSC amplitude of PV-INs was decreased by CNO (t5 = 3.56, * p = 0.016; ncells/n = 6/4). 
(D) E/I ratio in PV-INs was increased by CNO (t5 = 2.89, * p = 0.034; ncells/n = 6/4).
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Figure S5 – Chemogenetic stimulation of dmPFC PNs does not affect extinction learning. 
(A) Mice received AAV-CamKIIα::mCherry or AAV-CamKIIα ::hM3Dq-mCherry in the dmPFC. 
Representative pictures of hM3Dq-mCherry expression. Scalebar = 50 µm (upper panel) / 
250 µm (lower panel). Fmi = forceps minor of the corpus callosum; ml = midline. (B) Animals 
underwent cocaine CPP training and after three weeks of forced abstinence, mice received an 
injection of saline (VEH) or CNO (3 mg/kg) prior to extinction training. The next day, all groups 
(mCherry VEH n = 8, hM3Dq VEH n = 8, mCherry CNO n = 8, hM3Dq CNO n = 5) showed 
similar preference scores. Two-way ANOVA did not reveal differences between group and 
treatment (Group F1,25 = 0.25, p =0.62; Treatment F1,25 =0.23, p = 0.63); Group x treatment F1,25 
= 0.15, p = 0.70). Graphs show mean ± s.e.m. 
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Abstract

Alcohol use disorder is characterised by a high risk of relapse during periods of ab-
stinence. Relapse is often triggered by retrieval of persistent alcohol memories upon 
exposure to alcohol-associated environmental cues, but little is known about the neu-
ronal circuitry that supports the long-term storage of alcohol cue associations. We 
found that a small ensemble of neurons in the medial prefrontal cortex (mPFC) of 
mice was activated during cue-paired alcohol self-administration (SA) and that se-
lective suppression of these neurons 1 month later attenuated cue-induced relapse 
to alcohol seeking. Inhibition of alcohol seeking was specific to these neurons as 
suppression of a non–alcohol-related or sucrose SA–activated mPFC ensemble did 
not affect relapse behaviour. Hence, the mPFC neuronal ensemble activated during 
cue-paired alcohol consumption functions as a lasting memory trace that mediates 
cue-evoked relapse long after cessation of alcohol intake, thereby providing a poten-
tial target for treatment of alcohol relapse vulnerability.

Introduction

Alcohol use disorder (AUD) is one of the most common substance use disorders and 
is considered a chronic psychopathology, resulting in serious health problems for 
affected individuals and placing a large socioeconomic burden on societies world-
wide3,284. A key problem in the treatment of AUD is relapse, which can occur even 
after long periods of abstinence285. Alcohol-related environmental cues, such as liquor 
bottles or locations where alcohol is frequently consumed (e.g., bars), become associ-
ated with the rewarding effect of alcohol286. Exposure to these cues during periods of 
abstinence can evoke intense feelings of craving, thereby fuelling the urge to resume 
alcohol consumption90,287. Given the frequent incidence and lasting potential of alco-
hol-related cues to drive relapse, identification of the neuronal circuitry that supports 
the storage of persistent alcohol cue memories is critical for the design of improved 
medical intervention to reduce relapse susceptibility288,289.

Clinical and preclinical studies strongly implicate the medial prefrontal cortex (mPFC) 
in relapse to alcohol and drug seeking84,95,103. For instance, neuroimaging studies per-
formed in patients with AUD demonstrate increased activation of the mPFC in res-
ponse to alcohol-associated cues, and this response correlates with increased risk of 
relapse89,90,95. In preclinical animal models, re-exposure to alcohol-paired cues evo-
kes alcohol seeking and enhances neuronal activity in the mPFC150,154, as measured 
by expression of the immediate early gene Fos, an established molecular marker of 
neuronal activity168. In line with these observations, pharmacological inhibition of the 
prelimbic region of the mPFC reduces conditioned alcohol seeking163,290, indicating 
that the mPFC is involved in the processing of alcohol cue associations.

Mounting evidence indicates that the expression of learned behaviours, including 
alcohol-related behaviour, is mediated by activity of sparsely distributed neurons, 
so-called neuronal ensembles168,244,246,249. However, whether neuronal ensembles func-
tion as a long-term physical memory trace supporting the storage of alcohol cue 
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associations that drive relapse has remained elusive. To address this, we investigated 
whether neurons in the mPFC that are activated during alcohol self-administration 
(SA) in the presence of alcohol-paired cues are subsequently required for cue-indu-
ced alcohol seeking weeks after cessation of alcohol intake. Furthermore, we ques-
tioned whether mPFC ensembles have a distinct role in encoding of an alcohol cue 
association and a learned association between a cue and a natural reinforcer, such as 
sucrose.

To study this, we used a mouse alcohol SA paradigm and a targeted intervention with 
a recently developed viral-TRAP (targeted recombination in activated populations) 
technique228, which enables permanent expression of a DREADD (designer receptor 
exclusively activated by designer drug) in neurons that are activated during a defined 
time window. Using this approach, we found that mPFC neurons that are activated 
during cue-paired alcohol SA are subsequently required for cue-induced relapse 1 
month after cessation of alcohol intake. Chemogenetic suppression had no effect 
when alcohol seeking was evoked in the absence of a discrete alcohol-paired cue and 
when mPFC neurons activated during alcohol consumption in the absence of a discre-
te cue were subsequently suppressed during cue-induced relapse. Furthermore, this 
mechanism did not generalise to cue-induced sucrose seeking. Together, our data 
indicate that a specific neuronal ensemble in the mPFC functions as a critical storage 
mechanism for alcohol cue associations, and selective chemogenetic suppression of 
these neurons reduced cue-induced relapse long after the last exposure to alcohol.

Materials & Methods

Experimental design
With our study, we aimed to determine whether mPFC neurons that are activated du-
ring cue-paired alcohol consumption function as a lasting physical trace for alcohol 
cue associations that maintain cue reactivity after prolonged abstinence. For this, we 
applied a viral-TRAP method to selectively tag and manipulate mPFC neurons that 
are activated during alcohol SA in mice. In this study, a total of N = 162 C57BL/6J 
mice were trained to self-administer alcohol (N = 144) or sucrose (N = 18) in operant 
chambers, and activated mPFC neurons were tagged with an inhibitory DREADD du-
ring a last SA session or after exposure to non–alcohol-related context. Relapse tests 
were performed 3 to 4 weeks after cessation of alcohol/sucrose intake, and the effect 
of chemogenetic suppression of tagged mPFC ensembles on alcohol/sucrose seeking 
(measured by resumption of active lever pressing) in the absence and presence of 
an alcohol-paired cue was examined. At the end of behavioural experiments, mice 
were euthanised and their brains were isolated. After immunohistochemical stainings, 
confocal microscopy was used to quantify the number of tagged neurons (mCherry+), 
GABAergic neurons (GAD67+), activated neurons (Fos+), and overlap between mar-
kers, as well as for analysis of ensemble-derived axonal fibres (mCherry+) in the BLA 
and NAcc.

Animals
Male wild-type C57BL/6J mice aged 6 to 8 weeks at the start of the experiments were 
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housed individually 1 day before surgery (see below). One week after surgery, animals 
were transferred to a 12-hour reversed light/dark cycle (lights off at 07:00 a.m.) until 
the end of the experiment. Mice had ad libitum access to regular laboratory chow 
food and water throughout the experiment, except for the limited drinking phase 
during habituation (see below). Behavioural experiments were conducted during the 
animal’s dark phase. This study was approved by The Netherlands Central Commit-
tee for Animal Experiments (Centrale Commissie Dierproeven) and the Animal Ethical 
Care Committee Dierexperimentencommissie of the Vrije Universiteit Amsterdam. We 
excluded 16 mice because of misplaced virus injections and 42 mice because they 
failed to acquire stable alcohol SA (see below). The latter animals were used in control 
groups to validate the viral-TRAP technique.

AAV vectors and stereotactic microinjections
The AAV-Fos-CreERT2 plasmid was generated as previously described228. AAV-Fos::-
CreERT2 (titre, 1.2 × 1013) and Cre-dependent AAVs AAV-hSyn::DIO-hM4Di-mCherry 
and AAV-hSyn::DIO-mCherry (titres, 5.0 × 1012 to 6.0 × 1012) were packaged as seroty-
pe 5 virus. A virus mixture of AAV5-Fos::CreERT2 and Cre-dependent AAV was injected 
at a ratio of 1:500 (final titre AAV5-Fos::CreERT2, 2.4 × 1010). Animals received Temgesic 
(0.05 mg/kg; RB Pharmaceuticals, UK) and carprofen (5 mg/kg; Rimadyl, Zoetis B.V., 
Netherlands) 30 min before surgery. Subsequently, animals were anesthetised with 
isoflurane (2.5% induction and 1.5% maintenance) and mounted into a stereotactic 
frame. To provide local analgesia, lidocaine (2%; Sigma-Aldrich Chemie N.V., Nether-
lands) was topically applied to the skull before incision. The virus mixture was bilate-
rally (0.5 µl per hemisphere) infused into the mPFC (+1.8 mm anteroposterior; ±0.45 
mm mediolateral; −2.1 mm dorsoventral; relative to bregma) using microinjection 
glass needles. Virus was infused at a flow rate of 0.1 µl/min, followed by 5 min of dif-
fusion time and stepwise retraction of the needle. Analgesia was provided at 24 and 
48 hours after surgery (carprofen; 5 mg/kg). Animals recovered for 1 week and were 
then transferred to a different housing room on a reversed day-night cycle, where 
they remained in their home cage for two additional weeks until the start of the be-
havioural procedures.

4TM treatment
4TM (H6278, Sigma-Aldrich Chemie N.V., Netherlands) was prepared as described 
previously228. First, 10 mg of 4TM was first dissolved in 200 µl of 100% dimethyl sul-
foxide (DMSO) (D8418, Sigma-Aldrich Chemie N.V., Netherlands). This stock solution 
was stepwise-diluted in 1900 µl of saline containing 2%Tween 80 (P1754, Sigma-Ald-
rich Chemie N.V., Netherlands) and then once more in the same volume of saline. This 
resulted in a final solution of 4TM (2.5 mg/ml), 5% DMSO, and 1% Tween 80 in saline. 
Animals received 4TM [25 mg/kg, intraperitoneally (i.p.)] 2 hours after a tag session 
(see below).

Chemogenetic manipulation
CNO (Hello Bio Limited, Bristol, UK) was dissolved in saline at a concentration of 0.5 
mg/ml. Animals received an injection of CNO (5 mg/kg, i.p.) 30 min before a test. 
VEH-injected animals received the same volume of saline.
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Behavioural procedures
Habituation: Two-choice phase
To habituate mice to alcohol, mice were first subjected to alcohol drinking in their 
home cage. During the first two habituation weeks, mice had unlimited access to 
both water and alcohol with increasing concentrations [days 1 to 2, 4% (v/v); days 3 
to 8, 6% (v/v); days 9 to 14, 8% (v/v) in water]. Bottles were refreshed and weighed 
three times a week to measure water and alcohol intake. Two bottles were placed on 
an empty cage to control for leakiness. To avoid side preference, the position of the 
bottles on the cage was alternated after each time that they were weighed.

Habituation: Limited drinking phase
To motivate animals to drink during their dark phase, mice had access exclusively to a 
bottle containing 8% alcohol (w/v) for 8 hours starting 2 hours after the beginning of 
the dark phase. The water bottle was available during the other 16 hours of the day. 
Bottles were weighed daily, and solutions were replaced three times a week. In this 
phase, mice were handled for three consecutive days.

Operant SA
Mice were trained in operant conditioning chambers in sound-attenuating cubicles 
(TSE Systems, Bad Homburg, Germany) for 5 to 7 days a week (60 min per session 
throughout the experiment). During training sessions, a red house light centred abo-
ve the operant chamber was illuminated. Active and inactive levers were located at 
opposite sides of the chamber. A predefined number of responses on the active lever 
resulted in the delivery of 10 µl of reward solution (8% alcohol or 10% sucrose soluti-
on) in the receptacle and illumination of a yellow cue light (discrete cue) located abo-
ve the receptacle for 2 s. This also initiated a time-out period of 8 s, during which the 
house light was dimmed and lever presses were recorded but had no consequences. 
Responses on the inactive lever were recorded but had not programmed consequen-
ces. Because of a technical failure, one data point of inactive lever presses is missing 
in session FR3-3 and another in session FR5-2 in Fig. 3B.

Mice were initially trained to respond on an FR1 schedule of reinforcement for seven 
sessions, followed by an FR2 schedule for two to four sessions, an FR3 schedule for 
two to four sessions, and an FR5 schedule for four sessions. Alcohol SA and sucrose 
SA tag sessions were performed at FR5. Insufficient acquisition of alcohol SA was 
based on the following criteria: (i) active lever press average below 80 during FR5 
sessions, (ii) no FR5 session with more than 100 active lever presses, and (iii) active 
lever preference (active lever presses per active + inactive lever presses) lower than 
0.65. Mice that met two or more criteria (N = 42) were a priori excluded from alcohol 
seeking tests. Active and inactive lever responses (excluding time-out responses) are 
reported in graphs and used for statistical analyses of SA sessions.

Tag sessions
Alcohol and sucrose Tag sessions were equivalent to an operant SA session at FR5 
with availability of the reward and presentation of the cue light. The NC tag was 
performed by a different experimenter 72 hours after the last operant SA session by 
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exposing mice to an NC (square white box with black stripes) in a different room for 
60 min. The alcohol consumption tag was performed 72 hours after the last operant 
SA session by giving mice access to a bottle containing 8% alcohol (which replaced a 
water bottle) in their home cage for 60 min.

Abstinence
After the tag session, animals underwent 3 weeks of forced abstinence in their home 
cage without access to alcohol.

Context-induced alcohol seeking
Animals were placed back into the operant chamber for 60 min under extinction con-
ditions. Lever presses were recorded but did not result in reward delivery or presen-
tation of the cue light. The red house light was illuminated throughout the session. 
As there was no time-out period during this session, the total number of active lever 
presses is reported.

Extinction
Extinction sessions were equivalent to the context-induced alcohol seeking test des-
cribed above. Alcohol seeking was considered extinguished after a minimum of five 
extinction sessions and when active responses were stably reduced to the level of 
inactive responses.

Cue-induced alcohol seeking
Animals were placed in the operant chamber for 60 min, and lever pressing resulted in 
presentation of the discrete cue light on an FR5 schedule, with the exception that the 
first lever press also resulted in presentation of the cue light. Alcohol was not available 
during this session. In addition, when the FR was reached, this triggered a time-out 
period and activation of the pump that previously delivered the reward, similar to SA 
sessions. The total number of active and inactive lever presses are reported in graphs 
and used for statistical analyses.

Immunohistochemistry
At the end of experiments, all mice were transcardially perfused with ice-cold phosp-
hate-buffered saline (PBS) (pH 7.4), followed by ice-cold 4% paraformaldehyde (PFA) 
in PBS. Brains were extracted, postfixed overnight in 4% PFA, and then transferred to 
30% sucrose in PBS with 0.02% NaN3. After at least 2 days of immersion in sucrose, 
brains were sliced in 35-µm coronal sections using a cryostat and stored in PBS with 
0.02% NaN3 and stored at 4°C until further use. Subsequent immunohistochemical 
stainings were performed as described previously109 using the following antibodies: 
rabbit anti-Fos (1:300; sc52, Santa Cruz Biotechnology, USA), rabbit anti–red fluores-
cent protein (1:500; Rockland, USA), and mouse anti-GAD67 (1:1000; Merck Millipore, 
Netherlands). NeuroTrace 500/525 Green Fluorescent Nissl Stain was used to visualize 
neuronal cell bodies or DAPI to visualize cell nuclei. A confocal microscope was used 
to generate four to six z-stacks per animal by an experimenter blinded to treatment 
conditions. Fiji software (https://fiji.sc/) was used to determine the regions of interest 
(ROIs) of Nissl+ cells (Gaussian filter, Huang threshold, and watershed), and cells with 
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a size of 80 to 2000 square units and circularity of 0.5 to 1.0 were included. MATLAB 
(MathWorks) was used to group ROIs belonging to the same Nissl+ cell and then to 
count the total number of Nissl+ cells in a z-stack. Cells expressing hM4Di-mCher-
ry, mCherry, GAD67, or Fos were counted manually by an experimenter blinded to 
the conditions. Representative images were generated using a wide-field fluorescent 
microscope (DMi8, Leica Microsystems, Germany). One alcohol SA–tagged mouse 
was used for patch-clamp recording to confirm that CNO-reduced excitability of hM-
4Di-expressing cells. Therefore, this mouse was not included in the quantification of 
the percentage of hM4Di-expressing neurons in Fig. 3H. For analysis of the density 
of axonal fibres, six single-plane images of the NAcc and BLA were obtained at ×10 
magnification per animal. The intensity of fluorescent signal in manually drawn ROIs 
(based on Nissl) was measured using Fiji and normalised to the background intensity 
of the section per animal (background was determined by defining an ROI in a non-
target region that was devoid of mCherry+ fibres).

Statistics
Data in graphs represent means ± SEM, and the number of animals per group is 
provided in the figure legends. SPSS software (version 25; IBM Corp.) was used for 
statistical analysis. We determined whether the data were modelled by a normal dis-
tribution using a Kolmogorov-Smirnov test. A one-way ANOVA with post hoc Bonfer-
roni correction was used to investigate the number of tagged cells between multiple 
conditions. To compare drinking behaviour in the home cage, a three-factor repeated 
measures ANOVA was used (Group x Time point x Solution). Acquisition of operant SA 
was investigated by a three-factor repeated measures ANOVA (Group x Sessions x Le-
ver), followed by a separate two-factor repeated measures ANOVA (Group x Sessions) 
for the active and inactive lever. Active and inactive lever presses during the Tag sessi-
on were separately compared between groups using an unpaired Student’s t test or by 
a Mann-Whitney U test in case data were not normally distributed. For the context-in-
duced alcohol seeking experiment involving three independent groups, data were 
analysed using a one-way ANOVA or a Kruskal-Wallis test in case of not-normally dis-
tributed data. Extinction was examined using a two-factor repeated measures ANOVA 
(Group x Sessions) for active lever pressing. Cue-induced reinstatement was compared 
with the last extinction session and analysed separately for active and inactive respon-
ses using a two-factor repeated measures ANOVA (Group x Sessions). Reactivation of 
the tagged ensemble was investigated by a two-factor repeated measures ANOVA 
[Group x Population (Fos+/mCherry− versus Fos+/mCherry+)]. The proportion of GABA- 
ergic cells in the tagged ensembles was investigated using a repeated measures 
ANOVA [Tag x Population (GAD67+/mCherry− versus GAD67+/mCherry+)]. The fibre 
intensity of ensemble projections in target areas was compared using an unpaired 
Student’s t test or by a Mann-Whitney U test when data were not normally distribu-
ted. In case the assumption of sphericity was violated, a Greenhouse-Geisser correc-
tion was applied. Significance was set at P < 0.05.
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Results

Viral-TRAP enables lasting DREADD expression in alcohol SA–activated mPFC 
neurons
A viral-TRAP approach was used to express a molecular tag in mPFC neurons that 
are activated upon alcohol SA with the aim of suppressing these specific neurons du-
ring a cue-induced alcohol seeking test performed several weeks later. This approach 
consists of two adeno-associated virus (AAV) vectors (Fig. 1A)228; the first encodes 
an inducible Cre recombinase (CreERT2) under control of the Fos promotor, and the 
second encodes a Cre-dependent coding sequence of a molecular tag [e.g., hM4Di, 
an inhibitory DREADD291]. Functional expression of the molecular tag is restricted to 
neurons that are activated during a specific time window, as it is coupled to the Fos 
promoter [activated by strong neuronal activity292] and controlled by a systemic injec-
tion of 4-hydroxytamoxifen (4TM)228.

Figure 1 – Viral-TRAP enables molecular tagging of alcohol SA–activated mPFC  
neurons. (A) Schematic overview of viral-TRAP. A mixture of AAV-Fos::CreERT2 and Cre- 
dependent AAV-hSyn::DIO-hM4Di-mCherry was injected bilaterally into the mPFC to enable 
4TM-controlled irreversible expression of hM4Di-mCherry. (B) Experimental design for valida-
tion of viral-TRAP in the alcohol SA paradigm. All mice underwent acquisition of alcohol SA 
but were divided into three groups on the “Tag” day. Two groups remained in their home cage 
(HC) in the absence or presence of systemic 4TM treatment (HC −4TM, N = 6 and HC +4TM, 
N = 8, respectively). The third group underwent an additional alcohol SA session and received 
4TM 2 hours later (Alc SA +4TM; N = 8). Animals were euthanised 4 weeks (W) after the Tag 
session. (C) Representative images of hM4Di-mCherry expression in the mPFC. ML, midline; 
fmi, forceps minor of the corpus callosum. Scale bar, 250 µm. (D) Percentage of hM4Di+ cells 
in the mPFC. Alcohol SA–tagged mice showed increased hM4Di-mCherry expression compa-
red with controls. *P < 0.001. Bar graph, means + SEM.
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We microinjected a mixture of AAV-Fos::CreERT2 and Cre-dependent hM4Di fused to 
mCherry (fluorescent reporter; AAV-hSyn::DIO-hM4Di-mCherry) in the prelimbic cor-
tex of the mPFC of mice. Three weeks later, animals were first habituated to alcohol 
SA in their home cage (Fig. S1), followed by acquisition of operant alcohol SA (Fig. 1B). 
During the operant phase, we trained mice in daily 60-min sessions to respond on an 
active lever, which resulted in presentation of a cue light and delivery of a 10-µl 8% 
alcohol reward. Responses on an inactive lever had no programmed consequences. 
Notably, we previously established that mice are more motivated to lever press for 
alcohol than water using this protocol (Fig. S2). Two hours after a last operant alcohol 
SA session, mice received 4TM (25 mg/kg) to induce hM4Di-mCherry expression in 
mPFC neurons that were activated during alcohol SA (Alc SA +4TM). To confirm that 
viral-TRAP allowed tagging of mPFC neurons that were activated during operant al-
cohol SA, control mice remained in their home cage without or with 4TM treatment 
(HC −4TM and HC +4TM, respectively). Four weeks later, we euthanised the mice 
to examine hM4Di-mCherry expression. We detected hM4Di-mCherry in a subset of 
mPFC neurons along the entire anterior-posterior axis of the prelimbic cortex and to 
some extent in the anterior cingulate cortex (Fig. 1C; Fig. S3). Alcohol SA evoked hM-
4Di-mCherry expression in 6.8 ± 0.92% of mPFC neurons, whereas the HC −4TM and 
HC +4TM groups showed significantly less hM4Di-mCherry+ cells [1.4 ± 0.14 and 1.7 
± 0.22%, respectively; one-way analysis of variance (ANOVA): F2,21 = 26.58, P < 0.001; 
post hoc Bonferroni test: Alc SA +4TM versus HC −4TM, P < 0.001 and versus HC 
+4TM, P < 0.001]. Together, this confirms that viral-TRAP allowed molecular tagging 
of alcohol SA–activated mPFC neurons and that hM4Di-mCherry expression persisted 
for at least 4 weeks after the tag session.

The alcohol SA–tagged ensemble is not required for context-induced alcohol seeking
Next, we assessed whether mPFC neuronal ensembles that are activated during 
cue-paired alcohol SA mediate alcohol seeking after prolonged abstinence and 
whether these cells are differentially involved in conditioned alcohol seeking in the 
absence and presence of the discrete alcohol-associated cue. To address this, we 
used viral-TRAP to tag alcohol SA–activated mPFC neurons with hM4Di-mCherry or 
mCherry alone (control). To assess potential nonspecific effects of clozapine N-oxide 
(CNO) used for chemogenetic suppression of tagged mPFC neurons, hM4Di-expres-
sing animals were divided into groups that received vehicle (VEH) or CNO treatment 
before the relapse test. We previously showed that the excitability of mPFC neurons 
tagged with hM4Di using viral-TRAP is reduced by CNO, whereas neurons tagged 
with mCherry alone did not respond to CNO228. Mice were first habituated to alco-
hol drinking in their home cage (Fig. S4) and then acquired operant alcohol SA (Fig. 
2A). To assess motivation of the animals to self-administer alcohol, we increased the 
number of lever presses required to obtain one alcohol reward gradually from fixed 
ratio 1 (FR1) to FR5. All groups developed a stable preference for the active lever and 
increased active lever pressing, but not inactive lever pressing, over sessions (Fig. 
2B). ANOVA revealed a significant Session x Lever (F6.08,97.19 = 23.05, P < 0.001) but 
no Group x Session x Lever (F12.15,97.19 = 0.91, P = 0.55) interaction. We injected mice 
with 4TM after the last SA (Tag) session, and then, they underwent 3 weeks of forced 
abstinence in their home cage (Fig. 2A). Lever pressing did not differ between groups 
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during the Tag session (active lever: F2,18 = 0.02, P = 0.98; inactive lever: F2,18 = 0.01, P = 
0.99; Fig. 2C). We then assessed whether activity of the alcohol SA–tagged ensemble 
was necessary for alcohol seeking in the absence of the alcohol-paired cue light. We 
refer to this as context-induced alcohol seeking, as all contextual stimuli were present 
but active lever pressing did not result in presentation of the cue light nor alcohol 
reward. To selectively suppress the activity of the hM4Di-tagged mPFC ensemble, we 
treated mice with CNO 30 min before the test. All groups showed a preference for 
the active (previously alcohol-paired) lever (Fig. 2D), but no effect of chemogenetic 
suppression of the alcohol SA–tagged ensemble was found under these conditions 
[active lever: F2,18 = 0.11, P = 0.90; inactive lever: χ2(2) = 0.04, P = 0.98]. During the 
test, all groups showed within-session extinction of active lever pressing (Fig. S5A). No 
differences were observed between VEH- and CNO-treated animals, confirming that 
CNO treatment itself did not affect lever pressing. Therefore, we did not include a VEH 
control group in subsequent experiments.

Figure 2 – Suppression of the alcohol SA–activated mPFC ensemble does not affect con-
text-induced alcohol seeking. (A) Experimental design. Activated mPFC neurons were tag-
ged after the last alcohol SA session with mCherry (N = 7) or hM4Di-mCherry [CNO (N = 8); 
VEH (N = 6)]. (B) All groups developed a stable preference for the active lever, and active lever 
presses increased over sessions, while inactive lever presses remained stable. Acquisition of 
alcohol SA was similar in all groups. (C) Lever pressing did not differ between groups during 
the Tag session (last alcohol SA session). (D) Following 3 weeks of forced abstinence, mice 
received CNO or VEH 30 min before the context-induced alcohol seeking test to selectively 
suppress the alcohol SA–tagged mPFC ensemble. During this test, all contextual stimuli were 
present but not the discrete cue light that was previously paired with each alcohol reward. 
Suppression of the tagged neuronal ensemble did not affect alcohol seeking in the absence of 
the cue light. All graphs, means + SEM.
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The alcohol SA–tagged ensemble is required for cue-induced alcohol seeking
We next examined whether chemogenetic suppression of the alcohol SA–activated 
mPFC ensemble reduces alcohol seeking induced by the discrete alcohol cue. To as-
sess this, mice were subjected to the same alcohol SA procedure, and activated mPFC 
neurons were again tagged during the last operant SA session (Fig. 3A). Responses of 
both groups were similar during the Tag session [active lever: t(23) = −0.08, P = 0.94; 
inactive lever: t(23) = 0.27, P = 0.79; Fig. 3B]. To investigate alcohol seeking specifically 
induced by the discrete alcohol cue, we first extinguished the salience of the contex-
tual stimuli by re-exposing mice to the operant chamber in the absence of alcohol 
reward and the cue light (Fig. 3C). This resulted in a significant reduction of active 
responses in both groups over sessions (F3.69, 84.96 = 11.05, P < 0.001). Then, all mice 
received CNO and, 30 min later, underwent a cue-induced reinstatement (i.e., relapse) 
test. We observed robust relapse (active lever pressing) in the control group, but this 
was significantly attenuated in the hM4Di group (Fig. 3D). ANOVA revealed a Session 
(Extinction versus Reinstatement) x Group (F1,23 = 7.95, P = 0.010) interaction for active 
lever presses. Post hoc analysis confirmed a significant difference between control 
and hM4Di mice during the reinstatement test [t(23) = 3.14, P = 0.005]. The effect 
of CNO was specific for the active lever, as responses on the inactive lever remained 
stable and did not differ between the groups and sessions (Session x Group: F1,23 = 
0.89, P = 0.36). Notably, we did not find a correlation between the size of the tagged 
mPFC ensemble and the number of active lever presses during the Tag session and 
cue-induced reinstatement test (Fig. S6), suggesting that the level of operant alcohol 
intake and seeking is not determined by the size of the activated ensemble in the 
mPFC. Whereas the mCherry group increased active lever pressing during the reinsta-
tement test, responses of the hM4Di group did not change (Fig. S5B). This suggests 
that chemogenetic suppression prevented a cue-driven increase in alcohol seeking 
during the relapse session, rather than facilitating extinction of lever pressing in the 
hM4Di group. Thus, mPFC neuronal ensembles that are activated during cue-paired 
alcohol SA have a critical role in cue-induced relapse to alcohol seeking 1 month later.

To determine whether the inhibitory effect on alcohol seeking was specific to the 
alcohol SA–activated ensemble, another group of animals fully acquired alcohol SA, 
but we now tagged activated mPFC ensembles with hM4Di-mCherry or mCherry after 
mice explored a novel context (NC) (Fig. 3E). Subsequently, animals underwent forced 
abstinence and extinction, and then, we examined the effect of CNO-mediated sup-
pression of the NC-tagged ensemble on cue-induced relapse. Both groups showed 
reinstatement of active lever pressing, and suppression of the NC-tagged ensemble 
did not affect this behaviour (Fig. 3F). ANOVA confirmed a significant effect of Session 
(F1,14 = 7.30, P = 0.017), but not Session x Group interaction (F1,14 = 0.25, P = 0.62) nor 
Group effect (F1,14 = 0.06, P = 0.82). The size of the alcohol SA–tagged (Fig. 3A-D) and 
NC-tagged mPFC ensemble (Fig. 3E,F) did not differ (Fig. 3G,H) and can therefore not 
explain the differential effect of CNO on cue-induced alcohol seeking.

We then assessed whether chemogenetic suppression of mPFC neurons that are ac-
tivated by alcohol consumption alone (in the absence of specific cues) affects cue-in-
duced relapse (Fig. S7A). Three days after the last operant SA session, we allowed 
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Figure 3 – Suppression of the alcohol SA–activated mPFC ensemble attenuates cue-in-
duced alcohol seeking. (A) Experimental design. Reinst, reinstatement test. Groups: mCherry 
(N = 11) and hM4Di-mCherry (N = 14). (B) Tag session. Responding did not differ between 
groups. (C) Extinction training reduced active lever presses in both groups. E, extinction sessi-
on. *P < 0.001. (D) Reinstatement. Re-exposure to the alcohol-associated cue light reinstated 
alcohol seeking in control mice, but active lever pressing in the hM4Di group was significantly 
attenuated. *P = 0.010. (E) Experimental design. Mice acquired alcohol SA and were then ex-
posed to a novel context (NC) to tag activated mPFC neurons. Groups: mCherry (N = 7) and 
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mice to consume 8% alcohol from a bottle in their home cage for 60 min (Fig. S7B), 
and 2 hours later, we treated the animals with 4TM. Following forced abstinence and 
extinction sessions, suppression of the alcohol consumption–tagged ensemble did 
not affect cue-induced reinstatement (Fig. S7C) despite the observation that the size 
of the ensemble (6.9 ± 0.45% neurons; Fig. S7D,E) was similar to the cue-paired alco-
hol SA–tagged ensemble (Fig. 3).

The alcohol SA–activated mPFC ensemble is preferentially reactivated during 
relapse
The observation that mPFC neurons activated during alcohol SA are subsequently re-
quired for cue-induced alcohol seeking several weeks later suggests that, specifically, 
these neurons are reactivated during cue-induced alcohol seeking under endogen-
ous conditions (without chemogenetic intervention). To investigate this, we tagged 
mPFC ensembles after the last alcohol SA session (Alc SA Tag) or NC exploration 
(NC Tag; Fig. 4A). Subsequently, animals underwent abstinence and extinction and 
were euthanised 90 min after a cue-induced reinstatement test. Reinstatement evo-
ked Fos expression (reflecting neuronal activity during relapse) in a similar percentage 
of mPFC neurons in the NC-tagged (8.2 ± 0.8%) and alcohol SA–tagged (8.9 ± 1.6%) 
group (Fig. 4B,C). Next, we determined reactivation by comparing expression of Fos 
in the tagged (mCherry+) and nontagged (mCherry−) population in both groups (Fig. 
4D). ANOVA revealed an interaction between Population (Fos+/mCherry− versus Fos+/
mCherry+) and Group (F1,8 = 5.68, P = 0.044). Post hoc analysis revealed a significant 
difference between the Fos+/mCherry+ and Fos+/mCherry− population of the alcohol 
SA group [t(8) = 4.64, P = 0.003]. Hence, this confirms that alcohol SA–activated mPFC 
neurons are preferentially reactivated during cue-induced relapse 1 month later and 
further indicates that a distinct population of mPFC neurons is activated during alco-
hol SA and NC exploration.

Sucrose SA–activated mPFC neurons are not involved in cue-induced sucrose 
seeking
We next questioned whether storage of a cue association by mPFC ensembles ge-
neralises to sucrose reward, a natural reinforcer. To answer this, we trained animals 
to lever press for a 10% sucrose solution under conditions identical to the alcohol 
experiments (Fig. 5A). Mice readily acquired a robust preference for the active lever, 
and active lever responses increased over sessions [Fig. 5B; Session x Lever: F14,168 = 
25.25, P < 0.001(ANOVA)]. We tagged neurons with hM4Di-mCherry or mCherry after 
the last sucrose SA session (Fig. 5C), during which responding did not differ between 
groups [active lever: t(12) = −0.31, P = 0.76; inactive lever: t(12) = −0.982, P = 0.35]. 
Similar to cue-induced alcohol seeking, mice first underwent 3 weeks of forced absti-
nence, after which active lever pressing was successfully extinguished in both groups 

hM4Di-mCherry (N = 6). (F) Reinstatement. Both groups showed reinstatement (*P = 0.017), 
and CNO did not affect active or inactive lever pressing. (G) Representative images of hM-
4Di-mCherry expression in the alcohol (Alc) SA Tag and NC Tag group. Scale bar, 250 µm. (H) 
Quantification of hM4Di+ cells revealed no difference in the percentage of tagged neurons 
between both groups. All graphs, means + SEM.
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Figure 4 – The alcohol SA–activated mPFC ensemble is preferentially reactivated during 
cue-induced alcohol seeking. (A) Experimental design. Activated mPFC ensembles were tag-
ged after a last alcohol SA session (Alc SA Tag; N = 5) or after exposure to an NC (NC Tag; 
N = 5). Animals were perfused 90 min after a cue-induced reinstatement test to investigate 
colocalisation of Fos expression (induced by the test) and hM4Di-mCherry in the NC-tagged 
and alcohol SA–tagged ensemble. (B) Example images of Fos+ and mCherry+ cells and coloca-
lisation of both markers (white arrowheads). Scale bar, 50 µm. (C) Fos expression in the total 
neuronal population (Nissl+) in the mPFC did not differ between the NC-tagged group (8.2 ± 
0.8%) and alcohol SA–tagged group (8.9 ± 1.6%). (D) Percentage of Fos+ within the mCher-
ry− and mCherry+ population demonstrates enhanced colocalisation of Fos and the alcohol 
SA–tagged ensemble. *P = 0.044. All bar graphs, means + SEM.

 Figure 5 – A sucrose SA–activated mPFC ensemble is not involved in cue-induced su-
crose seeking. (A) Experimental design. Groups: mCherry (N = 7) and hM4Di-mCherry (N = 

7). (B) Acquisition of sucrose SA was similar in both groups. (C) Tag session. Lever pressing did 
not differ between the groups. (D) Active lever pressing declined over extinction sessions. *P 
< 0.001. (E) Cue reexposure reinstated active lever pressing (*P = 0.026), but CNO-mediated 
suppression of the sucrose SA–tagged ensemble did not affect sucrose seeking. Inactive lever 
presses did not differ between sessions and groups. (F) Example of mPFC sucrose SA–tagged 
hM4Di-mCherry+ expression. Scale bar, 250 µm. (G) The sucrose SA–tagged ensemble compri-
sed 6.6 ± 0.2% of the total neuronal mPFC population. (H) A second reinstatement test evoked 
Fos expression in 7.6 ± 0.3% of mPFC neurons. (I) Percentage of Fos+ within the mCherry− and 
mCherry+ populations. Colocalisation of Fos with mCherry+ population was lower than coloca-
lisation with mCherry− population. *P = 0.020. (J) Example images of Fos+ and mCherry+ cells 
in the mPFC. Scale bar, 50 µm. All bar graphs, means +SEM.
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[active lever: F1.42, 17.05 = 35.42, P < 0.001 (ANOVA); Fig. 5D]. Subsequently, we inves-
tigated the effect of CNO-mediated suppression of sucrose SA–tagged ensembles 
during a cue-induced reinstatement test. Both groups showed increased active lever 
pressing compared with the last extinction session, and responding did not differ be-
tween groups (Fig. 5E). ANOVA confirmed an effect of Session (F1,12 = 6.42, P = 0.026) 
but not Session x Group (F1,12 = 0.02, P = 0.88) nor Group (F1,12 = 0.25, P = 0.63).

Similar to alcohol SA, the hM4Di-tagged ensemble after sucro-
se SA comprised 6.6 ± 0.2% of the total neuronal population in the mPFC  
(Fig. 5F,G). On the basis of the lack of effect of CNO on reinstatement, we hypothesi-
sed that the sucrose SA–tagged ensemble was not preferentially reactivated during 
cue-induced sucrose seeking. To address this, we used the mCherry control group to 
perform a second cue-induced reinstatement test 24 hours after the first test and eu-
thanised mice 90 min later. Active lever presses was not extinguished over both tests 
(Fig. S8). Cue-induced sucrose seeking evoked Fos expression in 7.6 ± 0.3% of mPFC 
neurons (Fig. 5H), similar to alcohol seeking (Fig. 4C). We found that colocalisation 
of Fos with the mCherry+ population was significantly lower than with the mCherry− 
population [t(6) = −3.15, P = 0.020; Fig. 5I,J], indicating that the sucrose SA–tagged 
ensemble was preferentially not reactivated upon re-exposure to the sucrose cue.

Alcohol SA– and sucrose SA–tagged mPFC ensembles differ in composition and 
efferent projections
Given the functional difference between operant cue-paired alcohol SA– and sucrose 
SA–activated mPFC ensembles, we next investigated whether these neuronal ensem-
bles differ in cellular composition and axonal projections. To examine the cellular com-
position, we quantified the percentage of GABAergic [glutamic acid decarboxylase 67–  
positive (GAD67+)] neurons within the tagged (mCherry+) and nontagged (mCherry−) 
mPFC population in both groups (Fig. 6A). As expected, the overall percentage of 
GABAergic neurons in the mPFC did not differ between groups (Fig. 6B). However, 
ANOVA revealed a Group (Alc SA versus Sucr SA Tag) x Population interaction (F1,13 = 
7.46, P = 0.017; Fig. 6C). Post hoc analyses showed that GAD67+ cells were overrepre-
sented in the mCherry+ population in both groups [Alc SA Tag: t(13) = 3.04, P = 0.019; 
Sucr SA Tag: t(13) = 6.59, P < 0.001], but the sucrose SA–tagged ensemble comprised 
a higher percentage of GAD67+ cells compared with the alcohol SA–tagged ensemble 
[t(26) = 3.52, P = 0.003; Fig. 6C].

Next, we investigated whether the density of axonal fibres (mCherry+) differed be-
tween the alcohol SA– and sucrose SA–tagged groups in the basolateral amygdala 
(BLA; Fig. 6D) and nucleus accumbens core (NAcc; Fig. 6G), two well-established mPFC 
target regions that are known to play a role in alcohol-related behaviour130. In the BLA, 
mCherry+ intensity did not differ between tagged ensembles (U = 17, P = 0.38; Fig. 
6E,F), whereas in the NAcc, a higher intensity of mCherry+ fibres was detected in the 
alcohol SA–tagged group [t(12) = 2.96, P = 0.012; Fig. 6H,I]. Together, this confirms 
that alcohol SA– and sucrose SA–activated mPFC ensembles have different cellular 
properties.
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Figure 6 – Alcohol SA– and sucrose SA–tagged ensembles differ in composition and effe-
rent projections. (A) Representative images of nuclei [4’,6-diamidino-2-phenylindole (DAPI)], 
ensemble neurons (mCherry+), and GABAergic (GAD67+) cells in the mPFC of alcohol SA–
tagged (Alc SA Tag) and sucrose SA–tagged (Sucr SA Tag) mice. White arrowheads indicate 
colocalisation of GAD67 and mCherry. Scale bar, 50 µm. (B) Percentage of GAD67+ cells in the 
mPFC was similar between alcohol SA (N = 8) and sucrose SA (N = 7) groups (9.2 ± 0.5 and 
8.8 ± 0.7% of DAPI, respectively). (C) Percentage of GAD67+ within the mCherry− (DAPI+) and 
mCherry+ populations. Colocalisation of GAD67+ with the mCherry+ population was higher in 
the sucrose SA–tagged than the alcohol SA–tagged group. *P = 0.015. (D) Schematic of the 
BLA region (BLA; shaded red) that was imaged for analysis of projections of mPFC ensembles. 
(E) Representative images of axonal fibres (mCherry+) of alcohol SA– and sucrose SA–tagged 
mPFC ensembles. Scale bar, 100 µm. (F) Fibre intensity in the BLA did not differ between the 
alcohol SA– and sucrose SA–tagged ensemble. (G) Schematic of the NAcc region (shaded red) 
that was imaged for analysis of projections of mPFC ensembles. (H) Representative images of 
axonal fibres (mCherry+) of the alcohol SA– and sucrose SA–tagged mPFC ensemble. Scale bar, 
100 µm. LV, lateral ventricle; ac, anterior commissure, olfactory limb. (I) Intensity of the alcohol 
SA–tagged ensemble fibres was higher than those of the sucrose SA–tagged ensemble in the 
NAcc (P = 0.012). *P < 0.012. a.u., arbitrary units.
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Discussion

Our study in mice reveals that mPFC neurons that are activated during cue-paired 
alcohol SA are preferentially reactivated upon cue exposure and that selective sup-
pression of this neuronal ensemble reduces relapse to alcohol seeking 1 month after 
the last alcohol exposure. The specificity of the alcohol cue–encoding mPFC ensemble 
is supported by the observation that (i) alcohol seeking in the absence of the alcohol 
cue was not affected by suppression of the operant alcohol SA–tagged ensemble, (ii) 
suppression of a similar-sized non–alcohol-related ensemble or an ensemble activa-
ted by alcohol consumption in the absence of the cue had no effect on cue-induced 
alcohol seeking, and (iii) the inhibitory effect on cue reactivity did not generalize to 
mPFC neurons activated during operant SA of a natural reinforcer. On the basis of 
this, we conclude that a learned alcohol cue association is encoded by a specific neu-
ronal ensemble in the mPFC and that this ensemble functions as a lasting physical 
trace that mediates cue-evoked alcohol seeking after cessation of alcohol intake.

It is well established that the mPFC has an important role in learning and memory 
associated with exposure to illicit drugs and alcohol89,90,95,150,154,293. The mPFC ensem-
ble that is activated during alcohol SA likely functions as a critical circuitry hub in a 
larger network of ensembles together comprising the persistent alcohol cue memory 
trace249. The nucleus accumbens and amygdala have also been implicated in cue-in-
duced alcohol seeking294, as well as excessive alcohol drinking246,295, and these regions 
receive dense projections from the mPFC. Selective ablation of mPFC neurons that 
project to the nucleus accumbens attenuates cue-induced alcohol seeking, whereas 
ablation of mPFC neurons that project to the BLA do not affect relapse130. In line with 
this, we found that the alcohol SA–activated mPFC ensemble more densely innervates 
the NAcc than a sucrose SA–activated mPFC ensemble, whereas this difference is not 
present in the BLA. Hence, neurons of the alcohol SA–activated mPFC ensemble may 
project to an alcohol cue–encoding ensemble in the NAcc to promote responding to 
alcohol cues.

Suppression of the mPFC ensemble did not affect relapse when the discrete cue was 
not present, i.e., when alcohol seeking was evoked by contextual stimuli only. This 
points to a difference in the neuronal circuitry that mediates the processing of con-
textual and discrete cues, in line with what has been described by others for alcohol 
and other drugs of abuse75,180. Moreover, chemogenetic suppression of an ensemble 
that was tagged after alcohol SA in the home cage (i.e., in the absence of all cues that 
were present in the operant cage) did not affect cue-induced reinstatement. This sug-
gests that alcohol consumption in the presence and absence of cues that signal the 
availability of alcohol activates a different subset of mPFC neurons.

In contrast to cue-induced alcohol seeking, we found that mPFC neurons activated 
during cue-paired sucrose SA were not required for subsequent cue-induced sucrose 
seeking, indicating that responding to alcohol and sucrose cues is regulated through 
a different neuronal substrate. This has also been reported for heroin- and cocai-
ne-paired cues versus sucrose-paired cues280,296,297. Moreover, we found that sucrose 
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SA–tagged mPFC neurons were less likely to be activated during cue-induced sucrose 
seeking than neighbouring nontagged neurons, which notably differs with the prefe-
rential reactivation of the alcohol SA–activated ensemble. In addition, we found that 
a higher number of GABAergic neurons were recruited in the sucrose SA–tagged en-
semble compared to the alcohol SA–tagged ensemble. On the basis of the difference 
in reactivation of these ensembles, we speculate that GABAergic neurons that are 
activated during operant SA serve to suppress activity of non-ensemble neurons in 
the mPFC during cue-induced alcohol seeking, whereas during sucrose seeking, they 
may suppress activity of other neurons in the ensemble. Alternatively, cue-induced 
seeking of a natural reinforcer depends on neuronal activity in other subregions of 
the mPFC, such as the infralimbic cortex137, or other brain regions. Furthermore, we 
speculate that an alcohol cue memory might be more persistent than a learned as-
sociation between a natural reinforcer and an environmental cue. This is supported 
by the difference in active lever responses evoked by re-exposure to the alcohol- and 
sucrose-associated cue and in line with the observation that rats trained to self-ad-
minister alcohol and saccharin (an artificial sweetener) show stronger cue-induced 
relapse for alcohol than saccharin245.

In our study, we investigated the persistency of a neuronal ensemble that encodes 
an alcohol cue association, and therefore, relapse to alcohol seeking was assessed 
after a prolonged period of abstinence, i.e., at a remote time point after learning the 
alcohol cue association. For a memory to persist, it is thought to undergo a process 
of systems consolidation, involving gradual maturation of the memory in cortical net-
works298. Recently, we and others discovered that expression of a remote, but not 
recent, contextual fear memory depends on activity of a learning-activated neuronal 
ensemble in the mPFC228,266. Therefore, the alcohol SA–activated mPFC ensemble may 
not be involved in cue-induced alcohol seeking at a recent time point after acquisition 
of cue-paired alcohol SA. However, as Pavlovian fear conditioning and incremental in-
strumental conditioning involve different forms of associative learning, consolidation 
of these memories may occur through alternate neurobiological mechanisms and at 
different time scales. Thus, it remains to be determined whether cue-evoked alcohol 
seeking after recent cessation of alcohol SA is mediated by the same mPFC ensemble 
that mediates relapse at a remote time point.

The viral-TRAP technique that we used to visualize and intervene with neurons that 
are activated during alcohol SA depends on activation of the Fos promoter. This is 
thought to primarily occur through stimulation of the mitogen-activated protein ki-
nase pathway following sustained calcium influx through N-methyl-D-aspartate re-
ceptors and voltage-sensitive calcium channels299. However, not all activated neurons 
may reach intracellular calcium levels that are sufficient to activate the Fos promoter. 
Therefore, a limitation of our approach is that we may have intervened with a subset 
of activated neurons in the mPFC. This may have resulted in incomplete suppres-
sion of the alcohol SA–tagged ensemble and cue-induced alcohol seeking. Yet, we 
demonstrate that suppression of the small population (~6 to 7%) of mPFC neurons 
that we tagged on the basis of activation of the Fos promoter clearly is sufficient to 
substantially reduce cue-induced relapse to alcohol seeking. Whether suppression 
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of the alcohol SA–tagged mPFC ensemble equally affects mice that acquire different 
levels of operant alcohol SA remains a topic of future research. We found that the 
percentage of tagged mPFC neurons did not correlate with the number of active le-
ver presses during the tag session or the reinstatement test, suggesting that operant 
performance is not determined by the size of the activated mPFC ensemble. Thus, the 
number of activated (Fos-expressing) neurons may not represent the strength of a 
learned alcohol cue association.

We found that the alcohol SA–activated ensemble was partially reactivated upon 
re-exposure to the alcohol cue. This observation may point to an overestimation of 
the number of tagged mPFC neurons that actually encode the alcohol cue memory, 
as probably not all neurons that are activated during alcohol SA are involved in the 
processing of the acquired cue association. Moreover, it is possible that we did not 
visualize, and thus quantify, all neurons that were activated during the relapse test 
because of a detection threshold of the Fos immunostaining. Alternatively, it is pos-
sible that cue-induced alcohol seeking involves reactivation of only a fraction of the 
total neuronal ensemble that encodes the alcohol cue memory and that upon each 
exposure to alcohol-associated cues, a different combination of neurons that belong 
to the memory ensemble can be used to drive alcohol seeking.

To conclude, we demonstrate causality between activity of the mPFC neuronal ensem-
ble that is activated during alcohol SA and cue-induced relapse to alcohol seeking, 
thereby providing a rationale for design of therapeutic intervention to silence this 
ensemble with the aim to reduce cue reactivity in patients with AUD. Note that we 
used only male mice in our study. Although AUD is worldwide more prevalent in men 
than women3, it remains to be determined whether our findings can be generalised 
to females. In addition, it will be crucial to understand how an alcohol cue memory 
is stored by mPFC ensembles. Memory-encoding ensembles have been shown to 
undergo specific physiological and molecular changes256,267. Elucidation and reversal 
of the physical changes that occur in the mPFC ensemble that stores the alcohol cue 
association hold promise for disruption of persistent alcohol memories that contribu-
te to the risk of relapse after prolonged abstinence.
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Figure S1 – Habituation to alcohol SA in the home cage. (A) Experimental design. Habitua-
tion consisted of a two-choice phase and a limited drinking phase. During the two-choice pha-
se, animals had unlimited access to a water bottle and a bottle with increasing concentrations 
of alcohol. In the limited drinking phase, mice had exclusively access to an 8% alcohol bottle 
for 8 h during their dark phase and to a water bottle for the remaining hours of the day. (B) 
Mice show a strong preference for alcohol over water during the two-choice phase (ANOVA: 
Solution F1,21 = 22.16, P < 0.001 and Time x Solution interaction F1.50,31.44 = 3.65 P = 0.049). (C) 
Intake of alcohol increased throughout the two-choice phase, F2,42 = 50.89, P < 0.001. (D) Du-
ring the limited drinking phase, the average intake of alcohol per hour was higher than water 
t(21) = -15.01, P < 0.001. (E) Alcohol intake during the limited drinking phase in grams per 
kilogram per 8 hours.
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Figure S2 – Mice are more motivated to lever press for alcohol than water. (A) Animals 
were trained in operant chambers to either lever press for 10 µl 8% alcohol (N = 8) or 10 µl 
water (N = 8) paired with the presentation of a discrete cue-light. ANOVA confirmed a Session 
x Lever x Group interaction (F19,266 = 2.11, P = 0.005) indicating a difference in lever pressing 
behaviour between groups over sessions. Animals that received alcohol showed a stronger in-
crease in active lever presses over sessions than animals that received water. ANOVA revealed 
a Session x Group interaction (F19,266 = 3.00, P < 0.001) and a between Group difference (F1,14 = 
5.08, P = 0.041). Inactive lever presses were not different between groups and sessions (Sessi-
on x Group: F19,266 = 0.26, P = 1.00; Group: F1,14 = 0.70, P =0.42). (B) Progressive Ratio test. The 
number of active lever presses required to obtain a reward increased by 2 for each successive 
reward. Due to technical problems, we were able to analyse the data of the first 30 min of the 
test only. Nonetheless, alcohol mice reached a higher ratio within 30 min than animals in the 
water group (t(14) = 2.53, *P = 0.024), indicating that mice exhibited a higher motivational 
drive for alcohol. 

Figure S3 – Example of hM4Di-mCherry expression in the mPFC along the anterior-pos-
terior axis. A mixture of AAV-Fos::CreERT2 and AAV-hSyn::DIO-hM4Di-mCherry was injected 
into the prelimbic cortex of the mPFC. Neurons expressing hM4Di-mCherry were observed 
along the entire anterior-posterior axis of the prelimbic cortex and to some extend in the 
anterior cingulate cortex. Coordinates relative to Bregma (based on the Paxinos and Franklin 
mouse brain atlas are depicted in the bottom left of each image. Scale bar = 250 µm. ML = 
midline, fmi = forceps minor of the corpus callosum.
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Figure S4 – Alcohol habituation in mice that received viral-TRAP. (A) Experimental 
design of the habituation period. Groups: mCherry (N = 7), hM4Di-mCherry (N = 8). (B) 
Two-choice phase. Both groups showed a strong preference for the alcohol bottle (ANOVA 
Solution: F1,13 = 26.757, P < 0.001), with no differences between groups. (C) Limited choice 
phase. Both groups consumed more alcohol than water (ANOVA Solution: F1,13 = 216.817, *P 
< 0.001). (D+E) Alcohol intake during the limited drinking phase was similar in both groups. 
Graphs show alcohol intake over the entire drinking period (D) and per hour (E) (t(13) = 1.11 P 
= 0.29). (F) The amount of alcohol earned during the tag session did not differ between groups 
(t(13) = 0.29 P = 0.78).
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Figure S5 – Active lever presses during the context- and cue-induced alcohol seeking 
tests. (A) All groups (mCherry (N = 7), hM4Di CNO (N = 8), hM4Di VEH (N = 6 ) from Fig. 2) 
gradually reduced their active lever presses during the context-induced alcohol seeking test 
(F3.10,55.82 = 14.43, P <0.001), with no differences between the groups (no Group x Bin interac-
tion or between-group effects). (B) For the reinstatement test, we observed a significant Time 
Bin x Group interaction (F3.41,78.31 = 2.89, P = 0.035). Whereas mCherry animals (N = 11) showed 
a strong increase in active lever presses (F2.79,27.93 = 5.97, P = 0.003), responses of the hM4Di 
group (N = 14) remained stable during the session (F5,65 = 1.69, P = 0.15). * P < 0.05. 

Figure S6 – Correlation analysis of alcohol SA-tagged cells and active lever pressing. (A) 
The number of active lever presses during the Tag session did not correlate with the number 
of hM4Di+ tagged cells (r2 = 0.02, P = 0.64). (B) The number of active lever presses during 
reinstatement did not correlate with the number of hM4Di+-tagged cells (r2 = 0.008, P = 0.77). 
Datapoints from Fig. 3D.
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Figure S7 – Chemogenetic suppression of a home-cage alcohol consumption-tagged en-
semble did not affect cue-induced reinstatement. (A) Experimental design. Groups: mCher-
ry (N = 8), hM4Di-mCherry (N = 8). Animals were trained as previously described, but the ac-
tivated ensemble was tagged after 60 min of access to an 8% alcohol bottle in the home-cage 
in absence of specific alcohol-paired cues. (B) Alcohol consumption during the Tag session 
was similar in both groups (U = 36.5, P = 0.65). (C) Re-exposure to the alcohol-associated cue 
evoked reinstatement of alcohol seeking (Active lever presses: F1,14 = 19.69, P = 0.001) and sup-
pression of the ensemble did not affect reinstatement (Active lever presses: Session x Group 
F1,14 = 0.001, P = 0.98). *P = 0.001. (D) Representative image of hM4Di-mCherry expression in 
the mPFC. (E) Quantification revealed hM4Di-mCherry expression in 6.9 ± 0.5% of mPFC neu-
rons. Scale bar = 250 µm. ML = midline, fmi = forceps minor of the corpus callosum. 

Figure S8 – Lever pressing during the second cue- 
induced sucrose seeking test. Responses of mCherry control 
animals during a second cue-induced reinstatement test (no 
CNO treatment) that was performed 24h after the first test (see 
Fig. 5). Animals still showed a preference for the active lever 
during the second test. Paired Student t-test: t(6) = 4.54, *P = 
0.004.
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Abstract

A harmful effect of frequent alcohol consumption can be the development of alcohol 
use disorder (AUD), which occurs in approximately 5% of the adult population world-
wide. Clinical studies have shown that people with AUD exhibit cognitive deficits, as 
well as structural and functional alterations in the prefrontal cortex (PFC). Further-
more, preclinical studies have presented evidence for persistently altered neuronal 
excitability and neurotransmission in the PFC in response to alcohol exposure. We 
recently reported that a neuronal ensemble in the medial prefrontal cortex (mPFC) 
that is activated during cue-paired alcohol self-administration promotes cue-induced 
relapse to alcohol seeking in absence of alcohol reward after prolonged abstinence. 
However, whether intake of alcohol after withdrawal (“re-intake”) is also controlled by 
a persistent neuronal ensemble in the mPFC is currently unknown. In this study, we 
assessed whether the mPFC neuronal ensemble that is activated during alcohol con-
sumption controls resumption of alcohol drinking after prolonged abstinence in mice. 
Using viral-TRAP, we tagged neurons in the mPFC that were activated during alcohol 
intake and subsequently investigated the effect of chemogenetic inhibition of this 
ensemble on alcohol re-intake four weeks later. Suppression of the tagged ensemble 
did not consistently result in a reduction of alcohol consumption, despite the obser-
vation that these specific neurons were preferentially reactivated by alcohol re-intake 
in the same environment. Moreover, the current alcohol drinking paradigm did not 
lead to stable resumption of alcohol intake over multiple sessions in all experiments, 
which hindered the reproducibility and interpretation of manipulation experiments. 
Taken together, the mPFC ensemble that is activated by alcohol consumption is not 
required for resumption of alcohol drinking after a prolonged period of abstinence.

Introduction

Alcohol consumption is one of the most important risk factors for global mortality and 
burden of disease3,300. Alcoholic beverages are consumed by approximately half of the 
adults worldwide, although strong regional differences exist3. Alcohol consumption 
remains well-controlled in most people, but in about 5% of the global adult popula-
tion it leads to development of alcohol use disorder (AUD), more often in males than 
females3,300. Furthermore, alcohol drinking is also a risk factor for the development of 
other diseases, like cardiovascular diseases, diabetes, cancer, as well as disability and 
mortality284,301,302. As such, alcohol use is associated with high socioeconomic impact 
on societies worldwide. 

Current pharmacological treatment strategies of AUD show limited efficacy, especially 
on longer timescales301,303. A major hurdle in treatment of AUD is the chronic, relaps-
ing nature of the disorder. In more than half of the people with AUD relapses to al-
cohol consumption occur within three months85. Therefore, it is of pivotal importance 
to identify the underlying neural circuitry involved in persistent relapse to alcohol 
consumption, in order to find novel therapeutic targets that reduce resumption of 
alcohol intake. 

Both clinical and preclinical studies point to an important role for the medial pre-
frontal cortex (mPFC) in relapse to alcohol drinking. Impairments in mPFC function 
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are implicated in the development of AUD through its involvement in executive func-
tioning (e.g. self-control and salience attribution), which can facilitate chronic alcohol 
intake84,304. On the anatomical level, a smaller grey matter volume in the prefrontal 
cortex (PFC) is predictive of shorter time to relapse in chronic alcohol drinkers85. On 
the functional level, general hyperactivity of the mPFC was found to predict subse-
quent alcohol relapse98. Moreover, a functional MRI study demonstrated that stronger 
mPFC activation in response to alcohol cues was associated with higher relapse rates 
in individuals with AUD89. Together, these studies reveal both structural and functional 
alterations in the mPFC that mediate relapse to alcohol drinking. 

Preclinical studies using animal models have started dissecting the neural circuitry in-
volved in alcohol use. It has been shown that long term (i.e. several weeks to months) 
of alcohol intake in rodents results in dendritic reorganisation of mPFC pyramidal 
neurons142,143. On a functional level, long term alcohol consumption resulted in al-
tered intrinsic excitability305 higher basal excitatory synaptic transmission142 and an 
increased AMPA/NMDA current ratio143 in glutamatergic mPFC neurons. Furthermore, 
chronic intermittent alcohol intake resulted in a persistent disruption of dopamine re-
ceptor activity and deficits in behavioural flexibility147. These findings emphasise that 
long term alcohol use affects both structural and functional connectivity of the mPFC.

Recent studies have shown that expression of a learned behaviour is 
controlled by populations of sparsely distributed neurons, so-called  
neuronal ensembles168 and have linked ensemble activity to alcohol-associated be-
haviour230,244,246,250. A neuronal ensemble in the central amygdala (CeA) that is activat-
ed during early abstinence mediates excessive alcohol drinking246. Furthermore, PKCδ 
CeA neurons that are active during punishment resistant alcohol self-administration 
(SA) promote compulsive alcohol drinking230,. We recently reported that cue-induced 
relapse to alcohol seeking following prolonged abstinence is mediated by a neuronal 
ensemble in the mPFC that is activated during cue-paired alcohol SA (Chapter 3). In 
the latter study, relapse to alcohol seeking occurred in the absence of alcohol reward. 
Whether alcohol re-intake after abstinence is also controlled by a neuronal ensemble 
in the mPFC is currently unknown. 

In this study, we investigated whether the mPFC ensemble that is activated during al-
cohol consumption controls alcohol re-intake after an extended period of abstinence. 
The goal of this study was to elucidate a neuronal substrate by which relapse to alco-
hol drinking can be reduced. To this end, we tagged mPFC neurons activated during 
alcohol consumption using viral-TRAP228,250 and investigated the effect of inhibition 
of this ensemble on alcohol re-intake. In a series of experiments with varying alcohol 
consumption parameters, we initially found that chemogenetic suppression reduced 
alcohol intake, but this effect could not be replicated. The interpretation of our inter-
vention experiments was hindered by the finding that the current alcohol drinking 
paradigm did not result in stable levels of alcohol intake over multiple sessions. In-
terestingly, we did observe a reward- and context-specific reactivation of the alcohol 
consumption ensemble. This shows that even though the mPFC ensemble activated 
during alcohol drinking is reactivated upon alcohol re-intake in the same context, 
our studies suggest it is not causally involved in this behaviour. Together, this study 
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illustrates that mPFC neuronal ensembles are reactivated by, but likely not required 
for, resumption of alcohol drinking in the same context. It also emphasises the impor-
tance of robust behavioural paradigms and the need for control over environmental 
factors (e.g. early life stress) that may influence behavioural outcomes. 

Materials & Methods

Animals
Male wildtype C57Bl6/J mice aged 6-8 weeks at the start of the experiment were 
housed individually 1 day before surgery. After recovery from surgery (1 week), ani-
mals were moved to a 12-hour reversed light-dark cycle (lights off at 7:00 a.m.). All ex-
periments were conducted in the animals’ dark phase. All animal procedures followed 
animal care guidelines approved by The Netherlands Central Committee for Animal 
Experiments (Centrale Commissie Dierproeven) and the Animal Ethical Care Commit-
tee (Dierexperimentencommissie) of the Vrije Universiteit Amsterdam.

AAV vectors and stereotactic microinjections
AAV-Fos::CreERT2 (titer 1.2 × 1013) and Cre-dependent AAVs AAV-hSyn::DIO-hM-
4Di-mCherry and AAV-hSyn::DIO-mCherry (titers 5.0 × 1011 to 6.0 × 1011) were pack-
aged as serotype 5 virus. A virus mixture of AAV5-Fos::CreERT2 and Cre-dependent 
AAV was injected at a ratio of 1:500 (final titer AAV5-Fos::CreERT2, 2.4 × 1010). Ani-
mals received Temgesic (0.05 mg/kg subcutaneous (s.c.); RB Pharmaceuticals, UK) 30 
min before surgery. Animals were anesthetised with isoflurane (~2.5% induction and 
~1.5% maintenance) and mounted into a stereotactic frame. Lidocaine (2%; Sigma-Al-
drich Chemie N.V., Netherlands) was topically applied to the skull before incision for 
local analgesia. Using microinjection glass needles, the virus mixture was bilaterally 
(0.5 µl per hemisphere) infused into the mPFC (+1.8 mm anteroposterior; ±0.45 mm 
mediolateral; −2.1 mm dorsoventral; relative to Bregma. Virus was infused at a flow 
rate of 0.1 μl/min, followed by 5 min of diffusion time and stepwise retraction of the 
needle. Analgesia was provided through the drinking water from 24 h pre- to 48 h 
post-surgery (0.067 mg/ml Carprofen; Rimadyl, Zoetis B.V., Netherlands). Animals re-
covered for 1 week and were subsequently transferred to a different housing room 
on a reversed day-night cycle, where they remained in their home cage for two addi-
tional weeks until the start of behavioural procedures.

4TM treatment
4TM (H6278, Sigma-Aldrich Chemie N.V., Netherlands) was prepared as described 
previously228,250. Shortly, 4TM was first dissolved in 100% dimethyl sulfoxide (DMSO) 
(D8418, Sigma-Aldrich Chemie N.V., Netherlands). This solution was stepwise-diluted 
in saline containing 2% Tween-80 (P1754, Sigma-Aldrich Chemie N.V., Netherlands) 
and then once more in the same volume of saline. The final solution contained 2.5 
mg/ml 4TM, 5% DMSO and 1% Tween-80 in saline. Animals received an intraperito-
neal (i.p.) injection of 4TM (25 mg/kg) 1 hour after a tag session.

Chemogenetic manipulation
CNO (Hello Bio Limited, Bristol, UK) was dissolved in saline (0.5 mg/ml). Animals re-
ceived an injection of CNO (5 mg/kg, i.p.) 30 min before a test. In a vehicle session, 
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animals were injected with the same volume of saline.

Behavioural procedures
Alcohol habituation and operant alcohol SA was performed as previously described 
(Chapter 3)250. The additional alcohol re-intake tests are described below.

Alcohol re-intake tests
Before alcohol re-intake test sessions, animals underwent at least one alcohol con-
sumption session of 1 h in their home cage for habituation purposes, starting 2 h after 
beginning of the dark phase. During test sessions, mice received exclusive access to a 
bottle of 8% alcohol for 1 h in their home cage. Alcohol consumption was measured 
by weighing the bottle before and after the session. One bottle of alcohol was put 
on an empty cage for 1 h to control for possible leakage. Animals were only included 
in further analyses if they drank more than twice the leakage value. To further assess 
differences between the vehicle and CNO session, a ratio was calculated by dividing 
alcohol consumed in the CNO session by alcohol consumed in the vehicle session for 
each animal. In Exp. 2, data was normalised to the first VEH session of each group. 

Sucrose intake test
Sucrose intake was tested in a similar session as described above for alcohol; animals 
received exclusive access to a bottle with 10% sucrose in their home cage. 

Alternative context test
A different experimenter wearing different gloves placed animals in “context B”; a 
cage in another experimental room differing in size, shape, wall paper, bedding ma-
terial (ALPHA-dri bedding material (Shepherd Speciality Papers, USA)) and smell (1% 
acetic acid). Alcohol consumption sessions in context B were 2 h (Fig. 3d), because this 
cohort of animals showed low alcohol consumption levels. 

Immunohistochemistry 
Mice were transcardially perfused with ice cold phosphate-buffered saline (PBS) (pH 
7.4) and subsequently 4% paraformaldehyde (PFA) in PBS, ninety minutes after the 
last consumption test. Brains were extracted and post-fixed overnight in 4% PFA. 
Then, brains were transferred to 30% sucrose in PBS with 0.02% NaN3 for at least 2 
days. Brains were coronally sectioned in 35 µm thick slices using a cryostat and stored 
in PBS with 0.02% NaN3. Subsequent immunohistochemical staining was performed 
using a primary rabbit anti-Fos (1:1000, 226 003, Synaptic Systems GmbH, Goettin-
gen, Germany) antibody and a secondary anti rabbit Alexa647 antibody (1:400, Ther-
mo Fisher Scientific). After rinsing the sections with PBS (3x 10 min), DAPI was added 
to visualise cell nuclei. We used a confocal microscope to make four to six z-stacks 
per animal by an experimenter blinded to experimental groups. Fiji software (https://
fiji.sc/) was used to determine DAPI+ cells as the regions of interest (ROIs) (Gaussian 
filter, Huang threshold). Cells with a size of 70 to 2000 square units and circularity of 
0.5 to 1.0 were included for subsequent analysis. MATLAB (MathWorks) was used to 
group ROIs belonging to the same DAPI+ cell and then to quantify the total number 
of DAPI+ cells in a stack. Cells expressing mCherry and Fos were counted manually by 
an experimenter blinded to the conditions. 
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Statistics
Statistical details are presented in the figure legends. All bar graphs show means 
+ S.E.M., line graphs ± S.E.M. SPSS Software (IBM, version 26) and GraphPad Prism 
(version 9.2) were used for statistical analyses of all data. Acquisition of operant SA 
was investigated by a three-factor repeated measures ANOVA (Group x Sessions x 
Lever), followed by a separate two-factor repeated measures ANOVA (Group x Ses-
sions) for the active and inactive lever. Active lever presses or alcohol consumption (in 
ml) during the Tag session were compared between groups using an unpaired Stu-
dent’s t-test. Cue-induced reinstatement was assessed by comparing the number of 
active lever presses on the last extinction session to the reinstatement session using 
a two-factor repeated measures ANOVA (Group x Session). Alcohol consumption was 
compared between vehicle and CNO test sessions using a two-factor repeated mea-
sures ANOVA (Group x Session) and post-hoc analysis with Bonferroni correction. To 
assess alcohol consumption in the mixed design experiment, a three-factor repeated 
measures ANOVA (Group x Injection x Session) was used. Alcohol intake over sessions 
regardless of vehicle or CNO treatment was investigated using a repeated measures 
ANOVA with post-hoc Tukey’s multiple comparisons tests. Sucrose consumption in 
the vehicle and CNO session was compared using a paired samples t-test. Reactiva-
tion of the tagged ensemble was investigated using a paired samples Student t-test. 
Significance was set at p < 0.05.

Results

Exp. 1: Home cage alcohol SA-activated neurons control alcohol re-intake after 
abstinence
To investigate whether the mPFC ensemble activated during alcohol consumption 
in the home cage functions as a stable memory trace controlling alcohol drinking, 
we used the previously described viral-TRAP method (Chapter 3) to tag mPFC neu-
rons that were activated during alcohol consumption in the home cage following 
acquisition of operant alcohol SA (Fig. 1a). Activated mPFC neurons were tagged 
with mCherry (n =8; control) or hM4Di-mCherry (n =7), followed by three weeks of 
forced abstinence, extinction training and a cue-induced reinstatement test. After we 
observed that chemogenetic suppression of these cells did not affect cue-induced 
reinstatement of alcohol seeking in the operant cage (see Chapter 3, Fig. S7), we in-
vestigated whether suppression of the tagged ensemble reduced subsequent alcohol 
re-intake in the home cage under the same experimental conditions as present during 
the Tag session (Fig. 1a). Interestingly, we observed a significant reduction in alcohol 
consumption during the CNO session compared with the vehicle (VEH) session se-
lectively in the hM4Di-mCherry group (Fig. 1c,d). This suggests that the sparse mPFC 
neurons that are activated during alcohol intake in the home cage control alcohol 
consumption in the same context one month later.

Exp. 2: Chemogenetic suppression of an operant or home cage alcohol SA en-
semble does not affect alcohol or sucrose consumption after abstinence
We previously reported that mPFC neurons activated during operant alcohol SA 
control cue-induced alcohol seeking (Chapter 3250), but whether this ensemble also 
promotes resumption of alcohol intake remained elusive. Hence, we investigated  
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whether suppression of an operant alcohol SA-activated mPFC ensemble affects alco-
hol consumption after 4 weeks of forced abstinence (Fig. 2a). In addition, we aimed to 
replicate the finding of Exp. 1 that chemogenetic suppression of home cage alcohol 
SA-activated neurons reduces alcohol consumption one month later (Fig. 2a). To this 
end, activated mPFC neurons were tagged with the inhibitory DREADD hM4Di after 
either the last operant alcohol SA session (n = 10, Fig. 2b) or following an alcohol SA 
session in the home cage (n = 10, Fig. 2c). 

Figure 1 – Home cage alcohol SA-activated neurons control alcohol re-intake after absti-
nence. a. Experimental design. After stereotactic delivery of viral-TRAP combined with mCher-
ry (n = 8) or hM4Di-mCherry (n = 7) in the mPFC, animals were subjected to alcohol SA in the 
home cage and then operant cage. 72 h after the last operant alcohol SA session, animals 
had exclusive access to a bottle of alcohol in their home cage (1 h) and activated neurons 
were tagged. Then mice remained in their home cage without access to alcohol for 3 weeks. 
Following extinction training and a reinstatement test, alcohol re-intake in the home cage 
was measured after VEH or CNO treatment. b. Alcohol consumption during the tag session 
was not different between groups t 13 = 0.827, p = 0.423. c. Chemogenetic suppression of the 
alcohol consumption-activated ensemble reduced alcohol re-intake; RM ANOVA revealed a 
significant Session x Group interaction F1, 13 = 8.066, p = 0.014 and a significant main effect of 
Session F1,13 = 11.09, p = 0.005. Bonferroni-corrected post-hoc analysis showed a significant 
decrease in alcohol re-intake in the CNO session compared to the VEH session for the hM4Di 
group (p = 0.002). d. Ratio of consumption (alcohol consumed in CNO session / alcohol con-
sumed in VEH session) showed a significant decrease in the hM4Di group compared to the 
mCherry group t13 = 3.019, p = 0.010.
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For the alcohol re-intake tests, a two-way mixed design was used and the order of 
CNO and vehicle sessions was counterbalanced between groups. We observed a sig-
nificant Session x Treatment effect (F1,16 = 9.125, p = 0.008), with no differences be-
tween the groups (Fig. 2d). When collapsing the first VEH and CNO data (i.e. disre-
garding the injection order; Fig. 2e,f), there was no effect of ensemble suppression on 
alcohol re-intake in either group (OC t9 = 0.5079, p = 0.62, HC t9 = 0.040, p = 0.97). In 
order to investigate a possible lasting effect of CNO-mediated suppression on alcohol 
consumption, all mice underwent a third alcohol re-intake session after vehicle treat-
ment (VEH2). When analysing both groups and all sessions combined (Fig. 2g,h), we 
observed a significant interaction between Session and Treatment (F2,32 = 4.155, p = 
0.025), and no interactions with, or differences between, Group. Further inspection of 
the data revealed a main effect of Session (F2,16 = 4.037, p = 0.038) in animals that first 

Figure 2 – Chemogenetic suppression of an operant or home cage alcohol SA ensemble 
does not affect alcohol or sucrose consumption after abstinence. a. Experimental design. 
All animals received viral-TRAP with hM4Di-mCherry in the mPFC and underwent home cage 
and operant alcohol SA followed by 4 weeks of abstinence and then home cage alcohol re-in-
take tests. After forced abstinence, suppression of the tagged ensembles was measured in 
alcohol re-intake tests in the home cage, and for the home cage tag (HC) group also during 
a sucrose consumption session. S1 = Session 1. b. Lever pressing during the last alcohol SA 
(i.e. operant cage tag (OC)) session was similar for both groups and the OC group (n =10) re-
ceived 4TM to tag the activated mPFC ensemble. c. 72 h after the operant tag session, animals 
received exclusive access to a bottle of alcohol in their home cage for 1 h and now the HC 
group (n = 10) received 4TM to tag the activated mPFC ensemble. Alcohol consumption was 
similar for both groups. d. Alcohol drinking during re-intake sessions in both groups and both 
treatment orders; RM ANOVA showed an interaction of Treatment x Session (F1,16 = 9.125, p = 
0.008), and no main effect of session (F1,16 = 0.094, p = 0.763), interaction of Session x Group 
(F1,16 = 0.149, p = 0.705), interaction of Treatment x Session x Group (F1,16 = 1.340, p = 0.264) 
or between Group effect (F1,16 = 0.003, p = 0.957) e. Collapsed data to compare VEH and CNO 
session for OC group showed no effect of ensemble suppression t9 = 0.5079, p = 0.62. f. Col-
lapsed data to allow comparison of VEH and CNO sessions for the HC group showed no effect 
of ensemble suppression (t9 = 0.040, p = 0.97). g. Alcohol drinking during re-intake sessions 
in order of VEH, CNO and VEH2; RM ANOVA showed a main effect of Session (F2,16 = 4.037, p 
= 0.038), but no significant interaction (F2,16 = 0.138, p = 0.87) or Group effect (F1,8 = 0.024, p 
= 0.88). Post-hoc analyses did not reveal differences between specific sessions within groups. 
h. Alcohol drinking during re-intake sessions in order of CNO, VEH and VEH2; RM ANOVA 
showed no interaction nor main effects. i. Normalised alcohol consumption during the re-in-
take sessions for the OC group; RM ANOVA showed no interaction, main effects or between 
subjects effects. j. Normalised alcohol drinking during the re-intake sessions for the HC group; 
RM ANOVA showed a trend towards a significant Session x Injection effect (F2,16 = 3.317, p = 
0.062), and no main effects or between subjects effects (p > 0.18). k. Schematic representation 
of session analysis. l. RM ANOVA analysis revealed a decrease over sessions, regardless of 
treatment over both groups combined (F 1.787, 33.95= 5.002, p = 0.015). Post-hoc analysis showed 
a reduction in alcohol consumption from session 1 to session 2 (p = 0.014) and a trend be-
tween session 1 and 3 (p = 0.061). m. RM ANOVA analysis showed a reduction in alcohol drink-
ing over sessions for the HC tag group (F 1.603, 14.43 = 5.382, p = 0.023), with post-hoc analysis 
revealing a difference between session 1 and 2 (p = 0.043) and a trend towards a difference 
between session 1 and 3 (p = 0.085). n. There was no effect of ensemble suppression (HC tag 
group n = 10) on sucrose intake t 9 = 1.254, p = 0.24. o. Ratio of intake (sucrose consumed in 
CNO session / sucrose consumed in VEH session).
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received a vehicle treatment (VEH-CNO-VEH2; Fig. 2g), indicating that suppression of 
an operant alcohol SA or home cage alcohol SA consumption tagged ensemble af-
fects alcohol re-intake. Post-hoc testing did not reveal differences between sessions, 
likely due to a lack in power with n = 5 mice per group. Moreover, the alcohol intake 
levels in the second vehicle session (VEH2; Fig. 2g) remained low, which might point 
to a carry-over effect or lasting alteration of alcohol re-intake induced by ensemble 
suppression. Remarkably, we did not find an effect of ensemble suppression in ani-
mals that first received a CNO treatment first (CNO-VEH-VEH2; Fig. 2h). In the home 
cage alcohol SA group, there was a strong trend towards reduction in alcohol con-
sumption on the VEH session after the CNO session, similar to the potential carry-over 
effect in the VEH-CNO-VEH2 groups. While this might suggest a long-term alteration 
in alcohol re-intake caused by ensemble suppression, the data also suggest that al-
cohol consumption reduced over the sessions, regardless of ensemble manipulation 
(Fig. 2k). Indeed, when analysing the data of all animals (Fig. 2l) or the alcohol HC 
drinking group on session order (Fig. 2m) we found a significant difference between 
the sessions, and post-hoc testing showed a significant decrease from session 1 to 
session 2 (Fig. 2k,m). To conclude, animals reduced alcohol intake over successive 
sessions, potentially due to a carry-over effect of ensemble manipulation or due to re-
duced motivation to drink alcohol during re-intake test sessions. Unfortunately, both 
possibilities obstruct the interpretation of this intervention experiment. 

To investigate reward specificity of the mPFC alcohol consumption ensemble, animals 
from the HC tag group underwent additional tests using sucrose, a highly rewarding 
natural reinforcer to rodents306,307. Similar to the home cage alcohol re-intake tests, 
animals received exclusive access to a bottle of 10% sucrose for 1 h in their home 
cage after a vehicle or CNO injection. CNO-mediated inhibition of the HC alcohol 
drinking-tagged ensemble did not affect sucrose intake (Fig. 2l,m). This suggests that 
mPFC ensembles activated during alcohol drinking are not involved in natural reward 
consumption and there is no decrease in motivation to drink sucrose solution.

Exp. 3: The home cage alcohol SA-activated mPFC ensemble is not required for 
alcohol re-intake in absence of operant alcohol SA
Since the above-described effects of ensemble suppression on home cage alcohol 
re-intake were ambiguous, we next omitted the operant alcohol SA phase from the 
experimental design to exclude potential confounding effects of alcohol SA in differ-
ent environments. After a month of habituation to alcohol drinking in the home cage, 
mice were subjected to a 1 h home cage alcohol consumption session and the activat-
ed neuronal ensemble was tagged with hM4Di-mCherry or mCherry only (Fig. 3a,b).

After 4 weeks of forced abstinence, animals were subjected to alcohol re-intake tests 
in the home cage (Fig. 3c). We observed a significant reduction in alcohol re-in-
take in the CNO session compared to the vehicle session (main effect of Session;  
F1,12 = 8.641, p = 0.012), but no interaction between Group and Session. Although the 
effect between sessions was more robust in the hM4Di group (as displayed by the 
post-hoc test in the hM4Di group; VEH vs CNO t12 = 2.615, p =0.045), it was present in 
both groups, and since there was no significant interaction between Group and Ses-
sion, it cannot be attributed to ensemble suppression. Notably, this cohort of animals 
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Figure 3 – The home cage alcohol SA-activated mPFC ensemble is not required for alco-
hol re-intake in absence of operant alcohol SA. a. Experimental design. After habituation to 
alcohol, the activated neuronal population was tagged after 1 h of exclusive alcohol access in 
the home cage. After forced abstinence, alcohol re-intake tests were performed in the home 
cage and in context B. b. No difference in alcohol consumption was observed in the tag ses-
sion between mCherry (n = 7) and hM4Di (n = 7) groups, t12 = 0.434, p = 0.672. c. The re-intake 
test sessions showed a significant reduction in alcohol drinking in the CNO session compared 
to the VEH session (RM ANOVA Main effect of Session, (F1,12 = 8.641, p =0.012), but no interac-
tion (F1,12 = 0.576, p = 0.46) nor Group effect (F1,12 = 3.487, p = 0.09). Bonferroni corrected post-
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showed relatively low alcohol consumption levels during testing, especially in the 
mCherry control group (e.g. compare Fig. 3b,c with Fig. 2c-e or Fig. 3g,h). Therefore, we 
increased the session length to 2 h for subsequent tests of this cohort. To investigate 
whether ensemble suppression would affect alcohol drinking in a different context, 
animals were exposed to alcohol in Context B. Here, we did not observe differences 
between the groups and sessions either (Fig. 3d,e), indicating that suppression of an 
alcohol consumption ensemble does not affect alcohol intake in an alternate context. 

Based on the relatively low consumption levels shown in Fig. 3c, we repeated this 
experiment in an independent cohort of animals. Now, alcohol drinking levels were 
higher during the 1h tag and vehicle sessions (Fig. 3g,h). We observed a slight re-
duction of alcohol consumption during the CNO session (Fig. 3h), but again without 
an interaction effect or between group effect, confirming that alcohol SA-activated 
neurons in the mPFC are not required for alcohol re-intake in the absence of operant 
alcohol SA training. 

Context- and reward-specific reactivation of the home cage alcohol SA-activa-
ted mPFC ensemble 
Given the inconsistent results of Exp. 1-3, we aimed to determine whether a home 
cage alcohol SA-tagged ensemble is endogenously reactivated upon alcohol re-in-
take. Furthermore, we investigated whether reactivation of this ensemble was context- 
and reward-specific. For this, mCherry control animals from Exp. 1 were re-exposed 
to alcohol in the home cage and both mCherry and hM4Di-mCherry mice from Exp. 3 
were exposed to either alcohol in an alternative context (context B) or sucrose in the 
home cage.All animals were perfused 90 min after this session to assess colocalisation 
of the neuronal activity marker Fos with mCherry+ cells (Fig. 4a,b). 

As no differences between mCherry and hM4Di-mCherry expressing animals were 
observed in alcohol or sucrose intake, animals were pooled for this reactivation  
analysis. Of note, we did not perform statistical comparisons between the three groups, 
because the experimental protocols were different between Exp. 1 and 3 (presence of 
operant alcohol SA, extinction training and cue-induced reinstatement in Exp. 1, not 
in 3) and these experiments were executed at different timepoints. Whereas the num-
ber of mCherry cells seemed to be similar between the experiments (Fig. 4c-e), the 

hoc testing showed a significant decrease between vehicle and CNO session for the hM4Di 
group (t12 = 2.615, p =0.045), but not mCherry group (t12 = 1.542, p = 0.30) d. Ratio of alcohol 
re-intake showed no difference between groups (t12 = 0.701, p = 0.50). e. Chemogenetic sup-
pression of the alcohol consumption-activated ensemble did not affect alcohol drinking in a 
different context (RM ANOVA no Main effects or interactions, all p > 0.919). f. Ratio of alcohol 
drinking in context B was similar in both groups t12 = 0.082, p = 0.936. g. The experiment was 
repeated in independent groups. As before, the activated neuronal ensemble was tagged after 
a home cage drinking session with mCherry (n = 12) or hM4Di (n =12). Alcohol SA was similar 
in both groups (t22 = 0.457, p = 0.653). h,i. The re-intake test sessions showed a significant 
reduction in alcohol drinking in the CNO session compared to the VEH session (RM ANOVA 
F1,22 = 4.363, p = 0.049, but no interaction (F1,22 = 0.033, p = 0.86) nor Group effect (F1,22 = 0.404, 
p = 0.53)) Post-hoc analysis did not reveal significant differences between sessions for either 
group (mCherry t22 = 1.349, p = 0.35; hM4Di t22 = 1.605, p = 0.23).
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number of Fos+ neurons appeared to be higher after exposure to alcohol in Context B 
(Fig. 4d) and to sucrose in the home cage (Fig. 4e) than the alcohol in the home cage 
(Fig. 4c). By examining colocalisation of Fos+ with mCherry+ and mCherry- neurons, we 
found that the home cage alcohol SA-activated neuronal ensemble was preferentially 
reactivated upon alcohol exposure in the same context, but not during alcohol intake 
in a different context or upon sucrose intake in the home cage (Fig. 4c-e). There-
fore, preferential reactivation of the alcohol consumption mPFC ensemble occurs in 
a context and reward specific manner, and this data supports the attenuating effect 
of chemogenetic suppression of this ensemble on alcohol re-intake in the home cage 
observed in Exp. 1. 

Exp. 4: Suppression of the home cage alcohol SA-activated ensemble does not 
affect alcohol re-intake 
Based on the inconsistent results of Exp. 1-3, in which experimental conditions dif-
fered, we next attempted to reproduce the data of Exp. 1 in an independent group 

Figure 4 – Context- and reward-specific reactivation of the home cage alcohol SA- 
activated mPFC ensemble. a. Experimental design to assess reactivation of the alcohol SA-ac-
tivated ensemble after alcohol re-intake in the home cage (top, n = 8), alcohol drinking in 
context B (middle, n = 8) or sucrose consumption in the home cage (bottom, n = 7). b. Repre-
sentative images of expression of mCherry and Fos. White arrowheads indicate colocalisation 
of mCherry and Fos. Scale bar 50 µm. c. Quantification of the percentage of mCherry+ tagged 
cells (left), Fos+ cells (middle) and reactivated cells (Fos+ of mCherry+ and mCherry-) showed 
preferential reactivation of the tagged neurons t7 = 5.832, p < 0.001. d. Quantification of the 
number of mCherry+ tagged cells (left), activated Fos+ cells (middle) and reactivated cells (Fos+ 
of mCherry+ and mCherry-) showed no preferential reactivation of the tagged neurons (t7 = 
0.467, p = 0.655). e. Quantification of the number of mCherry+ tagged cells (left), activated Fos+ 
cells (middle) and reactivated cells (Fos+ of mCherry+ and mCherry-) showed no preferential 
reactivation of the tagged neurons (t6 = 0.364, p = 0.728). 



100

of animals, undergoing the same original experimental design (Fig. 5a). Animals were 
habituated to alcohol in the home cage and successfully acquired operant alcohol SA. 
Then, mPFC neurons activated during an alcohol consumption session in the home 
cage were tagged by injection of 4TM (Fig. 5b). After a period of forced abstinence 
and extinction training, animals were subjected to a cue-induced reinstatement test 
without ensemble manipulation (as this did not affect reinstatement behaviour (Chap-
ter 3, Fig. S7). As expected, both groups showed a similar level of alcohol seeking in 
response to the alcohol-paired cue (Fig. 5c). Three days later, animals underwent al-
cohol re-intake tests in their home cage. CNO-mediated suppression of the tagged 
mPFC ensemble did not affect alcohol drinking compared to the vehicle session (Fig. 
5d). Hence, we could not replicate the effect observed in Exp. 1 under the same ex-
perimental conditions. Importantly, we qualitatively confirmed that the number and 
distribution of tagged cells in the mPFC was similar between hM4Di animals in Exp.1 
and Exp. 4.

Figure 5 – Suppression of a home cage alcohol drinking ensemble does not affect al-
cohol re-intake. a. Experimental design. After habituation to alcohol in the home cage and 
operant alcohol SA training, the activated neuronal population was tagged with mCherry (n 
= 6) or hM4Di-mCherry (n = 10) after 1 h of exclusive alcohol access. After forced abstinence, 
extinction and a reinstatement test, alcohol re-intake tests were performed in the home cage. 
b. Consumption during the tag session was similar between groups t14 = 0.459, p = 0.653. c. 
Cue-induced reinstatement evoked alcohol seeking in both groups; RM ANOVA showed a 
main effect of Session F1,14 = 24.01, p <0.001, but no interaction effect F1,14, = 0.036, p = 0.85, 
nor between Group difference F1,14 = 0.287, p = 0.60. d. Alcohol re-intake did not differ be-
tween Sessions and Groups; RM ANOVA Session x Group F1,14, = 3.336, p = 0.089, Session F1,14, 
= 1.245, p = 0.283, Group F1,14, = 2.142, p = 0.165. e. Normalised alcohol consumption shows 
no differences between groups t14 = 1.610, p = 0.13. 
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Discussion

In this study, we performed four independent experiments (incl. five independent co-
horts of mice) to study the role of mPFC neuronal ensembles in resumption of alcohol 
intake after prolonged forced abstinence. From these, we found a significant attenu-
ation in alcohol consumption by mPFC ensemble suppression in only one experiment 
(one cohort). Interestingly, we also observed preferential reactivation of the tagged 
mPFC ensemble upon alcohol re-intake one month later in the same context, but not 
in an alternative context or after exposure to an alternative reward in the same con-
text. Despite these two supportive observations, we were not able to replicate the ini-
tial behavioural effect under the same or varying experimental conditions. Therefore, 
we conclude that even though the alcohol consumption mPFC ensemble is reactivat-
ed in a context- and reward-dependent manner, suggestive of encoding a long-term 
alcohol association, it is not causally involved in alcohol drinking one month later. 
Therefore, we conclude that mPFC neurons activated during alcohol consumption are 
likely not required for alcohol re-intake. 

We only found a significant reduction in alcohol re-intake following ensemble sup-
pression (Fig. 1) after animals underwent the alcohol SA paradigm with operant alco-
hol SA training, extinction training and manipulation of the consumption ensemble 
during a cue-induced relapse test (Exp. 1). When repeating this experiment without 
ensemble manipulation during a reinstatement test (Exp. 4), there was no effect of 
ensemble suppression on alcohol re-intake (Fig. 5). However, combined with the data 
from the other experiments, in which we did not find an effect of mPFC ensemble 
suppression on alcohol re-intake, we think the finding in Exp. 1 was a false positive 
observation. Even if the effect in Exp. 1 would be true, the conditions required for 
inducing a manipulation effect are highly specific and therefore have limited transla-
tional and clinical applicability. Based on the negative findings in the two independent 
experiments described in Exp. 3 in absence of operant alcohol SA (Fig. 3), one could 
argue that the duration of alcohol exposure or number of alcohol sessions is an im-
portant parameter that allows maturation or stabilisation of the mPFC ensemble over 
time to enable lasting control over alcohol consumption. However, this is an unlikely 
explanation, as we were also not able to replicate the effect in Exp. 1 when including 
prolonged alcohol exposure during operant SA training (Exp. 2 and 4; Fig. 2 and Fig. 
5). Of note, to eliminate the possibility of DREADD malfunctioning as an explanation 
for our non-significant findings, we confirmed that CNO induced hyperpolarisation 
of tagged neurons using whole-cell patch-clamp recordings (data not shown), in line 
with our previous study228.

In light of the conflicting effects of ensemble inhibition on alcohol re-intake (Exp. 1 
versus Exp. 2-4), it is worth noting the possibility that environmental factors, or the 
interaction between environmental and genetic factors, can contribute to variability 
between cohorts of mice regarding alcohol related behaviours308–310. With respect to 
environmental factors, breeding conditions, transportation or maternal care can affect 
the success of experimental manipulations and these factors are difficult to monitor 
for researchers, as they occur before the start of experiments. For example, it has been 
shown that early life stress increases alcohol intake in male mice311 and this might, in 
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part, explain variation we find in alcohol drinking levels between groups and animals, 
and maybe even differences in manipulation efficacy. 

Another important point to consider is the decreasing alcohol consumption levels 
over consecutive sessions in some cohorts (three cohorts; Exp. 2 and 3). The daily 1 h 
8% alcohol re-intake sessions used in this study may not be optimal to study alcohol 
consumption, as we estimate the total amount of alcohol consumed by mice in our 
study was ~1.3g/kg per session, which is less than drinking in the dark paradigms 
(~3g/kg/2h312, ~5 g/kg/4h313,314) and intermittent access paradigms (15 g/kg/day305, 
20g/kg/day315, 7g/kg/4h316. This session duration was chosen based on the session 
length of the operant alcohol SA task used in Chapter 3250, in which the focus was 
on alcohol-associative learning and alcohol seeking. Even though the alcohol intake 
in the first hour may be comparable to other studies and may therefore have similar 
physiological effects, the extent of alcohol intake and to what level of intoxication this 
corresponds is unknown as we did not measure blood alcohol levels. It remains elusive 
whether the mice were sufficiently motivated to consume alcohol. It could be that the 
amount of alcohol consumed by mice in the 1 h sessions was too low (1.3 g/kg) to de-
velop and/or maintain a strong urge or motivation to drink. Indeed, studies that focus 
on intoxication, binge-like alcohol drinking or alcohol dependence, using drinking in 
the dark paradigms or intermittent access schedules have reported stable high levels 
of voluntary drinking, reaching up to ~15-20 g/kg/day or ~5-7 g/kg/4h305,312,315–317. For 
future studies it might therefore be beneficial to optimise the behavioural protocol to 
enable robust alcohol drinking before ensemble manipulation experiments. 

In our previous study we showed that an alcohol-cue association is stored by an mPFC 
ensemble and that this ensemble promotes relapse to alcohol seeking after prolon-
ged abstinence250. In contrast, here we show that home cage alcohol re-intake after a 
period of abstinence is not controlled by a stable mPFC ensemble, although the en-
semble is endogenously reactivated upon alcohol re-intake in the same, but not a dif-
ferent, context. This highlights the important role of the mPFC in learning and storage 
of persistent associations228,250,255,318, for example between environmental cues and re-
ward. Alcohol consumption itself may be driven by ensembles in other brain regions, 
like the central amygdala (CeA), nucleus accumbens (in particular shell subregion), 
bed nucleus of the stria terminalis or the paraventricular nucleus of the thalamus319–322. 
One likely candidate region to control alcohol drinking is the CeA, since numerous 
studies identified an important role for the CeA in alcohol drinking, both globally323–326 
and at the level of ensembles230,246. Barak and colleagues revealed that CeA mTORC1 
inhibition after alcohol memory reactivation reduced both relapse to alcohol seeking 
and alcohol consumption, indicating that activation of the mTORC1 pathway in the 
CeA is required for the reconsolidation of alcohol-associated memories326. Evidence 
for the involvement of CeA ensembles in alcohol consumption was provided recently; 
an elegant study showed that CeA ensembles activated during punishment resistant 
alcohol SA in rats mediate compulsive alcohol SA one month later230. This study used 
a foot shock-punished alcohol SA procedure to identify compulsive rats, and selective 
silencing of punishment-resistant CeA ensembles reduced resistance to punishment 
a month later, revealing a neurobiological substrate for compulsive alcohol seeking. 
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Furthermore, using the Daun02 inactivation method in rats, it was shown that ablati-
on of an ensemble in the CeA that is activated during abstinence decreases alcohol 
intake in dependent and non-dependent rats246. This was found in two well-establis-
hed behavioural paradigms of alcohol consumption, a two-bottle choice intermittent 
access and dependence-induced drinking paradigm. Thus, whereas mPFC ensembles 
encoding alcohol associations are crucial for cue-induced alcohol seeking, alcohol 
taking seems to rely more heavily on CeA ensembles. 

Interestingly, in alcohol dependent, but not non-dependent, animals, the CeA ensem-
ble ablation had long-term effects on alcohol drinking246. Whereas we did not inves-
tigate somatic withdrawal signs in our study to determine dependence in our mice, it 
seems likely that our behavioural protocol did not induce alcohol dependence, since 
dependence inducing protocols commonly incorporate months of prolonged alcohol 
exposure (e.g. 3 weeks of unlimited alcohol SA, followed by two months of 14 h/day 
alcohol exposure246). If the same difference between dependent and non-dependent 
rats holds true for mPFC ensemble ablation, this might explain why mPFC ensemble 
manipulation did not affect alcohol re-intake, as we were likely using (mostly) non-de-
pendent mice. George and Hope249 proposed an interesting hypothesis to explain 
the observed differences of CeA ensemble manipulation between dependent and 
non-dependent rats on alcohol drinking. They suggest that stable consolidation of the 
neuronal ensemble depends on the salience of cues, contexts and emotional states 
associated with alcohol and alcohol withdrawal. Dependent rats may experience a 
higher negative emotional state during early withdrawal, which allows consolidation 
of a stable CeA ensemble. If true, this theory could explain why we did not find robust 
effects of mPFC ensemble inhibition on alcohol re-intake in our study. In addition to 
the inclusion of non-dependent mice in our experiments, the alcohol consumption 
tag session was performed in the familiar home cage environment of the animal, and 
may therefore not have been emotionally arousing and salient enough to drive stable 
consolidation of the association between alcohol and the contextual stimuli by an 
mPFC ensemble. In line with this hypothesis, neuronal activation (Fos expressing neu-
rons) appeared higher in animals that received alcohol in a novel context or sucrose 
in the home cage compared to mice that received alcohol again in the home cage, 
suggestive of higher arousal evoked by the unfamiliar context and reward. Additional 
explanations for the differences in Fos expression are the higher sucrose consumption 
levels, handling and transportation of the animals to context B or duration of the al-
cohol in context B session (2 h vs. 1 h). To dissect the role of salience in the formation 
of stable neuronal ensembles controlling alcohol consumption, future experiments 
could perform tagging of an alcohol SA-activated mPFC ensemble and alcohol re-in-
take sessions in an alternative, more salient, context. 

To conclude, our data demonstrates that mPFC neurons that are activated during 
home cage alcohol drinking are not required for subsequent alcohol re-intake in the 
original context after prolonged abstinence, and not reactivated in an alternative con-
text or upon sucrose consumption in the original context. Based on the specificity of 
our reactivation data, it seems likely that the mPFC ensemble encodes an association 
between alcohol and the home cage environment, but is not causally involved in 
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promoting alcohol consumption. Since our study was performed in male mice only, it 
remains to be determined whether our findings can be extrapolated to females. This 
is of particular interest from both a preclinical and clinical perspective, since female 
mice consume higher levels of alcohol than male mice314,327, and alcohol is increasingly 
consumed by women, leading to an increase of alcohol-induced harm in women328,329. 
Future studies should focus on elucidating the role of neuronal ensembles in alcohol 
consumption in more salient environments, use a more robust alcohol drinking para-
digm and/or target other brain regions, in order to gain fundamental insight into the 
neuronal circuitry underlying chronic alcohol drinking. 
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English summary
Substance use disorder (SUD) is a chronic psychopathology characterised by the per-
sistent and uncontrolled use of drugs or alcohol (alcohol use disorder (AUD)) that 
places an enormous burden on affected individuals, as well as their families and soci-
ety in general. In 2019, almost half a million people died due to drug use and harmful 
use of alcohol results in ~3 million deaths worldwide yearly (5.3% of all deaths). The 
large majority of SUDs and AUDs remain untreated, and when treatment is sought, 
this is often unsuccessful in controlling drug or alcohol intake. An intriguing phe-
nomenon is that even after prolonged periods of abstinence, relapses to alcohol or 
drug use occur in more than half of the affected individuals. During drug or alcohol 
use, previously neutral environmental stimuli (cues) are associated with the rewarding 
effects of drugs or alcohol and thereby gain motivational value. During periods of 
abstinence, these cues can trigger retrieval of drug- or alcohol-associated memories, 
which induces craving and often results in relapse. It is therefore of pivotal importance 
to gain further insight into the neurobiological mechanisms that underlie cue-evoked 
relapse, as this will ultimately contribute to the development of novel effective phar-
macotherapies. 

The persistent propensity of drug-associated cues to drive relapse indicates that drug 
use evokes long-term molecular and cellular neuroadaptations in brain regions that 
are involved in the processing and storage of cue-reward associations. The medial 
prefrontal cortex (mPFC) is considered one of the key brain regions in cue-evoked re-
lapse to alcohol and cocaine use. Intriguingly, the mPFC can promote reward seeking, 
but also provide inhibitory control over drug seeking. Human neuroimaging studies 
have revealed heightened activation of the mPFC upon cocaine- or alcohol-associat-
ed cues and this activation predicts relapse risk. However, human studies do not allow 
further insight into the molecular and cellular processes involved in processing of 
cue-reward associations, which is why animal paradigms that model relapse to drug 
seeking have been developed. Associative learning involved in addictive behaviour 
in humans can be modelled in animals by exposing them to a drug or alcohol in a 
neutral environment and, when available, presentation of a discrete cue, causing an 
association between these cues and the rewarding effects of alcohol or drugs. Re-ex-
posing the animal to the drug- or alcohol-associated cues (in absence of drug reward) 
will evoke drug seeking behaviour, even after prolonged periods of abstinence. Pre-
vious studies using these models have revealed neuroadaptations in the mPFC that 
can contribute to cue-induced relapse. Moreover, it has been shown that learned as-
sociations are encoded by sparse, distributed populations of neurons, so-called neu-
ronal ensembles. In my thesis I focussed on alcohol- and cocaine-associated memory 
processing in the mPFC and aimed to: 1) disentangle the intra-mPFC circuitry that 
supports inhibitory control over expression of cocaine memory (chapter 2), 2) show 
whether cue-induced relapse to alcohol seeking is mediated by a stable neuronal 
ensemble in the mPFC (chapter 3), 3) investigate if alcohol re-intake is similarly con-
trolled by an ensemble in the mPFC (chapter 4), and 4) reveal proteome adaptations 
in the mPFC ensemble that promotes relapse to alcohol seeking (chapter 5).

In chapter 2, we investigated the local mPFC circuitry that can regulate extinction of a 
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cocaine-associated memory. We first used tracing methods to reveal a population of 
neurons in the ventral region of the mPFC (vmPFC) that project to the dorsal region 
of the mPFC (dmPFC). Then, we assessed the functional contribution of these vmP-
FC-to-dmPFC projection neurons and found that these are activated upon non-rein-
forced exposure to a cocaine-associated environment. In line with this, we show that 
these neurons are required for extinction of cocaine conditioned place preference 
(CPP) memory. More specifically, vmPFC-to-dmPFC projecting neurons are activat-
ed upon extinction learning and specific inactivation of these cells blocks extinction 
learning. Electrophysiological studies show that vmPFC-to-dmPFC projecting neurons 
engage feed-forward inhibition to recruit a population of parvalbumin-expressing 
(PV) interneurons in the dmPFC, resulting in suppression of local dmPFC pyramidal 
neurons. Moreover, we found that suppression of dmPFC PV neurons during extinc-
tion learning impaired the extinction of context-evoked cocaine memory. This shows 
that extinction of cocaine-associated memory requires activation of vmPFC-to-dmP-
FC projecting neurons, resulting in enhanced GABAergic activity in the dmPFC. It was 
previously thought that the mPFC subregions regulate adaptive responding to co-
caine cues through their connections with other brain regions, such as the nucleus 
accumbens. However, we reveal an additional, independent intra-mPFC circuit that 
mediates extinction of cocaine-associated memory. 

In chapter 3, we investigated whether a learned alcohol-cue association is persistently 
stored by a neuronal ensemble in the mPFC. We employed the viral-targeted re-
combination in activated populations (viral-TRAP) method to tag neurons activat-
ed during cue-paired alcohol self-administration (SA). Selective suppression of this 
alcohol SA-activated neuronal ensemble attenuated cue-induced reinstatement to 
alcohol seeking one month after cessation of alcohol intake. Furthermore, our con-
trol experiments indicate that different types of memories are encoded in an mPFC 
ensemble specific manner. We found that suppression of an mPFC ensemble acti-
vated during neutral context exposure, cue-paired sucrose SA or home cage alco-
hol consumption (in absence of discrete cues) does not affect cue-induced relapse. 
Interestingly, whereas we find preferential reactivation of the alcohol SA-activated 
ensemble upon cue-induced reinstatement, we observe the opposite for the sucrose 
SA-activated ensemble during relapse, suggesting this mPFC ensemble is preferen-
tially not reactivated. Further insight into the differences in mPFC encoding of alcohol 
and natural reward was obtained by revealing that sucrose SA and alcohol SA-activat-
ed ensembles have different characteristics in terms of interneuron composition and 
efferent projection targets, suggesting these rewards are encoded differently in the 
brain. To conclude, our study shows that a persistent alcohol-cue memory trace in the 
mPFC promotes relapse to alcohol seeking after abstinence.

In chapter 4, we aimed to study whether alcohol re-intake after prolonged absti-
nence is also mediated by an mPFC neuronal ensemble. We found that an alcohol 
consumption-activated mPFC neuronal ensemble is not required for alcohol re-in-
take after one month of abstinence. Interestingly, this ensemble showed context- and 
reward-specific reactivation under endogenous conditions; it was reactivated upon 
alcohol re-intake in the home cage, but not during sucrose consumption in the home 
cage or alcohol re-intake in an alternative context. This suggests that even though an 
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alcohol-association is allocated to these neurons, these cells are not causally driving 
alcohol consumption.

In chapter 5, we elucidated proteome alterations specifically in the alcohol SA-activat-
ed mPFC ensemble that drives relapse to alcohol seeking. Fluorescence-activated Cell 
Sorting (FACS) was used to dissociate neuronal ensemble cells from neighbouring 
non-ensemble cells one month after tagging, followed by a label free quantitative 
proteomics. Although we did not observe acute relapse-induced changes in the pro-
teome of mPFC ensemble neurons, we found robust changes in protein expression 
between alcohol SA-activated ensemble neurons and non-ensemble neurons. More 
specifically, we observed upregulation of proteins involved in cytoskeleton remodel-
ling in tagged neurons compared to non-tagged neurons and a robust downregula-
tion of CaMKIIα. The latter was confirmed using immunostaining in an independent 
group of animals. This study confirms that the alcohol-cue encoding neuronal en-
semble in the mPFC undergoes proteome alterations (detectable one month after the 
last alcohol exposure) that point to adaptations in neuronal structure and CaMKII-de-
pendent signalling, potentially supporting long-term alcohol memory consolidation. 
Alternatively, these proteome alterations in ensemble neurons could be caused by ex-
tinction learning and future research is required to pinpoint which process induces the 
observed molecular adaptations. Causal contribution of these proteins to persistent 
memory storage, and thereby relapse susceptibility, remains to be investigated. 

With this research I provide novel insights into the role of the mPFC in cocaine- and 
alcohol-associated memory processing. These findings deepen our understanding of 
how the mPFC persistently encodes drug-reward memories at the level of cortical cir-
cuitry, neuronal ensembles and the proteome. Firstly, our data reveals that a neuronal 
circuit within the mPFC controls extinction learning through interaction between the 
vmPFC and dmPFC. This study further emphasises the important role of GABAergic PV 
interneurons in extinction of cocaine memory, as this interneuron population medi-
ates the interaction between the vmPFC and dmPFC. Secondly, our study shows that 
an mPFC neuronal ensemble activated during alcohol SA functions as a long-last-
ing memory trace that can promote cue-driven relapse to alcohol seeking after pro-
longed abstinence. Furthermore, our study highlights that alcohol and natural reward 
associations are differently encoded by the brain. On the other hand, we report that 
alcohol re-intake in the home cage is not driven by an mPFC ensemble activated by 
home cage alcohol consumption. Finally, we show that molecular changes can be 
detected in the mPFC ensemble that stores a persistent alcohol-cue memory. This 
finding opens new avenues of research, as future studies should assess the causal 
contribution of these molecular changes in alcohol relapse and thereby may provide 
an important steppingstone for the development of novel therapeutic strategies to 
reduce relapse in AUD and cocaine use disorder. 
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Nederlandse samenvatting
Verslaving is een chronische hersenaandoening die gekenmerkt wordt door langdurig 
en overmatig gebruik van drugs of alcohol. Het nieuwe handboek voor de classificatie 
van psychische stoornissen spreekt van een “stoornis in het gebruik van middelen”, 
verslaving is een gematigde tot ernstige vorm hiervan. Een stoornis in het gebruik van 
middelen zorgt voor een grote ziektelast voor de aangedane personen, hun familie 
en de maatschappij in het algemeen. In 2019 zijn er wereldwijd bijna een half miljoen 
mensen overleden vanwege drugsgebruik. Daarbovenop zorgt het schadelijk geb-
ruik van alcohol elk jaar voor ongeveer drie miljoen doden wereldwijd (5.3% van alle 
doden). Het grootste deel van alcohol- en drugsverslavingen blijft onbehandeld, en 
zelfs wanneer er wel behandeling wordt gezocht is deze vaak niet succesvol in het 
beperken van drugs- of alcoholgebruik. Een intrigerend fenomeen is dat terugval 
naar alcohol- of drugsgebruik optreedt bij meer dan de helft van de mensen met een 
stoornis in gebruik van middelen, zelfs na lange periodes van onthouding. Tijdens 
drugs- of alcoholgebruik worden neutrale omgevingsfactoren (“cues”) geassocieerd 
met de belonende effecten van drugs of alcohol, waardoor deze cues motiverende 
waarde verkrijgen. Tijdens periodes van onthouding kunnen deze cues ervoor zorgen 
dat drugs- of alcoholgeassocieerde herinneringen weer worden opgehaald, wat kan 
leiden tot hunkering en vervolgens terugval naar middelengebruik. Het is daarom 
ontzettend belangrijk om meer inzicht te krijgen in de neurobiologische mechanis-
mes die zorgen voor cue-geïnduceerde terugval, zodat dit uiteindelijk kan bijdragen 
aan de ontwikkeling van nieuwe, effectieve behandeling. 

De observatie dat drugsgeassocieerde cues aanhoudend kunnen zorgen voor ter-
ugval, is een indicatie dat drugsgebruik zorgt voor langdurige moleculaire en cel-
lulaire neuroadaptaties in hersengebieden die betrokken zijn bij het verwerken en 
opslaan van beloningsherinneringen. De mediale prefrontale cortex (mPFC) is een van 
de sleutelgebieden in cue-geïnduceerde terugval naar alcohol- en cocaïnegebruik. 
Opvallend is dat de mPFC zowel het zoeken naar drugsbeloningen kan stimuleren, 
als ook kan remmen. Studies die beeldvormende technieken gebruiken in mensen 
met verslaving, hebben laten zien dat de mPFC sterker geactiveerd wordt bij het zien 
van cocaïne- of alcohol-geassocieerde cues, en dat de mate van activatie correleert 
met het risico op terugval. Echter, dergelijke studies bij mensen bieden geen kans om 
verder inzicht te krijgen in de moleculaire en cellulaire processen die betrokken zijn 
bij het verwerken van cue-beloningsassociaties. Daarom zijn diermodellen ontwik-
keld die terugval naar drugs zoeken kunnen modelleren. Associatief leren speelt een 
belangrijke rol bij verslaving in mensen en dit kan gemodelleerd worden in dieren. 
Door ze bloot te stellen aan drugs of alcohol in een neutrale omgeving, en eventueel 
presentatie van een discrete cue (bijvoorbeeld een lampje of een toon), wordt er een 
associatie gevormd tussen deze cues en de belonende effecten van alcohol of drugs. 
Wanneer een dier vervolgens deze alcohol- of drugsgeassocieerde cues (zonder de 
beloning) tegenkomt, zal dit voor drugs-zoekgedrag zorgen, zelfs na lange periodes 
van onthouding. Eerdere onderzoeken die deze diermodellen gebruikten, hebben lat-
en zien dat neuroadaptaties in de mPFC bijdragen aan cue-geïnduceerde terugval. 
Verder hebben recente studies laten zien dat geleerde associaties gecodeerd worden 
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door zogenaamde neuronale ensembles, een verspreid netwerk van kleine populaties 
van geactiveerde zenuwcellen (~2-15% van alle neuronen in een bepaald hersenge-
bied). 

De focus van mijn promotietraject was om te onderzoeken hoe alcohol- en co-
caïne-geassocieerde herinneringen worden opgeslagen door de mPFC. Mijn doel was 
om: 1) het circuit binnen de mPFC dat remmende controle biedt over de expressie 
van cocaïnegeheugen te ontwaren (hoofdstuk 2), 2) te laten zien of cue-geïnduceerde 
terugval naar alcohol zoeken gereguleerd wordt door een stabiel neuronaal ensemble 
in de mPFC (hoofdstuk 3), 3) te onderzoeken of het opnieuw drinken van alcohol na 
onthouding ook gecontroleerd wordt door een ensemble in de mPFC (hoofdstuk 4), 
en 4) het ontdekken van eiwitveranderingen in het mPFC neuronale ensemble dat 
terugval naar alcohol zoeken stimuleert (hoofdstuk 5).

In hoofdstuk 2, hebben we het lokale mPFC netwerk onderzocht dat het uitdoven (ex-
tinctie) van een cocaïneherinnering reguleert. Eerst hebben we traceringsmethodes 
gebruikt om te laten zien dat er een populatie van cellen in de ventrale mPFC (vmPFC) 
is, die projecteert naar de dorsale mPFC (dmPFC). Vervolgens hebben we de functie 
van deze vmPFC dmPFC projecterende neuronen onderzocht, en vonden dat deze 
specifiek geactiveerd werden bij blootstelling aan een cocaïne-geassocieerde con-
text in afwezigheid van cocaïne. Dit is een aanwijzing dat deze neuronen geactiveerd 
worden tijdens extinctieleren. Vervolgens hebben we laten zien dat activatie van deze 
neuronen nodig is voor het uitdoven van een contextuele cocaïneherinnering. Om 
precies te zijn: we hebben gevonden dat vmPFCdmPFC projectieneuronen worden 
geactiveerd bij extinctieleren en dat specifieke remming van deze cellen extinctieleren 
blokkeert. Grofweg kunnen we neuronen in de mPFC classificeren in twee types: ex-
citerende pyramidaalcellen en remmende interneuronen. Vervolgexperimenten lieten 
zien dat vmPFCdmPFC neuronen een populatie van remmende parvalbumine (PV) 
interneuronen in de dmPFC activeert, wat leidt tot het onderdrukken van pyramidaal-
cellen. Het stimuleren van PV neuronen tijdens extinctieleren zorgde ervoor dat het 
uitdoven van de cocaïne-geassocieerde herinnering verminderde. Dit laat zien dat 
extinctie van een contextuele cocaïne-geassocieerde herinnering berust op activatie 
van vmPFCdmPFC neuronen, wat leidt tot verhoogde remming in de dmPFC. Eerder 
werd gedacht dat de mPFC de respons op cocaïne cues reguleerde door zijn connec-
ties met andere hersengebieden, zoals de nucleus accumbens. Echter, wij laten hier 
zien dat er een ander, onafhankelijk intra-mPFC circuit is dat het uitdoven van een 
cocaïne-geassocieerde herinnering controleert.

In hoofdstuk 3 hebben we onderzocht of een alcohol-cue associatie langdurig wordt 
opgeslagen door een neuronaal ensemble in de dmPFC. Hiervoor hebben we gebruik 
gemaakt van de viral-Targeted Recombination in Activated Populations (viral-TRAP) 
techniek, om mPFC neuronen te labelen die actief waren tijdens alcoholzelftoedien-
ing. De alcoholbeloning ging samen met het aangaan van een geel lampje, funger-
end als een discrete cue. Het remmen van het neuronale ensemble dat actief was bij 
alcoholzelftoediening zorgde een maand na het stoppen van alcoholinname voor 
verminderde cue-geïnduceerde terugval. Onze controle-experimenten lieten zien 
dat verschillende herinneringen in de mPFC worden opgeslagen op een ensemble 
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specifieke manier. We vonden dat het onderdrukken van een ensemble dat actief 
was tijdens blootstelling aan een neutrale context, cue-gepaarde sucrose-zelftoedi-
ening of alcoholconsumptie in de thuiskooi (zonder discrete cues) geen effect had 
op cue-geïnduceerde terugval. Een interessante observatie was dat we vonden dat 
neuronen in het alcoholzelftoedieningsensemble gereactiveerd werden bij cue-geïn-
duceerde terugval, terwijl we het tegenovergestelde vonden voor het sucrose-zelf-
toedieningsensemble, dat niet werd gereactiveerd. Om meer inzicht te krijgen in het 
verschil tussen het opslaan van alcohol- en sucrosebeloningen in de mPFC, hebben 
we de deze ensembles verder gekarakteriseerd. We vonden dat het sucrose- en al-
coholzelftoedieningsensemble een andere samenstelling hebben wat betreft de ho-
eveelheid interneuronen en hun projecties naar andere hersengebieden, wat er op 
wijst dat deze beloningen op een andere manier worden opgeslagen door het brein. 
Onze studie heeft laten zien dat een langdurige alcohol-cue herinnering in de mPFC 
terugval naar alcohol zoeken stimuleert na een maand van onthouding. 

In hoofdstuk 4 was ons doel om te onderzoeken of het opnieuw drinken van alcohol 
na lange onthouding ook gecontroleerd wordt door een neuronaal ensemble in de 
mPFC. We vonden dat het mPFC ensemble dat geactiveerd is tijdens alcohol drinken 
in de thuiskooi niet nodig is voor alcoholconsumptie na een maand van onthouding. 
Opmerkelijk was dat dit ensemble wel context- en beloningsspecifieke reactivatie liet 
zien: het werd gereactiveerd bij alcoholinname in de thuiskooi, maar niet bij sucrose-
consumptie in de thuiskooi of alcoholinname in een andere context. Dit wijst erop dat 
ook al wordt er een alcoholassociatie opgeslagen door deze hersencellen, ze zijn niet 
causaal betrokken bij alcoholconsumptie. 

In hoofdstuk 5 hebben we eiwitveranderingen onderzocht die specifiek optreden in 
het alcoholzelftoedieningsensemble dat terugval naar alcohol zoeken stimuleert. Hi-
ervoor hebben we gebruik gemaakt van FACS (Fluorescence-Activated Cell Sorting) 
waarmee fluorescent gelabelde ensemble neuronen gescheiden kunnen worden van 
niet-ensemble neuronen. Een maand na het labelen van cellen tijdens een alcohol-
zelftoedieningssessie hebben we deze twee populaties gescheiden, gevolgd door een 
kwantitatieve eiwitanalyse. Hoewel we geen acute effecten van terugval vonden op de 
eiwitsamenstelling van mPFC ensemble neuronen, vonden we robuuste veranderin-
gen in eiwitexpressie tussen ensemble neuronen die actief waren tijdens alcoholzelf-
toediening en niet-ensemble neuronen. We ontdekten dat er een toename was van 
eiwitten die betrokken zijn bij het omvormen van het cytoskelet en een afname van 
CaMKIIα. Deze laatste bevinding konden we bevestigen met behulp van een onafhan-
kelijke methode in een onafhankelijke controlegroep. Onze studie laat zien dat het al-
cohol-cue ensemble in de mPFC eiwitveranderingen ondergaat, die een maand na de 
laatste alcoholzelftoediening te detecteren zijn. Deze wijzen erop dat de structuur van 
neuronen en CaMKII-afhankelijke signalering verandert, die mogelijk onderliggend 
zijn aan het langdurig opslaan van alcoholherinneringen. Een andere verklaring is dat 
deze veranderingen (deels) veroorzaakt zijn door extinctieleren en verder onderzoek 
is nodig om nauwkeurig vast te stellen welk proces deze moleculaire veranderingen 
teweegbrengt.
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Met het onderzoek beschreven in dit proefschrift verstrek ik nieuwe inzichten in de 
rol van de mPFC in het verwerken van cocaïne- en alcoholherinneringen. Deze bevin-
dingen vergroten onze kennis over hoe de mPFC langdurig drugs-beloningsherinner-
ingen opslaat op het niveau van corticale circuits, neuronale ensembles en eiwitten. 
Ten eerste, onze data laat zien dat er een neuronaal circuit binnen de mPFC bestaat 
dat cocaïne-extinctieleren controleert door interactie tussen de vmPFC en dmPFC. 
Ten tweede, onze studie laat zien dat een mPFC neuronaal ensemble dat actief is 
tijdens alcoholzelftoediening functioneert als een langdurige alcoholherinnering die 
cue-geïnduceerde terugval naar alcohol zoeken kan stimuleren. Verder benadrukt 
onze studie dat associaties met sucrose en alcohol op een andere manier worden 
opgeslagen door het brein. Aan de andere kant laten we zien dat het opnieuw drinken 
van alcohol na een maand van abstinentie in de thuiskooi niet gedreven wordt door 
een mPFC ensemble dat actief was tijdens alcoholconsumptie. Tenslotte laten we 
zien dat moleculaire veranderingen gedetecteerd kunnen worden in het neuronale 
ensemble in de mPFC dat een langdurige alcohol-cue herinnering opslaat. Vervol-
gonderzoek zou kunnen bestuderen of de moleculaire adaptaties die we gevonden 
hebben ook daadwerkelijk causaal betrokken zijn bij terugval. Als dit zo is, zou dit een 
belangrijke opstap kunnen zijn naar het ontwikkelen van nieuwe behandelingsstrate-
gieën om terugval in alcohol- en cocaïneverslaving te voorkomen. 
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de wetenschap, zeker nu met de komst van June, Joep en Bodi! 

Aan Marleen, Han, Judith en Rosanne, ik ben heel dankbaar voor onze vriendschap, 
die ruim tien jaar geleden ontstaan is bij Psychobiologie. Bedankt dat jullie er altijd voor 
me zijn, maken me altijd aan het lachen! Ik koester mooie herinneringen aan onze diners 
met rijkelijk vloeiende wijn en de beruchte fietspuzzeltocht. Ook al wonen we nu verder 
uit elkaar, ik kan niet wachten om jullie te verwelkomen in Zweden vanuit München of 
Amsterdam. 
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Thank you to Mary Morris Vaux Walcott (1860-1940), who was a pioneer in photog-
raphy, glacial studies, and mountaineering and a female geologist in the early days and 
drew the wildflowers I used in this thesis. Kindly provided by the Smithsonian Institution.

Zoals velen van jullie weten heeft sport een belangrijke plaats in mijn leven, wat tijdens 
mijn PhD wellicht ietwat uit de hand gelopen is. Ik denk dat er een aardige correlatie te 
maken is (r=0.99) tussen de hoeveelheid stress in mijn promotietraject en de hoeveelheid 
sport die ik bedreef. Sport heeft voor mij zeker een therapeutische werking gehad, na 
urenlange ritjes door de polder kwam ik weer met een fris hoofd en goed gemoed thuis. 
En hoewel triathlon vaak een individuele sport is, zijn de trainingen dat zeker niet.

Dankjewel Steff, voor je coaching en het maken van een trainingsschema waarbij ik in de 
laatste twee jaar van mijn PhD twee keer aan de start van een volledige triathlon gestaan 
heb, een WK voor amateurs en zelfs podiumplaatsen heb kunnen veroveren. Het vergde 
flink wat puzzelen om de trainingen te combineren met experimenten, maar dankzij jouw 
flexibele houding, positieve feedback, support en je eindeloze vertrouwen in mijn kun-
nen hebben we samen prachtige resultaten neergezet. Ironmans en promoveren, het kan 
samengaan!

De Steff squad, in het bijzonder Coen, Wesley, Barry, Daniël, Cornee, Dirk, Bart, Ricar-
do en Krista, dankjulliewel voor de prachtige sportieve avonturen die we samen beleefd 
hebben, in Almere, Kalmar of gewoon op de atletiekbaan in Bussum. Hoewel de zware 
donderdagavond intervaltrainingen nou niet per se iets zijn om naar uit te kijken, had ik 
altijd zin om naar de baan te komen om samen onze rondjes te lopen. Trainingskampje in 
Zweden binnenkort? 😊

Mijn fantastische fiets- en triathlonvrienden die kilometerslange klaagzangen hebben 
aangehoord over mislukte experimenten, muizen die niet deden wat ze zouden moeten 
doen of perikelen rondom papers. Excuses daarvoor en bedankt voor jullie geweldige 
gezelschap tijdens trainingen of wedstrijden van de polder tot Kenia en van Mallorca tot 
Samorin, samen is alles leuker! Hanne, Maud, Bram, Iris, Izaak, Victor, Sjoerd, Dennis, 
Annemarie, Julia, Erik, Jan, Richard, Sander, Henk, Lorenz, Paula en de TTW ladies, 
merci pour tout!

Mijn spectaculaire zwemvriendinnen Vivien, Mariëlle, Louike en Agnieszka, dankzij jullie 
was vroeg opstaan om nog voor werk naar de SwimGym te gaan geen enkel probleem. 
Bedankt voor alle goede grappen, gezelligheid en voor jullie oprechte interesse in mijn 
werk. Wie weet zwemmen we ooit nog eens de Bosphorus over, en het schijnt dat je 
prachtig kan zwemmen in Zweden, jullie zijn van harte welkom!

Oan de allerleafste Fryske famkes, Karina, Tryntje, Tryntsje, Froukje, Marije en Marrit; 
tige tank foar alle prachtige avontûren dy’t we de ôfrûnne jierren tegearre meimakke ha 
en foar alle begrip at ik wer ris in kear letter wie of net komme koe troch experimenten of 
op ús wykein toch noch efkes in mailtsje stjûre moast. Ek tank foar jim support de lêste 
tiid, doe’t ik it it meast nedich hie. Ik kin net wachtsje om dizze dei mei jimme, en Finn, 
Suze en Hidde, te fieren; Proost op Joost!

Oan Iris en Anne, tank dat jimme der altyd, en al sa lang, foar my binne! Ek al rinne ús 
paden no misskien by inoar wei, jim bliuwe altyd tichtby. 
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Oan myn famylje en skoanfamylje, tank foar jim support en interesse yn myn wurk. Nee, ik 
bin noch lang gjin professor, mar wa wit bart dat ea! Yn’t bysûnder: Beppe Trienke, tige 
tank foar jo positive libbensynstelling, die hat my in soad holpen tydens myn ûndersyk en 
sil my de kommende jierren fêst ek goed fan pas komme. Beppe Hit, eins binne jo in fem-
inist avant-la-lettre. Tige tank foar alle prachtige gedichtjes, leafde foar blommen, ynteresse 
yn oare kultueren en ynspirearjende teksten dy’t jo oan my trochjûn ha. 

Leave Karin, fan lyts suske bist do de lêtste jierren útgroeit oant bad-ass karrière fou. Ek 
al binne we soms hiel ferskillend, we lykje dochs ek op mekoar. Tank foar al dyn support 
de ôfrûne jierren, dyn sinterklaassurprisemûs ferhuzet mei nei Sweden!

Leave heit en mem, ik kin hast net beskriuwe hoe tankber at ik bin dat jimme altyd nêst 
my steane en my supporte om myn dreamen te folchjen, hoe gek die soms ek binne. Ik kin 
altyd op jim rekkenje, foar lytse dinkjes sa as in spel-check (Nederlands, English of Frysk), 
mar ek grutte dingen sa as it kombinearjen fan in PhD mei in triathloncarrière of allinich 
nei Burkina Faso gean as krekt 18-jirriche, of no ús fuortgean nei Sweden. Mar sa’t beppe 
seit: “wol immen thúskomme, dan moat er ek ris fuort”, en ik kom wol wer thús!  

Allerliefste Allard, ik ben zo ontzettend dankbaar en blij dat jij in mijn leven bent en dat 
je altijd voor me klaarstaat. Bedankt voor je rotsvaste geloof in mij. Je bent de eerste met 
wie ik samen wil proosten op een prestatie, of de schouder waar ik op kan huilen als alles 
even tegenzit. Bedankt voor alle vreugde die je me brengt, inspirerende reizen en sporti-
eve uitdagingen. Ik kan niet wachten om samen met jou en Chouffe dit nieuwe avontuur 
aan te gaan in Zweden. Dankjewel voor AllEs!




