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Abstract

1.

Beyond their rapid rewarding effects, drugs of abuse can durably alter an individual’s response
to their environment as illustrated by the compulsive drug seeking and risk of relapse triggered
by drug-associated stimuli. The persistence of these associations even long after cessation of
drug use demonstrates the enduring mark left by drugs on brain reward circuits. However,
within these circuits, neuronal populations are differently affected by drug exposure and growing
evidence indicates that relatively small subsets of neurons might be involved in the encoding
and expression of drug-mediated associations. The identification of sparse neuronal populations
recruited in response to drug exposure has benefited greatly from the study of immediate early
genes (IEGs) whose induction is critical in initiating plasticity programs in recently activated
neurons. In particular, the development of technologies to manipulate IEG-expressing cells has
been fundamental to implicate broadly distributed neuronal ensembles coincidently activated by
either drugs or drug-associated stimuli and to then causally establish their involvement in drug
responses. In this review, we summarize the literature regarding IEG regulation in different
learning paradigms and addiction models to highlight their role as a marker of activity and
plasticity. As the exploration of neuronal ensembles in addiction improves our understanding

of drug-associated memory encoding, it also raises several questions regarding the cellular and
molecular characteristics of these discrete neuronal populations as they become incorporated in
drug-associated neuronal ensembles. We review recent efforts towards this goal and discuss how
they will offer a more comprehensive understanding of addiction pathophysiology.

Introduction

The integration in the central nervous system of external sensory inputs together with
internal information reflecting our physiological state is critical for individuals to produce
appropriate behavioral responses and to quickly adapt to a changing environment. This
continual adjustment of brain circuits through life experiences paradoxically requires both
a highly dynamic remodeling of neuronal networks and the capacity to stabilize these
adaptations to support the encoding and storage of relevant information into memory
(Kandel, Dudai, & Mayford, 2014). Addiction can be studied through this lens of memory
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formation, maintenance and updating: the high risk of relapse to drug seeking in abstinent
individuals even long after cessation of drug taking is proof of such highly stable alterations
(Dong, Taylor, Wolf, & Shaham, 2017; Nestler, 2001; Wolf, 2016). The neuronal networks
whose activity is dramatically and durably affected by drug exposure are mostly comprised
of the interconnected cortical, striatal and limbic regions of the brain’s reward circuitry
(Luscher & Malenka, 2011), which normally integrates midbrain dopamine signals to guide
reward-related learning (Hyman, Malenka, & Nestler, 2006; Kelley, 2004).

The persistent imprint of drug exposure onto brain function relies on the ability of

neuronal plasticity mechanisms normally engaged in non-pathological processes like reward
learning to adjust neuronal physiology in order to modulate the response of brain networks
to a given stimulus. The mechanisms that translate rapid and transient electrical and
neuro-chemical changes into persistent cellular adaptations require a coordinated response
across neuronal compartments from the synapse to the nucleus (Kandel, 2001; Nestler &
Lschuer, 2019). Among the myriad of cellular mechanisms orchestrating neuronal plasticity,
changes in gene expression are pivotal in reshaping neuronal networks during learning

and memory formation (Alberini & Kandel, 2015). Addiction is similarly associated with
complex transcriptional adaptations following drug exposure, which underlie the long-term
behavioral alterations observed in this pathology (Nestler, 2013; Robison & Nestler, 2011;
Walker et al., 2018).

Gene expression is tightly coupled to synaptic activity with signaling mechanisms
transducing and propagating information from the membrane to different cell compartments
including the nucleus. Activity-dependent transcription thus links rapid environmental
changes to long-term neuronal adaptations via specific transcriptional programs (West &
Greenberg, 2011; Yap & Greenberg, 2018). The first wave of these activity-regulated genes
are called immediate early genes (IEGs) because of their rapid but transient up-regulation
in response to a wide variety of cellular stimuli (Sheng & Greenberg, 1990). Bulk analysis
of IEG induction provided the first evidence in favor of a brain region- and task-specific
recruitment of activity-regulated transcription (Tischmeyer & Grimm, 1999). Because they
are supposedly strictly coupled to synaptic activity, these mechanisms seem likely to be
restricted to electrophysiologically activated cells, suggesting that changes detected at the
bulk level could be driven by the activity of a discrete subpopulation of neurons specifically
recruited in memory encoding (Miyashita, Kubik, Lewandowski, & Guzowski, 2008). This
hypothesis was further corroborated by the histological mapping of IEG induction in
sparse subsets of neurons during learning and memory retrieval (Guzowski et al., 2005;
Miyashita et al., 2008). As a result, activity-dependent transcription progressively emerged
as a highly reliable marker of behaviorally relevant activated neuronal populations, later
termed neuronal ensembles (Minatohara, Akiyoshi, & Okuno, 2016). Activity-dependent
mechanisms, including IEG induction, are similarly recruited by drugs of abuse throughout
the brain (Chandra & Lobo, 2017; Manning, Williams, & Robison, 2017). As the
identification and manipulation of these drug-activated cells in multiple addiction models
markedly improved our understanding of the biology behind neuronal ensembles, it also
provided new insights into the encoding of drug-associated memories at different stages of
addiction (Bobadilla et al., 2017; Cruz, Rubio, & Hope, 2015; Whitaker & Hope, 2018).
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Here we review the literature published in the last three decades that has supported the
concept that drug-related pathological memories are encoded through plasticity changes in
discrete neuronal ensembles in key regions of the brain reward circuitry. First, we discuss the
up-regulation of IEGs by drugs of abuse in light of their role in general learning and memory
processes, and how these markers of transcriptional plasticity can identify drug-activated
cells. Second, we examine the various genetic tools that have more recently been developed
to track and manipulate activated cells, and how they have been used to causally demonstrate
the importance of IEG-expressing neuronal ensembles in mediating memory- and addiction-
related learned behaviors. Third, we summarize the emerging and still relatively scarce

data describing the circuit, physiological, cellular, and molecular features that specifically
characterize the neuronal ensembles recruited by drug exposure. We finally conclude by
arguing that the ongoing investigation of the unique signature of drug-activated cells has the
potential to greatly deepen our understanding of basic neuronal biology, as well as to yield
preclinical data with strong translational potential to better combat drug addiction.

It is very fitting that this review appears in a special issue devoted to the life and career

of Paul Greengard, PhD, in whose laboratory one of us (EJN) completed his dissertation
research close to 40 years ago. No one better exemplified the ideals of a superb mentor,
and provided much of the field’s basic understanding of how the molecular constituents
and circuit activities of neurons are inter-related, than Paul Greengard (Nestler & Huganir,
2019).

2. Immediate early genes to visualize drug-activated cells: toward

neuronal ensembles

21

IEG Expression as a proxy for neuronal activity and plasticity

The first evidence that neurons can trigger rapid transcriptional activity in response to
environmental changes came from the study of the Fos gene, with both the transcript and
protein induced within minutes following cell stimulation (Cole, Saffen, Baraban, & Worley,
1989; Greenberg, Ziff, & Greene, 1986; Morgan, Cohen, Hempstead, & Curran, 1987).

The idea of a dynamic coupling between extracellular events and transcription was further
confirmed through the identification of multiple genes regulated by neuronal activity and
referred to as IEGs (Morgan & Curran, 1989; Sheng & Greenberg, 1990). These genes,
many of which are expressed at very low levels in basal conditions, are remarkable by

their rapid and transient induction in response to a wide range of stimuli. In neurons, IEGS
are induced within minutes following synaptic activation and most of them return to their
basal levels of expression one to two hours later (Sheng & Greenberg, 1990). Because they
encode either transcription factors (e.g., Fos, FosB, JunD, Egrl [also known as Zif268 or
NGFI-A]) or effector proteins involved in activity-dependent plasticity (e.g., Arc, HomerlA)
(Lanahan & Worley, 1998; Guzowski, McNaughton, Barnes, & Worley, 1999), these genes
were logically proposed to be essential linking blocks that ensure the continuity between

the rapid synaptic changes and long-lasting adaptations necessary for neuronal plasticity
(Flavell & Greenberg, 2008; Sheng & Greenberg, 1990) that underlie memory formation
(Tischmeyer & Grimm, 1999).
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The bulk expression of several IEGs such as Fos and Egr-1 is increased within brain
regions involved in memory encoding after several behavioral learning tasks (Gallo, Katche,
Morici, Medina, & Weisstaub, 2018; Kubik, Miyashita, & Guzowski, 2007). They are
induced in the hippocampus following novel environment exploration, spatial memory tasks,
object recognition or fear conditioning (Montag-Sallaz, Welzl, Kuhl, Montag, & Schachner,
1999; Guzowski et al., 1999a; Vann, Brown, Erichsen, & Aggleton, 2000; Guzowski,
Setlow, Wagner, & McGaugh, 2001; Ramirez-Amaya et al., 2005; Barbosa et al., 2013)

and following fear conditioning in the cortex and amygdala as well (Hall, Thomas, &
Everitt, 2001; Rosen, Fanselow, Young, Sitcoske, & Maren, 1998). Across these different
types of tasks, the spatiotemporal regulation of Fos and Zif268 expression matches the
known role and recruitment of specific brain regions during given phases of training and
memory encoding (Minatohara et al., 2016). For instance, Zif268 expression is increased

in the amygdala after retrieval of both contextual and cued fear associations, and in

the hippocampus during contextual fear retrieval only (Hall et al., 2001). Similarly, Arc
expression is increased in relevant brain regions during several behavioral tasks, from the
exploration of a novel environment to the acquisition of operant behavior (Montag-Sallaz et
al., 1999; Guzowski et al., 1999; Kelly & Deadwyler, 2002, 2003). Moreover, the level of
Arc expression in the hippocampus positively correlates with novelty (Kelly & Deadwyler,
2002), decreases in trained animals (Kelly & Deadwyler, 2002), and is higher in animals
showing higher performance in hippocampus- (Guzowski, McNaughton, Barnes, & Worley,
2001) or striatal- (Daberkow, Riedy, Kesner, & Keefe, 2007) dependent learning paradigms,
together suggesting a role in the early phases of learning.

Preliminary evidence showing that patterns of IEG induction reflect the activity of not

only given brain regions studied in bulk but also of specific neuronal networks within

and across these brain regions came from studies of Arc (Miyashita et al., 2008). Unlike
many other IEGs, Arc is localized in the dendritic compartment (Link et al., 1995;

Lyford et al., 1995), where it directly regulates synaptic plasticity (Korb & Finkbeiner,
2011). While Arc expression is broadly increased in the brain following the massive and
synchronous neuronal activity surge induced by a seizure (Lyford et al., 1995), it also
appears to be induced selectively in dendrites exhibiting long-term potentiation (LTP) after
electrical stimulation (Moga et al., 2004; Steward, Wallace, Lyford, & Worley, 1998),
suggesting that Arc induction could be restricted to recently activated neurons that develop
synaptic plasticity. Consistently, more precise histological mapping of IEG-expressing cells
demonstrated and confirmed that only subsets of neurons engage these mechanisms in
several learning paradigms (Guzowski et al., 2005; Miyashita et al., 2008). In particular,

a mRNA labeling method called cellular compartment analysis of temporal activity by
fluorescence in situ hybridization (catFISH) has been instrumental in correlating IEG
expression with neuronal network activity (Guzowski et al., 1999; Guzowski, McNaughton,
et al., 2001). This approach takes advantage of the rapid nuclear induction (within 2min)
and export (within 20min) of IEG mRNAs such as Arc, Homer1A and others to distinguish
cells activated at two different time points. Using this method, one can backtrack the activity
of a given neuron or population of neurons during two different behavioral tasks, such as
the exploration of two distinct environments. Exploration of a novel environment increased
Arcexpression in the hippocampus (Guzowski et al., 1999) and cortex (Vazdarjanova,
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McNaughton, Barnes, Worley, & Guzowski, 2002). In the hippocampus, the sequential
exploration of two different environments induced Arc mRNA in two separate populations,
whereas exploring twice the same environment induced Arc expression within the same
neuronal population (Guzowski et al., 1999). These studies were fundamental in linking
Arc induction with the activation by behavioral experience of precise brain networks and
were further used to dissect the activation dynamics of distinct hippocampal subfields
(Guzowski, Knierim, & Moser, 2004; Vazdarjanova & Guzowski, 2004). Together, this
seminal data strongly supported the idea that IEGs not only serve as a reliable marker to
detect global activation of given brain regions but can also help define discrete neuronal
ensembles specifically recruited during learning processes, in which activity-dependent
plasticity programs are likely to be engaged (Guzowski et al., 2004; Kubik et al., 2007;
Minatohara et al., 2016).

2.2 IEG induction and function in drug-activated neuronal ensembles

Both acute and chronic consumption of drugs of abuse dramatically alter an individual’s
behavioral, psychological, and cognitive responses in a wide range of situations, and these
changes can linger for a very long time after cessation of use (Wolf, 2016). Such enduring
effects reflect the development of a pathological form of neuronal and behavioral plasticity
likely initiated during the early stages of drug exposure and whose persistence sustains
the maladaptations and resulting malfunction of the brain reward circuitry. While decades
of work documented the various ways these circuits are altered in addiction (Lischer &
Malenka, 2011), the concept that sparsely activated neuronal populations within those
circuits are key in driving drug-induced alterations and network remodeling has emerged
more recently and stands as a very promising perspective to refine our understanding of
drug-associated memory encoding. IEG expression has been instrumental in identifying
these drug-activated cells.

Several IEGs, including Fos, Arcand Zif268, are induced by drugs of abuse in a variety

of drug exposure paradigms and across multiple regions of the reward circuitry (Table

1). Fosis induced in the nucleus accumbens (NAc), dorsal striatum and prefrontal cortex
(PFC) following treatment with cocaine, amphetamine or methamphetamine (Crombag et
al., 2002; Graybiel et al., 1990; Hope et al., 1992; Moratalla et al., 1993; Norman et al.,
1993; Robertson, Paul, Moratalla, & Graybiel, 1991; Rosen et al., 1994; Torres et al., 2015;
Young et al., 1991). Like Fos, Arc expression is increased in the same three brain regions
after both acute and chronic cocaine (Fosnaugh et al., 1995; Freeman et al., 2010; Fumagalli
et al., 2006; Salery et al., 2017; Tan et al., 2000; Yuferov et al., 2003), methamphetamine
(Fujiyama et al., 2003; Kodama et al., 1998) and amphetamine (Tan et al., 2000). Arc
expression is also increased in the CAL region of the hippocampus after chronic treatment
with psychostimulants (Fumagalli et al., 2006; Kodama et al., 1998). Similar patterns of
induction are observed for Egrl in response to psychostimulants (Bhat et al., 1992a, 1992b;
Hope et al., 1992; Moratalla et al., 1992; Thomas, Arroyo, & Everitt, 2003; Torres et

al., 2015). Consistent with their characteristic rapid and transient induction kinetics, IEGs
are induced within minutes following psychostimulants exposure and return to their basal
level of expression after minutes to hours (Fumagalli et al., 2006; Salery et al., 2017). The
expression of these genes is also regulated by acute or chronic exposure to opioids (Ammon
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et al., 2003; Bisagno & Cadet, 2019; Browne, Godino, Salery, & Nestler, 2020; Hayward
etal., 1990; Lv et al., 2011; Marie-Claire et al., 2004; Zidtkowska et al., 2012), albeit,

with a slower time-course (Ziétkowska et al., 2012), likely due to different pharmacokinetic
properties of the drugs and possibly different signaling mechanisms. In addition to these
three well-described IEGs, several others including FosB (Alibhai, Green, Potashkin, &
Nestler, 2007; Hope et al., 1992), Homer1A (Zhang et al., 2007), Junand JunB (Hope et

al., 1992; Moratalla et al., 1993), £gr3 (Chandra et al., 2015), Ajpas4 (Taniguchi et al.,
2017) and Nr4al (Carpenter et al., 2020) are induced in diverse paradigms of drug exposure.
However, whether all of these IEGs are induced in the exact same cells has yet to be fully
substantiated, even if it seems to be the case at least for Fosand Arc following acute cocaine
(Guez-Barber et al., 2011; Liu et al., 2014; Salery et al., 2017).

In turn, IEG induction in reward-processing circuits contributes to establishing the persistent
neuronal and behavioral adaptations characterizing the addicted phenotype in many different
ways. Up-regulation of Fos is implicated in downstream changes in gene expression: its
selective knock-out in Drd1-containing medium-sized spiny neurons (D1-MSNs) of the
NAc alters drug-induced transcriptional programs along with cocaine-induced dendritic
remodeling and locomotor sensitization (Xu, 2008; Zhang et al., 2007). The related IEG,
FosB, has been studied widely in the context of addiction. FosB regulation is particularly
interesting in the context of chronic drug exposure as a spliced product of the gene called
AFos B resists degradation and thus accumulates in neurons following chronic treatment with
psychostimulants and virtually any other class of abused drug (Hope et al., 1994; Chen et al.,
1995; Jingshan Chen, Kelz, Hope, Nakabeppu, & Nestler, 1997; Lee et al., 2006; Robison
& Nestler, 2011; Lobo et al., 2013). The long-lasting expression of this transcription factor
in multiple brain regions following drug exposure (Perrotti et al., 2008) supports the idea
that AFosB could act as a key “switch” for the drug-induced maladaptations underlying

the transition from acute to compulsive drug taking (Brenhouse & Stellar, 2006; Nestler,
2013; Nestler, Kelz, & Chen, 1999). Consistently, AFosB overexpression in D1-MSNs of
NAc increases cocaine-induced locomotor sensitization and conditioned place preference
(CPP) (Kelz et al., 1999), facilitates acquisition of self-administration at low doses and
enhances responses in a progressive ratio schedule of reinforcement (Colby, Whisler,
Steffen, Nestler, & Self, 2003). Similar effects are seen with opioids (Zachariou et al.,
2006). At the cellular level, AFosB overexpression in the NAc affects structural (Robison

et al., 2013) and synaptic (Grueter, Robison, Neve, Nestler, & Malenka, 2013) plasticity.
AFosB also regulates transcriptional programs in the NAc (McClung & Nestler, 2003) and
has been mechanistically involved in the epigenetic desensitization of the Fos promoter via
the recruitment of HDAC1 after chronic amphetamine (Renthal et al., 2008).

The role of Egrl in drug models appears more subtle than that of Fos family members.
Genetic suppression of Egrl impairs locomotor sensitization but does not affect animals’
responses to cocaine CPP (Valjent et al., 2006), advocating for more comprehensive studies
of this transcription factor in drug models, which remains surprisingly scarce despite its
pivotal role in synaptic plasticity (Duclot & Kabbaj, 2017).

Unlike Fos, FosB/AFosB and Egrl, Arc protein does not interact directly with DNA to
regulate transcription but rather exerts its function through the interaction with other proteins
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involved in plasticity. Due to its peculiar dendritic localization, most studies have focused
on Arc’s canonical role in dendrites, where it regulates — among others — synaptic strength
through AMPA glutamate receptor endocytosis (Chowdhury et al., 2006; Shepherd et al.,
2006) and long-term neuronal plasticity (Guzowski et al., 2000; Shepherd & Bear, 2011;
Waung, Pfeiffer, Nosyreva, Ronesi, & Huber, 2008). Recent evidence demonstrates that a
nuclear pool of Arc protein might also contribute to neuronal plasticity in a non-canonical
manner via indirect transcriptional regulation (Bloomer, VanDongen, & VanDongen, 2007;
Korb, Wilkinson, Delgado, Lovero, & Finkbeiner, 2013; Salery et al., 2017). In drug models,
cocaine increases Arc expression in the nucleus, and its suppression is associated with
increased RNA-Polll activity and Fos expression (Salery et al., 2017). At the behavioral
level, Arc loss of function is associated with increased sensitivity to low doses of cocaine in
locomotor sensitization and CPP paradigms (Salery et al., 2017) and the local inhibition of
Arc in the dorsal striatum attenuates the extinction of cocaine seeking but not seeking itself
(Hearing, Schwendt, & McGinty, 2011). Together, cellular and behavioral studies of Arc

in cocaine models argue for a homeostatic role of Arc in drug-induced plasticity, a unique
property diametrically opposed to the proposed roles of other IEGs like Fos, FosBand Egrl,
which seem to be overall positive regulators of drug-evoked maladaptations.

2.3 Plasticity in IEG expression, a substrate for behavioral plasticity in addiction models

While most IEGs are up-regulated by acute drug treatment independent of their molecular
function, their response to prolonged exposure is different. The unique induction of AFosB
protein after chronic drug exposure was discussed above. Arc too shows different responses
to acute vs. chronic drug exposure. Chronic psychostimulant administration is for instance
associated with a higher induction of Arc protein levels in animals with a drug history

in comparison with those exposed to the drug for the first time (Fumagalli et al., 2006).
This sensitization of Arc induction is associated with persistent accumulation of its protein
and mRNA over days following the last injection. Arc expression is also chronically up-
regulated in the absence of the drug during abstinence from cocaine self-administration
(Freeman et al., 2010, 2008). After withdrawal, Arc mRNA expression is increased upon
re-exposure to a drug-paired context (Hearing et al., 2011) or drug-paired discrete cues
(Zavala, Osredkar, Joyce, & Neisewander, 2008), indicating that, through plastic changes,
Arc expression tracks not only activation triggered by direct drug exposure but also the
retrieval of previously learned drug-related memories.

In an opposite manner, bulk Fos expression is desensitized when cocaine or amphetamine

is given in the home cage (Hope et al., 1992, 1994; Rosen et al., 1994), an effect

mediated via AFosB as noted earlier (Renthal et al., 2008). By contrast, the number of
Fos+cells is sensitized when animals are treated in a new environment and exhibit locomotor
sensitization (Crombag et al., 2002; Nordquist et al., 2008) and not in the home cage
(Mattson et al., 2008). Nonetheless, the absence of Fos sensitization to repeated cocaine or
amphetamine when animals are injected in a familiar environment strongly suggests that the
Fos+population is involved in the specific encoding of drug-context associations more than
in simply tracking drug-evoked neuronal activity in chronically treated animals. Consistent
with the persistence of such associations, context-specific Fos sensitization was maintained
over 6months after drug exposure along with locomotor sensitization (Hope, Simmons,
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Mitchell, Kreuter, & Mattson, 2006). In operant models, Fos expression is chronically up-
regulated during abstinence from cocaine self-administration (Freeman et al., 2010, 2008)
and can be further induced by re-exposure to contextual or discrete drug-paired cues (Bastle
etal., 2012; Bossert et al., 2011; Fanous et al., 2012; Hamlin, Clemens, & McNally, 2008;
Kufahl et al., 2009; Neisewander et al., 2000; Rubio et al., 2019; Zavala, Biswas, Harlan, &
Neisewander, 2007). Similarly, chronic non-contingent cocaine treatment desensitizes Egrl
expression, with reductions in its basal levels in multiple forebrain areas (Bhat et al., 1992a,
1992b; Daunais & McGinty, 1995; Unal, Beverley, Willuhn, & Steiner, 2009). However,
similar to Arc and Fos, in a chronic self-administration model, Egrl expression was induced
by exposure to discrete cues previously associated with cocaine (Thomas et al., 2003). This
response was not observed in yoked controls, suggesting that Egrl may participate in the
encoding of stimulus-drug conditioned associations.

Together, these findings argue for complex gene-specific, drug-specific and paradigm-
specific patterns of IEG expression and plasticity, which could be explained by numerous
factors. First, different signaling cascades might converge onto different epigenetic
regulation of a given IEG promoter—which has been described in detail only in the specific
case of Fos desensitization after chronic amphetamine (Renthal et al., 2008). Second,

the precise pharmacodynamics of different drugs and drug administration regimens can
greatly influence IEG induction and sensitization, as for example Arc and Fos induction
and locomotor sensitization have all been shown to depend on the rate of intravenous
cocaine administration (Samaha, Mallet, Ferguson, Gonon, & Robinson, 2004). Third, given
that not all cells are activated by drugs, one cannot exclude drug-induced adaptations in
non-activated cells or that the global response might be driven by relatively smaller or
larger neuronal ensembles, especially as these methods do not allow the tracking of the
initially activated population at subsequent stages of drug-related behaviors. Nevertheless,
the one consistent finding is that multiple IEGs are induced following the presentation of
previously neutral contextual information now associated with the drug. This could indicate
a coordinated transcriptional response within a subset of neurons specifically involved in
encoding drug-context associations if it were that those IEGs are induced in the same cells
—which has not yet been confirmed. This also strengthens the idea that IEG-expressing
cells not only track neuronal activity per se but neuronal activity relevant for drug-related
learning and plasticity as well. Overall, the fact that the IEG response itself can change over
time parallels behavioral plasticity, and that these responses seem to occur in ensembles
encoding drug-cue associations reinforces the argument that IEG induction is more than just
a good marker of neuronal activity: it can also be used as a proxy for the neuronal plasticity
mechanisms engaged in those activated ensembles.

3. Beyond correlation: Causal role of activated cells in controlling

behavior

The mapping of endogenous IEG expression across multiple brain regions and learning
paradigms has been instrumental in identifying the neuronal populations recruited at

different stages of memory formation and expression. We have seen that their activation
not only reflects the rapid response of distributed neuronal networks but also contribute
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to initiate plasticity mechanisms within these neuronal ensembles. While a crucial first
step, these early studies remained correlative and did not provide insight into the causal
role of IEG-expressing cells in memory processing. The recent advent of optogenetic and
chemogenetic approaches has made it possible to assess causality of neuronal ensembles
(DeNardo & Luo, 2017; Denny, Lebois, & Ramirez, 2017; Koya, Margetts-Smith, & Hope,
2016; Whitaker & Hope, 2018).

3.1 Genetic tools to tag and manipulate neuronal ensembles

Because of their very transient induction, endogenous IEG expression can only be correlated
to performance in recently executed behavioral tasks. Nonetheless, their role in neuronal
plasticity suggests that cells where IEGs were initially expressed are likely to be reactivated
by further stimulation, and that subsequent and repeated reactivation could be decisive

in evoking persistent adaptations in network activity. As a first basis for that argument,

the initial peak of Arc expression in the hippocampus after the exploration of a novel
environment is followed a few hours later by a second wave of Arc induction in a

subset of the originally activated neurons in the absence of any new stimulation (Ramirez-
Amaya et al., 2005). Such reactivation—solely driven by network activity—has been
proposed to reflect the stabilization of recently activated neuronal networks during memory
consolidation, which is corroborated by the fact that Arc is induced by a second exploration
of the same environment in the same neurons that were activated during the first exploration
(Guzowski et al., 1999a; Vazdarjanova et al., 2002). Yet, studies based on the detection of
endogenous IEG expression remain considerably limited in their ability to track the fate of
initially activated cells over longer periods of time to decipher their role at later stages of
memory encoding and retrieval, which would confirm that they truly represent the neuronal
substrates of the corresponding memories. Past and current efforts to establish a causal role
for these populations in memory encoding have benefited from the development of research
tools allowing for both the permanent labeling (tagging) of activated cells to monitor their
reactivation as well as the transient manipulation of their activity during key phases of
learning processes (Denny et al., 2017; Garner & Mayford, 2012; Liu, Ramirez, Redondo, &
Tonegawa, 2014; Ramirez, Tonegawa, & Liu, 2014).

These transgenic approaches mostly used the promoters of Arcor Fosto drive the
expression of artificial tags, which can be either fluorescent reporters to simply visualize
IEG-expressing cells, or optogenetic/chemogenetic constructs to manipulate IEG-expressing
cells’ activity. The key factor has been to render those tags activity-dependent yet stable,

and the persistence of this tagging depends on the system and strategy used. The Arc-GFP
knock-in mouse—in which the Arc promoter drives the transient expression of a destabilized
form of GFP instead of Arc itself—allowed for the visualization of Arc-expressing neuronal
ensembles in different cortical areas during visual information processing (Gao et al., 2010;
Wang et al., 2006) and motor learning (Cao et al., 2015; Gao et al., 2010). While this
method is useful for in vivo real-time visualization and characterization of Arc-inducing
cells, the destabilized GFP does not provide a permanent tagging of activated cells. Studying
those cells over longer periods of time is feasible using the TetTag mouse line, another
genetic model in which the tag expression can last days to weeks (Reijmers & Mayford,
2009; Reijmers, Perkins, Matsuo, & Mayford, 2007). In these mice, the expression of a
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longer-lasting tag in Fos-expressing cells is triggered by doxycycline treatment and can

be used to both track and manipulate cells that were Fos+during the time window of
doxycycline action, which is usually synchronized with a behavior or experience of interest
(Garner et al., 2012; X. Liu et al., 2012; Ramirez et al., 2013, 2015). While this tag persists
over days, it fails to offer an indelible labeling of activated neurons over weeks to months.
A truly permanent tagging of activated cells was made possible via the development of the
Arc-Crel Arc-TRAP and Fos-Crel Fos-TRAP transgenic mice (Guenthner, Miyamichi, Yang,
Heller, & Luo, 2013), as well as the Arc-CreERTZ bacterial artificial chromosome (BAC)
mice (Denny et al., 2014) (Fig. 1). Based on the use of a tamoxifen-inducible CreERT2
recombination system, these mouse lines offer improved temporal control over the tagging
window to achieve specific and permanent labeling of neuronal populations activated during
specific behavioral tasks through recombination of a second Cre-dependent tag-expressing
transgene (Allen et al., 2017; Denny et al., 2014; Wall et al., 2019).

These tools have been utilized to tag neuronal ensembles activated during memory formation
and further track and manipulate their activity at later stages of memory expression,

with most of the focus being on the acquisition and retrieval of contextual fear memory
(Minatohara et al., 2016). Using TetTag mice, (Reijmers et al., 2007) first demonstrated

that an amygdala Fos+ensemble activated during the learning phase of fear conditioning

is reactivated during the retrieval of that fear memory. The level of reactivation correlated
with the freezing fear response, indicating that this reactivated ensemble might represent the
neural trace of the associative memory (Reijmers & Mayford, 2009). To evaluate their causal
role, these activated and reactivated cells were later manipulated by expressing optogenetic
(Channelrhodopsin ChR2, Archaerhodopsin ArchT) or chemogenetic (designer receptors
exclusively activated by designer drugs or DREADDS) tags. In the dentate gyrus (DG), the
optogenetic reactivation of a ChR2-tagged Fos+ensemble recruited during contextual fear
conditioning training was sufficient for the later expression of fear memory (Liu et al.,
2012). Reciprocally, the inactivation of hippocampal CA1 Fos+ensemble activated during
the conditioning session altered the retrieval of conditioned fear memory (Tanaka et al.,
2014). The manipulation of Arc+ ensembles in the DG also controlled fear memory retrieval
(Denny et al., 2014). These seminal studies were fundamental in demonstrating the causal
role of IEG ensembles in several brain regions in memory retrieval and were followed by
many others well reviewed elsewhere (Frankland, Josselyn, & Koéhler, 2019; Liu, Ramirez,
et al., 2014; Tonegawa, Morrissey, & Kitamura, 2018).

Together, this work provides direct evidence for specific reactivation during memory
expression of neuronal ensembles that are initially activated during memory encoding

and that such reactivation is both necessary and sufficient for memory expression. The
sparse neuronal populations that meet these requirements—activated during memory
encoding, reactivated during memory retrieval and both necessary and sufficient for memory
expression—nhave been referred to as memory engram cells, and to date are thought to
represent the neuronal substrate of the memory engram (Denny et al., 2017; Josselyn &
Tonegawa, 2020; Tonegawa, Liu, Ramirez, & Redondo, 2015).
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3.2 Tagging and manipulating neuronal ensembles in addiction

The robustness and persistence of associations formed between contextual information and
the rewarding properties of drugs of abuse is proof of the strength of associative learning
processes at play in the development of addiction (Robbins, Ersche, & Everitt, 2008).

These memories are thought to be driven by a potent and enduring remodeling of reward-
processing brain circuits during and after drug exposure (Lischer & Malenka, 2011). As
mentioned, these persistent adaptations are likely to occur in the sparse neuronal ensembles
first activated during the early stages of addiction and whose later reactivation could account
for the expression of drug-associated memories.

Most efforts towards characterizing neuronal ensembles in addiction have focused on

the causal role of drug-activated Fos+ensembles in behavioral alterations across several
addiction models (Cruz et al., 2015; Whitaker & Hope, 2018). Correlative studies described
above indicate that Fos+ensembles respond to drugs or their associated cues (Cruz et al.,
2015). However, the fact that Fos is induced at both early and late phases of drug-related
paradigms raises the question of whether the same subset of neurons is recruited at different
time points. From data on contextual fear conditioning, one can hypothesize that ensemble
reactivation mediates the consolidation of the drug-associated engram and subsequent
response to the drug itself or contextual cues. The earliest supporting evidence came from

a study that took advantage of AFosB accumulation after chronic cocaine treatment to

infer the past activation of those neurons (Mattson et al., 2008). Through co-labeling for
recently induced Fosand remotely induced AFosB, the authors visualized the two waves

of activation simultaneously and showed that 80% of the neurons recruited by chronic
cocaine exposure (AFosB+) in a locomotor sensitization protocol are reactivated (Fost) in
response to a challenge injection in the cocaine-associated context. The causal role of these
chronically activated Fos+ensembles in drug memory encoding has been assessed using a
transgenic rat line expressing LacZ—coding for B-galactosidase (3-gal)—under the control
of the Fos promoter. In Fos-LacZ transgenic rats, selective inactivation of Fos expressing
neurons can be achieved via the local injection of the prodrug Daun02 that inactivates
R-gal-expressing cells, i.e., Fos+cells (Koya et al., 2009, 2016). In a locomotor sensitization
paradigm, the selective inactivation of NAc Fos+neuronal ensembles activated in a cocaine-
paired context severely impaired the conditioned locomotor response during re-exposure to
the same context. Importantly, the behavioral response was not altered when the authors
inactivated the cells activated by a second environment different from the drug-paired one
(Koya et al., 2009). These findings support the idea that the drug-context associations are
indeed encoded in a sparse and context-specific population of NAc neurons, whose activity
is required for the expression of this associative memory, akin to the way contextual fear
memories have been proposed to be encoded in the hippocampus and amygdala (Josselyn
& Tonegawa, 2020). This scheme was further confirmed in an operant paradigm: selective
inactivation of NAc shell neuronal ensembles activated by context-induced drug-seeking
prevents the subsequent seeking during another re-exposure to the context (Cruz et al.,
2014). Again, inactivation of a non-specific subset of neurons activated in a control

context failed to alter context-induced drug seeking, and so did the inactivation of NAc
core—not shell—ensembles, suggesting that context-induced drug-seeking is mediated by
a context- and subregion-specific ensemble. The same approach was then used to identify
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medial PFC and orbitofrontal cortex (OFC) ensembles involved in heroin seeking following
context (Bossert et al., 2011) or cue (Fanous et al., 2012) re-exposure, and dorsomedial
striatum, central nucleus of amygdala and infralimbic cortex ensembles in the incubation

of methamphetamine craving (Caprioli et al., 2017), alcohol dependence (de Guglielmo et
al., 2016) and alcohol seeking (Pfarr et al., 2015), respectively. It is interesting to note

that, across these studies, the proportion of neurons activated and subsequently manipulated
is very low (5-10%), suggesting that drug memories are encoded in sparse neuronal
populations, a hint at how precise and selective engram allocation mechanisms might be.

3.3 From adrug engram to a drug engram circuit?

Besides the Fos-LacZ mouse, other tools have been occasionally applied to addiction
models. The TetTag mouse was used to analyze the encoding of a cocaine-associated spatial
memory in hippocampal CA1 ensembles (Trouche et al., 2016). Through the optogenetic
silencing of a CA1 Fos+neuronal ensemble associated with a specific environment, the
authors were able to shift the representation of this spatial context to a different hippocampal
ensemble. They recoded the engram representing the cocaine-paired environment and
thereby reversed cocaine-induced CPP (Trouche et al., 2016). A cocaine-context memory
engram was also found in the lateral nucleus of amygdala (LA) through the manipulation
of a CREB-expressing neuronal population (Hsiang et al., 2014). This approach, previously
used to characterize LA neuronal ensembles involved in fear memory (Han et al., 2007,
2009), showed that the artificial overexpression of CREB in a sparse population of LA
neurons during contextual conditioning is sufficient to increase their incorporation into an
engram encoding the drug memory. While this approach does not directly manipulate the
cells activated during encoding of drug memory, it demonstrates that activation of a given
population of neurons during memory encoding is sufficient for it to become incorporated
into the engram and to drive the expression of the corresponding memory.

Given that neuronal ensembles activated by drug exposure appear to emerge in multiple
brain regions, one key question is whether these distributed engram cells are preferentially
interconnected across brain regions. Recent but still limited data seem to support that
statement. First, anatomically connected ventral CA1 (vCA1) and NAc core ensembles were
shown to be concomitantly activated during cocaine CPP training and exhibit preferential
synaptic strengthening with conditioning (Zhou et al., 2019). Second, a retrograde tracing
study found a similar preferential strengthening of synaptic connections between cocaine-
activated neurons from the OFC projecting to cocaine-activated neurons in the dorsal
striatum (Wall et al., 2019). In both cases, the manipulation of the coordinated activity

of engram cells across regions modulated drug-induced behavioral plasticity. This has led to
the proposal that the “cocaine engram” might actually be a “cocaine engram circuit” (Zhou
et al., 2019) with preferential connectivity between engram cells of each region.

The broad distribution of sparse activated networks associated with a specific memory
also suggests the co-existence within brain regions of neuronal ensembles associated with
different experiences. Recently, this was confirmed by the identification of two distinct
PFC ensembles either activated by events of positive (cocaine exposure) or negative (foot
shock) valence, respectively. The cells also differed in their molecular phenotype and long-
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range wiring—with positive valence-encoding and negative valence-encoding PFC cells
preferentially projecting to the NAc and lateral habenula, respectively—confirming that
different experiences can be represented in divergent and specific networks of activated
neurons within a given brain region (Ye et al., 2016). Functionally, the reactivation of these
cocaine- or shock-associated ensembles in a real-time preference assay increased preference
or aversion, respectively (Ye et al., 2016). Similarly, the two different memory traces related
to two successive phases of a given paradigm—acquisition and then extinction of food
(Warren et al., 2016) or cocaine (Warren et al., 2019) self-administration - were shown

to be encoded in distinct non-overlapping neuronal ensembles of the ventral medial PFC.
These distinct ensembles also have different outputs, with the self-administration ensembles
projecting to the NAc Core and the extinction ensembles projecting to the NAc Shell,
putatively reflecting the role of these two ensembles in, respectively, promoting or inhibiting
cocaine-seeking (Warren et al., 2019). These studies (Wall et al., 2019; Warren et al., 2016;
Warren et al., 2019; Ye et al., 2016; Zhou et al., 2019), all based on activity-dependent and
permanent cell tagging methods, emphasize once again the importance of monitoring and
modulating the activity of cells recruited at the early stages of drug exposure, i.e., during
memory encoding. It is of course also true that the manipulation of ensembles associated
with the expression of an already sensitized/learned response has greatly improved our
understanding of the encoding of drug associations. Still, our ability to track and eventually
modulate the fate of the originally activated ensemble remains a critical step in finding and
characterizing a drug memory engram.

4. Cellular and molecular characteristics of neuronal ensembles

Drugs of abuse affect neuronal physiology in part by increasing dopamine neurotransmission
and thereby activating dopamine-evoked signaling cascades throughout the brain reward
circuitry (Di Chiara & Imperato, 1988). The resulting rapid cellular changes, including
activity-dependent transcription of IEGs, are thought to then set the stage for more persistent
adaptations within activity-defined neuronal networks (Nestler & Liischer, 2019). However,
the different time courses of these mechanisms limits our ability to assess whether lasting
changes actually happen as a consequence of the initial activation of a given neuron. The
permanent tagging of IEG expressing cells hence stands as a powerful tool to address

these short-comings, as it offers the possibility to subsequently question the neuronal
properties and causal role of the populations targeted initially. This approach is particularly
relevant in addiction models where the persistence of behavioral alterations is proposed

to depend on the strengthening of neuronal alterations built up since the earliest stages

of drug exposure. Given the possibility that at least part if not a majority of the several
plasticity mechanisms implicated in the pathophysiology of addiction might be restricted to
sparse neuronal ensembles, the cellular and molecular characterization of the ensemble cells
becomes especially critical to reconcile with the decades of evidence for plastic changes
detected in bulk tissue analyses. Efforts toward this goal are twofold: first, the identification
of intrinsic properties shared by neurons from the same ensemble that would reflect their
preferential recruitment based on their cell type or expression of specific molecular markers
and, second, the dissection of acquired properties that would reflect coordinated adaptations
developed in cells as they become part of the drug engram.

Adv Pharmacol. Author manuscript; available in PMC 2022 February 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Salery etal.

Page 14

4.1 Cell type specificity of drug-activated neuronal ensembles

Much evidence regarding the preferential recruitment of specific cell types in drug responses
comes from the cellular mapping of IEGs, which highlight a dramatic dichotomy between
D1- and D2-MSNs of the NAc (Chandra & Lobo, 2017). These two striatal subpopulations,
which have distinct or even opposite effects on drug-related behaviors, also diverge in their
cellular and transcriptional profiles in both basal and drug-exposed conditions (Calipari et
al., 2016; Heiman et al., 2008; Lobo et al., 2010; Lobo, Karsten, Gray, Geschwind, & Yang,
2006; Salery, Trifilieff, Caboche, & Vanhoutte, 2020). Several IEGs, including Fos, FosB,
Egrland Are, are induced in D1-MSNs specifically in response to drugs of abuse (Bertran-
Gonzalez et al., 2008; Chandra et al., 2015; Chandra & Lobo, 2017; Heiman et al., 2008;
Lobo et al., 2013). Consistently, Fos+ensembles activated by acute and chronic cocaine
isolated via fluorescence-activated cell sorting (FACS) were shown to express higher levels
of the D1-MSN marker prodynorphin and lower levels of the D2 receptor itself as well as the
D2-MSN marker AdoraZa (Guez-Barber et al., 2011), indicating a predominant activation of
D1-MSNs. Likewise, all drugs of abuse after chronic exposure induce AFosB protein in D1-
MSNs only, except for opioids which induce it equally in D1- and D2-MSNs (Lobo et al.,
2013). This D1-D2 MSN dichotomy holds for AFosB in operant (i.e., self-administration)
paradigms (Lobo et al., 2013), although less so for Fos: both D1- and D2-MSNs appear to
be recruited in Fos+ensembles in the dorsomedial striatum, NAc shell, ventromedial PFC
and OFC associated with incubation of methamphetamine craving (Caprioli et al., 2017),
context-induced reinstatement of cocaine seeking (Cruz et al., 2014) and heroin seeking
(Bossert et al., 2011) and incubation of heroin craving (Fanous et al., 2012), respectively.

A contribution of both D1- and D2-MSNs to contextually guided drug seeking is consistent
with previous reports of context-specific regulation of Fos expression in D1- and D2-MSNs
(Badiani et al., 1999). Preferential recruitment of D1-MSNs in drug memory encoding and
retrieval was further confirmed in a study showing that Fos+ensembles activated in the NAc
core during both the acquisition and expression of cocaine CPP were mainly composed

of D1-MSNs (Zhou et al., 2019). The D1 engram neurons are preferentially targeted by
afferents from vCA1 cocaine-activated neuronal ensembles, which are thought to provide
contextual information for cocaine CPP memaory (Zhou et al., 2019). This D1-MSN engram
appears critical in integrating and encoding drug-context memory since manipulation of
vCAL ensembles connecting to the D1-MSN engram cells was further shown to mediate

the retrieval of cocaine CPP memory (Zhou et al., 2019). Consistent with the idea of D1-
expressing NAc engram cells encoding drug associations, silencing D1-MSNs suppresses
cocaine CPP, while activation of D1- or D2-MSNs promoted and impaired retrieval of

this memory, respectively (Lobo et al., 2010; Zhou et al., 2019). However, these studies
manipulated D1- and D2-MSNs populations as a whole and did not specifically target the
activated D1- or D2-MSNs ensembles. While much indirect evidence supports the existence
of a predominant D1 engram (Guez-Barber et al., 2011; Zhou et al., 2019), we still lack a
comprehensive understanding of the specific contribution of D1- vs. D2-expressing engram
cells. For instance, a similarly sparse D2-MSNSs population could take part in the encoding
of drug-associated memories through opposite dopamine-dependent regulatory mechanisms,
and could thereby modulate the recruitment of the drug engram by regulating the signal to
noise ratio in these circuits.
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4.2 Synaptic adaptations in drug engram cells

The strengthened connectivity between broadly distributed activated neurons discussed
above is mediated by synaptic adaptations. Upon cocaine CPP, the preferential recruitment
of D1-MSNs is associated with synaptic structural (dendritic spine morphology) and
electrophysiological (AMPA transmission, frequency of synaptic inputs and paired-pulse
ratio) changes restricted to NAc D1-MSN engram cells compared to neighboring D1-

MSN non-engram cells (Zhou et al., 2019). This was associated with a specific synaptic
strengthening of vCA1 inputs onto NAc core D1-MSN engram cells compared to
neighboring D1-MSN non-engram cells which was further shown to mediate the retrieval

of cocaine CPP memory (Zhou et al., 2019). The investigation of similar engram-specific
synaptic changes in cortico-striatal networks revealed a preferential connectivity between
cocaine-activated cortical and striatal neurons which was associated with enhanced

synaptic strength between these co-activated ensembles (Wall et al., 2019). In a cocaine
locomotor sensitization paradigm, chronic cocaine specifically enhanced drug-activated
OFC projections onto coactive dorsal striatal neurons as evidenced by increased AMPA/
NMDA receptor ratios and smaller paired-pulse ratio in activated dorsal striatal neurons
compared to non-activated neurons (Wall et al., 2019). Likewise, the silencing of the
coactivated OFC-to-dorsal striatum network impaired the expression of cocaine locomotor
sensitization. Plastic synaptic alterations were also reported for chronically activated NAc
Fos+ensembles, as they formed more silent synapses—proposed to be the substrates of
drug-induced plasticity (Dong & Nestler, 2014)—than surrounding non-activated ensembles
in animals expressing cocaine locomotor sensitization (Koya et al., 2012). This phenomenon
was only observed in context-dependent cocaine sensitization indicating that it could also be
restricted to neurons involved in the encoding of drug-context associations (Whitaker et al.,
2016).

4.3 Molecular characteristics of drug engram cells

These synaptic adaptations presumably result from drug-evoked molecular and
transcriptional adaptations. Genes involved in synaptic plasticity associated with
glutamatergic transmission (Homerl1, Grin2A, GrinZ2B) are for instance selectively increased
in FACS-isolated Fos+ensembles of the dorsal striatum activated during context-induced
reinstatement of cocaine seeking (Li et al., 2015; Rubio et al., 2015). Glutamatergic
transmission plays an important role in drug-induced cue seeking, and high levels of
glutamate release might expand the neuronal ensembles activated during cue-induced drug-
seeking and precipitate relapse-like responses (Bobadilla et al., 2017). The transcriptional
profiling of FACS-isolated NAc Fos+ensembles also revealed an increase in the expression
of several IEGs including Arc, FosB, and Nr4a3in comparison with non-activated Fos-
neurons (Guez-Barber et al., 2011). Similarly, PFC neuronal ensembles associated with
cue-induced heroin seeking expressed higher levels of Arc, Egr1 and Egr2 (Fanous et al.,
2013). Importantly, the magnitude of the increase compared to control groups was higher
than previously reported in bulk tissue for the same genes in the same behavioral task
(Koya et al., 2006; Kuntz, Patel, Grigson, Freeman, & Vrana, 2008), a strong argument
defending the idea that changes detected in bulk are mostly driven by the changes engaged
in activated cells. This was also demonstrated in methamphetamine-activated dorsostriatal
Fos+ensembles, which exhibited a greater induction of FosB and AFosB than seen for total
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homogenates (Liu, Rubio, et al., 2014). Consistent with its major role in addiction (Lobo et
al., 2010) and in cue-induced cocaine seeking (Graham et al., 2007; Grimm et al., 2003),

the plasticity marker and neurotrophic factor Bdnf along with its receptor TrkB were also
selectively increased in Fos+neurons during the incubation of methamphetamine (Li et al.,
2015). In this same paradigm, the expression of genes encoding several epigenetic enzymes
(e.g., Hdac3, Hdac4, Hdacs, Ehmtl, Dnmt3a, Kdm1a) was also affected, suggesting here
again that various epigenetic mechanisms implicated in drug-induced plasticity at the bulk
tissue level (LaPlant et al., 2010; Maze & Nestler, 2011; Renthal et al., 2008; Walker &
Nestler, 2018) might occur specifically in drug-activated ensembles (Li et al., 2015). While
the exploration of activity-regulated changes can inform cellular adaptations following drug
exposure, recent evidence also suggests the existence of pre-existing molecular markers

that define a neuronal population more likely to be allocated to the encoding of a specific
memory (Ye et al., 2016). For instance, PFC neuronal ensembles encoding a positive valence
experience preferentially expressing Ajpas4 at baseline in comparison with negative valence-
associated ensembles.

Across cell types, the segregation of neuronal populations based on their level of activation
during specific behavioral tasks reveals the existence of complex patterns of gene expression
specifically associated with the recruitment of a given cell in drug-activated neuronal
ensembles. While D1-MSNs seem pivotal in encoding drug-context associations, the
concomitant activation of D1- and D2 MSNs during re-exposure to the drug-paired context
indicates that the definition of the cocaine engram could reside beyond cell type specificity.
The co-induction of multiple IEGs in drug-activated ensembles suggests that they could

be characterized by a transcriptional signature composed of the combination of specific
activity-regulated genes. This hypothesis is corroborated by recent findings showing a
tight correlation between the expression of different IEGs at the level of individual MSN
neurons in the dorsal striatum after acute cocaine (Gonzales, Mukherjee, Ashwal-Fluss,
Loewenstein, & Citri, 2020). The spatial segregation of IEG-expressing clusters was
proposed by the authors to represent “super-ensembles” of neurons characterized by a
coherent and robust expression of a specific set of IEGs. A more comprehensive molecular
characterization of NAc populations after acute cocaine exposure was recently achieved
using single-nucleus RNA sequencing (Savell et al., 2020). This approach identified a
combinatorial cocaine-specific transcriptional program composed of distinct IEGs, and the
coordinated manipulation of this set of genes using large-scale multiplexed CRISPR-dCAS9
potentiated cocaine locomotor sensitization (Savell et al., 2020). The implementation of
transcriptional profiling of activated populations with single-cell resolution thus appears as
a critical step to unmask subtle yet specific transcriptional alterations restricted to sparse
neuronal populations involved in drug memory encoding, as well as intrinsic molecular
markers that could determine a neuron’s allocation to a drug memory engram. Applying
these approaches to chronic drug exposure, in particular, to self-administration and relapse
paradigms, is a high priority for the future.

5. Conclusion

From the study of bulk IEG regulation to the visualization and manipulation of IEG-
expressing cells across several brain regions and learning paradigms, the exploration of
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activity-dependent transcription is a major tool to define behaviorally relevant networks at
the molecular level. The recent finding that cocaine-activated IEG-expressing cells can form
spatially defined clusters whose size is correlated with their level of activation (Gonzales

et al., 2020) suggests that their pattern of induction could reflect complex regulation within
brain regions and circuits during the encoding of specific information. At the single cell
level, the consistent and coordinated induction of an IEG program in cocaine-activated cells
provides an experience-specific transcriptional signature that is sufficient to recapitulate
drug responses (Savell et al., 2020). While these studies confirm the relevance of studying
IEG regulation, they also demonstrate the importance of more comprehensive approaches
beyond focusing on a restricted set of genes to reveal experience-specific molecular
signatures.

The mapping of neuronal ensembles recruited throughout the brain at different stages of
addiction reveals a sparse but broad distribution of activated cells across brain regions. This
suggests that different components of a given experience can be encoded in distinct but
interconnected neuronal ensembles in brain regions involved in the processing of specific
aspects of this experience. Reciprocally, the coexistence within a given brain region of
neuronal ensembles encoding distinct experiences suggests complex patterns of intermingled
ensembles and subtle mechanisms of cellular allocation to an ensemble, which highlights
the importance of coupling permanent tagging of activated cells with wide-range tracing to
achieve an extensive characterization of broadly distributed engrams.

Finally, while the study of neuronal ensembles in the addiction field has been fundamental
for the identification of the small and specific neuronal populations involved in complex
behavioral responses, we still lack a broad description of their cellular and molecular
properties. Most molecular studies focusing on rapid changes in gene expression within
activated ensembles indicate alterations in their transcriptional responses (Cruz et al., 2015;
Koya et al., 2016; Whitaker & Hope, 2018). The exploration of stable molecular alterations
in neuronal ensembles over long periods of withdrawal and relapse would also be extremely
informative in regard to the persistence of addictive behaviors. Improving our ability to
physically isolate neuronal ensembles using sorting techniques (Fig. 1) will facilitate the
implementation of cutting edge epigenomic and transcriptomic techniques to this field and
greatly expand our understanding of the complex transcriptional signature of activated cells
at different stages of addiction.
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AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
Arc activity regulated cytoskeleton associated protein
ArchT archaerhodopsin
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BAC
CAl
Cas9
ChR2
CPP

Cre
CREB
CreERT?
CRISPR
DG
Dnmt3A
Drd1/D1
D1-MSN
Drd2/D2
D2-MSN
DREADD
Egrl
Egr2
Egr3
Ehmtl
FACS
Fos
FosB
GFP
Grin2A
Grin2B
Hdac1
Hdac3

Hdac4
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bacterial artificial chromosome

cornus ammonis subfield 1

CRISPR associated protein 9

channelrhodopsin 2

conditioned place preference

Cre recombinase

CAMP response element-binding protein

Cre recombinase fused to a mutant estrogen ligand-binding domain
clustered regularly interspaced short palindromic repeat

dentate gyrus

DNA methyltransferase 3 Alpha

dopamine receptor D1

dopamine receptor D1-expressing medium spiny neuron

dopamine receptor D2

dopamine receptor D2-expressing medium spiny neuron

designer receptors exclusively activated by designer drugs

early growth response 1

early growth response 2

early growth response 3

euchromatic histone lysine methyltransferase 1
fluorescence-activated cell sorting

FBJ murine osteosarcoma viral oncogene homolog

FBJ murine osteosarcoma viral oncogene homolog B

green fluorescent protein

glutamate lonotropic receptor N-methyl-p-aspartate type subunit 2A
glutamate lonotropic receptor N-methyl-p-aspartate type subunit 2B
histone deacetylase 1

histone deacetylase 3

histone deacetylase 4
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Hdac5 histone deacetylase 5
HomerlA homer scaffold protein 1A
IEGs immediate early genes
JunD JunD proto-oncogene, AP-1 transcription factor subunit
Kdmla Lysine demethylase 1A
LA lateral nucleus of the amygdala
LacZ bacterial beta-galactosidase gene
MRNA messenger ribonucleic acid
MSN medium spiny neuron
NAc nucleus accumbens
NGFI-A nerve growth factor-induced protein A
Npas4 neuronal PAS domain-containing protein 4
Nrdal nuclear receptor subfamily 4 group A member 1
Nr4a3 nuclear receptor subfamily 4 group A member 3
OFC orbitofrontal cortex
PFC prefrontal cortex
TRAP targeted recombination in active populations
vCAl ventral cornus ammonis subfield 1
Zif268 zinc finger protein 268
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Fig. 1.
Permanent tagging of cocaine-activated cells in NAc of Arc-CreERT2 mice. Arc-CreERT?2

mice were crossed with a GFP reporter line to induce stable GFP expression in activated
Arc+ neurons. (A) Schematic representation of the Arc-CreERT?2 strategy applied to
cocaine-activated cell tagging. On the day of tagging (day 0), animals are injected
concomitantly with cocaine and tamoxifen. Cocaine triggers the activation of both the
endogenous and artificially-expressed Arc promoters controlling, respectively, endogenous
Arcand CreER™? transcription. This leads to increased expression of both Arc and CreERT2
proteins in activated Arc+ cells. Upon tamoxifen binding, CreERT? enters the nucleus
where the Cre-dependent removal of a floxed-STOP cassette triggers GFP expression.

The persistent expression of GFP in cells activated initially by cocaine allows for their
visualization at any future time (e.g., 7days). (B—C) On day 0, Arc-CreERT2 mice were
treated concomitantly with tamoxifen + cocaine or tamoxifen + saline as a control. Tissue
was collected on day 7 post-tagging to visualize cells previously activated by cocaine. TAM
= Tamoxifen. (B) Representative confocal images of GFP immunostaining in the NAc at
day 7 post-tagging showing a higher number of activated cells in the cocaine-treated group.
Scalebar = 50um. (C) Fluorescence-activated nuclei sorting (FANS) strategy to isolate GFP+
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nuclei from NAc punches at day 7 post-tagging. Cocaine-treated group shows a larger
population of activated (GFP+) cells in comparison to saline-treated group.
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