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Abstract

Alcohol induces many alterations in the brain that are thought to contribute to alcohol addiction. 

Most of the known alterations are induced in all neurons of a brain area or all neurons of a given 

cell type, regardless of whether they were activated during behavior. While these alterations can 

have important modulatory effects on behavior, they cannot explain why animals respond 

specifically to alcohol-paired cues as opposed to all other non-paired cues, and evoke highly 

specific goal-directed learned responses in models of drug craving. As an alternative, we 

hypothesize another class of alterations that are induced only within sparsely distributed patterns 

of neurons, called neuronal ensembles, that are selectively activated by alcohol-specific cues 

during behavior and encode the long-term memories underlying these learned behaviors in animal 

models of alcohol addiction. Here we review recent studies and techniques used to identify the 

role of neuronal ensembles in animal models of different phases of the alcohol addiction cycle.
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Introduction

Alcoholism is a chronic relapsing disorder characterized by increased overall motivation to 

seek alcohol, characterized by increased alcohol intake, loss of control over alcohol intake, 

and compulsive alcohol seeking and taking. Three major components have been identified in 

the alcohol addiction cycle—binge/intoxication, withdrawal/negative affect, and 

preoccupation/anticipation (craving)—and incorporate the constructs of impulsivity and 

Corresponding author: Dr. Olivier George: Contact: Tel: +1 858 784 9039, Fax: +1 858 784 7405, ogeorge@scripps.edu, Present 
address: Committee on the Neurobiology of Addictive Disorders, The Scripps Research Institute, 10550 North Torrey Pines Road, 
SP30-2400, La Jolla, CA 92037, USA. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Neuropharmacology. Author manuscript; available in PMC 2018 August 01.

Published in final edited form as:
Neuropharmacology. 2017 August 01; 122: 107–114. doi:10.1016/j.neuropharm.2017.04.031.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



compulsivity with varying contributions of positive and negative reinforcement (Dhaher et 

al., 2008; Doremus-Fitzwater et al., 2010; Koob, 2013, 2015; Kwako et al., 2016; Kyzar et 

al., 2016; Leung et al., 2017). Stimulus-Outcome (SO) and Stimulus-Reward (SR) learning 

processes play critical roles in all three of these addiction cycle components. In the case of 

positive reinforcement, cues and contexts associated with alcohol drinking acquire incentive 

salience after repeated association with alcohol drinking (Robinson and Berridge, 2000). 

With further binge/intoxication experience, these cues and contexts can acquire a greater 

degree of incentive salience that may contribute to compulsive alcohol seeking and drinking 

(Flagel et al., 2009). In the case of negative reinforcement, it is the motivational value of the 

negative states of alcohol withdrawal during the withdrawal/negative affect phase that may 

induce craving. This stage then leads to the preoccupation/anticipation phase where craving 

is intensified by the anticipation of access to alcohol resulting in compulsive alcohol seeking 

and drinking (George et al., 2014). While many studies have uncovered a number of 

important neural mechanisms that are altered by alcohol experience, few of them explain 

how specific cues or contexts paired with these stages of the addiction cycle are encoded in 

the brain. In this review, we focus on the hypothesis that neuronal ensembles encode and 

mediate recall of learned associations among the specific cues, contexts and behaviors 

during operant alcohol seeking and drinking.

Cue- or context-dependent reinstatement of alcohol seeking is often used as an animal model 

of alcohol relapse (Le and Shaham, 2002; Martin-Fardon and Weiss, 2013; Rodd et al., 

2004). Re-exposure to cues or contexts after extinction of alcohol drinking produces robust 

reinstatement of alcohol seeking that can be observed during each phase of the alcohol 

addiction cycle (Burattini et al., 2006; Liu and Weiss, 2002; Mantsch et al., 2015; Zironi et 

al., 2006). Brain imaging using immediate early genes as marker of neuronal activity 

indicate that neurons are strongly activated by alcohol-associated cues in the prefrontal 

cortex, amygdala, hippocampus, lateral hypothalamus and nucleus accumbens (Hamlin et 

al., 2009; Hamlin et al., 2007; Marinelli et al., 2007; Millan et al., 2010). Context-induced 

reinstatement of alcohol seeking is prevented by glutamate, dopamine and opioid antagonists 

into these brain areas (Burattini et al., 2006; Chaudhri et al., 2008; Chaudhri et al., 2009a; 

Sinclair et al., 2012). Moreover, use of disconnection procedures, non-selective inactivation 

or receptor antagonists to disrupt normal neurotransmission indicate an important role for 

cortico-subcortical projections (Marchant et al., 2015) in context-induced reinstatement of 

alcohol seeking as well as the prelimbic and infralimbic cortex (Willcocks and McNally, 

2013), basolateral amygdala (Millan et al., 2010; Sinclair et al., 2012), hippocampus 

(Marinelli et al., 2007), thalamus (Hamlin et al., 2009), lateral hypothalamus (Hamlin et al., 

2007), nucleus accumbens (Chaudhri et al., 2008; Chaudhri et al., 2009a). For cue-induced 

reinstatement of alcohol seeking, the nucleus accumbens core subregion appears more 

important than the shell subregion (Chaudhri et al., 2009b). Thus alcohol seeking requires 

activation of neurons in a number of key corticolimbic areas.

Many different neuroadaptations within these neural circuits and neurotransmitter systems 

have been identified and shown to alter cue- and context-induced reinstatement of alcohol 

seeking during the different stages of the addiction cycle (Le and Shaham, 2002; Mantsch et 

al., 2016). However, these neuroadaptations were identified by assessing molecular or 

cellular alterations in whole brain regions or in specific cell types, including 
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electrophysiological alterations of randomly selected neurons, regardless of whether neurons 

were activated during behavior. While these ‘global’ alterations can indirectly modulate 

behavior, they do not have the required resolution to encode and distinguish among the 

different learned associations activated by the highly specific cues and contexts that control 

alcohol seeking and drinking. For example, overall increases or decreases of glutamatergic 

or dopaminergic neurotransmission cannot explain why one specific tone-light combination 

used as the alcohol-paired cue induces reinstatement while another tone-light combination 

used as the unpaired cue does not induce reinstatement. Instead we hypothesize that specific 

‘patterns’ of sparsely distributed neurons, called neuronal ensembles, are selectively 

activated by the specific cues, contexts and rewards during alcohol-related behavior to 

encode these learned associations. Considering there are millions of neurons in a brain area, 

that only 1–5% of these neurons are required to be part of a neuronal ensemble (see below), 

and that different ensembles can use partially overlapping sets of neurons, then there is an 

immense number of possible ensembles to encode all alcohol-related and other learned 

associations. These neuronal ensembles are not defined by region or by cell type -- indeed 

research has shown they are comprised of all cell types found in a given brain area. The only 

defining characteristic of a neuronal ensemble is their selective activation by cues and 

contexts during alcohol seeking and drinking.

Approaches to identifying neuronal ensembles in animal models of alcohol 

addiction

Techniques for examining these ensembles have only recently become available to study 

learned associations, including those in alcohol research (Cruz et al., 2013; Josselyn et al., 

2015; Mayford and Reijmers, 2015; Sorensen et al., 2016; Tonegawa et al., 2015). Nearly all 

of the techniques for identifying recently activated neurons within neuronal ensembles 

depended on activation of the promoter for the immediate early gene (IEG) Fos, although 

other IEG (arc, egr1) promoters have also been used. As described in more detail in (Cruz et 

al., 2014b), strong persistent activation of neurons leads to sufficiently high sustained levels 

of calcium influx that activates the MAP kinase pathway and activation of transcription 

factors (SRF/Elk-1 and CREB) on the promoter of Fos (and other IEGs). Cue and context-

specific information is conveyed by specific patterns of excitatory afferent inputs to 

receiving neurons that integrate the combined activities of these inputs. Only the small 

subset of neurons that receives the strongest and most persistent integrated inputs during 

behavior produce sufficiently high sustained levels of calcium influx to activate the MAP 

kinase pathway and activation of the Fos promoter. We identify these Fos-expressing 

neurons using immunohistochemical labeling for Fos protein or in situ hybridization for Fos 

mRNA and hypothesize that they form a functional unit that we define as Fos-expressing 

ensembles. Less activated neurons that do not express Fos are not part of this type of 

ensemble. In general, only 1–5% of all neurons in a brain area are sufficiently activated 

during behavior to induce expression of Fos mRNA or protein (Cruz et al., 2014a; Cruz et 

al., 2013).

Cue- and context-induced reinstatement of alcohol seeking induces expression of Fos and 

other IEGs as markers of neuronal activity in discrete population of neurons in the prefrontal 
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cortex, amygdala, hippocampus, lateral hypothalamus and nucleus accumbens (Hamlin et 

al., 2009; Hamlin et al., 2007; Marinelli et al., 2007; Millan et al., 2010). In vivo 
electrophysiology studies indicate selective activation of different neurons in the nucleus 

accumbens by alcohol versus water self-administration and by alcohol-related cues (Janak et 

al., 1999; Robinson and Carelli, 2008). While many more activated neurons can be detected 

in using in vivo electrophysiology, it is thought that only a small subset of them are activated 

enough to undergo molecular alterations such as Fos induction. Nevertheless, while in vivo 
electrophysiology and Fos and other IEG markers are useful for identifying these ensembles, 

they provide only correlational evidence for their relevance to alcohol-related behaviors.

To assess causal roles for Fos-expressing ensembles, we developed the Daun02 inactivation 

procedure for selectively manipulating only the Fos-expressing neurons that were strongly 

activated during behavior. Since 2009, a number of methods have been developed for 

selective manipulation of these Fos-expressing ensembles (Cruz et al., 2015; Cruz et al., 

2013; Koya et al., 2009; Koya et al., 2016; Mayford and Reijmers, 2015; Tonegawa et al., 

2015). However, to date, only the Daun02 inactivation procedure with Fos-lacZ transgenic 

rats has been used to assess Fos-expressing ensembles in alcohol research (de Guglielmo et 

al., 2016; Pfarr et al., 2015). Activation of the Fos promoter in the Fos-lacZ transgene 

induces transcription of lacZ sequence that encodes the protein beta-galactosidase (βGal), so 

that endogenous Fos and βGal are transiently induced in the same strongly activated 

neurons(Cruz et al., 2013). When the prodrug Daun02 is injected into the brain area of 

interest 1–4 hours from the behavioral stimulus, βGal catalyzes Daun02 to daunorubicin in 

only the βGal/Fos-expressing neurons. Daunorubicin has two observed effects within these 

neurons: it can induce rapid but transient inactivation of calcium-dependent action potentials 

(Engeln et al., 2014), while slower acting mechanisms induce apoptosis that kills or ablates 

these neurons (Pfarr et al., 2015). Experiments have shown that Daun02 inactivation 

represses reward seeking behavior for food, cocaine or heroin when it ablates Fos-expressing 

ensembles that were previously activated by the context or cues associated with reward 

seeking, but not when Daun02 was used to ablate Fos-expressing neurons that were 

previously activated by context or cues that were not previously paired with the reward 

seeking experience (Bossert et al., 2011; Caprioli et al., 2016; Cruz et al., 2014a; Fanous et 

al., 2012; Funk et al., 2016; Suto et al., 2016; Warren et al., 2016). This is true even when 

more neurons express Fos in an unpaired control condition (exposure to a novel context) 

than in the paired condition, which emphasizes the point that the ‘number’ of Fos-expressing 

neurons is far less important than ‘which’ pattern of neurons (activated by the context and 

cues) is ablated. For more details and control conditions regarding this Daun02 inactivation 

procedure (Cruz et al., 2013; Koya et al., 2009). To date, Daun02 inactivation has been used 

to demonstrate a causal role for Fos-expressing neuronal ensembles in two different alcohol-

related studies described below.
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Fos-expressing neuronal ensembles in infralimbic cortex mediate cue-

induced inhibition of reinstatement of alcohol seeking in alcohol-

dependent rats

Pfarr at el were the first to assess a role for neuronal ensembles in alcohol seeking. They 

used Daun02 inactivation to assess neuronal ensembles in the infralimbic cortex (Pfarr et al., 

2015). Previous studies that globally manipulated whole brain areas suggested that the 

mPFC, and particularly the infralimbic cortex, was critical for the control of alcohol 

drinking. GABAA receptor agonist-induced inhibition of the mPFC decreased alcohol 

seeking (Samson and Chappell, 2001; Willcocks and McNally, 2013). Related non-alcohol 

studies had found that the dorsomedial prefrontal cortex promotes food and drug seeking 

(Calu et al., 2013; Kalivas and McFarland, 2003; McFarland and Kalivas, 2001; Peters et al., 

2009), while the ventromedial prefrontal cortex (including infralimbic cortex) represses food 

and drug seeking (Ishikawa et al., 2008; Peters et al., 2008a; Peters et al., 2008b; Rhodes and 

Killcross, 2007; Rhodes and Killcross, 2004). These latter findings were supported by 

increased IEG expression (as a neural activity marker) in the dorsal medial prefrontal cortex 

after operant learning, and increased IEG expression in the ventromedial prefrontal cortex 

after extinction learning (Hamlin et al., 2008; Marchant et al., 2010; Nic Dhonnchadha et al., 

2012). However, this dichotomy between dorsomedial and ventromedial prefrontal cortex 

does not appear to apply to alcohol seeking. Chronic intermittent exposure to alcohol 

dysregulates glutamate transmission in the cortico–accumbens pathway by decreasing the 

autoreceptor function of metabotropic glutamate receptor 2 (mGluR2) in the infralimbic 

cortex (Meinhardt et al., 2013). Such reduction of mGluR2 function was associated with 

increased glutamatergic transmission and increased cue-induced alcohol seeking in 

dependent rats. Rescuing mGluR2 function in the infralimbic cortex using viral-vectors 

prevented excessive cue-induced alcohol seeking in dependent rats (Meinhardt et al., 2013). 

From these data, one can conclude that the infralimbic cortex promotes cue-induced alcohol 

seeking.

Since alcohol-associated cues also increase the number of Fos-expressing neurons in the 

mPFC, including the infralimbic cortex (Dayas et al., 2007; Meinhardt et al., 2013), Pfarr et 

el hypothesized that activation of Fos-expressing neuronal ensembles in the infralimbic 

cortex should promote alcohol seeking (Pfarr et al., 2015). To test their hypothesis, they used 

the Daun02 inactivation procedure in non-dependent rats to inactivate neuronal ensembles in 

the infralimbic cortex that were recruited by alcohol-associated cues. Fos-lacZ rats 

underwent different stages of training: alcohol self-administration training; discriminative 

stimulus conditioning; extinction training; cue-induced reinstatement test; and stress-

induced reinstatement test. The alcohol self-administration phase used a saccharin fading 

procedure to initially train the rats to lever press on a fixed ratio of 1 for saccharin reward, 

and then gradually the rats were trained to lever press for increasing percentages of alcohol 

reward until they were pressing for the final concentration of 10%. For the discriminative 

stimulus conditioning phase, two stimuli (olfactory cue + visual cue, were used together as 

the discriminative stimulus. Animals then underwent an extinction phase where cues and 

alcohol were not available and responding on the lever did not produce any outcome. Once 

lever responding was sufficiently extinguished, guide cannulae were implanted into the 

George and Hope Page 5

Neuropharmacology. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



infralimbic cortex or the prelimbic cortex. One week later, rats underwent cue-induced 

reinstatement with the discriminative stimulus on ‘induction day’ to reactivate the 

discriminative stimulus-associated neuronal ensemble and Daun02 was injected 

intracranially 90 minutes after the beginning of the reinstatement session to inactivate the 

Fos/βGal-expressing neurons. Rats were then tested 3, 7 and 14 days later for cue-induced 

reinstatement of alcohol seeking.

Daun02 injections in the infralimbic cortex (but not the prelimbic cortex) increased cue-

induced alcohol seeking during subsequent reinstatement sessions 3, 7 and 14 days after 

Daun02 injections. These results indicate that a neuronal ensemble in the infralimbic cortex 

is activated by exposure to the discriminative stimulus and that activation of this neuronal 

ensemble inhibits alcohol seeking in non-dependent rats (Figure 1). The authors performed 

the same experiment using pCAG-lacZ transgenic rats that express βGal in all cells. In 

pCAG-LacZ rats, Daun02 injections into the infralimbic cortex produced apoptosis and 

global inactivation of all neurons this this brain area, but did not affect alcohol seeking.

At first, these findings may appear contradictory to each other and with previous findings 

from the same group (Meinhardt et al., 2013). However, their findings share similarities with 

two recent studies in that used Daun02 inactivation to assess the role of Fos-expressing 

neuronal ensembles in the infralimbic cortex in operant learned reward seeking. Warren et al 

trained rats to press a lever for food, and then extinguished this behavior (Warren et al., 

2016). Fos expression was increased in the infralimbic cortex following reactivation of the 

self-administration memory (without extinction experience), and following reactivation of 

the extinction memory (after 2 days extinction experience). Daun02 injections into 

infralimbic cortex following reactivation of the self-administration memory decreased lever 

responding suggesting the reactivated Fos-expressing ensemble promoted lever responding. 

In contrast Daun02 injections into the same brain area following reactivation of the 

extinction memory increased lever responding suggesting that this reactivated Fos-

expressing ensemble suppresses lever responding. Overall two largely distinct ensembles 

exist with the same brain area and mediate two opposing effects on operant behavior. When 

a baclofen-muscimol cocktail was injected into the infralimbic cortex to globally inactivate 

all neurons in this brain area, it had variable effect on responding after reactivation of the 

self-administration memory, and no effect on responding after reactivation of the extinction 

memory. Put together, specific inactivation of only the Fos-expressing neuronal ensemble in 

the infralimbic cortex significantly altered reactivation of the extinction memory, while 

global inactivation of the same brain area had no effect on the same behavior, which 

parallels the findings in the Pfarr et al 2016 study.

Related findings have also been demonstrated for the ability of positive discriminative 

stimulus (DS+) to increase operant responding for a food reward and a negative 

discriminative stimulus (DS−) for the same food reward (Suto et al., 2016). Both the DS+ 

and the DS− increased Fos expression in the infralimbic cortex. Daun02 inactivation of Fos-

expressing neurons following DS+ exposure blocks the ability of DS+ to increase 

responding without affecting DS− ability to inhibit responding. In contrast, Daun02 

inactivation of Fos-expressing neurons following DS− exposure blocks the ability of DS− to 

decrease responding without affecting DS+ ability to increase responding. Again, two 
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largely distinct ensembles exist with the same brain area (infralimbic cortex) to mediate two 

opposing effects on operant behaviors. In such a condition, global inactivation of the entire 

infralimbic cortex would inactivate both opposing ensembles along with many other 

ensembles that may have other specific effects on operant responding. The effects of 

inactivating all these ensembles can cancel each other out and produce unpredictable effects.

When one considers the results of the Pfarr et al study in this context, they may have 

inactivated a specific Fos-expressing ensemble in the infralimbic cortex that is responsible 

for inhibiting alcohol reward seeking (Pfarr et al., 2015), similar to inactivating the 

extinction-related Fos-expressing ensemble in the Warren et al study (Warren et al., 2016). 

And then global inactivation of the infralimbic cortex with Daun02 injections into the 

pCAG-lacZ rats may have inactivated a number of other ensembles that can either promote 

or repress alcohol seeking with a zero net effect, similar to the zero net effect observed after 

global inactivation with baclofen-muscimol injections in the Warren et al study (Warren et 

al., 2016). We interpret this to mean that the infralimbic cortex, like much of the brain, 

mediates learned cue-specific behaviors by reactivating specific patterns of small numbers of 

neurons, and not by reactivating all neurons in a brain area. Thus to better understand the 

neural mechanisms underlying alcohol seeking, one needs to inactivate or otherwise 

manipulate only the small number of neurons in ensembles that are selectively activated 

during the learned behavior. Unfortunately, global inactivation methods can produce false 

negative effects because inhibition of opposing ensembles cancels each other’s role in 

behavior.

Amygdalar ensemble of withdrawal-induced excessive alcohol drinking

The central nucleus of the amygdala (CeA) has long been hypothesized to be involved in 

alcoholism (Koob and Volkow, 2010). Multiple neuropeptide and neuromodulator systems 

appear to be dysregulated in alcohol dependence and converge on GABAergic circuitry in 

the CeA to produce excessive alcohol drinking and the negative emotional symptoms of 

alcohol abstinence (Gilpin et al., 2015; Kallupi et al., 2014; Leao et al., 2015; Roberto et al., 

2010; Vendruscolo et al., 2015; Weiner and Valenzuela, 2006). However, it was unclear 

whether the CeA as a whole is critical for alcohol dependence or if only a discrete 

population of neurons in the CeA is required for excessive alcohol drinking. Indeed, it was 

reported earlier that a population of Fos-positive neurons was recruited in the CeA during 

abstinence (24h) from alcohol (George et al., 2012), when using the animal model of chronic 

intermittent access to two-bottle choice (Simms et al., 2008). This result suggested that a 

neuronal ensemble in the CeA may be involved in the excessive motivation to seek alcohol 

in rats with a history of alcohol binge drinking.

To test this hypothesis, de Guglielmo et al. used the Daun02 inactivation procedure to 

silence a neuronal ensemble in the CeA that was activated during abstinence from alcohol 

and evaluated the impact of this manipulation on subsequent alcohol drinking and the 

somatic signs of withdrawal in alcohol-dependent rats using two animal models: chronic 

intermittent exposure to alcohol vapor (CIE) and chronic intermittent access to two-bottle 

choice (de Guglielmo et al., 2016). In this study, rats were given chronic intermittent access 

to two-bottle choice (non-dependent rats) or alcohol vapor (dependent rats) until 
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stabilization of escalation of alcohol drinking. Daun02 was infused in the CeA 90 minutes 

before access to alcohol, which corresponds to 22–24 h into abstinence for the non-

dependent rats (two-bottle choice) and 6–8 h into withdrawal for the dependent rats (CIE). 

The hypothesis here is that alcohol drinking in these two models is in part driven by a small 

population of Fos+ neurons in the CeA that is activated during early abstinence and in 

anticipation of the availability of alcohol. A key aspect of these experiments is that the 

neuronal ensemble was not recruited by a specific conditioned stimulus that was paired with 

alcohol drinking and was not activated by alcohol seeking or alcohol drinking, but instead 

was activated by an internal state of emotional withdrawal that spontaneously emerges 

during early abstinence either 24 h (two-bottle choice) or 8 h into abstinence (CIE).

Their results indicated that Daun02 inactivation of the CeA neuronal ensemble during 

abstinence decreased alcohol drinking in both non-dependent and dependent rats. In non-
dependent rats, the decrease in alcohol drinking was transient (1 day) and returned to 

escalated alcohol drinking after an additional period of abstinence, one day after the Daun02 

infusion. This result suggests that while the CeA neuronal ensemble controls escalated 

alcohol drinking in non-dependent rats, inactivation of this neuronal ensemble has only 

minimal impact in the long-term. This result contrast with previous reports that used non-

specific lesions with ibotenic acid to show that global inactivation of the CeA produces a 

robust and long-term decrease in alcohol drinking in non-dependent rats (Moller et al., 

1997). One hypothesis is that, in non-dependent rats, the CeA neuronal ensemble that 

encodes the increased motivation for alcohol seeking during abstinence is not stable yet, and 

that another neuronal ensemble can be activated during the following abstinence period to 

drive escalated alcohol drinking. In the case of the global inactivation with ibotenic acid, no 

other neuronal ensembles are available to be activated at later times of the abstinence period 

to maintain escalated alcohol drinking. In accordance with this hypothesis, the Daun02 

infusion in non-dependent rats decreased the number of Fos-positive neurons 2 h after 

Daun02 infusion, but was unable to completely prevent the recruitment of a CeA neuronal 

ensemble despite two subsequent infusions of Daun02 over the course of 11 days, 

suggesting that a novel neuronal ensemble was recruited during the abstinence period 

following the Daun02 inactivation. Previous reports using global inactivation/activation of 

the CeA using GABAA agonist/antagonist in non-dependent rats have led to much different 

results with global inactivation using muscimol having no effect on alcohol drinking in non-

dependent rats (Roberts et al., 1996), while antagonist of GABAA receptor in the CeA 

decreased alcohol intake (Hyytia and Koob, 1995; Roberts et al., 1996). We interpret these 

results to mean that the CeA mediates abstinence-induced alcohol drinking by reactivating 

specific patterns of small numbers of neurons, and not by reactivating all neurons in the 

CeA, and that multiple and perhaps opposing neuronal ensembles may compete inside the 

CeA to increase or decrease alcohol drinking during abstinence.

In contrast, Daun02 inactivation of the CeA neuronal ensemble in dependent rats produced a 

long-term decrease in alcohol drinking that lasted at least two weeks and completely 

prevented the activation of a CeA neuronal ensemble as measured by the lack of Fos-positive 

neurons in the CeA 11 days after a single Daun02 infusion, despite additional periods of 

alcohol exposure and withdrawal. Moreover, ablation of this CeA neuronal ensemble in 

dependent rats decreased the intensity of somatic signs of withdrawal, suggesting that this 
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CeA neuronal ensemble is not only involved in the motivation to seek alcohol but also in the 

expression of the negative emotional and physical states of withdrawal. Finally, these effects 

cannot be attributed to non-specific effects of Daun02 on operant responding as ablation of 

the CeA neuronal ensemble did not affect water or saccharine self-administration in 

dependent rats. In summary, this study indicates that there is a neuronal ensemble in the CeA 

that is recruited during early abstinence/withdrawal from alcohol, and that the activation of 

this neuronal ensemble is required for the expression of somatic signs of withdrawal and 

compulsive-like alcohol drinking in dependent rats (Figure 1).

The long-term decrease in alcohol drinking observed after Daun02 inactivation of the CeA 

in dependent rats is similar to the long-term effects observed in non-dependent rats after 

ibotenic lesion of the CeA (Moller et al., 1997). However, it is important to note that in the 

case of the Daun02 inactivation only a small percentage ~5% of the neurons are affected by 

the inactivation/cell death while the ibotenic lesion lead to a near complete ablation of the 

CeA which may lead to non-specific and sometimes opposite effects. For instance it has 

been reported that electrolytic lesion of the CeA associate with >80% cell death does not 

affect alcohol drinking in dependent mice using a similar protocol (CIE) (Dhaher et al., 

2008). Taken together, these results suggest that the CeA mediates abstinence-induced 

alcohol drinking through the reactivation of a specific pattern of small numbers of neurons, 

and not by reactivating all neurons in the CeA during abstinence/withdrawal. Thus to better 

understand the neural mechanisms underlying alcohol seeking during abstinence and 

withdrawal, one needs to inactivate or otherwise manipulate only the small number of 

neurons in ensembles that are selectively activated during this phase of the addiction cycle. 

As shown previously with the prefrontal cortex and the CeA here, global inactivation 

methods can produce false negative effects because of cancellation of opposing ensembles 

involved in the behavior.

One overall, but admittedly speculative, hypothesis derived from the de Guglielmo study (de 

Guglielmo et al., 2016) is that the neuronal ensembles encoding the negative emotional 

states of abstinence and excessive alcohol drinking during abstinence may not be fully stable 

in non-dependent rats with limited experience of withdrawal. One set of sparsely distributed 

neurons in the CeA is initially recruited during the first episodes of abstinence, but that 

slightly different but overlapping pattern of neurons are recruited after each period of 

abstinence. During these early episodes of abstinence, the neuronal ensemble is not fully 

stabilized (or consolidated). This would explain why only a transient effect of Daun02 

inactivation was observed in non-dependent rats drinking alcohol, and correspondingly why 

alcohol drinking is still flexible in non-dependent rats (Hopf et al., 2010; Vendruscolo et al., 

2012). On the other hand, as animals become more dependent on alcohol, the CeA neuronal 

ensemble progressively stabilizes a unique final neuronal ensemble that is activated after 

each period of abstinence. Such consolidation of the CeA neuronal ensemble may explain 

the long-term effect of Daun02 inactivation of the CeA in alcohol-dependent rats and the 

inflexible and compulsive-like alcohol drinking observed in alcohol-dependent rats 

(Vendruscolo et al., 2012). A key element in the transition from labile to stable neuronal 

ensemble is the salience of the cues, contexts and emotional states associated with alcohol 

and alcohol withdrawal and the number of pairing between the cue, context or state and the 

behavioral outcome. In accordance, consolidation of the neuronal ensemble may not only 
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occur in dependent rats but can also occur in non-dependent rats as long as the cues, context 

or states are salient enough and repeatedly paired with alcohol. This interpretation may 

explain why Pfarr et al. showed long-term effects of Daun02 inactivation of the infralimbic 

neuronal ensemble on alcohol seeking in non-dependent rats (Pfarr et al., 2015) because rats 

were repeatedly exposed to salient conditioning stimulus (both olfactory and visual) and 

why de Guglielmo et al did not observe long-term effects of Daun02 inactivation of the CeA 

neuronal ensemble on alcohol drinking (de Guglielmo et al., 2016) because the negative 

emotional states of withdrawal are very low in non-dependent rats and therefore may not 

have been sufficiently salient to consolidate an abstinence-related neuronal ensemble. The 

mechanism for this difference in stability is unknown, and indeed the phenomenon needs to 

be replicated with other behaviors. But it will be interesting to see what factors are necessary 

for an ensemble to stabilize (or consolidate) during learning.

Summary and future perspectives for alcohol research

The identification of neuronal ensembles responsible for excessive alcohol drinking and 

relapse after protracted abstinence is still very preliminary in alcohol research. Fos-

expressing neuronal ensembles in the infralimbic cortex mediate the ability of alcohol-

related cues to inhibit alcohol seeking (Pfarr et al., 2015), while Fos-expressing neuronal 

ensembles in the CeA mediate the ability of the abstinence state to escalate alcohol drinking 

(de Guglielmo et al., 2016) (Figure 1). Global inactivation experiments suggest the 

possibility of other ensembles in the infralimbic cortex and the CeA that oppose the 

behavioral effects of the Fos-expressing ensembles examined in the Pfarr et al and de 

Guglielmo et al studies. Indeed, two studies have shown evidence for intermingling Fos-

expressing neuronal ensembles in the infralimbic cortex that mediate opposite effects on 

self-administration of food and saccharin (Suto et al., 2016; Warren et al., 2016). These 

studies indicate that to accurately define the neural mechanisms underlying high-resolution 

learned behaviors involving specific cues and goals, we need to use neuronal manipulations 

that are congruent with neuronal ensemble control of behavior.

This idea also emphasizes the point that to understand the neural mechanisms of learning in 

alcohol models and other forms of learning, we need to focus on molecular and cellular 

alterations induced within the activated neuronal ensembles that are mediating these learned 

alcohol-related behaviors(Cruz et al., 2013). Using FACS sorting and RNAscope, unique 

molecular alterations (including IEG and glutamate receptor gene) induction were shown to 

be induced only in Fos-expressing ensembles and not in the surrounding non-Fos-expressing 

neurons following context- or cue-induced reinstatement of cocaine, heroin or 

methamphamine seeking (and context-specific cocaine sensitization)(Fanous et al., 2013; 

Guez-Barber et al., 2011; Li et al., 2015; Liu et al., 2014; Rubio et al., 2015). Using 

transgenic Fos-GFP mice and rats to identify GFP/Fos-expressing neurons in live slice 

preparations, unique electrophysiological alterations (including silent synapses and AMPA/

NMDA rations) were shown to be induced only in GFP/Fos-expressing ensembles following 

context-specific sensitization of cocaine seeking and yohimbine-induced reinstatement of 

palatable food seeking(Cifani et al., 2012; Koya et al., 2012; Whitaker et al., 2016). Since 

these alterations are induced only in the Fos-expressing neurons that were shown mediate 

these learned behaviors. this suggests they could play a unique role in the development, 
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maintenance and expression of these learned drug-related behaviors. Although these types of 

alterations have not yet been assessed in Fos-expressing neurons in alcohol models, the 

highly replicable data from these other drug models strongly suggest that similar molecular 

and cellular alterations may be induced within Fos-expressing neurons to play important 

roles in mediating learned behaviors in alcohol models.
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Highlights

• Novel approaches to study the neuronal ensembles of alcoholism.

• A neuronal ensemble in the infralimbic cortex prevents relapse in dependent 

rats.

• A neuronal ensemble in the central amygdala promotes drinking in dependent 

rats.

• Remaining questions on the timing and consolidation of ensembles are 

highlighted.

• A hypothesis on how these neuronal ensembles may interact is proposed
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Figure 1. Hypothetical framework
Activation of a small population of neurons in the IL by alcohol-related cues inhibits alcohol 

seeking hypothetically through inhibition of efferents to the Nucleus accumbens (NAC) and 

central nucleus of the amygdala (CeA). Activation of a small population of neurons in the 

CeA during withdrawal promotes alcohol drinking, hypothetically through activation of 

efferents to the bed nucleus of the stria terminalis (BNST), lateral hypothalamus (LH), 

substantia inominata (SI) and parabrachial nucleus (PBN). Blue dots represent non-activated 

neurons while green dots represent neurons activated by external (alcohol-related) and 

internal (withdrawal/abstinence-related) cues. Green arrows represent excitatory pathways 

while red arrows represent inhibitory pathways (possibly disynaptic).
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