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Abstract

Brain circuits that include the cortex and basal ganglia make up the bulk of the forebrain, and 

influence behaviors related to almost all aspects of affective, cognitive and sensorimotor functions. 

The learning of new actions as well as association of existing action repertoires with 

environmental events are key functions of this circuitry. Unfortunately, the cortico-basal ganglia 

circuitry is also the target for all drugs of abuse, including alcohol. This makes the circuitry 

susceptible to the actions of chronic alcohol exposure that impairs circuit function in ways that 

contribute to cognitive dysfunction and drug use disorders. In the present review, we describe the 

connectivity and functions of the associative, limbic and sensorimotor cortico-basal ganglia 

circuits. We then review the effects of acute and chronic alcohol exposure on circuit function. 

Finally, we review studies examining the roles of the different circuits and circuit elements in 

alcohol use and abuse. We attempt to synthesize information from a variety of studies in laboratory 

animals and humans to generate hypotheses about how the three circuits interact with each other 

and with the other brain circuits during exposure to alcohol and during the development of alcohol 

use disorders.

Brief description of cortico-basal ganglia circuitry

Circuits that connect the cerebral cortex to the basal ganglia, and the connections back 

through thalamus to the cortex are a major feature of the mammalian forebrain. Each area of 

allo-, meso-or neocortex projects to a striatal or striatal-like subregion, which then 

communicates to downstream basal ganglia regions that ultimately connect to thalamo-

cortical neurons (Gerfen 1992, Haber and Calzavara 2009). Within the basal ganglia, regions 

including the globus pallidus internal and external segments (GPi and GPe respectively), and 

the substantia nigra reticulata (SNr) process striatal output to provide feedback that 

ultimately influences cortical output. Monoaminergic transmission from midbrain and 

brainstem regions modulates circuit function mainly through actions in the striatal regions, 

but also at other subregions within the circuitry (Molliver 1987, Berridge, Stratford et al. 

1997, Delfs, Zhu et al. 1998, Beier, Steinberg et al. 2015, Lerner, Shilyansky et al. 2015) . 

These networks interface with the large thalamic network via thalamo-striatal projections. 

Correspondence to: David M. Lovinger.

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: 46–55. doi:10.1016/j.neuropharm.2017.03.023.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The overall loop of the cortico-basal ganglia-cortical (C-BG-C) system can be separated into 

numerous subcircuits based on anatomical and functional divisions (Alexander and Crutcher 

1990). The best known among these are circuits in which neocortical structures, 

mesocortical structures (e.g. cingulate and piriform cortices) and allocortical regions (e.g. 

hippocampus and amygdala) project to well-known dorsal and ventral striatal regions, with 

processing/feedback loop networks influencing those cortical regions. However, the C-BG-C 

loop type networks are also maintained within the olfactory system where olfactory bulb and 

cortical inputs converge in the olfactory tubercle. The extended amygdala also has a C-BG-

like network, with the lateral and basolateral amygdala serving as the cortical substrates, and 

the CeA and other downstream structures having features in common with the striatum 

(Swanson and Petrovich 1998). Cross-talk between the different C-BG-C networks also 

occurs at several levels throughout the cortex, BG and midbrain.

Other contributions to this volume will focus on the extended amygdala and prefrontal 

cortex, and thus, we will not cover these aspects of C-BG-C circuits except where needed to 

make key points about their role in the overall circuitry. Instead, our focus will be on the 

three predominant forebrain circuits known as the associative, limbic (aka cognitive) and 

sensorimotor (aka motor) C-BG-C circuits, and the interactions among these circuits (Haber 

2003).

The three C-BG-C circuits on which we will focus share a basic cellular and molecular 

connectivity (Dudman and Gerfen 2015). Cortical regions send glutamatergic projections 

striatum that innervate both GABAergic medium spiny projection neurons (MSNs) and 

striatal interneurons. Specific thalamic subregions also send glutamatergic inputs to the 

MSNs and striatal interneurons. The striatum also receives dense dopaminergic projections 

from the midbrain, and much sparser monoaminergic inputs from other hindbrain regions 

that vary in different striatal subregions (Molliver 1987, Berridge, Stratford et al. 1997, 

Delfs, Zhu et al. 1998). The MSNs then send GABAergic projections to the GPe, GPi and 

SNr. Projections to GPi/SNr comprise the “direct” pathway that activates cortical output, 

while projections targeting the GPe via the “indirect” pathway inhibit cortical output. 

GABAergic projection neurons within the GPe project to the SNr and also form part of a 

reciprocal connection with the subthalamic nucleus (STN) in which the GPe contributes 

GABAergic innervation of STN, while STN sends glutamatergic afferents to GPe. The 

influence of these pathways on cortical function ultimately arises via GABAergic SNr 

projections to thalamus that gate thalamocortical glutamatergic inputs (Figure 1).

The cortical components of the associative circuit consist of areas that process sensory, 

motor and cognitive information at a stage with greater integration than primary sensory or 

motor cortices (Yin and Knowlton 2006). Examples include parts of the temporal and 

posterior parietal cortex, as well as prefrontal cortical regions. These cortical regions project 

predominantly to more medial areas of dorsal striatum (dorsomedial striatum, DMS) in the 

rodent brain (roughly equivalent to the primate caudate nucleus). Several anterior and medial 

and lateral thalamic regions project to DMS, and medial portions of the substantia nigra pars 

compacta (SNc) provide the bulk of dopaminergic innervation of this striatal subregion. The 

DMS MSNs project to the more medial parts of the GPe, GPi and SNr, and the GPe interacts 

with subregions of the STN. Ultimately, this circuit loop influences output from the same 
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associative cortical areas that feed into the DMS (Balleine, Delgado et al. 2007) (Belin, 

Jonkman et al. 2009), although there is potential for cross-talk between circuits at several 

levels, which will be discussed later in this review.

The cortical components of the limbic circuit consist of mesocortical and prefrontal areas, as 

well as the allocortical regions, such as the hippocampal formation and basolateral amygdala 

(BLA) (Gerfen 1992, Yin and Knowlton 2006). These cortical regions project predominantly 

to the nucleus accumbens (NAc) (although the BLA does give rise to an appreciable 

projection to the DMS). The NAc can be further subdivided into the “core” and “shell” 

subregions, and these have been implicated in different aspects of learning and responses to 

substances of abuse as will be discussed. Thalamic projections to the NAc from antero-

medial subregions are also part of the limbic circuitry. The dopaminergic input to the NAc 

comes predominantly from the ventral tegmental area (VTA). The NAc shell subregion also 

receives a more robust noradrenergic input in comparison to DS and the NAc core, and this 

arises from the nucleus of the solitary tract (Berridge, Stratford et al. 1997, Delfs, Zhu et al. 

1998). Some MSNs within the NAc send their projections to the ventral mesencephalon 

(VM), while others innervate the ventral pallidum (VP). While the VM and VP projections 

have a superficial resemblance to the direct and indirect pathways, respectively, recent 

studies indicate that there is considerable mixing of MSN projections to the VP (Kupchik, 

Brown et al. 2015). Thus, the limbic striatal inputs and outputs are different from the dorsal 

striatal counterparts. The output from the limbic BG affects many parts of the limbic system, 

but also has more indirect influence on the associative and sensorimotor circuits. It should 

also be noted that parts of the limbic C-BG-C circuitry loop also include the extended 

amygdala network that will be described in a separate article in this volume. Our focus when 

discussing limbic circuitry will be on actions that differ from the negative affect/negative 

reinforcement functions described in that review.

The final large C-BG-C circuit that we will discuss is the sensorimotor circuit. As the name 

implies, this circuit includes the primary sensory and motor neocortices, along with some 

secondary regions such as supplementary motor areas (e.g. mouse M2 cortex). These 

cortical regions project into the dorsolateral striatum (DLS) in rodents (roughly equivalent to 

the putamen nucleus in primates). Indeed, there are several subcircuits within the 

corticostriatal sensorimotor projections that roughly correspond to different body parts, 

forming a very diffuse “humuncular” representation. No attempt will be made to 

differentiate these subcircuits in the present review. The intralaminar nuclei of the thalamus 

project to DLS, including several regions extending across the anterior-posterior extent of 

the thalamus. The dopaminergic DLS innervation comes mainly from the lateral portions of 

the SNc. The DLS MSNs innervate the lateral GPe, GPi and SNc, but there is also 

considerable overlap with regions receiving DMS input.

Within the dorsal striatum, subcompartments known as the striosome (or patch) and matrix 

participate in somewhat segregated C-BG-C circuits. These striatal subregions are 

characterized by different levels of a variety of neuronal proteins (e.g. higher expression of 

mu opiate receptors in striosome relative to matrix). Projections from cortex and other brain 

regions also selectively innervate striosomes vs. matrix (Kincaid and Wilson 1996, 

Crittenden and Graybiel 2011, Smith, Klug et al. 2016). This sub-compartmentalization runs 
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parallel to the circuitry already discussed, at least at the corticostriatal level. However, the 

functions of patch and matrix subcompartments are still being sorted out, especially in 

relation to actions of drugs of abuse, and thus we will not have too much to say in this 

review about differential roles of these regions.

Circuitry roles in behavior, with emphasis on action control and abused 

substances

The C-BG-C circuitry influences a wide variety of behaviors. Most notable among these 

behaviors is movement, as evidenced by the severe movement impairments in neurological 

disorders involving the BG (e.g. Huntington’s and Parkinson’s diseases). The role the BG in 

movement has been strongly debated, with ideas including control of movement initiation 

and cessation, control of movement velocity and/or acceleration, movement sequencing, and 

generation of diverse movements (Kim, Barter et al. 2014, Jin and Costa 2015, Rueda-

Orozco and Robbe 2015). All of these ideas have relatively strong experimental support, and 

thus it is possible that BG has diverse roles in movement control, or that there is a unifying 

role that is not easily fit into our heuristic categories. The hypotheses about diverse roles 

may also reflect variability in the BG subcircuit examined. Now that new approaches allow 

for more easily identification of different subcircuits, we can expect that, some of the issues 

will be clarified. Another important function of the BG is in the control of reward and 

reinforcement-based learning. This function overlaps to some extent with its role in 

movement control, as most learning and memory assays depend on performance of a 

particular set of movements. The NAc and downstream regions are implicated in responses 

to both rewarding and aversive stimuli, as well as in Pavlovian learning that involves 

conditioning stimuli to both appetitive and aversive unconditioned stimuli. These are brain 

areas high involved during the early stages of reward motivated learning and the response to 

substance of abuse. A NAc core and shell regions can be identified based on the inputs, 

projections patterns and immunochemistry markers, such as differential distribution of the 

calcium binding protein Calbindin D, as seen in rodents and humans (Groenewegen, Wright 

et al. 1999) (Voorn, Brady et al. 1994). The NAc core has multiple resembles with the 

dorsomedial striatum while the shell has more diverse features and can be further segregated 

into subregions (dorsomedial, intermediate, and ventrolateral) based on differences in gross 

projection patterns (Heimer, Alheid et al. 1997, Usuda, Tanaka et al. 1998) and 

immunoreactivity to peptides/neurotransmitters (Heimer, Alheid et al. 1997, Zahm 1998). 

These shell subregions appear to mediate different aspects of the response to drugs of abuse 

(Ikemoto 2007) and dopamine and reward seeking behavior (Fabbricatore, Ghitza et al. 

2009, Reed, Hildebrand et al. 2015). Thus, through connections with limbic circuitry, 

including the extended amygdala, the ventral portions of the BG also integrate affective 

information with movement control.

Also, the C-BG-C circuitry appears to be involved in the cognitive aspect of this learning. 

Dopaminergic innervation of striatum has long been at the center of investigations of the BG 

role in reward motivated learning, reinforcement and memory. Indeed, there is ample 

evidence that activity of dopaminergic neurons is related to reward, and dopamine roles in 

reward and reinforcement-based learning have been studied extensively (Steinberg, Keiflin 
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et al. 2013, Keiflin and Janak 2015). The different models will not be discussed extensively 

at present, but some aspects of the dopamine roles will be covered.

One overarching view of the C-BG-C circuits is that they form a sophisticated brain network 

for action control (Jin and Costa 2015, O'Doherty 2016). This idea encompasses all facets of 

action learning, including the association of unconditioned actions with new environmental 

events, the learning of new actions under the control of the internal and external context 

combined with outcomes produced by these actions, the cognitive components of action 

planning and selection, and many aspects of the performance of the actions themselves. By 

integrating information from a vast array of forebrain, midbrain and hindbrain sources, the 

mammalian C-BG-C circuits allow organisms to modify and extend their behavior repertoire 

to maximize the likelihood of survival and reproduction. Unfortunately, drugs of abuse and 

certain predispositions to excessive drug use can divert these circuits to behaviors that are 

maladaptive with respect to the normal goals of the organism. We will consider in-depth how 

ethanol interacts with C-BG-C circuits to produce these unfortunate consequences.

All these functions of the C-BG-C circuit are impacted by drugs of abuse and help to shape 

responses to these drugs. The majority of abused substances have “rewarding” properties, 

and some of these drugs, including ethanol, can be perceived as rewarding or aversive 

depending on factors such as context and dose. Drugs of abuse also produce reinforcement 

learning, fostering instrumentally-conditioned habitual actions including those related to the 

drugs themselves. Cognitive processes are also impaired by drugs of abuse, with ethanol 

having well known actions on judgement and memory (Sullivan, Harris et al. 2010) . Drugs 

of abuse have demonstrable effects on action production, timing and duration that involve 

the C-BG-C circuits. In subsequent sections of this review we will discuss the neural 

substrates of these ethanol effects, both acute and chronic, and how they set the stage for 

aberrant C-BG-C circuit function that drives ethanol seeking/taking and alcohol use 

disorders.

Ethanol effects on Associative and Sensory motor circuits

Ethanol produces its acute actions through low-affinity interactions with a variety of 

molecular targets (Howard, Slesinger et al. 2011, Lovinger and Roberto 2013). In the brain, 

concentrations ranging from 5–100 mM produce intoxication, increased sedation and 

ultimately coma and death. While there are many neuronal molecules and functions that are 

relatively unchanged by ethanol even at the high end of this concentration range, the drug 

still lacks the molecular specificity exhibited by other drugs of abuse (e.g. heroin), with no 

single molecule accounting for all acute actions of the drug. To understand the initial effects 

of ethanol on a given circuit it is important to determine what molecular and cellular targets 

are sensitive to ethanol in the neurons and synapses that make up that circuit. Information 

regarding alcohol effects on one circuit or brain region will not necessarily explain the 

alcohol effects on another circuit, given the diverse molecular composition of neuronal 

subtypes in different brain regions. Within the C-BG-C circuits this is a daunting task, given 

the large number of neuronal subtypes within the each subregion. Still, a great deal of 

progress has been made over the last few decades in understanding these ethanol actions and 

especially within the last few years, the pace of understanding has increased exponentially.

Lovinger and Alvarez 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



Ethanol increases the firing rate of dopaminergic neurons, especially the “tonic” firing 

exhibited by these continuously-active neurons (Mereu, Fadda et al. 1984, Gessa, Muntoni et 

al. 1985). This effect is best known to occur in the limbic VTA, but in fact ethanol also 

enhances firing of SNc dopaminergic neurons. The molecular targets of ethanol that produce 

this effect are still not fully characterized (Melis, Diana et al. 2009, Morikawa and Morrisett 

2010). It does seem clear that this increase in firing underlies the increase in extracellular 

dopamine observed in the striatum (including dorsal striatum) following ethanol exposure in 
vivo (Yim, Schallert et al. 1998, Gonzales, Job et al. 2004). Ethanol-induced increases in DA 

and activation of dopamine receptors have been postulated to contribute to the rewarding 

effects of the drug, as well as locomotor activation and sensitization produced by ethanol at 

some doses in some mammalian species (Milton, Randall et al. 1995, Shen, Crabbe et al. 

1995, Gonzales, Job et al. 2004, Abrahao, Quadros et al. 2012). However, increased DA 

could also contribute to the reinforcing effects of ethanol that drive habitual drug seeking 

and taking (Corbit, Nie et al. 2014). Within the SNc and dorsal striatum there is still much to 

be understood about the role of ethanol-stimulated DA levels, including the roles in 

subsequent abuse, and if there is any subregional heterogeneity in this ethanol actions.

Acute ethanol exposure inhibits DA release from terminals in the dorsal striatum, as 

observed in brain slice preparations (Budygin, Mathews et al. 2005), and in vivo (Wang, 

Palmer et al. 1997). This effect is generally observed only at relatively high ethanol 

concentrations, and thus it is not clear how relevant the effect is for acute intoxication. 

However, this mechanism may gain in significance during prolonged exposure to high 

ethanol concentrations, such those that occur during chronic alcohol abuse.

Repeated exposure to ethanol (often accompanied by several withdrawal/forced abstinence 

periods) alters several aspects of dopaminergic function in SNc and dorsal striatum 

(Rothblat, Rubin et al. 2001). It should be noted, however, that most of the studies 

examining these effects did not differentiate between different dorsal striatal subregions. 

Tissue levels of DA and DA metabolites are decreased in dorsal striatum, cortex and SN 

following chronic alcohol administration (Fadda, Argiolas et al. 1980, Kaneyuki, Morimasa 

et al. 1991), and a similar effect has also been observed following ethanol injections (Fadda, 

Mosca et al. 1989). Stimulated release of DA in DS is also reduced following chronic 

ethanol exposure in adolescent rat (Palm and Nylander 2014), and following drinking in 

adult monkeys (Siciliano, Calipari et al. 2015), and mixed effects have been seen in other 

assays of release (Hunt, Majchrowicz et al. 1979). Increased inhibition of DA release by 

kappa opiate receptors was also observed in monkey caudate following chronic ethanol 

drinking (Siciliano, Calipari et al. 2015). Increases in ligand binding to dopamine 

transporters and increased DA uptake in DS have also been reported following alcohol 

exposure or consumption (Jiao, Pare et al. 2006, Budygin, Oleson et al. 2007). Co-release of 

GABA from dopamine neuron projections to the dorsal striatum (Tritsch, Ding et al. 2012) 

was found to be depressed by acute ethanol concentrations seen during binge drinking (~30 

mM) and deletion of the enzyme aldehyde dehydrogenase selectively in dopamine neurons 

where it is thought to mediate GABA synthesis caused an increase in ethanol drinking in 

mice (Kim, Ganesan et al. 2015).
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D2 receptor binding was decreased following ethanol exposure or intake and withdrawal in 

rat, and this effect appeared to be larger in DS compared to NAc (Muller, Britton et al. 1980, 

Rommelspacher, Raeder et al. 1992). However, other studies found no change or increases in 

D2 receptor binding, and/or changes in D1 receptor binding following ethanol intake 

(Pellegrino and Druse 1992, De Montis, Gambarana et al. 1993, Lograno, Matteo et al. 

1993, Kim, Lee et al. 1997, Souza-Formigoni, De Lucca et al. 1999). These differences 

could be due to numerous factors, including dose and duration of ethanol intake, timing of 

the assay relative to drinking/withdrawal, and which striatal subregion was examined. 

Altered D2 receptor occupancy has also been reported in humans with alcohol use disorders, 

with decreased receptor availability and negative correlation with craving being the most 

common findings (Ebert, Klein et al. 2002, Volkow, Wang et al. 2002, Heinz, Siessmeier et 

al. 2004, Heinz, Siessmeier et al. 2005, Watanabe, Kato et al. 2008, Rominger, Cumming et 

al. 2012). Stimulation of cAMP levels by D1 agonist is enhanced in DS slices, but not NAc, 

in ethanol-drinking rats (Nestby, Vanderschuren et al. 1999).

Within the dorsomedial (associative) and dorsolateral (sensorimotor) striatum effects of 

acute ethanol exposure on both glutamatergic and GABAergic synaptic transmission have 

been characterized within the last decade. It has long been known that ethanol acutely 

inhibits the function of NMDA-type ionotropic glutamate receptors (Hoffman, Rabe et al. 

1989, Lovinger, White et al. 1989) (Woodward and Gonzales 1990), and this inhibition is 

also observed at synapses in the dorsal striatum (Yin, Park et al. 2007) (Wang, Lanfranco et 

al. 2010). This inhibitory action likely contributes to a decreased ability to induce long-term 

potentiation (LTP) of glutamatergic synapses in striatum (Yin, Park et al. 2007). As LTD is 

thought to contribute to learning and memory, suppression of NMDAR function likely 

underlies cognitive deficits associated with acute intoxication. Within the dorsomedial 

striatum, the inhibition observed in the presence of ethanol gives way to facilitation of 

NMDAR-mediated transmission upon cessation of a single exposure to acute ethanol (Wang, 

Carnicella et al. 2007). This rebound long-term facilitation (LTF) seems to set the stage for 

gradual induction of LTP at glutamatergic striatal synapses (Wang, Ben Hamida et al. 2012). 

Acute ethanol has opposite effects on GABAergic transmission in the DLS and DMS, where 

ethanol decreases and increases the frequency of unitary GABA synaptic responses, 

respectively. Repeated cycles of ethanol drinking diminished the acute effects of ethanol on 

GABA and decrease transmission in the CLS compared to naïve mice, suggesting occlusion 

of the acute ethanol effects (Wilcox, Cuzon Carlson et al. 2014). The net result of all these 

processes after multiple periods of ethanol exposure and withdrawal will be enhanced 

glutamatergic synaptic drive and decreased inhibition onto MSNs in the dorsomedial 

striatum that appears to contribute to the learning of goal-directed ethanol self-

administration and escalated drinking (Wang, Cheng et al. 2015).

Neurons within the GPe are inhibited during acute ethanol exposure (Criswell, Simson et al. 

1995, Abrahao, Chancey et al. 2016). A recent study has described ethanol inhibition of the 

activity of a subset of neurons in the GPe. This inhibitory effect is observed at ethanol 

concentrations associated with mild intoxication (e.g. 10 mM). The ethanol sensitive GPe 

neurons exhibit firing rates in the low frequency range, and are characterized by the 

expression of the transcription factors NPAS1 and Lhx6 (Abrahao, Chancey et al. 2016). The 

mechanism underlying this inhibitory ethanol action appears to be potentiation of the 
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function of large-conductance (BK) potassium channels, a well-known target for acute 

ethanol actions (Dopico, Bukiya et al. 2014). In vivo, ethanol administration also inhibited 

firing in neurons with low baseline firing rates in the GPe of awake, freely-moving mice 

(Abrahao, Chancey et al. 2016). Interestingly, GPe neurons that project back to striatum (the 

“arkypallidal” neurons) appear to be among those inhibited by ethanol. Thus, ethanol can 

mediate disinhibition of striatum via suppression of the inhibitory arkypallidal input to the 

striatum, in addition to ethanol effects on intrastriatal synaptic connections.

Acute ethanol exposure also has effects on glial cells in the dorsal striatum (Adermark and 

Bowers 2016). Adermark and coworkers (2006) found that the input resistance and 

capacitance measured in striatal astrocytes was reduced during exposure to concentrations of 

ethanol associated with intoxication (Adermark and Lovinger 2006). This effect may involve 

inhibition of potassium channels and/or gap junctions, with the net effect of uncoupling the 

large astrocytic network normally seen in striatum. Ethanol also alters expression of 

neurotransmitter transporters in glia, with implications for glutamatergic transmission in 

striatum (Wu, Lee et al. 2010). The ethanol effects on astrocytes may also contribute to 

alterations in the extracellular levels of taurine and dopamine (Ericson, Chau et al. 2011). 

More work is needed to determine how ethanol effects on astroglia contribute to acute 

ethanol actions on striatal circuitry and behavior, as reviewed by Ruby et al. (Ruby, Adams 

et al. 2010).

Ethanol also alters another major form of synaptic plasticity in the dorsal striatum, namely 

long-term synaptic depression (LTD) (Xia, Li et al. 2006, Adermark, Talani et al. 2009, 

Adermark, Jonsson et al. 2011, DePoy, Daut et al. 2013). The mechanism of LTD induction 

and expression in DS involves a retrograde trans-synaptic mechanism driven by 

neuromodulators known as endocannabinoids (eCBs). The eCBs are lipid metabolites that 

are ubiquitous in the brain and body. Within the brain the eCBs primarily activate the 

cannabinoid 1 (CB1) subtype of G protein-coupled receptor (GPCR), the major molecular 

target of delta-9-tetrahydrocannabinol which is the predominant psychoactive ingredient in 

drugs derived from Cannabis sativa (e.g. marijuana, hashish, spice). This receptor is found 

predominantly on presynaptic axon terminals where it suppresses neurotransmitter release. 

Within the striatum, eCBs participate in LTD at both GABAergic and glutamatergic 

synapses (Calabresi, Maj et al. 1992, Gerdeman, Ronesi et al. 2002, Adermark, Talani et al. 

2009, Mathur, Capik et al. 2011). The glutamatergic synapses that express LTD are made by 

afferents from the cortex, as these inputs, but not thalamic inputs, contain CB1 receptors 

(Wu, Kim et al. 2015). Acute ethanol exposure appears to enhance this form of LTD while 

inhibiting LTP in the DMS (Yin, Park et al. 2007). Chronic exposure to ethanol prevents the 

induction of this LTD in the DLS when examined in an ex vivo brain slice preparation (Xia, 

Li et al. 2006, Adermark, Talani et al. 2009, DePoy, Daut et al. 2013). This loss of LTD is 

observed with both passive ethanol exposure and after voluntary ethanol consumption in rat 

and mouse. It is not yet clear if the loss of LTD is due to a general impairment of CB1 

signaling, occlusion of LTD by presynaptic depression induced by the in vivo ethanol 

exposure, or interference with some other signaling event involved in LTD induction. The 

inhibitory effect of a CB1 agonist is lost following chronic ethanol consumption (Adermark 

et al., 2011), indicating that CB1 activity or a downstream mechanism is impaired. A few 
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days abstinence following chronic ethanol exposure appears to be sufficient to restore eCB-

LTD at striatal glutamatergic synapses (Xia, Li et al. 2006).

The eCB-LTD observed at glutamatergic synapses in DLS is also impaired following 

chronic ethanol consumption (Adermark, Jonsson et al. 2011). This may involve a change in 

GABAergic tone at DLS synapses, but also appears to involve loss of CB1 agonist effects. It 

will be interesting to determine if the mechanisms of LTD loss at glutamatergic and 

GABAergic synapses are overlapping. It will also be important to learn if LTD at one or the 

other type of synapse is more sensitive to the effects of ethanol, as this will determine how 

the balance of striatal output is affected following chronic exposure.

Recent studies indicate that eCB-CB1 signaling is not the only system that can initiate 

presynaptic LTD at striatal synapses. Indeed, presynaptically-expressed LTD can be induced 

by activation of serotonin, opiate, and group II metabotropic glutamate receptors, among 

those that have been examined to date (Kahn, Alonso et al. 2001, Mathur, Capik et al. 2011, 

Atwood, Lovinger et al. 2014). Some of these LTD forms show mutual occlusion with eCB-

LTD, indicating that they probably occur at the same synapses, and involve similar 

downstream signaling mechanisms (Atwood, Lovinger et al. 2014). It will be interesting to 

determine how chronic EtOH exposure affects these other presynaptic forms of LTD, and if 

similar mechanisms underlie these effects.

Ethanol effects on Limbic circuits

The mesopallidal, mesoaccumbens, and nigrostriatal dopamine systems are very responsive 

to acute ethanol administration (Budygin, Phillips et al. 2001, Robinson, Volz et al. 2005, 

Robinson, Howard et al. 2009), more sensitive than the nigropallidal dopamine system. 

Indeed, the brain regions with greatest increases in ethanol-induced dopamine release are the 

VP, NAc, and DS, but not the GP (Melendez, Rodd-Henricks et al. 2003). As described in 

the previous section of this review, ethanol acts acutely on multiple targets within the 

VTA/SN to increase the firing of dopamine neurons. The dopaminergic neurotransmission in 

ventral and dorsal striatum differentially modulates the behavioral response to ethanol and 

mediate different aspects of its reinforcing properties (see below) but there is also evidence 

that they act in concert to mediate the different responses to ethanol.

Pretreatment with ethanol was shown to further enhance the dopamine levels in the NAc 

shell in response to a challenge dose of ethanol in the posterior VTA, indicating that VTA 

neurons sensitize to this acute effect of ethanol causing larger ethanol-induced dopamine 

release in the shell (Ding, Rodd et al. 2009). At the same time, a recent report shows blunted 

dopamine levels after chronic ethanol exposure, an effect mediated by kappa opioid 

receptors (Karkhanis, Huggins et al. 2016). Stress also can change the acute ethanol 

response in the VTA from inhibition in naïve animals to excitation of GABA neurons in the 

VTA of animals pre-expose to stress. As consequences of this switch, dopamine neuron 

firing is decreased and the ethanol-induced dopamine signals in the NAc is blunted by stress 

pre-exposure (Ostroumov, Thomas et al. 2016). It is possible that this effects of stress can 

explain, at least partially, the discrepancy on the sensitized or blunted dopamine levels in 

response to acute ethanol after chronic exposure. (Valenta, Job et al. 2013)
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Several lines of evidence indicate that ethanol interferes with endogenous opioid 

mechanisms which are closely linked with dopamine transmission in the mesolimbic 

pathway (Herz 1997). Acute ethanol administration induced a transient decrease in pro-enk 

mRNA expression in the VTA and a prolonged increase in the NAc core and shell regions 

that peaked 2 h after ethanol exposure (Mendez and Morales-Mulia 2006, Chang, Barson et 

al. 2010). Local administration of opioid receptor antagonist naloxone in the NAc, but not 

the VTA (Valenta, Job et al. 2013), reduced ethanol intake (Barson, Carr et al. 2009). Using 

displacement of radiolabeled μ opioid receptor agonist before and immediately after ethanol 

consumption in humans, ethanol drinking was shown to induce opioid release in the NAc 

and orbitofrontal cortex (Mitchell, O'Neil et al. 2012). Further, local administration of opioid 

receptor antagonist in the anterior cingulate cortex disrupted expression of an ethanol-

induced conditioned place preference (Gremel, Young et al. 2011).

Ethanol, acutely and chronically, affects synaptic transmission and plasticity in the NAc. 

Chronic intermittent ethanol enhances glutamatergic transmission onto a subtype of MSNs, 

D1-receptor expressing MSNs selectively and it was not seen in D1-receptor negative MSNs 

in the NAc (Renteria, Maier et al. 2017). Chronic ethanol also impairs long-term depression 

(LTD) in D1-receptor expressing MSNs in the NAc (Renteria, Jeanes et al. 2014, Renteria, 

Maier et al. 2017). Activation of NMDA-type glutamate receptors in the NAc core, medial 

prefrontal (mPFC) and insula is necessary for aversion-resistant alcohol consumption in rats. 

Further, aversion-resistant intake was associated with expression in the NAc core of a new 

type of NMDA receptor containing the Grin2C (or NR2C) subunit that lacks the Mg2+ block 

and remains active at hyperpolarizing potentials (Seif, Chang et al. 2013).

Ethanol actions on GABA transmission in the NAc shell are thought to contribute to 

reinforcing effects of oral alcohol intake. More specifically, knockdown of γ-subunit of 

GABA-A receptors in the medial but not lateral shell, reduced alcohol intake (Nie, Rewal et 

al. 2011). Also, the alpha4 subunit of the ionotropic GABA receptors is also thought to play 

a role in ethanol reinforcement (Rewal, Donahue et al. 2012).

Abstinence after prolonged access to ethanol increased the firing of NAc core neurons by 

reducing small-conductance calcium-activated potassium channel (SK) currents and 

decreased SK3 but not SK2 subunit protein expression (Hopf, Bowers et al. 2010). Thus SK 

channels have been proposed as a novel target for treating alcohol use disorders (Hopf, Seif 

et al. 2011).

Ethanol actions on many components of the extended amygdala circuitry are now well 

documented (McCool 2011, Kash 2012, Wills, Klug et al. 2012, Gilpin, Herman et al. 2015). 

This system has clear roles in the anxiolytic effects of acute alcohol, and the anxiogenic 

effects of abstinence/withdrawal following chronic exposure (Koob 2004). Indeed, there is 

strong evidence that the buildup of allostatic changes in extended amygdala and the 

contribution of this circuitry to negative consequences of withdrawal contributes to relapse 

to drinking (Koob 2014). A recent study showed that varenicline, a partial agonist for 

nicotinic receptor widely used to treat nicotine addiction and being tested for the treatment 

of alcohol dependence, disrupt amygdala response to fearful faces in heavy drinkers (Gowin, 

Vatsalya et al. 2016).
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What is less well understood is how this circuitry may interact with the C-BG-C circuits to 

alter goal-directed and habitual alcohol seeking and taking. There are several circuit 

interaction points at which this could occur. For example, the BLA projects to both the NAc 

and DMS, providing avenues for direct communication between extended amygdala and 

both the associative and limbic circuits. Indeed, there is evidence that BLA provides 

important information about positive and negative outcomes that helps to guide goal directed 

behavior (Hart, Leung et al. 2014) (Maren 2003). It is likely that ethanol effects on BLA 

neuronal function will impact communication to both striatal subregions, thereby 

influencing how outcomes control behavior. For example, ethanol-induced alterations in 

synaptic inhibition within BLA (Silberman, Bajo et al. 2009) (Talani and Lovinger 2015) 

could reduce transmission of goal-related information to DMS and NAc, thus weakening 

their control of behavior and by default strengthening the influence of the sensorimotor 

circuit. Indeed, Packard and coworkers have shown that manipulation of BLA function alters 

the extent to which DLS controls behavior (Packard and Gabriele 2009). Exploration of 

specific projections from BLA to different components associative and limbic circuit will be 

necessary to understand how the negative symptoms associated with ethanol withdrawal 

alter instrumental ethanol seeking and taking.

The central amygdala (CeA) and BNST are also key components of the extended amygdala 

circuitry that are affected by ethanol exposure and influence drinking, withdrawal and 

relapse. These forebrain regions can influence the function of the three C-BG-C circuits 

through projections to the midbrain. The BNST and CeA project to both the VTA and SNc, 

providing GABAergic and glutamatergic inputs that can directly or indirectly influence the 

dopaminergic connections with key roles in reward- and reinforcement-based learning 

(Watabe-Uchida, Zhu et al. 2012, Jennings, Sparta et al. 2013). Newly-discovered 

monosynaptic GABAergic projections from the BNST to the DS (Smith et al., 2016) may 

also provide another source of integration between the extended amygdala and associative 

basal ganglia that could mediate stress effects on operant and ethanol-related behaviors. As 

yet, there is little evidence as to whether and how these projections influence the functions 

of the C-BG-C circuits, let alone how ethanol alters these influences, and this is a research 

area that is primed for exploration.

The actions of acute and chronic ethanol exposure on hippocampal physiology are well 

characterized. In general, the focus has been on how these actions influence hippocampal-

based learning and memory (e.g. spatial learning) (Matthews and Silvers 2004). The 

hippocampus also contributes to context-dependent reinstatement of cocaine use (Ramirez, 

Bell et al. 2009, Lasseter, Xie et al. 2010), but it is unclear if it has a similar role with respect 

to ethanol reinstatement. The ventral hippocampus is implicated in the processing of 

emotional information, and it is this region that projects most heavily to the NAc as part of 

the limbic circuit (Dudman and Gerfen 2015). The input from the hippocampus to the limbic 

circuit can help to integrate spatial and emotional information with reward processing and 

pavlovian learning processes (Robbins, Ersche et al. 2008). There is a greater need to 

integrate the studies of ethanol actions in hippocampus within the larger context of limbic 

circuit function, perhaps through examination of connections with other regions in the 

circuit.
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Roles of Limbic circuit in alcohol seeking taking

Core and shell regions of the NAc play different roles in mediating the reinforcing effects of 

ethanol as well as ethanol seeking behavior. Once operant ethanol consumption is 

established, ethanol seeking triggered by environmental context cues requires dopamine D1 

receptor activation in the core and shell (Chaudhri, Sahuque et al. 2009). However, core is 

important for cue-induced ethanol-seeking while the shell contributes to the contextual 

influence on ethanol-seeking (Chaudhri, Sahuque et al. 2010) (Corbit, Fischbach et al. 

2016).

The posterior VTA is important in mediating the reinforcing effects of ethanol and the 

acquisition of ethanol taking. Rats self-administered ethanol directly into the posterior VTA 

(Rodd-Henricks, McKinzie et al. 2000) and selectively bred alcohol-preferring P-rats self-

administered lower concentrations than Wistar rats, indicating a heightened sensitivity 

(Gatto, McBride et al. 1994, Rodd, Melendez et al. 2004). Operant responding can be 

established for ethanol self-administration in the shell, but not the core NAc region 

(Engleman, Ding et al. 2009). Thus, similarly to other drugs of abuse (Rodd-Henricks, 

McKinzie et al. 2002), the mesopontine dopamine system and the NAc shell region are 

critical in mediating the reinforcing effect of ethanol and likely to contribute to the initial 

stages of acquisition of ethanol drinking behavior.

Dopamine in the NAc shell is involved in the incentive motivation for alcohol, whereas 

dopamine in the DLS comes into play when obtaining alcohol requires high levels of effort 

(Robinson, Howard et al. 2009, Spoelder, Hesseling et al. 2016). These studies also show 

that dopamine neurotransmission is enhanced at several striatal subregions which might act 

in concert to mediate different aspects of ethanol-related behaviors.

Varenicline, a partial agonist for nicotinic receptor used to treat nicotine addiction and being 

tested for the treatment of alcohol dependence, attenuated context induced relapse to alcohol 

seeking when administered bilaterally in the NAc but not the VTA (Lacroix, Pettorelli et al. 

2016).

In addition, there is ample evidence (much of it discussed in this special issue) that ethanol 

alters neural and glial function in forebrain nuclei including amygdala, hippocampus, 

hypothalamus, the bed nucleus of the stria terminalis (BNST), septal nucleus and other 

cholinergic forebrain regions, and thalamus, not to mention numerous brainstem and 

cerebellar areas. These are just a few examples of how ethanol effects in brain regions not 

always thought of as part of the canonical C-BG-C circuits can interact with the three C-BG-

C circuits. While it is not yet possible to place all these actions into their proper role within 

the context of the neural actions of alcohol, a clearer picture has begun to emerge of how the 

circuits interact. These interactions facilitate crosstalk between brain circuits involved in 

different aspects of drinking and alcohol use disorders. To gain a fuller understanding of all 

the stages of use and abuse it will be necessary to gather more information about what 

ethanol does in each of these brain regions and circuits, and how the different regions and 

circuits contribute to drinking and use disorders.
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Conclusions and a general hypothesis for the progression of alcohol use 

and abuse

It is now apparent that acute and chronic ethanol exposure alters synaptic function and 

neuronal connectivity in a variety of brain regions, affecting multiple brain circuits. It does 

so by affecting both excitatory and inhibitory neurotransmission as well as altering the 

release of neuromodulators such as dopamine, opioids and likely also acetylcholine. It is 

reasonable to speculate that each of these direct and indirect actions of ethanol on the 

different brain circuits contributes to specific aspects of intoxication, ethanol seeking and 

drinking, and alcohol use disorders. In order to parse out their contributions, detailed 

knowledge of the specific cognitive and behavioral functions subserved by each of these 

brain circuits is needed. While significant progress has been made in this regard over the 

past decades, more work is needed for addressing the specific role of neuronal circuits and 

pathways, rather than nuclei as a whole. Moving forward, it is also crucial to improve our 

understanding of how the different circuits interact with each other to produce more complex 

behaviors such as the constellation of behavioral changes that follow ethanol use and abuse.

A general hypothesis for the loss of control over ethanol drinking could be extended from 

the drug addiction field that considers impaired inhibitory control from cortical circuits as a 

root cause of the compulsive drug taking. Impaired inhibitory control over ethanol drinking 

could then simply arise from a reduced ability by the cortex to engage subcortical inhibitory 

circuits that restrain reward seeking. As such, cortical circuits mediating volitional control 

over behavior could be rendered less effective in suppressing a well-learned stimulus-

response that gets then reliably triggered as an automated motor response. Alternatively, an 

enhancement in the ability of cues/stimuli to trigger the behavioral response (ethanol 

seeking/taking) could be equally effective in shifting the balance of “go”/”no-go” subcortical 

circuits and weakening the influence of the cortical circuits in mediating behavioral 

inhibition.
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Highlights

• Brain circuitry that includes the cortex and basal ganglia has key roles in 

action control and action learning

• This circuitry can be subdivided into 3 parallel cortico-basal ganglia-cortical 

loops, the associative, limbic and sensorimotor subcircuits

• Ethanol alters several aspects of the function of all 3 circuits, both during 

acute exposure and after chronic exposure or consumption

• Molecular targets of ethanol action in these circuits include GABAergic 

synapses, dopaminergic transmission, cholinergic transmission, endogenous 

opiates, NMDA-type glutamate receptors and potassium channels.

• The associative and sensorimotor circuits control goal-directed and habitual 

ethanol seeking, respectively

• Chronic ethanol exposure fosters habitual learning and habitual ethanol 

seeking

• Ethanol effects on the limbic circuit mediate the rewarding effects of the drug, 

and facilitate the ability of ethanol-related environmental stimuli to enhance 

drinking
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Figure 1. 
Diagram of the cortex-basal ganglia-cortex loop showing the main projections that will be 

discussed in this review. Blue arrows represent all main glutamatergic inputs to the striatum 

and purple arrows the monoamine innervation from the midbrain dopamine neurons and the 

noradrenergic projection from the nucleus of the solitary tract (NST). Green and red arrows 

represent the two main output projections that form the direct- and indirect-pathway, 

respectively.
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