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Abstract

Alcoholism is a progressive brain disorder that is marked by increased sensitivity to the positive 

and negative reinforcing properties of ethanol, compulsive and habitual use despite negative 

consequences, and chronic relapse to alcohol drinking despite repeated attempts to reduce intake 

or abstain from alcohol. Emerging evidence from preclinical and clinical studies implicates 

serotonin (5-hydroxytryptamaine; 5-HT) systems in the pathophysiology of alcohol dependence, 

suggesting that drugs targeting 5-HT systems may have utility in the treatment of alcohol use 

disorders. In this review, we discuss the role of 5-HT systems in alcohol dependence with a focus 

on 5-HT interactions with neural circuits that govern all three stages of the addiction cycle. We 

attempt to clarify how 5-HT influences circuit function at these different stages with the goal of 

identifying neural targets for pharmacological treatment of this debilitating disorder.
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Alcoholism is a heterogeneous disorder with that represents a common endpoint for multiple 

diverging etiologies. In this review, we develop the hypothesis that genotypic differences 

in serotonin (5-hydroxytryptamine; 5-HT) function contribute in different ways to these 

various “pathways to alcoholism”. 5-HT hypofunction, for instance, is associated with 

early-onset alcoholism that leads to impulsive alcohol drinking. 5-HT hyperfunction, on the 

other hand, is associated with anxiety and may play a role in drinking for the purposes 

of self-medication. As dependence takes root, the neurotoxic effects of alcohol lead to 

widespread dysregulation of brain 5-HT systems that contribute to the excessive and 

compulsive alcohol use, enhanced sensitivity to the negative reinforcing aspects of alcohol, 

and susceptibility to relapse after periods of abstinence. Global reduction in 5-HT markers 

reflects a loss of 5-HT neurons and axons that may increase ethanol consumption and reduce 

stress resilience, thereby promoting relapse. On the other hand, there are compensatory, 
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region-specific increases in synaptic 5-HT function or 5-HT receptors in the extended 

amygdala that can increase negative affect and anxiety during withdrawal, potentially 

leading to relapse. Together, these findings provide compelling evidence that 5-HT systems 

are critically involved in all stages of alcohol dependence, from the initiation of drinking 

to withdrawal and relapse. Given the complexity of 5-HT circuitry and the multiplicity of 

5-HT receptor subtypes involved at different stages of the disease, caution should be taken 

when prescribing drugs such as selective serotonin reuptake inhibitors (SSRIs) that increase 

synaptic 5-HT across the board. Converging lines of evidence suggest that pharmacological 

strategies focused on targeting specific 5-HT receptors subtypes may enable more precise 

control of circuit elements that regulate different phases of the addiction cycle and improve 

treatment outcomes.

1. Overview of Alcoholism

Alcohol abuse is a significant public health burden and a leading cause of death among 

adults in the United States1,2. Adolescents who abuse alcohol or those with a family history 

of alcoholism are at increased risk of developing alcohol dependence, a chronic relapsing 

disorder that affects an estimated 16.9 million Americans and is notoriously difficult to 

treat3. Current pharmacotherapies for alcohol use disorders target a wide range of systems 

and include naltrexone (a μ-opioid receptor antagonist), acamprosate and topiramate (both 

of which act to augment GABAergic transmission and inhibit glutamatergic signaling). 

The overall effectiveness of these treatments is somewhat limited due to the complex 

etiology of the disorder, which has been classified into two discrete subtypes according 

to the severity of discrete symptoms and age of onset4. In Cloninger type 2-like or early-

onset alcoholism (age of onset<25 years), a strong hereditary influence is present along 

with antisocial or impulsive personality traits5. Interestingly, a functional polymorphism in 

the serotonin (5-hydroxytryptamine; 5-HT) transporter (5-HTT) gene has been associated 

with early-onset alcoholism and may play a causative role in the pathophysiology of this 

disorder6,7. Mutations in the 5-HTT linked polymorphic region (5-HTTLPR) result in two 

allele variants that differ in their transcriptional activity; the short (S) allele and the long 

(L) allele. Early-onset alcoholism is associated with homozygosity for the L allele, which 

confers high 5-HTT expression and activity in the dorsal raphe nucleus (DRN). Elevated 

5-HT clearance from the synaptic cleft results in lower basal 5-HT levels8–10, which in turn 

increases the propensity to consume alcohol11. Indeed, individuals homozygous for the L 

allele exhibit fewer negative side effects from alcohol and stronger cravings, increasing the 

likelihood that they will drink to excess12,13.

Cloninger type 1-like or late-onset alcoholism (age of onset≥25 years) is characterized 

by psychosocial impairment, a high degree of comorbid depression and anxiety, and low 

genetic predisposition. This type of alcoholism is classically associated with deficits in 

dopaminergic function rather than any specific serotonergic anomaly, although widespread 

dysregulation of serotonergic markers (including 5-HTT) in the striatum, amygdala and 

nucleus accumbens (NAc) is evident in both alcoholic subtypes14–16. However, these 

perturbations are likely the direct consequence of excessive stimulation of serotonergic 

pathways through repeated cycles of intoxication and withdrawal. Individuals with late-onset 

alcoholism typically have one or more S alleles, which confers lower levels of 5-HTT and 
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higher basal 5-HT function. As a result, these individuals are less sensitive to the 5-HT 

enhancing effects of alcohol but may derive some benefit from its anxiolytic properties, 

particularly in social or other anxiety-provoking situations. On the other hand, higher 

5-HT function may contribute to a hypodopaminergic state that makes these individuals 

uniquely sensitive to the dopamine-enhancing effects of alcohol. Furthermore, their 5-HT 

status confers enhanced sensitivity to withdrawal and an increased incidence of relapse17,18. 

Together, these data suggest that low 5-HT function may play a role in the initiation of 

alcohol intake and facilitate the positive reinforcing properties of alcohol in early-onset 

alcoholics, whereas high 5-HT function may contribute to the negative reinforcing aspects or 

withdrawal symptoms in late-onset alcoholics.

2. Serotonin in the positive reinforcing aspects of ethanol intake

2.1.1 Effects of 5HT on ethanol intake

The idea that individual differences in ethanol preference are determined by genetic 

variations in serotonergic tone is supported by the fact that individuals with the LL 

genotype have an earlier age of onset of drinking and a poorer prognosis for recovery 

from alcohol dependence. These findings are corroborated in rodent studies of alcohol-

preferring (P) and non-preferring (NP) rats. P rats exhibit widespread deficits in levels 

of 5-HT and its metabolite 5-hydroxyindoleacetic acid (5H1AA), fewer 5-HT cell bodies 

and fibers, and increased 5-HT1A receptor binding in the cortex and hippocampus19–23. 

Additionally, in mice with a congenital deficiency in tryptophan hydroxylase 2, the enzyme 

that converts tryptophan to 5-HT, elevated ethanol consumption and preference coincide 

with a reduced sensitivity to its sedative effects11. In addition to mediating reward, 5-HT 

may also potentiate ethanol-induced sedation by augmenting GABAergic transmission in the 

brainstem. Taken together, these studies indicate that deficits in 5-HT function increase the 

propensity to consume alcohol in both humans and rodents.

Additional evidence from 5-HT depletion studies supports the hypothesis that low 5-HT 

tone drives ethanol consumption. For instance, neurotoxins such as 5,6-dihydroxytryptamine 

(DHT) and 5,7-DHT selectively destroy 5-HT neurons in the DRN and increase 

alcohol consumption24–28. However, studies with p-chlorophenylalanine (pCPA) and p-

chloroamphetamine (pCA), which deplete brain 5-HT by inhibiting tryptophan hydroxylase, 

the enzyme that converts tryptophan to 5-hydroxytrptophan (5-HTP), have yielded 

conflicting results29. Both compounds were found to reduce ethanol consumption due to 

compensatory increases in synaptic 5-HT function or toxic accumulation of acetaldehyde 

during ethanol intake, leading to conditioned taste aversion. These secondary and off-

target effects of 5-HT depleting drugs make a compelling case for using a more refined 

approach to investigate the contributions of 5-HT function to alcohol abuse. Optogenetic 

and chemogenetic strategies are two emerging technologies that enable us to target discrete 

neural circuits in the brain and may pave the way for continuing this line of research in the 

future.

Conversely, genetic and pharmacological manipulations that increase synaptic serotonin 

typically reduce ethanol intake. Mice with a homozygous deletion of the 5-HTT 

consume less ethanol30. Selective serotonin reuptake inhibitors (SSRIs), which are widely 
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prescribed in the treatment of depression and anxiety disorders, generally decrease ethanol 

consumption in animal studies and short-term human studies31,32. However, in long-term 

clinical studies SSRIs have had mixed results, potentially due to variations in treatment 

response between alcoholic subtypes. Late-onset alcoholics tend to response more favorably 

to SSRI treatment, while in early-onset alcoholics, or those with the LL genotype, SSRIs 

increase ethanol drinking33–36. These genotypic differences in drinking outcomes may 

reflect variations in 5-HT tone. In early onset alcoholics, for instance, low 5-HT tone may 

result in hypersensitivity of 5-HT receptors in the NAc that signal reward, which would tend 

the increase the reinforcing properties of alcohol. Likewise, P rats exhibit reduced 5-HT 

innervation of the medial and posterior NAc21 which has been strongly implicated in reward 

processing37.

2.2. Ethanol effects on 5HT signaling in mesocorticolimbic reward circuits

Acute ethanol administration increases 5-HT levels in the NAc and likely contributes to 

its reinforcing properties38–40. The NAc receives dense 5-HT input from the DRN with 

widespread innervation of the NAc shell and core41. Although the canonical view is that 

dopamine signaling is the primary substrate of reward in the nucleus accumbens, a recent 

study found that optogenetic stimulation of 5-HT inputs from the DRN to the NAc were 

potently rewarding, suggesting that 5-HT signaling also mediates reinforced behavior37. 

The stimulatory effects of ethanol on 5-HT are even more pronounced in alcohol-preferring 

rats, suggesting a strong link between the reinforcing properties of ethanol and its ability 

to precipitate 5-HT release. Interestingly, acute ethanol decreases the firing rate of putative 

5-HT neurons and increases inhibitory drive in the DRN42–44, so the stimulatory actions on 

synaptic 5-HT release appear to be mediated by local circuits in the NAc rather than direct 

activation of 5-HT neurons. A recent study also demonstrates that escalations in alcohol 

intake after repeated exposures to ethanol are mediated by 5-HT2C receptor signaling in the 

NAc shell, which is potentiated in ethanol-dependent mice40. Thus, the reinforcing effects of 

ethanol appear to be augmented in the early stages of dependence in these animals, which 

may drive increased consumption.

These acute effects of ethanol stand in stark contrast to the effects of chronic ethanol, 

which is marked by a progressive loss of 5-HT axons and a global reduction in 5-HTT 

binding, particularly in early-onset alcoholics. This results in a hyposerotonergic state 

that may accelerate the development of alcohol dependence in this vulnerable group45. 

Similar results have been found in monkeys46. Additionally, chronic ethanol exposure 

over 5 days decreased basal 5-HT levels in P rats but not in NP rats47. Thus, deficits in 

5-HT transmission induced by repeated ethanol exposure may increase the desire to drink, 

particularly in those with a genetic profile of low serotonergic tone.

2.3. Overview of 5-HT receptors subtypes

5-HT receptors are classified into seven families based on sequence homology, 

pharmacological characteristics and effector coupling48. All except one, the 5-HT3 receptor, 

are members of the G protein-coupled receptor (GPCR) superfamily. The 5-HT1 receptor 

family includes the 5-HT1A, 5-HT1B, 5-HT1D, 5-HT1E and 5-HT1F receptors, of which only 

the 5-HT1A and 5-HT1B have been extensively studied in the context of alcohol dependence. 
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The 5-HT1 family of receptors are Gi/o coupled receptors that have in common an inhibitory 

influence on adenylyl cyclase activity49. In addition to this, the 5-HT1A receptor also 

regulates the function of a number of different ion channels, notably the G protein-coupled 

inwardly-rectifying potassium channel (GIRK), which induces a hyperpolarizing current 

when activated. In the DRN, 5-HT neurons send a short negative feedback circuit that 

inhibits their own activity through activation of somatodendritic 5-HT1A autoreceptors. 

However, the 5-HT1A receptor is also expressed as a postsynaptic heteroreceptor in terminal 

fields throughout the brain. The other key player in alcohol dependence, the 5-HT1B 

receptor, is also negatively coupled to adenylyl cyclase and has an overall inhibitory 

influence on neurotransmitter release50. Unlike the 5-HT1A, the 5-HT1B receptor consists 

of consists mainly of presynaptic autoreceptors and heteroreceptors that inhibit release of a 

variety of neurotransmitters including 5-HT, GABA, dopamine and glutamate. This makes 

the 5-HT1B receptor extremely versatile in modulating synaptic function in the brain. From 

an addiction standpoint, 5-HT1B receptors expressed at GABAergic terminals play a crucial 

role in the disinhibition of dopamine neurons in the VTA that orchestrate drug and other 

reward-seeking behaviors.

The 5-HT2 receptor family includes the 5-HT2A, 5-HT2B, and 5-HT2C which are Gq-

coupled receptors that stimulate phosphoinositide-specific phospholipase C (PI-PLC) 

signaling 51,52. Here we will focus primarily on the 5-HT2A and 5-HT2C receptors as they 

appear to contribute to the modulation of ethanol drinking behavior by 5-HT. Both types of 

receptors are expressed postsynaptically and have a net depolarizing effect on neurons. The 

5-HT2A receptor is highly convergent with midbrain dopamine neurons53,54 and appears to 

be a positive modulator of dopamine signaling and drug-seeking behavior55. The 5-HT2C 

receptor, on the other hand, is highly expressed in GABAergic interneurons in the VTA 

and NAc56 and has an inhibitory effect on dopamine signaling57,58. In addition to these 

actions on dopamine release, 5-HT2C receptors expressed in the NAc core have been shown 

to reduce dopamine signaling at the postsynaptic level by inhibiting phosphorylation of 

DARPP-3259.

The 5-HT3 receptor is a member of the Cys-loop family of ligand-gated ion channels and 

consists of composed of a ion-conducting pore that is permeable to Na+, Ca2+ and K+. 

Once activated, an inward current causes rapid depolarization of neurons60. This receptor 

is unique in that is appears to be a direct substrate of ethanol and is thought to mediate at 

least some of its reinforcing properties. Expression of these receptors in dopamine neurons 

of the posterior VTA stimulate dopamine releases in terminal fields of the PFC and ventral 

pallidum61,62

Another 5-HT receptor that has been investigated for the treatment of neuropsychiatric 

disorders and addiction is the 5-HT7 receptor, which is a Gs-coupled receptor that is 

positively coupled to downstream adenylyl cyclase signaling. Activation of postsynaptic 

5-HT7 receptors has a depolarizing effects on neurons in the BNST. Presynaptic 5-HT7 

receptors located in the amygdala may regulate release of 5-HT and dopamine in this region, 

which could impact anxiety-like behavior. In the following sections, we will discuss the 

role of individual 5-HT receptor subtypes in the positive reinforcing aspects of ethanol 

dependence.
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2.3.1. Role of 5-HT1A receptors—Pharmacological studies reveal a complex 

relationship between 5-HT1A receptor signaling and ethanol consumption. Several studies 

indicate that systemic 5-HT1A receptor agonists (e.g. 8-OH-DPAT) have a biphasic effect 

on ethanol intake that is dose dependent, with high doses reducing ethanol preference 

and intake63,64 and lower doses potentiating ethanol consumption65. It has been suggested 

that these divergent drinking outcomes reflect differences in sensitivity of somatodendritic 

5-HT1A autoreceptors and postsynaptic 5-HT1A heteroreceptors66. Low doses preferentially 

activate 5-HT1A autoreceptors in the DRN compared to high doses that nonselectively bind 

to both types of receptors. Hence, the ability of low doses of 8-OH-DPAT to increase 

drinking may be the direct result of activation of 5HT1A autoreceptors in the DRN that 

inhibiting firing of 5-HT neurons. In support of this idea, site-directed injection of 8-OH-

DPAT into the DRN (2.5 μg) or median raphe nucleus (MRN) (5 μg) increased intake of 

a 12% ethanol solution in a limited access paradigm67. In agreement with these findings, 

a positive correlation was observed between basal 5-HT1A receptor levels in the DRN 

and subsequent ethanol consumption in rhesus monkeys in a continuous access, two-bottle 

choice paradigm over a period of at least 9 months68. Similar results were obtained in mice 

trained to consume ethanol69. In total, these results suggest a positive association between 

elevated 5-HT1A autoreceptor signaling in the DRN and ethanol consumption.

Conversely, activation of postsynaptic 5-HT1A heteroreceptors appears to reduce ethanol 

drinking and other consummatory behaviors, possibly by inhibiting dopamine release. 

A relatively high dose of systemically administered 8-OH-DPAT (0.1 mg/kg-0.2 mg/kg) 

decreased the firing rate of dopamine neurons in the VTA70 and dopamine release in the 

NAc71, suggesting that 5HT1A receptor mediated reductions in dopamine signaling may 

suppress ethanol drinking in studies using similar doses66. Site-directed injection of 8-OH-

DPAT into the NAc suppressed all consummatory behavior in a manner similar to systemic 

injections72, whereas intra-VTA injection did not mimic the effects of systemic 8-OH-DPAT 

on dopamine neuron firing70. Together, these studies indicate that high doses of 5-HT1A 

receptor agonists may reduce ethanol intake through pharmacological actions at postsynaptic 

5-HT1A receptors in the NAc.

In light of these pharmacological studies, it stands to reason that the impact of chronic 

alcohol on 5-HT1A receptors may in turn influence ethanol drinking behavior. In rhesus 

monkeys, chronic ethanol is accompanied by widespread upregulation of the 5-HT1A 

receptor in the cortex, hippocampus, amygdala, and dorsolateral prefrontal cortex (dlPFC), 

although there was no correlation with ethanol consumption for any of these regions68. 

These data indicate dissociation between ethanol-induced upregulation of postsynaptic 5-

HT1A receptors and the motivation to drink alcohol. Another study in macaques, which used 

an operant self-administration paradigm for 12 months and caloric controls, observed an 

increase in 5-HT1A receptor binding in the posterior dentate gyrus polymorphic layer but 

not in other regions of the hippocampus using in vitro autoradiography73. Human alcoholics, 

on the other hand, display reduced levels of 5-HT1A receptors in the perigenual anterior 

cingulate cortex (pACC), a region that exerts top-down control over emotional processing in 

the amygdala74. This effect is especially pronounced in late-onset alcoholics and may play 

an essential role in stress-induced relapse drinking in these individuals.
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2.3.2. Role of 5-HT1B receptors—The 5-HT1B receptor gene, in particular the HTR1B 

G861C polymorphism and the short-tandem repeat locus D6S284, has been linked to 

impulsivity and aggressive behaviors that typify antisocial or early-onset alcoholism75,76. 

In mice, homozygous deletion of the 5-HT1B receptor gene promotes impulsivity and, in 

some cases, ethanol consumption77. Likewise, alcohol preferring rats have a lower density 

of 5-HT1B receptors in the cortex, lateral and medial septum, and lateral nucleus of the 

amygdala78. Together, these studies indicate that low 5-HT1B receptor expression may 

predispose to alcohol dependence.

In agreement with these genetic studies, systemic administration of 5-HT1B receptor 

agonists generally reduces ethanol intake in an operant self-administration paradigms79,80. 

The mechanism of action for these effects is unclear, although evidence suggests that 

5-HT1B receptors in the NAc core may be involved, as site-directed administration of a 

5-HT1B receptor agonist into the NAc core also decreased ethanol seeking behavior81. The 

NAc core receives glutamatergic inputs from the PFC82 and 5-HT inputs from the DRN 

that promote reward seeking behavior, so 5-HT1B receptor agonists may reduce ethanol 

seeking behavior by shutting down these inputs. These effects appear to be region-specific, 

as viral overexpression of 5-HT1B receptors in projection neurons of the NAc shell promote 

rather than reduce ethanol seeking behavior83,84. In this case, GABAergic projections to the 

VTA that provide inhibitory control over midbrain dopamine neurons appear to be involved. 

Overexpression of 5-HT1B receptors in these neurons would tend to reduce GABA release 

in the VTA, thereby disinhibiting VTA dopamine neurons and increasing dopamine release. 

This supported by studies showing that activation of 5-HT1B receptors in the VTA increases 

dopamine release in the VTA and NAc85,86, which would be expected to promote ethanol 

seeking behavior.

These findings are particularly interesting in light of PET imaging studies showing 

increased 5-HT1B receptor expression in the ventral striatum of human alcoholics87, 

which may promote both the initiation of ethanol drinking and the excessive drinking 

that typifies dependence83. The neural processes underlying escalations in drinking (e.g. 

after CIE-induced dependence) appear to involve increased glutamatergic drive in the 

NAc88. In a recent study, bilateral infusion of the non-selective glutamate transporter 

blocker threo-b-benzyloxyaspartate (TBOA), which augments glutamate levels, induced 

dependence-level voluntary ethanol drinking in non-dependent mice. On the other hand, 

the metabotropic glutamate receptor 2/3 (mGluR2/3) agonist LY379268, which reduces 

extracellular glutamate, decreased drinking in dependent mice. Given that 5-HT1BR agonists 

also reduce glutamate levels in the NAc, these drugs may have utility in the clinical 

management of alcoholism, particularly in Type II alcoholics that have a propensity toward 

alcohol-heightened aggression89.

2.3.3 Role of 5-HT2A receptors—In a recent study, alcohol dependence was associated 

with a polymorphism in the 5htr2a gene which could indicate a role for the 5-HT2A receptor 

in the pathophysiology of this disease90. Pharmacological blockade of 5-HT2A receptors in 

the posterior VTA reduced ethanol self-administration in rats91, suggesting a facilitatory role 

for these receptors in ethanol-seeking behaviors. In support of this, global downregulation 

of the 5-HT2A receptor using antisense attenuates ethanol intake92, although similar effects 
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are seen using site-specific administration into the lateral division of the central amygdala 

(CeA). Together, these data strongly suggest that 5-HT2A receptors in the VTA and CeA can 

promote ethanol seeking behaviors.

Accumulating evidence suggests that 5-HT2A receptors can mediate different behavioral 

outcomes in a regionally specific manner. In a recent study, 5-HT2A receptors in the 

BLA were found to negatively modulate ethanol seeking behavior by inhibiting principal 

neurons in the BLA that send excitatory inputs to the NAc that have a well-characterized 

role in reward93,94. Other lines of evidence indicate that the insular cortex may also play 

an inhibitory role. Maternal separation stress, which represents an early life stressor that 

can predispose to alcohol dependence, reduces 5-HT2A receptor expression in the anterior 

insular cortex and enhances ethanol consumption95. These results raise the possibility 

that regional deficits in 5-HT2A receptor signaling may enhance vulnerability to alcohol 

dependence in individuals exposed to early life stress.

2.3.4. Role of 5-HT2C receptors—There is a substantial body of literature implicating 

5-HT2C receptors in the etiology of substance abuse disorders. Systemically administered 

5-HT2C receptor agonists consistently reduce self-administration of cocaine96,97, nicotine98 

and alcohol99,100. The putative mechanism of action for these behavioral outcomes involves 

the inhibitory actions of 5-HT2C receptors on VTA dopamine neurons and subsequent 

dopamine release in the NAc shell57,58, which reduces the reinforcing properties of 

drugs of abuse. This is supported by optogenetic studies in which activation of VTA 

GABAergic neurons was found to interrupt reward-seeking behavior101. However, one 

potential confound of these pharmacological studies is that 5-HT2C receptor agonists also 

reduce consummatory behavior via 5-HT2C receptors in the hypothalamus, which makes 

results difficult to interpret.

Strikingly, drugs that stimulate 5-HT2C receptor signaling at the level of the NAc shell elicit 

behaviors opposite to that of systemic administration102. In a recent study, 5-HT2C receptor 

antagonists infused directly into the NAc shell reduced drinking in mice with a history of 

chronic intermittent ethanol (CIE)40. This study also reported ethanol-induced remodeling 

of 5-HT inputs to the NAc that resulted in enhanced 5-HT release and 5-HT2C receptor 

expression in this region, which may account for the escalated drinking in CIE-exposed 

mice. In a subsequent study, this group also reported increased 5-HT2C receptor editing 

in the NAc and DRN of C57BL/6J mice that exhibit escalated drinking following CIE103. 

This apparent dissociation between behavioral outcomes associated with 5-HT2C receptor 

in the VTA and NAc may be related to their opposing effects on GABA release. In 

the VTA, activation of 5-HT2C receptors expressed in GABAergic interneurons enhance 

GABA release104 and inhibit reward signaling. In the NAc, however, GABA release is 

attenuated105. Taken together, these studies suggest that 5-HT, via 5-HT2C receptors, inhibits 

GABA signaling in the NAc which in turn potentiates reward37. Thus, functional adaptations 

in regional expression of 5-HT2C receptors may drive the transition from drinking as a 

more goal-directed, recreational activity to the excessive, immoderate use of alcohol that 

characterizes ethanol dependence.
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The recent success of Lorcaserin (Belviq®) in the treatment of clinical obesity has sparked 

interest in the off-label use of this selective 5-HT2C receptor agonist for substance abuse 

disorders such as nicotine and alcohol dependence106,107. However, to date there have been 

no behavioral studies investigating Lorcaserin in a chronic intermittent ethanol model, which 

may speak more clearly to their clinical utility in the treatment of alcohol dependence. 

Most of the studies in which 5-HT2C receptor agonists had an inhibitory effect on drinking 

used operant self-administration paradigms that model the early stages of drinking in 

which the reinforcing actions of ethanol are likely mediated by dopamine99,100. In non-

dependent drinking, the inhibitory influence of 5-HT2C receptor agonists over dopaminergic 

signaling in the VTA and NAc likely accounts for the observed reductions in ethanol 

self-administration in these models. The CIE model captures some of the elements of 

ethanol dependence by incorporating repeated cycles of ethanol exposure and withdrawal, 

which induce escalated drinking. In these more advanced stages of drinking, blockade of 

5-HT2C receptors may decrease ethanol consumption. Interestingly, it appears that in a 

two-bottle choice paradigm in which rats are given ethanol access for 5 consecutive days 

for 3 cycles, systemic 5-HT2C receptor antagonists did decrease drinking108, suggesting that 

the inhibitory contributions of 5-HT2C receptors in VTA and NAc core interneurons may be 

overcome by upregulation of 5-HT2C receptors in the NAc shell in this model. Overall, these 

conflicting studies warrant further investigation into role of 5-HT2C receptors at different 

stages of ethanol dependence.

2.3.5. Role of 5-HT3 receptors—The 5-HT3 receptor is a direct neural substrate of 

ethanol’s acute actions on dopamine signaling and likely mediates the reinforcing properties 

of ethanol, particularly in the initiation of ethanol drinking which relies on intact dopamine 

signaling. Antagonists of the 5-HT3 receptor predictably reduce voluntary ethanol drinking 

in rodents during long (12 or 24 h) exposures109,110, but surprisingly had no effect in 

limited access (1 or 4 h) paradigms64,111,112. In operant self-administration models, 5-HT3 

receptor antagonists injected in the posterior VTA effectively reduced acquisition of ethanol 

intake113, although ethanol responding increased in the post-injection period suggestive of 

a rebound effect. In the maintenance phase, 5-HT3 receptor antagonists had the opposite 

effect and increased ethanol intake, indicating that dopamine is differentially involved in the 

acquisition and maintenance of ethanol consumption. However, when ethanol access was 

unpredictable, 5-HT3 receptor antagonists once again decreased ethanol consumption114. 

These data indicate that when ethanol is novel or unpredictable, 5-HT3 receptor mediated 

facilitation of dopamine in the VTA promotes ethanol intake. In established or maintenance 

drinking, on the other hand, further increases in dopamine signaling reduce ethanol intake. 

In clinical alcoholism, which is marked by periods of heavy drinking followed by abstinence 

and withdrawal that are largely determined by unpredictable environmental and biological 

factors, 5-HT3 receptor antagonists may be useful in reducing alcohol consumption.

2.3.6. Role of 5-HT7 receptors—The 5-HT7 receptor has until recently been largely 

neglected in addiction studies, but a interesting and important role for these receptors is 

beginning to emerge115. The 5-HT7 receptor gene has been linked to traits that predict drug-

taking behavior such as impulsivity and novelty seeking. In high responder (HR) rats that 

exhibit increased novelty- and drug-seeking behaviors, reduced 5-HT7 receptor mRNA has 
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been observed in the dorsal hippocampus, intralaminar nucleus, and paraventricular thalamic 

nucleus116. These HR rats also exhibit deficits in a novel object exploration task that can 

be induced in low responder (LR) mice with a 5-HT7 receptor antagonist. Impulsivity, a 

core trait of early-onset alcoholics, is also heightened following systemic administration of 

a 5-HT7 receptor antagonist117. Furthermore, systemic injection of methylphenidate, a drug 

used to treat attention deficit/hyperactivity disorder (ADHD), not only suppressed impulsive 

behavior but increased 5-HT7 receptor expression in the NAc and PFC. These data suggest 

that 5-HT7 receptor signaling in the mesocorticolimbic pathways may be an important 

neural substrate in impulse control. Methylphenidate also increases 5-HT7 receptor mRNA 

in the striatum118, a key structure implicated in compulsive and perseverative behaviors that 

are markedly enhanced in alcohol dependence. Pharmacological activation of the 5-HT7 

receptor has been shown to increase neurite length in the primary striatal culture and may 

have a protective function that suppresses impulsive behavior.117

The apparent link between impulsivity and reduced 5-HT7 receptor function seems to 

suggest that similar deficits would occur in animal models of ethanol dependence or clinical 

alcoholism. Surprisingly, one study has found that CIE actually increases 5-HT7 receptor 

expression in the NAc and DRN of mice40. However, it should be noted that systemic 

administration of a 5-HT7 receptor antagonist did not affect ethanol intake in these mice, 

so the functional role of this enhanced 5-HT7 receptor expression is currently unknown. 

Future studies investigating the role of 5-HT7 receptors in the striatum or PFC in ethanol 

consumption may be more informative.

Emerging evidence from clinical studies reveals a relationship between alcohol dependence 

and genetic polymorphism in the 5htr7 gene119,120. One 5htr7 polymorphism on 

chromosome 10q23 was found to be associated with a reduction in event-related brain 

oscillations (EROs), which serves as an endophenotype for a variety of neuropsychiatric 

disorders119. This particular polymorphism was positively correlated with alcoholism, 

and reduced theta EROs were found among alcoholic individuals homozygous for the 

polymorphism. In another study, several 5htr7 polymorphisms were associated with 

alcoholism using the Alcohol Use Disorders Identification Test (AUDIT)120. Together, these 

data provide compelling evidence that 5-HT7 receptors are critically involved in alcohol 

dependence.

2.4 Other drugs of abuse

So far we have shown that 5-HT actions on mesocorticolimbic circuits via discrete 5-HT 

receptor subtypes can influence ethanol intake, but these effects can be generalized to 

most other drugs of abuse121. Experimental manipulations that reduce brain 5-HT typically 

augment behavioral and dopamine responses to cocaine in humans and rodents122–126, 

and there is some evidence to suggest that reduced 5-HT activity increases sensitivity 

to the effects of nicotine and opiates127,128. The literature regarding the effects of 5-HT 

enhancing drugs on cocaine-related behaviors is incongruous with that of ethanol. Overall, 

SSRIs potentiate the reinforcing, discriminative and locomotor activating effects of cocaine 

in rodents via facilitatory actions on dopamine release in the NAc shell129–132. On the 

other hand, 5-HT precursors appear to do the opposite133,134, which supports the original 
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hypothesis that 5-HT has an inhibitory effect on drug seeking behavior. The discrepant 

results obtained with SSRIs may reflect that both drugs compete for binding at the 5-HTT, 

whereas cocaine also has high affinity for DAT. By effectively reducing the number of 

5-HTT binding sites, SSRIs increase cocaine binding to DAT which in turn enhances 

dopamine release. However the story in primates is incongruous with that in rodents, as 

SSRIS appear to decrease cocaine discrimination in monkeys135 and reduce subjective 

effects of cocaine in healthy volunteers and cue reactivity in cocaine users136,137, which is 

in line with their effects on ethanol intake. In total, these studies suggest that 5-HT generally 

inhibits drug seeking behavior, most likely via actions on 5-HT1A, 5-HT1B, or 5-HT2C 

receptors.

3. Serotonin in compulsive and habitual ethanol use

Alcoholism is associated with marked alterations in 5-HT systems that interact with genetic 

and environmental risk factors to reinforce maladaptive drinking patterns. Sensitization to 

the positive and negative reinforcing aspects of alcohol, combined with desensitization to 

its aversive and sedative properties, may fuel the desire to drink to excess, which marks 

the beginning of compulsive alcohol use. The dorsal striatum (i.e. caudate, putamen and 

ventral pallidum) has been implicated in the transition from goal-oriented behaviors to 

stimulus-response associations that characterize the formation of habits138. Repeated stress 

or alcohol use also accelerates deterioration of the hippocampus, the structure involved in 

action selection based on reinforced outcomes, which precipitates the process of reverting to 

a more striatal-based stimulus response strategy that is relatively inflexible and insensitive to 

reward devaluation. Drug craving in general is associated with activation of the right caudate 

and putamen139, indicating that these structures may be critically involved in compulsive 

alcohol-seeking behavior.

Accumulating evidence suggests that 5-HT exerts an inhibitory influence over neurons 

in the caudate through actions at multiple receptor subtypes140. The presence of 5-HT1B 

receptors on corticostriatal terminals results in suppression of evoked glutamate release141. 

Furthermore, stimulation of both fast-spiking and tonically active interneurons, which 

provide inhibitory input to striatal output neurons, are mediated by 5-HT2C, 5-HT6 and 

5-HT7 receptors in the dorsal striatum142–144. These inhibitory effects of 5-HT in the dorsal 

striatum may be protective, as low extracellular 5-HT has been associated with compulsive 

behavior145. Alcoholism is associated with a reduction in 5-HTT binding in the caudate14; 

hence the progressive loss of 5-HT innervation of the dorsal striatum by repeated alcohol 

exposure may in result in hyperactivity of the dorsal striatum which in turn facilitates 

craving and compulsive alcohol seeking.

The dorsal striatum also modulates the activity of the orbitofrontal cortex (OFC) through 

direct pathway projections, a region that has been implicated in drug craving in humans139. 

Additionally, hyperactivity of the OFC is associated with persistent responding to reinforced 

cues even when paired with an aversive stimulus146. Thus, striatal influence over the activity 

of the orbitofrontal cortex (OFC) and basolateral amygdala (BLA) are likely to be substrates 

for the continued use of alcohol even in the face of adverse social and legal consequences. 
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As a result, individuals sensitized to alcohol-related cues will drink in the absence of 

positive reinforcement and even in spite of negative outcomes.

4. Serotonin in the negative reinforcing aspects of ethanol

One of the defining features of alcoholism is the presence of a withdrawal syndrome that 

can manifest as early as 2 hours after the last drink and persist for several weeks147. 

Symptoms range from mild anxiety and shakiness to more severe complications such 

as seizures and delirium tremens. The efficacy of SSRIs in treating specific symptoms 

in the first 8 hours of ethanol withdrawal (e.g. locomotor hyperactivity, stereotyped 

behavior, tremor, wet dog shakes, agitation, and audiogenic seizures) has been documented 

in preclinical studies148–150. The mechanism of action for these ameliorative effects 

may involve reduction of cortical excitability through 5-HT mediated enhancement of 

GABAergic signaling151. SSRIs can also be effective in the clinical management of 

alcoholism, particularly in Type I or late-onset alcoholics with internalizing personality traits 

(e.g. low novelty seeking, high harm avoidance and high reward dependence) that are more 

likely to use alcohol for its anxiety-relieving and mood enhancing effects152–154. Together, 

these studies indicate that 5-HT hypofunction may contribute to the physical symptoms 

that occur during the early stages of withdrawal (2–8 hours). This is the likely outcome 

of 5-HT1A autoreceptor hypersensitivity induced by chronic ethanol69,155, which has an 

inhibitory effect of 5-HT synthesis and release

Here we will focus on the emotional aspects of withdrawal (e.g. anxiety, negative affect, and 

cravings) which together represent a powerful incentive to resume drinking and are referred 

to as the negative reinforcing properties of alcohol. Brain 5-HT systems are implicated in 

the pathophysiology of anxiety and affective disorders and continue to be one of the main 

targets for conventional pharmacotherapy. Ethanol-induced adaptations in 5-HT systems 

tend to exacerbate withdrawal-induced symptoms of anxiety and depression and may be one 

of the primary motivating factors that lead to relapse.

4.1. Role of 5-HT in anxiety during ethanol withdrawal

Heightened anxiety during ethanol withdrawal has been attributed to hyperactivity of brain 

stress systems156, notably corticotropin-releasing factor (CRF) signaling157–159, which has 

dose-dependent bi-phasic effect on 5-HT activity that is dependent on the functional balance 

of CRF1 and CRF2 receptors in the DRN160–163. Physical stress increases 5-HT efflux in 

NAc164, possibly due to CRF-mediated increases in 5-HT neuronal firing in the DRN. In 

a recent study, withdrawal from chronic intermittent ethanol (CIE) was found to increase 

the firing rate of neurons in the dorsomedial and ventromedial portions of the DRN 

that are enriched in 5-HT neurons and receive limbic inputs from the CeA and the bed 

nucleus of the stria terminalis (BNST)44. It should be noted that these experiments were 

conducted during late withdrawal (24-h into withdrawal), so the initial decrease in 5-HT 

function during early withdrawal is apparently resolved by this time. This hyperactivity 

of 5-HTDRN neurons appears to be critically involved in the anxiety-promoting effects of 

ethanol withdrawal, which are reversed by both systemic165 and intra-DRN administration 

of a 5-HT1A receptor agonist166. Furthermore, SSRIs can promote anxiety in early-onset 
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alcoholics that abstain from alcohol, indicating an anxiogenic role for elevated synaptic 

5-HT during ethanol withdrawal in these individuals167. Interestingly, juvenile exposure to 

CIE exacerbates the anxiety associated with ethanol withdrawal159, suggesting that anxiety 

may have a substantial influence over the developmental course of alcoholism in individuals 

that begin drinking at an earlier age.

In addition to its excitatory effects on central 5-HT neurons, ethanol withdrawal has 

been shown to alter 5-HT signaling in two projection areas that are critically involved 

in withdrawal-induced anxiety, the CeA and BNST166,168. The 5-HT2C receptor has a well-

established role in anxiety and is a likely candidate for the anxiogenic effects of 5-HT during 

ethanol withdrawal169. Numerous studies have verified that systemically administered 

5-HT2C receptor antagonists mitigate withdrawal-related anxiety in rodents158,170. Site-

directed injection of a 5-HT2C receptor antagonist into the CeA also attenuated withdrawal-

induced anxiety166, indicating that 5-HT2C receptors in the CeA may be critically involved. 

However, another study found that injection of a 5-HT2C receptor agonist into the 

basolateral amygdala (BLA), but not the CeA, exacerbated anxiety associated with cocaine 

abstinence171. These discrepant results may reflect differences in the behavioral assays that 

were used to measure anxiety. In the former study, social interaction was used as a measure 

of anxiety, while the latter study used the elevated plus maze (EPM). Taken together, these 

studies suggest that the CeA and BLA mediate distinct aspects of anxiety, with the CeA 

playing a more prominent role in anxiety with a social component. In another recent study, 

withdrawal from CIE selectively increased anxiety in a social approach test without affecting 

general anxiety in the open field168, highlighting the unique role of alcohol as a “social 

lubricant”. CIE was also associated with enhanced 5-HT2CR signaling in the ventral BNST 

which, together with 5-HT2C receptor signaling in the CeA, may regulate the anxiogenic 

aspects of ethanol withdrawal.

As suggested above, chronic alcohol has a significant impact on the neural circuitry 

governing normal social functioning, resulting in social withdrawal. In zebrafish, deficits 

in social approach behavior were found in adults after embryonic exposure to ethanol 

for 7 days172. Human alcoholics also exhibit reductions in 5-HTT in regions of the 

brain that govern social cognition, including the posterior insula, posterior cingulate, and 

parahippocampal gyrus173. Alcoholics in withdrawal are also uniquely sensitive the anxiety-

relieving properties of ethanol, particularly in social contexts. A recent found that in heavy 

social drinkers, alcohol effectively reduces coupling between the prefrontal cortex (PFC) 

and the amygdala174, a pathway that has been coined the “aversive amplification circuit” 

in reference to its role in anxiety and negative affective bias175. Withdrawal from CIE also 

potentiates the ability of exogenously applied ethanol to increase GABAergic transmission 

in the DRN44, which inhibits the activity of 5-HT neurons. Thus, ethanol withdrawal 

enhances sensitivity to the anxiolytic aspects of ethanol that may predispose individuals 

to relapse.

In summary, hyperexcitability of 5-HT neurons in the DRN during late withdrawal play 

a crucial role in anxiety by activating circuits in the extended amygdala via 5-HT2C 

receptors. Pharmacological interventions that suppress 5-HT neurons or reduce excitability 

in the BNST and/or CeA may be effective in treating withdrawal-related anxiety. 5-HT1A 
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receptor agonists accomplish both of these things by stimulating 5-HT1A autoreceptors in 

the DRN and post-synaptic 5-HT1A receptors in the BNST, which are primarily inhibitory 

and anxiolytic176,177. Buspirone, a partial 5-HT1AR agonist, is one such candidate that has 

been shown to reduce withdrawal-related anxiety in mice44 and in human alcoholics with 

comorbid anxiety178. A similar effect may also be achieved with 5-HT1B agonists, which 

have been shown to inhibit glutamate transmission in the BNST179.

4.2. Role of 5-HT in anhedonia during withdrawal

The negative mood states that accompany ethanol withdrawal have been attributed to 

adaptations in the mesocorticolimbic pathway that occur as the result of excessive and 

prolonged alcohol consumption. Ethanol withdrawal leads to profound deficits in reward 

processing (i.e. anhedonia) that typifies clinical depression180. Intracranial self-stimulation 

(ICSS) is an operant procedure that is used to measure reward thresholds, with lower 

thresholds representing a hedonic state that can be brought about by drugs of abuse and 

higher thresholds representing an anhedonic state that can be elicited by drug withdrawal. 

Monoamine releasing drugs (e.g. amphetamine) that selectively target dopamine have been 

shown to facilitate ICSS responding and reduce reward thresholds while serotonin releasers 

(e.g. fenfluramine) reduce ICSS and increase thresholds181,182, implicating 5-HT in the 

anhedonic states that accompany ethanol withdrawal.

In contrast to its effects on 5-HT neuronal firing and 5-HT signaling in regions of the 

extended amygdala (e.g. the CeA and BNST), acute ethanol withdrawal resulted in a robust 

and progressive decrease in extracellular 5-HT in the nucleus accumbens that is restored 

by subsequent ethanol intake183. Notably, paroxetine combined with a 5-HT1A antagonist 

ameliorated reward deficits during amphetamine and nicotine withdrawal184, indicating a 

crucial role for 5-HT in withdrawal-induced anhedonia. These serotonergic deficits may 

promote anhedonia directly by reducing excitatory inputs to the NAc40 or by indirect 

modulation of dopamine release185, which is also depleted during ethanol withdrawal. 

Deficits in dopamine function may also account for the reduced novelty-seeking that is 

observed during protracted ethanol withdrawal186.

Behavioral despair, another critical component of depression, is also heightened in the 

forced swim test (FST) following ethanol withdrawal and has been attributed to reductions 

in hippocampal neurogenesis187. SSRIs generally increase hippocampal neurogenesis and 

restore normal affective and cognitive function, indicating that 5-HT hypofunction in 

the hippocampus may also contribute to the depressogenic effects of ethanol withdrawal. 

Despite these findings, sertraline was found to be generally ineffective at treating depression 

or alcohol consumption in alcohol-dependent subjects with comorbid depression188, 

although it should be noted that none of the subjects were abstinent from alcohol, making it 

difficult to assess its efficacy in treating withdrawal-related depression.

In summary, it appears that ethanol withdrawal exerts divergent effects on 5-HT signaling 

in mesolimbic reward circuits as opposed to anxiety circuits in parts of the extended 

amygdala. This may reflect differences in the functional expression of CRF receptors in 

5-HTDRN neurons that project to these regions, or in synaptic release properties in the 

terminal fields themselves. The disparate roles of 5-HT in these distinct emotional aspects of 
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withdrawal emphasize the need for thorough clinical assessment and subtyping of alcoholics 

in treatment. For instance, alcoholics that present with anxiety may respond favorably to 

buspirone and other 5-HT1A receptor agonists while those with depression may be better 

treated with an SSRI combined with a 5-HT1A receptor antagonist.

5. Serotonin in Alcohol Cravings and Relapse

Alcohol withdrawal is typically attended by cravings for alcohol that can be primed 

or exacerbated by certain environmental triggers (e.g. alcohol, alcohol-related cues and 

contexts, stress) that in turn precipitate relapse. Monoamine depletion (i.e. 5-HT and 

dopamine) increased cued induced alcohol craving in alcoholics189, suggesting that the 

conditions generated by alcohol withdrawal may increase sensitivity to alcohol-related cues, 

possibly by disinhibiting regions of the NAc associated with drug wanting (“craving”). 

Meta-Chlorophenylpiperazine (mCPP), a 5-HT2 receptor agonist, also increased craving 

in abstinent alcoholics190. Several lines of evidence have implicated the medial prefrontal 

cortex (mPFC), a region rich in 5-HT2A receptors in cue and context-induced relapse191,192. 

Recently, it was also shown that 5-HT2A receptors are also enriched in glutamatergic 

projections from the PFC to the NAc193, a circuit that is critically involved in behavioral 

sensitization to drugs of abuse194. Taken together, these studies indicate that enhanced 

5-HT2A receptor signaling in the mPFC and NAc may be an important neural substrate 

underlying cue and context-induced reinstatement. Accordingly, functional polymorphisms 

in the 5-HT2A receptor enhance relapse rates in alcoholics195.

The alcohol deprivation effect (ADE) closely models relapse by reintroducing alcohol after a 

period of abstinence, resulting in a temporary increase in alcohol consumption that is related 

to changes in the rewarding value of alcohol196,197. Although this issue has not been entirely 

resolved, recent evidence suggests that ADE may be driven by an increase in the reinforcing 

properties of ethanol as indicated by an increase in the breakpoint in a progressive-ratio 

schedule of reinforcement198. One potential neural substrate underlying this effect is the 

5-HT2C receptor in the NAc, which is upregulated following CIE in mice40. Accordingly, 

acute administration of SSRIs reduce ADE199, possibly by suppressing midbrain dopamine 

activity. On the other hand, chronic treatment with SSRIs potentiated ethanol intake. One 

possible explanation is that chronic SSRI treatment leads to the development of tolerance 

to the dopamine suppressing effect and facilitation of 5-HT2C receptor mediated reward 

signaling in the NAc.

Pharmacological manipulations that inactivate 5-HT neurons in the median raphe nucleus 

(MRN) can also precipitate reinstatement of alcohol seeking behavior in rodents in 

the absence of environmental cues, indicating a critical role for these neurons in 

mediating relapse200,201. Given the role of the MRN in promoting stress resilience202, 

5-HTMRN neurons are likely involved in relapse triggered by environmental stress. 5-

HTMRN projections to the hippocampus, for instance, suppress hippocampal theta rhythms 

generated by conditioned aversive stimuli203. In agreement with this, both fluoxetine 

and dexfenfluramine attenuate footshock induced reinstatement to alcohol seeking 

behavior204,205. Blockade of 5-HT3 receptors also attenuated stress-induced reinstatement. 

At the presynaptic level, 5-HT3 receptor antagonism would reduce local 5-HT release in the 
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DRN, releasing 5-HTDRN neurons from 5-HT1A receptor mediated inhibition. This would 

tend to increase 5-HT release in regions that promote stress resilience and have an inhibitory 

effect on stress-induced relapse.

Alternatively, 5-HT3 receptor antagonists may prevent stress-induced relapse via interactions 

with dopamine systems. Previous studies have shown footshock promotes relapse via 

enhance dopamine signaling206. 5-HT3 receptor antagonists specifically inhibit stress-

induced dopamine release in NAc and frontal cortex207–209 and thus represent a promising 

target for pharmacological treatment of alcoholism210,211.

6. Conclusion

Overall, 5-HT has widespread influence over the neural circuits governing all aspects of 

alcohol dependence, from the early stages of binge and intoxication to the later stages of 

withdrawal and relapse. Despite preclinical evidence indicating that SSRIs reduce ethanol 

intake, clinical studies have indicated that their usefulness is limited, particularly in early-

onset alcoholics. On the other hand, SSRIs may improve the early symptoms of withdrawal, 

which are comprised mostly of physical symptoms, but they can exacerbate anxiety during 

late withdrawal that may lead to relapse. Given that SSRIs are widely prescribed in the 

treatment of anxiety and depression, caution should be exercised in prescribing these drugs 

to patients with a history of alcohol dependence. In general, the heterogeneity of alcohol 

use disorders coupled with the complexity of 5-HT systems suggests that serotonergic agents 

may differentially modulate neural systems involved in distinct phases of the addiction 

cycle. As such, drugs that reduce ethanol intake during the binge/intoxication stage may 

not be beneficial in the management of withdrawal symptoms and relapse, and vice versa. 

For instance 5-HT2C receptor agonists generally decrease ethanol consumption and may 

be beneficial for non-dependent drinkers, but they have the potential to exacerbate anxiety 

during withdrawal and may precipitate relapse. 5-HT1A receptor agonists, on the other hand, 

may exacerbate drinking in non-dependent subjects but reduce anxiety during withdrawal, 

making this a useful adjunct for patients that use alcohol to self-medicate for anxiety. On 

the other hand, 5-HT3 receptor antagonists have proven beneficial during the early phases of 

binge drinking and in the prevention of stress-induced relapse, making this a more versatile 

drug that may hold promise for the treatment of alcoholism.

Acknowledgments

Funding

C. M. is supported by an NIAAA award (1F32AA021319-01A1)

References

1. Bouchery EE, Harwood HJ, Sacks JJ, Simon CJ, Brewer RD. 2011; Economic costs of excessive 
alcohol consumption in the United States, 2006. Am J Prev Med. 41: 516–524. [PubMed: 
22011424] 

2. Stahre M, Roeber J, Kanny D, Brewer RD, Zhang X. 2014; Contribution of excessive alcohol 
consumption to deaths and years of potential life lost in the United States. Prev Chronic Dis. 11: 
130293. 

Marcinkiewcz Page 16

ACS Chem Neurosci. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. SAMHSA. 2011. Results from the 2010 National Survey on Drug Use and Health: Summary of 
National Findings. 

4. Cloninger CR, Sigvardsson S, Bohman M. 1996; Type I and Type II Alcoholism : An Update. 
Alcohol Heal Res World. 20: 18–23. 

5. Cloninger CR. 1987; A systematic method for clinical description and classification of personality 
variants. A proposal. Arch Gen Psychiatry. 44: 573–88. [PubMed: 3579504] 

6. Ishiguro H, Saito T, Akazawa S, Mitushio H, Tada K, Enornoto M, Mifune H, Toru M, Shibuya H, 
Arinami T. 1999; Association Between Drinking-Related Antisocial Behavior and a Polymorphism 
in the Serotonin Transporter Gene in a Japanese Population. 23: 1281–1284. 

7. Schuckit MA, Mazzanti C, Smith TL, Ahmed U, Radel M, Iwata N, Goldman D. 1999; in the Level 
of Response to Alcohol : A Pilot Study. 3223 

8. Boismare F, Lhuintre JP, Daoust M, Moore N, Saligaut C, Hillemand B. 1987; Platelet affinity for 
serotonin is increased in alcoholics and former alcoholics: a biological marker for dependence? 
Alcohol Alcohol. 22: 155–9. [PubMed: 2888469] 

9. Ernouf D, Compagnon P, Lothion P, Narcisse G, Bénard JY, Daoust M. 1993; Platelets 3H 5-HT 
uptake in descendants from alcoholic patients: a potential risk factor for alcohol dependence? Life 
Sci. 52: 989–95. [PubMed: 8445995] 

10. Faraj BA, Olkowski ZL, Jackson RT. 1997; Prevalence of high serotonin uptake in lymphocytes of 
abstinent alcoholics. Biochem Pharmacol. 53: 53–7. [PubMed: 8960063] 

11. Sachs BD, Salahi aA, Caron MG. 2014; Congenital brain serotonin deficiency leads to reduced 
ethanol sensitivity and increased ethanol consumption in mice. Neuropharmacology. 77: 177–84. 
[PubMed: 24067926] 

12. Heinz A, Mann K, Weinberger DR, Goldman D. 2001; Serotonergic dysfunction, negative mood 
states, and response to alcohol. Alcohol Clin Exp Res. 25: 487–95. [PubMed: 11329486] 

13. Ait-Daoud N, Roache JD, Dawes MA, Liu L, Wang XQ, Javors MA, Seneviratne C, Johnson BA. 
2009; Can serotonin transporter genotype predict craving in alcoholism? Alcohol Clin Exp Res. 
33: 1329–35. [PubMed: 19426172] 

14. Storvik M, Tiihonen J, Haukijärvi T, Tupala E. 2006; Lower serotonin transporter binding in 
caudate in alcoholics. Synapse. 59: 144–51. [PubMed: 16358330] 

15. Storvik M, Tiihonen J, Haukijärvi T, Tupala E. 2006; Nucleus accumbens serotonin transporters 
in alcoholics measured by whole-hemisphere autoradiography. Alcohol. 40: 177–84. [PubMed: 
17418697] 

16. Storvik M, Tiihonen J, Haukijärvi T, Tupala E. 2007; Amygdala serotonin transporters in 
alcoholics measured by whole hemisphere autoradiography. Synapse. 61: 629–36. [PubMed: 
17476685] 

17. Köhnke MD, Kolb W, Lutz U, Maurer S, Batra A. 2006; The serotonin transporter promotor 
polymorphism 5-HTTLPR is not associated with alcoholism or severe forms of alcohol withdrawal 
in a German sample. Psychiatr Genet. 16: 227–8. [PubMed: 17106419] 

18. Pinto E, Reggers J, Gorwood P, Boni C, Scantamburlo G, Pitchot W, Ansseau M. The short allele 
of the serotonin transporter promoter polymorphism influences relapse in alcohol dependence. 
Alcohol Alcohol. 43: 398–400. [PubMed: 18364363] 

19. Murphy JM, McBride WJ, Lumeng L, Li TK. 1982; Regional brain levels of monoamines in 
alcohol-preferring and -nonpreferring lines of rats. Pharmacol Biochem Behav. 16: 145–149. 
[PubMed: 6173885] 

20. Murphy JM, McBride WJ, Lumeng L, Li TK. 1987; Contents of monoamines in forebrain regions 
of alcohol-preferring (P) and -nonpreferring (NP) lines of rats. Pharmacol Biochem Behav. 26: 
389–92. [PubMed: 2437596] 

21. Zhou FC, Bledsoe S, Lumeng L, Li TK. Immunostained serotonergic fibers are decreased in 
selected brain regions of alcohol-preferring rats. Alcohol. 8: 425–31. 

22. McBride WJ, Guan XM, Chernet E, Lumeng L, Li TK. 1994; Regional serotonin1A receptors 
in the CNS of alcohol-preferring and -nonpreferring rats. Pharmacol Biochem Behav. 49: 7–12. 
[PubMed: 7816892] 

Marcinkiewcz Page 17

ACS Chem Neurosci. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



23. Casu MA, Pisu C, Lobina C, Pani L. 2004; Immunocytochemical study of the forebrain 
serotonergic innervation in Sardinian alcohol-preferring rats. Psychopharmacology (Berl). 172: 
341–51. [PubMed: 14634717] 

24. Ho AK, Tsai CS, Chen RC, Begleiter H, Kissin B. 1974; Experimental studies on 
alcoholism. I Increased in alcohol preference by 5.6-dihydroxytryptamine and brain acetylcholine. 
Psychopharmacologia. 40: 101–7. [PubMed: 4453596] 

25. Myers RD, Melchior CL. 1975; Alcohol drinking in the rat after destruction of serotonergic 
and catecholaminergic neurons in the brain. Res Commun Chem Pathol Pharmacol. 10: 363–78. 
[PubMed: 1162179] 

26. Melchior CL, Myers RD. 1976; Genetic differences in ethanol drinking of the rat following 
injection of 6-OHDA, 5,6-DHT or 5,7-DHT into the cerebral ventricles. Pharmacol Biochem 
Behav. 5: 63–72. [PubMed: 996042] 

27. Richardson JS, Novakovski DM. 1978; Brain monoamines and free choice ethanol consumption in 
rats. Drug Alcohol Depend. 3: 253–64. [PubMed: 567571] 

28. Ellison G, Daniel F, Zoraster R. 1979; Delayed increases in alcohol consumption occur in rat 
colonies but not in isolated rats after injections of monoamine neurotoxins. Exp Neurol. 65: 608–
15. [PubMed: 467562] 

29. LeMarquand D, Pihl RO, Benkelfat C. 1994; Serotonin and alcohol intake, abuse, and dependence: 
Findings of animal studies. Biol Psychiatry. 36: 395–421. [PubMed: 7803601] 

30. Boyce-Rustay JM, Wiedholz LM, Millstein Ra, Carroll J, Murphy DL, Daws LC, Holmes A. 
2006; Ethanol-related behaviors in serotonin transporter knockout mice. Alcohol Clin Exp Res. 30: 
1957–65. [PubMed: 17117959] 

31. Naranjo CA, Poulos CX, Bremner KE, Lanctôt KL. 1992; Citalopram decreases desirability, liking, 
and consumption of alcohol in alcohol-dependent drinkers. Clin Pharmacol Ther. 51: 729–39. 
[PubMed: 1535302] 

32. Higley J, Hasert M, Suomi S, Linnoila M. 1998; The serotonin reuptake inhibitor sertraline reduces 
excessive alcohol consumption in nonhuman primates: effect of stress. Neuropsychopharmacology. 
18: 431–43. [PubMed: 9571652] 

33. Pettinati HM, Volpicelli JR, Kranzler HR, Luck G, Rukstalis MR, Cnaan A. 2000; Sertraline 
Treatment for Alcohol Dependence: Interactive Effects of Medication and Alcoholic Subtype. 
Alcohol Clin Exp Res. 24: 1041–1049. [PubMed: 10924008] 

34. Dundon W, Lynch KG, Pettinati HM, Lipkin C. 2004; Treatment outcomes in type A and B alcohol 
dependence 6 months after serotonergic pharmacotherapy. Alcohol Clin Exp Res. 28: 1065–73. 
[PubMed: 15252293] 

35. Kranzler HR, Armeli S, Tennen H. 2012; Post-treatment outcomes in a double-blind, randomized 
trial of sertraline for alcohol dependence. Alcohol Clin Exp Res. 36: 739–44. [PubMed: 21981418] 

36. Kranzler HR, Feinn R, Armeli S, Tennen H. 2012; Comparison of alcoholism subtypes as 
moderators of the response to sertraline treatment. Alcohol Clin Exp Res. 36: 509–16. [PubMed: 
21895712] 

37. Liu Z, Zhou J, Li Y, Hu F, Lu Y, Ma M, Feng Q, Zhang JE, Wang D, Zeng J, Bao J, Kim JY, 
Chen ZF, El Mestikawy S, Luo M. 2014; Dorsal raphe neurons signal reward through 5-HT and 
glutamate. Neuron. 81: 1360–74. [PubMed: 24656254] 

38. Yoshimoto K, McBride W, Lumeng L, Li T. 1992; Ethanol enhances the release of dopamine and 
serotonin in the nucleus accumbens of HAD and LAD lines of rats. Alcohol Clin Exp Res. 16: 
781–785. [PubMed: 1382391] 

39. Yoshimoto K, Ueda S, Kato B, Takeuchi Y, Kawai Y, Noritake K, Yasuhara M. 2000; Alcohol 
enhances characteristic releases of dopamine and serotonin in the central nucleus of the amygdala. 
Neurochem Int. 37: 369–76. [PubMed: 10825577] 

40. Yoshimoto K, Watanabe Y, Tanaka M, Kimura M. 2012; Serotonin2C receptors in the nucleus 
accumbens are involved in enhanced alcohol-drinking behavior. Eur J Neurosci. 35: 1368–80. 
[PubMed: 22512261] 

41. Brown P, Molliver ME. 2000; Dual Serotonin (5-HT) Projections to the Nucleus Accumbens Core 
and Shell : Relation of the 5-HT Transporter to Amphetamine- Induced. Neurotoxicity. 20: 1952–
1963. 

Marcinkiewcz Page 18

ACS Chem Neurosci. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



42. Pistis M, Muntoni a, Gessa G, Diana M. 1997; Effects of acute, chronic ethanol and withdrawal 
on dorsal raphe neurons: electrophysiological studies. Neuroscience. 79: 171–176. [PubMed: 
9178873] 

43. Thielen RJ, Morzorati SL, McBride WJ. 2001; Effects of ethanol on the dorsal raphe nucleus and 
its projections to the caudate putamen. Alcohol. 23: 131–139. [PubMed: 11435023] 

44. Lowery-Gionta EG, Marcinkiewcz Ca, Kash TL. 2014. Functional Alterations in the Dorsal Raphe 
Nucleus Following Acute and Chronic Ethanol Exposure. Neuropsychopharmacology. 1–11. 

45. Leggio L, Addolorato G. 2008; Serotonin transporter (SERT) brain density and neurobiological 
Cloninger subtypes model: a lesson by human autoradiography studies. Alcohol Alcohol. 43: 148–
50. [PubMed: 18211952] 

46. Burnett EJ, Davenport aT, Grant Ka, Friedman DP. 2012; The effects of chronic ethanol self-
administration on hippocampal serotonin transporter density in monkeys. Front psychiatry. 3: 38. 
[PubMed: 22557982] 

47. Smith AD, Weiss F. 1999; Ethanol exposure differentially alters central monoamine 
neurotransmission in alcohol-preferring versus -nonpreferring rats. J Pharmacol Exp Ther. 288: 
1223–8. [PubMed: 10027862] 

48. Frazer, A, Hensler, JG. Serotonin receptors. In: Siegel, GJ, Agranoff, BW, Albers, RW, Fisher, 
SK, Uhler, MD, editors. Basic Neurochemistry: Molecular, Cellular and Medical Aspects. 6. 
Philadelphia: 1999. 

49. Raymond JR, Mukhin YV, Gettys TW, Garnovskaya MN. 1999; The recombinant 5-HT1A 
receptor: G protein coupling and signalling pathways. Br J Pharmacol. 127: 1751–64. [PubMed: 
10482904] 

50. Bouhelal R, Smounya L, Bockaert J. 1988; 5-HT1B receptors are negatively coupled with 
adenylate cyclase in rat substantia nigra. Eur J Pharmacol. 151: 189–96. [PubMed: 2971554] 

51. Hartman JL, Northup JK. 1996; Functional reconstitution in situ of 5-hydroxytryptamine2c 
(5HT2c) receptors with alphaq and inverse agonism of 5HT2c receptor antagonists. J Biol Chem. 
271: 22591–7. [PubMed: 8798428] 

52. Chang M, Zhang L, Tam JP, Sanders-Bush E. 2000; Dissecting G protein-coupled receptor 
signaling pathways with membrane-permeable blocking peptides. Endogenous 5-HT(2C) receptors 
in choroid plexus epithelial cells. J Biol Chem. 275: 7021–9. [PubMed: 10702266] 

53. Doherty MD, Pickel VM. 2000; Ultrastructural localization of the serotonin 2A receptor 
in dopaminergic neurons in the ventral tegmental area. Brain Res. 864: 176–185. [PubMed: 
10802024] 

54. Nocjar C, Roth BL, Pehek E. 2002; Localization of 5-HT2A receptors on dopamine cells in 
subnuclei of the midbrain A10 cell group. Neuroscience. 111: 163–176. [PubMed: 11955720] 

55. Herin DV, Bubar MJ, Seitz PK, Thomas ML, Hillman GR, Tarasenko YI, Wu P, Cunningham 
KA. 2013; Elevated expression of serotonin 5-HT2A receptors in the rat ventral tegmental area 
enhances vulnerability to the behavioral effects of cocaine. Front Psychiatry. 4 

56. Bubar MJ, Stutz SJ, Cunningham Ka. 2011; 5-HT(2C) receptors localize to dopamine and GABA 
neurons in the rat mesoaccumbens pathway. PLoS One. 6: e20508. [PubMed: 21687728] 

57. Di Giovanni G, De Deurwaerdére P, Di Mascio M, Di Matteo V, Esposito E, Spampinato U. 
1999; Selective blockade of serotonin-2C/2B receptors enhances mesolimbic and mesostriatal 
dopaminergic function: a combined in vivo electrophysiological and microdialysis study. 
Neuroscience. 91: 587–97. [PubMed: 10366016] 

58. Di Matteo V, Di Giovanni G, Di Mascio M, Esposito E. 1999; SB 242084, a selective 
serotonin2C receptor antagonist, increases dopaminergic transmission in the mesolimbic system. 
Neuropharmacology. 38: 1195–205. [PubMed: 10462132] 

59. Cathala A, Devroye C, Maitre M, Piazza PV, Abrous DN, Revest J-M, Spampinato U. 2014. 
Serotonin2C receptors modulate dopamine transmission in the nucleus accumbens independently 
of dopamine release: behavioral, neurochemical and molecular studies with cocaine. Addict Biol. 

60. Thompson A, Lummis RS. 2006; 5-HT3 Receptors. Curr Pharm Des. 12: 3615–3630. [PubMed: 
17073663] 

61. Ding ZM, Oster SM, Hall SR, Engleman EA, Hauser SR, McBride WJ, Rodd ZA. 2011; The 
stimulating effects of ethanol on ventral tegmental area dopamine neurons projecting to the ventral 

Marcinkiewcz Page 19

ACS Chem Neurosci. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pallidum and medial prefrontal cortex in female Wistar rats: regional difference and involvement 
of serotonin-3 receptors. Psychopharmacology (Berl). 216: 245–55. [PubMed: 21340473] 

62. Ding ZM, Oster SM, Hauser SR, Toalston JE, Bell RL, McBride WJ, Rodd ZA. 2012; Synergistic 
self-administration of ethanol and cocaine directly into the posterior ventral tegmental area: 
involvement of serotonin-3 receptors. J Pharmacol Exp Ther. 340: 202–9. [PubMed: 22011435] 

63. Schreiber R, Opitz K, Glaser T, De Vry J. 1993; Ipsapirone and 8-OH-DPAT reduce ethanol 
preference in rats: involvement of presynaptic 5-HT1A receptors. Psychopharmacology (Berl). 
112: 100–10. [PubMed: 7870997] 

64. Svensson L, Fahlke C, Hård E, Engel JA. 1993; Involvement of the serotonergic system in ethanol 
intake in the rat. Alcohol. 10: 219–24. [PubMed: 8507391] 

65. Tomkins DM, Higgins GA, Sellers EM. 1994; Low doses of the 5-HT1A agonist 8-hydroxy-2-(di-
n-propylamino)-tetralin (8-OH DPAT) increase ethanol intake. Psychopharmacology (Berl). 115: 
173–9. [PubMed: 7862892] 

66. McKenzie-Quirk SD, Miczek Ka. 2003; 5-HT1A agonists: alcohol drinking in rats and squirrel 
monkeys. Psychopharmacology (Berl). 167: 145–52. [PubMed: 12658527] 

67. Tomkins DM, Sellers EM, Fletcher PJ. 1994; Median and dorsal raphe injections of the 5-HT1A 
agonist, 8-OH-DPAT, and the GABAA agonist, muscimol, increase voluntary ethanol intake in 
Wistar rats. Neuropharmacology. 33: 349–58. [PubMed: 7984273] 

68. Hillmer AT, Wooten DW, Tudorascu DL, Barnhart TE, Ahlers EO, Resch LM, Larson Ja, 
Converse AK, Moore CF, Schneider ML, Christian BT. 2014; The effects of chronic alcohol self-
administration on serotonin-1A receptor binding in nonhuman primates. Drug Alcohol Depend. 
144: 119–126. [PubMed: 25220896] 

69. Kelaï S, Renoir T, Chouchana L, Saurini F, Hanoun N, Hamon M, Lanfumey L. 2008; Chronic 
voluntary ethanol intake hypersensitizes 5-HT(1A) autoreceptors in C57BL/6J mice. J Neurochem. 
107: 1660–70. [PubMed: 19094059] 

70. Arborelius L, Chergui K, Murase S, Nomikos GG, Höök BB, Chouvet G, Hacksell U, Svensson 
TH. 1993; The 5-HT1A receptor selective ligands, (R)-8-OH-DPAT and (S)-UH-301, differentially 
affect the activity of midbrain dopamine neurons. Naunyn Schmiedebergs Arch Pharmacol. 347: 
353–62. [PubMed: 8510763] 

71. Ichikawa J, Meltzer HY. 2000; The effect of serotonin(1A) receptor agonism on antipsychotic 
drug-induced dopamine release in rat striatum and nucleus accumbens. Brain Res. 858: 252–63. 
[PubMed: 10708676] 

72. Clissold KA, Choi E, Pratt WE. 2013; Serotonin 1A, 1B, and 7 receptors of the rat medial 
nucleus accumbens differentially regulate feeding, water intake, and locomotor activity. Pharmacol 
Biochem Behav. 112: 96–103. [PubMed: 24125784] 

73. Burnett EJ, Grant Ka, Davenport AT, Hemby SE, Friedman DP. 2014; The effects of chronic 
ethanol self-administration on hippocampal 5-HT1A receptors in monkeys. Drug Alcohol Depend. 
136: 135–42. [PubMed: 24467872] 

74. Storvik M, Häkkinen M, Tupala E, Tiihonen J. 2009; 5-HT(1A) receptors in the frontal cortical 
brain areas in Cloninger type 1 and 2 alcoholics measured by whole-hemisphere autoradiography. 
Alcohol Alcohol. 44: 2–7. [PubMed: 19029097] 

75. Lappalainen J, Long JC, Eggert M, Ozaki N, Robin RW, Brown GL, Naukkarinen H, Virkkunen 
M, Linnoila M, Goldman D. 1998; Linkage of antisocial alcoholism to the serotonin 5-HT1B 
receptor gene in 2 populations. Arch Gen Psychiatry. 55: 989–94. [PubMed: 9819067] 

76. Lesch KP, Merschdorf U. 2000; Impulsivity, aggression, and serotonin: a molecular 
psychobiological perspective. Behav Sci Law. 18: 581–604. [PubMed: 11113963] 

77. Brunner D, Hen R. 1997; Insights into the neurobiology of impulsive behavior from serotonin 
receptor knockout mice. Ann N Y Acad Sci. 836: 81–105. [PubMed: 9616795] 

78. McBride WJ, Chernet E, Russell RN, Wong DT, Guan XM, Lumeng L, Li TK. 1997; Regional 
CNS densities of monoamine receptors in alcohol-naive alcohol-preferring P and -nonpreferring 
NP rats. Alcohol. 14: 141–8. [PubMed: 9085714] 

79. Maurel S, De Vry J, Schreiber R. 1999; 5-HT receptor ligands differentially affect operant oral 
self-administration of ethanol in the rat. Eur J Pharmacol. 370: 217–23. [PubMed: 10334495] 

Marcinkiewcz Page 20

ACS Chem Neurosci. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



80. Tomkins DM, O’Neill MF. 2000; Effect of 5-HT(1B) receptor ligands on self-administration 
of ethanol in an operant procedure in rats. Pharmacol Biochem Behav. 66: 129–36. [PubMed: 
10837852] 

81. Czachowski CL. 2005; Manipulations of serotonin function in the nucleus accumbens core produce 
differential effects on ethanol and sucrose seeking and intake. Alcohol Clin Exp Res. 29: 1146–55. 
[PubMed: 16046869] 

82. McFarland K, Lapish CC, Kalivas PW. 2003; Prefrontal glutamate release into the core of the 
nucleus accumbens mediates cocaine-induced reinstatement of drug-seeking behavior. J Neurosci. 
23: 3531–3537. [PubMed: 12716962] 

83. Hoplight BJ, Sandygren NA, Neumaier JF. 2006; Increased expression of 5-HT1B receptors in rat 
nucleus accumbens via virally mediated gene transfer increases voluntary alcohol consumption. 
Alcohol. 38: 73–9. [PubMed: 16839853] 

84. Furay AR, Neumaier JF, Mullenix AT, Kaiyala KK, Sandygren NK, Hoplight BJ. 2011; 
Overexpression of 5-HT(1B) mRNA in nucleus accumbens shell projection neurons differentially 
affects microarchitecture of initiation and maintenance of ethanol consumption. Alcohol. 45: 19–
32. [PubMed: 20843634] 

85. Yan QS, Yan SE. 2001; Activation of 5-HT(1B/1D) receptors in the mesolimbic dopamine system 
increases dopamine release from the nucleus accumbens: a microdialysis study. Eur J Pharmacol. 
418: 55–64. [PubMed: 11334865] 

86. Yan QS, Zheng SZ, Feng MJ, Yan SE. 2005; Involvement of 5-HT1B receptors within the ventral 
tegmental area in ethanol-induced increases in mesolimbic dopaminergic transmission. Brain Res. 
1060: 126–37. [PubMed: 16212943] 

87. Hu J, Henry S, Gallezot JD, Ropchan J, Neumaier JF, Potenza MN, Sinha R, Krystal JH, Huang Y, 
Ding YS, Carson RE, Neumeister A. 2010; Serotonin 1B receptor imaging in alcohol dependence. 
Biol Psychiatry. 67: 800–3. [PubMed: 20172504] 

88. Griffin WC, Haun HL, Hazelbaker CL, Ramachandra VS, Becker HC. 2014; Increased 
extracellular glutamate in the nucleus accumbens promotes excessive ethanol drinking in ethanol 
dependent mice. Neuropsychopharmacology. 39: 707–17. [PubMed: 24067300] 

89. Miczek, Ka; de Almeida, RM. 2001; Oral drug self-administration in the home cage 
of mice: alcohol-heightened aggression and inhibition by the 5-HT1B agonist anpirtoline. 
Psychopharmacology (Berl). 157: 421–9. [PubMed: 11605102] 

90. Cao J, Liu X, Han S, Zhang CK, Liu Z, Li D. 2014; Association of the HTR2A gene with alcohol 
and heroin abuse. Hum Genet. 133: 357–365. [PubMed: 24178752] 

91. Ding ZM, Toalston JE, Oster SM, McBride WJ, Rodd ZA. 2009; Involvement of local 
serotonin-2A but not serotonin-1B receptors in the reinforcing effects of ethanol within the 
posterior ventral tegmental area of female Wistar rats. Psychopharmacology (Berl). 204: 381–390. 
[PubMed: 19165471] 

92. Blakley GG, Pohorecky LA, Benjamin D. 2001; Bidirectional changes in ethanol consumption in 
rats with site-specific antisense down-regulation of 5-hydroxytryptamine2A receptors in brain. J 
Pharmacol Exp Ther. 299: 277–289. [PubMed: 11561090] 

93. Stuber GD, Sparta DR, Stamatakis AM, van Leeuwen WA, Hardjoprajitno JE, Cho S, Tye 
KM, Kempadoo KA, Zhang F, Deisseroth K, Bonci A. 2011; Excitatory transmission from the 
amygdala to nucleus accumbens facilitates reward seeking. Nature. 475: 377–380. [PubMed: 
21716290] 

94. McCool, Ba; Christian, DT; Fetzer, Ja; Chappell, AM. 2014; Lateral/basolateral amygdala 
serotonin type-2 receptors modulate operant self-administration of a sweetened ethanol solution 
via inhibition of principal neuron activity. Front Integr Neurosci. 8: 5. [PubMed: 24523680] 

95. Alexander GM, Graef JD, Hammarback JA, Nordskog BK, Burnett EJ, Daunais JB, Bennett AJ, 
Friedman DP, Suomi SJ, Godwin DW. 2012; Disruptions in serotonergic regulation of cortical 
glutamate release in primate insular cortex in response to chronic ethanol and nursery rearing. 
Neuroscience. 207: 167–181. [PubMed: 22305886] 

96. Grottick AJ, Fletcher PJ, Higgins GUYA. 2000; Studies to Investigate the Role of 5-HT 2C 
Receptors on Cocaine- and Food-Maintained Behavior 1. 295: 1183–1191. 

Marcinkiewcz Page 21

ACS Chem Neurosci. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



97. Fletcher PJ, Rizos Z, Sinyard J, Tampakeras M, Higgins Ga. 2008; The 5-HT2C receptor 
agonist Ro60-0175 reduces cocaine self-administration and reinstatement induced by the stressor 
yohimbine, and contextual cues. Neuropsychopharmacology. 33: 1402–12. [PubMed: 17653111] 

98. Grottick, aJ; Corrigall, Wa; Higgins, Ga. 2001; Activation of 5-HT(2C) receptors reduces the 
locomotor and rewarding effects of nicotine. Psychopharmacology (Berl). 157: 292–8. [PubMed: 
11605085] 

99. Tomkins DM, Joharchi N, Tampakeras M, Martin JR, Wichmann J, Higgins GA. 2002; An 
investigation of the role of 5-HT 2C receptors in modifying ethanol self-administration behaviour. 
71: 735–744. 

100. Kasper J, Tikamdas R, Kim MS, Macfadyen K, Aramini R, Ladd J, Bisceglia S, Booth R, 
Peris J. 2013; The serotonin-2 receptor modulator, (-)-trans-PAT, decreases voluntary ethanol 
consumption in rats. Eur J Pharmacol. 718: 98–104. [PubMed: 24041931] 

101. Van Zessen R, Phillips JL, Budygin Ea, Stuber GD. 2012; Activation of VTA GABA Neurons 
Disrupts Reward Consumption. Neuron. 73: 1184–1194. [PubMed: 22445345] 

102. Filip M, Cunningham KA. 2002; Serotonin 5-HT(2C) receptors in nucleus accumbens regulate 
expression of the hyperlocomotive and discriminative stimulus effects of cocaine. Pharmacol 
Biochem Behav. 71: 745–56. [PubMed: 11888566] 

103. Watanabe Y, Yoshimoto K, Tatebe H, Kita M, Nishikura K, Kimura M, Tanaka M. 2014; 
Enhancement of alcohol drinking in mice depends on alterations in RNA editing of serotonin 2C 
receptors. Int J Neuropsychopharmacol. 17: 739–51. [PubMed: 24345557] 

104. Theile JW, Morikawa H, Gonzales Ra, Morrisett Ra. 2009; Ethanol Potentiation of GABA 
Release onto Ventral Tegmental Area Dopamine Neurons. 329: 625–633. 

105. Kasper JM, Booth RG, Peris J. 2015; Serotonin-2C receptor agonists decrease potassium-
stimulated GABA release in the nucleus accumbens. Synapse. 69: 78–85. [PubMed: 25382408] 

106. Higgins, Ga; Silenieks, LB; Rossmann, A; Rizos, Z; Noble, K; Soko, AD; Fletcher, PJ. 2012; 
The 5-HT2C receptor agonist lorcaserin reduces nicotine self-administration, discrimination, and 
reinstatement: relationship to feeding behavior and impulse control. Neuropsychopharmacology. 
37: 1177–91. [PubMed: 22189292] 

107. Rezvani AH, Cauley MC, Levin ED. 2014; Lorcaserin, a selective 5-HT(2C) receptor agonist, 
decreases alcohol intake in female alcohol preferring rats. Pharmacol Biochem Behav. 125: 8–14. 
[PubMed: 25109272] 

108. Overstreet DH, Knapp DJ, Breese GR. 2007; Drug challenges reveal differences in mediation 
of stress facilitation of voluntary alcohol drinking and withdrawal-induced anxiety in alcohol-
preferring P rats. Alcohol Clin Exp Res. 31: 1473–81. [PubMed: 17624999] 

109. Fadda F, Garau B, Marchei F, Colombo G, Gessa GL. 1991; MDL 72222, a selective 5-HT3 
receptor antagonist, suppresses voluntary ethanol consumption in alcohol-preferring rats. Alcohol 
Alcohol. 26: 107–10. [PubMed: 1878073] 

110. Rodd-Henricks ZA, McKinzie DL, Edmundson VE, Dagon CL, Murphy JM, McBride WJ, 
Lumeng L, Li TK. 2000; Effects of 5-HT(3) receptor antagonists on daily alcohol intake under 
acquisition, maintenance, and relapse conditions in alcohol-preferring (P) rats. Alcohol. 21: 73–
85. [PubMed: 10946160] 

111. Knapp DJ, Pohorecky LA. 1992; Zacopride, a 5-HT3 receptor antagonist, reduces voluntary 
ethanol consumption in rats. Pharmacol Biochem Behav. 41: 847–50. [PubMed: 1594653] 

112. McKinzie DL, Eha R, Cox R, Stewart RB, Dyr W, Murphy JM, McBride WJ, Lumeng L, Li TK. 
1998; Serotonin3 receptor antagonism of alcohol intake: effects of drinking conditions. Alcohol. 
15: 291–8. [PubMed: 9590513] 

113. Rodd ZA, Bell RL, Oster SM, Toalston JE, Pommer TJ, McBride WJ, Murphy JM. 2010; 
Serotonin-3 receptors in the posterior ventral tegmental area regulate ethanol self-administration 
of alcohol-preferring (P) rats. Alcohol. 44: 245–55. [PubMed: 20682192] 

114. McBride WJ, Lovinger DM, Machu T, Thielen RJ, Rodd ZA, Murphy JM, Roache JD, Johnson 
BA. 2004; Serotonin-3 receptors in the actions of alcohol, alcohol reinforcement, and alcoholism. 
Alcohol Clin Exp Res. 28: 257–67. [PubMed: 15112933] 

115. Hauser S, Hedlund PB, Roberts AJ, Sari Y, Bell RL, Engleman EA. 2015; The 5-HT7 receptor as 
a potential target for treating drug and alcohol abuse. Front psychiatry. 8: 1–9. 

Marcinkiewcz Page 22

ACS Chem Neurosci. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



116. Ballaz SJ, Akil H, Watson SJ. 2007; Analysis of 5-HT6 and 5-HT7 receptor gene expression 
in rats showing differences in novelty-seeking behavior. Neuroscience. 147: 428–438. [PubMed: 
17543469] 

117. Leo D, Adriani W, Cavaliere C, Cirillo G, Marco EM, Romano E, Di Porzio U, Papa M, 
Perrone-Capano C, Laviola G. 2009; Methylphenidate to adolescent rats drives enduring changes 
of accumbal Htr7 expression: Implications for impulsive behavior and neuronal morphology. 
Genes, Brain Behav. 8: 356–368. [PubMed: 19243449] 

118. Adriani W, Leo D, Greco D, Rea M, di Porzio U, Laviola G, Perrone-Capano C. 2006; 
Methylphenidate administration to adolescent rats determines plastic changes on reward-related 
behavior and striatal gene expression. Neuropsychopharmacology. 31: 1946–1956. [PubMed: 
16319916] 

119. Zlojutro M, Manz N, Rangaswamy M, Xuei X, Flury-Wetherill L, Koller D, Bierut LJ, Goate 
A, Hesselbrock V, Kuperman S, Nurnberger J, Rice JP, Schuckit MA, Foroud T, Edenberg 
HJ, Porjesz B, Almasy L. 2011; Genome-wide association study of theta band event-related 
oscillations identifies serotonin receptor gene HTR7 influencing risk of alcohol dependence. Am 
J Med Genet Part B Neuropsychiatr Genet. 156: 44–58. 

120. Kim JH, Park BL, Cheong HS, Bae JS, Kim LH, Kim JW, Lee BC, Seo CH, Kang TC, Park 
SH, Choi IG, Shin HD. 2014; Association between HTR7 genetic polymorphisms and alcohol 
dependence, using the alcohol use disorders identification test (AUDIT). Alcohol Clin Exp Res. 
38: 2354–61. [PubMed: 25070732] 

121. Müller CP, Homberg JR. 2014. The role of serotonin in drug use and addiction. Behav Brain Res. 

122. Loh EA, Roberts DC. 1990; Break-points on a progressive ratio schedule reinforced by 
intravenous cocaine increase following depletion of forebrain serotonin. Psychopharmacology 
(Berl). 101: 262–266. [PubMed: 2349367] 

123. Walsh SL, Cunningham KA. 1997. Serotonergic mechanisms involved in the discriminative 
stimulus, reinforcing and subjective effects of cocaine. Psychopharmacology (Berl). 

124. Fletcher PJ, Korth KM, Chambers JW. 1999; Selective destruction of brain serotonin neurons by 
5,7- dihydroxytryptamine increases responding for a conditioned reward. Psychopharmacology 
(Berl). 147: 291–299. [PubMed: 10639688] 

125. Carta M, Collu M, Fadda F, Stancampiano R. 2006; Augmented cocaine-induced accumbal 
dopamine efflux, motor activity and place preference in rats fed with a tryptophan-deficient diet. 
Neurosci Lett. 401: 125–129. [PubMed: 16581186] 

126. Cox SML, Benkelfat C, Dagher A, Delaney JS, Durand F, Kolivakis T, Casey KF, Leyton M. 
2011; Effects of lowered serotonin transmission on cocaine-induced striatal dopamine response: 
PET [ 11C]raclopride study in humans. Br J Psychiatry. 199: 391–397. [PubMed: 21543823] 

127. Smith JE, Shultz K, Co C, Goeders NE, Dworkin SI. 1987; Effects of 5,7-dihydroxytryptamine 
lesions of the nucleus accumbens on rat intravenous morphine self-administration. Pharmacol 
Biochem Behav. 26: 607–612. [PubMed: 3575377] 

128. Olausson P, Åkesson P, Petersson A, Engel JA, Söderpalm B. 2001; Behavioral and 
neurochemical consequences of repeated nicotine treatment in the serotonin-depleted rat. 
Psychopharmacology (Berl). 155: 348–361. [PubMed: 11441424] 

129. Callahan PM, Cunningham KA. 1997; Modulation of the discriminative stimulus properties of 
cocaine: Comparison of the effects of fluoxetine with 5-HT(1A) and 5-HT(1B) receptor agonists. 
Neuropharmacology. 36: 373–381. [PubMed: 9175616] 

130. Kleven MS, Koek W. 1998; Discriminative stimulus properties of cocaine: enhancement by 
monoamine reuptake blockers. J Pharmacol Exp Ther. 284: 1015–1025. [PubMed: 9495862] 

131. Bubar MJ, McMahon LR, De Deurwaerdère P, Spampinato U, Cunningham KA. 2003; Selective 
serotonin reuptake inhibitors enhance cocaine-induced locomotor activity and dopamine release 
in the nucleus accumbens. Neuropharmacology. 44: 342–353. [PubMed: 12604093] 

132. Soto PL, Hiranita T, Katz JL. 2009; Citalopram enhances cocaine’s subjective effects in rats. 
Behav Pharmacol. 20: 759–762. [PubMed: 20195220] 

133. Pradhan SN, Battacharyya AK, Pradhan S. 1978; Serotoninergic manipulation of the behavioral 
effects of cocaine in rats. Commun Psychopharmacol. 2: 481–486. [PubMed: 311720] 

Marcinkiewcz Page 23

ACS Chem Neurosci. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



134. Molina PE, Ahmed N, Gatley J, Volkow ND, Abumrad NN. 2001; L-tryptophan attenuation 
of the dopaminergic and behavioral responses to cocaine. Life Sci. 69: 1897–1906. [PubMed: 
11693270] 

135. Spealman RD. 1993; Modification of behavioral effects of cocaine by selective serotonin 
and dopamine uptake inhibitors in squirrel monkeys. Psychopharmacology (Berl). 112: 93–99. 
[PubMed: 7871015] 

136. Walsh SL, Preston KL, Sullivan JT, Fromme R, Bigelow GE. 1994. Fluoxetine alters the effects of 
intravenous cocaine in humans. J Clin Psychopharmacol. 396–407. [PubMed: 7884020] 

137. Liu S, Lane SD, Schmitz JM, Cunningham Ka, John VP, Moeller FG. 2013; Effects of 
escitalopram on attentional bias to cocaine-related stimuli and inhibitory control in cocaine-
dependent subjects. J Psychopharmacol. 27: 801–7. [PubMed: 23761390] 

138. Bohbot VD, Del Balso D, Conrad K, Konishi K, Leyton M. 2013; Caudate nucleus-dependent 
navigational strategies are associated with increased use of addictive drugs. Hippocampus. 23: 
973–84. [PubMed: 23939925] 

139. Volkow ND, Wang GJ, Fowler JS, Hitzemann R, Angrist B, Gatley SJ, Logan J, Ding YS, 
Pappas N. 1999; Association of methylphenidate-induced craving with changes in right striato-
orbitofrontal metabolism in cocaine abusers: implications in addiction. Am J Psychiatry. 156: 
19–26. [PubMed: 9892293] 

140. Mathur BN, Lovinger DM. 2012; Serotonergic action on dorsal striatal function. Parkinsonism 
Relat Disord. 18 (Suppl 1) S129–31. [PubMed: 22166410] 

141. Mathur BN, Capik NA, Alvarez VA, Lovinger DM. 2011; Serotonin induces long-term depression 
at corticostriatal synapses. J Neurosci. 31: 7402–11. [PubMed: 21593324] 

142. Blomeley C, Bracci E. 2005; Excitatory effects of serotonin on rat striatal cholinergic 
interneurones. J Physiol. 569: 715–21. [PubMed: 16269435] 

143. Bonsi P, Cuomo D, Ding J, Sciamanna G, Ulrich S, Tscherter A, Bernardi G, Surmeier DJ, 
Pisani A. 2007; Endogenous serotonin excites striatal cholinergic interneurons via the activation 
of 5-HT 2C, 5-HT6, and 5-HT7 serotonin receptors: implications for extrapyramidal side effects 
of serotonin reuptake inhibitors. Neuropsychopharmacology. 32: 1840–54. [PubMed: 17203014] 

144. Blomeley CP, Bracci E. 2009; Serotonin excites fast-spiking interneurons in the striatum. Eur J 
Neurosci. 29: 1604–14. [PubMed: 19419423] 

145. Winter C, Flash S, Klavir O, Klein J, Sohr R, Joel D. 2008; The role of the subthalamic nucleus in 
“compulsive” behavior in rats. Eur J Neurosci. 27: 1902–11. [PubMed: 18412611] 

146. Nonkes LJP, Tomson K, Maertin A, Dederen J, Maes JHR, Homberg J. 2010; Orbitofrontal cortex 
and amygdalar over-activity is associated with an inability to use the value of expected outcomes 
to guide behaviour in serotonin transporter knockout rats. Neurobiol Learn Mem. 94: 65–72. 
[PubMed: 20388545] 

147. Schuckit MA. 2009; Alcohol-use disorders. Lancet. 373: 492–501. [PubMed: 19168210] 

148. Uzbay IT, SağLam E, Kayir H, Celik T, Beyazyurek M. 2004; Effects of fluoxetine on ethanol 
withdrawal syndrome in rats. J Psychiatr Res. 38: 445–50. [PubMed: 15203297] 

149. Sağlam E, Kayir H, Celik T, Uzbay T. 2006; Effects of escitalopram on ethanol withdrawal 
syndrome in rats. Prog Neuropsychopharmacol Biol Psychiatry. 30: 1027–32. [PubMed: 
16650516] 

150. Uzbay IT. 2008; Serotonergic anti-depressants and ethanol withdrawal syndrome: a review. 
Alcohol Alcohol. 43: 15–24. [PubMed: 17934195] 

151. Cheaha D, Sawangjaroen K, Kumarnsit E. 2014; Characterization of fluoxetine effects 
on ethanol withdrawal-induced cortical hyperexcitability by EEG spectral power in rats. 
Neuropharmacology. 77: 49–56. [PubMed: 24076335] 

152. Cloninger CR, Bohman M, Sigvardsson S. 1981; Inheritance of alcohol abuse. Cross-fostering 
analysis of adopted men. Arch Gen Psychiatry. 38: 861–8. [PubMed: 7259422] 

153. Zucker RA. 1986; The four alcoholisms: a developmental account of the etiologic process. Nebr 
Symp Motiv. 34: 27–83. [PubMed: 3498124] 

154. Mulder RT. 2002; Alcoholism and personality. Aust N Z J Psychiatry. 36: 44–52. [PubMed: 
11929437] 

Marcinkiewcz Page 24

ACS Chem Neurosci. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



155. Esteban S, Moranta D, Sastre-Coll A, Miralles A, García-Sevilla JA. 2002; Withdrawal from 
chronic ethanol increases the sensitivity of presynaptic 5-HT(1A) receptors modulating serotonin 
and dopamine synthesis in rat brain in vivo. Neurosci Lett. 326: 121–4. [PubMed: 12057843] 

156. Breese GR, Sinha R, Heilig M. 2011; Chronic alcohol neuroadaptation and stress contribute 
to susceptibility for alcohol craving and relapse. Pharmacol Ther. 129: 149–71. [PubMed: 
20951730] 

157. Overstreet DH, Knapp DJ, Breese GR. 2004; Modulation of multiple ethanol withdrawal-induced 
anxiety-like behavior by CRF and CRF1 receptors. Pharmacol Biochem Behav. 77: 405–13. 
[PubMed: 14751471] 

158. Knapp DJ, Overstreet DH, Moy SS, Breese GR. 2004; SB242084, flumazenil, and CRA1000 
block ethanol withdrawal-induced anxiety in rats. Alcohol. 32: 101–11. [PubMed: 15163561] 

159. Wills TA, Knapp DJ, Overstreet DH, Breese GR. 2010; Interactions of stress and CRF in 
ethanol-withdrawal induced anxiety in adolescent and adult rats. Alcohol Clin Exp Res. 34: 
1603–12. [PubMed: 20586753] 

160. Price ML, Curtis AL, Kirby LG, Valentino RJ, Lucki I. 1998; Effects of corticotropin-releasing 
factor on brain serotonergic activity. Neuropsychopharmacology. 18: 492–502. [PubMed: 
9571657] 

161. Kirby LG, Rice KC, Valentino RJ. 2000; Effects of corticotropin-releasing factor on neuronal 
activity in the serotonergic dorsal raphe nucleus. Neuropsychopharmacology. 22: 148–62. 
[PubMed: 10649828] 

162. Price ML, Lucki I. 2001; Regulation of serotonin release in the lateral septum and striatum by 
corticotropin-releasing factor. J Neurosci. 21: 2833–41. [PubMed: 11306635] 

163. Pernar L, Curtis AL, Vale WW, Rivier JE, Valentino RJ. 2004; Selective activation of 
corticotropin-releasing factor-2 receptors on neurochemically identified neurons in the rat dorsal 
raphe nucleus reveals dual actions. J Neurosci. 24: 1305–11. [PubMed: 14960601] 

164. Bland ST, Twining C, Watkins LR, Maier SF. 2003; Stressor controllability modulates stress-
induced serotonin but not dopamine efflux in the nucleus accumbens shell. Synapse. 49: 206–8. 
[PubMed: 12774305] 

165. File SE, Andrews N, Al-Farhan M, Wu PY. 1993; The role of 5-HT in the anxiogenic effects 
of acute ethanol withdrawal and in the long-lasting cognitive deficits. Alcohol Alcohol Suppl. 2: 
495–9. [PubMed: 7748345] 

166. Overstreet DH, Knapp DJ, Angel Ra, Navarro M, Breese GR. 2006; Reduction in repeated 
ethanol-withdrawal-induced anxiety-like behavior by site-selective injections of 5-HT1A and 
5-HT2C ligands. Psychopharmacology (Berl). 187: 1–12. [PubMed: 16767411] 

167. Kranzler HR, Armeli S, Tennen H, Covault J. 2013; 5-HTTLPR genotype and daily negative 
mood moderate the effects of sertraline on drinking intensity. Addict Biol. 18: 1024–31. 
[PubMed: 23145795] 

168. Marcinkiewcz, Ca; Dorrier, CE; Lopez, AJ; Kash, TL. 2014; Ethanol induced adaptations in 
5-HT2c receptor signaling in the bed nucleus of the stria terminalis: Implications for anxiety 
during ethanol withdrawal. Neuropharmacology. 89C: 157–167. 

169. Bagdy G, Graf M, Anheuer ZE, Modos EA, Kantor S. 2001. Anxiety-like effects induced by 
acute fluoxetine, sertraline or m-CPP treatment are reversed by pretreatment with the 5-HT 2C 
receptor antagonist SB-242084 but not the 5-HT 1A receptor antagonist WAY-100635. 399–408. 

170. Overstreet DH, Knapp DJ, Moy SS, Breese GR. 2003; A 5-HT1A agonist and a 5-HT2c 
antagonist reduce social interaction deficit induced by multiple ethanol withdrawals in rats. 
Psychopharmacology (Berl). 167: 344–52. [PubMed: 12677355] 

171. Pockros-Burgess LA, Pentkowski NS, Der-Ghazarian T, Neisewander JL. 2014; Effects of the 5-
HT2C receptor agonist CP809101 in the amygdala on reinstatement of cocaine-seeking behavior 
and anxiety-like behavior. Int J Neuropsychopharmacol. 17: 1751–62. [PubMed: 24984080] 

172. Parker MO, Annan LV, Kanellopoulos AH, Brock AJ, Combe FJ, Baiamonte M, Teh MT, 
Brennan CH. 2014; The utility of zebrafish to study the mechanisms by which ethanol affects 
social behavior and anxiety during early brain development. Prog Neuropsychopharmacol Biol 
Psychiatry. 55: 94–100. [PubMed: 24690524] 

Marcinkiewcz Page 25

ACS Chem Neurosci. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



173. Kärkkäinen O, Laukkanen V, Haukijärvi T, Kautiainen H, Tiihonen J, Storvik M. 2015; Lower 
[3H]Citalopram Binding in Brain Areas Related to Social Cognition in Alcoholics. Alcohol 
Alcohol. 50: 46–50. [PubMed: 25349244] 

174. Gorka SM, Fitzgerald DA, King AC, Phan KL. 2013; Alcohol attenuates amygdala-frontal 
connectivity during processing social signals in heavy social drinkers: a preliminary pharmaco-
fMRI study. Psychopharmacology (Berl). 229: 141–54. [PubMed: 23584670] 

175. Robinson OJ, Charney DR, Overstreet C, Vytal K, Grillon C. 2012; The adaptive threat 
bias in anxiety: amygdala-dorsomedial prefrontal cortex coupling and aversive amplification. 
Neuroimage. 60: 523–9. [PubMed: 22178453] 

176. Levita L, Hammack SE, Mania I, Li XY, Davis M, Rainnie DG. 2004; 5-hydroxytryptamine1A-
like receptor activation in the bed nucleus of the stria terminalis: electrophysiological and 
behavioral studies. Neuroscience. 128: 583–96. [PubMed: 15381287] 

177. Guo JD, Hammack SE, Hazra R, Levita L, Rainnie DG. 2009; Bi-directional modulation of bed 
nucleus of stria terminalis neurons by 5-HT: molecular expression and functional properties of 
excitatory 5-HT receptor subtypes. Neuroscience. 164: 1776–93. [PubMed: 19778589] 

178. Kranzler HR, Burleson JA, Del Boca FK, Babor TF, Korner P, Brown J, Bohn MJ. 1994; 
Buspirone treatment of anxious alcoholics. A placebo-controlled trial. Arch Gen Psychiatry. 51: 
720–31. [PubMed: 8080349] 

179. Guo JD, Rainnie DG. 2010; Presynaptic 5-HT(1B) receptor-mediated serotonergic inhibition of 
glutamate transmission in the bed nucleus of the stria terminalis. Neuroscience. 165: 1390–401. 
[PubMed: 19963045] 

180. Schulteis G, Markou A, Cole M, Koob GF. 1995; Decreased brain reward produced by ethanol 
withdrawal. 92: 5880–5884. 

181. Olds ME. 1995; Dopamine agonists prevent or counteract the suppression of brain stimulation 
reward by fenfluramine. Pharmacol Biochem Behav. 50: 41–8. [PubMed: 7700953] 

182. Bauer CT, Banks ML, Blough BE, Negus SS. 2013; Use of intracranial self-stimulation to 
evaluate abuse-related and abuse-limiting effects of monoamine releasers in rats. Br J Pharmacol. 
168: 850–62. [PubMed: 22978626] 

183. Weiss F, Parsons LH, Koob GF, Schulteis G, Hyytia P, Lorang MT, Bloom FE. 1996; Ethanol 
Self-Administration Restores Withdrawal-Associated Deficiencies in Accumbal Dopamine and 
5Hydroxytryptamine Release in Dependent Rats. J Neurosci. 16: 3474–3485. [PubMed: 
8627380] 

184. Markou A, Harrison Aa, Chevrette J, Hoyer D. 2005; Paroxetine combined with a 5-HT(1A) 
receptor antagonist reversed reward deficits observed during amphetamine withdrawal in rats. 
Psychopharmacology (Berl). 178: 133–42. [PubMed: 15452682] 

185. Zangen A, Nakash R, Overstreet D, Yadid G. 2001; Association between depressive behavior 
and absence of serotonin-dopamine interaction in the nucleus accumbens. Psychopharmacology 
(Berl). 155: 434–439. [PubMed: 11441434] 

186. Fukushiro DF, Saito LP, Mári-Kawamoto E, Aramini TCF, Costa JM, Josino FS, Uehara Ra, 
Frussa-Filho R. 2012; Withdrawal from repeated treatment with ethanol induces a protracted 
decrease in novelty-seeking behavior and enhancement of environmental habituation in mice. 
Pharmacol Biochem Behav. 101: 132–7. [PubMed: 22212452] 

187. Stevenson JR, Schroeder JP, Nixon K, Besheer J, Crews FT, Hodge CW. 2009; Abstinence 
following alcohol drinking produces depression-like behavior and reduced hippocampal 
neurogenesis in mice. Neuropsychopharmacology. 34: 1209–22. [PubMed: 18563059] 

188. Kranzler HR, Mueller T, Cornelius J, Pettinati HM, Moak D, Martin PR, Anthenelli R, Brower 
KJ, O’Malley S, Mason BJ, Hasin D, Keller M. 2006; Sertraline Treatment of Co-occurring 
Alcohol Dependence and Major Depression. J Clin Psychopharmacol. 26: 13–20. [PubMed: 
16415699] 

189. Sun HQ, Liu Y, Li P, Bao YP, Sheng LX, Zhang RL, Cao YJ, Di XL, Yang FD, Wang F, Luo 
YX, Lu L. 2012; Effects of acute combined serotonin and dopamine depletion on cue-induced 
drinking intention/desire and cognitive function in patients with alcohol dependence. Drug 
Alcohol Depend. 124: 200–6. [PubMed: 22325080] 

Marcinkiewcz Page 26

ACS Chem Neurosci. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



190. Krystal JH, Webb E, Cooney N, Kranzler HR, Charney DS. 1994; Specificity of ethanollike 
effects elicited by serotonergic and noradrenergic mechanisms. Arch Gen Psychiatry. 51: 898–
911. [PubMed: 7944878] 

191. Ball KT, Slane M. 2012; Differential involvement of prelimbic and infralimbic medial prefrontal 
cortex in discrete cue-induced reinstatement of 3,4-methylenedioxymethamphetamine (MDMA; 
ecstasy) seeking in rats. Psychopharmacology (Berl). 224: 377–85. [PubMed: 22710489] 

192. Willcocks AL, McNally GP. 2013; The role of medial prefrontal cortex in extinction and 
reinstatement of alcohol-seeking in rats. Eur J Neurosci. 37: 259–68. [PubMed: 23106416] 

193. Mocci G, Jiménez-Sánchez L, Adell A, Cortés R, Artigas F. 2014; Expression of 5-
HT2A receptors in prefrontal cortex pyramidal neurons projecting to nucleus accumbens. 
Potential relevance for atypical antipsychotic action. Neuropharmacology. 79: 49–58. [PubMed: 
24211653] 

194. Steketee JD, Kalivas PW. 2011; Drug wanting: behavioral sensitization and relapse to drug-
seeking behavior. Pharmacol Rev. 63: 348–65. [PubMed: 21490129] 

195. Jakubczyk A, Klimkiewicz A, Kopera M, Krasowska A, Wrzosek M, Matsumoto H, Burmeister 
M, Brower KJ, Wojnar M. 2013; The CC genotype in the T102C HTR2A polymorphism predicts 
relapse in individuals after alcohol treatment. J Psychiatr Res. 47: 527–33. [PubMed: 23321485] 

196. Heyser CJ, Schulteis G, Koob GF. 1997; Increased ethanol self-administration after a period of 
imposed ethanol deprivation in rats trained in a limited access paradigm. Alcohol Clin Exp Res. 
21: 784–91. [PubMed: 9267526] 

197. Lê A, Shaham Y. Neurobiology of relapse to alcohol in rats. Pharmacol Ther. 94: 137–56. 

198. Spanagel R, Hölter SM. 2000; Pharmacological validation of a new animal model of alcoholism. J 
Neural Transm. 107: 669–80. [PubMed: 10943907] 

199. Alén F, Orio L, Gorriti MÁ, de Heras RG, Ramírez-López MT, Pozo MÁ, de Fonseca FR. 
2013; Increased alcohol consumption in rats after subchronic antidepressant treatment. Int J 
Neuropsychopharmacol. 16: 1809–18. [PubMed: 23551979] 

200. Lê AD, Harding S, Juzytsch W, Fletcher PJ, Shaham Y. 2002; The role of corticotropin-releasing 
factor in the median raphe nucleus in relapse to alcohol. J Neurosci. 22: 7844–9. [PubMed: 
12223536] 

201. Lê AD, Lê Dzung A, Funk D, Harding S, Juzytsch W, Li Z, Fletcher PJ. 2008; Intra-median raphe 
nucleus (MRN) infusions of muscimol, a GABA-A receptor agonist, reinstate alcohol seeking 
in rats: role of impulsivity and reward. Psychopharmacology (Berl). 195: 605–15. [PubMed: 
17891381] 

202. Graeff FG, Guimarães FS, De Andrade TG, Deakin JF. 1996; Role of 5-HT in stress, anxiety, and 
depression. Pharmacol Biochem Behav. 54: 129–41. [PubMed: 8728550] 

203. Graeff FG, Quintero S, Gray JA. 1980; Median raphe stimulation, hippocampal theta rhythm and 
threat-induced behavioral inhibition. Physiol Behav. 25: 253–61. [PubMed: 6447883] 

204. Lê AD, Poulos CX, Harding S, Watchus J, Juzytsch W, Shaham Y. 1999; Effects of naltrexone 
and fluoxetine on alcohol self-administration and reinstatement of alcohol seeking induced by 
priming injections of alcohol and exposure to stress. Neuropsychopharmacology. 21: 435–44. 
[PubMed: 10457541] 

205. Lê AD, Funk D, Harding S, Juzytsch W, Fletcher PJ, Shaham Y. 2006; Effects of dexfenfluramine 
and 5-HT3 receptor antagonists on stress-induced reinstatement of alcohol seeking in rats. 
Psychopharmacology (Berl). 186: 82–92. [PubMed: 16521030] 

206. Shaham Y, Stewart J. 1996; Effects of opioid and dopamine receptor antagonists on relapse 
induced by stress and re-exposure to heroin in rats. Psychopharmacology (Berl). 125: 385–91. 
[PubMed: 8826544] 

207. Wozniak KM, Pert A, Linnoila M. 1990; Antagonism of 5-HT3 receptors attenuates the effects of 
ethanol on extracellular dopamine. Eur J Pharmacol. 187: 287–9. [PubMed: 2272364] 

208. Yoshioka M, Matsumoto M, Togashi H, Saito H. Effects of conditioned fear stress on 5-HT 
release in the rat prefrontal cortex. Pharmacol Biochem Behav. 51: 515–9. 

209. De Deurwaerdère P, Moison D, Navailles S, Porras G, Spampinato U. 2005; Regionally and 
functionally distinct serotonin3 receptors control in vivo dopamine outflow in the rat nucleus 
accumbens. J Neurochem. 94: 140–9. [PubMed: 15953357] 

Marcinkiewcz Page 27

ACS Chem Neurosci. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



210. Myrick H, Anton RF, Li X, Henderson S, Randall PK, Voronin K. 2008; Effect of naltrexone 
and ondansetron on alcohol cue-induced activation of the ventral striatum in alcohol-dependent 
people. Arch Gen Psychiatry. 65: 466–75. [PubMed: 18391135] 

211. Lynch WJ, Bond C, Breslin FJ, Johnson BA. 2011; Severity of drinking as a predictor of efficacy 
of the combination of ondansetron and topiramate in rat models of ethanol consumption and 
relapse. Psychopharmacology (Berl). 217: 3–12. [PubMed: 21424693] 

Marcinkiewcz Page 28

ACS Chem Neurosci. Author manuscript; available in PMC 2023 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. Overview of Alcoholism
	2. Serotonin in the positive reinforcing aspects of ethanol intake
	2.1.1 Effects of 5HT on ethanol intake
	2.2. Ethanol effects on 5HT signaling in mesocorticolimbic reward circuits
	2.3. Overview of 5-HT receptors subtypes
	2.3.1. Role of 5-HT1A receptors
	2.3.2. Role of 5-HT1B receptors
	2.3.3 Role of 5-HT2A receptors
	2.3.4. Role of 5-HT2C receptors
	2.3.5. Role of 5-HT3 receptors
	2.3.6. Role of 5-HT7 receptors

	2.4 Other drugs of abuse

	3. Serotonin in compulsive and habitual ethanol use
	4. Serotonin in the negative reinforcing aspects of ethanol
	4.1. Role of 5-HT in anxiety during ethanol withdrawal
	4.2. Role of 5-HT in anhedonia during withdrawal

	5. Serotonin in Alcohol Cravings and Relapse
	6. Conclusion
	References

