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Abstract In this narrative review, the neurobiological

mechanisms underlying substance abuse and addiction are

discussed with a particular emphasis on the mechanisms

that promote ongoing use and relapse. Addiction is

estimated to affect 10-15% or more of the adult

population, including physicians. Genetic predisposition,

psychological and environmental risk factors, the timing of

exposure to the substance, the type of substance used, and

the frequency of use influence the individual’s

susceptibility to addiction. Abused substances act on the

brain’s reward system, a neural circuit that produces

pleasurable feelings in response to stimuli that promote

survival, thereby modifying future behavior to seek out

similar stimuli. Endogenous activators include food, sex,

and social interaction. Drugs of abuse hijack the reward

circuit, producing intense activation. Repetitive exposure

to substances leads to persistent, altered genetic expression

and accumulation of DFos-B and corticotropin-releasing

factor. High levels of these substances suppress the reward

circuit and activate the endogenous stress response,

resulting in a generalized state of discord. These changes

are enduring and can trigger substance use relapse even

after long periods of abstinence.

Résumé Dans ce compte rendu narratif, nous discutons

des mécanismes neurobiologiques sous-jacents à la

toxicomanie et à la dépendance avec une emphase

spéciale sur les mécanismes qui incitent à une utilisation

continue et à la rechute. On estime que la dépendance

touche 10-15 %, voire plus, de la population adulte, y

compris les médecins. Une prédisposition génétique, des

facteurs de risque psychologiques et environnementaux, le

moment de l’exposition aux drogues ou substances, le type

de substances utilisées et la fréquence d’utilisation

influencent la susceptibilité d’une personne à la

dépendance. Les substances qui sont abusées agissent sur

le système de récompense du cerveau, un circuit neural qui

produit des sensations de plaisir en réponse aux stimuli qui

encouragent la survie, modifiant ainsi le comportement

futur d’un individu afin qu’il recherche des stimuli

semblables. Parmi les activateurs endogènes, citons la

nourriture, le sexe et les interactions sociales. Les

substances qui sont abusées détournent le circuit de la

récompense, provoquant une activation intense.

L’exposition répétée à ce type de substances entraı̂ne une

expression génétique altérée persistante et l’accumulation

de facteurs DFos-B et de facteurs de libération de la

corticotropine. Des taux élevés de ces substances

suppriment le circuit de la récompense et activent la

réponse de stress endogène, ce qui entraı̂ne un état

généralisé de discorde. Ces changements sont persistants

et peuvent déclencher la rechute de la toxicomanie, même

après de longues périodes d’abstinence.

Approximately 10-15% of the population, including

physicians, develop addiction to drugs or alcohol during

their lifetimes. Needless to say, most people do not set out

in life to become drug addicts or alcoholics. There are

numerous examples of how the initial use of a substance is

often for a specific, perhaps even logical, reason.1,2 For
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example, those with pain from an injury or other internal

process (e.g., disc herniation, diabetic neuropathy) may

have been prescribed or otherwise reach for opioids.3

Others may have tried to treat psychopathology (e.g.,

insomnia, depression, anxiety) with alcohol, marijuana, or

benzodiazepines.4 Still others with fatigue, attention

deficit-hyperactivity disorder, or perceived low energy

may have reached for cocaine, amphetamines, or other

stimulants.5 Initial and repeated exposure to alcohol or

other substances has been experienced by people with

social anxiety who desire being more at ease in social

settings. Teens have reported such reasons for their use as

curiosity, rebellion, ‘‘fitting in,’’ and peer pressure.6,7

Substances of abuse strongly activate the brain reward

circuit, leading to intensely positive feelings. It thus makes

biological sense for the individual to continue. The pattern

is reinforced in the same way that any other behaviour is

learned.8 The problem is that these substances also produce

lasting changes in brain neurochemistry that can lead to

tolerance, dependence, and addiction.9 The cumulative

effect of repeated exposure leads to persistent suppression

of the reward circuit to the point that natural rewards can

no longer activate it, and the individual exists in a state of

discord that can only be interrupted by potent activators of

the reward system, such as continued substance use.10,11

Importantly, however, not everyone who uses a

substance develops addiction. William Silkworth, an

American physician who specialized in treating

alcoholism during the early 1900s, believed that

alcoholism could be likened to manifestation of an

allergy, that the phenomenon of craving was isolated to

people with that allergy, and that craving never occurs in

people without that allergy.12 This analogous concept

continues to be used in lay addictionology, although no

‘‘allergen’’ or ‘‘allergic response’’ has been identified. The

currently accepted theory is that addiction results from a

combination of genetic, psychological, and environmental

risk factors as well as the timing of the drug exposure and

the type of substance and frequency with which it is

continued to be used.13

Neurobiology of addiction

Neurobiology - the study of the structure and organization

of neurons into functional circuits - provides a framework

for understanding the neuronal circuits involved in

addiction. There are two general types of brain circuit: a

precise point-to-point system in which one neuron forms a

single connection with one other neuron and a diverse

system in which one neuron forms a multitude of

connections with a number of diffuse neurons.14 The

point-to-point system typically utilizes amino acids [e.g.,

glutamate, c-aminobutyric acid (GABA), aspartate,

glycine] as transmitters and is responsible for discrete

actions (e.g., movement) and sensation.15 The diverse

system utilizes small-molecule neurotransmitters (e.g.,

dopamine, serotonin, acetylcholine) and functions to

modulate neural responses based on homeostatic needs.15

Substances of abuse mimic a variety of these

neurotransmitters (Table).

Reward circuit

The brain reward circuit is composed of the mesolimbic

dopamine system [ventral tegmental area (VTA), nucleus

accumbens (NAC), prefrontal cortex, basolateral

amygdala], lateral hippocampus, and medial forebrain

bundle16-19 (Figure). It is a distributed circuit that

functions to modulate an individual’s response to

activities that promote survival. The circuit rewards

activities that promote survival (e.g., food, sex, social

interaction) by producing a pleasurable feeling.20 It also

triggers hippocampal memory centres to remember the

activities, experiences, and environment that led to the

reward to promote future similar behaviour.21 These

actions are primarily mediated by dopamine, with

increased activity responsible for the pleasurable feeling

associated with rewarding behaviour and decreased activity

promoting reward-seeking behaviour.22,23

Serotonin and glutamate have regulatory roles in reward

circuit activity.24,25 Serotonergic neurons project from the

dorsal raphe nucleus, an integrative centre for stress and

coping, into the VTA and NAC, where they then modulate

dopamine release and activity in the reward system.26

Glutaminergic projections from the hippocampus and

prefrontal cortex potentiate NAC dopamine activity based

on environmental cues, memory, executive function, and

other higher cognitive functions.27 It is thought to be one

mechanism whereby contextual memory heightens the

reward system and may explain how the reward system can

be activated by drug-seeking behaviour even before

exposure actually occurs.28 Nucleus accumbens outputs

are primarily GABAergic and project to the midbrain

(mesencephalon) and basal ganglia where they modify

motor behaviour, arousal level, and sensory perceptions.29

Neuroimaging modalities have demonstrated that the

reward circuit is the main focus of abnormality in the

behaviours leading up to substance use, active intoxication,

and the craving that develops during the abstinence

period.27,30 Early positron emission tomography scans

using radiolabelled dopamine demonstrated decreased

mesolimbic dopamine receptor density in chronic

substance abusers.31 Functional magnetic resonance

imaging (fMRI), which is capable of showing nearly
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real-time cerebral metabolic processes, further

demonstrated that NAC activity is increased during the

planning stages of cocaine use but decreased during the

period of actual intoxication.20 Other fMRI studies

similarly demonstrated increased activity of the prefrontal

cortex, amygdala, and other areas of the rewards system

during contemplation and intoxication with decreased

activity during withdrawal.32,33

The strength of the mesolimbic reward circuit was

demonstrated in an animal study in which electrodes were

implanted directly into the brain reward centres.34 In that

study, the electrodes could be configured to provide

stimulation in response to a variety of actions, such as

pressing a bar. Animals in these studies repetitively pressed

the bar, ignoring all other stimuli including food, drink, and

mating opportunities, often to the point of starving to

death.35

Substances of abuse are strong activators of the reward

system and appear to subvert it in a manner similar to the

implanted electrodes in those animal studies. Experiments

using cerebral microdialysis have measured dopamine

levels at orders of magnitude higher in the reward centres

following substance exposure compared to the levels

following exposure to food, sex, or other natural rewards.17

Sensitization and tolerance in the reward circuit

All substances of abuse ultimately activate the brain reward

circuit via a dopaminergic effect and induce a period of

decreased dopamine activity during withdrawal.36

Dopamine binding to the D1 receptor activates a cAMP

response element-binding protein that then leads to

increased transcription of various genes, including

C-FosB and dynorphin, that function to cut off the

dopamine response and temporarily inhibit the reward

circuit.37,38 Chronic substance use leads to prolonged

suppression of the reward circuit such that a larger stimulus

(drug use) is required to produce the same pleasurable

effect.39 Chronic substance abuse results in decreased

dopamine receptor density and metabolism in the reward

system.31 This receptor down-regulation is thought to be a

natural response to hyperstimulation of the reward system and

results in decreased ability of low-salience stimuli to activate

the sensitivity of the reward system.31 Prolonged suppression

of the reward circuit also leads to a sense of general depression

and lack of interest in previously enjoyable activities.40

Ultimately, drug use becomes the only activity that can

activate the reward system strongly enough to bring the addict

out of a generalized state of anhedonia.

DFosB is a gene transcription factor that gradually

builds up with each exposure to a drug. It is a highly

stable molecule that remains present for long periods of

time following reward system activation.41 DFosB has the

effect of increasing reward circuit sensitivity to the effects

of a drug and is thought to be one of the mechanisms

underlying craving and feelings of euphoria during the

ritual leading up to actual drug use.37 Structural changes in

the NAC caused by DFosB are also thought to underlie

drug relapse.42 Overexpression of DFosB is known to occur

Table Brain neurotransmitters associated with substances of abuse

Transmitter Location Function Substances

Dopamine Midbrain, ventral tegmental area, cerebral

cortex, hypothalamus

Motivation, memory, motor

behaviour, reward

Amphetamine, methylphenidate,

cocaine, final pathway for many other

substances

Serotonin Midbrain, ventral tegmental area, cerebral

cortex, hypothalamus, raphe nucleus

Arousal, sensory processing,

mood, emotion, sleep, desire

MDMA, LSD, cocaine

Norepinephrine Midbrain, ventral tegmental area, cerebral

cortex, hypothalamus, medulla, pons, locus

ceruleus

Arousal, attention, vigilance,

memory, pain, sensory

processing

Cocaine, amphetamine

Endogenous

opioids

Limbic system, brain stem, spinal cord Pain, emotion, rate of bodily

functions, mood

Opioids

Acetylcholine Brain stem, forebrain, striatum, hippocampus,

thalamus, basal ganglia, cerebellum

Motivation, learning, memory,

mood

Nicotine

Endocannabinoids Cerebral cortex, hippocampus, thalamus,

amygdala

Movement, cognition, memory,

pain

Cannabinoids

Glutamate Widely distributed, hippocampus Learning, cognition, memory,

general neuronal activity

(increase)

Ketamine, phencyclidine, alcohol

GABA Widely distributed, nucleus accumbens

efferents

Memory, general neuronal

activity (decrease)

Alcohol, benzodiazepines, propofol,

volatile anesthetics

GABA = c-aminobutyric acid
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in D1 neurons of the NAC of addicts and alcoholics.42 It is

possible that this mechanism underlies the sensitivity

former addicts experience when re-exposed to drugs in

which a single exposure to an intoxicating substance

triggers rapidly escalating relapse.

Repeated exposure to substances of abuse has been

shown to increase glutamate release by hippocampal and

prefrontal cortex neurons projecting to theNAC, leading to

increased sensitivity of the reward circuit to memories and

environmental cues associated with prior substance use.25

This mechanism is thought to be an important element in

the behaviours associated with addiction and relapse.

Depression: cause or effect

Depression and anxiety often coexist with addiction, and a

major dilemma in regard to treatment is determining which

came first.43 Depression is recognized as a risk factor for

substance abuse and addiction, with an up to 60%

prevalence of depression among chronic substance

abusers.44 The generalized state of anhedonia (inability to

feel pleasure) and irritability associated with addiction is

commonly mistaken for depression, and addicts often say

that they use drugs to treat depression.13

Reduced serotonergic activity is the presumptive

neurochemical cause of depression and anxiety. Thus,

treatment with selective serotonin re-uptake inhibitors is

the current treatment of choice for depression. Major

depression is associated with reduced reward system

activation due to serotonergic modulation of dopamine

activity.45,46 This response is thought to be one of the

mechanisms of decreased ability to feel pleasure in the

presence of active depression. Individuals suffering

from depression may find that the intense reward

system activation produced by substances of abuse

provides some temporary relief of their symptoms.

Unfortunately, prolonged substance use further

suppresses the reward system, compounding the

symptoms of depression.47

Figure Components of the brain reward circuit. The nucleus

accumbens (NAC), also known as the ventral striatum, is the

central processing component of the reward circuit. It is involved in

cognitive processing of rewards and determining the salience

(desirability) of stimuli as well as acquiring and eliciting

conditioned behaviours that facilitate future reward-seeking

behaviour. The ventral tegmental area (VTA) consists of

dopaminergic neurons that respond to glutamate when stimuli

indicative of a reward are present, releasing dopamine into the

forebrain, NAC, and prefrontal cortex (PFC) via the mesolimbic

pathway. The PFC comprises the anterior cingulate and orbitofrontal

cortices, which are involved in the integration of information that

contributes to whether a behaviour is elicited. It is the area in which

motivation originates and the salience of stimuli is determined. The

brain’s executive functions, including delayed gratification, are also

found in this area. The hippocampus (HIP) is critically important for

learning and memory (specifically the declarative memories of

people, places, and things). HIP afferents partially depolarize NAC

cells, making them more easily excitable. The basolateral amygdala

(AM) is an important centre for conditioned learning and integration

of environmental cues with the memory of previous reward or

aversion. The dorsal raphe nucleus (DRN) is a centre of serotonergic

neurons that project widely to regulate the state of activation and

mood as well as modulate the reward pathway. The hypothalamus

(HYP) integrates brain function with the body’s physiological needs.

It is thought to coordinate motivation with physiological demands.

Solid lines = dopaminergic activity, dashed lines = serotonergic

activity, dotted lines = glutaminergic activity
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Effects of chronic stress

Stress is a common trigger for substance use and relapse,

even following long periods of abstinence.48 Chronic

substance abuse and chronic stress lead to increased

cerebrospinal fluid levels of corticotropin-releasing factor

(CRF), a key molecule in the neurophysiological response

to stress.49 It is primarily released by the thalamus and

hypothalamus and functions to stimulate secretion of

adrenocorticotropic hormone by the anterior pituitary.

Corticotropin-releasing factor (CRF) also modulates

endogenous stress and behavioural adaptation pathways

in the amygdala and dorsal raphe nucleus, important

centres for processing environmental cues and memories of

previous reward, state of activation, and mood.50

Chronic stress-related activation of these centres is

thought to contribute to the dysregulated emotional state

associated with drug addiction.51 Just as CRF is an

important factor in chronic anxiety and depressive

disorders, it may also underlie some of the aversive

aspects of drug withdrawal.52 This reasoning is supported

by the observation that administration of CRF antagonists

reduces drug-seeking behaviour in animal models.53

Genetics of addiction

Scientific journals and the lay population have long

recognized that alcoholism and addiction appear in

clusters in families. The question of genetic vs

environmental causes for addiction, however, has been

difficult to answer. It does appear, though, that both are

involved.54 Reports in the literature have variably

estimated that, for those with siblings suffering from

addiction, their own risk of addiction is 40-80% among

men and 20-30% among women vs 10-15% in the general

population.55-57 Genetic research including twin and

adoption studies showed that approximately 50% of this

heritable risk is attributable to genetics and 50% to

environmental influences.58,59

Candidates for genetic susceptibility have included

those with polymorphisms in the dopamine receptor,

dopamine transporter, GABA receptor, catechol-O-

methyltransferase enzyme, serotonin receptor, oxytocin

receptor, and orexin receptor genes, among a multitude of

other genetic polymorphisms. Despite these findings,

however, a clear relation to a familial pattern has not yet

emerged.60-64 Gene-knockout mice models in which these

various receptors were targeted - most notably the

dopamine transporter protein - have exhibited reduced

susceptibility to the induction of drug-seeking behavior,

but so far have not been able to eradicate its.65

The gene clusters CHRNA3, CHRNA5, and CHRNAB4

are associated with increased susceptibility to nicotine

dependence.66 Similarly, differences in opioid

consumption have been shown to occur in association

with genetic variants of the OPRM1 mu opioid receptor.

Indeed, consumer tests for addiction susceptibility based on

these genes are currently available despite the fact that

these associations have not been determined to be causal or

coincidental.67-69

Epigenetics is the theory that gene expression is altered

by environmental events through three main mechanisms -

DNA methylation, histone acetylation, non-coding RNA -

and that these changes become heritable despite no specific

changes in DNA sequences. DNA methylation is thought to

be important in cellular differentiation and imprinting.

Non-coding RNAs alter DNA interaction with transcription

factors. Histones are proteins that control DNA packing,

with unpacked DNA being exposed to transcription factors

and therefore more easily transcribed.70 Epigenetic

changes are heritable between generations because of

changes in the germ cell lines71 and may represent a link

between the environmental, genetic, and future behaviour

in individuals and their descendants.72 Epigenetics is a

complicated, relatively new field of study. However,

acetylated H3 and H4 histone concentration are already

known to increase in the NAC with repetitive exposure to

stimulants such as cocaine.73-75 There is considerable

ongoing research in the field.

Neuroplasticity/neurogenesis

Neurogenesis (i.e., the generation of new neurons) from

neural stem or progenitor cells in the central nervous

system is primarily active during fetal development. New

neurons, however, continue to be produced throughout life

in the dentate gyrus of the hippocampus, olfactory bulb,

and subventicular zone.76 This fact has relevance to

addiction science because of the close interactions

between the hippocampus and the NAC. Environmental

factors such as exercise, age, and stress influence

neurogenesis via the hypothalamic-pituitary-

adrenocortical axis.76 Alcohol, opioids, and cannabinoids

appear to have a more profound effect on hippocampal

neurogenesis than can be explained by the rise in serum

corticosteroid levels alone, leading to speculation that it is

a specific effect.77-79

Neuroplasticity, defined as physical changes in the

synapses between two communicating neurons, is the

presumptive mechanism behind learning and memory. The

process involves altered gene expression, long-term

potentiation, altered intracellular signalling, and pruning or
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creation of new synapses.80 Neuroplasticity continues

throughout life and is thought to be particularly active

during adolescence, leading to concerns that exposure to

substances of abuse may be more harmful during

adolescence than later in life.81-83 Indeed, drug exposure

during critical periods of brain development (e.g., in utero,

during adolescence) has been shown to lead to persistent

neurological changes and behavioural difficulties. Such drug

exposure also predicts a future risk of drug addiction.81,84

The brain reward system functions to influence future

behaviour via two mechanisms. (1) It creates a memory of

rewarding stimuli and the environmental events that led up

to the rewarding stimulus, and (2) it re-enforces the neural

pathways that influence drug-seeking behaviour. The

magnitude of these changes appears to be dependent on

the magnitude of the reward produced by the stimulus.21

Studies have shown many orders of magnitude higher

dopamine levels following substance exposure than are

elicited by exposure to food, sex, or other natural

rewards.36,85 This effect is likely mirrored by similarly

intense neuroplastic adaptation in the reward circuit.

Functional neuroimaging studies have shown increased

metabolic activity in the prefrontal cortex and other reward

centres when substance users think about or anticipate drug

use and decreased activity (compared with controls) when

presented with stimuli associated with natural rewards.86 In

essence, just as a starving person thinks primarily of food,

addicts think primarily of drugs.

Summary

Drug addiction is a complex, neurobehavioural process

that subverts and alters primitive brain reward system

circuits that are otherwise in place to help organisms

survive. Substances of abuse are potent stimuli that encode

enduring patterns of drug-seeking behaviour in the reward

system. Brief, high-intensity reward activation is followed

by a period of reduced activity and responsiveness, during

which natural rewards are not strong enough to activate the

system. At the same time, altered gene transcription results

in the accumulation of long-lived intracellular proteins that

sensitize the reward system. Hence, small environmental

or chemical stimuli can reactivate addictive behaviours

even after long periods of abstinence. Stress and major

depression produce similar changes in the reward circuits,

compounding the effect. Some of the substance-induced

changes occur at the epigenetic level and may be

transmitted to descendants.
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40. Davey CG, Yücel M, Allen NB. The emergence of depression in

adolescence: development of the prefrontal cortex and the

representation of reward. Neurosci Biobehav Rev 2008; 32: 1-19.

41. Damez-Werno D, LaPlant Q, Sun H, et al. Drug experience

epigenetically primes Fosb gene inducibility in rat nucleus

accumbens. J Neurosci 2012; 32: 10267-72.

42. Olsen CM. Natural rewards, neuroplasticity, and non-drug

addictions. Neuropharmacology 2011; 61: 1109-22.

43. Quello SB, Brady KT, Sonne SC. Mood disorders and substance

abuse disorders: a complex comorbidity. Sci Pract Perspect 2005;

3: 13-21.

44. Volkow ND. The reality of comorbidity: depression and drug

abuse. Biol Psychiatry 2004; 56: 714-7.

45. Dell’Osso L, Carmassi C, Mucci F, Marazziti D. Depression,

serotonin and tryptophan. Curr Pharm Des 2016; 22: 949-54.

46. Naranjo CA, Tremblay LK, Busto UE. The role of the brain

reward system in depression. Prog Neuropsychopharmacol Biol

Psychiatry 2001; 25: 781-823.

47. Nestler EJ, Carlezon WA Jr. The mesolimbic dopamine reward

circuit in depression. Biol Psychiatry 2006; 59: 1151-9.

48. Belujon P, Grace AA. Hippocampus, amygdala and stress:

interacting systems that affect susceptibility to addiction. Ann

N Y Acad Sci 2011; 1216: 114-21.

49. Smagin GN, Heinrichs SC, Dunn AJ. The role of CRH in

behavioral responses to stress. Peptides 2001; 22: 713-24.

50. Vale W, Spiess J, Rivier C, Rivier J. Characterization of a 41-

residue ovine hypothalamic peptide that stimulates secretion of

corticotropin and beta-endorphin. Science 1981; 213: 1394-7.

51. Rainnie DG, Bergeron R, Sajdyk TJ, Patil M, Gehlert DR,

Shekhar A. Corticotrophin releasing factor-induced synaptic

plasticity in the amygdala translates stress into emotional

disorders. J Neurosci 2004; 24: 3471-9.

52. Arborelius L, Owens MJ, Plotsky PM, Nemeroff CB. The role of

corticotropin-releasing factor in depression and anxiety disorders.

J Endocrinol 1999; 160: 1-12.

53. Silberman Y, Winder DG. Ethanol and corticotropin releasing

factor receptor modulation of central amygdala neurocircuitry: an

update and future directions. Alcohol 2015; 49: 179-84.

54. Yohn NL, Bartolomei MS, Blendy JA. Multigenerational and

transgenerational inheritance of drug exposure: the effects of

alcohol, opiates, cocaine, marijuana, and nicotine. Progr Biophys

Mol Biol 2015; 118: 21-33.

55. Han C, McGue MK, Iacono WG. Lifetime tobacco, alcohol and

other substance use in adolescent Minnesota twins: univariate and

multivariate behavioral genetic analyses. Addiction 1999; 94:

981-93.

56. Agrawal A, Lynskey MT. Are there genetic influences on

addiction: evidence from family, adoption and twin studies.

Addiction 2008; 103: 1069-81.

57. Bierut LJ, Dinwiddie SH, Begleiter H, et al. Familial

transmission of substance dependence: alcohol, marijuana,

cocaine, and habitual smoking: a report from the Collaborative

Study on the Genetics of Alcoholism. Arch Gen Psychiatry 1998;

55: 982-8.

58. Li MD, Cheng R, Ma JZ, Swan GE. A meta-analysis of estimated

genetic and environmental effects on smoking behavior in male

and female adult twins. Addiction 2003; 98: 23-31.

59. Ball D. Addiction science and its genetics. Addiction 2008; 103:

360-7.

60. Charbogne P, Kieffer B, Befort K. 15 years of genetic approaches

in vivo for addiction research: opioid receptor and peptide gene

knockout in mouse models of drug abuse. Neuropharmacology

2014; 76 Part B: 204-17.

61. Agrawal A, Pergadia ML, Saccone SF, et al. An autosomal

linkage scan for cannabis use disorders in the nicotine addiction

genetics project. Arch Gen Psychiatry 2008; 65: 713-21.

62. Ducci F, Goldman D. The genetic basis of addictive disorders.

Psychiatr Clin North Am 2012; 35: 495-519.

63. Mahler SV, Smith RJ, Moorman DE, Sartor GC, Aston-Jones G.

Multiple roles for orexin/hypocretin in addiction. Prog Brain Res

2012; 198: 79-121.

64. Conner BT, Hellemann GS, Ritchie TL, Noble EP. Genetic,

personality, and environmental predictors of drug use in

adolescents. J Substance Abuse Treat 2010; 38: 178-90.

65. Grandy DK, Miller GM, Li JX. ‘‘TAARgeting Addiction’’—The

alamo bears witness to another revolution. Drug Alcohol Depend

2016; 159: 9-16.

66. Saccone SF, Hinrichs AL, Saccone NL, et al. Cholinergic

nicotinic receptor genes implicated in a nicotine dependence

Biology of addiction 147

123

https://www.drugabuse.gov/publications/drugs-brains-behavior-science-addiction/preface


association study targeting 348 candidate genes with 3713 SNPs.

Hum Mol Genet 2007; 16: 36-49.

67. Mathews R, Hall W, Carter A. Direct-to-consumer genetic testing

for addiction susceptibility: a premature commercialisation of

doubtful validity and value. Addiction 2012; 107: 2069-74.

68. Hall W. Avoiding potential misuses of addiction brain science.

Addiction 2006; 101: 1529-32.

69. Hall WD, Gartner CE, Carter A. The genetics of nicotine

addiction liability: ethical and social policy implications.

Addiction 2008; 103: 350-9.

70. Kim JK, Samaranayake M, Pradhan S. Epigenetic mechanisms in

mammals. Cell Mol Life Sci 2009; 66: 596-612.

71. Youngson NA, Whitelaw E. Transgenerational epigenetic effects.

Annu Rev Genomics Hum Genet 2008; 9: 233-57.

72. Vassoler FM, Sadri-Vakili G. Mechanisms of transgenerational

inheritance of addictive-like behaviors. Neuroscience 2014; 264:

198-206.

73. Caldji C, Hellstrom IC, Zhang TY, Diorio J, Meaney MJ.

Environmental regulation of the neural epigenome. FEBS Lett

2011; 585: 2049-58.

74. Maze I, Nestler EJ. The epigenetic landscape of addiction. Ann N

Y Acad Sci 2011; 1216: 99-113.

75. Renthal W, Nestler EJ. Epigenetic mechanisms in drug addiction.

Trends Mol Med 2008; 14: 341-50.

76. Ming GL, Song H. Adult neurogenesis in the mammalian brain:

significant answers and significant questions. Neuron 2011; 70:

687-702.

77. Cheng MF. Hypothalamic neurogenesis in the adult brain. Front

Neuroendocrinol 2013; 34: 167-78.

78. Aguado T, Monory K, Palazuelos J, et al. The endocannabinoid

system drives neural progenitor proliferation. FASEB J 2005; 19:

1704-6.

79. Fontaine CJ, Patten AR, Sickmann HM, Helfer JL, Christie BR.

Effects of pre-natal alcohol exposure on hippocampal synaptic

plasticity: sex, age and methodological considerations. Neurosci

Biobehav Rev 2016; 64: 12-34.

80. Feldman DE. Synaptic mechanisms for plasticity in neocortex.

Ann Rev Neurosci 2009; 32: 33-5.

81. Fuhrmann D, Knoll LJ, Blakemore SJ. Adolescence as a sensitive

period of brain development. Trends Cogn Sci 2015; 19: 558-66.

82. Squeglia LM, Tapert SE, Sullivan EV, et al. Brain development in

heavy-drinking adolescents. Am J Psychiatry 2015; 172: 531-42.
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