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Abstract

Addictive drugs have in common that they are voluntarily self-administered by laboratory animals 

(usually avidly) and that they enhance the functioning of the reward circuitry of the brain 

(producing the “high” that the drug-user seeks). The core reward circuitry consists of an “in 

series” circuit linking the ventral tegmental area, nucleus accumbens, and ventral pallidum - via 

the medial forebrain bundle. Although originally believed to encode simply the set-point of 

hedonic tone, these circuits are now believed to be functionally far more complex - also encoding 

attention, expectancy of reward, disconfirmation of reward expectancy, and incentive motivation. 

“Hedonic dysregulation” within these circuits may lead to addiction. The “second-stage” 

dopaminergic component in this reward circuitry is the crucial addictive-drug-sensitive 

component. All addictive drugs have in common that they enhance (directly or indirectly or even 

transsynaptically) dopaminergic reward synaptic function in the nucleus accumbens. Drug self-

administration is regulated by nucleus accumbens dopamine levels, and is done to keep nucleus 

accumbens dopamine within a specific elevated range (to maintain a desired hedonic level). For 

some classes of addictive drugs (e.g., opiates), tolerance to the euphoric effects develops with 

chronic use. Post-use dysphoria then comes to dominate reward circuit hedonic tone, and addicts 

no longer use drugs to get “high,” but simply to get back to normal (“get straight”). The brain 

circuits mediating the pleasurable effects of addictive drugs are anatomically, 

neurophysiologically, and neurochemically different from those mediating physical dependence, 

and from those mediating craving and relapse. There are important genetic variations in 

vulnerability to drug addiction, yet environmental factors such as stress and social defeat also alter 

brain-reward mechanisms in such a manner as to impart vulnerability to addiction. In short, the 

“bio-psycho-social” model of etiology holds very well for addiction. Addiction appears to 

correlate with a hypo-dopaminergic dysfunctional state within the reward circuitry of the brain. 

Neuroimaging studies in humans add credence to this hypothesis. Credible evidence also 

implicates serotonergic, opioid, endocannabinoid, GABAergic, and glutamatergic mechanisms in 

addiction. Critically, drug addiction progresses from occasional recreational use to impulsive use 

to habitual compulsive use. This correlates with a progression from reward-driven to habit-driven 

drug-seeking behavior. This behavioral progression correlates with a neuroanatomical progression 

from ventral striatal (nucleus accumbens) to dorsal striatal control over drug-seeking behavior. 

The three classical sets of craving and relapse triggers are a) re-exposure to addictive drugs, b) 

stress, and c) re-exposure to environmental cues (“people, places, things”) previously associated 

with drug-taking behavior. Drug-triggered relapse involves the nucleus accumbens and the 

neurotransmitter dopamine. Stress-triggered relapse involves a) the central nucleus of the 

amygdala, the bed nucleus of the stria terminalis, and the neurotransmitter CRF; and b) the lateral 
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tegmental noradrenergic nuclei of the brain stem and the neurotransmitter norepinephrine. Cue-

triggered relapse involves the basolateral nucleus of the amygdala, the hippocampus, and the 

neurotransmitter glutamate. Knowledge of the neuroanatomy, neurophysiology, neurochemistry, 

and neuropharmacology of addictive drug action in the brain is currently producing a variety of 

strategies for pharmacotherapeutic treatment of drug addiction, some of which appear promising.

Addiction - An Ages-Old Medical and Societal Problem

The abusive use of addictive drugs is a medical and societal problem as old as recorded 

human history. One particularly ancient reference to it may be found in the Hebrew/

Christian Bible - where, in Genesis chapter 9 verses 20–23, the Semite Patriarch Noah is 

described as becoming drunken, disheveled, naked, and filthy from overindulgence in wine. 

Similarly ancient references to drug abuse may be found in the oral and written traditions of 

virtually all ethnic and cultural groups on the planet.

One of the most striking features of drug addiction is how few chemicals are subject to 

abuse. If one takes all congeners of all known chemicals, approximately 30,000,000 

chemical substances are known [1].

Yet, only approximately 100 (including nicotine, ethanol, psychostimulants, opiates, 

barbiturates, benzodiazepines, and cannabinoids) are addictive. In truth, 100 is a stunningly 

small subset of 30,000,000. It poses the question - what makes those 100 chemicals 

addictive, while the remaining 30,000,000 chemicals lack this property? After all, upon 

cursory examination, there seem few pharmacological similarities among addictive drugs. 

Some - including barbiturates, ethanol, opiates, and benzodiazepines - are sedatives; while 

others - including nicotine, cocaine, and the amphetamines - are stimulants. Some - 

including opiates and cannabinoids - are anti-nociceptive, while others (under the proper 

laboratory or clinical situations) are pro-nociceptive. Some - such as ethanol and opiates - 

produce striking degrees of physical dependence, while others - such as cocaine - produce 

little if any physical dependence. However, a few commonalities are both apparent and 

instructive. All addictive drugs are subjectively rewarding, reinforcing, and pleasurable [1]. 

Laboratory animals volitionally self-administer them [2], just as humans do. Furthermore, 

the rank order of appetitiveness in animals parallels the rank order of appetitiveness in 

humans [2,3]. Most tellingly, perhaps, all addictive drugs (with the exception of the LSD-

like and mescaline-like hallucinogens) activate the reward circuitry of the brain [1,4,5], 

thereby producing the subjective “high” that the drug abuser seeks. Furthermore, the degree 

of such activation of the brain’s reward circuitry correlatives well with the degree of 

subjective “high.”

The Brain’s Reward Circuitry

The brain’s reward circuitry was first discovered by Olds and Milner at McGill University in 

the early 1950s [6]. They found that animals would repeatedly return to an area of the 

laboratory in which they had received mild electrical stimulation of subcortical structures 

anatomically associated with the medial forebrain bundle. Subsequently, they found that 

animals would avidly perform tasks (e.g., depressing wall-mounted levers in their test 
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chambers) in order to receive such brain stimulation. In the aftermath of this discovery of 

the phenomenon of brain-stimulation reward, Olds and Olds carried out extensive mapping 

studies of the rodent brain, confirming that a large majority of the brain sites supporting 

brain-stimulation reward are associated with the nuclei of origin, tracts, and terminal loci of 

the medial forebrain bundle [7–10]. Other workers [11] studied electrical brain-stimulation 

reward in non-human primates and confirmed that the anatomic brain substrates in primates 

were homologous to those in rodents. Using sophisticated electrophysiological techniques, 

Gallistel, Shizgal, and Yeomans determined that the primary neural substrate supporting 

electrical brain-stimulation reward is the moderately fast-conducting myelinated descending 

neural fiber system of the medial forebrain bundle [12]. This system originates in the 

anterior bed nuclei of the medial forebrain bundle (an array of deep subcortical limbic loci 

anterior to the hypothalamus and preoptic area), descends to the ventral tegmental area of 

the midbrain via the medial forebrain bundle, and then ascends via the medial forebrain 

bundle to a select group of forebrain limbic loci - including the nucleus accumbens, 

olfactory tubercle, and frontal cortex. Wise and Bozarth [13] were the first to realize that this 

assortment of brain loci and tracts constituted a neural circuit containing 3 synaptically-

connected in-series neuronal elements - a descending link running from the anterior bed 

nuclei of the medial forebrain bundle to the ventral tegmental area, an ascending link 

running from the ventral tegmental area to the nucleus accumbens, and a further ascending 

link running from the nucleus accumbens to the ventral pallidum. The first link is the 

descending myelinated fiber tract first identified by Gallistel and colleagues [12], of 

unknown neurotransmitter type – although very recent evidence raises, by inference, the 

possibility that glutamate in the ventral tegmental area might play a role (see, e.g. [14]). The 

second link is the ascending fiber tract from ventral tegmental area to nucleus accumbens, 

with dopamine as its neurotransmitter (see below). The third link is the projection from 

nucleus accumbens to ventral pallidum, using gamma-aminobutyric acid (GABA), 

Substance P, and enkephalin as conjoint neurotransmitters [15–22]. This 3-neuron in-series 

circuit receives synaptic inputs from, and is functionally modulated by, a wide variety of 

other neural circuits - including cholinergic, endorphinergic, serotonergic, GABAergic, 

glutamatergic, enkephalinergic, dynorphinergic, and Substance P-containing neural elements 

[1].

Addictive drugs of different classes act on this 3-neuron in-series brain reward neural circuit 

at different points to activate the circuit and produce the drug-induced “high.” Barbiturates, 

benzodiazepines, cannabinoids, ethanol, nicotine, and opiates act on synapses associated 

with the ventral tegmental area. Amphetamines, cannabinoids, cocaine, opiates, and 

dissociative anesthetics such as ketamine and phencyclidine act on synapses associated with 

the nucleus accumbens [1–3,5].

Importantly, this brain reward circuitry evolved over the eons of evolution to subserve 

biologically essential normal rewarding behaviors such as feeding, drinking, sexual 

behavior, maternal and paternal behaviors, and social interactions. The reinforcement 

engendered by such normal reward is believed to underlie the consolidation of biologically 

essential memories (e.g., food and water location within an animal’s foraging or hunting 

range) [23]. After all, it is teleological thinking at its most tendentious and intellectually 

vacuous to imagine that these circuits emerged through hundreds of millions of years of 
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vertebrate and mammalian evolution simply so that 21st century humans can imbibe, inhale, 

or inject themselves with addictive drugs [1]. From an appreciation of the natural and 

biologically-essential nature of the functioning of these reward circuits comes the notion that 

addictive drugs “hijack” the brain’s reward circuits - activating them more strongly than 

natural rewards, and diverting the drug addict’s life to pursuit of drug-induced pleasure at 

the expense of “getting off” on life’s normal pleasures and rewards [24,25]

The Intense Nature of Brain-Stimulation Reward

Electrical brain-stimulation reward is remarkable for the intensity of the reward and 

reinforcement produced [1]. When the stimulating electrode is properly on target within the 

ventral tegmental area, medial forebrain bundle, or nucleus accumbens, laboratory animals 

will volitionally self-stimulate those areas at maximal rates. They will - tellingly - ignore 

readily available food, water, toys, and sexually receptive animals of the opposite sex in 

order to self-deliver the brain-stimulation reward. They will also volitionally accept aversive 

and painful consequences in order to self-deliver the brain-stimulation reward. In awake 

humans, such electrical stimulation can evoke intense subjective feelings of pleasure [26–

31], in some instances similar to descriptions of intense Medieval religious ecstasies (Arthur 

A. Ward Jr., personal communication, 1967). As the most addictive drugs (e.g., cocaine, 

methamphetamine) evoke comparable levels of subjective reward, it is easy to understand 

their intense addictive nature.

Using Electrical Brain-Stimulation Reward to Assess the Degree of Reward 

Evoked by Addictive Drugs

In the half-century since the initial discovery of the brain-stimulation reward phenomenon, a 

number of techniques have been developed to quantify the degree of reward enhancement 

produced by addictive drugs. Using simple rate-based measures (e.g., how rapidly a test 

animal will lever-press or nose-poke to receive brain-stimulation reward) is unsatisfactory, 

as many addictive drugs have either motor stimulating or depressant properties. Rate-

independent test paradigms are essential. One of the earliest rate-independent paradigms was 

the two-lever titrating threshold paradigm [32]. In this paradigm, the test animal depresses a 

wall-mounted primary lever in its test chamber to receive the brain-stimulation, which 

decreases by a pre-set amount (either in amperes or hertz) with each successive stimulation. 

At some point, the stimulation decreases to a level insufficient to activate the neurons at the 

tip of the implanted electrode in the brain - the consequence of which is that the animal 

ceases to experience the subjective reward or pleasure evoked by the stimulation. At this 

point, the animal presses a wall-mounted secondary lever - which delivers no brain 

stimulation, but merely resets the brain stimulator back to its original intensity. By assessing 

the mean reset level, one obtains a rate-independent (and, thus, motor impairment- or motor-

stimulation-free) measure of brain reward function. As monkeys (and even some laboratory 

rats) are clever enough to adopt an alternating lever-pressing pattern of behavior to keep the 

brain-stimulation intensity at maximum, a variant of the technique was developed in which 

the resetting of stimulation intensity is controlled by withholding of response on the primary 

lever [33]. Since animals will volitionally self-stimulate at even marginally-rewarding levels 

of stimulation, this technique yields rate-independent threshold measures of brain reward 
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intensity that appear to track the rewarding-enhancing properties of addictive drugs with 

accuracy and consistency.

Another rate-independent brain-stimulation reward measuring technique commonly used in 

recent decades is the rate-frequency (or, alternatively, rate-amperage) curve-shift method 

[34,35]. In this paradigm, the test animal has only a single manipulandum (e.g., lever, nose-

poke detector) in its test chamber, activation of which delivers the rewarding brain 

stimulation (usually with a duration of 250 msec). A test session consists of a successive 

series of short “bins” of opportunity to self-stimulate (e.g., 20-seconds), each bin being at a 

lower intensity of stimulation. As the hertz (or amperage level) decreases, the stimulation 

decreases to a level insufficient to activate the neurons at the tip of the implanted electrode 

in the brain and the animal ceases to experience the subjective reward - leading to a fairly 

abrupt cessation of responding. By plotting stimulation frequency (or amperage) against rate 

of responding, one obtains a rate-independent measure of brain-reward function. A typical 

rate-frequency or rate-amperage plot is sigmoidal in shape, and can be conceptualized in the 

same way as a dose-response curve in classical pharmacology. As in classical 

pharmacology, a left-shift constitutes an enhancement of efficacy (in this case, an 

intensification of brain reward) and a right-shift constitutes a diminution of efficacy (an 

inhibition of brain reward).

Using the rate-frequency curve-shift brain-stimulation reward paradigm, much work has 

been devoted to assessing the brain-reward enhancing properties of addictive drugs. With 

the exception of nicotine (which is inexplicably powerful at enhancing electrical brain 

reward functions), the degree of enhancement of brain reward by addictive drugs nicely 

parallels the degree of subjective “high” experienced by human users of such drugs [1]. 

Nicotine’s actions on rain reward are intriguing. According to most cigarette smokers, 

nicotine does not produce a powerful subjective “high.” Yet, nicotine is the most addictive 

chemical known [36]. Is it possible that nicotine’s actions in the electrical brain-stimulation 

rewards paradigm are more congruent with its addictive potency than with its potency on the 

subjective experience of “high?” That seems counterintuitive, yet it would appear that such a 

possibility must be entertained.

These methods can also be used to assess the degree to which potential anti-addiction 

pharmacotherapeutic medications attenuate addictive drug-enhanced brain reward - and 

thus, by inference, the degree to which such putatively therapeutic agents might attenuate 

addictive drug-induced “highs” in human drug abusers [37–41].

These methods can also be used to study the brain mechanisms underlying the “low-dose 

good-trip; high-dose bad-trip” subjective phenomenon often reported by drug addicts. 

Similar to human reports, animals also appear to experience enhancement of brain reward at 

low-to-moderate doses of addictive drugs, while experiencing inhibition of reward at high 

doses of the same drugs [42–43].
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Activation of Brain Reward Substrates by Direct Intracerebral 

Microinjection of Addictive Drugs

Just as systemic injections of addictive drugs enhance brain reward substrates, so too does 

intracerebral microinjection. Compellingly, the brain sites that support intracerebral 

microinjections of addictive drugs are, by and large, the same brain sites that support 

electrical brain-stimulation reward [1,2,5,13]. Thus, it may be inferred that common neural 

substrates underlie reward-enhancement induced by addictive drugs, however administered. 

This is an important component of the conception that addictive drugs derive their addictive 

actions by enhancement of brain reward mechanisms.

Another technique for measuring the rewarding properties of addictive drugs is that of 

conditioned place preference/aversion [44–46]. In the most simple variant of this animal 

model, a two-compartment test chamber is used - each compartment having distinctly 

different environmental cues (e.g., one compartment with striped walls, smooth floor, and 

lemon odor; the other compartment with plain walls, rough floor, and pine scent). Between 

the two compartments is a vertical-sliding door which, when in place, prevents movement 

from one compartment to the other. The animal is initially placed in the chamber with the 

door absent - thus allowing free passage back and forth between both compartments. The 

environmental cues have been previously adjusted so that on initial exposure to the test 

chamber, animals show no inherent preference for one compartment over the other. On the 

next day, the door is inserted, blocking passage between the compartments. The animal is 

administered a drug, enough time is allowed to elapse so that peak drug effect is reached, 

and the animal is placed into one cuedistinct compartment for a modest period of time (e.g., 

15 minutes). On the next test day, the animal is administered vehicle and placed into the 

other cue-distinct compartment for the same length of time. On successive days, animals 

alternate between the drug-paired and vehicle-paired compartments. This “training” goes on 

for approximately 10 days (i.e., 5 days being given drug and placed in the drug-paired cue-

distinct compartment; 5 days being given vehicle and placed in the vehicle-paired cue-

distinct compartment). The next day is the “test” day on which the door is once again 

removed, allowing free passage between compartments, and the test animal is not 

administered anything. If the animal volitionally spends a disproportionate amount of time 

in the formerly drug-paired compartment, it is inferred that the animal is displaying drug-

seeking behavior and it is further inferred that the drug experience must have been 

rewarding. If the animal volitionally spends a disproportionate amount of time in the 

formerly vehicle-paired compartment, it is inferred that the animal is displaying drug-

avoidance behavior and it is further inferred that the drug experience must have been 

aversive. Compellingly, the only drugs that consistently produce place preference rather than 

place neutrality or place aversion are addictive drugs [46]. Equally compellingly, place 

preference is evoked by intracerebral microinjections of addictive drugs - by and large into 

the same brain sites that support electrical brain-stimulation reward and support volitional 

intracerebral self-microinjection of addictive drugs [5]. This is yet another important 

component of the conception that addictive drugs derive their addictive actions by 

enhancement of brain reward mechanisms.
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The Crucial Reward Neurotransmitter in the Brain is Dopamine

The crucial brain reward neurotransmitter activated by addictive drugs is dopamine, 

specifically in the “second-stage” ventral tegmental area to nucleus accumbens link in the 

brain’s reward circuitry. This has been learned over many decades of research, and is based 

upon many congruent findings.

First, virtually all addictive drugs are functional dopamine agonists - some direct, some 

indirect, some even transsynaptic [1,4,5]. In fact, with the exception of the LSD- and 

mescaline-like hallucinogens, functional dopamine agonism is the single pharmacological 

property that all addictive drugs share.

Second, intracerebral microinjections of dopamine agonists produce conditioned place 

preference (see discussion above) and support volitional intracerebral self-administration 

[5].

Third, dopamine antagonists are negative reinforcers in animals (animals will work to avoid 

or escape their administration), and produce subjectively aversive effects in humans [1,3].

Fourth, when dopamine antagonists are administered to animals volitionally self-

administering addictive drugs, a compensatory increase in addictive drug intake occurs (to 

compensate for the decreased rewarding potency of the addictive drug) followed by 

extinction and cessation of the self-administration behavior (when the dopamine antagonism 

reaches a sufficient intensity so as to totally block the rewarding properties of the self-

administered addictive drug) [3,47].

Fifth, measures of real-time synaptic neurochemistry in the nucleus accumbens of test 

animals volitionally engaged in intravenous self-administration of addictive drugs (the real-

time neurochemical sampling being achieved by in vivo brain microdialysis [48]) show that: 

a) following the first volitional self-administration of the test session, extracellular dopamine 

overflow in the nucleus accumbens shows a tonic increase of approximately 200%; b) 

thereafter, extracellular dopamine levels in the nucleus accumbens fluctuate phasically 

between approximately 200% and 100% over baseline; and c) the low point of each phasic 

dip in extracellular nucleus accumbens dopamine accurately predicts the next volitional 

intake of addictive drug by the test animal [49–51].

Brain Anti-Reward Systems and Addiction - Proponent and Opponent Brain 

Reward Processes

Drawing from Solomon’s hypothesis on the existence of proponent and opponent 

motivational processes [52–54], Koob [55–57] has proposed that there are similar proponent 

and opponent processes at work in the brain substrates of reward [1]. The proponent brain 

reward processes are hypothesized to produce enhancement of brain reward, and to show 

development of tolerance over time. The opponent brain reward processes are hypothesized 

to produce inhibition of brain reward, and to show progressive enhancement of strength over 

time. The proponent (pro-reward) and opponent (anti-reward) processes are hypothesized to 

occur simultaneously and to functionally oppose each other in a mutually inhibitory fashion. 
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Using electrical brain-stimulation reward in laboratory rodents, Nazzaro, Seeger, and 

Gardner [42,58] reported finding pro-reward and anti-reward processes that correspond 

remarkably well to Koob’s hypothesized proponent and opponent brain reward mechanisms.

Broderick, Gardner, and van Praag reported finding similar pro-reward and anti-reward 

processes measured neurochemically by in vivo brain electrochemistry (in vivo 

voltammetry) in laboratory rodents [42,59,60].

As can be readily seen from an inspection of Figure 4, these pro-reward and anti-reward 

mechanisms have important implications for understanding the nature of the overall shift in 

reward level or hedonic tone produced by addictive drugs. If the reward-enhancing effect 

shown in Figure 4A is combined with the reward-inhibiting effect shown in Figure 4B, it 

appears that administration of an opiate (in this case morphine) initially produces a strong 

enhancement of brain reward (the “high”) that is countered by only a weak simultaneous 

anti-reward process. The net effect on brain reward or subjective hedonic tone will be 

significant reward enhancement (“high”). However, with repeated opiate administration, the 

pro-reward mechanism depicted in Figure 4A progressively diminishes, while the anti-

reward mechanism depicted in Figure 4B grows progressively stronger. Thus, with repeated 

opiate administration, the overall net effect on hedonic tone becomes more and more 

inhibitory - since the opponent processes grow stronger and are opposed by progressively 

weaker proponent processes. Gardner and David [1,4] proposed that this may constitute at 

least a partial mechanistic explanation for the frequent report by human heroin addicts that - 

after living with the disease of opiate addiction for some time - they no longer self-

administer heroin to get “high,” but rather to simply get “straight” (i.e., to push their 

diminished subjective hedonic tone back towards normality).

Brain Anti-Reward Systems and Addiction - Brain Reward Processes 

During Withdrawal

As noted above, brain reward is enhanced by acute administration of addictive drugs. 

Conversely, in withdrawal, brain reward is inhibited - sometimes profoundly. This was first 

reported by Kokkinidis and McCarter in 1990 [61] using the electrical brain-stimulation 

reward paradigm in laboratory rodents, and has been amply confirmed since [62–65]. These 

robust inhibitory effects on brain reward would appear to constitute the mechanistic neural 

substrate for the inhibition of hedonic tone experienced by drug addicts during withdrawal. 

It should be well noted that this hedonic withdrawal state is unrelated to the physical 

withdrawal state experienced concomitantly by addicts experiencing acute withdrawal (e.g., 

cramps, diarrhea, and physical pain during opiate withdrawal).

Brain Anti-Reward Systems and Addiction - “Reward Deficiency” as a 

Driving Force in Addiction

In 1996, Blum and colleagues proposed that many aspects of addiction are driven by a 

chronic basal deficiency in brain reward which mechanistically underlies a chronic basal 

deficiency in subjective hedonic tone [66,67]. This hypothesis has been amplified and 

expanded, both by its original proponents and by others [68–71]. The fundamental notion is 
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a simple one - that drug addicts are either born with or acquire a deficiency state in the 

dopaminergic brain substrates of reward and positive hedonic tone, and turn to addictive 

drug use to remedy this chronic reward deficiency. Thus, the reward deficiency hypothesis 

seeks to explain drug addiction as a type of self-medication, ultimately damaging and self-

destructive though it may be.

The brain substrate of this reward deficiency syndrome may be mechanistically referable to 

more than a single deficiency in the functioning of the brain’s dopaminergic reward 

circuitry.

Blum and colleagues have hypothesized that it is referable to a deficiency of dopaminergic 

D2 receptors in the brain’s reward circuitry [70,72], a view congruent with reports - 

including neuroimaging of the brain - by Volkow [73–76], Nader [77], and Everitt and 

Robbins [78], among others.

Mash [79,80], Gardner [46,81–83], Heidbreder [84,85] and others have hypothesized that it 

may be referable to an aberration in dopaminergic D3 receptors in the brain’s reward 

circuitry.

Nestler and Kosten and colleagues have hypothesized that it may be referable to a deficiency 

in presynaptic dopamine levels in the reward-crucial nucleus accumbens [86,87]. They 

initially arrived at this hypothesis from studying laboratory rodents made vulnerable to drug 

addiction (i.e., exhibiting high preference for addictive drugs and high drug-seeking 

behavior) by two quite different means - one genetic and one experiential. By selective 

breeding, it is possible to genetically select for the behavioral phenotype of high addictive 

drug preference and high addictive drug-seeking behavior [88–93]. Conversely it is equally 

possible to genetically select for the behavioral phenotype of addictive drug avoidance and 

low addictive drug-seeking behavior. While some such strains have been deliberately bred, 

it has also been recognized that some rodent strains have acquired these converse behavioral 

phenotypes during natural evolution. In this regard, the Lewis and Fischer 344 rat strains are 

notable. Lewis rats are naturally highly addictive drug preferring and drug-seeking. Fischer 

344 rats are naturally highly addictive drug avoidant. It is also possible to confer the 

behavioral phenotype of high addictive drug preference and high addictive drug-seeking 

behavior by experiential means - i.e., by exposing animals to repeated administration of 

addictive drugs. Nestler and Kosten and colleagues studied the dopaminergic brain reward 

circuits of laboratory rats made vulnerable (or resistant) to addictive drugs by both genetic 

and experiential means. They found that in animals displaying the behavioral phenotype of 

high addictive drug acceptance and high addictive drug-seeking - whether this behavioral 

phenotype was imparted genetically or experientially - there exists a pathological atrophy of 

the neurofillamentary transport system for the dopamine-synthesizing enzyme tyrosine 

hydroxylase in the dopamine axons of the second-stage medial forebrain bundle neurons of 

the brain’s reward circuitry. Congruently, they found a pathological deficiency in tyrosine 

hydroxylase in the dopaminergic axon terminals of the nucleus accumbens, a pathological 

deficiency of extracellular dopamine in the nucleus accumbens, and concomitant 

pathological aberrations in post-receptor transduction mechanisms (e.g., adenylate cyclase, 

cyclic AMP, PKA) in the next following postsynaptic neurons, all in comparison to control 
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animals not displaying the addictive drug-accepting and drug-seeking behavioral phenotype 

[86,87].

As a result of such findings, Gardner [1] has hypothesized that some drug addicts may “have 

a defect in their ability to capture reward and pleasure from everyday experience” and has 

noted that this has been hypothesized by astute clinicians for more than 45 years [94,95]. 

Gardner [1] has further noted that “if this be so, then our goals are really two-fold: first, to 

rescue addicts from the clutches of their addictions, and second, to restore their reward 

systems to a level of functionality that will enable them to ‘get off’ on the real world.”

The Functional Roles of the Crucial Nucleus Accumbens Reward Neurons

Based upon an extensive review of the literature regarding brain reward mechanisms, Wise 

suggested more than 30 years ago that “the dopamine junction [in the nucleus accumbens] 

represents a synaptic way station for messages signaling the rewarding impact of a variety of 

normally powerful rewarding events. It seems likely that this synapse lies at a critical 

junction between the branches of the sensory pathways which carry signals of the intensity, 

duration, and quality of the stimulus, and the motivational pathways where these sensory 

inputs are translated into the hedonic messages we experience as pleasure, euphoria, or 

‘yumminess’” [96]. While this remains an appropriate description of the role of the reward 

circuitry in encoding hedonic tone, an extraordinary amount of electrophysiological, 

neurochemical, and behavioral neuroscience research over the last 20 years has made it 

apparent that the crucial nucleus accumbens reward neurons do more than encode receipt of 

reward, although encoding receipt of reward is certainly one of their functions [97]. They 

appear also to encode expectancy of reward [98,99], amount of reward [98], delay of reward 

[100], reward-delay discounting [101], and errors in reward prediction [102]; to regulate 

motivation for drug-seeking behavior [103]; and to contribute to the synaptic neuroplasticity 

that underlies the acquisition of addictive behavior patterns [104].

Genetic and Experiential Contributions to the Disease of Addiction

As noted above, it is relatively easy to selectively breed laboratory animals for the 

behavioral phenotype of drug-seeking behavior (the behavioral phenotype breeds true after 

about 15 generations in laboratory rodents). At the human level, family, adoption, and twin 

studies have consistently demonstrated a substantial genetic influence in the development of 

drug addiction - with inherited risk estimates ranging between 40% and 60% [105,106]. The 

exact role of individual genes in this complex disease is not yet fully characterized, but the 

contribution of genetics to addiction is generally thought to be polygenic, with multiple low-

impact genes combining to create the genetic vulnerability [107]. Just as roughly 50% of the 

vulnerability to addiction is believed to be genetic, so too is roughly 50% believed to be 

experiential. This should not be conceptualized as an “either-or” situation. It is not an 

question of biology versus environment. Genetic and experiential factors operate together to 

produce the behavioral phenotype of addiction. Furthermore, substantial evidence exists that 

environmental and social factors can influence the neurobiological substrates of addiction, 

including those referable to the functioning of the brain’s reward circuitry (see below).
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Contributions to Addiction Vulnerability at the Animal Level

Considerable research has been devoted to identifying individual characteristics that predict 

high vulnerability to drug-seeking behavior in animals, with considerable success. Notable 

work in this area has been published by Le Moal, Piazza, and Simon of the Université of 

Bordeaux II in France, and by Everitt and Robbins of the University of Cambridge in the 

UK. Among the individual characteristics that have been found to predict high vulnerability 

to drug-seeking behavior are high reactivity to stress, high novelty-induced locomotor 

activity, high novelty-seeking, and high trait impulsivity [78,108–110]. Provocatively, 

transgenerational effects of stress on drug-seeking behavior have been found - the adult 

offspring of stressed mothers showing increased locomotor responses to novelty and 

increased propensity to self-administer addictive drugs [109].

Contributions to Addiction Vulnerability at the Human Level

A wide variety of individual characteristics that predict high vulnerability to drug addiction 

at the human level have also been identified. Among these are sensation-seeking and 

novelty-seeking [111,112]; trait impulsivity [113,114]; antisocial conduct disorder, 

especially in adolescence [115]; depression, which confers a 6-fold increased risk for drug 

or alcohol addiction [116,117]; and attention deficit/hyperactivity disorder (ADHD) 

[118,119]. In addition (as noted above), Blum and colleagues [66,67,70] have proposed that 

a reward deficiency syndrome referable to functional hypoactivity of dopaminergic brain 

reward substrates contributes significantly to addiction vulnerability at the human level. 

Also, Koob and colleagues have proposed that a lack of homeostatic reward regulation, 

again referable to aberrant functionality of dopaminergic brain reward substrates, contributes 

significantly to addiction vulnerability in humans [120–122]. Some of these human 

vulnerability factors to addiction have been successfully modeled at the animal level [123].

Neurobiologically-Measured Aberrations in Brain Reward Function as 

Addiction Vulnerability Factors

Volkow and colleagues have carried out positron emission tomography studies of 

dopaminergic function in brains of awake human subjects, using displacement of 

[11C]raclopride as a measure of extracellular dopamine. They reported a noteworthy finding 

- that healthy adult male subjects with robust striatal dopamine levels experience the 

psychostimulant methylphenidate as displeasurable while subjects with deficits in striatal 

dopamine experience methylphenidate as pleasurable [73,75]. This is intensely interesting 

and provocative, as the nucleus accumbens reward-relevant brain locus is located in the 

ventral striatum. Such findings suggest that striatal dopamine deficiency may constitute a 

vulnerability factor for addiction, which is conceptually congruent with Blum’s [66,67,70] 

formulation of reward deficiency as an addiction risk factor.

Using positron emission tomography and displacement of [18F]fluoroclebopride as a 

measure of extracellular dopamine in monkeys, Nader and colleagues [77] have reported 

provocative findings linking striatal dopamine, social rank within monkey troops, addictive 

drug exposure, and vulnerability to addiction. This is extremely important work, as it 
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explicates the biopsychosocial model of addiction with undeniably robust neurobiological 

measures of functionality within the brain’s reward circuitry. First, Nader and colleagues 

[77] found that individually-housed socially dominant monkeys show more robust levels of 

striatal dopamine than individually-housed socially submissive monkeys - raising the 

possibility that the submissive animals may have increased risk for drug-seeking behavior. 

Second, Nader and colleagues found that these differences in striatal dopamine levels 

between dominant and submissive monkeys are accentuated in socially-housed monkeys. 

Third, Nader and colleagues found that the submissive monkeys are, in fact, more drug-

seeking and drug-taking - showing a robust elevation and right-shift in the dose-response 

curve for self-administered cocaine [77].

Thus, submissiveness in a social hierarchy is correlated with dopamine deficiency in the 

reward circuitry of the brain, and both are correlated with enhanced drug-seeking and drug-

taking behavior. Somewhat to the same point, Robbins and Everitt and colleagues have 

shown that isolation rearing of rats impairs reinforcing efficacy of intravenous cocaine and 

intra-accumbens amphetamine [124]. Nader and colleagues have also shown pronounced 

striatal dopamine deficiencies in cocaine-experienced monkeys as compared to cocaine-

naive monkeys [125]. Other workers, using positron emission tomography and displacement 

of [11C]raclopride as a measure of extracellular striatal dopamine in both cats and monkeys 

have similarly shown dopamine deficiencies in amphetamine-experienced animals as 

compared to amphetamine-naive animals [126,127].

Additionally, Everitt and colleagues have shown reduced dopamine D2/D3 receptor binding 

in nucleus accumbens of drug-naive trait-impulsive laboratory rats [78]. Relating this to 

addiction vulnerability, these workers have shown that the high impulsive rats are 

significantly more drug-seeking than the non-impulsive rats [78,128].

Furthermore, Everitt and Robbins and colleagues have shown that high reactivity to novelty 

predicts the propensity to initiate drug self-administration, while high impulsivity predicts 

the propensity to progress from simple drug-taking behavior to addiction-like drug-taking 

behavior - characterized by persistent and compulsive drug-taking in the face of aversive 

consequences [129].

This body of work is remarkable for tying together behavioral traits (impulsivity, high 

reactivity to novelty), social factors (dominance versus submission), prior drug experience 

(cocaine or amphetamine exposure versus non-exposure), dopamine functionality within the 

brain’s reward circuitry (measured by dopamine displacement studies), and drug-seeking 

behavior. The biopsychosocial model of addiction seems well supported by such work, 

using laboratory animal models.

The Natural Progression of the Disease of Addiction

The disease of addiction is characterized by progressive stages. It always starts with 

occasional reward-driven use, which then progresses to steady (albeit non-addictive) reward-

driven use [130–132]. Reward-driven use progresses to habit-driven use, and habit-driven 

use progresses to compulsive use [24,133–136]. At the human level, there is often 

psychological denial of aberrant or self-damaging behavior [137] coupled with impaired 
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insight [138] - often lasting for years. Addictive, abusive, self-damaging drug use coupled 

with psychological denial is then - for some addicts - followed by “bottoming out” (loss of 

spouse, family, employment, home, car, possessions). For a fortunate subset of addicts, this 

is followed by treatment and achievement of abstinence. However, in most cases there is 

persistent vulnerability to drug-craving and persistent vulnerability to relapse to drug-

seeking behavior [134,139–141].

Although the neurobiological substrates of the various stages of disease progression are not 

fully understood, Robbins and Everitt [142] have proposed that the progression of addiction 

from reward-driven behavior to habit-driven behavior correlates with a progression of the 

controlling neurobiological locus of the disease from ventral striatum (nucleus accumbens) 

to dorsal striatum. They base their hypothesis on several factors - the involvement of the 

dorsal striatum in habit formation, the phenomenon of Pavlovian-to-Instrumental transfer, 

and the existence of an anatomic ascending spiral of striato-nigral-striato loop pathways 

from the nucleus accumbens shell to the dorsolateral striatum. The first factor - involvement 

of dorsal striatum in stimulus-response (S-R) associations or habits - has been long 

recognized [143]. The second factor - Pavlovian-to-Instrumental transfer - is a learning 

phenomenon that sheds light on the interrelationships between the reward circuitry of the 

brain, habit learning, and addictive behavior. In Pavlovian-to-Instrumental transfer, animals 

are first trained to associate a conditioned stimulus with a reward (Pavlovian learning). The 

animals are then trained to perform an instrumental task (e.g., pressing a wall-mounted lever 

in their test chambers) to receive the same reward (Instrumental learning). The animals are 

then exposed to extinction of the instrumental learning (i.e., the instrumental response is no 

longer rewarded). Presentation of the conditioned stimulus enhances instrumental 

responding during extinction - thus modeling an important component of addictive behavior 

(i.e., the ability of drug-associated environmental cues to drive drug-seeking behavior in the 

absence of drug-induced reward). Provocatively, lesions of the nucleus accumbens core and 

the central nucleus of the amygdala abolish Pavlovian-to-Instrumental transfer, while lesions 

of the nucleus accumbens shell and the basolateral amygdala have no effect [142]. 

Pharmacologically, dopamine D2/D3 receptor antagonism abolishes Pavlovian-to-

Instrumental transfer, while dopamine agonists potentiate it [142]. The third factor - an 

ascending spiral of striato-nigral-striato loop pathways from the nucleus accumbens shell to 

the dorsolateral striatum - has been demonstrated anatomically by Haber and colleagues 

[144].

Putting all of these factors together, Robbins and Everitt [142] propose that “Compulsive 

drug-seeking behavior is inflexible, since it persists despite considerable cost to the addict, 

becomes dissociated from subjective measures of drug value, becomes elicited by specific 

environmental stimuli, and involves complex goal-directed behaviors for procurement and 

self-administration of drugs. Limbic cortical-ventral striatopallidal circuits that underlie 

goal-directed drug-seeking actions may eventually consolidate habitual, S-R drug seeking 

through engagement of corticostriatal loops operating through the dorsal striatum. This 

progression from action to habit may have its neural basis within the ‘spiraling’ loop 

circuitry of the striatum, by which each striatal domain regulates its own DA [dopaminergic] 

innervation and that of its adjacent domain in a ventral-to-dorsal progression [144]. Thus, 

the NAc [nucleus accumbens] shell regulates its own DA innervation via projections to the 
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VTA [ventral tegmental area] and also that of the NAc core. The NAc core in turn regulates 

its own DA innervation via projections to the VTA and also that of the next, more dorsal tier 

of the dorsal striatum via projections to the substantia nigra pars compacta and so on. 

Chronically self-administered drugs, through their ability to increase striatal DA, may 

consolidate this ventral-to-dorsal striatal progression of control over drug-seeking as an 

habitual form of responding” [142,145]. This proposal is congruent both with neuroimaging 

studies [25,146–148] and with electrophysiological studies [149].

Addiction and Physical Dependence - Different Phenomena and Different 

Brain Substrates

It is very important to realize that addiction and physical dependence are different 

phenomena with different underlying brain substrates [3]. Physical dependence results from 

the development of pharmacological tolerance, and manifests itself upon abrupt 

discontinuation of drug administration (or administration of an antagonist drug). Addiction 

is a chronic progressively deteriorating disease characterized by compulsive drug use in the 

presence of harm to the addict and to the addict’s life. Addiction is commonly described as 

the “Disease of the 5 Cs” - Continued Compulsive drug use despite injurious Consequences, 

coupled with loss of Control and persistent drug Craving [3].

Many drugs (including, but not limited to, antihypertensives, cardiac medications, and 

asthma medications) produce pronounced physical dependence but are not addictive. Some 

drugs (e.g., cocaine) are highly addicting but produce little or no physical dependence.

Furthermore, laboratory animals will avidly self-administer addictive drugs in the absence of 

tolerance, physical dependence, or withdrawal discomfort [1,3]. Indeed, laboratory animals 

will avidly self-administer addictive drugs in the absence of any prior drug exposure 

whatever, rendering the issue of self-administration because of physical dependence moot. 

The importance of this fact can hardly be overstated, as it unambiguously shows that drug-

taking behavior cannot be explained simply by the ability of addictive drugs to ameliorate 

the withdrawal discomfort associated with abstinence from prior administration of such 

drugs [1,3].

Critically, the brain sites mediating volitional drug self-administration are different from 

those mediating the development and expression of physical dependence. This dissociation 

of brain substrates and loci subserving addiction and physical dependence was first 

demonstrated by Bozarth and Wise [150] in a pioneering and now classic series of 

experiments using direct intracerebral microinjections of opiates into specific brain loci in 

awake behaving animals. They found that laboratory rats willingly (indeed, avidly) self-

administer opiates into the brain’s reward loci, but that such self-administration (even if 

prolonged) does not evoke opiate physical dependence. Conversely, they found that opiate 

microinjection into more posterior brainstem loci (in the vicinity of the dorsal raphé nucleus) 

produces strong opiate physical dependence (and strong physical withdrawal symptoms 

upon abrupt discontinuation), but that animals do not self-administer opiates into those loci. 

This double dissociation of brain loci is definitive with respect to addiction and physical 

dependence being different phenomena.
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Equally importantly, the different brain sites mediating volitional drug self-administration 

and physical dependence are, in turn, different from those mediating the antinociceptive 

properties of opiates. This additional dissociation of brain substrates and loci was first 

demonstrated by Pert and Yaksh [151] in an equally pioneering and now classic series of 

experiments using direct intracerebral microinjections of opiates into specific brain loci in 

awake behaving monkeys. The monkeys were fitted with an electrical plate on one foot, 

through which painful electrical stimulation was given. Each monkey had a manipulandum 

(a lever mounted on the front of its primate test chair) that it could depress to lower the 

intensity of the painful stimulation. Each monkey also had many surgically-implanted 

intracerebral cannulae through which morphine could be microinjected by the researchers. 

Hundreds of brain loci were tested for their ability to induce analgesia to the painful foot-

shock. Only two analgesic loci were found. One corresponded to the periaqueductal gray 

matter of the brain stem, and the second was in the vicinity of the lateral neospinothalamic 

pathway as it ascends through the lateral midbrain and into the periventricular and 

intralaminar nuclei of the thalamus [151]. From these brain loci, especially the 

periaqueductal gray area, descending neuronal tracts run down the spinal cord to synapse 

within the dorsal horns - to activate synaptic pain gates [152–154], blocking ascending 

nociceptive neural signals and producing analgesia.

Thus, a triple dissociation manifests itself. The brain loci mediating opiate-seeking behavior 

are distinct from those mediating opiate-induced physical dependence, which are in turn 

distinct from those mediating opiate-induced analgesia. Further discussion of brain 

mechanisms and analgesia - and the false notion that medically appropriate opiate analgesia 

can induce opiate addiction - will be addressed below.

Persistent Drug Craving and Relapse - The Real Clinical Problem in 

Addiction

Any cigarette smoker who has tried to quit the smoking habit knows that the real clinical 

problem in addiction is persistent drug craving and relapse. As Mark Twain (Samuel 

Clemens), the famous 19th century American author and humorist phrased it - “It’s easy to 

quit smoking. I’ve done it hundreds of times.” Behind this amusing aphorism is a terrible 

truth - it is extremely difficult to overcome the persistent drug cravings that the abstinent 

addict is left with after achieving (often with great difficulty) abstinence. This is why acute 

“detoxification” programs are almost invariably clinical failures in treating drug addiction. 

Indeed, the failure rate is so high that physicians running such programs may be reasonably 

said to be engaging in medical malpractice.

Since the founding of the Alcoholics Anonymous organization in the 1930s and the 

publication of its so-called “Big Book” [155] it has been recognized that there are three 

classical triggers to drug craving (and relapse to drug-seeking behavior) in recovering drug 

addicts - re-exposure to drug, exposure to stress, and re-exposure to environmental cues 

previously associated with drinking or drugging.

In recent decades, the development of animal models of relapse have permitted a remarkable 

amount of research to be carried out on the neural substrates of craving and relapse. The first 

Gardner Page 15

Adv Psychosom Med. Author manuscript; available in PMC 2015 August 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



such model is the so-called “reinstatement” model [46,156,157]. This model is built upon 

the intravenous drug self-administration animal model in which animals are intravenously 

catheterized and allowed to voluntarily self-administer addictive drugs. To model relapse, 

the animals are first allowed to self-administer drug until highly stable day-to-day drug-

taking behavior is achieved. Then, the addictive drug is removed from the infusion pump 

and saline (or vehicle) is substituted. The drug-taking behavior extinguishes due to lack of 

reinforcement. The animal is then tested daily until highly stable day-to-day non-responding 

is achieved. Then the animal is exposed to relapse triggers (drug, stress, cues) and amount of 

drug-seeking responding (on the manipulandum which previously activated the infusion 

pump and delivered the addictive drug) is measured - such responses not being reinforced by 

drug. A second relapse model is the so-called “reactivation” model [45,46,158], which is 

built upon the conditioned place preference animal model of drug-seeking behavior (see 

above). To model relapse in this model, the animal is allowed to acquire a conditioned place 

preference to an addictive drug. Then the animal is exposed to the conditioned place 

preference test chamber (with open access to all compartments) repeatedly, day after day, 

until the drug-induced place preference is fully extinguished. Then, on test day, the animal is 

exposed to relapse triggers and amount of drug-seeking behavior is measured as amount of 

time spent in the previously drug-paired compartment. Both of these models yield 

remarkably robust relapse to drug-seeking behavior with seemingly high face, construct, and 

predictive validity to human relapse [159,160].

Neuroanatomy and Neurochemistry of Brain Circuits Mediating Relapse

By a variety of research strategems - including combining intracerebral microinjections or 

anatomically discrete intracerebral lesions with one of the animal relapse models outlined 

above - it has been possible to discover the brain circuits underlying relapse to drug-seeking 

behavior triggered by the three classical relapse triggers.

Relapse to drug-seeking behavior triggered by noncontingent re-exposure to drug is 

mediated by the dopaminergic medial forebrain bundle tract linking the ventral tegmental 

area with the nucleus accumbens [46,156,157,161].

Relapse to drug-seeking behavior triggered by stress appears to involve two separate neural 

circuits in the brain. The first such circuit originates in the lateral-tegmental noradrenergic 

cell groups (especially nucleus A2 as described by Moore and Bloom [162]) and projects 

anteriorly to synapse in the hypothalamus, nucleus accumbens, amygdala, and bed nucleus 

of the stria terminalis [156,157,161]. This relapse circuit uses norepinephrine as its major 

neurotransmitter. In view of the major role that the noradrenergic locus coeruleus plays in 

brain-mediated stress events [see, e.g., 163], it is somewhat counterintuitive that the A2 

lateral-tegmental nucleus, rather than the locus coeruleus, should be the major noradrenergic 

brain locus mediating stress-triggered relapse to drug-seeking behavior, but this seems to be 

the case. The second neural circuit mediating stress-triggered relapse to drug-seeking 

behavior originates in the central nucleus of the amygdala and projects to the bed nucleus of 

the stria terminalis. This neural circuit uses corticotrophin-releasing factor (CRF) as its 

major neurotransmitter.
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Relapse to drug-seeking behavior triggered by environmental cues previously paired with 

drinking or drugging also appears to involve two separate neural circuits in the brain - one 

originating in the ventral subiculum of the hipppocampus and one originating in the 

basolateral complex of the amygdala. Both such circuits use glutamate as their major 

neurotransmiiter. In a pioneering series of experiments, Gardner and colleagues showed that 

discrete low-level electrical stimulation of these circuits triggers relapse to drug-seeking 

behavior, and demonstrated that these relapse circuits are glutamaterically mediated 

[164,165].

Knowing the exact neural circuits involved in mediating relapse to drug-seeking behavior, 

and their respective neurotransmitters, opens up the distinct possibility of being able to 

develop anti-craving and anti-relapse medication using medication development strategies 

that are highly targeted on specific neurobiological substrates of relapse [166–168].

Incubation of Craving - An Animal Model of the Extreme Fragility of Control 

Over Vulnerability to Relapse in Human Addicts

In 2001, Grimm and colleagues described a compelling phenomenon at the laboratory 

animal level - that relapse vulnerability to drug-seeking behavior incubates (grows more 

intense) with the mere passage of time [169]. In this “incubation of craving” model, animals 

are allowed to self-acquire the intravenous drug-taking habit. Once stable drug-taking is 

established, the animals are returned to their home cages, where they simply wait for 

varying amounts of time (days, weeks, months). Importantly, nothing is done to the animals 

during this waiting period. They are not re-exposed to drug nor to stress nor to any drug-

associated environmental cues, nor are they exposed to deliberate extinction of the drug-

taking habit. Then, on test day, they are returned to the test chamber in which they originally 

acquired the drug-taking habit and allowed access to the manipulandum (typically, a wall-

mounted lever or a nose-poke detector device) that originally activated the infusion pump to 

deliver the drug. They are then tested for drug-seeking behavior (lever-pressing, nose-

poking) in the absence (extinction testing) or presence (cue-triggered testing) of the 

environmental cues originally associated with the drug-taking behavior. Remarkably, a time-

dependent increase (“incubation”) in the intensity of drug-seeking behavior - whether 

measured as extinction responding or cue-triggered responding - is observed. After 4 days, 

drug-seeking behavior is approximately 100% greater than after 1 day. After 15 days, drug-

seeking behavior is approximately 200% greater than after 1 day. After 60 days, drug-

seeking behavior is approximately 400% greater than after 1 day. This remarkable increase 

in vulnerability to relapse to drug-seeking behavior with the mere passage of time is 

considered to be an animal model of the extreme fragility of control over relapse 

vulnerability, and the increase in this vulnerability with the passage of time that is so 

frequently reported by human addicts.

The same researchers subsequently found that this incubation of craving phenomenon 

corresponds to a post-cocaine time-dependent increase in brain-derived neurotrophic factor 

(BDNF) protein levels within the mesolimbic dopaminergic reward and relapse circuits - 

specifically in the nucleus accumbens and amygdala [170]. This research group also 

explored the role of the amygdaloid extracellular signal-regulated kinase (ERK) signaling 
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pathway in this incubation [171]. Cocaine seeking induced by exposure to cocaine cues was 

substantially higher after 30 days of cocaine withdrawal than after 1 day. Exposure to these 

cues increased ERK phosphorylation in the central, but not the basolateral, amygdala after 

30 days of cocaine withdrawal, but not after 1 day. After 30 days of incubation of cocaine 

craving, inhibition of central (but not basolateral) amygdaloid ERK phosphorylation 

produced an inhibition of cocaine-seeking behavior. After 1 day of withdrawal, stimulation 

of central amygdaloid ERK phosphorylation increased cocaine-seeking behavior. All of this 

suggests that incubation of cocaine craving is mediated by time-dependent increases in the 

responsiveness of the central amygdaloid ERK pathway to cocaine cues. Central amygdaloid 

glutamate is also involved [172]. Central amygdala injections of the glutamate mGluR2/3 

agonist LY379268 (which decreases glutamate release) attenuated the augmented cue-

triggered drug-seeking behavior seen after 21 days of incubation but had no effect after only 

3 days of incubation. As the amygdala is critical to cue-triggered relapse [165] and the 

nucleus accumbens to drug- and stress-triggered relapse [156,157,161,173], these findings 

are important.

They are especially important in the context of synaptic remodeling. Addiction obviously 

involves learning (stimulus-reward learning being an important substrate in the acquisition 

of addiction; stimulus-response learning being an important substrate in relapse responding). 

Beginning with the pioneering neuropsychological work of Hebb in the 1940s [174], it has 

been widely appreciated that the neural substrate of learning must involve synaptic 

remodeling. In recent decades it has come to be appreciated that two important mechanistic 

substrates of synaptic remodeling are long-term potentiation (LTP) and long-term 

depression (LTD) [175]. LTP and LTD have been demonstrated to be produced by addictive 

drugs in precisely those brain loci implicated in reward and relapse - nucleus accumbens 

[176–179], amygdala [180,181], and hippocampus [182–184]. As a neuronal trophic factor, 

BDNF may be involved in - indeed, may be an underlying mechanism for - the synaptic 

remodeling in the nucleus accumbens, amygdala, and hippocampus that may underlie the 

incubation of craving phenomenon and, by extension, the development of increased 

vulnerability to relapse among human addicts. Furthermore, such synaptic remodeling may 

underlie the very transition to the unregulated and compulsive drug-seeking behavior that 

characterizes addiction, inasmuch as this transition is associated with impaired glutamate 

receptor-dependent brain LTD [185]. If this be true, an entirely new strategy for anti-

addiction, anti-craving, anti-relapse medication development could emerge - medications 

that target BDNF-mediated synaptic remodeling in the nucleus accumbens, amygdala and 

hippocampus. Of course, such medication development need not be mutually exclusive to 

anti-craving and anti-relapse medication development predicated on other neural 

mechanistic strategies - e.g., glutamate mGluR2/3 agonists [172] or selective dopamine D3 

receptor antagonists [83,84,186].

The Disentanglement of Important Addiction-Related Phenomena

From all of the above, it may be appreciated that a number of important phenomena are 

often confused, even among medical and other professionals who deal routinely with drug 

addiction and with patients impacted by it. It is important to disentangle these phenomena.
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First, abusive drug-taking behavior is initially reward-driven (the drug-induced “high”), and 

is directly referable to drug-induced activation of the ventral tegmental area-nucleus 

accumbens reward circuitry.

Second, abusive drug-seeking and drug-taking behavior becomes, with time, habit-driven 

rather than reward-driven. This transition arguably defines the onset of addictive drug-

seeking behavior, and is arguably referable to a transition of the neural locus of control over 

drug-seeking behavior from the ventral tegmental-ventral neostriatal axis (medial ventral 

tegmental area and nucleus accumbens) to a more dorsolateral overlying set of neural loop 

circuits (involving the substantia nigra and dorsolateral neostriatum).

Third, addiction and physical dependence are different phenomena - the first referable to 

forebrain mesolimbic and mesostriatal reward-related and habit-related circuitry; the second 

referable to neural loci in the vicinity of the midbrain locus coeruleus and the dorsal 

mesencephalon. Some drugs are addictive without producing physical dependence; other 

drugs produce physical dependence without being addictive.

Fourth, opiate- or cannabinoid-induced analgesia are distinct phenomena - having nothing to 

do with opiate-induced or cannabinoid-induced addictive drug-taking behavior. Opiate-

induced analgesia is referable to action on neural mechanisms on peripheral nociceptive 

neurons, spinal cord dorsal horn pain-gates, dorsal root ganglia, brain-stem tegmental 

spinothalamic and neospinothalamic pain relay nuclei, and the periaqueductal gray matter of 

the brain-stem. Cannabinoid-induced analgesia is referable to action on neural mechanisms 

on peripheral nociceptive neurons, spinal cord dorsal horn pain-gates, dorsal root ganglia, 

and brain-stem tegmental spinothalamic and neospinothalamic pain relay nuclei. 

Importantly, appropriate medical use of opiates or cannabinoids for the treatment of pain 

carries extremely low risk of inducing addiction (see further discussion below).

Can One Induce Addiction by Long-Term Treatment of Pain with Opiates?

Far too many physicians and other health care professionals have uncritically accepted the 

false allegation that opiate addiction can be induced by medically appropriate long-term 

treatment of pain with opiates [186]. This leads to medical malpractice and the ethically 

unacceptable undertreatment of pain in millions of suffering patients. Equally unacceptably, 

this misconception permeates the law-enforcement, judicial, and legislative branches of 

government - with many egregious consequences. It also permeates ordinary society, 

causing many pain patients to refuse medically appropriate (indeed, often essential) 

treatment of pain - with often horrible consequences for quality of life.

The truth of the matter is that, although some chronic pain patients are at risk for addiction, 

they are a very small percentage of the total number of chronic pain patients.

Reliable evidence exists to support the contention that appropriate medical treatment of pain 

with opiates does not incur a risk of addiction in the vast majority of pain patients. First, 

chronic pain inhibits opiate-seeking behavior in animal models [186,187]. Second, chronic 

pain inhibits opiate-enhanced dopamine in the ventral tegmental area-nucleus accumbens 

reward/relapse neural circuitry [186,188]. Third, chronic pain inhibits reward signaling 
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through the ventral tegmental area-nucleus accumbens reward circuitry, as assessed using 

the electrical brain-stimulation reward animal model [186,189]. Fourth, chronic pain inhibits 

the development of opiate-induced physical dependence [186,190]. These preclinical animal 

model and neurobiological data - together with an impressive corpus of human clinical data 

- has prompted the World Health Organization to issue the following guideline on the 

treatment of chronic pain - “When opioids are used - even at heroic doses - in the 

appropriate medical control of chronic pain, addiction and drug abuse are not a major 

concern” [191].

Brain Reward/Anti-Reward Pathways and Mechanism-Based Medication 

Development for Treatment of Addiction

At present, a number of effective pharmacotherapies exist for the treatment of drug 

addiction. The opiate agonist methadone has been shown to be effective for opiate addiction 

[192,193], as has the partial opiate agonist buprenorphine [192–194]. Even heroin itself has 

been used successfully as a maintenance pharmacotherapy for opiate addiction [195]. 

Although heroin’s short half-life makes it a less than optimal choice for maintenance therapy 

for many patients, there appears to be a subset of opiate addicts who do better on heroin 

maintenance than on other opioid agonist therapies [195]. For highly motivated individuals 

with a strong desire to achieve abstinence from the opiate-taking habit, the long-acting 

opiate antagonist naltrexone has proven effective [193,196].

Naltrexone has also proven to be effective for some alcoholics wishing to quell alcohol 

cravings [196–198]. The reason for naltrexone’s effectiveness in alcoholism is not clearly 

understood, but may relate to the fact that the dopaminergic reward circuitry of the brain is 

heavily innervated by endogenous opioid peptide (endorphin and enkephalin) circuits, and 

this opioid peptidergic innervation is known to modulate the reward enhancing properties of 

alcohol [199–201] and other addictive compounds (e.g., delta-9-tetrahydrocannabinol, the 

addictive constituent in marijuana and hashsish; see [202–204]).

Acamprosate is also claimed to have effectiveness against alcohol addiction [205], as is the 

GABA-B receptor agonist baclofen [206–208]. The underlying mechanisms for 

acamprosate’s putative effectiveness appear to involve re-normalization of alcohol-

perturbed glutamatergic neurotransmission [209]. The underlying mechanisms for 

baclofen’s effectiveness are not fully clear, but baclofen’s presumptive effectiveness at the 

human level is amply and well supported by many years of work with baclofen in preclinical 

animal models of addiction by Roberts and colleagues [210–215]. This work with baclofen 

in preclinical animal models of addiction suggests a broad potential clinical efficacy for 

baclofen in treating addiction at the human level, but thus far only preliminary studies on 

human patients have been undertaken with baclofen [208].

The acetylcholine nicotinic α4β2 receptor partial agonist/α7-receptor full agonist varenicline 

is clearly effective for treating nicotine addiction at the human level [216,217]. Furthermore, 

varenicline appears superior to other treatments - the one-year continuous abstinence rate 

from tobacco use is 23% for varenicline, as compared to 15% for bupropion and 10% for 

placebo [216]. Varenicline’s effectiveness appears to be due to its action at the nicotinic 
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α4β2 receptor subtype; its action at the α7-receptor subtype appears irrelevant to its efficacy 

[218]. Nicotine replacement therapy (e.g., the nicotine patch) is also effective in some 

patients for smoking cessation. Bupropion also appears to have efficacy in treating nicotine 

addiction [219], which may be partly due to bupropion’s action as a dopamine reuptake 

inhibitor [220] and partly due to its action as a nicotinic receptor antagonist [221].

Yet, none of the above-listed pharmacotherapies is effective for a majority of the patients for 

whom the therapy should produce clinical benefit, and with the possible exception of 

baclofen, none of the above therapies is broadly effective against multi-drug addiction.

Thus, there is real need for further medication development in the field of addiction 

medicine. Fortunately, by reference to current knowledge of the involvement of brain 

reward/anti-reward pathways and substrates in addiction, mechanism-based medication 

development for the treatment of addiction is both rational and practical.

The fact that cocaine and other psychostimulants derive their addictive efficacies from 

inhibiting the synaptic reuptake of dopamine or by causing presynaptic release of dopamine 

in the reward-related and relapse-related nucleus accumbens makes the development of 

slow-onset long-acting dopamine transporter inhibitors for treatment of psychostimulant 

addiction rational [222–226].

The fact that inhibition of medium spiny GABAergic neurons in the nucleus accumbens may 

constitute a final common pathway for addictive-drug-induced reward [227] makes 

development of GABAergic agonist therapies rational. As noted above, extraordinary 

promise has been seen with the GABA-B receptor agonist baclofen in preclinical animal 

models [210–215], with some supporting evidence from preliminary human use [206–208]. 

Similarly, considerable promise has been seen with the indirect GABA agonist gamma-vinyl 

GABA in preclinical animal models [228–237], again with some supporting evidence from 

preliminary human trials [238].

The fact that cannabinoids activate, and endocannabinoids mediate, brain reward and brain 

relapse circuits and substrates [202,203,205,239–247] provides a mechanistic rationale for 

the development of cannabinoid CB1 receptor antagonists as anti-addiction medications 

[40,248– 252].

The facts that glutamate circuits innervate and modulate brain reward mechanisms [253–

260], and that glutamatergic circuits mediate at least some forms of relapse to drug-seeking 

behavior [164,165], make the development of drugs acting on the glutamate circuitry of the 

brain attractive as potential anti-addiction medications [41,261–265].

The fact that CRF is the neurotransmitter of one of the stress-triggered relapse circuits in the 

brain makes the development of anti-CRF medications attractive [167,266–278].

A Final Comment

Addiction medicine has made enormous strides in recent decades. Arguably, addiction 

medicine has animal models with face-validity, predictive-validity, and construct-validity 
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that are as good or better than animal models in other medical specialties. More has been 

learned in the last few decades about the neurobiology of addiction, craving, and relapse 

than would have been thought possible when Olds and Milner first described the reward 

circuits of the brain in 1954 [6]. These tremendous advances in knowledge bode well for the 

development of definitive therapies for an illness that is as old as recorded human history.
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Fig. 1. BRAIN REWARD CIRCUITRY
Diagram of the brain-reward circuitry of the mammalian (laboratory rat) brain, with sites at 

which various addictive drugs act to enhance brain reward mechanisms and thus to produce 

drug-seeking behavior, drug-taking behavior, drug-craving, and relapse to drug-seeking 

behavior. ABN, anterior bed nuclei of the medial forebrain bundle; Acc, nucleus accumbens; 

AMYG, amygdala; DA, subcomponent of the ascending mesocorticolimbic dopaminergic 

system that appears to be preferentially activated by addictive drugs; DYN, dynorphinergic 

neuronal fiber bundle outflow from the nucleus accumbens; ENK, enkephalinergic neuronal 

fiber bundle outflow from the nucleus accumbens; FCX, frontal cortex; GABA, GABAergic 

inhibitory fiber systems synapsing in the ventral tegmental area, the nucleus accumbens, and 

into the vicinity of the locus coeruleus, as well as the GABAergic neuronal fiber bundle 

outflow from the nucleus accumbens; GLU, glutamatergic neural systems originating in 

frontal cortex and synapsing in both the ventral tegmental area and the nucleus accumbens; 

5HT, serotonergic (5-hydroxytryptamine) fibers, which originate in the anterior raphé nuclei 

and project to both the cell body region (ventral tegmental area) and terminal projection 

field (nucleus accumbens) of the DA reward neurons; ICSS, the descending, myelinated, 

moderately fast conducting component of the brain-reward circuitry that is preferentially 

activated by electrical intracranial self-stimulation (electrical brain-stimulation reward); LC, 
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locus coeruleus; NE, noradrenergic fibers, which originate in the locus coeruleus and 

synapse into the general vicinity of the ventral mesencephalic neuronal cell fields of the 

ventral tegmental area; Opioid, endogenous opioid peptide neural systems synapsing into 

both the ventral tegmental DA cell fields and the nucleus accumbens DA terminal projection 

loci; Raphé, brainstem serotonergic raphé nuclei; VP, ventral pallidum; VTA, ventral 

tegmental area. After [1].
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Fig. 2. LEFT SHIFT WITH ADDICTIVE DRUG, COUNTERED BY SELECTIVE D3 
RECEPTOR ANTAGONIST
Enhancement of electrical brain-stimulation reward by an addictive drug (nicotine) and 

attenuation of that enhancement by a highly selective dopamine D3 receptor antagonist 

(SB-277011A). Left-shifts in such rate-frequency brain-reward functions denote 

enhancement of brain reward (the drug-induced “high”); right-shifts denote inhibition of 

brain reward. After [38].
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Fig. 3. REAL-TIME DOPAMINE BRAIN MICRODIALYSIS DURING INTRAVENOUS 
OPIATE SELF-ADMINISTRATION
Minute-by-minute measurements - using in vivo brain microdialysis - of extracellular 

nucleus accumbens dopamine in a laboratory rat voluntarily self-administering intravenous 

heroin. The thick dashed vertical lines indicate the start (left thick dashed vertical line) and 

end (right thick dashed vertical line) of availability of heroin. The thin solid vertical lines 

indicate a voluntary self-administration of heroin (a heroin “hit”) by the test animal. At the 

beginning of every drug self-administration session, extracellular nucleus accumbens 

dopamine is tonically enhanced approximately 200% by the initial “hit(s)” of heroin. 

Thereafter, extracellular nucleus accumbens dopamine fluctuates phasically - with the 

animal becoming motivated to give itself another drug “hit” whenever extracellular nucleus 

accumbens dopamine drops to approximately 100% over its initial pre-heroin level. Thus, 

the animal appears to self-administer the addictive drug to enhance extracellular nucleus 

accumbens dopamine and to keep it within a preferred (and elevated) range – thus keeping 

hedonic tone enhanced over its normal basal state when unaffected by addictive drugs. After 

[49,50].
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Fig. 4. PRO-REWARD AND ANTI-REWARD BRAIN-STIMULATION REWARD 
SUBSTRATES ACTIVATED BY OPIATE ADMINISTRATION - FROM NAZZARO AND 
GARDNER
Brain reward and anti-reward mechanisms recruited by systemic opiate administration. 

Enhancement or inhibition of brain-reward is measured using electrical brain-stimulation 

reward in laboratory rats. The stimulating electrode in Panel A is located in the medial 

portion of the mesotelencephalic dopaminergic reward fiber tract; the stimulating electrode 

in Panel B is located in the lateral portion of the mesotelencephalic dopaminergic reward 

fiber tract. Panel A: Acute systemic opiate administration enhances brain reward, which 

diminishes as opiate effects wear off during each test day, and which shows development of 

tolerance with successive opiate administrations. Panel B: Acute systemic opiate 

administration inhibits brain reward, which diminishes as opiate effects wear off during each 

test day, and which shows development of sensitization (enhancement, “reverse tolerance”) 

with successive opiate administrations. Overall hedonic tone is a combination of effects 

depicted in Panels A and B. Thus, with chronic opiate administration, the reward-enhancing 

effects diminish and the anti-reward effects intensify, producing and overall reward 

deficiency state. After [42,58].
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Fig. 5. RANK IN A SOCIAL HIERARCHY CONTRIBUTES TO BRAIN DA DEFICIENCY 
AND VULNERABILITY TO ADDICTIVE DRUG-TAKING BEHAVIOR
Intravenous cocaine self-administration in monkeys of differing social hierarchy status 

within the social group. The solid black circles indicate monkeys with low social status; the 

open circles indicate moneys with high social status. Low social status produces a dopamine 

deficit in the mesotelencephalic reward circuitry, and a proclivity to self-administer 

addictive drugs. After [77].
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Fig. 6. TIME-LINE GRAPH OF REINSTATEMENT (RELAPSE) TO ADDICTIVE DRUG-
SEEKING BEHAVIOR
Schematic diagram of the “reinstatement” animal model of relapse to drug-seeking behavior. 

Initially, animals are allowed to freely self-administer intravenous cocaine in the presence of 

environmental cues that indicate the availability of cocaine. At the point indicated by the 

first vertical dashed line, the cue lights are turned off and saline is substituted for cocaine in 

the infusion apparatus. This causes behavioral extinction of the drug-taking habit and, 

perforce, pharmacological “detoxification” from cocaine. On the last day of the extinction 

phase of the experiment, the animal is given a single non-contingent intravenous “hit” of 

cocaine. This causes immediate and robust relapse to intense levels of drug-seeking behavior 

(although the infusion apparatus is filled with saline, as during the extinction and 

detoxification stage). After [37].
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Fig. 7. INCUBATION OF DRUG CRAVING
Incubation (enhancement) of drug-craving with the mere passage of time. Panel A: Drug-

seeking behavior measured as extinction responding. Panel B: Drug-seeking behavior 

measured as cue-triggered relapse to drug seeking behavior. After [169].
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