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This review gives an overview of what we see as the key issues in the human pharmacology of drugs of addiction. We review
evidence of efficacy and mechanisms by which treatments act and point out areas where further work is needed. The role of
agonist, partial agonist and antagonist treatments for opioid addiction is detailed and current issues relating to the
mechanisms of actions at the receptor level and how to improve on compliance are discussed. The role of the brain dopamine
and GABA-A systems in drug dependence is considered in relation to the growing pharmacology of these receptor systems,
and the current status of novel preclinical targets reviewed. In addition, the different roles of dynamic and kinetic factors in
both addiction and its treatment are discussed in relation to the underlying neuropharmacology of the disorders as defined
from human and preclinical studies. Finally, some pointers to future research and especially to drug development by pharma
are elaborated.
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Introduction

In this review, we cannot cover the whole clinical addiction

arena or even that part dedicated to current treatments—but

these are available in other sources, for example, recent

treatment recommendations are in the British Association of

Psychopharmacology guidelines (Lingford-Hughes et al.,

2004). What we have decided to do is focus on key areas in

the human pharmacology of addiction where there is either

a clinical need for new preclinical studies or where

preclinical theories need testing in humans. The reader

should be aware that when we talk of pharmacological

treatments, they should almost always be given in the

context of other psychosocial interventions to maximize

their efficacy, with perhaps the only exceptions being for

detox.

Pharmacological approaches to reducing the harm
of addictive drugs

Agonist substitution treatment

It is generally accepted in most of the western world that the

primary goal of addiction medication treatments should be

to reduce harm—rather than to reduce supply or punish use.

One of the very few proven pharmacological treatment

approaches to harm reduction is the use of substitute

prescribing, especially in opioid addiction. This approach

was pioneered by the early studies of methadone that

showed efficacy in terms of reducing the use of heroin,

reducing crime, limiting the spread of HIV infections and

engaging users in treatment regimes (see Lingford-Hughes

et al., 2004 guidelines and NICE-HTA review, 2007). It has

been estimated that investment in methadone leads to a

threefold economic benefit in terms of reductions in health

and social care costs and reduced criminal activity and the

price of policing. Methadone acts as a substitute for heroin

because it is a (relatively) full opioid agonist that mimics the

pleasurable actions of heroin. However, it has a slower onset

of effect; so when taken orally, it gives less of a ‘rush’ and

hence is less preferred than heroin. In addition, as metha-

done has a much longer t1/2, it can be given once a day,

rather than 2–4 times a day as observed for short t1/2 of

heroin. This stabilizes the patient’s life, as when taken once,

they are relatively free from cravings and the need to find

money to buy heroin hits. Also, once methadone is taken,

the value obtained from a subsequent heroin hit is

significantly reduced (see Figure 1).

But methadone is still a very addictive drug that can not

only be fatal in overdose but can also be diverted into street

use. For this reason, methadone is usually given under

supervised consumption in pharmacies or other treatment

outlets; the patient takes the liquid formulation under the

supervisor’s surveillance. Providing space for consumption,

preparing the liquid doses of methadone and paying the
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supervising personnel is a relatively expensive process (much

more than the cost of the drug itself), and so in many

countries, this is done only during the working week (to

avoid overtime costs). The usual solution to this is for the

patients to be given two take-home doses on Friday;

however, urine testing on Mondays often indicates that

these doses are not taken—in many cases, they are sold on to

addicts not in treatment regimes—and the proceeds used to

finance heroin purchase. Occasionally, the doses are found

by children, who drink it as it is usually in a sugar solution

and then die of overdose; this results in several deaths per

year in the United Kingdom (Milroy and Forrest, 2000).

Although methadone is effective, it is a very sedative drug

that leaves many patients ‘stoned’. Whereas some like this

sense of being out of the world, others find it limiting in terms

of job seeking or success as well as in interpersonal relation-

ships (Lingford-Hughes et al., 2004). Moreover, the long-term

use of methadone seems to lead to adaptive brain changes that

lead to a withdrawal reaction that lasts for several weeks,

although the insomnia that occurs during withdrawal may be

much more enduring, often not resolving in months, and is a

major reason for relapse (Beswick et al., 2003).

How can we improve on methadone? One approach is to

understand exactly how it works. The reinforcing effect is

mediated through the mu-opioid receptor, although the

other actions, especially those leading to the prolonged

withdrawal reactions, may have other sources. Given its wide

and long-term use, methadone is a relatively less studied

drug and interactions with other neurotransmitter or

enzyme systems have not been systematically researched.

Our study has shown that the blockade of on-top heroin use

by methadone, although dose-related (Melichar et al.,

2003a), is not simply as a result of competition in brain

opioid receptors. Positron emission tomography (PET)

studies have found that methadone, in contrast to bupre-

norphine or antagonists (for example, naltrexone), occupies

too few receptors for this to be detectable by human imaging

methods (Greenwald et al., 2003; Melichar et al., 2003b;

Melichar et al., 2005). A similar lack of receptor occupation

in rats has recently been reported for several opioid agonists,

including methadone (Hume et al., 2007). From these

observations, we presume that the methadone blockade must

reflect some degree of receptor subsensitivity, perhaps due to

internalization of receptors. In this regard, methadone differs

from morphine, which does not internalize mu receptors

(Williams et al., 2001). One obvious opportunity that thus

arises is whether a methadone alternative with the same or

better kinetics, but a different profile of secondary receptor

effects, could be made that might be free of the long-term

adaptive changes in the brain that methadone produces.

LAAM (l-a-acetylmethadol hydrochloride) is another

opioid agonist that has even longer kinetics than methadone

and so has the potential advantage of less-than-daily dosing

(Law and Nutt, 2000). Currently, LAAM is not available in

Europe owing to concerns regarding cardiac toxicity from an

effect on QT interval in the heart.

Partial agonist substitution treatment

A proven alternative pharmacological approach to substitute

treatment with full agonists is to use a partial agonist such as

buprenorphine that is still reinforcing and so holds patients

in treatment, but which has several theoretical advantages

over full agonist treatment such as methadone (Law et al.,

2004). First, it is potentially much safer in overdose if a

partial agonist with maximal efficacy below the threshold for

respiratory depression is used (Figure 2)—buprenorphine fits

this bill, and deaths from overdose alone are much reduced

compared with methadone. Second, higher doses can be

given so that a full occupancy of brain opioid receptors can

be achieved, thus effectively blocking the value of any on-

top heroin use (Figure 3). Third, a partial agonist may

produce less receptor adaptation, so it may be easier to come

off; and fourth, the patients will be less ‘stoned’. In common

with methadone, the treatment would reduce intravenous

injecting, as patients would be getting a hit without the need

to score and inject street drugs.

In practise, buprenorphine treatment confirms these

assumptions. PET imaging has shown a dose-related block-

ade of the mu-opioid receptor (Greenwald et al., 2003) and

clear dose-related blockade of the effects of full agonists such

as hydromorphone (Strain et al., 1992). Withdrawal reactions

to buprenorphine are lower in severity than those of

methadone, but the interpretation of this is complicated by

the different kinetics of the two drugs—buprenorphine has a

considerably longer t1/2. This latter fact can be used to

clinical advantage, in that if high doses of buprenorphine are

given, cover from heroin use can be achieved for 2–3 days,

thus protecting against weekend heroin use (see Figures 2

and 3). Buprenorphine also makes users feel more normal

and less stoned; however, this is not always liked by the

patient, and in practise a significant proportion opt for

methadone.

Additionally, buprenorphine is not free of risks; even

partial agonists can produce a degree of respiratory depres-

sion that can be fatal in association with other respiratory

depressants such as benzodiazepines. This risk is magnified if

buprenorphine is given intravenously, a practise that is possible

Methadone time course and  action to
block ‘on-top’ heroin
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Figure 1 A schematic time course of the actions of methadone
when given once daily dosing regime (black lines) superimposed on
a schematic time course of multiple daily heroin doses (filled areas).
The different kinetics of the two drugs is illustrated and also their
interactions. When methadone is taken, the effects of any ‘on-top’
heroin use are blocked, but if methadone is omitted, for example, at
weekends, then the full effect of heroin is achieved (right side).
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as it is very water soluble. One way to minimize this risk is to

make a combination treatment—buprenorphine plus a mu-

receptor antagonist—and this has been done in such a way that

a naloxone–buprenorphine combination is now widely used. If

the tablet is taken by the normal route (sublingually), then the

adsorption of naloxone is slight and the full buprenorphine

effect is achieved. However, if the tablet is crushed and

dissolved and then injected intravenously, naloxone enters

the brain readily and more quickly than buprenorphine. This

means that if there is a residual mu-agonist—for example,

heroin or methadone—in the brain, naloxone will displace it,

so precipitating withdrawal, an aversive experience that will

hopefully dissuade users from trying it again! In a drug-naive

user, the entry of naloxone before buprenorphine will to some

extent attenuate the hit from the intravenous buprenorphine,

so reducing the drive to inject. Combination treatments with

opioid agonists and antagonists have been used before—for

example, pentazocine/naloxone with a degree of success, so

what about using a pure antagonist as treatment? This is

discussed below.

Partial agonists have now been proven to be effective in

another addiction—nicotine—where varenicline (an alpha4-

beta2 partial nicotinic agonist) is now licensed on the basis

of efficacy data showing a clinical effect that exceeds that of

the other licensed medications—bupropion and nicotine

replacement therapy (Rollema et al., 2007). The principles

are the same as with buprenorphine for opioid dependence—

substitution treatment sufficient to prevent the need to

smoke, with attendant health benefits. Interestingly, there is

emerging evidence that varenicline may also reduce alcohol

consumption (Steensland et al., 2007)—perhaps suggesting a

common nicotinic pathway in several addictions—as animal

evidence suggests some effects of related compounds in

opioid dependence (Glick et al., 2002).

Partial agonists have potential in the treatment of

addiction to other drugs—especially that to benzodiazepines

and stimulants. In an attempt to make benzodiazepine

anxiolytics less abused (that would also be less sedating),

several partial agonists were made and tested in humans (see

Potokar and Nutt, 1994). These proved to be more sedating

in humans than was predicted from animal pharmacology,

so they were not progressed in anxiety and have not been

taken up by the addiction community, for reasons that are

discussed below in the last section. Dopamine partial

agonists offer an interesting potential for stimulant addic-

tion, as they might be predicted to provide some dopamine

input where it is deficient, for example, in withdrawal states,

although not themselves being abused. Moreover, they

might block the effects of high dopamine levels, for example,

after the use of cocaine. Considerable excitement in this field

was produced by the report on BP897, which showed that it

would stop cue-induced cocaine behaviour in rats (Pilla et al.,

1999 ), although it was not itself self-administered. However,

it did not stop cocaine self-administration once it had

started. Clinical trials have, we believe, not been conducted

owing to issues of toxicology, but other compounds of the

same pharmacology are under investigation. Aripiprazole, an

antipsychotic recently available for treatment of schizophre-

nia, is a dopamine receptor D2 type (DRD2) partial agonist.

However, recent trials have not shown it to be helpful in

stimulant abuse (Tiihonen et al., 2007), and the authors are

not aware that it is any better in reducing substance misuse

in patients with schizophrenia than other antipsychotics.

Why drugs targeting the dopamine D2 receptor are of

limited efficacy in addiction is perplexing given the large

body of both human and rat data that this system is involved

in addictive behaviours? (see below) One target for the future

might be a compound with both dopamine D3 partial

agonism and D1 antagonist properties (Morris et al., 2006;

and see other papers in this issue).

Antagonists as treatments for addiction

As heroin and other abused opioids act on mu-opioid

receptors in the brain, the idea of preventing their use by

blocking their actions with an antagonist has been a long-

term ambition of treatment providers. Mu antagonists exist,

including naloxone, naltrexone and nalmefene, and are

effective in reversing and/or blocking the acute effects of

heroin. However, their utility in prevention of opioid misuse

is limited by several factors. The key factor is that

compliance with these drugs is much more difficult to

ensure than that of the agonist treatments, for they provide

no reinforcement or pleasure so there is little incentive to

stay compliant. If compliance can be enforced, then out-

comes can be good, because if the blockade of brain mu

Buprenorphine time course and
heroin blockade

Time (h)
Weekend

Effect ‘Normal’

Buprenorphine 2–4 mg Buprenorphine 8–16 mg

24 48

Figure 2 Same as Figure 1, but here the kinetics and actions of
different doses of buprenorphine are superimposed on the pattern of
heroin use. The longer half-time of buprenorphine means that even
if it is not given every day, it still protects against the ‘on-top’ use of
heroin.

Potentially lethal dose

Interactions of opioids
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Full agonist—methadone

Partial agonist
—buprenorphine
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Figure 3 Schematic dose–effect relationships for opioid receptor
agonists, partial agonists and antagonists, as well as their combina-
tions.
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receptors is high, then it cannot be overcome—even huge

doses of heroin have little or no effect, a fact soon

appreciated by the addict who rapidly gives it up. The best

evidence of the therapeutic value of naltrexone is currently

in health-care professionals such as doctors and pharmacists,

where case working can be made conditional on daily

consumption of the antagonist under supervision—usually

by a spouse or partner.

However, if compliance is poor, then naltrexone therapy

may be risky, because with a t1/2 of about 24 h, stopping for a

day or two will allow the full effect of heroin to be felt. If the

patient has been on naltrexone for a few weeks, then the

tolerance to heroin gained during the period of addiction

before naltrexone treatment will be lost. If the addict stops

the naltrexone to restart heroin—even for a one-off—and if

they use the same dose as before, then they can experience

serious problems with respiratory depression that may

ultimately lead to death. For this reason, the use of non-

compliant naltrexone has been criticized as being less harm

reducing than either methadone or buprenorphine. This

concern could be overcome if a long-acting preparation

could be used, and several have been used in clinical

treatment settings. The best data so far are with a long-

acting naltrexone implant developed in Perth by Drs O’Neil

and Hulse. They have tested a naltrexone containing

polymer implant that is inserted subcutaneously and releases

the antagonist over several months (Hulse et al., 2004a, b).

The implant appears to be very well tolerated, with the only

adverse effects being infection at the injection site and some

localized itching in o1% of patients (Hulse et al., 2005).

So far, they have treated many hundreds of opioid addicts

with good outcomes, including an impressive reduction in

opioid overdose deaths (Hulse et al., 2005) and lower

incidence of blood-borne viral infections (Jeffrey et al.,

2007). Subjective reports suggest positive impacts on work

and family life, as well as on drug use alongside improved

mental health and more normal sleep (Ngo et al., 2007). They

can also be used in pregnant heroin addicts, where

drugs effects on the foetus have to be carefully considered

(Hulse et al., 2004b). Clearly, more work in this field is needed

to fully characterize the dose and duration of this treatment

in more extensive multisite-controlled clinical trials.

Other variants on naltrexone implants and other depot

preparations are being developed and some are in clinical

trials, and so it may be that this is an arena that will open up

in the next few years. However, the risk of death once the

antagonist is stopped or the patient removes the implant is a

real one, so there is a need for consideration in minimizing

such event, for example, through education or take-home

antagonists to be used by friends or family in the case of an

accidental overdose. It should be noted that the risk of

overdose is present when any opioid treatment regime is

stopped, so this is not unique to antagonist treatment,

although it might emerge sooner with this approach.

Can we use antagonists for other addictions?

With the same caveats as mentioned above, the answer is

yes. Naltrexone is licensed in some countries for treatment of

alcohol dependence by facilitating abstinence, where it is

thought to work by reducing the risk of a drinking lapse

leading to a full relapse to loss of control drinking (see

below). In this way, naltrexone has a different profile of

action compared to other alcohol treatments, such as

acamprosate and Antabuse (see Figure 4). A newer

mu-opioid receptor antagonist (which may have some kappa

partial agonist actions) has recently been shown to have

efficacy in treating alcohol dependence, that is nalmefene

(see Srisurapanont and Jarusuraisin, 2006).

Benzodiazepine abuse is common and there is an effective

antagonist licensed for human use—flumazenil (Anexate).

This is a highly potent, high-affinity antagonist that is active

only via the intravenous route as first-pass metabolism is

extensive. Using similar technology to the naltrexone

implants, the Western Australia group has made an im-

plantable flumazenil formulation that can provide antago-

nist cover for several months, so in theory it could be used in

the treatment of benzodiazepine dependence. Other benzo-

diazepine antagonists have been made, often inadvertently,

in the search for valium look-alikes but none have been

taken into human trials because the indication of the

treatment of benzodiazepine dependence has not yet been

considered; hopefully, this volume will revive an interest in

these compounds!

Cannabis dependence is becoming more recognized and it

is known that the actions of this drug are mediated via the

cannabinoid CB1 receptor for which a number of potent and

selective antagonists have been made. Their target indication

is weight loss but there is no reason why these antagonists

should not be used for other indications such as cannabis

dependence (Nutt, 2005). They certainly block the effects of

cannabis and can precipitate withdrawal, so therapeutic

potential as functional antagonists is clearly there. Again,

issues such as compliance and kinetics need to be taken into

account but should not be insuperable.

One of the great concerns in the addiction field is the

treatment of stimulant dependence, as many compounds

have been tested but few have been found to be even

minimally effective. As stimulants work indirectly on

neurotransmitter pumps to increase release and/or prevent

ACAMPROSATE NALTREXONE
Naltrexone Acamprosate

Cues/triggers Drink Lapse Relapse

DISULFIRAM DISULFIRAM
(fear) (feel sick)

BOLD = Primary mechanism Italics = Secondary effect

(less pleasure)

Drug treatments of alcohol dependence

� � �

Figure 4 The possible mechanisms of actions of the three drugs
that are used in the treatment of alcohol dependence. Presumed
main therapeutic effects are shown in caps and lesser effects in italics.
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reuptake, the use of antagonists is more problematic.

However, there have been attempts to make dopamine

uptake blockers with less abuse potential than cocaine, and

animal studies have shown a degree of efficacy, although

human trials to our knowledge have not been reported

(Lindsey et al., 2004; see Morris et al., 2006, chapter).

Another, perhaps more promising, use of antagonists in

stimulant abuse is the dopamine D3 receptor, where in

animal studies antagonists have been shown to reduce drug-

seeking behaviours (Vorel et al., 2002). Similarly, dopamine

D1 agonism may be stimulant-like (Graham et al., 2007),

then antagonism could attenuate cocaine-seeking behaviour,

as it seems to do for novelty-induced behaviours (Peters et al.,

2007). Perhaps, a drug that combined both actions would

have even greater utility. Such a theory could easily be

explored in animals.

Withdrawal

Managing withdrawal from substances of abuse is often a

clinically challenging, as distress during withdrawal is a

common reason for restarting drug use. For some substances

of abuse, such as psychostimulants, symptomatic support is

the mainstay of treatment, for example, for insomnia. For

other substances, such as alcohol and opioids, knowledge

about the underlying brain process has led to rationale

pharmacotherapy that has altered clinical management.

Opioid withdrawal, for instance, can be managed without

giving opioids—although the most common way to detoxify

someone off opioids is to gradually reduce their substitution

medication (methadone or buprenorphine) (Lingford-

Hughes et al., 2004). Preclinical studies noted, however, that

increased activity in the noradrenaline system contributed to

opioid withdrawal symptomatology. So a2-adrenoceptor

agonists began to be used in the clinic to ameliorate the

so-called ‘noradrenergic storm’ (Maldonado, 1997) by acting

on inhibitory autoreceptors to dampen noradrenaline

neuronal activity. Symptoms such as tachycardia,

sweating, runny nose, hair standing on end, goose bumps

(hence the term ‘going cold turkey’) are reduced by

a2adrenergic agonist medications, such as clonidine or

lofexidine. However, other medication is also needed to deal

with insomnia or gastrointestinal (GI) disturbances, for

example, diarrhoea.

Although withdrawal from many substances of abuse can

be unpleasant or even distressing, it is rarely life threaten-

ing—except for alcohol. For people who are alcohol

dependent, stopping drinking can lead to seizures or

delirium tremens. Therefore, to prevent such problems,

benzodiazepines such as chlordiazepoxide or diazepam are

given in reducing doses for about a week to provide effective

symptom control (Lingford-Hughes et al., 2004). However,

elsewhere in the world, anticonvulsants such as carbamaze-

pine, are used for this purpose (Lingford-Hughes et al., 2004).

Benzodiazepines provide symptom control by increasing

activity in the brain’s inhibitory system (GABA-A) that has

been reduced by chronic drinking (Lingford-Hughes and

Nutt, 2003). However, there is preclinical evidence that

benzodiazepines may not prevent or offset changes in brain

function occurring in withdrawal episodes that contribute to

seizures and neuronal loss (Mhatre et al., 2001; Becker and

Veatch, 2002). This toxicity appears primarily related to an

overactive excitatory glutamate system (NMDA type) that is

present when alcohol-dependent patients are in withdrawal

(Lingford-Hughes and Nutt, 2003). In a number of preclini-

cal models, reducing glutamate overactivity is associated

with reduced excitability in alcohol withdrawal (Tsai and

Coyle, 1998).

Therefore, anticonvulsants being used that have a direct

‘anti-glutamatergic’ activity may have greater neuroprotec-

tive effects than benzodiazepines—although this has never

been directly examined in humans. One study, however, did

report that those who had more than those previous detoxes

(and therefore potentially greater glutamatergic dysfunction

due to kindling) had better outcomes with regard to

symptom control and drinking (Malcolm et al., 2000).

However, carbamazepine is associated with significant side

effects and whereas it is widely used in some countries, in the

United Kingdom, it has not been so acceptable to patients or

clinicians. Notably, acamprosate (used clinically to maintain

abstinence) in animal models has been shown to reduce

glutamate overactivity or release in the nucleus accumbens

and hippocampus during early ethanol withdrawal and to

prevent associated hypermobility (Gewiss et al., 1991;

Spanagel et al., 1996; Dahchour et al., 1998; Dahchour and

de Witte, 1999) or cell death (al Qatari et al., 2001; Mayer

et al., 2002). In one study, diazepam appeared to worsen

withdrawal-associated hyperactivity (Gewiss et al., 1991).

Interestingly, in low levels of alcohol withdrawal, acampro-

sate alone reduces brain hyperexcitability and improves

sleep (Boeijinga et al., 2004; Staner et al., 2006). Therefore,

examination as to whether current clinical treatments for

alcohol detoxification minimize underlying neurobiological

dysfunction leading to toxicity is urgently needed.

Future needs centre on the withdrawal from other drugs,

especially stimulants and cannabis, neither of which are well

served by current pharmacologies.

Craving—and how to reduce it?

In the clinic, craving receives a lot of attention, as it is

implicated in causing relapse—although this has been hard

to show definitively (Lowman et al., 2000). In part, this may

be due to the fact that it likely means different things to

different people and can be time and context dependent.

Preclinical models are unlikely, therefore, to fully represent

all aspects of human craving. Broadly, craving can be used to

describe a desire or drive to experience a ‘high’ from a drug

(positive reinforcement), overcome a negative state such as

anxiety or withdrawal (negative reinforcement) or simply an

‘urge’ or ‘compulsion’. These are likely to have different

neuropharmacologies leading to a range of potential targets

for development of ‘anti-craving’ drugs for the clinic.

The dopamine mesolimbic system

A number of pharmacotherapies have been developed that

alter the activity of the dopaminergic mesolimbic pathway
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that is intimately involved in reinforcing effects of the drug.

Such pharmacotherapy aims to prevent relapse once absti-

nence has been achieved or alternatively to minimize the

reinforcing effects of drugs of abuse so that use decreases as

the individual tries to stop.

Fortunately, the availability of in vivo imaging techniques

such as PET has enabled us to image many facets of

dopaminergic neurotransmission in the striatum, including

levels of monoamine oxidase-type A (MAO-A), dopamine

transporter, dopamine D1 and D2 receptors and dopamine

turnover. Studies of D2 receptor binding using 11C-raclopride

displacement (see Laruelle, 2000) have allowed the effects of

drugs on dopamine release to be measured. Many human

studies have shown that drugs of abuse such as nicotine,

alcohol and a variety of stimulants result in increased

dopamine levels in the striatum of naive or non-dependent

individuals (Volkow et al., 2004), which fits with the animal

microdialysis literature (see Di Chiara, 2002). In addition, in

some cases, the increase in dopamine parallels the ‘high’

experienced, suggesting a direct effect of this neurotrans-

mitter to cause pleasure with these drugs (although interest-

ingly not for mu-opioid agonists such as alfentanil

(Hagelberg et al., 2002) or heroin (Daglish et al., 2007)).

Therefore, clinically, it was hoped that by blocking this

dopaminergic effect, the ‘high’ would be reduced and that

the individual would then not continue to take the drug.

Several dopamine antagonists, principally antipsychotics,

have been tested under laboratory conditions and

can block craving or effects of a variety of drugs, but in the

clinic they are not efficacious neither are the side effects

tolerable.

However, in stimulant addicts or alcoholics, D2 receptor

levels are often reduced in number compared with healthy

controls—perhaps, in a compensatory manner to alter the

effects of excess dopamine simulation or perhaps as a pre-

existing vulnerability factor (Volkow et al., 1997; Martinez

et al., 2005). Abstinence may result in recovery of DRD2

levels but not in all individuals. In heroin addicts, a study

similarly showed reduced DRD2 levels, which we have,

however, failed to replicate, suggesting that the dopamine

system may not be as hard hit by heroin as in the case of

other drugs of abuse (Wang et al., 1997; Daglish et al., 2007).

It is likely that this reduced activity in the dopaminergic

system mediates the lack of pleasure or anhedonia that

addicts often experience in their recovery; this can lead to

their relapse. As already described, partial agonists are able to

boost (to overcome hypodopaminergic state) or block (when

drug of abuse is taken), but their preclinical promise has not

been realized as yet in the clinic.

An intriguing alternative strategy is to use disulfiram

(Antabuse). This has a long track record in the treatment of

alcohol dependence where it blocks aldehyde dehydrogen-

ase, a liver enzyme necessary for clearing this metabolic

product of alcohol. The resulting build-up of acetaldehyde if

alcohol is drunk leads to an aversive reaction, thus limiting

future intake. However, it has recently been shown that

disulfiram can also block dopamine B-hydroxylase in the

brain, thus resulting in an increase in dopamine and

depletion in noradrenaline, both of which changes may be

beneficial in stimulant dependence. Currently, disulfiram is

showing promise in treating cocaine addiction and it is

hypothesized that this may be due to its effects on the

dopaminergic system, although clear evidence of this is

needed (Preti, 2007).

The role of dopamine in substance abuse is now seen as

more complicated than simply mediating the positive

reinforcement, and its role in learning and expectation is

seen as important. Schultz (2001) has elegantly shown that

ventral tegmental area dopaminergic neurons initially fire

more in response to a pleasurable, unconditioned stimulus

(food), but this increased firing then transfers to a cue that is

paired with the pleasurable stimulus. Importantly, no

increase in dopaminergic activity is then seen in the food

condition, rather, if it is not present, a reduction in

dopaminergic cell firing is seen. It is often clinically evident

that salient cues can mimic drug effects and this may be the

reason why. In PET studies of addicts, stimulant-induced

(amphetamine) or enhanced (methylphenidate) dopamine

release is measurable, although it can be blunted. However,

notably, dopamine release in response to their drug of choice

has not been measurable in two studies—with heroin

(Daglish et al., 2007) and stimulant (Volkow et al., 1997)

users, whereas cues have been shown to result in increased

dopamine levels (Volkow et al., 2006; Wong et al., 2006). This

supports the idea that once someone has become addicted,

dopamine plays a more important role in signalling the

significance of a cue rather than mediating the effects of the

drug of misuse itself.

Targeting other neurotransmitter systems

Pharmacotherapeutic approaches that act directly on the

dopaminergic system have not been successful clinically;

however, those that target neurotransmitter systems that

modulate the dopaminergic system are showing much

greater promise.

GABA-ergic system

The dopaminergic cell bodies in the ventral tegmental area

are under GABA-ergic control and the GABA-B receptor plays

a critical role here (Cousins et al., 2002). GABA-B agonists,

such as baclofen, can reduce the reinforcing effects of several

different classes of abused drugs, (for example, heroin,

psychostimulants, alcohol) in animal models under a variety

of conditions. Studies in man have also shown baclofen to be

promising in treating cocaine addiction and alcoholism, and

large clinical trials are currently underway (Cousins et al.,

2002).

Other approaches to altering GABA neurotransmission

include the use of anticonvulsants—which, in fact, are being

used clinically for a variety of conditions, including mood

stabilizers in bipolar disorder. The exact pharmacology of

these drugs is not fully characterized but all also affect the

glutamatergic system. Anticonvulsants, such as valproate,

tiagabine and topiramate, are showing promise in treating

psychostimulant misuse and alcoholism, whereas others

appear to have no utility (Lingford-Hughes et al., 2004;

Sofuoglu and Kosten, 2006; Johnson et al., 2007).
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Opioid system

The mu-opioid receptor on the GABA neurons also plays a

key role in modulating ventral tegmental area dopaminergic

activity. A link between alcohol use and endogenous opioid

activity was suggested by animal models, and the opioid

antagonist naltrexone reduced alcohol self-administration

by blocking this mu-opioid receptor. PET studies have also

revealed increased levels of the mu-opioid receptor in

recently abstinent cocaine, alcohol or heroin addicts, which

in alcohol and cocaine addicts are associated with craving

(Zubieta et al., 1996; Heinz et al., 2005; Williams et al., 2007).

In probably the best example of translation from ‘lab to

clinic’, as mentioned above, naltrexone has now been shown

in a number of different clinical trials in alcoholism to

reduce the risk of a full-blown relapse—particularly after a

lapse (that is, one or two drinks) (Pettinati et al., 2006). It

does not work for everyone and recent studies, suggest that it

is most beneficial in those that are less severely alcohol

dependent and mu-opioid polymorphisms also play a role in

its effectiveness (Anton et al., 2006; Ray and Hutchison,

2007). Although other drugs of abuse also work through the

opioid system and PET studies suggest increased availability

of opioid receptors in humans, naltrexone does not appear to

be efficacious in treating either nicotine or cocaine addiction

(Vocci and Ling, 2005). Indeed, for cocaine addiction,

currently the best treatments, by far, are psychosocial.

Kinetic considerations

The emphasis in the present review is very much on the

dynamic receptor-based pharmacology of drugs in addiction.

However, it is very important to realise that kinetic factors—

especially rate of drug delivery to the brain—are also

important in the initiation and maintenance of drug

dependence. They also influence efficacy and compliance

of drug treatments. In the opioid treatment section, we

explained how the kinetics of agonists and partial agonists,

particularly those with longer half-lives such as methadone

and buprenorphine, has assisted in their use as substitution

therapies. Similar considerations apply with other addic-

tions—for example, the nicotine patch offers a continuous

supply of nicotine to obviate the need to smoke cigarettes to

prevent withdrawal. Also, nicotine is the only addiction for

which a wide range of different substitutions with different

kinetic profiles is readily available—from the fast-acting

nicotine inhalator to the nicotine gum and patch with a

partial agonist varenicline as a further alternative. This serves

as a model for seeking new interventions in other addictions.

Future needs

Some of these have already been touched upon; however,

there is one area of great interest at present that needs

emphasis, that is, using drugs implicated in learning and

memory to UNLEARN addiction. The value of glutamate

enhancers, especially D-cycloserine, to promote the learning

of safety behaviour—that is, equivalent to unlearning fear—

has been shown by the Davis group and is now being

translated into clinical evidence. For example, in clinical

populations, D-cycloserine has been shown to accelerate

learning to overcome fear of heights (Ressler et al., 2004) and

social situations (Hofmann et al., 2006).

As several of the other papers in this volume identify

learning mechanism, especially glutamate based, that are

central to many aspects of addiction, could the same

principles of accelerating learning of new non-addiction

strategies or behaviours be promoted by glutamate-enhan-

cing drugs? We are in the process of completing a study of

D-cycloserine augmentation of exposure therapy in alcohol

dependence, and other trials in smoking cessation are

underway. Hopefully, in a few years, the potential of such

interventions will be apparent. However, D-cycloserine may

not be the ideal pro-glutamate drug; indeed, it is being used

in these studies simply because it is available for clinical use,

being an old treatment for tuberculosis that was also trialed

in dementias and schizophrenia; other drugs that may have a

stronger pharmacological rationale are yet to be cleared for

research on humans.

For such developments to work, there will need to be

considerable investment in translational tools so that

preclinical evidence can be properly tested in human

models. Over the years ‘big pharma’ has shied away from

major investment in addiction. There are many reasons for

this, the major ones being

(1) A dislike of having their ‘clean’ health-giving drug

treatments being associated with a ‘dirty’ disorder, as

addiction has been seen for decades—‘stockholders

would not like it’ is a common supposition that is

probably close to the truth. Now evidence that such

treatments can bring financial rewards (for example,

bupropion for nicotine dependence) is going some way

to offset this view.

(2) Addiction is not an illness that can be treated with drugs.

Thankfully, advances in medicine and neuroscience in

the last two decades have revealed addiction to have a

brain basis and be amenable to treatments, with out-

comes equivalent to those achieved in other diseases.

(3) Uncertainty that governments will reimburse new

addiction treatments should they be made. This is a fair

point, although the utility of nicotine replacement

therapy has been long established, it is only in the last

few years that the UK government has made them

available on the national health service (NHS). It is

incumbent on both clinical and non-clinical researchers

to lobby hard to ensure that such anomalies are exposed

and overturned.

As indicated, each of these premises is clearly false and we

hope that the continued progress in the pharmacology of

addiction, as detailed in these reviews, will help progress in

the field and further encourage pharmaceutical inputs into

this hugely important medical problem.

Conclusions

The neuroscience of addiction has made remarkable

advances in the past 20 years. Pharmacology, especially that
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applied to the treatment of humans with drug addiction, has a

long way to catch up. Nevertheless, there are good examples

already of how basic pharmacological principles, both kinetic

and dynamic, have been used to develop effective treatments,

for examples, in the field of opioid and nicotine dependence.

With a little more creativity and effort, similar advances can be

expected for other drugs where there is still a grea, or even a

growing problem, especially for crack cocaine and metham-

phetamine. Translational medicine approaches—in both

directions—offer the best way to progress in this field, and

this volume gives a substantial underpinning and considerable

impetus to such a goal.
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