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Drug addiction can be defined as the compulsive seeking and taking of a drug despite adverse consequences. Although addiction
involves many psychological and social factors, it also represents a biological process: the effects of repeated drug exposure on a
vulnerable brain. The sequencing of the human and other mammalian genomes will help us to understand the biology of addiction
by enabling us to identify both genes that contribute to individual risk for addiction and those through which drugs cause addiction.
We illustrate this potential impact by searching a draft sequence of the human genome for genes related to desensitization of
receptors that mediate the actions of drugs of abuse on the nervous system.

o understand addiction, it is important to define the

types of molecular and cellular adaptation at the levels of

neurons and synapses that account for tolerance, sensi-

tization and dependence, which are often used to define

an addicted state. Tolerance describes diminishing sen-
sitivity to a drug’s effects after repeated exposure; sensitization
describes the opposite. Dependence is an altered physiological state
caused by repeated drug exposure, which leads to withdrawal when
drug use is discontinued. Each is seen in human addicts and is
believed to contribute to continued drug use during addiction'
Considerable progress has been made in identifying the molecular
and cellular adaptations that mediate these processes’.

A cardinal feature of addiction is its chronicity. Individuals can
experience intense craving for drug and remain at increased risk for
relapse even after years of abstinence, so addiction must involve very
stable changes in the brain. But it has been difficult to identify such
changes at the molecular, cellular or circuit levels. The molecular
and cellular adaptations related to tolerance, sensitization and
dependence do not persist long enough to account for the more
stable behavioural changes associated with addiction.

This challenge is analogous to that faced in the field of learning
and memory where there has been increasing appreciation for the
role of learning-related processes in addiction"?. Many molecular
and cellular models of learning have been discovered and some have
been related to simple forms of learning behaviour*®. But little
information is available concerning the molecular and cellular basis
of essentially life-long memories. Proposed changes in synaptic
structure, or in chromatin organization, remain speculative.

Another challenge is to identify the variations in specific genes
that make some individuals vulnerable to addiction and others
relatively resistant’. Epidemiological studies indicate that 40-60%
of an individual’s risk for an addiction, whether it is to alcohol,
opiates or cocaine, is genetic. This is consistent with the widely
differing sensitivity to drugs of abuse, including preferences to self-
administer drug, among inbred rodent strains and lines’. However,
we have not identified the specific genes involved in humans or
animal models; nor do we understand with any specificity how
external factors (including stress or drugs themselves) interact with
those genetic variations to produce addiction.

Drugs of abuse seem to cause addiction by acting on evolu-
tionarily old brain circuits. These circuits, which comprise several
areas of the limbic system (for example, nucleus accumbens,
amygdala and prefrontal cortex), regulate an organism’s responses
to natural reinforcers, such as food, drink, sex and social
interaction". The loss of control that addicts show with respect
to drug seeking and taking may relate to the ability of drugs of abuse
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to commandeer these natural reward circuits and disrupt an
individual’s motivation and drive for normal reinforcers. There is
evidence that ‘natural addictions’, such as overeating, pathological
gambling, compulsive shopping and perhaps excessive exercise, may
involve analogous mechanisms. A major focus of current research is
to explore the neurobiology of these conditions and the influence of
genetic factors in their development.

We now know the initial targets for most drugs of abuse, as well as
some of the molecular and cellular adaptations that occur in limbic
brain circuits in response to repeated exposure. The draft sequence
of the human genome indicates the diversity of the molecular
components that have been implicated in addiction. For example,
cocaine acts on the re-uptake transporters for dopamine and other
monoamine neurotransmitters; we will soon know how many
subtypes of such transporters are expressed in humans.

Another example is provided by genes whose products regulate
desensitization of G-protein-coupled receptors. Such receptors are
the initial targets for several drugs of abuse: opiates are agonists at
opioid receptors, cannabinoids are agonists at cannabinoid recep-
tors, and hallucinogens are partial agonists at serotonin 5HT,,
receptors. Dopamine receptors, which are indirectly activated by
cocaine and other stimulants through potentiation of dopaminergic
transmission, are also G-protein-coupled. The sensitivity of G-
protein-coupled receptor signalling is controlled by complex reg-
ulatory processes (Fig. 1). Given the importance of changes in
receptor sensitivity in addiction, it is not surprising that mechan-
isms governing receptor sensitivity have been implicated in regulat-
ing responses to drugs of abuse and in models of addiction™*".

A critical step in exploring such mechanisms is to identify all of
the potential gene products that could be involved. Table 1 shows
the results of an analysis of the current human protein dataset for
some of the genes that regulate receptor desensitization: G-protein-
receptor kinases (GRKs), arrestins, phosducins and regulators of G-
protein signalling (RGS proteins). GRKs phosphorylate ligand-
bound receptors, enabling association of the receptors with
arrestins®. This seems functionally to uncouple receptors from
their G proteins, perhaps through receptor internalization. Phos-
ducins also appear to alter receptor/G-protein interactions by
regulating the availability of G-protein By-subunits''. RGS proteins
serve as GTPase activating proteins for G-protein a-subunits and
thereby alter the kinetics of a receptor-mediated response'”.

Our analysis of these gene families reveals new candidate mem-
bers for each, and in several cases many, which can be investigated
for their roles in addiction. For example, the specificity of the GRK—
arrestin system for various types of G-protein-coupled receptor is
not yet known. Knowledge of the full complement of GRKs and
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Figure 1 Possible mechanisms of drug-induced changes in the sensitivity of a G-
coupled receptor (for example, opioid, cannabinoid and certain dopamine receptors).
Drug-induced adaptations in the efficacy of receptor—G; coupling could contribute to
drug tolerance or sensitization. A possible mechanism is altered phosphorylation of
the receptor by GRKs or its subsequent association with arrestins (1). Other
possibilities include alterations in G-protein «- (2) or B-y-subunits (3) or in other
proteins (for example, phosducin (4) or RGS proteins (5)) that modulate G protein
function. Phosphorylation of the receptor by protein kinase A (6) or other kinases
represents another potential mechanism. Also shown is agonist-induced receptor
internalization, which may be mediated by receptor phosphorylation. From ref. 3.

arrestins in humans allows us to evaluate the role of each GRK and
arrestin subtype in regulating the sensitivity of the opioid, canna-
binoid, serotonergic and dopaminergic receptors implicated in
addiction. Similarly, the identification of novel subtypes of phos-
ducins and RGS proteins makes it possible to determine which are
expressed in neurons that mediate responses to drugs of abuse and
which are involved in longer-term adaptations to drug exposure.
Analogous efforts aimed at the receptors and G-protein subunits, as
well as the ion channels (for example, inwardly rectifying potassium
channels) that are regulated by the G proteins®, will provide more
complete understanding of how drugs of abuse alter receptor
signalling to produce tolerance and sensitization.

Access to the complete human genome sequence will also help
efforts to identify addiction vulnerability genes. One of the major
obstacles to such efforts has been the technical difficulty of moving
from genetic linkage analyses to identification of specific genes®. The
mouse genome sequence will similarly improve the efficiency of
identifying addiction vulnerability genes in quantitative trait locus
analyses of animal models’.

Genomics (and the related proteomics) will provide powerful tools
to identify the genes and gene products that are altered by repeated
exposure to drugs of abuse and by external factors (for example,
stress and drug-associated environmental stimuli) that influence
the development of addiction. For example, DNA array technology
makes it feasible to investigate thousands of gene products simulta-
neously after drug exposure. By combining genomic and proteomic
tools with increasingly sophisticated models of addiction in ani-
mals, it will be possible to identify patterns of altered gene expres-
sion that are associated with particular features of the addicted state,
such as tolerance, sensitization, dependence, craving and relapse.
Detailed analysis of the genome will also reveal how genes are
organized and transcribed, and indicate the regulatory elements
that control their expression. In addition, such analysis will show
the exonic and intronic sequences of individual genes and teach us
how to predict their processing into splice variants. We will similarly
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Table 1 Diversity in genes that regulate desensitization of G-protein-
coupled receptors

Gene PSIBLAST"®  SSEARCH™'® New New EST match

hits hits sequences seguences

PSIBLAST  SSEARCH

G protein- 576 361 91 57 48
receptor
kinases
Arrestins 5 5 1 1 1
RGS proteins 31 23 9 4 5
Phosducins 14 9 8 6 4

We queried the human protein dataset (42,227 sequences from the ENSEMBL dataset, http://
www.ensembl.org/) with four human protein sequences: B-adrenergic receptor kinase-1
(SP:P25098; also called G protein-receptor kinase-2), B-arrestin (SP:P49407), regulator of G-
protein signalling-5 (SP:015539) and phosducin (gi:4505653). The columns labelled PSIBLAST
and SSEARCH hits are the number of statistically significant hits obtained with each search
method. To verify the expression of candidate gene products, each predicted human protein
sequence in the ‘New sequences PSIBLAST’ column was compared to the expressed sequence
tag (EST) database using TBLASTN with default parameters. The total number of protein
sequences that showed perfect matches to at least one human EST is shown in the column
labelled ‘EST match’. (Some proteins gave perfect matches to ESTs in mouse or rat but not to
human.) For details see Supplementary Information.

better appreciate how individual translated proteins are processed
into multiple polypeptide products. Knowledge of such rules will
greatly facilitate research into addiction. For example, as we elucidate
the rules of gene transcription, we may be able to compile a list of
genes that are potentially regulated by a transcription factor impli-
cated in addiction, on the basis of the presence of the appropriate
response element within their regulatory regions.

Finally, animal models of addiction are well developed, in con-
trast to other psychiatric abnormalities (for example, depression,
bipolar disorder and schizophrenia) for which animal models are
less straightforward. As a result, genomic studies of addiction might
lead the way in identifying the molecular and cellular basis of
complex behavioural states. A better understanding of the biology
of addiction should help us to understand the mechanisms under-
lying symptoms of depression, anxiety and other disorders that
overlap with those of addiction. Such understanding might also lead
to appreciation of the factors that regulate normal variations in
motivation, reward and mood. U
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