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and Rainer Spanagel

The interrelationship between
drugs of abuse and biological
rhythms has been observed for

many years. While the endogenous
nature of the daily rhythm of life was
revealed in humans in the early 1960s,
clinical reports did not uncover the
existence of a circadian rhythm in the
effects of drugs such as methadone or
alcohol until a decade later.1–5 In the
1970s a clear 24-hour periodicity of
presentations of addicted patients was
shown in emergency departments,
peaking in the early evening.6,7 Further-
more, several animal studies con-
firmed the daily variations of the
effects of a drug. For instance, in rats
amphetamine has been shown to affect
differently motor responses depending
on the time of the day, and a clear 24-
hour cycle in the analgesic effect of
morphine has been demonstrated.8,9

In the meantime, our knowledge of
the daily rhythms of life has evolved
tremendously. The daily fluctuation of
the body state is under the control of

an endogenous biological clock, the
so-called “master clock”, which is
located in the suprachiasmatic nucleus
of the hypothalamus, and synchro-
nized by environmental stimuli such
as the light-dark cycle or food avail-
ability. The master clock orchestrates
our endocrine, physiological and
behavioral functions by synchronizing
peripheral clocks located in other
brain areas (i.e., striatum, prefrontal
cortex) or in peripheral organs (i.e.,
liver and kidney) using neuronal and
endocrine pathways.10-12 The molecu-
lar clockwork of the master and
peripheral clocks has been identified
and conceptualized (Fig. 1). Several
“clock” genes (i.e., Per, Clock, Bmal1,
Cry genes) interact with each other in
regulatory transcriptional and transla-

tional feedback loops thereby self-sus-
taining a circadian period of activity of
the cell and modulating the expression
of clock-controlled genes.13–15 Diffe-
rent clock genes (i.e., Per1 and Per2
genes) may affect different clock-con-
trolled genes and thereby modulate the
expression of diverse functions in dif-
ferent brain areas or peripheral tissues.

It is suggested that (i) drugs of
abuse may have differential effects on
the expression of clock genes and that
(ii) the modulation of clock genes’
expression may interfere with the
effect of drugs of abuse. In the present
review, we will summarize the recent
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The Effects of Drugs of Abuse
on Clock Genes

Summary
Daily fluctuations of the behavioral and pharmacological effects of drugs of abuse such
as cocaine, morphine or alcohol are observed for several years. Since the discovery
of the molecular components of the biological clock, the so-called “clock genes”, sev-
eral studies have further confirmed the inter-relationship between drugs of abuse and
biological rhythms. Indeed, drugs of abuse have been shown to clearly induce spe-
cific expression changes in clock genes depending on the brain area, the mode of
administration or the specific clock gene. On the other hand, increasing evidence for
a clear involvement of several clock genes in the development of several drug-induced
behaviors has been shown. The present review summarizes these recent findings and
reveals the complexity, as well as the specificity, of the interrelation between drugs of
abuse and clock genes. © 2008 Prous Science, S.A.U. or its licensors. All rights reserved.
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findings confirming the importance of
clock genes in terms of the action of
several drugs of abuse, and we will
propose putative neurobiological
explanations for such functions.

Psychostimulants
and clock genes 

Several animal studies have
revealed that psychostimulants differ-
entially affect the expression of clock
genes in various brain regions.
Masubuchi et al.16 have shown, for
instance, that chronic methampheta-
mine treatment in daytime desynchro-
nizes locomotor activity in rats. In
addition, the authors showed that
methamphetamine treatment has no
effect on the rhythmic expression of
rPer1 gene within the suprachiasmat-
ic nucleus, but desynchronizes and
even reverses the rhythm of expres-
sion of rPer1, rPer2 and rBmal1 genes
within the striatum or the parietal cor-
tex. This first observation has been

further confirmed by other studies in
mice. Nikaido et al.17 have shown that
repeated injections of methampheta-
mine cause a sensitized increase in
mPer1 gene expression specifically in
the mouse striatum without affecting
mPer2 or mPer1 gene expression
within the master clock. In addition,
Iijima et al.18 have demonstrated that
an acute injection of methampheta-
mine increases the expression of the
mPer1, mBmal1 and mNpas2 genes in
the striatum, and that a chronic day-
time methamphetamine treatment
shifts the rhythmic mPer1 and mPer2
expression in the striatum from a noc-
turnal to a diurnal rhythm, but fails to
affect that in the suprachiasmatic
nucleus. Furthermore, binge adminis-
tration of cocaine also leads to a long-
lasting upregulation of rPer2 expres-
sion in the rat frontal cortex and the
striatum, as shown in a microarray
analysis.19 Interestingly, Uz et al.20

have shown that in mice cocaine

affects the expression of clock genes
differently depending on the treatment
schedule (acute or chronic) and
depending on the brain area (hip-
pocampus, striatum, prefrontal cor-
tex). For example, they showed an
upregulation of the mClock gene
specifically in the striatum but not in
the hippocampus after both acute and
chronic cocaine administration. The
mPer1 gene is upregulated in both
regions after chronic treatment, while
the mPer2 gene is only upregulated in
the hippocampus following both treat-
ment schedules and is downregulated
in the striatum following chronic
cocaine administration. Furthermore,
Shang and Zhdanova21 have recently
shown that a single prenatal exposure
to cocaine can dysregulate in a dose-
dependent manner the expression of
the zebra fish clock genes zBmal1 and
zPer3, and that these effects are
stronger during the daytime. Alto-
gether, these results confirm the com-
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Fig. 1. Molecular clockwork. This model consists of interactive positive (straight gray arrows) and negative (dashed black arrows) feed-
back molecular loops. The BMAL-1 and the CLOCK proteins form heterodimers that activate upon their entry into the cell nucleus the
transcription of several genes (i.e., Per1-3, Cry1-2, Rev-Erbα, Rorα) through their E-box enhancers. Once translated, these proteins regu-
late the activity of the complex CLOCK/BMAL-1 within the nucleus. The different Per and Cry genes can also modulate the expression of
the clock-controlled genes (CCGs), thereby modulating the rhythmic output of the cell.



plexity of the action of psychostimu-
lants on clock gene expression in
terms of the specific clock gene, brain
area or the time of the day.

In addition to the direct effects of
psychostimulants on the expression of
clock genes, several studies have
revealed the importance of clock
genes in drug-induced behaviors such
as sensitization and conditioned place
preference, both behavioral phenome-
na that are known to be involved in the
development of addictive behav-
ior.22,23 In the late 1990s, Andretic
et al.24 made a tremendous finding
using a new model of repeated volati-
lized free-base cocaine administration
in Drosophila flies. In this study the
authors showed that Drosophila flies
mutant for period, clock, cycle and
double-time genes were not able to
express behavioral sensitization fol-
lowing repeated administration of
cocaine. A few years later, after the
generation of Per1Brdm1 and Per2Brdm1

mutant mice, these findings could be
replicated in mice and could be
extended to the modulation of cocaine
reinforcement processes.25,26 Thus, it
was demonstrated that both behavioral
sensitization and conditioned place
preference induced by cocaine are
absent in Per1Brdm1 mutant mice,
whereas these phenomena are expres-
sed even more strongly in Per2Brdm1

mutant mice.27 In addition, this study
showed that these two behavioral phe-
nomena involved in the development
of cocaine addiction showed diurnal
differences, with a higher degree of
sensitization and reinforcement at the
beginning of the light phase (start of
the resting period of the animals).
Since this first study, the role of the
Per1 gene in the development of
cocaine sensitization has been con-
firmed in successive studies conduct-
ed in different rodents.28–31 These
studies showed the involvement of
endogenous melatonin in driving the
rhythm in PER1 protein expression
within the striatum, which, as the
authors suggested, would be responsi-
ble for the rhythm in cocaine-induced
sensitization. Meanwhile, McClung et
al.32 have also shown the involvement

of the clock gene mClock in modulat-
ing the cocaine-induced reinforce-
ment, by showing that mClock mutant
mice display an increased conditioned
place preference following cocaine
treatment.

When taking all these results
together, one can assume that different
clock genes may affect different neu-
robiological systems involved in drugs
of abuse. As mentioned above, mela-
tonin has been proposed to be a seri-
ous candidate for driving the rhyth-
micity of the Per1 gene in the areas
involved in drug dependence. On the
other hand, our knowledge of the
upstream systems modulated by clock
genes is still not well defined. Several
neurotransmitter systems are involved
in the development of cocaine addic-
tion. In particular the midbrain
dopamine system and the glutamater-
gic system play a critical role in
cocaine-induced sensitization and
reinforcement.33–35 Both systems are
influenced by the biological clock.
Thus, a clear circadian rhythm in
dopamine and glutamate release has
been measured in the rat nucleus
accumbens, peaking during night-
time.36 In addition, since the dopamine
D2 receptor responsiveness is under
circadian control and dependent on the
normal function of the Drosophila
period gene, one may expect a partic-
ular interaction between some clock
genes and the dopamine system.37

Recently, this idea was further con-
firmed by McClung et al.32 who
showed a clear relationship between
the clock gene Clock, cocaine-induced
reinforcement and dopaminergic
transmission. Thus, mClock mutant
mice showed an increase in dopamine
cell firing and bursting in the ventral
tegmental area while exhibiting
increased sensitization and condi-
tioned place preference. On the other
hand, mPer genes might also be linked
with N-methyl-D-aspartate (NMDA)
receptor function, as pretreatment
with an NMDA receptor antagonist
prevented methamphetamine-induced
increase in mPer1 mRNA in the cau-
date putamen.17 Since several genes
involved in these two pathways pos-

sess putative E-box domains in their
promoter, the current opinion is that
these genes are modulated by clock
genes, therefore they can be consid-
ered direct or indirect clock-controlled
genes. 

Alcohol and clock genes 
Rodents are nocturnal animals and

exhibit a diurnal activity pattern, being
more active during nighttime or the
dark phase. This circadian behavior
consequentially affects other behav-
ioral variables and thus it follows that
nocturnal animals will consume sig-
nificantly more food and fluids during
their active phase.38 Similarly, this
diurnal rhythmicity is also observed
with respect to alcohol consumption
and preference, both being clearly
more elevated in the dark phase.38–40

Circadian rhythmicity has also been
observed with regard to ethanol-
induced hypothermia and the hypnotic
effects of this drug on the central ner-
vous system.41–44 Why is it that certain
effects of alcohol differ according to
the time of the day? One logical expla-
nation for this circadian phenomenon
may point to a possible temporal vari-
ation in ethanol metabolism and con-
sequentially varying blood alcohol
levels and elimination rates. Over the
last few decades, only a limited num-
ber of studies have tackled the issue of
ethanol metabolism and circadian
rhythmicity, arriving at very conflict-
ing conclusions. Early, questionable
studies in humans claimed to have
seen such a temporal effect.45–47

However, later studies could not con-
firm this assertion, as was demonstrat-
ed by Yap et al.48 and Lötterle
et al.,49 who could not observe a circa-
dian elimination rate of ethanol.
Moreover, similar negative results
were obtained in rodents, with Sato et
al.44 also excluding a temporal varia-
tion in hepatic metabolism.42

Conversely to the diurnal rhyth-
micity of alcohol consumption, alco-
hol administration can also influence
biological rhythms (e.g., body temper-
ature, glucocorticoids, etc.) in animals
and humans; alcohol has especially 
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pronounced disruptive effects on
sleep, demonstrating a reciprocal rela-
tion between biological rhythms and
alcohol.50–54

In line with the observations that
alcohol can influence biological
rhythms, two studies have now clearly
shown on the molecular level that
alcohol affects the expression of clock
genes in different brain areas. Thus,
Chen et al.55 have shown that chronic
ethanol administration induces long-
lasting upregulation of rPer2 expres-
sion in the rat frontal cortex and stria-
tum. In addition, the same group has
demonstrated that prenatal ethanol
exposure alters the expression of clock
genes in the arcuate nucleus and the
suprachiasmatic nucleus of the hypo-
thalamus.56

Per1Brdm1 and Per2Brdm1 mutant
mice have now also been studied in
alcohol self-administration experi-
ments. Using operant conditions,
Per1Brdm1 and wild-type mice were
trained to self-administer alcohol.
Furthermore, extinction sessions were
introduced, followed by reinstatement
measures of ethanol-seeking behavior.
In another set of animals, the mice
were exposed to voluntary long-term
alcohol consumption, followed by a 
2-month deprivation phase, after
which the alcohol deprivation effect,
which is used as a measure of relapse,
was examined. Mutant mice did not
display a significantly divergent num-
ber of reinforced lever presses than
wild-type animals. Furthermore, no
significant differences between groups
were obtained regarding reinstatement
of ethanol-seeking behavior. Similar
results were obtained in the two-bottle
free choice paradigm. Specifically, no
genotype differences concerning con-
sumption and preference were
observed over a broad range of differ-
ent ethanol concentrations. Moreover,
after the deprivation phase, both
groups exhibited significant alcohol
deprivation effects, yet no genotype
differences.57 These data do not sug-
gest a relationship between the circa-
dian clock gene mPer1 and ethanol
reinforcement, ethanol-seeking and

relapse behavior. In contrast, mutant
mice compared to wild-type animals
exhibit an enhanced alcohol intake and
preference when pharmacologically
relevant concentrations of 8–16%
ethanol are offered in a two-bottle free
choice test.58 It was further demon-
strated that the caloric value, taste dif-
ferences and variations in alcohol
elimination cannot account for the
enhanced alcohol intake in these
mice.58 Alterations in the brain rein-
forcement system of these mutant
mice might therefore drive an
enhanced incentive motivation to con-
sume more alcohol than control ani-
mals do. The mesolimbic reinforce-
ment system is modulated by various
glutamatergic input pathways. In a
series of experiments it was found that
Per2Brdm1 mutant mice have a hyper-
glutamatergic state, especially in the
nucleus accumbens.58 Regarding the
large body of evidence given in the
literature for an involvement of
enhanced glutamate levels or alter-
ations of the glutamatergic system in
excessive alcohol consumption, one
would expect a massive impact of the
Per2 gene mutation on alcohol con-
sumption via alterations within the
glutamatergic system.59–64 This idea
has been further confirmed by exam-
ining the effects of acamprosate in
these mice. Acamprosate is used in the
clinic for relapse prevention, and it is
suggested that acamprosate acts main-
ly on a hyperglutamatergic state while
having only little effect on a “normal”
glutamatergic state.65,66 Therefore,
acamprosate should be more effective
in reducing alcohol consumption in
Per2Brdm1 mutant than in wild-type
mice. Indeed, following repeated
acamprosate treatment, mutant mice
showed decreased alcohol consump-
tion along with a normalization of
extracellular glutamate levels in the
nucleus accumbens.

These new findings provide a clear
link of the mouse Per2 gene, the glu-
tamatergic system and excessive alco-
hol consumption. However, future ani-
mal research ought to address the
question of whether the Per2 gene and
other clock genes are also directly

implicated in alcohol sensitivity, toler-
ance, withdrawal and in alcohol relap-
se behavior. Most importantly, howev-
er, the link between Per2 and exces-
sive alcohol consumption in mice was
already translated to humans. Thus,
association studies in different sam-
ples have demonstrated that specific
genetic variations of the human PER2
gene are associated with high alcohol
consumption.58,67

Opioids and clock genes 
When one looks at the existing lit-

erature, long reporting a clear interac-
tion of biological rhythms and opiate
abuse from the first clinical reports to
the most recent animal studies, an
important role of Per genes in modu-
lating the effect of opiates should be
expected. In 1967, Morris and
Lutsch68 already revealed a daily
rhythm in morphine-induced analge-
sia, and clinical reports showed daily
variations in methadone-induced mor-
tality.2,4 Evidence for a daily rhythm in
opiate analgesia has been confirmed
in mice, and daily variations in sus-
ceptibility to the morphine-induced
hyperactivity have been shown in
rats.9,69–71 Important in this context is
the finding of binding studies that a
daily rhythm in opioid receptors does
occur.72

Also, evidence exists for an effect
of opiate abuse on diverse biological
rhythms. For instance, opiate-depen-
dent patients suffer severely from
sleep disturbances.73 In addition, a
relationship between biological
rhythms and morphine withdrawal
has long been known since the disrup-
tion of locomotor activity rhythm is
used to identify spontaneous morphine
withdrawal in rodents.74,75 Also, mor-
phine withdrawal is associated with
enhanced activity in neurons of the
suprachiasmatic nucleus, and a higher
degree of tolerance is observed when
morphine is administered at night.9,76

Recently, a gene expression profil-
ing study has revealed that the Per2
gene is specifically overexpressed in
the prefrontal cortex following chron-
ic morphine treatment and naloxone-

214 S. Perreau-Lenz and R. Spanagel pp. 211–217

LOOKING AHEAD Drug News Perspect 21(4), May 2008



precipitated withdrawal, a finding
which suggests an important role of
this specific gene in morphine-
induced withdrawal processes.77,78

Opioids also affect the expression of
clock genes in different parts of the
brain. Indeed, Wang et al.79 have
shown that chronic morphine expo-
sure shifts the mouse mPER1 im-
munoreactivity in the brain and blunts
its rhythm in the liver. The same group
has further revealed that mPER1 is
necessary for the expression of condi-
tioned place preference induced by
morphine.80 Furthermore, the authors
suggested that the action of mPer1 is
mediated by the activation of the
extracellular signal-regulated kinase
pathway, since morphine-induced
extracellular signal-regulated kinase
activity is downregulated following
application of the mPer1 DNA
enzyme.81

The involvement of Per1 and Per2
in the development of tolerance to the
analgesic effects of morphine was
studied by the tail-immersion and hot-
plate tests in Per1Brdm1 and Per2Brdm1

mutant mice. Per2Brdm1 mutant mice
showed a significant decrease in their
degree of tolerance to morphine when
compared to wild-type littermates. In
contrast, this effect could not be
observed in Per1Brdm1 mutant animals.
Also, withdrawal signs, measured
after withdrawal precipitation with
naloxone, were not significantly dif-
ferent in Per1Brdm1 mutant mice from
those observed in control mice. On the
contrary, withdrawal signs were atten-
uated in Per2Brdm1 mutant mice com-
pared to their wild-type littermates.82

These results show that the mouse
Per2 gene is involved in the develop-
ment of tolerance to the analgesic
effect of morphine as well as in the
expression of morphine withdrawal
responses. However, the Per1 gene
does not seem to be involved in opiate
tolerance and withdrawal. These
opposing results demonstrate the need
for further studies in order to under-
stand the neurobiological mechanisms
underlying the action of clock genes in
opioid-induced behaviors.

Conclusions
In the present review, clear evi-

dence for an inter-relationship be-
tween drugs of abuse, circadian rhyth-
micity and clock genes has been
provided. Psychoactive drugs have the
potential to influence the expression
of clock genes. As a consequence, cer-
tain circadian functions may become
either transiently or permanently
altered. The latter effect may even
result in a pathological condition,
resembling many aspects of drug
addiction.83 Conversely, recent studies
in mutated Drosophila flies and
mouse models have revealed that the
activity of clock genes influences the
efficacy of drugs of abuse, findings
that are also supported by human
genetic studies (58, but see also 84).
One may assume that these effects of
clock genes on drugs of abuse are due
to their differential interaction with
several neurotransmitter systems (via
the modulation of clock-controlled
genes) known to be involved in the
development of addictive behaviors.
In fact, it has been shown that
dopaminergic signaling is influenced
by the Per1 and clock gene whereas
the activity of the Per2 gene modu-
lates the glutamatergic system.
Furthermore, it is suggested that the
effects of clock genes on the efficacy
of drugs of abuse is independent of the
suprachiasmatic nucleus and other
brain sites that might be involved in
this phenomenon. The use of in vivo
inducible and reversible tetracycline-
controlled transactivator system asso-
ciated with specific clock genes,
and/or the use of tissue-specific rescue
of mutant mice will certainly be of a
great help in identifying the brain sites
involved in the interplay of drugs of
abuse and clock genes.85,86
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