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Evidence is accumulating that the etiology, epidemiol-

ogy, consequences and mechanisms that underlie drug

abuse are different in males and females. In this review,

we present examples of sex differences in all phases of

drug abuse, including acquisition, steady-state main-

tenance, escalation, dysregulation, withdrawal, relapse

and treatment. Most reported findings are based on lab-

oratory research in animals, but there are corroborating

reports from human clinical and epidemiological

studies. In all phases of drug abuse, females seem to be

more sensitive to the rewarding effects of drugs than

males, and estrogen is a major factor that underlies

these sex differences.

Recent reports from animal and clinical research indicate
that females are more susceptible to problems of drug
abuse than males [1]. These findings contrast with the
general observation that more adult men than women are
involved in illicit drug [2] and alcohol abuse [3]. However,
the gender gap narrows in adolescents to reveal equal
rates of alcohol and illicit drug use in males and females,
and the greater use of cigarettes and non-medical
prescription drugs in females [2]. The more rapid increase
in the use of all drugs of abuse (except alcohol) by women
compared with men might reflect changing sociocultural
patterns [1], but it is consistent with findings from
experiments in laboratory animals, which indicate that
there are true differences between the biological sexes. The
term sex defines males and females based on reproductive
organs and chromosomes. Gender, which is used more
often in humans, refers to how one views ones identity.

There are also differences in the patterns of drug abuse
between men and women. Women progress from opportu-
nity to use and drug abuse faster than men [3,4], which is
similar to the accelerated progression of gambling [5].
Women might also be more vulnerable to the adverse
health effects of drugs than men [6,7], and they are more
likely than men to seek treatment for alcohol and drug
abuse [3]. Once in treatment for drug abuse, women are
either as good as or better than men at remaining
abstinent (except for tobacco smoking) [1]. Analysis of
sex differences in drug abuse might be biased by retro-
spective self reports, cultural influences and psychiatric
comorbidities. Thus, animal models are most useful for
studying sex differences and their underlying mechanisms
at different phases of drug abuse. Although animal models
are free of psychiatric comorbidities, it is possible to select

animals on measures of emotionality, hyperactivity,
impulsivity and other factors that serve as models for
human psychiatric disorders. However, sex differences in
these comorbidities have not yet been examined.

Rewarding effects of drugs

There are sex differences in animal models of all phases of
drug abuse, including acquisition, maintenance, escala-
tion, dependence, withdrawal, reinstatement (relapse)
and treatment. Figure 1 presents a schematic of the
phases of drug abuse that have been modeled and studied
with respect to sex and hormonal effects. Most commonly, a
traditional, operant-conditioning animal model is used to
study drug abuse in laboratory studies of animals and
humans. Animals are implanted with an intravenous (i.v.)
catheter and trained to give operant responses that
produce drug deliveries.

Acquisition

The acquisition of drug abuse is the transition from initial
sampling to continued regular use (reviewed in [8]). In

Figure 1. The major phases in the development of drug abuse modeled in labora-

tory animals. After initial exposure and acquisition of drug taking in drug-naı̈ve

animals, intake can stabilize at low levels. This leads to long-term, controlled use.

However, more often, drug intake escalates over time and, although there might

be periods of either controlled use or abstinence, escalation driven by craving and

binge use can return. After a period of forced abstinence, relapse can occur,

usually at the levels of abuse that were present before abstinence. Alternatively,

animals might experience sensitization and experience an enhanced effect from

the same amount of drug that was used before abstinence. This is thought to be a

marker of dependence. It is important to study factors that are related to drug

abuse as well as potential treatments at each of these phases, because behavioral

and pharmacological prevention and intervention strategies could have different,

possibly opposite, effects during different phases.
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animals, acquisition of drug self-administration is eval-
uated by several techniques such as autoshaping (auto-
matic priming infusions), experimenter-administered
priming injections and simple exposure [8]. Reviews of
the literature [1,8] indicate that female rats acquire i.v.
self-administration of cocaine [9], methamphetamine [10]
and nicotine [11] faster than males. Although a higher
percentage of females meet acquisition criteria for cocaine
and methamphetamine self-administration (Table 1), male
and female rats acquire heroin self-administration at
equal rates. There are mixed reports of sex differences in
the acquisition of i.v. self-administration of heroin in rats
[8]. Higher oral intake of caffeine also occurs in female rats
when food intake is limited [1].

There are mixed findings on the acquisition of ethanol
self-administration in non-human primates. As reviewed
in [1], sex differences are not observed in juvenile rhesus
monkeys, and in drug-experienced and drug-naı̈ve rhesus
monkeys. However, female vervet monkeys self-adminis-
ter more ethanol than males. This difference could be
caused by either species or procedural differences
(e.g. dose). In another study, more female rhesus monkeys
(100%) acquired phencyclidine (PCP) self-administration
than males (36.4%) using a low drug concentration.

In studies of sexually mature, drug-naı̈ve rats and
monkeys, sex differences in acquisition occur more reliably
with low doses of some classes of drugs (e.g. stimulants and
NMDA receptor antagonists) than others (e.g. ethanol and
opioids). Other important factors are the response require-
ment and availability of environmental cues. For example,
enhancement of nicotine-maintained responding was
reported in females at a low dose (0.03 mg kg21) at a
fixed-ratio 5 (FR5) schedule (five responses per drug
delivery) versus FR1 schedule, and visual stimuli
enhanced the sex differences [11].

Maintenance

Maintenance is a period of steady-state, well-regulated,
drug self-administration after the initial acceleration of
drug-maintained responding during acquisition (Figure 1)
[1]. When male and female rats are compared during a
maintenance phase on a simple FR1 schedule, there are no
sex differences in cocaine, heroin and methamphetamine
self-administration. However, more females than males
acquire cocaine self-administration (Table 1), and females

exceed males in their drug self-administration during
maintenance under progressive-ratio (PR) schedules (in
which each successive drug delivery is contingent on a
greater number of responses).

Escalation and dysregulation

In animals, several methods have been used to model the
escalation from controlled to uncontrolled drug use, such
as increasing the dose, session length and number of trials
[12]. Sex differences are reported using a two-lever
procedure that allows rats to increase their dose of cocaine
by responding (FR1) on one lever and to decrease dose by
responding (FR1) on the other lever [12]. Regulation,
defined as a correlation between the size of the self-
administered dose and the time until the response for the
next infusion, was shorter and less precisely regulated
based on the previous dose in females than in males. This
resulted in latencies between doses, more frequent
selection of higher doses and overall higher intake
(mg kg21) in females [12].

A different method allows 24-h access to drug in discrete
10-min trials. Under this procedure ‘binge’ and dysregu-
lated patterns of intake have been reported in male rats
when drug access is relatively frequent (four trials h21)
[13] and, in a later study, female rats self-administered
more cocaine with longer initial ‘binge’ length and greater
loss of circadian control over intake (mg kg21) than males
[14]. Cocaine-maintained behavior was higher in female
than male rats during a subsequent PR schedule [14].

Another model of escalation extends the duration of
drug access (e.g. from 1 h to 6 h per day) [15]. During
periods of short access, cocaine infusions are relatively
stable in female and male rats, but with longer sessions,
females increase their intake at a higher rate than males
(M.E. Roth and M.E. Carroll, unpublished). In later
studies in which rats from both groups were given 3-h
access to cocaine, infusions were higher in females than
males in the groups that had previously had access to
cocaine (0.5 mg kg21) for 6 h. After escalation, cocaine
intake increased under a FR1 in both male and female
rats, but there was no difference between the sexes. Thus,
animal data indicate that females exceed males in
escalation, dysregulation and binge-like patterns of
cocaine self-administration, which is more likely to be
revealed under a challenging behavioral schedule (e.g. PR)
rather than an FR1. Studies in humans indicate that women
progress to uncontrolled drug use faster than men [4].

Dependence and withdrawal

Although there are few studies in this area, initial findings
indicate that female rats are either slower or less likely to
develop dependence on ethanol [16] and morphine [17]
than males, and they are quicker to recover [16].

Reinstatement and relapse

In rats, a reinstatement procedure [18] to model relapse
has revealed sex differences in drug-seeking behavior [19].
In this procedure, animals were trained to self-administer
a drug such as cocaine that was later replaced by saline.
Later, a single priming injection, exposure to physical
stress or presentation of environmental cues reinstated

Table 1. Sex differences in the acquisition and maintenance of

drug self-administration

Cocaine Methamphetamine Heroin

(0.2 mg kg21) (0.02 mg kg21) (0.015 mg kg21)

Acquisition: percentage of group meeting acquisition criterion

Males 30.0 11.1 91.7

Females 70.0a 55.0a 90.0

Acquisition: number of days to meet acquisition criterionb

Males 16.7 ^ 0.7 29.0 ^ 1.5 13.0 ^ 2.1

Females 7.6 ^ 1.6a 18.0 ^ 0.5a 8.7 ^ 2.4

Maintenance: number of infusions in days 25–30b

Males 150 ^ 20 170 ^ 0 35 ^ 5

Females 185 ^ 22 160 ^ 25 40 ^ 6

aSignificant sex differences ðP , 0:05Þ:
bMean ^ SEM.
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drug-seeking behavior [18]. Female rats showed more
extinction responding on the drug-associated lever after
drug removal and greater reinstatement after a priming
injection than males, and responding was reinstated at a
lower priming dose than in males [18]. In humans, cocaine-
related cues induce more craving in female than in male
addicts [20]. Women are more affected by internal cues for
smoking maintenance and relapse, such as stress and
depression, and men by external, environmental cues [7].
Similarsexdifferencesapplytoalcoholandcocaineabuse[1].

Sex differences in behaviors related to drug abuse

One possibility that could account for the differences in
drug abuse between the sexes is that females might show a
higher general activity level, greater sensitivity to drugs
and enhanced reward incentive. In fact, sex differences
exist in behavior maintained by non-drug rewards
(reinforcement).

Conditioned place preference (CPP)

Another animal model for assessing the rewarding effects
of drugs is based on the assumption that the environment
in which a drug is administered becomes associated with
its positive attributes. CPP occurs when a rat returns to
and spends more time in a place where it had been
previously administered drug rather than a place where it
had received the vehicle injection [1]. Female rats acquire
a cocaine-induced CPP in fewer sessions and at lower doses
than males [21]. Similar findings are reported for
morphine [22].

Intracranial self-stimulation (ICSS)

Electrical self-stimulation of several brain areas is
rewarding to rats and non-human primates, and it
activates brain areas that are implicated in drug abuse.
Female rats showed higher rates of ICSS than males in the
lateral hypothalamus, but other studies have shown no sex
differences [23].

Dietary preferences

Dietary preference in rats, particularly avidity for sweets
and fats, predicts vulnerability to drug abuse [24], and
female rats consume more sweetened liquids than males
[25]. There is also evidence of a relationship between
preferences for sweets and other carbohydrates in humans
and relapse in abstinent, drug abusers [26].

Locomotor activity

In rats, locomotor activity correlates positively with
vulnerability to self-administration of psychostimulants
[1]. Females move and explore more than males, which
indicates a link between locomotion, sex and drug
abuse [1,24]. However, other data indicate no differences
between the sexes in either locomotor activity or operant
lever-pressing [1]. Another activity that predicts drug
abuse and is rewarding in itself is wheel-running, and
female rats outrun males.

Sensitization

Female rats also have an increased, more rapid and longer
lasting locomotor response to psychostimulants compared

to males [27–29]. Repeated administration of psycho-
stimulants produces an elevated response then, after a
week or more of no drug, a further increase (known as
sensitization) when an animal is challenged with a
stimulant (Figure 1). This effect is stronger in female
than male rodents [30]. Stimulant sensitization is thought
to be involved in the development of drug dependence and
is associated with relapse [31] and is thought to be
regulated by central transmission of dopamine and other
neurotransmitters that are implicated in stimulant
reinforcement. These processes might differ between
male and female rodents [32]. Data on sex differences of
the sensitizing effects of other drugs of abuse (e.g. opioids)
are equivocal [1].

Overall, there are many similarities in the sex
differences observed with drugs of abuse and other hedonic
states, such as the ingestion of sweets, place preference,
ICSS and locomotor activity. This indicates that common
reward mechanisms underlie these events, and that
biological mechanisms of reward might differ in males
and females.

The biological bases of sex differences in drug abuse

Several mechanisms, either alone or in combination,
might be responsible for differences in drug abuse. First,
there may be peripheral sex differences (e.g. percent body
fat and metabolic rate) that are related to the pharmaco-
kinetics of abused drugs. Second, there might be differ-
ences in the structural and functional organization of the
brain (e.g. reward neurocircuitry) that transcends repro-
ductive functions. Third, circulating sex hormones might
either facilitate or impede the drug-abuse process.

Pharmacokinetics

Evidence for sex differences in the pharmacokinetic and
pharmacodynamic actions of drugs is mixed. There are no
differences in the concentrations of cocaine in the brain
after equivalent doses in male and female rats [33] but
female cynomologous monkeys eliminate ethanol faster
than males. When equivalent i.v. doses of cocaine are
administered to rats, males exhibit toxic reactions that are
more severe than those in females [34]. In one study in
humans no sex differences in the peak plasma levels,
elimination half-life and cardiovascular effects of cocaine
were shown [35]. However, Lukas et al. [36] reported
higher peak-plasma levels of cocaine, faster detection, and
more episodes of the good and bad effects of cocaine in
males than females. During the follicular phase of the
menstrual cycle (high estrogen), women have higher peak-
plasma levels of cocaine than during the luteal phase
(elevated estrogen and progesterone) [36]. In an earlier
study, benzodiazepines have a longer half-life in females
than males [37].

Neurotransmission

There are sex-related differences in neurotransmission
that underlie the behavioral effects of drugs of abuse [32].
For example, the rates of release and uptake of dopamine
in the caudate nucleus are greater in females than males
and the density of striatal dopamine receptors is higher
[1]. Castrated male rats have lower concentrations of
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dopamine relative to ovariectomized (OVX) female rats in
other areas of the brain (e.g. medulla, pons and hypo-
thalamus) [1,38], which indicates that differences in the
development of the brain in males and females might
account for differences in drug abuse [32,39]. Studies of
behavior and c-Fos induction also indicate sex differences
in the responses to morphine (male . female) and NMDA
receptor antagonists (female . male) [40].

Data from rat studies indicate that ovarian hormones
regulate the neuronal activity that is associated with
drugs of abuse; thus, circulating hormones might be as
important as developmental sexual dimorphism in
explaining differences in drug abuse. Although these
hormones include testosterone in males, and estrogen
and progesterone in females, the existing research focuses
mainly on estrogen [1,39]. Imaging studies in humans
support the importance of the midbrain dopamine-contain-
ing neurons in drug abuse. Studies of dopamine binding
show greater dopamine displacement in key brain areas in
women than men [41] and greater availability of dopamine
transporters [42].

Effects of estrogen

In animal studies, estrogen enhances drug-seeking beha-
vior in all phases of drug abuse that show sex differences,
but there is little evidence for a role of other sex hormones,
such as progesterone in females and testosterone in males.
Two main paradigms are used to study hormonal
influences in animals: (i) the phase of either the estrous
(rodents) or menstrual (primates) cycle; and (ii) hormone
levels are manipulated by ovariectomy in females and
castration in males, and animals receive controlled,
hormone-replacement. Intact animals can also be treated
with either estrogen or estrogen receptor antagonists such
as tamoxifen.

Acquisition

In one study of i.v. self-administration of cocaine, female
rats were either OVX or sham operated and treated with
either estrogen or vehicle. In addition, groups of intact
females were either treated with tamoxifen or vehicle [1].
Both sham and OVX plus estrogen groups acquired i.v.
self-administration of cocaine more rapidly, and a higher
percentage of the groups met the criterion (100 infusions
per day) compared with OVX and tamoxifen-treated
groups. In a similar study, OVX rats treated with estrogen
acquired heroin self-administration faster than OVX rats
[1]. Recent work confirms that estradiol facilitates cocaine
acquisition and that acquisition is enhanced in gonadecto-
mized females compared with males. These data indicate
innate differences in brain organization [43].

Maintenance

As seen in Table 1, sex differences in self-administration of
drug during the maintenance phase is not as large as
during the acquisition phase. Differences as a result of
estrogen (OVX versus OVX plus estrogen) were also less
apparent during maintenance than during acquisition,
particularly under a simple FR1 schedule in rats [1].
However, with a PR schedule, self-administration of
cocaine (but not heroin) was elevated during the estrus

phase (when peak estrogen levels decline) [1]. When a two-
lever, dose-regulation paradigm was used, female rats
showed the greatest dysregulation of cocaine-self-admin-
istration during estrus and they consumed nearly twice
the amount as during other phases [44].

Non-drug rewards

There is a large literature that shows several effects of
ovarian hormones such as estrogen on taste preferences in
animals [45] and humans [46]. A study of the effect of
estrogen during different phases of the estrous cycle
reveals that ICSS rates in the hypothalamus increase
when estrogen is high (proestrus–estrus) and during
estrogen replacement in OVX rats [1]. Similar results have
been reported for ICSS of other brain areas. Wheel-
running activity, anxiety and fear learning also increased
after estrogen treatment in OVX rats compared to vehicle-
treated controls [47].

Locomotor activity

There are few studies of hormonal influences on activity
level [1]. Wheel running in rats increases during estrus
relative to other phases. Cocaine-stimulated locomotor
activity is highest during the high estrogen, proestrus and
estrus, phases and when estrogen was administered to
intact rats [28,30]. OVX rats did not show cocaine
sensitization, but OVX rats supplemented with either
estrogen or estrogen plus progesterone displayed
enhanced locomotor activity compared to progesterone
alone and no replacement groups [48].

Sensitization

Cocaine-induced sensitization of locomotor activity
increases in estrogen-treated OVX rats compared
with vehicle controls and those treated with either
estrogen plus progesterone or progesterone alone.
Furthermore, cocaine-induced sensitization in OVX
rats treated with estrogen and progesterone is
enhanced compared with males [48]. Consistent with
these findings, there are no sex differences in cocaine-
induced behavioral sensitization in young, sexually
immature rats [49]. Others have shown that sex
differences and hormonal effects vary with the beha-
vioral measure (e.g. locomotion and stereotypy) [29].
Sensitization also persists in OVX rats without
estrogen [30].

Ovarian hormones and pharmacokinetics

Estrogen might exert its effects by altering pharmacoki-
netics. Studies of ethanol intake in monkeys reveal no
effect of the menstrual cycle on ethanol concentration in
the blood [50] and, in rats ovarian hormones had no effect
on the pharmacokinetic parameters of ethanol [51]. Some
studies in humans indicate that changes in the menstrual
cycle are related to differential bioavailability of drugs [1],
but others report no differences in the pharmacokinetics of
cocaine in women during the follicular (high estrogen) and
mid-luteal (high estrogen and progesterone) phases [35].

Ovarian hormones and neurotransmission

Ovarian hormones influence cocaine reward by altering
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monoamine neurotransmitter systems in the striatum and
mesolimbic brain areas [32,52], which are considered to
include the main reward circuitry [53]. For example,
progesterone enhances the release of dopamine in
striatal tissue in estrogen-primed rats but not in
unprimed controls [32]. Similar results are observed
in rats following repeated cocaine exposure and
amphetamine-stimulated dopamine release from the
striatum [1,32]. Estrogen or progesterone produced the
greatest release of dopamine. Others have reported
that uptake of dopamine in the striatum varies with
the estrous cycle in rat and that it increases during the
morning of proestrus (estrogen rising) [54]. Dopamine
and 5-hydroxytryptamine concentrations decrease in
the ventral tegmental area in OVX females. Progester-
one replacement increases the concentration of dopa-
mine in this area and estrogen decreased dopamine
levels in the nucleus accumbens [52].

Drug-abuse treatment

Experimental and clinical research on the treatment of
drug abuse has focused mainly on males. Studies in
laboratory animals and prospective, treatment outcome
and treatment/hormonal interaction studies in humans
are needed to fully evaluate sex differences in the
treatment of drug abuse. Animal models have been
developed to evaluate the effectiveness of treatment for
drug abuse and the results often predict success in human
treatment.

Behavioral

One behavioral treatment studied in rats is to use an
alternative, non-drug rewarding activity (wheel-running)
to reduce ongoing i.v. cocaine self-administration [55].
Access to the wheel in the operant chamber reduces
cocaine infusions in both males and females, with a
significantly greater effect in females (Figure 2). In
monkeys, the use of saccharin as a concurrent non-drug
alternative for orally delivered PCP, reduced drug intake
more in females than males (Figure 2) [56].

Pharmacological

In tests of pharmacological treatments in rats and
monkeys, self-administration of cocaine and heroin was
reduced more in female than in male rats treated
with baclofen [57], a GABAB receptor agonist
(Figure 2b), and ketoconazole, an inhibitor of corti-
costerone synthesis (Figure 2c), respectively [1]. In
adult monkeys, bremazocine [58], a kappa opioid
peptide (KOP) receptor agonist, attenuated oral self-
administration of PCP to a greater extent in females
than in males (Figure 2e). In mice, a KOP receptor
agonist reduced cocaine-induced locomotor stimulation
in female but not male mice [59]. Women exhibit
greater analgesia than men after treatment with
KOP receptor agonists. Clinical studies of treatment
outcome indicate that women have more risk factors
(e.g. anxiety and depression) that are related posi-
tively to relapse [1]. However, once in treatment, they
do either as well as or better than men [1], except for
tobacco smoking [51].

Concluding remarks

Sex differences occur in all phases of drug abuse, from the
initial acquisition of drug self-administration in drug-
naı̈ve animals, to maintenance, escalation and relapse.
Female animals appear to be more sensitive to the
rewarding effects of drugs than males throughout these
phases, and estrogen seems to be a determining factor.
Females are also affected more by behaviors that are
related to drug abuse such as CPP, ICSS, intake of
preferred dietary substances, locomotor activity and
stimulant-induced sensitization. This indicates that estro-
gen might have a more general role in modulating reward.
Sex differences in drug abuse are more likely to be evident
when the drug dose is low, during transition phases of
addiction, under a challenging behavioral schedule and in
sexually mature animals. Generally, prospective animal
studies agree with initial epidemiological reports in
humans, which show that females progress from drug-
use opportunity to abuse faster than males, but that they
respond either as well as or better than males to

Figure 2. Reduction in self-administration of drugs during treatment. The effects of treatment in males and females are shown in five experiments conducted in rats (a–c)

and monkeys (d,e). (a,d) Behavioral treatments in which a non-drug alternative reinforcer was available concurrently with access to drug self-administration for at least 10

days are shown. Results are compared with a previous period of stable behaviour when the non-drug alternative was not available. (b,c,e) The effects of pharmacological

treatments in which the treatment medication was injected before the drug self-administration session for five consecutive days are shown. Data are expressed as the

reduction from the baseline condition before each specific treatment. Treatment occurred during the steady-state maintenance phase (c,e) or was injected during the acqui-

sition (autoshaping) phase until either the acquisition criterion was met or 30 days elapsed if it was not met (b). In this case, the reduction refers to the percentage of ani-

mals per group that met the acquisition criterion compared with the saline-treated controls in which 100% met the criterion. Data are calculated and redrawn from [55] (a),

[57] (b), [9] (c), [56] (d) and [58] (e).
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treatment. More research is needed to develop treatments
that acknowledge sex and hormonal effects.
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