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Males and females exhibit discrete attitudes and skills, experience dissimilar emotional and
psychological needs, and react differently to peer pressure, lack of self-realization, or other
personal and social expectations. In addition, they are differently influenced by family history,
and diverge in the perception of self-image and health risks. To complicate the matter on
gender dichotomy, male testosterone levels markedly vary over the course of the day, while
female levels of sex hormones significantly fluctuate depending upon the menstrual cycle, the
pre- or post-menopausal age, and the use of oral contraceptives. All of these factors interact
with genetic background and sex hormonal fluctuations, and determine the differences
observed in their predisposition to develop an addiction. This term is traditionally associated
to the abuse of legal and illegal substances. However, a compulsion toward the engagement in
a non-drug-related rewarding behavior, usually involving a natural reward, also activates the
brain reward system and engenders persistent behavior, thus resulting in a diminished control
over it. These latter behaviors are defined as “behavioral addictions”.

This definition encompasses any behavior characterized by the followings: i) feeling of tension
or arousal before the action; ii) gratification and/or relief at the time of performing the act;
iii) inability to resist an urge or drive even against great obstacles or dangers; iv) absence of
consideration for the negative consequences that may affect family, friends, and/or work. As
such, behavioral addictions include compulsive food intake and sexual activity, pathological
gambling and Internet addiction, excessive exercising, compulsive buying and pyromania.
These behaviors, which are often classified as “impulse control disorders”, result in actions that
are harmful to oneself and/or others, share common features (e.g. compulsiveness, impulsivity,
impaired decision-making, craving, tolerance, withdrawal, high rates of relapse), and
involve dysfunction of several brain circuits. Derangement from functional neurobiological
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mechanisms underpinning both sensitivity to reward and inhibitory control can also lead to
compulsive behaviors. For instance, pathological gambling and other impulse control disorders
(e.g., hypersexuality, compulsive painting, eating and buying) are often reported in Parkinson’s
disease patients.

Gender-dependent differences in the rate of initiation and frequency of misuse of addicting
drugs have been widely described. Yet, men and women also differ in their propensity to become
addicted to other rewarding stimuli (e.g. sex, food) or activities (e.g. gambling, exercising). The
goal of the present Research Topic is to explore and summarize current evidence for gender
(and sex) differences not only in drug addiction, but also in other forms of addictive behaviors.
Thus, it will include studies showing gender-dependent differences in drug addiction, food
addiction, compulsive sexual activity, pathological gambling, Internet addiction and physical
exercise addiction. Psychiatric comorbidity, potential risk factors and the underlying neural
mechanisms will be also examined, with particular emphasis to the role of sex hormones in
modulating addictive and compulsive behaviors.

Citation: Fattore, L., Melis, M., eds. (2016). Exploring Gender and Sex Differences in Behavioral
Dyscontrol: from Drug Addiction to Impulse Control Disorders. Lausanne: Frontiers Media. doi:
10.3389/978-2-88919-833-7
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The Editorial on the Research Topic

Exploring Gender and Sex Differences in Behavioral Dyscontrol: From Drug Addiction to
Impulse Control Disorders

This Research Topic gathers animal and human research articles, reviews, and opinion articles
on current research in the field of sex and gender differences in behavioral addictions, which are
complex disorders with interacting factors, including environmental factors, comorbidity, and per-
sonality traits (1, 2). Research in this field adds to the long-held argument that male and female brains
do differ. However, while evidence exists on how male and female brains functionally differ (3-5),
conflicting findings suggest that human brains cannot be narrowly classified into sexes/genders (6).

Over the past decade, there have been major advances in our understanding of sex and gender
differences in behavioral addictions and underlying motivations (7, 8), brain reward processes (9),
and impulsive behaviors (10). Potential factors, which could provide a neurobiological basis for
sex- and gender-based differences in behavioral addictions, have been identified. Among them,
there are organizational and activational effects of gonadal hormones, socio-cultural factors, dif-
ferent impulse-control ability, and responsiveness to stress (11, 12). It is important to note that,
although often used as synonymous, the terms “sex” and “gender” are not interchangeable. In fact,
the term “sex” is referred to biological attributes and characteristics associated with the adjectives
“male” and “female” (i.e., anatomy and physiology inherent male-female differences), while “gender”
concerns sociocultural distinctions between males and females (i.e., culture-related dogmas and
roles, behaviors embraced by men and women that shape their daily life and activities).

In this Research Topic, basic researchers and clinicians that are leading experts in the field provide
original findings and overviews on the role of sex and gender in modulating addictive behaviors
and developing behavioral addictions. First, sex and gender differences in addiction to cannabis,
methamphetamine, cocaine, and alcohol are discussed. Rubino and Parolaro systematically reviewed
human and animal studies showing how males and females respond differently to cannabinoid com-
pounds. In particular, dichotomy in the pharmacokinetics of THC observed in males and females may
contribute to their dissimilar responses to cannabinoids. The role of sexual dimorphism in the brain
endocannabinoid system and its interaction with gonadal hormones may also play a part (13-18).
Accordingly, Ruda-Kucerova et al. presented evidence that sex-dependent differences exist in the
reinstatement of methamphetamine-seeking behavior in abstinent rats. Notably, females displayed
higher vulnerability to relapse to methamphetamine seeking independently of the current estrous
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cycle phase, thus suggesting that central mechanisms responsible
for the enhanced response displayed by females are not affected
by circulating ovarian hormones.

In humans, sex and gender differences are reported in psy-
chiatric comorbidity and plasma biomarkers in abstinent cocaine
addicts and in behavioral impulsivity in heavy alcohol drinkers.
Specifically, Pedraz et al. demonstrated that cocaine addicted
men and women differ with regard to the levels of plasma
biomarkers for cocaine addiction. Notably, while men exhibit a
higher incidence of substances use comorbidity (e.g., alcohol),
cocaine addicted women display a higher prevalence of comorbid
psychiatric disorders (e.g., anxiety). In addition, Weafer et al.
demonstrated that heavy alcohol female drinkers show poorer
inhibitory control than male drinkers do, although it remains to
be determined whether the reported higher behavioral impulsiv-
ity in women is the cause or the consequence of heavy drinking.
That behavioral control is impacted by sex and gender is further
supported by evidence compellingly reviewed by Carroll and
Smethells revealing sex- and gender-dependent differences in
impulsivity, food, and drug addiction. Importantly, authors dis-
cussed pharmacological and behavioral treatments for improving
control of impulses in a sex-tailored manner, an approach also
suggested for drug and behavioral addictions (19, 20). Among
behavioral addictions, sexual addiction (often referred to as
compulsive sexual behavior) is discussed by Weinstein et al. who
found that men are more likely to use cybersex and experience
craving for pornography than women. Importantly, both craving
for pornography and frequency of cybersex were associated with
difficulty in forming intimate relationship. In another clinical set-
ting, Davis et al. used a moderator-mediation model to performan
elegant analysis of personality risk-factors and sex in moderating
the relationship between ADHD symptomatology and addictive
behaviors. According to their observations, no sex differences in
personality risk for addiction or in the use of addictive behaviors
were found in ADHD patients. A positive affective neuroendo-
crinology (PANE) approach to study the mechanisms of reward
motivation and dysregulation is herein proposed by Welker
et al., which investigated sources of potential sex differences in
the hormonal mechanisms of behavioral dyscontrol. Finally,
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Cannabis abuse in adolescence

Tiziana Rubino™ and Daniela Parolaro

Department of Theoretical and Applied Sciences, and Neuroscience Center, University of Insubria, Busto Arsizio, ltaly

The goal of this review is to summarize current evidence for sex differences in the
response to cannabinoid compounds, focusing mainly on a specific age of exposure,
i.e., adolescence. Preclinical as well as clinical studies are examined. Among the different
possible underlying mechanisms, the consistent dimorphism in the endocannabinoid
system and delta9-tetrahydrocannabinol metabolism may play a part. All the collected
data point to the need of including females in basic research as well as of analyzing
results for sex differences in epidemiological studies.

Keywords: Cannabis abuse, adolescence, sex, human studies, animal models

Introduction

Cannabis continues to be the most widely used illicit substance among adolescents in the world, and
more users are seeking treatment each year (1). Accumulating evidence suggests that exposure to
Cannabis or its psychoactive ingredient delta9-tetrahydrocannabinol (THC) during the adolescent
developmental window may act as a risk factor for the occurrence of psychiatric disorders later in
life (2-4).

Despite the well-accepted notion that several neuropsychiatric disorders, such as depression,
conduct problems, and autism, are sex-related [see, for review, Ref. (5-7)], very few papers have
dealt with sex vulnerability to adolescent Cannabis abuse, both at the preclinical and clinical
level. The main obstacle to this lies in the fact that research is still mainly focused on the male
sex: male animals in preclinical research and male subjects in clinical studies. The potential sex
influence is still routinely ignored or dismissed even when both sexes are included, as in some
human studies where no sex-related analysis is performed, but all the subjects are regarded as
“unisex” Fortunately, the view that biological sex is unimportant in neuroscience is increasingly
seen as a false assumption [see for a commentary Ref. (8)]. Notably, the National Institute of
Health has recently asked the scientific community for sex and gender inclusion plans in preclinical
research (9).

We hope from now on to witness an increasing amount of research considering both sexes.
However, so far, few papers have dealt with the influence of this variable on the response to
cannabinoids during adolescence. Most work has been done at the preclinical level, but some
literature on humans is now also appearing. For the sake of accuracy, in this review we will take
into account only papers where both male and females are considered, or papers applying exactly
the same paradigm of exposure in male and female animals.

Human Studies

Few studies exist on sex-dependent effects of adolescent Cannabis abuse in humans, so it is
difficult to draw a precise picture of this phenomenon. Nonetheless, here we want to discuss
some interesting observations. Generally, Cannabis use is more prevalent among males, who
display an earlier age of onset of use and are more likely to be on a heavier use trajectory (10).

Frontiers in Endocrinology | www.frontiersin.org 8

October 2015 | Volume 6 | Article 161


http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org/Psychiatry/editorialboard
http://www.frontiersin.org/Psychiatry/editorialboard
http://dx.doi.org/10.3389/fpsyt.2015.00056
https://creativecommons.org/licenses/by/4.0/
mailto:tiziana.rubino@uninsubria.it
http://dx.doi.org/10.3389/fpsyt.2015.00056
http://www.frontiersin.org/Journal/10.3389/fpsyt.2015.00056/abstract
http://www.frontiersin.org/Journal/10.3389/fpsyt.2015.00056/abstract
http://loop.frontiersin.org/people/34291/overview
http://loop.frontiersin.org/people/34512/overview
http://www.frontiersin.org/Psychiatry/archive
http://www.frontiersin.org
http://journal.frontiersin.org/journal/endocrinology

Rubino and Parolaro

Adolescent cannabinoid exposure and sex

As a consequence, males appear to be more likely than females
to become dependent on Cannabis (11, 12). However, females
tend to have shorter intervals between the onset of use and reg-
ular use or development of dependence (13, 14). Accordingly,
females enter treatment for Cannabis use disorders after fewer
years and less cumulative use compared to males (15). In gen-
eral, Cannabis abuse is associated with a broad range of adverse
health measures in both adolescent girls and boys (14). The
existence of an overall sex-dependent effect has already been
reported for other drugs of abuse (16), and specifically, female
adolescent users seem to experience negative consequences of
drug use earlier than male peers, and appear to be more likely
to suffer from an internalizing disorder, such as depressive and
anxiety disorders (16). Conversely, male substance abusers have
more externalizing behaviors, such as aggressiveness and impul-
sivity (16). This seems to be true also for Cannabis. One of
the first papers describing this correlation reported that daily
Cannabis use was associated with a fivefold increase in anxiety
and depression in young females, but not males (17). Accordingly,
higher rates of comorbid mood and anxiety disorders in women
have been recently observed in a large epidemiological study
performed in the United States (18). Adolescent female abusers,
who developed greater internalizing symptoms, exhibited larger
right amygdala volumes relative to males and female controls
(19). Interestingly, larger amygdala volumes were associated with
increased depression and anxiety symptomatology (19). Similarly,
Lai and Sitharthan (20) reported a significant association between
Cannabis use disorder and mental health disorders, and again,
higher comorbidity rates were observed for females. The most
common mental disorders were major depression, personality
disorder, schizophrenia, and severe stress disorder (20). Poten-
tial sex-differences have also been reported for Cannabis use
and neurocognitive functioning (21). Specifically, Cannabis use
was more consistently associated with poorer episodic memory
performance in females and with poorer decision-making per-
formance in males. Female Cannabis users presented a larger
prefrontal cortex (PFC) volume compared to controls, whereas
male users presented a smaller one (22). It is worth noting that
among users, larger PFC total volume was associated with worse
executive functioning, thus implying that females performed
the worst. Finally, studying the association between Cannabis
use and earlier age of onset of psychosis (AOP), researchers
found that male users are the group with the earliest AOP.
However, this seems to be independent of sex, and instead
linked to the fact that males start first and consume more than
females (23).

In conclusion, Cannabis abuse in humans appears to be asso-
ciated with different responses in male and females, resembling
what has already been seen with other drugs of abuse. The
molecular bases of these sex differences need further inves-
tigation. Future studies should take into account the inter-
action between the endocannabinoid system and sex hor-
mones, but also the fact that adolescent males and females
undergo neuromaturation at separate rates, thus presenting
differential trajectories of neuronal maturation at the same
age (24, 25), that could hence be differently affected by
Cannabis.

Animal Studies

Animal models, although far from addressing the complexity
of human disorders, allow experimental controls that are not
possible in human studies. Moreover, they provide a valuable
approach for the investigation of neurobiological substrates.
Through this helpful tool, it has been confirmed that chronic
administration of natural or synthetic cannabinoids during the
adolescent period - using paradigms resembling heavy Cannabis
abuse in humans - causes persistent behavioral alterations in
adult animals [see, for review, Ref. (2, 4, 26)]. Cognition is one
of the most explored brain functions after adolescent exposure
to natural or synthetic cannabinoids. When sex was taken into
account, it appeared that cannabinoid exposure during adoles-
cence impaired learning and memory in both sexes. O’Shea et al.
(27, 28) demonstrated that adolescent exposure to increasing
doses of the synthetic cannabinoid agonist CP-55,940 for 21 days
induced impaired recognition memory in the novel object recog-
nition test long after discontinuation of the drug, in both female
and male rats. However, when spatial memory was assessed in the
Morris water maze test, adolescent cannabinoid exposure in both
sexes disrupted learning immediately after the treatment (29), but
not after along drug-free period (29, 30). In the active place avoid-
ance (APA) paradigm, where animal’s ability to learn and retrieve
spatial information as well as flexibility of learning is assessed,
early adolescent THC exposure did not affect the task acquisition,
nor the performance after the 24-h retention interval in adult
animals of both sexes (31). However, when flexibility was consid-
ered, impaired performance on the reversal trial of the APA task
was observed (31). In the radial maze test, used to assess spatial
working memory, both male and female rats showed deficits when
tested long after adolescent exposure to THC (32, 33). These data
suggest that adolescent exposure to cannabinoids induces long-
term cognitive impairments specifically in recognition and spatial
working memory, as well as in flexibility, whereas pure spatial
memory does not seem to be affected. However, these effects do
not display sex differences, since they are present in both male
and female animals. Less consistent results have been obtained
about the impact of adolescent cannabinoid treatment on anxiety
behaviors. In fact, results coming from adult animals of both sexes
exposed to cannabinoids during their adolescence showed all type
of responses: anxiolytic-like response (34), anxiogenic-like effect
(27, 28), or no changes in their behavior (35). Neither conclusions
regarding the impact of adolescent exposure on anxiety behaviors
nor about possible sex differences can be drawn from these find-
ings. A different picture is present when the forced swim test was
used: adolescent exposure to THC induced a significant increase
in immobility that was apparent only in female rats (35, 36). Also,
the effect of adolescent cannabinoid exposure on adult drug self-
administration seems to present sex-dependency. Higher adult
cocaine self-administration rates have been reported in female
rats only (37), whereas increase in morphine self-administration
under the fixed ratio 1 schedule has been described in males
but not in females (38). As a whole, animal models seem to
confirm the existence of some sex-dependent responses to adoles-
cent cannabinoid exposure, with females appearing more sensitive
than males in the emotional sphere.
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These differences in behavior are substantiated by differences
at the cellular/molecular level. Pharmacokinetics seems to play
a part. It has been recently reported that adolescent female
rats exhibit pronounced metabolism of THC to the still active
compound 11-OH-THC compared to their male conspecifics,
particularly after repeated THC administration (39). Thus, THC
exposure could conceivably be potentiated by its active metabolite
in female adolescents. This fact together with the observation
that adolescent female rats possess more efficient CB1 receptors
(40), suggests that they may be more vulnerable to THC effects.
Accordingly, chronic THC exposure in adolescence induced more
intense CB1 receptor desensitization in females, with more brain
areas involved, despite similar down-regulation (35, 41). If con-
firmed also in humans, this would explain, at least in part, why
females tend to have shorter intervals between the onset of use
and the development of dependence, the so-called “telescoping
effect” (13-15, 18). Another observation that comes from animal
studies and deserves further investigation is that sex-dependent
sensitivity appears to exist also with regard to the brain regions
that are affected by the treatment. Specifically, in female ani-
mals, among all the cerebral areas investigated, the PFC seems
to be the most affected, whereas it is the hippocampus in males.
For example, Higuera-Matas et al. (30) reported that while peri-
adolescent exposure to a fixed dose of a synthetic cannabinoid
agonist did not produce robust behavioral effects, it did induce an
increase of the plasticity marker PSA-NCAM in the hippocampus
of males only. Similarly, Lee et al. (42) showed that a sustained
adolescent CB1 receptor activation reduced adult hippocam-
pal neurogenesis in both sexes; however, for some parameters,
males appeared to be more greatly affected than females. Our
group, in the search for a possible molecular correlate for the
impaired spatial working memory induced by adolescent THC
administration, investigated some markers of neuroplasticity in
the PFC and hippocampus of both male and female rats (32,
33). Interestingly, a significant decrease in pre- and post-synaptic
markers was present in the hippocampus of male rats, whereas
the same proteins changed in the PFC of female animals (32,
33). Of note, in human Cannabis abusers, the occurrence of
significant changes in the hippocampus of males (43) and in
the PFC and amygdala of females (19, 22) have been observed.
These brain regions are differently involved in the modulation of
cognition (hippocampus and PFC) and emotion (amygdala and
PFC), and this may explain the greater effect on emotionality in
females.
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Preventing relapse to drug abuse is one of the struggles faced by clinicians in order to
treat patients with substance use disorders (DSM-5). There is a large body of clinical
evidence suggesting differential characteristics of the disorder in men and women, which
is in line with preclinical findings as well. The aim of this study was to assess differences
in relapse-like behavior in methamphetamine (METH) seeking after a period of forced
abstinence, which simulates the real clinical situation very well. Findings from such
study might add new insights in gender differences in relapse mechanisms to previous
studies, which employ a classical drug or cue-induced reinstatement procedure following
the extinction training. Adult male and female Sprague-Dawley rats were used in IV
self-administration procedure conducted in operant boxes using nose-poke operandi
(Coulborn Instruments, USA). Active nose-poke resulted in activation of the infusion pump
to deliver one intravenous infusion of METH (0.08 mg/kg). After baseline drug intake was
established (maintenance phase), a period of forced abstinence was initiated and rats
were kept singly in their home cages for 14 days. Finally, one reinstatement session
in operant boxes was conducted. Females were found to self-administer significantly
lower dose of METH. The relapse rate was assessed as a number of active nose-
pokes during the reinstatement session, expressed as a percentage of active nose-poking
during the maintenance phase. Females displayed approximately 300% of active nose-
pokes compared to 50% in males. This indicates higher vulnerability to relapse of METH
seeking behavior in female rats. This effect was detected in all females, independently
of current phase of their estrous cycle. Therefore, this paradigm using operant drug
self-administration and reinstatement of drug-seeking after forced abstinence model can
be used for preclinical screening for potential new anti-relapse medications specific for
women.

Keywords: methamphetamine, reinstatement of drug-seeking behavior, forced abstinence, sex/gender
differences, Sprague-Dawley rats
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Introduction

Methamphetamine (METH) addiction is a serious psychosocial
problem, which leads to organic harm of the body as well as
distortion of the normal functioning of affected people within
the society and family. There is a large body of clinical evidence
suggesting differential characteristics of the disorder in men and
women. Despite the absolute number of female METH abusers
being lower than the male ones, women usually appear more
dependent, show higher escalation rates (1, 2) and most impor-
tantly tend to experience more frequent relapses (3, 4). These
gender specific differences require specific treatment strategies
for men and women (5-7). This particularly applies to relapse-
prevention, which represents a key treatment challenge especially
for women (8).

The preclinical approach to model drug addiction with the
highest validity is usually considered as the operant drug self
administration. To mimic relapse in this paradigm, a period of
extinction procedure can be employed when the animal still has
aregular access to the operant box but the drug delivered by infu-
sion pump is replaced by vehicle. After certain number of sessions,
the subject stops to respond to the active operandum (e.g., lever or
nose-poke). After reaching a specific extinction criteria (number
of active/inactive responses lower than a set number), one last
session is conducted and the reinstatement of the drug-seeking
behavior is primed by an environmental factor (stress, cues) or a
drug dose. Such studies have repeatedly shown female rats to be
more vulnerable to drug-primed relapse of METH seeking behav-
ior at conditions of time limited sessions (2 h), which mimic rather
consummatory behavior, as well as prolonged self-administration
sessions. This is considered to provide a better model for loss of
control over drug taking, leading to escalation of drug consump-
tion (9) known from a clinical situation (3). Similarly, a higher
relapse-like behavior was found in female rats after priming by
conditioned cue and to even higher extent by METH dose (10).
Earlier, analogous results were reported in studies with cocaine
(11, 12) and fentanyl (13).

However, this paradigm does not mimic the human treatment
very well, because the patient usually discontinues the drug abuse
in the drug rehabilitation center and for some time does not
have access to the drug-related environments. Therefore, a forced
abstinence model was developed where the animal does not have
access to the operant box and is kept in the home cage for some
time (14-16); thus, the motivation of drug response behavior is
not influenced by any training procedures.

Furthermore, many preclinical studies, which assess sex-
dependent differences, isolate the hormonal effect either by
ovariectomy and subsequent hormonal supplementation (17, 18)
or by constant tracking of the estrous cycle phase (10, 19). These
approaches already explained extensively the role of gonadal hor-
mones in the reward processes showing enhancement of drug
intake by estradiol (17, 18, 20-22) and attenuation of drug seek-
ing by progesterone (4, 23). However, the possibilities of clinical
applications of these findings are limited, so far only progesterone
was tested as a treatment for nicotine relapse in women (24) and
such treatment would have many undesirable side effects. Con-
sequently, an ideal animal model with high face, construct, and

predictive validity for testing new relapse-prevention treatments
should not be based on hormonal levels only.

The intact animals (males and freely cycling females) showed
no sex differences to effects of amphetamines in the animal model
of conditioned place preference (CPP) (25, 26). Interestingly, CPP
for METH did not occur in ovariectomized rats but developed in
females treated with estradiol (27). Therefore, gender differences
in the CPP paradigm might be biased by fluctuating hormonal
levels in intact females. However, results supporting higher vul-
nerability to METH in intact female rats were reported too. Female
rats displayed higher increase of locomotor activity, which lasted
for longer time and had higher scores of stereotypies than male
rats (28). These results indicate the sex differences may depend,
besides hormonal influences, also on different pharmacokinetic
processes in females (29).

Therefore, the aim of this study was to assess gender differ-
ences in all stages of operant IV self-administration of METH
in male and female rats while the gonads of all animals were
kept intact assuring physiological estrous cycle in females. We
expected a higher variability in the female group, especially in
the reinstatement of METH seeking behavior due to different
hormonal stages. However, we hypothesized that this variability
may be overpowered by all other significant gender differences.
Furthermore, we assessed possible gender differences in acqui-
sition and maintenance of food self-administration in order to
compare the operant behavior toward natural reward (food) and
the drug of abuse.

Materials and Methods

Animals

Eight-week-old male and female albino Sprague-Dawley rats
weighing 175-200 g (females) and 200-225 g (males) at the begin-
ning of the experiment were purchased from Charles River (Ger-
many). The rats were housed individually in standard rat plastic
cages, the experiments on males and females were performed
separately, to assure the self-administration room is dedicated
to one gender at a time only. Environmental conditions during
the whole study were constant: relative humidity 50-60%, tem-
perature 23+ 1°C, inverted 12-h light-dark cycle (6 a.m. to 6
p.m. darkness). Food and water were available ad libitum. All
experiments were conducted in accordance with all relevant laws
and regulations of animal care and welfare. The experimental
protocol was approved by the Animal Care Committee of the
Masaryk University, Faculty of Medicine, Czech Republic, and
carried out under the European Community guidelines for the use
of experimental animals.

Drugs and Treatments

Methamphetamine from Sigma Chemical, Co., St Louis, MO,
USA available in the operant cage for IV self-administration was
0.08 mg/kg per infusion with the maximum number of infusions
obtainable in one session set to 50. The solutions were prepared
for specific animals depending on their body weights rounded
to the closest category of 250, 300, 350 g, etc. This paradigm is
adapted from Emmett-Oglesby MW (Fort Worth, TX, USA) (30)
and routinely used in our laboratory (17, 31-33).
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Locomotor Activity Test

After adaptation period at the beginning of the study basal behav-
ioral profile was assessed in both males and females. In brightly
lit room, rats were individually tested for locomotor activity using
the Actitrack system (Panlab, Spain) as previously described (34,
35). Each Plexiglas arena (45 cm x 45 cm x 30 cm) was equipped
with 2 frames equipped with photocells located one above another
2 and 12 cm above the cage floor. Each animal was placed in the
center of arena and the spontaneous behavior was tracked for
10 min. During the test, the horizontal locomotor activity (the tra-
jectory as calculated by the system from beam interruptions that
occurred in the horizontal sensors) and vertical activity (number
of rearing episodes breaking the photocell beams of the upper
frame) were recorded. At the end of the session, animals were
returned to their home cage and arenas were wiped with 1% acetic
acid to avoid olfactory cues.

Intravenous Drug Self-Administration Surgery
Animals were deeply anesthetized with i.p. injections of 50 mg/kg
ketamine plus 8 mg/kg xylazine. Under aseptic conditions, a per-
manent intracardiac silastic catheter was implanted through the
external jugular vein to the right atrium. The outer part of the
catheter exited the skin in the midscapular area. After surgery,
each animal was allowed for recovery, individually in its home
cage with food and water freely available. Since the implantation,
the catheters were flushed daily by heparinized cephazoline (Vul-
mizolin 1.0 g) solution followed by 0.1 ml of a heparinized (1%)
sterile saline solution to prevent infection and occlusion of the
catheter. During recovery, changes in general behavior and body
weight were monitored. When a catheter was found to be blocked
or damaged, the animal was excluded from the analysis. At the end
of the study, there were n = 6 male and n = 6 female rats included
to the analysis.

Intravenous Self-Administration Protocol
Methamphetamine self-administration was conducted as
previously described (17, 32) in 10 standard experimental
boxes (30cm x 25cm x 30 cm, Coulbourn Instruments, USA)
using nose-poking as operandum under a FR-1 schedule of
reinforcement, i.e., animal had to make 1 nose-poke on the active
hole to obtain a single drug infusion. Each cage was provided
with two nose-poke holes allocated on one side and programed by
software Graphic State Notation 3.03 (Coulbourn Instruments,
USA). Nose-pokes in the active hole led to the activation of the
infusion pump and administration of a single infusion followed
by a 10 s timeout, while nose-poke stimulation was recorded but
not rewarded. The cage was illuminated by a house light during
the session. The light was flashing when administering infusion
and off during the time-out period. Self-administration sessions
lasted 90 min and took place 7 days/week for 2 weeks in total
between 8 a.m. and 3 p.m. during the dark period of the inverted
light-dark cycle.

After 14 days of stable METH intake, the maintenance phase
was terminated and rats were returned to their home cages for
the 14 days of the forced abstinence period. On day 15, rats
were placed into self-administration chambers for the last 90 min
reinstatement session. The numbers of responses on the active
drug-paired nose-poke and the inactive nose-poke were recorded

but the drug was not delivered. Responses on the active nose-poke
are considered to reflect the reinstatement of drug-seeking behav-
ior, while responses on inactive nose-poke reflect non-specific
locomotor and exploratory activity.

Food Self-Administration Protocol

Food self-administration was conducted in the same experimen-
tal boxes as METH study (Coulbourn Instruments, USA) in a
separate batch of animals. Under the FR-1 schedule of reinforce-
ment 1 nose-poke lead to activation of a feeder and delivery
of a single palatable pellet (BioServ, sweet dustless rodent pel-
lets, F0021-Purified Casein Based Formula - 45mg). The cage
was illuminated by a house light during the whole session. Self-
administration sessions lasted 30 min during the dark period of
the inverted light-dark cycle.

Statistical Data Analysis

Primary data were summarized using arithmetic mean and SE
of the mean estimate. Behavioral data were analyzed by t-test.
IV METH self-administration data during the 14 days of main-
tenance were analyzed at individual days by t-test and at 5-day
intervals by mixed ANOVA model with Greenhouse-Geisser cor-
rection. Acquisition of food self-administration was evaluated by
comparison of mean day of reaching 70% preference of active
nose poke by Mann-Whitney U test. Maintenance of food self-
administration was analyzed at individual days by ¢-test. Statistical
analyses were computed using SPSS 19.0.1 (IBM Corporation,
2010). A p-value <0.05 was recognized as boundary of statistical
significance in all applied tests.

Results

Basal Locomotor Characteristics

Before starting the IV self-administration protocol, basal loco-
motor and exploratory activity was assessed in both males and
females to exclude the possibility that these characteristics would
lead to different drug taking behavior. Horizontal and vertical
locomotor activity was measured and a proportion of each in the
inner zone of the arena was calculated in order to evaluate differ-
ences in the status of anxiety in male and female rats. Figure 1
illustrates the results on total distance traveled, vertical activity
(number of rearing episodes), and inner part of arena preference.
There were no basal behavioral differences between the sexes,
which could contribute to dissimilar behavior in the operant cage.
As expected, both sexes avoided the central part of the arena,
which represents normal rodent behavior and neither one shows
highly anxiogenic behavior or locomotor hyper- or hypo-activity.

Acquisition and Maintenance of
Methamphetamine Self-Administration in Male
and Female Rats

The acquisition and maintenance of METH taking behavior
were assessed, first, in terms of mean number of infusions
self-administered per session and, second, by the mean METH
dose per session in milligram per kilogram. Figure 2A shows
number of infusions obtained per daily session and mean number
of infusions during the entire acquisition phase in male and female
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FIGURE 1 | Male and female rats have the same basal behavioral
profile. Total distance traveled (in centimeters), number of rearing
episodes (vertical activity), and % of preference of the central part of the
arena did not reveal any gender difference. Data are shown as means
(£SEM), t-test, n.s.

rats during the acquisition phase of METH self-administration
training. ANOVA revealed no significant effects over the whole
period. However, when the number of infusions was converted
to a METH dose per kilogram of body weight, males were
found to self-administer higher dose at the end of the acquisi-
tion phase as compared to females. More specifically, as depicted
in the Figure 2B, mean METH intake during the last 5days
of training was significantly higher in males than in females,
ie, 2.5 and 1.5mg/kg, respectively (mixed ANOVA model:
p=0.038).

Reinstatement of Methamphetamine
Self-Administration in Male and Female Rats

After the 2-week-long period of forced abstinence one last rein-
statement session was performed with no drug availability. The

only measure of the drug-seeking behavior is the number of
active operandum responses. This number was converted to
a percent of mean basal nose-poking (14 days of acquisition
and maintenance). There was a massive difference between the
sexes recorded: male rats showed mean percent of responding
48.3% whereas females showed 295.7% (mixed ANOVA model,
p=0.001). Results are reported on the Figure 3.

Acquisition of Food Self-Administration in Male
and Female Rats

The acquisition of food taking behavior (sweet pellets) was
assessed in terms of day when the animals started to prefer the
active nose-poke more than 70%. Figure 4A shows the develop-
ment of active nose poke preference (%) over all sessions in male
and female rats. Figure 4B reports the mean day for reaching 70%
preference of the active operandum, which was 4.7 in males and
2.2 in females (Mann-Whitney U test, p=0.014). The mainte-
nance phase of the food self-administration was evaluated as a
mean number of self-administered pellets during the last 5 days
when the intake was stable. Figure 5 depicts the significantly
higher pellet intake in female rats as compared to males (138-175
and 51-73, respectively, p < 0.05).

Discussion

Findings of the present study demonstrated that male and female
rats had equal basal locomotor and exploratory activity. Thus,
differences in operant IV self-administration cannot be accounted
for differences in locomotor activity. Furthermore, the food self-
administration has shown a very different dynamics than the
METH study, suggesting higher motivation to obtain natural
reward (sweet pellet) in females, which learned the operant pro-
cedure faster (acquisition) and self-administered approximately
three times more pellets than males. This behavior toward natural
reward is very different from METH-related operant behavior,
which rules out the possibility of general gender specific difference
in the reward processes.

During the maintenance phase of the METH self-
administration, female rats were found to self-administer
the same number of infusion, but their METH intake in terms of
dose per kilogram of body weight was found lower. This measure
is not widely used among the self-administration studies, usually
only the numbers of nose pokes (or lever presses) and infusions
are reported. However, we propose this measure to be considered
as highly valid for several reasons. Despite the solution of the
drug being available in the operant box matches the body weight
of the particular animal, the solutions are prepared for certain
body weight category, e.g., solution for animal weighting 300 g
can be used for rats reaching approximately 280-320 g (this fact
is usually not described exactly in the Section “Materials and
Methods” of the papers). This discrepancy, aggravated by the
fact that the body weight of the animal changes over the course
of the experiment, could be a source of significant differences
in the dose taken even at conditions of the same number of
infusions. This is a confounding factor, which complicates the
comparison of findings from different laboratories. Furthermore,
this approach should be used when the number of behavioral

Frontiers in Psychiatry | www.frontiersin.org

16

July 2015 | Volume 6 | Article 91


http://www.frontiersin.org/Psychiatry/
http://www.frontiersin.org
http://www.frontiersin.org/Psychiatry/archive

Ruda-Kucerova et al.

Sex differences in METH relapse model

FIGURE 2 | Acquisition and maintenance of methamphetamine intake in
male and female rats. The (A) part shows number of infusions expressed as
daily means over the 14 days of acquisition and maintenance of the METH IV
self-administration. The bar graph depicts the mean number of infusions over
the whole 14 days period. There were no statistically significant differences in
this measure (mixed ANOVA model). The (B) part shows in an analogical way
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the mean dose in milligram per kilogram of METH self-administered by male

(n = 6) and female (n = 6) rats. The groups start to differ significantly from the

day 10 with t-test results: day 10 (p =0.021), day 11 (p =0.049), and day 14
(p =0.048). The bar graph shows the mean number of infusions over the last

5 days of the maintenance period (day 10-14) when the drug intake started to
be significantly higher in male rats (p = 0.038, mixed ANOVA model).
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FIGURE 3 | Reinstatement of methamphetamine seeking behavior in
male and female rats. The graphs show a percent of mean basal
nose-poking (14 days of acquisition and maintenance) and number of
nose-pokes in the reinstatement session in male and female rats. There was
a statistically significant difference between the sexes in both measures:
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male rats showed mean % of responding 48.3% and females 295.7%
(mixed ANOVA model, p =0.001). The apparent difference between the
sexes is further confirmed by behavioral activity reflected in a mean number
of nose-pokes: 41.0 in males and 136.5 in females (mixed ANOVA model,
p =0.006).

responses (nose pokes or lever presses) does not match the
number of infusions delivered. This is always the case when the
system uses nose poke operandi (and in some cases levers which
do not retract after infusion delivery).

Previous studies have shown that female rats to be more vul-
nerable to behavioral effects of psychomotor stimulants including

cocaine (36-38) and, in particular, amphetamines (including
METH), which elicited a higher increase of locomotion in females
than males or reach the same behavior profile at lower dose (25,
28, 39, 40). Other studies have repeatedly shown that females
with intact gonads tend to develop readily behavioral sensitiza-
tion to psychostimulant drugs after repeated treatment (41-43).
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FIGURE 4 | Acquisition of food self-administration behavior in male
and female rats. The (A) part shows the course of the active nose poke
preference development during acquisition and maintenance of the food
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self-administration. The bar graph (B) depicts the mean day the animals
reached and kept 70% preference of the active operandum: 4.7 in males and
2.2 in females (Mann-Whitney U test, p =0.014).
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FIGURE 5 | Maintenance of food self-administration in male and
female rats. The graph shows pellet intake in female rats as compared to
males (t-test, *p < 0.05, **p < 0.001).

Furthermore, there is new evidence of specific pharmacokinetic
differences in METH self-administration studies, where males
were shown to have lower area under curve (AUC) of METH prob-
ably due to rapid drug elimination (29). The apparent higher effi-
cacy of the amphetamines found in this and previously mentioned
studies in female rats could be explained by the pharmacokinetic
differences.

Similarly, in clinical studies, there has been shown that men
are more sensitive to the reinforcing effects of a high dose of
p-amphetamine than women, who respond rather to low doses at
arandom phase of the menstrual cycle (44). This is consistent with
our data, which showed that males developed higher stable intake
of METH than females (2.5 and 1.5mg/kg daily, respectively).
Furthermore, women were shown to experience greater increases
in diastolic pressure and nausea than men at the same doses while
the ability to discriminate p-amphetamine was equal in both sexes
(45). These lines of evidence further support translational validity
of our finding of lower METH intake in female rats.

However, in fixed ratio self-administration paradigms, the
reports on gender differences in the maintenance phase are
numerous and quite contradictory in both clinical (45, 46) and

preclinical studies, showing both higher and lower drug intake in
female subjects (21, 47).

Progressive ratio IV self-administration paradigm or prolonged
access to the drug might be better tools to unravel gender differ-
ences as these may be linked to appetitive behavior (21). Female
rats have been repeatedly shown to achieve higher breaking points
in METH self-administration study suggesting higher motivation
to obtain the drug (10, 48). This is consistent with the robust gen-
der difference in the reinstatement found in this study, where the
motivation of animals for the drug-seeking was not abolished by
extinction training. At this point, active responses to the operan-
dum are the only measure to report because the session is per-
formed without delivering the drug. We found a highly significant
difference in the percent of mean basal nose-poking, as well as in
the absolute number of active operant responses. The enhancing
effect of estradiol and attenuating effects of progesterone on psy-
chostimulant (p-amphetamine, METH, cocaine) intake in female
gender is repeatedly and consistently reported in both clinical
(49-52) and preclinical studies (17, 20-22). Therefore, the higher
variability in the reinstatement operant responding in the female
group detected in this study probably originated from different
hormonal stage. This conclusion can be supported by an earlier
study, which employed the extinction and both drug- and cue-
primed reinstatement, where females were found more vulnerable
in both reinstatement procedures and also exhibited higher vari-
ability than males. Interestingly, the numbers of lever presses in
the conditioned cue-primed reinstatement session were approxi-
mately 40 in males and 120 in females (10). These absolute num-
bers are similar to those reported in the present study: 41 and 136,
respectively. Therefore, this effect seems to be well reproducible
and strain independent (Long-Evans vs. Sprague-Dawley rats).

The forced abstinence model was proposed as a potentially
better tool to model a spontaneous relapse in rodents (15, 53).
To our knowledge, this is the first report of gender differ-
ences in the paradigm of reinstatement after forced abstinence.
Extinction-based approach to study relapse-like behavior phase
in the preclinical setting show contradictory results — females
appear to meet the extinction criteria later than males (11), but
negative results have been reported as well (54). Both studies were
conducted with cocaine.
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Taken together, this study reports lower consummatory METH
intake during maintenance phase of the self-administration
together with higher vulnerability to the reinstatement of METH
seeking behavior in female rats after forced abstinence. These
effects seem to be robust enough, thus relatively independent on
the current hormonal level. Therefore, we propose this paradigm
for preclinical screening for potential new medications specific for
women. However, the main limitation for the translation of these
results to human medicine is the absence of psychosocial aspects,
which are impossible to reflect in animal studies.
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There are sex differences in the progression of drug addiction, relapse, and response to
therapies. Because biological factors participate in these differences, they should be con-
sidered when using biomarkers for addiction. In the current study, we evaluated the sex
differences in psychiatric comorbidity and the concentrations of plasma mediators that have
been reported to be affected by cocaine. Fifty-five abstinent cocaine-addicted subjects diag-
nosed with lifetime cocaine use disorders (40 men and 15 women) and 73 healthy controls
(48 men and 25 women) were clinically assessed with the diagnostic interview “Psychi-
atric Research Interview for Substance and Mental Disorders.” Plasma concentrations of
chemokines, cytokines, N-acyl-ethanolamines, and 2-acyl-glycerols were analyzed accord-
ing to history of cocaine addiction and sex, controlling for covariates age and body mass
index (BMI). Relationships between these concentrations and variables related to cocaine
addiction were also analyzed in addicted subjects. The results showed that the concentra-
tions of chemokine (C-C motif) ligand 2/monocyte chemotactic protein-1 (CCL2/MCP-1) and
chemokine (C-X-C motif) ligand 12/stromal cell-derived factor1 (CXCL12/SDF-1) were only
affected by history of cocaine addiction. The plasma concentrations of interleukin 1-beta
(IL=1B), IL=6, 1.-10, and tumor necrosis factoralpha (TNFa) were affected by history of cocaine
addiction and sex. In fact, whereas cytokine concentrations were higher in control women
relative to men, these concentrations were reduced in cocaine-addicted women without
changes in addicted men. Regarding fatty acid derivatives, history of cocaine addiction had
a main effect on the concentration of each acyl derivative, whereas N-acyl-ethanolamines
were increased overall in the cocaine group, 2-acyl-glycerols were decreased. Interestingly,
N-palmitoleoyl-ethanolamine (POEA) was only increased in cocaine-addicted women. The
covariate BMI had a significant effect on POEA and N-arachidonoyl-ethanolamine con-
centrations. Regarding psychiatric comorbidity in the cocaine group, women had lower
incidence rates of comorbid substance use disorders than did men. For example, alco-
hol use disorders were found in 80% of men and 40% of women. In contrast, the
addicted women had increased prevalences of comorbid psychiatric disorders (i.e., mood,
anxiety, and psychosis disorders). Additionally, cocaine-addicted subjects showed a rela-
tionship between the concentrations of N-stearoyl-ethanolamine and 2-linoleoyl-glycerol
and diagnosis of psychiatric comorbidity. These results demonstrate the existence of a sex
influence on plasma biomarkers for cocaine addiction and on the presence of comorbid
psychopathologies for clinical purposes.

Keywords: cocaine use disorders, psychiatric comorbidity, cytokine, endocannabinoid, sex, outpatient, biomarker,
abstinence
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INTRODUCTION

Over the last 10 years, cocaine has established itself as the most
commonly used illicit stimulant drug in Europe, although most
users are found in a small number of high-prevalence countries.
Cocaine use is particularly high in Spain, with a lifetime prevalence
of 10.2% in the general population, and it represents a significant
public health concern (1).

There are several factors that influence the acquisition, main-
tenance, and progression to addiction, such as social context, age,
genetic characteristics, and sex (2). In this respect, sex differences
have been found in cocaine use and addiction, including cocaine
use initiation, progression to abuse and dependence, relapse
following abstinence, and responsiveness to treatment (3-5).

Epidemiological data suggest that women have a rapid escala-
tion in drug use and progress more quickly to cocaine addiction
compared with men (6). Women are more sensitive to social
stressors, and abstinent cocaine-addicted women report higher
levels of craving in response to cocaine-related cues (7, 8). Sex
also influences treatments and relapses because women report
shorter abstinence periods and higher relapse rates after stressful
or depressive events (9). All of these observations parallel preclin-
ical animal models using rodents showing that females are more
vulnerable to the abuse-related effects of cocaine than males (10).

Despite evidence that women are more vulnerable than men to
cocaine addiction, the rates of cocaine use are currently higher
in men than in women, and the proportion of cocaine users
seeking treatment in outpatient cocaine programs is approxi-
mately five men to every woman in Europe (1). Considering that
cocaine addiction is commonly associated with altered executive
functions, impaired emotional processing capacity, and elevated
incidence of comorbid mental disorders (11, 12), sex is a primary
factor underlying these behavioral complications. In fact, sex dif-
ferences in psychopathologies and substance use disorders have
been linked to the activity of hormones (i.e., gonadal steroid hor-
mones), menstrual cycle, HPA axis reactivity, and neurobiological
factors (13—15).

Recently, the search for biomarkers for psychiatric disorders
and addiction has generated a number of putative biomarkers
that includes circulating mediators with neuromodulatory func-
tions (16—18). Among these molecules, inflammatory proteins and
fatty acid derivatives have been reported to be altered in abstinent
cocaine-addicted subjects (19, 20). Moreover, changes in plasma
cytokine and chemokine concentrations have been shown to be
related to the pathological cocaine use and cocaine symptom sever-
ity (20), whereas changes in endocannabinoids and congeners are
related to cocaine use disorders and psychiatric comorbidity (19).
However, the influence of sex was not directly studied in these
reports.

Abbreviations: 2-AG, 2-arachidonoyl-glycerol; 2-LG, 2-linoleoyl-glycerol; AEA,
N-arachidonoyl-ethanolamine; CCL2/MCP-1, chemokine (C-C motif) ligand
2/monocyte chemotactic protein-1; CXCL12/SDF-1, chemokine (C-X-C motif)
ligand 12/stromal cell-derived factor-1; CX3CL1/fractalkine, chemokine (C-X3-
C motif) ligand 1/fractalkine; IL-1, interleukin-1 beta; IL-6, interleukin-6; IL-
10, interleukin-10; LEA, N-linoleoyl-ethanolamine; OEA, N-oleoyl-ethanolamine;
PEA, N-palmitoyl-ethanolamine; POEA, N-palmitoleoyl-ethanolamine; SEA, N-
stearoyl-ethanolamine; TNFa, tumor necrosis factor-alpha.

Because previous studies have reported sex differences in all
phases related to the progression to cocaine addiction and because
gonadal hormones can affect other signaling systems sensitive to
cocaine addiction, those molecules identified as putative biomark-
ers for cocaine addiction and common psychiatric comorbidity
may be influenced by sex.

The primary purpose of the present observational study was
to examine the plasma concentrations of chemokines, cytokines,
and fatty acid derivatives in a cohort of abstinent cocaine-addicted
subjects on an outpatient basis according to their sex. Addition-
ally, the prevalences of comorbidity of other substance and mental
disorders were evaluated.

MATERIALS AND METHODS

SUBJECTS AND RECRUITMENT

All participants were white Caucasians grouped into abstinent
cocaine users and healthy controls. Fifty-nine cocaine users (17
women and 42 men) were initially enrolled from outpatient treat-
ment programs for cocaine addiction in the province of Mélaga
(Spain) for a 24-month period (2011-2013). Seventy-six healthy
individuals (25 women and 51 men) were recruited from a mul-
tidisciplinary staff working at the Hospital Regional Universitario
de Mélaga.

Cocaine users had to meet eligibility criteria based on inclu-
sion and exclusion criteria. Inclusion criteria were as follows:
>18-65years of age, intranasal cocaine use, diagnosis of life-
time cocaine use disorders, and abstinence from cocaine for at
least 2 weeks before testing (urine and plasma analyses). Exclu-
sion criteria were as follows: personal history of chronic diseases
(e.g., cardiovascular, respiratory, renal, hepatic, neurological, or
endocrine diseases), personal history of cancer, infectious diseases,
incapacitating cognitive alterations, and pregnancy.

Controls were matched with the cocaine group for sex ratio, age,
and body mass index (BMI). In addition to the mentioned exclu-
sion criteria for abstinent cocaine users, controls were excluded if
they had a personal history of drug abuse or lifetime psychiatric
disorders. All women were recruited without considering their
menstrual cycle.

Finally, 55 abstinent cocaine-addicted subjects (15 women and
40 men) and 63 controls (25 women and 48 men) met the eligibility
criteria and completed the study.

All cocaine-addicted subjects were under current treat-
ment interventions, including pharmacological and behavioral
approaches. Regarding the pharmacological interventions, 20 par-
ticipants (12 men and 8 women) were treated with anxiolyt-
ics (n=29), antipsychotics (n=2), antidepressants (n=38), and
disulfiram (n=1).

CLINICAL ASSESSMENTS

Cocaine users were evaluated according to “Diagnostic and Sta-
tistical Manual of Mental Disorders-4th Edition-Text Revision”
(DSM-IV-TR) criteria, using the Spanish version of the “Psy-
chiatric Research Interview for Substance and Mental Disorders”
(PRISM) (21, 22). Controls were evaluated by PRISM (for sub-
stance screening and abuse and dependence) and the Spanish
version of the “Composite International Diagnostic Interview”
(CIDI) to detect psychiatric disorders (23). All interviews were
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performed by experienced psychologists who had received both
PRISM and CIDI training. Two cocaine users did not meet the cri-
teria for cocaine use disorders and three controls were diagnosed
with lifetime mental disorders (major depression and anxiety).
They were consequently excluded from the study.

Psychiatric research interview for substance and mental disorders
(PRISM)

The PRISM is a semistructured interview to diagnose psychi-
atric disorders among substance users (22, 24, 25). Diagnoses
were made using two time-frames: “current” (criteria were met
within the past year) and “past” (criteria were met before the pre-
vious 12 months). Lifetime prevalence was used to present the
frequency of substance use disorders, non-substance use disorders,
and psychiatric comorbidity. The cocaine symptom severity was
assessed combining the DSM-IV-TR criteria for cocaine use dis-
orders: 7 dependence criteria (for a diagnosis of dependence, 3 or
more co-occurring symptoms in a 12-month period are required)
and 4 abuse criteria (1 symptom is necessary for a diagnosis of
abuse) (19, 20).

LABORATORY METHODS FOR HUMAN SAMPLES

Collection and analysis of plasma samples

Blood samples were obtained in the morning (09:00-11:00 a.m.)
after fasting for 8-12h (previous to the psychiatric interviews).
Venous blood was collected into 10 mL K,-EDTA tubes (BD,
Franklin Lakes, NJ, USA) and processed to obtain plasma. Blood
samples were centrifuged at 2,200 x g for 15min (4°C), and
plasma was analyzed for HIV and hepatitis types B and C.

Analysis for HIV and hepatitis types B and C. Plasmas sam-
ples were individually assayed by three rapid tests for detecting
HIV (Retroscreen HIV, QualPro Diagnostics-Tulip Group Ltd.,
Goa, India), hepatitis B (HBsAg Test, Toyo Diagnostics-Turklab
Inc., Izmir, Turkey), and hepatitis C (Flaviscreen HCV, QualPro
Diagnostics-Tulip Group Ltd., Goa, India). No samples that tested
positive were detected. Plasma samples were stored at —80°C until
further analyses.

Analysis for the cocaine metabolite benzoylecgonine. Plasma
analyses for cocaine metabolites (Benzoylecgonine Specific Direct
ELISA Kit Immunalysis, Pomona, CA, USA) were performed to
confirm cocaine abstinence. Two cocaine users who tested nega-
tive for drugs of abuse in urine analyses at the outpatient treatment
centers for cocaine addiction were positive for benzoylecgonine in
plasma, and they were excluded from this study.

Multiplex immunoassay analysis

A Bio-Plex Suspension Array System 200 (Bio-Rad Laboratories,
Hercules, CA, USA) was used to quantify the plasma concentra-
tions of inflammatory cytokines and chemokines following the
manufacturer’s instructions as previously reported (20). Human
protein panels were used to simultaneously detect the following
analytes: tumor necrosis factor-alpha (TNFa); interleukin-1 beta
(IL-1B); interleukin-6 (IL-6); interleukin-10 (IL-10); chemokine
(C-X3-C motif) ligand 1 [CX3CL1], commonly referred to as
fractalkine; chemokine (C-C motif) ligand 2 [CCL2], also referred

to as monocyte chemotactic protein-1 (MCP-1); and chemokine
(C-X-C motif) ligand 12 [CXCL12], also referred to stromal cell-
derived factor-1 (SDF-1). Raw data (mean fluorescence intensity)
were analyzed using the Bio-Plex Manager Software 4.1 (Bio-Rad
Laboratories, Hercules, CA, USA). Data of plasma concentrations
were in pg of protein per mL of plasma.

Quantification of fatty acid derivatives

The following fatty acid derivatives and their respective deuter-
ated forms were used for quantification: N-stearoyl-ethanolamine
(SEA), N-palmitoyl-ethanolamine (PEA) and PEA-d4, N-oleoyl-
ethanolamine (OEA) and OEA-d4, N-palmitoleoyl-ethanolamine
(POEA), N-arachidonoyl-ethanolamine (AEA) and AEA-d4,
N-linoleoyl-ethanolamine (LEA) and LEA-d4, 2-arachidonoyl-
glycerol (2-AG) and 2-AG-ds, and 2-linoleoyl-glycerol (2-LG).
PEA-d4 and OEA-d4 were used for the quantification of POEA
and SEA, respectively, because their deuterated forms were not
commercially available. All reagents were obtained from Cayman
Chemical (Ann Arbor, MI, USA).

Sample extraction and chromatographic separation were per-
formed in a liquid chromatography-tandem mass spectrometry
system (Agilent Technologies, Wilmington, DE, USA) as previ-
ously reported (19, 26). Data of plasma concentrations were in ng
of acyl derivative per mL of plasma.

ETHICS STATEMENT

Written informed consent was obtained from each subject after
they had received a complete description of the present study
and had been given the chance to discuss any questions or
issues. The study and protocols for recruitment were approved
by the Ethics Committee of the Hospital Regional Universitario de
Malaga (07/19/2009 PND049/2009 and P10228-2013; CEI Provin-
cial de Malaga) and were therefore conducted in accordance with
the Declaration of Helsinki (seventh revision in 2013, Fortaleza,
Brazil).

STATISTICAL ANALYSES

All data for graphs and tables are expressed as number and per-
centage of subjects [#n (%)] or the mean and standard deviation
[mean (SD)]. Samples were grouped by sex and the signifi-
cance of differences was assessed by Fisher’s exact test or Stu-
dent’s t-test. The statistical analyses of plasma concentrations
were performed using two-way analysis of covariance (ANCOVA)
[factors: history of cocaine addiction (cocaine/control) and sex
(men/women); covariates: age and BMI]. Multiple comparisons
were performed with unadjusted (observed) or adjusted (esti-
mated marginal) according to the effects of covariates. Plasma
concentrations in subjects with a history of cocaine addiction
were analyzed by univariate general linear models to evalu-
ate relationships with sex, age, BMI, and group-specific vari-
ables (cocaine symptom severity, diagnosis of comorbid psy-
chiatric disorders, and length of cocaine abstinence). A p-value
less than 0.05 was considered statistically significant. Statisti-
cal analyses were performed using the GraphPad Prism ver-
sion 5.04 software (GraphPad Software, San Diego, CA, USA)
and IBM SPSS Statistical version 22 software (IBM, Armonk,
NY, USA).
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RESULTS

SOCIAL AND DEMOGRAPHIC CHARACTERISTICS

A total of 128 subjects met the eligibility criteria for this study
and were grouped into the cocaine (n=55) and control (n=73)
groups. Both groups were divided into men and women. A
description of the sample is presented in Table 1.

Men seeking treatment for cocaine addiction were more com-
mon than women, at a ratio of one woman to eight men in the
centers for cocaine addiction where the recruitment was con-
ducted (data not shown). During a 24-month period (January
2011-December 2012), 20 women were contacted to participate in
this study; 17 accepted and were diagnosed with lifetime cocaine
use disorders. Finally, 15 cocaine-addicted women completed the
study. Whereas the abstinent cocaine-addicted men had a mean
age of 37 years, the cocaine-addicted women were older (mean:
43 years; p < 0.01). We observed no differences between the sexes
in other socio-demographic variables in the cocaine group. Con-
sidering both sexes, the addicted subjects were married/cohabiting
(47%), lived in couple (49%), had a low educational level (42%
with secondary level or more), and were unemployed (58%). In
contrast, the control subjects had a higher educational level (96%
with secondary level or more) and employment rate (89%).

Interestingly, the cocaine-addicted subjects displayed a higher
incidence in the use of psychological counseling, excluding treat-
ments of severe/serious mental disorders, with 30% in men and
60% in women. These percentages were reduced in the control
group to 8% in men and 48% in women.

COMORBID MENTAL AND SUBSTANCE USE DISORDERS IN ABSTINENT
COCAINE-ADDICTED SUBJECTS GROUPED BY SEX

Comorbid substance use disorders and cocaine use-related
variables

As shown in Table 2, the cocaine group had an elevated preva-
lence of comorbid substance use disorders in addition to cocaine
use disorders, primarily alcohol (69%) and cannabis (20%) use
disorders. We observed sex differences in the prevalences of
these other substance use disorders because they were more
common in men than in women: alcohol use disorders were
diagnosed in 80% of men and 40% of women (p < 0.01), and
cannabis use disorders were diagnosed in 25% of men and 7% of
women.

Focusing on the variables related to cocaine use, we did not
observe sex differences in the prevalences of abuse and depen-
dence, length of cocaine abstinence, duration of cocaine use, or
cocaine symptom severity. Therefore, the average cocaine-addicted
subject, including men and women, displayed cocaine abstinence
for 178.6 (281.7) days [mode: 120 days (range: 730)], a cumulative
cocaine use of 8.2 (6.6) years [mode: 4 years (range: 31)] and 8.1
(2.5) DSM-IV criteria for cocaine use disorders.

Comorbid mental disorders

Regarding the common psychiatric disorders assessed with the
PRISM, we found high prevalences of comorbid psychopatholo-
gies (60%): mood (38%), anxiety (22%), psychosis (20%), and
personality (35%) disorders.

Table 1 | Baseline socio-demographic variables in abstinent cocaine-addicted and control subjects grouped by sex.

Variable Cocaine group Control group
Men Women Men Women
Sex [n (%)] 40 (72.7) 15 (27.3) 48 (65.8) 25 (34.2)
Age (>18) [Mean (SD)] 371 (6.7) 42.8 (6.2)* 38.6 (9.8) 42.6 (8.4)
Body mass [Mean (SD)] Body mass index 26.2 (4.3) 25.4 (5.9) 25.4 (5.9) 23.9 (4.7)
Current marital status [n (%)] Never married 12 (30.0) 4(26.7) 23 (479) 10 (40.0)
Married/cohabiting 19 (47.5) 7 (46.7) 22 (45.8) 10 (40.0)
Divorced/separated 9 (22.5) 3(20.0.) 3(6.3) 4 (16.0)
Widowed 0(0.0) 1(6.7) 0(0.0) 1 (4.0
Living together last year [n (%)] Friends, squatters 1(2.5) 1(6.7) 3(6.3) 0 (0.0)
Parents 14 (35.0) 5(33.3) 9(18.8) 7 (28.0)
Couple 20 (50.0) 7 (46.7) 25 (52.1) 12 (48.0)
Alone 4(10.0) 1(6.7) 10 (20.8) 6 (24.0)
Others 1(2.5) 1(6.7) 121 0 (0.0)
Educational level [n (%)] < Primary level 24 (60.0) 8 (53.3) 3(6.3) 0 (0.0)
> Secondary level 16 (40.0) 7 (46.7) 45 (93.8) 25 (100.0)
Work status [n (%)] Employed 16 (40.0) 4(26.7) 42 (875) 23 (92.0)
Unemployed 22 (55.0) 10 (66) 5 (10.4) 2 (8.0)
Retired/disabled 2 (5.0) 1(6.7) 0 (0.0) 0 (0.0)
Student 0(0.0) 0 (0.0) 1(2.1) 0 (0.0)
Use of psychological resources [n (%)] No 28 (70.0) 6 (40.0) 44 (91.7) 13 (52.0)
Yes 12 (30.0) 9 (60.0) 4 (8.3) 12 (48.0)

*p < 0.05 denotes significant differences between cocaine-addicted men and women.
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Table 2 | Cocaine use-related variables in abstinent cocaine-addicted subjects grouped by sex.

Variable Cocaine group p-Value
Men (n=40) Women (n=15)
Lifetime substance use disorders [n (%)] Cocaine use disorders 40 (100.0) 15 (100.0) ns
Alcohol use disorders 32 (80.0) 6 (40.0) 0.008
Cannabis use disorders 10 (25.0) 1(6.7) ns
Other substance use disorders 9 (22.5) 2 (13.3) ns
Lifetime cocaine use disorders [n (%)] Cocaine abuse 35 (875) 14 (93.3) ns
Cocaine dependence 36 (90.0) 13 (86.7) ns
Cocaine abuse and dependence 31 (775) 12 (80.0) ns
Cocaine abstinence [Mean (SD)] Days 184.2 (323.2) 163.7 (145.2) ns
Cocaine use [Mean (SD)] Years 8.0 (6.8) 9.6 (6.5) ns
DSM-IV criteria for cocaine use disorders [Mean (SD)] Counts 8.1 (2.5) 79 (1.9) ns
ns, non-significant.
Bold indicates statistically significant p-values.
Table 3 | Psychiatric comorbidity in abstinent cocaine-addicted subjects grouped by sex.
Variable Cocaine group p-value
Men (n=40) Women (n=15)
Lifetime psychiatric disorders? [n (%)] No 18 (45.0) 4 (26.7) ns
Mood disorders 13 (32.5) 8 (53.3) ns
Anxiety disorders 5 (12.5) 7 (46.7) 0.011
Psychosis disorders 6 (15.0) 5 (33.3) ns
Eating disorders 0(0.0) 0 (0.0) -
Personality disorders 14 (35.0) 5 (33.3) ns
Mood disorders [n (%)] Primary 6 (15.0) 2 (13.3) ns
Cocaine-induced 7 (17.5) 5 (33.3)
Primary and cocaine-induced 0(0.0) 1(6.7)
Anxiety disorders [n (%)] Primary 2 (5.0 3(20.0) ns
Cocaine-induced 3 (75) 2 (13.3)
Primary and cocaine-induced 0(0.0) 2 (6.7)
Psychosis disorders [n (%)] Primary 0 (0.0) 0 (0.0) ns
Cocaine-induced 6 (15.0) 5 (33.3)
Primary and cocaine-induced 0(0.0) 0 (0.0)
Personality disorders [n (%)] Borderline 6 (15.0) 3(20.0) ns
Antisocial 6 (15.0) 1(6.7)
Borderline and antisocial 2 (5.0) 1(6.7)

aPsychiatric disorders diagnosed with PRISM.
ns, non-significant.
Bold indicates statistically significant p-values.

According to sex, cocaine-addicted women showed higher
prevalences of mood, anxiety (p < 0.05), and psychosis disorders
compared with cocaine-addicted men (Table 3). Though some
women were diagnosed with both primary and cocaine-induced
disorders for mood and anxiety disorders, no men were diagnosed
with primary and cocaine-induced disorders (the two together).
However, these psychiatric prevalences were not significantly
different between men and women, although there was alimitation
in the sample size considered.

Regarding personality disorders, we observed no differences
between the sexes.

PLASMA CONCENTRATIONS OF CHEMOKINES ACCORDING TO
HISTORY OF COCAINE ADDICTION AND SEX

The mean plasma concentrations of CX3CL1/fractalkine, CCL2/
MCP-1, and CXCL12/SDF-1 in the cocaine and control groups are
shown in Figure 1. Two-way ANCOVAs were performed to ana-
lyze the chemokine concentrations. Covariates age and BMI were

www.frontiersin.org

February 2015 | Volume 6 | Article 17 | 25


http://www.frontiersin.org
http://www.frontiersin.org/Addictive_Disorders_and_Behavioral_Dyscontrol/archive

Pedraz et al.

Sex and cocaine addiction

A
= 150 -
E 3 Control
g Ml Cocaine
L
£ 100 A
st
E
<
£
£ 50 A
—
Q
)
%
© o
Men Women
B 50 -
= [ Control
g 40 A El Cocaine
o
&
—~ 30 A *kk
a koK
Q
g 20 A
Q
]
O 10 A
Q
0
Men Women
C 400 -
= 3 Control
E‘J Ml Cocaine
& 300 A *%
i
=
a 200 -
L
o
o
g 100 -
7
]
0
Men Women
FIGURE 1 | Plasma concentrations of chemokines in abstinent
cocaine-addicted and control subjects grouped by sex. (A) CX3CL1/
fractalkine (pg/mL); (B) CCL2/MCP-1 (pg/mL); and (C) CXCL12/SDF-1
(pg/mL). The bars represent means + SD. The data were analyzed by
two-way ANCOVA and multiple comparison tests. (**) p <0.01 and (***)
p < 0.001 denote significant differences compared with the respective
control men or control women.

included in the analyses but there was not a significant effect of
the covariates on either chemokine concentrations.

We did not observe main effects of history of cocaine addiction
and sex on plasma CX3CL1 concentrations, but there was a sig-
nificant interaction effect (F} 12, =4.60, p=0.034) (Figure 1A).
However, the plasma concentrations of CCL2 were significantly
affected by history of cocaine addiction (Fj,12; = 42.03, p < 0.001)
(Figure 1B). The multiple comparisons showed that cocaine-
addicted men and women had significantly decreased CCL2
concentrations (***p <0.001) compared with their respective
controls. Similarly, history of cocaine addiction (Fj122=7.72,
p=0.006) had a significant main effect on CXCL12 concentrations
(Figure 1C). In this case, we detected a significant decrease

in cocaine-addicted women (**p < 0.01) compared with control
women, but this difference was not found in men.

Therefore, sex had no significant primary effect on chemokine
concentrations.

PLASMA CONCENTRATIONS OF CYTOKINES ACCORDING TO HISTORY
OF COCAINE ADDICTION AND SEX

The plasma concentrations of IL-1f, IL-6, IL-10, and TNFa in
the cocaine and control groups are illustrated in Figure 2. Again,
there was not a significant relationship between the covariates and
cytokine concentrations.

As shown in Figure 2A, the IL-1f concentrations were sig-
nificantly affected by history of cocaine addiction (Fy,122 =5.73,
p=0.018) and by sex (F},122 =20.41, p < 0.001). An interaction
between history of cocaine addiction and sex was also detected
(F1,122 =8.36, p=10.005). The paired comparisons revealed that
control women had significantly increased IL-18 concentrations
(+ + +p<0.001) compared with control men (3.81+2.06
and 1.40 &£ 1.55 pg/mL, respectively). However, cocaine-addicted
women had a significant decrease in the IL-1f concentrations
(**p < 0.01) relative to control women but exhibited no differ-
ences compared with cocaine-addicted men.

The IL-6 concentrations (Figure 2B) were also significantly
affected by history of cocaine addiction (Fj,125 = 13.46, p < 0.001)
and sex (F1,122 = 11.05, p = 0.001). Additionally, there was a signif-
icant interaction between the factors (Fy 122 = 13.35, p < 0.001).
Thus, although control women had higher IL-6 concentra-
tions (+ + +p<0.001) than did control men (5.98 £2.41
and 3.37 £ 2.08 pg/mL, respectively), the IL-6 concentrations in
cocaine-addicted women were significantly lower (***p < 0.001)
than in control women.

In relation to IL-10 (Figure 2C), history of cocaine addic-
tion (F1,122 =8.69, p= 0.004) and sex (F1,122 =11.14, p= 0.001)
had a significant primary effect on the IL-10 concentrations.
There was an interaction between the factors (Fj 2, =25.63,
p < 0.001). Considering the post hoc comparisons, control women
had increased IL-10 concentrations (+ + p <0.01) relative to
control men (2.20 £ 1.12 and 1.32 & 1.06 pg/mL, respectively). In
addition, cocaine-addicted women exhibited a significant decrease
in IL-1B concentrations (*p <0.05) compared with control
women, but cocaine-addicted women had higher concentrations
(+ p < 0.05) than did cocaine-addicted men.

Finally, the statistical analysis of TNFa concentrations
(Figure 2D) revealed a significant main effect of history of cocaine
addiction (F1)122 =3498, p< 0.001) and sex (F1,122 =20.90,
p <0.001) after adjusting for covariates. There was an interac-
tion between history of cocaine addiction and sex (F,122 = 22.46,
p<0.001). Once again, control women had higher TNFa
concentrations (+ + +p<0.001) than did control men
(32.55+16.21 and 13.47 4 11.28 pg/mL, respectively). Cocaine-
addicted women showed a significant decrease in TNFa concen-
trations (***p <0.001) compared with control women, but no
differences compared with cocaine-addicted men.

Therefore, we observed higher cytokine concentrations in
women than in men. Moreover, a specific and dramatic decrease in
cytokine concentrations was observed in cocaine-addicted women
but not in cocaine-addicted men.
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FIGURE 2 | Plasma concentrations of cytokines in abstinent
cocaine-addicted and control subjects grouped by sex. (A) Il-18 (pg/mL);
(B) I-6 (pg/mL); (C) IL-10 (pg/mL); and (D) TNFa (pg/mL). The bars represent
means + SD. The data were analyzed by two-way ANCOVA and multiple
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comparison tests. (*) p <0.05, (**) p<0.01, and (***) p <0.001 denote
significant differences compared with control women. (+) p < 0.05, (++)
p<0.01, and (+ + +) p <0.001 denote significant differences compared with
the respective control men or cocaine-addicted men.

PLASMA CONCENTRATIONS OF FATTY ACID DERIVATIVES ACCORDING
TO HISTORY OF COCAINE ADDICTION AND SEX

The plasma concentrations of fatty acid derivatives were grouped
into the following categories: (i) saturated (SEA and PEA),
monounsaturated (POEA and OEA), and polyunsaturated (AEA
and LEA) N-acyl-ethanolamines (Figure 3) and (ii) 2-acyl-
glycerols (2-AG and 2-LG) (Figure 4). Significant relationships
between the covariates (age and BMI) and these fatty acid
derivative concentrations were detected by the statistical analysis.

N-acyl-ethanolamines

History of cocaine addiction (Fj,122 = 11.09, p=0.001) had a sig-
nificant main effect on plasma SEA concentrations, but sex had
no effect (Figure 3A). There was not a significant effect of the
covariates on SEA concentrations, and the post hoc tests using
unadjusted means only indicated a significant decrease in the
cocaine-addicted men (***p < 0.001) compared with the control
men. Regarding the other saturated lipid derivative (Figure 3B),
plasma PEA concentrations were also significantly affected by his-
tory of cocaine addiction (Fy 122 = 11.04, p = 0.001) without effect
of the covariates. However, cocaine-addicted subjects showed sig-
nificantly higher plasma PEA concentrations than did controls in
both men (*p < 0.01) and women (**p < 0.01).

A two-way ANCOVA revealed a significant primary effect
of history of cocaine addiction (Fj 12, =13.79, p <0.001) and
sex (F1,122=16.07, p <0.001) on plasma POEA concentrations
(Figure 3C). Additionally, there was a significant interaction
between history of cocaine addiction and sex (Fj,j2; =8.45,
p =0.004). In this case, there was a significant relationship between
BMI and POEA concentrations (Fj,j2; =5.11, p=0.026), and
BMI explained 4.7% of the variance. Consequently, all pairwise

comparisons were performed using estimated marginal means
with fixed values of covariates (age = 39.41 and BMI = 25.34). The
confidence interval (CI) adjustments for the Bonferroni test indi-
cated the following estimated marginal means of POEA concentra-
tions and standard errors: 0.084 = 0.008 ng/mL (0.068—0.100, 95%
CI) in control men, 0.097 £ 0.010 ng/mL (0.077-0.11, 95% CI)
in control women, 0.093 % 0.009 ng/mL (0.076-0.110, 95% CI)
in cocaine-addicted men and 0.170 £ 0.015 ng/mL (0.139-0.200,
95% CI) in cocaine-addicted women. Multiple comparisons with
adjusted means indicated that the main effect of history of cocaine
addiction was exclusively observed in cocaine-addicted women. A
marked increase in plasma POEA concentrations was observed
in cocaine-addicted women (***p <0.001) relative to control
women but also in comparison with cocaine-addicted men (4
+ 4 p < 0.001). There were no changes in POEA concentrations
in men.

Regarding the other monounsaturated lipid derivative
(Figure 3D), plasma OEA concentrations were only affected by
cocaine use (Fp,122 =30.73, p <0.001). There was a significant
relationship between age and OEA concentrations (F} 12, = 6.84,
p=0.010), and the covariate explained 6.2% of the vari-
ance. The adjusted means (age=39.41 and BMI=25.34) of
OEA concentrations and standard errors of the means were
as follows: 2.263 £0.137 ng/mL (1.991-2.536, 95% CI) in con-
trol men, 2.120 + 0.175 ng/mL (1.774-2.466, 95% CI) in control
women, 3.258 £ 0.147 ng/mL (2.966-3.550, 95% CI) in cocaine-
addicted men and 3.180 £ 0.259 ng/mL (2.666—3.693, 95% CI) in
cocaine-addicted women. Multiple comparisons of these adjusted
means indicated that the cocaine group had significantly higher
plasma OFA concentrations than did the controls in both men
(**p <0.01) and women (***p < 0.001).
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and (***) p < 0.001 denote significant differences compared with the
respective control men or control women. (+++) p < 0.001 denotes
significant differences compared with cocaine-addicted men. POEA, OEA,
and AEA concentrations are adjusted means with the following values of
covariates: age = 39.41 years and BMI =25.34.

Two polyunsaturated N-acyl-ethanolamines, AEA and LEA,
were also measured and statistically analyzed. Similar to OEA
and the saturated lipid mediators, history of cocaine addic-
tion produced a main effect on plasma AEA concentrations
(F1,122 =38.59, p < 0.001) (Figure 3E). However, there was a sig-
nificant effect of BMI (Fj 12 =6.29, p=0.014) that explained
5.8% of the variance. The estimated marginal means (age = 39.41

and BMI=25.34) of AEA concentrations were as follows:
0.467 £ 0.032 ng/mL (0.404-0.530, 95% CI) in control men,
0.421 £ 0.040 ng/mL (0.341-0.501, 95% CI) in control women,
0.668 £ 0.034 ng/mL (0.601-0.736, 95% CI) in cocaine-addicted
men and 0.753 £ 0.060 ng/mL (0.634-0.872, 95% CI) in cocaine-
addicted women. The paired comparisons showed that both
cocaine-addicted men and women had a significant increase in
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AEA concentrations (**p <0.01 and ***p < 0.001, respectively)
compared with their respective controls.

When LEA concentrations were analyzed (Figure 3F), we
observed a significant primary effect of history of cocaine addic-
tion (F1,122 =45.80, p <0.001). Here, an interaction between
both factors was also detected (F},12, = 5.58, p=0.020). BMI and
age had no effect on LEA concentrations. Multiple comparisons
showed significant increases in the plasma LEA concentrations of
cocaine-addicted men (***p < 0.001) and women (***p < 0.001)
in comparison with their respective controls, but we observed no
differences between both sexes.

Overall, free N-acyl-ethanolamine concentrations were found
to be increased in the plasma of cocaine-addicted subjects with no
effect of sex. However, there were two exceptions: (i) SEA concen-
trations were decreased in the cocaine group and (ii) POEA con-
centrations were increased exclusively in cocaine-addicted women.
The covariates age and BMI were found to be significantly related
to the plasma concentrations of certain acyl derivatives (i.e., POEA,
OEA, and AEA).

2-acyl-glycerols
As shown in Figure 4, the plasma concentrations of 2-AG and
2-LG were determined to be glycerol-derived molecules.

Statistical analysis revealed a significant main effect of his-
tory of cocaine addiction (Fj 2, =7.60, p=0.007) on 2-AG
concentrations (Figure 4A). There was a significant relationship
between age and 2-AG concentrations (Fj 125 = 9.85, p=0.002),
and the covariate explained 8.7% of the variance. The adjusted
means (age=39.41 and BMI=25.34) of 2-AG concentrations
and standard errors were as follows: 6.869 % 0.508 ng/mL (5.861—
7.877, 95% CI) in control men, 5.779 4+ 0.646 ng/mL (4.497—
7.060, 95% CI) in control women, 5.116 £ 0.545 ng/mL (4.035-
6.197,95% CI) in cocaine-addicted men, and 3.749 & 0.958 ng/mL
(1.849-5.650, 95% CI) in cocaine-addicted women. Paired
comparisons did not indicate significant differences among
groups.

Finally, we also found a significant primary effect of history
of cocaine addiction (Fy 120 =16.57, p < 0.001) on plasma 2-LG
concentrations. We observed no effects of age or BMI on the 2-LG
concentrations. The post hoc tests indicated significant decreases
in the 2-LG concentrations of cocaine-addicted subjects compared
with the control group for both men (***p < 0.001) and women
(*p < 0.05).

Unlike N-acyl-ethanolamines, the plasma concentrations of
glycerol derivatives were decreased in the cocaine group, but
sex differences were not found. Interestingly, there was a robust
relationship between BMI and 2-AG concentrations.

PLASMA CONCENTRATIONS OF CHEMOKINES, CYTOKINES, AND FATTY
ACID DERIVATIVES IN SUBJECTS WITH A HISTORY OF COCAINE
ADDICTION

The plasma concentrations of chemokines, cytokines, and fatty
acid derivatives in the cocaine group were analyzed by univariate
general linear models to evaluate their relationships with cocaine
symptom severity, diagnosis of comorbid psychiatric disorders,
and length of cocaine abstinence (Table 4). Additionally, the
relationships with BMI, age, and sex were also evaluated.
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FIGURE 4 | Plasma concentrations of 2-acyl-glycerols in abstinent
cocaine-addicted and control subjects grouped by sex. (A) 2-AG
(ng/mL); and (B) 2-LG (ng/mL). The bars represent means + SD. The data
were analyzed by two-way ANCOVA and multiple comparison tests. (*)
p <0.05and (***) p <0.001 denote significant differences compared with
the respective control men or control women. 2-AG concentrations are
adjusted means with the following values of covariates: age =39.41 years
and BMI=25.34.

We observed no relationships between plasma concentrations
of chemokines and cytokines and such variables. In fact, the main
effect of sex on cytokine concentrations in the control and cocaine
groups was not observed when only the cocaine group was ana-
lyzed. However, the plasma concentrations of several fatty acid
derivatives were found to be associated with certain variables.

Thus, SEA concentrations were related to the diagnosis of
comorbid psychopathologies (p < 0.01), and an increase in SEA
concentrations was observed in cocaine-addicted subjects diag-
nosed with psychiatric comorbidity. As previously observed,
POEA and AEA concentrations in the cocaine group were found
to be affected by BMI (p < 0.05). Additionally, there was a main
effect of sex (p=0.001) on POEA concentrations. Regarding
2-acyl glycerol derivatives, whereas 2-AG concentrations were
significantly affected by age and sex (p < 0.05), 2-LG concentra-
tions were affected by diagnosis of psychiatric comorbidity and
sex (p <0.05). Similar to SEA, an increase in 2-LG concentra-
tions was observed in cocaine subjects diagnosed with psychiatric
comorbidity.

Thus, among the independent variables related to cocaine
addiction in the cocaine group that were evaluated, we only found
significant associations between comorbid psychiatric disorders
and fatty acid derivative concentrations (i.e., SEA and 2-LG).
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Table 4 | Multiple relationships between plasma concentrations of chemokines, cytokines, and fatty acid derivatives (dependent variables) and

independent variables in abstinent cocaine-addicted subjects.

Dependent variable

Main effect (independent variable)?

Sex Body Age Length of Cocaine Comorbid
mass cocaine symptom psychiatric
index abstinence severity disorders

F p-value F p-value F p-value F p-value F p-value F p-value
UNIVARIATE GENERAL LINEAR MODELS
CX3CL1 (fractalkine) 2.194 ns 0.930 ns 0.222 ns 0.010 ns 2.469 ns 0.354 ns
CCL2 (MCP-1) 0.005 ns 0.949 ns 0.657 ns 0.524 ns 0.687 ns 3.204 ns
CXCL12 (SDF-1) 0.452 ns 0.018 ns 0.026 ns 0.001 ns 2.651 ns 0.011 ns
1B 1.162 ns 0.433 ns 0.545 ns 0.121 ns 2.550 ns 2.434 ns
-6 0.012 ns 0.272 ns 0.854 ns 0.411 ns 1.872 ns 3.690 ns
10 2.103 ns 1.091 ns 2.407 ns 1.791 ns 1.033 ns 2.765 ns
TNFa 0.165 ns 0.004 ns 0.036 ns 0.076 ns 0.218 ns 3.032 ns
SEA 0.004 ns 0.774 ns 0.266 ns 1.408 ns 1.842 ns 11.49 0.002
PEA 1.246 ns 0.91 ns 1.116 ns 0.490 ns 1.746 ns 1.858 ns
OEA 0.300 ns 0.095 ns 1.181 ns 0.098 ns 0.501 ns 2177 ns
POEA 12.88 0.001 6.798 0.013 0.01 ns 0.427 ns 0.185 ns 0.037 ns
AEA 0.453 ns 4578 0.039 0.166 ns 0.265 ns 2.842 ns 2.691 ns
LEA 2.601 ns 3.458 ns 0.144 ns 0.138 ns 1.584 ns 0.946 ns
2-AG 4.593 0.039 0.149 ns 6.619 0.014 0.503 ns 0.004 ns 2.288 ns
2-LG 6.703 0.014 0.063 ns 2.981 ns 0.003 ns 0.692 ns 6.897 0.012

aTests of between-subjects effects.
ns, non-significant.
Bold indicates statistically significant p-values.

DISCUSSION

The present findings show that sex is a relevant modulatory factor
in the presence of comorbid mental and substance use disorders
in individuals with lifetime cocaine use disorders. As expected,
cocaine-addicted men seeking treatment were more common than
women. Whereas the abstinent cocaine-addicted men were char-
acterized by increased rates of other substance use disorders such
as alcohol and marijuana, the cocaine-addicted women showed a
higher prevalence of comorbid mental disorders, such as mood,
anxiety, and psychotic disorders. Additionally, the plasma concen-
trations of putative biomarkers for cocaine addiction and comor-
bidity were influenced by sex. In the present study, we examined sex
differences in inflammatory mediators and fatty acid derivatives
because these molecules were reported to be affected by the patho-
logical use of cocaine (19, 20). The most relevant findings were that
all of the evaluated inflammatory cytokines and the monounsat-
urated fatty acid derivative POEA were found to be differentially
altered in cocaine-addicted women, extending the influence of sex
to plasma biomarkers for cocaine addiction. In addition, SEA and
2-LG concentrations were associated with psychiatric comorbidity
in abstinent cocaine-addicted subjects.

In the present study, subjects diagnosed with lifetime cocaine
use disorders showed high rates of mental and other substance
use disorders, as reported previously in cocaine users and absti-
nent cocaine-addicted subjects (11, 12, 27), and there were dif-
ferences in the psychiatric prevalence according to sex. Several

epidemiological studies have observed significant sex differences
among subjects diagnosed with mood and anxiety disorders.
The incidence of mental disorders is enhanced in women com-
pared with men, particularly in periods of life such as preg-
nancy, maternity, menopause, or after traumatic events (15).
These elevated rates of lifetime psychiatric disorders in women
have also been reported with substance use disorders (14, 28).
Consistent with these previous studies, we diagnosed a higher
prevalence of comorbid mental disorders (i.e., mood, anxiety,
and psychosis) in women, whereas higher rates of other sub-
stance use disorders (especially with alcohol) were observed in
cocaine-addicted men. As expected, the lifetime cocaine symp-
tom severity was severe in both sexes with no differences with
respect to length of abstinence and duration of cumulative
cocaine use.

Collectively, these findings suggest that any potential bio-
marker for cocaine addiction and psychiatric comorbidity must
account for the influence of sex. Recent evidence indicates that
cocaine and other psychostimulants alter the peripheral concen-
tration of circulating mediators that may influence the cognitive
and behavioral changes associated with the process of addiction.
Among these mediators, we assessed the plasma concentrations of
inflammatory mediators and fatty acid derivatives. Chemokines
and proinflammatory mediators are affected by cocaine symp-
tom severity, whereas anti-inflammatory fatty acid derivatives
such as endocannabinoids and their congeners are affected by

Frontiers in Psychiatry | Addictive Disorders and Behavioral Dyscontrol

February 2015 | Volume 6 | Article 17 | 30


http://www.frontiersin.org/Addictive_Disorders_and_Behavioral_Dyscontrol
http://www.frontiersin.org/Addictive_Disorders_and_Behavioral_Dyscontrol/archive

Pedraz et al.

Sex and cocaine addiction

the history of pathological use of cocaine and the presence of
comorbid disorders. However, the impact of sex has not been suf-
ficiently studied because the female population seeking outpatient
treatment in centers for cocaine addiction is very low, as previously
indicated (1).

CHEMOKINE AND CYTOKINE CONCENTRATIONS

Growing evidence has demonstrated naturally occurring sex dif-
ferences in the immune response and inflammatory mediators.
During their reproductive years, women have a more potenti-
ated cellular and humoral immune response than do men (29).
Indeed, it is thought that fluctuations in estrogen may alter
immune cell function by affecting cytokine and chemokine pro-
duction (30). Furthermore, several recent reports have related
inflammatory mediators in blood and cerebrospinal fluid to addic-
tion to drugs of abuse, such as alcohol, psychostimulants, and
opiates (31).

Chemokines are chemoattractants that are involved in leuko-
cyte trafficking to the site of inflammation (32), but they also
play an important role in neuronal development, maturation,
survival, and regeneration in the central nervous system (CNS)
(33). Therefore, cerebral changes underlying addiction and psy-
chiatric comorbidities might be reflected in peripheral alterations.
Recently, chemokines have been proposed as pathologically rel-
evant biomarkers or therapeutic targets for psychiatric disorders
(34). In fact, we found that the CCL2 and CXCLI12 concentra-
tions were decreased in both male and female cocaine users. These
changes in circulating chemokines are in accordance with the
results from another study in abstinent cocaine-addicted popu-
lation, which suggested that these chemokines were biomarkers
for the pathological use of cocaine, although we observed no
changes in plasma CX3CL12 concentrations (20). Moreover, we
detected no differences by sex in the plasma concentrations of
these chemokines.

In addition to chemokines, we evaluated plasma cytokine con-
centrations, including pro- and anti-inflammatory mediators. In
this case, we found a clear sexual dimorphism in the circulating
concentrations of all of the cytokines assessed in the present study.
The plasma concentrations of IL-18, IL-6, IL-10, and TNFa were
higher in healthy women compared with men. Interestingly, these
differences were absent in subjects diagnosed with lifetime cocaine
use disorders.

Previous studies have reported that chronic exposure to drugs
of abuse, such as alcohol and cocaine, suppresses immune
responses. Contradictory data have been published in relation
to alcoholism. For instance, whereas a significant increase in the
production of IL-1f, IL-6, IL-12, and TNFa was observed in
chronic alcoholics without liver disease, chronic alcoholics with
liver disease who were drinking alcohol showed low produc-
tion of IL-1p and TNFa (35). Regarding cocaine, it has been
reported that cocaine-dependent subjects show a decreased capac-
ity to express proinflammatory cytokines such as TNFa and IL-6
in monocytes (36). Further, we have recently shown that absti-
nent cocaine-addicted subjects have low TNFa concentrations and
IL-1B concentrations, and that they are affected by the cocaine
symptom severity (20). Our data may be related to long-term
cocaine-induced changes in cytokine concentrations, but these

changes were only produced in women with no effect in male
addicts. The plasma concentrations of inflammatory cytokines
were clearly reduced in women, and such cytokine reduction might
be associated with decreased immune activity and an increased
risk of developing mental disorders (15, 37). However, plasma
concentrations of chemokines and cytokines were not associated
with sex and comorbid psychopathologies in cocaine-addicted
subjects.

FATTY ACID DERIVATIVE CONCENTRATIONS

Several lines of evidence suggest that bioactive lipids, such as endo-
cannabinoids and related congeners, are involved in the acquisition
and maintenance of drug-taking behavior and other processes
associated with addiction (38, 39). However, all of these stud-
ies are based on preclinical observations because there are few
studies concerning plasma lipid derivatives in individuals with
substance use disorders (40, 41), principally with alcohol use (42,
43). Endocannabinoids act on cannabinoid receptors to exert their
effects and are composed of two structural types of lipid deriv-
atives: N-acyl-ethanolamines (e.g., AEA) and 2-acyl-glycerols
(e.g., 2-AG).

Clinical studies in alcohol users reported that alcohol use affects
circulating endocannabinoid concentrations after moderate and
chronic consumption (42, 43). Regarding cocaine use, we recently
showed that N-acyl-ethanolamine concentrations are increased
in abstinent cocaine addicts, whereas both 2-AG and 2-LG are
reduced (19). Interestingly, distinct profiles of both endocannabi-
noid types (AEA and 2-AG) have also been described in distinct
brain areas after administering drugs of abuse in rodents (44,
45). In agreement with these studies, the present study shows
that plasma concentrations of all lipid-derived molecules were
distinctly affected by history of cocaine addiction. All N-acyl-
ethanolamines, except SEA, were found to be increased in cocaine-
addicted subjects, but 2-acyl-glycerols were decreased in relation
to healthy subjects. Overall, we observed no sex differences in the
changes of plasma concentrations of fatty acid derivatives. How-
ever, the POEA concentrations were found to be altered exclusively
in women diagnosed with lifetime cocaine use disorders. Our
current data show that plasma POEA was markedly increased in
abstinent cocaine-addicted women, and similar changes have been
previously observed in another study with cocaine addicts who
were diagnosed with comorbid mood or anxiety disorders (19).
Little is known about POEA, but it has been suggested that it regu-
lates appetite and energy metabolism through a non-cannabinoid
receptor (46, 47). Interestingly, palmitoleate is the fatty acid from
which POEA is derived, and the former has been suggested to be
a lipokine associated with metabolic abnormalities (48). In fact,
we observed a significant effect of BMI on POEA concentrations
of our sample, and this influence stayed with the cocaine group.
However, there are no data related to the role of POEA in psy-
chopathologies and addiction. In the present study, we did not
observe relationships between POEA concentrations and variables
related cocaine addiction such as length of abstinence, cocaine
symptom severity, or diagnosis of comorbid psychopathologies,
but sex was strongly associated with POEA in cocaine-addicted
subjects. Although the small number of cocaine-addicted women
does not allow for a conclusion of the impact of comorbid mental
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disorders on POEA concentrations, we must note that female
addicts have a higher prevalence of psychiatric comorbidity than
do men.

The associations between circulating endocannabinoids and
mental disorders have been extensively studied in clinical stud-
ies, and a common observation found in these disorders is the
elevated concentrations of N-acyl-ethanolamines (49-51). Fur-
ther, increased N-acyl-ethanolamine concentrations have been
observed in psychiatric patients with substance use disorders,
such as in schizophrenia patients (40). Accordingly, we observed
a significant relationship between SEA and diagnosis of comor-
bid psychiatric disorders in cocaine-addicted subjects, with higher
concentrations in comorbid addicts. However, classical endo-
cannabinoids such as AEA and 2-AG were not influenced by
comorbidity.

LIMITATIONS AND FUTURE PERSPECTIVES

Our findings support the importance of monitoring these puta-
tive predictors in the context of a history of cocaine addiction by
accounting for both sex differences and psychiatric comorbidity.

We are aware of the limitations of the current study. First, the
number of cocaine-addicted women is small, and replicating these
data with a larger sample will be necessary to confirm the sexual
dimorphism observed in the present study, primarily in plasma
cytokines and POEA. Second, we must determine whether these
alterations in cocaine-addicted women are exclusively attributable
to sex or to comorbid psychiatric disorders. Therefore, new stud-
ies in female psychiatric patients with no history of drug abuse
will be necessary to elucidate the influence of mental disorders in
these circulating predictors of cocaine addiction. Related to these
mentioned limitations, women were randomly recruited without
considering the menstrual cycle, and this condition should be
considered in future studies including cocaine-addicted women.
Third, with regard to the cocaine use effect, we are unaware of
the effects on the plasma concentrations of these molecules in
active cocaine users because the presence of cocaine can induce
prolonged activation, and the present data were obtained from
subjects with a history of addiction. Animal models can be a use-
ful tool to perform future investigations for responding to these
questions. Finally, the recruitment of abstinent cocaine-addicted
subjects under treatments in centers for addiction was performed
on an outpatient basis; consequently, medications as well as social
and environmental factors must be considered.

In summary, whereas the plasma concentrations of inflam-
matory and fatty acid-derived mediators may allow for a better
stratification of cocaine addicts, the sexual dimorphism must also
be considered for the adequate selection of biomarkers for cocaine
addiction and therapeutic purposes.
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Introduction: Mounting evidence from both animal and human studies suggests that
females are more vulnerable to drug and alcohol abuse than males. Some of this
increased risk may be related to behavioral traits, such as impulsivity. Here, we examined
sex differences in two forms of behavioral impulsivity (inhibitory control and impulsive
choice) in young men and women, in relation to their level of alcohol consumption and
alcohol-related problems (at-risk or non-risk).

Methods: Participants performed a go/no-go task to assess inhibitory control and a
measure of delay discounting to assess impulsive choice.

Results: On the measure of inhibitory control, at-risk women committed significantly
more inhibitory errors than at-risk men, indicating poorer behavioral control among the
women. By contrast, no sex differences were observed between at-risk men and women
in delay discounting, or between the male and female non-risk drinkers on any measure.

Conclusion: Heavy drinking women displayed poorer inhibitory control than heavy
drinking men. It remains to be determined whether the sex differences in inhibitory control
are the result of drinking, or whether they pre-dated the problematic drinking in these
individuals.

Keywords: behavioral impulsivity, inhibitory control, impulsive choice, go/no-go, delay discounting, alcohol, AUDIT

Introduction

Alcohol abuse has been traditionally considered a male-oriented problem and as a consequence
research on risk factors specific to women has been minimal. However, the sex gap in alcohol
consumption and alcohol-related problems is closing rapidly, especially among young adult drinkers
(1-4). Specifically, sex differences in frequency and quantity of alcohol consumption, frequency
of binge drinking, and prevalence of alcohol abuse and dependence are shrinking, due primarily
to increased consumption and prevalence rates in women. In fact, binge drinking rates in women
are beginning to surpass those in men in some areas (5). Further, findings from both animal and
human studies suggest that females may actually be more vulnerable to drug and alcohol use than
males (6-8). Given the increase in alcohol use among women and their increased vulnerability to
alcohol-related problems, it is important to identify risk factors for alcohol abuse in women.

One potential risk factor is impulsive behavior. Growing evidence indicates that there are at least
two separate components of impulsive behavior: poor inhibitory control (behavioral disinhibition)
and impulsive choice (delay discounting), and both forms are strongly implicated in alcohol and
drug abuse (9-11). Alcohol-dependent individuals display poor inhibitory control compared to
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healthy, social drinking controls (12, 13), and poor inhibitory
control prospectively predicts the development of alcohol-related
problems (14-16). Heavy drinkers also display greater impul-
sive choice (i.e., steeper discounting of the value of rewards that
are delivered after a delay) than social drinking controls (17,
18), and delay discounting prospectively predicts greater alcohol
consumption among adolescents over a 2-year period (16).

There is some evidence that healthy men and women differ on
measures of impulsive behaviors, although results are mixed and
depend on specific tasks administered (19). Regarding inhibitory
control, women and girls exhibit poorer inhibition than males on
stop signal tasks, which measure the time required to inhibit a
response (20, 21). By contrast, men exhibit poorer inhibition on
go/no-go tasks, which measure the number of inhibitory failures
(22-24). Regarding delay discounting, some studies have found
that women discount more than men using hypothetical or chance
(based on the role of the die) discounting procedures (25-27),
whereas other studies have found greater discounting in men
using both hypothetical and chance (based on a lottery) discount-
ing procedures (28, 29). Taken together, sex differences do appear
to exist, but the direction of the differences varies across specific
domains of impulsive behavior.

To date, only a handful of studies have examined sex differ-
ences in impulsive behaviors among problematic drinkers. The
interpretation of studies with experienced users is complex, as it
is difficult to determine whether any observed behavioral differ-
ences pre-dated and contributed to the drinking, or whether the
behaviors changed as a result of the drinking. Nevertheless, the
findings are informative and useful in designing interventions.
Initial evidence shows that heavy, binge drinking women display
greater inhibitory deficits compared to both heavy drinking men
and light drinkers, on both stop signal and go/no-go tasks (30,
31). By contrast, Bobova et al. (32) found that heavy drinking
men discounted a hypothetical monetary reward more than heavy
drinking women, although this sex difference was not specific
to heavy drinkers. Finally, Yankelevitz et al. (33) examined sex
differences in discounting of hypothetical money and hypothetical
alcohol in regular drinkers. Although men and women did not
differ for either commodity alone, women discounted alcohol
more than money, whereas men discounted the two commodities
equally. In sum, evidence suggests that poor inhibitory control
could be a specific risk factor for heavy, problematic drinking
in women, but the current findings regarding sex differences in
impulsive choice among drinkers are equivocal.

The current study examined sex differences in both inhibitory
control and impulsive choice as a function of drinking status in a
community sample of young adult drinkers (n = 743). Participants
were classified as “at-risk” or “non-risk” drinkers based on their
scores on the Alcohol Use Disorders Identification Test [AUDIT;
(34)]. The AUDIT is a screening instrument that classifies indi-
viduals based on both patterns of alcohol consumption (i.e., fre-
quency and quantity) as well as occurrence of negative alcohol-
related consequences. Participants who met the cutoff score of 8
or higher for hazardous drinking were classified as at-risk and
those who scored below 8 were considered to be non-risk. Par-
ticipants performed the go/no-go task to assess inhibitory control
and the delay discounting task (DDT) to assess impulsive choice.

We hypothesized that overall, at-risk drinkers would be more
impulsive on both tasks (i.e., display greater inhibitory failures and
steeper delay discounting) compared to non-risk drinkers. Addi-
tionally, we hypothesized that among at-risk drinkers, women
would display poorer inhibitory control than men. Analyses of
sex differences in delay discounting were considered exploratory,
given the lack of consistent findings from previous studies.

Materials and Methods

Participants

Volunteers were recruited from the community through online
and printed advertisements. Inclusion criteria included ages
18-30, at least a high school education, fluency in English, no
current or past year diagnosis (including alcohol or substance
dependence) on the Diagnostic and Statistical Manual of Men-
tal Disorders, Fourth Edition (35), no lifetime alcohol or sub-
stance dependence (other than caffeine or nicotine), and at least
some alcohol consumption within the past year. The study was
approved by the Institutional Review Board of the University of
Chicago, and was carried out in accordance with the Declaration
of Helsinki. Participants provided informed consent and were
compensated for their time.

Procedure

These data were obtained in the course of a larger genetic study.
Participants attended a 4-h experimental session (morning or
afternoon) during which they completed several behavioral tasks
and self-report measures in counterbalanced order. Participants
were instructed to abstain from alcohol and drugs (other than
their usual amounts of caffeine and nicotine) for 24 h before
the visit, and breath and urine samples were obtained to verify
compliance. After compliance testing, participants completed the
tasks and questionnaires reported here.

Measures

Go/No-Go Task

Inhibitory control was assessed using a go/no-go task (Figure 1)
that measures the ability to inhibit inappropriate responses. This
task has been used extensively in alcohol and drug abuse research,
and findings have consistently found that heavy substance use is
associated with greater inhibitory errors (9, 36). Go (X) and no-go
(K) targets were presented on the computer screen. Participants
were told to respond as quickly as possible to go targets but to
inhibit their response to the no-go targets. Most (85%) of the trials
were go targets, establishing the “go” response as prepotent, and
making it more difficult to inhibit when the no-go targets occa-
sionally appeared. The number of inhibitory failures (i.e., failures
to inhibit a response to a no-go target) provided the dependent
measure of interest. Data were considered invalid if go target accu-
racy was less than 55% or if there were no successful inhibitions
(suggesting a lack of understanding of task instructions).

Delay Discounting Task
Impulsive choice was assessed using a delay discounting task
(DDT; Figure 2) that assesses the relative value of immediate
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FIGURE 1 | Schematic of a go (top) and no-go (bottom) trial on the go/no-go task.

No-Go Trial

Fixation

No Go stimulus

(no response)

versus delayed rewards (37). This task has also been used exten-
sively in drug abuse research, and studies have consistently shown
greater discounting of delayed rewards by substance abusers (9,
11, 17). Participants made a series of choices (90 total) between
a smaller amount of money (ranging from $10 to $99) delivered
immediately, and a larger amount of money ($100) delivered after
a delay (i.e., 1, 7, 14, 30, 60, 90, 180, or 365 days). They were told
that at the end of the session a random number would be generated
and if they guessed the number correctly they would receive the
amount of one of their choices. Thus, subjects performed the
task knowing that there was a chance they would receive one of
their choices. Indifference points were calculated based on the
smallest amount of money chosen over the large reward at each
delay. Response consistency was calculated at each delay to ensure
that participants were performing the task appropriately, and a
threshold of 75% consistency was set to indicate adequate effort.
The indifference points were plotted to form a discount function,
and the area under the curve (AUC) of the discount function
provided the dependent measure of impulsive choice (27, 38). A
smaller AUC indicates a steeper discounting curve, and therefore
greater impulsivity.

Alcohol Use Disorder Identification Test

The AUDIT is a 10-item self-report measure that assesses patterns
of drinking, dependence, and alcohol-related problems. Scores
range from 0 (no alcohol-related problems) to 40 (most severe
alcohol-related problems), and a score of 8 or greater is typically
indicative of hazardous drinking (34). Accordingly, we classified
participants with AUDIT scores less than 8 as “non-risk drinkers”
and participants with AUDIT scores of 8 or greater as “at-risk
drinkers.”

Would you rather have

Trial Screen
$20 $100

In 7 days

Response

FIGURE 2 | Schematic of a trial on the delay discounting task.

Timeline Follow-Back

Participants completed a retrospective timeline calendar of their
alcohol consumption for the past 28 days to assess daily patterns
of drinking (39). The measure uses “anchor points” to structure
and facilitate participants’ recall of past drinking episodes. For
each day, participants estimated the number of standard drinks
they consumed. The TLFB provided two measures of drinking
habits over the past 28 days: (a) drinking days (total number of
days alcohol was consumed) and (b) binge days (number of days
in which four or more drinks were consumed for women or five or
more drinks were consumed for men). The TLFB was added to the
study protocol after the study had begun, and thus data from this
measure are only available from a subset of participants (n = 457).
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Statistical Analysis

The effects of sex and at-risk drinker status on task performance
were analyzed by 2 (sex: male vs. female) x 2 (group: at-risk vs.
non-risk) between-groups analyses of variance (ANOVA). Signif-
icant interactions were followed by post hoc t-tests comparing men
and women separately in the at-risk and non-risk groups.

Results

Sample Characteristics

The sample consisted of 743 healthy adults (296 men and 447
women; mean age = 22.9 years, SD = 3.2). Sample characteristics
are presented in Table 1. In the sample as a whole, women were
slightly younger than men [between-groups t-test: £(741) =2.5,
p=0.01]. No other sex differences in sample demographics were
observed (between-groups t-tests: ps > 0.64). The racial make-up
of the sample was as follows: Asian (n=27), African-American
(n=27), Caucasian (n=675), and other (n = 14). The majority
of participants were Caucasian as these data were collected as part
of a larger genetic study.

Drinking Habits

Slightly less than one quarter of the sample (n = 173; 90 men and
83 women) were classified as “at-risk” drinkers (AUDIT scores
>8) and the remainder (n=570; 206 men and 364 women)
were classified as non-risk drinkers (AUDIT scores <8). There
were no risk group differences or sex x risk group interactions
for any demographic variables (Table 1; ps > 0.10). Measures of
drinking habits (TLFB and AUDIT) are presented in Table 1
separately for men and women within each group. All alcohol
consumption measures were greater in the at-risk compared to
the non-risk group (between-groups ¢-tests: ps < 0.001). Men and
women in the at-risk drinker group did not differ on any alcohol

TABLE 1 | Demographics and drug use characteristics of participants.

consumption measures (ps > 0.05). Among the non-risk drinkers,
men had higher AUDIT scores, #(568) = 2.9, p = 0.003.

Go/No-Go Task

Valid go/no-go data were obtained for 679 participants (22 par-
ticipants were missing data and 42 participants had invalid data).
Figure 3 presents mean inhibitory failures separately for men
and women in the at-risk and non-risk drinker groups. The
figure shows that overall women committed more inhibitory
failures than men, as evidenced by a main effect of sex, F(1,
675) =6.53, p=0.011. Moreover, the figure shows that the sex
difference was more pronounced in the at-risk drinker group
compared to the non-risk group. This was confirmed by a signif-
icant sex x group interaction, F(1, 675) = 3.88, p = 0.049. Follow-
up between-groups t-tests showed significantly more inhibitory
failures in women than men in the at-risk group, #(152) =2.58,
p=0.011, but no difference in women and men in the non-
risk group, £(523) = 0.60, p = 0.55. No significant differences were
observed between risk groups among men or women (ts < 1.85,
ps>0.05).

Delay Discounting Task

Valid delay discounting data were obtained for 734 participants
(6 participants were missing data and 3 participants had invalid
data). Figure 4 presents mean AUC of the discounting curve
separately for men and women in the at-risk and non-risk drinker
groups. Neither men and women nor risk groups differed on this
measure (ps > 0.40).

Associations Between Task Performance and
Demographics

Performance on the go/no-go task was not related to delay dis-
counting in the sample as a whole (r=0.01, p=0.73) or when

At-risk drinkers

Non-risk drinkers

Men (n =90) Women (n =83) Total (n =173) Men (n =206) Women (n = 364) Total (n =570)

Age (mean, SD) 23.3(3.5) 22.0(2.8) 22.6 (3.2) 23.3(3.3) 22.9(3.1) 23.0(3.2)
Education in years (mean, SD) 156.3(2.9) 14.9(1.9) 15.1 (2.1) 15.4 (2.3) 15.5(2.0) 15.5(2.1)
Race (number, %)

Caucasian 80 (89%) 79 (95%) 159 (92%) 187 (91%) 329 (90%) 51 6 (91%)

African-American 2 (2%) 2 (1%) 11 (5%) 14 (4%) 25 (4%)

Asian 7 (8%) 7 (4%) 5 (2%) 15 (4%) 20 (4%)

Other 1(1%) 4 (5%) 5 (3%) 3 (2%) 6 (2%) 9 (1%)
IQ (mean, SD) 119.0 (10.5) 120.3 (10.3) 119.6 (10.4) 119.5(9.4) 118.7(9.2) 119.0 (9.3
Alcohol use measures

AUDIT (mean, SD) 10.5 (2.5) 10.2 (2.4) 10.3 (2.4) 4.5(1.7) 4.1 (1.9 4.2(1.8)

TLFB? (mean, SD)

Drinking days/month 13.0 (6.5) 11.0 (5.8) 12.2 (6.2) 8.2 (6.0) 7.4(5.4) 7.7 (5.6)

Binges/month 4.5(3.5) 4.4(3.6) 4.5(3.5) 1.2(1.7) 1.3(1.8) 1.3(1.7)
Cigarettes/day (mean/SD) 1.1(2.6) 0.6 (1.9 0.9 (2.1) 0.6 (1.8) 0.5(2.2) 0.5(2.1)
Marijuana (number, %)

None 31 (34%) 4 (41%) 65 (37%) 125 (61%) 245 (67%) 370 (65%)

Monthly 37 (41%) 37 (45%) 74 (43%) 52 (25%) 94 (26%) 146 (26%)

Weekly 7 (19%) 0 (12%) 27 (16%) 22 (11%) 24 (6.5%) 46 (8%)

Daily 5 (6%) 2 (2%) 7 (4%) 7 (3%) 1(0.5%) 8 (1%)
@Data gathered from a subset of participants (n = 457).
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FIGURE 3 | Mean inhibitory failures on the go/no-go task for men and
women in the non-risk (AUDIT scores below 8) and at-risk (AUDIT
scores of 8 or above) drinker groups. In the non-risk group, men (n = 190)
and women (n = 335) did not differ. In the at-risk group, women (n = 75)
committed significantly more inhibitory failures than men (n=79), p =0.01.
Capped vertical lines represent standard error of the mean (SEM).
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FIGURE 4 | Mean area under the curve on the delay discounting task
for men and women in the non-risk (AUDIT scores below 8) and at-risk
(AUDIT scores of 8 or above) drinker groups. No sex differences were
observed in either group. Capped vertical lines represent standard error of the
mean (SEM).

analyzed individually by sex (men: r=—0.01, p = 0.84; women:
r=0.03, p=0.54). Inhibitory failures on the go/no-go task were
negatively correlated with age (r=—0.20, p <0.001) and edu-
cation (r=—0.08, p=0.04). AUC of the discounting curve was
positively correlated with education (r=0.12, p=0.001) and IQ
(r=0.22, p<0.001). As greater AUC indicates less discount-
ing, these correlations indicate that greater impulsive choice is
associated with lower IQ and less education. Sex differences in
both go/no-go task performance and delay discounting were re-
analyzed controlling for each of these demographic variables, and
the results remained unchanged.

Discussion

This study examined sex differences in behavioral impulsivity
(i.e,, poor inhibitory control and impulsive choice) in at-risk
and non-risk drinkers. Risk status was determined by scores on
the AUDIT, a self-report measure that assesses frequency and
quantity of alcohol consumption and alcohol-related problems. As
hypothesized, at-risk women displayed poorer inhibitory control
than at-risk men, but no sex differences were observed in the non-
risk drinkers. On impulsive choice, no differences were observed
in either men vs. women or by risk group.

Our findings of sex differences in inhibitory control are largely
consistent with previous reports. Specifically, other studies have
shown that heavy drinking women exhibit greater inhibitory
deficits than heavy drinking men and light drinkers (30, 31). Fur-
ther, in previous studies of women only, heavy drinking women
show greater inhibitory deficits than light drinking women
(40, 41). Although statistically significant differences were not
observed between the at-risk and non-risk women in the current
study, the direction of findings are in line with these reports and
provide further support for inhibitory deficits among hazardous
female drinkers. Regarding impulsive choice, the current findings
are not consistent with one prior report of greater discounting
among men compared to women in a sample of both alcohol-
dependent individuals and controls (32). As no participants met
dependence criteria in the current study, it could be that sex differ-
ences in delay discounting are more pronounced among individu-
als with alcohol use disorders. Taken together, these findings sug-
gest that problematic alcohol consumption in women is strongly
linked to poor inhibitory control, but not delay discounting.

Given mounting evidence of a link between disinhibition and
heavy drinking in women, it is important to determine the causal
direction of this association, as inhibitory deficits could be either
a cause or consequence, or both, of heavy drinking. Evidence
that sex-specific biological factors contribute to poor inhibition
in non-alcohol abusing women would suggest that inhibitory
deficits precede the onset of heavy drinking. For example, sex
differences in circulating levels of gonadal hormones, including
estradiol (E2), could influence inhibitory control. Indeed, Colzato
et al. (20) showed that women exhibit poorer inhibition than
men only when E2 levels are high, and that poorer inhibition is
correlated with higher salivary measures of E2. Additionally, sex
differences could exist in activation of neural circuitry underlying
inhibitory control. Initial neuroimaging studies have reported that
this circuitry is less strongly activated during response inhibition
in women compared to men (42-45), although there are also
reports of less activation in men (46), or complex differential
patterns of activation in men and women (47). In sum, there is
preliminary evidence of biologically based mechanisms under-
lying sex differences in inhibitory control, suggesting that poor
inhibition may precede, and be a risk factor for, excessive and
problematic alcohol use in women.

Alternately, evidence that women are more sensitive to the neu-
rotoxic effects of alcohol would suggest that observed inhibitory
deficits in women are a consequence of heavy drinking. Although
findings are mixed, there is some evidence of greater adverse
effects of alcohol on brain structure in adult female compared
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to male alcoholics [for review, see Ref. (48)]. Further, in a sam-
ple of adolescents, Squeglia et al. (49) observed thicker cortices
(indicative of less synaptic pruning) in frontal regions in binge
drinking females compared to controls, as well as an associa-
tion between thicker cortices and poorer inhibition in females.
This group also observed decreased brain activation in female
binge drinkers compared to controls during performance of a
spatial working memory task, and decreased activation was asso-
ciated with poorer task performance (50). Although no studies to
date have examined neural activation underlying poor inhibitory
control in heavy drinking female adolescents or adults, there is
evidence to suggest that females may be more sensitive to the
adverse effects of alcohol on inhibition-related brain structure and
function.

There are several limitations to this study. First, we did not
specifically recruit for heavy drinkers and excluded any poten-
tial volunteers with a history of alcohol dependence. As such,
non-risk drinkers were over-represented in this sample, and this
may have contributed in part to our failure to replicate well-
established findings showing greater impulsive behavior in haz-
ardous drinkers. Indeed, meta-analyses of impulsive behavior
(poor inhibitory control and greater impulsive choice) report the
most pronounced effects when alcohol dependent individuals
are compared to healthy controls, and much weaker effects for
non-dependent drinkers compared to controls (13, 17). It will be
important for future studies to examine sex difference in impulsive
behaviors within alcohol dependent populations, while taking
into account other psychiatric symptoms that could influence sex
differences, such as anhedonia (51). An additional limitation of
the sample is the over-representation of women. It is important to
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The purpose of this review is to discuss recent findings related to sex differences in
behavioral dyscontrol that lead to drug addiction, and clinical implications for humans
are discussed. This review includes research conducted in animals and humans that
reveals fundamental aspects of behavioral dyscontrol. The importance of sex differences
in aspects of behavioral dyscontrol, such as impulsivity and compulsivity, is discussed
as major determinants of drug addiction. Behavioral dyscontrol during adolescence is
also an important consideration, as this is the time of onset for drug addiction. These
vulnerability factors additively increase drug-abuse vulnerability, and they are integral
aspects of addiction that covary and interact with sex differences. Sex differences in
treatments for drug addiction are also reviewed in terms of their ability to modify the
behavioral dyscontrol that underlies addictive behavior. Customized treatments to reduce
behavioral dyscontrol are discussed, such as (1) using natural consequences such as
non-drug rewards (e.g., exercise) to maintain abstinence, or using punishment as a
consequence for drug use, (2) targeting factors that underlie behavioral dyscontrol, such
as impulsivity or anxiety, by repurposing medications to relieve these underlying condi-
tions, and (3) combining two or more novel behavioral or pharmacological treatments to
produce additive reductions in drug seeking. Recent published work has indicated that
factors contributing to behavioral dyscontrol are an important target for advancing our
knowledge on the etiology of drug abuse, intervening with the drug addiction process
and developing novel treatments.

Keywords: animal models, behavioral dyscontrol, drug addiction, food addiction, impulsivity, sweet intake, sex
differences, novel treatments

INTRODUCTION

Addiction and related impulse control disorders have an estimated cost to society of 600 billion
dollars per year (1). In humans, substance abuse varies with current drug availability trends and sex
differences are reported (2), but the direction of those differences is not always consistent, as it varies
with current trends in substance availability and cost (3). However, in recent years, women exceed
men in the abuse of prescription drugs, men use more alcohol and stimulant drugs than women, and
the use of nicotine has been more equal across sexes (4). By contrast, animal studies have revealed
more consistent trends in drug-seeking behavior indicating that females are more likely to initi-
ate and maintain drug-seeking behavior, and they have a better response to treatment than males.
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Sex differences in drug abuse, hormonal influences, and their
implications for treatment have been extensively reviewed with
regard to animal and human studies (3, 5-9). A recent finding
that is important to our understanding of sex differences in drug
abuse is that underlying aspects of addiction, such as compulsive
and impulsive behavior (e.g., behavioral dyscontrol) are strong
determinants of addiction, and differences in drug taking depend
on several factors, such as type of drug, behavioral measures that
are used, and sociocultural influences [e.g., Ref. (10)].

The present review focuses on elements of behavioral dyscon-
trol that increase vulnerability to drug abuse and add to sex differ-
ences to evaluate the importance of sex, hormonal conditions, as
well as other individual differences, in developing treatments for
drug addiction. In this review, findings from laboratory animals
and human research will be discussed separately. We discuss major
aspects of behavioral dyscontrol and how they interact with sex
differences to contribute to vulnerability to drug addiction and
receptivity to treatment. Behavioral dyscontrol is defined as mala-
daptive influences, behavior that an individual has difficulty stop-
ping. It includes impulsivity, compulsive binge-like behavior, and
itis particularly prevalent during adolescence (vs. adulthood), the
time when drug addiction is most prevalent. In several reviews of
factors that underlie drug addiction, these topics have emerged
as the strongest contributors to addictive behavior, and there
are interactions among them. The goal of this review is to bring
the sex differences and behavioral dyscontrol literature together
within the drug-abuse context to better understand critical
vulnerability factors for drug addiction and how that knowledge
may be useful in developing prevention and treatment strategies.
Parallels are also drawn to other forms of addiction, such as food
addiction (11-13), to illustrate that mechanisms of dyscontrol
that underlie these addictive behaviors are similar. Thus, it may be
instructive to target elements of dysregulation such as impulsive
and compulsive behavior when developing strategies to treat drug
addiction. For each of the following determinants of drug addic-
tion, results from animal and human studies will be considered
separately with respect to sex differences.

The study of sex differences in addiction has branched into
several directions since our initial work of the late 1990s [see
Ref. (14)]: the next section (Section 2) compares sex differences
observed in human and animal models of drug abuse to under-
stand how this factor affects addiction potential. Section 3 focuses
on the underlying processes of addiction, such as impulsivity that
leads to drug seeking. Thus, differences in addictive behavior in
rats selected for high vs. low impulsivity (Hil vs. Lol) will be
discussed and results extended to human drug addiction. Section
4 considers compulsive behavior that makes addictive behavior
persist by comparing sex differences in compulsive, binge-like
characteristics of addiction using selectively bred rat lines that
were bred to binge drink a saccharin (SACC) solution (HiS) vs.
rats that consume low to normal levels of SACC (LoS). These HiS
and LoS rat lines are genetically predisposed to show high vs. low
levels of drug seeking. These findings are discussed with respect
to food addiction and its similarity to drug addiction. Section 5
compares sex differences during a critical developmental period
(adolescents vs. adults) on measures of behavioral dyscontrol
and drug addiction. Comparing different ages is a natural study

in behavioral dyscontrol, as adolescence is the time when most
humans express higher rates of impulsivity, compulsivity, and
drug-seeking behavior compared with adults. Finally, Section 6
considers sex and individual differences in response to treatment
for behavioral dyscontrol and drug addiction. Novel treatments
are discussed, such as environmental enrichment, competing
rewards/activities (e.g., exercise), and consequences (positive and
negative). Pharmacological treatments are also discussed, such
as medications to target underlying factors in addiction, such as
impulsivity and anxiety. Self-sustaining treatments and custom-
ized treatments for addiction-prone and -resistant phenotypes
are examined, as well as novel treatment combinations.

SEX AND HORMONAL INFLUENCES ON
DRUG ADDICTION

Sex differences in drug addiction is an area of research that has
received increased attention since it began over 15 years ago,
when the early studies were first reviewed (14), to the present
when research in both sexes at all levels of animal research is
recommended (15), and will be mandated by NIH (16). Sex dif-
ferences in drug addiction have been discussed in recent reviews
of animal and human studies (3, 5-8, 17). In non-human ani-
mals, the direction of the sex differences generally favors greater
avidity for drugs in females than males, and this is mainly due
to hormonal differences. However, sex differences in studies of
drug addiction in humans are less clear, as they are influenced by
both hormonal conditions and societal factors (3). A key factor in
understanding sex differences in drug addiction is that in females
estrogen increases drug-seeking and drug-rewarding effects,
whereas progesterone (PRO) decreases drug-seeking behaviors
to the levels of males. By contrast, male hormones (e.g., testoster-
one) have little influence on drug addiction. The importance of
sex differences and hormonal conditions in addictive behaviors
in animal and human research has been recently reviewed (3, 5,
7,8, 17-20) and is summarized in separate sections below along
with suggestions of areas where future work is needed.

Laboratory Animals

Preclinical findings on vulnerability factors in drug abuse have
been extensively reviewed in recent years [e.g., Ref. (5-7, 17, 18,
21-28)]. These reviews also indicate that sex differences occur
in each phase of the addiction process ranging from initiation
(acquisition) to maintenance, escalation, withdrawal, and relapse.
In general, female animals exhibit greater vulnerability than
males to drug-seeking behavior during most of these phases.
An exception is that during drug withdrawal (26, 29-31), and
when considering other negative or punishing effects of drugs
(22, 23), males generally show more susceptibility than females
to these negative drug-related effects. While sex differences in
animal research occur across most phases of addiction, and they
are consistent, the effects are modest in size. Observing a sex
difference effect in drug addiction research is usually depend on
the use of drug naive animals, low-to-moderate drug doses, and/
or relatively demanding reinforcement schedules. Sex differences
are not as likely to be found at high doses, or when access to the
drug requires minimal effort, as ceiling effects occur.
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However, there are relatively few reports of substantial sex dif-
ferences in humans compared to the stronger sex-specific effects
found in animals, which may be explained by environmental condi-
tions. In experimentally naive animals, background conditions and
experimental environments are minimal and typically the same for
all animals, focusing on one variable, sex differences or hormonal
conditions, with only minimal non-drug rewards available in the
drug-taking environment (e.g., food, water). Thus, sex differences
in drug seeking are more likely to emerge in animals (vs. humans)
and be attributed to the rewarding effects of the drug, as the drug
is a highly salient commodity. By contrast, in human studies, par-
ticipants are not drug naive, there is environmental diversity (vs.
uniformity), and historical factors as well as concurrently available
of competing rewards can also influence self-reports of the reward-
ing effects of abused drugs. Another difference is that drug abuse is
measured by actual drug intake in animals, whereas it is measured
by self-report and choice or hypothetical choice in humans.

Humans

Sex differences in drug effects are reported in humans, and they
are similar to those found in animals; females generally exceed
males in drug use, although to different degrees with different
types of drugs (5). For example, in recent years, women were
more likely than men to use prescription drugs, such as sedatives,
tranquilizers, and opioids for pain, whereas men were more likely
to use illicit drugs (32). Overall, in humans, females are more avid
drug seekers than males with regard to several drugs of abuse,
such as alcohol (33), amphetamine (34), cannabinoids (19),
cocaine (14, 20), nicotine (35), opioids (36), and phencyclidine
(37). By contrast, as reported in studies with rats and monkeys,
males generally show more susceptibility than females to negative
drug effects, such as drug withdrawal (38).

Sex differences in drug addiction in humans are strongly
influenced by biological conditions such as estrogen and PRO
levels (39) and the PRO (P) to estrogen (E) ratio (P/E) (40) during
different phases of the menstrual cycle that has been suggested as
an index of hormonal status in humans (40). However, sex dif-
ferences in drug addiction are also determined by sociological as
well as biological factors (10, 17). For example, when considering
sex differences in human alcohol and opioid use in the 1700s, and
comparing that to alcohol, opioid use in the late 1800s to early
1900s, it is clear that as social norms and legal policy changed,
drug-abuse patterns have shifted in women and men over time
(17). Kornetsky (10) illustrated that due to cultural changes and
changes in job opportunities, family structure, and other social
factors, alcohol and opioid abuse were more common in women
than men in the 1800s, but in the 1900s, men exceeded women
on use of most drugs, and those patterns shifted, depending on
the drug, in the late 1990s to the present.

Current Research on Sex Differences in
Addiction

The study of sex differences in drug addiction did not begin in
earnestuntilabout 1998 [see Ref. (14)]. Inrecent years, the study of
sex differences (41) and the impact of ovarian hormones (42) have
expanded exponentially and taken on several new directions. For
example, to better understand the differences and commonalities

between sex differences in both laboratory animals and humans,
animal research models have been developed to represent the
human condition, such as modeling fundamental diagnostic cri-
teria used in humans (43, 44) and modeling reduced sensitivity to
treatment of drug-seeking behaviors, such as escalation (45, 46)
and relapse (47, 48). The goal is not only to study sex differences in
drug addiction in isolation but also to begin with the foundation
of behavioral dyscontrol from which it arises, and consider major
factors that constitute behavioral dyscontrol, such as impulsive
choice and action, compulsive, binge-like drug seeking, and age
(adolescence vs. adulthood). Age is especially important because
adolescence and young adulthood is when the majority of drug
abuse begins. It is ethically difficult to prospectively study this
time period in humans; thus, it is essential to work in tandem
with laboratory animal models. Biological and behavioral events
that occur during this time may be crucial to finding solutions for
prevention and treatment of addiction. Another novel approach
of this review is to discuss sex differences in novel treatments
that were developed in animals and tested in humans for drug
addiction, and how their effects differ by sex and other vulner-
ability factors involving impulsive and compulsive behavior. This
area has been neglected in most previous reviews, as no viable
treatment strategies are currently available to adequately treat
human drug addiction. However, the animal literature has begun
to reveal several promising leads for prevention and treatment.
Section “Sex Differences in the Effect of Novel Treatments for
Behavioral Dyscontrol and Drug Addiction” will consider several
novel treatments that might be self-sustaining in humans.

Thus, the present review will focus on sex differences in behavio-
ral dyscontrol, highlighting key individual differences that can lead
to drug addiction. These include impulsive drug seeking in the
form of impulsive choice and action, such as compulsive behavior
that leads to binging on drugs when extended access is available,
and excessive drug seeking during abstinence that can lead to
relapse. The sections that follow will examine sex differences in
impulsive [for a detailed review, see Weafer and de Wit (49)], and
other individual differences such as compulsive, binge-like intake
of a sweetened liquid (SACC) [see reviews in Ref. (22-26, 28, 31,
Carroll et al., under review)], and age (adolescence vs. adult) (50).
Subsequently, behavioral and pharmacological interventions for
reducing these forms of behavioral dyscontrol will be discussed.
Table 1 summarizes the vulnerable behaviors that will be discussed
as predecessors and predictors of drug abuse, impulsivity, compul-
sivity, and age (adolescents vs. adults), and how treatment success
varies by the vulnerability characteristic. These three vulnerability
characteristics will be discussed in Sections “Sex Differences in
Impulsivity and Drug Addiction,” “Sex Differences in Compulsive
Sweet Consumption as a Predictor of Drug Addiction,” and
“Sex and Age (Adolescent vs. Adult) Differences in Behavioral
Dyscontrol and Drug Addiction,” respectively, and compared by
sex for laboratory animals and humans.

SEX DIFFERENCES IN IMPULSIVITY AND
DRUG ADDICTION

Impulsivity, defined as behavior without forethought or
consideration of future consequences, is a familiar form
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TABLE 1 | Summary of individual differences in selected and selectively-
bred rats showing trends in vulnerability to addiction, behavioral
dyscontrol, reaction to aversive events, and treatment outcome as a
function of sex, age (adolescent vs. adult), impulsivity (I), and sweet
intake (S).

Reaction  Treatment Reference
to aversive outcome

Vulnerable Individual
behaviors difference

events
Drug F>M M > F F>M Anker and Carroll (6),
addiction Becker et al. (17), Carroll
et al. (under review), Lynch
etal. (51, 263), Perry et al.
(53), Anker et al. (54),
Cosgrove and Carroll (55)

Adoles > Adult > Adult > Carroll and Anker (7,

Adult Adoles Adoles 263), Anker and Carroll
(18), O'Dell et al. (57),
Perry et al. (52), Anker
and Carroll (56), Spear
and Swartzwelder (50)

Adoles > Adoles > Zlebnik et al. (58)

Adult Adult

HMI > LMI HMI > LMl Economidou et al. (71)

HMI > LMI Diergaarde et al. (77),
Belin et al. (78),

Dalley et al. (79)

Hil = Lol Lol > Hil Regier et al. (59)

Hil > Lol Anker et al. (54), Perry et
al. (73), Poulos et al. (75),
Diergaarde et al. (77)

Hil > Lol Lol > Hil Broos et al. (69)

HiS > LoS LoS>HiS LoS>HiS Dess et al. (60, 61), Carroll
etal. (25, 28, 62), Perry
et al. (29), Anker and
Carroll (56), Holtz et al.
(63), Holtz and Carroll (23,
24, 64)

Impulsive M > F Jentsch and Taylor (65),
action Bayless et al. (66),
Burton and Fletcher (67)
HiS > LoS Anker et al. (68)
Hil = Lol Broos et al. (70)
Impulsive  F>M van Haaren et al. (72),
choice Perry et al. (53),
Koot et al. (74)

F=M Perry et al. (73)

HMI > LMI HMI > LMl Robinson et al. (80)

HMI = LMI Broos et al. (70)

HiS > LoS Perry et al. (52)

Sweet F>M Carroll et al. (25, 28),
intake Hil > Lol Carroll and Holtz (22)

M, male; F, female; Hil, Lol, selected for high vs. low impulsive, delay discounting; HMI,
LMI, high and low motor impulsive, 5-CSRTT; HIS, LoS, selectively bred for high vs. low
saccharin intake.

of behavioral dyscontrol that has been linked to attention
deficit/hyperactivity disorder (ADHD) and is a criterion for
substance abuse, pathological gambling, and eating disorders
[Ref. (81); see review by Fattore et al. (3)]. Impulsivity is
often separated into two main forms: impulsive choice and
impulsive action. Impulsive choice is defined as a preference for

a small-immediate reward over a larger-delayed choice (82),
whereas impulsive action is considered the inability to withhold
a response until an appropriate time is signaled (83). Animal
and human preclinical studies have shown that both forms of
impulsivity are positively related to drug abuse [for reviews,
see Ref. (27, 49, 84, 85)]. There is strong clinical evidence that
greater impulsive choice is associated with the development of
drug abuse (86), and lower impulsive choice is predictive of
better treatment success (87). Results of studies in which both
forms of impulsivity have been studied in animal and human
research is discussed below.

Impulsive Choice

Impulsive choice is typically measured using procedures that
assess preference for a small-immediate reward over a large-
delayed reward over a range of delays to its receipt. One method
to quantify impulsive choice is to determine how rapidly an
individual discounts the value of the large alternative, as
delays are imposed on its receipt. A steeper discounter (more
impulsive) would devalue the larger or delayed alternative, and
they would shift their preference to the smaller-sooner alterna-
tive at shorter delays. A shallow discounter (less impulsive)
would tolerate longer delays for a larger reward. Impulsive
choice (steeper discounting) is associated with drug abuse
and decreased treatment success (85, 88), these findings may
partially explain why animal and human females (vs. males) are
more predisposed to choose drug abuse vs. healthy alternative
behaviors (27, 73, 89).

Laboratory Animals

One of the first studies of sex differences in impulsive choice used
a Y-maze to assess choice for immediate or delayed food in slightly
food restricted rats (72), and females discounted the larger-delayed
reward more than males. Subsequently, Perryetal. (52) conducted a
similar study of impulsive choice for food using a two-lever operant
conditioning chamber in which responding on one lever resulted
in a small-immediate amount of food and responding on the other
lever produced a larger-delayed amount. When this experiment
was replicated with other groups of male and female rats that self-
administered i.v. cocaine under a similar delay-discounting task,
there were no sex differences. This was likely due to a ceiling effect
since overall impulsivity for cocaine was much higher than for
food (52). In a subsequent study, Perry et al. (73) compared male
and female rats selected for high vs. low impulsivity (Hil vs. Lol),
based on the delay-discounting task for food, on acquisition of
cocaine self-administration, and on cocaine-primed reinstatement
of cocaine seeking (a model of relapse). They found that both Hil
males and females acquired cocaine self-administration faster than
Lol males and females, and Hil females showed greater cocaine
seeking during reinstatement than Lol females or either group of
males (Hi, Lol). A similar study was conducted by Koot et al. (74)
in mice that were divided into steep (more impulsive) vs. shallow
(less impulsive) discounters based on a median split. Within the
steep-discounter group females were more impulsive than males.
Overall, while there are only a few studies of impulsive choice in
animals, the results consistently support a moderately higher level
of impulsivity in females than males.
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Humans
In humans, sex differences in impulsive choice are more mixed.
Women tend to be slightly more impulsive than men when
making choices between real (lottery based) and hypothetical
monetary outcomes [Ref. (90-93); but see Ref. (94)]. However, in
some studies, no differences have been reported (95-100). Kirby
and Marakovi¢ (94) reported that men were more impulsive
than women when hypothetical money was a choice, but when
real money was based on a lottery, men discounted money more
steeply than women at the higher monetary values. Overall,
women generally show greater impulsive choices for hypothetical
rewards, but men show more impulsive choices for actual rewards.
In summary, regarding impulsive choice, results of animal
studies suggest that females exhibited more impulsivity than
males in the transition states of addiction, such as initiation and
relapse or reinstatement of drug-seeking behavior. In humans,
the methods are quite different than in animals, but women were
more impulsive toward hypothetical rewards, and men were more
impulsive for actual rewards [see Ref. (49)].

Impulsive Action

Impulsive action is typically considered an inability to inhibit
non-productive or inappropriate responses (83), and in humans
and animals, two tasks to quantify this form of impulsivity are
commonly used, the stop-signal reaction time (SSRT) and Go/
No-go tasks. These tasks signal periods of responding and non-
responding, and failures to inhibit an inappropriate response
are considered instances of impulsive action. During the SSRT, a
subject must inhibit an ongoing “go” response when a “stop” signal
is presented, making the task more difficult than the Go/No-go
task in which the participant must respond to a “go” stimulus
but inhibit a response following “no-go” stimulus. In these tasks,
researchers consider impulsive action to be an increase in errors of
commission (i.e., failures to inhibit responding to an inappropri-
ate stimulus in SSRT, more responding during a no-go period, and
longer stop-signal reaction times). These tasks are similar to the
relapse aspect of drug addiction, whereby individuals are unable
to withhold responding to drug-related cues (e.g., accepting a
drink offer).

Laboratory Animals

In an animal study of impulsive action, male and female rats were
compared on a Go/No-go task for food or i.v. cocaine infusions
(68), and no differences were found in responding for food
reward during the no-go period (impulsivity measure). However,
females made more responses for cocaine infusions during the
no-go period than males, and this was consistent with measures
of impulsive choice (52). In the five-choice serial reaction time
task (5-CSRTT), no sex differences were found in mice during
acquisition or the challenging portion when long intertrial inter-
vals (ITI), stress, and ad libitum food were tested (98). However,
over repeated testing, females were more impulsive than males
as indicated by premature responding (action impulsivity). In
another 5-CSRTT study of young vs. adult rats, no sex or age
differences were found in task acquisition, but females made
more premature responses than males in the challenging task
(long ITT) (67).

As in a previous study of impulsive choice (51), sex hormones
were implicated in studies of impulsive action. For example,
Jentsch and Taylor (65) compared intact and gonadectomized,
male and female rats, in a 5-CSRTT study, and intact males
made more premature responses than gonadectomized females
during the acquisition and challenge (long ITI) conditions.
Gonadectomy increased impulsive action in males and ova-
riectomy increased impulsive action in females, suggesting that
both testosterone and estrogen are related to impulsive action
in rats. In a recent study by Bayless et al. (66), comparing male
and proestrus female rats on the 5-CSRTT, males showed greater
impulsivity (premature responding) than females. Thus, there is
an indication that sex and hormonal status are factors in meas-
ures of impulsive action.

Humans

In tests of impulsive action with humans, sex differences have
been mixed, depending on the procedure employed. Under the
Go/no-go procedure, males tended to commit more inhibitory
errors than females (99, 100), but in other studies, there were no
sex differences (93, 101). Similar findings occurred using a con-
tinuous performance task (CPT). In an eight-study meta-analysis
of children with ADHD, boys consistently made more errors of
commission (i.e., more impulsive) than girls (102), and there were
similar findings in adolescent vs. adult smokers (103). However,
in the SSRT, females had longer reaction times (more impulsive)
than males (103-106); although, in a similar number of studies,
no sex differences were found (93, 101, 106, 107). Thus, human
sex differences in impulsive action may be procedure dependent.
Males were more impulsive on tasks requiring inhibition of ongo-
ing “go” responses (e.g., CPT and Go/No-go task), and females
were more impulsive on the SSRT task (i.e., longer reaction times)
that requires initiation of a response.

Sex differences in impulsive action also extend to drug
addiction, and women drug users are more impulsive than
men. Female heavy drinkers and adolescent smokers were more
impulsive than males on the SSRT (103, 106) and CPT (108)
tasks. Interestingly, the non-drug-seeking control males were
similar or more impulsive than the female controls, suggesting a
strong covariance of impulsive action and drug abuse in females
vs. males. Estrogen reduced impulsive behavior in a SSRT task in
humans (104), and women in the follicular phase, when estrogen
levels are peaking, were more impulsive (longer reaction times)
than during the luteal phase when the estrogen levels are low and
PRO levels peak and decline. Overall, sex and sex hormones play
a role in modulating impulsive action. Specifically, PRO reduced
impulsivity (Smethells et al., under review); thus, using PRO as
a treatment to target impulsivity may be effective for reducing
addictive behavior (see Targeting Individual Differences with
Repurposed Medications as Treatments for Addiction).

A general trend in sex differences in impulsive action in ani-
mals and humans is less clear than for impulsive choice; however,
awider range of tasks are used to assess impulsive action, and they
may be accessing different elements of the behavior. In animals,
males exhibit more impulsive action than females, but it is task
dependent. In humans, women tend to show more impulsive
action than men on several tasks [see Ref. (49)].
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SEX DIFFERENCES IN COMPULSIVE
SWEET CONSUMPTION AS A PREDICTOR
OF DRUG ADDICTION

For many reasons (e.g., television advertising, changes in food
production, and fast food access), changes in the U.S. culture over
the last century have led to a condition where two-thirds of the
population is overweight or obese, resulting in premature death
due to metabolic syndrome, diabetes, heat disease, digestive
disorders and associated cancers (109). The terms “food addic-
tion,” “hedonic overeating,” and “food insecurity” (110) have been
used recently to describe and explain chronic overeating leading
to weight gain, and these concepts highlight underlying similari-
ties between excessive eating and drug addiction. However, there
is some disagreement that the behavioral and neurobiological
mechanisms underlying this behavior are completely parallel to
those involved with drug addiction [e.g., Ref. (3, 11, 12, 22, 28,
111-113)]. Nevertheless, recognizing similarities between “drug”
and “food” addiction may be useful for designing treatment
strategies.

Animal models have also been useful in understanding
behavioral dyscontrol in food consumption as it relates to drug
addiction. For example, sugar-binging rats extended this behav-
ior to amphetamine (114), and rats selectively bred to consume
large amounts of a SACC-sweetened liquid (HiS) showed faster
initiation of heroin self-administration (62), with more animals
per group acquiring drug use, escalating, and relapsing after
forced abstinence, than rats bred for low SACC intake (LoS)
(28). Other studies that model criteria for addiction in humans
indicate that the HiS (vs. LoS) rats meet several DSM V (81)
criteria for addiction, such as tolerance, difficulty limiting use,
spending excessive time-seeking drug (29, 30), escalation of drug
intake (115), impaired ability to regulate drug intake (51, 116),
and continued use despite aversive consequences (117). HiS rats
also showed impaired ability to regulate SACC intake (51). While
sweet preference predicts all aspects of drug addiction, only a few
studies in animals and humans have reported sex differences in
these behaviors (28).

Laboratory Animals

One of the best examples of animal models of behavioral dysregu-
lation in feeding that is related to drug addiction and obesity is
from studies initiated by Dess and colleagues. They bred different
lines of rats that ingested excessively high levels of a sweet SACC
solution (HiS) or low to normal amounts of SACC (LoS). Their
early studies also revealed greater sensitivity in HiS vs. LoS rats
to several tastes, such as sweet, salty, and bitter (118), and they
found more ethanol intake in the HiS than the LoS rats (61, 119).
Subsequent studies with the HiS/LoS rat lines in our laboratory
with cocaine or heroin showed that HiS rats exceeded LoS rats
during all phases of drug addiction, including initiation, escala-
tion, or binging on cocaine during long access, resistance to
extinction when cocaine availability was terminated, and relapse
or reinstatement of drug seeking instigated by brief exposure to
cocaine, stress, or cocaine-related cues, even several weeks after
cocaine self-administration had terminated [see reviews in Ref.

(22, 25, 26, 28)]. In a recent study in our laboratory, the findings
of SACC preference predicting drug self-administration were
extended to other measures of reward, such ICSS, and HiS rats
showed more cocaine-induced reward enhancement of intracra-
nial self-stimulation than LoS rats (120). Converging results from
many of these studies suggest that avidity for sweets and drug-
taking behaviors are closely related, heritable, and substitutable
(22, 25, 114), and they likely operate through common neural
mechanisms [e.g., Ref. (121)].

A similar connection between sweet preference and drug
addiction (e.g., HiS vs. LoS) was also found with outbred rats
that were selected for high or low intake of SACC [e.g., Ref. (122,
123)], or other sweet substances, such as sucrose (124, 125), and
opioid self-administration (126). The results were similar to those
obtained in the HiS vs. LoS rat studies. The connection between
drug addiction and overindulgence in food was recently modeled
in a study by Yakovenko et al. (127) in which HiS rats exhibited
more binge-like behaviors with access to high-fat or -sugar con-
taining substances than LoS rats. This strong predictor of drug
abuse has also been found to interact with sex. Sex differences
in drug-seeking behavior were also examined in the HiS vs. LoS
rats, and females exceeded males on drug seeking and intake.
During the acquisition phase of drug self-administration, HiS
and LoS females exceeded males in ethanol intake (119). During
maintenance, females also consumed more ethanol (61, 119) and
heroin (62) than males. HiS females also scored higher than LoS
females on cocaine-induced locomotor activity and cocaine-
induced sensitization of locomotor activity (116). Thus, HiS and
female rats showed more cocaine-induced locomotor activity and
sensitization than LoS and male rats.

Overall, the comparisons of HiS vs. LoS rats indicated that
sex and SACC preference were additive predictors of behavioral
dyscontrol in the form of drug addiction. Across several studies,
the HiS females were ranked highest in drug seeking, followed
by LoS females or HiS males, and then LoS males were lowest
in terms of drug intake (22-25, 28). When the results of these
studies were translated into DSM V (81) criteria for addiction
(43), HiS rats exceeded LoS rats on several addiction criteria,
such as tolerance, difficulty limiting use, excessive time-seeking
drugs, impaired control over use, and despite punishment,
as well as resistance to withdrawal effects [see reviews in Ref.
(22-26, 28)]. Thus, the animal findings lend strong support to
the conclusion that drug and food addiction have many similar
characteristics.

Humans

In humans, parallels between food and drug addiction are
beginning to emerge, but these areas have remained separate
in the feeding literature, except for a few isolated reports. The
relationship between substance abuse disorders and avidity for
sweets has also been reported in human alcohol (128), cocaine
(129), and opioid abusers (130). However, a more recent trend
in hedonic overeating, often called “food addiction” that results
in overweight and obese individuals in nearly two-thirds of the
U.S. population, is nearly equally distributed in males and females
(131) or worldwide, slightly more prevalent in women than in
men (13). Other eating disorders, such as bulimia and anorexia
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nervosa, have not been closely studied for sex differences, as most
eating disorders have predominantly occurred in females [see
edited volume by Avena (132)], but the lack of sex differences in
the Centers for Disease Control and Prevention (131) data may
be due to several factors, such as food is an essential commodity,
whereas addictive drugs are optional. Nevertheless, the parallels
and differences between addiction to food vs. drugs may be
informative for prevention and treatment strategies. Currently,
there is little human literature regarding an interchange between
food and drug addiction, and how that might vary by sex.
However, this interchange has been clearly demonstrated in rats,
and females exceed males on both hedonic overeating and drug
addiction (22, 28). The translational implications for humans are
that as weight loss is effectively pursued, individuals will be at
higher risk for drug addiction, and this is more likely to occur in
females than males.

In summary, while animal data clearly indicate a strong con-
nection between food- and drug-seeking behavior, and females
show more drug seeking and sweet preference than males, there
are not enough data available at this time to determine whether
parallels in hedonic overeating and drug addiction extend to
humans.

SEX AND AGE (ADOLESCENT VS. ADULT)
DIFFERENCES IN BEHAVIORAL
DYSCONTROL AND DRUG ADDICTION

Age (adolescence vs. adult) is an important individual factor to
consider when evaluating the contribution of sex and behavioral
dyscontrol to addiction, because adolescence is when biological
(hormonal) and behavioral (impulsivity, risk-taking) changes
emerge in animals and humans, and these are major variables
contributing to drug addiction. Laboratory animal and human
adolescents and adults have been compared and reviewed in
several previous studies of drug addiction for their differential
responding to both the rewarding and aversive aspects (136-133).
Generally, adolescents are more sensitive to the rewarding effects
of drugs of abuse, but they have reduced sensitivity to the aversive
effects. Importantly, animal and human studies indicate that
adolescents are also more sensitive than adults to other major fac-
tors included in this review that have been noted to predict drug
addiction, such as impulsivity (56, 134) and compulsive sweet
intake (134-136). Sex differences in the development of addictive
behavior are difficult to study during the adolescent period in ani-
mals, as adolescence is only about 30 days in rodents. In humans,
there is mostly epidemiological research on behavioral dyscontrol
and adolescence vs. adulthood, which has been informative, but
prospective studies are limited due to the difficulty of studying
human adolescents. The following sections review age-dependent
effects of alcohol use in animals and humans, since it is a widely
abused and well studied in the adolescent population (2).

Laboratory Animals

The animal literature indicates that adolescent rats self-administer
about two to three times more alcohol than adult rats [e.g., Ref.
(137-139)]. Research with rats has also established that early

alcohol consumption in adolescent-exposed rats produced more
impulsive risky choices in adults, compared to control rats that
did not have adolescent alcohol access (140, 141). Contrary
to human studies, female rats tend to consume more alcohol
during adulthood than adolescence [e.g., Ref. (138, 142)]. The
higher intake of alcohol in male adolescent rats, compared
with adults, is likely due to a reduced sensitivity to the alcohol-
induced sedative/hypnotic (143), hypothermic (144, 145), motor
impairing (146), anxiolytic (147), and anxiogenic effects (148).
This decreased sensitivity combined with a slightly higher rate
of alcohol metabolism potentially enables adolescent rats (and
perhaps adolescent humans) to consume more alcohol (144, 145,
149). While adolescent rats were more vulnerable than adults to
various forms of addiction (150-152), opposite age effects have
been reported (133, 153). Several studies have investigated the
effect of adolescent drug exposure on subsequent adult drug use
in animals (56) and humans (154, 155), and the findings indicate
that early exposure facilitates adult drug abuse. Few studies have
compared sex differences in rat studies of adolescence and addic-
tion. In one study, rats self-administering cocaine were exposed
to physical exercise as a treatment, and it was more effective
in adolescents than adults (58). More details on treatment are
presented in Section “Physical Exercise””

Humans

Although few studies have compared sex and age with respect
to drug addiction, one study indicated that in humans, young-
adults (ages 18-25) drink more alcohol than older adults (ages
35-54) [e.g., Ref. (156)]. For instance, in the Naimi study, binge
drinking (>5 drinks per sitting) occurred about two to three
times more frequently in younger adults than older adults, with
males far exceeding females across all age groups. Age of expo-
sure to alcohol also interacted with other risk factors for drug
use, including impulsive and risky behavior. It has been found
that those whose initial alcohol problems began in adolescence
(age 13-17) are more impulsive than controls. Impulsivity was
observed in early drug use (157-160) and later (38-46 year olds)
after drug use had become fully established (161-166). These
results suggest that exposure to alcohol early in life may increase
impulsive and risky behavior, and adolescence may be a critical
period when drug use alters prefrontal brain development lead-
ing to increased impulsivity [Ref. (167); see reviews by Brown and
Tapert (168)]. The earlier the age of initial alcohol exposure, the
poorer the prognosis for alcohol abuse in adulthood, and this can
result from ease of access. For example, in the case of nicotine,
second-hand smoke in children and adolescents yields nicotine
content similar to actual smoking (169). Thus, parental smoking
can accelerate health risks from smoking in addition to smoke
inhaled by adolescents who use tobacco.

Dom etal. (164) found that the age of an alcohol problem onset
was important for increasing impulsive choice that is predictive
of further drug use. The rate of this increase when compared to
controls, however, was only significantly steeper (i.e., impulsive
choice was greater) for alcoholics whose alcohol problems
started earlier in life (<25 years old) but not for alcoholics whose
alcohol problems started later in life (>25 years old). Given the
small number of females included, sex differences could not be
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determined; however, the findings suggested an age-dependent
relationship between the onset of an alcohol problem onset
and impulsive choice. Thus, early alcohol exposure may cause
increased levels of impulsive and risky behavior later in life lead-
ing to more drug abuse.

Taken together, the animal and human research suggests that
age (adolescence vs. adults) is a significant vulnerability factor
that interacts with other major factors, sex and impulsivity, and
since males consume more alcohol than females during adoles-
cence, this may result in enhanced vulnerability for alcohol abuse
in males later in life.

SEX DIFFERENCES IN THE EFFECT OF
NOVEL TREATMENTS FOR BEHAVIORAL
DYSCONTROL AND DRUG ADDICTION

In previous attempts to develop treatment for drug addiction,
receptor pharmacology guided medication development. Several
medications were designed to act on transmitter systems involved
in drug addiction, and a consistent finding in these studies was
that the treatments were more successful for female than male ani-
mals. For example, female rodents showed a greater reduction in
cocaine self-administration than males when treated with kappa
opioid agonists, spiralodine (170), bremazocine (171), a GABAs
agonist, baclofen (172), a corticosterone synthesis inhibitor, and
ketoconazole (173). In more recent studies with rats modafinil (an
analeptic drug) decreased methamphetamine (METH) induced
reinstatement (relapse) in both males and females. Other studies
compared treatment effects bremazocine, a kappa opioid receptor
agonist, in female and male monkeys self-administering orally
delivered PCP (55), while females consumed more drug than
males (milligram per kilogram), they reduced their drug intake
more than males with bremazocine (171) treatment (see Table 1).
However, most of those treatments failed to show efficacy or had
undesirable side effects when translated to humans.

Despite these previous innovative treatment attempts and their
success in animals, there are currently no safe, non-addictive, effec-
tive treatments for reducing the morbidity and mortality of drug
addiction that are useful in humans, except for agonist therapies
(e.g., methadone, buprenorphine) and drugs that have modest
effects on relapse to smoking (e.g., varenicline — Chantix) or alcohol
abuse (e.g., naltrexone). This is indicated by epidemiological reports
that the rates of most forms of addictive behavior have remained
steady or increased over the last decade, and there are endless new
forms of addiction (e.g., designer drugs, bath salts, etc.) that defy
treatment (32). Thus, development of treatments for drug addiction
is a high priority. Of the studies that show some promising initial
findings, very few have compared males and females. A review of
280 treatment studies for substance abuse disorders in men and
women that were published between 1975 and 2005 indicated
better treatment outcomes for women than men (174). However,
their later analysis of the multi-site combined pharmacotherapy
and behavioral interventions for alcohol dependence program
(COMBINE), including 1383 men and women, reported that while
there were sex differences in those seeking treatment for alcoholism,
there were no sex differences in the combined treatment condition.

Women responded to naltrexone treatment combined with a medi-
cal management control condition similar to men (175).

A novel approach to designing new treatment strategies is to
target factors that underly drug addiction. For example, behavio-
ral dyscontrol is common to many forms of addiction; thus, treat-
ment models can be designed to remedy this underlying aspect of
drug abuse. The reinstatement (relapse) model has been useful for
this purpose, as it portrays several aspects of the drug addiction
process that occurs in humans, such as acquisition or initiation of
drug self-administration, steady maintenance intake, escalation
or binge-like intake of drugs, persistence of drug seeking (drug-
lever responding) during extinction or abstinence when the drug
is no longer available (compulsive drug seeking), reinstatement
or relapse of drug seeking following experimenter-administered
injections of the drug or presentation of drug-related cues or
stress stimuli, and incubation of craving (a time-dependent
increase in drug seeking) that accelerates drug craving and leads
to relapse after extended periods of abstinence (176, 177). Earlier
studies with rats and rhesus monkeys indicated that behavioral
interventions as well as medications have had some success in
reducing drug-motivated behavior, and some of these studies
indicated that females were more responsive to treatment than
males [see review by Carroll and Holtz (22)].

Much of the animal findings regarding medications for drug
addiction have generally not translated to effective treatments for
drugabuse in humans. Thus, recentanimal studies have focused on
novel treatments for drug addiction that could be self-sustaining
in humans. These include (1) using natural consequences such as
non-drug rewards or positive events (environmental enrichment)
that a drug-abusing individual might encounter in the environ-
ment that would compete with drug use (e.g., social interaction,
exercise). Also, negative consequences, such as punishment for
drug use are naturally built into the environment and can be
programed to reduce drug use. (2) Targeting factors that underlie
behavioral dyscontrol, such as impulsivity or anxiety by repurpos-
ing medications designed to relieve these underlying behaviors
that can drive drug addiction. For example, PRO [e.g., Ref. (40)]
or atomoxetine (ATO) could be used for anxiety, impulsivity, or
other forms of behavioral dyscontrol that are associated with
ADHD, and (3) combining two or more novel behavioral and
pharmacological treatments.

Environmental Enrichment

A widely studied and promising approach for reducing or pre-
venting the development drug addiction (as a form of behavioral
dyscontrol) has been to enrich the environment with non-drug
rewards [see reviews in Ref. (27, 28, 178, 179)]. This has been a
successful treatment method for reducing many aspects of drug
addiction, and it is well supported by extensive preclinical and
clinical evidence. However, this method has not been widely stud-
ied with respect to individual differences, such as sex. In earlier
studies, a commonly used method of environmental enrichment
for reducing drug-seeking behavior was to use preferred foods
(180), or place animals after weaning in a larger social environ-
ment (vs. isolated) that contains novel objects and activities (181).
Non-caloric sweet substances (e.g., SACC) were also effective as
competing rewards to reduce drug seeking in rats [e.g., Ref. (55)]
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and rhesus monkeys [e.g., Ref. (182, Carroll et al., under review)].
In these environmental enrichment studies, females reduced drug
taking more than males when they had sweet substances concur-
rently available [see reviews in Ref. (22, 25)], or when they had
prior access to a sweet substance (183, 184). Studies with female
and male monkeys self-administering orally delivered PCP (55)
or cocaine (Carroll et al., under review) indicated that females
consumed more drug than males (milligram per kilogram), but
females also reduced their drug intake more than males when
treated with access to a non-drug reward, SACC (see Table 1).
While these therapeutic advances were effective and providing
palatable substances was a powerful intervention for drug abuse
[see Ref. (22-25, 28)], more recent studies have sought to provide
a healthier environmental enrichment alternative, focusing on
social and physical elements of the environment.

Social

Taking drugs in a social environment is important for humans
and non-human primates. In behavioral economic terms, some
drugs and social rewards work together as complements, and
each increases the other, such as drinking and smoking at a social
gathering, or smoking while talking on the phone. However, in
other cases, social stimuli and drug-taking work as substitutes,
whereby one reward may replace the other (173, 185). Thus, the
rewards of social interaction can be used as substitutes to reduce
drug taking (181).

Laboratory Animals

Rearing environment is an important factor in the development
of drug self-administration. To examine this, rats were raised in
enriched conditions (EC) with a large environment, several cage
mates, and a variety of toys and exercise devices, whereas rats
raised in the isolated condition (IC) were singley housed in smaller
standard rat cages. As adults, rats were allowed to self-administer
drugs, and EC rats self-administered less amphetamine than
the IC rats (181). Lower rates of responding in EC rats (vs. IC)
indicated that the enriched environment reduced motivation for
amphetamine (lower break point on a progressive ratio schedule)
(186). The EC rats were also less impulsive during the acquisition
of an impulsive action task compared to IC rats (187), and they
were less impulsive than IC rats on an impulsive choice procedure
(73). These findings suggest that early exposure to an enriched
environment may alter sensitivity to drugs of abuse and blunt
the development of drug abuse in adulthood; however, sex differ-
ences were not often considered in these studies.

Humans

In humans, non-drug rewards delivered in a contingency man-
agement (CM) format successfully reduced drug dependence
[for a review see Ref. (188)]. In general, CM programs promote
drug abstinence through a combination of positive reinforce-
ment for drug-free urine samples. For instance, voucher-based
reinforcement therapy in which medication compliance, therapy
session attendance, and negative drug screenings reinforced with
vouchers to local business (e.g., movie theater, restaurants, etc.)
directly reinforces drug abstinence, provides competing rein-
forcers, enriches the environment, and it is a robust treatment

across a broad range of abused drugs (189). Another example of
using social rewards to reduce drug addiction was given in the
Naimi et al. (156) study, comparing younger and older adults,
who reported that enhancing non-alcohol-related campus social
programing had decreased alcohol use.

In summary, both animal and human studies indicate that
environmental enrichment is an important intervention that
moderates the development and progression of drug addiction.
There is little information regarding sex differences in social
reward at present; however, once drug use patterns have devel-
oped, non-drug rewards, such as social interaction, have the
advantage of being self-sustaining and are effective in both sexes.

Physical Exercise

There is accelerating evidence that physical exercise is a useful
treatment for preventing and reducing drug addiction [see reviews
in Ref. (28, 178, 190, 191)]. In some individuals, exercise has its
own rewarding effects, and a behavioral economic interaction
may occur, such that physical and social rewards of exercise can
substitute for the rewarding effects of drug abuse. Exercise has also
been a valuable treatment for slowing cognitive decline in patients
with dementia [e.g., Ref. (192)], health-related problems in obe-
sity [e.g., Ref. (193)], and in psychiatric disorders, such as anxiety
(194), depression (195), and schizophrenia (196). The value of
this form of treatment for drug addiction in laboratory animals
and humans is that exercise, if it can substitute for the rewarding
effects of drugs, could be self-maintained over an extended period
of time. Work to date in laboratory animals [for review, see Ref.
(191)] and humans [for review, see Ref. (178)] regarding exercise
as a treatment for drug addiction supports this hypothesis.

Laboratory Animals
Recent animal studies have consistently reported that exercise
reduces drug-seeking behavior in both self-administration
and conditioned place preference (CPP) studies [see reviews
in Ref. (28, 178, 190, 191)]. In rat studies, exercise in the form
of wheel running decreased cocaine-seeking behavior in males
and females across all phases of the drug addiction, including
acquisition (197), maintenance (58, 198-201), escalation/binging
(58, 201, 202), extinction (203-205), and reinstatement/relapse
(203-207), including extended relapse or incubation of cocaine-
cue-induced reinstatement (craving) over extended time periods
(208). Voluntary running is also effective if it is provided in the
home cage environment, and drug-seeking behavior is tested
separately in an operant chamber [e.g., Ref. (203, 204, 206, 208)].
There have been few studies directly comparing sex differences
on the effects of exercise as a treatment to reduce drug-seeking
behavior [see review by Zhou et al. (190)]; however, limited
evidence shows that concurrent access to a running wheel (vs. a
locked wheel) reduced cocaine self-administration more in female
than male rats (198). Few studies have compared sex and age in
treatment studies with rats. However, in rats self-administering
cocaine, physical exercise was more effective in adolescents than
adults (58). Exercise may be a more suitable treatment than phar-
macological interventions in adolescents who are undergoing
critical phases of development and brain maturation (209, 210).
In animal studies, both concurrent exposure to exercise (198,211)
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and prior exposure and/or exposure in a different environment
(200, 201, 203, 204, 212-215) effectively reduced drug seeking.

While both concurrent and sequential approaches are effective,
these data show actual reductions in drug intake (vs. drug seek-
ing) with concurrent access to exercise (198, 211) and other non-
drug rewards (28), while previous studies using sequential access
to exercise report that initiation of drug self-administration (213)
or drug-seeking behavior during extinction from former access
(relapse) is suppressed [e.g., Ref. (212)]. While concurrent and
sequential access to drug and exercise has not been directly
compared in rat studies, there may be an advantage to allowing
concurrent access or at least presenting both in a contiguous
time frame. For example, a previous within-subjects study using
treatment with a non-drug reward (SACC) in monkeys, with
both concurrent and sequential access, verified a more robust
reduction in drug intake with concurrent access to SACC than
sequential access (183). Thus, comparing concurrent vs. sequen-
tial access, and contingent access [e.g., Ref. (188)] with exercise as
a treatment is an important area for future research.

Recent studies in rats have examined sex differences on the
effect of previous exercise exposure in a different environment
on subsequent drug seeking during different parts of the drug
addiction process. Ehringer et al. (199) indicated that females
significantly lowered their alcohol consumption compared to
males when a running wheel was available, but not during the
reinstatement (relapse) component. Smith et al. (204) did not
find a sex difference in the effect of wheel running on cocaine
self-administration or reinstatement, but they found that females
decreased drug seeking more than the males during the first few
extinction sessions when a running wheel was available. However,
two studies directly compared the effect of exercise in male and
female rats self-administering cocaine (198) or on cocaine-primed
reinstatement (216), and both found a better effect of exercise in
reducing drugseekingin femalesthan males. In other studies, wheel
running reduced cocaine (206) and nicotine acquisition (213) and
nicotine seeking during reinstatement (212). Nevertheless, in the
cocaine study (206), males’ cocaine seeking was also reduced more
than females’ by entry into the locked wheel control condition,
and an opposite sex difference was found in the nicotine study
(212) whereby females’ nicotine seeking was reduced more than
males by entry into the locked wheel control condition. In con-
trast, Smith et al. (204) did not find a sex difference in the effect of
wheel running on cocaine self-administration or reinstatement,
but they found that females had decreased extinction responding
compared to males. Results of these and other initial studies [e.g.,
Ref. (58, 198, 205, 216, 217)] suggest that the effects of exercise are
strongest when exercise is available during the critical phases of
addiction (acquisition, maintenance, escalation, or drug-primed
reinstatement), and sex differences (F > M) are found. More
work is needed with both males and females during all phases of
addiction to identify the most effective treatment strategy. While
numerous studies exercise as a treatment for addiction have been
conducted with both male and female rodents [see Ref. (191);
Table 1] using both drug self-administration and CPP models,
approximately 80% of the work has been done with males. It was
encouraging that in most of the studies reviewed, exercise had an

advantageous effect on preventing or treating CPP for the environ-
ment where drug exposure occurred.

In general, existing studies suggest that physical exercise is
an effective deterrent to drug seeking and abuse, and it offers a
healthy, self-sustaining treatment for drug abuse. However, more
work is needed to evaluate the potential for this treatment in both
males and females and its effect on individuals with other vulner-
abilities for drug abuse. Moderate use of this treatment may be
the key to its success. For example, non-drug rewards such as
excessive amounts of sweet drinks also reduce drug addiction in
animal models (185), but they can also become addictive (112,
218) and lead to other unhealthy consequences. Similarly, while
it is uncommon, too much exercise could result in health issues,
such as exercise addiction and exercise-induced anorexia (3, 219).

In summary, emerging evidence from the animal literature
indicates that exercise is a healthy candidate for treating drug
abuse, but not enough data are available to make a strong predic-
tion regarding sex differences in treatment efficacy or the best
strategy for delivering this treatment, whether it is concurrent
with drug access, sequential, or contingent upon non-use of drug
[e.g., Ref. (188)]. In previous rat, monkey, and human studies,
concurrent and/or contingent access to drug and non-drug
rewards have been the most effective strategies for reducing drug
abuse [see Ref. (173, 178, 185, 188)].

Humans

Compared to the large number of laboratory animal studies that
have prospectively examined physical exercise as a potential
treatment for drug abuse [see Ref. (191)], human studies are few,
and the results are not as definitive. Most of the human data are
cross-sectional, but importantly they involve cigarette smoking,
which is easier to study than illicit drugs because large sample
sizes are available and it is a legal drug. However, in a recent
review of the clinical literature, Linke and Ussher (220) concluded
that there is a lack of prospective randomized clinical trials (RCT)
that are needed to study the effects of exercise not only nicotine,
tobacco, and alcohol abuse but also for other drugs that have a
high rate of abuse, such as METH. For example, in several studies,
higher abstinence rates were reported at 3 months (195, 221, 222),
6 months (223), and 12 months (221) after an exercise regimen;
however, other studies found no significant effects of exercise on
abstinence (220, 224). In a recent review of the literature on physi-
cal activity and drug abuse, Bardo and Compton (178) noted that
the impact of physical activity on the reduction of drug intake
in humans has also been shown mainly in observational studies,
both cross-sectional and prospective. Survey research has also
indicated that higher levels of physical activity are associated with
lower alcohol, tobacco, and marijuana use (225).

Reviews of these correlational studies emphasize a need for
RCT in alcohol, tobacco, and marijuana addiction, and initial
studies on the use of exercise programs for treatment tobacco use
have shown improvement for smoking cessation [e.g., Ref. (223)].
However, others have shown no benefit, possibly because they
were underpowered. There are efforts to promote physical activity
as an adjunct for smoking cessation, especially among women
(224), but key parameters, such as type and intensity (dose) of
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physical activity, have not been determined. Aside from the few
studies on tobacco and alcohol, there are no reports of RTC
studies showing improvements in outcomes on drug addiction
using exercise as an inpatient treatment. However, a RTC study
was recently reported by Rawson et al. (226), whereby they used
8 weeks of exercise as a post-residential treatment for METH
addiction, showed a significant reduction in use (confirmed by
urine screens) in participants who had been using meth 18 days or
less a month. Earlier reports from this group showed that exercise
also resulted in improvements in fitness and heart rate measures
(227, 228). In another human study on cigarette smoking, it was
reported that individuals were more successful in maintaining
abstinence if they continued their exercise program on their own
after the experimental intervention ended (221).

Animal and human research on physical exercise as a treat-
ment for stimulant addiction indicates that this is one of the most
promising treatments on the horizon. However, there are few
studies of sex differences in outcome of this form of treatment.
Initial animal work suggests that females and adolescents are
more responsive to this form of treatment than males; however,
further animal work and extension to human RTCs is needed.

Negative Environmental Consequences

For drug abusers, punishment exists in natural settings, in
the form of natural consequences for drug use, such as loss of
friends, jobs, money, and to promote survival. It has seldom
been proposed for treating drug abuse in humans, although
treatment methods for alcoholism, such as antabuse, re-setting
voucher amounts in VBRT after positive urine samples, and
revocation professional licenses for drug addition, are forms of
punishment that human drug abusers encounter. While treat-
ments based on negative environmental consequences have not
been systematically explored in humans, animal studies indicate
that negative consequences for drug use may be an important
aspect of treatment to consider. However, only a few animal
studies have modeled the effect of punishment on drug seek-
ing and drug self-administration, and results indicate that mild
forms of punishment are effective and enduring. For example,
after several months of ethanol intake, rats continued to drink
alcohol despite the consequences of footshock (229) or bitter
tasting quinine (230), and this aversion-resistant alcohol intake
is considered to be a model of compulsive drug abuse in humans
[e.g., Ref. (231)]. However, in some animals, these aversive
pairings with drug self-administration reduce drug intake. The
extent to which rats have reduced sensitivity to aversive effects
of drugs interacts with individual differences, such as sex, age
(adolescent vs. adult), sweet preference (HiS, LoS), and impulsiv-
ity (Hil, Lol). Given the individual differences in vulnerability
to addiction (see Table 1), and response to treatment effects in
rats and monkeys with biologically and behaviorally mediated
differences (male/female, Hil/Lol, HiS/LoS and adolescent/
adult), recent animal studies have considered individual differ-
ences in response to punishment as a treatment for drug abuse.
Histamine was used as a chronic, aversive condition to validate
a model of punished drug seeking that would represent the
negative emotional and physical symptoms (hangovers, anxiety,

anhedonia, and irritability) experienced by humans. Histamine
(i.v.) was added to the i.v. cocaine self-administration in groups
of male vs. female HiS vs. LoS, Hil vs. Lol, and adolescent vs.
adultrats (23, 117). All groups suppressed responding for cocaine
when histamine was added. Female and LoS rats showed a sig-
nificantly slower (5-15 days) return to baseline levels of cocaine
self-administration after histamine was terminated, and Hil and
Lol rats showed no differences throughout the experimental
phases (117). However, while adult rats also showed a greater
punishment effect than adolescent rats when histamine was
present in the cocaine solution, adults and adolescents recovered
to baseline at the same rate (23).

Consistent with the histamine findings, in other studies, adult
rats had more severe withdrawal effects than adolescent rats
(232, 233). This was in contrast to findings that adolescent rats
self-administering cocaine were more sensitive to the rewarding
effects of drug (52, 120) and showed more severe relapse effects
than adult rats (18). These findings highlight opposite effects that
can occur in groups of rats when considering the rewarding vs.
aversive effects as previously discussed by Riley (234), and they
emphasize the importance of considering individual differences
in vulnerability to drug abuse and response to treatment. These
results with differentially vulnerable groups concur with recent
treatment studies with baclofen, an agent that reduces cocaine-
induced dopamine increase in the nucleus accumbens. Baclofen
treatment reduced cocaine self-administration in the less vulner-
able LoS animals, and potentiated it in the more vulnerable HiS
animals (63). Similar effects were found with PRO that reduced
escalation of cocaine self-administration in LoS rats and increased
it in HiS rats (56). These studies highlight the importance of con-
sidering novel treatment mechanisms and individual differences
in response to different treatments.

Targeting Individual Differences with
Repurposed Medications as Treatments
for Addiction

In recent studies, proposed novel treatments have addressed
factors that underlie behavioral dyscontrol. For example, (1)
impulsivity has been shown to be positively related to drug
addiction, and repurposing medications that reduce impulsivity
to treat underlying problems had initial success in treating drug
addiction, as both male and female humans report that it reduces
anxiety. For instance, ATO that is used to treat ADHD, and it
reduced impulsivity in rats (235). (2) Hormonal conditions are
known to increase (estrogen) or decrease (PRO) cocaine and
nicotine-seeking behavior, especially in females, and PRO has
emerged in animal and human studies as a promising medication
that could be repurposed for drug addiction, as both male and
females report that it reduces anxiety. For example, PRO is used
in some oral contraceptives to treat problems with the female
reproductive system, but when used for drug-abuse treatment, it
counteracts the facilitatory effects of estrogen and reduces drug
relapse [see Ref. (9)]. PRO also has anxiolytic effects that reduce
drug seeking [e.g., Ref. (40, 236)]. (3) An additional strategy
has been to combine two or more novel approaches, such as
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medication (e.g., ATO, PRO) or behavioral treatments, that often
has a greater impact than monotherapy in animals and humans.

In summary, research in animals has begun to target specific
behaviors or hormonal conditions that are associated with addic-
tive behavior, such as anxiety, depression, and impulsivity. In this
section, we discuss two repurposed medications, ATO and PRO,
as they have shown efficacy for treatment in rodent studies. Thus
far, the results support the hypothesis that treating the underly-
ing behaviors associated with drug abuse, with PRO and ATO,
has potential for treating human drug abuse, and as discussed
in Section “Treatment Combinations,” adding these treatments
(ATO or PRO) to a behavioral treatment in rats, such as physical
exercise, results in an enhanced treatment effect. However, initial
studies with these novel treatments have not fully examined sex
differences, and sex is an important factor in drug abuse and its
treatment.

Atomoxetine

Atomoxetine is a selective norepinephrine (NE) reuptake inhibi-
tor that is used in humans for ADHD, inattention, and impulsiv-
ity associated with ADHD (237). These properties also make it a
candidate therapy for psychostimulant addiction [for a review see
Ref. (243)]. Like cocaine, ATO functions as a selective NE reup-
take inhibitor that increases NE and dopamine in the prefrontal
cortex (238, 239), but it does not have the abuse liability of other
stimulants such as methylphenidate and desipramine (240).

Laboratory Animals

The relationship between ATO and impulsive behavior has been
shown using several behavioral tasks in animals, such as the
5-CSRTT (76, 241), the SSRT task (76), and delay discounting
(76, 235), but in other studies, ATO did not modify impulsivity
(70, 241). In animal models of addictive behavior, ATO treat-
ment was not effective at reducing cocaine self-administration
in rats (71, 242-244). However, in combination with wheel run-
ning (245), ATO reduced cue-primed cocaine seeking in rats. It
also reduced the strength of conditioned stimuli associated with
nicotine in rats (246), attenuated nicotine withdrawal symptoms
in mice (247), and reduced impulsive responding for i.v. cocaine
in female rats (Smethells et al., under review). In our series of
animal studies, we have modeled the combination approach
with animals using some of the novel treatments described
above. For instance, when combined with physical exercise ATO
attenuated cocaine extinction, and cocaine-primed reinstate-
ment in females but not in males (245). In a recent study, ATO
was studied in rats responding for i.v. cocaine under a delay-
discounting schedule with a small amount of cocaine available
immediately, or a larger amount after a delay, treatment with
ATO or ATO combined with PRO shifted the choice from the
impulsive choice of a smaller-immediate cocaine delivery to the
less impulsive choice of a larger-delayed cocaine delivery (248).
However, the combined ATO-PRO treatment did not reduce
impulsive cocaine seeking any further than either treatment
alone. These animal studies suggest that ATO may be an effec-
tive treatment for psychostimulant addiction and for reducing
impulsive behavior that underlies drug seeking.

Humans

Little data are available from human studies to confirm the poten-
tial for ATO to treat drug cocaine or other stimulant addiction.
Some clinical investigations have not demonstrated a therapeutic
effect of ATO on cocaine use (243, 244) or on the subjective effects
of METH (249). However, Sofuoglu and Mooney (250) reported
that ATO attenuated physiological and subjective effects of
p-amphetamine. Others have shown fewer days of heavy alcohol
drinking, less alcohol craving with ATO and longer abstinence
from alcohol use with ATO treatment than with counseling by
itself (251, 252).

Progesterone

Progesterone is used therapeutically in humans and for other
primates for contraception, endometriosis, and maintaining
pregnancies. It has also been shown in animal studies to indicate
impulsive drug seeking and anxiety-like behaviors (248, 253,
254). PRO plays an important role in reducing drug seeking in
rats [for review, see Ref. (6)], monkeys (255-257), and humans
[for review, see Ref. (8)].

Laboratory Animals

In preclinical models, exogenously administered PRO and its
primary metabolite, ALLO, attenuated acquisition, escalation of
cocaine self-administration, and cocaine-primed reinstatement
(54, 258) of cocaine seeking in rats (259, 260). Sex differences in
the effects of ALLO have been reported with METH-primed rein-
statement (64), and reinstatement was significantly reduced in
female rats when they were treated with ALLO. However, ALLO
had no effect on male rats [see Ref. (6) for a complete review]. In
rats self-administering cocaine, concurrent running-wheel access
was combined with PRO treatment, and the combination reduced
extinction responding and cocaine-primed reinstatement in
females but not males (216). However, in treatment-resistant
males, the wheel access and PRO combination were more effec-
tive than wheel access or PRO alone. Studies of the effects of
PRO on the rewarding effects of drugs show that rhesus monkeys
maintained higher breakpoints for cocaine during the follicular
than the luteal phase [Ref. (255); lowest dose only]. Also, rats self-
administered more cocaine during the estrus phase of the estrous
cycle, when estrogen levels are rising, than during proestrous,
when PRO is relatively high (51, 259, 261-264).

Humans

In humans, during the follicular phase, when estrogen peaks,
women report that cocaine is subjectively more rewarding than
during the luteal phase, when PRO levels are have peaked [Ref.
(265-267); see also Ref. (268)]. Human laboratory studies also
indicate that PRO has an important role in nicotine addiction.
For example, in a study of sensitivity to alcohol in women with
premenstrual dysphoric disorder (PMDD), women reported
a blunted physiological response and less intoxication after an
alcohol infusion in the late luteal phase (high P/E) compared to
the mid-follicular phase (low P/E) of the menstrual cycle indicat-
ing that PRO reduced the intoxicating effects of alcohol (269). In a
recent study with both men and women, the effects of i.v. nicotine
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were assessed as a function of sex and menstrual cycle phase, and
men reported greater subjective reactivity to nicotine, but women
showed more physiological reactions (39). In women, this effect
was diminished during the luteal phase (higher P/E ratio) com-
pared to the follicular phase of the cycle. Women reported less
nicotine reactivity, fewer negative symptoms, and better task
performance during the luteal compared to the follicular phase
suggesting that a higher P/E ratio may have alleviated nicotine’s
negative effects. However, this sex difference finding was incon-
sistent with previous studies of the same i.v. nicotine infusion
(250), oral intake (270), intranasal (271), and transdermal (272)
nicotine administration, although phase of menstrual cycle was
not a factor in these studies. The finding of greater subjective
nicotine sensitivity in men vs. women was consistent with previ-
ous reports using intranasal nicotine (273) and smoked cocaine.
Physiological findings of nicotine administration were consistent
with the heart rate response (272) and diastolic blood pressure
seen by others (274), but not with studies of nicotine and heart
rate or blood pressure (250, 275).

In a recent smoking treatment study with either varenicline vs.
placebo or nicotine patch vs. placebo patch in women, PRO levels
were measured and compared to treatment outcome. This was
the first study to identify a relationship between increasing levels
of PRO and better abstinence outcomes in freely cycling women
(236). Theadditive effect of rising PRO levels and treatment success
was mainly found with the nicotine patch (vs. varenicline). There
was a 23% increase in the odds of being abstinent within each of
the 4 weeks of treatment in the luteal (PRO) + patch group. Based
on animal research findings, clinical and preclinical researchers
have examined the effects of exogenously administered PRO as a
treatment for cocaine abuse. Comparable findings were obtained
in humans who were treated with PRO. They showed reduced
physiological and subjective rewarding effects of cocaine or cue-
induced cocaine craving (8, 272, 276-279). Also, in clinical trials,
PRO treatment reduced cocaine use in post-partum women in
(280). Overall, there is strong accumulating evidence in human
and animal studies, suggesting that, at least in females, PRO may
serve as an efficacious pharmacological intervention for nicotine
and cocaine addiction.

Treatment Combinations

Human studies suggest that combined therapies produce addi-
tive reductions in drug addiction compared to single treatment,
and effects may vary with individual differences, such as male
vs. female. For example, a review of 280 treatment studies for
substance abuse disorders in men and women, published between
1975 and 2005, revealed better treatment outcomes for women
than men (174). However, recent analysis of the multi-site
COMBINE project, including 1383 men and women, reported
that while there were sex differences in those seeking treatment
for alcoholism and in those reporting alcohol treatment, there
were no sex differences in the combined behavioral + naltrexone
intervention, and the combination did not produce a better
outcome than the individual treatments. Furthermore, women
responded to naltrexone treatment and naltrexone + the control
condition, medical management, similar to men (175). A recent

review of combined pharmacotherapies (vs. single) for stimulant
use disorder provided little evidence for an advantage of combined
vs. monotherapies (281). Thus, further clinical work is needed
with combined behavioral and pharmacological treatments for
stimulant addiction to extend the promising results with labora-
tory animals to humans.

A recent study in rhesus monkeys showed reduced oral cocaine
self-administration in female rhesus monkeys during the luteal
phase of the menstrual cycle when PRO peaks compared with
the follicular phase when estrogen peaks (Carroll et al., under
review). In this study, monkeys received SACC concurrently with
access to cocaine (0.4 mg/ml) under FR 4 schedules, and cocaine
intake (milligram per kilogram) was compared in males and
females during the follicular vs. the luteal phase of the menstrual
cycle. When concurrent water was available with cocaine, females
in the follicular phase consumed more cocaine than luteal females
or males, an effect attributed to the lower PRO levels. Treatment
with concurrent access to SACC along with cocaine resulted in
reduced cocaine intake in both males and in females in both their
follicular and luteal phases. An additive effect of PRO and SACC
may have been occluded by a floor effect of SACC. However, a
comparison of females across phases indicated a reduction in
cocaine intake due to higher PRO (luteal phase) and to the addi-
tive effectiveness of PRO and SACC.

SUMMARY/CONCLUSION

Sex differences in behavioral dyscontrol were discussed in
relation to drug addiction, as well as other factors that interact
with sex differences to influence addictive behavior, such as
impulsivity, compulsive binge intake of sweet substances, and
age (adolescence). Each of these vulnerability factors has a sub-
stantial influence on behavioral dyscontrol and drug addiction.
Not only do these individual differences explain the propensity
for addiction in some individuals and not others but they also
can be additive, presenting serious challenges to prevention and
treatment once drug addiction has developed. Furthermore,
these factors explain the propensity for addiction in some
individuals and not others, which is instructive for designing
prevention and treatment strategies. In addition, recent find-
ings suggest that drug-prone individuals vs. those that are less
sensitive to the aversive effects of drugs, further enhancing their
vulnerability to addiction. Challenges in designing treatment
for individuals with these addiction-prone characteristics are
addressed by proposing novel treatments that take into account
impulsive behavior and other forms of behavioral dyscontrol,
such as excessive reward seeking, as well as sex, and hormonal
conditions. Promising treatment strategies include behavioral
manipulations, such as environmental enrichment (social
and physical), such as exercise, or brief exposure to negative
environmental consequences (e.g., punishment), and targeting
individual differences with medications repurposed to address
specific vulnerability factors, such as hormonal status (PRO),
anxiety, or impulsivity (ATO), and combined behavioral and
pharmacological therapies. Overall, the present review empha-
sizes that sex differences are intertwined with other major
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personality (or age-related) differences (e.g., anxiety, impulsiv-
ity, compulsive binging), and these factors are inseparable from
sex differences when considering promising treatments for
addiction. Thus, when considering development of treatments
for drug abuse, sex is important, but other factors, such as a
tendency for compulsive or impulsive behavior and anxiety,
are equally as influential. Initial preclinical work has indicated
that targeting these personality factors and sex differences has
resulted in successful treatments for addiction.
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Sexual addiction otherwise known as compulsive sexual behavior is associated with seri-
ous psychosocial problems and risk-taking behavior. This study used the Cybersex addiction
test, Craving for pornography questionnaire, and a Questionnaire on intimacy among
267 participants (192 males and 75 females) mean age for males 28.16 (SD=6.8) and
for females 25.5 (SD =5.13) who were recruited from special sites that are dedicated
to pornography and cybersex on the Internet. Results of regression analysis indicated
that pornography, gender, and cybersex significantly predicted difficulties in intimacy and
it accounted for 66.1% of the variance of rating on the intimacy questionnaire. Sec-
ond, regression analysis also indicated that craving for pornography, gender, and dif-
ficulties in forming intimate relationships significantly predicted frequency of cybersex
use and it accounted for 83.7% of the variance in ratings of cybersex use. Third, men
had higher scores of frequency of using cybersex than women [t(2,224) =1.97 p < 0.05]
and higher scores of craving for pornography than women [t(2,265) =3.26, p <0.01] and
no higher scores on the questionnaire measuring difficulties in forming intimate relation-
ship than women [t(2,224) =1, p =0.32]. These findings support previous evidence for sex

differences in compulsive sexual behavior.

Keywords: sex addiction, pornography, cybersex, intimacy, craving

INTRODUCTION

Sex addiction otherwise known as Compulsive sexual behavior,
has been associated with serious psychosocial problems and risk-
taking behaviors. This behavior has not been recognized as a
disorder that merits inclusion in the DSM (1) see Ref. (2-4) for
recent reviews. Despite different views about pathological char-
acteristics of sexual addiction there is an agreement that this is
a progressive relapsing condition, which does not merely refer to
sexual lifestyle that is socially deviant (2—4). Recently, the American
Psychiatric Association Board of Trustees rejected several propos-
als for the new disorder and therefore sexual addiction does not
appear in the DSM-5. Even though clinicians have been treat-
ing the disorder, the Board of Trustees estimated that there was
not enough research to consider adding the disorder to Section 3
(disorders that require further research) of the DSM-5 (5).

Sex addiction is associated with behaviors such as constantly
seeking new sexual partners, having frequent sexual encoun-
ters, engaging in compulsive masturbation, and frequently using
pornography. Despite of efforts to reduce or stop excessive sexual
behaviors individuals with sex addiction find it difficult to stop
and they engage in risky sexual activities, pay for sexual services,
and resist behavioral changes to avert risk of HIV (6-9). Cognitive
and emotional symptoms include obsessive thoughts of sex, feel-
ings of guilt about excessive sexual behavior, the desire to escape
from or suppress unpleasant emotions, loneliness, boredom,
low self-esteem, shame, secrecy regarding sexual behaviors,

rationalization about the continuation of sexual behaviors, indif-
ference toward a regular sexual partner, a preference for anony-
mous sex, a tendency to disconnect intimacy from sex, and an
absence of control in many aspects of life (7, 8, 10, 11). Finally,
some studies find that sexual addiction is associated with or in
response to dysphoric affect (9, 12—16) or stressful life events (17).

Pornography has a decisive role in establishing basic assump-
tions about identity, sexuality, women’s worth, nature of relation-
ships, and their long-term addictive effects. The easy availability
to pornographic content on the Internet go beyond human imag-
ination and fantasy and enables graphic interactive encounters
that fulfill urges for nudity and sexual encounters with available
women always for pleasure with minimal implications and tem-
porary encounters. Online sexual activity includes viewing and
downloading pornography, visiting sex shops for sexual aids and
toys, advertising or hiring sex workers on the Internet, seeking
sex education information, locating sex contacts, and interacting
with sexual subcultures or communities (18). Exposure to pornog-
raphy results in reduced self-esteem and body image satisfaction,
increased sense of vulnerability to violence, and an increased sense
of defenselessness in women, and in men in reward for displays
of hyper masculinity and trivializing or excusing violence against
women (19). These effects are seen not only in men’s perceptions
of women but also in women’s own perceptions of themselves.
Pornographic norms for gender relationships and sexuality infuse
many forms of media, such as music videos, reality television
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Cybersex, sex and intimacy

shows, even children’s toys. Thus, it becomes difficult to distinguish
pornography’s specific effects from those of the general climate of
gender inequality in the culture of pornography (20).

Cybersex usually involves watching, downloading, and online
trading of pornography or connecting to chat rooms using role
plays and fantasy for men (21) and this space enables people to
explore and investigate their sexual urges and private fantasies
online (22). Cybersex addicts tend to suffer from poor impulse
control and often have a history of multiple addictions to alcohol,
tobacco, drugs, gambling, food, or sex. If an online user already suf-
fers from a history of sexual addiction, cybersex serves as another
outlet for gratification that feeds a previous problem. However,
new research has found that over 65% of cybersex addicts have no
history of sexual addiction (23). There are studies showing that
cybersex negatively affects the patient, the spouse, and the fam-
ily (24, 25). Other studies have found that males use cybersex for
mood management (26, 27). Although cybersex can be used as an
outlet for sexual activity there is therefore no evidence that those
who use it are sexually addicted. It is important to investigate the
relationship between pornography and cybersex and to ascertain
their effects on the ability to form intimate relationships in men
and women.

Recent studies by Laier and Brand (28, 29) explain the use of
pornography and cybersex as means of sexual arousal and gratifi-
cation. Furthermore, Laier and Brand (30), described a model on
the development and maintenance of cybersex addiction which is
based on the model for Internet addiction introduced by Brand
et al. (31). These models support the arguments for the link
between pornography and cybersex.

Consistent with previous studies and models on sex addiction
(28-31), we have investigated the frequency of cybersex use, crav-
ing for pornography and the ability to form intimate relationships
among men and women who use pornography and cybersex on the
Internet. In accordance with findings of previous research, we have
predicted that frequency of using cybersex, craving for pornog-
raphy would predict difficulty in intimacy in men and women
who use cybersex. Second, we have predicted that sex, craving for
pornography and difficulties in intimacy would predict frequency
of cybersex use. Third, we have predicted that there would be sex
differences in the frequency of use of cybersex and craving for
pornography.

PROCEDURE

PARTICIPANTS

The participants of this study were recruited from forums on the
Internet that are dedicated to pornography and cybersex in order
to satisfy sexual curiosity and arousal.

Men and women were approached on the websites and were
asked to fill in questionnaires and send them by mail to the investi-
gators. Questionnaires were anonymous and there were no means
for assessing deception by the participants. Inclusion criteria for
compulsive sexual behavior were males and females who use the
Internet for sex purpose. From the original sample of 272, five par-
ticipants did not meet inclusion criteria and were removed from
the sample and 267 participants remained. The sample included
192 men (72%) and 75 women (28%) with mean age for males
28 years and 2 months (SD =6.8) and for females 25 years and
6 months (SD = 5.13). Men were significantly older than women

in this sample [#(2,265) = 3.61; p < 0.01]. Education attainments
were 6.7% with university Master’s degree, 40.4% with univer-
sity Bachelor degree, 27.7% high school education, 23.6% further
education after high school, 1.5% with elementary school edu-
cation. Employment status of the participants included 40.4%
full-time employment, 35.6% part-time employment, and 24%
unemployed. Marital status was 14.2% married, 57.7% bache-
lors, 23.6% in relationship but not married, 4% separated, 4.1%
divorced. Most of the participants lived in the city (83.5%) and
16.5% lived in rural areas. Most of the participants were Jewish
(91%), 2.2% Muslims, 4% Christians, and 2.8% others.

QUESTIONNAIRES

(1) Demographic questionnaire including items on age, sex, educa-
tion, employment status, marital status, type of living (urban
or rural), and religion.

(2) Cybersex addiction test (23), which consists of 20 questions
about cybersex addiction including pornography. For exam-
ple, rate the frequency that you neglect your duties in order
to spend more time in cybersex, the frequency that you prefer
cybersex on intimacy with your partner, the frequency that
you spend time in chat rooms and private conversations in
order to find partners for cybersex, the frequency that people
complain about the time that you spend online, etc.

The scale is from 0 to 5 where 0 is “not applicable” and
5 is “always.” The Cronbach measure of internal validity of
the questionnaire was a = 0.95. Participants were divided into
four groups non-addicted (score 0-30), moderately addicted
(31-49), medium addiction (50-79), and severely addicted
(80-100).

(3) Craving for pornography questionnaire (32), which consists of
20 questions about perceived control in using pornography,
changes in mood, psychophysiological activity, and intention
for using pornography. The scale is from 1 (“do not agree at
all”) to 7 (“agree very much”). The questionnaire was validated
by Kraus (32) on US students and it has a Cronbach internal
reliability of o = 0.94. Scores vary from low levels of craving
for pornography (0-20) and high craving for pornography
(100-140).

(4) Questionnaire on difficulties in intimacy (33), which consists of
12 questions including 4 questions on fear of abandonment,
4 on fear of exposure, and 4 on shame and fear of rejec-
tion. The questionnaire has been widely used for research on
psychosocial intimacy and for couple treatment. The scale is
from 0 (“does not describe me”) to 4 (“definitely describes
me”). The questionnaire has a Cronbach internal reliability
of & =0.85. Scores vary between 0 = no problems in intimacy
and 44 = lots of problems in intimacy.

PROCEDURE

The questionnaires were filled in online using a form that was
created through Google Drive and was sent as a link on email
messages to members in groups and forums on pornography
and cybersex. Those who responded filled in the questionnaires
and informed consent forms while privacy and anonymity were
maintained. The study was approved by the Institutional Review
Board (IRB-Helsinki committee) of the University of Ariel in
Israel.
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STATISTICAL ANALYSIS

(1) Descriptive statistics of male and female participants on the

questionnaires measuring frequency of cybersex, craving for

pornography and difficulties in intimacy was performed.

Regression analysis:

A stepwise regression analysis was performed with measures

of intimacy as a dependent variable. In the first step, crav-

ing for pornography was entered; in the second step, gender
was entered; and in the third step, frequency of cybersex use
entered as independent variables.

Comparison of questionnaire measures according to gender

and level of use of cybersex:

(1) Male and female participants were compared on measures
of the questionnaires measuring frequency of cybersex,
craving for pornography, and difficulties in intimacy.

(2) All participants were divided into three groups accord-
ing to their level of frequency of cybersex use “high,”
“medium,”and “low.” An analysis of variance (ANOVA) of
the factors of frequency of cybersex, craving for pornog-
raphy, ratings of intimacy, and gender was performed.
Post hoc comparisons of questionnaire measures in all
groups were performed with Bonferroni corrections for
multiple comparisons.

(4) A Pearson correlational analysis between frequency of using
cybersex, craving for pornography, and difficulties in forming
intimate relationship scores was performed in all participants
also separate in men and women.

(2)

RESULTS

DESCRIPTIVE STATISTICS

Opverall, mean scores on the frequency of cybersex questionnaire
(n=226) were 22.65 (SD =19.38) (score range 0-100), craving
for pornography (n=267) 52.47 (SD =26.9) (score range 20—
140), and questionnaire on difficulties in intimacy (n = 267) were
14.59 (SD =9.22) (score range 0—44).

REGRESSION ANALYSIS OF ALL VARIABLES

The results of the regression analysis using intimacy ratings as a
dependent variable, indicated that the three variables of pornogra-
phy, gender, and cybersex were significant and they all accounted
for 66.1% of the variance of ratings on the intimacy questionnaire.
Craving for pornography accounted for 29.3% of the variance, fre-
quency of cybersex accounted for 20% of the variance, and gender
accounted for 16.8% of the variance.

The results of the regression analysis using cybersex frequency
as a dependent variable, indicated that the three variables of
pornography, gender, and cybersex were significant and they all
accounted for 83% of the variance of the intimacy question-
naire. Craving for pornography accounted for 58.8% of the vari-
ance, intimacy accounted for 13.4% of the variance, and gender
accounted for 11.5% of the variance.

See Table 1 for results of the regression analyses.

COMPARISON OF QUESTIONNAIRE MEASURES ACCORDING TO

GENDER

(1) A comparison of scores of frequency of using cybersex
between men and women found that men had a higher score

Table 1 | (A) Regression analysis of the effects of pornography, gender,
and cybersex addiction scores on intimacy in all participants (n=267);
(B) regression analysis of the effects of pornography, gender, and
intimacy on cybersex addiction scores in all participants (n=267).

Variable B SE B t Value p Value
(A)?

Pornography 0.100 0.02 0.29 3.96 0.0001
Gender 3.43 1.16 0.16 2.95 0.01
Cybersex 0.09 0.03 0.20 2.68 0.01
(B)°

Pornography 0.43 0.04 0.59 11.62 0.0001
Gender -5.013 2.03 -0.12 -2.46 0.01
Intimacy 0.284 0.1 0.13 2.69 0.01

?F(3,263)=21.5, p< 0.001, R*=0.197
°F(3,263)=75.65, p< 0.0001, R? = 0.463.

Table 2 | Means and (SD) of males and females on all questionnaires.

Cybersex Pornography Intimacy
Men Mean =24.02, Mean =55.77, Mean = 15.56,
SD=19.25 SD=2735 SD=8.86
Women Mean = 1798, Mean =44.03, Mean =13.85,
SD=19.31 SD=23.86 SD=9.45
Comparison t(2,224) =197, t(2,265) =3.26, t(2,224) =1,
p<0.05 p<0.01 p=0.32

(Mean =24.02, SD=19.25) than women (Mean=17.98,
SD =19.31); £(2,224) = 1.97, p < 0.05.

(2) A comparison of craving for pornography scores between
men and women found that men had a higher score
(Mean=55.77, SD=27.35) than women (Mean=44.03,
SD = 23.86); £(2,265) = 3.26, p < 0.01.

(3) A comparison of the questionnaire on difficulties in
forming intimate relationship between men and women
found no significant difference between scores of men
(Mean=15.56, SD=28.86) and women (Mean=13.85,
SD =9.45); t(2,224) =1, p=10.32.

Table 2 shows means and (SD) of males and females on all
questionnaires and comparisons between men and women using
t-tests on all measures.

Figure 1 shows differences between men and women on mea-
sures of addiction to cybersex, craving for pornography, and
difficulty in forming intimate relationships.

AN ANALYSIS OF QUESTIONNAIRE MEASURES ACCORDING TO LEVEL
OF CYBERSEX USE

All participants were divided into three groups according to their
level of frequency of cybersex use: participants with 1 stan-
dard deviation above mean cybersex score were included in the
“high frequency cybersex group” (n=>54 score above 36), par-
ticipants with <1 SD above mean cybersex score and more than
1 SD below mean cybersex score were included in the “medium
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FIGURE 1 | Questionnaire ratings of cybersex, porn and intimacy - a
comparison between men and women. *p <0.05; **p <0.01;
***p <0.001.

frequency cybersex group” (n=172 < 1 score < 36) and partici-
pants with <1 SD below mean cybersex score were included in the
“low-frequency cybersex group” (n =410 < score < 1).

An ANOVA of the factors of frequency of cybersex, craving for
pornography, ratings of difficulties intimacy, and gender was per-
formed. The analysis showed a significant frequency of cybersex
effect F(2,266) =314.84; p <0.001, F(2,266) =76.28; p < 0.001
and difficulties in intimacy effect F(1,266) =12.18; p <0.001.
Post hoc comparisons of questionnaire measures in all groups
were performed. The analysis showed that participants who had a
high score on cybersex frequency had higher scores of craving for
pornography and higher rates of difficulties in forming intimate
relationship than those with low frequency of using cybersex.

Table 3 shows mean questionnaire ratings and comparisons
using t-tests of ratings of cybersex, pornography, and diffi-
culty in intimacy according to levels of use of cyberspace (low-
frequency users compared with medium frequency users and high
frequency).

Figure 2 demonstrates that higher levels of use of cyberspace
were associated with higher levels of use of pornography and
higher rates of difficulties in forming intimate relationships.

A Pearson correlational analysis between frequency of using
cybersex, craving for pornography, and difficulties in forming inti-
mate relationship scores was performed and it was found that
frequency of using cybersex was positively correlated with crav-
ing for pornography (r=0.68, p <0.01). Second, frequency of
using cybersex was positively correlated with difficulties in form-
ing intimate relationship (r=0.33, p <0.01). Third, craving for
pornography was positively correlated with difficulties in forming
intimate relationship (r=0.39, p < 0.01).

In men, ratings of difficulties in intimacy was positively corre-
lated with cybersex ratings r=0.47, p <0.01 and with pornog-
raphy ratings r=0.48, p <0.01 whereas in women, ratings of
difficulties in intimacy was not correlated with cybersex ratings
r=0.11, p=N.S and with pornography ratings it only showed a
trend of a positive correlation r=0.22, p = 0.06.

Table 4 shows correlations on all questionnaires in all partici-
pants.

DISCUSSION
The results of this study showed that men had higher scores
on measures of craving for pornography and frequency of using

Table 3 | Questionnaire Ratings according to levels of use of

cyberspace (non-users, light users, moderate users, and heavy users).

Ratings on frequency
on the cybersex
questionnaire

Comparison with
low frequency
cybersex group

"Low-frequency cybersex
group” (n=>54)

“"Medium frequency
cybersex group” (n=172)
“High frequency cybersex
group” (n=41)

0.74 (2.4)

16.44 (10.6)

54.95 (16)

t(1,562) =8.74;
p <0.001
t(1,39) =21.27;
p <0.001

Ratings on craving

Comparison with

for pornography non-users
questionnaire
"Low-frequency cybersex  37.35 (17.6)
group” (n="54)
“Medium frequency 48.45 (27.5) t(1,52) = 1.56;
cybersex group” (n=172) p=0.125
"High frequency cybersex 89.22 (26.8) t(1,39)=9.22;
group” (n=41) p <0.001

Ratings on intimacy

Comparison with

questionnaire non-users

"Low-frequency cybersex  10.78 (7.6)
group” (n="54)
“Medium frequency 14.54 (8.6) t(1,52) =2.36;
cybersex group” (n=172) p <0.05
"High frequency cybersex  19.83 (10.98) t(1,39) =5.05;
group” (n=41) p <0.001

Questionnaire ratings

120

100 *k kT

80

/ . =4 Cybersex
60 T > «{=Pornogrph
grphy
40 xxx L === |ntimacy
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FIGURE 2 | Questionnaire ratings of frequency of use of cybersex,
craving for pornography, and difficulties in intimacy in all participants.
*p<0.05; **p <0.01; ***p <0.001.

cybersex than women. These findings support previous evidence

for sex differences in the use of pornography and online sexual

behaviors between men and women see Ref. (30, 34) for review.
Previous research has found that both women and men use

all types of online sexual activities but women were more inter-
ested in interactive online sexual activity while men were more
interested in visual oriented online sexual activity (21, 35-38).
In general, women found this use of sexual media acceptable or
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Table 4 | (A) Pearson’s correlations on all questionnaires in all
participants; (B) Pearson’s correlations on all questionnaires in men;
(C) Pearson’s correlations on all questionnaires in women.

Cybersex Pornography
(A)
Cybersex
Pornography r=0.68, p <0.01
Intimacy r=0.33, p<0.01 r=0.39, p<0.01
(B)
Cybersex
Pornography r=0.63, p <0.0001
Intimacy r=0.47 p<0.01 r=0.48, p <0.01
(C)
Cybersex
Pornography r=0.69, p <0.0001
Intimacy r=0.11, p=N.S r=0.22, p=0.06

positive when associated with shared sexual activity. However, men
reported more sexual enjoyment when pornography use was soli-
tary; in those cases, women reported a partner’s solitary use was
taking something away from the relationship (39, 40).

Gender has been found to be an important indicator of sexual
attitudes and behaviors related to sexual explicit material found
online (21, 41-44). Males were more likely than females to view
erotic material online and offline and males go online at an earlier
age to view sexual materials (45-48). Males most often report sex-
ually explicit materials online to be arousing. While some females
found these materials to be arousing, more reported the sexually
explicit materials to be disturbing and disgusting (48). Women
reported that the primary reason they used sexual media is as part
of lovemaking with their partners or in response to requests by
their partner. In general, women found this use of sexual media
acceptable or positive when associated with a shared sexual activity.
However, men reported more sexual enjoyment when pornogra-
phy use was solitary; in those cases women reported a partner’s
solitary use was taking something away from the relationship (39,
40). Females also reported feeling anger about online sexual mate-
rials (42), negatively compare themselves with online images (22),
and often reported feelings of betrayal by their partners (49). The
difference in reported frequency of using cybersex between men
and women in our study may be since women feel fear of dis-
closure and feeling uncomfortable about admitting such activity.
Second, since intimacy is an essential ingredient in cybersex which
unlike pornography in general it is also characterized by chatting
with a partner, participants may be jealously keeping discretion
about this activity from their partner.

There could be several reasons why craving for pornography
was higher in men than women in this study. Women prefer
romantic fantasies and also look for intimacy and connection that
is not provided by pornography whereas men look for short-term
visual and graphic triggers for sexual arousal and prefer pornog-
raphy. This pattern is supported by recent brain imaging studies
that have demonstrated the differences between men and women
in sexual arousal (50, 51). Hamann (51) examined brain activity
with fMRI in men and women while they viewed sexually arousing

photographs and neutral photographs. The primary finding was
that the amygdala and hypothalamus exhibited substantially more
activation in men than in women when viewing the same sexually
arousing visual stimuli, presumably due to a stronger appetitive
motivation or desire elicited by visual sexual stimuli. Furthermore,
sexual activity in men is strongly related to psychological problems
in daily life (28). Brand et al. (28) have found that in heterosexual
males self-reported problems in daily life were linked to online sex-
ual activities and these were predicted by subjective sexual arousal
ratings of the pornographic material, global severity of psycho-
logical symptoms, and the number of sex applications used when
being on Internet sex sites in daily life. Laier et al. (29) have also
found that indicators of sexual arousal and craving to Internet
pornographic cues predicted tendencies toward cybersex. Prob-
lematic cybersex users reported greater sexual arousal and craving
reactions in response to pornographic cue presentation. However,
the number and the quality with real-life sexual contacts were not
associated to cybersex addiction. Finally, craving, sexual arousal
rating of pictures, sensitivity to sexual excitation, problematic sex-
ual behavior, and severity of psychological symptoms predicted
tendencies toward cybersex addiction in Internet pornography
users whereas being in a relationship, number of sexual contacts,
satisfaction with sexual contacts, and use of interactive cybersex
were not associated with cybersex addiction (30).

The finding of an association between craving for pornography
and frequency of using cybersex is evident since those who started
watching pornography have moved on to cybersex and vice versa
and those websites advertise together both forms of sex media. The
use of pornography is associated with difficulty in forming inti-
mate relationship since pornography fills up a gap in the real world,
and creates a virtual reality in which women always get satisfied
and never complain. Cybersex enables those who have problems
in attachment and avoid intimacy to form virtual relationships
where warmth and affection and commitment are not required.
An appealing feature of cybersex is that there is no requirement
to perform the sexual act together so one does not fear perfor-
mance anxiety. The use of sexual activity on the Internet affects
sexual activity offline and there is evidence that some Internet
users had abandoned or decreased their offline pornography con-
sumption, while sexual compulsive users were found to increase
their offline pornography consumption to a greater extent than
did non-sexually compulsives (52).

Finally, sexual activity online negatively affected the relation-
ship between men and women. Many studies showed that the
consumption of Internet pornography threatens the economic,
emotional, and relational stability of marriages and families (40,
53-61) see Ref. (25) for review. These studies indicated that
pornography consumption, including cybersex, was significantly
associated with decreased marital sexual satisfaction and sexual
intimacy. Men and women perceived online sexual activity as
threatening to a marriage as offline infidelity (56, 62).

The discovery that one of the partners is involved in sexual
activity online leads to a re-evaluation of the relationship. A study
conducted a web-based survey of 100 women whose partners used
pornography showed that nearly one-third reported moderate to
high levels of distress about their partner’s use of such material
(53). They reported feeling as though their partners were not
interested in making love to them, but during sexual intercourse
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were picturing the women they had seen in the pornography. They
also felt their partners were less trustworthy, usually because he
would keep the use a secret from them (even when they did not
object to it). Nearly three-quarters reported feeling that the use
negatively affected their self-esteem. Some felt they had failed
their partners sexually; if they had been better sexual partners,
their partners never would have had to turn to such material for
sexual satisfaction. In this way sex on the Internet is quite often a
mirror for dysfunctional sexual relationships at home and online
as well (63). Schneider (24) has described how sexual addiction
and compulsivity affected the patients, the spouse and the whole
family. The survey respondents (93 women and 3 men) felt hurt,
betrayal, rejection, abandonment, devastation, loneliness, shame,
isolation, humiliation, jealousy, and anger, as well as loss of self-
esteem. Being lied to repeatedly was a major cause of distress.
Furthermore, cybersex addiction was a major contributing factor
to separation and divorce of couples in this survey. Regarding the
indirect impact on children of living in a home where a parent
uses pornography, there is evidence that it increases the child’s
risk of exposure to sexually explicit content and/or behavior (57).
Children and youth who consume or encounter Internet pornog-
raphy can have traumatic, distorting, abusive, and/or addictive
effects. The consumption of Internet pornography and/or involve-
ment in sexualized Internet chat can harm the social and sexual
development of youth and undermine the likelihood of success in
future intimate relationships (57). Schneider (24) has also reported
adverse effects on the children including exposure to cyber porn
and to objectification of women, involvement in parental conflicts,
lack of attention because of one parent’s involvement with the
computer and the other parent’s preoccupation with the cybersex
addict, breakup of the marriage. In view of this abundant evidence
for the damage of online pornography and cyberspace to couple
and family life further research merits investigation on how to treat
this modern outlet for sexual behavior.

LIMITATIONS

Limitations, this study relied on ratings of subjective question-
naires which may result in variance of responses. Despite the
promise of anonymity and confidentiality it is plausible that some
of the responders have not fully disclosed the full information.
Second, there may be other factors that are important in determin-
ing the effects of pornography and sex on intimacy and cybersex
addiction that have not been investigated in this study. Thirdly,
there was an unequal number of men and women with age differ-
ence between samples and this could limit the generalizability of
the results. Finally, the Questionnaire on difficulties in intimacy by
Marenco (33) has been widely used for research on psychosocial
intimacy and for couple treatment but it needs further validation
of reliability and validity in larger studies.

CONCLUSION

In conclusion, the results of this study showed sex differences
between men and women in their craving for pornography and
frequency of using cybersex and that both craving for pornogra-
phy and frequency of cybersex were associated with difficulty in
forming intimate relationship. The reasons why people turn into
cybersex are important, whether it is since passion has subsided
over the years, or whether it is convenience, disappointment from

past romantic relationships that lead into isolation and more. It
is also important to know the reasons why people switched from
pornography to cybersex and vice versa, whether it is the need for a
partner or a need for stronger stimulation and arousal. A following
study could also look at sexual preferences of men and women that
may explain why for example some men or women use cybersex to
fulfill homosexual activity. Finally, these studies have implications
for treatment and sex therapy since a thorough understanding
of the mechanisms and processes underlying compulsive sexual
behavior are important for treating this disorder.
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APPENDIX
INTIMACY QUESTIONNAIRE
Assign a number that best describes how you feel concerning each
of the following statements. Base your answers on what has been
true for you for the greater part of your life. What comes most
quickly to your mind is usually the best answer.

0 =definitely not me, 1=mildly disagree, 2=neutral,
3 = mildly agree, 4 = definitely me.

1. You are concerned that if you truly reveal yourself to another
person, s/he will leave

2. You fear that if someone really knew you that s/he would not
like you

3. You have an uneasy feeling that people will smother you if
you get too close

4. A parent physically or emotionally abandoned you in your
childhood

5. You were teased or shamed for your feelings or needs when
you were younger

6. You feel that one of your parents or significant caretakers was
overly involved in your life

7. You would feel a sense of panic if you had a conflict with your
partner and s/he pulled away

8. You would want to hide if your partner did a background
check on you that was really on the mark

9. You find yourself needing more space in relationships once
another person tells you that s/he really cares about you

10. You get angry when the person you’ve been involved with for
six months says that s/he’s taking a vacation with friends that
does not include you

11. You are comfortable showing your checkbook to your partner

12. You feel smothered when in the first few weeks of a
relationship your partner wants you to call every day

SCORING

1. Fear of abandonment (add your scores for questions 1,4, 7, and
10) Total

2. Fear of exposure (add your scores for questions 2, 5, 8,and 11)
Total

3. Fear of engulfment (add your scores for questions 3, 6, 9,
and 12)

If you score higher than 10 on any of the three areas, this is a
strong indication that this could be creating a block that prevents
you from becoming more fully intimate with others.
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INTRODUCTION

Introduction: Research has shown that those with attention-deficit/hyperactivity disorder
(ADHD) have an increased risk for addiction disorders like alcoholism and substance abuse.
What is less clear is the mechanism(s) whereby ADHD gives rise to increased engagement
in addictive behaviors, and whether there are sex differences in the ADHD-addiction propen-
sity. Both ADHD and addictions have also been associated with personality traits such as
impulsivity, reward seeking, anxiousness, and negative affect. In this study, we tested a
moderator-mediation model, which predicted that both sex and ADHD-symptom status
would make independent contributions to the variance in personality risk and in addictive
behaviors, with males, and those with diagnosed ADHD, scoring higher on both dependent
variables. Our model also predicted that the effect of sex and ADHD-symptom status on
addictive behaviors would be via the mediating or intervening influence of personality-risk
factors.

Methods: A community-based sample of young men and women took part in the
study. Among these individuals, 46 had received a lifetime diagnosis of ADHD. The non-
diagnosed participants were dichotomized into a high-ADHD-symptom group (n=283) and
a low-symptom group (n=84).

Results: \We found that a high-risk personality profile may, in part, account for the rela-
tionship between ADHD symptomatology and the use/abuse of a broad range of addictive
behaviors. However, we found no sex differences in personality risk for addiction or in the
use of addictive behaviors; nor did sex moderate the relationships we assessed.

Conclusion: While ADHD status showed a strong relationship with both dependent
variables in the model, we found no difference between those who had been diag-
nosed with ADHD and treated with stimulants, and their high-symptom non-diagnosed/
non-treated counterparts. These results add support to claims that the treatment of
ADHD with stimulant medication neither protects nor fosters the risk for substance abuse
disorders.

Keywords: attention deficit/hyperactivity disorder, addictive behaviors, personality, sex

bio-behavioral process influences both the risk for ADHD and for

Attention-deficit /hyperactivity disorder (ADHD) is a highly her-
itable (~70%) neuropsychiatric disorder with typical onset in
childhood (1). Furthermore, in a substantial proportion (~75%)
of cases, ADHD symptoms do not remit in childhood/adolescence
and continue into adulthood (2). It appears, however, that genetic
factors account for alower heritability in adults with ADHD (30—
40%) than in children with this disorder (3, 4). The psychosocial
and behavioral impairments that characterize ADHD are associ-
ated with a number of deleterious outcomes. Perhaps most notably
is the increased risk of substance use and abuse — evidence, which
derives largely from follow-up studies of children and adolescence
with ADHD [e.g., Ref. (5, 6)]. It also seems that this co-morbid
risk is exacerbated in girls (7), and that a common underlying

substance and alcohol dependence (8). In addition, in a recent
long-term follow-up study, results were relatively consistent with
most previous studies in finding that substance and alcohol abuse
were about six times more likely in cases with ADHD than in
controls, and that females had a significantly higher risk than
males (9).

The ADHD-drug use/abuse link is also evident from the reverse
perspective. It has been estimated that up to 50% of adolescents
and adults with substance abuse disorders have a lifetime diagno-
sis of ADHD (5, 10). For example, ADHD was significantly more
prevalent in methamphetamine abusers compared to control par-
ticipants, especially in those with a persistence of symptoms into
adulthood (11). Research also indicates that the comorbidity of
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substance use disorders and ADHD is associated with a more
severe progression from use to abuse, and with greater social and
psychiatric impairment (12).

In a recent 15-year, longitudinal, population-based ADHD
study, the prevalence of substance abuse/dependence was substan-
tially higher (/31%), however, for nicotine than for other drugs
like alcohol, cannabis, and cocaine (13). It also appears that the
choice of addictive substance may be affected by the medication
status of the user as seen in a case—control study of medication-
compliant (i.e., methylphenidate or atomoxetine) adolescents. As
anticipated, the ADHD probands were more likely than the con-
trols to be daily smokers (14). However, contrary to expectation,
the control participants reported heavier and more regular use of
alcohol. A weaker link between ADHD symptoms and alcohol use,
compared to that between ADHD and nicotine use, has also been
found in other research (15). Such substance-related differences
were explained, in part, by previous evidence that alcohol has a
synergistic effect on methylphenidate by increasing its potency and
causing feelings of dizziness and discomfort — effects that might
discourage alcohol consumption in some individuals taking this
medication (16).

MEDICATION STATUS AND RISK FOR SUBSTANCE USE/ABUSE
Stimulant medication for ADHD continues to be the first-line
treatment for this disorder in most clinical settings, despite lin-
gering concerns about its potential for abuse and whether it may
sensitize individuals to later problematic substance use (17). Drugs
like methylphenidate and amphetamines block or inhibit the
dopamine and the norepinephrine transporters thereby increas-
ing extracellular levels of these neurotransmitters. Amphetamines
also gain access to the presynaptic terminals and foster the release
of these catecholamines (18). As with all pharmacotherapies, how-
ever, efficacy of the drug varies across individuals and is influenced
by brain neurochemistry and physiology. For instance, in two
human studies, it was found that low levels of the dopamine D2
receptor in the striatum were associated with greater reinforcing
responses to methylphenidate — a factor, which may predispose
individuals with a hypo-functioning dopamine system to the risk
of stimulant drug abuse (19, 20).

In an early meta-analysis of six stimulant-treatment outcome
studies, Wilens and colleagues (21) concluded that pharmacother-
apy for ADHD in childhood actually reduced the likelihood of later
problem drug and alcohol use. However, a more rigorous review,
of a larger body of empirical evidence a decade later, found no
support for the “sensitization hypothesis” of stimulant treatment.
Indeed, neither did it find that stimulant treatment conferred a
protective effect on later substance abuse (17). Recent preclinical
research suggests that inconsistencies in the putative relationship
between stimulant treatment and risk for substance abuse may
be explained by the moderating effects of emotional factors. For
instance, juvenile rats chronically treated with methylphenidate
showed a greater intake of, and preference for, alcohol in adult-
hood, but only in those who were socially isolated by being caged
in solitary housing — an environment known to increase stress and
anxiety in these animals (22).

Sex and age appear to be other factors that moderate the
ADHD-drug use relationship. In a clinical population-based,

birth-cohort study, it was found that childhood ADHD cases were
6.2 times more likely to have an alcohol/drug use disorder than
non-ADHD controls from the same cohort, and that stimulant
treatment tended to be a protective factor, but only in boys (23).
In a more recent prospective arm of the same study, from the same
birth cohort, it was confirmed that ADHD cases diagnosed in ado-
lescence were more likely to have alcohol or drug dependence in
adulthood (24). In other words, as ADHD cases grew to maturity,
they were more likely to use drugs and were more likely to develop
new-onset drug dependence than controls. Importantly, however,
this study found that ADHD cases who had received treatment (for
atleast 6 months) after the age of 13 were at greater risk than those
who received treatment before that age. Similarly, Dalsgaard et al.
(9) found that both boys and girls with ADHD were at increased
risk for substance abuse in adulthood, but that early initiation of
stimulant treatment in children resulted in reduced risk compared
to cases with later treatment onset. Nevertheless, there is still not
complete agreement on the relationship between treatment with
psychomotor stimulants and the risk for developing a drug addic-
tion, nor the causal direction of such a putative association. Some
of the outcome inconsistencies may be due to the relatively short
length of follow-up and the high rates of attrition in earlier studies
[e.g., Ref. (25, 26)].

MECHANISMS LINKING ADHD AND SUBSTANCE USE/ABUSE
Although links between ADHD symptomatology and substance
(ab)use are well-documented, there has been little informa-
tion about mechanisms that might foster this connection. One
approach has been to examine the influence of personality traits
associated with both ADHD and substance users in the general
population. In this regard, the very limited ADHD research has
focused largely on facets of impulsivity and their association with
alcohol consumption in this clinical cohort [e.g., Ref. (27)]. Other
research has indicated that the positive relationship between nico-
tine and marijuana use and ADHD-symptom dimensions may also
be mediated by aspects of impulsivity (28). In addition, related
investigations have found that an aversion to delayed gratifica-
tion and an abnormal sensitivity to individual instances of reward
are mediating links between symptoms of ADHD and addictive
behaviors (29). These authors have suggested that a high reward
drive might imply that “dopamine timing is off” in those with
ADHD. Indeed, the pathophysiology of ADHD has mostly been
ascribed to dopamine dysfunctions in the mesocorticolimbic path-
way (30). Imaging studies have shown, for example, that ADHD
patients display in increased availability of the dopamine trans-
porter in this brain region relative to their healthy counterparts
[see Ref. (31) for a review]. While there is other evidence that
ADHD is associated with reduced functionality of the dopamine
system — due in part to reduced receptor densities in various brain
regions compared to non-affected individuals [see Ref. (32, 33)] —
findings are not entirely consistent. For example, some studies
suggest that ADHD is associated with a hyperactive dopamine
system due either to an elevated efflux of dopamine or a reduced
decrease in the reuptake of dopamine (34).

Results of recent longitudinal research have also shown that
the development of internalizing problems such as depression and
anxiety —largely through peer rejection — mediates the relationship
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between ADHD symptoms and risk for substance use and abuse
(15). Indeed, several studies have reported that depression and
anxiety disorders are the most frequently reported psychiatric co-
morbidities in those with ADHD [see Ref. (35)]. Such data suggest
that substance use, and other addictive behaviors, may be a form
of “self-medication” in the absence of adequate social support, and
as a means to cope with stressful events in adolescence. Together
these studies mesh with evidence that high-risk profiles for sub-
stance misuse include anxiety sensitivity, impulsivity, and high
sensation-seeking tendencies (36).

In the quest to better understand the mechanisms linking
ADHD symptoms to addictive behaviors, no mediational research
has examined whether stimulant-medication treatment for ADHD
affects the hypothesized associations among the variables of inter-
est. Moreover, the possible role of sex differences in moderating
these associations is untested. To address these issues, the cur-
rent study has employed a case-double-control design. Examin-
ing undiagnosed individuals with high-ADHD symptoms in the
general community, as well as stimulant-treated clinical cases of
ADHD, in relation to addictive behaviors removes the potential
confounding effects of medication status on outcome.

THE CURRENT STUDY

In this study, a moderated-mediation analysis was used to test our
prediction that a composite index of personality risk — including
impulsivity traits, reward sensitivity, and anxiety proneness —
mediates the relationship between ADHD symptomatology on the
one hand, and a general tendency toward engaging in addictive
behaviors on the other. We also predicted that sex would mod-
erate these relationships with males showing higher scores on
all the measured variables compared to females (see Figure 1).
These associations were assessed in three groups of young adult
men and women: those with a previous or current diagnosis of
ADHD who had been (or were currently being) treated with
a stimulant medication (e.g., methylphenidate); a high-ADHD-
symptom group; and, a low-ADHD-symptom group, both with
no lifetime diagnosis of, or stimulant treatment for, ADHD. It was

Sex/Gender

C

ADHD Status Addictive Behaviors

without mediator

Personality
Risk Factors

ADHD Status

| Addictive Behaviors

Sex/Gender

FIGURE 1 | Moderated-mediation model predicting that a
personality-risk index mediates the relationship between ADHD status
and a composite measure of addictive behaviors, and that sex
moderates these associations.

anticipated that the cases would have higher scores on all the mea-
sured variables in the analyses compared to the high-symptom
control group, who, in turn, would have higher scores than the
low-symptom controls.

MATERIALS AND METHODS

PARTICIPANTS

A sample of young men (n=98) and women (n = 116) between
the ages of 17 and 32 years were recruited from the community
of a large Canadian university (student enrollment is ~55,000,
with an additional 7000 faculty and staff employed on campus).
Mean ages (and SD) of the participants were 22.5 (3.3) and 22.2
(3.3) years, for males and females, respectively. Among these indi-
viduals, 46 (men = 25; women = 21) had received a diagnosis of
ADHD, and were either currently being treated with stimulant
medications or had been in the past. The prescribed medications
were Concerta, Ritalin, Vyvanse, Adderall, and Dexedrine. Partici-
pants were required to be fluent in written and spoken English and
to have lived in North America since childhood. Exclusion criteria
included a current diagnosis of an addiction disorder and a current
or lifetime diagnosis of a psychotic disorder using an abbrevi-
ated (non-patient) version of the structured clinical interview for
DSM-1V (SCID).

MEASURES

ADHD status

ADHD status was established by participant self-report, each of
whom was asked whether they had ever had a medical diag-
nosis of ADHD. If they answered in the affirmative, they were
asked at what age the diagnosis took place and whether they were
ever prescribed (and took) stimulant medication as part of their
treatment protocol. If stimulants were taken, the participant was
asked for the length and dates of the treatment, and for the name
of the prescribed medication. Approximately half of the ADHD
group was still on stimulant medication at the time of study
participation, while the other half had a prior history of phar-
macotherapy with stimulants, but was no longer receiving treat-
ment at the time of recruitment. The non-diagnosed participants
were dichotomized into a high-ADHD-symptom group (#n = 83:
females =53) and a low-symptom group (n = 84: females =41)
based on a median split of their scores on the well-validated Con-
nors Adult ADHD Rating Scale (CAARS) (37). The self-report
measure was employed, which evaluates the presence and sever-
ity of ADHD symptoms. The scale comprises 30 items that are
rated on a four-point scale based on the frequency and severity of
ADHD inattentive and hyperactive/impulsive symptoms (0 = not
atall, 1 =justa little, 2 = pretty much, and 3 = very much). In the
present study, the total score was used and a median split of the
data from the non-ADHD participants was used to define the low-
and high-symptom groups.

Personality risk

Personality risk was modeled as a latent variable comprising three
personality factors associated with impulsive and rash responding,
and with anxiety proneness: (i) Impulsivity was assessed by the
well-validated 30-item Barratt Impulsivity Scale (BIS) (38), which
identifies facets of impulsivity such as the non-planning aspects
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of this construct, as well as the tendency to act rashly and to make
quick decisions. The alpha coefficient in this study was 0.77; (ii)
Reward Sensitivity was assessed by the Reward subscale (RS) of the
Sensitivity to Punishment and Sensitivity to Reward Questionnaire
(SPSRQ) (39). This scale comprises 24 forced-choice items reflect-
ing the respondent’s approach responses under various conditions
of reward. This scale was developed to assess the behavioral activa-
tion system (BAS) of Gray’s psychobiological model of personality
(40, 41). The alpha coefficient for the present study was 0.78; and
(iii) Addictive Personality Traits were assessed by the 32-item Addic-
tion Scale (AS) of the Eysenck Personality Questionnaire-Revised
(EPQ-R) (42). This scale was derived empirically by identifying
those items of the EPQ-R, at or beyond the 0.001 level of signif-
icance — and irrespective of subscale — which differentiated male
drug addicts from normal controls (43). In addition to studies
with drug addicts (44), this scale has been validated with groups
of problem drinkers (45), pathological gamblers (46), and those
with anorexia nervosa, bulimia nervosa, and binge eating disorder
(47, 48). The scale items are weighed toward the impulsive traits,
as well as anxiousness and negative affect. The alpha coefficient in
the present study was 0.81.

The three variables described above were moderately corre-
lated, as expected (r between 0.33 and 0.41; all p-values <0.0001).
A composite score was therefore calculated using principal com-
ponent analysis, as described in the Section “Results.”

Addictive behaviors

Addictive behaviors were assessed by the Shorter PROMIS Ques-
tionnaire (49), a self-report instrument for the concurrent mea-
surement of 16 addictive and/or excessive behaviors. Each subscale
comprises 10 statements that the respondent endorses on a 6-
point scale from 0 (“not like me”) to 5 (“like me”). The items
for each scale reflect the common characteristics of addictive
behaviors, such as use for effect, protection of supply, preoc-
cupation, using more than intended and increased capacity or
tolerance. For the purpose of the current study, a total score
was created by summing the items for the following seven
subscales: caffeine, recreational drugs, sex, nicotine, food bing-
ing, shopping/spending, and alcohol. Other subscales such as
“compulsive helping — dominant/submissive” and “relationship —
dominant/submissive” were deemed insufficiently related to con-
ventional addiction disorders to be included in the aggregate
score.

PROCEDURES

Participants were recruited by posters placed around the university
campus, by newspaper advertisements, and by means of targeted
announcements in online student forums. An initial screening
took place during a short telephone interview. An appointment
was made for a 1-h meeting in the university research laboratory
of the first author for participants who appeared to meet the eli-
gibility criteria. One the day of testing, informed consent and all
relevant demographic and clinical information was obtained dur-
ing a face-to-face interview. After the questionnaire package was
completed, height and weight were measured with the participant
standing in stocking feet and wearing light indoor clothing. At
the completion of the study, each participant was paid $15.00 to

cover out-of-pocket expenses. All study procedures were carried
out according to the Declaration of Helsinki.

STATISTICAL ANALYSES

The moderated-mediation model described in the Section “Intro-
duction” was analyzed using the four-step procedures described
by Baron and Kenny (50). According to this approach, mediation
is present when the following conditions are met: (i) the indepen-
dent categorical variable (ADHD status) is significantly related to
the proposed mediator (personality risk), shown as path A in the
model (see Figure 1); (ii) the proposed mediator (personality risk)
is significantly related to the dependent variable (addictive behav-
iors), shown as path B in the model; (iii) the independent variable
(ADHD status) is significantly related to the dependent variable
(addictive behaviors), shown as path C in the model; and (iv)
the relationship between ADHD status and addictive behaviors is
substantially minimized — or becomes non-significant — when the
proposed mediator (personality risk) is added as a covariate in
the analysis of variance (ANOVA) analysis described in the third
step. Sex was included as a potential moderator variable in the
first, third, and fourth ANOVA analyses described above. Moder-
ation is found if the ADHD status x sex interaction is statistically
significant.

RESULTS

As a preliminary analysis, independent ¢-tests were used to assess
group differences between the currently medicated and the pre-
viously medicated ADHD participants on all the quantitative
variables used in this study. Since there were no significant dif-
ferences between the groups, they were combined into a single
group for all subsequent analyses.

Table 1 presents the means and SD for all quantitative variables
included in the analyses, as well as for age and BMI, listed separately
for the three ADHD-status groups (i.e., those with a diagnosis of
ADHD, the high-symptom control group, and the low-symptom
control group). The groups did not differ from each other on
BMI. However, the low-symptom group was significantly older
than the high-symptom (p =0.033) and the ADHD (p =0.008)
groups, who did not differ from each other. Although statistically
significant in our sample, an age difference of 1-2 years in young

Table 1 | Means and SD for all quantitative variables listed separately
for the three ADHD status groups.

Variable ADHD High-symptom Low-symptom
Mean SD Mean SD Mean SD

Age 21.5 27 220 3.3 23.1 3.3
BMI 25.8 4.4 254 6.7 24.2 4.7
CAARS total score 414 206 40.0 1.3 15.3 6.4
Barrett impulsivity 71.3 149 673 1.5 55.7 7.8
scale

Reward sensitivity 12.5 43 135 4.2 10.4 4.3
Addictive personality  13.3 6.2 145 4.7 9.8 4.4
traits

Addictive behaviors 71.0 60.0 64.0 35.2 42.8 29.5
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adulthood was not considered clinically relevant in the context
of our research. With respect to the classification variable for the
control groups (viz. symptom scores as assessed by the CAARS),
the ADHD group had significantly higher scores than the low-
symptom group (p < 0.0001). Surprisingly, there was no difference
between the ADHD groups and the high-symptom control group
(p=0.456).

In order to create a latent variable reflecting personality risk,
a composite score was calculated for the three personality vari-
ables (BIS, RS, and AS) using a principal component analysis.
The extracted component accounted for 58% of the variance in
the three personality scales, and all three loaded strongly on this
factor (loadings ranged from 0.73 to 0.79).

MODEL TESTING

Path A

Path A was tested using a 3 (ADHD status) x 2 (Sex) ANOVA
with personality risk as the dependent variable. There was a sig-
nificant main effect for ADHD status. Post hoc comparisons using
the least significant difference (LSD) test indicated that the low-
symptom group had significantly lower personality-risk scores
than the ADHD group (p < 0.0001) and the high-symptom group
(p < 0.0001), which did not differ from each other (p =0.634).
Neither the main effect for sex nor the AHDH status x sex inter-
action was statistically significant. Table 2 presents the summary
statistics for these analyses.

Path B

Path B was tested by regressing addictive behaviors on the
personality-risk factor score, and results indicated a significant
positive association between the two variables (see Table 3).

Path C
Path C (without the mediating variable) was tested using a 3
(ADHD status) x 2 (sex) ANOVA with addictive behaviors as the

Table 2 | Summary statistics for the 3 x 2 ANOVA with the
personality-risk factor score as the dependent variable.

Source df Mean squares F p-value
Intercept 1 0.7 0.89 0.346
ADHD status 2 23.7 31.80 <0.0001
Sex 1 0.3 0.45 0.502
ADHD status x sex 2 1.0 1.40 0.249
Error 203 0.7

Total 209

Table 3 | Unstandardized coefficients for the regression analysis with
addictive behaviors as the dependent variable and the
personality-risk factor score as the independent variable.

Variable B SE t(H,) p
Intercept 574 2.3 251 <0.0001
Personality risk 255 2.3 11.14 <0.0001

R?=0.38.

dependent variable. There was a significant main effect for ADHD
status. Post hoc comparisons using the LSD test again indicated
that the low-symptom group had significantly lower scores on the
addictive-behaviors variable than the ADHD group (p < 0.0001)
and the high-symptom group (p=0.001), which did not differ
from each other (p = 0.348). Neither the main effect for sex nor the
AHDH status x sex interaction was statistically significant. Table 4
presents the summary statistics for these analyses.

Path ¢’

In the final step, Path C’ was tested by repeating the analysis
described in Section “Path C”; however, this time the proposed
mediator (personality risk) was included as a covariate in the
model. Results indicated that personality risk was a highly sig-
nificant predictor in the model, but that the ADHD status main
effect no longer contributed significantly to the variance in addic-
tive behaviors. There was no main effect for sex, nor was the ADHD
status X sex interaction statistically significant (Table 5).

SUPPLEMENTARY ANALYSES

Although we selected an aggregate index in this study to reflect
a general proclivity for addictive behaviors, we also expect that
some readers may be interested in the statistical outcome for each
individual addictive behavior. The following provides a summary
of these results, and should be viewed as information supplemen-
tary to the original hypothesis-driven analyses. Table 6 presents
the means and SD for each of the seven addictive behaviors,
listed separately for the ADHD status groups and for men and
women. To assess group differences, we employed a 3 (ADHD
status) by 2 (sex) multivariate analysis of variance (MANOVA)
with the individual addictive variables as dependent variables.

Table 4 | Summary statistics for the 3 x 2 ANOVA with the addictive
behaviors as the dependent variable.

Source df Mean squares F p-value
Intercept 1 664358.0 418.34 <0.0001
ADHD status 2 13642.9 8.59 <0.0001
Sex 1 2292.1 1.44 0.231
ADHD status x sex 2 1073.1 0.68 0.510
Error 206 1588.1

Total 212

Table 5 | Summary statistics for the 3 x 2 ANOVA with addictive
behaviors as the dependent variable and the personality-risk factor
score as a covariate in the model.

Source df Mean squares F p-value
Intercept 1 614323.1 569.3 <0.0001
Personality risk 1 1076279 99.34 <0.0001
ADHD status 2 1352.7 1.2 0.288
Sex 1 984.3 0.91 0.341
ADHD status x sex 2 25715 2.38 0.095
Error 201 1079.12

Total 208
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Table 6 | Means and SD for seven addictive-behaviors subscales of the
PROMIS questionnaire, listed separately for the three ADHD status
groups and for sex.

Variable ADHD High-symptom Low-symptom
Mean SD Mean SD Mean SD
Female
Caffeine 3.9 5.1 3.9 4.6 1.5 2.8
Recreational drugs 129 185 3.3 7.1 2.3 5.6
Sexual activities 7.2 139 3.8 8.6 2.3 6.1
Nicotine 86 14.6 2.6 8.4 1.9 6.1
Food binging 132 136 16.0 9.8 12.3 6.1
Alcohol 9.0 104 9.7 10.7 8.3 9.3
Shopping/spending 139 125 17.0 9.9 13.6 9.4
Male
Caffeine 4.7 7.8 5.9 7.4 4.9 6.9
Recreational drugs 124 154 7.2 10.7 3.8 7.4
Sexual activities 10.3 137 9.9 9.5 6.4 8.2
Nicotine 82 154 6.6 1.7 2.1 6.2
Food binging 10.0 10.0 14.9 8.1 6.8 6.1
Alcohol 154 1.4 154 11.0 1.2 8.8
Shopping/spending  10.8 98 1.b 8.6 8.3 7.2

The multivariable Wilks’ Lambda F ratios were statistical signifi-
cant for ADHD status and for sex (F 14,400 = 3.33; p < 0.0001, and
F7200=7.12; p < 0.0001, respectively). However, the main-effects
interaction term did not reach statistical significance. Results of
the univariate results are provided below.

Caffeine intake, alcohol consumption, and shopping/spending

For these three variables, there were no main effects for ADHD sta-
tus. However, males had a higher frequency of caffeine (p =0.01)
and alcohol (p=0.01) consumption compared to females, while
females were more prone to compulsive shopping (p =0.001).

Recreational drugs and nicotine

In contrast, for these two addictive behaviors there were no main
effects for sex. There were, however, significant main effects for
ADHD status (p < 0.0001 and 0.002, respectively). Post hoc com-
parisons using the LSD procedure indicated that for recreation
drug use, the ADHD group had significantly higher scores than
both the low- and the high-symptom groups (p < 0.0001 in each
case), who did not differ significantly from each other. With respect
to nicotine, similar results were found with the ADHD group
having higher scores than the high-symptom (p = 0.026) and the
low-symptom (p < 0.0001) groups, who again were not different
from each other.

Food binging and sexual activity

For these two variables, there was a significant additive effect
of ADHD status (p=0.001 and 0.045, respectively) and sex
(p=0.025 and 0.002, respectively). Not surprisingly, woman
had higher scores on food binging than men, while the reverse
was found for sexual activity. Concerning food binging, the
high-symptom group had more elevated scores than either the

low-symptom (p =0.001) or the ADHD groups (p =0.027), who
did not differ from each other. And finally, the low-symptom group
had reduced scores on the sexual-activity variable compared to the
high-symptom (p=0.037) and the ADHD (p=0.004) groups,
who were not significantly different from each other.

DISCUSSION

Results of our moderated-mediation analysis suggest that a com-
posite index of personality risk — reflecting aspects of impulsivity
and reward drive, as well as neurotic and anxiousness traits — may
mediate the positive relationship between ADHD symptomatol-
ogy and addictive behaviors. In other words, these findings suggest
that the personality traits frequently found in those with ADHD
may be the underlying mechanism driving their preference for,
and proneness to engage in, activities with immediately reinforc-
ing qualities and outcomes. Unexpectedly, however, there were
no differences between the ADHD group and the high-symptom
participants on the composite measure of addictive behaviors,
although both groups had significantly higher scores than the
low-symptom group!. We also found that the ADHD and the
high-symptom group had virtually identical scores on the ADHD-
symptom variable (viz. the CAARS), which is used clinically as a
diagnostic tool, and was employed in this study to dichotomize the
sample into high- and low-symptom control groups. The findings
described here suggest that stimulant medication (either current
or past) does not appear to enhance or diminish the general like-
lihood of engaging in addictive activities. In essence, these results
appear to be in accord with recent research showing no evidence
of a “sensitization” effect of stimulant treatment in those with
a lifetime diagnosis of ADHD (17). Such conclusions, however,
must be interpreted with caution since the sample of participants
with ADHD was not of sufficient size to control for factors such
as length of stimulant treatment, age of onset, and medication
dosage.

The absence of clinically relevant symptom differences between
the ADHD and the high-symptoms groups may suggest that the
former was more high-functioning than is typical of the general
population of young adults with ADHD (or a history thereof).
Indeed, this possibility gains credibility since most of the ADHD
participants in our study were recruited from the student body of
alocal university. On the other hand, a recent survey of childhood
impairments in those with and without ADHD - based on retro-
spective adult recall — found that while the ADHD group reported

"When each addictive behavior was considered separately — as seen in the Section
“Supplementary Analyses” — recreational drug use and cigarette smoking were sig-
nificantly higher in the ADHD group than in either of the control groups, who did
not differ from each other. Moreover, there were no group differences regarding
alcohol consumption. It is interesting to note that the nicotine and alcohol results
in the current study are in close accord with previous findings reported in the
Section “Introduction” (14, 15). With regard to food binging, the finding that the
high-symptom group had significantly elevated scores, compared to the ADHD or
low-symptoms groups, is difficult to explain. Given that half of the ADHD group
was currently on stimulant medication, and in light of recent evidence that stimu-
lants are effective in reducing binge-eating episodes (51), it may be that the relatively
low scores in the ADHD group were the result of medication effects. Importantly,
however, and similar to results with the addictive-behaviors composite score, there
was no ADHD status x sex interaction for any of the individual variables.
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more school difficulties compared to controls, there were no differ-
ences in their respective levels of educational attainment (35). Such
data imply, therefore, that university recruitment does not neces-
sarily create a biased sample in relation to the severity of ADHD
symptomatology. Another possible explanation for the absence of
differences between the ADHD and the high-symptom groups is
that stimulant treatment for the former may have ameliorated their
symptom severity. On the other hand, the absence of differences
may also indicate that ADHD is relatively under-diagnosed among
apparently healthy adults who have high-ADHD symptoms.

It was of considerable interest to find no differences in the mag-
nitude of the personality-risk index between those with AHDH
and the high-symptom group, although again both had signifi-
cantly higher scores than the low-symptom group. The composite
personality variable — created for the current study as a marker
of risk for addictive behaviors — is not only validated empiri-
cally by our results but also complements previous research in
this area. For instance, both novelty seeking and harm avoidance
were significantly greater in a large group of patients with opiate
addiction and/or alcohol dependence compared to normal con-
trols (52). Individuals with a compulsive buying disorder also had
more symptoms of ADHD, as well as lifetime mood, anxiety, and
impulse control disorders, compared to an appropriate control
group (53). Additionally, the compulsive buyers had more pro-
nounced personality traits related to depression, impulsivity, and
novelty seeking (an aspect of high-reward sensitivity).

Contrary to expectations, and after controlling for ADHD sta-
tus in our analyses, there were no male—female differences in
personality risk, nor in the use of addictive behaviors; neither
did sex moderate the relationships tested in our mediation model.
Concerning the addictive-behaviors variable — and in light of our
findings that individual differences in risk were not sex-specific — it
may be that sex differences were washed out because we oper-
ationalized addictive behaviors as an aggregate index of several
activities, both substance and non-substance related. Some addic-
tive behaviors, like compulsive buying (54) and binge eating (55),
are more frequently found in women, while others like hypersexual
behaviors tend to be more common in men (56)2.

In conclusion, strengths of this study are the inclusion of a
non-diagnosed and non-treated group of young adults with high-
ADHD symptom severity equivalent to the group of clinically
diagnosed ADHD participants. In addition, we also included a
low-symptom control group, thereby providing a double con-
trol for the clinical cases. Our focus on both mediating and
moderating factors in connection to the ADHD-addictive behav-
iors link is another strong point of this research. The use of a

2Indeed, results from the post hoc Supplementary Analyses did demonstrate that
women had higher scores than men on the binge-eating and compulsive-shopping
variables, as seen in previous research (54, 55). We also found, as others have, that
men had higher scores than women on sexual addiction (56) and alcohol consump-
tion (57). With respect to caffeine, our findings showed that men also had higher
scores than women. While very few studies have examined sex/gender differences
in caffeine consumption, one early report indicated that adolescent boys found the
reinforcing effects of caffeine greater than girls did, suggesting that the former may
be more prone to consume caffeinated beverages (58). Important, however, is that
sex did not moderate the relationship between ADHD status and addictive behaviors
whether we used the composite index or the individual sub-scale scores.

composite dependent-variable index of addictive behaviors also
provided a more comprehensive approach than one which exam-
ined each addictive activity separately (although these data have
been provided as supplementary information). This strategy is
particularly relevant since preferences for specific addictive activ-
ities are known to vary across sociocultural groups (59—-61). In
addition, while other studies have examined personality corre-
lates of ADHD - in particular, those also associated with risk
for addiction — as reviewed in the Section “Introduction,’ this
body of work has largely investigated constructs related to impul-
sive responding. The current study has extended this research by
using a multivariate approach to operationalize personality risk
by forming of composite latent variable including facets of impul-
sivity, reward sensitivity, and anxiousness. We have also moved
beyond the investigation of simple relationships by employing
moderated-mediation procedures in our data analyses.

However, despite the merits of our current research, it is also
important to address the limitations of the study. Foremost is
the fact that the ADHD participants comprised two distinct sub-
groups — those who were currently on stimulant medication and
those who had been, but were no longer, taking these drugs.
While our data indicated that the two groups did not differ on
the variables included in this study, these analyses may have been
under-powered by virtue of relatively small sample sizes. Another
constraint of the study is that the associations we observed were
based on cross-sectional data, thereby limiting our ability to infer
directional relationships between symptoms and behaviors. While
it is intuitive, for example, to suppose that ADHD symptoms con-
tribute to the use and abuse of addictive behaviors, it is also known
that chronic use of addictive substances/activities can foster some
of the symptoms that define ADHD such as poor impulse control
(62). Only longitudinal research will be able to establish causal
mechanisms between ADHD symptoms and addiction, and the
mediating role of personality-risk factors.

To summarize, we found that a high-risk personality profile
may, in part, account for the relationship between ADHD symp-
tomatology and the use/abuse of a broad range of addictive behav-
iors. We also found no evidence that current or past treatment of
ADHD symptoms with stimulant medication increases the prob-
ability of engaging in potentially addictive activities. While there
is good evidence that ADHD is more prevalent in males than in
females (63), we found no sex differences in personality risk for
addiction or in the use of addictive behaviors; nor did sex mod-
erate the relationships we assessed. The mediational impact of
personality-risk factors found in our study has important clinical
implications, especially in light of recent evidence from a ran-
domized control trial, demonstrating that a personality-targeted
prevention program for adolescence was significantly more effec-
tive in reducing alcohol use and misuse than a standard and
statutory drug-education program (36).
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Emerging lines of research suggest that both testosterone and maladaptive reward
processing can modulate behavioral dysregulation. Yet, to date, no integrative account
has been provided that systematically explains neuroendocrine function, dysregulation of
reward, and behavioral dysregulation in a unified perspective. This is particularly important
given specific neuroendocrine systems are potential mechanisms underlying and giving
rise to reward-relevant behaviors. In this review, we propose a forward-thinking approach
to study the mechanisms of reward and behavioral dysregulation from a positive affective
neuroendocrinology (PANE) perspective. This approach holds that testosterone increases
reward processing and motivation, which increase the likelihood of behavioral dysreg-
ulation. Additionally, the PANE framework holds that reward processing mediates the
effects of testosterone on behavioral dysregulation. We also explore sources of potential
sex differences and the roles of age, cortisol, and individual differences within the PANE
framework. Finally, we discuss future prospects for research questions and methodology
in the emerging field of affective neuroendocrinology.

Keywords: testosterone, cortisol, emotion, affect, reward, self-regulation, sex differences

Introduction

In recent decades, separate lines of research have investigated the psychological, neural, and neu-
roendocrine mechanisms of behavioral dysregulation, defined here as appetitive, risky behaviors,
such as sexual risk-taking (e.g., unprotected sex), dangerous driving, risky financial decision making,
and substance use. Two bodies of research of relevance have independently examined the hormonal
mechanisms of behavioral dysregulation. One perspective investigates the hormonal predictors and
mechanisms (particularly testosterone), while another has focused on reward dysregulation, defined by
researchers as the pursuit of pleasurable feelings and stimuli and heightened responsiveness to positive,
reward-related stimuli [e.g., Ref. (1-3)]. As we argue, these systems share overlapping psychological
and physiological mechanisms, yet have not been simultaneously deployed to understand behavioral
dysregulation. Thus, there is a need to integrate these disparate lines of work into a common theoretical
framework. This framework should not only be consistent with extant findings but also make novel
predictions to be tested in future research.

In this paper, we propose a forward-thinking approach to study reward motivation and behavioral
dysregulation, referred to as the positive affective neuroendocrinology (PANE) approach. The PANE
approach incorporates existing research in the hormonal mechanisms of behavioral dysregulation with
research on reward dysregulation and related positive affectivity. This approach suggests that reward
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dysregulation underlies the established links between testosterone
and behavioral dysregulation. The PANE approach also holds that
testosterone increases reward processing — or neural activity in
the reward-relevant regions of the brain — and reward motivation,
which in turn increase the likelihood of behavioral dysregulation.
More specifically, this framework posits that increases in reward
mediate the effects of testosterone on behavioral dysregulation. In
this paper, we provide a focused review of the roles of testosterone
in modulating behavioral dysregulation and then discuss how
reward dysregulation represents a crucial mechanism in this
relationship. We also explore the potential sources of sex differ-
ences and the effects of age, cortisol, and individual differences
within a PANE perspective. Finally, we close with a discussion
of future research prospects in the emerging field of affective
neuroendocrinology.

Evidence for PANE

What is the evidence for the PANE framework of reward and
behavioral dysregulation? In the following sections, we discuss
the evidence from three areas for why the association between
testosterone and behavioral dysregulation may be mediated by
elevated reward dysregulation: (1) evidence showing that testos-
terone is a predictor and mechanism of behavioral dysregulation,
(2) evidence for how reward dysregulation is a critical mechanism
of behavioral dysregulation, and (3) evidence that testosterone
increases reward dysregulation.

Testosterone and Behavioral Dysregulation
Testosterone, a steroid hormone and end-product of the hypo-
thalamic-pituitary-gonadal (HPG) axis, is of prime relevance
to behavioral dysregulation. In men, testosterone is primarily
produced in the testes, while women’s testosterone is produced
in smaller quantities by the ovaries and adrenal cortex (4).
Testosterone also has a diurnal cycle, where testosterone is highest
upon waking and decreases across the day, flattening in the after-
noon (5). Researchers often distinguish between organizational
effects of testosterone - the “permanent modification of brain
structure and function during prenatal and early postnatal life due
to exposure to testosterone” [Ref. (6), p. 15268] — and activational
effects of testosterone — temporary, non-developmental moment-
to-moment effects of testosterone that modulate affect, cognition,
and behavior upon administration or release of testosterone.
Research on the dysregulatory behavioral effects and correlates
of testosterone confirms both stable and dynamic, contextual
psychological effects of the HPG axis. Studying the stable, trait-
like elements of testosterone involves inferring stable levels of
testosterone from either multiple samples at the same time of day
[e.g., Ref. (7)], or taking a sample at one time of the day for all
participants, after a period of neutral activity (8). Support for this
approach comes from reports that testosterone concentrations
are relatively stable when measured at the same time of day (9).
Thus, baseline testosterone can be considered a trait-like index of
testosterone. Large-scale studies have linked baseline testosterone
to several dysregulatory behaviors in army veterans, such as sub-
stance use, previous juvenile delinquency, and law breaking [e.g.,
Ref. (10)]. Baseline testosterone is also positively associated with

risky financial decision making and preferences [see Ref. (11), for
a review; e.g., Ref. (12, 13)].

Collectively, there is a weak positive association between stable,
trait-like testosterone concentrations and risk-taking, with some
inconsistent findings. For instance, Stanton et al. (14) report a
non-linear relationship between testosterone and risk-taking,
suggesting that risk-taking is elevated in low and high testoster-
one individuals, but not those with middle-range testosterone
concentrations. Additionally, Sapienza et al. (6) report a positive
association between testosterone and risk-taking in women, but
not men. Furthermore, Schipper (15) found a negative association
between testosterone and risk-aversion for gains, but not losses,
in men.

The lack of strong effects of baseline testosterone on risk-taking
in humans may be due to the potential for testosterone concentra-
tions to alter in response to social events. Although baseline tes-
tosterone may predict how individuals generally respond and act
across a wide variety of contexts and self-reported psychological
traits, a more fine-tuned assessment of testosterone may be needed
for assessing situation-specific behaviors. For example, previous
work has examined the behavioral effects of testosterone responses
to competitions (16-19), opposite sex interactions (20), men’s
interactions with women (21, 22), social exclusion (23), holding
dominant vs. submissive postures (24), and aggressive provocation
(25). These dynamic effects of testosterone are theorized to be
more robustly associated with context-specific social behaviors
than baseline testosterone (26), and this notion is supported by
several emerging studies [e.g., Ref. (16, 27, 28)] showing robust
effects of testosterone changes predicting aggressive behavior in
social contexts. This work is also bolstered by a recent study show-
ing that acute changes in testosterone in response to monetary wins
and losses also are associated with increased financial risk-taking
in men (29). Collectively, these studies suggest that both baseline
and dynamic changes in testosterone are positively related to a
range of dysregulatory behaviors, particularly risk-taking.

Reward-Seeking and Behavioral Dysregulation
Theories of behavioral dysregulation (e.g., risk-taking) have
distinguished between appetitive, approach-oriented, reward
motivations based on achieving satisfaction and avoidance motiva-
tions based on reducing or avoiding negative consequences, such
as pain, punishment, or losses [e.g., Ref. (30-32)]. Affective and
motivational accounts of risk-taking specify reward dysregulation
as a critical component [e.g., Ref. (33)]. Additionally, elevations
in reward-seeking facilitate the heightened risk-taking behaviors
associated with adolescence [see Ref. (34), for review] and underlie
a host of dysregulatory behaviors, such as addictive gambling
(35), substance abuse (36), traffic violations (37), and childhood
obesity (38). In this work, both the elevated experience of positive
emotions and the experience of excessive reward motivation are
critical components to behavioral dysregulation.

The deleterious effects of reward motivation and excessive
positive emotion also emerge in clinical disorders. Disorders
associated with risk-taking behavior, such as bipolar disorder
(BD), are characterized by elevated and abnormally persistent
positive emotions (39), excessive reward pursuit and deficits in
reward-related learning [e.g., Ref. (40)], and deficits in positive
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emotion regulation [e.g., Ref. (41-43)]. BD is often characterized
by elevated risk-taking behaviors and impulsivity (44, 45), such as
substance use (46), impulsive gambling behavior (47), aggressive
behavior (48), and harmful substance use (46). Broadly, deficits in
the behavioral approach system (BAS) are thought to characterize
BD and elevated behavioral dysregulation (49).

The effects of positive emotion regulation and elevated, per-
sistent positive affect on behavioral dysregulation are becoming
increasingly known. When experiencing urgent positive emotions,
people are more likely to engage in a variety of dysregulatory
behaviors, such as substance use and risky-sexual behavior
(50, 51). Elevated reward processing and positive affect have a
robust association with risk-taking (52). Additionally, dysregula-
tory behaviors such as substance use, binge eating, and risky-sexual
behavior, are more likely to occur in the context of positive emo-
tions (50, 51). Elevated reward processing and positive affect have
a robust association with risk-taking (52). Additionally, elevated
reward-sensitivity uniquely characterizes a subpopulation of drug
addicts that are motivated toward drug addiction through the
presence of potential for rewards (53, 54).

Research on clinical disorders has also provided insights into
the fundamental affective mechanisms of behavioral dysregula-
tion. This research suggests that reward dysregulation is a critical
component of behavioral dysregulation. Affective accounts of risk-
taking specify reward dysregulation as a critical component [e.g.,
Ref. (33)]. Clinical disorders associated with risk-taking behavior,
such as BD, are characterized by elevated and abnormally persistent
positive emotions (39), excessive reward pursuits and deficits in
reward-related learning [e.g., Ref. (40)], and deficits in positive
emotion regulation [e.g., Ref. (3,41, 42)]. BD is often characterized
by elevated risk-taking behaviors and impulsivity (44, 45), such as
substance use (46), impulsive gambling behavior (47), aggressive
behavior (48), and harmful substance use (46). In addition to exces-
sive positive emotion, this heightened irritability may also potentiate
behavioral dysregulation, such as impulsive aggression (55).

Reward-Related Neural Function and Behavioral
Dysregulation

In addition to elevated positive affect and reward motivation,
neural structures related to positive affect and reward also predict
behavioral dysregulation. The reward system has been broadly
thought to be the neural basis of the BAS, which operates via the
mesolimbic dopaminergic network (56, 57). Connectivity between
these dopaminergic regions is theorized to form the basis of the
neural circuits of reward and appetitive behavior [see Ref. (58) for
a review]. Broadly, this reward system of the brain utilizes several
key dopamine-linked structures, such as the ventral tegmental
area (VTA) and nucleus accumbens (NAcc), the latter of which
is nested in the ventral striatum (59-61). Within these regions,
the VTA has numerous dopaminergic pathways with output to
the hippocampus, amygdala, medial pre-frontal cortex (PFC)
ventral pallidum, and of prime relevance, the NAcc [Ref. (62),
for a review]. For example, dopaminergic neuron activation in
the VTA that stimulates the NAcc aids in reinforcing responses
to food and drugs used in substance abuse [see Ref. (63), for a
review], as well as reward cues (64). The NAcc also plays a critical

role in affect and appetitive motivation, reaction to novel stimuli,
reward-related learning, responses to delayed reward, controlling
feeding, and hedonic taste preferences [e.g., Ref. (65-70)]. More
broadly, dopamine release in the ventral striatum is associated with
self-reported euphoria in humans [e.g., Ref. (71)] and is thought
to be a critical modulator of reward anticipation in mammals (72).

Dysregulation in the dopaminergic system has attracted
considerable attention in researching behavioral dysregulation
and related psychiatric disorders [see Ref. (59, 73), for a review].
For instance, the dopaminergic reward system and dopamine
receptor polymorphisms have been linked to the crucial rewarding
effects of substance abuse and addiction (74) and pathological
gambling [e.g., Ref. (75-77)]. The dopamine system and receptors
also modulate increased risky-decision making in humans [e.g.,
Ref. (78, 79)] and impulsive behavior in rodents [e.g., Ref. (80)].
Furthermore, neural theories of self-regulation (81, 82) hold that
self-control is a function of the balance of activation and connectiv-
ity between the mesolimbic dopaminergic regions and regions of
the PFC - a putative mechanism of self-control, inhibiting craving,
and emotional control (74, 83-85). As we will discuss, testosterone
modulates activity in these regions (see Figure 1).

Testosterone and Reward

Our evidence for testosterone’s role in reward-seeking comes from
three areas of research: testosterone and reward-seeking behavior,
testosterone and reward-related affect, and testosterone and the
neural circuitry of reward.

Testosterone and Reward-Seeking Behavior and Traits

Without involving affective and neural processes, testosterone is
associated with increased reward-focused traits, sensation seek-
ing, and impulsive behaviors in humans and animals [e.g., Ref.
(86-92)]. Additionally, previous work suggests that exogenous
testosterone administration can shift sensitivity from punishment
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FIGURE 1 | Testosterone’s effects on brain regions associated with
reward dysregulation. PFC, prefrontal cortex; NAcc, nucleus accumbens;
VTA, ventral tegmental area.
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to reward dependency (93). Testosterone changes are also associ-
ated with increased monetary gains in stock traders (94). Broadly,
this work suggests that testosterone increases motivation to seek
rewards.

Testosterone and Reward-Related Affect

Testosterone may be related to reward-seeking behaviors, but is
it associated with reward-related affect? Work using exogenously
administered testosterone suggests that testosterone may shift
focus away from withdrawal-related emotions to approach-related,
reward-focused aggression (95, 96), and increase subjective and
physiological measures of sexual-arousal (97). Testosterone may
also be associated with approach-related positive affect. Indeed,
testosterone increases are correlated with increased enjoyment
of competition in decisive victories (98). Additionally, there is a
well-established negative correlation between testosterone and
depressive symptoms [see Ref. (99), for a review]. Previous work
also suggests that exogenously administered testosterone can also
decrease depression (100, 101) and increase manic symptoms
(102). Furthermore, in women with BD, testosterone concentra-
tions positively predict the number of manic episodes and suicide
attempts (103).

Testosterone and Reward-Related Neural Function
Broadly, both testosterone’s organizational and activational
effects on the brain are associated with neural regions linked to
increased dominance, reward, and approach behaviors [see Ref.
(26, 104-106) for reviews; Ref. (107)]. Relevant to the current
framework, an expansive literature suggests that testosterone is
linked to reward-related neural function, both within animal and
human literature. We summarize these associations in Figure 1.
Animal research suggests testosterone modulates the dopamin-
ergic system (108-110) and dopamine-linked sexual behaviors in
rodents [e.g., Ref. (111, 112)], and has rewarding effects via the
mesolimbic dopaminergic system [see Ref. (113), for a review].
For instance, rats show conditioned place preference for regions
where they received testosterone injections, and this effect is
mediated by dopamine function in the ventral striatum and
NAcc (114, 115). Supporting this idea, research in hamsters also
suggests testosterone can facilitate dopaminergic activity in the
NAcc (116). Furthermore, research with California mice suggests
testosterone increases in response to victories facilitate future
aggression through the expression of androgen receptors in the
ventral striatum (117), potentially through dopaminergic activity.

The association between testosterone and reward-related neural
activity parallels that of rodent research. In humans, adolescents’
hormonal changes in puberty have also been theorized to increase
appetitive motivation by influencing reward-linked brain structures
and dopaminergic pathways (118-122). In humans, testosterone
administration increases functional connectivity in neural circuits
linked with reduced depression (123). Additionally, exogenous
testosterone administrations in humans increase ventral striatal
responses to financial reward cues in adolescents and adults receiv-
ing monetary rewards (124, 125).

In summary, testosterone may increase reward motivation by
acting directly on dopaminergic neural structures in the BAS.
However, less work has focused on the effects of testosterone and

the BAS beyond dopamine-dependent regions. Although some
work suggests, for instance, that testosterone is associated with
elevated dorsolateral pre-frontal cortex (DLPFC) activation during
an anger control induction (126), other work has not revealed
associations between testosterone and the DLPFC during aggres-
sive interactions (127). Future research is needed to extend the
specificity of the effects of testosterone beyond reward function
to the BAS.

Reciprocal Associations Between Reward and
Testosterone

Overall, the literature reviewed above suggests that testosterone
can increase reward processing and dysregulation. However, there
also may be a reciprocal effect of reward on testosterone increases.
Reciprocal associations are consistent with existing neuroendocrine
theories that posit hormones and behavior reciprocally affect each
other through feedback loops [e.g., Ref. (128)]. Broadly, contexts
that modulate testosterone responses, such as competitive outcomes
and sexually attractive individuals, have rewarding properties.
For instance, testosterone responses to competitive victories that
facilitate aggressive and risk-taking behavior may occur because
winning a competition is an enjoyable experience. Research sup-
porting this possibility suggests a positive association between
testosterone responses in winners of competitions and enjoyment
of the competition (98). Additionally, the dynamic increases in
testosterone following winning a competition and decreases fol-
lowing losing have been thought to facilitate changes in reward-
dependent learning (129). However, to fully test this hypothesis,
research experimentally manipulates reward in multiple contexts
while measuring the effects on testosterone fluctuations is needed.

Critical Moderators

In the following section, we highlight potential critical moderators
for within the PANE framework, including cortisol, sex, age, and
individual differences linked to reward sensitivity and motivation.

Interactive Effects with Cortisol

Within the PANE framework, testosterone may interact with
other hormones to predict behavioral dysregulation. Emerging
work also suggests that cortisol - a glucocorticoid steroid hor-
mone released as the end-product of the HPG axis - interacts
with testosterone to modulate dysregulatory behavior [see Ref.
(130), for a review]. From a neurobiological perspective, cortisol
downregulates androgen receptors, inhibits HPG activity, and
inhibits the effects of testosterone on specific tissues [e.g., Ref.
(131-134)]. Additionally, the HPG and HPA axes are thought to
have mutually inhibitory effects on each other (135). Therefore,
it is possible that cortisol may also moderate the psychological
and behavioral effects of testosterone. This notion is supported
by psychological literature, finding that when cortisol levels are
low, but not high, testosterone levels are positively associated
with dominance (136), risk-taking (137), perceived status (138),
violent crime (139, 140), and externalizing psychopathology in
adolescents (141), although others did not find similar associations
(10, 142). Recent research also suggests that acute testosterone
changes are positively related to earnings in bargaining contexts
when cortisol levels decrease, but not increase (143). In summary;,
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not only do cortisol and testosterone have independent effects on
costly behavioral dysregulation but these hormones may also co-
regulate risk-taking behavior and impulsive traits. Future research
is needed to further investigate the extent to which testosterone
and cortisol jointly influence self-control related behaviors (144).

Sex Differences in the Psychoneuroendocrinology of
Behavioral Dysregulation

A large literature suggests men are more impulsive, punishment
insensitive, and sensation seeking than women [see Ref. (145), for
a meta-analysis; Ref. (146)], and are on average, more risk-taking
(147), although the effect sizes are small (148). Men also typically
die earlier than women (149, 150), are more likely to die from
violent deaths (151), are more aggressive [e.g., Ref. (152-155)],
and are more likely to abuse alcohol (156). Additionally, relative
to women, men have more psychopathological traits and disorders
linked increased impulsivity (39, 157-160).

Sex differences in testosterone are thought to account for sex
differences in risk-taking (6). Work by Sapienza and colleagues
indicates that both the organizational functions of testosterone
in prenatal development - indexed by the ratio of the second to
fourth finger digits (161, 162) - and circulating levels of testos-
terone account for sex differences in risky-decision making. On
the level of prenatal exposure to testosterone, previous work has
found physiological indicators of prenatal testosterone exposure
can alter children’s social and empathic abilities (163). Although
numerous cultural and social factors explain gender differences
in behavioral dysregulation, both organizational and activational
effects of testosterone likely explain a portion of this variability. It
is important, however, not to rule out social and cultural factors
facilitating differences in behavioral dysregulation between men
and women. Gender roles often guide behavior through social
pressures and conformity [see Ref. (164, 165), for reviews]. To
explain sex differences in dysregulatory impulsivity and risk-
taking, it is necessary to account for not only both the nature and
nurture, but the interaction between the two (164-166).

The effects of dynamic changes in testosterone on behavior may
be specific to men. For example, Carré et al. (16) find that testos-
terone reactivity mediates the effect of competitive outcomes on
aggressive behavior specifically in men but not women. Although
several studies investigating the effects of testosterone reactivity on
dysregulatory behaviors have primarily focused on samples of men
[e.g., Ref. (23, 28)], future research is needed to establish whether
the dynamic effects of testosterone on dysregulatory behavior are
sex-specific. This work does not imply, however, that testosterone
cannot have behavioral and psychological effects in women. Several
testosterone administration studies, for example, have produced
behavioral and psychological effects of testosterone in samples of
exclusively women [e.g., Ref. (167-170)]. Additionally, previous
work has identified interactive effects of testosterone and cortisol
in samples of both men and women (136, 137).

Several factors may additionally explain smaller psychological
and behavioral effects of testosterone in women. First, animal
research suggests that females may have less androgen sensitivity
compared to males. Although exogenous androgens can influence
sexual mounting behaviors in female hamsters, female hamsters
are less responsive to the effects of androgens on neuroendocrine

function and sexual behavior than males (171, 172). Females have
also been found to have decreased androgen receptor immuno-
reactivity and density compared to males in several regions of
the brain (173). Second, compared men, women produce far
less testosterone and have less variability in testosterone. This
restricted range reduces the statistical power to detect testos-
terone’s psychological and behavioral effects (174) and this may
hinder the detection of these effects in women. Additionally,
the type of methodology used to measure testosterone can have
sensitivity at different ranges (175) and may not always be well-
suited for measuring the decreased concentrations of testosterone
in women.

In summary, testosterone explains both intersex and intrasex
variability in dysregulatory behavior. Researchers have several
obstacles in measuring testosterone, which hopefully will be
curtailed with the advent of greater precision in measurement
and the accumulation of more data. Further exploring the role
of testosterone in reward dysregulation within men and women
would advance the study of the psychological effects of testosterone.

Age

Another potential moderator of the PANE framework is age.
Post-adolescence aging coincides with decreases in testosterone
[e.g., Ref. (176)], decline in neural reward-related function [e.g.,
Ref. (177)], increased preferences for delayed rewards (178), and
decreased risk-taking behavior [e.g., Ref. (147)]. Furthermore,
developmental researchers have proposed that pubertal increases
in sex hormones including testosterone are linked to elevated
risk-taking in adolescents (179, 180). Additionally, research on
risk-taking suggest that both male and female adolescents engage
in more risk-taking compared to adults [e.g., Ref. (181, 182)],
leaving greater potential for testosterone to explain risk-taking in
adolescents compared to adults. Thus, it is possible that age may
moderate associations in the PANE framework and also modulate
differences in the mechanisms of testosterone, reward function,
and behavioral dysregulation.

Individual Differences

Although work on individual differences moderators of testos-
terone, reward, and behavioral dysregulation is preliminary, the
associations in the PANE framework may be modulated by indi-
vidual differences. For instance, Norman et al. (183) found that trait
anxiety moderates the association between testosterone dynamics
and impulsive aggression, while Schultheiss and colleagues (184,
185) report that implicit power motive can modulate testosterone
responses to competitive contexts. Additionally, the mechanisms in
PANE may also be affected by other individual differences related to
reward motivation, such as the behavioral inhibition and activation
scales [BIS/BAS; (186)] or regulatory focus (187).

The PANE Framework - A Summary

The PANE framework provides an organizing framework of exist-
ing research showing that the association between testosterone
and behavioral dysregulation is mediated by increased reward
motivation and reward dysregulation (see Figure 2). Specifically,
the PANE approach primarily holds that both stable, trait-like
levels and moment-to-moment dynamic changes in testosterone
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FIGURE 2 | The PANE framework of reward and behavioral
dysregulation. The PANE framework specifies that elevated stable levels and
dynamic increases of testosterone facilitate increased reward function. This

increased reward function then facilitates behavioral dysregulation and
behaviors indicative of excessive reward pursuit. This perspective also allows
for the possibility that reward function can increase testosterone.

canincrease reward dysregulation. Enhanced reward processing - a
psychological and neural mechanism of behavioral dysregulation -
then increases the likelihood of behavioral dysregulation. Because
reward function is affected by testosterone and also serves as a
key mechanism of behavioral dysregulation, we argue that reward
function is a prime candidate for a mediator of the association
between testosterone and behavioral dysregulation. Consistent with
contemporary accounts of mediation (188), by specifying reward
function as a mediator of the association between testosterone and
behavioral dysregulation, we mean that reward function is a causal
mechanism in this association. As we review above, testosterone
and reward function and motivation modulate a common set of
reward-dependent behaviors, and well-established causal direc-
tions among testosterone, reward, and behavioral dysregulation
suggest that this network of relations is mediated.

The PANE approach is currently at a preliminary state in
understanding neuroendocrine function, reward-dysfunction, and
behavioral dysregulation. The current paper provides a rationale
for why reward function may mediate the association between tes-
tosterone and behavioral dysregulation. However, as a whole, this
mediation is untested by empirical articles. Future work is needed
for researchers to test the overall mediation proposed by the PANE
framework. This framework can be measured and tested in numer-
ous forms and contexts, including using both human and animal
samples, experimental manipulations of reward, pharmacological
testosterone manipulations, testosterone modulating experimental
paradigms (e.g., competitive outcomes), and multiple measures
of behavioral dysregulation (e.g., poor financial decision making,
substance abuse, risky-sexual behaviors). This flexibility allows
for the PANE model to be tested and applied by researchers from
many backgrounds.

It is necessary to note where the PANE approach differs from
other neuroendocrine accounts of behavior. Previous accounts of
testosterone and social behavior often indicate testosterone as a
biomarker and mechanism of dominance and reproductive behav-
iors [e.g., Ref. (189, 190)], while recent research has also linked

testosterone to threat-based neural function [e.g., Ref. (191)]. It is
clear that testosterone modulates these psychological functions in
addition to purely reward-related function. However, the literature
we review suggests that dominance and sexual behavior are not
the only variables regulated by testosterone. As we reviewed,
testosterone is related to reward-related neural function, affect,
and behaviors, as well as multiple phenotypes of behavioral dys-
regulation more distal to sexual behavior and dominance, such
as substance use, risky-decision making, and sensation seeking.
Thus, these behaviors are unlikely to be guided completely by the
dominance and sexual behavior-related functions of testosterone.
It is possible, instead, that rewards of status-seeking and sexual
behavior may actually be a function of the reward-related function
of testosterone, but future work is needed to test this possibility.
At this point, the PANE framework is designed to be an additive
perspective of the effects of testosterone on behavior in addition
to other existing accounts.

Future Directions for Research on Reward
Dysregulation, Testosterone, and
Behavioral Dysregulation

Although the PANE approach proposes that reward function is a
critical mediator in the association of testosterone and dysregula-
tory behaviors, this research can be developed in several ways. In
the following sections, we also propose additional ways the PANE
perspective can be expanded: (1) the role of social functioning, (2)
translational work in psychiatric populations, (3) integration with
neuroendocrine models of aggressive behavior, (4) the positive
effects of behavioral dysregulation, and (5) integration with other
systems of behavioral dysregulation.

Decreased Social Functioning

Testosterone may also increase risk-taking by decreasing social
connections with others. It has been long known that socially
isolated or disconnected individuals are more likely to engage
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in reckless behaviors, such as aggression, violence, and drug use
(192, 193). This idea is consistent with recent reports suggest-
ing a robust association between having social connections and
decreased risk-taking. For instance, having better quality peer and
family relationships is associated with decreased risk-taking in
adolescents (194, 195) and higher levels of social support are linked
with decreased risk-taking in stigmatized sexual minorities [e.g.,
Ref. (196, 197)]. Additionally, self-regulation has been found to be
impaired by social exclusion (198). Socially excluded people are
also more likely to engage in financial risk-taking (199).

How might testosterone decrease social relationship quality?
Broadly, low testosterone is associated with nurturant, pro-social,
relationship-promoting behavior (200-202). Basal testosterone
is positively associated with having an avoidant, disconnected
interpersonal approach, and greater loneliness (203). Testosterone
is also positively related to decreased relationship satisfaction and
commitment in couples, in both individuals and their romantic
partners (204). Additionally, exogenous testosterone can decrease
empathy and trust (168, 205), which may impair social relations.
Furthermore, the increased risk-taking associated with testoster-
one function may also in turn decrease relationship quality, further
impairing this process.

In summary, by decreasing the quality of social relationships,
testosterone may increase the likelihood individuals engage in
dysregulatory behaviors, such as maladaptive substance use to cope
with poor social relationships [e.g., Ref. (206)]. We additionally
suggest this association may be mediated by other processes we
previously reviewed. For instance, research suggests having more
meaningful family relationships can decrease risk-taking through
neural activation indicative of decreased reward sensitivity and
increased cognitive control [dorsolateral pre-frontal cortex, Ref.
(194)]. Likewise, decreased empathy — an emergent property of
reward and positive emotions (207, 208) - may also be related
to the association between testosterone and reward processing.

Translational Implications for Psychiatric
llinesses

Numerous psychological disorders are characterized by trait
impulsivity and behavioral dysregulation, such as BD, borderline
personality disorder, and attention deficit hyperactivity disorder
(39). From the PANE perspective, targeting hormones and affective
states leading to behavioral dysregulation presents a novel, trans-
lational approach to understanding and treating these disorders.
In particular, BD is a prime candidate to investigate the PANE
approach. BD is characterized by increased reward sensitivity
and difficulties down-regulating reward (2, 41), which may be
of particular interest and application for the PANE approach. A
chronic, severe, and often fatal psychiatric illness, BD ranks in
the top 10 leading causes of worldwide disability by the World
Health Organization. The core diagnostic criterion for BD involves
periods of abnormally and persistently elevated positive mood (39)
and impairments in reward processing have been proposed as a
putative endophenotype for BD (209).

Three lines of evidence suggest that BD is a target population
for studying testosterone and reward function. First, BD is associ-
ated with increased reward sensitivity. For example, people with
BD exhibit increased reward reactivity (2, 210, 211), excessive

pursuits aimed at obtaining rewards (1, 212), and impairments
in reward-related learning (213). Second, empirical models of BD
stress the importance of reward dysregulation in the causes and
course of the disorder (1, 2, 210-212). Troubles with reward pro-
cessing persist in BD, even during periods of symptom remission.
For example, remitted BD patients report trouble decreasing or
down-regulating reward (42), and engage in maladaptive strategies
that amplify reward-relevant responses (43, 214), compared with
healthy controls. Third, increased reward sensitivity is associated
with clinical impairment in BD. Sensitivity to reward predicts
increases in manic symptoms over time in BD (215).

Preliminary evidence also suggests that testosterone is impor-
tant factor for understanding the course and symptom severity in
BD. For instance, heightened testosterone levels are associated with
significant increases in mania symptoms and severity in BD (103,
216), and oral administration of testosterone has been causally
linked to the onset of manic symptoms (102). Future research is
needed to understand the hormonal and reward-related mecha-
nisms of BD and other disorders.

Integration with Theories of Aggressive Behavior
Much of research and theory links aggressive behavior to negative
affective systems and threat processing [e.g., Ref. (217-221); see
Ref. (26), for a review]. However, the reward systems are also
implicated in aggressive behavior [e.g., Ref. (117, 222)]. A model
of aggressive behavior accounting for reward and threat-processing
may help explain mixed evidence for testosterone and aggressive
behavior in neuroendocrine research. Although threat-function
and negative affective systems undoubtedly play a critical role in
facilitating aggressive behavior, a PANE approach to aggression
may help enhance neuroendocrine models of aggressive behavior
beyond just accounting for negative affect.

Exploring the “Light Side” of Behavioral
Dysregulation

So far, the primary discussion of the PANE approach to impulsive
behavioral dysregulation has focused on impulsive behaviors.
However, just as calculated, non-impulsive behaviors can have
antisocial consequences, not all impulsive acts have negative effects
and many can be generous or pro-social to others [e.g., Ref. (223,
224)]. Emerging research suggests testosterone is positively associ-
ated with pro-social acts of fairness, cooperation, and reciprocity
(205, 225, 226). Because positive emotionality has been found to
be linked to pro-social behavior and because neural systems linked
to reward are also related to pro-social behavior (227), the PANE
approach may also explain the how testosterone can increase pro-
social behaviors through positive emotions and reward motivation.
Future research is needed to uncover further associations between
testosterone, positive emotions, and pro-social behavior.

Integration with Other Systems of Behavioral
Dysregulation

Although the PANE perspective specifies reward processing as
a central mediator to the association between testosterone and
behavioral dysregulation, reward is likely not the only mechanism.
For example, one potential mechanism of increased risk-taking
and impulsive behavior implicated are the pre-frontal regions of
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the brain linked to impulse control and self-regulation, such as
the orbitofrontal cortex (OFC), which is related to risky-decision
making [Ref. (228); see Ref. (179), for a review]. Although the
literature suggesting testosterone can modulate the OFC is not
as expansive as the testosterone-reward literature, the association
testosterone has with aggression and risk-taking has been in part
explained by decreased OFC activation (127) and volume in males
(179). Furthermore, research suggests testosterone decreases con-
nectivity between the OFC and subcortical areas like the amygdala
(229, 230).

The effects of testosterone on the reward and self-control
systems fit well with established dual-systems models of self-
control. Hofmann et al. (231) specify that two systems modulate
self-control: an impulsive associate system that automatically
triggers impulsive responses to the environment and a reflective
system providing executive control of overriding impulses and
implementing strategic plans for goal pursuit. Based on what is
known of the neural effects of testosterone, testosterone changes
may modulate the activation of both impulsive and reflective
systems. As more research emerges, one broad goal of the PANE
perspective and surrounding research will be to integrate more

References

1. Alloy LB, Abramson LA. The role of the behavioral approach system (BAS)
in bipolar spectrum disorders. Curr Dir Psychol Sci (2010) 19(3):189-94.
doi:10.1177/0963721410370292

2. Gruber J. Can feeling too good be bad? Positive emotion persistence
(PEP) in bipolar disorder. Curr Dir Psychol Sci (2011) 20(4):217-21.
doi:10.1177/0963721411414632

3. Johnson SL, Gruber J, Eisner L. Emotion in bipolar disorder. In: Rottenberg J,
Johnson SL, editors. Emotion and Psychopathology: Bridging Affective and Clinical
Science. Washington, DC: American Psychological Association (APA) Books (2007).
p. 123-50.

4. Nelson R]. Chapter 2: the endocrine system. 3rd ed. An Introduction to Behavioral
Endocrinology. Sunderland, MA: Sinauer Associates (2005). p. 37-88.

5. Dabbs JM. Salivary testosterone measurements: reliability across hours, days,
and weeks. Physiol Behav (1990) 48:83-6. d0i:10.1016/0031-9384(90)90265-6

6. Sapienza P, Zingales L, Maestripieri D. Gender differences in financial risk
aversion and career choices are affected by testosterone. Proc Natl Acad Sci U S
A (2009) 106(36):15268-73. doi:10.1073/pnas.0907352106

7. Glenn AL, Raine A, Schug RA, Gao Y, Granger DA. Increased testosterone-to-cor-
tisol ratio in psychopathy. ] Abnorm Psychol (2011) 120(2):389. doi:10.1037/
20021407

8. Josephs RA, Telch MJ, Hixon JG, Evans JJ, Lee H, Knopik VS, et al. Genetic
and hormonal sensitivity to threat: testing a serotonin transporter genotypex
testosterone interaction. Psychoneuroendocrinology (2012) 37(6):752-61.
doi:10.1016/j.psyneuen.2011.09.006

9. Liening SH, Stanton SJ, Saini EK, Schultheiss OC. Salivary testosterone, cortisol,

and progesterone: two-week stability, interhormone correlations, and effects of

time of day, menstrual cycle, and oral contraceptive use on steroid hormone
levels. Physiol Behav (2010) 99(1):8-16. doi:10.1016/j.physbeh.2009.10.001

Mazur A, Booth A. Testosterone is related to deviance in male army veterans,

but relationships are not moderated by cortisol. Biol Psychol (2014) 96:72-6.

doi:10.1016/j.biopsycho.2013.11.015

Apicella CL, Carré JM, Dreber A. Testosterone and economic risk taking: a review.

Adapt Human Behav Physiol (2015):1-28. doi:10.1007/s40750-014-0020-2

Evans KL, Hampson E. Does risk-taking mediate the relationship between

testosterone and decision-making on the Iowa gambling task? Pers Individ Differ

(2014) 61:57-62. doi:10.1016/j.paid.2014.01.011

Stanton SJ, Liening SH, Schultheiss OC. Testosterone is positively associated

with risk taking in the Iowa gambling task. Horm Behav (2011) 59(2):252-6.

doi:10.1016/j.yhbeh.2010.12.003

10.

11.

12.

13.

with other mechanisms and perspectives of behavioral dysregula-
tion, such as the dual-systems approach.

Conclusion

The PANE perspective is designed to organize the work on
testosterone, reward dysregulation, and behavioral dysregulation
into one coherent framework to stimulate research on behavioral
dysregulation. The endocrine mechanisms discussed in this paper
may also influence behavioral dysregulation through other mecha-
nisms than reward [such as self-control systems and the OFC, Ref.
(127)]. However, the evidence is clear that reward dysregulation
is a principal mechanism modulating dysregulatory behaviors
and it is necessary to unify this work into a larger framework.
Broadly, researchers need to identify mediating psychological
and neural mechanisms for the association between testosterone
and behavioral dysregulation, and to unify these processes in an
elegant, unified model. Together, both neuroendocrine and reward
motivation accounts of behavioral dysregulation may hold promise
in explaining poor self-control and impulsive behaviors across a
wide range of clinical, health, and social contexts.

14. Stanton SJ, Mullette-Gillman OA, McLaurin RE, Kuhn CM, LaBar

KS, Platt ML, et al. Low- and high-testosterone individuals exhibit

decreased aversion to economic risk. Psychol Sci (2011) 22(4):447-53.

doi:10.1177/0956797611401752

. Schipper BC. Sex Hormones and Choice Under Risk (2012). doi:10.2139/
ssrn.2046324

. Carré JM, Campbell JA, Lozoya E, Goetz SMM, Welker KM. Changes
in testosterone mediate the effect of winning on subsequent aggressive
behaviour. Psychoneuroendocrinology (2013) 38(10):2034-41. doi:10.1016/j.
psyneuen.2013.03.008

. Maner JK, Miller SL, Schmidt NB, Eckel LA. Submitting to defeat social
anxiety, dominance threat, and decrements in testosterone. Psychol Sci (2008)
19(8):764-8. doi:10.1111/1.1467-9280.2008.02154.x

. Welker KM, Carré JM. Individual differences in testosterone predict persistence
in men. Eur ] Pers (2015) 29:83-9. doi:10.1002/per.1958

. Zilioli S, Mehta PH, Watson N'V. Losing the battle but winning the war: uncertain

outcomes reverse the usual effect of winning on testosterone. Biol Psychol (2014)

103:54-62. doi:10.1016/j.biopsycho.2014.07.022

Ronay R, von Hippel W. The presence of an attractive woman elevates testosterone

and physical risk taking in young men. Soc Psychol Pers Sci (2010) 1(1):57-64.

doi:10.1177/1948550609352807

Roney J, Mahler S, Maestripieri D. Behavioural and hormonal responses of men

to briefinteractions with women. Evol Hum Behav (2003) 24:365-75. d0i:10.1016/

§1090-5138(03)00053-9

Roney J, Lukaszewski A, Simmons Z. Rapid endocrine responses of young

men to social interactions with young women. Horm Behav (2007) 52:326-33.

doi:10.1016/j.yhbeh.2007.05.008

. Geniole SN, Carré JM, McCormick CM. State, not trait, neuroendocrine function

predicts costly reactive aggression in men after social exclusion and inclusion.

Biol Psychol (2011) 87(1):137-45. doi:10.1016/j.biopsycho.2011.02.020

Carney DR, Cuddy AJC, Yap AJ. Power posing: brief nonverbal displays affect

neuroendocrine levels and risk tolerance. Psychol Sci (2010) 21(10):1363-8.

doi:10.1177/0956797610383437

Carré JM, Iselin AR, Welker KM, Hariri AR, Dodge KA. Testosterone reactivity

to provocation mediates the effect of early intervention on aggressive behavior.

Psychol Sci (2014) 25(5):1140-6. d0i:10.1177/0956797614525642

Carré JM, McCormick CM, Hariri AR. The social neuroendocrinology of human

aggression. Psychoneuroendocrinology (2011) 36(7):935-44. doi:10.1016/j.

psyneuen.2011.02.001

Carré JM, Putnam SK, McCormick CM. Testosterone responses to

competition predict future aggressive behaviour at a cost to reward

20.

21.

22.

24.

25.

26.

27.

Frontiers in Psychiatry | www.frontiersin.org

86

July 2015 | Volume 6 | Article 93


http://www.frontiersin.org/Psychiatry/archive
http://www.frontiersin.org/Psychiatry/
http://dx.doi.org/10.1177/0963721410370292
http://dx.doi.org/10.1177/0963721411414632
http://dx.doi.org/10.1016/0031-9384(90)90265-6
http://dx.doi.org/10.1073/pnas.0907352106
http://dx.doi.org/10.1037/a0021407
http://dx.doi.org/10.1037/a0021407
http://dx.doi.org/10.1016/j.psyneuen.2011.09.006
http://dx.doi.org/10.1016/j.physbeh.2009.10.001
http://dx.doi.org/10.1016/j.biopsycho.2013.11.015
http://dx.doi.org/10.1007/s40750-014-0020-2
http://dx.doi.org/10.1016/j.paid.2014.01.011
http://dx.doi.org/10.1016/j.yhbeh.2010.12.003
http://dx.doi.org/10.1177/0956797611401752
http://dx.doi.org/10.2139/ssrn.2046324
http://dx.doi.org/10.2139/ssrn.2046324
http://dx.doi.org/10.1016/j.psyneuen.2013.03.008
http://dx.doi.org/10.1016/j.psyneuen.2013.03.008
http://dx.doi.org/10.1111/j.1467-9280.2008.02154.x
http://dx.doi.org/10.1002/per.1958
http://dx.doi.org/10.1016/j.biopsycho.2014.07.022
http://dx.doi.org/10.1177/1948550609352807
http://dx.doi.org/10.1016/s1090-5138(03)00053-9
http://dx.doi.org/10.1016/s1090-5138(03)00053-9
http://dx.doi.org/10.1016/j.yhbeh.2007.05.008
http://dx.doi.org/10.1016/j.biopsycho.2011.02.020
http://dx.doi.org/10.1177/0956797610383437
http://dx.doi.org/10.1177/0956797614525642
http://dx.doi.org/10.1016/j.psyneuen.2011.02.001
http://dx.doi.org/10.1016/j.psyneuen.2011.02.001
http://www.frontiersin.org

Welker et al.

Positive affective neuroendocrinology

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

in men. Psychoneuroendocrinology (2009) 34:561-70. doi:10.1016/j.
psyneuen.2008.10.018

Carré JM, Baird-Rowe CD, Hariri AR. Testosterone responses to competition pre-
dict decreased trust ratings of emotionally neutral faces. Psychoneuroendocrinology
(2014) 49:79-83. doi:10.1016/j.psyneuen.2014.06.011

Apicella CL, Dreber A, Mollerstrom J. Salivary testosterone change
following monetary wins and losses predicts future financial risk-taking.
Psychoneuroendocrinology (2014) 39:58-64. doi:10.1016/j.psyneuen.2013.09.025
Atkinson JW. Motivational determinants of risk-taking behavior. Psychol Rev
(1957) 64(6):359-72. doi:10.1037/h0043445

Gray JA. Précis of the neuropsychology of anxiety: an enquiry into the functions
of the septo-hippocampal system. Behav Brain Sci (1982) 5:469-534. doi:10.1017/
50140525x00013066

Gray JA. Perspectives on anxiety and impulsivity: a commentary. ] Res Pers
(1987) 21(4):493-509. doi:10.1016/0092-6566(87)90036-5

Mason L, El-Deredy W, Richard B. Reward dysfunction in mania: neural
correlates of risk and impulsivity in individuals vulnerable to bipolar disorder.
Int Clin Psychopharmacol (2011) 26:e46. doi:10.1097/01.yic.0000405710.
14232.bf

Steinberg L. A social neuroscience perspective on adolescent risk-taking. Dev
Rev (2008) 28(1):78-106. doi:10.1016/j.dr.2007.08.002

Loxton NJ, Nguyen D, Casey L, Dawe S. Reward drive, rash impulsivity and pun-
ishment sensitivity in problem gamblers. Pers Individ Differ (2008) 45(2):167-73.
doi:10.1016/j.paid.2008.03.017

Dawe S, Gullo MJ, Loxton NJ. Reward drive and rash impulsiveness as dimen-
sions of impulsivity: implications for substance misuse. Addict Behav (2004)
29(7):1389-405. doi:10.1016/j.addbeh.2004.06.004

Castella J, Pérez J. Sensitivity to punishment and sensitivity to reward and traffic
violations. Accid Anal Prev (2004) 36(6):947-52. doi:10.1016/j.aap.2003.10.003
Van den Berg L, Pieterse K, Malik JA, Luman M, van Dijk KW, Oosterlaan J, et al.
Association between impulsivity, reward responsiveness and body mass index
in children. Int J Obes (Lond) (2011) 35(10):1301-7. doi:10.1038/1j0.2011.116
American Psychiatric Association. Task Force on DSM-I1V. Diagnostic and
Statistical Manual of Mental Disorders: DSM-IV-TR. Washington, DC: American
Psychiatric Association (2000).

Gruber ], Gilbert KE, Youngstrom EA, Kogos Youngstrom ], Feeny NC,
Findling RL. Reward dysregulation and mood symptoms in an adolescent
outpatient sample. ] Abnorm Child Psychol (2013) 41(7):1053-65. doi:10.1007/
510802-013-9746-8

Gruber J. A review and synthesis of positive emotion and reward disturbance
in bipolar disorder. Clin Psychol Psychother (2011) 18(5):356-65. doi:10.1002/
cpp.776

Gruber ], Harvey AG, Purcell A. What goes up can come down? A preliminary
investigation of emotion reactivity and emotion recovery in bipolar disorder.
J Affect Disord (2011) 133(3):457-66. d0i:10.1007/s10802-013-9746-8
Johnson SL, McKenzie G, McMurrich S. Ruminative responses to negative
and positive affect among students diagnosed with bipolar disorder and
major depressive disorder. Cognit Ther Res (2008) 32(5):702-13. doi:10.1007/
$10608-007-9158-6

Giovanelli A, Hoerger M, Johnson SL, Gruber J. Impulsive responses to positive
mood and reward are related to mania risk. Cogn Emot (2013) 27(6):1091-104.
doi:10.1080/02699931.2013.772048

ReddyLE Lee ], Davis MC, Altshuler L, Glahn DC, Miklowitz DJ, etal. Impulsivity
and risk taking in bipolar disorder and schizophrenia. Neuropsychopharmacology
(2013) 39:456-63. doi:10.1038/npp.2013.218

Kathleen HM, Bearden CE, Barguil M, Fonseca M, Serap Monkul E, Nery
FG, et al. Conceptualizing impulsivity and risk taking in bipolar disorder:
importance of history of alcohol abuse. Bipolar Disord (2009) 11(1):33-40.
doi:10.1111/§.1399-5618.2009.00720.x

MclIntyre RS, McElroy SL, Konarski JZ, Soczynska JK, Wilkins K, Kennedy
SH. Problem gambling in bipolar disorder: results from the Canadian
community health survey. ] Affect Disord (2007) 102(1):27-34. doi:10.1016/j.
jad.2006.12.005

Garno JL, Gunawardane N, GoldbergJE Predictors of trait aggression in bipolar dis-
order. Bipolar Disord (2008) 10(2):285-92. doi:10.1111/j.1399-5618.2007.00489.x
Urogevi¢ S, Abramson LY, Harmon-Jones E, Alloy LB. Dysregulation of the
behavioral approach system (BAS) in bipolar spectrum disorders: review of
theory and evidence. Clin Psychol Rev (2008) 28(7):1188-205. doi:10.1016/j.
cpr.2008.04.004

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Cyders MA, Smith GT. Clarifying the role of personality dispositions in risk
for increased gambling behavior. Pers Individ Differ (2008) 45(6):503-8.
doi:10.1016/j.paid.2008.06.002

Cyders MA, Smith GT. Emotion-based dispositions to rash action: positive
and negative urgency. Psychol Bull (2008) 134(6):807-28. doi:10.1037/
20013341

Isen AM, Patrick R. The effect of positive feelings on risk taking: when
the chips are down. Organ Behav Human Perform (1983) 31(2):194-202.
doi:10.1016/0030-5073(83)90120-4

Bechara A. Risky business: emotion, decision-making, and addiction. ] Gambl
Stud (2003) 19(1):23-51. doi:10.1023/A:1021223113233

Bechara A, Damasio H. Decision-making and addiction (part I): impaired
activation of somatic states in substance dependent individuals when pon-
dering decisions with negative future consequences. Neuropsychologia (2002)
40(10):1675-89. d0i:10.1016/50028-3932(02)00015-5

Stanford MS, Greve KW, Dickens T7. Irritability and impulsiveness: relationship
to self-reported impulsive aggression. Pers Individ Differ (1995) 19:757-60.
doi:10.1016/0191-8869(95)00144-u

Depue RA, Collins PE. Neurobiology of the structure of personality: dopamine,
facilitation of incentive motivation, and extraversion. Behav Brain Sci (1999)
22(3):491-517. doi:10.1017/50140525X99002046

Pickering AD, Gray JA. The neuroscience of personality. In: Pervin LA, John
SP, editors. Handbook of Personality: Theory and Research. New York: Guilford
Publications (1999). p. 277-99.

Grace AA, Floresco SB, Goto Y, Lodge DJ. Regulation of firing of dopaminer-
gic neurons and control of goal-directed behaviors. Trends Neurosci (2007)
30(5):220-7. doi:10.1016/j.tins.2007.03.003

Chau DT, Roth RM, Green Al The neural circuitry of reward and its relevance
to psychiatric disorders. Curr Psychiatry Rep (2004) 6:391-9. doi:10.1007/
$11920-004-0026-8

Gregorios-Pippas L, Tobler PN, Schultz W. Short-term temporal discounting of
reward value in human ventral striatum. J Neurophysiol (2009) 101(3):1507-23.
doi:10.1152/jn.90730.2008

Trantham-Davidson H, Neely LC, Lavin A, Seamans JK. Mechanisms underlying
differential D1 versus D2 dopamine receptor regulation of inhibition in prefrontal
cortex. ] Neurosci (2004) 24(47):10652-9. doi:10.1523/jneurosci.3179-04.2004
Pierce RC, Kumaresan V. The mesolimbic dopamine system: the final common
pathway for the reinforcing effect of drugs of abuse? Neurosci Biobehav Rev
(2006) 30:215-38. doi:10.1016/j.neubiorev.2005.04.016

Wise RA. Addictive drugs and brain stimulation reward. Annu Rev Neurosci
(1996) 19:319-40. doi:10.1146/annurev.neuro.19.1.319

Schultz W, Apicella P, Scarnati E, Ljungberg T. Neuronal activity in monkey ventral
striatum related to the expectation of reward. ] Neurosci (1992) 12(12):4595-610.
doi:10.1016/j.neures.2009.09.526

Berridge KC, Robinson TE. Parsing reward. Trends Neurosci (2003) 26:507-13.
doi:10.1016/s0166-2236(03)00233-9

Cardinal RN, Parkinson JA, Hall ], Everitt B]. Emotion and motivation: the role
of the amygdala, ventral striatum, and prefrontal cortex. Neurosci Biobehav Rev
(2002) 26:321-52. doi:10.1016/s0149-7634(02)00007-6

Di Chiara G. Nucleus accumbens shell and core dopamine: differential role
in behavior and addiction. Behav Brain Res (2002) 137:75-114. doi:10.1016/
50166-4328(02)00286-3

Kelley AE. Ventral striatal control of appetitive motivation role in ingestive
behavior and reward-related learning. Neurosci Biobehav Rev (2004) 27:765-76.
doi:10.1016/j.neubiorev.2003.11.015

Kelley AE, Bakshi VP, Haber SN, Steininger TL, Will MJ, Zhang M. Opiod
modulation of taste hedonics within the ventral striatum. Physiol Behav (2002)
76:365-77. doi:10.1016/s0031-9384(02)00751-5

Rebec GV, Grabner CP, Johnson M, Pierce RC, Bardo MT. Transient increases
in catecholaminergic activity in medial prefrontal cortex and nucleus
accumbens shell during novelty. Neuroscience (1997) 76:707-14. doi:10.1016/
$0306-4522(96)00382-x

Drevets WC, Gautier C, Price JC, Kupfer DJ, Kinahan PE, Grace AA,
et al. Amphetamine-induced dopamine release in human ventral striatum
correlates with euphoria. Biol Psychiatry (2001) 49:81-96. doi:10.1016/
S0006-3223(00)01038-6

Ikemoto S, Panksepp J. The role of nucleus accumbens dopamine in motivated
behavior: a unifying interpretation with special reference to reward-seeking.
Brain Res Brain Res Rev (1999) 31:6-41. doi:10.1016/S0165-0173(99)00023-5

Frontiers in Psychiatry | www.frontiersin.org

87

July 2015 | Volume 6 | Article 93


http://www.frontiersin.org/Psychiatry/archive
http://www.frontiersin.org/Psychiatry/
http://dx.doi.org/10.1016/j.psyneuen.2008.10.018
http://dx.doi.org/10.1016/j.psyneuen.2008.10.018
http://dx.doi.org/10.1016/j.psyneuen.2014.06.011
http://dx.doi.org/10.1016/j.psyneuen.2013.09.025
http://dx.doi.org/10.1037/h0043445
http://dx.doi.org/10.1017/s0140525x00013066
http://dx.doi.org/10.1017/s0140525x00013066
http://dx.doi.org/10.1016/0092-6566(87)90036-5
http://dx.doi.org/10.1097/01.yic.0000405710.14232.bf
http://dx.doi.org/10.1097/01.yic.0000405710.14232.bf
http://dx.doi.org/10.1016/j.dr.2007.08.002
http://dx.doi.org/10.1016/j.paid.2008.03.017
http://dx.doi.org/10.1016/j.addbeh.2004.06.004
http://dx.doi.org/10.1016/j.aap.2003.10.003
http://dx.doi.org/10.1038/ijo.2011.116
http://dx.doi.org/10.1007/s10802-013-9746-8
http://dx.doi.org/10.1007/s10802-013-9746-8
http://dx.doi.org/10.1002/cpp.776
http://dx.doi.org/10.1002/cpp.776
http://dx.doi.org/10.1007/s10802-013-9746-8
http://dx.doi.org/10.1007/s10608-007-9158-6
http://dx.doi.org/10.1007/s10608-007-9158-6
http://dx.doi.org/10.1080/02699931.2013.772048
http://dx.doi.org/10.1038/npp.2013.218
http://dx.doi.org/10.1111/j.1399-5618.2009.00720.x
http://dx.doi.org/10.1016/j.jad.2006.12.005
http://dx.doi.org/10.1016/j.jad.2006.12.005
http://dx.doi.org/10.1111/j.1399-5618.2007.00489.x
http://dx.doi.org/10.1016/j.cpr.2008.04.004
http://dx.doi.org/10.1016/j.cpr.2008.04.004
http://dx.doi.org/10.1016/j.paid.2008.06.002
http://dx.doi.org/10.1037/a0013341
http://dx.doi.org/10.1037/a0013341
http://dx.doi.org/10.1016/0030-5073(83)90120-4
http://dx.doi.org/10.1023/A:1021223113233
http://dx.doi.org/10.1016/S0028-3932(02)00015-5
http://dx.doi.org/10.1016/0191-8869(95)00144-u
http://dx.doi.org/10.1017/S0140525X99002046
http://dx.doi.org/10.1016/j.tins.2007.03.003
http://dx.doi.org/10.1007/s11920-004-0026-8
http://dx.doi.org/10.1007/s11920-004-0026-8
http://dx.doi.org/10.1152/jn.90730.2008
http://dx.doi.org/10.1523/jneurosci.3179-04.2004
http://dx.doi.org/10.1016/j.neubiorev.2005.04.016
http://dx.doi.org/10.1146/annurev.neuro.19.1.319
http://dx.doi.org/10.1016/j.neures.2009.09.526
http://dx.doi.org/10.1016/s0166-2236(03)00233-9
http://dx.doi.org/10.1016/s0149-7634(02)00007-6
http://dx.doi.org/10.1016/s0166-4328(02)00286-3
http://dx.doi.org/10.1016/s0166-4328(02)00286-3
http://dx.doi.org/10.1016/j.neubiorev.2003.11.015
http://dx.doi.org/10.1016/s0031-9384(02)00751-5
http://dx.doi.org/10.1016/s0306-4522(96)00382-x
http://dx.doi.org/10.1016/s0306-4522(96)00382-x
http://dx.doi.org/10.1016/S0006-3223(00)01038-6
http://dx.doi.org/10.1016/S0006-3223(00)01038-6
http://dx.doi.org/10.1016/S0165-0173(99)00023-5
http://www.frontiersin.org

Welker et al.

Positive affective neuroendocrinology

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

Berk M, Dodd S, Kauer-SantAnna M, Malhi GS, Bourin M, Kapczinski
E et al. Dopamine dysregulation syndrome: implications for a dopamine
hypothesis of bipolar disorder. Acta Psychiatr Scand (2007) 116(s434):41-9.
doi:10.1111/j.1600-0447.2007.01058 x

Volkow ND, Wang GJ, Fowler JS, Tomasi D, Telang F. Addiction: beyond
dopamine reward circuitry. Proc Natl Acad Sci U S A (2011) 108(37):15037-42.
doi:10.1073/pnas.1010654108

Fiorillo CD, Tobler PN, Schultz W. Discrete coding of reward probability and
incertainty by dopamine neurons. Science (2003) 299:1898-902. doi:10.1126/
science.1077349

Joutsa J, Johansson J, Niemel4 S, Ollikainen A, Hirvonen MM, Piepponen P, etal.
Mesolimbic dopamine release is linked to symptom severity in pathological gam-
bling. Neuroimage (2012) 60(4):1992-9. doi:10.1016/j.neuroimage.2012.02.006
Kohno M, Ghahremani DG, Morales AM, Robertson CL, Ishibashi K, Morgan
AT, et al. Risk-taking behavior: dopamine D2/D3 receptors, feedback, and
frontolimbic activity. Cereb Cortex (2013) 25:236-45. doi:10.1093/cercor/bht218
Mitchell MR, Weiss VG, Beas BS, Morgan D, Bizon JL, Setlow B. Adolescent
risk taking, cocaine self-administration, and striatal dopamine signaling.
Neuropsychopharmacology (2014) 39(4):955-62. doi:10.1038/npp.2013.295
Norbury A, Manohar S, Rogers RD, Husain M. Dopamine modulates risk-taking
asa function of baseline sensation-seeking trait. ] Neurosci (2013) 33(32):12982-6.
doi:10.1523/jneurosci.5587-12.2013

Pattij T, Schetters D, Schoffelmeer AN. Dopaminergic modulation of impulsive
decision making in the rat insular cortex. Behav Brain Res (2014) 270:118-24.
doi:10.1016/j.bbr.2014.05.010

Heatherton TE, Wagner DD. Cognitive neuroscience of self-regulation failure.
Trends Cogn Sci (2011) 15(3):132-9. doi:10.1016/j.tics.2010.12.005

Baler RD, Volkow ND. Drug addiction: the neurobiology of disrupted self-control.
Trends Mol Med (2006) 12(12):559-66. doi:10.1016/j.molmed.2006.10.005
Hare TA, Camerer CE, Rangel A. Self-control in decision-making involves
modulation of the vmPFC valuation system. Science (2009) 324(5927):646-8.
doi:10.1126/science.1168450

Hester R, Garavan H. Executive dysfunction in cocaine addiction: evidence
for discordant frontal, cingulate, and cerebellar activity. ] Neurosci (2004)
24(49):11017-22. doi:10.1523/JNEUROSCI.3321-04.2004

Van Honk J, Harmon-Jones E, Morgan BE, Schutter DJ. Socially explosive minds:
the triple imbalance hypothesis of reactive aggression. ] Pers (2010) 78(1):67-94.
doi:10.1111/j.1467-6494.2009.00609.x

Aluja A, Garcia LE Sensation seeking, sexual curiosity and testosterone in
inmates. Neuropsychobiology (2005) 51(1):28-33. doi:10.1159/000082852
Alvergne A, Jokela M, Faurie C, Lummaa V. Personality and testosterone in
men from a high-fertility population. Pers Individ Differ (2010) 49:840-4.
doi:10.1016/j.paid.2010.07.006

Bayless DW, Darling JS, Daniel JM. Mechanisms by which neonatal testosterone
exposure mediates sex differences in impulsivity in prepubertal rats. Horm Behav
(2013) 64(5):764-9. doi:10.1016/j.yhbeh.2013.10.003

Campbell BC, Dreber A, Apicella CL, Eisenberg DT, Gray PB, Little AC, et al.
Testosterone exposure, dopaminergic reward, and sensation-seeking in young
men. Physiol Behav (2010) 99(4):451-6. doi:10.1016/j.physbeh.2009.12.011
Coccaro EF, Beresford B, Minar P, Kaskow ], Geracioti T. CSF testosterone:
relationship to aggression, impulsivity, and venturesomeness in adult males
with personality disorder. J Psychiatr Res (2007) 41(6):488-92. doi:10.1016/j.
jpsychires.2006.04.009

Daitzman R, Zuckerman M. Disinhibitory sensation seeking, person-
ality and gonadal hormones. Pers Individ Differ (1980) 1(2):103-10.
doi:10.1016/0191-8869(80)90027-6

Maaittianen I, Jokela M, Hintsa T, Firtser S, Kihonen M, Jula A, etal. Testosterone
and temperament traits in men: longitudinal analysis. Psychoneuroendocrinology
(2013) 38(10):2243-8. doi:10.1016/j.psyneuen.2013.04.009

Van Honk J, Schutter DJ, Hermans EJ, Putman P, Tuiten A, Koppeschaar
H. Testosterone shifts the balance between sensitivity for punishment and
reward in healthy young women. Psychoneuroendocrinology (2004) 29:937-43.
doi:10.1016/j.psyneuen.2003.08.007

Coates JM, HerbertJ. Endogenous steroids and financial risk taking on a London
trading floor. Proc Natl Acad Sci U S A (2008) 105(16):6167-72. doi:10.1073/
pnas.0704025105

Van Honk J, Peper JS, Schutter DJ. Testosterone reduces unconscious fear but
not consciously experienced anxiety: implications for the disorders of fear and
anxiety. Biol Psychiatry (2005) 58(3):218-25. doi:10.1016/j.biopsych.2005.04.003

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Van Honk J, Schutter DJ. Vigilant and avoidant responses to angry facial
expressions. In: Harmon-Jones E, Vinkielman P, editors. Social Neuroscience:
Integrating Biological and Psychological Explanations of Social Behavior. New York,
NY: Guilford Press (2007). p. 197-223.

Tuiten A, Van Honk ], Verbaten R, Laan E, Everaerd W, Stam H. Can sublingual
testosterone increase subjective and physiological measures of laboratory-
induced sexual arousal? Arch Gen Psychiatry (2002) 59(5):465-6. doi:10.1001/
archpsyc.59.5.465

Mehta PH, Snyder NA, Knight EL, Lassetter B. Close versus decisive victory
moderates the effect of testosterone change on competitive decisions and task
enjoyment. Adapt Human Behav Physiol (2014). doi:10.1007/s40750-014-0014-0
Ebinger M, Sievers C, Ivan D, Schneider HJ, Stalla GK. Is there a neuroendo-
crinological rationale for testosterone as a therapeutic option in depression?
J Psychopharmacol (2009) 23:841-53. doi:10.1177/0269881108092337
Amanatkar HR, Chibnall JT, Seo B, Manepalli N, Grossberg GT. Impact of
exogenous testosterone on mood: a systematic review and meta-analysis of
randomized placebo-controlled trials. Ann Clin Psychiatry (2014) 26:19-32.
doi:10.1016/S0084-4071(08)70175-1

Zarrouf FA, Artz S, Griffith ], Sirbu C, Kommor M. Testosterone and depression:
systematic review and meta-analysis. J Psychiatr Pract (2009) 15(4):289-305.
doi:10.1097/01.pra.0000358315.88931.fc

Pope HG, Kouri EM, Hudson J1. Effects of supraphysiologic doses of testosterone
on mood and aggression in normal men a randomized controlled trial. Arch
Gen Psychiatry (2000) 57(2):133-40. doi:10.1001/archpsyc.57.2.133

Sher L, Grunebaum ME Sullivan GM, Burke GM, Cooper TB, Mann JJ, et al.
Testosterone levels in suicide attempters with bipolar disorder. J Psychiatr Res
(2012) 46:1267-71. doi:10.1016/j.jpsychires.2012.06.016

Mehta PH, Goetz SM, Carré JM. Genetic, hormonal, and neural underpinnings
of human aggressive behavior. Handbook of Neurosociology. Springer (2013).
p. 47-65.

Terburg D, Van Honk J. Approach-avoidance versus dominance-submissiveness:
amultilevel neural framework on how testosterone promotes social status. Emot
Rev (2013) 5(3):296-302. doi:10.1177/1754073913477510

Van Honk J, Bos PA, Terburg D. Testosterone and dominance in humans:
behavioral and brain mechanisms. New Frontiers in Social Neuroscience. Springer
International Publishing (2014). p. 201-14.

Lombardo MV, Ashwin E, Auyeung B, Chakrabarti B, Lai MC, Taylor K, et al.
Fetal programming effects of testosterone on the reward system and behav-
ioral approach tendencies in humans. Biol Psychiatry (2012) 72(10):839-47.
doi:10.1016/j.biopsych.2012.05.027

Aubele T, Kritzer ME Androgen influence on prefrontal dopamine systems
in adult male rats: localization of cognate intracellular receptors in medial
prefrontal projections to the ventral tegmental area and effects of gonadectomy
and hormone replacement on glutamate-stimulated extracellular dopamine
level. Cereb Cortex (2011) 22:1799-812. doi:10.1093/cercor/bhr258

Bell MR, Sisk CL. Dopamine mediates testosterone-induced social reward
in male Syrian hamsters. Endocrinology (2013) 154:1225-34. doi:10.1210/
en.2012-2042

Hernandez L, Gonzalez L, Murzi E, Pdez X, Gottberg E, Baptista T. Testosterone
modulates mesolimbic dopaminergic activity in male rats. Neurosci Lett (1994)
171(1):172-4. doi:10.1016/0304-3940(94)90632-7

Hull EM, Du J, Lorrain DS, Matuszewich L. Testosterone, preoptic dopamine,
and copulation in male rats. Brain Res Bull (1997) 44(4):327-33. doi:10.1016/j.
yhbeh.2003.06.006

Szczypka MS, Zhou QY, Palmiter RD. Dopamine-stimulated sexual behavior
is testosterone dependent in mice. Behav Neurosci (1998) 112(5):1229-35.
doi:10.1037//0735-7044.112.5.1229

Wood RI. Anabolic-androgenic steroid dependence? Insights from animals
and humans. Front Neuroendocrinol (2008) 29:490-506. doi:10.1016/].
yfrne.2007.12.002

Packard MG, Cornell AH, Alexander GM. Rewarding affective properties of
intra-nucleus accumbens injections of testosterone. Behav Neurosci (1997)
111(1):219. doi:10.1037//0735-7044.111.1.219

Packard MG, Schroeder JP, Alexander GM. Expression of testosterone condi-
tioned place preference is blocked by peripheral or intra-accumbens injection
of a-flupenthixol. Horm Behav (1998) 34(1):39-47. doi:10.1006/hbeh.1998.1461
DiMeo AN, Wood RI. ICV testosterone induces Fos in male Syrian hamster
brain. Psychoneuroendocrinology (2006) 31(2):237-49. doi:10.1016/j.
psyneuen.2005.08.001

Frontiers in Psychiatry | www.frontiersin.org

88

July 2015 | Volume 6 | Article 93


http://www.frontiersin.org/Psychiatry/archive
http://www.frontiersin.org/Psychiatry/
http://dx.doi.org/10.1111/j.1600-0447.2007.01058.x
http://dx.doi.org/10.1073/pnas.1010654108
http://dx.doi.org/10.1126/science.1077349
http://dx.doi.org/10.1126/science.1077349
http://dx.doi.org/10.1016/j.neuroimage.2012.02.006
http://dx.doi.org/10.1093/cercor/bht218
http://dx.doi.org/10.1038/npp.2013.295
http://dx.doi.org/10.1523/jneurosci.5587-12.2013
http://dx.doi.org/10.1016/j.bbr.2014.05.010
http://dx.doi.org/10.1016/j.tics.2010.12.005
http://dx.doi.org/10.1016/j.molmed.2006.10.005
http://dx.doi.org/10.1126/science.1168450
http://dx.doi.org/10.1523/JNEUROSCI.3321-04.2004
http://dx.doi.org/10.1111/j.1467-6494.2009.00609.x
http://dx.doi.org/10.1159/000082852
http://dx.doi.org/10.1016/j.paid.2010.07.006
http://dx.doi.org/10.1016/j.yhbeh.2013.10.003
http://dx.doi.org/10.1016/j.physbeh.2009.12.011
http://dx.doi.org/10.1016/j.jpsychires.2006.04.009
http://dx.doi.org/10.1016/j.jpsychires.2006.04.009
http://dx.doi.org/10.1016/0191-8869(80)90027-6
http://dx.doi.org/10.1016/j.psyneuen.2013.04.009
http://dx.doi.org/10.1016/j.psyneuen.2003.08.007
http://dx.doi.org/10.1073/pnas.0704025105
http://dx.doi.org/10.1073/pnas.0704025105
http://dx.doi.org/10.1016/j.biopsych.2005.04.003
http://dx.doi.org/10.1001/archpsyc.59.5.465
http://dx.doi.org/10.1001/archpsyc.59.5.465
http://dx.doi.org/10.1007/s40750-014-0014-0
http://dx.doi.org/10.1177/0269881108092337
http://dx.doi.org/10.1016/S0084-4071(08)70175-1
http://dx.doi.org/10.1097/01.pra.0000358315.88931.fc
http://dx.doi.org/10.1001/archpsyc.57.2.133
http://dx.doi.org/10.1016/j.jpsychires.2012.06.016
http://dx.doi.org/10.1177/1754073913477510
http://dx.doi.org/10.1016/j.biopsych.2012.05.027
http://dx.doi.org/10.1093/cercor/bhr258
http://dx.doi.org/10.1210/en.2012-2042
http://dx.doi.org/10.1210/en.2012-2042
http://dx.doi.org/10.1016/0304-3940(94)90632-7
http://dx.doi.org/10.1016/j.yhbeh.2003.06.006
http://dx.doi.org/10.1016/j.yhbeh.2003.06.006
http://dx.doi.org/10.1037//0735-7044.112.5.1229
http://dx.doi.org/10.1016/j.yfrne.2007.12.002
http://dx.doi.org/10.1016/j.yfrne.2007.12.002
http://dx.doi.org/10.1037//0735-7044.111.1.219
http://dx.doi.org/10.1006/hbeh.1998.1461
http://dx.doi.org/10.1016/j.psyneuen.2005.08.001
http://dx.doi.org/10.1016/j.psyneuen.2005.08.001
http://www.frontiersin.org

Welker et al.

Positive affective neuroendocrinology

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Fuxjager MJ, Forbes-Lorman RM, Coss DJ, Auger CJ, Auger AP, Marler CA.
Winning territorial disputes selectively enhances androgen sensitivity in neural
pathways related to motivation and social aggression. Proc Natl Acad Sci U S A
(2010) 107(27):12393-8. doi:10.3410/£.4098956.4799055

Blakemore SJ, Burnett S, Dahl RE. The role of puberty in the developing adolescent
brain. Hum Brain Mapp (2010) 31:926-33. doi:10.1002/hbm.21052

Forbes E, Dahl R. Pubertal development and behavior: hormonal activation of
social and motivational tendencies. Brain Cogn (2010) 72:66-72. d0i:10.1016/j.
bandc.2009.10.007

Graber ], Nichols T, Brooks-Gunn J. Putting pubertal timing in developmental
context: implications for prevention. Dev Psychobiol (2010) 52:254-62.
doi:10.1002/dev.20438

Nelson E, Lieibenluft E, McClure E, Pine DS. The social re-orientation of
adolescence: a neuroscience perspective on the process and its relation to psy-
chopathology. Psychol Med (2005) 35:163-74. doi:10.1017/50033291704003915
Wahlstrom D, Collins P, White T, Luciana M. Developmental changes
in dopamine neurotransmission in adolescence: behavioral implications
and issues in assessment. Brain Cogn (2010) 72:146-59. doi:10.1016/j.
bandc.2009.10.013

Schutter DJ, Peper ]S, Koppeschaar HP, Kahn RS, Van Honk J. Administration
of testosterone increases functional connectivity in a cortico-cortical depression
circuit. ] Neuropsychiatry Clin Neurosci (2005) 17(3):372-7. doi:10.1176/appi.
neuropsych.17.3.372

Hermans EJ, Bos PA, Ossewaarde L, Ramsey NF, Ferndndez G, Van Honk J. Effects
of exogenous testosterone on the ventral striatal BOLD response during reward
anticipation in healthy women. Neuroimage (2010) 52(1):277-83. doi:10.1016/j.
neuroimage.2010.04.019

Op de Macks ZA, Moor BG, Overgaauw S, Giiroglu B, Dahl RE, Crone EA.
Testosterone levels correspond with increased ventral striatum activation
in response to monetary rewards in adolescents. Dev Cogn Neurosci (2011)
1(4):506-16. doi:10.1016/j.dcn.2011.06.003

Denson TF, Ronay R, von Hippel W, Schira MM. Endogenous testosterone and
cortisol modulate neural responses during induced anger control. Soc Neurosci
(2013) 8(2):165-77. doi:10.1080/17470919.2012.655425

Mehta PH, Beer J. Neural mechanisms of the testosterone-aggression relation: the
role of orbitofrontal cortex. ] Cogn Neurosci (2010) 22(10):2357-68. doi:10.1162/
jocn.2009.21389

Mazur A, Booth A. Testosterone and dominance in men. Behav Brain Sci (1998)
21(3):353-97. doi:10.1017/S0140525X98001228

Schultheiss OC, Wirth MM, Torges CM, Pang S, Villacorta MA, Welsh KM.
Effects of implicit power motivation on men’s and women’s implicit learning
and testosterone changes after social victory or defeat. J Pers Soc Psychol (2005)
88(1):174. doi:10.1037/0022-3514.88.1.174

Mehta PH, Prasad S. The dual-hormone hypothesis: a brief review and
future research agenda. Curr Opin Behav Sci (2015) 3:163-68. doi:10.1016/j.
cobeha.2015.04.008

Chen SY, Wang J, Yu GQ, Liu W, Pearce D. Androgen and glucocorticoid
receptor heterodimer formation: a possible mechanism for mutual inhibition
of transcriptional activity. J Biol Chem (1997) 272(22):14087-92. doi:10.1074/
jbc.272.22.14087

Johnson EO, Kamilaris TC, Chrousos GP, Gold PW. Mechanisms of stress: a
dynamic overview of hormonal and behavioral homeostasis. Neurosci Biobehav
Rev (1992) 16(2):115-30. doi:10.1016/s0149-7634(05)80175-7

Smith RG, Syms AJ, Nag A, Lerner S, Norris JS. Mechanism of the glucocorticoid
regulation of growth of the androgen-sensitive prostate-derived R3327H-
G8-Al tumor cell line. J Biol Chem (1985) 260(23):12454-63. doi:10.1002/
pros.2990090305

Tilbrook AJ, Turner AL Clarke IJ. Effects of stress on reproduction in non-rodent
mammals: the role of glucocorticoids and sex differences. Rev Reprod (2000)
5(2):105-13. doi:10.1530/revreprod/5.2.105

Viau V. Functional cross-talk between the hypothalamic-pitu-
itary-gonadal and -adrenal axes. ] Neuroendocrinol (2002) 14:506-13.
doi:10.1046/j.1365-2826.2002.00798 x

Mehta PH, Josephs RA. Testosterone and cortisol jointly regulate dominance:
evidence for a dual-hormone hypothesis. Horm Behav (2010) 58(5):898-906.
doi:10.1016/j.yhbeh.2010.08.020

Mehta PH, Welker KM, Zilioli S, Carré JM. Testosterone and cortisol jointly
modulate risk-taking. Psychoneuroendocrinology (2015) 56:88-99. doi:10.1016/j.
psyneuen.2015.02.023

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Edwards DA, Casto KV. Womens intercollegiate athletic competition: cortisol,
testostorone, and the dual-hormone hypothesis as it relates to status among
teammates. Horm Behav (2013) 64:153-60. doi:10.1016/j.yhbeh.2013.03.003
Dabbs JM, Jurkovic GJ, Frady RL. Salivary testosterone and cortisol among
late adolescent male offenders. J Abnorm Child Psychol (1991) 19(4):469-78.
doi:10.1007/bf00919089

Popma A, Vermeiren R, Geluk CA, Rinne T, van den Brink W, Knol DL, et al.
Cortisol moderates the relationship between testosterone and aggression in
delinquent male adolescents. Biol Psychiatry (2007) 61(3):405-11. doi:10.1016/j.
biopsych.2006.06.006

Tackett JL, Herzhoff K, Harden KP, Page-Gould E, Josephs RA.
Personalityxhormone interactions in adolescent externalizing psychopathology.
Personal Disord (2014) 5(3):235. doi:10.1037/per0000075

Welker KM, Lozoya E, Campbell JA, Carré JM, Neumann C. Testosterone,
cortisol, and psychopathic traits in men and women. Physiol Behav (2014)
129:230-6. doi:10.1016/j.physbeh.2014.02.057

Mehta PH, Mor S, Yap AJ, Prasad S. Dual-hormone changes are
related to bargaining performance. Psychol Sci (2015) 26(6):866-76.
doi:10.1177/0956797615572905

Carré JM, Mehta PH. Importance of considering testosterone-cortisol inter-
actions in predicting human aggression and dominance. Aggress Behav (2011)
37:1-3. doi:10.1002/ab.20407

Cross CP, Copping LT, Campbell A. Sex differences in impulsivity: a meta-
analysis. Psychol Bull (2011) 137(1):97. doi:10.1037/a0021591

Zuckerman M, Kuhlman DM. Personality and risk-taking: common biosocial
factors. J Pers (2000) 68:999-1029. doi:10.1111/1467-6494.00124

Byrnes JP, Miller DC, Schafer WD. Gender differences in risk taking: a meta-
analysis. Psychol Bull (1999) 125(3):367. doi:10.1037/0033-2909.125.3.367
Nelson JA. Are women really more risk-averse than men? SSRN Electron J (2012).
doi:10.2139/ssrn.2158950

Kruger DJ, Nesse RM. An evolutionary life-history framework for understand-
ing sex differences in human mortality rates. Hum Nat (2006) 17(1):74-97.
doi:10.1007/s12110-006-1021-z

Pampel FC. Gender equality and the sex differential in mortality from accidents
in high income nations. Popul Res Policy Rev (2001) 20:397-421. d0i:10.102
3/A:1013307620643

Maxim PS, Keane C. Gender, age, and the risk of violent death in Canada,
1950-1986. Can Rev Sociol (1992) 29(3):329-45. doi:10.1111/j.1755-618x.1992.
tb02442.x

Archer J. Sex differences in aggression in real-world settings: a meta-analytic
review. Rev Gen Psychol (2004) 8(4):291. doi:10.1037/1089-2680.8.4.291
Bettencourt B, Miller N. Gender differences in aggression as a func-
tion of provocation: a meta-analysis. Psychol Bull (1996) 119(3):422.
doi:10.1037/0033-2909.119.3.422

Eagly AH, Steffen V]. Gender and aggressive behaviour: a meta-analytic
review of the social psychological literature. Psychol Bull (1986) 100(3):309.
doi:10.1037/0033-2909.100.3.309

Knight GP, Guthrie IK, Page MC, Fabes RA. Emotional arousal and gender
differences in aggression: a meta-analysis. Aggress Behav (2002) 28(5):366-93.
doi:10.1002/ab.80011

Hill EM, Chow K. Life-history theory and risky drinking. Addiction (2002)
97(4):401-13. doi:10.1046/j.1360-0443.2002.00020.x

Frank E, editor. Gender and Its Effects on Psychopathology. Arlington, VA:
American Psychiatric Press (2000).

Gershon ], Gershon J. A meta-analytic review of gender differences in ADHD.
J Atten Disord (2002) 5:143-54. doi:10.1177/108705470200500302

Moffitt TE, editor. Sex Differences in Antisocial Behaviour: Conduct Disorder,
Delinquency, and Violence in the Dunedin Longitudinal Study. Cambridge:
Cambridge University Press (2001).

Rutter M, Caspi A, Moffitt TE. Using sex differences in psychopathology to
study causal mechanisms: unifying issues and research strategies. ] Child Psychol
Psychiatry (2003) 44(8):1092-115. doi:10.1111/1469-7610.00194

Manning JT. Digit Ratio: A Pointer to Fertility, Behavior, and Health.
New Brunswick, NJ: Rutgers University Press (2002).

Manning JT, Bundred PE, Newton DJ, Flanigan BE The second to fourth digit
ratio and variation in the androgen receptor gene. Evol Hum Behav (2003)
24:399-405. doi:10.1016/s1090-5138(03)00052-7

Knickmeyer R, Baron-Cohen S, Raggatt P, Taylor K, Hackett G. Fetal testosterone
and empathy. Horm Behav (2006) 49:282-92. doi:10.1016/j.yhbeh.2005.08.010

Frontiers in Psychiatry | www.frontiersin.org

July 2015 | Volume 6 | Article 93


http://www.frontiersin.org/Psychiatry/archive
http://www.frontiersin.org/Psychiatry/
http://dx.doi.org/10.3410/f.4098956.4799055
http://dx.doi.org/10.1002/hbm.21052
http://dx.doi.org/10.1016/j.bandc.2009.10.007
http://dx.doi.org/10.1016/j.bandc.2009.10.007
http://dx.doi.org/10.1002/dev.20438
http://dx.doi.org/10.1017/S0033291704003915
http://dx.doi.org/10.1016/j.bandc.2009.10.013
http://dx.doi.org/10.1016/j.bandc.2009.10.013
http://dx.doi.org/10.1176/appi.neuropsych.17.3.372
http://dx.doi.org/10.1176/appi.neuropsych.17.3.372
http://dx.doi.org/10.1016/j.neuroimage.2010.04.019
http://dx.doi.org/10.1016/j.neuroimage.2010.04.019
http://dx.doi.org/10.1016/j.dcn.2011.06.003
http://dx.doi.org/10.1080/17470919.2012.655425
http://dx.doi.org/10.1162/jocn.2009.21389
http://dx.doi.org/10.1162/jocn.2009.21389
http://dx.doi.org/10.1017/S0140525X98001228
http://dx.doi.org/10.1037/0022-3514.88.1.174
http://dx.doi.org/10.1016/j.cobeha.2015.04.008
http://dx.doi.org/10.1016/j.cobeha.2015.04.008
http://dx.doi.org/10.1074/jbc.272.22.14087
http://dx.doi.org/10.1074/jbc.272.22.14087
http://dx.doi.org/10.1016/s0149-7634(05)80175-7
http://dx.doi.org/10.1002/pros.2990090305
http://dx.doi.org/10.1002/pros.2990090305
http://dx.doi.org/10.1530/revreprod/5.2.105
http://dx.doi.org/10.1046/j.1365-2826.2002.00798.x
http://dx.doi.org/10.1016/j.yhbeh.2010.08.020
http://dx.doi.org/10.1016/j.psyneuen.2015.02.023
http://dx.doi.org/10.1016/j.psyneuen.2015.02.023
http://dx.doi.org/10.1016/j.yhbeh.2013.03.003
http://dx.doi.org/10.1007/bf00919089
http://dx.doi.org/10.1016/j.biopsych.2006.06.006
http://dx.doi.org/10.1016/j.biopsych.2006.06.006
http://dx.doi.org/10.1037/per0000075
http://dx.doi.org/10.1016/j.physbeh.2014.02.057
http://dx.doi.org/10.1177/0956797615572905
http://dx.doi.org/10.1002/ab.20407
http://dx.doi.org/10.1037/a0021591
http://dx.doi.org/10.1111/1467-6494.00124
http://dx.doi.org/10.1037/0033-2909.125.3.367
http://dx.doi.org/10.2139/ssrn.2158950
http://dx.doi.org/10.1007/s12110-006-1021-z
http://dx.doi.org/10.1023/A:1013307620643
http://dx.doi.org/10.1023/A:1013307620643
http://dx.doi.org/10.1111/j.1755-618x.1992.tb02442.x
http://dx.doi.org/10.1111/j.1755-618x.1992.tb02442.x
http://dx.doi.org/10.1037/1089-2680.8.4.291
http://dx.doi.org/10.1037/0033-2909.119.3.422
http://dx.doi.org/10.1037/0033-2909.100.3.309
http://dx.doi.org/10.1002/ab.80011
http://dx.doi.org/10.1046/j.1360-0443.2002.00020.x
http://dx.doi.org/10.1177/108705470200500302
http://dx.doi.org/10.1111/1469-7610.00194
http://dx.doi.org/10.1016/s1090-5138(03)00052-7
http://dx.doi.org/10.1016/j.yhbeh.2005.08.010
http://www.frontiersin.org

Welker et al.

Positive affective neuroendocrinology

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Wood W, Eagly AH. Biosocial construction of sex differences and
similarities in behavior. Adv Exp Soc Psychol (2012) 46:55. doi:10.1016/
b978-0-12-394281-4.00002-7

‘Wood W, Eagly AH. Biology or culture alone cannot account for human sex
differences and similarities. Psychol Inq (2013) 24(3):241-7. doi:10.1080/10478
40x.2013.815034

Eagly AH, Wood W. The nature-nurture debates 25 years of challenges in
understanding the psychology of gender. Perspect Psychol Sci (2013) 8(3):340-57.
doi:10.1177/1745691613484767

Bos PA, Terburg D, Van Honk J. Testosterone decreases trust in socially
naive humans. Proc Natl Acad Sci U S A (2010) 107(22):9991-5. doi:10.1073/
pnas.0911700107

Bos PA, Panksepp J, Bluthé RM, Honk JV. Acute effects of steroid hormones
and neuropeptides on human social-emotional behavior: a review of single
administration studies. Front Neuroendocrinol (2012) 33(1):17-35. doi:10.1016/j.
yfrne.2011.01.002

Terburg D, Aarts H, Van Honk J. Testosterone affects gaze aversion from
angry faces outside of conscious awareness. Psychol Sci (2012) 23(5):459-63.
doi:10.1177/0956797611433336

Van Honk J, Tuiten A, Hermans E, Putnam P, Koppeschaar H, Thijssen J, et al.
A single administration of testosterone induces cardiac accelerative responses
to angry faces in healthy young women. Behav Neurosci (2001) 115(1):238.
doi:10.1037/0735-7044.115.1.238

DeBold JE Clemens LG. Aromatization and the induction of male sexual
behavior in male, female, and androgenized female hamsters. Horm Behav
(1978) 11:401-13. doi:10.1016/0018-506x(78)90040-5

Yellon SM, Hutchison JS, Goldman BD. Sexual differentiation of the steroid
feedback mechanism regulating follicle-stimulating hormone secretion in the
Syrian hamster. Biol Reprod (1989) 40:7-14. doi:10.1095/biolreprod41.1.7
‘Wood RI, Newman SW. Androgen receptor immunoreactivity in the male and
female Syrian hamster brain. ] Neurobiol (1999) 39(3):359-70. doi:10.1002/
(SICI)1097-4695(19990605)39:3<359::AID-NEU3>3.0.CO;2-W

Cohen J. Statistical Power Analysis for the Behavioral Sciences. 2nd ed. Hillsdale,
NJ: Erlbaum (1988).

Rosner W, Auchus R], Azziz R, Sluss PM, Raff H. Utility, limitations, and pitfalls
in measuring testosterone: an endocrine society position statement. J Clin
Endocrinol Metab (2007) 92(2):405-13. doi:10.1210/jc.2006-1864

Kaufman JM, Vermeulen A. The decline of androgen levels in elderly men
and its clinical and therapeutic implications. Endocr Rev (2005) 26(6):833-76.
doi:10.1210/er.2004-0013

Dreher JC, Meyer-Lindenberg A, Kohn P, Berman KFE. Age-related changes in
midbrain dopaminergic regulation of the human reward system. Proc Natl Acad
Sci US A (2008) 105(39):15106-11. doi:10.1073/pnas.0802127105

Mischel W, Metzner R. Preference for delayed reward as a function of age,
intelligence, and length of delay interval. J Abnorm Soc Psychol (1962) 64(6):425.
doi:10.1037/h0045046

PeperJS, Koolschijn PCM, Crone EA. Development of risk taking: contributions
from adolescent testosterone and the orbito-frontal cortex. ] Cogn Neurosci (2013)
25(12):2141-50. doi:10.1162/jocn_a_00445

Somerville LH, Jones RM, Casey BJ. A time of change: behavioral and neural
correlates of adolescent sensitivity to appetitive and aversive environmental cues.
Brain Cogn (2010) 72(1):124-33. doi:10.1016/j.bandc.2009.07.003

Figner B, Mackinlay R], Wilkening F, Weber EU. Affective and deliberative
processes in risky choice: age differences in risk taking in the Columbia
card task. J Exp Psychol Learn Mem Cogn (2009) 35(3):709. doi:10.1037/
20014983

Figner B, Weber EU. Who takes risks when and why? Determinants of risk taking.
Curr Dir Psychol Sci (2011) 20(4):211-6. doi:10.1177/0963721411415790
Norman RE, Moreau BJP, Welker KM, Carré JM. Trait anxiety moderates
the relationship between testosterone responses to competition and
aggressive behavior. Adapt Human Behav Physiol (2014). doi:10.1007/
540750-014-0016-y

Schultheiss OC, Campbell KL, McClelland DC. Implicit power motivation
moderates men’s testosterone responses to imagined and real dominance success.
Horm Behav (1999) 36:234-41. doi:10.1006/hbeh.1999.1542

Schultheiss OC, Rhode W. Implicit power motivation predicts men’s testoster-
one changes and implicit learning in a contest situation. Horm Behav (2002)
41:195-202. doi:10.1006/hbeh.2001.1745

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

Carver CS, White TL. Behavioral inhibition, behavioral activation, and affective
responses to impending reward and punishment: the BIS/BAS scales. ] Pers Soc
Psychol (1994) 67(2):319. doi:10.1037/0022-3514.67.2.319

Crowe E, Higgins ET. Regulatory focus and strategic inclinations: promotion
and prevention in decision-making. Organ Behav Hum Decis Process (1997)
69(2):117-32. doi:10.1006/0bhd.1996.2675

Hayes AE Introduction to Mediation, Moderation, and Conditional Process
Analysis: A Regression-based Approach. New York: Guilford Press (2013).
Mazur A. A biosocial model of status in face-to-face primate groups. Soc Forces
(1985) 64(2):377-402. doi:10.1093/s£/64.2.377

Wingfield JC, Hegner RE, Dufty AM Jr, Ball GE. The “challenge hypothesis™:
theoretical implications for patterns of testosterone secretion, mating systems,
and breeding strategies. Am Nat (1990) 136:829-46. doi:10.1086/285134
Goetz SM, Tang L, Thomason ME, Diamond MP, Hariri AR, Carré JM.
Testosterone rapidly increases neural reactivity to threat in healthy men: a
novel two-step pharmacological challenge paradigm. Biol Psychiatry (2014)
76(4):324-31. doi:10.1016/j.biopsych.2014.01.016

Cohen AK. Delinquent Boys: The Culture of the Gang. Glencoe, IL: Free Press of
Glencoe (1955).

HirschiT. Causes of Delinquency. Berkeley, CA: University of California Press (2011).
Telzer EH, Fuligni AJ, Lieberman MD, Galvan A. Meaningful family relation-
ships: neurocognitive buffers of adolescent risk taking. ] Cogn Neurosci (2013)
25(3):374-87. doi:10.1162/jocn_a_00331

Telzer EH, Fuligni AJ, Lieberman MD, Miernicki M, Galvan A. The quality of
adolescents’ peer relationships modulates neural sensitivity to risk taking. Soc
Cogn Affect Neurosci (2014) 10:389-98. doi:10.1093/scan/nsu064

Kapadia E Siconolfi DE, Barton S, Olivieri B, Lombardo L, Halkitis PN. Social
support network characteristics and sexual risk taking among a racially/ethnically
diverse sample of young, urban men who have sex with men. AIDS Behav (2013)
17(5):1819-28. doi:10.1007/s10461-013-0468-2

Kimberly JA, Serovich JM. The role of family and friend social support in
reducing risk behaviors among HIV-positive gay men. AIDS Educ Prev (1999)
11(6):465-75.

Baumeister RF, DeWall CN, Ciarocco NJ, Twenge JM. Social exclusion impairs
self-regulation. J Pers Soc Psychol (2005) 88(4):589. doi:10.1037/€501232006-005
Duclos R, Wan EW, Jiang Y. Show me the honey! Effects of social exclusion on
financial risk-taking. ] Consum Res (2013) 40(1):122-35. doi:10.1086/668900
Harris JA, Rushton JP, Hampson E, Jackson DN. Salivary testosterone
and self-report aggressive and pro-social personality characteristics
in men and women. Aggress Behav (1996) 22:321-31. doi:10.1002/
(SICI)1098-2337(1996)22:5<321::AID-AB1>3.0.CO2-M

van Anders SM, Goldey KL, Kuo PX. The steroid/peptide theory of social
bonds: integrating testosterone and peptide responses for classifying social
behavioral contexts. Psychoneuroendocrinology (2011) 36:1265-75. doi:10.1016/j.
psyneuen.2011.06.001

van Anders SM, Tolman RM, Volling BL. Baby cries and nurturance affect tes-
tosterone in men. Horm Behav (2012) 61:31-6. doi:10.1016/j.yhbeh.2011.09.012
Turan B, Guo J, Boggiano MM, Bedgood D. Dominant, cold, avoidant, and
lonely: basal testosterone as a biological marker for an interpersonal style. ] Res
Pers (2014) 50:84-9. doi:10.1016/j.jrp.2014.03.008

Edelstein RS, van Anders SM, Chopik W], Goldey KL, Wardecker BM. Dyadic
associations between testosterone and relationship quality in couples. Horm
Behav (2014) 65(4):401-7. doi:10.1016/j.yhbeh.2014.03.003

Boksem MA, Mehta PH, Van den Bergh B, van Son V, Trautmann ST, Roelofs
K, etal. Testosterone inhibits trust but promotes reciprocity. Psychol Sci (2013)
24(11):2306-14. doi:10.1177/0956797613495063

Grunbaum JA, Tortolero S, Weller N, Gingiss P. Cultural, social, and intrapersonal
factors associated with substance use among alternative high school students.
Addict Behav (2000) 25(1):145-51. doi:10.1016/s0306-4603(99)00006-4
Devlin HC, Zaki ], Ong DC, Gruber J. Not as good as you think? Trait positive
emotion is associated with increased self-reported empathy, but decreased empathic
performance. PLoS One (2014) 9(10):¢110470. doi:10.1371/journal. pone.0110470
Forgas JP, East R. On being happy and gullible: mood effects on skepticism and
the detection of deception. ] Exp Soc Psychol (2008) 44:1362-7. doi:10.1016/j.
jesp.2008.04.010

Hasler G, Drevets WC, Gould TD, Gotteseman II, Manji HK. Toward con-
structing an endophenotype strategy for bipolar disorders. Biol Psychiatry (2006)
60(2):93-105. doi:10.1590/S1516-44462006000200003

Frontiers in Psychiatry | www.frontiersin.org

July 2015 | Volume 6 | Article 93


http://www.frontiersin.org/Psychiatry/archive
http://www.frontiersin.org/Psychiatry/
http://dx.doi.org/10.1016/b978-0-12-394281-4.00002-7
http://dx.doi.org/10.1016/b978-0-12-394281-4.00002-7
http://dx.doi.org/10.1080/1047840x.2013.815034
http://dx.doi.org/10.1080/1047840x.2013.815034
http://dx.doi.org/10.1177/1745691613484767
http://dx.doi.org/10.1073/pnas.0911700107
http://dx.doi.org/10.1073/pnas.0911700107
http://dx.doi.org/10.1016/j.yfrne.2011.01.002
http://dx.doi.org/10.1016/j.yfrne.2011.01.002
http://dx.doi.org/10.1177/0956797611433336
http://dx.doi.org/10.1037/0735-7044.115.1.238
http://dx.doi.org/10.1016/0018-506x(78)90040-5
http://dx.doi.org/10.1095/biolreprod41.1.7
http://dx.doi.org/10.1002/(SICI)1097-4695(19990605)39:3 < 359::AID-NEU3 > 3.0.CO;2-W
http://dx.doi.org/10.1002/(SICI)1097-4695(19990605)39:3 < 359::AID-NEU3 > 3.0.CO;2-W
http://dx.doi.org/10.1210/jc.2006-1864
http://dx.doi.org/10.1210/er.2004-0013
http://dx.doi.org/10.1073/pnas.0802127105
http://dx.doi.org/10.1037/h0045046
http://dx.doi.org/10.1162/jocn_a_00445
http://dx.doi.org/10.1016/j.bandc.2009.07.003
http://dx.doi.org/10.1037/a0014983
http://dx.doi.org/10.1037/a0014983
http://dx.doi.org/10.1177/0963721411415790
http://dx.doi.org/10.1007/s40750-014-0016-y
http://dx.doi.org/10.1007/s40750-014-0016-y
http://dx.doi.org/10.1006/hbeh.1999.1542
http://dx.doi.org/10.1006/hbeh.2001.1745
http://dx.doi.org/10.1037/0022-3514.67.2.319
http://dx.doi.org/10.1006/obhd.1996.2675
http://dx.doi.org/10.1093/sf/64.2.377
http://dx.doi.org/10.1086/285134
http://dx.doi.org/10.1016/j.biopsych.2014.01.016
http://dx.doi.org/10.1162/jocn_a_00331
http://dx.doi.org/10.1093/scan/nsu064
http://dx.doi.org/10.1007/s10461-013-0468-2
http://dx.doi.org/10.1037/e501232006-005
http://dx.doi.org/10.1086/668900
http://dx.doi.org/10.1002/(SICI)1098-2337(1996)22:5 < 321::AID-AB1 > 3.0.CO;2-M
http://dx.doi.org/10.1002/(SICI)1098-2337(1996)22:5 < 321::AID-AB1 > 3.0.CO;2-M
http://dx.doi.org/10.1016/j.psyneuen.2011.06.001
http://dx.doi.org/10.1016/j.psyneuen.2011.06.001
http://dx.doi.org/10.1016/j.yhbeh.2011.09.012
http://dx.doi.org/10.1016/j.jrp.2014.03.008
http://dx.doi.org/10.1016/j.yhbeh.2014.03.003
http://dx.doi.org/10.1177/0956797613495063
http://dx.doi.org/10.1016/s0306-4603(99)00006-4
http://dx.doi.org/10.1371/journal.pone.0110470
http://dx.doi.org/10.1016/j.jesp.2008.04.010
http://dx.doi.org/10.1016/j.jesp.2008.04.010
http://dx.doi.org/10.1590/S1516-44462006000200003
http://www.frontiersin.org

Welker et al.

Positive affective neuroendocrinology

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

Meyer B, Johnson SL, Winters R. Responsiveness to threat and incentive in
bipolar disorder: relations of the BIS/BAS scales with symptoms. ] Psychopathol
Behav Assess (2001) 23:133-43. doi:10.1023/A:1010929402770

Nusslock R, Almeida JRC, Forbes EE, Versace A, Frank E, LaBarbara EJ, et al.
Waiting to win: elevated striatal and orbitofrontal cortical activity during
reward anticipation in euthymic bipolar disorder adults. Bipolar Disord (2012)
14:249-60. doi:10.1111/j.1399-5618.2012.01012.x

Johnson SL. Mania and dysregulation in goal pursuit: a review. Clin Psychol Rev
(2005) 25(2):241-62. doi:10.1016/j.cpr.2004.11.002

Pizzagalli DA, Goetz E, Ostacher M, Iosifescu DV, Perlis RH. Euthymic patients
with bipolar disorder show decreased reward learning on a probabilistic reward
task. Biol Psychiatry (2008) 64(2):162-8. doi:10.1016/j.biopsych.2007.12.001
Gruber J, Eidelman P, Johnson SL, Smith B, Harvey AG. Hooked on a feeling:
rumination about positive and negative emotion in inter-episode bipolar disorder.
J Abnorm Psychol (2011) 120(4):956-61. doi:10.1037/a0023667

Gruber J, Culver JL, Johnson SL, Nam J, Keller KL, Ketter TK. Do positive
emotions predict symptomatic change in bipolar disorder? Bipolar Disord (2009)
11:330-6. doi:10.1111/j.1399-5618.2009.00679.x

Weiss EL, Bowers MB, Mazure CM. Testosterone-patch-induced psychotic mania.
Am ] Psychiatry (1999) 156(6):969-969. doi:10.1176/ajp.156.6.969

Coccaro EE McCloskey MS, Fitzgerald DA, Phan KL. Amygdala and orbitofrontal
reactivity to social threat in individuals with impulsive aggression. Biol Psychiatry
(2007) 62(2):168-78. doi:10.1016/j.biopsych.2006.08.024

Josephs RA, Sellers ]G, Newman ML, Mehta PH. The mismatch effect: when
testosterone and status are at odds. J Pers Soc Psychol (2006) 90(6):999.
doi:10.1037/0022-3514.90.6.999

Newman ML, Sellers JG, Josephs RA. Testosterone, cognition, and social status.
Horm Behav (2005) 47(2):205-11. doi:10.1016/j.yhbeh.2004.09.008

Mehta PH, Jones AC, Josephs RA. The social endocrinology of dominance: basal
testosterone predicts cortisol changes and behavior following victory and defeat.
] Pers Soc Psychol (2008) 94(6):1078. doi:10.1037/0022-3514.94.6.1078

Zilioli S, Watson NV. Winning isn't everything: mood and testosterone regulate
the cortisol response in competition. PLoS One (2013) 8(1):e52582. doi:10.1371/
journal.pone.0052582

Schliiter T, Winz O, Henkel K, Prinz S, Rademacher L, Schmaljohann J,
et al. The impact of dopamine on aggression: an [18F]-FDOPA PET
Study in healthy males. ] Neurosci (2013) 33(43):16889-96. doi:10.1523/
jneurosci.1398-13.2013

223.

224.

225.

226.

227.

228.

229.

230.

231.

O’Sullivan SS, Evans AH, Quinn NP, Lawrence AD, Lees AJ. Reckless generosity
in Parkinson’s disease. Mov Disord (2010) 25(2):221-3. doi:10.1002/mds.22687
Taute H, McQuitty S. Feeling good! Doing good! An exploratory look at the
impulsive purchase of the social good. ] Mark Theory Pract (2004) 12:16-27.
doi:10.1086/662199

Eisenegger C, Naef M, Snozzi R, Heinrichs M, Fehr E. Prejudice and truth
about the effect of testosterone on human bargaining behaviour. Nature (2009)
463(7279):356-9. doi:10.1038/nature08711

Van Honk J, Montoya ER, Bos PA, van Vugt M, Terburg D. New evidence on
testosterone and cooperation. Nature (2012) 485(7399):E4-5. doi:10.1038/
naturel1136

Mikulincer ME, Shaver PR. Prosocial Motives, Emotions, and Behavior: The Better
Angels of Our Nature. Washington, DC: American Psychological Association
(2010).

Eshel N, Nelson EE, Blair RJ, Pine DS, Ernst M. Neural substrates of choice selec-
tion in adults and adolescents: development of the ventrolateral prefrontal and
anterior cingulate cortices. Neuropsychologia (2007) 45(6):1270-9. doi:10.1016/j.
neuropsychologia.2006.10.004

Spielberg JM, Forbes EE, Ladouceur CD, Worthman CM, Olino TM, Ryan ND,
et al. Pubertal testosterone influences threat-related amygdala-orbitofrontal
coupling. Soc Cogn Affect Neurosci (2014) 10:408-15. doi:10.1093/scan/nsu062
van Wingen G, Mattern C, Verkes R], Buitelaar ], Fernandez G. Testosterone
reduces amygdale - orbitofrontal cortex coupling. Psychoneuroendocrinology
(2010) 35(1):105-13. doi:10.1093/scan/nsu062

Hofmann W, Friese M, Strack F. Impulse and self-control from a
dual-systems perspective. Perspect Psychol Sci (2009) 4(2):162-76.
doi:10.1111/j.1745-6924.2009.01116.x

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2015 Welker, Gruber and Mehta. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, distri-
bution or reproduction in other forums is permitted, provided the original author(s) or
licensor are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Psychiatry | www.frontiersin.org

91

July 2015 | Volume 6 | Article 93


http://www.frontiersin.org/Psychiatry/archive
http://www.frontiersin.org/Psychiatry/
http://dx.doi.org/10.1023/A:1010929402770
http://dx.doi.org/10.1111/j.1399-5618.2012.01012.x
http://dx.doi.org/10.1016/j.cpr.2004.11.002
http://dx.doi.org/10.1016/j.biopsych.2007.12.001
http://dx.doi.org/10.1037/a0023667
http://dx.doi.org/10.1111/j.1399-5618.2009.00679.x
http://dx.doi.org/10.1176/ajp.156.6.969
http://dx.doi.org/10.1016/j.biopsych.2006.08.024
http://dx.doi.org/10.1037/0022-3514.90.6.999
http://dx.doi.org/10.1016/j.yhbeh.2004.09.008
http://dx.doi.org/10.1037/0022-3514.94.6.1078
http://dx.doi.org/10.1371/journal.pone.0052582
http://dx.doi.org/10.1371/journal.pone.0052582
http://dx.doi.org/10.1523/jneurosci.1398-13.2013
http://dx.doi.org/10.1523/jneurosci.1398-13.2013
http://dx.doi.org/10.1002/mds.22687
http://dx.doi.org/10.1086/662199
http://dx.doi.org/10.1038/nature08711
http://dx.doi.org/10.1038/nature11136
http://dx.doi.org/10.1038/nature11136
http://dx.doi.org/10.1016/j.neuropsychologia.2006.10.004
http://dx.doi.org/10.1016/j.neuropsychologia.2006.10.004
http://dx.doi.org/10.1093/scan/nsu062
http://dx.doi.org/10.1093/scan/nsu062
http://dx.doi.org/10.1111/j.1745-6924.2009.01116.x
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org

fromtiers in
PSYCHIATRY

OPINION ARTICLE
published: 18 February 2015
doi: 10.3389/fpsyt.2015.00024

Importance of sex differences in impulse control and

addictions

Marci R. Mitchell’* and Marc N. Potenza’%**

" Department of Psychiatry, Yale University School of Medicine, New Haven, CT USA
2 Department of Neurobiology, Yale University School of Medicine, New Haven, CT USA
3 Child Study Center, Yale University School of Medicine, New Haven, CT USA

4 CASAColumbia, Yale University, New Haven, CT USA

*Correspondence: marci.mitchell@yale.edu
Edited by:
Liana Fattore, National Research Council, Italy

Reviewed by:
Jana Kucerova, Masaryk University, Czech Republic

Carmela M. Reichel, Medical University of South Carolina, USA

Keywords: sex differences, hormone effects, gender, impulsivity, addictions

Historically, sex- or gender-related differ-
ences in addictions have been understud-
ied. When neglected, both sexes may not
receive the full benefit of medical research.
Although hormone fluctuations in women
are rarely investigated with respect to treat-
ments, levels of estrogen and progesterone
may have large impacts on the effica-
cies of behavioral or pharmaceutical inter-
ventions (1-7). The National Institutes
of Health (NIH) have been advocating
for investigating gender-related differences
and hormonal influences (8), including
with respect to impulse control and its
contributions to addictions. Despite the
importance of studying sex differences,
the standard integration of sex-difference
considerations, including in preclinical
research using cell lines and animals, has
yet to occur.

Sex differences are present in personal-
ity traits and behaviors, such as impulsiv-
ity, that have been associated with addic-
tions (both substance and non-substance).
Impulsivity has been defined as a tendency
to act with little foresight or little con-
sideration of future consequences (9, 10).
Impulsivity is a complex construct that may
be separated into specific factors; two main
domains that can be measured in the labo-
ratory include impulsive action and impul-
sive choice (11). Both impulsive action and
choice have been associated with drug use,
in both a predictive fashion and as a result
of druguse (12, 13). Work investigating sex
differences in impulsive action in both ani-
mals and humans has shown mixed results
(14). The mixed findings may in part relate
to sex hormones, with females displaying

fluctuating levels of impulsivity dependent
on cycle phase and estrogen levels (14).
Impulsive choice has been measured
in the laboratory using delay-discounting
tasks (13, 15-17). While multiple studies
suggest that men may be more impulsive
than women, careful investigation of spe-
cific facets suggest otherwise. Women may
display greater discounting rates than men
(i.e., greater choice impulsivity); however,
reward type is relevant as men have been
found to discount real money more rapidly
than women, with women discounting
hypothetical rewards more rapidly than
men (18). Among adolescents, female
smokers appear more impulsive than male
smokers, but male control subjects appear
more impulsive than female control sub-
jects (19). Consistent with findings from
Kirby and Marakovic (18); Heyman and
Gibb (20) found that female smokers also
tend to discount the value of hypothetical
rewards more rapidly than do males.
Among heavy drinkers, women exhibit
poorer inhibitory control than men (21,
22). A study investigating the neural cor-
relates of impulsivity in non-abusing indi-
viduals who were family-history positive
for alcohol abuse found that those who
are family-history positive show greater
recruitment of brain regions involved in
addiction, inhibitory control, and executive
function compared to those without fam-
ily histories of alcoholism; however, this
effect was driven by males (23). Had gender
differences not been built into the experi-
mental design, such a finding would not
have been identified. Although there exist
strong associations between drug use and

impulsivity in both humans and animals,
with impulsivity increasing the propensity
for drug use and vice-versa (12, 13, 24,
25), few studies have investigated sex dif-
ferences, particularly in preclinical work.
The possible roles for cycle phase or circu-
lating hormones in delay-discounting-task
performance warrant further study.
Impulsivity and behavioral perfor-
mance in impulsivity tasks does not always
differ between men and women; however,
that does not mean that both sexes are
achieving similar performance in the same
way. Even when men and women perform
comparably in inhibitory tasks, different
neurobiologies may underlie the behaviors.
For example, in a recent study of gender-
related differences in neural factors asso-
ciated with performance of the stop-signal
task, men tended to show more activation
in the lentiform nucleus, parahippocampal
gyrus, posterior and anterior cingulate cor-
tices, middle and medial frontal cortices,
and thalamus, compared to women, despite
similar performance on the task (26). In
general, men and women display different
brain connectivity patterns, both in adoles-
cence and adulthood. One study found that
men show greater within-hemispheric con-
nectivity and women show greater across-
hemispheric activity, suggesting that male
brains may be better suited to facilitate con-
nectivity between perception and coordi-
nated action, whereas female brains may be
better suited to facilitate communication
between analytical and intuitive processes
(27). As neurobiological differences in
males and females start in early stages of
development (28, 29), it may be difficult to
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determine which differences are the result
of genetics, which are influenced by cycling
hormones and which may arise through
interactions and other processes. Some dif-
ferences may arise from how similarly con-
served genes across the sexes are translated
and expressed differently depending on
sex (30).

Although men and women may use the
same drugs and display the same behav-
ioral addictions, frequencies may vary by
drugs and behaviors (31). Furthermore,
addictions may present differently, have
different courses and patterns of comor-
bidity, be driven by different motivations,
and have different factors leading to relapse
(14, 32, 33). Males typically have higher
rates of drug use and are more likely to
develop dependence or abuse; however,
women may have transition from initial
use to dependence more quickly. Preclinical
and clinical data suggest an enhanced vul-
nerability to drug use with greater acquisi-
tion of drug self-administration in females
as compared to males (32, 34-40).

Given apparent sex differences in sus-
ceptibilities to drug use, sex differences
in the approach to treating drug use and
drug-use disorders are important to con-
sider in order to optimize interventions
for each sex. A recent study investigating
sex differences in the efficacy of disulfiram
in cocaine and alcohol dependence found
that women, compared to men, had poorer
treatment outcomes on several measures
of cocaine use during treatment and at
post-treatment follow-up, which was pri-
marily accounted for by disulfiram being
less effective in women than men (41).
Gonadal hormones may influence relation-
ships with treatment outcomes as estro-
gen may enhance the rewarding proper-
ties of drugs whereas progesterone may
be more protective and attenuate drug-
rewarding effects (5, 7, 42). Severity of
withdrawal symptoms may vary based on
menstrual-cycle phase (1-4). Moreover,
estrogen interactions with dopamine trans-
mission or the hypothalamic-pituitary-
adrenal (HPA) axis may partially under-
lie facilitative effects (43—45). For example,
females may be more affected by stress and
report stress as a reason for drug use and
relapse; therefore, greater activation of the
HPA axis through stress has the poten-
tial to interact with circulating estrogen
and monoamine neurotransmitters such as

dopamine and serotonin (both implicated
in rewarding and motivational aspects of
drug use and impulse control) (34, 46, 47).

Women may be more likely to engage
in addictive behaviors for negative rein-
forcement reasons (e.g., escape from stress)
whereas men may be more likely to
engage in addictive behaviors for pos-
itive reinforcement reasons (e.g., seek-
ing a high), and these motivational dif-
ferences may reflect different biologies
and/or result in different clinical presen-
tations. For example, studies link differ-
ences in cortico-striato-limbic activations
in cocaine dependence to stress cues in
women and drug cues in men (48). Addi-
tionally, women more frequently than men
present with other mental health issues,
such as trauma and depression, that co-
occur with addictions (33).

Sex differences may extend to non-
substance or behavioral addictions like
gambling disorder. Women with gam-
bling problems often display a “telescop-
ing” effect similar to women with sub-
stance addictions, whereby females often
initiate recreational behavior at a later
age than men but progress more quickly
into problematic gambling (49, 50). Males
tend to develop problems with “face-to-
face” forms of gambling (e.g., poker or
blackjack), whereas females are more likely
to develop problems with less person-
ally interactive forms [e.g., bingo, keno,
electronic-gambling (slot) machines], with
differences appearing to relate to impaired
control over gender-related behavioral
preferences evident in recreational gam-
blers (49, 51). Taken together, data sug-
gest important gender-related differences
exist that warrant consideration in opti-
mizing policy, prevention, and treatment
initiatives.

When investigating the relationships
between sex, hormones, impulsivity, and
addictions, it will be important to consider
research designs. Impulsivity is a multi-
faceted construct and therefore using tasks
assessing specific aspects of impulsivity is
important (52, 53). Additionally, the rein-
forcer presented may also be an important
variable as males and females may have
different motivations relating to consump-
tion of specific reinforcers, and women
may discount more quickly than men when
rewards are hypothetical. In rodents, no
differences were found between males and

females in premature responding when
the reward was food; however, when the
reward was cocaine, female rats made sig-
nificantly more premature responses (54).
Itis unclear whether the increase in prema-
ture responding in female rats for cocaine
was related to cycle phase. High estro-
gen levels may attenuate impulsive action
and depleting male rats of testosterone
may decrease impulsive action (55), but
high estrogen levels have also been asso-
ciated with increased sensitivity to cocaine
(56). Therefore, it is important to deter-
mine whether there are fluctuating levels
of impulsivity across different cycle phases
and how these might relate to addictions.
Additionally, understanding and study-
ing genetic differences (and similarities)
between men and women that may under-
lie behavior and neural activity is impor-
tant. One way to disentangle potential roles
of hormones and genetic factors relat-
ing to impulsivity and addiction involves
manipulating hormone levels by adminis-
tering or blocking cycling hormones and
using hormone replacement therapy, par-
ticularly in females who are in menopause.
Moreover, in preclinical models, the use
of ovariectomized animals and controlled
administration or release of various hor-
mones is possible. Preclinical studies may
effectively disentangle influences of geno-
type (XX, XY) from gonadal phenotype
(ovaries, testes) with respect to impulsivity-
related and addiction-related behaviors
(57). Applying these techniques in longi-
tudinal studies across the life-span in both
females and males could provide impor-
tant insight into developmental sex dif-
ferences in impulsivity and addiction, and
these findings may inform human research
and efforts to develop more effective policy,
prevention, and treatment interventions.
In summary, data demonstrate the
importance of studying sex differences in
addictions and impulsivity and their inter-
actions. While research has progressed in
these areas, there remains a deficit in
understanding sex differences. While NIH
has promoted the study of males and
females in clinical populations, sex dif-
ferences are not uniformly and systemat-
ically investigated and influences of circu-
lating hormones are not routinely docu-
mented. Therefore, it is difficult to deter-
mine which differences may link to hor-
mones and which may link to genetic
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differences between the sexes. In preclin-
ical research, sex differences are often
neglected, which may limit the translation
of preclinical findings into clinical settings.
Routine considerations of sex differences
in preclinical and clinical research settings
will help advance translational efforts and
improve prevention, treatment, and policy
initiatives.
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Is it important to consider sex and gender in neurocognitive, neurobiological, and clinical stud-
ies? I refer here to “sex” as a biological variable related mainly to sex chromosomes and sex
steroid hormones, while “gender” stands for a psychosociocultural construct related to gender
role socialization, levels of masculinity and femininity, and stress related to adhesion to gen-
der stereotypes. It is a rhetorical question and I hope that an overwhelming majority of read-
ers would answer: “yes, of course!” However, despite the fact that more attention has been
devoted over the past decade to delineating differences between men and women in their neu-
roanatomy, neurophysiology, and cognitive and emotional processing (1, 2), a substantial num-
ber of researchers (basic and clinical) continue ignoring “the second sex” and study exclusively
males. The reasons are multiple and range from an unawareness, through a lack of sufficient
funding to examine both sexes, to the argument that the studies, to date, have not found any
significant sex differences in a given paradigm or disorder and therefore there is no need to
include both males and females in a study. Finally, there is a group of theorists who sees this
line of inquiry (i.e., investigating sex differences in the brain and cognition) as inherently biased,
thus contributing to some harmful stereotypes that may lead to increasing gender inequalities
[e.g., Ref. (3, 4)].

It is hard to argue with the lack of funds and indeed there are cognitive and clinical domains where
we have not seen any indication of potential sex or gender differences. Nevertheless, our technology
has improved and we possess more sensitive instrumentation, which may detect subtle differences
that were not previously apparent. Moreover, we must remember that men and women of today are
different from men and women of two or three decades ago. We are not only socialized differently,
due to changed family values and education, more competitive job market and prominence of
social media, but also exposed to more environmental toxins, including endocrine disruptors, which
may affect our physical and mental health (5, 6). As to the harmful effects of some studies of the
neurobiological and cognitive sex differences, I agree that data are sometimes interpreted in a biased
manner and may contribute to propagation of damaging gender stereotypes. However, I also believe
that excluding women is much more dangerous. We have seen the harm done with several drugs
released for treatment of various disorders without proper testing or consideration of women’s
physiology (e.g., Posicor, approved for the treatment of hypertension and angina, slowed or stopped
the heart rate especially in elderly women; antihistamines such as Seldane and Hismanal induced
cardiac arrhythmias disproportionally more frequently in women), but thankfully the situation is
changing (7, 8).

While it is true that men and women are much more alike than different and it actually
makes more sense to talk about sex and gender similarities (be it in brain structure or cognitive
function), there are those subtle differences that may provide clues to disentangling etiology of some
neurological and neuropsychiatric disorders, such as multiple sclerosis, autism, mood, and anxiety
disorders, or shed a new light on treatment of these conditions. In short, “vive la similarité, but
let’s explore differences!” I would like to use two clinical examples that I am most familiar with, to
illustrate my point — schizophrenia and drug addiction.
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Schizophrenia

The existence of sex differences in the prevalence, development,
and progression of schizophrenia was noted already by Kraepelin
and Bleuler who conceptualized and meticulously described the
disorder at the beginning of the twentieth century (9, 10). Possibly
because the prevalence of schizophrenia is greater in men than in
women during the first half of life (until about 40 years of age),
most studies forgot about women altogether - this despite the fact
that there is a second peak of new cases in women around the
age of menopause when they catch up with men in the prevalence
(11, 12). I was unaware of this bias when I started investigating
neural correlates of cognitive function in schizophrenia during
my graduate school years, but very soon afterwards, as an inde-
pendent researcher, it became clear that existing theories and
treatment of schizophrenia were based almost entirely on data
from male subjects (human and animal). This realization hit me
when I came across two intriguing research studies, which found
a neuroanatomical reversal of normal sexual dimorphism in the
anterior cingulate (13), amygdala, and orbitofrontal cortex (OFC)
(14). Due to my research familiarity with functional magnetic
resonance imaging (fMRI), I began to search for any fMRI stud-
ies of emotion processing in schizophrenia since the anterior
cingulate, amygdala, and OFC are all part of the corticolimbic
system heavily implicated in the experience and expression of
affect. I found numerous studies that met my search criteria, but
none of them examined sex differences as they included either
exclusively men, or the number of women was too small to allow
for any comparisons. This was almost a decade ago and it has
motivated our group to make an extra effort to recruit women
diagnosed with schizophrenia to our studies. We have conducted
several fMRI studies; some revealed reversal of normal sexual
dimorphism [e.g., during mental rotation task; (15)], others did
not find any sex or sex-specific differences [e.g., during passive
viewing of emotional stimuli; (16)], while a few found significant
relationship between brain activations and sex steroid hormones
[e.g., Ref. (17, 18)]. This line of research suggested to us that
there might be a subtype of schizophrenia patients where symp-
toms and related brain dysfunction is partly fostered by hor-
monal imbalance during organizational and/or activational stage
of neurodevelopment.

Thankfully, over the past decade the situation in the field
has changed; sex differences in schizophrenia are more widely
acknowledged and females (both animal and human) are more
frequently studied or at least included in the protocols. It is also
recognized that women might require lower doses of antipsychotic
medications during their reproductive years (due to interactions
between antipsychotic medications and estradiol) and that they
may benefit from low doses of estradiol or selective estrogen
receptor modulators (SERMs) (19). It is possible that factors con-
tributing to the development of schizophrenia and related psy-
chosis are slightly different in men and women or that these factors
interact differently with the sexes. For example, perturbation in
the organizational effects of testosterone in utero could affect
male and female fetuses differently, and exposure to environmen-
tal toxins could affect endocrine systems of males and females
differently.

Drug Addiction

Drug addiction is another condition characterized by important
differences between men and women, and demonstrates how
research has changed over the past few decades. Somewhat sim-
ilarly to schizophrenia, traditionally drug abuse and dependence
have been considered a “male problem” However, while the
prevalence of alcohol and cannabis dependence is still greater
among men, gender differences in the abuse of stimulants and
prescription drugs seem to have disappeared in the Western world
(20). In addition, women appear to be more prone to develop
drug dependence, suffer more severe physical and psychologi-
cal consequences of drug abuse, and have a more difficult time
“kicking the habit” (21). The reasons for this gender gap include
a mixture of biological and psychosocial factors. For example,
while a larger proportion of men initiate drug use to induce
feelings of elation, energy or focus, women frequently start taking
drugs to alleviate pre-existing mental health problems, including
depression and anxiety (22). This maladaptive self-medication
strategy often results in a faster transition to a habitual drug use
and eventually a more severe dependence (23, 24). In addition,
the socio-cultural norms, particularly in the Western society, have
changed dramatically over the past few decades. Thus, while there
is still a more severe stigma and prejudice against women who
use drugs, especially if they are pregnant or have children, overall
there is greater acceptance of women’s drug use than it was several
decades ago (25). Moreover, women have much greater access to
various drugs of abuse than they used to have. Finally, over the
past couple of decades, new research has suggested some neuro-
biological factors that could also contribute to sex differences in
drug addiction. For example, there is evidence that the dopamine
system, which for decades has been strongly implicated in drug
reinforcement, is sexually dimorphic. The number of dopaminer-
gic neurons, the density of the dopaminergic terminals, as well as
responsiveness of the dopaminergic system to drugs of abuse, have
been shown to differ between males and females and they have
been shown to be modulated by sex steroid hormones, especially
estrogen (22, 26, 27). All these psychological, socio-cultural, and
biological factors that contribute to sex differences in drug use
and drug dependence should be considered while evaluating and
treating individuals with drug addiction problems.

Our research has focused specifically on addiction to nicotine
partly because it is a significant problem in schizophrenia. In the
general population, still more men than women smoke cigarettes,
but this gap is decreasing steadily. Moreover, studies show that
women become dependent faster and have more difficulties quit-
ting the habit than men (28). The difficulty quitting and the higher
relapse rates have been linked to greater levels of drug craving,
although evidence is still equivocal. For example, we examined
sex differences in cue-induced craving for cigarettes in non-
deprived smokers and did not find any differences between men
and women (29). There were, however, fluctuations in the craving-
related fMRI activations across the menstrual cycle in women.
I should highlight that in our study we tested only non-deprived
smokers, while studies that have reported sex differences, typically
assessed craving following a period of abstinence [e.g., Ref. (30,
31)]. Indeed, some studies suggest that men are more sensitive
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to cue-induced craving, while women react stronger to stress-
induced craving [e.g., Ref. (32)]. These and similar studies may
be helpful in developing gender-sensitive treatment programs.

I presented just two examples of neuropsychiatric problems
where unraveling sex differences may benefit women and deepen
our understanding of the disorders. For instance, several promis-
ing clinical trials have already been performed with low doses
of estradiol to treat women and men with schizophrenia (19,
33). In terms of drug addiction, most rehabilitation programs
are still based on a male model, but it is recognized that
women may require additional support (e.g., family planning,
childcare services) and approaches that emphasize stress reduc-
tion (34).

Before closing I would like to mention gender, feminin-
ity/masculinity and related variables, which have been almost
entirely absent from the neuroscience research, with a few excep-
tions. For example, in one early study, Cahill et al. (35) demon-
strated that although no differences were detected between sexes
in emotional memory, when gender was taken into consider-
ation, individuals with more masculine traits showed superior
recall of central emotional information, whereas individuals with
more feminine traits exhibited better recall of peripheral details.
More recent neuroanatomical studies reveal comparable results.
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