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There is increasing evidence in humans and laboratory animals for biologically based sex differences in every phase of drug

addiction: acute reinforcing effects, transition from occasional to compulsive use, withdrawal-associated negative affective states,
craving, and relapse. There is also evidence that many qualitative aspects of the addiction phases do not differ significantly
between males and females, but one sex may be more likely to exhibit a trait than the other, resulting in population differences.
The conceptual framework of this review is to focus on hormonal, chromosomal, and epigenetic organizational and contingent, sex-
dependent mechanisms of four neural systems that are known—primarily in males—to be key players in addiction: dopamine, mu-
opioid receptors (MOR), kappa opioid receptors (KOR), and brain-derived neurotrophic factor (BDNF). We highlight data
demonstrating sex differences in development, expression, and function of these neural systems as they relate—directly or
indirectly—to processes of reward and addictive behavior, with a focus on psychostimulants and opioids. We identify gaps in
knowledge about how these neural systems interact with sex to influence addictive behavior, emphasizing throughout that the

impact of sex can be highly nuanced and male/female data should be reported regardless of the outcome.

Neuropsychopharmacology (2019) 44:166-183; https://doi.org/10.1038/s41386-018-0125-6

INTRODUCTION

The addiction landscape in 2018

Only a small percentage of men and women who sample
psychoactive drugs of any kind will develop an addictive disorder
[1, 2]. The most recent data we have for use of illicit drugs by sex/
gender in the USA is from the 2013 National Survey on Drug Use
and Health published by SAMHSA [3]. The data are relatively
consistent with those of previous years, in that for ages 18 and
older, a greater percentage of men than women are dependent or
abusing illicit drugs. Interestingly, the percentage of women has
been constant since 2010 at 5.8 percent, while the percentage of
men has declined slightly. This same trend is also seen in tobacco
use (ibid). In this review we will be focusing primarily on sex
differences in the behavioral effects of, and the molecular
mechanisms of, psychostimulants (e.g., cocaine, methampheta-
mine, and amphetamine) and opioids (e.g., morphine, oxycodone,
and heroin).

There are no sex/gender differences in the percentages of
youth between the ages of 12-25 dependent on, or abusing, illicit
drugs, which has been true since 2002. However, there have been
sex/gender differences in abuse and dependence on individual
drugs across the years [4]. For example, males (ages 12-25) are
more likely to abuse or be dependent upon marijuana or alcohol,
whereas similar aged females are more likely to abuse or be
dependent upon cocaine and psychotherapeutic drugs [4]. In a
recent cross-cultural analysis of sex/gender differences in sub-
stance use disorders, McHugh et al [5] concluded, “Although there
is significant variation across cultures, in general, men are more
likely to have access to substances relative to women; this
difference in access appears to account for much of the gender

difference in the prevalence of substance use. In other words,
when controlling for access, the likelihood of substance use does
not differ between men and women” [5]. Thus, sex differences in
the absolute number of individuals using drugs is not key to
understanding sex differences in addictive disorders. Rather. sex
differences in the patterns of drug use and in the paths to
addiction for individual drugs are more likely to provide
information useful for treatment and prevention.

There has been recent attention on the extensive abuse of
prescription opioid drugs and heroin by women and the subsequent
increase in deaths of women due to opioid overdose. A recent
review of sex/gender differences in prescription opioid medications
and heroin use in the USA, from 2007 to 2014, found that the
number of women using heroin is increasing at a faster rate than for
men, even though non-medical prescription opioid drug use is
declining for both sexes [6]. While some studies have found females
at greater risk for opioid overdose, a recent meta-analysis suggests
that the risk factors associated with overdose are complicated and
not necessarily related to greater female risk [7, 8].

There are however, sex/gender differences in the reasons for
initiating drug use and the path from initial drug use to being
diagnosed with a substance use disorder. The best available data are
for alcohol, but similar patterns are seen for other drugs of abuse.
Self-reports indicate that many adolescent girls and women initiate
drug use as a coping strategy to deal with anxiety, low self-esteem,
depression, and feelings of isolation [9, 10]. These negative affective
states are reported more frequently in women compared to men
[11]. Prior sexual abuse and violence are more frequently reported
by women than men with substance use disorders, including opioid
use disorder, and this type of trauma is more predictive of substance
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use disorder in women [12, 13], highlighting the difficulty in parsing
out effects of biology from societal norms. While some men also
self-medicate with drugs of abuse, most report initiating drug use to
be “part of the group” by demonstrating their willingness to engage
in risky behaviors [11, 14].

Thus, in 2018 we are facing an addiction landscape character-
ized by decreasing sex/gender differences in the prevalence of
drug taking behaviors and substance use disorder. Rather, the
landscape is revealing sex/gender differences in the initiation,
escalation, and withdrawal effects of drug taking behaviors. These
sex/gender differences are compounded by the effects of sexual
abuse and trauma, which tend to increase rates of substance use
disorder in women to a greater extent than in men. Thus, to
understand sex/gender differences in substance use disorder we
need to better understand the neural mechanisms mediating
addictive behavior in both sexes, and how developmental events
impact the neural circuitry in both sexes. In the following sections
we primarily review preclinical research conducted in laboratory
models of addiction, which provide remarkable predictive, face,
and construct validity to the human condition of substance use
disorder.

Neural systems mediating reward, motivation, and addiction
Stages of addiction and overview of sex differences therein. The
transition from casual drug use to substance use disorder in
humans is influenced by a confluence of innate traits such as
biological sex, impulsivity, sensitivity, anxiety, risk-taking behavior,
and social and environmental influences such as socioeconomic
status, education, exposure to trauma and abuse, peer pressure,
drug availability, family drug use, and the social construct of
gender. Despite these complexities, studies have identified neural
circuits and molecular players involved in the development and
maintenance of addiction. The development of addiction can be
described as a three-stage cycle: 1. initiation/escalation, 2.
withdrawal/negative affect, and 3. preoccupation/craving [15]. A
key stage of the addiction cycle is the transition from initiation to
escalation to compulsive drug use [16, 17]. One facet of this
transition is the switch from drug taking as a goal-directed
behavior to a compulsive behavior, which is thought to involve a
shift from ventral corticostriatal circuitry involving prefrontal cortex
and ventromedial striatum, to a more dorsal circuit involving the
dorsolateral striatum [18]. Below we provide a brief synopsis of the
major neural circuits implicated in these stages of addiction, with a
focus on opioids (mu-opioid receptor (MOR) agonists such as
morphine, heroin, and oxycodone) and psychostimulants (e.g.,
cocaine, amphetamines). Comprehensive reviews are recom-
mended for more in-depth coverage [15, 19-23].

Clinical data support the idea that women who develop
substance use disorders escalate from initial drug use to
compulsive drug-taking more rapidly than men, a phenomenon
known as “telescoping” [14, 24, 25]. Women also report more
negative affect during withdrawal than men and have greater
stress- and cue-induced craving and relapse compared with men
(reviewed in [26]). Sex differences are also seen in rodent models
of the different phases of addiction [26-28], highlighting the
importance of in-depth studies in laboratory animals that can
identify underlying neurobiological mechanisms. Although little
research has been published on gender differences in heroin use
patterns in humans, research in rodent models of addiction have
shown that females acquire heroin self-administration more
rapidly than males and show greater motivation to take heroin
compared to males [26]. Interestingly, the same has not been
found for the prescription opioid oxycodone: naive males and
females acquire oxycodone self-administration behavior at similar
rates, but males take significantly more drug than females during
the initial acquisition sessions [29]. Whether these differences in
male versus female rodent behavior are due to sex differences in
the pharmacological responses to heroin and oxycodone or to
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differences in experimental design are not known. A take-home
message from these types of disparate data is that although it is
tempting to try to fit preclinical behavioral data on addiction-like
behavior to substance use disorder in women, the preclinical
findings do not always match the human condition. Rather than
conclude that these preclinical studies of addiction are pointless,
we argue that it is imperative for researchers to report the data
from animal studies—regardless if they match the clinical
condition—and then leverage the power of animal models to
probe underlying mechanisms.

Initiation/escalation: The mesocorticolimbic dopamine pathway,
comprising the ventral tegmental area, nucleus accumbens, and
prefrontal cortex is consistently identified as a common neural
substrate of all drugs of abuse [23, 30, 31]. Psychostimulants
such as cocaine and amphetamine block monoamine reuptake
transporters at nerve terminals to directly increase levels of
dopamine and other monoamines, whereas opioids act on MORs
in the ventral tegmental area to decrease the activity of inhibitory
y-aminobutyric acid (GABA) interneurons, which results in a
greater release of dopamine in forebrain regions [32, 33]. The
last several decades of research have identified multiple roles for
dopamine: it stamps in salience to stimuli in the environment, and
it promotes behavioral activation and performance of goal-
directed behavior [34, 35]. The time course of dopamine signaling
is also a key factor. Rapid, phasic dopamine cell firing tends to
code the experience of reward and determine the value of
predicted outcomes of behavior, whereas tonic dopamine cell
firing results in lower amounts of dopamine release that can
facilitate and enable reward-related neural systems associated
with motivational drive [36].

Dopamine neurons in the ventral tegmental area project to
forebrain regions including the nucleus accumbens, prefrontal
cortex, and amygdala (Fig. 3). The nucleus accumbens receives
information related to hedonic state from dopamine and from
neuromodulators such as brain-derived neurotrophic factor
(BDNF), neuropeptides such as dynorphin (DYN), and from
excitatory glutamaterigic afferents originating in the amygdala,
frontal cortex, hippocampus, and thalamus [37-39]. The nucleus
accumbens integrates this information and converts it to
motivational action via connections with the extrapyramidal
motor system.

Withdrawal/negative affective states: Repeated exposure to the
acute rewarding effects of drugs can lead to escalation of drug
intake [40], which causes a homeostatic impairment of the
mesolimbic dopamine system. These homeostatic changes,
described broadly as “opponent processes”, can occur directly
within dopamine signaling pathways or indirectly within neuro-
modulatory systems that regulate dopamine signaling. Both
mechanisms are thought to contribute to negative affective states
observed during periods of drug withdrawal and abstinence. The
homeostatic adaptations that occur in response to chronic drug
exposure serve to oppose reward and, paradoxically, reinforce
drug-seeking behavior [22, 41, 42].

One type of opponent process to chronic drug administration is
engagement of extra-hypothalamic stress systems including
increased activity of corticotropin-releasing factor (CRF) and DYN
within the extended amygdala [38, 41]. The extended amygdala,
which is composed of the central nucleus of the amygdala, bed
nucleus of the stria terminalis, and a medial portion of the nucleus
accumbens shell, represents a common anatomical substrate that
integrates stress and reward systems to produce drug withdrawal-
induced negative affective states and promote negative reinforce-
ment processes associated with the development of addiction.

Preoccupation/craving/relapse: Craving is difficult to study in
animal models as it is a highly subjective, emotion-based state.
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Fig. 1 Developmental origins, statistical characteristics, and functional expression of sex differences in the brain. a Developmental origins of

sex differences may arise from organizational influences or be contingent on interaction with internal or external factors. Organizational
origins are defined as genetic (XY /XX chromosomes), gonadal hormone influences during critical/sensitive periods of development, and
placental influences. Contingent origins include internal or external factors that include epigenetic traits induced by environmental exposure,
effects of stress in utero or postnatal, nutritional factors, etc. b Statistical Characteristics that describe different types of sex differences. These
occur due to multiple developmental processes. Sex differences may exist in four forms, three of which involve differences in behavioral
output: i. Bimodal Distribution; ii. Average or Mean differences; iii. Frequency Distribution differences in trait occurrence. The fourth form of
sex difference occurs when behavioral expression of a trait is statistically similar between males and females, but the underlying mechanisms
are significantly different. ¢ Functional Expression of Trait. Traits may be expressed differently in females and males, or the sexes may show
similar expression of the trait (by the measures used) but get to the trait by different underlying mechanisms (i) or via the same mechanism (ii)

Recent advances in neuroimaging techniques and ecological
momentary assessment approaches to studying craving and drug
use episodes in real time in individuals with substance use
disorders have shown that drug-cue and stress-induced craving
for cocaine and opiates activates regions of the prefrontal cortex,
amygdala, hippocampus, insula, and the ventral tegmental area
[43]. In human studies, cocaine-dependent females show greater
reactivity in these brain regions to stress and drug cues during
drug craving whereas cocaine-dependent males show greater
responses to drug cues [44].

The phenomenon of relapse is well modeled in laboratory
animals using the reinstatement procedure [45]. Evidence from
animal studies suggests that neural circuit changes associated
with drug-induced and cue-induced reinstatement after extinction
of operant responding for drug are linked to glutamatergic
projections from the prefrontal cortex to the nucleus accumbens
core, dopamine projections from the ventral tegmental area to the
medial prefrontal cortex, and GABA projections from the nucleus
accumbens to the ventral pallidum. In contrast, stress-induced
reinstatement of drug seeking depends more on activation of
DYN, CRF, and norepinephrine systems within the extended
amygdala [46-48].

Origins of sex differences mediating reward, motivation, and
addiction

Overview of sex differences. Historically our language forces us
into a bimodal view of the sexes (i.e., males and females are
“opposite sexes”), which has made it difficult to accept that
complex interactions between biological characteristics and
environmental factors contribute to the ultimate expression of
traits that fall on a continuum ranging from “opposite” to
“identical”. There have been a number of recent reviews that
have described these interactions and the consequent expression
of sex differences in brain and behavior [26, 49-52].
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Considering the types of sex/gender differences is helpful when
you have collected data and need to think about what it means
for the neurobiological processes being investigated. Becker and
Koob [26] described four types of sex/gender differences: (1)
qualitative differences (traits are phenotypically different as
typified by a bimodal distribution); (2) quantitative differences
(sexes/genders exhibit different averages or means for a trait); (3)
population differences (frequency differences in the number of
individuals of each sex/gender that exhibits a particular trait) and;
(4) mechanistic/convergent differences (the trait is the same for
both sexes but the underlying biology differs).

Thinking conceptually about the neurobiological processes through
which these four types of sex differences arise is helpful, as illustrated
in Fig. 1. There are specific developmental influences that affect the
expression of sex differences in the adult. The sex chromosomes,
parent-of-origin inheritance of autosomal allele bias, fetal, and
pubertal gonadal hormones and the placenta contribute to the sex-
specific development of the brain [49, 50, 53, 54]. Applying this
conceptual framework to the topic of addiction, there is evidence for
each type of sex difference in the causes of, expression of, and
consequences of addiction (see [26] for details on specific drugs).

The following sections are organized to first provide an
overview of the types of processes (e.g., hormonal, genetic, and
epigenetic) that contribute to sex differences in neurobiological
mechanisms underlying addictive behavior. These processes
underlie sex differences in every realm of brain and behavior
and are not unique to addiction. However, it is necessary to
understand the current state of knowledge on the origin of sex
differences in order to understand how males and females differ
(or do not differ) in the different phases of the addiction cycle.
Second, this review then uses four key neural systems (dopamine,
MOR, kappa opioid receptor (KOR), and BDNF) as examples of how
these mechanisms have been shown to specifically impact
addiction-like behavior in a sex-dependent manner.

Neuropsychopharmacology (2019) 44:166 - 183
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Fig. 2 Synthesis of gonadal hormones. The primary gonadal hormones: progesterone, testosterone and estradiol are part of the same
synthetic pathway as described in this figure. In females all steps of the synthetic pathway occur in the ovary. Since steroid hormones are not
sequestered in vesicles they are secreted upon synthesis. In males, testosterone is produced by the testes. The dashed line is intended to
indicate that testosterone from the testes can be converted to estradiol or dihydrotestosterone in the brain and other organs (e.g., skin) that
have the necessary enzymes: aromatase or 5alpha-reductase (enzymes are depicted above enclosed in an oval). The brain is also capable of

synthesizing progesterone, testosterone and estradiol de novo

Gonadal hormone influences

Overview of gonadal hormones. The hormones progesterone,
testosterone, and estradiol are steroidal, lipid/fat soluble mole-
cules that are produced by the ovaries and testes (i.e., gonads) as
part of the same synthetic pathway (Fig. 2). Gonadal activity is
stimulated by the pituitary hormones luteinizing hormone (LH)
and follicle-stimulating hormone (FSH) in males and females,
although the exact details differ between the sexes. Estradiol and
progesterone feed back to the hypothalamus and pituitary to
regulate ovulation in females. In males, LH and FSH stimulate
spermatogenesis and testosterone production to maintain a
constant rate of sperm production. Importantly, estradiol is
produced from testosterone (Fig. 2), in the ovary of females, and
in the brains (and other organs) of males and females.

Organizational vs. activational influences of hormones. The
structure, circuitry, and signaling pathways of the brain are
“organized” during development due to early exposure to
hormones, chromosomal differences, and/or sex differences in
the placenta, resulting in the different types of sex differences
described in Fig. 1. If there are “organizational” sex differences,
males and females are different all of the time, independent of
concurrent ovarian or testicular hormones. In addition, the brain
can respond to circulating gonadal hormones, and since the testes
and ovaries make different hormones, sex differences may be due
to differences in the “activational” effects of these hormones.
Finally, the brain may be both organized differently in males and
females as well as differentially activated by hormones (or other
external environmental and experiential factors) in a sex-specific
way.

Sex chromosome influences

In order to determine whether a sex difference is due to sex
chromosomes or gonadal hormones, a line of mice has been
developed where the testis-determining gene, Sry, normally on
the Y chromosome, is not expressed and the Sry gene is inserted
into an autosome [55]. This results in four possible sex chromo-
some / gonad combinations (i.e., the four core genotypes): XX
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(chromosomal and gonadal females), XXSry (chromosomal female
and gonadal male), XY™ (chromosomal male and gonadal female),
and XY~ Sry (chromosomal male and gonadal male). The four core
genotype mice have been a useful tool to differentiate the role of
sex chromosome complement from gonadal sex/hormone expo-
sure during development on neurobiology and behavior [55],
although the underlying mechanisms are still not fully understood,
which represents a gap in knowledge. Evidence suggests that sex
chromosome effects can emerge in the placenta and affect X-
linked genes expressed by the placenta that modify numerous
proteins—including those mediating epigenetic processes—dur-
ing fetal development [53]. Other sex chromosome effects emerge
throughout development of the organism (and may themselves
be a result of placental influences). Finally, sex chromosome
effects may be mediated by Y chromosome-linked genes
including those encoding SRY, histone demethylases KDM5d,
and UTY (encodes a histone demethylase), whereas some are due
to female-biased expression of genes such as that encoding
histone demethylase KDM5c.

Autosomal influences

Both environmental and genetic factors contribute to addiction
vulnerability [56, 57]. Most genetic variation in humans is
attributable to single-nucleotide polymorphisms (SNPs). These
are positions on a DNA sequence at which two alternative bases
occur in at least 1% of the human population. Synonymous SNPs
alter the nucleotide without changing the resulting amino acid
(i.e, a “silent” mutation). Non-synonymous SNPs alter the
nucleotide and consequently change the resulting amino acid,
an effect that typically has a greater impact on gene expression
and function than synonymous SNPs. Additionally, SNPs can occur
in gene promotors, exons, or in intergenic regions, which may
differentially affect transcription, transcript stability, translation,
protein folding, and function of the corresponding gene product.
A great deal of effort has been made to associate SNPs in human
genes with diseases (including substance use disorder) in order to
identify causal factors. Although many associations have been
found, this approach has yet to lead to the hoped-for therapeutic
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revolution. Indeed, this is an area that requires much additional
research, as 1.42 million single nucleotide polymorphisms have
been reported in the human genome [243].

Sex-dependent parent-of-origin allele bias. Although not usually
considered in the study of sex differences, the sex of the parent
can determine gene expression levels and patterns, and hence
behavior, in offspring. Recently it has been shown that parental
allele bias—typically due to canonical or noncanonical genomic
imprinting [58]—can be preferentially expressed in one sex over
the other in the offspring [54]. Parental bias has been demon-
strated in a brain region-specific manner for the expression of
several genes expressed in neural systems associated with feeding
and motivated behaviors, which has strong implications for sex
differences in addiction. Interestingly, there appears to be a
preferential maternal contribution to gene expression in the
developing brain and a major paternal contribution in the adult
brain [54, 59].

Epigenetic influences

Acute epigenetic influences. Internal and external contingent
factors can act on an organism such that sexually dimorphic traits
are amplified or normalized. Epigenetics is one such contingent
mechanism that links external factors (e.g., drugs of abuse, stress)
to gene expression and function. Epigenetics includes transient,
stable, and/or heritable changes in gene expression within
mature, post-mitotic cells without alterations in the DNA sequence
[60, 61]. There are three primary epigenetic mechanisms: DNA
methylation, histone post-translational modifications, and gene
regulation by small non-coding RNAs.

DNA methylation occurs via a family of DNA methyltransferases
(DNMTs) that primarily hypermethylate DNA at cytosine residues
found in dinucleotide CpG sites. DNA methylation is involved in
genomic imprinting, which is a process that allows for the selective
(or biased) expression of only one parental allele in the offspring
[62]. DNMTs methylate newly synthesized DNA strands to
reproduce the DNA methylation pattern on the daughter cells
[63], which allows methylation patterns to be maintained through
mitosis. Hormones can modulate CpG methylation, with one
example being that estradiol treatment significantly reduces the
number of fully methylated sites, predominantly in intragenic
regions, where DNA methylation is highest (for review, see ref. [64].

Histone post-translational modifications are mediated by histone
deacetylases (HDACs) and histone acetylases (HATs). HDACs
remove acetyl groups from lysine residues and thereby tighten
the chromatin structure and reduce transcription, whereas HATs
add acetyl groups to lysine residues and weaken the electric charge
between histones and DNA [65]. This relaxes the tightly wound
chromatin and is associated with increased gene expression.

Non-coding RNAs are a more recently discovered epigenetic
mechanism. These include microRNAs (miRNAs), which are a class of
non-protein coding RNA transcripts (19-24 nucleotides in length)
that are highly expressed in the brain [66] and regulate gene
expression at the post-transcriptional level [67]. Each miRNA targets
~200 mRNA transcripts [68] with diverse effects on gene expression
including mRNA degradation, increased mRNA translation, chroma-
tin remodeling, and DNA methylation [69]. Although RNAs were
initially thought to be absent in the germline, more recent evidence
shows that multiple populations of RNAs exist in sperm and oocytes
[70], providing a method for the transfer of the epigenome to the
offspring. There is evidence for significant sex differences in miRNA
expression and function. It was shown that of 250 miRNAs assessed
in neonatal mouse brain, approximately 2/3 were expressed at
different levels in males and females [71]. Of the miRNAs that
differed by sex, half of them were due to gonadal steroid regulation
and a third were due to bias in the sex chromosomes.

Importantly, all of the above processes are closely intertwined
and can influence addiction in a sex-dependent manner as
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described in the next sections. For in-depth reviews of epigenetic
mechanisms in the context of addiction (that do not specifically
address sex as a biological variable) [72-75]. Furthermore, changes
in histone modifications (e.g., acetylation, methylation) are
necessary for DNA methylation and demethylation to occur [76].
Likewise, DNA methylation can regulate miRNA expression [77],
and miRNAs can target mRNAs encoding histone-modifying
enzymes such as HDACs, HATs, and methyltransferases [78]. Finally,
each type of epigenetic mechanism can be regulated by sex: by
sex chromosomes, gonadal hormones, or placental influences. For
comprehensive reviews of these topics [53, 64]. An example of a
tantalizing, but as yet unexplained, finding is that from Vilain and
colleagues [79], who conducted genome-wide scanning of sex
differences in methylation profiles of genes in the striatum and
hypothalamus of neonatal and adult male and female rats. They
found over 1000 genes that were differentially methylated in the
striatum of adult, but not neonatal, males and females. They found
sex differences where genes were methylated in one sex and not
the other (bimodal distribution) and where one sex expressed
methylation of a gene to a greater extent than the other (average/
mean difference). With only two individuals from each cohort
analyzed, they were not powered to test whether there were
differences in the frequency of methylation of individual genes in
males vs. females (population differences). Understanding the
functional significance of these different patterns of gene
methylation is a gap in knowledge, as gene expression in the
striatum is likely involved in processing information related to
motivated behavior, disruption of which is a pillar of addiction.

Multigenerational and transgenerational epigenetic influences.
Multigenerational inheritance derives from direct exposure to the
drug. Thus, drug exposure in FO males or females prior to pregnancy
can have a direct impact on the germ cells, which go on to produce
the F1 generation. Therefore, phenotypes found in FO and F1
animals are considered multigenerational. In contrast, only those
traits that persist into the F2 generation and beyond, which are not
directly exposed to drug, are considered examples of transgenera-
tional inheritance. This distinction is important for assessing the
mechanisms underlying sex-dependent parent-of-origin epigenetic
transmission [80] and impact on addiction vulnerability.

Epigenetic multigenerational or transgenerational inheritance is
defined as “germline-mediated inheritance of epigenetic informa-
tion between generations in the absence of direct environmental
influences that leads to phenotypic variation” [81]. This phenom-
enon has been studied in great detail with regards to X
chromosome inactivation, but more recent pioneering work by
Gregg et al. [54, 58, 59] has shown that imprinted genes inherited
from maternal or paternal origin can be dependent on the sex of
the offspring as well. By comparing parent-of-origin allelic gene
expression within the hypothalamus and cortex of mice, they
identified over 300 autosomal genes with sex-specific imprinting
features [54]. At the molecular level, this is a striking example of
how the same parents, environment, and gestational experience
can yield significantly different outcomes in gene expression in
sibling offspring that may predict long-term sex differences in
disease risk and resilience. To date, there is still little known about
how the sex of the parent and/or offspring in combination with
environmental exposures such as drugs of abuse or stress directly
contributes to drug addiction. Tantalizingly, aminergic systems
and neural systems associated with feeding and motivated
behaviors constituted the largest source of imprinting hotspots
[59], providing a strong rationale for further study of these
mechanisms in addiction models.

Organizational and contingent factors interact

The mechanisms described above interact at every developmental
level—from preconception through gestation and through the
lifespan—to produce sex-dependent traits that can contribute to
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Fig. 3 Simplified neuroanatomical framework for major interactions between the four key players discussed in the section “Key players”
(dopamine, DYN/KOR, MOR, and BDNF—data collected primarily from male rodents) and gonadal hormone receptors (data collected from
females (ERa estradiol receptor alpha, ERp estradiol receptor beta) or males (AR androgen receptor)) within neural circuitry implicated in
addictive processes. Note that both males and females can produce testosterone and estradiol, although the divergent effects of these steroid
hormones are mediated, in part, by sex differences in the levels and distribution of their cognate receptors [235]. Connections among brain
regions utilizing the neuromodulators (dopamine, DYN, BDNF) are indicated when known [15, 184, 236, 237, 241, 242]. KOR and MOR receptor
expression is indicated when known [160]. Gonadal hormone receptor expression is indicated when known [90, 91, 94, 238, 239]. AMG
amygdala, AR androgen receptor, BIA basolateral nucleus of the amygdala, BDNF brain-derived neurotrophic factor, BNST bed nucleus of the
stria terminalis, CeA central nucleus of the amygdala, ERx estradiol receptor alpha, ERp estradiol receptor beta, HIP hippocampus, KOR kappa
opioid receptor, LC locus coeruleus, MOR mu-opioid receptor, NAc nucleus accumbens, PFC prefrontal cortex, VTA ventral tegmental area

both addiction risk or resilience and to behavioral manifestations
in each of the three main stages of addiction. It is essential to
understand that these sex-dependent mechanisms more often
than not result in normalizing behavioral outputs between males
and females. As such, males and females typically do not
drastically differ in their behavioral responses to drugs of abuse.
However, given that the underlying molecular and genetic
mechanisms producing behavior can be different between the
sexes, it behooves us to conduct our experiments in both males
and females as we drill down into mechanistic understanding of
addiction.

The following sections apply this framework for sex/gender
differences to focus on four neural systems that are known to be
key players in addictive processes: dopamine, MORs, dynorphin
(DYN)/KORs, and BDNF. Figure 3 is a highly simplified schematic of
how these players overlap within neural circuitry related to reward
and addictive behavior, while simultaneously showing the
location of estrogen and androgen receptors. Implicit in this
figure is the caveat that the data supporting the specific
involvement of these neural circuits in reward and motivated
behavior was collected almost exclusively in males. Our goal is to
describe what is currently known about links between sex
differences and addictive behavior (focusing on opioids and
psychostimulants) in each of these systems within the conceptual
framework of the organizational and contingent mechanisms
described above. Our goal is not to provide comprehensive
coverage of these mechanisms and processes—we think this issue
of Neuropsychopharmacology reviews will satisfy that. Rather, we
are focusing on what is currently known in the addiction space. In
some instances there are no published studies (to our knowledge)
directly linking a particular sex-dependent mechanism with
substance use disorder per se. However, there is strong evidence
for sex differences in the developmental origin and expression of
the neural systems that could enable sex differences in addictive
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behavior. Our hope is that this review will highlight these gaps in
knowledge and stimulate experiments to fill the gaps, which will
ultimately translate to more effective, sex-specific preventative
measures and treatments for addiction.

Key players

Dopamine. The mesocorticolimbic dopamine system is inextric-
ably involved with each phase of the addiction cycle [35]. At
numerous points in dopamine signaling, including synthesis,
release, reuptake, and postsynaptic responses, there are examples
of sex-dependent effects that can be—but are not always—
related to circulating gonadal hormone modulation. We discuss
below and have graphically summarized known sex-dependent
mechanisms underlying dopamine signaling in Fig. 4.

In dopaminergic neurons, the enzyme tyrosine hydroxylase (TH)
converts tyrosine to DOPA, and dopa-decarboxylase (DDC)
converts DOPA to dopamine. Release of dopamine results in
activation of D1-like and D2-like receptors (D1r, D2r) found both
pre-synaptically (D2r) and post-synaptically (D1r and D2r) on
distinct populations of neurons. The presynaptic dopamine
transporter (DAT) is primarily responsible for rapid clearance
(reuptake) of dopamine from the extracellular space. Conse-
quences of D1r and D2r activation include a myriad of intracellular
signaling cascades [82]. Numerous additional genes and factors
modulate this basic synthesis pathway, and there is ever
increasing data suggesting that sex plays an important role in
their regulation and role in behavior [26].

Organizational influences and activational influences of gonadal
hormones: Males but not females over-produce D1r and D2r in
the striatum during development, and the receptors are pruned
prior to adulthood in males [83, 84]. Neither the over-production
of receptors, the pruning of dopamine receptors in males, nor the
lack of over-production in females, is due to the presence of
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Fig. 4 Simplified composite schematic of organizational and contingent mechanisms leading to sex differences in dopaminergic signaling
within limbic brain regions. To be inclusive, the figure collapses data from ventral tegmental area — nucleus accumbens and prefrontal cortex.
Known distinctions between these projections are indicated in this figure legend and in the figure. The information in this figure is based on
work reported in the section “Dopamine; which is meant to highlight research that demonstrates preclinical connections to psychostimulant
and/or opioid addiction-related behaviors. [1] In embryonic mice, sex chromosome complement, but not gonadal sex, determines TH
expression in midbrain dopamine neurons. Chromosomal males have greater TH expression than chromosomal females, regardless of
gonadal hormones [119]. [2] ERp is co-localized in TH-expressing neurons of the ventral tegmental area in adult males and females and is
thought to stimulate TH expression in females [124]. [3] In adult males, ARs and SRY are necessary for maintenance of TH expression. SRY
knockdown decreases TH expression in males, but not females [120]. [4] Females have a higher ratio of dopaminergic to non-dopaminergic
neurons projecting from the ventral tegmental area to the prefrontal cortex [96]. Whether this is true for projections to the nucleus
accumbens is not known. [5] There is a maternal allele bias in the Th gene in select brain regions, not including the ventral tegmental area
[58]. [6] Estradiol increases dopamine release in the striatum of females only, and it requires a lack of testosterone exposure during
development [87, 88]. [7] At baseline, there are higher extracellular dopamine levels in the male, compared to the female, striatum [98, 240].
However, baseline ventral tegmental area activity and phasic dopamine release is similar between the sexes in the nucleus accumbens [118].
Electrically stimulated phasic dopamine release is higher in estrous females (when estradiol levels are high) compared to males or females in
low-estradiol stages [100, 101, 103, 118]. [8] Estrous-associated increases in ventral tegmental area firing and dopamine release increase
phosphorylation of DAT at threonine 53 (Thr53), which increases the affinity of cocaine for DAT. This results in a greater cocaine-induced
dopamine release in females during estrous [118]. [9] Males, but not females, over-produce D1r and D2r in the striatum early in development
[84]. D1rs, at least, are pruned in males during adolescence via actions of microglia [86]. D1r and D2r are primarily localized to distinct
populations of neurons, but for graphical simplicity in this figure, we included them on the same neurons. [10] ERa/f interact with mGIuRs on
neuronal membrane via caveolin to inhibit GABAergic nucleus accumbens medium spiny neurons. This decreases inhibitory input to
dopamine neurons in the ventral tegmental area and allows for greater dopamine release [90, 94]. AR androgen receptor, DAT dopamine
transporter, D1r dopamine D1 receptor, D2r D2 receptor, ER estrogen receptor (a or p forms indicated when known), SRY sex-determining
region Y, TH tyrosine hydroxylase

pubertal hormones [85]. A recent study has demonstrated that, in
the nucleus accumbens of both male and female rats, D1rs show
peak expression during peri-adolescence or early-adolescence
followed by a subsequent reduction to adult D1r levels [86]. In this
study, the mechanism underlying D1r pruning in the nucleus
accumbens is sex-specific: in males only, elimination of D1rs
occurs via microglia-mediated phagocytosis. Taken together with
the earlier studies, it is possible that interactions between
hormones secreted during the perinatal period and microglia
work to regulate dopaminergic synaptic maturation and plasticity
in a sex-dependent manner.

An early study showed that ovarian hormones regulate
dopamine release in tissue from dorsal striatum of females, but
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not males. This sensitivity to estradiol is mediated by lack of
testosterone during the early period of sexual differentiation and
the presence of ovarian hormones at puberty [87, 88]. The same
pattern of organizational influences of gonadal hormones on
estradiol-enhancement of self-administration of cocaine in
females rats has also been found [89]. Thus, there are active
organizational influences of gonadal hormones on the ascending
dopamine system in males early during neonatal development
and in females during puberty.

The effect of estradiol in dorsal striatum of adult females is
mediated by estradiol receptors (ERs) on medium spiny GABA
neurons that attenuate GABA release, thereby enhancing dopa-
mine release by a decrease in inhibition [90-93]. The Mermelstein
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laboratory has shown that ER alpha (ERa) and beta (ERB) couple
via caveolin to specific metabotropic glutamate receptors
(MGIuR) in dorsal striatum to indirectly modulate dopamine
release [90, 93-95].

Furthermore, there is expression of ERa, ERB, and androgen
receptors (ARs) in midbrain dopamine neurons projecting to the
prefrontal cortex that is not only sex-dependent, but also
dependent on the specific afferent targets [96]. Indeed, the ratio
of dopaminergic to non-dopaminergic neurons projecting from
the midbrain to the prefrontal cortex shows a strong sex
difference: in males, about 30% of meso-prefrontal projections
are dopaminergic, whereas in females the proportion is closer to
50% [96]. Whether this anatomical sex difference is hormone-
dependent is not known, but it strongly suggests that the effects
of drugs of abuse on dopamine-dependent behaviors involving
the prefrontal cortex will be sex-dependent. It is also not known
whether there is a sex difference in the ratio of dopaminergic to
non-dopaminergic neurons projecting from the midbrain to the
nucleus accumbens.

In experiments using in vivo microdialysis with ovariectomized
(OVX) female and castrated (CAST) male rats, basal extracellular
dopamine levels collected over 10 min are significantly lower in
the nucleus accumbens and dorsal striatum of females compared
to males [97, 98]. In females, extracellular dopamine varies with
the estrous cycle [97] and is dependent on the actions of estradiol
in the striatum. Estradiol acts directly in dorsal striatum to enhance
stimulated dopamine release in OVX female, but not CAST male
rats [97, 99-102]. In possible contrast to the above results using
microdialysis, which provides a slower time course of extracellular
dopamine release, in vivo and in vitro experiments in rats using
fast scan cyclic voltammetry, which measures phasic dopamine
release in real time, has shown that electrical stimulation of the
ventral tegmental area and cocaine-induced dopamine release
and uptake rates are greater in the female, compared to the male,
striatum—regardless of estrous cycle stage, which may underlie
the lower basal dopamine concentrations found with microdialysis
[103].

There are also sex differences in dopamine receptors in dorsal
striatum and frontal cortex [104]. Estradiol rapidly down-regulates
D2r binding in the dorsal striatum of female, but not male rats
[105]. In the striatum of female rats, estradiol also regulates D1r
binding [106, 107].

Sex differences and effects of ovarian hormones on self-
administration of cocaine and methamphetamine have been
extensively documented [26, 108-113]. The sex differences in
acquisition and the effects of estradiol to enhance the motivation
to self-administer cocaine are due to both organizational and
activational effects of gonadal hormones [89, 114]. In studies
examining sex differences in the choice of cocaine over sucrose
pellets, over 50% of females chose cocaine as compared to <20%
of males [114, 115]. Subsequent analysis indicated that ovarian
hormones no longer influence motivation for cocaine in females in
which drug taking is well established, whereas the estrous cycle
continues to modulate motivation for pellets [115]. Indeed, a
thorough examination of cocaine dose-effect functions in intact,
gonadectomized, and hormone-replaced rats found no effect of
gonadal hormone manipulations when cocaine taking is estab-
lished with a high dose of cocaine such as 1.0 mg/kg/infusion
[116]. The authors conclude that behavioral training history, drug
dose, and schedule of reinforcement are important variables in
studies of sex and gonadal hormone effects on drug self-
administration. Following extinction of drug taking, cue-induced
reinstatement is greater in women than in men and sensitive to
ovarian hormones in animal models [44, 117, 244, 245]. Thus,
gonadal hormone-dependent effects on addiction are sensitive to
the stage of addiction.

To probe more deeply into the neural mechanisms underlying
the responses of males and females to cocaine, a recent paper
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from Calipari et al. [118] looked at the functional circuit mediating
cocaine reward in mice. They found that basal VTA dopamine
neuron activity and dopamine release in the nucleus accumbens is
similar between male and female mice, except during estrous
when firing rate and dopamine release in slices is significantly
higher in females. In a novel finding, they show that increased
dopamine neuron activity leads to increased phosphorylation of
the DAT at threonine 53, which increases the affinity of DAT for
cocaine. As such, cocaine-induced dopamine release and cocaine-
induced conditioned place preferences are higher in estrous
females compared to males and non-estrous females. Although
this study did not directly manipulate gonadal hormones, they
confirmed that estradiol and progesterone levels are higher
during estrous in their study, and they found a significant positive
correlation between estradiol level (but not progesterone) and
inhibition of dopamine uptake, supporting the argument that
estradiol is responsible, at least in part, for the increases in:
dopamine neuron firing, dopamine release, phosphorylation of
DAT, and reward-related effects of cocaine.

Organizational influences: sex chromosomes:  Using the four core
genotype mouse model, the Arnold laboratory demonstrated that
embryonic mesencephalic neuronal cultures taken from each core
genotype developed different levels of TH immunoreactivity
depending on sex chromosome complement, but not gonadal
sex (i.e, not hormones) [119]. Specifically, chromosomal males
(XY~ Sry and XY™) had significantly higher levels of TH immunor-
eactivity than chromosomal females. This is broadly consistent
with findings in adult rats, in which the number of TH-positive
neurons was 20% less in the female substantia nigra compared to
the male [120].

Additional work in humans and adult rodents has shown: 1. SRY
co-expresses within a sub-population of TH-positive neurons in
the human and mouse male, but not female, substantia nigra [120,
121], 2. In human-derived in vitro culture systems, SRY knockdown
decreases TH, DDC, dopamine B-hydroxylase (DBH), and mono-
amine oxidase-A (MAO-A) expression, and 3. Using antisense
oligodeoxynucleotides to knock down Sry expression in the rat
substantia nigra causes a significant decrease in TH expression (no
overall effect on neuronal number) and emergence of motor
deficits in male rats [120].

When taken with the four core genotype embryonic mouse
results, the data suggest that early developmental expression of TH
is primarily hormone-independent, but adult expression involves,
in part, induction and maintenance of TH by SRY and androgen
receptors in males [122] and by estrogen receptors in females.
Indeed, immunoreactivity for ERa, ERB, and ARs has been localized
to subsets of rat ventral midbrain dopamine neurons [123, 124].
Likewise, short-term administration of estradiol benzoate to OVX
females increases levels of TH in dopaminergic neurons [125].

The Taylor lab used the four core genotype mice to
demonstrate effects of the sex chromosomes on goal-directed
and habit-driven behaviors. They found that XX mice (chromoso-
mal female) showed faster food-reinforced instrumental habit
formation than XY (chromosomal male) mice, regardless of
gonadal phenotype [126]. Interestingly, these findings seem
inconsistent with a separate study in which it was shown that
after moderate instrumental training for alcohol reinforcement, XY
mice (chromosomal male) became insensitive to outcome
devaluation, indicating habitual responding for alcohol, whereas
XX mice (chromosomal female) remain sensitive to outcome
devaluation, indicating goal-directed behavior [127]. Taking these
findings together, it is possible that sex chromosome complement
affects habit formation depending on the reinforcer in both
females and males. The neurobiological mechanisms underlying
these behavioral outcomes were not investigated, but are likely
due to sex differences in mesocorticolimbic and nigrostriatal
dopaminergic signaling.
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Organizational influences: autosomal: There is a maternal allele
bias in many of the genes involved in dopamine signaling. These
include genes encoding tyrosine hydroxylase (Th), dopa dec-
arboxylase (Ddc), and transforming growth factor beta 1-induced
transcript 1 (Tgfb1ill; acts as an inhibitor of the dopamine
transporter, DAT), and cyclin-dependent kinase inhibitor 1C
[Cdknic; enhanced maternal care during early life increases
Cdknilc expression in the maturing ventral tegmental area
accompanied by enhanced survival of dopamine neurons [128]].
Of note, parental (typically maternal) allele bias is brain region-
specific, and has been detected primarily in the arcuate nucleus,
dorsal raphe nucleus, and locus coeruleus, but notably not the
ventral tegmental area [58]. The functional significance of this
depends on many factors, including which brain regions and cell
types express the maternally biased allele and whether genetic or
environmental perturbations of the mother modulate DNA
methylation patterns and histone modifications of the genes.
This complex mechanism allows for an infinite combination of
individual risk/resilient factors that warrant further study.

Organizational influences: epigenetics: Parental (F0) cocaine
exposure: In a mouse model of maternal cocaine exposure, in
which dams were injected with cocaine during the second and
third trimesters of gestation, significant epigenetic alterations
were found in hippocampal pyramidal cells of the male offspring
around the perinatal (postnatal day 3) and prepubertal (postnatal
day 30) periods [129]. In neonatal offspring of cocaine-exposed
mothers, there was a decrease in global methylation levels,
whereas in prepubertal offspring, overall DNA methylation was
significantly increased compared to matched controls. These
methylation changes were associated with alterations in the
expression of the DNA methyltransferases, DNMT1 and DNMT3b,
in hippocampal pyramidal cells. Importantly, instances of both
hypermethylation and hypomethylation were observed at both
time points in the offspring following maternal cocaine exposure.
This suggests that some genes are activated and some repressed
by chronic maternal cocaine exposure. Although it is not
specifically known how this multigenerational effect on DNA
methylation regulation occurs, one likely explanation is that
gestational exposure to cocaine altered the epigenetic landscape
in the placenta that had dominant effects on the male offspring
[53]. However, this remains to be directly tested. A second
fascinating gap in knowledge is understanding the mechanism by
which changes in methylation status vary in male offspring at
perinatal and prepubertal developmental time points.

In the 1980s there was considerable concern about children
born to mothers who were addicted to crack cocaine. Research
demonstrated that while these effects can be subtle, prenatal
cocaine exposure puts adolescents at risk for substance use
disorders, with most studies finding males at greater risk than
female offspring [130, 131]. There are also effects of prenatal
cocaine exposure on the neurochemistry of the brain and the
behavior of the offspring that are sex-specific and depend on
when during development exposure to cocaine occurs as well as
when the outcome is assessed [131-133]. Following cocaine
exposure to rats at a time equivalent to the last trimester in
humans, there is a decrease in functional dopaminergic activity
due to a de-coupling of the D1r from its second messenger system
in the prefrontal cortex and increased serotonin transporter in the
dorsal raphe and serotonin-signaling-dependent behavior of
males but not females [133, 134].

When sires were allowed to self-administer cocaine vapor prior
to mating, there were substantial developmental impacts on brain
size, attention, and memory processes in the offspring, particularly
in females [135]. Mechanistically, this study also showed that
chronic cocaine exposure in the sires significantly decreased
expression of Dnmt1 and increased expression of Dnmt3a in the
germ cell-rich seminiferous tubules of the testis. Since DNMT
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enzymes are essential for generating and maintaining parental
gene imprinting in germ cells, these findings suggest that paternal
cocaine exposure may exert its multigenerational effects by
interfering with gene-imprinting patterns in male gametes.

Although there are numerous studies, particularly from the
Byrnes lab [136, 137], that explored multigenerational effects of
parental opioid exposure, sex differences in direct effects on
dopamine systems were not specifically reported. As such, this
represents a gap in knowledge open to investigation.

Mu-opioid receptors

The endogenous opioid peptides beta-endorphin, prodynorphin,
enkephalin, and orphanin/nociception comprise a class of
naturally occurring compounds that bind to and activate one of
four known opioid receptors: mu, delta, kappa, or nocicepton
opioid receptors (MOR, DOR, KOR, NOR, respectively). These are 7-
transmembrane, G-protein-coupled cell surface receptors encoded
by distinct genes (Oprm1, Oprk1, Oprd1, and Oprl1, respectively).
Opioid receptor genes are highly conserved in their 7-
transmembrane domain, but not in their amino and carboxyl
termini, allowing for different ligand binding ability and down-
stream signaling. Opioid receptor genes can also be alternatively
spliced, have alternative promoters (Oprm1, Oprk1), and/or have
alternative polyadenylation sites (Oprk1), all of which can lead to
multiple mRNA isoforms (see [138].

Organizational influences and activational influences of gonadal
hormones. There are sex differences in MOR receptor density in
midbrain and dorsal striatum that are modulated by intrauterine
position, suggesting that intrauterine exposure of female mice to
androgens from males adjacent in utero has organizational effects.
If a female mouse is between two females in utero, the MOR
density in the midbrain is significantly lower than a male between
two females (0 M) [139].

There are effects of estrous cycle on heroin self-administration,
with females reducing intake during proestrus, but exhibiting
overall greater heroin intake than males [140]. Female rats also
acquire heroin intake more rapidly than males [141, 142]. In OVX
females, estradiol treatment increases acquisition of heroin self-
administration and heroin intake [143]. In apparent contrast to
results with heroin self-administration, it has been shown that
male rats initially self-administer more oxycodone than females
[29]. This sex difference in acquisition disappears after several days
of self-administration behavior, with males and females taking
similar amounts of oxycodone during subsequent sessions under
fixed ratio (FR) 1, 2, and 5 schedules of reinforcement. The initial
sex difference in oxycodone intake was not due to pharmacoki-
netics, as plasma and brain levels of drug were the same in both
sexes. Furthermore, exposure to oxycodone self-administration
did not disrupt the estrous cycle, although the effect of gonadal
hormones on behavior was not directly tested. Taken together,
differences in pharmacological profiles of different opioids may
amplify or inhibit sex differences in underlying MOR signaling.

Organizational influences: sex chromosomes. Adult, chromosomal
female (XX and XXSry) mice were more sensitive to both thermal
and chemical painful stimuli than chromosomal male mice [144].
All mice were gonadectomized as adults, which removed
activational effects of gonadal hormones as a potential mechan-
ism. However, it is not possible to dissociate sex chromosome
effects from effects mediated by the placenta since the placenta is
determined by the fetal sex chromosomes and plays a role in
mediating the effect of XX chromosomes on development [53].
Morphine had similar antinociceptive effects in the hot plate test
in chromosomal females and males, although the absolute
magnitude was greater in XY mice, which was likely a result of
decreased baseline sensitivity to thermal pain in these mice.
Furthermore, similar levels of tolerance to the analgesic effects of
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morphine were observed, regardless of chromosomal or gonadal
sex.

Organizational influences: autosomes. A single-nucleotide poly-
morphism (SNP) in exon 1 of the MOR gene (Oprm1), in which an
adenine-to-guanine substitution (A118G) exchanges an aspara-
gine for an aspartic acid at a putative N-glycosylation site, is
common in persons of European (15-30%) and Asian (49-60%)
ancestry. Genetic association studies suggest that the Oprmi
A118G genotype confers an increased risk of heroin use disorder
[145].

A knock-in mouse model was generated that possesses the
mouse-equivalent SNP in the MOR gene [146] in order to study the
functional consequences of this SNP. Both male and female mice
homozygous for the G/G allele showed decreased MOR mRNA and
protein in numerous brain regions, including, but not limited to,
the VTA, nucleus accumbens, cortex, and hypothalamus. However,
there were moderate sex differences in DAMGO-stimulated [>>S]
GTPYS binding, which is a measure of MOR-mediated G-protein
activation [147]. For example, male G/G mice showed significantly
higher net DAMGO-stimulated [3*S]GTPYS binding than female G/
G mice in the cingulate cortex, striatum (including nucleus
accumbens core), and amygdala, suggesting that—despite lower
overall levels of MOR—male G/G mice showed a stronger
response to the same amount of stimulation.

The mechanisms underlying these sex differences in Oprm1 G/G
mice are not known but may involve interactions with gonadal
hormones. It has been shown that, during proestrus—when
estradiol levels are highest—female rats have decreased MOR
immunoreactivity in portions of the periaqueductal gray (PAG)
compared to males [148]. The PAG is necessary for morphine
analgesia and sex differences therein. It is also known that the
developmentally regulated and sexually dimorphic methyl-CpG-
binding protein 2 (MeCP2) is involved in epigenetic regulation of
the Oprm1 promoter [149], raising the possibility of differential
epigenetic regulation of A/A and G/G genotypes in a sex-
dependent manner. However, no studies to date have directly
examined these possibilities in Oprm1(A118G) mice.

Interestingly, female, but not male, G/G mice failed to express
conditioned place preferences to morphine, and morphine-
dependent female G/G mice showed significantly reduced
naloxone-induced conditioned place aversions compared to their
A/A counterparts [146]. This effect was not due to a reduction in
somatic morphine withdrawal signs in female G/G mice, as
somatic signs were similar between A/A and G/G females. This sex
difference is consistent with the finding that female G/G mice
showed reduced MOR activation in brain regions known to be
essential for reward-related and aversion-related effects of drugs
of abuse [147]. Despite sex differences in morphine reward and
dependence in Oprm1(A118G) mice, no sex differences were
observed in heroin self-administration [150]. It is possible that the
sex differences observed in the Mague et al. [146] study are drug-
specific, or that the strength of the reinforcer in the self-
administration study (heroin access for 4-h per day) overcame
moderate sex differences in MOR signaling. Alternatively, since the
neural circuits regulating place conditioning and acquisition and
escalation of operant drug taking are not identical, the sex
differences identified in Mague et al. [146] may be specific to
those circuits. Regardless, these kinds of preclinical findings
underscore the importance of powering human studies to detect
sex differences.

Organizational influences: epigenetics

Parental (FO) opioid exposure has sex-dependent effects
on offspring: A series of studies from the Byrnes lab
[137, 151-155] examined the impact of adolescent morphine
exposure in female rats (FO) on behavioral and molecular
measures in the F1 offspring at different developmental times.
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One purpose of the adolescent exposure paradigm was to avoid
direct modulation of the developing placenta and fetus. However,
it was not directly tested whether pre-gestational environmental
manipulations trigger cascades of molecular genetic events that
ultimately impact placental function and fetal development.
Dams-to-be were administered escalating-dose morphine for
10 days during early adolescence and then remained drug-free
until mating in adulthood. The Byrnes' lab’s behavioral findings in
adult F1 females from morphine-treated dams relative to saline-
treated dams include: anxiogenic effects in the elevated plus maze
and the open field novel environment test; a more rapid induction
of morphine sensitization; significantly enhanced sensitivity to
morphine-induced conditioned place preferences; decreased
morphine self-administration during acquisition and a reduced
breakpoint when morphine was available under a progressive
ratio schedule of reinforcement; and blunted morphine-induced
reinstatement of drug seeking after extinction. Their findings in
adult F1 males include: enhanced expression of morphine
locomotor sensitization; increased sensitivity to the analgesic
effects of acute morphine; more rapid development of analgesic
tolerance following chronic morphine treatment; and (similar to
female F1s) blunted morphine-induced reinstatement of drug
seeking after extinction of morphine self-administration. Their
molecular findings in adult F1 females from morphine-treated
dams relative to saline-treated dams include: higher MOR
expression, decreased myelin basic protein, and a slight decrease
in the synaptic plasticity gene, Zwint in the nucleus accumbens, as
well as a trend for a decrease in MOR expression in the ventral
tegmental area.

The point in development at which alterations in opioid
sensitivity emerge in male and female F1 offspring of morphine-
exposed dams is relatively unknown. If significant sex differences
are observed before puberty, they are likely not the result of
circulating gonadal hormones mediating multigenerational effects
in F1 offspring. Rather, the multigenerational impact on behavior
would be due to early developmental effects that may or may not
involve gonadal hormones. In support of this latter mechanism, it
was shown that pre-pubescent male, but not female, F1s from
dams who were administered morphine during adolescence had
increased morphine-induced sedation and decreased morphine-
induced corticosterone secretion, as well as significant increases
and decreases in arcuate POMC and ventral tegmental area Oprm1
gene expression, respectively [151].

Finally, some effects of maternal opioid exposure were
transgenerational, as they were found in the F2 generation. For
example, F2 females of FO dams exposed to morphine during
adolescence showed reduced morphine self-administration—
similar to effects observed in the F1 generation [137]. Expression
levels of a number of synaptic plasticity genes were examined in
the nucleus accumbens of F1 and F2 males and females. Although
significant effects of FO dam morphine exposure were observed
on gene expression, neither the functional significance nor the
mechanisms underlying the differences are yet understood.

There is also evidence that opioid exposure in male rats can
have multigenerational effects, including significant endocrine
alterations and enhanced anxiety-like behavior in both male and
female offspring [156, 157]. Moreover, an acute bolus of morphine
administered to males just prior to mating resulted in male, but
not female, offspring with a significantly enhanced sensitivity to
the antinociceptive effects of morphine [158].

Dynorphin and kappa opioid receptors

Dynorphins are a class of opioid peptides that arise from the
precursor protein prodynorphin and act as endogenous ligands at
KORs [159]. In the context of addiction, DYN and KORs are
expressed throughout brain regions involved in affect, cognition,
and motivated behavior, including the ventral tegmental area,
nucleus accumbens, prefrontal cortex, hippocampus, dorsal
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striatum, amygdala, bed nucleus of the stria terminalis, locus
coeruleus, substantia nigra, dorsal raphe nucleus, and hypothala-
mus [160, 161]. KOR activation in these regions modulates
motivated behavior and affective state [38, 162]. Within the
mesocorticolimbic system, KORs are expressed on dopamine
neurons, and activation inhibits dopamine neuron firing and
dopamine release [163-165], most likely by stimulating KORs on
dopaminergic afferents from VTA neurons [166].The human gene
encoding DYN (Pdyn) contains four exons, as well as a
noncanonical activating protein 1 (AP-1)-like site in its promoter
region, which is a target for Fos/Jun trans-activation, as well as
three cAMP response elements (CRE) elements, which are targets
of CREB-mediated transcriptional activation [167, 168].

In males, activation of KORs produces depressive-like and
anxiogenic behaviors [165, 169, 170], encodes the dysphoric
component of stress [38, 171], and can promote drug-seeking
behavior [172-175]. Likewise, KOR blockade has antidepressant
and anxiolytic effects [176-178], attenuates aversive states
associated with cocaine withdrawal [179], and attenuates drug-
seeking behavior [46, 180, 181]. These findings are consistent with
observations that KOR agonists produce dysphoric and
depressive-like states in men [182]. Only recently has the effect
of KOR activation on affective state been measured in females,
and it was shown that female rats are significantly less sensitive
than males to the anhedonic effects of exogenous KOR activation,
as measured with intracranial self-stimulation (ICSS) [183]. The
anhedonic response to KOR activation did not vary with estrous
cycle stage or after castration of male rats, suggesting that
circulating gonadal hormones do not modulate KOR-mediated
negative affective states.

Although there is little direct evidence linking sex differences in
DYN and KOR systems to addictive behaviors, there is increasing
evidence for sex differences in the role of KORs in mediating stress
responses and affective states in preclinical animal models [184].
Given the importance of stress reactivity to addiction [22, 38], this
evidence may help us understand, on a mechanistic level, why
addiction is experienced differently in men and women.

Organizational influences and activational influences of gonadal
hormones. There is substantial evidence for organizational and
activational roles of gonadal hormones in mediating effects of
KORs [185-187]. The most straightforward manner in which
gonadal steroids might influence KOR function is via transcrip-
tional mechanisms involving steroid hormone receptor binding to
estradiol or androgen response elements (ERE, ARE, respectively)
found in gene regulatory regions [188-190]. For example, estradiol
has been shown to decrease DYN expression in the arcuate
nucleus of the hypothalamus in wild-type but not ERa—/— mice
through an ERE-dependent pathway [189]. There is also evidence
that testosterone can regulate DYN expression. In castrated
Romney Marsh rams, testosterone treatment increases Pdyn
mMRNA in the supraoptic nucleus and the bed nucleus of the stria
terminalis during the breeding season [191].

A more indirect mechanism for gonadal hormone control of
gene expression is through modulation of transcription factor
activity. For example, the Pdyn gene contains cAMP response
element (CRE) sequences in its promoter that bind the transcrip-
tion factor CREB [167, 192]. Estradiol treatment has been shown to
increase CREB phosphorylation at serine residue 133 in the
anteroventral periventricular nucleus, resulting in elevated pCREB
in approximately 25% of DYN-positive neurons in this region [193].

Organizational influences: sex chromosomes. Using the four core
genotype mouse model, in which all 4 genotypes were
gonadectomized to remove circulating gonadal hormones, it
was shown that expression of Pdyn, the gene encoding DYN, was
higher in the striatum of chromosomal female (XX and XXSry) mice
compared to chromosomal male (XY~ and XY™ Sry) mice [194].
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Furthermore, XX mice had higher Pdyn expression than XY or XO
mice, indicating that the sex chromosome effect is the result of
differences in the number of X chromosomes rather than a factor
on the Y chromosome. Although not completely understood, this
is likely due to sex differences in the expression of X gene(s) that
escape inactivation rather than hemizygous exposure in males of
specific X alleles, because this study utilized mice that have
identical X chromosomes [194]. The functional significance of
higher striatal Pdyn gene expression in chromosomal females is
unknown. First, it is not known whether this finding translates to
increased DYN peptides, release, or postsynaptic function. Second,
the impact of circulating gonadal hormones is unknown, as these
were effectively removed by gonadectomy in this study.

Organizational influences: autosomal. Sex-linked polymorphisms
in the Pdyn gene have been associated with increased vulner-
ability to develop substance used disorders [17]. Specifically, two
SNPs, rs1997794 in the promoter and rs1022563 in the 3" UTR
region of the Pdyn gene have been shown to be significantly
associated with opioid dependence in women but not men in a
Chinese population, suggesting that these SNPs confer an
increased risk for women [17, 195]. In European Americans, SNPs
rs1022563, rs910080 and rs199774 have been shown to be
significantly associated with an increased risk for opioid use
disorder in both men and women. However, the odds ratio was
higher in women compared to men [195]. In contrast, no
significant associations with SNPs in the Pdyn gene have been
found in African Americans [195]. SNPs in the 3’ UTR of the Pdyn
gene (rs910080 and rs2235749) are associated with decreased
DYN expression [196]. This raises the possibility that DYN is
decreased in women with Pdyn SNPs associated with increased
risk of developing opioid dependence. Future studies should
determine why the association of these SNPs with opioid
dependence is higher in women and also whether their presence
can have predictive value in specific subpopulations of women.

Organizational influences: epigenetics. Although there is strong
evidence for epigenetic regulation of Pdyn via DNA methylation
and miRNAs within limbic brain regions [197, 198], and Oprk1 via
histone acetylation (acetylated histone H3 Lysine9) in the spinal
cord [199], there is no direct evidence (to our knowledge) of sex
differences in epigenetic regulation of either Pdyn or Oprk1.

Brain-derived neurotrophic factor (BDNF) and TrkB receptor
BDNF belongs to a group of secreted homodimeric proteins that
are critical regulators of cell growth, survival, and differentiation
during nervous system development and play important roles in
activity-dependent modeling of neural function in the adult brain
(for review, see [200]. There is a large body of evidence implicating
BDNF in both psychostimulant and opioid reward, reinforcement,
reinstatement of drug seeking, and incubation of drug craving, as
reviewed in [201, 202].

BDNF exerts its biological effects primarily through binding to
the high-affinity tropomyosin receptor kinase B (TrkB) receptor as
well as to the low-affinity p75 neurotrophin receptor (p75NTR)
[203]. Rodent BDNF genes encode eight two-part transcripts in
which an exon that encodes a different 5’-untranslated region
begins transcripts that are spliced to a major peptide-encoding
exon VIII. A number of features of the rodent 5’ flanking BDNF
genomic sequences fall into 2 clusters, with cluster 2 covering ~3
kb of genomic sequence and providing the 5’ flanking regions for
exons IV, V, and VI. BDNF containing exons IV and VIl (termed
BDNF4) is expressed at high levels in the brain, including within
neural circuits implicated in addiction [200].

Activational influences of gonadal hormones. The Bdnf gene

promoter contains an ERE, and estradiol increases BDNF expres-
sion in the medial and basomedial amygdala and in CA1 and CA3
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regions of the hippocampus [204]. Stress and estradiol interact in
the regulation of BDNF in females [205]. In this study, stress
decreased BDNF in the prefrontal cortex in intact female rats, but
not males or OVX females. Further, estradiol administration to
stressed OVX females increased BDNF levels [205]. These results
are consistent with previous research showing co-localization of
ER and Bdnf in forebrain neurons [206, 207].

BDNF and TrkB receptors may play an important role in sex
differences in plasticity of affective and motivational circuits that
influence addictive behavior. For example, there are well documen-
ted sex differences in the stress response of mammals [52, 208-210],
and stress can precipitate the initiation of drug taking and relapse in
humans and animal models [44, 117, 211-213]. Therapies that
promote reduction in stress axis activity may need to be modified
according to gender/sex since many activities that reduce stress and
enhance BDNF are likely to have different efficacies for males and
females, as is true for the effects of exercise on cocaine self-
administration [205, 214, 215].

Organizational influences: gonadal hormones and sex chromosomes.
The extent to which BDNF and TrkB receptors are influenced in a
sex-specific way by factors during development has not been
extensively investigated. In one experiment with the four core
genotype mice, XY sex chromosome complement was found to be
related to BDNF-related genes. Weanling mice with XY chromo-
somes had significantly lower TrkB expression in the basolateral
amygdala compared to XX mice, but these differences did not
persist into adulthood [216]. In this study it was also shown that
mice exposed to testicular hormones during development
exhibited lower BDNF in the amygdala compared to gonadecto-
mized mice. Furthermore, neonatal exposure to masculinizing
gonadal hormones results in sex-specific and region-specific
effects on BDNF in the hippocampus early in development,
suggesting that BDNF may play a role in sexual differentiation of
the brain [217] in addition to a role in neurogenesis in the adult.

Organizational influences: autosomes. In a large human study
aimed at identifying SNPs associated with vulnerability to
polysubstance abuse, positive markers were found to flank the
Bdnf gene [218]. Further analysis demonstrated that a dinucleotide-
repeat polymorphism located close to the 5’ end of the Bdnf gene
was also associated with drug abuse vulnerability. A common
single-nucleotide polymorphism (G196A; rs6265) in Bdnf results in
a valine (Val) to methionine (Met) substitution in the prodomain
(Vale6Met). This SNP has been shown to affect intracellular
trafficking and activity-dependent secretion of BDNF, with Val/Val
allele carriers having increased BDNF secretion [219]. The 66Val
allele of the Val66Met polymorphism is associated with vulner-
ability to methamphetamine and heroin dependence in Chinese
men [220]. Interestingly, the 66Met allele is associated with
increased risk for anxiety disorders [221], a result that seems at
odds with the connection between the 66Val allele and addiction.

A mouse model was engineered in which the human Bdnf
Val66Met SNP sequence was inserted into the Bdnf gene [222].
This study showed that the Met allele is associated with increased
expression of anxiety-like and depressive-like behaviors in adult
females. Furthermore, the anxiogenic effects of the 66Met allele
are most apparent during the stage of the estrous cycle in which
estrogen has just rapidly fallen. Although neither the human nor
the mouse studies specifically compared males and females, the
results are broadly consistent with the evolving hypothesis that
women and girls are more likely to begin taking drugs as self-
medication to reduce stress or alleviate depression, whereas males
are more likely to engage in risky behaviors that include
experimenting with drugs of abuse [223].

Organizational influences: epigenetics. In a seminal study, Vassoler
[224] showed that male, but not female, offspring of sires that
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self-administered cocaine for 60 d (the duration of rat spermato-
genesis) prior to mating had delayed acquisition and reduced
maintenance of cocaine self-administration, as well as reduced
motivation to work for cocaine under a progressive ratio (PR)
schedule of reinforcement. This was not a general reduction in
motivated behavior or the ability to learn, as the male cocaine-
sired offspring showed normal sucrose self-administration.
Although this apparent “protective effect” of paternal cocaine
exposure on male offspring seems to contrast with the common
human scenario in which substance use disorders run in families, it
fits with Barker's “developmental origins of health and disease”
hypothesis that developmental programming in response to
adverse environmental conditions prepares offspring for these
conditions upon birth and during development [225].

The multigenerational effect of paternal cocaine self-
administration was due, in part, to an increase in BDNF transcript
and protein in the medial prefrontal cortex in male, but not
female, cocaine-sired rats [224]. The requirement for BDNF was
demonstrated by reversal of diminished cocaine self-
administration in male cocaine-sired rats with administration of
a TrkB receptor antagonist. The study demonstrated an increase in
acetylation of histone H3 in the Bdnf promoter of exon IV in both
the sperm of sires that self-administered cocaine as well as in the
male offspring, indicating that voluntary paternal ingestion of
cocaine results in epigenetic reprogramming of the germline,
having profound effects on medial prefrontal cortex gene
expression and resistance to cocaine reinforcement in male
offspring. A subsequent study showed similar effects in male
offspring of female mice who were injected with cocaine during
pregnancy [226], although BDNF expression was only increased in
the adult, but not juvenile (postnatal day 16) male frontal cortex.

An unanswered question is why parental cocaine exposure
alters BDNF expression in male, but not female, offspring. Given
that paternal cocaine exposure specifically increases acetylated
histone H3 (H3K9K14ac2) within the Bdnf promoter in male
offspring, a likely mechanism may be related to the finding that
neonatal males (at least up to postnatal day 6) have greater
H3K9K14Ac in the cortex and hippocampus compared to females
[227]. This sex difference is testosterone-dependent, as treating
newborn females with testosterone increased levels of H3K9K14Ac
to those observed in males. However; there are still significant
gaps in knowledge, including how to explain that maternal
cocaine exposure resulted in increased acetylation of histone H3
in male offspring only at postnatal day 60 [226]—clearly past the
neonatal effects just discussed. One possibility that requires direct
testing is that sex-dependent developmental changes in the
methylation state of either the Bdnf promoter or ERa could
increase or decrease the ability of Bdnf to be acetylated. In support
of this, the rat Bdnf exon IV promoter contains eight CpG sites that
serve as binding domains for methyl-CpG-binding protein 2
(MeCP2) [228]. In general, MeCP2 inhibits transcription through
recruitment of histone deacetylases, co-repressors, and histone
methyltransferases, all of which can act together to silence the
Bdnf gene through chromatin remodeling [228, 229]. As such, the
level of Bdnf transcription can be increased via decreased MeCP2
expression or increased dissociation of MeCP2 from Bdnf promoter
IV. Interestingly, it has been shown that males express significantly
less MeCP2 than females in the developing amygdala and
ventromedial hypothalamus at postnatal day 1 [230]. The sex
differences in MeCP2 expression were transient, largely disappear-
ing by postnatal day 10. This raises the possibility that decreased
MeCP2 expression in males provides a permissive environment for
increased histone acetylation and BDNF expression. Consistent
with this, maternal cocaine exposure results in decreased global
DNA methylation in male pups at postnatal day 3 [129]. Two
caveats of this study are that only male pups were used, and
global DNA methylation was subsequently increased in older male
offspring.
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BDNF expression can also be regulated by ERa. The Bdnf gene
contains an estradiol response element (ERE) that is thought to be
responsible for both testosterone (via aromatization to estradiol)
and estradiol effects on BDNF expression [231]. However, the
effects of gonadal hormones on BDNF expression are complex
and appear to depend on the timing of hormonal exposure,
developmental stage, and the specific brain region. High levels of
estradiol receptor alpha (ERa) protein expression are observed in
the cortex and hippocampus at birth, but decline as animals
approach puberty [232]. This decline in cortical ERa in the cortex
may be due to progressive methylation of one of the six
promoters of the mouse ERa gene beginning at postnatal day
10 in both male and female mice [233]. Taken together, these
findings suggest that epigenetic marks onto the exon IV Bdnf
promoter can pass through either maternal or paternal transmis-
sion and depend on the developmental stage of the offspring
[224, 226].

Synthesis: how organizational and contingent factors can lead to
sex differences in addiction

The NIH introduced new guidelines in 2016 for addressing sex as a
biological variable (SABV) in NIH grant applications. Importantly,
this is neither a mandate to include males and females in every
study nor an attempt to force every lab to focus on sex
differences. Rather, the discussion of SABV is now expected to
be an aspect of rigor and reproducibility, and when both females
and males are used, data are to be reported by sex, even when
there are no differences. We hope that this review on known sex
differences in mechanisms underlying reward and addiction will
highlight two main points: 1. males and females differ significantly
in many behavioral and mechanistic aspects of the addiction
cycle, and 2. there is more that we do NOT know than we do know
in the field of addiction. The majority of studies to date that
specifically address sex differences in addictive behavior have
focused on activational effects of ovarian hormones using
different drugs, doses, routes of administration, rodent species,
and behavioral paradigms. In addition, many studies have
reported sex differences in behavior but provided no mechanistic
explanations. This is a critical start, but we are ready to advance
the field. We think that the more recent understanding of
fundamental knowledge on genetics, epigenetics, molecular
biology, and transgenerational mechanisms of inheritance com-
bined with the energized drive to conduct studies that do not
assume females are simply males with an “fe” tacked on the front
will enable full understanding of the how, why, and when males
and females are different (or the same). Only then can addictive
disorders be successfully prevented and treated in the entire
population, which—at the last U.S. census count (2010)—was
50.8% female.

We have taken the approach of highlighting four neural
systems that (1) are critically involved in the addiction cycle and
(2) have identified sex differences in the context of addiction.
These are: dopamine, MORs, KORs, and BDNF. This is by no means
an exhaustive list, but we think the depth of mechanistic
knowledge about these systems within our framework is
important and discussing each system within the context of
gonadal hormones, sex chromosomes, autosomes, and epige-
netics helps frame what we do, and do not know, and more
importantly, provides guidelines for filling in gaps in knowledge.

FUTURE RESEARCH DIRECTIONS

Incredible research is being conducted on fundamental mechan-
isms underlying how males and females develop into sexually
dimorphic organisms, and how environmental exposure and
experience map onto this dimorphism to produce a spectrum of
behavioral outputs. Great strides have been made in the specific
realms of development, sex (reproductive) behavior, stress
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reactivity, and multigenerational, sex-dependent inheritance. As
this review makes clear, some strong studies have been
conducted linking these fundamental mechanisms to higher
order behaviors and pathophysiologies such as substance use
disorder. However, much needs to be done.

In our view, some of the outstanding biological questions that
emerged from the framework of this review are:

1. What are baseline sex similarities and differences in
dopamine, MOR, KOR, and BDNF systems at each mechan-
istic level (e.g, molecular, neuroanatomical, functional,
behavioral)?

2. How do dopamine, MOR, KOR, and BDNF systems respond
during each stage of the addiction cycle in males and
females? Is this drug-dependent? Is it dependent on
gonadal hormones (organizational/activational)?

3. What mediates sex differences that arise from sex chromo-
some complement rather than gonadal hormones? What is
the role of the placenta in mediating these effects?

4. Why are so many genes in the adult striatum differentially
methylated in males and females? What are those genes,
and are there sex differences in function?

5. Are there sex differences in efficacy of pharmacotherapy
treatments (i.e, methadone, buprenorphine, naloxone) for
opioid addiction?

Finally, how might current knowledge and answers to the
above questions inform our approaches to prevention and
treatment of addiction? First, we must painstakingly determine
whether findings in laboratory animals (under tightly controlled
conditions) translate to humans. Second, we must operate outside
of our comfort zones to test sex-specific treatments. There is
already substantial evidence that current treatment practices and
psychotherapies are not ideal for both genders [25, 234]. We hope
this review has highlighted where there are gaps in knowledge
and will help to initiate new research into the mechanisms
specifically mediating addiction in females and males.
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