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Abstract

Sex differences are present in psychiatric disorders associated with disrupted dopamine function, 

and thus, sex differences in dopamine neurobiology may underlie these clinical disparities. In this 

chapter, we review sex differences in the dopaminergic system with a focus on substance use 

disorders, especially tobacco smoking, as our exemplar disorder. This chapter is organized into 

five sections describing sex differences in the dopaminergic system: (1) neurobiology, (2) role of 

sex hormones, (3) genetic underpinnings, (4) cognitive function, and (5) influence on addiction. 

In each section, we provide an overview of the topic area, summarize sex differences identified to 

date, highlight addiction research, especially clinical neuroimaging studies, and suggest avenues 

for future research.

INTRODUCTION

Dopamine is a monoamine, like serotonin and noradrenaline, that was first synthesized 

in 1910 (Fahn, 2008). However, dopamine wasn’t discovered in the human brain until 

1957 (Montagu, 1957; Weil-Malherbe and Bone, 1957) and wasn’t recognized as a 

neurotransmitter until 1958 (Carlsson et al., 1958). In the brain, dopamine is implicated 

in processes that range from motor movement to reward. Disrupted dopaminergic signaling 

is central to neurologic conditions (i.e., Parkinson’s disease) and psychiatric disorders (i.e., 
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addiction, depression, and schizophrenia). In this chapter, we describe sex differences in 

dopamine neurobiology, the influence of sex hormones on dopamine neurobiology, genetic 

underpinnings of dopamine sex differences, and the influence of dopamine sex differences 

on cognitive function and substance use disorders (SUDs).

Why study sex differences in dopamine?

The National Institutes of Health (NIH) Revitalization Act of 1993 mandated and 

established guidelines for including women and minorities in clinical research. In 1994, NIH 

mandated that women be included in NIH-funded clinical research. Prior to this mandate, 

women were often excluded from clinical trials, and sex was ignored in many research 

studies, even among studies specifically focused on women’s health (Zakiniaeiz et al., 

2016). Since 1994, the number of manuscripts describing sex differences has increased more 

than six-fold. Now, as of January 2016, every NIH grant submitted must consider sex in 

“research designs, analyses, and reporting in vertebrate animal and human studies.” (NOT-

OD-15–102: https://grants.nih.gov/grants/guide/notice-files/NOT-OD-15-102.html). Before 

summarizing the literature, we must first define sex and gender. Sex is a person’s biologic 

status, typically categorized as male, female, or intersex as determined by a number of 

indicators such as sex chromosomes, gonads, internal reproductive organs, and external 

genitalia. Gender pertains to the attitudes, feelings, and behaviors associated with a person’s 

biologic sex as reflected in social, cultural, and psychologic traits (American Psychological 

Association, 2012). We recognize clinical research is often limited to the research subject’s 

self-reported gender, which may not always reflect one’s biologic sex, but the focus of this 

chapter is the role of sex as a biologic variable.

Sex differences are present in psychiatric disorders associated with disrupted dopamine 

function, and thus, sex differences in dopamine neurobiology may underlie these clinical 

disparities. Throughout this chapter, we will refer to SUDs, especially tobacco smoking, 

as our exemplar disorder. Dopamine is known to play a central role in SUDs via reward 

and incentive motivation. Sex differences exist throughout the lifecycle of addiction—from 

age of initial drug experimentation to treatment response—for nearly all drugs of abuse. 

Men are more likely to report experimenting with drugs than women, across all drugs 

of abuse (Mental and Health Services Administration, 2017; Zakiniaeiz and Potenza, 

2018). Yet, women progress from experimentation to dependence more rapidly than men 

(Hernandez-Avila et al., 2004), the so-called “telescoping effect,” and consequently, women 

often present to treatment with more severe clinical profiles (Greenfield et al., 2010). 

The clinical importance of these biologic differences is highlighted by treatment research. 

Women experience more barriers to treatment entry, more social stigma in treatment, and 

are more likely to relapse than men (reviewed elsewhere: Becker and Hu, 2008; Tuchman, 

2010; Becker et al., 2017; Zakiniaeiz and Potenza, 2018). These disparities highlight the 

tremendous need to develop and implement sex-specific treatments among SUDs.

This chapter is organized into five sections describing sex differences in the dopaminergic 

system: (1) neurobiology, (2) role of sex hormones, (3) genetic underpinnings, (4) cognitive 

function, and (5) influence on addiction. In each section, we provide an overview of 
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the topic area, summarize sex differences identified to date, highlight addiction research, 

especially clinical neuroimaging studies, and suggest avenues for future research.

DOPAMINE NEUROBIOLOGY

In the context of addiction, dopamine neurobiology can be divided into three systems: 

nigrostriatal, mesolimbic, and mesocortical (Fig. 9.1). In the nigrostriatal system, cell bodies 

of dopaminergic neurons emanate from the substantia nigra (SN) and project primarily 

to the striatal targets. The mesolimbic and mesocortical systems both emanate from the 

ventral tegmental area (VTA) in the ventral midbrain. As their names suggest, mesolimbic 

dopamine neurons project from VTA primarily to subcortical limbic targets and mesocortical 

neurons project primarily to cortical targets. Dopaminergic projections for all three systems 

are predominantly ipsilateral; fewer than 5% of projections are contralateral; and none are 

bilateral (Loughlin and Fallon, 1982; Fallon, 1988).

Historically, each dopamine system has been associated with one or two primary 

functions: the nigrostriatal system with motor movement; the mesolimbic system with 

reward and incentive motivation; and the mesocortical with cognitive function. This is an 

oversimplification. Recent research suggests these systems overlap both anatomically and 

functionally. For example, there is evidence that the nigrostriatal system can mediate reward 

learning in the absence of mesocorticolimbic inputs (Wise, 2009). Thus, the dopamine 

system nomenclature should be thought of as shorthand and not an indication of three 

distinct systems.

In the brain, there are two types of chemical transmission: fast and slow synaptic 

transmission (Greengard, 2001). Fast synaptic transmission is mediated by ion channels 

and is roughly half excitatory (glutamatergic) and half inhibitory (GABAergic). Conversely, 

slow synaptic transmission is far more complex with 150+ neurotransmitter species 

(Greengard, 2001); of which, dopamine is one. Dopamine neurons are relatively sparse, 

composing 0.001% of all neurons (or fewer); yet they have considerable influence on 

brain function and psychiatric health (Greengard, 2001). Upon release from a presynaptic 

vesicle, dopamine molecules will bind either presynaptic auto-receptors, the dopamine 

transporter (DAT; located on either presynaptic neurons or glial cells), or postsynaptic 

receptors (Fig. 9.2). There are five dopamine receptor subtypes known—dopamine 1 

receptor (D1R) through D5R—as well as trace amine-associated receptor 1 (TAAR 1) that 

modulates dopaminergic activity, all of which are seven-transmembrane G-protein coupled 

metabotropic receptors. Dopamine is a neuromodulator; thus, dopamine neurotransmission 

can be either excitatory or inhibitory depending on the nature of the postsynaptic neuron. 

According to the conventional model, tonic dopaminergic signaling is defined as slow 

and stable firing (<8Hz) that changes gradually (Volkow et al., 2017). Tonic signaling 

is associated primarily with D2R stimulation and determines arousal and sensitivity to 

external stimuli (Bromberg-Martin et al., 2010; Dreyer et al., 2010; Danjo et al., 2014). 

Conversely, phasic dopaminergic signaling is rapid (>15Hz) and transient (<500ms) (Volkow 

et al., 2017). Phasic dopamine signaling results in high concentrations of extrasynaptic 

dopamine, which can stimulate lower-affinity receptors (e.g., D1R and D3R) in addition 

to the higher-affinity D2R. Phasic dopamine signaling is associated with reinforcement, 
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memory consolidation, and coordinated motor movements (Wise, 2004; Volkow et al., 

2017). Again, this is an oversimplified view of the dopaminergic system that cannot explain 

subtleties and exceptions. Nevertheless, this conceptualization is helpful for understanding 

normative dopamine neurotransmission.

Investigating dopamine neurobiology in humans

In humans, there are two approaches for studying the dopamine system in vivo: positron 

emission tomography (PET) and single-photon emission computed tomography (SPECT) 

imaging. Briefly, PET imaging involves labeling a molecule with a radioactive isotope, 

typically either carbon-11 [11C] or fluorine-18 [18F] and injecting that radiotracer into 

research subjects. As the radiotracer decays, positrons collide with nearby electrons and 

emit two gamma rays in opposite directions. The gamma rays are detected by the PET 

scanner (coincidence detection) and reconstruction algorithms determine the location of the 

annihilation event so that we can infer the location of the molecule of interest (Morris et al., 

2013). Thus, PET imaging provides a quantitative map of the available sites for radiotracer 

binding. Similarly, SPECT imaging involves the injection of a radioactive pharmaceutical 

and measurement of gamma radiation. However, SPECT directly measures gamma rays 

emitted from the decaying radiotracer using detectors that rotate around the sample, e.g., a 

subject’s head. Relative to PET imaging, SPECT has poorer spatial and temporal resolution. 

Clinical SPECT imaging spatial resolution is 8–12mm while clinical PET imaging yields 

4–6 mm resolution. Head-only PET scanners can achieve even higher spatial resolution: 2–3 

mm. The temporal resolution of both SPECT and PET imaging is on the order of minutes.

In studying the dopamine system, there are numerous radiotracers (or ligands) that broadly 

fall into one of two categories; striatal-only and extrastriatal (Table 9.1). Due to radiotracer 

properties, which dictates signal to background contrast levels, some radiotracers exhibit 

measurable specific binding only in certain brain regions, e.g., striatum. Conversely, 

extrastriatal tracers can be used to image specific binding outside of the striatum. PET 

and SPECT imaging are powerful imaging modalities; yet they have limitations. First, 

each is limited to the availability of radiotracers. If a radiotracer for a target does not yet 

exist, in vivo study of that target in humans is not possible. Second, few radiotracers are 

selective for only one receptor subtype, e.g., [11C]raclopride, binds both dopamine D2R 

and D3R. Third, PET and SPECT exhibit limited temporal resolution. Even with the advent 

of novel analytic approaches, e.g., lp-ntPET (Morris et al., 2005, 2008; Normandin and 

Morris, 2006), studying dopaminergic function is limited to a temporal resolution on the 

order of minutes. Fourth, functional dopamine studies are limited to indirect measurement 

of dopamine neurotransmission. A common experimental approach to measuring dopamine 

neurotransmission is to scan subjects before and after a pharmacologic challenge known to 

evoke dopamine release, e.g., amphetamine, and quantify radiotracer blocking. Dopamine 

release is inferred by the magnitude of radiotracer blocking due to competition with 

endogenous dopamine evoked by the challenge.

Sex differences in dopamine neurobiology

To identify prior sex differences research, we searched PubMed before March 30th, 2019 

using the combination: “dopamine” and (“sex differences” or “gender differences”) and 
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(“PET” or “SPET” or “SPECT”). Follow-up searches were conducted using Google Scholar. 

PET and SPECT studies that investigated sex effects in dopamine neurobiology and included 

healthy volunteers are summarized in the section that follows and in Tables 9.2 and 9.3.

Dopamine D2/3R levels

First, we identified 11 studies that reported sex effects among dopamine D2/3R availability, 

i.e., binding potential (BP), among healthy volunteers. Higher striatal dopamine D2/3R 

availability was reported among females, compared to males in two studies (Nevalainen et 

al., 2015; Urban et al., 2010). In the frontal cortex, one PET study reported higher dopamine 

D2/3R availability among females than among males (Kaasinen et al., 2001), whereas one 

SPECT study reported the opposite finding (Glenthoj et al., 2006). Most studies, 6 of the 11 

identified, reported no significant differences in dopamine D2/3R availability between males 

and females across regions of interest (ROIs), including the striatum, thalamus, midbrain, 

and inferior frontal gyrus (IFG) (Pohjalainen et al., 1998; Munro et al., 2006; Haltia et 

al., 2007; Brown et al., 2012; Okita et al., 2016; Smith et al., 2019). Additionally, three 

studies estimated dopamine D2/3R density, i.e., Bmax, using Scatchard analyses. In theory, 

receptor density is a more accurate measure than receptor availability due to potential 

variability in endogenous dopamine levels. All three studies reported that striatal dopamine 

D2/3R density did not differ between males and females (Pearlson et al., 1993; Farde et al., 

1995; Pohjalainen et al., 1998). Thus, the limited evidence to date suggests there are no 

sex differences in striatal dopamine D2/3R availability or density among healthy volunteers. 

Outside of the striatum, too few studies have been published to determine if sex differences 

exist.

Briefly, before discussing other findings, it is important to consider biologic variables that 

may influence, or even mediate, sex differences in dopamine neurobiology, i.e., sex hormone 

levels. The preclinical literature reliably indicates sex hormone levels influence dopamine 

neurobiology (reviewed: Becker, 1999; Becker and Hu, 2008; Becker et al., 2017) and 

may underpin human sex differences. Yet, sex hormone levels are often not measured or 

reported in clinical neuroimaging studies. Among the 14 studies described earlier, only 

3 (Munro et al., 2006; Oswald et al., 2015; Smith et al., 2019) reported estradiol and/or 

progesterone levels. While none found linear relationships between plasma sex hormone 

levels and dopamine neurobiology, it is advised that future studies measure plasma sex 

hormone levels to explore possible relationships. If plasma sex hormone levels cannot be 

measured, menstrual cycle phase is a reasonable surrogate.

DAT availability

Second, we identified 16 studies that investigated sex effects in DAT availability. Of those 

16 studies, 8 reported no sex differences in DAT availability across ROIs, including striatum, 

diencephalon, midbrain, thalamus, and frontal, temporal, and parietal cortices (van Dyck 

et al., 1995, 2000; Kuikka et al., 1997; Ryding et al., 2004; Best et al., 2005; Mo et al., 

2010; Burke et al., 2011; Hsiao et al., 2013). These SPECT studies used several radiotracers 

and analytic approaches (including different reference regions) but found no sex differences 

in DAT availability among healthy volunteers. Three studies were especially well-powered 

to detect effects with more than 50 males and 50 females in each study (van Dyck et 
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al., 2000; Best et al., 2005; Burke etal.,2011) and found no differences. The remaining 

eight studies (Lavalaye et al., 2000; Mozley et al., 2001; Staley et al., 2001; Eusebio et 

al., 2012; Wong et al., 2012; Varrone et al., 2013; Koch et al., 2014; Yamamoto et al., 

2017) each found that females exhibited significantly higher DAT availability than males 

across several ROIs, including striatum, diencephalon, and prefrontal and orbitofrontal 

cortex (PFC and OFC, respectively). Yet, the same caveats described earlier also apply 

here, as none of these studies reported menstrual cycle phase or plasma sex hormone 

levels on scan day. Another caveat to consider is tracer selectivity. Most of these studies 

used tracers, e.g., [123I]β-CIT, known to bind to both the serotonin transporter and DATs 

(Brücke et al., 1993). Several investigators attempted to isolate DAT signal using a priori 

anatomical and temporal information (Ryding et al., 2004); yet it remains unclear the extent 

to which off-target binding influenced DAT findings. In summary, these studies suggest 

there may be sex differences in DAT availability, but more research is needed. Future 

studies should measure and report menstrual cycle phase and sex hormone levels, and use 

second-generation radiotracers that exhibit greater selectivity for the DAT.

Dopamine synthesis capacity

Third, two studies used [18F]fluorodopa to quantify an index of presynaptic dopamine 

synthesis capacity. Laakso et al. (2002) reported uptake (Ki) from 10–60min after tracer 

injection using Patlak analysis (Patlak et al., 1983; Patlak and Blasberg, 1985) and an arterial 

input function. Ernst et al. (1998) reported the ratio of binding in ROIs to the occipital cortex 

from 90–120min after tracer injection. Both studies found higher striatal [18F]fluorodopa 

levels in females than males, which may reflect structural and/or functional differences 

(Ernst et al., 1998; Laakso et al., 2002). DOPA decarboxylase is the rate-limiting enzymatic 

step for [18F]-labeled dopamine synthesis from [18F]fluorodopa (Gjedde et al., 1991, 1993). 

Thus, higher [18F]fluorodopa levels may reflect more presynaptic dopamine synapses and/or 

faster enzymatic activity. Again, the aforementioned findings are not without caveats. 

Neither study reported menstrual cycle phase or sex hormone levels—which may have 

contributed to the observed sex differences.

Evoked dopamine release

Fourth, we identified eight studies that evaluated sex differences in evoked dopamine 

release among healthy volunteers (Table 9.3). Six of the eight studies reported that men 

exhibited greater evoked dopamine release than women in the striatum, especially ventral 

striatum (Munro et al., 2006; Haltia et al., 2007; Haltia et al., 2008; Urban et al., 2010; 

Oswald et al., 2015; Smith et al., 2019), following amphetamine, alcohol, and glucose 

challenges, as well as glucose expectancy (no administration). Among the two studies that 

found females exhibited greater dopamine release than men, differences were observed 

in the dorsal putamen, globus pallidus, and IFG (Riccardi et al., 2006; Martin-Soelch et 

al., 2011). Unfortunately, neither study reported menstrual cycle phase or sex hormone 

levels. Nonetheless, the limited extant evidence suggests that men exhibit greater evoked 

dopamine release than women, especially in the ventral striatum. Preclinical findings 

(described in Section Dopamine and Sex Hormones) indicate evoked dopamine release may 

be modulated by estradiol, which may explain these findings. Women may exhibit greater 
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evoked dopamine release than men in dorsal brain regions, e.g., IFG and dorsal putamen, but 

more research is needed to confirm these findings.

In summary, there is not compelling evidence of sex differences in dopamine D2/3R 

availability/density in the striatum of healthy volunteers. There is some evidence suggesting 

possible sex differences in DAT availability in the striatum. Findings thus far suggest 

females may exhibit greater DAT availability than males, but future research is needed to 

confirm these findings. Finally, there is consistent evidence indicating men exhibit greater 

evoked dopamine release in the striatum, especially ventral striatum, than women. This 

sex difference may have important implications for psychiatric disorders, especially SUDs. 

The subjective rewarding properties of abused substances are associated with dopamine 

release in the ventral striatum (reviewed: Volkow and Morales, 2015). Thus, if healthy, 

nondependent males exhibit greater evoked dopamine release in the ventral striatum 

than females, men may experience greater subjective effects from drug experimentation. 

Amplified subjective drug effects may explain, or contribute to, the higher prevalence of 

drug experimentation and abuse among men. We will discuss this in greater detail in Section 

Dopamine and Addiction.

DOPAMINE AND SEX HORMONES

Sex hormones, especially testosterone, estrogen, and progesterone, may mediate sex-specific 

effects of drug motivation, reward, and behavior. Along with significant changes in sex 

hormone levels during developmental phases, such as during puberty, major hormonal 

transition periods occur throughout the month and throughout the lifespan, especially for 

women. For example, estrogen levels rise during puberty, are high during pregnancy, rapidly 

fall postpartum, continue to decline during perimenopause, and remain low postmenopausal. 

Interestingly, the rise in estrogen levels parallels with a heightened vulnerability to drugs 

of abuse (Calipari et al., 2017), while progesterone reduces a drug’s rewarding effects 

(Lynch and Sofuoglu, 2010), both of which are mediated by the brain’s dopamine system. 

In the section that follows, we discuss the role of each sex hormone, individually, drawing 

primarily from preclinical findings, and conclude this section by describing major hormone 

transition periods for females: menstrual cycle phases and menopause. It is important to 

note that our focus is on the influence of fluctuating levels of sex hormones on addiction 

processes and not on physical development or maturation processes.

Testosterone

With respect to testosterone, the primary androgen steroid hormone, preclinical studies 

have shown mixed results. Castration of male mice around 30 days postnatal, 1 month 

later, decreased expression of tyrosine hydroxylase (TH)—the rate-limiting enzyme for 

dopamine production (Raab et al., 1995) —and thus, decreased striatal dopamine, which 

was recovered after administration of a testosterone metabolite. However, if adult mice are 

castrated at 2 or 3 months postnatal, effects on dopamine are absent (Khasnavis et al., 

2013). Adolescent mice castrated at 45 days postnatal and treated with testosterone for the 

following 2 weeks showed an increase in gene expression of DAT, vesicular monoamine 

transporter-2 (VMAT-2), catechol-o-methyltransferase (COMT), and monoamine oxidase 
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(MAO) in the substantia nigra (Purves-Tyson et al., 2012, 2014). In a study of adult male 

rats, striatal dopamine release increased following castration (Dluzen and Ramirez, 1989). 

In a nonhuman primate study, prepubescent gonadectomized vs intact male macaques did 

not show differences in TH expression levels; however, testosterone and TH levels in intact 

monkeys were correlated with subcortical dopamine levels (Morris et al., 2010). According 

to preclinical literature, testosterone’s effect on dopamine, if any, might be dependent on 

time of castration and time of hormone replacement.

Some human and animal studies suggest that testosterone may have reinforcing effects 

that impact the mesolimbic dopamine system. Animal studies have shown that rodents will 

self-administer testosterone orally (Johnson and Wood, 2001) and through direct infusion 

into nucleus accumbens (Packard et al., 1997) and exhibit conditioned place preference for 

locations associated with testosterone administration (Frye et al., 2002). Human studies have 

shown that high levels of testosterone are associated with reward sensitivity and risk-taking 

(Coates and Herbert, 2008; Sapienza et al., 2009). The widespread abuse of testosterone 

in body building (and structurally similar androgen steroids) suggests that testosterone may 

have reinforcing properties and might regulate incentive sensitivity (Frye, 2007; Wood, 

2008). One study showed that females given exogenous testosterone administration relative 

to placebo exhibited increased ventral striatal functional magnetic resonance imaging 

blood oxygen level-dependent (fMRI-BOLD) response during a reward anticipation task, 

suggesting that testosterone acts on the mesolimbic dopamine pathway (Hermans et al., 

2010). The neurobiologic mechanisms by which testosterone might modulate dopaminergic 

circuits remain to be established.

Estrogen

Ovarian hormones—specifically estrogen and progesterone—may also impact dopamine 

signaling. Estrogens, such as estradiol, have been shown to have neuroprotective effects 

on cells including dopamine cells. For example, estradiol increases neuronal survival after 

induced damage and attenuates the amount of dopamine depletion in the striatum of 

mice when injected before lesions (see Dluzen, 2000; Picazo et al., 2003 for review). 

Estrogen also appears to inhibit DAT function, an important protein in dopaminergic 

neurotransmission, by decreasing the affinity of the transporter. It has been postulated 

that this might prevent neurotoxic agents from entering dopamine nerve terminals, thereby 

decreasing nigrostriatal neurodegeneration (Dluzen, 2000), which might explain the gender 

difference in neurodegenerative disease prevalence. In studies of ovariectomized rats 

compared to sham-operated controls, DAT expression in the nucleus accumbens was 

reduced, (Chavez et al., 2010), immunoreactivity of TH positive neurons in midbrain (SN 

and VTA) was reduced (Johnson et al., 2010), and conditioned place preference response 

to amphetamine administration was reduced (Silverman and Koenig, 2007). The effects of 

ovariectomy on the latter two were restored with estrogen replacement.

Estrogen receptors are found throughout the dopamine circuit (Creutz and Kritzer, 2004) 

and are involved in motivation (Becker, 2009), reward (Justice and de Wit, 1999; Becker 

and Hu, 2008), and inhibitory control (Colzato et al., 2010). With respect to motivation, in 

vivo microdialysis studies in castrated and ovariectomized rats showed that males have two 
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times higher basal extracellular concentrations of dopamine in striatum than females, and 

that this varies with estrous cycle (Xiao and Becker, 1994). However, in vivo voltammetry 

in intact female rats treated with cocaine or haloperidol show a greater increase in electrical 

stimulation evoked extracellular dopamine (Walker et al., 1999). These findings suggest 

that while basal dopamine levels are higher in male than female rats, stimulated dopamine 

release levels are estradiol-modulated in females but not in males. Becker et al. also showed 

that amphetamine-induced dopamine release in striatum is sex and hormone dependent 

(Becker and Ramirez, 1981) both in vivo using microdialysis (Becker, 1990a) and in vitro 

using striatal rat tissue (Becker, 1990b); ovariectomized rats showed a smaller dopamine 

release than castrated rats. Following estradiol treatment, amphetamine-induced dopamine 

response in females is restored to levels greater than castrated rats (Castner et al., 1993).

In humans, studies by Justice and de Wit have shown that subjective rewarding responses 

to stimulants vary by menstrual cycle (Justice and de Wit, 1999, 2000a,b) (see Section 

“Menstrual Cycle Phase”). Amphetamine-induced euphoria, desire, energy, and cognitive 

efficiency are enhanced during the follicular phase (low but rising estradiol, low 

progesterone levels) relative to luteal phase (moderate estradiol, high progesterone levels). 

Estradiol administration during follicular phase further increases these subjective effects 

(Justice and de Wit, 2000b), suggesting that estradiol enhances these subjective rewarding 

effects. With respect to inhibitory control, estradiol levels have been associated with longer 

reaction time in motor response inhibition (Colzato et al., 2010), poorer selective attention 

using the Stroop task (Hatta and Nagaya, 2009), and a bias in decision-making toward 

smaller, more accessible rewards (Uban et al., 2011). Taken together, these findings suggest 

that high estrogen levels might make women more susceptible to drugs of abuse via 

enhanced dopamine mesolimbic responses (Calipari et al., 2017) and diminished inhibitory 

control.

Progesterone

Progesterone receptors are found throughout the brain’s dopamine circuit. Progesterone’s 

fluctuating levels in females, and relatively constant levels in males, might explain sex 

differences in reward and reinforcement-related behaviors. Just as estrogen may have 

neuroprotective effects on cells, progesterone (and its metabolites) may induce or inhibit 

neoplastic changes (Baulieu and Schumacher, 2000; Mueller and Kerschbaum, 2006) and 

may have beneficial effects on cognitive functioning following brain injury (Ma et al., 

2012). Progesterone metabolites can act as neurosteroids modulating dopaminergic neurons 

through activation of GABAA receptors (Frye and Walf, 2008). Because GABAA receptors 

exhibit inhibitory effects, progesterone’s modulatory effects on GABA have been proposed 

to attenuate drug reward. Most preclinical work in this area has only been conducted with 

cocaine administration; so it is uncertain whether progesterone’s effects on drug reward are 

generalizable to other drugs. Human PET studies have only provided indirect evidence that 

ovarian hormones may influence striatal dopamine receptor availability.

Animal studies have shown that cocaine self-administration decreased during diestrus 

(follicular phase; low but rising estradiol, low progesterone levels), compared to estrus 

(moderate progesterone, low estradiol levels) (Roberts et al., 1989). However, other studies 
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have shown that progesterone attenuated amphetamine-induced conditioned place preference 

(Russo et al., 2008), cocaine-seeking was lowest when progesterone levels were highest 

(Feltenstein and See, 2007), and amphetamine-induced striatal dopamine release was lowest 

when progesterone levels were highest (Becker and Ramirez, 1981). In humans, salivary 

progesterone levels in women, but not in men, were negatively associated with subjective 

psychomotor responses to stimulant drugs (White, 2002). One PET study showed that 

D2R availability was lower in the putamen during the luteal phase, compared to the 

follicular phase (Munro et al., 2006). Progesterone administration during the follicular 

phase attenuated subjective response to repeated self-administration in women but not men 

(Sofuoglu et al., 2002; Evans and Foltin, 2005). Progesterone treatment given concurrently 

with estradiol treatment also counteracted the dopamine-mediated drug enhancing effects of 

estradiol on cocaine self-administration in rats (Jackson et al., 2005). Similar results were 

found with progesterone treatment in humans—positive subjective effects of cocaine were 

attenuated but only in female cocaine users (Evans and Foltin, 2005). Whereas estradiol 

is a key factor in amplifying reinforcement, progesterone is a key factor in attenuating 

reinforcement. Progesterone is currently being examined as a treatment for cocaine addiction 

in several human studies and clinical trials.

Sex hormone influence of dopamine function is difficult to disentangle as it depends on 

age and sex of the individual, sex hormones levels, receptor levels, interactions between 

sex hormones, and modulation by other neurotransmitter systems. Literature on testosterone 

and the dopamine system has reported mixed findings; however, high estrogen levels may 

increase dopamine-mediated vulnerability to drugs of abuse, while high progesterone levels 

may reduce rewarding drug effects.

Menstrual cycle phase

Sex hormone levels fluctuate throughout the menstrual cycle among premenopausal women, 

and thus, the influence of sex hormones on dopamine neurobiology may fluctuate as well. 

Early in the follicular phase (days 1–7 after the onset of menses), progesterone and estradiol 

levels are low and stable. Conversely, in the late follicular phase (days 8–13 after menses), 

estradiol levels increase rapidly, whereas progesterone levels remain low until ovulation. 

Both progesterone and estradiol levels are high throughout early luteal phase (days 15–23 

after menses) but decrease gradually throughout the remainder of the cycle.

In humans, there are mixed findings regarding the influence of menstrual cycle phase 

on dopamine D2/3R availability (Table 9.4). Two studies reported menstrual cycle effects. 

Munro et al. (2006) reported higher striatal dopamine D2/3R availability among females 

(n = 9) scanned during their follicular phase, compared to those in their luteal phase (n 
= 6). Among six healthy females, Wong et al. (1988) reported faster caudate dopamine 

D2/3R binding rate (k3) in the follicular phase, compared to the luteal phase. Conversely, 

menstrual cycle phase had no effect on striatal dopamine D2/3R availability in two studies 

(Nordström et al., 1998; Oswald et al., 2015) and striatal DAT availability in one study 

(Best et al., 2005). Two studies examined the influence of the menstrual cycle phase on 

amphetamine-induced dopamine release, and neither found a significant relationship (Munro 

et al., 2006; Oswald et al., 2015). Finally, no linear relationships between sex hormone 
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levels and dopamine D2/3R availability (Kaasinen et al., 2002; Munro et al., 2006), DAT 

availability (Best et al., 2005), or evoked dopamine release have been reported (Munro et al., 

2006; Smith et al., 2019). In summary, there is limited evidence that menstrual cycle phase 

influences dopamine neurobiology in humans. However, these studies were inadequately 

sized and most used a between-subject design, which reduces sensitivity to detect effects. 

Within-subject designs are better suited to investigate potential menstrual cycle effects 

(Wong et al., 1988).

Menopause

Menopause is often defined as the absence of menses for ≥12months in women (with 

a uterus) who are not pregnant or lactating and typically occurs during the fifth decade 

of life. Menopause is associated with significantly lower and less variable estradiol 

and progesterone levels. Thus, premenopausal women may exhibit different dopamine 

neurobiology than postmenopausal women. Indeed, there is evidence to suggest this 

may be the case. Yamamoto et al. (2017) found significantly higher DAT availability 

among Japanese females aged 60–79 years relative to Japanese males aged 60–79 years. 

Menopausal status was not described in this study, but it is reasonable to assume most, if 

not all, females examined were postmenopausal. These findings indicate postmenopausal 

women exhibit higher DAT availability than age- and ethnicity-matched men, suggesting 

possible menopause effects. Menopausal status should be considered in future studies.

DOPAMINE AND GENETICS

Sex chromosomes and gene expression influence sex differences in dopamine synthesis, 

catabolism/degradation (MAO and COMT), neurotransmission (VMAT2), and function/

regulation (DRDs and DAT). Emerging literature has shown that sex differences in the 

dopamine system stem from the X and Y chromosomes—the male-determining gene called 

Sry found only on the Y chromosome is expressed in dopamine neurons in substantia 

nigra. Specifically, the Sry gene regulates the rate-limiting dopamine synthesis enzyme TH 

(Levitt et al., 1965), which is not found in females (see Ngun et al., 2011 for review). 

Preclinical studies have shown that TH is regulated by estrogen in females (see Section 

Dopamine and Sex Hormones), suggesting that dopamine synthesis regulation is sexually 

dimorphic. Females also have 20% fewer dopaminergic neurons in the substantia nigra, 

which has been attributed to the Sry gene (Carruth et al., 2002; Dewing et al., 2006). 

Independent of sex, COMT (dopamine degradation) activity in PFC is influenced by a single 

nucleotide polymorphism (SNP) at codon 158 that makes COMT more thermolabile (in 

Met158 vs Val158), and therefore, extracellular dopamine in PFC is ~40% higher in Met158 

homozygotes than Val158 homozygotes (Chen et al., 2004). Independent of genetic SNP, 

women have lower COMT activity than men in dorsolateral (dl)PFC postmortem human 

tissue (Chen et al., 2004).

Hormonal differences between males and females also inform our understanding of the 

relationship between dopamine function and genetics. In the hypothalamus, TH expression 

increases when progesterone receptors are blocked in rats (González-Flores et al., 2011), 

whereas in VTA, TH expression is repressed in progesterone receptor knockout mice, 
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compared to wild type (Woolley et al., 2006). In ovariectomized rats compared to intact 

rats, D2R density is increased by ~25% in the nucleus accumbens and caudate nucleus, and 

DAT expression is reduced by 44% in the nucleus accumbens, both of which are reversed 

by estrogen (Chavez et al., 2010). DAT expression is reduced in hypothalamic dopaminergic 

neurons of ovariectomized rats. While MAO levels vary throughout the estrous cycle in rats, 

progesterone can also reduce the expression of MAO isoforms (Gundlah et al., 2002). In 

substantia nigra and the nucleus accumbens, VMAT2 expression decreases in response to 

progesterone treatment in ovariectomized rats (Rehavi et al., 1998).

Genetic differences can influence sex differences in symptomatology and disease 

progression via altered cognitive functioning. Preclinical literature has shown that the Sry 

gene affects the development of habit-driven behavior in mice. Independent of sex and 

circulating sex steroid hormone, XX mice developed habitual behavior more rapidly than 

XY mice (Quinn et al., 2007), suggesting a potential explanation for the “telescoping 

effect” in females. Estradiol also interacts with COMT in Val158 carriers to modulate 

delay discounting (monetary temporal reward choice) performance (Smith et al., 2014). 

A recent study assessed the relationship between risk performance and a composite gene 

score of dopamine signaling function calculated as the sum of risk alleles at functional 

polymorphic loci of the following genes: DRD2, DRD3, DRD4, DAT1, and COMT. This 

study showed that the negative association between risky decision-making in the dlPFC and 

composite “dopamine gene functioning” score is stronger in males than females (Kohno 

et al., 2015). More research on sex differences in dopamine neurobiology and cognitive 

function is needed (see Table 9.5 for summary).

DOPAMINE AND COGNITION

Experimental evidence of dopamine’s role in cognitive function dates back to at least the 

1970s. Brozoski et al. (1979) experimentally depleted dopamine in nonhuman primates and 

observed significant working memory deficits. Dopamine agonists reversed these deficits 

which implicated dopamine in working memory processes (Brozoski et al., 1979). From 

that seminal work, we now know dopamine neurotransmission is involved in numerous 

cognitive functions, including perception of painful stimuli (Hagelberg et al., 2002; Potvin 

et al., 2009), attention (Nieoullon, 2002; Dang et al., 2012), incentive motivation (Volkow 

et al., 2007; Volkow et al., 2009; Volkow et al., 2017), working memory (Sawaguchi and 

Goldman-Rakic, 1991; Luciana and Collins, 1997; Cools et al., 2008; Cools and D’Esposito, 

2011), episodic memory (Schott et al., 2006; Lisman et al., 2011; Chowdhury et al., 2012), 

executive control (Montague et al., 2004; Volkow et al., 2011; Sofuoglu et al., 2013), 

and decision-making (van Gaalen et al., 2006; St Onge and Floresco, 2009; Linnet et al., 

2011a,b; Oswald et al., 2015). A comprehensive review of the role of dopamine in cognitive 

function is beyond the scope of this chapter but other excellent reviews have been published 

(Nieoullon, 2002; Pillon et al., 2003; Cools, 2008; Volkow et al., 2017). Herein, we focus on 

PET/SPECT imaging studies that have examined sex differences in dopamine neurobiology 

and cognitive function among healthy volunteers.

To identify prior research, we searched PubMed before April 5th, 2019 using the 

combination: “dopamine” and (“sex differences” or “sex effects” or “gender differences” 
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or “gender effects”) and (“PET” or “SPET” or “SPECT”) and (“cognitive” or “decision-

making” or “learning” or “memory” or “inhibit*” or “attention” or “impulsiv*”). Follow-

up searches were conducted using Google Scholar. Only PET or SPECT studies that 

investigated sex effects in dopamine neurobiology and cognitive function among healthy 

volunteers are summarized in Table 9.6.

Working memory

Among the most widely studied cognitive processes associated with dopamine is working 

memory. Working memory is the flexible neural representation of stimuli over a brief time 

period (Goldman-Rakic, 1995) and is associated with excitatory microcircuits in the PFC, 

especially the dlPFC (Goldman-Rakic, 1995; Arnsten, 2009; Wang et al., 2013). Nonhuman 

primate research indicates an inverted “U”-shaped relationship with extrasynaptic dopamine 

levels and spatial working memory performance (reviewed: Arnsten, 2009; Arnsten et al., 

2012). Too little and too much dopamine D1R stimulation impairs working memory via 

disruption of PFC excitatory microcircuits (Sawaguchi and Goldman-Rakic, 1991; Cai and 

Arnsten, 1997; Zahrt et al., 1997; Vijayraghavan et al., 2007). Thus, individual differences 

in homeostatic dopaminergic “set point,” i.e., basal dopaminergic neurotransmission, will 

influence working memory function. For example, individuals with lower dopaminergic 

tone, e.g., COMT Val158Met genotype (Cai and Arnsten, 1997, exhibit lower working 

memory capacity (Egan et al., 2001; Frias De et al., 2005) and dopamine agonists enhance 

working memory function in those individuals (Kimberg et al., 1997; Luciana and Collins, 

1997; Kimberg and D’Esposito, 2003; Jacobs and D’Esposito, 2011). Conversely, high 

basal working memory capacity (and presumably, optimal dopamine neurotransmission) 

is impaired by either dopamine agonists or antagonists (Mattay et al., 2003; Jacobs and 

D’Esposito, 2011), as those pharmacologic challenges may have shifted subjects down the 

inverted “U” curve. Mesocortical dopaminergic projections are sparse, yet influential for 

working memory. For example, Cools et al. (2008) reported striatal dopamine synthesis 

capacity predicted working memory function, which suggests a central role for mesocortical 

dopaminergic PFC projections in working memory processes.

There are numerous studies indicating sex differences in working memory performance. A 

recent meta-analysis of 98 samples found a small, but significant, sex effect on working 

memory performance, indicating males perform modestly better than females (Voyer et al., 

2017). However, sex hormone levels and menstrual cycle phase may influence working 

memory proficiency (Postma et al., 1999; Janowsky et al., 2000; Cherrier et al., 2001) but 

were largely ignored in those studies. The extent to which biologic sex and sex hormone 

levels influence working memory via dopamine modulation is not fully understood in 

humans. A pharmacogenomic study found an interaction between circulating estradiol levels 

and COMT Val158Met genotype (Cai and Arnsten, 1997) on working memory performance 

and neural activation (Jacobs and D’Esposito, 2011). Specifically, females with lower basal 

dopaminergic tone (val/val genotype) performed better on a working memory task when 

estradiol levels were higher (i.e., late follicular phase), compared to lower (i.e., early 

follicular phase) (Jacobs and D’Esposito, 2011), presumably due to estradiol’s facilitatory 

effect on dopamine neurotransmission (Becker, 1990a,b; Becker et al., 2017). Conversely, 

females with higher basal dopaminergic tone (met/met genotype) exhibited the opposite 
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interaction with estradiol levels, suggesting that estradiol levels bidirectionally influence 

dopamine neurotransmission. Finally, Riccardi et al. (2006) found that among men, but not 

women, greater amphetamine-induced dopamine release in the putamen was correlated with 

a smaller amphetamine-induced decrement in working memory performance. Unfortunately, 

neither raw scores nor sex differences in working memory performance were reported at 

baseline or post amphetamine in that study (Riccardi et al., 2006).

Strictly speaking, working memory likely does not directly influence SUDs. However, 

working memory proficiency, as a proxy for PFC function, has numerous implications for 

SUDs and has been shown to predict cigarette smoking behavior (Patterson et al., 2010; 

Loughead et al., 2015). The PFC is the central executive hub of the brain and is implicated in 

self-control, decision-making, problem-solving, inhibitory control, and delayed gratification

—cognitive processes with obvious implications for addiction. Diminished working memory 

capacity may be a cognitive phenotype that predicts addiction vulnerability and propensity 

to relapse.

Decision-making

Decision-making is a broad construct measured via numerous behavioral tasks. For our 

purposes, we focus on the Iowa Gambling task (IGT), as it is widely used in neuroimaging 

studies (Brevers et al., 2013). The IGT involves probabilistic learning via monetary rewards 

and punishments (Bechara et al., 1994; Brevers et al., 2013). Participants select cards 

from four decks with different probabilistic monetary risk/reward profiles, wherein it is 

advantageous to select smaller, longer-term rewards rather than large, immediate rewards to 

avoid large losses in the end (Brevers et al., 2013). Optimal strategy necessitates self-control 

and goal-directed decision-making to achieve maximal monetary reward (Buelow and Suhr, 

2009). In this way, poor IGT performance has been used as a behavioral index of risky 

or impulsive decision-making (Buelow and Suhr, 2009). Neuroimaging studies indicate 

advantageous IGT decision-making is associated with the amygdala and PFC activation, 

especially OFC and dlPFC (Bolla et al., 2004; Li et al., 2010).

There are sex differences in IGT performance: men tend to perform better than women 

(Reavis and Overman, 2001; Bolla et al., 2004; Overman, 2004; van den Bos et al., 2013). A 

more detailed analysis suggests women exhibit a more flexible approach to the IGT, whereas 

men tend to focus more on the long-term payoff (Overman, 2004; van den Bos et al., 2009; 

van den Bos et al., 2013). Neural sex differences indicate men exhibited greater neural 

activation in the dlPFC during IGT than women (Bolla et al., 2004). The investigation of sex 

hormone levels and menstrual cycle phase effects has been limited. No effect of menstrual 

cycle phase was found in one study (Reavis and Overman, 2001), whereas another study 

reported possible effects (van den Bos et al., 2009). Interestingly, higher saliva testosterone 

levels were associated with worse IGT performance in both men and women (Stanton et al., 

2011).

The role of dopamine in IGT performance has been widely discussed. Preclinical IGT 

analogues indicate links between decision-making and dopamine neurobiology (reviewed: 

de Visser et al., 2011). In humans, pharmacologic depletion of dopamine levels impaired 

IGT performance among healthy volunteers (Sevy et al., 2006). In two PET studies, Linnet 
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et al. (2011a,b) reported that more advantageous IGT performance among healthy men was 

associated with dopamine release in the ventral striatum. Unfortunately, no women were 

included in either study. Oswald et al. (2015) reported less advantageous IGT performance 

was correlated with greater amphetamine-evoked dopamine release in the ventral striatum 

and dorsal caudate among both male and female healthy volunteers. No sex differences 

in task performance or task-dopamine correlations were observed (Oswald et al., 2015). 

However, a limitation of that study was IGT performance was measured ~2).months prior to 

PET scanning (Oswald et al., 2015

In summary, men reliably exhibit better IGT performance than women, yet little is 

known about the dopaminergic underpinnings of this difference. Future research is needed 

to examine the extent to which advantageous decision-making is associated with PFC 

dopamine release and possible sex differences therein. Advantageous decision-making on 

the IGT requires self-control and delayed gratification to maximize long-term monetary 

reward. These cognitive processes are clearly applicable to SUDs, especially treatment 

response and long-term abstinence. Indeed, substance dependent individuals reliably exhibit 

worse IGT performance than healthy controls (Petry et al., 1998; Grant et al., 2000; 

Bechara et al., 2001; Whitlow et al., 2004), indicative of impaired decision-making and 

consistent with the shortened time horizon exemplified in SUDs. IGT task performance 

among substance dependent individuals may serve as an endophenotypic marker predictive 

of treatment response (Passetti et al., 2008; Stevens et al., 2013, 2015).

Executive Control

Executive control refers to processes that facilitate adaptive and flexible integration of 

contextual information such that complex tasks can be completed accurately (often involving 

the inhibition of habitual responses) (Norman and Shallice, 1986; Egner and Hirsch, 2005). 

One common way to quantify executive control is via the Stroop task (Stroop, 1935). 

There are numerous variations of the Stroop task, but the original and most widely used 

is the word–color version (Stroop, 1935). The names of common colors are presented 

serially using different font colors. Incongruent trials, i.e., the name of the color and its font 

don’t match, are associated with more errors and longer reaction times than congruent or 

neutral trials, i.e., the Stroop effect. Incongruent trials invoke cognitive conflict; competing 

neural signals that must be parsed by the executive control network to execute the correct 

behavioral response. Neuroimaging studies of Stroop performance indicate the dorsal 

anterior cingulate is involved in conflict and error monitoring (Botvinick et al., 1999; Barch 

et al., 2001; Milham et al., 2001, 2003; Durston et al., 2003; Fan et al., 2003; Hazeltine et 

al., 2003; Kerns et al., 2004) and the dlPFC is involved in directed attention and cognitive 

control (Milham et al., 2001; Durston et al., 2003; Milham et al., 2003; Kerns et al., 2004).

Sex differences in Stroop task performance are present in some (Golden, 1974; Sarmány, 

1977; Mekarski et al., 1996; Baroun and Alansari, 2006; Van der Elst et al., 2006), but not 

all, studies (Swerdlow et al., 1995; Klein et al., 1997; Daniel et al., 2000; Alansari and 

Baroun, 2004). In general, if sex differences are reported, females tend to outperform males 

(Golden, 1974; Sarmány, 1977; Mekarski et al., 1996; Baroun and Alansari, 2006; Van der 

Elst et al., 2006). Further, menstrual cycle phase may influence Stroop task performance 
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(Hatta and Nagaya, 2009; Hoyer et al., 2013; DeVito et al., 2014), though more research is 

needed to confirm these findings.

Dopamine levels influence Stroop performance in humans. Acute pharmacologic depletion 

of dopamine was associated with improved Stroop performance (Scholes et al., 2007). 

Interestingly, both dopamine antagonists and agonists have been shown to improve Stroop 

performance (Williams et al., 1996; Roesch-Ely et al., 2005). PET imaging studies indicate 

significant linear relationships between in vivo dopamine neurobiology and Stroop task 

performance metrics. For example, [18F]fluorodopa uptake, i.e., an index of dopamine 

synthesis capacity, was associated with Stroop interference in healthy subjects (McGowan 

et al., 2004). Further, PET imaging studies report sex-specific relationships. Riccardi et al. 

(2011) reported that females performed better than males on the Stroop task at baseline, but 

those differences disappeared after amphetamine administration. Amphetamine improved 

Stroop task performance among males but impaired performance among females (Riccardi 

et al., 2011). Among males (but not females), greater amphetamine-induced dopamine 

release in the thalamus and temporal cortex was associated with less amphetamine-induced 

improvement in Stroop performance (Riccardi et al., 2011). Mozley et al. (2001) did not 

find sex differences in Stroop performance. However, among females (but not males), 

faster and more accurate Stroop responding was correlated with greater striatal DAT 

availability (Mozley et al., 2001). Taken together, these studies suggest lower levels 

of both tonic (Mozley et al., 2001; Scholes et al., 2007) and phasic (Riccardi et al., 

2011) dopaminergic neurotransmission are associated with improved executive control 

as measured by Stroop task performance. Further, these studies indicate sex-specific 

relationships between dopamine neurobiology and executive control, though more research 

is needed to confirm these findings. Executive control is composed of subprocesses, 

e.g., attention and inhibitory control. Sex differences in attention and inhibitory control 

(and associated dopamine neurobiology) may also play an important role in addiction, as 

discussed in the next section.

DOPAMINE AND ADDICTION

Sex differences exist throughout the addiction life cycle, and dopamine plays an important 

role in the development and persistence of addiction. Dopamine signaling is crucial in the 

reinforcing effects of drugs, motivational learning, mood regulation, impulsivity, executive 

control, inhibitory control, and decision-making and may, therefore, play a primary role 

in understanding sex differences in addiction. While men use drugs more frequently and 

at higher doses than women (SAMHSA, 2015), women progress from casual drug-taking 

to addiction faster than men, experience worse withdrawal symptoms, and are more 

likely to relapse after quitting (see Becker and Hu, 2008; Zakiniaeiz and Potenza, 2018 

for review). Numerous PET studies have demonstrated that individuals with addictive 

disorders, including tobacco smokers (Christoph Fehr et al., 2008; Brown et al., 2012) and 

methamphetamine (Volkow et al., 2001), alcohol (Martinez et al., 2005), cocaine (Martinez 

et al., 2004; Martinez et al., 2011), and heroin (Martinez et al., 2012) use disorders, have 

significantly lower striatal D2/3R availability than comparison groups. However, some of 

these studies failed to include women or investigate the effect of sex on D2R availability 

compared to controls. Drug challenge studies using PET have also allowed us to probe the 
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function of the dopamine system. Low dopamine transmission following a methylphenidate 

challenge in cocaine dependents has been associated with treatment failure (Martinez et al., 

2011), but again, these findings were not stratified by sex.

Thanks to recent advancements in this research area, tobacco smoking is an excellent 

example for studying dopamine-mediated sex differences in motivation, reinforcement, 

inhibitory control, and decision-making. Sex differences have been well-documented in 

the reinforcing effects of nicotine and in tobacco smoking treatment (Perkins et al., 1999). 

For example, men experience greater nicotine-induced reinforcement than women (Perkins, 

1996; Perkins et al., 1999) are better able to detect nicotine from de-nicotinized cigarettes 

than (Perkins et al., 2001, 2002) women, and respond better to nicotine replacement 

therapies (NRTs) than women (McKee et al., 2016). Women metabolize nicotine and 

cotinine (a nicotine metabolite) faster than men (in part due to estrogen) (Johnstone et 

al., 2006), and report shorter intervals between cigarettes (Perkins et al., 1999), which may 

explain why they typically experience more adverse effects related to nicotine (Sofuoglu and 

Mooney, 2009) and worse treatment outcomes than men. Women are more reinforced by 

smoking cues (McBride et al., 2006), tend to relapse to smoking in response to stress (Xu et 

al., 2008; Cofta-Woerpel et al., 2011), and have a harder time quitting (Smith et al., 2016). 

These sex differences in nicotine sensitivity and smoking-related behaviors presumably 

reflect underlying neurobiologic differences that might, in part, be explained by dopamine.

Neuroimaging studies from our group, as well as other groups, have begun to disentangle 

the molecular mechanisms underlying sex/gender-based behavioral differences to understand 

and treat female tobacco smokers more effectively. Nicotine binds to and activates nicotinic 

acetylcholine receptors, which, in turn, facilitates dopamine release in striatal and cortical 

brain regions (Benowitz, 2010; Cosgrove et al., 2015) via the mesolimbic and mesocortical 

pathways, respectively. Similar to other drug and alcohol use disorders, tobacco smoking has 

significantly lower striatal D2/3R availability compared to healthy controls (Volkow et al., 

2001; Martinez et al., 2004, 2005, 2011, 2012; Christoph Fehr et al., 2008; Worhunsky et al., 

2017). However, lower striatal D2/3R availability has only been shown in male (Christoph 

Fehr et al., 2008; Brown et al., 2012), not female, tobacco smokers (Brown et al., 2012). 

Sex differences in D2/3R availability have also been found in the midbrain, where dopamine 

neurons originate—female smokers have higher D2/3R availability in the midbrain than 

female nonsmokers, whereas male smokers and nonsmokers are not different (Okita et al., 

2016). Midbrain D2/3Rs are predominantly inhibitory, and it has been postulated that higher 

midbrain D2/3R availability may lead to a suppression of ventral striatal smoking-induced 

dopamine release in female smokers, compared to nonsmokers. Following a cigarette 

smoking challenge in the scanner, our laboratory found that male smokers have a robust 

smoking-induced dopaminergic response in the right ventral striatum, but female smokers 

do not (Cosgrove et al., 2014). We recently conducted a study examining the mesocortical 

dopamine pathway in smokers and found that tobacco smokers had significantly lower 

D2/3R availability in the dlPFC, compared to nonsmokers, which was driven by differences 

between male smokers and male nonsmokers but not female smokers compared to female 

nonsmokers (consistent with striatal findings) (Zakiniaeiz et al., 2019). Following an 

amphetamine-challenge, we found that female smokers had significantly less amphetamine-
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induced dopamine release in the dlPFC, compared to male smokers and compared to female 

nonsmokers (Zakiniaeiz et al., 2019).

While lower D2/3R availability is generally interpreted as D2/3R downregulation, our 

findings can also be interpreted as higher basal dopamine levels or a combination of both 

(Laruelle et al., 1997). Although we did not directly measure basal dopamine levels, there 

is prior evidence from in vivo microdialysis studies in animals that acute drug exposure 

increases basal dopamine levels in a time-locked manner (Imperato and Di Chiara, 1986; 

Di Chiara and Imperato, 1988; Carboni et al., 1989; Jianping et al., 1990; Zocchi et al., 

2003) and chronic drug exposure increases tonic dopamine levels (Diana, 2011; Volkow et 

al., 2011). Taken together, our results could be interpreted as: [1] male smokers have higher 

basal dopamine levels than male nonsmokers, and dopamine neurotransmission remains 

intact—chronic smoking does not impact dlPFC dopamine transmission in men and, [2] 

female smokers have comparable basal dopamine levels to female nonsmokers, but chronic 

tobacco smoking leads to blunted dopamine neurotransmission (see Fig. 9.3 for schematic 

interpretation). These results may be explained by a tonic/phasic model of the dopamine 

system (Grace, 2000); tonic firing results in basal dopamine levels in the synaptic cleft 

(Parsons and Justice, 1992); and phasic firing results in greater release of dopamine into the 

synaptic cleft (Schultz, 1998). When basal dopamine levels are relatively low (tonic firing), 

postsynaptic dopamine levels may not be high enough to produce a dopamine response 

but may be sufficient to stimulate inhibitory D2-type auto-receptors on dopamine terminals 

(Grace, 2000; Okita et al., 2016) that regulate release of dopamine (Grace, 2000), thereby 

decreasing dopamine release in the mesocortical pathway. We hypothesize that female 

smokers have lower basal dopamine levels than male smokers, likely making dopamine 

firing thresholds more difficult to reach, autoregulation more feasible, and an inhibited 

dopamine response more likely. More work is needed to fully understand the dopamine-

mediated neurobiologic underpinnings of sex differences in tobacco smokers.

DISCUSSION

The investigation of sex differences in biologic systems and psychiatric disorders is a 

relatively young field, yet seminal findings have highlighted the clinical importance of 

sex as a biologic variable. In this chapter, we summarized the limited yet meaningful 

body of literature describing sex differences throughout the dopaminergic system and 

SUDs. Specifically, we described sex differences in dopamine neurobiology, the role 

of sex hormones in dopamine functioning, genetic underpinnings of sex differences in 

dopamine, and how sex differences in cognitive function and addiction might be mediated 

by dopamine.

Among healthy individuals, to date, there is no convincing evidence of sex differences in 

dopamine D2/3R or DAT availability in the striatum using PET imaging. Conversely, healthy 

men reliably exhibit greater evoked dopamine release in the striatum than their female 

counterparts. Phasic dopamine release in the striatum is known to mediate drug reward in 

animals. Although phasic dopamine cannot be directly tested in humans, we hypothesize 

that greater drug-induced dopamine release may explain why men are more likely to use 
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drugs, and at higher doses, than women. Future research is needed to determine if sex 

differences in dopamine receptor availability exist outside of the striatum.

Sex hormone levels likely mediate the influence of biologic sex on dopamine neurobiology 

and addiction processes. Human PET imaging research has been limited in this area, and 

many studies do not measure plasma sex hormone levels or report/control for menstrual 

cycle phase on scan day. However, preclinical evidence suggests that estradiol may facilitate, 

whereas progesterone may inhibit, dopamine neurotransmission. Also, high estradiol levels 

have been shown to enhance subjective drug responses and degrade self-control. Thus, 

periods of high estrogen levels, i.e., during late follicular or luteal phase, may increase 

susceptibility to drugs of abuse. Conversely, high progesterone levels have been shown to 

attenuate drug reinforcement, and progesterone is currently being investigated as a treatment 

for cocaine dependence. Preclinical manipulations of testosterone levels have yielded mixed 

findings regarding dopamine neurobiology. Yet, there is some evidence that testosterone, on 

its own, might be reinforcing—likely via dopaminergic mechanisms.

The genetic influence of sex differences in dopamine neurobiology may stem from X and 

Y chromosomes. The male-determining gene, Sry, regulates the rate-limiting dopamine 

synthesis enzyme TH and is found only in males. Conversely, in females, evidence 

suggests estrogen levels regulate TH. Indeed, these sex differences in dopamine synthesis 

regulation may explain why men reliably exhibit greater evoked dopamine release than 

females. Further, SNPs influence dopamine neurobiology. For example, the common 

polymorphism, Val158Met, is associated with diminished COMT activity, which results in 

higher extrasynaptic dopamine levels. This genetic variant is associated with altered working 

memory function and impulsive decision-making and has been linked to addiction.

Dopamine’s role in cognition is extensive and beyond the scope of this review. Briefly, 

we highlighted sex differences in three cognitive processes associated with dopamine and 

addiction: working memory, decision-making, and executive control. While there is evidence 

of sex differences in proficiency among these cognitive processes, the role of dopamine 

in these sex differences is not yet known. For example, men reliably exhibit better decision-

making during the IGT than women. Further, men exhibit greater neural activation in 

the dlPFC during the task performance than women. However, human PET studies found 

opposing relationships between striatal dopamine release and task performance, and only 

one study included female subjects. Thus, it remains unclear the extent to which dopamine 

may mediate sex differences in IGT performance. Dopamine’s role in cognition is not 

disputed, but dopamine’s role in sex differences in cognition is not yet clear.

There are sex differences throughout the addiction lifecycle—from drug experimentation to 

treatment response—highlighting the importance of considering sex in addiction research. 

Females initiate substance use later, progress to substance dependence more quickly, and 

exhibit a more severe clinical phenotype than men. Further, male smokers exhibit greater 

nicotine-induced reinforcement and respond better to nicotine replacement therapy than 

female smokers. These findings highlight the tremendous need for sex-specific treatments in 

SUDs. PET imaging research has shown that male smokers exhibit greater evoked dopamine 

release in the striatum than their female counterparts. Also, there is some evidence that male 
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smokers exhibit lower dopamine D2/3R availability in the striatum and prefrontal cortex than 

male nonsmokers, whereas female smokers and nonsmokers did not differ. Finally, female 

smokers exhibited less amphetamine-induced dopamine release in the prefrontal cortex than 

male smokers and female nonsmokers.

In conclusion, there is clear evidence demonstrating sex differences in dopamine 

neurobiology and addiction-related processes. However, we have only just begun to parse 

the genetic and hormonal contributions to sexual dimorphism in dopamine neurobiology, 

cognition, and addiction. Future research, using prospective designs that consider sex 

throughout the research pipeline including the recruitment plan, study methodology, 

and analysis strategy, are needed to disentangle the complex relationships between sex, 

dopamine, and addiction.
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Fig. 9.1. 
Dopamine systems. A cartoon depiction of the three dopamine systems on a midline sagittal 

slice. The nigrostriatal system (green) emanates from the substantia nigra (SN) and projects 

throughout the striatum. The mesolimbic (red) and mesocortical (blue) systems emanate 

from the ventral tegmental area (VTA) and project throughout the striatum and cortex, 

respectively. The prefrontal cortex receives most of the mesocortical dopamine projections.
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Fig. 9.2. 
Dopamine synapse. A cartoon depiction of a modulatory dopaminergic synapse. Once 

dopamine is released in the synapse (arrows depict possible dopamine pathways), molecules 

can bind D1 or D5 receptors (blue), D2 or D3 receptors (red), the dopamine transporter (DAT; 

pink), or COMT (catabolized; green).
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Fig. 9.3. 
Schematic interpretation of primary findings. In the dlPFC, male smokers (MS) had higher 

basal dopamine (D2/3) levels than male nonsmokers (MNS) but dopamine neurotransmission 

remained intact; whereas, female smokers (FS) have comparable basal dopamine levels to 

female nonsmokers (FNS); but dopamine neurotransmission was dysfunctional. No error 

bars are shown as this is an interpretation of the data being used as visual aid. Abbreviations: 

S = smokers, NS = nonsmokers, M = males, F = females
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Table 9.1

PET and SPECT radiotracers for imaging the dopamine system

Ligand Modality Dopamine target Bram region

[11C]Raclopride PET D2/3 receptor Striatal

[11C]SCH-23390 PET D1/5 receptor Striatal

[18F]Fallypride PET D2/3 receptor Striatal/extrastriatal

[11C]FLB-457 PET D2/3 receptor Extrastriatal

[18F]Fluorodopa PET DA synthesis capacity Striatal/extrastriatal

[11C]β-CFT PET Dopamine transporter Striatal

[123I]IBZM SPECT D2/3 receptor Striatal

[123I]β-CIT SPECT Dopamine transporter Striatal/extrastriatal

[123I]FP-CIT SPECT Dopamine transporter Striatal/extrastriatal

[99mTc]TRODAT-1 SPECT Dopamine transporter Striatal
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Table 9.6

Sex differences in dopamine and cognitive function

Reference
Sample 
(M/F) ROI/s

Dopamine 
target

DA 
challenge

Cognitive 
process

Sex and 
cognition DA and cognition

Riccardi et al. 
(2011)

7/6 Str, Thal, 
Amg, IFG

DA release AMPH (0.43 
mg/kg oral)

Executive 
control

Baseline: F 
> M. Post-
AMPH: 
F~M

Among M, AMPH-enhanced 
executive control associated 
with less Thai and TC DA 
release

Riccardi et al. 
(2006)

7/6 Str, Thal, 
Amg, IFG

DA release AMPH (0.43 
mg/kg oral)

Working 
memory

None noted Among M, AMPH-impaired 
working memory associated 
with less P DA release

Attention None noted Among F, AMPH-enhanced 
attention associated with 
VS DA release. Among 
M, AMPH-impaired attention 
associated with VS and HPC 
DA release

Oswald et al. 
(2015)

27/18 Striatum DA release AMPH 
(0.3mg/kg 
IV)

Decision-
making

F~M Worse decision-making 
associated with greater VS and 
dC DA release

Mozley et al. 
(2001)

30/36 Striatum DAT 
availability

N/A Verbal 
memory

F>M Memory performance 
associated with striatal DAT 
availability

Executive 
control

F~M Among F, faster cognitive 
processing associated with 
striatal DAT availability and 
greater executive control 
associated with P DAT 
availability

Fine motor 
speed

M>F Among F, faster fine motor 
speed associated with striatal 
DAT availability

Burke et al. 
(2011)

31/48 Str, 
midbrain, 
Thal

DAT 
availability

N/A Mental 
rotation

M>F No significant relationships

Note: “>” indicates significant sex differences (P <0.05). indicates sex differences are not significant (P >0.05). DA and cognition findings: 
“associated with” indicates significant bivariate correlation.

Abbreviations: Amg = amgydala; AMPH = amphetamine; F = female; IFG = inferior frontal gyrus; IV = intravenous; M = male; Ref=reference; Str 
= striatum; Thai = thalamus.
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