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Abstract

Clinical and preclinical research have identified sex differences in substance use and addiction-

related behaviors. Historically, substance use disorders are more prevalent in men than women, 

though this gap is closing. Despite this difference, women appear to be more susceptible to the 

effects of many drugs and progress to substance abuse treatment more quickly than men. While the 

glutamate system is a key regulator of addiction-related behaviors, much of the work implicating 

glutamate signaling and glutamatergic circuits has been conducted in men and male rodents. An 

increasing number of studies have identified sex differences in drug-induced glutamate alterations 

as well as sex and estrous cycle differences in drug seeking behaviors. This review will describe 

sex differences in the glutamate system with an emphasis on implications for substance use 

disorders, highlighting the gaps in our current understanding of how innate and drug-induced 

alterations in the glutamate system may contribute to sex differences in addiction-related 

behaviors.
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1. Sex Differences in Drug Use

Approximately 20 million people in the US were diagnosed with a substance use disorder in 

2017 (Substance Abuse and Mental Health Services Administration, 2018). Alcohol use 

disorders are the most common type of substance use disorder, affecting approximately 14 

million people (Substance Abuse and Mental Health Services Administration, 2018). For 

most drugs of abuse, men are more likely than women to be diagnosed with a substance use 

disorder. Approximately 7.5% of men and 4.0% of women have an alcohol use disorder 

(Substance Abuse and Mental Health Services Administration, 2018). Cocaine use disorders 
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are also more prominent in men than women. However, for both cocaine and alcohol use 

disorders, the focus of this review, this gap is shrinking due to increases in use in women 

(Grant et al., 2017; Kerridge et al., 2019; White et al., 2015).

Men and women differ in blood concentrations of drugs of abuse when taking similar doses, 

which may contribute to propensity for ongoing drug misuse and neurobehavioral 

consequences of drug intake. Women exhibit higher blood alcohol concentrations than men 

when consuming similar amounts of alcohol (Mumenthaler et al. 1999). In contrast, peak 

plasma concentrations of cocaine achieved by men and women differ depending on the route 

of administration. Men achieve higher peak plasma concentrations when administering 

cocaine intranasally, but not intravenously (Lukas et al., 1996; Mendelson et al., 1999). 

Interestingly, when cocaine is administered intranasally, women achieve higher plasma 

concentrations during the follicular phase than the luteal phase (Lukas et al., 1996), while 

women administering cocaine intravenously achieve peak plasma levels more quickly during 

the follicular phase than men or women in the luteal phase (Mendelson et al., 1999). These 

hormone-dependent differences in plasma concentrations are also observed for other drugs 

of abuse, such as nicotine. Peak plasma concentrations of nicotine are achieved more quickly 

in women than in men and is further accelerated in women taking estrogen-, but not 

progesterone-based contraceptives (Benowitz et al., 2006).

Preclinical data has identified sex differences in blood and brain concentrations of drugs of 

abuse. Female rats administered ethanol intraperitoneally, intragastrically, or intravenously 

reach peak plasma levels more quickly than male rats (Crippens et al., 2006; Robinson et al., 

2002). Further, ethanol concentrations in the nucleus accumbens peaked more quickly in 

female rats than male rats (Robinson et al., 2002). Cocaine concentrations in both plasma 

and brain of male and female rats following an intraperitoneal injection do not differ. 

However, males show higher levels of the cocaine metabolite benzoylecgonine, while 

females show higher levels of the metabolite ecgonine methyl ester (Bowman et al., 1999). 

In contrast, for other drugs, such as methamphetamine and nicotine, clearance is much 

slower in female rats than in male rats (Kyerematen et al., 1988; Milesi-Hallé et al., 2005). 

These sex and estrous contributions to the effects of delivery method on blood and brain 

drug concentrations should be considered in both understanding neurobehavioral 

consequences of drug use in preclinical settings, and health outcomes in patient populations.

In general, substance abusing women tend to experience worse health outcomes than men. 

Alcohol-dependent women are at an elevated risk of developing alcohol-related liver disease 

compared to men (Becker et al., 1996) and take significantly less time than men to develop a 

variety of health problems such as fatty liver, hypertension, obesity, and anemia (Ashley et 

al., 1977). Psychiatric disorders such as depression, anxiety, and PTSD are more common in 

women with substance use disorders than men (Torrens et al., 2011), but the direction of this 

relationship is unclear. This may result from differences in factors initiating drug and alcohol 

use, or from interactions with substance use as substance abuse may result in sex-specific 

differences in psychiatric symptom resolution. Following abstinence from cocaine, for 

example, women exhibited slower resolution of depressive symptoms than men (Griffin et 

al., 1989).
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Men and women also exhibit differences in subjective response to drug use. Women also 

report less positive and negative effects of cocaine compared to men (Lukas et al., 1996), 

which is potentially due to increased peak plasma cocaine levels achieved by men. However, 

women in the follicular phase while taking cocaine and amphetamine reported a subjectively 

better experience than in the luteal phase (Evans et al., 2002; Sofuoglu et al., 1999; White et 

al., 2002), possibly due to women achieving higher plasma levels during the follicular phase 

(Lukas et al., 1996). In contrast, women report feeling more intoxicated when consuming 

ethanol than men (Wang et al., 2003), but this can potentially be attributed to higher blood 

alcohol concentrations achieved by women (Mumenthaler et al., 1999). The subjective 

effects of ethanol do not vary by menstrual cycle (Holdstock and De Wit, 2000). In contrast 

to cocaine and ethanol, women appear less sensitive to changes in nicotine dose (Perkins, 

1999). These differences in subjective response to drugs of abuse may contribute to sex 

differences in initiation or maintenance of use. Further, differential brain concentrations of 

drugs of abuse may impact neural function in unique ways in males and females, including 

distinct effects on neurotransmitter systems.

2. The Glutamate System

Glutamate is the major excitatory neurotransmitter in the brain and has been implicated in 

normal brain functioning, such as learning and memory (Riedel et al., 2003), and in 

maladaptive functioning in a number of neurodegenerative disorders and addiction (Gass 

and Olive, 2008; Kalivas et al., 2009). In particular, glutamatergic projections from the 

prefrontal cortex, amygdala, hippocampus, and ventral tegmental area to the nucleus 

accumbens have been implicated in various aspects of drug-seeking behaviors. The nucleus 

accumbens, composed principally of GABAergic medium spiny neurons, can be further 

subdivided into the core and shell subregions. The core subregion receives glutamatergic 

projections from the prelimbic subregion of the medial prefrontal cortex and dorsal 

hippocampus (Brog et al., 1993; Groenewegen et al., 1987; Kelley and Domesick, 1982). 

The shell subregion receives glutamatergic input from the infralimbic subregion of the 

medial prefrontal cortex and ventral hippocampus (Britt et al., 2012; Brog et al., 1993; 

Groenewegen et al., 1987; Kelley and Domesick, 1982). The basolateral amygdala and 

ventral tegmental area project more broadly to the nucleus accumbens (Hnasko et al., 2012; 

Mcdonald, 1991; Stuber et al., 2010; Tecuapetla et al., 2010; Yamaguchi et al., 2011). While 

a majority of ventral tegmental projections to the nucleus accumbens are dopaminergic, a 

substantial subset either co-release glutamate or are exclusively glutamatergic (Hnasko et al., 

2012; Yoo et al., 2016).

There are two major types of glutamate receptors, G protein coupled metabotropic glutamate 

receptors (mGluRs) and ligand-gated ionotropic receptors. Metabotropic receptors are 

composed of three subgroups: group I, group II, and group III. Group I, which includes 

mGluR1 and mGluR5, are located primarily postsynaptically and on astrocytes and 

generally signals via Gq (Niswender and Conn, 2010; Ribeiro et al., 2010). Group II, which 

is composed of mGluR2, mGluR3, GRM3A2, GRM3A4, and GRM3A2A3, are located both 

pre- and postsynaptically and on astrocytes and generally signals via Gi/o (Blümcke et al., 

1996; Niswender and Conn, 2010). Group III generally signals via Gi/o and includes the 
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predominantly presynaptic mGluR4, mGluR7, and mGluR8, and the postsynaptic mGluR6 

(Niswender and Conn, 2010).

Ionotropic glutamate receptors are classified into three major groups: α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA), N-methyl-d-aspartate (NMDA), kainate 

receptors (Stawski et al., 2010). Ionotropic glutamate receptors are composed of four large 

subunits that form a central pore that allows conductance of ions such as Ca2+, Na+, and Cl− 

(Traynelis et al., 2010). In contrast to NMDA and kainate receptors, AMPA receptors are 

generally Ca2+-impermeable (Dingledine et al., 1999). NMDA receptors require the cofactor 

glycine for activation and permit conductance of Ca2+, Na+, and Cl− (Qian and Johnson, 

2002). Kainate receptors are somewhat unique in that they require coactivation by Na+ and 

Cl− (Wong et al., 2007).

Glutamate is cleared via sodium-dependent glutamate transporters expressed primarily on 

astrocytes, GLT1 and GLAST, with GLT1 being the predominant subtype in the forebrain 

(Anderson and Swanson, 2000). Upon uptake of glutamate from the synapse, astrocytes 

convert glutamate to glutamine via glutamine synthetase for use by neurons (Rose et al., 

2013). Astrocytes can also release glutamate into the extracellular space by exchanging 

intracellular glutamate for extracellular cystine via the Na+-independent antiporter, system 

xc− (Bridges et al., 2012). Glutamate can also be cleared from the synapse via primarily 

neuronal glutamate transporters, EAAT3,4,5 (Arriza et al., 1997; Furuta et al., 1997) and 

vesicular glutamate transporters (vGLUTs) (Li et al., 2013).

2.1 Sex Differences in Glutamate Levels

A limited number of studies have explored sex differences in the glutamate system in 

humans. Those that exist have identified blood and brain region-specific sex differences in 

glutamate levels. In humans, prefrontal cortex glutamate levels are significantly higher in 

men than women (O’Gorman et al., 2011). In the striatum and cerebellum, women exhibit 

higher glutamate concentrations than men (Zahr et al., 2013). Blood glutamate levels are 

significantly higher in men than in women, but vary across the menstrual cycle with 

glutamate levels showing an inverse relationship with blood estrogen and progesterone levels 

(Zlotnik et al., 2011).

Glutamate concentrations also differ between male and female rodents in various brain 

regions. Male rats exhibit higher glutamate concentrations than female rats during diestrus in 

the lateral hypothalamic area, the ventromedial hypothalamic area, and the habenular nuclei, 

while diestrus females exhibit higher glutamate concentrations in the medial preoptic area 

than male rats (Frankfurt et al., 1984). Glutamate concentrations in proestrus females 

increase in the diagonal band of Broca and the medial septum and decrease in the lateral 

preoptic area and anterior hypothalamic area compared to diestrus females and increase in 

the lateral septum compared to estrus females (Frankfurt et al., 1984). These sex- and 

estrous phase-dependent alterations in glutamate levels appear to be regulated in part by 

gonadal hormones as estradiol administration has been shown to increase glutamate levels in 

the diagonal bands of Broca and the ventromedial nucleus of ovariectomized rats (Luine et 

al., 1997).
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2.2 Sex Differences in Glutamate Receptor and Transporter Expression

Rodents exhibit both sex and brain-region specific patterns of metabotropic and ionotropic 

glutamate receptor expression (Figure 1). Females show greater mGluR2/3 and mGluR5 

expression in the hippocampus and greater mGluR5 expression in the PFC (Wang et al., 

2015). Within the hippocampal subregions and layers, density of the ionotropic glutamate 

receptors -- AMPA, NMDA, and kainate – differs by sex and across the estrous cycle. 

Density of the AMPA receptor is significantly lower in all regions and layers of the 

hippocampus of estrus female rats compared to male rats and diestrus female rats. However, 

diestrus female rats do not differ from males (Palomero-Gallagher et al., 2003). Density of 

the NMDA receptor is also significantly lower in estrus and diestrus female rats in the oriens 

and radiatum layers of the CA1, CA2, and CA3 regions of the hippocampus compared to 

male rats (Palomero-Gallagher et al., 2003). Expression of the NR1 and NR2B subunits of 

the NMDA receptor in the hippocampus is higher in female rats than male rats (Wang et al., 

2015). Density of the kainate receptor is significantly lower in all layers of the CA1 region 

of the hippocampus of estrus females compared to males (Palomero-Gallagher et al., 2003). 

Expression of the NR1 subunit is also higher in the prefrontal cortex and amygdala in 

females compared to males (Wang et al., 2015).

Spine density in various brain regions has been shown to vary across the estrous cycle due to 

alterations in estradiol levels (Peterson et al., 2015; Staffend et al., 2011; Woolley et al., 

1997; Woolley and McEwen, 1993, 1992) and this appears to be mediated in part by 

estradiol regulation of glutamatergic receptors, NMDAR and mGluR5 (Peterson et al., 2015; 

Woolley and McEwen, 1994). Estradiol administration results in decreased spine density in 

the nucleus accumbens core and increased spine density in the CA1 region of the 

hippocampus (Peterson et al., 2015; Woolley and McEwen, 1992). This estradiol-induced 

effect on spine density is mediated by mGluR5 receptors in the nucleus accumbens core 

(Peterson et al., 2015) and mGluR1 and NMDA receptors in the CA1 (Peterson et al., 2015; 

Woolley and McEwen, 1994).

Glutamate transport is also modulated by sex and estrous cycle. In cortical synaptosomes, 

glutamate affinity for transport is highly dependent on sex and estrous cycle. The affinity of 

glutamate for high affinity transport is significantly greater in proestrus and estrus females 

compared to males and diestrus females, while the affinity of glutamate for low affinity 

transport is significantly greater in proestrus females than males or metestrus, diestrus, or 

estrus females (Mitrovic et al., 1999). In the striatum, mutation of the xCT subunit of system 

xc-decreases glutamate levels in male, but not female mice (Borra et al., 2014), suggesting 

that glutamate homeostasis in the striatum of female mice may be mediated by other factors.

Astrocytes, as mentioned previously, express many glutamate transporters and are critical to 

maintaining basal glutamate levels. In the hippocampus, the number of cells immunoreactive 

for the astrocytic cytoskeletal protein glial fibrillary acidic protein (GFAP) is significantly 

greater in females compared to males (Arias et al., 2009). This increase is even greater in 

proestrus females compared to both males and diestrus females (Arias et al., 2009). In the 

medial amygdala, there are more astrocytes in males than females (Pfau et al., 2016). Similar 

to what has been observed in the hippocampus, female rats exhibit increased GFAP 

expression in the medial amygdala during the proestrus phase (Martinez et al., 2006).
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3. Regulation of Drug-seeking Behaviors by the Glutamate System: 

Known Sex Differences and Gaps in Understanding

Imaging studies have identified sex differences in the neural substrates that mediate drug 

seeking behaviors. In abstinent alcoholic men and women, alcohol-related cues elicit 

increased activation of the striatum and prefrontal cortex (PFC) compared to control 

subjects. Activation was greatest in those individuals that subsequently relapsed (Grüsser et 

al., 2004), indicating that cue reactivity may be predictive of risk of relapse. Alcohol-

dependent men exhibit increased glutamate levels in the NAc (Bauer et al., 2013) and 

decreased mGluR2 in the anterior cingulate cortex (Meinhardt et al., 2013). The increased 

glutamate levels in the NAc correlated with craving (Bauer et al., 2013), but this relationship 

has not yet been evaluated in women. Among recreational drinkers, exposure to alcohol-

related cues resulted in increased activity in the cortico-limbic-striatal circuit in both men 

and women, with women showing increased activity in the superior and middle frontal gyrus 

relative to men (Seo et al., 2011). Among cocaine dependent individuals, men exhibit 

corticostriatal-limbic hyperactivity in response to drug cues, while women are hyper-

responsive to stress cues (Potenza et al., 2012).

3.1 Glutamatergic Regulation of Drug Seeking in Males: Implications for Females

Despite clinical evidence suggesting that men and women may differentially engage 

particular circuits in response to drug cues or stress (Potenza et al., 2012; Seo et al., 2011), 

to our knowledge, no preclinical data has investigated the contribution of specific projections 

to drug seeking in females. Below we summarize the body of literature focusing on the role 

of glutamate in drug seeking behaviors collected in males to emphasize how much work is 

yet to be completed. Glutamate signaling within the corticolimbic and corticostriatal circuits 

-- including the nucleus accumbens and its glutamatergic projections from the prefrontal 

cortex, basolateral amygdala, and ventral tegmental area -- has been heavily implicated in 

drug seeking behaviors including self-administration, withdrawal, extinction, and 

reinstatement in male rodents (Figure 2).

3.1.1 Glutamatergic Regulation of Self-Administration—Consistent with the 

clinical literature, animal models have also identified sex differences in drug-seeking 

behaviors. Females acquire self-administration of drugs such as cocaine, heroin, and 

methamphetamine more quickly than males rats (Lynch and Carroll, 1999; Roth and Carroll, 

2004a). Using low effort fixed ratio schedules, female rodents self-administer more ethanol 

(Almeida et al., 1998; Cailhol and Mormède, 2001; Dhaher et al., 2012; Juárez and De 

Tomasi, 1999; Lancaster et al., 1996; Lancaster and Spiegel, 1992; Lourdes De La Torre et 

al., 2015; Maldonado-Devincci et al., 2010; Priddy et al., 2017; Sluyter et al., 2000; 

Varlinskaya and Spear, 2014; Vetter-O’Hagen et al., 2009; Walker et al., 2008) and cocaine 

than males (Bechard et al., 2018a; Fuchs et al., 2005; Kerstetter et al., 2008; Kippin et al., 

2005). When the effort required to gain access to drugs is increased using a progressive ratio 

schedule, however, females reach higher breakpoints for cocaine (Roberts et al., 1989) and 

other substances, including methamphetamine (Roth and Carroll, 2004b) and nicotine 

(Donny et al., 2000), but not ethanol (Middaugh and Kelley, 1999; Priddy et al., 2017).
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Self-administration also appears to be modulated by the estrous cycle for some, but not all 

drugs of abuse. Estrus females achieve higher breakpoints when self-administering cocaine 

(Roberts et al., 1989) on a progressive ratio. Similarly, estrus females show an increased 

propensity to respond for increasing doses of cocaine compared to males and non-estrus 

females (Lynch et al., 2000). In contrast, females with synchronized estrous cycles self-

administer less ethanol during estrus compared to other phases of the estrous cycle, though 

this effect was not present in female rats allowed to freely cycle (Roberts et al., 1998). The 

increased motivation to self-administer nicotine in females, however, does not appear to 

depend on the estrous cycle, as nicotine self-administration did not differ by estrous phase 

across four doses tested (Donny et al., 2000).

Glutamatergic signaling in the nucleus accumbens appears to be an important mediator of 

drug seeking. In male rats, glutamate is increased in the nucleus accumbens core and shell 

subregions during cocaine self-administration (Suto et al., 2010). Increased extracellular 

glutamate levels are observed in the nucleus accumbens following chronic ethanol exposure, 

which may drive increased ethanol drinking (Griffin et al., 2014). This is supported by work 

showing that increasing glutamate levels in the nucleus accumbens promotes ethanol self-

administration in non-dependent mice (Griffin et al., 2014). In contrast, projections from the 

basolateral amygdala to the nucleus accumbens shell suppress both consumption of ethanol 

and cue-induced ethanol-seeking in males (Millan et al., 2017), While the role of 

glutamatergic projections in self-administration in females have not been examined, 

increased self-administration of ethanol in females could potentially be associated with less 

activity in this particular projection.

The role of glutamatergic receptors in the nucleus accumbens in self-administration has also 

been examined primarily in males. Antagonism or negative allosteric modulation of Gq-

coupled mGluR5 receptors in the nucleus accumbens blocks cocaine seeking (Wang et al., 

2013), while activation of mGluR2/3 within the nucleus accumbens appears to impair 

nicotine self-administration (Liechti et al., 2007). Cocaine seeking is also decreased by an 

AMPA/kainate receptor antagonist in the nucleus accumbens core (Di Ciano and Everitt, 

2001). The GluA1 subunit of the AMPA receptor is increased in the nucleus accumbens of 

estrus females following cocaine self-administration (Bechard et al., 2018a) and thus may be 

driving the corresponding increased responding for cocaine during estrus (Lynch et al., 

2000), though this remains to be determined experimentally (Table 1).

3.1.2 Glutamatergic Regulation of Conditioned Place Preference—Conditioned 

place preference models have been used to model drug seeking. In these models, a drug is 

paired with a particular environment and through learned association, animals develop a 

preference for that reward-paired context. Female rats require fewer reward-context 

associations in order to develop a cocaine-induced conditioned place preference (Russo et 

al., 2003). In contrast, in nicotine-induced conditioned place preference, using lower doses 

of nicotine (less than 0.6mg/kg), only males exhibit a conditioned place preference 

(Yararbas et al., 2010), but conditioned place preference was induced in females using 

higher doses (0.7–1.0 mg/kg) of nicotine (Kota et al., 2008). In a separate study, a 

conditioned place preference was observed in females using a low dose (0.32 mg/kg) 

(Isiegas et al., 2009). The reason for this difference is unclear but may be related to the strain 
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of mice used in each study. In contrast to what is observed for nicotine, males and females 

acquire a conditioned place preference for ethanol at similar rates and to similar magnitudes 

(Cunningham and Shields, 2018). Under conditions where male and female mice acquire a 

cocaine conditioned place preference at the same rate, using a low dose of cocaine, male 

mice took longer to extinguish their conditioned place preference (Hilderbrand and Lasek, 

2014).

Substance use disorders are also characterized by inflexible alcohol seeking that persists 

despite adverse consequences. Animals models of compulsive drug seeking utilize foot 

shock or adulteration of the drug to assess drug-seeking behavior despite adverse 

consequences. However, relatively little research has investigated sex differences in drug 

seeking despite adverse consequences. Female, but not male, rats exhibit increasing 

compulsive cocaine seeking in response to increasing cocaine dose, and this compulsive 

cocaine seeking was not impacted by the estrous cycle (Datta et al., 2018). Female, but not 

male, mice exhibit compulsive-like ethanol seeking in a modified conditioned place 

preference paradigm in which a previously ethanol-paired chamber is also associated with a 

foot shock (Xie et al., 2019). Further, this compulsive-like ethanol seeking that persists 

despite an aversive experience was attenuated in females with a history of chronic ethanol 

exposure (Xie et al., 2019), suggesting that chronic ethanol exposure enhanced sensitivity to 

aversive experiences in females. In this study, mice must recall both rewarding and aversive 

experiences in the same chamber. In contrast, following quinine adulteration of ethanol in a 

drinking paradigm in which the rewarding and aversive experiences are present 

simultaneously, levels of aversion-resistant intake did not differ between males and females 

(Sneddon et al., 2019).

3.1.3 Glutamatergic Regulation of Extinction—Extinction reduces drug seeking by 

removing the relationship between an action or a stimulus and a reward, such that the 

behavior or stimulus are no longer associated with reinforcement. Sex differences in the 

neurobiology of extinction of drug seeking have not been well characterized, and thus the 

majority of the work implicating the glutamate system has been conducted using males. In 

male rats, glutamate is increased in the nucleus accumbens core and shell subregions during 

extinction (Suto et al., 2010). Further, projections from the basolateral amygdala to the 

nucleus accumbens shell drive extinction of ethanol seeking in males (Keistler et al., 2017; 

Millan and McNally, 2011). The infralimbic cortex has been implicated in extinction of drug 

seeking as well. Activation of the infralimbic cortex prevented, while inhibition promoted, 

reinstatement of cocaine seeking in extinguished rats (Peters et al., 2008). This is perhaps 

mediated through projections to the nucleus accumbens shell as simultaneous unilateral 

inhibition of infralimbic cortex and nucleus accumbens shell promoted cocaine seeking in 

extinguished rats (Peters et al., 2008). Similarly, allosteric inhibition of small-conductance 

calcium-activated potassium channels within the infralimbic cortex promote extinction of 

alcohol seeking (Cannady et al., 2017). However, while reversible inactivation of the 

infralimbic cortex did not impact extinction expression or promote context-induced 

reinstatement of alcohol seeking in extinguished rats, it did increase response latencies in the 

extinction context (Willcocks and Mcnally, 2013).
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Metabotropic and ionotropic glutamatergic receptors have also been implicated in extinction 

learning in male rodents. Extinction of ethanol seeking can be promoted by overexpression 

of Gi-coupled mGluR2 in infralimbic cortex projections (Meinhardt et al., 2013). Mice 

deficient in mGluR5 also display impaired extinction of cocaine conditioned place 

preference (Bird et al., 2014), suggesting that mGluR5 may be essential for extinction of 

cocaine seeking behaviors. While it remains unclear which brain regions are most important 

for this mGluR5 depletion-induced extinction impairment, baseline sex differences in 

mGluR5 expression in the prefrontal cortex and hippocampus may have interesting 

implications for extinction learning in females. AMPA receptors in the nucleus accumbens 

shell, have also been implicated in extinction of cocaine seeking, as overexpression of the 

GluR1/2 subunits of the AMPA receptor in the nucleus accumbens shell facilitates extinction 

learning (Sutton et al., 2003).

3.1.2. Glutamatergic Regulation of Reinstatement and Relapse Models—
Substance use disorders are characterized by a high propensity to relapse, but the factors that 

drive relapse may be sex dependent. Drug-paired cues and stress can elicit intense feelings 

of craving (Cooney et al., 1987; Sinha et al., 2000) and drive drug-seeking behaviors, 

contributing to a risk of relapse (Grüsser et al., 2004; Sinha et al., 2006) even after extended 

periods of abstinence (Braus et al., 2001). Individuals with substance use disorders exhibit 

enhanced cue reactivity and have difficulty shifting their attention away from drug-paired 

stimuli (Baschnagel, 2013; Johnsen et al., 1994; Littel and Franken, 2011; Stormark et al., 

1997; Wilcox et al., 2011). Clinical data has identified apparent sex differences in cue 

reactivity. Among cocaine-and nicotine-dependent individuals, women show enhanced 

reactivity to cues compared to men (Doran, 2014; Niaura et al., 2002; Robbins et al., 1999). 

Among recreational drinkers, alcohol-paired cues elicit craving in men, but not women 

(Willner et al., 1998), though this pattern may be absent in dependent individuals (Rubonis 

et al., 1994). Interestingly, women exhibit a reduction in drug cue-induced cocaine craving 

during the midluteal phase of the menstrual cycle when progesterone levels are elevated 

(Sofuoglu et al., 2007), but less cue-induced craving of nicotine in the follicular phase 

(Franklin et al., 2004). Women also exhibit greater sensitivity to stress-induced alcohol 

craving than men (Hartwell and Ray, 2013), with a reduction in stress-induced cocaine 

craving during the midluteal phase (Sofuoglu et al., 2007). Interestingly, depressive and 

anxiety symptoms correlate with methamphetamine craving in men, but not women 

(Hartwell et al., 2016). Thus, men and women are differentially vulnerable to cue- or stress-

induced craving depending on the drug of abuse, and this can be further modulated by the 

menstrual cycle in women.

Cue-induced reinstatement of drug-seeking can be used to model cue-induced relapse-like 

behaviors in rodents. In these models, rodents are trained to self-administer drugs of abuse 

and the delivery of these drugs is paired with previously neutral stimuli. Responding is then 

extinguished and subsequently reinstated by exposure to the previously drug-paired cues. 

Ethanol-paired cues appear to drive reinstatement of ethanol-seeking in male rats, but not 

female rats (Randall et al., 2017). In contrast, cue-induced reinstatement of 

methamphetamine seeking is significantly attenuated in male rats compared to female rats 

(Cox et al., 2013), while cue-induced reinstatement of nicotine-seeking does not appear to 
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differ between males and females (Feltenstein et al., 2012). When trained using either a low 

(0.25mg/kg) or a high (1.0mg/kg) doses of cocaine, females exhibit attenuated cue-induced 

reinstatement of cocaine-seeking compared to males (Fuchs et al., 2005). At the lowest dose 

of cocaine, this attenuated responding appears to be related to estrous phase as non-estrus 

females exhibited cue-induced reinstatement. However, attenuated responding at the highest 

dose was not related to estrous cycle (Fuchs et al., 2005). Using more intermediate doses, 

however, males and females display similar degrees of cue-induced reinstatement of cocaine 

seeking (Bechard et al., 2018b; Fuchs et al., 2005).

In studies using male rodents, glutamatergic projections to the nucleus accumbens have been 

implicated in cue-induced reinstatement of drug seeking. Glutamatergic projections from the 

prefrontal cortex to the nucleus accumbens mediate cue-induced reinstatement of ethanol 

(Keistler et al., 2017) and cocaine-seeking (Stefanik et al., 2016; Stefanik and Kalivas, 

2013). Investigations into the specific role of prefrontal cortex and nucleus accumbens 

subregions in cue-induced reinstatement indicate that glutamatergic projections from the 

infralimbic cortex to the nucleus accumbens shell function to suppress cue-induced 

reinstatement of cocaine-seeking (Augur et al., 2016; Lalumiere et al., 2012; Peters et al., 

2008), while the prelimbic cortex projections to the nucleus accumbens core promote cue-

induced reinstatement of cocaine-seeking (Stefanik et al., 2016). Specific neuronal 

ensembles within the infralimbic cortex have also been implicated in inhibitory control over 

cue-induced reinstatement of alcohol seeking (Pfarr et al., 2015). Projections from the 

basolateral amygdala to the nucleus accumbens shell drive cue-induced reinstatement of 

ethanol (Keistler et al., 2017), and cocaine seeking (Stefanik and Kalivas, 2013). The 

contribution of these projections to cue-induced reinstatement in females remains to be 

determined. As cues have shown to drive reinstatement of ethanol-seeking in male rats, but 

not female rats (Randall et al., 2017), it is possible that glutamatergic projections from the 

prefrontal cortex to the nucleus accumbens to the nucleus accumbens are differentially 

engaged in females.

Extracellular glutamate levels are also elevated in the nucleus accumbens during cue-

induced reinstatement of ethanol seeking (Gass et al., 2011). Viral overexpression of Gi-

coupled mGluR2 in infralimbic cortex projections attenuates cue-induced reinstatement of 

ethanol seeking (Meinhardt et al., 2013). Activation of mGluR2/3 within the nucleus 

accumbens appears to impair cue-induced reinstatement of nicotine (Liechti et al., 2007). In 

contrast, antagonism or negative allosteric modulation of Gq-coupled mGluR5 receptors in 

the nucleus accumbens blocks cue-induced reinstatement of cocaine and ethanol seeking 

(Knackstedt et al., 2014; Sinclair et al., 2012). As mGluR5 has been shown to mediate 

estradiol-induced alterations in spine density in the nucleus accumbens (Peterson et al., 

2015), it remains to be seen whether the efficacy of mGluR5 antagonism would vary across 

the estrous cycle in females (Table 1). Modulation of NMDA receptors results in contrasting 

effects on reinstatement depending on the brain region being targeted. Antagonism of 

NMDA receptors impairs cue-induced reinstatement of cocaine seeking when administered 

into the basolateral amygdala (Feltenstein and See, 2007) (Table 1), but increases 

reinstatement when administered into the nucleus accumbens shell (Famous et al., 2007). 

Though the effect of NMDA receptor antagonism on cue-induced reinstatement of cocaine 
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seeking has not been investigated in females, females may be differentially affected due to 

higher levels of the NR1 subunit in the amygdala at baseline (Wang et al., 2015) (Table 1).

Reinstatement of drug seeking can also be achieved by exposure to the drug following 

extinction training. Males and females reinstate cocaine-seeking to a similar degree, estrus 

females exhibit potentiated cocaine-primed reinstatement of cocaine-seeking (Kippin et al., 

2005), while females show enhanced sensitivity to methamphetamine-primed reinstatement 

(Cox et al., 2013). Although nicotine-primed reinstatement does not differ between males 

and females, when combined with cues, females exhibit attenuated reinstatement compared 

to males (Swalve et al., 2016). Together these data suggest that males and females may be 

differentially susceptible to risk factors for relapse-related behaviors.

Prelimbic cortex projections to the nucleus accumbens core appear to drive drug-primed 

reinstatement of cocaine seeking (McFarland et al., 2003) and methamphetamine (Rocha 

and Kalivas, 2010) seeking.. The prelimbic cortex and nucleus accumbens core both also 

appear to be involved in drug-primed reinstatement of methamphetamine seeking, though 

the contribution of t e specific prelimbic cortex to nucleus accumbens core projections has 

not been assessed in methamphetamine-primed reinstatement (Rocha and Kalivas, 2010). 

The nucleus accumbens core and prelimbic cortex may be preferentially engaged in a sex- 

and estrous phase-dependent manner driving the potentiation of drug-primed reinstatement 

in females for methamphetamine and in estrus females for cocaine. Further evidence for the 

critical role of the nucleus accumbens in drug-primed reinstatement comes from 

pharmacological data showing that activation of mGluR2/3 in the nucleus accumbens 

impairs cocaine-primed reinstatement (Peters and Kalivas, 2006).

Sex differences are also observed in stress induced relapse-like behaviors. Exposures to 

stressors such as restraint stress and forced swim stress and pharmacological manipulation 

of cortisol levels have all been used to model stress-induced reinstatement. Females are more 

sensitive to stress-induced and stress modulation of cue-induced reinstatement of ethanol 

seeking (Bertholomey et al., 2016) and corticotropin releasing factor-induced reinstatement 

of cocaine seeking in a subset of rats considered high responders (Buffalari et al., 2012). 

Female rats are also more sensitive to yohimbine-induced reinstatement of 

methamphetamine seeking compared to male rats (Cox et al., 2013). Male and female rats 

exhibit similar stress-induced reinstatement of nicotine (Feltenstein et al., 2012) and cocaine 

seeking, however, proestrus females exhibit enhanced cocaine reinstatement following stress 

prior to cue-induced reinstatement (Feltenstein et al., 2011).

Although sex differences in the glutamatergic mechanisms underlying stress-induced 

reinstatement of drug seeking behaviors have not been assessed, accumulating evidence 

indicates that stress alone may result in sex differences in glutamate transport, which may 

have important implications for stress-induced reinstatement. Repeated stress results in 

reduced glutamatergic neurotransmission in the PFC of male, but not female rats (Wei et al., 

2014). Males also exhibited significant reductions in various subunits of AMPA and NMDA 

receptors, an effect which was not observed in females (Wei et al., 2014). This sex-specific 

response to repeated stress appears to be modulated by estradiol as blocking estrogen 

receptors in females resulted in similar reductions in PFC glutamate neurotransmission and 
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glutamatergic receptor subunit expression, while estradiol administration in males blocked 

the effects of stress (Wei et al., 2014). While females may be more resilient to the effects of 

chronic stress on glutamate receptor alterations, it is unknown whether chronic drug 

exposure-induced glutamatergic alterations in females may contribute to enhanced 

susceptibility to stress-induced reinstatement of drug seeking. Further, it is also possible that 

as estradiol levels fluctuate across the estrous cycle, this resilience to stress-induced 

glutamatergic transmission and receptor composition may fluctuate as well. In contrast, 

females do exhibit stress-induced alterations in glutamate transporter expression. Sub-

chronic variable stress results in increased VGLUT2 in the NAc in female mice to a much 

greater degree than in male mice (Brancato et al., 2017). Following chronic social defeat 

stress, both males and females exhibit a decrease in GLT1 in the striatum, while females 

exhibit a decrease in the PFC (Rappeneau et al., 2016). Females, but not males, also exhibit 

a reduction in GFAP immunoreactivity in the PFC and NAc following chronic social defeat 

stress. Despite differences in stress-induced alterations in GLT1 expression and GFAP 

immunoreactivity in the nucleus accumbens, both males and females exhibit similar 

reductions in extracellular glutamine (Rappeneau et al., 2016), demonstrating that similar 

outcomes may be mediated by different underlying mechanisms in males and females.

Importantly, while these behavioral assessments of the contribution of glutamatergic 

projections to reinstatement related behaviors were predominantly performed in males, the 

same circuits may contribute to relapse-related behaviors in females. Further, sex and estrous 

cycle-based differences in glutamate circuit function might contribute to observed sex 

differences in behavior. For example, NMDAR antagonism in the amygdala reduces cue-

induced reinstatement in males but may have sex-dependent effects due to higher levels of 

NR1 in the amygdala of females (Table 1), but these differences remain to be assessed 

experimentally.

3.2 Sex Differences in Pharmacological Effects of Drug Seeking

Sex differences in the efficacy of pharmacologically altering glutamate uptake have been 

identified. The cystine prodrug, N-acetylcysteine, which increases glutamatergic tone on 

presynaptic glutamate receptors by enhancing cystine/glutamate exchange via system xc−, 

has been shown to reduce self-administration (Lebourgeois et al., 2018; Reichel et al., 2011; 

Zhou and Kalivas, 2008) and reinstatement of drug seeking behaviors (Reichel et al., 2011; 

Reissner et al., 2015). Recently, it was shown that N-acetylcysteine reduces cue-induced 

reinstatement of nicotine seeking in male, but not female rats, regardless of estrous phase 

(Goenaga et al., 2019), indicating either that reinstatement of nicotine seeking may be 

mediated by distinct mechanisms in male and females or that males and females are 

differentially impacted by N-acetylcysteine effects on glutamate levels (Table 1). 

Alternatively, system xc− may not be critical to glutamate homeostasis in females, as 

mutation of the xCT subunit in the striatum does not decrease glutamate levels as it does in 

males (Borra et al., 2014). Estrous phase also influences efficacy of pharmacologically 

manipulated glutamate uptake as upregulation of GLT1 and system xc− in the NAc of male 

and female rats using the β-lactam antibiotic, ceftriaxone, attenuates reinstatement of 

cocaine-seeking in male and non-estrus female rats (Bechard et al., 2018b). In contrast, 

increasing glutamate uptake in the NAc and PFC using ceftriaxone reduces ethanol 
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consumption in both male and female alcohol-preferring rats (Alhaddad et al., 2014; 

Qrunfleh et al., 2013; Rao and Sari, 2014; Sari et al., 2013, 2011). Despite similar effects in 

males and females, it is possible that ceftriaxone may be mediating its effects primarily via 

GLT1 in females in light of the previously observed lack of effect of system xc− 

manipulation on glutamate uptake in females (Borra et al., 2014) (Table 1). Interestingly, 

while chronic alcohol exposure reduced GLT1 expression in male rats administering alcohol, 

other groups have reported that female P rats do not exhibit this change in protein expression 

(Ding et al., 2013). Together, these preclinical findings may suggest that GLT1 is a 

particularly promising target for pharmacotherapeutic strategy for reducing drug use in 

females.

3.3 Sex Differences in Drug-induced Glutamate Alterations

Drug exposure appears to alter glutamatergic signaling in a sex-specific manner (Figure 2). 

Recently, it was shown that in the prefrontal cortex, females exhibit reduced baseline 

spontaneous glutamate release, but greater evoked glutamate release following 

methamphetamine self-administration than males, despite similarities in the amount of 

methamphetamine self-administered by males and females (Ignacio Pena-Bravo et al., 

2019). This increase in excitatory neurotransmission was accompanied by an increase in 

NMDA currents, leading the authors to propose that methamphetamine self-administration 

results in upregulation of NMDA receptors in the prefrontal cortex of females. It is also 

possible that basal (Wang et al., 2015) and drug exposure-induced sex differences in NMDA 

receptor subunit composition contribute to alterations in NMDA currents in females, though 

sex differences in the effects of methamphetamine on NMDA receptor subunit expression 

have not been investigated (Table 1).

Although minimal research has investigated sex differences in the role of glutamate 

receptors in drug seeking behaviors, sex differences in drug exposure-induced alterations in 

receptor and receptor subunit expression have been identified (Figure 2). Female, but not 

male, rats exhibit increased expression of the NR1 subunit of the NMDA receptor in the 

cerebral cortex as early as 3 days following exposure to a liquid diet containing ethanol 

(Devaud and Alele, 2004). In contrast, male, but not female, rats exhibit an increase in NR1 

subunit expression in the hippocampus (Devaud and Alele, 2004). Exposure to ethanol also 

results in significant increases in expression of NR2A in the cortex and hippocampus at 9 

days, but this is present in both males and females (Devaud and Alele, 2004). The impact of 

drugs of abuse on receptor expression may also be estrous stage dependent; for example, 

cocaine self-administration selectively increases GluA1 surface expression in estrus females 

relative to non-estrus female rats (Bechard et al., 2018b) (Table 1).

Withdrawal from drug exposure also results in glutamate receptor expression alterations in 

males and females (Figure 2). Ethanol withdrawn female rats exhibit a significant increase in 

NR1 in the cerebral cortex and hypothalamus compared to male rats and control females 

(Devaud and Morrow, 1999). The NR2A subunit is increased in the hippocampus of ethanol-

withdrawn male rats, but increased in the hypothalamus of ethanol-withdrawn female rats 

(Devaud and Morrow, 1999). NR2B expression increases in the cortex of ethanol-withdrawn 

female, but not male rats (Devaud and Alele, 2004). NR2B expression also increases in the 
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hippocampus of both males and females following ethanol withdrawal, but in the cortex, this 

is specific to females (Devaud and Alele, 2004). Cocaine withdrawal modulates receptor 

subunit expression in males, but this has not been investigated in females. Withdrawal from 

cocaine results in a transient increase in NR2A in the basolateral amygdala of males on day 

1 of withdrawal from cocaine (Lu et al., 2005). In contrast, the NR2B subunit is altered by 

cocaine withdrawal in delayed manner, decreasing on day 30 in the basolateral amygdala 

(Lu et al., 2005). The GluR1 subunit of the AMPA receptor is increased in males in the 

basolateral amygdala for up to 30 days of withdrawal from cocaine (Lu et al., 2005) and in 

the nucleus accumbens shell following extinction of cocaine seeking (Sutton et al., 2003). 

Sex differences in drug-induced alterations in AMPA receptor subunits have not been 

investigated.

In addition to glutamate receptor subunit composition, withdrawal from an ethanol diet also 

appears to result in sex differences in glutamate uptake (Figure 2, Devaud and Alele, 2004). 

Female, but not male, rats also exhibit a significant increase in both glutamate uptake into 

cortical synaptoneurosomes and expression of the neuronal glutamate transporter, EAAT3, 

in the cortex and hippocampus following withdrawal (Alele and Devaud, 2005), suggesting 

that the resilience females exhibit during withdrawal may be in part mediated by an 

increased efficiency at clearing extracellular glutamate following withdrawal.

4. Implications for sex differences in glutamate signaling in drug related 

behaviors

Our understanding of sex differences in drug-seeking behaviors is far from complete, but 

both clinical and preclinical studies have identified sex differences in drug use patterns, 

motivation to take drugs, and factors that drive relapse. Further, the menstrual/estrous cycle 

plays a role in many drug seeking behaviors for some, but not all, drugs of abuse. Men are 

more likely to have a substance use disorder, but women with substance use disorders are 

more likely to experience worse health outcomes. The subjective experience of taking drugs 

is also different for men and women and depends on the drug of abuse.

Men and women are also differentially susceptible to relapse, depending on the drug of 

abuse. Women appear to be more vulnerable to cue-induced relapse of cocaine and nicotine 

seeking (Doran, 2014; Niaura et al., 2002; Robbins et al., 1999), with the menstrual cycle 

further modulating the susceptibility to relapse to cocaine use (Franklin et al., 2004; 

Sofuoglu et al., 2007). Although rodent models indicate that males and females are similarly 

susceptible to cue-induced reinstatement of cocaine and nicotine seeking (Feltenstein et al., 

2012; Fuchs et al., 2005), cue-induced cocaine reinstatement is modulated by the estrous 

cycle (Fuchs et al., 2005). In contrast, men and male rodents are more susceptible to cue-

induced relapse to alcohol use, while women and female rodents exhibit enhanced 

susceptibility to stress-induced alcohol seeking (Barker and Taylor, 2019). While clinical 

data has not investigated sex differences in susceptibility to relapse to methamphetamine 

use, preclinical data suggests that female rodents are more susceptible to both cue and stress-

induced reinstatement (Cox et al., 2013). The menstrual cycle may further modulate the 

susceptibility to relapse to cocaine use. For example, women experience greater cue-induced 
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craving of nicotine during the luteal phase relative to the follicular phase, suggesting a 

higher risk of relapse (Franklin et al., 2004). Women experience increased cue and stress-

induced craving of cocaine when progesterone levels are lower (Sofuoglu et al., 2007). 

While both estrous cycle and menstrual cycle dependent changes in drug seeking have been 

identified, phases of the estrous cycle in rodents cannot be correlated exactly with phases of 

the menstrual cycle. Thus, in designing intervention strategies, it will be important to 

consider both the effects of menstrual phase and hormone level on craving as we can 

identify critical periods during which women may be at an elevated risk for relapse. Future 

studies should consider the factors that drive relapse in men and women as well as consider 

the role of hormones in relapse.

We also know that the glutamate system is differentially regulated in females compared to 

males at baseline, in response to drug use/exposure, and by stress (Table 1). These 

alterations appear to be modulated, in some cases, by the estrous cycle. For example, drug 

exposure induced alterations in GluA1 during estrus may represent a potential mechanism 

driving enhanced responding for cocaine during estrus. Further, spine density in the NAc is 

modulated by estradiol levels via mGluR5 and this may have implications for mGluR5 as a 

target for substance use disorders in females. Thus, estrous cycle regulation of glutamatergic 

alterations is an important factor to consider. Future research should also consider the role of 

hormones in glutamatergic alterations in males. Testosterone does not affect NR2A, NR2B, 

and NR1 mRNA in the hippocampus and cingulate cortex (Weiland et al., 1997), but it is 

unknown how testosterone levels may affect metabotropic glutamate receptor expression or 

glutamate transporters or in other brain regions. Similar to what has been observed with 

estradiol in females, testosterone and dihydrotestosterone have been shown to modulate 

spine density in the hippocampus in males (Hatanaka et al., 2015). Estradiol has also been 

shown to modulate glutamate synaptic potentiation via different receptors in males and 

females (Oberlander and Woolley, 2016). Thus, the same hormones may be acting via 

different mechanisms to modulate glutamate neurotransmission in males and females.

Observed sex and estrous cycle specific patterns of response to pharmacological 

manipulations may be mediated by either differences in response to pharmacological 

manipulations or by mechanistic differences underlying drug use, and a further 

understanding of these differences will enable development of personalized and targeted 

pharmacotherapeutic strategies (Table 1). For example, multiple small pilot studies have 

identified N-acetylcysteine as a promising therapeutic for the treatment of addiction-related 

behaviors. N-acetylcysteine treatment has been shown to reduce craving (Mousavi et al., 

2015) in methamphetamine-dependent individuals and both craving (Amen et al., 2010) and 

relapse (Mardikian et al., 2007) in cocaine-dependent individuals, with mixed results in 

nicotine-dependent individuals (Froeliger et al., 2015; Schmaal et al., 2011). Most of these 

studies identify the major limitation that their studies contain insufficient numbers of female 

subjects to determine if N-acetylcysteine is effective in women. Preclinical research has 

indicated that modulation of glutamate signaling as an effective therapeutic strategy may be 

both sex- and estrous cycle-dependent as N-acetylcysteine is effective at reducing cue-

induced reinstatement of nicotine seeking in males, but not females (Goenaga et al., 2019) 

and ceftriaxone was only effective at reducing reinstatement of cocaine seeking in male and 

non-estrus females (Bechard et al., 2018b). Consideration of these differences in the 
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neurobiology of drug abuse may necessitate sex-specific treatment strategies for preventing 

relapse. This is supported by preclinical data suggesting that pharmacological therapeutics 

targeting the glutamate system are not equally effective in males and females. By continuing 

to investigate sex differences in the neurobiological underpinnings of drug seeking behaviors 

and considering important factors such as baseline and drug-induced differences in 

glutamate signaling and the role of the menstrual cycle, we can identify therapeutic targets 

that are more effective in both men and women.
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Highlights

• Drug seeking behaviors are modulated by sex and menstrual/estrous cycle

• Sex, estrous cycle, and drug exposure interact to regulate the glutamate 

system

• Effects of modulation of the glutamate system on drug seeking are sex 

specific
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Figure 1. Sex- and estrous cycle-dependent alterations in hippocampal glutamate receptor 
expression.
Sex differences in expression of both metabotropic and ionotropic glutamate receptors have 

been identified within the hippocampus. The metabotropic receptors mGluR2/3 and mGluR5 

are expressed at higher levels in females than males (Wang et al., 2015), but how this varies 

by estrous phase has not been investigated. Conversely, females express lower levels of 

ionotropic receptors within the hippocampus, but this appears mostly specific to the estrus 

phase of the estrous cycle (Palomero-Gallagher et al., 2003). Expression levels of ionotropic 

receptors have not been assessed for the either proestrus or metestrus, thus it remains unclear 

how the surge in estradiol and progesterone that occur during proestrus may alter expression 

patterns. These sex- and estrous cycle-dependent differences may underlie differential risk 

for addictive behavior and/or variance in response to treatment. Lines represent approximate 

increases or decreases in glutamate receptor expression in the hippocampus in males versus 

females and across the estrous cycle. Dashed lines represent receptor expression levels for 

which estrous cycle has not been assessed.
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Figure 2. State of knowledge about sex differences in ethanol-induced glutamatergic alterations.
Research investigating glutamatergic projections and alterations in glutamate levels, uptake, 

and receptor expression implicated in ethanol seeking and exposure for which no sex 

differences are present (green), for which sex differences have been identified (purple), and 

for which sex differences have not been investigated (blue). Identification of drug exposure-

related sex differences in the glutamate system have been limited primarily to glutamate 

receptor subunit (Devaud and Morrow, 1999, Devaud and Alele, 2004) and transporter 

(Alele and Devaud, 2005) expression in the hippocampus and chronic ethanol exposure- 

induced effects on glutamate release in the amygdala. However, some receptor subunit 

alterations are observed in both sexes (Devaud and Alele, 2004). Pharmacological 

manipulation of glutamate uptake in the PFC and NAc also alters ethanol consumption 

similarly in both males and females Sari et al., 2011, 2013; Qrunfleh et al., 2013; Alhaddad 

et al., 2014; Rao and Sari, 2014). In general, the roles of specific projections in ethanol-

seeking behaviors have not been investigated in females (Gass et al., 2011, Pati et al., 2016, 

Keistler et al., 2017, Millan et al., 2017, Millan and McNally, 2011).
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