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Abstract

The basolateral amygdala (BLA) is intimately involved in the development of neuropsychiatric 

disorders such as anxiety and alcohol use disorder (AUD). These disorders have clear sex 

biases with women more likely to develop an anxiety disorder and men more likely to 

develop AUD. Preclinical models have largely confirmed these sex-specific vulnerabilities and 

emphasize the effects of sex hormones on behaviors influenced by the BLA. This review 

will discuss sex differences in BLA-related behaviors and highlight potential mechanisms 

mediated by altered BLA structure and function, including the composition of GABAergic 

interneuron subpopulations, glutamatergic pyramidal neuron morphology, glutamate/GABA 

neurotransmission, and neuromodulators. Further, sex hormones differentially organize dimorphic 

circuits during sensitive developmental periods (organizational effects) and initiate more transient 

effects throughout adulthood (activational effects). Current literature indicates that estradiol 

and allopregnanolone, a neuroactive progestogen, generally reduce BLA-related behaviors 

through a variety of mechanisms including activation of estrogen receptors or facilitation of 

GABAA-mediated inhibition, respectively. This enhanced GABAergic inhibition may protect 

BLA pyramidal neurons from the excitability associated with anxiety and alcohol withdrawal. 

Understanding sex differences and the effects of sex hormones on BLA structure and function 

may help explain sex-specific vulnerabilities in BLA-related behaviors and ultimately improve 

treatments for anxiety and AUD.
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Introduction

Men and women are diagnosed with anxiety disorders and alcohol use disorders (AUD) at 

different rates. Women have a significantly higher risk for anxiety disorders than men, with 

a lifetime prevalence of 40.4% in adult women compared to 26.4% in adult men (Kessler et 
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al., 2005, 2012). The higher prevalence of anxiety disorders in women may be influenced 

by natural fluctuations in sex hormone levels over the course of the menstrual cycle. These 

fluctuations, as well as a dramatic reduction in hormone levels during postpartum periods, 

can exacerbate anxiety symptoms (van Veen et al., 2009). In comparison, men are nearly 

twice as likely to develop AUD according to the 2018 National Survey on Drug Use 

and Health (Substance Abuse and Mental Health Services Administration, 2019)(Substance 

Abuse and Mental Health Services Administration, 2019). Alcohol withdrawal symptoms, 

such as withdrawal-induced seizures, delirium tremens, and anxiety, are more common and 

often more severe in men (Deshmukh et al., 2003; Erol & Karpyak, 2015). Despite these 

outcomes, alcohol-dependent women escalate their alcohol consumption at a faster rate and 

are more at risk for alcohol-related diseases (Devaud et al., 2006; Erol & Karpyak, 2015; 

Giacometti & Barker, 2020). Importantly, exposure to traumatic events, with or without 

subsequent post-traumatic stress disorder, dramatically increases the risk for developing an 

AUD in women (Breslau et al., 1997, 2003). These data suggest that sex differences may 

underlie unique vulnerabilities to AUD-related neuropsychiatric disorders. Understanding 

the mechanisms for these sex-dependent vulnerabilities may uncover neurobiological 

mechanisms that therapeutics can exploit. This work will review preclinical literature to 

highlight potential anatomical and neurophysiological mechanisms for these sex differences.

The amygdala is one of several brain regions that has been implicated in a variety of 

neuropsychiatric disorders, including anxiety and AUD (Christian et al., 2012, 2013; Diaz et 

al., 2011a, 2011b; McGinnis et al., 2020a, 2020b; Morales et al., 2018). The amygdala 

is comprised of 13 subnuclei including the prominent subdivisions lateral amygdala 

(LA), basolateral amygdala (BA), central amygdala (CeA), and medial amygdala (Sah 

et al., 2003). The LA and BA (together the BLA), in particular, have unique positions 

within aversion- and reward-related circuitry and together form the primary input nucleus 

of the amygdala, receiving sensory, executive, and memory-related information (Figure 

1). Glutamatergic inputs arriving through the external capsule (‘lateral’ inputs) provide 

executive and processed sensory information from more lateralized cortical sources such as 

the temporal, insular, and lateral prefrontal cortices (Leichnetz & Astruc, 1977; McDonald, 

1998; McDonald et al., 1996; Sah et al., 2003). The stria terminalis, a white matter tract 

located just medial to the BLA, provides glutamatergic inputs arriving from more midline 

brain structures including the medial prefrontal cortex (mPFC) and polymodal sensory 

thalamus. The BLA processes and consolidates information from these distinct inputs and 

relays it to downstream regions. For example, BLA neurons projecting to reward-related 

regions like the nucleus accumbens (NAC) are preferentially responsive to reward-predictive 

cues, suggesting that they encode positive valence (Beyeler et al., 2016). The BLA-NAC 

projection promotes self-stimulation (Britt et al., 2012; Namburi et al., 2015; Stuber et 

al., 2011) as well as reward-seeking (Stuber et al., 2011) and is strengthened by reward 

conditioning (Namburi et al., 2015). BLA neurons also project to fear and anxiety-related 

regions like the CeA and bed nucleus of the stria terminalis (BNST). These neurons 

are preferentially responsive to aversive cues (Beyeler et al., 2016) and the BLA-CeA 

projection is strengthened by fear conditioning (Namburi et al., 2015). BLA neurons also 

send reciprocal projections back to medial and lateral frontal cortical areas to influence 

executive processes in the context of emotionally relevant stimuli.
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This review discusses potential structural and functional mechanisms underlying sex 

differences in anxiety and AUD. We will begin by describing the organizational and 

activational effects of sex steroids, as well as how sex hormones are synthesized. Then 

we will cover baseline sex differences and the effects of sex hormones on behaviors 

that the BLA influences, including anxiety, fear conditioning and stress interactions, and 

alcohol consumption/withdrawal. Finally, we will detail sex differences in BLA structure 

and function, as well as the effects of sex hormones, stress, fear conditioning, and alcohol 

exposure. The sections on BLA structure and function are as follows: cellular composition; 

cellular morphology; glutamate, GABA, and excitability; dopamine system; and serotonin 

system.

Organizational and Activational Effects of Sex Steroids

As will be detailed throughout this review, structural and functional differences in the BLA 

may underlie sexually divergent behaviors, particularly differential responding to stress 

and anxiety interactions with alcohol. Sex differences generally arise from genes encoded 

within the sex chromosomes (genotypically XX or XY within individual animals). These 

genes can directly influence developmental processes (organizational effects) as well as 

transiently influence neuronal activity via circulating sex hormones across the life span 

(activational effects). For example, the testes-determining gene (Sry) and related genes 

drive the development of gonads and ultimately the production of gonadal hormones 

during early development (Puralewski et al., 2016). Exposure to these hormones during 

sensitive periods of embryonic and postnatal development organizes sexually dimorphic 

neural circuits. These organizational effects are considered relatively permanent and were 

first highlighted in the 1959 study by Phoenix, Goy, Gerall, and Young (Phoenix et al., 1959) 

which related how sex hormones can organize tissues mediating mating behavior. In adults, 

the activational effects of circulating sex hormones, particularly during the menstrual/estrous 

cycle, modulate these dimorphic neural circuits to initiate transient sex-specific neural and 

ultimately behavioral responses (see Arnold, 2009; Schulz & Sisk, 2016; Wallen, 2009 for 

review on organizational and activational effects of sex hormones).

Sex hormones represent distinct families of cellular modulators, including progestogens, 

androgens, and estrogens. These are produced in varying quantities in both males 

and females. The neuroactive progestogen allopregnanolone (also referred to as 

3α,5α-tetrahydroprogesterone or 3α-hydroxy-5α-pregnan-20-one) is synthesized from 

progesterone by isozymes of the enzyme 5alpha-reductase (5α-reductase) and by the 

enzyme 3alpha-hydroxysteroid dehydrogenase (3α-HSD). Importantly, 5α-reductase type 

I and 3α-HSD are expressed in the BLA suggesting that allopregnanolone is locally 

synthesized (Agís-Balboa et al., 2006). In the LA nucleus of the BLA, allopregnanolone 

immunoreactivity is localized near both vesiclular glutamate and GABA transporter 

immunoreactivity suggesting it could influence both synapses (Maldonado-Devincci et 

al., 2014a). These studies were conducted in male mice (Agís-Balboa et al., 2006; 

Maldonado-Devincci et al., 2014a), but females are expected to show similar expression 

and colocalization patterns. Progestogens also serve as substrates for androgen biosynthesis, 

including testosterone and dihydrotestosterone, that bind to androgen receptors (AR). 

The enzyme cytochrome P450 aromatase (AROM) can then synthesize estrogens from 
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androgens. Estradiol is the primary estrogen expressed in females, although other estrogens 

like estrone and estriol are also present. BLA neurons in both sexes express AROM, AR, the 

classic nuclear estrogen receptors alpha (ERα) and beta (ERβ), and the transmembrane 

G protein-coupled estrogen receptor (GPR30) (Bender et al., 2017; Blurton-Jones & 

Tuszynski, 2002; Osterlund et al., 1998; Simerly et al., 1990). Notably, ERα is the 

predominant estrogen receptor in the BLA whereas ERβ is predominant in the CeA and 

medial amygdala of female rats (Osterlund et al., 1998). Thus, sexually dimorphic, BLA-

dependent behaviors can be influenced differential steroid receptor activation within BLA 

neurons.

Estrogen and progesterone levels fluctuate naturally during the primate menstrual cycle 

and the rodent estrous cycle. The primate menstrual and rodent estrous cycles are closely 

analogous despite the fact that female rodents do not have a functional corpus luteum and 

therefore do not have a phase analogous to the primate luteal phase (Finn, 2020). The rodent 

estrous cycle lasts 4–5 days and consists of four phases: proestrus, estrus, metestrus (diestrus 

I), and diestrus (II). Estradiol and progesterone levels peak during proestrus and then 

plummet to their lowest levels during estrus (Becker et al., 2005; Blume et al., 2017; Butcher 

et al., 1974; Vetter-O’Hagen & Spear, 2012). Progesterone levels have a small, secondary 

peak midway through diestrus I and II while estrogen levels rise later to peak as the 

rodents reenter proestrus. The phase of the estrous cycle can be experimentally determined 

by measuring serum estradiol and progesterone levels or by evaluating changes in vaginal 

cytology (Becker et al., 2005). Hormonal fluctuations during the estrous cycle have the 

same pattern in younger female rodents beginning puberty as they do in older females, but 

the overall increase in sex hormones during adolescence and early adulthood allows for 

more pronounced changes in adults (Vetter-O’Hagen & Spear, 2012). In male rats, serum 

testosterone levels also fluctuate over a 4-day cycle and peak every 8–12 hours in a 24-hour 

period (Diatroptov, 2011; Diatroptov et al., 2017; Waite et al., 2009). The activational effects 

of sex hormones, driven by natural hormone fluctuations, are often examined experimentally 

by performing a gonadectomy (referred to as an ovariectomy in females, orchiectomy/

castration in males) and supplying exogenous circulating sex hormones or vehicle.

Sex Differences in BLA-Related Behaviors

Sex Differences in Anxiety

Baseline Sex Differences—Women are more likely to develop anxiety disorders than 

men (Kessler et al., 1994; Seedat et al., 2009), and dramatic changes in sex hormone 

levels influence the severity of anxiety symptoms (Maeng & Milad, 2015; van Veen et al., 

2009). Preclinical models of anxiety were developed and validated decades ago including 

the elevated plus maze (EPM), light-dark box, open field test (OFT), social interaction test, 

and Vogel conflict test. Since then, studies examining how sex and sex hormones influence 

anxiety-like behavior have yielded inconsistent results. These studies are summarized in 

Table 1. In the EPM, studies have reported that female rodents exhibit less anxiety-like 

behavior than males (Domonkos et al., 2017; Frye et al., 2000; Knight et al., 2021; 

Scholl et al., 2019; Xiang et al., 2011) or no significant sex differences (Marcondes et 

al., 2001). Similarly, in the OFT, female rodents show less anxiety-like behavior than males 
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(Domonkos et al., 2017; Knight et al., 2021) or there are no sex differences (Scholl et al., 

2019). In contrast, female rodents exhibit more anxiety-like behavior than males in the Vogel 

conflict test (De Jesus-Burgos et al., 2016) and social interaction test (Carrier & Kabbaj, 

2012; Johnston & File, 1991; Stack et al., 2010). Given that these models were validated 

at a time when it was common to only use male rodents, sex differences observed in these 

models may also reflect differences in coping strategies. For instance, locomotor activity 

appears to impact the activity levels of female rodents exploring the EPM more so than 

anxiety (Fernandes et al., 1999).

The Effects of the Estrous Cycle and Sex Hormones—Preclinical studies utilizing 

the EPM have found that anxiety-like behavior decreases during proestrus compared to 

diestrus, suggesting that estradiol or progesterone may diminish anxiety-like behavior in 

female rats relative to that measured in males (Bitran & Dowd, 1996; Brunton & Russell, 

2010; Frye et al., 2000; Marcondes et al., 2001). Indeed, estradiol is anxiolytic in female 

rodents (Koss et al., 2004; Marcondes et al., 2001; Tian et al., 2013; Walf & Frye, 2005a; 

Wang et al., 2019) and estrogen withdrawal, typical of the postpartum period, increases 

anxiety-like behavior in the EPM (Yang et al., 2017), consistent with epidemiological 

reports of increased symptom severity during the postpartum period in humans. Although, 

estradiol is generally anxiolytic in the EPM, some studies have failed to find an effect 

of estradiol on anxiety-like behavior in female rodents (Anchan et al., 2014; Renczés et 

al., 2020). Similarly, in the OFT, estradiol decreases (Renczés et al., 2020; Walf & Frye, 

2005a) or has no effect (Anchan et al., 2014) on anxiety-like behavior in female rodents. 

Thus, estradiol may explain how female rodents are typically less anxious in the EPM 

and OFT than their male counterparts (Domonkos et al., 2017; Frye et al., 2000; Knight 

et al., 2021; Scholl et al., 2019; Xiang et al., 2011). In the social interaction test, where 

females rodents typically have higher anxiety-like behavior than males, estradiol appears to 

increase anxiety-like behavior (Koss et al., 2004) although that is not always the case (Stack 

et al., 2010). Estradiol’s impact on anxiety-like behavior could be mediated through the 

classical estrogen receptors ERα and ERβ, or GPR30. The anxiolytic effects of estradiol are 

dependent on ERβ, not ERα, activation in the OFT, EPM, light-dark box, and vogel conflict 

test in ovariectomized rats (Lund et al., 2005; Walf & Frye, 2005b). Moreover, female ERβ 
knockout mice have more anxiety-like behavior compared to their wildtype counterparts 

(Imwalle et al., 2005). GPR30 activation is also reported to be anxiolytic in female mice 

exploring the EPM and OFT (Anchan et al., 2014; Tian et al., 2013).

Progesterone and allopregnanolone levels peak during proestrus as well, coinciding with 

a decrease in anxiety-like behavior in female rats (Frye et al., 2000). This suggests 

that progestogens are anxiolytic in female rodents, and indeed they are in the burying 

behavior task and EPM (Bitran et al., 1995; Bitran & Dowd, 1996; Picazo & Fernández-

Guasti, 1995). Conversely, progestogen withdrawal increases anxiety-like behavior in the 

EPM (Smith et al., 1998). Progesterone is converted to neuroactive progestogens like 

allopregnanolone which act as positive allosteric modulators of GABAA receptors (Belelli & 

Lambert, 2005; Nuss, 2015). The potentiation of GABAA receptors produces the anxiolytic 

effects of neuroactive progestogens (Nuss, 2015). Altogether, estradiol and progestogens 
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generally reduce anxiety-like behaviors through the activation of ERβ and GPR30 for 

estradiol and the potentiation of GABAA receptors for progestogens.

Few studies have investigated how androgens alter anxiety-like behavior. Testosterone 

treatment typically decreases anxiety-like behavior in the EPM, OFT, and burying behavior 

test through AR activation and through its aromatase-derived metabolites like estradiol 

(Bitran et al., 1993; Carrier et al., 2015; Fernández-Guasti & Martínez-Mota, 2005). 

Conversely, androgen-insensitive male mice have higher anxiety levels than wildtype 

controls in the EPM (Hamson et al., 2014). These data would suggest that testosterone 

is anxiolytic; however, prenatal exposure to testosterone in female rats increases anxiety-like 

behavior in the EPM (Rankov Petrovic et al., 2019). Altogether, testosterone appears to be 

anxiolytic in male rodents, but prenatal exposure to testosterone in female rodents engenders 

a male-phenotype and is anxiogenic in the EPM.

Sex Differences in Fear Conditioning and Stress-Enhanced Fear Conditioning

Baseline Sex Differences—Sex differences in fear conditioning and extinction, as well 

as stress-mediated changes to fear learning, depend on the type of conditioned stimulus used 

to establish the fear-memory (Table 1). During fear conditioning, animals are presented with 

a neutral stimulus paired with an aversive stimulus like footshock. After repeatedly pairing, 

animals ‘learn’ that the originally neutral stimulus now predicts the aversive stimulus 

(unconditioned stimulus or US). At this point, the neutral stimulus has become a conditioned 

stimulus (CS) and will elicit a fear response. In cued fear conditioning, the CS is typically 

a simple sensory cue, most commonly a distinct auditory stimulus. In contextual fear 

conditioning, the CS is represented by a complex environment composed of novel tactile 

and visual stimuli. Fear conditioning paradigms have traditionally measured freezing to 

assess fear behaviors, but rodents can also express fear through escape-like darting behavior 

(Gruene et al., 2015; Ribeiro et al., 2010) or ultrasonic vocalizations (Kosten et al., 2006). 

Female rodents generally exhibit more darting behavior and less ultrasonic vocalizations 

during fear conditioning compared to males (Gruene et al., 2015; Kosten et al., 2006; 

Ribeiro et al., 2010). During extinction trials, the CS is repeatedly presented without the US. 

Once animals ‘learn’ that the neutral stimulus no longer predicts the aversive stimulus, the 

expression of conditioned responses like freezing and darting decrease.

At baseline, male and female rodents differ in their fear conditioning response and 

extinction depending on the CS. In cued fear conditioning paradigms, male and female rats 

freeze similarly during conditioning, but males extinguish freezing behavior more quickly 

than females during repeated CS presentations (Baran et al., 2009). In contrast, female 

rodents freeze less and extinguish more quickly than males in contextual fear conditioning 

paradigms (Daviu et al., 2014; Gupta et al., 2001; Maren et al., 1994; Ribeiro et al., 2010). 

In both paradigms, female rats engage in far more escape-like darting compared to males 

(Gruene et al., 2015; Ribeiro et al., 2010). In fact, female rats are four times more likely to 

exhibit escape-like darting behaviors during cued fear conditioning compared to males with 

approximately 40% of females are classified as “darters” compared to only 10% of males 

(Gruene et al., 2015). This suggests that females may favor the escape-like darting coping 

strategy as opposed to freezing.
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Stress models including chronic variable stress, restraint stress, maternal separation, and 

social isolation can also alter fear conditioning and extinction. In chronic variable stress 

models, animals are exposed to multiple stressors including forced swim, vibration, restraint, 

cold temperature, ultrasound, crowding, and isolation stress. The animals are exposed to two 

stressors per day for seven days with each stressor being experienced twice over the 7-day 

treatment. In cued fear conditioning paradigms, chronic variable stress enhances freezing 

behavior in female mice but has no effect in males (Sanders et al., 2010). Ovariectomized 

females also express stress-enhanced freezing, suggesting this sex-dependent response 

reflects organizational differences in fear circuitry established during development (Sanders 

et al., 2010). During contextual fear conditioning, chronic variable stress increases freezing 

exclusively in males (McGuire et al., 2010; Sanders et al., 2010), and impairs fear extinction 

in males (McGuire et al., 2010). These findings illustrate that the effects of chronic variable 

stress rely heavily on the CS.

Chronic restraint stress lasting at least 7 days has mixed effects on fear conditioning in 

both sexes. In male rodents, restraint stress increases freezing behavior during cued fear 

conditioning in some studies (Blume et al., 2019; Zhang & Rosenkranz, 2013), but not 

others (Baran et al., 2009; Negrón-Oyarzo et al., 2014; Sanders et al., 2010). Likewise, 

studies have shown that restraint stress impairs (Zhang & Rosenkranz, 2013) or has no 

effect on (Baran et al., 2009; Blume et al., 2019; Negrón-Oyarzo et al., 2014) cued fear 

extinction, and may impair cued fear extinction recall in males (Baran et al., 2009; Negrón-

Oyarzo et al., 2014). Restraint stress does not appear to affect freezing responses in male 

mice conditioned to context (Sanders et al., 2010). With similarly mixed results, chronic 

restraint stress has no effect on freezing during cued fear conditioning in intact female 

rodents (Blume et al., 2019; Sanders et al., 2010; Takuma et al., 2012), and either increases 

(Hoffman et al., 2010) or decreases (Takuma et al., 2012) freezing in ovariectomized 

females. Furthermore, studies have found that restraint stress either impairs (Blume et al., 

2019; Hoffman et al., 2010) or facilitates (Baran et al., 2009) cued fear extinction, and 

facilitates cued fear extinction recall (Baran et al., 2009) in female rodents. In contextual 

fear conditioning paradigms, restraint stress does not affect freezing in intact females, but 

may actually reduce freezing in ovariectomized females (Sanders et al., 2010; Takuma et 

al., 2012). The source of the inconsistent outcomes related to chronic restraint stress are not 

known but may involve procedural differences like the duration of restraint, species/strain 

contributions, or the rodents’ age. More experiments are necessary to fully elucidate how 

restraint stress alters fear conditioning.

Social stress can also impact cued and contextual fear conditioning. Although maternal 

separation has no effect on freezing behaviors, it reduces ultrasonic vocalizations in both 

sexes during cued and contextual fear conditioning (Kosten et al., 2006). In contrast, social 

isolation significantly increases contextual freezing in male mice (Pibiri et al., 2008) and 

decreases freezing (Egashira et al., 2016; Pereda-Pérez et al., 2013) or has no effect (Martin 

& Brown, 2010) in females. Social isolation has no effect on cued fear conditioning for 

either sex (Martin & Brown, 2010; Pereda-Pérez et al., 2013; Pibiri et al., 2008; Skelly et 

al., 2015), but may impair cued fear extinction in male rats (Skelly et al., 2015). Thus, it 

appears that maternal separation alters fear conditioning independent of sex and CS, whereas 
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social isolation enhances fear conditioning specifically in male rodents during contextual 

fear conditioning.

The Effects of Sex Hormones and the Estrous Cycle—Males may be more 

susceptible to stess-enhanced freezing during contextual fear conditioning compared to 

females because some stressors dysregulate sex hormones exclusively in males. Indeed, 

in socially-isolated male mice, there is a 50% decrease in 5α-reductase type I mRNA 

expression and a 75% decrease in allopregnanolone levels in corticolimbic regions like 

the amygdala that coincides with enhanced contextual fear responses (Pibiri et al., 2008). 

Systemic inhibition of 5α-reductase type I in unstressed animals mimics both the stress-

induced increase in freezing and the reduction in amygdala allopregnanolone levels. 

Conversely, systemic allopregnanolone reverses stress-induced freezing (Pibiri et al., 2008). 

In females, social isolation stress does not impact allopregnanolone in cortical regions 

unless they were exposed to chronic testosterone treatment (Pinna et al., 2005); and social 

isolation does not enhance freezing behavior in females (Egashira et al., 2016; Martin & 

Brown, 2010; Pereda-Pérez et al., 2013). These data suggest that social isolation causes 

sex-specific reductions in allopregnanolone synthesis that may control enhanced contextual 

fear conditioning in male rodents.

Estrogen and progestogens modulate fear conditioning/extinction across the estrous cycle 

and appear to be ‘protective’ in both cued and contextual conditioning paradigms. During 

proestrus, there is a transient reduction in freezing behavior and an enhancement of fear 

extinction that mirror rising estrogen and progesterone levels (Blume et al., 2019; Milad 

et al., 2009). Moreover, female rats that were exposed to the initial extinction trials 

during proestrus exhibited enhanced recall of extinction memories 24 hours later (Milad 

et al., 2009). Given that fear learning dysregulates cortical-BLA circuits (Arruda-Carvalho 

& Clem, 2014; Clem & Huganir, 2010; Skelly et al., 2017; Tsvetkov et al., 2002), 

estrogen and progesterone may be ‘protective’ during fear learning by altering synaptic 

plasticity in cortical-BLA circuits. Unlike freezing responses, the rat estrous cycle does 

not impact female-specific darting behaviors (Gruene et al., 2015). Importantly, stressors 

like chronic restraint can alter estrous cycle modulation of fear conditioning and extinction. 

For example, chronic restraint both increases freezing behavior and reduces fear extinction 

during proestrus when reduced freezing/enhanced extinction are more typical (Blume et al., 

2019). The normally protective effects of proestrus likely rely on circulating estrogens and 

progestogens. Estradiol decreases freezing during contextual fear conditioning (Gupta et 

al., 2001; Hoffman et al., 2010) and, in some cases, enhances extinction learning in cued 

paradigms, possibly through through ERβ and NMDA receptor activation (Graham & Scott, 

2018; Zeidan et al., 2011). Furthermore, increasing allopregnanolone levels in the BLA is 

known to reduce cued and contextual fear conditioning in male rats (Acca et al., 2017), 

suggesting that progestogens may have similar ‘protective’ effects in females and that these 

effects are mediated by the BLA.

Sex Differences in Alcohol-Related Behaviors

Baseline Sex Differences and the Effects of Sex Hormones on Alcohol Intake
—The majority of studies have shown that non-dependent female rodents consume more 
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ethanol than non-dependent males using continuous-access two-bottle choice (Almeida et 

al., 1998; Lorrai et al., 2019; Priddy et al., 2017), intermittent-access two-bottle choice 

(Amodeo et al., 2018; Morales et al., 2015; Priddy et al., 2017; Scott et al., 2020; Vetter-

O’Hagen et al., 2009; Vetter-O’Hagen & Spear, 2011), and operant self-administration 

paradigms (Logrip & Gainey, 2020). There are some showing that male rodents have higher 

alcohol intake compared to females (Fernandes et al., 2020; Vetter-O’Hagen et al., 2009) 

or there were no significant sex differences in alcohol intake (Albrechet-Souza et al., 2020; 

Fulenwider et al., 2019; Lorrai et al., 2019; Priddy et al., 2017; Randall et al., 2017; Tavares 

et al., 2019). The source of these inconsistences is not clear.

By using the four core genotype (FCG) mouse model, it is possible to uncouple the effects 

of sex chromosomes and developmental gonadal hormones (Finn, 2020; Puralewski et al., 

2016) and their influence over ethanol drinking. In FCG mice, the testes-determining gene 

is excised from the Y chromosome and reincorporated into the genome as an autosomal 

transgene. The Y sex chromosome is thus decoupled from the development of gonads 

and production of gonadal hormones. Using the FCG model, gonadal females consume 

more alcohol than gonadal males in an operant self-administration paradigm, independent 

of the sex chromosome complement (Barker et al., 2010; Finn, 2020). This suggests 

that the higher alcohol consumption in females can be attributed to the organizational 

effects of developmental gonadal hormones on neural circuits. Moreover, neonatal exposure 

to testosterone facilitates male-like differentiation through its organizational effects. In 

female rodents, neonatal testosterone is quickly aromatized to estrogen, and this exposure 

to testosterone-derived estrogen reduces alcohol intake to mimic the lower alcohol 

consumption in intact males (Almeida et al., 1998; Finn, 2020). These studies suggest that 

the organizational effects of neonatal testosterone is critical for reducing alcohol intake in 

non-dependent males.

The activational effects of sex homones on ethanol drinking are also evident (Table 1). In 

gonadectomized adult male rodents, dihydrotestosterone reduces alcohol intake in two-bottle 

choice paradigms whereas estradiol increases alcohol intake (Almeida et al., 1998; Hilakivi-

Clarke, 1996). Studies investigating how the estrous cycle affects alcohol intake, as well 

as the activational effects of estradiol and progesterone in females, have yielded mixed 

findings. Generally, alcohol intake does not fluctuate over the estrous cycle in two-bottle 

choice and operant self-administration paradigms in rodents (Ford et al., 2002; Fulenwider 

et al., 2019; Lorrai et al., 2019; Priddy et al., 2017; Scott et al., 2020). In non-human 

primates however, alcohol self-administration is significantly higher during the luteal phase 

of the menstrual cycle compared to the follicular phase (Dozier et al., 2019). The peak 

alcohol intake follows the progesterone peak during the luteal phase when progesterone 

levels are rapidly decreasing, suggesting that progesterone may impact alcohol intake in 

female monkeys (Dozier et al., 2019). In contrast, progesterone treatment does not affect 

alcohol self-administration in ovariectomized female rats (Almeida et al., 1998). Similarly, 

serum estradiol levels do not correlate with ethanol intake during self-administration in 

female monkeys (Dozier et al., 2019); but estradiol reduces two-bottle choice alcohol intake 

in female rodents (Almeida et al., 1998; Hilakivi-Clarke, 1996). This is unlikely to be related 

to the rewarding properties of ethanol since estradiol facilitates ethanol-conditioned place 

preference (Almeida et al., 1998; Finn, 2020; Hilderbrand & Lasek, 2018). Notably, while 
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ethanol intake doesn’t change during the rat estrous cycle, bout frequency increases and bout 

size decreases during proestrus in self-administration paradigms (Ford et al., 2002). Thus, 

the activational effects of sex hormones can modulate ethanol-related behaviors as well.

Baseline Sex Differences and Sex Hormones During Alcohol Withdrawal—
Perhaps more intriguing are the consistent and profound sex differences observed during 

alcohol withdrawal, most notably seizure susceptibility and anxiety. Withdrawal symptoms 

are more common and more severe in alcohol-dependent men than women, including an 

increased risk for withdrawal-induced seizures and delirium tremens (Deshmukh et al., 

2003; Erol & Karpyak, 2015; Finn, 2020). Preclinical models demonstrate that female 

rats require longer alcohol exposures to increase seizure susceptibility compared to males 

(Devaud & Chadda, 2001), and that seizure susceptibility during withdrawal declines more 

quickly in female rats (Alele & Devaud, 2007; Devaud & Chadda, 2001). Exogenous 

delivery of neuroactive progestogens, such as allopregnanolone (Bitran et al., 1995; 

Devaud et al., 1995, 1996), pregnanolone (Alele & Devaud, 2007), and the synthetic 

neuroactive steroid and GABAA modulator alphaxalone (Cagetti et al., 2004), decrease 

seizure susceptibility and severity in both male and female rodents, although females are 

more sensitive to their anticonvulsant effects (Devaud et al., 1995). These findings suggest 

that females are both more resilient to withdrawal symptoms compared to males and more 

sensitive to the protective effects of neuroactive progestogens.

Although a single ethanol injection does not impact allopregnanolone immunoreactivity 

in the BLA of male rats (Cook et al., 2014), chronic ethanol reduces allopregnanolone 

immunoreactivity in the LA nucleus, but not BA nucleus, of adult male mice (Maldonado-

Devincci et al., 2014b). Chronic ethanol self-administration also reduces allopregnanolone 

immunoreactivity in the LA, particularly in male monkeys characterized as heavy drinkers, 

and the BA of both heavy and non-heavy drinkers (Beattie et al., 2017). These reductions 

in allopregnanolone immunoreactivity in the amygdala mimic the dramatic decrease in the 

plasma allopregnanolone levels of male monkeys (Beattie et al., 2017). Conversely, chronic 

ethanol self-administration does not affect serum allopregnanolone levels in female monkeys 

(Dozier et al., 2019), suggesting that females may also be resilient to the reduction in 

allopregnanolone immunoreactivity. In support of this, social isolation reduces corticolimbic 

allopregnanolone levels in male but not female mice (Pibiri et al., 2008; Pinna et al., 2005). 

If females can maintain normal allopregnanolone levels during chronic ethanol as well, 

sex-specific facilitation of GABAergic function by allopregnanolone could explain why 

females experience less severe withdrawal symptoms.

Men are also more likely than women to report anxiety during alcohol withdrawal 

(Deshmukh et al., 2003). Although withdrawal-induced anxiety-like behavior has been 

demonstrated in male and female rats using the EPM and social interaction test (Morales 

et al., 2015, 2018; Overstreet et al., 2004), females may require longer or more 

intense ethanol exposures to produce anxiogenisis during withdrawal (Overstreet et al., 

2004). In the novelty-suppressed feeding task, withdrawal-induced anxiety-like behavior 

is observed exclusively in male mice (Jury et al., 2017). Withdrawal-induced anxiety is 

also associated with neurobiological shifts in the balance between excitatory and inhibitory 

neurotransmission. Chronic ethanol and withdrawal reduces GABAergic transmission onto 
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BLA neurons in male rats (Diaz et al., 2011b) and elevates glutamatergic transmission in rats 

of both sexes (Christian et al., 2012, 2013; McGinnis et al., 2020a, 2020b; Morales et al., 

2018; Sizer et al., 2021). Similar to seizure susceptibility, female rats require longer alcohol 

exposures to induce these neurophysiological changes (Morales et al., 2018); and, females 

may recover more quickly compared to males (unpublished observations by M Price). Given 

that ethanol dependence disrupts menstrual/estrous cycles (Finn, 2020; Morales et al., 2018), 

sex hormones may be initially ‘protective’ during chronic ethanol exposure in females. 

While there are numerous reports demonstrating the anxiolytic properties of estradiol and 

neuroactive progestogens in ethanol naïve rats (Bitran et al., 1995; Bitran & Dowd, 1996; 

Marcondes et al., 2001; Picazo & Fernández-Guasti, 1995), estradiol is not an effective 

anxiolytic in the EPM after chronic alcohol exposure (Henricks et al., 2017). Importantly in 

male rats, alphaxalone remains an effective anxiolytic after chronic alcohol, but it is unclear 

if it would remain anxiolytic in females (Cagetti et al., 2004).

Sex Differences in BLA Structure

Cellular Composition

The BLA contains glutamatergic pyramidal cells and a variety of GABAergic interneuron 

subpopulations. Glutamatergic pyramidal cells account for approximately 80% of BLA 

neurons and are the primary drivers of BLA signaling to downstream brain regions (Sah et 

al., 2003). At least two anatomically distinct GABAergic subpopulations regulate pyramidal 

cell activity: GABAergic lateral paracapsular cells (LPCs) and ‘local’ interneurons. 

GABAergic LPCs are clustered near the external capsule along the lateral boundary of 

the BLA and provide feedforward inhibition to glutamatergic pyramidal cells (Marowsky 

et al., 2005). GABAergic ‘local’ interneurons are dispersed throughout the BLA and 

supply feedback inhibition to the pyramidal cells (Spampanato et al., 2011). These ‘local’ 

GABAergic interneurons are a heterogeneous population that differ with respect to the 

expression of calcium-binding proteins, neuropeptides, and synaptic targets (McDonald & 

Mascagni, 2001; McDonald & Pearson, 1989; Prager et al., 2016). The calcium-binding 

proteins parvalbumin (PV) and calbindin (CB) are co-expressed in 40–60% of BLA 

GABAergic interneurons (Mascagni et al., 2009; McDonald & Betette, 2001; McDonald 

& Mascagni, 2001). PV+ interneurons receive excitatory input from and are the main 

source of perisomatic feedback inhibition to BLA pyramidal cells (McDonald et al., 

2005; Muller et al., 2006; Smith et al., 2000). In contrast, the calcium-binding protein 

calretinin (CR) has almost no colocalization with PV or CB in the BLA (McDonald & 

Mascagni, 2001). Projections from CR+ interneurons target other interneurons, including 

CB+ interneurons, and make up 20–30% of GABAergic interneurons in the BLA (Mascagni 

et al., 2009; McDonald & Mascagni, 2001; Sorvari et al., 1998). A minority of GABAergic 

interneurons within the BLA also express one or more neuropeptides including somatostatin, 

neuropeptide Y, vasointestinal polypeptide, and cholecystokinin (McDonald & Pearson, 

1989).

Sex and sex hormones differentially affect subpopulations of GABAergic interneurons 

expressing calcium-binding proteins (summarized Table 2). Female guinea pigs have a 

higher density of CB+ interneurons (Równiak et al., 2015), suggesting BLA principal 
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neurons in females may be more influenced by feedback inhibition relative to males. 

In addition, the vast majority of interneurons expressing ERβ also coexpress PV in the 

LA, and the number of PV+ interneurons increases during diestrus in female rats (Blume 

et al., 2017; Blurton-Jones & Tuszynski, 2002). PV+ interneurons play a pivotal role in 

regulating BLA-dependent behaviors like fear conditioning. In male mice, PV+ interneuron 

activity is suppressed during the delivery of the footshock, and exogenous activation of 

these cells during a footshock directly inhibits pyramidal neurons and impairs fear learning 

(Wolff et al., 2014). Thus, fluctuations in sex hormone levels can potentially regulate ERβ-

expressing PV+ interneurons and therefore alter the acquisition of fear-related conditioned 

behaviors in female mice. BLA somatostatin (SST)-expressing interneurons also regulate 

fear conditioning through their interactions with PV+ interneurons. While a footshock 

suppresses PV+ interneuron activity in male mice, a footshock-predictive cue activates 

these PV+ interneurons which then provide robust inhibition to SST+ interneurons (Wolff 

et al., 2014). PV + and SST+ interneurons both inhibit pyramidal neurons, but during cue 

presentation, the indirect disinhibition of pyramidal neurons involving both PV+ and SST+ 

interneurons outweighs the direct inhibition of pyramidal neurons by PV+ interneurons and 

thereby facilitates fear learning (Wolff et al., 2014). Thus, SST+ interneurons are critical to 

regulating cued responses during fear learning and may underlay sex-specific vulnerabilities 

to fear conditioning. For example, the relative abundance of SST+ interneurons depends on 

the sex chromosomes (Puralewski et al., 2016). In pre-pubertal FCG mice, decoupled XX 

sex chromosomes increase SST expression compared to decoupled XY sex chromosomes, 

regardless of the presence of the testes-determining gene (Puralewski et al., 2016). 

Decoupled XX sex chromosomes also increase SST expression compared to XY sex 

chromosomes in adult mice that were exposed to unpredictable chronic mild stress, but 

not stress-naïve adult mice. Although testosterone does not appear to have organizational 

effects during development, activational testosterone during adulthood counteracts the lower 

SST expression in gonadectomized XY mice exposed to unpredictable chronic mild stress. 

Given the role of SST+ interneurons in fear conditioning and female vulnerability to cued 

fear conditioning after chronic variable stress (Sanders et al., 2010), stress-induced increases 

SST expression in the BLA may be acting as a compensatory mechanism to reduce female 

vulnerability to fear conditioning.

Cellular Morphology

Baseline Sex Differences and the Estrous Cycle—Current literature on sex 

differences in BLA neuron morphology varies considerably across studies. For instance, 

dendritic length and branching are similar between male and female rats (Blume et al., 

2017; Koss et al., 2014), but these differences may be strain-dependent (Guadagno et al., 

2018). Sex differences in dendritic spine characteristics are similarly unclear but cannot 

easily be explained by stain effects (Blume et al., 2017; Guadagno et al., 2018; Koss 

et al., 2014; Rubinow et al., 2009). However, these inconsistencies could highlight the 

divergent influence of sex hormones on LA and BA neurons. Hormonal fluctuations across 

the rodent estrous cycle cause distinct, subdivision-dependent changes to dendrite and spine 

morphology. Sex differences in spine or dendrite morphology can be overlooked if different 

subdivisions are sampled simultaneously (Blume et al., 2017, 2019; Rubinow et al., 2009).
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Sex Differences and Stress Interactions—Stress also causes dendritic remodeling 

in BLA neurons, but these effects depend upon the sex of the animal and the type of 

stress paradigm. Both limited bedding (Guadagno et al., 2018) and chronic immobilization 

stress (Vyas et al., 2002, 2006) increase dendritic length, dendritic branching, total spine 

number, and spine density in male rats. However, limited bedding decreases spine density 

in females (Guadagno et al., 2018). Chronic unpredictable stress, which does not induce 

adrenal hypertrophy or anxiety, has no effect on BLA pyramidal neuron morphology in 

male rats (Vyas et al., 2002). In females, restraint stress decreases the dendritic length 

in LA neurons and disrupts the modulation of BA neuron morphology by estrous cycle 

(Blume et al., 2019). In male rats, restraint stress increases dendritic length and total spine 

number in BA neurons only (Blume et al., 2019). Note that while some stress models 

induce dendritic hypertrophy in male rodents, females are more likely to experience estrous 

cycle-independent dendritic hypotrophy or the disruption of estrous cycle effects.

Sex Differences in BLA Neurotransmitter and Neuromodulator Systems

Glutamate, GABA, and Intrinsic Excitability

Baseline Sex Differences—Female rats have higher basal glutamatergic and GABAergic 

synaptic function in the BLA compared to males (Table 2). For glutamatergic function, 

female BLA neurons express a higher miniature excitatory postsynaptic current (mEPSC) 

frequency than males, indicating increased presynaptic function either through greater 

presynaptic release probability or greater numbers of active synapses (Blume et al., 2017, 

2019). Female rats also have larger mEPSC amplitudes, indicating increased postysnapic 

AMPA receptor function or quantity, but this is only present in LA neurons (Blume et 

al., 2017). Moreover, female BLA neurons exhibit a more pronounced increase in firing 

rate following exogenous glutamate application compared to males, suggesting that this 

increased AMPA receptor function may drive greater excitability of female BLA neurons 

(Blume et al., 2017). Ehanced basal GABAergic function in female rats compared to males 

is mediated presynaptically either through greater presynaptic GABA release probability 

or greater number of active GABAergic synapses (Blume et al., 2017). Interestingly, the 

postsynaptic function of GABAergic synapses is similar between male and female rats, but 

the sensitivity to exogenously applied GABA is sex-dependent with opposite patterns in LA 

and BA neurons. That is, GABA suppresses the firing rate of BA neurons in females more 

than males and suppresses the firing rate of LA neurons in males more than females (Blume 

et al., 2017).

The Effects of the Estrous Cycle and Sex Hormones—In female rats, glutamate 

and GABA neurotransmission fluctuate with the estrous cycle, but once again LA and BA 

neurons are affected differently. During proestrus, LA pyramidal neurons decrease both 

their intrinsic firing rate and their excitatory response to exogenous glutamate application 

(Blume et al., 2017). In addition, GABAergic function, as represented by the frequency 

of spontaneous inhibitory postsynaptic currents (sIPSCs) and interneuron firing rates, is 

diminished during proestrus. LA neurons during proestrus also exhibit a greater inhibition 

of firing rate in response to exogenous GABA application. These cycle-dependent changes 

to glutamate and GABA function suggest an overall shift toward greater inhibition during 
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proestrus. These data together also suggest that female LA principal neurons are ‘protected’ 

from hyperactive states during proestrus, analogous to the wealth of literature documenting 

the anxiolytic properties of estrogen and progestogens.

In contrast to rat LA neurons, BA neurons experience enhanced GABAergic inhibition 

during diestrus (increased sIPSC and miniature IPSC or mIPSC frequency; Blume et al., 

2017). Since diestrus does not alter interneuron firing rates, this increased GABAergic 

synaptic function likely arises from an increase in GABA release probability. Diestrus 

also enhances glutamate presynaptic function (mEPSC frequency). Furthermore, exogenous 

GABA more effectively suppresses BA neuron firing rates while exogenous glutamate is 

less effective at increasing firing rates (Blume et al., 2017). Thus, diestrus has distinct 

effects on glutamatergic and GABAergic pre- and postsynaptic function. These findings 

together suggest that GABAergic inhibition onto BA neurons increases during diestrus 

when estrogen levels are low and progesterone levels have a small, secondary peak 

peak. In support of this, estrogen synthesis inhibitors impair long-term potentiation (LTP) 

induction in BA neurons of female mice, but not male mice (Bender et al., 2017). Notably, 

progesterone is converted to the neuroactive metabolite allopregnanolone which facilitates 

GABAA receptor function by increasing the affinity of GABA for its receptor and, at higher 

concentrations, directly activating the GABAA receptor (Belelli & Lambert, 2005; Finn & 

Jimenez, 2018; Porcu et al., 2016). There are several excellent reviews on how neuroactive 

steroids like allopregnanolone impact GABAA receptor function and subsequently modify 

behavior (Belelli & Lambert, 2005; Finn & Jimenez, 2018; Porcu et al., 2016). Since 

allopregnanolone is anxiolytic and enhances GABAergic inhibition in several brain regions, 

it is highly likely that allopregnanolone enhances GABAergic inhibition onto BA neurons as 

well.

In addition to the classical nuclear estrogen receptors, there is also considerable evidence 

that estradiol influences GABAergic neurophysiology through GPR30. Acute application of 

17β-estradiol decreases BLA evoked excitatory postsynaptic potentials (EPSPs; (Womble et 

al., 2002); and, estrogen withdrawal increases EPSP slope and duration in the rodent BLA 

(Yang et al., 2017). Estrogen withdrawal was induced by co-administering estradiol and 

progesterone for 16 consecutive days followed by 7 days of high-dose estradiol to create 

a hormone-stimulated pregnancy in ovariectomized mice, and then 3–4 days of withdrawal 

from all hormone treatment (Yang et al., 2017; Zhang et al., 2016). Estrogen withdrawal 

reduces GABAA-mediated inhibition and ultimately impairs long-term depression (LTD), 

leaving glutamatergic transmission and LTP unaltered (Yang et al., 2017). Direct activation 

of GPR30, but not ERα or ERβ, increases GABAergic inhibition in the BLA, reverses 

the neurophysiological effects of estrogen withdrawal, and alleviates estrogen withdrawal-

induced anxiety (Tian et al., 2013; Yang et al., 2017). This suggests that estradiol activation 

of GPR30 reduces anxiety by enhancing GABAergic inhibiton in the BLA.

Estradiol may also impact neurophysiology by influencing metabotropic glutamate receptors 

(mGluRs). In the BLA of male rats, LTD depends on mGluR1 activation (Chen et 

al., 2017), and female rats have higher mGluR1 expression in the amygdala compared 

to males (De Jesus-Burgos et al., 2016). These higher levels may accentuate mGluR1-

mediated depression at glutamate synapses and thereby facilitate anxiolysis. Indeed, 
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mGluR1-dependent anxiolysis in the EPM is only observed in ovariectomized female rats 

treated with estradiol (De Jesus-Burgos et al., 2012). Estrogen receptors ERα or ERβ and 

mGluRs may act together to activate intracellular signaling cascades. For example, ERα 
interacts with mGluR1/mGluR5 to initiate the rapid phosphorylation of cAMP-response 

element binding protein (CREB; Meitzen & Mermelstein, 2011). Notably, this is brain 

region- and sex-dependent. ERα increases CREB phosphorylation via interaction with 

mGluR1 in the hippocampus of female rats but not males, whereas CREB phosphorylation 

is mediated solely by mGluR5 in striatal neurons (Meitzen & Mermelstein, 2011). If a 

similar mechanism is involved in the amygdala, estrogen receptor activation could help drive 

mGluR1-mediated LTD.

The Effects of Stress and Fear Conditioning—Stressors also produce a variety of 

sex-specific effects on glutamate and GABA transmission that are paradigm-dependent. 

Chronic stress models, such as social isolation and chronic restraint stress increase male 

pyramidal neuron excitability ex vivo and in vivo (Blume et al., 2019; Lin et al., 2018; Rau 

et al., 2015). The enhanced excitability induced by social isolation coincides with increased 

mGluR5 expression in the amygdala and increased anxiety-like behavior. The enhanced 

excitability and anxiety-like behavior are abolished by blocking mGluR5 in the BLA 

(Lin et al., 2018). Chronic restraint stress increases glutamate release from dorsal mPFC 

(dmPFC) inputs entering the BLA through the stria terminalis. Reducing glutamate release 

from dmPFC inputs using low frequency stimulation attenuates the increased anxiety-like 

behavior in male mice exposed to chronic restraint stress (Liu et al., 2020). There were no 

effects of chronic restraint on glutamate release from ventral PFC (vmPFC) inputs, on the 

AMPA/NMDA ratio, or on inhibitory transmission (Liu et al., 2020). In female rats, chronic 

restraint stress disrupts the effects of estrous cycle and suppresses BLA neuron firing 

rates (Blume et al., 2019). Other stressors like forced swim stress increase expression of 

GPR30, GluR1-containing AMPA receptors, and NR2A-containing NMDA receptors while 

decreasing expression of NR2B-containing NMDA receptors in ovariectomized female mice 

(Tian et al., 2013). Microinjecting estradiol or a GPR30 agonist into the BLA reverses all 

swim stress-induced changes in expression and reduces anxiety-like behavior in the EPM 

and OFT (Tian et al., 2013). NR2A- and NR2B-containing NMDA receptors may play 

distinct roles in synaptic plasticity. In the hippocampus, for example, NR2A-containing 

receptors are required for LTP whereas NR2B-containing receptors are required for LTD 

(Liu et al., 2004). If NMDA receptor isoforms behave similarly in the BLA, estradiol 

would prevent AMPA and NMDA receptor-mediated events like LTP. Finally, both estradiol 

treatment and GPR30 activation reverse swim stress-induced decrease in GABAA-α2 and 

γ2 subunit expression and potentiates GABAergic inhibition in ovariectomized mice (Tian 

et al., 2013). These findings illustrate that stressors can elicit sex-dependent effects on 

excitability and glutamate/GABA transmission.

Cued fear conditioning has input-dependent effects on LA and BA neurons in male 

rodents (Table 3). In EC-LA synapses, cued fear conditioning occludes LTP expression by 

increasing glutamate release from EC inputs (Tsvetkov et al., 2002). In comparison, dmPFC-

BA synapses exhibit an increase in postsynaptic glutamatergic function via increased 

AMPA/NMDA ratio but no change in glutamate release from dmPFC inputs onto BA 
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neurons (Arruda-Carvalho & Clem, 2014). Likewise, ST-LA synapses exhibit an increase in 

AMPA/NMDA ratio, mEPSC amplitudes, and accentuated NMDA and mGluR1-dependent 

LTD (Clem & Huganir, 2010). Moreover, fear conditioning reduces GABAergic function in 

LPC and ‘local’ interneuron synapses (Skelly et al., 2017). Similar experiments have not 

been conducted in female rodents to our knowledge.

The Effects of Acute and Chronic Alcohol Exposure—Acute and chronic 

ethanol exposure have opposing neurophysiological effects on GABA and glutamate 

neurotransmission in the BLA. In male rats, acute ethanol increases GABA release 

from interneurons (Silberman et al., 2008) and reduces postsynaptic function of kainate- 

and NMDA-type glutamate receptors (Läck et al., 2008). In contrast, chronic ethanol 

exposure and withdrawal downregulates GABA function (Diaz et al., 2011b), upregulates 

glutamatergic function (Christian et al., 2012, 2013; McGinnis et al., 2020a, 2020b; Morales 

et al., 2018; Sizer et al., 2021) and increases BLA principal neuron excitability (unpublished 
observations by M Price). These effects illustrate a shift towards greater excitation in the 

BLA that may ultimately facilitate alcohol withdrawal-induced anxiety (McGinnis et al., 

2020a, 2020b; Morales et al., 2018). This section will describe the neurophysiological 

changes observed in the BLA following alcohol exposure, some of which are sex-dependent.

Chronic intermittent ethanol and withdrawal (CIE/WD), using a vapor inhalation paradigm, 

enhances glutamatergic function in both sexes through input-dependent mechanisms (Table 

3). Glutamatergic ‘medial inputs’ enter the BLA via the stria terminalis (ST), a white 

matter tract coursing into the region along the dorsomedial border. The ST contains axons 

arising in regions like the mPFC and thalamic nuclei. A 10-day exposure to chronic 

intermittent ethanol (12 hrs/day) followed by 24 hours of withdrawal enhances glutamate 

release probability from ST-BLA synapses in male and female rats (Christian et al., 2013; 

McGinnis et al., 2020a; Morales et al., 2018; Sizer et al., 2021) via increased vesicle release, 

increased glutamate concentration in the synapse, and reduced presynaptic failure rates 

(Christian et al., 2013). There are no apparent effects on postsynaptic glutamate receptors 

at these synapses in male rats, although female rats have not been examined (Christian 

et al., 2013). Recent optogenetic approaches have also shown that individual projections 

arising from specific brain regions can express unique adaptations to chronic ethanol. In 

male rats for example, CIE/WD increases glutamate release at dmPFC inputs (McGinnis 

et al., 2020a) and polymodal sensory thalamic inputs (Morales et al., 2019) onto BLA 

neurons while CIE/WD decreases glutamate release from vmPFC inputs onto BLA neurons 

(McGinnis et al., 2020a). The dmPFC facilitates fear conditioning and drug-seeking while 

the vmPFC promotes the extinction of these behaviors (Peters et al., 2009), suggesting 

that chronic ethanol exposure may shift the balance between these two regions in favor of 

dmPFC function, thereby facilitating the acquisition of conditioned responses like fear and 

drug-seeking behaviors.

Glutmatergic inputs from lateral cortical areas such as the agranular insula cortex or 

secondary sensory cortices enter the BLA through the external capsule (EC), a white matter 

tract delineating the lateral boundary of this brain region, and are also altered by chronic 

ethanol exposure. Unlike ST synapses, CIE/WD enhances postsynaptic glutamatergic 

function at EC-BLA synapses in both male and female rats (Christian et al., 2012; Läck 
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et al., 2007, 2009; McGinnis et al., 2020b; Morales et al., 2018) by increasing the function 

of kainate (Läck et al., 2009), NMDA (Läck et al., 2007), and AMPA receptors (Christian et 

al., 2012). Notably, the facilitation of AMPA-receptor function is associated with increased 

phosphorylation of GluA1 and GluA2 and increased trafficking of GluA1- and GluA2/3-

containing AMPA receptors to the cell surface in male rats (Christian et al., 2012). These 

effects are reminiscent of canonical signaling events associated with LTP in several brain 

regions. Recent optogenetic studies targeting agranular insula cortical inputs to the BA have 

recapitulated the enhanced postsynaptic function in male rats (McGinnis et al., 2020b). In 

contrast, CIE/WD has no effect on presynaptic function at EC inputs in either sex (Christian 

et al., 2012; Läck et al., 2009; McGinnis et al., 2020b; Morales et al., 2018). Pre- and 

postsynaptic facilitation of glutamatergic signaling are believed to accentuate anxiety-like 

behavior during withdrawal. AMPA receptor antagonists (Läck et al., 2007), chemogenetic 

inhibition of presynaptic glutamate release (McGinnis et al., 2020a), and acute ketamine 

treatment, which inhibits NMDA receptors and delays the development of postsynaptic 

faciliation (McGinnis et al., 2020b), can all reduce withdrawal-induced anxiety-like behavior 

in male rats.

Although chronic ethanol ultimately enhances pre- and postsynaptic glutamatergic 

function in both sexes, recent evidence has demonstrated that the development of these 

neurophysiological changes is sex-dependent. The effects on glutamatergic transmission 

are delayed in female rats compared to males, such that female rats require longer 

chronic alcohol exposures to induce the same neurophysiological changes (Morales et al., 

2018). Moreover, these changes may be more plastic in female rats as they appear to 

return to ‘normal’ status more quickly (unpublished observations by M Price). These data 

indicate that female rats may be more resilient to the effects of chronic ethanol on BLA 

neurophysiology than males, and therefore may be more resilient to withdrawal-induced 

anxiety influenced by BLA neurophysiology. Preclinical studies have yielded mixed results 

regarding sex differences in withdrawal-induced anxiety-like behavior. Some studies have 

found that chronic ethanol does not induce anxiety-like behavior in female mice using the 

novelty-suppressed feeding test (Jury et al., 2017) or that female rats require longer alcohol 

exposures to increase anxiety-like behavior using the social interaction test (Overstreet et 

al., 2004), consistent with the delayed neurophysiological changes in the BLA. However, 

other studies have showed that rats of both sexes develop anxiety-like behavior (Morales 

et al., 2015, 2018). The timecourse for developing withdrawal-induced neurophysiological 

changes in the BLA and anxiety-like behavior may suggest that the delayed neurophysiology 

has a stronger impact on certain preclinical anxiety models or coping strategies compared 

to others or that activity in other circuits initially contribute more robustly to withdrawal-

induced anxiety.

In male rats, chronic ethanol alters GABAergic function as well, but these effects are 

dependent on the subpopulation of BLA GABAergic interneurons (Table 3). CIE/WD 

decreases presynaptic GABA release probability and postsynaptic zolpidem sensitivity 

of LPC feedforward inhibitory synapses (Diaz et al., 2011b). While the mechanisms 

controlling presynaptic alterations are not currently known, the postsynaptic changes are 

driven by a reduction in total protein levels, as well as the surface expression of the 

zolpidem-sensitive GABAA-α1 subunit. CIE/WD also decreases postsynaptic GABAA 
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receptor function at ‘local’ feedback-type inhibitory synapses, as shown by reduced 

postsynaptic sensitivity to the benzodiazepine midazolam, but does not alter GABA 

release from these synapses (Diaz et al., 2011b). The postsynaptic effects appear to be 

mediated by increased trafficking of benzodiazepine-insensitive GABAA receptor isoforms 

containing the α4 subunit to the cell surface (Diaz et al., 2011b). A similar increase 

in hippocampal GABAA-α4 subunit surface expression coincides with benzodiazepine-

insensitivity, potentiated responses to Ro15-4513 (a positive allosteric modulator of GABAA 

receptors containing the α4 subunit with minimal effect on α1-containing GABAA 

receptors), and elevated binding of [3H]Ro15-4513 to benzodiazepine-insensitive sites 

containing the GABAA-α4 subunit in the hippocampus of CIE-exposed male rats (Cagetti 

et al., 2003; Olsen & Liang, 2017). Likewise, chronic ethanol reduces GABAA-α1 subunit 

expression in the hippocampus of male rats (Cagetti et al., 2003; Olsen & Liang, 2017).

Experiments regarding pre- and postsynaptic function in LPC and ‘local’ interneuron 

synapses have not been completed in CIE-exposed female rats; however, some evidence 

suggests that CIE/WD could dysregulate GABAergic inhibition in a sex-dependent manner. 

As mentioned, CIE-exposed male and female rats ultimately exhibit the same input-

dependent increase in glutamatergic function but females require longer alcohol exposures 

to induce the same effect (Morales et al., 2018). A similar mechanism could delay CIE-

induced suppression of BLA GABAergic inhibition or entirely prevent dysregulation of 

the GABAergic system in female rats. Sex hormones would likely contribute to any sex 

differences in GABAergic function following alcohol exposure given that estradiol and 

progestogens directly regulate GABAergic inhibition (Belelli & Lambert, 2005; Finn & 

Jimenez, 2018; Porcu et al., 2016; Womble et al., 2002; Yang et al., 2017). Notably, ERβ is 

expressed within PV+ ‘local’ interneurons in the BLA (Blurton-Jones & Tuszynski, 2002) 

and the activity of these interneurons varies throughout the the estrous cycle (Blume et al., 

2017). Thus, sex hormone regulation of PV+ interneurons could be a potential protective 

mechanism in CIE-exposed female rats.

Dopamine

Dopamine has an important role in regulating BLA-mediated behaviors like fear 

conditioning (Greba et al., 2001; Heath et al., 2015; Prager et al., 2016; Sharp, 2017). The 

BLA receives dopaminergic innervation from the ventral tegmental area and the substantia 

nigra, and these inputs form synapses onto both glutamatergic pyramidal neurons (Muller 

et al., 2009) and GABAergic neurons, including PV+ and CR+ interneurons (Pinard et 

al., 2008). Electrophysiological studies conducted in male rodents have illustrated that 

dopamine generally facilitates BLA excitability through a variety of mechanisms depending 

on which dopamine receptor and cell population is involved. For example, activation 

of dopamine D1 receptors increases the intrinsic excitability of BLA pyramidal neurons 

(Kröner et al., 2005) and reduces feedforward inhibition onto BLA pyramidal neurons by 

decreasing the intrinsic excitability of LPCs and decreasing GABA release from LPCs 

(Marowsky et al., 2005). Dopamine D2 receptors suppress GABAergic transmission from 

PV+ local interneurons onto BLA principal neurons presynaptically by reducing GABA 

release (Bissière et al., 2003; Chu et al., 2012). Dopamine D3 receptor activation reduces 

GABAergic inhibition in LPCs and local interneurons through a dynamin-depdendent 
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postsynaptic mechanism likely involving the internalization of GABAA receptors, and by 

decreasing GABA release from local interneurons (Diaz et al., 2011a). Altogether, dopamine 

ultimately enhances BLA pyramidal neuron excitability and facilitates BLA-mediated 

behaviors. Indeed, D1/D5 (Heath et al., 2015), D2 (Greba et al., 2001), or D3 (Diaz et 

al., 2011a) receptor inhibition in the BLA blocks fear conditioning or anxiety-like behaviors.

Sex Differences and the Effects of Sex Hormones—The dopamine system in the 

BLA is vastly understudied in females, but initial evidence suggests that male rodents have 

higher basal dopamine levels than females due to the actions of testosterone (Table 2). 

Extracellular dopamine levels in the BLA are more than doubled in adult male rodents 

compared to females, but neonatal castration equalizes dopamine levels between males and 

females, revealing an important example of the organizational effects of hormones on the 

BLA dopamine circuits (Mitsushima et al., 2006; Siddiqui & Shah, 1997). Conversely, 

testosterone treatment increases dopamine levels in the female amygdala, raising it to male-

like levels (Siddiqui & Shah, 1997). In addition, progesterone increases BLA dopamine 

levels in male rodents (de Souza Silva et al., 2008), suggesting that BLA dopaminergic 

function may be affected by the estrous cycle.

The Effects of Stress—Despite male rodents having higher basal dopamine levels, the 

BLA dopaminergic system in females is more sensitive to stress. Stress typically increases 

extracellular dopamine levels in the BLA; but, like other end-points, this is stressor-specific. 

Predator odor and tail pinch stress increase dopamine in both sexes (Sullivan et al., 2009b), 

whereas restraint stress doubles extracellular dopamine levels in female rats but has no 

effect in males (Mitsushima et al., 2006). Stress can also alter dopamine receptor expression. 

Unpredictable chronic mild stress affects BLA D5 expression in opposite directions across 

sex, increasing expression in female mice and decreasing expression in males (Barko et 

al., 2019). Similarly, parental separation increases D1 receptor density in female rodents 

(Ziabreva et al., 2003). These female-specific increases in D1/D5 expression could enhance 

D1/D5-mediated neuromodulation, increasing pyramidal neuron excitability or suppressing 

LPC interneuron excitability, and thus preferentially initiate dopamine-mediated stress 

responses in females.

Interestingly, the stress responses of BLA dopamine also have a lateralization bias that 

is sex-specific. In male rats, predator odor and tail pinch stress preferentially increase 

dopamine release in the right BLA compared to the left (Sullivan et al., 2009b). Conversely, 

dopamine depletion in the right amygdala is anxiolytic in male rats (Sullivan et al., 

2009a). These findings are consistent with stress-responsive brain regions in the right 

hemisphere driving stress behaviors (Sullivan & Gratton, 1999) and aversive learning 

(Coleman-Mesches & McGaugh, 1995) more so than the left hemisphere in males. In 

contrast, in female rats, predator odor and tail pinch stress induce greater dopamine release 

in the left BLA compared to the right (Sullivan et al., 2009b), suggesting that stress-induced 

dopaminergic signaling in the left BLA may govern stress responses in females. Sex-specific 

lateralization biases are also observed in other brain regions. In the cortex, for example, 

gonadectomies can reverse right- and left-biased lateralizations characteristic of males and 

females, respectively (Wisniewski, 1998). This indicates that the organizational effects of 
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sex hormones are critical for establishing lateralization biases, and therefore could direct 

how stress modulates dopaminergic signaling in the BLA and its ultimate impact on 

behavior.

Serotonin

Serotonergic transmission in the BLA has been implicated in anxiety and fear conditioning 

(Inoue et al., 2004; Kitaichi et al., 2014; Li et al., 2006; Wang et al., 2019). Serotonergic 

inputs to the BLA originate primarily from the dorsal raphe nucleus. Released serotonin 

(5-HT) binds to a multitude of 5-HT receptor subtypes which are expressed within 

distinct cell types and differentially affect BLA neurophysiology. Altogether, serotonin 

signaling decreases BLA principal neuron excitability, corresponding to impaired fear 

conditioning (Inoue et al., 2004; Kitaichi et al., 2014; Li et al., 2006) and a suppression 

of alcohol-seeking but not consummatory behaviors (McCool et al., 2014) in male rats. 

5-HT1A receptors directly inhibit BA pyramidal neurons (Sengupta et al., 2017) and reduce 

presynaptic glutamate release from EC inputs in rodents of both sexes (Cheng et al., 1998; 

Wang et al., 2019). Presynaptic 5-HT1B receptors also reduce excitatory transmission by 

reducing glutamate release from ST and EC inputs onto BLA pyramidal neurons in male 

rats (Guo et al., 2017). In addition, activation of 5-HT1B receptors decreases inhibitory 

transmission by reducing GABA release from interneurons onto LA pyramidal neurons 

(Yamamoto et al., 2020). In contrast to 5-HT1A/B receptors, 5-HT2A and 5-HT2C receptors 

have opposing effects in the BLA. 5-HT2A receptors depolarize (Rainnie, 1999) and excite 

BA interneurons (Sengupta et al., 2017), including PV+ interneurons (Bocchio et al., 2015), 

to increase inhibitory drive onto pyramidal neurons (Bocchio et al., 2015; Jiang et al., 2009) 

in rodents of both sexes. Activation of 5-HT2A/C receptors hyperpolarizes the membrane 

potential of pyramidal neurons (McCool et al., 2014; Rainnie, 1999), reduces pyramidal 

neuron excitability by increasing the action potential threshold (McCool et al., 2014), and 

reduces excitatory transmission (Yamamoto et al., 2012) in male rats. These effects are 

likely mediated by the 5-HT2A receptors whereas 5-HT2C receptors are responsible for 

depolarizing pyramidal cells specifically in the LA (Yamamoto et al., 2012, 2014).

Sex Differences and Stress Interactions—Few studies have explored sex differences 

in serotonergic system in the BLA, but there is evidence that basal and stress-induced 

serotonin levels differ between males and females (Table 2). Basal extracellular serotonin 

levels are 54% higher in male rats compared to females (Mitsushima et al., 2006). Restraint 

stress increases extracellular serotonin levels in both sexes, but the response in female rats 

is greater and remains elevated for 15 minutes after the restraint ceases (Mitsushima et 

al., 2006), suggesting that female rats are more susceptible to serotonin-mediated stress 

responses.

The Effects of Sex Hormones—Sex hormones like estradiol modulate 5-HT receptor 

expression and function in female mice. Estradiol facilitates serotonin synthesis in the 

dorsal raphe nucleus (Wang et al., 2019) and increases 5-HT1 receptor expression in the 

amygdala (Biegon & McEwen, 1982) of female rodents, indicating that 5-HT1 signaling 

may be sex-specific and regulated by the estrous cycle. A study using a perimenopause 

model induced by chronic exposure to 4-vinylcycloxene diepoxide explored how estradiol 
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levels alter serotonergic function in female mice (Wang et al., 2019). In this model, low 

levels of estradiol enhance glutamate release and facilitate NMDA receptor-dependent LTP 

in EC-BLA synapses by downregulating 5-HT1A receptors (Wang et al., 2019). Interestingly, 

female mice do not experience the 5-HT1B-mediated inhibition of glutamate or GABA 

release typical of males, regardless of hormonal status (Wang et al., 2019). Low estradiol 

also reduces GABAergic inhibition and impairs LTD by downregulating 5-HT2 receptors. 

Chronic estradiol treatment prevents increased glutamate release and the facilitation of LTP, 

and restores LTD caused by the downregulation of 5-HT1A and 5-HT2 receptors. These data 

indicate that low levels of estradiol in a perimenopause model have profound effects on 

BLA synaptic plasticity through its effects on the serotonergic system. Importantly, without 

sufficient estradiol, both 5-HT1A and 5-HT2 receptors must be activated to ameliorate the 

anxiety-like behavior associated with perimenopause (Wang et al., 2019), indicating that the 

effects on BLA neurophysiology translate to changes in anxiety.

Conclusion

Sex differences in BLA structure and function highlight potential mechanisms involved in 

female vulnerability to stress/anxiety and male vulnerability to AUD. These differences arise 

from the complement of sex chromosomes, organizational hormone effects - ‘permanent’ 

differences in neuro-architecture occurring during sensitive developmental periods, and 

activational effects represented by more transient influences of sex hormones on neuronal 

subpopulations. Our review details current literature related to significant sex differences 

in BLA structure and function as they relate to anxiety/fear, stress responsiveness, and 

ethanol. While many preclinical studies have examined the effects of sex hormones on 

the BLA, these have largely focused on general mechanisms and in particular activational 

effects (e.g. estrous cycle). Additional experiments are sorely needed to fully differentiate 

the organizational mechanisms from activational influences of sex hormones. Additionally, 

there is still much to be learned about how activational mechanisms may differ between 

males and females, particularly in the context of preclinical anxiety and AUD models. For 

instance, male rodents exhibit social isolation stress-induced enhancement of contextual fear 

conditioning that is due to testosterone-dependent reduction in allopregnanolone synthesis 

within the amygdala (Pibiri et al., 2008; Pinna et al., 2005; Sanders et al., 2010). This 

suggests that enhancing allopregnanolone synthesis in the amygdala would be particularly 

effective at preventing stress-induced enhancement of contextual fear conditioning in males. 

Chronic ethanol also reduces allopregnanolone levels in the male BLA (Beattie et al., 2017; 

Maldonado-Devincci et al., 2014b), but the same experiments have not been conducted in 

females. If chronic ethanol exposure produces a similar testosterone-dependent reduction in 

allopregnanolone levels, higher allopregnanolone levels in the female BLA could explain 

their resistance to severe withdrawal symptoms. Altogether, the literature demands a closer 

look at these sex hormone-mediated mechanisms and how they might be manipulated to 

suppress alcohol withdrawal symptoms.
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Figure 1. Circuitry in the BLA.
The lateral amygdala (LA) and basolateral amygdala (BA) together form the BLA. 

Glutamatergic inputs arising from the medial prefrontal cortex and thalamus enter the BLA 

through the stria terminalis (ST) located along the dorsomedial side of the BLA just anterior 

and lateral to the central amygdala (CeA). The BLA also receives glutamatergic inputs from 

lateral cortical areas, including the agranular insula cortex, through the external capsule (EC) 

located along the lateral border of the BLA. The red box illustrates local circuit relationships 

between BLA glutamatergic principal neurons (Glu) and distinct populations of inhibitory 

GABAergic interneurons. These include lateral paracapsular cell groups (LPC) clustered 

in/near the EC and ‘local’ interneurons scattered throughout these regions. LPCs provide 

feedforward inhibition whereas ‘local’ interneurons are primarily involved in feedback 

inhibition.
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