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ARTICLE INFO ABSTRACT

Rates of alcohol use disorder (AUD) have increased in women by 84% over the past ten years relative to a 35%
increase in men. This substantive increase in female drinking is alarming given that women experience greater
Stress alcohol-related health consequences compared to men. Stress is strongly associated with all phases of alcohol
Sex differences addiction, including drinking initiation, maintenance, and relapse for both women and men, but plays an
Fen,lale especially critical role for women. The purpose of the present narrative review is to highlight what is known
Brain stress systems . . . : . - -

about sex differences in the relationship between stress and drinking. The critical role stress reactivity and
negative affect play in initiating and maintaining alcohol use in women is addressed, and the available evidence
for sex differences in drinking for negative reinforcement as it relates to brain stress systems is presented. This
review discusses the critical structures and neurotransmitters that may underlie sex differences in stress-related
alcohol use (e.g., prefrontal cortex, amygdala, norepinephrine, corticotropin releasing factor, and dynorphin),
the involvement of sex and stress in alcohol-induced neurodegeneration, and the role of ovarian hormones in
stress-related drinking. Finally, the potential avenues for the development of sex-appropriate pharmacological
and behavioral treatments for AUD are identified. Overall, women are generally more likely to drink to regulate
negative affect and stress reactivity. Sex differences in the onset and maintenance of alcohol use begin to develop
during adolescence, coinciding with exposure to early life stress. These factors continue to affect alcohol use into
adulthood, when reduced responsivity to stress, increased affect-related psychiatric comorbidities and alcohol-
induced neurodegeneration contribute to chronic and problematic alcohol use, particularly for women.
However, current research is limited regarding the examination of sex in the initiation and maintenance of
alcohol use. Probing brain stress systems and associated brain regions is an important future direction for de-
veloping sex-appropriate treatments to address the role of stress in AUD.

Keywords:
Alcohol use disorder

1. Introduction

Currently in the U.S. population, 13% or 30 million adults have an
alcohol use disorder (AUD) (Grant et al., 2017), which is primarily
characterized by a loss of control over drinking, preoccupation with
drinking, continued use despite negative consequences (e.g., health, job
function, interpersonal relationships), tolerance, and withdrawal. Al-
cohol consumption is the third leading cause of preventable morbidity
and mortality in the U.S. (Mokdad et al., 2004), and losses to the
economy exceed $249 billion per year (Sacks et al., 2015). Alcohol
causes the most harm to self and others when considered in the context
of all other substances (including tobacco and opioids) (Nutt et al.,
2010) and the U.S. exceeds global per capita alcohol consumption by

50%, potentially impacting the prevalence of AUD in the U.S. (Shield
et al., 2013; Manthey et al., 2017).

Historically, rates of AUD have been greater in men when compared
to women, however, this gap is closing (White et al., 2015). Over the
past ten years, rates of AUDs have increased in women by 84%, relative
to a 35% increase in men (Grant et al., 2017), such that currently the
weighted rate of AUDs among adults in the United States is 9.0% in
women and 16.7% in men (Grant et al., 2017). Similarly, there have
been substantial increases in the prevalence of alcohol use and binge
drinking in women, but not men, assessed over the past 16 years in
several national data sources (Grucza et al., 2018). Factors associated
with increasing rates of AUD in women include drinking to regulate
negative affect, the experience of negative emotions or being in a
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Table 1
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Stress paradigms in preclinical and clinical research included in the present review.

Paradigm Indication Reference in manuscript
Preclinical
Learned helplessness Depression Vengeliene et al., 2005
SDPS* Depression Riga et al., 2014

Predator odor
Tail suspension

Psychological stress/PTSD”
Psychological stress/acute stress

Cozzoli et al., 2014
Cozzoli et al., 2014

Restraint Physical stress/acute stress Cozzoli et al., 2014

Foot shock Physical stress/acute stress Cozzoli et al., 2014; Le et al., 2005; Zorrilla et al., 2013

Tail pinch Physical stress/acute stress Cozzoli et al., 2014

Noise stress Mild stress exposure/acute stress Arnsten and Goldman-Rakic, 1998

Yohimbine® Pharmacologic stress/acute stress Bertholomey et al., 2016; Le et al., 2005; Zorrilla et al., 2013
Clinical

CRF*/cortisol administration
Citalopram stimulation test
Combined dexamethasone/CRF® test
Cosyntropin

Combined Cosyntropin/dexamethasone
Trier Social Stress Test

Imagery Scripts

Emotionally arousing films

IAPS!

Public speaking challenge

Mental arithmetic task

Increase pituitary-adrenal axis response
Assess neuroendocrine reaction
Assess glucocorticoid feedback loop
Assess adrenocortical response
Assess neuroendocrine feedback
Psychological stress

Psychological stress

Arouse negative emotions

Induce highly charged emotions
Psychological stress

Psychological stress

Heim et al., 2001

Anthenelli et al., 2018

Schwandt et al., 2016; Anthenelli et al., 2018

Adinoff et al., 2010
Adinoff et al., 2010

Kwako et al., 2015

Chaplin et al., 2008; McKee et al., 2011; Seo et al., 2011; Kwako et al., 2015
Cahill et al., 2001

Garavan et al., 2001

Bernardy, 1995; Lovallo et al., 2000; Sorocco et al., 2006

Bernardy et al., 1996; Bernardy, 1995; Errico et al., 2002; Sorocco et al., 2006

SDPS = social defeat-induced persistent stress.
PTSD = post-traumatic stress disorder.

CRF = corticotropin-releasing factor.

IAPS = International Affective Picture System.
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negative emotional state, and stress, as well as greater sensitivity to
alcohol-induced neurodegeneration (Agabio et al., 2016a; Nolen-
Hoeksema and Hilt, 2006; Koob and White, 2017; Sharrett-Field et al.,
2013). While stress and negative affect are strongly associated with all
phases of alcohol addiction, including drinking initiation, maintenance,
and relapse, for both women and men, they play an especially critical
role for women (Koob and White, 2017; Koob, 2009; Verplaetse et al.,
2018).

This substantive increase in female alcohol consumption is especially
alarming as women have exacerbated alcohol-related health con-
sequences when compared to men. While drinking is strongly associated
with significant health risks in both sexes, women with AUDs have a
higher risk of developing alcohol-related liver injury, including liver
cirrhosis, and hepatitis compared to men (National Institute of Alcohol
Abuse and Alcoholism, 2017; Agabio et al., 2017; Szabo, 2018), even
though women may consume less alcohol and have a shorter duration of
use (Rehm et al., 2010). Alcohol use increases the risk of cancers of the
mouth, esophagus, pharynx, larynx, liver, and breast, and women are at
greater risk of alcohol-related cancer than men (National Institute of
Alcohol Abuse and Alcoholism, 2017; National Cancer Institute, 2013).
Additionally, women are more vulnerable to alcohol-related cardiovas-
cular conditions than men (Agabio et al., 2016a; National Institute of
Alcohol Abuse and Alcoholism, 2017). While there is some evidence that
low to moderate alcohol consumption protects against ischemic stroke,
among women consuming three or more drinks per day there is an in-
creased risk of stroke relative to men (Patra et al., 2010).

In addition to experiencing greater relative risk than men for the
most common and serious alcohol-related diseases, women also face
other sex-dependent health consequences from drinking. Excessive al-
cohol consumption is associated with menstrual irregularity and altered
hormone levels during menstrual cycle phases (Martel et al., 2017;
Mary Ann Emmanuel and Nicholas, 2003), including increases in en-
dogenous estradiol (Erol et al., 2017) and temporary increases in tes-
tosterone levels (Mary Ann Emmanuel and Nicholas, 2003; Erol et al.,
2017). These hormonal increases have been associated with incidence
of female-related health problems, including cancers (e.g., breast) and

= also used in clinical paradigms; self-report questionnaires/measures are not described above.

poor reproductive health. There is a clear linear relationship between
increased alcohol consumption and incidence of breast cancer in
women (Chen et al., 2011), with a 22% excess risk that rises about 10%
for each 10 g of alcohol consumed per day (Key et al., 2006). Preg-
nancy- and perinatal-related consequences of drinking include in-
fertility and spontaneous abortion (Andersen et al., 2012), as well as
significant cognitive, psychological, and behavioral problems in off-
spring, including fetal alcohol syndrome (National Institute of Alcohol
Abuse and Alcoholism, 2017). Alcohol use is also associated with in-
creased risk of physical and sexual assaults among women, with ap-
proximately one half of cases involving alcohol consumption by either
the victim, perpetrator, or both (Abbey et al., 2001). Despite the sig-
nificant increase in alcohol consumption among women and the asso-
ciated health risks, few attempts have been made to develop treatments
to address sex-dependent factors associated with problematic alcohol
consumption in women versus men. This highlights the urgent need to
include sex as a biological variable (SABV) in future alcohol-related
research.

Sex differences exist at all levels of biological organization including
brain anatomy, neurochemistry, connectivity, and function (Cosgrove
et al., 2007a; Lind et al., 2017; Choleris et al., 2018; Miller et al., 2017),
with relevance for understanding sex-based differences in addiction
(Sharrett-Field et al., 2013). However, the consideration of sex in pre-
clinical and human research has historically been inadequate. For ex-
ample, an examination of sex bias in preclinical biomedical research
found male bias in eight fields, with neuroscience demonstrating the
largest bias (Beery and Zucker, 2011). Regarding addiction, male par-
ticipants are included at higher rates than females, and many studies
that include both sexes do not analyze results by sex. In an effort to
combat male bias, the National Institutes of Health (NIH) required the
inclusion of women in clinical research (1993) (Clayton and Collins,
2014) and, more recently, SABV in basic and preclinical research
(Guizzetti et al., 2016). The inclusion of SABV is a key element to in-
crease scientific rigor and reproducible findings, in order to guide
clinical studies and practice. As advances are made in the biomedical
field to include SABV in preclinical and clinical research, it is critical to
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consider the role of sex in mechanisms underlying disease, including
AUD (Guizzetti et al., 2016), and translate these findings towards ef-
fective treatment for both women and men.

The purpose of the present narrative review is to highlight what is
known about sex differences in the relationship between stress (see
Table 1 for a list of stress paradigms in preclinical and clinical research
included in this review) and drinking. An exhaustive search was con-
ducted to identify relevant manuscripts related to sex, stress, and al-
cohol use in the preclinical and human literature (see supplementary
materials for search details). Specifically, the critical role stress re-
activity and negative affect play in initiating and maintaining alcohol
use in women will be addressed, including how sex differences emerge
in neuroadaptations of stress pathophysiology with continued alcohol
use. Furthermore, this review aims to highlight the state of the field,
identify gaps in our knowledge, and suggest ways to translate this
knowledge to effectively target sex-dependent mechanisms to improve
AUD treatment.

2. Do stress and negative affect drive initiation and maintenance
of alcohol use for women?

2.1. Drinking for negative affect regulation in adolescence

Negative affect is strongly associated with the onset of drinking and
subsequent dependence among adolescents in both preclinical models
of anxiety-like behavior and clinical depressive and anxiety sympto-
matology (Johannessen et al., 2017; Hammerslag and Gulley, 2016).
For example, a clinical study of older adolescents (ages 15-18 years
old) demonstrated that the severity of depressive symptoms, as mea-
sured by Hopkins Symptom Checklist-25, was associated with earlier
onset of alcohol use, frequent alcohol consumption, and intoxication in
both boys and girls (Johannessen et al., 2017). However, the associa-
tion between early drinking onset and anxiety/depressive symptoms
was stronger in girls (Johannessen et al., 2017). Initial depressive
symptoms during early adolescence in girls were also associated with
increased problematic alcohol use later in adolescence (Edwards et al.,
2014). This is consistent with findings in the preclinical literature
showing that female adolescent rodents with higher social anxiety-like
behavior exhibit increased alcohol drinking compared to male adoles-
cent rodents (Varlinskaya and Spear, 2015). During mid-adolescence,
there is a decline in sensation-seeking as well as more control of im-
pulsivity among girls when compared to adolescent boys (Shulman
et al., 2015). Overall, given the association between negative affect and
onset of alcohol use, these differences in developmental trajectories
between boys and girls may contribute to adolescent girls being more
apt to drink to cope with negative affect.

2.2. Role of early life stress and childhood maltreatment

Both preclinical and clinical research have demonstrated that ex-
posure to early life stress has long-term effects on stress reactivity and
alcohol use (Bunea et al., 2017; Stephens and Wand, 2012; Heim and
Nemeroff, 2001). Repeated exposure to early life stressors, prior to 17
years of age, is associated with an increased risk for subsequent pro-
blematic alcohol use among young adults (18-25 years of age) (Shin
et al., 2018). Recent findings also suggest that women endorsing a
history of maltreatment before age 18 may display more vulnerability
to negative alcohol outcomes, including earlier drinking onset and in-
creased rates of AUDs (Evans et al., 2018; Fenton et al., 2013). Speci-
fically, sexual abuse, emotional neglect, and emotional abuse were as-
sociated with increased rates of AUDs in women compared to men
(Fenton et al., 2013; Sartor et al., 2018).

Of note, data from a national survey of cigarette smokers suggest
that approximately 41% of women and 49% of men endorse physical or
emotional maltreatment prior to age 18, while approximately 30% of
women and 18% of men endorse serious psychological distress as
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children (Smith et al., 2015). Additional epidemiological data demon-
strated that 10.8% of women and 6.6% of men who endorse maltreat-
ment during childhood later met criteria for a lifetime alcohol depen-
dence diagnosis (Oberleitner et al., 2015). This suggests that while base
rates should be considered when investigating the underlying effects of
childhood maltreatment on drinking, women have unique mechanisms
contributing to higher rates of subsequent alcohol dependence. Pre-
clinical research also supports the association between early life stress
and subsequent alcohol use; corticosterone exposure during adoles-
cence (aged 27-28 days) increased alcohol drinking and seeking in
female rodents to a greater degree than males (Bertholomey et al.,
2016), suggesting an effect of early stress on alcohol-motivated beha-
vior.

2.3. Sex differences in brain morphology in adolescence

Early life stress is associated with long-lasting alterations in the
mesolimbic dopamine (DA) pathway, changes in neurotransmitter
systems implicated in the stress response (e.g., norepinephrine [NE],
corticotropin-releasing factor [CRF]), and changes in brain morpho-
metry, including decreased volume in the corpus callosum, anterior
cingulate cortex and amygdala, as well as reduction in volume and
synaptic density in the hippocampus (for review see (Enoch, 2011;
Gonzalez, 2013)). It has been postulated that the strong relationship
between negative affect and the initiation of alcohol use in adolescent
girls (Edwards et al., 2014) may be related to the effect of early life
stress on corticolimbic function, which is less responsive to alcohol in
women, and thus increases vulnerability for alcohol use and misuse
(Koob and White, 2017).

There is emerging evidence that the brains of women and men
further differentiate in adolescence. In youth, girls tend to display more
interhemispheric communication than boys, possibly facilitating con-
nectivity between subcortical areas related to analytical and intuitive
processing, whereas boys display more intrahemispheric communica-
tion than girls (Koob and White, 2017; Ingalhalikar et al., 2014). While
the impact of these differences on behavior is not yet clear, it is likely
that these differences in corticolimbic function during adolescence
contribute to the observation that girls are more likely to drink to
regulate negative affect. These differences in brain morphology also
continue to emerge in adulthood, such that adult women have more
gray matter in the medial prefrontal cortex (PFC), an area important for
regulating executive function, while males have more gray matter in
the anterior cingulate cortex, an area involved in hedonic and impulsive
activity (Koob and White, 2017; Ruigrok et al., 2014). It is likely that
these sex differences in human brain structure alter brain function
leading to sex differences in the cycle of AUD, including maintenance
and relapse (Koob and Volkow, 2016).

2.4. Relationship between drinking and negative affect into adulthood

The relationship between stress, negative affect and alcohol use
continues into adulthood, with particularly salient consequences for
women (Brady and Sonne, 1999). For example, women endorsing two
or more past year stressful life events were 4 times more likely to have a
new onset AUD, whereas men with two or more past year stressful life
events were 2.5 times more likely to have a new onset AUD (Verplaetse
et al., 2018). Additionally, women are more likely to relapse in re-
sponse to stress (Becker and Koob, 2016), whereas acute stress has been
generally shown to have minimal impact on subjective responses to
alcohol among men (Childs et al., 2011). Furthermore, women have
sensitized responses to stress during periods of alcohol withdrawal
(Sharrett-Field et al., 2013; Becker and Koob, 2016). These findings are
consistent with the preclinical literature demonstrating that female
rodents consume more alcohol in an animal model of depression
(Vengeliene et al., 2005) and are more reactive to stress-induced re-
lapse (Bertholomey et al., 2016).
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Table 2
Summary of the literature on brain structures and neuromodulators hypothesized to underlie sex differences in stress-related alcohol use.
Preclinical Clinical Translation® References
Brain structures
PFC* Alcohol x stress ? ? ?
Alcohol x stress x sex ? 4 ? Goldstein et al., 2010; Seo et al., 2011
Amygdala Alcohol x stress v v Yes Clemens and Vendruscolo, 2008; Koob, 2009; Kwako et al., 2015; Weinshenker
and Schroeder, 2007
Alcohol x stress x sex ? ?
Hippocampus Alcohol x stress ? ?
Alcohol x stress x sex ? ? ?
Neurotransmitters
Norepinephrine Alcohol x stress v Mixed Yes Koob, 2009; Weinshenker and Schroeder, 2007; Haass-Koffler et al., 2018;
Riga et al., 2014; Le et al., 2005; Patkar et al., 2004; Muzyk et al., 2011;
Fitzgerald, 2013
Alcohol x stress x sex v ? ? Bertholomey et al., 2016
CRF” Alcohol x stress v Mixed Mixed Becker, 2012; Kaur et al., 2012; Le et al., 2002; Zorrilla et al., 2013
Alcohol x stress x sex v v Yes Kwako et al., 2015; Silva and Madeira, 2012
HPA axis* Alcohol x stress v v Yes Bertholomey et al., 2016; Stephens and Wand, 2012
Alcohol x stress x sex Mixed v Mixed Adinoff et al., 2010; Alele and Devaud, 2007; Anthenelli et al., 2018;
Bertholomey et al., 2016; Cozzoli et al., 2014; Nentwig et al., 2018
Dynorphin/
kappa Alcohol x stress v ? ? Anderson and Becker, 2017; Walker and Koob, 2008
Alcohol x stress x sex Mixed ? ? Blednov et al., 2006; Kovacs et al., 2005; Morales et al., 2014; Racz et al.,
2013; Zhou et al., 2015
GABA‘ Alcohol x stress v ? ? Patkar et al., 2016; Sanders and Shekhar, 1995
Alcohol x stress x sex ? ? ?
Neurodegeneration Alcohol x stress v ? ? Walter and Crews, 2017; Walter et al., 2017
Alcohol x stress x sex ? ? ?
Hormones
Progesterone Alcohol x stress v ? ? Carroll and Anker, 2010
Alcohol x stress x sex 4 ? ? Becker and Koob, 2016; Carroll and Anker, 2010
Estrogen Alcohol x stress ? v ? Joyce et al., 2017
Alcohol x stress x sex ? ? ?

Legend: ? = unknown, not been studied; v = studied with positive findings; mixed = mixed findings.

a

b

PFC = prefrontal cortex.

CRF = corticotropin-releasing factor.

HPA = hypothalamic-pituitary-adrenal.

GABA = gamma-Aminobutyric acid.

Correspondence of findings between preclinical and clinical.

c

e

Psychiatric comorbidities such as depression, anxiety disorders, and
posttraumatic stress disorder (PTSD) are strongly associated with pro-
blematic drinking, and to a higher degree in women compared to men.
There is a stronger relationship between negative affect and alcohol-
related measures, including alcohol consumption, craving, binge
drinking, problematic use, and dependence in women than men
(Boykoff et al., 2010; Kendler et al., 2015; Choi and DiNitto, 2011;
Anker et al., 2017, 2018). For example, data from NESARC-III suggests
there are higher rates of co-morbidity between AUD and major de-
pression in women than in men (24% vs. 13%; unpublished data). So-
cial drinking women report higher levels of sadness and anxiety fol-
lowing stress-induction as compared to men, and women with alcohol
dependence report higher levels of depression and anxiety than their
male counterparts, indicating that women are particularly vulnerable to
emotional stress (Chaplin et al., 2008; King et al., 2003). This has been
shown to affect alcohol consumption, as women diagnosed with alcohol
dependence report a higher frequency of heavy alcohol consumption
during negative emotional states (Abulseoud et al., 2013). Additionally,
rumination is a prospective predictor of alcohol-related problems
among women but not men (Nolen-Hoeksema and Harrell, 2002).
When compared to men, women report drinking more in response to
unpleasant emotions and interpersonal conflict, and this relationship is
mediated by depressive symptom severity (Lau-Barraco et al., 2009).

Unsurprisingly, the relationship between stress, negative affect, and
alcohol use is also observed when exploring PTSD symptomatology and
comorbid alcohol use (PTSD-AUD). Women are more likely than their
male counterparts to be diagnosed with PTSD-AUD (14% vs. 6%) and
women are also more likely to endorse that PTSD preceded AUD (Sonne
Susan et al.,, 2010). Women also endorse greater intensity and

frequency of avoiding trauma-related cognitions/feelings and social
impairment compared to males, and thus may use alcohol and drugs to
alleviate PTSD-related negative affect (Sonne Susan et al., 2010; Hien
et al., 2009). Overall, both women and men with PTSD-AUD report
drinking to cope; however, men display greater drinking for enhance-
ment of positive emotions, while alcohol consumption is related to
drinking to cope among women (Lehavot et al., 2014). Preclinical re-
search supports such conclusions as female rodents are more likely to
increase alcohol intake in an animal model of PTSD compared to males
(Cozzoli et al., 2014).

As reviewed in the prior section, sex differences regarding alcohol
onset and maintenance begin to emerge in early adolescence, with ex-
posure to early life stress, developmental changes and emerging dif-
ferences in brain morphology underlying the role of stress and negative
affect in alcohol use, particularly for women. The relationship between
stress, negative affect, and alcohol use continues into adulthood with
increased vulnerability to alcohol use related to negative emotional
states and past year stress and increased prevalence of psychiatric co-
morbidities related to negative affect observed in women.

3. Are there sex differences in neuroadaptations related to stress
pathophysiology as a consequence of continued drinking?

3.1. Overview of stress-induced pathophysiology and the effects of alcohol

The interactions between pathophysiology related to stress and
neuroadaptations induced as a result of AUD are complex and involve
several brain and neurotransmitter systems. Stress-related changes in
reward circuitry (e.g., mesocorticolimbic dopaminergic system) likely
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sensitize individuals to the reinforcing effects of substances of abuse
(McKee et al., 2011). Stress co-activates this reward circuitry simulta-
neously with brain stress systems, such as the hypothalamic-pituitary-
adrenal (HPA) axis, and induces signaling through many neuro-
transmitters, including NE, CRF and dynorphin. Activation of these
pathways likely enhances the effects of drugs of abuse on mood, craving
and physiological reactivity, thus contributing to stress-related sub-
stance use (McKee et al., 2011).

While a detailed review of stress pathophysiology and the effects of
substance use on these systems is outside the scope of this review, the
following sections focus on particular brain structures and neuro-
transmitters that may underlie the interactions between sex, stress, and
alcohol. Specifically, the PFC, amygdala, and hippocampus as well as NE,
CRF, dynorphin, and gamma-Aminobutyric acid (GABA) are identified as
important structures and neurotransmitters implicated in stress-related
alcohol use (see Table 2 for a summary of findings on brain structures
and neuromodulators underlying sex differences in stress-related alcohol
use). For a comprehensive review of the neurobiology underlying the
relationship between stress pathophysiology and addiction, see (Koob
and Volkow, 2010, 2016; Kwako and Koob, 2017).

3.2. Brain structures

3.2.1. PFC

The PFC-amygdala axis is critical for the processing of reward, in-
hibitory control, stress reactivity, and emotion regulation.
Neuroimaging studies demonstrate that alcohol and stress induce al-
terations in PFC activity in both men and women (Seo et al., 2011). For
example, alcohol-related stimuli activated the medial PFC in abstinent
individuals with AUD compared to healthy controls, and PFC activation
was enhanced in those who subsequently relapsed to alcohol use
(Griisser et al., 2004). Alcohol cues can also activate the dorsolateral
PFC (dIPFC) in non-treatment-seeking individuals with AUD compared
to social drinkers (George et al., 2001). Regarding stress, HPA axis and
autonomic responses to stress are enhanced following lesions to the
ventromedial PFC (Sinha, 2008). The release of catecholamines, such as
NE and DA, following stress significantly impairs PFC-dependent cog-
nitive function (Arnsten and Goldman-Rakic, 1998), whereas high le-
vels of NE and DA in the amygdala and NAc strengthen habitual re-
sponding (Arnsten, 2000).

Regarding sex differences, female rodents are more reactive to
stress-induced PFC dysfunction than males, an effect mediated by high
levels of estrogen (Shansky et al., 2004); thus, may account for the
higher vulnerability to anxiety disorders in women. However, research
on region-specific sex differences indicates that healthy social-drinking
men show greater stress-related neural activation in the medial PFC
compared to women (Seo et al., 2011; Goldstein et al., 2010). To our
knowledge, there has not been any work examining sex differences in
stress-induced PFC dysfunction as it relates to AUD. However, work by
our group suggests that women smokers with smaller or blunted am-
phetamine-induced DA changes in the dIPFC were more likely to re-
lapse to smoking following stress but not male smokers (Zakiniaeiz
et al.,, 2017). This finding suggests that stress may compromise the
ability of the PFC to regulate inhibitory control, which in turn may be
related to stress-induced drug use, particularly in women. As such, this
work should be extended to examine sex differences in the PFC in in-
dividuals with AUD, especially considering recent evidence demon-
strating sex differences in striatal cue-reactivity in problem drinkers;
men showed stronger activation in response to alcohol cues than
women in the striatum (Kaag et al., 2018).

3.2.2. Amygdala

The amygdala is a critical structure related to stress, arousal, and
negative reinforcement. The bed nucleus of the stria terminalis (BNST;
also referred to as the extended amygdala) is thought to comprise the
brain stress systems, including the NE and CRF systems, that generate
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the negative affective states leading to compulsive drug-seeking (e.g.,
negative reinforcement) (Koob, 2009). Negative affective stimuli in-
crease amygdala activity partially through release of NE, leading to
heightened arousal and attention, fear memory formation, and fa-
cilitated motor responses. NE release in response to stressors subse-
quently stimulates CRF release in the amygdala. Data from our group
has demonstrated that reductions in NE signaling through alpha2-
adrenergic receptors in the amygdala increases resilience to social
stress, while decreasing anxiety- and depressive-like behaviors in mice
(Mineur et al., 2018). CRF1 receptors are upregulated in the extended
amygdala following a history of alcohol dependence (Kwako et al.,
2015), and CRF1 antagonists administered directly into the amygdala
reverse alcohol withdrawal-induced anxiety-like behavior in rodents
(Koob, 2009). Alcohol exposure enhances transmission of the inhibitory
neurotransmitter GABA in the central amygdala of alcohol-dependent
rodents, while increasing anxiety-like behavior and withdrawal-in-
duced alcohol self-administration (Clemens and Vendruscolo, 2008);
although, no data on sex differences in GABA signaling have been re-
ported. Overall, increased weekly alcohol consumption has been asso-
ciated with decreased right amygdala-orbital frontal cortex con-
nectivity, as well as sensation-seeking; however no sex differences in
amygdala functioning were explored (Crane et al., 2018).

Regarding sex differences in the amygdala, imaging studies have
demonstrated that men have larger amygdala volume (Cosgrove et al.,
2007b), men have larger amygdala activation in response to stress
compared to women (Seo et al., 2011), and there are sex-related differ-
ences in left and right amygdala activation in men and women recalling
memories of negative emotional stimuli (Cahill et al., 2001). Thus, it has
been hypothesized that women may drink more to achieve a desired
reduction in negative affect or anxiety (Koob and White, 2017). How-
ever, it should be noted that other studies suggest that men and women
both show similar activation of the amygdala following negative stimuli
(Garavan et al., 2001). Furthermore, excitatory signaling in the amygdala
may be suppressed by alcohol to a greater degree in male rodents com-
pared to females (Logrip et al., 2017), warranting additional research of
sex differences regarding stress in the amygdala.

3.2.3. Hippocampus

The hippocampus is a key brain structure in the limbic system,
which plays a key role in the formation of memories. Women may ex-
perience exacerbated cognitive deficits associated with drinking com-
pared to men. Hippocampal damage after a binge alcohol paradigm is
associated with spatial learning deficits in female but not male rodents
(Maynard et al., 2018), and clinical studies demonstrate that women
either with AUD or following alcohol administration have poorer per-
formance on measures of working memory than men (Flannery et al.,
2007; Liu et al., 2010). Women who are heavy drinkers have greater
impaired inhibition (Weafer et al., 2015; Smith et al., 2016) and con-
sistently perform more poorly on tasks involving spatial planning,
problem solving and cognitive flexibility (Flannery et al., 2007; Liu
et al.,, 2010) when compared to men. Neuroimaging studies identify
effects of AUD on activation in regions associated with spatial working
memory in both men and women, but women with AUD differed
from controls to a greater degree than men (Nixon et al., 2014).
However, it is important to note that sex-dependent findings on the
effects of AUD on cognitive function remain mixed (Hoffman et al.,
2015; Van den Berg et al., 2017) and warrant further investigation,
especially because cognitive impairments have been linked to poorer
treatment outcomes across most substance using-populations (Sofuoglu
et al., 2013).

3.3. Neurotransmitters & peptides
3.3.1. Norepinephrine

Alcohol activates the noradrenergic system in both animals and
humans (Koob, 2009; McDougle et al., 1995; Weinshenker and
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Schroeder, 2007), and the noradrenergic system, in turn, plays a role in
alcohol-related arousal, reinforcement, withdrawal, and stress re-
activity (Koob, 2009). Elevated plasma levels of epinephrine and NE
have been documented in recently abstinent alcoholics (Patkar et al.,
2004), and noradrenergic agents have been used to treat sympathetic
hyperactivity during alcohol withdrawal (Muzyk et al., 2011). Alcohol
administration in rodents upregulates c-fos signaling, a marker of
neuronal activity, in the locus coeruleus (LC), the nucleus containing
noradrenergic cell bodies that projects to forebrain structures, including
the amygdala (Weinshenker and Schroeder, 2007). Reductions in NE
release occur by stimulation of inhibitory presynaptic alpha2 nora-
drenergic receptors or by blocking alphal or beta noradrenergic re-
ceptors.

Preclinical evidence suggests that increased NE signaling enhances
stress-induced reinstatement to alcohol following extinction, whereas
reduced noradrenergic activity, by blocking alphal, alpha2a, or beta
receptors, attenuates alcohol self-administration and stress-induced
reinstatement to alcohol-seeking (Haass-Koffler et al., 2018). For ex-
ample, the noradrenergic alpha-2 agonist guanfacine has been shown to
reverse relapse vulnerability to alcohol-seeking in rats after social de-
feat-induced persistent stress (SDPS) (Riga et al., 2014), an animal
model of depression. Further, yohimbine, an alpha2-antagonist and
pharmacologic stressor that increases noradrenergic activity, can re-
instate alcohol-seeking in rodents (Le et al., 2005), and female rodents
may be more sensitive to yohimbine-induced reinstatement to alcohol-
seeking than males (Bertholomey et al., 2016). Indeed, electro-
physiological studies confirm that female rodents have greater LC ac-
tivation following hypotensive stress (Curtis et al., 2006), an effect that
may be mediated by CRF. Probing the noradrenergic system with agents
that perturb or attenuate noradrenergic activity to evaluate sex differ-
ences may help elucidate mechanisms underlying stress-precipitated
drinking, but generally sex differences in the effect of NE on stress-
related drinking have not been thoroughly examined.

In humans, noradrenergic agents have demonstrated efficacy in re-
ducing drinking days per week, drinks per week, and stress- or cue-in-
duced alcohol craving in individuals with AUD (Haass-Koffler et al.,
2018); although, clinical trials of prazosin, an alphal-adrenergic an-
tagonist, for AUD with comorbid PTSD have produced mixed results
(Haass-Koffler et al., 2018). To our knowledge, no studies have yet ex-
amined sex differences in treatment response for medications targeting
the noradrenergic system for AUD in humans. Only two studies have
evaluated sex differences in the effect of guanfacine on smoking and
cocaine use outcomes. In daily cigarette smokers, our group has found
that guanfacine preferentially reduced smoking lapse, cigarettes smoked,
and tobacco craving following stress in women but not men (McKee,
2013). Similarly, guanfacine decreased cocaine craving, alcohol craving,
anxiety, and negative emotion following stress and drug imagery in co-
caine-dependent women but not men (Fox et al., 2014). The effect of
guanfacine on stress-related drug self-administration and craving may be
related to its ability to improve PFC connectivity during periods of stress
(Arnsten and Jin, 2012). Further, the sex-dependent differences in
treatment response to guanfacine may be related to the ability of es-
trogen to regulate alpha2 receptors (Millan, 2003) and facilitate the
synthesis of NE in the LC in female vs. male rodents (Thanky et al.,
2002). Overall, research is lacking in the examination of sex differences
in noradrenergic mechanisms underlying stress-related alcohol use.

3.3.2. CRF

CRF regulates HPA axis reactivity, is a primary mediator of the
stress response, and is hypothesized to play a key role in stress-related
drug use, drug withdrawal, and relapse to drug-taking (for review see
Becker (2012)). CRF is a 41-amino acid polypeptide, and CRF-con-
taining neurons are located throughout the brain, and particularly in
regions important to stress pathophysiology (e.g., amygdala). CRF sig-
nals through two receptor subtypes, CRF; and CRF,; however, the CRF;
receptor has been more extensively studied in addiction (Koob, 2010).
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It is known that chronic alcohol exposure dysregulates CRF neuro-
transmission (Becker, 2012). CRF administration reinstates alcohol-
seeking in rodents (Le et al., 2002) and CRF; receptor knockout mice
exhibit reduced alcohol drinking (Kaur et al., 2012). CRF; antagonists
administered systemically or directly into the ventricles can reduce
alcohol self-administration, attenuate yohimbine- and footshock-in-
duced reinstatement of alcohol-seeking, and block withdrawal-induced
anxiety-like behavior in alcohol-dependent animals (Zorrilla et al.,
2013). However, the translation of these findings to humans is equi-
vocal (Kwako et al., 2015), perhaps because sex differences have not
been taken into account fully.

There are significant gaps in the literature regarding sex differences
in CRF-mediated regulation of alcohol use in response to stress.
Preclinical research has demonstrated that CRF-containing neurons are
less able to adapt to high levels of CRF and LC sensitivity to CRF is
greater in female vs. male rodents, suggesting that CRF-related dys-
function may contribute to the greater vulnerability to stress-related
psychiatric disorders in women (Bangasser et al., 2010). Indeed, alcohol
withdrawal-induced CRF reactivity may be greater in female vs. male
rodents (Silva and Madeira, 2012), but sex-dependent mechanisms
underlying this difference are not well understood. Findings in anxious,
alcohol-dependent women suggest that the CRF,; antagonist verucerfont
reduced HPA axis reactivity to stress (Kwako et al., 2015; Schwandt
et al., 2016). Interestingly, estrogen is thought to regulate CRF gene
expression and the CRF response to stress (Vamvakopoulos and
Chrousos, 1993; Handa and Weiser, 2014; Novais et al., 2017; Li et al.,
2006). For example, estrogen replacement therapy may moderate the
CRF response to emotional stress in postmenopausal women (Lindheim
et al., 1992). However, work in this area remains limited.

Sex-dependent effects of stress and alcohol on CRF regulation of the
HPA axis have also been understudied, but a picture is emerging.
Preclinically, corticosterone exposure during adolescence may sensitize
animals to stress-induced responding for alcohol later in life and cor-
ticosterone-treated adolescent female rodents were more sensitive to
yohimbine-induced reinstatement of alcohol-seeking than males in
adulthood (Bertholomey et al., 2016). Similarly, in human subjects
exposure to early life stress, including childhood trauma or maltreat-
ment, is related to heightened stress reactivity, increased depressive
symptomology (Heim and Nemeroff, 2001), and higher adrenocorti-
cotropic hormone (ACTH) levels in response to CRF administration as
adults (Heim et al., 2001).

Acute alcohol consumption can also increase plasma corticosterone
and cortisol levels in both rodents and humans, respectively, in a sex-
dependent manner. For example, while heavy drinkers have demon-
strated increases in plasma cortisol following acute alcohol intake
(Stephens and Wand, 2012), one study found that regardless of alcohol
dependence history, women demonstrated a more robust response of
ACTH and cortisol following the neuroendocrine stimulation test (per-
ipherally-acting dexamethasone/CRF) than men (Anthenelli et al.,
2018). Other studies have demonstrated that the cortisol awakening
response was higher in heavy drinking women than moderate drinking
women following chronic consumption (Adinoff et al., 2010). In con-
trast, separate studies of recently abstinent (up to 4 weeks) alcohol-
dependent men (Bernardy et al., 1996; Lovallo et al., 2000; Errico et al.,
2002) and women (Bernardy, 1995) or social drinkers with a family
history of alcoholism (Sorocco et al., 2006) indicate a blunted cortisol
response to stress (e.g., public speaking, mental arithmetic) compared
to healthy controls; although, direct comparison of sex differences in
stress reactivity was not conducted in these studies due to small sample
size.

In preclinical work, female rodents exhibited greater ACTH and
corticosterone responses following alcohol and stress exposure com-
pared to males (Bertholomey et al., 2016; Cozzoli et al., 2014). Female
mice deficient in the endogenous opioid peptide (-endorphin, a reg-
ulator of the HPA axis, also demonstrated increases in voluntary binge-
like alcohol intake compared to wild-type controls, an effect not present
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in males (Nentwig et al., 2018). In the same study, females deficient in
B-endorphin exhibited increased baseline anxiety, corticosterone, and
CRF mRNA in the extended amygdala, all of which normalized fol-
lowing alcohol consumption (Nentwig et al., 2018). However, other
studies indicate that male rodents exhibited greater withdrawal-in-
duced elevations in plasma corticosterone relative to females (Alele and
Devaud, 2007). While the literature is mixed both among and between
preclinical and clinical findings, it is likely that chronic alcohol con-
sumption produces profound alterations in HPA axis reactivity. The
discrepancy in findings related to sex differences may be associated
with study timeframe (e.g., early HPA dysregulation in acute alcohol
use vs. the withdrawal period of rodents and recently abstinent in-
dividuals with AUD).

Overall, the data suggest that females may be more sensitive to al-
terations in CRF and HPA axis reactivity induced by stress and con-
tinued alcohol use compared to males. Females may also be more
sensitive to withdrawal-induced changes in CRF activity, whereas males
may exhibit a heightened corticosterone response following with-
drawal. Research is needed to extend and reproduce these preliminary
findings as there is promise in using these interconnected systems as
probes to understand mechanisms underlying drinking to regulate ne-
gative affect and stress reactivity.

3.3.3. Dynorphin/kappa

The dynorphin/kappa opioid receptor (KOR) system has also been
implicated in the stress response and addiction (Anderson and Becker,
2017) but studies examining sex differences in the role of the dynor-
phin/KOR system on alcohol intake have shown mixed results. Dynor-
phin, an endogenous opioid peptide, binds exclusively to the KOR and is
released in response to stress. KOR activation by dynorphin is asso-
ciated with stress-related behaviors in rodents and humans
(McLaughlin et al., 2003), and may contribute to negative affective
states associated with drug withdrawal (Racz et al., 2013). Indeed, KOR
antagonists have demonstrated efficacy in reducing anxiety- and de-
pressive-like behavior in studies using only male rodents (McLaughlin
et al., 2003). In rodents, KORs may also be dysregulated following
chronic alcohol exposure (e.g., 4-week intermittent vapor exposure
[14h on/10 h off]), consequently leading to an increase in alcohol self-
administration (Walker and Koob, 2008). The KOR antagonists JDTic
and nor-binaltorphimine (nor-BNI) have been shown to attenuate al-
cohol self-administration, cue-induced reinstatement of alcohol-
seeking, and alcohol-induced conditioned place preference (CPP) in
rodents (Anderson and Becker, 2017; Racz et al., 2013; Walker and
Koob, 2008), although this effect is dependent on rodent strain. It
should be noted that nor-BNI may only be effective in alcohol-depen-
dent vs. non-dependent animals (Walker and Koob, 2008), and most of
the aforementioned studies were conducted in males only.

Sex differences in the dynorphin/KOR system have been studied for
pain, mood dysregulation, and responses to drugs of abuse (Rasakham
and Liu-Chen, 2011). For example, in non-human primates, females are
less sensitive to the analgesic effect of KOR agonists (Negus et al.,
2002). Female rats are less sensitive to the depressive-like effect of a
KOR agonist than males (Russell et al., 2014), possibly indicative of an
enhanced role for KORs in anxiety- and depressive-like states in male
rodents. Regarding alcohol, pharmacologic studies suggest that nor-BNI
reduces alcohol intake in female rodents, but increases alcohol intake in
male rats following social isolation stress (Morales et al., 2014). How-
ever, other studies have found that nor-BNI decreased drinking in male
rodents, with no effect in females (Zhou et al., 2015).

Sex dependent effects on alcohol-motivated behavior in mice with
genetic manipulations of KOR have also been variable. In one study,
female prodynorphin knockout mice exhibited reduced alcohol pre-
ference (Blednov et al., 2006), but others have shown that female
prodynorphin knockouts exhibit increased alcohol intake (Racz et al.,
2013), likely because different mouse strains were used in these studies.
Both female and male KOR knockout mice also exhibit reduced alcohol
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consumption, however (Kovacs et al., 2005). Overall, results are mixed
with regard to sex-related differences in the role of the dynorphin/KOR
system on alcohol-motivated behavior. While changes in science (e.g.,
NIH) policy (Clayton and Collins, 2014) ensure that female rodents are
included in studies probing the dynorphin/kappa system for stress-re-
lated drinking behavior, current research in this area is lacking.

3.3.4. GABA

One of the primary molecular targets for alcohol is the family of
GABA, receptors, which are required for its acute sedative effects
(Davies, 2003). Imaging studies show that cortical GABA levels are
higher in women compared to men (Sanacora et al., 1999). Our group
has also shown that women have greater GABA,-benzodiazepine re-
ceptor availability than men (Esterlis et al., 2013). Similar observations
have been made in animal models (Stefanova, 1998). GABA acts toni-
cally in the amygdala at GABA, receptors to blunt anxiety-like re-
sponses, as does acute alcohol (Sanders and Shekhar, 1995), and
chronic alcohol exposure, by way of chronic intermittent ethanol (CIE),
induces GABA, receptor plasticity in the amygdala (Lindemeyer et al.,
2014). Female mice also have more high affinity GABA binding sites
than males, and these sites are more sensitive to stress-induced dysre-
gulation in females than in males (Skilbeck et al., 2008). Together,
these results suggest that decreasing GABA transmission could have
more profound effects in women than in men.

As discussed above, another effect of chronic alcohol use is NE
hyperexcitability (Fitzgerald, 2013), leading to greater stress reactivity
and anxiety. This hyperarousal could be enhanced if GABA neurons are
inhibited. NE can also activate GABAergic neurons in the amygdala,
which could counteract the stimulatory effects of NE on principal
neurons. However, chronically elevated NE signaling induced by long-
term alcohol use can desensitize -adrenergic receptors on GABA neu-
rons of the amygdala (for review see (Patkar et al., 2016)). This allo-
static imbalance, a disruption in the adaptive processes that sustain
homeostasis of the stress response (McEwen, 2005), is likely to promote
stress and anxiety-like behaviors. Thus, chronic alcohol use may in-
crease the susceptibility to stress-induced behaviors and promote re-
lapse to alcohol drinking by inducing NE hyperstimulation and de-
creasing amygdala GABA signaling. The increased GABA receptor
number in the female brain may also contribute to the more pro-
nounced effects in female mice (Skilbeck et al., 2008).

3.4. Alcohol-induced neurodegeneration and relationship to stress and
drinking

While markers of peripheral inflammation have long been asso-
ciated with a variety of psychiatric disorders, including AUD (Szabo and
Mandrekar, 2009; Gonzalez-Quintela et al., 2008), the role that neu-
roinflammation plays has only recently been examined (Hillmer et al.,
2017; Kalk et al., 2017). Microglia, the resident macrophages of the
brain, are involved in a variety of physiologic and pathologic processes,
most notably in the initiation and maintenance of neuroinflammation.
Resting microglia are tightly regulated by interactions with neurons,
and microglia normally protect neurons (Ponomarev et al., 2011). For
example, when provided with signals that indicate the presence of
tissue damage or pathogens, microglia become activated and carry out
repair functions. However, excessive activation leads to the release of
substances that cause neuronal dysfunction and death, such as in-
flammatory cytokines, chemokines, reactive oxygen species, nitric
oxide, and glutamate (Yakovleva et al., 2011; van Gool et al., 2010;
McNally, 2007; Block et al., 2007), and through these pathways may
contribute to alcohol-induced neurodegeneration. It is now generally
accepted that alcohol initially activates microglia (McClain et al.,
2011), which plays a role in alcohol-induced adaptations in the brain;
but more recent neuroimaging studies suggest that with chronic alcohol
consumption (e.g., alcohol-dependent subjects imaged 1-4 days after
their last drink but before the occurrence of major brain changes
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following abstinence (Hillmer et al., 2017) or recently detoxified al-
cohol-dependent subjects within 1 month of medically assisted with-
drawal (Kalk et al., 2017)) the neuroimmune and peripheral immune
systems become suppressed (Hillmer et al., 2017; Kalk et al., 2017).

Women are more susceptible to alcohol-related impaired peripheral
immunity than men, including alcohol-induced liver disease (Rehm
et al., 2010), cardiac myopathy (Mogos et al., 2017), and hypertension
(Briasoulis et al., 2012). In the brain, it has long been thought that
women with AUD have more brain atrophy, including gray and white
matter volume loss, than do men with AUD (Pfefferbaum et al., 2009;
Hommer et al., 2001; Sohrabji, 2002), although some findings are
conflicting (Pfefferbaum et al., 2001, 2006). Markers of neurodegen-
eration, including neuroimmune function, have been linked to decre-
ments in executive function (Flannery et al., 2007; Liu et al., 2010) and
poor AUD treatment response (Goldstein and Volkow, 2011; Durazzo
et al., 2011; Noél et al., 2002). Taken together, these observations
suggest that women may be more susceptible to the neuroimmune
consequences of alcohol than men, which has critical behavioral and
cognitive implications.

In addition to neuroimmune function, synaptic density may be a
marker of neurodegeneration. Preclinical studies have shown that sy-
naptic density was lower in rodents chronically exposed to alcohol vs.
control animals in cerebellar Purkinje cells (Dlugos and Pentney, 1997)
and cerebellar cortex (Dlugos and Pentney, 2002). In a subset of
chronically alcohol-treated animals that recovered for 20 weeks, there
was an apparent restoration of synaptic density to control levels
(Dlugos and Pentney, 1997). Additionally, lower synaptic density may
contribute to neuronal instability (Feng et al., 2009), particularly a
glutamate-GABA imbalance, which is known to develop with chronic
alcohol consumption (Volkow et al., 2011).

There is also evidence to suggest that neurodegeneration alters the
stress response, and possibly the effect of stress on alcohol consump-
tion. A critical role of microglia is to support and protect neurons, to
prune dendritic spines, and to promote synapse formation. Stress per-
turbates this homeostatic balance. For example, preclinical studies de-
monstrate that stress induces changes in the shape and molecular ma-
keup of microglia (Rohan Walker et al., 2013) and causes synaptic loss
on neurons in the PFC (Ota et al., 2014) and hippocampus (Milior et al.,
2016), which were associated with depressive behaviors. More recently,
stress-induced activation of microglia was shown to contribute directly
to neuronal “remodeling” and synaptic deficits in the PFC, which un-
derlie symptoms of anxiety and depression (Wohleb et al., 2018). Fi-
nally, sensitization of stress-induced microglial activation has been
observed following alcohol exposure (Walter and Crews, 2017; Walter
et al., 2017). However, to our knowledge, sex differences in the role of
stress on alcohol-induced neurodegeneration have not been well-char-
acterized. Because women may be more susceptible to the neu-
roimmune consequences of alcohol than men, probing systems that may
rescue dendritic spine loss and protect against alcohol and stress-in-
duced changes in synaptic density, including the noradrenergic and
GABA systems, may be a critical step in translational research for
identifying markers of neurodegeneration and sex-appropriate treat-
ment development.

4. How are sex hormones related to stress and drinking?

Alterations in sex steroid levels, associated with the hypothalamic
pituitary gonadal (HPG) axis, have effects on various neurotransmitter
systems, including brain stress systems. For instance, progesterone and
its metabolites allopregnanolone and pregnanolone regulate neuronal
function, particularly through non-genomic action of GABA, receptors
(Guennoun et al., 2015; Lynch and Sofuoglu, 2010). The relationship
between sex hormones and GABA, receptors likely contribute to the
anxiolytic effects of alcohol; namely because the anxiolytic effects of
alcohol have been attributed to GABA, receptor function (Lobo and
Harris, 2008). Progesterone and its metabolites also interact with other
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neurotransmitter systems, including the glutamate and nicotinic acet-
ylcholine receptor systems (a432, a5; for review see (Lynch and
Sofuoglu, 2010; Turkmen et al., 2011)), which likely modulate the ef-
fect of alcohol on the brain. Additionally, serotonin may mediate var-
ious physiological actions of estrogen, as estradiol alters the con-
centration of serotonin (Rybaczyk et al., 2005). Estrogens, including
estradiol, have been implicated as mediators of DA efflux in women but
not men, likely affecting motivation for rewards such as drugs of abuse
(Yoest et al., 2014). Finally, there is initial evidence that estrogen may
up-regulate a,A-adrenergic receptors, which would likely impact stress
reactivity and substance use (Pedersen et al., 2004) due to perturba-
tions in NE signaling.

Increasing evidence suggests that ovarian hormones may account
for sex differences in alcohol self-administration, alcohol withdrawal,
and reinstatement to alcohol-seeking in rodents and humans (Carroll
and Anker, 2010; Anker and Carroll, 2010). Women with consistently
high estradiol levels also have higher alcohol intake than those char-
acterized by lower estradiol levels (Muti et al., 1998). Similarly, chronic
estradiol replacement can increase alcohol drinking in female rodents,
whereas chronic testosterone can decrease drinking in male rodents
(Bertholomey and Torregrossa, 2017). Increases in progesterone and
allopregnanolone have been associated with decreased alcohol with-
drawal severity, with female rodents exhibiting more sensitivity to the
anxiolytic-like effect of allopregnanolone during withdrawal (Becker
and Koob, 2016; Carroll and Anker, 2010).

These results are consistent with evidence that drinking behavior,
including intake, fluctuates over the course of the menstrual or estrus
cycles, when sex steroids are also in flux (Becker and Koob, 2016).
Phases of the estrus and menstrual cycles are characterized by higher
levels of estradiol associated with higher risk of drinking and binge
drinking (Martel et al., 2017; Becker and Koob, 2016). Among women
in the early follicular menstrual phase (days 1-5; characterized by low
levels of ovarian hormones), drinking to cope with negative affect
predicted increased alcohol consumption (Joyce Kayla et al., 2017).
These results should be viewed with caution as there are methodolo-
gical variations associated with dichotomizing the cycles (see review
(Allen et al., 2016)), making it difficult to determine the influence of
ovarian hormones on alcohol consumption in these studies.

5. Reducing stress and negative affect as a treatment target for
AUD

5.1. Pharmacological

Abstinence from alcohol or reduction of high-risk drinking can
prevent and reduce many of the harmful health consequences of
drinking. Successful treatment of AUD is associated with lower blood
pressure, improved liver function, and stabilization of many conditions,
including, cardiomyopathy, gastritis, ascites, and edema (Substance
Abuse and Mental Health Services Adminstration & National Institute
on Alcohol Abuse and Alcoholism, 2015). There are three FDA-ap-
proved medications for AUD; disulfiram, naltrexone (oral and depot
formulations), and acamprosate, each with limitations regarding their
efficacy and use. Research on disulfiram has been primarily conducted
in males, and there is insufficient data to determine if there are sex
differences in treatment response (Agabio et al., 2016b). Post-hoc
evaluation of sex differences in medication response to naltrexone and
acamprosate suggests that they may be equally effective for women
(Agabio et al., 2016b; Yoon et al., 2016; Greenfield et al., 2010).
However, in a large U.S.-based study, effect sizes for % days abstinent
for acamprosate (effect size = 0.04) and naltrexone (effect size = 0.22)
were small to moderate (Anton et al., 2006), and lack of sex differences
may simply represent a floor effect.

As reviewed above, NE, CRF, dynorphin/KOR, and GABA all play a
role in stress pathophysiology and associated alcohol consumption.
Medications targeted to each system have been successful in reducing
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alcohol-motivated behavior, including alcohol craving, alcohol-seeking
and consumption, and stress-induced alcohol relapse. While research on
sex differences in each of these systems has been limited, there is some
indication that targeting brain stress systems for sex-appropriate
pharmacotherapeutic treatment options holds promise. Preliminary
work suggests that noradrenergic agents may preferentially reduce
stress-related drug outcomes in women compared to men. For example,
in daily smokers, guanfacine attenuated cigarettes smoked and tobacco
craving following stress in women (McKee, 2013). Similarly, guanfacine
reduced alcohol craving, cocaine craving, anxiety, and negative emo-
tion following stress in cocaine-dependent women but not men (Fox
et al., 2014). However, sex difference research in humans with AUD is
limited.

Research with CRF antagonists is mixed but some data suggest that
they are efficacious in reducing HPA axis reactivity following stress in
women with AUD (Schwandt et al., 2016). KOR antagonists also show
promise, as preclinical data demonstrate that these agents pre-
ferentially reduce alcohol self-administration in female rodents com-
pared to males (Morales et al., 2014). Because GABA binding sites are
more sensitive to stress-induced dysregulation in female rodents
(Skilbeck et al., 2008), GABAergic agents may also be a promising
target for problematic alcohol use, particularly in women drinking for
negative reinforcement. Medications targeting neuroinflammation and
neurodegeneration are a growing interest in addiction (Ray et al.,
2014). Women appear to be more susceptible to the neuroimmune
consequences of alcohol than men, with stress and stress-related
drinking likely playing a critical role in this relationship. Examining
sex-dependent treatment response to medications which target neu-
roinflammation or neurodegeneration is a promising line of inquiry.

Overall, sex difference research in treatment efficacy for agents
targeting each of these stress systems is limited in both rodent models of
high alcohol drinking and in humans with AUD. The considerable body
of data suggesting that women are more likely to drink to regulate
negative affect and stress, while men are more likely to drink for the
reinforcing properties of alcohol, indicates an important direction in the
development of sex-appropriate treatments for AUD. Given the in-
volvement of the NE, CRF, dynorphin/KOR, GABA, and neuroin-
flammation systems in stress pathophysiology and addiction, targeting
these systems to attenuate sex-dependent mechanisms that maintain
drinking is critical.

5.2. Behavioral measures related to AUD

5.2.1. Heart rate variability (HRV)

HRYV, changes in time between beat-to-beat intervals, is thought to
reflect vagal reactivity and autonomic nervous system flexibility
(Berntson et al., 1997). Emerging evidence suggests that HRV may be a
potential mechanism underlying the relationship between stress and
substance use. A recent meta-analysis found that reductions in tonic
HRV are associated with psychiatric disorders, including anxiety and
depression, whereas elevations in tonic HRV are reflective of healthier
states (Berntson et al., 2008; Chalmers et al., 2014). For example, in-
dividuals with higher tonic HRV were better able to adapt to stress
(Park et al., 2014). Women have greater vagal mediation of heart rate,
autonomic balance at rest, and vagal withdrawal in response to stress
compared to men (Liao et al., 1995; Li et al., 2009). Thus, HRV bio-
feedback may have clinical benefits for women seeking non-pharma-
cological treatment for AUD. HRV has been shown to predict alcohol
craving (Quintana et al., 2013) and is reduced by heavy alcohol con-
sumption. Women experience dysregulated HRV in response to alcohol,
less suppression of HRV in alcohol challenges and have greater in-
creases in HRV in response to visual cues, including alcohol cues (Bates
et al.,, 2011; Udo et al., 2009). Consistent with these findings, HRV
biofeedback has been shown to improve alcohol abstinence outcomes at
1-year follow-up (Penzlin et al., 2017) and has recently gained support
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as an adjunctive therapy for depression (Fonoberova et al., 2014).
While support for HRV as a mechanism underlying negative affect and
substance use is relatively new, HRV may be dysregulated during al-
cohol exposure and HRV-based interventions may improve AUD treat-
ment outcomes, especially among women drinkers.

5.2.2. Psychosocial interventions

To date, several psychosocial interventions, including Cognitive
Behavioral Therapy (CBT), 12-Step Facilitation/Alcoholics Anonymous
(TSF/AA), Contingency Management (CM), and Motivational
Interviewing (MI)-Based Interventions have proven to be effective
treatments for AUD (Project MATCH Research Group, 1997; Project
MATCH Research Group, 1998; Petry et al., 2000). CBT has also been
shown to effectively treat comorbid AUD and depressive/anxiety
symptomatology (Olthuis et al., 2015). However, limited research has
focused on sex differences in behavioral treatments as they relate to
reductions in alcohol consumption and stress reactivity.

Two recent studies used female-specific CBT, including modules to
target social support, interpersonal functioning, and coping with ne-
gative affect/anxiety, to treat women with AUD (Epstein et al., 2018a,
2018b); although, when compared to sex-neutral treatment, both
treatments showed similar positive outcomes (Epstein et al., 2018b).
Another study has demonstrated that women were more likely to par-
ticipate in AA, have better alcohol-related outcomes, and show de-
creases in depressive symptoms and drinking to cope/reduce tension
(Moos et al., 2006). It should be noted that Project MATCH results
demonstrated equivalent, modest response rates to CBT, TSF/AA, and
MI-based interventions (Project MATCH Research Group, 1997; Project
MATCH Research Group, 1998) across sexes; however, research re-
garding the overall effectiveness of these interventions for women re-
mains understudied and requires more sophisticated methodologies
(Greenfield et al., 2011), with Project Match including 70-80% men in
their treatment populations (Project MATCH Research Group, 1997;
Project MATCH Research Group, 1998). Additionally, research has
demonstrated that CM is equally beneficial for both sexes, although its
use is often limited due to financial resources (Rash and Petry, 2015).
Thus, additional research is needed to improve treatment outcomes for
women receiving psychosocial interventions. Specifically, it is im-
perative that future studies include more advanced methodologies, as
well as enough women in sample sizes to adequately explore sex-related
factors that may mediate or moderate treatment outcomes and thus
elucidate underlying mechanisms between men and women with AUD
or problematic drinking (Greenfield et al., 2011). Based upon the cur-
rent evidence, it appears that concurrently targeting stress reactivity, as
well as alcohol use, would serve to improve treatment outcomes;
however more targeted research on sex differences is needed.

5.2.3. Mindfulness-based interventions (MBIs)

There is growing evidence that MBIs are associated with reductions in
negative affect and anxiety (Hofmann et al., 2010), as well as support for
its use to treat a variety of substance use disorders (SUDs Zgierska et al.,
2009). Mindfulness-based relapse prevention (MBRP) has shown parti-
cular promise in the treatment of SUDs, including AUD. For instance,
participants receiving MBRP- or CBT-based relapse prevention (RP), both
showed a lower risk of relapse to heavy drinking at 6-month follow-up;
however, MBRP demonstrated significant decreases in heavy drinking
compared to CBT-based RP or treatment as usual at 12-month follow-up
(Bowen et al., 2014). When tailored to women substance users with a
history of trauma, those attending more sessions of MBRP showed
greater reductions in alcohol addiction severity and perceived stress,
although it should be noted that these results were preliminary (Amaro
et al., 2014). Overall, there appears to be promise in the utility of MBIs
among women to decrease alcohol consumption and perceived stress.
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Sex di erences in posi ve and nega w reinforcement drinking

Neurobiolog

1 underpinning of drinking

Fig. 1. Schematic summarizing findings from the present review that the gen-
eral population of women is more likely to drink for negative reinforcement
(e.g., stress and negative affect), and the general population of men is more
likely to drink for positive reinforcement (e.g., stimulation), which reflects sex
differences in the neurobiological underpinnings of drinking behavior.
However, as also indicated in Fig. 1, these populations overlap, and some
women may drink primarily for positive reinforcement and some men may
drink primarily for negative reinforcement. This line of evidence suggests that
probing stress pathophysiology may be an important direction to develop tai-
lored treatments for women.

6. Conclusions

The present evidence suggests that sex difference research (SABV)
and treatment development is needed to address the growing rates of
alcohol use and AUD as well as the exacerbated alcohol-related health
consequences among women. Current FDA-approved medications for
AUD have not yet been adequately studied across sexes and likely do
not directly address the factors contributing to the onset and main-
tenance of alcohol use in women. Overall, women are generally more
likely to drink to regulate negative affect and stress reactivity (i.e.,
negative reinforcement) while men may be more likely to drink for
positive reinforcement (see Fig. 1). Drinking motivated by negative or
positive reinforcement differs in its neurobiological underpinnings, and
probing stress pathophysiology may be an important direction to de-
velop tailored treatments for women. Sex differences in onset and
maintenance of alcohol use begin to develop during adolescence, co-
inciding with exposure to early life stress and emerging developmental
changes, including differences in brain morphology. These factors
continue to affect alcohol use into adulthood, when reduced re-
sponsivity to stress, increased affect-related psychiatric comorbidities
and alcohol-induced neurodegeneration contribute to chronic and
problematic alcohol use, particularly for women.

Sex-dependent interventions targeting stress pathophysiology are
likely an important direction in AUD treatment development for
women, as these systems and structures underlie and maintain alcohol
consumption in women. Probing the brain stress systems, such as the
noradrenergic system, and its associated brain regions may be relevant
for examining sex differences in stress responses and chronic alcohol
use. For example, noradrenergic agents, such as yohimbine, may be
utilized to probe stress-induced PFC dysfunction in preclinical samples,
and decreasing NE with noradrenergic targets may attenuate stress re-
activity and associated effects on PFC function among individuals with
AUD. In fact, preliminary work highlighted in this review suggests that
noradrenergic agents may preferentially reduce smoking self-adminis-
tration and craving following stress in women; however, surprisingly
little work has extended these findings to AUD. It should be noted that
the impact of comorbid drug use (e.g., cigarette smoking, cocaine use)
and AUD on stress pathophysiology and brain neuroadaptations was not
discussed in this review and adds to the complex findings documented
across human studies. Future research should build on the findings
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presented on sex differences in stress-related alcohol use and examine
how relationships between sex and stress may be impacted by poly-
substance use. There is growing evidence across other substances of
abuse that women use drug and non-drug reinforcers (e.g., food) for
stress and affect regulation (McKee, 2013; Verplaetse et al., 2015;
Tomiyama et al., 2011; Laitinen et al., 2002).

Additional evidence demonstrates that targeting other brain stress
systems may also be promising targets for sex-appropriate pharmaco-
logical treatment development for AUD. Preliminary data suggests that
CRF antagonists may reduce HPA-axis reactivity following stress among
women with AUD and KOR antagonists have been shown to reduce
alcohol self-administration in female rodents, illustrating the promise of
pharmacological developments targeting these systems. Similarly,
GABAergic agents may be a promising avenue for treatment develop-
ment for women with AUD, as women have higher cortical GABA le-
vels; thus, these agents may reduce problematic alcohol use among
those drinking for negative reinforcement. Because evidence suggests
that women may be more susceptible to the neuroimmune con-
sequences of alcohol than men, future research with agents such as glial
modulators to target neuroinflammation or probing systems that pro-
tect against alcohol or stress-induced alterations in synaptic density
may be an important next step in SABV and alcohol research. Finally,
emerging psychosocial and behavioral interventions, including HRV
and MBIs, may be beneficial in the treatment of AUD in women by
targeting relevant stress pathophysiology.

Overall, further research is warranted to elucidate sex differences in
brain systems and regions that underlie mechanisms associated with
alcohol consumption and relapse among women, with particular em-
phasis on modulating stress reactivity in women (e.g., PFC-amygdala
axis; brain stress systems); Table 2 highlights that much of this work has
yet to be completed. This line of investigation will result in the devel-
opment of treatments to target these sex-dependent systems to at-
tenuate mechanisms that maintain drinking in women.
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