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Abstract

Alcohol use disorder (AUD) is frequently comorbid with mood disorders, and these co-occurring 

neuropsychiatric disorders contribute to the development and maintenance of alcohol dependence 

and relapse. In preclinical models, mice chronically exposed to alcohol display anxiety-like 

and depressive-like behaviors during acute withdrawal and protracted abstinence. However, in 

total, results from studies using voluntary alcohol drinking paradigms show variable behavioral 

outcomes in assays measuring negative affective behaviors. Thus, the main objective of this review 

is to summarize the literature on the variability of negative affective behaviors in mice after 

chronic alcohol exposure. We compare the behavioral phenotypes that emerge during abstinence 

across different exposure models, including models of alcohol and stress interactions. The 

complicated outcomes from these studies highlight the difficulties of assessing negative affective 

behaviors in mouse models designed for the study of AUD. We discuss new behavioral assays, 

comprehensive platforms, and unbiased machine-learning algorithms as promising approaches to 
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better understand the interaction between alcohol and negative affect in mice. New data-driven 

approaches in the understanding of mouse behavior hold promise for improving the identification 

of mechanisms, cell subtypes, and neurocircuits that mediate negative affect. In turn, improving 

our understanding of the neurobehavioral basis of alcohol-associated negative affect will provide 

a platform to test hypotheses in mouse models that aim to improve the development of more 

effective strategies for treating individuals with AUD and co-occurring mood disorders.

Introduction

Alcohol use disorder (AUD) is a leading cause of worldwide disease burden, affecting over 

280 million people worldwide, and harmful alcohol consumption is responsible for over 3 

million deaths per year (WHO, 2018). AUD is comorbid with a variety of neuropsychiatric 

disorders, and nearly all cases present with negative mood symptoms, including depression 

(Brière, Rohde, Seeley, Klein, & Lewinsohn, 2014), bipolar disorder (Farren, Hill, & Weiss, 

2012), and anxiety disorders (Grant et al., 2004; Lai, Cleary, Sitharthan, & Hunt, 2015; 

Schneier et al., 2010). Some studies have reported that up to 40% of AUD patients have 

a mood disorder, and a third suffer from an anxiety disorder. Multiple diagnoses lead 

to impaired responses to treatment and poorer disease outcome in individuals with AUD 

(Prior, Mills, Ross, & Teesson, 2017). The relationship between AUD and neuropsychiatric 

disorders is likely to be bidirectional, since alcohol itself worsens the course of mood 

disorders, while negative mood symptoms may promote alcohol consumption (Berglund 

& Ojehagen, 1998). Withdrawal from chronic alcohol engenders long-lasting negative 

emotional states (i.e., hyperkatifeia) and deficiencies in reward responses that may promote 

craving and relapse (Driessen et al., 2001; Gilpin & Koob, 2008; Heilig, Egli, Crabbe, & 

Becker, 2010; Koob, 2021; Thompson, Maleki, Kelly, Sy, & Oscar-Berman, 2021). The 

physical symptoms of withdrawal from heavy alcohol consumption are not necessary for the 

development of negative affective states, as harmful alcohol consumption patterns such as 

binge drinking, which do not produce significant physical withdrawal, are also associated 

with depressive symptoms, especially in women in their 20’s and 30’s (Paljärvi et al., 2009; 

Powers, Duffy, Burns, & Loxton, 2016). Binge drinking is common among those 12 or older 

(Clark Goings et al., 2019) and is rising in women and adults ≥ 65 years of age (NIAAA, 

2021).

Although AUD is more prevalent in adult men (7.3%) than women (4.0%) in the US, the 

gap between sexes has been diminishing with alcohol use in women increasing sharply 

(Slade et al., 2016; White et al., 2015). Women with AUD have an increased risk of 

comorbid anxiety or mood disorder, and exhibit more severe depressive symptoms and 

craving (Anthenelli, 2010; Bott, Meyer, Rumpf, Hapke, & John, 2015; Goldstein, Dawson, 

Chou, & Grant, 2012). Additionally, women more commonly report drinking to alleviate 

negative mood and exhibit longer lasting negative affective states during withdrawal that 

may contribute to a higher relapse rate and exacerbate the disease course (Erol & Karpyak, 

2015). Independent of AUD, women have a two-fold higher life time prevalence of major 

depressive disorder as well as a higher risk for anxiety disorders compared to men (Rubinow 

& Schmidt, 2019). Thus, the interaction between mood disorders and alcohol misuse can 

contribute to the establishment of psychological dependence in spite of harmful health 
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consequences, and these processes may present differently in men compared to women. The 

components of negative affect that influence persistent craving are driven by adaptations 

in brain limbic and autonomic systems (Koob, 2021; Sinha et al., 2009) that may differ 

between men and women. To disentangle the complex relationship between AUD and 

comorbid neuropsychiatric disorders in males and females, highly controlled studies using 

animal models are necessary.

The development of valid animal models recapitulating AUD and negative affective 

behaviors is critical in order to find individualized and sex-specific treatment options 

(Gururajan, Reif, Cryan, & Slattery, 2019; Kokras & Dalla, 2014; Litten et al., 2015). While 

previous reviews summarized alcohol and negative affect interactions (Heilig et al., 2010; 

Holleran & Winder, 2017; Kliethermes, 2005), a number of studies have expanded alcohol 

exposure models by including repeated stressors and multiple measures of anxiety-like and 

negative affective behaviors. The outcomes from these studies are complex and prompt 

re-examination of the literature on the interaction between alcohol and negative affect. This 

review will focus on current findings in mouse models of alcohol drinking and emergence of 

negative affective behaviors, emphasizing opportunities for improvement in applying genetic 

tools combined with the increased use of mice as a model organism for studying anxiety-like 

behaviors after alcohol exposure and stress interactions. Finally, we comment on future 

directions using innovative approaches to assess the emergence of negative affect behaviors 

in alcohol drinking and dependent mice.

Alcohol exposure models to study negative affective behaviors

Studying anxiety-like, avoidance, and other negative affect-related behaviors during acute 

withdrawal from chronic alcohol exposure or after extended abstinence has been an ongoing 

focus of the alcohol field. Before discussing recent data, we first provide a brief description 

of each of the major alcohol exposure models that are used to study negative affective 

behaviors in mice. For more in-depth discussions of chronic alcohol exposure and voluntary 

drinking models in rodents, see these thorough reviews (H. C. Becker, 2013; Carnicella, 

Ron, & Barak, 2014; Griffin, 2014; Thiele & Navarro, 2014).

In early studies on alcohol and negative affective behaviors, alcohol was administered 

repeatedly to mice by intraperitoneal injections, intragastric gavage, or through the addition 

of alcohol into a liquid diet given as the sole source of nutrition (Kliethermes, 2005). 

Inhalation of alcohol vapor is another widely used model that produces rapid dependence, 

withdrawal-related behaviors, increased operant self-administration of alcohol, and relapse-

like enhanced voluntary alcohol drinking in rats and mice (Lopez & Becker, 2014; 

Vendruscolo & Roberts, 2014). With the exception of the liquid diet, an advantage of these 

models is the precise control over the duration, pattern, and amount of alcohol exposure, 

and the parameters can be set to sustain equal blood alcohol levels in male and female 

mice (Jury, DiBerto, Kash, & Holmes, 2017). For example, exposure to alcohol vapor 

in inhalation chambers can maintain high blood alcohol concentrations (>174 mg/dL) in 

a continuous (e.g., 72 hours) or intermittent (e.g., 16 hours plus 8 hours of withdrawal) 

pattern prior to assessment of behavioral adaptations during withdrawal. One drawback of 

these intense exposure paradigms is that they can decrease ambulatory activity during acute 
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withdrawal, which could potentially confound interpretation of alcohol-induced anxiety-like 

behaviors (Kliethermes, 2005). However, these models provide significant construct and 

predictive validity (Nieto, Grodin, Aguirre, Izquierdo, & Ray, 2021; Spanagel & Holter, 

2000) and produce important behavioral phenotypes, such as increased alcohol drinking and 

withdrawal-associated phenotypes including anxiety-like behaviors (described below).

A number of voluntary alcohol drinking models have been used to study the emergence 

of negative affective behaviors during abstinence. Perhaps the easiest and least invasive 

chronic drinking model is the continuous access 2-bottle-choice paradigm. In this model, 

10% alcohol is presented with a choice of water continuously for the duration of the study, 

which is typically 4–6 weeks. Daily alcohol consumption and the corresponding blood 

alcohol concentrations (BACs) in this model range from ~10–18 g/kg/day and ~30–110 

mg/dL, respectively (Holleran et al., 2016; Stevenson et al., 2009), and higher consumption 

is observed in female compared with male mice (Centanni et al., 2019). This procedure 

differs from the intermittent-access 2-bottle-choice drinking model originally developed 

to initiate and maintain consumption of large amounts of alcohol in rats without the use 

of a secondary procedure, such as sucrose fading (Simms et al., 2008; Wise, 1973). The 

intermittent-access model was then applied to C57BL/6J mice (Hwa et al., 2011; Melendez, 

2011), and produced escalation of alcohol (20%) drinking, a hallmark symptom of human 

AUD. The intermittent-access model generally produces high BACs (~70–170 mg/dL) and 

heavy intake (~15–20 g/kg/day) that is more pronounced in female than male mice (Hwa et 

al., 2011; Joffe, Winder, & Conn, 2020). Finally, in the drinking-in-the-dark (DID) model, 

mice are typically given access to a single bottle of 20% alcohol for 2 to 4 hours a day 

for 4–5 days each week (Rhodes, Best, Belknap, Finn, & Crabbe, 2005; Thiele & Navarro, 

2014). This model gained popularity because mice consume high amounts of alcohol in 

a short period (~8 g/kg/4 hr), consistently producing BACs above the NIAAA threshold 

(i.e., ≥ 80 mg/dL) for defining a binge-like pattern of drinking. Notably, while mice are 

not food- or fluid-deprived and have an option to abstain from drinking alcohol, during the 

period of alcohol availability there is no access to water, and it occurs when mice naturally 

consume higher volumes of fluid during their activity cycle, which may contribute to the 

high amounts of intake.

Modeling negative affective states—In this review, we use “negative affective states” 

as an umbrella term encompassing various symptoms that are associated with anxiety, 

depression, and AUD, including anger, disgust, depressed mood, irritability, anxiety, and 

fear (Koob, 2021). Behavioral phenotypes of human psychiatric diseases such as depression 

have been historically difficult to replicate in animal models (Anyan & Amir, 2018; de Kloet 

& Molendijk, 2016; Yin, Guven, & Dietis, 2016). This is due in part to the heterogeneity 

of symptoms observed in the human diseases and our limited knowledge of the comorbid 

relationships between syndromes such as depression and anxiety disorders (Girolamo et 

al., 2017; Nestler & Hyman, 2010). The limitations of studying mental disorders that 

show heterogeneity within their diagnoses and comorbidity between diagnoses has been 

well recognized and was the main motivation behind the development of the Research 

Domain Criteria (RDoC) research initiative (Insel et al., 2010; Morris & Cuthbert, 2012). 

This strategy advocates for deconstructing mental health disorder research into component 
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domains and constructs to enhance their understanding and, therefore, reveal how these 

domains lead to the emergence of and interactions between multiple disorders. Negative 

valence systems are one of the domains of interest and include anxiety, fear, and frustrative 

nonreward, which can encompass symptoms of negative affective states during acute 

withdrawal and prolonged abstinence from heavy alcohol drinking. By using animal models, 

we will be able to understand the dimensions of negative affect and mechanistic neural 

processes that contribute to maladaptive heavy alcohol drinking and help to better define and 

explain the complex relationship between AUD and mood disorders.

Symptoms of negative affect in individuals with AUD include anxiety, dysphoria, irritability, 

sleep disturbances, enhanced sensitivity to stress, physical and emotional pain, and general 

malaise. There are a wide range of behavioral assays used by alcohol addiction and stress 

researchers to model and study negative affective behaviors in mice (Deslauriers, Toth, 

Der-Avakian, & Risbrough, 2018; Gururajan et al., 2019; Ohl, 2005; Q. Wang, Timberlake, 

Prall, & Dwivedi, 2017). Since any measure of behavior is a proxy for the internal 

emotional state of the mouse, there is a focus on conflict-based paradigms to study negative 

affective behaviors, such as measuring approach-avoidance in dark or enclosed spaces vs 

light or open spaces. The translational domains of these assays are general anxiety-like 

and avoidance behaviors, depressive-like behaviors, social interactions, pain perception, 

fear learning and extinction, aggression, and arousal (Table 1). Conflict-based paradigms 

are often used to study anxiety-like behaviors in alcohol-exposed mice. Standard assays 

of conflicting approach and avoidance behavior include assessment of spatio-temporal 

parameters in the elevated plus maze (EPM), elevated zero maze, open field test (OFT), 

and light-dark box (LDB). Mice tend to more often avoid the open or brightly lit areas 

in the tests, which is considered a measure of anxiety-like behavior. Novelty suppressed 

feeding (NSF) and marble burying assays have also been widely used to measure affective 

disturbances and changes in natural behaviors, such as digging (de Brouwer, Fick, Harvey, 

& Wolmarans, 2019), following chronic alcohol. Assays to model depressive-like behaviors 

and other mood disturbances, such as aggression and anhedonia, include sucrose preference, 

social interaction or social novelty, and bottle brush tests. The forced swim test, while 

originally designed to measure depressive-like behaviors, measures adaptive processes 

underlying active and passive coping strategies during an inescapable stressor (Commons, 

Cholanians, Babb, & Ehlinger, 2017; Molendijk & de Kloet, 2015), and possibly anxiety-

like behaviors (Anyan & Amir, 2018). Intracranial self-stimulation has revealed alcohol 

withdrawal-induced anhedonia in rats but has primarily been used for acute alcohol studies 

in mice (Bilbao et al., 2015; Fish, DiBerto, Krouse, Robinson, & Malanga, 2014; Fish et al., 

2010; Fish et al., 2012; Kornetsky, Bain, Unterwald, & Lewis, 1988).

Negative affective states during abstinence—The remainder of the review focuses 

on the influence of alcohol exposure on negative affective behaviors during abstinence. 

The studies included here vary in the length of alcohol exposure from 3 days to 14 weeks 

and in the time of behavioral testing during abstinence, which ranged from a few hours to 

>2 months since the last alcohol exposure or drinking session. To visualize the exposure 

duration of the studies described below and summarized in Figures 1 and 2, we categorized 

the length of alcohol exposure into short, intermediate, and chronic paradigms that were 
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7 days or less, 8 days to 3 weeks, and 4 weeks or more, respectively. Second, because 

the strain or sex of mice can influence alcohol-related behaviors, such as acute functional 

tolerance (Kirstein et al., 2002), alcohol drinking (Crabbe, 2014), and handling-induced 

convulsions during alcohol withdrawal (Metten, Sorensen, Cameron, Yu, & Crabbe, 2010), 

we reported these variables for each study described in Tables 2 and 3.

As reviewed previously (Holleran & Winder, 2017; Kliethermes, 2005), repeated injections 

or gavage of alcohol and liquid diets containing alcohol tend to produce anxiety-like 

behaviors during acute withdrawal and early abstinence in mice. The EPM and LDB tests 

were predominantly used in these studies. While increases in anxiety-like or avoidance 

behaviors were reported in many studies and were often consistent across administration 

routes (for example, see (Perez & De Biasi, 2015)), they were not always observed in 

alcohol-exposed mice using these models (Holleran & Winder, 2017; Kliethermes, 2005). 

Many studies have also examined negative affective behaviors following alcohol exposure in 

vapor inhalation chambers (Table 2 and Figure 1). The duration of alcohol vapor inhalation 

ranged from as short as 72 hours to as long as 8 weeks on either continuous or intermittent 

(e.g., 16 hours on/8 hours off for 4 days/week) schedules. These studies also tested a wide 

range of negative affective behaviors across 7 weeks of forced abstinence from alcohol 

vapor inhalation. The short-term alcohol vapor models revealed mixed effects on negative 

affective behaviors, even in the same task measured during early withdrawal (Finn, Gallaher, 

& Crabbe, 2000; Hartmann, Haney, Smith, Kumar, & Rosenwasser, 2020; Kash, Baucum, 

Conrad, Colbran, & Winder, 2009; Kliethermes, Cronise, & Crabbe, 2004; Lowery-Gionta, 

Marcinkiewcz, & Kash, 2015; Metten et al., 2018). The only persistent behavioral changes 

during protracted withdrawal (>2 weeks) from short-term alcohol vapor were in the sucrose 

preference and forced swim tests, which were time- and strain-dependent (Hartmann et 

al., 2020). Of the three studies that used an intermediate duration of alcohol vapor (Bray, 

Roberts, & Gruol, 2017; Hartmann, Holbrook, Haney, Crabbe, & Rosenwasser, 2019; 

McCool & Chappell, 2015), there were mixed effects in the marble burying, LDB, and 

sucrose preference tests that were also time- and strain-dependent. Many of the behavioral 

changes induced by alcohol vapor returned to control levels after 15 days of abstinence with 

the exception of some behaviors in the LDB test (Hartmann et al., 2019). Chronic alcohol 

vapor exposure did not affect behaviors in the LDB, NSF, and forced swim tests during early 

abstinence in some studies (Daut et al., 2015; Holmes et al., 2012; Maldonado-Devincci et 

al., 2016; Sidhu, Kreifeldt, & Contet, 2018). However, prolonged vapor exposure produced 

negative affective behaviors in the marble burying, social approach, bottle brush, sucrose 

seeking, and NSF tests up to 10 days into abstinence (Jury et al., 2017; Kimbrough et al., 

2020; Maldonado-Devincci et al., 2016; Pleil et al., 2015; Rose et al., 2016; Sidhu et al., 

2018; Starski et al., 2020; Warden et al., 2020). Persistent behavioral changes (>2 weeks) in 

the chronic vapor model have not been tested to our knowledge other than in the open field 

test. Overall, in models of chronic alcohol exposure with tight regulation of the dose and 

duration, there are still inconsistencies in alcohol-induced negative affective states in mice, 

even within individual strains and sex. As illustrated in Figure 1 and Table 2, variables such 

as sex, strain, type of behavioral test, duration of vapor exposure, and time of testing during 

abstinence might contribute to the variability in behavioral profiles.
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In the continuous access 2-bottle choice paradigm, negative affective behaviors were 

reported in the EPM and LDB tests, but not the forced swim test, during early abstinence 

(Gong et al., 2017; Holleran et al., 2016; Stevenson et al., 2009; van Rijn, Brissett, & 

Whistler, 2010; Vranjkovic, Winkler, & Winder, 2018) (Figure 2A). During protracted 

abstinence, behaviors in the EPM and LDB box test return to normal within 2 weeks 

(Holleran et al., 2016; Terence Y. Pang, Thibault Renoir, Xin Du, Andrew J. Lawrence, & 

Anthony J. Hannan, 2013), whereas negative affective behaviors are present in the alcohol 

drinking mice across multiple tasks, including forced swim, NSF, and sucrose preference 

tests that persists for at least 30 days (Centanni et al., 2019; Dao et al., 2020; Gong et al., 

2017; Holleran et al., 2016; T. Y. Pang, X. Du, et al., 2013; Terence Y. Pang et al., 2013; 

Stevenson et al., 2009; Vranjkovic et al., 2018). However, even in the continuous access 

drinking model, the dichotomy between anxiety-like behaviors during early abstinence and 

depressive-like behaviors during late abstinence is not as clear as originally proposed. The 

NSF test is a measure of approach-avoidance when given a choice to consume familiar 

chow in an unfamiliar environment under food deprivation conditions (Samuels & Hen, 

2011). Mice drinking alcohol in the continuous access model display a longer latency to 

begin feeding in the NSF test during protracted abstinence (14–35 days), suggestive of an 

impairment in approach-avoidance choice behaviors. How this type of avoidance behavior 

compares with the choice to stay in the walled arm of the EPM or in the dark arena in the 

LDB is unclear, but the difference in alcohol-exposure effects during protracted abstinence 

implies that there may be different neural processes that drive avoidance behavior in the 

NSF test compared to the other assays, such as engagement of corticotropin-releasing factor 

signaling during food deprivation (N. A. Chen et al., 2014; Shalev, Finnie, Quinn, Tobin, & 

Wahi, 2006). Nonetheless, while there are only a handful of studies examining negative 

affective behaviors during abstinence from continuous access drinking, the behavioral 

manifestations appear robust and reproducible across multiple tests and different durations 

of drinking, though they differ between early and protracted abstinence.

A few recent studies have assessed the emergence of negative affective behaviors during 

acute and prolonged abstinence from intermittent 2-bottle choice drinking. The negative 

affective behaviors that emerge during abstinence from intermittent drinking do not 

completely parallel those described for some of the other alcohol exposure models (Figure 

2B). Indeed, there are mixed results in negative affective behaviors that were dependent 

upon task and drinking duration (Bloch, Rinker, Marcus, & Mulholland, 2020; Neira et al., 

2022; Quijano Carde & De Biasi, 2022; N. Wang et al., 2021). A decrease in open arm 

time in the EPM and an increase in marble burying was reported during acute abstinence 

(Quijano Carde & De Biasi, 2022; N. Wang et al., 2021), whereas another study reported 

that alcohol drinking increased open zone entries in the elevated zero maze (Bloch et 

al., 2020). In addition, an increase in social exploration has been reported during early 

abstinence in the intermittent drinking mice (Hwa et al., 2015). The same study also 

reported elevated aggressiveness during early abstinence in mice that were drinking in the 

intermittent model for 8, but not 1 or 4 weeks (Hwa et al., 2015). Latency to feed in the 

NSF test was similar between water and alcohol drinking mice tested at 27–28 days into 

abstinence (Bloch et al., 2020), and long-term intermittent alcohol drinking did not affect 

center time in the open field (Neira et al., 2022; Quijano Carde & De Biasi, 2022). While 
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mice that are drinking in the intermittent model consume large amounts of alcohol and 

achieve higher BACs compared with other models (Hwa et al., 2011), the negative affective 

behaviors that appear during abstinence are variable. Additional studies are needed to better 

understand the complexities and differences across drinking models.

In the DID model, negative affective behaviors in male C57BL/6J mice were reported 

during early abstinence in intermediate and chronic drinking paradigms across multiple 

studies (Belmer, Patkar, Lanoue, & Bartlett, 2018; Bloodgood et al., 2020; Flanigan et al., 

2022; Lee, Coehlo, McGregor, Waltermire, & Szumlinski, 2015; Lee, Coehlo, Solton, & 

Szumlinski, 2017; Lee, Coelho, Class, Sern, et al., 2018; Lee, Coelho, Class, & Szumlinski, 

2018; Lee et al., 2016; Lee, Coelho, et al., 2017; Lee, Coelho, Sern, & Szumlinski, 2018; 

Rath et al., 2020) (Figure 2C). Some of the negative affective behaviors persist beyond early 

abstinence in male mice that consumed alcohol in the DID model for 3 or 6 weeks (Flanigan 

et al., 2022; Lee et al., 2015), but not 14 days (Lee, Coehlo, et al., 2017). Persistent deficits 

in negative affective behaviors were also reported in female mice that drank alcohol in 

the 14-day continuous model (Szumlinski et al., 2019). In contrast, a number of studies 

using short and chronic DID drinking models did not observe negative affective behaviors 

during early abstinence in male and female C57BL/6J mice (Bloodgood et al., 2020; Cox 

et al., 2013; Lee et al., 2015; Lee et al., 2016; Olney, Marshall, & Thiele, 2018; Rath 

et al., 2020). Moreover, negative affective behaviors were not observed when male mice 

consumed relatively low amounts of alcohol in the 14-day continuous DID drinking model 

(Lee, Coelho, Sern, et al., 2018; Szumlinski et al., 2019). In fact, the low drinking male mice 

exhibited behaviors that were more consistent with a lower anxiety-like phenotype during 

early abstinence (Szumlinski et al., 2019). In general, the DID model produces anxiety-like 

behaviors during acute and protracted abstinence that may depend on critical factors, such as 

drinking duration and amount.

Alcohol-stress interaction models

General life stressors have mixed effects on alcohol drinking (Keyes, Hatzenbuehler, 

Grant, & Hasin, 2012; Park, Armeli, & Tennen, 2004; Thomas, Randall, & Carrigan, 

2003), whereas trauma and more severe forms of stress, especially during early life, 

increase the risk of developing AUD (Enoch, 2011; Keyes et al., 2012; Ramchandani et 

al., 2018). Alcohol drinking can serve as a coping strategy for individuals experiencing 

repeated stressors, and an acute stress experience can trigger relapse (Keyes et al., 2012; 

Ramchandani et al., 2018). Because of this complex and bidirectional relationship between 

stressful life experiences and chronic alcohol, preclinical studies have thoroughly examined 

the interaction of alcohol-stress models on alcohol drinking (H. C. Becker, 2017). More 

recently, studies modeling alcohol-stress interactions have examined negative affective 

behaviors during acute and protracted abstinence (Table 4). One alcohol-stress co-exposure 

model that combines chronic intermittent alcohol exposure with repeated forced swim 

episodes in adult mice produces an escalation of drinking, morphological and functional 

neuronal adaptations, cognitive impairments (Anderson, Lopez, & Becker, 2016a, 2016b; 

Cannady et al., 2021; Lopez, Anderson, & Becker, 2016; Rodberg et al., 2017), and negative 

affective behaviors in mice (den Hartog et al., 2020; Padula et al., 2020; Rodberg et al., 

2017). Results from the marble burying test varied across studies, ranging from no change 
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in the number of buried marbles (Rodberg et al., 2017) to an increase in marbles buried 

in alcohol dependent, stressed mice compared with stress-only mice (Padula et al., 2020). 

Another study reported increased marble burying in chronic alcohol vapor exposed mice, 

regardless of their history of repeated forced swim (den Hartog et al., 2020). A robust 

interaction between chronic alcohol vapor and forced swim on latency to feed in the NSF 

test was reported, where the alcohol+stress group had much longer latencies to initiate 

feeding compared with the other three treatment groups (Padula et al., 2020). Notably, the 

majority of mice in the combined treatment group did not attempt to feed in the novel 

environment, but showed normal feeding behavior when returned to their home cages. 

Studies examining alcohol effects on social interaction in adult stressed mice reported that 

repeated (10 d) alcohol exposure via gavage and 4 weeks of intermittent access drinking 

produced a decrease in social interaction 24 h following a modified (subthreshold) social 

defeat stress when tested during early abstinence (Nelson, Sequeira, & Schank, 2018; 

Nennig et al., 2020). Although there were large differences in BACs produced by the gavage 

exposure (~240 mg/dL) and the voluntary drinking paradigm (~40 mg/dL), each model 

caused a similar decrease in social interaction following social defeat stress. In mice that 

experienced early life stressors, alcohol-stress interactions were reported in some assays 

of negative affective behaviors (tail suspension test, EPM), but not others (LDB, digging 

test) (de Almeida Magalhaes, Correia, de Carvalho, Damasceno, & Brunialti Godard, 2018; 

Okhuarobo et al., 2020). Together, the studies highlight the importance of stress not only 

as a trigger for relapse to alcohol drinking, but also as a trigger for maladaptive behavioral 

responses and impaired coping strategies in mice with a history of alcohol exposure.

The high co-morbidity between AUD and mood disorders in humans implies that there 

may be shared mechanisms that drive heavy alcohol drinking and negative affect. Genome-

wide association studies have demonstrated multiple genetic variants that influence these 

co-occurring neuropsychiatric conditions (Stoychev, Dilkov, Naghavi, & Kamburova, 2021). 

However, current combination pharmacological approaches to treat patients with AUD 

and mood disorders are largely inconclusive (Agabio & Leggio, 2018; Gimeno et al., 

2017; Ipser, Wilson, Akindipe, Sager, & Stein, 2015). Although understudied, preclinical 

research has attempted to determine shared common mechanisms by examining genes 

and pharmacological approaches that influence both alcohol drinking and negative affect. 

For example, Avp, Gsk3b, Kcnn3, and Tacr1 genes have been associated with alcohol 

consumption, stress susceptibility, and negative affective behaviors in C57BL/6J and 

genetically-diverse strains of mice (Nelson et al., 2018; Padula et al., 2020; van der Vaart 

et al., 2018). Pharmacological approaches targeting the α1-adrenergic receptor and KCa2 

channels reduced alcohol drinking and anxiety-like behaviors in mice exposed to an alcohol-

stress interaction model (den Hartog et al., 2020; Lopez et al., 2020; Padula et al., 2020). 

Similarly, inhibition of GluK1-containing kainate receptors reduced alcohol consumption 

and physical signs of withdrawal in mice drinking in the intermittent access model (Quijano 

Carde, Perez, Feinn, Kranzler, & De Biasi, 2021). Thus, these initial preclinical findings 

support the suggestion that the mechanisms driving alcohol drinking and negative affect are 

related, and that pharmacological interventions for selective targets would be effective at 

reducing heavy drinking and mood disturbances in individuals with co-occurring disorders.
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Sex, alcohol, and negative affect

An important consideration for assessment of negative affective states following chronic 

alcohol intake is biological sex. Historically, in the human population, alcohol intake has 

been more prevalent in males; however, it is now becoming increasingly apparent that the 

sex difference gap is continually shrinking (Koob, 2021). Further, women display so-called 

“telescoping” behavior, which is a faster progression from drug sampling to substance/

alcohol use disorder across drug classes (J. B. Becker & Hu, 2008; Hernandez-Avila, 

Rounsaville, & Kranzler, 2004; McCance-Katz, Carroll, & Rounsaville, 1999; Westermeyer 

& Boedicker, 2000), which has been recapitulated in animal models. Compounding this 

issue, women have demonstrated both higher baseline disorders of negative affect, as well 

as increased withdrawal-induced negative affect across numerous drug classes including 

cocaine, nicotine, and cannabis (J. B. Becker & Koob, 2016).

However, models of chronic alcohol intake have revealed a surprising resilience in female 

mice to both intoxicating effects of alcohol as well as withdrawal-induced negative affect. 

Female mice have been shown to consistently consume alcohol in greater quantities than 

males (J. B. Becker & Koob, 2016; Bloch et al., 2020; Centanni et al., 2019; Eriksson 

& Pikkarainen, 1968; Hutchins, Allen, Cole-Harding, & Wilson, 1981; Middaugh, Kelley, 

Bandy, & McGroarty, 1999; Priddy et al., 2017); however, greater intake in males is 

occasionally observed (Lopez et al., 2020). Females are resistant to loss of righting reflex 

(LORR) (Naassila, Ledent, & Daoust, 2002) and handling-induced convulsions (HICs) 

following withdrawal from acute alcohol administration (Devaud & Chadda, 2001; Kosobud 

& Crabbe, 1986). Faster recovery from withdrawal has been linked to a tolerance to hypnotic 

effects of ethanol in females (Walls, Macklin, & Devaud, 2012). Though there has been 

some argument that female rodents are resistant to the development of alcohol dependence, 

these studies rely on HICs as the defining criteria of dependence. Because HICs are reduced 

in females, they may not be a reliable sole indicator of dependence (Devaud & Chadda, 

2001). The reduced withdrawal symptomatology in females has been linked in part to 

circulating hormones, particularly progesterone, which has anxiolytic-like effects (Carroll & 

Anker, 2010). Female mice have increased activity of progesterone (Tanchuck-Nipper et al., 

2015), and following adrenalectomy and gonadectomy, female mice show increased alcohol 

withdrawal severity (Strong, Kaufman, Crabbe, & Finn, 2009). On the contrary, withdrawal 

severity in males is not impacted following similar procedures (Strong et al., 2009).

In terms of baseline negative affective behavior, results are mixed, but generally males 

appear to show greater anxiety-like and depression-like behavior in a number of behavioral 

tasks (Kokras & Dalla, 2014). In contrast, models of post-traumatic stress disorder (PTSD) 

have demonstrated greater vulnerability in females (Kokras & Dalla, 2014). However, it 

is critical to consider that behavioral assays used to assess negative affective behavior 

have historically been developed using male animals (and, indeed most behavioral models 

suffer from a similar concern). Additionally, the interpretations of output measures were 

largely established using male animals. Thus, an assay may be ethologically relevant for 

male animals, with predictive output data that reflect a reasonable interpretation of a given 

behavior, but the same assay may not be relevant for female behavior, and could yield data 

that seem inconsistent or oppositional, when in reality the assay was never well suited to 
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query that behavioral measure in females (Bangasser & Cuarenta, 2021; Kokras & Dalla, 

2014). For example, in the widely-used elevated plus maze, behavior in males is strongly 

correlated to anxiety-like states, but female behavior is thought to be governed more by 

general activity (Fernandes, Gonzalez, Wilson, & File, 1999). Further, negative affective 

behavior often differs between males and females. In fear conditioning paradigms, males 

display freezing behavior, whereas females engage in darting behavior—both behaviors 

can be bidirectionally modulated by interventions that are thought to increase or decrease 

negative affect (Kokras & Dalla, 2014; Shansky, 2015).

The combination of chronic alcohol administration and stress exposure increases negative 

affect-like behavior in both male and female mice (den Hartog et al., 2020). However, 

female mice have been shown to be resistant to alcohol withdrawal-induced negative affect 

in some tasks. Of note, alcohol withdrawal has been shown to increase corticosterone levels 

in male, but not female, rodents (Janis, Devaud, Mitsuyama, & Morrow, 1998), indicating 

that there may be a reduction in alcohol’s ability to act as a physiological stressor in 

females. However, the impact of sex on apparent negative affect is largely dependent on the 

task that has been chosen and experimental conditions employed – for instance, adolescent 

females appear to show less profound anxiety-like behavior in the marble burying task 

following DID than males, but adult females and males show equal levels of anxiety-like 

behavior (Jimenez Chavez et al., 2020). Other tasks have shown inconsistent expression 

of negative-affect like behavior following chronic alcohol exposure in females, such as the 

novelty-suppressed feeding task in which alcohol withdrawal induced anxiety-like behaviors 

in females have been observed in some cases (Centanni et al., 2019; K. M. Holleran et al., 

2016; T. Y. Pang, T. Renoir, X. Du, A. J. Lawrence, & A. J. Hannan, 2013; Vranjkovic 

et al., 2018) but not in others (Bloch et al., 2020). However, most peculiarly, some studies 

have found opposing effects between male and female animals following chronic alcohol 

exposure. For instance, adult female C57 mice show decreased latency to enter the light 

side of a light/dark box following DID, while males display increased latency, which is 

typically thought of as an anxiogenic-like behavior (Jimenez Chavez et al., 2020). There 

remains much work to do in order to fully delineate the interaction between stress and 

chronic alcohol exposure between sexes. However, it is clear that the relationship between 

these factors is complex, both in terms of neurobiology as well as in our understanding of 

what constitutes negative affect-like behavior, particularly in female mice.

Summary of alcohol and negative affect behaviors

As described in this review, alcohol exposure and voluntary drinking can produce different 

profiles when assessing negative affective behaviors during abstinence in mice. In general, 

the continuous access model of alcohol availability was the most consistent drinking model 

to elicit negative affective behaviors in mice. Alcohol drinking mice repeatedly showed 

deficits on the marble burying, forced swim, and NSF assays. Popular tests that are 

purported to measure anxiety-like behaviors (e.g., EPM, LDB, and OF) produce inconsistent 

results across labs and alcohol drinking models, and there are even some reports of low 

anxiety-like phenotypes (e.g., more open zone entries) in mice with a history of alcohol 

drinking (Bloch et al., 2020; Szumlinski et al., 2019). Inconsistent findings are not just 

limited to alcohol exposure models. Variability in behavioral profiles of negative affect 
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is also induced by chronic stress paradigms in mice (Ennaceur, 2014; Lezak, Missig, & 

Carlezon, 2017; Willner, 2017). As an extreme example of this variable response, one study 

compared behavioral profiles in classical ‘anxiety’ tests in mice exposed to two widely used 

stress models: unpredictable chronic mild stress (UCMS) and chronic restraint stress (CRS) 

(Prevot et al., 2019). While UCMS and CRS stressed mice showed the expected weight 

reductions, behaviors in the OF, EPM, NSF, and novelty-induced hypophagia task varied 

across the two stress models. Anxiety-like behaviors were reported in the OF assay in mice 

exposed to UCMS (but not CRS) and the EPM in mice exposed to CRS (but not UCMS). 

Whereas CRS did not affect behaviors in the NSF or novelty-induced hypophagia assays, 

bidirectional effects were reported in the latency to feed in the NSF and novelty-induced 

hypophagia assays in mice treated with UCMS. Potential concerns related to the validity 

of some of these assays and their translation to humans with mood-related neuropsychiatric 

disorders have been raised previously (Ennaceur, 2014; Lezak et al., 2017). In addition, tests 

of negative affective behaviors may be limited by a lack of standardized protocols leading 

to variations within and across labs. Thus, potential limitations of these tests, as well as 

differences in the alcohol drinking and chronic stress models themselves, could account for 

the mixed profiles of negative affective behaviors.

Considerations

Alcohol intake amounts and patterns: Why are there discrepancies across the same 

behavioral assays in the same alcohol exposure model? Are the varied behavioral responses 

due to a lack of standardized protocols or other inconspicuous factors? While these are 

complicated questions to answer, there are a number of possibilities that may explain some 

of the variability in behavioral outcomes during abstinence. One important factor that could 

explain differences in behavioral outcomes is the total amount or pattern of alcohol intake. 

Female C57BL/6J mice that consumed nearly 800 g/kg across 6 weeks of continuous 

alcohol access showed an anxiety-like phenotype in the EPM and NSF tests (Vranjkovic et 

al., 2018). In comparison, female C57BL/6J mice consumed a total of ~430 g/kg of alcohol 

across 7 weeks of intermittent alcohol access, but did not show negative affective behaviors 

(Bloch et al., 2020). These findings would suggest that the consumption of large amounts 

of alcohol in a continuous pattern is required to produce negative affective behaviors. 

Complicating the interpretation that total alcohol exposure amount in a continuous pattern 

are critical factors, one study reported anxiety-like behaviors in mice that consumed ≤ 25 

g/kg of total alcohol in 5 days of limited access (4 hours) drinking (van Rijn et al., 2010). 

Moreover, anxiety-like behaviors were reported in mice that consumed a total of 120 g/kg 

of alcohol in the DID model (Lee et al., 2015). While there is not a clear pattern of alcohol 

availability that consistently produces negative affective behaviors, another factor that may 

drive these behaviors is the level of intoxication. A set of studies using the DID model 

reported negative affective behaviors after mice reached high, but not low BACs (Lee et 

al., 2015; Lee, Coehlo, et al., 2017; Lee, Coelho, Class, & Szumlinski, 2018; Lee et al., 

2016; Szumlinski et al., 2019). While the intermittent drinking model has been shown to 

produce higher amounts of intake during the first 2 h compared with the DID model and 24 

h compared with the continuous access model (Hwa et al., 2011), this model does not always 

produce an anxiety-like phenotype (Figure 2B). Thus, greater alcohol exposure generally 

increases the probability of negative affective behaviors, however the relationship between 
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amount, duration, and pattern of alcohol exposure and emergence of negative affective 

behaviors in mice is complex.

Rodent housing and feeding conditions: Additional important considerations for the 

variability in drinking level and anxiety-like phenotypes across studies are mouse housing 

conditions and the diet on which the mice are maintained. Often, the light cycle in which 

testing occurs, type of bedding and cages (ventilated versus unventilated), and specific 

diet are not reported. Housing conditions are known to affect anxiety-like behaviors in 

mice (Ahlgren & Voikar, 2019; Pasquarelli, Voehringer, Henke, & Ferger, 2017; Shimizu, 

Wakita, Tsuchiya, & Nabeshima, 2020). The variation in content of individual diets can vary 

considerably in nutrient content, including fat content and the presence or not of soy-based 

products that introduce phytoestrogens (e.g., isoflavones like genistein and daidzein) into 

the diet. Two studies in mice found that providing mice with higher isoflavone containing 

diets significantly increased alcohol consumption compared to those that contained lower to 

little isoflavones (Marshall et al., 2015; Quadir et al., 2020). Additionally, studies have also 

shown that isoflavones can alter anxiety-like behavior differentially in males and females, 

and differentially across the estrous cycle, and that these differences are dependent on 

interaction with estrogen receptors (Patisaul, Blum, Luskin, & Wilson, 2005; Rodriguez-

Landa et al., 2017; Sandini et al., 2019). Another key possibility is the time of day, as 

many studies found differences in performance in multiple assays depending on the phase 

of the light cycle when testing occurs (Bilu & Kronfeld-Schor, 2013; Richetto, Polesel, 

& Weber-Stadlbauer, 2019; Tsao, Flint, & Huang, 2022; Verma, Hellemans, Choi, Yu, & 

Weinberg, 2010). The field would benefit from systematic examination of the influence 

of housing and testing conditions, as well as diet, on negative affective behaviors during 

abstinence from prolonged alcohol drinking.

Test batteries and sex: Some of the studies discussed in this review used a battery of 

behavioral assays where mice were tested on multiple tasks throughout abstinence and 

male and female mice were tested concurrently. These efforts provide a necessary and 

comprehensive assessment of alcohol-induced negative affective behaviors across both 

sexes. However, there are additional points of consideration when designing studies to 

measure affective behaviors after voluntary chronic alcohol drinking. Mouse behaviors in 

popular assays are influenced by repeated testing in the same maze or prior testing on a 

single assay or a battery of tests (Henderson, 1967; McIlwain, Merriweather, Yuva-Paylor, 

& Paylor, 2001; Rodgers & Shepherd, 1993). While there are reproducible negative affective 

behaviors in male mice drinking in the DID model, these behavioral changes were not 

observed in male mice when tested concurrently with females (Jimenez Chavez et al., 

2020). The lack of negative affective behaviors in the drinking male mice might have been 

influenced by the female pheromones that are known to affect behavior in the EPM (Aikey, 

Nyby, Anmuth, & James, 2002). In addition, estrous cycle and ovarian hormones influence 

anxiety-like behaviors in mice (Fernandez-Guasti & Picazo, 1992; Gangitano, Salas, Teng, 

Perez, & De Biasi, 2009). To date, estrous cycle has not been systematically investigated 

in alcohol models of negative affect. Additional parametric behavioral studies across the 

different alcohol drinking models will be required to gain a better understanding of the 

factors driving the variability in behavioral outcomes in male and female mice when tested 
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separately or concurrently. We direct the readers to a number of useful resources that provide 

strategies for designing and analyzing rigorous experiments that include sex as a biological 

variable (J. B. Becker & Koob, 2016; Garcia-Sifuentes & Maney, 2021; Shansky & Murphy, 

2021; Tannenbaum, Ellis, Eyssel, Zou, & Schiebinger, 2019).

Future approaches—In this review, we identified variability in negative affective 

behavioral outcomes across a variety of alcohol exposure models and discussed limitations 

of the traditional behavioral assays and other considerations, some of which relate to 

experimental design (e.g., using a battery of assays), that may influence negative affect 

during abstinence. We recognize that some limitations will be difficult to overcome, as 

combining traditional assays provides researchers with practical approaches while reducing 

the number of mice required for each study. In this next section, we provide some 

specific suggestions for new tasks and approaches with the goal of establishing assays 

with improved validity and higher reproducibility across labs and drinking models to better 

assess the influence of chronic alcohol on negative affective behaviors. Our suggestions 

for future approaches include multidimensional analyses by studying translational endpoints 

and physiological endophenotypes in combination with the application of novel behavioral 

assays, large-scale and comprehensive behavioral analysis systems, and machine learning 

to examine the different behavioral phenotypes (approach-avoidance, depression, anhedonia, 

etc.) of negative affect.

Translational measures: To resolve the species gap, researchers use endpoints that can be 

measured in mice and humans or explore new approaches to improve validity in assessing 

mouse behavior. One focus has been to assess additional ethologically relevant behaviors 

beyond the spatio-temporal parameters on approach-avoidance tasks, such as stretch-attend 

posture, head dips, digging, grooming, and rearing. However, the study of ethological 

parameters has produced mixed results, suggesting that additional scrutiny is necessary 

if they are to complement or replace spatio-temporal measures of anxiety-like behaviors 

(Ennaceur, 2014). Alternatively, the acoustic startle response is one task that can be tested 

in mice and humans, is modified by negative affect, and is enhanced in both humans with 

AUD (Miranda, Meyerson, Buchanan, & Lovallo, 2002; Miranda, Meyerson, Myers, & 

Lovallo, 2003) and rodents with a history of chronic alcohol exposure (Barrenha & Chester, 

2012; Chester & Barrenha, 2007; Ponomarev & Crabbe, 1999). In addition, the acoustic 

startle response in alcohol-naïve rats predicted an increase in alcohol drinking (Rasmussen 

& Kincaid, 2015). Thus, the acoustic startle response in mice is an attractive behavioral 

phenotype to study altered affect during abstinence and test novel treatments that might have 

high translational value.

Novel behavioral assays: Additional assays to measure innate fearful behaviors may better 

inform the human condition. One such task is the looming/sweeping disk that assesses 

behavioral responses to predator-like overhead visual stimuli that can induce freezing or 

fleeing instinctual behaviors (De Franceschi, Vivattanasarn, Saleem, & Solomon, 2016; 

Yang et al., 2020; Yilmaz & Meister, 2013). The fleeing response to the looming stimuli 

is accelerated by repeated stress exposure (Li et al., 2018). Two additional tasks have been 

developed that expose mice to an environment with ambiguous stimuli (i.e., potential escape 
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routes) and uncertainty of the outcome when choosing between the ambiguous stimuli 

(Ennaceur, 2014). One of these tasks (3D maze) is a modification of an 8-arm radial maze 

where the first portion of each arm is inclined that acts as a bridge to the elevated portion 

of each open arm (Ennaceur, Michalikova, van Rensburg, & Chazot, 2006). The other assay 

is an elevated platform with steep downward slopes on two opposite sides of the open 

area (Ennaceur, Michalikova, van Rensburg, & Chazot, 2010; Michalikova, van Rensburg, 

Chazot, & Ennaceur, 2010). Strains of mice with different trait anxiety (i.e., C57BL/6J, 

BALB/C) showed the expected behavioral phenotype for exploration of the open arms of 

the 3D and elevated slopes mazes, respectively. Performance in these tasks is sensitive to 

pharmacological manipulations with anxiolytics or selective serotonin reuptake inhibitors 

(Ennaceur, 2011, 2014; Ennaceur, Michalikova, van Rensburg, & Chazot, 2008; Ennaceur 

et al., 2010; Michalikova et al., 2010). A final assay that leverages innate conflicted choice 

behavior is a robotic predator (“robopredator”) task that is used to study fear mechanisms 

(Choi & Kim, 2010; Kim et al., 2018). In this task, an animal is exposed to an arena 

where it can forage for food at different distances from a nest. After reaching a stable 

baseline, a programmable LEGO® robotic predator is introduced to the arena that rapidly 

moves toward the animal as it approaches the food pellet. A recent study used the looming 

disk and robopredator tasks and reported sex-dependent changes in behavioral response to 

the different threat stimuli in the alcohol drinking mice (Neira et al., 2022). While these 

are promising initial results, a more thorough evaluation of these open space assays with 

modified stimuli (i.e., overhead visual threat, sloped escape routes, or robopredators) will 

determine their usefulness as models to test novel compounds or study the mechanisms 

driving negative affect in alcohol drinking mice.

Comprehensive behavioral analysis systems: Large-scale systems for behavioral analysis 

are additional promising approaches to study the effects of alcohol on negative affect. 

For example, the proprietary SmartCube® system is an automated and high-throughput 

phenotyping platform that uses machine learning to evaluate 2000+ mouse behavioral 

‘features’ that are combined into ~60 behavioral ‘clusters’ (Alexandrov, Brunner, Hanania, 

& Leahy, 2015). This platform can successfully differentiate open field behaviors in mice 

with susceptible or resilient phenotypes induced by chronic social defeat stress (Lorsch 

et al., 2020). Another comprehensive platform called PsyCoP was designed to assess 

behavioral endophenotypes (10 assays, 19 behavioral parameters, and 5 RDoC domains 

combined with dimension reduction analysis) in mice that were established from the 

RDoC framework, including negative and positive valence systems and cognitive domains 

(Volkmann, Stephan, Krackow, Jensen, & Rossner, 2020). To avoid experimenter bias and 

increase throughput, these platforms and assays have been developed to monitor longitudinal 

behaviors that can differentiate across behavioral domains, such as anxiety and locomotor 

activity, that can complicate interpretation of traditional assays of approach-avoidance 

behaviors (Kas, de Mooij-van Malsen, Olivier, Spruijt, & van Ree, 2008; Spruijt & 

DeVisser, 2006). Recently, analysis of behavioral changes in the home cage has been studied 

in mouse models of acute and chronic stress, as well as alcohol drinking. For example, a 

single exposure to a stressor or a history of long-term alcohol drinking shifted the expression 

of multiple home cage behaviors in mice, such as grooming, rearing, and digging (Fuzesi, 

Daviu, Wamsteeker Cusulin, Bonin, & Bains, 2016; Neira et al., 2022). When challenged 
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with a bright light above their food for 1 hour during natural feeding times in an assay called 

the ‘light spot’ test, control mice will avoid the food zone and spend more time in a shelter 

only during the 1-hour illumination phase (Aarts et al., 2015; Nikolova et al., 2018; Prevot et 

al., 2019). In chronically stressed mice, the light challenge produced a ‘residual avoidance” 

of the food zone that persisted for hours after the challenge ended (Maluach et al., 2017; 

Nikolova et al., 2018; Prevot et al., 2019). Notably, avoidance behavior in the light spot test 

was observed in mice that were treated with UCMS and CRS protocols that produced varied 

responses on other traditional assays of negative affect (Prevot et al., 2019). We propose that 

application of these platforms and novel approaches will improve the validity of the mouse 

models and the translation for the study of AUD and co-occurring mood disorders.

Machine learning: In addition to these large-scale behavioral systems, there are open 

source and unbiased machine learning pose estimation and behavioral tracking approaches 

(Graving et al., 2019; Mathis et al., 2018; Pereira et al., 2019; Wiltschko et al., 2015) that 

would allow for more complex and precise examination of negative affect. These machine-

learning algorithms go beyond the simple spatio-temporal location or binary classification of 

behavior on a maze or in a home cage. For example, DeepLabCut is a deep neural network 

learning-based algorithm that can detect limb configurations and perform pose estimation 

(i.e., geometrical configuration of multiple body parts) and behavioral tracking in laboratory 

animals with high accuracy during performance on complex behavioral tasks (Mathis et 

al., 2018). Once data are collected with pose estimation algorithms, the output can be 

combined with secondary algorithms, such as SimBA (Nilsson et al., 2020), AlphaTracker 

(Z. Chen et al., 2020), VAME (Luxem et al., 2022), and B-SOiD (Hsu & Yttri, 2020), 

to identify and track ethological behavioral domains (mousebehavior.org). The secondary 

behavioral algorithms can be trained to track specified behaviors, such as rearing, digging, 

and grooming, or can identify behaviors using unsupervised learning classifiers (Sturman 

et al., 2020). An example of the pipeline for assessment of ethological behaviors using 

DeepLabCut and secondary behavioral classifiers in mice is shown in Figure 3. The 

combination of deep network learning of pose estimation and behavioral analysis provides a 

promising and high throughput approach to study altered ethological behaviors (e.g., escape 

behaviors, such as climbing or defensive behaviors, such as crouching) in mice during 

alcohol drinking and across acute to protracted withdrawal states, particularly those that 

occur in the home cage. Indeed, chronic alcohol drinking alters home cage behaviors in male 

mice that were assessed using machine learning and supervised behavioral classifiers (Neira 

et al., 2022). Home cage behavioral analysis has the advantage of monitoring and scoring 

behavior without the added stress of moving mice to a different apparatus. This is especially 

important when considering alcohol-stress interactions as spontaneous behavior in the home 

cage is highly sensitive to stress (Neira et al., 2022). In addition, capturing behavior in 

combination with automatic and synchronized recording of alcohol intake variables (e.g., 

bottle contacts, temporal distribution of drinking bouts, etc.) could help to determine how 

negative affective behaviors influence voluntary alcohol intake. Thus, application of new 

assays in conjunction with deep neural learning will streamline the collection of behavioral 

data and potentially reveal nuanced differences in home cage behavior that may inform 

assessments of negative affect in other assays, thereby reducing the time and resource 

Bloch et al. Page 16

Alcohol. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



requirements and improving the accuracy of behavioral outcomes in an effort to understand 

alcohol-induced negative affect in mouse models.

Physiological endophenotypes: Although there is an apparent need to develop improved 

behavioral models or analytical approaches to better study negative affect in mice, an 

important bridge outside of the realm of behavior is to assay physiological endophenotypes 

that are highly translatable to human neuropsychiatric disorders. Physiological markers 

of autonomic nervous system and neuroendocrine function, such as blood pressure, heart 

rate variability, and hormone status, are all altered in individuals with depression and 

anxiety or those who have experienced severe or chronic stressors. Similarly, alterations 

in stress responses and autonomic dysregulation have been reported during acute withdrawal 

and protracted abstinence in alcohol dependent individuals (Adinoff, Junghanns, Kiefer, 

& Krishnan-Sarin, 2005; Bernardy, King, & Lovallo, 2003; Krystal et al., 1996; Sinha et 

al., 2009). Similar to individuals with AUD that show disturbances in sleep architecture 

(Koob & Colrain, 2020), studies have also reported altered sleep characteristics and other 

chronobiological behaviors in mice exposed to repeated alcohol (Huitron-Resendiz et al., 

2018; Logan, McCulley, Seggio, & Rosenwasser, 2012; Logan, Seggio, Robinson, Richard, 

& Rosenwasser, 2010). There are commercially available telemeters (e.g., manufactured by 

Data Sciences International, Emka Technologies, and TSE Systems) that can acquire these 

physiological markers in mice and rats across long time scales (>2 months) without major 

disruption to normal behaviors. Telemetry has been applied to mouse models for the study 

of anxiety- and depressive-like behaviors (Camp et al., 2012; Gaburro et al., 2011; Wells et 

al., 2017), but assessment of autonomic endophenotypes using telemetry is underutilized in 

long-term alcohol exposure models beyond measures of body temperature. Thus, integrating 

telemetry technology across the development of excessive drinking or alcohol dependence 

with behavioral measures of negative affect will be a powerful approach to determine which 

behaviors and endophenotypes are closer to the human condition.

Conclusion

In this review, we present evidence of varied negative affective behavioral outcomes in 

mice with a history of alcohol exposure, regardless of the type of exposure model. The 

reasons for the complex findings vary depending on paradigms for assessing anxiety-like 

behaviors in male and female mice across different strains and the pattern, duration, 

and amount of alcohol drinking, and potentially diet-based variation in nutrition content. 

Newer models for assessing negative affective behaviors have been developed and validated 

using pharmacology and genetic strains of mice with differences in trait anxiety. When 

combined with high throughput automated analysis of behavior, these new assays and 

platforms aim to improve assessments of changes in innate behaviors in an unbiased 

and comprehensive manner. These new assays and computational approaches align with 

the goals of the RDoC initiative and offer the alcohol field the opportunity to identify 

reproducible behavioral outcomes in longitudinal studies that measure negative affect. 

Furthermore, an RDoC strategy can be used to improve use of previous negative affective 

models by providing a framework by which to interpret the behavior on such models. For 

example, approach/avoidance tasks may better model complex constructs like ambiguity/risk 
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(reward valuation) under threat rather than negative affective behaviors and thus still provide 

a valuable understanding of basic processes in the context of AUD. Once improvements in 

preclinical mouse models or comprehensive platforms to study negative affective behaviors 

are established, they will provide a valuable approach toward defining the mechanisms 

and adaptations in cell subtypes and neurocircuits underlying behavioral dysfunction in 

alcohol drinking mice. In addition, screening of novel pharmacological targets using these 

innovative tools and platforms in behavioral assessment can accelerate the development of 

effective therapies for the treatment of co-occurring AUD and mood disorders.
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Highlights

• AUD and co-morbid mood disorders contribute to poor treatment outcomes

• Alcohol drinking paradigms in mice produce variable affective behaviors

• New behavioral assays and analytical approaches are promising future 

directions

• Advancements in negative affect assays will improve treatment strategies for 

AUD
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Figure 1. 
Behavioral disruption during abstinence from alcohol vapor inhalation in mice. The alcohol 

exposure length (short: 7 d or less, intermediate: 8 d to 3 weeks, or chronic: 4+ weeks) 

is represented by different shading. See Table 2 for references. EPM/EZM, elevated plus 

maze/elevated zero maze; FS, forced swim; LDB, light-dark box; MB, marble burying; NSF, 

novelty-suppressed feeding; Soc/Agg, social interaction/aggression; SP, sucrose/saccharin 

preference.
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Figure 2. 
Behavioral changes during early and late abstinence from A) continuous alcohol drinking, 

B) intermittent access to alcohol, and C) drinking-in-the-dark. The length of the alcohol 

drinking paradigm (short: 7 d or less, intermediate: 8 d to 3 weeks, or chronic: 4+ weeks) 

is represented by different shading. See Table 3 for references. EPM/EZM, elevated plus 

maze/elevated zero maze; FS, forced swim; LDB, light-dark box; MB, marble burying; 

NSF, novelty-suppressed feeding; 5CSRT, five-choice serial reaction time; Soc/Agg, social 

interaction/aggression; SP, sucrose/saccharin preference.
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Figure 3. 
Machine learning approaches for pose estimation and clustering of behaviors in mice. 

Top: Pose estimation algorithms, such as DeepLabCut, can track mouse body parts 

across time. Middle: Supervised machine learning approaches (e.g., SiMBA) can identify 

specific behaviors when classifiers are predefined. Bottom: Unsupervised machine learning 

algorithms (e.g., B-SOID, VAME) are used to identify different sets of behaviors in an 

unbiased manner.
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Table 1.

Mouse behavioral assays to assess negative affective behaviors during abstinence from chronic alcohol 

exposure or voluntary alcohol drinking.

Behavioral Phenotypes Paradigms Comments

Approach, Avoidance, & 
Anxiety

EPM/EZM, LDB, MB, 
NSF, OF, AS

Easy to implement; Anxiety is a complex phenotype and requires multiple tests to fully 
characterize; Procedural differences across labs affect reproducibility; MB is an index 
of digging activity, and may not be a direct measure of anxiety-like behavior

Anhedonia, Despair, & 
Stress Coping

FS, ICSS, SP Measures anhedonia and despair; Some concerns related to face, construct, and 
predictive validity; FS may measure coping strategies under stressful conditions rather 
than depressive-like behaviors

Social Interaction & 
Irritability

SA, SD, BB High face, construct, and predictive validity; Testing time can be extensive

AS, acoustic startle; BB, bottle-brush; EPM/EZM, elevated plus maze/elevated zero maze; FS, forced swim; ICSS, intracranial self-stimulation; 
LDB, light-dark box; MB, marble burying; NSF, novelty-suppressed feeding; OF, open field; SA, social approach; SD, social defeat; SP, sucrose/
saccharin preference.
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Table 2.

Studies measuring negative affective behaviors during abstinence from alcohol vapor inhalation.

Study Model (duration) Strain (sex) Test (time into abstinence)

Short-term exposure (7 d or less)

1 Finn et al., 2000 Continuous (3 d) C57BL/6J & DBA/2J 
(M)

EPM (5–10 h)

2 Kliethermes et al., 2004 Continuous (3 d) WSC-2 (F+M) EZM (1–2 d); LDB (10 h, 1 d, 36 h, 2 
d)

3 Metten et al., 2018 Continuous (3 d) HS/Npt (F+M) LDB (12 h, 1 d); EZM (1 d), SP (2 d)

4 Lowery-Gionta et al., 2015 Intermittent (5 d) DBA2/J (M) SA (1 d, 7 d)

5 Hartmann et al., 2020 Intermittent (1 wk) C57BL/6J & /6NJ 
(F+M)

SP, LDB, FS (1 – 27 d)

6 Kash et al., 2009 Intermittent (1 wk) C57BL/6J (M) EPM (4–6 h)

Intermediate exposure (8 d to 3 wk)

7 Hartmann et al., 2019 Intermittent (10 d) WSP-2 & WSR-2 
(F+M)

MB, LDB, SP (1 d - 7 wk)

8 McCool & Chappell, 2015 Intermittent (2 wk) C57BL/6J & DBA/2J 
(M)

LDB (3 d)

9 Bray et al., 2017 Intermittent (3 wk) C57BL/6J & CCL2-tg 
(F+M)

LDB (3 d); FST (7 d)

Chronic exposure (4+ wk)

10 Daut et al., 2015 Intermittent (4 wk) C57BL/6J (F+M) LDB (2 d)

11 Holmes et al., 2012 Intermittent (4 wk) C57BL/6J (M) LDB (2 d)

12 Jury et al., 2017 Intermittent (4 wk) C57BL/6J (F+M) NSF (3 d); MB (6 d)

13 Maldonado-Devincci et al., 
2016

Intermittent (4 wk) C57BL/6J (M) FS (8 h); FS (3 d)

14 Pleil et al., 2015 Intermittent (4 wk) C57BL/6J (M) MB (2 d)

15 Sidhu et al., 2018 Intermittent (4 –6 wk) C57BL/6J & DBA/2J 
(M)

NSF (5 d); BB (3–7 d); SA (6–7 d); MB 
(10 d)

16 Warden, et al., 2020 Intermittent (4 wk) C57BL/6J (M) NSF (5 d)

17 Rose et al., 2016 Intermittent (5 wk) C57BL/6J (M) MB (3 d)

18 Kimbrough et al., 2020 Intermittent (6 wk) C57BL/6J (M) BB (7 d); MB (10 d)

19 Starski et al. 2020 Intermittent ’binge” (4 h/d; 6–9 
wk)

C57BL/6J (M) OF (20 d), SP (1–3 wk)

Bold font indicates an alcohol-induced change in behavior. Study numbers are identified in Figure 1. BB, bottle-brush; EPM/EZM, elevated plus 
maze/elevated zero maze; FS, forced swim; LDB, light-dark box; MB, marble burying; NO, novel object encounter; NSF, novelty-suppressed 
feeding; OF, open field; SA, social approach; SP, sucrose/saccharin preference. M, male; F, female.
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Table 3.

Negative affective behaviors that emerge during abstinence from voluntary alcohol drinking in mice.

Study Model (duration) Strain (sex) Test (time into abstinence)

Continuous alcohol drinking

1 Pang et al., 2013a 2BC (24 h/d; 6 wk) C57BL/6J (F) SP, EPM (14 d); LDB, NSF (17 d); FS (19 d)

2 Pang et al., 2013b 2BC (24 h/d; 6 wk) C57BL/6J (F) SP (15 d); FS (17 d)

3 Stevenson et al., 2009 2BC (24 h/d; 4 wk) C57BL/6J (M) FS, OF (1 d, 14 d)

4 Holleran et al., 2016 2BC (24 h/d; 6 wk) C57BL/6J (F) FS (1 d, 18 d); EPM (14 d); NSF (15 d, 35 d)

5 Vranjkovic et al., 2018 2BC (24 h/d; 6 wk) C57BL/6J (F) EPM (1 d, 7 d); NSF (14 d); FS (21 d)

6 Gong et al., 2017 2/3BC (24 h/d; 3–6 wk) C57BL/6J (M) OF, LDB (12 h); EPM (1 d), FS (13 d), TS (14 d)

7 Centanni et al., 2019 2BC (24 h/d; 6 wk) C57BL/6J (F+M) NSF (15 d); FS (21 d)

8 van Rijn et al., 2010 2BC (4 h/d; 5d) C57BL/6J (M) EPM, LDB (24 h)

9 Dao et al., 2020 2BC (24 h/d; 6 wk) C57BL/6J (F+M) EPM (7 d); OF (14 d); SP (21 d); FS (28 d)

Intermittent drinking

10 Bloch et al., 2020 2BC (3 d/wk; 7 wk) C57BL/6J (F+M) EZM (1d); NO (19–20 d); NSF (27–28 d)

11 Wang et al., 2021 2BC (3 d/wk; 3 wk) C57BL/6J (M) OF (12 h); EPM (12 h)

12 Hwa et al., 2015 2BC (3 d/wk; 1– 8 wk) Swiss-Webster (M) Agg, SA (6–8 h)

13 Quijano Carde et al 2022 2BC (3 d/wk; 10 wk) C57BL/6J (F+M) EPM, MB, OF (24 h)

Drinking-in-the-dark

14 Lee et al., 2015 DID (6 wk) C57BL/6J (M) SP, LDB, NO, FS, EPM, MB (1–2 d, 21–22 d)

15 Lee et al., 2016 DID (14 d) C57BL/6J (M) NO, FS (1 d); MB (2 d)

16 Lee, Coehlo, Solton et al., 
2017

DID (14 d) C57BL/6J (M) MB, FS, SP (1 d); MB, FS, SP (28 d)

17 Olney et al., 2018 DID (1, 3, 6 wk) C57BL/6J (M) FS (1 d); SP (1 wk)

18 Szumlinski et al., 2019 DID (14 d) C57BL/6J (F+M) ACS, NO, FS, LDB, MB (1–2 d, 30–31 d)

19 Bloodgood et al., 2020 DID (4 wk) OPRK1/Pdyn KO mice 
(F+M)

EPM (8 h)

20 Belmer et al., 2018 DID (12–14 wk) C57BL/6J (M) EPM, MB, OF (24 h)

21 Rath 2020 DID (8–19 wk) C57BL/6J (F+M) EPM, LDB, MB (36 h)

22 Cox et al., 2013 DID (1, 3, 6, 10 wk) C57BL/6J (M) EPM, OF (1 d)

23 Flanigan et al., 2022 DID (3 wk) C57BL/6J (F+M) SA, OF, ACS (7 d)

Bold font indicates an alcohol-induced change in behavior. Study numbers are identified in Figure 2. ACS, acoustic startle; Agg, aggression; BB, 
bottle-brush; EPM/EZM, elevated plus maze/elevated zero maze; FS, forced swim; L-D, light-dark box; MB, marble burying; NO, novel object 
encounter; NSF, novelty-suppressed feeding; OF, open field; SA, social approach; SP, sucrose/saccharin preference; TS, tail suspension; M, male; 
F, female; KO, knockout.
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Table 4.

Influence of alcohol-stress interactions on affective phenotypes in mice.

Study Alcohol-Stress Model Strain (sex) Test (time into abstinence)

Rodberg et al., 2017 CIE + FS C57BL/6J (M) MB (3–5 d)

den Hartog et al., 2020 CIE + FS C57BL/6J (F+M) MB (4 d)

Padula et al., 2020 CIE + FS C57BL/6J (M) NSF, MB (12–13 d)

Nelson et al., 2018 i.g. EtOH + SDS C57BL/6J (M) SI (1 d)

Nennig et al., 2020 IA Drinking + SDS C57BL/6J (M) SI (1 d)

de Almeida Magalhaes et al., 2018 2BC + MS C57BL/6 (F+M) L-D (<1 d)

Okhuarobo et al., 2020 CIE + LBN C57BL/6J (F+M) EPM (10–11 d); Digging (13); Grooming (17 d); TS (19 
d)

Bold font indicates a significant change in negative affective behavior. 2BC, two-bottle choice; IA, intermittent access; CIE, chronic intermittent 
ethanol; EPM, elevated plus maze; FS, forced swim; LBN, limited bedding and nesting; L-D, light-dark box; MB, marble burying; MS, maternal 
separation; NSF, novelty-suppressed feeding; SDS, social defeat stress; SI, social interaction; TS, tail suspension; M, male; F, female.
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