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Alcohol drinking, in some individuals, culminates in pathologically aggressive and violent behaviors. Alcohol can escalate the urge to fight, despite causing disruptions in fighting performance. When orally administered under several dosing conditions the current study examined in a mouse model if repeated alcohol escalates the motivation to fight, the execution of fighting performance, or both. Specifically, seven daily administrations of alcohol (0, 1.8, or 2.2 g/kg) determined if changes in the motivation to initiate aggressive acts occur with, or without, shifts in the severity of fighting behavior. Responding under the control of a fixed interval (FI) schedule for aggression reinforcements across the initial daily sessions indicated the development of tolerance to alcohol’s sedative effect. By day 7, alcohol augmented FI response rates for aggression rewards. While alcohol escalated the motivation to fight, fighting performance remained suppressed across the entire 7 days. Augmented FI responding for aggression rewards in response to a low dose of alcohol (1.0 g/kg) proved to be persistent, as we observed sensitized rates of responding for more than a month after alcohol pretreatment. In addition, this sensitization of motivated aggression did not occur with a general enhancement of motor activity. Antagonism of NMDA or AMPA receptors with ketamine, dizocilpine, or NBQX during later challenges with alcohol were largely serenic without having any notable impact on the expression of alcohol-escalated rates of FI responding. The current dissociation of appetitive and performance measures indicates that discrete neural mechanisms controlling aggressive arousal can be distinctly sensitized by alcohol.
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INTRODUCTION

Alcohol-escalated violence inflicts serious harm and suffering on a global scale as documented over many decades (Pernanen, 1993; Bye and Rossow, 2010). More than half of violent criminal acts are associated with alcohol in the perpetrator or victim or both (Beck et al., 2014). In such cases, alcohol consumption prompts a motivational state that culminates in attempts to act violently, which is distinct from impaired and uncoordinated behavior during intoxication (Mayfield, 1976; Jaffe et al., 1988). Cognitive models attempt to explain alcohol-instigated aggression through processes such as fear reduction, cortical disinhibition, anticipation of expected outcomes, or selectively attending to provocative cues (i.e., alcohol-induced myopia) (Schmutte et al., 1979; Pernanen, 1993; Pihl et al., 1993; Sayette et al., 1993; Zhang et al., 2002; Giancola et al., 2011). Here, we focus on the motivation to engage in aggressive behavior when it is ostensibly rewarding and outcomes are predictable in a mouse model (Ginsberg and Allee, 1942; Fish et al., 2005). The currently selected experimental conditions aim to systematically dissect how alcohol over repeated exposures alters the appetitive and performance (i.e., consummatory) components of aggressive behavior (Miczek et al., 2015; Golden et al., 2017; Hashikawa et al., 2017).

The neural circuitry of appetitive and consummatory behaviors overlap considerably (Wise, 2013). Quantification of appetitive behaviors, particularly when maintained by fixed interval (FI) schedules, indicates the state of “arousal” immediately prior to reward receipt (Wenger and Dews, 1976). This method of schedule-controlled behavior allows for dissociating motivational processes that precede performance measures (Gonzalez and Goldberg, 1977). Several types of aggression can be highly arousing and represent evolutionarily conserved, natural rewards (Scott, 1958). Reactive “hot” acts of violence are often produced by repeated cycles of alcohol intoxication (see Beck et al., 2014 for a review of clinical data). The neural architecture supporting such maladaptive aggression remains unknown, but key epidemiological findings provide some insight into their origins, including the predictably high rate of reoccurrence and their progressive escalation in alcohol use disorders (Fergusson and Horwood, 2000; Coid et al., 2006). Preclinical data corroborate these trends, such that the proportion of alcohol-heightened aggressors in a sample increases with a history of intermittent voluntary drinking (Fish et al., 2002; Hwa et al., 2015). We hypothesize that repeated exposures to alcohol - in certain contexts and when winning a confrontation is expected – can potentially trigger an intense motivation to engage in future aggressive acts.

The dose-dependent biphasic modulation of aggressive performance (Miczek et al., 1992, 1998) is clearly characterized by lower alcohol doses, which reliably increase threats and attacks; yet, the motivational indices prior to fighting require more evaluation (Fish et al., 2008). In addition to its acute effects on behavior, repeated EtOH administrations increase the propensity for the later expression of an alcohol-heightened aggressive phenotype (Lessov et al., 2001; Fish et al., 2002; Didone et al., 2016). In line with a dopamine-dependent theory of behavioral plasticity, increases in synaptic strength, particularly excitatory synapses on dopamine (DA) neurons in the ventral tegmental area (VTA), occurs after an in vivo administration of alcohol, like DA-positive modulators (Saal et al., 2003). Interestingly, levels of operant responding that are reinforced by aggression require intact DA receptor activation in the ventral striatum (Couppis and Kennedy, 2008). Moreover, persistently augmented behavioral responses to alcohol rely on the activation of N-methyl-d-aspartate (NMDA) and alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors in the VTA (Phillips and Shen, 1996; Broadbent et al., 2003).

The current objective was to determine how alcohol, when orally administered under several dosing conditions increases both (1) the motivation to fight, and (2) the execution of fighting. We sought to confirm that lower acute doses of alcohol will increase the intensity of offensive aggression (e.g., escalated number of bites and threats), without affecting the motivation to engage in fighting. The impairing effects of higher alcohol doses were expected to reduce both anticipatory responding and performance measures (Fish et al., 2008). We hypothesized that during repeated exposures to alcohol, tolerance first develops to the sedative effects, and eventually sensitized responding emerges, which may serve as an index of motivation. We determined whether or not changes in the motivation to initiate aggressive acts occur with, or without, shifts in the intensity of fighting behavior (Newman et al., 2018). Responding under the control of the FI schedule of reinforcement is a highly sensitive measure of appetitive behavior, indicating that the pattern of responding (i.e., the “scallop”) during successive administrations of alcohol may therefore be attributed to underlying changes in incentive-motivation. Thus, our final hypothesis explored to what extent the activation of ionotropic glutamate receptors (iGluRs) is necessary for maintaining any lasting changes in aggressive reinforcement resulting from repeated oral administrations of alcohol.

MATERIALS AND METHODS

Subjects

Eight-week-old male C57BL/6J mice (C57; Jackson Labs, Bar Harbor, ME, United States) were housed in polycarbonate cages (28 cm × 17 cm × 14 cm) lined with pine chip bedding. Food and water were available at all times. For Experiments 1–4, “resident” male mice (n = 80) were housed with a female of the same age and strain for at least 1 month to facilitate aggressive behaviors and avoid social isolation (Crawley et al., 1975; Miczek and O’Donnell, 1978). All pups were culled at 3 weeks of age. Female partners were removed following the display of consistent aggression by the resident male, at which point these aggressive resident males were singly housed for the remainder of the experiment. For Experiment 5, 8-week-old male C57 mice (n = 22) were singly housed in polycarbonate cages for the duration of the experiment.

Additional male C57 mice (8 weeks) were group-housed as “intruders” in large polycarbonate cages (46 cm × 24 cm × 15 cm), with unrestricted food and water available. These intruder mice were used for daily tests of aggression by residents for approximately 1 week, and then replaced with a new cohort of intruders. The vivarium was maintained at 21 ± 1°C, 30–40% humidity, and 12-h reverse light/dark cycles (lights on at 17:30 h). Experimental procedures were approved by the Tufts Institutional Animal Care and Use Committee following the Guide for the Care and Use of Laboratory Animals (National Research Council 2011).

Procedures

Measurements of Aggression and Aggressive Motivation

After at least 4 weeks of cohabitation and the birth of one litter of pups to confirm successful mating behavior, each resident male was quantitatively screened for consistent display of aggressive behavior (See Figure 1). During this phase of screening for aggression, the female and pups were removed from the resident’s home cage, before an intruder was introduced (Miczek and O’Donnell, 1978). This social confrontation lasted for 5 min following an initial attack bite by the resident, and confrontations were permitted until a total of 30 bites accumulated, or 5 min elapsed if no fight occurred. An experimenter tallied the frequency of attack bites, and recorded the duration of the confrontation. Daily confrontations were conducted at 24-h intervals until each resident displayed a stable level of aggression toward an intruder (30 bites within 1 min, over seven sessions). By the final screening session >90% of residents were highly aggressive, displaying vigorous attacks (i.e., 30 bite limits reached within 1 min) with a short latency (<10 s) to the initial attack. Intruders were systematically rotated to ensure that the resident did not habituate to a specific intruder (Winslow and Miczek, 1983).
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FIGURE 1. Resident male C57BL/6J (C57) mice were housed with breeding C57 females for at least 1 month. In daily resident–intruder confrontations, each resident male encountered a novel, male C57 intruder for 5 min in the resident home cage. After establishing an aggressive phenotype, each resident was trained during a fixed interval (FI) schedule that was reinforced by the presentation of an intruder. The FI was progressively increased from 1 s to 10 min over the course of 1 month. Mice were divided into experimental groups upon establishing consistent patterns of FI responding. Experiment 1 revealed the effects of acutely administered water or EtOH (0.5, 1.0, or 1.8 g/kg, PO) on FI responding and subsequent aggressive behavior. Experiment 2 evaluated the effects of repeated daily administrations of EtOH (1.8 or 2.2 g/kg, PO) on FI and aggression trials. Experiment 3 confirmed and extended these findings by measuring the persistence of alcohol-escalated motivation to fight. Experiment 4 examined the role of iGluRs during the expression of sensitized FI responding and aggressive performance in response to a 1.0 g/kg EtOH challenge that occurred at least 10 days after repeated administrations of water or EtOH (2.2 g/kg, PO).



Once stable and reliable aggression was established, residents (n = 74, six mice never established stable levels of aggression during screening trials) were then conditioned to perform a nose poke task according to a FI schedule reinforced by the opportunity to fight (Fish et al., 2002). A panel with two nose-poke operanda was inserted into the resident’s home cage and affixed to the walls. The first nose poke in the assigned “active” hole after the interval had elapsed was reinforced by the presentation of an intruder which was promptly attacked. Specifically, after completing the behavioral requirement of the FI schedule, a house light was illuminated and an intruder was simultaneously introduced into the resident’s home cage. After 1 min of aggressive interactions, the intruder was removed, the house light turned off, and the session terminated. The response panel was removed from the resident’s home cage immediately after each daily session. During the first 2 weeks of conditioning, the female partner of the male resident was returned to the home cage at the completion of each FI session. After the first 2 weeks of FI training, the female was permanently removed and the male resident was singly housed under the same housing conditions. FI sessions were conducted daily for all experimental mice. On the first day of FI conditioning, the FI interval was 30 s. Over the next 30 daily FI sessions the interval was gradually increased to 10 min.

Once the FI reached 10 min, five to seven sessions were conducted per week until the mice demonstrated stable rates of responding in the “active” nose poke hole. Over successive daily sessions, the pattern of responses reliably increased in frequency toward the end of the FI (i.e., demonstrating an FI-typical “scalloped” pattern of responding). The scalloped pattern of nose pokes allows for assessments of the rate of responding and the index of curvature (Fry et al., 1960). This index of curvature ranges from a value of -0.75, indicating that all responses are made during the first quarter of the interval, to a value of +0.75, indicating that all responses are made during the last quarter of the interval. If responses are evenly distributed across the interval, the index of curvature is 0. Consistent with previous uses of this procedure the curvature values of all experimental mice for the current series of experiments approximated +0.30 (Fish et al., 2002).

Experiment 1: Effects of Acutely Administered Alcohol on Motivation to Fight and Fighting Performance

After stable rates of FI responding were observed (i.e., <20% variation in FI responding over 3 days), male residents (n = 10) were habituated to oral administrations of tap water via gavage (per os, PO) 10 min before each daily FI session for 1 week. After habituation to these handling procedures, residents were given either tap water or various doses of EtOH (0.5, 1.0, and 1.8 g/kg, PO) 10 min before FI sessions in an unsystematic sequence at 72 h intervals.

Experiment 2: Effect of Repeated Alcohol Administrations on the Motivation to Fight and Fighting Performance

After stable rates of FI responding were observed, male residents (n = 30) were habituated to oral administrations of tap water 10 min before each daily FI session for 1 week. These residents were given seven consecutive days of either water (n = 10) or one of two different doses of EtOH (1.8 or 2.2 g/kg/day, PO, n = 10/dose) 10 min before their daily FI session. Ten days after their last daily dose of water or EtOH, mice were orally administered 1.0 g/kg EtOH to assess the potentially sensitizing effects of repeated EtOH administration on FI responding and fighting.

Experiment 3: The Long-Term Consequences of Repeated EtOH on the Motivation to Fight and Fighting Performance

Once stable rates of FI responding were observed, male residents (n = 14) were habituated to oral administrations of tap water via gavage prior to each daily FI session. Each of these residents was then given EtOH (1.8 g/kg/day, PO) 10 min prior to each daily FI session for seven consecutive days, adhering to a within-subjects design. To carefully observe the long-term effects of these repeated, intermittent EtOH administrations on FI responding and fighting performance, these mice were subsequently challenged with EtOH (1.0 g/kg, PO) 14, 40, and 60 days after the last 1.8 g/kg dose. Five days prior to each EtOH challenge, residents were re-evaluated for baseline FI responding after PO water treatments before each daily session. Three of these trained resident mice lost weight and failed to respond during the day 40 EtOH challenge and were excluded from analyses of these later time points.

Upon completion of Experiment 3, blood was collected 10 min after EtOH 1.0 g/kg administration on the last EtOH challenge day from the submandibular vein. Blood samples were centrifuged at 4°C for 10 min at 3,000 rpm, and plasma (5 μL) was extracted for blood ethanol concentration (mg/dL) analysis (AM1 Alcohol Analyzer, Analox Instruments Inc., Lunenburg, MA, United States).

Experiment 4: Role of iGluRs During the Expression of Alcohol-Escalated Motivation to Fight

After establishing stable rates of FI responding, male residents (n = 20) were habituated to an oral administration of tap water via gavage 10 min prior to each daily FI session, as described above. These mice were then given either water (n = 10) or EtOH (2.2 g/kg/day, PO, n = 10) 10 min prior to their daily FI session for the next 7 days. Ten days later, the role of iGluRs on FI responding and fighting performance was assessed 10 min after an EtOH administration (1.0 g/kg, PO). Specifically, every 72 h these male residents were administered an IP injection of the AMPA receptor antagonist NBQX (0, 10, 17, and 30 mg/kg), the NMDA receptor antagonist ketamine (0, 5.6, 7.5, and 10 mg/kg) or the NMDA receptor antagonist dizocilpine (0.01, 0.1, and 0.3 mg/kg). Each iGluR antagonist dose was administered 15 min before EtOH (1.0 g/kg, PO). Ten minutes after receiving EtOH, FI responding for the opportunity to fight and fighting performance were measured.

Experiment 5: Effect of Repeated Alcohol Administrations on Locomotor Activity in an Open Field

A separate cohort of mice were habituated to oral administrations of tap water via gavage for 1 week. These mice were given either water (n = 8) or EtOH (1.8 or 2.2 g/kg/day, PO, n = 7/EtOH treatment) immediately prior to locomotor assessments for the next 7 days. The locomotor behavior of each mouse was observed in a 51 cm× 36 cm × 31 cm plastic enclosure (Rubbermaid) that served as an open field. The total distance traveled (cm) was measured using video tracking software (EthoVision, Noldus, Wageningen, Netherlands). Mouse images were captured under red illumination at a rate of three samples/second through a 0.5-lux camera (Cohu, Model 4815–2100/AL09), which was positioned 165 cm above each open field. Three days after their seventh oral EtOH or water administration, locomotor activity was again assessed for 1 h for three consecutive days (experimental days 10–13) in response to a gavage administration of either water, 1.0 or 2.0 g/kg EtOH, in a semi-randomized order.

Video Analysis

Agonistic behavior was recorded using a digital webcam (Logitech® HD Pro Webcam C920, Newark, CA, United States). A trained observer (intra-observer reliability: r > 0.95) analyzed video recordings during the fixed-interval and the aggressive encounter of the male residents using Observer XT software (Noldus). The first 60 s of the FI, the last 60 s of the FI, and the 60 s aggressive confrontation were analyzed. Key presses on a custom-made keyboard coded the frequency, duration, and latency of each operationally defined behavior (Table 1). Aggressive behaviors quantified during social confrontations included attack bites and sideways threat. Non-aggressive behaviors included anogenital and nasal contact, pursuit, self-grooming, rearing, and walking (Miczek and O’Donnell, 1978). Arousal behaviors included tail rattle, digging, and jumping (Krsiak and Steinberg, 1969).

TABLE 1. Effects of repeated oral EtOH (1.8 g/kg, PO) on motor behaviors during fixed interval (FI) responding and aggressive performance during a social confrontation.
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Drugs

NBQX, ketamine and dizocilpine were obtained from Tocris Bioscience (Minneapolis, MN, United States). All compounds were dissolved in 0.9% NaCl. Each drug dose was injected intraperitoneally (IP) in a volume of 1 ml/100 g of body weight. For EtOH procedures, 95% ethyl alcohol was purchased from Pharmco-AAPER Products, Inc (Brookfield, CT, United States) and diluted with tap water to obtain 5%, 10%, 18%, or 22% EtOH concentrations (w/v). It was administered via gavage (PO) in a volume of 1 ml/100 g of body weight.

Statistics

To observe the acute effects of EtOH on motivated responding for aggression reward, time-stamps of each nose-poke during a 10 min FI were carefully examined. All mice were administered either water or EtOH (0.5, 1.0, or 1.8 g/kg, PO) 10 min prior to the start of the FI schedule. The average rate of FI responding over the FI and the number of attack bites following the FI schedule was compared for each gavage treatment using a one-way repeated measures ANOVA. Post hoc comparisons for each dose of EtOH to water were made using Dunnett’s test.

Three separate groups of mice trained to respond under the demands of the FI10 schedule were next examined to determine the effects of EtOH dose (0, 1.8, and 2.2 g/kg) on the induction and expression of alcohol-escalated motivation to seek aggression. For this experiment, two-way repeated measures ANOVA were used to assess the impact of EtOH doses (0, 1.8, and 2.2 g/kg) administered over 7 days on the average rate of responding during the FI, and on attack behavior during reward receipt. After a 10-day EtOH free interval, the effect of water or EtOH (1.0 g/kg) on FI responding and attack behavior were again assessed using a one-way ANOVA. Dunnett’s tests were used to make post hoc comparisons between water and EtOH treatments for both ANOVA.

To examine how long the effect of alcohol-escalated responding persists, the lower dose of alcohol (1.8 g/kg) was again examined (using a within-subjects design) on the rate of nose-poke responding during a 10 min FI schedule for an aggressive reward across seven daily administrations. Daily rates of nose-poking during each FI session were compared using a one-way repeated measures ANOVA. In addition, the average Index of Curvature for each daily FI session was also compared over each of the seven daily sessions using a one-way repeated measures ANOVA. Both of these indices of motivated responding during an FI schedule for aggression reinforcement were again assessed at much later time-points (i.e., after increasingly extended EtOH-free intervals) after being challenged with either water or 1.0 g/kg EtOH. Comparisons between water and EtOH on days 13 and 14, 39 and 40, and 59 and 60 (respectively) were made using paired t-tests for the average of both response rate and the Index of Curvature. In the case of significance, pairwise comparisons of behavioral elements were made using the Holm–Sidak method. In addition, the frequency and duration of behavioral elements collected and scored by a trained observer over 1 min bins at the beginning and end of the FI, and at the start of the aggressive encounter, were compared for water and EtOH on the 1st, 3rd, and 5th daily oral administrations using a one-way repeated measures ANOVA. These same behavioral elements scored during the FI and aggressive encounters during the three later challenge tests (i.e., day 14, 40, and 60) were compared by paired t-tests between temporally complimentary water and EtOH (1.0 g/kg) days.

To examine the neuropharmacology of the persistent expression of alcohol-escalated motivation for aggression, iGluR antagonists were administered prior to EtOH (1.0 g/kg) challenges. For this iGluR antagonism study, one-way ANOVA were initially performed on cumulative FI responding and attack bite frequency data, comparing repeatedly water-treated versus repeatedly EtOH-treated groups (i.e., control or repeated EtOH groups) after acute water gavage. There were no significant differences in measures of motivation or aggressive behavior, so a water baseline was calculated from averaging data across control and repeated EtOH groups. Two-way repeated measures ANOVA were conducted on baseline data after water or 1.0 g/kg EtOH and IP vehicle treatment to detect interactions between acute fluid treatment and history of repeated water or 2.2 g/kg EtOH. Additional two-way RM ANOVA were performed to detect interactions between repeated EtOH treatment and doses of MK-801, ketamine or NBQX administered prior to acute 1.0 g/kg EtOH. All pairwise comparisons were made using the Holm–Sidak method.

Finally, three separate groups of mice were examined to determine the effects of EtOH dose (0, 1.8, and 2.2 g/kg) on the induction and expression of locomotor sensitization to EtOH under the same oral administration conditions used above for studies on schedule-controlled aggression. For this experiment, two-way repeated measures ANOVA were used to assess the impact of EtOH doses (0, 1.8, and 2.2 g/kg, PO) administered on days 1, 3, 5, and 7 on the average distance traveled (cm). After a 3-day EtOH free interval, the locomotor response of these mice to EtOH (0, 1.0, or 2.0 g/kg) was again assessed over three consecutive days (one PO dose condition/day). Specifically, locomotor activity (cm traveled) on each challenge day was totaled across 5 min bins and analyzed using a two-way ANOVA (EtOH treatment × minute). Dunnett’s tests were used to make post hoc comparisons between EtOH treatment groups (0, 1.8, and 2.2 g/kg) across 5 min time intervals for the first 30 min of each challenge day.

RESULTS

EtOH Dose-Dependently Reduced FI Responding for Aggressive Reinforcement With Bi-phasic Effects on Aggressive Behavior

Acute, oral administration of alcohol dose dependently reduced FI responding for aggression reward [F(3, 39) = 14.21, p < 0.001; Figure 2, left]. The number of attack bites emitted by each resident was increased by EtOH (0.5 g/kg), and decreased by the highest dose (1.8 g/kg) of EtOH [F(3, 39) = 21.40, p < 0.001; Figure 2, right]. Additional behavioral elements, including a longer attack latency [F(3, 13) = 4.23, p = 0.011], a shorter duration of physical contact [F(3, 13) = 7.11, p = 0.001] and decrease in tail rattles [F(3, 13) = 9.01, p = 0.001] were also observed after the administration of the highest dose of EtOH during the aggressive encounter subsequent to FI performance.
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FIGURE 2. The scallop of operant fixed interval (FI) responding is systematically reduced by acutely administered EtOH (0.5, 1.0, or 1.8 g/kg, PO; Left). The frequency of attack bites (Right) is significantly increased by 0.5 g/kg EtOH and decreased by 1.8 g/kg EtOH. Significant post hoc comparisons to water administration are denoted as ∗p < 0.05 or #p < 0.05.



Daily Administrations of Alcohol Dose Dependently Reduced, and Thereafter Escalated, the Motivation to Fight

The rate of FI responding for an aggressive reward was dose dependently attenuated by 1.8 and 2.2 g/kg EtOH over the first few days after administration [F(14, 203) = 5.47, p < 0.001; Figure 3, top]. The amount of aggressive behavior at the completion of each FI was significantly reduced in both groups of EtOH treated mice (1.8 and 2.2 g/kg) following each oral administration [F(14, 203) = 4.32, p < 0.001; Figure 3, bottom]. When challenged 10 days later with EtOH (1.0 g/kg), both groups of EtOH treated mice produced significantly more FI responding for an aggression reward [F(2, 29) = 20.29, p < 0.001; Figure 3], with no notable changes in aggressive performance.
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FIGURE 3. Repeated doses of EtOH (1.8 or 2.2 g/kg, PO; light gray or dark gray, respectively) produced biphasic effects on aggressive motivation as revealed by rates of fixed interval (FI) responding. Acute EtOH (1.0 g/kg, PO; light gray) sensitized FI responding in mice with a history of repeated EtOH exposures (Top) whereas fighting performance remained suppressed (Bottom). Dashed light gray lines represent the average baseline water values. Significant effects are depicted as: ∗p < 0.05 compared to water baseline; #p < 0.05 compared to the water-treated group.



Repeated Daily Administrations of EtOH Persistently Intensify EtOH-Motivated Responding for an Aggressive Reward

The rate of nose-poke responding during a 10 min FI over 7 days was significantly affected by the administration of 1.8 g/kg EtOH within a large cohort of mice [F(7, 91) = 18.89, p < 0.001; Figure 4, top]. Specifically, the first administration of EtOH reduced responding when compared to baseline (water), and this disruptive effect dissipated over the next 3 days, until an increase in motivated responding emerged after the 5th daily administration of EtOH. A sensitization of FI responding for aggression reward was revealed after seven subsequent EtOH free days [day 14, t(13) = 3.6, p = 0.003], and again on experimental days 40 [t(10) = 3.09, p = 0.01] and 60 [t(10) = 3.5, p = 0.005], when all mice were challenged with 1.0 g/kg EtOH as compared to when water was administered the day before (Figure 4, top). According to the Index of Curvature, the pattern of FI responding over the course of seven daily EtOH administrations also changed significantly, as responses were found to be more evenly distributed (i.e., IC < 0.3) across the 10 min FI [F(7, 85) = 5.02, p < 0.001, Figure 4, bottom]. Following the FI schedule on days 1, 3, and 5 of EtOH administrations, behavioral elements recorded during the aggressive encounters revealed a longer attack latency [F(3, 13) = 15.60, p = 0.001], a shorter duration of physical contact [F(3, 13) = 6.156, p = 0.002] and a decrease in tail rattles directed toward the opponent [F(3, 13) = 9.907, p = 0.001; Table 1]. Interestingly, no differences between EtOH (1.0 g/kg) and water were detected on the amount of motor activation during the FI or on subsequent aggressive behaviors during any of the later challenge days (i.e., see day 14, Table 2). Average blood EtOH concentrations were 101.6 ± 5.9 mg/dL 10 min after the last 1.0 g/kg gavage administration.
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FIGURE 4. Daily EtOH administrations (1.8 g/kg/day, PO; dark gray bars) initially reduce rates of fixed interval (FI) responding within a single cohort of mice (Top); yet, aggressive motivation recovered and exceeded baseline responding by the fifth daily EtOH administration. For more than a month after the final, repeated EtOH administration, an acute EtOH (1.0 g/kg, PO; light gray bars) challenge produced a sensitized rate of FI responding. Average daily Indices of Curvature are depicted in (Bottom). Significant effects are depicted as: ∗p < 0.05 compared to water baseline; #p < 0.05 compared to water administration on the previous test day.



TABLE 2. A week after repeated EtOH (1.8 g/kg/day, PO) the effects of an acute water or EtOH (1 g/kg) challenge on motor behaviors during fixed interval (FI) responding and aggressive performance.
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Dizocilpine (MK-801) Recovered FI Responding for Aggression in Controls Given 1.0 g/kg EtOH but Suppressed Aggressive Performance

Acutely administered EtOH (1.0 g/kg) significantly reduced FI responding for aggression reinforcement in control mice with a history of water administrations, while mice with a history of repeated EtOH responded significantly more during the FI than water controls upon receiving the same acute dose of EtOH [F(1, 16) = 12.78, p = 0.003; Figure 5A]. Two-way repeated measures ANOVA also detected a significant interaction between repeated fluid treatment group and acutely administered 1.0 g/kg EtOH and dizocilpine [F(3, 48) = 4.13, p = 0.011]. Specifically, after receiving 1.0 g/kg EtOH the lowest dose of dizocilpine (0.01 mg/kg) recovered FI responding to baseline in control mice without having any detectable effect on FI responding in mice with a history of repeated 2.2 g/kg EtOH treatments (Figure 5A). A main effect of dizocilpine [F(3, 48) = 48.82, p < 0.001] was driven by suppressed FI responding in both control and EtOH groups treated with 1.0 g/kg EtOH and the highest dose of dizocilpine (0.3 mg/kg). While FI responding for aggression was significantly affected by the historical, repeated administration of water or EtOH, performance during aggressive interactions did not differ between controls and repeatedly EtOH-treated mice that received 1.0 g/kg EtOH. However, two-way RM ANOVA detected a main effect of dizocilpine on attack bite frequency, with all three doses (0.01, 0.1, and 0.3) significantly reducing aggressive behavior [F(3, 48) = 29.17, p < 0.001; Figure 5B].
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FIGURE 5. Interactions between ionotropic glutamate receptor antagonists and acutely administered EtOH (1.0 g/kg) in mice repeatedly administered water (white) or EtOH (2.2 g/kg, PO; gray): responding during the fixed interval (FI; A,C,E) and fighting performance (B,D,F). Baseline values in response to water are depicted as light gray, dashed lines. Significant post hoc comparisons are denoted by: +p < 0.05 compared to water baseline; ∗p < 0.05 compared to vehicle within repeated fluid treatment group (water or 2.2 g/kg EtOH); #p < 0.05 compared to water-treated group within that dose.



Ketamine Suppressed FI Responding for Aggression and Aggressive Performance in Water-Treated Controls and EtOH-Treated Mice Given an Acute Dose of EtOH

Mice with a history of repeated EtOH increased their cumulative FI responding for an aggressive encounter while control mice showed decreased responding upon receiving a 1.0 g/kg EtOH challenge (Figure 5C). Two-way RM ANOVA detected this interaction between treatment history (control vs. EtOH) and acute fluid administration [water vs. 1.0 g/kg EtOH; F(1, 16) = 12.94, p = 0.002] along with a main effect of increased FI responding by historically EtOH-treated mice [F(1, 16) = 8.83, p = 0.009]. Another two-way RM ANOVA revealed an interaction between EtOH treatment history and ketamine, administered after mice received a 1.0 g/kg EtOH challenge [F(3, 48) = 4.79, p = 0.005]. EtOH-treated mice responded more during the FI for an aggressive encounter after receiving acute EtOH and the vehicle injection compared to controls. However, these animals were more sensitive to the effects of ketamine and showed a significant reduction in their responding after receiving 7.5 or 10.0 mg/kg ketamine; in contrast, water control animals only reduced their responding when given the highest, 10.0 mg/kg dose of ketamine. Like MK-801, ketamine (7.5 and 10.0 mg/kg) suppressed aggressive performance in both control mice and in historically EtOH-treated animals (Figure 5D).

NBQX Reduced Aggressive Performance Without Affecting Responding for Aggression

Mice given 2.2 g/kg EtOH repeatedly showed an increase in cumulative responding for aggression after receiving an acute dose of 1.0 g/kg EtOH and IP vehicle compared to the water baseline and compared to water-treated controls (Figure 5E). In addition to this interaction between repeated EtOH treatment and responding after acute EtOH [F(1, 16) = 15.01, p = 0.001], an additional two-way RM ANOVA detected a significant main effect of treatment group, indicating increased responding in mice with a history of EtOH treatment compared to water controls when data were collapsed across NBQX dose [F(1, 16) = 10.07, p = 0.006]. NBQX, unlike MK-801 and ketamine, did not suppress responding for aggression (Figure 5E). However, two-way RM ANOVA revealed a significant interaction between EtOH treatment history and aggression after acute EtOH and NBQX [F(3, 48) = 4.92, p = 0.005], as well as main effects of both historic exposure to EtOH [F(1, 16) = 5.47, p = 0.033] and of NBQX [F(3, 48) = 4.01, p = 0.013; Figure 5F]. While moderate doses of NBQX (10, 17 mg/kg) diminished aggression in control animals, only the highest dose reduced the number of attack bites inflicted by animals with a history of repeated 2.2 g/kg EtOH treatments.

Repeated Oral Administrations of EtOH Does Not Engender Locomotor Sensitization to a Later 1.0 g/kg EtOH Challenge

Seven daily oral EtOH administrations progressively enhanced locomotor activity, when measured consistently in the same open field, as determined by a main effect for treatment day [F(2, 54) = 14.4, p < 0.001], and a main effect for treatment group [F(2, 54) = 11.1, p < 0.001; Figure 6, top]. However, in response to a later water or EtOH (1.0 g/kg) challenge in the same context, locomotor activity was not significantly altered between these three groups of mice. In fact, a significant main effect for treatment group [F(8, 162) = 9.3, p < 0.001] and time-bin [F(2, 162) = 7.4, p < 0.001] for locomotor activity was only detected during the 2.0 g/kg challenge day. Post hoc analyses revealed a selective increase in locomotion within the first 10 min after receiving 2.0 g/kg in those mice previously treated with the highest dose of 2.2 g/kg EtOH (Figure 6, bottom).


[image: image]

FIGURE 6. Daily oral administrations of EtOH (1.8 or 2.2 g/kg, PO; light gray or dark gray, respectively), as compared to water, induced locomotor sensitization as revealed by distance traveled in an open field (Top, Left). A later challenge with an EtOH (1.0 g/kg, PO; light gray) did not prompt the expression of locomotor sensitization in these mice (Top, Right; Bottom, Middle). No conditioned locomotor effects of daily EtOH administrations were apparent when these groups when later challenged with a water gavage (Bottom, Left). A challenge administration of 2.0 g/kg EtOH, however, did significantly increase locomotor activity in mice that previously received seven oral administrations of 2.2 g/kg EtOH (Bottom, Right). Significant effects are depicted as: ∗p < 0.05 compared to corresponding water treatment.



DISCUSSION

Appetitive and performance measures in the context of aggression are clearly dissected with the implementation of an FI schedule of reinforcement (Skinner and Morse, 1957). In the present study, FI response curves, with a characteristic scallop shape, were reliably established and stable for more than a month of successive daily sessions. In confirmation of previous observations, aggressive behavior that reinforces FI responding was more intense than species-typical forms of aggression (Fish et al., 2002). A single administration of a low dose of alcohol (i.e., 0.5 g/kg) significantly increased fighting performance, without affecting FI responding. As the dose of alcohol increased, its sedative effect emerged that resulted in the suppression of both behavioral measures. Specifically, alcohol, at both 1.8 and 2.2 g/kg/day, initially disrupted both responding during the FI and subsequent fighting performance. With repeated daily administrations, however, the disruptive effect of these alcohol doses on FI responding quickly recovered to the original response rates, and eventually a sensitization of FI responding emerged. The lasting expression of intensified aggressive arousal emerged only when alcohol was administered, such that on days when alcohol was not delivered, both FI responding and fighting behavior were comparable to water-treated control mice. This biphasic action of repeated alcohol on the curvature of FI responding supports previous studies suggesting that this schedule of reinforcement is a sensitive measure of anticipatory arousal prior to aggression reward (Skinner and Morse, 1957; Sanger, 1988; Fish et al., 2002).

An acute dose of alcohol (1.0 g/kg) significantly increased FI responding for aggression reward in animals with a history of repeated daily alcohol administrations (1.8 or 2.2 g/kg), whereas the same acute dose of alcohol significantly reduced FI responding for aggression in alcohol-naive mice. The 1.0 g/kg dose of alcohol was selective for FI response rate (i.e., aggressive motivation), and did not differentially affect aggressive performance, or locomotor behavior, in mice with or without a history of receiving daily alcohol treatments (Table 2 and Figure 6). Excitatory and inhibitory amino acid regulatory elements in somatic and terminal regions of the DA motive system (Volkow et al., 2017) are promising targets for escalated alcohol drinking and alcohol-heightened aggression (Gourley et al., 2005; Takahashi et al., 2010, 2015; Newman et al., 2012, 2018). Thus, we examined the general role of iGluRs during later challenges with alcohol in mice that were historically treated with alcohol (2.2 g/kg) or water for 7 days.

Under the present conditions, a low dose of the NMDA receptor antagonist dizocilpine (0.01 mg/kg) increased FI responding for aggression in alcohol-naive animals that were treated acutely with 1.0 g/kg alcohol. These same mice significantly reduced their aggressive performance. Because the effects of alcohol and dizocilpine on these behavioral measures were diametrically opposed, it is likely that alcohol suppresses fighting in alcohol-naive animals through a non-glutamatergic mechanism, perhaps by positively modulating GABAA receptor activity (Ticku and Kulkarni, 1988) rather than through a direct and synergistic inhibition of NMDA receptors – the later would be expected to increase fighting (Newman et al., 2018). Unlike dizocilpine, ketamine did not increase FI responding in alcohol-naive mice, which may result from differences in drug kinetics or its interactions with alcohol (Petrakis et al., 2004; Wai et al., 2013).

In contrast with alcohol-naive animals, mice with a history of repeated alcohol exposures were only sensitive to the serenic effects of dizocilpine. Repeated alcohol exposures may upregulate NMDA receptor expression (Haugbol et al., 2005; Wang et al., 2010), thereby preventing dizocilpine from increasing responding in mice that previously received daily alcohol treatments. While the present behavioral findings are suggestive of altered sensitivity to NMDAR antagonists in EtOH-sensitized mice, detailed evaluations of NMDA receptor subtype expression patterns in animals with a history of repeated EtOH exposure and aggression are required to further address this hypothesis. Interestingly, the AMPA receptor antagonist, NBQX, selectively reduced aggressive behavior without affecting FI responding in historically water- or alcohol-treated mice. These data point to a specific role for AMPA receptors in the regulation of schedule-induced aggressive behaviors, but not during the arousal associated with an impending social confrontation. Together, these findings suggest that the behavioral plasticity associated with the long-term expression of escalated motivation for aggression may not be strictly tied to iGluR-dependent mechanisms and are likely to be centered around changes in homeostatic elements of the DA motive circuit. It remains to be determined whether iGluRs are necessary for the induction of this lasting change in behavior, like other types of mesocorticolimbic-dependent behavioral plasticity (Vanderschuren and Kalivas, 2000; Wolf and Ferrario, 2010; Camarini and Pautassi, 2016). It is, however, noteworthy that the current interrogation of iGluRs during schedule-induced “anticipatory” aggression dampens this abnormally intense display of attack behavior unlike the pro-aggressive effects of iGluR antagonists observed specifically in “alcohol-heightened” aggressors, although more detailed analyses of physical confrontations after schedule-induced aggression are required to fully elucidate these findings (Newman et al., 2018).

Do Fixed Interval Schedules Capture the Motivation to Fight?

The FI schedule of reinforcement effectively separates the behavioral output into appetitive and consummatory components, allowing for the quantification of effort exerted during the interval before having the opportunity to fight and the evaluation of fight performance. Using a 10-min FI schedule results in scalloped response patterns, that can be illustrated mathematically by their index of curvature (Fry et al., 1960). More positive indices of curvature indicate an increasingly greater number of responses generated toward the anticipated end of the interval. In the current study, alcohol increased or decreased the rate of anticipatory FI responses, depending on the frequency of alcohol administrations. While an initial alcohol administration lowered the index of curvature, repeated alcohol administrations induced an alcohol-escalated pattern of FI responding. The “upward shift” in alcohol-escalated FI responding persisted when mice were challenged with a low unit dose of alcohol for more than a month. The selective increase in FI responding, as compared to fighting performance, indicates a specificity toward the motivational aspects of aggressive behavior. Taken together, these results suggest that repeated alcohol exposures in a certain context (i.e., associated with winning a social confrontation) may increase the incentive salience of aggression rewards (Ginsberg and Allee, 1942; Segal et al., 1974; Robinson and Berridge, 1993). While the current study examined oral “gavage” administrations of EtOH, future experimental approaches that allow for self-administered alcohol will provide even more translational value. It will also be interesting to learn if the escalation of FI responding for aggression by EtOH can be generalized to other natural rewards.

Progressive ratio (PR) schedules of reinforcement, from a historical perspective, are more often used to characterize the motivation to achieve rewards (Hodos, 1961), including aggression (Golden et al., 2017). PR schedules are considered extinction trials (i.e., the animal ceases to respond at their “breaking point”) and inherently requires multiple reward presentations and consumptions in a single session. Throughout PR schedules, successive reinforcements arguably influence the reward value of each future reinforcement delivery (Stafford et al., 1998). FI schedules measure the acceleration of responding rather than cessation and rely on a single aggression reward per daily session. Employing complex chain schedules of reinforcement may also carefully allow for detailed behavioral analyses of the motivation to acquire social rewards like aggression or sex (Everitt, 1990). Nonetheless, the FI schedule used currently was sensitive to both increases and decreases in anticipatory arousal.

Neural Contributions to the Emergence of Alcohol-Escalated Motivation for Aggression

Alcohol, and its metabolites, directly and indirectly activate VTA DA neurons, ultimately enhancing DA release in terminal areas that are important for reward processing (Di Chiara and Imperato, 1988; van Erp and Miczek, 2007; Plescia et al., 2014; Bassareo et al., 2017). Many DA, and serotonin (5-HT), receptor populations (e.g., DA D1 and D2; 5HT1A, 5HT1B, and 5HT2C) in midbrain, cortical and limbic areas are also critical for the execution of offensive aggression (Nikulina and Kapralova, 1992; Bondar and Kudryavtseva, 2005; de Boer and Koolhaas, 2005; Takahashi et al., 2012). Neural adaptations in response to the repeated actions of alcohol are likely centered around an augmentation of the DA motive circuitry (Volkow et al., 2017). This form of augmented neural plasticity may well be linked to a sensitization of incentive salience for the positively reinforcing effects of winning aggressive confrontations (Robinson and Berridge, 1993), and the potential to form an adaptive bias toward hyperexcitability during aggressive arousal. Glutamate-dependent forms of plasticity are necessary for the long-term behavioral consequences of alcohol to occur (Brodie, 2002; Broadbent et al., 2003), perhaps altering the perceived outcome of aggression rewards. Indeed, appetitive responses are particularly sensitive to synaptic changes in posterior VTA DA neurons (Wise and McDevitt, 2018), and it is tempting to hypothesize that biogenic amines and amino acids play a concerted role in the development of alcohol-escalated aggressive motivation. In an apparent dissociation from other forms of behavioral sensitization, the expression of alcohol-escalated motivation to fight is not readily attenuated by iGluR antagonists at dose ranges that are free from disrupting performance measures, as observed herein (Figure 5).

Circuits involving anticipatory arousal and the neurobiology of EtOH’s actions also overlap considerably. Hypothalamic and extra-hypothalamic nuclei that are rich in neuropeptides establish such a link (Cannizzaro et al., 2010; Plescia et al., 2014; Pleil et al., 2015; Rinker et al., 2017). It is reasonable to hypothesize that EtOH and its metabolites alter the regulation of sympathetic responses to exacerbate “hot” acts of aggression. Ongoing studies continue to focus on direct and indirect modulation of mesocorticolimbic DA during the expression of alcohol-escalated aggressive motivation. It appears promising to differentiate the neural circuits mediating the urge to fight vs. those responsible for the performance of aggressive acts.

AUTHOR CONTRIBUTIONS

HC and KM contributed to designing and conducting the experiments, analyzing the data, interpretation of the results, and writing the manuscript. EN contributed to analyzing the data, interpreting the results, and writing the manuscript. JD and ML assisted with the design of experiments. ST, LW, and WH assisted with experimental procedures.

FUNDING

This work was supported by funding provided by NIH grants R01 AA013983 (KM) and F31 AA025827 (EN).

ACKNOWLEDGMENTS

The authors wish to thank J. Thomas Sopko and Kurtis Chien-Young for their technical assistance as well as their artistic and scholarly contributions during the preparation of this manuscript.

REFERENCES

Bassareo, V., Cucca, F., Frau, R., and Di Chiara, G. (2017). Changes in dopamine transmission in the nucleus accumbens shell and core during ethanol and sucrose self-administration. Front. Behav. Neurosci. 11:71. doi: 10.3389/fnbeh.2017.00071

Beck, A., Heinz, A. J., and Heinz, A. (2014). Translational clinical neuroscience perspectives on the cognitive and neurobiological mechanisms underlying alcohol-related aggression. Curr. Top. Behav. Neurosci. 17, 443–474. doi: 10.1007/7854_2013_258

Bondar, N. P., and Kudryavtseva, N. N. (2005). The effects of the D1 receptor antagonist SCH-23390 on individual and aggressive behavior in male mice with different experience of aggression. Neurosci. Behav. Physiol. 35, 221–227. doi: 10.1007/s11055-005-0017-1

Broadbent, J., Kampmueller, K. M., and Koonse, S. A. (2003). Expression of behavioral sensitization to ethanol by DBA/2J mice: the role of NMDA and non-NMDA glutamate receptors. Psychopharmacology (Berl.) 167, 225–234. doi: 10.1007/s00213-003-1404-3

Brodie, M. S. (2002). Increased ethanol excitation of dopaminergic neurons of the ventral tegmental area after chronic ethanol treatment. Alcohol. Clin. Exp. Res. 26, 1024–1030. doi: 10.1097/01.alc.0000021336.33310.6b

Bye, E. K., and Rossow, I. (2010). The impact of drinking pattern on alcohol-related violence among adolescents: an international comparative analysis. Drug Alcohol. Rev. 29, 131–137. doi: 10.1111/j.1465-3362.2009.00117.x

Camarini, R., and Pautassi, R. M. (2016). Behavioral sensitization to ethanol: neural basis and factors that influence its acquisition and expression. Brain Res. Bull. 125, 53–78. doi: 10.1016/j.brainresbull.2016.04.006

Cannizzaro, C., La Barbera, M., Plescia, F., Cacace, S., and Tringali, G. (2010). Ethanol modulates corticotropin releasing hormone release from the rat hypothalamus: does acetaldehyde play a role? Alcohol. Clin. Exp. Res. 34, 588–593. doi: 10.1111/j.1530-0277.2009.01127.x

Coid, J., Yang, M., Roberts, A., Ullrich, S., Moran, P., Bebbington, P., et al. (2006). Violence and psychiatric morbidity in the national household population of Britain: public health implications. Br. J. Psychiatry 189, 12–19. doi: 10.1192/bjp.189.1.12

Couppis, M. H., and Kennedy, C. H. (2008). The rewarding effect of aggression is reduced by nucleus accumbens dopamine receptor antagonism in mice. Psychopharmacology (Berl.) 197, 449–456. doi: 10.1007/s00213-007-1054-y

Crawley, J. N., Schleidt, W. M., and Contrera, J. F. (1975). Does social environment decrease propensity to fight in male mice? Behav. Biol. 15, 73–83. doi: 10.1016/S0091-6773(75)92105-7

de Boer, S. F., and Koolhaas, J. M. (2005). 5-HT1A and 5-HT1B receptor agonists and aggression: a pharmacological challenge of the serotonin deficiency hypothesis. Eur. J. Pharmacol. 526, 125–139. doi: 10.1016/j.ejphar.2005.09.065

Di Chiara, G., and Imperato, A. (1988). Drugs abused by humans preferentially increase synaptic dopamine concentrations in the mesolimbic system of freely moving rats. Proc. Natl. Acad. Sci. U.S.A. 85, 5274–5278. doi: 10.1073/pnas.85.14.5274

Didone, V., Masson, S., Quoilin, C., Seutin, V., and Quertemont, E. (2016). Correlation between ethanol behavioral sensitization and midbrain dopamine neuron reactivity to ethanol. Addict. Biol. 21, 387–396. doi: 10.1111/adb.12216

Everitt, B. J. (1990). Sexual motivation: a neural and behavioural analysis of the mechanisms underlying appetitive and copulatory responses of male rats. Neurosci. Biobehav. Rev. 14, 217–232. doi: 10.1016/S0149-7634(05)80222-2

Fergusson, D. M., and Horwood, L. J. (2000). Alcohol abuse and crime: a fixed-effects regression analysis. Addiction 95, 1525–1536. doi: 10.1046/j.1360-0443.2000.951015257.x

Fish, E. W., DeBold, J. F., and Miczek, K. A. (2002). Repeated alcohol: behavioral sensitization and alcohol-heightened aggression in mice. Psychopharmacology (Berl.) 160, 39–48. doi: 10.1007/s00213-001-0934-9

Fish, E. W., DeBold, J. F., and Miczek, K. A. (2005). Escalated aggression as a reward: corticosterone and GABA(A) receptor positive modulators in mice. Psychopharmacology (Berl.) 182, 116–127. doi: 10.1007/s00213-005-0064-x

Fish, E. W., McKenzie-Quirk, S. D., Bannai, M., and Miczek, K. A. (2008). 5-HT(1B) receptor inhibition of alcohol-heightened aggression in mice: comparison to drinking and running. Psychopharmacology (Berl.) 197, 145–156. doi: 10.1007/s00213-007-1017-3

Fry, W., Kelleher, R. T., and Cook, L. (1960). A mathematical index of performance on fixed-interval schedules of reinforcement. J. Exp. Anal. Behav. 3, 193–199. doi: 10.1901/jeab.1960.3-193

Giancola, P. R., Duke, A. A., and Ritz, K. Z. (2011). Alcohol, violence, and the alcohol myopia model: preliminary findings and implications for prevention. Addict. Behav. 36, 1019–1022. doi: 10.1016/j.addbeh.2011.05.006

Ginsberg, B., and Allee, W. C. (1942). Some effects of conditioning on social dominance and subordination in inbred strains of mice. Physiol. Zool. 15, 485–506. doi: 10.1086/physzool.15.4.30151662

Golden, S. A., Heins, C., Venniro, M., Caprioli, D., Zhang, M., Epstein, D. H., et al. (2017). Compulsive addiction-like aggressive behavior in mice. Biol. Psychiatry 82, 239–248. doi: 10.1016/j.biopsych.2017.03.004

Gonzalez, F. A., and Goldberg, S. R. (1977). Effects of cocaine and d-amphetamine on behavior maintained under various schedules of food presentation in squirrel monkeys. J. Pharmacol. Exp. Ther. 201, 33–43.

Gourley, S. L., Debold, J. F., Yin, W., Cook, J., and Miczek, K. A. (2005). Benzodiazepines and heightened aggressive behavior in rats: reduction by GABA(A)/alpha(1) receptor antagonists. Psychopharmacology (Berl.) 178, 232–240. doi: 10.1007/s00213-004-1987-3

Hashikawa, Y., Hashikawa, K., Falkner, A. L., and Lin, D. (2017). Ventromedial hypothalamus and the generation of aggression. Front. Syst. Neurosci. 11:94. doi: 10.3389/fnsys.2017.00094

Haugbol, S. R., Ebert, B., and Ulrichsen, J. (2005). Upregulation of glutamate receptor subtypes during alcohol withdrawal in rats. Alcohol. Alcohol. 40, 89–95. doi: 10.1093/alcalc/agh117

Hodos, W. (1961). Progressive ratio as a measure of reward strength. Science 134, 943–944. doi: 10.1126/science.134.3483.943

Hwa, L. S., Nathanson, A. J., Shimamoto, A., Tayeh, J. K., Wilens, A. R., Holly, E. N., et al. (2015). Aggression and increased glutamate in the mPFC during withdrawal from intermittent alcohol in outbred mice. Psychopharmacology (Berl.) 232, 2889–2902. doi: 10.1007/s00213-015-3925-y

Jaffe, J. H., Babor, T. F., and Fishbein, D. H. (1988). Alcoholics, aggression and antisocial personality. J. Stud. Alcohol. 49, 211–218. doi: 10.15288/jsa.1988.49.211

Krsiak, M., and Steinberg, H. (1969). Psychopharmacological aspects of aggression: a review of the literature and some new experiments. J. Psychosom. Res. 13, 243–252. doi: 10.1016/0022-3999(69)90042-7

Lessov, C. N., Palmer, A. A., Quick, E. A., and Phillips, T. J. (2001). Voluntary ethanol drinking in C57BL/6J and DBA/2J mice before and after sensitization to the locomotor stimulant effects of ethanol. Psychopharmacology (Berl.) 155, 91–99. doi: 10.1007/s002130100699

Mayfield, D. (1976). Alcoholism, alcohol, intoxication and assaultive behavior. Dis. Nerv. Syst. 37, 288–291.

Miczek, K. A., Barros, H. M., Sakoda, L., and Weerts, E. M. (1998). Alcohol and heightened aggression in individual mice. Alcohol. Clin. Exp. Res. 22, 1698–1705. doi: 10.1111/j.1530-0277.1998.tb03968.x

Miczek, K. A., DeBold, J. F., Hwa, L. S., Newman, E. L., and de Almeida, R. M. (2015). Alcohol and violence: neuropeptidergic modulation of monoamine systems. Ann. N. Y. Acad. Sci. 1349, 96–118. doi: 10.1111/nyas.12862

Miczek, K. A., and O’Donnell, J. M. (1978). Intruder-evoked aggression in isolated and nonisolated mice: effects of psychomotor stimulants and L-dopa. Psychopharmacology (Berl.) 57, 47–55. doi: 10.1007/BF00426957

Miczek, K. A., Weerts, E. M., Tornatzky, W., DeBold, J. F., and Vatne, T. M. (1992). Alcohol and “bursts” of aggressive behavior: ethological analysis of individual differences in rats. Psychopharmacology (Berl.) 107, 551–563. doi: 10.1007/BF02245270

Newman, E. L., Chu, A., Bahamon, B., Takahashi, A., Debold, J. F., and Miczek, K. A. (2012). NMDA receptor antagonism: escalation of aggressive behavior in alcohol-drinking mice. Psychopharmacology (Berl.) 224, 167–177. doi: 10.1007/s00213-012-2734-9

Newman, E. L., Terunuma, M., Wang, T. L., Hewage, N., Bicakci, M. B., Moss, S. J., et al. (2018). A role for prefrontal cortical NMDA receptors in murine alcohol-heightened aggression. Neuropsychopharmacology 43, 1224–1234. doi: 10.1038/npp.2017.253

Nikulina, E. M., and Kapralova, N. S. (1992). Role of dopamine receptors in the regulation of aggression in mice; relationship to genotype. Neurosci. Behav. Physiol. 22, 364–369. doi: 10.1007/BF01186627

Pernanen, K. (1993). Causal attributions in the explanation of alcohol-related accidents. Addiction 88, 897–906. doi: 10.1111/j.1360-0443.1993.tb02107.x

Petrakis, I. L., Limoncelli, D., Gueorguieva, R., Jatlow, P., Boutros, N. N., Trevisan, L., et al. (2004). Altered NMDA glutamate receptor antagonist response in individuals with a family vulnerability to alcoholism. Am. J. Psychiatry 161, 1776–1782. doi: 10.1176/ajp.161.10.1776

Phillips, T. J., and Shen, E. H. (1996). Neurochemical bases of locomotion and ethanol stimulant effects. Int. Rev. Neurobiol. 39, 243–282. doi: 10.1016/S0074-7742(08)60669-8

Pihl, R. O., Peterson, J. B., and Lau, M. A. (1993). A biosocial model of the alcohol-aggression relationship. J. Stud. Alcohol. Suppl. 11, 128–139. doi: 10.15288/jsas.1993.s11.128

Pleil, K. E., Rinker, J. A., Lowery-Gionta, E. G., Mazzone, C. M., McCall, N. M., Kendra, A. M., et al. (2015). Npy signaling inhibits extended amygdala crf neurons to suppress binge alcohol drinking. Nat. Neurosci. 18, 545–552. doi: 10.1038/nn.3972

Plescia, F., Brancato, A., Marino, R. A., Vita, C., Navarra, M., and Cannizzaro, C. (2014). Effect of acetaldehyde intoxication and withdrawal on npy expression: focus on endocannabinoidergic system involvement. Front. Psychiatry 5:138. doi: 10.3389/fpsyt.2014.00138

Rinker, J. A., Marshall, S. A., Mazzone, C. M., Lowery-Gionta, E. G., Gulati, V., Pleil, K. E., et al. (2017). Extended amygdala to ventral tegmental area corticotropin-releasing factor circuit controls binge ethanol intake. Biol. Psychiatry 81, 930–940. doi: 10.1016/j.biopsych.2016.02.029

Robinson, T. E., and Berridge, K. C. (1993). The neural basis of drug craving: an incentive-sensitization theory of addiction. Brain Res. Brain Res. Rev. 18, 247–291. doi: 10.1016/0165-0173(93)90013-P

Saal, D., Dong, Y., Bonci, A., and Malenka, R. C. (2003). Drugs of abuse and stress trigger a common synaptic adaptation in dopamine neurons. Neuron 37, 577–582. doi: 10.1016/S0896-6273(03)00021-7

Sanger, D. J. (1988). Behavioural effects of the alpha 2-adrenoceptor antagonists idazoxan and yohimbine in rats: comparisons with amphetamine. Psychopharmacology (Berl) 96, 243–249. doi: 10.1007/BF00177568

Sayette, M. A., Wilson, G. T., and Elias, M. J. (1993). Alcohol and aggression: a social information processing analysis. J. Stud. Alcohol. 54, 399–407. doi: 10.15288/jsa.1993.54.399

Schmutte, G. T., Leonard, K. E., and Taylor, S. P. (1979). Alcohol and expectations of attack. Psychol. Rep. 45, 163–167. doi: 10.2466/pr0.1979.45.1.163

Scott, J. P. (1958). Aggression. Chicago, IL: University of Chicago Press.

Segal, D. S., Kuczenski, R., and Mandell, A. J. (1974). Theoretical implications of drug-induced adaptive regulation for a biogenic amine hypothesis of affective disorder. Biol. Psychiatry 9, 147–159.

Skinner, B. F., and Morse, W. H. (1957). Concurrent activity under fixed-interval reinforcement. J. Compar. Physiol. Psychol. 50, 279–281. doi: 10.1037/h0047021

Stafford, D., LeSage, M. G., and Glowa, J. R. (1998). Progressive-ratio schedules of drug delivery in the analysis of drug self-administration: a review. Psychopharmacology (Berl.) 139, 169–184. doi: 10.1007/s002130050702

Takahashi, A., Kwa, C., Debold, J. F., and Miczek, K. A. (2010). GABA(A) receptors in the dorsal raphe nucleus of mice: escalation of aggression after alcohol consumption. Psychopharmacology (Berl.) 211, 467–477. doi: 10.1007/s00213-010-1920-x

Takahashi, A., Lee, R. X., Iwasato, T., Itohara, S., Arima, H., Bettler, B., et al. (2015). Glutamate input in the dorsal raphe nucleus as a determinant of escalated aggression in male mice. J. Neurosci. 35, 6452–6463. doi: 10.1523/jneurosci.2450-14.2015

Takahashi, A., Quadros, I. M., de Almeida, R. M., and Miczek, K. A. (2012). Behavioral and pharmacogenetics of aggressive behavior. Curr. Top. Behav. Neurosci. 12, 73–138. doi: 10.1007/7854_2011_191

Ticku, M. K., and Kulkarni, S. K. (1988). Molecular interactions of ethanol with GABAergic system and potential of RO15-4513 as an ethanol antagonist. Pharmacol. Biochem. Behav. 30, 501–510. doi: 10.1016/0091-3057(88)90487-X

van Erp, A. M., and Miczek, K. A. (2007). Increased accumbal dopamine during daily alcohol consumption and subsequent aggressive behavior in rats. Psychopharmacology (Berl.) 191, 679–688. doi: 10.1007/s00213-006-0637-3

Vanderschuren, L. J., and Kalivas, P. W. (2000). Alterations in dopaminergic and glutamatergic transmission in the induction and expression of behavioral sensitization: a critical review of preclinical studies. Psychopharmacology (Berl.) 151, 99–120. doi: 10.1007/s002130000493

Volkow, N. D., Wise, R. A., and Baler, R. (2017). The dopamine motive system: implications for drug and food addiction. Nat. Rev. Neurosci. 18, 741–752. doi: 10.1038/nrn.2017.130

Wai, M. S., Luan, P., Jiang, Y., Chan, W. M., Tsui, T. Y., Tang, H. C., et al. (2013). Long term ketamine and ketamine plus alcohol toxicity – What can we learn from animal models? Mini-Rev. Med. Chem. 13, 273–279.

Wang, J., Lanfranco, M. F., Gibb, S. L., Yowell, Q. V., Carnicella, S., and Ron, D. (2010). Long-lasting adaptations of the NR2B-containing NMDA receptors in the dorsomedial striatum play a crucial role in alcohol consumption and relapse. J. Neurosci. 30, 10187–10198. doi: 10.1523/jneurosci.2268-10.2010

Wenger, G. R., and Dews, P. B. (1976). The effects of phencyclidine, ketamine, delta-amphetamine and pentobarbital on schedule-controlled behavior in the mouse. J. Pharmacol. Exp. Ther. 196, 616–624.

Winslow, J. T., and Miczek, K. A. (1983). Habituation of aggression in mice: pharmacological evidence of catecholaminergic and serotonergic mediation. Psychopharmacology (Berl.) 81, 286–291. doi: 10.1007/BF00427564

Wise, R. A. (2013). Dual roles of dopamine in food and drug seeking: the drive-reward paradox. Biol. Psychiatry 73, 819–826. doi: 10.1016/j.biopsych.2012.09.001

Wise, R. A., and McDevitt, R. A. (2018). Drive and reinforcement circuitry in the brain: origins, neurotransmitters, and projection fields. Neuropsychopharmacology 43, 680–689. doi: 10.1038/npp.2017.228

Wolf, M. E., and Ferrario, C. R. (2010). AMPA receptor plasticity in the nucleus accumbens after repeated exposure to cocaine. Neurosci. Biobehav. Rev. 35, 185–211. doi: 10.1016/j.neubiorev.2010.01.013

Zhang, L., Welte, J. W., and Wieczorek, W. W. (2002). The role of aggression-related alcohol expectancies in explaining the link between alcohol and violent behavior. Subst Use Misuse 37, 457–471. doi: 10.1081/JA-120002805

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Covington, Newman, Tran, Walton, Hayek, Leonard, DeBold and Miczek. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/fnbeh-12-00206-g006.jpg
Distance traveled (cm)

24000

g O H20

‘;3’ 20000 O 1.8g/kgEtOH

@ @ 2.2g/kgEtOH

2 16000

S

—

8 12000

[—

S

"

a 8000

oL
Day1 2 4 5 6 7
H20 1.0g/kg EtOH
5000
4000
- No% 3
3000 o, QSV,“
.'c ~ @ S b

2000 £ .“‘g. &

0 10 20 30 40 50 10 20 30 40 50

Minute

Day 10
(1.0 g/kg EtOH)

2.0g/kg EtOH

*

A o H20
A o 1.8 EtOH

B"?'\\"FI A 2.2 EtOH
.

?\?tg?”&&‘?

0 10 20 30 40 50






OPS/images/cover.jpg
, frontiers

in Behavioral Neuroscience

The Urge to Fight: Persistent
Escalation by Alcohol and Role of
NMDA Receptors in Mice





OPS/images/fnbeh-12-00206-g004.jpg
Cumulative Fl Responses

Index of Curvature

75

(10 min)

04
<03
<02

0.1

0.0

1.8 g/kg EtOH
repeated daily

Persistent escalation of aggressive
arousal by EtOH (1.0 g/kg)

*

3 H20
= 1.0 g/kg EtOH
&= 1.8 g/kg EtOH

BL1 2 3456 7
Experimental Day

L

Il
I

1314 3940 5960






OPS/images/fnbeh-12-00206-g005.jpg
Cumulative Responses >
- w -~ N -~
o (=] (5] (=] w

(=]

Cumulative Responses ©
- w -~ [~ -~
o (=} o (=] o

m
(=]

Cumulative Responses
- W s~
(5, (=] w (=} o

(=]

Water 2.2 g/kg EtOH
MK-801
(dizocilpine)
0 .01 4 3
MK-801 (mglkg)
Ketamine
H *
*
*
0 56 7.5 10 0 56 7.5 10
Ketamine (mg/kg)
NBQX
0 10 17 30 0 10 17 30
NBQX (mglkg)

w

Attack Bite Frequency

n Attack Bite Frequency ©

Attack Bite Frequency

- - NN
S O o ;o o

25
20
15
10

o

- -, NN
v o U o O

Water 2.2 g/kg EtOH
MK-801
(dizocilpine)
001 4 3
muam (malkg)
Ketamine
H = I ‘ *
0 56 7.5 10 0 56 75 10

Ketamine (mg/kg)

NBQX
2 #
: *j ‘
1
0 10 17 30 0 10 17 30

NBQX (mg/kg)





OPS/images/fnbeh-12-00206-g002.jpg
»
o

'S
(4]

Fl Responses

0

1

O
o
o
®

(2]
o

gao * 20
s 20 H
SHliir
g o
H20 S EtOH Dose 8 15
0.5 g/kg EtOH 5 |
1.0 g/kg EtOH * «
1.8 g/kg EtOH é 10
* g
5
0

L %

2 3 4 5 6
Minutes

7 8 9 10

00 05 1.0
EtOH (g/kg)

1.8






OPS/images/fnbeh-12-00206-g003.jpg
wn
~

X
lﬁv *
] %
- 9 |@
ke
x
55
& & O *
oo
EXS *
W.S.Z. v *o
I -~
o*
Qo0 *
(=] wn o n o

o wn o wn
©w s el -

(uwi o1)
sesuodsay |4 aAle|InwND

~N - -

Kausnbai4 8yg yoeny

Day 17
(1.0 g/kg EtOH)

©o

3

2

Day 1







OPS/images/fnbeh-12-00206-g001.jpg
Male-female pairs Fl Nose Poke Aggression

(4 weeks)

i
Stable home cage
aggression (1 week)

Fixed Interval responding,
reinforced by aggression

(4 weeks) Motivation Performance

Experimental
manipulations

1. Acute alcohol: | [2. Repeated 3. Persi 4. Antagonism of
motivation & alcohol: sensitization of | |alcohol effects by
performance motivation & aggressive A. NBQX

performance motivation B. Ketamine

C. Dizocilpine






OPS/images/logo.jpg
’frontiers. )
in Behavioral Neuroscience





OPS/images/fnbeh-12-00206-t001.jpg
Attack latency (5)
Pursuits

Tal rattes
Contacts
Walking (5)
Rearing (5)
Salf-groom ()
Digging (5
Jumps

Values that are bold indiicate significant changes from water administration (o < 0.06).

Water

2004096
9.20+095
310063
092+029
1.00 £ 0.63

First minute of FI-10

Dayt

199411
980 1.1
450+0.77
0.45+0.18
054032

Day3

2134088
980066
350075
090025
1.40 £ 0.40

2234087
960 +069
360029
1.00 £0.20
370093

133£10
128417
1.70 £0.86
250 +061
220+059

Last minute of FI-10

Day 1 Day3

183411 144410
630+081 660+054
380+12  091+052
197£051  260+052
280£075 78017

Day5

223413
620087
22011
310066
69014

Resident-Intruder confrontation(1 min)

Water

310044
2.70£056
6.90 097
0324018
221069
250+ 059
009006
005005
001001

Day 1

207556
330+090
430£10
2404087
216411
390075
00000
00000
0394022

Day3

28467
1.50 £ 0.56
240055
2004060
2224051
830+087
0.14+0.14
007 +008
057+0.16

Day5

M9£67
1794092
1.90 £ 0.63
2904066
U128
86012
002+002
00000
1.20 £ 0.37





OPS/images/fnbeh-12-00206-t002.jpg
First minute of FI-10 Last minute of FI-10 Resident-Intruder confrontation (1 min)

Water EtOH Water EtOH Water EtOH

Attack latency (5) - - - - 210£0.11 3.60 £ 0.52
Pursuits - - - - 350 +0.68 2.00 £ 0.66
Tail rattles - - - - 5.60+0.74 7.90 +0.84
Contacts - - - - 0.07 +0.07 0.32+£0.12
Walking (s) 201 +1.9 16.8+0.70 14.4 0,71 11.8+0.99 16.8 +0.81 20240.77
Rearing (s) 123+ 0.86 12.6+0.88 11.0+0.95 138+ 1.2 2.10 +0.69 6.00 +0.64
Self-groom (s) 2.48+0.18 3.20+0.65 1.70+0.54 1.80 + 0.89 096 +0.85 0.35+0.35
Digging () 1.54 % 0.50 1.90 + 0.46 670+ 1.4 2.80 +0.90 000+ 0.0 0.14+0.08

Jumps 580+ 1.9 3.10 £ 0.66 4.90 +£0.63 3.80 £ 0.65 0.00 + 0.0 0.29+0.13





