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Abstract

Social learning theory postulates that individuals learn to engage in aggressive behavior through 

observing an aggressive social model. Prior studies have shown that repeatedly observing 

aggression, also called “chronic passive exposure to aggression,” changes accumbal dopamine D2 

receptor (D2R) and amygdaloid 5-HT1B receptor (5-HT1BR) densities in observers. But, the 

association between these outcomes remains unknown. Thus, our study used a rat paradigm to 

comprehensively examine the linkage between aggression, D2R density in the nucleus accumbens 

core (AcbC) and shell (AcbSh), and 5-HT1BR density in the medial (MeA), basomedial (BMA), 

and basolateral (BLA) amygdala following chronic passive exposure to aggression. Male Sprague-

Dawley rats (N = 72) were passively exposed to either aggression or non-aggression acutely (1 

day) or chronically (23 days). When observer rats were exposed to aggression chronically, they 

showed increased aggressive behavior and reduced D2R density in the bilateral AcbSh. On the 

other hand, exposure to aggression, regardless of exposure length, increased 5-HT1BR density in 

the bilateral BLA. Finally, low D2R in the AcbSh significantly interacted with high 5-HT1BR 

density in the BLA in predicting high levels of aggression in observer rats. Our results advance 

our understanding of the neurobiological mechanisms for observational learning of aggression, 

highlighting that dopamine-serotonin interaction, or AcbSh-BLA interaction, may contribute to a 

risk factor for aggression in observers who chronically witness aggressive interactions.
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According to social learning theory (Albert Bandura, 1973; A. Bandura, 1977; A. Bandura, 

Ross, & Ross, 1961, 1963), youths are inclined to engage in aggressive behavior after they 

observe an aggressive adult model. Notably, this theory provides a psychosocial explanation 
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for aggression in bystanders, who are not actually involved in violent situations. Long-

lasting events of observing violence may particularly cause observer youths to adopt 

aggressive behavior (Huesmann & Kirwil, 2007). In fact, previous literature has shown 

evidence consistent with this social learning theory. For example, individuals who have 

witnessed community and family violence in childhood tend to show aggressive and other 

externalizing behaviors (Guerra, Huesmann, Tolan, Van Acker, & Eron, 1995; Holmes, 

2013), child abuse (Widom, 1989), positive attitudes toward aggression (Guerra, Huesmann, 

& Spindler, 2003; Su, Mrug, & Windle, 2010), and aggressive fantasies (Su et al., 2010). 

These behavioral effects of witnessing violence, also known as “passive exposure to 

aggression,” have been also found in animal studies; fish and rodents show aggressive 

tendencies following repeatedly observing fights between conspecifics (Clotfelter & 

Paolino, 2003; Feldker et al., 2006; Suzuki & Lucas, 2010; Welch & Welch, 1971). 

Therefore, it is reasonable to suggest that chronic passive exposure to aggression is a risk 

factor for observers’ aggressiveness.

Yet, given that there are various forms of aggression, it is important to clarify what type of 

aggression particularly increases among observers who have been chronically exposed to 

aggressive situations. Traditionally, aggression is classified into two types: impulsive (or 

hostile/reactive) aggression, which is primarily driven by negative emotional states, and 

instrumental (or premeditated/proactive) aggression, which is a type of hurting behavior 

aiming to achieve some other end (Anderson & Huesmann, 2003; Nelson & Trainor, 2007; 

Vitiello & Stoff, 1997). Because previous research has shown that chronic passive exposure 

to aggression is broadly associated with impulsive, risk-taking behavior (Margolin & 

Gordis, 2000), including not only aggression (as discussed earlier) but also externalizing 

problems (Bauer et al., 2006; Emery, 2011; Fantuzzo et al., 1991) and illegal drug use 

(Berenson, Wiemann, & McCombs, 2001; Kilpatrick et al., 2000; Sussman, Dent, & 

McCullar, 2000; Sussman, Dent, & Stacy, 1999; Vermeiren, Schwab-Stone, Deboutte, 

Leckman, & Ruchkin, 2003), chronic exposure to aggression is conceivably associated with 

impulsive aggression. Furthermore, prior findings indicate that chronic passive exposure to 

aggression increases aggressive behavior solely, without altering defensive/submissive 

behavior (Suzuki & Lucas, 2010). This possibly suggests that observers increase fearless 

aggression (as opposed to rage or fear-induced aggression), that is, risk-seeking properties of 

impulsive aggression.

Indeed, the possible association between chronic passive exposure to aggression and risk-

seeking/impulsive aggression has been implied by previous neurochemical studies. For 

instance, rats exposed to aggression for 23 consecutive days show downregulated dopamine 

D2 receptor (D2R) density in the shell of the nucleus accumbens (AcbSh) bilaterally, 

compared to those exposed to non-aggression for the same number of days (Suzuki, Han, & 

Lucas, 2010a). In general, the accumbal dopaminergic system has been implicated in 

motivation for hedonic rewards (Berridge, 2007), and dopamine release in the AcbSh is 

stimulated following risk-seeking/impulsive behaviors, such as alcohol consumption 

(Bustamante et al., 2008; van Erp & Miczek, 2007) and psychostimulant drugs (Desai, 

Paronis, Martin, Desai, & Bergman, 2010; Kleijn et al., 2012). Interestingly, dopamine 

release in the nucleus accumbens is similarly triggered following aggression (Beiderbeck et 

al., 2012; Ferrari, van Erp, Tornatzky, & Miczek, 2003; van Erp & Miczek, 2000), 
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suggesting that aggression may serve as impulsively fulfilling demands for dopamine reward 

outputs. Moreover, a D2R antagonist (sulpiride or haloperidol) infused into the nucleus 

accumbens decreased aggressive behavior (Beiderbeck et al., 2012; Couppis & Kennedy, 

2008), although this pharmacological manipulation broadly influenced both the core of the 

nucleus accumbens (AcbC) and AcbSh. Thus, the accumbal dopaminergic system may be 

related to the rewarding properties of aggression (Couppis & Kennedy, 2008).

Observer rats exposed to aggression for 23 days also show upregulated serotonin 5-HT1B 

receptor (5-HT1BR) density in the basolateral amygdala (BLA), compared to controls 

(Suzuki, Han, & Lucas, 2010b). The serotonergic system generally functions as regulating 

aggression; low 5-HT levels are often associated with aggressive traits (Caramaschi, de 

Boer, de Vries, & Koolhaas, 2008; Ferris et al., 1997; Ferris, Stolberg, & Delville, 1999; 

Pihl & Benkelfat, 2005). Among brain regions, the amygdala shows a high concentration of 

5-HT, 5-HIAA (indicating 5-HT synthesis), and serotonin transporter in neurons, compared 

to the prefrontal cortex or hippocampus (Arrant, Jemal, & Kuhn, 2013). While aggressive 

motivation increased functional activation in the amygdala, including the medial (MeA), 

basomedial (BMA), and BLA, this amygdala activity is suppressed by a selective serotonin 

reuptake inhibitor (fluoxetine) (Ferris et al., 2008). This may indicate the involvement of the 

amygdaloid 5-HT system in aggression. Furthermore, a high number of 5-HT1BR-positive-

neurons in the BLA may be associated with impulsive, “pathological” aggression (Jacobs, 

Van Den Broeck, & Simoens, 2007), whereas pharmacologically induced deletion of 

serotonergic fibers in the BLA increases fear-potentiated startle (Tran, Lasher, Young, & 

Keele, 2013). These findings suggest that the serotonergic system in the amygdala, 

especially in the BLA, may be critical in the “fight-or-flight” response to a potentially 

threatening situation (Cannon, 1939). That is, a “fight” response may tend to be activated 

more often than a “flight” response, depending on individual social experience, stress 

vulnerability, and 5-HT activity (D. C. Blanchard & Blanchard, 1990; D. C. Blanchard, 

Sakai, McEwen, Weiss, & Blanchard, 1993; D. C. Blanchard et al., 1995; R. J. Blanchard, 

Yudko, Dulloog, & Blanchard, 2001; Koolhaas, de Boer, Buwalda, & van Reenen, 2007; 

Koolhaas et al., 1999; Koolhaas, Meerlo, De Boer, Strubbe, & Bohus, 1997; Tamashiro, 

Nguyen, & Sakai, 2005).

Together, the accumbal dopaminergic activity and the amygdaloid serotonergic activity 

appear to be involved in impulsive aggressive behavior. This suggests the possibility that the 

alterations in D2R density in the AcbSh and 5-HT1BR density in the BLA following chronic 

passive exposure to aggression, as shown in prior studies (Suzuki et al., 2010a, 2010b), 

might contribute to impulsive aggressive behavior in observers (Clotfelter & Paolino, 2003; 

Feldker et al., 2006; Suzuki & Lucas, 2010; Welch & Welch, 1971). However, to our 

knowledge, there are no studies that have directly examined an interplay between these local 

receptor densities and aggressive behavior following chronic passive exposure to aggression. 

Furthermore, no studies have directly compared these local receptor densities in acute versus 

chronic passive exposure to aggression.

To clarify the above two questions, the present study was a follow-up on prior studies 

examining the effects of passive exposure to aggression. Specifically, the current study was 

conducted to quantify impulsive aggression, D2R density in the nucleus accumbens (AcbC 
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and AcbSh), and 5-HT1BR density in the amygdala (MeA, BMA, and BLA) altogether 

within observer rats and compare them between acute and chronic passive exposure to 

aggression. To achieve this goal, we developed a rat paradigm specifically tailored to test 

our hypothesis of observer-learned aggression (Suzuki et al., 2010a, 2010b; Suzuki & Lucas, 

2010). Notably, it was important to contrast acute exposure with chronic exposure in order 

to illustrate whether observer rats increased their aggressiveness due to “mimicry/priming” 

effects or “observational learning” effects (Huesmann & Kirwil, 2007; Suzuki & Lucas, 

2010). That is, if chronic exposure to aggression resulted in more aggression in observer rats 

than acute exposure to aggression, this would be likely to indicate that observers’ aggression 

was induced by a long-term observational learning process, rather than just an instant 

imitation of aggression (which would then be seen immediately after an acute exposure). 

Therefore, our paradigm administered acute or chronic exposure session(s) right before a 

behavioral assessment of aggression for an observer rat (see Figure 1), which was suitable 

for our purpose.

The current study aimed to test three hypotheses. The first hypothesis was that chronic 

passive exposure to aggression would result in not only increased impulsive aggressive 

behavior, as reported previously (Suzuki & Lucas, 2010), but also downregulated D2R 

density in the AcbSh and upregulated 5-HT1BR density in observer rats, compared to acute 

exposure to aggression. The second hypothesis was changes in the identified local receptor 

densities, especially D2R density in the AcbSh and 5-HT1BR density in the BLA, would be 

associated with each other. The third hypothesis was that increased impulsive aggression 

would be associated with the identified local receptor densities, especially D2R density in 

the AcbSh and/or 5-HT1BR density in the BLA.

Method

Subjects

Seventy two young male Sprague-Dawley rats were bred in our Animal Care Facilities 

(ACF) and reared in a group (cage size = 47cm × 25.5cm × 21.5cm). When they weighed 

150–250g, they were individually housed and equally assigned to one of four conditions (n = 

18 each): (1) acute exposure to non-aggression (AN), (2) chronic exposure to non-

aggression (CN), (3) acute exposure to aggression (AA), or (4) chronic exposure to 

aggression (CA). The purpose of having AN and AA rats was to examine the mimicry/

priming effects of passive exposure to aggression, whereas the purpose of having CN and 

CA rats was to examine the observational learning effects of aggression (see Figure 1). This 

between-group design signified whether repeated exposure, with ruling out a possible 

priming effect immediately following exposure, was required for observer rats to behave 

aggressively.

The total sample size was determined by a prospective power analysis of our pilot 

behavioral data in the past (Suzuki & Lucas, 2010). Based on a 2 (exposure length; acute vs. 

chronic) × 2 (exposure condition; exposure to non-aggression vs. exposure to aggression) 

analysis of variance, the estimated values of Cohen’s d were following: 0.4 for the main 

effect of exposure length, 0.6 for the main effect of exposure condition, and 0.95 for the 

interaction between them. Power analysis indicated that 72 of the total sample size would 
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attain 95% power to detect the effect of exposure length, 97% power to detect the effect of 

exposure condition, and 100% power to detect the interaction effect. Therefore, the present 

study assures adequate power.

All observer rats were given ad libitum (oval pellet-typed food for laboratory rodents, 

LabDiet 5001 Rodent Diet, Southern Agriculture, Tulsa, OK) and water in a climatized 

room (temperature = 21–22°C; humidity = 30–60%; 12 h lig ht-dark cycle; light-on at 

7:00a.m., light-off at 7:00p.m.) under the approval of the Loyola University Chicago 

Institutional Animal Care and Use Committee (IACUC).

Additional Rats for Inducing Aggressive Contexts

Additional male Sprague-Dawley rats were inbred in our ACF and prepared to manipulate 

aggressive or non-aggressive control contexts that observer rats were exposed to. First, 

behavioral screening tests were administered to select six most non-aggressive rats and six 

most aggressive rats (body weight ≥ 400g). Next, starting from 2 weeks prior to an 

experiment, each non-aggressive rat was housed with a younger male rat (body weight = 

100g less than the non-aggressive rat), whereas each aggressive rat was housed with a 

female rat (body weight = 250g). This 2-week cohabitation (1) allowed the non-aggressive 

male-male dyad to establish a social hierarchy or (2) provoked aggressive motivation among 

the aggressive male rats having a female partner (Suzuki et al., 2010a, 2010b; Suzuki & 

Lucas, 2010).

During an experiment, a non-aggressive dyad was presented to the AN and CN groups. The 

non-aggressive dyad was less likely to show aggression because they were motivated to 

maintain a social hierarchy and did not need to fight for sorting out their rank. In contrast, 

the aggressive male rat was separated from a female partner; paired with a younger naïve 

male rat (body weight = 100g less than the aggressive rats); and then presented to the AA 

and CA groups. Because this naïve male rat was a potential rival for mating and territory, 

the aggressive rat was likely to show intermale and territorial aggression (Suzuki et al., 

2010a, 2010b; Suzuki & Lucas, 2010). In this way, this male-male pair served as an 

aggressive dyad. After the experiment, the aggressive rat was separated from the naïve rat 

and paired with the female partner again. All non-aggressive and aggressive dyads were 

repeatedly used until they no longer behaved their expected roles. The Loyola University 

Chicago IACUC approved the use of non-aggressive dyads, aggressive dyads, female 

partners, and young male rats (the approximate number of rats = 156 rats) during our 

experiment.

Procedure

The procedure was identical to a previously established protocol (Suzuki et al., 2010a, 

2010b; Suzuki & Lucas, 2010). Under a red light illumination between 7:00p.m. and 

9:00p.m., each observer rat was transferred from his home cage to a small plastic and 

transparent aquarium with a mesh lid (cage size = 22.9cm × 15cm × 16.5cm). Note that this 

aquarium had enough space where a rat freely moved around, thus a potential restraint stress 

was minimal. Then, the observer rat in the aquarium was placed into the cage (47cm × 

25.5cm × 21.5cm) of either the non-aggressive dyad (for the AN and CN groups) or 
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aggressive dyad (for the AA and CA groups). Importantly, the observer rats could not make 

any physical contact with the non-aggressive/aggressive dyad, while they could see, hear, 

and smell the dyad through the mesh lid or transparent barrier. This observational session 

took 10 min. per day and was recorded by a video camera. Immediately after the session, the 

observer rat was removed from the aquarium and placed back to his home cage.

The observational session was conducted only one time (for the AN and AA groups) or was 

repeated once daily for 23 consecutive days (for the CN and CA groups). Additionally, the 

CN and CA rats were cycled to pair a different dyad each day, minimizing the within-group 

variability of the amount of observing non-aggression or aggression.

As soon as the last observational session was done, a 10-min behavioral screening test was 

conducted under a red light illumination (between 7:10p.m. and 9:30p.m.) to assess 

aggressiveness of each observer rat. In this screening test, each observer rat was paired with 

another naïve male rat, called an opponent rat, in a new cage (cage size = 47cm × 25.5cm × 

21.5cm), and their social interactions were recorded by a video camera. The opponent rat 

was weight-matched to the observer rat so that it was physically fair for both rats during a 

fight. Given such a non-handicapped fight, if the observer rat maintained aggressive 

behavior for a long time (regardless of whether the opponent rat attacked/counterattacked or 

even became dominant in several fights), this was operationally defined as impulsive 

aggression. Immediately after the final screening test, the observer rats were decapitated to 

collect blood and brain samples. Blood samples were centrifuged at 2500rpm at 4 °C for 15 

min. to extract serum and was stored at −20°C until it was used. Brain samples were 

removed rapidly, frozen on powdered dry ice, and stored at −70°C until used.

Note that the behavioral screening test and the following decapitation were performed as 

soon as the last observational session was completed, which modified a previous protocol 

(Suzuki et al., 2010a, 2010b; Suzuki & Lucas, 2010). This is primarily because it was 

necessary to check stress hormone corticosterone levels following exposure before hormone 

levels returned to baseline. Given that stress potentially induced aggression (Wood, Norris, 

Waters, Stoldt, & McEwen, 2008; Wood, Young, Reagan, & McEwen, 2003; Yohe, Suzuki, 

& Lucas, 2012), the present protocol was helpful in confirming whether acute and chronic 

exposure to aggression did not produce unexpected stress. Furthermore, the present protocol 

helped us clarify whether any change in the target receptor density occurred slowly (e.g., in 

24 hours following exposure session; see Suzuki et al. (2010a, 2010b)), or rapidly (e.g., even 

immediately following exposure session). Because of these reasons, decapitation was 

performed as soon as exposure session and behavioral testing were conducted.

Aggression Assessment

Trained raters counted up the amount of time (in sec.) when the observer rats, as well as the 

opponent rats, were engaged in aggressive behavior, using a stopwatch. Aggression of the 

opponent rats was used as background information.

Aggressive behavior was measured according to a previously published protocol (Miczek, 

1974; Suzuki & Lucas, 2010). Specifically, the following actions were considered as 

aggressive behavior: attack (e.g., leaping at an opponent, pulling an opponent’s skin), threat 
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(e.g., pushing an opponent with his back), aggressive posture (e.g., bending over an 

opponent with his head and forelimbs arched over an opponent), allogrooming (e.g., 

aggressively grooming or nibbling an opponent’s neck), mutual upright posture (e.g., 

standing on his hindlegs and boxing), and chasing (e.g., following an fleeing opponent). 

Play fighting (e.g., contacting each other’s snout, face, and nape of the neck) was excluded 

(Pellis & Pellis, 1987; Pellis, Pellis, & Foroud, 2005) when both the observer rats and the 

opponent rats were assessed. Inter-rater reliability of all behavioral scores met the acceptable 

level (Kline, 1999): Cronbach’s α of 0.84 for aggression of the observer rats and 0.79 for 

aggression of the opponent rats.

Radioimmunoassay

To check background information, levels of serum testosterone and corticosterone were 

assayed using the commercially available radioimmunoassay kits, Coat-A-Count Total 

Testosterone and Coat-A-Count Rat Corticosterone (Siemens, Los Angeles, CA). Following 

the protocols in the kits, concentrations of serum testosterone and corticosterone were 

respectively computed from a logit-log calibration curve, which was drawn from radioactive 

counts and concentrations of the calibrators.

Brain Sectioning and Receptor Binding Autoradiography

Coronal sections of 20µm thickness were cut on a cryostat at −15°C and tha w-mounted onto 

twelve glass microscope slides (Superfrost Plus, VWR West Chester PA; four sections per 

slide). The target sections included the accumbal areas (i.e., AcbC and AcbSh, between 

2.52mm and 1.56mm prior to bregma) and the amygdaloid areas (i.e., MeA, BMA, and 

BLA, between 2.16mm and 3.12mm posterior to bregma), identified according to the atlas 

by Paxinos and Watson (2005). All brain sections were stored at −70°C until used.

At the time of chemical processing, two best, cross-matched slides were selected from each 

group of observer rats. Slides containing the accumbal sections were processed for D2R 

binding autoradiography in the following: (1) rinsing them twice with 50mM of Tris HCl 

(pH 7.4) for 10 min, (2) incubating them in a buffer solution (containing 50mM of Tris HCl 

(pH 7.4), 120mM of NaCl, 5mM of KCl, 2mM of CaCl2, 1mM of MgCl2, 100pM of 

[125I]2’-iodospiperone, and 50nM of ketanserin) at room temperature for 90 min, (3) rinsing 

them in cold 50mM of Tris HCl (pH 7.4) three times for 10 min per wash, (4) dipping them 

quickly in ice-cold double-distilled H2O for less than 5 sec, (5) drying them under a stream 

of cool air, (6) placing them in cassettes and exposing them, in addition to 125I plastic 

standards (ranging from 11.5µCi/g to 6000µCi/g, American Radiolabeled Chemicals, Inc., 

Saint Louis, MO), to BioMax MR film (Kodak), and (7) leaving them under a dark area for 

8 hrs. For nonspecific binding, one additional slide from each group was processed in the 

same way described above, except that 100µM of SCH23390 was added to the buffer 

solution.

Slides containing the amygdaloid sections were processed for 5-HT1BR binding 

autoradiography in the following: (1) incubating them in a buffer solution (containing 

170mM of Tris HCl (pH 7.4), 150mM of NaCl, 50pM of [125I]cyanopindolol, 100nM of 8-

OH-DPAT, and 30µM of isoproterenol) at room temperature for 120 min, (2) rinsing them 
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in cold binding buffer solution two times for 5 min per wash, (3) dipping them quickly in 

ice-cold double-distilled H2O at 4 °C for less than 5 sec, (4) drying them under a st ream of 

cool air, (5) placing them in cassettes and exposing them and 125I plastic standards to 

BioMax MR film (Kodak), and (6) leaving them under a dark area for 88 hrs. For 

nonspecific binding, one more slide was selected from each group and processed in the same 

way described above, except that 100µM of raclopride was added to the buffer solution.

The films were analyzed using computer-assisted densitometry. Intensity levels within the 

region of interest (ROI) and the corpus callosum (used as a local background) were 

measured on a 10-point optical density calibration scale (Stouffer Graphic Arts Equipment, 

Mishawaka, IN). Then, these relative ROI intensity levels were subtracted by the 

background intensity and averaged across the selected sections. Finally, 125I plastic 

standards were also measured on a 10-point calibration scale and used to estimate the 

relative ROI intensity levels in fmol/mg.

Statistical Strategy

Prior to our analysis, we used Winsorising (Dixon, 1960) to reduce an effect of any outliers; 

we found only one outlier of aggression (CA rat, z = 4.99) and set it to the closest non-

extreme value; the other cases scored within z = ±3.0. In addition, one-way ANOVAs tested 

any group difference in background characteristics (i.e., age, aggressive behavior of the 

opponent rats, testosterone, and corticosterone).

To test our first hypothesis, a two-way ANOVA was performed to test the interaction 

between exposure length and exposure condition on aggressive behavior of the observer rats. 

Moreover, three-way repeated-measures ANOVAs were used to compare D2R density in the 

AcbC and AcbSh (at Bonferroni-corrected significance level p = 0.05/2), as well as 5-

HT1BR density in the MeA, BMA, and BLA (at Bonferroni-corrected significance level p = 

0.05/3), with hemisphere as a within-subjects variable and exposure length and exposure 

condition as between-subjects variables. Finally, if any interaction was significant in the 

ANOVAs, Bonferroni-corrected post hoc tests were used to test pairwise differences. To test 

the second and third hypotheses, Pearson correlations and hierarchical regressions (with 

follow-up simple regressions, if necessary) were used to test associations among local 

receptor densities and aggressive behavior identified by the initial ANOVAs (at the first 

step) and any possible interactions (at higher-order steps).

Results

Effects of Passive Exposure to Aggression

Age, aggression of the opponent rats, testosterone, and corticosterone did not differ across 

the groups (see Table 1). However, although there was no age difference between the groups 

statistically, age was covariated in subsequent analyses in case where there might be a 

sensitive period in the development of aggression and/or the effect of social exposure during 

our experiments.

For testing aggressive behavior in the observer rats, there were significant main effects of 

exposure length (F(1,67) = 11.51, p < 0.01) and exposure condition (F(1,67) = 5.32, p < 
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0.05). Furthermore, there was a significant interaction between exposure length and 

exposure condition (F(1,67) = 4.44, p < 0.05). As Figure 2 illustrates, the CA group showed 

more aggressive than any other groups (p < 0.05), whereas there were no other pair-wise 

differences.

In addition, D2R density was examined in the nucleus accumbens of the observer rats. There 

were a main effect of exposure length (F(1,67) = 21.57, corrected p < 0.01) and an 

interaction effect (F(1,67) = 7.82, corrected p < 0.05) on D2R density in the AcbC. 

Specifically, the AA group showed higher D2R in the AcbC than any other groups (p < 

0.05) (see Figure 3A). In addition, a main effect of exposure length (F(1,67) = 32.45, 

corrected p < 0.01) and an interaction effect (F(1,67) = 23.89, corrected p < 0.01) were 

found in D2R density in the AcbSh. Here, the CA group showed lower D2R in the AcbSh 

than any other groups (p < 0.01), and the AA group showed higher D2R than the CN group 

(p < 0.01; see Figure 3B). Main effects of exposure condition and hemisphere, as well as any 

other interactions, were not found in these analyses.

5-HT1BR density was also examined in the amygdala of the observer rats. A main effect of 

exposure condition was found in 5-HT1BR density in the BLA (F(1,67) = 28.80, corrected p 

< 0.01); the rats exposed to an aggression (AA and CA rats) showed higher 5-HT1BR 

density than the rats exposed to a non-aggression (AN and CN rats) (see Figure 5C). In 

contrast, no main effects of exposure length and hemisphere, as well as any interaction, were 

found.

Associations among D2R and 5-HT1BR

The above ANOVA results identified three biomarkers for passive exposure to aggression: 

D2R densities in the AcbC and AcbSh and 5-HT1BR density in the BLA. Thus, we further 

examined whether these three local receptor densities were correlated with each other. 

Because there was no effect of hemisphere in the above results, each local receptor density 

value was averaged over the left and right hemispheres to simplify our subsequent analyses 

and to control for Type II error rate.

Table 2 illustrates results of partial correlations (with age as a covariate) with Bonferroni 

correction in pooled subjects, as well as within each group. In general, rats showed a 

significant positive correlation between D2R density in the AcbC and D2R density in the 

AcbSh. Nonetheless, any other partial correlations were not found, although there were 

marginal correlations between (1) D2R density in the AcbC and 5-HT1BR density in the 

BLA among the acute exposure groups (p = 0.057) and (2) D2R density in the AcbSh and 5-

HT1BR density in the BLA among the chronic exposure groups (p = 0.051).

D2R and 5-HT1BR Densities in Relation to Aggressive Behavior

We further used a hierarchical regression to predict aggressive behavior in the observer rats; 

the first step included all main effects of the identified receptor densities, the second step 

added all possible two-way interactions, and the third step added the three-way interaction 

(see Table 3). In pooled subjects, the first step (F(4,67) = 4.84, p < .01) revealed that, with 

other variables constant, D2R densities in the AcbC and AcbSh respectively contributed to 
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predicting aggressive behavior. Specifically, aggression increased as D2R density in the 

AcbC increased or as D2R density in the AcbSh decreased. In contrast, 5-HT1BR density in 

the BLA was not associated with aggression directly. The second step (F(7,64) = 3.53, p < .

01) showed that the two-way interaction between D2R density in the AcbSh and 5-HT1BR 

density in the BLA, but not the other two-way interactions, significantly contributed to 

predicting aggressive behavior. Finally, the third step (F(8,63) = 3.04, p < .01) indicated that 

the three-way interaction was not a significant predictor of aggression. We also performed 

simple regression analysis within each group using Bonferroni corrections. Nevertheless, 

none of the above identified effects remained significant, although this might be due to 

reduced statistical power. Therefore, aggressive behavior was associated with (1) D2R 

density in the AcbC and (2) a combination of D2R density in the AcbSh and 5-HT1BR 

density in the BLA respectively, regardless of exposure to aggression.

To visualize the interaction between D2R density in the AcbSh and 5-HT1BR density in the 

BLA, Figure 7 shows a scatter plot describing the association between D2R density in the 

AcbSh and aggression, moderated by three regression lines with different levels of 5-

HT1BR density in the BLA. Each line represents the slope for aggression on D2R density in 

the AcbSh, while 5-HT1BR density in the BLA was held at either a high value (centered 

around its mean plus one standard deviation), a middle value (centered around its mean), or 

a low value (centered around its mean minus one standard deviation). A orange straight line, 

representing the condition of high 5-HT1BR density in the BLA, indicates the stronger 

negative association between D2R density in the AcbSh and aggression (B = −0.55, constant 

= 54.35) than a magenta dashed line, representing the condition of average 5-HT1BR 

density in the BLA (B = −0.19, constant = 28.40), and a green dotted line, representing the 

condition of low 5-HT1BR density in the BLA (B = 0.17, constant = 2.45). Therefore, 

aggression increased as D2R density in the AcbSh was low, especially when 5-HT1BR 

density in the BLA was high.

The purpose of this study was to test our hypotheses that, in contrast to acute exposure, 

chronic exposure to aggression would lead observer rats to show (1) higher levels of 

impulsive aggression, (2) lower D2R density in the AcbSh, and (3) higher 5-HT1BR density 

in the BLA. We also hypothesized any association between D2R density and 5-HT1BR 

density, which altogether predicted impulsive aggressive behavior. Four major findings were 

obtained.

First, our results revealed that observer rats showed increased impulsive aggressive behavior 

only when they were passively exposed to aggressive situations chronically. In contrast, 

acute exposure to aggression did not increase impulsivity/aggressiveness in observer rats, 

compared to chronic exposure to aggression. These findings exactly replicated previous 

study (Suzuki & Lucas, 2010). Therefore, while a single-time observation of aggression 

does not necessarily lead to social learning of aggression in observers, repeated observation 

of aggression is a risk factor socializing observers to learn aggressive manners (Huesmann 

& Kirwil, 2007).

Second, all accumbal regions, regardless of hemisphere, generally showed lower D2R 

density in chronic exposure conditions than acute exposure conditions, and this effect further 
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depended on whether observer rats were exposed to aggression or not. In particular, 

compared with non-aggression exposure control conditions, acute passive exposure to 

aggression increased D2R density in the AcbC, whereas chronic passive exposure to 

aggression downregulated D2R density in the AcbSh. These contrasting patterns may reflect 

that the AcbC and AcbSh actually have differential functions. For example, Bassareo et al. 

(2002) found that, although dopaminergic activity in both AcbC and AcbSh is activated by 

novel appetitive stimuli, only dopamine response in the AcbSh is then habituated and 

reduced following repeated appetitive stimuli. Thus, assuming that aggression has some 

rewarding properties (May & Kennedy, 2009), acute passive exposure to aggression may 

rapidly enhance dopaminergic activity by upregulating D2R density in the AcbC and AcbSh, 

as seen in the AA group (see Figure 3A). However, once dopaminergic activity became 

habituated by repeated exposure to aggression, this might abruptly reduce D2R density in 

the AcbSh (but not AcbC), as seen in the CA group (see Figure 3B). Future research needs 

to test this hypothesis.

Interestingly, a similar downregulated D2R density in the AcbSh has been found following 

chronic administration of cocaine (Moore, Vinsant, Nader, Porrino, & Friedman, 1998; 

Nader et al., 2002), morphine (Hemby, 2004), and anabolic-androgenic steroids (Kindlundh, 

Lindblom, Bergstrom, & Nyberg, 2003). On the other hand, other studies have addressed the 

issue that chronic use of psychostimulants induces extra release of dopamine in the nucleus 

accumbens (Hernandez & Hoebel, 1988; Weiss, Paulus, Lorang, & Koob, 1992). Taken 

together, high dopamine release may be correlated with low D2R density in the AcbSh, 

suggesting that downregulated D2R may result from a compensatory function to maintain 

dopamine activity. In the present study, chronic passive exposure to aggression may produce 

effects on D2R similar to long-term dose of psychostimulants, as indicated by low D2R 

density in the CA group. Alternatively, the downregulation of D2R following chronic 

passive exposure to aggression may be subject to increased dopamine release in the AcbSh, 

which would be an intrinsically rewarding/salient signal for observer rats. In contrast, note 

that chronic stress is not associated with a compensatory downregulation of D2R density in 

the AcbSh immediately after stress (Lucas, Wang, McCall, & McEwen, 2007) or even after 

a recovery period (Lucas et al., 2004; Yohe et al., 2012). Accordingly, our findings were less 

likely to be confounded with any social stress effect (Tzanoulinou, Riccio, de Boer, & 

Sandi, 2014; Wommack & Delville, 2007), as no group difference was observed in the 

levels of serum corticosterone immediately following passive exposure (see Table 1).

The third major finding was that 5-HT1BR density in the BLA, but not the other amygdaloid 

nuclei, was bilaterally upregulated in the observer rats exposed to aggression, and this 

finding was present regardless of exposure length. A previous study has reported that 

increased 5-HT1BR density in the BLA was identified following chronic passive exposure 

to aggression (Suzuki et al., 2010b), but our current results extended these findings. That is, 

5-HT1BR density in the BLA can be rapidly upregulated following even a single-time 

exposure to aggression. The subregional difference in 5-HT1BR density might explain some 

features of aggressive behavior in observer rats. For example, the MeA plays a role of 

emotion generation, such as fear-induced aggression (Siegel, Bhatt, Bhatt, & Zalcman, 

2007), and has neural projections to the hypothalamus (Sah, Faber, Lopez De Armentia, & 

Power, 2003), which is essentially related to fearful and subordinate behavior in a social 
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context (Motta et al., 2009). In contrast, passive exposure to aggression did not affect 5-

HT1BR density in the MeA and, thus, was not presumably related to self-defensive 

aggression or any fear-related aggression. Rather, passive exposure to aggression changed 

structure of the BLA, which is involved in associative learning of emotions (e.g., emotional 

acquisition and conditioning) and shows neural projections to the striatum, nucleus 

accumbens, and prefrontal cortex (Sah et al., 2003). This suggests that exposure to 

aggression might initiate an emotional learning process to make aggression accessible as the 

socio-behavioral repertoire. Further studies should clarify this hypothesis.

Finally, Table 3 shows that increased impulsive aggression was associated with (1) high 

D2R density in the AcbC, (2) low D2R density in the AcbSh, and (3) a combination of low 

D2R density in the AcbSh and high 5-HT1BR density in the BLA. However, our follow-up, 

subgroup analysis of simple regressions showed that these identified associations did not 

remain significant in the condition of passive exposure to aggression. Although a lack of 

findings in our subgroup analysis might be due to the small group size (n = 18 each), our 

results indicated that the accumbal D2R and/or amygdaloid 5HT1BR was/were generally 

linked with aggression, regardless of passive exposure to aggression. The positive 

association between impulsive aggression and D2R density in the AcbC was somewhat 

unexpected because D2R density in the AcbC was actually lower in the CA group (which 

exclusively showed increased aggression) than in the AN and CN control groups. But, 

regardless of D2R levels in the AcbC, D2R density in the AcbSh showed a negative 

association with impulsive aggression, and this association was moderated by high 5-

HT1BR density in the BLA (see Figure 7). Because these behavioral and neurochemical 

outcomes resulted from chronic passive exposure to aggression, we propose that the 

interaction between D2R in the AcbSh and 5-HT1BR in the BLA on impulsive aggression 

provides a neurobiological perspective of why observers exposed to aggression chronically 

are at high risk for being aggressive. That is, chronic passive exposure to aggression 

downregulates D2R density in the AcbSh and upregulates 5-HT1BR density in the BLA in 

observers, and these neurochemical profiles are significantly associated with increased 

impulsive aggression.

Our findings on the interaction between the AcbSh and BLA may have some implications in 

social learning of aggression. Generally, the BLA receives sensory inputs from the thalamus, 

hippocampus, and cortex (Davis & Whalen, 2001) and is involved in associative learning of 

emotional behavior (Sah et al., 2003), such as contextual fear conditioning (Fenton, Spicer, 

Halliday, Mason, & Stevenson, 2013; Herry et al., 2008; Maren, Poremba, & Gabriel, 1991) 

and social defeat conditioning (Morrison & Cooper, 2012). 5-HT1BR in the BLA is 

specifically associated with impulsive/aggressive trends, as evident by a higher amount of 

binding of 5-HT1BR in pathologically aggressive animals than normally behaving animals 

(Jacobs et al., 2007). In our paradigm, circumstances that provided an aggressive situation 

upregulated 5-HT1BR density in the BLA in passive observers. This may reflect associative 

learning of aggression, such that observer rats learned to associate an aggressive social 

interaction and its consequence (e.g., defeat) in a social encounter. Our behavioral results 

indeed demonstrated that repeatedly observing aggressive circumstances was necessary to 

reinforce observers’ aggressive responses in later social encounters. We expect that such 
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reinforcing effects were probably related to D2R in the AcbSh because dopaminergic 

activity in the AcbSh, which is actually modulated by the BLA (Jackson & Moghaddam, 

2001), plays important roles in motivational valence (i.e., aversive vs. rewarding) (Bassareo 

et al., 2002; Jentsch & Taylor, 1999; Shirayama & Chaki, 2006). Interestingly, the intra-

AcbSh infusion of a D2R antagonist, which acts to simulate low D2R availability, (1) 

switches an animal’s response from aversion to reward (Bernal et al., 2008; Laviolette, 

Lauzon, Bishop, Sun, & Tan, 2008), (2) disrupts the inhibitory control of hedonic behavior 

(Halpern et al., 2013), (3) increases appetitive social interaction (Thompson, Leonard, & 

Brudzynski, 2006), (4) facilitates self-administration of cocaine (Bachtell, Whisler, 

Karanian, & Self, 2005), and (5) increases impulsive behavior (Besson et al., 2010). Thus, 

low D2R in the AcbSh is related to high reward-seeking behavior. Furthermore, reduced 

D2R density could reflect a compensatory function for excessive dopamine release, which 

induces intrinsic rewards; although, to our knowledge, no studies have directly examined the 

relation between D2R and extracellular concentration of dopamine, a number of separate 

studies on drug use has consistently shown that chronic use of psychostimulants results in 

low D2R density in the AcbSh (Hemby, 2004; Kindlundh et al., 2003; Moore et al., 1998; 

Nader et al., 2002) and excessive dopamine release in the nucleus accumbens (Hernandez & 

Hoebel, 1988; Weiss et al., 1992). Based on these findings, in our paradigm, repeatedly 

observing aggressive circumstances might accumulatively activate dopamine release in the 

nucleus accumbens. Consequently, D2R binding in the AcbSh was reduced as a 

compensatory function. Nevertheless, the drawback of the compensatory reduction of D2R 

density is that postsynaptic sensitivity to dopamine neurotransmission could be blunted if 

presynaptic dopamine release recovered to the baseline. Accordingly, after being removed 

from chronic passive exposure to aggression, observer rats may experience blunted 

sensitivity to dopamine release (i.e., deficiency in dopamine-related rewards) and be 

motivated to fulfill their demands for dopamine. Their deficiency in dopamine may be 

treated by reward-seeking behavior, such as performing aggressive behavior (May & 

Kennedy, 2009). Taken all of the above environmental, psychological, and neurochemical 

factors together, our results indicated that the combined effects of high 5-HT1BR density in 

the BLA (which may represent associative learning of aggression processed by exposure to 

aggression) and low D2R density in the AcbSh (which may represent reinforcing and 

rewarding qualities of aggression increased by repeated exposure to aggression) motivated 

observer rats to interact with a naïve rat aggressively.

Nevertheless, the following study limitations need to be noted: although our findings 

indicated the linkage among aggressive behavior, D2R density, and 5-HT1BR density, there 

is still uncertainty with respect to a causal relationship among them. Moreover, it is still 

unclear whether there is an age difference in vulnerability to chronic exposure to aggression. 

On average, the postnatal day (P) in our sample of observer rats was specifically 44 days at 

the beginning of our exposure paradigm and 64 days at the time of assessing aggressive 

behavior. In a rat’s lifespan, P44 is around the late stage of periadolescence, and P64 is at 

the stage of young adulthood (Sengupta, 2013). A replication of our results may depend on 

the timing of being exposed to aggression (Mrug et al., 2014; Veenit, Cordero, Tzanoulinou, 

& Sandi, 2013) and/or the timing of onset aggression (Cleverley, Szatmari, Vaillancourt, 
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Boyle, & Lipman, 2012; Hartup, 2005). More research is needed to clarify the 

developmental vulnerability to chronic exposure to aggression.

In summary, this current study used a novel rat paradigm to examine the behavioral and 

neurochemical effects of passive exposure to aggression. Within this paradigm, it was 

demonstrated that chronic passive exposure to aggression increased impulsive aggressive 

behavior and reduced D2R density in the AcbSh among observer rats; in contrast, these 

effects were not found in acute exposure to aggression. In addition, as soon as observer rats 

were exposed to aggression, 5-HT1BR density in the BLA also increased. Furthermore, we 

also found that a combination of low D2R density in the AcbSh and high 5-HT1BR density 

in the BLA was associated with a high risk for impulsivity/aggressiveness. Taken together, 

we conclude that repeated observations of aggression promote a number of neurobiological 

effects by downregulating D2R density in the AcbSh and upregulating 5-HT1B in the BLA, 

whereby observers are inclined to show increased impulsive aggression.
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Figure 1. 
Timeline of each condition. AN = acute exposure to non-aggression; AA = acute exposure 

to aggression; CN = chronic exposure to non-aggression; CA = chronic exposure to 

aggression.
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Figure 2. 
Aggression of observer rats that were exposed to aggression and controls. AN = acute 

exposure to non-aggression; CN = chronic exposure to non-aggression; AA = acute 

exposure to aggression; CA = chronic exposure to aggression. A bar represents a standard 

error of the mean. *p < 0.05; **p < 0.01.
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Figure 3. 
Dopamine D2 receptor (D2R) ligand binding levels in the nucleus accumbens core (AcbC, 

shown in A) and shell (AcbSh, shown in B). AN = acute exposure to non-aggression; CN = 

chronic exposure to non-aggression; AA = acute exposure to aggression; CA = chronic 

exposure to aggression. A bar represents a standard error of the mean. *p < 0.05; **p < 0.01.

Suzuki and Lucas Page 23

Cogn Affect Behav Neurosci. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Representative images of dopamine D2 receptor density in the nucleus accumbens. Darker 

gray indicates higher density. AN = acute exposure to non-aggression; CN = chronic 

exposure to non-aggression; AA = acute exposure to aggression; CA = chronic exposure to 

aggression. The atlas was cited from Paxinos and Watson (2005).
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Figure 5. 
5-HT1B receptor (5-HT1BR) ligand binding levels in the medial amygdala (MeA, shown in 

A), basomedial amygdala (BMA, shown in B), and basolateral amygdala (BLA, shown in 

C). AN = acute exposure to non-aggression; CN = chronic exposure to non-aggression; AA 

= acute exposure to aggression; CA = chronic exposure to aggression. A bar represents a 

standard error of the mean. *p < 0.05; **p < 0.01.
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Figure 6. 
Representative images of 5-HT1B receptor density in the amygdala. Darker gray indicates 

higher density. AN = acute exposure to non-aggression; CN = chronic exposure to non-

aggression; AA = acute exposure to aggression; CA = chronic exposure to aggression. *p < 

0.05; **p < 0.01. The atlas was cited from Paxinos and Watson (2005).
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Figure 7. 
Scatter plot representing the relationship between aggressive behavior and dopamine D2 

receptor (D2R) density in the shell of the nucleus accumbens (AcbSh), moderated by 5-

HT1B receptor (5-HT1BR) density in the basolateral amygdala (BLA) at a high value 

(orange line), middle value (purple line), and low value (green line).
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