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Abstract

The social defeat paradigm involves aggressive encounters between Long-Evans (LE) (resident)
and Sprague-Dawley (SD) (intruder) rats. Successful application of chronic social defeat stress in
SD rats is dependent upon selection of highly aggressive LE rats. Half of the LE rats screened for
aggression did not meet the criterion for aggression (LE rats performing a defeat, characterized by
the intruder surrendering or acquiring a supine position for at least 3 sec). The observation of the
differences in the level of aggression between age and weight matched LE rats was quite
compelling which led us to the present study. Herein, we measured behavioral differences between
aggressor and non-aggressor LE rats. We analyzed their anxiety-like behavior using open-field
and elevated plus maze tests. We also measured aggression/violence-like behavior using two tests.
In one, time taken to defeat the intruder SD rat was recorded. In the second test, time taken to
attack a novel object was compared between the two groups. We observed a significant increase in
anxiety-like behavior in aggressor rats when compared to the non-aggressive group. Furthermore,
time taken to defeat the intruder rat and to attack a novel object was significantly lower in
aggressive LE rats. Biochemical data suggests that heightened anxiety-like behavior and
aggression is associated with increased plasma levels of corticosterones and elevated oxidative
stress. Significant alterations in dopamine (DA), norepinephrine (NE) and epinephrine (EPI) were
observed within the hippocampus, amygdala and the prefrontal cortex, suggesting potential
involvement of dopaminergic and noradrenergic systems in regulation of aggressive behaviors.
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Introduction

Rats display differential response to stress. In an outbred population of SD (Sprague
Dawley) rats, Wood et al. (2010) reported that rats exhibit a significant difference in coping
behavior when subjected to social defeat stress, with one group showing defeated
(depression-like) behaviors while the other exhibiting resilience [1]. During screening for
aggressor rats in order to conduct social defeat test, which involves aggressive encounters by
a large Long Evans (LE) male resident rat toward a smaller SD male intruder rat, we
observed that almost half of all screened LE rats (6 out of 13) did not meet the criterion for
aggression. Two groups of rat populations were identified, one exhibiting extreme
aggression, and the other displaying docile behavior. It seems reasonable to suggest that just
as not all rats within the same strain will be defeated [1], all rats within the same strain may
not be aggressive.

While socially defeated rats are reported to have elevated stress levels and heightened
anxiety-like and depression-like behaviors [2], stress parameters or anxiety-like behaviors
have not been evaluated in LE rats. The question of whether aggression is associated with
stress and anxiety is important. Anxiety is believed to be associated with fear [3]. It is not
typically associated with anger. While this may be true but the fact that stress-induced
anxiety can provoke an aggressive, violent response, is also valid. Although, aggression is a
highly complex behavior [4], it is generally believed to be of two types, reactive aggression
and instrumental aggression. Reactive aggression is defined as a violent behavior arising
from intimidating events, while instrumental aggression is defined as a means of achieving
personal objectives without the intension of inflicting harm [5]. Interestingly, reactive
aggression in humans is commonly linked to anxiety and impulsivity [6], and an association
between stress and aggressive behavior is also reported [7]. In fact, it is postulated that there
exists a positive feedback loop between stress hormones and a brain-based aggression-
control center in rats [8]. Relevant to this, studies have shown that serotonin hypofunction
may predispose individuals to impulsive aggression with selective serotonin reuptake
inhibitors proven to be useful in managing aggression and the accompanying anxiety and
panic attacks [9]. Involvement of dopaminergic (DA) system in aggression is also known
[10], and corticotropin-releasing factor (CRF) by regulation of central NE system [11], are
also postulated to be involved. The neural circuit comprising of the prefrontal cortex,
amygdala, hippocampus, hypothalamus, striatum is considered critical in emotional
regulation. Therefore, functional abnormalities in any one or more of these regions are likely
to increase the susceptibility for impulsive aggression and violence [12].

In this study, the separation is based on animal’s innate trait towards reactive aggression, as
the retired (is the age at which reproductive performance declines below acceptable levels)
LE rat considers the intruder SD as a threat, as it trespasses its home cage. This research
suggests the prescence of neurochemical differences between inbred rats when exposed to a
hostile situation. Behavioral (anxiety-like behavior and aggression/violence-like behavior)
and biochemical consegeunces (plasma corticosterone and oxidative stress parameters, NE,
EPI and DA in selected brain tissues) of intruder stress on LE rats were examined and
correlated with high aggression. This study offers new insights into the variations in
functional response observed in age and weight matched retired breeder LE rats. It also
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sheds light on how stressful stimuli activate the central sympathetic system and the pituitary-
adrenal axis.

Materials and Methods

Animals

Male SD rats (225-2509) were used as intruders, and male LE retired breeders rats (400—
500g) served as residents (Charles River, Wilmington,MA). Rats were housed with a 12-h
light/dark cycle in a climate-controlled room with ad libitum food and water. All
experiments were conducted in accordance with the NIH guidelines using protocols
approved from the University of Houston Animal Care and Use Committee.

Experimental Scheme

Male SD and retired breeder LE rats were acclimatized for one week and then subjected to
the social defeat protocol by the retired breeder LE rats as previously published by us [13]
this method was used to separate the aggressors. Behavior assessments was performed
including tests for aggression and anxiety-like behavior [Open-field (OFT) and elevated plus
maze tests (EPM)], as previously published by our group [13] and others [14]. Rats were
killed after the conclusion of all behavioral tests and blood was collected for corticosterone
(CORT) and 8-isoprostane analysis and brains harvested for future analysis (Scheme 1).

Selection of aggressors

The social defeat paradigm involves aggressive encounters by a large retired breeder LE
male rat (resident) toward a smaller SD male rat (intruder). During screening for the
aggressor LE rats, we observed that half of all screened LE rats did not reach the criterion
for aggression [LE rats performing a defeat, characterized by the intruder
surrendering(acquiring a supine position for at least 3sec) at least 3 times]. LE rats
exhibiting consistent levels of aggressive behaviors were identified by a 3-d screening
process previously published by our group [15].

Tests for Aggression-like behavior

Number of attacks and time taken to defeat—The number of attacks (10 min) and
the time required by a large LE male rat (resident) to defeat a smaller SD male rat (intruder)
was noted. This was characterized by the intruder surrendering or acquiring a supine
position for at least 3 sec. Ten minute cut-off time was kept to observe a defeat for 3 times.

Novel object attack time—The time spent by the LE male rat attacking a novel object in
10 min (fur toy) was recorded. Each session lasted 5min and started by hanging the fur toy
(Target) using a metal wire in the central area of the home cage of the LE rat. The fur toys
used were of different colors and similar in size to the SD rats. In between each test animal,
an identical new fur toy was placed.

Anxiety-like behavior tests—First, OFT was conducted followed by EPM test as
previously published by our group [16, 17]. Briefly, The open field task was carried out in
an open field apparatus surrounded by high walls. The rats were placed at the center and
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were left free to explore the arena for 15 min and analyzed by a computer-based system;
(Optovarimax, Columbus Instruments) total and ambulatory activities and distance travelled
were recorded and data analyzed using the software. For EPM, a standard rat elevated plus-
maze apparatus (Med associates, Vermont) was used and the rat’s movements were tracked
manually. Each session lasted for 5 min and the amount of time the rat spent in the open
arms was noted.

Plasma corticosterone and 8-Isoprostane—Corticosterone is a systemic marker for
stress and isoprostanes are a family of eicosanoids of non-enzymatic origin produced by the
random oxidation of tissue phospholipids by oxygen radicals [18]. Both corticosterone and
8-isoprostane levels in plasma were measured 9 days after completion of the test for
aggression using enzyme immunoassay (EIA) based kit (Cayman chemical company,
AnnArbor,Ml).

Norepinephrine (NE), Epinephrine (EPI) and Dopamine (DA) content—Rats were
killed 7 days after the test of aggression protocol. Blood was collected and plasma was
isolated. The brains also were removed; the prefrontal cortex, amygdala and hippocampus
were isolated and snap frozen and stored at —80°C for further studies (Scheme 1). The NE,
EPI and DA contents in the prefrontal cortex, amygdala and hippocampus were determined
using high performance liquid chromatography (HPLC) as described [19]. Briefly, The
catecholamine levels were determined by HPLC (Model 1525, Waters corporation,
Milford,MA) equipped with a Cqg reverse phase, 3u LUNA column (Phenomenex,
Torrance,CA) and a coulometric electrochemical detector (Model Coulochem 11, ESA, Inc.,
Chelmsford,MA).

Statistical Analysis—Data are expressed as mean + SEM. Significance was determined
by paired student’s t-test (Graphpad Software,Inc. SanDiego, CA). A value of P<0.05 was
considered significant.

Aggressive LE rats required less time to socially defeat the SD rats (AG:107+25sec,
NAG:>600sec, no defeat, t=6.21, df=10, p<0.05) (Fig. 1A) and demonstrated significantly
higher number of attacks (AG:6.83+£1.07, NAG:3.66+0.88, t=2.72, df=10, p<0.05) (Fig. 1B).
Also, aggressive LE rats spent more time (AG:170+18sec, NAG:61+17sec, t=4.21, df=10,
p<0.05) attacking the novel object kept in the cage as compared to the non-aggressive LE
rats (Fig. 1C). These characteristics emphasize the violent nature of this group of LE rats.

The aggressive LE rats had lower total activity (AG:3700£230, NAG:4508+296, df=10,
p<0.05) (Fig. 2A) and ambulatory activity (AG:3156+160, NAG:3833+264, df=10, p<0.05)
(Fig. 2B) and covered lesser distance (AG:2779+£146, NAG:3621+247, df=10, p<0.05) (Fig.
2C) than the non-aggressive LE rats. In the elevated plus maze anxiety test, non-aggressive
LE rats spent significantly less time (AG:160£9 sec, NAG:114+12 sec, t=3.25, df=10,
p<0.05) (Fig. 2D) in the open arms of the EPM apparatus, when compared to aggressive LE
rats.
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Elevated stress was indicated by increased plasma corticosterone levels in both groups of LE
rats. However, significantly higher corticosterone levels were observed in the aggressive LE
rats when compared to the non-aggressive LE rats (AG:71.93+5.1, NAG:51.8+7.4 ng/ml,
t=2.41, df=8, p<0.05) (Fig. 3A). Although not significantly different, the plasma 8-
isoprostane levels in the aggressive LE rats (AG:34.8+£1.7, NAG:29.8+1.7, t=2.0, df=10,
p>0.05) (Fig. 3B) were slightly higher than the non-aggressor LE rats.

We further evaluated contents of DA, NE and EPI in the prefrontal cortex, amygdala and
hippocampus. The DA levels were significantly lower in the prefrontal cortex (AG:
752.8+£150, NAG:2570+590 pg/mg of tissue, t=2.98, df=10, p<0.05) (Fig. 4A) and in the
hippocampus (AG:608+86, NAG:944.1+86 pg/mg of tissue, t=2.63, df=10, p<0.05) (Fig.
4C) of the aggressive LE rats when compared to the non-aggressive LE rats. No change was
seen in the amygdala (AG:1841+423, NAG:2566+1208 pg/mg of tissue, t=0.72, df=10,
p>0.05) (Fig. 4B) between these groups. The NE levels were considerably increased in the
prefrontal cortex (AG:1184+337, NAG:413+73 pg/mg of tissue, t=2.61, df=10, p<0.05)
(Fig. 4D) and amygdala (AG:1900+408, NAG:808+162 pg/mg of tissue, t=2.7, df=10,
p<0.05) (Fig. 4E) while NE levels were unchanged in the hippocampus (AG:521.8+150,
NAG:600+76 pg/mg of tissue, t=0.46, df=10, p>0.05) (Fig. 4F). Interestingly, EPI levels
were significantly increased in all three brain regions of the aggressive LE rats including
prefrontal cortex (AG:831+312, NAG:235+88 pg/mg of tissue, t=2.46, df=10, p<0.05) (Fig.
4G), amygdala (AG:2539+693, NAG:196+34 pg/mg of tissue, t=3.74, df=10, p<0.05) (Fig.
4H) and hippocampus (AG:355+104, NAG:197+44 pg/mg of tissue, t=2.3, df=10, p<0.05)
(Fig. 41) when compared to the non aggressive LE rats.

Discussion

In this study we have demonstrated that age and body weight matched retired breeder LE
rats exhibit different levels of aggressive behavior when encountered with a stressful
stimulus in a resident-intruder paradigm. Two groups of rats within the same strain were
identified. One group exhibited extreme aggression characterized by defeating the intruder
(SD) in seconds, and the other group demonstrated docile behavior making no attempts of
defeating the intruder rat. Wood et. al have shown that SD rats display two distinct
phenotypic responses to repeated social defeat [1], i.e defeat and resilience. Our study shows
that there also exists an inherent difference in aggressive behavior in LE rats as a result of
which they react differently to intruder entry. It is interesting that similar to humans, rats
also display individual dissimilarities in their reactivity and consequences to social stress
(social defeat paradigm). It is tempting to correlate this to human behaviors as it is
commonly observed that while some humans are aggressive, others are inherently
submissive.

Anxiety is generally believed to be associated with aggressive behavior [9]. Therefore, we
evaluated whether there is an association between aggression and anxiety-like behavior in
LE rats. Interestingly, aggressive LE rats exhibited heightened anxiety-like behavior, as
indicated by reduced time spent in the open arms of the EPM test as well as decreased total
and ambulatory activity and distance traveled in the OF test. Increased level of aggression
was observed in the aggressive group characterized by significantly higher number of
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attacks and shorter defeating time of the intruder rat. Additionally, increased number of
aggressive attacks were observed in the aggressive group in the novel object test. This test
was used to assess the level of aggression/violence-like behavior in rats.

The question of, whether differences in aggressive behaviors within the same strain of LE
rats, are a result of individual variation in response to stress, is important. The fact that not
all rats within the same strain are equally aggressive or submissive, suggest that perhaps the
two behaviors originate from a common source, i.e stress. Perhaps the un-defeated and the
non-aggressive population have better stress-coping mechanisms, while the defeated and the
aggressive groups have a disrupted circuitry unable to provide an effective coping
mechanism. Therefore, the levels of stress were evaluated using plasma corticosterone
assay. Elevated stress in aggressive LE rats was indicated from increased plasma
corticosterone levels when compared to the non aggressive LE rats. Next, we evaluated the
level of oxidative stress in these rats. Earlier, we have reported a close correlation between
stress, anxiety-like behavior, and oxidative stress [17], and have found causal role of
oxidative stress in anxiety-like behvaior in rats [20]. It was postulated that psychological
stress increases oxidative stress which by activating glycation and inflammatory processes
lead to anxiety- and depression-like behaviors in rats [2]. Furthermore, a close link exists
between changes in the pituitary-adrenal axis, activation of the central NE and DA system,
stress responses and aggression [21]. Aggressive behaviors have been induced by
administering precursors of NE [22]. However the mechanism by which NE enhances
aggression are not fully understood, it is thought that it inhibits neurons in the brain stem
which suppress aggression [23]. Using HPLC, we observed increased levels of NE in
prefrontal cortex and amygdala and increased levels of EPI in prefrontal cortex, amygdala
and hippocampus regions of the brain. This reinforces an involvement of noradrenergic
system in the development of aggressive behavior. Furthermore, dopaminergic transmission
impacts impulsivity, which can also affect aggression. In a study by Schluter et. al
significant negative correlations between aggressive responses and the DA-synthesis
capacity were observed especially in the midbrain [21]. Interestingly, we also observed a
decrease in the DA levels in the prefrontal cortex and hippocampus of the aggressive LE rats
signifying higher propensity towards aggressive behavior. Due to higher stress response in
the aggressor rats, the reduction in DA could be due to the high demand for the synthesis of
NE and EPI, since DA serves as the precursor for the synthesis of NE and then EPI.

Conclusions

In summary, differences in aggressive behavior are not only categorized by separate
behavioral reactions to stress, but also a distinct neuroendocrine and physiological response
mediated by distinct brain regions. Understanding the changes occurring within the brain
that are related to passive and aggressive phenotype may shed light on the etiology of
aggressive behavior.
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Abbrevations

LE Long Evans

SD Sprague Dawley

DA dopamine

EPI Epinephrine

NE Norepinephrine

CRF corticotropin releasing factor

OFT Open field test

EPM Elevated plus maze

CORT corticosterone

EIA Enzyme immunoassay
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Fig 1. Examination of aggression-like behaviors
Time to defeat an intruder rat in the social defeat paradigm (A), was determined for both

groups of rats. Number of attacks (B) and total time spent attacking (C) in the novel object
test was examined in both populations of LE rats. (*)significantly different from non-
aggressive LE rats, P<0.05. Bars represent means+SEM, n=6 rats/group.
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(*)significantly different from non-aggressive LE rats, P<0.05. Bars represent means+SEM,
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Aggressive LE rats had significantly elevated plasma corticosterone but not 8-isoprostane

levels. Plasma corticosterone and 8-isoprostane levels were determined using kit based
assays [2]. (*)significantly different from non-aggressive LE rats, P<0.05. Bars represent
means+SEM, n=6 rats/group.
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Fig. 4. Assessment of catecholamine content in prefrontal cortex, amygdala and hippocampus
Dopamine (A-C), norepinephrine (D-F) and epinephrine (G-I) levels were determined
using HPLC. (*)significantly different from non-aggressive LE rats, P<0.05. Bars represent
means+SEM, n=6 rats/group.
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Scheme 1. A schematic representation of the experimental regimen
After acclimatization rats were subjected to the social defeat protocol as published by us

[13] this method was used to separate the aggressors. Behavior assessments were performed
including tests for aggression and anxiety-like behaviors and plasma was isolated for

corticosterone and 8-isoprostane analysis.
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