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SUMMARY 
 
During agonistic behavior several brain areas 

became differentially activated depending on the 
role the subject is taking. Several areas are mostly 
activated during the offender role and several oth-
ers are activated if the subject plays a defensive 
role. The main goal of this work is to study in detail 
the anatomic areas involved in agonistic behavior 
using a novel animal model, the striped mouse 
Lemniscomys barbarus, a North African diurnal 
rodent well known by its natural high aggressive-
ness toward conspecifics. After social encounters, 
neural activation in brain areas related to agonistic 
behavior was measured by c-fos immunostaining. 
The encounters were recorded and behaviors re-
lated to the encounter were analyzed. We differen-
tiated between the aggressive behavior (offender) 
and escape behavior (defender or defeated). Our 
results showed that conspecific confrontation in-
duced general c-fos activation in both offender and 
defender in all measured areas in comparison with 
non-confronted control. Differences in neural activ-
ity between offender and defender were observed 
specifically in the lateral, cortical and medial amyg-

dala, suprachiasmatic nucleus and the nucleus 
incertus, suggesting a potential role of these areas 
in displaying different kinds of behavior during con-
specific confrontation. We found that, while in the 
lateral, medial and cortical amygdala defenders 
express significantly more c-fos than offenders, in 
the nucleus incertus of the brainstem the differen-
tial activation is just the opposite, Additionally, de-
fenders display significantly more freezing than 
offenders. This work provides data showing that 
Lemniscomys barbarus is a widely useful model to 
study the anatomic background supporting agonis-
tic behavior. 

 
Key words: Amygdala – Social behavior – c-fos – 
Immediate early genes – Fear – Emotion – Ag-
gression  

 
Abbreviations: Acc – Nucleus Accumbens, AHA – 
Anterior Hypothalamic Area, APT – Anterior pre-
tectum, BLA – Basolateral Amygdala, BMA – Ba-
somedial Amygdala, C – Control, CeA – Central 
Amygdala, CoA – Cortical Amygdala, Def –
Defender, DK – Nucleus of Darkschwitz, DL – 
Dorsolateral column of the periaqueductal gray, 
DM – Dorsomedial column of the periaqueductal 
gray, DTg – Dorsal tegmental nucleus, EW – Nu-
cleus of Edingesr Westfal, ICj – Insula of Calleja, 
IEG – Immediate early genes, IL – Infralimbic cor-
tex, IP – Interpeduncular nucleus, ITC – Intercalat-
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ed amygdala nuclei, ITC – Intercalated nuclei, L– 
Lateral column of the periaqueductal gray, LA – 
Lateral Amygdala,Lb – Lemniscomys barbarus , 
LC – Locus coeruleus, LDTg – Laterodorsal teg-
mental nucleus, LOT – Nucleus of the lateral olfac-
tory tract, LSD – Lateral septum dorsal part, LSI – 
Lateral septum intermediate part, LSV – Lateral 
septum ventral part, MeA – Medial Amygdala, MG 
– Medial geniculate nucleus, MS – Medial part of 
septum, NI – Nucleus Incertus, Off –Offender, 
PAG – Periaqueductal gray, pCx – Prefrontal cor-
tex, Pir – Piriform cortex, PrL – Prelimbic cortex, 
PVN – Paraventricular Nucleus, RN – Red nucle-
us, SCN – Suprachiasmatic Nucleus, SN – Sub-
stantia nigra, VL – Ventrolateral column of the peri-
aqueductal gray, VTA – Ventral tegmental area 

 
INTRODUCTION 

 
Aggression or agonistic behavior was originally 

defined as a strategy of adaptation to situations 
involving physical conflict (Scott, 1966). Aggres-
sive behavior may increase the opportunities of an 
individual to obtain resources like food and water. 
But not all types of aggression have positive out-
puts and, when it becomes escalated, it could lead 
to serious injuries or death. 

During a dyadic encounter, one of the subjects 
(the dominant-offender) obtains a positive outcome 
while the opponent (the subordinate-defender) dis-
plays a default reaction rather than escalation. Af-
ter the encounter, the dominant subject only needs 
to approach or threaten the subordinate to obtain 
the resource (Drews, 1993). According to this 
view, the stability of the relationships depend on 
submissive and escape kinds of behavior of the 
subordinates that have behaved as defenders in 
the encounter (Kaufmann, 1983). In humans, es-
calated aggressiveness is itself a pathological per-
sonality disorder as typified by DSM5 (DSM5, 
2013). In addition, repeated defeat leads to serious 
psychological trauma, decrease of self-esteem, 
feeling inferior, PTSD and depression (Carvalho et 
al., 2013). Subordination is also a source of organ-
ic and cerebral affecting organs  like testes, thy-
mus or spleen in addition to serotonin metabolism 
(Blanchard et al., 1993). In addition, even the resil-
ience from social defeat may lead to changes in 
fear and extinction (Meduri et al., 2013). In this 
context it is of particular interest to have animal 
models to study the brain areas differentially acti-
vated when displaying offensive or defensive be-
havior during co/specific encounters.  

It has been also postulated that species-
specific  defensive reactions like freezing and flight 
are triggered by all kinds of threats including natu-
ral predators, con-specific opponents or electrical 
foot-shocks (Bolles, 1970). However, it has been 
found that separated hypothalamic circuits support 
defensive responses to a predator, a dominant con
-specific or subordinated con-specific (Motta et al., 

2009).  
Several animal models have been used to ex-

plore the neuroanatomical, neurochemical and 
behavioral profiles of aggression (Adams, 2006; 
Ramirez, 2006) including artificially inbred 
(Nehrenberg et al., 2013); genetically modified 
strains (Miczek et al., 2001) or naturally aggressive 
rodent species displaying higher belligerent behav-
ior (Takahashi and Miczek, 2014). Selective breed-
ing of highly aggressive and nonaggressive off-
spring results in artificially generated strains dis-
playing different kinds of agonistic behavior like 
pronounced inter-male aggression (van Oortmers-
sen and Bakker, 1981) or isolation-induced ag-
gression (Sandnabba, 1996). Within the naturally 
occurring aggressive strains, male hostility may 
occur directed towards other males (NZB/BINJ 
strain) or towards females (FVB/NtacBR strain). By 
contrast, other strains are naturally tame (A/J 
mice), and do not display aggressive behavior 
(Canastar and Maxson, 2003; Roubertoux et al., 
2005). Interestingly, these different aggression 
pattern behaving strains  respond to ambient fac-
tors like defeating, maternal separation and stress 
in a variety of ways indicating diverse genetic sus-
ceptibility to environmental challenges (Schneider 
et al., 1992).  

In rodents, males that are confronted display ei-
ther an aggressive pattern, (i.e., the offender) or a 
submissive pattern (i.e. the defender) (Blanchard 
and Blanchard, 1977; Adams, 2006). The offender 
behavior is characterized by movement towards 
the opponent, and attacks or bites on body flanks 
or the back of the opponent, in general not vulner-
able areas; and by contrast, the defender behavior 
includes escape movements or freezing and, if 
any, attacks to vulnerable areas as the face, 
(Adams, 1980).  

Studies on the anatomical circuits involved in 
aggression during conspecific confrontation have 
been done with rodent models by analyzing the 
immediate early genes (IEG) activation in different 
brain areas following encounters between conspe-
cifics (Veenema and Neumann, 2007; Konoshenko 
et al., 2013). Areas and centers participating in 
agonistic behavior include prefrontal cortex, amyg-
dala, septum, different hypothalamic regions and 
the periaqueductal grey area (Kollack-Walker et 
al., 1997; Siever, 2008; Toth et al., 2010; Ko-
noshenko et al., 2013). Konoshenko and co-
workers showed that neuronal activation in the 
anterior hypothalamic area (AHA) was significantly 
higher in the offender males compared to their de-
feated counterparts using the resident-intruder 
test. Thus, they proposed that lower activation of 
the AHA is therefore associated with attenuation of 
inter-male aggression (Konoshenko et al., (2013). 

However, up to date, the anatomical areas in-
volved in one or the other pattern of behavior, and 
the reasons why a subject follows one or the other, 
are not completely understood. A major drawback 



N. El Mlili et al.  

51 

in this type of studies comparing both patterns of 
behavior is the lack of an animal model that clearly 
displays both behavioral prototypes in order to car-
ry out a comprehensive analysis of anatomical 
areas involved.  

In our present study, we used a new animal mod-
el for aggression studies, the striped grass mouse 
(Lemniscomys barbarus L) (Lb), a wild diurnal ro-
dent. This rodent displays a natural aggressive-
ness toward other individuals of its own species 
and has already been described as a valuable 
model to study circadian activity (Lahmam et al., 
2008; Chakir et al., 2015). Another African striped 
mouse, Rhabdomys pumilio, has been used to 
study reproductive suppression when shifted from 
solitary living to group living males and changes in 
hormones involving this transit (Schoepf and 
Schradin, 2013). Thus, having different models of 
rodent behavior may provide a better inside into 
the neural circuits commonly affected in social be-
havior. 

The main goal of this study is to identify brain 
areas activated during confrontation and to ana-
lyze which anatomical areas are differentially acti-
vated in the offending (attacker) or defending 
(subordinate) subject. To this end, subjects under-
went a conspecific confrontation test and the ex-
pression of c-fos was measured in brain areas. We 
found that specific regions show different pattern 
of activity in offenders and defenders. 

 
MATERIALS AND METHODS 

 
Animals 

Lemniscomys barbarus is a rodent (suborder: 
Sciurognathi; family: Muridae) with a body length 
of 9 to 12 cm, plus a fine tail of 10 to 15 cm. The 
coat of its back and flanks is lined longitudinally 
with 11 brown lines. This species has a strictly Af-
rican distribution, and can be commonly found in 
North and sub-Saharian Africa in dry and semi-arid 
zones. It is frequent in local biotopes relatively wet 
and rich in plants. Animals used in the present 
study were trapped in the region of Tetouan (north 
of Morocco) around the village of Benkarrich 
(approx. 35830 N, 5825 W). Captures were made 
throughout the summer (June 15th to September 
15th) with traps checked and baited daily with 
fresh food (bread and olive oil). After transporta-
tion to the laboratory, animals were housed indi-
vidually in transparent cages (22 x 16 x 14 cm) 
under controlled photoperiodic conditions 12h light
- 12h dark (LD) cycles and controlled temperature 
of 23±3C for at least 4 weeks before any experi-
mental manipulation. Water and regular rodent lab 
food were supplied ad libitum.  All animal manipu-
lations were made in Morocco in agreement with 
local legislation. The Moroccan Ministry of Agricul-
ture has authorized the use of these animals for 
research in the laboratory conditions of the Faculty 
of Sciences of the University of Tetouan. Moreo-

ver, all procedures used in animal experimentation 
complied with the European Communities Council 
Directive 86/609/EEC. All efforts were made to 
minimize the number of animals used and their 
suffering. 

 
Conspecific confrontation test 

Twenty-five animals were used in the present 
study, with body weight ranging between 33 and 
49 g. Each couple of experimental animals has 
been placed in a new neutral cage to be confront-
ed; their behavior was registered during 25 min. 
During the first fifteen minutes the animals were 
placed in the same cage but separated by a grill to 
avoid physical contact, permitting only olfactory 
recognition. Then, the grill was removed and the 
animals may come into physical contact with each 
other during ten minutes. The encounter was vide-
otaped and two observers, blind to the experi-
mental conditions, measured the behavioral inter-
actions and confrontation between each couple of 
animals. In case of strong fight, the experiment 
was stopped and retired from the analysis. This 
happened in one case. 

The control group is composed of naïve animals 
that have not been exposed to any confrontation 
test or experimental manipulation. 

 
Behavioral analysis 

For each pair, a subject was considered as of-
fender when it chased the conspecific and hit it 
mostly to the flanks; and defender when escaping 
away from the offender’s attack, and defending 
himself from opponent attack by hitting the oppo-
nent’s face (Adams, 1980). Once categorized as 
offender or defender, behavioral data were collect-
ed for each animal, which included latency before 
the first attack, number of attacks with bites, num-
ber of attacks without bites (the offending animal 
displays an approaching movement to its partner 
in the cage without biting), time of freezing and 
number of freezing episodes (Table 1). We consid-
ered it a freezing behavior when animals remained 
totally immobile (except for respiratory movement) 
during at least 2 seconds.  

 
Brain fixation and sectioning 

One hour after the behavioral test of confronta-
tion, subjects from each experimental group were 
deeply anaesthetized with an intraperitoneal injec-
tion of 5% chloral hydrate at a dosage of 40 mg/kg 
and transcardially perfused with saline (250 ml) 
followed by fixative solution (4% paraformaldehyde 
in 0.1M PB, pH 7.4) for 10 min (~250 ml). Brains 
were removed from the skull and immersed in the 
same fixative for 24 h at 4ºC. Then, brains were 
cryoprotected in 30% sucrose in 0.01 M phosphate
-buffered saline (PBS), pH 7.4, for 48 h at 4ºC. 
Coronal brain sections were obtained (40 µm) us-
ing a freezing slide microtome (Leica SM2010R, 
Leica Microsystems, Heidelberg, Germany). For 
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each brain, 6 series of sections were collected in 
30% sucrose in 0.01M PBS. One series was used 
for Nissl stain, another one was directly used for c-
fos immunohistochemistry and the rest were fro-
zen at -40ºC. 

 
c-fos immunohistochemistry 

For measuring c-fos activity, immunohistochem-
istry was carried out on free-floating sections. Sec-
tions were rinsed 2 × 10 min and immersed in a 
blocking media containing 4% normal donkey se-
rum (NDS, Jackson Immunoresearch, West Grove, 
PA USA) and 2% bovine serum albumin (BSA) 
(Sigma, St Louis Mo) in Tris (pH 8, 0.05 M) buff-
ered saline (TBS) containing 0.1% Triton X-100 
(Sigma, St Louis Mo) (TBS-Tx) for 1 h at room 
temperature. Sections were then incubated over-
night in primary antibody solution containing 
1:10.000 rabbit anti-cfos (PC38 Anti-c-Fos (Ab-5, 
Calbiochem, St Louis Mo), 2% BSA and 2% NDS 
in TBSTx. Slices were rinsed 3 times in TBS- Tx 
and incubated in 1:200 dilution of biotin-donkey 
anti-rabbit (cat 711-065-152, Jackson Immu-
noresearch) in TBS-Tx during 2 hours. Sections 
were then rinsed and transferred to 1:50 ABC 
(Vectastain-Elite, Cat No. PK-6100; Vector Labora-
tories, Burlingame, CA, USA) in TBSTx. After rins-
ing (3 × 10 min) in 0.05 M TBS and (2 x 10 min) in 
TB, the peroxidase activity was revealed by the 
use of the chromogen 3,3'-diaminobenzidine tetra-
hydrochloride (DAB, Sigma) (0.025%) and 0.25% 
ammonium nickel (II) sulfate hexahydrate (A1827 
Aldrich St Louis Mo) dissolved in TB in the pres-
ence of H2O2 (0.003%) for 15 minutes. The colori-
metric reaction was stopped by successive rinsing 
of sections in TB followed by 3x10 mins in PBS 
0.01M.  Finally, sections were mounted in chrome 
alum coated slides and overnight air dried. Finally, 
sections were re-hydrated, cleared with graded 
ethanol and xylene and coverslipped in DPX 
(Sigma).  

 
Giemsa staining 

For the cytoarchitectonic study, Giemsa’s stain 
was used according to a commonly used standard 
protocol (Iñiguez et al., 1985). Briefly, sections 
were mounted on chrome-alum coated slides, 
rinsed 2x5 min in 0.06 M KH2PO4 (pH 4.5) at 60ºC 
and were dipped in a 1/10 solution of Giemsa 
stock solution from Sigma (cat # GS-500) at 60ºC 
for 12 min. Then slides were rinsed in the 0.06 M 
KH2PO4 at room temperature in a shaker table 3x5 
min. Finally, sections were dehydrated in ethanol, 
cleared with xylene and coverslipped with DPX. 

 
Image analysis and c-fos positive cells quanti-
fication 

Images were acquired using a Nikon Eclipse 
E600 (Nikon, Tokyo, Japan), equipped with a Ni-
kon DMX-2000 camera connected to a PC with 
ACT-1 acquisition software (Nikon, Tokyo, Japan). 
We used the stereotaxic mice Atlas (Paxinos and 
Franklin, 2012) to delineate the analyzed areas. 
The Geimsa series were also used to assess the 
boundaries of the analyzed nuclei. For c-fos quan-
tification, we used the 20x objective and measure 
c-fos activity as described (Perez-Villalba et al., 
2005). Briefly, using Image J software, the back-
ground of the images was automatically removed 
with a rolling ball radius of 50.0 pixels, only labeled 
areas of more than 12 pixels were considered to 
be positive. Three sections per case were ana-
lyzed and the mean value of these three sections 
was considered as a single value for this case and 
nucleus. Data were expressed as the number of c-
fos positive cells by mm2 of the analyzed area 
(Table 2). An observer blind to experimental condi-
tions conducted all analyses. 

 
Statistical analysis 

For statistical analysis, we used the GraphPad 
Prism 5 software. The values corresponded to the 
means ± SEM of c-fos positive cells/mm2. Normal 
distribution of data was tested using Shapiro-Wilk 
test. T-test had used to compare the number of 
episodes or freezing time between offenders and 

Table1. Behavior analysis of Lemniscomys barbarus conspecific confrontation 

Sex 
    of confronted animals 

Number of freezing 
episodes  

Total time of freezing from 
600 sec 

Latency 
before the 
first attack 
(second) 

Total number of 
attacks 

Offender 
(n=9) 

Defender 
(n=9) Offender Defender 

  Offender Defender 
  Offender Offender 

Male1 Male 2 12 13 252 287 62 10 

Male 4 Male 3 9 13 342 440 3 6 

Male 5 Male 6 4 14 68 390 186 59 

Male 7 Female 1 2 6 8 56 124 57 

Female 2 Male 8 4 7 73 418 94 1 

Male 10 Female 4 0 8 0 497 11 35 

Female 6 Female 5 4 8 88 248 5 9 

Female 7 Female 8 3 6 41 376 195 2 
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defenders. One-way analyses of variance 
(ANOVA) followed by Newman-Keuls post hoc test 
were used to compare the number of c-fos positive 
cells between the three experimental groups 
(offenders, defenders and control animals) in all 
areas studied. 

 
RESULTS 
 
Behavior 

During the confrontation test we found that in 
most cases one of the animals took an offender 
role while the other displayed a defensive behav-
ior. In one case, the two subjects took the role of 
offender and defender alternatively and this couple 
was removed from the study. We measured the 
first attack latency, which ranged from 3 sec to 195 
sec (Table 1). In addition to offensive or defensive 
behavior parameters we measured freezing time, 
for both offenders and defenders. On average, 
freezing time for defenders (327 ± 45.01 n=8) was 
significantly higher than freezing time for offenders 
(115.4 ± 38,7 n=8; Student t-test t=3.57 p=0.0025). 
All behavioral parameters followed a normal distri-
bution for both behavioral patterns according to 
normality Shapiro Wilk test. 

 
c-fos immunohistochemistry in particular ana-
tomic areas 

Nickel intensified immunohistochemistry (IHC) 
reaction to c-fos rendered blue-black labeling cor-
responding to activated neuronal nuclei. The out-
lining of each nucleus was followed by comparison 
with alternate Giemsa stained sections. In the pre-
sent study, we found that conspecific confrontation 
induced general c-fos activation in both offenders 

and defenders in all measured cerebral areas in 
comparison with naïve control. The studied areas 
included the prefrontal cortex, septum, amygdala, 
anterior hypothalamus, suprachiasmatic nucleus, 
periaqueductal grey matter and nucleus incertus 
(Table 2).  

 
Prefrontal cortex (PFC). The prefrontal cortex 

that we have analyzed in the present study corre-
sponded approximately to level Bregma 1.54 mm 
of the mouse stereotaxic atlas (Paxinos and Frank-
lin, 2012). At this level the prelimbic cortex occu-
pied the dorsal part and contained a clear granular 
layer II and a wider layer III while the infralimbic 
cortex was composed of a dispersed layer II and a 
thinner layer III (Fig. 1A). However, it was difficult 
to delineate PrL and IL areas in c-fos reacted sec-
tions and we have considered both areas in the 
study of c-fos quantification. Conspecific confron-
tation induced a significant increase (F3,6-7= 40.66, 
Newman Keuls post-hoc p<0.05) in c-fos expres-
sion in offenders (633.5±3503 n=8) and defenders 
(603.3±55,08 n=8) vs controls (227.03±20.56 n=7) 
(Fig. 1B). No significant differences were reached 
between offenders and defenders. Representative 
images are shown (Figs. 1 C-E).  

Amygdala. The amygdala appeared to be larger 
in Lb than other mice strains, and the lateral nucle-
us more developed at caudal levels (Fig. 2A). For 
this work, we considered Bregma ~ –1.34 (Paxinos 
and Franklin, 2012). At that level, lateral amygdala 
(LA) is encapsulated between the external and 
intermediate capsule. Ventral to LA, the basolat-
eral amygdala (BLA) characteristically contained 
large cells. Just inside the intermediate capsule a 
dense band of cells corresponded to one of the 

Table 2. Statistical analysis of cfos expression in brain areas of Lemniscomys barbarus after conspecific confronta-
tion test 

Brain area Subarea 
Control 

Mean ± SE 

Offender 
Mean ± SE; statistical signifi-

cance 

Defender 
Mean ± SE; statistical signifi-

cance 
Prefrontal cortex Whole area 227,3 ± 20,56 633,5 ± 35,03,  * 603,3 ± 55,08,  ** 

Amygdala 

BL 106.8 ± 23,19 310,9 ± 27,4 ;  *** 255,6 ± 35.9; ** 
BMA 86.53±15,68 275,6±38,91 *** 222,1± 20,79; ** 
CeA 109,1±19,91 186±23,15 * 205,7± 20,58 * 
La 108,6±20,55 394,8±25,39  *** 465,9±25,84  ***# 
MeA 159,8± 33,23 464,6± 65,14 *** 795,9± 57,72 ***;## 
CoA 93,81 ± 19,04 403,6 ± 35,85, *** 524,3 ± 34,54, **;## 

Septum 
  
  

LSD 69,42 ± 17,92 170,1 ± 28,3, * 184,6 ± 37,41, * 
LSI 147 ± 36,61 341,1 ± 29,45, * 313,2 ± 54,65,  * 
LSV 238,7 ± 39,13 499,7 ± 32,51,  *** 599,9 ± 54,21,  *** 
MS 111,9 ± 20,01 272,3 ± 22,02,  *** 238,3 ± 23,11,  *** 

Suprachia-stmatic 
nucleus Whole area 178 ± 17,69 710 ± 115,7,  ** 498,6 ± 32.38,  **, ## 

Anterior Hypothalamus Whole area 210,1 ± 18,91 540,1 ± 29,2,  * 555 ± 23,75,  ** 

Gray substance of 
aqueduc 

L 177,9 ± 11,45 368,7 ± 19,78,  *** 334,3 ± 27,78,  *** 
DM 187,7 ± 15,41 452,6 ± 35,29,  *** 378,4 ± 21,4,  *** 
DL 173,2 ± 12,16 430 ± 31,44,  *** 349,7 ± 16,11,  *** 
VL 175,9 ± 16,75 423 ± 41,73,  *** 344,6 ± 30,51,  *** 

Nucleus Incertus Whole area 496,8 ± 37,71 1443 ± 111,3,  * 1053 ± 154,  **, # 
(*) Symbol is used when values of offenders or defenders were significantly different comparing with controls (#) Symbol is used when values of of-
fenders were significantly different comparing with defenders. (*) and (##): p < 0.05; (**) and (#): p < 0.01 and (***) and  (###): p < 0.001. 
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Fig. 1. Activation of c-fos in the Prefrontal cortex (pCx) of Lemniscomys barbarus. A) Giemsa stained section repre-
senting the general cytoarchitectonic structure of the pCx cortex and surrounding areas.  B) Graph representing the 
density of c-fos positive cells in pCx in control, offender and defender after intraspecific confrontation. C) Representa-
tive photomicrographs of c-fos- immunoreactivity in pCx of control (D), offender (E) and defender (F). (*) Symbol is 
used when values of offenders or defenders were significantly different comparing with controls. (***): p < 0.001. Cali-
bration bar in (A) 500 µm in (E) 100 µm. 

clusters of the intercalated nuclei (ITC), this band 
is more prominent in this species than in the rat or 
mouse. Medial to the BLA and lateral to the medial 
nucleus, a central nucleus (CeA) appeared in a 
roughly spherical shape. The medial amygdala 
(MeA) located in the medial border of the amygda-
line complex and it was composed of densely 
packed neurons. Laterally, the cortical nuclei 
(CoA) continued with the piriform cortex. The ba-
somedial nucleus (BMA) laid between CoA, BLA 
and MeA.  

Conspecific confrontation induced c-fos expres-
sion that was quantified in all amygdala nuclei 
(Table 2). We observed that confrontation in-
creased c-fos expression in all amygdala nuclei in 
both offenders and defenders compared to naïve 
controls (Table 2). Comparing the density of c-fos 
expression between offenders and defenders no 
significant differences were observed in BLA, BMA 
nor CeA nuclei (Table 2). However, c-fos density 
was found significantly increased (F3,6-7=39.23; 
28.66 and 49.2 respectively, Newman Keuls post-
hoc p<0.05) in LA (465.9±25.9 n=8), CoA (524,3± 
34,54 n=8) and MeA (795.9 ± 57.2 n=8) in defend-
er subjects compared to c-fos density in the LA 
(394.8 ± 25.4 n=8), CoA (403.6 ± 35,85 n=8) and 

MeA (464.6 ± 65.1 n=8) from offenders (Fig. 2B). 
Representative images from LA (Figs. 2C-E), MeA 
(Figs. 2F-H) and CoA (Figs. 2I-K) show the differ-
ences in c-fos expression in naïve, offenders and 
defenders. 

Septum. The general organization of the septal 
nuclei resembled that of the mouse brain. The me-
dial septum was characterized as displaying large 
neurons in a continuous band containing two main 
divisions, the medial septum which was continuous 
to the vertical limb of the diagonal band and the 
horizontal limb of the diagonal band. For c-fos 
quantification we took samples from the dorsal 
aspects of this division which contained some me-
dial septum and some parts of the vertical limb of 
the diagonal band. The lateral septum was com-
posed of the ventral lateral septum (LSV) over the 
ventral sulcus of the lateral ventricle, the intermedi-
ate lateral septum (LSI) over the medial ependy-
mal of the lateral ventricle and the dorsal lateral 
septum (LSD), which was ventral to the corpus 
callosum (Fig. 3A). For quantification we used 
Bregma ~ +1 to -0.5.  Conspecific confrontation 
increased c-fos expression in all septum subareas 
analyzed (Table 2). Quantification and statistical 
analysis of the density of the activated cells for 
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each nucleus was carried out (Fig. 3B). In LSD c-
fos density in offender (170.1± 28.3 n=8) and de-
fender (184.6±37.4 n=8) was increased (F3,6-

7=4.65, Newman-Keuls post-hoc p<0.05) in re-
spect to control (69.4±17.9 n=7). Similarly, c-fos 
density was higher in the LSI, offender (341.1± 
29.5 n=8) and defender (313.2 ± 54.6 n=9) (F3,6-

7=7.5, Newman Keuls post-hoc p<0.05) compared 
to controls (147 ± 36.6 n=7). Also c-fos positive 
cells density was higher in the LSV, offender 
(499.7±32.5 n=8) and defender (559.5±54.2 n=8) 

than naïve (238.7±39.1 n=7) (Newman Keuls post-
hoc p<0.05). Finally, an increase (F3,6-7=17.43, 
Newman Keuls post-hoc p<0.05) in activity was 
found in the MS in offender (272.3±22.2 n=9) and 
defender (238.3±23.11 n=9) vs. control (111.9±20 
n=7). Representative images of c-fos staining are 
shown for LSD (Figs. 3 C-E); LSI (Figs. 3F-H); 
LSV (Figs. 3I-K) and MS (Figs. 3L-N). 

Hypothalamus. Within the hypothalamus, we 
studied the suprachiasmatic nucleus (Sch), a 
round-shaped nucleus located dorsal to the optic 

Fig. 2. Activation of c-fos in the Amygdala of Lemniscomys barbarus. A) Giemsa stained section representing the 
general cytoarchitectonic structures of the amygdala. Representative photomicrographs of c-fos- immunoreactivity in 
La, MeA and CoA of control (C, F and I), offenders (D, G and J) and defenders (E, H and K). B) Graph representing 
the density of c-fos positive cells in La, MeA and CoA of control, offender and defender after intraspecific confronta-
tion. (*) symbol is used when values of offenders or defenders were significantly different comparing with controls. (#) 
symbol is used when values of offenders were significantly different when compared to defenders. (##) p < 0.01 and 
(***): p < 0.001. Calibration bar in (A) 500 µm in (K) 100 µm. 
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Fig. 3. Activation of c-fos in the Septum of Lemniscomys barbarus. A) Giemsa stained section representing the gen-
eral cytoarchitectonic structures of the Septum and related areas. B) Graph representing the density of c-fos positive 
cells in LSD, LSI, LSV and MS of control, offender and defender after confrontation. C) Representative photomicro-
graphs of c-fos- immunoreactivity LSD, LSI, LSV and MS of control (C, F, I and L), offender (D, G, J and M) and de-
fender (E, H, K and N). (*) symbol is used when values of offenders or defenders were significantly different comparing 
with controls. (*): p < 0.05; (**), p< 0.01 and (***): p < 0.001. Calibration bar in (A) 500 µm in (N) 100 µm. 
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chiasm at both sides of the rostroventral tip of the 
3rd ventricle (Fig. 4A) and the anterior hypothalam-
ic area (AHA) which extended from Bregma -0.4 to 
-1.06 (Paxinos and Franklin, 2012).  

In Sch, c-fos density was significantly higher (F3,6

-7=59.13, student test P=0.022) in offenders 
(710.5±115.7 n=8) than in defenders (498.6±32.9 
n=8). In contrast, no differences were found in 
AHA between offenders (540.1±29.3 n=8) and de-
fenders (555±23.7 n=8) (Fig. 4B). Representative 
images are shown for Sch (Figs. 4 C-F) and AHA 
(Figs. 4 G-I).  

Periaqueductal gray (PAG). The  basic struc-
ture of the Lb PAG was fairly similar to that of the 
mouse (Paxinos and Franklin, 2012) and rat (Ruiz-
Torner et al., 2001). The PAG consisted of four 

longitudinally arranged columns along the mesen-
cephalon surrounding the aqueduct (Fig. 5A). The 
inner part of the PAG was composed of a poor 
celled area. The outer ring contained the columns. 
The dorsomedial (DM) column was present all 
along the PAG and was composed of comparative-
ly large cells. The dorsolateral (DL) column was 
arranged from the lateral tip of the aqueduct and 
contained small cells. The lateral (L) extended 
from the lateral part of the aqueduct all along the 
PAG. Finally, the ventrolateral column was only 
present at caudal levels.  

Conspecific confrontation increased c-fos ex-
pression in all PAG analyzed columns (Table 2). 
Quantification and statistical analysis of the density 
of the activated cells for each column was carried 

Fig. 4. Activation of c-fos in the hypothalamus of Lemniscomys barbarus including the suprachiasmatic nucleus (Sch) 
and Anterior Hypothalamic Area (AHA). A) Giemsa stained section representing the general cytoarchitectonic struc-
tures of the anterior hypothalamus and rostral Amygdala. B) Graph representing the density of c-fos positive cells in 
Sch and AHA of control, offender and defender after confrontation.  Representative photomicrographs of c-fos- immu-
noreactivity in Sch and AHA of control (C and F) Offenders (D and G) and defenders (E and H). (*) symbol is used 
when values of offenders or defenders were significantly different comparing with controls. (#) symbol is used when 
values of offenders were significantly different comparing with defenders. (###): p < 0.001 and (***): p < 0.001. Calibra-
tion bar in (A) 500 µm in (H) 100 µm. 
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Fig. 5. Activation of c-fos in the Periaqueductal Gray (PAG) of Lemniscomys barbarus. A) Giemsa stained section rep-
resenting the general cytoarchitectonic structures of the PAG. B) Graph representing the density of c-Fos positive cells 
in the L, DM, DL and VL parts of the PAG in control, offender and defender mice after intraspecific confrontation.  Rep-
resentative photomicrographs of cFos- immunoreactivity in the L, DM, DL and VL parts of the PAG in control (C, F, I 
and L) offenders (D, G, J and M) and defenders (E, H, K and N). (*) symbol is used when values of offenders or de-
fenders were significantly different compared to controls. (*): p < 0.05 and (***): p < 0.001. Calibration bar in (A) 500 
µm in (L) 100 µm. 
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out (Fig. 5B). In DM, c-fos density in offender 
(452.6 ± 35.29 n=8) and defender (378.4 ± 21.4 
n=8) was increased (F3,6-7=4.65, Newman Keuls 
p<0.05) respect to control (187.7 ± 15.41 n=7). 
Similarly, in the DL, offender (430 ± 31.44 n=8) 
and defender (349.7 ± 16.11 n=8) c-fos density 
was higher (F3,6-7=28.51 Newman kels post-hoc 
p<0.05) compared to controls (173.2 ± 12.16 n=7). 
Also in the L offender (368.7±19.78 n=8) and de-
fender (334.3±27.78 n=8) c-fos positive cells den-
sity was higher (Newman Keuls post-hoc p<0.05) 
than naïve (177,9±11,45 n=7). Finally, an increase 
(F3,6-7=15,76 Newman Keuls post-hoc p<0.05) in 
activity was found in the VL in offender (423±41,73 
n=8) and defender (344,6±30,51 n=x) vs. control 
(175.9±16.75 n =7). Representative images of c-
fos staining are shown for PAG DM (Figs. 5C-E); 
DL (Figs. 5F-H); L (Figs. 5I-K) and VL (Figs. 5L-N). 

The nucleus incertus (NI). Located in the pon-
tine tegmentum of the brain stem caudal to the 
dorsal raphe nucleus occupying a midline dense 
area of large cells and two lateral wings of dense 
small celled area (Fig. 6A). The NI located ventro-
medial to the dorsal tegmental and laterodorsal 
tegmental nuclei and dorsal to the medial longitu-

dinal fascicle. Conspecific confrontation induced a 
significant increase (F3,6-7= 12.25 Newman Keuls 
post-hoc p<0.05) in c-fos expression in offenders 
(1433±111.3 n=8) and defenders (1053±154 n=8) 
compared to controls (496.8±37.72 n=7). The in-
crease in offenders was significantly higher (F3,6-7= 
12.25 Newman-Keuls post-hoc p<0.05) than in 
defenders. Representative images are shown 
(Figs. 6 A-C). 

 
DISCUSSION  

 
In this paper, we report a novel animal model, 

Lemniscomys barbarus, to study aggressive be-
havior. Individuals of this rodent species show nat-
urally high levels of aggressiveness to conspecifics 
of the same or different sexual category.  

In this work, we have observed that freezing is 
not a particular feature of the defensive behavior, 
as offenders also display sustained freezing from 
longer periods of times, although in a significantly 
shorter period than in defender subjects. Freezing 
has been traditionally viewed as a defensive reac-
tion (Fanselow, 1994). According to this view, 
freezing is present in both moderate and strong 

Fig. 6. Activation of cfos in the nucleus incertus of Lemniscomys barbarus. (A) Giemsa stained section representing 
the general cytoarchitectonic structures of the Nucleus Incertus. (B) Graph representing the density of c-Fos positive 
cells in the nucleus incertus of control, offender and defender after intraspecific confrontation.  Representative photomi-
crographs of c-fos- immunoreactivity in the nucleus incertus of control (C), offender (D) and defender (E). (*) symbol is 
used when values of defenders or offenders were significantly different compared to controls. (#) symbol is used when 
values of aggressors were significantly different compared to defenders (***): p < 0.001; (*) and (#): p < 0.05. Calibra-
tion bar in (A) 500 µm in (E) 200 µm. 
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levels of fear. In moderate levels of fear, freezing 
is promoted from amygdala projections to the ven-
trolateral PAG. Strong levels of fear, those result-
ing from physical contact are shifted by the superi-
or colliculus and dorsolateral PAG. It is also pro-
posed that inhibitory interactions allow for a quick 
switching between different modes of freezing. In 
our samples, different responses like freezing, pur-
suing or hitting are continuously switching during 
encounters. This general activation is being reflect-
ed by the fact that encounters evoke strong c-fos 
activation in all areas studied and the behavioral 
outcome is very similar in any case, with stereo-
typed behaviors like freezing, hitting, or running. In 
addition, freezing is also viewed not as a passive 
reaction but an active form being ready to respond 
(Misslin, 2003). The fact that during encounters, 
offenders also display freezing reinforces the idea 
that freezing is a status to keep ready for a re-
sponse that has been also observed in humans 
(Gladwin et al., 2016). 

Many rodent model of aggressiveness have been 
used to describe different brain areas involved in 
agonistic behavior; as tame and aggressive select-
ed rats (Konoshenko et al., 2013); genetically se-
lected aggressive rodents strains (Veenema and 
Neumann, 2007); or in inbred mice strain with high 
or lower aggressive phenotype (Nehrenberg et al., 
2013). 

We placed the animals to encounters and record-
ed their behavior. For each couple, a subject was 
categorized as offender or defender according to 
previous works (Adams, 2006). A first conclusion 
we can extract from our observations is that, in 
most cases (8 from 9) the role that a particular 
subject takes depend on the role taken by the op-
ponent and/or vice versa. The second conclusion 
is that, for this model, gender is one of the factors 
to take the offender or the defender role, but not 
the only one. In some cases, females attacked 
males (one up to three cases).   

Brain activity was studied by c-fos IHC. In both, 
offender and defender cases, confrontation result-
ed in strong c-fos activation of many brain areas 
such as prefrontal cortex, amygdala, septum, dif-
ferent hypothalamic regions, nucleus incertus, su-
prachiasmatic nucleus and the periaqueductal grey 
area.  

We did not find differences between offender and 
defender in the septal area, suggesting, from our 
results in Lb, that the septum is not the central 
core to shift between offensive and defensive be-
havior. The septum is considered an area involved 
in telencephalic modulation, via its projections to 
and from prefrontal cortex, hippocampus, amygda-
la and hypothalamus (Zaborszky et al., 2015).  

Activation of c-fos in the septal area is a particu-
lar feature of the agonistic behavior vs other forms 
of social behavior such as mating as it has been 
observed in the Syrian hamster for the lateral sep-
tum (Haller et al., 2006). Also, inhibition of the lat-

eral septum increases aggression in syrian ham-
ster (McDonald et al., 2012). In our samples, all 
divisions of the septum show increased c-fos activ-
ity in both offenders and defenders 

Lateral septum and the hypothalamus communi-
cate together to modulate aggression behavior. 
Wong and coworkers have shown that Lateral sep-
tum modulate aggression behavior via its projec-
tions to ventromedial hypothalamic area. They 
found that the inputs from the LS inhibited the at-
tack-excited cells but surprisingly increased the 
overall activity of attack-inhibited cells (Wong et 
al., 2016). 

Several studies have demonstrated that anterior 
hypothalamus is also implicated in aggression be-
havior in mammals (Ferris et al., 1997; Delville et 
al., 2000; Bertoglio and Zangrossi Jr, 2005; Haller 
et al., 2006; Gobrogge et al., 2009; Pan et al., 
2010). A study shows increased expression of 
pCREB in anterior hypothalamic area, central 
amygdala, medial amygdala, lateral septum and 
preoptic area in male high aggressive Golden 
hamster; this study found a positive correlation in 
labeling density between the lateral septum and 
the anterior hypothalamus (David et al., 2004). In 
this case, individuals are also characterized by a 
de-synchronization between the inhibitory output of 
the septum and the aggression areas of the hypo-
thalamus (David et al., 2004). Our results have 
shown an increase in c-fos expression in both an-
terior hypothalamic area and all septum nuclei af-
ter confrontation test, without any difference be-
tween offenders and defenders. However, in the 
long-tailed hamster, it was found an increase in c-
fos expression in the anterior hypothalamus of the 
defender subjects in respect to the offender ones 
(Pan et al., 2010).  

On the other hand, we found significant differ-
ences in c-fos expression between attacker and 
defensive subjects in distinct subnuclei within the 
amygdala; lateral (LA), medial (MeA), and cortical 
(CoA). No differences were found between offend-
er and defender in the c-fos expression in the CoA 
and MeA of the long tailed hamster (Pan et al., 
2010)  By contrast, no distinction was found in Ba-
solateral (BLA), Basomedial (BMA) and central 
(CeA) amygdala c-fos expression. Interspecific 
differences in the anatomical structures that man-
age co-specific encounters could explain differ-
ences between hamsters and the Lb stripped 
mice. Again, the amygdala may play a role in shift-
ing from different fear and agonistic responses 
(Fanselow, 1994) 

The amygdala plays a central role in processing 
adaptive social and emotional behaviour 
(Aggleton, 1993; Phelps, 2006; Adolphs, 2008). 
Typically amygdala can mediate Pavlovian-like 
fear conditioning (LeDoux, 2000), decision-making 
(Bechara et al., 2003) and recognition of emotional 
facial expressions in humans (Benarroch, 2015).  

From the different amygdala divisions, the medial 
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amygdala (MeA) is active during social behaviors 
such as fighting and mating (Hong et al., 2014) 
and it is anatomically distinct from lateral, basal 
and central amygdala nuclei involved in condi-
tioned fear (Nader et al., 2001; Amano et al., 
2011). Although the role of the MeA is clear in 
male mating (Kondo, 1992), in the case of aggres-
sion, the MeA effect is not clear: in some studies 
MeA lesions decreased aggression (Kemble et al., 
1984; Takahashi and Gladstone, 1988), or direct 
electrical stimulation would increase aggressive-
ness (Potegal et al., 1996) while in others they 
increased it, or had no effect (Vochteloo and Kool-
haas, 1987; Hong et al., 2014).  

Our results showed higher c-fos activity in the 
MeA from subjects that showed defensive behav-
ioral pattern (escape and defensive attacks to the 
opponent face) compared to offenders, so they 
would be in accordance with a role of MeA in de-
creasing aggressiveness in Lb. Recent studies 
have demonstrated that different neuron popula-
tions within the MeA may have opposite function 
i.e. GABAergic neurons promote aggressiveness 
and social behavior whereas excitatory neurons 
promote repetitive and asocial behavior (Hong et 
al., 2014). It has been also found that defeat in-
duces a up to ten fold c-fos expression in the me-
dial amygdala and most of these neurons express-
ing c-fos also express the receptor 2 of corticotro-
pin releasing hormone (Fekete et al., 2009).  It has 
been found that lesions in the medial amygdala 
prevented c-fos activation in oxytocin and vaso-
pressin neurons of the hypothalamus during a resi-
dent intruder paradigm (Wang et al., 2013). In our 
model we do not know the phenotype of the c-fos 
positive neurons, but according to the results by 
Hong and co-workers, it is plausible that the excit-
atory neurons are active in defenders, thus inhibit-
ing aggressive attacks. 

The ability of CeA and extended amygdala to 
quickly integrate and respond to intimidation and/
or threats from conspecific or allospecfics is sug-
gested to improve survival (Fox et al., 2015). Our 
results show that c-fos CoA activity, similar to 
MeA, is higher in defenders. This suggests that 
together with MeA, CoA may antagonize aggres-
siveness, or promotes escape and defensive be-
havior.  

The medial prefrontal cortex (mPFC) and orbito-
frontal cortex (OFC) have been reported to be 
highly activated during agonistic behavior (Halász 
et al., 2006; Wang et al., 2011). In agreement with 
those studies, we have observed a strong activa-
tion of the mPFC after conspecific encounters, but 
no differences were observed between offensive 
and defensive behaving individuals, suggesting 
that mPFC may not be involved in the distinction 
between the two behavioral patterns. In a recent 
work, it has been proposed an inhibitory role of the 
mPFC in reducing aggressive bursts and the inten-
sity of aggressive behavior (Takahashi et al., 

2014).  
It is necessary to consider the fact of a differen-

tial effect of aggression defensive display in the 
SCh nucleus. However, it is need to point out that 
the retino-hypothalamic tract that targets mainly 
the SCh is composed of other tracts and one of 
them targets the anterior hypothalamic nucleus 
responsible for defensive mechanisms (Canteras 
et al., 2011). 

Most of research in agonistic behavior has been 
centered in telencephalic and diencephalic circuits, 
however, brainstem projections may also be in-
volved in agonistic behavior (Walletschek and 
Raab, 1982). We have also observed that the me-
dial amygdala receives a strong projection from 
the nucleus incertus mediated by the peptide re-
laxin 3 (Santos et al., 2016). The nucleus incertus 
projects to, among others, septum, PAG, hypothal-
amus, suprachiasmatic nucleus, hippocampus, 
amygdala and prefrontal cortex (Goto et al., 2001; 
Olucha-Bordonau et al., 2003). Our results show 
that offenders present higher neuronal activation of 
NI in respect to defenders during confrontation 
test. Moreover, we observed that neuronal activa-
tion in this area correlates negatively with fear be-
havior measured by freezing time. The fact that the 
activation in the nucleus incertus is higher in the 
offenders than defenders while in the medial and 
cortical amygdala the effect is just the opposite 
lead us to postulate that an inhibitory effect of the 
nucleus incertus over the amygdala. In this sense, 
the G protein coupled receptor RXFP3 is the cog-
nate receptor of the peptide relaxin3 and is cou-
pled with the inhibitory subunit Gi/o (Bathgate et al., 
2002; Van der Westhuizen et al., 2005). Support-
ing that view, we have observed that relaxin3 pro-
jections arising from the NI and targeting the 
amygdala, specifically concentrate in the medial 
amygdala (Santos et al., 2016). Considering an-
other system, relaxin3 infusion disrupts the natural 
spontaneous alternation indicating a potential in-
hibitory role over the septal area (Albert-Gascó et 
al., 2016). 

As a general conclusion of this paper, we intro-
duce a new model for studying agonistic behavior 
in the stripped mouse. This model is characterized 
by displaying strong aggressiveness independently 
of the gender. When confronted, subjects assume 
a role of offender or defender and the main feature 
to differentiate them is by studying approaching 
and attack or flying. Episodes of attacks are sepa-
rated by freezing episodes that appear in both of-
fenders and defenders, although in defenders they 
appear in significantly higher levels. Freezing is 
also a good measure of the role that each subject 
is taking. In this model, confrontation produces a 
general increase of c-fos expression. In addition, in 
several anatomical structures, namely the lateral, 
medial, and cortical amygdala on one site and the 
nucleus incertus on the other side, there was sig-
nificant differences between offenders and defend-
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ers. While offenders displayed more c-fos activa-
tion in the nucleus incertus, the defenders dis-
played more c-fos activation in the medial and cor-
tical amygdala.  

ACKNOWLEDGEMENTS 

This research was supported by the following 
grants: 51 0935-Tempus-1-2010, TEMPUS IV EU 
(RB), Generalitat Valenciana AICO/2015/042; Uni-
versitat Jaume I P1·1A2014-06 (AMS). 

 
REFERENCES 

 
ADAMS DB (1980) Motivational systems of agonistic 

behavior in muroid rodents: A comparative review and 
neural model. Aggress Behav, 6: 295-346.  

ADAMS DB (2006) Brain mechanisms of aggressive 
behavior: an updated review. Neurosci Biobehav Rev, 
30: 304-318.  

ADOLPHS R (2008) Fear, faces, and the human amyg-
dala. Curr Opin Neurobiol, 18: 166-172. 

AGGLETON JP (1993) The contribution of the amygdala 
to normal and abnormal emotional states. Trends Neu-
rosci, 16: 328-333. 

ALBERT-GASCÓ HH, GARCÍA-AVILÉS Á, MOUSTAFA 
S, SÁNCHEZ-SARASUA S, GUNDLACH AL, OLU-
CHA-BORDONAU FEFE, SÁNCHEZ-PÉREZ AMAM 
(2016) Central relaxin-3 receptor (RXFP3) activation 
increases ERK phosphorylation in septal cholinergic 
neurons and impairs spatial working memory. Brain 
Struct Funct, 15: 1-36. 

AMANO T, DUVARCI S, POPA D, PARÉ D (2011) The 
fear circuit revisited: contributions of the basal amyg-
dala nuclei to conditioned fear. J Neurosci, 31: 15481-
15489.  

BATHGATE RA, SAMUEL CS, BURAZIN TC, LAY-
FIELD S, CLAASZ AA, REYTOMAS IG, DAWSON NF, 
ZHAO C, BOND C, SUMMERS RJ, PARRY LJ, WADE 
JD, TREGEAR GW (2002) Human relaxin gene 3 (H3) 
and the equivalent mouse relaxin (M3) gene. Novel 
members of the relaxin peptide family. J Biol Chem, 
277: 1148-1157. 

BECHARA A, DAMASIO H, DAMASIO AR (2003) Role 
of the amygdala in decision-making. Ann N Y Acad 
Sci, 985: 356-369.  

BENARROCH EE (2015) The amygdala: functional or-
ganization and involvement in neurologic disorders. 
Neurology, 84: 313-324.  

BERTOGLIO LJ, ZANGROSSI Jr H (2005) Involvement 
of dorsolateral periaqueductal gray cholecystokinin-2 
receptors in the regulation of a panic-related behavior 
in rats. Brain Res, 1059: 46-51. 

BLANCHARD DC, SAKAI RR, MCEWEN B, WEISS SM, 
BLANCHARD RJ (1993) Subordination stress: Behav-
ioral, brain, and neuroendocrine correlates. Behav 
Brain Res, 58: 113-121. 

BLANCHARD RJ, BLANCHARD DC (1977) Aggressive 
behavior in the rat. Behav Biol, 21: 197-224. 

BOLLES RC (1970) Species-specific defense reactions 

and avoidance learning. Psychol Rev, 77: 32-48. 

CANASTAR A, MAXSON SC (2003) Sexual aggression 
in mice: effects of male strain and of female estrous 
state. Behav Genet, 33: 521-528.  

CANTERAS NS, RIBEIRO-BARBOSA ÉR, GOTO M, 
CIPOLLA-NETO J, SWANSON LW (2011) The Retino-
hypothalamic tract: Comparison of axonal projection 
patterns from four major targets. Brain Res Rev, 65: 
150-183. 

CARVALHO S, PINTO-GOUVEIA J, PIMENTEL P, MA-
IA D, GILBERT P, MOTA-PEREIRA J (2013) Entrap-
ment and defeat perceptions in depressive sympto-
matology: through an evolutionary approach. Psychia-
try, 76: 53-67.  

CHAKIR I, DUMONT S, PÉVET P, OUAROUR A, 
CHALLET E, VUILLEZ P (2015) The circadian gene 
Clock oscillates in the suprachiasmatic nuclei of the 
diurnal rodent Barbary striped grass mouse, Lemnis-
comys barbarus: a general feature of diurnality? Brain 
Res, 1594: 165-172.  

DAVID JT, CERVANTES MC, TROSKY KA, SALINAS 
JA, DELVILLE Y (2004) A neural network underlying 
individual differences in emotion and aggression in 
male golden hamsters. Neuroscience, 126: 567-578.  

DELVILLE Y, DE VRIES GJ, FERRIS CF (2000) Neural 
connections of the anterior hypothalamus and agonis-
tic behavior in golden hamsters. Brain Behav Evol, 55: 
53-76. 

DREWS C (1993) The Concept and definition of domi-
nance in animal behaviour. Behaviour, 125: 283-313. 

DSM 5. AMERICAN PSYCHIATRIC ASSOCIATION 
(2013) Diagnostic and statistical manual of mental 
disorders, 5th ed. Washington, DC. 

FANSELOW MS (1994) Neural organization of the de-
fensive behavior system responsible for fear. Psychon 
Bull Rev, 1: 429-438.  

FEKETE EM, ZHAO Y, LI C, SABINO V, VALE WW, 
ZORRILLA EP (2009) Social defeat stress activates 
medial amygdala cells that express type 2 corticotropin
-releasing factor receptor mRNA. Neuroscience, 162: 
5-13.  

FERRIS CF, MELLONI RH, KOPPEL G, PERRY KW, 
FULLER RW, DELVILLE Y (1997) Vasopressin/
serotonin interactions in the anterior hypothalamus 
control aggressive behavior in golden hamsters. J 
Neurosci, 17: 4331-4340.  

FOX AS, OLER JA, TROMP DPM, FUDGE JL, KALIN 
NH (2015) Extending the amygdala in theories of 
threat processing. Trends Neurosci, 38: 319-329.  

GLADWIN TE, HASHEMI MM, VAN AST V, ROELOFS 
K (2016) Ready and waiting: Freezing as active action 
preparation under threat. Neurosci Lett, 619: 182-188.  

GOBROGGE KL, LIU Y, YOUNG LJ, WANG Z (2009) 
Anterior hypothalamic vasopressin regulates pair-
bonding and drug-induced aggression in a monoga-
mous rodent. Proc Natl Acad Sci USA, 106: 19144-
19149.  

GOTO M, SWANSON LW, CANTERAS NS (2001) Con-
nections of the nucleus incertus. J Comp Neurol, 438: 
86-122.  



N. El Mlili et al.  

63 

HALÁSZ J, TÓTH M, KALLÓ I, LIPOSITS Z, HALLER J 
(2006) The activation of prefrontal cortical neurons in 
aggression-A double labeling study. Behav Brain Res, 
175: 166-175. 

HALLER J, TÓTH M, HALASZ J, DE BOER SF (2006) 
Patterns of violent aggression-induced brain c-fos ex-
pression in male mice selected for aggressiveness. 
Physiol Behav, 88: 173-182.  

HONG W, KIM D-W, ANDERSON DJ (2014) Antagonis-
tic control of social versus repetitive self-grooming 
behaviors by separable amygdala neuronal subsets. 
Cell, 158: 1348-1361. 

IÑIGUEZ C, GAYOSO MJ, CARRERES J (1985) A ver-
satile and simple method for staining nervous tissue 
using Giemsa dye. J Neurosci Methods, 13: 77-86.  

KAUFMANN JH (1983) On the definitions and functions 
of dominance and territoriality. Biol Rev, 58: 1-20. 

KEMBLE ED, BLANCHARD DC, BLANCHARD RJ, TA-
KUSHI R (1984) Taming in wild rats following medial 
amygdaloid lesions. Physiol Behav, 32: 131-134.  

KOLLACK-WALKER S, WATSON SJ, AKIL H (1997) 
Social stress in hamsters: defeat activates specific 
neurocircuits within the brain. J Neurosci, 17: 8842-
8855. 

KONDO Y (1992) Lesions of the medial amygdala pro-
duce severe impairment of copulatory behavior in sex-
ually inexperienced male rats. Physiol Behav, 51: 939-
943.  

KONOSHENKO MY, TIMOSHENKO TV, PLYUSNINA 
IZ (2013) c-Fos activation and intermale aggression in 
rats selected for behavior toward humans. Behav 
Brain Res, 237: 103-106.  

LAHMAM M, EL M’RABET A, OUAROUR A, PEVET P, 
CHALLET E, VUILLEZ P, PÉVET P (2008) Daily be-
havioral rhythmicity and organization of the suprachi-
asmatic nuclei in the diurnal rodent, Lemniscomys 
barbarus. Chronobiol Int, 25: 882-904.  

LEDOUX JE (2000) Emotion circuits in the brain. Annu 
Rev Neurosci, 23: 155-184.  

MCDONALD MM, MARKHAM CM, NORVELLE A, AL-
BERS HE, HUHMAN KL (2012) GABA A receptor acti-
vation in the lateral septum reduces the expression of 
conditioned defeat and increases aggression in Syrian 
hamsters. Brain Res, 1439: 27-33. 

MEDURI JD, FARNBAUCH LA, JASNOW AM (2013) 
Paradoxical enhancement of fear expression and ex-
tinction deficits in mice resilient to social defeat. Behav 
Brain Res, 256: 580-590. 

MICZEK KA, MAXSON SC, FISH EW, FACCIDOMO S 
(2001) Aggressive behavioral phenotypes in mice. 
Behav Brain Res, 125: 167-181.  

MISSLIN R (2003) The defense system of fear: behavior 
and neurocircuitry. Neurophysiol Clin, 33: 55-66.  

MOTTA SC, GOTO M, GOUVEIA FV, BALDO MVC, 
CANTERAS NS, SWANSON LW (2009) Dissecting 
the brain’s fear system reveals the hypothalamus is 
critical for responding in subordinate conspecific in-
truders. Proc Natl Acad Sci USA, 106: 4870-4875.  

NADER K, MAJIDISHAD P, AMORAPANTH P, LE-
DOUX JE (2001) Damage to the lateral and central, 

but not other, amygdaloid nuclei prevents the acquisi-
tion of auditory fear conditioning. Learn Mem, 8: 156-
163. 

NEHRENBERG DL, SHEIKH A, GHASHGHAEI HT 
(2013) Identification of neuronal loci involved with dis-
plays of affective aggression in NC900 mice. Brain 
Struct Funct, 218: 1033-1049.  

OLUCHA-BORDONAU FE, TERUEL V, BARCIA-
GONZÁLEZ J, RUIZ-TORNER A, VALVERDE-
NAVARRO AA, MARTÍNEZ-SORIANO F (2003) Cyto-
architecture and efferent projections of the nucleus 
incertus of the rat. J Comp Neurol, 464: 62-97.  

PAN Y, XU L, YOUNG KA, WANG Z, ZHANG Z (2010) 
Agonistic encounters and brain activation in dominant 
and subordinate male greater long-tailed hamsters. 
Horm Behav, 58: 478-484.  

PAXINOS G, FRANKLIN KBJ (2012) The Mouse Brain 
in Stereotaxic Coordinates. Academic Press, San Die-
go. 

PHELPS EA (2006) Emotion and cognition: insights 
from studies of the human amygdala. Annu Rev Psy-
chol, 57: 27-53.  

POTEGAL M, HEBERT M, DECOSTER M, MEYER-
HOFF JL (1996) Brief, high-frequency stimulation of 
the corticomedial amygdala induces a delayed and 
prolonged increase of aggressiveness in male Syrian 
golden hamsters. Behav Neurosci, 110: 401-412.  

RAMIREZ JM (2006) Relationship between the brain 
and aggression. Neurosci Biobehav Rev, 30: 273-275.  

ROUBERTOUX PL, GUILLOT P-V, MORTAUD S, 
PRATTE M, JAMON M, COHEN-SALMON C, TOR-
DJMAN S (2005) Attack behaviors in mice: from facto-
rial structure to quantitative trait loci mapping. Eur J 
Pharmacol, 526: 172-185.  

RUIZ-TORNER A, OLUCHA-BORDONAU F, 
VALVERDE-NAVARRO AA, MARTÍNEZ-SORIANO F 
(2001) The chemical architecture of the rat’s periaque-
ductal gray based on acetylcholinesterase histochem-
istry: a quantitative and qualitative study. J Chem Neu-
roanat, 21: 295-312. 

SANDNABBA NK (1996) Selective breeding for isolation
-induced intermale aggression in mice: associated 
responses and environmental influences. Behav 
Genet, 26: 477-488.  

SANTOS FN, PEREIRA CW, SÁNCHEZ-PÉREZ AM, 
OTERO-GARCÍA M, MA SK, GUNDLACH AL, OLU-
CHA-BORDONAU FE (2016) Comparative distribution 
of relaxin-3 inputs and calcium-binding protein-positive 
neurons in rat amygdala. Front Neuroanat, 10.  

SCHNEIDER R, HOFFMANN HJ, SCHICKNICK H, 
MOUTIER R (1992) Genetic analysis of isolation-
induced aggression. I. Comparison between closely 
related inbred mouse strains. Behav Neural Biol, 57: 
198-204.  

SCHOEPF I, SCHRADIN C (2013) Endocrinology of 
sociality: comparisons between sociable and solitary 
individuals within the same population of African 
striped mice. Horm Behav, 64: 89-94.  

SCOTT JP (1966) Agonistic behavior of mice and rats: a 
review. Am Zool, 6: 683-701.  



Brain areas activated by aggression in African stripped mouse  

 64 

SIEVER LJ (2008) Neurobiology of aggression and vio-
lence. Am J Psychiatry, 165: 429-442.  

TAKAHASHI A, MICZEK KA (2014) Neurogenetics of 
aggressive behavior: studies in rodents. Curr Top Be-
hav Neurosci, 17: 3-44.  

TAKAHASHI A, NAGAYASU K, NISHITANI N, KANEKO 
S, KOIDE T (2014) Control of intermale aggression by 
medial prefrontal cortex activation in the mouse. PLoS 
One, 9: e94657.  

TAKAHASHI LK, GLADSTONE CD (1988) Medial amyg-
daloid lesions and the regulation of sociosexual behav-
ioral patterns across the estrous cycle in female gold-
en hamsters. Behav Neurosci, 102: 268-275.  

TOTH M, FUZESI T, HALASZ J, TULOGDI A, HALLER 
J (2010) Neural inputs of the hypothalamic “aggression 
area” in the rat. Behav Brain Res, 215: 7-20.  

VAN DER WESTHUIZEN ET, SEXTON PM, 
BATHGATE RA, SUMMERS RJ (2005) Responses of 
GPCR135 to human gene 3 (H3) relaxin in CHO-K1 
cells determined by microphysiometry. Ann N Y Acad 
Sci, 1041: 332-337. 

VAN OORTMERSSEN GA, BAKKER TC (1981) Artificial 
selection for short and long attack latencies in wild 
Mus musculus domesticus. Behav Genet, 11: 115-126.  

VEENEMA AH, NEUMANN ID (2007) Neurobiological 
mechanisms of aggression and stress coping: a com-
parative study in mouse and rat selection lines. Brain 
Behav Evol, 70: 274-285.  

VOCHTELOO JD, KOOLHAAS JM (1987) Medial amyg-
dala lesions in male rats reduce aggressive behavior: 
interference with experience. Physiol Behav, 41: 99-
102.  

WALLETSCHEK H, RAAB A (1982) Spontaneous activi-
ty of dorsal raphe neurons during defensive and offen-
sive encounters in the tree-shrew. Physiol Behav, 28: 
697-705.  

WANG F, ZHU J, ZHU H, ZHANG Q, LIN Z, HU H 
(2011) Bidirectional control of social hierarchy by syn-
aptic efficacy in medial prefrontal cortex. Science, 334: 
693-697.  

WANG Y, HE Z, ZHAO C, LI L (2013) Medial amygdala 
lesions modify aggressive behavior and immediate 
early gene expression in oxytocin and vasopressin 
neurons during intermale exposure. Behav Brain Res, 
245: 42-49.  

WONG LC, WANG L, D’AMOUR JA, YUMITA T, CHEN 
G, YAMAGUCHI T, CHANG BC, BERNSTEIN H, YOU 
X, FENG JE, FROEMKE RC, LIN D (2016) Effective 
modulation of male aggression through lateral septum 
to medial hypothalamus projection. Curr Biol, 26: 593-
604.  

ZABORSZKY L, DUQUE A, GIELOW M, GOMBKOTO 
P, NADASDY Z, SOMOGYI J (2015) The Rat Nervous 
System. Elsevier.  

 

 

 

 

 

 


