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Abstract: The rat posterodorsal medial amygdala (MePD) expresses receptors for gonadal hormones and integrates sex 
steroid-sensitive subcortical networks. Male-female differences are found in the morphology, connectivity, and local 
neuropil structure of MePD. For example, dendritic spine density is sexually-dimorphic and changes with the estrous 
cycle and following gonadal hormones manipulations. Due to its connectivity, the MePD may affect emotionally-loaded 
social behaviors, according to a former Newman’s seminal proposition. Unilateral fiber-sparing ibotenic acid damage of 
the MePD does not impair male sexual behavior. However, microinjecting glutamate and histamine into the right MePD 
facilitates ejaculation. Further, MePD-lesioned rats are not different from normal rats in anxiety-like behavior as evaluated 
by the elevated plus maze test or innate fear test induced by a live cat. In another study, an adapted model for inducing 
aggressive behavior in rats by a brief period of restraint prior to the resident-intruder paradigm was used to study Fos-
immunoreactivity in the MePD. Following stressful stimulation (restraint) or the restraint and fight condition, but not after 
aggression alone, Fos-immunoreactivity was detected in the MePD. Microinjecting the inhibitory neuropeptide 
somatostatin into the right MePD notably reduces fighting behavior without affecting locomotion. Overall, these data 
indicate that sex steroids and local neurochemical stimulatory/inhibitory transmitters modulate the MePD and reinforce 
the idea that this area is a node for modulating social behavior neural networks.  

Keywords: Anxiety, extended amygdala, Fos immunoreacitivity, ibotenic acid, innate fear, neuronal morphology, sexual 
dimorphism, sexual behavior. 

INTRODUCTION 

 Gonadal hormones affect early sexual development, 
puberty, and various aspects of reproduction in many species 
[1]. Efforts have been devoted to finding neural areas that are 
sensitive to circulating levels of sex steroids, modulate 
gonadotrophic hormones synthesis and release or induce 
sexual and parental behaviors. The hypothalamic nuclei have 
been the primary candidates to date due to evidence of their 
ability to control hypophysial secretions in rodents and 
humans. Other mammalian brain areas that alter local 
neuronal or glial morphology and cause changes in 
physiological activities associated with reproduction in 
response to gonadal steroid have also been of interest. To 
this end, the rat amygdaloid nuclei have been investigated 
considerably in the last decades. Some of these studies will 
be mentioned here. First, the morphological features of the 
medial amygdaloid nucleus (MeA) and various differences 
between adult male and female rats will be reviewed. Then, 
hodology-based efforts directed at studying social behaviors 
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modulated by the MeA subnuclei will be discussed. Finally, 
studies of sexual behavior, anxiety-like behavior, innate fear 
and aggression are reviewed and augmented by the present 
study in adult male rats. Here it is provided additional 
behavioral data to previous reports [2, and references 
therein].  

 The present work expands upon and confirms the 
proposition that the MeA subnuclei participate in a 
subcortical neural network that modulates social behavior. 

MORPHOLOGICAL FEATURES OF THE MEDIAL 
AMYGDALA 

 Several lines of evidence indicate that the amygdaloid 
complex in the rat basal forebrain is neither a morphological 
nor a functional unit [3], based on a previous Brodal’s 
proposition. Rather, it is composed of different nuclei and 
subnuclei that have distinct intra- and extra-amygdaloid 
connections [4-8]. The MeA is a complex area that is 
considered to be a component of the “extended amygdala” 
[see details in 8-10] as opposed to being a ventral 
continuation of the striatum in rats [11]. In mice, the 
morphological, electrophysiological, and neurotransmitter 
properties of neurons in the posterior MeA resemble those of 
a subset of pyramidal neurons in the piriform cortex [12]. 
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Embryological development and molecular properties of the 
mouse MeA indicate that its cells have multiple origins [13, 
14]. As in other components of the extended amygdala, the 
MeA subnuclei are composed of cell clusters that migrate 
from a caudoventral pallidal subdivision, the ventral pallium, 
the commissural peptic area, and the supraoptopara-
ventricular domain of the hypothalamus [14]. These data do 
not support a striatal origin of the mice MeA [13]. 

 Histological, connectivity, neurochemical, and functional 
studies have divided the rat MeA into the anterodorsal 
(MeAD), anteroventral, posterodorsal (MePD), and 
posteroventral (MePV) subnuclei [8, 9, 15-18]; Fig.(1). 
These subnuclei are reciprocally interconnected in the same 
hemisphere [15]. Using Nissl staining, the MePD can be 
further divided in three parallel columns of aggregated cells 
that extend from the medial to the lateral border of this 
subnucleus. They are adjacent to the optic tract (OT) and 
ventral to the stria terminalis (ST) [8]. Moreover, efferent 
fibers from the accessory olfactory bulb form a cell-sparse 
rim that surrounds the medial part of the MePD close to the 
OT [8, 19]. This rim was formerly called the ventromedial 
“molecular” layer [20]. Among other functions, the MeA 
subnuclei are important for the interpretation of the social 
relevance of both olfactory and vomeronasal stimuli [21-25]; 
the response to genitosensorial stimulation, modulation of 
sexual behavior in males and females, and sexual satiety [9, 
26-31]; maternal behavior or avoidance of the offspring [32, 
33]; anxiety and conditioned or innate fear [34, 35]; and, 
emotional processing or neuroendocrine responses to 
stressful stimuli [36-39]. The finding that various social 
behaviors can be modulated by the same MeA subnuclei 
suggests that local cells integrate different demands from 
specific pathways. Each pathway provides inputs that are 
then temporally and spatially integrated within neural 
networks to trigger the most appropriate action according to 
the animal’s context [2, 9, 40-42].  

 Notably, the MePD neurons and glial cells are affected 
by normal levels of gonadal steroids in males and in females 
(e.g., along the estrous cycle) and experimental 
manipulations such as castration and hormone replacement 
therapies [40, 43-47]. ]. It is not clear whether hormonal 
effects act directly through locally mediated actions or are 
caused indirectly by synaptic changes. Indeed, these two 
possibilities are not mutually exclusive. In support of the 
local-mediation hypothesis, MePD neurons have a high 
concentration of gonadal hormone receptors, resembling the 
levels found in the hypothalamic nuclei involved in 
reproduction [48]. Most neurons expressing androgen 
receptors in the MeA are found within 500 m of the rostral-
caudal plane [49, 50]. The MePD is located within this area. 
In male hamsters, the number of androgen receptor-
immunoreactive cells increases in the MePD after exposure 
to chemosensory stimuli [51]. Fos-immuno reactivity (Fos-
ir), suggestive of neuronal activation, completely overlaps 
androgen receptor-immunoreactivity in MePD neurons of 
male rats that mated to ejaculation [52]. Otherwise, only 
18% of androgen receptor immunofluorescent neurons in the 
MePD coexpress Fos after mating [52]. Aromatase, the 
enzyme that converts testosterone into estradiol, is found in 
the anterior and posterior areas of the MeA [53, 54]. Its 

activity in the MePD was higher in males than in females 
[53, 54]. The MePD also has high concentrations of both 
estrogen receptors  and  (ER- , ER- ) [48, 50, 55-57] and 
progesterone receptors [58]. These receptors show a complex 
local organization and dynamics during the estrous cycle and 
after ovarian steroids withdrawal [56, 59, 60]. For example, 
some MePD cells have both progesterone receptors and ER-

 [56]. Additionally, replacement treatment with estradiol 
decreases the number of cells expressing ER-  and those co 
expressing ER- /ER-  in the MePD of adult ovariectomized 
females [56]. The distributions of ER-  and ER-  are also 
different in the dorsal and ventral MePD of female rats, 
though some co-localization is observed [56, 57]. In 
castrated and hormone-primed female rats, cells expressing 
ER-  or both ER- /ER-  in the dorsal MePD and cells 
expressing ER-  in the ventral MePD show positive Fos-ir 
following mating [57]. Male rats also express ER-  in the 
MePD, and increased receptor density is associated with a 
single ejaculation or sexual satiety [61]. 

 Therefore, it is not surprising that plasma gonadal 
steroids can affect MePD cells in both sexes. As reviewed 
recently [2], male-female differences in the rat posterior 
MeA and the MePD specifically include the following: 
MePD volume [62], neuron and glial cells number [44, 46], 
neuronal somatic volumes [63], spatial orientation of the 
dendritic branches and dendritic length [17, 64], dendritic 
spine density [40, 65], synaptic connectivity and frequency 
of excitatory post-synaptic currents [20, 66, 67], and the 
concentration of neuropeptides and neurotransmitter binding 
sites [58, 68-76]. Investigations of astrocyte density and glial 
fibrillary acidic protein immunoreactivity have suggested 
comparable interpretations [44, 45, 77]. These findings 
further confirm the idea that interactions between neurons 
and glia in the MePD can be dynamically controlled by sex 
steroids and can affect local physiology [44, 45, 77]. 

 Golgi studies of male and female adult rats show that the 
MePD is composed of bitufted (not “bipolar”, as classically 
referred to by Ramón y Cajal) [commented in 77], and 
stellate multipolar neurons. Representative images of these 
neurons can be found elsewhere [17, 18, 37, 78, 79]. There is 
no clear evidence for the presence of MePD medium spiny 
stellate neurons, similar to those found in the striatum, in 
adult Wistar rats [37]. Bitufted neurons are characterized by 
two dendritic shafts that arise from a fusiform or round 
soma. Stellate neurons have three or more primary dendrites, 
and the shape of the cell body is determined by the number 
and initial width of the dendrites [78]. The dendritic trees are 
rectilinear or sinuous, have few branch points, radiate in all 
directions, show preferred spatial localizations within the 
MePD, and extend over a wide range of path lengths [4, 17, 
78, and 79]. 

 The rat MePD assembles coexisting subpopulations of 
neurons [14, 28]. No single morphological characteristic is 
used to reliably identify these neurons [17, 18, 37, 78-85 
Though gonadal hormone receptors are not present in all 
cells in the neural regions, the classic Golgi method cannot 
distinguish neurons that concentrate sex steroids from those 
that do not [78, 81]. However, confocal immunofluorescent 
microscopy has revealed that transcription factor Lhx6-
immunoreactive cells constitute approximately 80% of all 
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neurons in the MePD [82]. These neurons are connected to 
specific hypothalamic nuclei and appear to modulate 
reproduction [82]. This homogeneity among MePD neurons 
might explain the low variability in soma size, soma volume, 
and dendritic spine density density described previously [30, 
37, 65, 78, 83, 84].  

 Recently, Carney et al. [85] classified 3 MePD neurons 
subtypes based on developmental histogenetic and whole- 
cell patch clamp recording characteristics in mice. 
Specifically, MePD neurons could be classified according to 

the spatial and temporal expression patterns of morphogenic 
Sonic hedgehog-responsive genes (Nkx2-1, which is linked 
to Lhx6, and Gli1) coming from the embryonic medial 
ganglionic eminence and preoptic area progenitor domains. 
These expression patterns generate diversity among 
inhibitory neurons in the MePD, and these genes co-express 
with the inhibitory markers calbindin, neuronal nitric oxide 
synthase (nNOS, a marker of MeA projection neurons), 
Forkhead box transcription factor (FoxP2), and somatostatin 
(found in interneurons). Accordingly, the absence of Nkx2-1 
caused a marked reduction in MePD GAD67 (a GABA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Schematic drawings of coronal sections of the adult rat brain showing the four medial amygdala subnuclei: anterodorsal (boundaries 
in yellow), anteroventral (green), posterodorsal (blue), and posteroventral (red). References are in mm posterior to the bregma. Spatial 
coordinates: D, dorsal; L, lateral; M, medial; V, ventral. Adapted from the atlas of Paxinos and Watson [200]. Courtesy: A. Dall’Oglio and E. 
Quagliotto [201]. 

�������	�
��
���

�������	�
�����

�������	�
������

�������	�
������

�������	�������

�������	������

�

�

��



Morphology and Function of the Rat Medial Amygdala Mini-Reviews in Medicinal Chemistry, 2012, Vol. 12, No. 11    1093 

synthesizing enzyme) mRNA expression. However, mutant 
mice retained cells in the MePD expressing Lhx6 and 
somatostatin mRNAs in contrast to other telencephalic areas. 
The 3 subpopulations of mouse MePD neurons, sampled at 
approximately the same rate, were then sorted by their 
electrophysiological and immunohistochemical profiles. 
Type I and II, but not type III, neurons were immunoreactive 
for nNOS and FoxP2. These data and our own studies 
suggest that type I and III cells are similar to bitufted 
neurons, whereas type II cells resemble stellate neurons [see 
Figure 8 in 85 and compare to those in 17 and 83]. 
Altogether these morphological and physiological features 
may underlie the differences in the connectivity and 
functions of MePD local and output neurons [85].  

 Gonadal hormone influences on dendritic spines of 
MePD neurons have also been of experimental interest. The 
study of spines has provided new insights on the modulation 
of synaptic organization in the adult rat MePD. Neuronal 
changes can reflect functional adaptations to an animal’s 
external and internal environment and the dendritic spines 
can be a cellular substrate for this plasticity [2, 37]. Proximal 
spines of Golgi- impregnated neurons are strategically 
located to affect cell body voltage, neuronal function and 
outputs in a network [30, 37, 40, 65] and are thus excellent 
candidates for study. Nevertheless, spines in other locations 
along the dendrites have shown significant modifications as 
well [67, 81, 86]. Descriptive studies of this highly 
specialized cellular structure have shown connectional and 
possible functional correlations that are needed to co-
ordinate the expression of complex behaviors and and timing 
of physiological events [40, 58, 87]. In fact, dendritic spines 
spacing and shape can amplify membrane potentials, 
associate postsynaptic potentials with other spines and 
adjacent dendritic shafts, activate intracellular biochemical 
cascades, and induce and prolong long-term changes in 
neuronal excitability [88-92]. Increase in spine number 
enhances the membrane surface area on dendrites that is 
available to establish new contacts [92, 93; see relevant 
comments in 94 and 95]. Moreover, the selectivity and 
functional properties of local receptors and ionic channels 
modulate electric potential generation [92, 96] and 
connection formations [97].  

 Pleomorphic spines of a continuum of different shapes 
and sizes are found in the MePD in isolation or in small 
clusters [2, 84]. Spines are classified morphologically as 
being thin, mushroom-like, stubby/wide, ramified, and other 
transitional aspects [84, 93, 99, see further detals in 94]. In 
the MePD of adult Wistar males, thin spines are the most 
abundant (approximately 53%), followed by mushroom-like 
(22%) and stubby/wide ones (21%) [84]. There is no 
difference in the density of proximal spines between bitufted 
and stellate neurons [30], percentage of the different 
dendritic spines in these cells [84] or spine density of the 
medial and lateral aspects of the MePD [30].  

 Moreover, there is no difference in dendritic spine 
density of the dorsal or ventral MePD in proestrus females, 
despite local heterogeneity in the expression and distribution 
of estrogen receptors in these areas [83]. In addition, no 
hemispheric difference exists in the proximal dendritic spine 
density in the MePD of adult Wistar males or diestrus 

females [83]. This result is interesting because there are 
more dendritic shafts, greater dendritic branching [100], and 
more asymmetric excitatory synapses on dendritic spines in 
left MePD neurons of male than female prepubertal Sprague 
Dawley rats [67]. Though strain differences might exist, 
puberty affect dendritic spines in the rat MePD in both 
hemispheres. Indeed, this life event has marked influence on 
MePD morphology and can account for differences between 
young and adult animals [64, 101, 102].  

 Proximal dendritic spine density in the MePD was found 
to be sexually dimorphic (higher in males than in females in 
proestrus, estrus or metaestrus) [40]. It is affected by normal 
ovarian steroid hormone variation along the estrous cycle 
(spine density is reduced by approximately 35% during the 
transition from diestrus to proestrus) and by motherhood 
(spine density is reduced by 24% in postpartum diestrus rats 
compared to age-matched virgin diestrus females) [40]. 
Ninety days following orchidectomy, adult males exhibit 
reduced dendritic spine density and a smaller basal 
population of stable spines remaining in the MePD [65]. This 
finding reinforces the proposition that androgens affect the 
MePD neuropil and local synaptic organization. It is also in 
accordance with studies showing the reduction in substance 
P immunoreactivity and MePD volume [76], and dendritic 
atrophy after castration [81]. In adult ovariectomized 
females, replacement estradiol and progesterone therapy 
increases spine number to supra-physiological levels 
compared to normal proestrus phase [40, 65]. This higher 
spine density indicates that the influence of ovarian sex 
steroids on spine density under different experimental 
condition is modulated by complex regulatory mechanisms 
[65; see a parallel comment in 45]. 

 Further methodological studies of the MePD have been 
performed by applying carbocyanine dye DiI extracelularly 
to visualize dendritic spines associated with immunolabeling 
for pre-synaptic protein synaptophysin under confocal 
microscopy [84]. Most spines showed synaptophysin puncta 
close to their head and neck, but some spines were not 
labeled or were characterized by multiple puncta [84]. 
Although ultrastructural data suggest that dendritic spines 
usually receive one asymmetrical synapse with round 
electron-lucent and dense core vesicles [103], inhibitory and 
multisynaptic contacts have also been found on the dendritic 
spines of adult male MePD [2]. 

 The existence of non-synaptic spines or multisynaptic 
dendritic spines making contacts with two or more axonal 
terminals remains controversial. Studies are also needed to 
establish the proportion of spines that are genetically and 
functionally developed to be stable and those spines that 
developed to be labile and plastic in the MePD. In this sense, 
it has been hypothesized that stable spines have steady 
properties in neural networks, whereas unstable spines have 
intrinsic plastic capacities for synaptic processing and 
behavior modulation [2, 84]. 

 Dendritic shafts and spines may receive inputs from 
circuits that are organized differently in male and female 
rats. More dendritic branches are oriented medially in the 
MePD of males compared with those of diestrus females 
[17]. This spatial orientation suggests that males gather part 
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of the synaptic inputs from the superficial “molecular layer” 
through which vomeronasal information passes [8, 19, 23]. 
Males also have more dendritic shafts and spine synapses on 
neurons in the medial part of this “molecular layer” [66]. 

 On the other hand, morphological (dendritic spine 
density modulation) and biochemical changes (e.g., through 
expression of different neuropeptides) suggest that the 
female MePD may alter the transmission of information 
through interconnected circuitry along the estrous cycle [40, 
70, 87]. For example, fewer dendritic spines are found in the 
MePD of proestrus and estrus females [40]. This reduction is 
coincident with a decrease in synapsin reactivity, which 
could be associated with synaptic pruning [104]. It has also 
been hypothesized that labile dendritic spines in the MePD 
that change their number along the estrous cycle are in 
position to modulate phasic synaptic inputs, whereas 
dendritic shafts may receive more stable inputs [2]. It would 
be interesting to determine whether synaptic inputs to both 
dendritic spines and shafts are neurochemically distinct 
and/or come from different subpopulations of neurons of the 
same or connected areas. 

FUNCTIONAL FEATURES OF THE MEDIAL AMY-

GDALA  

 Cellular morphology and function are interrelated and 
inextricable. The morphological findings in the rat MePD 
should thus have functional causes and/or consequences. For 
example, testes removal that causes decreases in the rat 
MePD spine density after 90 days also strikingly reduces 
ejaculatory and intromission behaviors [26, 30, 105]. 
Although the pieces of this intriguing mosaic are still being 
put together, the MeA subnuclei are in a strategic condition 
for gathering chemosensory and hormonal information and 
modulating behaviors in conjunction with other brain areas 
in male and female rats [9, 19, 20, 33, 106, 107]. The MeA 
subnuclei also form associated circuits to regulate various 
aspects of the social displays [5, 7, 9, 28]. 

 As depicted recently [2], “the male MeAD receives 
inputs from the accessory olfactory bulb and evaluates the 
social relevance of vomeronasal stimuli, altering the 
inhibitory circuit that involves the intercalated amygdaloid 
nuclei and the MePD [22]. The MeAD also receives fibers 
indirectly from the main olfactory bulb via the anterior and 
posterolateral cortical nucleus, and from the infralimbic 
cortex, which can integrate olfactory information with non- 
olfactory inputs [5]. Several hypothalamic nuclei are 
innervated by both the MeAD and the MePV [15]. 
Hypothalamic areas that are more heavily innervated by the 
MeAD include portions of the medial preoptic area (MPOA), 
the lateral part of the medial preoptic nucleus, the lateral 
hypothalamic area adjacent to the cerebral peduncle, the 
lateral regions of the arcuate nucleus, the posterior 
hypothalamic periventricular nucleus, and the 
paraventricular nucleus [see additional data in 7, 15, 108]. 
Several lines of evidence indicate that the MeAD is part of 
the general behavioral arousal system and for nonspecific 
activation of social behaviors in rodents [9].  

 The MePV is one of the brain areas that integrate gonadal 
hormone actions with pelvic viscero-sensorial information 

[29, 109]. Directly or indirectly, MePV axons reach 1) the 
periventricular zone in the anterior hypothalamic level, 
forming a ‘neuroendocrine motor zone’; 2) the 
subparaventricular zone of the periventricular region, which 
contains a ‘visceromotor pattern generator network’ most 
likely involved in circadian rhythms; and 3) the ventromedial 
hypothalamic nucleus (VMH), which regulates reproductive 
and defensive hypothalamic circuits [7, 15, 82, 108]… 
Different subpopulations of MePV neurons related to 
defensive and reproductive stimuli have been identified [82]. 

 In males, the MePD projects to the hypothalamic 
anteroventral periventricular nucleus (AVPV), the MPOA, 
and the ventral premamillary nucleus (PMv) [7, 15, 110]. 
These hypothalamic nuclei are interconnected with the 
neuroendocrine, sympathetic and parasympathetic, and 
sexually dimorphic areas of the medial and periventricular 
zones of the hypothalamus [7, 15]. Furthermore, the male 
MePD makes indirect connections with the hypothalamus 
via GABAergic efferents from the bed nucleus of the ST 
[108, 111]. Synaptic codification of MePD activity to these 
hypothalamic areas can ultimately elicit a male sexual 
response [112]…Male MePD activation during mating most 
likely desinhibits brain areas involved in sexual behavior…  

 In the male MePD, there are clusters of neurons involved 
in either intromission or ejaculation [27, 28]… The MeA 
subnuclei of adult male mice is essential for female 
recognition through memory acquisition mechanisms after 
social contacts [74]. Projections to the entorhinal area and to 
the postpiriform transitional area allow pheromonal 
influences to act on hippocampal circuitry [7]”. Recent 
findings have updated and expanded upon the knowledge of 
this scenario [see, for example, 113-119]. 

 The MeA subnuclei modulate male copulatory behavior 
by matching sexual experiences with context processing of 
encounters with females [120, 121]. Sex steroids can also 
remarkably alter the function of the MePD cells in rodents. 
For example, unilateral implantation of estradiol in this 
subnucleus restores mounting behavior in adult castrated 
male rats [26]. The same effect can be achieved following 
implantation of testosterone or estradiol, but not 
dihydrotestosterone, in the posterior MeA of adult castrated 
hamsters [122]. Copulatory activity also increases after 
unilateral and bilateral implants of testosterone in the MePD 
of adult castrated hamsters [123]. These results provide 
evidence for redundant, but not additive, mechanisms of 
androgenic effects on this area [123].  

 In females, the MePD is part of neural circuitry that is 
responsive to variations in circulating gonadal hormone 
levels. Estrogens reduce axonal excitability of MeA afferents 
during the proestrus phase in rats [124]. At this same time, 
dendritic spine density decreases in the MePD [40]. The 
female MePD also modulates hypothalamic neuroendocrine 
secretion and ovulation [85, 125, 126]. This modulation 
involves processing the pheromonal stimuli relevant for 
gonadotrophin releasing hormone (GnRH) secretion by the 
PMv [110] and prolactin release by the hypothalamic arcuate 
nucleus [127]. As reviewed previously [2], “some of these 
output connections are inhibitory [3, 82], but their functional 
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consequence are heterogeneous. Indeed, MPOA neurons of 
proestrus females respond either with suppression or 
facilitation of firing activity following electrical stimulation 
of the MeA [128]. Local interneurons are also involved in 
the estrogen-mediated increase in MPOA GABAergic 
activity [see comments in 111]. Considering that excitatory 
afferences to dendritic spines decrease in proestrus and that 
female MePD neurons output can be inhibitory and can act 
on hypothalamic nuclei, two hypotheses can be made. 1) 
During the proestrus phase, MePD neurons should be 
activated less frequently, which lowers inhibition on 
hypothalamic neurons. The resulting effect would be a 
greater activation of the hypothalamic nuclei to induce the 
neuroendocrine secretion and sexual behavior typical of this 
estrous phase. For example, the MePD connects the VMH 
[7], a hypothalamic nucleus that is highly involved with 
lordosis behavior [1]. Additionally, electrical stimulation of 
the MePD induces GnRH secretion [125, 126] via 
connections with the AVPV [87]. 2) Decreased inhibitory 
influence of the MePD on GABAergic interneurons should 
activate MPOA neurons. The female MPOA is therefore able 
to inhibit lordosis but facilitate pacing and other proceptive 
female behaviors [29]. It is possible that some excitatory 
efferent fibers from the MePD [129] decrease their activity 
to reduce stimulation on local MPOA GABAergic cells. 
Both hypotheses fit well with early findings showing that 
MeA projections can form both facilitatory and inhibitory 
multi-pathway influences to the MPOA [128]”. 

 Altogether, these data support the seminal proposition 
that the interconnected, sex-steroid sensitive subcortical 
network of the MeA subnuclei play different roles that 
collectively regulates various social behaviors, as proposed 
by Neman [9]. Sexual behavior was first to be investigated 
and used a reference for other social displays. As stated [9], 
“…borrowing an important concept from our colleagues in 
cognitive neuroscience, we envision that a particular social 
behavior, for example, male sexual behavior, is an emergent 
property of the pattern of activity across the network…. It is 
not an action produced by the “on” or “off” state of any one 
of the nodes, such as the medial preoptic area, but a sequence 
of multiple behaviors (e.g., sniffing, mounting, ejaculation, 
grooming) that is initiated by and emerges from a temporal 
pattern, and therefore a dynamic pattern, of activity across 
the network. Initiation and maintenance of male sexual 
behavior… would require activation of the MPOA but in 
conjunction with particular levels of activation of other areas 
in the network, and in the context of a unique temporal 
pattern of activation across the whole network. Other similar 
but distinguishable patterns of activity in this same circuit…, 
arising as a result of changing sensory stimuli or fluctuations 
in the hormonal milieu, could result in a progression of 
behaviors blowing seamlessly from one to another, for 
example, territorial marking and aggressive activities 
interspersed with copulatory acts to produce the full 
spectrum of mating behavior observed in a variety of 
species... As a result of steroid action, the network becomes 
sexually dimorphic with respect to the number of cells and 
the specific cell types produced in each node. This, in turn, 
influences the baseline number and types of sex-steroid 
receptors produced by those cells and the strength of 

connections between nodes in the network. It is these factors 
that ultimately regulate the predisposition, but not routinely 
predictable or exclusive function, of the network to produce 
particular timing patterns of activity in a given individual, 
such as male versus female sexual behavior… These same 
factors, sex-steroid sensitivity and neuronal connections, are 
of course dynamically modulated throughout life by sexual 
maturation, by experience or learning, by reproductive cycles 
and diurnal cycles, and by disease and aging…. At the very 
least, these stimuli produce immediate changes in synaptic 
activity in the nodes of the social behavior network. In some 
cases the effects are long-lasting changes in the strength of 
synaptic connections… We will have to demonstrate mini- 
circuits within this network, each one independently 
regulating a specific aspect of a particular behavior.” 

 Additional experiments have tested the involvement of 
the MePD in hierarquical and parallel circuits for neural 
processing in different social behaviors [9, 30, 82, 121]. 
Sexual behavior, anxiety-like behavior, innate fear, and 
aggression were studied using different approaches, 
including direct neurotoxic or neurotransmitters 
microinjections in the MePD of adult Wistar rats. Here, a 
note of caution is warranted. Present animal models and tests 
most likely provide partial data about the behavior under 
study. For example, different tests of anxiety-like behaviors 
in rodents and different methodological approaches show 
distinct predictive validity and non-similar effects of 
anxiogenic or anxiolytic pharmacological compounds [130-
132]. Moreover, our first experimental approach has been 
applied to test the behavior of adult males to avoid 
confounding variations due to cyclical changes in circulating 
sex hormones [40, 65, 133]. However, this approach does 
not preclude the role of the MePD in females [32, 33, 40, 
134, 135]. 

 Experiments of male sexual behavior have identified 
possible correlations between brain steroid-sensitive regions 
and their functional organization. They have provided 
contrasts with previous studies employing electrolytic 
damage to local cells and ST-bound travelling fibers of the 
male posterior MeA [see a parallel discussion in 136]. These 
lesions lead to impaired ejaculatory capacity in rats [137]. 
Interestingly, unilateral right MePD microinjection of 8-OH-
DPAT, a 5-HT1A receptor agonist, decreases latencies to 
intromission and ejaculation and shortens the postejaculatory 
refractory period in rats [30]. This facilitatory effect is 
consistent with results obtained after systemic injections of 
this drug and the proposed function of the MePD [30, 105]. 
The rat MePD is also involved in penile erection and sexual 
arousal [138, and relevant references therein]. Further, 
synaptic plasticity of the MeA subnuclei may be related to 
sexual behavior in male rats [121]. For example, copulatory 
performance impairment after extensive lesions of the MeA 
is distinct in sexually inexperienced or sexually experienced 
males [139, 140]. Stimulations of both the MePD and MePV 
facilitate male sexual behavior in the presence of a non-
estrus female but suppress copulatory activity in the presence 
of a receptive female [141]. As previously mentioned, these 
findings suggest that MeA modulation of masculine sexual 
behavior involves contextual processing of sexual encounters 
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and individual memories. The MePD is thus a part of a 
dynamic neural network that controls ongoing and adaptive 
needs of the animal at each moment [2, 9]. 

MALE SEXUAL BEHAVIOR 

 The effects of fiber-sparing lesions caused by 1% 
ibotenic acid solution (3 g/0.3 l) microinjected in the right 
MePD of sexually experienced Wistar male rats were tested. 
The following parameters were observed: latency and 
frequency of anogenital investigation of the female, 
mounting without pelvic thrusting, mounting with pelvic 
thrusting, intromission, time for the first ejaculation, and the 
duration of the first postejaculatory refractory period. The 
latency (in seconds) and frequency of these parameters were 
recorded in sessions that lasted: (a) for 30 min if the male 
showed at least one intromission; (b) until the end of the 
postejaculatory interval when the first ejaculation occurred 
during the 30-min test; or, (c) for 15 min if no intromission 
occurred, as described elsewhere [30, 105]. 

 Data were tested using a within group comparison of 
sexual behavior of each rat before and after stereotaxic 
surgery and a between groups comparison of control (saline) 
and ibotenic acid-treated animals one week after 
microinjection. The within-group comparisons controls for 
many sources of data variability, which is advantageous for 
studies with small sample sizes [30, 142]. 

 Neurotoxic damage promoted enlargement of the 
extracellular space, neuronal loss and glial reactivity 
involving a considerable part of the MePD. However, only a 

slight difference between groups was found in the sexual 
behavior studied. Specifically, a reduction in the latency for 
mounting with thrusting in the MePD-lesioned rats was 
identified, a statistical finding that could have been caused 
by variability in the saline group. Other behavioral 
differences were considered without biological relevance for 
the neurotoxic data interpretation (Table 1). This result 
indicates that the MePD of one hemisphere is not crucial for 
complete sexual behavior as long as the other hemisphere is 
intact, which confirms previously described functional 
redundancy of this area [123]. On the other hand, chemical 
stimulation of the MePD of one hemisphere promotes a 
significant change in sexual activity [9, 26, 30, 123]. To 
further evaluate this hypothesis, the right MePD was injected 
with effective doses of glutamate (2 g/0.3 l), GABA (100 

g/0.3 l), and histamine (30 g/0.3 l). These doses were 
used in a preliminary manner to query possible effects of 
neurotransmitters in this subnucleus.  

 Although the precise physiological extracellular 
concentrations of these neurotransmitters in the rat MePD 
are not currently known, these doses were chosen based on 
previous studies [143-151]. Notably, glutamate accounts for 
almost 70% of all ejaculation-activated cells and GABAergic 
neurons account for half of the activated cells following 
mating in the gerbil MePD [152]. The MeA subnuclei have 
high levels of the histamine synthesizing enzyme histidine 
decarboxylase [153]. Histamine may also be important for 
modulating sexual behavior in rats [154]. Moreover, as a 
component of neural circuits involving hypothalamic nuclei 
that modulate sympathetic and parasympathetic responses 

Table 1. Male Sexual Behavior Following Posterodorsal Medial Amygdala Neurotoxic Lesion 

 Saline  Ibotenic Acid 

Latency 

Mounting without thrusting 

 

12 (0/155.5) 

10 (3/112)  

 

5.5 (0/50.2) (control) 

9.5 (5/623.7) (test) 

Mounting with thrusting 207 (11.5/874) 

251 (110/525) 

9 (3.7/158)  

6.5 (4/150.2) a  

Intromission 43 (16.5/58.5) 

18 (13/21) c 

11.5 (9/14.5) b 

9.5 (8.2/92) 

Ejaculation 694 (516/1288) 

774 (393.5/1577) 

873.5 (727/1174.5) 

769.5 (491.5/1169.2) 

Postejaculatory refractory period 298 (287/344) 

290 (243/395) 

328.5 (254.5/348.2) 

278 (268/333.7) 

Frequency 

Mounting without thrusting 

 

3 (0/6.5) 

4 (1/8.5) 

 

3 (0/6) 

4.5 (1.7/12) 

Mounting with thrusting 3 (2.5/6.5)  

3 (2/9.5) 

12 (7.7/13.7)d 

6.5 (4.2/13.7) 

Intromission 12 (10/13.5) 

12 (8.5/14) 

14 (9.7/17.2) 

11 (6.7/13.5) 

Median and interquartile ranges for the latencies, postejaculatory refractory period (in seconds) and the frequencies of sexual behavior parameters obtained before stereotaxic surgery 
(“control”, data in the first row in each behavior studied) and after microinjection (“test”, data in the second row in each behavior studied) of saline (0.3 l, n = 5) or 1% ibotenic acid 
(3 g/0.3 l, n = 6) in the posterodorsal medial amygdala of adult male rats. a: Mann-Whitney test, P < 0.03 when compared to the saline “test” data; b: Mann-Whitney test, P < 0.01 
when compared to the saline “control” data; c: Wilcoxon test, P < 0.05 when compared to control (pre-injection) data in the same group; d: Mann-Whitney test, P < 0.05 when 
compared to the saline “control” data. 
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[7], the MePD can have a complementary role in integrating 
concomitant, beat-to-beat, cardiovascular adjustments 
associated with behavior [151]. That is, cardiovascular 
support for behaviors required for the survival of the animal 
and ultimately the species is critical [41]. Histamine may 
serve parallel functions in the MePD because it can broaden 
the ranges of baroreceptor- and chemoreceptor-reflexes and 
adjust cardiovascular homeostatic responses for the proper 
execution of an intended behavior [41, 151]. 

 To be succinct and for the ease of comparison, only clear 
relevant behavioral modifications of the study will be 
mentioned here. The within-groups comparisons showed that 
(1) saline does not promote any reliable modification in male 
sexual behavior, except for a change in the latency of the 
first mount that does not affect the interpretation of other 
data; (2) glutamate significantly reduces the latency for 
ejaculation; (3) GABA decreases the latencies for mounting 
with thrusting and to the first intromission; and (4) histamine 
also decreases the latency for ejaculation (Table 2). That is, 
both glutamate and histamine induce ejaculation, an 
indication of male sexual behavior stimulation. GABA also 
facilitates sexual behavior by reducing the latency of 
copulatory activity. These GABAergic effects may be due to 
local desinhibition. Clearly, additional experiments are 
necessary to characterize GABA-induced responses at 
physiological and pharmacological doses in the male rat 
MePD. The study of 5-HT1A receptor stimulation [30] and 
glutamate and histamine microinjections suggested that the 
MePD is involved in the modulation of ejaculatory behavior, 
which relevance is vital for species perpetuation. This 
proposition is consistent with Fos-ir in the rat MePD after 
ejaculation [28] and with previous results of impaired 
ejaculatory capacity in rats with electrolytic lesions of the 
posterior MeA [137]. However, the MePD appears to play a 
modulatory rather than crucial role in the sequence of sexual 
behavior because neurotoxic or electrolytic damage does not 
block sexual behavior completely. These results further 
support the idea of hemispheric specializations and 
redundancy of brain circuitry. 

ANXIETY-LIKE BEHAVIOR AND INNATE FEAR 

 Other socially related behavioral displays are also 
modulated by the MePD. Anxiety-like behaviors and innate 

fear have also been studied after neurotoxic damage of the 
right MePD of adult male Wistar rats. Kindling of the 
medial/basolateral amygdala in the left hemisphere decreases 
anxiety for at least 1 week after the last seizure whereas the 
same procedure in the right hemisphere increases anxiety 
[34]. Kindling in more anterior loci in the amygdala are 
associated with greater anxiety and the opposite is found 
with kindling in more posterior amygdaloid regions [34]. To 
complement these data, c-fos activity is found in the MePD 
of male rats subjected to the elevated plus maze [155], which 
is an ethologically and pharmacologically valid test of 
anxiety in rats [156-158]. The following parameters have 
been evaluated using this apparatus [159]: percentage of 
open arms entries and time spent in the open arms, total 
frequency of open and enclosed arms entries, and risk 
assessment behaviors (“scanning” the space outside of the 
closed arms and around the apparatus, which includes head 
“dipping”). After ibotenic acid microinjection in the MePD, 
no statistically significant changes were found in the 
parameters related to anxiety (e.g., percentages of entries in 
the open arms and time spent in these arms), frequency of 
risk assessment behaviors or locomotion (total number of 
arm entries) exhibited by lesioned rats compared with 
control rats in the maze (Table 3). 

 Moreover, innate fear was tested in males exposed for 15 
min to a live, non-sedated cat placed in an experimental cage 
separated by a glass wall that allowed predator odor 
perception, in accordance with previously described method 
[160, 161]. Control and MePD ibotenic acid-lesioned rats 
were observed for the following behaviors: duration and 
frequency of “freezing”, locomotion, rearing, and sniffing of 
the cat compartment. No statistically significant change was 
found in any of the studied parameters when comparing the 
lesioned and control data (Table 4). These results are in 
agreement with the lack of Fos-ir in the MePD of rats 
exposed to a caged cat [160]. Plastic synaptic changes are 
found in the MeAD [162], and Fos-ir is clearly increased in 
the MePV of cat odor-exposed rats [21]. Other results 
indicate that neurotoxic lesions of the whole MeA reduce 
freezing in response to cat odor presentation or cat odor 
context tests, but not after cat exposure [163]. Considering 
that higher amounts of the predator odor induce 
unconditioned fear behavior, particularly freezing, it is of 

Table 2. Male Sexual Behavior Following Posterodorsal Medial Amygdala Microinjection of Different Neurotransmitters 

 Saline  Glutamate  GABA  Histamine  

Latency 

Mount with thrusting 

 

9.5 (3/15) 

13 (10/50.2) a 

 

11 (7.5/139.5) 

9 (6.5/117) 

 

18 (11/195) 

8 (5/13) b 

 

13.5 (7/120.7) (control) 

12.5 (7/19.7) (test) 

Intromission 16.5 (4.7/36.2) 

21.5 (12.5/117.7)  

12 (8.5/19.5)  

9 (8/18.5) 

19 (14/134) 

14 (13/15) c 

17 (12/199) 

 16.5 (10.2/56.5) 

Ejaculation 969.5 (632.5/993.2) 

745.5 (386.2/1240.5) 

953 (609/1356) 

316 (202/734.5) d 

973 (474/1113) 

581 (280/992) 

669.5 (490.2/917.2) 

339.5 (143.7/560.2) e 

Median and interquartile ranges of the latencies (in seconds) of the main sexual behavior parameters obtained before stereotaxic surgery (“control”, data in the first row in each 
behavior studied) and that were affected by the microinjection (“test”, data in the second row in each behavior studied) of saline to serve as control (0.3 l, n = 6), glutamate (2 
μg/0.3 μl, n = 5), GABA (100 μg/0.3 μl, n = 7) or histamine (30 μg/0.3 μl, n = 8). a:  Wilcoxon test, P  < 0.03 when compared to “control” data in the same group; b: Wilcoxon test, 
P  <  0.03; and, c:   P < 0.05 when compared to “control” data in the same group; d: Wilcoxon test, P <  0.05; and, e: P < 0.02 when compared to “control” data in the same group. 
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particular interest that “rats with MeA lesions were also 
reported to reduce their fear response in the presence of cat 
odor per se but not to a live cat… Complex stimuli 
associated with a live cat may activate multiple brain centers 
that facilitate unconditioned fear behavior” [164]. 

 Rats exposed to a live neutered cat held by an 
experimenter for 10 min exhibited increased Fos-ir in 
various brain areas, including the MePD [165]. This finding 
indicates that different methods of cat exposure result in 
distinct patterns of Fos-ir in the MePD of rats [compare 160 
and 165]. The implications of these studies deserve further 
investigation. Complementary and consistent with some of 
these previous reports are the present cat-exposure data in 
rats with lesions in a subcomponent of the MeA. It is 
possible that the MePD has functional redundancy for innate 
fear behavior and associated stimuli when rats are faced with 
a live caged cat or when unilateral damage is not enough to 
abolish behavioral display. Overall, based on data from 
lesion studies and behavioral tests reported here, the right 
MePD does not appear to be critical for anxiety-like or 
innate fear behavior in adult male rats. 

AGGRESSIVE BEHAVIOR 

 Experimental data suggest that different amygdaloid 
nuclei are also involved in broad emotional processing [2, 9, 
42, 166, 167], adrenocortical and neuroendocrine responses 
to stressor stimuli or inhibitory avoidance tasks [36, 37, 
168], and defensive rage and attack behavior in different 
species [42, 169-171]. In cats, stimulation of all MeA 
subnuclei together, the anterior or the basomedial 
amygdaloid nuclei facilitates defensive rage behavior [172, 
173]. Stimulation of the central and lateral amygdaloid 
nuclei suppresses this activity [172, 173]. The opposite is 
true for predatory attack behavior [172, 173]. Lesions in the 
whole MeA markedly decreases aggression in rats [174, 
175]. Based on Newman [9, and references therein], “data 
from studies employing a wide variety of paradigms, 
including discrete lesions, electrical stimulation, localized 
hormonal or neuropharmacological manipulations, and 

immediate early gene expression, have led… to implicate a 
common group of limbic areas, including nuclear groups in 
the medial extended amygdala, the lateral septum, the 
MPOA, the anterior hypothalamus, the VMH and adjacent 
ventrolateral hypothalamus, and the midbrain periaqueductal 
gray and adjacent tegmentum… not only in male and female 
sexual behavior and maternal behavior, but also in the 
reproductive-related behaviors, such as territorial marking, 
territorial aggression, and maternal aggression”. 
Furthermore, neural inputs converge from both the anterior 
and posterior MeA to the rat mediobasal hypothalamic 
“aggression area” [113].  

 This “aggression area” consists of the anterior nucleus, 
the tuber cinereum area, the dorsomedial nucleus, the 
ventromedial nucleus, and the lateral hypothalamus [113, 
171]. These results are consistent with findings that the 
whole rat MeA controls hypothalamic attack release 
mechanisms [171] and natural aggressive attack patterns 
[176]. An overlapping neuroanatomical network would 
provide a substrate for the broad repertoire of rodent social 
behaviors [9, but see further critical comments in 176]. 

 To study the involvement of the MePD in aggression, an 
adaptation of different procedures was used to induce attack 
behavior in domesticated adult male Wistar rats. It is unusual 
that animals of this strain, reared under constant standard 
laboratory conditions, show aggressive behavior comparable 
to wild Rattus norvegicus [177, 178]. Aggression can be 
reliably induced by a sequential procedure. First, the rat is 
isolated in a home cage for 2 weeks and then placed in gentle 
manual restraint for 1 minute. Subsequently, a younger 
intruder rat is introduced into the resident’s cage. Wistar 
males will reliably fight the intruder and show various 
aggressive postures. Four experimental groups were studied: 
(1) control rats, which were isolated for 14 days; rats in the 
(2) “restraint” and (3) “restraint + fight” groups, which were 
isolated in their home cages for 2 weeks and restrained prior 
to the intruder presentation on 3 successive experimental 
days, but the “restraint + fight” males were additionally 
exposed to the intruder on the last experimental day; and (4) 

Table 3. Performance of Rats Following Neurotoxic Lesion of the Posterodorsal Medial Amygdala when Tested in the Elevated 

plus Maze 

 Saline Ibotenic Acid 

% Open arms 

Entries 

 

0.34 ± 0.02 

 

0.31 ± 0.05 

Time 0.15 ± 0.03 0.22 ± 0.06 

% Closed arms 

Entries 

 

0.66 ± 0.02 

 

0.66 ± 0.03 

Time 0.88 ± 0.02 0.70 ± 0.06 

Total arms entries 7.60 ± 1.30 7.78 ± 1.40 

Risk assessment 7.20 ± 1.90 9.33 ± 1.90 

Mean percentage (+ standard error of the mean) of entries onto the open and closed arms, percentage of time spent on the open and closed arms (all percentages divided by 100), total 
number of arm entries and frequency of risk assessment behavior after microinjection of saline (0.3 l, n = 5) or 1% ibotenic acid (3 g/0.3 l, n = 6) in the posterodorsal medial 
amygdala of adult male rats. Behavioral recordings were done using the elevated plus maze during a 5-min test. No statistically significant changes were found in these parameters 
when data were compared between groups (Mann Whitney test, P > 0.05 in all cases).  
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the “fight” group, which consisted of rats that were not 
submitted to restraint but still exhibited aggressive behavior 
towards an intruder following 2 weeks of isolation. As a rule, 
the rats in the “restraint + fight” group showed sequential 
bursts of typical fighting displays, with the resident male 
exhibiting offensive acts and the intruder presenting 
defensive postures. Fos-ir cells in the MePD of the 
experimental groups were quantified according previously 
published procedures [179-182]. Notably, these cells were 
scarce in control rats that were subjected only to isolation 
(mean ± standard error of the mean, 3.3 ± 0.9/100 m2). In 
contrast, Fos-ir cells were clearly visible, abundant and 
homogeneously distributed in the MePD of males in the 
“restraint” (15.1 ± 4.1/100 m2) and “restraint + fight” (16 ± 
3.5/100 m2) groups. Fos-ir in the MePD of the “fight” 
group remained low and similar to control (5.7 ± 1.3/100 

m2) (Fig. 2).  

 In summary, MePD Fos-ir increased in response to 
restraint rather than fighting behavior. No statistically 
significant difference in the number of Fos-ir cells in the 
medial versus lateral aspects of the MePD or in the right 
versus left hemispheres MePD was found in the “restraint + 
fight” group (data not shown). 

 These results suggest that the MePD responds to non-
mutually exclusive possibilities: conditioned learning 
paradigm for aggression, mild stressors, and to aggressive 
displays. In this sense, the MeA is associated with the 
consolidation of aversive memories [168]. It is possible that 
repetitive restraining and the sudden presence of an intruder 
into the resident’s cage lead to an associative conditioning 
response. That would explain Fos-ir in the MePD of the 
“restraint” group but not the “fight” group. 

 Subsequently, because the MePD appears to be involved 
in the processing of mild stressful stimuli (restraint) prior to 
an aggressive encounter with an intruder, an additional 
experiment was performed to further evaluate the role of 
MePD in aggression. Somatostatin (1 M/0.3 l), a 
neuropeptide with marked inhibitory actions [183-186], was 
microinjected into the right MePD of males that previously 
showed reliable aggressive behavior against intruders. 
Somatostatin was hypothesized to reduce the aggressive 
outcome in tested rats. Dosage was chosen based on previous 
studies of the inhibitory efficacy of somatostatin using 

different experimental approaches and in various brain areas 
[85, 183, 184, 187, 188], including the MeA [185]. The 
recorded behaviors included the following: social 
investigation (approach of the intruder’s body and/or 
genitals); attack (lateral or frontally-oriented movements to 
strike the intruder’s back); boxing (standing on hind limbs 
and projection of forelimbs towards the intruder); 
“immobilization” or domination posture (lying over the 
intruder and maintaining immobility for at least 3 seconds); 
and, “resting” (no obvious offensive or defensive motor 
actions). Bites were not directly evaluated. Locomotion (i.e., 
movements in the cage toward the intruder or not) was 
interpreted as motor activity. Latency, frequency, and 
duration of these parameters were compared between groups. 

 Somatostatin drastically impaired the resident’s 
aggressive attacks towards an intruder, leading to significant 
reduction of immobilization and attack behaviors (Fig. 3). 
Social investigation and locomotion behavior were not 
affected by the microinjection of saline or somatostatin in the 
MePD (data not shown), which indicates that inhibition was 
specific to aggression rather than to locomotor modulation. 
The action of somatostatin on aggression did not last beyond 
the microinjection (Fig. 3), suggesting that the action of this 
neuropeptide is transient but specific. 

 These findings indicate that the MePD is involved in 
mixed responses to stressful conditions and in the 
modulation of aggressive behavior. Restraint induces and 
tests stress-related neuroendocrine and cardiovascular 
responses [37, 189, 190]. Accordingly, Fos expression in 
MeA neurons incrementally increases after exposure to 15, 
30 or 60 min of restraint [189]. Acute restraint stress for 1 h 
on one single day reduces the MePD dendritic spine density 
[37]. This result does not occur with a single (6 h long) 
period of restraint or after repeated (6 h daily for 28 days) 
restraint stress [37, see parallel comments in 30]. 
Immobilization stress also causes a marked release of 
substance P, a neurotransmitter/ neuromodulator relevant for 
emotional states, suggesting that the MeA is also implicated 
in processing stressful stimuli and most likely responsible for 
some stress-related disorders [191, 192]. Fos-ir in the MePD 
following 1-min restraint confirms the participation of the 
MePD on this neural response. Further, because plasma 
levels of corticosterone exert positive feedback control over 
brain mechanisms of aggressive behavior, stress hormones 

Table 4. Performance of Rats Following Neurotoxic Lesion of the Posterodorsal Medial Amygdala when Faced to a Live Cat 

 Saline  Ibotenic Acid 

Sniffing 35 (21.5/45.5) 27 (9/42) 

Rearing 7 (5/23.5) 12 (8.25/19.5) 

Frequency  

Freezing 

Locomotion  

 

29 (12.5/32) 

19 (8.5/41) 

 

19 (7/30) 

25 (17/27) 

Freezing 

Duration 

437 (169/581) 294 (218/629) 

Median and interquartile ranges to the frequency and duration (in seconds) of innate fear-related behavioral displays following microinjection of saline (0.3 l, n = 5) or 1% ibotenic 
acid (3 g/0.3 l, n = 6) in the posterodorsal medial amygdala of adult male rats. Recordings were performed during exposure of experimental groups to a live, caged cat during a 15-
min test. No statistically significant change was found in these parameters between groups (Mann Whitney test, P > 0.05 in all cases).  
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could also facilitate the display of aggression [193]. Both 
glucocorticoid receptor immunoreactivity and mRNA have 

been found in cells of the posterior MeA [194-196]. Isolation 
and restraint are stressful conditions that increase stress-
related hormones in the resident rat before confrontation 
with an unfamiliar intruder. These conditions may in fact 
have triggered the aggressive display to dominate the 
intruding rival as described here. However, corticosterone-
independent pathways may also be at play because neither 
adrenalectomy nor corticosterone treatment affects c-Fos 
activation in the MeA of rats exposed to fighting [176]. 

 As partially supported by the present data, the MePD can 
be functionally relevant in offensive contexts [167, 176, 
197], but not in defensive reactions against natural predators 
[175]. The medial, but not the lateral, MePD exhibits 
enhanced Fos-ir following aggression in Wild-type Brown 
Norway male rats following exposure to a resident-intruder 
paradigm [177]. The caudal part of the MePD in this same 
rat strain also shows marked increase in Fos-ir after 
aggressive encounters [177]. However, this medial/lateral 
difference in the MePD is not detected in Wistar rats, 
suggesting the possibility of rat strain differences. Further 
efforts would verify whether the Fos-ir after the aggressive 
behavior colocalizes with cells expressing androgen 
receptors or cells that respond to olfactory stimulation in the 
MePD [e.g., see 198, 199]. 

CONCLUDING REMARKS 

  Among the different MeA subnuclei, the MePD is most 
often studied as part of integrated neural circuitries that are 
affected by sex steroids and that modulate different social 
behaviors in rats. Receptors for gonadal hormones are highly 
expressed in the MePD and exhibit complex functional 
interactions in both males and females. Current knowledge 
indicates that the morphology of MePD neurons is sexually 
dimorphic. For example, a considerable number of dendritic 
spines are plastic. They can change naturally or following 
experimental sex steroid manipulations. This neural 
plasticity involving gonadal hormones is relevant for 
synaptic processing and should be correlated with the 
connectivity of the MePD. In addition to its remarkable role 
in sexual behavior displays (specifically for the occurrence 
of ejaculation), the male rat MePD modulates other social 
behaviors, as proposed by Newman [9]. According to the 
studies presented here, anxiety-like behaviors and innate fear 
are not markedly affected by unilateral neurotoxic damage to 
the MePD. However, responses to stressful stimulation and 
the modulation of aggressive display do involve the function 
of this subnucleus in Wistar males. Altogether, the MePD is 
a nodal point within interconnected, gonadal-hormone 
sensitive neural networks that collectively regulate social 
behaviors in adult rats. 
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Fig. (2). A. Schematic diagram of a coronal brain section showing 
right and left posterodorsal medial amygdala (MePD, 
approximately 3.14 mm posterior to the bregma) and a rectangular 
overlay (the “area of interest” of 0.136 mm ) within which Fos- 
immunoreactive cells were counted in each brain hemisphere of the 
control, “restraint”, “restraint + fight” and “fight” experimental 
groups (n = 5 males each). Adapted from the atlas of Paxinos and 
Watson [200]. Scale bar = 1 mm. B-I. Digitized microscopic 
images showing representative Fos immunoreactivity results in the 
right and left MePD of rats from the control (B and C), “restraint” 
(D and E), “restraint + fight” (F and G), and “fight” (H and I) 
groups. Ot = optic tract, st = stria terminalis. Only background 
contrast was adjusted. Scale bar = 250 m. 
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ABBREVIATIONS 

AVPV = anteroventral periventricular nucleus 

ER-  = estrogen receptor  

ER-  = estrogen receptor  

Fos-ir = Fos-immunoreactivity 

GnRH = gonadotrophin releasing hormone 

MeA = medial amygdaloid nucleus 

MeAD = anterodorsal subnucleus of the medial 
amygdale 

MePD = posterodorsal subnucleus of the medial 
amygdale 

MePV = posteroventral subnucleus of the medial 
amygdale 

MPOA = medial preoptic area 

PMv = ventral premamillary nucleus 

OT = optic tract 

ST = stria terminalis 

VMH = ventromedial hypothalamic nucleus. 
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Fig. (3). A. Photomicrography of a representative rat brain coronal section showing the location of the cannula implanted above the 
posterodorsal medial amygdala (MePD) in adult male rats. Dashed lines represent the course of the microinjection needle. Scale bar = 1.5 
mm. Spatial coordinates: D, dorsal; L, lateral; M, medial; V, ventral. B-D. Mean (± standard error of the mean) of the immobilization 
behavior frequency (B), frequency of attacks (C), and duration of the attacks (D) made by the resident against the intruder during an 
aggressive encounter (10-min test). These measures were taken prior to stereotaxic surgery (pre-test, control data); on the day of saline (0.3 

l; n = 9) or somatostatin microinjections (1 M/0.3 l; n = 6) in the MePD; and on the day immediately after the microinjection day (post-
test, additional control data). * One-way analysis of variance test followed by the Tukey test, P < 0.05, when comparing to control data in the 
same group and saline microinjection. 
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