
Summary. Exercise training has neuroprotective effects
whereas myocardial infarction (MI) and heart failure
(HF) can cause neuronal death and reactive gliosis in the
whole amygdala. The posterodorsal medial amygdala
(MePD) is involved with cardiovascular reflexes and the
central control of sympathetic/parasympathetic
responses. Our aim was to study the effects of prior
exercise training and of MI-induced HF on the neuronal
and glial densities and the glial fibrillary acidic protein-
immunoreactivity (GFAP-ir) in the MePD of adult male
rats. Animals (n=5/group) were: control, sedentary
submitted to a sham MI (Sed Sham), sedentary
submitted to MI/HF (Sed HF), trained on a treadmill and
submitted to a sham MI (T Sham) or trained on a
treadmill and submitted to MI/HF (T HF). The number
of neurons and glial cells in the MePD was estimated
using the optical fractionator and the GFAP-ir was
quantified by optical densitometry. In the respective
groups, treadmill training improved physical
performance and MI damaged near 40% of the left
ventricle. There was a hemispheric lateralization effect
on the density of neurons (higher in the right MePD), but
no significant difference in either the neuronal or the
glial densities due to experimental condition. Regional
GFAP-ir results revealed that the Sed HF group had a
higher expression in the left MePD compared to the
control and the Sed Sham rats (p<0.01). The present data
did not evidence the effects of training or MI/HF in the

MePD cellular density, but indicate a possible local
restructuring of astrocytic cytoskeleton after MI/HF in
rats.
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Introduction

The rat posterodorsal medial amygdala (MePD), a
major component of the “extended amygdala” (de
Olmos et al., 2004), is an important part of the neural
network that modulates the occurrence of social/
reproductive behaviors (Newman, 1999; Dall’Oglio et
al., 2008; Rasia-Filho et al., 2012b) and stress responses
(Marcuzzo et al., 2007; Singewald et al., 2008). The
MePD also has connections with various amygdaloid
and hypothalamic nuclei and brain stem areas (Canteras
et al., 1995; Petrovich et al., 2001; Saha, 2005) that
receive cardiovascular sensorial afferences and that can
ultimately regulate the heart rate (HR) and arterial blood
pressure (AP) (Turner et al., 1986; Longhurst, 2008)
under common physiological conditions and in both
adaptive or pathological circumstances (Kubo et al.,
2004; Davern and Head, 2011; Quagliotto et al., 2012).
The MePD alters the baroreceptor- and chemoreceptor-
mediated reflexes and the concomitant central
sympathetic and/or parasympathetic cardiovascular
adjustments (Quagliotto et al., 2008, 2012; Neckel et al.,
2012). For example, microinjections of the major
neurotransmitters glutamate and GABA in the right
MePD induced, respectively, selective activations of the
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sympathetic and parasympathetic components of the
baroreflex in awake rats (Neckel et al., 2012). 

Physical exercise training protects the cardiovascular
system by modulating the sympathetic and
parasympathetic output to cardiac and vascular functions
(Joyner and Green, 2009; Gielen et al., 2010) as well as
improving the outcome of acute myocardial infarction
(MI) (Freimann et al., 2005; Jorge et al., 2011). In
addition, regular aerobic exercise or rearing in enriched
environments allow the development of motor skills and
increase cerebral blood flow (Swain et al., 2003; Eadie
et al., 2005). Training experiences reorganize neural
circuitries in the motor cerebral cortex (Adkins et al.,
2006), induce dendritic restructuring and spine plastic
changes in the dentate gyrus (Eadie et al., 2005) and
cerebellar cortex (Gonzalez-Burgos et al., 2011), and
enhance memory and learning in rodents (Wu et al.,
2007; Liu et al., 2009; Stranahan et al., 2011). Physical
activity prevents the damage and neuronal loss induced
by excitotoxic agents (Carro et al., 2001). Physical
activity of moderate intensity also has neuroprotective
properties, as evidenced by the reduction in the
ischemia-induced neuronal cell death in the dentate
gyrus (Sim et al., 2005; Zheng et al., 2006; Scopel et al.,
2006; Cechetti et al., 2007). On the other hand, MI is
one of the most common causes of chronic heart failure
(HF) and affects both central and peripheral organs.
Notably, neuronal death can occur due to apoptosis in
different brain regions after MI in rats (Kaloustian et al.,
2008). That occurred in the whole amygdala 3 days after
MI (Wann et al., 2006) or in the lateral and medial nuclei
of the amygdala, in the hippocampal CA1 area, in the
dentate gyrus (Wann et al., 2006; Kaloustian et al., 2008)
and in some hypothalamic nuclei at 1, 2 and 7 days
following MI (Kaloustian et al., 2008). Additionally, cell
death and reactive gliosis were found in the whole
amygdala 14 days after MI in rats (Bae et al., 2010), as
evaluated by the expression of glial fibrillary acid
protein (GFAP), a major component of the mature
astrocytic cytoskeleton (Pekny and Pekna, 2004;
Middeldorp and Hol, 2011). 

These data are interesting because they indicate a
structural remodeling of brain areas after MI and, more
specifically, in different amygdaloid nuclei that have
integrative roles in neuroendocrine secretion and
behavioral display (Dayas et al., 1999; Rasia-Filho et al.,
2000, 2012a; Marcuzzo et al., 2007). In this sense, the
MePD has an evident role in the modulation of activities
that require motor activation, such as sexual and
aggressive behaviors (reviewed in Newman, 1999;
Rasia-Filho et al., 2012a), as well as in ongoing
cardiovascular adjustments (Quagliotto et al., 2012).
However, it is not currently known whether prior
exercise training or MI/HF can alter the number of
neurons and glial cells or the astrocytic cytoskeleton in
the MePD of rats. It is well described that aerobic
training reduces the sympathetic tone at the same time
that it increases the parasympathetic one (Martins-Pinge,
2011) whereas cases of HF with an over-activation of the
sympathetic tone are directly related to greater disease

severity and increased mortality rate (Martins-Pinge,
2011). Given its role in central cardiovascular control,
the MePD is a putative candidate where both the
neuroprotective effects of training (Eadie et al., 2005;
Adkins et al., 2006; Scopel et al., 2006; Cechetti et al.,
2007; González-Burgos et al., 2011) and the marked
cellular loss following MI/HF would occur (Wann et al.,
2006, Kaloustian et al., 2008; Bae et al., 2010). Here, we
focused on the MePD, and not the whole amygdala, to
avoid including other anatomically and functionally
heterogeneous nuclei and subnuclei at the same time.
Our aim was to test the effects of exercise training and
MI-induced HF on the neuronal and glial densities and
the GFAP-immunoreactivity (GFAP-ir) in the MePD of
male rats. We also evaluated if the present experimental
manipulation could result in hemispheric differences in
the MePD, since previous reports showed laterality
effects for the density of neurons and glia cells (Johnson
et al., 2008; Morris et al., 2008) and the synaptic
organization (Brusco et al., 2014) of this area in adult
rats.
Materials and methods

Animals

Adult Wistar male rats (3 months-old and weighing
200-250 g) were obtained from a local facility (Federal
University of Health Sciences of Porto Alegre, Brazil;
UFCSPA) and kept in groups with food and water ad
libitum. Room temperature was maintained at 22±1°C in
a 12 h light:dark cycle (lights off at 7 p.m.). All efforts
were made to minimize the number of animals and their
suffering. Animals were manipulated according to
international laws for ethical care and use (‘European
Convention for the Protection of Vertebrate Animals
used for Experimental and other Scientific Purposes’,
Council of Europe No 123, Strasbourg 1985), conformed
to national guidelines and was approved by the local
Ethical Committee (UFCSPA protocol no. 053-11).

Twenty-five rats were randomly assigned to the
following groups (n=5 each): (1) non-manipulated
control (Cont), whose rats were not submitted to any
undue stress or experimental procedure, (2) sedentary
rats submitted to a sham MI procedure (Sed Sham), (3)
sedentary rats submitted to the surgical occlusion of the
left descending coronary artery to induce MI and
subsequent development of HF (Sed HF), (4) exercise-
trained rats submitted to a sham MI (T Sham), and (5)
exercise-trained rats submitted to MI and subsequent HF
(T HF). The experimental design is shown in Fig. 1 and
described in detail below.
Preconditioning training protocol

Rats that composed the two trained groups (T Sham
and T HF) were habituated to an adapted motorized
rodent treadmill (“Athletic Racer”, Brazil) during 1
week to minimize novelty stress. Animals that composed
the groups of sham training (Sed Sham and Sed HF)
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were set in the same experimental room and were placed
on the treadmill turned off during the same time as the
trained groups (20 min/day and 3 times/week), as
described below. 

Measurement of the maximum exercise test (ET)
was realized in all animals of the trained groups both
before the first day of training and in the middle of the
exercise protocol. Each rat started running at a low
treadmill speed with a pace increasing 5 m/min every 3
min. The point of exhaustion and the time to fatigue (in
min) and workload (in m/min) were taken as indexes of
capacity for exercise (Rodrigues et al., 2007). The
exercise training intensity was set at 60% of the
maximum speed of ET. Treadmill training lasted 20
min/day and was done 3 times/week during 4 weeks,
based on (Real et al., 2013; Ben et al., 2009, 2010;
Cechetti et al., 2007; Scopel et al., 2006).
Surgical procedure for myocardial infarction 

Rats that composed the Sed HF and the THF groups
were anesthetized with intraperitoneal injections of
xylazine (12 mg/kg) and ketamine (90 mg/kg), intubated
and artificially ventilated (SamWay VR 15, USA) to
maintain a respiratory frequency of 60 breaths/min and
an oxygen-inspired fraction of 100%. The MI was
induced as previously described (Pfeffer et al., 1979;
Jaenisch et al., 2011). Briefly, the heart was exposed
through a left thoracotomy between the fourth and fifth
ribs and a mononylon 6-0 suture closed the main left
descending coronary artery between 1 and 2 mm distal
to the edge of the left atrium. After that, the thoracic
chest was closed, skin was sutured, the pneumothorax
was drained by a continuous aspiration system, and
animals received ibuprofen (oral administration of 100
mg/0.1 mL every 8 hours during the first postoperative
day). The animals that composed the respective sham
groups (Sed Sham and T Sham) underwent the same
anesthetical and surgical procedure of heart
manipulation, but no coronary manipulation. 

We did not directly measure the final diastolic
intraventricular pressure in those rats submitted to MI to
avoid brain ischemic events that could affect cellular
counts in the MePD and lead to misleading results. In
another set of experiments, it was clearly observed that
rats that underwent the same MI procedure as performed
here (with similar left ventricle myocardial infarted
areas) have a remarkable development of HF (Vanoli et
al., 2004). Indeed, values of MI area higher than 25%
and, more evidently, equal or higher than 40% highly
correlates with the development of HF (Kclocke et al.,
2007; Jaenisch et al., 2011; Tucci, 2011). Our present
procedure led to mean MI areas of 39% in the left
ventricle (see Results and Fig. 2B). 
Stereological study

Experiments ended after 9 weeks (Fig. 1). That is, 4
weeks for the preconditioning training and 5 weeks

following the MI induction as well as the respective
sham procedures. Then, animals were deeply
anesthetized with xylazine (12 mg/kg ip) and ketamine
(90 mg/kg ip) and transcardially perfused with 0.9%
saline (150 mL) and heparine (1200 IU/Kg) followed by
4% paraformaldehyde (PFA) in 0.1M phosphate buffer,
pH 7.4% (150 mL). After perfusion, the hearts were
removed and weighed. For those rats submitted to MI,
left ventricles were filled with an insufflating latex
balloon and placed in buffered formaldehyde for 24 h for
subsequent analysis of the size of the infarction area
(Fig. 2). The total left ventricle area and the myocardial
infarction scar area were manually drawn on the scanned
images and measured automatically using a computer
program (Image Pro Plus 6.1, Media Cybernetics, USA).
The infarction size is expressed as a percentage of the
total left ventricle area (Pfeffer et al., 1979; Jaenisch et
al., 2011).

Brains were removed, kept in 4% PFA for 24h,
immersed in 15% and 30% sucrose solutions, frozen in
isopentane and dry ice and maintained at -80ºC until
further processing. Brains were sectioned using a
cryostat (Leica, Germany) and each alternate serial
coronal section of 30 µm-thick was stained with thionin
for the stereological study or processed for the GFAP
immunohistochemistry, as described below. All
experimental groups were submitted to the same
histological procedures and data collection. The rostro-
caudal location of the MePD in the rat brain was based
on the description provided by de Olmos et al. (2004)
and compared with the schematic images of a rat brain
atlas (Paxinos and Watson, 2005). The MePD was
located laterally to the optic tract (OT) and ventrally to
the stria terminalis (ST) in the rat ventral forebrain (Fig.
3). Although being continuous areas, the cyto-
architectonical organization of the rostral and the caudal
MePD appeared distinct (de Olmos et al., 2004). The
rostral aspect of the MePD was arbitrarily set at 2.64 to
2.76 mm posterior to the bregma and the caudal aspect
was at 3.36 to 3.48 mm posterior to the bregma (based
on Paxinos and Watson, 2005). An evident medial
column of cells was found in the MePD near the
“molecular layer”, a cell-sparse rim close to the OT (de
Olmos et al., 2004; de Castilhos et al., 2006; Fig. 3).
Both right and left hemispheres were studied separately
and we tested for lateralized effects in the cellular
components of the MePD (based on Johnson et al., 2008;
Morris et al., 2008). 

Thionin staining was done as reported elsewhere
(Dall’Oglio et al., 2013). Briefly, brain sections were
dried at room temperature (RT), immersed in different
solutions of ethanol, cleared in xylene, immersed in a
solution of 0.25% thionin for 3 min, immersed again in
solutions of increasing ethanol concentration, dipped in a
solution of 95% ethanol with 1% acetic acid and
absolute xylene and were finally covered with synthetic
balsam and coverslips. 

For the stereological estimation, images were
obtained with an Olympus BX61 microscope (400x,
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Olympus, Japan) attached to a high-resolution digital
D172 camera and a computer with the Image Pro Plus
software. The neurons in the MePD were identified
morphologically by their large, pale nuclei with an
evident nucleolus and by the dark cytoplasm that
contained Nissl bodies. The glial cells were identified
according to their relatively small size and unstained
cytoplasm. That is, the nucleolus was used as the
counting marker for neurons, and the nucleus was used
as the counting marker for glial cells (Fig. 3). No precise
borders for the rostral, lateral and ventral limits of the
MePD could be established along the whole extension of
this subnucleus (see also the different editions of the
atlas of Paxinos and Watson and other available atlases
of the rat brain). A critical evaluation about this technical
restriction was elaborated by us for both the rat and the
human medial amygdala (Rasia-Filho et al., 2002;
Dall’Oglio et al., 2013). Therefore, to avoid imprecise
data collection and misleading results, cells were
counted in the MePD medial cellular column taking the
unequivocal presence of OT and the ST as anatomical
references for all animals in all experimental groups. 

The MePD cellular density (the number of neurons
and glial cells) was estimated by the optical fractionator
method. Five rats were studied in each experimental
group. From each brain, 1 of 5 serial sections containing
the MePD was selected proceeding along the rostro-
caudal axis. From a total of 8-10 sections obtained per
rat, we studied 3 sections in the rostral aspect and 3 in
the caudal aspect of the MePD. Four squared counting
frames [called the area of interest (AOI) with 1,203 μm2]
were randomly overlaid onto the medial column of the
MePD in each studied section. The cells were counted at
different focal planes, including the z axis, throughout
the brain slice. Neurons and glia cells overlaying the
“including” borders of the counting frame were counted
as well as the cells located within the counting frame.
Conversely, the cells overlaying the “excluding” borders
of the counting frame were not counted (Dall’Oglio et
al., 2013; Fig. 3). 

The numerical density of neurons and glial cells was
estimated using the following formula:

Nv=(1/[a/f.h]) . (ΣQ/ΣP)
Where, Nv=estimated numerical density, a/f=area of

the counting frame; h=disector height; ΣQ=sum of cells
counted and ΣP=sum of analyzed counting frames. The
post-processing thickness of each brain slice was
measured, and the section height was used as the
disector height (Costa Ferro et al., 2010; Dall’Oglio et
al., 2013).

From these data the neuronal/glial ratio was
calculated by dividing the number of neurons per glial
cells in the rostral and caudal MePD of each hemisphere
and in each experimental group.
GFAP Immunohistochemistry and quantification

The procedure for GFAP immunohistochemistry was
adapted from previous reports (Rasia-Filho et al., 2002;
Martinez et al., 2006; Johnson et al., 2008). Briefly, the

brain sections were mounted on histological slides,
washed and then blocked with 2% bovine serum
albumin (BSA) in PBS containing 0.4% Triton X-100
(PBS-Tx, Sigma Chemical Co., USA) for 30 min, and
incubated with polyclonal GFAP antiserum raised in
rabbit (Dako, UK) diluted 1:500 in 0.3% of PBS-Tx for
48 h at 4°C. After being washed with PBS-Tx twice,
sections were incubated in anti-rabbit IgG peroxidase-
conjugated antibody produced in goat (Sigma, USA)
diluted 1:150 in PBS-Tx at RT for 2 h. The reaction was
developed by incubating the sections in a medium
containing 0.06% 3,3’-diaminobenzidine (DAB, Sigma
Chemical Co., USA) dissolved in PBS for 10 min and in
the same solution containing 1 μL of 3% H2O2 per mL
of DAB medium for 10 min. Sections were rinsed again
in PBS, dehydrated in a series of increasing ethanol
concentrations (70, 90 and 100%, 2 min each) cleared
with xylene and covered with Permount and coverslips.
To control for non-specific binding, the primary
antibody was omitted and replaced by PBS. No staining
was evident after that. Furthermore, in order to minimize
differences in the staining of astrocytes and in
background levels, the brains in both experimental
groups were fixed and post-fixed in identical solutions
for the same length of time, processed at the same time
and incubated in the same immunostaining medium for
the same period of time (Saur et al., 2014). As a rule,
GFAP-ir appeared similarly as found in other reports
(Rasia-Filho et al., 2002; Dall’Oglio et al., 2013).

The intensity of GFAP-ir was measured using semi-
quantitative densitometric analysis (Ferraz et al., 2003;
Xavier et al., 2005; Martinez et al., 2006) using a BX 50
microscope (200x; Olympus, Japan) coupled to a Motic
Images Plus 2.0 camera and Image Pro Plus software.
One of 5 serial sections containing the rostro-caudal axis
of the MePD was selected and converted to an 8-bit gray
scale (256 gray levels). Five animals were studied in
each experimental group (except the Cont and Sed Sham
HF groups, where n=4), 5 sections were studied per rat
(2 sections in the rostral aspect and 2 in the caudal
aspect of the MePD). This same procedure was done for
the right and the left hemispheres. Three AOIs (8,260
μm2 each) were randomly overlaid on each section.
These images were used in the analysis of regional
optical density (OD; Saur et al., 2014). For the analysis
of cellular OD, one AOI measuring 4.19 μm2 was placed
over the astrocytic soma in each studied image. The
regional and the cellular ODs were calculated according
to the following formula (Martinez et al., 2006):

OD (x,y)=-log [(INT(x;y) – BL)]/(INC – BL)
Where, OD(x,y) is the optical density at pixel (x,y),

INT(x,y) is the intensity at pixel(x,y), BL or black is the
intensity generated when no light goes through the
material and INC” or incident is the intensity of the
incident light. All lighting conditions and magnifications
were kept constant during the process of capturing the
images. Blood vessels and other artifacts were avoided
and the background correction was performed according
to the procedure previously described in Xavier et al.
(2005).
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Additional morphological analysis of GFAP-ir
astrocytes was done using the same images employed to
measure cellular OD. Three parameters were evaluated:
(1) An adaptation of Sholl’s concentric circles technique
was used for the study of astrocytic ramification (Sholl,
1953; Saur et al., 2014). That is, 7 virtual concentric
circles with 50 μm intervals were drawn around each
astrocytic cell body. The degree of ramification of each
astrocyte was measured by counting the number of times
astrocytic processes intersected each virtual circle in
both the lateral (i.e. right/left) and central (i.e.
superior/inferior) quadrants around the astrocytes. (2)
The quantification of primary processes was performed
by directly counting the number of astrocytic
prolongments extending from the soma in both the
lateral and central quadrants. (3) The longest primary
process in each quadrant was measured by tracing the
process with a manual measurement tool found in the
Image Pro Plus software (Saur et al., 2014). 
Statistical analysis

The effectiveness of the training protocol was
compared within-group (pre- and post-training
performance) and between trained groups using a two-
way analysis of variance (ANOVA) test for repeated
measures. The infarcted area of the left ventricle was
compared between HF groups using the two-tailed
Fisher test. The density of neurons and glial cells, the
neuronal/glia ratio and the different GFAP-ir parameters
were compared in each hemisphere and location in the
MePD (rostral and caudal aspects) among the
experimental groups using an ANOVA test for repeated
measures (considering the data from the right and left
hemispheres) followed by the Tukey test or the
Bonferroni test. The significant statistical level was set
at p≤0.05.
Results

Training effect and infarction area

The exercise protocol was able to enhance the
performance of trained rats (Fig. 2A). That is, the

statistical analysis revealed that time spent exercising
increased significantly [F(1,7)=7.25; p=0.03] and speed
on the treadmill showed a clear trend to be improved
[F(1,7)=4.58; p=0.06] when comparing the pre-training
vs the post-training performance in the T Sham and the
T HF groups. There was no interaction between training
protocol and the rat experimental condition
[F(1,7)=0.03; p=0.85 for the time spent on the treadmill;
and, F(1,7)=0.77; p=0.4 for speed on the treadmill]. 

The left ventricular infarction area in the Sed HF and
T HF groups did not show a statistically significant
difference between groups (mean ± SD=40±7 and
38±6%, respectively; p=0.8; Fig. 2B).
Neuronal and glial densities in the right and left MePD

According to the aforementioned including criteria,
the thionin staining allowed the identification of MePD
neurons with round, fusiform or multiangular cell body
shapes and the neuronal nucleus with an evident and
single nucleolus. Glial cells had a comparatively small
size, no nucleolus and an unstained cytoplasm (Fig. 3).

The density of neurons in the MePD showed a
statistically significant difference due to hemispheric
lateralization [F(1,18)=56.54; p<0.01; higher values in
the right MePD, Fig. 4A], but there were no differences
due to the group experimental condition [F(4,18)=2.22;
p=0.1] or the interaction of these two factors, i.e., MePD
laterality and experimental condition [F(4,18)=2.25;
p=0.1; Fig. 4B,C]. 

The density of glial cells in the MePD showed no
statistically significant difference due to hemispheric
laterality [F(1,18)=0.22; p=0.64], experimental condition
[F(4,18)=2.31; p=0.1] or the interaction of laterality and
experimental condition [F(4,18)=0.43; p=0.1; Fig. 5A-
C]. 

Likewise, there was no statistically significant
difference among groups for the density of neurons and
glial cells either in the rostral or in the caudal parts of the
MePD (p>0.05 in all cases; Figs. 4B,C, 5B,C). 

Calculated from the values shown in Figs. 4B,C,
5B,C, the neuronal/glia ratio varied among groups from
1.2 to 6.4 and 1.1 to 7.6 in the rostral and in the caudal
MePD, respectively. In the rostral MePD there was a
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Fig. 1. Experimental design (in
weeks and days) involving the
preconditioning training and
the myocardial infarction.
Control animals were not
manipulated whereas other
control groups were submitted
to “sham” procedures during
this period. Further details are
provided in the text.



statistically significant difference in the neuronal/glial
ratio due to hemispheric laterality [F(1,20)=17.80;
p<0.01; higher values in the right MePD], but no
statistically significant difference due to experimental
condition [F(4,20)=0.19; p=0.93] or the interaction of
laterality and experimental condition [F(4,20)=0.72;
p=0.58]. The same was found in the caudal MePD. That
is, there was a statistically significant difference in the
neuronal/glial ratio due to hemispheric laterality
[F(1,20)=10.68; p<0.01; higher values in the right
MePD], but no statistically significant difference due to
experimental condition [F(4,20)=1.13; p=0.36] or the
interaction of laterality and experimental condition
[F(4,20)=0.13; p=0.96]. 
GFAP expression in the MePD

GFAP expression was found in the MePD of all

experimental groups. Immunoreactive astrocytes were
found isolated or in small clusters, with evident cell
bodies and various branched prolongments (Fig. 6A). 

The regional GFAP-ir in the MePD showed a
statistically significant interaction for hemispheric
laterality and experimental condition [F(4,16)=4.38;
p=0.01; main differences in the left MePD]. That is, the
Sed HF group showed an increased GFAP expression in
the left MePD compared to the control and the Sed Sham
data (p<0.01 in both cases). T Sham and T HF results
were also higher than the control group (p<0.05 in both
cases), but did not differ between them (p>0.05; Fig.
6B).

No statistically significant differences among
experimental groups were found in the morphological
features of the GFAP-immunoreactive astrocytes
(ramification evaluated by the Sholl’s concentric circles
technique, number of primary processes or length of the
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Fig. 2. A. Training effects, as
evaluated by the maximum
exercise test, on the time
spent and on the speed on the
treadmill of the aerobically
trained rats submitted to a
sham procedure or an
effective myocardial
infarction/heart failure (MI/HF).
* p<0.05 compared to pre-
training values. B. Left:
Representative left ventricle
frontal view as found in rats
after 5 weeks of myocardial
infarction. An insufflating latex
balloon inside the ventricle
allows the visual identification
of the infarcted area (dashed
lines). IS=Infarct size; in this
representative case,
approximately 40% of the left
ventricle wall. The arrow
points to the approximate
location of the suture of the
left coronary artery. Right:
Summary plot of the infarcted
area, as a percentage of the
left ventricle wall, calculated
for two experimental groups:
sedentary rats submitted to
the surgical occlusion of the
left coronary artery and
effective MI/HF (Sed HF) and
exercise-trained rats
submitted to MI/HF (T HF, n=5
rats/group).



primary processes; p> 0.05 in all cases, data not shown).
Discussion

The present results based on stereological and
immunohistochemical approaches did not evidence a
modification in neuronal or glial density in the MePD
after exercise training and/or following MI/HF, but
indicated a likely restructuring in GFAP-ir and astrocytic
cytoskeleton after MI/HF in rats. Because the MI/HF
condition did not affect relevant astrocytic
morphological parameters, such changes found in the

GFAP-ir could represent a redistribution of intermediate
filaments in the already existing astrocytic branches
extending within the MePD. This finding was previously
linked with reactive gliosis after MI in the amygdala
(Bae et al., 2010). These novel data add to the discussion
of methodological differences in the evaluation of
nervous tissue adaptation to physical exercise and to
MI/HF and suggest the existence of different site-
specific effects among brain areas involved in the
elaboration of goal-oriented motor activity and the
central control of cardiovascular responses, such as the
rat MePD.
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Fig. 3. Top, Left panel.
Schematic diagram of a
coronal brain slice showing the
posterodorsal medial
amygdala (MePD) in the
ventral forebrain of rats, in this
example at 3.14 mm posterior
to the bregma. Adapted from
Paxinos and Watson (1995).
Top, Right panel. Histological
staining used for the
identification of the MePD in a
matched coronally sliced brain
section. The MePD was
divided in medial (m),
intermediate (i), and lateral (l)
cellular columns. Stereological
data was obtained from the
medial column as illustrated.
ST, stria terminalis; OT, optic
tract. Scale bar: 300 µm.
Reprinted from de Castilhos
J., Marcuzzo S., Forti C.D.,
Frey R.M., Stein D., Achaval
M., Rasia-Filho A.A. “Further
studies on the rat
posterodorsal medial
amygdala: Dendritic spine
density and effect of 8-OH-
DPAT microinjection on male
sexual behavior”. Brain Res.
Bull. 69, 131-139. Copyright
(2008) with permission from
Elsevier. Bottom.
Photomicrographs of thionin-
stained cells in the rat MePD
at the magnification used for
the optical fractionator
stereological technique. The
overlaid square represents the
“area of interest” (1205 μm2),
where cells were counted, with
including (solid lines) and
excluding (dashed lines)
borders. Example areas
shown for a neuron (solid
arrow) and a glial cell (dashed
arrow). Contrast and
background were adjusted
using Photoshop 7.0, Adobe
(USA). Scale bar: 25 µm.



1430
Cellular density and GFAP-ir in the MePD

Fig. 4. A. Values are mean (±
SD) of the stereological
estimation of neuronal density
and hemispheric difference
found in the whole
posterodorsal medial
amygdala (MePD) of rats. 
**: p<0.01 compared to the left
MePD. B, C. Mean (± SD) of
the stereological estimation of
the neuronal density found in
the rostral (B) and caudal (C)
aspects of the MePD and from
the right and left hemispheres
of non-manipulated controls,
sedentary rats submitted to a
sham MI (Sed Sham),
sedentary rats submitted to the
surgical occlusion of the left
coronary artery and effective
MI/HF (Sed HF), exercise-
trained rats submitted to a
sham MI (T Sham) and (5)
exercise-trained rats submitted
to MI/HF (T HF). Higher values
were found in the right MePD
compared to the left MePD but
there were no statistically
significant differences among
experimental groups.
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Fig. 5. A. Values are mean (±
SD) of the stereological
estimation of the glial density
found in whole posterodorsal
medial amygdala (MePD) of
rats. B, C. Mean (± SD) of the
stereological estimation of the
glial cells density found in the
rostral (B) and caudal (C)
aspects of the MePD and
from the right and left
hemispheres of non-
manipulated controls,
sedentary rats submitted to a
sham MI (Sed Sham),
sedentary rats submitted to
the surgical occlusion of the
left coronary artery and
effective MI/HF (Sed HF),
exercise-trained rats
submitted to a sham MI (T
Sham) and (5) exercise-
trained rats submitted to
MI/HF (T HF). No statistically
significant differences were
found.



Here, we studied the medially densely-packed
column of cells in the MePD to count neurons and glial
cells because it was the place where effective
neurotransmitters/neuropeptides microinjections initially
reached and diffused into the MePD to modify the

central cardiovascular control of HR and AP and to
induce sympathetic/parasympathetic output changes
(Quagliotto et al., 2008; Neckel et al., 2012). This MePD
column of cells also showed notable Fos immuno-
reactivity following stressful stimulation and
concomitant increases in HR and AP (Davern et al.,
2010; Porter and Hayward, 2011). Taking these data into
account, we tested the occurrence of plastic responses in
this part of the MePD under the present experimental
design. Both exercise training and MI were effective
procedures. That is, training improved the performance
of the animals in the treadmill protocol through 4 weeks
of exercising, whereas the induced MI promoted a mean
left ventricle infarcted area correlated with the
development of characteristically impaired cardio-
vascular parameters of HF (Jaenisch et al., 2011). 

Although the experimental condition of the rats did
not affect the density of neurons in the MePD, an
inherent hemispheric lateralization difference was found
in this morphological parameter. That is, the right MePD
contains more neurons in its medial column of cells than
in its left counterpart. Previous works have also shown a
hemispheric specialization in neuronal number in the rat
MePD (Morris et al., 2008) and compared adult male
and female Long-Evans rats using the stereological
optical fractionator method to count the number of cells.
Higher values were found in males, independently of
circulating androgens in these animals, and in both
males and females there were more neurons in the left
MePD (Morris et al., 2008). In our hands, the MePD of
Wistar rats imposes difficulties for the exact delimitation
of its borders (as described in “Stereological Study”
above). Without consistency in this crucial condition, the
Cavalieri method to estimate total number of cells can
not be used. So, as a precaution to avoid potential
confusion and unreal results (see a critical discussion in
the preface of the rat brain atlas of Kruger et al., 1995),
we decided to estimate the neuronal and glial densities in
a part of the MePD that could be reliably found in all
experimental groups. Here, Wistar rats showed another
lateralized condition for the number of neurons in the
MePD (i.e, higher values in the right hemisphere) and
this might mean that more subtle subregion-specific
differences can be found in this structure. It also has to
be mentioned that rat strain differences were already
reported for the whole medial amygdala, either for
morphological data or for subcellular components and
responses in local neurons (reviewed in Rasia-Filho et
al., 2012b and references therein).

In this same regard, other authors used GFAP
immunocytochemistry and found that the right MePD
contains more astrocytes than the left MePD in Long
Evans adult male rats (Johnson et al., 2008). Here we did
not find a hemispheric specialization in the number of
glial cells in the medial column of the MePD of Wistar
rats among the studied groups, although regional GFAP-
ir differences were found in the left MePD of the Sed HF
group compared to the control data. Altogether, these
findings point to a more complex condition of glial
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Fig. 6. A. Photomicrographs of the GFAP-immunoreactivity (GFAP-ir)
pattern in the rat posterodorsal medial amygdala of non-manipulated
controls, sedentary rats submitted to a sham MI (Sed Sham), sedentary
rats submitted to the surgical occlusion of the left coronary artery and
effective MI/HF (Sed HF), exercise-trained rats submitted to a sham MI
(T Sham) and (5) exercise-trained rats submitted to MI/HF (T HF). Note
the presence of astrocytic cell bodies and prolongments in all
experimental groups, but apparently fewer cells in the Sed Sham and
Sed HF groups. Contrast and background were adjusted using
Photoshop 7.0, Adobe (USA). Scale bar: 50 µm. B. Values are mean (±
SD) of regional optical density measurements of GFAP-ir in these same
experimental groups. *: p<0.05 when compared to the control group
data in the left hemisphere; **: p<0.01 compared to the Sed Sham data
in the left hemisphere.



presence and GFAP expression in the MePD of rats of
different strains. Taking into consideration the
methodological concerns that involve the specific
epitope immunodetection in fixed tissue, it is also
possible that direct comparisons of different
immunohistochemical studies can be indeed
controversial and it would be more appropriate to
compare data “within” each experimental set. 

We did not evidence a higher number of glial cells in
the MePD suggestive of a proliferation of these cells
after MI/HF. On the other hand, the higher GFAP-ir
observed in the Sed HF group would represent a form of
reactive gliosis with an increase in intermediate
filaments after injury (Pekny and Pekna, 2004; Bae et
al., 2010; Middeldorp and Hol, 2011), but not in the
number and length of primary processes or the number
of prolongments crossing the Sholl concentric circles
around the cell body. Other authors have also shown
higher GFAP-ir occurrence without an increase in the
local neural tissue astrocytic density (Sozmen et al.,
2012). However, the beneficial or detrimental effects of
this GFAP increase in rats submitted to MI/HF remain to
be tested. The T HF rats increased GFAP-ir, but their
respective control group presented similar values, which
did not allow the determination of the main cause of this
enhanced GFAP expression in trained animals. 

It is also worth noting that MI consequences were
studied after 5 weeks of the experimental procedure, a
period of time relevant for the development of HF, and
thus related with chronic adaptation of the nervous
system to this pathological condition. Cellular numerical
changes in the brain can be found as early as 1-7 days
following MI (Wann et al., 2006; Kaloustian et al., 2008)
and MI-induced cell death was found after 2 weeks in
the whole amygdala (Bae et al., 2010). On the other
hand, 2 and 3 weeks after MI, there were no apoptosis
markers found in the amygdala and hippocampus of rats,
although neuronal death could still be observed in the
hypothalamus and prefrontal cortex (Wann et al., 2007).
Because the amygdaloid complex is composed by
different nuclei and subnuclei (Rasia-Filho et al., 2000;
Petrovich et al., 2001; de Olmos et al., 2004), it is highly
likely that differences in the sensitivity to experimental
manipulations can occur on a site-specific basis. That is,
within the whole amygdala, the MePD could be a
putative candidate to be involved with the
neuroplasticity induced by physical exercise and/or
MI/HF. Our data did not support such an affirmative on
the current chronic-based protocol. 

Finally, some working hypotheses are opened with
the present study. In this regard, further studies can be
proposed to determine if different subpopulations of
intrinsic neurons in the MePD (Choi et al., 2005; Carney
et al., 2010) are more or less sensitive to the present
experimental procedures. This would also be proposed
for different GFAP-positive isoforms and the potential
versatility of the GFAP cytoskeletal network
(Middeldorp and Hol, 2011) and the MePD neuron-
astrocyte interaction. It is also possible that differences

can occur in the number of neurons and glial cells after
training or MI/HF, but they have to be revealed by
additional techniques that test for apoptosis or
neurogenesis markers in the MePD, also checking if
different compensatory ways could influence the total
number of cells counted. Furthermore, it is relevant to
test if the MePD of exercise-trained rats and the MePD
of MI/HF animals maintain the same functional
properties or if they can adapt accordingly to new
allostatic conditions and alter the central sympathetic
and parasympathetic modulation of the cardiovascular
system. These working hypotheses require an additional
methodological approach and open new possibilities for
research on the structure and function of the rat MePD.

In conclusion, the present data did not evidence a
modification in cellular density after preconditioning
training and/or MI/HF in part of the MePD, but indicate
a possible reactive gliosis and restructuring of
intermediate filaments of the astrocytic cytoskeleton
after MI/HF in rats.
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