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Abstract Physical exercise has an important influence on
brain plasticity, which affects the neuron—glia interaction.
Astrocytes are susceptible to plasticity, and induce and
stabilize synapses, regulate the concentration of various
molecules, and support neuronal energy metabolism. The
aim of our study was to investigate whether physical
exercise is capable of altering the morphology, density and
expression of glial fibrillary acidic protein (GFAP) in
astrocytes from the CAl region of rat hippocampus. Thir-
teen male rats were divided in two groups: sedentary
(n = 6) and exercise (n = 7). The animals in the exercise
group were submitted to a protocol of daily physical
exercise on a treadmill for four consecutive weeks. GFAP
immunoreactivity was evaluated using optical densitome-
try and the morphological analyses were an adaptation of
Sholl’s concentric circles method. Our results show that
physical exercise is capable of increasing the density of
GFAP-positive astrocytes as well as the regional and cel-
lular GFAP expression. In addition, physical exercise
altered astrocytic morphology as shown by the increase
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observed in the degree of ramification in the lateral quad-
rants and in the length of the longest astrocytic processes in
the central quadrants. Our data demonstrate important
changes in astrocytes promoted by physical exercise, sup-
porting the idea that these cells are involved in regulating
neural activity and plasticity.

Keywords Physical exercise - Astrocytes - GFAP -
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Introduction

There is a considerable evidence to show that physical
exercise has a positive effect on brain function in both
humans (Hillman et al. 2008; Laurin et al. 2001) and ani-
mals (Albeck et al. 2006; Farmer et al. 2004; Stranahan
et al. 2010). Physical exercise improves cognitive functions
(Kashihara et al. 2009; Kramer et al. 2006) and memory
(Alaei et al. 2008; de Senna et al. 2011), reduces anxiety
and depression (Martinsen 2008), and has protective
properties on a wide variety of neurological diseases,
such as Parkinson’s disease (Smith and Zigmond 2003),
Alzheimer’s disease (Mirochnic et al. 2009) and ischemic
stroke (Stummer et al. 1994).

Studies designed to shed light on the neurobiological
bases of these benefits have demonstrated that physical
exercise is involved in cerebral plasticity. Exercise can
induce neurogenesis (Kim et al. 2003; van Praag et al.
1999a, b, 2005) and increase the release of neurotrophic
factors such as: brain-derived neurotrophic factor (BDNF),
nerve growth factor (NGF), fibroblast growth factor (FGF)
and their mRNAs (Berchtold et al. 2010; Gémez-Pinilla
et al. 1997; Neeper et al. 1996). Physical exercise can also
induce long-term potentiation (LTP) (van Praag et al. 1999a)
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and angiogenesis (van der Borght et al. 2009). In addition,
physical activity can increase the most common markers of
hippocampal synaptic and structural plasticity, such as
synapsin I, neurofilaments, microtubule-associated protein 2
(Ferreira et al. 2011).

Nevertheless, there are only a few studies that have
investigated the effects of exercise in astrocytes in animals
and humans. Some of these studies report that physical
exercise was able to increase the glial fibrillary acidic
protein (GFAP) expression as well as the number of GFAP-
positive astrocytes in the frontoparietal cortex and striatum
(Li et al. 2005), and stimulate the proliferation of the
astrocytes in the subgranular zone of the hippocampus of
rodents (Uda et al. 2006).

Thus, the goal of our study was to analyze the effects of
physical exercise in the morphology of GFAP-positive
hippocampal astrocytes, more specifically, in the stratum
radiatum within the CAl (Interaural 6.70 mm/Bregma
—2.30 mm to Interaural 4.70 mm/Bregma —4.30 mm), a
region that contains numerous astrocytes and is involved in
important functions including learning and memory
(Catalani et al. 2002; Squire et al. 2004).

Materials and methods
Animals

For this study, 13 male Wistar rats, aged approximately
3 months and weighing about 200-300 g were obtained
from the Instituto de Ciéncias Basicas da Sadde (ICBS),
UFRGS. They were maintained in a controlled environ-
ment with food and water ad libitum, at a 12:12 h dark:-
light schedule. The animals were divided into two groups:
1-Sedentary (Sed; 6 animals), 2-Exercise (Exe; 7 animals).
All experiments were performed in accordance with the
Guide for the Care and Use of Laboratory Animals adopted
by the National Institute of Health (USA). All efforts were
made to minimize animal suffering and reduce the number
of animals needed.

Exercise program

Considering that for humans the guidelines recommend
practicing physical activity for at least 30 min most days of
the week (Hillman et al. 2008), our investigation adopted a
protocol of light intensity exercise adapted from a previous
study (Yoon et al. 2007). In summary, the animals in the
exercise group walked on an adapted motorized treadmill
for 30 min, 5 days a week for four consecutive weeks. In
all the exercise sessions, the treadmill was maintained at a
speed of 4 m/min for the first 5 min, and then 6 m/min for
the remaining 25 min.
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GFAP immunohistochemistry

For the immunohistochemical study, all rats were deeply
anesthetized with ketamine (90 mg/kg) and xylazine
(15 mg/kg) (i.p.) and injected with heparin (1,000 IU;
Cristalia, Brazil). Using a peristaltic pump (Milan, Brazil,
50 mL/min), the animals were perfused through the left
cardiac ventricle with 200 mL of saline solution followed by
200 mL of fixative solution of 4 % paraformaldehyde
(Reagen, Brazil) diluted in 0.1 M phosphate buffer (PB), pH
7.4. Brains were extracted from the skull, post-fixed for 4 h
in the same fixative solution at room temperature, cryo-
protected in 15 % sucrose solution in PB at 4 °C until they
sank (about 24 h) and then transferred to a solution of 30 %
sucrose (Synth, Brazil) in PB at 4 °C until they sank (also
about 24 h), and then frozen in liquid nitrogen (Nitrovet,
Brazil). After these procedures, the brains were kept in a
freezer (—70 °C) for further analyses. Coronal brain
sections (50 um) were obtained using a cryostat (Leica,
Germany) and one in every five sections was collected for
analysis. Brain sections were collected in phosphate-
buffered saline (PBS) and processed for GFAP immuno-
histochemistry (Dutra et al. 2012). Free floating sections
were washed and blocked with 2 % bovine serum albumin
(BSA) in PBS containing 0.4 % Triton X-100 (PBS-Tx,
Sigma Chemical Co., USA) for 30 min. They were then
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 whole molecule peroxidase-
conjugated antibody produced in goat (Sigma, USA) diluted
1:150 in PBS-Tx at room temperature 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 pL of 3 % H,0, per mL of DAB
medium for an additional 10 min. Immediately after the
DAB + H,0, revelation, the sections were rinsed in PBS,
dehydrated in series of increasing ethanol concentrations
(70, 90 and 100 %, 2 min each) cleared with xylene and
covered with Permount and coverslips. As a control to rule
out unspecific binding, in a few sections the primary anti-
body was omitted and replaced by PBS. 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.

Astrocytic density estimation

The number of GFAP-immunoreactive astrocytes per mm?

in the stratum radiatum of the CA1 was estimated using an
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Olympus BX 50 microscope coupled to a Motic Images
Plus 2.0 camera and Image Pro Plus (Image Pro-Plus 6.1,
Media Cybernetics, Silver Spring, EUA) software.

For this analysis, three digitized images (20x) from
selected areas were obtained from each section. Altogether,
five sections from each animal were analyzed. Thus, 15
images were analyzed per animal. Three randomized
squares measuring 5,828 pm? and named areas of interest
(AOIs) were overlaid on each image. The astrocytes
located inside this square or intersected by the upper and/or
right edges of the square were counted. Astrocytes inter-
sected by the lower and/or left edges of the square were not
counted.

GFAP immunoreactivity evaluation

The intensity of GFAP immunoreactivity was measured
using semi-quantitative densitometric analysis (Ferraz et al.
2003; Xavier et al. 2005; Martinez et al. 2006) with the
same software employed to estimate the astrocytic density.
The same images used to estimate astrocytic density were
used in the analysis of regional optical density (OD). The
images were converted to an 8-bit gray scale (256 gray
levels) and three AOIs (5,828 umz) were overlaid on each
image.

For the analysis of cellular OD, three digitized images
(40x) were obtained from each section. Altogether, five
sections from each animal were analyzed. Thus, fifteen
images were analyzed in each animal. The images were
converted to gray scale and one AOI measuring 10.37 pm?
was placed over the astrocytic soma in each image.
Cellular GFAP expression was only measured in the glial
soma, immunoreactivity in the processes was not
measured.

All lighting conditions and magnifications were kept
constant during the process of capturing the images. Blood
vessels and other artifacts were avoided and the back-
ground correction was performed according to the formula
previously described in Xavier et al. (2005).

Morphological analysis of astrocytes

The morphological analysis was done using the same
images employed to measure cellular optical density. For
the analysis of astrocytic ramification, an adaptation of
Sholl’s concentric circles technique was used (Sholl 1953;
Dall’Oglio et al. 2008). Briefly, seven virtual circles with
3.91 um intervals were drawn around each astrocyte.

The degree of ramification of the astrocytes was mea-
sured by counting the number of times the astrocytic pro-
cesses intersected with each virtual circle in both the lateral
(i.e. right/left) and central (i.e. superior/inferior) quadrants
around the astrocytes.

Primary process quantification was performed by
counting the processes extending directly from the soma in
both the lateral and central quadrants of astrocytes in the
same sections.

The longest primary process in each quadrant was
measured by tracing the process with a manual measure-
ment tool found in the Image Pro Plus software.

Statistical analysis

An unpaired (Student’s) ¢ test was used to compare the
groups (p < 0.05), using Graph Pad 4.0 software. Data are
expressed as mean + standard deviation.

Results

In our study, astrocytes from the stratum radiatum within
the CA1 region of the hippocampus were analyzed (Fig. 1).
In both groups, it was possible to observe the soma and
processes of GFAP-positive astrocytes. Some of these
processes were long and thin, extending from the soma
(primary process) and giving rise to many fine ramifica-
tions (Fig. 1). These astrocytes were seen to connect to
neighboring astrocytes by slightly touching their distal
processes (Fig. 1).

In the qualitative analysis, we observed an increased
number of GFAP-positive astrocytes, and a stronger
immunoreaction in the exercise group when compared to
sedentary animals (Fig. 1).

In order to confirm our qualitative morphological find-
ings, quantitative and semi-quantitative evaluations were
performed, respectively, involving an estimation of astro-
cytic density and measurements of regional and cellular
optical density.

Astrocytic density, regional and cellular optical density

Daily physical exercise was able to increase astrocytic
density (Fig. 2a; p < 0.001). Increases in regional (Fig. 2b;
p < 0.05) and cellular (Fig. 2¢; p < 0.01) GFAP immu-
noreactions were also observed in the exercise group.

Analysis of astrocytic ramification

As shown in Fig. 3b, physical exercise induced an increase
in the number of total ramifications (p < 0.05). This
increase in the total number of intersections is due to the
fact that the number of intersections increased in the lateral
quadrants in the exercise group (Fig. 3d; p < 0.05). No
difference was observed in the number of intersections
counted in the central quadrants (Fig. 3c).
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Fig. 1 Digitized images of the hippocampus after GFAP immuno-
histochemistry showing the CA1 region. a, b sedentary, ¢, d exercise.
Note the astrocytic soma and processes stained for GFAP and the
increase in astrocytic density and GFAP expression in the exercise

Analysis of the primary processes

There were no significant differences in the number of
central, lateral and total primary processes (Fig. 4a—c).

Length of the primary processes

The analysis of the length of the longest primary central
and lateral processes demonstrated that physical exercise
was able to increase the length of the astrocytic processes
in the central quadrant (Fig. 5a; p < 0.05) when compared
to the sedentary group. No differences were observed in
the astrocytic process length in the lateral quadrant
(Fig. 5b).

Discussion
In our study, we used GFAP as an astrocytic marker. Other
markers including, S100 protein, vimentin and glutamine

synthetase are used to analyze alteration in the proprieties
of glial cells (Catalani et al. 2002). However, our choice to
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Bregma: -3.14mm
Interaural: 5.86mm

group. Filled square areas of capture at 20x. P stratum pyramidale,
R stratum radiatum, LM stratum lacunosum moleculare and M stratum
moleculare. Adapted from Paxinos and Watson (1998)

use GFAP is based on the fact that other markers present
some serious disadvantages when compared to GFAP.

For example, in the study by Wu et al. (2005), while
antibodies for glutamine synthetase and S1008 were found
to clearly stain the nuclei of astrocytes, the cytoplasm and
processes were only poorly stained. It has also been noted
that with S100 immunohistochemistry the astrocytic pro-
cesses appear to be smaller when compared to GFAP
immunostained astrocytes (Bjorklund et al. 1983). More-
over, although glutamine synthetase was first thought to be
specific for astrocytes, later studies revealed that this
enzyme is also detectable in oligodendrocytes (Tansey
et al. 1991).

Like GFAP, vimentin is also a good marker of astrocytic
morphology, but it is predominantly expressed in immature
glial cells (Dahl et al. 1981; Pixley and Vellis 1984), and in
our study, we only focused on the effects of exercise on the
structure and function of fully developed astrocytes.

Other glial markers that could have been used are
members of the glutamate transporters family. Some
studies have used immunoreaction to detect these trans-
porters (i.e. GLAST and GLT). However, these markers are
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Fig. 2 Effects of physical exercise on the astrocytic density and GFAP expression. a Astrocytic density, b regional optical density (p = 0.015)
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not good tracers for morphological analyses, because they
usually produce unclear images (Coleman et al. 2004;
Zhang et al. 2011).

Therefore, GFAP immunolabeling is still generally
considered a reliable means of identifying astrocytes
(Theodosis et al. 2008). GFAP has been used as the main
marker for astrocytical reactivity in several different areas
such as: obesity (Buckman et al. 2012), schizophrenia
(Williams et al. 2012), neuroinflammation (Schiéfer et al.
2012), the effects of vitamin C (Hashem et al. 2012), and
the effects of resveratrol (Yuan et al. 2012). Furthermore,
GFAP is a cytoskeletal protein required for the formation
of stable astrocytic processes (Weinstein et al. 1991),
which is ideal for morphological analyses.

In our study, we have demonstrated that physical exer-
cise can morphologically alter GFAP-positive astrocytes in
the stratum radiatum within the CA1 region of the hip-
pocampus in healthy rats. We found an increase in the
density of astrocytes in the exercise group (Fig. 2a). This
result is supported by previous studies which demonstrated
an increase in astrocytic density (Uda et al. 2006) and in
the proliferation of GFAP-positive cells, in the subgranular
zone of the hippocampus, in exercised rats (Komitova et al.
2005). One explanation for this increase in astrocytic
density is that physical exercise is capable of increasing
FGF and NGF (Neeper et al. 1996; Gomez-Pinilla et al.
1997), since previous studies have demonstrated that FGF

and NGF are able to induce astrocytic proliferation
(G6omez-Pinilla et al. 1995; Lewis et al. 1992; Yokoyama
et al. 1993).

We observed an increase in regional GFAP expression
brought on by physical exercise (Fig. 2b). Our finding is in
accordance with previous studies which have demonstrated
similar alterations in the hippocampus (Ferreira et al. 2011;
Rodrigues et al. 2010). Another study also found exercise
evoked an increase in regional GFAP expression in dif-
ferent brain regions (Li et al. 2005). However, using a more
intense exercise protocol, de Senna et al. (2011) reported
no changes in GFAP regional optical density, in contrast to
our study. This difference is probably a result of the dif-
ferent exercise protocols used, indicating that regional
optical density generated by GFAP could differ according
to the protocol used. Unfortunately, the study by de Senna
et al. (2011) did not include an analysis using Sholl
method, which could have provided some very interesting
information.

The increase in GFAP expression has been widely
described in neurologic dysfunctions such as depression
(Kraig et al. 1991), electrically induced seizures (Steward
et al. 1991, 1997) and augmented cerebral activity brought
on by an increase in extracellular potassium concentration
(Canady et al. 1990). But in many instances, these altera-
tions observed in astrocytes may reflect a substantial
increase in astroglial metabolism and protein synthesis,
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Fig. 4 Effects of physical exercise on the number of primary
processes in GFAP-positive astrocytes. a Primary processes in the
central quadrants (p = 0.711). b Primary processes in the lateral

consistent with a healthy cellular hypertrophy in response
to increased physiologic demands (Eddleston and Mucke
1993).

Furthermore, the astrocytes activation can play an
important role in neural plasticity in healthy animals as
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quadrants (p = 0.640) and c total primary processes, p = 0.925
(mean =+ SD). Sed sedentary, Exe exercise

shown by the increase in the density and expression of
GFAP immunoreactive astrocytes following behavioral and
environmental manipulations (Jones et al. 1996; Sirevaag
and Greenough 1991; Matsutani and Leon 1993; Gémez-
Pinilla et al. 1998). In addition, some studies have observed
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that the decrease in GFAP expression leads to abnormal
astrocyte—neuronal interaction, neuronal physiology and
abnormal behavior in rodents (McCall et al. 1996; Shibuki
et al. 1996).

Another finding of our study is the increase in cellular
GFAP expression (Fig. 2c). In a very similar study, in
which the researchers analyzed the effects of environ-
mental enrichment (EE) on astrocytes, no alteration in this
parameter was observed (Viola et al. 2009). EE is a
housing condition that facilitates enhanced sensory, cog-
nitive and also motor stimulation by placing various
objects/tasks inside the home cages in which the animal is
free to interact at will (Nithianantharajah and Hannan
2006). The differences between the results of the present
study and that of Viola et al. (2009) might be related to the
motor stimulus employed. EE is very broad, whereas
physical exercise is specific and uniform. Thus, the
increase in the cellular GFAP expression found in the
present study could be associated to the regular motor
stimulus provided by our protocol.

In this study, we also observed morphological alterations
analyzed by the Sholl method in GFAP-positive astrocytes.
Most astrocytes in the stratum radiatum region have a
fusiform shape almost perpendicular to stratum pyramidale
with the long axis oriented parallel to the descending apical
dendrites of the CA1 pyramidal cells (Nixdorf-Bergweiler
et al. 1994; Bushong et al. 2002). The longitudinal
arrangement of astrocytes in relation to apical CAl den-
drites suggests that a structural arrangement between
astrocytes and neurons exists in this region (Bushong et al.
2002). Our results show an increase in the degree of rami-
fication of astrocytes in lateral quadrants, but not in central
quadrants in the exercised group (Fig. 3d). Therefore, the
increase observed in the ramification indicates that physical
exercise induced a slight change in the morphology of the
astrocytes in this region, with them adopting more stellate
shape. Similar data have been described by Viola et al.
(2009), in which they demonstrated that housing in an
enriched environment was capable of changing the same
parameter in the stratum radiatum.

We also observed an increase in the length of the longest
primary process in the central quadrant in the exercised
animals (Fig. 5a). This is in accordance with a recent study
that reported that reaching skills training can induce an
increase in the length of astrocytic processes, which was
observed in association with enhanced sensorimotor
recovery after intracerebral hemorrhage (Mestriner et al.
2011). Astrocyte processes contain cytoskeletal GFAP
molecule, in which the assembly of the cytoskeleton
facilitates such changes in astrocyte morphology (Rodnight
et al. 1997) and some studies have observed that decreased
GFAP expression leads to a reduced capacity to form stable
astrocytic processes in rodents (Chen and Liem 1994;
Weinstein et al. 1991).

As previously mentioned, physical exercise is capable of
increasing BDNF expression (Neeper et al. 1996) and a
related study demonstrated that the astrocytes from layer I
within the motor cortex treated with BDNF presented
similar alterations in astrocytic morphology to those
observed in our study (Ohira et al. 2007). Thus, BDNF
could be one of the molecular mechanisms responsible for
the alterations that we observed in the astrocytes from
exercised animals in our study. Moreover, physical exer-
cise is capable of inducing LTP (van Praag et al. 1999a),
which has been shown to produce alterations in the mor-
phology of astrocytes around potentiated synapses
to accompany neuronal plasticity in the dentate gyrus
(Wenzel et al. 1991).

In the same way, the dendritic spines are adaptable and
respond to changes in activity by altering their structure,
astrocytic processes dynamically alter their morphology
and interact with synapses in response to environmental
cues (Allen and Barres 2005). Physical exercise is able to
increase the length, density and complexity of the dendritic
spines in the hippocampus (Dietrich et al. 2008; Eadie et al.
2005; Lin et al. 2012) and changes in the dendritic spines
are typically coordinated with changes in the astrocytic
processes (Haber et al. 2006).

Evidence clearly shows that remodeling of astrocytic
processes is closely linked to neuronal activity and often
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occurs in synchrony with morphological changes in
neighboring neurons and synaptic inputs, a kind of astro-
cytic-neuronal plasticity that highlights the brain’s capacity
for activity-dependent modulation (Theodosis et al. 2008).
The “tripartite” synapse, in which information flows not
only between the traditional pre- and postsynaptic neuronal
partners but, in addition, between astrocytic processes
(Perea et al. 2009), suggests astrocytic processes directly
influence synaptic activity, which reflects the cooperation
between neurons and astrocytes. Therefore, the alterations
seen in the astrocytes in our study could reflect neuronal
and synaptic changes in response to physical exercise,
suggesting that structural changes in both neurons and glia
contribute to synaptic plasticity in the hippocampus.

An interesting hypothesis is that astrocytes could present
some degree of polarization, as found in neurons and epi-
thelial cells (Alberts et al. 2008). Thus, the “apical”,
“basal” and “lateral” portions of astrocytes could present
different types of proteins, receptors, etc. The concept of
polarity in astrocytes hypothesized in our study has been
previously suggested in other studies (Nixdorf-Bergweiler
et al. 1994; Derouiche et al. 2012).

The polarization of astrocytes is an exciting idea
because, in the stratum radiatum region of the CAl, the
apical dendrites of the pyramidal cells are heavily inner-
vated by Schaffer collaterals that produce an excitatory
glutamatergic input at a distal site and also by interneurons
that generate inhibitory GABAergic inputs, at a proximal
shaft (Andersen et al. 2007; Freund and Buzsaki 1996;
Verkhratsky and Butt 2007). These differences in the
synaptic configurations could explain the anisotropic nat-
ure found using Sholl analysis.

The involvement of astrocytes in angiogenesis has long
been recognized (Penfold et al. 1990; Sudrez et al. 1994),
suggesting astrocytes have a functional role in the vascular-
ization of neural tissue. These studies also indicate that
astrocytes might participate directly and actively in the reg-
ulation of capillary formation. Another study also showed
that exercise induces astroglial proliferation in the same areas
that exhibit angiogenesis (Li et al. 2005). This association of
angiogenesis and astroglial proliferation during exercise
suggests that both astrocytes and endothelial cells could
participate in the formation of new blood vessels in the brain.

Various studies have reported important neuronal and
molecular alterations related to physical exercise, however,
there is little is clear evidence about the relation between
physical exercise and astrocytes. Thus, the main contribu-
tion of our study was to demonstrate that physical exercise
is able to increase regional and cellular GFAP, as well as
the number of GFAP-positive astrocytes in the hippocam-
pus. Furthermore, these alterations were accompanied by
important morphological changes in the degree of ramifi-
cation and the length of the astrocytic processes.

@ Springer

Acknowledgments This research was supported by Brazilian
funding agencies: Conselho Nacional de Pesquisa e Desenvolvimento
(CNPq), Coordenagdo de Aperfeicoamento de Pessoal de Nivel
Superior (CAPES) e Fundagio de Apoio a Pesquisa do Estado do Rio
Grande do Sul (FAPERGS). Lisiani Saur was supported by an MSc
scholarship from CAPES and Léder Leal Xavier and Matilde Achaval
are CNPq investigators.

Conflict of interest The authors declare that they have no conflicts
of interest.

References

Alaei H, Moloudi R, Sarkaki AR (2008) Effects of treadmill running
on mid-term memory and swim speed in the rat with Morris
water maze test. ] Bodyw Mov Ther 12:72-75

Albeck DS, Sano K, Prewitt GE, Dalton L (2006) Mild forced
treadmill exercise enhances spatial learning in the aged rat.
Behav Brain Res 168:345-348

Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P (2008)
Molecular biology of the cell, 5th edn. Garland Science, New
York

Allen NJ, Barres BA (2005) Signaling between glia and neurons:
focus on synaptic plasticity. Curr Opin Neurobiol 15:542-548

Andersen P, Morris R, Amaral D, Bliss T, O’Keefe J (2007) The
hippocampus book. Oxford University Press, New York

Berchtold NC, Castello N, Cotman CW (2010) Exercise and time-
dependent benefits to learning and memory. Neuroscience 167:
588-597

Bjorklund H, Dahl D, Haglid K, Rosengren L, Olson L (1983)
Astrocytic development in fetal parietal cortex grafted to cerebral
and cerebellar cortex of immature rats. Dev Brain Res 9:171-180

Buckman LB, Thompson MM, Moreno HN, Ellacott KLJ (2012)
Regional astrogliosis in the mouse hypothalamus in response to
obesity. J] Comp Neurol. doi:10.1002/cne.23233

Bushong EA, Martone ME, Jones YZ, Ellisman MH (2002)
Protoplasmic astrocytes in CAl stratum radiatum occupy
separate anatomical domains. J Neurosci 22:183-192

Canady KS, Ali-Osman F, Rubel EW (1990) Extracellular potassium
influences DNA and protein syntheses and glial fibrillary acidic
protein expression in cultured glial cells. Glia 3(5):368-374

Catalani A, Sabbatini M, Consoli C, Cinque C, Tomassoni D, Azmitia
E, Angelucci L, Amenta F (2002) Glial fibrillary acidic protein
immunoreactive astrocytes in developing rat hippocampus.
Mech Ageing Dev 123:481-490

Chen WIJ, Liem RK (1994) Reexpression of glial fibrillary acidic
protein rescues the ability of astrocytoma cells to form processes
in response to neurons. J Cell Biol 127:813-823

Coleman E, Judd R, Hoe L, Dennis J, Posner P (2004) Effects of
diabetes mellitus on astrocyte GFAP and glutamate transporters
in the CNS. Glia 48:166-178

Dahl D, Rueger DC, Bignami A, Weber K, Osborn M (1981)
Vimentin, the 57,000 molecular weight protein of fibroblast
filaments, is the major cytoskeletal component in immature glia.
Eur J Cell Biol 24(2):191-196

Dall’Oglio A, Gehlen G, Achaval M, Rasia-Filho AA (2008)
Dendritic branching features of Golgi-impregnated neurons from
the “ventral” medial amygdala subnuclei of adult male and
female rats. Neurosci Lett 439:287-292

de Senna PN, Ilha J, Baptista PP, do Nascimento PS, Leite MC, Paim
MF, Gongalves CA, Achaval M, Xavier LL (2011) Effects of
physical exercise on spatial memory and astroglial alterations in
the hippocampus of diabetic rats. Metab Brain Dis 26:269-279


http://dx.doi.org/10.1002/cne.23233

Brain Struct Funct (2014) 219:293-302

301

Derouiche A, Pannicke T, Haseleu J, Blaess S, Grosche J, Reichen-
bach A (2012) Beyond polarity: functional membrane domains
in astrocytes and miiller cells. Neurochem Res 37:2513-2523

Dietrich MO, Andrews ZB, Horvath TL (2008) Exercise-induced
synaptogenesis in the hippocampus is dependent on UCP2-
regulated mitochondrial adaptation. J Neurosci 28:10766—10771

Dutra MF, Jaeger M, Ilha J, Kalil-Gaspar PI, Marcuzzo S, Achaval M
(2012) Exercise improves motor deficits and alters striatal GFAP
expression in a 6-OHDA-induced rat model of Parkinson’s
disease. Neurol Sci 33:1137-1144

Eadie BD, Redila VA, Christie BR (2005) Voluntary exercise alters
the cytoarchitecture of the adult dentate gyrus by increasing
cellular proliferation, dendritic complexity, and spine density.
J Comp Neurol 486:39-47

Eddleston M, Mucke L (1993) Molecular profile of reactive
astrocytes-implications for their role in neurologic disease.
Neuroscience 54:15-36

Farmer J, Zhao X, Van Praag H, Wodtke K, Gage FH, Chistie BR
(2004) Effects of voluntary exercise on synaptic plasticity and
gene expression in the dentate gyrus of adult male Sprague-
Dawley rats in vivo. Neuroscience 124:71-79

Ferraz AC, Xavier LL, Hernandes S, Sulzbach M, Viola GG,
Anselmo-Franci JA, Achaval M, Da Cunha C (2003) Failure of
estrogen to protect the substantia nigra pars compacta of female
rats from lesion induced by 6-hydroxydopamine. Brain Res
986:200-205

Ferreira AF, Real CC, Rodrigues AC, Alves AS, Britto LR (2011)
Short-term, moderate exercise is capable of inducing structural,
BDNF-independent hippocampal plasticity. Brain Res 1425:
111-122

Freund TF, Buzsiki G (1996) Interneurons of the Hippocampus.
Hippocampus 6:347-470

Gomez-Pinilla F, Vu L, Cotman CW (1995) Regulation of astrocyte
proliferation by FGF-2 and heparan sulfate in vivo. J Neurosci
15:2021-2029

Goémez-Pinilla F, Dao L, So V (1997) Physical exercise induces FGF-
2 and its mRNA in the hippocampus. Brain Res 764:1-8

Gémez-Pinilla F, So V, Kesslak JP (1998) Spatial learning and
physical activity contribute to the induction of fibroblast growth
factor: neural substrates for increased cognition associated with
exercise. Neuroscience 85:53-61

Haber M, Zhou L, Murai KK (2006) Cooperative astrocyte and
dendritic spine dynamics at hippocampal excitatory synapses.
J Neurosci 26:8881-8891

Hashem HE, Safwat MDED, Algaidi S (2012) The effect of
monosodium glutamate on the cerebellar cortex of male albino
rats and the protective role of vitamin C (histological and
immunohistochemical study). J Mol Hist 43:179-186

Hillman CH, Erickson KI, Kramer AF (2008) Be smart, exercise your
heart: exercise effects on brain and cognition. Nature Rev
9:58-65

Jones TA, Hawrylak N, Greenough WT (1996) Rapid laminar-
dependent changes in GFAP immunoreactive astrocytes in the
visual cortex of rats reared in a complex environment. Psycho-
neuroendocrinology 21:189-201

Kashihara K, Maruyama T, Murota M, Nakahara Y (2009) Positive
effects of acute and moderate physical exercise on cognitive
function. J Physiol Anthropol 28(4):155-164

Kim HB, Jang MH, Shin MC, Lim BV, Kim YP, Kim KJ, Kim EH,
Kim CJ (2003) Treadmill exercise increases cell proliferation in
dentate gyrus of rats with streptozotocin-induced diabetes.
J Diabetes Complicat 17:29-33

Komitova M, Zhao LR, Gid6 G, Johansson BB, Eriksson P (2005)
Postischemic exercise attenuates whereas enriched environment
has certain enhancing effects on lesion-induced subventricular
zone activation in the adult rat. Eur J Neurosci 21:2397-2405

Kraig RP, Dong L, Thisted R, Jaegep CB (1991) Spreading
depression increases immunohistochemical staining of glial
fibrillary acidic protein. J Neurosci 17(7):2187-2199

Kramer AF, Erickson KI, Colcombe SJ (2006) Exercise, cognition,
and the aging brain. J Appl Physiol 101:1237-1242

Laurin D, Verreault R, Lindsay J, MacPherson K, Rockwood K
(2001) Physical activity and risk of cognitive impairment and
dementia in elderly person. Arch Neurol 58:498-504

Lewis GP, Erickson PA, Guérin CJ, Anderson DH, Fisher SK (1992)
Basic fibroblast growth factor: a potential regulator of prolifer-
ation and intermediate filament expression in the retina.
J Neurosci 12:3968-3978

Li J, Ding YH, Rafols JA, Lai Q, McAllister JP 2nd, Ding Y (2005)
Increased astrocyte proliferation in rats after running exercise.
Neurosci Lett 386:160-164

Lin TW, Chen SJ, Huang TY, Chang CY, Chuang JI, Wu FS,
Kuo YM, Jen CJ (2012) Different types of exercise induce
differential effects on neuronal adaptations and memory perfor-
mance. Neurobiol Learn Mem 97:140-147

Martinez FG, Hermel EE, Xavier LL, Viola GG, Riboldi J, Rasia-
Filho AA, Achaval M (2006) Gonadal hormone regulation of
glial fibrillary acidic protein immunoreactivity in the medial
amygdala subnuclei across the estrous cycle and in castrated and
treated female rats. Brain Res 1108:117-126

Martinsen EW (2008) Physical activity in the prevention and
treatment of anxiety and depression. Nord J Psychiatry 47:25-29

Matsutani S, Leon M (1993) Elaboration of glial cell processes in
the rat olfactory bulb associated with early learning. Brain Res
613:317-320

McCall MA, Gregg RG, Behringer RR, Brenner M, Delaney CL,
Galbreath EJ, Zhang CL, Pearce RA, Chiu SY, Messing A (1996)
Targeted deletion in astrocyte intermediate filament (Gfap) alters
neuronal physiology. Proc Natl Acad Sci 93:6361-6366

Mestriner RG, Pagnussat AS, Boisserand LSB, Valentim L, Netto CA
(2011) Skilled reaching training promotes astroglial changes and
facilitated sensorimotor recovery after collagenase-induced
intracerebral hemorrhage. Exp Neurol 227:53-61

Mirochnic S, Wolf S, Staufenbiel M, Kempermann G (2009) Age
effects on the regulation of adult hippocampal neurogenesis by
physical activity and environmental enrichment in the APP23
mouse model of Alzheimer disease. Hippocampus 19:1008-1018

Neeper SA, Gémez-Pinilla F, Choi J, Cotman CW (1996) Physical
activity increases mRNA for brain-derived neurotrophic factor
and nerve growth factor in rat brain. Brain Res 726:49-56

Nithianantharajah J, Hannan AJ (2006) Enriched environments,
experience-dependent plasticity and disorders of the nervous
system. Nat Rev Neurosci 7:697-709

Nixdorf-Bergweiler BE, Albrecht B, Heinemann U (1994) Developmen-
tal changes in the number, size, and orientation of GFAP-positive
cells in the CAl region of rat hippocampus. Glia 12:180-195

Ohira K, Funatsu N, Homma KJ, Sahara Y, Hayashi M, Kaneko T,
Nakamura S (2007) Truncated TrkB-T1 regulates the morphol-
ogy of neocortical layer I astrocytes in adult rat brain slices. Eur
J Neurosci 25:406-416

Paxinos G, Watson C (1998) The rat brain in stereotaxic coordinates.
Academic Press, San Diego

Penfold PL, Prods JM, Madigan MC, van Driel D, Billson FA (1990)
Angiogenesis in normal human retinal development: the
involvement of astrocytes and macrophages. Graefes Arch Clin
Exp Ophthalmol 228:255-263

Perea G, Navarrete M, Araque A (2009) Tripartite synapses:
astrocytes process and control synaptic information. Trends
Neurosci 32:421-443

Pixley SKR, Vellis J (1984) Transition between immature radial glia
and mature astrocytes studied with a monoclonal antibody to
vimentin. Dev Brain Res 15:201-2091984

@ Springer



302

Brain Struct Funct (2014) 219:293-302

Rodnight R, Gongalves CA, Wofchuk ST, Leal R (1997) Control of
the phosphorylation of the astrocyte marker glial fibrillary acidic
protein (GFAP) in the immature rat hippocampus by glutamate
and calcium ions: possible key factor in astrocytic plasticity.
Braz J Med Biol Res 30:325-338

Rodrigues L, Dutra MF, Ilha J, Biasibetti R, Quincozes-Santos A,
Leite MC, Marcuzzo S, Achaval M, Gongalves CA (2010)
Treadmill training restores spatial cognitive deficits and neuro-
chemical alterations in the hippocampus of rats submitted to an
intracerebroventricular administration of streptozotocin. J Neural
Transm 117:1295-1305

Schifer S, Calas AG, Vergouts M, Hermans E (2012) Immunomod-
ulatory influence of bone marrow-derived mesenchymal stem
cells on neuroinflammation in astrocyte cultures. J Neuroimmu-
nol 249:40-48

Shibuki K, Gomi H, Chen L, Bao S, Kim JJ, Wakatsuki H, Fujisaki T,
Fujimoto K, Katoh A, Ikeda T, Chen C, Thompson RF, Itohara S
(1996) Deficient cerebellar long-term depression, impaired
eyeblink conditioning, and normal motor coordination in GFAP
mutant mice. Neuron 16:587-599

Sholl DA (1953) Dendritic organization in the neurons of the visual
and motor cortices of the cat. J Anat 87:387-406

Sirevaag AM, Greenough WT (1991) Plasticity of GFAP-immuno-
reactive astrocyte size and number in visual cortex of rats reared
in complex environments. Brain Res 540:273-278

Smith AD, Zigmond MJ (2003) Can the brain be protected through
exercise? Lessons from an animal model of parkinsonism.
Exp Neurol 184:31-39

Squire LR, Stark CE, Clark RE (2004) The medial temporal lobe.
Annu Rev Neurosci 27:279-306

Steward O, Torre ER, Tomasulo R, Lothman E (1991) Neuronal
activity up-regulates astroglial gene expression. Proc Natl Acad
Sci 88:6819-6823

Steward O, Kelley MS, Schauwecker PE (1997) Signals that regulate
astroglial gene expression: induction of GFAP mRNA following
seizures or injury is blocked by protein synthesis inhibitors. Exp
Neurol 148:100-109

Stranahan AM, Lee K, Becker KG, Zhang Y, Maudsley S, Martin B,
Cutler RG, Mattson MP (2010) Hippocampal gene expression
patterns underlying the enhancement of memory by running in
aged mice. Neurobiol Aging 31:1937-1949

Stummer W, Weber K, Tranmer B, Baethmann A, Kempski O (1994)
Reduced mortality and brain damage after locomotor activity in
gerbil forebrain ischemia. Stroke 25:1862-1869

Suarez I, Bodega G, Rubio M, Garcia-Segura LM, Fernadez B (1994)
Astroglial induction of in vivo angiogenesis. J Neural Transplant
Plast 5:1-10

Tansey FA, Farooq M, Cammer W (1991) Glutamine synthetase in
oligodendrocytes and astrocytes: new biochemical and immu-
nocytochemical evidence. J] Neurochem 56(1):266-272

Theodosis DT, Poulain DA, Oliet SH (2008) Activity-dependent
structural and functional plasticity of astrocyte-neuron inter-
actions. Physiol Rev 88:983-1008

Uda M, Ishido M, Kami K, Masuhara M (2006) Effects of chronic
treadmill running on neurogenesis in the dentate gyrus of the
hippocampus of adult rat. Brain Res 1104:64-72

@ Springer

van der Borght K, Kébor-Nyakas DE, Klauke K, Eggen BJ, Nyakas
C, van der Zee EA, Meerlo P (2009) Physical exercise leads to
rapid adaptations in hippocampal vasculature: temporal dynam-
ics and relationship to cell proliferation and neurogenesis.
Hippocampus 19:928-936

van Praag H, Christie BR, Sejnowski TJ, Gage FH (1999a) Running
enhances neurogenesis, learning, and long-term potentiation in
mice. Proc Natl Acad Sci 96:13427-13431

van Praag H, Kempermann G, Gage FH (1999b) Running increases
cell proliferation and neurogenesis in the adult mouse dentate
gyrus. Nat Neurosci 2:266-270

van Praag H, Shubert T, Zhao C, Gage FH (2005) Exercise enhances
learning and hippocampal neurogenesis in aged mice. J Neurosci
25:8680-8685

Verkhratsky A, Butt A (2007) Glial Neurobiology. Wiley, England

Viola GG, Rodrigues L, Américo JC, Hansel G, Vargas RS, Biasibetti
R, Swarowsky A, Gongalves CA, Xavier LL, Achaval M, Souza
DO, Amaral OB (2009) Morphological changes in hippocampal
astrocytes induced by environmental enrichment in mice. Brain
Res 1274:47-54

Weinstein DE, Shelanski ML, Liem RK (1991) Suppression by
antisense mRNA demonstrates a requirement for the glial
fibrillary acidic protein in the formation of stable astrocytic
processes in response to neurons. J Cell Biol 112:1205-1213

Wenzel J, Lammert G, Meyer U, Krug M (1991) The influence of
long-term potentiation on the spatial relationship between
astrocyte processes and potentiated synapses in the dentate
gyrus neuropil of rat brain. Brain Res 560:122-131

Williams MR, Hampton T, Pearce RKB, Hirsch SR, Ansorge O,
Thom M, Maier M (2012) Astrocyte decrease in the subgenual
cingulate and callosal genu in schizophrenia. Eur Arch Psychi-
atry Clin Neurosci. doi:10.1007/s00406-012-0328-5

Wu Y, Zhang AQ, Yewa DT (2005) Age related changes of various
markers of astrocytes in senescence-accelerated mice hippocam-
pus. Neurochem Int 46:565-574

Xavier LL, Viola GG, Ferraz AC, Da Cunha C, Deonizio JM, Netto
CA, Achaval M (2005) A simple and fast densitometric method
for the analysis of tyrosine hydroxylase immunoreactivity in the
substantia nigra pars compacta and in the ventral tegmental area.
Brain Res Brain Res Protoc 16:58-64

Yokoyama M, Black IB, Dreyfus CF (1993) NGF increases brain
astrocyte number in culture. Exp Neurol 124:377-380

Yoon MC, Shin MS, Kim TS, Kim BK, Ko IG, Sung YH, Kim SE,
Lee HH, Kim YP, Kim CJ (2007) Treadmill exercise suppresses
nigrostriatal dopaminergic neuronal loss in 6-hydroxydopamine-
induced Parkinson’s rats. Neurosci Lett 423:12—17

Yuan Y, Xue X, Guo RB, Sun XL, Hu G (2012) Resveratrol enhances
the antitumor effects of temozolomide in glioblastoma via ROS-
dependent AMPK-TSC-mTOR signaling pathway. CNS Neurosci
Ther 18:536-546

Zhang M, Li WB, Liu YX, Liang CJ, Liu LZ, Cui X, Gong JX, Gong
SJ, Hua YY, Xian XH (2011) High expression of GLT-1 in
hippocampal CA3 and dentate gyrus subfields contributes to
their inherent resistance to ischemia in rats. Neurochem Int
59:1019-1028


http://dx.doi.org/10.1007/s00406-012-0328-5

	Physical exercise increases GFAP expression and induces morphological changes in hippocampal astrocytes
	Abstract
	Introduction
	Materials and methods
	Animals
	Exercise program
	GFAP immunohistochemistry
	Astrocytic density estimation
	GFAP immunoreactivity evaluation
	Morphological analysis of astrocytes
	Statistical analysis

	Results
	Astrocytic density, regional and cellular optical density
	Analysis of astrocytic ramification
	Analysis of the primary processes
	Length of the primary processes

	Discussion
	Acknowledgments
	References


