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Abstract While it has been known that physical activity
can improve cognitive function and protect against neu-
rodegeneration, the underlying mechanisms for these pro-
tective effects are yet to be fully elucidated. There is a
large body of evidence indicating that physical exercise
improves neurogenesis and maintenance of neurons. Yet,
its possible effects on glial cells remain poorly understood.
Here, we tested whether physical exercise in mice alters the
expression of trophic factor-related genes and the status of
astrocytes in the dentate gyrus of the hippocampus. In
addition to a significant increase in Bdnf mRNA and pro-
tein levels, we found that 4 weeks of treadmill and running
wheel exercise in mice, led to (1) a significant increase in
synaptic load in the dentate gyrus, (2) alterations in
astrocytic morphology, and (3) orientation of astrocytic
projections towards dentate granule cells. Importantly,
these changes were possibly linked to increased TrkB
receptor levels in astrocytes. Our study suggests that
astrocytes actively respond and could indeed mediate the
positive effects of physical exercise on the central nervous
system and potentially counter degenerative processes
during aging and neurodegenerative disorders.
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Introduction

The reciprocal relationship between body and mind has
been the subject of an intense investigation for centuries
(see for review Phillips et al. 2014). While multiple aspects
of CNS functions including arousal, attention, decision-
making, executive function, and learning and memory have
shown to improve due to physical exercise (PE) (Marlatt
et al. 2012; Salis 2013; Scarmeas et al. 2009, 2011), only
recently the exact mechanisms behind the relationship
between PE and higher-level brain functions are becoming
elucidated. In addition to improving normal physiology, it
appears that PE can impose disease-modifying effects in
several neurodegenerative disorders, particularly Alzhei-
mer’s disease (AD) (see Phillips et al. 2015a). Indeed, it
has been shown that PE can lead to a number of beneficial
and preventative effects in AD patients (for review see
Phillips et al. 2015a). Individuals who engaged in mentally
and physically demanding activities have a fourfold
reduction in the risk of developing dementia of AD type
(Barnes and Yaffe 2011). Based on this, it has been esti-
mated that a 25 % increase in PE could potentially reduce
the prevalence of AD by 1 million worldwide (Barnes and
Yaffe 2011). Despite all these, the neurobiological basis of
the relationship between PE and neurodegeneration
remains to be fully understood. Indeed, elucidating the
exact mechanisms behind the effects of PE on the CNS
would potentially lead us to new therapeutic strategies for
neurodegenerative disorders including AD.

The most widely studied effects of PE on the CNS
include the release of trophic factors and enhanced
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neurogenesis in the dentate gyrus (DG) of the hip-
pocampus (Cotman et al. 2007; van Praag 2008). Here,
we assessed the effects of PE on astrocytes, i.e. the most
abundant cell type in the brain, which, play a significant
role in synaptic transmission, and the uptake of gluta-
mate from the synaptic milieu. Furthermore, through
reactive astrogliosis, astrocytes respond to CNS injury
by reversible gene expression along with astrocytic
hypertrophy (Sofroniew and Vinters 2010). Strategically
located with their extensive projections, astrocytes con-
stitute the third element (the pre and postsynaptic neu-
rons constitute the other two) of the synaptic structure
and induce a bi-directional influence on the synaptic
function (Filous and Silver 2016). Furthermore, these
cells play a significant role in the maintenance of blood
brain barrier (BBB), which seems to be compromised in
AD (Gosselet et al. 2013).

A number of studies suggest that the synthesis and
release of trophic factors particularly brain-derived neu-
rotrophic factor (Bdnf) play a crucial role mediating the
effects of PE on the CNS (Vaynman et al. 2004; Nasci-
mento et al. 2015; Moretti et al. 2009). Indeed, PE can lead
to a significant increase in Bdnf gene expression in the
hippocampus (Neeper et al. 1996). Astrocytes are able to
respond to Bdnf through expressing both full length and
truncated tropomyosin receptor kinase B (TrkB) receptors
(Ohira et al. 2005; Aroeira et al. 2015).

As we report here, long-term PE in mice led to a
significant increase in the synthesis and release of Bdnf
along with an alteration in the morphology of astrocytes
in the DG. Importantly, our data suggest that these
effects are mediated through Bdnf-TrkB signaling. The
functional significance of morphological alterations will
be discussed.

Materials and methods
Animals

Six pairs of adult (5-6 months) male C57BL/6 (stock
number: 000664) mice were used for all the experiments.
The mice were obtained from the Jackson Laboratory, Bar
Harbor, ME and shipped at 3 weeks of age to our facility.
All mouse experiments were approved by the Committee
on Animal Research at the Veterans Affairs Palo Alto
Health Care System (VAPAHCS). All animals were group-
housed at the VAPAHCS on a 12-h light/dark cycle in a
temperature- and humidity-controlled environment, with
ad libitum access to food and water. The mice were ran-
domly divided into two groups of exercise (EX) and non-
exercise (non-EX).
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The physical exercise protocol

Adult mice were exposed to a combination of treadmill and
running wheel (to achieve the maximum effects) or sham
treatment. The running wheels were placed in the home
cages to avoid stress. The entire protocol lasted 5 weeks.
During the first week, all mice were habituated by daily
handling. Starting from the 2nd week of the training, all
mice (EX and non-EX) were placed for 30 min in the
proximity of a treadmill machine for further habituation
prior to treadmill exercise. The treadmill device (Treadmill
Simplex II, Exer-6M, Columbus Instruments) consists of
six parallel tracks angled at 0° allowing simultaneous
running (Fig. S1A). Thereafter, each EX mouse was placed
on the treadmill machine for 5 min after which, the tracks
started moving (8 meter (m) /min) for two cycles of 20-min
each with a 10-min break in between per day (5 days per
week). In case that the mice did not move, their tail would
touch a well-cushioned wall behind them. A combination
of a habituation period in the treadmill and the use of well-
cushioned walls behind the mice was used to minimize the
amount of possible stress. The speed of treadmill was
escalated on the following weeks by 2 m/min per week for
4 consecutive weeks (8, 10, 12, and 14 m/min for weeks
2-5, respectively) (Fig. S2B).

Postmortem analysis

At the end of the last day of the protocol, all EX and non-
EX mice were deeply anaesthetized using intraperitoneal
(IP) injection of ketamine (60 mg/kg) and xylazine
(12 mg/kg) (Leiter’s Compounding Pharmacy, CA), fol-
lowed by transcardial perfusion with ice-cold saline, and
the brain was extracted.

Brain sample preparation

Following brain extractions, the left hemispheres were flash
frozen in liquid nitrogen for gene expression studies (real
time qPCR), and ELISA. The right hemispheres were fixed
in 4 % buffered paraformaldehyde (Sigma-Aldrich) over-
night at 4 °C followed by dehydration in 30 % sucrose
(Sigma-Aldrich) and freezing on dry ice. This was followed
by embedding each brain in optimum cutting temperature
(OCT; Sakura) and storing at —80 °C. For ELISA, the DG
region was micro-punched. Under a dissection microscope
(Evolution x R6), the DG of hippocampal regions were
dissected out and micro-punched with a needle (Uni-Core-
0.35) at —21 °C in a cryostat (Leica CM 1950), and stored at
—80 °C (Dang et al. 2014). It has been shown that the
neighboring regions around the micro-punch zone contain
minimal amounts of Bdnf (Hofer et al. 1990).
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ELISA

The micro-punched samples (4-5 on average) from indi-
vidual mice were mixed in 1 ml of lysis buffer, sonicated
on ice followed by centrifugation at 16,000g for 30 min
according to Pollock and colleagues (Pollock et al. 2001).
The pellets obtained following centrifugation was stored at
—80 °C for total protein levels quantification. The protein
levels were quantified using a micro BCA protein assay kit
(23235, Thermo Scientific) and a spectrophotometer
(Fisher Scientific Multiskan) with absorbance measured at
562 nm. An ELISA kit (Boster Life Sciences, Mouse Bdnf
PicoKine™ ELISA Kit EK0309) was used for Bdnf
quantification according to the manufacturer’s recommen-
dations. The ELISA results were detected using Multiskan
spectrophotometer (Song et al. 2016).

PCR array

Fifty mg of tissue from the hippocampus of an EX mouse
and a non-EX mouse was homogenized and the total RNA
was isolated using TRIzol Reagent (Invitrogen). The RNA
was further purified using RNeasy Mini Kit (Qiagen) and
quantified with a NanoDrop ND-1000 spectrophotometer
(Thermo Scientific). First strand cDNA was then synthe-
sized from 500 ng of the total RNA using RT? First Strand
Kit (Qiagen). Gene expression was then performed using
the 96-well format mouse neurotrophin and receptor RT>
Profiler PCR Arrays (PAMM-031Z; Qiagen) according to
the manufacturer’s protocol. The Agilent Technologies
Mx3005P system was used for qPCR and the results were
analyzed using the RT? Profiler PCR array data analysis
tool (Qiagen). This array enabled us to profile the expres-
sion of 84 genes including trophic factor-related molecules
and used five housekeeping genes as normalizers
(Table S1).

Immunocytochemistry

The brain samples were coronally cut (70-.-thick) using a
cryostat and placed in cryoprotectant solution (25 %
ethylene glycol, 25 % glycerol and 0.05 M sodium phos-
phate buffer, pH = 7.4), and stored at —20 °C till use.

GFAP staining

Seventy-micrometre-thick floating sections throughout the
entire septo-temporal extent of the hippocampus were
washed with tris-buffered saline (TBS), pre-incubated with
0.3 % triton, and 10 % normal horse serum (NHS) in TBS
for 1 h at room temperature (RT) prior to immunostaining.
Two sets of sections (for light and fluorescent microscopy)
were then incubated for 3 h in RT then overnight at 4 °C

using a goat antibody against GFAP (glial fibrillary acidic
protein) (1:200; Abcam, ab53554) diluted in 1 % NHS and
0.3 % triton in TBS. This antibody has been raised against
a synthetic peptide corresponding to C terminal amino
acids of human GFAP (DGEVIKESKQEHKD, 417-430)
and used extensively to image astrocytes in rodents (Liu
et al. 2012) and it recognizes a single band in the Western
blot analysis of the mouse brain (Jeong et al. 2015). The
sections were washed for 5 min, three times in TBS. The
primary antibody was followed by incubation with a
biotinylated-s-conjugated horse anti-goat IgG (1:200;
Vector Lab, BA-9500) for 1 h at RT. The sections were
washed for 5 min, three times in TBS. For the light
microscopy, the sections were incubated in VECTASTAIN
ABC Lite (1:1000; Vector Lab) for 1.5 h at RT followed by
incubating sections in DAB and cover-slipping using DPX
mountant. In the fluorescent set, the reaction continued by
incubating sections in Texas red streptavidin (1:200, Vec-
tor Lab, SA-5006) for 1 h at RT and washed for 5 min
three times in TBS then cover-slipping using fluorescent
Vectashield (Vector Lab) mountant.

GFAP-TrkB double staining

Floating sections throughout the entire hippocampus were
washed in TBS, pre-incubated with 0.3 % triton, and 10 %
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Fig. 1 Western blot of mouse brain homogenates from three mice
stained using a rabbit monoclonal antibody raised against the C
terminus of human synaptophysin (SP11). A ~37-kDa band was
detected corresponding to the mouse synaptophysin
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NHS in TBS for 1 h at RT prior to immunostaining. The
sections were then incubated for 3 h in RT then overnight
at 4 °C using a goat antibody against GFAP (1:200,
Abcam, ab53554) and a rabbit antibody against TrkB
(1:2500, Millipore, AB5372) diluted in 1 % normal goat
serum (NGS) and 0.3 % triton in TBS. The pan-TrkB
antibody has been raised against a recombinant protein
from the extracellular domain of rat TrkB (aa. 54—67) and
specifically recognizes both truncated and non-truncated
TrkB molecules (Helgager et al. 2014). The incubation
with primary antibodies was followed by washing for
5 min, three times in TBS then incubated with a biotiny-
lated-s-conjugated horse anti-goat IgG (1:200, Vector Lab,
BA-9500) for 1 h at RT. The reaction was followed by
5 min wash (three times) in TBS and incubating sections in
Texas red streptavidin (1:200, Vector Lab, SA-5006) and
fluorescein goat anti-rabbit IgG antibody (1:200, Vector
Lab, FI-1000) for 1 h at RT. The sections were washed for
5 min, three times in TBS and cover-slipped using Vec-
tashield. No immunoreactivity was found in control sec-
tions omitting the primary antibodies. In our control
studies, the secondary antibody of TrkB (fluorescien goat
anti-rabbit IgG) did not react with the primary anti-GFAP
antibody and vice versa.

Synaptophysin

To label presynaptic densities, a rabbit monoclonal anti-
body (SP11, Spring Bioscience, M3114) was used to label
synaptophysin. The antibody recognizes a 38-kDa mole-
cule corresponding to the C terminus of human synapto-
physin. Seventy-micrometre-thick floating sections were
washed in TBS then pre-incubated with 0.5 % triton, 5 %
milk, and in TBS for 1 h at RT prior to immunostaining.
The sections were then incubated for 1 h at RT using SP11
to label synaptophysin, diluted in 0.5 % triton, 5 % milk,
and in TBS for 1 h in RT then 24 h in 4 °C. The reaction
was followed by a wash for 5 min three times in TBS, then
continued with incubation with DyLight 488 horse anti-
rabbit IgG antibody (1:200, Vector Lab, DI-1088) for 1 h at
RT. The sections were washed for 5 min three times in
TBS and cover-slipped using Vectashield.

Western blotting

SP11 antibody has shown to be a very sensitive antibody for
detection of synaptophysin (Rossi et al. 2005). To test the
specificity of the antibody, tissue samples from a mouse
brain homogenates were used for western blotting using the
SP11 antibody (Fig. 1). Brain samples were homogenized in
RIPA buffer containing a tablet of protease inhibitors
(cOmplete UlTra Tablets, Mini, with EDTA, EASYpack,
Life Science, 05892970001) along with a table of
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phosphatase inhibitor (EASYpack foil blister, Life Science,
0490684500). Approximate protein concentration was
quantified using NanoDrop ND-1000 spectrophotometer
(Thermo Scientific) and samples were diluted with buffer
and about 2-5 pg of total protein was loaded into each well.
Before loading, samples were diluted 1:5 in Western loading
buffer (Invitrogen) and 1:40 in mercaptoethanol. They were
then boiled at 90 °C for 2 min followed by centrifugation at
13000 rpm at 4 °C for 4 min. Each sample was loaded into
4-20 % precast polyacrylamide gels (Biorad). Eight
microliters of the ladder (Odyssey, 928-40000) was also
loaded in a different well. Electrophoresis was run in tris—
glycine buffer containing 1 % SDS (Biorad) at 100 V for
1 h, or until the loading buffer reached close to the bottom
of the gel. Protein transfer onto nitrocellulose membrane
(Biorad) was carried out at 70 V for 2 h in tris—glycine
buffer (Armresco) containing 5 % methanol. The mem-
branes were then incubated in fluorescent Western blocking
buffer (Rockland) for 1 h at RT and rinsed with TBS buffer
containing 0.5 % tween. Membranes were incubated sepa-
rately in primary antibody (SP11, 1:1000) overnight at 4 °C.
After an extensive wash in a buffer, membranes were
incubated in secondary fluorescent antibody IRDye 800CW
goat anti-rabbit IgG (H + L) (Licor, 1:1200, 926-3221) for
1 h at RT. The blot was imaged on the Odyssey imaging
system at 800CW (Fig. 1).

Morphometry and image analysis
Astrocytes number and morphology

The total number of astrocytes in the molecular layer (ML)
of the DG was determined using systematic random sam-
pling using Stereoinvestigator (MBF Bioscience) in 100X
objective images throughout the entire septo-temporal axis
of the hippocampus (on average 6—7 coronal sections). On
average 1028 + 236 (mean * SD) astrocytes per mouse in
the EX group and 779 £ 104 astrocytes per mouse in non-
EX group were used to estimate the total number of
astrocytes. Separately, using Neurolucida (MBF Bio-
science), the location and the extent of astrocytic projec-
tions were determined in 100X objective images. This was
done by manual tracing of individual projections of all
astrocytes in the ML in coronal sections throughout the
entire septo-temporal extent of the DG. The total length of
processes along with the surface area (the area generated
by enclosing a polygon that connects the most distal points
of processes in a tree) were calculated (see Das et al. 2015
for details). Neurolucida was also used to assess the ori-
entation of astrocytic projections in each section. It has
been shown that in the dentate gyrus, nearly all cells in
stratum granulosum are mRNA-positive and Bdnf-im-
munoreactive (Bdnf-Ir). Furthermore, in the ML, a laminar
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pattern of Bdnf-Ir has been seen with highest levels of Bdnf
Immunostaining in the inner ML and the lowest in the outer
ML (Kokaia et al. 1995). The users were blinded to the
treatment in the entire study. To determine the distance
among astrocytes, the shortest distance between neigh-
boring cell bodies was quantified.

Colocalization analysis

Using both TrkB and GFAP images, the total area covered by
TrkB was quantified in GFAP-positive profiles (Image Pro
Plus, Media Cybernetics). Around 50 images were randomly
selected from the ML using Keyence (BZ-X710) digital
microscope (each containing on average 2-3 astrocytes). The
colocalization was performed by separately collecting images
using red and green channels and superimposing them using
Image Pro Plus. Following automatic background correction
and deconvolution, the total number of pixels stained in both
images was calculated and divided by the total number of
pixels per image as a measure of colocalization. A similar
process has been utilized before for colocalization (Sepul-
veda-Falla et al. 2011; Quirie et al. 2012).

Synaptophysin

To examine synaptic load in the DG of the hippocampus, we
examined the overall optical density of immunostaining for
synaptophysin. Using a digital microscope Keyence, a total of
500 images were automatically captured from the ML of the
DG using a 60X objective. Image Pro Plus was used to per-
form deconvolution and the quantification of the area of a
mask that covered synaptophysin immunoreactivity in each
image. For quantification purposes, using a statistical program
(Statistica 6.0, StatSoft), a random number of measures were
chosen from a pool of measurements from all the mice.

Data analysis

All data are presented in terms of mean £ standard error of
the mean (SEM). The normality of data was tested using
the Shapiro—Wilks test. The Student 7~ and non-parametric
Mann—Whitney tests were used to compare the means
between the two groups of EX and non-EX (Statistica). The
Chi-square test was used to compare the histograms. Dif-
ferences were considered to be statistically significant
when p < 0.05.

Results

The mice in this experiment underwent 4 weeks of daily
exercise using a combination of intermittent treadmill
(5 days per week) and free access to running wheels

(7 days per week) in their home cages. The treadmill
allowed simultaneous exercise in multiple mice with lim-
ited handling and stress to the mice (Fig. S1A, B).

PCR array

We started this investigation by quantifying the expression
of trophic factor gene/s, which undergo significant alter-
ations due to chronic PE. PCR array analysis was utilized
to analyze the expression of neurotrophic factors in the
hippocampus of EX mice compared with non-EX mice.
Among 84 genes studied (see Table S1) trophic factors
with highest increase in expression included Bdnf and
fibroblast growth factor 2 (Fgf2). Indeed, there was more
than fourfold increase in the expression of both trophic
factors in the hippocampus of EX mice.

Synaptic plasticity

The number of synapses in the CNS is a reliable cor-
responding measurement of cognitive function (Vayn-
man et al. 2004). To examine whether long-term PE in
mice increased synaptic load, we quantified the synaptic
load (% of the image covered by presynaptic synapto-
physin marker, SP11-immunoreactive (Ir) in the ML of
the DG in EX and non-EX mice. Chi-square test showed
a significant shift in synaptic load to higher values in EX
mice compared with non-EX mice (3> = 107.59, df = 3,
p < 0.001, Fig. 2).

98

84 4

70 /

Exercise

% Observations

/ p<0.001

0 100 200 300 400 500 600
Synaptic Load (% Non-Exercise)

Fig. 2 The cumulative frequency distribution of synaptic load in EX

and non-EX mice. y* test showed a significant shift to higher values in
exercise mice compared with non-EX mice (p < 0.001)
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ELISA for Bdnf

Based on PCR array analysis, Bdnf and Fgf2 showed sig-
nificant increase in mRNA levels following chronic exer-
cise. To test whether increased gene expression for Bdnf
can be translated into elevated levels of Bdnf protein, we
quantified the total levels of Bdnf in micro-punches
through the DG using ELISA (Fig. 3a). The non-para-
metric Mann—Whitney test showed a significant increase in
Bdnf levels in EX mice compared with the control group
(p = 0.038, Fig. 3b).

Morphometrical analyses

Both mRNA and protein levels for Bdnf were increased in
the DG of mice undergoing exercise. To assess the effects of
Bdnf on astrocytes, we performed a series of morphomet-
rical analyses on these cells. Immunocytochemical visual-
ization of GFAP revealed a large number of astrocytes in all
three layers of the DG [dentate granule cell layer (DGCL),
polymorphic layer (PML), and (ML)] (Fig. 4a, b). Using
stereological methods (Salehi et al. 2006, 2009), we quan-
tified the total number of astrocytes throughout the entire
extent of the ML of the DG. No significant differences were
found either in the total volume of the region (EX =
889,660,200 + 46,263,333 um”, n=>5, non-EX =
773,214,800 & 76,596,762 pm®, n =15, p=0.310) or
the number of astrocytes within the ML of the DG (EX =
169,129 £ 17,828, n =15, non-EX = 152,916 £ 8124,
n =75, p=0.548).

In addition to the total number of astrocytes, we also
studied the average distance among astrocytes and the
distance within the neighbors. No significant differences

Fig. 3 a Performing a micro-punch through the dentate gyrus
provided enough sample to enable us to quantify Bdnf protein levels
in both groups of EX and non-EX mice. Three hundred-micrometre-
thick sections were cut and placed on a hard surface. 1-2 punches
were done through the DG in each mouse. The collected punches
were placed in a tube and stored at —80 °C. b Quantifying Bdnf
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were found in the average distance among astrocytes
(p = 0.792, Fig. 5a) along with distance with nearest
(p = 0.329, Fig. 5b) or farthest neighbors (p = 0.429,
Fig. 5¢). While there were no significant differences in the
total number or the distance among astrocytes between the
two groups, the Mann—Whitney test showed a significant
increase in total length of astrocytic projections (EX =
1023 £ 27.1 pm, n =15, non-EX = 906 &+ 11.9 pum,
n =6, p=0.006) and the surface area [EX = 2231 £
83.3 um?, n =5, non-EX = 2020 + 49.60 pm?, n = 6,
p = 0.028 (Fig. 6a, b)].

As showed above, PE led to significant increase in the
amount of Bdnf in the DG of the hippocampus. The
question was whether the synthesis and propagation of
Bdnf in the surrounding tissues would also alter the ori-
entation of astrocytic projections. A polar histogram of the
orientation of astrocytic projections showed alterations in
the orientation of projections. Indeed majority of projec-
tions were found to be oriented toward the 0° (i.e. DGC) in
EX mice (Fig. 7).

TrkB and GFAP

Astrocytes also synthesize Bdnf and contain TrkB recep-
tors (Schwartz and Nishiyama 1994; Zafra et al. 1992;
Miklic et al. 2004). We found a significant increase in Bdnf
protein levels in the DG of EX mice. The question was
whether long-term production of Bdnf in EX mice could
also alter TrkB expression in these cells. Using a pan-TrkB
antibody, we found a significant increase in TrkB levels in
GFAP-positive profiles in EX mice. Since there was no
sufficient number of sections available for two cases,
therefore, they were excluded from the analysis. While we

B 12.000 4

10.000 =
8.000 =
6.000 =

4.000 =

BDNF ng/mg Protein

2.000 =

0.000 =
Non-Exercise  Exercise

protein levels showed a significant increase in mice undergoing

exercise (EX = 10.47 £+ 1.98 ng/mg, n =20, non-

EX =5.62 £ 1.42, n =6, Mann—Whitney test, *p = 0.038. CC

corpus callosum, HC hippocampus, RSA retrosplenia agranular, LV

lateral ventricle, scale bar 120 pm
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Fig. 4 a Photomicrograph of
the dentate gyrus in the
hippocampal region stained
using an antibody against
GFAP. Astrocytes were labeled
in all three layers of the DG
including polymorphic layer
(PML), dentate granule cell
layer (DGCL) and the molecular
layer (ML). b Extensive
astrocytic projections were
observed in the DGCL. Scale
bar for a = 50 pm and

b =100 pm

5.0
20.00-
£ £ 3.04
=1 =
10.004
0.00

Non-Exercise

Exercise

Fig. 5 The average distance among astrocytes in the molecular layer
in mice undergoing exercise. We found no significant differences in
the values for the a average distance (non-EX = 19.76 £ 1.46,
n=6,EX = 18.76 £ 1.27, n = 5, p = 0.792) among all astrocytes,
b the distance with nearest neighbor among astrocytes in each section

found only a trend toward increased levels of total TrkB
immunoreactivity in the DG of EX mice (non-
EX = 100.00 £ 5.8, n =4, and EX = 123.44 £ 8.05,
n = 6, p > 0.05), we found a significant increase in TrkB
levels in astrocytes (non-EX = 100 &+ 10.8, n = 4,
EX = 137.46 £ 10.8, n = 6, p = 0.038) (Fig. 8a, b).

Discussion

In this study, we found that long-term PE in mice led to a
significant increase in Bdnf mRNA and protein levels along
with elevated synaptic load in the DG region. In addition,
augmented Bdnf levels in the DG of EX mice led to a
significant alteration in astrocytic morphology and TrkB
levels in astrocytes.

Exercise

200.0

um

100.07

0.00 -
Non-Exercise

Exercise

Non-Exercise

(non-EX =4.05 £ 0.6,n = 6,EX =252 £ 1.1,n =5, p = 0.329)
and c the distance with farthest neighbor among astrocytes in each
sections (non-EX = 107.26 + 21.13, n = 6, EX = 135.68 + 24.34,
n=2>5,p=0429)

Numerous studies have reported a robust relationship
between PE, hippocampal size, and cognitive measures.
Studies in the elderly have revealed a direct correlation
between increased levels of PE and improved cognition
along with an increase in hippocampal volume (Erickson
and Kramer 2009). The beneficial effects of PE on the
hippocampal region are thought to be mediated through
improvement of neurogenesis (Yang et al. 2015), matura-
tion of newborn neurons, as well as increased dendritic
complexity and the length of dendritic spines (Cotman
et al. 2007; Voss et al. 2013; Stranahan et al. 2007;
Chowdhury et al. 2014).

There is a large number of published studies on the
positive effects of PE on the nervous system (see Phillips
et al. 2014). These positive effects are not limited to
improving physiological processes but also could mitigate
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12.0

10.07

6.0

Total Length (um)
o]
e

4.0

2.0

Exercise

Non-Exercise

Fig. 6 The effects of exercise on average length and the area
enclosed by astrocytic projections. The Mann—Whitney test showed a
significant alteration a in total length of astrocytic projections
(EX=10.23 £ 0271 mm, n =35, non-EX =9.06 £ 0.119 mm,
n =6, p=0.006). b A 2D images depicting surface area enclosed

neurodegenerative alterations in a number of neurodegen-
erative disorders particularly AD (Phillips et al. 2015b).
The primary target for PE in the CNS is the hippocampal
region, particularly the DG (van Praag 2008). Both the
dendritic spine density (Zhao et al. 2006) and the rate of
neurogenesis have been shown to improve in this region
following PE (van Praag 2008). While the exact mecha-
nisms behind these morphological effects remain obscure,
it appears that increased synthesis and availability of neu-
rotrophins particularly Bdnf play a role in this process (Nijs
et al. 2015). We found chronic PE led to a significant shift
in the frequency distribution of synaptic load to higher
values (Fig. 2). A number of studies have established a
correlation between synaptic load and cognitive function.
Based on this, one could speculate that increased synaptic
load in mice undergoing PE could indicate an improvement
in cognitive function (Quirie et al. 2012; Waterhouse and
Xu 2009). This is in accordance with other studies showing
that treadmill exercise led to a significant increase in
synaptophysin levels in the ML of the hippocampus (Chen
et al. 1998). The effects of PE on synaptic plasticity is
shown to be mediated by Bdnf-TrkB signaling. Indeed,
using a TrkB-IgG chimera to prevent Bdnf-TrkB signaling,
Vaynman and colleagues were able to prevent the positive
effects of PE on synaptic density in rodents (Vaynman
et al. 2004). The considerably high number and the prime
location of astrocytic endfeet in the proximity of synapses
enwrapping these structures enable them to mediate the
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by astrocytes’ projections (EX = 22.31 + 0.833 mm? n = 5, non-
EX = 20.20 + 0.496 mmz, n = 6, p = 0.028). The determination of
the area and surface was done in x, y, z planes. However, for
demonstration purposes, only the x and y planes are shown here

positive effects of Bdnf on synapses. Accordingly, astro-
cytes play a significant role in generation and maintenance
of functional synapses (see Filous and Silver 2016). Indeed,
ablation of astrocytes in the mouse brain led to a reduction
in both DGC thickness and glutamate transporters, thus
hampering the ability of these cells to remove extra glu-
tamate released in the synaptic milieu (Cui et al. 2001). It
has been shown that both chronic PE and overexpression of
Bdnf can increase the levels of truncated and non-truncated
TrkB receptors (Kim et al. 2015; LeMaster et al. 1999).
The presence of glutamate transporters on astrocytic
membranes enables them to play an important role in
removing excess glutamate in the synaptic cleft, thus lim-
iting the onset and the extent of extracellular glutamate.
Increased length and area of astrocytic projections due to
exercise found in this study (Fig. 2) might have significant
functional implications and enable them to be more effi-
cient in performing the crucial task of combating glutamate
excitotoxicity.

Binding of Bdnf to TrkB receptors leads to phosphory-
lation of intracellular tyrosine kinase domain of these
receptors. However, a majority of astrocytes express the
truncated form of TrkB (TrkB-T1) lacking the tyrosine
kinase domain (Rose et al. 2003). TrkB-T1 activation leads
to the release of Ca2™ from intracellular stores (Armanini
et al. 1995; Bezzi et al. 2004), which is believed to play a
major role in the regulation of astrocytic morphology
(Ohira et al. 2005). For these reasons, we studied TrkB
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Fig. 7 Polar histogram of the projection of GFAP-stained cells in the
molecular layer of the dentate gyrus in mice undergoing physical
exercise. a The orientation of each astrocytic projection was
determined by manual tracing of projections directing toward the
dentate granule cell layer (0°). b The figure depicts the frequency and
the orientation of astrocytic projections in space. As shown here, the
majority of astrocytic projections were oriented toward the dentate
granule cell layer after physical exercise. Chi-square test showed a
significant difference between the distributions of the two groups
(6% = 599,13, df = 49, and p < 0.001)

levels in astrocytes using an antibody that could recognize
both full length and truncated forms of TrkB. While we
found only a trend toward higher levels of TrkB in the ML

of EX mice, a significant increased levels of TrkB
expression was detected in astrocytes following PE
(Fig. 8). Accordingly, voluntary running in rats led to a
significant increase in hippocampal Bdnf and phosphory-
lated TrkB (pTrkB) levels without altering total TrkB
levels (Agudelo et al. 2014).

We found a significant increase in the extent of astrocyte
projections in mice following exercise (Fig. 6a, b). A
number of studies have established a positive relationship
between the extent of astrocytes projections and well being
of these cells. For instance, while Tynan and colleagues
(Tynan et al. 2013) have shown that chronic stress leads to
the shortening and reduction in the number of astrocytic
projections in rodents, enriched environment leads to a
significant increase in astrocytic projections (the number of
branching point and area covered by these projections)
(Diniz et al. 2010). In addition to increased extent of
astrocytic projections following PE, it appears that astro-
cytic projections were more preferentially directed toward
the DGC, i.e. a region of the hippocampus with significant
increase in the synthesis and release of Bdnf following PE
(Figs. 3, 7). This suggests dynamic alterations and
responsiveness in astrocytic endfeet in response to physical
activity.

The positive effects of PE on both Bdnf and its TrkB
receptors in DG have been shown in rats undergoing PE,
however; the cell type involved were not identified (Kim
et al. 2015). Saur and colleagues reported an increase in the
local density of GFAP-positive cells in the CA1 region of
the hippocampus in mice undergoing long-term PE (Saur
et al. 2014). However, quantifying the number of astrocytes
in the DG, we found no significant increase in the total
number of these cells following long-term PE. In addition,
we were able to link morphological alterations of astro-
cytes to an improved Bdnf -TrkB signaling in these cells.

There are a number of studies in the literature that have
dealt with the effects of PE on astrocytes. However, as
highlighted by Viola and Loss (Viola and Loss 2014),
important moderators like animal species, age, and the
brain structure analyzed, should be taken into consideration
in interpreting such results. Although a number of such
studies have been done in rats (Saur et al. 2014; Mestriner
et al. 2011; Matsuura et al. 2013), a few have assessed the
relationship between PE and astrocytes in mice. Among
them, most studies have studied the effects of PE in the
context of a disease (e.g. (Matsuura et al. 2013; Kim et al.
2004; Leem et al. 2011), in a region other than the dentate
gyrus (Pereira et al. 2015; Brockett et al. 2015), or did not
take into consideration Bdnf-TrkB signaling (Rodriguez
et al. 2013; Latimer et al. 2011). It must be noted that our
results do not necessarily link morphological alteration in
astrocytes to increase Bdnf-TrkB signaling and they might
be two independent phenomena. Indeed a convincing
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Fig. 8 a A micrograph
depicting colocalization
between GFAP and TrkB in the
DG in a non-EX mouse.

b Quantification of the of
colocalization area between
GFAP and TrkB showed a
significant increase in TrkB area
in astrocytes in exercise mice
compared with non-EX mice
(non-EX = 100.0 &+ 10.8,

n =4, EX = 13746 + 10.8,

n =6, *p = 0.038). Scale bar
10 pm

GFAP+TrkB ¢

strategy would include testing the effects of exercise on
astrocytes in the presence of Bdnf-TrkB signaling blockers
in the DG.

Since a number of neurodegenerative disorders includ-
ing AD have been linked to excess synaptic levels of
glutamate (Lewerenz and Maher 2015), the positive effects
of PE mediated by astrocytes might be more crucial in the
context of neurodegenerative disorders than physiological
conditions. Understanding the molecular mechanisms of
PE has a significant implication in clinical setting. A large
number of recent studies report positive effects of PE in
age-dependent neurodegenerative disorders particularly
AD. For instance, endurance exercise has been linked to an
improvement in sleep, mini-mental state examination, and
Alzheimer’s disease assessment scale (Nascimento et al.
2014; Steinberg et al. 2009) in AD patients. Indeed a
number of these studies showed concomitant improvement
in executive functions and Bdnf in both controls and AD
patients (de Andrade et al. 2013; Coelho et al. 2014).

In summary, our study suggests that astrocytes consti-
tute an important element in mediating the positive effects
of PE in the DG of the hippocampus. Furthermore, it
appears that PE-induced release of Bdnf by the DG leads to
a significant alteration in structure and function of astro-
cytes in protection against glutamate toxicity during aging
and a number of neurodegenerative disorders.
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