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HIGHLIGHTS

® Exercised rats successfully completed challenging spatial task.

® Exercised rats showed increase in KCl-stimulated BDNF release from dentate gyrus.

® Exercised rats displayed increases in BDNF expression and cell division in dentate gyrus.
® Exercised rats displayed activation of BDNF-stimulated signalling cascade.

® BDNF injections mimicked effects of exercise on both memory and signalling events.
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Exercise-induced improvements in learning are associated with neurotrophic and neurogenic changes
in the dentate gyrus, but the intracellular signalling mechanisms that may mediate these improvements
remain unknown. In the current study we investigate the effects of one week of forced exercise on spatial
memory and analyse in parallel BDNF-stimulated signalling pathways in cells of the dentate gyrus. Addi-
tionally, we test whether a single intracerebroventricular (i.c.v.) injection of BDNF can mimic the observed
cognitive and signalling changes. Male Wistar rats were assigned to exercised and sedentary groups and

Key w Ords". . tested in a spatial task post-exercise. Tissue from the dentate gyrus was assessed for expression and
Brain-derived neurotrophic factor R K L. .
Exercise release of BDNF, and for changes in expression and activation of TrkB, ERK and synapsin-1. In a separate

set of experiments, male Wistar rats received a single i.c.v. injection of BDNF and were then tested in the
same spatial learning task. Exercised and BDNF-treated (but not control) rats could successfully complete
an object displacement task that tests spatial learning. Exercised rats and BDNF-treated rats displayed
increases BDNF expression and ERK1 activation, while exercised rats showed increases in cell division,
stimulated BDNF release, TrkB activation, and synapsin-1 expression in the dentate gyrus. We conclude
that exercise-induced increases in BDNF in the dentate gyrus are sufficient to cause improvements in spa-
tial memory by activating signalling cascades that enhance synaptic transmission in the hippocampus.

Spatial learning
Synaptic plasticity
Dentate gyrus

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Physical exercise is one of the most potent and effective cog-
nitive enhancers [1]. Exercise can induce robust and consistent
improvements in performance in different memory tasks in a vari-
ety of species [2]. EXercise has also been shown to boost neurogenic
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[3] and neurotrophic [4] activity in the brain. Although substantial
research now points to brain-derived neurotrophic factor (BDNF)
as a central mediator of the positive effects of exercise on both
cognition and neurogenesis [5,6], a causal role for BDNF in these
exercise-induced changes has not yet been proven [7]. Further-
more, the specific mechanisms by which exercise increases BDNF
expression in the brain and by which these increases translate
into improvements in memory remain unclear. The role of BDNF
in learning and memory has been well established [8-11]: BDNF
has a wide range of short-term and long-term effects on neurons,
most of which are thought to be mediated by its binding to the
tyrosine kinase B (TrkB) Receptor, and the consequent activation
of plasticity-related signalling cascades [12]. One such signalling
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cascade is the ERK (extracellular signal-related kinase) pathway
[13], which has been shown to be essential to a number of forms of
learning and memory [14,15].

We have shown previously that one week of forced moder-
ate exercise can improve memory in a challenging spatial task
concomitant with an increase in BDNF expression in dentate
gyrus, hippocampus and perirhinal cortex [ 16]. We have suggested
that this increase in BDNF (and the subsequent stimulation of
downstream signalling pathways) is directly responsible for the
improvements observed in spatial and object recognition learn-
ing, via a mechanism that is distinct from that of environmental
enrichment [17]. We have also shown that the intracerebroven-
tricular administration of a physiological dose of exogenous BDNF
is sufficient to mimic the improvement in object recognition
learning induced by this exercise paradigm [16]. Here, we have
extended this previous work to analyse the intracellular signalling
mechanisms that may underlie the observed exercise-induced and
BDNF-induced cognitive improvements. Specifically, we analysed
the effects of exercise on the expression and release of BDNF and
on the activation of the BDNF receptor, TrkB, and of ERK in the den-
tate gyrus. Since the BDNF-stimulated signalling cascades under
investigation in this study have also been shown to be activated by
learning, a group of naive cage controls was assessed in parallel to
control for effects of learning on cell signalling.

Studies also suggest that exercise stimulates further changes
in the hippocampus that could underlie memory improvements,
notably an increase in the expression of synaptic vesicle proteins
such as synapsin-1 [6], and in neurogenesis [18]. To monitor these
changes, we also analysed cell division and synapsin-1 expression
in the dentate gyrus of these rats. Furthermore, we investigated
whether a single intracerebroventricular (i.c.v.) injection of BDNF
at a physiological dose can improve spatial memory and induce
signalling events that facilitate synaptic transmission and plastic-
ity, similar to those observed with exercise.

2. Materials and methods
2.1. Animals

In this study, we used three-month-old male Wistar rats
(250-350 g) were obtained from the BioResources Unit, Trinity Col-
lege Dublin. Rats were housed in groups of three, provided with
food and water ad libitum and experienced a 12:12-h light-dark
cycle in a temperature-controlled environment (20-22°C). All
experiments were conducted under national law and European
Union directives on animal experiments.

2.2. Exercise programme

Rats were familiarised to motorised treadmills (Exer 3/6 tread-
mill, Columbus Instruments) by running on the treadmill for 15 min
on 2 consecutive days (belt speed, 5-10 m/min), and then randomly
assigned to an exercising group (Ex, n=6), a sedentary group (Sed,
n=6). A forced exercise protocol was chosen to make it possible to
control for the duration, intensity, and timing of exercise. The exer-
cise protocol consisted of seven consecutive days of running for 1 h
per day (belt speed 10-15 m/min). The treadmill is equipped with
wire loops at one end of the belt through which a mild electric shock
can be delivered. These act to motivate the rats to run continuously
and were activated at low levels (on average an intensity of 2 on
a scale of 0-10; this represents a current of 0.7 mA with an inter-
pulse interval of 2s) throughout all exercise sessions. Rats were
observed while exercising to ensure they ran continuously and to
monitor for signs of stress. Rats in the Sed groups were placed on
stationary treadmills with shock loops activated at low levels for

the same duration. Training in the object displacement task was
undertaken on the final day of the exercise protocol.

2.3. BrdU injections

Animals received daily intra-peritoneal injections of BrdU
(50 mg/kg) during the 7-day forced exercise period. BrdU was dis-
solved in 0.9% NacCl at a concentration of 20 mg/ml and the solution
was filter-sterilized before injection [3]. On each day, animals were
injected 15 min prior to being placed on the treadmill.

2.4. Object displacement task

The object displacement (OD) task was used to assess spatial
memory. A schematic illustrating the protocol used is shown in
Fig. 2. The apparatus consisted of a black circular open field (diam-
eter, 1m; height, 0.5m) placed in a dimly-lit room. Rats were
handled daily for 1 week and habituated to the experimental appa-
ratus, with 20 min of exploration in the absence of objects each day
for 2 days before the experiment was performed. Objects were con-
structed from toy bricks and were fixed to the floor of the open field,
15cm from the walls. Objects were cleaned thoroughly between
trials to ensure the absence of olfactory cues. The criteria for explo-
ration were strictly based on active exploration in which rats had to
be in direct contact with the object. This included any body part of
the rat (paws, tail, body, tail, whiskers) directly touching the object.
The time spent in active exploration of each object and the total
exploration time were recorded in seconds using stopwatches. In
the training phase, three objects (A, B, and C) were positioned in the
open field and a spatial cue was fixed to the wall. On the training
day, rats were allowed to explore the objects for a single 5 min trial.
For the testing phase, object C was moved from its original position
to a new position and rats were reintroduced into the arena 24h
post-training, for a single 5min trial. The time (in seconds) spent
exploring each object was expressed as a percentage of the total
exploration time.

2.5. Tissue preparation

Rats were killed by decapitation immediately following comple-
tion of behavioural tasks and brains were removed and hemisected
on ice. The left hemisphere was prepared for immunohistochem-
istry; the hemisphere was placed on a cork disk, covered with O.C.T
compound (R.A. Lamb LTD, Sussex, UK), and quickly immersed
in liquid nitrogen. Frozen hemispheres were then covered in
aluminium foil and stored at —80 °C until sectioned. The right hemi-
sphere was subdissected freehand onice [19] and the dentate gyrus
was divided into 3 equal pieces for further analysis. One piece was
cross chopped for assessment of BDNF release (described below);
the second piece was stored in RNALater™ (350 p.l; Ambion, War-
rington, UK), for RNA extraction as described below; the third piece
was immediately homogenised in lysis buffer (350 pl; NP-40, 1%
(v/v); Tris (pH 8.0), 20 mM; NaCl, 137 mM; glycerol, 10% (v/v);
ethylenediaminetetracetic acid (EDTA), 2 mM; activated sodium
orthovanadate (Na3VQOy), 1 mM; aprotinin; leupeptin) using a 1 ml
glass homogeniser, for later analysis by ELISA, SDS-PAGE and West-
ern immunoblotting. A group of naive cage controls (n=6) were
assessed in parallel for BDNF release, TrkB activation, ERK acti-
vation, and synapsin-1, to control for effects of learning on cell
signalling.

2.6. Surgical procedure
Rats (n=12) were anaesthetised with isofluorane (4% induc-

tion, 2% maintenance). A single hole was drilled in the skull over
the left ventricle (coordinates, bregma, 0.9 mm; midline, 1.3 mm)
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and a cannula (Bilaney Consultants, Kent, UK) was lowered slowly
into the ventricle to a depth of 3.6 mm below the brain surface. A
guide cannula (Plastics 1, Bilaney Consultants) was held in place
and fixed to the skull with dental cement (Prestige Dental Prod-
ucts, West Yorkshire, UK). The incision was closed with surgical
staples (Promed, Ireland). Rats were given 7-10 days to recover
before being tested.

2.7. BDNF injection

After a two-day habituation period to the open field, cannulated
rats were randomly assigned to a BDNF group (BDNF, n=6) ora con-
trol group (CytC, n=5). BDNFrats were infused with a single bolus of
human recombinant BDNF (10 ngin CSF,i.c.v.). Control rats received
asimilar injection of cytochrome ¢ (10 ng in CSF, i.c.v.). Cytochrome
c was injected as it is a soluble small molecular weight protein that
is inactive extracellularly [20]. The molecular weight is similar to
that of BDNF, and it is often used as a control for injecting BDNF into
the brain[16,21,22].30 min post-injection, all animals were trained
in the object displacement task, and tested 24 h later. A separate
set of cannulated animals (BDNF, n=6, CytC, n=6) were sacrificed
30 min post-injection for tissue analysis. Rats were killed by cervi-
cal dislocation and decapitation; brains were removed immediately
and the dentate gyrus was dissected free on ice and divided into
three equal pieces for further analysis, as described above.

2.8. Tissue analysis

2.8.1. Cell division

Frozen hemispheres were incubated at —20 °C for 30 min before
sectioning was performed using a cryostat (Leica CM1900). 10 um
sections were transferred onto prepared slides for light microscopy.
Slides were coded and relabeled to ensure analysis was carried out
blind. All sections were stored at —20 °C until stained. Quantifica-
tion of proliferating cells in the dentate gyrus was performed using
3,3’-diaminobenzidine (DAB)-linked staining. Frozen sections were
allowed to thaw to room temperature for 10 min. Water-repellent
circles were drawn around mounted tissue sections with a Pap
pen (Invitrogen). Slides were fixed in pre-cooled 100% methanol
(Sigma-Aldrich) for 10 min, and washed in PBS for 3x 3 min. Slides
were incubated in 2N HCl (Fluka, 75 pl per section) for 30 min
at 37°C to denature the DNA and allow the antibody to bind to
the incorporated BrdU. Slides were washed in 0.1 M Borate buffer
(0.1 M sodium borate in deionised water, pH 8.5) for 2x 5 min to
neutralise the sections and then washed in PBS for 3 x 3 min. Slides
were incubated in 0.3% H, 0 (Sigma, 75 .l per section) for 20 min at
RT to block endogenous peroxidase. Slides were then incubated in
blocking buffer consisting of a 1:5 dilution of Normal Rabbit Serum
(Vector Laboratories, UK) in 1% BSA in PBS (75 .l per section) for 1 h
atroom temperature to block non-specific binding sites. Primary rat
anti-BrdU (AbCam) was diluted in blocking buffer to a concentra-
tion of 1:75. Slides were incubated in primary rat anti-BrdU (75 .1
per section) overnight at 4°C, washed in PBS for 3x 3 min, and
incubated in secondary antibody (Rabbit anti-rat, AbCam, diluted
1:500 in blocking buffer) for 30 min at room temperature. Slides
were washed in PBS for 3x 3 min, and incubated in Vectastain ABC
solution (Vector Laboratories, UK) for 30 min at 4 °C to amplify the
signal.

DAB chromagen (Dako, Denmark), a colour reagent, was acti-
vated by adding 1 pl of 30% H,0, to 1 ml of DAB. 50 .l of colour
reagent was added to each section and colour development was
observed under the microscope. The colour reaction was stopped by
immersing the slides in PBS as soon as brown cells started to appear.
Slides were counterstained using filtered haematoxylin (Sigma) for
4x 3 min, and rinsed briefly in water between incubations. Slides
were washed in distilled H,O for 3 min. Slides were dehydrated

by washing with increasing concentrations of ethanol (70%, 90%,
and 100%) and immersed in xylene for 1s. Slides were mounted
with DPX mountant (Sigma) and a coverslip and left to dry before
counting. Slides were examined using a Nikon light microscope.
A total of three sections per rat, with six views in each section,
were counted. Blue cells were identified as haematoxylin-stained
(haematoxylin stains all nuclei). Brown cells were identified as
BrdU-positive cells (DAB-chromagen stained). BrdU-positive cell
quantities were expressed as a percentage of total cell count.

2.8.2. BDNF release

Samples of dentate gyrus tissue were sliced bi-directionally to
a thickness of 350 pm using a Mcllwain tissue chopper (Camp-
den Instruments Ltd., UK), washed twice in ice-cold oxygenated
Krebs solution (NaCl, 136 mM; KCl, 2.54 mM; KH;POg4, 1.18 mM;
Mg,S04-7H,0, 1.18 mM; NaHCO3, 16 mM; Glucose, 10 mM; CaCl,,
2mM), before being washed twice and finally stored at —80°C
in Krebs solution containing DMSO (10% (v/v) [23]). For analy-
sis, slices were thawed rapidly, rinsed and suspended in 250 .l
oxygenated Krebs solution at 37°C for 10 min. Slices were cen-
trifuged at 1000 x g for 3 min and the supernatant was removed for
later assessment of BDNF by ELISA (Enzyme Linked Immunosorbent
Assay). Following this, the slices were stimulated with 250 1 Krebs
containing 50 mM KCI and incubated at 37 °C with O, for 10 min.
Tissue was centrifuged at 1000 x g for 3 min and the supernatant
was removed for later assessment of BDNF by ELISA.

2.8.3. Analysis of BDNF and p-TrkB by ELISA

The concentration of BDNF in samples generated from the BDNF
release experiment was quantified by enzyme-linked immunosor-
bent assay (ELISA; R&D Systems) according to the manufacturer’s
instructions. Briefly, 96-well plates (MaxiSorp; NUNC) were coated
overnight at room temperature with anti-BDNF antibody (100 pl;
diluted 1:180 in phosphate buffered saline (PBS) (137 mM Nacl,
2.7mM KCl, 8.1 mM NayHPOy4, 1.5 mM KH;POy4; pH 7.2). The plates
were washed three times in PBS-T (300 p.1; 0.05%Tween-20 in PBS)
using an automated plate washer and blocked with block buffer
(300 pl; bovine serum albumin (BSA), 1% (v/v)) for 1h at room
temperature. The plates were subsequently incubated with sam-
ples and serially-diluted BDNF standards (50 pl) for 2h at room
temperature, washed, and incubated with anti-BDNF detection
antibody (100 .l; diluted 1:180 in block buffer) for 2h at room
temperature. Plates were washed, incubated with Streptavidin
Horse-Radish Peroxidase (HRP)-conjugated antibody (100 1) for
20min at room temperature and washed again. TMB One solu-
tion (100 1) was added for 20 min, the reaction was stopped with
1N H,SO4 (50 pul), and the absorbance was measured at 450 nm
using a 96-well plate reader (Labsystems, Multiskan RC). Concen-
tration of BDNF in samples was calculated by extrapolation from
the standard curve, protein content was assessed by the method
of Bradford [24] and results were expressed as pg BDNF/mg pro-
tein.

The concentration of p-TrkB in homogenate prepared from den-
tate gyrus was quantified by enzyme-linked immunosorbent assay
(ELISA; R&D Systems) according to the manufacturer’s instruc-
tions. Briefly, a 96-well plate (NUNC-immuno™ MaxiSorp™ plate;
Denmark) was coated with capture antibody (2 wg/ml mouse
anti-human p-TrkB antibody diluted in phosphate buffered saline
(50 pl/well)) and incubated overnight at room temperature. The
plate was washed with wash buffer (PBS-T; 0.05% Tween®20in PBS)
using an automated plate washer (Columbus Plus, Tecan, Austria)
and blocked with reagent diluent (1% BSA in PBS; 150 pl/well) for
1h at room temperature. After washing, standards (recombinant
human phosphorylated TrkB) were diluted in the recommended
IC diluent (1% NP-40, 20mM Tris (pH 8.0), 137 mM NacCl, 10%
glycerol, 2mM EDTA, 1mM activated sodium orthovanadate) to
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a concentration of 300 pg/ml (top standard). The standard curve
consisted of eight 1:2 serial dilutions, with the ninth standard con-
taining only the IC diluent. Standards and samples (equalised in
lysis Buffer) were added in duplicate (50 pl/well) and incubated
for 2h at room temperature. The plate was washed again and
incubated with detection antibody (50 ng/ml mouse anti-phospho-
tyrosine antibody conjugated to HRP in IC diluent; 50 wl/well) for
2 h at room temperature. After washing, either Substrate solution
(1:1 mixture of colour reagent A and colour reagent B) or TMB
one solution was added (50 pl/well) and incubated in the dark at
room temperature for 20 min. The reaction was stopped using 1M
H,S04 (50 wl/well). The OD was read at 450 nm wavelength using
a 96-well plate reader (Synergy HT Multi-Mode Microplate Reader,
BioTek®). The regression equation of the standard curve was used to
calculate the p-TrkB concentrations of the tissue homogenate, and
protein concentrations of samples in lysis buffer were quantified
using the BCA protein assay method (Pierce®, Thermo Scientific).
Results were expressed as pg p-TrkB/mg protein.

2.8.4. Polymerase chain reaction (PCR)

RNA extraction was performed on samples of dentate gyrus from
the Sed (n=6) and Ex (n=6) groups using a total RNA isolation
kit (Macherney-Nagel). Spectrophotometric measurements were
carried out using the Nanodrop Spectrophotometer (Nanodrop
Technologies Wilmington, DE, USA) to determine RNA concen-
tration and purity. RNA samples were equalised in Sigma water.
A high capacity cDNA archive kit (Applied Biosystems) was used
to reverse transcribe the equalised RNA samples. Quantitative
real-time PCR (qPCR) was performed with 50ng cDNA using
custom-designed gene-expression assays for BDNF and TrkB. Gene
expression of targets was assessed using Tagman gene expression
assays (Applied Biosystems, UK) containing specific target primers,
and FAM-labelled MGB target probes. (3-Actin gene expression
was used to normalise gene expression between samples, and
was quantified using a (3-actin endogenous control gene expres-
sion assay containing specific primers, and a VIC-labelled MGB
probe for rat -actin. Analysis was performed using the AACT
method. Data are presented as mean relative quotient (RQ) values
that represent fold changes relative to the mean value for con-
trols.

2.8.5. SDS PAGE and Western immunoblotting

Protein concentration of samples prepared in Lysis Buffer was
quantified using the BCA protein assay method (Pierce®, Thermo
Scientific). Samples were equalised in lysis buffer and 100 vl
of sample was added to 100 ul of sample buffer (Tris-HCl pH
6.8, 0.5M; sodium dodecyl sulphate (SDS), 10% (w/v); glycerol,
10% (v/v); 2-B-mercaptoethanol, 5% (w/v); bromophenol blue,
0.05% (w/v)). Samples were boiled in a heating block for 5min.
10% acrylamide gels were prepared and inserted into an elec-
trophoresis unit (Bio-Rad Mini-Protean 3, Bio-Rad Laboratories,
Herfortshire, England). Electrode running buffer (composition: Tris
base, 25 mM; glycine, 200 mM; SDS, 17 mM) was added to the
inner and outer reservoirs. 10 ul of prepared sample or 5l of
prestained molecular markers (Bio-Rad Laboratories, USA) were
loaded onto the wells. The gel was run at 30 mA for 30 min and
washed in transfer buffer (composition: Tris base, 25 mM; glycine,
192 mM; methanol, 20% (v/v); SDS, 0.5% (w/v)). One sheet of
nitrocellulose paper (Amersham) and two sheets of filter paper
(Whatman No. 3) were pre-cut to the size of the gel and soaked
in transfer buffer for 5min. A layered sandwich was prepared
by stacking the nitrocellulose paper on top of the filter paper
followed by the gel and the second piece of filter paper. Air bub-
bles were removed and the sandwich was placed on the anode
of a semi-dry blotter (Apollo Instruments, Alpha Technologies,
Dublin, Ireland) pre-moistened with transfer buffer. The transfer

was carried out at 225 mA for 75 min. Blots were blocked in block-
ing buffer (5% BSA in TBS-T) for 2h at room temperature, and
probed with the appropriate primary antibody overnight (diluted
in 2% BSA in TBS-T; p-ERK (1:1000), ERK (1:1000, all Cell Sig-
naling Technology), or 3-actin (1:1000; Sigma, UK). The primary
antibody was washed off (6x 10 min in TBS-T) and the blot was
incubated with a secondary antibody for 1h (Goat ant-rabbit,
Sigma, diluted in 2% BSA in TBS-T to a concentration of 1:1000).
The secondary antibody was washed off (6x 10min in TBS-T).
Immunoreactive bands were detected using SuperSignal West Dura
chemiluminescence reagents (Pierce). The membranes were devel-
oped using a gel reader (Fujifilm Las-3000 Imaging System) and
densitometry was performed using the Fujifilm Multigauge Soft-
ware.

2.9. Statistical analysis

All data are presented as mean + S.E.M. Statistical analysis was
performed in GraphPad Prism. For experiments with two groups
and one independent variable a Student’s t-test was used. For more
than two groups and one independent variable, a one-way ANOVA
with Post hoc Tukey comparisons was performed. A value of p <0.05
(*) was considered to be significant.

3. Results
3.1. Effect of exercise on spatial learning

The effect of one week of exercise on spatial memory was
tested in an object displacement paradigm with three objects and
5 min of training (Fig. 1). Time spent exploring each of the objects
was recorded and reported as a percentage of the total explo-
ration time (mean + SEM). On the training day, both groups of rats
spent a similar amount of time exploring the three objects, indi-
cating that there was no preference for any of the three objects
(Fig. 1a). On the testing day, the sedentary group did not show
preferential exploration of the displaced object, indicating that
these rats were unable to learn the task. However, the exer-
cised group spent significantly more time exploring the displaced
object (C) compared to object A and Object B (Fig. 1b, p=0.0013,
F(2,15)=10.74; ANOVA), indicating that these rats were able to learn
the task.

3.2. Effect of exercise on BDNF expression and cell division in the
dentate gyrus

BDNF mRNA expression in the dentate gyrus was assessed by
PCR. One week of forced exercise resulted in a significant increase
in BDNF mRNA expression in the dentate gyrus compared to seden-
tary controls (Fig. 2a, p<0.05, Student’s t-test). Cell division was
assessed by analyzing the number of BrdU-positive cells using
immunohistochemistry. The average number of BrdU-positive cells
(as a percentage of the total number of cells counted) was signifi-
cantly increased in the dentate gyrus of exercised rats compared to
sedentary controls (Fig. 2b-d; p=0.0169, Student’s t-test).

3.3. Effect of exercise on KCl-stimulated release of BDNF from the
dentate gyrus

KCl-stimulated BDNF release was assessed using an ELISA. A
naive control group (n=6) was assessed in parallel to control for
the possible effects of learning on BDNF release. Under constitu-
tive conditions, no difference was observed in the amount of BDNF
released from slices of dentate gyrus in any group (Fig. 3). Upon
stimulation with 50 mM KCl, BDNF release from the dentate gyrus

Please cite this article in press as: Bechara RG, et al. BDNF-stimulated intracellular signalling mechanisms underlie exercise-induced improvement
in spatial memory in the male Wistar rat. Behav Brain Res (2013), http://dx.doi.org/10.1016/j.bbr.2013.11.015



dx.doi.org/10.1016/j.bbr.2013.11.015

G Model
BBR-8593; No.of Pages10

R.G. Bechara et al. / Behavioural Brain Research xxx (2013) XxX—XXx 5

a)
80- 3 ObjectA
@@ ObjectB
g 60 ] ObJeCtC
s
S 404
=%
x
w
= H E| I ﬁ m i
0_
Sed Ex
b)
80
1 Object A
S 60 /= ObJeCtB
= * Bl Object C
S a0
Q.
X
w
0_
Sed Ex
c)
Training Testing
24 hrs
S min 5 min

Fig. 1. Exercised rats display enhanced spatial learning. Data are presented as explo-
ration time for each object (A, B or C, where C s the displaced object) as a percentage
of the total exploration time. Neither sedentary rats (Sed, n=6) nor exercised rats
(Ex, n=6) preferentially explored any object on the training day (a). On the testing
day, the exercised rats preferentially explored the displaced object, while the seden-
taryrats did not (c; *p <0.05; one-way ANOVA with Post hoc Tukey comparison). Data
are presented as mean % exploration time for each object + SEM.

of the exercised group was significantly increased when compared
with the naive group (p<0.05, F(3 12)=4.82, ANOVA).

3.4. Effect of exercise on TrkB, ERK, and synapsin in the dentate
gyrus

Homogenate prepared from the dentate gyrus was analysed for
TrkB activation by ELISA. There was a significant increase in phos-
phorylated TrkB in the dentate gyrus of exercised rats compared
with naive controls (Fig. 4a, p=0.03, ANOVA). Homogenate pre-
pared from the dentate gyrus was analysed for ERK activation and
synapsin-1 expression by Western Blot analysis. Exercise induced
asignificant increase in phosphorylated ERK1 (p44-ERK) compared
with the naive group (Fig. 4b, p=0.049; ANOVA), when normalised
to total ERK1. No changes were observed in p-ERK2 when nor-
malised to total ERK2 (p42-ERK). No changes were observed in
expression of total ERK1 or total ERK2. Western blot analysis
revealed a significant increase in synapsin-1 in dentate gyrus of
the exercised group when compared with the naive group (Fig. 4c,
p=0.041; ANOVA).

3.5. Rats infused with BDNF (i.c.v.) display enhanced spatial
learning

The effect of BDNF infusions on spatial memory was tested in
an object displacement paradigm with three objects and 5 min of
training in an identical task to that used in the previous exercise
experiment. On the training day, both groups of rats spent a similar
amount of time exploring the three objects, indicating that there
was no preference for the three objects (Fig. 5a). On the testing day,
statistical analysis showed that the control group did not show pref-
erential exploration of the displaced object, indicating that these
rats were unable to learn the task. However, the BDNF group spent
significantly more time exploring the displaced object (C) com-
pared to object A and Object B (p=0.0132, F(3 15)=6.335; ANOVA),
indicating that these rats were able to learn the task (Fig. 5b).

3.6. A single BDNF injection (i.c.v.) induces an increase in BDNF
and p-ERK1 in the dentate gyrus

Analysis of homogenised tissue from the dentate gyrus collected
30 min post-injection showed an increase in BDNF concentration
in the dentate gyrus of the BDNF-treated group compared to CytC-
treated controls (Fig. 6a, p=0.028, Student’s t-test), Western blot
analysis revealed a significant increase in the phosphorylation of
ERK1 (p44-ERK) in the dentate gyrus of BDNF rats compared to the
control group (Fig. 6b, p=0.028, Student’s t-test). No changes in
p-ERK2, total ERK1 or total ERK2 were observed between groups.

4. Discussion

The results presented here demonstrate that one week of forced
moderate exercise can improve spatial memory, as assessed using
the object displacement task, in young, healthy adult rats, in agree-
ment with previous findings in our laboratory [16]. Other reports
in the literature suggest that in order for short-term exercise
to enhance spatial learning, a deficit (insult, lesion, stress, age-
ing) must be present [16,25-27]|. The object displacement task
allows the cognitive load to be varied by altering training time.
We have previously shown that sedentary rats can learn less chal-
lenging variants of this task (3 x 5 min and 2x 5 min training trials),
while they cannot learn the more challenging variant (1x 5min
of training) used in the present study [16]. The ability to detect an
enhancement in performance following exercise by avoiding a ceil-
ing effect provided the rationale for choosing these protocols in the
present study.

We hypothesised that the observed improvement in spatial
memory is linked with the activation of BDNF-stimulated intracel-
lular signalling pathways. Many studies have reported an increase
in expression of BDNF in the dentate gyrus with exercise in rats
[5,6,28-31], and we have replicated this finding. However, it is
likely that the activity-dependent release of BDNF, rather than its
expression, is of greater relevance to short-term plasticity. In the
present study, under constitutive conditions, no difference was
observed in the amount of BDNF released from slices of dentate
gyrusin any group. Upon stimulation with 50 mM KCl, BDNF release
was significantly increased in the exercised group compared with
the control naive group, indicating, for the first time, that exercise
may enhance activity-dependent release of BDNF from the cells
of the dentate gyrus during learning. Several mechanisms could
underlie this finding. It is possible that exercise could simply be
causing an increase in the amount of BDNF readily available for
release. This is supported by the increase in BDNF mRNA observed
in the dentate gyrus with exercise, and by previous experiments
in our laboratory showing an increase in BDNF protein in the den-
tate gyrus with exercise [16]. BDNF is the only neurotrophin that
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Fig. 2. One week of exercise increases BDNF mRNA expression and the number of proliferating cells in the dentate gyrus. (a) Exercise resulted in a significant increase in
expression of BDNF mRNA in the dentate gyrus (*p <0.05, Student’s t-test, data are expressed as fold change above control and are shown as mean + SEM.) (b) Graph shows
average number of BrdU-positive cells expressed as a percentage of the total number of cells counted in the dentate gyri of sedentary (Sed) and exercised (EX) rats. The
number of proliferating cells in the exercised group was significantly greater than that in sedentary controls (*p <0.05; Student’s t-test; data presented as mean % BrdU-
positive cells + SEM). The representative pictures show the dentate gyrus of a sedentary (c) and an exercised rat (d). Blue cells are haematoxylin stained (stains all nuclei),

while brown cells are BrdU-positive (DAB chromagen stained). Scale bar =200 wM.

is preferentially targeted for regulated secretion [32] as opposed to
constitutive secretion, where the protein is packaged into synaptic
vesicles that automatically exocytose once they reach the plasma
membrane. The mechanisms by which exercise causes an increase
in BDNF in the dentate gyrus are still unknown and merit further
investigation. It is also possible that exercise could be causing an
increase in the number and activity of synaptic vesicle proteins
(such as synapsin-1) in the dentate gyrus. This could also be an
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indirect effect of increasing BDNF, since there is evidence that
BDNF-stimulated intracellular signalling can affect synaptic vesi-
cle protein activity [33]. Finally, since the tissue prepared from the
dentate gyrus contains both neurons and glia, it is also possible that
exercise is increasing the activity-dependent release of BDNF from
glia. For example, astrocytes have been shown to take up pro-BDNF
from the extracellular space and release it upon stimulation [34].
However, since most of the BDNF (90%) present in the brain is in
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Fig. 3. One week of exercise increases KCl-stimulated release of BDNF from the dentate gyrus. Basal release of BDNF was similar in all three groups. For the stimulated
condition, the amount of BDNF released from cells prepared from the dentate gyrus of the Ex group was significantly greater than that of the naive controls (*p <0.05;
one-way ANOVA with Post hoc Tukey comparison; data are shown as mean BDNF pg/mg protein & SEM).
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Fig. 4. One week of exercise increases p-TrkB, p-ERK1, and synapsin in the dentate gyrus. (a) Concentration of phosphorylated TrkB was assessed by ELISA and expressed as
mean p-TrkB in pg/mg +SEM. The concentration of p-TrkB was significantly increased in the dentate gyrus of exercised rats compared to naive controls (*p <0.05; one-way
ANOVA with Post hoc Tukey comparison). (b) Western blot analysis revealed a significant increase in the amount of p-ERK1 (p44-ERK) in the exercised group compared to
both controls (one-way ANOVA, p <0.05), when normalised to total ERK1. Representative bands (L-R: naive, Sed, Ex) are shown for all target proteins (p-ERK1, p-ERK2, ERK1,
ERK2, and B-actin). (c) Western blot analysis revealed a significant increase in synapsin-1 in the dentate gyrus with exercise (*p <0.05, one-way ANOVA with post hoc Tukey
comparison) when compared to the naive group. All data are shown + SEM. (b) Representative bands (L-R: naive, Sed, Ex) for the target proteins (Synapsin-1, and B-actin).

the mature form [35], it is unlikely that release of pro-BDNF from
astrocytes contributes substantially to the BDNF release measured
in the samples.

Upon release into the synaptic cleft, BDNF binds with high
affinity to TrkB receptors, causing receptor dimerisation and
autophosphorylation, and activation of specific signalling cascades
including the ERK pathway [36,37]. In the adult mammalian brain,
the highest levels of TrkB are expressed on granule cells of the den-
tate gyrus and pyramidal cells of the CA3 [38]. TrkB expression is
also highest in association with glutamatergic synapses, the distri-
bution pattern of which colocalises with BDNF expression. In the
present study, we found an increase in the amount of phospho-
rylated TrkB protein in the dentate gyrus of exercised rats. This
increase was significant only when compared to the naive con-
trols, and not to the Sed group. This suggests that training in the
spatial task may have led to some activation of the TrkB receptor,
albeit not as strongly as with exercise. Activation of the TrkB recep-
tor by BDNF, and the subsequent activation of signalling cascades
has been shown to occur with learning [37]. The data suggest that
exercise, by increasing BDNF, stimulates the same pathways that
are activated by learning, causing amplification of the downstream
effects and consequent improvements in memory acquisition and
consolidation.

To test this hypothesis, we assessed activation of the down-
stream signalling proteins ERK1 and ERK2, members of the
mitogen-activated kinase (MAPK) superfamily, which are known to
be activated by the binding of BDNF to TrkB. We found an increase
in the phosphorylation of ERK1 in the dentate gyrus in the exercised
group only, while no changes were observed in ERK2 activation, or
in total ERK1 or ERK2. Since exercise has been shown to increase
BDNF in the hippocampus, it is not surprising that BDNF-related
signalling cascades would become activated in response to exer-
cise. Evidence has shown that the activation of the ERK pathway
is essential to learning and memory [14,15,20] and necessary for
the protein synthesis-dependent stage of LTP. Gene targets of ERK
include transcription factors such as CREB and Zif268 and plasticity-
related proteins such as Arc [39]. ERK activation has also been
shown to upregulate BDNF [40], indicating that BDNF can activate
its own transcription via ERK.

In the present study, only the ERK1 isoform, and not ERK2, was
significantly activated in the exercised group. There is some evi-
dence that these two isoforms of ERK may be differentially activated
in different conditions. For example, it has been reported that only
ERK1, and not ERK2, is activated in the dentate gyrus following
object recognition learning [41]. Since ERK1 has been shown to
be activated in the dentate gyrus with simple exposure to objects
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Fig. 5. Rats infused with BDNF (i.c.v.) display enhanced spatial learning. Neither
of the groups showed a preference for any of the objects on training day (a). On

the testing day (b), BDNF-treated rats preferentially explored the displaced object
(object C; *p<0.05; one-way ANOVA with Post hoc Tukey comparisons) while the
control group (CytC) did not. All data are shown as mean % exploration time for each
object + SEM.

(training) in an object recognition task [41], it is possible that the
activation of ERK1 in the dentate gyrus could be learning-induced
and not exercise-induced; a naive group was included in the study
to control for any effects of exposure to the objects. The greatest
phosphorylation of ERK1 was detected in the exercised group com-
pared with either sedentary group, regardless of exposure to the
objects. This provides evidence to suggest that the activation of
ERK1 in the dentate gyrus we report here is exercise-specific.

We found an increase in the expression of synapsin-1 in the
dentate gyrus of exercised rats compared to Sed and naive controls.
Synapsin-1 is the most abundant phosphoprotein present in synap-
tic vesicle membranes of the mammalian central nervous system.
It can be phosphorylated by several substrates, including ERK [33],
and has been shown to be essential for the clustering and release
of vesicles at the axon terminal [42], and hence synaptic transmis-
sion. Other studies have shown that synapsin-1 is upregulated in
the hippocampus of adult rats with as little as three days of volun-
tary exercise [6], and here we report that forced moderate exercise
induces a similar effect. In the study by Vaynman and colleagues,
injecting the rats with the BDNF scavenger, TrkB-IgG, prevented the
exercise-induced upregulation of synapsin-1, thus indicating that
BDNF-TrkB signalling is required for the upregulation of synapsin-1
by exercise [6].

We report a significant increase in the number of BrdU-positive
cellsin the dentate gyrus after one week of exercise. This is in agree-
ment with other studies that have reported cellular proliferation in
the dentate gyrus of rats with exercise that is both forced and of
short duration (less than three weeks [43,44]). Cell proliferation
has been shown to increase after as little as three days of volun-
tary exercise in mice, becoming statistically significant only after 10
days [45]. However, there is some evidence that the stages of neuro-
genesis occur at a different rate in rats than in mice [46]. Our results
demonstrate that cell division isincreased in the dentate gyrus with
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Fig. 6. A single BDNF injection (i.c.v.) induces an increase in the concentration of
BDNF and pERK-1 in the dentate gyrus. (a) 30 min post-injection, there was a sig-
nificant increase in BDNF concentration in the dentate gyrus of the BDNF-treated
group when compared with CytC-treated controls (*p <0.05, Student’s t-test). Data
are presented as mean pg BDNF per mg of total protein+SEM. (b) Western blot
analysis shows a significant increase in the expression of p-ERK1 (p44-ERK) in the
dentate gyrus of BDNF-infused rats compared to CytC controls when normalised to
total ERK1 (p44-ERK; *p<0.05, Student’s t-test). Representative bands (L-R: CytC,
BDNF) for the target proteins p-ERK1, p-ERK2, ERK1, ERK2 and (3-actin are shown.
Data are presented as mean + SEM.

as little as one week of forced exercise; however, it is unlikely that
this contributes to the observed improvements in spatial memory.
First of all, cell division corresponds only to the first stage of neu-
rogenesis, and proliferating cells include precursors that could give
rise to different types of cells, including glia. Second, even if the pro-
liferating cells are of neuronal phenotype, they would not have had
sufficient time to mature or integrate into existing functional neu-
ronal circuits [47] within 7 days. It is more likely that these cellular
changes are involved in preparing the brain for future learning.

In an attempt to examine whether an exercise-induced increase
in BDNF in the brain is sufficient to produce the observed effects on
intracellular signalling and spatial learning, we assessed the effi-
cacy of exogenous BDNF to mimic the increase caused by exercise.
We report that a single intracerebroventricular (i.c.v.) injection of
human recombinant BDNF improved performance in the spatial
learning task. Exogenous BDNF administration has been shown
previously to improve learning in non-spatial tasks, such as an
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inhibitory avoidance task [8] and a novel object recognition task
[16]. One study reported some improvement in spatial learn-
ing in the Morris water maze with a single BDNF injection into
the right hippocampus, however, in this case the authors were
assessing memory retention, and the injection was administered
post-training [48]. In addition, the concentration of exogenous
BDNF administered in many published studies have been higher
than the 10ng used in our laboratory [8,48]. In our experiment,
the dose administered was based on the exercise-induced increase
in BDNF observed in the dentate gyrus in previous experiments
in our laboratory [16]. To the best of our knowledge, this is the
first time that an exogenous BDNF injection at physiologically rele-
vant concentrations has been reported to clearly improve memory
in a spatial task. We observed an increase in BDNF protein in the
contralateral dentate gyrus of rats that had received a single i.c.v.
injection of recombinant BDNF. This result is noteworthy because
it suggests that infused BDNF can diffuse from the left ventricle into
hippocampal tissue, especially since it is unlikely that new BDNF is
transcribed and translated within the indicated timeframe. Alter-
natively, BDNF could be diffusing to the hippocampus from other
tissues as anindirect response to thei.c.v.injection, although we did
not detect significantincreasesin BDNFin other areas (notshown). It
has been suggested that the diffusion of exogenously administered
BDNF is restricted, due in part to the large number of TrkB recep-
tors that bind and rapidly internalise BDNF [49]. This could account
for the difference in BDNF detected in the dentate gyrus compared
to the amount infused. Nevertheless, these experiments support
the hypothesis that an exercise-induced increase in BDNF in the
dentate gyrus is sufficient to induce significant improvements in
spatial memory.

Interestingly, a single i.c.v. injection of BDNF also resulted in sig-
nificant activation of the ERK1 isoform in the dentate gyrus. Since
no learning paradigms were performed in this experiment, we can
conclude that in this case the activation of ERK1 is a direct conse-
quence of the BDNF injection. The data suggest that an injection
of BDNF into the ventricle can lead to the activation of BDNF-
stimulated signalling cascades in the dentate gyrus, presumably by
diffusing into the brain parenchyma and activating TrkB receptors
on granule cells, resulting in the subsequent activation of ERK1 in
a manner that mimics the effect of exercise.

In conclusion, we propose that the temporal dynamics of adult
hippocampal neurogenesis render it unlikely to mediate the cog-
nitive benefits of one week of exercise. Although we observed
increases in cell proliferation with one week of exercise, these new
cells are more likely to be preparing the brain for future learning,
which could be the function of many of the long-term effects of
BDNF on the cytoarchitecture of the brain [50]. The observed cog-
nitive improvement, if mediated by the consistent increases we
observe in BDNF expression, are more likely to be due to the short-
term effects of this neurotrophin on synaptic transmission, which
involve activation of the TrkB receptor, the subsequent activation
of ERK1 and the upregulation and activation of synaptic vesicle
proteins. This observed cognitive improvement can be mimicked
by a single intracerebroventricular BDNF injection, which leads
to the induction of signalling cascades and to the activation of
kinases such as ERK1 that are crucial for plasticity and learning.
Our data suggest that moderate forced exercise improves spatial
learning by causing an increase in the activity-dependent release
of BDNF in the dentate gyrus, and by subsequently inducing rapid
cellular changes that facilitate synaptic transmission and plastic-
ity.
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