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SPATIAL MEMORY IS IMPROVED BY AEROBIC AND RESISTANCE

EXERCISE THROUGH DIVERGENT MOLECULAR MECHANISMS
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Abstract—A growing body of scientific evidence indicates
that exercise has a positive impact on human health, includ-
ing neurological health. Aerobic exercise, which is supposed
to enhance cardiovascular functions and metabolism, also
induces neurotrophic factors that affect hippocampal neu-
rons, thereby improving spatial learning and memory. Alter-
natively, little is known about the effect of resistance exercise
on hippocampus-dependent memory, although this type of
exercise is increasingly recommended to improve muscle
strength and bone density and to prevent age-related disabil-
ities. Therefore, we evaluated the effects of resistance train-
ing on spatial memory and the signaling pathways of brain-
derived neurotrophic factor (BDNF) and insulin-like growth
factor 1 (IGF-1), comparing these effects with those of aero-
bic exercise. Adult male Wistar rats underwent 8 weeks of
aerobic training on a treadmill (AERO group) or resistance
training on a vertical ladder (RES group). Control and sham
groups were also included. After the training period, both
AERO and RES groups showed improved learning and spa-
tial memory in a similar manner. However, both groups pre-
sented distinct signaling pathways. Although the AERO
group showed increased level of IGF-1, BDNF, TrkB, and
�-CaMKII (calcium/calmodulin-dependent kinase II) in the

ippocampus, the RES group showed an induction of periph-
ral and hippocampal IGF-1 with concomitant activation of
eceptor for IGF-1 (IGF-1R) and AKT in the hippocampus.
hese distinct pathways culminated in an increase of synap-
in 1 and synaptophysin expression in both groups. These
ndings demonstrated that both aerobic and resistance ex-
rcise can employ divergent molecular mechanisms but
chieve similar results on learning and spatial memory.
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Many studies have reported the health benefits of physical
activity (Deslandes et al., 2009). Given the substantial
impact of exercise on various physiological systems, the
study of its effects on cognitive function and neuroplasticity
has become extremely relevant. Evidence suggests that
exercise helps to maintain brain health and cognition and
protects against the progressive cognitive decline that is
associated with aging (Meeusen, 2005; Cotman and Ber-
chtold, 2007).

In 1995, Neeper and colleagues (1995) showed that
rodents submitted to a running wheel for 7 days had in-
creased expression of brain-derived neurotrophic factor
(BDNF) in both the hippocampus and caudal neocortex,
demonstrating that BDNF is a neurotrophin that mediates
the effects of voluntary physical activity on brain plasticity.
Similar results were obtained using animal models for
aerobic exercise (van Praag et al., 1999; Radák et al.,
2001; Trejo et al., 2001; van Praag et al., 2005; Ding et al.,
2006; Ang et al., 2006; Radak et al., 2006; Dietrich et al.,
2008). According to the literature, the insulin-like growth
factor 1 (IGF-1) and BDNF pathways are important targets
of physical exercise because the blockage of the hip-
pocampal receptor for IGF-1 (IGF-1R) or BDNF (TrkB)
abolishes the effects of exercise on hippocampal plasticity
and molecular changes, such as increases in synapsin 1,
calcium/calmodulin-dependent kinase II (CaMKII), and mi-
togen-activated protein kinase II (MAPKII) (Vaynman et al.,
2004; Ding et al., 2006).

With regard to resistance training, results are scarce
nd BDNF and IGF-1 measurements are limited to sys-
emic measurements. Recent studies that were performed
n humans showed that resistance exercise does not alter
he BDNF level but increases the IGF-1 level in the blood,
hereas aerobic exercise seems to have little or no influ-
nce on the serum IGF-1 level (Borst et al., 2001; Ari et al.,
004; McTiernan et al., 2005; Cassilhas et al., 2007; Vale
t al., 2009; Cassilhas et al., 2010; Correia et al., 2010;
oekint et al., 2010; Arikawa et al., 2010).

These seemingly conflicting results raise the question
f whether resistance training, compared with aerobic ex-
rcise, triggers the same cellular signals that are associ-
ted with neuronal plasticity. Resistance exercise is
trongly recommended for both adults and elders to im-
rove bone mineral mass, muscle mass, strength, and to
ecrease the risk of falls and functional limitations (Haskell
t al., 2007; Chodzko-Zajko et al., 2009). Studying the

ffects of resistance exercise on brain function cannot only
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reveal additional benefits of this exercise but also help
clarify the physiological mechanism underlying brain plas-
ticity. Thus, the purpose of this study was to examine
spatial memory and the BDNF/TrkB and IGF-1/IGF-1R
signaling pathways in the hippocampus of rats that were
subjected to either aerobic or resistance exercise.

EXPERIMENTAL PROCEDURES

Animal care

Fifty male Wistar rats, 90-day old, were provided by the Center for
Development of Experimental Models for Medicine and Biology
(CEDEME/UNIFESP). The animals were housed in groups of five
in standard polypropylene cages. Room temperature was main-
tained at 22�1 °C, and the relative humidity was 55�3%. The
animals were kept in a 12 h:12 h light:dark schedule (with the
lights on at 7:00 AM) and had free access to food and water. All
xperimental procedures were performed between 1:00 PM and
:00 PM according to published guidelines (Andersen and Tufik,

2010) and were approved by the University Ethics Committee
(license number 0778/07).

Familiarization protocols

Treadmill familiarization. The animals were subjected to a
recruitment process, which consisted of running on a Columbus
treadmill (OH, USA) at 10 m/min for 10 min every day for 5 days.
In this study, we did not use electric shock to stimulate the animals
to run. We used a scale of 1–5, adapted from Dishman (Dishman
et al., 1988), to score the performance of each animal. After five
daily sessions on the treadmill, the animals were classified ac-
cording to their score: 1-the animals that refused to run; 2-the
animals that ran at variable speeds, ran and stopped, or ran in the
wrong direction; 3-the animals that ran regularly; 4-the animals
that were good runners; 5-the animals that were excellent runners.
Only animals that scored 3 or more were used in this study; 6
animals did not meet this criterion and were excluded.

Familiarization to the vertical ladder. After familiarization on
the treadmill, the remaining 44 animals were subjected to a famil-
iarization protocol on an 80° inclined vertical ladder apparatus
(110 cm high�18 cm wide, with 2-cm grid steps). A housing
chamber (L�W�H�25�25�20 cm) was located at the top of the
ladder and served as a shelter during the resting period (Yarash-
eski et al., 1990; Duncan et al., 1998; Hornberger and Farrar,
2004; Prestes et al., 2009; Pereira et al., 2010).

The familiarization protocol consisted of three trials per day
during 3 days. In the first trial, the rats were kept in the housing

Table 1. Distribution of animals with distinct scores in to 4 groups.
ean�SD for the average time spent to climb up the whole ladder

Variables

Treadmill score (Dishman score 1–5)
(1) The animals that refused to run
(2) The animals that ran at variable speeds, ran and stopped,

or ran in the wrong direction
(3) The animals that ran regularly
(4) The animals that were good runners
(5) The animals that were excellent runners

Average time spent to climb up the whole ladder on the third trial

of three days
chamber for 60 s and then placed on the ladder 35 cm from the
top. In the second trial, the rats were placed in the middle of the
ladder. In the third trial, the rats were placed at the bottom of the
ladder. All animals learned to climb the apparatus. The animals
were evenly distributed into the following four groups, based on
their performance on the treadmill and vertical ladder: control
(CTRL), sham, aerobic exercise (AERO), and resistance exercise
(RES). Each group was composed of 11 animals (Table 1).

Control group. The animals in this group were kept in their
home cages throughout the experiment, with 5 min daily handling.

Sham group. The animals in this group spent 30 min in the
training apparatus: 15 min on the treadmill turned off and 15 min
at the top of the vertical ladder. This procedure was performed five
times per week for 8 weeks.

Aerobic group. The animals in this group were subjected to
an aerobic training protocol on a treadmill (Columbus, OH, USA),
five times per week for 8 weeks, without electrical shock. In each
session, the animals were allowed to warm up for 5 min at 10
m/min. The training speed and duration were set at 15 m/min for
25 min in the first week and increased to 20 m/min for 30 min by
the last week.

Resistance group. The animals in the RES group were
subjected to a progressive resistance exercise, five sessions per
week during 8 weeks. Each session consisted of eight climbing
series with a progressively heavier load fixed in the proximal part
of the animal’s tail with a coastlock snap swivel and Scotch 23
rubber tape (Scotch 3 M). In the first two series, the load was 50%
of the animal’s total body mass. In subsequent series, the load
was progressively increased to a final load of 100%. The average
body weight was 350–400 g. The rest interval between the series
was 60 s. The training sessions for each animal took between 20
and 30 min.

Morris water maze task

For this study, we used the Morris water maze protocol described
by Ang and colleagues, which evaluates the spatial learning and
memory of rats in a shorter period of time than the previous one
(Morris et al., 1982; Ang et al., 2006). The Morris water maze is a
black circular pool (1.70 m diameter�60 cm high) that is filled to
a depth of 32.5 cm with water (26 °C�1 °C) and divided into four
equal quadrants. A hidden platform (10.2 cm diameter and 30.5
cm high) was placed 2 cm beneath the surface of the water. The
platform surface was rough to allow the rats to easily climb onto it
when it was detected. The pool was placed in a small room with
extra-maze cues that were kept constant throughout the experi-

are presented as the treadmill score (Dishman score) and as the
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ment. A Noldus EthoVision version 7.0 (Leesburg, VA, USA) video
tracking system was used to record the data.

During the training phase, which lasted 2 days, the rats were
exposed to the Morris water maze four times (trials). Each rat
randomly explored the water maze for 60 s. Eventually, if rats did
not find the platform, they were gently guided and allowed to
remain on the platform for 10 s to allow them to become familiar
with visual clues. For the spatial acquisition test (spatial learning),
the rats were subjected to three blocks of four trials with a 30-min
interval between the blocks. At the end of each block, the animals
were put back into their cages to rest. The initial position for each
trial was randomly chosen. As in the training phase, the rat had
60 s to reach the platform; if it failed to do so, it was guided to the
platform and was allowed to remain there for 10 s. Escape latency
(in s), path length (in m), and swim speed (in m/s) were recorded.
For the probe trial test, which was conducted 30 min after the
spatial acquisition test, the platform was removed, and the rats
performed a single trial of 60 s. The percentage of time spent in
the platform zone was recorded (n�11 for each group).

Tissue collection and processing

Twenty-four hours after the memory task, the rats were eutha-
nized by decapitation. Trunk blood was collected in dry tubes and
centrifuged (3500�g, 10 min) for serum collection. Hippocampi
were dissected and immediately frozen in liquid nitrogen. Tissues
and serum were stored at �80 °C until use.

Immunoradiometric assay

The immunoradiometric assay kits were used to measure the
serum concentration of corticosterone (EIA corticosterone AC-
14F1, Immunodiagnostic Systems, Boldon, UK) and IGF-1 (serum
and hippocampal) (IRMA IGF-1 A15729, Immunotech, Marseille,
France) according to the manufacturer’s specifications. The IGF-1
level in the SHAM, AERO, and RES groups was expressed as the
percentage of the mean of control group (n�11 for each group).

ELISA assay

The concentration of BDNF in the hippocampus was measured
with the Sandwich ELISA kit (ChemiKine BDNF kit, Millipore,
Billerica, MA, USA) according to the manufacturer’s specifica-
tions. The BDNF concentration in the SHAM, AERO, and RES
groups was expressed as the percentage of the mean of control
group (n�11 for each group).

Western blot

The hippocampi were homogenized in lysis buffer (1% Triton
X-100; 0.5% sodium deoxycholate; 100 mM Tris–HCl, pH 8.3; 150
mM NaCl; 10 mM EDTA; 0.1% SDS; 10% glycerol; 1% NP-40; and
protease inhibitors cocktails), and the total protein concentration
was determined by Lowry’s method (Lowry et al., 1951). The
samples were loaded on 8% (p-IGF-1R and TrkB, 100 �g/lane) or
0% (p-AKT and �-CaMKII, 50 �g/lane; synapsin 1 and synapto-

physin, 10 �g/lane) SDS-polyacrylamide gels, separated by elec-
trophoresis and then transferred to nitrocellulose membranes
(Amersham GE, Little Chalfont, UK). Immunodetection was per-
formed at room temperature. The membranes were blocked with
2% nonfat milk for 1 h and then incubated with primary antibodies
for 1 h at the indicated dilutions: anti-IGF-1R phospho Y1161
(1:100); TrkB (1:100); �-CaMKII (1:1000); synapsin 1 (1:10,000);
synaptophysin (Abcam, Cambridge, MA, USA; 1:50,000); p-AKT
(Cell Signaling, Danvers, MA, USA; 1:1000); anti-�-actin (Sigma,

t. Louis, MO, USA; 1:10,000). After 3 washes of 5 min, the
embranes were incubated for 45 min with Alexa-680-conjugated
nti-rabbit IgG (1:10,000, Invitrogen, Carlsbad, CA, USA). After 5

ashes of 5 min, digital images of the membranes were acquired
nd quantified using the Odyssey Infrared Image System (LI-
OR, Baltimore, MD, USA). The band intensity of the protein of

nterest was normalized to the band intensity of �-actin. The band
ntensity of �-actin was within linear range when 10–100 �g of
total proteins were used in each lane (significant Pearson’s cor-
relation, r�0.960, P�0.001 was observed for �-actin, using 10,
0, 60, and 100 �g of total proteins, data not shown). Relative

protein expression in the SHAM, AERO, and RES groups was
expressed as the percentage of the control mean (n�6 for each
group).

Data analysis

The Statistica software package was used for all analyses. The
Shapiro-Wilks W-test was used to verify data normality. For para-
metric variables, we used a one-way ANOVA or ANOVA for
repeated measurements followed by Tukey’s post hoc test. For
nonparametric variables, we used the Kruskal–Wallis test. The
significance level was set at 5%, and the data were presented as
the mean �standard deviation.

RESULTS

The animals from the AERO and RES groups successfully
completed the 8-week physical exercise program without
any injuries, abandonment, or death. Negative reinforce-
ments such as electric shock were not required at any time
during this experiment. At the end of training, hypertrophy
was observed in the flexor digitorum longus of the RES
group and in the soleus of the AERO group compared with
the CTRL and SHAM groups (data not shown).

In the training phase of the Morris water maze test, all
groups presented similar latency and swim distance to
reach the platform (Fig. 1A, B). After the training phase, the
latency (block effect, F(4,160)�145.62; P�0.001) and the
swim distance (block effect, F(4,160)�104.44; P�0.001)
were progressively reduced through the three blocks of
trials in all groups, indicating spatial learning (Fig. 1A, B).
However, animals in the AERO and RES groups spent less
time (group effect, F(3,40)�48.57; P�0.001) and swam a
shorter distance (group effect, F(3,40)�37.31; P�0.001)
compared with the CTRL and SHAM groups in the three
blocks (Fig. 1A, B). The two-way ANOVA showed a signif-
icant interaction in the latency (intervention effect,
F(12,160)�4.72; P�0.001) and in distance (intervention ef-
fect, F(12,160)�5.05; P�0.001). The results of the post hoc
two-way ANOVA revealed that this interaction happened
because the AERO and RES groups decreased the la-
tency and distance to reach the platform (blocks 1, 2, and
3—spatial acquisition test) compared with other groups.
However, in the training phase, differences were not ob-
served between the groups. All groups presented a similar
swim speed through the blocks (Fig. 1C). In the probe
session, the animals of the AERO and RES groups ex-
plored the platform quadrant for a longer period of time
(F(3,40)�20.01; P�0.001) compared with the CTRL and
SHAM groups (Fig. 1D). No difference was observed be-
tween the AERO and RES groups for any parameters.
Altogether, these data suggest that the two forms of exer-
cise have the same effects on spatial learning and mem-
ory. Similar memory improvement was also observed
when the RES group was tested by passive avoidance

task (data not shown).
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To verify the involvement of IGF-1 in exercise-induced
earning and memory, we assessed the level of this mol-
cule in serum and in the hippocampus because circulat-

ng IGF-1 is known to mediate the effects of exercise on
he brain (Trejo et al., 2001; Trejo et al., 2004; Trejo et al.,
007). Animals in the RES group showed an increase in

Fig. 1. Both forms of exercise improve learning and spatial memory. T
(B) path length, (C) swim speed, and (D) time spent in the platform a
are presented as the mean�SD. (A and B) ** P�0.001 compared with
1–3 for all groups by two-way ANOVA followed by the Tukey’s post ho
the SHAM group by the Kruskal–Wallis test.

Fig. 2. IGF-1 and BDNF concentration measured by immunoradiometr
and (C) hippocampal BDNF concentration. The data are presented as

AERO and SHAM groups, ** P�0.001 compared with the CTRL group by the
erum IGF-1 compared with other groups (Fig. 2A, H�
2.14; P�0.001). In contrast, hippocampal IGF-1 was in-

creased in both experimental groups (AERO and RES)
compared with the CTRL and SHAM groups (Fig. 2B,
H�33.16; P�0.001). With respect to BDNF, we measured
only the hippocampal level because BDNF is predomi-

water maze task was performed for (A) latency to reach the platform,
L (n�11), SHAM (n�11), RES (n�11), and AERO (n�11). The data
L and SHAM groups in each block; *** P�0.05 compared with blocks
) * P�0.05 compared with the CTRL group; ** P�0.05 compared with

(A) Serum IGF-1 concentration, (B) hippocampal IGF-1 concentration,
n�SD, and group sizes are as in Fig 1. * P�0.05 compared with the
he Morris
rea. CTR
the CTR
ic assay.
the mea
Kruskal–Wallis test.
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nantly expressed in brain, and the main source of the
circulating BDNF is the brain (Rasmussen et al., 2009;
Knaepen et al., 2010; Klein et al., 2011). A higher level of
hippocampal BDNF was observed in the AERO group
compared with other groups (Fig. 2C, H�29.41; P�0.001).

Although hippocampal IGF-1 was increased in both the
ES and AERO groups, only the RES group showed a
ignificant increase in IGF-1R compared with other groups
Fig. 3; H�13.54; P�0.001). Conversely, the expression of

TrkB was increased in only the AERO group when com-
pared with the other groups (Fig. 4; H�13.56; P�0.001).

To further elucidate the distinct effects of aerobic and
resistance exercises on the IGF-1 and BDNF signaling
cascades, we examined the following downstream mole-
cules: �-CaMKII and p-AKT. The level of p-AKT was sig-
nificantly increased in only the RES group compared with
the CTRL and SHAM groups (Fig. 5; H�18.60; P�0.05). In
contrast, the level of �-CaMKII was increased in only the
AERO group compared with the CTRL and SHAM groups
(Fig. 6; F(3,20)�4.60; P�0.05).

We also examined the expression of proteins that are
involved in the cytoskeletal matrix and neurotransmitter
release: synapsin 1 and synaptophysin. These data are
shown in Figs 7 and 8, respectively. Both exercised groups
(AERO and RES) had a higher level of synapsin 1
(F(3,20)�12.12; P�0.001) and synaptophysin (H�15.92;
P�0.05) compared with the CTRL and SHAM groups.

Given that both types of exercise can trigger distinct
stress responses and that chronic stress can influence
neuronal plasticity, we measured the serum corticosterone

Fig. 3. Hippocampal IGF-1R protein expression was measured by
Western blot analysis. The data are presented as the mean�SD
relative to the CTRL group, and n�6 for each group. * P�0.05 com-
pared with the CTRL and SHAM groups by the Kruskal–Wallis test.

Fig. 4. Hippocampal TrkB protein expression was measured by West-
ern blot analysis. The data are presented as the mean�SD relative to
the CTRL group, and group sizes are as in Fig 5. * P�0.05 compared
ith the CTRL, SHAM, and RES groups by the Kruskal–Wallis test.
level at the end of the 8 weeks of training. The data show
that all groups presented a similar concentration (Fig. 9,
F(3,40)�2.03; P�0.05).

DISCUSSION

The positive impacts of physical exercise on many aspects
of human health are well established. Particularly, the
effects of exercise on brain function have been extensively
investigated during recent decades. Although many stud-
ies have demonstrated that exercise improves cognitive
function, the actual molecular and physiological pathways
that mediate the effects of exercise are still elusive, and the
scenario becomes even more complex when we consider
different types of exercise. In this study, we evaluated the
effects of aerobic and resistance exercise on spatial mem-
ory and related molecular pathways.

Using the Morris water maze protocol, Ang and col-
leagues (2006) showed that aerobic exercise for 12 weeks
reduced the latency and distance to get to the platform,
suggesting that aerobic exercise improves spatial learning.
Similar results were also obtained in other studies, where
rats were subjected to aerobic training on a treadmill (Alaei
et al., 2008; Asl et al., 2008) or to voluntary wheel running
(van Praag et al., 2005; Ding et al., 2006). Enhanced
complex physical activity promoted by an enriched envi-
ronment also improved hippocampal-dependent learning
and memory (Simpson and Kelly, 2011); however, physical
exercise may the critical factor for these improvements

Fig. 6. Hippocampal CaMKII protein expression was measured by
Western blot analysis. The data are expressed as the mean�SD
relative to the CTRL group, and group sizes are as in Fig 5. * P�0.05
compared with the CTRL and SHAM groups by one way-ANOVA

Fig. 5. Hippocampal p-AKT protein expression was measured by
Western blot analysis. The data are expressed as the mean�SD
relative to the CTRL group, and group sizes are as in Fig 5. * P�0.05
compared with the CTRL and SHAM groups by the Kruskal–Wallis
test.
followed by the Tukey’s post hoc test.
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(Kobilo et al., 2011). In this study, we observed that exer-
cise groups better assimilated the prior exposure to the
maze (i.e. they learned the task faster) and presented
improved spatial memory, regardless of exercise type (aer-
obic and resistance). This is a novel finding in animal
models but corroborates a previous human study in which
elderly subjects trained with either aerobic or resistance
exercise showed a similar cognitive improvement (Özkaya
et al., 2005).

It has been reported that intense and exhaustive exer-
ise can induce stress and increase serum corticosterone
Wright et al., 2006; Rosa et al., 2007; Mello et al., 2008).
lthough we cannot completely rule out the stress factor in

he exercise groups, it may not be the major factor that
nfluenced learning and memory because increased corti-
osterone is known to negatively affect cognitive function
nd neuroplasticity (Korte, 2001; Wong and Herbert,
004). Moreover, we measured the serum corticosterone
t the end of the intervention and did not observe differ-
nces between the groups.

In a previous study, we observed that elderly patients
ubjected to 24 weeks of resistance training showed an
ncreased circulating IGF-1 level and improved cognitive
unction (Cassilhas et al., 2007). To better elucidate this
orrelation, we assessed the level of IGF-1 in both blood
nd the hippocampus. The level of IGF-1 was simultane-
usly increased in both blood and the hippocampus in

Fig. 7. Hippocampal synapsin 1 protein expression was measured by
Western blot analysis. The values are presented as the mean�SD
elative to the CTRL group, and group sizes are as in Fig 5. * P�0.05

compared with the RES group. ** P�0.001 compared with the CTRL
and SHAM groups by one-way ANOVA followed by the Tukey’s post
hoc test.

Fig. 8. Hippocampal synaptophysin protein expression was mea-
sured by Western blot analysis. The values are presented as the
mean�SD relative to the CTRL group, and group sizes are as in Fig 5.
* P�0.05 compared with the CTRL and SHAM groups by the Kruskal–
eWallis test.
nimals trained with resistance exercise. These results are
t least partially consistent with human studies that show
n increase in serum IGF-1 after resistance exercise
Borst et al., 2001; Cassilhas et al., 2007; Vale et al., 2009;
assilhas et al., 2010). Moreover, an enhanced hippocam-
al IGF-1 level led to increased IGF-1R expression in the
ippocampus of the RES group. Considering that the main
ource of IGF-1 is peripheral tissue (liver) and that circu-

ating IGF-1 can be transported to the CNS, it is plausible
o speculate that circulating IGF-1 activated the central
GF-1 signaling pathway by the positive feedback loop
echanism (Carro et al., 2000; Trejo et al., 2001).

In contrast, we did not observe an effect of aerobic
xercise on serum IGF-1 level, which is consistent with
ome human studies (Deuschle et al., 1998; Eliakim et al.,
999; Ari et al., 2004; McTiernan et al., 2005; Vale et al.,
009; Arikawa et al., 2010). Despite an unchanged serum
GF-1 level, the hippocampal IGF-1 of the AERO group
as increased in a similar manner to the RES group. Of
ote, the expression of neuronal IGF-1 can also be up-
egulated by electrical stimulation and confer neuroprotec-
ion in retinal neurons (Morimoto et al., 2005). Thus, an
ncreased activity of hippocampal neurons as a result of
erobic physical activity might induce the expression of
GF-1 and BDNF in the hippocampus of the AERO group
Zafra et al., 1990). Another possibility is that aerobic
xercise increased regional blood flow, which can also

nduce IGF-1 synthesis in the hippocampus (Gillespie et
l., 1997).

One intriguing result is that even with an increased
ippocampal IGF-1 level, the expression of IGF-1R was
ot altered in the AERO group. One possibility is that the
GF-1 binding affinity to IGF-1R can be affected by factors
hat are differentially regulated by both types of exercise. It
s well known that the binding affinity of IGF-1 to its recep-
ors is tightly regulated by IGFBPs (insulin-like growth
actor binding proteins), and at least 2–3 IGFBP isoforms
re expressed in the CNS (Russo et al., 2005). The cleav-
ge of extra N-terminus amino acids also seems to affect
he binding affinity of IGF-1 (Giacobini et al., 1990; Sara et
l., 1993). Moreover, IGF-1, a pleiotropic molecule, can
ctivate various signaling pathways, including tyrosine ki-
ase-independent cascades that are independent of the
ctivation of IGF-1R (Perrault et al., 2011).

Another molecule that may be influenced by physical

Fig. 9. Corticosterone measured in serum by immunoradiometric as-
say. The data are presented as the mean�SD, and group sizes are as
in Fig 1. One way-ANOVA was adopted.
xercise is BDNF. A significant increase of hippocampal
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BDNF was observed in animals that exercised on a tread-
mill, but not in the RES group. These data are consistent with
several other studies (Neeper et al., 1995; Neeper et al.,
1996; Zoladz et al., 2008; Zoladz and Pilc, 2010; Gomes da
Silva et al., 2010; Correia et al., 2010; Goekint et al., 2010).
Overall, these data indicated that aerobic and resistance
exercise may trigger distinct signaling pathways.

To provide detailed insight into these signaling path-
ways, we investigated the expression of AKT and �-CaM-

II. We found significantly higher p-AKT expression in the
ES group compared with the AERO group, but �-CaMKII
xpression was increased only in the AERO group. This
ay indicate that activation of AKT is more sensitive to

GF-1R activation (Dudek et al., 1997), whereas �-CaMKII
s more robustly activated by TrkB.

The activation of the kinases AKT and �-CaMKII has
mportant cellular effects. The activation of AKT is critical
or angiogenesis, the control of metabolism, cell growth
nd proliferation, protein synthesis, and neuronal survival
Manning and Cantley, 2007), whereas �-CaMKII is in-
olved in NMDA receptor modulation, synaptic plasticity,
nd memory consolidation (Silva et al., 1992; Otmakhov et
l., 1997).

To identify mechanisms underlying neuroplasticity,
hich are induced by physical exercise, we investigated

he expression of the phosphoproteins synapsin 1 and
ynaptophysin. Synapsin 1 is the most abundant phospho-
rotein in CNS presynaptic terminals (Evergren et al.,
007), where it anchors the cytoplasmic surface of the
ynaptic vesicle to the cytoskeleton (Huttner et al., 1983;
e Camilli et al., 1983). Thus, synapsin 1 is essential for
ynaptic transmission and neurotransmitter release (Ever-
ren et al., 2007). Similarly, synaptophysin is an abundant
rotein that is attached to the membrane of synaptic ves-

Table 2. Summary of the main results: Morris water maze task and
olecular analysis

Variables Groups

CTRL
(n�11)

SHAM
(n�11)

AERO
(n�11)

RES
(n�11)

orris water maze task
Latency to find the

platform
— — 2 2

Path length — — 2 2
Swim speed — — — —
Time spent in the

platform area
— — 1 1

erum measures 1 1
Serum IGF-1 — — 1 —
Serum corticosterone — — — —
ippocampal measures 1 1
IGF-1 — — 1 1
BDNF — — 1 —
p-IGF-1R — — 1 1
TrkB — — 1 —
p-AKT — — — 1
�-CaMKII — — 1 —
Synapsin — — 1 1

Synaptophysin — — 1 1
cles (Tarsa and Goda, 2002). Synaptophysin seems to be
nvolved in the formation of the vesicle fusion pore with the
lasma membrane (Fykse et al., 1993) as well as in en-
ocytosis and vesicle recycling (Evans and Cousin, 2005).

After training for 8 weeks, the expression of synapsin 1
nd synaptophysin was significantly increased in both the
ERO and RES groups. Two other studies also reported

ncreases in hippocampal synapsin 1 levels in rodents
ubjected to a running wheel (Vaynman et al., 2003; Ding
t al., 2006). Recently, Ferreira et al. (2010) reported that
oth synapsin 1 and synaptophysin expression was in-
reased in the cerebellum and striatum of rats subjected to
erobic exercise on a treadmill for 7 days. Thus, these data
uggest that any type of physical activity can increase the
xpression of synapsin 1 and synaptophysin.

CONCLUSION

In summary, we observed that aerobic and resistance
training for 8 weeks increases learning and spatial memory
in a similar manner, but they activate somewhat divergent
molecular pathways (Table 2). Aerobic exercise modulates
BDNF/TrkB and �-CaMKII. In contrast, resistance training
acts on the CNS via IGF-1/IGF-1R and AKT pathway. Both
types of exercise induced the expression of synapsin 1 and
synaptophysin, which might contribute to improved spatial
learning and memory.
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