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Abstract—We have previously shown that voluntary exercise
produces enhanced neurogenesis and long-term potentiation
(LTP) in the dentate gyrus (DG) of mice in vitro. In the present
experiments we show that rats given access to a running
wheel (Runners) exhibit significantly more short-term poten-
tiation and LTP with �-patterned conditioning stimulation in
vivo than do age-matched litter mates (Controls). This in-
crease in LTP appears to reflect an alteration in the induction
threshold for synaptic plasticity that accompanies voluntary
exercise. Weak �-patterned stimulation, which did not pro-
duce LTP in control subjects, produced a robust and long-
lasting LTP in Runners. LTP induction in both groups was
dependent upon the activation of N-methyl-D-aspartate
(NMDA) receptors, and could be blocked by the competitive
antagonist [�]-3-[2-carboxypiperazin-4-yl] propanephos-
phonic acid. Consistent with these findings, we found that
mRNA levels for NR2B subtype of NMDA receptor were in-
creased specifically in the DG of Runners. In addition to
changes in NR2B mRNA levels, quantitative polymerase
chain reaction analysis revealed that brain-derived neurotro-
phic factor (BDNF) and glutamate receptor 5 mRNA levels
were also significantly elevated in the DG of Runners, but not
in other areas of the hippocampus. Thus, alterations in the
expression of BDNF, and specific glutamate receptor sub-
types, may underlie the ability of exercise to enhance neuro-
genesis and reduce the threshold for LTP in the DG. © 2004
IBRO. Published by Elsevier Ltd. All rights reserved.

Neurogenic activity has been observed in the dentate
gyrus (DG) of adult animals in a number of species,
including mice (Kempermann et al., 1997a,b; van Praag
et al., 1999), rats (Kuhn et al., 1996), birds (Clayton and
Krebs, 1994), primates (Gould et al., 1999), and humans

(Eriksson et al., 1998). Exposing rats to enriched envi-
ronments (Kempermann et al., 1997, 1998) and allowing
mice to exercise voluntarily (van Praag et al., 1999a,b)
increases the rate of neurogenesis in the DG. Interest-
ingly, these manipulations also enhance performance in
hippocampus-specific learning tasks (Rozenweig and
Bennett, 1996; Kempermann et al., 1997; van Praag et
al., 1999; Duffy et al., 2001), suggesting a relationship
between neurogenesis and the functional capacity of the
hippocampal formation. Furthermore, animals in impov-
erished or high stress environments exhibit reduced
neurogenesis (Gould et al., 2000), LTP (Shors and
Dryver, 1994; Kehoe and Bronzino, 1999) and poorer
performance on these behavioural tasks (Holscher,
1999; Lemaire et al., 2000; Gould et al., 2000). Using
whole-cell recordings, we have recently shown that new
granule cells in the adult hippocampus develop normal
biophysical properties, establish functional connexions
in the dentate molecular region, and receive excitatory
synaptic input from perforant path afferents (van Praag
et al., 2002). Thus, new cells in the adult hippocampus
seem to possess all of the anatomical and functional
properties essential for their making a contribution to
hippocampal processing. It remains to be determined,
however, what, if any, contributions these cells make to
animals behaviour.

In a previous study we showed that neurogenesis
could be enhanced in mice that engaged in voluntary
exercise, and that these mice performed better on a refer-
ence memory task version of the Morris water maze (van
Praag et al., 1999). In addition, we found that long-term
potentiation (LTP) of synaptic efficacy, a biological model
for learning and memory, was significantly enhanced in
hippocampal slices obtained from these animals. Similar
results have recently been reported for animals raised in
enriched environments that also included running wheels
(Kempermann et al., 1997a; Duffy et al., 2001), and in
these studies, an enhanced capacity for spatial learning
was found to be correlated with the increase in neurogen-
esis. Thus, there is growing evidence for a relationship
between voluntary exercise, neurogenesis, and improved
behavioural performance on spatial memory tasks.

In the present study, we attempt to elucidate some of
the mechanisms involved in exercise-induced neurogen-
esis in Sprague–Dawley rats by performing in vivo exper-
imentation in rats, and using quantitative-polymerase
chain reaction (Q-PCR) to examine changes in mRNA that
may underlie exercise-induced changes in both structural
and functional plasticity.
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EXPERIMENTAL PROCEDURES

Subjects and BrdU injections

Adult male Sprague–Dawley rats (250–500 g; Harlan, IN, USA)
were used for the present experiments. Control animals were
housed in 1.5 ft�1.5 ft�3 ft cages. Experimental animals (Run-
ners) were similarly housed, but an 11-inch exercise wheel
(Wodent Wheel, Sierra, CO, USA) was included in the cage.
Wheel usage was heaviest during the 12-h dark cycle; however,
all electrophysiological experiments and bromodeoxyuridine
(BrdU) administration were performed during the 12-h light cycle.
After a 10 day acclimation period to their respective housing
conditions, animals were injected with BrdU (Sigma; 50 mg/kg i.p.;
del Rio and Soriano, 1989; Kuhn et al., 1996) once daily for 5
consecutive days. For morphological studies, additional Control
(n�8) and Runner (n�7) rats were given identical BrdU injections
and perfused after 1 month. In all experiments, animals remained
in their respective caging conditions until termination. Experimen-
tal procedures were done in compliance with guidelines of the
Canadian Council on Animal Care. All efforts were made to reduce
the number of animals used and their suffering.

Electrophysiology

Electrophysiological studies were carried out after animals were
housed in their respective environments (Runners or Control) for
a minimum of 1 week. For electrophysiological recordings, ani-
mals were anaesthetised with sodium pentobarbital (65 mg/kg,
i.p.) and placed into a stereotaxic apparatus (Kopf Instruments).
Supplemental doses of sodium pentobarbital were injected as
needed to maintain a surgical plane of anesthesia. Rectal tem-
perature was maintained at 37�1.0 °C throughout the course of
the experiment with a grounded homeothermic temperature con-
trol unit (Harvard Instruments, MA, USA). A 75-�m stainless-steel
recording electrode (A-M Systems, Inc., WA, USA) was directed
through a trephine hole into the DG (3.5 mm posterior, 2.0 mm
lateral to bregma). Similarly, a 75-�m monopolar stimulating elec-
trode (A-M Systems, Inc.) was directed through a trephine hole to
activate the medial perforant path input to the DG (7.4 mm pos-
terior, 3.0 mm lateral to bregma).

Electrophysiological methods for obtaining selective stimula-
tion of the medial perforant path have been described in detail
previously (Christie and Abraham, 1992a,b). The final depth of the
stimulation and recording electrodes was determined by adjusting
both electrodes to yield the maximal fEPSP using a minimal
degree of stimulation (�100 microamps). Once a response was
obtained, paired-pulse stimuli were administered to ensure that
medial responses exhibited paired-pulse depression. Paired-
pulse stimulation served to confirm that the medial perforant path
was in fact being stimulated (McNaughton and Barnes, 1977). To
record granule cell response to medial perforant path stimulation,
single pulse stimuli, of a fixed amplitude and duration (120 �s),
were delivered at 15-s intervals and recorded using a differential
amplifier (Getting Instruments, San Diego, CA, USA). Baseline
responses were standardised to 30% of maximal response size.
Recordings were required to exhibit a stable baseline for a mini-
mum of 30 min to be included in the data set. Two protocols were
used to induce LTP. The weak �-patterned stimulus (wTPS) pro-
tocol consisted of eight trains of �-patterned conditioning stimuli.
The stimuli were delivered as 10 bursts of five pulses at 100 Hz
with a 200 ms interburst interval. The strong TPS (sTPS) protocol
consisted of 10 pulses delivered as 400 Hz bursts. There were five
bursts per train, again administered at a 200 ms interburst interval.
The administration of the protocol was repeated five times at
2-min intervals. Although fewer pulses are administered with the
sTPS protocol, the higher frequency used results in significantly
greater LTP in the DG.

Signals from the dentate hilus were amplified (Getting Instru-
ments), filtered (1 Hz to 3 Hz) and digitized at 5 kHz. All data were
collected using custom-written software (Lee Campbell; Getting
Instruments) and National Instruments data acquisition hardware,
and then stored and analysed on a personal computer. The slope
of the rising phase of the field EPSP was used to determine
alterations in the level of synaptic efficacy. Following the admin-
istration of the conditioning stimuli, single pulse stimuli were again
administered for a minimum period of 1 h. All EPSP slope data are
presented as the mean percent change from the pre-conditioning
baseline�S.E.M. During electrophysiological recording, the LTP
induction of some animals was challenged by the administration of
the N-methyl-D-aspartate (NMDA) antagonist [�]-3-[2-carboxy-
piperazin-4-yl] propanephosphonic acid ((�)-CPP; Sigma;
10 mg/kg i.p.). Following the collection of electrophysiological
data, animals were administered an overdose of sodium pento-
barbital (100 mg/kg i.p.) and then perfused through the heart with
4% paraformaldehyde. The brains were then removed for histo-
logical examination.

Immunohistochemistry

Rats were perfused with saline followed by 4% paraformaldehyde
and then the brains were stored in 4% paraformaldehyde for 24 h
before being immersed in 30% sucrose solution until saturated.
After saturation, a sliding microtome was used to cut 40 �m
sections through the extent of the hippocampal formation and a
one in six series of sections through the hippocampus was sub-
jected to BrdU immunohistochemistry. Immunohistochemistry was
performed as described previously (van Praag et al., 1999).
Briefly, free-floating sections were treated with 0.6% H2O2 in
Tris-buffered saline (TBS; 0.15 M NaCl, 0.1 M Tris–HCl, pH 7.5)
for 30 min to block endogenous peroxidase. For DNA denatur-
ation, sections were incubated in 50% formamide/2� SSC (0.3 M
NaCl, and 0.3 M sodium citrate) at 65 °C, rinsed for 5 min in 2�
SSC, incubated in 2 N HCl for 30 min at 37 °C, and then placed in
0.1 M boric acid (pH 8.5) for 10 min. Following several rinses in
TBS, slices were incubated in TBS�� (TBS; 0.1% Triton X-100;
in 3% donkey serum) for 30 min, and then incubated with the
mouse anti-BrdU overnight at 4 °C. After being rinsed in TBS,
sections were incubated for 1 h with biotinylated donkey anti-rat
biotin. Following intermittent rinses in TBS, avidin–biotin–peroxi-
dase (ABC Elite kit) was applied for 1 h, followed by peroxidase
detection (ABC DAB kit). The number of BrdU positive cells in the
DG was determined using light microscopy (van Praag et al.,
1999).

For phenotypic analysis of BrdU positive cells, 1-in-12 serial
slices from each animal were triple labelled using rat anti-BrdU
ascites (Accurate; Harlan Sera-Laboratory; 1:100), rabbit anti-
S100� (Swant, Bellinoza, Switzerland; 1:2500), and mouse anti-
NeuN (Accurate, USA; 1:20) primary antibodies, followed by in-
cubation with the following secondary antibodies: anti-rat FITC
(Jackson ImmunoResearch; 1:300), anti-mouse Texas Red (Jack-
son ImmunoResearch; 1:300), and anti-rabbit Cy5 (Jackson Im-
munoResearch; 1:300). Confocal fluorescent microscopy was
used to determine the co-localisation of BrdU and S100� (glia) or
rat NeuN (granule neurons) immunoreactivity.

RNA preparation and Q-PCR analysis

A total of seven Control rats and nine Running rats were killed for
these experiments and the DG and CA1 was microdissected
bilaterally to isolate it from the hippocampus proper. Total RNA
was isolated from the tissue using Trizol (Gibco BRL, Gaithers-
burg, MD, USA) and immediately frozen in dry ice until use. The
DG from each rat was processed separately as independent
replicates. Total RNA extraction, cDNA synthesis and Real Time
Quantitative PCR were performed as described (Zhao et al.,
2000). Briefly, the cDNA was synthesised using a Superscript II
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first strand cDNA synthesis system (Gibco BRL), and the PCR
primers were designed using PrimerExpress software (ABI; www.
appliedbiosystems.com), and ordered from Genebase Inc. (San
Diego, CA, USA). Data analysis was performed according to the
protocol provided by Applied Biosystems (Zhao et al., 2000).
Standard curves were generated using a pre-made pool of rat
CNS (a mixture of brain and spinal cord) total RNA. The amount
of each mRNA was calculated according to the standard curve for
that particular primer set. The relative amount of the tested mes-
sage was finally normalised to the level of an internal control
message, hypoxanthine phosphoribosyl transferase (HPRT). The
primers used were:

brain-derived neurotrophic factor (BDNF) forward primer:
5	-AgCgTgTgTgACAgTATTAgCgA; BDNF reverse primer:
5	-TgTgACCgTCCCACCgg; NMDA R1 forward primer.
5	-CTggATAAgACATgggTTCggTA;

NMDA R1 reverse primer: 5	-AAgTgAgggTTgCAggAgCAT;
NMDA R2A forward primer 5	-AACgCTTAgTTATCgggAgATgT;
NMDA R2A reverse primer 5	-AgCTgTCATTTACCgCCTgTg;
NMDAR2B forward primer: 5	-CgCAgCgTgAgCCTgAA;

NMDA R2B reverse primer: 5	-CTCAAACATATgggCgTAggg;
glutamate receptor (GluR) 5 forward primer: 5	-CCTTCTTgACg-
gTAgAAAgAATgg; GluR5 reverse primer: 5	-ATCTTggTTTgTTT-
ggCCAga; GluR2 forward primer: 5	-TggCACAggCAAggAgACA;
GluR2 reverse primer: 5	-CggTggTTACAgCgCAATg; TrkB for-
ward primer: 5	-gATCCTggTggCCgTgAA;

TrkB reverse primer 5	-gCTTCgCgATgAAAgTCCTT; fibro-
blast growth factor (FGF)-2 forward primer: 5	-AgTTgTgTCCAT-

CAAgggAgTgT; FGF-2 reverse primer: 5	-AgCCAgCAgCCgTC-
CAT; the internal control used HPRT forward primer: 5	-gC-
gAAAgTggAAAAgCCAAgT; HPRT reverse primer: 5	- gCCA-
CATCAACAggACTCTTgTAg.

RESULTS

Voluntary exercise enhances neurogenesis in the DG
of rats

In all cases, cell counts were performed blind as previously
described (van Praag et al., 1999). On average, animals
given access to a running wheel ran approximately 48 km
per day. In these experiments, voluntary exercise was
found to significantly enhance the number of BrdU-positive
cells in the DG of the hippocampus of adult rats (Controls:
4812�552, n�8; Runners: 8330�452, n�7; t(14)�6.0,
P�0.05). These results are in accordance with work by
other laboratories in rats (Carro et al., 2000; Trejo et al.,
2001), and similar to our previous findings in mice (van
Praag et al., 1999a,b). The majority of the BrdU-labelled
cells were NeuN-positive in both runners and controls
(Controls: 95�2.4%; Runners: 98�1.1%); however, in ab-
solute terms, the runners have significantly more new neu-
rons than control animals (see Fig. 1). Thus, in contrast to
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Fig. 1. BrdU Immunohistochemistry. Photomicrographs of BrdU-positive cells 4 weeks after the last injection in Control (A) and Runner (B) rats.
Confocal images of BrdU-positive cells in Control (C), and Runner (D) rats. Sections were immunofluorescent triple labelled for BrdU (red), NeuN
indicating neuronal phenotype (green) and S100b selective for glial phenotype (blue). (E) Bar graph depicting group differences in total number of
BrdU-positive cells in the DG granule cell layer for Runners and Controls. (F) Bar graph illustrating phenotypic breakdown of cell types in Runners and
Controls. Both Runners and Controls showed similar phenotypic breakdowns, though runners showed substantially more cells in total.
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our findings in C57/Bl/6 mice, where there was a shift
toward new cells assuming a neuronal fate in runners,
voluntary exercise in rats did not alter the relative pheno-
typic distribution. As in our earlier work (van Praag et al.,
1999), we failed to observe any signs of neurogenesis in
the CA1 region of these animals.

Runners exhibit significantly greater LTP following
tetanic stimulation

In these experiments, electrode implantation in each ani-
mal was followed by a prolonged period (1–1.5 h) during
which the position of the electrodes in the medial perforant
path and dentate hilus was allowed to stabilise. Subse-
quently, single pulse stimulation was initiated and pulses
were administered at 15-s intervals. To ensure response
stability, a 30-min baseline was recorded and monitored
online prior to the application of the conditioning stimula-
tion in all animals. In Control animals, the administration of
the sTPS conditioning protocol reliably produced signifi-
cant LTP of synaptic efficacy when measured 55–60 min
post-conditioning (27.1�5.7%; n�5; t(4)�4.5, P�0.05).
These animals showed robust short-term potentiation
(STP; 44.8�15%; n�5) immediately following the applica-
tion of the conditioning protocol, and the degree of en-
hancement stabilised over a 30 min period. Animals from
the Runner experimental group exhibited significantly
more STP than Control animals (78.5�5%; n�5; P�0.05)
as measured over the first 5 min post conditioning. The
alteration in synaptic efficacy stabilised in Runner animals
over the next 30 min, and robust LTP was also produced in
all animals (56.2�9.7; n�5; t(4)�5.7, P�0.05). As is illus-
trated in Fig. 2A, the degree of LTP produced in Runner’s

was significantly greater than that produced in Control
animals, even when recorded 55–60 min post-conditioning
(t(4)�2.8, P�0.05).

LTP in the medial perforant path input to the DG has
been shown to depend upon the activation of NMDA re-
ceptors both in vivo (Christie and Abraham, 1992a,b) and
in vitro (Colino and Malenka, 1993). To determine whether
the enhanced LTP seen in Runner animals was also de-
pendent upon the activation of NMDA receptors, we ad-
ministered the competitive NMDA antagonist CPP (10 mg/
kg) 60–90 min prior to the application of the sTPS condi-
tioning stimulation. Overall, the administration of CPP
severely attenuated the induction and expression of LTP in
both Runner (18.0�7.4%; n�6) and Control (11.8�4.6%;
n�6) animals (Fig. 2B). In each group three of six animals
showed a 
10% increase in the initial slope of recorded
fEPSP’s following the conditioning protocol. A Student’s
t-test revealed for both Control and Runner animals that,
when compared with the response slope obtained prior to
conditioning with the sTPS, this was not a significant in-
crease in the slope of the response at 30 min post-condi-
tioning (P
0.05). These data indicate that exposure to
voluntary exercise significantly enhances the capacity of
the DG to exhibit long-lasting LTP in vivo that is dependent
upon the activation of NMDA receptors.

The induction threshold for LTP is reduced in
Runner animals

We hypothesised that voluntary exercise could be altering
the expression of LTP in the DG by lowering the induction
threshold for LTP in the DG. In these experiments, animals
were administered a wTPS protocol that normally does not
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Fig. 2. Increased NMDA-dependent synaptic plasticity in animals that exercise voluntarily. (A) Runners (open circles) exhibit significantly more LTP
induction (P�0.05) than Controls (filled circles) when administered the sTPS (10 pulses at 400 Hz every 200 ms for 1 s; repeated five times). (B)
Administration of the competitive NMDA receptor antagonist CPP (60–90 min prior to sTPS administration) severely attenuates the ability of the sTPS
conditioning stimuli to induce LTP. Although some STP is evident in both groups, significant long-lasting LTP is not produced in either group (P
0.05).
(C) Administration of wTPS (10 pulses at 100 Hz every 200 ms for 1 s; repeated eight times) produced significant long-lasting LTP in Runners (P�0.05)
but not in Controls (P
0.05). (D) When CPP was administered 30 min prior to application of the wTPS, no LTP was elicited in either Runners or
Controls. In all figures, arrows indicate time point when conditioning stimulation was administered.
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reliably induce a significant amount of LTP in the DG.
Indeed, application of the wTPS to Control animals did not
produce a significant change in the slope of medial per-
forant path evoked responses in the DG either immediately
following the tetanus (�7�17%; n�9) or at 55–60 min
post-conditioning (1.1�9.5%; n�9; P
0.05) in these ani-
mals. In contrast, as shown in Fig. 2, when these same
stimuli were administered to Runner animals, robust STP
was induced (17�5%; n�7) and a long-lasting LTP was
apparent 55–60 min post-conditioning (21.8�6.7%; n�7;
t(6)�3.2, P�0.05). In these experiments, administration of
the NMDA antagonist CPP (10 mg/kg i.p.) 90 min prior to
the application of the wTPS, completely prevented the
induction of STP and LTP in Runner (�2.3�4.4, n�4,
P
0.05) and Control (0.5�6.3%, n�3, P
0.05) animals.
Thus, the LTP induced by the wTPS in Runner animals is
reliant on the activity of NMDA receptors and can be
prevented by prior administration of the NMDA
antagonists.

Runners have increased BDNF, GluR5, and NR2B
mRNA expression in the DG

Since it has been shown that increased expression of
BDNF and FGF-2 mRNA occurs in the hippocampus of
running animals (Russo-Neustadt et al., 2001; Gomez-
Pinella et al., 1997), we determined the expression levels
of several neurotrophins and their receptors in these ani-
mals (see Fig. 3). We found that in animals given access to
a running wheel for 10 days, the expression levels of
BDNF mRNA were increased 41.6% in the DG (Runners:
3.64�0.21, Control: 2.57�0.30, P�0.009), but not in the
CA1 region (Runners: 0.62�0.09; Control: 0.49�0.05,
n�7, P�0.19). The expression levels of HPRT, FGF-2 and
the BDNF receptor, TrKB were not significantly different
between controls and runners in our study.

To investigate the molecular mechanism underlying
the functional changes in the DG of running animals, we
tested the expression levels of several glutamate recep-
tors, and found that the expression level of NR2B receptor
subunits increased 38.3% in the DG of Runners (Runners:
1.66�0.11; Control: 1.20�0.17; P�0.029) but not in the
CA1 regions of these animals (Runners: 1.09�0.36; Con-

trol: 0.67�0.24, n�7, P�0.31). The expression levels of
GluR2, NR2A, and NR1 were not significantly different in
the DG of Runners. Interestingly, the expression of GluR5
increased 3.4-fold in animals that exercised (Runners:
0.24�0.03; Control: 0.07�0.01, n�7, P�0.0003).

DISCUSSION

These results demonstrate that voluntary exercise in-
creases neurogenesis and LTP of synaptic efficacy in the
DG of adult rats, confirming and extending our observa-
tions in mice (van Praag et al., 1999b). One difference
between this study and our previous work was that we did
not observe a shift in the percentage of cells that became
neurons with exercise. This suggests that there are spe-
cies differences in how cellular differentiation is affected by
different behavioural interventions that alter neurogenesis.

In our previous work we also reported that voluntary
exercise enhanced the capacity of the DG to exhibit LTP in
vitro using hippocampal slices taken from mice (van Praag
et al., 1999). An important finding of this study was that
voluntary exercise produced a substantial increase in our
ability to induce LTP in the DG in vivo using two separate
induction procedures that differ substantially from the pro-
tocol we used previously in vitro in mice (van Praag et al.,
1999b). Using wTPS, we were only able to induce LTP in
animals that had been housed with an exercise wheel.
When we applied a more robust form of conditioning stim-
ulation (sTPS) we again observed substantially more STP
and LTP in Runners than in Controls. The main difference
between the two protocols was the frequency of the stimuli
that made up each conditioning burst. In the weak protocol,
bursts of 100 Hz stimuli were used, whilst in the strong
protocol, bursts of 400 Hz stimuli were employed. The LTP
induced by both the weak and strong forms of �-patterned
stimuli were NMDA-receptor dependent, indicating that
they were similar to the LTP that been observed previously
in this region in other studies (Christie and Abraham,
1992a,b; Hanse and Gustafsson, 1992; Colino and
Malenka, 1993).

There are a number of factors to consider when con-
templating how voluntary exercise can induce such dra-

A B C

Fig. 3. Voluntary exercise alters mRNA expression as detected by Q-PCR. Increased expression of (A) BDNF, (B) NMDA receptors (NR2B subunit)
and (C) GluR5 receptors in the DG of runners (white bars) and controls (black bars) as determined by real time quantitative PCR. The relative amounts
of mRNA for each gene were normalised to the amounts of the internal control, HPRT mRNA (see Experimental Procedures for details).
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matic changes in hippocampal plasticity. It has been reli-
ably shown that animals that engage in voluntary motor
movements display � activity in the hippocampus (Bland,
1986; Bland and Oddie, 2001), and it may be that exercise
in some way “primes” the system by repetitively activating
the hippocampus at �-frequency. Alternatively, it may be
that the hippocampus is simply more suited to recognising
�-patterned activity as an intrinsic signal for synaptic plas-
ticity. It is interesting that the apparent reduction in the LTP
induction threshold observed here, is similar to that ob-
served following the “priming” of afferent pathways with
weaker �-patterned electrical stimulation in previous stud-
ies (Christie and Abraham, 1992b; Abraham et al., 2001).
A number of studies have shown that the hippocampus
seems particularly attuned to � patterned stimuli, and that
even weak conditioning stimuli, when applied during the
positive peaks of � activity, can elicit long-lasting LTP in the
hippocampus (Greenstein et al., 1988; Pavlides et al.,
1988; Orr et al., 2001). Furthermore, it has also recently
been shown that �-patterned stimulation is not diminished
in even the aged hippocampus, although some of its char-
acteristics may change (Watabe and O’Dell, 2003).

One concern we had with our earlier study was that
Controls and Runners did not exhibit significantly different
STP and that the difference in LTP expression developed
over a 30-min period following the application of the teta-
nus (van Praag et al., 1999). Indeed, we repeated these
experiments several times to ascertain the reliability of this
effect. In the present study, we avoided the trauma and
any of the potential wash-out effects of in vitro preparations
by performing similar experiments in vivo in the intact
brain. In this preparation we found that that both STP and
LTP were significantly increased in Runners in response to
both the strong and wTPS protocols. It is unclear whether
our previous failure to observe STP in mice in vitro is due
to differences in the conditioning stimuli used, or whether
the process of making in vitro slices alters some cellular
process important for STP.

Our study revealed at least two possible mechanisms
for the observed LTP effects. The first was the increase in
BDNF mRNA that was observed in Runners. This finding
has been reported previously in assays of the whole hip-
pocampus (Neeper et al., 1995; Gomez-Pinilla et al., 1997;
Oliff et al., 1998; Berchtold et al., 2002), but here we report
that this increase is specific to the DG, suggesting that the
new cells created in the DG may be integrally linked to the
increase in BDNF observed here. Further investigation is
needed to clarify whether changes in BDNF mRNA are
linked specifically to new neurons, or if it reflects a sys-
temic change the distribution of BDNF per se. BDNF is the
most widely distributed neurotrophin in the adult mamma-
lian brain, and there is growing evidence to suggest its
involvement in activity-dependent synaptic plasticity
(Schuman, 1999; Schinder and Poo, 2000; Binder et al.,
2001; Ying et al., 2002; Messaoudi et al., 2002; Gooney et
al., 2002). The addition of BDNF to cell cultures promotes
neural growth, synapse formation, and synaptic activity
(Bartrup et al., 1997; McAllister et al., 1999). Enriched
environments, conditions that also include increased exer-

cise, have been shown to increase hippocampal BDNF
mRNA (Young et al., 1999). Furthermore, Kang and col-
leagues (Kang and Schuman, 1995, 1996; Kang et al.,
1997) have shown that bath perfusion of hippocampal
slices with BDNF induces a long-lasting enhancement of
synaptic strength in the CA1 region, and these results have
been replicated in the DG in vivo (Messaoudi et al., 1998,
2002; Ying et al., 2002). BDNF knockout mice, in contrast,
show impaired LTP (Korte et al., 1995; Patterson et al.,
1996) and reduced neurogenesis (Lee et al., 2002). Inter-
estingly, BDNF-induced LTP appears to develop indepen-
dent of NMDA receptor activation in the DG (Messaoudi et
al., 2002), and does not occlude the induction of LTP with
high-frequency conditioning stimulation. This finding does
not preclude a relationship between BDNF and NMDA
receptors, and in fact, maternal deprivation has been
shown to reduce both BDNF and NMDA receptor NR2B
subunit levels (Roceri et al., 2002). Other forms of stress
can also produce decreases in hippocampal BDNF levels
(Rasmusson et al., 2002), NMDA receptor binding proper-
ties (Harvey et al., 2002), and hippocampal neurogenesis
(Gould et al., 1997) as well as prevent the induction of LTP
in the hippocampus (Shors et al., 1989; Campbell et al.,
2002). Our data support these findings, showing that vol-
untary exercise can increase neurogenesis, LTP, BDNF
expression, and the expression of NMDA receptors.

The relationship between learning, neurogenesis, LTP
and BDNF may be mediated by glutamatergic receptor
activity. The NMDA subtype of glutamate receptor is
known to be involved in learning (Castellano et al., 2001),
LTP (Collingridge and Bliss, 1995), and neurogenesis
(Cameron et al., 1998). Manipulations that reduce BDNF
expression in the hippocampus can also reduce NMDA
receptor subunit expression (Roceri et al., 2002). In fact, it
has been suggested that modulators of glutamate recep-
tors might prove a useful tool for modulating neurotrophin
levels in the aged brain (Lauterborn et al., 2000), and there
is evidence that neurotrophins can directly modulate
NMDA receptor activity (Jarvis et al., 1997; Lin et al.,
1998). In the present study, we saw a specific increase in
NR2B subunit levels that was restricted to the DG, and not
apparent in the CA1 region, following voluntary exercise.
Previously, studies have shown that alterations in the
NR2B subunit of the NMDA receptor can dramatically alter
an animal’s capacity to exhibit LTP. Over-expression of
NR2B subunits results in increased LTP induction (Tang et
al., 1999), and environmental enrichment, a procedure that
normally enhances neurogenesis, also results in increased
NR2B subunit expression in the hippocampus (Tang et al.,
2001). Thus, whilst neither of these studies investigated
the effects of altering this subunit on the induction function
for LTP, this line of evidence does strongly link the expres-
sion of the NR2B subunit to both neurogenesis, and syn-
aptic plasticity. There is a great deal of research that
supports the premise that enhanced neurogenesis, a form
of structural plasticity, is directly related to the increased
ability of the DG to exhibit LTP, a functional form of syn-
aptic plasticity, and at least one study has also suggested
a link between neurogenesis and the NR2B subunit in the
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DG (Synder et al., 2001). As we have shown here, alter-
ations in specific glutamate receptor subunits and BDNF
expression might provide molecular mechanisms subser-
vient to these processes.

A final mechanism that may play a role in our results is
the observed increase in GluR5 expression levels in the
DG. Similar, but more global increases in GluR5 expres-
sion have been observed in the hippocampus following
fear conditioning (Riedel et al., 2000). GluR5 is a member
of the Group I family of metabotropic glutamate receptors
that are coupled to polyphosphoinositide (PI) hydrolysis in
recombinant cells. The role of PI hydrolysis in learning and
memory is unclear, but the PI response to mGLuR ago-
nists has been shown to be amplified in animals that have
had LTP induced in the hippocampus several hours previ-
ously (Aronika et al., 1991) and in animals that have been
trained in the radial arm maze (Nicoletti et al., 1988). In
addition, the specific GluR5 antagonist LY382884 has
been shown to block LTP in the CA3 region of the hip-
pocampus (Bortolotto et al., 1999). Taken together, these
findings indicate a potential role for GluR5 receptors in the
enhanced LTP induction seen in animals that engage in
voluntary exercise.

In conclusion, the present results indicate that volun-
tary exercise promotes plasticity in the brain of adult rats
on several levels. First, engaging in voluntary exercise
significantly enhances the process of neurogenesis in the
DG of the hippocampal formation. Second, the capacity for
both the induction and expression of LTP in the hippocam-
pus is increased in Runners such that normally ineffective
stimuli are now capable of inducing long-lasting changes.
Simply put, LTP is easier to obtain in animals that have
engaged in voluntary exercise. Finally, the changes in
neurogenesis and LTP induction/expression are also ac-
companied by concurrent increases in the expression of
BDNF, NR2B and GluR5 mRNA. As these increases are
confined to the DG, this finding strongly indicates that
these alterations may be involved in regulating the en-
hanced functional and structural plasticity that we have
observed in both mice and rats. It may be that the in-
creases observed in these specific mRNA’s also reflects a
change in either neuronal numbers or synapse numbers.
Whilst no differences were observed in the morphology or
size of evoked EPSPs in animals that engaged in voluntary
exercise, it may be that new neurons and/or synapses,
specifically geared to exhibit synaptic plasticity, may ac-
count for the increased LTP observed. Future experiments
will address whether the exercise induced changes in
these specific receptor proteins are sufficient to lead to the
increase in LTP observed here, and/or whether changes in
dendritic arborization and synapse number also contribute
to this effect.
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