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Physical activity and antidepressant treatment have each 
separately been of significant interest for the management of 
Alzheimer’s disease (AD); particularly the behavioral 
problems associated with this dementing disorder. We have 
found that combined antidepressant treatment and physical 
activity have an additive, potentiating effect on BDNF 
mRNA expression within several areas of the rat 
hippocampus. During the 20-day experimental period, 
animals were treated daily with imipramine (15 mg/kg) or 
tranylcypromine (7.5 mg/kg) by intraperitoneal injection. 
Exercising rat groups were given access to running wheels 
for the duration of the experiment. BDNF mRNA levels 
were assessed in several cell groups of the hippocampus by 

 

in situ 

 

hybridization, using a [

 

35

 

S] labelled riboprobe 
complementary to the full-length BDNF sequence, and 
computer-assisted densitometry. The combination of 
physical activity and antidepressant treatment for the 20-
day period led to a signifciant potentiation of full-length 
BDNF mRNA levels within the dentate gyrus and CA 1, 
CA 3, and CA 4 cellular fields, above the levels obtained 
with each intervention alone. These results provide impetus 
for the study of physical exercise as a potential enhancer of 
treatment response to antidepressants. 
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In recent years, great strides have been made in under-
standing the regulation of growth factors at the molecular
level. We report, for the first time, an apparent interaction
between two distinct interventions, a pharmacological
agent and a behavioral change, leading to a potentiation
of brain-derived neurotrophic factor (BDNF) expression.
As discussed below, this observation may have impor-
tant applications to neurodegenerative/behavioral dis-
order treatment investigation and development.

BDNF, the most widely distributed growth factor
within the brain, has profound influences on the sur-
vival and function of several neurotransmitter systems.
The expression of BDNF is responsive to a variety of
stimuli which enhance neuronal activity (Boatell et al.
1992; Castrén et al. 1993; Gall 1993; Gwag and Springer
1993). In our Institute, general physical exercise has
been shown to lead to rapid increases in rat hippocam-
pal BDNF mRNA levels (Neeper et al. 1995, 1996),
opening the possibility that this physiological behavior
can lead to enhanced trophic support in key brain areas.

Alzheimer’s disease (AD) is hallmarked by a decline
in cognitive function, and in a majority of cases also by
behavioral disturbances such as apathy, depression and
aggression. BDNF expression is diminished in the
brains of AD patients; specifically, within the hippoc-
ampus, a brain area known to have vital functions in
learning and memory as well as in behavioral regula-
tion (Phillips et al. 1991; Murray et al. 1994). Among the
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various pharmacological agents that have been used to
treat the most problematic behavioral symptoms in de-
mentia, antidepressants have shown particular promise
(Aarsland 1995). The ultimate mechanism of these
drugs is unknown, but recent reports have revealed an
up-regulation of BDNF mRNA levels in the hippoc-
ampi of rats treated with a variety of antidepressant
medications currently used in practice (Nibuya et al.
1995). We have tested the hypothesis that a combina-
tion of increased physical activity (voluntary wheel
running) and the administration of antidepressant med-
ications could lead to enhanced BDNF mRNA levels
above those achieved with either intervention alone.

Rats were treated with one of two different antide-
pressant agents: tranylcypromine (7.5 mg/kg), a
monoamine oxidase inhibitor, or imipramine (15 mg/
kg), a tricyclic antidepressant, via daily A.M. intraperi-
toneal injections (or saline vehicle) for a 20-day period.

In addition, specific groups of animals engaged in vol-
untary physical activity through free access to running
wheels during the course of the experiment, and their
activity levels were monitored by computer. Each of the
six animal groups (treated with imipramine or tranyl-
cypromine, with and without concomitant physical ac-
tivity, and saline controls) contained seven animals. Ac-
tive Sprague-Dawley rats ran an average of 2.1
kilometers per night, and running behavior was not sig-
nificantly altered by drug treatment. Animals’ weight
diminished by an average of 3–5% during the first few
days of drug treatment, after which a general weight in-
crease of approximately 3% per week was resumed.
Animals were sacrificed at 6:00 A.M. immediately fol-
lowing their final active period (and 21 hours after last
drug treatment). This hour has been shown in previous
experiments to be a point of peak circadian expression
of BDNF (Berchtold et al. 1997). BDNF levels were as-

Figure 1. Color-enhanced image of autoradiograms from in situ BDNF mRNA hybridization in rat brain (coronal plane).
Increasing hybridization (ROD) is represented by a rainbow scale (lowest to highest 5 blue, green, yellow, red). (a) The
combination of activity & antidepressant (tranylcypromine) 3 20 days. (b) Physical activity only (saline vehicle). (c) Tranyl-
cypromine only (sedentary). (d) Control. The combination of physical activity and antidepressant administration led to
additive increases in BDNF mRNA levels in several hippocampal cell fields (identified). DG 5 dentate gyrus. Methodolog-
ical details can be obtained from the authors.
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sessed within the hippocampus via 

 

in situ

 

 hybridiza-
tion, using a [

 

35

 

S] labelled riboprobe complementary to
the full-length BDNF sequence (Kindly provided by Dr.
Paul Isackson), and computer-assisted densitometry.
Autoradiographic images were calibrated relative to
[

 

14

 

C] standards exposed together with the tissue to the
film. Grain densities were measured in 7 

 

3

 

 0.1 mm

 

2

 

 ar-
eas randomly selected from each hippocampal area, in
each of three sections per animal, to determine silver
grain density. Differences in BDNF mRNA levels be-
tween groups of animals were determined by two-way
analysis of variance (ANOVA). Figure 1 displays auto-
radiographs of representative rat brain sections from
four of these animal groups: Rats treated with tranyl-
cypromine and saline controls, both in the presence and
absence of concomitant physical activity (animals given
access to running wheels, and sedentary animals with
no wheels in their cages). The combination of antide-
pressant and physical activity led to a potentiation of

BDNF mRNA density in the hippocampus, above the
level achieved with either intervention alone. The com-
bined treatments led to increases in BDNF mRNA lev-
els within Ammon’s horn areas 1, 3 and 4 (CA 1, 3 and
4), as well as within the dentate gyrus (DG), with levels
as much as 187% of controls (Figures 1 and 2). With ac-
tivity and tranylcypromine, there was also a small in-
crease in BDNF levels in the outer layers of the parietal
association cortex (Figure 1). Potentiation of hippocam-
pal BDNF mRNA levels by the treatment combination
also occurred in situations where antidepressant alone
appeared to have no significant effect (as was the case
with imipramine—see Figure 2b).

Our findings indicate that physical activity, a simple,
highly available and well-tolerated intervention, en-
hances the growth factor up-regulation resulting from
antidepressant treatment. These results support the hy-
pothesis that there is a common convergence point, at
the cellular level, for the induction of BDNF expression

Figure 2. Quantification of antidepressant and activity-induced increases in BDNF mRNA in the rat hippocampus. (a)
Physical activity or treatment with tranylcypromine alone caused significant increases in BNDF mRNA in several hippoc-
ampal cell fields. Additive increases were observed when drug treatment and activty were combined. (b) Treatment with
imipramine alone did not significantly increase hippocampal BDNF mRNA levels. In contrast, the combination of imi-
pramine treatment with activity led to significant increases in BDNF mRNA levels compared to controls, and also appeared
to potentiate BDNF mRNA levels above those observed with activity alone (AI .AS; p 5 .08).
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by these two apparently disparate treatment ap-
proaches. Evidence exists that the enhancement of
BDNF mRNA expression after antidepressant treat-
ment is associated with increased expression of the
transcription factor cAMP response element binding
protein (CREB) in the rat hippocampus (Nibuya et al.
1996), evidenced to occur through cAMP, and that
BDNF expression can also be regulated by activity-
stimulated calcium influx through a CREB-family de-
pendent mechanism (Tao et al. 1998). Future studies
may investigate whether antidepressant treatment and
physical activity converge by both regulating BDNF
through monoaminergic receptor activation, or whether
one intervention (i.e., general physical activity) may ac-
tivate the intracellular machinery through another
mechanism, leading to a convergent effect through
common or distinct transcription factors.

Evidence exists that physical activity and enhanced
growth factor expression may be applied to the devel-
opment of better behavioral treatments. Human clinical
studies have shown improvements in psychiatric sta-
tus, such as reduced depression and anxiety, and en-
hanced psychological capability for dealing with
chronic stress, following long-term aerobic training
(Hill et al. 1993; Labb et al. 1988). In addition, BDNF has
been shown to modulate behavior in rats, and has been
suggested to have antidepressant-like effects (Siuciak et
al. 1997). The ultimate mehanism of antidepressants (as
well as physical exercise) is still unclear, however, and
has not been proven to occur through the regulation of
BDNF. Still, as noted above, BDNF levels are known to
be diminished in dementia. Our results provide evi-
dence which stimulates investigation of the possibility
that physical activity, in conjunction with antidepres-
sant agents, could represent a novel treatment ap-
proach for the improvement of behavioral management
in dementia.
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