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Abstract
Objectives. We investigated the effects of voluntary wheel running as model for intervention on the development of contextual fear and hyperarousal in a mouse model of post-traumatic stress disorder (PTSD). Physical exercise in general has
been associated with improved hippocampus-dependent memory performance both in animals and humans. However,
studies that have tried to link physical exercise and contextual conditioning in an animal model of PTSD, revealed mixed
findings. Methods. Here we tested contextual fear conditioning, generalized fear response, acoustic startle response and
emotionality in C57BL/6NCrl mice which had free access to a running wheel for 28 days, compared with control animals
which did not run and mice which did not receive a shock during the conditioning phase. Results. We found no significant
effects of voluntary running on the above-mentioned variables, except for enhanced anxiety levels in the Dark-Light-Box
and O-Maze tests of running mice. Conclusions. Our results suggest that running as a model for intervention does not
ameliorate contextual aversive learning but has the potency to change emotional behaviours.
Key words: Anxiety, behaviour, acute treatment, post-traumatic stress disorder PTSD, fear conditioning

Introduction
Contextual fear conditioning has been proposed as
an animal model for Post-traumatic Stress Disorder
(PTSD) (Rau et al. 2005; Vansteenwegen et al. 2005).
Siegmund and Wotjak developed an animal model of
PTSD, which covers both associative (context conditioning) and non-associative fear components
(hyperarousal, anxiety, startle response) after trauma
(Siegmund and Wotjak 2006): In this mouse model,
the animals are exposed to a single short and severe
stressor (e.g., a footshock). Immediately as well as 4
weeks later, the mice show increased fear memory
indicated by freezing compared with non-shocked
animals when replaced into the threatening context
(Kim and Jung 2006; Siegmund and Wotjak 2007;
Golub et al. 2009). They also exhibit increased generalized fear (hyperarousal) when exposed to a loud
tone in a different context (Balogh and Wehner
∗Shared

2003), thus providing another appropriate parallel to
PTSD symptoms (Yehuda 2002).
As an important aspect of environmental enrichment, physical exercise is known to have beneficial
effects on learning and memory in animals (Cotman
and Berchtold 2007; Kramer and Erickson 2007;
Hillman et al. 2008; Remington 2009; van Praag
2009). For example, rodents, which undergo either
voluntary or forced running protocols, show enhanced
learning and memory (Van der Borght et al. 2007;
van Praag 2008) and improved spatial discrimination
(Leggio et al. 2005; Creer et al. 2010) demonstrated
by a better performance in the Morris Watermaze or
in the Radialarm-Watermaze (Vaynman et al. 2004b;
van Praag et al. 2005; Nichol et al. 2007; Khabour
et al. 2010). These effects persist even when retested
after days of exercise offset (Vaynman et al. 2004a)
and have been related to increased expression of
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hippocampal brain-derived neurotrophic factor
(BDNF) (Johnson et al. 2003; Griesbach et al. 2004,
2009; O'Callaghan et al. 2007; Liu et al. 2009), hippocampal neurogenesis (Farmer et al. 2004;
van Praag et al. 1999a,b), synaptic plasticity and
enhanced long-term potentiation in the dentate
gyrus of the hippocampus (O'Callaghan et al. 2007;
Hernandez-Rabaza et al. 2009). So far, studies investigating the influence of previous physical exercise
on context memory in rats and mice show enhancing
effects (Baruch et al. 2004; Clark et al. 2008). In
contrast, studies investigating the influence of physical exercise as a specific aspect of environmental
enrichment on both associative fear (context memory) and non-associative sensitization processes
(hyperarousal, startle response) – being regarded as
PTSD-like symptoms – are still missing.
Therefore, the aim of this study was to investigate
the influence of voluntary physical exercise as intervention after the trauma on context memory, hyperarousal, acoustic startle response and behavioural
anxiety in an animal model of PTSD.

Material and methods
Animals
Six-week-old male C57BL/6NCrl mice were purchased from Charles River (Sulzfeld, Germany).
Prior to and during all experiments, animals were
single-housed in macrolon type III cages and kept
on a reversed dark–light cycle with lights on at
19:00 h (acclimation to the dark–light cycle
2 weeks before experiments started). Mice were
supplied with food and water ad libitum. Bodyweight was assessed once a week, when the cages
were changed.
Behavioural testing procedure
The mice were randomly assigned to the following
groups: non-shocked (n ⫽ 6), (shocked) sedentary
controls (n ⫽ 10) and (shocked) runners (n ⫽ 10).
All experiments were performed during the dark
cycle, i.e. in the animals’ active phase. Prior to each
test, mice were acclimatized to the experimental
room for at least 30 min (except the PTSD procedure and the startle experiment). The animals were
tested in the following order: PTSD procedure
including shock application (or corresponding handling procedure for non-shocked animals), 28 days
of wheel running or inserted blocked wheel in the
cage and assessment of context memory and generalization 28 and 29 days after the trauma. The startle experiment was conducted within 3 days one
week after the generalization. Animals of the control

and of the runner group were tested for changes of
emotional behaviour (O-Maze, Dark-Light-Box, 1
day in between) 1 week after a resting period of 1
week after the startle experiments. All experiments
had been approved by German animal welfare
authorities (Regierungspräsidium Karlsruhe).

Shock application and test of conditioned fear and
hyperarousal (PTSD procedure)
Experimental setups and procedures have been
described in detail before (Kamprath and Wotjak
2004; Siegmund and Wotjak 2007). Briefly, experiments were performed in a conditioning chamber
(58 ⫻ 30 ⫻ 27 cm3, TSE, Bad Homburg, Germany), which was surrounded by 15 ⫻ 15 infrared
light beams and illuminated with 5 lx from above.
For shock application, mice were individually
placed in a Plexiglas cylinder (diameter 17 cm,
height 25 cm) standing on the metal shock grid of
the Conditioning Box. After 198 s a single 2 s
scrambled electric foot shock of 0.7 mA intensity
was administered via the metal grid. Animals
remained in the shock chamber for another 60 s
(period of acute stress reaction) before they were
returned to their home cages. For mice of the nonshocked group we followed the same protocol but
disconnected the cable for the shock. Reaction to
the shock was visually scored (with 0 ⫽ no reaction, 1 ⫽ running, 2 ⫽ running ⫹ screaming,
3 ⫽ jumping ⫹ screaming), and the velocity before,
during and after the shock was measured with the
help of the infrared light beams. To test for conditioned fear (“context memory”), animals were reexposed to the shock chamber 28 days after the
shock for 3 min without further shock application,
and returned to their home cages immediately
afterwards. During shock application and test for
conditioned fear, the conditioning chamber was
cleaned thoroughly after each mouse with 70%
ethanol. To test for hyperarousal (“generalization”), animals were placed into a novel and neutral test context (macrolon type I cage with bedding
within the Conditioning Box) 24 h after the tests
for conditioned fear. After 3 min a neutral loud
tone the animal had not heard before (80 dB,
9 kHz sine wave) was presented for 3 min. After
tone presentation the animals remained in the test
context for another 60 s before they were returned
to their home cages. After each mouse, the bedding
was changed and the context cleaned thoroughly
with 1% acetic acid. Under all test conditions,
freezing behaviour, defined as a complete lack of
movements apart from respiration, was scored
manually at intervals of 10 s in each phase.

PTSD mouse model and wheel running
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Running procedure
One day after the shock, mice in the running group
(n ⫽ 10) were given free access to a running wheel
(diameter 11.5 cm) connected to a mechanical counter. The counting was measured by ClockLab data
collection and analyzed by ClockLab data analysis
(Coulburn, Whitehall, PA). Running performance
was measured during the 28 days between the shock
and context memory test, although the running
wheel remained in the cage during the following
experiments. The control animals (n ⫽ 10) and the
animals of the non-shocked group (n ⫽ 6) were supplied with a blocked running wheel.
Acoustic Startle Response
Startle testing occurred in a startle chamber (SRLAB; San Diego Instruments, San Diego, CA). A
loudspeaker inside the box produced a continuous
background noise of 68 dB sound pressure level
(SPL) as well as the acoustic startle stimuli. A white
noise pulse was used as the startle stimulus, with an
intensity of 90, 105 or 115 dB SPL and duration of
20 ms. An acclimatization time of 5 min, during
which the mice received no stimulus except the
background noise, was followed by the presentation
of startle stimuli. The test paradigm consisted of 30
stimuli of the respective intensity and 16 trials without stimuli in pseudorandomized order with an
inter-trial interval of 13–17 s.
Anxiety-related behaviour
Anxiety-related behaviour was monitored in the
Dark-Light-Box and the Elevated O-Maze, both
inflicting an approach-avoidance conflict to enter the
bright compartment (Dark-Light-Box) or to enter
the unsheltered open part (O-Maze).

Dark-Light-Box
The Dark-Light-Box consisted of two plastic chambers, connected by a small tunnel. The dark chamber
measured 20 ⫻ 15 cm2 and was covered by a lid. The
adjacent chamber, measuring 30 ⫻ 15 cm2, was
white and illuminated from above with 600 lx. Mice
were placed into the dark compartment and latency
to first exit, number of exits to and total time in the
light compartment was recorded for 5 min.

O-Maze
The O-Maze consisted of a gray plastic annular runway (width 6 cm, outer diameter 46 cm, 50 cm above

3

ground level), covered with black cardboard paper
to prevent mice from slipping off the maze. Two
opposing 90° sectors were protected by inner and
outer walls of gray polyvinyl (height 10 cm). Animals
were placed in one of the protected sectors and
observed for 5 min. The maze was illuminated with
25 lx. The following parameters were analyzed:
latency to first exit, number of exits to and total time
spent in the open compartments.
Statistical analysis
All statistical analyses were performed using the statistical program PASW 18. Inter-group comparisons
were calculated by univariate ANOVAs with Bonferroni post-hoc tests. For the bodyweight development,
a repeated measurement ANOVA was calculated to
evaluate dependency on time and group.

Results
Bodyweight development
Bodyweight was assessed before and during the testing procedures once per week. All mice gained weight
during the testing time (repeated measurement
ANOVA: factor time: P ⫽ 0.000∗∗∗) but running
mice had a lower bodyweight than shocked sedentary controls (repeated measurement ANOVA: factor group: P ⫽ 0.045∗; Bonferroni post-hoc test:
runners vs. controls P ⫽ 0.043∗).
Running performance
For 28 days the exercising mice ran constantly
around 10 km per day, mostly during the dark phase
(Table I). After returning to their home-cages after
experimental sessions, mice continued running with
the same intensity as before.

Context memory and hyperarousal
The mice in the runner group and the control group
did not differ in their reaction to the shock regarding
the subjective visual scoring and automized velocity
measurements before, during and after shock exposure
(see Table I). Mice of the non-shocked group did not
show any changes of behaviour and performed therefore significantly different than mice of control and
running group (ANOVA see Table I, Bonferroni posthoc tests: shock scores: non-shocked vs. control or runners P ⫽ 0.000∗∗∗; velocity at shock: non-shocked vs.
controls P ⫽ 0.043∗, vs. runners P ⫽ 0.009∗∗).
When tested in the PTSD paradigms 28 days after
shock exposure, runners did not exhibit significant
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Table I. Performance of non-shocked (n ⫽ 6), control and running mice (n ⫽ 10 per group) in the following tests: bodyweight development,
shock reaction, context memory and hyperarousal in the animal model of PTSD, running performance, Startle reaction, Dark-Light-Box
and O-Maze. Results are reported as means ⫾ SEM. P values depend on univariate ANOVAs, P values from bodyweight development
are from a repeated measurement ANOVA with the factors time and group. For post-hoc tests see text.
Test
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bodyweight

PTSD

Running performance
Startle reaction

Dark-Light-Box

O-Maze

Parameter
Age: 9 weeks (g)
Age: 10 weeks (g)
Age: 11 weeks (g)
Age: 12 weeks (g)
Age: 13 weeks (g)
Age: 14 weeks (g)
Age: 15 weeks (g)
shock scores
Velocity before
shock (cm/s)
Velocity at
shock (cm/s)
Velocity after
shock (cm/s)
Context
Hyperarousal
Distance (km/day)
Stimulus

Freezing (%)
Freezing (%)
90 dB
105 dB
115 dB

Latency (s)
Exits (n)
Time spent in light
(%)
Latency (s)
Exits (n)
Time spent on
open arm (%)

differences in their freezing response compared to
sedentary controls, neither in the context test nor in
the generalization test (Table I). The non-shocked
mice revealed significantly less freezing in the context than mice of the shocked groups (ANOVA see
Table I, Bonferroni post-hoc tests: non-shocked vs.
controls P ⫽ 0.013∗, vs. running mice P ⫽ 0.004∗∗).
During generalization, mice of the non-shocked
group tend to show less freezing behaviour but this
did not reach significance (Table I).
Startle responses
In the startle reaction, the running mice exhibited no
alteration compared to the control mice (see Table I).
Also the non-shocked mice did not show alterations
concerning the startle reaction (see Table I).
Anxiety-related behaviour
Runners displayed increased anxiety-related behaviour
in the Dark-Light-Box test. The latency to enter the
anxiety-related bright compartment was significantly

Non-shocked

Control

Running

P value

25.50 ⫾ 0.41
25.53 ⫾ 0.55
26.50 ⫾ 0.57
27.02 ⫾ 0.62
27.88 ⫾ 0.53
28.73 ⫾ 0.54
29.28 ⫾ 0.71
0.00 ⫾ 0.00
5.94 ⫾ 1.19

26.04 ⫾ 0.20
26.30 ⫾ 0.12
27.26 ⫾ 0.21
28.26 ⫾ 0.19
28.78 ⫾ 0.33
29.64 ⫾ 0.38
30.19 ⫾ 0.45
2.50 ⫾ 0.17
4.74 ⫾ 1.09

25.09 ⫾ 0.43
25.00 ⫾ 0.45
25.84 ⫾ 0.41
26.69 ⫾ 0.47
27.04 ⫾ 0.51
28.52 ⫾ 0.60
28.66 ⫾ 0.46
2.40 ⫾ 0.16
4.77 ⫾ 0.87

4.85 ⫾ 1.32

17.54 ⫾ 2.84

22.33 ⫾ 4.23

4.95 ⫾ 1.01

2.96 ⫾ 0.30

3.87 ⫾ 0.73

5.56 ⫾ 3.80
6.48 ⫾ 2.65
–
77.11 ⫾ 22.40
179.58 ⫾ 16.21
190.21 ⫾ 22.43
Not tested
Not tested
Not tested

38.89 ⫾ 9.97
12.78 ⫾ 3.32
–
43.16 ⫾ 7.81
181.12 ⫾ 14.03
214.39 ⫾ 22.30
43.60 ⫾ 8.00
10.30 ⫾ 0.60
27.27 ⫾ 2.86

43.33 ⫾ 3.49
20.56 ⫾ 4.15
9.72 ⫾ 0.86
66.99 ⫾ 12.03
173.14 ⫾ 16.45
192.10 ⫾ 17.12
124.60 ⫾ 35.30
5.30 ⫾ 1.25
15.17 ⫾ 3.87

P ⫽ 0.272
P ⫽ 0.897
P ⫽ 0.812
P ⫽ 0.040∗
P ⫽ 0.002∗∗
P ⫽ 0.022∗

Not tested
Not tested
Not tested

48.50 ⫾ 15.19
6.70 ⫾ 1.27
18.07 ⫾ 4.68

98.30 ⫾ 33.01
3.10 ⫾ 0.81
12.97 ⫾ 2.38

P ⫽ 0.187
P ⫽ 0.028∗
P ⫽ 0.344

Time effect
P ⫽ 0.000∗∗∗
Group effect
P ⫽ 0.045∗
P ⫽ 0.000∗∗∗
P ⫽ 0.714
P ⫽ 0.010∗∗
P ⫽ 0.161
P ⫽ 0.003∗∗
P ⫽ 0.056

higher, and the number of exits as well as the time
spent in this compartment were decreased in runners
(Table I). In the O-Maze the runner mice showed
also significantly less exits to the anxiety-related open
part, while the latency to enter the open part and the
time spent on open arms were inconspicuous in runner
mice in comparison to the control mice (Table I).

Discussion
The aim of the present study was to investigate the
effect of 28 days of voluntary wheel running on contextual and generalized fear in mice, based on an
animal model of PTSD which accounts for both
associative and non-associative processes in the
pathogenesis of the disorder (Siegmund and Wotjak
2006). Since physical exercise is known to increase
hippocampal BDNF signaling (Johnson et al. 2003;
Griesbach et al. 2004, 2009; O'Callaghan et al. 2007;
Liu et al. 2009) and neurogenesis (van Praag et al.
1999a,b; Farmer et al. 2004), our suggestion was
that physical exercise intervenes contextual fear,
which is hippocampus-dependent (Phillips and
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PTSD mouse model and wheel running
LeDoux 1992). We additionally assessed a possible
hyperarousal state by measuring the acoustic startle
response and emotional changes in particular anxiety-related behaviour, as PTSD has been related to
sustained anxiety and enhanced physiological
reactivity (Orr et al. 2002).
Without previous shock, mice display almost no
fear response, when exposed 28 days later to the
context. In contrast, during the tone presentation in
the generalization test also non-shocked control mice
showed a low but considerable freezing response
compared to both shocked animal groups. This difference did not reach statistical significance, but a
trend level (P ⫽ 0.056). This could be due to high
individual variability especially in this group with a
lower n-number (n ⫽ 6) in contrast to the other
groups (n ⫽ 10 each). Moreover, the high intensity
of the tone presented during the generalization
(80 dB) alone obviously has the potency to induce
fear and the corresponding fear response which was
discovered in the non-shocked animal group. Mice
exercising between the previous trauma and the consecutive investigation of freezing behaviour did not
demonstrate significant alterations compared to controls concerning contextual and generalized fear as
well as hyperarousal. Previous studies that directly
assessed contextual fear conditioning as a function
of physical exercise have revealed heterogeneous
findings. For example, Baruch and colleagues (2004)
reported increased memory for threatening contexts
in rats which underwent free voluntary running for
4 weeks, compared to non-running controls. However, the conditioned response was measured 24 h
after shock exposure, a paradigm that substantially
differed from our protocol applied, as we tested
freezing behaviour 28 days after shock delivery. This
is a relatively long period in a mouse’s life but PTSD
symptoms are persistent even after months or years
following trauma exposure in humans (Yehuda
2002). Another study by Clark et al. (2008) also
reported increased context conditioning in mice,
which voluntarily ran for 54 days, compared to sedentary controls. However, in Clark’s study, the
behavioural experiments were conducted after previous running and the mice were older, having been
tested at the age of 5–7 months. Furthermore, fear
conditioning was assessed during the light phase of
the light/dark cycle, whereas our tests were performed during the dark, active phase of the animals,
a feature that might also have contributed to the
divergent results between Clark’s and our study (Loh
et al. 2010). On the other hand, our results are in
agreement with Burghardt et al. (2004) who did not
find significant effects of either 4 or 8 weeks of wheel
running on aversive context memory in rats, and
with Wojtowicz et al. (2008), who also reported no
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significant changes in contextual freezing after running in rats. A recent study by Greenwood et al.
(2009) employed two different experimental paradigms, which either assessed fear conditioning prior
to 6 weeks of running, or afterwards. Interestingly,
the authors found significantly better context discrimination only in mice which underwent running
before the traumatic event (i.e. shock delivery), but
not afterwards, which is in accordance with our data,
as we administered the shock before the beginning
of the training program. In our study, voluntary
wheel running was hypothesized to ameliorate the
developing symptoms of PTSD after trauma exposure, however, running mice showed altered emotional behaviours but similar symptoms of PTSD as
control mice. This suggests that physical exercise
might have a significant effect on contextual aversive
memories only if the trauma (i.e. shock) occurs when
the affected individual is already extensively physically exercising, rather than starting to exercise after
the trauma. A point which has also to be considered
is the running-induced enhancement of corticosterone levels in exercising mice (Fuss et al. 2010b).
Patients with PTSD display variable cortisol levels,
sometimes found to be below normal levels, but having also reported to be increased or unchanged
(Yehuda 2002). Thus, the increase in corticosterone
levels in exercising mice could possibly influence or
even inhibit a possible positive outcome of running
as therapeutic intervention.
In the present study we reported significantly
increased anxiety-like behaviour, as assessed with
the Dark-Light-Box and the O-Maze, in running
versus non-running mice. Similar to previous studies
(Fuss et al. 2010b) running mice showed higher
individual variability, in particular in the parameter
latency. This could be depending on different running intensities, or on a decreased impulsivity control. Nevertheless, the overall anxious phenotype of
running mice is evident and statistically significant.
The decreased number of exits and increased latencies are not due to fatigue, as mice start running with
the same intensity, when they are replaced in the
home cages or when monitored for 24 h after removing the wheel (Fuss et al. 2010a). Our results are in
agreement with several studies that reported
increased anxiety in rodents after physical exercise
(Binder et al. 2004; Burghardt et al. 2004; Van Hoomissen et al. 2004; Leasure and Jones 2008; Fuss et al.
2010b), but in contrast with other reports (Greenwood et al. 2003; Duman et al. 2008). In the study
of Burghardt et al. (2004), increased anxiety-like/
defensive response behaviour were found in mice
which voluntarily ran 8 weeks, as demonstrated by
reduced activity in the Openfield and diminished
entries in unsheltered compartments of the Elevated
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Plus-Maze. Interestingly, 8 weeks of regularized
treadmill exercise in the same mice strain (45 min/
day, 5 days/week), did not yield any change in anxiety-related behaviour, suggesting that only intensive
and unrestricted or voluntary running may have anxiogenic effects. Our results expand this notion, as we
detected significantly increased anxiety in mice already
after 28 days of running compared with sedentary
controls. Also the diminished increase in bodyweight
in running mice demonstrates a physical reaction to
voluntary running in these animals.
Taken together, our results suggest no effect of
voluntary running as intervention in the animal
model of PTSD selected in this study. However, our
data confirm and extend previous reports on altered
emotional behaviours in running mice compared
with sedentary controls, as we show that 28 days of
running clearly lead to enhanced anxiety.
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