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bstract

Several studies on both humans and animals reveal benefits of physical exercise on brain function and health. A previous study on TgCRND8
ice, a transgenic model of Alzheimer’s disease, reported beneficial effects of premorbid onset of long-term access to a running wheel on spatial

earning and plaque deposition. Our study investigated the effects of access to a running wheel after the onset of A� pathology on behavioural,
ndocrinological, and neuropathological parameters. From day 80 of age, the time when A� deposition becomes apparent, TgCRND8 and wildtype
ice were kept with or without running wheel. Home cage behaviour was analysed and cognitive abilities regarding object recognition memory

nd spatial learning in the Barnes maze were assessed. Our results show that, in comparison to Wt mice, Tg mice were characterised by impaired
bject recognition memory and spatial learning, increased glucocorticoid levels, hyperactivity in the home cage and high levels of stereotypic
ehaviour. Access to a running wheel had no effects on cognitive or neuropathological parameters, but reduced the amount of stereotypic behaviour
n transgenics significantly. Furthermore, wheel-running was inversely correlated with stereotypic behaviour, suggesting that wheel-running may
ave stereotypic qualities. In addition, wheel-running positively correlated with plaque burden. Thus, in a phase when plaques are already present
n the brain, it may be symptomatic of brain pathology, rather than protective. Whether or not access to a running wheel has beneficial effects on

lzheimer-like pathology and symptoms may therefore strongly depend on the exact time when the wheel is provided during development of the
isease.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Physical exercise has benefits for overall brain health, brain
lasticity and cognitive function in both humans and animals

11,15,51]. It is known to prevent or ameliorate the effects of

variety of diseases, including cardiovascular disease, some
orms of diabetes, cancer types and also Alzheimer’s disease
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any. Tel.: +49 641 9938748; fax: +49 641 9938759.
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11,19,26]. Clinical data are supported by animal research
nalysing the relationship between wheel-running and brain
unction in mice. Physical exercise was found to increase neu-
ogenesis in the hippocampus, improve learning abilities and
ead to a regional increase in the number of newly generated
ortical microglia [15,51]. Moreover, synaptic plasticity, neuro-
ransmission, and growth factor gene expression are increased
n the hippocampus of wheel-running rodents [11]. Altogether,
eneficial effects of voluntary physical exercise on general brain

ealth and function are widely accepted.

The effect of wheel-running itself on cognitive function and
athology in transgenic mouse models of Alzheimer’s disease
AD) remains controversial. While wheel-running reduced

mailto:helene.s.richter@vetmed.uni-giessen.de
dx.doi.org/10.1016/j.bbr.2008.02.005
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myloid load and improved water maze learning in TgCRND8
ice [1], APP23 mice with a running wheel did not differ

rom standard housed controls in spatial learning, plaque load,
nd hippocampal neurogenesis [55]. These conflicting findings
ight be caused by differences in the onset of access to a running
heel as well as the duration of access to the wheel. TgCRND8
ice had access to a running wheel for a period of 5 months,

tarting when the mice were 4 weeks of age [1], while APP23
ice started running at the age of 10 weeks and were tested
hen 11 months old [55]. The findings in TgCRND8 mice might

hus provide a picture of young-adults with access to a wheel
t a presymptomatic stage of development [1], while those in
PP23 mice might reflect the situation after the onset of symp-

oms [55]. To further investigate this hypothesis, we decided to
tudy the effects of three months of access to a running wheel
tarting at about the onset of pathology in TgCRND8 mice.

TgCRND8 mice carrying human APPSwe+Ind are known to
evelop several characteristics similar to symptoms observed in
lzheimer’s patients. They are characterised by altered activity
atterns and hyperactivity [2], cognitive deficits in spatial mem-
ry performance [9], age- and sex-dependent hyperactivity of
he hypothalamic pituitary adrenocortical (HPA) axis [48], and
myloid deposition present in mice at about 80 days of age [9],
hile general health state, gross sensory functions, reflexes, and
otor abilities were not found to differ between wildtype and

ransgenic mice of this model [48]. Additionally, a marked fea-
ure of TgCRND8 mice is spontaneous stereotypic behaviour
2], which is regarded to be an analogue to non-cognitive symp-
oms such as wandering, restlessness or disturbed sleep–wake
atterns in Alzheimer’s patients [2,18,29]. Stereotypies may be
ausally related to brain damage, which is discussed to be one
eason for the occurrence of stereotypic behaviour [44].

Since access to a running wheel was shown not only to
ave beneficial effects on brain parameters but also to reduce
tereotypic behaviour [36], the aim of this study was to exam-
ne the effects of access to a running wheel on behavioural,
ognitive, endocrinological, and neuropathological parameters
n TgCRND8 mice. Wheels were provided at about the time
hen plaque deposition starts to develop in order to elucidate
hether or not a running wheel in this phase has beneficial effects
n Alzheimer-related symptoms and pathology. Home cage
ehaviour with a focus on stereotypic behaviour and activity
atterns, as well as faecal corticosterone metabolite concentra-
ions were analysed. In addition, cognitive abilities regarding
bject recognition memory and spatial learning in the Barnes
aze were assessed, and amyloid deposition was quantified.

. Methods

.1. Animals and housing conditions

This study was carried out with male mice of the TgCRND8 line, a transgenic
urine model of Alzheimer’s disease. These mice carry a double mutated form
f the amyloid precursor protein 695 (APP), the ‘Swedish’ (K670N/M671L)
nd ‘Indiana’ (V717F) mutations, on a hybrid C57Bl/6-C3H/HeJ genetic back-
round (for further details see [9]).

The animals derived from the internal breed of the Department of
ehavioural Biology, University of Münster, Germany. Breeding was carried
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ut with pairs of transgenic (Tg, APP +/−) males and wildtype (Wt, APP −/−)
emales. In total, 54 male mice, 31 Wt and 23 Tg animals, were investigated.
fter weaning at 21 ± 1 days of age, a tissue sample for genotyping was taken

rom the tail and mice were housed in unisex groups of 2–5 littermates per
age. At the age of 80 days, the mice were transferred to the experimental hous-
ng conditions, where they were housed individually in transparent standard
olycarbonate cages (Macrolon, type III, 38 cm × 22 cm × 15 cm) with sawdust
Allspan, Höveler GmbH & Co. KG, Langenfeld, Germany) as bedding and tis-
ue as nesting material (referred to as ‘standard housing’, SH). Single housing
onditions were chosen to avoid aggression among group-housed male mice,
hich might influence both activity and stress hormone levels, and to determine

ocomotor activity in the running wheel individually. Out of the 54 mice, 27
ubjects, 15 Wt and 12 Tg mice, had free access to a running wheel (RW). The
ontrol group (standard housing without running wheel: SH) consisted of 16 Wt
nd 11 Tg mice. The running wheel was 11.5 cm in diameter with a 5.0 cm-wide
unning surface. Each running wheel was interfaced with a magnetic sensor and
bicycle computer attached to the outside of the cage. The bicycle computer
as activated by wheel rotation and converted the number of wheel rotations

nto running distance (360 mm/rotation). Wheels were checked on a daily basis
o ensure that they turned freely, and running distance was read off twice a week.
even Wt and four Tg mice did not run in the wheel (=run less than 4 m/day) and
re referred to as non-runners in the following. Instead of running in the wheel,
hese animals were observed to use the wheel as climbing structure and/or nest
ite, which prevents the wheel from turning freely. To distinguish between the
ffects of wheel-running and the effects of access to a running wheel, data were
nalysed twice, including or not including non-runners, and presented separately
n the results part.

All mice had free access to commercial mouse diet (Altromin no. 1324,
ltromin GmbH, Lage, Germany) and bottled tap water. A photoperiod of 12 h

ight and 12 h dark, lights on at 1 a.m., temperature of 22 ± 2 ◦C, and relative
umidity of 45 ± 10% were maintained in the animal housing room.

Experiments were approved by the local animal care and use committee as
ell as by the animal welfare officer of the University of Muenster. All efforts
ere made to minimise the number and suffering of animals in these experiments.

.2. Procedures

.2.1. Behavioural analysis
At 101 ± 3 days of age, a 3-week testing period started. In the first week,

ice were handled daily to increase familiarity with the experimenter. Handling
onsisted of lifting the mouse by the tail and placing it in a separate “handling
age”, similar to the home cage, for 5 min before placing it back in the home cage.
he procedure was repeated twice daily on five consecutive days. Thereafter,
ice were tested in the open field arena over a 3-day period, followed by 2 days

f object recognition test. At 113 ± 3 days of age, spontaneous behaviour in the
ome cage was assessed from a 24 h video recording. The testing period was
ompleted by 5 days of testing on the Barnes maze to assess spatial learning
erformance. Four weeks later, the mice were retested on the Barnes maze to
ssess long-term memory. All tests were carried out in a separate testing room.

Within the scope of another study all animals were intraperitoneally injected
ith physiological saline solution (5 �l/g) about 1 h before the learning tests

tarted and with BrdU 4 h later to assess neurogenesis (for a later study, not part
f this article).

.2.1.1. Object recognition test. The one-trial object recognition paradigm uti-
izes the innate tendency of mice to prefer novel over familiar objects. The
est measures spontaneous behaviour, and, thus, requires no lengthy training
r preparation. It has now become a powerful tool in neurogenetical memory
esearch, although the neural basis of this test is far from being understood [13].

The animals were exposed to the open field (30 cm × 30 cm plywood box,
ith walls 40 cm high) for 10 min daily on three consecutive days, followed by
days of object recognition test (day 1, D1; day 2, D2). On each of the 2 days,
he same procedure was conducted, starting with a 10 min exploration phase
ollowed by a 10 min choice phase, with 60 ± 5 min in-between [16]. During
he exploration phase, there were two identical objects in the arena. The mouse
as placed in the centre of the box between the two objects that were located

n the middle of, and in direct contact with, two opposite side walls. For the
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hoice phase, one object was replaced by a novel object and the other by an
dentical copy of itself to avoid odour cues. The objects to be discriminated in
he object recognition test were made of biologically neutral material such as
lastic or metal, and animals could not move them around in the arena. None of
hem is known to have any ethological significance for the mice or has ever been
ssociated with a reinforcer [17]. To avoid place preferences, the position of the
ovel object changed in regular intervals. Furthermore, each object was used as
nown and as novel object to avoid measuring an object preference instead of
ovelty-exploration. Faecal boli were removed, and the walls and the floor of
he open field arena were cleaned with ethanol (70%) after each tested animal.
pen field and object recognition tests were conducted during the activity peak
f the mice at 2 p.m., in the dark phase.

For the object recognition test a palm-handheld computer (Pal-
One, ZireTM 31) with software for behavioural data recording

www.phenotyping.com/not.html) was used for data collection. The
ime spent exploring each object was determined, whereby exploration of an
bject was defined as directing the nose towards the object at a distance of less
han one head length and/or touching the object with the nose and/or paws.
itting on top of the object was not considered as exploratory behaviour [17].
ice with a total exploration time of less than 5 s in either the exploration phase

r the choice phase were excluded from the analysis of learning behaviour on
hat test day. This resulted in following group sizes: Wt SH: 14, Wt RW: 15, Tg
H: 10 (day 1), 11 (day 2), Tg RW: 12.

.2.1.2. Spontaneous behaviour. The spontaneous behaviour was recorded in
ome cages at 113 ± 3 days of age, using a 24-h-time lapse video recorder
Panasonic AG6730). Four animals were recorded simultaneously by a light
ensitive (0.5 lux) B/W CCD camera through the long sidewall of the cage. A
0 W red light provided illumination for video recording during the dark period.
or behavioural analysis, individual data on activity patterns and stereotypies
ere collected by focal animal sampling and continuous recording [31]. The

ntire 24 h of each recording was analysed using ‘The Observer Video Pro 4.0’
Noldus). If more than four animals had to be observed on the same day, the
our test animals were randomly chosen. Frequency and duration of all bouts of
he following behaviours were recorded for 41 males, 23 Wt (11 without and 12
ith running wheel) and 18 Tg (9 without and 9 with running wheel) mice:

Activity patterns
Resting: Beginning with a bout of motionless lying for at least 10 s, ending
when the animal moved at least one body length away. Changes of the resting
position and intermediate bouts of grooming were considered as resting as
long as the animal did not leave the resting place.
Activity: All behaviours other than Resting.

Stereotypies
Jumping: A bout of repetitive jumping up and down or scratching with the
paws along the cage wall.
Climbing: A bout of repetitive movement in a straight or circular direction
at the cage lid.
Digging: A bout of repetitive scratching the substrate with the forelegs in
one corner of the cage and/or kicking out with the hind legs.
Bar-chewing: A bout of repetitive gnawing/chewing at any bars of the cage
lid.
Circling: A bout of repetitive movement in a circular direction on the ground.
Looping: A bout of repetitive movement in a circular motion between the
ground and the cage lid, i.e. jumping up to the cage lid, climbing at the cage
lid in a straight direction, running back to the start place on the ground and
repeating this movement in a continuous fashion.
Hanging: A bout of repetitive movement, starting with the mouse biting into
the bars of the cage lid at a particular spot and holding on to it, thereby
scratching with the paws along the wall.

Wheel-running activity
The mouse runs either inside the running wheel or outside, balanced on its
tail and/or hindpaws.
Definitions were adopted from Ambrée et al. [2], Wiedenmayer [54] and
ürbel et al. [56]. Resting behaviour was only recorded if bout length exceeded

0 s. Stereotypic behaviour is defined as repeated and invariant movements with-
ut any goal or function [32,33]. To ensure the repetitive character of the recorded
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tereotypies, stereotypic behaviours were only recorded if bout length exceeded
0 s. Intervals between two consecutive bouts of stereotypic behaviour were
efined to last for a minimum of 5 s. For the statistical analysis, the six stereo-
ypic behaviour patterns were summed to form the category Stereotypies. In
rder to normalise for general activity differences between Wt and Tg mice, the
otal amount of stereotypic behaviour was divided by the total activity per day.

Behavioural observations started at 11 a.m., 15 min after placing the animals
n test cages identical to their home cages containing fresh bedding material
nd the home-cage running wheel for mice of the RW groups. Providing clean
ages was necessary for the collection of faeces deposited during the 24 h video
bservations (see Section 2.2.2).

.2.1.3. Barnes maze test. The Barnes maze [7] consisted of a white circular
lywood disk of 100 cm in diameter. Twelve holes (3 cm diameter) were located
t equal distance to each other, 13 mm from the edge. A wire-mesh tunnel con-
ected one randomly chosen hole via a special cage lid with the home cage of
he tested animal. The other holes were closed by blind wire-mesh tubes. The

aze was elevated 125 cm above the floor to prevent the animals from jumping
own. The platform was illuminated by a 100 W electric bulb located 110 cm
bove the centre of the maze providing an illumination of 180 lux to motivate
he animals to escape into the hole.

Beginning at 115 ± 3 days of age, all animals performed two trials per day on
our consecutive days (T1–T8). On day 5, a probe trial (T9) was completed that
as repeated 4 weeks later to test long-term retrieval (T10). At the beginning
f each trial the animals were placed inside a dark gray start cylinder that was
ifted after about 30 s to start the trial. If the animals did not enter the correct hole
ithin 300 s they were gently forced to enter it and go back to their home cage.
uring the probe trial all holes were closed. After 300 s the formerly correct hole
as opened to let the animals go back to their home cage. All trials were tracked

utomatically by a digital tracking system (www.phenotyping.com/digital.html)
ssessing path-length, latency to entering the correct hole as well as time spent
n the correct sixth of the maze. After each trial the platform was thoroughly
leaned with 70% ethanol. Barnes maze tests were conducted at 9 a.m., at the
nd of the light phase. Two animals of the Wt RW group died before the Barnes
aze test. The resulting sample sizes for the acquisition phase were 16 Wt SH,

3 Wt RW, 11 Tg SH, and 12 Tg RW. Since two Tg animals died after the
cquisition phase, but before T10 (4 weeks after acquisition), and some animals
umped or fell from the platform, sample sizes of the final probe trial were 14

t SH, 12 Wt RW, 9 Tg SH, and 10 Tg RW.

.2.2. Corticosterone metabolites in faecal samples
All faeces voided during the 24 h video observation were collected and

rozen at −30◦ C until they were assayed for corticosterone metabolites
corticosterone is the major glucocorticoid in mice [39]). Faeces of animals
hose behaviour could not be recorded because recordings were limited to

our animals at a time were also collected. The animals were treated in the
ame way as the animals whose behaviour was recorded. The collected faecal
amples were analysed for immunoreactive corticosterone metabolites (CM)
sing a 5�-pregnane-3�,11�,21-triol-20-one enzyme-immunoassay (EIA).
etails regarding development, biochemical characteristics and physiological
alidation of this assay have been described previously [46,47]. Before EIA
nalysis, the faecal samples were dried (2 h at 80 ◦C), homogenized and aliquots
f 0.05 g were extracted with 1 ml of 80% methanol. A detailed description
f assay performance has been published [46]. The intra- and interassay
oefficients of variation were 9.1 and 14.0%, respectively.

.2.3. Neuropathological analysis
A� plaque burden was quantified for 10 mice of the SH and 11 mice of the

W condition, because 2 mice did not reach the age of 150 days.
Animals were deeply anesthetized and transcardially perfused with 0.9%

aline. The brains were removed and bisected in the mid-sagittal plane. One
emisphere was fixed overnight in 4% buffered paraformaldehyde and trans-

erred to 30% sucrose/PBS (not used in this study). The other hemisphere was
ut longitudinally into two segments; the medial segment was fixed overnight
n 4% buffered formaldehyde, followed by paraffin-embedding, and used for
�-immunohistochemistry, whereas the lateral segment was snap-frozen and

tored at −80 ◦C (not used in this study).

http://www.phenotyping.com/not.html
http://www.phenotyping.com/digital.html
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Fig. 1. Spontaneous behaviour in the home cage. (A) The daily activity levels
of wildtype (Wt) and transgenic (Tg) mice of both housing conditions. (B) The
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For A� staining three pairs of 2 �m sagittal brain sections of each transgenic
nimal were pretreated with formic acid and automatically stained in a TechMate
nstrument (DakoCytomation, Hamburg, Germany) with 6F/3D anti-A� mono-
lonal antibody to residues 8–17 (1:100, Dako, Hamburg, Germany) followed by
he Dako StreptABC complex-horseradish peroxidase conjugated “Duet” anti

ouse/rabbit antibody kit and development with 3,3′-diaminobenzidine (DAB).
ounterstaining was performed with hematoxylin. The pairs of sections (10 �m
istance) were situated between 100 and 300 �m lateral from the mid-sagittal
ssure. Each staining was performed in two consecutive procedures making
ure that brains of both experimental groups were equally distributed in all
rocedures. To quantify A� plaque burden, neocortices and hippocampi of all
tained sections were digitized (Olympus BX50, ColorView II, CCD camera,
lympus, Hamburg, Germany) under constant light and filter settings. Mor-
hometry was conducted by using analySIS 5 software (Soft Imaging System,
ünster, Germany). Colour images were converted to grayscale by extracting

lue to gray values to obtain best contrast between positive immunoreactiv-
ty and background. A constant threshold was chosen for all images to detect
mmunoreactive staining. Plaque number, size and total area were determined
utomatically in total neocortex and hippocampus. Absolute values of plaque
urden were related to the investigated area (compare [3]).

.3. Statistical analysis

All data sets were checked for normal distribution by descriptive analysis
f the histogram, skewness and kurtosis as well as by Kolmogorov–Smirnov
nd Shapiro–Wilk test. When necessary, raw data were square-root-, or log-
ransformed and analysed using a two-way ANOVA with genotype and housing
s between subject factors. To establish group differences, a standard post-hoc
est (Bonferroni) was applied. Two independent samples were compared with
he t-test.

For data sets that were not normally distributed and could not be transformed
nto normally distributed data (exploration time in the object recognition test,
verage daily running distance, wheel-running during 24 h video observation)
on-parametric tests were conducted [38]. Two independent samples were com-
ared using the Mann–Whitney U-test. Differences between two paired samples
exploration time of the known versus the novel object in the object recogni-
ion task) were assessed using the Wilcoxon-test. To evaluate the strength of
ssociation between two variables, Spearman’s rank correlation coefficient was
alculated. For descriptive analysis of the Barnes maze, the first two trials on
he first test day (T1, T2) were depicted separately, while at the following test
ays (D2–D4) the two trials were averaged to obtain a clear learning curve. For
nalysis of memory acquisition the area under the curve from T2 to D4 was cal-
ulated for each animal and group comparison performed as described above.
he Binomial test was used to analyse probe trial performance. All tests were
pplied two-tailed except for the learning and memory tasks. Tests were calcu-
ated using the software package SPSS (version 12.0 for Windows). Differences
ere considered significant at p < 0.05.

. Results

.1. Spontaneous behaviour in the home cage

.1.1. Activity
Activity patterns of Tg mice animals deviated from what is

ormally described for laboratory mice and what was found in
t mice. Tg mice were active throughout the complete dark

hase and were characterised by an additional activity peak at
he end of the light phase, while Wt mice were characterised
y low activity levels throughout the complete light phase [for
urther information on activity changes in TgCRND8 mice see

eference 2].

The ANOVA showed a general genotype effect on total
ctivity in the home cage (two-way ANOVA, F1,37 = 92.485,
< 0.001). Further post-hoc analysis revealed that Tg SH mice

W

n
F

mount of stereotypic behaviour related to the daily activity. Data are presented
s means + S.E.M. Statistics: two-way ANOVA (genotype, housing), Bonferroni
ost-hoc test, *p ≤ 0.05, ***p ≤ 0.001.

isplayed higher total activity levels than Wt SH mice (Bon-
erroni post-hoc test, p < 0.001, Fig. 1A). Tg animals were also
ore active comparing the running wheel groups (Bonferroni

ost-hoc test, p < 0.001, Fig. 1A). Contrarily, there was no effect
f housing condition (two-way ANOVA, F1,37 = 1.807, ns) or of
enotype by housing (two-way ANOVA, F1,37 = 0.973, ns) on
otal activity in the home cage. Exclusion of non-runners from
he analysis did not influence these findings.

.1.2. Stereotypies
Out of the 41 observed mice, 39 animals performed some kind

f stereotypic behaviour. Most commonly performed stereotyp-
es were jumping, climbing and bar-chewing. Other stereotypies
ike hanging, circling or looping were limited to one or two indi-
iduals. Whereas nearly all stereotypy forms occurred in both

t and Tg mice, only Tg mice performed jumping.
Concerning the total amount of stereotypic behaviour, a sig-

ificant main effect of genotype was found (two-way ANOVA,
1,37 = 27.340, p < 0.001). The ANOVA revealed also a main
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ffect of housing (two-way ANOVA, F1,37 = 5.215, p = 0.028)
nd an interaction effect of genotype and housing (two-way
NOVA, F1,37 = 5.378, p = 0.026).
Further pair-wise comparisons revealed that Tg mice in stan-

ard housing conditions performed more stereotypic behaviour
han Wt SH mice (Bonferroni post-hoc test, p < 0.001, Fig. 1B).
n animals housed with RW, there was no difference in the
mount of stereotypic behaviour between Wt and Tg mice (Bon-
erroni post-hoc test, p = 0.269, ns). Regarding the comparison of
he housing condition, Wt mice housed with and without running
heel did not differ in the amount of stereotypic behaviour (Bon-

erroni post-hoc test, p = 0.999, ns), while Tg SH mice showed
ore stereotypies than Tg RW mice (Bonferroni post-hoc test,
= 0.024). Exclusion of non-runners from the analysis did not

nfluence these findings.

.1.3. Wheel-running
Due to the great variability in wheel-running activity in both,

g and Wt mice, they did not differ in wheel-running activity,
either in average daily running distance (Mann–Whitney U-
est; U = 82, p = 0.716), nor in running activity during the 24 h
ideo observation (Mann–Whitney U-test; U = 51, p = 0.862).
he mean daily running distance was 1.40 km/day for Wt mice
nd 1.35 km/day for Tg mice. It ranged from 0.00 to 5.39 km/day.

Tg mice reached their plateau running distance after approx-
mately 2 weeks. From the second week onwards, daily
heel-running activity remained more or less stable throughout

he complete observation period. Contrarily, Wt mice increased
heir average running distance during 8 weeks until they reached
heir plateau running distance. However, no significant differ-
nces in wheel-running activity over time were found between

t and Tg mice (U-test, 38 ≤ U ≤ 64, ns, Fig. 2).

In Tg mice a significant negative correlation between wheel-

unning activity and stereotypic behaviour during the 24 h
ideo observation was found (Spearman’s rank correlation;
s = −0.705, p = 0.034, Fig. 3). In Wt mice there was no sig-

ig. 2. Wheel-running activity over time in transgenic (Tg) and wildtype (Wt)
ice. Mice had access to a running wheel for 10 weeks, starting at the age of

0 days. Data are presented as average running distances per week ± S.E.M.
tatistics: Mann–Whitney U-test, ns.
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enic mice during the 24 h video observation. Wheel-running data are presented
s percent of time mice ran in the wheel during day 113 ± 3 when video obser-
ations were conducted. Statistics: Spearman’s rank correlation.

ificant relationship between wheel-running and stereotypies.
Spearman’s rank correlation; rs = −0.377; p = 0.227).

.2. Learning and memory

.2.1. Object recognition test
For the analysis of object recognition memory in a novel

bject paradigm, the time spent exploring the known versus the
ovel object in the choice phase of the test was investigated. Wt
ice of the SH condition spent significantly more time exploring

he novel than the known object on both test days (day 1, D1; day
, D2; Wilcoxon-test, ZD1 = −1.726, p = 0.045, ZD2 = −1.726,
= 0.045, Fig. 4). In contrast, Wt mice of the RW condition did
iscriminate between the objects on day 2 only (Wilcoxon-test,
D1 = −1.079, p = 0.151, ZD2 = −1.846, p = 0.033, Fig. 4).

In Tg mice of the SH condition no significant difference
etween the exploration time of the novel and the known object
as found, neither on day 1, nor on day 2 (Wilcoxon-test,
D1 = −0.816, p = 0.223, ZD2 = −0.623, p = 0.281). Tg mice of

he RW condition did discriminate between the objects on day 1,
hile no significant difference between the exploration time of

he known and the novel object was found on day 2 (Wilcoxon-
est, ZD1 = −2.118, p = 0.017, ZD2 = −0.549, p = 0.311, Fig. 4).
imilarly, the analysis of object recognition memory, including
nly mice that ran in the wheel, did not reveal consistent effects
f wheel-running on exploration time of the novel versus the
nown object.

.2.2. Barnes maze test
Concerning the acquisition phase of the Barnes maze (area

nder the curve from trial 2 to day 4), the ANOVA revealed a sig-

ificant main effect of genotype on both parameters, the latency
o enter the correct hole (two-way ANOVA, F1,48 = 10.288,
= 0.002) and the path travelled on the platform (two-way
NOVA, F1,48 = 28.213, p < 0.001). Further post-hoc analysis
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Fig. 4. Paired data of the exploration time of known and novel objects. Higher exploration times of the novel object indicate the presence of an object recognition
m paired
r

s
c
f
t

emory. (A) Data from day 1, (B) data from day 2, presented as means and
unning wheel). Statistics: Wilcoxon-test, *p ≤ 0.05.
howed that, independent of the housing condition, Tg mice
overed greater distances on the platform than Wt mice (Bon-
erroni post-hoc test: SH, p = 0.001; RW, p = 0.005). Concerning
he latency to enter the correct hole, differences between Wt and

T
(

t

individual values (Wt, wildtype; Tg, transgenic; SH, standard housing; RW,
g mice did not reach significance in pair-wise comparisons
Bonferroni post-hoc test: SH, p = 0.069; RW, p = 0.369, ns).

Furthermore, the housing condition did neither effect
he latency to enter the correct hole (two-way ANOVA,
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Fig. 5. (A) Latency to enter the right hole and (B) path length in the Barnes maze. Depicted are the learning curve (left) of the acquisition phase and re-test (trial
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0 (T10), 4 weeks after day 4: D4) as well as the area under the curve (right, ca
iven as means for the learning curves, and means + S.E.M. for the calculated
ost-hoc test, **p ≤ 0.01, ***p ≤ 0.001.

1,48 = 0.277, p = 0.601) nor the path travelled on the platform
two-way ANOVA, F1,48 = 0.309, p = 0.581). An interac-
ion effect was not found either (two-way ANOVA, path:
1,48 = 0.050, p = 0.823; latency: F1,48 = 0.221, p = 0.641).

In the probe trial (on day 5, not depicted in Fig. 5) all groups
howed evidence of spatial memory as indicated by a higher
ercentage of time spent in the target area than expected by
hance (about 16.67%, Binomial-test, Wt SH: p = 0.001; Wt
W: p < 0.001; Tg SH: p = 0.001; Tg RW: p < 0.001). However,

he ANOVA did not reveal a significant effect of genotype and/or
ousing on the percentage of time spent in the target area (two-
ay ANOVA, genotype: F1,48 = 1.092, p = 0.301, ns; housing:
1,48 = 0.579, p = 0.451, ns; genotype*housing; F1,48 = 0.032,
= 0.859, ns).

Concerning long-term retrieval (Fig. 5A and B T10, 4
eeks after D4) a significant main effect of genotype was

ound on both, latency (two-way ANOVA, F1,41 = 8.272,
= 0.006) and path length (two-way ANOVA, F1,41 = 12.449,
= 0.001). Again, the housing condition had no effect on

atency (two-way ANOVA, F1,41 = 0.750, p = 0.392, ns) and
ath length (two-way ANOVA, F1,41 = 0.958, p = 0.333, ns)
nd we did not find any interaction effects (two-way ANOVA,

ath: F1,41 = 0.856, p = 0.360; latency: F1,41 = 0.121, p = 0.729).
owever, further post-hoc analysis did not reveal significant
roup differences, neither for latency to enter the correct hole
Bonferroni post-hoc test, SH: p = 0.062, ns; RW: p = 0.999, ns)

p
a
F

ed from T2 to D4) for statistical comparison of the acquisition phase. Data are
nder the curve. Statistics: two-way ANOVA (genotype, housing), Bonferroni

or for path travelled on the platform (Bonferroni post-hoc test,
H: p = 0.054, ns; RW: p = 0.181, ns). Similarly, the analysis of
patial memory without non-runners did not reveal an effect of
ousing condition on spatial learning performance either.

.3. Faecal corticosterone metabolites

Genotype significantly affected the faecal corticosterone
etabolites (two-way ANOVA, F1,50 = 101.514, p < 0.001).
ost-hoc analysis revealed that, regardless of the housing
ondition, Tg mice were characterised by higher concen-
rations of faecal corticosterone metabolites when compared
o Wt mice (Bonferroni post-hoc test, SH: p < 0.001; RW:
< 0.001, Fig. 6). The housing condition had no significant
ain effect on corticosterone metabolite concentrations (two-
ay ANOVA, F1,50 = 0.874, ns), but the ANOVA revealed a

ignificant interaction effect (two-way ANOVA, F1,50 = 6.982,
= 0.011). Exclusion of non-runners from the analysis did not

nfluence these findings.

.4. Aβ plaque burden
The number of A� plaques in the neocortex and hippocam-
us did not differ significantly between Tg mice of the SH
nd those of the RW condition (t-test; t = −0.899, p = 0.383,
ig. 7A). Additionally, no significant differences in A� positive
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Fig. 6. Concentrations of faecal corticosterone metabolites measured in wild-
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Fig. 8. Correlation between the number of plaques and the average daily running
d
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h

ype (Wt) and transgenic (Tg) mice of both housing conditions. Data are
resented as means + S.E.M. Statistics: two-way ANOVA (genotype, housing),
onferroni post-hoc test, ***p ≤ 0.001.

rea were found between mice of different housing conditions
t-test; t = −0.227, p = 0.823, Fig. 7B).

Analysing the relationship between plaque burden and daily
unning distance revealed that total plaque load was positively
orrelated with wheel-running activity (Spearman’s rank corre-
ation; number of plaques: rs = 0.761, p = 0.006, Fig. 8; plaque
rea: rs = 0.734, p = 0.010).

No correlation existed between plaque load and stereotypic
ehaviour in both the SH group (Spearman’s rank correlation
oefficient; plaque number: rs = 0.381, p = 0.352; plaque area:
s = 0.524, p = 0.183) and the RW group (Spearman’s rank cor-
elation; plaque number: rs = −0.381, p = 0.352; plaque area:
s = 0.095, p = 0.823).
. Discussion

We studied the effects of physical exercise on cognition,
pontaneous behaviour, corticosterone levels, and amyloid depo-

F
b
a
f

ig. 7. (A) Number of plaques in the total neocortex and hippocampus and (B) the
ippocampus). Data are presented as means + S.E.M. Statistics: t-test, ns.
istance an individual covered in the wheel during the 70 days of access to a
heel. Wheel-running activity is presented in km/day. Statistics: Spearman’s

ank correlation.

ition in male TgCRND8 mice, a murine model of Alzheimer’s
isease. There were genotype-dependent differences in all
arameters, confirming Alzheimer-like pathology in this model.
g mice were characterised by higher activity, more stereotypic
ehaviour, cognitive deficits in object recognition memory and
patial learning, and elevated basal corticosterone concentra-
ions, when compared to Wt mice. Exposure of the animals to

running wheel from 80 days to 5 months of age resulted in
enotype-dependent changes in behavioural parameters. In Tg
ice, access to a running wheel led to a decrease of stereotypic

ehaviour, whereas activity levels, cognitive abilities, corti-
osterone secretion and amyloid deposition were not affected.

urthermore, a positive correlation was found between plaque
urden and wheel-running in Tg mice. In Wt mice, an effect of
ccess to a running wheel on object recognition memory was
ound. While standard housed mice showed evidence of object

percentage of A�-positive area related to the investigated area (neocortex and
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ecognition memory, Wt mice with a running wheel discrimi-
ated between the familiar and the novel objects only on day 2
f the test.

.1. Alzheimer-related differences between the genotypes

Tg mice (∼4 months of age) were characterised by cognitive
eficits in an object recognition task as well as in spatial mem-
ry performance, including long-term retrieval, in the Barnes
aze test. These findings are in line with previous studies report-

ng cognitive deficits in TgCRND8 mice using various learning
aradigms, including the Morris water maze [9,23,24], condi-
ioned taste aversion [25], a six-arm radial water maze [30] and
Y-maze [23]. Cognitive deficits in these mice correlate with

nset and progression of an Alzheimer-like pathology, indicat-
ng an association between the aggregation of A� and learning
mpairments [23].

Analysis of the spontaneous behaviour revealed that Tg mice
ere characterised by altered daily activity rhythms, displayed
igher activity levels in the home cage, and spent more time
ngaging in stereotypies than their Wt littermates. Furthermore,
aecal corticosterone metabolites were significantly elevated in
g mice as compared to Wt animals. These findings are in line
ith previous studies reporting activity changes and marked

tereotypic behaviour as well as a hyperactivity of the HPA-axis
n Tg mice of this line compared to Wt animals [2,48]. Several
ther studies also showed that overexpression of APP or ele-
ated A�-levels lead to disrupted activity patterns [22,43,49,52].
isturbances of circadian rhythms and sleep, as well as sun-
owning are common symptoms in human AD and correspond
o alterations in daily activity patterns in TgCRND8 mice [35].

Concerning stereotypic behaviour, similar behaviour was
bserved in APP23 mice [27]. Although this finding can-
ot be linked directly to humans, it seems that dopaminergic
echanisms are involved in the expression of both, stereo-

ypic behaviour in TgCRND8 mice [2,4] and non-cognitive
ehavioural symptoms in Alzheimer patients [42]. A recent
tudy suggests that TgCRND8 mice develop a dopamine deficit
n the hippocampus and in contrast higher levels of this neu-
otransmitter in the neostriatum. This can be a compensation
or the reduced levels in the hippocampus and thereby elic-
ting higher levels of stereotypic behaviour [4]. Another link
etween TgCRND8 mice and AD patients exists regarding
levated corticosterone metabolites indicating a hyperactivity
f the HPA-axis. High glucocorticoid levels are common in
ging people and Alzheimer patients [12,21] and may con-
ribute to neurodegeneration via the glucocorticoid cascade as
ypothesized by Sapolsky and colleagues [37]. In summary, the
omparison of TgCRND8 and Wt mice revealed a number of
ifferences at the cognitive, non-cognitive and endocrine level,
ointing to a strong Alzheimer-like phenotype in these mice.

.2. Effects of access to a running wheel on Alzheimer-like

ymptoms and pathology

Various environmental factors are known to influence the risk
nd development of Alzheimer’s disease throughout lifetime.

i
t
e

Research 190 (2008) 74–84

imple lifestyle changes may be sufficient to slow the onset and
rogression of the disease. Some studies describe an educational
nd occupational influence [5,8,40,53]; others report an influ-
nce of intellectual or physical activity. In one epidemiological
tudy for example, AD patients were characterised by reduced
ctivities in midlife compared to healthy control-group members
19]. Laurin et al. [28] reported protective effects of physical
ctivity against the development of cognitive impairment. In
ouse models of Alzheimer’s disease, effects of physical exer-

ise in terms of wheel-running are inconsistent. Adlard et al. [1]
eported a decrease of amyloid load and improved water maze
earning by voluntary exercise in TgCRND8 mice, whereas Wolf
nd co-workers [55] did not find any beneficial effects of wheel-
unning on spatial learning and plaque load in APP23 mice.

Present data revealed an effect of access to a running wheel
nly on stereotypic behaviour. We found a reduction of stereo-
ypic behaviour in Tg RW mice, but not in Wt RW mice. Wt mice
f this model display only low levels of stereotypic behaviour,
aking it difficult to find a potential beneficial effect on stereo-

ypy level. Additionally, this may also explain why a negative
orrelation between wheel-running and stereotypic behaviour
as found only in Tg mice. Thus, although data from Tg mice

onfirmed previous findings showing a reduction in stereotypy
evels by a running wheel-enrichment [36], no general conclu-
ions about the effectiveness of a running wheel can be drawn
rom this study.

Moreover, a running wheel-enrichment did neither influence
� pathology, overall activity levels and corticosterone metabo-

ite concentrations, nor benefit cognitive performance. These
ndings are in contrast to other studies on the effects of wheel-
unning. For example, in several species of mammals, plasma
lucocorticoid levels rise with moderate to exhaustive exercise
10,20,41,45] and, in rodents, several studies on wheel-running
eported improved cognitive abilities, usually focusing on spatial
earning tasks [50,51]. Furthermore, a previous study on wheel-
unning mice reported an increase of overall activity levels [14].
everal reasons may account for the discrepant results of the
resent study in comparison to previously described data.

One main difference influencing the outcome of behavioural
esting may be the genetic backgrounds of the tested animals
34]. TgCRND8 mice on the hybrid C57/C3H background may
e less susceptible to physical activity than other mouse strains
hat are frequently used in research. In addition, the time point
f providing a wheel and the period of time with free access to a
unning wheel seems to play another crucial role regarding the
ffects of wheel-running. Both parameters also differ in com-
arison to the study by Adlard et al. [1] who equipped cages
ith a running wheel already in the presymptomatic phase and

eported reduced amyloid load and improved spatial memory
fter 5 months of wheel-running. Our mice of the same model
ad access to a running wheel for 3 months from 80 days of age
nwards, the time when plaques first occur in the brain. This
ntervention failed to improve cognitive deficits or pathology.
In summary, the study by Adlard et al. [1] suggests that
ncreased physical activity, i.e. running, at an early, presymp-
omatic time point may indeed have protective and beneficial
ffects on the development of Alzheimer-like symptoms and



Brain

p
a
s
t
p
i
b
u
p

4

s
s
s
t
n
e
n
b
c
b
b
g
f
w

A

E
a

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

H. Richter et al. / Behavioural

athology. If, however, access to a running wheel is provided
fter the onset of plaque deposition, physical activity does not
eem to counteract further cognitive decline and plaque forma-
ion. Since a positive correlation between wheel-running and
laque load was found in our study, we conclude that running
n this phase can be interpreted as symptom of pathological
rain function. Furthermore, this may offer the possibility of
sing wheel-running as a behavioural marker for Alzheimer’s
athology.

.3. Wheel-running: a stereotypy?

Access to a running wheel led to a strong reduction of
tereotypic behaviour in Tg mice. At first glance, this finding
upports the view that a running wheel in laboratory housing
ystems satisfies some behavioural needs and hence contributes
o good welfare [6]. However, access to a running wheel did
ot improve learning and memory, decrease corticosterone lev-
ls or reduce plaque burden. Since wheel-running correlated
egatively with stereotypic behaviour in Tg mice, stereotypic
ehaviour may have been substituted by wheel-running, indi-
ating that wheel-running may be another form of stereotypic
ehaviour. It also complies with the definition of stereotypic
ehaviour, i.e. repetitive, invariant and without any obvious
oal or function [32,33]. Hence, improving housing conditions
or laboratory mice requires more than access to a running
heel.
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Reduction of amyloid angiopathy and A� plaque burden after enriched
housing in TgCRND8 mice. Am J Pathol 2006;169:544–52.

[4] Ambrée O, Richter H, Sachser N, Lewejohann L, Dere E, de
Souza Silva MA, Herring, A, Keyvani K, Paulus W, Schäbitz
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