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We have tested the cognitive abilities of young (2.5 months) and middle-aged (14 months) wild-type
C57Bl/6J mice in the IntelliCage, which enables automated monitoring of spontaneous and learning
behaviour in a homecage-like environment. No differences were observed either in circadian activity
or in performance in the novelty-induced exploration test, but middle-aged mice exhibited decreased
exploratory activity overall. In the place learning test module, when mice were free to explore all cor-
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ners without any negative reinforcement, young mice tended not to learn the task and performed less
effectively than the middle-aged group. However, when an air-puff was administered as negative rein-
forcement following visits to an incorrect corner, young mice learned the task significantly better than
middle-aged mice throughout the test period. Our data show that, in freely moving mice, the motivational
cues for learning and retrieval of memory are age-dependent and dramatically influence learning and
memory performance. Furthermore, the data reported here represent a step towards optimised cognitive
test protocols when comparing young and middle-aged mice.

© 2009 Elsevier B.V. All rights reserved.

. Introduction

In the field of cognitive neuroscience, there is a growing need
or robust testing protocols to evaluate the cognitive performance
f model organisms, especially rodents (Wahlsten et al., 2003). In
rder to draw meaningful conclusions about the effects of a phar-
aceutical intervention or genetic manipulation, it is advisable

o examine the animals in several tests (see Crawley and Paylor,
997; Wolfer and Lipp, 2000). Historically, cognitive performance
f rodents has been examined employing manifold protocols each
equiring handling, training and testing the animals in a special
est apparatus and arena. The reliability of such behavioural mea-
urements across laboratories can vary considerably, especially
ith respect to spontaneous behaviours, as shown in a seminal

tudy comparing data obtained by fully standardised test proto-
ols (Crabbe et al., 1999). Subtly different handling by humans
as been identified as the main source of inter-laboratory vari-
tion (Chesler et al., 2002a,b) since human behaviour cannot be
tandardised. Furthermore, cognitive behavioural testing of mice
n several successively performed manual or semi-automated tests
s a tedious job for the experimenters, and effects of sequential
xposure to tests must be monitored and analysed (Võikar et al.,

∗ Corresponding author at: DSM Nutritional Products Ltd., R&D Human Nutrition
nd Health, Building 205/216a, P.O. Box 2676, CH-4002 Basel, Switzerland.
el.: +41 61 815 8312; fax: +41 61 815 8740.

E-mail address: annis.mayne-mechan@dsm.com (A.O. Mechan).

2005). Finally, the use of severely adverse punishment (e.g. elec- 40

tric foot shocks) for studies on memory and learning bear the risk 41

of confounding effects of non-physiological stress levels (Barrett et 42

al., 1973), while stress-induced release of glucocorticoid hormones 43

influences spatially orientated cognitive performance (Brinks et al., 44

2007), memory consolidation and memory retrieval (Roozendaal, 45

2002). Therefore, automated human-independent test procedures 46

are needed to discover subtle, yet reliable, effects of mutations, 47

treatments and aging (Tecott and Nestler, 2004). 48

We have compared the behaviour of young and moderately aged 49

(middle-aged) mice in the IntelliCage system, which enables auto- 50

matic monitoring of the mice’s behaviour over an extended period 51

of time in a homecage-like environment in which the mice are kept 52

in social groups. Earlier studies in mice kept in groups and living in 53

outdoor, semi-naturalistic environments revealed that significant 54

behavioural differences resulting from targeted mutations could 55

be recognised easily despite substantial environmental variation 56

and social interactions between animals (Vyssotski et al., 2002; 57

Lewejohann et al., 2004). The IntelliCage was initially validated 58

for testing experimental animals in cognitive and motivational 59

paradigms without overt stress caused by social isolation and differ- 60

ent test environments (Galsworthy et al., 2005; Lipp, 2005; Knapska 61

et al., 2006; Lipp et al., 2006; Onishchenko et al., 2007; Viosca et 62

al., 2009). Moreover, the IntelliCage system discriminated rapidly 63

between animals with varying degrees of hippocampal damage 64

housed together with control mice (Lipp et al., 2004), indicating 65

that the IntelliCage is suitable for testing hippocampal-dependent 66

behaviour. 67

165-0270/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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This paper is aimed at identification of the effect of age on activ-68

ity levels and learning performance by comparing 12 middle-aged69

and 12 young female C57Bl/6J mice. Each IntelliCage contained70

equal numbers of animals from both test groups, thus ensuring71

highly standardised housing and test conditions. Female mice were72

used for this study because they are more suitable for aging studies73

as, unlike males, they can be housed in peer groups for extended74

time periods and can be introduced into other groups. We use the75

term “middle-aged” here to denote mice aged between 10 and 1476

months (Francia et al., 2006; Harrison, 2009), while different sub-77

strains had to be used for economic reasons. We show here that78

young mice were either indistinguishable from middle-aged mice79

or performed less effectively in a learning task without negative80

reinforcement. After the introduction of an air-puff punishment for81

choosing the incorrect corner, however, young mice quickly learned82

the task and were able to retrieve the information until the end of83

the testing period.84

2. Materials and methods85

2.1. Animals and husbandry86

Twelve middle-aged- and 12 young adult-female C57Bl/6J mice87

were used for this study. The middle-aged mice (“A C”; bred at the88

University of Zürich, Zürich, Switzerland) were 14 months of age at89

the start of the experimental phase, while the young mice (“Y C”;90

Elevage Janvier, Le Genest-Saint Isle, France) were ten weeks of age.91

Mice were housed in the test facility for six weeks prior to the start92

of behavioural testing.93

All experiments were performed in accordance with the Swiss94

Federal Act on Animal Protection and Swiss Animal Protection Ordi-95

nance and as approved by the cantonal ethics committee.96

2.2. Acclimatisation period97

After four days’ initial acclimatisation, during which time98

middle-aged and young mice were housed in separate groups, mice99

were randomly assigned to homecages (Type IV; 33 cm × 55 cm ×100

20 cm), containing standard sawdust bedding, such that each cage101

included equal numbers of mice belonging to each experimen-102

tal group (total: n = 12 per cage). Mice had free access to food103

(ssniff R/M-Haltung, extrudate; ssniff, Soest, Germany) and water104

throughout the acclimatisation period and were housed under105

reversed-light conditions (lights on: 22:00–10:00), in an ambient106

temperature of 22 ± 1 ◦C and 50–60% relative humidity.107

2.2.1. Transponder implantation108

After the initial acclimatisation period, all mice were implanted109

with microtransponders (implantable RF tags; DATAMARS SA,110

Bedano/Lugano, Switzerland). Implantation was performed under111

light anaesthesia, which was initiated by administering 4.5% isoflu-112

orane (DeltaSelect GmbH, Dreieich, Germany) in oxygen, then113

maintained at 2.2–2.4% isofluorane. The transponders were then114

subcutaneously injected into the scruff of the neck using the sup-115

plied disposable syringes and identification of each mouse was116

performed using a hand-held electronic reader (MINI MAX II; DATA-117

MARS SA). The entire transponder implantation procedure lasted118

approximately 2 min starting from initiation of anaesthesia and119

being completed once the mice were fully awake.120

2.3. Experimental phase121

Following the acclimatisation period, mice were transferred to122

the IntelliCages (n = 12 per cage). The sawdust bedding used in the123

IntelliCages was of a coarser consistency, to minimise dust and124

small particles being carried into the recording chambers. Mice125
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had free access to food, while water access was limited during cer-
tain modules of the experimental phase (see Test Schedule, below).
Lighting, temperature and humidity conditions were maintained as
during the acclimatisation period. Mice were thus maintained in the
IntelliCages for a total of five weeks during the experimental phase.

2.3.1. IntelliCages
The IntelliCage (NewBehavior AG, Zürich, Switzerland) enables

automated monitoring of spontaneous and learning behaviour
of mice in a homecage-like environment. Each IntelliCage
(37.5 cm × 55 cm × 20.5 cm) houses four recording (operant) cham-
bers, which fit into the corners of the cage, each covering a
15 cm × 15 cm × 21 cm right-angled triangular area of floor space
(Fig. 1). In-cage antennae enable automated monitoring of each
individual mouse’s corner visits, while photo-beams within each
corner enable automated recording of individual nose-pokes. Licks
of the water bottle spouts are recorded electrically by means of a
very weak current passing through the bottle spouts. Four triangu-
lar mouse shelters were placed in the centre of each cage, above
which was situated a food hopper, enabling ad libitum access to
food. For further details of the IntelliCage set-up, see Galsworthy
et al. (2005), Knapska et al. (2006), Onishchenko et al. (2007) and
www.newbehavior.com.

2.4. Test schedule

In this study, a number of different test modules were utilised in
an attempt to gather information concerning general exploratory-
and learning-behaviour. In addition to analysis of test-group differ-
ences in behaviour, the behaviour of each individual mouse within-
and between-modules was assessed. During each module, mice
were monitored for their licking (drinking) behaviour; any mouse
which did not perform any licks for more than 48 h was removed
from its IntelliCage and excluded from the remainder of the study.
Thus the following mice were excluded: Adaptation: A C, n = 1;
Place learning 1: A C, n = 1; Place learning 2: Y C, n = 2; Reversal
of place learning 2: Y C, n = 3.

New modules were started in the morning, prior to the lights
being turned off and the start of the active phase (i.e. at 09:00).
learning and memory characteristics of young and middle-aged
016/j.jneumeth.2009.02.018

2.4.1. Adaptation/spontaneous exploration 162

Mice were allowed to explore the cages freely for six days and 163

thus to familiarise themselves with their surroundings. All corners 164

Fig. 1. Diagram of the IntelliCage, showing the four recording chambers, each includ-
ing a recording antenna, two nose-poke holes and two water bottles.

dx.doi.org/10.1016/j.jneumeth.2009.02.018
http://www.newbehavior.com/
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were accessible to all mice, meaning that all doors were open and165

all water bottle spouts could be reached. Data collected during166

this phase comprised number and duration of corner visits, nose-167

pokes and licks. The number of corner visits provided a measure of168

exploratory activity and any preferences for particular corners of169

each individual mouse could be assessed.170

2.4.2. Nose-poke adaptation171

During this module (two days), all doors were initially closed.172

The aim of this module was that the mice had to learn to perform173

a nose-poke in order to open a door (a simple operant response)174

and to reach a water bottle. Following a successful nose-poke, a175

door remained open for 7 s and mice could open a door repeat-176

edly during a single corner visit. Data collected comprised the same177

parameters as during the acclimatisation phase; in particular, the178

least-preferred corner of each individual mouse was noted for pro-179

gramming the next module.180

2.4.3. Place learning I181

In this module (five days), the least-preferred corner of each182

individual mouse, as recorded during nose-poke adaptation, was183

programmed to be “accessible” to that particular mouse, while184

all other corners were “inaccessible”. As such, all mice could still185

enter and nose-poke within all corners, but nose-pokes in only the186

selected corner would trigger the doors to open and the water bot-187

tle to be reached (“correct” corner). Nose-pokes in all other corners188

would not trigger opening of the motorised doors (“incorrect” cor-189

ners). Thus, the ability of each mouse to learn to find the “correct”190

(rewarded) corner provided a simple measure of place learning.191

Data collected included the error rate for each mouse, calculated192

as (number of “incorrect” corner visits/total number of corner vis-193

its) × 100.194

2.4.4. Reversal of place learning I195

During this module (four days), each mouse again had free access196

to one “correct” corner while all other corners were “incorrect” and197

did not permit access to the water bottles. However, a different “cor-198

rect” corner was programmed for each mouse, as that which was199

diagonally opposite to the “correct” corner assigned during place200

learning I. Exploratory activity and error rates were subsequently201

analysed, the latter indicating the rate at which each mouse learned202

the new “correct” corner.203

2.4.5. Behavioural extinction204

In order to extinguish previously learned behaviours, mice were205

allowed free exploration of the IntelliCages for ten days, during206

which time all corners and water bottle spouts were accessible to207

all mice.208

2.4.6. Novelty-induced exploration209

An object (1.5 ml eppendorf tube) was suspended below the grid210

floor, using a small piece of wire, in a randomly selected corner of211

each IntelliCage. All mice had free access to all corners and “novel212

object attractiveness” was assessed by calculating the percentage of213

visits to the corner containing the object [(visits to “novel object cor-214

ner”/total number of corner visits) × 100] throughout 3 h following215

object presentation and comparing the values with those obtained216

during the 3 h preceding presentation of the object.217

2.4.7. Place learning II—negative reinforcement218

In order to further investigate place learning behaviour, mice219

were again tested in this module (three days). The least-preferred220

corner, as determined during the behavioural extinction phase, was221

designated as the “correct” (rewarded) corner for each individual222

mouse. However, in contrast to place learning I, visits to “incorrect”223

corners resulted in aversive stimulation, in the form of an air-puff of224
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1–2 bar pressure for 1 s. In this manner, the cost of exploration was
increased, as a penalty was now incurred for visiting an “incorrect”
corner.

2.4.8. Reversal of place learning II—negative reinforcement
In this module (three days), the “correct” corner was designated

as that which was diagonally opposite to the “correct” corner during
place learning II. Visits to “incorrect” corners were again subject to
negative reinforcement (an air-puff).

2.5. Statistics

Comparisons between groups were performed using repeated
measures analysis of variance (ANOVA) or, where applicable, inde-
pendent samples t-tests (SPSS 13.0 EN R4; SPSS Inc., Chicago, IL,
USA). In all instances where numbers of licks per corner visit were
analysed, only visits where licks were recorded were taken into con-
sideration. Data are reported as mean ± standard error of the mean
(S.E.M.).

3. Results

3.1. Adaptation/spontaneous exploration

During this first phase of the study, where all mice had free
access to all areas of the cage, both groups demonstrated circa-
dian rhythm-related patterns of exploratory behaviour (significant
effect of Time: F(69, 1449) = 45.07, p < 0.001; Fig. 2). Middle-aged
mice demonstrated lower exploratory activity, i.e. 40–60% fewer
corner visits than young mice, during the adaptation period
(significant effect of Group: F(1, 21) = 38.19, p < 0.001; significant
interaction effect of Time × Group: F(69, 1449) = 5.04, p < 0.001).
The overall group corner preferences, as observed over the entire
six-day module, were as follows: A C: 24.75 ± 1.63%, 23.19 ± 0.96%,
25.06 ± 1.30%, 27.00 ± 1.26% and Y C: 27.17 ± 0.49%, 24.14 ± 0.60%,
24.28 ± 0.78%, 24.42 ± 0.89 % (corners 1, 2, 3 and 4, respectively).

Although the middle-aged animals performed fewer corner vis-
its than the young animals, the former performed significantly
greater numbers of licks per visit (significant effect of Group:
F(1, 21) = 33.49, p < 0.001; Fig. 3b) and approximately 60–80% of
corner visits included drinking behaviour. In contrast, almost two-
learning and memory characteristics of young and middle-aged
016/j.jneumeth.2009.02.018

thirds of corner visits performed by the young mice did not include 260

any drinking behaviour (Fig. 3a). Furthermore, there was an overall 261

increase in drinking frequency in both groups, with each suc- 262

cessive day of the adaptation period (significant effect of Time: 263

F(5, 105) = 7.16, p < 0.001; Fig. 3b). 264

Fig. 2. Acclimatisation phase. Data are shown as the response per test group
throughout the acclimatisation phase, as calculated per 2 h time-bin (mean ± S.E.M.,
middle-aged mice; A C: n = 11, young mice; Y C: n = 12). Shaded areas depict the dark
(i.e. active) phase of the light/dark cycle (10:00–22:00).

dx.doi.org/10.1016/j.jneumeth.2009.02.018
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Fig. 3. Drinking frequency. (a) Percentage of visits including licks, (b) number of
licks per visit with licks. Data are shown as the response per test group per day of
the separate test modules (mean ± S.E.M.), only taking into account activity recorded
during the active phase of the light/dark cycle. The graphs are divided up into test
modules: A: adaptation (A C: n = 11, Y C: n = 12), NA: nose-poke adaptation (A C:
n
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3.3. Place learning I 290

Each mouse was assigned to one “correct” corner, in which 291

it was able to drink, while the other three corners were “incor- 292

rect” and thus access to the water bottles was blocked. As seen 293

during the adaptation phase, the number of corner visits per- 294

formed by the middle-aged mice was approximately 35–58% 295

lower than by the young animals (Fig. 4a), resulting in signif- 296

icant overall differences between groups (significant effect of 297

Group: F(1, 20) = 32.91, p < 0.001; Days 1 and 5: p < 0.01, Days 2–4: 298

p < 0.001). In addition, there was a gradual decline in the num- 299

ber of corner visits performed by middle-aged mice, while the 300

young mice performed a greater number of corner visits on 301

Day 2, compared with on Day 1, followed by a decline on Days 302

3–5 (significant effect of Time: F(4, 80) = 5.24, p < 0.01; significant 303

interaction effect of Time × Group: F(4, 80) = 3.28, p < 0.05). Both 304

groups showed an improvement in performance over time (signif- 305

icant effect of Time: F(4, 80) = 6.93, p < 0.001), but the middle-aged 306

animals displayed a consistently lower error rate, compared to 307

the young group, on all test days (significant effect of Group: 308

F(1, 20) = 74.23, p < 0.001; Days 1–4: p < 0.001, Day 5: p < 0.01; 309

Fig. 4b). 310

The middle-aged mice drank with a significantly higher fre- 311

quency, performing greater numbers of visits including licks 312

(significant effect of Group: F(1, 20) = 72.54, p < 0.001; Fig. 3a) and 313

greater numbers of licks per corner visit (significant effect of Group: 314

F(1, 20) = 29.65, p < 0.001; Fig. 3b), compared with the young group, 315

on all test days. 316

3.4. Reversal of place learning I 317

In the reversal of place learning module, each mouse was 318

assigned a new “correct” corner, which was diagonally oppo- 319

site to the “correct” corner in the place learning module. As 320

observed in the previous modules, the young mice demonstrated 321

significantly greater exploratory activity than the middle-aged 322

mice, performing greater numbers of corner visits on all test 323

days (significant effect of Group: F(1, 20) = 33.81, p < 0.001; Day 1: 324

p < 0.01, Days 2–4: p < 0.001; Fig. 4c). Moreover, significant dif- 325

ferences in error rate between groups were observed on all test 326

days, the discriminatory behaviour of the middle-aged mice again 327

being significantly higher, i.e. error rate being lower, than that 328

of the young mice (significant effect of Group: F(1, 20) = 35.64, 329

p < 0.001; Days 1 and 2: p < 0.01, Days 3 and 4: p < 0.001; 330

Fig. 4d). While the error rate of both groups declined on suc- 331

cessive days (significant effect of Time: F(3, 60) = 8.72, p < 0.001), 332

there was little change in the overall exploratory behaviour 333

of the mice, as the number of corner visits, within groups, 334

remained consistent from day to day (effect of Time: F(3, 60) = 1.82, 335

p = 0.15). 336

During the first day, a learning effect was seen over time in 337

the middle-aged mice (Fig. 5), whereby the error rate decreased 338

from 63.89 ± 4.45%, during the first 2 h after the start of the 339

module, to 32.22 ± 7.92% after 12 h. This resulted in an overall 340

significant effect of Time (F(5, 100) = 9.78, p < 0.001) and a signif- 341

icant interaction effect of Time × Group (F(5, 100) = 2.50, p < 0.05). 342

The middle-aged mice thus remained consistently well below 343

the chance level (i.e. error rate below 75%), while the young 344

group maintained an error rate of between 63% and 73% through- 345

out the first 12 h of this module (significant effect of Group: 346

F(1, 20) = 8.49, p < 0.01). Drinking frequency, as depicted by the 347
N
C
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R

R
E

C
T= 11, Y C: n = 12), PL I: place learning I (A C: n = 10, Y C: n = 12), RPL I: reversal of place

earning I (A C: n = 10, Y C: n = 12), PL II: place learning II (A C: n = 10, Y C: n = 10), RPL
I: reversal of place learning II (A C: n = 10, Y C: n = 7). Significant differences between
roups are denoted as *p < 0.05, **p < 0.01 and ***p < 0.001.

.2. Nose-poke adaptation

During this phase, mice could only drink after performing a
ose-poke to open the doors in any corner. All animals success-

ully learned to nose-poke and thus to reach the water bottles.
gain, middle-aged mice performed fewer corner visits than young
ice on both test days, while both groups performed greater num-

ers of corner visits on Day 2, compared with Day 1 (Day 1:
C: 44.18 ± 3.41, Y C: 50.42 ± 7.74; Day 2: A C: 54.18 ± 3.86, Y C:

8.83 ± 8.40). However, while there was a significant difference in
umbers of corner visits between the two test days (significant
ffect of Time: F(1, 21) = 10.50, p < 0.01), there was no difference
etween the test groups (effect of Group: F(1, 21) = 1.70, p = 0.21;

nteraction effect of Time × Group: F(1, 21) = 0.92, p = 0.35).
The least-preferred corner of each individual mouse was

elected for the subsequent place learning module, similar num-
ers of mice being assigned to each corner within each cage. The
verall group corner preferences, as observed over the entire two-
ay module, were as follows: A C: 24.35 ± 2.13%, 22.40 ± 1.50%,
3.55 ± 1.87%, 29.70 ± 2.40% and Y C: 25.90 ± 2.24%, 24.37 ± 1.67%,
5.14 ± 2.33%, 24.59 ± 2.29% (corners 1, 2, 3 and 4, respectively).
U
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Drinking frequency was significantly higher in middle-aged
ice, as demonstrated by a higher percentage of visits including

icks (significant effect of Group: F(1, 21) = 15.18, p < 0.01; Fig. 3a)
nd a higher number of licks per visit (significant effect of Group:
(1, 21) = 27.40, p < 0.001; Fig. 3b), compared with young mice.

number of visits including licks and the number of licks per corner 348

visit, was again significantly higher in middle-aged mice, com- 349

pared with young mice (significant effects of Group: F(1, 20) = 65.69, 350

p < 0.001 (Fig. 3a) and F(1, 20) = 13.10, p < 0.01 (Fig. 3b), respec- 351

tively). 352

dx.doi.org/10.1016/j.jneumeth.2009.02.018
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Fig. 4. Place learning I: (a) number of corner visits, (b) error rate. Reversal of place
learning I: (c) number of corner visits, (d) error rate. Data are shown as the response
per test group per day of the separate test modules (mean ± S.E.M., A C: n = 10, Y C:
n = 12), only taking into account activity recorded during the active phase of the
light/dark cycle. In (b) and (d), the horizontal, dashed, line depicts the chance level
(75%), whereby visits to three out of four corners results in an error. Significant
differences between groups are denoted as **p < 0.01 and ***p < 0.001.

Fig. 5. Reversal of place learning I: error rate. Data are shown as the average response
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Fper test group (mean ± S.E.M., A C: n = 10, Y C: n = 12), place errors being calculated
per 2 h time-bin, over the first 12 h (active phase) of the test module. The horizontal,
dashed, line depicts the chance level (75%), whereby visits to three out of four corners
results in an error.

3.5. Novelty-induced exploration

Following ten days’ behavioural extinction, mice were presented
with an object in one corner of their cage, during the dark (active)
phase. The number of visits to all corners during the 3 h prior to and
3 h following presentation of the object were recorded (Table 1). All
animals visited the “novel object corner” more frequently during
the 3 h after the object was presented, compared with the num-
ber of visits during the preceding 3 h, resulting in a significant
effect of Time (F(1, 20) = 17.53, p < 0.001). However, while the young
mice performed greater numbers of corner visits than the middle-
aged mice, both prior to and following object presentation, there
was no statistically significant difference between groups (effect of
Group: F(1, 20) = 0.68, p = 0.42, interaction effect of Time × Group:
F(1, 20) = 5.81, p = 0.83). All other corners were visited at a lower
and similar frequency by both groups (data not shown).

3.6. Place learning II—negative reinforcement

In order to further elucidate effects of age on learning and mem-
ory, place learning- and reversal of place learning-behaviour were
again investigated with the addition of aversive stimulation in the
form of an air-puff, when mice visited “incorrect” corners. Such neg-
ative reinforcement had a substantial effect on the behaviour of the
young animals, as they performed fewer corner visits and demon-
strated improved discriminatory behaviour compared with place
learning I (compare Figs. 6a and 4a and Figs. 6b and 4b, respec-
tively). In contrast, neither the number of corner visits nor the
error rate of middle-aged mice differed markedly whether in the
presence or absence of aversive stimulation. Although young mice
learning and memory characteristics of young and middle-aged
016/j.jneumeth.2009.02.018

performed fewer corner visits than middle-aged mice, following 380

negative reinforcement, this effect was not statistically significant 381

(effect of Group: F(1, 18) = 2.66, p = 0.12; Fig. 6a), nor was there any 382

difference in either group with respect to numbers of corner visits 383

when compared between test days (no effect of Time: F(2, 36 = 1.91, 384

Table 1
Novelty-induced exploration: percentage of visits to Corner 1 (i.e. (visits to Corner
1/total number of corner visits) × 100), during the 3 h prior to (N0) and following (N1)
commencement of the presentation of an object. Data are shown as mean ± S.E.M.
(middle-aged mice; A C: n = 10, young mice; Y C: n = 12).

Group n Percentage of visits to Corner 1
(mean ± S.E.M.)

N0 N1 N1 − N0

A C 10 26.15 ± 4.74 39.13 ± 3.58 12.98 ± 4.92
Y C 12 28.82 ± 3.08 43.26 ± 3.50 14.44 ± 4.35

dx.doi.org/10.1016/j.jneumeth.2009.02.018
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Fig. 6. Place learning II: (a) number of corner visits, (b) error rate. Reversal of place
learning II: (c) number of corner visits, (d) error rate. Data are shown as the response
per test group per day of the separate test modules (mean ± S.E.M., A C: n = 10, Y C:
n = 10 (place learning II) and n = 7 (reversal of place learning II)), only taking into
account activity recorded during the active phase of the light/dark cycle. In (b) and
(d), the horizontal, dashed, line depicts the chance level (75%), whereby visits to
three out of four corners results in an error. Significant differences between groups
are denoted as *p < 0.05 and **p < 0.01.

Fig. 7. Reversal of place learning II: error rate. Data are shown as the average
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Fresponse per test group (mean ± S.E.M., A C: n = 10, Y C: n = 7), place errors being

calculated per 2 h time-bin, over the first 12 h (active phase) of the test module. The
horizontal, dashed, line depicts the chance level (75%), whereby visits to three out
of four corners results in an error.

p = 0.16). However, in contrast to place learning I, the young mice
demonstrated improved discriminatory behaviour, compared with
the middle-aged group (significant effect of Group: F(1, 18) = 6.59,
p < 0.05; Day 2: p < 0.05, Day 3: p < 0.01; Fig. 6b), while an improve-
ment between test days in the young animals resulted in an overall
significant effect of Time (F(2, 36) = 6.53, p < 0.01).

Negative reinforcement also had a marked effect on the drink-
ing frequency of young mice, the number of visits including licks
being higher than in place learning I, while having little effect on
the drinking frequency of middle-aged mice (no effect of Group:
F(1, 18) = 0.10, p = 0.76; Fig. 3a). However, the number of licks per
corner visit was noticeably higher in middle-aged mice in place
learning II, than in place learning I, while little change was observed
in young mice (significant effect of Group: F(1, 18) = 65.80, p < 0.001;
Fig. 3b).

3.7. Reversal of place learning II—negative reinforcement

Although there was little difference between young and middle-
aged mice with regard to the number of corner visits on all test
days (effect of Group: F(1, 15) = 1.65, p = 0.22; Fig. 6c), the learn-
ing performance of both groups improved with each subsequent
day of testing (effect of Time: F(2, 30) = 15.16, p < 0.001; Fig. 6d).
As in the previous module (place learning II), middle-aged mice
displayed a higher error rate than young mice on all test days (sig-
nificant effect of Group: F(1, 15) = 10.84, p < 0.01; Day 2: p < 0.05, Day
3: p < 0.01; Fig. 6d), and in contrast to reversal of place learning I,
where middle-aged mice demonstrated significantly higher levels
of discriminatory behaviour (lower error rates) throughout the task
(Fig. 4d).

The inclusion of negative reinforcement markedly altered the
error rate over time (Fig. 7). In the learning paradigm without rein-
forcement, middle-aged mice demonstrated a learning effect over
time, while the young mice maintained a fairly consistent error rate
throughout the first few hours of the module (Fig. 5). In the current
module, while the learning performance of both groups improved
over time (significant effect of Time: (F(5, 75) = 2.76, p < 0.05), there
was no significant difference between young and middle-aged mice
(no effect of Group: F(1, 15) = 0.32, p = 0.58 or interaction effect of
Time × Group: F(5, 75) = 0.26, p = 0.93). It should be noted, however,
that only ten middle-aged animals and only seven young animals
learning and memory characteristics of young and middle-aged
016/j.jneumeth.2009.02.018

performed corner visits during the first 12 h of aversive stimulation, 424

therefore within-group variance was high. 425

There was no difference between groups with regard to the 426

number of visits including licks (no effect of Group: F(1, 15) = 0.14, 427
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p = 0.72; Fig. 3a), while both groups demonstrated an increase with428

each successive test day (significant effect of Time: F(2, 30) = 10.15,429

p < 0.001). Middle-aged mice again performed greater numbers of430

licks per visit, compared with young mice (significant effect of431

Group: F(1, 15) = 20.14, p < 0.001; Fig. 3b) and, while the number of432

licks per visit increased over time in the young mice, this effect was433

not significant (no significant effect of Time: F(2, 30) = 0.50, p = 0.61).434

4. Discussion435

The results of our study show that, in the IntelliCage system,436

the learning performance of mice depended on their motor abili-437

ties and young wild-type mice only learned efficiently when there438

was a cost associated with lack of learning behaviour. The Intel-439

liCage provides a unique opportunity to test animals living in440

their social group; contrary to expectations, group housing and441

environmental enrichment of mice does not increase variabil-442

ity in conventional behavioural tests (Wolfer et al., 2004), and443

genetically dependent behavioural differences are readily apparent444

even in mice living outdoors under extremely variable conditions445

(Vyssotski et al., 2002; Lewejohann et al., 2004). Likewise, hous-446

ing male mice in social isolation over prolonged periods changes447

their behavioural responses (Võikar et al., 2005). Thus, tests with-448

out social deprivation are more sensitive for detecting alterations in449

activity and learning paradigms, because low stress levels increase450

activity scores, particularly during early phases of exposure to451

novel environments, and thus may reveal modest differences oth-452

erwise masked by the high stress levels associated with classical453

behavioural tests. In particular, stress-induced increases in glu-454

cocorticoid hormone levels can impact on spatially orientated455

cognitive performance (Brinks et al., 2007), memory consolidation456

and memory retrieval (Roozendaal, 2002). A second benefit of the457

IntelliCage is the opportunity to study concomitantly reward and458

avoidance paradigms (Knapska et al., 2006). Thirdly, the IntelliCage459

system reduces the signal-to-noise ratio in an unbiased, automated460

manner, thus eliminating the uncontrollable confounding effects461

caused by experimenters (Chesler et al., 2002a,b), variations in462

experimental set-up (Crabbe et al., 1999) and variable stress reac-463

tions of mice being exposed to a variety of stimuli and situations464

(Võikar et al., 2005), as associated with the classical cognitive465

behavioural tests.466

All mice adapted to the IntelliCage system and learned to nose-467

poke in order to access the water bottles. As expected, levels468

of exploratory activity were markedly higher in the young ani-469

mals, when no aversive stimulation was imposed. Even though470

middle-aged mice were far less active than the young group, all471

mice exhibited typical circadian rhythms with nocturnal increases472

in activity. Moreover, all mice performed equally well in the473

novelty-induced exploration test, an example of exploratory learn-474

ing behavior. When the animals were tested in the place learning475

paradigm without any punishment for the wrong choice, young476

mice did not distinguish between the rewarded corner (access to477

water) and corners without access to water and persisted in mak-478

ing numerous visits to the incorrect corners. To test the hypothesis479

that superfluous activity, i.e. strong locomotor activity of young480

mice, was responsible for their high error rate (Galsworthy et al.,481

2005), we trained and tested the same group of mice after an482

extended wash-out period in an identical protocol, but punished483

every visit to an incorrect corner with an air-puff. It should be484

stressed that these experimental conditions resemble the natural485

conditions more accurately because wrong choices had a nega-486

tive consequence for the mice. Under these conditions, young mice487

learned the task much better than their middle-aged counterparts,488

a result that is in agreement with published data generated in clas-489

sical behavioural testing (see Fukui et al., 2002; Singh et al., 2003;490

Sumien et al., 2004; Baskerville et al., 2006). Furthermore, in pre- 491

viously published studies, the mechanisms of observed memory 492

deficits in aged animals have been shown to include an alteration 493

in expression of genes related to inflammation, oxidative stress and 494

protein processing (see Forster et al., 1996; Verbitsky et al., 2004). 495

How mice react to a novel situation results from competition 496

between an exploratory tendency, motivated by curiosity or bore- 497

dom, and a withdrawal tendency that is motivated by fear (Lister, 498

1990). In other words, hereditary instincts to explore holes and dark 499

areas as probable shelter places, lead mice to enter the IntelliCage 500

corners to avoid exposure in an open arena, but the unknown corner 501

might also be viewed as potentially dangerous and can, itself, arouse 502

fear. Our results show that, without punishment, all mice explored 503

the corners according to their activity level. From the start of the 504

study, middle-aged mice were less active than their young coun- 505

terparts. For example, during the adaptation phase, middle-aged 506

mice performed 40–60% fewer corner visits per day than the young 507

mice. Besides physiologically motivated visits (drinking), 63% of vis- 508

its by young mice were made out of curiosity (without drinking), 509

which is considered a normal type of behaviour for young adult 510

mice. Conversely, 60% of visits performed by middle-aged mice 511

included drinking behaviour. Having found the accessible water 512

bottles, these mice drank with a significantly higher frequency dur- 513

ing each visit, compared with young mice, indicating that they tried 514

to minimise the extent of exploration (movement), thus avoiding 515

high levels of energy expenditure. As such, corner visits by middle- 516

aged mice were likely to be motivated by physiological needs, rather 517

than purely for the purpose of exploration. Young mice, however, 518

were more active and explored all corners with a frequency indi- 519

cated by the chance level, because a wrong choice had no negative 520

consequences. Since both groups demonstrated ability for place 521

learning, and similar reactivity to novel objects, these differences 522

cannot be attributed to age-dependent differences in attention, 523

curiosity or basic learning abilities. 524

The use of negative reinforcement, by applying an air-puff 525

at each incorrect visit, significantly improved the learning per- 526

formance of young mice, while having little impact on that of 527

middle-aged mice. Thus, the young mice had a lower error rate 528

than middle-aged mice, an effect which reached statistical sig- 529

nificance during the second day of the place learning task and 530

persisted thereafter, and was in contrast to the behaviour observed 531

in the absence of negative reinforcement. Although young mice 532

performed far fewer corner visits under aversive stimulation, indi- 533

cating a reluctance to explore, both middle-aged and young groups 534

were able to learn the location of the rewarded corner, providing 535

evidence of a normal ability for spatial learning. One explanation 536

for the varying behavioural characteristics of young vs. middle- 537

aged mice is that young mice weighed the aversive stimulus more 538

strongly—when a cost was associated with exploration, the number 539

of corner visits (both correct and incorrect) decreased, but learn- 540

ing performance was enhanced in young mice, while middle-aged 541

mice were little affected by the introduction of air-puffs. Another, 542

not mutually exclusive, explanation is an age-dependent change 543

from behavioural flexibility towards perseverance. According to 544

this view, young mice would show high levels of spontaneous 545

alternation in corner visits, while middle-aged individuals may 546

be more perseverant in their visit patterns. Under the low lev- 547

els of reinforcement typical for the non-punished situation, young 548

mice may remain more reactive to stochastic small distractions 549

provoking curiosity, while middle-aged animals show more stable 550

behaviour, resulting in better performance of a rapidly acquired 551

place preference even after reversal of the position of the correct 552

corner. However, after introduction of an aversive stimulus, young 553

mice optimise their choice behaviour efficiently, while middle-aged 554

mice continue to commit errors in visiting previously safe cor- 555

ners. In other words, even a relatively mild punishment, or stress, 556

dx.doi.org/10.1016/j.jneumeth.2009.02.018
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challenges the ability of middle-aged mice to suppress previously557

acquired spatial preferences, despite their ability for learning spa-558

tial relations.559

Nevertheless, one must also note that more young (5 out of560

12) than middle-aged (0 out of 12) mice refused to enter the cor-561

ners after having encountered air-puffs. These mice were removed562

from their respective IntelliCages due to having recorded zero licks563

during a 48-h period, thus indicating that they had not success-564

fully learned to find the correct corner on repeated occasions.565

Thus, the results of the place- and reversal of place-learning with566

punishment apply to a (majority) sub-population of mice toler-567

ating a generalised stress level. Mice refusing to perform certain568

tasks can also be found in a variety of conventional tests, but it569

is difficult to judge whether this results from randomly occurring570

environmental factors or whether the refusal represents a per-571

sonality trait. In this study, however, the IntelliCage system easily572

recognised individual behavioural traits within inbred mice of the573

same strain, a finding of potential use for the study of epigenetic574

mechanisms.575

An increase in the numbers of visits including licks was observed576

in young mice when punishment was introduced, resulting in simi-577

lar behaviour in young and middle-aged mice. Thus, although young578

mice performed fewer corner visits under aversive stimulation,579

their motivation for visiting appeared to be aimed towards meeting580

physiological needs, rather than purely for exploration.581

C57Bl/6J mice can be classified as mature adult (3–6 months),582

middle-aged (10–14 months) or old (18–24 months), correspond-583

ing to human age equivalents of 20–30 years, 38–47 years, and584

56–69 years, respectively. Middle-aged mice are usually used in585

aging studies to determine whether certain age-related biomark-586

ers change progressively or are first expressed in old age (Harrison,587

2009). Observations in the wild have shown that only a minority588

of adult wild-living Mus musculus survives more than one winter589

in the northern hemisphere (Avenant and Smith, 2004), and no590

wild-living mice have reached the old age observed in the labo-591

ratory. Thus, in terms of natural biological aging, tissue wear and592

tear, and associated changes in the brain, it is logical to focus pref-593

erentially on comparing middle-aged mice with young adults. For594

example, one of the earliest “aging” effects observed in mice is a595

steep decline in adult hippocampal neurogenesis, the rate of newly596

generated neurones declining exponentially by 40% every month597

after 7 weeks of age and levelling off at very low rates at between598

5 and 6 months (Ben Abdallah et al., in press). In this respect, the599

observation of impaired behavioural flexibility of middle-aged mice600

in spatial reversal learning under mild stress appears of interest, as601

it may relate to the low levels of adult neurogenesis for mice of this602

age.603

A number of factors must be taken into consideration when604

analysing the results of the present study. Firstly, young and middle-605

aged C57Bl/6J mice did not originate from the same breeding606

colonies, due to the low availability of middle-aged and aged607

mice from commercial breeders. Therefore, subtle sub-strain differ-608

ences unrelated to age cannot be ruled out. However, behaviourally609

relevant sub-strain differences have mainly been found in the610

genetically heterogeneous 129 lines (Montkowski et al., 1997),611

while they are rare in C57Bl/6 mice, the difference being associ-612

ated with subtle co-variations in the size of the intra/infrapyramidal613

mossy fibre distribution and hippocampus-dependent behaviours,614

such as open-field exploration and radial maze learning (Jamot et615

al., 1994; Sluyter et al., 1999). Given the many strong differences616

observed in the IntelliCages, it seems unlikely that sub-strain dif-617

ferentiation played a major role in this study. Secondly, only female618

mice were used, due to the fact that they can be kept peacefully in619

cohorts over long periods, which is difficult and often impossible620

in males. Traditionally, males are preferred in behavioural studies621

using only one gender, apparently due to the concern that female622

mice would show more variable behaviour because of their oestrous 623

cycle. With respect to behavioural phenotyping this concern is 624

unsubstantiated, at least for the C57Bl/6 strain used here (Meziane 625

et al., 2007). Thirdly, the middle-aged mice were 14 months of age 626

at the time of testing, which represents a suitable age for studying 627

age-related cognitive decline, as outlined above. Certainly, future 628

studies could also be performed using older mice, although a bal- 629

ance must be struck between testing “old” mice which are still 630

sufficiently active and mobile to perform well within the IntelliCage 631

system and not too old as to not survive an eight- to ten- week study. 632

In summary, the IntelliCage system is a powerful and efficient 633

tool with which to detect subtle and distinct age-related changes 634

in mice. Our data illustrate that the IntelliCage system can detect 635

cognitive differences between middle-aged and young wild-type 636

mice and that, in the absence of negative reinforcement, the natu- 637

ral instinct for exploration is too strong to permit effective learning. 638

The results of the current study provide a basis for assessing the 639

effects of putative cognitive-improving compounds in both young 640

and middle-aged mice. We also suggest that analysis of middle- 641

aged mice in this system provides an important tool aimed at 642

discovery of nutritional compounds prolonging cognitive capacities 643

in vivo. 644
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