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Abstract

Although environmental enrichment is well known to improve learning and memory in rodents, the underlying neuronal
networks’ plasticity remains poorly described. Modifications of the brain activation pattern by enriched condition (EC),
especially in the frontal cortex and the baso-lateral amygdala, have been reported during an aversive memory task in
rodents. The aims of our study were to examine 1) whether EC modulates episodic-like memory in an object recognition
task and 2) whether EC modulates the task-induced neuronal networks. To this end, adult male mice were housed either in
standard condition (SC) or in EC for three weeks before behavioral experiments (n =12/group). Memory performances were
examined in an object recognition task performed in a Y-maze with a 2-hour or 24-hour delay between presentation and
test (inter-session intervals, ISI). To characterize the mechanisms underlying the promnesiant effect of EC, the brain
activation profile was assessed after either the presentation or the test sessions using immunohistochemical techniques
with c-Fos as a neuronal activation marker. EC did not modulate memory performances after a 2 h-IS|, but extended object
recognition memory to a 24 h-ISI. In contrast, SC mice did not discriminate the novel object at this ISI. Compared to SC mice,
no activation related to the presentation session was found in selected brain regions of EC mice (in particular, no effect was
found in the hippocampus and the perirhinal cortex and a reduced activation was found in the baso-lateral amygdala). On
the other hand, an activation of the hippocampus and the infralimbic cortex was observed after the test session for EC, but
not SC mice. These results suggest that the persistence of object recognition memory in EC could be related to
a reorganization of neuronal networks occurring as early as the memory encoding.
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Introduction esis and synaptogenesis enhancement have also been proposed as
neurobiological changes supporting beneficial effects of EC on
memory [3], [5]. While these brain morphological and structural
changes (particularly those occurring in the hippocampus) are well
documented, their functional consequences on the brain circuitry
underlying memory storage have been less explored.

Indeed, it is established that neuronal plasticity occurs during
memory tasks, but whether they could be part of the mechanisms
underlying the beneficial effects of EC remains an open question.
We have previously shown that the beneficial effects of EC on
recent memory in an aversive memory task were associated with
a higher activation of the frontal cortex [6]. Here we focus on the
effect of EC on episodic-like memory in mice. Several studies
revealed beneficial effects of EC on this type of memory using an
object recognition task. The advantage of this behavioral
paradigm relies on the absence of positive or negative reinforcers
and on the possibility of retention interval manipulation.
Moreover, memory assessment is based on the natural exploration
of a novel object performed in a familiar, non-stressing environ-
ment, and does not require extensive training, nor rule learning. In

Environmental enrichment consists of complex housing condi-
tions enhancing sensory-motor activities, social interactions and
cognitive stimulations [l], and therefore stimulating brain
plasticity. This enriched condition (EC) is well known to reduce
aged-related cognitive deficits of rodents and to alleviate those
occurring in models of neurodegenerative disorders (for review, see
[2] and [3]). EC also improves cognitive abilities in healthy adult
mouse (animals without particular deficits) although this aspect
was less studied. Indeed, EC is associated with an improvement of
spatial [4], [5] but also non-spatial learning and memory
performances [6], [7], [8].

EC is thus an interesting model to elicit and understand the
mechanisms underlying brain plasticity in laboratory animals.
Brain neurobiological changes associated with beneficial effects of
EC on memory have been extensively studied. Many reports show
an increase of weight and thickness of the cortex and of the
hippocampus volume (a brain region that is particularly involved
in learning and memory) [9], [10], [11]. Hippocampus neurogen-
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the literature, higher novel object discrimination performances in
EC mice compared to littermates housed in standard condition
(SC) were reported, even after long (24 h, 48 h) inter-session
intervals (ISI). SC mice were not able to discriminate the novel
object at these long ISI [7], [8], [12]. Some mechanisms on this
type of memory have been proposed to underlie these EC-induced
benefits, such as an increased hippocampal synaptic density [7], or
an enhancement of hippocampal neurogenesis leading to long-
term memory prolongation [13]. However, as pointed above, the
potential modulation of neuronal activity during memory task has
not been described in EC. The neuronal networks supporting
memory functioning have been extensively studied, with a partic-
ular emphasis on the neurocircuitry of episodic-like memory in the
object recognition task. Among the brain structures known to be
involved in this memory, the hippocampus and the perirhinal
cortex have been particularly studied [14], [15]. The integrity of
the hippocampus [16] and the perirhinal cortex [17], [18], [19],
[20] were required for the components of the episodic-like
memory assessed through object recognition task. Higher neuronal
activation in the perirhinal cortex in association with regional
activation in the CAl and CA3 areas of the hippocampus were
observed after a novel object discrimination task in functional
activation studies [21], [22], suggesting a functional role of both
structures in object recognition.

Thus, we aimed at determining whether the beneficial effects of
EC on episodic-like memory were associated with a modification
of the brain activation profile at both the presentation and the test
sessions. To this end, we first characterized the duration of object
recognition memory trace in SC mice in a new object recognition
paradigm performed in a Y-maze adapted from Dellu and
colleagues [23]. Different ISI were used, ranging from 2 hours to
24 hours. Second, we assessed the effects of EC on memory
performances tested with two ISI for which SC mice are able, or
unable, of discriminating a novel object (respectively: 2 h and
24 h-ISI). These two ISI were chosen according to the results of
the first experiment in order to dissociate differential effects of EC
on memory expression and on memory trace prolongation
respectively. Based on the memory trace prolongation elicited by
EC (24 h-ISI), we explored the neuronal activation profile related
to the memory task by immunohistochemistry using c-Fos
expression as a neuronal activation marker of memory formation

[24].

Materials and Methods

Animals

NMRI male mice, 10 weeks of age at the beginning of the
experiments, were used (local breeding facility, F1 from Centre
d’Elevage René Janvier, Le Genest, France). All animals were
maintained in a room with reversed 12 h light-dark cycle (20:00—
8:00), at constant temperature (21°C) and humidity (55%). Water
and food were available ad fbitum. All experiments were carried
out in accordance with the European Communities Council
Directive (2010/63/UE) regarding the care and use of animals for
experimental procedures, and approved by the regional ethical
committee (Comité d’Ethique NOrmandie en Mati¢re d’EXpér-
imentation Animale, CENOMEXA) (agreement number: 01-10-
09/17/07-12).

Environmental enrichment

For each experiment, mice were randomly assigned to either SC
or EC housing. SC mice were maintained in transparent
polycarbonate cages (42x29x15 cm®, 6 mice per cage) containing
nesting material and a cardboard tube. Mice from the EC groups
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were continuously housed in environmental enrichment using
large polycarbonate cages (80x60x60 cm®, 12 mice per cage),
provided with various objects of different shapes, sizes, colors,
textures and material (wood, plastic and metal) and a large
running wheel, as already described [6]. To ensure novelty, most
of the objects and their location were changed twice a week. To
limit inter-individual male antagonistic behaviors [25], some
objects were neither changed nor cleaned, and used nesting
material was placed in the cage at each cage cleaning. Mice were
placed continuously in SC (n=12) or EC (n =12) for three weeks
before memory testing and maintained in these conditions during
behavioral experiments. A three-week duration of EC is indeed
already known to improve memory [6].

Behavioral experiments

Behavioral experiments were conducted between 8:30 and
12:30. Mice were placed in the experimental room 30 minutes
before the beginning of the behavioral experiments.

Object recognition in a Y-maze. The apparatus consisted
of a gray plastic Y-maze with three arms (33x8x16 cm® each).
The object recognition paradigm was adapted from Arque and
collaborators [26] and performed in a Y-maze as described in the
literature for rats [23]. During the presentation session, two
identical objects were placed in the maze, one in the distal area of
two arms. The mouse was placed in the starting arm containing no
object, faced to the wall and was allowed to freely explore the
apparatus and the objects. Object exploration was considered
when the nose of the animal was directed towards the object at
a distance below 2 cm. When a criterion of 20 seconds of total
exploration time of both objects was achieved, the mouse was
returned to its respective SC or EC home cage until the test
session. This criterion was selected according to the protocol used
by Arque and collaborators [26]. During the test session, a third
copy of the two familiar objects and a novel object were placed in
the maze. Again, the mouse was allowed to freely explore the three
arms and the objects until the criterion of 20 seconds of
exploration of both objects was reached. The nature of the objects
(Lego® vs Falcon®) and the position of the novel object (left vs right)
were randomized. The time spent to reach the criterion was
measured and the total number of entries in the three arms was
recorded and used as an index of locomotor activity. The time of
exploration of each object was manually recorded and used as an
index of memory performances by comparison with the chance
level (10 seconds). Percentages of entries and time spent in the two
arms containing the objects were compared to the chance level
(50%). Mice failing to reach the criterion within 10 minutes were
excluded from the analysis.

Characterization of memory trace duration in SC
A first experiment was conducted to assess the effect of
increasing ISI on object recognition memory. Adult mice were
maintained in SC and tested in the object recognition task using
increasing ISI: 2 h-ISI (n=12), 4 h-ISI (n=12), 6 h-ISI (n=12)
and 24 h-ISI (n=12).

Effects of EC on object recognition memory
performances. We assessed the ability of EC to either improve
existing memory performances of SC mice (2 h-ISI; n=12 per
housing condition) or to extend memory trace persistence (24 h-
ISI; n=12 per housing condition). These two ISI were chosen
according to the results of the first experiment.

mice.

Brain activation experiments

To assess the neuronal activation profile related to the memory
task (24 h-ISI), mice n=10 SC and n=10 EC, for the pre-
sentation group and for the test group) were euthanized by cervical
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dislocation after 90 minutes, a time that allows the measurement
of peak c-Fos immunoreactivity [27]. The brains were rapidly
removed, immersed a few seconds in isopentane (—40°C) and
stored at —80°C until c-Fos immunohistochemistry was processed.
In order to control for non-memory aspects of the behavioral task,
such as locomotor activity or context arousal, additional SC and
EC mice (n =8 “control of presentation” mice and n = 10 “control
of test” mice per housing condition) were exposed to the same
behavioral procedure, but in absence of the critical learning
stimulus, ze. the objects, during both sessions (Figure 1). During
the presentation session, control mice were exposed 200 seconds
to the apparatus, while they were exposed to 300 seconds to the
apparatus during the test session. Determination of this time of
exposure to the Y-maze was based on the mean time to reach the
criterion in SC and EC mice during each session in a preliminary
study (data not shown). Using exposed control mice is a standard
protocol for controlling brain activation related to several memory
tasks [28], [29], [30], including object recognition memory tasks
[31].

Brain coronal sections (20 pm thickness) were obtained by
cryosectioning. The distance between sections was 100 um along
the whole brain. It was reduced to 60 um for the smaller brain
structures such as the frontal and prefrontal cortices. Sections were
mounted on gelatinized slides and stored at —80°C until
processing c-Fos immunohistochemistry.

3 wleeks
SC | |

Ec—V

A Object recognition in a Y-maze

Presentation

Presentation groups 90 min
Start
Control of 90 mi
presentation groups min
Start

Presentation

Brain Networks Plasticity Induced by Enrichment

According to the method described by Sundquist and
Nisenbaum [32], slides were first fixed in a solution of 4%
paraformaldehyde for 10 minutes at room temperature before
being rinsed several times in 0.1% Triton X-100/PBS 0.1 M
solution. Slides were then immersed for 15 minutes in 3% HyOo/
10% methanol/PBS 0.1 M to quench endogenous peroxidase.
After several washes, sections were incubated in a 10% solution of
donkey serum/ 1% Bovine Serum Albumin (BSA)/0.1% Triton X-
100/PBS 0.1 M before incubation during 90 minutes in a solution
of 1% BSA/0.1% Triton X-100/PBS 0.1 M supplemented by the
primary antibody (rabbit anti-c-Fos IgG, 1:300, SC 7202, Santa-
Cruz Biotechnology, Santa-Cruz, CA). After several rinses,
sections were incubated for 30 minutes at room temperature with
the secondary antibody (biotinylated goat anti-rabbit IgG, 1:200,
Vector Laboratories, France) and finally stained using ABC
staining system (Vectastain ABC, Elite kit, Vector Laboratories,
France). Peroxidase activity was detected by incubation of sections
for 5 minutes in 0.05% Diaminobenzidine/0.2% nickel-ammoni-
um-sulphate/0.01% HyO9/PBS 0.1 M. To avoid staining vari-
ability, sections of test or presentation groups and respective
control groups of each housing condition were treated in the same
incubation bath. Sections were rinsed, dehydrated and cover-
slipped with R.A. Mounting Medium™ (Richard-Allan Scientific,
Kalamazoo, MI, USA).

Sections were analyzed by an experimenter blind to the group.
Quantification of c-Fos-positive nuclei was manually performed on

B Neuronal activation profile

—> c¢-Fos immunohistochemistry

—> c¢-Fos immunohistochemistry

24h-ISI 90 min
Test groups —> c¢-Fos immunohistochemistry
Control of 24h-ISI 90 min
test groups > —> c-Fos immunohistochemistry

Start

Start

Figure 1. Brain activation experimental design. A. After 3 weeks in either standard condition (SC) or enriched condition (EC), memory
performances of mice were tested in an object-recognition task performed in a Y-maze with an inter-session interval (ISI) of 24 h (“Test” groups,
n =12 for each housing condition). B. Ninety minutes after the presentation or after the test session, animals were euthanized and the brains were
collected for c-Fos immunohistochemistry (“Presentation” groups and “Test” groups, n = 10 per housing condition). Additional mice were exposed to
the same behavioral procedures but without any object (“Control of presentation” groups and “Control of test” groups, n=_8 and n= 10 per housing

condition respectively).
doi:10.1371/journal.pone.0048043.g001
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an Olympus microscope (x20 — x40 objectives) on eight
consecutive sections bilaterally analyzed for each brain region
considered. According to the Paxinos and Franklin’s atlas [33],
several brain regions were selected: the frontal cortex, the median
prefrontal cortex (prelimbic, infralimbic and anterior cingulate
cortices), the hippocampus, the perirhinal cortex and the baso-
lateral amygdala. The total number of c-Fos-positive nuclei was
then determined in each region of interest. This number was
thereafter expressed as a percentage of the mean number of c-Fos-
positive nuclei of corresponding control animals (SC or EC,
presentation or test session) for the brain region considered [29].

Statistical Analysis

Values are expressed as mean = SEM. Statistical analyses were
processed with Statview 5.0® software. Analyses of variance
(ANOVA) with the housing condition (SC or EC) as the
independent variable and with the time spent to reach the
criterion or the total number of entries during the presentation and
the test session and the brain structure selected for analysis of c-
Fos-positive cells, as the repeated measure, were performed. When
appropriate, post hoc Student-Newman-Keuls (SNK) multiple range
tests were used. Because the times spent to explore the objects
during the test session were dependent of each other, a univariate
t-test was used to compare the exploration time of the novel object
to the chance level of exploration (10 seconds), as seen in the
literature [34]. The percentages of entries and of time spent in the
arm containing the novel object were compared with 50%. The
number of c-Fos-positive cells was also compared to respective
control groups (100%) with a univariate #test. Finally, the
correlation between the activity of the hippocampus and the
activity of the other brain regions was analyzed using a test of
Pearson’s correlation coeflicient. A significant difference was
considered when the P value was lower than 0.05.

Results

SC mice performed the object recognition memory task
in a time-dependent manner

Results indicate that all mice spent similar time exploring the
two objects during the presentation session (data not shown,
univariate ¢-test: 2 h-ISI, t(9) = —0.21; 4 h-ISI, t(10)= —0.94; 6 h-
IST, ¢(10)=0.00 and 24 h-ISI, ¢(11)= —2.00, P>0.05 for each ISI
compared to the chance level (10 seconds)). By contrast, during the
test session occurring at 2 h and 4 h-ISI, mice significantly spent
more time exploring the novel object compared to the chance level
(univariate #test: 2 h-ISI, t(9)=2.33, P<0.05 and 4 h-ISI,
t(10)=2.37, P<0.05 compared to the chance level (10 seconds))
(Figure 2). No discrimination of the novel object was observed in
groups submitted to longer ISI (univariate #test: t(10)=1.03 and
t(11)=10.51, P>0.05 compared to the chance level (10 seconds) for
6 h-IST and 24 h-ISI respectively). The time spent exploring the
novel object did not differ between groups (ANOVA: F.40 = 1.03,
P>0.05).

EC did not modify object recognition memory
performances with 2 h-ISI

During the presentation session, all groups exhibited similar
exploration time for the two identical objects (data not shown,
univariate test: SC, t(10)=2.21, P>0.05 and EC, t8)=0.89,
P>0.05 compared to the chance level (10 seconds)).

By contrast, during the 2 h-ISI test session, the exploration time
of the novel object was significantly different compared to the
chance level (10 seconds), whatever the group considered (univar-
iate -test: t(10) = 2.85, P<<0.05 and t(8) =2.95, P<<0.05 in SC and
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Figure 2. Effect of increasing ISl on object recognition memory
performances in mice housed in SC. Data are expressed as the
mean exploration time (= SEM) of novel object for the test session with
increasing IS: 2 h (n=10), 4 h (n=11), 6 h (n=11) and 24 h (n=12).
Exploration time of the novel object was significantly higher than the
chance level (10 seconds) with 2 h and 4 h-IS|, suggesting that SC mice
discriminated the novel object at both delays (univariate t-test: §
denotes P<0.05).

doi:10.1371/journal.pone.0048043.g002

EC mice, respectively) (Figure 3A). Besides, no modification of the
percentages of entries and of time spent in the arm containing the
novel object were observed (respectively: SC, t(10)= —1.54; EC,
t(8)=0.81, P>0.05 and SC, t(10)=-0.09; EC, t8)=0.61,
P>0.05; univariate ‘-test compared to the chance level (50%)).
The time spent to reach the criterion did not differ between
groups during the presentation session, while, during the test
session, EEC mice spent significantly more time to reach a total of
20 seconds of object exploration compared to SC mice (ANOVA
with  repeated measurements: housing condition effect,
F.18=16.23, P<0.001; session effect, F{;;15=5.83, P<0.05 and
interaction, Fi.1g=5.16, P<<0.05 followed by a SNK multiple
range test: housing condition effect, P<<0.01 for the test session). In
fact, SC mice spent similar time to reach the criterion during both
sessions (ANOVA: Fj.10=0.04, P>0.05). By contrast, EC mice
spent significantly more time to reach the criterion during the test
session compared to the presentation one (ANOVA: F;.g=5.34,
P<0.05), suggesting a potential habituation to the presence of the
objects between the two sessions in these animals (Figure 3B).
Finally, the total number of entries in the three arms did not differ
between groups, whatever the session considered (ANOVA with
repeated measurements: no housing condition effect /15 =2.90,
no session effect Fj;15=1.67, and no interaction F;g=1.05),
suggesting no modulation of locomotor activity by EC (Figure 3C).

EC prolonged object recognition memory trace with
24 h-IS|

No significant difference of the exploration time of each object
was found during the presentation session, whatever the housing
condition (data not shown, univariate ttest: SC, t(9)=0.56,
P>0.05 and EC, t(9)= —0.61, P>0.05 compared to the chance
level (10 seconds)).

At the 24 h-IST test session, EC mice displayed a significantly
longer time of novel object exploration compared to the chance
level (10 seconds; univariate #test: t(9)=6.19, P<<0.001), in
contrast to the SC mice (univariate ttest: t(9)=1.17, P>0.05).
Time exploring the novel object significantly differed between
groups (ANOVA: Fj; 15 = 18.44, P<0.001) (Figure 4A). Similarly,
a significant difference from chance level (50%) was observed in
EC, but not SC mice, for the percentages of entries and of time
spent in the arm containing the novel object (respectively: SC,
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Figure 3. Effect of EC on object recognition memory tested with 2 h-ISl. A. Data are the mean exploration time (* SEM) of the novel object
during the test session in SC (n=11) and EC (n=9) groups. Exploration time of the novel object was significantly higher than the chance level
(10 seconds) in the two groups (univariate t-test: 8 denotes P<<0.05 for SC mice and EC mice), suggesting that all mice discriminated the novel object.
Neither the percentage of entries, nor the percentage of time spent in the arm containing the novel object were different from the chance level (50%)
in both groups. B. The time spent to reach the criterion (20 seconds of total exploration of the objects) did not differ between groups during the
presentation session. By contrast, during the test session, the time spent to reach the criterion was significantly higher in EC mice than in SC ones
(ANOVA with repeated measurements followed by a SNK multiple range test: ** denotes P<<0.01, significantly different from SC group). The time
spent to reach the criterion was significantly different between two sessions in EC group (ANOVA: # denotes P<<0.05, significantly different from the
presentation session). C. The total number of entries in the three arms did not differ between groups.

doi:10.1371/journal.pone.0048043.9003

t(9)=0.68, P>0.05; EC, t(9) = 2.59, P<0.05 and SC, t(9) = —0.44, housing condition effect, F;15=0.15, no session effect,
P>0.05; EC, t(9)=2.85, P<0.05). The percentage of time spent in Fi;18=0.00, and no interaction Fj;;15=0.05), suggesting no

the arm containing the novel object was significantly higher in the modulation of locomotor activity by EC (Figure 4C).

EC group (ANOVA: Fj;15=7.01, P<0.05) than in the SC one. Finally, we verified that the “presentation” groups of each
As in the previous experiment, the time spent to reach the housing condition (z.e., animals submitted to the presentation of the

criterion was significantly higher in EC mice compared to SC ones apparatus with objects) explored equally the two identical objects

during the test session, but not during the presentation (ANOVA (data not shown, univariate #test: SC, t(9) = 0.67, P>0.05 and EC,

with repeated measurements: housing condition effect, t(9)= —0.43, P>0.05, compared to the chance level (10 seconds)).

Fu,18=12.79, P<0.01; session effect, F{1;15=13.26, P<0.01 and In addition, in the control groups, we ensured that EC did not
interaction, F1;18=16.30, P<0.001 followed by a SNK multiple modify the locomotor activity in the Y-maze during both sessions.

range test: no housing condition effect, £>0.05, and a housing Indeed, the total number of entries in SC and EC mice of control
condition effect, P<<0.01, for the presentation and the test sessions, groups did not differ, whatever the session considered (data not
respectively). A significant difference in the time spent to reach the shown, ANOVA with repeated measurements: no housing
criterion between the two sessions was only found in EC mice condition effect, ;18 = 3.24, no session effect, F{;;15=1.39 and
(ANOVA: SC, Fy,=0.28, P>0.05 and EC, I, =17.16, no interaction, Fi;1g = 1.81).

P<0.01), suggesting again an habituation to the objects between Taken together, these results suggest that EC prolonged object
the two sessions in EC animals (Figure 4B). The total number of recognition memory up to 24 h-ISI. In order to better understand
entries in the three arms did not differ between groups, whatever the neuronal processes underlying these beneficial effects of EC on
the session considered (ANOVA with repeated measurements: no memory, we examined the potential modulation of the neuronal
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Object recognition in a Y maze (24h-ISl)
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Figure 4. Effect of EC on object recognition memory tested with 24 h-ISI. A. Data are the mean exploration time (= SEM) of the novel
object during the test session in SC (n=10) and EC (n=10) groups. Only EC mice discriminated the novel object compared to the chance level
(10 seconds) (univariate t-test: 888 denotes P<<0.001). Moreover, the time spent to explore the novel object was significantly higher in EC mice
compared to SC ones (ANOVA: *** denotes P<<0.001). The percentage of entries and the percentage of time spent in the arm containing the novel
object were significantly different from the chance level (50%) in EC group only (univariate t-test: § denotes P<<0.05). A significant difference of the
percentage of time spent in the arm containing the novel object was observed between groups (ANOVA: * denotes P<<0.05). B. The time spent to
reach the criterion did not differ between groups during the presentation session but was significantly higher in EC mice during the test session
(ANOVA with repeated measurements followed by a SNK multiple range test: ** denotes P<<0.01, significantly different from SC group). EC mice spent
significantly more time reaching the criterion during the test session (ANOVA: ## denotes P<<0.01, significantly different from the presentation

session). C. The total number of entries in the three arms did not differ between groups.

doi:10.1371/journal.pone.0048043.9g004

activation profile by EC related to either the presentation or the
test session.

Environmental enrichment modulated the neuronal

activation profile related to the presentation session

The numbers of c-Fos-positive cells related to the presentation
session in ‘“‘control of presentation” groups in several brain regions
(the frontal cortex, the prefrontal cortex, the hippocampus, the
perirhinal cortex and the baso-lateral amygdala), did not differ
between SC and EC mice (data not shown, ANOVA with
repeated measurements, no housing condition effect F; 79y=1.37,
structure effect  Fig 79)=22.66, P<0.001, and no interaction
F,79)=2.18), suggesting no modulation of the neuronal activation
profile during the apparatus exposure by EC.

The neuronal activation profile related to the objects explora-
tion during the presentation session is illustrated in Figure 5A
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(results are expressed as a percentage of the mean number of c-
Fos-positive cells compared to “control of presentation” animals,
which were not exposed to objects during the presentation session).
Our results show a significant difference of neuronal activation
between groups in three brain regions, namely the hippocampus,
the perirhinal cortex and the amygdala (ANOVA with repeated
measurements, no housing condition effect 7 96)=3.91, structure
effect Fg 06)=2.99, P<0.05, and interaction Fig g6) = 2.31, P<<0.05,
followed by a SNK multiple range test: P<0.05, for the
hippocampus, the perirhinal cortex and the baso-lateral amygda-
la). In fact, a significant neuronal activation occurred in the
hippocampus and in the perirhinal cortex of SC mice (univariate ¢
test: t(9)=2.35, P<<0.05, for both structures compared to the
respective “control of presentation” group (100%)), while a signif-
icantly reduced neuronal activation occurred in the baso-lateral
amygdala of EC mice (univariate #test: t(8)=—4.89, P<<0.01
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Figure 5. Effect of EC on neuronal activity in selected brain
regions. Results are expressed as mean percentage changes of relative
number of c-Fos-positive cells compared to control animals (which
performed the task without any objects: n=8 “control of presentation”
animals per housing condition for the presentation session and n=10
“control of test” animals per housing condition for the test session). A.
A significant activation of the hippocampus and the perirhinal cortex
was observed in SC mice during the presentation session while
a significant reduction of activation of the baso-lateral amygdala
occurred in EC mice (ANOVA with repeated measurements followed by
a SNK multiple range test: * denotes P<<0.05, significantly different from
SC group; univariate t-test: 8 denotes P<<0.05 and 88 denotes P<<0.01,
significantly different from respective “control of presentation” animals
(100%)). B. The novel object discrimination during the test session
(24 h-ISI) was associated with a significant activation of the infralimbic
cortex and the hippocampus in EC mice (univariate t-test: 8 denotes
P<0.05, significantly different from respective “control of test” animals
(100%)). Abbreviations: Fr, frontal cortex; PrL, prelimbic cortex; IL,
infralimbic cortex; CgA, anterior cingulate cortex; Hpp, hippocampus;
PRh, perirhinal cortex; BLA, amygdala, baso-lateral nucleus.
doi:10.1371/journal.pone.0048043.9g005

compared to the respective “control of presentation” group
(100%)) (Figure 6).

Novel object discrimination after 24 h-ISI by EC mice was
associated with the activation of the hippocampus and
infralimbic cortex

There was a significantly lower number of c-Fos-positive cells in
the EC “control of test” group than in the respective SC “control
of test” group (data not shown, ANOVA with repeated
measurements, housing condition effect [{; 96)=6.83, P<0.05,
structure effect Figg6)=38.45, P<<0.001, and no interaction
F‘(6,96) = l79)

When mice were exposed to the test session occurring after
24 h-ISI (i.e. in the presence of the novel object), no significant
difference of the neuronal activation was observed between
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Figure 6. Microphotographs of brain c-Fos immunostaining
related to the presentation and the test sessions. During the
presentation session, the number of c-Fos-positive cells counted in the
hippocampus (represented here by the granular cell layer of the
dentate gyrus), the perirhinal cortex and the baso-lateral amygdala was
lower in EC mice compared to SC ones. By contrast, the number of c-
Fos-positive cells counted in the hippocampus and the infralimbic
cortex during the test session was higher in EC mice. The dark arrows
indicate examples of nuclei showing c-Fos immunoreactivity. Un-
annotated scale bars: 50 um.

doi:10.1371/journal.pone.0048043.g006

groups, whatever the brain structure considered (ANOVA with
repeated measurements, no housing condition effect F; g9)=0.88,
structure  effect  Fig g0 =2.24, P<0.05, and interaction
Fg0=3.12, P<0.01 followed by a SNK multiple range test,
P>0.05, for each structure) (Figure 5B and Figure 6). However,
a significant neuronal activation occurred in the hippocampus and
the infralimbic cortex of EC mice (univariate #test: t(9)=2.35,
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P<0.05, for the hippocampus and t(9)=2.41, P<<0.03, for the
infralimbic cortex, compared to the respective “control of test”
group (100%)), which was not the case for SC mice that did not
perform the task successfully. No modification of neuronal activity
was detected in other brain regions.

Hippocampus activity was correlated with the activity of
several other regions in EC mice

Considering the involvement of the hippocampus in the object
recognition memory and because the hippocampus neuronal
activity was the most modulated by EC during both sessions of the
memory task (z.e. an absence of hippocampal activation during the
presentation session and a higher activation during the test session
in EC mice compared to SC ones), we chose to examine the
relation of the activity of this structure with the activity of the six
other investigated brain regions. Interestingly, the correlation
analysis indicated a significant correlation of the hippocampal
activity with half of the regions of interest (especially the prefrontal
cortex region) during the presentation session in EC mice, while
only one correlation was found in SC mice (Table 1). Again,
during the test session, the activity of half of the brain regions
analyzed was significantly correlated with the hippocampus in EC
mice, whereas no correlation was observed in SC mice.

Discussion

Time-course of object recognition memory performed in
a Y-maze in SC mice

Our behavioral results bring first evidence that mice housed in
standard condition are able to discriminate a novel object when
the memory task is performed in a Y-maze. Indeed, such
a paradigm was reported in rats [23], [35], [36], [37], but, as
far as we are aware, not in mice. This experimental protocol
presents some advantages. Firstly, it requires only two brief
sessions without a familiarization period, which facilitates the
analysis of the brain activation profile related to either the
presentation or to the test session. Moreover, these two sessions do
not seem to lead to habituation to the apparatus, as no decreased
exploration time was observed between the two sessions. Secondly,
performing the memory task in a Y-maze allows the recording of
other informative parameters, such as the time spent in the arm
containing the novel object and the number of entries in this arm

Table 1. Interregional correlation matrix of the relative
neuronal activity found in the hippocampus.

SC group EC group

Presentation Test Presentation Test

Fr 0.10 (0.78) 0.46 (0.19) 0.39 (0.31) 0.09 (0.82)
PrL 0.56 (0.10) 0.31 (0.40) 0.67 (0.03%) 0.74 (0.02%)
IL 0.29 (0.43) 0.23 (0.54) 0.88 (0.0003***) 0.53 (0.15)
CgA 0.39 (0.27) —0.31 (0.41) 0.81 (0.003***)  0.22 (0.62)
PRh 0.32 (0.38) 0.51 (0.14) 0.42 (0.23) 0.68 (0.03%)
BLA 0.79 (0.0043**) 0.13 (0.73) 0.46 (0.23) 0.75 (0.02%)

The first value indicates the calculated Pearson’s correlation r value and the
second value the exact P value corresponding to the correlation coefficient.
Hippocampal activity was significantly correlated with more brain structures in
EC mice than in SC ones during both the presentation and the test sessions
(Same abbreviations as in Fig. 5; * denotes P<<0.05, ** denotes P<<0.01 and ***
denotes P<<0.001).

doi:10.1371/journal.pone.0048043.t001
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[23], which reflect exploration behavior. Thirdly, this object
recognition memory task seems to be potentially more effortful.
Indeed, as reported in a more complex paradigm where the two
objects were also not visible from the starting arm [38], object
discrimination is probably more based on recollection of past
experiences than familiarity alone, which may be the case in the
open-field apparatus. Finally, this task allowed us to detect
beneficial effects of EC on memory in our conditions. This task
was reported to be successfully performed in rats after a 2 h-ISI
[23]. Here, we report the ability of our SC mice to discriminate
the novel object for short ISI (2 h and 4 h), but not after longer ISI
(6 h and 24 h). These results are in agreement with previous data
of our laboratory indicating that mice were not able to
discriminate a novel object after a 6 h-ISI in a paradigm led in
open-field [39]. Our results show here evidence that the
familiarization period (classically conducted on 3 consecutive
days) is not essential to assess object recognition memory
performances in our conditions, as previously reported by other
authors [26]. We chose not to perform the familiarization period
to the apparatus, based on preliminary results obtained in the
open-field paradigm indicating a considerably reduced exploration
activity in EC mice, leading to very poor exploration of objects
compared to SC ones (data not shown). The reduction of the time
spent exploring the objects by EC could be related to a faster
habituation to novelty, as previously reported by others [40], [41],
[42], [43], [44].

Environmental enrichment enhanced object recognition
memory persistence

In order to assess the effect of environmental enrichment on
object recognition memory, we selected two delays of retention:
the 2 h-ISI for which SC mice are able to discriminate the novel
object and the 24 h-ISI, a delay for which SC mice did not
successfully discriminate the novel object.

The performance at the 2 h-ISI indicates that both groups
successfully and similarly performed the task. It was, however, not
associated with higher percentages of entries, nor to time spent in
the arm containing the novel object. In opposition to the literature
[23], these additional parameters did not seem to be predictive of
novel object discrimination in our conditions. Interestingly, EC
mice needed more time to reach the criterion (z.e. time elapsed to
obtain a total exploration of both objects for 20 seconds) during
the test session. As the total number of entries is not different
between groups for both sessions, it suggests that the environ-
mental enrichment did not modify the locomotor activity in mice.
Rather, the higher time spent to reach the criterion in EC' mice
could be related to a lowered interest for the objects, suggesting
a faster habituation to novelty in these animals. The absence of
memory improvement by EC after shorter ISI is not surprising
and was reported in the literature [8], [12], [13]. Notably, it could
be related to a ceiling effect with difficulty to reveal enhancement
of memory performances. By contrast, when investigated with 24-
ISI, object recognition memory was present in EC mice compared
to SC ones. This is further supported by higher percentages of
time and entries in the arm containing the novel object. Again, the
time to reach the criterion was higher during the test session in EC
mice, while there was no locomotor activity modulation. In-
terestingly, such a persistence of object recognition memory was
also reported in the literature after longer ISI of 24 h and 48 h [8],
[12], [13]. Some neurobiological processes, such as higher number
of newborn cells in the dentate gyrus, have been involved in the
expression of the beneficial effects of EC on long-term object
recognition memory [13]. Here, we tried to understand the
mechanisms underlying the functional effects of EC on memory by
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examining the neuronal networks elicited by EC during the
memory task. Because EC mice are repetitively exposed to
different objects in their home-cage, we hypothesized that the
brain region’s activity related to the first object exploration (z.e.
during the presentation session) could be modified in EC mice
compared to SC ones. Potential modulation of neuronal networks
during the presentation session could underlie a better ability to
acquire information about objects in EC mice. Similarly,
modification of neuronal networks involved during the test session
could also contribute to the promnesiant effects of EC. Herein, we
examined the neuronal activation related to both the presentation
and the test sessions after 24 h-ISI.

EC induced a reorganization of the neuronal networks
elicited by the presentation and the test sessions of an

episodic-like memory task

Immediate-early gene expression analysis is classically used as
a neuronal activation marker [45], [46]. More specifically, c-Fos
protein expression has been associated with novelty exposure, as
well as learning and memory processes such as those occurring
during object exploration [21], [28], [47], [48].

Analysis of the neuronal activation profile related to the
presentation session revealed a significant activation of the
hippocampus and perirhinal cortex in SC mice. In line with the
studies of Soule and colleagues [31], our results indicate an
activation of hippocampal structures during acquisition of in-
formation related to the objects. A similar profile of c-Fos
expression was reported after object exposure in a novel environ-
ment [49]. By contrast, EC mice did not present hippocampal
activation during object exposure at the presentation session. We
hypothesize that this might be related to a habituation to novelty
and/or repetitive object rearrangement exposure in environmental
enrichment. In agreement with this interpretation, rats which
experience novel objects for the first time present a relative
increased hippocampal activation compared to those repeating the
experience and becoming therefore familiar to object exploration
[50]. New experiences using EC could lead to a faster hippocam-
pal processing of information acquisition related to the objects. In
line with this hypothesis, some authors suggest that exposure to EC
may promote the erasure of memory trace in the hippocampus
and therefore facilitate new information acquisition [51]. Given
the mmportance of this structure in the novel object recognition
task, we examined in a selected fashion the connectivity of the
hippocampus with other structures during the task on both the SC
and EC mice. We found that hippocampal activity during the
presentation session was significantly correlated with more
structures in EC than in SC mice (three over six examined and
one over six, respectively), especially with the prefrontal regions
(prelimbic, infralimbic and anterior cingulate cortex). Whereas the
integrity of prefrontal cortex seems not to be required for novel
object discrimination [18], [52], [53], higher activation of
prefrontal cortex has been reported following object recognition
tasks [22]. Here, one could suppose that prefrontal regions take
part in the neuronal networks leading to an improved acquisition
of information related to the objects in EC mice. A faster cortical
transfer of the information related to the objects from the
hippocampus may occur in EC mice during the presentation
session, in association with an absence of neuronal activation in
this last region.

The perirhinal cortex is particularly involved in novel object
recognition processes as suggested by lesion studies [18], [54].
Here, we report the activation of this structure during the
presentation session in SC mice. This result is in accordance with
its reported role in information acquisition related to the objects
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[47]. Interestingly, we did not find such activation in EC mice. As
previously hypothesized in the hippocampus, we could suppose
that repetitive exposure to EC housing modifies the neuronal
networks related to object exploration in a novel context.

As already reported for aversive memory tasks [6], [55], we
show here a significantly reduced activation of the baso-lateral
amygdala in EC mice during presentation session, that does not
mvolve explicit emotional arousal. As baso-lateral amygdala is
mvolved in emotional information processing [56], [57], one could
suppose that EC enhances the animal’s ability to regulate
emotional behavior during acquisition of information about an
object, a phenomenon that could contribute to memory improve-
ment. In accordance with this hypothesis, it has been recently
reported that the baso-lateral amygdala is involved in the
formation of long-term memory in a low-arousal novel object
recognition task [58].

In addition to its effects during the presentation session, EC
modulates the neuronal activation profile related to the test
session. We indeed report a significant activation of the infralimbic
cortex (belonging to the prefrontal cortex) and of the hippocampus
in EC mice during the novel object discrimination, whereas no
such activation is found in SC mice. Interestingly, a similar
activation profile in the prefrontal cortex and hippocampus was
recently reported during novel object discrimination in mice [22].
As prefrontal cortex activation is particularly sensitive to novelty
exposure [49], the activation of the prefrontal cortex found only in
the EC animals is not surprising, because only the animals of this
housing condition discriminated the novel object effectively. The
memory trace prolongation in our EC mice seems also to be
associated with higher activation of the hippocampus. In the
literature, the involvement of the hippocampus seems to be more
sensitive to the spatial arrangement of the object, whereas
perirhinal cortex activation is more associated with the nature
(familiar/novel) of the object [48], [54], [59]. In opposition with
Winters and colleagues who attempted to minimize the spatial and
contextual factors of the task by using a Y-shaped apparatus with
high walls [37], the extra-maze spatial or contextual cues can help
our mice identify the arm containing the novel object. Based on
the potential influence of these spatial components, the memory
task we used could particularly solicit the hippocampus, leading
thus to the hippocampal activation found in EC mice. Again, the
activity of half of the brain structures analyzed was correlated with
the activity of the hippocampus in EC mice, suggesting a major
role of this brain structure in the novel object discrimination task
in these animals. Finally, we show for the first time a functional
neuronal activation of the hippocampus that is associated with
novel object discrimination improvement by EC. This finding
might be put together with the known hippocampal morphological
changes induced by environmental enrichment, such as neurogen-
esis or synaptogenesis stimulation (see for review [3]). Whether
similar hippocampal activation occurs in SC mice during success-
ful novel object discrimination (z.e. with 2 h-ISI) remains to be
further determined. These investigations could provide evidence
for alternative neuronal networks solicited during memory recall in
EC mice.

Conclusions

To conclude, our results confirm previous data supporting the
beneficial effects of EC on episodic-like memory persistence in
a particular object recognition paradigm in mice. In addition, we
demonstrate for the first time that EC exposure modifies the
neuronal networks associated with this task of novel object
discrimination. In particular, hippocampal activity modulation
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during both presentation and test sessions may play a pivotal role
in the neural circuits engaged In memory improvement by
environmental enrichment. Molecular mechanisms underlying
these modulations, with a particular interest on the hippocampus,
need therefore to be examined. These investigations highlight the
relevance of EC to elucidate the brain networks underlying
memory plasticity and could help to identify new therapeutic
targets in order to alleviate memory deficits such as those
consecutive to ageing or neurodegenerative disorders.

References

1. Rosenzweig MR (1966) Environmental complexity, cerebral change, and
behavior. Am Psychol 21: 321-332.

2. Nithianantharajah J, Hannan AJ (2006) Enriched environments, experience-
dependent plasticity and disorders of the nervous system. Nat Rev Neurosci 7:
697-709.

3. van Praag H, Kempermann G, Gage FH (2000) Neural consequences of
environmental enrichment. Nat Rev Neurosci 1: 191-198.

4. Huang FL, Huang K-P, Wu J, Boucheron C (2006) Environmental enrichment
enhances neurogranin expression and hippocampal learning and memory but
fails to rescue the impairments of neurogranin null mutant mice. J Neurosci 26:
6230-6237.

5. Kempermann G, Kuhn HG, Gage FH (1997) More hippocampal neurons in
adult mice living in an enriched environment. Nature 386: 493-495.

6. Leger M, Bouet V, Freret T, Darmaillacq AS, Dacher M, et al. (2012)
Environmental enrichment improves recent but not remote memory in
association with a modified brain metabolic activation profile in adult mice.
Behav Brain Res 228: 22-29.

7. Rampon C, Tang YP, Goodhouse J, Shimizu E, Kyin M, et al. (2000)
Enrichment induces structural changes and recovery from nonspatial memory
deficits in CA1 NMDAR I-knockout mice. Nat Neurosci 3: 238-244.

8. Tang YP, Wang H, Feng R, Kyin M, Tsien JZ (2001) Differential effects of
enrichment on learning and memory function in NR2B transgenic mice.
Neuropharmacology 41: 779-790.

9. Bennett EL, Rosenzweig MR, Diamond MC (1969) Rat brain: effects of
environmental enrichment on wet and dry weights. Science 163: 825-826.

10. Diamond MC, Krech D, Rosenzweig MR (1964) The Effects of an Enriched
Environment on the Histology of the Rat Cerebral Cortex. ] Comp Neurol 123:
111-120.

11. Rosenzweig MR, Bennett EL (1996) Psychobiology of plasticity: effects of
training and experience on brain and behavior. Behav Brain Res 78: 57-65.

12. Gresack JE, Kerr KM, Frick KM (2007) Life-long environmental enrichment
differentially affects the mnemonic response to estrogen in young, middle-aged,
and aged female mice. Neurobiol Learn Mem 88: 393-408.

13. Bruel:Jungerman E, Laroche S, Rampon C (2005) New neurons in the dentate
gyrus are involved in the expression of enhanced long-term memory following
environmental enrichment. Eur J Neurosci 21: 513-521.

14. Antunes M, Biala G (2011) The novel object recognition memory: neurobiology,
test procedure, and its modifications. Cogn Process 13: 93-110.

15. Dere E, Huston JP, De Souza Silva MA (2007) The pharmacology,
neuroanatomy and neurogenetics of one-trial object recognition in rodents.
Neurosci Biobehav Rev 31: 673-704.

16. DeVito LM, Eichenbaum H (2010) Distinct contributions of the hippocampus
and medial prefrontal cortex to the “what-where-when” components of
episodic-like memory in mice. Behav Brain Res 215: 318-325.

17. Aggleton JP, Keen S, Warburton EC, Bussey TJ (1997) Extensive cytotoxic
lesions involving both the rhinal cortices and area TE impair recognition but
spare spatial alternation in the rat. Brain Res Bull 43: 279-287.

18. Barker GR, Bird F, Alexander V, Warburton EC (2007) Recognition memory
for objects, place, and temporal order: a disconnection analysis of the role of the
medial prefrontal cortex and perirhinal cortex. J Neurosci 27: 2948-2957.

19. Ennaceur A, Neave N, Aggleton JP (1996) Neurotoxic lesions of the perirhinal
cortex do not mimic the behavioural effects of fornix transection in the rat.
Behav Brain Res 80: 9-25.

20. Norman G, Eacott MJ (2005) Dissociable effects of lesions to the perirhinal
cortex and the postrhinal cortex on memory for context and objects in rats.
Behav Neurosci 119: 557-566.

21. Albasser MM, Poirier GL, Aggleton JP (2010) Qualitatively different modes of
perirhinal-hippocampal engagement when rats explore novel vs. familiar objects
as revealed by c-Fos imaging. Eur J Neurosci 31: 134-147.

22. Castilla-Ortega E, Pedraza C, Chun J, Fonseca FR, Estivill-Torrus G, et al.
(2012) Hippocampal c-Fos activation in normal and LPA(1)-null mice after two
object recognition tasks with different memory demands. Behav Brain Res 232:
400-405.

23. Dellu F, Fauchey V, Le Moal M, Simon H (1997) Extension of a new two-trial
memory task in the rat: influence of environmental context on recognition
processes. Neurobiol Learn Mem 67: 112-120.

PLOS ONE | www.plosone.org

Brain Networks Plasticity Induced by Enrichment

Acknowledgments

Dr. Gael Chetelat is gratefully acknowledged for her help in the choice of
the activation methods and analysis. We gratefully thank Nadege Villain-
Naud and Celine Thomasse for their technical assistance and Drs. Frank
Shewmaker and Matthieu Dacher for reading the manuscript.

Author Contributions

Conceived and designed the experiments: ML PSB MB. Performed the
experiments: ML AQ) SN EP. Analyzed the data: ML TF SN PSB MB.
Contributed reagents/materials/analysis tools: ML TF EP. Wrote the
paper: ML.

24. Alberini CM (2009) Transcription factors in long-term memory and synaptic
plasticity. Physiol Rev 89: 121-145.

25. Van Loo PL, Van Zutphen LF, Baumans V (2003) Male management: Coping
with aggression problems in male laboratory mice. Lab Anim 37: 300-313.

26. Arque G, Fotaki V, Fernandez D, Martinez de Lagran M, Arbones ML, et al.
(2008) Impaired spatial learning strategies and novel object recognition in mice
haploinsufficient for the dual specificity tyrosine-regulated kinase-1A (Dyrk1A).
PLoS ONE 3: ¢2575.

27. Guzowski JF, Timlin JA, Roysam B, McNaughton BL, Worley PF, et al. (2005)
Mapping behaviorally relevant neural circuits with immediate-early gene
expression. Curr Opin Neurobiol 15: 599-606.

28. Aggleton JP, Brown MW (2005) Contrasting hippocampal and perirhinal cortex
function using immediate early gene imaging. Q J Exp Psychol B 58: 218-233.

29. Frankland PW, Bontempi B, Talton LE, Kaczmarek L, Silva AJ (2004) The
involvement of the anterior cingulate cortex in remote contextual fear memory.
Science 304: 881-883.

30. Maviel T, Durkin TP, Menzaghi F, Bontempi B (2004) Sites of neocortical
reorganization critical for remote spatial memory. Science 305: 96-99.

31. Soule J, Penke Z, Kanhema T, Alme MN, Laroche S, et al. (2008) Object-place
recognition learning triggers rapid induction of plasticity-related immediate early
genes and synaptic proteins in the rat dentate gyrus. Neural Plast 2008: 269097.

32. Sundquist SJ, Nisenbaum LK (2005) Fast Fos: rapid protocols for single- and
double-labeling c-Fos immunohistochemistry in fresh frozen brain sections.
J Neurosci Methods 141: 9-20.

33. Paxinos G, Franklin KBJ (2001) The Mouse Brain in Stereotaxic Coordinates.
New York: Academic Press.

34. Irick KM, Gresack JE (2003) Sex differences in the behavioral response to
spatial and object novelty in adult C57BL/6 mice. Behav Neurosci 117: 1283~
1291.

35. Chambon C, Wegener N, Gravius A, Danysz W (2011) A new automated
method to assess the rat recognition memory: validation of the method. Behav
Brain Res 222: 151-157.

36. Tinsley CJ, Fontaine-Palmer NS, Vincent M, Endean EP, Aggleton JP, et al.
(2011) Differing time dependencies of object recognition memory impairments
produced by nicotinic and muscarinic cholinergic antagonism in perirhinal
cortex. Learn Mem 18: 484-492.

37. Winters BD, Forwood SE, Cowell RA, Saksida LM, Bussey TJ (2004) Double
dissociation between the effects of peri-postrhinal cortex and hippocampal
lesions on tests of object recognition and spatial memory: heterogeneity of
function within the temporal lobe. J Neurosci 24: 5901-5908.

38. Eacott MJ, Easton A, Zinkivskay A (2005) Recollection in an episodic-like
memory task in the rat. Learn Mem 12: 221-223.

39. Freret T, Bouet V, Quiedeville A, Nee G, Dallemagne P, et al. (2012) Synergistic
effect of acetylcholinesterase inhibition (donepezil) and 5-HT(4) receptor
activation (RS67333) on object recognition in mice. Behav Brain Res 230:
304-308.

40. Barbelivien A, Herbeaux K, Oberling P, Kelche C, Galani R, et al. (2006)
Environmental enrichment increases responding to contextual cues but
decreases overall conditioned fear in the rat. Behav Brain Res 169: 231-238.

41. Hattori S, Hashimoto R, Miyakawa T, Yamanaka H, Maeno H, et al. (2007)
Enriched environments influence depression-related behavior in adult mice and
the survival of newborn cells in their hippocampi. Behav Brain Res 180: 69-76.

42. Kempermann G, Gast D, Gage FH (2002) Neuroplasticity in old age: sustained
fivefold induction of hippocampal neurogenesis by long-term environmental
enrichment. Ann Neurol 52: 135-143.

43. Schrijver NCA, Bahr NI, Weiss IC, Wiirbel H (2002) Dissociable effects of
isolation rearing and environmental enrichment on exploration, spatial learning
and HPA activity in adult rats. Pharmacol Biochem Be 73: 209-224.

44. Viola GG, Botton PH, Moreira JD, Ardais AP, Oses JP, et al. (2010) Influence of
environmental enrichment on an object recognition task in CF1 mice. Physiol
Behav 99: 17-21.

45. Dragunow M (1996) A role for immediate-early transcription factors in learning
and memory. Behav Genet 26: 293-299.

46. Herdegen T, Leah JD (1998) Inducible and constitutive transcription factors in
the mammalian nervous system: control of gene expression by Jun, Fos and
Krox, and CREB/ATT proteins. Brain Res Brain Res Rev 28: 370-490.

October 2012 | Volume 7 | Issue 10 | e48043



47.

48.

49.

50.

51.

52.

Seoane A, Tinsley CJ, Brown MW (2012) Interfering with Fos expression in rat
perirhinal cortex impairs recognition memory. Hippocampus.

Zhu XO, Brown MW, McCabe BJ, Aggleton JP (1995) Effects of the novelty or
familiarity of visual stimuli on the expression of the immediate early gene c-fos in
rat brain. Neuroscience 69: 821-829.

Rinaldi A, Romeo S, Agustin-Pavon C, Oliverio A, Mele A (2010) Distinct
patterns of Fos immunoreactivity in striatum and hippocampus induced by
different kinds of novelty in mice. Neurobiol Learn Mem 94: 373-381.

Zhu XO, McCabe BJ, Aggleton JP, Brown MW (1997) Differential activation of
the rat hippocampus and perirhinal cortex by novel visual stimuli and a novel
environment. Neurosci Lett 229: 141-143.

Abraham WC, Logan B, Greenwood JM, Dragunow M (2002) Induction and
experience-dependent consolidation of stable long-term potentiation lasting
months in the hippocampus. ] Neurosci 22: 9626-9634.

Barker GR, Warburton EC (2008) NMDA receptor plasticity in the perirhinal
and prefrontal cortices is crucial for the acquisition of long-term object-in-place
associative memory. J Neurosci 28: 2837-2844.

. Ennaceur A, Neave N, Aggleton JP (1997) Spontaneous object recognition and

object location memory in rats: the effects of lesions in the cingulate cortices, the

PLOS ONE | www.plosone.org

1

54.

56.

57.

58.

59.

Brain Networks Plasticity Induced by Enrichment

medial prefrontal cortex, the cingulum bundle and the fornix. Exp Brain Res
113: 509-519.

Barker GR, Warburton EC (2011) When is the hippocampus involved in
recognition memory? J Neurosci 31: 10721-10731.

. Nikolaev E, Kaczmarek L, Zhu SW, Winblad B, Mohammed AH (2002)

Environmental manipulation differentially alters c-Fos expression in amygdaloid
nuclei following aversive conditioning. Brain Res 957: 91-98.

Davis M (1992) The Role of the Amygdala in Fear and Anxiety. Annu Rev
Neurosci 15: 353-375.

Maren S, Aharonov G, Fanselow MS (1996) Retrograde abolition of conditional
fear after excitotoxic lesions in the basolateral amygdala of rats: absence of
a temporal gradient. Behav Neurosci 110: 718-726.

Jobim PF, Pedroso TR, Werenicz A, Christoff RR, Maurmann N, et al. (2012)
Impairment of object recognition memory by rapamycin inhibition of mTOR in
the amygdala or hippocampus around the time of learning or reactivation.
Behav Brain Res 228: 151-158.

Wan H, Aggleton JP, Brown MW (1999) Different contributions of the
hippocampus and perirhinal cortex to recognition memory. ] Neurosci 19:

1142-1148.

October 2012 | Volume 7 | Issue 10 | e48043



