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Rapid adaptation to changes, while maintaining a certain level of behavioral inhibition
is an important feature in every day functioning. How environmental context and
challenges in life can impact on the development of this quality is still unknown.
In the present study, we examined the effect of a complex rearing environment
during adolescence on attention and behavioral inhibition in adult male rats. We
also tested whether these effects were affected by an adverse early life challenge,
maternal deprivation (MD). We found that animals that were raised in large, two
floor MarlauTM cages, together with 10 conspecifics, showed improved attention, but
impaired behavioral inhibition in the 5-choice serial reaction time task. The early life
challenge of 24 h MD on postnatal day 3 led to a decline in bodyweight during
adolescence, but did not by itself influence responses in the 5-choice task in adulthood,
nor did it moderate the effects of complex housing. Our data suggest that a complex

: rearing environment leads to a faster adaptation to changes in the environment, but at
,
k the cost of lower behavioral inhibition.

Keywords: enriched environment, adolescence, maternal deprivation, early life, behavioral inhibition, attention,
5-choice SRTT

INTRODUCTION

Today’s living environment has become drastically complex and demanding, with rapidly changing
technologies asking for constant attention and quick adaptation. This also impacts on the
development of children and their brains, shaping response patterns for life. Adaptation to the
environment is, however, not always a guarantee to thrive in society. When prompt responding
develops into more impulsive behavior, children might be at risk for worse outcomes later in life
in terms of cognitive development, socio-economic status, and criminal offenses (Moffitt et al.,
2011; Fergusson et al., 2013). Adverse childhood experiences can influence these developmental
outcomes (O’Donnell et al., 2014). Like many aspects of behavior, development of attention
and behavioral inhibition is driven by genetic makeup in interplay with environmental context
and challenges in life. Exactly how behavioral inhibition and impulsivity are shaped by the
environment, both early in life and throughout development, can be studied in preclinical
models that allow precise control over the environment. However, the literature on this subject
is surprisingly scarce. We therefore set out to examine the effect of a complex environment
during adolescence –whether primed by early life adversity or not- on behavioral inhibition and
impulsivity in male rats.
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To measure impulsive action and inhibition of behavior
in rats, we used the 5-choice serial reaction time task
(5-CSRTT) (Robbins, 2002). This task is based on the
continuous performance task in humans and was originally
developed to measure sustained and divided attention. Animals
are trained to respond to a visual stimulus appearing in
one of five holes (divided attention) to obtain a reward.
From trial to trial the stimulus light is randomly presented
and the rat has to sustain attention over 100 trials. Rats
have to learn to inhibit responding until a next visual
stimulus is presented. Anticipatory responses prior to the
presentation of the stimulus are punished with a time-
out period (reward delay). These premature responses are
regarded as a measure of impulsivity (Bari et al., 2008). After
extensive training to acquire baseline levels of responding, either
attentional load can be increased or behavioral inhibition can be
challenged.

As the rodent approximation of our complex society, we
housed animals post-weaning in an enriched laboratory housing,
which is widely used as an experimental condition to provide a
more complex environment to the animal compared to standard
housing. The enriched laboratory housing is thought to more
closely resemble the natural habitat or at least provides an
environment where natural behaviors can be expressed (Wurbel,
2001). Environmental enrichment is a combination of complex
inanimate and social stimulation, with the opportunity to exercise
on a running wheel. Each of these components is necessary
for effects of the enrichment to appear on most neural and
behavioral parameters (Rosenzweig and Bennett, 1996; van
Praag et al., 2000; Solinas et al., 2010), although behavioral
adaptations might strongly depend on the exact nature of the
stimulation.

It has been shown that environmental enrichment induces
a range of structural changes in the brain, including an
increased number of neurons, synapses, and dendritic branches
especially in the cortex and hippocampal formation, resulting
in improved learning and memory (van Praag et al., 2000;
Halperin and Healey, 2011). These cognitive improvements are
thought to arise from the arousal response when confronted
with novelty and environmental complexity and mediated by
cellular mechanisms underlying learning processes (van Praag
et al., 2000). It has also been suggested that environmental
enrichment provides a protective phenotype for drug abuse
vulnerability (Stairs and Bardo, 2009; Zhang et al., 2014). This
latter finding might provide a link to behavioral inhibition, since
impulsivity (lack of inhibition) is thought to be a risk factor
for abuse vulnerability (Perry and Carroll, 2008; Dalley et al.,
2011).

Early life manipulations in rodent models and their long-
lasting priming consequences for behavior and neuroendocrine
function have been extensively studied (Meaney, 2010; Claessens
et al., 2011; Haller et al., 2014). For instance, single, or
repeated separation of newborn pups from their dam for a
certain time period has been shown to induce stress hyper
responsiveness, increased emotionality and impaired cognitive
performance (Pryce and Feldon, 2003; Levine, 2005). Early
postnatal maternal separation can also impact on prefrontal

cortex functioning and the mesocortical dopamine system,
both important in behavioral inhibition (Sullivan and Brake,
2003). Studies on early life influences on impulsivity are scarce,
although there is some evidence of increased risk taking
behavior in adolescence after maternal separation (Colorado
et al., 2006; Spivey et al., 2009). In an extreme case of
separation, rat pups that were individually housed and artificially
reared were shown to be more impulsive (Lovic et al.,
2011).

The aim of the present study was threefold. First, we wanted
to test whether a complex rearing environment influences
behavioral inhibition and sustained attention in adulthood,
using the 5-choice serial reaction time task. Secondly, we were
interested to know how a prolonged maternal deprivation (MD)
early in life (24 h on postnatal day 3) would impact on these same
measures. Finally, we tested if the two manipulations interact,
showing counteractive or additive effects.

MATERIALS AND METHODS

Animals
Male and female Wistar rats were obtained at 6 weeks of age
(Charles River Laboratories, Arbresle, France). Animals were
kept in a temperature (21◦C) and humidity (55%) controlled
room with a 12 h light–dark cycle (lights on at 7:00 am).
Breeding started after animals had been familiarized with our
animal facility for at least 3 weeks. Food and water was available
ad libitum. For this experiment, we used the offspring of 14
dams, equally distributed over the experimental groups. Only
male offspring (n = 48) was used for testing. Testing started
at 90 days of age when animals weighed on average 330
grams. Three weeks before testing, the light-dark cycle was
reversed (lights off at 7:00 am) to assure that animals were
tested in their active phase. One week before testing males were
gradually food deprived (16 grams of chow a day) until they
reached 90–95% of their free-fed weight and they were kept
within this range throughout testing. Once a week cages were
changed, and general health status was checked. Experiments
were approved by the local committee for Animal Health, Ethics
and Research of Utrecht University. Animal care was conducted
in accordance with the EC Council Directive of November 1986
(86/609/EEC).

Early Life Experience: Breeding and
Maternal Deprivation
Two females were paired with a male for 10 days. After removing
the male, the two females stayed together for another week and
were then individually housed to prepare for birth. A paper towel
was provided to the mothers to supplement nesting material.
At postnatal day 3, dams were taken out of their home cage
and placed in a new cage. Only litters with a minimum of six
pups were retained and large litters were culled to a maximum
of 10 pups taking gender balance into consideration (sex ratio
after culling: 5/5 or 4/6). Mothers in the control group were
placed back into their home cage within 2 min, while for the
experimental group MD started. During maternal separation,
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litters stayed together in their home cage and were transported
to an adjacent room. The cage was placed on a heating plate to
prevent hypothermia of the pups. After 24 h they were taken
back to the original room and the mother was reunited with her
litter.

Adolescent Experience: Weaning and
Complex Housing Environment
Pups were weaned at 21 days of age and were housed in (same-
sex) pairs in standard makrolon cages (37 × 20 × 18 cm).
Animals in the complex condition were group-housed following
weaning (10–11 animals per cage), and after a week transferred
to MarlauTM cages (Viewpoint, Lyon, France). These cages
(60 × 80 × 51 cm) have two floors and provide a complex
and challenging environment for the rats (Fares et al., 2013).
The first floor contains a big compartment with three running
wheels, a shelter, ad libitum access to water, and a climbing
ladder to the second floor, where a maze has to be passed to
gain access to a tubing leading to the food compartment on the
first floor. Via a one-way passage rats could regain access to
the bigger first floor compartment. Before adult testing started,
the maze was changed three times a week (alternating between
12 different configurations), assuring novelty and sustained
cognitive stimulation. Territorial dominance was avoided by
the presence of two gates on each side of the maze. To avoid
disturbance during the daily 5-choice sessions, mazes were
changed only once a week in adulthood, from the start of
testing.

In many studies the enriched environment is not compared
to standard housing, but to isolation rearing in which adolescent
animals are completely deprived of social contact. This is a
stressful condition in itself, and thus of limited value as a control
condition for the effects of a complex environment (Hall, 1998;
Van den Buuse et al., 2003; Solinas et al., 2010). Therefore, we
used standard laboratory housing as control condition. Pups
from the same mother were placed in both the experimental
(complex housing) and control group (standard housing) to
minimize litter effect. No more than two pups from 1 mother
were placed in an experimental condition.

Testing: 5-Choice Serial Reaction Time
Task (5-CSRTT)
The following groups of animals were tested in the 5-choice
serial reaction time task: Animals in the standard housing
condition, either non-maternally deprived (standard housing no-
MD, n = 8) or maternally deprived (standard housing MD,
n = 8) and animals in the complex housing condition, either
non-maternally deprived (complex housing no-MD n = 16)
or maternally deprived (complex housing MD, n = 16). Daily
sessions were performed during the dark phase (Monday–
Friday), using procedures adapted from (Robbins, 2002) and
(Bari et al., 2008).

Apparatus
The 5-CSRTT was conducted in operant conditioning chambers
(Med Associates, St. Albans, VT, USA). Each chamber

(30.5 cm × 24.1 cm × 21 cm) was located within a larger
exterior opaque box equipped with exhaust fans that assured
air renewal and masked background noise. The rear wall of
the chamber was curved and contained a set of five holes,
each equipped with an infrared detector and a yellow light
emitting diode stimulus light. Sucrose pellets (45 mg, Formula P;
Bio-Serv) were delivered at the opposite wall, in a larger pellet
magazine, also equipped with infrared detectors. A white house
light, located at the roof, could be switched on. Experimental
contingencies were controlled and data were collected using
MED-PC version 14.0 (Med Associates).

Habituation and Pellet Magazine Training
During the first 2 days, animals were habituated to the chambers
for 20 min. Sucrose pellets were placed in all five response
holes and in the pellet magazine. Habituation was followed by
two magazine training sessions, where 80 sucrose pellets were
delivered in the pellet magazine within 20 min., with an average
interval of 15 s.

Training 5-Choice Task
Rats were trained to respond to a brief visual stimulus presented
randomly in one of the five nose poke apertures to obtain
a sucrose pellet. Each training session started with a 2 min.
habituation period in which no reward could be obtained (house
light switched on). Then the house light was switched off,
a ‘free’ pellet was given, and the rat initiated the first trial
by collecting this pellet in the pellet hole. On the start of a
trial, one stimulus hole was illuminated. With a nose entry
into this hole, a sucrose pellet was released into the pellet
hole. After collecting this pellet an inter-trial-interval of 5 s
(ITI5) started, followed by the next trial. A session ended when
100 trials had been accomplished or 30 min had elapsed. In
phase I of training, all five stimulus lights were ‘ON’ at the
start of a trial and a nose entry in either hole released a
sucrose pellet. Animals were trained until each rat obtained
100 pellets (all within 4 days). Starting phase II of training,
stimulus holes were illuminated in a pseudorandom order and
each hole was illuminated 20 times during a 100 trials session.
In phase II of training a stimulus hole was illuminated until
nose entry. Entries in other (unlit) holes were counted, but
without consequences. All animals obtained 100 pellets within
3 days. In phase III of training stimulus time was gradually
decreased (16, 8, 4, 2, 1.5, 1.2 s) to reach the training endpoint
of 1.2 s. The rats had a limited time to respond to the stimulus
(limited hold = stimulus time + 2 s., with a minimum of
5 s). In this stage of training, an omission (no response),
premature response (response in ITI) or incorrect response
(response in unlit hole) resulted in a time-out period. During
this time-out period, no reward could be obtained (house light
switched on). Responding in stimulus holes during time-out
resulted in a reset of the time-out period. Animals were trained
on each stimulus duration until they finished 100 trials in
30 min with a performance accuracy >80% (correct choice)
and errors of omission <20. Training was completed when
animals reached this stable baseline responding at 1.2 s stimulus
duration over at least three consecutive training days. Apart
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from habituation and time-out periods, the house light was
switched off during the test in order to increase the contrast
for visual discrimination of the stimulus lights for the albino
Wistar rat.

Behavioral Control and Attention in the 5-Choice Task
Behavioral control, i.e., the ability to withhold responding, was
challenged in two ways: (1) Lengthening the ITI to 7 s and
(2) using a random ITI (5, 7, 10, 13, and 15 s). Attention was
investigated by (1) increasing attentional load by shortening
the stimulus time to 0.5 sec or (2) testing selective attention
by introducing a novel object in the cage. This object was
a wooden block of 3 cm high covering the middle line of
the chamber and providing a light hurdle between stimulus
holes and pellet hole. Between test sessions, baseline sessions
(ITI5, 1.2 s stimulus duration) were performed until stable
responding was resumed. The following measures were recorded
(1) Accuracy: Percentage of correct responses [(correct/correct
+ incorrect)×100] (2) Omissions: Number of missed trials (3)
Latency to correct: Latency between stimulus presentation and
correct choice (4) Latency to reward: Latency to collect the
reward after correct choice (5) Premature responses: Number
of nose pokes before the presentation of the stimulus light
(6) Perseverative responses: Number of nose pokes after correct
choice. Additional behavior in no-reward periods was recorded:
(7) Number of nose pokes in the pellet hole during inter-trial
intervals (NP pellet hole ITI) and frequency of nose pokes
in pellet hole and stimulus holes, respectively, per time-out
period (NP pellet hole/TO and NP stimulus holes/TO). Since the
number of time-out periods varied between animals, behavior
during this “punishment” period was computed as behavior per
time-out.

Statistical Analyses
All statistical analyses were performed using SPSS for windows
version 21. Outlying scores (>3.29 SD above the mean), were
substituted with the next highest score [winsorized, (Tabachnick
and Fidell, 2006)] to mitigate excessive influence of outliers
without excluding subjects. In total five data points were
winsorized (in five different measures). Of note, if these
five outliers were excluded, this did not change any of the
outcomes.

In all analyses, housing condition (standard vs. complex)
and early life experience (no-MD vs. MD) served as between-
subject factors. To compare experimental groups on habituation,
repeated measures ANOVAs were performed over 5 min
blocks. Univariate ANOVAs were performed to compare group
differences at the end of training. Responses in the testing
conditions (ITI 7 s, ITI random, stim 0.5 s and novel object)
were compared to responses during baseline (end of training) in
repeated measures ANOVAs. We report both p-values and effect
size (η2

p).
Not all animals reached 100 trials in the ITI7 and

random ITI tests. Responses were therefore also calculated per
trial. Performance per trial was highly correlated with total
performance (rs ranging between 0.83 and 0.99, p < 0.001), and

results of the analyses were similar. We therefore report on total
performance.

RESULTS

Bodyweight
After weaning, and before the start of complex housing (at
PND26), maternally deprived animals had a lower bodyweight
compared to non-deprived animals [F(1,47) = 30.1, p < 0.001,
η2
p = 0.41]. This difference in bodyweight continued over several

weeks [4–8 weeks: F(1,44) = 16.2, p < 0.001, η2
p = 0.27], but

was not significant anymore at the start of 5-choice testing
[F(1,47) = 2.83, p = 0.10]. The 1st week following the change in
housing condition, complex housing caused a transient decline
in bodyweight [time∗housing effect: F(3,42) = 8.6, p < 0.001,
η2
p = 0.38], that was not visible anymore at 5 weeks of age

(Figure 1).

Habituation to the 5-Choice Chamber
and Speed of Learning During Training
All animals habituated to the test chamber (Figure 2A), as
evident from a main effect of time, F(3,42) = 69.72, p < 0.001,
η2
p = 0.83, over the 20 min of test duration. All groups showed a

decrease in number of nose pokes in the five nose poke holes.
Housing condition was related to habituation [time∗housing
F(3,42) = 12.4, p < 0.001, η2

p = 0.47], the complex housed
animals habituated faster, particularly in the first interval (0–
10 min) [time∗housing F(1,44) = 21.29, p < 0.001, η2

p = 0.33].
MD did not influence habituation [time∗early life F(3,42) = 0.84,
p = 0.48, η2

p = 0.06], and did not moderate the effect of housing
condition [time∗early life∗housing F(3,42) = 0.43, p = 0.73,
η2
p = 0.03].
Speed of learning was assessed by comparison of the 1st days

on which the stimulus light decreased in duration during training
phase III [16 to 1.5 s, Figure 2B). The number of omissions
increased when stimulus duration was shortened [F(4,41) = 58,
p< 0.001, η2

p = 0.85]. Housing condition influenced this increase
[stim duration∗housing F(4,41) = 3.15, p = 0.024, η2

p = 0.24]:
the complex housed animals made fewer omissions compared
to the standard housed animals, hence learned the task faster.
MD did not influence speed of learning [stim duration∗early life
F(4,41) = 0.79, p = 0.54, η2

p = 0.07], or moderate the effect
of housing [stim duration∗early life∗housing F(4,41) = 1.00,
p = 0.42, η2

p = 0.09]. No differences in accuracy were observed
(data not shown).

Performance at End of Training
(Baseline)
At the end of training, all animals finished 100 trials within
30 min (duration M = 18.5–18.9 min) and reached the
criteria for learning with an accuracy >80% (M = 92.6–
94.7%) and omissions <20 (M = 7.6–10.0) (see Table 1).
Numbers of premature (M = 4.8–8.4) and perseverant responses
(M = 4.0–6.3) were low. Neither housing condition, nor
MD influenced performance on these measures at the end
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FIGURE 1 | The effect of complex housing and early life maternal deprivation (MD) on bodyweight. First measure at postnatal day 26 (PND 26), when
animals either entered the complex home cage or stayed in the standard home cage. Last measure at 12 weeks, just before the start of the 5-choice experiment.
Data represent mean ± SEM. Standard housing no-MD (n = 8) and MD (n = 8), complex housing no-MD (n = 16), and MD (n = 16).

of the training period. There was, however, a main effect
of housing condition on the latency to respond to the
correct stimulus [F(1,47) = 6.63, p = 0.013, η2

p = 0.13].
Thus, complex housed animals responded faster. No
differences were observed in the latency to collect the
reward.

An effect of complex housing was also seen in the time-
out periods, when no reward could be obtained. Animals in
the complex housing condition approached the stimulus holes
more often compared to animals in the standard housing
[F(1,47) = 10.4, p < 0.01, η2

p = 0.19] and the pellet hole less
often [F(1,47) = 4.72, p = 0.035, η2

p = 0.10]. Moreover, pellet
hole visits in the inter-trial interval periods were also affected
by housing [F(1,47) = 5.89, p = 0.019, η2

p = 0.12], showing
again fewer visits to the pellet hole in the complex housed
versus the standard housed animals. Thus, the complex housed
animals showed features of sign trackers (more visits to the
stimulus holes) and were faster in responding to the stimulus.
However, all animals equally performed at the end of training in
terms of omission, accuracy and total test duration (acquisition
criteria).

Behavioral Control I: Prolonged
Inter-Trial Interval (ITI 7 s)
Overall, accuracy decreased [F(1,44) = 13.2, p < 0.01, η2

p = 0.23]
and premature responses increased [F(1,44) = 88.1, p < 0.001,
η2
p = 0.67] in response to an increase in inter-trial interval

(Figures 3A,B). Animals living in a complex environment
responded differently to the 7 s inter-trial interval compared
to the animals in the standard housing condition in terms of
premature responses [ITI∗housing F(1,44) = 24.7, p < 0.001,
η2
p = 0.36], but not accuracy [ITI∗housing F(1,44) = 3.09,

p= 0.086, η2
p = 0.07]. A stronger increase in premature responses

was seen in the complex housed animals. MD did not influence
responding to an ITI 7 s challenge in either accuracy [ITI∗early
life F(1,44) = 0.23, p = 0.64, η2

p = 0.005] or premature responses
[ITI∗early life F(1,44) = 0.60, p = 0.44, η2

p = 0.01]. Moreover,
MDdid not moderate the effect of housing on accuracy [ITI∗early
life∗housing F(1,44) = 0.94, p = 0.34, η2

p = 0.02] nor on
premature responses [ITI∗early life∗housing F(1,44) = 0.71,
p = 0.40, η2

p = 0.02]. Animals in the complex housing condition
thus showed poorer behavioral inhibition compared to animals
in the standard housing condition.
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FIGURE 2 | The effect of complex housing and early life MD on (A) habituation to the 5-choice SRTT chambers as expressed by the number of nose
hole entries in blocks of 5 min and (B) speed of learning the 5-choice SRTT as expressed by the number of omissions at the start of each change
(decrease) in stimulus duration. Note that at end of training (at stim duration 1.2 s) no group differences exist. Graphs represent mean ± SEM. Standard housing
no-MD (n = 8) and MD (n = 8), complex housing no-MD (n = 16) and MD (n = 16).

Behavioral Control II: Random Inter-Trial
Interval (ITI 5, 7, 10, 13, and 15 s)
Accuracy decreased [F(1,44) = 10.6, p < 0.01, η2

p = 0.20] and
premature responses increased dramatically [F(1,44) = 312.8,
p < 0.001, η2

p = 0.88] in response to random inter-trial intervals
(Figures 3C,D). Overall, the latency to correct response increased
[F(1,44) = 44.9, p < 0.001, η2

p = 0.51] and the latency to reward
pick-up decreased [latency to reward F(1,44) = 39.2, p < 0.001,
η2
p = 0.47], meaning the animals were slower in responding to the

correct stimulus, but quicker to collect the sugar pellet, once they
poked in the correct stimulus hole (data not shown). This test was
very challenging for all animals and neither housing condition
nor MD significantly influenced responding in terms of accuracy

[ITI∗housing F(1,44) = 0.59, p = 0.45, η2
p = 0.01; ITI∗early

life F(1,44) = 1.14, p = 0.29, η2
p = 0.03; ITI∗early life∗housing

F(1,44) = 1.81, p = 0.19, η2
p = 0.04] or premature responses

[ITI∗housing F(1,44) = 2.26, p = 0.14, η2
p = 0.05; ITI∗early

life F(1,44) = 1.05, p = 0.31, η2
p = 0.02; ITI∗early life∗housing

F(1,44) = 1.87, p = 0.18, η2
p = 0.04].

Attention I: Short Stimulus Duration
(0.5 s)
A strong decrease in accuracy [F(1,44) = 77.1, p < 0.001,
η2
p = 0.64] and a strong increase in omissions [F(1,44) = 107.3,

p < 0.001, η2
p = 0.71]were observed in response to a shorter
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TABLE 1 | The effect of complex housing and early life maternal deprivation (MD) on performance in the 5-choice SRTT at end of training (baseline).

No-MD MD

Standard Complex Standard Complex

Accuracy(%) 94, 71 ± 1, 42 92, 67 ± 1, 04 94, 63 ± 1, 06 92, 87 ± 1, 21

Omissions(#) 7, 58 ± 2, 75 7, 69 ± 1, 01 10, 04 ± 1, 40 9, 06 ± 0, 96

Premature(#) 5, 75 ± 1, 56 8, 35 ± 1, 25 4, 83 ± 1, 06 6, 75 ± 0, 88

Perseverant(#) 4, 54 ± 1, 35 4, 13 ± 0, 77 6, 29 ± 1, 24 4, 04 ± 0, 54

Latency to correct(sec) a∗ 0, 73 ± 0, 04 0, 61 ± 0, 01 0, 68 ± 0, 03 0, 66 ± 0, 03

Latency to reward (sec) 1, 30 ± 0, 09 1, 33 ± 0, 06 1, 23 ± 0, 08 1, 25 ± 0, 04

NP pellet hole ITI (#)a∗ 280, 50 ± 59, 14 132, 75 ± 23, 21 228, 75 ± 25, 69 170, 69 ± 44, 81

NP pellet hole/TO (#)a∗ 2, 35 ± 0, 26 1, 47 ± 0, 20 2, 22 ± 0, 28 1, 93 ± 0, 27

NP stimulus holes/TO (#)a∗∗ 0, 23 ± 0, 07 0, 39 ± 0, 03 0, 24 ± 0, 04 0, 38 ± 0, 04

total duration (min) 18, 58 ± 0, 48 18, 92 ± 0, 25 18, 54 ± 0, 34 18, 83 ± 0, 25

General performance and stimulus (stimulus holes) and goal (pellet hole) approach in no-reward periods (NP, nose pokes; ITI, inter trial interval, and TO, time-out). Standard
housing no-MD (n = 8) and MD (n = 8), complex housing no-MD (n = 16), and MD (n = 16). amain effect of housing ∗p < 0.05, ∗∗p < 0.01.

FIGURE 3 | The effect of complex housing and early life MD on performance in the 5-choice SRTT when behavioral inhibition is challenged. First bar of
each color represents baseline performance, second bar of each color represents test performance. Accuracy (% correct trials) and number of premature responses
when (A,B) the inter trial interval (ITI) is prolonged to 7 s or (C,D) under a randomized inter trial interval protocol. Graphs represent mean ± SEM. Dotted horizontal
lines represent acquisition criteria. Standard housing no-MD (n = 8) and MD (n = 8), complex housing no-MD (n = 16) and MD (n = 16).
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FIGURE 4 | The effect of complex housing and early life MD on performance in the 5-choice SRTT when attentional load is increased. First bar of each
color represents baseline performance, second bar of each color represents test performance. Accuracy (% correct trials) and number of omissions when (A,B) the
stimulus duration is shortened to 0.5 s or (C,D) when a novel object is introduced in the cage. Graphs represent mean ± SEM. Dotted horizontal lines represent
acquisition criteria. Standard housing no-MD (n = 8) and MD (n = 8), complex housing no-MD (n = 16), and MD (n = 16).

stimulus duration (Figures 4A,B). Animals became quicker when
stimulus duration decreased as apparent from a decrease in both
latency to correct [F(1,44) = 47.2, p < 0.001, η2

p = 0.52] and,
to a lesser extent, latency to reward [F(1,44) = 8.68, p < 0.01,
η2
p = 0.17] (data not shown).
Animals living in a complex housing environment differed in

responding to a short stimulus from the standard housed animals
in accuracy [stim time∗housing F(1,44) = 4.39, p = 0.042,
η2
p = 0.091] and number of omissions [stim time∗housing

F(1,44) = 14.5, p < 0.001, η2
p = 0.25]. A stronger decrease

in accuracy and a stronger increase in omissions was seen
for the animals in the standard vs. the complex housing
environment. MD did not influence responding to a short
stimulus challenge in either accuracy [stim time∗early life
F(1,44) = 1.39, p = 0.25, η2

p = 0.03] or number of omissions
[stim time∗early life F(1,44) = 1.66, p = 0.21, η2

p = 0.04].

Moreover, it did not moderate the effect of housing condition on
accuracy [stim time∗early life∗housing F(1,44) = 1.40, p = 0.24,
η2
p = 0.03] or number of omissions [stim time∗early life∗housing

F(1,44) = 1.51, p = 0.23, η2
p = 0.03]. Thus, compared to

the standard housed animals, animals in the complex housing
condition performed better in this task and showed more
sustained attention.

Attention II: Introducing a Novel Object
(Woodblock)
When a woodblock was introduced in the 5-choice chamber,
accuracy decreased [F(1,44) = 7.66, p < 0.01, η2

p = 0.15] and
more omissions were made [F(1,44)= 23.6, p< 0.001, η2

p = 0.35]
(Figures 4C,D). Latency to correct response and latency to
reward both increased (data not shown), with the strongest
increase in latency to reward [latency to correct F(1,44) = 11.1,
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p < 0.01, η2
p = 0.20; latency to reward F(1,44) = 71.9, p < 0.001,

η2
p = 0.62].
Animals living in a complex housing environment

differed from the standard housing condition in accuracy
[context∗housing F(1,44) = 6.16, p = 0.017, η2

p = 0.12) and in
number of omissions [context∗housing F(1, 44) = 8.67, p < 0.01,
η2
p = 0.17]. The standard housed animals decreased in accuracy

while the complex housed animals did not, and standard
housed animals showed a stronger increase in omissions.
MD did not influence responding when context changed by
introducing a woodblock in either accuracy [context∗early life
F(1,44) = 0.30, p = 0.59, η2

p = 0.007] or number of omissions
[context∗early life F(1,44) = 0.43, p = 0.52, η2

p = 0.01].
Moreover, MD did not moderate the effect of housing condition
on accuracy [context∗early life∗housing F(1,44) = 0.55, p = 0.46,
η2
p = 0.012] or number of omissions [context∗early life∗housing

F(1,44) = 0.16, p = 0.69, η2
p = 0.004]. Also in this attention

task, animals in the complex housing condition performed better
compared to animals in the standard housing condition.

DISCUSSION

We showed that a complex rearing environment improves speed
of learning in the 5-choice task. Eventually, though, animals
reared in standard housing also acquired the learning criteria
and baseline performance was similar for all experimental
groups. Animals in the complex housing condition subsequently
performed better when stimulus duration was shortened or a
novel object was introduced in the cage, showing higher levels
of attention. However, behavioral inhibition was reduced in these
animals when challenged with a longer inter-trial interval. MD
did not influence responding in the 5-choice task, nor did it
moderate the effects of adolescent complex housing.

Effects of Complex Housing Condition
The start of complex housing caused an initial drop in
bodyweight, though animals recovered quickly. When exposed
for the first time to the 5-choice test chambers, complex housed
animals started to explore the environment more intensively than
standard housed animals, but they also habituated rapidly to the
new chambers. This is in line with results of Zimmermann et al.
(2001), showing faster habituation to novelty in rats provided
with a large near-to-natural complex rearing environment.
A faster acquisition of spatial information in complex housed
animals (Leggio et al., 2005) might explain the faster habituation
to a new (spatial) context. This might also have influenced
performance when a wood block was introduced in the
cage, allowing attention to be quickly allocated again to the
stimulus lights instead of being distracted by the novel object.
More efficient processing of spatial information and better
strategies to deal with environmental challenges most likely are
the result of the complex rearing environment that provides
novelty and sustained cognitive stimulation in a complex
social setting. Faster learning of the 5-choice SRTT and better
performance when attention is challenged thus probably result

from changes in alerting, orienting and executive function
networks, which are all involved in attention (Petersen and
Posner, 2012).

Complex housing might more efficiently wire functional brain
networks of attention, but this seems to come at a price. When
behavioral inhibition is challenged, complex housed animals
show more premature responses and thus –within the context
of the 5-choice task– perform worse. There could be a trade-
off between a quick response on the one hand and inhibition
of behavior on the other hand in an environment that makes
it profitable to be fast. The alerting network, though partly
overlapping in brain circuitry with attentional networks, is
more strongly driven by noradrenergic input from the locus
coeruleus to the frontal and parietal lobes, whereas impulsivity
is more closely linked to a dopaminergic system involving
the basal ganglia, anterior cingulate and the top–down control
exerted by cortical, especially prefrontal circuitry (Dalley et al.,
2011; Petersen and Posner, 2012). Complex housing might
influence both networks. Neuronal changes have indeed been
observed in the medial prefrontal cortex and mesocorticolimbic
structures of complex housed animals, in addition to changes in
neurotransmission, including altered dopaminergic functioning
(Stairs and Bardo, 2009).

We show that complex housed animals are more impulsive
in the 5-choice SRTT. This is in apparent contrast with a study
that showed less impulsivity in enriched housed animals in an
adjusting delay task (Perry et al., 2008). Impulsivity, however, is
not a simple unitary construct (Winstanley et al., 2006; Dalley
et al., 2008) and includes lack of inhibition of behavior, lack of
reflection on the consequences of one’s acts, and delay aversion,
with difficulties to postpone reward. In behavioral paradigms,
impulsive choice and impulsive action can be studied separately.
Impulsive choice (impulsive decision making) concerns actions
that are initiated without much concern for other possible
options or outcomes, while impulsive action involves lack of
behavioral inhibition, including actions that are premature,
mis-timed or difficult to suppress or control (Dalley et al.,
2008). The 5-choice SRTT measures impulsive action, while the
adjusting delay task measures impulsive choice. These measures
might have independent underlying mechanisms (Winstanley
et al., 2006), which can lead to apparently contrasting results.
Furthermore, control animals in the impulsive choice study
were socially isolated rather than standard housed, which might
have influenced the results, since social isolation is stressful in
itself.

After an experience of social isolation or chronic mild stress
during adolescence, impulsivity in the 5-choice SRTT was earlier
found to be increased compared to standard housed animals,
while attention was not affected (Baarendse et al., 2013; Comeau
et al., 2014). Together with other findings on social isolation
rearing (Hall, 1998; Van den Buuse et al., 2003; Solinas et al.,
2010), it appears that social isolation and chronicmild stressmore
generally disrupt cognitive control in adulthood, while complex
housing animals might involve a trade-off between attention and
impulsivity.

It has been suggested that environmental enrichment provides
a protective phenotype for drug abuse vulnerability and leads
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to less impulsivity (Stairs and Bardo, 2009; Zhang et al., 2014).
Indeed, rats that were highly impulsive in the 5-choice SRTT
showed enhanced self-administration of cocaine, nicotine and
sucrose compared to low impulsive rats and had reduced DA
D2/3 receptor binding in the ventral striatum (Dalley et al.,
2007). The increase in premature responses in these highly
impulsive rats in an ITI7 challenge shows a striking similarity
with the behavior of our complex housed animals, even though
baseline premature responses are clearly lower in our animals.
Like complex housed animals, impulsive rats also tended to be
quicker to respond to the stimulus. This similarity would not be
in favor of a drug protective phenotype in rats reared in a complex
(“enriched”) environment.

We also found that during the no-reward periods (inter-trial
interval and time-out), the complex housed animals preferably
approached the stimulus holes rather than the sugar pellet
compartment compared with standard housed animals. This
fits with the description of sign trackers (Tunstall and Kearns,
2015). Thus, sign trackers primarily approach and contact the
levers, while goal trackers primarily approach the site of food
delivery. From an incentive salience point of view, the sign
trackers attribute incentive salience to the conditioned stimulus,
and they have indeed been shown to choose cocaine over
food more often than goal trackers (Robinson et al., 2014;
Tunstall and Kearns, 2015). We found reduced behavioral
inhibition in the complex housed animals, who also presented
characteristics of sign tracking animals. This would favor a drug
prone over a drug protective phenotype. These findings raise
the question whether the complex housed animals share the
dopaminergic characteristics with highly impulsive rats. The
high-attention high-impulsive phenotype could shed more light
on the implication of impulsivity in drug abuse liability. Our
data therefore raise the question to what extent ‘environmental
enrichment’ is an appropriate term for continuous housing in
a challenging environment in the presence of a relatively large
group of conspecifics. We consider the designation ‘complex or
challenging housing environment’ more appropriate.

Effects of 24 h Maternal Deprivation
Following weaning, maternally deprived animals weighed less
than control non-deprived animals, consistent with other studies
(Burke et al., 2013; Marco et al., 2015). This difference
continued for several weeks into young adulthood, but eventually
disappeared. Based on studies applying 24 hMDon postnatal day
9 it has been proposed that disruption of leptin levels peaking
around postnatal day 10 could explain bodyweight differences
and altered metabolic programming (Marco et al., 2015). The
sensitive window for these effects may not be limited to these
postnatal days, since MD earlier in life seems to have similar
disruptive effects.

Somewhat to our surprise, a quite severe early life stress of
24 h MD did not significantly influence learning or performance
in the 5-choice task. Neither did we observe interactions of
complex housing with the early life experience. The protocol
of MD on postnatal day 3 has often been used in male rats
and was shown to alter HPA axis activity (Rots et al., 1996; van
Oers et al., 1997). Moreover, reduced levels of adult hippocampal

neurogenesis were observed, paralleled by impaired spatial
learning in the water maze, and improved contextual learning in
fear conditioning (Oomen et al., 2010). Adaptation to early life
stress might not always be unfavorable, as has also been shown in
studies where animals with a history of early life stress perform
poorly under low stress conditions, but outperform animals in
stressful tasks (Champagne et al., 2008; Bagot et al., 2009; Oomen
et al., 2010; Nederhof and Schmidt, 2012). Effects on information
processing are not consistent. Twenty-four hour MDs performed
at different ages did not influence adult sensorimotor gating in
prepulse inhibition (Lehmann et al., 2000), although others found
a reduced PPI in deprived animals (Ellenbroek et al., 1998). We
extend the picture by showing no effect of MD at postnatal
day 3 on attention and behavioral inhibition in the 5-choice
task performed in adulthood. It remains to be tested whether
deprivation at other time points might have differential effects.

Taken together, the present study suggests that living in a
complex challenging environment, enriched in social stimuli,
inanimate complexity, and cognitive stimulation, impacts on
brain circuits implicated in both attention and behavioral
inhibition. We observed a specific phenotype of improved
attention, but impaired behavioral inhibition, as measured in
the 5-choice SRTT. This points to a faster adaptation to
changes in the environment, but at the expense of lower
behavioral inhibition. The quite severe early life stress of
24 h MD did not by itself affect attention or behavioral
control in the 5-choice SRTT, nor did it moderate the
effects of complex housing. Timing and nature of early life
adversity might be relevant for its influence on responses
to later life environmental challenges in specific behavioral
domains.
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