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Abstract

OBJECTIVE: This study investigated the cognitive effect of chronic exposure to
environmental noise on RAWM performance of juvenile rats, and the ability of
adult rats exposed to a novel acute stress to perform in the RAWM as a function of
whether or not they were exposed to environmental noise as juveniles. METHODS:
We examined the consequences of exposure to noise during the juvenile-early
periadolescent period on adulthood stress response by assessing cognitive perfor-
mance in the RAWM. Male rats were exposed to environmental noise during the
childhood-prepubescent period (21-35 PND), and their RAWM performance was
tested at the end of the exposure to noise, and then again two months later when
they had to cope with a new stressful event. RAWM execution included a 3-day
training phase and a reversal learning phase on day 4. Escape latency, reference
memory errors and working memory errors were compared between experimen-
tal and control groups. In addition, body weight gain and serum corticosterone
levels were evaluated. RESULTS: Stressed rats demonstrated spatial impairment,
as evidenced by poor execution on day 4. This effect was significantly notice-
able in the doubly stressed group. Noise annoyance was evidenced by reduced
body weight gain and increased serum corticosterone levels. CONCLUSIONS: Our
results suggest that environmental noise may produce potent stress-like effects
in developing subjects that can persist into adulthood, affecting spatial learning
abilities. This cognitive impairment may restrict the subject’s ability to learn under
a new spatial configuration.
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Abbreviations:

RAWM - Radial Arm Water Maze

PND - postnatal day

CORT - corticosterone

HPA - Hypothalamic-Pituitary-Adrenal system
INTRODUCTION

Early-life experience plays a critical role in subsequent
neural, endocrine and cognitive development (Hofer
1994; Lewis 2004; Shors 2006). Development therefore
represents a critical period for shaping adult behav-
ior. A large body of evidence links early-life stress and
a wide variety of alterations in specific brain systems
implicated in mature cognitive functions (Weller et al.
1988; Lemaire et al. 2000; Weinstock 2001; Welberg &
Seckl 2001; Maccari et al. 2003; Shors 2006; Rice et al.
2008; Weinstock 2008). Experimental studies examin-
ing the long-term impact of early life experience usually
focus on two main stages: gestational stress (Owen et
al. 2005; Weinstock 2008) and early postnatal adversi-
ties, including mother-offspring manipulation during
the pre-weaning period (Heim and Nemeroff 1999;
Brunson et al. 2005; Tang et al. 2006). Only recently
has a later developmental period, the juvenile or pre-
pubescent stage, been focused upon. Exposure to stress
during this period may account for delayed effects on
cognitive skills (Maslova et al. 2002; Isgor et al. 2004;
Avital & Richter-Levin 2005; Pohl et al. 2007; Toledo-
Rodriguez & Sandi 2007). It has been suggested that
the time window between weaning and rat adolescence
represents an informative model for the study of human
childhood because of the increased independence,
social behavior, and immature sexuality described in
prepubescent rats (Spear 2000, Avital & Richter-Levin
2005; McCormick & Mathews 2007). Moreover, it is
known that the hippocampus, a brain structure partic-
ularly relevant for learning and memory, continues to
grow in the rat long after the first few weeks of life into
young adulthood, and that this growth is vulnerable to
chronic stress (Isgor et al. 2004).

Chronic stress in modern societies is in large part
provided by environmental factors. Noise pollution,
due to its disturbing nature, has been recognized as a
key factor for the development of stress-related dis-
eases (Maschke et al. 2000). The progressive growth
of noise load in the surroundings of daily life has
gained increased scientific attention. Artificial noise
models (pure tones or broad-band noise) have been
used to investigate the deleterious effects of noise on
behavioral and neuroendocrine profiles (Kim et al.
2006; Manikandan et al. 2006; Samson et al. 2007).
Rabat and coworkers developed novel adjustments of
environmental noise models to fit the rat’s audiogram,
successfully demonstrating deleterious effects on sleep
and memory (Rabat et al. 2005; 2006). In this way,
environmental noise represents a reliable and relatively
unexplored source of stress, the deleterious effects of

Long-term effects of stress on spatial learning

which can be accentuated by exposure during early
development.

Cognitive tasks involving the use of spatial learn-
ing are selectively affected by chronic stress (for review
see Sandi & Pinelo-Nava 2007). It is believed that the
chronic rise in glucocorticoid hormone levels produced
by stress mediates this effect (McEwen et al. 1986; Oitzl
& de Kloet 1992; Oitzl et al. 1994; de Kloet et al. 1999;
Sandi 2003). Moreover, it has been proven that HPA-
axis activity can be reprogrammed by chronic exposure
to stress during the fetal stage or during the first few
weeks of life, permanently changing the endocrine
response to stress (Edwards & Burnham 2001, Aisa et al.
2007; McPherson et al. 2007). Such hormone deregula-
tion induced by adverse conditions during early postna-
tal life may be highly detrimental for cognitive function
and the responsiveness of the HPA axis to subsequent
stress (Owen et al. 2005; Slotten et al. 2006; Meaney et
al. 2007). Spatial learning and memory are therefore
sensible indexes for measuring both short-term and
long-term noise stress annoyance. Spatial learning and
memory deficits can be studied in spatial maze tasks.
The Radial Arm Water Maze (RAWM) task combines
the two most widely-used tests assessing spatial learn-
ing processes (the radial arm maze and the Morris water
maze), and offers a significant advantage because of its
ability to simultaneously measuring spatial working
memory and reference memory errors (Shukitt-Hale et
al. 2004).

While very little is known about the cognitive effects
of environmental exposure to noise in developing sub-
jects, less is known about the impact of these experi-
ences on the adult response to a novel stressing event.
The aims of the present study were thus to determine (i)
a possible immediate or delayed effect on RAWM per-
formance of chronic exposure to environmental noise
during the postweaning-prepubescent period, and (ii)
the ability of adult rats exposed to a novel acute stress
to perform in the RAWM as a function of whether or
not they were exposed to environmental noise early in
their lives.

MATERIALS AND METHODS
Animals

The subjects were 84 Swiss Wistar male rats randomly
obtained from an in-house breeding facility at Centro
de Investigacion Biomedica de Occidente, Guadala-
jara, Mexico. The rats were weaned on postnatal day
21, housed in standard polycarbonate cages and main-
tained on a 12-h light-dark cycle, with lights on at
07:00. Standard Purina rat chow pellets and tap water
were provided ad libitum. Experimental procedures
were approved by the institutional ethics commission
and according to the US National Institute of Health
Guide for the Care and Use of Laboratory Animals.
Body weight was measured routinely on PND 21, 24,
28, 32, 36, 40 and weekly until postnatal day 90.
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Study design

To evaluate (i) the immediate effect of chronic exposure
to environmental noise during juvenility, and (ii) the
long-term effect of this exposure on coping with stress-
ors in adulthood, two experiments were assembled fol-
lowing the juvenile+adulthood stress formula modified
from Avital and Richter-Levin (2005) (Figure 1).

Experiment 1: Effects of chronic noise on WRAM perfor-
mance during juvenility

Here, we tested the immediate effect of exposure to
noise stress during juvenility on RAWM performance.
From PND 21 to PND 35, rats were randomly exposed
to a chronic noise stress protocol (Environmental
Noise, n=14) or not exposed (Control n=14). On PND
36, when the juvenile stress protocol was completed,
rats from both groups were evaluated in the RAWM
and tested for serum corticosterone (CORT) levels.

Experiment 2: Effects of exposure to noise during juvenil-
ity, on coping with stressors in adulthood

Here, we tested the ability of adult rats exposed to a
novel acute stress to perform in WRAM, as a function
of whether or not they were exposed to environmental
noise early in their lives. To this end, four groups were
created as follows:

1. Environmental Noise + Acute predator stress
(EN+APS): 14 rats exposed to noise stress during
juvenility (21-35 PND) and then re-exposed to
an acute predator stress paradigm at adulthood
(90 PND).

2. Acute predator stress (APS): 14 rats only exposed
to an acute predator stress paradigm at adulthood
(90 PND).

3. Long-term Environmental noise (LTEN): 14 rats
exposed to noise stress during juvenility (21—
35 PND) that were left undisturbed until adulthood

(90 PND).
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Fig. 1. General procedure. Illustrates the general procedure followed in our experiment. Experimental procedures
are chronologically depicted above the line and behavioral assessments (36 and 90 PND) are illustrated below.
Environmental noise, acute predator stress and WRAM procedures are schematized.
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4. Control: 14 rats that remain undisturbed during all
the experiment.
On PND 90, when rats completed the adulthood stress
protocol, a new assessment was performed for RAWM
and serum CORT levels.

Environmental exposure to noise before the onset of
puberty (PND 21-35)

For chronic environmental exposure to noise, the
rats’ audiogram-fitted adaptation of a noisy environ-
ment (Rabat et al. 2005) was employed. Briefly, urban
audio files containing unpredictable noise events with
a duration ranging from 18 to 39 s and spaced by silent
intervals ranging from 20 to 165 s were randomly pre-
sented to rats during the dark phase (19:00-07:00 h)
throughout the 15 days postweaning (21-35 PND)
(The audio files were kindly donated by Dr. A. Rabat).
Animals were housed in a special sound-isolated acous-
tic stress chamber provided with professional tweeters
(Steren Mexico 80-1088) suspended 60cm above the
solid grid cages and connected to an amplifier (Mackie
M1400; freq. 20 Hz-70kHz; 300 Watts-8 Q}) equipment
with mixer software that delivered the acoustic signal
at levels ranging from 70dB for the background noise
to 85-103dB for the noisy events. To make sure that
the sound intensity was homogeneous at all places in
the cage, noise intensity was measured by placing a
Radio Shack Realistic Sound Level Meter (Radio Shack,
Mexico) at several locations recording an average of the
various readings.

Acute predator stress exposure in adulthood (PND 90)

An inescapable predator stress protocol was carried out
by modifying the stress model from Toledo-Rodriguez
and Sandi (Toledo-Rodriguez & Sandi 2007). Unavoid-
able stress was evoked by taking the rat out of the home
cage in which it was group-housed, and placing it on an
elevated platform (21 x 20 cm?, located 90 cm above the
ground level) in the middle of a brightly lit room for
30 min. Additionally, an adult cat was transported to the
room in a transparent mesh box that allowed the rats
access to visual, olfactory, and acoustic stimuli associ-
ated with the cat, while preventing physical interaction
or attack. The timing of the stress was a single 30 min
event between 07:00 and 09:00 on postnatal day 90.

Corticosterone Assays

Immediately after the stress procedure, a subgroup of
rats was decapitated and their trunk blood was collected
in heparinized tubes. Plasma corticosterone levels were
measured using an enzyme immunoassay kit (Corre-
late-EIA from Assay Designs Inc., USA). Blood samples
were obtained immediately after the noise was ended
during the juvenile period, or immediately after the rat
was removed from the elevated platform during the
adulthood experiment (always between 07:00 and 08:00
hours, in order to avoid circadian variation).

Long-term effects of stress on spatial learning

Radial Arm Water Maze (RAWM)

Two groups of rats in experiment 1: Control (C) and
Environmental Noise (EN), and four groups of rats
in experiment 2: Control (C), Environmental Noise +
Acute predator stress (EN+APS), Acute predator stress
(APS) and Long-term environmental noise (LTEN)
were tested for performance in the RAWM to assess
spatial learning (Shukitt-Hale et al. 2004). In brief, a
black round swimming pool (180 cm in diameter, 40 cm
height) containing eight radial arms (40 cm high x43 cm
long) was filled with warm water (23+3°C) to a depth
of 32 cm. Fixed to the end of an arm, a submerged plat-
form (10 cm diameter x 30 cm high) was placed, so that
it remained hidden from sight. Spatial cues were placed
around the pool, which the rat could use to navigate
the maze (Figure 1). To begin a trial, a rat was placed in
the water and allowed to swim until it found the hidden
platform at the end of the goal arm. Each animal did
five trials per session (30 min intertrial interval) and
the sessions were repeated on four consecutive days.
On days 1-3, the hidden platform remained in arm 1
(learning phase), switching to arm 4 on day 4 (reversal
learning phase). Each trial started in a different arm
and lasted 120 seconds. If a rat could not find the plat-
form was guided to the goal arm and allowed to remain
there for 15 s. Then, the animal was removed, dried
off, and placed in a holding cage. All these experiments
were conducted between 07:00 and 13:00 h on each day.
Rats were trained simultaneously on the same day in a
closed, sound-proofed room lit with diffuse, attenuated
light. All trials were video-recorded to allow manual
analysis. We analyzed the following parameters:

Escape latency: It reflects spatial learning and was
quantified as the time required to reach the platform.

Reference memory errors: It refers to a memory for
information that is held constant over the time and was
quantified as the number of entries into arms that never
contained the platform.

Working memory errors: It is the ability to remember
information that must be distinguished from a similar
information previously learned and was quantified as
re-entries into an arm (Bizon et al. 2009).

Data analysis

The SPSS statistical software was used to perform the
statistical analysis. All results are expressed as means
+ SEM. A one-way analysis of variance (ANOVA) was
run to determine whether noise exposure resulted in
differences in body weight gain across the time. Values
for CORT and RAWM performance were also ana-
lyzed with analyses of variance (ANOVAs) and Tukey s
honestly significant difference (HSD) multiple means
comparisons were used to analyze post hoc differences.
p<0.05 was considered to be statistically significant.
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Fig. 2. Body weight gain in environmental noise-exposed rats. The
rat's body weight gain expressed in grams from 21 to 70 PND.
Bars represent the mean + S.E.M of the values obtained. Noise-
exposed rats gained less weight than control rats (statistically
significant only on 28 and 32 PND). *p<0.05.

RESULTS

Effect of environmental noise on body weight gain

Body weight measurements were obtained from rats
throughout the experiment (Figure 2). ANOVA revealed
that body weight gain was slower in rats exposed to 15
days of environmental noise. Such impairment became
statistically significant eight days after the start of the
experiment (28 PND) [F(1,17)=6.992; p<0.05] and
persisted until the exposure to noise was completed
(32 PND) [F(1,17)=5.687; p<0.05]. Once the noise was
removed, rats showed a slower body weight gain; how-
ever, this trend did not display statistical significance.

Experiment 1: Effects of chronic noise on CORT levels
and RAWM performance during juvenility.

CORT response after chronic environmental noise expo-
sure: At 36 PND, CORT serum level was evaluated in
rats exposed to 15-day environmental noise and the
control group (Figure 3a). We found significant dif-
ferences for CORT response between these groups
[F(1,5)=12.526; p<0.05.

RAWM execution during training period (days 1-3):
The control and noise-exposed rats performed a 5-day
trial. Results were averaged for simplification and clar-
ity of figures. Statistical analysis revealed no effect on
mean escape latency during the days 1 to 3 between
the groups. Reference and working memory errors
quantification indicated a similar performance for
both groups in days 2 and 3. It was only on day 1 that
exposed rats showed fewer reference memory errors
[F(1,17)=10.118; p<0.01] and working memory errors
[F(1,17)=8.123, p<0.05] as compared to controls (left
panels of Figure 4b,c).

RAWM execution during the reversal learning (day
4): On reversal learning day, when the hidden platform
was changed from arm 1 to arm 4. Animals exposed
to 15 days of environmental noise learned the new
location significantly slower than rats from the con-
trol group, as revealed by the shorter latency prior to
finding the hidden platform [F(1,17)=7.079; p<0.05]
(Figure 4a, right panel). A similar effect was found on
the reversal learning day for the number of reference
memory errors (entries into arms that did not have the
platform). Environmental noise-exposed rats commit-
ted significantly more reference memory errors than
the control group [F(1,17)=7.336; p<0.05] (Figure 4b,
right panel). Moreover, working memory impairment
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Fig. 3. Serum corticosterone levels in juvenile and adult rats. Mean + S.E.M plasma levels of corticosterone obtained after exposure to
environmental to noise (left panel, 36 PND) and after a new acute stress challenge (right panel, 90 PND). Increased CORT levels were
found after exposure to noise (*p<0.05) and immediately after the adult rats were exposed to a novel acute stress, in both the naive
exposed group (*p<0.01) and in the group previously exposed to noise (*p<0.001).
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SPATIAL LEARNING
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Fig. 4. RAWM performance after juvenile exposure to noise (36 PND): RAMW performance of juvenile rats for the four days following the end
of the environmental noise protocol. Left panels show the first 3 days (5 trials per day) of learning assessment when the platform (left
top scheme) remained in the same location. Right panels show the fourth training day (5 trials per day) when the platform was removed
to another position. Impairment was observed on the reversal day for a) escape latency, b) reference memory errors, and c) working
memory errors (*p<0.05).
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Fig. 5. RAWM performance after a new stress exposure (90 PND). RAWM execution in Control, Acute predator stress (APS), Environmental
noise + acute predator stress (EN+APS) and Long-term environmental noise (LTEN) groups evaluated at PND 90. Left panels show the
first 3 days (5 trials per day) of learning assessment when the platform (top scheme) remained in the same location. Right panels show
the fourth training day (5 trials per day) when the platform was removed to another position. EN+APS group exhibited the most robust
impairment on the reversal day in terms of: a) escape latency, b) reference memory errors, and c) working memory errors (*p<0.05).
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was a consequence of environmental exposure to noise,
as revealed by the increased working memory errors
(re-entries into an arm) committed by rats from the
exposed group in comparison with values obtained
from animal from the control group [F(1,17)=10.580;
p<0.01] (Figure 4c, right panel).

Experiment 2: Effects of exposure to noise during juvenil-
ity, on coping with stressors in adulthood.

CORT response at 90 PND: ANOVA revealed significant
differences between the groups for CORT response at
90 PND. Adult rats exposed to acute predator stress
(APS) exhibited significantly increased CORT levels
as compared to adult controls and the environmental
noise (LTEN)-exposed rats (ANOVA-Tukey; p<0.01).
Accordingly, rats exposed to environmental noise as
juveniles and acute predator stress as adults (EN+APS)
showed a significant increase in serum CORT levels as
compared to the control group and the rats exposed only
to environmental noise as juveniles (LTEN) (ANOVA-
Tukey; p<0.01). No differences were seen between the
doubly stressed EN+APS group and the singly stressed
APS group, or between the adult rats exposed to envi-
ronmental noise as juveniles (LTEN) and their corre-
sponding controls (Figure 3b).

RAWM execution during training period (days 1-3):
We did not find a main effect of group on escape
latency, reference memory errors or working memory
errors across the days 1-3. However, in day 1, sepa-
rate one-way ANOVA revealed reduced latencies from
all stressed rats as compared with the control group:
EN+APS [F=9.934; p>0.05], APS [F=6.857; p<0.01],
LTEN [F=8.401; p<0.01] (Figure 5a, left panel). At days
2 and 3, no significant differences in escape latency
were found among the four groups. No differences were
observed on working and reference memory errors
assessed at days 1-3 (left panels of Figures 5b,c).

RAWM performance on reversal learning (day 4): At
day 4, the escape platform was moved from arm 1 to
arm 4, and the animals were given 5 consecutive trials
to find the new position of platform (reversal learn-
ing). As shown in fig. 5, reversal learning test showed
statistically significant differences between controls
and juvenile+adulthood stressed rats (EN+APS). Thus,
juvenile exposure to environmental noise followed by
acute predator stress into adulthood showed a signifi-
cant impairment in the re-learning ability as indicated
by latency measures [F(1,17)=9.934; p<0.01]. Moreover,
re-stressed rats made considerably more errors during
reversal learning, as measured by reference memory
errors [F(1,17)=6.932; p<0.05] and working memory
errors [F(1,17)=14.027; p<0.01]. In contrast, rats that
were subjected to a single stressful event showed a less
severe impairment in their reversal learning ability.
Acute predator stress-exposed rats showed impairment
in the escape latency [F(1,17)=9.999; p<0.05], but not

Long-term effects of stress on spatial learning

in the reference or working memory errors. The envi-
ronmental noise-exposed rats that were evaluated at 90
PND (long-term environmental noise group) showed
significant impairment only in working memory
[F(1,17)=6.345; p<0.05]. No statistically significant dif-
ferences were observed between stressed groups.

DISCUSSION

The results of the present work demonstrate that
chronic exposure to environmental noise in the so-
called juvenile stage can exert deleterious stress-like
effects by reducing the normal body weight gain,
increasing the serum corticosterone levels and affect-
ing the rat’s ability to perform a spatial learning task
in the RAWM. Our results also demonstrate long-term
effects of such juvenile exposure that modulate the rat’s
ability to cope with stress later in life, as was revealed
by RAWM performance after exposure to a new acute
predator stress. Furthermore, we were able to distin-
guish a temporal impairment in the reversal learning
ability of those rats.

As expected on the basis of results from other
authors, we first investigated whether this novel envi-
ronmental noise protocol induces stress-like effects.
We examined whether exposure to stress modulates the
rate of body weight gain in the juvenile-exposed rats,
and whether this stress increased serum corticoste-
rone levels. Body weight gain reduction was observed
on noise exposed rats and CORT levels appeared
elevated on PND 36, the day after the last experimen-
tal exposure to environmental noise. Thus, classical
indicators of stress induced annoyance were found in
the noise exposed rats. Although we performed no
inter-exposure measurements, we can hypothesize
that HPA-axis activity remained elevated during most
of the noisy days. This hypothesis may be supported
by other reports showing that HPA activity remains
altered when an interstimulus interval is introduced to
the noise protocol (Atkinson et al. 2006; Masini et al.
2008). As shown in a previous a study, this stress model
did not produce habituation upon a 9-day noise expo-
sure (Rabat et al. 2005). Considering that our CORT
measurements were recorded after the final exposure
to noise, we can assume that a similar or even more
pronounced elevation occurred on previous exposure
days. Both elevation in glucocorticoid hormones and
reduced body weight gain are widely accepted as stress
indicators (Herman & Cullinan 1997; Maschke et al.
2000; Tsigos & Chrousos 2002).

RAWM performance was affected as a consequence
of exposure to environmental noise. When rats had
to learn in a new spatial configuration, exposed rats
showed cognitive impairment evidenced by a longer
time to find the submerged platform on the reversal
learning day. In addition, stressed rats committed sig-
nificantly more errors (both reference and working
memory) than rats from the control group. Similar
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results were obtained by Shukitt-Hale and coworkers,
who assessed the effect of age using the same water
radial arm maze protocol. Aged rats showed a similar
execution profile with process limited impairment in
the reversal learning ability and perseverant behavior
(Shukitt-Hale et al. 2004). Reversal learning involves
a cognitive process that allows the perception and
adaptation to new informational cues; such cognitive
process could be altered under aging and some patho-
logical circumstances, which cause animals to persis-
tently use behavioral strategies based on old rules that
are no longer applicable (Salazar et al. 2004). Gluco-
corticoid receptors could be mainly involved in such
impairment because similar effects were observed in
dexamethasone treated rats (Cerqueira et al. 2005).
Moreover, a recent experiment evaluating the effect of
chronic-mild-stress on cognition, failed to observe spa-
tial learning impairment in stressed rats, but displayed
significant impairment when tested those animals in a
reversal learning task (Bessa et al. 2009). Thus, reversal
learning could be a more sensible process than spatial
learning to the aversive effects of mild stressors includ-
ing environmental noise.

Reversal learning impairment was reanimated by
subsequent stress. A primary aim of this study was
to assess the ability of adult rats exposed to a novel
acute stress to perform in the RAWM, as a function
of whether or not they were exposed to environmen-
tal noise early in their lives. Again, the most impor-
tant effect was observed on the fourth day of cognitive
assessment when the rats had to learn a new platform
location. The juvenile+adulthood stressed group
showed the most dramatic and consistent effect. In these
rats, detrimental effects on escape latency, reference
memory and working memory errors were observed.
In contrast, rats that were subjected to a single stressful
event showed a less noticeable effect. Acute exposure
to inescapable predator stress produced only a signifi-
cant impairment in escape latency. Long-term effects
of juvenile exposure to noise were only evident in the
working memory errors. Based upon these results, it
appears that both conditions, early exposure to envi-
ronmental noise and later adulthood acute stress, gen-
erated an additive-like effect, because neither of these
conditions produced an equally detrimental effect by
itself. Thus, early exposure affected selectively the late
response to acute stress. These results are further sup-
ported by previous studies showing that learning and
memory processes in adult rats exposed to stress are
positively or negatively affected depending on whether
they were exposed to a stressor early in life. Acute
juvenile stress for example, increased the ability of
rats to perform in the water maze after a new stress
event, registered 4 weeks later. However, the same
task execution was impaired when tested without the
novel exposure (Avital et al. 2006). Stress differentially
affected the acquisition, consolidation and extinction
of fear memories as assessed in middle adolescence

or adulthood. Males stressed before puberty showed
a decreased ability to extinguish auditory fear memo-
ries in adulthood (Toledo-Rodriguez & Sandi 2007).
Studies that investigate a chronic stress paradigm in
the juvenile stage with posterior cognitive assessment,
revealed either impairment (Isgor et al. 2004) or no
effect (Toth et al. 2008) on hippocampal-dependent
learning. The latter finding (no effect) appears simi-
lar to our results if we consider the first three days of
training when learning conditions were stable. From
this point of view, it is likely that spatial learning is a
cognitive process resistant to the long-term effects
of the particular stress protocol used in the present
work. However, the re-learning capability evaluated
on the reversal learning day appears more sensitive to
the delayed effects of early exposure to noise. On this
line, the reduced flexibility observed again becomes
the key finding of this study. This impaired ability to
adapt to new informational cues has been described in
some stress-related pathologies such as post-traumatic
stress disorder and depression (Heim & Nemeroff
1999; Teicher et al. 2003). Coincidently, prefrontal
cortex is mainly involved in both, behavioral flexibility
and stress related disorders (Lapiz-Bluhm et al. 2009).
Thus, our results support the hypothesis that stress
prior to puberty disrupts the normal prefrontal cortex
development resulting in abnormal functioning at
adulthood (Toledo-Rodriguez & Sandi 2007). In addi-
tion, our results supports the hypothesis that juvenile
aversive experiences determine future coping ability to
stressful conditions; a suggestion that has been recently
proposed as the basis of the increased predisposition
to anxiety and depression that follows psychology
trauma during childhood (Teicher et al. 2006; Tsoory
et al. 2007). Several studies in rats suggest that expo-
sure to stressors during postweaning-periadolescent
stages affects limbic system development. Exposure to
juvenile stress permanently affects the function of the
neural cell adhesion molecule, an essential protein in
neural development, regeneration, synaptic plasticity
and memory formation processes (Tsoory et al. 2008).
Furthermore, it has been reported that stress during
the peripubertal-juvenile period induces deficits in
hippocampal morphology, cognition, HPA-axis func-
tion, and brain neurosteroid levels (Isgor et al. 2004;
Avital et al. 2006). Thus, we hypothesized that the
long-term effects of early exposure to noise were only
evident on the spatial working memory, some endur-
able changes may occur at behavioral or morphologi-
cal levels, which allowed the rats to respond with more
dramatic impairments when confronted with a new
stressing condition. Taken together, noise represents
a relevant environmental stressor that contributes to
the reduced behavioral flexibility frequently associated
with stress-related pathologies.
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CONCLUSION

Chronic environmental noise exposure affects the
learning capabilities by reducing the juvenile rat’s flex-
ibility to learn under a new spatial configuration. Such
impairment appears to be permanent enhanced when
the rats — as adults — are confronted with a new acute
stressing condition. Since studies carried out in the
prepubertal period of the rat are considered relevant
to conditions in human childhood, attention must be
focused on research regarding the particular mecha-
nisms linking these kinds of impairments with some
experience-induced predispositions to stress-related
psychopathologies.

ACKNOWLEDGEMENT

The authors would like to thank Dr. Rabat A, and the
members of his Physiopathologie du Comportement
research group for providing the noisy audio files
employed in this work; To Dr. Diego Redolar (Facultad
de Psicologia, UAB) and M.Sci. Norma Moy (Facultad
de psicologia UCOL) for their help in the statistical
analyses; and to Drs. Jorge Juarez and Sergio Meneses
(Instituto de Neurociencias UdG) for their helpful dis-
cussion. This work was supported by research grants
CONACyT 52545-M and FIS/IMSS/PROT/026; FIS/
IMSS/PROT/521.

Competing interests: The authors declare that they have
no competing interests.

REFERENCES

1 Aisa B, Tordera R, Lasheras B, Del Rio J, Ramirez MJ (2007). Cogni-
tive impairment associated to HPA axis hyperactivity after mater-
nal separation in rats. Psychoneuroendocrinology. 32: 256-266.

2 Atkinson HC, Wood SA, Kershaw YM, Bate E, Lightman SL (2006).
Diurnal variation in the responsiveness of the hypothalamic-
pituitary-adrenal axis of the male rat to noise stress. J Neuroen-
docrinol. 18: 526-533.

3 Avital A, Ram E, Maayan R, Weizman A, Richter-Levin G (2006).
Effects of early-life stress on behavior and neurosteroid levels in
the rat hypothalamus and entorhinal cortex. Brain Res Bull. 68:
419-424.

4 Avital A and Richter-Levin G (2005). Exposure to juvenile stress
exacerbates the behavioural consequences of exposure to stress
in the adult rat. Int J Neuropsychopharmacol. 8: 163-173.

5 Bessa JM, Mesquita AR, Oliveira M, Pego JM, Cerqueira JJ, Palha
JA, Almeida OF, Sousa N (2009). A trans-dimensional approach to
the behavioral aspects of depression. Front Behav Neurosci. 3: 1.

6 Bizon JL, LaSarge CL, Montgomery KS, McDermott AN, Setlow
B, Griffith WH (2009). Spatial reference and working memory
across the lifespan of male Fischer 344 rats. Neurobiol Aging. 30:
646-55.

7 Brunson KL, Kramar E, Lin B, Chen Y, Colgin LL, Yanagihara TK,
Lynch G, Baram TZ (2005). Mechanisms of late-onset cognitive
decline after early-life stress. J Neurosci. 25: 9328-9338.

8 Cerqueira JJ, Pego JM, Taipa R, Bessa JM, Almeida OF, Sousa
N (2005). Morphological correlates of corticosteroid-induced
changes in prefrontal cortex-dependent behaviors. J Neurosci.
25:7792-7800.

Long-term effects of stress on spatial learning

9 de Kloet ER, Oitzl MS, Joels M (1999). Stress and cognition: are
corticosteroids good or bad guys? Trends Neurosci. 22: 422-426.

10 Edwards HE and Burnham WM (2001). The impact of corticoste-
roids on the developing animal. Pediatr Res. 50: 433-440.

11 Heim C and Nemeroff CB (1999). The impact of early adverse
experiences on brain systems involved in the pathophysiology of
anxiety and affective disorders. Biol Psychiatry. 46: 1509-1522.

12 Herman JP and Cullinan WE (1997). Neurocircuitry of stress:
central control of the hypothalamo-pituitary-adrenocortical axis.
Trends Neurosci. 20: 78-84.

13 Hofer MA (1994). Early relationships as regulators of infant physi-
ology and behavior. Acta Paediatr Suppl. 397: 9-18.

14 Isgor C, Kabbaj M, Akil H, Watson SJ (2004). Delayed effects of
chronic variable stress during peripubertal-juvenile period on
hippocampal morphology and on cognitive and stress axis func-
tions in rats. Hippocampus. 14: 636-648.

15 Kim H, Lee MH, Chang HK, Lee TH, Lee HH, Shin MC, Shin MS, Won
R, Shin HS, Kim CJ (2006). Influence of prenatal noise and music
on the spatial memory and neurogenesis in the hippocampus of
developing rats. Brain Dev. 28: 109-114.

16 Lapiz-Bluhm MD, Soto-Pina AE, Hensler JG, Morilak DA (2009).
Chronic intermittent cold stress and serotonin depletion induce
deficits of reversal learning in an attentional set-shifting test in
rats. Psychopharmacology. 202: 329-341.

17 Lemaire V, Koehl M, Le Moal M, Abrous DN (2000). Prenatal
stress produces learning deficits associated with an inhibition of
neurogenesis in the hippocampus. Proc Natl Acad Sci U S A. 97:
11032-11037.

18 Lewis MH (2004). Environmental complexity and central nervous
system development and function. Ment Retard Dev Disabil Res
Rev. 10: 91-95.

19 Maccari S, Darnaudery M, Morley-Fletcher S, Zuena AR, Cinque C,
Van Reeth O (2003). Prenatal stress and long-term consequences:
implications of glucocorticoid hormones. Neurosci Biobehav
Rev. 27:119-127.

20 Manikandan S, Padma MK, Srikumar R, Jeya Parthasarathy N,
Muthuvel A, Sheela Devi R (2006). Effects of chronic noise stress
on spatial memory of rats in relation to neuronal dendritic alter-
ation and free radical-imbalance in hippocampus and medial
prefrontal cortex. Neurosci Lett. 399: 17-22.

21 Maschke C, Rupp T, Hecht K (2000). The influence of stressors on
biochemical reactions--a review of present scientific findings
with noise. Int J Hyg Environ Health. 203: 45-53.

22 Masini CV, Day HE, Campeau S (2008). Long-term habituation to
repeated loud noise is impaired by relatively short interstressor
intervals in rats. Behav Neurosci. 122: 210-223.

23 Maslova LN, Bulygina VV, Popova NK (2002). Immediate and
long-lasting effects of chronic stress in the prepubertal age on
the startle reflex. Physiol Behav. 75: 217-225.

24 McCormick CM and Mathews IZ (2007). HPA function in adoles-
cence: role of sex hormones in its regulation and the enduring
consequences of exposure to stressors. Pharmacol Biochem
Behav. 86: 220-233.

25 McEwen BS, De Kloet ER, Rostene W (1986). Adrenal steroid
receptors and actions in the nervous system. Physiol Rev. 66:
1121-1188.

26 McPherson RJ, Gleason C, Mascher-Denen M, Chan M, Kellert B,
Juul SE (2007). A new model of neonatal stress which produces
lasting neurobehavioral effects in adult rats. Neonatology. 92:
33-41.

27 Meaney MJ, Szyf M, Seckl JR (2007). Epigenetic mechanisms of
perinatal programming of hypothalamic-pituitary-adrenal func-
tion and health. Trends Mol Med. 13: 269-277.

28 Oitzl MS and de Kloet ER (1992). Selective corticosteroid antago-
nists modulate specific aspects of spatial orientation learning.
Behav Neurosci. 106: 62-71.

29 Oitzl MS, Fluttert M, de Kloet ER (1994). The effect of corticos-
terone on reactivity to spatial novelty is mediated by central
mineralocorticosteroid receptors. Eur J Neurosci. 6: 1072-1079.

30 Owen D, Andrews MH, Matthews SG (2005). Maternal adversity,
glucocorticoids and programming of neuroendocrine function
and behaviour. Neurosci Biobehav Rev. 29: 209-226.

Neuroendocrinology Letters Vol.31 No.4 2010 - Article available online: http://node.nel.edu

547



548

F. Jduregui-Huerta, Y. Ruvalcaba-Delgadillo, J. Garcia-Estrada, A. Feria-Velasco, R. Ramos-Zufiga, O. Gonzalez-Perez, S. Luquin

31 Pohl J, Olmstead MC, Wynne-Edwards KE, Harkness K, Menard JL
(2007). Repeated exposure to stress across the childhood-ado-
lescent period alters rats’ anxiety- and depression-like behaviors
in adulthood: The importance of stressor type and gender.
Behav Neurosci. 121: 462-474.

32 Rabat A, Bouyer JJ, Aran JM, Le Moal M, Mayo W (2005). Chronic
exposure to an environmental noise permanently disturbs sleep
in rats: inter-individual vulnerability. Brain Res. 1059: 72-82.

33 Rabat A, Bouyer JJ, George O, Le Moal M, Mayo W (2006). Chronic
exposure of rats to noise: relationship between long-term
memory deficits and slow wave sleep disturbances. Behav Brain
Res. 171:303-312.

34 Rice CJ, Sandman CA, Lenjavi MR, Baram TZ (2008). A novel
mouse model for acute and long-lasting consequences of early
life stress. Endocrinology. 149(10): 4892-4900.

35 Salazar RF, White W, Lacroix L, Feldon J, White IM (2004). NMDA
lesions in the medial prefrontal cortex impair the ability to
inhibit responses during reversal of a simple spatial discrimina-
tion. Behav Brain Res. 152: 413-424.

36 Samson J, Sheeladevi R, Ravindran R, Senthilvelan M (2007).
Stress response in rat brain after different durations of noise
exposure. Neurosci Res. 57: 143-147.

37 Sandi C (2003). [Glucocorticoid involvement in memory consoli-
dation]. Rev Neurol. 37: 843-848.

38 Sandi C, Pinelo-Nava MT (2007). Stress and memory: behavioral
effects and neurobiological mechanisms. Neural Plast. 2007:
78970.

39 Shors TJ (2006). Stressful experience and learning across the
lifespan. Annu Rev Psychol. 57: 55-85.

40 Shukitt-Hale B, McEwen JJ, Szprengiel A, Joseph JA (2004). Effect
of age on the radial arm water maze-a test of spatial learning
and memory. Neurobiol Aging. 25: 223-229.

41 Slotten HA, Kalinichev M, Hagan JJ, Marsden CA, Fone KC. (2006).
Long-lasting changes in behavioural and neuroendocrine indi-
ces in the rat following neonatal maternal separation: gender-
dependent effects. Brain Res. 1097: 123-132.

42 Spear LP (2000). The adolescent brain and age-related behav-
ioral manifestations. Neurosci Biobehav Rev. 24: 417-463.

43 Tang AC, Akers KG, Reeb BC, Romeo RD, McEwen BS (2006).
Programming social, cognitive, and neuroendocrine develop-
ment by early exposure to novelty. Proc Natl Acad Sci U S A. 103:
15716-15721.

44 Teicher MH, Andersen SL, Polcari A, Anderson CM, Navalta CP,
Kim DM (2003). The neurobiological consequences of early
stress and childhood maltreatment. Neurosci Biobehav Rev. 27:
33-44.

45 Teicher MH, Tomoda A, Andersen SL (2006). Neurobiological
consequences of early stress and childhood maltreatment: are
results from human and animal studies comparable? Ann N Y
Acad Sci. 1071: 313-323.

46 Toledo-Rodriguez M, Sandi C (2007). Stress before puberty
exerts a sex- and age-related impact on auditory and contextual
fear conditioning in the rat. Neural Plast. 2007: 71203.

47 Toth E, Avital A, Leshem M, Richter-Levin G, Braun K (2008).
Neonatal and juvenile stress induces changes in adult social
behavior without affecting cognitive function. Behav Brain Res.
190: 135-139.

48 Tsigos C, Chrousos GP (2002). Hypothalamic-pituitary-adrenal
axis, neuroendocrine factors and stress. J Psychosom Res. 53:
865-871.

49 Tsoory M, Cohen H, Richter-Levin G (2007). Juvenile stress
induces a predisposition to either anxiety or depressive-like
symptoms following stress in adulthood. Eur Neuropsychophar-
macol. 17: 245-256.

50 Tsoory M, Guterman A, Richter-Levin G (2008). Exposure to

stressors during juvenility disrupts development-related altera-

tions in the PSA-NCAM to NCAM expression ratio: potential
relevance for mood and anxiety disorders. Neuropsychopharma-

cology. 33:378-393.

Weinstock M (2001). Alterations induced by gestational stress in

brain morphology and behaviour of the offspring. Prog Neuro-

biol. 65: 427-451.

52 Weinstock M (2008). The long-term behavioural consequences
of prenatal stress. Neurosci Biobehav Rev. 32: 1073-1086.

53 Welberg LA, Seckl JR (2001). Prenatal stress, glucocorticoids and
the programming of the brain. J Neuroendocrinol. 13: 113-128.

54 Weller A, Glaubman H, Yehuda S, Caspy T, Ben-Uria Y (1988).
Acute and repeated gestational stress affect offspring learning
and activity in rats. Physiol Behav. 43: 139-143.

5

iy

Copyright © 2010 Neuroendocrinology Letters ISSN0172-780X « www.nel.edu



