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Abstract

Innate behaviors are shaped by contingencies built during evolutionary history. On the other hand, environmental stimuli
play a significant role in shaping behavior. In particular, a short period of environmental enrichment can enhance cognitive
behavior, modify effects of stress on learned behaviors and induce brain plasticity. It is unclear if modulation by
environment can extend to innate behaviors which are preserved by intense selection pressure. In the present report we
investigate this issue by studying effects of relatively short (14-days) environmental enrichment on two prominent innate
behaviors in rats, avoidance of predator odors and ability of males to attract mates. We show that enrichment has strong
effects on both the innate behaviors: a) enriched males were more avoidant of a predator odor than non-enriched controls,
and had a greater rise in corticosterone levels in response to the odor; and b) had higher testosterone levels and were more
attractive to females. Additionally, we demonstrate decrease in dendritic length of neurons of ventrolateral nucleus of
hypothalamus, important for reproductive mate-choice and increase in the same in dorsomedial nucleus, important for
defensive behavior. Thus, behavioral and hormonal observations provide evidence that a short period of environmental
manipulation can alter innate behaviors, providing a good example of gene-environment interaction.
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Introduction

Environmental enrichment (EE) is known to improve physiology
and behavior at multiple levels in a variety of species. In rodents,
early post-natal EE reduces emotional reactivity [1] and enhances
hippocampal-dependent learning in adults [2]. EE protects against
age dependent cognitive decline [3,4]. It additionally reduces
lesion size and behavioral deficits post-stroke in young and aged
rats [5,6]. EE also lessens many adverse effects of stress, instead
promoting homeostatic coping [4,7,8] and is known to be
anxiolytic [9]. Interestingly, EE successfully restores behavioral
deficits produced through purely genetic means [10,11]. EE in
early development increases overall thickness in a variety of
cortical regions, as well as of different individual cortical layers
[2,12,13,14,15]. At the level of cellular structure and function, EE
stimulates neurogenesis in the adult brain [16,17], is neuropro-
tective [18], and enhances synaptic plasticity [19,20,21,22].
Furthermore, EE increases expression of neurotrophins such as
NGF and BDNF [23,24,25,26]. These protective molecular effects
also extend to genes important for learning and memory [10].
Finally, EE in humans can reduce lesion size post-stroke
[27,28,29,30].

This large body of evidence suggests that EE generally promotes
the well being of an organism and is protective against insults.
Most of these studies have focused on laboratory paradigms of
learning and fear, and of their perturbations. However, the effects
of EE on ecthologically relevant naturalistic behaviors remain
largely unexplored. In this report we investigate the effects of EE
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on two salient naturalistic behaviors: intra-species signaling in
form of mate choice and inter-species signaling in form of aversion
to predator odors. Both of these responses are strong and hard-
wired, reflecting intense selection pressure for their maintenance.
Biological mediators of mate choice are often inter-twined with
predation risk. For example, bright plumage of males of many bird
species enhances reproductive attractiveness in parallel with
making animals more visible to predators. It can be plausibly
argued that a male rat signaling its resource-rich physiological
status by pheromones will also invite unwanted attention from
predators “eavesdropping” on chemical signals. Hence, we tested
if enriched males engage in compensatory behavioral modifica-
tions to reduce their predation risk. We show that short-term
sensory enrichment makes males more attractive to a receptive
estrous female and induces stronger aversion to predator odor in
them.

Castration of males abolishes their attractiveness to females,
which is reinstated if castrated males are supplemented with
exogenous testosterone [31]. This suggests that production of
pheromones and hence attractiveness to females in rats is
dependent, at least in part, on testosterone. On the other hand,
the stress hormone corticosterone is secreted during defensive
response [32]. Thus we measured both testosterone and cortico-
sterone levels. Both reproductive attraction and innate fear are
driven by specific nuclei of the ventromedial hypothalamic zone
(VMH). Specifically, the dorsomedial nucleus (VMHdm) is
important for defensive behaviors, while the ventrolateral nucleus
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(VMHUvI) is important for reproductive behaviors [33]. Structural
plasticity of dendrites has important implications for functional
plasticity through its effects on electrotonic properties, incorpora-
tion of active channels and formation of new synapses. Moreover,
dendritic changes are often associated with behavioral changes
[34,35,36]. Thus, we tested if neurons of VMHdm and VMHvI
undergo correlated changes that might drive any observed
behavioral changes.

Materials and Methods

Ethics Statement

All procedures related to animal maintenance and experimen-
tation were approved by the Stanford University’s Administrative
Panel on Laboratory Animal Care (APLAC) and were in
accordance with animal care standards outlined in National
Institute of Health (USA) guidelines.

Animals and Experimental groups

Adult male Wistar rats (10 weeks, Charles River, Wilmington,
MA) were housed in standard laboratory cages (3 animals per
cage) with food and water ad lLbitum and a day-night cycle of
14:10 h (lights on at 7 am). After 2-3 days of habituation in
standard cages, animals were divided into enriched (EE) and non-
enriched groups. EE composed of 14 days of housing in a highly
sensory environment as described before [8]. In short, animals (3/
cage) were housed in a Dbigger cage (dimension;
60 cm x60 cmx60 ¢cm) compared to standard laboratory cage
(45 cmx24 cmx20 cm) with wire-net walls, cylindrical burrowing
tubes, climbing plank, objects, nesting material and fruit-flavored
chews. The objects were rearranged and orientation of burrows
and planks were altered every 4™ day. Non-enriched animals
continued to be housed in standard laboratory rodent cages (3/
cage). During the course of experiments, control and enriched
animals gained comparable body weight (control: 58.9*4.4 g and
enriched: 59.6%3.5 g; p>0.9, student’s t-test). Separate cohort of
animals was used for different behavioral tests.

Mate choice

Estrous stage of female was determined based on cytological
features (cornified cells) of vaginal lavage. For Mate-choice, one
adult female animal in estrus was introduced into the centre of a
rectangular arena (92x35 cm, 40 cm high). Two standard mouse
cages with enriched and non-enriched males were placed at
terminal ends of the arena. The cages consisted of original bedding
from each of the groups. Females were changed between each
session for different pair of male animals. The total time of
exploration of the arena by the female was 10 minutes. The
amount of time the female spends near each of the male cages
were monitored and calculated as percentage time spent in the
male arena. This represents the female’s preference for each of the
males in the mate-choice task. A total of 25 females were used for
mate-choice test and the test was done in morning (8am—12noon)
and afternoon (1-6pm). Video records were analyzed using Any-
Maze software (Stoelting, Wood Dale, IL, USA). Some of video
records were analyzed manually using stop-watch in view of lower
contrast. Video records were coded before the analysis and
experimenter was blind to treatment conditions being analysed.

Aversion to predator odor

For predator odor test, both group of males (6 per group) were
exposed individually to a rectangular arena consisting of predator
odor placed in a towel at one end of arena (92x35 cm, 40 cm
high; 2 ml bobcat urine placed on a black piece of 6 cmx6 cm
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towel). They were allowed to explore the arena for 10 minutes and
time spent in bisect containing predator odor was scored.
Percentage time spent represented preference for predator odor.
Additionally, time spent exploring the towel containing predator
odor was also monitored as preference for predator odor. Risk
assessment was measured as the number of stretch-attend posture
the animal showed while exploring the area near predator odor.
This task specifically represents an active effort taken by the
animal to assess the amount of risk present in a particular area
[37,38]. The test was carried out in morning (8am—12noon).

Behavior in elevated plus maze and open arena

Both groups (6 animals per group) were allowed to explore
objects (ceramic objects) in a square arena
(60 cmx60 cmx45 cm) for 5 minutes and total time of explora-
tion (in seconds) was monitored. Anxiety-like behavior was tested
in an elevated plus maze (9 animals per group; 5 minute each
trial), consisting of two threatening (open and illuminated; each
arm 60 cmX15 cm) and two non-threatening arms (walled and
dark). Relative exploration in “open” arms, i.e., percentage time
spent in open arm and each sortie (total time spent in open arm/
number of entries) in open arm was quantified as index of anxiety
[36]. Two different cohorts of animals were used for the two
different tests. The tests were carried out in morning (8am—
12noon).

novel

Endocrine measurement

For testicular measurements, one testis of each animal was
homogenized and suspended in diethyl ether (twice the volume of
homogenized testis sample). The mixture was shaken and layers
were allowed to separate. Top layer containing the solvent was
pipetted out in a clean test tube. The procedure was repeated three
times and solvent layers were combined. Diethyl ether was then
evaporated to dryness. Extracted testosterone was dissolved in one
ml of aqueous buffer. Testosterone concentration was estimated by
enzyme linked immunoassay using commercial kit (Assay Designs,
Ann Arbor, MA, USA).

Testosterone and corticosterone concentration in plasma was
also measured. Both testosterone and corticosterone were mea-
sured in males at three different stages, at basal level (12 animals
per group), following exposure to estrous female (6 animals per
group) and following exposure to predator odor (6 animals per
group). Measures for basal and post female exposure were taken
from the same animal on the same day with a gap of at least
3 hours. Measure for predator odor was taken on the next day.
Tail vein blood was collected 30 minutes post-exposure and
prepared for endocrine measurement as described before [36]. In
short, blood was heparinised and centrifuged (centrifuge model
5415C, Eppendorf) at 10,000 rpm for 10 min to obtain plasma.
Titers (CORT and Testosterone) were assessed by using a
competitive enzyme immune assay kit (Assay Design). Typical
values for sensitivity and coefficient of variation for testosterone
EIA kit are 5.67 pg/ml (range 7.81-2,000 pg/ml) and 7.8% to
10.8%, respectively. Typical values for sensitivity and coefficient of
variation for corticosterone EIA kit are 27.0 pg/ml (range 32—
20,000 pg/ml) and 6.6% to 8%. Animals used for blood collection
were not used for behavioral tests to avoid any influence of blood
collection on behavior.

Morphological analysis

Separate group of animals (46 per group) were used for
morphological analysis to rule out any influence of behavior or
endocrine measurement on neuronal plasticity. Following 14 days
of EE both group of animals were sacrificed under deep anesthesia
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and brain tissue was collected and processed with rapid Golgi
staining technique described earlier [36]. In short, brain tissue
containing the VMH and medial amygdala was immersion fixed
and stained using a series of solutions including potassium
dichromate, formaldehyde and silver nitrate. Completely impreg-
nated, uncut neurons were selected from VMH nuclei (ventrolat-
eral and dorsomedial nuclei) and medial amygdala. Camera
Lucida neuronal tracings (500x) were obtained (Nikon Phase
Contrast) from selected neurons and were then scanned (8-bit
grayscale TIFF images with 1200 dpi resolution; Canon Multi-
passMP360) along with a calibrated scale for subsequent
computerized image-analysis. Custom-designed macros embedded
in ‘NIH Image’ software were used for morphometric analysis of
digitized images. Using the center of the soma as the reference
point, dendritic length was measured as a function of radial
distance from the soma, similar to previous report [36]. 3040
neurons per group per area were analyzed to compare between
enriched and non-enriched animals.

Statistics

Results are reported as Mean = SEM. Wilcoxon signed rank
test was used to estimate mate choice of estrous females for two
parts of arena with control and enriched male odors. Mann-
Whitney test was performed to compare inter-group differences in
all other instances. In both cases, exact tests were used to attain
freedom from distributional assumptions. Wherever appropriate, a
chi-square test was used to test deviation from ratios predicted by
random occurrence.

Results

We tested the preference of sexually-naive females for enriched
males against controls. Preference was determined by comparing
time spent by an estrous female in two opposing arms of an open
rectangular arena; each arm containing an inaccessible male
(control or enriched and its soiled bedding). Sexually naive females
spent more time in the enriched bisect (IFigure 1; Wilcoxon signed
rank test: p<<0.01; 453%=29 s in enriched bisect versus 306£26 s in
control, n =25 females). A preference score of enriched males was
computed for each trial by dividing time spent in the enriched
bisect by that in control. During 75% of trials, females spent more
time in the enriched bisect (Chi” test: #<<0.015; median preference
score = 1.4). We tested if EE increased testosterone levels of males
in parallel to making these males more attractive. The level of
testosterone inside testis was measured by enzyme-linked immune-
assay. Enriched animals contained greater amount of testosterone
(Figure 2a; 174% relative to control; p<<0.05, exact Mann-
Whitney test, n=8 males in each group). The amount of
circulating testosterone in the bloodstream was also quantified.
Clontrol animals did not exhibit a rise in circulating testosterone
concentrations when exposed to an estrous female. Circulating
testosterone concentrations were elevated in enriched animals
when exposed to an inaccessible estrous female (Figure 2b,
$<<0.05, exact Mann-Whitney test, n=6 males in each group)
compared to control group. The specificity of the testosterone rise
is borne out by the fact that cat odor did not raise testosterone
concentrations.

To test for predation risk posed by enrichment, control and
enriched males were presented with 2 ml of bobcat urine in an
arena and their explorations were recorded. Enriched animals
exhibited a robust increase in defensive behaviors compared to
respective controls. Enriched animals spent less time exploring the
predator odor (Figure 3a; 70% reduction; p<<0.01, exact Mann-
Whitney test, n=6 males in each group). Additionally, when
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Figure 1. Females prefer enriched males. In a 2-choice preference
task, estrous females spent more time in bisect containing inaccessible
enriched males and its soiled bedding. Ordinate depicts % time spent in
enriched bisect. Each dot in abscissa represents raw data from one
female. (relative to total time in control plus enriched bisects). Chi® test:
p<0.015, n=25.

doi:10.1371/journal.pone.0036092.g001

exploring predator odor, enriched animals undertook more risk
assessment, as demonstrated by an increased incidence of stretch
attend posture (Figure 3b; 189% increase over control; p<<0.03,
exact Mann-Whitney test, n=6 males in each group). Enriched
animals exhibited more robust increase in level of the stress
hormone corticosterone, as compared to control animals
(Figure 3c, exact Mann-Whitney test, n =6 males in each group),
after exposure to cat. The increased corticosterone concentration
in enriched animals was specific to predator threat, not occurring
after exposure to an estrous female.

Lesser exploration by enriched males near predator odor was
not due to a general lack of exploration. When presented with a
novel stimulus, exploration difference between both groups was
not statistically significant (Figure 4 b, p>0.05, exact Mann-
Whitney test, n=6 males in each group; exploration near two
unfamiliar ceramic objects). Innate aversion and risk assessment
for predator odor is an important part of defensive behavior in
rats. Another equally important facet of defensive behavior is
unconditioned avoidance of open and exposed areas that afford
greater visibility to predators. Parallel to greater innate fear to
predator cues, enriched animals also exhibited heightened
aversion to open spaces. In an elevated plus-maze, enriched
animals spent less time in open arms (Figure 4 a left panel, 70%
reduction; p<<0.05 exact Mann-Whitney test, n =7 males in each
group), with each sortie in open arms lasting for a shorter time
than control animals (Figure 4 a right panel, 55% reduction;
$<<0.05). The close arm entries did not differ between enriched
and control animals indicating similar levels of general locomotion
(Number of entries in close arm; Controls: 4.66=0.5 and
Enriched: 3+£0.577; p>0.05).

In agreement with the role of VMH in innate behaviors, we
observed dendritic plasticity in both sub-nuclei. Specifically,
VMHyvl neurons from enriched animals exhibited lower dendritic
length (Figure 5A, 20% reduction; p<<0.05 exact Mann-Whitney
test, n = 33 neurons in control and 35 neurons in enriched group),
while VMHdm neurons from same animals exhibited greater
dendritic length (Figure 5B, 27% increase, p<<0.05 exact Mann-
Whitney test, n=35 neurons in each group), compared to
respective controls. . These differences were not carry-over
manifestations of behavioral testing, because different set of
animals were used for behavioral and anatomical experiments.
Neurons in postero-ventral part of medial amygdala, a brain
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Figure 2. Enriched males have higher testosterone. Gonads of enriched animals contained more testosterone (A). n =8 males for each group.
Box plots all through the figure depict median, 25" percentile and 75t percentile. Dot and whiskers represent mean and SEM. *, p<<0.05; exact Mann-
Whitney test. Enriched animals secreted more testosterone in blood when presented with an estrous female, an effect absent in control males (B).
n=6 males for each group. *, p<<0.05, exact Mann-Whitney test between control and enriched.

doi:10.1371/journal.pone.0036092.g002

region that projects to both sub-nuclei of VMH, did not differ
between control and enriched animals.

Discussion

In this study, we show that sensory enrichment (EE) makes male
rats more attractive to females. EE also leads to greater levels of
gonadal androgens, which can then lead to more robust
pheromone production by males [39,40]. Additionally, enriched
males enhance their defensive behaviors in what could be a
behavioral compensation to greater predation risk that usually
comes with more robust sexual signaling.
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Female rats typically show clear mate preference [40,41,42].
Preference for certain males likely reflects her interest in ensuring a
good genetic legacy for offspring and the avoidance of a sexually
transmitted disease from a mating partner [43,44,45]. A male
capable of securing disparate amount of resources likely has
heritable capacity to endure competition from other males. It is in
the interest of males to advertise their capacity through inter-
sexual signaling, and it is in the interest of females to choose mates
based on the intensity of these sexual signals. We report that male
can advertise their access to physiological resources (e.g. testoster-
one) and females prefer enriched males. Because genetic legacy
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Figure 3. Enriched males are more defensive to predator. When presented with a towel containing bobcat urine, enriched animals spent less
time in vicinity of odor (A) and engaged in greater risk assessment (B). n =6 males for each group. Enriched animals secreted greater amount of stress
hormone, corticosterone, when exposed to cat odor (C). n=6 males for each group. *, p<0.05; exact Mann-Whitney test between control and

enriched.
doi:10.1371/journal.pone.0036092.g003
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Figure 4. Enriched animals avoid threatening environment.
Enriched animals exhibit specific avoidance of threatening open arms of
an elevated plus maze, n=7 (A). Enriched animals explore novel objects
similarly as control animals (B), n=6, *, p<<0.05; exact Mann-Whitney
test.

doi:10.1371/journal.pone.0036092.g004

and access to resources are intertwined in the natural world, it is
often difficult to discern causal relationships. By keeping genetic
background similar through use of inbred rats, we show that EE
directly influences physiological resource and mate choice.
Females choose males based on phenotypic traits that serve as
markers of a male’s reproductive worth [45]. Such phenotypic
traits are often testosterone-dependant. In that context, it is
interesting that we show enriched males produce more testoster-
one in their gonads and have higher circulating testosterone levels
in response to exposure to a female. Change in circulating
testosterone alone could imply change in either synthesis or
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degradation. Since here we show that testes retains the ability of
make more testosterone, it suggests that change in synthesis, rather
than degradation, contribute to enhanced testosterone. In
agreement with our observations, female rats tend to prefer areas
vacated by high-testosterone males [31].

In rodents, the intra-species signaling is mainly olfactory in
nature [46,47,48,49]. Being an open system, olfactory signals are
very easy to be detected by eavesdropping. This results in greater
opportunity costs of predation for enriched males. The predation
risk can be substantial because males need to constantly re-visit
their scent marks and replenish them [50]. Thus both susceptibility
to predators and ability to attract mates are intimately inter-
twined; increase in later necessarily increases susceptibility to
predators. In this report, we show that enriched males engage in
compensatory behavioral change by enhancing their innate fear to
predator cues. Under laboratory conditions, aversion to predator
cues manifests as lower amounts of exploration near predator
odors along with frequent risk assessment episodes [37,51].
Related to that, rats also avoid spaces that invite easy visualization
by predator, showing unconditioned anxiety-like behaviors in
open and illuminated places [52,53]. Both innate fear and
unconditioned anxiety-like behaviors are integral parts of the
repertoire of defensive behaviors in rats, with shared ethological
features, and consequently shared neural substrates [54]. In
agreement with this view, our results show that EE enhances
defensive behaviors in both facets of the fear repertoire. Despite
being aversive, fear is an adaptive drive, in that it provides
motivation and energy to a rat to actively avoid predators [54].

C. MePV

500+

0

Figure 5. Enriched males show neuronal plasticity in hypothalamus. Enriched animals show significantly reduced dendritic length of
neurons from VMHvI compared to non-enriched animals (A). Enriched animals show significantly enhanced dendritic length of neurons from VMHdm
compared to non-enriched animals (B). Representative neuronal tracings from VMHUvI (left) and VMHdm (right) for non-enriched (upper panel) and
enriched (lower panel) animals. Scale bar is 100 um. (Inset). Enriched and non-enriched animals show similar dendritic length of neurons from
postero-ventral part of medial amygdala MePV (C). **p<<0.01, exact Mann-Whitney test; n=30-40 neurons per group.

doi:10.1371/journal.pone.0036092.g005
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Rats that do not show appropriately intense fear of predators are
more likely to die; thus there is immense selection pressure to
maintain fear response. Hence, increase in fear by EE should be
viewed as an adaptive response. It is noteworthy that adaptive
value of anxiety, like any other trait, depends on prevailing
environment. For example, stressful environment promotes lower
maternal grooming in rats, which results in greater anxiety in
progeny [55,56]. It can be plausibly argued that these effects are
adaptive for progeny as they increase vigilance in an environment
expected to be filled with danger [55,56]. In case of enriched
animals, it can be speculated that their greater sexual conspicu-
ousness increases their risk of predation, in parallel to attracting
more females. Thus, high anxiety can be speculated to be adaptive
in this situation.

There are substantial differences between defensive behaviors
exhibited by wild rodents and domesticated laboratory strains
[57]. In view of these differences, it is possible that laboratory
housing environment of selective breeding diminishes fear and that
EE merely restores defensive behaviors to pre-domestication
baseline. These possibilities cannot be resolved using current data
and need direct comparison of EE effects in wild rat populations in
future. In laboratory animals, enrichment is generally thought to
reduce anxiety and fear [58,59,60,61,62], contrary to the present
report. These differences are probably due to the fact that we used
a relatively shorter paradigm (14 days as opposed to 3—6 months)
and also because we used a sensorial enrichment paradigm rather
than social enrichment. However, we do not observe greater
secretion of corticosterone in enriched animals at basal level.
Hence, it is unlikely that our enrichment paradigm enhances fear
and anxiety through induction of stress.

Pheromonal signaling in rodents can be perceived by both their
own species and others as well. There are numerous examples
whereby pheromonal signals are exploited by “illegitimate
receivers”, including prey, predators and parasites [63]. Thus,
the benefit of producing odors must be balanced with the cost of
predation. Hypothetically, this should lead to simultaneous
regulation of pheromone production and anti-predator response;
we observe evidence for this hypothesis.

It is remarkable that relatively short periods of EE can modulate
both of these behaviors. EE is known to have rather strong effects
on behaviors [1,2,5,7,8,10,11,20,25]. For example, a very early
study by Cooper and Zubek found that EE can annul behavioral
differences established through several generation of selective
breeding [64]. Laboratory strains of rats have undergone
protracted selective breeding in order to make them docile. As a
side-effect of selective breeding, most laboratory strains show a
blunted defensive response [57,65]. This is borne out by our
observations that control rats do not engage in risk assessment of
cat odors as much. Similar to effects showed by Cooper and
Zubek, we show that EE can reinstate behavioral responses that
were suppressed due to selective inbreeding. In agreement with
our observations, change in environment can unmask behaviors
that rats do not normally display in a laboratory cage environ-
ment. Thus environment plays a definitive role in mediating
behavior.

Previously, we showed that same enrichment paradigm
enhances hippocampus dependent contextual processing of fear
[8]. The anti-predator response we observe in this study could
arise due to stronger contextual processing as well. Similar
increase in anti-predator response has been reported earlier in
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case of familiar environment [66,67]. Our finding of strong
predator aversion becomes more intriguing because enriched
animals also showed higher risk-assessment, an active process of
searching for predator cue in immediate vicinity rather than mere
avoidance of novel environment.

The ventrolateral and dorsomedial part of the ventromedial
hypothalamus are known to be involved in reproductive and
defensive behaviors, respectively [33]. Our results show for the first
time, that neurons of ventromedial hypothalamus undergo
changes as a result of exposure to short-term EE in parallel to
enhanced adaptive behavior. Hypothlamic neurons are influenced
by androgens [34,68,69,70,71]. The adult brain retains androgen
receptors and the sexual dimorphic nature of the VMH, with
males exhibiting larger volume [69,71]. Additionally, VMHv] and
hypothalamus-pituitary axis are reciprocally connected, thus
diving secretion of androgens and in turn getting influenced by
them. In our study, the high testosterone levels of enriched males
might drive both reproductive and defensive behavior through
neuronal plasticity in the respective hypothalamic region. It is
intriguing to note that dorsomedial nucleus undergoes an increase
in dendritic length while ventrolateral nucleus undergoes a
decrease in the same. This presents a unique puzzle of dendritic
plasticity where same independent variable (here EE) causes
opposite effects on dendritic architecture in two different
hypothalamic regions. However, the phenomenon is not unheard
of. Stress similarly induces opposite patterns of dendritic plasticity
in the hippocampus (dendritic atrophy) and the amygdala
(dendritic expansion) [72].

Our findings reveal an additional interesting correlate. Stress
and glucocorticoids can augment dendritic trees in the amygdala
[36], increase amygdaloid excitability [73,74], and enhance
amygdaloid-dependent function, including fear conditioning
[75,76,77]. This suggests that glucocorticoids play a pivotal role
in gating the role of the amygdala in emotional responses. In
agreement with these observations, we report that EE causes
animal to exhibit greater amount of circulating corticosterone in
response to cat door, parallel to showing a greater amount of
innate fear.

In conclusion, studies concerning EE stretch back a half century
[78,79], and have explored the phenomenon in extensive detail.
Despite that, little work has explored the ethological relevance of
EE, something addressed in the present paper. We observe that in
male rats, EE enhances sexual attractiveness and sexual signaling
(i.e., higher testosterone levels), as well as enhancing predator
avoidance; moreover, we see logical opposing effects of EE on
neuronal cytoarchitecture in two relevant hypothalamic nuclei.
The possibility that these two sets of changes are plausibly coupled
(i.e., that increased predator avoidance is an adaptive compensa-
tion for the conspicuousness of increased sexual attraction) is
exciting, and awaits further study.

Acknowledgments

We thank Dr Ajai Vyas for technical help and editing.

Author Contributions

Conceived and designed the experiments: RM RS. Performed the
experiments: RM. Analyzed the data: RM. Contributed reagents/
materials/analysis tools: RS. Wrote the paper: RM RS.

netically-selected rat lines with divergent emotionality profiles. Neurosci Lett

137: 185-188.

May 2012 | Volume 7 | Issue 5 | 36092



20.

21.

22.

23.

24.

26.

27.

Leggio MG, Mandolesi L, Federico F, Spirito F, Ricci B, et al. (2005)
Environmental enrichment promotes improved spatial abilities and enhanced
dendritic growth in the rat. Behav Brain Res 163: 78-90.

Lores-Arnaiz S, Bustamante J, Arismendi M, Vilas S, Paglia N, et al. (2006)
Extensive enriched environments protect old rats from the aging dependent
impairment of spatial cognition, synaptic plasticity and nitric oxide production.
Behav Brain Res 169: 294-302.

Segovia G, del Arco A, Mora F (2009) Environmental enrichment, prefrontal
cortex, stress, and aging of the brain. J Neural Transm 116: 1007-1016.
Buchhold B, Mogoanta L, Suofu Y, Hamm A, Walker L, et al. (2007)
Environmental enrichment improves functional and neuropathological indices
following stroke in young and aged rats. Restor Neurol Neurosci 25: 467-484.
Saucier DM, Yager JY, Armstrong EA, Keller A, Shultz S (2007) Enriched
environment and the effect of age on ischemic brain damage. Brain Res 1170:
31-38.

Magalhaes A, Summavielle T, Tavares MA, de Sousa L (2004) Effects of
postnatal cocaine exposure and environmental enrichment on rat behavior in a
forced swim test. Ann N'Y Acad Sci 1025: 619-629.

Mitra R, Sapolsky RM (2009) Effects of enrichment predominate over those of
chronic stress on fear-related behavior in male rats. Stress 12: 305-312.
Sztainberg Y, Kuperman Y, Tsoory M, Lebow M, Chen A (2010) The
anxiolytic effect of environmental enrichment is mediated via amygdalar CRF
receptor type 1. Mol Psychiatry 15: 905-917.

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.

Restivo L, Ferrari F, Passino E, Sgobio C, Bock J, et al. (2005) Enriched
environment promotes behavioral and morphological recovery in a mouse
model for the fragile X syndrome. Proc Natl Acad Sci U S A 102: 11557-11562.
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.

Diamond MC, Law F, Rhodes H, Lindner B, Rosenzweig MR, et al. (1966)
Increases in cortical depth and glia numbers in rats subjected to enriched
environment. J Comp Neurol 128: 117-126.

Gelfo F, De Bartolo P, Giovine A, Petrosini L, Leggio MG (2009) Layer and
regional effects of environmental enrichment on the pyramidal neuron
morphology of the rat. Neurobiol Learn Mem 91: 353-365.

Rema V, Armstrong-James M, Jenkinson N, Ebner FF (2006) Short exposure to
an enriched environment accelerates plasticity in the barrel cortex of adult rats.
Neuroscience 140: 659-672.

Kempermann G, Kuhn HG, Gage FH (1997) More hippocampal neurons in
adult mice living in an enriched environment. Nature 386: 493-495.
Kempermann G, Kuhn HG, Gage FFH (1998) Experience-induced neurogenesis
in the senescent dentate gyrus. J Neurosci 18: 3206-3212.

. Young D, Lawlor PA, Leone P, Dragunow M, During MJ (1999) Environmental

enrichment inhibits spontaneous apoptosis, prevents seizures and is neuropro-

tective. Nat Med 5: 448-453.

. Artola A, von Frijtag JC, Fermont PC, Gispen WH, Schrama LH, et al. (2006)

Long-lasting modulation of the induction of LTD and LTP in rat hippocampal
CA1 by behavioural stress and environmental enrichment. Eur J Neurosci 23:
261-272.

Duffy SN, Craddock KJ, Abel T, Nguyen PV (2001) Environmental enrichment
modifies the PKA-dependence of hippocampal LTP and improves hippocam-
pus-dependent memory. Learn Mem 8: 26-34.

Irvine GI, Abraham WC (2005) Enriched environment exposure alters the
input-output dynamics of synaptic transmission in area CAl of freely moving
rats. Neurosci Lett 391: 32-37.

Irvine GI, Logan B, Eckert M, Abraham WC (2006) Enriched environment
exposure regulates excitability, synaptic transmission, and LTP in the dentate
gyrus of freely moving rats. Hippocampus 16: 149-160.

Ickes BR, Pham TM, Sanders LA, Albeck DS, Mohammed AH, et al. (2000)
Long-term environmental enrichment leads to regional increases in neurotro-
phin levels in rat brain. Exp Neurol 164: 45-52.

Pinaud R, Penner MR, Robertson HA, Currie RW (2001) Upregulation of the
immediate early gene arc in the brains of rats exposed to environmental
enrichment: implications for molecular plasticity. Brain Res Mol Brain Res 91:
50-56.

Torasdotter M, Metsis M, Henriksson BG, Winblad B, Mohammed AH (1998)
Environmental enrichment results in higher levels of nerve growth factor mRNA
in the rat visual cortex and hippocampus. Behav Brain Res 93: 83-90.

Zhao LR, Mattsson B, Johansson BB (2000) Environmental influence on brain-
derived neurotrophic factor messenger RNA expression after middle cerebral
artery occlusion in spontaneously hypertensive rats. Neuroscience 97: 177-184.
Barreca S, Velikonja D, Brown L, Williams L, Davis L, et al. (2003) Evaluation
of the effectiveness of two clinical training procedures to elicit yes/no responses
from patients with a severe acquired brain injury: a randomized single-subject

design. Brain Inj 17: 1065-1075.

. Johansson BB (2000) Brain plasticity and stroke rehabilitation. The Willis

lecture. Stroke 31: 223-230.
Savioz A, Leuba G, Vallet PG, Walzer C (2009) Contribution of neural networks
to Alzheimer disease’s progression. Brain Res Bull 80: 309-314.

. Xiong Y, Mahmood A, Chopp M (2009) Emerging treatments for traumatic

brain injury. Expert Opin Emerg Drugs 14: 67-84.

@ PLoS ONE | www.plosone.org

32.

33.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

59.

60.

61.

Enrichment Enhances Adaptive Behavior

Taylor GT, Haller J, Regan D (1982) Female rats prefer an area vacated by a
high testosterone male. Physiol Behav 28: 953-958.

Adamec RE, Blundell J, Burton P (2006) Relationship of the predatory attack
experience to neural plasticity, pCREB expression and neuroendocrine
response. Neurosci Biobehav Rev 30: 356-375.

Choi GB, Dong HW, Murphy A]J, Valenzuela DM, Yancopoulos GD, et al.
(2005) Lhx6 delineates a pathway mediating innate reproductive behaviors from
the amygdala to the hypothalamus. Neuron 46: 647-660.

McEwen BS, Coirini H, Westlind-Danielsson A, Frankfurt M, Gould E, et al.
(1991) Steroid hormones as mediators of neural plasticity. J Steroid Biochem
Mol Biol 39: 223-232.

Mitra R, Adamec R, Sapolsky R (2009) Resilience against predator stress and
dendritic morphology of amygdala neurons. Behav Brain Res 205: 535-543.
Mitra R, Sapolsky RM (2008) Acute corticosterone treatment is sufficient to
induce anxiety and amygdaloid dendritic hypertrophy. Proc Natl Acad Sci U S A
105: 5573-5578.

Dielenberg RA, Hunt GE, McGregor IS (2001) “When a rat smells a cat”: the
distribution of Fos immunoreactivity in rat brain following exposure to a
predatory odor. Neuroscience 104: 1085-1097.

Dielenberg RA, McGregor IS (1999) Habituation of the hiding response to cat
odor in rats (Rattus norvegicus). J] Comp Psychol 113: 376-387.
Ponmanickam P, Palanivelu K, Govindaraj S, Baburajendran R, Habara Y,
et al. Identification of testosterone-dependent volatile compounds and proteins
in the preputial gland of rat Rattus norvegicus. Gen Comp Endocrinol 167:
35-43.

Taylor GT, Regan D, Haller J (1983) Sexual experience, androgens and female
choice of a mate in laboratory rats. J Endocrinol 96: 43-52.

Bakker J, Van Ophemert J, Slob AK (1996) Sexual differentiation of odor and
partner preference in the rat. Physiol Behav 60: 489-494.

Zewail-Foote M, Diehl A, Benson A, Lee KH, Guarraci FA (2009) Reproductive
success and mate choice in Long-Evans rats. Physiol Behav 96: 98-103.

Able DJ (1996) The contagion indicator hypothesis for parasite-mediated sexual
selection. Proc Natl Acad Sci U S A 93: 2229-2233.

Hamilton WD, Zuk M (1982) Heritable true fitness and bright birds: a role for
parasites? Science 218: 384-387.

. Jones AG, Ratterman NL (2009) Mate choice and sexual selection: what have

we learned since Darwin? Proc Natl Acad Sci U S A 106 Suppl 1: 10001-10008.
Chamero P, Marton TF, Logan DW, Flanagan K, Cruz JR, et al. (2007)
Identification of protein pheromones that promote aggressive behaviour. Nature
450: 899-902.

Papes F, Logan DW, Stowers L. The vomeronasal organ mediates interspecies
defensive behaviors through detection of protein pheromone homologs. Cell
141: 692-703.

Stowers L, Marton TF (2005) What is a pheromone? Mammalian pheromones
reconsidered. Neuron 46: 699-702.

Roberts SA, Simpson DM, Armstrong SD, Davidson AJ, Robertson DH, et al.
(2010) Darcin: a male pheromone that stimulates female memory and sexual
attraction to an individual male’s odour. BMC Biol 8: 75.

Hurst JL, Beynon RJ (2004) Scent wars: the chemobiology of competitive
signalling in mice. Bioessays 26: 1288-1298.

Apfelbach R, Blanchard CD, Blanchard RJ, Hayes RA, McGregor IS (2005)
The effects of predator odors in mammalian prey species: a review of field and
laboratory studies. Neurosci Biobehav Rev 29: 1123-1144.

Carobrez AP, Bertoglio L] (2005) Ethological and temporal analyses of anxiety-
like behavior: the elevated plus-maze model 20 years on. Neurosci Biobehav Rev
29: 1193-1205.

Korte SM, De Boer SF (2003) A robust animal model of state anxiety: fear-
potentiated behaviour in the elevated plus-maze. Eur J Pharmacol 463:
163-175.

Mitra R, Sapolsky RM. Gene therapy in rodent amygdala against fear disorders.
Expert Opin Biol Ther 10: 1289-1303.

Champagne FA, Meaney MJ (2006) Stress during gestation alters postpartum
maternal care and the development of the offspring in a rodent model. Biol
Psychiatry 59: 1227-1235.

Champagne FA, Meaney M]J (2007) Transgenerational effects of social
environment on variations in maternal care and behavioral response to novelty.
Behav Neurosci 121: 1353-1363.

Blanchard RJ, Hebert MA, Ferrari PF, Palanza P, Figueira R, et al. (1998)
Defensive behaviors in wild and laboratory (Swiss) mice: the mouse defense test
battery. Physiol Behav 65: 201-209.

Benaroya-Milshtein N, Hollander N, Apter A, Kukulansky T, Raz N, et al.
(2004) Environmental enrichment in mice decreases anxiety, attenuates stress
responses and enhances natural killer cell activity. Eur J Neurosci 20:
1341-1347.

Friske JE, Gammie SC (2005) Environmental enrichment alters plus maze, but
not maternal defense performance in mice. Physiol Behav 85: 187-194.

Gortz N, Lewejohann L, Tomm M, Ambree O, Keyvani K, et al. (2008) Effects
of environmental enrichment on exploration, anxiety, and memory in female
TgCRND8 Alzheimer mice. Behav Brain Res 191: 43-48.

Imanaka A, Morinobu S, Toki S, Yamamoto S, Matsuki A, et al. (2008)
Neonatal tactile stimulation reverses the effect of neonatal isolation on open-field
and anxiety-like behavior, and pain sensitivity in male and female adult
Sprague-Dawley rats. Behav Brain Res 186: 91-97.

May 2012 | Volume 7 | Issue 5 | 36092



62.

63.

64.

66.

67.

68.

69.

70.

Iwata E, Kikusui T, Takeuchi Y, Mori Y (2007) Fostering and environmental
enrichment ameliorate anxious behavior induced by early weaning in Balb/c
mice. Physiol Behav 91: 318-324.

Zuk M, Kolluru GR (1998) Exploitation of sexual signals by predators and
parasitoids. The Quarterly Review of Biology 73: 415-438.

Cooper RM, Zubek JP (1958) Effects of enriched and restricted early
environments on the learning ability of bright and dull rats. Can J Psychol 12:
159-164.

Hammer RP, Jr., Hori KM, Blanchard R]J, Blanchard DC (1992) Domestication
alters 5-HT1A receptor binding in rat brain. Pharmacol Biochem Behav 42:
25-28.

Blanchard RJ, Blanchard DC (1989) Antipredator defensive behaviors in a
visible burrow system. ] Comp Psychol 103: 70-82.

Ribeiro-Barbosa ER, Canteras NS, Cezario AF, Blanchard RJ, Blanchard DC
(2005) An alternative experimental procedure for studying predator-related
defensive responses. Neurosci Biobehav Rev 29: 1255-1263.

Brown TJ, Adler GH, Sharma M, Hochberg RB, MacLusky NJ (1994)
Androgen treatment decreases estrogen receptor binding in the ventromedial
nucleus of the rat brain: a quantitative in vitro autoradiographic analysis. Mol
Cell Neurosci 5: 549-555.

Cooke BM, Woolley CS (2005) Gonadal hormone modulation of dendrites in
the mammalian CNS. J Neurobiol 64: 34—46.

Mong JA, McCarthy MM (1999) Steroid-induced developmental plasticity in
hypothalamic astrocytes: implications for synaptic patterning. J Neurobiol 40:
602-619.

@ PLoS ONE | www.plosone.org

71.

72.

73.

74.

76.

77.

78.

79.

Enrichment Enhances Adaptive Behavior

Sa SI, Madeira MD (2005) Neuronal organelles and nuclear pores of
hypothalamic ventromedial neurons are sexually dimorphic and change during
the estrus cycle in the rat. Neuroscience 133: 919-924.

Vyas A, Mitra R, Shankaranarayana Rao BS, Chattarji S (2002) Chronic stress
induces contrasting patterns of dendritic remodeling in hippocampal and
amygdaloid neurons. J Neurosci 22: 6810-6818.

Correll CM, Rosenkranz JA, Grace AA (2005) Chronic cold stress alters
prefrontal cortical modulation of amygdala neuronal activity in rats. Biol
Psychiatry 58: 382-391.

Duvarci S, Pare D (2007) Glucocorticoids enhance the excitability of principal
basolateral amygdala neurons. J Neurosci 27: 4482-4491.

Moriceau S, Shionoya K, Jakubs K, Sullivan RM (2009) Early-life stress disrupts
attachment learning: the role of amygdala corticosterone, locus ceruleus
corticotropin releasing hormone, and olfactory bulb norepinephrine. J Neurosci
29: 15745-15755.

Moriceau S, Wilson DA, Levine S, Sullivan RM (2006) Dual circuitry for odor-
shock conditioning during infancy: corticosterone switches between fear and
attraction via amygdala. J Neurosci 26: 6737-6748.

Kolber BJ, Roberts MS, Howell MP, Wozniak DF, Sands MS, et al. (2008)
Central amygdala glucocorticoid receptor action promotes fear-associated CRH
activation and conditioning. Proc Natl Acad Sci U S A 105: 12004-12009.
Denenberg VH, Woodcock JM, Rosenberg KM (1968) Long-term effects of
preweaning and postweaning free-environment experience on rats’ problem-
solving behavior. J Comp Physiol Psychol 66: 533-535.

Levine S (1957) Infantile experience and resistance to physiological stress.
Science 126: 405.

May 2012 | Volume 7 | Issue 5 | 36092



