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Abstract

Environmental enrichment can modulate mild and chronic stress, responses to anxiogenic stimuli

as well as drug vulnerability in a number of animal models. The current study was designed to

examine the impact of postnatal environmental enrichment on selectively bred 4th generation high

(HAn) and low anxiety (LAn) male rats. After weaning, animals were placed in isolated, social

and enriched environments (e.g., toys, wheels, ropes, changed weekly). We measured anxiety-like

behavior (ALB) on the elevated plus maze (EPM; trial 1 at PND 46, trial 2 at PND 63),

amphetamine (0.5 mg/kg, IP)-induced locomotor behavior, basal and post anxiogenic stimuli

changes in (1) plasma corticosterone, (2) blood pressure and (3) core body temperature. Initially,

animals showed consistent trait differences on EPM with HAn showing more ALB but after 40

days in select housing, HAn rats reared in an enriched environment (EE) showed less ALB and

diminished AMPH-induced activity compared to HAn animals housed in isolated (IE) and social

environments (SE). In the physiological tests, animals housed in EE showed elevated

adrenocortical responses to forced novel object exposure but decreased body temperature and

blood pressure changes after an air puff stressor. All animals reared in EE and SE had elevated

BDNF-positive cells in the central amygdala (CeA), CA1 and CA2 hippocampal regions and the

caudate putamen, but these differences were most pronounced in HAn rats for CeA, CA1 and

CA2. Overall, these findings suggest that environmental enrichment offers benefits for trait

anxiety rats including a reduction in behavioral and physiological responses to anxiogenic stimuli

and amphetamine sensitivity, and these responses correlate with changes in BDNF expression in

the central amygdala, hippocampus and the caudate putamen.
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1. Introduction

Anxiety disorders are prevalent and have been studied extensively in clinical settings

(Mojabai, Olfson and Mechanic, 2002; Ressler and Mayber, 2007; Young et al., 2001).

Many people suffering from anxiety often also present with substance use (Merikangas,

Dierker and Szatmari, 1998) with an estimated 17.71% of people meeting criteria for both a

12-month substance use disorder and anxiety disorder (Grant et al. 2004). An often-used

method for studying anxiety in an animal model is the exploitation of selective breeding to

produce animals that display a specific anxiety profile. Inbred lines of high anxiety-like

behavior (HAB) rats show similar profiles to anxious clinical populations, with increased

adrenocortical response (Landgraf et al., 1999) and greater activation in brain areas

implicated in anxiety (Hasler et al., 2004; Salomé et al., 2004). Individuals abusing

psychostimulant drugs such as cocaine also show compromised adrenocortical responses,

indicating that dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis implicated in

anxiety disorders, may contribute to aspects of addiction as well (Contoreggi et al., 2003).

Rats phenotyped as high responders (e.g., rats that self-administer amphetamine and sucrose

more readily) show a more robust corticosterone (CORT) response to novelty exposure

(Cain, Saucier and Bardo, 2005; Piazza et al., 1999). Further, in Lewis and Fischer 344

inbred rat strains that show varying vulnerabilities to psychostimulant drugs of abuse,

baseline CORT levels in a novel environment are positively correlated with amphetamine

(AMPH) locomotor activity (Miserendino, Haile and Kosten, 2003).

While adrenocortical responses are an index of HPA axis activity (for review, see Lovallo,

2006), with persistent stress elevating plasma CORT levels (Brennan et al., 2000),

physiological changes such as body temperature and heart rate have also been shown to

fluctuate in rodents following mild environmental stressors such as odors, air puffs and

strobe lights (Harkin et al., 2002). Psychological stressors can also interact with these

measures, with early work by Long and colleagues (1990) showing that “cage-switch stress”

(moving a rat to an empty cage previously occupied by another rat) increased body

temperature on average 1.21°C. More recent work has also shown increases in body

temperature (0.93°C) and heart rate in rats following a brief air puff (Harkin et al., 2002),

and stress-induced hyperthermia (Olivier et al., 2003). Still other mild stressors such as

novel odors or strobe lights can elevate body temperature, basal heart rate and increase

locomotor activity in rodents (Harkin et al., 2002). Differences in physiological measures

have been noted in animals exhibiting anxiety like behavior in social defeat paradigms

(Bhatnagar et al., 2006) and in rats exposed to acute and repeated social stress paradigms,

with tachycardia responses showing adaptation to repeated stress (Chen and Herbert, 1995).

Inhibition of cellular activity with gamma aminobutyric acid (GABA) in the dorsomedial

hypothalamus attenuates the adrenocorticotropic hormone (ACTH), tachycardia and blood
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pressure spikes while GABA stimulation in the paraventricular nucleus only affected ACTH

levels following the air stress (Stotz-Potter, Morin and DiMicco, 1996).

The enriched environment (EE), social housing cages equipped with toys that provide

sensorimotor stimulation, has been implicated in restoring stress-induced learning deficits

and depressive-like behavior (Cui et al., 2006). Enrichment can also modify the brain and

adrenocortical response to stress (Diamond, 2001) and sensitivity to psychostimulant drugs

of abuse (Bardo et al., 2001) in a number of animal models. Further, higher basal levels of

ACTH have been found in males reared in isolated environments versus those reared in

group housing. In addition following stress exposure those in isolation also exhibited an

increase in CORT and ACTH compared to their group housed counterparts (Weiss et al.,

2004). There are also a few studies examining the impact of EE on the physiological

responses to stress that show EE can reverse elevated heart rate, systolic blood pressure and

hyperthermia (Lawson et al., 2000; Sharp, Azar and Lawson, 2005).

Neurotrophin expression, particularly brain derived neurotrophic factor (BDNF) expression,

has been implicated in the benefits associated with environmental enrichment (Ickes et al.,

2000; Rossi et al., 2006). Furthermore, BDNF expression is thought to influence synaptic

modifications that may underlie the neuroplasticity necessary for stress resilience since

BDNF knock out mice are stressed (for review, see Chourbaji et al., 2008), and BDNF

heterozygous mice only show a partial recovery in exploratory behavior and dendritic spine

proliferation from enriched environments compared to their wild-type counterparts (Zhu et

al., 2009).

The current study was designed to determine how EE might influence basal and mild stress-

induced physiological responses (e.g., CORT, heart rate, blood pressure and core body

temperature) in selective outbred animals phenotyped as high (HAn) and low anxiety (LAn)

(i.e., unrelated mating pairs). In addition, we set out to assess any changes in anxiety

response on the elevated plus maze and amphetamine-induced locomotion in selectively

bred animals following EE relative to their counterparts housed in social and isolated

environments. Finally, we measured brain derived neurotrophin factor (BDNF) protein

levels in hippocampus, central amygdala and caudate putamen to assess any changes in

levels depending on trait anxiety or postnatal housing experience.

2. Experimental Procedures

2.1 Experimental Subjects

Sixty male Long Evans rats were used in this study. All animals were acquired from the

fourth generation of high anxiety (HAn) or low anxiety (LAn) unrelated same-phenotype

pairings. These trait anxiety lines were bred at the University of Massachusetts Boston

taking care to not cross sibling pairs. HAn or LAn status was determined using percent open

arm (OA) time and OA entries in the elevated plus maze (EPM) with LAn animals showing

less anxiety-like behavior (upper quartile) in the apparatus than their HAn counterparts

(lower quartile). Animals were maintained in a temperature and humidity controlled

environment on a 12 h light-dark cycle (lights on at 800 h); food and water was available ad

libitum except during testing procedures. All protocols received approval from the
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University of Massachusetts IACUC and closely followed the applicable portions of the

National Institute of Health Guide for the Care and Use of Laboratory Animals (NIH

Publications No. 80–23; Revised 1996).

2.2 Postnatal Housing Environments and Timing of Testing

On average postnatal day (PND) 23, animals were weaned and not more than two male

littermates were used to establish the trait and postnatal housing environment groups. A total

of 30 LAn males were placed in either an isolated environment (IE, n=10), social

environment (SE n=10), or enriched environment (EE, n=10). The same groups were

established using 30 HAn males (n=10 per group). The IE consisted of one rat housed in a

standard Plexiglas cage (17 × 24 × 20 cm) with contact bedding. The SE was constructed of

a large Plexiglas rectangular environment (24 × 40 × 81 cm) with normal contact bedding

housing ten same-phenotyped animals. The EE consisted of a large wire metal cage with a

smooth metal floor (94 × 94 × 51) equipped with contact bedding. Various objects

consisting of plastic and wood toys (e.g. Lego blocks, buckets, rattles, wheels, hides) as well

as objects to promote movement such as ropes, hanging ladders and hanging chains were

included and rearranged and/or changed weekly with new objects being introduced or others

removed. Animals remained in IE, SE and EE for a minimum of 40 days and then began a

schedule of behavioral and physiological tests with allowance for rest periods between tests

(Fig. 1).

2.3 Elevated plus maze

A plus-shaped maze constructed of black Plexiglas (Med Associates, VT) with two opposing

arms equipped with just a floor, and two opposing arms with floors and high enclosed walls,

was used to measure anxiety response. Animals were placed at the juncture of the maze and

allowed to remain in the maze for 5 min on PND 46 and 40 days post-housing on PND 63.

We recorded the following behaviors: percent time on open arms, percent open arm entries,

percent closed arm time and percent closed arm entries. Data are represented as group means

±S.E.M.

2.4 Locomotor activity

Animals were placed in a locomotor activity (LMA) system (Med Associates, St. Albans

VT) for monitoring over 1.5 h. On PND 102, all animals were first habituated to the

chamber for 30 min and then removed and administered D-amphetamine (AMPH, 0.5 mg/kg

IP) and then returned to the chamber for 60 min post-injection recording (distance traveled

(cm) and vertical counts).

2.5 Tail artery blood draw

Rats were transported at 0900 in individual transport cages, with access to food and water, in

groups of 8 from the colony to the lab on PND 155. A 15 min habituation period was

observed upon arrival. Rats were allowed to freely move during procedure, with the

additional option of burrowing into a mesh glove. An initial incision was made 5–7cm from

the distal end of the tail using a razor blade. 300μl of blood was collected into disposable

pre-heparinized capillary tubes (RAM Scientific, NY) and immediately following collection
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the blood sample was kept on wet ice. The tail nick incision site was cleaned with warm

saline solution and povidone-iodine was applied before returning the rat to the transport

cage. This procedure was repeated for the post-stressor blood draw that followed 30 min

after initial stressor (forced novel environment + novel object exposure) was introduced.

Whenever possible, the original incision site was used for collection. All samples were

centrifuged at 4°C 2500G for a minimum of 10 min. Plasma was collected via micropipette

and stored at −80°C.

2.6 Determination of plasma corticosterone

Plasma aliquots were assayed for corticosterone using the Coat-A-Count(r) Rat

Corticosterone RIA Kit (Siemens Medical Solutions Diagnostics, Los Angeles, CA). The

assay detection limit was 5.7 ng/ml, and average intra-assay variability (between duplicates)

was 2.25%. In order to control for initial to post-stressor variability, we also calculated

percent change from the initial measure (i.e., “baseline”) in a separate analysis.

2.7 Non-invasive blood pressure

Determination of blood pressure was made using the CODA non-invasive tail-cuff blood

pressure system (Kent Scientific, Torrington CT). Animals were habituated to an

appropriately sized restraint tube for 3 consecutive days for 15 min each day with cuff

systems in place (PND 150). On the fourth consecutive day, animals were again secured and

blood pressure (diastolic (DAP) and systolic arterial pressure (SAP)) data were collected

each minute for 15 min to determine initial blood pressure that is set as the “baseline”

measure. Following this first data collection, animals were subjected to a stressor (10 sec

continuous air puff) and DAP and SAP data were collected for an additional 15 min.

2.8 Core body temperature

Core body temperature (T) was measured using the Right Temp Warming System (Kent

Scientific, Torrington, CT) equipped with appropriate rat probes. On PND 173, probes were

inserted rectally to record an initial T (°C) that we refer to as “baseline”. Animals were then

lightly restrained and exposed to a continuous air puff-stressor for 10 sec. Another T

recording was made 30 min post-stressor. Additionally, prior to all data collection animals

were exposed to the temperature acquisition protocol to ensure the rectal probe did not act as

an additional stressor.

2.9 Transcardial perfusion

At the termination of all testing, animals were administered a lethal dose of Nembutal (50

mg/kg/ml IP). Animals were first perfused with 0.9% isotonic saline followed by 4%

paraformaldehyde. Brains were removed and stored in 4% paraformaldehyde until blocking.

Blocks of tissue were then stored for 24 hrs first in 20% sucrose-4% paraformaldehyde and

then moved to 10% sucrose-4% paraformaldehyde. 30 μm sections were taken of the medial

hippocampus and central amygdala and stored in 4% paraformaldehyde briefly prior to

immunohistochemistry.
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2.10 Immunohistochemistry: Brain-derived neurotrophic factor

30 μm sections were washed for 1h in NaPBS followed by incubation, first for 1 h at RT in

anti-brain derived neurotrophic factor in NaPBS-0.4% Triton-X (diluted 1:10,000; Millipore

Billerica MA) then at 4°C for 72 h. The sections were rinsed for 1 h in NaPBS then

incubated in biotin-goat anti-rabbit in NaPBS-0.4% Triton-X (1:600; Vector Labs,

Burlingame CA) for 1 h at RT. The sections were rinsed in NaPBS and incubated for 1 h at

RT in avidin-biotin solution (45:45:10,000; Vector Labs, Burlingame CA) followed by

rinses in NaPBS and TBS. Finally, the sections were developed in diaminobenzidine-

peroxidase solution (DAB Kit; Vector Labs, Burlingame CA) to visualize BDNF IR cells.

The sections were imaged at 20× magnification using a SPOT Flex Monochrome

microscopy camera and SPOT 5.0 software (Diagnostic Instruments, Sterling Heights MI).

An observer blind to treatment groups made manual BDNF-IR cell counts of 3 sections

bilaterally (6 measurements total, averaged per animal) within the area of interest using the

atlas of Paxinos and Watson (2004); next, after setting a threshold to minimize the

background “noise” while keeping the BDNF-positive neurons visible, counts were

automated using ImageJ software (NIH). We were able to validate the automated counts

with the manual counts for representative animals from each brain region. All BDNF-IR

data are expressed as the number (mean ± S.E.M.) of cells expressing BDNF-IR in a

2502μm box placed over the targeted brain region.

2.11 Data analysis

In order to determine any effects of trait anxiety, housing and potential interactions, we

performed two-way ANOVA for each of the behavioral and physiological assays (2 Factors:

Trait, Housing). For locomotor activity, we performed a repeated measures three-way

ANOVA (3 Factors: Trait, Housing, Time). Planned Bonferroni comparisons were carried

out to determine any pair-wise differences. For immunohistochemical analyses, we took

coronal sections at three anatomical levels for each of the brain areas (CA1, CA2 and CA3

of the hippocampus, CeA and CPu) and analyzed each bilaterally; thus six data points were

averaged for each animal. GraphPad Prism (v. 10) and SPSS for Mac were used for

statistical analyses and graphing of data. Alpha was set at p<0.05 for all significance levels.

3. Results

Figure 1 illustrates the timeline for the study from weaning, placement into select housing

conditions, EPM tests, and the subsequent behavioral and physiological tests through study

termination and tissue harvesting.

3.1 Elevated plus maze

3.1.1 Percent Time on Open Arms (PND 46)—We did an initial EPM test (PND 46)

of LAn/HAn animals after only about 20 days in the select housing conditions and did not

observe any significant differences for the main effect of Housing [F(2,54)=2.1605, p>0.05,

n.s.] or for the interaction [F(2,54)=2.250, p>0.5, n.s.] but did observe significant Trait

differences for %OA time [F(1,54)=26.53, p<0.0001], with HAn animals showing more

anxiety-like behavior compared to LAn (i.e., less %OA time) (Fig. 2A).
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3.1.2 Percent Open Arm Entries (PND 46)—Testing at PND 46 did not indicate any

main effect of Housing [F(2,54)=0.3501, p>0.05, n.s.] or Housing × Trait interaction for

%OA [F(2,54)=0.6734, p>0.05, n.s.]. HAn animals had significantly more % OA entries

than their LAn counterparts [F(2,54)=6.515, p<0.05] (Fig. 2B).

3.1.3 Total Entries (PND 46)—ANOVA for total entries revealed a significant group

difference with HAn animals making fewer entries in all arms of the maze at PND 46

[F(2,54)=7.892, p<0.001] (Fig. 2C).

3.1.4 Percent Time on Open Arms (PND 63)—Animals were placed in EE, SE and IE

environments for a minimum of 40 days and then tested again on the EPM (where possible,

all litters were tested on the same day or over 2–3 days). Two-way ANOVA revealed

significant main effects of Housing [F(2,53)=3.850, p<0.05] and Trait [F(1,53)=17.65,

p<0.001] as well as a significant Housing × Trait interaction [F(2,53)=4.80, p<0.05]. Post

hoc tests revealed HAn EE rats differed from HAn IE (p<0.0001) and SE (p<0.05) rats, with

HAn EE making many more open arm entries (Fig. 3A).

3.1.5 Percent Open Arm Entries (PND 63)—Analysis of the total arm entries revealed

a marginally significant Trait effect [F(1,53)=3.716, p=0.0593]. Significant Housing

[F(2,53)=12.90, p<0.0001] and Housing × Trait effects [F(2,53)=5.891, p<0.01] were also

found. Subsequent analyses showed HAn rats reared in SE (p<0.01) and EE (p<0.0001) had

many more entries than those reared in IE, same trait (Fig. 3B).

3.1.6 Total Entries (PND 63)—ANOVA found a significant Housing effect

[F(2,54)=7.700, p<0.01] and a Trait effect that approached significance [F(1,54)=3.007,

p=0.0886] as well as an interaction [F(2,54)=5.337, p<0.01]. Rats from SE (p<0.05) and EE

(p<0.0001) differed from those reared in IE (Fig. 3C).

3.2 Locomotor activity

Animals were brought to the testing room and allowed a 30-min habituation to the testing

chamber. After, each rat was given an amphetamine injection (0.50 mg/kg, IP) and returned

to the activity monitors for an additional 60 min. We analyzed the block of data (distance

traveled (cm) or rearing bouts) for habituation (30 min) and post-AMPH (60 min) time-

points using a repeated measures three-way ANOVA (Trait, Housing, Time, repeated

measures factor) and ran post-hoc tests when there was a main effect of Housing and an

interaction effect that included the Housing factor.

3.2.1 Rearing Bouts—ANOVA indicated main effects of Housing [F(2,108)=8.972,

p<0.0001], Trait [F(1,108)=6.589, (p<0.05), Time [F(1,108)=86.614, p<0.000], as well as a

Trait × Housing interaction [F(2,108)=5.363, p<0.01] (Fig. 4A). Animals reared in HAn EE

differed significantly from those from LAn EE (p<0.05); HAn EE differed from HAn IE

(p<0.000), LAn EE differed from LAn IE (p<0.0001) and EE rats were also marginally

different from those from SE (p=0.052) for the AMPH 60-min time block.
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3.2.2 Distance traveled (cm)—Significant effects of Housing [F(2,108)=13.762,

p<0.0001] and Trait [F(1,108)=6.589, p<0.05] were obtained for distance traveled. We also

observed interaction effects for Housing × Time [F(2,108)=8.452, p<0.0001] and Trait ×

Housing [F(1,54)=4.284, p<0.05] with EE reared rats showing less AMPH-induced

locomotion compared to SE for LAn (p<0.05), relative to IE for HAn (p<0.01). Moreover,

HAn (8041 cm (±91)) animals showed greater AMPH hyper-locomotor activity compared to

LAn rats (6233 cm (±64)) (Fig. 4B).

3.3 Plasma adrenocortical response

3.3.1 Baseline—No significant differences were observed for baseline plasma

corticosterone (CORT) levels for Trait or Housing environment factors (Fig. 5A).

3.3.2 Post-stressor—Following a 30-min forced novel environment exposure, a

markedly different profile for the animals reared in enriched environments emerged. EE-

housed animals consistently showed higher CORT levels after stress. This was supported by

a significant Housing effect [F(2,41)=4.872, p<0.05] with EE animals showing the greatest

CORT responses (Fig. 5B).

3.3.3 Percent change from baseline—The delta was calculated for each Housing by

Trait condition. A marked effect of Housing was observed [F(2,41)=4.403, p<0.05] with EE

reared animals showing a greater percent change from baseline CORT responses (p<0.05)

(Fig. 5C).

3.4 Hemodynamic responses and core body temperature

3.4.1 Systolic arterial pressure (SAP)—Analysis of the baseline SAP data indicated a

Housing × Trait interaction [F(2,54)=3.697, p<0.05] with HAn IE having the highest SAP

(relative to SE and EE, p<0.05). Post-stressor, we found a significant interaction effect

(Housing × Trait) [F(2,54)=3.219, p<0.05], again with HAn IE animals showing the greatest

post-stressor SAP. For percent change from baseline SAP, a significant difference was

observed for the Housing condition [F(2, 52)=4.827, p<0.05] with Trait approaching

significance [F(1, 52)=3.013, p=0.0885]. Animals reared in IE had the greatest change in

SAP (Table 1).

3.4.2 Diastolic arterial pressure (DAP)—Analysis of the baseline DAP data indicated

no significant differences. For post-stressor and percent change from baseline, we observed

a significant Housing effect [F(2,54)=4.158, p<0.05] with EE-housed rats having lower

DAP (p<0.05) and percent change from baseline DAP [F(2, 52)=4.827, p<0.05]. In addition,

for post-stressor, the Trait effect approached significance [F(1,52)=3.013, p<0.0885] (Table

1).

3.4.3 Mean arterial pressure (MAP)—Mean arterial pressure was calculated (Eqn. 1) at

baseline, post-stressor and percent change from baseline was also determined. ANOVA

indicated no significant differences for baseline, a Housing effect that was marginally

significant for post-stressor [F(2,54)=2.686, p<0.0772] and no significant differences for

percent change from baseline.
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Eqn. 1

where MAP, mean arterial pressure; P, pressure; dias, diastolic; sys, systolic.

3.5 Core body temperature

The two-way ANOVA for baseline did not reveal any significant differences, however, after

an air puff to the face, a significant effect of Housing was revealed [F(2,51)=2.964, p<0.05]

with EE animals showing a decrease in T post-stressor relative to IE (p<0.01). No

significant differences were observed for percent change from baseline data (Table 1).

3.6 Brain derived neurotrophic factor (BDNF) immunohistochemistry

3.6.1 Central Amygdala—The two-way ANOVA revealed a significant Housing effect

[F(2,78)=15.74, p<0.0001] and a significant Housing × Trait interaction [F(2,78)=25.88,

p<0.0001]. Post hoc tests indicated that the SE and EE groups differed from IE (p<0.05) and

HAn EE had greater BDNF positive cells than IE (p<0.0001) and LAn SE greater than IE

(p<0.0001) (Fig. 6A).

3.6.2 Hippocampus—A significant interaction effect (Housing × Trait) was found for the

CA1 [F(2,84)=3.88, p<0.05] and CA2 [F(2,72)=7.93, p<0.001] regions of the hippocampus.

Post hoc tests indicated SE and EE rats had a greater number of BDNF-IR cells compared to

HAn animals reared in IE (p<0.05). Analysis of the CA3 revealed a significant effect of

Housing [F(2,66)=4.40, p<0.05] with SE greater than IE (p<0.05) (Fig. 6B–E). No

significant effects were found for the dentate gyrus (not shown).

3.6.3 Caudate putamen (CPu)—Data analysis of BDNF immunoreactivity in the CPu

revealed a main effect of Housing [F(2,95)=5.213, p<0.01] with IE greater than SE and EE

(Fig. 6F).

4. Discussion

The present study was designed to determine the impact of the housing environment on the

behavioral and physiological responses to stress in animals with either low or high anxiety.

We measured behavior on the elevated plus maze (EPM), basal and air puff stress-induced

physiological responses (i.e., blood pressure and body temperature), stress induced CORT

levels and AMPH-induced locomotion in Long Evans rats phenotyped as high and low

anxiety. We found that while the high anxiety profile was apparent at PND 46, after only 21

days in select housing conditions we observed no housing effects. LAn rats consistently

showed less anxiety-like behavior regardless of housing condition. We re-tested the animals

on the EPM nearly three weeks later and this re-trial resulted in similar trait differences as

well as housing differences. Recent work shows that hooded and Wistar rats can be re-tested

successfully in EPM with a minimum inter-trial interval of 3 (Ademec and Shallow, 2000)

or 4 (Schneider et al, 2011) weeks and thus, our current findings of sustained anxiogenic

effects in the EPM across the two trials are consistent. Housing differences were the most

salient in all other physiological tests. That is, regardless of anxiety-like phenotype
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expressed using EPM, stress-induced adrenocortical, hemodynamic and core body

temperature responses were consistently attenuated by EE in many instances and by SE in

others.

4.1 Environmental enrichment reduces psychogenic responses in highly anxious rats

In contrast to low percent open arm time and entries observed in HAn rats at PND 46, HAn

EE animals showed a reversal of this anxiety-like behavior (i.e., increased time/entries on

open arm) and decreased total activity. This latter finding suggests that while LAn animals

housed in EE are more active in general, they also show increased preference for the open

arms. Thus, there are specific qualities of the EPM to which the animals are responding

(Mallo et al., 2007) that may interact with the age of the animal (Branchi et al. 2011) as well

as the strain (). There is increasing evidence to support intervention in the postnatal

environment as a model manipulation to reverse the impact of early adverse experiences

such a prenatal stress (Laviola et al., 2004; Morley-Fletcher et al., 2003), maternal

separation (Francis et al., 2002) and prenatal cocaine insult (Neugebauer et al., 2004) as well

as prenatal alcohol exposure (Hannigan, Berman and Zajac, 1993). Recently, several lines of

work implicate EE in the ability to reduce the stress profile as indicated by blunted

adrenocortical responses and decreased anxiety-like behavior in the elevated plus maze in

normal mice Benaroya-Milshtein et al., 2004), but also in highly anxious models including

BALB/c mice (surgically-manipulated for high anxiety) and other strains of high anxiety

rats (for review, see Fox, Merali and Harrison, 2006).

4.2 Environmental enrichment reduces amphetamine hyperactivity in high and low anxiety
rats

EE impacted stimulant vulnerability for the HAn rats as well since this group had a

diminished AMPH-induced locomotor response. The protective effects of EE on drug

vulnerability have been reported previously for cocaine (Magalhaes et al., 2004), morphine

(Alexander, Coambs and Hadaway, 1978) and more recently, for amphetamine (Bardo et al.,

2001; Ravenelle et al., 2013) and are in support of the current findings. Unique to the

present work is the demonstration that EE reduced amphetamine sensitivity in both trait

anxiety lines. In the LAn animals, EE reduced rearing bouts, an index of exploration, to a

greater degree than in HAn while it reduced locomotor behavior more in the HAn line. This

behavioral difference between HAn and LAn in response to EE is interesting in that in their

review, Simpson and Kelly (2011) suggest that EE increases adaptation and promotes

exploration when anxiety is reduced. Therefore, our findings implicate EE in differentially

conferring protection against amphetamine sensitivity based on trait anxiety. There is

evidence that enrichment can reduce a distinct behavioral profile, animals that are high

responders to novelty (Piazza et al., 1999) show increased drug vulnerability (Gingras and

Cools, 1997) and enrichment modulates this effect.

4.3 Environmental enrichment reduces some physiological responses to acute stress

Basal corticosterone levels did not vary depending on trait or housing condition. After a

forced novel environment + novel object exposure, however, marked differences emerged

with EE housed animals, regardless of trait, showing elevated CORT concentrations over

their SE and IE counterparts. There are inconsistencies in reporting the adrenocortical
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response in rodents following EE housing with some indicating no difference (Pham et al.,

1999), increases (Moncek et al., 2004) or decreases (Belz et al., 2004). Our findings do not

provide support for changes in the adrenocortical response as the mechanism contributing to

the benefits observed in the EE highly anxious rats, though in earlier work (Ravenelle et al.,

2013) we did report EE animals from high anxiety lines had lower CORT responses to acute

stress. This discrepancy may be due in part to the timing of blood draw (PND 155 currently,

PND 126 in Ravenelle et al. (2013) and methodological differences. In the current study, we

used tail artery blood draw for baseline and post-stressor measurements while in our earlier

work we collected terminal trunk blood. Francis and colleagues (2002) also found that EE

reversed the behavioral indices of stress without altering corticotropin-releasing factor

mRNA levels. The authors suggest that there is an alternative mechanism(s) that does not

involve direct reversal of neural mechanisms that may have been altered by early life events,

but may instead occur at another developmental period to offset this early damage. In our

study, the animals were placed in EE at weaning and we began testing at adolescence, which

represents a critical period of neural development and the rats also received constant

stimulation in EE, variables known to influence neural and behavioral outcomes (Pereira et

al., 2008). In fact, it has been long reported that developmental milestones such as

adolescence are marked by highly plastic neural systems in which a number of organisms

are sensitive to enrichment (Branchi et al., 2011). This plasticity may be the level of the

compensatory changes that promote the stress adaptability of the animals housed in

enrichment.

EE did protect against hyperthermia and blood pressure spikes in highly anxious rats

following an air puff stressor. While there were no basal differences in core body

temperature, after a mild stressor rats from EE showed reduced core body temperature

compared to those from IE and the interaction with trait effect highlights that this was most

pronounced for the HAn line. Research on social stress shows increases in core body

temperature 30 min after stressor, with some adaptability after repeated stress and a test of

novel restraint (Bhatnagar et al., 2006), suggesting that the EE environment for the current

animals may have induced adaptability in the autonomic system regulating body

temperature. Furthermore, rats from EE and SE also showed a significant decrease in

diastolic arterial pressure (DAP) to the air puff stressor relative to IE animals. Social

enrichment effects on physiological measures were also found in male Sprague-Dawley rats

(Sharp, Azar and Lawson, 2005) and spontaneously hypertensive male rats (Lawson,

Churchill and Churchill, 2000; Sharp, Azar and Lawson, 2005) with animals housed in

social groups showing dampened heart rate and blood pressure. In a model of repeated

stress, authors Chen and Herbert (1995) reported decreased c-fos expression in the

paraventricular nucleus, an area with functional correlates to cardiac and adrenocortical

responses, and medial amygdala that paralleled the more rapid return to baseline for heart

rate.

Social housing can also have unintended stressful effects depending on the sex of the

animals and the parameters of the housing, causing increases in cardiovascular and anxiety-

like behavioral measures (Brown and Grunberg, 1995). Socially housed male animals show

high levels of anxiety, correspondingly high levels of cardiovascular and behavioral anxiety

relative to their female counterparts. This distinction is removed when animals are not only
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group housed but also receive enrichment (Sharp, Azar and Lawson, 2005), a finding that

also supports our results in the EE males from the HAn line.

4.4 Environmental enrichment effects on behavioral and physiological stress responses
parallel changes in BDNF protein levels

It is well established that environmental enrichment confers persistent stress-reducing

benefits to a number of animal species with normative and highly anxious profiles (for

review, see [Fox, Merali and Harrison, 2006). Several proposed mechanisms for the

beneficial effects of EE have been highlighted including hippocampal neurogenesis (Brown

et al., 2003), alterations in levels of neurotrophins and their receptors (Pham et al., 1999),

adaptive changes along the adrenocortical axis Moncek et al., 2004), as well as

morphological changes in the cortex (Johansson and Belichenko, 2002). In the current work,

we add to the evidence implicating changes in neurotrophin levels in paralleling high

anxiety-like behavioral reversal following EE. We found that EE resulted in increased brain

derived neurotrophin (BDNF) expression in the central amygdala, and the CA2 region of the

hippocampus. Interestingly, SE elevated BDNF levels in CA2 and CA3 of the HAn animals,

that may be accompanied by synaptic and dendritic modifications as has been described

elsewhere (Johansson and Belichenko, 2002). The central amygdala is a limbic structure

with functional connections to fear and anxiety circuits, and neuroplasticity in medial and

central regions have been reported in models of stress adaptation (see McEwen (2007) for

review). In the HAn rats, SE conferred changes in BDNF induction levels, perhaps due to

the stress that males experienced in the social environment with conspecifics. Chourbaji and

colleagues (Chourbaji et al., 2008) found that mice with a partial deletion of the BDNF gene

that show anxiety-like behavior recovered from these deficits if they were group housed

with enrichment, however, if they were simply group-housed they did not recover. Finally,

an increase in BDNF positive cells was also found in the CPu of animals housed in IE, and

neurotrophin changes in this striatal region are implicated in neuroplasticity necessary for

psychostimulant drug activation (McGinity et al. 2011). Since we administered only a single

dose of amphetamine and did not explore sensitization or reward parameters, we chose the

CPu as opposed to the nucleus accumbens as BDNF changes have been noted in CPu after a

single AMPH injection (McGinity et al. 2011). Thus, our findings further support that

plasticity-linked changes in the CPu are critical for psychostimulant drug sensitivity, and

that isolated housing and anxiety may contribute to the neural adaptation that creates this

vulnerability (Miserendino, Haile and Kosten, 2003).

4.5 Conclusions

In summary, our current work implicates that the EE experience beginning at weaning is

adequate to modulate the behavioral, autonomic stress response and amphetamine sensitivity

in Long Evans rats and that these enrichment effects are more robust than those related to

selectively breeding for trait anxiety. Since the current screening and breeding for trait

anxiety relies solely on phenotyping on the single elevated plus maze test and outbreeding, it

is arguable that the animals are not truly trait anxious. However, we do find increased

extreme trait anxiety responses across generations (Ravenelle et al., 2013) and similar trait-

specific responses in another test of anxiety, the open field (unpublished findings). This

modulation by EE is associated with the induction of BDNF in the central amygdala,

Ravenelle et al. Page 12

Neuroscience. Author manuscript; available in PMC 2015 June 13.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



hippocampus and the CPu of rats housed in EE as well as some from SE. The current

findings may offer insight into possible cellular mechanisms contributing to stress reactivity

and adaptability common in trait anxiety. Our results are encouraging, in that components of

EE may be an important intervention to alter the devastating effects of clinical anxiety as

significant clinical gains have been seen with sensorimotor enrichment in autistic children

(Woo and Leon, 2013) and with exercise therapy to improve physiological and

psychological aspects of anxiety (for review, see Ströhle, 2009).
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Highlights

• Outbred high anxiety (HAn) rats show anxiety-like behavior on elevated plus

maze

• Enriched environment (EE) reduces anxiety and amphetamine response in

HAn/LAn rats

• EE lowers hemodynamic and temperature responses to air puff stressor

• Amygdala BDNF-positive cells are elevated in HAn rats reared in EE and

socially (SE)

• Hippocampal and striatal BDNF cells are increased in HAn EE and SE rats
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Fig. 1.
Diagram of the timeline for placement of HAn and LAn lines in select housing condition,

schedule of behavioral and physiological tests through study termination and brain

harvesting. Abbreviations: EPM, elevated plus maze; LMA, locomotor activity; BP, blood

pressure; T, core body temperature.
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Fig. 2.
A–C. At PND 46, 4th generation selective outbred animals tested on the elevated plus maze

exhibit differences in anxiety-like behavior. (A) Percent time on open arms differed between

anxiety lines with HAn animals showing less %OA time. (B) Open arm entries also differed

between HAn (greater %OA entries) and LAn lines. (C) HAn animals made significantly

fewer entries into all arms of the maze overall compared to LAn rats (*p<0.05,

***p<0.0001, Trait effect).
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Fig. 3.
A–C. Anxiety-like behavior on the elevated plus maze is altered following 40-day social and

enriched housing environment. (A) High anxiety (HAn) animals housed in enrichment

showed less anxiety-like behavior, as indicated by increased time spent on open arms of the

EPM. *p<0.05 EE compared to SE, same trait; ***p<0.001 EE relative to IE, same trait; ++

++p<0.0001 HAn EE versus LAn EE. (B) HAn animals from EE (****p<0.0001) and SE

(**p<0.01) had more percent entries into the open arms compared to IE. (C) HAn rats from

SE and EE environments made more total entries (open and closed arms) than HAn animals

from IE. *p<0.05 SE relative to IE; ****p<0.0001 EE compared to IE.
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Fig. 4.
A–B. Changes in locomotor behavior in EE housed animals. (A) In terms of rearing bouts,

HAn and LAn rats from EE differed significantly from those housed in IE environments

after AMPH administration ****p<0.0001, HAn comparison, ++++p<0.0001, LAn

comparison; HAn EE made more rears than LAn EE #p<0.05. (B) For distance traveled, EE

rats showed decreased AMPH-induced activity relative to other groups (#p<0.05 LAn EE

relative to LAn SE); (**p<0.01 HAn EE compared to HAn IE).
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Fig. 5.
A–B. Housing environment impacts the adrenocortical response to a mild stressor. (A) We

observed no baseline differences for CORT for trait or housing factors. (B) EE housed rats

showed a greater CORT response to a mild stressor as compared to all other housing groups

(*p<0.05, LAn EE relative to SE and IE, same trait; +p<0.05, HAn EE compared to SE and

IE, same trait). (C) Animals from EE also showed the most significant changes from

baseline compared to other groups (*p<0.05).
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Fig. 6.
A–D. The average number of BDNF immunoreactive (IR) cells varies as a function of trait

anxiety level and postnatal housing condition. (A) Average number of BDNF positive cells

in the central amygdala (CeA) was increased in HAn animals housed in EE relative to IE (+
+p<0.01) and SE (**p<0.01). For LAn, the SE housed animals had more BDNF-positive

cells than EE and IE groups (**p≪0.01, SE vs. EE), (++++p<0.0001, SE vs. IE). (B) Line

drawing showing CeA (top) and representative BDNF-IR of trait anxiety animals from each

housing condition. BDNF-IR was also increased for HAn SE and EE animals in the (C)

CA2 (*p<0.05, SE and EE relative to IE). (D) Schematic of coronal section at bregma

−2.30mm where the CA2 region of the hippocampus was identified (top) with representative

BDNF-IR for each Trait × Housing group. Scale bar is 100 μm for all images.
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