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Abstract

Environmental enrichment attenuates the response to psychostimulants and has been shown to
reduce both anxiety and stress-related behaviors. Since stress is a major vulnerability factor for
addiction, we investigated whether enrichment could reverse stress profiles in high anxious rats as
well as reduce their amphetamine sensitivity. Using selectively-bred high and low anxiety males
(filial 3) from enriched, social or isolated environments, we tested elevated plus maze exploration,
novelty place preference and amphetamine (AMPH; 0.5 mg/kg, IP)-induced hyperactivity. We
measured plasma corticosterone (CORT) response after forced novel object exposure,
phosphorylation of the tropomyosin-related kinase B receptor (pTrkB) in the hippocampus and
striatum, and dopamine (D2) receptor mRNA levels in the striatum and nucleus accumbens.
Results indicate that high anxiety animals reared in social or enriched environments spent more
time on open arms of the EPM while low anxiety animals raised in enriched environments spent
more time on open arms when compared to either isolated or social groups. There were no group
differences or interactions found for novelty place preference. Enriched environments decreased
the response to AMPH and stress-induced CORT regardless of trait but selectively decreased
pTrkB and increased D2 mRNA levels in high anxiety animals. The results suggest that
selectively-bred trait anxiety rats show state anxiety that is influenced by rearing environments,
and D2 protein levels and BDNF/TrkB signaling may differentially contribute to integrating these
effects.
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1. Introduction

Since Hall [1] first demonstrated that defecation scores in an open-field apparatus could
distinguish anxiety levels in rat lines, investigations of anxiety-like behavior in rodent
models have revealed significant neural, endocrine, and behavioral responses associated
with an animal’s innate level of anxiety [2]. Currently, studies of anxiety-like behavior in
rodents use a number of tasks including the elevated plus maze [3, 4], forced swim test [5],
social interaction test [6] and novel environment exposure test [7, 8]. In addition, a number
of studies have described a selectively-bred line of rats that show low (LAB) and high
anxiety-like behavior (HAB) on the elevated plus maze [9]. HAB animals exhibit increased
CRF mRNA expression in hypothalamic nuclei following prenatal stress [10] and increased
stress susceptibility [11] as well as hyperactivity along the hypothalamic pituitary adrenal
(HPA) axis following stress [12]. Moreover, HAB rats also show elevated Fos
immunoreactivity in the hypothalamus following anxiety provoking stimuli [13] and
increased expression of the neuropeptide cocaine and amphetamine regulated transcript
(CART) in the hypothalamus [14] which may contribute to increased sensitivity to
amphetamine-induced locomotion [15]. These findings suggest that individual differences in
anxiety-like behavior involve activation along the HPA axis that may contribute to
psychostimulant drug vulnerability.

It remains to be seen whether early environments can modify individual differences in both
anxiety and drug vulnerability. Postnatal environments that are enriched (e.g., toys, wheels)
can influence an animal’s coping skills [16] as well as its vulnerability to drugs of abuse
such as cocaine [17], morphine [18] and amphetamine [19, 20]. Conflicting findings exist on
enriched environment’s (EE) impact on stress with some reporting no difference in
corticosterone levels at baseline or after stressor [21] and others indicating a reduction in
Sprague-Dawley rats [22] or even elevated levels in enriched Wistar rats [23]. Konkle et al.
[24] indicated that a minimum of 40 days in EE, particular strain and type of test impacted
HPA and behavioral responses to stress but not reward, with EE rats showing greater
flexibility in the face of stress. EE rats that show diminished response to psychostimulants
display alterations in dopamine synthesis and turnover, and dopamine transporter (DAT)
[20, 25, 26]. Differences in D2 are also observed in anxiety and social dominance models
[27, 28]. Further, a role for neurotrophins in the reversal of amphetamine sensitivity in EE
rats has been reported [25] as well as increases in dendritic branching and hippocampal
neurogenesis [29]. However, there are few studies examining whether enriched environment
can modulate stress as a major vulnerability factor for amphetamine sensitivity.

In order to determine whether hippocampal neurogenesis or neuroplasticity in the dorsal
striatum contributes to the effects of EE on anxiety-like behavior and amphetamine
susceptibility in high anxiety rats, we measured an indirect marker of BDNF activity, the
high-affinity neurotrophin intra-cellular signaling by phosphorylation of the tropomyosin-
related kinase B receptor (TrkB). cAMP-dependent TrkB phosphorylation has been
demonstrated to mediate the structural and functional changes in synaptic development and
plasticity associated with BDNF [30]. Further, since numerous studies on anxiety [28] and
amphetamine sensitization [31] implicate D2 receptor as a mechanism, we also explored
whether D2 protein levels may contribute to environmental enrichment’s modulation of the
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stress response and amphetamine-induced locomotion. We used the percent open arm time
on the EPM as a behavioral screen to phenotype low and high anxiety Long Evans rats. We
selectively bred non-sibling pairs of low (above median split/upper quartile, greater %0OA
time) and high (below median split/lower quartile) then housed same-anxiety groups of
unrelated male offspring in enriched (EE), social (SE) or impoverished environments (IE).
We subsequently tested the ability of EE to correct anxiety-like behavior on the elevated
plus maze, novelty place preference, amphetamine sensitivity and the stress-induced
adrenocortical response following a novel environment stressor.

2. Methods and Materials

2.1 Subjects

A total of 165 Long-Evans rats were used in the current study. The stock parental lines
(N=85) were purchased from Charles River Breeding Labs (Wilmington, MA), consisting of
adult males (n=40) and adult females (n=45) (250-275 g). The subsequent outbred
generational lines were bred at the University of Massachusetts Boston where they received
standard handling, care and husbandry. Animals were housed in pairs, unless pregnant, and
given free access to food and water, while maintained in a temperature- and humidity-
controlled environment on a 12 hr light/dark cycle (lights on at 0700 h). All protocols were
approved by the University of Massachusetts IACUC and were in adherence to the
applicable portions of the Animal Welfare Act and the U.S. Department of Health and
Human Services “Guide for the Care and Use of Laboratory Animals”.

2.2 Husbandry

After a minimum of 21 d in the UMass Boston vivarium, the parental lines were subjected to
the elevated plus maze (Med Associates, St. Albans, VT) to establish emotionality or
extreme traits of high anxiety (HAn) and low anxiety (LAn) phenotypes using a median
split. Subsequently, HAn males were mated with HAn females, LAn males were mated with
LAnN females. A total of ten males and ten females were mated per anxiety line, each female
received a vaginal lavage to determine sexual receptivity and was mated with only one male.
After verifying pregnancy with the appearance of a copulation plug, designated Day 0,
female rats were monitored for appropriate weight gain and then allowed to deliver and
nurture pups through the lactation period. There were no differences in litter size or sex
distribution between litters. At weaning, pups were tested on the elevated plus maze which
allowed us to confirm HAn and LAnN designation and to choose animals that were in the
lower quartile (those animals showing the least %OA time) and upper quartile (those
animals showing the most %OA time) of the median split for further mating with unrelated
same phenotyped animals. All data for the current study include findings from the 3"
generational line of animals.

2.3 Postnatal Housing Environments

Two to four days after weaning (PND 23-25), F2 pups (N=60; a maximum of 2 males per
litter) were used to establish Trait x Postnatal Housing Environments (impoverished
environment (IE, n=10), social environment (SE, n=10) and enriched environment (EE,
n=10). A total of thirty LAn males were placed in IE, SE and EE; similar housing groups
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were established for the HAn phenotype (n=30; 10 per group). Animals remained in the
housing environment for a minimum of three weeks before the onset of behavioral testing
and remained there for a total of 18 weeks.

For the IE, single animals were housed in a standard Plexiglas cage (48 x 25 x 22 cm) where
each rat had visual and olfactory cues from neighboring animals, but no physical contact.

On average, 10 animals per cage were housed in the SE, which consisted of a large Plexiglas
cage (52 x 47 x 38 cm). While initially a total of ten rats were housed per cage, this cage-
size only remained constant until with weight gain the rats exceeded the state and federal
space recommendations; at that time, the cage size was changed to a minimum of 5 rats per
cage (average PND 70); this change occurred after all anxiety tests were completed and only
impacted LMA testing.

In the EE, 10 animals were group-housed in each of two large cages, 122 x 71 x 46 cm. The
cages were constructed of wire, metal and mesh, allowing for visualization of animals by
facility staff and easy attachment of a hanging water bottle and nozzle to remain in place.
Constitution of this environment was adapted from Bowling and Bardo [32] in brief,
laboratory chow was continuously added to a variety of food containers inside the cage
along with ten objects made of metal, Nalgene or hard plastic (e.g., rattles, buckets, Lego
blocks, wheels, ladders) and acrobatic objects such as hanging chains, ropes, and
interlocking chambers. These objects were rearranged weekly, with new objects introduced
and old/worn objects removed.

2.4 Generational Anxiety Screening

We measured the anxiety level of the original, parental line of male and female rats and
three other generations around PND 60 or younger. Four days after weaning (PND 25), F2
animals were placed into the select housing environment. Behavioral testing occurred during
the light cycle between 0900 and 1400 h. The timeline for in-house breeding through study
termination, blood and brain tissue harvesting is depicted in Figure 2. After weaning, male
animals were placed in select housing (between PND 23 - 25), 21 days later animals
received an EPM screen. One week later rats were tested in the novel place paradigm (NPP).
On PND 100, all rats were habituated to the locomotor activity apparatus and tested for
amphetamine-induced hyperactivity. Finally, animals were sacrificed and tissue and blood
were harvested on PND 126.

2.5 Elevated Plus Maze

The elevated plus maze (EPM) apparatus was purchased from Med Associates (St. Alban,
VT) and consisted of a central platform surrounded by two open arms and two high,
enclosed arms. The apparatus was elevated 70 cm above the floor in a large room with
normal light intensity as testing occurred during the animals’ light phase. Rats were kept in
their home cage and habituated to the experimental room for 15 min before the onset of
testing. Prior to the start of each session, the maze was cleaned with a mixture of mild
detergent and water, and dried. A rat was then placed on the central platform facing an open
or closed arm, alternating the direction for subsequent rats. The following parameters were
collected from MED-SY ST-8 interface and software: (1) the time spent on open and closed
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arms (calculated as percent time on OA), and (2) the number of entries in open and closed
arms (calculated as total entries and %OA entries).

2.6 Novelty Place Preference

The NPP apparatus (Med Associates adapted Condition Place Preference box) consisted of
two rectangular compartments, equally sized, and separated by a smaller compartment with
guillotine doors. Each compartment was equipped with distinguishable visual and tactile
cues. One white compartment contained a grid floor, while the other black compartment had
a mesh floor. The open guillotine doors allowed the rat free access to the other compartment
during testing but were closed during training sessions. Each rat was habituated to one of the
two compartments in the NPP apparatus, for two consecutive days (Day 1-2). The initial
compartment was counter-balanced for each anxiety/housing group of rats and each rat was
allowed to explore its compartment for 30 min on each day. During the test session (Day 3),
the rat was placed in the gray center chamber and allowed to move freely in the NPP box for
15 min with the guillotine doors recessed. The data for time spent in each of the three
compartments was gathered. However, only data on percent time spent in the novel chamber
and total entries were used for statistical analyses.

2.7 Locomotor Activity

Rats were run in a commercial locomotor activity (LMA) system (Med Associates) with
activity measured by the number of photobeam breaks over a 90 min period on the test day.
Initially, animals were habituated to the LMA apparatus for 30 min and then removed for
injection with a low dose of amphetamine (0.5 mg/kg, IP) and returned to the LMA chamber
for a 60-min post-injection period. Data are reported as group means +SEM for distance
traveled and rearing bouts.

2.8 Determination of Plasma Corticosterone

Following 30 minutes of forced exposure to a novel object (a colored polystyrene cup) in an
open field, animals were rapidly decapitated and trunk blood was collected into heparinized
tubes. Plasma was prepared and stored at -80°C until assay. Plasma corticosterone was
measured using the Coat-A-Count(r) Rat Corticosterone RIA Kit (Siemens Medical
Solutions Diagnostics, Los Angeles, CA) according to package insert instructions. Assay
detection limit was 5.7 ng/ml, and average intra-assay variability (between duplicates) was
2.25%.

2.9 Western Blot Analysis

Following trunk blood collection, brains were rapidly dissected and frozen in dry ice and
stored at —80°C. Based on the rat brain atlas [33] the brain areas containing the nucleus
accumbens (NACc), dorsal lateral caudate putamen (CPu) and hippocampus were collected
from each animal after thawing the brains.

For protein extraction, brain tissues were thawed and homogenized in cold TPER (Fisher,
catalog 78510) with a protease inhibitor (Sigma-Aldrich). Tissue was homogenized,
centrifuged and total protein concentrations were determined by BCA (bicinchoninic acid)
Protein Assays (Pierce Chemical Co., Rockford, IL). Samples from the dorsal lateral region
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of the CPu (15 ug protein), NAc (15 pg protein), and hippocampus (25 g protein) were
subjected to electrophoresis on 10% polyacrylamide-SDS gels and transferred to PVDF
membranes. Membranes were blocked for 1h then rinsed with 5% milk and incubated with
dopamine D2 receptor antibody (1:5000; Millipore, Billerica, MA), TrkB (1:1000; Cell
Signaling, catalog 80E3), or phosphor-TrkA (Tyr 674/675)/TrkB (Tyr 706/707); catalog
4621) overnight at 4°C. Additional samples from the CPu (15 pg protein) were subjected to
electrophoresis on 7.5% polyacrylamide-SDS gels and transferred to nitrocellulose
membranes. These membranes were blocked for 1h then rinsed and incubated with TrkB
and phospho-TrkA (Tyr 674/675)/TrkB (Tyr 706/707) overnight at 4°C. phospho-TrkA/
TrkB signaling was measured as a control since activation at this receptor site has not been
linked to structural and biological functioning of BDNF acting at TrkB [34]. After rinsing,
all blots were incubated for 1h in a horseradish peroxidase (HRP)-conjugated goat anti-
rabbit 1gG secondary antibody (1:10,000; Jackson), followed by detection with
SuperSignal® West Pico Chemiluminescent Substrate (Pierce Chemical Co.). All blots were
reprobed with antibody against f-actin (1:100,000; Sigma-Aldrich Corp.), and after rinsing,
the blots were incubated for 1h in an HRP-conjugated goat anti-mouse 1gG secondary
antibody (1:10,000; Jackson) followed by chemiluminescent detection. The intensities of
each of the candidate proteins and p-actin were visualized and quantified using the Bio-Rad
Chemi Doc XRS+ Imager and Image Lab software. Levels of each of the proteins were
normalized to those of B-actin in each sample and a standard that was run on every gel. The
standard used to normalize between blots was the protein concentration of the CPu of a non-
experimental animal.

2.10 Data Analysis

3. Results

Statistical analyses were carried out with GraphPad Prism (v. 12.0, San Diego, CA).
Separate two-way ANOVA with Housing and Trait factors were performed for each of the
behavioral and biological assays. For the generational screening data, a two-way ANOVA
was run on the percent time spent on the open arms of the EPM across multiple generations
(Trait x Generation). Behavioral measures included percent time on open arm, percent open
arm entries and total entries in the EPM; percent novel chamber entries for NPP; and
average distance traveled (habituation and post-AMPH) as well as average rearing bouts in
the locomotor activity monitors. Post-hoc comparisons were performed using Bonferroni
multiple comparisons (with alpha adjustments) where appropriate. We also performed
bivariate correlations to determine any associations among behavioral assays (all animals,
N=40) and neural markers using Pearson R correlations. This correlation analysis was
performed to determine the relationship between variables and the direction of this
relationship. A significance level of p < 0.05 was used throughout the study. Data are
presented as group means (n=10, unless otherwise noted) + SEM.

3.1 Generational Anxiety Screening

A reduction in anxiety-like behavior (i.e. increased percent time on open arms) was
observed in the LAn phenotype across multiple generations, while increased anxiety-like
behavior (i.e. decreased percent time on open arms) was observed in the HAn phenotype
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across multiple generations. Two-way ANOVA indicated a significant main effect of Trait
[F(1,69)=101.5, p<0.0001] as well as a Trait x Generation interaction effect [F(3,69)=8.776,
p<0.0001], with F3 and F5 generations of LAn and F5 generation of HAn animals
displaying significant differences when compared to parental lines (p<0.05 for LAn, HAn
Parental relative to F3 and HAn Parental compared to F5; (p<0.01) LAn Parental relative to
F5 (Fig. 1).

3.2 Elevated Plus Maze

To assess the effects of trait anxiety and environmental housing environment on anxiety-like
behavior, percent time on open arms was analyzed using a one-way ANOVA. A main effect
of Housing was obtained for percent time on open arms [F(2,54)=33.84, p<0.0001]; a trend
towards significance for Trait was found [F(1,54)=3.404, p=0.0705] as well as a significant
interaction [F(2,54)=6.812, p<0.01] (Figure 3a). Post-hoc multiple comparisons
(Bonferroni) revealed HAN SE rats spent more time on the open arms than IE rats (p<0.001);
both HANn and LAn rats reared in enriched environments differed from those from IE, with
increased percent time on the open arms (p<0.0001); HAn rats reared in EE were not
different from those reared in SE, however, LAn rats reared in EE spent more time on the
open arms than those reared in SE (p<0.01). We also measured open arm entries and found a
main effect of Housing [F(2,54)=17.10, p<0.0001]. Post-hoc analyses revealed HAn SE and
EE had more %OA entries than the HAn IE group (p<0.01, p<0.001, respectively); LAn EE
animals also had greater %OA entries relative to LAn IE animals (p<0.001) (Fig. 3b).

For activity on EPM, we analyzed total entries separately using a two-way ANOVA. Results
show Housing [F(2,54)=19.52, p<0.0001] and Housing x Trait interaction effects
[F(2,54)=3.336, p<0.05), with post-hoc tests indicating HAn animals reared in SE and EE
had more total entries than HAnN IE reared animals, p<0.001 (Figure 3c).

3.3 Novel Place Preference

To determine if any differences existed between trait anxiety and housing environment on
free-choice novel place preference, we analyzed percent time and total entries in novel
chamber separately using two-way ANOVAs. No significant main or interaction effects
were found in either test (data not shown).

3.4 Locomotor Activity

We analyzed the distance traveled data using a three-way ANOVA for Trait, Housing and
Time (averaging the habituation and post-amphetamine blocks). We observed significant
effects of Housing [F(2,108)=13.826, p<0.0001] and Time [F(1,108)=27.030, p<0.0001] as
well as trend towards a significant Trait x Housing effect [F(2,108)=2.469, p<0.089] and
Housing x Time [F(2,108,)=4.141, p<0.05] effect. Post hoc tests revealed significant
differences between the IE and EE groups (p<0.0001) and the SE and EE groups (p<0.001).
No significant differences were observed for rearing bouts (data not shown).

3.5 Determination of Plasma Corticosterone

Plasma corticosterone responses were measured thirty minutes following a forced novel
object exposure. Two-way ANOVAs run on group CORT responses showed a significant
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Housing effect [F(2,54),=11. 87, p<0.001] (Figure 5). Planned post-hoc comparisons
indicated that HAn animals reared in the EE had significantly lower CORT levels than HAn
rats from IE (p<0.001) and SE (p<0.05). In a similar fashion, LAn animals from EE had
significantly lower CORT than those from SE (p<0.5) and marginally lower than those from
IE (p=0.064).

3.6 Dopamine Receptor (D2) Levels in the Caudate Putamen (CPu) and Nucleus

Accumbens

(NAc)

A two-way ANOVA of the Western blots of the dopamine receptor (D2) from CPu tissue
revealed that there were main effects of Trait [F(1,23)=8.360, p<0.01] and Housing
[F(2,23)=6.445, p<0.01]. Post hoc analyses showed that D2 levels were relatively higher in
HAnN animals from IE and EE than those from SE (p<0.05; Fig. 6a). Analysis of NAc D2
protein levels uncovered main effects for Housing [F(2,25)=2.037, p<0.01] and Trait
[F(1,25)=6.516, p<0.05], with HAnN rats from EE displaying higher D2 levels relative to
those from IE (Bonferroni, p<0.01, Fig. 6b).

3.7 TrkB and Phosphorylation of TrkB Levels in the CPu and Hippocampus

3.8 Pearson

No significant main effects or interaction for total TrkB receptor protein levels in the CPu
were found (data not shown). By contrast, pTrkB protein levels in the CPu were increased in
HAnN animals from social environments relative to those receiving enrichment (Figure 6c);
an interaction effect was obtained [F(2,23)=5.661, p<0.01], (post-hoc tests, HAn SE to HAn
EE, p<0.05). Analysis of TrkB protein levels in the hippocampus did not reveal any
significant main effects or an interaction; data not shown. On the other hand, a significant
effect for Trait was found for pTrkB receptor protein levels in the hippocampus,
[F(1,28)=5.214, p<0.05], a marginally significant main effect of Housing [F(2,28)=3.045, p
= 0.0636] as well as a marginally significant interaction effect [F(2,28)=3.214, p=0.0554].
Post hoc analyses indicated that HAn animals from isolated environments had markedly
greater pTrkB protein levels than those from enriched environments (Fig. 6D), p<0.05.
Given that there were no main or interaction effects for TrkB levels in either the CPu or the
hippocampus it is likely that the differences in pTrkB were not due to potential differences
in BDNF receptor levels.

r Correlations

Correlation analysis indicated a negative correlation between corticosterone levels after a
mild stressor and percent time spent on the open arms of the elevated plus-maze (Pearson’s r
=-0.370; p < 0.01); open arm time was also negatively correlated with distance traveled
after amphetamine injection (Pearson’s r = -0.38; p < 0.01; two-tailed) and with pTrkB
protein levels in the caudate putamen (Pearson’s r = -0.49; p < 0.01; two-tailed) (Table 1).

4. Discussion

Our findings demonstrate that Long Evans male rats selectively bred (unrelated pairs) for
extreme anxiety on the elevated plus maze show increased divergence across generations
and that the enriched environment (EE) can interact with trait anxiety to modify behavioral
as well as physiological and neural responses. In the current study, animals were placed in
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select environments shortly after weaning, a critical period of neural development.
Developmental timing of and duration of exposure to EE are factors that have been shown to
markedly impact neural and behavioral outcomes [34, 35]. Indeed, developing neural
systems are highly plastic and particularly sensitive to both insults [37] and enrichment [38].

4.1 Environment Enrichment Effects on Novelty Preference and Elevated Plus Maze
Performance

In the current experiment, rearing environment, did not impact novel environment
preference. Earlier work by Hall et al. [39] found isolation rearing increased novel
environment preference, especially in environments that were favorable and less aversive.
Similar effects were not observed in the current study. It is possible that additional
conditioning sessions or the use of more distinct novel environment would have elicited
effects. Others have reported no effect of EE on sucrose preference, which may suggest that
rearing environment does not alter responding to natural rewards, such as food or novelty
preference. Overall, these data suggest that neither trait anxiety nor post-weaning rearing
environment significantly modifies this form of place preference [39].

EE impacted anxiety-like behavior on the EPM by increasing percent open arm exploration,
most notably among HAN animals. In our initial parental animals, we did a median split
separating HAn (lower quartile, low %O0A time) and LAn (upper quartile, high %0A time)
lines displaying the anxiety-like behavior and less anxiety-like profiles on the EPM,
respectively. In the subsequent offspring from unrelated breeding lines, HAn animals show
significantly less activity on the open arms of the EPM, averaging about 25% for F3 (Fig. 1).
When tested on the maze following 3 weeks in distinct housing environments, however,
high anxiety animals reared in SE and EE had significantly greater time on the open arms
compared to IE reared rats, and the averages for these HAn animals (>40%; Fig. 3a) was
higher than that observed in similar HAn animals maintained in standard double housing
conditions and tested as part of the initial inter-generational study (see Fig. 1). These
findings extend previous work demonstrating that stressed Long Evans rats reared for a
minimum of 40 days in EE exhibit a reduced behavioral stress response [24]. Prior exposure
to SE in a large cage with social interaction and EE in which a large cage with social peers is
equipped with toys that are manipulated (e.g., added or deleted), present these animals with
ample opportunities for social interaction, exercise, manipulation of and interaction with
objects, all of which have been shown to improve resilience to stress [41]. This exposure
may better equip highly anxious animals in particular [41] to navigate potentially stressful
areas such as the open arms on the EPM, and while other labs have reported EE animals
show less overall exploration in novel environments, EE appears to interact with trait
anxiety in the current study, increasing exploration and reducing anxiety-like behavior
suggesting the anxiety may be mediated by changes in exploration. It is interesting that in
the LAn animals reared in SE, no differences in anxiety-like behavior were observed.

4.2 Environmental Enrichment Influences Anxiety-Induced Amphetamine Sensitivity

Several lines of research highlight the putative role of the stress domain as well as early life
experience (e.g., EE) on vulnerability to drugs of abuse [10, 17, 11]. To test whether
extreme trait anxiety and postnatal housing might interact to influence drug sensitivity, we
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recorded the locomotor-activating effects to a low dose of amphetamine in our extreme trait
anxiety animals after 10 weeks of select housing. Initially, there were significant housing
differences during the 30-min habituation to the locomotor cages with higher activity in the
HAnN- SE relative to HAN-EE rats. These results are not in agreement with that of others,
demonstrating no differences in activity levels between animals showing high (HAB) and
low anxiety-like behavior (LAB) [19]. The findings are consistent with the reported
differences in activity in the EPM for the HAn animals in the current study. Following
amphetamine injection, activity levels were greatest in the HAn-SE animals, a profile
similar to that observed in the LAn IE rats in that they, too, differed in AMPH-induced
activity from LAn SE and EE groups. Bardo and colleagues reported that EE reduced
amphetamine self-administration in rats [19]. Drug-induced locomotion was lowest in the
HAnN and LAnN EE rats, implying that rats bred along an anxiety domain show recovery from
drug sensitivity if exposed to significantly enriched rearing environments. Indeed, using a
validated model of ADHD, the inbred spontaneously hyperactive rats (SHR), de Carvalho et
al. [40] found that SHR rats living in EE showed less novelty-seeking and failed to (1)
develop conditioned place preference to ethanol, (2) show sucrose preference and (3) self-
administer ethanol. We also found that the low anxiety-like behavior on the EPM was
negatively correlated with AMPH-induced locomotion, and that was observed regardless of
trait anxiety (Table 1).

4.3 Enriched Environments Alter Stress-Induced Neuroendocrine Response

In the current work, after forced exposure to a novel object, the adrenocortical response was
markedly elevated in high anxiety groups reared in impoverished and social environments
compared to HAn EE. These findings suggest that EE’s restorative effects on emotional
responding in the EPM likely involve diminished neuroendocrine levels in these animals.
Other labs have reported higher basal levels of CORT in Long Evans rats housed in EE but a
more rapid return to baseline following an acute stressor, successive forced swim tests and
in prenatally-stressed rats reared in EE, suggestive of greater adaptability in these animals
[23, 45]. Currently, EPM open arm responses were inversely related to CORT levels (Table
1), implying in the HAn and LAn lines that increased activity on the open arms may
represent low anxiety-like behavior.

4.4 Environmental Enrichment Effects on BDNF/pTrKB and D2 Protein Levels

Recent findings by Schloesser et al. [43] indicate the adaptive adrenocortical response in EE
mice is influenced by neurogenesis in the dentate gyrus. Additional evidence includes recent
work by Jeanneteau et al. [46] that shows glucocorticoids in Trk neurotrophin activation and
neuroprotection. Currently, we used the indirect measure of phosphorylation of the BDNF
high affinity tropomyosin-receptor-kinase B (TrkB) [47] and found elevated protein levels
of pTrkB in the caudate putamen only, and just in animals from the high anxiety phenotype
housed with same-sex social peers, not the EE group. Perhaps an alternate, non-BDNF
mechanism mediates the increased neurogenesis reported by Schloesser and colleagues [43]
or that differing variables influence the disparate findings in that they used mice, and distinct
behavioral assays (e.g., social defeat paradigm, a model of depression) than those used
presently. It may be the case that looking at whole hippocampal tissue affected our findings
as well because while researchers have reported similar decreases in BDNF mRNA levels in
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CAZ3 and dentate gyrus of stressed rats, they have not seen any changes in CA1 [48].
Further, perhaps the analysis of amygdala may have provided evidence for a relationship
between anxiety and neurogenesis by targeting a brain region long implicated in anxiety.

Consistent with our findings, using transgenic mice Govindarajan and colleagues [49]
reported that BDNF over-expression was linked to increased anxiety-like responses in the
open field test. As well, Branchi et al. [38] found that in mice reared in a communal nest,
increased BDNF levels and protracted survival of BrdU-positive cells accompanied elevated
stress responses in the open field and elevated plus maze. Finally, Meshi and colleagues [50]
found EE improvements in anxiety were neurogenesis-independent. Therefore, the current
findings are in agreement with a body of evidence from research models that focus on
anxiety as indexed by open field and elevated plus maze tests.

We also observed increases in protein levels for D2 in the nucleus accumbens and CPu, with
higher levels for the HANn EE group in both regions, and additionally, for the HAn animals
reared in the isolated environment for the CPu region (Fig 6a). Other work supports this
inverse relationship, indicating decreased D2 protein levels in anxious and social dominance
animal models [26, 27], with no changes in EE reared animals [24], the same profile we
observed with the HAn animals reared in SE showing decreased D2 protein levels.
Although HAN SE animals did not present as anxious in the EPM, the LAn SE did trend
towards greater anxiety-like behavior and decreased D2 levels. Although not tested
presently, it is probable that social hierarchy contributed to these findings and the EE
ameliorated these effects. These results also extend that of others showing EE decreased
DAT levels and functionality along the mesocorticolimbic pathway [24, 25], while not
affecting striatal DA transmission [51] following an environmental enrichment condition
postnatally. Moreover, literature on stress implicates decreases in striatal D2 sensitivity and
D2 mRNA levels in isolation-reared animals [52] and in anxiety and social dominance
models [26, 27].

r Correlations

The correlation analysis of the behavioral, hormonal and protein data showed that the time
spent on the open arms of the elevated plus-maze was negatively correlated with the
corticosterone secretion after stress and total distance traveled following amphetamine
injection. In a similar fashion, others found EE-reared rodents display blunted adrenocortical
responses to early life or adult stress [23, 45]. Further, percent time on open arms negatively
correlated with pTrkB protein levels in the caudate putamen and showed a near-significant
negative correlation with D2 protein levels in that region as well. These data implicate less
anxiety-like behavior mapping on to decreased BDNF / TrkB signaling and more anxiety-
like behavior associated with decreased D2 protein levels as implicated by others [52].

5. Conclusion

Taken together, we report that phenotyping outbred animals based on response on the EPM
and mating selectively thereafter resulted in an increase in extreme anxiety responses on the
EPM across generations (i.e., for F3 and F5; see Fig. 1). This, however, did not extend to the
3"d generation animals reared in select housing presented in the current work. We did not
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find trait differences in anxiety-like behavior or exploration along the elevated plus maze,
novelty place preference or locomotor response to amphetamine. It is probable that the
multiple-handling and repeated testing paradigms may have contributed to this discrepancy.
Perhaps these multiple exposures reduced the trait-specific effects in this generational line.
This is in contrast to the extensive work done on the inbred Wister line of high (HAB) and
low anxiety-like behavior (LAB) rats where animals show an anxious profile in multiple
tests [12]. It is also likely that the discrepancy is due to the genetic diversity of the
HAN/LARN lines as well as the use of only the 3" generational line. Of interest, we show that
decreased anxiety-like responding on the EPM (i.e. increased percent open arm time) is
negatively correlated with corticosterone responses and AMPH-induced locomotor
responding. Our findings provide evidence for a putative role of rearing environmental
manipulations in ameliorating the vulnerability for drug addiction associated with high
anxiety. High anxiety animals reared in EE or SE were found to have a behavioral profile
more closely resembling that of LAn animals in EE (increased percent open arm time,
decreased AMPH locomotor response and a diminished CORT response) while low anxiety
animals reared in IE behaviorally resemble their HAn IE counterparts. Taken together, this
strongly suggests that post-weaning environmental manipulation can augment the behavioral
profile of adult trait anxiety animals, causing the extreme behavioral profiles of HAn and
LAn animals to become moderate over time. EE has been successfully shown to alter
psychostimulant drug sensitivity elsewhere [24] but had not yet been shown to do so in
animals with particular drug vulnerability. At least changes in protein levels for D2 that are
consistent with decreased CORT changes may underlie EE’s effects on AMPH resilience
and also contribute to stress adaptability. Additional work is necessary to determine whether
immediate changes in neurotrophin activity / TrkB phosphorylation in other brain areas is
another critical mechanism for EE’s beneficial effects for the current model.
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Fig. 1.

Segiectively outbred high and low anxiety rats show exaggerated responses on the elevated
plus maze across generations. Bar graph comparing males’ (n=10 per group) percent time on
open arm of EPM for Parental line and filial 1 (F1) at PND 35, F3 and F5 at PND 36
selectively bred HAn and LAn lines. *p<0.05 (same phenotype) Parental compared to F3
#p<0.01 (same phenotype) Parental versus F5.

Behav Brain Res. Author manuscript; available in PMC 2014 December 05.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Ravenelle et al. Page 18

Enriched Social Isolated
Environment Environment Environment

Novelty Place
Preference (NPP)

Entered into Housing
Condition (EE, SE, IE)

PND 28
Birth Weaning NPP
PNDO PND21 PND 56
1 I
PND 25 PND 49 PND 100 PND 126
EPM EPM LMA Study
Termination
Forced Novel
Object Stressor
& Trunk Blood
o Collection

V.
Elevated Plus Maze Locomotor Activity
(EPM) (LMA)

(0.5 mg/kg, AMPH, IP)

Fig. 2.
Timeline showing study procedures and postnatal days for behavioral testing and biological

assays. Abbreviations: PND=postnatal day, EE=enriched environment, SE=social
environment, IE=isolated environment, EPM=elevated plus maze, NPP=novelty place
preference, LMA=locomotor activity. At study termination, 8-10 animals per group were
sacrificed for brain and terminal blood harvesting.
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Fig. 3.

a-?: Anxiety-like responses and general activity on the EPM of HAn/LAn animals following
select housing conditions. (@) HAn animals reared in SE and EE spent more time on the
open arms compared to IE; LAn animals from EE also had more percent time on open arm,
(b) HAN EE and SE reared rats entered the open arms more often than HAn animals reared
in isolated environments, (c) HAn animals reared in SE and EE had an increase in total arm
entries over HAn animals in isolation ***p<0.001 (same phenotype, compared to IE).
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a-b Amphetamine-induced locomotion is elevated in animals from isolated (solid, black
lines) and social (dashed, grey lines) environments. (a) Time-course of habituation (0-30
min) followed by amphetamine (0.5 mg/kg, IP; injection at 30 min (arrow))-induced motor
activity in LAn and HAN animals from select housing conditions. (b) Average total activity
during habituation (0-30 min) (c) and post-AMPH injection. Animals from IE and SE
differed from those reared in EE (**p<0.001).
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Fig. 5.
Plgsma corticosterone levels (ng/ml) in response to a 30 min forced novel object exposure
varied across high anxiety selective-housed groups (mean = SEM). Assay detection limit

was 5.7 ng/ml, and average intra-assay variability (between duplicates) was 2.25%. Data

shown are mean response ng/ml + SEM. After stress, animals of the EE group (both HAn
and LAnN) showed the smallest stress-induced corticosterone secretion, whereas this
secretion was elevated in all other groups. HAn from EE relative to HAn animals from

isolated environments (***p<0.001) and compared to HAn SE (#p<0.05).
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Fig. 6.

a-d Housing and Trait differentially affected protein levels (Western blots) (n=4-6 brains per
group). (a) Dopamine D2 receptor expression in the CPu was significantly higher in HAn
animals reared in isolation and in enrichment relative to HAn rats from isolated rearing
environments (p<0.05). (b) Dopamine D2 receptor expression (+SEM) in the NAc of was
significantly higher in HAn animals from enriched rearing compared to HAn animals reared
as isolates (p<0.05). (c) Phosphorylation of TrkB (pTrkB) in the CPu was significantly
higher in the HAn animals from social environments relative to the HAn enriched animals,
(*p<0.05. relative to HAn EE). (d) HAn animals from isolation rearing had higher levels of
pTrkB in the hippocampus than the HAn EE group (*p<0.05). All data are expressed in
means + SEM, and levels of each of the proteins were normalized to those of B-actin in each
sample. There were no significant main effects or interaction for total TrkB receptor protein
levels in the CPu or hippocampus; data not shown.
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