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Abstract—Evidence-based research has revealed how physiological and emotional responses to acute stress are
adaptive. However, under conditions of unpredictable or protracted stress, health and drug vulnerability can be
compromised. In this study, we examined anxiety-like behavioral responses of 4th generation adolescent male
and female Long Evans rats selectively bred for high (HAn) and low (LAn) anxiety-like behavior when housed
in an isolated environment (IE) versus a social environment (SE). After 35 days in IE or SE, animals were tested
in the elevated plus maze (EPM), injected with amphetamine (AMPH: 0.5 mg/kg, IP) in the locomotor activity
(LMA) chamber, measured for basal and post air puff-stressor core body temperature and blood pressure. Follow-
ing select rearing, SE reduced the anxiogenic response in HAn rats with females displaying the lowest anxiety-like
behavior in the EPM. During habituation in the LMA, IE rats remained active, while post-AMPH injection HAn
females were hyperactive, followed closely by LAn females. Our findings from the post-stressor physiological
measurements indicate that temperature differences due to environment are observed only in the SE females.
We also observed group differences for diastolic (DBP) and systolic (SBP) blood pressure. HAn IE males experi-
enced higher DBP and SBP but LAn IE females only experienced higher SBP. Not only do our findings corroborate
earlier work on HAn/LAn lines but the findings obtained from this research offer new insights about the role of
environment and the role of sex in (1) modulation of anxiety-like behavior, (2) AMPH sensitivity, and (3) basal
and stress-induced physiological changes. © 2018 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION expresses personality traits, interacts with peers and
rearing environment, and, ultimately, how the individual

Across Ameri<_:a ther_e is a disturbing increas_e in interacts with society at large (Spear, 2000; Dahl, 2004;
reported anxiety disorders and the associated Qidwai et al., 2010; Campos et al., 2013; Mills et al.,

g,eha;"ora' V\‘/j'St”rba”"eS ”_‘atl °|ﬂe” accompany such 2014; Remes et al., 2016). The adolescent period also
Isor ers(.j_ o(rjnen are_:hpartlcq arly at rlis, to e_:xpelrlencz coincides with life transitions and defective social expe-
anxiety disorders with environmental, 'societal, an riences (e.g., isolation, abandonment, and neglect),

reproductive factors believed to contribute to the increasing the likelihood of drug abuse, addiction, and

ﬁ)rep;c.)ngerakr?ce oflthizs \;ulngrabil_ity (Kessler et aI_., psychiatric disorders (Brewer et al., 1998; Dawes
994; Hankin et al., 2007). Despite a robust pace in et al., 2000; Lu et al., 2003; Sinha, 2008; Smith and

anxiety-related research, a lag remains in the develop- Book, 2008; Wu et al., 2010; Meyer-Lindenberg and
ment of related studies on the more vulnerable adoles- Tost, 2012). In rodent models, the isolated housing

ceqt populgtlon. This is a populatlon that experiences environment (IE) emulates early-life stress and exacer-
rapid physmal and psyphologmal ghanges along with bates stress reactivity. By contrast, social (SE) and
maturational changes in th'e brain. - In tOte_“' _these enriched environments (EE) generally protect animals
changes coalesce to define how the individual against stress. Published investigations of defective
social experience report how CD-1 mice exposed to
enriched and SEs displayed lower locomotion and

) : anxiety-like responses compared to those housed in
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environments exhibited lower corticosterone levels post
stressor compared to singly housed rats (Belz et al,
2003). Prior research reporting on sex differences found
female rats housed in social housing exhibited reduced
stress and corticosterone levels (Brown and Grunberg,
1995). By comparison, male rats subjected to crowding
displayed increased adrenal hypertrophy (Westenbroek
et al., 2003).

In both human and rodent models unavoidable stress
is manifested as increased autonomic activity — heart
rate, arterial pressure, and body temperature (Friedman
and Thayer, 1998; Noteboom et al., 2001; Oka et al.,
2001). In rodent studies, the spontaneously hypertensive
rat (SHR) is a well-studied animal model with translation
to human behavior (Cambotti et al., 1984; Calhoun et al.,
1995). Prior research reports significant changes in blood
pressure for SHR rats placed in social isolation and alter-
nate rearing environments (Hallback, 1974; Sanders and
Gray, 1997). For Sprague—-Dawley rats, researchers
report how novel environments accounted for a rise in
body temperature by approximately 1.4 °C (Long et al.,
1990). To evaluate gender differences in autonomic activ-
ity, some recent studies focused on the female menstrual
cycle. After controlling for premenopausal women, the
results provided by cross-sectional studies found ovarian
hormones have a significant effect on blood pressure
and are linked to a higher incidence of hypertension in
postmenopausal women and women with premature ovar-
ian failure (Weiss, 1972; Staessen et al., 1994). These
earlier findings point to developmental, environmental,
and sex differences in the physiological response to rear-
ing and stress.

To add to this body of work, the current study
examines how male and female Long-Evans rats
selectively bred for high- and low-anxiety (HAn and LAn,
respectively) modulate a rat's behavioral, physiological,
and drug vulnerability profiles when subjected to
alternate housing environments. Juveniles (postnatal
day 21) HAn and LAn 4th generation rats were housed
in isolated (IE) or same-sex social (SE) environments
for a minimum of 35 days prior to all testing. Utilizing the
elevated plus maze (EPM) as an assay of anxiety-
related behavior, this study aims to corroborate the
reported benefits of social housing in trait anxiety rats,
and to investigate whether these benefits favor a
particular biological sex. Following the administration of
amphetamine (AMPH), the rats’ drug vulnerability profile
was tested using a locomotor activity (LMA) chamber.
Although female rats have a greater sensitivity to AMPH
than do their male counterparts, we sought to examine
how environment modulates this sensitivity. The rats’
basal and post-stressor physiological responses to an
acute stressor were measured by obtaining temperature
and blood pressure readings. Anticipating that social
housing has a positive advantage on the physiology of
the rat, we also examined if the benefits are sexually
differentiated. This study further extends prior research
by evaluating the simultaneous effects of trait, sex, and
environment on anxiety-like behavior, drug vulnerability,
and physiological response to acute stress in an
adolescent model.

EXPERIMENTAL PROCEDURES
Animals

Adult fourth generation Long—Evans rats derived from
outbred lines bred at the University of Massachusetts
Boston were used in the current study. The parental
generation of 85 rats (for 43 male—female crosses and
subsequent litters) was purchased from Charles River
Breeding Labs (Wilmington, MA, USA). Unless
pregnant, animals were housed in pairs and were given
food and water ad libitum. They were maintained in a
temperature and humidity controlled environment on a
12-h light/dark cycle (0700-1900 h). All protocols were
approved by the IACUC of the University of
Massachusetts. The protocols also adhered 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”.

Husbandry

All offspring sired from parental lines were subjected to
the EPM (Med Associates, St. Albans, VT, USA) after
sexual maturation for phenotyping as HAn or LAn
phenotypes. An EPM is a black Perspex platform that
consists of two open arms (OA) and two high, closed
arms (CA). The EPM was positioned 70 cm above the
floor in a room with an ambient light intensity of 70 lux.

For each generation, the percent of time spent on the
open arms (%OA Time) by a rodent was computed as
follows:

OA Time

%OA Time —
#OA Time = (53 Fime + CA Time) *

100

Next, we computed the quartiles for %OA Time. HAn
males from the lower quartile were crossed with unrelated
HAnN females from the lower quartile, and LAn males from
the upper quartile were crossed with unrelated upper
quartile LAn females. Pregnancy was identified by the
appearance of copulation plugs in the mating
environment and designated as gestation day “0”
(GDO0). Pregnant females were monitored for weight
gain and allowed to deliver (GD 20-22) and nurture
pups through the lactation period.

The above procedure was repeated over three
generations for 20-25 mating pairs per generation.
Finally, for filial 3 (F3) we had 189 offspring from 25
parental lines comprising of LAn (N = 92) and HAn (N
= 97). On postnatal day (PND) 21, F3, 4th generation
pups were weaned and each subjected to the EPM to
establish baseline measurements in trait anxiety. Rats
were habituated in their own cages for 15 min in the
experimental room and then placed in the middle of the
EPM facing either the open or closed arm, alternating
with each rat. The rats were tested in mixed blocks (i.e.,
animals designated as HAn, LAn and housed either in
IE or SE were tested at the same time to avoid group
effects; males and females were tested on separate
days) on the EPM for 5 min. After EPM, we separated
the rats into HAn and LAn lines, selecting 20 males and
20 females that were most representative of the trait
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Fig. 1. Schematic diagram that depicts the experimental timeline indicating

husbandry, placement and duration of select housing environments,

postnatal day of testing for each of the behavioral tests, the inter-trial-intervals, and culmination of all testing.

(i.,e., showing lowest and highest %OA time,
respectively). Thus, our sample size for the experiments
to follow is N = 80; the experimental timeline is shown
in Fig. 1 representing the sequence of events for the
study.

Postnatal housing conditions

We began the postnatal housing assignment by arbitrarily
selecting 10 of the 20 F3 HAn males to be allocated to
isolated housing (IE) environment while the remaining
10 F3 HAn males were assigned to social housing (SE)
in groups of five. To constitute any group, not more than
two same-sex siblings were taken from a given litter.
Similar conditions were established for LAn males, and
this was repeated for HAn and LAn females (Fig. 1).
Animals were housed in select housing for a minimum
of 35days since 4-8weeks of environmental
enrichment are most often used in studies, and social
housing effects fall between enrichment and isolation
(Simpson and Kelly, 2011).

IE and SE

The IE and SE were both composed of Plexiglas
enclosures. For IE, the cage (42 x 25.5 x 20 cm) was
covered with a metal cage top and housed one rat that
had no physical contact with other rats. In contrast, the
SE cage was larger (52 x 47 x 38 cm) and filled with
more pine chips to reach the ~2-cm height requirement;
the cage was covered in wire mesh. The floor for the
SE cage was covered with 3—4 cm of pine chip bedding
and housed same-sex/phenotype animals in groups.
The rats were only handled when a cage change was
necessary and during testing (beginning on PND 56;
Fig. 1).

Behavioral testing

EPM. After a minimum of 35 days in select housing as
this duration has been noted to promote plasticity and
resilience (Simpson and Kelly, 2011), all animals (n =
80; weighing 200-325 g; PND 56-58) were tested again
on EPM for 5-min. Once more, we measured %0OA Time.
Additionally, we collected data on the number of entries
that were done by each rodent on the open arms and
the closed arms of the EPM. We computed %OA Entry
as follows:

OA Entry

1
(OA Entry + CA Entry) * 100

%OA Entry =

Following past research custom for evaluating general
activity we measured total OA and CA entries (Salum
et al., 2000; Walf and Frye, 2007). When converted to
%OA Time and %OA Entry, prior research reports that
higher percent time and higher percent entries on OA is
indicative of less anxiety-like behavior.

LMA. The updated understanding of addiction
embraces the notion that a casual user shifts to
compulsive use patterns or addiction with chronic use.
In the brain, this shift is indicated by movement away
from ventral striatal areas implicated in the reward-
related experience of the drug to more dorsal striatal
regions important for compulsive behavior (Everitt et al.,
2008). This habitual responding relies on pairings of the
drug and environmental cues, again working via the dor-
sal striatal neural structures, the contingency captured
in LMA tests. Thus, increased behavioral responses to
low doses of AMPH likely indicate animals are more likely
to also display increased drug-environmental cue associ-
ations (i.e., increased LMA) leading to compulsive behav-
ior or addiction. The commercial LMA chamber (Med
Associates, St. Albans, VT, USA) consisted of a square
box that measured the number of photon-beam breaks
(horizontal and vertical) at 5-min intervals over a 90-min
test period. On PND 60, the rats were weighed and indi-
vidually habituated to the LMA for 30 min and then
injected with a low dose (0.5 mg/kg/ml 0.9% saline,
intraperitoneal) of AMPH to test whether the housing con-
ditions (IE v/s SE) would modulate the behavioral
response. After the AMPH injection, the animals were
immediately placed back into the LMA for the remaining
60 min. The experiment was conducted on n = 78 rats;
two male rats, one from the LAn IE group and one from
the LAn SE group, displayed adverse responses and
were not included.

Physiological testing

Temperature testing. Core body temperature was
measured using a rectal temperature probe (CODA
system, Kent Scientific, Torrington, CT, USA). Males
and females were tested on separate days (PND 65—
70), and immediately after obtaining a basal core body
temperature, an aversive air puff stimulus was given to
each animal. One post-stressor temperature was taken
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after a 15-min interval. A total of 43 animals that showed
stable baseline recordings (fluctuations less than 0.4-0.6
°C; 3-5min) were included in the temperature testing.
The group of 43 rodents comprised of four to six
rodents from each of the eight groups.

Blood pressure (BP). For measuring basal and post-
stress BP, we used the non-invasive CODA system
(Kent Scientific) for small rodents. Three days prior to
any given test day, males- or females-only were
habituated to the restraint tube (Harvard Apparatus,
Holliston, MA, USA) and tail cuffs for 15 min, after a 15-
min habituation to the test environment. Next, diastolic
blood pressure (DBP) and systolic blood pressure (SBP)
measurements were collected with an addition of an
aversive air puff stimulus before the test started and
then once again ten minutes into the test (PND 75-80).
All data were recorded in 1-min bins for the 15-min test
session; the tail cuff has been validated as an accurate
in vivo method for systolic pressure in rats, and
comparable to BP measurements using arterial
cannulation (Bufiag, 1973; Fritz and Rinaldi, 2008). Since
systolic and diastolic differences are reported in clinical
anxiety disorder populations, both measures were taken
in the current study to assess face validity for the model
(Hildrum et al., 2008). Here the 41 rodents (four to six
from each of the eight groups) that displayed a stable
baseline were used for the BP analysis.

Data analysis

Statistical analyses were performed using the IBM
version of SPSS (v. 22.0). Multivariate normality and
homogeneity of covariance matrix were verified using
Box's M test. Levene’s test was used to verify
homogeneity of variance. Univariate normality was
tested using Shapiro—Wilks. Mauchly’s test was used to
verify the sphericity assumptions. For the analysis of the
EPM data, a MANOVA model was formulated to
determine if there were any main effects of Sex, Trait,
and Environment on the joint behavior of %OA Time
and %OA Entry. We used repeated measures MANOVA
model for the LMA analyses to investigate the AMPH
sensitivity from Sex, Trait, and Environment on the
mean score for rears and distance traveled. The
temperature data were analyzed using ANCOVA models
to test for main effects of Sex, Trait, and Environment
on core body temperature changes post-air puff while
controlling for baseline temperature. Similarly, an
ANCOVA model tested the same three main effects on
diastolic and systolic BP while controlling for baseline
diastolic and systolic BP, respectively. In all tests,
statistical significance was based on an alpha value of
p < 0.05. All post hoc tests invoke the Bonferroni
correction to protect the family wise error.

RESULTS
EPM

It is evident from previous research that HAn rats spend
less time and make fewer entries in the OA (Ravenelle

et al., 2013). While phenotyping was based on %OA
Time, we used a MANOVA for %OA Time and %OA Entry
to extend prior research findings and test the effect of the
three factors Environment, Trait, and Sex. Shapiro—Wilk’s
normality test for %OA Time and %OA Entry for each
level of the three effects indicated that the variables are
normally distributed (NS, p > 0.05). Evaluation of the
homogeneity of variance—covariance matrices did not
reveal any substantial anomalies (Box’s M test:
F21,18581.610 = 0.632, p > 0.5). Additionally, we subjected
the diagonals of the covariance matrix of both the %OA
Entry and %OA Time to the Levene’s test. For %O0OA
Entry, we obtained: F77, = 0.269, p > 0.50 and for %
OA Time: F77, = 0.703, p > 0.50. We concluded that
the error variance is equal across the groups and thus,
proceeded with the MANOVA.

The results from the MANOVA indicated that
Environment was statistically significant (1 = 0.822;
MANOVA: F,74 = 7.675, p < 0.001) in explaining the
joint behavior of %OA Entry and %OA Time (dependent
variables). The partial eta square (42) of 17.8% indicates
that Environment contributed the most to the
explanation of variance in the dependent variables. The
fixed effect Sex (1 = 0.912, MANOVA: F, 7, = 3.437, p
< 0.05, 2 = 0.088) and the fixed effect Trait (1 =
0.904, MANOVA: F,,4 = 3.763, p < 0.05, 1 = 0.096)
explained 8.8% and 9.6% of the joint variance in the
dependent variables, respectively. Although the
interaction effect, Trait x Environment (p = 0.055) was
not significant at the 95% level in the MANOVA model,
the n? = 0.078 indicated that the interaction effect was
comparable to the sex effect in explaining the joint
variance in the dependent variables. All remaining
interactions for the MANOVA model: Environment x
Sex, Trait x Sex, and Environment x Sex x Trait were
not significant (NS, p > 0.10) with relatively low #?
(<2.8%). Multivariate simple effects of Environment
within each combination of Trait indicate significance for
the HAn group (1 = 0.782; F,71 = 9.918, p < 0.001).
Multivariate simple effects of Environment within each
combination of Sex x Trait further clarify the variation of
%OA Time and %OA Entry. We find that it is the female
HAnN group that is making a significant (1 = 0.819; F5 74
= 7.849, p < 0.001) contribution in explaining the joint
variation. Although the fully multivariate approach is an
attractive option for the investigation on a linear
combination of variates, this research also considers
individual variates separately. We begin my presenting
the results of between-subject effects, followed by
pairwise comparisons for each variate.

Between-subjects effects for %OA Time were
observed for  Trait (F172 = 4.940, p < 0.05),
Environment (F4 7, = 15.017, p < 0.0001), and Trait x
Environment (Fq7, = 4.662, p < 0.05). A between-
subjects effect for %OA Entry was also found for Sex
(F172 = 6.881, p < 0.05). The pairwise comparison for
Environment shows significant differences for mean %
OA Time. SE housed animals spent a greater amount of
time on open arms compared to the IE animals (SE: x4
= 38.26, s; = 10.99; IE: x, = 28.02, s, = 13.27; X4- X,
=10.24, s=264, p<0.0001, n=40). By
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comparison there is no significant pairwise difference in
mean %OA Entry for Environment (SE: x, = 37.84, s4
= 12.50; IE: X, = 37.77, s, = 13.14; X4- X = 0.62, s
= 2.77, p < 1.0, n = 40). Pairwise comparisons for Sex
indicated that females had significantly more %OA Entry
compared to males (female: x, = 41.44, s; = 12.12;
male: X, = 34.17, s, = 12.44; X4- X, = 7.269, s = 2.77,
p < 0.01, n=40). But, the females do not show
significant difference in %OA Time when compared to
the male rats (female: x; = 33.43; sy = 13.13; male: x,
= 32.86; s, = 13.35; X4- X, = 0.57, s = 2.64, p < 1.0,
n = 40). Pairwise differences for Trait indicated that the
HAn group spent significantly less time on open arms
than the LAn group (HAn: X, = 30.21, s, = 14.48; LAn:
X, = 36.08, s = 11.10; X4- X = -5.87, s = 2.64, p <
0.05, n = 40); but show no significant difference in their
entry behavior (HAn: X, = 39.44, s, = 11.87; LAn: X;
= 36.17, s, = 13.50; X4- X = 3.27, s = 2.77, p < 1.0,
n = 40).

We continue with post hoc pairwise comparisons of
Sex and Trait within Environment for %OA Time and %
OA Entry as shown in Tables 1 and 2, respectively and
in Fig. 2. Within the SE group, the findings in Table 1
provide evidence that both females and males spent
significantly more time on the open arms than did their
IE counterparts. Additionally, we find SE impacted the
time spent on the open arms by the HAn group but not

for the LAn group. While both male and female HAn SE
spent more time than the male and female HAn IE
group, we note that the female HAn SE group spent the
greatest amount of time on the open arms (Table 1, x
= 40.94).

Although there are no significant post hoc 2-way or 3-
way pairwise differences of Sex and Trait within
Environment for %OA Entry (Table 2), we note that
females (x = 42.71), specifically the LAn SE females,
made the most entries into the open arms (see:
Table 2, X = 44.75).

LMA

Habituation distance traveled. We analyzed the data
using repeated measures MANOVA for the 30-min
habituation period to determine the existence of any
group differences across time. Sphericity assumption for
the habituation distance traveled data was violated (j44
= 87.402, p < 0.001). As a result, we used the
multivariate approach to test for within-subject effects.
We found a significant difference for Time (Habituation)
MANOVA: /. = 0.395, F56s = 20.182, p < 0.0001 and
for the Time (Habituation) x Trait x Environment x Sex
interaction MANOVA: 1 = 0.748, Fses = 4.453, p <
0.001. Analysis of simple effects for the referenced

Table 1. Pairwise differences for sex and trait within environment for mean percent open arm time

%OA Time
N IE SE Difference |IE-SE
Mean SD Mean SD Mean Std Error
Females 20 27.21 11.30 39.64 12.02 —12.44" 3.74
LAN 10 33.54 8.82 38.35 10.63 —4.81 5.28
HAn 10 20.87 10.13 40.94 13.73 —20.06" 5.28
Males 20 28.84 15.24 36.88 9.97 —8.04" 3.74
LAN 10 34.08 14.55 38.34 10.41 —4.25 5.28
HAn 10 23.60 14.75 35.42 9.84 —11.82" 5.28
LAn 20 33.81 11.72 38.34 10.23 —4.53 3.74
HAn 20 22.24 12.39 38.18 11.97 —15.94" 3.74
Note: “p < 0.01; ‘p < 0.05. The difference test is based on estimated marginal means with Bonferroni correction.
Table 2. Pairwise differences for sex and trait within environment for mean percent open arm entries
%OA Entry
IE SE Difference IE-SE
Mean SD Mean SD Mean Std Error
Females 20 40.17 13.40 42.71 10.88 —2.54 3.92
LAN 10 37.09 13.59 44.75 10.46 —7.66 5.54
HAn 10 43.25 13.17 40.67 11.47 2.58 5.54
Males 20 35.38 12.75 32.96 12.33 2.42 3.92
LAN 10 33.05 14.27 29.79 12.40 3.26 5.54
HAn 10 37.71 11.28 36.13 12.04 1.58 5.54
LAn 20 35.07 13.72 37.27 13.55 —-2.20 3.92
HAn 20 40.48 12.27 38.40 11.67 2.08 3.92

The difference test is based on estimated marginal means with Bonferroni correction.
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interaction revealed an effect of Environment at 10 (p <
0.01) and 25 (p < 0.01) minutes in the LAn female group.
We also found a significant effect of Sex in the LAn IE
group at 10, 20, and 25 min (p < 0.01, p < 0.05 and p
< 0.01, respectively). From this analysis, we conclude
that LAn IE females exhibited significantly different
activity at select points during the habituation period
(Fig. 3A, Left Panel).

Post-AMPH distance traveled. AMPH is known to
augment locomotor response in rats, and is typically
measured using LMA chambers (Kuczenski and Segal,
2001). In this study, we investigated how the levels of
the three factors affect the animals’” AMPH-induced loco-
motion for 60 min. We used the multivariate approach
for testing within subject variation given that the data do
not meet the sphericity assumption (x5 = 335.456, p
< 0.001). We found significant within effects for Time
(AMPH) MANOVA: 1 = 0.301, Fy460 = 12.648, p <
0.0001, Time (AMPH) x Trait MANOVA: 1 = 0.520,
Fi160 = 5.028, p < 0.0001, Time (AMPH) x Sex MAN-
OVA: 2 = 0.589, Fy160 = 3.811, p < 0.0001 and Time
(AMPH) x Trait x Sex MANOVA: 1 = 0.721, Fqyi60 =
2.112, p < 0.05. Simple effects of Sex within each level
of Trait revealed that males and females of the HAn group
showed a markedly different activity from 15 to 55 min
and at 60 min (p < 0.001, p < 0.05). In the LAn group,
the sex difference was recorded from 40 to 60 min (p <
0.01). When investigating the simple effects of Trait on
Sex, we found that Trait was significant in explaining the
distance traveled by females from 10 to 45 min (at 10,
40, 45, p < 0.05, for all others p < 0.01). Based on these
results, we conclude that both HAn and LAn females
showed significant locomotor response post-AMPH. Fur-
ther, HAn IE females had the highest mean (x; =
1892.01; sy = 898.57) distance traveled followed by
HAn SE females (x> = 1885.15; s, = 975.76) (Fig. 3A,
Right Panel).

Fs6s = 5.073, p < 0.001 interaction.
For average rears we find two
significant interaction effects: Time
(Habituation) x Environment x Sex
(MANOVA: 1 = 0.824, Fsg5 = 2.778, p < 0.05) and
Time (Habituation) x Trait x Environment x Sex
(MANOVA: 1 =0.749, Fsg5 =4.347, p < 0.01).
Evaluation of simple effects uncovered a significant
effect of Environment on Trait and Sex. HAn |IE males
showed significantly different rearing activity from 15 to
20min (p < 0.05) whereas LAn IE females showed
significantly different rearing at 10 and 25 min (p <
0.01, p < 0.05). (Fig. 3B, Left panel).

Post-AMPH rears

The examination of post-AMPH rearing data follows. We
observed that the rearing data violated the assumption
of data sphericity (xe5 = 293.917, p < 0.001).
Multivariate within-subject MANOVA for post-AMPH
rears revealed an effect of the repeated measures factor
Time (AMPH): 1 = 0.537, Fi159 = 4.628, p < 0.0001
as well as for the following two interactions: Time
(AMPH) x Trait: 1 = 0.701, Fq159 = 2.287, p < 0.05,
and Time (AMPH) x Trait x Sex: 2 = 0.713, Fy459 =
2.164, p < 0.05. Further investigation of the interaction
effects (see, Fig. 3B, Right panel) indicated that HAn SE
females had significantly different rears at 20 and 25
min post-AMPH (p < 0.05). In sum, although short-
lived, the AMPH effect on the rearing behavior in the
HAn SE females was significant.

Core body temperature

As mentioned earlier anxiety-like behavior increases core
body temperature. To verify the hypothesis we conducted
an ANCOVA controlling for the basal temperatures to
determine if there was a significant difference in body
temperature after the stressor due to the three factors of
Sex, Trait, and Environment.

Prior to ANCOVA, we confirmed no group differences
exist in the pretest variable. Additionally, we tested for
homogeneity of variance (Levene’s test: F7 35 = 2.032,
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Fig. 3. (A, B) Females from high anxiety lines are more sensitive to the locomotor-activating effects of amphetamine. (A) [Left panel]. The mean
distance traveled by LAn females from the isolated environment showed significant variation across time during the Habituation period. [Right panel]
HAnN females showed the greatest mean distance traveled compared to all other groups. (B) [Left panel]l Rearing bouts for LAn |IE females and HAn
IE males were elevated relative to all other groups. [Right panel]. Following AMPH, HAn SE females reared the most at time-points, 25 and 30).
Triangles and squares represent average distance traveled (A) and rears (B) at each time point; n = 78. Abbreviations: AMPH, amphetamine; HAn/
LAn, high and low anxiety-like behavior; IE/SE, isolated and social environment.

p = 0.079) and concluded that the error variance is equal
across the groups. As indicated by the Shapiro—Wilk’s
test, the normality assumption was violated for all levels
of the fixed effects except for the SE group. The
assumption was also violated for the variable as a
whole. We did not observe any significant main or
interaction effects (NS, p > 0.05). We did, however,
observe a partial eta square of 3.6% for the Sex x
Environment interaction and 3.5% for Environment. The
remaining partial eta square values were less than
0.5%. To delve further into the Sex x Environment
interaction, we conducted pairwise comparison for
environment with a Bonferroni correction. We found no
significant difference in post-air puff temperature for any
of the sub-groups (Fig. 4, Table 3).

Blood pressure

Like the temperature experiment, diastolic and SBP
readings (DBP and SBP, respectively) obtained from the
study animals that showed a stable baseline. The
measurements were obtained pre- and post-stressor to
test the hypothesis that Sex, Trait, and Environment
effects post-stressor changes in DBP and SDP. We
implemented two ANCOVAs to test our hypothesis. The
first ANCOVA controlled for the basal DBP (BaseD)
while the second controlled for basal SBP (BaseS).

DBP

Prior to ANCOVA, we used Levene’s test to confirm that
no group differences existed in the pretest variable F7 35
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Fig. 4. HAn male lines show greater variability in core body
temperature following an air puff. After controlling for baseline core
body temperature, we evaluated the covariate adjusted means and
found significant temperature difference between SE Females and |IE
Females. Bars represent covariate adjusted means for core body
temperature + SD; n = 43. Abbreviations: HAn/LAn, high and low
anxiety-like behavior; IE/SE, isolated and social environment.

= 1.102, p = 0.385, and that there was homogeneity of
variance. The normality assumption for the variable
DBP was not violated. However, when the normality
assumption was tested at each level of the fixed effects
we found that the LAn group exhibited a non-normal
DBP distribution. While controlling for baseline DBP, the
ANCOVA showed a significant effect of the covariate
BaseD Fq3; = 24.392, p < 0.0001 and of Trait Fq 3, =
7.668, p < 0.01 on the post-stressor DBP. No other
variable or interaction term was significant. Almost half
(% = 0.434) of the variance in the post-stressor DBP
was explained by the pre-stressor DBP while Trait of the
animal explains 19.3% of the variance.

The findings are augmented by the profile analysis
charts presented as Fig. 5A-F. Presumptively,
multivariate profile analysis is a method for analyzing
reference shapes (parallelism, levels, and flatness) by
separating correlated variables measured on a common
scale (Morrison, 1976). Review of the 2-way interaction
profile charts implies a higher post-DBP for the HAn male
and female groups compared to the LAn groups. The dif-
ference in the LAn group was more pronounced with
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males having a higher post-DBP than females (Fig. 5A).
Males showed a higher post-DBP compared to females,
with |[E Males showing a slightly higher post-DBP than
SE males (Fig. 5B). The shape of the post-DBP readings
for females was relatively flat across environment
(Fig. 5B). The HAn IE animals showed a higher post-
DBP compared to the HAn SE. But, Environment (IE vs
SE) does not elicit a marked difference in the LAn group
(Fig. 5C). From Fig. 5A—-C, HAn |IE males had the highest
covariate adjusted mean DBP (x = 117.282) while the
LAn SE females had the lowest post-DPB (x = 94.685).

SBP

Once again Levene’s test F;35 = 0.517, p = 0.815
revealed that no group differences existed in the pretest
variable and that the homogeneity of variance
assumption was satisfied. Shapiro—Wilk's test indicated
that post-SBP followed a normal distribution both overall
as well as at all levels of the fixed effects. The ANCOVA
results indicate that the covariate base-SBP F;3; =
44.912, p < 0.0001 significantly predicts the dependent
variable post-SBP. As indicated by the partial eta square
of 58.4%, more than half of the variance in post-SBP was
explained by base-SBP. Trait Fq 3, = 7.262, p < 0.02 is
the only other significant main effect explaining 18.5% of
the variance in post-SBP after controlling for the base-
SBP. Furthermore, the interaction of Sex x Trait x
Environment F; 3, = 4.609, p < 0.05 explains 12.6% of
the variance in the post-SBP measurements. Although
none of the other bivariate interactions are significant, the
;72 on Trait x Sex of 4.2% and on the fixed-effect Sex at
2.1% is of interest.

With reference to the profile chart shown as Fig. 5D,
we find male and female HAn rats had higher post-SBP
than their counterparts in the LAn group. However,
female rats recorded a higher post-SBP than the male
rats in the HAn group while males showed markedly
higher post-SBP in the LAn group. The profile chart for
the Sex x Environment indicates that male and female
groups had a similar post-SBP profile (the parallel lines
indicate no within- or between-group interactions)
regardless of the rearing environment (Fig. 5E). We also
found that the IE animals had consistently higher post-
SBP compared to SE animals in both the HAn and LAn

Table 3. Pairwise differences for environment and covariate adjusted means for post-stressor temperature in female and male rats from high (HAn) and
low anxiety-behavioral (LAN) lines reared in isolated (IE) or social (SE) environments

Post-stressor Temperature

IE SE Difference |IE-SE
N Mean SD N Mean SD Mean Std Err
Females 12 38.75 0.23 10 39.16 0.27 —0.40 0.25
LAN 6 38.78 0.23 6 39.16 0.24 -0.39 0.33
HANn 6 38.73 0.24 4 39.15 0.31 —0.41 0.37
Males 11 39.00 0.26 10 39.02 0.24 -0.02 0.26
LAN 5 38.98 0.26 5 39.11 0.25 -0.13 0.36
HANn 6 39.02 0.27 5 38.92 0.23 0.09 0.36

The difference test is based on estimated marginal means with Bonferroni correction.
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Fig. 5. (A-F) Profile charts displaying Sex x Environment, Sex x Trait, and Environment x Trait simple effects for post DBP (A—C) and SBP (D—F).
(A) Regardless of sex, the HAn lines show higher post-DBP estimated marginal means than the LAn group; post-DBP from LAn males is higher than
that for females; only a negligible difference in post-DBP is observed between the HAn males and females. (B) Post-DBP from |E Males is higher
relative to their counterparts reared in SE. Environment does not have effect on females’ DBP. (C) The HAn IE reared rats displayed higher post-
DBP relative to HAn SE. Environment did not show a discernable difference in the LAn group. (D) Sex and Trait interaction shows male and female
rats from HAn lines had higher post-SBP relative to those from LAn; the difference in post-SBP between males and females is pronounced in the
LAn group (E) Males and females have a similar post-SBP profile regardless of rearing environment. (F) Environment and Trait interaction shows IE
rats had higher post-SBP than their SE counterparts. For hemodynamic test, n = 41; data points represent the estimated marginal means.
Abbreviations: HAn/LAn, high and low anxiety-like behavior; IE/SE, isolated and social environment.

groups (Fig. 5F). From Fig. 5D—F, HAn IE males had the
highest covariate adjusted mean SBP (x = 153.39) while
the LAn SE females had the lowest SBP (x = 125.11).

Summarizing blood pressure results

The ANCOVAs confirmed our hypothesis of a significant
effect of Trait on post-stressor DBP and SBP. The
results for the Sex x Trait x Environment was mixed; we
found #% = 0.066 for post-DBP but it was almost
doubled for post-SBP (2 = 0.126). Upon the analysis of
the two-way interactions and profile charts, further
investigation of the covariate adjusted means was
conducted to compare trait for sex and environment as
shown in Table 4.

As evidenced in Table 4 and Fig. 6A, B, there was a
significant difference in both post- DBP and SBP
between male HAn IE and male LAn IE rats.
Significance was also observed in both the post- DBP
and SBP for female HAn and LAn. Additionally, SE
females exhibited significant Trait (HAn vs. LAn)
differences in post-SBP. Overall, the IE group exhibited
significant trait differences in both post- DBP and SBP.

DISCUSSION

The current work supports the earlier findings of
intergenerational anxiety-like behavior in selective

outbred Long Evans rats. The two factor models
presented in earlier studies confirmed that environment
modulates anxiogenic response to the EPM and
physiological responses of acute stress (Ravenelle
et al., 2013, 2014b). The findings presented in this study
offer new insight into sex differences in anxiogenic
responses. Our three-factor model of sex, trait, and envi-
ronment exploits the multi-way interactions by assessing
the animals’ behavioral and physiological responses to
novel environments, AMPH, and acute stress.

Behavioral measures: EPM

There are variations in the behavioral indices included in
the EPM that are considered to mimic symptoms of
clinical anxiety. For some researchers, when rodents
show an increase in open arm activity (entries or
duration) such activity reflects anti-anxiety behavior.
While other investigators classify EPM entries on an
exploration/activity domain that is distinct from the time
spent, which is more indicative of state anxiety in the
test (for review, see Wall and Messier, 2001).

In a literature review provided by Balcombe (2006),
we are reminded of two important characteristics of caged
rats. In one experiment, female Norway rats demon-
strated more rapid initiation and habituation to novel envi-
ronments while in another, male Wistar rats exhibited
increased arousal and exploration behaviors in anticipation
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Table 4. Pairwise difference for trait across groups and covariate adjusted means for post-air puff stressor diastolic (DBP) and systolic blood pressure
(SBP) in both sexes housed separately in isolated (IE) and social environments (SE) by trait

Post-stressor DBP

LAN HAN Diff. LAn-HAn
N Mean SD N Mean SD Mean Std Err
Females 12 96.79 4.08 10 111.18 4.62 —14.39° 6.34
IE 6 98.89 5.66 6 109.76 5.77 -10.87 8.02
SE 6 94.69 6.04 4 112.60 7.01 —17.91 9.53
Males 9 99.81 4.65 10 110.22 4.46 —10.41 6.44
IE 5 96.81 6.46 6 117.28 5.82 —20.47 8.38
SE 4 102.80 7.37 4 103.16 7.06 —0.36 9.84
IE 11 97.85 4.27 12 113.52 3.99 —15.67 5.82
SE 10 98.74 4.47 8 107.88 5.06 -9.14 6.71
Post-stressor SBP
Females 12 130.71 4.01 10 148.27 4.63 —17.56" 6.20
IE 6 136.30 5.75 6 145.40 5.99 -9.10 8.05
SE 6 125.11 5.92 4 151.14 6.94 —26.03" 9.20
Males 9 139.66 4.71 10 146.74 4.47 —-7.08 6.51
IE 5 135.56 6.75 6 153.39 5.70 —17.83" 8.60
SE 4 143.77 7.02 4 140.08 7.00 3.69 9.72
IE 11 135.93 4.27 12 149.40 4.04 —13.47 5.97
SE 10 134.44 4.48 8 145.61 4.95 —11.17 6.71

Note: “p < 0.01; ‘p < 0.05. The difference test is based on estimated marginal means with Bonferroni correction.

of placement in a more stimulating cage. Separately, with
a focus on the enriched' rearing environment, Ravenelle
et al. (2013) documented how male Long-Evans rats spent
more time in a novel open field. We extend prior findings by
analyzing the joint variation in entries and time spent in the
open arms. Like prior ANOVA examinations, our MANOVA
results corroborate environment (52 = 0.178) as the most
important factor in explaining anxiogenic response on the
EPM. Our current work finds multivariate simple effects of
Environment in each level of Sex and Trait. However, the
univariate post hoc pairwise comparisons demonstrates
mixed results for open arm time and open arm entry. We
also corroborate prior studies that used principal compo-
nents analysis to establish that %OA Time and %OA Entry
load across latent domains described as “anxiety” and “ex-
ploration” (for review, see Wall and Messier, 2001).

The post hoc tests of Sex and Trait within
Environment for %OA Time reveal a positive modulating
effect of the SE for female and male rats, and
specifically in the HAn lines (Table 1). Our finding relate
to Hurst et al. (1999) who noted that both male and female
rats housed singly spent significantly more time perform-
ing escape-related behavior than did rats housed in
groups. Further, while the pairwise difference for Trait
indicated that the LAn group experienced higher mean
percent time on the open arms (LAn: X, = 36.08), the
post hoc analysis of Sex and Trait within Environment
(Table 1) revealed that only the HAn SE animals experi-

" The enriched environments highlighted by Balcombe (2006)
includes “mazes, ramps, sand boxes, beach balls, mirrors, toys and
flashing colored lights” for males. For females, the enrichment included
“larger cage with two large nest boxes, branches, cardboard box,
running wheel, several plastic containers, straw and tissue paper”.

enced a significant increase in the mean percent time
on open arms compared to their IE counterparts. This lat-
ter finding corroborates the prior work of Ros-Simo6 and
Valverde (2012) and Ravenelle et al. (2013). We enhance
extant findings by reporting that HAn SE females had the
highest mean percent time spent on the open arms. Fur-
ther, within the SE comparisons across gender and trait
groupings we find the mean %OA time for HAn SE
females is greater than the mean %OA Time of LAn SE
females. But, the mean %OA Time for HAn SE males is
less than that for LAn SE males. Within the IE the mean
%OA Time for HAn females is less than that for LAn
females; but, as with the SE findings, the mean time for
HAnN IE males is less than that recorded for LAn IE males.
Continuing with the EPM findings, the %OA Entry
revealed that Sex was the only significant between-
subject effect. By finding female rats make significantly
more entries into the open arms than do male rats, and
that HAn SE females show less anxiety-like behavior by
having the greatest %OA Time the current study corrobo-
rates prior behavioral studies (Ravenelle et al., 2014b)
while extending extant literature to include female rats.

Behavioral measures: locomotor response to AMPH

For the habituation period in this study, LAn IE females
showed the greatest activity in distance traveled and
rearing. These findings suggest that HAn IE males take
a few minutes longer to habituate to the LMA
environment. Prior to the onset of testing, female rats’
cycles were not synchronized. Schank (2001) reports that
purposefully including all stages of estrous removes all
“optimal stage” bias that may impact the behaviors being
measured. In contrast to males, the females in our study
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Fig. 6. (A, B) HAn female and male lines display elevated diastolic
and systolic blood pressure following the air puff. (A) After controlling
for baseline DBP, the HAN lines have a higher DBP compared to their
corresponding LAn group, and (B) HAn groups generally show a
higher SBP except in the case of SE Males. Bars represent the
average post-stressor DPB and SBP + SD. Abbreviations: HAn/LAnN,
high and low anxiety-like behavior; IE/SE, isolated and social
environment; DBP/SBP, diastolic blood pressure; systolic blood
pressure. Bars represent covariate adjusted mean DBP/SBP + SD,
n =41."p < 0.05 HAn SE > HAn IE (males, post-DBP); ‘o < HAn
SE > HAn |IE (males, post-SBP).

showed sensitivity to AMPH by displaying greater activity
in distance traveled. The activity was recorded after 10
min in the LMA and continued for 35 min before a tapering
effect was observed. Females in the current study likely
had variable hormone levels, and given extreme trait anx-
iety status, differences in glucocorticoids, dopamine, D1/
D2 receptors, and glutamate that are implicated in stress
and drug sensitivity and thus, may contribute to these sex
differences (for review, see Becker and Hu, 2008; Sinha,
2008; Anker and Carroll, 2010).

Trait differences in stimulant drug sensitivity are
described in the literature (Wiehagar et al., 2009; Meyer
et al., 2010). Previous research reports HAn females
show less sensitivity to the classic anti-depressant drug,
diazepam, and have fewer parvalbumin-containing GABA
neurons in the central amygdala (Ravenelle et al., 2014a).
Cholanian et al. (2014) reported HAn females are hyper-

sensitive to AMPH. Both male and female HAn lines in
our study showed sensitized AMPH locomotion, a finding
that confirms all earlier work. Moreover, our results
extend previous findings of the AMPH effect on distance
traveled by HAn rats. We find that the increased AMPH-
induced locomotion began between 10-15min post-
injection and was sustained for 35 to 40 min. By contrast,
the LAn rats showed a delayed (40-min post-injection)
increase in locomotion. We also found the increase in dis-
tance traveled was evident only in the HAn and LAn
females. With the inclusion of a third factor (sex), SE
alone does not attenuate the AMPH-induced hyperactivity
in HAn lines as was reported for adult rats in work by
Ravenelle et al. (2013) and Ravenelle et al. (2014b).
We provide statistical evidence of how AMPH-induced
distance traveled is modified by the interaction effect of
sex and trait. The effect was greatest in the HAn IE
females followed by HAn SE females. While AMPH-
induced locomotion was apparent in distance traveled,
except for a singular exception, no statistical significance
was observed in the rearing activity of the various sub-
groups. The exception was a 5-min increase in the rearing
activity of the HAn SE females observed at 20-min post-
injection.

From the investigation of locomotor response pre-
AMPH, the LAn IE female group exhibited significantly
different activity in the LMA. Post-AMPH, HAn females
exhibited the fastest locomotor activation and sustained
AMPH sensitivity in distance traveled. Rearing behavior
was not significant in the post-AMPH LMA analysis.

Physiological experiment: core body temperature
and blood pressure

Prior findings reveal that social defeat stress and novel
cage placement elevate body temperature (Bhatnagar
et al., 2006) even in the absence of group differences at
baseline. The Herzog et al. (2009) findings show that after
subjecting the female rats to alternating stressful environ-
ments, the stressed rats exhibited a flattened temperature
curve by reducing their body temperature less during the
rest phase than the controls. Our results for temperature
do not differ materially from earlier findings.

In the measurement of blood pressure, prior research
reports the protective effects of estrogen in female
selectively hypertensive rats does not solely account for
the higher blood pressure experienced by the male
selectively hypertensive rats (Bhatnagar et al., 2006).
Studies focused on male-only group housing environ-
ments report hypertension increased corticosterone and
decreased testosterone — conditions that are likely related
to the animals’ social subordination (Koolhaas et al.,
1999; Hardy et al., 2002). Our findings indicate that trait
was the most significant factor in explaining the adjusted
post stressor changes in DBP and SBP. We also report
a significant 3-way interaction for SBP.

We enhance the findings of Ravenelle et al. (2013) by
showing that sex differences exist for HAn Long Evans
rats. Results from our three-factor model indicate HAn
male rats alone receive the benefit of lower blood pres-
sure readings from being housed in a SE. Earlier findings
using male selectively hypertensive rats also demon-
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strated the advantages of enriched environments (Sharp
et al.,, 2003). Sex differences in physiological response
to stress have also been observed in other work.
Herzog et al. (2009) specifically addressed sex differ-
ences in response stress, reporting that female rats can
be kept under chronic stress for weeks without habitua-
tion. We find that social housing for female rats is benefi-
cial only for DBP. Alternatively, HAn SE females have
significantly higher SBP than LAn SE females.

CONCLUSION

The findings reported from the three-factor model
corroborate earlier work on HAn/LAn lines while also
presenting new insight into the role of sex and rearing
environment on AMPH and stress vulnerability. We also
provide evidence for the positive role of social peers in
mediating response to mild stress. While the HAn ftrait
was more sensitive to modulation by the environment
for EPM, it conferred vulnerability for AMPH-induced
hyper-activity, and hemodynamic responses. HAn SE
females had the highest temperature change compared
to their IE counterparts; spent the most time on the
EPM; and, exhibited the second highest sustained
AMPH-induced response in distance traveled. Future
rodent studies are encouraged to focus on describing
the mechanisms involved in these effects. This includes
an examination of the neural (e.g., medical prefrontal
cortex) (Kang et al.,, 2016) and cellular (Czéh et al,
2008) substrates involved in stress adaptability and drug
addiction (e.g., glutamate/NMDAR) (Luscher and
Malenka, 2011). In summary, the refinements generated
by the implementation of a three-factor model strongly
suggest this model should receive more extensive consid-
eration in future studies.
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