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Abstract
Behavioral inhibition (i.e. avoidance of unfamiliar) has been linked to significant differences in stress
physiology and health. Developing an animal model of this common temperament provides a means
to experimentally study the development and physiology of this trait as it relates to stress-related
health processes. To elaborate such an animal model, we studied individual rat responses to two
novel situations that mimic behavioral inhibition tests for humans (one non-social and one social).
We measured individual consistency of behavioral responses across tests and time, and examined
the relationship between behavior and glucocorticoid levels in outbred Sprague-Dawley male rats.
Individuals were consistent in their behavioral responses to the same novel environment over time,
but not in their responses across two different environments (i.e. non-social vs. social). A third of
males were slow to approach novelty in both arenas (INHIBITED) and another third were fast to
approach in both arenas (NON-INHIBITED). Behavioral inhibition was relatively stable across time
and was associated with increased glucocorticoid production at baseline and in response to novelty
but not during a post-novelty recovery period. Glucocorticoid levels were more closely related to
their responses to the social novel arena than the non-social arena. Thus, behavioral inhibition is
associated with acute and basal glucocorticoid over production and social inhibition is a more
important predictor of adrenal activity than non-social inhibition. These preliminary observations
provide strong support for an animal model of human behavioral inhibition and identify specific
aspect of glucocorticoid production dynamics to examine in behaviorally inhibited children.
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In the United States, approximately 20% of children tested show stable signs of behavioral
inhibition or shyness - a behavioral predisposition that indicates fear of the unfamiliar and
avoidance of novelty in different situations [1–2]. In children, this trait is relatively stable over
time, with 60% of shy 1-year-olds remaining inhibited 4 years later [3]. These children are also
more prone to certain behavioral and health problems, including increased risk for drug use in
boys [4], problem behavior [5], anxiety disorders [2,6–8] and allergies [9]. One physiological
trait associated with inhibition that may explain certain behavioral and health trajectories is a
greater release of glucocorticoids from the hypothalamic-pituitary-adrenal (HPA) axis during
unstimulated and stimulated periods [3,10–13]. Given the complex relationships between
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genetics, environment and development, an animal model of this trait would provide a
beneficial tool to understand factors involved in development of the trait and associated health
trajectories. Benefits of an animal model include: (a) longitudinal studies to monitor trait
develop over the life span and to identify life-long costs and benefits of a trait, and (b)
experimental studies to identify environmental conditions that alter this trait and physiological
processes associated with it. In the current paper, we test the applicability of a rodent model
of behavioral inhibition.

A trait similar to behavioral inhibition (e.g. ‘neophobia’, ‘emotionality’, ‘shyness’) can be
found among many animal species including rats [14–18], suggesting this trait may be highly
conserved across species. These results support the notion that the human equivalent of
behavioral inhibition can be identified in other species, and therefore that an animal model of
naturally occurring variance in this trait can be developed. As an animal model for behavioral
inhibition, rats provide an ideal species in that they live relatively short lives, they have
relatively complex social lives like ourselves, and there is a great deal of background literature
on their behavior, development, and physiology [19]. In particular, outbred rat strains (e.g.
Sprague-Dawley) allow enough behavioral variance within a population to mimic that seen in
humans.

Elevated glucocorticoid levels in inhibited children suggests these children are more fearful
than non-inhibited children, given the association between HPA axis activation and fear [20–
21]. Glucocorticoid hormones, produced by the adrenal gland, help mobilize stored energy to
help animals cope with challenging situations and are beneficial [22–23]. However, it has
become increasingly clear that chronic elevations are associated with a host of health problems
[24–26]. Given this dichotomy, this physiological tendency in shy individuals may be either
beneficial or harmful to health, depending on the duration of glucocorticoid elevations. Thus,
it is important to determine if inhibited individuals experience longer periods of glucocorticoid
elevations than non-inhibited individuals, or if their elevated HPA axis activation is limited to
greater acute glucocorticoid elevations immediately after a challenge. If shy/inhibited
individuals experience long-term changes in their basal set point of glucocorticoid secretion
or lengthened exposure after each challenging situation, they may be prone to a suite of negative
health consequences associated with chronic glucocorticoid elevations [27–28]. Chronic
glucocorticoid elevations may provide one mechanism dictating specific health risks and
shortened life spans in inhibited individuals [e.g. 2,6–7,9,29–30]. Unfortunately, the temporal
dynamics of this elevation is unknown, both in animal models and humans.

To develop an animal model of behavioral inhibition, individuals must be characterized with
tests comparable to those with humans. In humans, behavioral inhibition is assessed as
consistent inhibition in unfamiliar social and non-social situations [1]. In addition, slightly
more emphasis is placed on behavioral responses to unfamiliar social partners than to
unfamiliar physical objects (e.g. [3]). Thus, in developing an animal model, it is particularly
important to include a test of inhibition in response to a novel non-threatening social partner
[16]. In current animal models of anxiety/fear/emotionality, behavioral test batteries often
include only non-social (and potentially dangerous) novelty tests and rarely include social and/
or both social and non-social novelty tests [14,16,30–38]. In models that measure behavioral
responses to non-social and social novelty, there are no associated glucocorticoid response
measures. Thus, it is difficult to determine whether social or non-social inhibition, or a
combination of the two, is most important in predicting glucocorticoid response dynamics in
inhibited individuals.

In the current study, we characterize behavioral and glucocorticoid aspects of rat behavioral
inhibition. We used Sprague-Dawley rats because they are outbred and less neophobic in non-
social or social novelty tests than Wistar rats [36,38]. As has been done with children, we
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determined the proportion of rats inhibited across two different novel situations – one non-
social and one social, and then assessed stability of individual responses over time. Second,
we determined which, if either, of the two novel situations provided a reliable predictor of
glucocorticoid production and if rats inhibited on both novel situations had greater
glucocorticoid levels than consistently non-inhibited rats or those inhibited in only one of the
two arenas. To determine the duration of elevated glucocorticoid levels in inhibited individuals,
we collected repeat measures over time. We tested the following hypotheses. (1) If inhibition
is a relatively stable trait in the rats (as is true in humans) we expected individual latency to
approach novelty would be stable over time. (2) If behavioral inhibition is dependent on novelty
context (non-social or social), we expected approach latencies across different situations will
not necessarily be related. (3) If consistently slow approach latencies across different situations
represent a generalized fear response, we expected such individuals to have higher
glucocorticoid levels (either at baseline, response or recovery) than those slow to approach in
only one or neither novel situation.

METHODS
Overall Design & Sample

Sixty young Sprague-Dawley male rats (60 days of age) ordered from Charles River
Laboratories (Wilmington, MA) were individually housed in solid bottom plastic cages (43.5
× 23.5 × 20.5 cm). They were maintained on a 14L:10D lighting schedule (lights on at 1900h
EST) with food and water available ad libitum and the colony room at 72°F with ~50%
humidity. Cages were cleaned once a week by trained animal facility personnel. Rats were
allowed to acclimate to the housing conditions for 2 weeks prior to testing, during which time
they were handled and weighed daily. Methods detailed below were approved by the
Pennsylvania State University Institute for Animal Care and Use Committee and adhered to
methods specified in the Guide for the Care and Use of Laboratory Animals (National Research
Council, 1996).

Rats were tested twice on each of two novel environments: a non-social arena that contained
novel rat-sized objects, and a social arena that contained a caged, similar aged novel male rat.
To determine if individual responses to both novel arenas was stable over time, males were
tested on both arenas at two ages: 2.5–4 mos and 8 mos. Males were exposed to both the non-
social and social test arenas at each test age. Half were tested on the non-social arena first and
half tested on the social arena first. The order of rat testing within each test day was reversed
for the two arenas (e.g. if a male was the first tested on the novel non-social arena within a
given test day, he was then the last tested within a given day on the novel social arena). The
order of novel arena tests (either non-social or social test first) was reversed from the first to
the second test age so responses were not linked to test order. To determine if stimulated or
unstimulated glucocorticoid production related to behavioral responses to novelty, we
measured circulating corticosterone levels at multiple time points after novelty testing at 4mos
of age.

Behavioral Response to Novelty
Behavioral testing was done in the middle of the rats’ active period (starting between 1300h
and 1500h, 4–6h after lights off). Rats were tested in a non-colony room illuminated with two
25-watt red bulbs reflected off the walls of the room providing approximately 6 lux of light at
the center of the novelty test arenas.

Novel Non-social Arena—This previously described arena [30], was designed to be
minimally anxiety-provoking. The square test arena (120cm × 120cm) included 46cm-high
white polypropylene walls and clear plastic cover. Three of the four corners contained a novel
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rat-sized object (a plastic tube, an inverted bowl, or a wire tunnel), placed 13cm from the arena
walls. The floor was covered with clean corn cob bedding and sprinkled with some soiled
bedding (feces removed) from all cages in the colony room to provide rat odors. During testing,
males were placed into a clean ceramic bowl with 5cm high walls and lowered into the empty
arena corner. Rats were videotaped for 5min in the arena, with a camera placed 1.5m directly
above the arena. Males were removed immediately after testing, the ceramic bowl was rinsed
with water and dried for the next subject. On the rare occasion that feces were left in the arena,
they were removed, but the arena floor was not cleaned any further so as to maintain a
conspecific odor for the next rats tested.

Novel Social Arena—The novel social arena was the same size and height as the non-social
arena, but instead of novel physical objects, the arena contained two wire cages – an empty
cage and one with an unfamiliar male rat of similar size and age as the test rat. To minimize
the impact of the stimulus animal’s behavior on test animals, the stimulus remained in a cage.
This is slightly different than the ‘social interaction’ test [39] and the test used to identify
behavioral inhibition in young rats [40]. Test animals could come in contact with the novel
stimulus animal, but the two rats could not injure one another through the cage walls. Rats to
be tested were introduced to the arena and videotaped, and the start bowl cleaned in the same
way as for the novel non-social arena.

To assess behavioral inhibition in a manner comparable to measures used with children [1,
41], a trained coder who did not know the identity of each rat, timed each male’s latency to
approach the first novel objects or social partner in the novel non-social and social arena. An
approach was defined as coming within one centimeter of the novel object/rat with the nose
facing the object. For comparison to earlier studies, we also scored male locomotion from
video-recordings. For this coding, the video-image of the arena was superimposed with an 8×8
grid that divided the arena into 64 equally-sized squares. Each square was approximately
equivalent to one rat’s width. Locomotion was quantified as the cumulative number of squares
crossed on the grid.

Corticosterone: Response, Recovery and Baseline following Novelty
To determine if inhibited males experienced elevated glucocorticoid levels following a novel
experience we collected repeat blood samples after novelty testing at 4mos. For half the males,
this blood collection procedure occurred following the novel non-social arena, for the other
half it occurred after the novel social test. Several novel experiences occurred for the rats prior
to and during the blood collection protocol: (1) behavioral testing in the novel arena, (2) housing
in a novel cage in a novel room, and (3) handling and tail clipping for blood collection. This
complex series of novel experiences was meant to trigger maximal HPA responses in inhibited
individuals [42] and to mimic the complex novel conditions experienced by children tested for
behavioral inhibition (1). To control for the glucocorticoid circadian rhythm (e.g. [43–44]), we
restricted blood sampling to between 1300–1500h (for 8-wk baseline samples, the sampling
was restricted to between 1300–1400h).

After testing in the novel arena, each male was carried to a separate room and placed into a
new cage comparable to their home cage, with access to water but not food. Ten minutes after
first placement in the novel test arena, the rat was removed from this holding cage, placed on
the experimenter’s lap, and a short segment (< 3mm) of the tail tip removed with a scalpel.
Using gentle tail palpation, blood (200μl) was collected into EDTA microtainer tubes (Becton
Dickinson and Company) within 3 minutes. After the first sample, the male was returned to
the holding cage and repeat samples were collected at 40, 80 and 120min from the beginning
of behavioral testing. Repeat blood samples were collected by removing the rat from the
holding cage and gently palpating the tail to re-stimulate blood flow. Thirty min following the
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120-min sample, rats were returned to their home cage in the colony room. Twenty-four hrs
and 8 weeks following the initial blood sample, rats were transported back to the collection
room in their home cage, removed from the cage and a blood sample collected within 3-min
by either palpating or cutting the tail tip to re-stimulate blood flow. Within each sampling day,
rats were kept in the collection room and not returned to the colony room until all animals had
been sampled. For the 10min through 24hr samples, we tested 6–12 males on each of eight test
days. For the 8-wk samples, we tested 17–21 males on each of three test days.

The 10- and 40-min blood samples were timed to capture initial reactivity and near-maximal
corticosterone response to the complex challenge of novel-arena testing, placement into a novel
holding cage, and having blood sampled from the tail tip [45]. The 80- and 120-min samples
were collected to measure glucocorticoid recovery following novelty, an index of
glucocorticoid negative feedback efficiency. And the 24-h and 8-wk samples were analyzed
to measure baseline/unstimulated glucocorticoid production.

Blood samples were kept on ice for 40min until centrifuged and plasma collected. Plasma was
frozen at −80°C until assayed, and corticosterone was measured using a commercial
radioimmunoassay kit (Rat & Mice Corticosterone kit, MP Biomedicals, Solon, OH). All
samples were run in duplicate across six assays, with males balanced across assays according
to their locomotion scores on the novel non-social arena. Intra-assay variability for a low and
high control was 11.8 and 7.3%; inter-assay variability for these controls was 14.0 and 11.5%.

Analyses
We used correlation analyses and t-tests to determine: (1) if male latency to approach in either
the non-social or social novelty was stable over time (from 2.5–4 mos to 8 mos), and (2) if
male latency to approach novelty was consistent across the social and non-social novel
environments. To meet statistical requirements of normality, log-transformed latency values
were used. For categorical analyses (t-tests and ANOVAs), all males were categorized as either
FAST or SLOW on each of the novel arenas based on a median split of approach latencies.
Males were further classified according to their responses across both arenas. Males slower
than median on both arenas within a given test age were classified as INHIBITED, males faster
than median on both arenas were NON-INHIBITED, and all others were categorized as
MIXED. We used a chi-square analysis to determine if male inhibition categories were stable
from 2.5–4 mos to 8 mos.

To determine if approach latencies on the non-social and/or social novelty arenas related to
glucocorticoid profiles, we compared corticosterone levels between FAST vs. SLOW males
in each arena (using median split described above). Repeated measures ANOVAs were used
for comparison of glucocorticoid levels at 10-min, 40-min, 80-min, 120-min, 24-h, and 8-wks
following novelty. To determine if males with generalized behavioral inhibition (i.e. long
approach latencies in both novel arenas) had greater glucocorticoid levels than less inhibited
males, we conducted a similar repeated measures ANOVA comparing males grouped in the
three categories described above (INHIBITED, NON-INHIBITED, and MIXED) based on
latencies in both the non-social and social arenas.

Prior to conducting the above analyses, we determined whether the following factors had a
significant effect on behavioral or glucocorticoid responses: (1) time of day, and (2) order of
testing across the two arenas (i.e. first tested on the novel non-social or on the novel social
arena). (Time of day was expressed as minutes into the day, with midnight equal to 0min and
10am lights off equal to 600min.) These analyses were done with regression analyses (time of
day) or t-tests (order tested on the two arenas). When these variables had a significant impact
on behavior or corticosterone levels, we used regression analyses residuals to account for these
secondary variables (see Results section). Because corticosterone and latency to approach were
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not normally-distributed (according to Kolmogorov-Smirnov test), we used log-transformed
values in all statistical tests to satisfy parametric statistical test distribution requirements.

Some missing data were involved. One male was sacrificed prior to the second behavioral tests
at 8 months, and behavioral data were lost for an additional 9 males at this test age, due to
technical difficulties with recording equipment. Thus, analyses including behavior data at 8
mos included 50 males. In corticosterone analyses, one male had a value at 40-min more than
6 standard deviations higher than the mean and three times higher than the next highest male’s
values. This male was eliminated as an outlier. Samples from two other males were mis-
processed and could not be recovered, and recovery samples (80- and 120-min) could not be
collected from two other males. Thus, for the repeated measures ANOVA of corticosterone
values, there were 55 males with a complete set of repeat measures (0min, 10min, 40min,
80min, 120min and 24h). The set included 15 ‘NON-INHIBITED’ males, 16 ‘INHIBITED’
males, and 24 ‘MIXED’ males.

RESULTS
Behavioral Response to each Novel Arena

Males varied considerably in how quickly they approached novelty in the two test arenas. They
consistently approached novel non-social objects faster than a novel social partner (2.5–4mos:
paired t59 = 2.51, p < .05; 8mos: paired t49 = 2.58, p < .05). Approach latencies on the non-
social tests ranged from 1–161s (mean = 35s, median = 26s) and 2–300s (mean = 59s, median
= 23s) at the first and second test ages, whereas they ranged from 3–300s (mean = 57s, median
= 33s) and 5–300s (mean = 69s, median = 40s) on the social arena. Approach latencies, within
each arena, were stable for greater than 4-mos (from 2.5–4 to 8 mos). Latencies in the non-
social test were linearly associated across test ages (r57 = 0.415, p < .001). Latencies in the
social arena were not linearly associated across time (r57 = 0.102, ns), but FAST males at 2.5–
4 mos were significantly faster to approach at 8 mos, compared to SLOW males at 2.5–4 mos
(t57 = 3.21, p < .01). Approach latency was negatively associated with locomotion (Non-Social:
2.5–4mos, r58 = −0.477, p < .0001, 8mos, r48 = −0.740, p < .0001; Social: 2.5-mos, r58 =
−0.382, p < .01, 8mos, r48 = −0.456, p < .001). Latencies were not affected by the order in
which the two tests were run within each age (Non-Social: 2.5–4mos, t58 = 0.12, ns, 8mos,
t48 = 0.21, ns; Social: 2.5–4mos, t58 = 1.14, ns, 8 mos, t48 = 0.27, ns).

Behavioral Response – Inhibited vs. Non-Inhibited Males
A male’s approach latency in one arena (e.g. non-social) was unrelated to their latency in the
other (e.g. social; Figure 1: r58 = 0.194, ns; t57 = 1.21, ns). Thirty percent of males (18 of 60)
took longer than median time to approach novelty in both test arenas (upper right quadrant of
Figure 1, solid circles, ‘INHIBITED’). Another 28% of males (17 of 60) took less than median
time to approach on both arenas (lower left quadrant in Figure 1, open circles, ‘NON-
INHIBITED’). Of the remaining 25 males (‘MIXED’), half were inhibited in the non-social
but not in the social arena (n=12) and the other half inhibited in the social but not the non-
social arena (n=13). At 8 mos, one third of males were ‘INHIBITED’ on both arenas (17 of
50), 30% were ‘NON-INHIBITED’ on both (15 of 50) and 36% ‘MIXED’ (18 of 50). Males
across the three behavioral categories were tested at the same time of day in each of the two
novel environments (2.5–4mos: Non-Social F 2,56 = 0.89, ns; Social F 2,56 = 0.69, ns; 8mos:
Non-Social F 2,47 = 1.54, ns; Social F 2,47 = 0.59, ns).

Male responses across the two novel arenas were relatively stable from 2.5–4 to 8 mos (chi-
square=5.33, P < .05; Table 1). A majority of males INHIBITED on both tests at 2.5–4mos
were again INHIBITED at 8 mos (chi-square=5.00, P < .05). The other classifications, NON-
INHIBITED and MIXED at 2.5–4 mos, also remained relatively stable over time (NON-
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INHIBITED: chi-square=6.14, p<.05; MIXED: chi-square=5.43, p=.066) although for
MIXED males results were not statistically different from chance.

Similar results were seen with male locomotion in the two arenas. Locomotion was stable
within each arena across time (Non-Social: r48 = 0.337, p < .05; Social: r57 = 0.357, p < .05),
but individual locomotion across the two novel arenas was not related (r58 = −0.102, ns). Males
fell into similar categories of INHIBITED, NON-INHIBITED and MIXED whether
categorized according to latency or locomotion scores.

Corticosterone Response to Novelty - General
Male peak corticosterone levels following novelty (at 40-min) were more than twice as high
as basal levels measured the next day and 8 weeks later (40-min vs. 24-hr, paired t54= 12.9,
p<.0001; 40-min vs. 8-wks, paired t54= 12.6, p<.0001). By 120-min after novelty,
corticosterone levels were very close to levels the next day (120-min vs. 24-hr, paired t54=
1.34, ns), and levels at 24-h after novelty were identical to those 8-wks later (paired t58 = 0.20,
ns). The kind of novelty test (non-social vs. social) prior to blood sampling did not influence
glucocorticoid levels (repeated measures ANOVA: F1,53 =0.61, ns).

All blood samples within each sampling interval (e.g. 10-min, 40-min, etc.) were collected
within a 2-hr window. Even within this limited time window, there was a significant effect of
time-of-day on glucocorticoid levels. Plasma corticosterone concentrations steadily decreased
in later samples, and this was true for the 40-, 80- and 120-min samples and the 24-h samples
(mean R2 = 0.125, mean stand. coeff. = −0.353, mean F1,55 = 7.91, mean p = 0.009). Blood
samples at 8-wks following novelty were collected within a 1-hr window and time of day did
not have a significant impact on corticosterone levels (R2 = 0.007, stand. coeff. = 0.155,
F1,57 = 1.40, ns). The influence of time-of-day on corticosterone levels was included in
regression analyses by using time-of-day as an independent variable; this effect was included
in the repeated measures ANOVA by using residual corticosterone values regressed on time
of day. The order in which an animal was tested within a day, and the specific novel arena
experienced just prior to blood collection did not significantly influence corticosterone
concentrations.

Corticosterone Response relative to Behavioral Response in each Novel Arena
Males with longer approach latencies (SLOW males) in the first novel non-social arena (at
2.5–4mos) had moderately higher reactivity, recovery and baseline corticosterone levels than
males with shorter latencies (FAST males; Figure 2a). This effect was not quite statistically
significant (repeated measures ANOVA: F1,53 =3.64, p=.062). On average, SLOW males’
glucocorticoid levels were approximately 12% higher than FAST males’ levels at all time
points. Glucocorticoid levels at all time points were not linearly associated with approach
latencies in this arena (range of r55: 0.04–0.22, ns).

Males SLOW to approach in the first novel social arena had higher reactivity and baseline
glucocorticoid levels than the FAST males, but lower levels during the recovery period (overall
repeated measures ANOVA: F1,53=5.42, p<.05; time × behavioral latency category:
F5,265=1.99, p=.081; Figure 2b). On average, SLOW males’ immediate glucocorticoid
responses to novelty were 13% higher and recovery levels 15% lower than FAST males. At
baseline (24-hrs and 8-wks following novelty), SLOW males’ levels were 22–26% higher than
FAST males. Glucocorticoid reactivity and baseline levels were linearly associated with
approach latencies in the social arena (10-min: r55=0.37, p<.01; 40-min: r55=0.32, p<.05; 24-
hr: r55=0.28, p<.05; 8-wk: r55=0.27, p<.05). Recovery values were not linearly associated with
approach latencies (80- & 120-min: r55=−0.11, ns). Similar results were seen when comparing
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locomotion in the two novel arenas to glucocorticoid levels at baseline, reactivity and recovery
periods.

Corticosterone Response - Inhibited vs. Non-Inhibited Males
Males that were slow to approach novelty in both arenas (INHIBITED) had significantly higher
reactivity and baseline corticosterone levels compared to less inhibited males (NON-
INHIBITED and MIXED; repeated measures ANOVA: F2,52=5.31, p<.01; Figure 3).
INHIBITED males’ immediate corticosterone responses to novelty (10- and 40-min post-
novelty) were 17% greater than other males. This elevation was not present during the recovery
period (80- and 120-min post-novelty), but was evident again at baseline (24-hr and 8 wks
post-novelty), with 30% greater corticosterone production by INHIBITED males compared to
the others. For MIXED males, corticosterone levels were no different if they were inhibited
only in the novel non-social situation or only in the novel social situation (F1,22=0.16, ns).
Similar glucocorticoid results were found when males were categorized according to their
locomotion scores on the two arenas (i.e. consistently above or below median locomotion
scores).

DISCUSSION
In summary, using relatively low anxiety-provoking novelty tests that mimic those used with
children, we identified a large range of behavioral responses to novelty in a rodent model (male
Sprague-Dawley rats), and found many similarities with humans. Thirty percent of the study
population was consistently inhibited in both a novel non-social and a novel social situation,
and inhibition was relatively stable from young adulthood to early middle age [1,3].
Comparable to consistently inhibited children, inhibited males, compared to non-inhibited, had
significantly elevated glucocorticoid levels, both following novelty and during an unstimulated
period [3,10–11]. Finally, social inhibition was a better predictor of glucocorticoid reactivity
and basal levels than was non-social inhibition. Because stable individual differences in
responses to novelty can be identified at weaning in these rats [30], an animal model may
provide an interesting system to study the development and physiology of this trait to
understand mechanisms underlying specific health trajectories in inhibited children.

An animal model allows for experimental studies on: (1) the influence of early environment
(e.g. prenatal and postnatal) on the development of behavioral inhibition, (2) identifying
predictable differences in the life-long development of this trait, and (3) specific biological
mechanisms (i.e. neuronal, metabolic, endocrine, etc.) underlying differential health
trajectories of inhibited vs. non-inhibited individuals. For such studies to occur, further
validation of the current animal model is required. For example, further study of the
physiological correlates of rodent inhibition is required to determine if they are comparable to
those seen in human behavioral inhibition (e.g. elevated sympathetic activation, elevated limbic
activity, etc.). Initial support for rodent models comes from studies showing that rats and mice
defined as ‘neophobic/non-exploratory’ die earlier than those identified as ‘neophilic/
exploratory’ which is comparable to results in elderly individuals identified as ‘cautious’ vs.
‘curious’ [19,29–30,46]. Results from the current and previous reports provide support for
further validation of these animal models.

Complex Test of Behavioral Inhibition
Male responses to each of two different novel situations were relatively stable over a 4-month
test-retest interval, suggesting the novelty tests stimulated trait-like responses. However,
responses across the two tests were not highly related, suggesting each test accessed different
underlying response motives. Only 30% of males had slower than median approach latencies
in both test arenas (‘INHIBITED’ males). This proportion of the population is comparable to,
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although slightly higher than, that identified in children tested across multiple novel conditions
[1,3]. This difference in rat and human proportions may reflect the smaller array of novelty
tests, particularly social tests, used to identify inhibition in rats vs. humans. Inconsistent
responses to two different novel experiences support the use of multiple tests to assess a
complex behavioral trait such as behavioral inhibition [34,47–49]. Male response latencies to
social novelty were better predictors of short-term glucocorticoid reactivity and basal levels.
Given this and the bias of human behavioral inhibition tests toward measures of social
inhibition, rodent testing batteries should include either a variety of novel social tests and/or
frequent repeat testing to identify individuals that do not habituate to novel social partners
across situations or time. Lastly, of males inhibited at 2.5–4mos, 67% of them remained
inhibited at 8 mos of age. This level of stability in this trait is similar to that identified in children
[3].

Behavioral Inhibition and Glucocorticoid Dynamics
Rat behavioral inhibition was related to glucocorticoid production in a similar way as seen in
humans (e.g. [3]). Inhibited Sprague-Dawley rats had significantly greater glucocorticoid
levels immediately after novelty and at baseline, as compared to non- or less inhibited males.
The magnitude of this hormonal difference (30% at baseline and 17% immediately after
novelty) is similar to the difference seen in children at baseline, although the difference
following novelty was significantly smaller than that seen between inhibited and non-inhibited
children during an experimental protocol/challenge [3]. This smaller difference may result
from familiar cages and lack of continued novel social stimulation after novelty testing and
during blood sampling. For children, the largest difference between inhibited and non-inhibited
glucocorticoid levels occurs during completely novel conditions - e.g. an extended laboratory
visit including novel social stimulation. In a prior study with neophobic and neophilic male
rats identified by their response to only one novel situation (non-social), we found a significant
difference in glucocorticoid reactivity levels but no difference in baseline glucocorticoid levels
between inhibited and non-inhibited males [30]. With the additional social novelty test in the
current study, we identified significant differences in baseline glucocorticoid levels between
inhibited and non-inhibited or slightly inhibited males. Again, with multiple novelty tests to
identify inhibition, we may more reliably identify individuals that experience generalized fear
of novelty, as opposed to inhibition in only specific novel settings [1,37]. Alternatively, it may
be that the additional novel social test provides a more accurate measure of behavioral
inhibition in male rats than their response to a novel non-social arena. And in fact, multiple
and repeat novel social tests may prove the best predictor of glucocorticoid reactivity, recovery
and baseline levels.

Although inhibited males’ had elevated glucocorticoid levels immediately after novelty and
during unstimulated periods, their glucocorticoid levels during a recovery period (80–120min
after novelty) were no different from non-inhibited males. Thus, young individuals inhibited
in both non-social and social situations experience greater short-term adrenal reactivity to
novelty, but not longer elevations following novelty. However, with continued novelty
exposure, these glucocorticoid recovery profiles may be quite different if inhibited individuals
fail to habituate to novelty. The temporal dynamics of inhibited individual’s glucocorticoid
responses is an area that requires further study. Total glucocorticoid exposure and/or duration
of glucocorticoid elevations are a key component in understanding the influence of these
steroids on other physiological systems [23,50]. If glucocorticoid elevations in inhibited
individuals can be kept short by keeping exposure to novelty to short periods, these differential
glucocorticoid responses may have minimal negative influences on inhibited individuals’
health trajectories [28]. However, we must consider another aspect of glucocorticoid
production: inhibited individuals maintained elevated baseline levels. These males may
experience elevated glucocorticoid production during unstimulated periods, altered
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glucocorticoid circadian rhythms, and/or have a more sensitive HPA axis leading to more
frequent or larger low-grade glucocorticoid spikes during seemingly benign conditions. In any
of these cases, elevated baseline levels suggest there may be a chance of HPA axis
dysregulation in inhibited individuals; this requires further exploration.

Several factors may lead to HPA axis dysregulation. Chronic stress and/or glucocorticoid
elevations are associated with glucocorticoid receptor down-regulation in the hippocampus
[24,51]. Consequences may include HPA dysregulation or circadian rhythm alterations that
have been associated with certain mood disorders (e.g. depression [52], PTSD: [53–54]).
Whether this down-regulation and/or disruption can occur as a result of natural variance in
glucocorticoid production dynamics has yet to be shown. However, the current results suggest
it would be beneficial to track glucocorticoid dynamics in inhibited vs. non-inhibited children
over time to determine if young children with elevated basal and/or reactivity glucocorticoid
levels experience HPA dysregulation over time, associated with increased risk for anxiety or
other disorders in adulthood. Specifically, it would be beneficial to track basal circadian
rhythms and short- and long-term glucocorticoid responses to novelty over time. Further work
must examine glucocorticoid receptor density/distributions and/or altered glucocorticoid
rhythms in inhibited individuals. Physiological consequences of HPA axis dysregulation may
be one mechanism underlying altered health trajectories and life spans in inhibited individuals
[2,6–7,29–30,46]. Further examination of HPA dynamics and could provide information for
preventative interventions.

It must not be forgotten that behavioral inhibition and differential stress response profiles may
provide certain advantages [55]. For example, behavioral inhibition and elevated
glucocorticoid production can be advantageous in real world risky situations that require
increased energy expenditure and/or vigilance for daily survival [56]. From an evolutionary
perspective, variations in behavioral temperament may be adaptive in social species where role
division is possible and in animals that experience frequently changing environmental
conditions [17,57–58]. In demanding environments (low resources, high predation, social
instability), behavioral inhibition may decrease one’s exposure to dangerous situations
(unnecessary use of resources, predation, aggression), whereas favorable environments may
favor non-inhibited individuals. Rapidly changing environmental conditions will favor the
success of both inhibited and non-inhibited individuals, particularly in social groups [17].

There are other rat models of anxiety/emotionality, with both inbred and outbred animals
[16,31–34,37]. As with any animal model, necessary limitations exist when interpreting results
from rodents to humans. We can never fully assess the extent of analogous behavioral and
physiological traits among species. In addition, minimally variant laboratory conditions may
diminish environmental factors that lead to specific traits. On the other hand, rodent models
allow for systematic manipulation of environmental conditions to understand their influence
on the development of such traits and to provide novel insights for further examination in
humans. The unique aspect of the current study is that rodent behavioral and glucocorticoid
responses were compared across both non-social and social situations, as is done with children.
Rats slow to approach in two different novel situations (one non-social and one social) had the
greatest glucocorticoid responses and the most elevated glucocorticoid levels at baseline –
again, similar to glucocorticoid profiles seen in children. These results suggest that social
novelty test be used with other rodent models of anxiety to determine if traits identified in these
models involve a component of social inhibition as is true for inhibited children. In addition,
this study highlights the importance of documenting individual differences in glucocorticoid
temporal dynamics. It is important to identify whether certain temperaments are associated
with alteration of glucocorticoid reactivity, recovery or baseline production and/or circadian
rhythm production. Differences in temporal dynamics may have different implications for
health and survival.
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Figure 1.
Comparison of individual rat’s latency to approach novelty (logged) in the novel non-social
and social arenas. Each point represents an individual male’s log-transformed latency to
approach in the two arenas. Dashed lines indicate median response in each arena. Males were
classified as falling into one of the four quadrants; color of each data point indicates whether
a male was INHIBITED in both arenas (dark circles), NON-INHIBITED in both arenas (open
circles), or inhibited in only one of the two arenas (MIXED, grey circles).
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Figure 2.
Corticosterone levels following 5-min novelty testing, blood sampling, and housing in novel
cage. Corticosterone levels are shown for males that were SLOW (dark grey) and FAST (light
grey) to approach novelty in a: (a) non-social arena (n=27 and 28), and (b) social arena (n=29
and 26). Error bars indicate S.E.M. (Significantly different values between groups are indicated
at each time point with *, p<.05.)
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Figure 3.
Corticosterone production in INHIBITED and NON-INHIBITED males (n=16 and 15)
following 5-min novel arena test, blood sampling, and housing in novel cage. Error bars
indicate S.E.M. (Significantly different values between groups are indicated at each time point
with *, p<.05.)
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Table 1
Male responses to two different novel arenas – one non-social the other social – at two test ages (2.5–4mos to 8
mos). Males were classified as being either SLOW or FAST (below or above median approach latency) on each arena,
and then further classified as INHIBITED, MIXED or NON-INHIBITED based on responses to both the non-social
and social arenas at each test age (INHIBITED males were SLOW on both the non-social and social arenas, MIXED
males were SLOW on one arena and FAST on the other arena, NON-INHIBITED males were FAST on both arenas).
Behavioral categories were relatively stable across the two time points (χ2=5.33, P < .05). There were 50 males tested
at both ages.

Behavioral category (8 mos)
Behavioral category (2.5–4 mos) INHIBITED MIXED NON-INHIBITED
INHIBITED 10 4 1
MIXED 4 12 5
NON-INHIBITED 3 2 9
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