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Abstract

Stress experienced in childhood is associated with an increased risk of developing psychiatric disorders in adulthood. These
disorders are particularly characterized by disturbances to emotional and cognitive processes, which are not currently fully
modeled in animals. Assays of cognitive bias have recently been used with animals to give an indication of their emotional/
cognitive state. We used a cognitive bias test, alongside a traditional measure of anxiety (elevated plus maze), to investigate
the effects of juvenile stress (JS) on adulthood behaviour using a rodent model. During the cognitive bias test, animals were
trained to discriminate between two reward bowls based on a stimulus (rough/smooth sandpaper) encountered before
they reached the bowls. One stimulus (e.g. rough) was associated with a lower value reward than the other (e.g. smooth).
Once rats were trained, their cognitive bias was explored through the presentation of an ambiguous stimulus (intermediate
grade sandpaper): a rat was classed as optimistic if it chose the bowl ordinarily associated with the high value reward. JS
animals were lighter than controls, exhibited increased anxiety-like behaviour in the elevated plus maze and were more
optimistic in the cognitive bias test. This increased optimism may represent an optimal foraging strategy for these
underweight animals. JS animals were also faster than controls to make a decision when presented with an ambiguous
stimulus, suggesting altered decision making. These results demonstrate that stress in the juvenile phase can increase
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anxiety-like behaviour and alter cognitive bias and decision making in adulthood in a rat model.
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Introduction

Exposure to stressful events early in life increases the risk of
developing neuropsychiatric disorders later in life [1], [2], [3], [4]-
Early life stressors can take a variety of forms and may be
experienced in different phases of life (prenatal, early postnatal or
juvenile). There is a wealth of information on the effects of stress in
the perinatal phase, but comparatively little research on the
juvenile phase (the childhood or pre-pubertal phase). The juvenile
brain is predicted to be very sensitive to stress, as it is a ‘brain in
transition’, undergoing dramatic changes in structure and function
as it matures into an adult brain [5]. Research to date suggests that
stress experienced in this phase is of great importance, as it is
associated with the development of disorders such as depression,
anxiety and PTSD, as well as impulse control disorders and suicide
attempts later in life [6], [7], [8]. In animal models, juvenile stress
causes lasting changes in the adult animal, increasing anxiety
behaviour and altering fear conditioning, learning and memory
[9], [10], [11], [12], neural gene expression (e.g. L1 and GABAa
receptors [13], [14]), and increasing basal corticosterone levels and
reducing neurogenesis in females only [15]. Stress in the juvenile
phase also affects the animals as juveniles, remodeling cortical
areas involved in emotional-type behaviours [16]. Whilst effects on
behaviour are observed when animals are given stress in adult-
hood, they are significantly exacerbated when stress is given in

juvenility [9], [17], indicating that certain changes observed in
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adulthood are specific to stress in this phase. These findings largely
reflect what has been found in human populations, making this
a suitable model for human pathologies.

Abnormal mental processing is a central component of human
psychiatric disorders, resulting in disturbances in emotional and
other affective behaviours. Current behavioural measurements in
animal models are relatively simplistic (e.g. elevated plus maze and
open field, measures of anxiety-type behaviour that can only be
administered once per animal), and are not able to provide
information on more complex, subjective aspects of psychiatric
lness. Investigating the subjective nature of symptoms is
challenging, but progress in this area would greatly enhance the
translational aspects of animal models. One way of assessing
affective/emotional symptoms in humans is through cognitive bias
[18], [19]. The decisions an individual makes in uncertain or
ambiguous situations can be influenced by their affective state,
producing cognitive biases. Hence cognitive bias demonstrates
a close relationship between cognitive processes and emotional
state. Cognitive biases in the interpretation of ambiguous in-
formation are particularly apparent in anxious and depressed
populations, who tend to interpret the emotional valence of
ambiguous statements (““That is an interesting pair of shoes you
are wearing”), the meaning of ambiguous homophones (e.g. die/
dye, pain/pane) and the interpretation of scrambled sentences
(‘winner born I am a loser)” — positive interpretation “I am a born
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winner”’, negative “I am a born loser”) in a more negative manner
than controls [20], [21]. The link between cognition and emotion
is bi-directional, and cognitive biases can be used to predict
emotional state [22], [23].

In recent years, assays of cognitive bias have been modified for
use in non-human animals, with the aim of using their cognitive
biases to inform us of their emotional state [24], [25], [26]. Studies
so far have revealed that manipulations associated with negative
affect (e.g. unstable housing, removal of environmental enrich-
ment) result in animals interpreting ambiguous stimuli in a negative
manner (rats [27], [28], starlings [29], honeybees [30]), and those
associated with positive affect (e.g. addition of enrichment) result in
positive cognitive biases [31]. Furthermore, negative cognitive
biases have been observed in congenitally helpless rats (a genetic
model of depression [32]), dogs with separation anxiety [33], and
acutely (within hours of testing) induced in rats and chicks through
the administration of pharmacological and environmental stressors
[32], [34]. Interestingly, the effects of short-term environmental
stress on cognitive bias were successfully pharmacologically
reversed with the antidepressant imipramine in the chick model
[35]. There is therefore a growing body of evidence to support the
utility of cognitive bias measurements in assessing state and trait
affect in animals.

In human populations, stress in early life is correlated with
increased susceptibility to affective disorders and is associated with
cognitive biases in adulthood [19], [36]. To date, the effects of
early life stress on cognitive biases have not been studied in animal
models. Successful implementation of such an assay would
enhance the translational aspects of early life stress models, and
may provide us with novel therapeutic targets. We therefore
investigated how stress experienced in the juvenile phase affected
cognitive bias in a rat model, alongside a more traditional measure
of anxiety-type behaviour (elevated plus maze). We used male and
female rats, as there is evidence for sex-based differences in the
development of neuropsychiatric disorders in humans and animal
models of perinatal stress [16], [37], [38], [39]. We predicted that
animals experiencing juvenile stress would display greater anxiety-
type behaviour and react more pessimistically (demonstrating
a negative cognitive bias) when compared to control animals.

Materials and Methods

Subjects

Subjects were 24 male and 24 female Lister Hooded rats, bred
from 11 adult pairs (Charles River, UK) at the University of
Edinburgh. After weaning (post natal day (PND) 21), animals were
housed in standard, same-sex, same-litter cages (61 cm x43.5 cm,
21.5 cm high, Techniplast, UK), lined with wood shavings (Lillico,
UK), on a 12:12 h light/dark cycle with food (standard rat chow,
RM1, Special Services Diet, Lillico, UK) and water ad libitum.
Temperature and humidity were maintained between 19 and
21°C and 45 and 60% respectively. Six of the litters were assigned
at random to the juvenile stress group, the remaining 5 were
controls. Rats were identified via rings of permanent marker
around the tail, and killed via rising concentration of CO at the
end of the experiment. Rats were weighed once a week, and all
procedures were carried out in strict accordance with local ethics
guidelines, the UK Home Office Animals (Scientific Procedures)
Act, 1986 and under a personal Home Office license (PIL number
60/10185, PPL number 60/3915).

Juvenile Stress
The protocol used was a modified version of that presented in
[14]. Rats were exposed to variable short-term stressors in the
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juvenile phase, on PND 25, 26 and 27, in a designated
experimental room away from the regular housing area. On
PND 25, animals were given a swim stress: they were placed into
an opaque swim tank (25 cm high, 34 cm diameter, 12 liter
capacity filled with 6 liters of water), water temperature 25+/
—1°C for 10 minutes. On PND 26, animals were given restraint
stress: they were placed into a plastic restraint tube (15 cm length,
5 cm  diameter) for 3 periods of 30 minutes, separated by
30 minute breaks. On PND 27, animals experienced mild electric
footshocks: they were given 6x0.5 mA, 0.5 s footshocks over
3 minutes (one every 30 seconds) in a rat shock chamber (30 cm
%25 cm, 32 cm high, 16 shock bars, Coulbourn Instruments, PA).

Subjects for Elevated Plus Maze

Animals were taken from all litters for testing in the elevated
plus maze (2-3 per sex per litter). Animals were housed 2-3 per
cage, separated from the rest of the litter at least one week prior to
testing. 12 control and 12 juvenile stressed animals were tested,
aged 83 days =11.46 S.D. at the start of testing (early adulthood).
All testing was conducted blind to group.

Elevated Plus Maze

The elevated plus maze was raised 80 cm above the floor, made
of wood and painted dark grey, and comprised two open and
opposite arms (70 cm X12 cm) and two closed and opposite arms
(70 cm x12 cm and 17 cm high walls) arranged in a cross shape.
A central square connected the arms (10 cm x10 cm). During
a test, an animal was placed on the central square facing an open
arm. Behaviour was recorded over 5 minutes via a video recorder
mounted above the maze, and tracking software (“Tracker”
University of Edinburgh) was used to calculate the amount of time
the animal spent in each arm and the centre of the maze. The
apparatus was wiped clean between animals. The amount of time
animals spent in the open vs. the closed arms (minus time spent on
the central square) of the maze was compared. Animals are
presumed to be more anxious if they spend a greater proportion of
time in the closed compared to the open arms.

Subjects for Cognitive Bias Test

The remaining animals (12 control, 12 juvenile stress, 2—-3 per
litter) were tested in the cognitive bias assay. Animals were housed
2 per cage, separated from the rest of the litter at least one week
prior to testing, and were aged 99 days =12.7 S.D. at the start of
testing (early adulthood). A sample size of n=6 per group was
sufficient to detect effects in a previous study using this cognitive
bias assay [31]. All testing was conducted blind to group.

Cognitive Bias Apparatus

The maze apparatus consisted of a clear Perspex start box
(61 cm x43.5 cm, 21.5 cm high) connected to a clear Perspex goal
box (61 cm x43.5 cm, 21.5 cm high) via a piece of white Perspex
drainpipe (diameter 10 cm, length 80 cm). Two foraging bowls
(diameter 9 cm, height 5 cm), one black and one white, one placed
on the left and one on the right, were put into the goal box
(Figure 1, reproduced from [31]). This apparatus was set up in
a designated testing room separate to the housing area, on a bench
side (1 m high) with regular room lighting.

Cognitive Bias Behavioural Testing
The protocol is described in full in [31], and outlined below.
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Figure 1. Diagram of maze apparatus with details of choice outcomes in the task. Depicted is an example where the coarse sandpaper is
associated with chocolate in a black cinnamon scented bowl, and fine sandpaper with Cheerio in a white coriander scented bowl.

doi:10.1371/journal.pone.0048143.g001

Habituation

Rats were handled daily for 10 mins each and hand fed the
items to be used as rewards in the task (white chocolate drops
(chocolate) and Honey Nut Cheerios (Cheerios)) for 5 days. Over
the following 5 days, rats were also placed into the maze for
5 mins per day. During this stage, the maze contained the foraging
bowls filled with scented sand (either coriander or cinnamon
scented, 1% by weight). Each rat had a specific reward paired with
a particular bowl colour, sand scent and spatial location (left or
right of goal box). This remained consistent for each rat
throughout the experiment (e.g. Cheerio reward always in white
cinnamon bowl on left, chocolate in black coriander bowl on
right), and was randomized between individuals. Pairings were
counterbalanced between groups and sexes, but due to the number
of possible stimulus combinations, a fully factorial design was not
possible. In order to habituate the animals to the presence of
sandpaper, during this stage the tunnel connecting the start and
goal boxes was lined with Silicon Carbide Waterproof sandpaper
(3 M, U.K.; P600 grade), which was different to sandpaper used in
later stages of the experiment. In order to facilitate maximal
contact (whiskers and feet) between the animal and the sandpaper,
the tunnel was completely lined inside.

Pre-training

After habituation, rats were given 5 days of pre-training. They
had four trials per day in the maze apparatus, two between 0900
and midday (am trials) and two between 1300 and 1700 hours (pm
trials). During a trial, a reward of half a chocolate or Cheerio was
put onto the surface of the sand of the appropriate bowl. Cheerios
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were a low value reward, chocolate high value. As both of these
rewards are sweet, and it well known that many mammals,
including rats, have a preference for sweet foods [40], it was
assumed the rats would forage for them. Rats are expected to
value the chocolate more highly than the Cheerio for several
reasons: they have a higher sugar content and calorific value
(0.4 kcal and 0.07 g sugar in half a Cheerio vs. 3 kcal and 0.34 g
sugar per half chocolate drop), they were observed to habituate
faster to eating chocolate during the habituation phase (hand
feeding), and during all of the reward trials they located chocolate
faster than Cheerios (see Results and previous findings in [31]). At
the start of a trial rats were placed individually into the start box. A
timer was started, and the time for the rat to enter and exit the
tunnel, choose a bowl (which bowl was chosen, one containing
reward or not) and choose the bowl containing the reward (if not
chosen first) was recorded. In this phase, a choice was determined
by the rat putting its face into a bowl. A rat received two trials for
Cheerios and two for chocolate each day. The order of trials for
arat each day was determined using random numbers, and altered
daily. Sandpaper of different grades was used to line the tunnel in
this phase. Half of the rats from each group and sex had coarse
sandpaper (grade P60, average particulate size 269 pum,) associated
with the chocolate reward and fine sandpaper (grade P1200,
average particulate size 15 pm; Faithfull Tools, Dartford, Kent,
U.K.) associated with the Cheerio reward, the other half the
reverse. Rats then learned to associate a particular sandpaper
grade in the tunnel with a particular reward outcome, and were
able to eventually choose the rewarded bowl first when entering
the goal box (e.g. a rat might learn the coarse sandpaper indicated
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Figure 2. Data by litter for the cognitive bias task. A) Number of optimistic choices out of 5, B) Number of trials to learn the cognitive bias task,
C) Average time taken for animals to choose a bowl in regular trials and D) Average time taken for animals to choose a bowl in ambiguous probe

trials. Control litters are 1-5, JS 6-8. c = males, B = females.
doi:10.1371/journal.pone.0048143.g002

a chocolate reward in the white, cinnamon scented bowl on the
left, whereas fine sandpaper meant a Cheerio in the black,
coriander scented bowl on the right). The apparatus was cleaned
between trials.

Over the next five days, the same protocol was followed, except
the rewards were gradually buried further into the sand, until they
were at the bottom of the bowl by day five. During this stage,
choice was determined when a rat began digging in a particular
bowl. Burying the rewards removes visual and olfactory reward
cues, ensuring that rats are learning to associate the sandpaper
with the reward outcome.

Training

Animals were then moved onto the training stage. Here, the
rewards were always buried at the bottom of the bowls. The same
protocol as the previous stage was followed, with the exception
that one randomly selected trial a day was not rewarded. Correct
performance on these trials ensured that rats were not using any
cues directly associated with the reward (e.g. olfaction). Rats did
not appear to be using reward-related cues, as performance was
not affected by presence or absence of reward (see Results). Once
rats had completed at least three out of four trials correctly for five
days in a row, we assumed they had learned the task, and they
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were moved onto the next stage. Therefore the duration of this
phase was dependent on individual learning.

Probe phase

The next stage was the probe phase, and lasted for five days. In
this phase, trials proceed as before, with the alteration that on
randomly selected unrewarded * blank™ trials, an intermediate,
ambiguous grade of sandpaper, intermediate in texture to the two
training textures (P180, average particulate size 82 pum), was used
instead of the sandpaper usually associated with the reward.
During these trials, if rats selected the bowl usually associated with
the chocolate reward this was recorded as an optimistic choice, if
they chose the bowl usually associated with the Cheerio it was
recorded as a pessimistic choice.

Data Analysis

Unless otherwise stated, data were analysed using mixed effects
ANOVA’s (JMP statistical software, SAS Institute, Cary, NC,
USA). All data were checked for homogeneity of variance and
normality of distribution. Where these assumptions were violated,
data were transformed to provide the best approximation to
a normal distribution [41]. Independent variables with no
measurable effect on the dependent variable (defined as p>0.1)
were removed from models in a stepwise manner. The main effects

—a— Female Con
—0— Female JS
—a— Male Con
—a— Male JS

Week

Figure 3. Weights of Control (Con) and Juvenile Stress (JS) male and female rats from birth to 15 weeks. Error bars represent 1 SE.

doi:10.1371/journal.pone.0048143.g003
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are provided in the text. Where the underlying assumption of
homogeneity associated with the covariance matrix was violated
(e.g. in repeated measures models), degrees of freedom were
automatically adjusted and may be decimal.

The first model investigated the effect of group (Control vs. JS),
sex, age, sex¥group, sex*age, group*age and group*age*sex
interactions on weight, with animal (nested within group) fitted
as a random variable. The second model investigated the effects of
group, sex, litter and all two and three-way interactions of these
terms on % of time rats spent in the open arms of the elevated plus
maze over five minutes. A third model investigated the effect of
group, sex and group*sex on number of optimistic choices in the
probe phase (ambiguous trials). A chi-squared test was also
conducted within groups to determine if rats were making more
optimistic choices than expected by chance during the ambiguous
trials. A model was set up to investigate the effect of group, sex and
group*sex interaction on number of trials taken to learn the
cognitive bias test in the training stage. Another model explored
the effect of group, sex, trial type (chocolate, cheerio or blank),
group*sex, group* trial type, sex® trial type and group*sex*trial
type on correct selection of rewarded bowl, with animal (nested in
group) added as a random factor. A further model investigated the
effect of reward (chocolate vs. cheerio), sex, group, sex*group,
sex*reward, reward*group and reward*group*sex interactions on
time taken to make a choice in training trials. A final model
investigated the effects of group, trial type (regular vs. in-
termediate, ambiguous trial), sex, group*sex, trial type*sex, trial
type*group and trial type*group*sex interactions on time taken to

>

25 *

20
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15

Number of trials
to learntask

Female Male

Group

make a choice during the probe stage. It was not possible to use
litter as a factor in the cognitive bias analyses as less than three
animals per litter were used in some groups. However, at least
three litters were used per group, and visual inspection of the data
demonstrated that data did not cluster by litter, and this can be
seen in Figure 2.

Results

Bodyweight

Control animals were significantly heavier than JS animals
(F1,854=8.76, P=0.02), and this difference occurred from PND
42, two weeks after the administration of juvenile stress. Males
significantly —heavier than females (F) 7594=740.1,
P<0.0001), and all animals gained weight as the weeks progressed
(F14,503.20=655.9, P<0.0001). A significant sex*age interaction
(F14,753.3 = 30.83, P<<0.0001), demonstrated that males were only
heavier than females from PND 42 (Figure 3).

were

EPM

JS animals spent significantly less time on the open arms of the
EPM than control animals in both sexes (F; 4; =10.64, P=0.002)
(Figure 4A).

Cognitive Bias

JS animals made significantly more optimistic choices than
control animals (I oo =4.7, P=0.04) (Figure 4B). Control animals
made significantly less optimistic (or significantly more pessimistic)
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Figure 5. Learning rate and effect of reward type on time to choose a bowl during the cognitive bias task. A) Number of trials taken for
male and female rats to learn the cognitive bias task and B) time taken for Control (Con) and Juvenile Stress (JS) animals to make a choice on
chocolate vs. Cheerio trials. Error bars represent 1 SE, bars connected by an asterisk are significantly different to one another.

doi:10.1371/journal.pone.0048143.9g005
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choices than expected by chance (Chi-squared test: X?=5.3,
P=0.02), and JS animals made chance levels of optimistic/
pessimistic responses  (Chi-squared test: X?=0.3, P=0.56)
(Figure 4B).

Females learnt the cognitive bias task significantly faster than
males (I} 90 =10.24, P=0.004), and were less likely to make an
incorrect choice during the training stage (F) o497 =27.2,
P<0.0001) (Figure 5A). Overall, control animals took longer to
make a choice during this phase than JS animals (Fy 59 =4.43,
P=0.046), and all animals chose faster on chocolate compared to
Cheerio trials (F o3 =13.40, P=0.001) (Figure 5B).

Control animals took longer to make a decision during
ambiguous probe compared to regular trials, and longer on
ambiguous probe trials than JS animals took on both ambiguous
probe and regular trials (group*trial type interaction: F; 9; = 9.83,
P=0.005, post-hoc Tukey HSD test) (Figure 6A). Females took
longer on ambiguous than regular trials, and longer on ambiguous
probe trials than males took on ambiguous probe and regular trials
(trial type*sex interaction: F,¢;=37.75, P<0.0001, post-hoc
Tukey HSD test) (Figure 6B). There was no interaction between
sex and group.

Discussion

Bodyweight

Animals that received juvenile stress were lighter than their
control counterparts two weeks after the administration of stress
(PND 42), and this difference persisted until PND 105. The same
pattern has been found in previous juvenile stress studies: in [42]
differences persisted until PND 68, and [43] found similar, but
shorter term effects. Prenatal and early post natal stress often lead
to long lasting decreases in bodyweight in animal models [44],
[45], and underlying mechanisms are thought to include decreases
in the secretion of essential enzymes for normal cell growth,
a reduction in DNA synthesis, abnormal patterns of endocrine
secretion, and a suppression of cell responses to growth hormone
[46]. Further studies would have to be conducted to determine if
the same mechanisms underlie juvenile stress induced reductions
in bodyweight.

EPM

The EPM was used to assess the effects of JS on anxiety-type
behavior. Adults that had experienced JS displayed greater levels
of anxiety-like behaviour, as they spent significantly less time than
controls in the open arms of the EPM. This confirms what has
been found in previous studies [11], [43], and has been specifically
related to stress in the juvenile phase [9]. Furthermore, this reflects
what is found in human populations, where childhood adversity is
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strongly associated with the development of anxiety disorders in
adulthood [36].

Cognitive Bias

Control animals responded in a pessimistic manner when
presented with an ambiguous choice. This supports what has
previously been found, and is discussed further in [31]. Animals
that had received JS made significantly more optimistic choices
than control animals. We predicted that early life stress would
result in a more negative cognitive bias, as is observed in depressed
and anxious human populations [20], [21]. A possible explanation
for the relative increase in optimism found here is that stressed
animals were more optimistic, or risk prone, about a high value
reward because of their lower body weight. Animals that have
been subjected to stress and experienced a subsequent decrease in
body weight have been found to increase their risk taking whilst
foraging, resulting in increased food intake and compensatory
growth [47], [48]. It is possible that the JS rats were employing
a similar strategy, and were therefore taking a greater risk for the
higher-energy reward when presented with an ambiguous stimulus
in the present study. These results may be specific to a foraging
context, and it would be interesting to use a cognitive bias task that
did not involve food, to determine the generalisability of these
results. This result highlights the complications inherent in
measuring emotional states in animal models of juvenile stress.

Closer inspection of the data revealed that control animals took
longer to choose a reward bowl when presented with an
ambiguous stimulus (intermediate grade sandpaper) compared to
a stimulus they had been previously trained with (rough or smooth
sandpaper), whereas JS animals did not. When an individual has
to make a decision or choice between two alternatives, it will
sample information from the environment until some threshold of
neuronal activity is reached, and then a decision will be made [49].
As the difficulty of a choice task increases, so does neuronal
activity, and this correlates with an increased time taken to make
a decision [50], [51], [52]. One factor that increases the difficulty
of a task and hence reaction time is the discriminability of
presented stimuli [51], [53]. In the experiment described here,
presenting the animals with an ambiguous stimulus increases the
difficulty of the task, and so theoretically the time taken to make
a decision. The ambiguous stimulus does not match either of the
stimuli the animals have learned to associate with particular
reward outcomes; its texture is in between that of both trained
stimuli, making it harder to discriminate and match with
confidence to either. Based on theory and previous empirical
evidence [51], [53], we would predict that animals would sample
this ambiguous information for longer, and therefore take longer
to make a decision in this situation. Indeed, this is what we find
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with control animals. However, this process is altered in JS
animals, as they make a choice at the same speed in trials with
learned and ambiguous stimuli. One interpretation of this is that
JS animals are acting impulsively when presented with an
ambiguous stimulus. Altered decision making is found in humans
with a range of neuropsychiatric disorders, including trait anxiety
[54], major depression [55] and in suicidal individuals [56], and
adults that have experienced childhood stress are at greater risk of
developing impulse control disorders [57].

When presented with an ambiguous stimulus, females from both
groups took longer than males to make a choice. Interestingly,
there is evidence in the human literature that women are more
averse to risk and ambiguity when making decisions [58]. We also
found that females learned the cognitive bias task significantly
faster than males. The literature on sex differences in learning in
rodent models is not straightforward: most studies find no
difference, some a male and some a female advantage [59]. It is
not clear why females learned the task presented here faster than
males.
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Conclusion

In conclusion, we found that juvenile stress increases anxiety-
like behaviour and decreases decision-making time to ambiguous
cues in a rat model. This reflects the affective disturbances and
impaired decision making seen in human clinical disorders related
to childhood adversity. Future work should be directed at
investigating the underlying mechanisms of such behavioural
changes, and at assessing potential therapeutic interventions (e.g.
environmental enrichment, pharmacological administration), with
the aim of improving human medicine.
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