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Abstract
Chronic stress is a precipitating factor for affective disorders such as depression and anxiety. This
is associated with the effects of chronic stress on the amygdala. Adolescents may be more
vulnerable to the effects of chronic stress, which may be related to its impact on amygdala
function. However, the stress-induced changes in amygdala neuronal activity, and the age-
dependent impact of chronic stress on amygdala neuronal activity have not been studied in depth.
In this study, we investigated how repeated restraint impacts basolateral amygdala (BLA)
projection neuron activity in both adolescent and adult rats. Using in vivo extracellular recordings
from anesthetized rats, we found that repeated restraint increased the number of spontaneously
firing neurons in the BLA of adolescent rats, but did not significantly increase the firing rate. In
contrast, repeated restraint increased the firing rate of BLA neurons in adult rats, but did not
change the number of spontaneously firing neurons. This is the first direct evidence of how stress
differently impacts amygdala physiology in adolescent and adult rats. These findings may shed
light on the mechanism by which chronic stress may age-dependently precipitate psychiatric
disorders.
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1
Chronic stress can induce changes in affective behaviors, including emotion and associative
learning (Shors, 2004; Teicher et al, 2006). Chronic stress is associated with the
development of affective disorders such as anxiety and depression (Heim and Nemeroff,
2001; Hammen, 2005). The amygdala, in addition to playing a pivotal role in processing
emotional information, modulates the stress responses (Davis et al, 1994; Feldman et al,
1995; Herman and Cullinan 1997; Van de Kar and Blair 1999). However, the amygdala
itself undergoes structural changes when subjected to chronic stress, such as increased
dendritic branching and increased number of spines in BLA projection neurons (Vyas et al,
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2002; Mitra et al, 2005). This modification of amygdala structural properties is accompanied
by increased emotional reactivity (Wood et al, 2008) and enhanced amygdala-dependent
affective behaviors, such as fear conditioning to discrete cues (Conrad et al, 1999; Toledo-
Rodriguez and Sandi, 2007) as well as enhanced anxiety-like behaviors (Conrad et al, 1999)
in experimental animals. Human imaging studies indicate amygdala hyperactivity and
hyper-responsiveness in people that experienced chronic stress, such as combat veterans and
abused women and children (Rauch et al, 2000; Protopopescu et al, 2005; Bremner et al,
2008), as well as patients with major depression (Drevets et al, 1992; Frodl et al, 2002). All
this evidence suggests that chronic stress contributes to abnormal affective behaviors and
possibly psychiatric disorders via its effect on the amygdala. The enhanced emotional
reactivity after chronic stress may be driven by increased neuronal activity of projection
neurons, the main efferent neurons of the amygdala. While there is much known about the
impact of acute stressors on BLA physiology (e.g Shors, 1999; Vouimba et al, 2004, 2006;
Pelletier et al, 2005; Kavushansky et al, 2006; Isoardi et al, 2007; Karst et al, 2010), much
less is known about the effects of chronic stressors on BLA physiology. Several studies
indicate that chronic stress, stress exposure repeated at least 3 times, or chronic treatments
that may mimic the effects of stress, lead to increased amygdala neuronal activity through
mechanisms that include increased excitability, reduced inhibition, and inappropriate
modulation by monoamines (Braga et al, 2004; Correll et al, 2005; Buffalari and Grace,
2009; Jiang et al, 2009; Patel et al, 2009; Mozhui et al, 2010; Rosenkranz et al, 2010).
Understanding how chronic stress affects amygdala neuronal physiology will shed light on
the pathophysiology of stress-induced psychiatric disorders.

Adolescence is a critical period for brain development, characterized by neuro-anatomical
rearrangements (Spear, 2000; Sisk and Foster, 2004; Romeo et al, 2006). In humans,
adolescence is accompanied by an increased incidence of affective disorders (Kessler et al,
2001; Merikangas et al, 2010). Given the large effect of stress hormones on brain
development, it is not surprising that brain regions undergoing maturation, such as the
amygdala, are susceptible to stress during adolescence. Adolescent rodents display greater
body weight loss and reduction of open arm exploration in the elevated plus maze (EPM) as
well as greater cue specific fear conditioning in response to different stressors compared to
adult rodents (Stone and Quartermain, 1997; Toledo-Rodriguez and Sandi, 2007). Stress
exposure during adolescence may cause greater physiological disturbances than exposure
during adulthood, which may lead to age-dependent differences in affective behaviors. In
this study, repeated restraint was used to model the effects of chronic stress. We
hypothesized that chronic stress exerts greater effect on amygdala neuronal activity in
adolescent rats compared to adult rats. Uncovering the age-dependent effect of chronic stress
on amygdala neuronal activity will increase our understanding of the age-dependent impact
of stress on psychiatric conditions that involve abnormal amygdala function, and may
produce age-appropriate preventative and curative measures for stress-induced psychiatric
disorders.

Within the amygdala, BLA is the major afferent interface that receives information from all
sensory modalities (Turner and Herkenham, 1991; McDonald, 1998). Previous work done in
our lab has shown that repeated restraint resulted in BLA projection neuron hyper-
excitability in adult rats, which may lead to increased activity of projection neurons
(Rosenkranz et al, 2010). In this study, we used in vivo extracellular electrophysiological
recordings to test if repeated restraint exerts a greater impact on BLA projection neuron
activity in adolescent rats compared to adult rats.
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2 EXPERIMENTAL PROCEDURES
2.1 Ethical Approval

All experimental procedures were performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee at Rosalind Franklin University of Medicine
and Science.

2.2 Materials
Urethane, cresyl violet and sucrose were purchased from Sigma (St. Louis, MO). Pontamine
Sky Blue was purchased from Alfa Aesar (Ward Hill, MA). NaCl and formaldehyde were
purchased from Fisher Scientific (Pittsburgh, PA).

2.3 Animals and Stress Protocol
Male Sprague Dawley rats (Harlan, Indianapolis, IN) arrived at postnatal day (PND) 21 and
PND 53–58 for adolescent and adult rats respectively. They were housed 2 or 3 per cage in
the Rosalind Franklin University animal facility with free access to food and water, and
maintained on a 12 hr light/dark cycle. To model the effects of chronic stress, a 7-day
repeated restraint protocol was used. Animals of the same age were randomly assigned into
4 groups: non-restraint group, two different 1-day restraint groups, and the repeated restraint
group. After habituating to the animal facility for at least 4 days, rats were subjected to
stress or control handling. Rats in the repeated restraint group were placed into a hemi-
cylinder restraint tube 20 min/session, 1 session/day for 7 out of 9 days in the procedure
room (Rosenkranz et al, 2010). The restraint tube was an acrylic cylinder with flattened
bottom (dimensions dependent on animal size: rats 30–125g were placed in a cylinder 5″ ×
2″, rat 125–250g in a cylinder 6″ × 2.5″, and rats 250–500g in a cylinder 8″ × 3.25″). Rats
in the non-restraint group were placed into a clear Plexiglas transportation cage 20 min/
session, 1 session/day for 7 out of 9 days. All the procedures were performed between 8:00
am to 3:00 pm, during the lights on cycle. To assess the additive nature of repeated restraint,
we also included two control 1-day restraint groups. Rats in 1-day restraint B group (B ~ 1
day Before the behavior test) were handled the same way as non-restraint rats except they
were subjected to restraint on the last day of this procedure. Rats in 1-day restraint F group
(F ~ First day of the restraint protocol) were subjected to restraint on the first day of the
procedure and then handled identically to non-restraint rats during the remaining 8 days.

2.4 Elevated Plus Maze
To validate the effectiveness of our repeated restraint protocol, we tested animals in the
EPM one day after the final restraint/control handling session. Two sets of EPMs designed
specifically for animals of different ages were used in this study. The EPM (Scientific
Designs, Pittsburgh, PA) consisted of four arms: two open arms (width × length: small maze
4″ × 15″; big maze 5″ × 20″) and two closed arms (width x length x wall height: small
maze 4″ × 15″ ×14″; big maze 5″ × 20″ × 18″). Each arm was attached to a sturdy leg,
elevated 32 from the ground. Animals were placed at the junction of four arms, facing the
open arm opposite the experimenter. Animal behavior was recorded for 5 min and analyzed
by a personal computer (Dell E6500) running video-tracking software (Any-Maze,
Stoelting, Wood Dale, IL). The time spent on open arms was measured and used as index of
anxiety-like behavior. In addition, the number of closed arm entries was measured and used
as an indicator of locomotor activity.
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2.5 In vivo Extracellular Recording
To examine the neuronal activity of BLA projection neuron, we used in vivo extracellular
electrophysiological recording. One day after the EPM behavioral test, rats were
anesthetized with urethane (1.5 g/kg dissolved in 0.9% saline, i.p.) and placed on a
stereotaxic device (Stoelting, Wood Dale, IL). Their body temperature was monitored via a
rectal temperature probe, and maintained at 36–37°C using a heating pad with a temperature
controller (Model TC-1000, CWE Inc, Ardmore, PA). The amygdala was localized using a
stereotaxic atlas (Paxinos and Watson, 1998). The coordinates used for amygdala centered
on 4.8mm – 5.5mm lateral from midline, 2.5mm – 3.8mm caudal from bregma for adult rats.
Coordinates were adjusted for adolescent rats according to the measured distance between
bregma and lambda. Burr holes were drilled on the skull bilaterally at locations overlying
the BLA. The left hole was used for fixing a screw for electroencephalogram (EEG)
recording. The dura from the right hole was removed. Single-barrel electrodes were
constructed from glass pipettes (World Precision Instruments, Sarasota, FL), and pulled
using a vertical microelectrode puller (PE-2; Narishige, Tokyo, Japan), and broken under a
microscope to produce a tip 1 to 2 μm in diameter. The electrode was lled with 2%
Pontamine Sky Blue in 2 M NaCl and then slowly lowered into the amygdala via a hydraulic
microdrive (Model MO-10, Narishige, East Meadow, NY). Recordings began no earlier than
45 min after surgery.

During extracellular recording, signals were amplified by a headstage (Dagan, Minneapolis,
MN) connected to a preampli er (Dagan, Minneapolis, MN), filtered at 0.3 Hz (low cut-off
frequency) and 3 kHz (high cut-off frequency), and outputted simultaneously to an
oscilloscope (Model 2532 BK Precision, Yorba Linda, CA) and an audio monitor (Model
AM8 Grass Instruments, West Warwick, RI). In addition, amplified outputs were digitized
through an interface (5–10 kHz; Model ITC-18, HEKA, Bellmore, NY) and fed to a
personal computer (Mac Pro/2.8 Apple, Cupertino, CA), monitored using Axograph ×
software and stored on a hard disk for off-line analysis.

Throughout the experiment, the anesthetic state of the animal was monitored via cortical
EEG. The EEG signal was visually inspected. Animals were considered under deep
anesthesia when the EEG displayed a rhythmic waveform. Occasionally, periods of fast
irregular oscillation of the EEG waveform were observed. Single unit recordings were not
included for analysis if recordings occurred during this type of EEG activity. General EEG
periodicity was measured by counting the number of EEG slow waves per second.

BLA projection neurons were included in analysis if they met the following criteria: First,
they had to be located within the confines of the BLA, as determined by reconstruction
based on histological staining. BLA, and the subnuclei of the lateral nucleus (LAT) and
basal nucleus (BL) were delineated in cresyl violet-stained sections based on the borders
defined in a stereotaxic atlas (Paxinos and Watson, 1998). Second, the spikes they generated
had a clear signal to noise ratio (>3:1). Stable activity of projection neurons was recorded
for 5 min. The activity of neurons in the BLA was expressed by the basal firing rate,
quantified as the average number of spikes per second (Hz). The activity was also expressed
by the number of spontaneously active neurons recorded per electrode track, a gross
estimation of the relative numbers of active neurons.

2.6 Adrenal Gland
After electrophysiological recording, rats were decapitated and both adrenal glands were
removed. Adrenal glands were weighed while still wet, and the weight was normalized to
the animals body weight (mg/g).
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2.7 Histology
At the end of electrophysiological recording, the position of the electrode tip was marked by
passing a constant −25 μA current through the electrode for 20 min to eject Pontamine Sky
Blue at the recording sites. Rats were immediately decapitated and their brains were
removed and stored in 4% formaldehyde in 0.1 mol/L phosphate buffer overnight, and then
cryoprotected in 25% sucrose in 0.1 mol/L phosphate buffer. Brains were then sliced into 60
μm thick sections using a freezing microtome (Leica Microsystems Inc, Buffalo Grove, IL)
and stained with cresyl violet. Recording sites were verified by light microscopy.

2.8 Statistical Analysis
Based on analysis of preliminary data of neuronal firing rate (effect size >0.4 Hz,
sigma=0.5), a sample size of 20 neurons/group would yield power of >0.8 at an alpha of
0.05. Statistical tests were performed using Prism 5 software (GraphPad, La Jolla, CA).
Parameters being analyzed included: time spent on the open arm of the EPM, total number
of closed arm entries of the EPM, adrenal gland weight normalized to body weight, firing
rate and the number of spontaneously firing neurons per electrode track. To examine the
impact of repeated restraint on behavior, endocrine function and neuronal activity of
experimental rats, all the above parameters were compared between repeated restraint group
and age-matched non-restraint control group and single restraint groups using one-way
Analysis of Variance (ANOVA) tests followed by post hoc Newman-Keuls multiple
comparison tests, or using the Kruskal-wallis test followed by Dunn s multiple comparison
tests if the data were not normally distributed. The frequency distribution of values for the
number of spontaneously firing neuron per electrode track was compared between groups
using a Chi-square test. The cumulative distribution of firing rates was compared between
groups using an F-test to compare the best-fit parameters of a second-order polynomial fit to
the cumulative histograms and Kolmogorov-Smirnov (K-S) tests. To assess whether a single
restraint had long lasting effect, the same parameters were also compared among the non-
restraint and two age-matched 1-day restraint groups using one-way ANOVA tests, or using
the Kruskal-wallis test if the data were not normally distributed. When comparing two
groups in specified instances, the Mann-Whitney U test was used. A p value < 0.05 was
considered statistically significant. All data were presented as mean ± SEM, unless
otherwise specified.

3 RESULTS
3.1 Repeated restraint results in behavioral and endocrine changes consistent with
chronic stress

To evaluate the effectiveness of the repeated restraint protocol as a stressor in both
adolescent and adult rats, we examined its effect on anxiety-like behavior and a measure of
endocrine function, two measures that are sensitive to chronic stress (Márquez et al, 2004;
Vyas and Chattarji, 2004).

Repeated restraint caused a decrease of exploration in the open arm of the EPM when
comparing the repeated restraint group to their age-matched non-restraint group or single
restraint groups in adolescent rats (Fig. 1A; adolescent percentage of time on open arm: non-
restraint 21.72 ± 3.70%, n=21 rats; 1-day restraint (B) 20.52 ± 3.09%, n=21 rats; 1-day
restraint (F) 20.35 ± 3.10%, n=17 rats; repeated restraint 6.40 ± 1.40%, n=25 rats; p=0.0002,
one-way ANOVA, F(3,80)=7.3). Post hoc analysis of the adolescent rats indicated that there
was a significant difference in percentage of time on open arm between repeated restraint
stress and non-restraint control groups (p<0.05, q=5.62, post hoc Newman-Keuls multiple
comparison test), and both single restraint control groups (1-day restraint (B), p<0.05,
q=5.18; 1-day restraint (F), p<0.05, q=4.82, post hoc Newman-Keuls multiple comparison
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test). However, there was no significant difference in the total number of closed arm entries
among 4 treatment groups, indicating little effect of restraint on overall locomotor activity in
adolescent rats (Fig. 1B; adolescent closed arm entries: non-restraint 12.90 ± 0.81, n=21
rats; 1-day restraint (B) 10.90 ± 1.02, n=21 rats; 1-day restraint (F) 13.18 ± 1.00, n=17 rats;
repeated restraint 10.44 ± 1.04, n=25 rats; p>0.05, F(3,80)=1.97, one-way ANOVA).

Similarly, in adult rats there was also a decrease in exploration of open arms after repeated
restraint (Fig. 1D; adult percentage of time on open arm: non-restraint 32.66 ± 3.47%, n=35
rats; 1-day restraint (B) 30.92 ± 3.90%, n=25 rats; 1-day restraint (F) 25.45 ± 3.68%, n=17
rats; repeated restraint 13.54 ± 2.58%, n=35 rats; p=0.0001, F(3,108)=7.7, one-way
ANOVA). Post hoc analysis of these adult rats indicated that there was a significant
difference in percentage of time on open arm between repeated restraint stress and non-
restraint control groups (p<0.05, q=6.28, post hoc Newman-Keuls multiple comparison test),
and between repeated restraint stress and both 1-day restraint control groups (1-day restraint
(B), p<0.05, q=5.21; 1-day restraint (F), p<0.05, q=3.12, post hoc Newman-Keuls multiple
comparison test). This is consistent with increased anxiety-like behavior after repeated
restraint in both age groups. There was no significant difference in the total number of
closed arm entries among 4 treatment groups, indicating little effect of restraint on overall
locomotor activity in adult rats (Fig. 1E; adult closed arm entries: non-restraint, 10.54 ± 0.69
arm entries, n=35 rats; 1-day restrant (B) 11.04 ± 0.81, n=25; 1-day restraint (F) 12.82 ±
1.23, n=17; repeated restraint 12.83 ± 0.96, n=35 rats; p>0.05, F(3,108)=1.81, one-way
ANOVA).

In addition, repeated restraint caused greater normalized adrenal gland weight compared to
non-restraint or 1-day restraint control groups in adolescent rats (Fig. 1C; adolescent non-
restraint 0.213 ± 0.005 mg/g, n=30 rats; 1-day restraint (B) 0.207 ± 0.005, n=11; 1-day
restraint (F) 0.215 ± 0.005, n=31; repeated restraint 0.248 ± 0.006 mg/g, n=40 rats; p<0.001,
F(3,108)=12.0, one-way ANOVA). Post hoc analysis in these adolescent rats indicated that
the adrenal gland weight from the repeated restraint group was significantly greater than
non-restraint controls (p<0.05, q=6.86, Newman-Keuls multiple comparison test) and single
restraint groups (1-day restraint (B) p<0.05, q=5.68; 1-day restraint (F) p<0.05, q=6.56,
Newman-Keuls multiple comparison test). A similar effect was found in adult rats (Fig. 1F;
adult non-restraint 0.137 ± 0.003 mg/g, n=35 rats; 1-day restraint (B) 0.136 ± 0.002, n=13
rats; 1-day restraint (F) 0.139 ± 0.004, n=23 rats; repeated restraint 0.154 ± 0.002 mg/g,
n=41 rats; p<0.001, F(3,108)=11.2, one-way ANOVA). Post hoc analysis in these adult rats
indicated that the adrenal gland weight from the repeated restraint group was significantly
greater than non-restraint controls (p<0.05, q=7.18, Newman-Keuls multiple comparison
test) and single restraint groups (1-day restraint (B) p<0.05, q=5.39; 1-day restraint (F)
p<0.05, q=5.56, Newman-Keuls multiple comparison test). This is consistent with repeated
hypothalamic–pituitary–adrenal (HPA) axis activation in response to repeated restraint and
provides support for the effectiveness of repeated restraint stress in adult and adolescent rats.

While there was significant difference between repeated restraint stress and non-restraint or
single restraint groups, there was no significant difference between the non-restraint groups
and the single restraint groups in adolescent or adult rats in EPM exploration (Fig. 1A;
percentage of time on open arm: adolescent p>0.05, F(2,56)=0.05; adult p>0.05,
F(2,74)=0.82, one-way ANOVA). Similarly, there was no significant difference in the
normalized adrenal gland weight among the three control groups in adolescent rats (Fig. 1C;
p>0.05, F(2,69)=0.36, one-way ANOVA test) or adult rats (Fig. 1F; p>0.05, F(2,68)=0.18,
one-way ANOVA test). Therefore, a single restraint did not significantly impact EPM
exploration or adrenal gland weight in adolescent or adult rats, and is unlikely to account for
the effects of repeated restraint sessions. Thus, repeated restraint resulted in increased
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anxiety-like behavior and adrenal gland weight in both adolescent and adult rats and is an
effective chronic stressor.

3.2 Repeated restraint increases the number of spontaneously firing BLA neurons in
adolescent rats

BLA neurons in adolescent rats—We examined how repeated restraint changes
neuronal activity of BLA putative projection neurons using in vivo extracellular recordings.
A total number of 47 adolescent rats were included in this study (non-restraint n=13 rats; 1-
day restraint (B) n=11 rats; 1-day restraint (F) n=12 rats; repeated restraint n=11 rats). A
total number of 180 neurons were confirmed to lie within the BLA. The action potential
half-width showed a normal distribution (Fig. 3A; range: 30.07 to 641.46μsec). Previous
studies have shown that some putative BLA interneurons display shorter action potential
duration compared to projection neurons (e.g. Rosenkranz and Grace, 1999). Based on those
studies, a half-width of 100μsec was used as a cut-off, and 6 neurons were omitted from
analysis (non-restraint n=40 neurons; 1-day restraint (B) n=43 neurons; 1-day restraint (F)
n=34 neurons; repeated restraint n=57 neurons). In line with previous research (Rosenkranz
and Grace, 1999), the firing rate of spontaneously spiking neurons in BLA was very low
(0.16 ± 0.03 Hz, n=40 neurons, range: 0.003–0.8 Hz) under non-restraint conditions. There
was no significant difference in the firing rate between neurons from the LAT and from the
BL under non-restraint conditions (Fig. 3B; LAT: 0.13 ± 0.04 Hz, n=21 neurons; BL: 0.20 ±
0.05 Hz, n=19 neurons; p>0.05, U=148.5, Mann-Whitney U test). Therefore, they were
combined for initial analysis.

Adolescent rats: Effect of repeated restraint on firing rate of BLA neurons—
Adolescent rats exposed to repeated restraint showed no significant difference in the firing
rate of BLA neurons compared to non-restraint rats and 1-day restraint control rats (Fig. 4B;
adolescent non-restraint: 0.16 ± 0.03 Hz, n=40 neurons; 1-day restraint (B) 0.11 ± 0.03 Hz,
n=43 neurons; 1-day restraint (F) 0.17 ± 0.03 Hz, n=34 neurons; repeated restraint 0.51 ±
0.18 Hz, n=57 neurons; p=0.31, H(3)=3.57, Kruskal-Wallis test). However, the group means
clearly appeared different. For this reason, we explored this issue with further analysis.
Upon closer examination it was apparent that after repeated restraint, there was a small
subset of neurons that exhibited a high firing rate that skewed the group mean firing rate
(1.62Hz, 2.98Hz, 6.83Hz, 7.68 Hz, mean 4.78 ± 1.47 Hz, n=4), which was absent from all
control groups. The action potential half-width of these neurons were greater than 100 μsec,
therefore, they could not be excluded based on that criteria. Though these neurons skewed
the adolescent group means, the group medians were still close together (Fig. 4B; median:
non-restraint 0.07 Hz; 1-day (B) 0.06 Hz; 1-day (F) 0.10 Hz; repeated restraint 0.08 Hz). We
then tested whether the distribution of firing rates in the adolescent repeated restraint group
can be better fit with a bimodal distribution or a unimodal distribution. The data were fit
significantly better with a one phase decay model (r2=0.99) than a bimodial distribution
(fourth-order polynomial model, r2=0.69; Aikake informative criteria difference=122.8,
p<0.01), consistent with one population of neurons with a skewed distribution. Furthermore,
the cumulative frequency distribution histogram of the firing rate demonstrated a similar
distribution between the non-restraint group and repeated restraint group, and the
distribution was not significantly different (Fig. 4C; p=0.64, F(3,81)=0.56, F-test
comparison of parameters of best fit to second order polynomial; p=0.94, D=0.1066, K-S
test). These analyses did not support a significant difference between the non-restraint
control and the repeated restraint groups. Therefore, a conservative approach was used, and
these neurons were retained in the data. However, it is important to note that if the neurons
were excluded from analysis, the difference between the two groups is even less, and there is
still no significant difference in the firing rate between non-restraint and repeated restraint
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groups (non-restraint: 0.16 ± 0.03 Hz, n=40 neurons; repeated restraint: 0.19 ± 0.04 Hz,
n=53 neurons; p>0.05, U=1038, Mann-Whitney U test).

When the BLA was subdivided into LAT and BL nuclei, there was still no significant effect
of repeated restraint on the firing rate in adolescent rat. Thus, there was no significant
difference in the firing rate in the LAT (Fig. 4D; adolescent non-restraint: 0.13 ± 0.04 Hz,
n=21 neurons; repeated restraint 0.58 ± 0.30 Hz, n=34 neurons; p>0.05, U=315, Mann-
Whitney U test) or BL (Fig. 4D; adolescent non-restraint: 0.20 ± 0.05 Hz, n=19 neurons;
repeated restraint: 0.41 ± 0.14 Hz, n=23 neurons; p>0.05, U=208, Mann-Whitney U test)
between non-restraint and repeated restraint groups. Faster firing neurons (>0.5 Hz) were
distributed approximately evenly between the LAT and BL under non-restraint (1 neuron in
the LAT with a firing rate >0.5 Hz and 2 neurons in the BL with a firing rate >0.5 Hz) and
repeated restraint conditions (4 neurons in the LAT with a firing rate >0.5 Hz and 5 neurons
in BL with a firing rate >0.5 Hz). Removal of these neurons still did not yield a significant
effect of repeated restraint stress on firing rate in the LAT (non-restraint: 0.10 ± 0.03 Hz,
n=20 neurons; repeated restraint 0.09 ± 0.02 Hz, n=30 neurons; p>0.05, U=285, Mann-
Whitney U test) or BL (non-restraint: 0.14 ± 0.03 Hz, n=17 neurons; repeated restraint: 0.14
± 0.03 Hz, n=18 neurons; p>0.05, U=136.5, Mann-Whitney U test).

Adolescent rats: Effect of repeated restraint on number of active BLA neurons
—To sample the relative number of active neurons, the electrode was lowered through the
BLA at predefined coordinates that were the same across groups. Repeated restraint
adolescent rats displayed a greater number of spontaneously firing neurons throughout the
BLA compared to non-restraint rats and 1-day restraint rats, indicating a gross increase in
the total number of active neurons (Fig. 4E; adolescent non-restraint: 0.47 ± 0.08 neurons/
track, n=85 tracks; 1-day restraint (B) 0.61 ± 0.09 neurons/track, n=70 tracks; 1-day restraint
(F) 0.44 ± 0.08 neurons/track, n=77 tracks; repeated restraint 0.93 ± 0.15 neurons/track,
n=61 tracks; p=0.0034, F(3,289)=4.66, one-way ANOVA). Post hoc analysis demonstrated a
significant difference in the number of active neurons between the repeated restraint group
and non-restraint group (p<0.05, q=4.58, Newman-Keuls multiple comparison test) and 1-
day restraint groups (1-day restraint (B) p<0.05, q=3.03; 1-day restraint (F) p<0.05, q=4.77,
Newman-Keuls multiple comparison test). The frequency distribution histogram of the
number of spontaneously firing neurons per electrode track demonstrated a different
distribution between non-restraint group and repeated restraint group. One or more
spontaneously firing neurons was observed in less than 35% of electrode tracks in the non-
restraint control rats, while in repeated restraint rats, this number was approximately 52% of
electrode tracks (Fig. 4F; p=0.04, χ2(1)=4.28, Chi-square test).

Adolescent rats: Effect of a single restraint—When the three control groups were
compared, there was no significant difference in the firing rate (Fig. 4B; p=0.16, H(2)=3.66,
Krustal-Wallis test) or the number of spontaneously firing neurons per electrode track
among them (Fig. 4E; p=0.31, F(2,229)=1.16, one-way ANOVA). Therefore, a single
restraint did not significantly impact BLA neuronal activity, and the impact of repeated
stress on BLA neuronal activity cannot be attributed to enduring effects of the first or last
restraint.

3.3 Repeated restraint increases firing rate of BLA projection neurons in adult rats
BLA neurons in adult rats—We next examined the effects of repeated restraint on
neuronal activity of BLA projection neurons in adult rats. A total of 54 adult rats were
included in this study (non-restraint n=16 rats; 1-day restraint (B) n=11 rats; 1-day restraint
(F) n=11 rats; repeated restraint n=16 rats). A total of 185 neurons were confirmed to be
within the BLA. Using action potential half-width criteria, (Fig. 5A; range: 60.88 to 856.27
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μsec), 5 neurons were excluded from analysis (non-restraint n=54 neurons; 1-day restraint
(B) n=34 neurons; 1-day restraint (F) n=35 neurons; repeated restraint n=57 neurons). The
firing rate of BLA neurons in non-restraint adult rats was also very low (0.24 ± 0.05 Hz,
n=54, range: 0.007 to 1.74 Hz). There was no significant difference in the firing rate
between neurons from the LAT and from the BL under non-restraint conditions (Fig. 5B;
LAT: 0.25 ± 0.06 Hz, n=34 neurons; BL: 0.22 ± 0.08 Hz, n=20 neurons; p>0.05, U=290,
Mann-Whitney U test). Therefore, they were combined for initial analysis.

Adult rats: Effect of repeated restraint on firing rate of BLA neurons—In
contrast to adolescent rats, repeated restraint caused an increase in firing rate in adult rats
(Fig. 6B; adult non-restraint: 0.24 ± 0.05 Hz, n=54 neurons; 1-day restraint (B) 0.14 ± 0.04
Hz, n=34 neurons; 1-day restraint (F) 0.10 ± 0.02 Hz, n=35 neurons; repeated restraint 0.61
± 0.10 Hz, n=57 neurons; p<0.001, H(3)=32.5, Kruskal-Wallis test; post hoc significant
difference between repeated restraint and non-restraint p<0.05, repeated restraint and 1-day
restraint (B) and 1-day restraint (F), p<0.05, Dunn s multiple comparison test). A cumulative
frequency distribution histogram of firing rate demonstrated a significantly different
distribution (Fig. 6C; p<0.001, F(3,91)=11.8, comparison of parameters of best-fit to second
order polynomial; p=0.001, D=0.35, K-S test). The higher firing rate after repeated restraint
was observed in both LAT (Fig. 6D; adult non-restraint 0.25 ± 0.06 Hz, n=34 neurons;
repeated restraint 0.46 ± 0.08 Hz, n=26 neurons; p<0.05, U=307, Mann-Whitney U test) and
BL (Fig. 6D; adult non-restraint: 0.22 ± 0.08 Hz, n=20 neurons; repeated restraint: 0.73 ±
0.16 Hz, n=31 neurons; p<0.05, U=150.5, Mann-Whitney U test).

Adult rats: Effect of repeated restraint on number of active BLA neurons—
There was no significant difference in the number of spontaneously firing neurons
encountered per electrode track among 4 treatment groups (Fig. 6E; adult non-restraint: 0.50
± 0.09 neurons, n=108; 1-day restraint (B) 0.53 ± 0.10 neurons/track, n=64 tracks; 1-day
restraint (F) 0.55 ± 0.11 neurons/track, n=64 tracks tracks; repeated restraint: 0.59 ± 0.09
neurons, n=97 tracks; p=0.91, F(3,329)=0.17, one-way ANOVA), nor a difference in their
distribution (Fig. 6F; χ2(1)=3, p=0.08, Chi-squared test).

Adult rats: Effect of a single restraint—When the three adult control groups were
compared, there was no significant difference in the firing rate (Fig. 6B; p>0.05, H(2)=5,
Krustal-Wallis test) or the number of spontaneously firing neurons per electrode track
among them (Fig. 6E; p=0.94, F(2,233)=0.06, one-way ANOVA). Therefore, a single
restraint did not significantly impact BLA neuronal activity in adult rats, and it is therefore
unlikely that the effect of repeated restraint on adult BLA neuronal firing rate is caused by
enduring effects of the first or last restraint session.

3.4 Adolescent and adult rats display similar neuronal activity under non-restraint
conditions

Our results indicate that repeated restraint increased BLA neuronal activity in an age-
dependent manner, with an increased total number of spontaneously active neurons in
adolescent rats and an increased firing rate in adult rats. These differences may be due to
age-dependent effects of repeated restraint stress on amygdala neuronal activity. However,
to test whether differences in baseline activity contribute to the age-dependent effects, we
compared BLA neuronal activity between adolescent and adult non-restraint control rats.
We found that there was no significant difference in the firing rate (Fig. 7A; adolescent non-
restraint 0.16 ± 0.03 Hz, n=40 neurons; adult non-restraint 0.24 ± 0.05 Hz, n=54 neurons;
p>0.05, U=931.5, Mann-Whitney U test) or the number of spontaneously active neurons
(Fig. 7B; adolescent non-restraint 0.47 ± 0.08 neurons/track, n=85 tracks; adult non-
restraint: 0.50 ± 0.09 neurons/track, n=108 tracks; p>0,05, U=4420, Mann-Whitney U test)
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between these two age groups under non-restraint conditions. In addition, there was no
significant difference in the firing rate in neurons from the LAT (Fig. 7A; adolescent LAT
0.13 ± 0.04 Hz, n=21 neurons; adult LAT 0.25 ± 0.06, n=34 neurons; p>0.05, U=246.5,
Mann-Whitney U test) or the BL (Fig. 7A; adolescent BL 0.20 ± 0.05 Hz, n=19 neurons;
adult BL 0.22 ± 0.08 Hz, n=20 neurons; p>0.05, U=171.5, Mann-Whitney U test) between
adolescent and adult rats under non-restraint conditions, indicating similar neuronal activity
under control conditions.

4 DISCUSSION
This study demonstrated that repeated restraint induces substantially different alterations in
spontaneous activity of BLA projection neurons in adolescent and adult rats. Repeated
restraint exposure increased the relative number of spontaneously active BLA neurons in
adolescent rats, but not in adult rats. However, the same restraint exposure increased the
firing rate of BLA neurons in adult rats, but not in adolescent rats. These findings are the
first to report the effects of repeated restraint on BLA neuronal activity in adolescent rats,
and age-dependent differences in how a repeated stressor influences BLA neuronal activity.

4.1 Repeated restraint protocol
Previous research has shown that early-life adverse experience such as prolonged or
repeated stress induces behavioral abnormalities in adulthood (Heim and Nemeroff, 2001;
Teicher et al, 2003). However, the specific physiological changes in adolescents and how
this differs from the effects on adults have not been studied in detail. This is partially due to
the prolonged stress protocols used in other studies (21 days or longer; Vyas, et al, 2006;
Toth et al, 2008) and the relatively short duration of adolescence in rodent (approximately
PND 28 – 42; Spear, 2000). The 7-day restraint protocol in this study allowed us to stress
and test rats during adolescence and compare the results to adult rats exposed to the same
severity and duration of stress. Restraint causes fluctuation of stress hormones such as
corticosterone, which may in turn contribute to many behavioral and morphological changes
observed after restraint. In this study, we measured adrenal gland weight and exploration in
the EPM as independent confirmation of the effectiveness of the restraint protocol as a
repeated stressor. Our restraint protocol resulted in increased anxiety-like behaviors (Fig. 1)
and adrenal gland hypertrophy (Fig. 1). These behavioral and endocrine changes are
consistent with findings reported by other labs using repeated stressors of different types or
duration (Gomez et al, 1996; Márquez et al, 2004; Vyas et al, 2004, 2006; Pohl et al, 2007).
However, due to differences in growth rates and exploratory behavior across ages, from the
current study it is difficult to determine whether repeated restraint stress had a greater
impact on EPM behavior or adrenal gland across ages.

Furthermore, as evidenced by the lack of effect in the two single restraint control groups, the
impact of repeated restraint was due to its repeated nature. Some previous reports show that
a single exposure to stressors results in anxiogenic response (e.g. Albonetti and Farabollini,
1992; Heinrichs et al, 1994; McBlane and Handley, 1994; Padovan and Guimarães, 2000;
Cecchi et al, 2002; Korte and De Boer, 2003; Belda et al, 2008) (but see also Mitra et al,
2005; Muñoz-Abellán et al, 2011). However, there are important differences in those
studies. In some of those studies, the EPM experiment was carried out within hours after the
stress session (e.g. Albonetti and Farabollini, 1992; Heinrichs et al, 1994; Padovan and
Guimarães, 2000; Cecchi et al, 2002; Korte and De Boer, 2003). In our study, all EPM
experiments were performed 24 hours after the last restraint session, when the presumed
acute effects of the stressor have returned to baseline. In addition, some of the studies used
more severe stressors, such as footshock, longer restraint, social defeat and cold swim. But
our study used a 20 min restraint stressor, which is a relatively milder stressor. Studies that
utilize longer restraint tend to find prolonged effects on EPM (e.g. Guimarães et al, 1993;
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Padovan et al, 2000). Studies that have compared the impact of restraint duration have found
that longer lasting restraint can exert qualitatively different effects in the EPM measured
immediately following restraint (McBlane and Handley, 1994) or one day later (e.g. Belda et
al, 2008). A different study found that a single restraint did not lead to a change in EPM
measured 1 day later, but did lead to a change measured 10 days later (Mitra et al, 2005). In
that study, rats were subjected to complete immobilization in a rodent bag, not in cylinders
used in the current study, and were immobilized for a longer period of time. However, one
study found anxiogenic effects of brief restraint (15min) on the EPM when measured one
day later (Martijena et al, 1997). The same group found that these effects were absent if the
rats were allowed to chew during the restraint (Martijena et al, 1997). Rats in our
experiments were able to chew on the cylinder. Furthermore, in the single restraint control
group in our study, rats experienced 6 days of daily handling, which may counteract some of
the anxiogenic effect of the restraint, while some of the other studies appear to have used
non-handled controls as the comparison group (e.g. Mitra et al, 2005).

4.2 Activity of BLA projection neurons
The BLA receives information from multisensory modalities. It plays an important role in
regulation of affective behaviors and influences the hormonal, autonomic, and behavioral
responses to various affective stimuli via its widespread connection to other brain regions
(LeDoux 2000; Rodrigues et al, 2004). Within the BLA, the glutamatergic projection
neurons are the main output neurons that largely determine the impact of the amygdala on
other structures (McDonald, 1984; Pitkanen et al, 1997). Under normal conditions, BLA
projection neurons are subjected to intense suppression by GABAergic inputs (Muller et al,
2006; Woodruff and Sah, 2007). Therefore, the majority of projection neurons are silent or
show scant spontaneous activity, as indicated by their low firing rate (Fig. 3, 5). Similar
results have been reported previously (Rosenkranz and Grace, 1999; Likhtik et al, 2006).
Rats in this study were anesthetized with urethane. This provides a stable firing of BLA
neurons for comparison across conditions. However, even though urethane is widely used as
anesthetic in electro-physiological recording, we cannot exclude the contribution of
anesthesia to the low BLA neuronal activity observed in this study. In addition, the
anesthesia state may have contributed to a lack of significant effects of stress on firing rate
in adolescent rats. Future experiments in freely moving animals might provide a better
understanding of how a repeated stressor changes BLA neuronal activity during behavior.
This technique could provide information about the activity of individual neurons and
population activity (Quirk et al, 1995; Pare and Collins, 2000; Repa et al, 2001; Fontanini et
al, 2009) in response to sensory stimuli.

Previous studies have used firing rate and action potential duration to differentiate projection
neurons from putative interneurons (projection neurons tend to have low firing rate and
longer action potential duration) (Rosenkranz and Grace, 2001; Likhtik et al 2006). Based
on those studies, and the distribution of values in this study, we chose a cut-off of 100 μsec
action potential half-width to eliminate potential interneurons. Action potential duration is
partially determined by the distance of the electrode from the recorded neuron, which is
difficult to control in in vivo studies. However, measurement of half-width is expected to be
less sensitive to distance of the electrode from the neuron, compared to full biphasic action
potential duration. In addition, as interneurons make up a smaller population of BLA
neurons (McDonald, 1992; McDonald and Augustine, 1993), we believed that our results
primarily represent the firing activity of projection neurons.

In addition, several studies have reported that neurons in the LAT and BL have subtle
differences in morphological and physiological properties (Millhouse and DeOlmos, 1983;
McDonald, 1992; Paré et al, 1995; Paré and Gaudreau, 1996), and exert different functions,
especially in Pavlovian fear conditioning (Amano et al, 2011). In our study, we did not
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observe any significant difference in the firing rate between neurons from LAT and neurons
from BL under non-restraint conditions in both adolescent and adult rats (Fig. 3, 5).
Repeated restraint resulted in an increase in the firing rate in adult rats. However, this
increase occurred in both LAT and BL (Fig. 6).

4.3 Effect of repeated restraint on BLA neuronal activity in adolescent and adult rats
Numerous studies have shown changes in amygdala structure and function over
development, and that exposure to stress disrupts the normal development of the amygdala.
The volume of amygdala, especially the BLA in rats, increases by 113% from birth to 3
week old with an additional 33% increased by 7 month of age (Chareyron et al 2012).
However, there is evidence of neurogenesis in the amygdala across ages (Kordower et al,
1992; Bernier et al, 2002; Fudge, 2004). Corresponding to development and adolescence,
there are changes in amygdala function and anatomy in humans (Giedd et al, 1996), and
adolescent humans tend to display greater amygdala activation to fearful faces than adults
(Monk et al, 2003; Guyer et al, 2008). Furthermore, effects of amygdala lesions are
dependent upon the age at the lesion in non-human primates (Prather et al, 2001; Bauman et
al, 2004). In fact, the role of the BLA in aversive learning may not develop until more than
10 days after birth in rats (Roth and Sullivan, 2005; Shionoya et al, 2006; Raineki et al,
2009). Amygdala-dependent fear conditioning also varies across later development, as
demonstrated by differences in expression modes, degree of expression, and acquisition
(McKinzie et al, 1998; Richardson et al, 2000; Stanton, 2000; Richarson and Fan, 2002;
Barnet and Hunt, 2005; Hefner and Holmes, 2007; Yap and Richardson, 2007). Stress
exposure during this later period of development reshapes the structure and function of
amygdala. For example, stressor exposure leads to the changes in expression of certain
GABA(A) receptor subunits in amygdala (Jacobson-Pick et al, 2008), reduces apical spine
densities in medial part of lateral amygdala (Poeggel et al 2003), reduces amygdala 5-HT
innervation (Kuramochi and Nakamura, 2009), decreases CB1 receptor expression (Malone
et al, 2008) and increases DA D2 receptors in the amygdala (Djouma et al, 2006), and
modifies molecules involved in neural circuit development (Leussis and Andersen, 2008;
Tsoory et al, 2008, 2010; Gilabert-Juan et al, 2012) among the wide range of changes. It also
leads to long-lasting changes in affective behaviors (e.g. Maslova et al, 2002; Avital and
Richter-Levin, 2005; Tsoory and Richter-Levin, 2006; Vidal et al, 2007; Lukkes et al, 2009;
Saul et al, 2012). In addition, changes induced by early-life adverse experience also
occurred in other brain regions involved in the stress response circuits, such as hippocampus
and medial prefrontal cortex (Sunanda et al, 1995; Silva-Gomez et al, 2003; Lippmann et al,
2007; Leussis and Andersen, 2008). In conjunction with greater and longer lasting
neuroendocrine responses to stress exposure in adolescent rats (Sapolsky and Meaney, 1986;
Walker et al, 1991; Romeo et al, 2006), adolescence may be a time period of differential
sensitivity to stress and stress-induced abnormal affective behaviors.

The results from this study demonstrate that repeated restraint induces BLA hyperactivity in
both adolescent and adult rats, but this manifests in a different manner in these age groups.
Although BLA neuronal activity is similar under non-restraint conditions between these two
age groups (Fig. 7), adolescent rats exposed to repeated restraint exhibited increased relative
number of active neurons in the BLA, indicating a gross increase in the population activity.
Compared to adult rats, this enhanced population activity may translate to greater influence
on amygdala-dependent behaviors by recruitment of more neurons and therefore greater
output from the BLA in adolescent rats. The specific changes in neuronal activity after
repeated stress may result in different stress-induced changes in amygdala-dependent
affective behaviors. Fear conditioning relies strongly upon the BLA. Other studies indicate
that repeated restraint exerts distinct effects on BLA-mediated conditioned freezing and
extinction in adult and adolescent rats (Toledo-Rodriguez and Sandi, 2007; Zhang et al,
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2010). Although the increased BLA neuronal activity may contribute to changes in fear
conditioning, other factors such as changes in the interaction between mPFC and amygdala
cannot be neglected. In addition, the increased number of spontaneously active neurons and
increased basal firing rate in adolescent and adult respectively may suggest different
underlying mechanisms of structural and molecular changes of BLA after stress exposure.
Therefore, early age onset affective disorders and adult onset disorders may require different
treatments as well as different diagnosis criteria. Moreover, while several studies indicate
that early life stress contribute to life-long physiological and behavioral abnormalities
(Kaufman and Charney, 1999; Heim and Nemeroff, 2001; Danese et al 2007), our current
study in adolescent rats did not address whether repeated stressor has long lasting effect or
whether early life stress contributes to a greater vulnerability of affective disorders in
adulthood. Therefore, future research using adult animals exposed to adolescent stress would
provide important information.

4.4 Underlying mechanisms of increased neuronal activity after repeated restraint
Many factors may contribute to the increased activity of BLA projection neurons observed
after repeated restraint or other chronic stressors in both adolescent and adult rats. First,
chronic stress results in the alteration of neurotransmitters or their receptors, such as
dopamine (Rasheed et al, 2010) and neuropeptide Y (Thorsell et al, 2006), which may lead
to abnormalities in their function in regulation of neuronal activity. A second mechanism by
which neuronal activity is altered after repeated stress is via the decrease of inhibition
(Caldji et al 2003; Braga et al, 2004). In addition, the abnormal function of ion channels,
such as calcium-activated potassium channels, which results in the hyper-excitability and
hyper-responsiveness of BLA projection neurons may also play a role in the alterations of
neuronal activity after repeated stress (Rosenkranz et al 2010). Moreover, stress-induced
BLA neuronal hypertrophy, including increased number of spines and elongation of
dendrites, may reflect enhanced excitatory drive (Vyas et al, 2004, 2006). This in turn will
contribute to changes in BLA neuronal activity. However, it is still not known which of
these, or other, potential mechanisms lead to a change in firing rate versus a change in the
number of active BLA neurons. It is expected that targeting of these respective changes can
lead to age-specific reversal of the effects of repeated stress on amygdala-mediated affective
behaviors.

In addition, corticotropin-releasing factor (CRF) directly acts on several brain structures
involved in stress, and mediates several aspects of the effects of stress on amygdala
function. The amygdala, including the BLA, has been shown to express high level of CRF
receptors as well as their mRNA (Chalmers et al, 1995; Chen, et al 2000). Stress leads to the
release of CRF in the BLA (Merlo et al, 1995). In vitro research has shown that CRF
receptor activation increases the excitability of BLA projection neurons (Rainnie et al,
1992), and repeated activation of CRF receptors in the BLA results in anxiety-like responses
and reduction of inhibition within the BLA (Rainnie et al, 2004). This evidence suggests that
CRF may contribute to the chronic stress-induced hyperactivity in the amygdala.
Furthermore, CRF mRNA levels in the BLA are age-dependent (Eghbal-Ahmadi et al, 1998;
Vazquez et al 2006), and there is an age-dependency in the ability of stressors to cause
changes in CRF receptor expression in the amygdala (Kalin et al, 1994; Hatalski et al, 1998;
Vazquez et al, 2006). These factors may contribute to the age-dependent effects of stress on
amygdala neuronal activity observed here.

4.5 Implications
BLA neuronal activity is tightly regulated. This assures that the amygdala only responds to
emotionally salient stimuli, and triggers accurate and rapid affective responses. However,
following prolonged or repeated stress, abnormally high neuronal activity in conjunction
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with hyper-excitability and hyper-responsiveness of projection neurons may lead to
inappropriate responses to normally sub-threshold stimuli. Changes in different aspects of
neuronal activity between adolescent and adult rats suggest different underlying mechanisms
of stress-induced abnormal affective behaviors between these two age groups. These
findings may help explain the age-dependent impact of chronic stress on amygdala-
dependent behaviors and affective disorders and contribute to the development of age-
appropriate treatment for certain affective disorders.
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ANOVA Analysis of Variance

BL basal nucleus

BLA basolateral amygdala

CRF corticotropin-releasing factor

EEG electroencephalogram

EPM elevated plus maze

HPA axis hypothalamic–pituitary–adrenal axis

K-S Kolmogorov-Smirnov

LAT lateral nucleus

mPFC medial prefrontal cortex

PND postnatal day
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HIGHLIGHTS

• Repeated restraint increased BLA neuronal activity in an age-dependent manner.

• Repeated restraint increased the number of active BLA neurons in adolescent
rats.

• Repeated restraint increased the firing rate of BLA neurons in adult rats.
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Figure 1. Repeated restraint is an effective chronic stressor in adolescent and adult rats
(A) Adolescent rats exposed to repeated restraint displayed less time spent on the open arm
of the EPM compared to non-restraint rats, indicative of increased anxiety-like state. Single
restraint did not significantly impact time spent on the open arm of the EPM. (B) There was
no significant effect of repeated restraint or single restraint on the total number of closed
arm entries, indicative of no effect of restraint on general locomotor activity in the EPM. (C)
Adolescent rats exposed to repeated restraint displayed greater normalized adrenal gland
weight compared to non-restraint rats. Single restraint did not significantly impact adrenal
gland weight. (D) Adult rats exposed to repeated restraint displayed less time spent on the
open arm of EPM compared to non-restraint rats. Single restraint did not significantly
impact EPM exploration in adult rats. (E) There was no significant difference in the total
number of closed arm entries between non-restraint and repeated restraint adult rats.
Similarly, single restraint had no effect on closed arm entries. (F) Adult rats exposed to
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repeated restraint displayed greater normalized adrenal gland weight compared to non-
restraint rats. Single restraint did not significant impact adrenal gland weight in adult rats.
*** indicates p<0.001 versus non-restraint group.
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Figure 2. Location of neurons recorded in the BLA
Neurons were histologically verified to lie within the BLA, based on the reconstruction of
their location from the Pontamine Sky Blue marker made at the end of each
electrophysiological experiment. Neurons recorded from non-restraint rats were marked
with open circle. Neurons recorded from repeated restraint rats were marked with grey
square. (A) Location of neurons recorded in the BLA in adolescent rats. (B) Location of
neurons recorded in the BLA in adult rats.
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Figure 3. Firing of BLA neurons in adolescent rats
(A) Enlargement of an action potential recorded from a BLA neuron showing the action
potential half-width (top). Distribution histogram of action potential half-width of neurons in
the BLA (middle), and plot of action potential half-width by firing rate (bottom). (B) There
was no significant difference in the firing rate between neurons from the LAT and neurons
from the BL in adolescent rats under non-restraint conditions. Box and whisker plots here
and in all figures display interquartile range (IQR), the line represents the median, and
individual data points are further than 1.5 × IQR.
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Figure 4. Repeated restraint stress increased the number of spontaneously active BLA neurons
in adolescent rats
(A) A recording trace of a BLA neuron recorded from a non-restraint rat (left) and a
repeated restraint rat (right). (B) There was no significant difference in the firing rate
between non-restraint and repeated restraint rats. Single restraint did not significantly impact
firing rate. A box and whisker plot displays the median and 1.5 × IQR (left), with an inset of
the same plot at a different scale (y-axis is cut-off at 0.8 Hz to facilitate comparison of the
distribution and median in this inset). The overall mean (bar) and medians (line through bar)
are displayed to facilitate comparison (right). (C) The distribution of the firing rates (left)
demonstrates that there is a very similar distribution between non-restraint and repeated
restraint groups. Cumulative frequency histograms display similar distribution of firing rates
between the non-restraint group and repeated restraint group (right). (D) There was no
significant effect of repeated restraint on the firing rate of neurons from the LAT or the BL.
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Box and whisker plots (left) display the median and 1.5 × IQR, the inset displays the same
data at a different scale (y-axis cut at 0.8 Hz). The mean (bar) and medians (line through
bar) are displayed for comparison (right). (E) Repeated restraint rats displayed significantly
higher number of spontaneously firing neurons encountered per electrode track compared to
non-restraint rats, indicative of increased relative number of active neurons after repeated
restraint. Single restraint did not significantly impact number of spontaneously firing
neurons encountered per electrode track. (F) Frequency distribution histograms of the
number of spontaneously firing neurons per electrode track demonstrated different
distribution between the non-restraint and repeated restraint groups. * indicates p<0.05
versus non-restraint group.
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Figure 5. Firing of BLA neurons in adult rats
(A) Distribution histogram of action potential half-width of neurons in the BLA (top), and a
plot of the action potential half-width by firing rate (bottom). (B) There was no significant
difference in the firing rate between neurons from the LAT and neurons from the BL in
adult rats under non-restraint conditions, displayed in this whisker plot of median and 1.5 ×
IQR.
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Figure 6. Repeated restraint stress increased the firing rate of BLA neurons in adult rats
(A) A recording trace of a neuron from non-restraint rat (left) and repeated restraint rat
(right). (B) Adult rats exposed to repeated restraint displayed a higher firing rate compared
to non-restraint rats. Single restraint did not significantly impact firing rate. A box and
whisker plot displays the median and 1.5 × IQR (left), with an inset of the same plot at a
different scale (y-axis is cut-off at 1.6 Hz to facilitate comparison of the distribution and
median in this inset). The overall mean (bar) and medians (line through bar) are displayed to
facilitate comparison (right). (C) The distribution of firing rates in non-restraint group and
repeated restraint group indicates substantial difference (left). Cumulative frequency
histograms demonstrated different distributions of firing rates between the non-restraint and
repeated restraint groups (right). (D) The higher firing rate after repeated restraint was
observed in both neurons of the LAT and the BL of adult rats. Box and whisker plots (left)
display the median and 1.5 × IQR. The mean (bar) and medians (line through bar) are
displayed for comparison (right). (E) There was no significant difference in the number of
spontaneously firing neurons encountered per electrode track between non-restraint and
repeated restraint rats. Similarly, single restraint did not significantly impact the number of
spontaneously firing neurons encountered per electrode track. (F) Frequency distribution
histogram of the number of spontaneously firing neurons per electrode track demonstrated
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similar distribution between the non-restraint and repeated restraint groups. * indicates
p<0.05
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Figure 7. Adolescent and adult rats display similar neuronal activity under non-restraint
conditions
(A) There was no significant difference in the firing rate between adolescent and adult rats
under non-restraint conditions when BLA was examined overall (upper), nor when
subdivided into LAT (middle) and BL (bottom). (B) There was no significant difference in
the number of spontaneously firing neurons per electrode track between adolescent and adult
rats under non-restraint conditions.
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