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Severe and repeated stress has damaging effects on health, including initiation of depression and anxiety. Stress that occurs during

development has long-lasting and particularly damaging effects on emotion. The basolateral amygdala (BLA) plays a key role in many

affective behaviors, and repeated stress causes different forms of BLA hyperactivity in adolescent and adult rats. However, the

mechanism is not known. Furthermore, not every individual is susceptible to the negative consequences of stress. Differences in the

effects of stress on the BLA might contribute to determine whether an individual will be vulnerable or resilient to the effects of stress on

emotion. The purpose of this study is to test the cellular underpinnings for age dependency of BLA hyperactivity after stress, and whether

protective changes occur in resilient individuals. To test this, the effects of repeated stress on membrane excitability and other membrane

properties of BLA principal neurons were compared between adult and adolescent rats, and between vulnerable and resilient rats, using

in vitro whole-cell recordings. Vulnerability was defined by adrenal gland weight, and verified by body weight gain after repeated restraint

stress, and fecal pellet production during repeated restraint sessions. We found that repeated stress increased the excitability of

BLA neurons, but in a manner that depended on age and BLA subnucleus. Furthermore, stress resilience was associated with an opposite

pattern of change, with increased slow afterhyperpolarization (AHP) potential, whereas vulnerability was associated with decreased

medium AHP. The opposite outcomes in these two populations were further distinguished by differences of anxiety-like behavior in the

elevated plus maze that were correlated with BLA neuronal excitability and AHP. These results demonstrate a substrate for BLA

hyperactivity after repeated stress, with distinct membrane properties to target, as well as age-dependent factors that contribute to

resilience to the effects of stress.
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INTRODUCTION

Adolescence, the transition period from childhood to
adulthood, is associated with heightened perception of
stress experience and greater responses to stress exposure
compared with younger or older individuals (Compas et al,
1993; Allen and Matthews, 1997; Spear, 2000). Repeated or
extreme stressors during adolescence lead to increased risk
of depressive and anxiety behaviors, and there is a sharp
increase in the incidence of psychiatric disorders during
adolescence (Buchanan et al, 1992; Heim and Nemeroff,
2001; Teicher et al, 2003; Grant et al, 2006).
A similar pattern of adolescent vulnerability emerges in

rodent models of stress. Immature rodents display greater

hormonal changes after stress than adults (Meaney et al,
1985; Sapolsky and Meaney, 1986; Walker et al, 1991;
Romeo et al, 2006) and greater behavioral changes (Einon
and Morgan, 1977; Stone and Quartermain, 1997; Hascoet
et al, 1999; Spear, 2000; Luine et al, 2007; Toledo-Rodriguez
and Sandi, 2007; Zhang and Rosenkranz, 2013). There are
several brain regions that contribute to the effects of stress
on affective behaviors. Primary among these regions is the
basolateral amygdala (BLA). The BLA is sensitive to
hormones (eg, glucocorticoids and corticotrophin-releasing
hormone) that become elevated in response to stress
(Rainnie et al, 1992; Duvarci and Pare, 2007; Sandi et al,
2008; Giesbrecht et al, 2010). Furthermore, repeated stress
in rats leads to long-lasting changes in BLA-dependent
behavior (Conrad et al, 1999; Toledo-Rodriguez and Sandi,
2007; Zhang and Rosenkranz, 2013) and BLA neuronal
structure of adult rats (Vyas et al, 2002; Vyas et al, 2004;
Padival et al, 2013b). Repeated stress also causes hyper-
activity of BLA pyramidal neurons in adult rats in vivo
(Rosenkranz et al, 2010; Zhang and Rosenkranz, 2012). The
amygdala undergoes periadolescent developmental changes
(Chareyron et al, 2012; Ehrlich et al, 2012; Ehrlich et al,
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2013). Therefore, age-dependent effects of stress on
amygdala physiology are likely to occur. Recent studies
demonstrate age-dependent changes in the firing of BLA
neurons after repeated restraint stress (Zhang and
Rosenkranz, 2012). However, the mechanism for these
changes is not known. Neuronal excitability determines the
firing response of BLA neurons, and could be a key target
for the effects of stress. In line with this, previous studies
demonstrate that the function of calcium-activated potas-
sium (KCa) channels that regulate BLA neuronal firing
(Rainnie et al, 1993; Chen and Lang, 2003; Power and Sah,
2008), particularly SK channels, may be reduced in BLA
neurons of adult rats after repeated stress (Rosenkranz et al,
2010). The purpose of this study is to test whether repeated
stress leads to different effects on the excitability of BLA
neurons in adult and adolescent rats, with an emphasis on
functional correlates of SK channel activity (medium and
slow afterhyperpolarization (AHP) potential).
Not every individual who experiences stress develops

features of depression or anxiety (Rutter, 1985; Southwick
et al, 2005; Alim et al, 2008). Previous studies have
identified subpopulations in rodent models that are resilient
to the effects of stress (Kabbaj, 2004; Bergstrom et al, 2007;
Krishnan et al, 2007; Sandi et al, 2008; Feder et al, 2009;
Schmidt et al, 2010; Wood et al, 2010; Blugeot et al, 2011;
Stiller et al, 2011; Taliaz et al, 2011; Castro et al, 2012). An
understanding of the factors that lead to stress-induced
affective behaviors, and factors that protect against these
effects, can lead to the development of new approaches to
diminish stress-induced depression and anxiety. Therefore,
this study will compare effects of repeated stress exposure
on stress-responsive and nonresponsive populations. One
of the commonly reported effects of repeated stress is
increased anxiety-like behavior in the elevated plus maze
(EPM; Caldji et al, 2000; Maslova et al, 2002; Vyas and
Chattarji, 2004; Weiss et al, 2004; Pohl et al, 2007). Rats that
are resilient to the cellular effects of repeated stress are also
expected to be resilient to the behavioral effects. Not only
are EPM measures responsive to stress, but they are also
sensitive to manipulations of the BLA. Therefore, this study
will include measures of anxiety-like behavior in the EPM to
confirm resiliency measured by physiological approaches.
Despite known functional differences between lateral (LA)

and basal (BA) nuclei of the BLA (Nader et al, 2001; Herry
et al, 2008; Onishi and Xavier, 2010), few studies compare
these nuclei, making it difficult to distinguish possible
nucleus-selective differences in the effects of stress. There-
fore, we examined membrane properties of projection
neurons from both LA and BA nuclei in adolescent and
adult rats. To further understand individual differences in the
effects of stress on BLA-driven affective behavior, differences
between stress-responsive and nonresponsive rats were
compared in rats that underwent either control handling or
repeated restraint stress, using in vitro electrophysiological
recordings during adolescence and young adulthood.

MATERIALS AND METHODS

Animals

All studies were carried out in accordance with the Guide
for the Care and Use of Laboratory Animals issued by the

National Institute of Health, and were approved by the
Rosalind Franklin University of Medicine and Science
Institutional Animal Care and Use Committee.
Two different age groups of male Sprague-Dawley rats

(Harlan, Indianapolis, IN) were housed in groups of 2–3 per
cage. Food and water were available ad libitum. Rats were
maintained on a 12 h light/dark cycle with lights on at
0700 h. Although there is no absolute age definition for
adolescence in rats, Spear (2000) described an age range of
approximately postnatal days (PNDs) 28–42 in which rats
would be expected to exhibit adolescent-typical behavioral
characteristics. Adulthood can be defined as sexual maturity
and occurs by PND 60 in rats (see, eg, Clermont and Perey,
1957; Korenbrot et al, 1977). Therefore, prepubertal rats
arrived at PNDs 20–26, and young adult rats arrived at
PNDs 53–63. Studies began after habituation to the animal
facility for at least 5 days (PNDs 28–32 or 60–70). There
was no significant difference in the age at the start of
experiments or on the day of electrophysiology between the
control and stress groups (adolescent control: 37.6±0.5
days, stress: 37.9±0.5 days; adult control: 72.4±0.3 days,
stress, 72.3±0.3 days).

Repeated Restraint Stress

Repeated restraint stress was performed as previously
described (Rosenkranz et al, 2010; Zhang and Rosenkranz,
2012), between 0930 and 1200 h. Rats were randomly
assigned to either control or stress group. Stress-group
rats were placed in a restraint hemicylinder for 20min
per session, one session per day on 7 out of 9 consecutive
days. Previous behavioral and electrophysiological studies
demonstrate that this is an effective protocol to induce
changes in BLA-dependent behaviors and BLA neuronal
firing (Rosenkranz et al, 2010; Atchley et al, 2012; Zhang
and Rosenkranz, 2012; Zhang and Rosenkranz, 2013). Three
different sizes of restraint hemicylinders were used to fit the
size of the rats such that movement of the body was
restricted. Control rats were placed into individual clear
transport cages with bedding for 20min per session, once/
day, on 7 out of 9 consecutive days. The amount of handling
was equal between the groups. As a measure of the level of
stress, the number of fecal pellets during repeated restraint
and control handling was counted and the mean number
per session was calculated (total number of pellets/7 days).
In addition, the weight was monitored daily throughout
the sessions. Body weight gain over the course of stress
was calculated as the weight 1 day after the last stress
(or control) session subtracted by the weight on the first
session.

Elevated Plus Maze

Increased anxiety-like behavior is a hallmark of respon-
siveness to repeated stress (Caldji et al, 2000; Maslova et al,
2002; Vyas and Chattarji, 2004; Weiss et al, 2004; Pohl et al,
2007). Therefore, at 1 day after the final control/stress
session, the behavioral effectiveness of repeated stress was
tested using the EPM (Scientific Designs, Pittsburgh, PA).
Two EPM apparatus, scaled in size to fit either adolescent or
adult rats, were used (Doremus et al, 2003; Doremus et al,
2004; Zhang and Rosenkranz, 2012). EPMs consisted of two

Increased amygdala AHP in stress-resilient rats
A Hetzel and JA Rosenkranz

2115

Neuropsychopharmacology



open arms (without walls) and two closed arms (with high
walls). Rats were placed in the center of the EPM, facing an
open arm with free access to explore the entire apparatus
for 5min under dim light (25–30 lux). EPM was performed
between 1000 and 1200 hm. Animal behavior was recorded
and analyzed by a personal computer (Dell E6500) using
Any-Maze software (Stoelting, Wood Dale, IL). The number
of arm entries and the time spent in each arm were
recorded. The number of arm entries and the relative
amount of time spent in the open arms (time open
arms�total time (300 s)) were calculated. Rats that fell,
climbed, or jumped down from the EPM during testing were
excluded from data analysis (n¼ 12 rats). Increased adrenal
weight is an additional marker of vulnerability to the effects
of repeated stressors (Bassett and Cairncross, 1975;
Dallman, 1984; Marquez et al, 2004). Therefore, both
adrenal glands were removed and weighed after killing.
The adrenal gland weight was normalized to the body
weight of the animals (adrenal gland weight�total body
weight) for analysis.

Materials

Compounds were obtained from Sigma-Aldrich (St Louis,
MO) unless otherwise specified. KCl, NaCl, NaH2PO4,
NaHCO3, dextrose, and MgCl2 were purchased from Fisher
Scientific (Pittsburgh, PA).

In Vitro Electrophysiology

In vitro experiments were performed as described pre-
viously (Hetzel et al, 2012). Animals were anesthetized
(90mg/kg ketamine (Ketaved) and 10mg/kg xylazine
(Anased), Webster Veterinary Supply, Sterling, MA) and
perfused transcardially using ice-cold, aerated (95% O2/5%
CO2), high sucrose artificial cerebrospinal fluid (ACSF)
containing (in mM) 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 7
dextrose, 7 MgCl2, 0.5 CaCl2, 210 sucrose, 1.3 ascorbic acid,
and 3 sodium pyruvate. Osmolality of high sucrose ACSF
was B290mOsm. The rate of perfusion was B4ml/min
with a total volume of 20–30ml. Rats were decapitated and
the brain was removed quickly. After sectioning horizon-
tally at 300 mm in a vibratome (Ted Pella, Redding, CA) in
ice-cold high sucrose ACSF, the brain slices were recovered
for B1 h at 34 1C in physiological ACSF containing (in mM)
125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 10 dextrose,
1 MgCl2, and 2 CaCl2, with the addition of 1.3mM ascorbic
acid and 3mM sodium pyruvate. Recordings were per-
formed at 30–34 1C in submerged slices in physiological
extracellular ACSF. (þ )-bicuculline (10 mM; Ascent Scien-
tific, Princeton, NJ; dissolved in dimethyl sulfoxide),
picrotoxin (10 mM; dissolved in ethanol), 6-cyano-7-nitro-
quinoxaline-2,3-dion (CNQX) disodium salt (10 mM; Ascent
Scientific; dissolved in ddH2O), and DL-2-Amino-5-phos-
phonopentanoic acid (DL-AP5) sodium salt (50 mM; Abcam
Biochemicals, Cambridge, MA; dissolved in 100mM NaOH)
were added to the ACSF for all experiments to block
GABAA-, AMPA-, and NMDA receptor-mediated currents.
Final solvent concentrations were o0.1% of the total ACSF
volume. Solutions were continuously aerated with 95%
O2/5% CO2. Electrodes (1.8–11.3MO open tip resistance)
were filled with an intracellular solution containing (in mM)

120 K-gluconate, 20 KCl, 0.2 EGTA, 10 HEPES, 2 NaCl, 4
ATP-Mg, 0.3 GTP-Tris, 7 tris-phosphocreatine, and 0.2%
neurobiotin (Vector Laboratories, Burlingame, CA), with
a pH of 7.3.
Whole-cell recordings were performed in bridge mode

from visually identified pyramidal neurons within the
BA and LA (AxoClamp 2B, Molecular Devices, Sunnyvale,
CA). Signals were low-pass filtered at 3–5 kHz and
digitalized at 10 kHz (ITC-18, Heka Instruments,
Bellmore, NY). Mean series resistance for each group was
o25MO. All electrophysiology data were monitored with
AxoGraph X software version 1.3.5 (Axograph Scientific)
and stored on a computer (Mac Pro, Apple) for off-line
analysis.
The resting membrane potential (Vrest) of each cell was

noted. Recordings from cells with a Vrest above � 60mV
were discontinued. To measure excitability, depolarizing
current steps were applied (0–250 pA, 50 pA increments, 1 s,
repeated 3 times) from a membrane potential of � 70mV.
The mean number of action potentials (APs) during each
depolarization step was plotted against the amount of
current injected. A single numerical measure of excitability
(EC50; the current intensity that evoked half-maximal firing
between 0 and 250 pA) was derived for use in correlational
analysis. The EC50 was calculated from a best-fit to the
current intensity-action potential firing excitability curve
(above). AP duration of a single AP was measured as the
AP width at half-maximal amplitude. Input resistance (Rn)
was measured as a linear fit of the voltage response
to hyperpolarizing current pulses (0 to � 50 pA, � 10 pA
increments, 1 s, repeated twice). Membrane potential for Rn
measurement was � 70mV. Larger hyperpolarizing current
steps were applied (0 to � 400 pA, � 100 pA increments, 1 s,
repeated 3 times) from a membrane potential of � 60mV to
measure voltage sag, reflective of hyperpolarization-acti-
vated cyclic nucleotide-gated channel (h channel) function.
The amplitude of the peak hyperpolarization and the
steady-state voltage response during hyperpolarizing steps
were measured. The sag ratio (peak response�steady-state
response) was calculated for analysis. The medium and slow
AHPs (mAHP and sAHP) were measured as the response to
a train of 5 depolarizing current pulses (10ms at 700 pA
each, evoking a train of 5 APs) at 50Hz, from a membrane
potential of � 55mV. Only AHPs elicited by 1 AP per 10ms
depolarization pulse were used for analysis. The train was
repeated 10 times (10–20 s intervals) and the average AHP
response was measured. The mAHP (at AHP peak) and the
sAHP (270–300ms) amplitudes were analyzed separately.
The AHP amplitude was calculated by subtraction from the
preburst baseline membrane potential.

Histology

After recordings, slices were fixed in 4% paraformaldehyde
in 0.1M phosphate-buffered saline (PBS) for up to 4 weeks
at 4 1C. Sections were rinsed three times with PBS, treated
with Triton X-100 (VWR International, Radnor, PA; 1% in
PBS) for 6–8 h, and then incubated in the Vectastain ABC
Reagent (Vector Laboratories) in PBS at room temperature
overnight. After three rinses with PBS, sections were reacted
with diaminobenzidine (DAB) and H2O2 (Peroxidase
Substrate Kit DAB, Vector Laboratories) in water to
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visualize the neurobiotin-filled neurons. Sections were
washed in PBS repeatedly to stop the reaction. Sections
were mounted, dried, and coverslipped. Stained sections
were used to localize the recording sites, verified by the
position of the filled neurons. Neurons were considered BA
or LA principal neurons if they were histologically
confirmed to lie within the BA or LA nuclei of the amygdala
and had a morphology consistent with pyramidal neurons
(McDonald, 1982, 1984).

Statistical Analysis

Unless stated otherwise, data are expressed as mean±SEM
throughout the text and in figures. The a-level was set at
0.05 for statistical significance. Statistical significance was
determined by using two-tailed unpaired t-test when
comparing two groups, and one-way ANOVA when
comparing more than two groups (Prism version 5.0c,
GraphPad Software, La Jolla, CA). When multiple measures
were compared between groups (eg, input–output curves) a
repeated measures two-way ANOVA was used. Two-way
ANOVAs were followed by Tukey’s posttests when the
interaction was statistically significant. Before statistical
analysis, normality of distribution was determined using
D’Agostino and Pearson normality test. If data sets were
found to display nonnormal distributions, nonparametric
analysis was used (Kruskal–Wallis with post hoc Dunn’s
tests). Correlational analysis was performed by determina-
tion of the best-fit linear regression and Pearson’s correla-
tion coefficient. Because multiple neurons were recorded
from single rats in some instances, the electrophysiology
values from single animals were averaged together before
correlation analysis. The p-values were corrected for multi-
ple correlations by Bonferroni adjustments based on the
number of correlations. The p-values have been reported
after post hoc corrections.
Responders and nonresponders to stress. Initial analysis

tested for outliers from the distribution of adrenal gland
weights. Outliers were defined as 42 SDs from the average
adrenal gland weight. Data from those rats were removed
from analysis (n¼ 3 adolescent rats, n¼ 4 adult rats).
Distributions of adrenal gland weights were further
examined to test whether the data were best fit by a single
Gaussian (unimodal) or summation of two Gaussians
(bimodal; best-fit test, with null hypothesis of single
Gaussian). If data were best-fit with two Gaussians, data
were split into two populations. The dividing point of the
two populations was at the intersection of the two Gaussians
(determined by reading the value from the graphical plot).
The population of stress-exposed rats with lower adrenal
gland weight will be termed ‘nonresponders,’ and the
population with higher adrenal gland weight will be termed
‘responders’ in the text below.

RESULTS

Subpopulations of Responsiveness to Repeated
Restraint Stress

Repeated restraint was used to model stress. A total of 55
adolescent (control: n¼ 24 rats, stress: n¼ 31 rats) and 92
adult rats (control: n¼ 46 rats, stress: n¼ 46 rats) were

included in this study. To evaluate the effectiveness of our
stress protocol, we (1) measured the mean number of fecal
pellets per stress/control session, (2) measured the weight
gain over the period of stress/control handling, (3)
measured the level of anxiety-like behavior using EPM,
and (4) measured the adrenal gland weight. Both adolescent
and adult rats had a significantly higher mean number of
fecal pellets per day during the stress session than during
control handling (Figure 1a and b, left, B200% increase
in both groups; adolescent control 1.27±0.33, stress
2.88±0.36, 227% increase, p¼ 0.004, two-tailed unpaired
t-test; adult control 0.71±0.11, stress 1.50±0.17, 211%
increase, p¼ 0.002, two-tailed unpaired t-test). Weight gain
was significantly reduced over the length of the experiment
in stressed animals of both age groups when compared with
their controls (Figure 1a and b, adolescent control 54.1±
1.2 g, stress 45.3±1.4 g, po0.0001, two-tailed unpaired
t-test; adult control 36.3±1.3 g, stress 28.9±1.2 g,
p¼ 0.0001, two-tailed unpaired t-test).
Although the data show a trend toward an increase in the

normalized adrenal gland weight in adolescent as well
as adult rats after repeated restraint stress, this difference
was not significant (Figure 1a and b; adolescent control
0.178±0.004, stress 0.191±0.005, p¼ 0.053, two-tailed
unpaired t-test; adult control 0.123±0.004, stress 0.127±
0.003, p¼ 0.54, two-tailed unpaired t-test). However, upon
examination of the distribution of adrenal gland weights, a
bimodal pattern emerged after stress, consistent with stress-
responsive (high adrenal weight) and stress-nonresponsive
(low adrenal weight) subpopulations.
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Figure 1 Repeated restraint is an effective stressor. (a) In adolescent
rats, fecal pellet production during restraint sessions was significantly greater
than fecal pellet production during an equivalent time control session (left).
Weight gain was significantly less in adolescent rats exposed to repeated
restraint compared with control rats (middle), and there was a trend
toward increased adrenal gland weight (right). (b) In adult rats, fecal pellet
production during restraint sessions was significantly greater than fecal
pellet production during controls sessions (left). Weight gain was
significantly less in adult rats exposed to repeated restraint compared with
control rats (middle), and there was a trend toward increased adrenal gland
weight. *po0.05 in two-tailed unpaired t-test.
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Adolescents: Distribution of adrenal gland weights. In
adolescent rats, the distribution of normalized adrenal
weights in control rats was best fit by a single Gaussian
instead of the sum of two Gaussians (Figure 2a; p¼ 0.94;
F(3, 6)¼ 0.12, mean¼ 0.17, see Materials and Methods).
However, in rats exposed to repeated stress the distribution
was best fit by a sum of two Gaussians (Figure 2a; p¼ 0.004,
F(3, 6)¼ 14.5; mean1¼ 0.17, mean2¼ 0.21). The two Gaus-
sians were used to delineate between stress-nonresponsive
and stress-responsive populations (see Materials and
Methods). To verify this division, the parameters that
describe the Gaussians were compared. A comparison of
best-fit parameters yielded significant differences between
the stress-responsive (Figure 2c; n¼ 24 rats, mean¼ 0.20,
SD¼ 0.026) and the stress-nonresponsive distribution of
adrenal gland weight (Figure 2c; n¼ 7 rats, mean¼ 0.16,
SD¼ 0.010; po0.0001, F(2, 14)¼ 45.6, extra sum-of-squares
F-test) or controls (Figure 2c; n¼ 20 rats, mean¼ 0.167,
SD¼ 0.012; po0.0001, F(2, 18)¼ 25.6). There was no
significant difference between the best-fit parameters for
the adrenal gland weight distributions of nonresponsive and
control rats (p¼ 0.062, F(2, 8)¼ 2.18), consistent with a
group of adolescent rats that were not significantly affected
by repeated stress.

Adults: Distribution of adrenal gland weights. Similarly,
in adult rats, the distribution of normalized adrenal
weights in control rats was best fit by a single Gaussian
(Figure 2b; p¼ 0.26; F(3, 3)¼ 2.24, mean¼ 0.11). However,
in rats exposed to repeated stress, the distribution was best
fit by a sum of two Gaussians (p¼ 0.009, F(3, 3)¼ 32.9;
mean1¼ 0.10, mean2¼ 0.13). In adult rats, comparison of
best-fit parameters yielded significant differences between
the stress-responsive (Figure 2d; n¼ 34 rats, mean¼ 0.13,
SD¼ 0.008) and the stress- nonresponsive distribution of
normalized adrenal gland weights (Figure 2d; n¼ 8 rats,
mean¼ 0.10, SD¼ 0.013; po0.0001, F(2, 12)¼ 29.8) or
control (Figure 2d; n¼ 24 rats, mean¼ 0.11, SD¼ 0.011;
po0.0001, F(2, 12)¼ 60.1). There was no significant differ-
ence in the mean of the Gaussian best-fit distributions
between the nonresponsive and the control rats (p¼ 0.20,
F(2, 6)¼ 2.12), further evidence for a subpopulation of adult
rats that were not strongly affected by repeated stress.

To further complement the division into responders
and nonresponders based on adrenal weight, body weight
gain was analyzed after subdivision into responders and
nonresponders. There was a significant difference in
adolescent body weight gained when control, nonrespon-
ders, and responders were compared (Figure 2c; p¼ 0.0004,
F(2, 50)¼ 9.35, one-way ANOVA), with significant differ-
ences between responders and controls (po0.05, post hoc
Tukey’s test) and between responders and nonresponders
(po0.05, post hoc Tukey’s test). Similarly, in adults, there
was a significant difference in weight gain across groups
(Figure 2d; po0.0001, F(2, 63)¼ 12.8, one-way ANOVA),
with significant differences (po0.05, post hoc Tukey’s test)
between responders and control, and between responders
and nonresponders. In a similar manner, fecal production
during restraint was compared between responders and
nonresponders. There was a significant difference in fecal
production when control, nonresponders, and responders

were compared in adolescents (Supplementary Figure 1A;
p¼ 0.01, F(2, 50)¼ 5.12, one-way ANOVA; significant
differences between responders and control, and between
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Figure 2 Two populations of responses to repeated restraint stress.
(a) The distribution of adrenal gland weights in adolescent control (black,
top) and stress-exposed (dark gray, top) rats indicates a subset of stress-
exposed rats with adrenal gland weights similar to controls, whereas the
majority of stress-exposed rats had greater adrenal gland weight (top).
Adrenal gland weight data from control rats were best fit by a single
Gaussian (bottom, black), whereas data from stress-exposed rats were best
fit by the sum of two Gaussians (indicative of two populations), one with a
mean similar to controls (light gray, bottom, nonresponders), and one with
a mean greater than controls (dark gray, bottom, responders). (b) Similarly,
in adult rats there was evidence of overlapping adrenal gland weight
distributions of control (black, top) and stress-exposed rats (dark gray, top).
Adrenal gland weight distributions from stress-exposed adult rats was also
best fit by the sum of two Gaussians, one with a mean similar to control
rats (light gray, bottom, nonresponders), and one with a mean greater than
controls (dark gray, bottom, responders). (c) In adolescent rats, a significant
difference in adrenal gland weight (left), body weight gain (middle), and
open arm exploration (percent time in open arm, right) is observed
between stress responders and nonresponders. (d) Similarly, in adult rats, a
significant difference in adrenal gland weight (left), body weight gain
(middle), and open arm exploration (percent time in open arm, right) is
observed between stress responders and nonresponders. *Po0.05, one-
way ANOVA, followed by post hoc Tukey’s test. The colour reproduction
of this figure is available on the html full text version of the manuscript.
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responders and nonresponders, po0.05 post hoc Tukey’s
test) and in adults (Supplementary Figure 1B; p¼ 0.009,
F(2, 63)¼ 5.1, one-way ANOVA; significant differences
between responders and control, and between responders
and nonresponders, po0.05 post hoc Tukey’s test).

The subdivision of rats into stress responders and
nonresponders based on adrenal weight was further
explored in analysis of anxiety-like behavior in the EPM
in a group of rats. The behavioral values were not normally
distributed (po0.001, D’Agostino and Pearson normality
test) in adult or adolescent rats, and hence further analysis
was performed with nonparametric analysis. Rats in the
control, stress-responsive and stress-nonresponsive groups
were compared. There was a significant difference in
exploration of open arms (percent time) across groups
in adolescent rats (Figure 2c; p¼ 0.014, Kruskal–Wallis
test¼ 8.53; control, n¼ 16; nonresponders, n¼ 6; and
responders, n¼ 24), with significant differences between
control and responders (control, 21.4±2.2%, responders,
9.6±2.0%, po0.05, Dunn’s test) and nonresponders and
responders (nonresponders, 34.1±8.1%; responders,
9.6±2.0%, po0.05, Dunn’s test).

The same effect was observed in adult rats, with a
significant difference in exploration of open arms across
groups (Figure 2d; po0.0001, Kruskal–Wallis test¼ 24.0;
control, n¼ 22; nonresponders, n¼ 8; and responders,
n¼ 30), with significant differences between control and
responders (control, 31.3±3.8%; responders, 21.4±3.8%;
po0.05, Dunn’s test) and nonresponders and responders
(nonresponders, 28.6±2.3%; responders, 21.4±3.8%,
po0.05, Dunn’s test).

There was no difference in the number of total arm
entries between adolescent groups (control, 19.0±1.0
entries; nonresponders, 19.0±2.9 entries; responders,
16.2±1.0 entries, p¼ 0.17, F(2, 42)¼ 1.83, one-way
ANOVA) or adult groups (control, 17.5±0.9 entries;
nonresponders, 15.1±1.1 entries; responders, 17.5±0.8
entries, p¼ 0.36, F(2, 57)¼ 1.05, one-way ANOVA), indicat-
ing no effect of repeated restraint stress on overall
locomotor activity.

The behavioral and physiological measures above sup-
port the presence of two types of outcomes in response to
repeated stress: a nonresponsive group that is resilient to
the anxiogenic effects of repeated stress, and a stress-
responsive group that is vulnerable to the anxiogenic effects
of repeated stress. Therefore, initial analysis below com-
pared control and stress treatment, with secondary analysis
of stress responders and nonresponders.

Effects of Stress on Adolescent Amygdala

At 1 day after the last stress/handling session, and B1 h
after EPM, amygdala slices were prepared. Membrane
properties of pyramidal neurons in the BA and LA were
recorded. Only cells that displayed characteristic pyramidal
electrophysiological properties were included in this study
(Washburn and Moises, 1992; Rainnie et al, 1993; Lang and
Pare, 1997; Faber et al, 2001). Characteristic properties
included lack of spontaneous discharge at rest, broad action
potentials (41.1ms half-width), and spike frequency
adaptation upon injection of depolarizing current. In
addition, location and pyramidal-like morphology of LA

and BA neurons were confirmed after staining for
neurobiotin (Supplementary Figure 2).

Repeated stress increases the excitability of neurons in the
basal nucleus of adolescent rats. The number of action
potentials in response to depolarizing current injections was
used to measure neuronal excitability. Repeated stress
significantly increased the excitability of BA neurons in
adolescent rats (Figure 3a and b; Finteraction(5, 350)¼ 3.399,
p¼ 0.0052, two-way repeated measures ANOVA). This
impact of repeated stress was also observed in rats not
exposed to EPM (control¼ 12 neurons, stress¼ 11 neurons,
Finteraction(5, 105)¼ 6.65, po0.001, two-way repeated mea-
sures ANOVA; Supplementary Figure 3A). When sub-
divided into controls, nonresponders, and responders based
on adrenal gland weight (above), there was a similar
interaction (Figure 3c; Finteraction(10, 305)¼ 1.9, p¼ 0.04,
two-way repeated measures ANOVA; controls n¼ 26
neurons, nonresponders n¼ 12 neurons, responders
n¼ 26 neurons), with significantly greater excitability in
the stress responders compared with controls at higher
current intensity (po0.05, post hoc Tukey’s test at 200 and
250 pA). BA neuronal excitability of the nonresponders was
not significantly different than the control group at any
current intensity (p40.05, post hoc Tukey’s test at
0–250 pA). In addition to excitability, other differences
between BA neurons from stress-responsive and stress-
nonresponsive groups emerged. The stress-nonresponsive
group displayed significantly greater sAHP amplitude in BA
neurons (Figure 4a–d; p¼ 0.028, F(2, 56)¼ 3.80, one-way
ANOVA; nonresponders significantly greater than control
and responders, po0.05 post hoc Tukey’s test), and voltage
sag during prolonged current injection (Figure 4g, Table 1;
p¼ 0.0034, F(2, 69)¼ 6.18, one-way ANOVA; control signi-
ficantly greater than responders, nonresponders signifi-
cantly greater than control and responders, po0.05 post hoc
Tukey’s test). Increased sAHP and voltage sag can serve to
dampen excitability of BA neurons in nonresponders. There
were no significant effects on mAHP amplitude (Figure 4c;
p¼ 0.13, F(2, 56)¼ 2.13, one-way ANOVA) or input resis-
tance (Rn; Table 1, p¼ 0.68, F(2, 61)¼ 0.39, one-way
ANOVA). Thus, overall, repeated stress decreased the sAHP
and increased excitability of BA neurons. However, repeated
stress increased excitability of BA neurons in stress-
responsive adolescent rats, but not the stress-nonresponsive
adolescent rats, and this was associated with increased
sAHP and voltage sag in the stress nonresponders
compared with stress responders.

Repeated stress increases the excitability of neurons in the
lateral nucleus of adolescent rats. Repeated stress
also increased excitability of LA neurons in adolescent
rats (Figure 3d and e; Finteraction(5, 195)¼ 5.8, po0.0001,
two-way repeated measures ANOVA). This impact of
repeated stress was also observed in rats not exposed
to EPM (control¼ 8 neurons, stress¼ 8 neurons,
Finteraction(5, 70)¼ 2.51, p¼ 0.038, two-way repeated mea-
sures ANOVA; Supplementary Figure 3B). When subdivided
into controls, nonresponders, and responders based on
adrenal gland weight (above), there was a similar inter-
action (Figure 3f; Finteraction(10, 190)¼ 3.1, p¼ 0.0013,
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two-way repeated measures ANOVA; controls n¼ 19
neurons, nonresponders n¼ 10 neurons, and responders
n¼ 17 neurons), with significantly greater excitability in LA
neurons from stress responders compared with controls at
higher current intensity (po0.05, post hoc Tukey’s test at
200 and 250 pA). Excitability of LA neurons from adolescent
nonresponders was not significantly different than controls
at any current intensity (p40.05, post hoc Tukey’s test
at 0–250 pA).

Despite similarities in the effects of stress on LA and BA
neuronal excitability in adolescent rats, stress was asso-
ciated with a different pattern of membrane property

changes in LA neurons. There was no significant effect
of stress on sAHP amplitude (Figure 4f; p¼ 0.46, F(2, 37)¼
0.80, one-way ANOVA) or voltage sag (Figure 4h; p¼ 0.86,
F(2, 38)¼ 0.16, one-way ANOVA) in LA neurons of adole-
scent rats. In contrast, stress was associated with decreased
mAHP amplitude (Figure 4e; p¼ 0.04, F(2, 37)¼ 3.42, one-
way ANOVA) in LA neurons of adolescent rats, with
significantly smaller mAHP in responders compared with
controls and nonresponders (po0.05, post hoc Tukey’s
test). Thus, repeated stress increased excitability of LA
neurons in adolescent rats, and this was associated with
a decreased mAHP in stress-responsive as compared
with stress-nonresponsive rats. Decreased mAHP can serve
to increase excitability of LA neurons in stress-responsive
rats.

The effects of stress in adolescent rats were further
explored using correlational analysis. Adrenal weight
of adolescent rats was correlated with firing of BA neurons
(EC50; Figure 5a, left; r¼ � 0.65, po0.0001) and LA
neurons (Figure 5a, right; r¼ � 0.57, p¼ 0.0024). Adrenal
weight was significantly correlated with sAHP of BA
neurons (Figure 5c; r¼ 0.53, p¼ 0.002), but mAHP of LA
neurons (Figure 5b; r¼ 0.61, p¼ 0.003). Similarly, explora-
tion of open arms in the EPM was significantly correlated
with BA neuronal sAHP (r¼ � 0.59, p¼ 0.0004), but LA
neuronal mAHP (r¼ � 60, p¼ 0.002), adding further
weight to the role of AHPs in stress responsiveness of
BLA neurons. These data are consistent with the impact
of repeated stress on excitability, and a role for sAHP in
BA neurons, but the mAHP in LA neurons of adolescent
rats, in vulnerability to the effects of repeated stress.

Effects of Stress on Adult Amygdala

Adult rats were treated in the same manner as adolescent
rats. At 1 day after the last stress/handling session and B1 h
after EPM, amygdala slices were prepared from adult rats.
As described above, neurons from the BA and LA were
recorded. Neuronal morphology and location were con-
firmed after staining for neurobiotin (Supplementary
Figure 2).

Repeated stress does not increase the excitability of
neurons in the basal nucleus of adult rats. Excitability
was measured in adult rats in the same manner as
adolescent rats. However, stress did not significantly change
the excitability of BA neurons in adult rats (Figure 6a and b;
Finteraction(5, 315)¼ 0.23, p¼ 0.95; Ftreatment(1, 63)¼ 0.13,
p¼ 0.72, two-way repeated measures ANOVA). An effect
of repeated stress was also absent in rats not exposed
to EPM (control¼ 12 neurons, stress¼ 14 neurons,
Finteraction(5, 120)¼ 0.10, p¼ 0.42, two-way repeated mea-
sures ANOVA; Supplementary Figure 3C). This surpris-
ing result was further examined by subdivision into
control and stress nonresponders and responders with the
same result (Figure 6c; Finteraction(10, 310)¼ 0.57, p¼ 0.84;
Ftreatment(2, 62)¼ 0.71, p¼ 0.50, two-way repeated measures
ANOVA; control n¼ 33 neurons, nonresponders n¼ 11
neurons, responders n¼ 32 neurons). Furthermore, there
were no significant effects of stress on mAHP, sAHP,
voltage sag, or Rn of BA neurons from adult rats (Table 1
and Figure 7a–c and f).
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Figure 3 Repeated restraint increases excitability of BA and LA neurons
in adolescent rats. (a) Excitability was measured as the firing response to a
range of depolarizing current steps. Repeated stress increased the
excitability of BA neurons. (b) This increased excitability was observed
over a range of current steps in BA neurons. (c) There was a significant
difference in excitability of BA neurons from stress-responsive and stress-
nonresponsive rats. (d) Repeated stress increased excitability of LA
neurons in adolescent rats. (e) The increased excitability of LA neurons was
observed over a range of current steps. (f) Excitability of LA neurons from
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rats. Excitability of LA neurons in nonresponsive rats was intermediate,
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and control rats after two-way repeated measures ANOVA followed by
post hoc Tukey’s test.
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Repeated stress increases the excitability of neurons in the
lateral nucleus of adult rats. In contrast to BA, repeated
stress increased the excitability of LA neurons in adult
rats (Figure 6d and e; Finteraction(5, 225)¼ 4.09, p¼ 0.0014,
two-way repeated measures ANOVA). This impact of
repeated stress was also observed in rats not exposed
to EPM (control¼ 10 neurons, stress¼ 11 neurons,
Finteraction(5, 95)¼ 2.65, p¼ 0.028, two-way repeated measures
ANOVA; Supplementary Figure 3D). When subdivided into
control and stress nonresponders and stress responders,
there was similarly a significant difference of excitability
across groups (Figure 6f; Finteraction(10, 245)¼ 2.82, p¼ 0.003;
control n¼ 31 neurons, nonresponders n¼ 6 neurons,
responders n¼ 26 neurons), with significant differences at
200 and 250pA between stress responders and controls
(po0.05, post hoc Tukey’s tests), and at 150–250 pA between
stress responders and stress nonresponders (po0.05, post
hoc Tukey’s tests). Overall, although stress decreased the
amplitude of the sAHP of LA neurons (Figure 7e; p¼ 0.032,
F(2, 41)¼ 3.75, one-way ANOVA), it increased sAHP
amplitude in stress-nonresponsive rats compared with

controls (po0.05, post hoc Tukey’s test), and decreased
sAHP amplitude in stress-responsive rats compared with
controls (po0.05, post hoc Tukey’s test). Stress significantly
affected voltage sag of LA neurons (Figure 7g; p¼ 0.035,
F(2, 39)¼ 3.66, one-way ANOVA), and decreased the ampli-
tude in stress-responsive rats as compared with controls
(Figure 7g and Table 1; po0.05, post hoc Tukey’s test),
whereas there was no significant difference between control
and nonresponsive groups (p40.05, post hoc Tukey’s test).
This is consistent with a role of sAHP in dampened LA
neuronal excitability of stress-nonresponsive rats, and a
role of sAHP and voltage sag in the increased LA excitability
of stress-responsive rats. There was no significant effect of
repeated stress on the amplitude of the mAHP of LA neurons
in adult rats (Figure 7d; p¼ 0.16, F(2, 41)¼ 2.18, one-way
ANOVA).

To further test the lack of effects of stress on BA neurons
of adult rats, correlational analysis was performed. There
were no significant associations between adrenal weight and
any electrophysiological parameter of BA neurons in adult
rats (Figure 8a–c). However, a significant association was
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found between adrenal weight and LA neuronal firing (EC50;
Figure 8a; r2¼ � 0.62, po0.0001) and sAHP amplitude
(Figure 8c; r2¼ 0.45, p¼ 0.0028). Exploration in the EPM
was significantly associated with firing (r2¼ 0.51, p¼ 0.002)
and sAHP amplitude (r2¼ � 0.41, p¼ 0.017) of LA neurons
in adult rats, but not mAHP amplitude.

DISCUSSION

Repeated stress often leads to abnormally potent emotive
responses, including increased BLA-dependent behaviors.
An impact of stress on BLA neurons is likely to contribute
to the effects of stress on these behaviors. However, not all
individuals display susceptibility to the effects of repeated
stress on BLA-modulated affective disorders. The cellular
underpinnings of this resilience to stress are not under-
stood. The current study tested whether repeated restraint
caused similar effects on BLA neuronal physiology in
resilient and vulnerable populations. Resilience and vulner-
ability were defined based on a well-established biological
index of stress, adrenal gland weight (Selye, 1936; Bassett
and Cairncross, 1975; Dallman, 1984; Ottenweller et al,
1989; Marquez et al, 2004), and cross checked by EPM and
body weight. EPM and body weight are both validated

measures of effects of repeated stress in vulnerable rats
(Willner et al, 1996; Stone and Quartermain, 1997; Caldji
et al, 2000; Maslova et al, 2002; Vyas et al, 2002; Marquez
et al, 2004; Vyas and Chattarji, 2004; Weiss et al, 2004;
McLaughlin et al, 2007; Pohl et al, 2007; Zhang and
Rosenkranz, 2012), further validating the subdivision of
populations.
Two primary goals of this study were to compare the

effects of repeated stress in adult and adolescent rats, and
to compare the effects in the BA and LA nuclei, with an
emphasis on the mAHP and sAHP. We found that repeated
stress exerted different actions across age and BLA nucleus
that implicate the sAHP as a target for the effects of stress
on BLA-dependent behaviors in adult rats, and a potential
protective role for the sAHP in resilient rats.
A different pattern emerged in adolescent rats. After

repeated restraint, neurons of the both BA and LA displayed
increased excitability. However, in adolescent rats, the
mAHP in LA neurons, instead of the sAHP, may be
the more important target for the effects of repeated
stress on BLA-dependent behaviors. In contrast, resilience
to the effects of stress may be related to increased sAHP
of BA neurons in adolescent rats. These changes of AHP
amplitude can contribute to the effects of repeated stress on
neuronal excitability.

Table 1 Membrane Properties of Neurons from the Basal (BA) and Lateral (LA) Nuclei in Adult and Adolescent Rats

Membrane properties Nucleus Adult Adolescent

Control Nonresponders Responders Control Nonresponders Responders

EC50 BA 180.9±7.6 180.4±8.9 182.2±4.5 182.5±5.4 190.1±10.1 158.1±7.1a

LA 184.3±5.7 191.2±5.6 156.5±9.6b 173.0±6.1 189.9±8.5 156.7±4.3c

mAHP BA � 5.5±0.5 � 5.0± 0.7 � 5.4±0.4 � 3.6±0.3 � 4.8±0.4 � 4.2±0.4

LA � 6.4±0.8 � 7.7±0.8 � 5.5±0.5d � 5.1±0.6 � 5.4±0.5 � 3.6±0.3d

sAHP BA � 2.1±0.2 � 2.0±0.4 � 2.3±0.2 � 1.8±0.2 � 2.9±0.5 � 1.2±0.3d

LA � 3.2±0.3 � 4.4±0.3 � 2.5±0.2d � 2.4±0.3 � 1.9±0.3 � 2.2±0.3

Voltage sag ratio BA 1.14±0.02 1.17±0.02 1.16±0.02 1.16±0.01 1.16±0.02 1.10±0.01e

LA 1.10±0.01 1.11±0.03 1.05±0.01f 1.12±0.02 1.08±0.02 1.09±0.03

Rn BA 101.9±5.6 98.7±10.4 106.7±6.9 111.8±9.0 124.9±16.9 122.3±7.0

LA 100.4±11.9 136.1±17.4 124.0±6.8 123.9±6.5 119.1±7.8 150.0±6.9g

Vrest BA � 65.8±0.9 � 65.1±1.0 � 63.8±0.4 � 61.7±0.3 � 63.3±0.6 � 64.0±0.5h

LA � 65.0±0.9 � 64.3±1.7 � 63.6±0.8 � 63.7±0.8 � 65.6±1.2 � 65.6±0.7

Neurons were from rats exposed to control handling or exposed to repeated restraint stress. Rats that were exposed to repeated stress were categorized as
responders or nonresponders based on adrenal gland weight.
aOne-way ANOVA, p¼ 0.01, F(2, 32)¼ 5.2, responders significantly different than controls, responders significantly different than nonresponders, po0.05 in post hoc
Tukey’s test.
bOne-way ANOVA, p¼ 0.01, F(2, 42)¼ 5.0, responders significantly different than controls, responders significantly different than nonresponders, po0.05 in post hoc
Tukey’s test.
cOne-way ANOVA, p¼ 0.003, F(2, 30)¼ 7.3, responders significantly different than nonresponders, po0.05 in post hoc Tukey’s test.
dSignificance in one-way ANOVAs. See Results for further detail.
eOne-way ANOVA, p¼ 0.004, F(2, 69)¼ 6.2, controls significantly different than responders, responders significantly different than nonresponders, po0.05 in post hoc
Tukey’s test.
fOne-way ANOVA, p¼ 0.009, F(2, 59)¼ 5.1, responders significantly different than controls, responders significantly different than nonresponders, po0.05 in post hoc
Tukey’s test.
gOne-way ANOVA, p¼ 0.009, F(2, 50)¼ 5.2, responders significantly different than control, responders significantly different than nonresponders, po0.05 in post hoc
Tukey’s test.
hOne way ANOVA, p¼ 0.001, F(2, 61)¼ 7.7, controls significantly different than responders, po0.05 in post hoc Tukey’s test.
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Increased sAHP of BA neurons in adolescents and
increased mAHP of LA neurons in adults were associated
with resilience. The faster decaying mAHP (50–150ms) and
slowly decaying sAHP (often 1–2 s; Rainnie et al, 1993)
likely play distinct roles in modulation of BLA excitability
and synaptic integration. The apamin-sensitive mAHP
(probably comprising SK2/SK3) regulates spike frequency
adaptation in adult LA neurons (Chen and Lang, 2003) and
young BA neurons (P21–28; Power and Sah, 2008), but does
not appear to strongly modulate synaptic inputs (Power
et al, 2011). In contrast, the sAHP contributes to spike
frequency adaptation of LA neurons and dampens excitatory

synaptic input (Chen and Lang, 2003; Faber et al, 2005).
The sAHP appears to be present along the dendrite of BA
neurons in young rats (P21–28), can be activated by
synaptic input to LA neurons (Lang and Pare, 1997;
Power et al, 2011), and has a significant contribution to
dendritic propagation of synaptic inputs to the soma
(Power et al, 2011). Therefore, the increased sAHP in
adolescent resilient rats not only reduces membrane
excitability, but likely also reduces excitatory drive from
glutamatergic inputs. In contrast, the increased mAHP of
adult resilient rats is less likely to influence the integration
of excitatory inputs. It is not known what factors lead
to selective changes of mAHP compared with sAHP in
these populations of neurons. Several factors have been
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demonstrated to modulate the expression of SK channels
that contribute to the mAHPs and sAHPs. Activation of b-
adrenergic receptors (Faber et al, 2008), activation of PKA
(Ren et al, 2006), and neuronal activity (Lin et al, 2010) all
modify the expression of SK channel subunits. Perhaps, the
differences in the effects of repeated stress on these factors
in adult and adolescent neurons between the BA and LA
contribute to these age- and nucleus-specific differences.
Genetic and epigenetic (Francis et al, 1999; Weaver et al,

2002; Rijsdijk et al, 2003) factors can contribute to
resilience. These include polymorphisms or expression of
BDNF (Krishnan et al, 2007), GABRA2 (Nelson et al, 2009),

5-HT1A receptors, dopamine or serotonin transporters
(Segman et al, 2002; Kilpatrick et al, 2007; Stein et al,
2009; Wald et al, 2013), catechol-O-methyl transferase
(COMT; Jabbi et al, 2007; Kolassa et al, 2010), glucocorti-
coid receptors and factors that modulate them such as
FK506-binding protein (FKBP5; Binder et al, 2008; Derijk
and de Kloet, 2008; McGowan et al, 2009; Sarapas et al,
2011), and methylation of corticotrophin-releasing factor
(CRF) receptor DNA (Elliott et al, 2010). Several genetically
distinct rodent lines are differentially resistant/vulnerable to
the effects of stress (Razzoli et al, 2011; Savignac et al, 2011;
Camp et al, 2012; Fuchsl et al, 2014). The amygdala circuits
that regulate fear and anxiety are hypothesized to be an
important target of some of these genetic differences (Hariri
et al, 2002; Smolka et al, 2005; Jovanovic and Ressler, 2010;
Mozhui et al, 2010; Alexander et al, 2012; Hermann et al,
2012; White et al, 2012; Rogers et al, 2013; Volman et al,
2013). Many of these transmitter systems listed above
directly or indirectly modulate the same signaling cascades
that modify SK channel function (Pedarzani and Storm,
1995; Pedarzani et al, 1998; Lee et al, 2003; Bildl et al, 2004;
Ren et al, 2006; Maingret et al, 2008), leading to changes in
the excitability of amygdala neurons.
These results are consistent with the different effects of

repeated stress on BLA neurons of resilient and vulnerable
rats. Alternatively, it is possible that the differences in
neuronal physiology between resilient and vulnerable rat
existed before stress. However, a previous study that
examined the morphology of BA neurons in high and low
stress-responsive rodents did not find any difference (Pillai
et al, 2012), whereas Adamec et al (2012) found significant
dendritic hypertrophy in anxious control rats, but no
further effect of stress. Furthermore, neuronal excitability of
control rats was significantly less than stressed rats, before
subdivision into resilient and vulnerable, indicating that
stress had an overall impact on membrane properties.
Although this finding is not consistent with preexistent
differences between control and stress groups as the source
of the measured differences after stress/control handling, it
does not rule out the possibility that other preexistent
differences in BLA neuronal physiology contribute to
resilience or vulnerability. For instance, stress-responsive
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mice display greater NMDA receptor responses (Mozhui
et al, 2010) and dendritic hypertrophy (Mitra et al, 2009),
and rats can be made resilient to the effects of stress by
modulation of h channels (Giesbrecht et al, 2010). One
aspect of the novelty of the current findings is that
resiliency and vulnerability to stress display signatures in
the physiology of BA and LA neurons, and these signatures
are correlated with effects of stress on anxiety-like behavior.
KCa channels play an important role in the modulation of

BLA firing and synaptic integration (Rainnie et al, 1993;
Chen and Lang, 2003; Faber et al, 2005; Power and Sah,
2008). Furthermore, the AHP induced by SK channels are
acutely modulated by stress hormones (Duvarci and Pare,
2007), and have been shown to underlie some of the effects

of repeated stress on hyperexcitability of LA neurons
(Rosenkranz et al, 2010). However, the effects of repeated
stress on KCa channel function had not been contrasted
between BA and LA neurons, or between adults and
adolescents. The present studies indicate that AHPs are
modified by repeated stress in a bidirectional manner;
AHPs in LA neurons are reduced in stress-vulnerable adult
and adolescent rats but AHPs in BA neurons are increased
in stress-resilient adolescent rats and in LA neurons in
stress-resilient adult rats. However, the data indicate that
SK channels are not the only targets of repeated stress.
Repeated stress reduced the voltage- sag, indicative of h
channel function, in adult LA neurons and adolescent BA
neurons. Changes in voltage sag may contribute to the
effects of stress on neuronal excitability if the neuron
is resting at a membrane potential near its activation
range. However, the voltage at which h channels become
substantially active in BLA neurons may be more hyper-
polarized than the resting membrane potential (Giesbrecht
et al, 2010) that itself may be more depolarized in vivo,
such that h channels contribute little conductance at rest,
and only minimally contribute to somatic excitability.
They may play a role in dampening dendritic integration
of inputs and dendritic excitability, as the activation of h
channels is shifted toward the depolarized direction in
some cortical-like structures (Magee, 1998). Alternatively,
a decrease of h channel function may hyperpolarize the
resting membrane potential by a small degree, and compete
against other factors that increase excitability of BLA
neurons (Giesbrecht et al, 2010).
Repeated administration of ACTH or repeated stress leads

to hypertrophy of the adrenal gland (Dallman, 1984; Ulrich-
Lai et al, 2006). Adrenal gland hypertrophy is associated
with increased synthesis of glucocorticoids (Treiman and
Levine, 1969; Mazzocchi et al, 1986). As such, adrenal
gland weight can be a reliable measure for the cumulative
impact of repeated stress (Armario, 2006). The link between
adrenal gland weight and BLA neuronal function in these
studies is not clear. A hyperresponsive hypothalamic–
pituitary–adrenal axis upon repeated stress will produce
higher levels of circulating corticosterone in response to a
range of stimuli. This increase of corticosterone itself may
contribute to the effects of repeated stress observed here, as
well as contribute to differences between resilient and
vulnerable populations. Previous studies in rats demon-
strate acute effects of corticosterone on BLA pyramidal
neurons, resulting in enhanced excitability. Corticosterone
increases the excitability of BA neurons and decreases
mAHP amplitudes (3–5-week-old rats; Duvarci and Pare,
2007). However, the amplitude of the sAHP does not appear
to be affected by single application of corticosterone
(Liebmann et al, 2008). Corticosterone can also increase
synaptic release of glutamate in the BLA in a rapid
mineralocorticoid-dependent manner while decreasing glu-
tamate release in a slow, glucocorticoid receptor-dependent
manner (Karst et al, 2010). Application of the stress
hormone CRF also increases membrane excitability of BA
neurons (3–8-week-old rats; Giesbrecht et al, 2010),
increases responses to afferents (adult rats; Sandi et al,
2008), and reduces their sAHPs (125–150 g, B4–6-week-old
rats; Rainnie et al, 1992). Although these studies parallel
many of the changes observed in the current study, and can
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shed light on possible intermediaries of the effects of stress
on BLA neuronal physiology, there are some significant
differences. These studies examined acute effects of stress
hormones, whereas the current study utilized repeated
stress. Our previous studies indicate that a single 20min
restraint stress does not significantly affect the excitability
of LA neurons in adult rats (Rosenkranz et al, 2010) or the
firing of BA or LA neurons in adult or adolescent rats
(Zhang and Rosenkranz, 2012). However, a previous study
in adult mice found that a single 1 h restraint is sufficient to
induce increased excitability of LA neurons (Guo et al,
2012) and increases synaptic excitability in BA neurons of
adult rats (Rodriguez Manzanares et al, 2005). A short
course of repeated stress (3 days) in young rats (P22) led to
a deficit in GABAergic inhibition of BA neurons (Braga
et al, 2004). However, that is not likely to contribute to the
effects observed here because GABAergic inputs were
pharmacologically blocked in the current study. More
directly parallel to the current study, repeated infusion of
a CRF agonist into the BA did not significantly affect
neuronal excitability, but could still lead to increased
activity of BA neurons via hyperexcitability of the BA
network (adult rats; Rainnie et al, 2004), repeated stress did
not change the membrane properties of BA neurons in adult
rats (Hubert et al, 2013), and repeated stress increased the
response of BA neurons to excitatory inputs (Sandi et al,
2008), increased NMDA responses (Mozhui et al, 2010), and
slowly increased synaptic glutamate receptors (Hubert et al,
2013). Similarly, in the current study, repeated restraint also
did not increase the excitability of BA neurons, but perhaps
increases excitatory drive of BA neurons (Padival et al,
2013a), leading to increased firing in adult rats (Zhang and
Rosenkranz, 2012). One component of the novelty of the
current findings is a demonstration of differences in the
effects of stress on BA and LA neurons, and potential
mechanisms for these differences.
Stress exposure during development has long-lasting

effects on behavior, for instance, elevated anxiety and fear
behavior as well as poorer performance in spatial learning
(Avital et al, 2006; Vidal et al, 2007; Lukkes et al, 2009). A
recent study found that repeated restraint stress exerts
different effects on the firing of BA and LA neurons in adult
and adolescent rats (Zhang and Rosenkranz, 2012). The
current study builds upon this by demonstrating a potential
mechanism for differences in the effects of stress on firing
of BA and LA neurons across age, with a shift in the BLA
signature of resilience and vulnerability in adolescents and
adults. The LA is implicated in acquisition and expression
of cued fear conditioning (Nader et al, 2001; Rodrigues et al,
2001; Calandreau et al, 2005). Both adult and adolescent rats
display increased excitability of LA neurons (observed here)
in parallel with increased conditioned freezing after
repeated restraint stress (Zhang and Rosenkranz, 2013). In
contrast, fear extinction relies heavily upon the BA (Herry
et al, 2008; Zimmerman and Maren, 2010; Amano et al,
2011; Davis and Bauer, 2012; however, pretraining lesions of
BA do not impair extinction, Anglada-Figueroa and
Quirk, 2005). Fear extinction after repeated restraint
stress was impaired in adolescent rats, but not adult rats
(Zhang and Rosenkranz, 2013). In parallel, we observed that
repeated stress increased the excitability of the BA in
adolescents but not adult rats. The divergent effects of

repeated stress in BLA nuclei between adult and adolescent
rats may be a substrate for the distinct effects of repeated
stress on fear behavior in adult and adolescent rats.

CONCLUSION

Our data demonstrate an age-dependent shift in the effects
of repeated stress from the BA and LA during adolescence
to the LA in adulthood. There was also an age-dependent
shift in the correlates of resilience: increased sAHP of BA
neurons in adolescents to increased mAHP of LA neurons
in adults. The higher excitability of BA or LA neurons is
expected to result in a greater output, and thereby exert a
greater influence on affective behavior. This can contribute
to the differences in the symptomatology of stress-induced
anxiety and depressive disorders, and can provide distinct
targets to improve stress resilience in adults or adolescents.
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