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Chronic stress leads to heightened affective behaviors, and can precipitate the emergence of depression and anxiety. These disorders

are associated with increased amygdala activity. In animal models, chronic stress leads to increased amygdala-dependent behaviors, as

well as hyperactivity of amygdala neurons. However, it is not known whether increased excitatory synaptic drive after chronic

stress contributes to hyperactivity of basolateral amygdala (BLA; comprised of basal, lateral, and accessory basal nuclei) neurons. This

study tested whether repeated stress causes an increase in excitatory drive of basal amygdala (BA) neurons in vivo, and whether this is

correlated with an increase in the number of dendritic spines and a shift in dendritic distribution. Using in vivo intracellular recordings, this

study found that repeated restraint stress caused an increase in the frequency of spontaneous excitatory synaptic events in vivo,

which correlated with the number of dendritic spines in reconstructed neurons. Furthermore, parallel changes in the kinetics of the

synaptic events and the distribution of spines indicated a more prominent functional contribution of synaptic inputs from across the

dendritic tree. The shift in spine distribution across the dendritic tree was further confirmed with the examination of Golgi-stained tissue.

This abnormal physiological drive of BA neurons after repeated stress may contribute to heightened affective responses after chronic

stress. A reduction in the impact of excitatory drive in the BA may therefore be a potential treatment for the harmful effects of chronic

stress in psychiatric disorders.

Neuropsychopharmacology (2013) 38, 1748–1762; doi:10.1038/npp.2013.74; published online 17 April 2013
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INTRODUCTION

A number of psychiatric disorders, including depression
and anxiety, can be precipitated or exacerbated by stressors
(Heim and Nemeroff, 2001; Lupien et al, 2009). In the
extreme, stress can induce post-traumatic stress disorder.
These affective disorders have in common hyperactivity of
the amygdala in male patients (Drevets et al, 1992; Breiter
et al, 1996; Sheline et al, 2001; Thomas et al, 2001;
Siegle et al, 2002; Davidson et al, 2003). The amygdala
contributes to a range of emotion-related behaviors, and
hyperactivity of the amygdala can contribute to disruptions
in mood and emotion.
Repeated stress also leads to increased amygdala activity,

observed as increased amygdala activation in humans
exposed to chronic or traumatic stress (Shin et al, 1997;
Armony et al, 2005; Protopopescu et al, 2005; Ganzel et al,
2007; van Wingen et al, 2011; Bogdan et al, 2012;
Dannlowski et al, 2012), and an increase in immediate-

early genes’ expression in neurons of the basolateral
amygdala (BLA) area (comprised of basal, lateral, and
basomedial nuclei) upon exposure to a novel stressor
(Bhatnagar and Dallman, 1998; Mikics et al, 2008).
Furthermore, neurons of the BLA are hyperactive and more
responsive to afferents after stress (Adamec et al, 2005;
Correll et al, 2005; Mozhui et al, 2010; Rosenkranz et al,
2010; Zhang and Rosenkranz, 2012). Hyperactivity of
amygdala neurons after repeated stress can be caused by a
number of alterations, including increased membrane
excitability (Rosenkranz et al, 2010), which can lead to
greater neuronal responsiveness, or by increased excitatory
synaptic drive. Increased excitatory synaptic drive may
occur via an increase of the number of excitatory inputs or a
functional increase in the inputs registered. Synaptic spines
are the sites of most excitatory inputs to BLA pyramidal
neurons (Farb et al, 1992; Radley et al, 2007; Rademacher
et al, 2010). The morphology of neurons in the basal
nucleus (BA) of the BLA is sensitive to the effects of
repeated stress. Repeated stress increases the number of
spines and causes hypertrophy of dendrites of BA neurons
(Vyas et al, 2002, 2006; Mitra et al, 2005; Hill et al, 2011,
2012; Adamec et al, 2012). However, it is not known
whether repeated stress causes an increase of excitatory
synaptic drive of BA neurons and a change in the
characteristics of excitatory synaptic inputs. This study
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used Golgi staining to test if repeated restraint stress
increases spine number and shifts their distribution, and
in vivo intracellular recordings to test whether repeated
stress leads to parallel increases of in vivo excitatory
synaptic activity and a change in the properties of excitatory
synaptic. Because of their sensitivity to repeated stress, BA
neurons were the focus of this study.

MATERIALS AND METHODS

All procedures were approved by the Institutional Animal
Care and Use Committee of Rosalind Franklin University of
Medicine and Science, and followed the Guide for the Care
and Use of Laboratory Animals published by the US
National Research Council.
Male Sprague–Dawley rats (Harlan; age 8–9 weeks at

start) were group housed (2–3 per cage) in an animal facility
with controlled climate, 12 : 12 hours light : dark schedule
and food available ad libitum. To expose rats to repeated
stress, they were placed in a restraint hemicylinder for
20min per session, one session per day, for 7 out of 9
consecutive days (Figure 1a). This schedule of restraint
exposure was previously shown to increase adrenal gland
weight and reduce exploration in the elevated plus maze
(Rosenkranz et al, 2010; Zhang and Rosenkranz, 2012);

furthermore, it reduces intersession habituation to restraint,
which would otherwise be prominent (Kant et al, 1985;
Stamp and Herbert, 1999). A control group was handled in
the same manner as the restraint group, except that they
remained in a transparent cage with bedding, instead of a
restraint cylinder. The total amount of handling between
groups was equivalent. All further experiments were
performed one day after the final restraint or control
session. Confirming the effectiveness of the repeated
restraint protocol in this study, the adrenal weight was
greater in the stress group than in the control group
(normalized to body weight: control, 0.099±0.003, n¼ 40;
stress, 0.113±0.002, n¼ 41; p¼ 0.0008, t¼ 3.47, d.f.¼ 79,
two-tailed unpaired t-test).

Electrophysiology

In vivo intracellular electrophysiological recordings were
obtained from the basal nucleus of the amygdala. Rats were
anesthetized with an initial dose of 8% chloral hydrate (all
chemicals were from Sigma-Aldrich, St Louis, MO, unless
noted otherwise), and supplemented as necessary. Burr
holes were drilled over the right and left amygdale (centered
at 3.0 caudal, 5.0 lateral to bregma). A stainless-steel screw
was imbedded in one burr hole for EEG recordings, and the
intracellular recording electrode was lowered through the
other. Electrodes were filled with 1–2% neurobiotin in 2M
potassium acetate (40–60M( ) resistance measured in vivo).
In a subset of experiments, the chloride channel blocker
4,40-dinitrostilbene-2,20-disulfonate (DNDS, 0.5mM; Invi-
trogen, Grand Island, NY) or DNDSþCsCl (0.5mM) was
included in the recording electrode.
Series resistance was compensated using built-in ampli-

fier bridge circuitry (IR-183; Cygnus Technology, Delaware
Water Gap, PA). Neurons were excluded if their action
potentials did not overshoot 0mV, if they displayed firing
characteristics inconsistent with BLA pyramidal neurons
in vivo (Lang and Pare, 1997; Rosenkranz and Grace, 2002),
or if their resting membrane potential was more depo-
larized than � 60mV. Periods of membrane potential were
collected and spontaneous synaptic events were detected
using a sliding template (Axograph X, Sydney Australia; as
described in Rosenkranz, 2011, 2012). The detection
threshold was set at three times larger than the standard
deviation (SD) of the noise, that is, threshold¼ template
scaling factor/O(SSE/(N� 1). Synaptic events were visually
examined to verify their inclusion for analysis. The rise time
was only measured from synaptic events with intervals of at
least 5ms, and the decay half-width was only measured
from synaptic events with at least 25-ms interval before
subsequent events. To verify the ability to discriminate
these events from noise, the noise was measured during
quiescent periods of recordings (periods with no observable
synaptic activity). To quantify the noise, the SD of the
membrane potential during quiescent activity was quanti-
fied. A minimum of 10 segments of quiescent activity, each
4150-ms duration, were included for analysis from each
neuron. The SD was plotted against the amplitude
histogram of detected events from control and stress groups
to verify separation of noise from synaptic events.
Spontaneously occurring clusters of synaptic events were
also quantified. To be characterized as a cluster of

Figure 1 Repeated restraint protocol and basal amygdala nucleus
diagram. (a) The repeated restraint protocol utilized 5 consecutive days of
restraint or control handling (black rectangles) followed by 2 days of
handling (white rectangles), and then 2 days of restraint or control handling
(black rectangles). One day following the final restraint or handling
session (white oval), rats were prepared for in vivo electrophysiology or
Golgi staining. (b) The basal nucleus (basal amygdala) of the basolateral
amygdala, defined by Paxinos and Watson (1998) in atlas coordinates (left)
and Golgi-stained tissue (right).
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postsynaptic potentials (PSPs), the event had to fulfill
several criteria: the event had to last longer than 200ms
before returning to within 90% of the baseline membrane
potential, the event had to contain clear synaptic events,
and the peak amplitude had to remain at least � 3 the
average amplitude of individual PSPs at that membrane
potential. To be considered a second cluster of PSPs, the
initial cluster had to return to baseline membrane potential,
and there had to be a separation of at least 200ms
between clusters. A minimum of 60 clusters and 300
PSPs were measured from each neuron. Using these criteria,
peak amplitude of each cluster of PSPs was quantified
as the average peak amplitude of the clusters. At the
conclusion of experiments, brains and adrenal glands
were removed. Adrenal glands were weighed (wet). Brains
were histologically processed for neurobiotin to confirm the
recording site and allow reconstruction of the recorded
neuron. Brains were soaked in 4% paraformaldehyde for at
least 24 h, followed by sucrose. Brains were sliced
on a freezing microtome at 60 mm. Staining for neurobiotin
was performed using a standard ABC peroxidase assay
(Vector Laboratories), followed by staining with a mix of
cresyl violet and neutral red. Neurons were excluded from
analysis if they were found to lie outside the BA, or if their
morphology was inconsistent with pyramidal neurons
(McDonald, 1982).

Golgi Stain

In a separate group of rats, Golgi-Cox staining of
brain tissue was performed using the FD Rapid GolgiStain
Kit (FD NeuroTechnologies, Columbia, MD), following the
manufacturer’s suggested protocol. Rodents were deeply
anesthetized with chloral hydrate, as above, decapitated,
and the brain was rapidly removed. The brain was blocked
and placed immediately into impregnation solution. The
impregnation solution was changed after 24 h and then
stored in the dark for 15–18 days at room temperature.
Brain tissue was then transferred to solution C of the FD
Rapid GolgiStain Kit for 24 h at 4 1C. After replacing the
solution with fresh solution C, the tissue was stored
at 4 1C for 7 days. Brains were sectioned (100 mm thickness,
Leica SM 2000R microtome), and slices were collected in
20% sucrose in 0.1M phosphate buffer at room tempera-
ture. Slices were mounted on gelatinized slides and air dried
(25min–1 h), and then rinsed in ddH2O (two times,
4min each rinse). Slides were dehydrated in 50, 75, and
95% ethanol for 4min each, and then in 100% ethanol
four times for 3min each. Slides were cleared with xylene
(three times, 4min each), and then coverslipped with
Permount. Slides were allowed to dry overnight. Through-
out the staining and subsequent study, slides were protected
from light.

Neuronal Reconstruction

Neurobiotin-filled or Golgi-stained neurons were recon-
structed using the Neurolucida software (MBF Bioscience,
Williston, VT) under bright-field illumination using the
� 100 objective of a Nikon Eclipse E400 microscope. Only
neurons that appeared to be completely filled were utilized.
Thus, secondary and tertiary dendrites had to be visible,

and spines had to be visible. In addition, there could be no
breaks in the dendrites, except breaks when a dendrite can
be followed into an adjacent section. Neurons were selected
based on morphology consistent with BLA principal neu-
rons (obvious primary dendrites and spines), localization
within the BA (Figure 1b). Reconstructions were performed
by an individual blind to treatment conditions. Aspiny
neurons that displayed small somata with few dendrites or
large somata with bipolar primary dendrites were not
included in this analysis. The dendritic length and total
number of spines in each dendritic segment were quantified
for comparison. In addition, the relative distribution of
spines across the dendritic tree was quantified as ((spine
numberBr)�(spine numberTot)), where spine numberBr is
the the number of spines at a specific branch order, and
spine numberTot is the total number of spines on that
neuron. Branch order was measured centrifugally, so that at
each branch point both the parent and dendritic branch
increase branch order. Photographs were acquired at � 10,
� 20, or � 100 magnification from control and stress
groups under similar light conditions. In the images
displayed in figures, only the size and contrast of the
images had been adjusted.

Statistical Analysis

Neurons were excluded from morphological analysis if they
did not display morphological aspects of BA pyramidal-like
neurons (as described above), or if their mean length or
spine density was 42 SD from the mean. Similarly, neurons
were excluded from analysis if measures of spontaneous
synaptic activity (amplitude, frequency, rise time, half-
width) were42 SD from the mean. This led to the exclusion
of five neurobiotin-filled neurons (two from the control
group and three from the stress group). A total of 56
neurons were analyzed after Golgi staining (from 30 rats),
and 66 neurons from 51 rats for in vivo intracellular
recordings. Comparisons of multiple factors were examined
using a two-way ANOVA. An a-level of 0.05 was considered
significant. For planned comparisons of single parameters
between two groups, two-tailed unpaired t-tests were used.
Data were tested for normality of distribution (Kolmogorov
and Smirnov (K–S) test) and for equality of the SD
(Bartlett’s test). If data failed these tests, non-parametric
tests were planned. Statistical tests were performed using
Igor Pro (Wavemetrics, Lake Oswego, OR) or Prism 6
software (GraphPad Software, La Jolla, CA). All values are
expressed as the mean±SEM.

RESULTS

Repeated Stress Shifts Spine Distribution in Golgi-
Stained BA

Previous studies have demonstrated that repeated stress
increases BA neuronal dendritic length and number of
spines (Vyas et al, 2002, 2006; Mitra et al, 2005; Hill et al,
2011, 2012). However, it is not clear whether there is a shift
in the distribution of spines across the dendrites. To
examine the distribution of spines, Golgi-Cox staining was
performed. BA principal neurons displayed prominent
primary dendrites, multiple branch orders, and were spiny,
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consistent with previous descriptions (eg McDonald, 1982;
McDonald et al, 1982; Figure 2a). Repeated restraint stress
caused an increase of dendritic length (Figure 2b; Sholl
analysis: p¼ 0.0016, two-way repeated measures ANOVA,
F(1,54)¼ 11.0, n¼ 15 rats per group, 28 neurons per group;
total dendritic length: control, 1447±95 mm; stress,
2082±166 mm; p¼ 0.0016, two-tailed t-test, t¼ 3.32) and
number of spines (Figure 2; Sholl analysis: p¼ 0.0021, two-
way repeated measures ANOVA, F(1,54)¼ 10.5, n¼ 12 rats
per group, 28 neurons per group; total spines: control,
328.8±33.3; stress, 542.3±52.9; p¼ 0.0012, two-tailed
t-test, t¼ 3.42) of BA neurons in Golgi-stained tissue.
Preliminary examination of the Sholl plots indicate
increased spine number at intermediate and distal sites

(4100 mm from soma), but not close to the soma (o60 mm
from the soma), warranting further examination. The
distribution of spines was quantified as the proportion of
spines at branches of increasing order from the soma.
Branch order was used instead of distance to control for the
increased dendritic length after repeated stress. There was a
shift in the distribution of spines such that a higher
proportion of spines were located at more distal branches
after repeated restraint stress compared with control
handled rats (Figure 2e; Gaussian best fit to different
curves, po0.0001, F¼ 11.6; control mean, 3.0±0.08, mean
SD¼ 1.38; stress mean, 3.5±0.13, mean SD¼ 1.93).
Principal neurons from the BA that were recorded in vivo

and filled with neurobiotin displayed similar morphological

Figure 2 Repeated stress increases basal amygdala pyramidal neuron dendritic length and spine number: Golgi stain. Basal amygdala spiny principal
neurons we reconstructed after Golgi-Cox staining. (a) After repeated restraint stress, principal neurons of the basal amygdala tended to have more
elaborate dendritic trees and higher number of spines. (b) Sholl analysis demonstrated that repeated restraint led to a significantly greater dendritic length of
basal amygdala principal neurons, particularly at intermediate and more distal distances, and a greater average total dendritic length across the population.
(c) Sholl analysis demonstrated that repeated restraint caused a greater number of spines at intermediate and more distal distances, and greater average
number of spines/neuron across the population. (d) Repeated restraint stress did not lead to a significantly greater spine density. (e) Repeated restraint stress
caused a shift in the distribution of spines across the dendritic branches, with a greater proportion of spines at more distal locations (higher branch orders).
*Significant main effect of stress in a two-way repeated-measures analysis of variance.
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changes after repeated stress. Reconstructed neurobiotin-
filled neurons included in this analysis (22 recon-
structed neurons per 20 rats) displayed features typical
of BA pyramidal neurons, including large soma size, thick
primary dendrites (Figure 3a), and spines (Figure 3b).
Repeated stress caused an increase in total dendritic length
(Figure 2c; control, 1881±238mm, n¼ 10; stress, 3064±
358mm; n¼ 12, p¼ 0.016, t¼ 2.63, two-tailed unpaired
t-test) and total number of spines (Figure 3d; control,
269.1±36.9 spines, n¼ 10; stress, 442.3±45.7, n¼ 12;
p¼ 0.0095, t¼ 2.87, two-tailed unpaired t-test) compared
with controls. Sholl analysis indicated that the increase in
dendritic length (p¼ 0.0098, two-way repeated-measures
ANOVA, F(1,20)¼ 8.15) and the increase in spine number
(p¼ 0.0096, two-way repeated-measures ANOVA,
F(1,20)¼ 8.20) occurs over a range of intermediate and
distal distances from the soma, but not close to the soma
(o60mm from soma). Because spines are the site of most
glutamatergic inputs to neurons of the BA (Farb et al, 1992;
Radley et al, 2007; Rademacher et al, 2010), the increased
number of spines is consistent with increases in the number
of glutamatergic synapses onto BA neurons. There was no
significant increase in the spine density in the repeated stress
group compared with controls (Figure 3e; control, 1.42±0.11
spines per 10mm, n¼ 10; stress, 1.76±0.34 spines per 10mm,
n¼ 12; p¼ 0.40, t¼ 0.87, two-tailed unpaired t-test).

Repeated Stress Increases Excitatory Synaptic Input

To test whether repeated stress causes an increase of exci-
tatory inputs, and whether there is a functional significance
to the increased spines and the change in spine distribution,
the synaptic activity of BA neurons was recorded in vivo. In
chloral hydrate anesthetized rats, BLA neurons in vivo
display periodic spontaneous synaptic events, (Figure 4a;
Rosenkranz, 2011, 2012). These synaptic events tend to
occur in clusters (at approximately 1Hz) of PSPs that sum-
mate together (Figure 3b). Initial examination indicated that
clusters of spontaneous synaptic events had a significantly
larger amplitude after repeated stress compared with
controls (Figure 4a and c; peak amplitude measured near
� 70mV; control, 11.3±0.6mV, n¼ 14; stress, 14.9±
0.9mV, n¼ 17; p¼ 0.002, t¼ 3.36, two-tailed unpaired t-
test). To derive a measure of the membrane fluctuations
caused by synaptic events that does not depend on the
criteria for definition of clusters, the SD of the mean
membrane potential was measured. This measure also
indicated a greater degree of spontaneous synaptic activity
after repeated stress (Figure 4c; measured near � 70mV;
control, 2.36±0.15, n¼ 14; stress, 3.09±0.21, n¼ 17;
p¼ 0.011, t¼ 2.71, two-tailed unpaired t-test). Consistent
with this, examination of the membrane potential distri-
bution among the neurons sampled indicated a wider range
of membrane potentials after repeated stress (Figure 4d;
measured near � 70mV).
To determine what factors underlie the increased

amplitude of clusters, they were examined in more detail.
These clusters of synaptic activity are comprised of synaptic
events that can be measured (Figure 5a and b). Because
there are a large number of events that occur in a short time
window, presumably at different distances from the soma,
we cannot assume that each measured event corresponds to

Figure 3 Repeated stress increases basal amygdala pyramidal neuron
dendritic length and spine number: In vivo neurobiotin filling. Basal amygdala
principal neurons were filled with neurobiotin and reconstructed.
(a) Repeated restraint stress increased the dendrites of basal amygdala
neurons, observed here in neurons from the control (left) and stress group
(right) Magnification in both images is � 20 objective. (b) Repeated restraint
stress increased the number of spines, observed here on dendrites of a
neuron from the control group (left) and stress group (right) at
approximately the same distance from the soma (B100mm). Magnification
in both images is � 100. (c) Repeated restraint stress caused an increase in
the total dendritic length (left) and this increase is most apparent at
intermediate and more distal distances from the soma in a Sholl analysis.
(d) Repeated restraint stress caused an increase in the total number of
spines/neuron, particularly apparent at intermediate and more distal distances
from the soma. (e) Repeated restraint stress did not cause an increase of the
spine density. In all panels, black represents the control group and grey
represents the stress group. *indicates po0.05 in a two-tailed unpaired t-test.
windicates significant main effect of stress in a two-way repeated measures
ANOVA.
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one excitatory PSP (EPSP) from one synapse. The measured
events are likely composed of single and multiple synaptic
events from synapses at varying distances from the soma,
leading to a wide range of measured amplitudes. Therefore,
these studies do not assume that the PSPs are single synaptic
events. However, this analysis assumes that the detectability
of events remains similar across experiments. To verify this
assumption, the noise level compared with the amplitude of
these detected events was compared between control and
stress groups (Figure 5c). The noise of recordings was
measured as the SD of the membrane potential during
quiescent periods with no observed synaptic activity. There
was no significant difference in the quiescent SD between
control and stress groups (Figure 5c; SD: control,
0.18±0.01mV, n¼ 14; stress, 0.18±0.01mV, n¼ 17;
p¼ 0.96, t¼ 0.05, two-tailed unpaired t-test). Furthermore,
there was clear separation between the amplitude of noise
and the amplitude of detected synaptic events plotted as a
frequency histogram (Figure 5c, left). For simplicity, and to
distinguish them from clusters of events, these will be
referred to as individual synaptic events (despite the likely
multievent nature of many events). There was not a
significant difference in the amplitude of the synaptic events
that comprise these clusters, between control and stress
groups (Figure 5b; control, 3.06±0.16mV, n¼ 14; stress,
3.32±0.22mV, n¼ 17; p¼ 0.36, t¼ 0.92, two-tailed unpaired

t-test). If increased amplitude of individual synaptic events is
not observed, the increase in the amplitude of clusters could
be caused by increased summation of individual synaptic
events. There are two potential sources for this increased
summation that we can measure: (1) increased duration
of individual synaptic events, allowing greater window
for summation, or (2) increased number of synaptic
potentials that summate during the event cluster. We found
evidence for the latter. Repeated stress caused an increase
in the frequency of individual synaptic events as a whole
(Figure 5d; control, 19.2±1.8Hz, n¼ 14; stress, 27.6±1.7Hz,
n¼ 17; p¼ 0.0019, t¼ 3.42, two-tailed unpaired t-test),
and in the number of synaptic events within each cluster of
synaptic activity (Figure 5e; control, 16.8±0.7 events per
cluster, n¼ 14; stress, 22.2±1.2 events per /cluster, n¼ 17;
p¼ 0.0012, t¼ 3.59, two-tailed unpaired t-test). There was
a trend towards increased PSP duration after repeated
stress, although it did not reach statistical significance
(Figure 5f; half-width: control, 10.45±0.92ms, n¼ 14; stress,
12.41±0.79ms, n¼ 17; p¼ 0.11, t¼ 1.64, two-tailed unpaired
t-test).

Frequency of Isolated Excitatory Synaptic Events

At the resting membrane potential under these recording
conditions, both fast EPSPs and inhibitory PSPs are in the

Figure 4 Repeated stress increases in vivo spontaneous synaptic input. (a) Basal amygdala principal neurons display spontaneous fluctuations of the
membrane potential in anesthetized rats, as observed in recordings of membrane potential over time. Repeated restraint stress causes a higher degree of
fluctuation of the membrane potential. (b) These fluctuations are composed of spontaneously occurring synaptic events that tend to occur in groups (or
clusters), observed here in overlays of three clusters. In these overlays, repeated stress increased the amplitude of these clusters. (c) Average peak amplitude
of the clusters is significantly greater after repeated stress. To further confirm this, the average standard deviation (SD) of the mean membrane potential was
determined for each group. Repeated stress caused an increase in the average amplitude of the SD. (d) The wider SD can be observed in a non-biased
manner by examining the histograms of the deviation of the membrane potential from the resting membrane potential (0 in this plot). Data used for this
histogram include the membrane potential from 60-s epochs of all neurons. In all panels, black represents the control group and gray represents the stress
group. *po0.05 in a two-way unpaired t-test.
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depolarizing direction, making it difficult to verify that the
events recorded are in fact reflective of excitatory inputs. To
determine whether the effects of repeated stress on the
frequency of spontaneous PSPs was a reflection of
excitatory events, spontaneous synaptic events were mea-
sured near the chloride reversal potential, to minimize the
amplitude of fast GABAergic events (Vm � 55mV;
Figure 6a). We found that, even under these conditions,
there was a significantly greater frequency of synaptic
events following repeated stress compared with controls
(Figure 6b; control, 15.6±1.5Hz, n¼ 9; stress, 22.8±2.6 Hz,
n¼ 11; p¼ 0.032, t¼ 2.32, two-tailed unpaired t-test). To
further confirm this using another approach, in a separate

group of neurons, the chloride channel blocker DNDS was
included in the intracellular pipette to block fast GABAergic
events (Figure 6a and c). In these conditions, the
extrapolated reversal potential of these events is close to
the expected reversal potential for glutamatergic inputs
(Rosenkranz, 2012). Here too, there was a significantly
greater frequency of spontaneous events after repeated
stress compared with control rats (Figure 6c; control,
19.2±2.3Hz, n¼ 7; stress, 26.7±2.3 Hz, n¼ 9; p¼ 0.041,
t¼ 2.25, two-tailed unpaired t-test).
One difficulty in interpretation arises because of the

expected smaller amplitude of more distal events, coupled
with dendritic filtering of these events. To reduce these

Figure 5 Repeated stress increases the frequency of individual synaptic events. (a) The individual synaptic events that compose the clusters can be
isolated. There was no significant effect of repeated stress on the amplitude of these individual synaptic events, as seen here from an overlay of all the
synaptic events that occurred in a 60-s time window from representative examples. (b) When averaged, there was no significant effect of repeated stress on
the amplitude of individual synaptic events. (c) Overlays of four consecutive ‘quiescent periods’ during recordings (left) demonstrate low levels of
background noise, quantified as standard deviation (SD) of the quiescent membrane potential (middle), which displayed separation from synaptic events
plotted as a frequency histogram of event amplitude (right; vertical gray bar indicates±SD amplitude of the quiescent period) in two representative
examples. (d) Repeated stress caused an increase in the frequency of individual synaptic events, as shown by a rightward shift in the cumulative probability of
the instantaneous frequency of all synaptic events from all neurons, and by an increase in the average frequency of synaptic events. (e) Repeated stress
caused an increase in the number of synaptic events per cluster, averaged across groups. (f) There was no significant effect of repeated stress on the half-
width of synaptic events. In all panels, black represents the control group and gray represents the stress group. *po0.05 in a two-way unpaired t-test.
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concerns, cesium (Csþ ) was included in the pipette,
making dendrites electrotonically more compact, along
with DNDS. In the presence of Csþ , we found an increase in

the amplitude of clusters (peak amplitude: control,
11.3±0.7mV, n¼ 10; Csþ , 14.9±1.4mV, n¼ 9; p¼ 0.035,
t¼ 2.30, two-tailed unpaired t-test), verifying the effective-
ness of internal Csþ . With Csþ present, there was still a
significantly greater frequency of EPSPs after repeated
stress compared with controls (Figure 6d; control, 21.7±
2.6mV, n¼ 9; stress, 29.7±2.2mV, n¼ 10; p¼ 0.032,
t¼ 2.31, two-tailed unpaired t-test). These data support an
overall increase of excitatory synaptic input to BA pyra-
midal neurons after repeated stress.

Association Between Dendritic Spines and Synaptic
Events

If the increase in frequency of EPSPs is caused by an
increase in synaptic inputs formed onto new spines, one
might expect to find a correlation between the frequency of
events and the number of synaptic spines. We examined the
correlation between the increased frequency of events and
the increased number of spines in each neurobiotin-filled,
reconstructed neuron. We found a correlation between the
number of spines/neuron and the frequency of synaptic
events (Figure 7a; overall r2¼ 0.55, slope¼ 12.9, signifi-
cantly different than 0 at po0.001; control neurons
r2¼ 0.44, slope¼ 15.2, significantly different than 0 at
p¼ 0.037; stress neurons r2¼ 0.40, significantly different
than 0 at p¼ 0.029).
Similar to Golgi-stained BA pyramidal neurons, there was

a change in the distribution of inputs along the dendritic
tree towards more distal locations after repeated stress
(Figure 7b; spine number� dendritic branch order, Gaus-
sian best fit to different curves, po0.0001, F¼ 13.8; mean
control, 2.48±0.07 branch order, SD¼ 1.05; mean stress,
3.18±0.08 branch order, SD¼ 1.37). Synaptic inputs at
different locations along the proximal–distal range of
dendrites often have differing kinetics (Magee, 2000).
Specifically, inputs that are relatively more distal tend to
have a slower rise time (Turner, 1988; Andreasen and
Lambert, 1998; Rosenkranz and Johnston, 2007). If there is a
change in the distribution of spines along the dendritic tree,
it is expected that there would be a corresponding change in
the distribution of the rise times of synaptic events that may
occur at these spines. There was a significant change in the
values of the rise times of synaptic events, observed as a
significantly longer mean rise time (Figure 7c; rise time:
control, 4.2±0.3ms, n¼ 14; stress, 6.1±0.5ms, n¼ 17;
p¼ 0.0015, t¼ 3.51, two-tailed unpaired t-test), a significant
shift in the distribution of the mean rise time (Figure 7c;
Gaussian best fit to different curves, p¼ 0.041, F¼ 3.88),
and a shift in the distribution of rise time values of all
synaptic events (Figure 7d; D¼ 0.667, p¼ 0.002, K–S test).
The shift in the distribution of spines and the rise times of

synaptic events is consistent with a structural and
functional shift towards a contribution of more distal syna-
ptic events. To determine whether the increased frequency
of synaptic events is heavily attributable to the proportional
increase in more distal synapses, we correlated the
frequency of events with the number of spines at a range
of distances from the soma for each neuron (Figure 8a).
When analyzed in this manner, there was a significant posi-
tive correlation between the frequency of synaptic events
and the number of spines in more proximal dendrites in the

Figure 6 Repeated stress increases the frequency of excitatory events.
The clusters of synaptic events could be composed of both excitatory and
inhibitory synaptic events. (a) To isolate excitatory postsynaptic potentials,
two approaches were utilized. Neurons were held near � 55mV, to
minimize the amplitude of inhibitory events (left) or neurons were
recorded with 4,40-dinitrostilbene-2,20-disulfonate (DNDS) in the recording
pipette to block fast inhibitory events (right; indicating the effectiveness of
DNDS at blocking fast GABAergic inhibitory postsynaptic potential). Note
the occasional downward deflections of the membrane potential at
� 55mV under control conditions (left), and their absence in the presence
of DNDS (right). Action potentials are truncated for clarity. (b) When
neurons were held near � 55mV, a significant effect of repeated stress was
still observed on the frequency of synaptic events. (c) Similarly, when
g-aminobutyric acid-A channels were blocked with intracellular DNDS,
repeated stress significantly increased the frequency of synaptic events.
(d) When cesium (Csþ ) was included in the pipettes with DNDS, there
was a significant effect of repeated stress on the frequency of synaptic
events (left). There was no significant effect of repeated stress on the
amplitude of individual excitatory postsynaptic potential with Csþ and
DNDS in the pipette (right). In all panels, black represents the control
group and gray represents the stress group. *po0.05 in a two-way
unpaired t-test.
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control group (Figure 8a; slope significantly non-zero,
po0.01 at 10–50 mm, 60–100 mm, others NS), but in the
stress group there was a stronger positive correlation bet-
ween frequency of synaptic events and the number of spines
in more distal dendrites (Figure 8a; slope significantly non-
zero, po0.01 at 110–150 mm, 160–200 mm, 210 mm and
above, but not at 10–50 mm; see Figure 8b for summary).
Examination of the correlation as a function of distance
(comparison of curve fits) demonstrated that the frequency
of events is more readily attributed to proximal spines in
the control group (0–100 mm) and more distal spines in the
stress group (100–200mm; nonlinear goodness-of-fit, best fit
by second-order polynomials with significantly different
parameters, Y¼ b0þ b1�Xþ b2�X2, F(3,4)¼ 8.62,
po0.001). This is consistent with a greater impact of more
distal synaptic inputs after repeated stress.

DISCUSSION

Repeated stress leads to abnormal production of affective
behaviors that are modulated by the BLA (Conrad et al,
1999; Vyas and Chattarji, 2004; Wood et al, 2008; Atchley
et al, 2012). Furthermore, repeated stress leads to an
increase of dendritic length and spine number in BLA
neurons (Mitra et al, 2005; Vyas et al, 2006; Mozhui et al,
2010; Hill et al, 2011). Repeated stress also leads to an
increased responsiveness of BLA neurons (Adamec et al,
2005; Correll et al, 2005; Mozhui et al, 2010; Rosenkranz
et al, 2010), and an increase in MK801 binding in the BLA
after chronic variable stress (Lei and Tejani-Butt, 2010),
indicative of an increased number of NMDA-type glutamate

receptors. A change in the number of spines might not
necessarily lead to an increase of BA neuronal function if
those spines are inactive or functionally weak. Our data
demonstrate that, after repeated stress, there was a greater
functional synaptic input associated with increased den-
dritic spines.
After repeated stress, there was a greater number of

spines on BA neurons. Although there was an increase in
spines across most of the neuron, there was a shift in the
distribution of spines, such that a greater proportion of
spines were at intermediate and more distal locations after
repeated stress. Accompanying this change was an increase
in the frequency of in vivo spontaneous EPSPs. Synaptic
spines are the primary target of excitatory synaptic inputs,
and there was a strong positive correlation between the
number of spines and the frequency of spontaneous
synaptic events. Therefore, this increased frequency may
reflect an increased number of synapses. In addition, there
was a shift in the distribution of the rise times of synaptic
events, towards slower rise times. Because synaptic events
that originate at more distal locations and propagate to the
soma tend to have slower rise times (eg, Magee, 2000; Magee
and Cook, 2000), this shift of rise times in our data is
consistent with a greater proportion of synapses being
located at more distal locations. However, several caveats
that limit the interpretation of these results should be noted:
(1) there is a wide distribution of spines (and presumably
synapses) across the dendritic tree, with expected differ-
ences in kinetics and amplitude, perhaps with the most
distal synapses being undetectable even in the presence of
Csþ ; (2) repeated stress may cause a change in membrane
properties in some BA neurons (eg, Rosenkranz et al, 2010)

Figure 7 Repeated stress leads to a morphological and functional shift in the distribution of synaptic inputs. (a) The frequency of synaptic events was
correlated with the number of synaptic spines. (b) The normalized number of spines per neuron varied by distance, and is shifted towards more distal
locations (higher branch orders) after repeated stress. (c) Repeated stress changed the mean rise time of individual synaptic events, towards events with
slower rise times, consistent with more distal synapses (left). There was a shift in the population distribution of average rise time values towards slower rise
times after repeated restraint stress (right). (d) A cumulative histogram of the rise times of all synaptic events demonstrates that repeated stress causes a shift
in the distribution of rise times towards slower events. In all panels, black represents the control group and gray represents the stress group. *po0.05 in a
two-way unpaired t-test.
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that could influence the propagation of synaptic events to
the soma; (3) the synaptic events that were measured cannot
be proven to be unitary synaptic events, but may be
comprised of multiple events. However, this shortcoming
does not invalidate the correlations between this unit of

synaptic activity and spines, but the non-unitary nature of
these events will influence the accuracy of our results; and
(4) while the majority of dendritic spines are occupied by
asymmetric, glutamatergic inputs, a proportion of spines
receive GABAergic symmetric synapses (McDonald et al,
2002; Muller et al, 2006, 2007). A change of GABAergic
synaptic input would likely influence excitatory drive. While
experiments in this study were able to measure excitatory
drive, this study did not examine the effects of stress on
inhibitory regulation. Furthermore, this study did not
examine the duration of these effects of repeated restraint
stress. A previous study found that dendritic hypertrophy of
BLA neurons was not reversed after 21 days (Vyas et al,
2004), while the increased responsiveness of the BLA to
stimuli after combat stress did return to baseline levels (van
Wingen et al, 2012). Perhaps given enough recovery time,
hypertrophy of BA neurons would revert back to control
levels, or perhaps, the impact of stress and trauma depend
on its severity, and could last longer in other human
populations. However, even in the presence of these caveats,
repeated restraint stress caused an increase in excitatory
synaptic events that originated at more intermediate and
distal distances from the soma.
Repeated stress increased the amplitude of periodic

clusters of synaptic events without significant effects on
the amplitude of small synaptic events. Instead, the freque-
ncy of these small synaptic events was increased after
repeated stress. These periodic clusters of spontaneous
events are likely synaptic in origin because their frequency
is not voltage-dependent (Rosenkranz and Grace, 2002;
Crane et al, 2009; Rosenkranz, 2012), nor are they abolished
by blockade of a range of Kþ or Ca2þ channels
(Rosenkranz, 2011, 2012), nor is their duration reduced
by voltage clamp near resting membrane potentials (Crane
et al, 2009) as would be expected if they were due to
intrinsic voltage-dependent oscillations. When blockers of
GABA receptors are present, the reversal potential of these
clusters is close to the expected reversal potential of
glutamatergic synaptic events (Rosenkranz, 2012). More-
over, BLA neuronal firing, which occurs during some of
these depolarizations, is time locked to the EEG of cortical
regions that send excitatory afferents to the BLA (Pare et al,
1995a), and they can be mimicked by stimulation of certain
excitatory afferents (Windels et al, 2010). Furthermore, in
other regions that display similar clusters of synaptic
activity, the clusters are time locked to the EEG and to
other neurons (Contreras and Steriade, 1995), the clusters
can be blocked with tetrodotoxin (Destexhe and Pare, 1999),
which blocks axonal conduction and action potential-
dependent release of neurotransmitter, clusters are com-
prised of events that are synaptic in origin (Haider et al,
2006), and when modeled in vitro they can be blocked with
bath application of AMPA receptor antagonists (Sanchez-
Vives and McCormick, 2000). Similar to BLA neuronal
firing (Pare et al, 1995b; Gaudreau and Pare, 1996), the
neuronal subthreshold membrane oscillatory repetition
closely follows the cortical EEG (Rosenkranz, 2012), and
indicates that this oscillatory behavior of these synaptic
inputs may be due to oscillatory network activity in cortical
regions that project to the amygdala during the anesthetized
state. This is consistent with the state of other regions
during anesthesia, sleep and quiet wakefulness (Steriade

Figure 8 Repeated stress causes a shift in the correlation of spines with
the frequency of synaptic events. The number of spines was correlated with
the number of synaptic events. If a greater proportion of spines at a specific
distance contribute more to the measured synaptic activity, a higher
correlation between spine numbers at postsynaptic potential frequency is
expected at that specific distance. (a) In the control group, there was a
significant correlation between the frequency of synaptic events and
number of synapses, but only with synapses at more proximal locations
(10–100 mm). After repeated stress, there was a significant correlation
between the frequency of synaptic events and the number of spines at
relatively more distal locations (110 mm and above). Correlation r2 values
40.45 are highlighted with gray box. (b) When the correlation coefficients
are plotted by distance from the soma, an opposite pattern emerges
between control and stress groups, with high correlation coefficients at
proximal locations in the control group and high correlation coefficients at
intermediate and more distal locations in the stress group. This indicates
that the number of synaptic events was more attributable to intermediate
and relatively distal synapses after repeated stress. As above, correlation r2

values 40.45 are highlighted with gray box.
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et al, 1993a, b; Lampl et al, 1999; Petersen et al, 2003;
Volgushev et al, 2006; Poulet and Petersen, 2008).
BLA neurons display rapid responses to acute stressors.

For instance, single footshocks acutely increase the firing of
neurons in the LAT (Machne and Segundo, 1956; Romanski
et al, 1993; Correll et al, 2005), but often acutely suppress
the firing of neurons in the BA (Muramoto et al, 1993;
Correll et al, 2005; Buffalari and Grace, 2007; Chen and Sara,
2007). Single stressors can also exert more persistent actions
over minutes to hours. For instance, a series of footshocks
over several minutes can lead to enhancement of auditory-
evoked field potentials in the BLA (Garcia et al, 1998), and
increased firing of BLA neurons (Pelletier et al, 2005).
Longer stressors can also exert immediate actions (measur-
able immediately and within hours after the prolonged
stress). Thus, longer periods of footshock (eg, 30min) lead
to a suppression of firing on BA neurons (Shors, 1999).
However, 30min of elevated platform stress, 45min of
forced swim, and 60min of predator stress all result in an
increase of excitatory drive of the BA (Vouimba et al, 2004,
2006; Kavushansky and Richter-Levin, 2006; Kavushansky
et al, 2006). There is less information with regard to longer
lasting effects of single stressors on BLA neuronal
physiology. However, several studies indicate that a single
stress session can increase excitatory drive measured one
day later (Garcia et al, 1998; Vouimba et al, 2004; Adamec
et al, 2005; Rodriguez Manzanares et al, 2005). Previous
studies have found that a single stress does not cause a
increase of spines in BLA neurons unless it is followed by an
incubation period (Mitra et al, 2005). Therefore, the
increased excitatory drive noted in the electrophysiology
experiments after a single stress is not likely related to an
increase of spines. Instead, it may be related to a decrease of
inhibition (Isoardi et al, 2007), or an increase of release
probability (Karst et al, 2010).
Our findings support increased synaptic drive after

repeated stress, albeit with shifted proximal–distal dendritic
distribution. A shift towards more distal synapses does not
necessarily imply weaker synaptic drive. Overall, there were
more synapses at both intermediate and distal locations
after repeated stress. The highest correlations between the
frequency of synaptic events and the number of spines were
also shifted towards more distal locations after repeated
stress. This supports the hypothesis that a greater amount
of synaptic drive from intermediate and distal locations is
able to propagate to the soma after stress. In other words,
the soma is listening to a wider range of synapses after
stress. A potential ramification of the longer kinetics of
distal EPSPs, combined with their increased frequency, is
that in the awake, asynchronous state, this flood of EPSPs
may provide a greater tonic excitatory input to BA neurons.
It is expected that a change in proximal inputs would exert a
greater influence on neuronal firing than a change in distal
inputs. The change in distal inputs itself may not strongly
influence ongoing neuronal firing. However, changes in
distal inputs exert significant effects on synaptic integration
and synaptic plasticity (Schaefer et al, 2003; Larkum et al,
2004; Oviedo and Reyes, 2005; Williams, 2005), which will
also ultimately lead to changes of neuronal firing. Further-
more, the dendritic structure itself contributes to computa-
tional ability of neurons (Mainen and Sejnowski, 1996; Jaffe
and Carnevale, 1999; Vetter et al, 2001), and the presence

and density of spines modifies propagation of signals
(Shepherd et al, 1985; Segev and Rall, 1988; Baer and Rinzel,
1991; Jaslove, 1992). In other brain regions, such as the
cortex and hippocampus, active properties of dendrites may
reduce the differences between proximal and more distal
synapses (Andrasfalvy and Magee, 2001; Williams and
Stuart, 2002; Smith et al, 2003). However, distal inputs being
further away, they may be influenced to a smaller degree by
back-propagating action potentials that can contribute to
synaptic plasticity in the BLA (Humeau et al, 2005). In
many regions, there is a topographic arrangement of excita-
tory synaptic inputs to dendritic subregions (Steward, 1976;
Amaral and Witter, 1989; Markram et al, 1997; French and
Totterdell, 2002; Bollmann and Engert, 2009; Triplett et al,
2009; Jia et al, 2010). However, it is unknown whether a
topography exists in the distribution of excitatory inputs to
BA neurons. This impedes the ability to draw conclusions
about whether a specific set of inputs to the BA are altered
by chronic stress. Future studies that determine the source
of the new synaptic inputs and their impact may be able to
explore their relative strength and plasticity.
It is possible that the increased frequency of EPSPs is

unrelated to the increased number of spines. Numerous
factors can increase the release of glutamate in the BA,
including stress-related transmitters and hormones, such as
norepinepherine and corticosterone (DeBock et al, 2003;
Karst et al, 2010). The impact of both of these factors on BA
neuronal activity will likely depend on the history of stress
(Braga et al, 2004; Buffalari and Grace, 2009; Karst et al,
2010). A different alternative possibility is that the new
spines are functionally inactive, and an increase of network
activity underlies the increased frequency of spontaneous
EPSPs, or the increased synaptic events may originate from
dendritic shafts, not spines. Several observations make this
a less likely explanation. First, we observed a positive
correlation between the effects of repeated stress on spine
number and the rise time of synaptic events. This asso-
ciation would not be expected unless the spine number and
synaptic events were changing together. In addition, there is
little evidence for network changes that would underlie the
effects of repeated stress on EPSP frequency. For example,
there was no significant change in the frequency of clusters
of synaptic events. Furthermore, the anesthesia state that
strongly influences network activity was monitored by EEG,
and kept within a relatively narrow range.
These findings are consistent with previous studies that

have found an increase in the number of spines in BA
neurons after repeated stressors. Previous studies did not
test whether the increase of spines was global or more
limited. Furthermore, it was assumed that the increased
spines translated into an increased excitatory drive, which
can be a problematic assumption, given the existance of
silent or functionally weak synapses. This study demon-
strates that the increase of spines occurs at intermediate and
distal distances from the soma, and it also demonstrates
that the increased spines impart a functional in vivo impact
on these neurons. The importance of these findings is that
they suggest a shift in the source and shape of the drive of
BA neurons after repeated stress. In addition, the greater
number of functional synapses may cause the higher
spontaneous firing rates and responsiveness of BA neurons
after repeated stress. Furthermore, it points to the
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possibility of disproportionate enhancement of a specific set
of excitatory synaptic inputs that may now excessively drive
BA neurons.
An increase of synaptic drive of BA neurons is likely to

increase the neuronal output. By increasing neuronal
output, the BA will contribute more readily to ongoing
behaviors. The impact of increased BA output may be
complex, given the predominantly inhibitory impact on
neurons of the central amygdala (Collins and Pare, 1999;
Rosenkranz et al, 2006), but may result in disinhibition of a
proportion of neurons in the medial division of the CeA
(Haubensak et al, 2010; Duvarci et al, 2011; Amano et al,
2012), allowing a range of affective behaviors. This may
account for an increase in behaviors that are modified by
the BLA, such as anxiety-like behaviors and increased fear
conditioning observed after repeated stress (Conrad et al,
1999; Vyas and Chattarji, 2004; Wood et al, 2008; Atchley
et al, 2012). These morphological and functional changes
may underlie amygdala hyperactivity, and in combination
with effects in the prefrontal cortex, hippocampus, and
nucleus accumbens (Magarinos et al, 1996; Shors et al, 2001;
Radley et al, 2008; Lei and Tejani-Butt, 2010; Christoffel
et al, 2011; Muhammad et al, 2012) account for the ability of
chronic stress to exacerbate affective disorders (Heim and
Nemeroff, 2001; Lupien et al, 2009).
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