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Abstract
Background—Chronic stress is a major health concern, often leading to depression, anxiety or
when severe enough, post-traumatic stress disorder (PTSD). While many studies demonstrate that
the amygdala is hyper-responsive in patients with these disorders, the cellular neurophysiological
effects of chronic stress on the systems that underlie psychiatric disorders, such as the amygdala, are
relatively unknown.

Methods—In this study, we examined the effects of chronic stress on the activity and excitability
of amygdala neurons in vivo in rats. We used in vivo intracellular recordings from single neurons of
the lateral amygdala (LAT) to measure neuronal properties, and determine the cellular mechanism
for the effects of chronic stress on LAT neurons.

Results—We found a mechanism for the effects of chronic stress on amygdala activity, specifically
that chronic stress increased excitability of LAT pyramidal neurons recorded in vivo. This
hyperexcitability was caused by a reduction of a regulatory influence during action potential firing,
facilitating LAT neuronal activity. The effects of stress on excitability were occluded by agents that
block KCa channels, and reversed by pharmacological enhancement of KCa channels.

Conclusions—These data demonstrate a specific channelopathy that occurs in the amygdala after
chronic stress. This enhanced excitability of amygdala neurons after chronic stress may explain the
observed hyper-responsiveness of the amygdala in patients with PTSD, and may facilitate the
emergence of depression or anxiety in other patients.
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Introduction
Chronic stress can cause a wide range of impairments. Chronic stress increases emotional
reactivity of humans (1), as well as the behavioral indices of affect in rodents (2,3). In the
extreme, chronic stress induces or exacerbates psychiatric disorders, such as depression,
anxiety and post-traumatic stress disorders (4,5). The amygdala is a critical site for some of
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the effects of stress and stress hormones on affective behaviors (6–9). In particular, stressors
can influence amygdala-dependent fear conditioning (10–20), generally increasing cue-
specific fear conditioning in adult male rats. Increased emotion output can be driven by
increased activity of the amygdala. In particular, the activity of neurons in the lateral nucleus
(LAT) of the basolateral amygdala is associated with increased affective responses (21–23).
Thus, chronic stress induces abnormally enhanced affective behavior in a manner that may be
consistent with increased LAT neuronal activity. While there is some evidence for increased
activity of LAT neurons after chronic stress (24,25), or a change of intrinsic properties (26),
the mechanism underlying these effects is unknown. This study examines one potential
neurophysiological substrate for the effects of chronic stress on emotion.

One fundamental contributor to the activity level of neurons is their responsiveness, or
excitability. Numerous ion channels contribute to regulation of membrane excitability of LAT
neurons, such as calcium-activated K+ (KCa) channels (27–29). Modulation of these channels
is a potent means to regulate neuronal activity (30,31). We hypothesize that chronic stress
diminishes the regulatory influence of KCa channels in LAT neurons, leading to
hyperexcitability of LAT neurons.

We used in vivo intracellular recordings, a technique to study neuronal properties in the intact
brain, to determine whether chronic stress increases LAT neuronal excitability, and if LAT
hyperactivity occurs through a reduction of KCa channel activity. By understanding the
mechanism for the negative impact of chronic stress we will move closer to the development
of novel therapeutic strategies for reversing the effects of stress on mental health.

Methods
All procedures were performed in accordance with 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 Institutes of Health.

Male Sprague-Dawley rats (Harlan; age 8–9 weeks at start) were used for this study. Chronic
stress rats were placed in a restraint hemi-cylinder for 20 minutes per session, one session per
day, for 7 out of 9 consecutive days. This pattern of stress exposure reduces inter-session
habituation to restraint, which would otherwise be prominent (32,33). A control group was
handled in the same manner as the restraint group for 9 days, except that they remained in a
plexiglas 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 session.

Independent measures of stress effectiveness
The behavioral impact of stress was assessed in the elevated plus maze (EPM, Scientific
Designs, Pittsburgh, PA; arm 4.25” width × 19.75” length, 15.75” wall height). Rats were
placed in the center of the maze and allowed to explore freely for 5 minutes under dim light.
Arm entry was logged when all four paws entered the arm. When applicable, drug or vehicle
(50% DMSO) was administered 25–30 min before placement in the EPM. Experimenters were
blind to drug condition. An anatomical index of endocrine function was determined by removal
and weighing of adrenal glands after the conclusion of experiments.

Electrophysiology
In vivo intracellular electrophysiological recordings were obtained from the amygdala of rats
(34), specifically, the lateral nucleus of the amygdala (LAT; see Figure S1 in Supplement 1
for recording locations and expanded Methods). Rats were anesthetized with 8% chloral
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hydrate (all chemicals from Sigma-Aldrich, St. Louis,MO, unless noted otherwise), and
supplemented as necessary. Electrodes were filled with 1–2% neurobiotin in 2 M potassium
acetate. When indicated, electrodes also included other chemicals, including CsCl (200 mM),
BaCl2 (100 mM), CdCl2 (0.5 mM), NiCl2 (0.5 mM), or 4,4′-dinitrostilbene-2,2′-disulfonic acid
(0.5 mM DNDS; Tocris Bioscience, Ellisville, MO). These doses ensure blockade of the
targeted channels.

Series resistance was compensated using built-in amplifier bridge circuitry (IR-183, Cygnus
Technology, Delaware Water Gap, PA). The input resistance and membrane time constant, τ,
were measured (see Methods in Supplement 1). Excitability was defined as the number of
action potentials evoked by a series of depolarizing current steps (0 – 1000 pA, 800 ms, repeated
4–5 time at each current step). Excitability was measured as the slope of the linear fit to the
relationship between the current intensity and the number of action potentials evoked by each
depolarizing current step. The fast-, medium-, and slow-afterhyperpolarization potentials
(AHP) were measured (see Methods in Supplement 1). In some experiments, rats were injected
with drug treatments (1 mg/ kg or 10 mg/ kg 1-EBIO, or 50% DMSO vehicle, i.p.). In these
instances, excitability was measured before drug (as above), and repeatedly at approximately
5 minute intervals. Multiple measures of excitability were collected 10–15 minutes after
injection, averaged, and used for analysis. At the conclusion of experiments brains were
histologically processed (see Methods in Supplement 1). Neurons were excluded from analysis
if they were found to lie outside the LAT, if their action potentials did not overshoot 0 m V,
they displayed firing characteristics inconsistent with basolateral amygdala pyramidal neurons
in vivo (29,34), if their resting membrane potential was more depolarized than −60 m V, or if
their morphology was inconsistent with pyramidal neurons (35).

Statistical analysis
When performing planned comparisons between two groups, two-tailed unpaired t-tests were
used. All comparisons between more than 2 groups were made with one-way, two-way, or
mixed model repeated measures two-way ANOVAs. An alpha level of 0.05 was considered
significant. Post-hoc Student’s t-tests with Bonferroni corrections were used to compare
individual groups if significant values were obtained in ANOVAs. Data were tested for
normality of distribution (Kolmgorov and Smirnov test), and for equality of the standard
deviation (Bartlett’s test). If data failed these tests, non-parametric tests were used. Statistical
tests were performed using Igor Pro (Wavemetrics, Lake Oswego, OR) or Prism 5 software
(GraphPad Software, La Jolla, CA). All values are expressed as the mean ± S.E.M.

Results
Repeated restraint causes behavioral and adrenal gland changes

Effectiveness of a stressor, such as the commonly-used repeated restraint, can be measured by
its impact on the endocrine system and on behavioral measures of anxiety. We examined
aspects of both to ensure effectiveness of the restraint stress.

Repeated restraint resulted in less exploration in the elevated plus maze (EPM; see Fig. 1 and
Results in Supplement 1), a measure that is sensitive to chronic stress, (2,36), and an index of
anxiety-like behaviors (37). The total number of arm entries was not significantly different
between groups (Fig. 1b). One potential concern is that the observed effects may be caused by
the last episode of restraint stress, and do not reflect the chronic nature of the stress. To
demonstrate that the group differences are likely caused by the additive nature of the repeated
stress, control groups were added that received only one restraint stress, or only one handling
session one day prior to testing. Rats that experienced only a single restraint session one day
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prior to testing displayed smaller differences compared to their controls (Fig. 1 and Supplement
1, Results).

In parallel with this behavioral index, rats exposed to repeated restraint stress displayed a
significantly greater weight of adrenal glands compared to control groups, when measured as
raw weight or normalized to body weight (Fig.1c), an expected effect of chronic activation of
the hypothalamic-pituitary-adrenal axis during chronic stress (38). The adrenal weights of rats
exposed to a single stress session or handling did not significantly differ from each other (Fig.
1c).

Chronic stress increases in vivo LAT neuronal excitability
We examined whether chronic stress causes a hyperexcitability of LAT neurons that could
underlie the effects of chronic stress on emotion. This was tested using in vivo intracellular
recordings of LAT pyramidal neurons (Figure S1 in Supplement 1). In rats that were exposed
to chronic stress, LAT neurons displayed a greater basal firing rate than in control rats (control
0.012 ± 0.006 Hz, n=21, stress 0.035 ± 0.008 Hz, n=25, p=0.038, two-tailed t-test, t=2.165).
Neuronal excitability contributes to neuronal firing, and was measured to determine if chronic
stress increases the responsiveness of LAT neurons. We found that chronic stress increased
the excitability of LAT neurons (Fig. 2a; quantified as the slope of the relationship between
current injection and action potential firing (slope of excitability), see Methods; control slope
of excitability 0.68 ± 0.11 AP/ 100 pA, n=21, stress slope of excitability 1.55 ± 0.19 AP/ 100pA,
n=25, p<0.001, two-tailed unpaired t-test, t=6.45). Furthermore, a single restraint stress
administered the day before electrophysiological studies was not potent enough to induce an
increase in LAT neuronal excitability (Fig. 2b; slope of excitability control 0.69 ± 0.18, n=7,
slope of excitability stress 0.77 ± 0.20, n=7, p= 0.771, two-tailed unpaired t-test, t=0.297). This
demonstrates that chronic stress increases excitability, and the repeated nature of the stress is
an important determinant for the effects on LAT excitability.

There are several possible underlying causes for increased excitability, including 1)
depolarization of the resting membrane potential, 2) a reduction in GABAergic inhibition, 3)
increased neuronal responsiveness to subthreshold input, and 4) a change in conductances that
dictate the rate of action potential firing.

Depolarization does not underlie the effects of chronic stress on excitability
One potential mechanism for an increase of excitability is a depolarization of the resting
membrane potential, bringing the neuron closer to spike threshold. The resting membrane
potential was measured in all neurons. There was a small, but significant depolarization of the
resting membrane potential in chronic stress rats (control −78.2 ± 0.9 m V, n=21, stress −76.3
± 1.0 m V, n=25, p=0.035, two-tailed unpaired t-test, t=2.18). To determine if a change of the
resting membrane potential is the cause of the increased excitability after chronic stress, we
examined action potential initiation and excitability from an equivalent membrane potential.
In a subset of neurons, the rheobase current, or current required to evoke a single action
potential, was examined. There was a significant difference in rheobase current between control
and chronic stress groups when the neuron was at its resting membrane potential, but not when
the membrane potential was held equal between groups (−70 m V, see Supplement 1, Results).
In addition, no significant difference was observed in the threshold of action potentials between
groups (control −52.7 ± 0.9 m V, n=21, stress −54.2 ± 1.0 m V, n=25, p=0.275, two-tailed
unpaired t-test, t=1.11). This indicates that the difference in resting membrane potential after
chronic stress can contribute to group differences in the initiation of spiking at low currents.
In contrast, when excitability was measured at the same membrane potential across groups
(−70 m V), there was still significantly greater excitability in chronic stress rats (Fig. 2c; slope
of excitability control 0.77 ± 0.18 AP/ 100 pA, n=21, slope of excitability stress 1.44 ± 0.14
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AP/ 100pA, n=25, p=0.0047, two-tailed unpaired t-test, t=2.98). Because a difference in
excitability still exists, even when the membrane potential is held constant between groups, a
change of the resting membrane cannot entirely explain the effects of chronic stress on
membrane excitability. For the remaining experiments, measurements were taken while
holding the resting membrane potential at −70 m V, to minimize differences in resting
membrane potential between groups, and diminish its effect on membrane excitability.

Reduction of GABA ergic inhibition does not underlie the effects of chronic stress on
excitability

It has been found that a reduction in basolateral amygdala GABAergic circuits mediates some
of the effects of stress on amygdala function (39,40). Therefore, the chloride channel blocker
DNDS (0.5 mM) was included in the recording pipette, resulting in single-cell intracellular
blockade of GABAA channels (41,42). Intracellular DNDS administration blocked the fast
GABAergic components of inhibition (Figure S3A in Supplement 1), indicative of the
GABAergic blocking efficacy of DNDS in this preparation. However, even with intracellular
DNDS to block GABAergic inputs, there was still greater LAT neuronal excitability after
chronic stress (Fig. 2d). Thus, the increase of excitability observed here does not appear to be
the result of a reduction of GABAergic inputs.

Increased neuronal subthreshold responsiveness does not underlie the effects of chronic
stress on excitability

Another factor that contributes to excitability is the neuronal responsiveness to subthreshold
stimuli, quantified as input resistance (Rn). Chronic stress caused a small, but significant
increase of Rn (Fig. 3a,b; measured from −70 m V), indicating a possible change in somatic
conductances that are active near the resting membrane potential. To verify this, in a subset of
neurons we also measured the membrane time constant (τ), and found a longer time constant
after chronic stress (Fig. 3c). The effects of chronic stress on Rn and τ indicate that a different
complement of ion channels are active near rest, reflecting a change in the integrative properties
after chronic stress, which may contribute to differences in measures of excitability. However,
measurements of Rn and τ in vivo may be dominated by the presence of synaptic activity, even
though measurements were taken during quiescent periods. Therefore, we further examined
the contribution of resting membrane properties, using single-cell intracellular block of ion
channels. Ba2+ (100 mM) or Cs+ (200 mM) were included in the recording pipette to block
two primary conductances that are likely to be active near rest: inward rectifier K+ channels
and hyperpolarization-activated channels (Ih, which appears to be present in BLA neurons;
43–45). Cs+ mimicked the effects of chronic stress, and blocked the group differences in Rn
caused by chronic stress (Fig. 3b), while Ba2+ did not (Fig. 3b), preliminarily consistent with
a change of somatic conductances after chronic stress.

If an increase of Rn and a change of resting conductances contribute to increased excitability
after chronic stress, then a treatment that blocks the group differences in Rn should also block
the change of excitability. However, the opposite was found: Though intracellular inclusion
of either Cs+ or Ba2+ caused a leftward shift in excitability (see Supplement 1, Results),
Ba2+, not Cs+, was more effective in occluding the effects of chronic stress on group differences
(Fig. 4, and Supplement 1, Results).

The dissociation between Rn and excitability indicates that an alteration of Cs+-sensitive ion
channels that contribute to altered Rn after chronic stress does not account for the effects of
chronic stress on excitability. Because Ba2+ mimics the effects of stress on excitability but not
Rn, it is likely that Ba2+-sensitive channels that regulate excitability are altered by chronic
stress, and not channels that contribute to resting conductances. Both Cs+ and Ba2+ block
several channels. Of specific interest would be an ion channel blocked by Ba2+, not blocked
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by Cs+, that plays a role in regulation of LAT neuronal excitability. One likely candidate group
of channels is calcium-activated K+ (KCa) channels.

Chronic stress decreases the in vivo function of KCa channels in LAT neurons
KCa channels play an important role in the regulation of excitability during action potential
firing. Their activation by Ca2+ during firing leads to afterhyperpolarization potentials (AHPs),
a voltage signature of KCa channel activation. The amplitudes of both the sAHP and mAHP
were greatly reduced in chronic stress groups compared to control groups (Fig. 5a), consistent
with an inhibiting effect of chronic stress on KCa channel function. Furthermore, there was a
significant correlation between the amplitude of the mAHP and the slope of excitability in
control (r=−0.56, r2=0.32, p=0.019) and stress groups (Fig. 5b; r=−0.62, r2=0.39, p=0.008,
alpha adjusted to 0.025 after Bonferroni correction). Thus, the AHP potently regulates
excitability in these neurons and is reduced in amplitude by chronic stress, evidence for a
dysfunction of KCa channels underlying hyperexcitability. A single restraint session did not
lead to reduction of the AHP amplitudes (control 7.3 ± 1.0 m V, n=7, stress 7.7 ± 1.1 m V,
n=7, p= 0.792, two-tailed unpaired t-test, t=0.269).

Activation of KCa channels by Ca2+ is blocked by intracellular Cd2+ or Ni2+. When Cd2+ (0.5
mM) or Ni2+ (0.5 mM) was included in the pipette, the AHPs in LAT neurons were blocked
(Figure S4 in Supplement 1). In parallel with blockade of AHPs, both Cd2+ and Ni2+ were able
to mimic the effects of chronic stress on excitability and diminished group differences (Fig.
5c; Cd2+ slope of excitability control 1.38 ± 0.29 AP/ 100 pA, n=6; slope of excitability stress
1.33 ± 0.29 AP/ 100 pA, n=7, p=0.849, two-tailed unpaired t-test, t=0.194; Ni2+ slope of
excitability control 1.64 ± 0.32 AP/ 100 pA, n=7, stress slope of excitability 1.81 ± 0.34 AP/
100 pA, n=7, p=0.723, two-tailed unpaired t-test, t=0.364), suggestive of a role for a Ca2+-
dependent AHP, such as that produced by KCa channels, in chronic stress.

However, a reduction of the AHP can result from either a reduced function of KCa channels or
Ca2+ channels. A decrease of Ca2+ channel function would be expected to reduce BK KCa
channel activity that contributes to the fAHP. There was no significant difference in the
amplitude of the fAHP evoked after a single action potential between control and chronic stress
groups (control 3.6 ± 0.9 m V, n=17, stress 2.8 ± 0.7 m V, n=18, p=0.49, two-tailed unpaired
t-test, t=0.70). Both Ba2+ and Cs+ block BK-like channels that underlie the fAHP, while SK
channels that likely underlie the s- and mAHP are more sensitive to Ba2+ than Cs+ (46,47).
However, Ba2+, but not Cs+, mimicked the effects of chronic stress on excitability.

Activation of KCa channels reverses the amygdala impairments caused by chronic stress
If a dysfunction of KCa channels is fundamentally important for the effects of chronic stress
on amygdala neuronal excitability, it is expected that pharmacological activation of these
channels should mitigate the effects of chronic stress. Consistent with this, we found that
systemic administration of the KCa channels activator, 1-EBIO (doses 1, 10 mg/ kg, i.p., or
DMSO control; Fig. 6; and Figure S5 in Supplement 1) caused an increase in the amplitude of
the mAHP (Fig. 6a; stress baseline 3.9 ± 0.9 m V, stress + 1-EBIO 7.4 ± 1.5 m V, n=6, p=0.024,
two-tailed paired t-test, t=3.21), and significantly reduced the excitability of LAT neurons (Fig.
6b; p<0.001, n=6/ group, two-way ANOVA, main effect of drug, F=30.13), an effect that was
greater after chronic stress (Fig. 6c; p=0.0014, two-way ANOVA, significant interaction
between drug and stress, F=8.29). Activation of KCa channels in stressed rats with 10 mg/ kg
1-EBIO brought excitability back to near control levels (Fig. 6b). Furthermore, this effect of
1-EBIO (10 mg/ kg) on excitability was blocked by inclusion of Cd2+ (0.5 mM) in the
intracellular pipette (intracellular Cd2+ baseline slope of excitability 0.81 ± 0.05 AP/ 100 pA,
post-EBIO + intracellular Cd2+ slope of excitability 0.80 ± 0.07 AP/ 100 pA, n=5, p=0.308,
paired t -test, t=1.17). This demonstrates that pharmacological enhancement of KCa channel

Rosenkranz et al. Page 6

Biol Psychiatry. Author manuscript; available in PMC 2011 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



function can reverse the effects of chronic stress. Because the effects of 1-EBIO were blocked
by intracellular Cd2+, they may be caused, at least in part, by direct actions of 1-EBIO on LAT
neurons.

To understand whether the effectiveness of 1-EBIO on BLA neuronal physiology after chronic
stress may be associated with functional significance, we examined the effects of 1-EBIO on
behavior in the EPM. Administration of 1-EBIO (10 mg/ kg, compared to vehicle control; dose
effective on BLA neuronal excitability) reversed the effects of chronic stress on exploration
in the EPM, measured as the time in open arms (Kruskal-Wallis = 7.89, p=0.04, n=8/ group;
vehicle control 37.7 ± 11.2 s compared to vehicle chronic stress 10.1 ± 6.0 s, Mann Whitney
= 10, p = 0.023; 1-EBIO control 26.8 ± 13.9 s compared to 1-EBIO chronic stress 65.4 ± 22.7
s, Mann Whitney U = 22.0, p=0.318). Interestingly, there was a trend towards an increase in
exploration in the EPM after chronic stress if 1-EBIO is administered. There was no significant
difference in the total number of arm entries (Fig. 6d).

Discussion
Chronic stress is a potent contributor to many illnesses, including depression and other affective
disorders (5,48). However, the basic effects of chronic stress on the neurons in the amygdala
that modulate emotion are unknown. While it has previously been demonstrated that stress can
increase LAT-dependent behaviors (3,12,17,49), this study demonstrates for the first time that
chronic stress causes a hyperexcitability of LAT pyramidal neuron membrane excitability,
which may underlie impairments of affective behavior. Furthermore, this study provides
evidence that a KCa channelopathy underlies this abnormality, and provides a pharmacological
target for the reversal of these effects of chronic stress.

Plasticity of membrane properties has been observed after prolonged conditions, such as
epilepsy, drug addiction and experience (50–52). The effects of chronic stress in the amygdala
are unique, and opposite to changes in the hippocampus (53,54), whose function is markedly
diminished after chronic stress (55,56). The magnitude of this effect has several contributors,
including depolarization of the membrane potential and increased neuronal responsiveness to
subthreshold stimuli. However, most important was the increased action potential firing caused
by a reduction of the AHP. Because the effects of chronic stress on excitability are sensitive
to KCa channel manipulations, and are associated with a decrease of the AHP, our data are
consistent with chronic stress increasing excitability through a mechanism that likely involves
a reduction in the function or number of KCa channels.

There are several types of KCa channels that contribute to LAT neuronal excitability, and to
different AHPs in the LAT (27–29). Furthermore, KCa channels can regulate amygdala-related
behaviors (57). This study indicates involvement of the channels that underlie the mAHP and
sAHP in the effects of chronic stress, most likely SK channels that produce intermediate or
small KCa currents. There are a number of factors and ion channels that contribute to
measurements of membrane excitability, as quantified here. The contribution of GABAergic
influences on excitability may be minor, as intracellular blockade of Cl− channels had little
impact on the effects of chronic stress. However, a change in GABAergic systems may play
significant roles in the effects of stress on other aspects of neuronal function (39,40) that were
not examined here. Also not tested here is the possible role of norepinephrine, a modulator that
decreases activity of KCa channels and the AHP in the BLA(58–60), and whose effectiveness
may be altered by chronic stress (61).

Increased excitability is expected to result in greater output of LAT neurons. The greater action
potential firing in response to a stimulus allows the LAT to exert a more potent influence over
other brain regions, such as the prefrontal cortex, central amygdala and nucleus accumbens,
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resulting in more affect-driven behavior. The impact of chronic stress on fear conditioning and
extinction observed in other studies is consistent with this notion (3,10,12,13,62–68). An
inappropriately large contribution of the LAT may produce some of the behavioral
abnormalities observed after chronic stress.

1-EBIO, a compound that increases SK channel activity and both the sAHP and mAHP (69),
diminished the in vivo excitability of LAT neurons after chronic stress (above). 1-EBIO was
administered systemically, an approach that prevents definitive statements about its site of
action (however, the effects of 1-EBIO on LAT neurons were blocked when Cd2+ was included
in the recording electrode). The effect of 1-EBIO on LAT excitability is not likely due to non-
specific actions of 1-EBIO, as it had much weaker effects in control animals. 1-EBIO was also
effective at reversing the stress-induced impairments of exploration in the EPM, further
supporting a role for KCa channel disruption after chronic stress.

A long-term increase of LAT excitability after chronic stress is expected to lead to heightened
emotional lability. This imbalance of LAT activity may exacerbate abnormalities present in
individuals with psychiatric illnesses, or introduce a dysregulation in those already predisposed
to psychiatric illnesses. This study provides a basic cellular mechanism for the effects of
chronic stress on emotion, providing a potential pharmacological intervention for the harmful
effects of chronic stress on mental health.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Repeated restraint is an effective chronic stressor
A) Rats were placed in a restraint chamber for 20 minutes, on 7 days over a 9 day period (gray).
Control rats (black) experienced a similar degree of daily handling, but were not restrained.
Following the last day of restraint, all rats were tested in the elevated plus maze. Some rats
were then prepared for electrophysiology experiments. Remaining rats went through a fear
conditioning and testing procedure. B) Repeated restraint stress decreased open arm entries
(percent of open arm entries control 25.4 ± 2.7%, n=36, stress 15.6 ± 2.1%, n=34, p=0.0006,
two-tailed t-test, t=3.58) and the time spent in open arms (percent of time in open arm, control
21.3 ± 2.9%, n=36, stress 12.8 ± 1.8%, n=34, p=0.016, two-tailed unpaired t-test, t=2.49),
indicative of increased anxiety-like state. There was no significant change in the total number
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of arm entries (control 14.3 ± 0.9 arm entries, stress 13.5 ± 0.7 arm entries, p=0.485, two-tailed
t-test, t=0.702). Single restraint did not significantly impact EPM exploration. C) Repeated
restraint stress increased the weight of adrenal glands, a prototypical measure of the
effectiveness of a stressor measured as raw weight (control 22.7 ± 0.7, n=12, stress 28.1 ± 1.2
mg, n=12, p=0.013, two-tailed unpaired t-test, t=2.92), or normalized to body weight (control
0.10 ± 0.005 mg/ kg, stress 0.13 ± 0.006 mg/ kg, p=0.002, two-tailed unpaired t-test, t=3.94).
Single restraint did not significantly increase adrenal gland weight (normalized to body weight,
control 0.10 ± 0.009, n=6, stress 0.11 ± 0.01, n=7, p=0.57, two-tailed unpaired t-test, t=0.61).
* indicates significance at p<0.05.
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Figure 2. Chronic stress increased the excitability of LAT neurons
A) Repeated restraint stress increased excitability measured from the neuronal resting
membrane potential (Vrest; mixed design repeated measures ANOVA of each stimulation
intensity, main effect of stimulation intensity F(5,264) = 31.67, p<0.001; main effect of stress
F(1, 264) = 47.12, p<0.001; interaction F(5, 264) = 8.19, p<0.001). Shown here are voltage
traces at the resting membrane potential of a neuron from the chronic handling control (left,
Vrest = −79 m V; black circle in plot) and the chronic stress (right, Vrest = −72 m V, white
circle in plot), in response to the same amplitude of current injection. B) The effect of chronic
stress on excitability was only observed after repeated restraint, and not after a single restraint
session (mixed design repeated measures ANOVA of each stimulation intensity, main effect
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of stress F(1, 72) = 0.79, p=0.376; main effect of stimulation intensity F(5,72) = 24.02, p<0.001;
interaction F(5,72) = 0.20, p=0.96). This is measured as the response of these neurons to a
depolarizing steps (squares in plot, one day control, black; one day stress, white). C) Repeated
restraint stress caused an increase of LAT neuronal excitability when the membrane potential
was held near −70 m V (mixed design repeated measures ANOVA of each stimulation intensity,
main effect of stress F(1,264) = 22.19, p<0.001; main effect of stimulation intensity F(5,264)
= 34.55, p<0.001; interaction F(5,264) = 3.39, p=0.005, * indicates p<0.05 between control
and stress group in post-hoc unpaired t-tests with Bonferroni corrections). D) The effects of
chronic stress on excitability were still observed when DNDS was included in the recording
pipette (mixed design repeated measures ANOVA, main effect of stress F(1, 126) = 18.93,
p<0.001, main effect of stimulation intensity F(5,126) = 47.59, p<0.001; control 0.88 ± 0.09
AP/ 100 pA, n=12; stress 1.67 ± 0.08 AP/ 100 pA, n=11, p<0.001, two-tailed unpaired t-test,
t=6.51), demonstrating that the effects of chronic stress on excitability were not caused by a
reduction of GABAergic inhibition.
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Figure 3. Chronic stress altered membrane properties of LAT neurons
A) Repeated restraint (gray) caused an increase in the responsiveness to input, or input
resistance (Rn), of LAT neurons (measured from −70 m V as the slope of the I–V relationship,
control 33.3 ± 2.0 MOhms, n=21, stress 39.9 ± 2.1 MOhms, n=25, p=0.028, two-tailed unpaired
t-test, t=2.275). B) Intracellular Cs+, but not Ba2+, blocked the effects of chronic stress on the
Rn (Cs+ control 44.6 ± 3.3 MOhms, n=10, stress 45.2 ± 3.3 MOhms, n=10, p=0.899, two-tailed
unpaired t-test, t=0.129; Ba2+ control 37.1 ± 2.2 MOhms, n=12, stress 43.9 ± 2.3 MOhms,
n=11, p=0.041, two-tailed unpaired t-test, t=2.169). C) Chronic stress caused a lengthening of
the membrane time constant (τ; control 18.1 ± 1.9 ms, stress 23.6 ± 1.9 ms, p=0.047, two-tailed
unpaired t-test, t=1.80), as seen by the overlay of three decaying voltage responses after current
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injection in an example of a LAT neuron from control (black) and stress (grey) groups, and
the time constant of the double exponential fit to this decay. * indicates significance at p<0.05.
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Figure 4. Effects of single-cell block of K+ channels on excitability after chronic stress
A) Cs+ (200 mM; blocker of a variety of K+ channels) did not closely mimic the effects of
chronic stress on excitability (mixed design repeated measures ANOVA of each stimulation
intensity, main effect of stress F(1,108) = 10.79, p=0.0014; main effect of stimulation intensity
F(5,108) = 58.98, p<0.001; interaction F(5,108) = 1.52, p=0.19). B) Ba2+ (100 mM), another
K+ channel blocker that also blocks KCa channels, negated the effects of chronic stress on
excitability (mixed design repeated measures ANOVA of each stimulation intensity, main
effect of stress F(1,126) = 1.36, p=0.247; main effect of stimulation intensity F(5,126) = 64.03,
p<0.001; interaction F(5,126) = 0.103, p=0.991). * indicates p<0.05 between control and stress
group in post-hoc unpaired t-tests with Bonferroni corrections.
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Figure 5. The AHP is reduced by chronic stress and necessary for the effects of chronic stress
A) The amplitudes of both the medium- and slow AHP were reduced after chronic stress (sAHP
control 2.6 ± 0.3 m V, n=17, stress 0.7 ± 0.4 m V, n=18, p=0.003, two-tailed unpaired t-test,
t=3.26; mAHP control 7.7 ± 1.1 m V, n=21, stress 3.6 ± 1.2 m V, n=25, p=0.009, two-tailed
unpaired t-test, t=2.72), as seen in the neuronal response to a burst of 5 action potentials evoked
by 5 current pulses (presented at grey box in overlay of 3 consecutive voltage traces and firing
rate histogram; action potentials are truncated during the burst for clarity, but see Figure S2 in
Supplement 1 for details). This reduction of the AHP amplitude was associated with greater
spontaneous firing near action potential threshold, demonstrated in a firing rate histogram of
10 consecutive sweeps. B) The amplitude of the mAHP was correlated with neuronal
excitability (control, r=−0.56, r2=0.32; stress, r=−0.62, r2=0.39), demonstrating that it is a
major factor in regulating LAT neuronal activity. C) Intracellular administration of Ca2+

channel blockers mimicked the effects of chronic stress on neuronal excitability: Cd2+ (mixed
design repeated measures ANOVA of each stimulation intensity, main effect of stress F(1,66)
= 0.153, p=0.697; main effect of stimulation intensity F(5,66) = 40.72, p<0.001; interaction F
(5,66) = 0.124, p=0.987) and Ni2+ (mixed design repeated measures ANOVA of each
stimulation intensity, main effect of stress F(1,72) = 3.77, p=0.056; main effect of stimulation
intensity F(5,72) = 86.33, p<0.001; interaction F(5,72) = 0.711, p=0.617). Displayed 28 in this
panel are traces with intracellular Cd 2+. * indicates p<0.05 between control and stress group
in post-hoc unpaired t-tests with Bonferroni corrections.
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Figure 6. Pharmacological enhancement of the AHP reversed the effects of chronic stress on
excitability and EPM
A) 1-EBIO is an activator of KCa channels. Administration of 1-EBIO increased the amplitude
of the AHP, and augmented the impact of the AHP on spontaneous action potential firing,
demonstrated in a firing rate histogram of 10 consecutive sweeps. Displayed here are overlays
of three consecutive traces before and after 1-EBIO (10 mg/ kg, i.p.). 1-EBIO brought the
amplitude of the mAHP to near-control levels. B) 1-EBIO causes a reduction in the excitability
of LAT neurons. C) The effects of 1-EBIO (10 mg/ kg) were greater in chronic stress animals,
and returned neuronal excitability to close to control, non-stress levels. These effects were also
dose-dependent, and blocked by intracellular application of Cd2+ (0.5 mM; mixed design
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repeated measure ANOVA, main effect of 1-EBIO F(1,48) = 0.047, p=0.829, main effect of
stimulation intensity F(5,48) = 24.46, p<0.001), indicating that its effects on LAT neuronal
excitability are caused by direct actions on LAT neurons. D) 1-EBIO (10 mg/ kg) reversed the
effects of chronic stress on exploration in the EPM, as demonstrated by increased time spent
in the open arms (percent time in open arms, Kruskal-Wallis = 8.22, p=0.042, n=8/ group;
vehicle control 12.7 ± 3.7%, vehicle chronic stress 3.8 ± 2.3%, Mann-Whitney U = 10.0,
p=0.023; 1-EBIO control 8.6 ± 4.6%, 1-EBIO chronic stress 21.8 ± 8.9%, Mann-Whitney U
= 22.0, p=0.33). There was no significant effect on the total number of arm entries (Kruskal-
Wallis = 0.198, p = 0.978, n=8/ group; control vehicle 7.8 ± 1.7 entries, stress vehicle 6.8 ±
1.7 entries; control 1-EBIO 6.1 ± 0.8 entries, stress 1-EBIO 7.9 ± 2.4 entries).
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