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Abstract
Repeated stress impacts emotion, and can induce mood and anxiety disorders. These disorders are
characterized by imbalance of emotional responses. The amygdala is fundamental in expression of
emotion, and is hyperactive in many patients with mood or anxiety disorders. Stress also leads to
hyperactivity of the amygdala in humans. In rodent studies, repeated stress causes hyperactivity of
the amygdala, and increases fear conditioning behavior that is mediated by the basolateral
amygdala (BLA). Calcium-activated potassium (KCa) channels regulate BLA neuronal activity,
and evidence suggests reduced small conductance KCa (SK) channel function in male rats exposed
to repeated stress. Pharmacological enhancement of SK channels reverses the BLA neuronal
hyperexcitability caused by repeated stress. However, it is not known if pharmacological targeting
of SK channels can repair the effects of repeated stress on amygdala-dependent behaviors. The
purpose of this study was to test whether enhancement of SK channel function reverses the effects
of repeated restraint on BLA-dependent auditory fear conditioning. We found that repeated
restraint stress increased the expression of cued conditioned fear in male rats. However, 1-EBIO
(1 or 10 mg/kg) or CyPPA (5 mg/kg) administered 30 minutes prior to testing of fear expression
brought conditioned freezing to control levels, with little impact on fear expression in control
handled rats. These results demonstrate that enhancement of SK channel function can reduce the
abnormalities of BLA-dependent fear memory caused by repeated stress. Furthermore, this
indicates that pharmacological targeting of SK channels may provide a novel target for alleviation
of psychiatric symptoms associated with amygdala hyperactivity.

Keywords
fear conditioning; calcium-activated potassium channel; stress; 1-EBIO; amygdala-dependent
behavior

© 2012 Elsevier B.V. All rights reserved.

Corresponding author: J. Amiel Rosenkranz, Department of Cellular and Molecular Pharmacology, The Chicago Medical School,
3333 Green Bay Road, North Chicago, IL 60064, Tel: 847-578-8680, Fax: 847-578-3268, amiel.rosenkranz@rosalindfranklin.edu.
1Present Address: Department of Psychology, Wayne State University, 5057 Woodward Ave., 7th Floor, Detroit, MI 48202
2Present Address: Department of Psychology, University of Illinois at Urbana-Champaign, 603 E. Daniel M/C 716 Champaign, IL
61820
3Present Address: College of Pharmacy, Rosalind Franklin University, 3333 Green Bay Rd., North Chicago, IL 60064

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Behav Brain Res. Author manuscript; available in PMC 2013 June 15.

Published in final edited form as:
Behav Brain Res. 2012 June 15; 232(1): 37–43. doi:10.1016/j.bbr.2012.03.037.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1. Introduction
Repeated stress leads to long term changes in brain regions that contribute to mood and
cognition [1]. In humans, repeated stress can predispose individuals to later psychiatric
illness, and can precipitate the recurrence and exacerbation of episodes of mood disorders
[2–4]. The amygdala contributes to expression and interpretation of affect and displays
functional and anatomical changes in patients with mood disorders [5–8]. Stressors and
trauma have also been demonstrated to lead to prolonged hyperactivation of the amygdala
[9–13]. In rodents, a similar pattern has emerged, where repeated stress leads to
abnormalities in behavioral measures of anxiety and fear. These changes are paralleled by
evidence of morphological changes and hyperactivity in the amygdala [14–16].

Pavlovian fear conditioning requires the lateral nucleus (LAT) of the basolateral amygdala
(BLA), and activity of the BLA reflects the progression and expression of fear-related
behaviors during this form of conditioning [17–19]. Fear conditioning is enhanced by many
treatments known to increase BLA excitability, and dampened by treatments that suppress
BLA excitability. Of interest here, repeated stress has been demonstrated to increase fear
conditioning (e.g. [20, 21]), as well as increase the excitability of BLA neurons [16, 22].
This increased excitability has been reported to be caused by a reduction in the impact of a
calcium-activated potassium (KCa) current in BLA neurons [16]. This current mediates
several different aspects of afterhyperpolarization potentials (AHPs) following action
potentials [23, 24], and regulates the excitability of BLA neurons. However, despite the role
for KCa channels in regulation of BLA excitability, and the finding that overexpression of
small conductance KCa channel (SK channel) subunits that contribute to the AHP suppress
fear conditioning [25, 26], previous studies have demonstrated that drugs that enhance the
KCa current do not suppress fear conditioning [27]. One possibility for this dissociation is
that the AHPs in BLA neurons in vivo are already fairly large [16, 28, 29], and therefore
perhaps not strongly modulated by drugs that enhance the KCa current. However, in
conditions that display suboptimal AHPs, such as following repeated stress, these drugs may
be effective [16]. The purpose of this study was to test whether drugs that enhance the KCa
current by targeting SK channels can decrease the enhanced fear memory that is caused by
repeated stress, a condition associated with a diminished slow and medium AHPs (sAHP
and mAHP). To test this we randomly assigned adult rats to control or repeated restraint
groups, and trained them with a BLA-dependent cued fear conditioning procedure. The
following day, rats were injected with vehicle or drugs that enhance KCa currents, and then
their freezing to the conditioned cue was measured.

2. Materials and methods
2.1 Animals

All methods were approved by the Institutional Animal Care and Use Committee at
Rosalind Franklin University of Medicine and Science, and followed the Guidelines for the
Care and Use of Laboratory Animals (National Research Council). Adult male Sprague-
Dawley rats (Harlan, Indianapolis, IN; 63–70 days postnatal at arrival) were habituated to
the animal facility for one week before inclusion in the study. Rats were housed in a 12:12,
on:off light-dark cycle, with free access to food and water.

2.2 Drugs
1-Ethyl-2-benzimidazolinone (1-EBIO, 1 or 10 mg/kg) was purchased from Ascent
Scientific, Cambridge, MA. N-Cyclohexyl-N-[2-(3,5-dimethyl-pyrazol-1-yl)-6-methyl-4-
pyrimidinamine (CyPPA, 5 mg/kg) was purchased from Tocris Bioscience, Minneapolis,
MN. Drugs were suspended in 2% Tween 80/0.5% methylcellulose.
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2.3 Repeated restraint
Following one week of habituation, rats underwent a repeated stress or control procedures.
These procedures took place in a separate room with bright overhead fluorescent lighting
and a distinct odor cue (Lemon-scented Lysol). The repeated stress consisted of daily
placement into a clear Plexiglas transport cage to the procedure room followed by a 20
minute session of restraint in a hemi-cylinder restraint tube. This occurred for 7 out of 9
consecutive days [16]. Control rats were exposed to the same procedure, except they
remained in their transport cage, and were not placed in a restraint cylinder.

2.4 Cued fear conditioning
Twenty-four hours following the final restraint, rats were brought to a different room with
dim fluorescent overhead lights for the fear conditioning procedure. Rats were run through
these experiments with control and stress groups as cohorts. Drug or vehicle injections were
counterbalanced across days. This room contained behavioral chambers (Scientific Design,
Pittsburgh, PA and Ugo Basile, Collegeville, PA) with distinct features, including wall
patterns and flooring, enclosed in sound attenuating cabinets with distinct odor cues (dilute
acetic acid or Simple Green).

Fear conditioning was performed under low light conditions, with background white noise
from a fan (60–70 dB). Fear conditioning consisted of a 3 minute habituation period
followed by four pairings of a tone (2 kHz, 20 s, 70 dB) with a co-terminating footshock (1
s, intensity that produced forepaw withdrawal in the rat, typically 0.3 – 0.6 mA, depending
on the chamber). This pairing was repeated with a 120 s inter-trial interval. Rats remained in
the chamber for 2 minutes following the final trial, and were then returned to their home
cages. Memory of fear was tested the following day. Thirty minutes prior to fear expression
testing, rats were injected with vehicle (2% Tween 80/0.5% methylcellulose) or 1-EBIO (1
or 10 mg/kg), or CyPPA (5 mg/kg). Both of these drugs increase the activity of KCa
channels, and in particular small coductance (SK) channels [30–32]. All drugs were
administered at 1 mL/kg, subcutaneously. The half-lifes of 1-EBIO and CyPPA are not
currently published. The 30 minute latency was chosen based on the observed actions on
BLA neurons in vivo [16] and on BLA-mediated behaviors [27]. For testing of the memory
of fear conditioning, rats were placed in a chamber that was contextually distinct from the
conditioning chamber. Fear expression testing consisted of a 3 minute habituation period
followed by 15 trials of the same tone (2 kHz, 30 s, 70 dB), with a 90 s intertrial interval.

2.5 Data acquisition and analysis
Behavior was video recorded and freezing was measured using AnyMaze software (Wood
Dale, IL) based on detection of changes in pixel luminosity of the videos (video detection
was enhanced using an IR-sensitive camera and an IR light source close to the chambers).
Detection thresholds were set based upon >95% convergence with a manual rater. The total
freezing time during trials (over the entire 90 s intertrial interval) was measured and
compared across groups with two-way ANOVAs (GraphPad Prism, La Jolla, CA).
Significance was set at p<0.05. If a significant result was obtained, groups were further
compared with one-way ANOVAs (or t-tests if fewer than 3 groups) or individual post-hoc
t-tests with Bonferroni corrections of the p value.

In a subset of rats that were not used for conditioning, the responsiveness to footshock was
measured. This was quantified on an ordinal scale (0= no observable response, 1=flinch,
2=forepaw withdrawal, 3=scramble, 4=run in circle, 5=attempt to jump out of chamber).
This assay was used to determine if there was an effect of stress on sensitivity to footshock.
In a separate group of rats, footshock threshold was quantified by increasing footshock
stimulation intensity until paw withdrawal was observed in response to the footshock. In
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addition, the amount of freezing in a 20 s period following a suprathreshold footshock (0.5
mA) was also measured. These measures were used to determine whether 1-EBIO had an
effect on the responses to aversive stimuli. In an additional separate group of rats, the effect
of 1-EBIO was examined on fear conditioning (as described above). Freezing during the
tone was measured as the effect of 1-EBIO on the response to conditioned aversive stimuli
during acquisition.

3. Results
3.1 Fear conditioning

Fear conditioning was performed one day following the final restraint (range 20–26 hours).
Freezing was measured over the course of the conditioning. All rats displayed a progressive
increase in freezing over subsequent conditioning trials (Fig 1A; two-way repeated measures
ANOVA, significant main effect of Trials, F(4,93)=370.2, p<0.001). There was no
significant difference between the stress and control groups (two-way repeated measures
ANOVA, no significant effect of Stress, F(4,93)=2.2, p=0.14).

A subset of rats was tested for their responsiveness to footshock. There was a dose-
dependent increase in the response of rats to the footshock (Fig 1B; two-way repeated
measures ANOVA, significant main effect of footshock intensity, F(5,12)=52.2, p<0.001,
n=7 control, 7 stress), however, there was no significant difference between control and
stress groups (two-way repeated measures ANOVA, no significant effect of Stress,
F(5,12)=0.06, p=0.81).

3.2 Repeated stress enhances fear memory
Testing of fear memory was performed one day following fear conditioning (range 19–25
hours). This session consisted of a habituation period followed by repeated presentation of
the tone alone (Methods). The typical response pattern was an initial robust freezing
response to the tone, followed by a gradual extinction with repeated trials (Fig 2). For the
purpose of this study, we quantified the initial 4 trials as an index of fear memory (Fig
2B,C). There was a significant effect of stress on freezing (p=0.0002, F(1,21)=20.2, two-
way repeated measures ANOVA, n=11 control handling, 12 stress), where repeated restraint
stress increased freezing to the conditioned tone (control handling 70.2 ± 2.6 % time
freezing, stress 87.2 ± 1.3 % time freezing; p=0.0011, t=5.88, df=6, two-tailed unpaired t-
test). This difference was not caused by increased baseline freezing in the stress group, as
there was not a significant difference in freezing during the habituation period before tones
were presented (Fig 2A; control handling 2.5 ± 0.8 s freezing, stress 3.9 ± 1.0 s freezing;
p=0.29, t=1.1, df=21, two-tailed unpaired t-test).

3.3 Pharmacological activation of SK channels reduces the effect of repeated stress on
fear memory

Previous studies have demonstrated that 1-EBIO normalizes neuronal excitability in the
LAT after repeated stress [16]. Therefore, we tested the impact of this enhancer of SK
channel activity on amygdala-dependent fear memory. There was no significant difference
in freezing measured during fear acquisition (Day 1; 1 mg/kg 1-EBIO group, p=0.98,
F(1,4)=0.001, two-way repeated measures ANOVA, stress condition x trial, n=10/group; 10
mg/kg 1-EBIO group, p=0.77, F(1,4)=0.09, two-way repeated measures ANOVA, stress
condition x trial, n=10/group). The following day, 1-EBIO was administered 30 m before
testing for fear memory (Day 2, tone alone), and freezing was measured. Doses of 1-EBIO
(1 or 10 mg/kg) were selected based upon their electrophysiological impact and previous
behavior studies [16, 27, 33]. There was no significant effect of 1-EBIO on freezing during
the habituation period on the testing day in either control handling or stress groups (Fig
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3A,C; p=0.14, F(2,57)=2.02, n=11 vehicle control, 12 vehicle stress, 10/group for 1 mg/kg
1-EBIO (n= 10 control handling, 10 stress), 10 mg/kg 1-EBIO (n=10 control, 10 stress),
two-way repeated measures ANOVA, drug treatment x stress condition), and in all groups,
the average amount of time spent freezing during the habituation period was less than 5%.

To test whether enhancement of the channels that contribute to the mAHP and sAHP may
mitigate the impact of stress on fear expression, we measured the effects of 1-EBIO on
freezing to the conditioned tone. After administration of 1-EBIO, animals still displayed
conditioned fear responses to the tone (Fig 3B, D). We found that 1-EBIO had a dose-
dependent effect on freezing in response to the conditioned tone in the stress group, with
minimal impact on the control handling group. Specifically, after administration of 1-EBIO
(1 mg/kg), there was no longer a significant effect of stress on conditioned freezing (p=0.73,
F(1,54)=0.12, n=10/group, two-way repeated measures ANOVA), whereas a higher dose
(10 mg/kg) led to a significant reduction of freezing in the stress group compared to the
control handling at some time points (p=0.03, F(3,54)=3.10, n=10/group, significant stress x
trial interaction, two-way repeated measures ANOVA; post-hoc t-tests with Bonferroni
corrections indicate significant difference at Trial 2; no significant overall main effect of
stress p=0.17, F(1,54)=2.09, n=10/group, two-way repeated measures ANOVA).

To further confirm and extend these findings, we tested the effects of a more specific
pharmacological enhancer of SK2/3 channels, CyPPA [30]. There was no significant
difference in freezing measured during fear acquisition (Day 1; p=0.16, F(1,4)=2.14, two-
way repeated measures ANOVA, stress condition x trial, n=12 rats/group). Similar to 1-
EBIO, CyPPA (5 mg/kg) was administered prior to fear testing the following day. CyPPA
had no significant effect on freezing during the habituation period on the testing day (Fig
4A; p=0.46, F(1,43)=0.56, n=12 rats/group, two-way repeated measures ANOVA drug
treatment x stress condition), and conditioned responding to the tone was observed (Fig 4B).

In the comparisons above, we found that administration of 1-EBIO or CyPPA led to absence
of an effect of stress on freezing in response to a conditioned stimulus. To determine
whether drug adminsitration decreased freezing compared to vehicle controls, we perfromed
further analysis. There was a significant overall effect of 1-EBIO treatment on freezing in
response to a conditioned tone (Fig 5A,B; p=0.008, F(2,57)=5.31, main effect of drug, two-
way repeated measures ANOVA drug treatment x stress condition). However, in post-hoc
comparisons, there was only a significant effect of 1-EBIO on the amount of conditioned
freezing in the stress group (Fig 5A, B; p<0.001, F(2,9)=50.13, n=12 rats vehicle, 10 rats 1-
EBIO (1 mg/kg), 10 rats 1-EBIO (10 mg/kg), one-way ANOVA), with significant reductions
in freezing after 1 mg/kg (Fig 5B; t=3.70, p<0.05 after Bonferroni correction) and 10 mg/kg
(Fig 5B; t=9.91, p<0.05 after Bonferroni correction) compared to vehicle. However, there
was no significant effect of 1-EBIO on the amount of conditioned freezing in the control
handling group (Fig 5B; p=0.69, F(2,9)=0.38, p>0.05, n=11 rats vehicle, 10 rats 1-EBIO (1
mg/kg), 10 rats 1-EBIO (10 mg/kg), one-way ANOVA). This is consistent with a reduction
in conditioned freezing caused by 1-EBIO in animals exposed to repeated stress.

Similar to 1-EBIO, administration of CyPPA decreased conditioned freezing in animals
exposed to repeated stress. There was a significant effect of CyPPA treatment on freezing in
response to a conditioned tone (Fig 5A, B; p=0.02, F(1,43)=5.72, n=11 vehicle control
handling, 12 vehicle stress, 12 CyPPA control handling, 12 CyPPA stress, main effect of
drug, two-way repeated measures ANOVA, drug treatment x stress condition). There was a
significant effect of CyPPA on the amount of conditioned freezing in the stress group
(p=0.001, t=5.92, df=6, Student’s t-test). However, there was no significant effect of CyPPA
on the amount of conditioned freezing in the control handling group (Fig 5A, B; p=0.91,
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t=0.11, df=6, Student’s t-test). This is consistent with a reduction in conditioned freezing
caused by CyPPA in animals exposed to repeated stress.

3.4 1-EBIO does not interfere with freezing
One potential concern is that 1-EBIO leads to a reduction of conditioned freezing by either
inducing hyperlocomotion or otherwise impairing ability to freeze in response to aversive
stimuli. To test whether 1-EBIO causes hyperlocomotion, we measured the total distance
traveled and the average speed during the post-injection habituation period of vehicle and
drug-treated rats (as described above). When compared across the vehicle and drug
treatments, there was no significant difference in total distance traveled (Fig 6A; p=0.89,
F(3,39)=0.21, one-way ANOVA), nor a significant difference in the average speed (Fig 6A;
p=0.85, F(3,39)=0.26, one-way ANOVA). To test whether 1-EBIO impairs freezing, we
examined the effects of 1-EBIO (10 mg/kg) on the amount of freezing following
suprathreshold footshocks. To verify this as an appropriate measure, we first tested whether
1-EBIO leads to a change in the threshold of pain response to footshock. We found no
significant difference in the footshock threshold after 1-EBIO compared to vehicle (Fig 6B;
p=0.23, t=1.25, df=18, n=10 rats/group, Student’s t-test), nor in the amount of freezing after
the series of footshocks (Fig 6B; p=0.65, t=0.46, df=18, n=10 rats/group, Student’s t-test).
These data are consistent with an effect of 1-EBIO on the recall of fear, but not on the
expression of freezing responses in general.

4. Discussion
Repeated stress leads to enhancement of BLA-dependent fear memory [20, 21]. In parallel,
repeated stress also increases the activity of BLA neurons [16, 22], in part through a
reduction of the mAHP and sAHP. The current studies tested whether pharmacological
enhancement of the mAHP and sAHP is able to reverse the effects of repeated stress on
BLA-dependent fear conditioning. We found that repeated stress increased the memory of
conditioned fear, and that administration of 1-EBIO or CyPPA reduced this enhanced
memory of conditioned fear. The effectiveness of 1-EBIO and CyPPA on conditioned fear
was limited to the stress group, and these pharmacological enhancers of the AHP had no
significant effect on memory of fear conditioning in the control group. Importantly, the
effects of these drugs on freezing in response to the conditioned tone did not appear to be the
result of deficits in ability to freeze or hyperlocomotion, as 1-EBIO did not diminish
freezing observed after an unconditioned aversive stimulus, vehicle and 1-EBIO groups
displayed a similar amount of freezing during the habituation phase prior to fear testing, and
a similar amount of locomotion was measured from the various groups. This is in agreement
with a previous study that indicates that locomotive effects of 1-EBIO (at the doses used in
this study) are similar to baseline levels within 30 m after injection [27]. These data are
therefore consistent with a specific effect of 1-EBIO on freezing in response to the
conditioned tone. However, it is not clear what component of fear memory is enhanced by
repeated restraint stress (consolidation, retrieval or expression) and normalized by
modulation of SK channels (retrieval or expression). Furthermore, it is possible that the
effects of repeated restraint observed here are actually due to a long-lasting effect of the first
restraint (e.g. [34, 35]) or the final restraint, though preliminary evidence suggests that one
session of the shorter duration restraint utilized in the procedures described here does not
cause long-lasting effects on fear memory [36].

Pharmacological enhancement of the mAHP and sAHP has little effect on acquisition of fear
conditioning [27]. Here we demonstrate that similar pharmacological enhancement has little
effect on memory of conditioned fear in control animals. It is unclear why pharmacological
enhancement of the mAHP and sAHP has little effect on BLA-dependent conditioning in
control groups. 1-EBIO (at the same doses used here) has little effect on the mAHP and
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sAHP in vivo in control groups, but greatly enhances the mAHP and sAHP after repeated
stress [16]. This may indicate that these AHPs are near maximally active under control
conditions during normal BLA neuronal function, perhaps accounting for the minimal effect
of 1-EBIO under control conditions. However, in situations when the mAHP and sAHP are
compromised, there is room for enhancement, and 1-EBIO has impact. Consistent for a role
of mAHP and sAHP in BLA-dependent behavior, over-expression of SK channels reduces
BLA-dependent cued fear conditioning [25], and BLA- and hippocampus-dependent
contextual fear conditioning [25, 37]. In addition, over-expression of SK channels in the
BLA reduces measures of anxiety in the elevated plus maze and open field [26].

A calcium-dependent mAHP and sAHP plays a prominent role in regulation of BLA
neurons [28, 29, 38–41]. However, the molecular identity of the channels that comprise this
AHP in BLA neurons is not entirely clear. Apamin, which blocks SK2/3 channels that may
contribute to the mAHP, has been reported to either increase BLA neuronal excitability [29]
or to have minimal effect [40]. However, SK channels in the BLA play a prominent role in
regulation of the response to synaptic input [42], which can thereby influence the neuronal
response to synaptic inputs. In addition, it is difficult to conclude where in the brain these
drugs exerted their action. SK channels are observed in a wide range of brain areas [43], and
a variety of brain regions display altered neuronal excitability after repeated stress (e.g. [44–
47]), which may contribute to the effects of the treatments observed here.

5. Conclusions
This study examined the impact of enhancement of SK channel function on the memory of
BLA-dependent cued fear, in a stress model that causes impaired function of SK channels in
BLA neurons [16]. This study demonstrates the potential for the use of pharmacological
enhancement of SK channels in stress-related mood disorders. In particular,
pharmacological targeting of the mAHP and sAHP may be a viable option for normalizing
behaviors associated with abnormally hyperactive amygdala following stress.
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Highlights

• Repeated restraint stress increases the memory of cued conditioned fear

• Administration of 1-EBIO reduced conditioned freezing in stressed rats

• Administration of 1-EBIO did not decrease conditioned freezing in control rats

• Administration of CyPPA mimicked these effects

• Neither drug impaired freezing in response to footshock
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Figure 1. Repeated stress does not significantly increase fear acquisition or response to
unconditioned stimulus
A) During the course of fear conditioning, a tone is paired with a footshock. The freezing
response to the paired tone increases during the conditioning procedure. However, repeated
restraint stress does not increase the freezing response observed during the conditioning
procedure. B) The response to increasing amplitude footshock can be measured as an
indication of the response to the unconditioned stimulus. Repeated restraint stress does not
increase responsiveness to the footshock. Here, and in all plots, data points represent mean ±
SEM.
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Figure 2. Repeated stress increases the memory of conditioned fear
A) When animals are placed in a novel chamber, there is no observed difference in freezing
during habituation. B) When the conditioned tone is repeatedly presented, there is an initial
robust freezing response that extinguishes with repeated presentation. There is a greater
freezing response to the conditioned tone in animals that were exposed to repeated restraint
stress. C) For comparison of fear memory, the first four trials were used (grey box in panel
B), before significant extinction is observed. There is a significantly more freezing to the
conditioned tone in animals exposed to repeated restraint stress. For this, and remaining
figures, the amount of time freezing in the four expression trials (left), as well as the
proportion of time spent freezing will be displayed (right). * indicates p<0.05.
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Figure 3. Administration of 1-EBIO normalizes fear memory
A) Freezing during acquisition of fear conditioning on the first day was not significantly
different in those rats that were to be tested for the effectiveness of 1-EBIO (1 mg/kg) on
fear memory during the second day. B) During habituation on the testing day, there is no
significant effect of repeated restraint stress on freezing when 1-EBIO (1 mg/kg) is
administered. C) During testing of memory of conditioned fear there is no significant effect
of repeated restraint stress on freezing to the conditioned tone if 1-EBIO is administered (1
mg/kg), in contrast to vehicle conditions (Fig 2). D) Freezing during acquisition of fear
conditioning on the first day was not significantly different in those rats that were to be
tested for the effectiveness of 1-EBIO (10 mg/kg) on fear memory during the second day. E)
During habituation on the testing day, there is no significant effect of repeated restraint
stress on freezing when 1-EBIO (10 mg/kg) is administered. F) During testing of memory of
conditioned fear there is no significant effect of repeated restraint stress on freezing to the
conditioned tone if 1-EBIO is administered (10 mg/kg), in contrast to vehicle conditions
(Fig 2).
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Figure 4. Administration of CyPPA normalizes fear memory
A) Freezing during acquisition of fear conditioning on the first day was not significantly
different in those rats that were to be tested for the effectiveness of CyPPA (5 mg/kg) on
fear memory during the second day. B) During habituation on the testing day, there is no
significant effect of repeated restraint stress on freezing when CyPPA is administered. C)
During testing of memory of conditioned fear there is no significant effect of repeated
restraint stress on freezing to the conditioned tone if CyPPA is administered (5 mg/kg), in
contrast to vehicle conditions (Fig 2).
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Figure 5. Pharmacological enhancement of SK channels decreases conditioned freezing in
animals exposed to repeated stress
A) When comparing across stress condition, it is observed that 1-EBIO and CyPPA decrease
conditioned freezing time in animals exposed to repeated restraint stress, but not in controls.
B) The proportion of time freezing in response to a conditioned tone is decreased in a dose-
dependent manner by 1-EBIO and decreased by CyPPA compared to vehicle in animals
exposed to repeated restraint stress (right), but not control animals (left). EBIO (1) = 1 mg/
kg 1-EBIO; EBIO (10) = 10 mg/kg 1-EBIO; * indicates significant difference compared to
vehicle.
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Figure 6. 1-EBIO does not increase locomotion or response to footshocks
A) Administration of 1-EBIO or CyPPA does not significantly increase locomotion,
measured during the pre-test habituation period as the total distance traveled (left) or the
average speed (right). B) Administration of 1-EBIO (10 mg/kg) does not significantly
decrease the response to aversive stimulation, measured as the threshold stimulation
intensity to evoke a withdrawal response to a footshock (left) or the amount of time freezing
following suprathreshold footshocks (0.5 mA).
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