
Biological
Psychiatry
Celebrating
50 Years
:

812
Biolog
Archival Report
Chronic Stress Causes Projection-Specific
Adaptation of Amygdala Neurons via Small-
Conductance Calcium-Activated Potassium
Channel Downregulation

Wen-Hua Zhang, Wei-Zhu Liu, Ye He, Wen-Jie You, Jun-Yu Zhang, Hong Xu, Xiao-Li Tian,
Bao-Ming Li, Lin Mei, Andrew Holmes, and Bing-Xing Pan
ABSTRACT
BACKGROUND: The role of the amygdala in mediating stress coping has been long appreciated. However, baso-
lateral amygdala (BLA) projection neurons (PNs) are organized into discrete output circuits, and it remains unclear
whether stress differentially impacts these circuits.
METHODS: Mice were exposed to acute restraint stress or chronic restraint stress (CRS), and c-fos expression was
measured as a proxy for neuronal activation in Retrobead retrogradely labeled dorsomedial prefrontal cortex–
targeting PNs (BLA/dmPFC) and non-dmPFC-targeting PNs (BLAKdmPFC). Next, the effects of CRS on
neuronal firing and membrane potassium channel current were examined via ex vivo electrophysiology in these
neuronal populations and correlated with anxiety-like behavior, as measured in the elevated plus maze and novel
open field tests. Lastly, the ability of virus-mediated overexpression of subtype 2 of small-conductance, calcium-
activated potassium (SK2) channel in BLAKdmPFC PNs to negate the anxiety-related effects of CRS was assessed.
RESULTS: BLA/dmPFC PNs were transiently activated after CRS, whereas BLAKdmPFC showed sustained c-fos
expression and augmented firing to external input. CRS led to a loss of SK2 channel–mediated currents in
BLAKdmPFC PNs, which correlated with heightened anxiety-like behavior. Virus-mediated maintenance of SK2
channel currents in BLAKdmPFC PNs prevented CRS-induced anxiety-like behavior. Finally, CRS produced
persistent activation of BLA PNs targeting the ventral hippocampus, and virally overexpressing SK2 channels in
this projection population were sufficient to prevent CRS-induced anxiety-like behavior.
CONCLUSIONS: The current data reveal that chronic stress produces projection-specific functional adaptations in
BLA PNs. These findings offer new insight into the neural circuits that contribute to stress-induced psychopathology.
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To effectively cope with psychological stress, the brain un-
dergoes adaptations that promote function in regions sub-
serving salience processing at a cost to areas responsible for
cognition and executive control (1,2). These effects are re-
flected in the rapid engagement of brain regions involved in
salience coding, such as the amygdala, striatum, midbrain, and
brainstem, after stress exposure (3,4) and contrast with the
functional downregulation that can occur in certain prefrontal
cortical areas responsible for cognitive and executive control
(5–7).

Importantly, the pattern and persistence of region-specific
functional changes occurring in response to stress vary with
stressor intensity and duration. Brief or mild stressors generally
produce short-lasting effects that quickly normalize (8,9),
whereas chronic and intense stress regimens produce lasting
structural and functional remodeling in various brain regions,
resulting in attendant emotional and behavioral deficits
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(10–12). These latter, more durable, effects of chronic stress
are thought to contribute to the neuropathology of stress-
related psychiatric diseases, ranging from major depression
to anxiety disorders (13,14). Nonetheless, it remains unclear
how stress-induced adaptations manifest at the level of spe-
cific brain circuits.

Technical advances that allow for cellular and circuit-
specific manipulations have revealed that neuronal sub-
populations in brain regions affected by stress, including the
amygdala, are highly heterogeneous with regard to their output
targets and function (15–19). Within the basolateral amygdala
(BLA), projection neuron (PN) subpopulations send projections
to the medial prefrontal cortex (mPFC), ventral hippocampus
(vHPC), and nucleus accumbens (NAc) with minimal collater-
alization (16). Moreover, specific BLA output circuits have been
found to differentially encode positive (e.g., BLA/NAc) or
negative (e.g., BLA/vHPC) valence (20,21). Valence signaling
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to the mPFC may enable higher-order control and plasticity
gating in subcortical structures, including, reciprocally, the
BLA itself (22,23). However, while BLA neurons are known to
be highly responsive to stress (4,24,25), the extent to which
stress differentially impacts the function of discrete BLA PN
subpopulations, including those targeting or evading the
mPFC, is poorly understood.

To address this issue, we subdivided mouse BLA PNs
based on whether or not their primary efferent target was the
dorsomedial PFC (BLA/dmPFC vs. BLAKdmPFC). We
found that both populations are activated by acute restraint
stress (ARS) but normalize within a day, whereas, in contrast,
BLAKdmPFC PNs remain persistently active after chronic
restraint stress (CRS). We then showed that the lasting acti-
vation in BLAKdmPFC PNs is associated with downregulation
of subtype 2 of small-conductance, calcium-activated potas-
sium (SK2) channel currents and that viral-mediated expres-
sion of SK2 channel in BLAKdmPFC PNs, or specifically in
the BLA/vHPC population, suffices to protect against the
behavioral effects of chronic stress. Finally, we found that BLA
PNs projecting to the vHPC, but not the NAc, exhibit SK
channel downregulation after chronic stress in a manner
correlating with increased anxiety-like behavior.
METHODS AND MATERIALS

Animals

All experimental procedures were approved by the Institutional
Animal Care and Use Committee of Nanchang University.
Subjects were male C57BL/6J mice (at least 5–6 weeks of age)
housed in groups of three to five per cage with ad libitum
access to food and water and maintained in a temperature-
and humidity-controlled room with a light/dark cycle of
12 hours.

Restraint Stress, Stereotaxic Retrobeads Injection,
and Anxiety-like Behavior

The procedures for restraint stress, injections of stereotaxic
Retrobeads (Lumafluor Inc., Durham, NC), and anxiety-like
behavior testing were performed as described previously (26)
and are described in Supplemental Methods.
=

Figure 1. Chronic stress produces lasting neuronal activation in dorsomedial pr
neurons (PNs). (A) Schematic showing injection of red Retrobeads to dmPFC to l
by Retrobeads are regarded as putative non–dmPFC-projecting PNs (BLAKdmPF
dmPFC (top panel) and the BLA/dmPFC PNs labeled with Retrobeads (botto
outline the brain regions of interest. Scale bar = 100 mm. (C) Schematic showing
acute restraint stress (ARS) or chronic restraint stress (CRS). (D) Representative im
(left panel) fluorescent beads. Expanded images indicated with a square are shown
and BLAKdmPFC PNs (n = 5 mice per group). Two-way analysis of variance (AN
neuron population: F2,60 = 43.29, p , .001; interaction: F8,60 = 8.64, p , .001
probability of c-fos fluorescence intensity in BLA PNs. Kolmogorov-Smirnov test v
p = .013; CRS (24 hours), p = .024. (G) Average c-fos fluorescence intensity in
comparison vs. control: **p , .01, ***p , .001. (H) Cumulative probability of c-fos
control: ARS (2 hours), p , .001; ARS (24 hours), p = .274; CRS (2 hours), p =
BLA/dmPFC PNs. One-way ANOVA; F4,20 = 13.38, p , .001; Bonferroni post
fluorescence intensity in BLAKdmPFC PNs. Kolmogorov-Smirnov test vs. contro
CRS (24 hours), p = .001. (K) Average c-fos fluorescent intensity in BLAKdm
comparison vs. control **p , .01, ***p , .001. Pooled data are presented as me
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c-fos Immunohistochemical Staining

Coronal brain sections (30 mm) containing the whole amygdala
were prepared, washed three times in phosphate-buffered sa-
line (3 3 5 minutes), and blocked in permeable buffer (0.1%
Triton X-100 in phosphate-buffered saline) containing 10%
normal donkey serum for 2 hours at room temperature. Sections
were incubated with the primary antibody against c-fos (1:500)
overnight at 4�C, followed by three washes in phosphate-
buffered saline Triton X-100 (Sigma-Aldrich, St. Louis, MO)
and incubation with the fluorescent secondary antibody at room
temperature for 2 hours. Sections were washed three times in
phosphate-buffered saline Triton X-100 before being mounted
onto the slides with Fluoromount Aqueous Mounting Medium
(Sigma-Aldrich, St., Louis, MO). Confocal immunofluorescence
images were taken by using a scanning laser microscope
(Olympus FV1000; Olympus Corp., Tokyo, Japan). The c-fos
fluorescence intensity in individual cells was calculated by using
the same software with equal cutoff threshold being used to
remove the background autofluorescence.

Ex Vivo Electrophysiology and Optogenetics

Ex vivo electrophysiologic recordings were performed as re-
ported previously (10) and are described in Supplemental
Methods.

Viral-Mediated SK2 Channel Rescue in Specific
Subsets of BLA PNs After Stress

To express SK2 channel in BLAKdmPFC PNs, a retrogradely
traveling adeno-associated virus (AAV) vector, AAV2/1-retro-
Syn-EYFP-Cre, was bilaterally injected (0.3 mL per hemisphere)
into the dmPFC, and Cre-Off AAV2/8-CaMKIIa-DO-SK2-
mCherry vector (or AAV2/8-CaMKIIa-DO-mCherry control)
was bilaterally injected (0.3 mL per hemisphere) into the BLA.
To express SK2 channel in BLA/vHPC PNs, AAV2/1-retro-
Syn-EYFP-Cre vector was bilaterally injected into the vHPC,
and Cre-On AAV2/8-CaMKIIa-DIO-SK2-mCherry vector (or
AAV2/8-CaMKIIa-DIO-mCherry control) was bilaterally injected
into the BLA. Mice were sacrificed 4 weeks later for either
microscopy or ex vivo slice electrophysiology recording to
confirm the expression and function of SK2 re-expression. The
retroviruses and Cre-Off/Cre-On viruses were custom
efrontal cortex (dmPFC) nonprojecting basolateral amygdala (BLA) projection
abel dmPFC-projecting BLA PNs (BLA/dmPFC PNs). BLA PNs not labeled
C PNs). (B) Representative images showing the injection sites in the bilateral
m panel). 40,6-Diamidino-2-phenylindole (DAPI) staining was performed to
the experimental procedure for unstressed control mice and mice subject to
ages showing c-fos expression in BLA merged with (middle panel) or without
in the right panel. Scale bar = 100 mm. (E) c-fos1 cells in BLA/dmPFC PNs
OVA); main effect of stress treatment: F4,60 = 94.97, p , .001; main effect of
; Bonferroni post hoc comparison vs. control, ***p , .001. (F) Cumulative
s. control: ARS (2 hours), p , .001; ARS (24 hours), p = .299; CRS (2 hours),
BLA PNs. One-way ANOVA; F4,20 = 17.88, p , .001; Bonferroni post hoc
fluorescence intensity in BLA/dmPFC PNs. Kolmogorov-Smirnov test vs.
.096; CRS (24 hours), p = .273. (I) Average c-fos fluorescent intensity in

hoc comparison vs. control, ***p , .001. (J) Cumulative probability of c-fos
l: ARS (2 hours), p , .001; ARS (24 hours), p = .164; CRS (2 hours), p = .001;
PFC PNs. One-way ANOVA; F4,20 = 17.07, p , .001; Bonferroni post hoc
an 6 SEM. a.u., arbitrary units.
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Figure 2. Chronic stress amplifies dorsomedial prefrontal cortex (dmPFC)–induced responses in dmPFC nonprojecting basolateral amygdala (BLA) pro-
jection neurons (PNs). (A) Injection of adeno-associated virus (AAV) vectors carrying ChR2-EYFP and Retrobeads into dmPFC. (B) Representative images
showing red Retrobeads labeling (left panel) and channelrhodopsin-2 expression (green, middle panel) in BLA. Representative examples of merged images
(right panel). Scale bar = 100 mm. (C) Schematic showing optogenetic stimulation of dmPFC afferents to evoke firing of BLA PNs. Neuronal firing was recorded
with patch clamp under cell-attached configuration. (D) Representative traces showing the firing of BLA/dmPFC PNs when 10 consecutive light stimuli were
delivered at 20 Hz. The light intensity was sequentially set at threshold (left) and 2 3 threshold value (right). Scale bar = 50 ms, 20 pA. Note that the threshold
value varies across recorded cells. (E) Summary data showing the changes of spike number in individual BLA/dmPFC PNs (circles) and their mean values
(bar) when light intensity was increased, as in panel (D). Control: n = 10 neurons/4 mice; acute restraint stress (ARS): n = 11 neurons/4 mice; chronic restraint
stress (CRS): n = 14 neurons/5 mice. Two-way analysis of variance (ANOVA) with repeated measures; main effect of stress treatment: F2,32 = 0.790, p = .462;
main effect of light intensity: F1,32 = 179.4, p , .001; interaction: F2,32 = 0.157, p = .855; Bonferroni post hoc comparison, ***p , .001. (F) Increased spike
number in individual BLA/dmPFC PNs (circles) shown in panel (E) and their mean values (bar). One-way ANOVA; F2,32 = 0.171, p = .844. (G) Firing of
BLAKdmPFC PNs when 10 consecutive light stimuli were delivered at 20 Hz. The light intensity was sequentially increased from threshold (left) and 2 3

threshold value (right). Scale bar = 50 ms, 20 pA. (H) Summary plots of the changes of spike number in BLAKdmPFC PNs. Control: n = 12 neurons/4 mice;
ARS, n = 10 neurons/4 mice; CRS, n = 16 neurons/5 mice. Two-way ANOVA with repeated measures; main effect of stress treatment: F2,35 = 22.72, p , .001;
main effect of light intensity: F1,35 = 343.7, p , .001; interaction: F2,32 = 18.37, p , .001; Bonferroni post hoc comparison, ***p , .001. (I) Increased spike
number in individual BLAKdmPFC PNs (circles) shown in panel (H) and their mean values (bar). One-way ANOVA; F2,35 = 17.730, p , .001; Bonferroni post
hoc comparison, ***p , .001. Pooled data are presented as mean 6 SEM. EYFP, enhanced yellow fluorescent protein.
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Figure 3. Chronic stress increases excitability in dorsomedial prefrontal cortex (dmPFC) nonprojecting basolateral amygdala (BLA) projection neurons (PNs).
(A) Representative traces showing the firing of randomly selected BLA PNs in response to current injections (250 pA, 600 ms). Scale bar = 200 ms, 30 mV. (B)
Summary plots of the action potential number as a function of the injected current strength, as in panel (A). Control: n = 12 neurons/4 mice; acute restraint
stress (ARS): n = 12 neurons/4 mice; chronic restraint stress (CRS): n = 12 neurons/4 mice. Two-way analysis of variance with repeated measures; main effect
of stress treatment: F2,33 = 5.223, p = .01; main effect of current injection: F4,132 = 435.3, p , .001; interaction: F8,132 = 2.542, p = .013; Bonferroni post hoc
comparison, CRS vs. control, *p , .05. (C, D) Effects of ARS and CRS on the excitability of BLA/dmPFC PNs. Other illustrations as in panels (A, B). Control:
n = 12 neurons/4 mice; ARS, n = 11 neurons/4 mice; CRS, n = 12 neurons/4 mice. Two-way analysis of variance with repeated measures; main effect of stress
treatment: F2,32 = 0.048, p = .953; main effect of current injection: F4,128 = 350.5, p , .001; interaction: F8,128 = 0.352, p = .944. (E, F) Effects of ARS and CRS
on the excitability of BLAKdmPFC PNs. Other illustrations as in panels (A, B). Control: n = 11 neurons/4 mice; ARS: n = 12 neurons/4 mice; CRS: n = 12
neurons/4 mice. Two-way analysis of variance with repeated measures; main effect of stress treatment: F2,32 = 8.883, p, .001; main effect of current injection:
F4,128 = 288, p, .001; interaction: F8,128 = 1.516, p = .158; Bonferroni post hoc comparison, CRS vs. control, *p, .05, **p, .01. Pooled data are presented as
mean 6 SEM.
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designed by Obio Technology (Shanghai, China) and are
described in Supplemental Methods.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism
(GraphPad Software, Inc., San Diego, CA). Data were analyzed
using Student’s t test (for two groups) or one-way or two-way
analysis of variance with or without repeated measures, fol-
lowed by post hoc comparisons with the Bonferroni t test. The
distribution of c-fos expression in BLA PNs was analyzed with
the Kolmogorov-Smirnov comparison. The homoscedasticity
and normality of the distributions were analyzed with Bartlett’s
test and the Kolmogorov-Smirnov test, respectively. Data are
816 Biological Psychiatry May 15, 2019; 85:812–828 www.sobp.org/jo
presented as mean 6 SEM. The threshold for statistical sig-
nificance was p , .05.

RESULTS

Lasting c-fos Activation in BLAKdmPFC PNs After
Chronic Stress

We first compared the topographical organization and collater-
alization of BLA PNs projecting to the dmPFC relative to PNs
projecting to the vHPC, the central amygdala (CeA), or the lower
portion of the dorsal striatum by injecting red fluorescent Ret-
robeads into the dmPFC and green fluorescent Retrobeads into
one of these three other regions. This revealed a salt-and-pepper
urnal
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Figure 4. Chronic restraint stress (CRS) reduces small-conductance, calcium-activated potassium channel currents in dorsomedial prefrontal cortex
(dmPFC) nonprojecting basolateral amygdala (BLA) projection neurons (PNs). (A) Representative traces showing afterhyperpolarization (AHP) evoked by in-
jection of depolarization current pulse. For clarity, the action potentials during current injection were artificially truncated. Scale bar = 100 ms, 2 mV. Medium
AHP (mAHP) and slow AHP (sAHP) are indicated by gray bars. (B, C) Summary data showing mAHP (B) and sAHP (C). Control: n = 14 neurons/4 mice; CRS:
n = 13 neurons/5 mice. Two-tailed unpaired t test, **p , .01. (D–F) Effect of CRS on the mAHP (E) and sAHP (F) of BLA/dmPFC PNs. Control: n = 12
neurons/4 mice; CRS: n = 12 neurons/5 mice. Scale bar = 100 ms, 2 mV. (G–I) Effect of CRS on the mAHP (H) and sAHP (I) of BLAKdmPFC PNs. Control:
n = 14 neurons/4 mice; CRS: n = 14 neurons/5 mice. Two-tailed unpaired t test, **p , .01. Scale bar = 100 ms, 2 mV. (J) Representative traces showing AHP
currents produced by applying 100-ms voltage step to145 mV before and after apamin application. Scale bar = 200 ms, 30 pA. (K) (Left panel) Representative
traces showing apamin-sensitive small-conductance, calcium-activated potassium channel currents in randomly selected BLA PNs. Traces were constructed
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distribution of the different PN projectors, with very few somata
overlapping (Supplemental Figure S1). This observation is
consistent with recent data showing minimal collateralization of
PFC projecting and PFC nonprojecting PNs (16).

We next examined whether dmPFC projecting (BLA/
dmPFC) PNs and dmPFC nonprojecting (BLAKdmPFC) PNs
responded differently to stress. We injected red fluorescent
Retrobeads into the dmPFC and later subjected mice to either
1 day of 2-hour ARS or 10 consecutive days of 2-hour CRS
(Figure 1A–C), followed by 2-hour or 24-hour stress-free
recovery. ARS increased the number of c-fos1 cells in the
BLA 2 hours, but not 1 day, later, compared with unstressed
controls and with no difference between Retrobead labeled
(BLA/dmPFC) and unlabeled (putative BLAKdmPFC) PNs
(Figure 1D, E). The same pattern of effects was evident when the
fluorescence intensity of c-fos labeling was used as the
dependent measure (Figure 1F–K).

In contrast to ARS, CRS produced an increase in c-fos1

labeling that was evident not only 2 hours but also 24 hours
later and only in Retrobead-unlabeled, putative BLAKdmPFC
PNs. This effect was similar regardless of whether the number
of c-fos1 cells or c-fos labeling fluorescence intensity within
the imaged region of interest was quantified (Figure 1D–K).
These results indicate that after a regimen of CRS, but not
ARS, neuronal activation in BLA/dmPFC PNs returns to
baseline within 1 day, but neighboring putative BLAKdmPFC
PNs remain persistently activated.

Increased Firing to dmPFC Input in BLAKdmPFC
PNs After Chronic Stress

To establish a physiological correlate of the persistent CRS-
induced increase in c-fos expression in BLAKdmPFC PNs,
we next explored how the two populations fire to synaptic in-
puts after ARS or CRS. BLA receives afferents from multiple
brain regions, and, among them, afferents from mPFC prefer-
entially innervate BLA rather than its neighboring lateral
amygdala or CeA (27). We thus selected dmPFC as a target
input region of BLA.

After transfecting dmPFC PNs with the light-sensitive opsin,
channelrhodopsin-2 (Figure 2A, B), fibers in the BLA were
photoactivated, and the firing of BLA/dmPFC PNs and
BLAKdmPFC PNs was recorded under a cell-attached patch
clamp configuration (Figure 2C). To reduce variation in firing
resulting from varying channelrhodopsin-2 expression across
mice, light intensity was adjusted for each recorded PN to a
threshold level producing one to three spikes on 10 consec-
utive stimuli (2 ms, 20 Hz), then doubled to determine the in-
crease in spike number as an indication of BLA neuronal
responsiveness to dmPFC activation (Figure 2D–I).

One day after either ARS or CRS, the firing BLA/dmPFC
PNs to dmPFC input photoactivation was not different from
unstressed control subjects (Figure 2D–F). Conversely, pho-
toactivation produced a significantly greater increase in
=

by subtracting the currents in the presence of apamin from the currents in its ab
apamin-sensitive currents (circles) and their mean value (bar). Control: n = 15 neuro
(L) Effect of CRS on apamin-sensitive current in BLA/dmPFC PNs. Control: n =
(M) Effect of CRS on apamin-sensitive current in BLAKdmPFC PNs. Control: n =
*p , .05. Scale bar = 200 ms, 15 pA. Pooled data are presented as mean 6 SE
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BLAKdmPFC PN firing 1 day after CRS, but not ARS, relative
to unstressed control subjects (Figure 2G–I). This finding
complements the c-fos activation data by indicating a persis-
tent and selective increase in the firing of putative
BLAKdmPFC PNs after CRS.

Increased Intrinsic Excitability in BLAKdmPFC PNs
After Chronic Stress

Plastic regulation of neuronal intrinsic excitability represents
an important mechanism via which the brain cells adapt to the
changing environment. Therefore, we next explored whether
CRS differentially affected the intrinsic excitability of
BLA/dmPFC PNs and BLAKdmPFC PNs.

ARS failed to affect the excitability of BLA PNs when they
were either randomly selected or separated based on whether
they project to dmPFC. By contrast, CRS significantly
increased the excitability of BLA PNs (Figure 3A, B) only in the
BLAKdmPFC subpopulation (Figure 3C–F)—thereby indi-
cating projection-specific regulation of CRS on the excitability
of BLA PNs. As our findings indicated population-wide re-
covery of BLA PNs from ARS, in terms of their c-fos expres-
sion, firing to dmPFC inputs, and intrinsic excitability, we
investigated only the effects of CRS in the remaining
experiments.

Hyperexcitability in BLAKdmPFC PNs Is
Associated With Asymmetric SK Channel
Alterations

The finding that CRS preferentially increases neuronal excit-
ability in BLAKdmPFC PNs, but not BLA/dmPFC PNs, next
led us to consider potential mechanisms that might underlie
this. Among the diverse factors regulating neuronal excitability,
the calcium-activated potassium channel family plays a central
role. To study the potential involvement of calcium-activated
potassium channels in CRS-related excitability, we measured
the fast and medium components of afterhyperpolarization
(AHP): voltage signatures of large-conductance, calcium-acti-
vated potassium channels and SK channels, respectively.

CRS did not alter fast AHP of BLA PNs, regardless of pro-
jections to the dmPFC (Supplemental Figure S2A–F). Isolating
the large-conductance, calcium-activated potassium channel
current with the selective large-conductance, calcium-acti-
vated potassium channel blocker tetraethylammonium also
revealed no significant changes following CRS (Supplemental
Figure S2G–L). By contrast, CRS markedly reduced medium
AHP (mAHP), but only in BLAKdmPFC PNs (Figure 4A–I).
Blocking SK channel currents using the selective blocker
apamin yielded similar findings (Figure 4J–M). CRS also
reduced slow AHP in BLAKdmPFC PNs, but not
BLA/dmPFC PNs (Figure 4A–I). These findings indicate an
effect of CRS on SK channel function restricted to
BLAKdmPFC PNs.
sence. Scale bar = 200 ms, 15 pA. (Right panel) Summary plot showing the
ns/5 mice; CRS: n = 22 neurons/6 mice. Two-tailed unpaired t test, *p, .05.
7 neurons/5 mice; CRS: n = 9 neurons/6 mice. Scale bar = 200 ms, 15 pA.
8 neurons/6 mice; CRS: n = 13 neurons/6 mice. Two-tailed unpaired t test,

M. ACSF, artificial cerebrospinal fluid.
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Figure 5. Small-conductance, calcium-activated potassium channel blockade abolishes stress-induced increases in excitability in dorsomedial prefrontal
cortex (dmPFC) nonprojecting basolateral amygdala (BLA) projection neurons (PNs). (A) Representative traces showing the firing of BLA/dmPFC PNs on in-
jection of a depolarizing current (bottom panel) when slices were successively perfused with artificial cerebrospinal fluid (ACSF) and apamin. Scale bar = 200 ms,
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We examined the influence of CRS on other factors involved
in the regulation of neuronal excitability. As shown in
Supplemental Table S1, CRS had little influence on resting
membrane potential, input resistance, and firing threshold of
BLA PNs, and these effects were independent of output tar-
gets, suggesting minimal contribution to CRS-induced in-
crease of neuronal excitability.

Next, to ascertain whether asymmetric alterations in SK
channel currents in the two BLA PN output populations ac-
count for their different adaptation to CRS, we examined the
influence of apamin on their intrinsic excitability. Apamin
similarly increased the excitability of BLA/dmPFC PNs from
both control and CRS mice but had a weaker effect in
BLAKdmPFC PNs of the CRS group relative to the un-
stressed control subjects (Figure 5A–F). Apamin also differ-
entially affected the firing of the two populations to dmPFC
inputs: increasing the firing of BLA/dmPFC PNs similarly
from unstressed control and CRS mice, but increasing firing in
BLAKdmPFC PNs only in the control mice and not the CRS
mice (Figure 5G–L).

In sum, these results suggest that the asymmetric SK
channel alterations represent a plausible mechanism under-
lying the different responses to CRS in the two PN
populations.

SK Channel Downregulation in BLAKdmPFC PNs
Correlates With Anxiety-like Behavior

Emotional disturbances, such as heightened anxiety, that
result from chronic stress are linked to hyperactivation of
amygdala neurons (28). We next sought to determine whether
there was a relationship between loss of SK channel function
(and the associated hyperactivation of BLAKdmPFC PNs
seen after CRS) and anxiety-like behavior. Anxiety-like
behavior was measured after CRS in the elevated plus maze
(EPM) and novel open field test (OFT), and AHP measurements
were then done in the same mice 4 hours later (Figure 6A).
Relative to unstressed control subjects, the CRS group
exhibited increased anxiety-like behavior, as indicated by less
time spent and fewer entries into the open arms of the EPM
(Figure 6B–D) and less time spent in the center of the OFT
apparatus (Figure 6E–G).
=

30 mV. (B) Summary plots showing the number of action potentials against the inje
(CRS): n = 10 neurons/4 mice. Two-way analysis of variance with repeated measu
main effect of current injection: F4,28 = 164.9, p , .001; control mice, interactio
p = .002, CRS mice, main effect of current injection: F4,36 = 152.6, p , .001; CRS
action potential number in individual BLA/dmPFC PNs (circles) and their mean v
test, **p , .01; ***p , .001. (D) Same as in panel (A) except that the data were
BLAKdmPFC PNs against the strength of injected currents. Control: n = 10 neur
repeated measures: control mice, main effect of apamin: F1,9 = 105.5, p , .001; c
mice, interaction: F4,36 = 24.62, p, .0001; CRS mice, main effect of apamin: F1,9 =
, .001; CRS mice, interaction: F4,36 = 3.606, p = .014. (F) Apamin-induced change
mean (bar) when current strength was set at 250 pA. Two-tailed paired t tes
BLA/dmPFC PNs when 10 consecutive light stimuli were delivered. The light in
absence (top panel) or presence (bottom panel) of apamin. Scale bar = 50 ms, 20
(circles) and their mean value (bar). Control: n = 9 neurons/4 mice; CRS: n = 10
increase in the spike number of individual BLA/dmPFC PNs (circles) and their
(G) except data are from BLAKdmPFC PNs. Scale bar = 50 ms, 20 pA. (K) Summ
14 neurons/5 mice. Note that some pairs have the same spike number before an
t test, **p , .01, ***p , .001. (L) Apamin-induced increase in spike number of
presented as mean 6 SEM.
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Subsequent neuronal recordings replicated our earlier
observation of a reduction in mAHP in BLAKdmPFC PNs, but
not BLA/dmPFC PNs, following CRS (Supplemental
Figure S3). In unstressed control mice, there were no signifi-
cant correlations between mean AHP (averaged from three to
five cells for each mouse) and measures of anxiety-like
behavior for either PN population (Figure 6H, I, L, M). In CRS
mice, however, these measures were significantly and
inversely correlated with the magnitude of mAHP in
BLAKdmPFC PNs, but not BLA/dmPFC PNs (Figure 6J, K,
N, O). For both stressed and control mice, there were no sig-
nificant correlations between anxiety-like behavior and slow
AHP (Supplemental Figure S4). These data therefore support a
link between loss of SK channel currents in BLAKdmPFC PNs
and CRS-related increases in anxiety-like behavior.

SK2 Channel Downregulation in BLAKdmPFC PNs
After Chronic Stress

As apamin blocks both SK2 and SK3 channels, the reduction in
apamin-sensitive currents we observed after CRS may arise
from the desensitization of either one of the channel subtypes or
both channel subtypes. Therefore, we next sought to identify
the SK channel subtypes affected by CRS, using Lei-Dab7 to
selectively block SK2 (29). Relative to unstressed controls, CRS
mice had weaker Lei-Dab7-sensitive SK2 channel currents in
BLAKdmPFC PNs, but not BLA/dmPFC PNs (Supplemental
Figure S5). Moreover, in the presence of Lei-Dab7, application
of apamin had negligible influence on the recorded currents in
either PN population (data not shown), consistent with the weak
expression of SK3 channel in BLA (30). These data suggest that
the SK2 channel subtype underlies the loss of SK channel
function in BLAKdmPFC PNs after CRS.

SK2 Channel Overexpression in BLAKdmPFC PNs
Prevents CRS-Induced Hyperexcitability and
Anxiety-like Behavior

We next tested for a causal link between loss of SK2 channel
function in BLAKdmPFC PNs and CRS-induced anxiety by
testing whether selectively preventing SK downregulation in
these cells protected against the effects of CRS. The SK2
channel was expressed in BLAKdmPFC PNs by injecting a
cted current strength. Control: n = 8 neurons/4 mice; chronic restraint stress
res; control mice, main effect of apamin: F1,7 = 27.51, p = .001; control mice,
n: F4,28 = 7.878, p , .001; CRS mice, main effect of apamin: F1,9 = 17.87,
mice, interaction: F4,36 = 6.886, p , .001. (C) Apamin-induced changes of
alues (bar) when the current strength was set at 250 pA. Two-tailed paired t
from BLAKdmPFC PNs. Scale bar = 200 ms, 30 mV. (E) Plot of firing of

ons/4 mice; CRS: n = 10 neurons/4 mice. Two-way analysis of variance with
ontrol mice, main effect of current injection: F4,36 = 214.7, p , .0001; control
17.941, p = .002; CRS mice, main effect of current injection: F4,36 = 109.1, p
s of action potential number in individual BLAKdmPFC PNs (circles) and the
t, *p , .05; ***p , .001. (G) Representative traces showing the firing of
tensity was set at 2 3 threshold. Cell firing was sequentially recorded in the
pA. (H) Summary plots of the spike number in individual BLA/dmPFC PNs
neurons/4 mice. Two-tailed paired t test, ***p , .001. (I) Apamin-induced
mean value (bar). Two-tailed paired t test, p = .193. (J) Same as in panel
ary of data shown in panel (J). Control: n = 7 neurons/3 mice; CRS mice: n =
d after apamin application and are therefore overlapped. Two-tailed paired
BLAKdmPFC PNs. Two-tailed unpaired t test, **p , .01. Pooled data are
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double-floxed, Cre-dependent AAV vector expressing SK2
fused with fluorescent protein mCherry (AAV-DO-SK2-
mCherry) into the BLA (SK2-mCherry group), along with a
retrogradely traveling AAV vector expressing Cre-recombinase
fused with enhanced yellow fluorescent protein (AAV-retro-
EYFP-Cre) into the dmPFC (Figure 7A–C). Injection of the
retrograde AAV helper vector rAAV-retro into dmPFC results in
the retrograde transportation of EYFP-Cre to cell bodies of
BLA/dmPFC PNs, where it drives expression of Cre recom-
binase preventing SK2 channel gene expression. A control
AAV vector expressing mCherry, but not SK2, was injected into
the BLA of a control group (mCherry-only group).

To first validate the efficacy and specificity of this viral
strategy for enhancing SK channel function in BLAKdmPFC
PNs, we compared mAHP in SK2-mCherry and mCherry-only.
mAHP of the nontransfected BLA/dmPFC PNs was com-
parable between the two groups (Supplemental Figure S6). By
contrast, mAHP in BLAKdmPFC PNs was higher in the SK2-
mCherry group. No changes in slow AHP were observed in
either PN population.

We next found that in both the SK2-mCherry and the
mCherry-only groups, CRS had little influence on mAHP of
BLA/dmPFC PNs (Figure 7D, E). By contrast, CRS markedly
reduced mAHP of BLAKdmPFC PNs in mCherry-only group
but only slightly reduced mAHP in SK2-mCherry mice
(Figure 7F, G). After CRS, mAHP of BLAKdmPFC PNs in the
SK2-mCherry groupwas higher than in themCherry-only group,
showing that genetic introduction of SK2 to BLAKdmPFC PNs
was effective in preventing CRS-induced loss of SK channel
function in this population. Moreover, the viral manipulation had
little influence on the excitability of BLA/dmPFC PNs from
either control or CRS mice, but it occluded the increased
excitability of BLAKdmPFC PNs by CRS (Figure 7H–K).

We went on to examine whether SK2 channel expression in
BLAKdmPFC PNs affected CRS-induced anxiety-like
behavior. Under unstressed conditions, the mCherry-only and
SK2-mCherry groups did not differ in EPM and OFT behavior,
whereas CRS increased anxiety-like behavior in the mCherry-
only mice but failed to do so in the SK2-mCherry group
(Figure 7L–Q). Thus, in addition to protecting against CRS-
induced loss of SK channel function in BLAKdmPFC PNs,
virus-mediated expression of SK2 channel in this PN population
was sufficient to prevent the anxiety-related sequelae of CRS.

SK Channel Downregulation in vHPC-Projecting
BLA PNs After Chronic Stress Is Associated With
Anxiety-like Behavior

Given that BLAKdmPFC PNs have diverse projection targets,
our findings thus far did not identify the specific PN output
=

Figure 6. Stress-induced anxiety-like behavior is associated with medium a
(dmPFC) nonprojecting basolateral amygdala (BLA) projection neurons (PNs). (A) S
and chronic restraint stress (CRS) mice. (B) Representative activity tracking in the
Control mice, n = 13; CRS mice, n = 12. Two-tailed unpaired t test, **p, .01. (D) E
t test, **p , .01. (E) Representative activity tracking in the open field test (OFT) in
n = 13. Two-tailed unpaired t test, **p , .01. (G) OFT total distance traveled. Sa
Correlations between mAHP in BLA/dmPFC PNs (H) and BLAKdmPFC PNs (I
mAHP in BLA/dmPFC PNs (J) and BLAKdmPFC PNs (K) and open arm time a
PNs (L) and BLAKdmPFC PNs (M) and the time control mice spent in center. (N,
PNs (O) and time CRS mice spent in center. Pooled data are presented as mea
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population affected by CRS. To address this issue, we
selected two subpopulations of BLA PNs targeting either the
vHPC (BLA/vHPC PNs) or the NAc (BLA/NAc PNs), which
have been reported to encode anxiety and reward, respectively
(20,21,31). The two populations were identified by red and
green fluorescent retrogradely transported beads, respectively.
The somata of these two neuronal subsets had little overlap in
the BLA (Figure 8A–C).

We found that CRS robustly increased the excitability of
BLA/vHPC PNs but had little effect on BLA/NAc PNs
(Figure 8D, E) and, likewise, decreased mAHP only in the
former population (Figure 8F, G). These projection-specific
effects also accounted for behavioral effects of CRS to the
extent that the magnitude of mAHP in BLA/vHPC PNs
positively correlated with EPM and OFT anxiety-like behaviors
(Figure 8H–K).

SK2 Channel Overexpression in BLA/vHPC PNs
Prevents CRS-Induced Anxiety-like Behavior

Finally, to substantiate the relationship between SK channel
loss in BLA/vHPC PNs and anxiety-like behavior, we
employed another intersectional viral strategy to selectively
express SK2 channel in BLA/vHPC PNs. The SK2 channel
was expressed in BLA/vHPC PNs by injecting a retro-
gradely traveling AAV vector expressing Cre-recombinase
fused with enhanced yellow fluorescent protein (AAV2/1-
retro-Syn-EYFP-Cre) into the vHPC, along with a Cre-
dependent vector expressing SK2 fused with fluorescent
protein mCherry (AAV2/8-CaMKIIa-DIO-SK2-mCherry) into the
BLA (SK2-mCherry group) or an AAV2/8-CaMKIIa-DIO-
mCherry control (mCherry-only) (Figure 8L–N). Injection of
rAAV-retro into vHPC results in the retrograde transportation
of EYFP-Cre to the BLA, where it drives SK2 channel gene
expression in BLA/vHPC PNs.

Behavioral testing demonstrated that the mCherry-only and
SK2-mCherry groups did not differ in the EPM and OFT tests;
however, whereas CRS increased anxiety-like behavior in the
mCherry-only mice, it did not do so in the SK2-mCherry group
(Figure 8O–Q). These data identify BLA/vHPC PNs as at least
one key output pathway underlying CRS-induced SK channel
downregulation and the associated increase in anxiety-like
behavior.

DISCUSSION

In this article, we provide novel evidence that BLA PNs exhibit
highly divergent patterns of neuroadaptation to chronic stress
depending on their extra-amygdala projection targets. Spe-
cifically, we found that BLA PNs show rapid recruitment and
recovery following acute stress exposure, regardless of
fterhyperpolarization (mAHP) magnitude in dorsomedial prefrontal cortex
chematic showing the experimental procedures for unstressed control mice
elevated plus maze (EPM) in control and CRS mice. (C) EPM open arm time.
PM open arm entries. Same sample size as in panel (C). Two-tailed unpaired
control and CRS mice. (F) OFT center time. Control mice, n = 13; CRS mice,
me sample size as in panel (F). Two-tailed unpaired t test, **p , .01. (H, I)
) and open arm time and entries in control mice. (J, K) Correlations between
nd entries in CRS mice. (L, M) Correlations between mAHP in BLA/dmPFC
O) Correlations between mAHP in BLA/dmPFC PNs (N) and BLAKdmPFC
n 6 SEM.
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whether they targeted dmPFC, but that exposure to chronic
stress causes persistent activation and hyperexcitability in PNs
that do not project to the dmPFC—which we then went on to
identify as vHPC projectors. Mechanistically, we link these
projection-specific changes to a downregulation of SK2 sub-
type function and show that selectively preventing this adap-
tation is sufficient to prevent chronic stress-induced neuronal
excitability and anxiety-like behavior.

The amygdala has long known been known to be one of the
primary neural targets of stress and mediates many aspects of
stress-related physiology and pathology (4,11). Similar to
earlier findings that acute stress exposure caused immediate
but temporary activation of amygdala neurons (32), we
observed that the c-fos expression in BLA PNs and their
intrinsic excitability and firing to dmPFC inputs returned to
baseline 1 day after ARS. BLA/dmPFC PNs and
BLAKdmPFC PNs showed equivalent habituation to ARS,
extending our recent finding that ARS similarly and temporarily
augmented glutamatergic transmission onto these two PN
populations (33). Thus, there appears to be minimal divergence
in how these populations respond to an intense but short-
lasting stressor.

Though BLA PN projections to the PFC are glutamatergic/
excitatory, synaptic connections onto interneurons exert
strong feedforward inhibition onto cortical neurons (34,35).
Consequently, BLA input generally has a net inhibitory effect in
PFC (34–36). Thus, ARS recruitment of BLA/dmPFC PNs
may inhibit dmPFC activity to temporarily suppress executive
functions and bias neural resources to systems critical for the
detection and avoidance of threat via, for example, excitatory
=

Figure 7. Protection against stress-induced anxiety-like behavior by preventio
regulation in dorsomedial prefrontal cortex (dmPFC) nonprojecting basolateral am
SK2 channel in BLAKdmPFC PNs. (B) Schematic showing injection of rAAV
mCherry or AAV2/8-CaMKⅡa-DO-3xFlag-mCherry into BLA. Injection of rAAV-ret
bodies of BLA/dmPFC PNs, where it drives expression of Cre recombinase prev
of Cre-recombinase (arrowhead in left panel) and SK2 (arrowhead in middle panel)
of BLA/dmPFC PNs were transfected by the two vectors. Scale bar = 100 mmol.
BLA/dmPFC PNs of mCherry-only and SK2-mCherry mice. The two groups wer
CaMKⅡa-DO-SK2-3xFlag-mCherry, respectively, in BLA. Scale bar = 100 ms, 2 m
control mice, n = 14 neurons/4 chronic restraint stress (CRS) mice; SK2-mChe
analysis of variance (ANOVA); main effect of CRS: F1,46 = 0.2651, p = .609; m
1.302, p = .260. (F) Same as in panel (D) except that the data are from BLAKdmP
(F). mCherry-only: n = 10 neurons/4 control mice, n = 14 neurons/4 CRS mice; SK
way ANOVA; main effect of CRS: F1,48 = 11.12, p = .0017; main effect of vector inje
post hoc comparison, **p , .01. (H) Representative traces showing firing of BLA/
mCherry mice. Scale bar = 200 ms, 30 mV. (I) Plot of number of action potentials in
11 neurons/4 control mice, n = 11 neurons/4 CRS mice. Two-way ANOVA with re
current injection: F4,80 = 183, p , .001; interaction: F4,80 = 1.036, p = .3942. SK2-
way ANOVA with repeated measures; main effect of CRS: F1,25 = 0.403, p = .531;
0.7733, p = .5451. (J) Same as in panel (H) except that the data are from BLAKdm
(J). mCherry-only: n = 11 neurons/4 control mice; n = 15 neurons/4 CRS mice. Tw
14 neurons/4 control mice, n = 16 neurons/4 CRS mice. Two-way ANOVA; main ef
elevated plus maze (EPM) in mCherry-only and SK2-mCherry mice. (M) EPM o
mCherry: n = 10 control mice, n = 12 CRS mice. Two-way ANOVA; main effe
4.632, p = .038; interaction: F1,38 = 5.437, p = .025; Bonferroni post hoc compari
Two-way ANOVA; main effect of CRS: F1,38 = 5.412, p = .025; main effect of v
Bonferroni post hoc comparison, *p , .05, **p , .01. (O) Representative activity t
(P) OFT center time. mCherry-only: n = 10 control mice, n = 10 CRS mice; SK2-m
of CRS: F1,37 = 5.753, p = .022; main effect of vector injection: F1,37 = 5.132, p = .0
.05. (Q) OFT total distance traveled. Same sample size as in panel (P). Two-way
injection: F1,37 = 2.457, p = .126; interaction: F1,37 = 3.666, p = .063. Pooled d
enhanced yellow fluorescent protein; IRES, internal ribosome entry site.

824 Biological Psychiatry May 15, 2019; 85:812–828 www.sobp.org/jo
BLA inputs to subcortical regions, including the vHPC, bed
nucleus of the stria terminalis, and CeA (1). Clearly, a system
that enables such a parallel shift in neural processing in the
presence of acute stress would be of high adaptive value.

Upon chronic stress, BLA PNs have been shown to exhibit
enduring changes in terms of their morphology (37), excitability
(38), plasticity (39), and crosstalk with other limbic regions and
hypothalamic-pituitary-adrenal axis (40,41). Notably, the
recruitment of BLA neurons occurs in a highly heterogeneous
fashion in various behavioral settings (42–45), which is likely
determined by the molecular properties and circuit membership
of BLA PNs (16,42,45). For example, BLA/dmPFC PNs and
BLA/CeA PNs are engaged in fear and anxiety-related tasks
(22,46–48). Consistent with this, we found that CRS produced
an enduring increase in c-fos expression, intrinsic excitability,
and responsivity to dmPFC input in BLA PNs, but only in those
with terminals bypassing the dmPFC. This finding nicely par-
allels our recent finding that CRS selectively augments gluta-
matergic transmission onto BLAKdmPFC PNs and increases
the density of mature mushroom-shape spines on these cells
(26). It also extends earlier work showing that CRS caused
dendritic hypotrophy in mPFC neurons projecting to other
cortical regions, but with minimal effects on projections to the
BLA (49). Less directly relevant, but still notable in the context
of our data, is the finding that chronic social defeat was re-
ported to increase the firing rate of ventral tegmental area
neurons projecting to the NAc, but not the mPFC (50).

Taken together, these data raise the intriguing possibility
that certain mPFC circuits may be resilient to the effects of
chronic stress. On one hand, a higher capacity to maintain the
n of small-conductance, calcium-activated potassium (SK) channel down-
ygdala (BLA) projection neurons (PNs). (A) Using Cre-Off strategy to express

2-retro-syn-EYFP-Cre into dmPFC and AAV2/8-CaMKⅡa-DO-SK2-3xFlag-
ro into dmPFC results in the retrograde transportation of EYFP-Cre to cell
enting SK2 gene expression. (C) Representative images showing expression
in BLA neurons. Images are merged in right panel. Note that the vast majority
(D) Representative traces showing medium afterhyperpolarization (mAHP) in
e subjected to injection of AAV2/8-CaMKⅡa-DO-3xFlag-mCherry and AAV2/8-
V. (E) Summary of data shown in panel (D). mCherry-only: n = 13 neurons/4
rry: n = 10 neurons/3 control mice; n = 13 neurons/4 CRS mice. Two-way
ain effect of vector injection: F1,46 = 2.891, p = .096; interaction: F1,46 =
FC PNs. Scale bar = 100 ms, 2 mV. (G) Summary of the data shown in panel
2-mCherry: n = 14 neurons/3 control mice; n = 14 neurons/4 CRS mice. Two-
ction: F1,48 = 28.58, p, .001; interaction: F1,48 = 0.3620, p = .550; Bonferroni
dmPFC PNs to depolarizing current injection from mCherry-only and SK2-
BLA/dmPFC PNs against the injected current strength. mCherry-only: n =

peated measures; main effect of CRS: F1,20 = 1.002, p = .329; main effect of
mCherry: n = 15 neurons/5 control mice, n = 12 neurons/4 CRS mice. Two-
main effect of current injection: F4,100 = 176.1, p , .001; interaction: F4,100 =
PFC PNs. Scale bar = 200 ms, 30 mV. (K) Summary of data shown in panel

o-way ANOVA; main effect of CRS: F1,24 = 6.026, p = .022; SK2-mCherry: n =
fect of CRS: F1,28 = 1.024, p = .320. (L) Representative activity tracking in the
pen arm time. mCherry-only: n = 10 control mice, n = 10 CRS mice; SK2-
ct of CRS: F1,38 = 3.608, p = .065; main effect of vector injection: F1,38 =
son, *p , .05. (N) EPM open arm entries. Same sample size as in panel (M).
ector injection: F1,38 = 9.166, p = .004; interaction: F1,38 = 4.835, p = .034;
racking in the open field test (OFT) in mCherry-only and SK2-mCherry mice.
Cherry: n = 10 control mice, n = 11 CRS mice. Two-way ANOVA; main effect
29; interaction: F1,37 = 3.002, p = .092; Bonferroni post hoc comparison, *p,

ANOVA; main effect of CRS: F1,37 = 0.295, p = .590; main effect of vector
ata are presented as mean 6 SEM. DO, double-floxed orientation; EYFP,

urnal

http://www.sobp.org/journal


Chronic Stress and Amygdala Adaptation

Biological Psychiatry May 15, 2019; 85:812–828 www.sobp.org/journal 825

Biological
Psychiatry:
Celebrating
50 Years

http://www.sobp.org/journal


Chronic Stress and Amygdala Adaptation

Biological
Psychiatry:
Celebrating
50 Years
functional integrity of certain input and output pathways to the
mPFC would be an attractive mechanism to conserve essential
processes that are reliant on these circuits, including the finely
tuned, reciprocal BLA-dmPFC network subserving emotional
regulation, among other critical functions. On the other hand,
the mPFC is generally considered a locus of stress vulnerability
(6,11). Based on current and earlier data, it appears that pre-
vailing conceptualizations of the effects of stress on the mPFC
need to be refined to accommodate a high degree of circuit
specificity and a preservation of the integrity of the
BLA/dmPFC circuit under chronic stress.

Another important observation in the current study was the
identification of the SK2 channel as a potential mechanism
underpinning the circuit-specific effects of stress. As a key
regulator of amygdala neuronal activity (51), SK channel has
been shown in prior work to be involved in neuronal adaptation
to chronic stress in multiple regions (52–54). Specifically, CRS
led to SK channel downregulation and a corresponding
neuronal hyperexcitability in the lateral amygdala (55), whereas
chronic social isolation upregulated SK channels (SK2 and
SK3) in dorsal raphe nucleus 5-HT neurons (52). Moreover,
BLA-wide viral overexpression of SK2 reduced basal anxiety-
like behavior and prevented CRS-induced dendritic hypertro-
phy and corticosterone secretion (56).

By demonstrating selective SK channel downregulation in
BLA/vHPC PNs after CRS and the sufficiency of selective SK
expression in this pathway to protect against CRS-related
neuronal hyperexcitability and anxiety-like behavior, our data
now identify the SK channel, and specifically the SK2 subtype,
as a key player driving the heterogeneous effects of CRS on
BLA PNs. The identification of the BLA/vHPC pathway as a
=

Figure 8. Stress-induced anxiety-like behavior is associated with small-condu
hippocampus (vHPC)–projecting basolateral amygdala (BLA) projection neuron
accumbens (NAc) and green Retrobeads into vHPC. (B) Representative images sh
bar = 500 mm. (C) Representative images showing fluorescently-labeled BLA/N
populations are spatially segregated. Scale bar = 200 mm. (D) Representative trace
current injection. Scale bar = 200 ms, 30 mV. (E) Plot of the action potential nu
strength. For BLA/NAc PNs, control: n = 13 neurons/4 mice; chronic restraint s
with repeated measures; main effect of CRS: F1,25 = 0.033, p = .857; main effe
p = .015. For BLA/vHPC PNs, control: n = 12 neurons/4 mice; CRS: n = 14 neu
F1,24 = 23.820, p, .001; main effect of current injection: F4,96 = 232.3, p, .001; in
***p , .001. (F) Representative traces showing medium afterhyperpolarization (m
(G) Summary of data shown in panel (F). Data from individual cells are shown as c
neurons/4 mice; CRS mice: n = 14 neurons/4 mice. For BLA/vHPC PNs, control:
main effect of CRS: F1,57 = 5.613, p = .021; main effect of neuron subsets: F1,57
comparison, ***p , .001. (H) Correlations between mAHP in BLA/NAc PNs and
mice. (I) Correlations between mAHP in BLA/vHPC PNs and EPM open arm tim
BLA/NAc PNs and open field test (OFT) center time in CRS mice. n = 15 mice.
CRS mice. n = 15 mice. Pooled data are presented as mean 6 SEM. (L) Usin
Schematic showing injection of rAAV2-retro-syn-EYFP-Cre into vHPC and A
mCherry into BLA. Injection of rAAV-retro into vHPC results in retrograde trans
expression of Cre recombinase inducing SK2 gene expression. (N) Representativ
and SK2 (arrowheads in middle panel) in BLA neurons. Images are merged in righ
SK2-mCherry mice. mCherry-only: n = 11 control mice, n = 12 CRS mice; SK2-m
of CRS: F1,41 = 5.660, p = .022; main effect of vector injection: F1,41 = 17.42, p ,

*p , .05, **p , .01. (P) EPM open arm entries. Same sample size as in panel (O).
vector injection: F1,41 = 4.461, p = .041; interaction: F1,41 = 4.967, p = .031; Bo
mCherry-only and SK2-mCherry mice. mCherry-only: n = 11 control mice, n = 12
ANOVA; main effect of CRS: F1,41 = 6.536, p = .014; main effect of vector injection
hoc comparison, *p , .05, **p , .01. (R) OFT total distance traveled. Same samp
p = .790; main effect of vector injection: F1,41 = 1.485, p = .230; interaction: F1,41
floxed inverted orientation; EYFP, enhanced yellow fluorescent protein; IRES, int
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major locus underlying these effects is in and of itself highly
noteworthy, given growing evidence implicating this circuit in
stress and anxiety-related behavior (31,40). Whereas gluco-
corticoids and corticotropin-releasing factor are known regu-
lators of SK channel expression and function (57,58), an
important avenue for future studies will be to elucidate the
upstream and downstream molecular pathways mediating
stress-induced SK channel alterations in this neural circuit.
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