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ABSTRACT

BACKGROUND: Chronic stress exposure increases the risk of developing various neuropsychiatric illnesses. The
behavioral sequelae of stress correlate with dendritic hypertrophy and glutamate-related synaptic remodeling at
basolateral amygdala projection neurons (BLA PNs). Yet, though BLA PNs are functionally heterogeneous with
diverse corticolimbic targets, it remains unclear whether stress differentially impacts specific output circuits.
METHODS: Confocal imaging was used to reconstruct the morphology of mouse BLA PNs with the aid of retrograde
tracing and biocytin staining. The synaptic activity in these neurons was measured with in vitro electrophysiology, and
anxiety-like behavior of the mice was assessed with the elevated plus maze and open field test.

RESULTS: Chronic restraint stress (CRS) produced dendritic hypertrophy across mouse BLA PNs, regardless of whether
they did (BLA— dorsomedial prefrontal cortex [dmPFC]) or did not (BLA-dmPFC) target dmPFC. However, CRS
increased the size of dendritic spine heads and the number of mature, mushroom-shaped spines only in BLA-+dmPFC
PNs, sparing neighboring BLA— dmPFC PNs. Moreover, the excitatory glutamatergic transmission was also selectively
increased in BLA-»dmPFC PNs, and this effect correlated with CRS-induced increases in anxiety-like behavior.
Segregating BLA+dmPFC PNs based on their targeting of ventral hippocampus (BLA— ventral hippocampus) or
nucleus accumbens (BLA—nucleus accumbens) revealed that CRS increased spine density and glutamatergic
signaling in BLA — ventral hippocampus PNs in a manner that correlated with anxiety-like behavior.

CONCLUSIONS: Chronic stress caused BLA PN neuronal remodeling with a previously unrecognized degree of
circuit specificity, offering new insight into the pathophysiological basis of depression, anxiety disorders, and other

stress-related conditions.
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Maladaptive responses to prolonged stress are associated with
the onset and exacerbation of neuropsychiatric diseases,
including mood and anxiety disorders (1-4). Heightened activity
within the amygdala, a brain region essential for the regulation of
fear and anxiety, has been implicated in stress-related emotional
abnormalities in humans and animal models (5-8). Moreover, the
amygdala exhibits profound functional changes as a result of
chronic stress that are closely linked to attendant changes in
anxiety (5,6,9-12). For instance, in contrast to the stress-
induced dendritic retraction seen in other nodes within the
corticolimbic system, such as the dorsomedial prefrontal cortex
(dmPFC) and hippocampus (13), projection neurons (PNs) within
the basolateral amygdala (BLA) display lasting dendritic hyper-
trophy after chronic stress (9,14,15) but dendritic retraction after
acute stress (11).

The BLA is connected through PNs to the dmPFC, ventral
hippocampus (vHPC), and various other regions involved in
higher-order behavioral processes, including the nucleus
accumbens (NAc) (16). Notably, there appears to be relatively
little collateralization of BLA PNs to these target regions (17),
suggesting a high degree of projection specificity. However,

within the BLA there is no clear spatial organization of PNs
based on their primary output target, and it is only recently,
with the advent of new techniques for functional circuit map-
ping, that the role of specific BLA output pathways has begun
to be delineated (17-21). This work has, for instance, proposed
that BLA PNs innervating the NAc and vHPC primarily encode
information with positive and negative valence, respectively
(17,20,22,23).

Despite emerging evidence of the functional and anatomical
heterogeneity of BLA output pathways, it remains unclear
whether the effects of stress are restricted to specific output
circuits or manifest more ubiquitously across BLA neurons. We
addressed this question by labeling mouse BLA PNs using
fluorescent RetroBeads IX to differentiate BLA PNs targeting
the dmPFC (BLA—dmPFC) from those not targeting the
dmPFC (BLA-+dmPFC) and then examining each population
for chronic restraint stress (CRS)-induced changes in dendritic
morphology, spine density and morphology, and excitatory
glutamatergic synaptic transmission.

We found that CRS amplified excitatory transmission and
increased spine density and the number of mature, mushroom-
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shaped spines in BLA-+»dmPFC, but not BLA—dmPFC, PNs.
Based on this finding, we then segregated BLA -»dmPFC PNs
into subpopulations of BLA PNs targeting vHPC (BLA — vHPC)
and targeting NAc (BLA—NAc) and found that only
BLA—VvHPC PNs showed spine proliferation and increased
glutamatergic transmission after CRS. Additionally, we found
that the CRS-induced increases in excitatory transmission in
BLA—VHPC PNs correlated with heightened anxiety-like
behavior. Collectively, our findings revealed a previously un-
identified degree of specificity in the effects of chronic stress
on discrete functional BLA circuits.

METHODS AND MATERIALS

Animals

Male C57BL/6 mice were used and housed in groups (3-5 per
cage) in a temperature- and humidity-controlled animal facility
with ad libitum access to food and water under a 12-hour light/
dark cycle. Mice were raised under the care of the Division of
Laboratory Animals, Nanchang University. All experimental
procedures were approved by the Institutional Animal Care and
Use Committee of Nanchang University.

Chronic Restraint Stress

At 50 to 53 days of age, mice were subjected to CRS by placing
them in a restraint cylinder fitted closely to body size and drilled
with holes to allow free breathing for 1 session per day at around
2 pm, for 2 hours per session, for 10 consecutive days. Mice
assigned to acute stress experienced only 1 session of 2-hour
restraint stress. The control mice were transferred in their home
cages to the experimental room at 2 pv, gently handled for 2 to 4
minutes, and returned back to the holding room about 2 hours
later for 10 consecutive days.

Electrophysiological Recordings

Electrophysiological recordings were performed as we
described previously (24). More detailed information appears in
the Supplement.

Stereotaxic RetroBead Injections

RetroBeads (Lumafluor, Inc., Durham, NC) were injected 7 to
10 days before stress (mice aged 40-43 postnatal days) via
stereotaxic surgery under general anesthesia of 2%
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pentobarbital sodium (4.5 mlL/kg) using a stereotaxic instru-
ment (Stoelting Co., Wood Dale, IL). RetroBeads (0.5 pL per
side) were injected into the dmPFC, vHPC, and NAc at the
following stereotaxic coordinates: dmPFC, 1.94 mm rostral to
bregma, +0.35 mm lateral to midline, and 2.5 mm ventral to
bregma; vVHPC, —3.6 mm rostral to bregma, +3.3 mm lateral
to midline, and 3.7 mm ventral to bregma; NAc, 1.42 mm
rostral to bregma, +0.85 mm lateral to midline, and 4.7 mm
ventral to bregma. Injections were performed using glass
micropipettes with their tip diameters of approximately 10 to
20 um (pulled with PC-10 Puller [Narishige Co., Ltd., Tokyo,
Japan]). After injection, the pipette was left in the injection
site for an additional 5 minutes before being pulling out
slowly. The mice were moved to their home cages after full
recovery from anesthesia. To control the reproducibility of the
RetroBead injection across mice, we included for analysis
only mice with amygdala sections (70-pm thickness) con-
taining >250 RetroBead-labeled cells/mm?.

Biocytin Filling and Neuronal Reconstruction

Coronal sections 340 pm thick containing the amygdala
were examined for individual PNs with distinct projection
targets, which were then recorded using patch clamp under
whole-cell configuration. The pipette tip was filled with
biocytin-free medium by gentle suction, followed by back-
filling the pipette with 0.5% biocytin (Life Technologies
Corp., Carlsbad, CA) dissolved in the patch solution. Only
neurons that maintained stable membrane potential for at
least 20 minutes were included. On cessation of filling, the
pipette was slowly pulled out along the direction of recording
until a membrane reseal was formed. After a 10-minute re-
covery, the slices were fixed in 4% paraformaldehyde over-
night, cryoprotected in 30% sucrose solution, and incubated
with avidin Alexa Fluor 488 (Life Technologies Corp.) con-
jugate in phosphate-buffered saline containing Triton X-100
(Sigma-Aldrich, St. Louis, MO) overnight at 4°C.

Sections were coverslipped with Vectashield aqueous
mounting medium (Vector Laboratories, Inc., Burlingame, CA),
and the individual biocytin-labeled PNs were traced with an
Olympus FV1000 confocal microscope (Olympus Corp.,
Tokyo, Japan) at 400X magnification and reconstructed using
Neurolucida software (MBF Bioscience, Williston, VT). PNs
were included for analysis only when their dendritic trees were
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Figure 1. Chronic restraint stress (CRS) causes dendritic hypertrophy in basolateral amygdala (BLA) projection neurons (PNs) targeting dorsomedial pre-
frontal cortex (dmPFC) (BLA— dmPFC) and not targeting dmPFC (BLA - dmPFC). (A) Schematic showing injection of red fluorescent RetroBeads into dmPFC
to label BLA—dmPFC PNs in the BLA. (B) Examples of RetroBead-labeled BLA— dmPFC and BLA-+ dmPFC PNs filled with biocytin using patch clamp
recording under whole-cell configuration (scale bar = 10 um). (C) Examples of reconstructed BLA—dmPFC PNs from unstressed control mice and
CRS-exposed mice (scale bar = 30 um). (D) Sholl analysis of dendritic length as a function of distance from the soma in BLA—dmPFC PNs. Averaged total
dendritic length (inset). Distance X CRS two-way analysis of variance (ANOVA): interaction (Fg 150 = 1.77, p = .079), main effect of distance (Fg 150 = 45.14,p <
.001), main effect of CRS (F; 152 = 13.60, p < .001). t test: *p < .05, *p < .01, n = 9 neurons/5 control mice, n = 12 neurons/6 CRS-exposed mice. (E) Average
dendritic branch number in BLA— dmPFC PNs. t test: **p < .01. (F) Examples of reconstructed BLA -+ dmPFC PNs from unstressed control mice and CRS-
exposed mice (scale bar = 30 um). (G) Sholl analysis of dendritic length as a function of its distance from the soma in BLA+ dmPFC PNs. Averaged total
dendritic length (inset). Distance X CRS two-way ANOVA: interaction (Fg g9 = 0.803, p = .602), main effect of distance (Fg g9 = 36.91, p < .001), main effect of
CRS (F1,00 = 9.65, p = .003). t test: *p < .05, **p < .01, n = 8 neurons/5 control mice, n = 8 neurons/5 CRS-exposed mice. (H) Average dendritic branch number
in BLA-»dmPFC PNs. t test: **p < .01. (I, J) Average branch number in proximal and distal dendrites of BLA—dmPFC (I) and BLA-»dmPFC (J) PNs. For
BLA—dmPFC PNs, distance X CRS two-way ANOVA: interaction (F; 36 = 0.426, p = .518), main effect of distance (F1 36 = 11.66, p = .002), main effect of CRS
(F1,36 = 12.21, p = .001). t test: *p < .05. For BLA+dmPFC PNs, distance X CRS two-way ANOVA: interaction (F; 4 = 1.52, p = .229), main effect of distance
(F1,24 = 2.37, p = .137), main effect of CRS (F1 24 = 10.44, p = .004). t test: *p < .05. Data are means + SEM.
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completely filled as evidenced by well-defined ending with no NeuroExplorer software (MBF Bioscience, Williston, VT). Neu-
visible terminals on the furthest margins. Sholl analysis, total rons were traced by an independent experimenter blinded to
dendrite length, and branching number were determined using the group. Owing to the stellate appearance of many of the
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BLA neurons, we did not distinguish the apical versus basal
dendrites (25,26).

To reconstruct the dendritic spines, the coronal sections
were resectioned at 70 um and analyzed with the FV1000
confocal microscope. The images were taken using the
UPLSAPOQO 100X oil-immersion lens (Olympus Corp.) (hnumeri-
cal aperture of 1.40). We used 1024 X 1024 pixels for frame
size without zooming. Serial stack images with step size
ranging from 0.3 to 0.5 pm were collected. The dendritic spines
were reconstructed using Neurolucida software. Dendrites
located at least 20 pm away from the soma and longer than 15
um were randomly selected for analysis of spine density and
head size. For individual cells, 8 to 12 dendritic segments were
selected. Dendritic spines were counted and categorized with
the aid of Imaged software (National Institute of Mental Health,
Bethesda, MD) (27). Spines were classified into three
subtypes—thin, mushroom, and stubby—based on previously
described criteria, with minor modifications (28). Briefly, thin
spines included a head-to-neck diameter ratio less than 1.1
and a length-to-spine head diameter greater than 2.0. Mush-
room spines had a head diameter larger than 0.5 um and a
head-to-neck diameter ratio greater than 1.1. Stubby spines
had no clear border between the head and the attachment to
the shaft. To calculate the mean spine head size in different PN
populations across groups, all spines from the given popula-
tion were pooled.

Anxiety-like Behavior

The anxiety-like behavior of mice was tested with the elevated
plus maze and open field test as previously described (29) with
minor modifications. For the elevated plus maze (Med Asso-
ciates, Inc., St. Albans, VT), the mouse was placed in the
center of the maze facing one of the two closed arms for a 10-
minute test. The number of entries and time spent in the open
arms was measured with video tracking software (DOC-086;
Med Associates, Inc.). The open field was a square chamber
(50 X 50 cm), and a 25 X 25 cm center square was color
marked. Mice were placed in the center and monitored for 10
minutes with an overhead video tracking system that recorded
the animal’s location and path and the time the animal spent in
the center square.

Statistics

Data are represented as mean = SEM. Unless otherwise
stated, the neuronal morphometry and miniature excitatory
postsynaptic current (NEPSC) parameters were analyzed with
two-way analysis of variance with the neuronal population as a
within-subjects factor and group (stressed or control) as a
between-subjects factor. Post hoc comparisons were made
using Bonferroni-corrected t test. Two-tailed t test was used to
compare the morphometry of the randomly selected BLA PNs
between stressed and nonstressed mice. Significance levels
were set at p < .05. Spine head diameters and the decay of
N-methyl-D-aspartate receptor currents were analyzed by
Kolmogorov-Smirnov comparison, and p < .001 was set as the
threshold for significance because of high degree of statistical
power in these data. The homoscedasticity and normality of
the distributions were analyzed with Bartlett’'s test and
Kolmogorov-Smirnov test, respectively. Statistical analyses
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were performed using Graphpad Prism Version 5 (GraphPad
Software, La Jolla, CA).

RESULTS

CRS Causes Generalized Dendritic Hypertrophy in
BLA PNs

We first assessed the impact of CRS on dendritic morphology in
BLA PNs, regardless of their projection targets. Consistent with
previous studies showing that CRS causes dendritic hypertrophy
in amygdala PNs of rats (14), we found that C57BL/6J mice
subjected to CRS exhibited significantly increased dendritic
length and branch number compared with nonstressed
control mice (Supplemental Figure S1A-C). Sholl analysis
showed that increased dendritic length was particularly
prominent in dendrites proximal to the soma, whereas
increased branch number was evident both proximally and
distally (Supplemental Figure S1D, E).

We then asked whether CRS-induced dendritic changes
differed as a function of the target of the BLA PNs by exam-
ining morphology in BLA—dmPFC and BLA-+dmPFC PNs.
This was achieved by injecting red fluorescent RetroBeads into
the dmPFC and then biocytin-staining fluorescent
(BLA—dmPFC) and nonfluorescent (putative BLA -+ dmPFC)
PNs in the BLA with the aid of whole-cell patch recording
(Figure 1A, B). For both PN populations, CRS significantly
increased dendritic length and branch number in both PN
populations, relative to unstressed control mice (Figure 1C-H).
There was a difference in the spatial distribution pattern of
hypertrophy, with increased dendritic length unbiased toward
both the soma/proximal and distal regions in BLA—dmPFC
PNs (Figure 1D) but only in the distal areas in BLA-+dmPFC
PNs (Figure 1G). However, the branch number proliferation
emerged only in the soma/proximal regions of BLA—dmPFC
PNs (Figure 11) but both proximally and distally to the soma of
BLA-»dmPFC cells (Figure 1J). The main finding from these
morphologic analyses is that, replicating prior data, CRS pro-
duces robust dendritic hypertrophy in BLA PNs and that these
effects are generalized regardless of whether the PNs target
the dmPFC.

CRS Selectively Remodels Dendritic Spines in
BLA -~ dmPFC PNs

We next assessed the effects of CRS at the level of dendritic
spines in BLA PNs. When PNs were considered as a whole,
i.e., regardless of dmPFC targeting, we observed a nonsig-
nificant trend for increased spine density and a significant in-
crease in spine head diameter after CRS (Supplemental
Figure S2A-C). When segregated into BLA—dmPFC and
BLA -~ dmPFC PNs, the effects of CRS on spine density were
again mild (Figure 2A, B), but the CRS-induced increase in spine
head diameter was found to be restricted to BLA-+dmPFC
PNs, with no effect on neighboring BLA—dmPFC cells
(Figure 2C, D).

To gain more insight into the changes in dendritic spines
produced by CRS, we separately analyzed spines based on
the classic categorizations of thin, stubby (both considered
to represent immature spines), and mushroom (mature) in
their morphology (30). Consistent with the increase in head
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diameter in BLA-+-»dmPFC PNs, CRS was associated with a
significantly higher density of mushroom, but not thin or
stubby, spines, whereas no change was evident in
BLA—dmPFC PNs for any spine type (Figure 2E, F). Within
each subcategory of spine type, head size was unaltered by
CRS in either PN population (Supplemental Figure S3).
These data show that the generalized dendritic hypertrophy

mature mushroom spines that is restricted to BLA PNs that
do not target the dmPFC.

CRS Augments Excitatory Transmission in
BLA -~ dmPFC PNs

The dendritic spine is the postsynaptic component of gluta-
matergic signaling and a critical locus for synaptic plasticity

produced by CRS is associated with a preponderance of (31,32). The increased mature mushroom spines in
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Figure 2. Chronic restraint stress (CRS) remodels dendritic spines in basolateral amygdala (BLA) projection neurons (PNs) not targeting dorsomedial
prefrontal cortex (dmPFC) (BLA - dmPFC) but not BLA PNs targeting dmPFC (BLA— dmPFC). (A) Representative images of dendritic spines in BLA—dmPFC
and BLA-dmPFC PNs from unstressed control mice and CRS-exposed mice (scale bar = 2 um). (B) Average spine density in BLA—dmPFC and
BLA-+dmPFC PNs. PN group X CRS two-way analysis of variance: interaction (F1 31 = 1.21, p = .281), main effect of PN group (F1 31 = 0.54, p = .466), main
effect of CRS (F4 31 = 2.53, p = .122). For BLA—dmPFC PNs, n = 9 neurons/8 control mice, n = 9 neurons/8 CRS-exposed mice. For BLA-+dmPFC PNs, n =
10 neurons/9 control mice, n = 7 neurons/7 CRS-exposed mice. (C) Cumulative probability of spine head diameter in BLA— dmPFC PNs. Control mice, n =
4108 spines/9 neurons; CRS-exposed mice, n = 4240 spines/9 neurons. Kolmogorov-Smirnov test: p = .956. Inset shows the average spine head diameter. t
test: p = .123. (D) Cumulative probability of spine head diameter in BLA -+ dmPFC PNs. Control mice, n = 5348 spines/10 neurons; CRS-exposed mice, n =
3459 spines/7 neurons. Kolmogorov-Smirnov test: p < .001. Inset shows the average spine head diameter. t test: *p < .01. (E, F) Average density in
mushroom, thin, and stubby spines in BLA—dmPFC (E) and BLA+dmPFC (F) PNs. t test: “*p < .01. Data are means = SEM.
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BLA -+ dmPFC, but not BLA— dmPFC, PNs therefore led us to
examine whether CRS differentially affected glutamatergic
transmission onto these two neuronal populations. To test for
this, we recorded postsynaptic mMEPSCs at PNs in the pres-
ence of tetrodotoxin (1 umol/L) (Fisheries Research Institute,
Hebei Province, China) and picrotoxin (100 umol/L) (Sigma-
Aldrich) to block action potentials and gamma-aminobutyric
acid A receptor currents, respectively. Although neither the
frequency nor amplitude of mEPSCs in BLA—dmPFC PNs
differed between CRS-exposed mice and unstressed control
mice (Figure 3A-C), CRS produced significantly higher mEPSC
frequency in BLA-»dmPFC PNs, with no effect on amplitude
(Figure 3D-F).

An increase of mEPSC frequency in BLA-+dmPFC, but not
BLA—dmPFC, PNs after CRS is in accordance with the se-
lective increase in mushroom spine density in the former.
Alternatively, if CRS increased the presynaptic glutamate
release onto BLA-»dmPFC PNs, this could account for the
enhanced excitatory transmission we observed in the cells
after CRS. To test this possibility, we recorded the evoked
EPSCs on two consecutive electrical stimuli (separated by 50
ms) delivered through a bipolar stimulation electrode placed
close to the recorded PN (approximately 200 pm), with 100
umol/L picrotoxin added to the perfusion solution. The paired
pulse ratio was calculated as the ratio of the second evoked
EPSC amplitude to the first evoked EPSC amplitude as an
index of transmitter release probability. We observed paired
pulse facilitation that was comparable across CRS condition
and PN targeting population (Figure 3G, H).

Next, we examined presynaptic glutamate release proba-
bility by measuring the decay of evoked N-methyl-D-aspartate
receptor-mediated currents in the presence of its nhoncom-
petitive antagonist MK-801 (Sigma-Aldrich). For both PN
populations, the decay of the current was indistinguishable
between CRS-exposed mice and control mice, as demon-
strated by similar t values (Figure 3I-L). Thus, CRS had a
negligible influence on presynaptic glutamate release, sup-
porting the notion that the preferential increase in mEPSC
frequency in BLA-+-dmPFC PNs likely reflects the corre-
sponding increase in mature spine density produced by CRS.
These electrophysiological data demonstrate that remodeling
of BLA-»dmPFC PNs after CRS is associated with increased
glutamatergic transmission onto this population.

CRS-Induced Increase of Glutamatergic
Transmission Onto BLA-» dmPFC PNs Correlates
With Anxiety-like Behavior

Prior studies have linked the effects of CRS on BLA neuronal
function to alterations in fear-, anxiety-, and depression-related
behaviors (33-37). Given our finding that CRS selectively en-
hances glutamatergic transmission and remodels dendritic
spines at BLA-»dmPFC PNs, we therefore next examined
whether these CRS-induced effects were associated with
changes in anxiety-like behavior (Figure 4A).

Mice subjected to CRS exhibited heightened anxiety-like
behavior, as indicated by decreased open arm time and en-
tries in the elevated plus maze and less time in the center
square in the open field test relative to unstressed control mice
(Figure 4B, C). Mice were sacrificed 6 hours after testing to
record mEPSCs in RetroBead-labeled BLA—dmPFC and
nonlabeled putative BLA-+ dmPFC PNs. In unstressed control
mice, mEPSC frequency did not correlate with explorations in
open arm (elevated plus maze) and center square (open field
test) in either population (Figure 4D, F). However, in CRS-
exposed mice, the open arm and center square explorations
were significantly and inversely correlated with mEPSC fre-
quency (not amplitude) in BLA-»dmPFC, but not
BLA—dmPFC, PNs (Figure 4E, G and Supplemental
Figure S4). These data show that heightened anxiety-like
behavior resulting from CRS is closely associated with in-
creases in glutamatergic transmission onto BLA-»dmPFC
PNs.

CRS Affects BLA— VvHPC, but Not BLA— NAc, PNs

Thus far, our findings indicate the anxiety-related effects of
CRS are linked to changes in neuronal function in BLA PNs
that do not target the dmPFC but do not yet address whether
these cells target any non-dmPFC region in particular. The
VHPC represents one obvious candidate for these effects
given prior evidence implicating this region in anxiety-related
behavior (38). Moreover, BLA PNs projecting to the vHPC or
NAc have been shown to sparsely innervate the dmPFC (17).

We labeled BLA—vVHPC PNs using RetroBeads and
differentiated these cells from BLA— NAc PNs, finding that the
two cells in the two populations were spatially interspersed in a
salt-and-pepper manner, with minimal (approximately 7%)

Figure 3. Chronic restraint stress (CRS) increases excitatory transmission in basolateral amygdala (BLA) projection neurons (PNs) not targeting dorsomedial
prefrontal cortex (BLA-+~dmPFC). (A) Representative traces showing miniature excitatory postsynaptic currents (mEPSCs) in BLA PNs targeting dmPFC
(BLA—dmPFC) (scale bar = 1 second, 10 pA). (B, C) Cumulative probability of the interevent interval (B) and amplitude (C) of mEPSCs in BLA—dmPFC PNs.
Average mEPSC frequency and amplitude (inset). n = 10 neurons/5 control mice, n = 10 neurons/5 CRS-exposed mice. Kolmogorov-Smirnov test for EPSC
frequency: p = .207. Kolmogorov-Smirnov test for EPSC amplitude: p = .759. (D) Representative traces showing mEPSCs in BLA -+ dmPFC PNs (scale bar = 1
s, 10 pA). (E, F) Cumulative probability of the interevent interval (E) and amplitude (F) of mEPSCs in BLA—dmPFC PNs. Average mEPSC frequency and
amplitude (inset). n = 10 neurons/5 control mice, n = 10 neurons/5 CRS-exposed mice. Kolmogorov-Smirnov test for EPSC frequency: p < .001. Kolmogorov-
Smirnov test for EPSC amplitude: p = .362. t test: *p < .05. (G) Representative traces showing electrically evoked EPSCs in BLA— dmPFC and BLA -+ dmPFC
PNs (2 stimuli separated by 50 ms) (scale bar = 20 ms, 150 pA). (H) Average paired pulse ratio (PPR) in BLA—dmPFC and BLA -+ dmPFC PNs. PN group X
CRS two-way analysis of variance: interaction (F1 47 = 0.10, p = .755), main effect of PN group (F1 47 = 0.07, p =.796), main effect of CRS (F; 47 = 0.36, p = .550).
For BLA—dmPFC PNs, n = 12 neurons/5 control mice, n = 13 neurons/5 CRS-exposed mice. For BLA-+dmPFC PNs, n = 12 neurons/5 control mice, n = 14
neurons/5 CRS-exposed mice. (I, J) Representative traces showing N-methyl-D-aspartate receptor-mediated currents in BLA—dmPFC (l) and BLA+ dmPFC
(J) PNs during their progressive blockage by repetitive electric stimuli in the presence of MK-801. The first, fifth, 10th, 20th, 40th, and 80th current traces
shown sequentially from top to bottom (scale bar = 200 ms, 150 pA). (K, L) N-methyl-D-aspartate receptor-mediated current amplitude in the presence of MK-
801 as a function of stimulus number (first current amplitude set to 100%). Average tau values (inset). For BLA—dmPFC PNs, n = 8 neurons/4 control mice, n =
7 neurons/4 CRS-exposed mice. t test: p = .955. For BLA-»dmPFC PNs, n = 7 neurons/4 control mice, n = 7 neurons/5 CRS-exposed mice. t test: p = .899.
Data are means = SEM.
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collateral colabeling (Figure 5A). Our first observation was that,
in unstressed control mice, the spines in BLA— vHPC PNs had
notably lower density but larger head size than the spines in
the BLA— NAc PNs (Figure 5B-D). CRS significantly increased
the spine density of BLA—VvHPC PNs, relative to unstressed
control mice, and this effect was absent in BLA— NAc PNs
(Figure 5C). It also slightly but significantly increased the spine
head size of BLA—VHPC PNs (Figure 5D). Furthermore,
categorization of spine type revealed increased density in all
three spine types in BLA—VvHPC PNs after CRS (Figure 5E)
and no effect in BLA— NAc PNs (Figure 5F). Finally, electro-
physiological recordings indicated a significant CRS-related
increase of mMEPSC frequency, not amplitude, in
BLA— VvHPC, not BLA— NAc, PNs (Figure 5G, H), which was
inversely correlated with exploration in the open arm in the
elevated plus maze and center square in the open field test
(Figure 5I-N). The increased glutamatergic afferents to
BLA—VvHPC PNs were absent in mice experiencing one ses-
sion of acute restraint stress exposure (Supplemental
Figure S5) but persisted after 1 week stress-free recovery
from CRS (Supplemental Figure S6), indicating that it is a
consequence of accumulative influence of prolonged stress
exposure and lasts for long periods on stress removal. No
changes in miniature inhibitory postsynaptic currents were
observed in BLA—vHPC and BLA— NAc PNs following CRS
(Supplemental Figure S7). Taken together, these data identify
BLA PNs targeting the VHPC as at least one key output
pathway that is functionally altered by CRS and linked to
stress-induced increases in anxiety-like behavior (Figure 6).

DISCUSSION

The major finding of the current study was that chronic stress
significantly altered the morphology and synaptic physiology
of amygdala projection neurons in a manner that was selective
to certain output pathways. Specifically, mice subjected to
repeated restraint stress showed dendritic hypertrophy, spine
enlargement, and increased synaptic glutamatergic trans-
mission, but only in BLA PNs not projecting to the dmPFC.
Subsequent experiments revealed that this same set of stress-
related changes occurred in BLA PNs targeting the vHPC and
not the NAc. Finally, greater stress-induced increases in syn-
aptic transmission at BLA— vHPC PNs were found to correlate
with higher levels of anxiety-like behavior.

Recent optogenetic studies have shown that photostimulating
BLA PNs targeting the vHPC increases anxiety-like behavior and
reduces social interaction, whereas photosilencing this pathway
has the opposite effects, and, conversely, stimulating NAc-
targeting BLA PNs promotes reward-seeking (20,22,23,39). The
current findings that BLA— vHPC PNs are particularly suscepti-
ble to the effects of chronic stress and that functional alterations

in these cells account for stress-induced anxiety-like behavior
provide an important extension of these prior observations.
Together, these findings identify the BLA— vHPC circuit as a
critical locus regulating anxiety-like behavior and a principal site
underlying stress-induced dysregulation of anxiety.

Neuronal and synaptic remodeling in BLA PNs, along with
enhanced glutamatergic transmission, has been repeatedly
associated with the negative consequence of stress
(14,33,34,40), and prevention of these changes is paralleled by
a protection against stress-induced increases in anxiety-like
behavior (26,41). However, precisely how the BLA—vVvHPC
circuit is functionally altered by stress to promote anxiety-like
behavior remains to be determined. Increases in gluta-
matergic transmission coupled with the increased density of
mature mushroom spines would be expected to result in
stronger excitatory flow into this neuronal population after
stress. These adaptations could increase responsiveness to
external afferents in the face of functional competition among
different neuronal populations within the BLA (21,42,43). In
turn, this could potentially produce a bias in favor of a pro-
anxiety BLA output pathway to produce the behavioral
changes observed after stress. Notably, the density of imma-
ture thin and stubby spines was also increased in BLA— vHPC
PNs, which might be associated with the generation of silent
synapses following stress (15). One interesting avenue for
future studies will be identifying the factors, such as molecular
phenotype, that render this population particularly responsive
to stress.

The observation that BLA PNs targeting the dmPFC did not
exhibit increases in spine density and excitatory transmission
after CRS echoes an earlier report that CRS led to hypotrophy
in medial PFC (mPFC) PNs projecting to the entorhinal cortex,
but not the BLA (44), and suggests that this pathway may be
less susceptible to stress. In light of the posited role of the
reciprocal BLA-mPFC circuit in stress coping (45,46), the
retention of synaptic architecture and function in PNs inter-
connecting the regions may be of adaptive value. However, it
is important to emphasize that this population was in fact not
fully spared the effects of stress, and BLA—dmPFC PNs
showed the same pronounced dendritic hypertrophy evident in
the other BLA projection populations examined. It was sur-
prising that dendritic hypertrophy was not associated with
higher mEPSCs in this population, given that the overall
number of spines would be expected to be higher even if
density per dendritic segment was not. The absence of an
increase in excitatory transmission is unlikely owing to reduced
glutamate release probability onto BLA—dmPFC PNs
because two measures indicating glutamate release probabil-
ity, paired ratio of evoked EPSCs and the decay of N-methyl-
D-aspartate receptor current by MK-801, were unaffected by
stress. One possibility is that the generation of silent synapses

Figure 4. Excitatory transmission in basolateral amygdala (BLA) projection neurons (PNs) not targeting dorsomedial prefrontal cortex (BLA-»dmPFC)
correlates with chronic restraint stress (CRS)-induced anxiety-like behavior. (A) Schematic of experimental designs. (B) Average time mice spent and entries
into the open arms in the elevated plus maze (EPM). n = 14 control mice, n = 17 CRS-exposed mice. t test: **p < .01. (C) Average time mice spent in the center
square in the open field test (OFT). n = 9 control mice, n = 11 CRS-exposed mice. t test: *p < .05. (D) Correlations between miniature excitatory postsynaptic
current (MEPSC) frequency in BLA PNs targeting dmPFC (BLA— dmPFC) and BLA-+dmPFC and open arm exploration in unstressed control mice. (E)
Correlations between mEPSC frequency in BLA— dmPFC and BLA+ dmPFC PNs and open arm exploration in CRS-exposed mice. (F) Correlations between
mEPSC frequency in BLA— dmPFC and BLA - dmPFC PNs and time in center square in unstressed control mice. (G) Correlations between mEPSC frequency
in BLA—dmPFC and BLA-+dmPFC PNs and time in center square in CRS-exposed mice. Data are means = SEM. PND, postnatal day.
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Figure 5. Chronic restraint stress (CRS) causes neuronal remodeling and increased excitatory transmission in basolateral amygdala (BLA) projection
neurons (PNs) targeting ventral hippocampus (BLA— vHPC). (A) Schematic showing injection of red fluorescent RetroBeads into vVHPC and green fluorescent
RetroBeads in nucleus accumbens (NAc) and examples of labeled PNs in BLA. Very few PNs were colabeled (scale bar = 100 pm). (B) Examples of dendritic
spines in BLA—VvHPC and BLA— NAc PNs (scale bar = 2 pm). (C) Average spine density in BLA— VvHPC and BLA— NAc PNs. PN group X CRS two-way
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BLA - dmPFC PN (47-50), and dendritic hypotrophy in mPFC neurons has been

linked to stress and alcohol-related deficits in fear extinction

BLA—dmPFC PN

BLA—NAc PN BLA—VHPC PN
(51,52). Moreover, optogenetic excitation of BLA—dmPFC

PNs has been shown to increase conditioned fear after

extinction (19). Thus, it remains possible that hypotrophy of

° BLA—dmPFC PNs might be associated with deficits in be-

haviors, such as fear extinction and discrimination, that were
not examined in the current study. Another outstanding
question is whether BLA PNs projecting to the ventromedial
PFC are partially spared from the effects of chronic stress in
the same way as BLA—dmPFC PNs, given that connections
between the BLA and ventromedial PFC underlie inhibitory
control of fear in extinction (19,50).

In recent years, it has become increasingly clear that the effect
of stress on neuronal morphology and functions varies across
brain regions (53-56). Chronic stress causes dendritic retraction
in mPFC, dorsal hippocampus, and dorsomedial striatum but
hypertrophy in the BLA, vHPC, orbitofrontal cortex, and dorso-
lateral striatum and no change in the lateral or central subnuclei of
the amygdala (3,54,57-61). The findings of the current study,
along with earlier work (44), show that the highly heterogeneous
mepsc 1 nature of stress effects extends to the level of specific output

‘ pathways within limbic structures. Taken together with advances

Chronic stress Chronic stress

Dendrite T
Spine T

Dendrite T
Spine «—

Dendrite T
Spine <«—

mEPSC <— mEPSC <«—

in understanding of the epigenetic (57,58), genetic (59,60), and
signaling (61,62) mechanisms underlying stress-related distur-
bances (63), these novel insights into the circuit-level effects of
stress provide a foundation for modeling the pathophysiology of
stress-related disease and improving their treatment.

Anxiety

Figure 6. Summary schematic showing projection-specific remodeling of
basolateral amygdala (BLA) projection neurons (PNs) after chronic stress.
BLA PNs targeting dorsomedial prefrontal cortex (BLA—dmPFC) and a
subset of those not targeting dmPFC (BLA-dmPFC) projecting to the
nucleus accumbens (NAc) show dendritic hypertrophy with no change in
spine density or number of mushroom-type mature spines and no alteration
in excitatory transmission. BLA — ventral hippocampus (VHPC) PNs exhibit
dendritic hypertrophy, increased spine density, and a preponderance of
mature spines. BLA—VvHPC PNs also show augmented excitatory trans-
mission, which correlates with stress-induced anxiety-like behavior.
mEPSC, miniature excitatory postsynaptic current.
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