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Systems/Circuits

Chronic Stress-Induced Alterations of Dendritic Spine
Subtypes Predict Functional Decrements in an
Hypothalamo-Pituitary—Adrenal-Inhibitory Prefrontal
Circuit

Jason J. Radley, Rachel M. Anderson, Bradley A. Hamilton, Jennifer A. Alcock, and Sara A. Romig-Martin

Psychology Department and Neuroscience Program, University of [owa, Iowa City, lowa 52242

Activation of the hypothalamo-pituitary-adrenal (HPA) axis plays a vital role in promoting adaptation during acute stress, but adverse
effects of chronic stress may result from overactivity of this system. Recent evidence highlights a subdivision of GABAergic neurons
within anterior bed nuclei of the stria terminalis (aBST) that integrates and relays inhibitory influences to HPA-effector neurons in
paraventricular hypothalamus during acute stress, notably from medial prefrontal [prelimbic (PL)] and hippocampal [ventral subiculum
(vSUB)] cortical fields. Here we localize the site and candidate mechanism of neuroplasticity within upstream regions of this inhibitory
network after chronic variable stress (CVS). Rats bearing retrograde tracer injections in aBST underwent CVS for 14 d. Retrogradely
labeled and unlabeled neurons in vSUB and PL were selected for intracellular dye filling, followed by three-dimensional imaging and
analysis of dendritic arborization and spine morphometry. Whereas PL neurons displayed decreases in dendritic branching and spine
density after CVS, aBST-projecting cells showed a selective loss of mature mushroom-shaped spines. In a follow-up experiment, CVS-
treated and control rats were exposed to a novel restraint challenge for assay of HPA activation and engagement of aBST-projecting
cortical regions. CVS animals showed enhanced HPA output and decreased Fos activation in aBST-projecting PL neurons compared with
acutely stressed controls. In contrast, vSUB failed to show any significant differences in structural plasticity or functional activation
patterns after CVS. These findings define a mechanism whereby synaptic destabilization in the PL — aBST pathway may dampen its

ability to impart inhibitory control over the HPA axis after chronic stress exposure.

Introduction

The neural circuitry underlying control of adaptive responses to
acute stress involves the integration of various excitatory and
inhibitory signals that are ultimately conveyed to the paraven-
tricular hypothalamus (PVH) for hypothalamo—pituitary—adre-
nal (HPA) axis activation. The HPA axis is vital for adaptation to
acute emergencies, delivering metabolic resources to requisite
target tissues and inhibiting nonessential anabolic processes.
Nevertheless, adverse effects of chronic stress and stress-related
disorders are understood to result, not from failure of, but rather
from overactivity of this system (Sapolsky et al., 1986; Conrad,
2008).

During the past few decades, extensive functional neuroanat-
omical evidence has shown acute emotional stress-induced HPA
activation to be modulated by a network of limbic forebrain cell
groups, including medial prefrontal cortex (mPFC), hippocam-
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pal formation (HF), septum, and paraventricular thalamus
(Feldman and Conforti, 1980; Diorio et al., 1993; Herman et al.,
1995b; Jaferi and Bhatnagar, 2006). Thus, HPA sensitization after
chronic variable stress (CVS) exposure (14 d exposure to two
different stressors daily at unpredictable times; Herman et al.,
1995a; Willner, 1997; Grippo et al., 2002) may result from a dim-
inution of inhibitory control otherwise imparted by this network
under acute conditions. However, unraveling these mechanisms
has been hindered by the fact that the limbic forebrain pathways
to PVH are indirect, instead innervating a number of PVH-
projecting intermediary cell groups. Recent evidence highlights a
subpopulation of GABAergic neurons in the anterior division of
the bed nuclei of the stria terminalis (aBST) that integrates and
relays information from mPFC [notably, from the prelimbic area
(PL)] and HF [via outputs from ventral subiculum (vSUB)] di-
rectly to PVH, thereby inhibiting HPA activation during acute
emotional stress (Radley et al., 2009; Radley and Sawchenko,
2011). These studies raise the possibility that regressive structural
alterations in HF and mPFC that result from chronic stress
exposure (Watanabe et al., 1992; Radley et al.,, 2006b; Liu and
Aghajanian, 2008; Hajszan et al., 2009) may shift the balance of an
HPA-inhibitory network to a state of hyperactivity.

To examine this issue, pyramidal neurons in rat PL and vSUB
regions implicated in HPA-inhibitory circuitry were retrogradely
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labeled by tracer injections in aBST, followed by CVS exposure.
Retrogradely labeled and unlabeled neurons were filled with Lu-
cifer yellow (LY) in CVS and control groups for analysis of den-
dritic arborization patterns and spine morphometry. Whereas all
analyzed PL neurons displayed regressive changes in dendritic
morphology and spine density after CVS, aBST-projecting cells
showed selective decreases in mushroom-shaped spines. Because
these spines represent mature, stable excitatory synapses (Harris
and Stevens, 1989; Matsuzaki et al., 2001; Yasumatsu et al., 2008),
we next queried whether their depletion in aBST-projecting PL
neurons would be paralleled by decreases in functional activation
of this circuit and HPA sensitization. CVS-treated and control
rats were exposed to a novel restraint challenge for assay of HPA
activation and engagement of aBST-projecting cortical regions.
CVS animals showed enhanced HPA output and concurrent de-
creases in Fos protein expression in aBST-projecting PL neurons
compared with acutely stressed animals. In contrast, CVS failed
to produce any significant differences in structural plasticity or
activational patterns in vSUB.

Materials and Methods

Animals and treatments

Adult male Sprague Dawley albino rats were maintained under standard
laboratory conditions and used in all experiments. All experimental pro-
tocols were approved by the Institutional Animal Care and Use Commit-
tee of the University of Iowa. CVS involved daily exposure to either two
brief or one sustained stressor over 14 d, in semirandomized order, at
unpredictable times of day (Herman et al., 1995a; Willner, 1997). Brief
stressors included open-field exposure (10 min), shaker stress (30 min on
an orbital shaker at 100 rpm), tail suspension (10 min), forced swim (10
min in room temperature water), and cold exposure (1 h at 4-7°C).
Sustained stressors included overnight (i.e., 12-16 h) exposure of rats to
wet bedding, overcrowding, or isolation. Controls were handled compa-
rably but were not subjected to any of the stress regimens. On the morn-
ing of day 15, animals were perfused and brain tissue was harvested for
histology.

Surgeries

Animals received unilateral pressure injections of 2% fast blue (FB; Poly-
sciences) in volumes of 250 nl (Bentivoglio et al., 1980) in aBST (antero-
posterior, —0.10 mm; mediolateral, +1.20 mm; dorsoventral, —7.40
mm from dura) to retrogradely label neurons in PL and vSUB. These
stereotaxic coordinates correspond to the region of aBST (i.e., dorsome-
dial, fusiform, and subcommissural subdivisions of Dong et al., 2001)
shown to contain GABAergic relays between upstream limbic cortical
and downstream effector neurons in PVH (Radley et al., 2009; Radley
and Sawchenko, 2011). Tracer placement, size, and the quality of retro-
grade labeling were verified by comparison with previous experiments
using iontophoretic injections into the same region of aBST and through
analysis of convergent aBST innervation patterns in animals bearing dual
PL and vSUB anterograde tracer deposits (Radley and Sawchenko, 2011).

Experiment 1: fluorescent dye-filling and morphometric analyses

Histology and tissue processing. After a 7 d recovery period after tracer
injections of FB in aBST, groups of rats were subjected to CVS for 14 d.
On day 15, animals were anesthetized with chloral hydrate (350 mg/kg,
i.p.) and perfused via the ascending aorta with 100 ml of 1% paraformal-
dehyde and 0.125% glutaraldehyde in 0.1 M PBS, pH 7.4, followed by 500
ml of 4% paraformaldehyde and 0.125% glutaraldehyde in 0.1 M PBS, pH
7.4, at a flow rate of 55 ml/min. The descending aorta was clamped to
limit the flow of fixative to the head and upper extremities and to prevent
fixation of the adrenal glands. Immediately after perfusions, the adrenal
glands were extracted and weighed, and brains were removed and post-
fixed for 3—4 h. After postfixation, brains were trisected into three blocks
containing the rostrocaudal extent of mPFC, aBST, and HF. Blocks con-
taining mPFC and HF were stored in 0.1 M PBS until being sectioned later
that day, and aBST blocks were cryoprotected in 20% sucrose in 0.1 M
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PBS overnight at 4°C. For cell loading, tissue blocks containing mPFC
and HF were sectioned coronally using an oscillating tissue slicer
(VT-1000S; Leica) into 250-um-thick slabs throughout the rostro-
caudal extent of each region and were stored in 0.1 M PBS at 4°C until
the time of cell loading. Thirty-micrometer-thick coronal sections
encompassing the basal forebrain and hypothalamus were collected
into five one-in-five series from the remaining block using a freezing
microtome (SM-1000R; Leica) and were stored in cryoprotectant so-
lution at 20°C until processing.

Intracellular dye injections. The procedure for iontophoretic intracel-
lular dye injections described is based on previous reports (Radley et al.,
2004, b, 2008). Coronal sections of 250 wm thickness were collected for
the dye-injection procedure, mounted on nitrocellulose filter paper, sub-
merged in a tissue culture dish containing 0.1 M PBS, and viewed under
fluorescence using a fixed-stage microscope (DM5500; Leica). Injections
of 5% LY (Invitrogen) were made by iontophoresis through micropi-
pettes (1-2 wm inner diameter) under a direct current of 1-6 nA for 5-10
min. Retrogradely labeled and unlabeled neurons in layer 2/3 of PL and
stratum pyramidale of vSUB were selected for the LY injection. Accurate
targeting of neurons in the correct structures and laminae were based on
knowledge of labeling patterns in PL and vSUB after retrograde tracer
injections in aBST (Radley and Sawchenko, 2011) and cytoarchitectonic
features of the subfields of interest (Krettek and Price, 1977; Swanson and
Cowan, 1977; Vogt and Peters, 1981). The general technique for cell
filling involved carefully observing the diffusion of LY from the advanc-
ing micropipette tip under 40 X magnification; LY diffuses amorphously
until hitting a dendritic process or cell body, whereby the dye becomes
restricted intracellularly. After several neurons were filled, tissue sections
were mounted onto glass slides and coverslipped in Vectastain (Vector
Laboratories).

Neuronal and dendritic reconstructions. Neuronal reconstructions and
data analyses were performed by an experimenter unaware of the treat-
ment condition for each animal. Pyramidal neuron dendritic arbors were
reconstructed in three-dimensions using a computer-assisted mor-
phometry system consisting of a Leica DM4000R equipped with an Ap-
plied Scientific Instrumentation MS-2000 XYZ computer-controlled
motorized stage, a Qlmaging Blue digital camera, a Gateway computer,
and morphometry software (MBF Biosciences). Neurons were visual-
ized, and the dendritic tree was reconstructed using a Leica Apochromat
40X objective with a numerical aperture (NA) of 1.4 and Neurolucida
software (MBF Biosciences).

To be considered for analysis, neurons had to exhibit complete filling
of the dendritic tree, as evidenced by well-defined endings. A series of
strict criteria was used for inclusion of pyramidal neuron apical and basal
dendrites for morphologic analysis (Radley et al., 2004, 2005). For apical
dendrites, the fact that the primary shaft generally coursed parallel or
gently downward from the top surface of the section optimized the prob-
ability for retaining complete dendritic arbors (otherwise, sections con-
taining apical dendrites truncated by the upper sectioning plane were
inverted). However, because the dye-filling procedure was performed in
sections of 250 wm depth, it was virtually impossible to retain an entirely
intact apical dendritic arbor with no truncations. Thus, apical dendrites
included for analyses retained intact secondary and tertiary branches,
and truncations were permitted only in collateral branches that appeared
to be nearing the point of termination or unlikely to make any additional
branchings. For basal dendrites, it was common to retain an average of
one to three entirely intact arbors for a given LY-filled neuron; therefore,
analyses of only intact branches were performed for this category.

Confocal laser-scanning microscopy. Two-dimensional renderings for
each neuron were obtained using Neurolucida software, and a radial
distance of 150 wm from the soma was selected as a boundary delineating
proximal and distal portions of the dendritic tree. Within these regions,
one to two branches were randomly selected for each neuron for an
average of three segments per neuron and five neurons per region for
each animal. The following criteria, based on previous reports (Radley et
al., 2006b, 2008), were adopted for the selection of dendritic segments for
confocal imaging: dendrites must have (1) possessed a diameter of <3
um because larger diameter dendrites in PL pyramidal neurons exhibit
greater variability in spine density values, (2) resided within a depth of 70



Radley et al. ® Structural Plasticity in an HPA-Inhibitory Circuit

pum from the top surface of the section, because of the limited working
distance of the optical system, (3) been either parallel to or course gently
relative to the coronal surface of the section to minimize z-axis distortion
and facilitate the unambiguous identification of spines, and (4) had no
overlap with other branches that would obscure visualization of spines.
z-Stacks for segments that met these criteria were collected on a Leica SP5
confocal laser-scanning microscope equipped with an argon laser and a
100X, 1.4 NA oil-immersion objective, using voxel dimensions of 0.1 X
0.1 X 0.1 um?>. Settings for pinhole size (1 airy disc), gain, and offset were
optimized initially and then held constant throughout the study to en-
sure that all images were digitized under similar illumination conditions
at a resolution of 512 X 512 pixels. With these settings, dendritic seg-
ments ranged 52-59 pum in length. All confocal stacks included at least 1
um above and below the identified dendritic segment. For presentation,
composites from deconvolved optical stacks were exported first to NTH
Image]J for adjustments to optimize contrast and brightness and then to
Canvas (version 10; Deneba Systems) for assembly and labeling.

Dendritic spine analyses. Images were deconvolved with AutoDeblur
(Media Cybernetics), and three-dimensional (3D) analyses were per-
formed using the semiautomated software NeuronStudio (http://
research.mssm.edu/cnic/tools-ns.html) (Rodriguez et al., 2003, 2006;
Radley et al., 2008) to characterize dendritic length, spine density, and
morphometric features (i.e., head/neck diameter, length) for each den-
dritic spine. Deconvolution improves both the axial and lateral resolu-
tion of 3D images and reduces the smearing of the image in the z-axis.
NeuronStudio also classifies dendritic spines into categories (thin, mush-
room, stubby) based on user-defined parameters. Spines were classified
as thin or mushroom if the head/neck diameter ratio was >1.1:1. Within
this subdivision, spines with a head diameter >0.4 wm were classified as
mushroom or otherwise classified as thin. Spines with head/neck diam-
eter ratios <1.1:1 were also classified as thin if the ratio of spine length/
neck diameter was >2.5; otherwise, they were classified as stubby.
Filopodial spines, having a long and thin shape with no enlargement at
the distal tip, were very seldom observed and classified herein as thin. To
ensure that NeuronStudio appropriately classified dendritic spines, each
z-stack was scanned manually by an observer and reclassifications were
made as necessary. In this study, a total of 373 dendritic segments were
analyzed for spine density and morphometric analyses (198 dendritic
segments for PL, 65-70 segments in each of four groups; 175 dendritic
segments for vSUB, 55-60 segments in each of four groups). Overall,
~35,000 PL and ~28,000 vSUB dendritic spines were analyzed in this
study.

Experiment 2: engagement of HPA-inhibitory circuitry after CVS
Rats received tracer injections of FB in aBST 7 d before the 14 d CVS
regimen. Controls were handled comparably but were not restrained. On
day 15, animals were subjected to 30 min of restraint (i.e., acute restraint
vs CVS plus restraint) and remained in their home cages during restraint
and until the prescribed time of perfusion for histology, 2 h after the
termination of restraint. A separate group of handled, unstressed con-
trols was included in these experiments to assess the effects of these stress
paradigms relative to baseline indices. Rats were anesthetized with chlo-
ral hydrate (350 mg/kg, i.p.) and perfused via the ascending aorta with
100 ml of 0.9% saline, followed by 900 ml of ice-cold 4% paraformalde-
hydein 0.1 M borate buffer, pH 9.5, at a flow rate of 55 ml/min. The brains
were removed, postfixed for 3 h, and cryoprotected in 20% sucrose in 0.1
M phosphate buffer overnight at 4°C. Five one-in-five series of 30-um-
thick frozen coronal sections through the entire brain were cut and col-
lected in cryoprotectant solution and stored at —20°C until processing.
Immunohistochemistry. Localization of Fos protein was performed on
free-floating sections by using an avidin—biotin peroxidase protocol
(Sawchenko etal., 1990). Fos immunolocalization was performed using a
primary antiserum raised against a fragment of rat Fos protein (residues
4-17; Ab-2; Millipore). Endogenous peroxidase was neutralized by treat-
ing tissue for 10 min with 0.3% hydrogen peroxide, and sections were
incubated with primary antiserum at 4°C for 48 h in PBS containing 0.3%
Triton X-100 and 3% blocking serum. The primary antiserum was local-
ized using Vectastain Elite (Vector Laboratories) reagents, and the reac-
tion product was developed using a nickel-enhanced glucose oxidase
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method (Shu et al., 1988). Dual immunoperoxidase labeling for Fos and
FB immunoreactivity was performed by sequentially localizing the anti-
serum against Fos using a nickel-enhanced diaminobenzidine method
(black nuclear reaction product), as above, followed by an FB antiserum
(Chang et al., 1990), without nickel enhancement (brown cytoplasmic
product). We have previously verified the specificity of the Fos antiserum
by comparison with c-fos mRNA over several different challenge condi-
tions (data not shown).

Hybridization histochemistry. Techniques for probe synthesis, hybrid-
ization, and autoradiographic localization of mRNA signal were adapted
from Simmons et al. (1989). In situ hybridization was performed using
#3S-labeled sense (control) and antisense cRNA probes labeled to similar
specific activities encoding corticotropin-releasing factor (CRF) mRNA
(1.2 kb; Dr. V. Viau, University of British Columbia, Vancouver, British
Columbia, Canada). Sections were mounted onto poly-,-lysine-coated
slides and dried under vacuum overnight. They were treated with 10%
paraformaldehyde for 30 min at room temperature, digested with pro-
teinase K (10 ug/ml) for 15 min at 37°C, and acetylated for 10 min.
Probes were labeled to specific activities of 1-3 X 10° dpm/ug and ap-
plied to the slides at concentrations of ~107 cpm/ml overnight at 56°C in
a solution containing 50% formamide, 0.3 M NaCl, 10 mm Tris, 1 mm
EDTA, 0.05% tRNA, 10 mm dithiothreitol, 1 X Denhardt’s solution, and
10% dextran sulfate, after which they were treated with 20 ug/ml ribo-
nuclease A for 30 min at 37°C and washed in 15 mm NaCl/1.5 mm sodium
citrate with 50% formamide at 70°C. Slides were then dehydrated and
exposed to x-ray films (Kodak Biomax MR; Eastman Kodak) for 18 h.
They were then coated with Kodak NTB-2 liquid emulsion and exposed
at 4°C for 10-14 d, as determined by the strength of signal on film.
Finally, slides were developed with Kodak D-19, fixed with Kodak rapid
fixer, and lightly counterstained with thionin.

Functional anatomical analyses. Stereological methods were used to
quantify the number of Fos-immunoreactive neurons using the afore-
mentioned computer-assisted morphometry system and Stereolnvesti-
gator software (MBF Biosciences). For each analysis, boundaries defining
the regions of interest were drawn at 10X using an adjacent series of
Nissl-stained sections. Analyses of Fos-immunoreactive cells were per-
formed on every fifth section, avoiding cells in the outermost plane of
focus. Similarly, stereologic approaches were implemented for analysis of
dual immunolocalization for Fos and tracer, although here the Fos-
labeled component of dual-labeled neurons was used as the criterion for
counting, to uphold the requirement that the size of the object quantified
be small compared with the section thickness. Counts were then multi-
plied by five to estimate the total number of labeled neurons within PL or
vSUB. To probe for possible treatment effects of CVS on volume, 3D
estimates from cross-sectional area measurements were obtained using
the Cavalieri method, but no effects were observed.

Semiquantitative densitometric analyses of relative levels of CRF
mRNA were performed on emulsion-coated slides using NIH Image]
software, and optical densities of hybridization signals were determined
under dark-field illumination at 10X magnification. The hypophysiotro-
pic region of the PVH (i.e., dorsal medial parvicellular subdivision) was
defined from Nissl staining pattern (Swanson and Kuypers, 1980) and
aligned with corresponding dark-field images of hybridized sections by
redirected sampling. Background-corrected optical density readings
were taken from sections at 150 um intervals, and average values were
determined through the extent of cell groups for each animal. Images for
densitometry were collected using a QImaging EXi Blue camera and were
exported into Canvas (version 10) for assembly and labeling.

Experiment 3: hormone assays

For the assessment of CVS effects on adrenocortical output, plasma cor-
ticosterone was repeatedly sampled from CVS and previously unstressed
controls in response to a novel 30 min restraint challenge. Animals sub-
jected to the CV'S regimen were implanted with indwelling jugular cath-
eters on day 13 of CVS, and previously unstressed animals were
catheterized 2 d before their only acute restraint stress episode. The pro-
cedures for implanting catheters have been described previously (Eric-
sson et al., 1994; Radley et al., 2006a). On the morning of day 15, 250 ul
blood samples were taken before restraint stress to estimate basal corti-
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costerone levels, and additional samples were collected at 0, 30, 60, 90,
and 120 min after the termination of restraint. Samples were collected
into chilled EDTA-containing tubes and centrifuged, and then plasma
supernatant was stored at —20°C until the assay was performed. Plasma
corticosterone was measured without extraction, using an antiserum
raised in rabbits against a corticosterone-BSA conjugate and [ '**I]cor-
ticosterone—BSA as tracer (MP Biomedicals). The sensitivity of the assay
was 0.8 ug/dl; intra-assay and interassay coefficients of variation were 5
and 10%, respectively.

Statistics

Group data for the morphometric analyses were obtained by averaging
values from each animal (average of five neurons per region, five animals
per group) in retrogradely labeled (FB ™) and unlabeled (FB ~) neurons
from PL and vSUB in unstressed control and CVS animals. Inclusion for
analysis was contingent on appropriate centering of tracer injections
within aBST. Thus, neurons with an observed absence of retrograde
transport, compared with neighboring FB ¥ neurons, were selected as
FB ™ neurons. Preliminary comparisons of dendritic arbor and spine
indices between FB * and FB ™ neurons from PL and vSUB of unstressed
control animals failed to reveal any differences, and without any a priori
reason to treat these subpopulations separately, they were combined into
one FB "/~ group for subsequent statistical analyses. In controls, five rats
were used in the analysis, with an average of five neurons per region for
each animal. For the CVS group, a total of eight rats were used: three
animals containing complete sets of FB ™ neurons, three cases containing
sets of FB ™ neurons, and two cases that contained complete sets each of
FB™" and FB ™ cells for each region.

The effects on overall dendritic length, number of branch endings,
dendritic spine densities, immunolocalization data, and optical density
measurements from hybridization histochemistry were compared using
a one-way ANOVA for three groups: (1) control (n = 5; retrogradely
labeled and/or unlabeled neurons); (2) CVS, aBST-projecting (n = 5;
CVS™);and (3) CVS, unlabeled (1 = 5; CVS). Post hoc comparisons were
made using a Bonferroni’s correction, with significance set at p < 0.05,
and data are expressed as mean = SEM. Group data from the hormone
assays (n = 5 per group) were compared with a mixed-design analysis of
variance with one between-group (acute restraint, CVS plus restraint)
and one within-group (time) variable, followed by individual pairwise
comparisons as above. Data are expressed as the mean * SEM.

Results

Comparison of CVS model to previous work

CVS and analogous methods (such as chronic unpredictable
stress, chronic mild stress, and chronic intermittent stress) are
known to produce a constellation of physiological, endocrine,
and behavioral changes similar to stress-related psychiatric ill-
nesses in humans (Ottenweller et al., 1989; Papp et al.,, 1991;
Herman et al., 1995a; Willner, 1997; Grippo et al., 2003). Thus,
for each experiment, we assayed adrenal hypertrophy and de-
creases in body weight gain to verify effects of chronic stress. CVS
produced consistent and reliable decrements in the percentage of
gain in body weight (control, 21.0 = 2.7%; CVS, 8.7 = 1.8%)
over the 14 d stress epoch (¢(,,, = 3.87, p < 0.05) and a significant
increase in adrenal weight (grams) by percentage of body weight
(kilograms) (control, 0.144 *= .015%; CVS, 0.201 = 0.015%;
t2) = 2.70, p <0.05) compared with unstressed control animals.

Tracer placements in aBST and limbic cortical retrograde
labeling patterns

An increasing amount of evidence supports a role for aBST as a
clearinghouse for limbic forebrain influences over the HPA
axis response to emotionally stressful experiences. Within this
complex and heterogeneous structure, circumscribed ele-
ments within the aBST (dorsomedial, fusiform, and subcommis-
sural subdivisions) house GABAergic neurons that receive,
integrate, and relay inputs from PL and vSUB to PVH to inhibit
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Control

Figure 1. Reconstructions of FB tracer injection placements in aBST in control and CVS rats
(left and right columns, respectively). Epifluorescence photomicrographs (top row) depict ex-
amples of FB tracer deposits. The shaded regions in the diagrams (below) indicate areas of
overlap common to all tracer injections and their approximate extent of diffusion into adjacent-
lying structures. In the diagrams, four representative examples are shown from each treatment
group. ac, Anterior commissure; AP, anteroposterior; dI, dorsolateral subdivision of aBST; dm,
dorsomedial subdivision of aBST; fu, fusiform subdivision of aBST; ic, internal capsule; LPO,
lateral preoptic area; mg, magnocellular subdivision of posterior BST (pBST); MPN, median
preoptic nucleus; MPO, medial preoptic area; och, optic chiasm; PS, parastrial nucleus; rh, rhom-
boid subdivision of pBST; v3, third ventricle.

acute stress-induced HPA activation (Radley et al., 2009; Radley
and Sawchenko, 2011). To examine the effects of CVS on struc-
tural plasticity in retrogradely labeled upstream components of
this HPA-inhibitory network, tracer injections of FB were made
in aBST 7 d before stress exposure. Tracer injections were
aimed at the boundary between the dorsomedial and fusiform
subdivisions of aBST (Fig. 1), and only animals that included
appropriately centered tracer injections with minimal in-
volvement of potentially confounding cell groups were in-
cluded in the analyses.

After accurately placed injections of tracer in prefrontal and
ventral hippocampal regions, reliable and consistent distribution
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Figure2. Digital images showing examples of retrograde labeling in PL (top row) and vSUB
(bottom row). Left column, Examples of retrogradely labeled patterns after FB injections in
aBST. Right column, Images approximating the actual level of magpnification used (40 <) when
injecting LY fluorescent dye into FB-labeled cell bodies (cyan). In these images, dye-
impregnated neurons (orange) were minimally filled to optimally illustrate colocalization of
each label. Maximal loading with LY is necessary to perform the high-resolution imaging and
spine analysis, but the resultant intensity of fluorescence would obscure visualization for illus-
trative purposes. CA1, Cornuammoni of hippocampus; Ent, entorhinal cortex. Scale bar: top left,
500 rm; bottom left, 300 um; right column, 100 m.

of retrograde labeling was observed (Fig. 2). During the dye-
filling procedure, laminae of interest were carefully discriminated
from undesired adjacent-lying regions. For example, PL was dif-
ferentiated from the dorsally adjacent anterior cingulate area
(ACd) by an absence of retrogradely labeled neurons in ACd,
because previous work had shown ACd to be void of any inputs
into aBST and adjacent-lying structures. Several basic cytoarchi-
tectonic differences between PL and the infralimbic area (IL)
were used to prevent inadvertent cell filling. After tracer injec-
tions into aBST, PL displays a relative abundance of retrogradely
labeled neurons, whereas an increasing gradient of labeled cells
extends ventrally into IL. IL also lacks both the well-defined
boundary distinguishing layer 2/3 from layer 1, as well as the
adherence to clearly visible lamination patterns of dorsal- and
rostral-lying cortical fields (i.e., layers 2/3 and 5). In ventral hip-
pocampus, vSUB is essentially a ventral extension of layer CA1
and is readily defined by the loss of a tightly packed principal cell
layer into one that is broader and more dispersed. vSUB may be
further differentiated from CA1 by a ventrally increasing gradient
of retrogradely labeled neurons after tracer injections in aBST
(Swanson and Cowan, 1977; Cullinan et al., 1993). Some sparse
labeling of neurons was noted in CAl after tracer injections in
aBST, but inadvertent dye filling of these neurons was avoided
because of their location sufficiently dorsal to the dense band of
labeling that defined vSUB.

Effects of CVS on structural plasticity in prefrontal neurons
implicated in an HPA-inhibitory circuit

Several forms of repeated/chronic stress and exogenous gluco-
corticoid (GC) administration are known to produce structural
alterations throughout mPFC, decrements in neuronal excitabil-
ity, and impairments in prefrontal-dependent behavioral tasks
(Cerqueira et al., 2005a,b; Liston et al., 2006; Liu and Aghajanian,
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2008; Dias-Ferreira et al., 2009; Hains et al., 2009). The distal
aspects of apical dendrites are most susceptible to the effects of
chronic stress and GCs, showing reduced dendritic length and
branch number, decreased spine density, and altered spine mor-
phology (Radley et al., 2006b, 2008; Liu and Aghajanian, 2008;
Bloss et al., 2011), but no studies to date have linked this struc-
tural reorganization in mPFC to neural circuit alterations under-
lying function. In addition, stress-induced structural plasticity in
mPFC is not likely ubiquitous, because several reports have
shown experience-dependent cortical plasticity to be cell type
dependent and circuit specific (Holtmaat et al., 2006; Shansky et
al., 2009). Thus, our initial survey gauged the effects of CVS on
dendritic morphology and spine density in a circuit of prefrontal
neurons implicated in stress-induced HPA inhibition.

Dendritic alterations

Pyramidal neurons in PL were labeled after retrograde tracer in-
jections into aBST, followed by either 14 d exposure to CVS or
similar handling absent stress for controls. Analyses were per-
formed on neurons that were retrogradely labeled or unlabeled
and then filled with LY in CVS and control groups. One-way
ANOVA revealed that 14 d CVS produced main effects for atro-
phy in apical dendritic arbors (length, F, ;,, = 9.85, p < 0.05;
number of branch endings, F, ;,, = 9.85, p < 0.05), with post hoc
comparisons showing significant stress-induced decreases in api-
cal dendritic length of both aBST-projecting and unlabeled neu-
rons by 30 and 28%, respectively (p < 0.05 for each; Fig. 3, left).
Similar effects on the total number of branch endings in apical
dendrites were observed, with 31 and 22% reductions in aBST-
projecting and unlabeled populations, respectively, after CVS
compared with unstressed controls (p < 0.05; Fig. 3, left). Sholl
analysis of apical dendrites showed the most prominent effects of
CVS in the distal aspects of the arbor, both in aBST-projecting
and unlabeled neurons (Fig. 3, left). One-way ANOVA per-
formed at each radial distance revealed main effects at 250 um
(Fio.12) = 13.03, p < 0.05), 300 m (F 1) = 6.83, p < 0.05), 350
pm (Fy 15 = 26.87, p < 0.05), and 400 wm (F, 1,) = 13.21,p <
0.05). Similarly, post hoc pairwise comparisons showed signifi-
cant reductions in CVS-treated relative to unstressed control an-
imals at each of the radial distances in which main effects were
present (p < 0.05 for each). However, when subpopulations of
aBST-projecting and unlabeled PL neurons were compared as a
function of chronic stress, no differences were observed. Further-
more, no effects of CVS were observed on PL basal dendrites as a
function of either treatment or neuronal subpopulation (Fig. 3, left).

Dendritic spine density and subtype

Dendritic spines comprise sites of postsynaptic contact for the
vast majority of excitatory input in cortical structures and repre-
sent the primary site of structural plasticity in pyramidal neurons
(Nimchinsky et al., 2002; Holtmaat and Svoboda, 2009). Al-
though the assessment of changes in dendritic spine density pro-
vides a reliable index for alterations in total excitatory synapse
number within an anatomical region (Hao et al., 2003; Tangetal.,
2004), spines also exhibit a high degree of morphological diver-
sity, such that their classification into subtypes has predictive
value for understanding synaptic function. The majority of spines
are typified as thin, having along and/or thin neck, and small thin
head. A second subtype, termed mushroom spines, is character-
ized by a larger-diameter lobe-shaped head and small neck. A
third subtype, stubby spines, lacks a neck and is shorter with a
wide-head diameter (Peters and Kaiserman-Abramof, 1970; Har-
ris and Stevens, 1989). Whereas thin and stubby spines represent
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Figure 3.  Top left, Example neuron in layer 2/3 of PL that was iontophoretically filled (left) and the rendering of its dendritic tree (middle) using computer-assisted morphometry. The apical

dendritic tree points up toward the pial surface, whereas the axon and basal dendrites radiate from the opposite pole of the cell body. The red dashed circle demarcates the 150 pm boundary used
to partition the dendritic tree for spine analyses. Bottom left, Histograms for dendritic length and number of branch endings for apical and basal dendrites. CVS produced significant decreases in both
dendriticindices, regardless of whether neurons were aBST-projecting (FB ™) or unlabeled (FB ). Preliminary analyses in control animals did not show any differences between aBST-projecting and
non-projecting neurons and were pooled together into a single group (i.., FB /™). Bottom middle, The Sholl analysis for summed dendritic length as a function of radial distance shows that the
effects of CVS were most pronounced in the distal apical dendritic tree. Data represent mean == SEM for each index and are based on overall animal averages (i.e., n = 5 animals per group; n = 1
arbor per neuron; n = 5 neurons per animal). Top right, Examples of deconvolved confocal laser-scanning microscopy images of dendritic segments as a function of treatment status. Bottom right,
(VS induced a significant, comparable degree of decreases in overall spine density in both subpopulations of LY-labeled PL neurons. *p << 0.05, statistically significant differences from unstressed
controls. Data represent mean == SEM for each index and are based on animal averages (i.e., n = 5 animals per group; n = 1-3 segments per neuron; n = 5 neurons per animal). Scale bar: top left,

middle images, 100 wm; three images in top right, 5 wm.

immature spine phenotypes that are more labile, mushroom-
shaped spines comprise more established, mature synapses that
may persist for many weeks (Boyer et al., 1998; Matsuzaki et al.,
2001, 2004; Kasai et al., 2003; Holtmaat et al., 2005; Petrak et al.,
2005; Yasumatsu et al., 2008; Christoffel et al., 2011). Therefore,
we classified dendritic spine density and morphometric features
of high-resolution optical stacks of dendritic segments in LY-
filled pyramidal neurons using NeuronStudio (Rodriguez et al.,
2006; Radley et al., 2008). It has been shown that this method of
analysis produces spine density values and morphometric indices
very similar to EM analytic estimates and is not prone to popu-
lation and classification sampling errors common to Golgi-based
analytic approaches (Dumitriu et al., 2011, 2012). Dendritic ar-
bors were imaged, and segments of the dendritic tree were ana-
lyzed over three ranges: (1) along both apical radial distances of
<150 um and (2) >150 um from the cell body, and (3) along
basal dendrites <150 wm from the cell body. These sampling
ranges were informed by previous work showing that the effects
of chronic stress on spine loss tended toward distal aspects of the
apical dendrite (Radley et al., 2006b; Liu and Aghajanian, 2008;
Bloss et al., 2011) and also provided a rationale for examining
spine density data within these ranges separately from the overall
pooled data. For this analysis, a total of ~38,000 dendritic spines
were analyzed in PL.

One-way ANOVA showed that 14 d CVS produced main ef-
fects on dendritic spine density among all three ranges (F, 1) =

5.88, p < 0.02), with post hoc pairwise comparisons showing
mean density reductions of 19% in aBST-projecting and 16% in
unlabeled PL neurons (both p < 0.05; Fig. 3, right). However,
analysis of spine density within each individual range failed to
reveal any main effect after CVS (apical <150 um, F, ,,, = 4.05,
p = 0.052; apical >150 wm, F, ;) = 2.85, p = 0.11; basal <150
pm, Fe, 5y = 2.25,p = 0.16). Nonetheless, pairwise comparisons
showed significant reductions in distal apical spine density of
aBST-projecting PL neuronal dendrites in CVS-treated com-
pared with unstressed controls (p < 0.05), whereas unlabeled PL
neurons showed significant decreases in proximal apical spine
density in CVS relative to the unstressed group (p < 0.05; Fig. 3,
bottom right).

CVS revealed significant differences between aBST-projecting
and unlabeled LY-filled dendritic spine subtypes, most notably
within the subpopulation of mushroom-shaped spines. One-way
ANOVA showed main effects in mushroom spine density for
each category: (1) overall (F, ,, = 9.66, p < 0.05); (2) >150 um
apical (F,,, = 13.75, p = 0.05); and (3) <150 um basal
(F2,12) = 7.00, p < 0.05). Post hoc analyses showed that CVS
resulted in a selective 35 and 31% decrease in overall mushroom
spine density on aBST-projecting PL neurons compared with
unstressed controls and unlabeled neurons from the CVS group
(p < 0.05 for each; Fig. 4, middle left). Regional analyses showed
that CVS resulted in the most substantial losses of mushroom
spines in distal apical dendrites. CVS generated a 29% decrease in
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based on user-defined parameters in the software (see Materials and Methods). Bottom panel, Histograms showing the effects of CVS on mushroom, stubby, and thin spine density and mean spine
head diameter. CVS resulted in a significant decrease in overall, >150 apical, and <<150 um basal categories of mushroom spine density in aBST-projecting PL neurons (FB ) compared with
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SEM and based on animal averages for each index (i.e., n = 5 animals per group; n = 1-3 segments per neuron; n = 5 neurons per animal). Scale bar, 5 pm (applies to both images).

mushroom spine density at apical distances >150 wm in the
unlabeled neuronal population as compared with unstressed an-
imals (p < 0.05), whereas aBST-projecting neurons showed
decreases of 33 and 51% compared with their unlabeled counter-
parts and control animals, respectively (p < 0.05 for each). CVS
also produced a 28% reduction in the density of mushroom
spines on proximal basal dendrites in aBST-projecting neurons
compared with both unlabeled counterparts and unstressed con-
trol animals (p < 0.05 for each). A main effect of stubby spine
density was also observed but only in basal dendrites (basal <150
pm, F, 1, = 5.60, p < 0.05), whereby CVS produced, respec-
tively, 40 and 47% decrements in aBST-projecting neurons
compared with nonretrogradely labeled neurons in the same
treatment group and unstressed control animals (p < 0.05 for
each; Fig. 4, middle right).

Examination of thin spine densities revealed main effects only
within proximal apical dendrites (apical <150 um, F, ;,, = 7.09,
p < 0.05), with CVS resulting in, respectively, 17 and 26% de-
creases in aBST-projecting and nonretrogradely labeled neurons
in PL compared with unstressed controls (p < 0.05 for each; Fig.
4, bottom left). Pairwise comparisons at other dendritic intervals
revealed decreases in thin spine density between aBST-projecting
neurons in CVS relative to unstressed animals (p < 0.05), but
these values did not differ significantly from unlabeled CVS
counterparts (p = 0.71). Finally, group differences were analyzed
for mean spine head diameter (Fig. 4, bottom right). Although

one-way ANOVA failed to reveal a significant main effect
(Fa,12) = 3.24, p = 0.082), aBST-projecting labeled neurons in
the CVS group did show selective decreases in overall and prox-
imal basal dendrites compared with unstressed control animals
(p < 0.05).

These data corroborate previous reports of widespread struc-
tural plasticity in mPFC after chronic stress exposure and high-
light a specific form of plasticity within the contingent of neurons
in PL that issue projections to aBST. This pathway showed a
profound and selective loss of mushroom spines after chronic
stress, which is suggestive of synaptic destabilization in this
circuit.

Absence of structural plasticity in vSUB after CVS

Previous studies have identified vSUB as the principal source of
HPA-inhibitory extrinsic projections from the HF (Herman et
al., 1992, 1995b), whereas evidence supports a link between GC
hypersecretion and chronic stress-induced structural and func-
tional alterations in the dorsal hippocampus (Sapolsky et al.,
1986; Woolley et al., 1990; McEwen and Magarinos, 1997; McE-
wen, 2001). Recent functional evidence shows that aBST is a neu-
ral hub capable of integrating HPA-inhibitory signals from both
prefrontal and hippocampal regions under acute stress condi-
tions (Radley and Sawchenko, 2011). Nonetheless, whether
neuroplasticity in ventral hippocampus contributes to chronic
stress-induced alterations in HPA function remains to be ex-
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is pointing upward and extends into the molecular layer, whereas the axon and basal dendrites radiate from the opposite pole of the cell body. The red dashed circle demarcates the 150 ,um boundary
used to partition the dendritic tree for spine analyses. Top right, Examples of deconvolved confocal laser-scanning microscopy images of dendritic segments from vSUB neurons as a function of
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bottom rows). Data are represented as mean = SEM and are based on animal averages for each index (i.e., n = 5 animals per group; n = 1-3 segments per neuron; n = 5 neurons per animal).

Scale bar: top left, middle images, 50 .m; three images in top right, 5 wm.

amined. Therefore, we expanded our morphometric analyses
to aBST-projecting and unlabeled pyramidal neurons in vSUB
to test the generality of CVS-induced neuroplasticity in other
upstream regions known to be important in HPA axis inhibi-
tion. Pyramidal neurons in vSUB were analyzed in the same
groups of animals on which PL analysis had been performed,
after FB injections into aBST and 14 d CVS. Retrogradely
labeled and unlabeled neurons were filled with LY in CVS and
control groups for imaging and morphometric analyses of
dendrites. In contrast to the effects of CVS on structural plas-
ticity in PL, no main effects were observed for either dendritic
length (apical, F(, ;,y = 0.41, p = 0.67; basal, F(, ,y = 0.05,p =
0.95) or number of branch endings (apical, F(,,,, = 0.51,
p = 0.61; basal, F(, ;,, = 0.06, p = 0.94) in vSUB pyramidal
neurons (Fig. 5, left). Sholl analyses examining changes in
dendritic length as a function of radial distances from the

neuronal cell body also failed to uncover any alterations at any
intervals within the dendritic tree as a function of stress or
labeling status (data not shown).

Dendritic spine density and subtype were analyzed in aBST-
projecting and unlabeled vSUB pyramidal neurons in CVS and
control groups. In these studies, ~25,000 spines were quantified
as a function of dendritic length for each range (proximal apical,
<150 um; distal apical, >150 wm; proximal basal, <150 um)
and then classified into spine subtypes for assessment of density
as a function of treatment status. No main effects were observed
for overall spine density (F,,, = 0.37, p = 0.70; Fig. 5, right
column), whereas post hoc pairwise comparisons failed to reveal
any differences within any of the categories analyzed. Spine sub-
type examination also failed to reveal any main effects for overall
density values (mushroom, Fg,,, = 0.22, p = 0.81; stubby,
F10) = 0.22, p = 0.81; thin, F, ,,, = 0.09, p = 0.92; head



Radley et al. ® Structural Plasticity in an HPA-Inhibitory Circuit

diameter, F, ;) = 0.54, p = 0.61; Fig. 5, bottom row) or within
any of the individual categories (data not shown).

Collectively, these analyses demonstrate a lack of sensitivity of
pyramidal neurons in vSUB to the effects of chronic stress and
raise doubts as to whether structural alterations in this hip-
pocampal region account for modifications in HPA axis func-
tioning after CVS. Nevertheless, CA3c neurons in dorsal
hippocampus have been widely documented to undergo reliable
changes in apical dendritic morphology under a range of repeated
stress conditions (Watanabe et al., 1992; Magarifios and McE-
wen, 1995; Sousa et al., 2000). Therefore, to provide a positive
control for our analyses in vSUB, we undertook an ancillary ex-
periment to verify these effects after 14 d of CVS. Lamination
patterns in dentate gyrus and CA3c were identified by briefly
treating sections with a fluorescent counterstain (DAPI), and
CA3c neurons were then selected for LY dye injections in CVS
and unstressed control animals. Consistent with previous reports
(Watanabe et al., 1992; Magariios and McEwen, 1995), CVS re-
sulted in an 18% decrease in apical dendritic length (control,
2123 = 154 um; CVS, 1751 + 107 wm; tg) = 2.31, p = 0.05) and
a20% decrease in the number of branch endings (control, 15.0 =
1.0; CVS, 12.0 = 0.9; t4) = 2.41, p < 0.05), whereas no effects
were evident in either index for basal dendrites (length: control,
713 * 47 pum; CVS, 671 * 73 wm; tg, = 0.47, p = 0.65; branch
endings: control, 5.3 = 0.3; CVS, 4.8 + 0.5; 5, = 0.66, p = 0.53).

Diminution of functional activation in aBST-projecting PL
neurons after CVS

Our previous work has shown that aBST GABAergic neurons
form a disynaptic circuit interceding for prefrontal and hip-
pocampal inhibitory influences on acute stress-induced HPA ac-
tivation (Radley et al., 2009; Radley and Sawchenko, 2011). A key
feature of this system is that activation in these pathways in re-
sponse to acute stress is linked to the inhibition of HPA output,
raising the possibility that dampened activity in PL and/or vSUB
may help to define a mechanism by which the HPA axis becomes
overactivated after CVS. Moreover, because aBST-projecting PL
neurons show structural alterations indicating the destabilization
of excitatory synaptic input into this pathway after CVS exposure,
we asked whether this would be paralleled by decreases in func-
tional decreases in circuit activation.

To explore this issue, separate groups of animals received dis-
crete pressure injections of FB in aBST, followed by exposure to
14 d of CVS. After the final day of CVS, these and previously
unstressed rats were subjected for the first time to 30 min re-
straint and perfused 2 h later to assay restraint stress-induced
engagement of aBST-projecting and unlabeled neurons in PL and
vSUB using a dual immunolocalization labeling procedure for
Fos protein and retrogradely labeled neurons. Two hours after
restraint is a time point at which Fos protein levels are maximally
elevated and is also sufficient for observing increases in central
indices of HPA activation (Viau and Sawchenko, 2002). A third
group of animals did not receive any stress exposure and was
included to compare treatment effects to baseline Fos and CRF
mRNA levels. Hybridization histochemistry for CRF mRNA ex-
pression in PVH was used to provide a central measure of HPA
activation (F, ;) = 22.80, p < 0.05). Post hoc pairwise compar-
isons revealed enhanced PVH CRF mRNA expression in both
restraint challenged groups relative to unstressed controls (acute,
by 28%j; CVS, by 52%; both p < 0.05), whereas an additional
enhancement of transcript levels indicative of HPA axis sensiti-
zation (by 20%) was seen after CVS treatment compared with the
acute stress group (p < 0.05; Fig. 6, top).
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Figure 6. Dark-field photomicrographs (top) show representative examples of CRF

mRNA expression in PVH as a function of treatment status. Middle right, Histogram show-
ingmean = SEM for relative levels of CRF mRNA expression in treatment groups. Restraint
led to increases in CRF mRNA expression in PVH after 30 min restraint stress compared
with unstressed control animals, whereas this effect was further enhanced after CVS
exposure. *p < 0.05, differs significantly from the unstressed control group; *p < 0.05,
differs significantly from the acute stress group. n = 4-5 per group. Bottom row,
Mean = SEM plasma corticosterone (CORT) levels in control and CVS groups before (0 min)
and at 30 min intervals after exposure to restraint (Restr.). Whereas stress significantly
increased levels of plasma CORT in both treatment groups, CVS animals showed prolonged
increases at 60 and 90 min based on within-group comparison with pre-stress levels and
between-group measures at each of these time points (p < 0.05 for each). *p << 0.05,
differs significantly from basal (0 min) values within each group; Tp < 0.05, differs
significantly from acutely restrained animals. n = 6 per group.

Adrenocortical secretory responses before and after 30 min of
restraint stress were also compared between separate groups of
CVS and acute stress-treated animals on day 15 (Fig. 6, bottom).
For this experiment, indwelling jugular catheters were implanted
on the afternoon of day 13 of CVS, after the completion of stres-
sor exposure for that day. Repeated-measures ANOVA for corti-
costerone data showed main effects for between factors (stress
treatment, F(; 1,y = 5.88, p < 0.05) and within factors (time,
F(s70) = 57.16, p < 0.05) and also a significant interaction be-
tween these variables (F s o, = 4.30, p < 0.05). Post hoc compar-
isons showed that, whereas CVS did not result in any significant
difference in peak levels of corticosterone immediately after the
30 min restraint (p = 0.23), levels of corticosterone remained
elevated in the CVS compared with acute restraint groups at 60
and 90 min time points (both p < 0.05; Fig. 6).
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Figure 7.  Photomicrographs show representative examples of dual immunoperoxidase
staining of FB and Fos (arrows) at high magpnification in treatment groups (rows) in PLand vSUB
(columns). Thirty minutes of restraint increased overall levels of Fos expression and colocaliza-
tion for Fos and tracer in PL and vSUB. CVS-treated animals showed a marked reduction in dual
labeling for Fos and FB in PL compared with previously unstressed animals in response to the
restraint challenge, whereas overall Fos levels remained elevated in this cortical subfield. In
contrast, no significant decrements in either Fos plus FB or Fos were noted in vSUB as a function
of CVS treatment. Bottom, Histograms showing mean = SEM for Fos plus FB (white bars) and
Fos only (blue bars). Although PL showed decreases in dual colocalization for Fos and FB after
CVS, Fos plus FB labeled cells in vSUB were not significantly different between acute and CVS
groups. Contr, Control. *p < 0.05, differs significantly from unstressed controls; 'p << 0.05,
differs significantly from the acute stress group. n = 4 =5 per group.

Exposure to 30 min of restraint stress also resulted in main
effects for Fos activational responses in PL (aBST-projecting,
F;.10) = 35.52,p < 0.01; unlabeled, F, ,4, = 61.87, p < 0.05; Fig.
7, left column) and vSUB (aBST-projecting, F, ;o) = 41.98, p <
0.01; unlabeled, F, ,5, = 35.59, p < 0.05; Fig. 7, right column),
whereas no differences were noted in the number of retrogradely
labeled neurons as a function of treatment group (PL, F, ;o) =
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0.20, p = 0.82; vSUB, F, 5, = 0.10, p = 0.91). Although un-
stressed controls displayed levels of Fos expression that were non-
existent or negligible, acutely restrained animals manifested
profound activation of Fos in PL and vSUB compared with their
unstressed counterparts (both p < 0.05). In the PL field,
restraint-induced functional activation of unlabeled neurons
persisted after CVS treatment (p = 0.26), whereas aBST-
projecting neurons showed a 75% decrease in activation com-
pared with the acutely restrained animals (p < 0.05; Fig. 7,
bottom left). In contrast, the effects of CVS generally produced a
downward trend in functional activation in vSUB, whereas nei-
ther subpopulation of vSUB neurons displayed a significant de-
crease in restraint-induced Fos expression after CVS treatment
compared with the acutely stressed group (p = 0.11and p = 0.10
for aBST-projecting and unlabeled neurons, respectively). Im-
portantly, this experiment links decreased activation in aBST-
projecting PL neurons to elevated HPA output after CVS and
suggests that the depletion of mature spine subtypes in the PL —
aBST pathway may underlie its decreased functional engagement
after CVS.

Discussion

By highlighting regressive structural and functional changes in
aBST-projecting prefrontal cell groups during conditions of HPA
axis hyperactivity that ensue from chronic stress, this study builds
on our previous demonstration that aBST receives and integrates
convergent input from HF and mPFC for the inhibitory control
of acute emotional stress-induced HPA activity (Radley and Saw-
chenko, 2011). Whereas CVS produced reliable decrements in
apical dendrites, spine density and subtype in all pyramidal PL
neurons selected for fluorescent dye loading, pyramidal neurons
in vSUB failed to show any decrements in dendritic or spine
morphological indices after CVS. Anatomical tracing of conver-
gent limbic cortical pathways to aBST revealed a differential vul-
nerability to the effects of chronic stress among PL neuronal
subpopulations. Deficits in mushroom-shaped spines were ob-
served in both apical and basal dendrites of aBST-projecting PL
neurons after chronic stress exposure, whereas this spine subtype
was spared in unlabeled PL neurons. Follow-up functional anatom-
ical experiments linked decreased activation in aBST-projecting PL
neurons to HPA sensitization after a novel restraint-stress challenge
in animals previously subjected to the CVS regimen. Together, these
experiments tie mushroom spine depletion to decreased functional
activation in aBST-projecting PL neurons, defining a mechanism by
which chronic stress-induced synapse loss in the PL — aBST path-
way may dampen its ability to impart inhibitory control over the
HPA axis, leading to overactivity of stress systems.

Here we have applied a high-throughput method for examin-
ing chronic-stress-induced dendritic spine plasticity in limbic
cortical circuits implicated in an HPA-inhibitory network. Neu-
ronStudio software enables the efficient 3D analysis of dendritic
spine morphometric features from digitally reconstructed and
deconvolved dendritic segments that were not previously af-
forded by other methodologies (Wearne et al., 2005; Rodriguez et
al., 2006; Dumitriu et al., 2011). Dendritic spines are actin-rich
protrusions representing junctional points of postsynaptic con-
tact for the vast majority of excitatory input made into cortical
pyramidal neurons, with alterations in shape and number pro-
viding a cellular correlate for learning and memory (Bailey and
Kandel, 1993; Sorra and Harris, 2000; Kasai et al., 2003; Wil-
brecht et al., 2010). Despite the heterogeneity of spine length,
head/neck diameter, volume, and surface area, the classification
of these features into broad categories is highly predictive of syn-
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aptic function. For instance, thin and stubby spines tend to be
regarded as immature and may exhibit a higher turnover rate,
whereas mushroom spines represent a more stable and mature
population of excitatory synapses (Trachtenberg et al., 2002;
Matsuzaki et al., 2004; Holtmaat et al., 2005; Yasumatsu et al.,
2008).

It has been shown previously that chronic stress induces a net
loss of excitatory synapses and significant alterations in spine
geometry among PL neurons, particularly in the distal apical den-
dritic tree (Radley et al., 2006b; Michelsen et al., 2007; Liu and
Aghajanian, 2008; Hains et al., 2009; Bloss et al., 2011). We pre-
viously used NeuronStudio software to characterize morpholog-
ical changes in the dendritic spine population in PL neurons after
21 d of repeated restraint stress (Radley et al., 2008). Although the
earlier configuration of this software did not classify dendritic
spines into subtype, we reported significant downward shifts in
spine surface area, volume, and length after chronic stress. In the
present study, CVS produced selective decrements in large spine
subtypes and in spine head diameters coinciding with these pre-
viously observed decreases in volume and surface area, notably in
aBST-projecting neurons.

The principal finding from our morphometric analyses is that
CVS resulted in the selective depletion of mature mushroom
spines in aBST-projecting neurons in PL. This result provides a
contrast with recent work suggesting that this subpopulation of
spines remains stable across differing stress regimens and during
aging (Bloss etal., 2011). To date, much of the data from the stress
literature is derived from a regimen involving daily repeated ex-
posure to restraint (Radley et al., 2006b, 2008; Liu and Aghajan-
ian, 2008; Hains et al., 2009; Bloss et al., 2011), leading to the
decline of HPA activation over successive presentations (Viau
and Sawchenko, 2002). In contrast, CVS biases HPA responses
toward enhanced activation over time (Willner, 1997), suggest-
ing that stress-induced effects in mature spines are GC depen-
dent. In support of this possibility, a recent report using two-
photon microscopic in vivo imaging of spines in sensory cortical
neurons found that prolonged GC exposure selectively increased
the elimination of larger spines, particularly ones that were estab-
lished earlier in life (Liston and Gan, 2011). Another report
showed that GCs may destabilize the F-actin network selectively
in large spines in hippocampus through a caldesmon-dependent
mechanism (Tanokashira et al., 2012). Because we only analyzed
a single time point after stress, our data do not address whether
this morphological shift is attributable to the shrinkage or elim-
ination of mushroom spines. Nevertheless, evidence supports the
idea that mushroom spines in aBST-projecting PL neurons were
selectively eliminated after CVS and point toward a GC-
dependent mechanism that warrants additional investigation.

Given that chronic stress produces more gross morphological
effects on dendritic branching and spine density in aBST-
projecting PL neurons, the additional loss of mature spines in this
subpopulation may appear at first glance nominal. However,
functional anatomical experiments also unveiled a selective dec-
rement in the restraint-induced engagement (Fos protein) in this
pathway after CVS, whereas activation in other cell groups
was unabated. Because we have extensively characterized the
vSUB/PL — aBST (GABA) — PVH pathway as an important
inhibitory control over the HPA axis under acute stress condi-
tions (Radley et al., 2009; Radley and Sawchenko, 2011), damp-
ened activity in upstream components of this circuitry could
readily account for HPA axis disinhibition (sensitization) during
exposure to a novel restraint challenge after CVS. Based on these
results, the loss of mature spines in the PL — aBST pathway
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emerges as a key candidate mechanism accounting for decre-
ments in functional activation, although additional experimen-
tation is needed to address the necessity of this pathway in HPA
sensitization. Nevertheless, consideration should be given to the
fact that BST is widely implicated in anxiety (for review, see Davis
etal., 1997) and that the chronic stress-induced disruption of PL
— aBST pathway may also have broader consequences on
behavior.

One important question raised by these results concerns
which synaptic inputs are disrupted in aBST-projecting PL neu-
rons that may account for the diminished activation of this path-
way after CVS. The observed widespread reduction in mature
spines in both apical and basal aspects of the dendritic tree is
likely to disrupt both excitatory cortical/subcortical inputs into
distal apical dendrites as well as local circuit excitation into basal
dendrites (Nieuwenhuys, 1994; Douglas and Martin, 2004). The
paraventricular nucleus of the thalamus (PVT) is important in
this regard because it has been shown to play a critical role in
restraining HPA responses under both conditions of habituation
and facilitation (Bhatnagar and Dallman, 1998; Bhatnagar et al.,
2002), and this thalamic region is extensively interconnected with
PL (Heidbreder and Groenewegen, 2003). In our functional an-
atomical studies, we noted decreases in the restraint-induced
engagement in PVT cell groups after CVS exposure (J.J.R.,
unpublished observations), although it is unknown whether
these cells groups are anatomically linked to aBST-projecting
neurons in PL. An intriguing possibility is that mature spine
loss may lead to a decoupling of thalamic and prefrontal in-
teractions, although additional work will be required to un-
ravel these mechanisms.

To our knowledge, this is the first study to critically examine
whether chronic stress is capable of inducing structural plasticity
in ventral hippocampus. Our interest in extending the morpho-
metric and functional examination to vSUB is derived from an
extensive literature suggesting this region as the likely source of
extrinsic projections from HF that impart stress-inhibitory influ-
ences over the HPA axis (Herman et al., 1995b; Herman and
Mueller, 2006). However, our examination in vSUB failed to re-
veal any morphometric differences after CVS. Although analyses
of restraint-induced Fos activation in vSUB were suggestive of a
decreased sensitivity to restraint in aBST-projecting cell groups
after CVS exposure, this trend was not significant (Fig. 7).

In contrast, stress-induced regressive structural plasticity in
dorsal CA3c pyramidal neurons has been well documented (Wa-
tanabe et al., 1992; Magarifios and McEwen, 1995; Magarinos et
al., 1997; Sousa et al., 2000; Sandi et al., 2003). Stress also de-
creases proliferation of neuronal precursors in the dentate gyrus,
giving rise to overall reductions in granule cell number under
repeated or chronic exposure (Gould et al., 1997, 1998; Pham et
al., 2003). Recently, Snyder et al. (2011) showed that experimen-
tally suppressing hippocampal neurogenesis led to the enhance-
ment of HPA activation after acute and chronic stress exposure.
Although these data all point toward dorsal hippocampus as a site
of plasticity for chronic stress-related modifications in HPA
functioning, additional work is required to clarify the involve-
ment of vSUB circuitry in this regulation, whether via aBST or
other relays in the basal forebrain.
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