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ABSTRACT ARTICLE HISTORY

Chronic stress exposure during development can have lasting behavioral consequences that differ ~ Received 31 August 2023
. i . . . . Accepted 25 January 2024
in males and females. More specifically, increased depressive behaviors in females, but not males,

are observed in both humans and rodent models of chronic stress. Despite these known KEYWORDS
stress-induced outcomes, the molecular consequences of chronic adolescent stress in the adult Stress; adolescence; sex
brain are less clear. The stress hormone corticosterone activates the glucocorticoid receptor, and  difference; FKBPS;
activity of the receptor is regulated through interactions with co-chaperones—such as the  9lucocorticoid
immunophilin FK506 binding proteins 5 (FKBP5). Previously, it has been reported that the adult

stress response is modified by a history of chronic stress; therefore, the current study assessed the

impact of chronic adolescent stress on the interactions of the glucocorticoid receptor (GR) with its

regulatory co-chaperone FKBP5 in response to acute stress in adulthood. Although protein presence

for FKBP5 did not differ by group, assessment of GR-FKBP5 interactions demonstrated that adult

females with a history of chronic adolescent stress had elevated GR-FKBP5 interactions in the

hippocampus following an acute stress challenge which could potentially contribute to a reduced

translocation pattern given previous literature describing the impact of FKBP5 on GR activity.

Interestingly, the altered co-chaperone interactions of the GR in the stressed female hippocampus

were not coupled to an observable difference in transcription of GR-regulated genes. Together,

these studies show that chronic adolescent stress causes lasting changes to co-chaperone interactions

with the glucocorticoid receptor following stress exposure in adulthood and highlight the potential

role that FKBP5 plays in these modifications. Understanding the long-term implications of adolescent

stress exposure will provide a mechanistic framework to guide the development of interventions for

adult disorders related to early life stress exposures.

Introduction developed that mirror the changes observed in humans. A rat
model of chronic adolescent stress (CAS) has been used to
study long-term consequences of CAS exposure in adult ani-
mals (Bourke & Neigh, 2011; Bourke et al, 2013; Bekhbat

Women exhibit increased incidence of stress-related disorders,
such as depression and anxiety compared to men (Cover
et al, 2014; Pratt & Brody, 2014). This disparity may be a
result of developmental mechanisms that differ in males and et al, 2019; Rowson et al, 2019; Hyer et al, 2021; Hyer et al,

females. During adolescence, dendritic maturation (Markham 2023) and has been shown to induce increases in
et al, 2013), changes in brain volume (Giedd, 2004), and depressive-like behavior in females that last into adulthood

extensive maturation of the neuroendocrine system (Foilb (Bourke & Neigh, 2011). More specifically, in females, expo-
et al, 2011; Romeo et al, 2016) occur, and chronic stress Sure to CAS reduces sucrose but not water consumption, and
experienced during this developmental period can disrupt reduces struggling and latency to float in the forced swim
these processes leading to long-term consequences in the test at the end of adolescence and in adulthood (Bourke &
stress response and neural health (Spear, 2000). To isolate the Neigh, 2011). Despite these known behavioral outcomes, the
mechanisms by which chronic adolescent stress may induce underlying molecular consequences of CAS exposure in adult-
changes in the adult brain, animal models have been hood are not fully understood.

CONTACT Gretchen Neigh @ gretchen.mccandless@vcuhealth.org @ Department of Anatomy and Neurobiology, Virginia Commonwealth University, Richmond,
VA, USA

@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/10253890.2024.2312467.

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow
the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


mailto:gretchen.mccandless@vcuhealth.org
https://doi.org/10.1080/10253890.2024.2312467
https://doi.org/10.1080/10253890.2024.2312467
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1080/10253890.2024.2312467&domain=pdf&date_stamp=2024-4-1
http://www.tandfonline.com

2 (&) S.ROWSONETAL.

The glucocorticoid receptor (GR) is a critical regulator of
the impact of glucocorticoids, and GR activity in the hippo-
campus is involved in negative feedback on the hypothalamic
pituitary adrenal (HPA) axis response (Feldman & Weidenfeld,
1999). Cellular activity of the GR is modulated locally through
chaperone proteins, including the immunophilin FK506 bind-
ing proteins 5 (FKBP5) (Wochnik et al., 2005). Interaction with
FKBP5 inhibits efficient translocation of the GR to the nucleus,
reducing its activity (Wochnik et al.,, 2005). In humans, poly-
morphisms of the Fkbp5 gene have been associated with
increased number of depressive episodes, altered response to
antidepressant treatment (Binder et al., 2004), and increased
depression risk (Fan et al, 2021). Increased interactions
between GR and FKBP5 have been found following laboratory
assessment of fear conditioning in mice and in patients with
post-traumatic stress disorder (Li et al., 2020). However, the
consequences of exposure to developmental stressors on
adult interactions between the GR and FKBP5 in the brain are
not well characterized.

While FKBP5's impact on the GR complex has previously
been investigated in cell lines (Davies et al, 2002; Wochnik
et al., 2005), neuronal cultures (Tatro et al., 2009), and whole
mouse brain samples (Li et al, 2020), the current study
assesses the interactions between the GR and its co-chaperone
FKBP5 in the rat hippocampus in situ. Specifically, these stud-
ies investigate the effect of a history of chronic adolescent
stress and a subsequent acute stress challenge in adulthood
on interactions between the GR and FKBP5 in the hippocam-
pus—a brain region that plays a considerable role in the
stress response and mediates depression and anxiety. In order
to understand the extent to which CAS alters adult Fkbp5
expression and interactions between the GR and FKBP5, we
used a CAS paradigm that confers sex-dependent behavioral
and molecular effects on co-chaperones of the GR (Bourke &
Neigh, 2011; Bourke et al, 2013). Furthermore, we assessed
gene expression of its co-chaperones and a subset of GR tar-
get genes to understand the lasting impact of CAS on the GR
in adulthood.

Methods
Animal husbandry

Rats were housed on a 14:10 reverse light:dark cycle with
standard rat chow and water available ad libitum in
AAALAC-approved facilities at Emory University. All proce-
dures were approved by the Institutional Animal Care and
Use Committee at Emory University. Pups from Wistar dams
(Charles River Laboratories) were culled to litters of eight (4
males and 4 females) on postnatal day (PND) 3. On PND 21,
litters were weaned into same-sex pairs. Separate cohorts of
rats were used for PCR, western blots, FKBP5 immunohisto-
chemistry, and proximity ligation assay due to tissue require-
ments. All procedures for the FKBP5 immunohistochemistry
cohort of rats were conducted at Virginia Commonwealth
University and were performed in accordance with the
Institutional Animal Care and Use Committee, as well as the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Chronic adolescent stress paradigm

On PND 35, male and female rats were divided into chronic
adolescent stress (CAS) and non-stress (NS) groups. Male and
female rats in the CAS group were individually housed begin-
ning on PND 35 through the end of the study. On PND 38-49,
CAS rats were exposed to a mixed-modality CAS paradigm
consisting of restraint, social defeat, and isolation as previ-
ously described (Bourke & Neigh, 2011; Bourke et al., 2013;
Harrell et al, 2013; Harrell et al, 2015; Rowson et al., 2016;
Rowson et al., 2018; Bekhbat et al., 2019; Rowson et al. 2 019,
Bekhbat et al., 2021; Hyer et al., 2021).

Weight analysis

Regardless of endpoint assignment, all rats were weighed on
the first day of isolation housing (PND 35) and Day 1, 5, and
10 during the CAS paradigm. NS rats were weighed on the
same days as littermate CAS rats. Terminal weight was mea-
sured prior to acute stressor exposure on the day of collection.

Acute stress and collection

In adulthood (at least six weeks following the end of CAS
exposure, PND 90-120), rats were exposed to the novel acute
stressor—a five-minute forced swim. Rats were removed from
their home cage for acute stressor exposure and immediately
placed in a clear acrylic cylinder (60cm tall, 22cm diameter)
with 25°C water for five minutes. Immediately following the
forced swim exposure, rats were dried and replaced in their
home cage. Rats were rapidly decapitated 15, 30, or 120 min-
utes following swim exposure and brain tissue was collected.
Brains were frozen on dry ice and stored at —80°C for future
processing. A separate group of rats was collected in adult-
hood without exposure to the acute novel swim stressor.

Corticosterone ELISA

At the time of euthanasia, trunk blood was collected in EDTA
tubes (BD Vacutainer) on ice. Blood was centrifuged at
2500rpm in a Sorvall RC-5B Refrigerated Superspeed
Centrifuge and SM-24 rotor for 20 minutes at 4°C. Plasma was
collected and stored at —80°C. An Enzo Life Sciences
Enzyme-linked Immunosorbant Assay (ELISA) was used to
assess plasma corticosterone according to manufacturer’s
instructions. Samples were performed in duplicate, and only
data from samples that had a CV% <15 were included in
analyses.

Quantitative reverse-transcription polymerase chain
reaction

Hippocampal regions were dissected, and the left hippocam-
pus was used for quantitative reverse-transcription poly-
merase chain reaction (qRT-PCR). Total RNA was extracted
with Qiagen RNAeasy mini kits (Germantown, MA) according
to manufacturer’s instructions in the Yerkes Nonhuman
Primate Genomics Core Laboratory. A nanodrop 2000 was



used to assess RNA concentration. RNA was standardized to
Tug in 10l nuclease-free water. Applied Biosystems
High-Capacity ¢cDNA Reverse Transcription kit was used to
create cDNA (Applied Biosystems by Thermo Fisher Scientific,
Vilnius, Lithuania). Quant-IT Pico Green dsDNA Assay kit
(Invitrogen) was used to standardize cDNA. gRT-PCR was per-
formed with Thermo Scientific Absolute Blue gPCR SYBR
Green ROX Mix and primers (Thermo Scientific, Carlsbad, CA)
for Nr3c1, Fkbp5, Ppid, Bag1, Fkbp4, Perl, Duspl, Sgk1, Tsc22d3,
and Hprtl housekeeping gene (Supplemental Table 1).
gRT-PCR was performed in triplicate and a CV cutoff of 4%
was used. Gene expression was normalized to Hprtl house-
keeping gene, and the 22 method was used to calculate
and graph fold change (Livak & Schmittgen, 2001).

Proximity ligation assay

Brains were frozen at —80°C until processing. Brains were
cryosectioned on a Leica cryostat at 7pum thickness. Coronal
sections from ~-3.3mm and ~-53mm Bregma (Paxinos &
Watson, 1998; Kjonigsen et al.,, 2011) were fixed in 10% for-
malin and washed with 1X phosphate buffered saline (PBS)
for five minutes three times. Antigen retrieval was performed
at 96°C, and tissue was permeabilized in 0.2% Triton-X in 1X
PBS. Tissue was washed with 1X PBS and blocked in Duolink
blocking buffer (Sigma) for one hour at 37°C. Tissue was incu-
bated overnight at 4°C with rabbit anti-glucocorticoid recep-
tor (1:600, Bethyl A303-491A) and goat anti-FKBP5 (1 ug/ml,
R&D Systems R&D Systems AF4094) primary antibodies in
Duolink antibody diluent. A separate section (Bregma
~-33mm) was incubated overnight at 4°C with only
anti-FKBP5 primary antibody as a negative technical control.
Proximity ligation assay (PLA) with far red detection reagents
was performed according to manufacturer’s instructions
(Sigma). Briefly, slides were washed 5 times for 5minutes in
Duolink Fluorescence Wash Buffer A then incubated with
anti-goat (1:5) and anti-rabbit (1:5) Duolink secondary anti-
bodies in Duolink antibody diluent for one hour at 37°C.
Slides were washed in Wash Buffer A and incubated for
30minutes at 37°C with ligation solution, consisting of 1:5
ligation stock (5x) and 1:40 ligase (1U/ul) in nuclease-free
water (Duolink). Slides were then washed in Wash Buffer A
and incubated with amplification solution consisting of 1:5
Far Red Amplification Stock (5x, Duolink) and 1:80 polymerase
(10U/ul) in nuclease-free water for 100 minutes at 37°C, pro-
tected from light. Slides were washed with Wash Buffer B 5
times for 5minutes followed by a single 5-minute wash of
0.01x Wash Buffer B with agitation. Slides were dried over-
night and cover slipped with Duolink DAPI mounting media.

Images were acquired on a Leica TCS SP8 confocal
microscope. Twenty-one stacks of 0.35um thickness were
acquired as z-stacks (for a total of 7um thickness) with a
HC PL APO CS2 40x/1.3 OIL objective. Far red signal was
acquired at 653 to 691 nm emission spectra on a HyD
detector. DAPI counter stain was acquired at 447 to 481 nm
emission spectra on HyD detector. All images were acquired
with the same acquisition settings. Three z-stacks centered
on the pyramidal or granule cells in the CA1, CA3, and
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dentate gyrus (DG) were acquired from each stained
section.

Duolink ImageTool Software was used to quantify number
of PLA signals (PLA counts) in each acquired image with sig-
nal threshold set to 644 and a signal size threshold of 3 pix-
els. The number of PLA signals for the three images within
each region (dorsal and ventral CA1, CA3, and DG) were aver-
aged (one CA1 animal used an average of two images due to
an imaging error). Average PLA counts in treated samples
were divided by the average PLA counts in the single anti-
body negative technical control (only anti-FKBP5 primary
antibody, dorsal section) to control for batch-to-batch vari-
ability. Representative images are maximum intensity z pro-
jections in Fiji.

FKBP5 immunofluorescence

On PND 119, animals were transcardially perfused with PBS,
immediately followed by 4% paraformaldehyde. Brains were
extracted and post-fixed for 48 hours in 4% paraformaldehyde
then cryoprotected in 30% sucrose. Tissue was sectioned at
40um on a cryostat (Leica) before staining. Hippocampal and
prefrontal sections were mounted onto glass slides and
allowed to dry. Sections were subsequently rinsed in phos-
phate buffered saline (PBS) immersed in citrate buffer for
antigen retrieval, rinsed with PBS, blocked in 5% normal goat
serum with 0.4% Triton X for one hour at room temperature,
and incubated overnight in goat anti-FKBP5 primary antibody
(1:300, R&D Systems, cat. no. AF4094) at 4°C. Tissue was then
rinsed in PBS and incubated in anti-goat Alexafluor 488
(1:500, Invitrogen, ThermoFisher cat. no. A32723) for one hour
and then rinsed in PBS. Slides were coverslipped with
Vectashield Hardset Anti-Fade Mounting Media with DAPI
(Vector, cat. no. H-1500). Image stacks measuring 10 um with
1um intervals were acquired on a Zeiss LSM 700. Eight image
stacks per region were acquired for the DG, CA3, and CA1.
Image stacks were uploaded to Volocity (Quorum Technologies)
for volumetric quantification of immunofluorescent labeling
density.

Nuclear and cytosolic protein extraction

Hippocampal hemispheres were dissected on dry ice, and the
right hemisphere was used for all protein analyses. Nuclear
and cytosolic protein fractions were extracted as previously
described (Bourke et al., 2013). Briefly, tissue was homoge-
nized in 50mM Tris, 6mM MgCl,, TmM EDTA, 10% sucrose
buffer with 1:1000 protease inhibitor. Homogenized protein
was spun at 105,000 x g at 4°C for 30 minutes, and the super-
natant was collected as the cytosolic fraction. The pellet was
homogenized in 0.5ml buffer consisting of 50mM Tris, 6mM
MgCl2, 1mM EDTA, 0.5M NaCl, 10% sucrose and 1:1000 pro-
tease inhibitor. The pellet was centrifuged and washed twice,
incubated in an ice bath for one hour and then centrifuged
at 8000 x g for T0minutes at 4°C. The supernatant was col-
lected as the nuclear protein fraction. Protein concentrations
were determined using a BCA assay (Pierce, Prod #23227)
according to the manufacturer’s instructions.
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Western blot

A Pierce BCA was used to standardize 10ug protein in
nuclease-free water with 4x Laemmli Sample Buffer (BioRad)
and B-mercaptoethanol and run on a Criterion Precast gel
(10-20% Tris HCl, 1.0mm, BioRad) in a BioRad apparatus for
95minutes at a constant 150V. Protein was transferred to a
PVDF membrane (midi size, BioRad). A BioRad Transblot turbo
apparatus was used to perform a semi-dry transfer (BioRad,
preset Mixed molecular weight setting) in TransBlot turbo
buffer according to manufacturer’s instructions. The mem-
brane was blocked in 7.5% weight/volume nonfat dry milk in
TBS-T for one hour at room temperature. The membrane was
cut to visualize each of three proteins: GR, H3, and GAPDH.
The membrane was incubated with anti-GR antibody (1:10000,
ab109022) overnight at 4°C, anti-H3 (1:100000, ab1791) over-
night at 4°C or anti-GAPDH (1:500000, ab181602) for 30 min-
utes at room temperature. Membranes then were washed
three times in TBS-T and incubated with secondary goat
anti-rabbit HRP conjugated antibody (1:5000, ab97051).
Membranes were washed three times in TBS-T, and chemilu-
minescence was Vvisualized with SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Scientific) on a
Syngene G:BOX system (Syngene, Frederick, MD). Signal was
quantified using Li-Cor Image Studio Lite using the user
defined background subtraction method (a single background
value for each image). Arbitrary densitometry units were nor-
malized to a standard protein lane on each membrane to
normalize signal between membranes, and to a housekeep-
ing protein in each lane to normalize between lanes (H3 for
nuclear fractions, GAPDH for cytosolic fractions).

Experimental design and statistical analysis

GraphPad Prism was used for statistical analyses with a=0.05.
Two-way ANOVAs (with factors adolescent stress x acute
stress) were used for gene expression (PCR), corticosterone
ELISA, and PLA analyses separately in males and females
because CAS was hypothesized to alter endpoints differently
in males and females. A mixed-effects model using the
restricted maximum likelihood method was used to assess
weight gain across adolescent stress (CAS x day) due to miss-
ing values, and an unpaired t-test was used to assess adult
terminal weight separately in males and females. A priori
t-tests were used to assess the impact of CAS on Fkbp5 gene
expression in adulthood without acute stress exposure as well
as FKBP5 protein expression in subregions of the hippocam-
pus. Sidak’s multiple comparisons test was used to assess
post-hoc comparisons between NS and CAS groups when a
significant interaction was observed in weight data. A
post-hoc Tukey’s test was used for PLA analyses when a sig-
nificant interaction was observed. When a main effect of
acute stress was found in GR-target gene PCR or corticoste-
rone data, post-acute stress group differences were assessed
with a Sidak’s multiple comparisons test. Multiplicity adjusted
p-values are reported for multiple comparisons tests. One ani-
mal was not included in gene expression analysis due to a
technical pipetting error. One male isolation weight was iden-
tified as an outlier with Grubbs’ Outlier test and excluded.

Two-way ANOVAs (with factors adolescent stress x acute
stress) were used for western blot analysis. Sidak’s multiple
comparisons test was used to assess post-hoc comparisons
between NS and CAS groups when a significant interaction
was observed in western blot data. Multiplicity adjusted
p-values are reported for multiple comparisons tests. Samples
were excluded from western blot analysis due to technical
reasons including insufficient protein extraction yield (4 ani-
mals), bubbles in protein band (11 samples), or a technical
error in mass of protein run (3 animals); exclusions were rep-
resented among multiple experimental groups. Sample sizes
for each experiment are detailed in Supplemental Table S2.

Results
Weight gain

Though both male and female adolescent rats gained weight
throughout adolescence during the stress paradigm (Male: F 5
a09 = 3038, p<0.0001; Female: Fj; ;o5 = 707.7, p<0.0001),
male rats exposed to CAS gained less weight than NS male
controls (F; 14 = 16.70, p<0.0001, interaction: F; 4o, = 32.84,
p <0.0001, Figure 1(B,C)). On day 1, 5, and 10 of adolescent
stress, CAS males exhibited reduced body weight compared
to NS male controls (p=0.038, p<0.0001, p<0.0001, respec-
tively). The impact of CAS on weight in males normalized by
adulthood at the terminal timepoint (t;,,=1.556, p>0.05,
Figure 1(C)). CAS did not significantly impact weight gain
across adolescence in females (F, ;5; = 1.08, p>0.05) but
there was a significant interaction between CAS and day (F
303 = 2.87, p=0.036) that was not attributable to a significant
difference on one specific day. CAS did not impact adult ter-
minal weight in females (t,;,=0.929, p>0.05, Figure 1(B)).

CAS does not impair the resolution of the corticosterone
response

Plasma corticosterone was altered with time following novel
acute stressor challenge in both females (F; ;,, = 43.13,
p<0.0001) and males (F; ;5 = 74.15, p<0.0001, Figure 2).
Specifically, corticosterone was elevated at the 15-minute and
30-minute timepoint compared to baseline (p<0.0001) and
compared to the 120-minute timepoint (p<0.0001) in both
males and females (Sidak’s multiple comparisons test). There
was no significant effect of CAS on the corticosterone
response in females (F, ;,, = 0.94, p>0.05) or males (F, ;g
= 0.14, p>0.05).

Chronic adolescent stress increases basal Fkbp5 gene
expression in females and acute adult stress increases
Fkbp5 gene expression for both sexes regardless of
adolescent stress history

Gene expression of Fkbp5 increased over time following novel
acute forced swim stressor exposure in both males (F;,=5.42,
p=0.0022) and females (Fs, 67 = 13.20, p<0.0001). Males and
females had higher Fkbp5 gene expression 120minutes fol-
lowing acute stressor exposure compared to baseline, 15, and
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Figure 1. Male and female rats were exposed to a mixed-modality CAS paradigm according to the timeline (A). Female (B) and male (C) rats were weighed on
isolation day (PND 35), the first (PND 38), fifth (PND 42), and tenth (PND 47) day of the stress paradigm. Both males and females gained weight through adoles-
cence, but males exposed to CAS gained less weight than non-stress (NS) male controls (ANOVA, p <0.05). CAS does not alter terminal weight in female or male
adult rats exposed to CAS using a t-test (p>0.05). Weight was measured for all animals in the morning on the day of collection. Data are presented as mean + SEM.
* indicates significance in Sidak’s multiple comparisons test comparing CAS to NS groups. a=0.05. Data are presented as mean+ SEM.

Figure 2. Trunk blood was collected immediately following rapid decapitation in female (A) and male (B) adult rats at baseline (BS; no acute stressor exposure)
or 15, 30, or 120-minutes following a five-minute novel acute forced swim stressor challenge. Both males and females exhibited a main effect of time following
acute stressor (p <0.05), but CAS did not elicit a significant impact on plasma corticosterone. A Sidak’s multiple comparisons test showed that corticosterone at
BS and 120minutes following acute stressor exposure differed from 15 and 30minutes, pooled across NS and CAS groups in both females (A) and males (B;

p<0.05, indicated by *). Data are presented as mean+SEM.

30minutes (p <0.05, Sidak’s multiple comparisons test) regard-
less of their adolescent stress history. CAS females also exhib-
ited elevated Fkbp5 gene expression at baseline (t;4=2.27,
p=0.038), as compared to the NS female group (Figure 3).
In addition, gene expression of other known GR
co-chaperones was assessed in males and females follow-
ing CAS and acute stressor exposure (Supplemental Figure

S1). Females with a history of CAS exposure exhibited
reduced Bagl gene expression (Main effect CAS: F, ¢, =
4.26, p=0.043) that was not impacted by exposure to the
acute stressor (F34,=0.451, p>0.05). CAS did not impact
Bagl gene expression in males (F; ¢, = 3.12, p=0.082)
regardless of acute stressor exposure in adulthood
(Fi364=1.48, p>0.05).Neither adolescent (Female: F; 4, =
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Figure 3. Male and female rats were exposed to CAS or non-stress (NS) control conditions and collected at baseline or 15, 30, or 120minutes following exposure to an acute
novel stressor in adulthood. Females exposed to CAS exhibited elevated Fkbp5 gene expression at baseline. There was no significant effect of CAS in males. Both females
(A) and males (B) exhibited elevated expression of Fkbp5 with time following acute novel forced swim stressor challenge. Data are expressed as mean fold change (229
+ SEM normalized to same-sex NS baseline group. * indicates a significant difference in CAS to NS comparison with a priori t-test, p<0.05. # indicates that gene expression
at 120minutes differs from baseline, 15, and 30minutes, data pooled across NS and CAS groups with Sidak’s multiple comparisons test (p<0.05).

0.253, p>0.05; Male: F; 4 = 0.897, p>0.05) nor acute stress
(Female: F5 4, = 0.572, p>0.05; Male: F; ¢, = 1.558, p>0.05)
impacted Fkbp4 gene expression in males or females. Chronic
adolescent (Female: F; ¢, = 1.26, p>0.05; Male: F, = 0.149,
p>0.05) and acute (Female: F; ¢, = 1.223, p>0.05; Male: F3
64 = 0.584, p>0.05) stress also did not impact Ppid gene
expression. Nr3c1 gene expression was not significantly altered
by chronic adolescent (Female: F; ¢, = 1.251, p>0.05; Male:
Fi1. 64 = 3.137, p=0.081) or acute stress (Female: F; ¢, = 1.576,
p>0.05; Male: F5 4, = 248, p=0.069) in males or females.

Chronic adolescent stress does not alter FKBP5 protein
levels in the hippocampus

There was no effect of CAS on FKBP5 staining in the female DG
(t,,=0.043, p=097), CA1 (t,,=0.36, p=0.73), or CA3 (t,,=0.95,
p=0.36) regions of the hippocampus. Similarly, males did not
show an effect of CAS on FKBP5 in either the DG (t,,=0.06,
p=0.95), CA1 (t,,=1.13, p=0.29), or CA3 (t,,=1.39, p=0.20) regions
of the hippocampus (Representative images in Supplemental
Figure S2).

Females exposed to CAS exhibit increased GR-FKBP5
interactions following acute stressor exposure

A proximity ligation assay (PLA) was used to assess
protein-protein interactions between GR and FKBP5 in situ in
the adult rat hippocampus. Acute stress exposure did not sig-
nificantly increase GR-FKBP5 interactions (measured by the
corrected PLA ratio) in the dorsal CA1 in adult female rats (F;
20 = 4.01, p=0.0589), but females exhibited a significant
acute stress by CAS interaction (F; o = 4.77, p=0.041) (Figure
4(A), Supplemental Figure S3). Post-hoc analysis demonstrated
that females with a history of CAS exposure exhibited
increased GR-FKBP5 interactions in the dorsal CA1 following
exposure to a novel acute stressor (p=0.036, Tukey's multiple

comparisons test), but NS females did not (p>0.05). Males
did not exhibit an impact of acute (F; ,, = 2.57, p=0.125) or
adolescent (F; ,, = 1.25, p>0.05) stress on GR-FKBP5 interac-
tions in the dorsal CA1 (Figure 4(B)). Representative images
are shown in Supplemental Figure S2. Acute stress (Female:
Fi 20 = 1.70, p>0.05; Male: F, ,, = 0.08, p>0.05) or CAS
(Female: F; ,, = 0.23, p>0.05; Male: F; ,, = 047, p>0.05)
did not significantly impact GR-FKBP5 interactions in the ven-
tral CA1 in males or females (Figure 4(C,D)). There were also
no significant interactions in the ventral CA1 of males or
females (Female: F,,, = 1.28, p>0.05; Male: F,,, = 2.30,
p>0.05).

GR-FKBPS5 interactions were also assessed in the dorsal and
ventral CA3 and dentate gyrus (DG). Acute stress increased
the corrected PLA ratio in females in the DG (F;, ,, = 6.386,
p=0.02). A history of CAS or acute stressor exposure did not
significantly impact GR-FKBP5 interactions in the dorsal or
ventral CA3 or DG in males or in the dorsal or ventral CA3 or
ventral DG in females (p>0.05) (Supplemental Figure S4).

Gene expression of GR-target genes

As expected, following exposure to an acute novel stressor, gene
expression of GR target genes Perl (Female: F, ,, = 5.909,
p=0.005; Male: F, 44 = 8.349, p=0.0008), Dusp1 (Female: F, 5 =
53.99, p<0.0001; Male: F,,, = 67.13, p<0.0001), Sgki (Female:
Foue = 8.126, p=0.0009; Male: F,, = 11.34, p<0.0001), and
Tsc22d3 (Female: F,,, = 11.57, p<0.0001; Male: F,q = 11.05,
p=0.0001) were increased (Figure 5). Males exposed to CAS
showed increased gene expression of Sgk1 (F, ., = 4513
p=0.039), but CAS did not impact Sgki gene expression in
females (Fu, 49 = 1.739, p>0.05). A post hoc test revealed that
males exposed to CAS increased gene expression of Sgk1 30min-
utes following acute stressor exposure compared to baseline
(p=0.0004). CAS did not significantly impact gene expression of
Per1, Dusp1, and Tsc22d3 in either sex (p>0.05).
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Figure 4. Female and male rats were exposed to CAS. In adulthood, tissue was collected at baseline (no acute stressor exposure) or 30 minutes following an acute
stressor challenge (acute). A proximity ligation assay (PLA) was used to assess interactions between GR and FKBP5 protein. The corrected PLA ratio was calculated
by dividing PLA counts in treated images by PLA counts in a negative technical control (single antibody, dorsal section). PLA signals in the dorsal CA1 in females
(A) exhibit a significant interaction between adolescent stress and time after acute stress (p <0.05). Adolescent or acute stress did not significantly impact PLA
signal in the male dorsal CA1 (B), female ventral CA1 (C), or male ventral CA1 (D) (p>0.05). * denotes significant effect in a post-hoc Tukey’s test. n=6 per group.

Data are presented as mean +SEM.

CAS impact on nuclear localization of protein

Protein expression of GR in nuclear and cytosolic cell fractions
were assessed using an anti-GR antibody (Abcam ab109022).
However, following completion of the study, Abcam ab109022
was discontinued due to new evidence that the antibody was
nonspecific to the glucocorticoid receptor as determined by
using NR3C1-knockout A549 whole cell lysate by the manufac-
turer (https://www.abcam.com/glucocorticoid-receptor-antibody-
eprd595-ab109022.html). Because this antibody labeled protein
in a knockout sample, it is not clear if the observed effects of
CAS on the western blot protein data (Figure 6) are due to
impact of CAS on GR translocation or due to an impact on
other nuclear receptors or proteins. We report the collected
data here as this antibody appears in the literature
(Boncompagni et al.,, 2015; Herring et al., 2016; Wei et al., 2016;
Engel et al., 2018; Hadamitzky et al, 2018; Sugimoto et al.,
2019; Edvinsson et al., 2020; Wang et al,, 2020; Shi et al., 2021;
Lin et al, 2022) and identification of the labeled protein may
be reported at a future timepoint.

Using ab109022, females exhibited a significant interaction
between time following acute stressor exposure and history of
CAS on nuclear antibody tagged protein expression (Fs 4 =

3.516, p=0.02, Figure 6(A)), such that females exposed to CAS
exhibited reduced antibody-tagged nuclear protein 30 minutes
following the acute stressor compared to NS controls (Sidak’s
multiple comparisons test, p=0.013). There were no main effects
of time following acute stressor exposure (F3 4, = 1.535, p>0.05)
or history of CAS (F; 4, = 1.187, p>0.05) on antibody-tagged
nuclear protein content in females. CAS did not impact
antibody-tagged nuclear protein content in males (F, ¢, = 0.314,
p>0.05; Figure 6(B)) but there was a non-significant trend in a
main effect of time following acute stressor exposure on nuclear
antibody-tagged protein (F3 4, = 2.682, p=0.0545) suggesting
an increase in nuclear expression following the acute stressor.
Cytosolic antibody-tagged protein expression was not
impacted by exposure to the acute stressor (Female: F; 4 =
0.93, p>0.05; Male: F3 4, = 1.127, p>0.05) or CAS (Female:
Fiu s = 2075 p>0.05 Male: F, ¢, = 3.025, p=0.087) in
females or males (Figure 6(C,D)).

Discussion

Exposure to CAS «can cause lasting disruptions to
stress-sensitive behaviors in female rats (Bourke & Neigh,
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Figure 5. Male and female rats were exposed to CAS or non-stress (NS) control conditions and collected at baseline, 30, or 120 minutes following exposure to an
acute novel stressor in adulthood. Data are expressed as mean fold change (224%) + SEM normalized to same-sex NS baseline group. # indicates a main effect of
CAS. * indicates a significant difference between post-acute stress time points with Sidak’s multiple comparisons test. $ indicates a significant effect of a Sidak’s

multiple comparisons test between groups.

2011; Hyer et al., 2021). Here, we investigated whether a his-
tory of CAS alters adult co-chaperone regulation of the GR in
the hippocampus to examine a potential underlying mecha-
nism for risk in females. We demonstrate that although FKBP5

protein expression in the hippocampus is similar in females
with and without a history of adolescent stress, expression of
Fkbp5 is elevated in the hippocampus of adult females with
a history of CAS and interactions between GR and FKBP5 are
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Figure 6. Female and male rats were exposed to CAS or non-stress (NS) control conditions. In adulthood, hippocampal tissue was collected at baseline (BS, no
acute stressor exposure) and 15, 30, or 120-minutes following exposure to an acute novel stressor. Nuclear (A,B) and cytosolic (C,D) GR protein was assessed with
western blot. Changes in GR antibody-tagged protein were impacted by CAS. There was a significant interaction between time following acute stressor exposure
and history of CAS on nuclear GR antibody-tagged protein expression (A). Arbitrary densitometry units were normalized to H3 nuclear housekeeping protein or
GAPDH cytosolic protein and a standard protein sample and expressed as mean+ SEM. * indicates significant effect in CAS to NS comparison with Sidak’s multiple
comparisons test, p<0.05. Data are presented as mean+SEM. Note that following completion of this study, the antibody was discontinued by the company which

limits interpretation of these data.

augmented following an acute stressor in females with a his-
tory of adolescent stress. Collectively, the data reported here
suggest that there is a lasting impact of CAS on co-chaperone
regulation of the GR.

The impact of CAS on behavior initiates a complex behav-
ioral profile that differs between males and females. Work
from our group that assessed the adolescent and adult
impact of CAS on affective-like behaviors showed that CAS
increased depressive-like behaviors in adult female rats
(Bourke & Neigh, 2011). We have also observed that rats
exposed to CAS exhibit impacted learning and memory
behaviors. Following an LPS challenge, males demonstrated
deficits in initial learning while females exhibited impacted
reversal learning in the attention set shift task (Hyer et al.,
2023). Further, in the Barnes Maze task, while CAS females
have an initial reduction in latency to locate a goal box com-
pared to non-stressed controls, CAS females but not males,
showed impairments in cognitive flexibility with reversal
learning (Hyer et al, 2021). While females show altered
depressive-like behavior and learning and memory perfor-
mance following CAS, CAS increases social avoidance in adult
male rats but not females (Bekhbat et al., 2021). These data
show a complex impact of CAS on adult behaviors that

differs considerably between males and females. These differ-
ences in behavior suggest that the physiological mechanisms
underlying these behaviors are also sex-specifically
altered by CAS.

In order to assess a potential mechanism underlying the
behavioral impact of CAS and directly assess the impact of CAS
on co-chaperone regulation of the GR, we assessed protein inter-
actions between GR and FKBP5 in situ. Interactions between
these proteins have been previously reported in vitro (Davies
et al.,, 2002; Wochnik et al,, 2005) or with co-immunoprecipitation
in the whole mouse brain (Li et al, 2020). The current studies
show that CAS has lasting effects on stress-induced GR-FKBP5
interactions in the hippocampus in adulthood such that GR-FKBP5
interactions in the dorsal CA1 increase following acute stressor
exposure in adult female rats with a history of CAS. These data
also indicate that CAS shifts regulation of these proteins differ-
ently in males and females as CAS exposure does not impact
GR-FKBP5 interactions in males. Increased interactions between
GR and FKBP5 have been observed following fear conditioning in
mice and in patients with PTSD, and reducing interactions
between GR-FKBP5 reduces the behavioral impact of fear condi-
tioning in mice (Li et al, 2020), further implicating interactions
between GR and FKBP5 in stress-related behaviors. Following
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acute stress exposure, GR-FKBP5 interactions also increased in the
dorsal DG in females, indicating that increases in GR association
with FKBP5 following acute stressor exposure occurs rapidly,
within 30minutes, though there was no additional impact of
CAS. Although a basal increase in Fkbp5 gene expression was
observed for females with a history of CAS, we did not docu-
ment an increase in FKPB5 protein suggesting that protein avail-
ability of FKBP5 does not solely account for the increase in
GR-FKBP5 interactions. However, it is important to note that
immunohistochemistry was used to measure FKBP5 protein and
this technique is not robustly quantitative limiting interpretation
of this specific result. We did not detect a significant impact of
acute stress or CAS on GR-FKBP5 interactions in the dorsal or
ventral CA3 in males or females, or in the dorsal or ventral DG in
males (Supplemental Figure S4). Other groups have reported that
dexamethasone treatment increases Fkbp5 gene expression in
the mouse CA1 and DG, but not in the CA3 (Scharf et al,, 2011),
suggesting that there may be hippocampal region-specific con-
trol of Fkbp5 expression or modulation of FKBP5 activity, such
that the CA1 is more responsive to alterations in FKBP5 regula-
tion with CAS, in line with the current results. Though there was
not a significant impact of CAS on GR-FKBP5 interactions in the
dorsal or ventral CA3 or DG, it is possible that there are mean-
ingful changes in GR-FKBP5 interactions only within specific cell
types. Because we only assessed GR-FKBP5 interactions region-
ally, we do not have data on potentially impactful changes within
specific cell types. In addition to neurons, microglia (Wohleb
et al, 2011) and astrocytes (Carter et al., 2012; Tertil et al., 2018)
express both GR and FKBP5. Differences in distribution of microg-
lia density in the mouse hippocampus have been found across
dorsal and ventral hippocampal regions (Jinno et al., 2007), and
it is therefore possible that differential contribution of different
cell types to PLA interactions could dilute an effect in a single
cell type. Future work should consider the additional potential for
cell type-specific contributions of GR-FKBP5 interactions.

Given the increased interactions of GR with its
co-chaperone FKBP5, which is known to impair GR-nuclear
translocation (Wochnik et al., 2005), we hypothesized that
GR-nuclear translocation following acute stressor exposure
would be attenuated in females previously exposed to
CAS. We assessed this question using Western Blot to
determine GR expression in nuclear and cytosolic frac-
tions. However, the anti-GR antibody used in these exper-
iments (Abcam ab109022) was discontinued after the
completion of these experiments due to new evidence
from the manufacturer that the antibody was not specific
to GR protein using a GR- knockout cell model. It is there-
fore not possible to conclude whether the impact of CAS
on GR-antibody tagged nuclear protein expression we
observed in adult females is due to the GR or other pro-
teins contributing to the observed signal (Figure 6). Future
experiments will need to assess the impact of CAS expo-
sure on adult translocation and activity of the GR in
adulthood.

Following acute stressor exposure, the GR rapidly interacts
with glucocorticoid response elements (GREs) in target genes
in the hippocampus to regulate gene expression (Mifsud &
Reul, 2016). As expected, upon exposure to an acute stressor,

we observed a robust increase in gene expression of GR-target
genes in both males and females. Although CAS interacted
with acute stress to increase interactions between GR and
FKBP5 in adult females, potentially disrupting activity of the
GR, we did not observe an effect of CAS on gene expression
in the subset of GR-target genes assessed in females, sug-
gesting that CAS does not cause a less transcriptionally active
GR at these specific target genes. Activity of the GR is regu-
lated at multiple levels- through interaction with multiple
co-chaperones, post-translational modifications, and interac-
tions with co-activators, among other mechanisms (Bekhbat
et al., 2017). Differential interaction of the GR with co-activators
or preferential interaction of the GR with specific GR-response
elements (specifically within the genes assessed in this study)
could allow for unchanged GR-mediated transcription at spe-
cific target genes even with altered GR co-chaperone activity.

Interestingly, adult males exposed to CAS showed increased
expression of the GR-target gene Sgk1. Serum and glucocor-
ticoid inducible kinase 1 (SGK1) is involved in GR activation
and has been implicated in the effects of cortisol on hippo-
campal neurogenesis and GR translocation and is increased in
patients with depression (Anacker et al, 2013), suggesting
that though we did not observe any difference in GR-FKBP5
interactions in adult males, the system is affected by CAS
exposure. Our group has previously reported impacts of CAS
on adult immune reactivity with exaggerated impact in the
peripheral immune system of males as well as alterations in
male social behavior following CAS (Bekhbat et al., 2019;
Bekhbat et al., 2021). Given the role of SGK1 in immune-related
processes (Wu et al., 2013; Inoue et al, 2016; Dattilo et al.,
2020), the impact of CAS on SGK1 in male rats will be of par-
ticular importance. The impact of CAS on gene transcription
in the hippocampus is complex and differs in males and
females (Rowson et al., 2019; Bekhbat et al., 2021). Specific
targeting of the transcriptional changes due to CAS may be
informative to further elucidate the mechanisms contributing
to the impact of CAS on behavior in adulthood.

Adult male and female rats exhibited a robust corticoste-
rone response following acute stressor exposure, consistent
with the observed increased expression of the GR target
genes. Interestingly, the resolution of the corticosterone
response to acute stress was not impacted by CAS. Our
group has previously reported a prolonged corticosterone
response to an acute stressor in females exposed to CAS at
the end of adolescence (Bourke et al., 2013). The difference
in this study is likely a reflection of the age of assessment
as it is well established that the corticosterone response to
acute stress varies with age (Foilb et al., 2011; Lui et al,
2012; Girard-Joyal et al., 2015), and this may further interact
with the length of time between the final chronic stressor
and the acute stress challenge (Rich & Romero, 2005;
Ostrander et al., 2006; Lin et al., 2008).

Together, these results suggest that the transcriptional
activity of GR may be unchanged despite increased interac-
tions between GR and FKBP5 in the hippocampus of females
with a history of chronic adolescent stress. Altered transacti-
vator and transrepressor activity of the GR (Bekhbat et al.,
2017) or epigenetic changes at target genes could underlie
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these effects, as epigenetic modifications of GR-target genes
have been previously observed in specific GR-target genes
(Lebow et al., 2019). Increased GR sensitivity or a shifted bal-
ance of GR activity to different subsets of genes could be
disruptive; for example, both high and low activity of the GR
have been implicated in disrupting neurogenesis (Anacker
et al., 2011; Saaltink & Vreugdenhil, 2014). This disruption
could be driven in part through changes in interactions with
FKBP5, as FKBP5 inhibition increases neurite outgrowth in
hippocampal neurons (Gaali et al., 2015). Increased GR associ-
ation with FKBP5 alone has been implicated in stress-related
disorders (Li et al., 2020), and interactions with FKBP5 could
be involved in shifting the balance of GR activity. These
shifted GR-FKBP5 profiles could underlie the behavioral
impact of CAS in adulthood (Bourke & Neigh, 2011; Hyer
et al, 2021). Compensations in the system to counteract
increased FKBP5 interactions following acute stressor expo-
sure may be sufficient to prevent transcriptional impact of
CAS earlier in adulthood, but with aging or if faced with addi-
tional health challenges, these mechanisms may no longer be
sufficient and could cause further dysregulation.
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