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Systems/Circuits

Repeated Exposure to Multiple Concurrent Stresses Induce
Circuit Specific Loss of Inputs to the Posterior Parietal
Cortex

Yaaqov Libovner, Mona Fariborzi, Daim Tabba, Ali Ozgur, Tamara Jafar, and ®“Gyorgy Lur
Department of Neurobiology and Behavior University of California, Irvine, Irvine, California 92697

Severe loss of excitatory synapses in key brain regions is thought to be one of the major mechanisms underlying stress-induced cognitive
impairment. To date, however, the identity of the affected circuits remains elusive. Here we examined the effect of exposure to repeated
multiple concurrent stressors (RMS) on the connectivity of the posterior parietal cortex (PPC) in adolescent male mice. We found that
RMS led to layer-specific elimination of excitatory synapses with the most pronounced loss observed in deeper cortical layers. Quantita-
tive analysis of cortical projections to the PPC revealed a significant loss of sensory and retrosplenial inputs to the PPC while contralateral
and frontal projections were preserved. These results were confirmed by decreased synaptic strength from sensory, but not from con-
tralateral, projections in stress-exposed animals. Functionally, RMS disrupted visuospatial working memory performance, implicating
disrupted higher-order visual processing. These effects were not observed in mice subjected to restraint-only stress for an identical
period of time. The PPC is considered to be a cortical hub for multisensory integration, working memory, and perceptual decision-
making. Our data suggest that sensory information streams targeting the PPC may be impacted by recurring stress, likely contributing to
stress-induced cognitive impairment.

Key words: chronic stress; multimodal stress; posterior parietal cortex; retrograde tracing; synapse loss; visuospatial working memory

(s )

Repeated exposure to stress profoundly impairs cognitive functions like memory, attention, or decision-making. There is emerg-
ing evidence that stress not only impacts high-order regions of the brain, but may affect earlier stages of cognitive processing. Our
work focuses on the posterior parietal cortex, a brain region supporting short-term memory, multisensory integration, and
decision-making. We show evidence that repeated stress specifically damages sensory inputs to this region. This disruption of
synaptic connectivity is linked to working memory impairment and is specific to repeated exposure to multiple stressors. Alto-
gether, our data provide a potential alternative explanation to ailments previously attributed to downstream, cognitive brain

structures. j

ignificance Statement

nerability to stress during adolescence (Eiland and Romeo,
2013). Chronic stress in adolescent rodents resulted in an in-

Introduction
Repeated exposure to stress impedes executive functions, includ-

ing navigation and working memory (Conrad et al., 1996; Luethi
et al., 2008). Such adversities in early life have especially drastic
effects on the nervous system (Lupien et al., 2009). While the
detrimental nature of parental and neonatal stress has long been
appreciated, more recent experiments highlight increased vul-
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creased activation of the hypothalamic-pituitary-adrenal axis
(Romeo et al., 2006), dendritic atrophy (Eiland et al., 2012), and
exacerbated behavioral deficits (Avital and Richter-Levin, 2005)
compared with the same stress exposure in adults. These findings
correlate with an increased susceptibility to psychological disor-
ders observed in adolescent humans (Gomes and Grace, 2017).
The behavioral effects of chronic stress have long been attrib-
uted to damage in brain regions linked to the highest levels of
cognitive function—the hippocampus and the prefrontal cortex
(PFC). This notion is based on evidence that stress impairs per-
formance in spatial and memory tasks (Luine et al., 1994; Mizo-
guchi et al., 2000), induces synapse loss in both structures (Sousa
et al., 2000; Radley et al., 2006), and leads to altered functional
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connectivity in human subjects (Liston et al., 2009; Soares et al.,
2012). Although data from other brain areas are scarce, in ro-
dents, chronic stress was shown to impair texture discrimination
and cause dendritic spine loss in the somatosensory cortex (Chen
etal., 2018) and to induce mild atrophy of the right visual cortex
measured by voxel-based morphometry (Yoshii et al., 2017). Fur-
thermore, a 10-fold increase in c-Fos * cells was detected in pari-
etal, visual, retrosplenial, and auditory cortices of stressed rats, an
increase comparable to or exceeding labeling in regions tradi-
tionally associated with stress (Lkhagvasuren et al., 2014). Stress-
induced disruption of auditory and visual processing was also
reported in humans (Shackman et al., 2011; Dagnino-Subiabre,
2013). These findings motivate our hypothesis that the effects
of stress are not limited to brain regions associated with the
highest levels of cognitive function but extend to earlier stages
of processing.

The posterior parietal cortex (PPC) is an association area
(Kolb and Walkey, 1987; Reep et al., 1994) that has been linked to
multisensory integration, navigation, working memory, and
decision-making in rodents, primates, and humans (McNaughton
etal., 1994; Andersen and Cui, 2009; Noudoost et al., 2010; Brodt
etal., 2016; Mohan et al., 2018). Its role as a cognitive hub hinges
on a high degree of connectivity. Indeed, the PPC receives synap-
tic input from visual, auditory, and somatosensory cortices
(Mazzoni et al., 1996; Andersen et al., 1997; Olcese et al., 2013;
Mohan et al., 2018; Zhong et al., 2019) as well as top-down affer-
ents from frontal and retrosplenial cortices (Corwin and Reep,
1998; Wilber et al., 2015). Although this suggests that the PPC
may be vulnerable to insult that damages synaptic connections,
data on how stress affects the PPC is scarce. Functional imaging
studies revealed altered metabolism and connectivity of the pari-
etal lobe in subjects exposed to trauma or abuse (Bremner et al.,
1999a; Lanius et al., 2002; Liston et al., 2009; Hart et al., 2017).
Yet, how stress affects synaptic connections of the PPC is cur-
rently unknown.

Therefore, we examined the effects of repeated stress exposure
on the input network of the PPC in adolescent mice. Given the
capacity of the PPC to process information from several sensory
modalities, we used a multimodal stress paradigm combining
physical, visual, and auditory stressors. We found that repeated
stress activated the PPC and induced a marked loss of excitatory
synapses. Anatomical and electrophysiological measurements
suggested that projections from sensory and retrosplenial corti-
ces were more susceptible to stress than inputs from the con-
tralateral PPC (cPPC) or the anterior cingulate cortex (ACC). In
agreement with these results, stress disrupted visuospatial work-
ing memory. Overall, our findings indicate that chronic stress
alters cortical connectivity in a circuit-specific manner.

Materials and Methods

Animals. Animals were group housed in a quiet, uncrowded facility on a
12 h light/dark cycle, with ad libitum access to food and water. For all
procedures, male C57BL/6 mice were either purchased from Charles
River or bred in house. At postnatal day 30 (P30) to P35, male age-
matched mice were randomly divided into the following two groups:
control or stressed. Experiments were performed in accordance with
the NIH guidelines on laboratory animal welfare and were approved
by the University of California Irvine Institutional Animal Care and
Use Committee.

Stress paradigms. Atage P30 to P35, male mice were randomly assigned
to experimental groups: repeated multiple concurrent stressors (RMS) or
stress-free control. For RMS, animals were placed in a well vented re-
strainer fashioned from 50 ml conical tubes, and five to eight mice were
then placed in a clean cage. A high-frequency speaker was placed in the
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cage to deliver loud noise stimulus. The noise was generated by an Ar-
duino Uno driving an amplifier and consisted of 0.5-1-s-long beeps
randomly selected from a frequency range of 15-30 kHz at 0.5-3 s ran-
dom intervals. The cage was placed on top of a laboratory rocker under a
bright light. Animals were rocked for 1 h/d for 10 consecutive days. A
subset of control and stressed mice were weighed every day before the
onset of RMS. On day 10, animals were subjected to behavioral studies or
killed for histological or electrophysiology testing.

Restraint-only stress (ROS) consisted of physical confinement to the
above-described retainer for 1 h/d for 10 d. No more than two restrained
animals were placed in a clean cage and kept in darkness for the stress
duration.

Visual exposure (VIS) consisted of the exact same illumination as the
RMS paradigm but without any other stressors. Animals were exposed to
the light for 1 h/d for 10 d.

Immunohistochemistry. For immune staining, pairs of age-matched
control and stressed mice were transcardially perfused with PBS followed
by 4% paraformaldehyde (PFA) dissolved in Sorenson’s buffer and post-
fixed for 5 h in 4% PFA. After 5 h, the solution was replaced with Soren-
son’s buffer, and 50 wm coronal slices were prepared from the posterior
parietal region on a vibrating microtome (Compresstome 300z). Slices
were washed in Sorenson’s buffer and nonspecific staining was blocked
for 1 h at room temperature (RT) with 10% normal goat serum (NGS),
1%h bovine serum albumin (BSA) and 0.1% Triton X-100 dissolved in
Sorenson’s buffer. After blocking, slices were transferred to a staining
solution with 5% NGS, 1% BSA, and anti-postsynaptic density-95 (PSD-
95) monoclonal antibody (7E3-1B8, Thermo Fisher Scientific) at 1:2000
dilution or anti-c-Fos (Synaptic Systems) at 1:5000 dilution in Soren-
son’s buffer for overnight staining at 4°C on a laboratory shaker. Stained
slices were washed four times in Sorenson’s buffer and transferred into a
secondary antibody solution containing anti-mouse secondary antibody
conjugated to Alexa Fluor 555 (1:500) and the fluorescent Nissl stain
Neurotrace 430 (1:100; Thermo Fisher Scientific) for 2 h. Following four
washes with Sorenson’s buffer, slices were mounted on microscope slides
with Prolong Diamond anti-fade reagent and covered with a no. 1 thick-
ness cover glass. All staining batches contained age-matched control and
stressed brains to assure even staining between conditions.

Retrograde labeling. To label neurons projecting to the PPC both con-
trol and stressed mice were injected with either 150 nl red latex mi-
crobeads (Lumafluor) or with 150 nl of Alexa Fluor 555 dye-conjugated
choleratoxin B subunit (CTB; Thermo Fisher Scientific) on day 4 of the
stress protocol. Transcranial injections were targeted to the right PPC, as
follows: anteroposterior (AP), 2.1 mm; mediolateral (ML), 1.7 mm; dor-
soventral (DV), 0.45 mm from the bregma, using a pulled glass pipette
(Sutter Instruments) in a microinjector pump (UMP3, World Precision
Instruments) attached to a stereotaxic frame (Kopf Instruments). After
completion of the stress protocol, animals were transcardially perfused
with 4% PFA in Sorenson’s buffer. The extracted brains were postfixed
overnight in 4% PFA at 4°C then PFA was replaced with Sorenson’s
buffer. Fifty micrometer coronal sections were prepared using a vibrating
blade microtome (Compresstome), washed in Sorenson’s buffer and
stained for 2 h with Neurotrace 430 (1:100) as per manufacturer instruc-
tions. Stained slices were mounted on microscope slides with Prolong
Diamond anti-fade reagent.

Confocal microscopy. PSD-95 staining was visualized on an LSM 700
Confocal Microscope (Zeiss) in the University of California, Irvine, Op-
tical Biology Core using a 63X oil-immersion objective. Hippocampal
images were taken as 5 X 5 tiles at 1 X optical zoom (0.2 um pixel size) to
include all layers of the hippocampus. PPC images were 3 X 10 tiles at 1 X
optical zoom to include the entire cortical column. Images were taken 10
um from the slice surface to ensure identical antibody penetration be-
tween slices. The PPC was imaged at 1500—1700 pwm from the midline.
Neurotrace 430 and Alexa Fluor 555 were excited at 405 and 555 nm,
respectively. Fluorescence emissions were separated using a 500 nm
beam splitter and filtered with 490 nm short-pass and 560 nm long-pass
filters.

Retrograde labels (retrobeads and CTB) were imaged on the same
LSM 700 confocal microscope through a 40X oil-immersion objective.
Cortical regions of interest included the ACC, the cPPC, the somatosen-
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sory barrel cortex (S1), the auditory cortex (A1), and the primary visual
cortex (V1). At each region 5 X 5 tiles at 1 X optical zoom (0.31 um pixel
size) captured an 800.22 X 800.22 wm square of tissue at two focal depths
with minimum 15 um separation between optical sections. Excitation
and emission filters were set as described above.

Wide-field imaging. To illustrate the cortical regions, we used to assess
long-range connectivity of the PPC, we used wide-field imaging of brain
slices from the ACC, the cPPC, the S1, the A1, and the V1. Slices contain-
ing retrogradely labeled projection neurons in the above brain regions
were stained with NeuroTrace 430. Epifluorescent images of whole-brain
slices were captured on a fully motorized Olympus BX63 microscope
using a 10X objective. Fluorescence was excited using a mercury bulb
light source filtered at 405 and 550 nm, and emissions were collected with
DAPI and TexasRed filter sets. Tiling and assembly were accomplished
via Cell Sense software. Acquired images were subject to linear adjust-
ments of contrast and brightness in Image] (NIH).

Image quantification. Synaptic density and projection cell numbers
were automatically quantified in CellProfiler (Lamprecht et al., 2007;
McQuin et al., 2018). To avoid experimenter biases, all conditions (con-
trol and stressed) were loaded simultaneously, and the analysis was run
on this combined batch of images. To count PSD-95 puncta in the hip-
pocampus and PPC, full sized confocal images were loaded into CellPro-
filer and automatically assigned into their respective groups (animal,
treatment group, brain region, section) based on metadata extracted
from the image files. PSD-95 puncta were detected in the red channel
via an object identification algorithm with object size ranging from 2
to 8 pixels and adaptive intensity thresholding with a window of 10
pixels. Somata were identified in the Neurotrace channel with object
size ranging from 30 to 120 pixels. Synaptic density was then ex-
pressed as the number of puncta per 100 um? of brain tissue. For
synapse density in distinct cortical layers, 100 um? subsections were
randomly cropped from visually identified cortical layers and ana-
lyzed using the same pipeline.

Retrogradely labeled projection neurons and c-Fos™ cells were
counted using object recognition pipelines in CellProfiler. In the red
channel, red retrobeads were defined as objects ranging from 2 to 15
pixels, while CTB ™ cell bodies were 30120 pixels. Total neuron count
was established using the Neurotrace channel as above. Cells were
counted as retrograde/c-fos * if they had more than five retrobeads or at
least 1 CTB/c-Fos-labeled particle within a Neurotrace-labeled soma and
expressed as a percentage of all cell bodies in the image. Laminar distri-
bution of c-Fos-labeled neurons was examined using a histogram of the
number of c-Fos * neurons collected into 25 wm spatial bins from the
pial surface. The number of cells in each spatial bin was the average of all
RMS mice.

Optogenetics expression and activation. To stimulate long-range inputs
to the PPC, we expressed the channelrhodopsin variant Chronos (Kla-
poetke et al.,, 2014) in either Al or in cPPC. The day before we started the
stress paradigm, P30 to P35 age-matched control and to-be-stressed mice
were injected with 200 nl of adeno-associated virus (AAV) carrying
Chronos-EYFP (enhanced yellow fluorescent protein) fusion protein
under the human synapsin promoter (AAV2.9-hSyn-Chronos-EYFP).
The virus was produced by the Penn Vector Core (currently Addgene).
We stereotaxically targeted the auditory cortex (anteroposterior, 2.8
mm; mediolateral, 4.1 mm; dorsoventral, 0.8 mm from the bregma) or
the left PPC (anteroposterior, 2.1 mm; mediolateral, 1.7 mm; dorsoven-
tral, 0.45 mm from the bregma)s. The same injection apparatus was used
as described above.

Acute slices from the right PPC were prepared on the 10th day of RMS,
as described below. Control and stressed mice were recorded in pairs on
the same day. We activated Chronos™ fibers using 50-us-long pulses
froma 460 nm LED (optical beam combiner, Sutter Instrument) through
the microscope objective (60X; Olympus).

Electrophysiology. To measure the intrinsic properties of PPC neurons
and the strength of long-range connections, we made whole-cell current-
clamp recordings. To avoid possible time-sensitive changes in physiolog-
ical properties, we recorded from both control and stressed mice on the
same day. Under isoflurane anesthesia, mice were transcardially perfused
with cutting solution containing the following (in mm): 110 choline, 25
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NaHCO3, 1.25 NaH,PO,, 3 KCl, 7 MgCl2, 0.5 CaCl2, 10 glucose, 11.6
sodium ascorbate, and 3.1 sodium pyruvate, bubbled with 95% O, and
5% CO,. The 300-um-thick slices containing the PPC were prepared on
a vibrating blade microtome (Campden smz 7000-2, Lafayette Instru-
ments) and maintained in the cutting solution for an additional 15 min at
32°C (Ting et al., 2014). After incubation, slices were transferred to arti-
ficial CSF (ACSF) containing the following (in mwm): 126 NaCl, 26
NaHCO3, 1.25 NaH,PO,, 3 KCl, 1 MgCl2, 2 CaCl2, and 10 glucose,
bubbled with 95% O, and 5% CO, in a holding chamber at RT and
maintained for 20-30 min before use.

All experiments were conducted in a submersion type recording
chamber mounted on an Olympus BX51-WI Microscope. We limited
recordings to RT (24-25°C) to better maintain neuron health during
long (40+ minutes) recording sessions. Whole-cell patch-clamp record-
ings were obtained from superficial layer 5 pyramidal cells (250 —400 um
from the pia surface) identified with video-infrared/differential interfer-
ence contrast. For all recordings, glass electrodes (2—4 M()) were filled
with internal solution containing the following (in mm): 135 KMeSO3,
10 HEPES, 4 MgCl2, 4 Na2ATP, 0.4 NaGTP, and 10 sodium creatine
phosphate, and adjusted to pH 7.3 with KOH. Series resistance was
10-22 M() and bridge compensated. Electrophysiological recordings
were made using a MultiClamp 700B Amplifier (Molecular Devices),
filtered at 4 kHz, and digitized at 10 kHz. Data was acquired using Na-
tional Instruments DAQ boards and Wavesurfer software written in
Matlab (Howard Hughes Medocal Institute Janelia Research Campus).
Offline analysis was performed using custom routines in Matlab and
python. To measure the intrinsic properties of cells, we injected 13 cur-
rent pulses equally spaced from —300 to +300 pA. Action potential
peaks were automatically identified with a peak finder algorithm, and
action potential number, height, timing, and width were saved. Resting
membrane potential was measured during the first 900 ms of each re-
cording and expressed as an average of 13 trials. Input resistance was
measured at the membrane response to —200 pA and at +50 pA current
injections.

To estimate connection strength between brain regions in age-
matched control and stressed animals, we expressed the excitatory opsin
Chronos in the right Al or in the left (contralateral to the recording)
PPC. After the end of the stress paradigm, we prepared acute slices from
the right PPC and made whole-cell current-clamp recordings from layer
5 pyramidal cells ~1500 wm from the midline. We stimulated Chronos-
expressing long-range axons with increasingly strong 460 nm light pulses
until the cell started firing action potentials or until we maxed out LED
power. Following current-clamp recordings, we switched to voltage
clamp and measured light-evoked excitatory currents at —70 mV hold-
ing potential and inhibitory currents at 0 mV holding potential in re-
sponse to five light pulses with increasing intensity. It is to be noted that
voltage-clamp recordings were made using K *-based internal solutions,
restricting space clamp and thus biasing recorded IPSCs to synapses close
to the soma.

Behavior. To measure spontaneous alternation, we used a homemade
Y-maze that consisted of three 350-mm-long and 75-mm-wide arms
fabricated from 3-mm-thick opaque-gray acrylic sheets positioned at
120° angles from each other. The maze was built on a 6-mm-thick, white
acrylic base. We positioned a wide angle (100°) webcam (generic brand
from amazon.com) ~50 cm above the maze to record mouse behavior.
The entire maze was enclosed in a light box constructed from “quick
frame” (80/20) and diffuser fabric to block out any distractions. Large
geometrical shapes were displayed on the walls of the light box, outside of
the maze but were positioned at easily visible angles to serve as visual
cues. All animals were exposed to the Y-maze for two identical 8 min
sessions: first, for a habituation session before stress exposure; and sec-
ond approximately an hour after the end of the last stress session. Control
and stressed animals were placed into a randomly selected arm of the
maze, and their behavior was captured on video at 30 frames/s for 6 min.
The maze was cleaned with 70% ethyl alcohol between each mouse.
Video footage was analyzed using batch processing in Camlytics software
and spontaneous alternations were calculated as follows: spontaneous
alternation (%) = (number of spontaneous alternations/total number of
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arm entries —2) * 100 as in the study by Miedel A
et al. (2017) using a custom script written in %

python. '
PPC cannula implants and muscimol infu-

sion. For inactivation experiments, we im-

planted seven mice with bilateral guide («

cannulas (26G, Plastics One) over the PPC [co-

ordinates (in mm): AP, 2.1 mm; ML, 1.7 mm D
from the bregma] using dental cement. Mice
were allowed to recover for a week. On test day
1, animals were randomly assigned to vehicle
(saline) or muscimol groups. We injected 250
nl of GABA , agonist, muscimol (5 um), or sa-
line (vehicle control) into the PPC through the
guide cannula. We measured spontaneous
alternation in the Y-maze 30—45 min after
the injection. Two days later, groups were
switched, and previously muscimol injected
mice got saline while the rest of the mice re-
ceived muscimol injections. Animals then re-
ran the Y-maze. Comparisons were made
between saline control and muscimol condi-
tions within each mouse.

Tetanus toxin expression. To specifically in-
activate visual inputs to the PPC, we used a
dual-virus strategy. To target neurons project-
ing to the PPC, mice received bilateral in-
jections of the retrograde AAV-expressing
Cre-recombinase (rgAAV-hSyn-Cre-WPRE-
hGH, a gift from Dr. James M. Wilson, Perelman School of Medicine at
the University of Pennsylvania, produced by plasmid #105553, Addgene)
in the PPC (AP, 2.1 mm; ML, 1.7 mm; DV, 0.45 mm from bregma).
Subsequently, we bilaterally injected the Cre-dependent tetanus neuro-
toxin (AAV.DJ-CMV-DIO-eGFP-2A-TeNT, purchased via the Stanford
viral core; Xu et al., 2012; Xu and Siidhof, 2013; Shang et al., 2018) into
the V1 (coordinates: AP, 3.2 mm; ML, 2.3 mm; DV, 0.45 mm from
bregma). Age-matched control animals received bilateral retrograde
AAV-Creinjection into the PPC and AAV-hSyn-DIO-EGFP into V1. We
allowed for 3—4 weeks for expression then measured spontaneous alter-
nation in the Y-maze.

Experimental design and statistical analysis. All histology and physiol-
ogy data collection were performed in parallel in age-matched control
and stressed animals with the experimenter blinded to the condition of
the animal. Mouse weights were compared using two-way ANOVA. Inall
histology experiments, we imaged three to four brain slices per animal for
every region of interest. Puncta or cell counts from these slices were then
averaged and a single value per animal was used for statistical compari-
sons; thus, the df (n numbers) for every experiment are individual ani-
mals. Where appropriate, one-way ANOVA was used with Bonferroni’s
post hoc test for multiple comparison in Prism 5. Student’s ¢ test was only
used where only two variables were compared.

In current-clamp electrophysiology experiments, the EPSP response
of each cell to increasing stimulus strength was fitted with the following
exponential association function: Y = Y0 + (plateau — Y0) * (1 —
exp(—K * x)). In voltage-clamp recordings, EPSCs were fitted with an
exponential decay: Y = (Y0 — plateau) * exp(—K * x) + plateau, while
IPSCs were fitted with the above exponential association. Up to three
cells were recorded per mouse. To account for the nested design of our
experiment, fit coefficients [plateau and the exponent (K)] from all cells
recorded from an animal were averaged, and the mean coefficient value
was used for statistical comparison, thus each mouse represented a single
observation. The average fits in Figures 4 and 5 are generated from the
mean coefficients of all the animals in that particular group. Coefficients
were compared within groups using Student’s ¢ test.

Control

Figure 1.

Results

Repeated, multiple concurrent stressors disrupt PPC function
To study the effect of repeated exposure to multiple concurrent
stressors (RMS), we adopted and modified a stress paradigm that
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Repeated exposure to multiple concurrent stressors impairs spatial working memory and activates the PPC. 4,
Schematic of the RMS paradigm. B, Weight change of control (black) and stressed mice (red) during the 10 d exposure to
RMS. Data points indicate the mean weight (== SEM) of mice on each day. (, Bar graphs indicate the mean (== SEM) spontaneous
alternation rate (left) and the number of arm entries (right) in control (black) and RMS (red) mice. D, Example confocal images of
¢-Fos labeling (green) in PPC (top row) and CA1 (bottom row) from control animals and mice exposed to RMS. E, Bar graphs
represent the mean (== SEM) proportion of c-Fos-labeled neurons in the PPC (top) and the hippocampus (bottom) in control mice
(black) and in mice exposed to RMS for 1d (salmon) or for 10 d (red). F, Histogram representing the distribution of ¢-Fos * neurons
in the PPC. Mean number of c-Fos ™ cells (solid black line) = SEM (green shading), gray dashed lines mark approximate layers in
the PPC. *p << 0.05, one-way ANOVA with Bonferroni’s multiple-comparison test.

has previously been shown to affect hippocampal learning and
memory in mice via the elimination of mature synapses specifi-
cally from the dorsal hippocampus (Chen et al., 2010; Maras et
al., 2014). Mice were subjected to a variety of simultaneous stres-
sors including physical stress (restraint and jostling), bright light,
and unpredictable noise (Fig. 1A) for 1 h/d overa 10 d period. For
the duration of the experiment, age-matched control animals
remained in their home cages. Over the course of the 10 d, control
animals gained weight at the predicted rate while stressed animals
failed to gain weight despite ad libitum access to food and water
(Fig. 1B; p = 0.0082; RMS exposure explaining 18.71% of the
total variance, n = 12 control vs n = 16 RMS, two-way ANOVA).

In rodents, numerous stress paradigms have been shown to
impair navigation and working memory performance (Luine et
al., 1994; Conrad et al., 1996; Mizoguchi et al., 2000). To test
whether subjecting mice to RMS has similar behavioral effects,
we measured the rate of spontaneous alternations between three
arms of a Y-maze in age-matched control and stressed mice. This
paradigm has been widely used to assess spatial working memory
in mice and rats (Conrad et al., 1996; Miedel et al., 2017). We
found that RMS reduced spontaneous alternation by 18% (p =
0.001, n = 18 control and n = 19 RMS mice, Student’s ¢ test; Fig.
1C). This is despite a marked increase in the number of arm
entries performed by stressed animals (p = 0.0001, n = 18 con-
trol and n = 19 RMS mice, Student’s ¢ test; Fig. 1C), suggesting
that reduced spontaneous alternation was not due to altered lo-
comotion or motivation.

There is mounting evidence that, in concert with the hip-
pocampal formation and the entorhinal cortex, the PPC plays a
key role in navigation tasks (Thomas and Weir, 1975; Spangler et
al., 1994; Rogers and Kesner, 2006). Specifically, the PPC has
been linked to spatial working memory (Save and Poucet, 2000),
an attribute frequently measured by the spontaneous alternation
rate in the Y-maze. However, the PPC is not a brain region typi-
cally associated with stress response. To test whether the PPC is
affected by RMS, we quantified the expression of c-Fos, an im-
mediate early gene that is a frequently used indicator of stress-
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RMS induces loss of excitatory synapses
from the PPC

Repeated exposure to stress has been asso-
ciated with a reduction of cortical thick-
ness in humans (Eckart et al., 2011; Ansell
etal., 2012) and a loss of neurons and ex-
citatory synapses in rodent models, espe-
cially in the hippocampus and frontal
cortical regions (Sousa et al., 2000; Radley
et al., 2006). Using a fluorescent Nissl
stain to label neurons (Fig. 2A,B), we
found no evidence of neuron loss in either
the PPC or the hippocampus of stressed
mice when compared with controls (hip-
pocampus, p = 0.53; PPC,p = 0.82,n =6,

Figure 2.

multiple-comparison test; ns, not significant.

induced neuronal activity (Dragunow and Faull, 1989; Senba et
al., 1993), 60 min after stress exposure. Given the well docu-
mented effect of chronic stress on the hippocampus (Figueiredo
etal., 2002), we performed the same staining in the CA1 region as
a positive control. In RMS exposed mice, we found increased
c-Fos immunoreactivity (Fig. 1D). Specifically, a single exposure
to RMS increased the proportion of c-Fos © neurons approxi-
mately fivefold both in the PPC (p < 0.01, n = 5, one-way
ANOVA corrected for multiple comparisons) and the hippocam-
pus (p < 0.001, n = 5, one-way ANOVA corrected for multiple
comparisons; Fig. 1E). One of the most important criticisms of
experimental designs involving repeated stress exposure is that
animals tend to get habituated to the stressors (Grissom and
Bhatnagar, 2009). However, in the PPC, 10 d of RMS exposure
resulted in the same proportion of c-Fos-labeled neurons as a
single exposure (p = 0.51, n = 6 mice for 10 d and n = 5 mice for
1 d; one-way ANOVA corrected for multiple comparisons; Fig.
1E). Conversely, hippocampal c-Fos expression showed habit-
uation effects indicated by reduced staining after 10 d of RMS
(p < 0.05, n = 5, one-way ANOVA corrected for multiple
comparisons; Fig. 1E), although it was still higher than control
level (p <0.05,n =5, one-way ANOVA corrected for multiple
comparisons; Fig. 1E). This is a critical result suggesting that
neuronal activity in the PPC goes through marked changes as
a result of RMS. When examining the laminar distribution of
c-Fos ™ neurons, we found significantly fewer RMS-activated
cells in layer 1 (average 4.7 = 0.5 cells until 120 um from the
surface) then in other layers (p < 0.001, n = 11, one-way
ANOVA with Bonferroni’s correction; Fig. 1F). The distribu-
tion of labeled cells was even between layers 2/3 (12.1 = 0.6
cell at 120-250 wm depth) and layer 5 (12.9 * 0.3 cells at
250-600 wm depth, p > 0.05, n = 11, one-way ANOVA with
Bonferroni’s correction; Fig. 1F), but we found slightly fewer
c-Fos-labeled neurons in layer 6 (10.0 = 0.6 at 600 um or
deeper, p <0.001,n = 11, one-way ANOVA with Bonferroni’s
correction; Fig. 1F) of the PPC.

dHip PPC

Repeated, multimodal stress causes excitatory synapse loss in the PPC. 4, Example confocal image of PSD-95 (green)
and NeuroTrace (magenta)-stained PPC section. Bi-Biv, Representative crops for layer 1 (Bi), layer 2/3 (Bii), layer 5 (Biii), and
layer 6 (Biv) of PPC. €, Bar graphs represent the mean (= SEM) PSD-95 puncta densities in the dorsal hippocampus (dHipp, left), or
inthe PPC (right). Puncta were quantified at the starting time point in P30 control mice (blue), immediately after the 10 d RMS in
P40 control (black) and stressed (red) animals or following a 30 d rest period in P70 control (gray) and stressed (salmon) mice. D,
Bar graphs represent the mean (== SEM) PSD-95 puncta densities in SR in the hippocampus and layers 1,2/3, 5, and 6 in the PPCin
unstressed P30 (blue), age-matched control (black), and stressed (red) mice. *p << 0.05, one-way ANOVA with Bonferroni’s

Student’s ¢ test; data not shown). Cortical
thickness also appeared to be unchanged
by RMS (PPC thickness: 859 = 17 vs
867 = 26 um, p = 0.8, n = 6, Student’s ¢
test, in control vs RMS, respectively).
These data suggest that RMS does not in-
duce macroscopic changes in the PPC.

To estimate synaptic connectivity of
the PPC, we immunolabeled PSD-95 pro-
tein in brain slices prepared from age-
matched control and RMS mice at the end
of the 10 d stress regime. In the hippocam-
pus and neocortex, PSD-95 has been shown in numerous studies
to be a reliable marker of mature synapses, typically localized in
dendritic spines and has been extensively used to detect stress-
induced reduction in excitatory synapses (Cho et al., 1992; El-
Husseini et al., 2000; Andres et al., 2013; Maras et al., 2014). As
expected, PSD-95 immunolabeling resulted in a fine distribution
of puncta in the cortex and hippocampus (Fig. 2A,B, cortex;
hippocampal images not shown). We quantified PSD-95 puncta
in PPC and hippocampal samples from age-matched control and
RMS mice. Our results replicate previous findings of synapse
number reduction in the hippocampus of stressed mice (p =
0.0008, n = 6, Student’s t test; Fig. 2C). Furthermore, the number
of PSD-95 puncta in the PPC was also significantly reduced by
RMS (PPC: p <0.0001, n = 6, Student’s t test; Fig. 2C). We found
that PSD-95 puncta density in P40 control animals was undistin-
guishable from P30 controls (PPC: p = 0.89, hippocampus: p =
0.56, n = 6, t test; Fig. 2C), suggesting that RMS causes the elim-
ination of excitatory synapses rather than obstructing synapse
formation during PPC development. Interestingly, we found
that the cortical effect of adolescent RMS exposure persisted
into adulthood: ~30 d after the last stress session, we still
detected significant synapse loss in the PPC (p = 0.008, n = 6,
t test; Fig. 2C), but not in the hippocampus (p = 0.078,n = 6,
t test; Fig. 2C).

To better understand how this synapse loss might impact PPC
connectivity, we decided to determine whether cortical layers
were differentially affected. To this end, we randomly cropped
100 wm samples from layers 1, 2/3, 5, and 6 of the PPC images
(Fig. 2B) and used similar samples of the stratum radiatum (SR)
from hippocampal images as a positive control (no example
shown). In accordance with previous literature, we saw signifi-
cant synapse loss in the SR of the dorsal hippocampus in response
to RMS (p = 0.0039, n = 6, Student’s t test; Fig. 2D). In the PPC,
RMS significantly reduced PSD-95 puncta numbers in layers 5
and 6, but not in more superficial layers (one-way ANOVA p =
0.0015, F = 4.18; Bonferroni’s multiple-comparison test: L1, p >
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Circuit-specific loss of neuronal projections to the PPC following RMS. 4, representative image of the CTB-555 injection site. Inset, High-magnification image of the injection location.

B, Representative images of CTB-555-labeled projection cells in the RSC, the cPPC, the ACC, the V1, the A1, and the S1. C, Representative confocal image of NeuTrace (cyan) CTB-555 (red)-labeled
cells in the auditory cortex. D, Bar graphs represent the mean (== SEM) proportion of CTB-555-labeled projection cells in cortical regions of control (black) and stressed (red) mice. E, Representative
confocal image of NeuTrace (cyan) red retrobead (red)-labeled cells in the auditory cortex. F, Bar graphs represent the mean (= SEM) proportion of retrobead-labeled projection cells in different
cortical regions of control (black) and stressed (red) mice. RSC, retrosplenial cortices. *p << 0.05, one-way ANOVA with Bonferroni’s multiple-comparison test.

0.05;L2/3,p > 0.05; L5, p < 0.05; L6, p < 0.01;n = 6; Fig. 2E). We
performed this laminar analysis on 30-d-old, unstressed mice as
well and found that during the period of the experiment there is
significant addition of synapses only in layer 1 (p < 0.05, one-way
ANOVA with Bonferroni’s correction for multiple comparisons;
Fig. 2D). In deeper layers, we did not observe notable changes in
synapse number from P30 to P40, suggesting that developmental
changes are not likely to fully account for RMS-induced synapse
loss.

Together, these data suggest that RMS does not affect parietal
cortical thickness or neuron density but causes significant, layer-
specific synapse loss from the PPC.

RMS causes region-specific loss of PPC projections

To identify the sources of cortical inputs affected by RMS, we
labeled afferent neuronal populations projecting to the PPC us-
ing fluorescent retrograde tracing. We injected inactivated CTB
conjugated to Alexa Fluor 555 dye (CTB-555) into the right PPC
of age-matched control and stressed mice on day 4 of the RMS
protocol. CTB-555 is taken up by axons in the PPC and is retro-
gradely transported to the somata of projection neurons (Fig. 3A;
Dederen et al., 1994; Conte et al., 2009). Similarly to previous
works (Wilber et al., 2015), we observed retrogradely labeled cell
bodies in the retrosplenial cortex (RSC), the cPPC, the ACC, the
V1, the Al, and, to a lesser extent, in the whisker region of the S1
(Fig. 3B). We used confocal microscopy to visualize these projec-
tion cells (Fig. 3C) and ask what proportion of cortical neurons
is labeled in the above brain regions. If RMS had a uniform
effect on the cortex, we would expect to see identical loss of pro-
jection neurons from all projection regions. On the contrary, we
found significant projection cell loss from the Al, V1, and RSC
regions (Al, p < 0.001; V1, p < 0.01; RSC, p < 0.05; one-way
ANOVA, p < 0.0001, F = 9.95, n = 7, Bonferroni’s multiple-

comparison test; Fig. 3D). Intriguingly, the proportion of cells
projecting to the PPC from the ACC, S1, and cPPC was indistin-
guishable between control and RMS animals (p > 0.05 in ACC,
S1, and cPPC; one-way ANOVA, n = 7, Bonferroni’s multiple-
comparison test; Fig. 3D).

It is possible that the transport of CTB-555 is confounded by
biological factors (e.g., CTB-555 retrograde transport may be
activity dependent and thus affected by the bright light or the
auditory stimulus during RMS). To ensure that our findings are
independent of the tracing method, we repeated the above exper-
iments with a different retrograde tracer: Lumafluor fluorescent
latex microbeads (i.e., retrobeads; Fig. 3E). Our results with ret-
robeads were qualitatively indistinguishable from CTB-555 (A1,
p <0.05; V1, p < 0.05; RSC, p < 0.05; and p > 0.05 in ACC, S1,
and cPPC; one-way ANOVA, p < 0.0001, F = 5.62, n = 6, Bon-
ferroni’s multiple-comparison test; Fig. 3F).

Our results were not driven by stress-induced neuron loss in
the RMS group as we did not observe a difference in neuronal
density between control and RMS animals in any of the cortical
regions in either experiment (for CTB-555: p = 0.76, F = 0.67,
n = 7, one-way ANOVA; for retrobeads: p = 0.36, F = 1.12,n =
6 one-way ANOVA, p > 0.05 for all comparisons in Bonferroni’s
post hoc multiple-comparison test). This result is in line with our
observation above: 10 d of RMS does not appear to cause atrophy
or other macroscopic changes in the cortex.

In summary, our data suggest that RMS causes region specific
loss of long-range projections to the PPC.

RMS results in circuit-specific decrease of synaptic strength

Our data suggest that while anatomical signatures of auditory,
visual, and retrosplenial inputs are eroded by RMS, frontal and
contralateral PPC inputs are preserved. However, over the course
ofa 10 d period, plasticity mechanisms may counteract the loss of
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to RMS (31.48 = 1.997 in control, n = 4
mice, compared with 16.81 * 1.099 in
RMS, n = 4 mice, p = 0.0005, ¢ test; Fig.
4E,G). We also observed a trend toward
faster rise of the EPSP amplitude/LED
power relationship in controls (expo-
nent = 0.31 £ 0.035 in control vs 0.22 *=
0.015 in RMS mice), although this trend
was not significant (p = 0.09, ¢ test; Fig.
4H). Conversely, RMS did not affect the
EPSP-LED power relationship in ¢cPPC
afferents (plateau, p = 0.13; exponent,
p = 0.64; n = 4 control and 5 RMS mice,
Student’s ¢ test; Fig. 4F, G,H).

To test whether excitation and inhibi-
tion are differentially affected by RMS,
we measured light-evoked EPSCs with
membrane voltage clamped at —70 mV,
and IPSCs with the membrane voltage
clamped at 0 mV (Fig. 5A). We fitted
light-evoked responses with an exponen-
tial function (Fig. 5B,C) and found that
RMS exposure reduced the plateau of the
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Figure 4.

(==SEM) exponent from the exponential fit. *p << 0.05, Student’s ¢ test.

afferent inputs by increasing synaptic strength to preserve long-
range connections. To test whether our anatomical findings
translate to physiological differences, we sought to optogeneti-
cally drive PPC inputs to compare synaptic strength with or with-
out stress. We expressed the excitatory channelrhodopsin variant
Chronos in two regions that showed different sensitivity to RMS:
Al orinthe cPPC (Fig.4A, B). At the end of the RMS protocol, we
made whole-cell current-clamp recordings from layer 5 pyrami-
dal neurons in acute PPC slices prepared from control and
stressed mice. To control for developmental stage and potential
environmental differences, we recorded from an RMS and an
age-matched control animal on the same day, using the same
solutions and the same recording equipment. To test the strength
of each afferent input, we measured the amplitude of EPSPs in
response to increasingly powerful blue light pulses (Fig. 4C,D).
To estimate the relationship between EPSP amplitude and LED
power, we fitted the resulting data with an exponential function
and compared the fit parameters (plateau and exponent) be-
tween control and RMS animals (Fig. 4 E, F ). We found that when
stimulating auditory projections in control animals, EPSP ampli-
tudes reached a higher plateau compared with animals subjected

10 12 14 16
LED power (mW)

. A1 Control
M A1RrMS

- cPPC Control
M cPPc RMS

Circuit-specific reduction of synaptic strength by repeated, multimodal stress. 4, B, Schematic llustrating the exper-
iment (left) and wide-field image showing Chronos-expressing auditory (4) and cPPC (B) fibers in the recorded PPC hemisphere
(right). €, Example EPSP recordings evoked by stimulating auditory fibers in control (black) and stressed (red) animals. D, Example
EPSP recordings evoked by stimulating cPPC fibers in control (blue) and stressed (orange) animals. E, Scatter plot showing the
auditory EPSP magnitude—LED power relationship in control (black) and stressed (red) animals. Solid lines represent the recon-
structed exponential fit from the mean of the calculated coefficients. F, Scatter plot showing the cPPCEPSP magnitude—LED power
relationship in control (blue) and stressed (orange) animals. Solid lines represent the reconstructed exponential it from the mean
of the calculated coefficients. G, Bars represent the mean (=SEM) plateau from the exponential fit. H, Bars represent the mean

fit for both EPSCs and IPSCs when acti-
vating A1 fibers in the PPC (EPSC,,, p =
0.043; IPSC,,, p = 0.0077; n = 4, t test;
Fig. 5D,E). Neither EPSCs nor IPSCs
evoked by cPPC stimulation were signifi-
cantly affected by RMS (EPSC_ppc, p =
0.64; IPSC ppe> p = 0.9220; 1 = 5, £ test;
Fig. 5D, E). We did not see a difference in
the exponent value in any of our voltage-
clamp experiments (p > 0.1 in all condi-
tions; data not shown).

Altered EPSP magnitude may be
driven by RMS-induced changes in in-
trinsic properties of the recorded neurons.
To test this possibility, we measured
membrane voltage responses to a series of
negative and positive current injections in
the cells recorded for Figure 4 (Fig. 6 A, B).
First, we found no difference in resting
membrane potential of control and RMS cells (control:
—75.66 * 1.34mV,n =14, RMS: =729 * 0.9 mV,n =12;p =
0.11, Student’s ¢ test; Fig. 6C) or input resistance in response to
negative current pulses (control: 136.9 = 5.1 M(), n = 14; RMS:
141.7 £ 6.6 MQ, n = 12; p = 0.57, Student’s ¢ test; Fig. 6D).
However, in response to depolarizing current injections, we mea-
sured significantly higher input resistance in control cells
(229.5 * 14.36 M€} in control, n = 14 vs 175.7 = 14.01 in RMS;
n =12, p = 0.014, t test; Fig. 6D). Depolarizing current steps also
evoked significantly more action potentials in mice subjected to
MMS compared with controls (p = 0.0001, exposure to RMS
explaining 3.63% of the total variance while the size of the current
pulses explained a further 55.91% of the total variance in two-
way ANOVA; Fig. 6E). We did not see a difference in action
potential width (p = 0.99, two-way ANOVA; Fig. 6F ), but RMS
significantly decreased the distance between action potentials
(p <0.0001, 4.55% of total variance, two-way ANOVA; Fig. 6G)
and action potent height (p < 0.0001, 7.51% of total variance,
two-way ANOVA; Fig. 6H).

Altogether, these data are in strong agreement with our ana-
tomical findings, suggesting that RMS causes circuit-specific deg-
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Figure 5.  Circuit-specific effect of RMS on excitatory and inhibitory currents in the PPC. 4,
Left, Average IPSC (dashed lines) and EPSC (solid lines) responses to optogenetic activation of
A1 fibers in control (black) and RMS (red) mice. Right, Average IPSC (dashed lines) and EPSC
(solid lines) responses to optogenetic activation of cPPC afferents in control (blue) and RMS
(orange) mice. B, C, Population data showing increasing current amplitude in response to
increasing LED power in control (black and blue) and stressed (red and orange) animals. Solid
lines represent the mean exponential fit to the data. D, Bars show the mean (£ SEM) plateau of
exponentials fitted to EPSCs. E, Bars show mean (== SEM) plateau of exponential fitted to IPSCs.
*p << 0.05, Student’s £ test.

radation of long-range projections to the PPC while slightly
increasing action potential firing in layer 5 pyramidal neurons.

Exposure to multiple concurrent stressors is necessary to
influence the PPC circuit

To test whether the above observations are specific to RMS, we
subjected separate cohorts of mice to 10 d of physical ROS (Fig.
7A) or bright light exposure (VIS) for 1 h/d. We found that ROS
impaired weight gain (p < 0.0001, n» = 10 control and 10 ROS
mice, two-way ANOVA; Fig. 7B), similarly to RMS (Fig. 1B).
However, spontaneous alternation in the Y-maze was not af-
fected by either ROS (p = 0.67, n = 9 control and 9 ROS mice, ¢
test; Fig. 7C) or VIS (p = 0.63, n = 9 control and 11 VIS mice, ¢
test; Fig. 7C). The number of arm entries was also unaffected (p =
0.54 for ROS; and p = 0.13 for VIS; data not shown).

As expected based on the literature, ROS caused a reduction
in PSD-95 puncta density in the hippocampus (p < 0.01, n =
10 control, n = 6 ROS, one-way ANOVA corrected for multi-
ple comparisons; Fig. 7D) but not in the PPC (p > 0.05,n = 11
control, n = 7 ROS, one-way ANOVA corrected for multiple
comparisons; Fig. 7D). Conversely, visual exposure did not
affect synapse density in either structure (py;, > 0.05, pppc >
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membrane potential responses to current pulses in a control mouse. B, Example membrane
potential responses to current pulses in a stressed mouse. ¢, Comparison of resting membrane
potential in control (black) and stressed (red) mice. D, Comparison of input resistance in control
(black) and stressed (red) mice. E-H, Comparison of action potential firing frequency (E), action
potential width (F), distance between action potential peaks (G), and action potential heights
(H)in control and stressed mice. All bars represent the mean (== SEM); statistical comparisons:
two-way ANOVA, p values are displayed above each graph. *p << 0.05, Student’s t-test.

0.05; n = 4 VIS mice, one-way ANOVA corrected for multiple
comparisons; Fig. 7D).

We also examined the effect of ROS and VIS exposure on
projection cell populations using the above-detailed CTB-555
retrograde labeling. The only significant difference we observed
was a marked reduction in CTB-555-labeled neurons in the ret-
rosplenial cortex of ROS mice (p < 0.05, n = 9 control, n = 8
ROS, n = 7 VIS, one-way ANOVA corrected for multiple com-
parisons; Fig. 7E).

These data are in line with the findings from other groups
(Rogers and Kesner, 2006), suggesting that reduced spontaneous
alternation performance, as we observed in RMS-exposed ani-
mals, is specifically due to PPC damage. Furthermore, these re-
sults indicate that the circuit-specific degradation of long-range
projections to the PPCis not due to desensitization to the sensory
stimuli presented during the stress sessions.

The role of V1 and the PPC in spontaneous alternation

in the Y-maze

To directly test the role of the PPC in spontaneous alternations in
the Y-maze, we implanted bilateral cannulas over the PPC (Fig.
8A,B). Following a 7 d recovery period, we injected the GABA ,
agonist (muscimol) or control vehicle (saline) into the cortex and
measured spontaneous alternation in the Y-maze. On average, we
found a 23% reduction in spontaneous alternations after musci-
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Single-modality stress paradigms have minimal effect on PPC. 4, Schematic of ROS. B, Weight change of control
(black) and stressed mice (green) during the 10 d exposure to ROS. Data points indicate the mean weight (== SEM) of mice on each
day; figure shows result of two-way ANOVA test. C, Bars represent spontaneous alternation percentage (= SEM) in control (black),
ROS (green) and VIS (blue) exposed mice. D, Bar graphs represent the mean (==SEM) PSD-95 puncta densities in the dorsal
hippocampus (dHipp) and in the PPCin control (black), ROS (green), and VIS (blue) mice immediately after stress exposure. E, Bar
graphs represent the mean (==SEM) proportion of CTB-555-labeled projection cells in different cortical regions of control (black),
ROS (green), and VIS (blue) mice. *p << 0.05, one-way ANOVA with Bonferroni’s multiple-comparison test.

In this study, we show that repeated expo-
sure to multiple concurrent stressors
(RMS) causes circuit-specific degradation
of cortical inputs to the PPC and impairs
spatial working memory. First, we show
that RMS leads to disrupted neuronal
activity- and layer-specific loss of excit-
atory synapses in the PPC. Using retro-
grade tracing, we found fewer PPC
projecting neurons in the auditory, visual,
and retrosplenial cortices of stressed
animals but detected no change in the
number of projection cells in the somato-
sensory, anterior cingulate, and contralat-
eral PPC. We confirmed this reduction of
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Figure 8.

mol when compared with vehicle injection (p = 0.013, n = 7,
paired £ test; Fig. 8C). We did not see a difference in the total
number of arm entries (p = 0.58).

Finally, we were curious how RMS induced circuit-specific
synapse loss related to reduced performance in the Y-maze. To
answer this question, we bilaterally transduced the PPC with ret-
rograde Cre-recombinase (rgAAV-hSyn-Cre-WPRE-hGH) to
drive the expression of tetanus neurotoxin (AAV.DJ-CMV-DIO-
eGFP-2A-TeNT) in PPC projection cells of the primary visual
cortex (Fig. 8 D, E). This strategy has been successfully used pre-
viously to suppress synaptic input from long-range projections in
other brain regions (Xu et al., 2012; Xu and Stidhof, 2013; Shang
etal., 2018). We found that mice expressing TeNT (tetanus neu-
rotoxin) in visual projections to the PPC performed 26% fewer
spontaneous alternations compared with animals expressing
GFP (p = 0.017, n = 10 animals in each group, unpaired ¢ test;
Fig. 8F).

PPC activity and V1 long-range connectivity play a key role in navigating the Y-maze. A, Schematic of cortical
inhibition via muscimol. B, Representative coronal section; arrows show the location of cannula implant. Inset, Higher-
magnification image of the PPC. C, Paired comparison of spontaneous alternation (left) and total number of arm entries (right)
after saline (black) or muscimol (red) injection into the PPC. *p << 0.05, paired ¢ test. D, Schematic of the TeNT experiment. E,
Example images showing expression in V1 cell bodies (right) and afferent fibers in the PPC (left). Insets show magnified images of
V1and PPC. Scale bar, inset, 300 wm. F, Bars represent mean (== SEM) spontaneous alternation percentage (left) and total number
of arm entries (right) in GFP control (green) and TeNT-expressing (magenta) animals. *p << 0.05, paired ¢ test.

1994; Save and Poucet, 2000; Rogers and
Kesner, 2006). Specifically, the PPC is
linked to the working memory compo-
nent of these spatial tasks (Kolb and
Walkey, 1987; Save and Poucet, 2000;
Whitlock et al., 2008). Our data demon-
strate that reduced performance in Y-maze
spontaneous alternation is specific to
RMS and cannot be observed in mice sub-
jected to restraint for an identical amount
of time. This is despite a marked reduction in hippocampal
PSD-95 labeling after restraint. The notion that RMS exerts this
effect by specifically affecting the PPC is reinforced by our PPC
inhibition experiments. Furthermore, ablating excitatory syn-
apses of V1 neurons that project to the PPC caused similar be-
havioral effects to PPC inhibition and RMS. The goal of this
manipulation was to approximate stress-induced, chronic syn-
apse loss. The disadvantage of retrograde-Cre-driven TeNT ex-
pression is that it also removes the output of PPC-projecting V1
neurons to other cortical areas that are innervated by these cells.
Thus, although it is not clear how many axon collaterals PPC-
projecting V1 neurons send to non-PPC areas (Jarosiewicz et al.,
2012; Glickfeld et al., 2013), the circuit specificity of this ap-
proach is weaker than acute techniques using local activation of
DREADD:s or opsins. Notably, restraint-induced impairment of
visuospatial memory was previously observed in various mazes,
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but only following exposure to much longer periods of restraint
(Conrad et al., 1996, 2003; Ortiz et al., 2015). While this may
suggest that the difference between RMS and other paradigms is
the severity of stress exposure, multiple studies showed that
blood corticosterone levels in response to RMS are indistinguish-
able from restraint or footshock stress (Magariios and McEwen,
1995; Maras et al., 2014; Lin et al., 2018). Whether the key differ-
ence is in the length of exposure, intensity, or the combination of
stressors remains to be understood.

Other than navigation, the PPC has been associated with a
wide range of executive functions including perceptual decision-
making (Shadlen and Newsome, 2001; Harvey et al., 2012), work-
ing memory (Colby et al., 1996; Goard et al., 2016; Akrami et al.,
2018), and attention (Buschman and Miller, 2007), many of
which are thought to be vulnerable to stress (Dias-Ferreira et al.,
2009; Liston et al., 2009; Friedman et al., 2017; Hart et al., 2017).
To execute these functions, it is critical that the PPC integrates
information from various brain regions (Johnson and Ferraina,
1996; Corwin and Reep, 1998; Reep and Corwin, 2009; Wilber et
al., 2015; Meijer et al.,, 2019). Functional imaging (PET and
fMRI) revealed altered metabolism in the parietal lobe of combat
veterans (Bremner et al., 1999a), in women with a history of
abuse (Bremner et al., 1999b, 2004; Lanius et al., 2002), and in
subjects exposed to severe trauma (Piefke et al., 2007). Our data
suggest that in mice, repeated exposure to multimodal stresses
increased neuronal activity, measured via c-Fos expression, in the
PPC. A previous study found similarly elevated levels of c-Fos in
the PPC following social defeat stress (Lkhagvasuren et al., 2014).
Disruption of parietal functional connectivity is a reoccurring
observation among subjects exposed to chronic psychosocial
stress or repeated traumatic events (Kolassa et al., 2007; Liston et
al., 2009; Dunkley et al., 2015; Hart et al., 2017). In mice, we
observed a marked decrease in the number of neurons projecting
to the PPC in several cortical regions. While our results should
not be equated to measurements in human functional imaging
studies, they suggest that rodents may be a suitable model to
study the effects of stress on regions other than the hippocampus
or PFC.

Stress-induced synapse loss has been observed in a number
of cortical regions, yet, layer-specific effects on synaptic mark-
ers is elusive. Csabai et al. (2018) found that stress-induced
loss of type I (excitatory) synapses and myelinated axons is
restricted to deeper layers of the infralimbic cortex. Our data
extend these findings to the PPC, showing significant loss of
PSD-95 staining only in layers 5 and 6. These observations
have potential functional implications: the PPC is a region
that receives both feedforward and feedback projections from
other cortical regions (Wilber et al., 2015). Feedforward con-
nections generally are constituted of sensory afferents that
innervate deeper cortical layers while feedback inputs from
higher-order brain areas are thought to target more superficial
layers (Markov et al., 2014).

Although the identity of the synapses lost to stress is likely of
importance, circuit-specific examinations are scarce. Stress-
induced alteration of PFC-hippocampus local field potential
correlations shows dorsoventral differences, indicating circuit-
selective modulation (Lee et al., 2011). Furthermore, several cell
populations have been distinguished in the PFC based on their
reaction to repeated stress (Jackson and Moghaddam, 2006; An-
derson et al., 2019). Indeed, stress-induced dendritic remodeling
was shown to only affect select projection cells (Shansky et al.,
2009). These studies suggest that the stress response may not
be homogenous. Here we used two independent retrograde

Libovner et al. @ Stress Induces Circuit-Specific Loss of PPC Inputs

tracing methods, both indicating RMS-induced reduction in
cells projecting to the PPC from auditory, visual, and retro-
splenial cortices. Inputs from the contralateral PPC and from
the anterior cingulate cortex appeared intact. We validated
these results with electrophysiological measurements and
confirmed that fewer projection cells correspond to weaker
synaptic input to the PPC. Thus, we provide three indepen-
dent lines of evidence suggesting that stress affects PPC inputs
in a circuit-specific manner. Furthermore, by expressing teta-
nus neurotoxin (Xu etal., 2012; Xu and Siidhof, 2013; Shang et
al., 2018) in V1 neurons projecting to the PPC, we show that
chronic ablation of V1 input to higher visual areas has similar
behavioral effects to RMS. Future studies may use high-
throughput methodology to present a more wholistic view of
how input—output circuits of the PPC are affected by stress.
Given the literature reviewed above it is likely that similar
circuit specificity could be shown in the PFC.

Similar to our observations, repeated stress exposure has been
shown to increase excitability in several brain regions, including
the hippocampus, the PFC, and the amygdala (Lee et al., 2011;
Kratzer etal., 2013; Hetzel and Rosenkranz, 2014; MacKenzie and
Maguire, 2015; Czéh et al,, 2018; Anderson et al., 2019). In the
amygdala, increased action potential firing rate is due to stress-
induced inhibition of calcium-activated K* channels (Rosenk-
ranz et al., 2010; Hetzel and Rosenkranz, 2014). In other regions,
studies reported reduced excitatory synaptic input (Urban and
Valentino, 2017), altered inhibitory function (Ito et al., 2010;
MacKenzie and Maguire, 2015; Czéh et al., 2018), or changes in
voltage-gated ion channels (Kratzer et al., 2013). We found no
apparent difference in resting membrane potential or the width
of action potentials between control and stressed animals. How-
ever, in response to depolarizing current steps, we measured re-
duced input resistance after RMS. While this finding by itself
cannot explain enhanced action potential firing, it suggests that
RMS alters ion channel expression, recruitment, or conductivity
that could influence firing threshold or the gain of the stimulus—
response curve. Functional consequences of enhanced excitabil-
ity may range from increased susceptibility to epileptic seizures
(Dubé et al., 2015; MacKenzie and Maguire, 2015), hyperloco-
motion (Ito et al., 2010) to a facilitation of certain memory for-
mation processes (Yuen et al., 2009). Curiously, contextual fear
conditioning and social isolation have been shown to reduce ex-
citability in other neuronal cell types, indicating that the effects of
stress on cellular properties are likely dependent on the type of
the stressor and the examined cell type (Sargin et al., 2016; Soler-
Cedeno et al., 2016).

In summary, we show that repeated exposure to multiple
concurrent stressors exerts a robust effect on the PPC. These
effects manifest in increased neuronal activity and significant
loss of excitatory synapses, specifically from deeper cortical
layers. We determined that synapse loss specifically impacts
inputs from sensory and retrosplenial cortices, suggesting that
the effects of stress are circuit specific. Functionally, RMS im-
pairs spatial working memory performance in the Y-maze.
Future experiments are needed to assess whether similarly spe-
cific effects can be observed in other brain areas and in human
patients.
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