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in the adult posterior parietal cortex
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ARTICLE INFO ABSTRACT

Handling Editor: Rita Valentino Chronic stress is well known to erode cognitive functions. Yet, our understanding of how repeated stress exposure
impacts one of the fundamental bases of cognition: sensory processing, remains limited. The posterior parietal
cortex (PPC) is a high order visual region, known for its role in visually guided decision making, multimodal
integration, attention, and working memory. Here, we used functional measures to determine how repeated
exposure to multiple concurrent stressors (RMS) affects sensory processing in the PPC in adult male mice. A
longitudinal experimental design, repeatedly surveying the same population of neurons using in vivo two-photon
imaging, revealed that RMS disrupts the balanced turnover of visually responsive cells in layer 2/3 of the PPC.
Across the population, RMS-induced changes in visual responsiveness followed a bimodal distribution suggesting
idiosyncratic stress effects. In cells that maintained their responsiveness across recording sessions, we found that
stress reduced visual response magnitudes and feature selectivity. While we did not observe stress-induced
elimination of excitatory synapses, noise correlation statistics indicated that RMS altered visual input to the
neuronal population. The impact of RMS was restricted to visually evoked responses and was not evident in
neuronal activity associated with locomotion onset. Together, our results indicate that despite no apparent
synaptic reorganization, stress exposure in adulthood can disrupt sensory processing in the PPC, with the effects
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showing remarkable individual variation.

1. Introduction

Decades of research links repeated or chronic stress exposure to
reduced cognitive performance and the development of neuropsychi-
atric disorders (de Kloet et al., 2005; Bondi et al., 2008; Knauft et al.,
2021). One mechanism underlying these negative outcomes is thought
to be maladaptive synaptic remodeling and altered connectivity of key
brain areas (Liston et al., 2009; Sousa and Almeida, 2012; Radley et al.,
2013; Jeanneteau et al., 2018). Best documented are region specific,
stress-induced changes in dendritic structure and synapse density in the
hippocampus (Woolley et al., 1990; Chen et al., 2008), prefrontal cortex
(Radley et al., 2006; Anderson et al., 2016; Jeanneteau et al., 2018),
amygdala (Vyas et al., 2002; Mitra et al., 2005; Zhang et al., 2019), and
striatal structures (Rodrigues and Monteiro, 2023). Despite indications
that chronic stress exposure might alter sensory perception (Girotti
et al.,, 2006; Chen et al., 2018, 2018, 2018; Yochman and
Pat-Horenczyk, 2020; Spooner et al., 2021), comparatively little is
known about how stress affects sensory processing in the neocortex.

Studies conducted in human subjects suggest that repeated exposure
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to stress or trauma disrupts the metabolism, function, or connectivity of
sensory association regions, like the posterior parietal cortex (PPC)
(Bremner et al., 1999; Eckart et al., 2011; Shackman et al., 2011). The
PPC is a higher order visual region, often associated with multimodal
processing (Whitlock, 2017), attention (Buschman and Miller, 2007),
working memory (Suzuki et al., 2022), and decision making (Zhou and
Freedman, 2019). Previous work indicates that in adolescent mice,
repeated stress exposure disrupts synaptic connectivity of the PPC
(Libovner et al., 2020; Fariborzi et al., 2021). However, the impact of
prolonged stress exposure during adulthood on parietal function is
currently unknown.

Here, we used longitudinal, in vivo two-photon imaging to examine
how repeated exposure to multiple concurrent stressors (RMS for short)
(Chen et al., 2008; Maras et al., 2014; Hokenson et al., 2020) affect
sensory responses in the adult PPC. Functional experiments were fol-
lowed up with immunohistochemistry to test the effect of RMS on
excitatory and inhibitory synapses. We found that RMS triggered idio-
syncratic changes of visual processing in the PPC.
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2. Materials and method
2.1. Animals

Mice were either purchased from Charles River or bred in house.
Adult (8- to 9-week-old) male wild type C57BL/6 mice were group
housed on a 12h light/dark cycle with ad libitum access to food and
water. All experimental procedures were conducted in accordance with
the NIH guidelines on animal welfare and approval by the University of
California, Irvine Institutional Animal Care and Use Committee.

2.2. Stress paradigm

Upon reaching postnatal day 60 (+2 days), mice were randomly
assigned to either the repeated multiple concurrent stressors (RMS) or
control (ctr) group. For stress exposure, mice were placed into the RMS
paradigm lasting 4 h per day for ten consecutive days. Mice used for
histology experiments were restrained using a well-ventilated 50 ml
conical tube whereas mice implanted with titanium head-plates for in
vivo imaging were restrained in perforated plastic bags. For stress
administration, restrained animals were transferred into a clean, trans-
parent cage sitting on a laboratory rocker. In addition to restraint, the
stress paradigm consisted of a barrage of sensory stimuli, including
recurrent noises (15-30 kHz) played for 0.5-1 s at 0.5-3 s intervals,
flashing lights, and rat litter in an unsealed bag (for additional details see
Hokenson et al., 2020). Mice in the control group were age matched and
handled by the experimenter for the ten RMS days.

2.3. Immunohistochemistry

Following ten consecutive days of RMS, mice were sacrificed and
their brains processed for immunohistochemistry as previously
described (Libovner et al., 2020; Fariborzi et al., 2021). Briefly, mice
were transcardially perfused with phosphate buffered saline (PBS) fol-
lowed by 4% paraformaldehyde (PFA) in PBS. After 6 h of post-fixation
in 4% PFA, 50 pm coronal sections containing the posterior parietal
cortex (PPC) were prepared using a vibrating microtome (Compres-
stome 300z). Non-specific antibody binding was blocked using 10%
normal goat serum (NGS, SIGMA), 1% bovine serum albumin (BSA,
SIGMA), and 0.1% Triton (SIGMA) in Sorenson’s buffer for an hour at
room temperature. Sections were then transferred into staining solution
containing 5% NGS, 1% BSA, and the primary antibody against post-
synaptic density 95 (PSD95, #7E3-1B8, ThermoFisher, 1:2000 dilution),
Gephyrin (#147 021, Synaptic Systems, 1:2000 dilution), or cFos
(#226-003, Synaptic Systems, 1:5000 dilution) in Sorenson’s buffer
overnight at 4 °C. The next morning, slices were washed in Sorenson’s
buffer prior to the addition of a secondary antibody conjugated to
AlexaFluor488 (1:1000) or AlexaFluor555 (1:500, ThermoFisher) and
the deep-red Nissl stain NeuroTrace640 (1:50 dilution, Thermo Fisher
Scientific) in Sorenson’s buffer for 2 h at room temperature. Slices were
then mounted onto microscope slides with Prolong Diamond anti-fade
medium.

2.4. Confocal microscopy

Confocal images of immunostained tissue were collected on a
LSM700 Confocal Microscope (Zeiss) located in the University of Cali-
fornia, Irvine Optical Biology Core. The PPC was identified as described
previously (Libovner et al., 2020; Fariborzi et al., 2021), and a full
column of the posterior parietal cortex was tiled (3x10) at 1x zoom (0.2
pm pixel size) using a 63x oil-immersion objective. Fluorescence was
excited via 488 nm, 561 nm, or 640 nm laser lines and emissions were
directed into PMT through a beam splitter and filtered for minimal
spectral overlap: 410-604 nm for AlexaFluor488, 490-560 nm for
Alexafluor555, and 643-700 nm for Neurotrace640.
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2.5. Image quantification

To quantify synapse density, a 100 um? area was randomly selected
form each layer of the PPC column. Synaptic puncta were counted using
unbiased, automated batch processing in CellProfiler (Lamprecht et al.,
2007), as described in (Libovner et al., 2020; Fariborzi et al., 2021).
Synapse densities were expressed as the number of puncta per 100 pm?.
To quantify cFos expression, NeuroTrace and cFOS positive cells were
counted in CellProfiler as previously described (Libovner et al., 2020).
The NeuroTrace signal established total neuron count. cFos expression
was given as the proportion of cells showing colocalization of cFos and
NeuroTrace over the total number of neurons detected in the image.
Immunostaining data was collected from 2 to 3 PPC sections from each
animal, the resulting synapse or cell counts were then averaged, and
statistical comparisons were made on a per animal basis.

2.6. Surgical procedures

For in-vivo imaging experiments, we expressed the genetically
encoded calcium indicator, GCaMP6s, under the hSynapsin promoter
via transcranial injection of an adeno-associated viral vector (AAV2.1-
hSynapsin-GCaMP6s, Addgene) as previously described (Lur et al.,
2016). Briefly, mice (postnatal day 30 + 2) were deeply anesthetized
and the right PPC (AP: 2.0, ML: 1.7, DV: 0.35 from Bregma) was targeted
via a stereotaxic apparatus (KOPF Instruments). The viral vector (300
nL) was injected through a glass capillary using a standard microinjec-
tion pump (UMP3, World Precision Instruments). Following two weeks
of recovery, under deep anesthesia, the scalp was removed and a custom
titanium headplate was secured to the skull using dental cement
(Metabond). A circular craniotomy was made centered on the right PPC
using a high-speed handheld drill and a dual-glass cranial window (a 3
mm cover slip bonded to a 5 mm cover slip using an UV curing adhesive
(Norland Products)) was secured to the skull. Mice were allowed two
weeks to recover and habituate to the microscope prior to imaging.

2.7. In-vivo imaging

Mice expressing GCaMP6s in the PPC were first habituated to the
running disk in a custom built-rig created for awake, head-fixed mea-
surements (Ozgur et al., 2023). The apparatus was situated under a
two-photon laser-scanning microscope (MOM, Sutter Instruments).
Excitation through a 20x, water immersion objective (0.95 NA,
Olympus) was driven by a Ti-Sapphire pulsed laser (Chameleon Ultra 2,
Coherent) tuned to 940 nm. Images (256 x 256 pixels) were acquired
using the ScanImage 5.4 software (Vidrio Technologies) at 30Hz frame
rate from cortical layers II/III (150-250pum depth relative to the cortical
surface). The timing of each frame was recorded using a data acquisition
board (National Instruments) at 5 kHz via WaveSurfer (Adam L. Taylor,
Janelia Research Campus (https://wavesurfer.janelia.org)). Fluores-
cence emissions were filtered at 525/70 nm bandpass and collected via a
GaAsP PMT (Hammamatsu). Imaging was conducted pre-stress (p60 +
2) and repeated following 10 days of rest or RMS in all animals. Cortical
location was recorded by imaging the blood vessel patterns at the brain
surface and the field of view across the two imaging days was matched
using the built-in motion correction function of Scanlmage.

2.8. Visual stimulus

Stimuli were driven via a custom, MATLAB-based graphical user
inface (Ozgur et al., 2023). An LED panel (16x9 pixels) was placed in
front of the animal’s left eye at approximately 45 degrees to the animal’s
axis. Blinking (5Hz, 50% duty cycle) stationary bars (2-pixel width) at
either 45, 90, 135, or 180 degrees orientation were displayed for 1 s with
an intertrial interval randomly drawn from a distribution of 9-12s. The
timing of the stimulus was recorded simultaneously with the microscope
frames using a data acquisition board (National Instruments) at 5 kHz
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via WaveSurfer.

2.9. Quantifying locomotion

We measured the locomotion of all animals throughout the imaging
sessions via a rotary encoder on the running disk (see detailed descrip-
tion here: https://github.com/LurLab-UCI/RunDisc). The output of the
encoder was recorded simultaneously with the microscope frames and
stimulus presentations using a data acquisition board (National In-
struments) at 5 kHz via WaveSurfer. Rotary encoder signals were pro-
cessed through custom MATALB script (https://github.com/
LurLab-UCI/RunDisc/wiki/decode-rotation). We characterized loco-
motion based on speed, with at least 2 s between running bouts, and
running duration of at least 3 s; the signal was filtered for jitter on the
wheel using a low pass filter of 0.25Hz (Niell and Stryker, 2010; Vinck
et al., 2015). Only mice with a minimum of six locomotion bouts per
session (for both experimental time-points) were included in locomotion
analyses.

2.10. Calcium imaging data analysis

Longitudinal calcium imaging data was registered and segmented

using Suite2P (Pachitariu et al., 2016). The two imaging sessions (pre-
and post- RMS/rest) were processed together and manually curated to
track matching cells within the field of view. Cells that were not
matched across the two sessions were excluded. All further analyses
were performed using custom Python 3.9 (Anaconda distribution)
scripts. After subtracting the neuropil signal, fluorescence intensity
traces extracted from every identified cell were aligned to stimulus onset
using the recorded microscope frame signal. Calcium signals were
normalized as:
Frorm = %OF 5
with Fy defined as the mean fluorescence 2s prior to stimulus onset.
Rarely, fluorescence intensity traces showed fluctuations greater than
two standard deviations from the mean, such traces were omitted from
analysis. Calcium transients were averaged across all trials of the same
stimulus orientation, and the area under the curve from stimulus onset
to the subsequent 3 s was calculated to measure the response magni-
tudes. Cells were classified visually responsive if stimulus presentation
caused the calcium trace to deviate from baseline, quantified as a sig-
nificant difference (mixed-effects model, p < 0.05) between the pre- and
post-stimulus onset slopes (slope coefficient of a linear regression model
fitted to last 1.5s of the baseline vs. first 1.5s after stimulus onset). The
same process was used to detect cells responsive to locomotion onset.
Animals that either ran throughout or remained still for the entire
recording session were excluded from locomotion analysis.

Response magnitudes were calculated as the area under the first 3 s
of the evoked calcium transient, starting at stimulus (or locomotion)
onset. Of the four visual stimuli, the one with the largest absolute
response magnitude was considered the preferred orientation. The
presentation of only 4 oriented stimuli, and the presence of negative
(suppressed) responses was not conducive to classical analyses of
orientation tuning. Thus, to measure the effect of RMS on feature
selectivity, we approximated orientation tuning width with the variance
of response magnitudes across stimuli compared to the preferred
orientation:

> (xi — Xpo)”

ng = n-1

where xpo was the response to the preferred orientation and x; the
response to each of the other stimuli. To estimate the effect of RMS on
response consistency, we calculated the variance in the response mag-
nitudes across repeated presentations of the preferred orientation. Two
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neurons, that showed activity three standard deviations away from the
mean of all stably responsive cells, were removed from these analyses.

To determine how PPC neurons altered their response to visual
stimulus across the two recording sessions, we labeled cells as “lost” if
they were only responsive during the first, pre-stress/rest recording, and
labeled them as “gained” if they were only responsive during the second,
post-stress/rest session. We termed cells that were visually responsive in
both sessions “stable”. The proportion of cells that changed their
behavior was calculated as:

number of cellsgawgp + number of cells; st
total number of recorded cells in session 2

To determine whether the in each animal the gain and loss of
responsive cells was in balance we calculated a G/L balance index:

number of cellsganvep — number of cells;ogr
number of cellsgamep + number of cells;ogr

where values close to 0 indicate that the number of gained and lost cells
were similar, whereas higher values indicate that the distribution is
skewed towards greater amount of change, regardless of direction.

To quantify the amount of change in the number responsive cells per
mouse, we took the following ratio:

number of responsive cells;og
number of responsive cellsy;,

We visualized this distribution using kernel density estimation plot
and applied Levene’s test to assess homogeneity of variance between the
control and stress groups. To assess normality while accounting for skew
and kurtosis, we utilized the D’ Agonstino-Pearson test. Unimodality was
tested using Hartigan’s dip test (Hartigan and Hartigan, 1985) after
bootstrapping (n = 100) to better simulate population patterns.

To estimate the strength of common visual input to PPC neurons we
performed noise correlation analyses (Cohen and Kohn, 2011) as pre-
viously described (Lur et al., 2016). Using custom Matlab scripts, we
calculated the pair-wise correlation in trial-by-trial response magnitude
fluctuations across all cells in each field of view. To remove the influence
of common network fluctuations (e.g. state transitions) we computed
partial correlation coefficients and expressed the correlation of the
neuronal population as the average across all cells.

2.11. Statistics

Statistical comparisons of synapse density (PSD95 and Gephyrin)
used one-way ANOVA, followed by Sidak’s correction for multiple
comparisons. To compare cFos expression across control and stress
conditions at different timepoints, we ran a two-way ANOVA with a
Sidak’s post-hoc test. In all immunostaining experiments, individual
animals were treated as independent observations, within animal data
were averaged.

For the calcium imaging data that did not meet the assumptions for
parametric testing, we used non-parametric statistical models. Specif-
ically, we used Mann Whitney test for unpaired comparisons between
control and RMS groups and Wilcoxon rank-sum test for paired mea-
surements. To assess distribution patterns, we tested for normality using
D’Agostino and Pearson test. For datasets that did not have a normal
distribution, we followed up with a test for unimodality, utilizing Har-
tigan’s Dip Test. All response magnitude comparisons for stably
responsive cells were calculated using paired statistics (Wilcoxon-rank-
sum test). The percentage of cells per mouse that changed their preferred
orientation across the two timepoints (Supplementary Fig. 2) were
compared using the Mann Whitney test.

All statistical comparisons were executed in Prism version 9
(GraphPad), with the exception of tests assessing homogenous variance
using Levene’s test and Hartigan’s dip test, which were executed using
open-source packages in Python. Noise correlation data across stress
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condition and session timing (pre. vs. post) were compared using two-
way ANOVA, with Fisher’s LSD test to compare subgroups.

3. Results

3.1. RMS induced idiosyncratic changes in visual responsiveness of layer
2/3 PPC neurons

We employed a longitudinal strategy to determine the impact of
repeated exposure to multiple concurrent stressors (RMS) on sensory
processing in the PPC of young adult mice. We recorded responses of
GCaMP6s expressing layer 2/3 neurons to passively viewed visual
stimuli using two-photon calcium imaging in awake, head-fixed mice on
the day prior to RMS and on the day following the final stress session. By
matching the field of view before and after RMS, we tracked the activity
of the same neurons across the two timepoints (Fig. 1A). Age matched
control animals were subjected to identical experimental conditions
without RMS exposure. Based on visual responsiveness, we character-
ized PPC neurons into four categories: non-responsive, gained (non-
responsive pre- but responsive post-treatment), lost (responsive pre- but
non-responsive post-treatment), or stable (responsive at both time-
points) (Fig. 1B). We further characterized responsive cells as enhanced
(RE) or suppressed (RS) based on the stimulus inducing a positive or
negative deflection from baseline, respectively. We found no change in
the overall proportion of visually responsive PPC neurons in either
control or RMS exposed mice (F(q,20), 0.391, p = 0.539, n¢r = 11, npus =
11, two-way repeated measures ANOVA, Fig. 1C). Neither did RMS
impact the overall proportion of cells that changed their behavior across
the sessions (p = 0.44, n¢ = 11, ngys = 11, unpaired t-test). However,
we found that RMS altered the balance of gained and lost responsive
cells (Mann-Whitney U = 27, p = 0.028, Mann Whitney test, Fig. 1D).
This suggested that population means, may obscure nuanced changes in
sensory responsiveness.

To represent the rate of change in the fraction of visually responsive
neurons in individual mice (see population data in Supplementary
Fig. 1A), we took the ratio of the number of responsive cells in the first
and second imaging session (Fig. 1E). We found a significant increase in
variance across RMS mice, with the absolute difference from a ratio of 1
markedly larger in RMS (p = 0.003, Levene’s test, Fig. 1E). These data
indicated a highly heterogeneous response to stress exposure. To further
explore this phenomenon, we used bootstrapping to produce a more
representative sample of the control and RMS populations, and found a
significant deviation from normality in RMS, but not in control samples
(K3ums = 51.90, p < 0.0001; K%, = 5.389, p > 0.05, d’ Agostino-Pearson
test). Hartigan’s dip test revealed that the RMS population is bimodally
split between mice that gained (G) or lost (L) visually responsive cells (p
< 0.0001, Hartigan’s dip-test). To examine what drove the increased
variance in the RMS group, we compared the magnitude of enhanced
and suppressed responses across mice that showed a net gain or a net
loss of responsive neurons (Fig. 1F). We found that the response
magnitude of enhanced cells increased from the pre-to the post-RMS
session in mice that gained visually responsive cells, but decreased in
mice that lost responsive neurons (F(;,9) = 9.655, interactionsession x type
p = 0.013, ngained = 5, Niost = 6, two-way repeated measures ANOVA).
Response amplitudes of suppressed neurons followed a similar pattern:
showing larger post-RMS responses in mice that gained responsive cells
but reduced responses in those that lost cells (F,9) = 6.007, inter-
actiongession x type P = 0.037, Ngained = 5, Niost = 6, two-way repeated
measures ANOVA).

Overall, we found that RMS exposure threw the turnover of visually
responsive neurons in the PPC out of balance. The directionality of this
change showed a bimodal split in the stress-exposed population, with
some mice gaining, while others losing responsive neurons. Which
category a mouse belonged to was consistent with the overall change in
the magnitude of visual responses, suggesting individual differences in
adaptation strategies.
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3.2. RMS altered visually evoked responses of excited neurons

To gain a more direct insight into how RMS affected sensory re-
sponses of individual cells, we focused on the neuronal population that
showed responsiveness in both imaging sessions (stable cells). We
expressed the absolute RMS-induced change in visually evoked re-
sponses as a ratio of post-over pre-treatment response magnitudes for
sign-conserved (consistently enhanced or suppressed) cells. On average,
we found no change in control mice, while RMS exposure reduced the
response magnitude of stable cells by approximately 13% (median., =
0.918, mediangys = 0.786; Mann-Whitney U = 34351, p = 0.017, n¢ =
305, ngms = 255, Mann Whitney test, Fig. 2A).

To gauge what was driving this reduction, we compared pre- and
post-treatment responses separately for enhanced and suppressed neu-
rons. In control animals, response magnitudes of stable cells remained
unaffected across the two imaging sessions (RE. p = 0.108, n = 217;
RS¢tr p = 0.774, n = 88, Wilcoxon signed rank test, Fig. 2B), consistent
with the unchanged ratio above. In contrast, RMS reduced the response
magnitude of neurons that showed an enhanced response to visual
stimuli, but not of those cells that were suppressed (REgms p < 0.0001, n
= 140; RSpms p = 0.721, n = 115, Wilcoxon signed rank test, Fig. 2B).
Mean response traces for the entire population are shown in Fig. 2C.
These results suggest that the net excitatory drive to visually responsive
pyramidal cells in the PPC was reduced following 10 days of RMS
exposure.

To ask how RMS affected visual feature selectivity in stable cells, we
approximated orientation tuning width by calculating the variance in
response magnitudes across the four orientations (see Methods). Using
this relatively crude metric, a more broadly tuned cell would show less
variance across stimuli, i.e. more similarity to the preferred orientation
(see example polar plots in Fig. 2D). We found that the variance across
orientations was more substantially reduced in PPC neurons of RMS
exposed animals than in controls (Mann-Whitney U = 33144, p = 0.004,
ne = 304, npys = 254, Mann Whitney test, Fig. 2E). We also found that
a very large proportion of PPC neurons changed their orientation pref-
erence between the two time points, with no effect of RMS (ctr: 73.7%,
RMS: 75% of cells changing their orientation preference, Mann-Whitney
U =49, p = 0.47, n¢ = 11, ngvs = 11 mice, Mann Whitney test, Sup-
plementary Fig. 2).

In a prior study, stress exposure induced considerable within subject
heterogeneity in neural activity patterns (Barthas et al., 2020). To test
the effect of RMS on the consistency of visual responses, we measured
the variance in response magnitude across the repeated presentations of
the preferred orientation in stably responsive neurons. We found that in
controls, response variance remained unchanged (median post/pre
ratio =1.011, p = 0.17, n = 304, Wilcoxon signed rank test, Fig. 2F top).
Surprisingly, in RMS exposed mice, stress exposure led to a decrease in
response variance (median post/pre ratio = 0.833, p < 0.0001, n = 254,
Wilcoxon signed rank test, Fig. 2F bottom), showing a marked difference
than the controls (Mann-Whitney U = 30095, p < 0.0001, Mann Whit-
ney test, Fig. 2G).

3.3. Locomotion responses were not impacted by RMS

Activity of cortical neurons, including those in the visual system, is
well known to be modulated by arousal and locomotion (Niell and
Stryker, 2010; Vinck et al., 2015). Given the mechanistic role of
potentially stress-sensitive neuromodulator systems in arousal processes
(Polack et al., 2013; Fu et al., 2014; Collins et al., 2023), we wanted to
test the effect of RMS exposure on PPC neuronal responses to locomotion
onset.

First, we measured the proportion of locomotion responsive cells
(LRCs) per mouse, separating cells into gained, lost, or stable, enhanced
or suppressed categories. We found no RMS induced differences in PPC
neuronal responses to locomotion onset (interactiontime x condition F(1,17)
= 0.382, p = 0.544; main effectime F(1,17) = 4.621, p = 0.046; n¢yr = 9,



S.B. Park and G. Lur Neurobiology of Stress 31 (2024) 100660

control
(10 days)
2
‘48
RMS |,
turnover stable
| RE RS
o |kl l,,,.ﬁfl,\, o
o Wq ]'1
H 200%
: |AFIF
§ w«HWm MH»W
C D 06, —
pre control post RMS o s
s °
NR NR| S 0.4
(_U [ ]
= |
-
= =8¢
0-
ctr RMS
E . F RS*
1.8 - . . -g
2 1.6 1 * 3 -101
S 14- ’ € 15,
— (]
a | : = -20-
= 1.2 . > 0
S10L o _ 2 8ol 5
O S % 40. -104
0>C 0.8 - : 3 o i 154
064 ° ° L 20/
d 0.2 0.1 i gained pre/post

A lost pre/post

(caption on next page)



S.B. Park and G. Lur

Neurobiology of Stress 31 (2024) 100660

Fig. 1. RMS altered the balance of visually responsive neuron turnover in the PPC. (A) Experiment schematic showing a representative field of view in the first
recording session (left), followed by 10 days of RMS or rest (middle), and a second imaging session from the same field of view (right). (B) Representative fluo-
rescence intensity traces from non-responsive cells (NR), cells that alter their responses across sessions (turnover) and cells with stable responses (stable) showing
example neurons with enhanced (RE) and suppressed (RS) response characteristics. Light grey traces are individual trials, black traces are mean across the session,
green box indicates stimulus presentation. (C) Sankey plots showing pooled population dynamics. Line thickness represents the relative proportion within the
population. (D) Bars represent the G/L balance index in control (dark grey) and RMS (red) mice. (E) Ratio of visually responsive cells (VRCs) across the two recording
sessions (left) in control (black) and RMS (red) mice plotted next to corresponding kernel density estimation (right). Scale bar shows the ratio vs. density. (F) Mean
response magnitudes of enhanced and suppressed response type neurons separated by individual animals falling on opposite sides of the binomial distribution in (E).
; p < 0.05. Error bars represent 95% CI. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

ngys = 10, two-way repeated measures ANOVA, Fig. 3A). We calculated
G/L balance index for LRCs similarly to visually responsive neurons and
found no difference in responsive cell turnover between control and
stressed groups (Mann-Whitney U = 42, p = 0.842, n¢y = 9, ngys = 10,
Mann Whitney test, Fig. 4B). Calculating the ratio of locomotion
responsive neurons across the two imaging sessions (see population data
in Supplementary Fig. 1B) revealed that the rate of change was indis-
tinguishable between control and RMS animals (Mann-Whitney U =
37.5, p = 0.563, n¢y = 9, ngys = 10, Mann Whitney test, Fig. 3C).
Accordingly, we found similar variance across mice in the two groups (p
= 0.437, Levene’s test) with indistinguishable distributions following
bootstrapping (K&ws = 5.545, p > 0.05; K%, = 4.081, p > 0.05, D’Ag-
ostino-Pearson).

To quantify the effect of RMS on locomotion response magnitudes,
we again focused on stable cells (neurons with detectable responses in
both sessions). There was no measurable difference in the ratio of post-
over pre-treatment response magnitudes between control and RMS
groups (median., = 0.975, mediangys = 0.835; Mann-Whitney U =
3970, p = 0.431, ney = 99, ngys = 86, Mann Whitney test, Fig. 3D).
However, no difference in ratios may be driven by opposing effects on
enhanced and suppressed response exhibiting neurons. Thus, we split
cells according to their response type, but found no change in the
response magnitudes of either group (RE¢y p = 0.921,n =93; REgms p =
0.164, n = 78; RSt p = 0.688, n = 6; RSgvs p = 0.313, n = 8, Wilcoxon
signed ranks test, Fig. 3E). Average traces across all stable cells are
shown in Fig. 3F. These data indicate that locomotion responses of L2/3
PPC neurons remained unaffected by RMS exposure.

3.4. RMS did not impact PPC synapse density in adults

A single exposure to multiple concurrent stressors in adult mice has
been shown to cause significant loss of dendritic spines from the dorsal
hippocampus (Chen et al., 2008, 2010; Maras et al., 2014; Hokenson
et al,, 2021). We hypothesized that synapse loss may explain the
RMS-induced change in visual processing in the adult PPC as well. To
quantify synapses, we visualized excitatory and inhibitory post-synaptic
proteins (PSD95 and Gephyrin) in the PPC using indirect immuno-
staining (Fig. 4A). However, we found no significant differences in the
density of PSD95 (Fig. 4B) or Gephyrin (Fig. 4C) puncta between RMS
and control groups (PSD95: F(7111) = 3.156, p = 0.004, one-way
ANOVA; P11 = 0.994, PL2/3 = 0.959, Pis = 0.950, P16 = 0.998, Negr =
14, npvs = 12, corrected for multiple comparisons using Sidak’s test;
Gephyrin: F771) = 9.536, p < 0.0001, one-way ANOVA; p; = 0.994,
PL2/3 = 0.999, prs = 0.999, prg = 0.695, ner = 12, npys = 7, Sidak’s
test). These results indicate that in the PPC, exposure to RMS during
adulthood did not impact synapse densities on average.

The above finding was in stark contrast to previous work that found
significant, persistent, and layer-specific synapse loss in the PPC when
mice were exposed to RMS during adolescence (Libovner et al., 2020;
Fariborzi et al., 2021). A possible explanation of this discrepancy would
be greater extent of habituation to repeated stress exposure in adults
(Grissom and Bhatnagar, 2009). To test this, in a separate cohort of mice
we stained for cFos (Fig. 4D), an immediate early gene often associated
with stress-induced activation of neurons (Lkhagvasuren et al., 2014).
Following the first bout of RMS, we found a large proportion of cFos™
cells in the PPC, which returned to control levels by the tenth, final

session (Fig. 4E). Comparing control and RMS mice revealed a signifi-
cant interaction between stress condition and exposure time (F,16) =
6.96, Dtreatment x time = 0.018, Ncyr p1, p10 = 5, 4, NRMS D1, D10 = 6, 5,
two-way ANOVA). Indeed, post-hoc analysis only showed a statistically
significant effect of exposure time in the RMS mice (pcyr = 0.415, prvs =
0.041, Sidak’s test). This suggests that unlike in adolescent mice, the
initial effect of RMS on parietal neurons was attenuated in adults as the
animals repeatedly experienced the same stressors over ten days.

3.5. RMS reduced visually evoked network correlations

Finally, we wanted to determine how RMS exposure in adulthood
impacts the correlation structure of the PPC network. Such measures
would allow us to estimate changes in synaptic connectivity or common
input to local neurons (Schneidman et al., 2006; Cohen and Kohn,
2011). To this end, we computed pair-wise noise correlations between
all recorded cells in pre- and post-treatment imaging sessions (Fig. 5A).
We found that in control animals, average correlation strength increased
from the first to the second session (p.y = 0.031, n = 10, Fischer’s LSD
post-hoc test) but such a change was not detected in RMS exposed ani-
mals (p rus = 0.347, n = 10, Fischer’s LSD post-hoc test). Two-way
ANOVA indicated an interaction effect between the elapsed time and
stress exposure (F(1,18) = 5.470, Pinteraction = 0.03, Fig. 5B). In contrast,
we found no difference in the correlation structure of control and RMS
animals when analyzing locomotion responses (F(1,16) = 1.215, Piner-
action = 0.287, n¢yr = 10, npys = 10, two-way ANOVA, post-hoc Fischer’s
LSD pctr = 0.835, prms = 0.197, Fig. 5C). These results suggest that RMS
selectively impacted the visual input received by PPC L2/3 neurons.

4. Discussion

In the current study we show that in adult male mice, repeated
exposure to multiple concurrent stressors (RMS) alters visual processing
in the posterior parietal cortex (PPC). Longitudinal recordings of
matched sets of neurons revealed that RMS disrupts the balanced turn-
over of visually responsive cells in layer 2/3 of the PPC. Across the
population, changes in visual responsiveness followed a bimodal dis-
tribution suggesting idiosyncratic stress effects across mice. In cells
stably responsive across recording sessions, we found reduced visual
response magnitudes and broadened tuning. Noise correlation analyses
indicated that stress altered common visual input to parietal neurons. In
contrast, locomotion responses remained unchanged by RMS exposure,
indicating that the effects may be specific to sensory circuits. Surpris-
ingly, the above findings were not coupled with wide-spread RMS-
induced synapse loss.

In most chronic stress paradigms applicable to rodents (e.g.: re-
straint, foot shocks, chronic unpredictable stresses, social defeat), allo-
static load is inherently coupled to sensory experiences. While it may
seem intuitive that these encounters would lead to sensory maladapta-
tion, evidence for such phenomena is scarce. Immobilization and un-
predictable mild stress repeated for 1-2 weeks induced synaptic
remodeling (predominantly synapse loss) and altered excitatory-
inhibitory balance in the rodent somatosensory cortex (Chen et al.,
2018). This study reported synapse elimination from the visual cortex as
well but did not explore the visual system any further. Notably, mice in
the Chen et al. study were exposed to stress starting at 1 month of age,
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Fig. 2. RMS altered visual response characteristics in the adult PPC. (A) Box plot (IQR) of response magnitude ratio (post-/pre-treatment session) across all
stable cells in control (grey) and RMS (red) mice. (B) Response magnitudes of enhanced (top) and suppressed (bottom) stable cells before (light) and after (dark) rest
(black) or RMS (red). (C) Mean fluorescence intensity traces (solid lines) &+ 95% CI (shaded areas) of enhanced (top) and suppressed (bottom) stable cells in control
(black) and RMS (red) mice. Stimulus indicated by green box, scale bar shows AF/F. (D) Example polar plots showing pre- (light) and post- (dark) treatment response
magnitudes normalized to the preferred orientation of cells from control (left) and RMS (right) mice. (E) Median change in variance (post/pre) across orientations in
control (grey) and RMS (red) cells. (F) Example responses to the preferred orientation of a cell from control (top row) or RMS (bottom row) exposed mice before (left)
or after (right) treatment. Thin lines represent individual stimulus presentations, thick lines show mean response. (G) Median change in variance (post/pre) across
stimulus presentations in control (grey) or RMS (red) mice. *: p < 0.05; error bars represent 95% CI. (For interpretation of the references to color in this figure legend,
t‘he reader is referred to the Web version of this article.)
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Fig. 3. RMS did not affect locomotion responses in the PPC. (A) Sankey plots showing pooled population dynamics. Line thickness represents the relative
proportion of non-responsive (NR), responsive enhanced (RE), and responsive suppressed (RS) cells in the population. (B) Bars represent the G/L balance index in
control (blue) and RMS (orange) mice. (C) Ratio of locomotion-responsive cells (LRC) before and after treatment (left) in control (blue) and RMS (orange) mice
plotted next to kernel density estimate (right). (D) Box plot (IQR) of response magnitude ratio (post/pre) of stable cells in control (blue) and RMS (orange) mice. (E)
Comparison of pre (light color) and post (darker color) mean locomotion response magnitudes of enhanced (top) and suppressed (bottom) stable cells in control
(blues) and RMS (orange/brown) mice. (F) Average fluorescence intensity traces (solid lines) &+ 95% CI (shaded areas) of enhanced (top) and suppressed (bottom)
stable cells in control (blue) and RMS (orange) mice. Scale bar shows AF/F. Locomotion onset indicated by black vertical line. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

aligning the results better to our previous work in adolescent mice
(Libovner et al., 2020; Fariborzi et al., 2021). In the visual cortex, stress
exposure led to reduced homogeneity measures (Li et al., 2018), or at-
rophy (Yoshii et al., 2017), while prolonged food restriction increased
plasticity (Spolidoro et al., 2011). Our results indicate that stress
exposure can have a marked impact on responsiveness in higher order
sensory regions.

A critical aspect of the data presented here was that the effect of RMS
on sensory responsiveness appeared highly variable across individual
subjects. Similar idiosyncrasy was described in how chronic social defeat
and maternal deprivation altered responses across the somatosensory
cortex (McGirr et al., 2020). This study indicated that the identity of
spontaneous sensory motifs affected by stress was unique to each ani-
mal. At the level of cellular responses, the authors described a sub-
stantial increase in the variance of sensory evoked responses (McGirr
et al., 2020) while others found increased variance in spontaneous ac-
tivity of frontal cortical neurons (Barthas et al., 2020). Indeed, which
side of the bimodal distribution a mouse fell in our experiments
depended on whether sensory responses were increased or decreased
following stress exposure. Conversely, we found that responses to the
preferred orientation of a neuron became less variable following RMS.
Individual differences in stress response were noted in human subjects
half a century ago (Goldstein, 1973; Sapolsky, 1994) and confirmed in a
variety of species since (Carere et al., 2010). Mechanistic explorations of
this variability focused on corticolimbic structures like the hippocam-
pus, medial prefrontal cortex, bed nucleus of the stria terminalis, or the
lateral septum (Ebner and Singewald, 2017), leaving questions
regarding the causes of idiosyncratic responses across individual ani-
mals in sensory systems open for future studies.

Given the bimodal distribution of the population responses, grand

averages offered no insight into the effect of RMS on sensory response
amplitudes. Instead, we turned to cells that showed stable visually
evoked responses in both imaging sessions. Separating neurons with
enhanced (positive deflection) from suppressed (negative deflection)
responses revealed that the change in absolute response magnitudes was
exclusively driven by reduced response magnitudes in enhanced cells.
Since generating a suppressed response should include a feed forward
inhibitory circuit (Markram et al., 2004; Suzuki et al., 2022; Schroeder
et al., 2023), the above observation suggest that excitatory inputs to
pyramidal neurons were predominantly affected by RMS. The apparent
lack of synapse loss in our histology experiments could be indicative of
alternative mechanisms causing reduced excitatory drive in the adult
PPC. Possibilities include stress-induced changes in glutamatergic
transmission (Groc et al., 2008; Yuen et al., 2012; Nawreen et al., 2021)
or decreased excitability of pyramidal neurons (Matovic et al., 2020;
Nawreen et al., 2021). Alternatively, general PSD95 immunostaining
may simply lack the sensitivity necessary to detect loss of input to a
specific population of neurons. Indeed, our noise correlation measures
indicate that reduced common input is at least part of the underlying
mechanism (Aertsen et al., 1989; Schneidman et al., 2006; Cohen and
Kohn, 2011; Panzeri et al., 2022). Future studies employing cell-type
specific tracing of inputs, or optogenetic stimulation combined with
electrophysiology could determine how adult RMS exposure affects the
excitability and connectivity of visually responsive PPC neurons. In
addition, we found a general broadening of orientation tuning in RMS
exposed mice, although the proper assessment of visual tuning proper-
ties would require a more sophisticated approach (e.g. testing more than
4 orientations) than what we applied here.

Surprisingly, we found that all the above discussed effects of RMS
were limited to visual processing in the parietal cortex, without any
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notable changes in neuronal activity related to locomotion onset. Today
it is well-established that motor movements modulate neuronal activity
even outside of specific motor regions (Niell and Stryker, 2010; Vinck
et al., 2015). An example of this is the effect of locomotion on sensory
processing (Niell and Stryker, 2010; Saleem et al., 2013; Vinck et al.,
2015; Dadarlat and Stryker, 2017). Given the established role of
stress-adjacent neurotransmitters (e.g. acetyl-choline and norepineph-
rine) in state transitions associated with locomotion (Polack et al., 2013;
Fu et al., 2014; Collins et al., 2023), it was unexpected to see no RMS
induced changes in neural activity associated with locomotion onset.

“: p < 0.05. Error bars represent 95% CI. (For interpretation of the references to color in

Cholinergic and adrenergic systems are known to be affected by a va-
riety of stress paradigms (Roth et al., 1982; Mark et al., 1996; Tajima
etal., 1996; Mineur et al., 2013). The lack of effect observed here may be
explained by the specifics of the RMS paradigm employed here, by the
above discussed habituation effect, or by the specific region studied.
Future work will need to disambiguate these possibilities to better un-
derstand why RMS exposure specifically impacted sensory processing in
the parietal cortex.

We also did not find a discernible effect of RMS on the density of
excitatory or inhibitory synapses using indirect immunostaining,



S.B. Park and G. Lur

A
control RMS
cell ID [ o x g 0-8
10 : 10 g e 04 >
20 g 20._| HUs B
e b ! -_i H 0 ?_>
30 30 - -‘ - _'-. 8
St e i o -04 3
40 40- i . Ty - |
50 M - -0.8
10 20 30 40 50 10 20 30 40

Neurobiology of Stress 31 (2024) 100660

C
visual A ctr locomotion . ctr

&= =
g . g
©0.02 i‘ . o H
— ] t (1)
1o} . {IV[T oo 9 0.01
(] ° (8] 0
s001] T % T bk %{"
b = ) g = L4
g g : :

0.00 0.00

pre post pre post pre post pre post

Fig. 5. RMS altered noise correlations in the PPC. (A) Heatmap of the change in partial correlations (post - pre treatment session) in control (left) and RMS (right)
mice. (B) Population data of partial correlation coefficients of visually evoked responses in the first, pre- (light) and second, post- (dark) treatment session in control
(black) and RMS (red) mice. (C) Population data of partial correlation coefficients of locomotion evoked responses in pre (light) and post (dark) treatment session in
control (blue) and RMS (orange) mice. *: p < 0.05. Error bars represent 95% CI. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

suggesting that en masse synapse loss does not explain RMS-induced
changes in visual responsiveness in the PPC. This result is in stark
contrast to our previous work, where we found evidence of significant,
layer specific erosion of synaptic connectivity in the PPC following RMS
exposure during adolescence (Libovner et al., 2020; Fariborzi et al.,
2021). Work by other groups also indicate that stress affects the brain in
an age-dependent manner (Bingham et al., 2011; Mancini et al., 2021).
The mature, adult circuitry may be more robust against stress-induced
remodeling of synaptic connections in part due to the ability to habit-
uate to repeated exposure to stressors. Such attenuation was noted
across a multitude of chronic stress paradigms, including restraint
(Girotti et al., 2006; Grissom et al., 2007; Gray et al., 2010; Duarte et al.,
2015; Matovic et al., 2019), social defeat stress (Snyder et al., 2015), and
audiogenic stress (Armario et al., 1984; Campeau et al., 2002). Regu-
larity of exposure and stress intensity are thought to be the key factors
determining the activation of the HPA-axis in chronically stressed ani-
mals (Martf and Armario, 1997; Grissom and Bhatnagar, 2009). Indeed,
similarly to others, we found that the first stress exposure drastically
increased cFos expression in the PPC, but the number of c-Fos positive
neurons diminished to control levels by the 10th day of RMS (Campeau
et al., 2002; Girotti et al., 2006). This was not the case when adolescent
mice were exposed to the same stress paradigm (Libovner et al., 2020).
Our findings in the parietal cortex may also be in contrast to results from
the hippocampus, where a single exposure to a similar stress paradigm
caused marked loss of excitatory synapses (Chen et al., 2008; Maras
et al., 2014; Hokenson et al., 2021). However, the effect of repeated
exposure to this specific paradigm, and the possibility of habituation, in
the adult hippocampus is yet to be tested. These discrepancies under-
score the previously noted potential for region specific effects of stress
(Meller et al., 2003; Moench et al., 2019).
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