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ARTICLE INFO ABSTRACT

Keywords: Traumatic brain injury (TBI) causes a prolonged inflammatory response in the central nervous system (CNS)

Fluid percussion injury driven by microglia. Microglial reactivity is exacerbated by stress, which often provokes sleep disturbances. We

Sleep fragmentation have previously shown that sleep fragmentation (SF) stress after experimental TBI increases microglial reactivity

Memo,ry . and impairs hippocampal function 30 days post-injury (DPI). The neuroimmune response is highly dynamic the

Neuroinflammation . . . . s . . .

Mouse first few weeks after TBI, which is also when injury induced sleep-wake deficits are detected. Therefore, we
hypothesized that even a few weeks of TBI SF stress would synergize with injury induced sleep-wake deficits to
promote neuroinflammation and impair outcome. Here, we investigated the effects of environmental SF in a
lateral fluid percussion model of mouse TBI. Half of the mice were undisturbed, and half were exposed to 5 h of
SF around the onset of the light cycle, daily, for 14 days. All mice were then undisturbed 15-30 DPI, providing a
period for SF stress recovery (SF-R). Mice exposed to SF stress slept more than those in control housing 7-14 DPI
and engaged in more total daily sleep bouts during the dark period. However, SF stress did not exacerbate post-
TBI sleep deficits. Testing in the Morris water maze revealed sex dependent differences in spatial reference
memory 9-14 DPI with males performing worse than females. Post-TBI SF stress suppressed neurogenesis-related
gene expression and increased inflammatory signaling in the cortex at 14 DPI. No differences in sleep behavior
were detected between groups during the SF stress recovery period 15-30 DPI. Microscopy revealed cortical and
hippocampal IBA1 and CD68 percent-area increased in TBI SF-R mice 30 DPI. Additionally, neuroinflammatory
gene expression was increased, and synaptogenesis-related gene expression was suppressed in TBI-SF mice 30
DPI. Finally, IPA canonical pathway analysis showed post-TBI SF impaired and delayed activation of synapse-
related pathways between 14 and 30 DPI. These data show that transient SF stress after TBI impairs recovery
and conveys long-lasting impacts on neuroimmune function independent of continuous sleep deficits. Together,
these finding support that even limited exposure to post-TBI SF stress can have lasting impacts on cognitive
recovery and regulation of the immune response to trauma.

1. Introduction been dubbed a “silent epidemic” (Goyal and Yadav, 2020; Laskowski
et al., 2015). Advancements in TBI detection and treatment have

Traumatic brain injury (TBI) is an increasingly common healthcare improved survival rates resulting in a population of individuals who may
challenge both in the United States and worldwide. Domestically, an experience sequelae decades after initial injury (Faul and Coronado,
estimated 3.8 million individuals suffer from a TBI each year in what has 2015). This time presents an opportunity for other life events to
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influence chronic outcomes. Beyond cognitive impairment, survivors
may experience psychiatric complications and even neurodegeneration
over time (Ahmed et al., 2017). Pre-clinical and clinical data suggest
that there is a link between moderate TBI and future dementia presen-
tation (Kokiko-Cochran and Godbout, 2018; Raj et al., 2022; Zysk et al.,
2019); however, the factors that link TBI to development of neurode-
generative disease remain unclear. Therefore, identifying and charac-
terizing exogenous factors that complicate TBI recovery and worsen
chronic outcomes are important areas of study.

Following TBI, reactive microglia resolve into a “primed” phenotype.
When primed, pre-clinical studies show that microglia continue to ex-
press elevated markers for microglial reactivity, such as major histo-
compatibility complex class-II, CD11b, and Toll-like receptors (TLR),
increase production of inflammatory cytokines IL-1p and IL-6, and
display de-ramified morphologies with higher ionized calcium-binding
adapter molecule 1 (IBA1) and CD68 expression (Cunningham et al.,
2005; Henry et al., 2009; Norden and Godbout, 2013; Torres-Platas
et al., 2014). Primed microglia have exaggerated responses to subse-
quent stimuli, such as an additional TBI, immune challenge, or stress
(Bray et al., 2022; Fenn et al., 2014). Experimental models show that
secondary immune challenges after TBI increase neuroinflammation and
worsen pathology, possibly bridging the gap between TBI and neuro-
degeneration (Chen et al., 2008; Houle and Kokiko-Cochran, 2022;
Kokiko-Cochran and Godbout, 2018; Sun et al.,, 2017). While
microglial-driven neuroinflammation is a critical component of an
appropriate CNS response to injury, microglia can remain reactive for
years following injury, and lingering neuroinflammation can become
maladaptive and lead to neuronal damage (DiSabato et al., 2016;
Johnson et al., 2013; Witcher et al., 2021). These data show that the
neuroimmune system is vulnerable to hyperactivity following TBI, and a
secondary immune stimulus may be sufficient to substantially alter
outcome.

Actualized or perceived challenges to homeostasis are referred to as
“stress” (Walker et al., 2013). In response to these challenges, mecha-
nisms generally referred to as stress responses seek to return the body to
homeostasis. Microglia offer the most robust adaptive immune response
to stimuli and are hypothesized to mediate many of the effects of stress
on the brain. Both acute and chronic psychosocial stress have been
previously found to induce microglial responses in the brain, typically
characterized by enhanced IBA1l and cytokine expression (Hinwood
et al., 2012; Wohleb et al., 2012; Woodburn et al., 2021). Preclinical
studies have also found microglia become primed by stress, exhibiting
exaggerated reactions to secondary challenge following a stress response
(Frank et al., 2012). Therefore, stress alone can serve as a potent stim-
ulator of microglial reactivity. Together, these findings support that
microglia are highly involved in the regulation of stress responses and
mediating the effects of stress in the CNS. Stress can therefore serve as a
secondary source of microglial activation following TBI and complicate
the chronic neuroinflammatory environment following injury.

For this manuscript, “sleep disruptions” will refer to the disruption of
sleep via mechanical sleep fragmentation (SF) which is analogous to
exogenous SF that TBI survivors can experience in clinical or home
settings. “Sleep disturbances” will refer to alterations in sleep as a
behavioral manifestation, that occur as a consequence of TBI pathology
or subacute stress exposure. On their own, sleep disruptions are a potent
source of stress and disrupt proper hypothalamus-pituitary-adrenal axis
function (Hirotsu et al., 2015; Medic et al., 2017). However, perceived
stress is also highly associated with sleep disturbances. Therefore, a
powerful bidirectional relationship exists between sleep and stress, and
TBI survivors may be particularly vulnerable to the detrimental effects
of sleep disturbance. TBI induces a variety of sleep disturbance such as
insomnia, excessive daytime sleepiness, and dysfunctional rapid eye
movement (REM) sleep (Wickwire et al., 2016). In fact, as many as half
of all TBI survivors report experiencing some form of sleep disturbance
following TBI (Chan and Feinstein, 2015; Mathias and Alvaro, 2012).
Populations susceptible to sleep disturbances have more perturbed sleep
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in response to stress (Drake et al., 2017; Peterson et al., 2008). For
example, stress-induced sleep disturbances are prevalent in TBI survi-
vors and are tied to worsened outcome (Kalmbach et al., 2018a, 2018b).
Therefore, stress- and injury-induced sleep disturbances could synergize
to influence recovery. We predict that inflammation, through microglial
activation, is instrumental in this process.

We have previously shown that 4 h of daily post-TBI SF stress ex-
aggerates microglial responses and impairs neuronal function within the
hippocampus 30 days post-injury (DPI) (Tapp et al., 2022). Additionally,
we have shown that chronic post-TBI SF stress results in lasting blood
brain barrier disruption and transcriptional changes indicative of
impaired neuronal maintenance and excitability 60 DPI (Tapp et al.,
2023). Temporal change in the inflammatory response to experimental
TBI provides an opportunity to examine whether the injured brain is
particularly vulnerable to secondary immune stimulus during discrete
phases. Work by Izzy et al. found that the acute response to TBI was
marked by elevated proinflammatory gene expression that began to
resolve by the sub-acute 14 DPI time point (Izzy et al., 2019). Thus 14
DPI was identified as a pivotal transition between the subacute and
chronic TBI response. The present study expands on our previous find-
ings by investigating whether SF stress limited to the sub-acute post--
injury phase (1-14 DPI) imparts lasting alterations in sleep, microglial
reactivity, and transcriptional regulation of neuroinflammation at the
chronic 30 DPI time point. We effectively targeted the period of tran-
sition where mouse sleep is increased the most by extending daily SF
exposure to 5 h from Zeitgeber (ZT) 23-4. For the first time in a model of
post-TBI SF stress, we determined sleep-wake behavior 1-30 DPI with
non-invasive homecage activity recordings. Using Morris Water Maze
(MWM) we determined the effect of post-TBI SF stress on sub-acute
spatial memory and inflammatory outcomes were measured by
cortical RNA expression analysis and IBA1/CD68 immunolabeling. We
found that 14 days of SF stress after TBI impairs recovery and conveys
long-lasting impacts on neuroimmune function independent of contin-
uous sleep deficits 30 DPI. Together, these studies highlight that even
transient SF stress after TBI can have lasting implications for chronic TBI
sequelae and recovery.

2. Methods
2.1. Mice and sourcing

Equal numbers of 8-10 week-old male and female C57BL/6 mice (n
= 99) from Charles River Laboratories (Wilmington, MA) were used in
these experiments. Mice were group-housed and separated by sex in the
Ohio State University Laboratory Animal Resource (ULAR). Mice were
granted ad libitum access to food and water and were maintained under
constant temperature (72-76 °F) and humidity with a 12:12 h light/dark
cycle (Light onset, 6am = ZT 0). These experiments used a lateral fluid
percussion model of TBI. To control for injury effects sham injuries were
performed. All mice were subjected to one of two injury conditions:
sham, and TBI. We used mechanical SF as a model of environmental
stress. All mice were housed under one of two sleep conditions: control
(CON), and SF. Upon reaching the designated endpoints, mice were
euthanized by CO5 asphyxiation followed by either transcardial perfu-
sion with phosphate buffered saline (PBS) or rapid decapitation.
Perfused brains were removed and drop-fixed in 4% paraformaldehyde
(PFA) for histochemical analysis. Decapitated brains were removed on
ice and micro-dissected to obtain injured cortical tissue which was snap-
frozen in liquid nitrogen for future RNA analysis. All conditions
described were in accordance with the National Institutes of Health
Guidelines for the Care and Use of Laboratory Mice and approved by the
Institutional Animal Care and Use Committee at the Ohio State
University.
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2.2. Experimental design

This study employed a 2 (Sham, TBI) x 2 (Control, SF) factorial
design to investigate how post-TBI SF stress alters recovery from injury.
Mice received either a moderate lateral fluid percussion TBI or a sham
injury. Following injury, mice were randomly selected and evenly
divided to either be housed in control conditions, or to receive daily
post-injury mechanical SF 1-14 DPI. Behavioral testing was completed 7
DPI (Open field test and Y maze) and 9-14 DPI (Morris Water Maze). At
15 DPI, all mice were placed in control housing. Upon reaching 30 DPI,
brains were collected for histological analysis. Mice receiving sleep
monitoring (Signal Solutions LLC, Lexington, KY) were singly housed
and did not complete behavioral testing to minimize recording disrup-
tions. Gene expression in the cortex was evaluated in mice that received
sleep monitoring well as a subset of mice aging 14 DPI that did not
complete behavioral testing.

2.3. Statistics

For all experiments appropriate sample sizes were determined based
on previous studies (Bray et al., 2022; Tapp et al., 2020, 2022). For most
sleep, behavioral, and histochemical data, 2-way analysis of variance
(ANOVA) was conducted in Graphpad 8 (Prism). For comparisons with
repeated measures, 3-way ANOVAs were conducted in SPSS (IBM). In
these repeated measure ANOVAs, sphericity was not assumed and
Greenhouse-Giesser corrections were used to limit Type 1 error rates. In
the Morris water maze where sex effects were observed, we utilized
mixed effects models to test the injury and sleep effect on latency. Fixed
effects included day, injury group, sleep condition, and their interaction.
Of primary interest were preplanned contrasts comparing group means
at each of the 5 time points. Random effect included a subject-specific
random intercept to account for within-subject correlation (repeated
time points). The Kenward-Roger adjustment to the degrees of freedom
was used to control Type I error rates. Sleep bout data were measured
with multivariate regression to measure the degree to which vectors of
different dependent variables are aligned to each other. Two-sided sig-
nificance of o = 0.05 was used for mixed effect and multivariate
regression analysis. Analyses were performed in SAS version 9.4 (SAS
institute, Cary, NC). For Nanostring nCounter data, we obtained
normalized gene counts using the DESeq2 package in R and used SPSS to
perform 2-way ANOVA to identify genes with counts significantly
altered by group. Bonferroni post hoc analysis was performed when
interaction effects were detected in experiments without repeated
measures. Tukey post hoc analysis was performed for comparisons with
repeated measures. For pathway analysis, right-tailed Fischer’s exact
test with Benjamini-Hochberg corrections for multiple hypothesis was
used to compare differences between groups of interest. All comparisons
with p < 0.05 were reported. For all experiments and data processing,
researchers were blind to animal group identification.

2.4. Surgical preparation and lateral fluid percussion injury (FPI)

Surgical preparations were completed as previously described
(Fitzgerald et al., 2022; Tapp et al., 2020, 2022, 2023). Briefly, mice
were anesthetized with 4% isoflurane gas for 4 min. Mice were then
shaved along the top of their head, fixed in a stereotaxic frame, and
sterilized. An incision was made at the midline of their skull and fascia
was cleared away to allow access to the skull. Then, a drill was used to
create a small guide notch on the right parietal bone approximately 4
mm to the right of midline, directly between lambda and bregma. This
notch served as a guide for a trephine drill which was used to perform a
3 mm craniectomy over the parietal lobe while leaving the dura intact.
Once the skull flap was removed, a modified luer-lock syringe, modified
to be about 1 cm tall with an internal diameter of 3 mm, was affixed to
the craniectomy using super glue and sealed using dental cement. The
hub was then filled with saline, and mice were injected with 2 ml of
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saline subcutaneously before being removed from the stereotaxic and
returned to their homecage.

The following day, mice were again anesthetized using 4% isoflurane
for 4 min. At the end of the 4 min the hub was filled with saline and mice
were subsequently attached to a fluid percussion injury (FPI) device
(Custom Design & Fabrication, Richmond, VA). To induce a moderate
injury, a weighted pendulum from a pre-set height was released,
creating a fluid pulse that compressed the exposed dura. The pressure of
the fluid pulse was maintained at 1 atm. Following injury induction,
hubs were removed and the incision was closed by staples. Half of the
mice were randomly selected to receive this injury. For the sham pop-
ulation, mice were anesthetized and affixed to the FPI device but did not
receive a fluid pulse. They then immediately had their hubs removed
and incisions closed. All mice had their injury severity assessed by
measuring their latency to self-righting reflex following TBI or sham
injury.

2.5. Sleep fragmentation stress

Following injury half of all TBI and sham mice were randomly
selected to receive daily, mechanical SF or be left undisturbed. Me-
chanical SF was provided automatically every 2 min from ZT 23-4, 1-14
DPI using specialized SF chambers (Lafayette Instruments). SF protocols
were adapted from our previous studies (Tapp et al., 2022, 2023).
Control mice were housed in the same room but were not exposed to SF
stress for the duration of the study. For all studies, mice were group
housed in SF or control housing except for studies using piezo-electric
sleep monitoring in which case mice were singularly housed.
Following the 14 days of SF stress, all mice received control housing in
which half of the mice were allowed to recover without SF stress until 30
DPI. Therefore, data from 15-30 DPI are designated as SF-Recovery
(SF-R).

2.6. Piezoelectric sleep recordings

Custom-molded piezoelectric sensors were used to measure mouse
sleep 1-30 DPI (Signal Solutions LLC, Lexington, KY). Previous itera-
tions of these sensors have been demonstrated to classify sleep behavior
based on physiological parameters and have been validated against EEG
and human observations with >90% accuracy (Donohue et al., 2008).
Mice were introduced to the cages immediately following injury and
were left undisturbed except for daily wellness checks. 30 DPI mice were
removed for tissue collection. Data were analyzed using SleepStats2p18
(Signal Solutions, Lexington, KY). Piezoelectric signals were analyzed
over 8 s epochs and decision statistics were calculated utilizing regular
amplitude signals recorded during the epoch. Regular beathing at 2-4
Hz was classified as sleep-behavior which was differentiated from quiet
and active wake at higher frequencies (Donohue et al., 2008).
Percent-sleep data were exported in bins of 1 h to allow for averaging of
discrete time periods. Minimum sleep bout epoch length was set to 4 s.
Total number of sleep bouts was exported in histograms for the light and
dark periods of each day. Sleep bout lengths were binned by multiplying
increments of 4 s and resulted in 8 bins (4-8 s, 8-16 s, 16-32 s, 32-64 s,
64-128 s, 128-256 s, 256-512 s, and 512+ s). Observed sleep bouts
were sorted into appropriate bins by their length. Total number of sleep
bouts within each bin was reported for each subject over a given period
of time and were then averaged per experimental group. For
percent-sleep and sleep bout data from 1 to 14 DPI hours ZT 23-4 were
removed from analysis to avoid signal artifact from the mechanical SF.

2.7. Behavioral assessment

All Behavioral testing was performed in the Ohio State College of
Medicine’s Behavioral Core. Paradigms were adapted from previously
validated protocols routinely performed by the Behavioral Core. For
each day of behavioral testing mice were removed from their housing at
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ZT 13, 1 h following the onset of the mice’s dark cycle and staged outside
of the behavioral testing room for 1 h to allow for acclimation. Testing
began at ZT 14. All acclimation and testing were conducted under red
light.

2.7.1. Open field test

An open field analysis assessed motor and anxiety-like behavior.
Open field testing was performed as previously described (Tapp et al.,
2022). During the dark period 7 DPI, mice were gently placed facing the
corner of a plexiglass chamber and permitted to investigate for 10 min.
The time spent in the center and periphery, and the total distance
traveled, were recorded using floor-level light beams that can track
mouse position in the maze (San Diego Instruments). The chamber was
sanitized with 70% ethanol between animal sessions.

2.7.2. Y maze

Y-maze testing was used to analyze spatial-working memory as
previously described (Kokiko-Cochran et al., 2018). During the dark
period 7 DPI and after open field analysis, mice were allowed to freely
explore a three-armed Y-maze apparatus for 5 min. Between mice, the
maze was cleaned using 70% ethanol. The total arm entries and spon-
taneous alternations were scored by a blinded investigator. The spon-
taneous alternation scoring criteria included three sequential arm
entries into separate arms labeled 1-3. Data were analyzed as maximum
percent spontaneous alternations of (total entries - 2).

2.7.3. Morris Water Maze

Morris water maze (MWM) was used to measure spatial learning and
memory 9-14 DPI. MWM protocols were adapted from previous para-
digms (Kokiko-Cochran et al., 2018). Procedural learning was measured
in four test trials via visible platform training. During visible platform
training, a 4 ft diameter tub was filled with water so that the top of an
escape platform was exposed. A visual cue (black conical) was attached
to the platform. The mice were placed in the tub at one of the four
starting positions and allowed 60 s to locate the platform. Mice suc-
cessful in finding the platform were left there for 15 s before being
removed from the tub by the investigator. Mice unsuccessful in 60 s were
guided towards the platform and left there for 15 s before being
removed. The trials were repeated for each of the remaining three
starting locations. All testing occurred during the dark periods of the
respective days to avoid further disruption of mouse sleep during the
light (active) period.

For days 2-6 of testing, the tub was filled with water, and made
opaque by adding non-toxic white paint, to cover the top of the platform
and the visual cue removed. The mice underwent the same procedure
consisting of four trials during each day but needed to rely on spatial
cues outside of the maze to locate the submerged platform. Starting
positions were randomized across each day. Mice had a maximum of 60
s per trial to reach the platform. If the mouse reached the platform, they
were allowed to remain for 15 s before removal. If mice failed to find the
platform they were guided to its location and removed after 15 s. Care
was taken to minimize noise or visual confounds and the maze was
cleaned between trials.

2.8. RNA isolation and nanostring nCounter glial profiling

Brains were collected via rapid decapitation 14 and 30 DPI. RNA was
obtained and processed for nCounter analysis as previously described
(Tapp et al., 2022, 2023). Injured cortex was rapidly dissected on ice and
then snap frozen in liquid nitrogen and stored at —80 °C. Frozen cortices
were added to Trizol and RNA was isolated using the Tri-Reagent pro-
tocol (Sigma-Aldrich). RNA concentration and quality was recorded
using a Nanodrop spectrophotometer (Fischer Scientific). RNA tran-
scripts were then quantified by the OSUCCC Genomics Shared Resource
facility (OSU) using nCounter analysis aligned to the Glial Profiling
Panel (NanoString Technologies). The Glial Profiling panel screens for
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700+ genes all involved with components of glial cell functioning in the
brain. Counts were normalized using the DESeq2 Bioconductor package
in R. Analysis of altered upstream regulator function of downstream
canonical pathways was performed using Ingenuity Pathway Analysis
(IPA) (Qiagen Inc.). Enriched pathways were analyzed using Compari-
son Analysis. In this analysis differentially expressed genes (DEG) be-
tween each condition and the sham control conditioned are considered
to determine whether particular pathways are significantly activated or
inhibited.

2.9. Immunofluorescence histochemistry (IF)

The isolated brains were perfused, dissected, and post-fixed in 4%
PFA for 48 h then stored in 30% sucrose for 72 h at 4 °C. Brain tissue was
sectioned at 30 pm via a Leica CM1800 cryostat (Leica Biosystems) and
transferred into cryoprotectant (30% ethylene glycol, 30% polyethylene
glycol, 40% 0.2 M PBS) at —20 °C until staining. The sections were
washed with 0.1% Triton X-100 in PBS (PSBT) and blocked (5% normal
donkey serum, 0.3% Triton X-100 in PBS) at room temperature for 2 h.
The sections incubated overnight in primary antibody with constant
rotation at 4 °C: rabbit anti-IBA1 (1:500 Wako), rat anti-CD68 (1:500,
Abcam), goat anti-GFAP (1:500, Abcam), and rat anti-CD45 (1:500, Bio-
Rad). The tissue was washed with PBST and incubated in fluorochrome-
conjugated secondary antibody for 1 h at room temperature with rota-
tion: donkey anti-rabbit 647 (IBA1, 1:1000, Invitrogen), donkey anti-rat
488 (CD68, 1:1000, Invitrogen), Donkey anti-goat 647 (GFAP, 1:1000,
Invitrogen), Donkey anti-rat 594 (CD45, 1:1000, Invitrogen). The sec-
tions were mounted and coversliped using Fluoromount-G (Invitrogen).
IBA1/CD68 co-labeled slides were imaged using a Leica DM6 CS upright
confocal microscope at 20x magnification. 2-4 images were taken per
region of interest for each animal. Images were taken as sequential z-
stacks every 2 pm resulting in 8-12 images per stack depending on brain
region. Defined regions of interest include the lateral primary somato-
sensory cortex, beginning at the ventral end of the lesion and extending
to the lateral edge of the cortex, and the hippocampal CA1l field,
beginning at the medial edge of the CA2 and the dorsal edge of the CAL.
GFAP and CD45 images were acquired using an EVOS FL Auto 2 Imaging
System (Thermo Fisher Scientific) using a 10x objective with 2-4 images
taken per region of interest.

2.9.1. Image quantification

All IF quantification was performed using FIJI (Schindelin et al.,
2012). Co-labeled IBA1/CD68 images were stacked in maximum in-
tensity projections. A blinded investigator determined the percent-area
of IBA1 by using manual thresholding to consistently capture the
microglial somas and processes between sections. Microglial CD68
expression was determined by calculating the percent area of
CD68/IBAL1 colocalization. CD68/IBA1 colocalization was conducted by
manually thresholding CD68 and IBA1 images separately. Binary masks
of the positive staining were obtained for each image and overlayed
using the multiply feature in the FIJI image calculator. This produced a
single mask representing the portions of the image that were positive for
both IBA1 and CD68. Percent-area of this mask was calculated and re-
ported as percent-area CD68+/IBAl+. Final percentages reflect the
amount of microglial-specific CD68 expression per image. GFAP
percent-area was calculated from single-plane bright field images.
Thresholding was performed by blinded investigators. Cells expressing
CD45 were counted by hand by blinded investigators. Total numbers of
CD45™ cells reflect the number of cells present in a 10x image of the
lesion penumbra excluding any infiltration past the corpus callosum or
any cells present of the edge of the tissue to capture cells fully infiltrating
into the cortex as previously described (Tapp et al., 2022).
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3. Results

3.1. TBI decreases sleep and SF increases number of sleep bouts during
dark period 1-7 DPI

We sought to determine whether 14 days of post-TBI SF stress would
convey persistent changes in TBI pathophysiology 30 DPI. Mice were
randomly assigned to 1 of 4 groups (Sham CON, Sham SF, TBI CON, TBI
SF), as previously described (Fig. 1A). Time to regain righting reflex
(righting time) was measured following the administration of the TBI or
sham injury; TBI increased righting time (Injury, F (1, 42) = 79.70, p <
0.05; Fig. 1B). Mouse sleep was recorded and analyzed to study the ef-
fects of TBI and SF on sleep 1-30 DPI. Days were divided into the light
(ZT 0-11) and dark period (ZT 12-23) to test whether effects were
unique to mice inactive or active periods, respectively. The 5 h between
ZT 23-4 were removed from analysis to avoid artifacts from mechanical
SF 1-14 DPI. We found that changes in sleep-wake behavior were
concentrated to the dark periods of mice when they are typically most
active. Hourly percent-sleep during the dark period was averaged be-
tween 1 and 7 DPI (Fig. 1C). We also averaged daily dark period percent-
sleep to see if there was a building effect of SF stress over time (Fig. 1D).
Lastly, we averaged total dark period percent-sleep between 1 and 7 DPI
(Fig. 1E). Percent-sleep did not change between hours (Fig. 1C) or days
(Fig. 1D) within the dark period 1-7 DPIL. TBI decreased total percent
time sleeping 1-7 DPI (Injury, F (1, 24) = 5.329, p < 0.05; Fig. 1E). Next,
number of sleep bouts within discrete bins were measured and plotted in
a histogram for the total dark period (Fig. 1F). Number and length of
sleep bouts were used to determine if TBI or SF affected the ability to
properly regulate maintenance of sleep. No overall changes in sleep bout
lengths were observed (Fig. 1F). However, bouts of particular lengths
were affected by either SF or TBI. SF increased the number of 16-32 (SF,
F (1, 22) = 5.235, p < 0.05; Fig. 1G), and 32-64 s sleep bouts (SF, F (1,
22) = 4.437, p < 0.05; Fig. 1H). These results show that post-injury SF
causes fragmented sleep with an increased number of shorter sleep bouts
compared to control groups. TBI decreased the number of 256-512 s
sleep bouts (Injury, F (1,22) = 8.136, p < 0.05; Fig. 1I). Together, these
data show that moderate TBI decreases total sleep during the dark
period by preventing the consolidation of sleep into longer bouts while
SF produces mild fragmentation of sleep during the dark period.

3.2. TBI prevents SF-Dependent increases in sleep bouts 8-14 DPI

Next, we sought to observe how SF stress impacts sleep during the
sub-acute phase of TBI 8-14 DPI. As previously described, we calculated
hourly (Fig. 2A), daily (Fig. 2B), and total (Fig. 2C) dark period percent-
sleep 8-14 DPI. Together, there was no interaction effect between SF
stress or injury and time when analyzing individual hours (Fig. 2A) or
days (Fig. 2B). However, SF stress did increase hourly (Fig. 2A), and
daily (Fig. 2B) dark period percent-sleep (SF, F (1, 22) =13.17, p < 0.05;
Fig. 2A-B). Additionally, SF increased total percent-sleep during the dark
period (SF, F (1, 22) = 13.17, p < 0.05; Injury x SF, F (1, 22) = 5.160, p
< 0.05; Fig. 2C). Post hoc comparisons revealed total dark period
percent-sleep increased in sham SF and TBI SF mice, but not TBI control
mice when compared to sham controls (Bonferroni, p < 0.05; Fig. 2C).
These data show that there was a strong SF effect between 8 and 14 DPI
where mice that received SF slept more than sham mice in the control
condition. Next, sleep bout lengths during the dark period were plotted
in a histogram, as previously described (Fig. 2D). Overall, SF increased
the number of sleep bouts during the total dark period (SF, F (1, 22) =
6.441, p < 0.05; Fig. 2D). Individual bins were compared to ascertain
whether bouts of particular lengths were affected by injury or SF. Post
hoc analysis showed sham SF mice had more sleep bouts in the 16-32s
(SF,F (1, 22) = 4.944, p < 0.05; Injury x SF, F (1, 22) = 5.008, p < 0.05;
Bonferroni, p < 0.05; Fig. 2E) and 32-64 s bins (SF, F (1, 22) = 10.17,p
< 0.05; Injury x SF, F (1, 22) = 6.766, p < 0.05; Bonferroni, p < 0.05;
Fig. 2F) than sham control mice. Sham SF mice had more long sleep
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bouts lengths 64-128 s (SF, F (1, 22) = 12.52, p < 0.05; Injury x SF, F (1,
22) = 6.200, p < 0.05; Bonferroni, p < 0.05; Fig. 2G) and 128-252 s (SF,
F (1, 22) = 11.87, p < 0.05; Injury x SF, F (1, 22) = 6.300, p < 0.05;
Bonferroni, p < 0.05; Fig. 2H) than sham control mice. Lastly, in longer
sleep bouts of 252-512 s SF mice engaged in more of these sleep bouts
than control mice, regardless of injury (SF, F (1, 22) = 8.887, p < 0.05;
Fig. 2I). Similar effects were not observed in TBI SF mice compared to
any groups. Additionally, no differences in percent sleep were observed
between groups during the light-period 8-14 DPI (Supplementary Fig
1A-C). No main effects or TBI x SF interaction effects were observed in
the total sleep bout data (S Fig. 1D). however, a main effect of SF is
observed representing a decrease in 8-16 s light period sleep bouts 8-14
DPI (SF, F (1,22) = 6.397, p < 0.05; S. Fig. 1E) Together, these data
indicate that sham SF but not TBI SF mice may be able to compensate for
two weeks of SF by increasing percent time sleeping during their dark
period when mice are typically more active.

3.3. Post-injury SF stress induces sex specific impairments in Morris
Water Maze 14 DPI

We assessed anxiety-like behavior in the open field test (OFT) 7 DPI
(Fig. 3A-B). There was a main effect of SF on the distance that mice
traveled within the OFT. Mice exposed to SF stress traveled the least
distance while TBI did not affect distance traveled in the open field (SF, F
(1, 42) = 4.213, p < 0.05; Fig. 3A). However, there were no differences
in the amount of time spent in the center of the OFT (Fig. 3B). Next, we
assessed spatial working memory using the Y maze 7 DPI. There were no
differences observed in either spontaneous alternations or in total
number of arm entries (Fig. 3C-D). Finally, we assessed spatial learning
and memory using the MWM 9-14 DPI. Mice were given one day of
visible platform training followed by five days of hidden platform
testing. No differences were observed between groups during this day of
training. Latency to escape was the primary dependent variable of in-
terest (Fig. 3E-F). An interaction between sex, injury, and SF was found
in latency to reach the submerged platform (Interaction, Sex x Injury x
SF, F (1, 37) = 5.98, p < 0.05), therefore, sexes were analyzed sepa-
rately. Within male mice, TBI and SF interacted to impair MWM per-
formance (Interaction, Injury x SF, F (1, 18) = 7.689, p < 0.05; Fig. 3E).
Male TBI SF mice had longer latencies to escape compared to TBI control
mice 12 and 13 DPI (Tukey, p < 0.05; Fig. 3E). Female mice displayed no
differences between groups (Fig. 3F). Differences in latency to escape
were not due to any difference in swim speed between groups (Fig. 3G).

To assess learning within the MWM, mouse swim patterns were
tracked across days and assigned to one of nine search strategy char-
acterizations, as previously described (Brody and Holtzman, 2006;
Kokiko-Cochran et al.,, 2018) (Fig. 3H). Search strategies could fall
broadly into either looping, non-spatially directed, or spatially directed
categories. Qualitatively, we observed that sham control, sham SF, and
TBI control groups all decreased the percentage of random search stra-
tegies between the days of testing (Fig. 3I-L). To evaluate whether mice
were using more accurate search strategies on the final day of testing we
summed the total number of each strategy used 14 DPI. TBI SF mice
increased the usage of non-spatially directed search strategies compared
to TBI controls (Injury x SF, F (1, 42) = 5.542, p < 0.05; Fig. 3M). TBI SF
mice also used more non-spatially directed search strategies than TBI
control mice (Bonferroni, p < 0.05; Fig. 3M). Specifically, we observed
that TBI SF mice used random search strategies more than TBI control
mice on the final day of testing in the MWM (Interaction, Injury x SF, F
(1, 42) = 5.891, Bonferroni, p < 0.05; Fig. 3N). No sex specific differ-
ences in search strategy were identified. Together, these data show that
post-TBI SF stress induces sex specific deficits in latency to escape the
MWM. Further, TBI SF mice of both sexes used more nonspatial and
random search strategies than TBI control mice supporting that post-TBI
SF stress impairs performance in the MWM.



Brain, Behavior, & Immunity - Health 38 (2024) 100797

Immunofluorescent
Imaging

Cortical RNA

nCounter Analysis

Daily Dark Period

-~ Sham CON-* TBICON
TBI SF

-©- Sham SF -3-

Righting Time

250 © Sham * Injury,
- a TBI p<0.05
:; 200+
E =]
i= 150 -
o
£ 1009 ?
z o
=)
= 50

0 1 1

CON

SF

T T
3 4

T
5

Days Post-Injury

16-32 s
© Sham * SF,
o TBI p < 0.05

S. Houle et al.
A Sham CON Sham CON
Sham |—" | Sham SF . [Sham SFR
2| TBI P TBICON TBICON
4 TBISF TBISF-R
C57BI/6 OFT&Y Maze MWM
* ‘ LL
[Surgery & Injury A 74 A4/ | 28 |30 dpil
I‘S__F:‘ Tissue Collection —> Brains<
ZT232T4 12ZT12
I
Homecage Activity Recording
Hourly Dark Period
o y D
1009 o~ Sham CON -= TBI CON 19
-6 Sham SF TBI SF 50
80+
a o 50
O go-
8 60 g 40
7]
‘2 40 2 30
= 20
204 i6
0 0 T T
13 14 15 16 17 18 19 20 21 22 23 12
Zeitgeber Time (Hr)
Total Dark Period
F G
E 2000- [ Sham CON 1 TBI CON 1500
[a] [} = Sham SF @ TBISF o
N | 3 1500 5
0
~|m 01000
& 10004 o
° H 3
w —
» 5004
] 500-HHH H HH H i "5500
* .
" H HHHE HEeg #*
L L L] 1 1 1 1 1 0
® o S > @ © & x
» N el o Ui o IN W
Q N 'b"' e(\ R ¥ Q,b ‘)\
I 256-512 s
7510 Sham * Injury
‘g g TBl  p<0.05
°
8 504
o
[}]
<
n
L
[5)
3*

CON

i if

S

Total Dark Period

601 ¢ Sham  *Injury,
o TBI p <0.05
o 40- ®
@ o°
2 o
n o
e\o o
204 o o [5]
o| |O
0 1 1
CON SF
32-64 s
H
100070 Sham * SF,
P @ TBI p<0.05
=]
<}
m
o
A °
g5 o s »
(/2]
‘6 u
[ ]
o
0 T T
CON SF

Fig. 1. TBI decreases dark period sleep and SF stress fragments dark period sleep 1-7 DPI. (A) Adult C57BL/6 mice received either lateral fluid percussion
injury, or sham injury. Following injury, mice were housed in sleep fragmentation (SF) chambers for either 14 or 30 days post injury (DPI). TBI and sham mice either
received 5 h of mechanical SF daily from 5am to 10am for the first 14 DPI and then recovered until 30 DPI or did not receive SF as control groups. Sleep was recorded
by custom built nonintrusive piezoelectric sensors. Ipsilateral cortices were collected at 14 DPI for RNA analysis via Nanostring nCounter Glial Profiling Panels.
Behaviors were assessed 7 DPI (OFT, Y maze), and 14 DPI (MWM) to track functional recovery from TBI. (B) TBI increased righting reflex times (Injury, p < 0.05).
Time spent asleep and length of sleep bouts are recorded by piezoelectric sensors. (C) Hourly percent-sleep from the dark period averaged from 1 to 7 DPI showed no
differences between groups. (D) Daily percent-sleep from the dark period 1-7 DPI showed no differences between groups within a particular day. (E) Total percent-
sleep data was collapsed during the dark period over the first week of SF exposure. TBI decreased the percent-sleep mice engaged in during the dark period 1-7 DPI
(Injury, p < 0.05). (F) Sleep bouts from the total dark period of each day 1-7 DPI were measured and sorted into bins depending on length. SF stress increased the
number of sleep bouts that mice engaged in between (G) 16-32 s, and (H) 32-64 s. (I) TBI decreased the amount of longer sleep bouts 256-512 s that mice engaged

in. (Mean + SEM) (Percent-sleep = Mean + SEM, Sleep bouts = Mean + max/min).
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Fig. 2. TBI prevents SF-dependent increases in sleep bouts 8-14 DPI. We continued to measure sleep from 8 to 14 DPI during the second week that mice were
exposed to SF. We found that changes to sleep were isolated to the dark period of each day. (A) We averaged each hour 8-14 DPI to show percent-sleep during each
ZT hour of the dark period and found that SF increased percent-sleep (SF, p < 0.05). (B) When looking at daily averages for the entire dark period we found the same
main effect where SF increased percent-sleep during the dark period and there is also a day by injury interaction effect where TBI increases percent-sleep specifically
10 DPI (Day x Injury, p < 0.05). (C) Next, we averaged total percent-sleep across 8-14 DPI. Injury and SF interacted to increase percent-sleep in both sham SF and TBI
SF mice compared to sham control (Injury x SF, p < 0.05). (D) Next, we analyzed average number of sleep bouts from the total dark period 8-14 DPI. Sham SF mice
engaged in more 16-32s (SF, p < 0.05; Injury x SF, p < 0.05; E) and 32-64s (SF, p < 0.05; Injury x SF, p < 0.05; F) sleep bouts than sham control. Sham SF mice
engaged in more 64-128s (SF, p < 0.05; Injury x SF, p < 0.05; G) and 128-252s (SF, p < 0.05; Injury x SF, p < 0.05; H) sleep bouts than both sham control and TBI
control mice while TBI SF mice were not significantly changed from any group. (I) In longer sleep bouts of 252-512s SF increased the number of sleep bouts mice

engaged in during the dark period (SF, p < 0.05). (Percent-sleep = Mean + SEM, Sleep bouts = Mean + max/min).

3.4. 14 Days of post-injury SF stress does not affect sleep patterns 15-30
DPI

Mechanical SF was terminated 15 DPI, which provided a potential
period of stress recovery between 15 and 30 DPI for TBI and sham mice
exposed to SF. No differences in hourly or daily percent-sleep were
detected between groups 15-21 DPI (Fig. 4A-B). Additionally, no dif-
ferences in number and length of sleep bouts were observed between
experimental groups during the light (Fig. 4C) or dark period (Fig. 4D)
15-21 DPI. Consistent with the first week of SF-R, no differences in
hourly or daily sleep (Fig. 4 E-F), or number of sleep bouts (Fig. 4G-H)
were detected 22-29 DPI. Together, these data show that chronic sleep
deficits are not detected in this model of LFPI. Also, a period of recovery
is sufficient to normalize sleep-wake behavior following daily post-
injury SF stress.

3.5. SF stress increases inflammatory signaling in TBI mice 14 DPI

Next, we isolated RNA from the injured cortex 14 DPI and used a
Nanostring glial profiling nCounter panel to assess the inflammatory
response to TBI and SF. To determine the overall effect of TBI, we
compared TBI controls to sham controls and TBI SF mice to sham SF
mice and identified the genes that were uniformly increased or
decreased in both comparisons (Fig. 5A). This yielded 41 genes that
constitute the overall effect of TBI. These 41 genes were sorted by their
roles as identified by Nanostring and the roles with the most altered
genes include “neurogenesis” and “primed microglia”. Both neuro-
genesis (Ascl4, Atp8a2, Etv5, Hmgb1, Lrrc7, Nrcam, Opcml, and Stat3) and
primed microglia (Atp8a2, C3, Ccr5, Ckb, Cybb, Eidl, Lgals3, and
Slc24a3) related genes were increased as an overall effect of TBI
compared to sham groups. The overall effect of SF stress was also
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Fig. 3. Post-Injury SF stress impairs spatial learning and memory 14 DPI. Anxiety-like behavior was tested 7 DPI in the open field test. (A) SF decreased distance
traveled in the open field (SF, p < 0.05, but no differences are observed in time spent in the center of the open field (B). Spatial working memory was tested 7 DPI in
the Y maze. No differences were observed in total number of arm entries (C), or percent spontaneous alternations (D). Spatial learning and memory were assessed
from 9 to 14 DPI using the MWM. (E) TBI impaired performance in the MWM and male TBI SF mice had longer escape latencies than male TBI control mice (Injury, p
< 0.05; Injury x SF, p < 0.05). (F) No difference in escape latency were detected in female mice. (G) No differences in swim speed were detected between groups or by
sex. (I) Sham control, (J) Sham SF, (K) TBI control, and (L) TBI SF mice swim patterns were tracked and assigned to one of (H) nine spatial search strategies. (M) 14
DPI search strategy usage was quantified and TBI SF mice used more non-spatially directed search strategies than TBI control mice (Injury x SF, p < 0.05. (N) This
effect was driven by a higher use of random search strategies 14 DPI by TBI SF mice compared to TBI control mice (Injury x SF, p < 0.05). (Mean + SEM).
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Fig. 4. SF does not impart lasting deficits in sleep during SF stress recovery period 15-30 DPI. Percent-sleep and sleep bouts were analyzed for the 16 days
following the end of daily mechanical SF at 14 DPI. No differences between groups exist 15-21 DPI when comparing hourly (A) or daily (B) percent-sleep. Sleep bouts
from 15 to 21 DPI were separated by light (C) and dark period (D) and no differences between groups are displayed. Analysis for (E) average hourly percent-sleep, (F)
daily percent-sleep, (G) light period sleep bouts, (H) and dark period sleep bouts, were repeated for 22-29 DPI and no differences are detected. (Percent-sleep = Mean

+ SEM, Sleep bouts = Mean + max/min).
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Fig. 5. Post-TBI SF stress suppresses neurogenesis-related gene expression and increases inflammatory signaling 14 DPI. (A) Heatmap of the standardized z-
scores of significantly changed genes constituting the overall effect of TBI in the ipsilateral cortex 14 DPI. Overall effect of TBI was determined by finding genes that
were similarly altered in sham vs TBI comparisons within either the control or SF sleep conditions. (B) Heatmap of the standardized z-scores of significantly changed
genes that constitute the overall effect of SF in the ipsilateral cortex 14 DPI. Overall effect of SF was determined by finding genes that were similarly altered in control
vs SF comparisons within either sham or TBI conditions. (C) Heatmap of the z-scores of genes increased or decreased in TBI SF mice when compared to TBI control
mice. (D) Ingenuity Pathway Analysis (IPA) of top upstream regulators that are either inhibited (Activation z-score < —2) or activated (Activation z-score >2)
uniquely in TBI SF mice when compared to sham control mice. These upstream regulators were not activated or inhibited by any other condition compared to sham

control mice. n = 6/group.

<

determined by comparing sham SF to sham control mice and TBI SF to
TBI controls and finding the genes that were similarly increased or
decreased (Fig. 5B). Eight genes constitute the overall effect of SF stress
14 DPL Of these, several genes related to astrocyte function were
increased including Apoe, Aldhlal, and Agp4. Together, these data
highlight changes in the transcriptome of the injured cortex following a
combination of TBI and SF stress. The DEGs observed support that post-
TBI SF stress increases transcription of inflammation related genes and
decreases the transcription of neurogenesis related genes.

Next, TBI SF and TBI control groups were compared to find genes
that were changed by post-TBI SF (Fig. 5C). Within TBI mice, SF stress
increased the expression of genetic markers for primed microglia such as
Apoe, Lgals3, and Cd9 (Keren-Shaul et al., 2017; Rahimian et al., 2021).
Additionally, several neurogenesis-related genes were suppressed such
as Nrcam, Ncam2, and Nptn (Ogawa et al., 2023). Many neurogenesis
genes that were increased by TBI alone were not increased in TBI SF
mice, indicating that post-injury SF stress may impede reparative pro-
cesses in the post-TBI brain.

These genetic differences within the injured cortex were analyzed
using IPA to identify key upstream regulators that were either activated
(z-score >2) or inhibited (z-score <2) in sham SF, TBI control, or TBI SF
groups compared to the sham control mice (Fig. 5D). We isolated up-
stream regulators that were uniquely activated or inhibited by post-TBI
SF compared to sham control. Regulators of microglial reactivity IFNp,
TNF, TLR2 and TREM2 were all increased by TBI SF (Babcock et al.,
2006; Doganyigit et al., 2022; Town et al., 2005; Xue and Du, 2021).
Additionally, growth factors such as PDGF, SOX2, and VEGFA were
activated specifically by TBI SF. Together these data from 14 DPI show
that post-TBI SF stress increased neuroinflammatory signaling while
preventing TBI related increases in neurogenesis genes.

3.6. TBI SF-R mice show elevated microglia CD68 expression in the
hippocampal CA1 30 DPI

We sought to characterize the microglial response to TBI SF after a
period of recovery 30 DPI. Groups receiving 14 days of SF are identified
as SF-R for the 30 DPI time point. First, we performed IF histochemistry
to quantify IBA1 and CD68 expression. Both measures were used to
demonstrate changes in microglia activity following TBI and stress
(DiSabato et al., 2016; Tapp et al.,, 2022). We calculated IBA1l
percent-area and microglial CD68 expression in the injured lateral cor-
tex as described in the methods (Fig. 6A) as well as in the hippocampal
CA1 (Fig. 6D). TBI and SF-R both increased IBA1 percent area in the
injured lateral cortex (Injury, F (1, 18) = 18.72, p < 0.05; SF, F (1, 18) =
6.990, p < 0.05). Post hoc analysis showed TBI SF mice expressed higher
IBA1 expression than sham control and sham SF-R mice while TBI
control mice were not significantly different from any group (Bonfer-
roni, p < 0.05; Fig. 6B). SF-R alone increased CD68 expression in the
lateral cortex (SF-R, F (1, 19) = 5.864, p < 0.05; Fig. 6C).

Next we looked within the hippocampal CA1 (Fig. 6D), a key region
in spatial learning and memory, which is also vulnerable to TBI induced
inflammation (Muccigrosso et al., 2016; Tapp et al., 2022). We found
that TBI and SF-R both increased IBA1 percent-area in the CA1 (Injury, F
(1,18)=8.513,p < 0.05; SF-R, F (1, 18) = 8.119, p < 0.05; Fig. 6E). Post
hoc analysis showed TBI SF mice had higher IBA1 expression than sham
control mice (Bonferroni, p < 0.05; Fig. 6E). CD68 expression was also
elevated by an interaction between TBI and SF (Injury, F (1, 18) = 8.392,
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p < 0.05; TBI x SF-R, F (1, 19) = 4.548, p < 0.05; Fig. 6F). Post hoc
analysis showed that TBI SF-R mice had higher microglial CD68
expression than all other groups (Bonferroni, p < 0.05). These data show
that 14 days of post-TBI SF can have lasting impacts on microglial
function within the brain 30 DPIL.

3.7. TBI and SF stress do not impact GFAP and CD45 expression near
injury site 30 DPI

To assess the potential contribution of reactive astrocytes and leu-
kocytes, we used IF histochemistry to visualize GFAP and CD45 positive
cells near the site of injury. GFAP percent-area in the lateral primary
somatosensory cortex (Supplementary Fig. 2A) was not significantly
different between groups (Supplementary Fig. 2B). CD45 is highly
expressed within the CNS in a variety of cells including macrophages,
phagocytic microglia, and infiltrating monocytes (Anyaegbu et al.,
2021; Dukhinova et al., 2018). which may contribute to the various
morphologies present in the injured cortex (Supplementary Fig. 2D).
CD45 positive cells within the cortical lesion area were hand counted,
and no differences in total number were observed between groups
(Supplementary Fig. 2E). These data show that astrocytes and peripheral
immune cells are not exaggerating the neuroimmune response in TBI
SF-R mice compared to other groups. Nonetheless, additional experi-
ments are needed to clarify the potentially unique role of macrophages
and infiltrating monocytes in recovery from post-injury SF stress.

3.8. 14 Days of Post-TBI SF stress conveys persistent changes on
inflammatory signaling 30 DPI

Next, we evaluated the transcription of inflammation-related genes
in the cortex 30 DPI. We determined the overall effects of TBI (Fig. 7A)
and SF-R (Fig. 7B), as previously described. 30 DPI TBI increased genes
that correspond to microglial driven neuroinflammation including
complement factors (CI1qc, C1qa, C3arl, C4a, and C1gb), phagocytosis
marker CD68, and homeostatic microglia marker Ctss (Nakanishi, 2020).
5 genes related to driving reactive microglia phenotypes were increased
including Clec7a, Gpnmb, Lgals3, Trem2, and Tyrobp (Audrain et al.,
2021; Mathys et al., 2017; Satoh et al., 2019). The overall effect of SF
stress 30 DPI was limited to one gene Prkab2 which encodes a regulatory
subunit of AMPK.

Next, 14 differentially expressed genes were found between TBI SF-R
and TBI control groups. These included increases in key genes involved
in microglial reactivity such as Abca 1, Mef2a, and Spil and decreased
Lpl expression (Karasinska et al., 2013; Li et al., 2021; Loving et al.,
2021; Rustenhoven et al., 2018). Prkab2 was also increased. Next, we
used IPA as previously described to analyze differences in upstream
regulators. Many upstream regulators of microglial-driven neuro-
inflammation were activated specifically in TBI SF-R mice that were not
observed when comparing other groups to the sham controls. These
activated upstream regulators included cytokines IL1f, IL33, and IL6, as
well as key regulators of cytokine and chemokine production such as
NF«kf, Vegf, and STAT3. The data show that 14 days of post-TBI SF was
sufficient to alter regulation of the inflammatory response 30 DPI.
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Fig. 6. Post-TBI SF stress increases IBA1 and CD68 in the ipsilateral cortex and hippocampal CA1 30 DPI. (A) Representative images of IBA1 and CD68
labeling from the lateral cortex ipsilateral to injury. In the merged images inserts are included to show representative IBA1+/CD68+ microglia. (B) IBA1 percent-area
was increased by both TBI and SF (Injury, p < 0.05; SF, p < 0.05). TBI SF mice had higher IBA1 precent-area than sham SF mice in the lateral cortex (p < 0.05). (C) SF
increased microglial CD68 percent-area withing the lateral cortex (SF, p < 0.05). (D) Representative IBA1 and CD68 images from the hippocampal CA1l. (E) TBI and
SF (Injury, p < 0.05; SF, p < 0.05) both increased IBA1 percent-area in the CAl. (F) TBI interacted with SF (Injury, p < 0.05; TBI x SF-R, p < 0.05). to increase
microglial CD68 percent-area in the CA1 where TBI SF mice had higher microglial CD68 percent-area than all other groups.

3.9. Post-TBI SF stress impairs and delays the activation of reparative

pathways

Finally, we compared activated canonical pathways in brain injured

mice 14 and 30 DPI using IPA. First, TBI control mice were compared to
sham control mice 14 and 30 DPI. Second, TBI SF-R mice were compared
to sham control mice 14 and 30 DPI. Finally, a comparison analysis of
the altered relative canonical pathways was completed between TBI and
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Fig. 7. Post-TBI SF stress conveys lasting changes on inflammatory signaling 30 DPI. (A) Heatmap of the standardized z-scores of differentially expressed genes
constituting the overall effect of TBI in the ipsilateral cortex 30 DPI. (B) Heatmap of the standardized z-scores of Prkab2, the only differentially expressed genes
constituting the overall effect of SF in the ipsilateral cortex 30 DPI. (C) Heatmap of the z-scores of genes significantly increased or decreased in TBI SF mice when
compared to TBI control mice 30 DPI. (D) Ingenuity Pathway Analysis (IPA) of top upstream regulators that are either inhibited (Activation z-score < —2) or activated
(Activation z-score >2) uniquely in TBI SF mice when compared to sham control mice. These upstream regulators were not activated or inhibited by any other

condition compared to sham control mice. n = 6/group.

TBI SF-R mice 14 and 30 DPI. 14 DPI, TBI control activated several
pathways that were not activated in TBI SF mice including the Synaptic
LTP, IL-8 signaling, Production of NO and ROS in Macrophages, Apelin
Endothelial signaling, and Synaptogenesis signaling pathways (Fig. 8A).
The Neuroinflammation signaling pathway, however, was uniquely
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activated by post-TBI SF. By 30 DPI we saw similar pathways were
affected, however, they were uniquely activated by different conditions
(Fig. 8B). At 30 DPI IL-8 signaling, NOS and ROS production, Apelin
Endothelial signaling was uniquely activated by post-TBI SF. Addition-
ally, Complement signaling was uniquely activated by post-TBI SF.
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Fig. 8. Post-TBI SF stress impairs and delays the activation of reparative pathways. All pathway enrichment was performed using IPA comparison analysis. (A)
IPA comparison analysis showing pathways enriched in TBI control mice and TBI SF mice 14 DPI. (B) IPA comparison analysis showing pathways enriched in TBI
control and TBI SF mice 30 DPL (C) DEGs considered within each pathway to determine pathway enrichment.

Synaptogenesis signaling was the sole pathway that was uniquely acti-
vated by TBI alone 30 DPI. In full, 58 unique DEGs were included in the
analysis of these 7 pathways. DEGs were separated regardless of which
timepoint they were compared to identify the number of genes that were
considered for each pathway (Fig. 8C). Together, these data show that
SF stress after TBI may delay the activation of key reparative pathways.

4. Discussion

Here, we sought to evaluate a model of post-TBI SF stress and
determine whether 14 days of SF stress would convey subacute and
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chronic changes in TBI pathophysiology 30 DPI. We hypothesized that
SF stress would exaggerate TBI-induced deficits in sleep and behavior
and amplify the microglial response to injury, which would persist even
after a period of recovery from SF stress. Briefly, we found that the ef-
fects of daily SF concentrate during the dark period, increasing sleep
during a time when mice are typically most active 1-14 DPI. We also
found that mouse sleep normalizes once SF ends 15-30 DPI. SF stress
interacted with TBI to impair MWM performance in male mice and
affected the adoption of new search strategies in all mice. At 14 DPI we
found that genes related to reactive microglia were increased in TBI SF
mice while pathway enrichment showed that LTP and synaptogenesis
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pathways were activated in TBI control mice but not in TBI SF mice. 30
DPI, the inflammatory transcriptome showed that several genes
involved in regulating reactive microglia and several inflammatory
upstream regulators remained increased despite a period of recovery
from SF stress. 30 DPI, the synaptic pathways previously activated in TBI
control mice were now activated in TBI SF-R mice along with unique
activation of the Neuroinflammatory pathway 30 DPI. IF from 30 DPI
showed that TBI and SF-R increased IBA1 percent-area in the ipsilateral
primary somatosensory cortex and in the hippocampal CAl. Addition-
ally, TBI SF-R mice had the highest expression of microglial CD68 in the
CALl. In short, these findings support that SF stress exacerbates the in-
flammatory response to TBI and that this exacerbated inflammatory
response can persist despite resolution of post-TBI SF.

These main findings offer several points of discussion. To begin,
contrary to our hypothesis, the effects of moderate LFPI alone on sleep
were slight and resolved by 7 DPI. These results are in line with previous
findings in midline fluid percussion injury models which detailed acute
sleep disturbances after TBI that did not persist chronically (Rowe et al.,
2014a, 2014b). Dark period percent-sleep increased in SF mice 8-14
DPI, showing that it takes a week of daily SF exposure to affect percent
sleep and sleep bout counts in mice. As the dark period corresponds with
the active period for mice, these results are analogous to excessive
day-time sleepiness which is a commonly reported side effect of SF in
human clinical populations (Slater and Steier, 2012).

SF increased the number of 16-64 s sleep bouts, while TBI decreased
the number of 256-512 s sleep bouts 1-7 DPI. Therefore, TBI impairs
sleep consolidation thereby decreasing overall percent sleep 1-7 DPL
8-14 DPI, sham SF mice engaged in more sleep bouts than sham control
mice. Similar increases were not seen in the TBI SF mice suggesting that
TBI may impair the ability of mice to adequately adapt their sleep to
account for environmental SF. The use of piezoelectric sleep monitoring
systems for this study provided several advantages and limitations.
These sleep systems offer a noninvasive alternative to EEG for the pur-
poses of tracking the quantity of mouse sleep and the length of sleep
bouts. This was an important consideration in this study as EEG implant
surgery would serve as an additional source of secondary neuro-
inflammation that could confound the ability to examine the relation-
ship between TBI and SF-induced stress response. One limitation of these
systems is their inability to discern sleep stages such as non-rapid eye
movement (NREM) or REM sleep. Also, we had to eliminate 5 h of sleep-
wake analysis during the SF period. Therefore, additional studies are
needed to determine if and how post-TBI SF influences NREM and REM
sleep during SF stress exposure and in response to SF stress. It is notable
that detectable alterations in sleep resolved immediately upon removal
of daily SF. The lack of persistent deficits in sleep during SF-R demon-
strates that any observed changes in inflammatory gene transcription or
microglial phenotypes in TBI SF mice are due to the previous exposure to
SF stress.

Following TBI, we tested spatial working memory in the Y maze 7
DPI, and spatial learning and reference memory in the MWM 9-14 DPIL.
No differences were seen between groups in the Y maze; however, male
TBI SF mice had deficits in latency to escape the MWM. These results
support the idea that 7 days of SF stress was not sufficient to interact
with TBI and induce deficits in cognition. SF stress interacts with TBI in
male animals to increase the latency to escape the MWM 12 and 13 DPI;
however, both male and female TBI SF mice disproportionally used
random search strategies. Previous studies have shown that SF specif-
ically affects spatial reference memory but not spatial working memory
(Ward et al., 2009). Therefore, the MWM may be particularly well suited
to study the interaction effect between SF stress and TBIL.

The sex-specific effect of post-TBI SF on MWM performance is of
particular interest. These findings are in line with previous work
showing that moderate LFPI produces sex-specific deficits in antero-
grade memory (Fitzgerald et al., 2022). Therefore, in our post-TBI stress
model, the male mouse brain may be vulnerable to memory impairment.
SF stress may then provide the “tipping point” in male mice and drive
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post-TBI cognitive deficits not observed in female mice. Additionally,
while this sex effect was observed when measuring latency to escape the
MWV, no effect of sex was observed when analyzing the changes in
search strategy. Males and females were equally impaired. Sex effects
were not found anywhere else in these studies. However, it is worth
noting that additional studies are required to better understand sex
specific differences.

Several points for discussion arise when analyzing DEGs from the
whole injured cortex at 14 and 30 DPIL. Only one DEG, Prkab2, was
increased by SF 14 DPI. Prkab2 encodes a regulatory subunit of AMPK
which is a mediating factor in cellular and mitochondrial stress. AMPK/
CREB signaling has been shown to be active following TBI and is a po-
tential therapeutic target to improve outcomes (Hill et al., 2016; Wu and
Zou, 2020). Additionally, Prkab2 is specifically linked to the homeo-
static regulation of rebound sleep following periods of sleep deprivation
(Pinto et al., 2023). Therefore, increases in Prkab2 gene expression may
be a factor in regulating the return to typical sleep following the prior
removal of SF 14 DPI. Additionally, post-TBI SF decreased expression of
cortical genes involved with neurogenesis such as Ncam2 and Nptn 14
DPIL These initial results suggested that post-TBI SF may be impairing
pro-recovery pathways stimulating neurogenesis that would normally
aid in TBI recovery. To see whether this impairment persisted after SF
ended, we used the same glial profiling panels on RNA from the injured
cortex 30 DPI. We did observe increases in genes associated with
heightened neuroinflammation in TBI SF-R mice 30 DPI, including
increased Mef2a and Spil. However, the lack of changes in genes that
were clear markers for neurogenesis were noticeable. Therefore, we
used IPA canonical pathway analysis to determine differences in
pathway enrichment between 14 and 30 DPL.

We found the Neuroinflammation pathway was activated in TBI SF
but not TBI control animals 14 DPI. Additionally, Synaptic LTP, and
Synaptogenesis Signaling pathways were activated in TBI control mice
but not TBI SF mice. Together, these differentially activated pathways
suggest that cortical neuroinflammation is increased while critical post-
TBI reparative pathways related to neuronal function are suppressed in
TBI mice after 14 days of SF. Suppression of synaptic LTP by TBI SF
corresponds with our findings from the MWM where spatial learning
and memory was impaired in male TBI SF mice. While gene expression
within the hippocampus was not explored here, follow up studies could
be useful for determining whether similar processes are impaired in the
hippocampus.

Similar trends in pathway enrichment emerged 30 DPI. Canonical
pathway analysis revealed that several pathways that were selectively
activated in TBI control mice 14 DPI were then activated in TBI SF-R
conditions 30 DPI. One possible explanation is that components of
these pathways may be involved in early tissue repair following brain
injury and are initially suppressed by ongoing SF stress 14 DPI. Then,
removal of daily SF allows for delayed activation of some of these repair
pathways. These pathways included IL-8 Signaling, Production of NO
and ROS in Macrophages, and Apelin Endothelial Signaling. IL-8 in
humans is involved in the chemoattraction of cells like neutrophils soon
after TBI (Woodcock and Morganti-Kossmann, 2013). Apelin signaling is
involved during the early phases of TBI support endothelial cells and
maintain blood brain barrier (BBB) integrity (Xu et al., 2019). These
results are in accordance with our previous findings that TBI SF-R dys-
regulated aquaporin-4 polarization indicating that BBB integrity was
compromised by TBI SF-R. Together these data suggest that SF impairs
or delays recovery processes following TBI.

Most DEGs considered by IPA were derived from the Neuro-
inflammation Signaling Pathway which was selectively activated by TBI
SF at 14 DPI and by both TBI CON and TBI SF-R at 30 DPI. Amongst these
DEGs many genes found were involved in the regulation of microglial
reactivity including: Ccl2, Cx3cr1, P2rx7, Tlr2/7, and Trem2. Even in
synaptic function-related pathways such as the Synaptogenesis
Signaling pathway several DEGs were considered that are typically
highly enriched in microglia such as: Apoe, Arpc5l, and Kras (Zhang
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et al.,, 2014). Enrichment of the Complement System may provide
further evidence of a microglial role in synaptogenesis following TBI
SF-R. Complement is heavily used by microglia to target synapses for
pruning during synaptogenesis and has been hypothesized to be a po-
tential mechanism of secondary injury following TBI (Gomez-Arboledas
et al., 2021).

Microglia play key roles in synaptogenesis and synaptic remodeling
following TBI. Post-TBI SF may influence these processes by microglial-
specific mechanisms which warrant further consideration (Krukowski
et al., 2021). Indeed, when looking at markers for microglial reactivity
and phagocytosis 30 DPI we found elevated microglial CD68 expression
in the hippocampal CA1. Further work needs to be done to examine the
role of microglia in synaptic remodeling under TBI SF conditions, and
whether this chronic, heightened neuroinflammation could continue to
impair functional recovery from TBI. All together these findings show
that exposure to even a few weeks of post-TBI SF imparts cognitive
deficits, heightens inflammatory gene expression and microglial activ-
ity, and suppresses synaptogenesis signaling pathways.

There are some study limitations that should be considered when
interpreting the results. For example, single-housing mice has been
shown to be psychologically stressful (Manouze et al., 2019). The
adapt-a-base system used for sleep monitoring requires only one mouse
be present in the recording cage at a time. Therefore, singly-housed mice
were used for sleep and RNA outcome measures, and group housed mice
were used for behavioral studies and IF. It is also important to under-
score that changes at the RNA level do not necessarily dictate changes at
the protein level. Thus, changes in the counts of individual transcripts
should be viewed as suggestive of pathways that may be affected by TBI
and SF stress. Finally, RNA was obtained by digestion of the whole
injured cortex, and an exclusive list of antibodies was used for IF his-
tochemistry. TBI alone increased IBA1 percent-area in the ipsilateral
primary somatosensory cortex, which is consistent with our previous 60
DPI study (Tapp et al., 2023). However, TBI did not result in elevated
cortical GFAP expression, and TBI SF-R did not exaggerate the number of
cortical CD45 positive cells 30 DPI. We hypothesize that there is a
delayed effect of SF stress that engages astrocytes and peripheral im-
mune cells over time; however, additional studies are needed to clarify
the role of specific cell populations, including microglia, astrocytes, and
peripheral immune cells.

5. Conclusions

In conclusion, post-TBI SF stress had several acute and long-term
effects that merit consideration in future studies. The ability of post-
TBI SF stress to impair spatial memory performance and delay the
activation of synapse-related pathways in the cortex are particularly
consequential for this field of study moving forward. These data show
that transient SF stress after TBI impairs recovery and conveys long-
lasting impacts on neuroimmune function independent of continuous
sleep deficits. Together, these findings support that even limited expo-
sure to post-TBI stress can have lasting impacts on cognitive recovery
and regulation of the immune response to trauma.
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