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Traumatic brain injury (TBI) is associated with chronic psychiatric complications and increased risk for development of neurodegenera-
tive pathology. Aged individuals account for most TBI-related hospitalizations and deaths. Nonetheless, neurobiological mechanisms that
underlie worsened functional outcomes after TBI in the elderly remain unclear. Therefore, this study aimed to identify pathways that
govern differential responses to TBI with age. Here, adult (2 months of age) and aged (16-18 months of age) male C57BL/6 mice were
subjected to diffuse brain injury (midline fluid percussion), and cognition, gliosis, and neuroinflammation were determined 7 or 30d
postinjury (dpi). Cognitive impairment was evident 7 dpi, independent of age. There was enhanced morphologic restructuring of micro-
glia and astrocytes 7 dpi in the cortex and hippocampus of aged mice compared with adults. Transcriptional analysis revealed robust
age-dependent amplification of cytokine/chemokine, complement, innate immune, and interferon-associated inflammatory gene expression
in the cortex 7 dpi. Ingenuity pathway analysis of the transcriptional data showed that type I interferon (IFN) signaling was significantly
enhanced in the aged brain after TBI compared with adults. Age prolonged inflammatory signaling and microgliosis 30 dpi with an
increased presence of rod microglia. Based on these results, a STING (stimulator of interferon genes) agonist, DMXAA, was used to
determine whether augmenting IFN signaling worsened cortical inflammation and gliosis after TBI. DMXAA-treated Adult-TBI mice
showed comparable expression of myriad genes that were overexpressed in the cortex of Aged-TBI mice, including Irf/, Clec7a, Cxcl1O0,
and Ccl5. Overall, diffuse TBI promoted amplified IFN signaling in aged mice, resulting in extended inflammation and gliosis.
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Elderly individuals are at higher risk of complications following traumatic brain injury (TBI). Individuals >70 years old have the
highest rates of TBI-related hospitalization, neurodegenerative pathology, and death. Although inflammation has been linked with
poor outcomes in aging, the specific biological pathways driving worsened outcomes after TBI in aging remain undefined. In this
study, we identify amplified interferon-associated inflammation and gliosis in aged mice following TBI that was associated with per-
sistent inflammatory gene expression and microglial morphologic diversity 30 dpi. STING (stimulator of interferon genes) agonist
DMXAA was used to demonstrate a causal link between augmented interferon signaling and worsened neuroinflammation after TBI.
Therefore, interferon signaling may represent a therapeutic target to reduce inflammation-associated complications following TBI.
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ric complications and increased risk for the development of neu-
rodegenerative pathologies (Gardner et al., 2015; Ramos-Cejudo
et al., 2018; Stein et al., 2019). Elderly individuals (>70 years old)
are especially vulnerable to fall-related TBI and have the highest
rates of TBI-related hospitalizations and deaths per year (https://
www.cdc.gov/traumaticbraininjury/index.html). Furthermore,
these individuals are more likely to experience new or worsened
cognitive symptoms and may even develop neurodegenerative
pathology associated with Alzheimer’s disease and Parkinson’s
disease (Gardner et al, 2018; Ramos-Cejudo et al, 2018).
Although age at time of injury is a well known predictor of clini-
cal outcomes, the neurobiological mechanisms that underlie


https://www.cdc.gov/traumaticbraininjury/index.html
https://www.cdc.gov/traumaticbraininjury/index.html
mailto:Jonathan.Godbout@osumc.edu

Wangler, Bray etal. @ Interferons Amplify Age-Associated Inflammation after TBI

impaired functional recovery after TBI in aged individuals remain
unclear.

In the aged brain, there are many transcriptional changes in
both microglia and astrocytes that affect glial dynamics. For
instance, heightened microglial reactivity (Fenn et al, 2014;
Muccigrosso et al., 2016) coupled with astrocyte immunosenes-
cence with aging (O’Neil et al., 2022) may negatively influence
outcome after TBI. Several studies of TBI (diffuse and focal) in
aged rodents have highlighted age-associated pathology and
impaired functional recovery. For instance, fluid percussion
injury (FPI) caused greater learning deficits in the Morris water
maze task and somatomotor deficits in aged rats compared with
adult rats 7 d postinjury (dpi; Hamm et al., 1992). Furthermore,
controlled cortical impact (CCI; a focal injury model) in aged
mice enhanced microglial reactive phenotypes in the cortex, hip-
pocampus (HPC), and thalamus (Kumar et al., 2013). In other
studies, amplified microglial response in the aged brain following
TBI augmented the production of nitric oxide (NO) and reactive
oxygen species (ROS; Kumar et al., 2016; Ritzel et al., 2019), acti-
vation of complement pathway with synapse loss (Krukowski et
al., 2018), and recruitment of peripheral CCR2* monocytes
(Morganti et al., 2016). Moreover, there was progressive astro-
cyte reactivity in aged compared with adult cortex and hippo-
campus after focal TBI (Early et al., 2020). All of these factors
aggravate secondary injury and hamper recovery. Though these
studies implicate inflammatory processes in the aging brain after
TBI (focal injury), the specific biological pathways governing this
dysregulated response are less well understood.

Recent single-cell RNA sequencing of the cortex 7 d after dif-
fuse TBI showed unique clusters of trauma-associated microglia
that were characterized by expression of type I interferon (IFN)
genes. Genes associated with IFN signaling were elevated 7 dpi,
concurrent with an increase in microglia showing primed pro-
files (Witcher et al, 2021). Moreover, these TBI-associated
microglia were involved in dendrite remodeling, suppression of
neuronal homeostasis, and cognitive impairment (Witcher et al.,
2021). At 7 and 30dpi, preinjury PLX5622-mediated microglial
elimination prevented inflammatory and IFN-associated gene
expression, neuronal synaptic damage, and, ultimately, cognitive
impairment (Witcher et al., 2021). Furthermore, microglia pri-
ming and immune reactivity following TBI were also reduced
with delayed forced turnover of microglia starting 7 dpi (Bray et
al.,, 2022). Another recent study provided evidence of increased
expression of IFN gene transcripts in microglia and astrocytes
7d after FPI (Todd et al,, 2021). Furthermore, IFNS signaling
within the first 24 h after CCI (focal injury) was critical to the
promotion of downstream inflammation, tissue pathology, and
functional deficits (Barrett et al., 2020; Fritsch et al., 2022).
Another study showed enhancement of type I IFN mediators
Irf7, pSTAT1, and cGMP-cAMP synthase (cGAS) 24 h after CCI
in aged mice (Barrett et al., 2021). Collectively, these data indi-
cate type I IFN signaling may be key for the development of
chronic inflammation after TBL

We aimed to expand these studies by investigating the pathways
that underlie differential responses to diffuse TBI with age. Here, we
provide novel evidence that amplified interferon signaling promotes
aggravated and prolonged microglia-mediated inflammation and
gliosis in aged mice after diffuse TBL

Materials and Methods
Mice. Adult (2 months of age) and aged (16-18 months of age) male
C57BL/6 mice were purchased from The Jackson Laboratory. Mice were
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group housed under a 12 h light/dark cycle with ad libitum access to
food and water. All procedures were performed in accordance with the
National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals and the Public Health Service Policy on Human
Care and Use of Laboratory Animals. The Guide for the Care and Use of
Laboratory Animals was approved by The Ohio State University (OSU)
Institutional Laboratory Animal Care and Use Committee.

Midline fluid percussion injury. Mice received a midline diffuse TBI
using an FPI apparatus (Custom Design & Fabrication) as previously
described (Fenn et al., 2014, 2015; Rowe et al., 2016; Witcher et al.,
2018). Briefly, mice were anesthetized in an isoflurane chamber at 4-5%
with a flow rate of 0.8 L/min. After the surgical site was shaved, mice
were secured to the stereotaxic apparatus (catalog #51731, Stoelting) and
maintained under anesthesia with a mask attachment (catalog #51609
M, Stoelting). The surgical site was then sterilized with alternating appli-
cations of iodine and 70% ethanol. Mice received a 3 mm craniectomy
between the landmark sutures bregma and A, and a rigid Luer Loc nee-
dle hub was secured over the craniectomy site. Following this procedure,
mice were moved to a heated (37°C) recovery cage and monitored until
fully conscious (upright, responsive, walking). After recovery, mice were
briefly reanesthetized in an isoflurane chamber at 5% (flow rate, 0.8 L/
min) for 5 min. The Luer Loc hub was filled with saline, and the hub was
then attached to the injury device. Once a positive toe-pinch response
was elicited (~30 s), a 10 m/s pulse of saline (1.2 atmospheres; 670—
720 mV) was imposed on the dura (Kelley et al., 2007; Fenn et al., 2014;
Lifshitz et al., 2016; Rowe et al., 2016). Immediately after injury, the hub
was removed, dural integrity was confirmed, and surgical staples were
used to close the incision. Mice were then placed on a heated pad and
the time to self-right was recorded. Righting time is a relative index of
injury severity and can be used as exclusion criteria (Witcher et al., 2018,
2021; Bray et al., 2022). Because control (naive) mice are not exposed to
the surgical and midline FPT (mFPI) procedures, righting time is not a
relevant measure. The average righting times for adult and aged C57BL/
6 mice were within the moderate TBI range (200-560 s), and mice with
a compromised dura were excluded from the study.

Postoperative/injury care. Mice with TBI were monitored for 1 h
postinjury, then allowed to recover overnight in a heated recovery cage
with accessible food and hydrogel. The next day, mice were returned to
the vivarium. To avoid confounding variables that modulate inflamma-
tion, no analgesics were provided in these studies. Mice were weighed
and checked for signs of lethargy (lack of movement) and infection (red-
ness and pus around the incision site) daily throughout the experiments
(7 or 30 d). Removal criteria included a loss of 20% of baseline body weight,
sustained lethargy, paralysis, or surgical site infection. In the current study,
no TBI-injured mice met this exclusion criteria. Wound clips (7 mm) used
to close the incision site were removed between 10 and 14 dpi.

Novel object recognition and location memory. To determine cogni-
tive impairment following TBI, novel object recognition (NOR) and
novel object location (NOL) memory tasks were performed as previously
described (Witcher et al., 2021; Bray et al., 2022). In brief, mice under-
went the following four 10 min trials, with 24 h intertrial intervals: habit-
uation (no objects), acquisition (two objects), recognition testing (two
objects, with one new object), and location testing (two objects, with
one in new location). Behavioral chambers and objects were cleaned
with 70% ethanol between trials. Total time of exploration [(TTE) =
timepovel T timeg,miiar], percentage of time spent with novel (timey,oyel/
TTE x 100), and discrimination index [(DI) = (time,oyel-timegmitiar)/
TTE] were calculated for both NOR and NOL memory trials (1 =8-10/
experimental group; Denninger et al., 2018). All trials were recorded
and analyzed by an investigator blinded to groups.

Iba-1 and GFAP immunofluorescence. Iba-1 and GFAP were labeled
as previously described (Witcher et al., 2018). In brief, mice were trans-
cardially perfused with ice-cold PBS, pH 7.4, followed by 4% formalde-
hyde. Brains were postfixed (24 h), dehydrated in 30% sucrose (48 h),
snap frozen using dry ice-cooled isopentane, and cryosectioned at
30 pm. Cortical and hippocampal regions were identified using the Allen
Mouse Brain Atlas (Allen Institute). Coronal sections were washed in
PBS, blocked for 1 h (0.1% Triton X-100, 1% BSA (bovine serum albu-
min), and 5% NDS (normal donkey serum)) and incubated with primary
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antibodies [1:1000; rabbit anti-Iba-1, catalog #019-19471, Wako (RRID:
AB_880202); 1:500; goat anti-GFAP, catalog #ab53554, Abcam (RRID:
AB_880202)] overnight. Sections were then washed and incubated for 2
h with fluorochrome-conjugated secondary antibodies (1:500; donkey
anti-rabbit Alexa Fluor 647, catalog #A31573, Thermo Fisher Scientific;
1:500; donkey anti-goat Alexa Fluor 488, catalog #A11055, Thermo
Fisher Scientific), mounted onto glass slides, and coverslipped with
DAPI Fluoromount (catalog #00-4959-52, Thermo Fisher Scientific).
All tissue underwent the following additional protocol to quench auto-
fluorescence (common in aged tissue) before coverslipping with DAPI:
slides were washed in 0.1% Sudan Black B (Sigma-Aldrich) in 70% etha-
nol solution for 2 min, rinsed in 70% ethanol for 2 s, and finally washed
in PBS for 5 min.

Microscopy and image analysis. Fluorescent labeling within the cor-
tex and hippocampus was visualized and imaged using an EVOS FL
Auto 2 Imaging System (Thermo Fisher Scientific). Imaging parameters
were consistent throughout each experiment. To determine the percent-
age of area of GFAP™ and Iba-1" labeling, single-channel images were
converted to 8 bit TIFF format and constant thresholds were used to
quantify positively labeled pixels (Image]). Values from five to eight
images per mouse were averaged, and these values were used to calculate
group averages and variance for each injury and/or age group (n = 5-6/
experimental group). Investigators remained blinded to experimental
groups throughout image analyses. Rod morphology of Tba-1" cells was
quantified using the morphologic definition provided as previously
described (Ziebell et al., 2012; Taylor et al.,, 2014). In brief, microglia
were considered rod shaped if they possessed elongated cell bodies and
processes that aligned perpendicularly to the surface of the cortex. In
select figures, insets were thresholded in PowerPoint to generate black
and white images.

RNA isolation and quantitative PCR. RNA was isolated from micro-
dissected coronal tissue (Tri-Reagent, catalog #T9424, Sigma-Aldrich)
and used in quantitative PCR (qPCR) as described previously (Witcher
etal, 2018). Briefly, RNA was normalized by concentration, then reverse
transcribed to cDNA (HiCap RT PCR Kit, catalog #43-688-14, Thermo
Fisher Scientific). Taq-Man Gene Expression Assay (Thermo Fisher
Scientific) was used to perform quantitative real-time qPCR to amplify
the following cDNA genes of interest: Stat, Irf7, Ifi271a, Tnf, Il1b, Tlr2,
Clqa, Ccl2, Ccl12, C3, Ccl5, Cxcl10, Cxcl16, Clec7a, Tyrobp, H2-Ebl, and
Atf3. Target genes and reference cDNA (Gapdh) were amplified simulta-
neously using an oligonucleotide probe with 5" fluorescent reporter dye
(FAM) and 3’ nonfluorescent quencher (NFQ). The following probes
were used: Statl (Mm01257286_m1), Irf7 (Mm00516791_g1), Ifi27Ia,
(Mm00835449_gl1), Tnf (Mm00443258_m1), Il1b (Mm00434228_m1), Tlr2
(Mm0044234_m1), Clga (Mm00432142_m1), Ccl2 (Mm00441242_m1),
Ccl12 (Mm01617100_m1), C3 (Mm01232779_m1), Ccl5 (Mm01302427_
ml), Cxcll0 (Mm00445235_ml), Cxcll6 (Mm00469712_ml), Clec7a
(Mm01183349_m1), Tyrobp (Mm00449152), H2-ebl (Mm00439221_ml),
Atf3 (MmO00476033_m1), and Gapdh (Mm99999915_g1). When Taq DNA
polymerase synthesizes a new strand and reaches the TagMan probe, the
FAM is cleaved from the NFQ and increases the fluorescent intensity pro-
portional to the amount of amplicon synthesized. Fluorescence was deter-
mined using a QuantStudio 5 Real-Time PCR system (Thermo Fisher
Scientific). Data were analyzed by the comparative threshold cycle method
(AACy), and results are expressed as the fold-change from the control
group (n = 6/experimental group).

RNA isolation and NanoString gene expression analysis. RNA was iso-
lated from microdissected coronal tissue (Tri-Reagent, catalog #T9424,
Sigma-Aldrich). Cortical RNA integrity was confirmed by BioAnalyzer
(Agilent). Gene expression was quantified using a NanoString nCounter
Neuropathology panel (with 30 added genes, 760 genes total; Witcher et
al,, 2021) by the OSU Comprehensive Cancer Center Genomics Shared
Resource facility (The Ohio State University, Columbus, OH). Data were
normalized and differential expression testing was performed using
DESeq2 in R (Love et al.,, 2014). In brief, EstimateSizeFactors in DeSeq2
was used for normalization to housekeeping genes (Aars and Ccdc127).
The DeSeq design parameter included the following two variables: one
controlling for NanoString cartridge and a second for experimental
group (four levels: Adult-Control, Adult-TBI, Aged-Control, Aged-TBI;
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n=3/experimental group). Results tables were generated for pairwise
comparisons of interest (e.g., Aged-TBI vs Aged-Control, Aged-TBI vs
Adult-TBI). To account for multiple comparisons, Benjamini-Hochberg
correction was used. Adjusted p-values (p-adj) below a false discovery
rate of 5% (i.e., p-adj < 0.05) were considered differentially expressed.
Heatmaps were generated using pheatmap in R Studio with scale =
“row,” which centers and scales values by gene such that colors reflect z
scores rather than absolute values. Statistically significant genes (p-
adj < 0.05) were subsequently used for ingenuity pathway analysis (IPA;
Qiagen). Gene names and fold changes were submitted to compare
expression patterns in our dataset to the IPA database. IPA results for ca-
nonical pathways and master regulators with p < 0.05 were considered
significant.

DMXAA administration. DMXAA is a murine stimulator of interfer-
ons (STING) agonist. To determine interactions between diffuse brain
injury and DMXAA, adult male C57BL/6 mice were injected intraperito-
neally with vehicle or DMXAA (25 mg/kg in 7.5% sodium bicarbonate;
catalog #14617, Cayman Chemical) 1 h before injury and then every 24
h up to 6 dpi (n =4-7/experimental group).

Experimental design and statistical analyses. The number of mice
per experiment (including the number of images analyzed) is included
in the Materials and Methods for each experiment. Statistical analysis
using DESeq2 for NanoString is described above. GraphPad Prism soft-
ware was used for ANOVA of histologic, behavioral, and biochemical
data. Two-way ANOVA was used to determine the main effects and
interactions between factors. Bonferroni’s test for multiple comparisons
was used for post hoc analysis when significant main effects and/or inter-
actions were determined. The resulting post hoc significance (p < 0.05)
in the Bonferroni’s test is denoted in the figures using lower case letters
(a, b, ¢, or d). Groups with a different letter (e.g., a, b, ¢, or d) are signifi-
cantly different from each other (p <0.05). Groups sharing the same
letter or letters are not different. All data are expressed as the group
mean * SEM.

Results

Cognitive impairment in adult and aged mice 7 dpi

Age at the time of injury is an important factor that influences
functional recovery after TBI in humans (Marquez de la Plata et
al., 2008; Brickler et al., 2017). In adult mice, diffuse brain injury
has been shown to cause persistent neuroinflammation mediated
by microglia and associated with reduced neuronal plasticity and
connectivity (Witcher et al., 2018, 2021). In the aged brain, there
are several transcriptional changes in both microglia and astro-
cytes that may affect glial dynamics (O’'Neil et al., 2022), espe-
cially in the context of brain injury. Therefore, the purpose of
this study was to identify signaling pathways that govern the
response to brain injury in the aged brain. To address this aim,
adult (2 months) and aged (18 months) male C57BL/6 mice were
subjected to a diffuse brain injury induced by mFPI. NOR
and NOL memory and indices of inflammation and pathol-
ogy were assessed at 7 dpi (Fig. 1A). Time to self-right was
determined in mice immediately after mFPI-mediated TBI as
previously described (Lifshitz et al., 2007). As expected, aged
mice had a longer average time to self-right compared with
adult mice (Fig. 1B; p <0.0197).

Next, cortical and hippocampal function were assessed using
the NOR and NOL memory tasks (Antunes and Biala, 2012;
Denninger et al,, 2018; Witcher et al.,, 2021). These tests were
assessed in the same mice on sequential days with NOR testing
6 dpi and NOL testing 7 dpi (Fig. 1A). There were no significant
differences in the total time spent exploring the objects among
the four experimental groups during either the NOR or NOL
memory tasks (Fig. 1C,F). NOR at 6dpi (Fig. 1D) was influ-
enced by age (F(;31)=29.0, p<0.0001) and TBI (F; 3;)=41.3,
P <0.0001), and tended to be influenced by both age and injury
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Cognitive impairment in adult and aged mice 7 dpi. A, Adult (2 months of age) and aged (18 months of age) male (57BL/6 mice were subjected to midline fluid percussion injury

(TBI) or left as uninjured CONs, and NOR/NOL memory was assessed (n=6) 6 and 7 dpi. B, Self-righting time (in seconds) was determined immediately after TBI (n = 39). C~E, For NOR at
6 dpi, the total time spent exploring the objects (C), the percentage of time spent investigating the novel object (D), and the discrimination index for the novel object were determined (E).
F-H, For NOL at 7 dpi, the total time spent exploring the objects (F), the percentage of time spent investigating the object in a novel location (@), and the discrimination index for the object
in a novel location (H) were determined. Bars represent the mean == SEM, and individual data points are provided. Means with different letters (e.g., a, b, ¢) indicate significant post hoc differ-
ences between groups (p << 0.05). Groups with the same letter or letters are not significantly different.

(interaction: F(;3;)=3.0, p=0.09). Post hoc analysis indicated
that Aged-Control, Adult-TBI, and Aged-TBI mice investigated
the novel object for less time (percentage of total time spent
exploring objects) than Adult-Control mice (p < 0.05, for each).
Similar results were obtained in the NOL memory task. NOL
at 7dpi (Fig. 1G) was influenced by both age (F(131)=14.50,
p=0.0006) and injury (F(; 31)=33.6, p <0.0001). Post hoc analy-
sis showed that Aged-Control, Adult-TBI, and Aged-TBI mice
spent less time (percentage of total time spent exploring objects)
with the object in a novel location compared with the Adult-
Controls 7 dpi (p <0.05, for each). Discrimination index meas-
urements for NOR and NOL indicated that Aged-Control,
Adult-TBI, and Aged-TBI mice tended to spend more time with
the familiar object than Adult-Controls (Fig. 1E,J; p < 0.05, for
each). Overall, cognitive impairment was evident in adult and
aged mice 7 dpi.

Amplified morphologic restructuring of astrocytes and
microglia in aged mice 7 dpi

Next, the labeling of astrocyte (GFAP ") and microglia (Iba-17)
was assessed in the cortex and hippocampus 7 dpi in adult and
aged mice. Representative images from the somatosensory cor-
tex (SS-Ctx) show that there was increased GFAP™" labeling of
astrocytes in both adult and aged mice after TBI (Fig. 2A).
Thresholded black and white images (from insets) highlight

differences between adult and aged mice in morphologic restruc-
turing of astrocytes in the cortex 7 dpi (Fig. 2B). GFAP™ labeling
in the cortex (Fig. 2C) was increased by TBI (F(y19)=143.6, p <
0.0001), and this increase was age dependent (interaction:
F1,19)=10.7, p=0.0041). Post hoc analysis confirmed that Aged-
TBI mice had the highest level of GFAP™ labeling (percentage of
area) in the cortex compared with all other groups, including
Adult-TBI mice (Fig. 2C; p < 0.05). Similar effects of TBI and
age were evident in the HPC (Fig. 2D). Thresholded black and
white representative images from the HPC show that there was
increased GFAP™ labeling of astrocytes in aged mice 7 dpi (Fig.
2E). In the HPC (Fig. 2F), GFAP™ labeling was increased by TBI
(F(1,19)=8.1, p=0.0103), and this increase was influenced by age
(interaction: F(1 19)= 8.3, p=0.0097). Post hoc analysis confirmed
that Aged-TBI mice had the highest level of GFAP™ labeling
(percentage of area) in the HPC compared with all other groups
(Fig. 2F; p<<0.05). Overall, TBI-associated astrogliosis in the
somatosensory cortex and hippocampus was augmented in aged
mice compared with adults 7 dpi.

For microglia, representative images from the SS-Ctx show
that there was increased Iba-1" labeling of microglia in both
Adult-TBI and Aged-TBI mice 7dpi (Fig. 2G). Thresholded
black and white images (from insets) highlight differences
between experimental groups in morphologic restructuring of
microglia in the cortex 7 dpi (Fig. 2H). The percentage of the
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Figure 2.  Amplified morphologic restructuring of astrocytes and microglia in aged mice after TBI. Adult (2 months of age) and aged (18 months of age) male C57BL/6 mice were subjected
to midline fluid percussion injury (TBI) or left as uninjured CONs. GFAP™ and Iba-1" labeling was determined in the SS-Ctx and HPC of adult and aged mice 7 dpi. A, Representative images of
GFAP™ labeling in the SS-Ctx. B, Thresholded black and white images of GFAP™ labeling in the SS-Ctx of adult and aged mice 7 dpi. €, Percentage of the area of GFAP™ labeling in the SS-
(tx. D, Representative images of GFAP™ labeling in the HPC. E, Thresholded black and white images of GFAP™ labeling in the HPC of adult and aged mice 7 dpi. F, Percentage of the area of
GFAP™ labeling in the HPC. G, Representative images of Iba-1" labeling in the SS-Ctx. H, Thresholded black and white images of Iba-1" labeling in the SS-Ctx of adult and aged mice 7 dpi.
1, Percentage of the area of Iba-1" labeling in the SS-Ctx. J, Representative images of Iba-1" labeling in the HPC. K, Thresholded black and white images of Iba-1* labeling in the HPC of
adult and aged mice 7 dpi. L, Percentage of the area of Iba-1" labeling in the HPC. Bars represent the mean + SEM, and individual data points are provided. Means with different letters
(e.q., 3, b, ¢) indicate significant post hoc differences between groups (p << 0.05). Groups with the same letter or letters are not significantly different.
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Figure 3.  Inflammatory gene expression in adult and aged cortex 7 dpi. A, Adult (2 months of age) and aged (18 months of age) male (57BL/6 mice were subjected to midline fluid percus-
sion injury (TBI) or left as uninjured CONs. Cortical tissue was microdissected and flash frozen at 7 dpi. RNA was collected, and mRNA copy number was determined using a NanoString
nCounter Neuropathology panel (n = 3). B, Volcano plot of significantly differentially expressed genes (p << 0.05) compared between Aged-Control and Adult-Control mice. Genes in red were
increased with age, and genes in blue were decreased with age. C, IPA of canonical pathways compared between Aged-Control and Adult-Control mice. Positive z score indicates activated and
negative z score indicates inhibited in Aged-Control versus Adult-Control mice. D, E, Volcano plots of significantly differentially expressed genes (p << 0.05) compared between Adult-TBI and
Adult-Control mice (42 genes; D) and Aged-TBI and Aged-Control mice (242 genes; E). Genes in red were increased, and genes in blue were decreased by TBI in each age group. F, Venn dia-
gram of significantly differentially expressed genes in the Adult-TBI versus Adult-Control and Aged-TBI versus Aged-Control comparison. Genes were grouped as follows: (1) unique to Adult-
TBI (6 genes), (2) shared between TBI groups (36 genes), and (3) unique to Aged-TBI (206 genes). G, IPA of significant canonical pathways (z score) activated or inhibited by TBI in adult and
aged mice. N.S. denotes IPA canonical pathways that are not significantly activated. H, IPA of significant master regulators (z score) activated or inhibited by TBI for both adult mice (gray bars)
and aged mice (black bars). Adult (gray) bars were overlapped on top of the aged (black) bars.
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mice (p-adj<<0.05). A total of 15 genes  Figure 4. Exacerbated cortical inflammation in aged mice 7 dpi. Adult (2 months of age) and aged (18 months of age) male

were differentially expressed with age (1
increased, 14 decreased). Red dots are
DEGs increased with age (i.e., Pvalb),
and blue dots are DEGs decreased with
age (e.g., Calbl, Chll, Stxla, and Hras).
These 15 DEGs were used in IPA, and
significant master regulators are listed
(Fig. 3C). In Aged-Control mice, P2RY11,
calcineurin A, CYP, clathrin, and Mek
master regulators were inhibited com-
pared with Adult-Control mice. In addi-
tion, MARK2, ZMPSTE24, and MMS22L were all activated in
Aged-Control mice compared with Adult-Control mice.

Next, the effect of TBI on cortical gene expression in adult
mice and in aged mice 7 dpi is highlighted (Fig. 3D-H). Adult-
TBI versus Adult-Control and Aged-TBI versus Aged-Control
comparisons were made. Figure 3D shows a volcano plot (-log10
p value vs log2 fold change) of significant DEGs between
Adult-TBI and Adult-Control mice. There were 10 DEGs
with TBI in adult mice (all increased). Red dots are DEGs

(57BL/6 mice were subjected to midline fluid percussion injury (TBI) or left as uninjured CONs, and mRNA copy number was
determined using a NanoString nCounter Neuropathology panel (n = 3), as in Figure 3. A, Volcano plot of significantly differen-
tially expressed genes (p << 0.05) compared between Aged-TBI and Adult-TBI mice. Genes in red were increased by age and
genes in blue were decreased by age with TBI. B, Heatmap of genes that were significantly enhanced by age compared
between Aged-TBI and Adult-TBI mice grouped by predicted cell expression (Barres Lab Brain-Seq). C, Venn diagram of signifi-
cantly differentially expressed genes in Adult-TBI versus Adult-Control and Aged-TBI versus Adult-TBI. Genes were grouped as
follows: (1) TBI dependent, not influenced by age (13 genes); and (2) TBI dependent, age enhanced (29 genes), and TBI de-
pendent, uniquely enhanced with age (121 genes). D, Top genes (by fold change) with functional annotation that were ampli-
fied in Aged-TBI compared with Adult-TBI mice. Positive z score indicates increase by age, and negative z score indicates
decrease by age with the TBI compared with the Adult-TBI group.

increased with TBI (e.g., Gfap, Clec7a, Clqa/b/c, Hexb,
Aqp4). Figure 3E shows a volcano plot (-logl0 p value vs
log2 fold change) of significant DEGs between Aged-TBI
and Aged-Control mice. There were 113 DEGs with TBI in
aged mice (111 increased, 2 decreased). Red dots are DEGs
increased with TBI (e.g., Gfap, Clec7a, Clqa/b/c, Grn, etc.),
and blue dots are DEGs decreased with TBI (i.e., Scnla,
Pvalb). The Venn diagram (Fig. 3F) shows genes that were
(1) expressed in Adult-TBI (10) mice, all shared with Aged-
TBI; and (2) genes that were uniquely expressed in Aged-TBI
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rather than in Adult-TBI mice. Adult-
TBI mice shared the activation of IL-15
and inhibition of PSEN1 with Aged-
TBI, though not to the same degree.
Unique to Adult-TBI mice was the acti-
vation of MMP9, CYP3A4, WWP1, and
PDGFC (platelet-derived growth factor
C). Collectively, neuropathology-associ-
ated gene expression after TBI was
strongly influenced by age.

Exacerbated cortical inflammation in
aged mice 7 dpi

The final comparison of the cortical
RNA 7dpi was between Aged-TBI and
Adult-TBI mice. Figure 4A shows a vol-
cano plot (-logl0 p value vs log2 fold
change) of significant DEGs between
Aged-TBI and Adult-TBI mice. There were
63 DEGs between Aged-TBI and Adult-

IRF3-IRF7
JAK2 TBI mice (61 increased, 2 decreased). Red
IFN alpha/beta dots are DEGs increased by age with TBI
":;‘:'é (eg, Cxclio0, Statl, Psmb8, Ccl5, Cxcli6),

and blue dots are DEGs decreased by age
with TBI (i.e., Camk4, Cx3cll). The heat-
map highlights genes in cell-specific catego-
ries based on predicted cell expression from

I
-4

Figure 5.

IPA of significant master regulators (z score) amplified by age in TBI mice.

(103 genes total, genes with greater than onefold change
shown).

IPA canonical pathways activated or inhibited by TBI in aged
and adult mice are shown (Fig. 3G). IPA shows activation of the
role of Pattern Recognition Receptors (PRRs) in recognition of
bacteria and viruses in both age groups after TBI. Pathways
uniquely activated by TBI in the aged brain include neuroin-
flammation signaling pathway, pathogen induced cytokine
storm signaling pathway, phagosome formation, production
of NO and ROS in macrophages, HMGBI signaling, role of pro-
tein kinase RNA (PKR) in interferon induction and antiviral
response, IL-6 signaling, and Jak/Stat signaling. Activation of perox-
isome proliferator-activated receptor (PPAR), PTEN, and
PPARa/retinoid X receptor a (RXRa) was decreased selectively
in aged mice 7 dpi. Consistent with these pathways, IPA (Fig.
3H) showed that Aged-TBI mice had more activated master
regulators compared with adults, including complement
(C1QA, C3), cytokine/chemokine (IL-1B, IL-15, IL-6, IL-18,
CCR2, CCL5), Nuclear factor-xkB (NF-xB)-associated (REL,
TNFRSF11, Chuk-Ikbkb-Ikbkg), and interferon-associated
[IFN-¢, IFNB1, JAK2, Ifnar, IENG, IFN-a/@, interferon regu-
latory transcription factor 3 (IRF3)-IRF7, STING-TRAF3-
TBK1, and JAK1/2]. Expression of several anti-inflamma-
tory mediators, including APOE (apolipoprotein E), TGFBR1

IPA Activation z-score

Amplified cortical inflammation in aged mice that was associated with interferon signaling 7 dpi. Adult (2 months
of age) and aged (18 months of age) male (57BL/6 mice were subjected to midline fluid percussion injury (TBI) or left as unin-
jured CONs. mRNA copy number was determined using a NanoString nCounter Neuropathology panel (n =3), as in Figure 3. 4,
IPA of significant canonical pathways (z score) activated or inhibited by TBI in Aged-TBI mice compared with Adult-TBI mice. B,

the Barres Lab Brain-Seq dataset (www.
brainrnaseq.org). These genes were differ-
entially expressed between Aged-TBI
and Adult-TBI mice (Fig. 4B, normal-
ized counts in supplemental data). The
majority of DEGs in all cell types were
most highly expressed in the Aged-TBI
group compared with all other experi-
mental groups (Fig. 4B). The Venn dia-
gram (Fig. 4C) shows genes that were
(1) TBI dependent, not enhanced with age (1 gene); (2) TBI de-
pendent in both groups and enhanced with age (9 genes); and
(3) genes that were uniquely enhanced in Aged-TBI mice (54
genes). Of the genes amplified by age with TBI, those with the
highest fold changes are shown in Figure 4D. These include
genes associated with chemokines (Cxcl10, Ccl12, Ccl5, Ccl2,
Cxcl16, Ccr2), complement components (C3), interferons (Irf7,
Statl, Ifi2712a, Sp100), innate immunity (Psmb8, Cybb, Clec7a,
Ncfl), antigen presentation (H2-EbI), and injury (Cd44, Tspo).
The majority of DEGs with the top fold changes were expressed
in microglia (www.brainrnaseq.org). Overall, there was exag-
gerated inflammation and neuropathological gene expression
that was associated with increased microglial gene expression
in aged mice 7 dpi compared with adult mice.

1 trrrr1
21012 3 4

Amplified cortical inflammation in aged mice associated
with interferon signaling 7 dpi

IPA was used to assess significant canonical pathways and master
regulators modulated by age within TBI. Significant pathways
activated or inhibited by age with TBI are shown (Fig. 5A).
The canonical pathways enhanced with age at 7 dpi notably
included neuroinflammation signaling, pathogen induced
cytokine storm signaling, phagosome formation, acute phase


http://www.brainrnaseq.org
http://www.brainrnaseq.org
http://www.brainrnaseq.org
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Prolonged cortical astrocyte and microglia morphology differences and amplified cortical inflammatory gene expression in aged mice 30 dpi. Adult (2 months of age) and aged (18

months of age) male (57BL/6 mice were subjected to midline fluid percussion injury (TBI) or left as uninjured CONs, and, at 30 dpi, GFAP™ and Iba-1" labeling was determined in the SS-Ctx
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response, and wound healing signaling, all of which indicate an
amplified injury-associated inflammatory response in aged
mice 7 dpi. Furthermore, activation of pathways associated with
PKR in interferon induction and antiviral response, cross talk
between dendritic cells (DCs) and natural killer (NK) cells, DC
maturation, role of PRRs in recognition of bacteria and viruses,
and tumor microenvironment pathway were also enhanced
with age at 7 dpi. There was evidence of metabolic differences
in the groups with activation of production of NO and ROS in
macrophages and insulin secretion signaling pathway. Other
inflammatory pathways had enhanced activation, including IL-
13, IL-8, and TREMI (triggering receptor expressed on myeloid
cells 1) signaling. Consistent with earlier comparisons, IPA-
generated master regulators revealed that interferon-driven
inflammation was robustly enhanced with age 7 dpi. For exam-
ple, Aged-TBI mice had enhanced activation of IFN-«, Ifnar,
IFN type I receptor, MAVS, IFNG, IFNBI, IFN-a/8, IRF3-
IRF7, STING-TRAF3-TBK1, IRF7, IRF1, STINGI, Stat2, and
Statl dimer (Fig. 5B). Overall, many of the significant DEGs
between Aged-TBI and Adult-TBI mice at 7 dpi were driven by
amplified IFN signaling after TBI.

Prolonged cortical astrocyte and microglia morphologic
restructuring and amplified cortical inflammation in aged
mice 30 dpi

To determine the chronic effects of diffuse TBI, astrocyte
(GFAP™) and microglia (Iba-1") labeling was assessed in the
cortex 30dpi in adult and aged mice. Adult (2 months of age)
and aged (18 months of age) male C57BL/6 mice were subjected
to midline fluid percussion injury (TBI) or left as uninjured
controls (CONs). Representative images from the SS-Ctx show
that there was increased GFAP™ labeling of astrocytes in both
adult and aged mice 7dpi (Fig. 6A). Thresholded black and
white images (from insets) highlight differences in morphologic
restructuring of astrocytes in the cortex 30 dpi between adult
and aged mice (Fig. 6B). There was a main effect of TBI on
GFAP™ labeling in the cortex (Fig. 6C; F(1,14)=9.7, p=0.0076).
The increased GFAP™ labeling in the cortex 30 dpi, however,
was not influenced by age.

For microglia, representative images from SS-Ctx are shown
(Fig. 6D), and thresholded black and white cortical images (Fig.
6D, insets) highlight differences in morphologic restructuring of
microglia in the cortex 30 dpi between adult and aged mice (Fig.
6E). Morphologic restructuring of microglia (Fig. 6F; percentage
of the area of Iba-1™ labeling) was increased by TBI (F(;,14)= 7.0,
p=0.0196) and age (F(;,14)=19.6, p=0.0006). Post hoc analysis
confirmed that Aged-TBI mice had the highest percentage of the
area of Iba-1" labeling 30 dpi compared with all other groups
(p<0.05). In addition, the average number of Iba-1" rod-

«—

of adult and aged mice. A, Representative images of GFAP™ labeling in the SS-Ctx. B,
Thresholded black and white images of GFAP™ labeling in the SS-Ctx of adult and aged
mice 30 dpi. C, Percentage of the area of GFAP™ labeling in the SS-Ctx. D, Representative
images of Iba-1" labeling in the SS-Ctx. E, Thresholded black and white images of Iba-1"
labeling in the SS-Ctx of adult and aged mice 30 dpi. F, Percentage of the area of Iba-1"
labeling in the SS-Ctx. G, Quantification of the average number of Iba-1" rod microglia in
SS-Ctx 30 dpi. In a parallel experiment, RNA was isolated from the cortex of adult and aged
mice 30 dpi. H—N, Relative IFN/inflammatory-related gene expression was determined by
qPCR (n=6): Tnf (H), TIr2 (I), Clga ), II-1b (K), Irf7 (L), Stat1 (M), and /fi27 (N). Bars repre-
sent the mean == SEM, and individual data points are provided. Means with different letters
(e.q., a, b, ) indicate significant post hoc differences between groups (p << 0.05). Groups
with the same letter or letters are not significantly different from each other.
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shaped microglia at 30 dpi (Fig. 6E, arrows in insets) was increased
by TBI and age (interaction: F; 14)=6.7, p=0.0218; Fig. 6G). Post
hoc analysis confirmed that Aged-TBI mice had the highest aver-
age number of Iba-1" rod microglia compared with all other
groups (p << 0.05). Overall, there was elevated microgliosis and
structural diversity of microglia in the Aged-TBI mice 30 dpi com-
pared with adults.

Next, relative expression of inflammation-related genes (7
total) were determined in the cortex 30 dpi. Overall, the expres-
sion of these genes was influenced by age and TBI. For example,
I11b (Fig. 6K) and Stat1 (Fig. 6M) were enhanced by age (F(; 20y =
22.8, p=0.0001; F 50 =110, p=0.0035) and by injury (F(z0=
4.080, p=0.057; F(120)=4.6, p=0.0448). Age alone enhanced Irf/
(Fig. 6L; F(y0)=21.2, p=0.0002) and Ifi27Ia (Fig. 6N; F(y 20, =274,
p<<0.0001). Relative gene expression of Tnf, Tlr2, and Clga was
increased by TBI and amplified by age 30dpi [Fig. 6H-J; interac-
tions: Tnf (F20)= 105, p=0.0041), Tlr2 (Fyy.50) = 12.3, p=0.0022),
Clga (Fg0)=10.4, p=0.0043)]. Post hoc analysis confirmed that
expression of these genes was highest in Aged-TBI mice 30 dpi
compared with all other groups (p < 0.05). Collectively, these data
indicate that amplified NF-« B-mediated pattern recognition recep-
tor, and complement-associated inflammation in aged mice per-
sisted 30 dpi.

STING agonist DMXAA amplified cortical gliosis and
inflammatory gene expression in adult mice 7 dpi

We interpret the NanoString mRNA data to indicate that there
was amplified activation of type I IFN signaling in aged mice
compared with adult mice 7 dpi. Therefore, DMXAA, a STING
agonist, was used to determine whether enhancing IFN signaling
in adult mice with TBI would augment gliosis and neuropatho-
logical gene expression in the cortex. Here, adult (2 months)
male C57BL/6 mice were administered vehicle or DMXAA
(25 mg/kg) intraperitoneally 1 h before midline fluid percussion
injury (TBI or control) and then daily for 6d (Fig. 7A). Gliosis
and cortical mRNA expression were determined 7 dpi (Fig. 7A).
First, time to self-right was determined immediately after mFPI-
mediated TBI. Mice injected with the STING agonist (1 h before
injury) had longer self-righting times after TBI compared with
vehicle controls (Fig. 7B; p =0.023).

Next, gliosis was assessed 7dpi. Representative images
from the SS-Ctx show that there was increased GFAP " label-
ing of astrocytes 7 dpi in both vehicle-treated and DMXAA-
treated mice (Fig. 7C). Thresholded black and white images
(from insets) highlight differences between vehicle-treated and
DMXAA-treated astrocyte morphologic restructuring in the
cortex 7 dpi (Fig. 7D). GFAP™ labeling (percentage of area) in
the cortex was increased by TBI (F(;12)=19.9, p=0.0008), but
this increase was DMXAA independent (Fig. 7E). For micro-
glia morphologic restructuring, representative images from
the SS-Ctx show that there was increased Iba-1" labeling of
microglia in both vehicle-treated and DMXAA-treated mice
7 dpi (Fig. 7F). Thresholded black and white images (Fig. 7G,
insets) highlight differences in microglia morphologic restruc-
turing between vehicle-treated and DMXAA-treated mice in
the cortex 7 dpi (Fig. 7G). Iba-1" labeling (percentage of area)
of microglia in the cortex (Fig. 7H) was increased by TBI
(Fiiz=13.3, p=0.0034) and by DMXAA (F =227,
p=0.0005). Post hoc analysis confirmed that TBI-DMXAA
mice had the highest level of Iba-1" labeling (percentage of
area) in the SS-Ctx compared with all other groups (p < 0.05).
Overall, DMXAA treatment concurrent with TBI did not
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Figure 7.  STING agonist DMXAA amplified cortical gliosis and inflammatory gene expression in adult mice 7 dpi. A, Adult (2 months of age) male C57BL/6 mice were administered vehicle or

DMXAA (25 mg/kg) intraperitoneally 1 h before midline fluid percussion injury (TBI) and then again daily up to 6 dpi in control and TBI mice. B, Self-righting time (in seconds) was determined
immediately after injury. At 7 dpi, mice were perfused, and the brain was fixed, flash frozen, and sectioned. GFAP"* and Iba-1" labeling was determined in the SS-Ctx and HPC 7 dpi. ,
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affect astrocyte structure but did produce the highest degree of
microgliosis in the cortex 7 dpi.

Neuroinflammatory status 7 dpi was assessed in the cortex by
determining the relative expression of several inflammatory
genes. Fourteen genes were selected based on the results of the
NanoString nCounter Neuropathology analysis (Fig. 4D). These
TBI-associated genes were enhanced as a function of age and
include IFN-associated (Irf7, Statl), complement (C3, Clqa),
chemokine (Ccl2, Ccl12, Ccl5, Cxcl10, Cxcl16), pattern recogni-
tion receptors (Clec7a, Tlr2), injury associated (Atf3, Tyrobp),
and antigen presentation effector (H2-EbI). Figure 7I shows the
average (*SEM) fold changes of these genes for each of the ex-
perimental groups. There was a significant effect of TBI on the
expression of all 14 genes (F(;,;5, F=17.71, p <0.05, for all).
DMXAA administration amplified the expression of Irf7, Statl,
Tlr2, Ccl2, Ccli2, C3, Ccl5, Cxcl10, Cxcl16, and Clec7a (interac-
tions: F(,15), F=3.417, all p <0.05). DMXAA also enhanced the
expression of Tyrobp, Clqa, H2-EbI, and Atf3. Post hoc analysis
confirmed that DMXAA-treated mice had enhanced expression
of inflammatory genes compared with vehicle-treated mice 7 dpi.
Collectively, the stimulation of IFN signaling after TBI with
DMXAA administration exacerbated microgliosis and inflam-
mation in the cortex 7 dpi.

Discussion

This study investigated mechanisms that drive impaired recovery
with age after diffuse TBL. We show that exaggerated cortical
inflammation and gliosis in the aged brain after injury was asso-
ciated with IFN signaling. Furthermore, augmenting IFN signal-
ing using a STING agonist, DMXAA, concomitant with TBI
enhanced cortical inflammation and microgliosis in adult mice.
Overall, amplified IFN signaling in the aged brain after diffuse
TBI was associated with prolonged cortical inflammation and
gliosis.

One point for discussion is that, contrary to our expectation,
cognitive deficits were not worse in aged mice after TBIL. Deficits
in NOR/NOL memory performance 7 dpi were independent of
age. Aged-Control mice had memory impairments, however,
that may represent a “floor effect” and obscured “worsened” cog-
nitive impairment in Aged-TBI mice. Nonetheless, exacerbated
cognitive impairment (spatial memory) was reported in aged rats
7 dpi (Hamm et al., 1992). Collectively, both age groups had cog-
nitive impairment 7 dpi, and more sensitive testing may reveal
worsened cognitive impairment in Aged-TBI mice.

A relevant finding of this study is that aged mice had
enhanced gliosis 7 dpi. There was an enhanced percentage of the
area of GFAP" astrocytes in both cortex and hippocampus of
aged mice after TBI. This increased astrogliosis in the cortex of
Aged-TBI mice corroborates CCI studies showing progressive

«—

Representative images of GFAP™ cells in the SS-Ctx. D, Thresholded black and white images
of GFAP™ labeling in the SS-Ctx of adult and aged mice 7 dpi. E, Percentage of the area of
GFAP™ labeling in the SS-Ctx. F, Representative images of Iba-1" cells in the SS-Ctx. G,
Thresholded black and white images of Iba-17 labeling in the SS-Ctx of adult and aged
mice 7 dpi. H, Percentage of the area of Iba-1" labeling in the SS-Ctx. In a parallel experi-
ment, adult mice were treated as above, and RNA was isolated from the cortex 7 dpi.
Relative gene expression was determined by qPCR (n=6). I, Genes associated with IFNs
(Cxcd10, Irf7, Stat1, H2eb1), chemokines (Ccl2, Ccl5, (dl12, (xcl16), complement ((3, C1ga),
and innate immune (7Ir2, Clec7a, Tyrobp) responses were determined in the cortex 7 dpi.
Values represent the mean == SEM. Means with different letters (e.g., a, b, ¢) indicate signif-
icant post hoc differences between groups (p << 0.05). Groups with the same letter or letters
are not significantly different from each other.
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astrogliosis in the cortex and hippocampus of aged mice (Early
et al., 2020). Another study reported increased reactive pheno-
types of microglia in aged mice 24 h after CCI (Kumar et al.,
2013). We extended these data by showing an enhanced percent-
age of the area of Iba-1" microglia in aged mice 7 and 30d after
diffuse TBI. Based on previous work, a higher percentage of the
area of Iba-1" microglia represents morphologic restructuring,
including hypertrophy of processes and increased soma size
(Norden et al., 2016). Additionally, there were more rod-shaped
microglia in the cortex. Rod-shaped microglia were detected
7dpi in both adult and aged mice (data not shown), but only
aged mice had rod-shaped microglia at 30 dpi. We previously
reported that rod-shaped microglia in the cortex of adult mice
7dpi aligned with the apical dendrites of damaged neurons
(Witcher et al., 2018). Moreover, rod-shaped microglia are pres-
ent in neurodegenerative diseases, including Alzheimer’s dis-
ease, chronic traumatic encephalopathy, and multiple sclerosis
(Wierzba-Bobrowicz et al., 2002; Bachstetter et al., 2017;
Madathil et al., 2018; van Wageningen et al., 2019). Therefore,
the detection of rod-shaped microglia in aged mice 30 dpi may
reflect persistent neuropathology. The enhanced microglial mor-
phologic restructuring and corresponding increased inflamma-
tory gene expression (Tnf, Tlr2, and Clga) is interpreted to
indicate prolonged microglial activation in the aged brain after
TBI. Overall, amplified gliosis after TBI in aged mice was accom-
panied by persistent inflammation and rod-shaped microglia
30 dpi.

Several novel findings from the RNA analysis highlight the
influence of age on cortical inflammation 7 dpi. For instance,
there were age-dependent increases in gene expression of com-
plement, chemokine, interferon, and innate immunity-related
transcripts. Consistent with these data, there was activation of
several master regulators in aged mice after TBI, including com-
plement, cytokine/chemokine, NF-«B mediated, and interferon
associated. Previously, focal brain injury in aged mice caused the
overactivation of complement components, which was associated
with synapse loss and cognitive impairment (Krukowski et al.,
2018). Enhanced complement activation in the aged brain after
TBI may mediate synapse degradation (Stevens et al., 2007) and
astrocyte reactivity (Asano et al., 2020). In terms of the enhanced
chemokine signaling, significant recruitment of peripheral leuko-
cytes was undetected in adult mice after diffuse TBI (Witcher et
al,, 2018). Nonetheless, recruitment of CCR2" macrophages was
linked to amplified inflammation and memory deficits in aged
mice after focal TBI (Morganti et al., 2016). Thus, it is plausi-
ble that the recruitment of leukocytes in the aged brain (or
meninges) after diffuse TBI contributes to enhanced inflam-
mation. We did not, however, address this experimentally.
Overall, the activation of numerous neuroinflammatory path-
ways was more pronounced in aged mice after TBI.

Aged-TBI mice also had a mRNA profile consistent with
increased production of NO and ROS in macrophages, including
the expression of Cybb, Irf8, Mapk3, Ncfl, Spil, TIr2, and
Tnfrsf1b. These reactive mediators play a significant role in sec-
ondary injury following TBI and further promote cellular dam-
age (Khatri et al., 2018; Ma et al., 2018). Other studies using focal
injury showed that Aged-TBI mice had higher levels of NOX2
and ROS production after CCI that corresponded with worsened
behavioral recovery (Ritzel et al, 2019). Thus, interventions
aimed at reducing NO and ROS may decrease inflammation and
functional deficits after TBI in aging.

mRNA analysis also showed several pathways that were sup-
pressed after TBI in aged mice but not in adults. PPARs and



9094 - ). Neurosci., November 30, 2022 - 42(48):9082-9096

RXRa are key transcription factors that inhibit NF-«B and IFN
signaling (Zhao et al., 2011; Ma et al., 2014) and serve as a thera-
peutic target for TBI-related pathology (Yi et al., 2008; Qi et al,,
2010; Thal et al., 2011; Deng et al., 2020). Furthermore, PTEN,
a tumor suppressor, improved neuronal survival after TBI
(Kitagishi and Matsuda, 2013; Goh et al., 2014). There was
also further suppression of anti-inflammatory master regula-
tors IL-10, TGFBR1, CORT, and APOE. Overall, there was
enhanced suppression of key regulatory and neuroprotective
pathways in the aged brain after TBI.

A key finding of this study was that IFN (type I and II) signal-
ing pathways were prominently enhanced in aged mice after TBI
compared with adults. Myriad central mediators of IFN signaling
(IFNARI1, IFN-a/f/7v, IRFs 1/3/7, STINGI, and Statl) were
enhanced in the Aged-TBI mice compared with Adult-TBI
mice. Moreover, the activation of IFN-vy, which is produced
primarily by T cells and NK cells, may reflect enhanced infiltra-
tion of leukocytes in the brain or meninges (Louveau et al.,
2015). Additionally, several reports indicate that type I IFN sig-
naling after both diffuse and focal TBI is critical to the transition
from acute to chronic inflammation in adult mice (Abdullah et
al., 2018; Barrett et al., 2020; Witcher et al., 2021; Fritsch et al,,
2022). Our current data complement work showing enhanced
IFN signaling mediators (Irf7, pSTATI1, and cGAS) 24 h after
CCI in aged mice (Barrett et al., 2021). While it is unclear how
the IFN pathway is activated in aged mice after TBI, a recent
study of CCI in adult mice reported that the activation of cGAS-
STING signaling was dependent on mitochondrial DNA (Fritsch
et al,, 2022). The current study confirms that IFN signaling is
associated with worsened outcomes following diffuse TBI in
aged mice.

Building on studies that correlate TBI and IFN signaling, our
study demonstrated a causative relationship between augmented
type I IFN signaling and amplified microgliosis and cortical
inflammation following TBI. In this study, repeated intraperito-
neal injections of the STING agonist DMXAA increased type I
IFN signaling in the brain, resulting in exaggerated microglia
restructuring in the cortex and HPC 7 dpi. DMXAA also ampli-
fied expression of myriad inflammatory genes in the cortex of
adult mice after TBL. Thus, enhanced type I IFN signaling post-
TBI caused enhanced microglia activation in the cortex 7 dpi.
One caveat is that DMXAA was administered peripherally,
which may have contributed to the longer self-righting times and
neuroinflammation detected. Studies in stroke and cancer mod-
els report that DMXAA penetrates into the CNS (Yung et al.,
2014; Kundu et al, 2022). Notably, DMXAA alone increased
IFN signaling in the adult brain with increased expression of
Irf7, Cxcl10, Cxcl16, Statl, and Clec7a. These findings indicate
that there is increased IFN signaling in the brain (direct or
indirect) after intraperitoneal administration of DMXAA.
Nonetheless, only DMXAA-treated TBI mice had amplified
inflammatory gene expression and microgliosis in the cortex.
Overall, STING augmentation coupled with TBI promoted
significant exacerbation of cortical inflammation with ampli-
fied expression of Irf7, Statl, Tlr2, Ccl2,5,12, C3, Cxcl10 and
Cxcl16, and Clec7a. These genes markedly overlapped with the
genes that were age enhanced after TBL

Our study provides compelling evidence that amplified IFN
signaling in aging is associated with enhanced cortical inflamma-
tion and reactive microgliosis. While there was amplified astro-
gliosis in the cortex of aged mice 7 dpi, this was not recapitulated
in DMXAA_treated Adult-TBI mice. This finding is interpreted
to indicate that astrogliosis in aged mice after TBI is age
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dependent, but not type I IFN dependent. There are many age-
dependent differences in the transcriptional profile of astrocytes
(Norden et al,, 2016; Palmer and Ousman, 2018; O’Neil et al.,
2022) that likely account for the enhanced astrogliosis after TBL
For instance, astrocytes are activated by danger-associated mo-
lecular patterns (HMGB1, ROS, and NO) after injury, which do
not require IFN signaling (Burda et al., 2016). Collectively, aug-
menting type I IFN signaling in adult mice concomitant with
TBI paralleled the amplified response to TBI in aged mice.

In summary, age is an important factor in determining the
extent of inflammation and gliosis after TBI. Here, we provide
novel data showing exaggerated and persistent neuroinflamma-
tion in aged mice after diffuse TBL. Moreover, our data indicate
type I IFNs as critical mediators of amplified microgliosis and
persistent inflammation in aged mice following diffuse TBL
Future studies will use IFN antagonists in aged mice with TBI to
determine the extent to which this intervention reduces ampli-
fied and prolonged inflammation. Therefore, attenuating IFN
signaling postinjury may be a promising therapeutic target to
ameliorate persistent neuroinflammation, especially in the aged.
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