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Abstract

Traumatic brain injury (TBI) elicits immediate neuroinflammatory events that contribute to acute
cognitive, motor, and affective disturbance. Despite resolution of these acute complications,
significant neuropsychiatric and cognitive issues can develop and progress after TBI. We and
others have provided novel evidence that these complications are potentiated by repeated injuries,
immune challenges and stressors. A key component to this may be increased sensitization or
priming of glia after TBI. Therefore, our objectives were to determine the degree to which
cognitive deterioration occurred after diffuse TBI (moderate midline fluid percussion injury) and
ascertain if glial reactivity induced by an acute immune challenge potentiated cognitive decline 30
days post injury (dpi). In post-recovery assessments, hippocampal-dependent learning and
memory recall were normal 7 dpi, but anterograde learning was impaired by 30 dpi. Examination
of mRNA and morphological profiles of glia 30 dpi indicated a low but persistent level of
inflammation with elevated expression of GFAP and IL-1p in astrocytes and MHCII and IL-1f in
microglia. Moreover, an acute immune challenge 30 dpi robustly interrupted memory
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consolidation specifically in TBI mice. These deficits were associated with exaggerated microglia-
mediated inflammation with amplified (IL-1p, CCL2, TNFa) and prolonged (TNFa) cytokine/
chemokine expression, and a marked reactive morphological profile of microglia in the CA3 of the
hippocampus. Collectively, these data indicate that microglia remain sensitized 30 dpi after
moderate TBI and a secondary inflammatory challenge elicits robust microglial reactivity that
augments cognitive decline.
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1. Introduction

TBI is the leading cause of neurological disability in the United States and there is
significant risk of neuropsychiatric illness after injury (Centers for Disease Control and
Prevention, 2015). For instance, depressive complications and cognitive decline often occur
in humans after TBI (Rosenthal et al., 1998, Hart et al., 2012). Indeed, 15-30% of TBI
patients experience cognitive decline over time (Ruff et al., 1991, Himanen et al., 2006,
Salmond et al., 2006, Till et al., 2008, Almeida et al., 2015) that may continue to progress
after injury (Millis et al., 2001, Wang et al., 2012). For example, in a 5 year study, 27% of
the TBI patients presented with reduced verbal fluency and verbal list learning (Till et al.,
2008). The underlying cause of these neuropsychiatric complications after TBI is unclear but
may be related to ongoing neuroinflammatory processes (Norden et al., 2014b).

Mounting evidence indicates that microglia-mediated inflammation persists long after TBI.
For instance, clinical studies report elevated metabolic activity, white matter abnormalities
and microglial activation persisting long after injury (Brooks et al., 2000, Ramlackhansingh
etal., 2011). These findings are paralleled in rodent models of both penetrating and diffuse
brain injury. For example, CD68* microglia were detected in the lesion site 1 year after
controlled cortical impact injury (CCI) (Loane et al., 2014) and increased major
histocompatibility complex (MHC)Il and CD68 were also detected 14-30 days after diffuse
brain injury in rats (Ziebell et al., 2012) and mice (Fenn et al., 2014). These studies provide
evidence that microglia maintain a primed profile after TBI (Witcher et al., 2015). In the
context of cognition, enhanced glial inflammation and concomitant cognitive decline are
evident after TBI. For example, repeated closed head injury (CHI) in mice resulted in
increased GFAP (astrocytes) and Iba-1 (microglia) labeling, and evidence of white matter
damage that corresponded with deficits in hippocampal-dependent learning 12—18 months
after injury (Mouzon et al., 2014). Clinical studies also link glial reactivity with cognitive
impairment after injury. For example, PET scan shows amplified microglial activation in the
thalamus that was associated with lower performance on tests of processing speed
(Ramlackhansingh et al., 2011). Thus, inflammation is likely a contributing factor of
cognitive decline after TBI.

Microglia and astrocytes have dynamic roles in coordinating responses between the immune
system and the brain (Norden et al., 2014a, Norden et al., 2015). Therefore, persistent glial
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reactivity after TBI (Fenn et al., 2014, Hazra et al., 2014) may impair immune surveillance
and cause maladaptive behavioral responses (Norden et al., 2014b). We and others have
identified a population of “primed” microglia in the aged brain that become hyper-reactive
following acute immune challenge (lipopolysaccharide (LPS) or £.col/i) (Chen et al., 2008,
Barrientos et al., 2009b, Henry et al., 2009). These primed microglia have elevated MHCII
expression and produce exaggerated levels of pro-inflammatory cytokines (Henry et al.,
2009) that correspond with impaired cognitive performance (Chen et al., 2008, Barrientos et
al., 2009h, Barrientos et al., 2010) and prolonged depressive-like behavior (Godbout et al.,
2008). Similarly, 30 days after a diffuse brain injury in mice, an acute immune challenge
(LPS) caused a hyper-reactive microglial inflammatory response that triggered the
development of depressive-like behavior (Fenn et al., 2014). Thus, a primed profile of
microglia and astrocytes after TBI may set the stage for exaggerated responses to acute
challenges precipitating the development of neuropsychiatric complications.

The goals of this study were to determine the extent of cognitive decline after diffuse TBI
and ascertain if immune challenge potentiates cognitive decline by augmenting glia-
mediated inflammation. The midline fluid percussion injury (FP1) model was used because it
causes mild neuronal pathology including diffuse axonal injury and transient neurological
deficits that recapitulate complications after mild to moderate concussive head trauma
(Morales et al., 2005, Lifshitz et al., 2007, Lifshitz, 2009). Here we extend our previous
findings to show that mice recover from TBI and have normal learning and memory 7 dpi,
but begin to develop cognitive deficits by 30 dpi. Moreover, microglia and astrocytes have
heightened inflammatory gene expression 30 dpi and induction of an immune response 30
dpi further amplifies microglial activation and exacerbates deficits in memory recall.

2. Materials and Methods

2.1 Mice and LPS Injections

Adult (3 mo) male BALB/c mice were bred at The Ohio State University (OSU). Mice were
individually housed and maintained at 25° C under a 12 h light/12 h dark cycle with ad
libitum access to food and water. For injections, mice were intraperitoneally (i.p.) injected
30 dpi with saline or LPS (0.33mg/kg; serotype 0127:B8, Sigma) 1-2 h before the start of
the dark phase (Godbout et al., 2005, Fenn et al., 2012). The LPS dosage was selected
because it elicits a pro-inflammatory cytokine response in the brain resulting in a transient
sickness response (24 h) in uninjured adult mice (Berg et al., 2004, Godbout et al., 2005). To
control for sickness induction and subsequent recovery, food intake and body weight were
determined over a 72 hour time course (data not shown). All procedures were in accordance
with the National Institute of Health Guidelines for the Care and Use of Laboratory Animals
and were approved by The Ohio State University Institutional Laboratory Animal Care and
Use Committee.

2.2 Midline Fluid Percussion Injury

Mice received a midline diffuse TBI using a fluid percussion injury (FPI) apparatus (Custom
Design & Fabrication, Richmond, VVA) as previously described (Fenn et al., 2014, Fenn et
al., 2015). This diffuse injury occurs in the absence of a contusion, does not induce tissue
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cavitation or gross neuronal loss, and causes diffuse axonal injury in the neocortex,
hippocampus, and dorsolateral thalamus (Kelley et al., 2006, Kelley et al., 2007, Bachstetter
et al., 2013, Fenn et al., 2014). To prepare for FPI, mice were anesthetized with 5%
isoflurane and were stabilized using head ear bars in a stereotaxic frame. Anesthesia was
maintained with continuous inhalation of isoflurane (1.5-3%) through a nose-cone. Next, a
midline craniectomy between bregma and lambda was performed with a 3 mm outer
diameter trephine. A rigid Luer-loc needle hub was secured over the craniectomy and
capped. After 4-6 h, injury was induced by filling the injury hub with saline and imposing a
10 ms pulse of saline (1.2 atmospheres; 670-720 mV) onto the dura through the hub
(Witgen et al., 2006, Lifshitz et al., 2007, Fenn et al., 2014). All Sham controls received the
same procedure without the fluid pulse. Immediately after injury, the injury hub was
removed, dural integrity was confirmed, and mice were evaluated for injury severity using
the self-righting test (Lifshitz et al., 2007). Mice with a confirmed dura breach were
euthanized immediately after injury and excluded from the study. Self-righting inclusion
criteria were based on our previous work with BALB/c mice (Fenn et al., 2014). Only mice
with a moderate TBI were used: Sham <60 s; 60 s < mild < 200 s; 200 s < moderate < 540
S; severe > 540 s.

2.3 Recovery and Nesting Behavior

For all Sham and TBI mice, recovery after injury was monitored post-operatively (e.g.
grooming, body weight, nesting behavior) for 7 consecutive days and then weekly until the
30 day end point. After Sham or TBI, mice were singly housed. Body weight was
determined daily and expressed as percentage of weight change from baseline (body weight
prior to injury). In addition, mice were provided a compressed cotton square bedding (2
inches x 2 inches) after Sham or TBI. The percentage of the bedding torn was determined on
each day (24 hour intervals) for 7 days post TBI. This tearing was assessed in 25%
increments and nesting behavior was expressed as percentage of bedding torn.

2.4 Barnes Maze

Hippocampal-dependent learning and memory recall were determined using the Barnes
maze paradigm as previously described (Bach et al., 1995) with a few modifications. These
modifications include using dim light and white noise to serve as an aversive stimulus, to
facilitate movement of BALB/c in the maze. The acclimation phase consisted of 2 trials: 1)
mice were guided to the escape hole and allowed 2 minutes in the escape hole, and 2) with
the addition of white noise, mice were guided to an incorrect or “dummy” hole and then
guided to the escape hole and allowed 2 min in the escape hole without the aversive
stimulus. Trials were initiated 30 min apart for each mouse. Following the acclimation day,
the position of the escape box was shifted 180° to its permanent location for the remainder
of the paradigm. The acquisition phase consisted of four trials per day for four consecutive
days. Mice were placed in the center of the maze under a semi-opaque container for 10
seconds (s). Recording began when the container was lifted and white noise was
simultaneously added. The white noise ceased once the mouse entered the escape hole. Each
trial lasted 180 s or until the mouse entered the escape hole. If the mouse did not reach the
escape hole in the allotted time then it was guided to the hole. Speed, distance traveled, time
to find the escape hole, and the number of primary errors (errors made before encountering
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escape hole) were determined. To evaluate memory recall, mice were subjected to a probe
trial. The probe trial consisted of one 60 s trial, 1, 3 or 7 days after the completion of
acquisition phase. In the probe trial, the escape hole was replaced with a dummy hole and
mice were allowed to explore the maze for 60 s. Speed, distance, time to find the dummy
hole in the previous location of the escape hole, time spent in the escape quadrant, and the
number of primary errors were determined. Mice in the acquisition phase and probe trial
were tracked, recorded, and analyzed using the EthoVision XT 8.5 tracking software
(Noldus Information Technology).

2.5 Percoll-Enrichment of Microglia and Astrocytes

Microglia and astrocytes were isolated from whole brain homogenates using a Percoll
density gradient as previously described (Norden et al., 2014a). In brief, tissues were
homogenized and cell pellets were re-suspended in 70% isotonic Percoll. A discontinuous
Percoll density gradient (70%, 50%, 35%, 0%) was layered and centrifuged for 20 min at
2000 x g. Enriched microglia were collected from the 70% and 50% interphase, where
approximately 90% of the cells are CD11b* microglia (Henry et al., 2009). Enriched
astrocytes were collected from the 50% and 35% interphase, where approximately 75% of
the cells are GLAST-1* astrocytes (Norden et al., 2014a).

2.6 RNA Isolation and RT-PCR

For Percoll enriched microglia and astrocytes, mMRNA was isolated using the PrepEase kit
(USB, CA). RNA was reverse transcribed to cDNA and real-time (RT)-PCR was performed
using the Applied Biosystems Tagman® Gene Expression Assay-on-Demand Gene
Expression protocol. In brief, experimental cDNA was amplified by real-time PCR. Target
cDNA (e.g., IL-18, TNFa, CCL2) and reference cDNA (glyceraldehyde-3-phosphate
dehydrogenase; GAPDH) were amplified simultaneously using an oligonucleotide probe
with a 5’ fluorescent reporter dye (6-FAM). Fluorescence was determined on an ABI PRISM
7300-sequence detection system (Applied Biosystems). Data were analyzed using the
comparative threshold cycle (Ct) method and results are expressed as fold difference from
Sham or Sham-Saline.

2.7 Flow Cytometric Assessment of Brain Macrophages

Cells were percoll-enriched from the brain and were assayed for surface protein expression
of CD11b and CD45 as previously described (Henry et al., 2009, Fenn et al., 2014). In brief,
Fc receptors were blocked with anti-CD16/CD32 antibody (eBioscience, San Diego, CA).
Cells were labelled with rat anti-mouse CD11b-APC and CD45-PerCP antibodies
(eBioscience, San Diego, CA). Surface protein expression was determined using a Becton-
Dickinson FACSCaliber four color cytometer (BD, Franklin Lakes, NJ). Ten thousand events
characterized as microglia/macrophages were recorded. For each antibody, gating was
determined based on appropriate negative isotype stained controls from the representative
cell population. Macrophages were differentiated from microglia based on CD45High
labeling (Wohleb et al., 2012, Wohleb et al., 2014). Flow data were analyzed using FlowJo
software (Tree Star, San Carlos, CA).
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2.8 Doublecortin and 5'Bromodeoxyuridine Labeling

The presence of proliferating cells was determined using 5’bromodeoxyuridine (BrdU)
labeling and immature neurons were identified by doublecortin (DCX) labeling. In brief,
BrdU (Roche, 10mg/ml) was dissolved in warm PBS and then filtered. Mice were injected
with 50mg/kg BrdU (Sahinkaya et al., 2014) 20 and 24 hours after LPS injection and
perfused 48 hours after the last injection. For quantification of BrdU* and DCX* cells, every
6th section (30 um) throughout the hippocampus was collected. For BrdU labeling, sections
were washed, denatured in 2N HCL at 37° C for 30 min, and blocked (1% BSA/PBS, 5%
NGS, 0.1% TX). Sections were then incubated in primary antibody (rat anti-BrdU, AbD
Serotec, mAb 1:1000) at 4° C for 24 hours and then secondary (Alexa Fluor 488) at room
temperature for 1 hour. For DCX labeling, sections were washed, blocked (1% BSA/PBS,
5% donkey serum, 0.5% TX) for 1 hour, then incubated in primary antibody (goat anti-
DCX, Santa Cruz Biotechnology, mAb 1:200) at 4° C for 48 hours and then secondary
(Alexa Fluor 488) at 4°C overnight. Sections were mounted on slides, then cover-slipped
with Fluoromount G (Beckman Coulter, Inc.), and stored at —20°C.

Fluorescent sections were visualized using an epi-fluorescent Leica DM5000B microscope.
Images were captured using a Leica DFC300 FX camera and imaging software. Total
number of BrdU* or DCX™ cells in the granule cell layer of the dentate gyrus (DG) in the
hippocampus was estimated by multiplying the number of cells counted in each section by
SiX.

2.9 Amyloid Beta Precursor Protein (APP) Labeling

To identify neuronal injury or degradation, tissue sections were labeled with APP. Free-
floating sections were washed in PBS, then blocked (5% NGS, 1% BSA, in PBS) and
incubated with rabbit anti-mouse APP (1:125; Life Technologies) overnight at 4°C. Next,
sections were washed in PBS and incubated with a fluorochrome-conjugated secondary
antibody (Alexa Fluor 488). Sections were mounted on slides, then cover-slipped with
Fluoromount G (Beckman Coulter, Inc.), and stored at —20°C.

2.10 Immunohistochemistry and Digital Image Analysis for Ibal and GFAP

Iba-1 and GFAP labeling was performed as previously described (Fenn et al., 2014). In brief,
the brain was collected after transcardial perfusion with sterile PBS (PBS, pH 7.4) and 4%
formaldehyde. Brains were post-fixed in 4% formaldehyde for 24 hours and incubated in
30% sucrose for 48 hours. Fixed brains were frozen with isopentane (-=78° C) and sectioned
(30 um) using a Microm HM550 cryostat. Brain regions within the hippocampus (DG, CA1,
CA3) were identified by reference markers in accordance with the stereotaxic mouse brain
atlas (Paxinos and Franklin, 2004). To label for Iba-1 or GFAP, sections were placed free-
floating in cryoprotectant (30% polyethylene glycol, 30% ethylene glycol, 40% 0.2M
phosphate buffer) until staining. Next, sections were washed in PBS, then blocked (5%
NGS, 1% BSA, 0.5% TritonX in PBS) and incubated with rabbit anti-mouse Iba-1 (1:1000;
Wako Chemicals) or rabbit anti-mouse GFAP antibody (1:500; Dako) overnight at 4°C.
Next, sections were washed in PBS and incubated with a fluorochrome-conjugated
secondary antibody (Alexa Fluor 594 or Alexa Fluor 588). Sections were mounted on slides,
then cover-slipped with Fluoromount G (Beckman Coulter, Inc.), and stored at —20°C.
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Fluorescent images were visualized using an epifluorescent Leica DM5000B microscope
and captured using a Leica DFC300 FX camera and imaging software. To quantify the
phenotypic changes of microglia, digital image analysis of labeling was performed
(Donnelly et al., 2009). For each mouse 10-12 representative images were taken at 20x
magnification in the dentate gyrus, CA1, and CA3 regions of the hippocampus. Adobe
Photoshop was used for image conversion and Metamorph for thresholding functions and
analysis of proportional area. Proportional area was reported as the average percent area in
the positive threshold for all representative pictures.

2.11 Microglia and Astrocyte Analysis and Reconstruction

Glia Reconstruct was used to analyze GFAP and Iba-1 labeled images as previously
described (Kongsui et al., 2014a, Kongsui et al., 2014b, Walker et al., 2014) but with
modifications. In brief, images were captured using a Leica DFC300 FX (20X) as described
above. 3-5 representative hippocampal sections per experimental mouse were used. Prior to
analysis, the signal range was defined as occurring between X-Y that included all cellular
material but no background, a cumulative spectra (CTS) analysis (Kongsui et al., 2014b) was
undertaken (Johnson and Walker, 2015). CTS analysis involves identifying the number of
pixels within an image that occur at each of the 256 possible pixel intensities and then,
expressing the number of pixels occurring at each pixel intensity as a percentage of the total
number of pixels within the image. This method provides a significantly more transparent
method for quantifying immuno-labelled material (Johnson and Walker, 2015). Following
CTS analysis, which provides information only on shifts in the density of immune-labelled
material, both astrocyte and microglial morphologies were digitally reconstructed using
Matlab (The MathWorks, Inc.) executed algorithms that use variance minimization strategy
to extract the signal from background. Size filtering was additionally used to eliminate non-
cellular material (Radler et al., 2015). Using this approach the key morphological features of
glia can be examined. For example, maximum cell perimeter, total cell length, cell body
perimeter, number of primary processes, number of nodes (branch points), total length of all
processes, and total volume of all processes can be measured. In addition, the area
encompassed by the entire cell was measured as the convex hull area, determined from the
polygon created from straight lines connecting the most distal points of the microglial
processes. Pixel information was converted into um values to provide information on relative
size, area or volume of microglia and astrocytes.

2.12 Statistical Analysis

To ensure a normal distribution, data were subjected to the Shapiro-Wilk test using
Statistical Analysis Systems (SAS) statistical software (Cary, NC). Observations greater than
3 interquartile ranges from the first and third quartile were considered outliers and were
excluded in the subsequent analysis. To determine significant main effects and interactions
between main factors, data were analyzed using one-way (i.e., TBI and LPS) or two-way
(i.e.,, TBI x LPS) ANOVA using the General Linear Model procedures of SAS. When
appropriate, differences between treatment means were evaluated by an ~protected #test
using the Least-Significant Difference procedure of SAS. All data are expressed as treatment
means + standard error of the mean (SEM). Values were considered to be significantly
different at p-values < 0.05.
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3.1 Mice Recover to Baseline Nesting Behavior by 7 Days after Diffuse TBI

We have reported that exposure to midline fluid percussion injury induces a moderate and
diffuse brain injury in which mice return to baseline locomotor activity and motor
coordination by 7 dpi (Fenn et al., 2014). To confirm this, the average time to self-right (i.e.,
righting reflex), body weight and nesting behavior were determined (Fig.1). Fig.1A shows
that mice subjected to TBI had an increased time to regain consciousness and self-right after
injury (314.5+15.6 s) compared to Sham controls (18.0+2.3 s) (main effect of TBI, F(; gs) =
403.6, p< 0.0001). In addition, nesting behavior and body mass were monitored each day
after injury until day 7. Fig.1B shows that nesting behavior was reduced after TBI (F(s 50y =
86.6, p < 0.0001) and this was dependent on time (Fs 50y = 5.9, p < 0.0001). For instance,
post-hoc analysis indicates that nesting behavior was reduced on days 1-4 (p < 0.01, for
each day) after TBI, but returned to baseline levels by 6 dpi (Fig.1B). Body mass was also
reduced following TBI in a time dependent manner (Fig.1C, F(g 5) = 217.0, p < 0.0001).
Body mass approached baseline by 7 dpi (Fig.1C), and returned to baseline by 14 dpi (not
shown). Overall, these data along with our previous findings (Fenn et al., 2014, Fenn et al.,
2015) indicate that the mice received a moderate injury and that the injured mice return to
baseline activity, motor coordination, and nesting behavior by 7 dpi.

3.2 TBI Induces Acute Deficits in Retrograde Memory Recall

In the first assessment of cognition after TBI, retrograde memory recall was determined in
adult mice. In this experiment, mice were trained for 4 days to find the escape (acquisition),
received a sham or TBI, and memory recall was probed 7 dpi (Fig.2A). Fig.2B-D shows that
mice acquired learning with time-dependent increases in velocity (Fig.2B, main effect of
time, F(39) = 12.2, p< 0.0001), decreases in the time to find the escape hole (Fig.2C, main
effect of time, F(3 gy = 38.2, p< 0.0001), and decreases in the number of errors (Fig.2D,
main effect of time, F(3 9) = 7.3, p < 0.001).

Next, mice received Sham or TBI and memory recall was determined in the probe trial at 7
dpi. As highlighted above, locomotor function (Fenn et al., 2014) and nesting behavior (Fig.
1B) of TBI mice returns to baseline by 7 dpi. Fig.2E shows representative search patterns for
Sham and TBI mice 7 dpi in the probe trial. The time to find the escape hole was increased
during the probe trial in TBI mice compared to Sham controls (Fig.2F, main effect of TBI,
Fa,9) = 9.4, p<0.02). Moreover, TBI mice spent less time in the escape quadrant than
shams (Fig.2G, main effect of TBI, F(; 10) = 24.2, p< 0.001). There was no difference in the
number of errors made during the probe trial (Fig.2H), but TBI mice had a reduced
percentage of correct head pokes into the escape hole compared to Sham mice (data not
shown, F(1.9) = 12.6, p< 0.008). Taken together, these data indicate that TBI negatively
affects retrograde memory recall.

3.3 TBI Does Not Interfere Acutely with Anterograde Learning and Recall

Our findings indicate that TBI disrupts retrograde memory recall. Therefore, anterograde
learning and memory after TBI was assessed. Mice were subjected to TBI and acquisition in
the Barnes maze started 7 dpi (day 7-10). Memory recall was probed 11 dpi (Fig.3A). These
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time points after injury were selected because injured mice return to baseline locomotor
activity, motor coordination (Fenn et al., 2014) and nesting behavior by 7 dpi (Fig.1B). The
ability to locate the escape was not impaired 7 dpi (Fig.3A-C) and both groups had similar
escape times (Fig.3C) and made the similar number of errors (Fig.3D). Representative
search patterns during the probe trial are shown (Fig.3E). Latency to escape, time spent in
the escape quadrant, and errors during the probe trail were similar for both Sham and TBI
mice (Fig.3E-H). These data indicate that anterograde learning and recall were unaffected 7
dpi.

3.4 Immune Challenge Exacerbates Deficits in Anterograde Learning that Develop 30 Days

after TBI

We reported that microglial priming persisted 30 days post-TBI and that immune challenge
exaggerated microglial activation and depressive-like behavior (Fenn et al., 2014). Here,
diffuse TBI disrupted retrograde (Fig.2) but not anterograde learning and recall 7 dpi (Fig.3).
Therefore, we assessed if cognitive decline was evident 30 dpi and if acute immune
challenge 30 dpi impaired cognition. The acquisition in the Barnes maze started 27 dpi (day
27-30) for sham and TBI mice. After the completion of training, mice were challenged with
LPS and memory recall was probed 33 dpi (Fig.4A).

First, hippocampal learning was assessed in Sham and TBI mice 30 days after injury. During
the acquisition phase of testing, the relative velocity (cm/s) was similar between the Sham
and TBI mice (Fig.4B). While both Sham and TBI mice had daily improvement in finding
the escape holes during the acquisition phase, there were significant differences between
these groups. For example, the time to find the escape during the acquisition phase was
increased by TBI (Fig.4C, main effect of TBI, F(3 41) = 38.2, p< 0.0001). Moreover, the
number of errors made during the acquisition phase was increased by TBI (Fig.4D, main
effect of TBI, F(341) = 28.56, p < 0.0001). Overall, these data indicate that there are deficits
in anterograde learning by 30 days after TBI that were not present 7 days after injury.

Next, memory recall was determined in the same sham and TBI mice 72 hours after
induction of an immune response (D33). Representative search patterns from the probe trial
are shown (Fig.4E). This time point (72 h after LPS) was selected because, independent of
age or injury, mice are neither sick nor lethargic (Godbout et al., 2008, Fenn et al., 2014).
Fig.4F shows that walking velocity during the probe trial was increased by LPS (main effect
of LPS, F(1,39)= 10.3, p < 0.005) but this increase was independent of TBI. These velocity
data and our previous data (Godbout et al., 2008) indicate that LPS-injected adult mice
return to baseline locomotion and activity by 72 hours. Thus, the probe trial data are not
confounded by either lethargy or malaise.

The data from the probe trial indicates that LPS injection further augmented cognitive
impairment in TBI mice. For instance, time to find the escape hole was increased by TBI
(Fig.4G, main effect of TBI, F(y 39) = 9.14, p< 0.005) and this increase was exacerbated
with LPS challenge (TBI x LPS interaction, F(; 39) = 4.6, p < 0.04). These effects were
paralleled in the percent time spent in the escape quadrant and the number of primary errors.
Post-hoc analysis revealed that the TBI-LPS group had the longest escape latency compared
to all groups (Fig.4G, p< 0.05). In addition, TBI-LPS mice spent the least amount of time in
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the escape quadrant (Fig.4H, p < 0.05) and made the most errors (Fig.4l, p < 0.05) during
the probe trial. Therefore, induction of an immune response 30 dpi further impairs cognition
beyond TBI alone.

3.5 Neurogenesis in the Hippocampus is Not Altered by Immune Challenge 30 Days after
TBI

We show that immune challenge further impairs hippocampal memory 30 dpi. Hippocampal
neurogenesis is associated with enhanced neuronal plasticity and cognitive performance
(Kheirbek and Hen, 2011). Moreover, neuroinflammatory processes can reduce neurogenesis
(Valero et al., 2014) and damage neurons (Mouzon et al., 2014). Thus, neurogenesis and
neuronal damage were examined 30 dpi in mice challenged with LPS. Representative
images of BrdU* cells in the dentate gyrus (DG) of the hippocampus 72 h after immune
challenge are shown (Fig.5A). The number of BrdU™ cells in the DG was the same for TBI
and LPS groups (Fig.5B). In addition, immature neurons in the hippocampus were labeled
with DCX 72 h after LPS (Fig.5C). There were no significant differences in the number of
DCX™ cells with TBI or LPS (Fig.5D). Furthermore, the positive control (ischemic brain
injury, left panel) shows APP™ cells adjacent to the lesion (Fig.5E). In contrast, TBI mice
showed limited APP expression after LPS challenge (Fig.5E). Last, hippocampal neuron loss
30 dpi was not detected by Fluorojade C staining in any of the treatment groups (data not
shown). Collectively, induction of an immune response 30 dpi neither influenced
neurogenesis nor caused significant neuronal damage in the HPC.

3.6 Amplified Microglia Activation in TBI (30 dpi) Mice after Immune Challenge

Neuroinflammation mediated by resident glia may underlie cognitive deficits 30 dpi. In
support of this, a heightened inflammatory or primed profile of microglia and astrocytes
persists months after TBI (Loane et al., 2014, Mouzon et al., 2014, Weil et al., 2014). In
addition, primed (MHCII+) microglia that persist in the brain after TBI are hyper-reactive
after peripheral immune challenge (Fenn et al., 2014). Therefore, the degree to which
immune challenge elicited microglial reactivity 30 dpi and 24 hours after LPS was
examined. As expected, MHCII mRNA expression was increased in TBI mice compared to
sham controls (Fig.6C, main effect of TBI, F1 36 = 7.1, p < 0.04), but was not influenced by
LPS (not shown). Fig.6D—E show that mMRNA expression of IL-1p, CCL2, and TNFa in
microglia were increased 24 hours after LPS (main effect of LPS, F(; 35) = 7.8, p< 0.01, for
each). Moreover, post-hoc analysis indicated that microglial expression of these cytokines
was highest in the TBI-LPS mice compared to all other groups (Fig.6B-E, p < 0.05, for
each). Notably, while there was a sham-saline control group represented in Figs.6D-E, there
was not a TBI-saline group included. Nonetheless, these data highlight the LPS effect on
microglial mMRNA expression of IL-13, CCL2, and TNFa between Sham and TBI (30 dpi)
mice 24 h after immune challenge. Taken together, the neuroinflammatory profile of
microglia was enhanced in mice that received a TBI 30 days prior to the LPS challenge.

Because increased monocyte/macrophage (CD11b*/CD45M9M recruitment to the brain with
neuroinflammation can influence behavior (Wohleb et al., 2012), we also determined the
percentage of CD45"9" monocytes/macrophages in the brain 24 h after LPS. The
representative bivariate dot plots show a modest increase (0.5% to 1.25%) in brain

Brain Behav Immun. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Muccigrosso et al.

Page 11

macrophages (CD11b*/CD45M9") 24 h after LPS challenge (Fig.6G, main effect of LPS,
F(1,27) = 14.8, p< 0.001). Nonetheless, the increased presence of monocytes in the brain
after LPS was not further enhanced in mice that received a TBI 30 days prior to immune
challenge. Taken together, microglia in the brain of mice 30 days after TBI have an
amplified neuroinflammatory mRNA profile after LPS challenge that was not associated
with enhanced monocyte trafficking to the brain.

3.7 Prolonged Microglia Activation in TBI (30 dpi) Mice after Immune Challenge

Next, glial activation profiles were assessed 72 hours after LPS. Microglia (CD11b*/
CD45/9%) and astrocytes (Glast-1*/CD11b~) were percoll-enriched 72 hours after LPS
(Henry et al., 2009, Norden et al., 2014a) (Fig.7A) and inflammatory gene expression was
determined. In astrocytes, GFAP mRNA expression was increased 30 dpi (Fig.7B, main
effect of TBI, F(y 28) = 17.7, p< 0.0005), but were not further influenced by LPS (not
shown). Vimentin mRNA was also increased 30 days after TBI (main effect of TBI, F(; »7) =
5.8, p< 0.05). Post-hoc analysis revealed that vimentin mMRNA tended to be higher in TBI-
LPS mice compared to all other groups (Fig.7C, p=0.1). Fig.7D shows IL-1 mRNA in
astrocytes was increased by TBI (main effect of TBI, F(; 78) = 6.1, p< 0.05) and tended to
be higher with LPS (tendency of LPS, F(y 2g) = 3.6, p=0.08). There was not an interaction
between TBI and LPS for IL-1B expression in astrocytes. CCL2 mRNA in astrocytes was
unaffected by either TBI or LPS (Fig.7E). Overall, there was increased mRNA expression of
GFAP and IL-1p in enriched astrocytes 30 days after TBI, but these levels were not further
enhanced 72 hours after LPS challenge.

Microglial IL-13 mRNA was increased by LPS (main effect of LPS, F(1 33) = 7.2, p< 0.01).
Post hoc analysis revealed that there was no difference in TBI-LPS mice compared with
Sham-LPS mice (Fig.7F). In addition, microglia from TBI-Saline mice tended to have
higher IL-1p mRNA expression than Sham-Saline controls (p = 0.06). Microglial CCL2
mMRNA was increased by LPS (Fig.7G, main effect of LPS, F(; 36) = 7.8, p< 0.01). CCL2
mRNA tended to be highest in microglia from LPS-TBI mice (p = 0.08), but there was not a
significant interaction between LPS and TBI at this time point. Microglial TNFa mRNA
expression was also increased by LPS (Fig.7H, main effect of LPS, F(; 33y=8.1, p<0.01)
and this increase tended to be influenced by TBI (LPS x TBI interaction, F(1 33)= 3.9, p=
0.06). For instance, post-hoc analysis confirmed that TNFa mRNA was highest in microglia
from TBI-LPS mice compared to all other groups (p < 0.05). Collectively, there was
prolonged microglial expression of TNFa in TBI mice after immune challenge.

3.8 Increased GFAP Immunoreactivity of Astrocytes 30 Days after TBI

Astrocytes maintain a more inflammatory mRNA profile 30 dpi with increased GFAP and
IL-1 expression. To examine astrocytes specifically in the hippocampus (DG, CA1l and
CA3, Fig.8A&B), GFAP immunoreactivity was determined 30 dpi. Consistent with the
GFAP mRNA data, GFAP immunoreactivity was increased by TBI in the DG (Fig.8C, main
effect of TBI, F(y,309) = 6.3, p< 0.05) and the CA1 (Fig.8D, main effect of TBI, F(; 309) =
19.1, p=0.0001). GFAP labeling was not increased in the CA3 of the hippocampus 30 dpi
(Fig.8E). Overall there was increased GFAP immunoreactivity in the hippocampus 30 dpi,
but it was not further enhanced by immune challenge.
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To better understand cellular changes in astrocytes in the CAL, Glia Reconstruct was used to
determine cell perimeter, length, and convex hull area. First, cumulative spectra analysis was
used to find the appropriate pixel intensity for analysis. Images were then thresholded and
analyzed. Representative GFAP labeling (top) and the corresponding thresholded images
(bottom) from the CA1 are shown (Fig.8F). Analysis of the thresholded images in the CAl
(Fig.8G) indicated that TBI increased astrocyte perimeter (main effect of TBI, F(; 35y = 4.7,
p < 0.05) and astrocyte area (main effect of TBI, F(3 32) = 6.1, p < 0.05). Cell number and
max length were not significantly affected by TBI (30 dpi). These alterations in astrocyte
morphology, however, were not further enhanced by LPS challenge. Similar Glia
Reconstruct analysis revealed no significant morphological changes in the DG (data not
shown). Overall, astrocytes retained a more reactive morphology in the hippocampus 30 dpi,
but these alterations were not further enhanced by immune challenge.

3.9 Reactive Microglia in CA3 of TBI Mice after Inmune Challenge

Consistent with microglial priming after TBI, Fig.6—7 indicate that microglia exhibited an
amplified and prolonged inflammatory gene expression profile 30 dpi with amplified
expression of IL-1f3, CCL2 and TNFa. Iba-1 labeling was used to examine microglia after
TBI and immune challenge in the hippocampus (DG, CAl and CA3, Fig.9A). Notably, Iba-1
proportional area was not increased 30 dpi in the DG, CA1, or CA3 as a function of TBI
alone (Fig.9C-E). Iba-1 immunoreactivity was increased by LPS in the CA3 (Fig.9E, main
effect of LPS, F(1 28) = 5.6, p < 0.05). Moreover, post-hoc analysis revealed that Iba-1
immunoreactivity was highest in the TBI-LPS group compared to all groups (p < 0.05).

Next, several key morphological parameters of microglia were determined in the CA3 using
Glia reconstruct. Representative Iba-1 labeling of microglia (top) and the corresponding
thresholded images (bottom) from the CA3 region are shown (Fig.9F). The analysis of the
Glia reconstruction is shown in Fig.9G. There was no significant effect of either LPS or TBI
on the number of microglia 72 h after LPS. Microglia cell perimeter in the CA3 was
increased by LPS (main effect of LPS, F(; 31y = 8.1, p< 0.01). In addition, post-hoc analysis
revealed that microglial perimeter was highest in the TBI-LPS mice compared to all other
groups (p < 0.05, Fig.9G). The max cell was increased 72 hours after LPS (main effect of
LPS, F1,31) = 5.1, p < 0.05) but was not further enhanced in TBI mice. Convex hull area of
microglia was increased by LPS (main effect of LPS, F(; 31y =13.4, p < 0.005). Post hoc
analysis revealed that microglia from TBI-LPS mice had the highest convex hull area
compared to all other groups (p < 0.05). Overall, immune challenge elicited hyper-reactivity
of microglia specifically in the CA3 of the hippocampus of TBI mice.

4. Discussion

We have previously reported that primed and immune reactive microglia persists in the brain
30 days after diffuse TBI (Fenn et al., 2014). We extend these findings to show that while
mice recovered to baseline behavior by 7 dpi, astrocytes and microglia with elevated
inflammatory profile persisted in the hippocampus 30 dpi coinciding with deterioration of
hippocampal-dependent learning. Moreover, induction of an immune response 30 dpi
augmented deficits in memory recall in TBI mice alone. These deficits were associated with
exaggerated microglia-mediated inflammation shown by amplified cytokine expression and
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hyper-reactive morphological profiles. These novel data indicate that diffuse TBI primes
microglia and that immune challenge exacerbates inflammation and cognitive impairment.

One important finding was that TBI disrupts retrograde memory acutely (7 dpi), while
anterograde memory was unaffected. For example, mice had deficits in recalling a task
learned prior to the injury. When mice were tested 7 dpi, however, there were no deficits in
hippocampal-dependent learning of new tasks or recall. This is consistent with other studies
showing acute effects of brain injury on anterograde memory (O’Connor et al., 2003,
Whiting and Hamm, 2008, Hylin et al., 2013). In addition, 7 dpi reflects the return to
baseline nesting behavior, motor coordination, and home cage activity after TBI. Overall, all
mice showed significant functional recovery by 7 days after diffuse brain injury.

A novel aspect of the cognitive assessments was that mice had intact anterograde learning
ability, but hippocampal-dependent learning deficits were evident by 30 dpi. For example, all
mice showed improved learning of the location of the escape hole 30 dpi, but TBI mice took
more time to acquire the memory and made more errors compared to Sham. The retention of
anterograde learning 7 dpi followed by reduced cognitive ability 30 dpi indicates that
cognitive decline occurs over time. The comparison of 7 dpi to 30 dpi memory recall
represents a cross sectional analysis. Nonetheless, at 7 dpi there was no difference between
Sham and TBI in memory recall. At 30 dpi, however, there was a difference between Sham
and TBI in memory recall with reduced time spent in the target quadrant and increased
errors. These data are relevant because there is evidence of cognitive decline in longitudinal
studies of human patients after TBI (Ruff et al., 1991, Till et al., 2008, Ramlackhansingh et
al., 2011). Moreover, several studies report that focal brain injury in rodents was associated
with cognitive decline. For instance, mice had impaired spatial learning in the Morris water
maze 2 months after CCI (Hsieh et al., 2014). Furthermore, mice tested in the Barnes maze
at 6, 12, and 18 months after single mild CHI had cognitive deterioration at 18 months
which was augmented with repeated injury (Mouzon et al., 2014). These cognitive
differences were associated with white matter damage and increased GFAP and Iba-1
labeling but were not associated with neurodegenerative pathology 12 and 18 months after
injury. Here we show that cognitive decline occurred within 30 days after a single and
diffuse TBI. Thus, there is a critical injury by time interaction on memory impairment.

An important finding of this study is that deficits in hippocampal-dependent learning that
develop 30 dpi coincided with inflammation mediated by glia. For instance, astrocytes
isolated from whole brain 30 days after TBI had increased mRNA levels of GFAP, vimentin
and IL-1p3 compared to shams. There was also TBI associated increases in GFAP
immunoreactivity in the DG and CA1 of the hippocampus. Furthermore, analysis on the
morphology of astrocytes in the in the CA1 revealed larger astrocytes with increased cell
area and cell perimeter. This is consistent with a “reactive” astrocyte profile detected after
injury (Hazra et al., 2014, Kabadi et al., 2014, Mouzon et al., 2014). Moreover, it is possible
the increased GFAP immunoreactive profile of astrocytes represents a reduction in the
support of neuronal synapse activity and contributes to the development of longer term
cognitive deficits. For instance, a recent paper showed that reactive astrocytes in the brain of
Alzheimer’s disease mice aberrantly produced high levels of the inhibitory gliotransmitter
GABA, which directly impaired hippocampal-dependent memory (Jo et al., 2014). It is
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unknown if this GABA gliotransmitter increase is the mechanism of impairment here, but
there is mounting support for the idea that reactive astrocytes can interfere with normal CNS
homeostasis (Molofsky et al., 2012). Thus, it is important to delineate the consequence of a
persistent reactive astrocyte population after TBI and their role in precipitating cognitive
decline.

Along with the enhanced reactive profile of astrocytes 30 dpi microglia also had a more
inflammatory profile. In microglia, there was increased microglial expression of MHCII and
IL-18 mRNA in TBI mice 30 dpi compared to sham controls. This is consistent with our
previous work (Fenn et al., 2014) showing persistent inflammatory profiles of microglia
after a single and diffuse TBI. The differences in microglial Iba-1 labeling 30 dpi, however,
were not as evident with TBI. For example, Iba-1 was higher in the DG after TBI but it was
not significantly different from shams. Microglial immunoreactivity in the CA1 and CA3
were also not different than shams. Nonetheless, we previously detected increased Iba-1
immunoreactivity in the DG in TBI mice compared to shams (Fenn et al., 2014). Thus, glial
mRNA and morphological data in the hippocampus indicate a pro-inflammatory astrocytic
and microglial profile that persists 30 dpi. These data are consistent with other studies and
provide a link between persistent glial changes and cognitive impairment (Bao et al., 2012,
Briones et al., 2013, Mouzon et al., 2014).

Neurogenesis in the hippocampus is associated with enhanced neuronal plasticity and
cognitive performance (Sahay et al., 2011) and is negatively influenced by inflammation
(Valero et al., 2014). Furthermore, microglia and astrocytes play an integral role in neural
and synaptic functioning (Battista et al., 2006, Ben Menachem-Zidon et al., 2011).
Therefore, we expected that acute immune challenge would exaggerate glial responses and
reduce the number of newly formed cells in the hippocampus of TBI mice. Surprisingly,
there was not a reduction in the number of newly generated cells (BrdU*) or immature
neurons (DCX™) in the dentate gyrus of TBI mice 72 hours after LPS. The fate of the BrdU*
cells was not determined, so it is possible that the higher inflammation would influence the
development of neuronal precursors into mature neuron (Wang et al., 2011). Nonetheless,
memory recall was impaired by induction of immune response in TBI mice. Notably, this
cognitive impairment was evident without significant neuronal damage (APP) or death
(Fluorojade labelling, not shown). Thus, inflammation can negatively influence cognitive
processes acutely and independent of reduced neurogenesis or increased cell death.

A novel component of this study was the immune challenge provided 30 dpi and the
determination of glial profiles and cognition. We have previously shown that microglia from
TBI mice (30 dpi) have amplified expression of IL-1p and TNFa after LPS (24 h) challenge.
This amplified microglial response corresponded with prolonged social withdrawal,
resignation, and anhedonia (Fenn et al., 2014). Immune challenge is relevant because
individuals are likely to experience infection or illness over a lifespan at a higher frequency
than repeated brain injuries (Norden et al., 2014b). Here we show novel data that increased
immune reactivity of microglia to acute immune challenge exacerbates deficits in memory
retention and recall in TBI mice compared to Sham. The robust deficits in memory in TBI
mice after LPS were paralleled by an increased pro-inflammatory mRNA profile of
microglia. Immune challenge amplified microglial mRNA expression of IL-18, TNFa,
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CCL2 (24 h after LPS) in TBI mice and higher TNFa mRNA levels were maintained by
microglia even 72 h after LPS. Notably, while amplified CCL2 and IL-1p mRNA expression
by microglia has been linked to increased monocyte recruitment to the brain in models of
repeated social defeat (Wohleb et al., 2013) and traumatic CNS injury (Semple et al., 2010),
the presence of Cd11b*/CD45M9" macrophages in the brain after LPS was not enhanced in
the TBI mice (30 dpi). Thus, an enhanced recruitment of monocytes to the brain in the TBI
mice is not a major determinant in the LPS-associated augmentation in cognitive impairment
at 30 dpi. In addition, a higher inflammatory profile of astrocytes persisted 30 days after TBI
but this was not augmented by LPS challenge. We interpret these data to indicate that
resident microglia are the primary drivers of the amplified and prolonged cytokine response
after immune challenge in mice 30 days after TBI. Moreover a myriad of studies show the
impact of either amplified of prolonged exposure to IL-1f, TNFa and CCL2 on behavior,
cognition, neurochemistry and plasticity (Cunningham et al., 1996, Chen et al., 2008,
Barrientos et al., 2009a, Barrientos et al., 2010, Semple et al., 2010, Tobinick et al., 2012).
Collectively, we interpret these data to indicate that the further disruption in hippocampal
dependent memory of TBI mice after LPS challenge is caused by the heightened
inflammatory response of microglia.

Related to the points above, our data show increased microglial reactivity specifically in the
CA3 of the hippocampus. Microglia in the CA3 of TBI mice had the highest Iba-1
proportional area, perimeter and convex cell area after immune challenge compared to
controls. It is unclear why hyper-reactivity of microglia was detected selectively in the CA3.
This may be related to the higher capillary density of the CA3 compared to CA1 (Cavaglia
et al., 2001). Here we provided a systemic immune challenge and these signals are
communicated to the brain, in part, by humoral pathways. Thus, the CA3 may intrinsically
have more immune sensing by microglia based on increased access to the blood. Overall,
immune challenge caused amplified microglia activation within the hippocampus of TBI
mice that was associated with cognitive impairment.

In summary, we extend our previous findings to show that while mice recover from diffuse
TBI, cognitive issues develop 30 days later. Because these deficits were not evident 7 dpi,
these data suggest that after a single diffuse injury, inflammatory processes in glia are either
maintained or continue to progress 30 days after injury. We show evidence that microglia
and astrocytes maintain a pro-inflammatory profile in the hippocampus 30 days after TBI.
Moreover an acute innate immune challenge augmented microglial reactivity within the
hippocampus and further exacerbated the deficits in hippocampal-dependent memory.
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Significance Statement

Traumatic brain injury (TBI) is a major risk factor in development of neuropsychiatric
problems long after injury, negatively affecting quality of life. Mounting evidence
indicates that inflammatory processes worsen with time after a brain injury and are likely
mediated by glia. Here, we show that primed microglia and astrocytes developed in mice
1 month following moderate diffuse TBI, coinciding with cognitive deficits that were not
initially evident after injury. Additionally, TBI-induced glial priming may adversely
affect the ability of glia to appropriately respond to immune challenges, which occur
regularly across the lifespan. Indeed, we show that an acute immune challenge
augmented microglial reactivity and cognitive deficits. This idea may provide new
avenues of clinical assessments and treatments following TBI.
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» Mounting evidence indicates that inflammatory processes worsen with time after
a brain injury and are likely mediated by glia.

»  Primed microglia and astrocytes developed in mice 1 month following diffuse
TBI, coinciding with cognitive deficits that were not initially evident after
injury.

e Anacute immune challenge augmented microglial reactivity and cognitive
deficits. This idea may provide new avenues of clinical assessments and
treatments following TBI.
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Figure 1. Mice recover to baseline nesting behavior by 7 days after diffuse TBI
Adult mice were subjected to a sham injury (sham) or a moderate midline fluid percussion

injury (TBI). B) The average time to self-right after injury was determined immediately after
injury (n = 40-46). After injury, mice were monitored daily for 6 days and C) nesting
behavior and D) percent change in body weight were determined. These data include all
mice used in this study. Graphs represent the mean + SEM (n = 25-31). Means with (*) are
different from Sham controls (p<0.05)
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Figure 2. TBI induces acute deficits in retrograde memory recall

A) Representative time line of cognitive assessment in the Barnes maze. Naive mice were
acclimated to the Barnes maze, then trained for 4d to find the escape hole and then subjected
to a sham injury (sham) or a moderate midline fluid percussion injury (TBI). Prior to TBI,
B) velocity, C) time to find escape hole, and D) number of primary errors were determined
during the acquisition phase. E) Representative search paths for Sham and TBI mice during
the 60 s probe trial at 7 days following injury. Memory recall was determined during the
probe trial by F) time to find escape, G) percent of time spent in escape quadrant, and H)
number of primary errors. Graphs represent the mean + SEM (n = 6). Means with (*) are

different from Sham controls (p<0.05)
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A. Cognitive Assessment in the Barnes Maze

St
DO v D6 D7 D8 D9 D10 D11
B C. D
15+ -O- Sham __ 1807 -0-Sham 15+ -O- Sham
- & TBI 0 & TBI ® & TBI
—_— [1}] 0
E‘IO- §120* §10-
z g &
5 5 S 604 E ra
S 2 £
0 ] 1 1 ] l-_- 0 I L] 1 T n- 0 T T T T
7 8 9 10 7 8 9 10 7 8 9 10
Training Day Post-TBI Training Day Post-TBI Training Day Post-TBI
E. F. 60- G. 100- H.15-
0 = 80- €
- - 010
ué_ 40 E 60d = §10
Qo T A
0 © w
w S 40
o 201 T & 2 5- T
o 8 20- £
E o o
= 0 o 0 0
Sham TBI ShamTBI W Sham TBI Sham TBI
Probe Trial (D11) Probe Trial (D11)  Probe Trial (D11) Probe Trial (D11)

Figure 3. TBI does not interfere acutely with anterograde learning and recall
A) Representative timeline of cognitive assessment in the Barnes maze 7 days after injury. In

this experiment, Sham and TBI mice were acclimated to the Barnes maze (6 dpi), then
trained for 4 days to find the escape hole. 7 days after memory acquisition was determined
over 4 training days and B) velocity, C) time to find escape hole, and D) number of primary
errors were determined during the acquisition phase. E) Representative search paths of Sham
and TBI mice during the 60 s probe trial at 11d following TBI. Memory recall was
determined during the probe trial by F) time to find escape hole, G) percent of time spent in
escape quadrant, and H) number of primary errors. Graphs represent the mean = SEM (n =
6). Means with (*) are different from Sham controls (p<0.05).
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Figure 4. Immune challenge exacerbates deficits in anterograde learning that develop 30 days
after TBI

A) Representative time line of cognitive assessment in the Barnes maze starting 27 dpi. Mice
were subjected to Sham or TBI and memory acquisition was determined over 4 training days
(27-30 dpi) by B) velocity, C) time to find escape hole, and D) number of primary errors.
Graphs represent the mean +SEM (n = 19-25). Means with (*) are different from Sham
controls (p<0.05) and means with (+) tend to be different from saline controls (p=0.06—
0.10). Next, Sham and TBI mice received LPS or saline (0.33mg/kg) i.p. at the end of the 4th
day of training (30 dpi). Memory recall was determined 72 hours after injection in the probe
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trial. E) Representative search paths for the probe trial. Recall was assessed by F) velocity,
G) time to find escape hole, H) percent of time spent in escape quadrant, and I) number of
primary errors. Bars represent the mean £SEM (n = 8-12). Means with (*) are different from
Sham-Saline controls (p<0.05) and means with (#) are different from all other treatment

groups (p<0.05).
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Figure 5. Neurogenesis in the hippocampus is not altered by immune challenge 30 days after TBI
Adult mice were subjected to a sham injury (sham) or a moderate midline fluid percussion

injury (TBI). At 30 days following TBI, mice were injected i.p. with saline or LPS (0.33mg/
kg). Next, mice were injected i.p. twice with BrdU (50mg/kg), at 20 and 24 hours after LPS.
Mice were sacrificed 72 hours after LPS and brains were collected, fixed and the
hippocampus was sectioned. A) Representative images of BrdU labeling in the DG of the
four treatment groups. Arrow depicts BrdU* cell shown in the enlarged image (right). B)
The number of BrdU* cells was determined in the DG (n = 3-5). C) Representative images
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of DCX labeling in the hippocampus of the four treatment groups. Arrow depicts DCX™* cell
shown in the enlarged image. D) The number of DCX™ cells was determined in the
hippocampus. Bars represent the mean + SEM (n = 3-5). E) Representative images of APP
labeling of ischemic injury positive control (Lesion) and APP labeling in the DG of the four
treatment groups.
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Figure 6. Amplified Microglia Activation in TBI (30 dpi) mice after Immune Challenge
Adult mice were subjected to a sham injury (sham) or a moderate midline fluid percussion

injury (TBI). 30 days following TBI, mice were injected i.p. with saline or LPS (0.33 mg/kg)
and percoll-enriched cells were collected 24 hours later. A) Representative analysis of
CD11b and CD45 labeling shows that 85% of the cells recovered from the 50-70% phase of
Percoll are microglia (CD11b*/CD45!°%). The mRNA levels of B) MHCII, C) IL-14, D)
CCL2, and E) TNFa were determined in enriched microglia. Bars represent the mean +
SEM (n = 9-12). Means with (*) are different from Sham-Saline and means with (#) are
different from Sham-LPS mice (p<0.05). In a related study, mice were subjected to TBI and
then a LPS injection 30 days later. Brain microglia and macrophages were percoll-enriched
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24 h after LPS injection. F) Representative bivariate dot plots of CD11b and CD45 labeling
are shown. G) The percentage of percoll-enriched cells from the brain that were CD11b*/
CD45Ngh, Bars represent the mean + SEM (n = 9-12). Means with (*) are different from
Sham-Saline.
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Figure 7. Prolonged Microglia Activation in TBI (30 dpi) mice after Immune Challenge
Adult mice were subjected to a sham injury (sham) or a moderate midline fluid percussion

injury (TBI). 30 days following TBI, mice were injected i.p. with saline or LPS (0.33 mg/kg)
and enriched astrocytes and microglia were collected 72 hours later. A) Representative
analysis of Glast-1, CD11b, and CD45 labeling shows that 68% of the cells recovered from
the 35-50% phase of Percoll are astrocytes (Glast-1t/CD11b™) and 85% of the cells
recovered from the 50-70% phase of Percoll are microglia (CD11b*/CD45'°%). The mRNA
levels of B) GFAP, C) vimentin, D) IL-1f, and E) CCL2 were determined in enriched
astrocytes. The mRNA levels of F) IL-1B, G) CCL2, and H) TNFa were determined in
enriched microglia. Bars represent the mean + SEM (n = 9-12). Means with (*) are different
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from Sham-Saline controls (p<0.05), and (+) tend to be different from Sham controls
(p<0.1).
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Parameter Sham Sal Sham LPS TBI Sal TBILPS
Cell Number (per image) 12.5+27 10.3+ 3.4 10.0+2.9 17.6 + 3.6
Cell Perimeter (um) 72.0+3.8 76.0 + 3.8 97.0 +10.9* 88.0+5.8
Max Cell Length (um) 19.0 + 0.4 18.8 +0.8 21.1+1.2 19.8+ 0.9
Convex Hull Area (um?) 74.4+48 75.0 + 4.1 101.0+13.7" 95.0+7.3"%

Figure 8. Increased GFAP immunoreactivity of astrocytes 30 days after TBI
Adult mice were subjected to a sham injury (sham) or a moderate midline fluid percussion

injury (TBI). 30 days following TBI, mice were injected i.p. with saline or LPS (0.33mg/kg)
and mice were perfused and PFA fixed 72 hours later. Brains were post-fixed, frozen, and
sectioned and GFAP expression was determined. A) Representative images of labeling for
GFAP in the DG of the hippocampus. White arrow depicts the GFAP* cell shown in the
enlarged image. B) Illustration of DG, CA1, and CA3 regions within the hippocampus that
were analyzed. Proportional area of GFAP labeling in the C) DG, D) CAL, and E) CA3. Bars
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represent mean = SEM (n = 3-5). Means with (*) are different from Sham controls (p<0.05).
F) Glia reconstruct representative CA1 images of GFAP labeling (top) and subsequent
thresholded image (bottom). G) Glia Reconstruct images analyses of astrocytes in CAl (n =
9-13). Table represents the mean + SEM (n = 3-5). Means with (+) are different from Sham
controls (p=0.07).
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G.
pglia A Reco Ana :
Parameter Sham Sal Sham LPS TBI Sal TBI LPS
Cell Number (per image) 13+0.9 18+1.3 13+1.3 17 +2.2
Cell Perimeter (um) 117 7.2 158 +7.9 157 £ 15 214 + 20 *'#
Max Cell Length (um) 28+1.3 35+ 1.4* 33+1.9 39+1.8*
Convex Hull Area (um?) 151+ 7.1 246 + 22 203 +23.2 327 +33.7%#

Figure 9. Reactive microglia in CA3 of TBI mice after immune challenge
Adult mice were subjected to a sham injury (sham) or a moderate midline fluid percussion

injury (TBI). 30 days following TBI, mice were injected i.p. with saline or LPS (0.33mg/kg)
and mice were perfused and PFA fixed 24 hours later. Brains were post-fixed, frozen, and
sectioned and 1ba-1 expression was determined. A) Representative images of labeling for
Iba-1 in the DG of the hippocampus. B) Illustration of DG, CAL, and CA3 regions within
the hippocampus that were analyzed. C—E) Proportional area of Iba-1 labeling in the DG,

CAl, CA3 was determined. F) “Glia reconstruct” representative CA3 images of Iba-1
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labeling (top) and subsequent thresholded image (bottom). G) “Glia Reconstruct” analyses
of microglia in the CA3. Table represents the mean + SEM (n = 3-5). Means with (*) are
different from Sham-Saline controls (p<0.05) and means with (#) are different from all other

groups (p<0.05).
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