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ABSTRACT

Traumatic brain injury (TBI) affects 1.7 million people annually in the USA (Center of
Disease Control). There is increasing evidence that individuals exposed to TBI have increased
risk of developing multiple neurodegenerative conditions, including Alzheimer Disease (AD).
TBI triggers a strong neuroinflammatory response characterized by astrogliosis, activation of
microglia, and infiltration of peripheral monocytes. Recent evidence suggests that alterations
in innate immunity promote neurodegeneration. This includes genetic studies demonstrating
that mutations in Triggering Receptor Expressed on Myeloid cells 2 (TREM?2) is associated
with a higher risk for not only AD but multiple neurodegenerative diseases. To examine
whether TREM2 deficiency affects pathological outcomes of TBI, Trem2 knockout (7 rem2™")
and C57BL/6J (B6) mice were given a lateral fluid percussion injury (FPI) and sacrificed at 3
and 120 Days Post Injury (DPI) to look at both acute and chronic consequences of TREM?2
deficiency. Notably, at 3 DPI, B6 mice exposed to TBI exhibited increased expression of
TREM2 in the brain. Furthermore, Trem2” mice exposed to TBI exhibited enhanced
macrophage activation near the lesion, but significantly less macrophage activation away from
the lesion when compared to B6 mice exposed to TBI. In addition, at 120 DPI, Trem2” mice
exposed to TBI demonstrated reduced hippocampal atrophy, and rescue of TBI-induced
behavioral changes when compared to B6 mice exposed to TBI. Taken together, this study
suggests that TREM2 deficiency influences both acute and chronic responses to TBI, leading
to an altered macrophage response at early time points, and improved pathological and

functional outcomes at later time points.

Key Words: Inflammation, Neurodegenerative Disorders, Behavior, Traumatic Brain

Injury, Immunohistochemistry
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INTRODUCTION

Increasing evidence suggests that traumatic brain injury (TBI) represents a significant risk
factor for multiple neurodegenerative diseases including Chronic Traumatic Encephalopathy
(CTE) and Alzheimer’s disease (AD) '°. Several studies have documented an increase in both
the development and onset of AD-related neuropathology following TBI, including the
formation and accumulation of intracellular aggregates of the microtubule-associated protein
tau and extracellular aggregates of the B-amyloid (AP) peptide” > "'°. Notably, one
phenomenon observed in both TBI and neurodegenerative diseases includes the activation of

11-13 . . . . .
. This includes activation of resident innate

the innate immune system within the brain
immune cells (microglia), infiltration and activation of peripheral innate immune cells
(monocytes) into the brain and the release of pro- inflammatory cytokines'> '*'°. While the
chronic activation of the innate immune system within the brain is generally thought to

contribute to neurodegeneration, the exact role of specific innate immune pathways has

remained somewhat elusive.

TBI induces a vast array of pathological consequences including neuronal cell death, altered

cytokine/chemokine production, tissue loss, oxidative stress, cognitive deficits, behavioral

1, 15, 17-20

changes, and brain atrophy . Initially, the mechanical stress from the injury induces

primary damage including neuronal death, shearing of blood vessels, blood- brain barrier

2123 However, following the initial injury, a wide variety of secondary injury

damage, etc
cascades contribute to later pathological and functional impairments, including the leakage,
recruitment and activation of monocytes, as well as activation of microglia™ **. Considerable
evidence suggests that macrophages (derived from both monocytes and microglia), may
16,25

contribute to the phagocytosis of neuronal debris at early time points following injury

However, continued and chronic macrophage activation and release of accompanying

4
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5
cytokines/chemokines is thought to contribute to pathological and functional outcomes at later

time points*®. While normally macrophage activation and secretion of cytokines/chemokines
regress over time, the inflammatory cascade can become chronic in subsets of patients” *"*,
While chronic macrophage activation is observed both in TBI and numerous
neurodegenerative diseases, the exact contribution of specific macrophage activation

pathways in neurodegenerative disease pathologies and outcomes following TBI have

remained elusive and proven difficult to discern from cause and effect.

Recent genetic studies have provided evidence for a direct link between immune pathways
and neurodegeneration, including genome-wide association studies of AD, FTD, and other
diseases that have revealed single nucleotide polymorphisms associated with increased risk

for neurodegenerative diseases in a variety of genes associated with immunity, including

29, 30

CD33, progranulin, etc™ ". Furthermore, recent compelling evidence linking innate immune

pathways and neurodegeneration has been provided by studies of the 7riggering Receptor
Expressed on Myeloid cells 2 (TREM2) gene’'™*. Notably, TREM2 is a receptor exclusively

found on myeloid-derived immune cells, including dendritic cells, monocytes, and

35,36

microglia™ ». Homozygous, loss of function mutations in TREM? are associated with Nasu-

34,37

Hakola disease, in which patients develop bone cysts and age-related dementia™ ”". Finally, in

late 2012, rare heterozygous coding mutations in TREM?2 were identified that are associated

with substantially increased risk for late-onset AD***!.

Additional genetic studies have
provided evidence that TREM2 variants are also associated with FTD, PD, and ALS® 4,
While these studies have provided compelling evidence linking innate immunity and TREM2,

in particular, to neurodegeneration, the exact contribution of TREM2 in both TBI and

neurodegeneration remains to be determined.
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Several in vitro studies have provided evidence that suggests that TREM2 is anti-

inflammatory and potentially linked to phagocytosis, including studies demonstrating that
reduction of TREM2 within microglia leads to increased pro-inflammatory cytokine release
while overexpression of TREM?2 leads to decreased cytokine production® **. It has been
suggested that TREM2 negatively regulates the toll-like receptor (TLR) pathway, a class of

4547 In contrast

proteins that plays a key role in the innate immune system and inflammation
to what have been observed in vitro, TREM2 appears to play divergent roles in various in vivo
models of injury and damage both within the CNS and in the periphery. For example, in a
model of stroke, Trem2” mice showed less inflammatory cytokines in the brain compared to
wild-type mice®™. However, many of these studies have provided evidence that TREM2 alters
the macrophage response, either by blocking the appearance and proliferation or increasing

49, 50 .
2. Qiven the

the death of macrophages in both neurodegenerative and infectious models
unique macrophage response following TBI and epidemiological studies linking TBI and
neurodegenerative disease, the current studies sought to examine the acute and chronic roles

of TREM2 in macrophage activation, neurodegeneration and behavior following experimental

TBL

MATERIALS AND METHODS

Mice

The Trem2” (Trem2™ ®OMPVEe) mouse model used in this study contains a lacZ reporter
cassette knocked into the endogenous 7rem?2 locus replacing exons 2 and 3 and the majority
of exon 4, making a nonfunctional protein and is maintained on the (C57BL/6J) B6
background®®. This mouse was originally generated by the trans-NIH Knockout Project
(KOMP). Wildtype B6 mice were used as controls and originally purchased from Jax
laboratory and breed in house for experimentation. Animals were housed in the Cleveland

6
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Clinic Biological Resources Unit (BRU) on a 14:10 hour light/dark cycle with free access to

food and water. For all studies, age and sex matched animals were exposed to sham or fluid
percussion injury (FPI) between 8 to 12 weeks of age at an average of 10 weeks.
Approximately half female and half male cohorts were used for all experiments. All
procedures were approved by the Institutional Animal Care and Use Committee of the

Cleveland Clinic.

Surgical Preparation and Injury

Standard procedures were used to administer lateral fluid percussion or sham injury to mice>"
>2, Briefly, 2-month-old mice were anesthetized with ketamine (100 mg/kg) and xylazine (10
mg/kg), weighed, and attached to a stereotaxic frame. Bupivacaine (0.25%, 50ul) was
administered subcutaneously for topical pain relief. Following a midline incision, a 3.0 mm
craniotomy was performed midway between bregma and lambda using a trephine on the skull.
A modified Leur-Loc needle hub (3.0 mm inside diameter) was placed over the exposed intact
dura and surrounded by dental acrylic. Sterile PBS was added to the hub and then sealed with
a modified syringe tip filled with cotton to limit fibrosis. Mice were then returned to their
home cage to recover. Twenty-four hours later, animals in the injured groups were re-
anesthetized, had their seals removed, and received a moderate (1.0 atm of pressure) level TBI
using the Amscien instrument FPI device. Animals in the sham group were re-anesthetized
and connected to the injury device; however, no fluid pulse was delivered. Following FPI or

sham injury, the hub was removed. Mice were then sutured and returned to their home cage

for observation and analysis as described.

Primary Antibodies
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The following antibodies against inflammatory markers were utilized: sheep polyclonal anti-

TREM2 (R&D Systems, catalog number AF1729); rat monoclonal anti-CD45 (Serotec,
catalog number MCA 1388, clone IBL-3/16); mouse monoclonal anti-F4/80 (Serotec, catalog
number MCA497, clone CI: A3-1); rabbit polyclonal anti-glial fibrillary acidic protein

(GFAP, Sigma, catalog number G4546).

Immunohistochemistry

Mice were deeply anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) and
perfused with sodium based 0.1M Phosphate Buffer (PB) (pH 7.4). Brains were collected and
drop-fixed in 4% paraformaldehyde in PB. After brains were left in fixation for 24hrs, brains
were cryoprotected in 30% sucrose. Brains were embedded in optimal cutting temperature
(OCT) compound, and free-floating 30 pm coronal sections were collected and stored at 4°C
in PBS with .05% sodium azide to prevent microbial contamination. 3,3’-diaminobenzidine
(DAB; vector solutions) staining was performed first by boiling samples at 90°C in 10mM
sodium citrate. Endogenous peroxidases were then quenched by incubating sections in 1%
H,0, in phosphate buffered saline (PBS) for 30 min. Sections were blocked in 5% normal
goat serum (NGS)/0.3% Triton X-100 in 1x PBS at room temperature for 1 h. Sections were
then incubated with primary with the following dilutions: TREM2: 1:100; CD45 1:500; F4/80
1:500; GFAP 1:500; all incubated at 4°C overnight. Sections were washed and then incubated
in secondary antibodies conjugated to biotin (Vector Laboratories; 1:1000) for 1 hr at room
temperature. Sections were incubated with Avidin/Biotinylated enzyme complex (ABC
reagent, Vector Laboratories; for immunohistochemistry) reagent for 1 hour at room
temperature followed by DAB until a brown reaction was observed. Sections were then
mounted with Permount (Thermo Fisher Scientific). Immunoreactivity was measured using

threshold difference through Image J. The percent of the area that was covered with DAB

8
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immunoreactivity was measured and analyzed using prism® where the percent area covered

with immunoreactivity was compared between all groups. An investigator blinded to the

conditions of the experiment scored all images. n=6 mice per group for all [HC experiments.

Lesion Analysis

Sections traversing the lesion cavity from -0.20 to -3.50 mm from bregma were stained with
1% cresyl violet for 1-2 minutes. Slides were then washed with PBS (2x 5 min) and
dehydrated as done for IHC. Slides were then scanned into a computer using Quickscan via
Pathscan Enabler IV (Meyer instruments) and stacks of the sections were made using Image J
(NIH). The stacks were imported to Reconstruct® software (SynapseWeb) for volumetric
analysis and 3D reconstruction™. First, the entire coronal section was outlined. Then the
lesion cavity defined as any cavitation, or cellular disruption (abnormal cellular spacing,
discoloring of cells within that region compared to healthy tissue, etc) found in the right
hemisphere in the parietal associated cortex was outlined and a percentage ratio to the entire
coronal section was calculated and compared across groups. Experimenters were blinded to
the conditions and genotypes of all samples. The ipsilateral and contralateral hippocampus
from -0.20 to -3.50 mm from bregma was also outlined and a percentage ratio to the
remaining tissue was calculated and compared across groups (10 sections, 330 um apart). n=4
per group for all groups at 3 DPI. N=6 for B6 and T rem2”” sham groups and n=5 for B6 and
Trem2” mice exposed to TBI groups at 120 DPI time points. One B6 mouse exposed to TBI
was excluded from lesion analysis for a lesion that was more than 2 standard deviations away

from the mean for a final n=4 for the B6 mice exposed to TBI group.

qPCR
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For analysis of TREM2, IL-1B, TNFa, and I1-6 mRNA levels following TBI, dissected brains

were flash frozen using liquid nitrogen and the entire ipsilateral cortex homogenized in 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and1:100 protease inhibitor cocktail in PBS.
RNA was isolated using chloroform extraction, purified using Purelink RNA Mini kit (Life
Technologies), and genomic DNA removed via treatment with DNase Purelink (Life
Technologies). cDNA was prepared from 1.5 pg total RNA using a QuantiTect Reverse
Transcription kit (QIAGEN) and real-time PCR performed for 40 cycles with the StepOne
Plus Real Time PCR system (Life Technologies) using Trem2, illp, tnfa, and il6 TagMan
probes (Life Technologies). Relative changes in gene expression were determined using the
AACT method. N=3 per group was used for 7rem2 time course study in B6 mice. N=5 per

group for all other experiments.

Flow cytometry

Mice were perfused, brains removed, chopped and digested using the Macs Neural tissue
Dissociation kit (Miltenyl Biotec) at 3 DPI and subsequent percoll gradients (30% percoll [GE
healthcare], 10% FBS) was use to purify myeloid cells and incubated to antibodies against
Cd11b and CDA45. Cells were gated on Cdl1b+ and Cd45+. CD45"€"Cd11b+ cells were
defined as macrophages and CD45°¥CD11b+ as resident microglia. n=4 for B6 and 7} rem2””
sham mice, n= 6 for B6 exposed to TBI, and n=5 for Trem2”" mice exposed to TBL.
Behavioral Analysis

Rotarod

To assess motor coordination and locomotion, the accelerating rotarod (Rotarmex-5,
Columbus Instruments, Columbus, OH) was utilized®*. Each mouse received baseline training
before surgical preparation and was assessed at 1, 3, 6, 30, 60, and 90 DPIL. Rod rotations

increased from 4 to 30 rotations per minute (RPM) during each five-minute trial. An average

10
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latency to fall over three trials was calculated for each testing day and compared across all

groups. n= 12 for all groups.

Y-Maze

The Y-maze is a standard behavioral test used to assess spatial working memory. Each mouse
was placed in the Y-maze and manually scored for spontaneous alternations (the sequential
entry of all arms before entering another arm) and arm entries’> >®. Each mouse was tested at
7,31, 61, and 91 DPI. At the beginning of each trial, the mouse was placed in the center of the
Y-maze and allowed to freely explore for 5 minutes. n= 12 for all groups. One mouse was
excluded for analysis at 91 DPI in the 7; rem2” exposed to TBI for not entering more than 3

arms, a requirement to determine one spontaneous alternation.

Elevated Plus Maze

Alterations in inhibition and exploratory behavior were examined via elevated plus maze at 31
DPI°"-®*. Mice were placed in the center of the elevated plus maze and the latency to enter all
arms as well as time spent in all arms were measured using EthoVision XT (Noldus) video
tracking software where a mouse was considered in an arm if its entire body (from nose to the

beginning of the tail) was in the arm”’. All trials were 10 minutes long. n= 12 for all groups.

Morris Water Maze
Finally, to examine spatial learning and reference memory, the visual and hidden platform

versions of the Morris water maze were utilized at 110 DPI* ¥,

Procedural learning was
assessed through visible platform training, which required mice to complete four trials a day

over three testing days. During visible platform training, the circular pool was filled with

water to a depth approximately 0.5 cm below the top of the goal platform. A visual cue

11



. ~ Journal of Neurotrauma )
TREM2 deficiency alters acute macrophage distribution and improves recovery after TBI (doi: 10.1089/neu.2016.4401)

but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

This article has been peer-reviewed and accepted for publication

12
(plastic syringe [no needle] colored black with a red piece of tape at the top) was placed on the

platform to attract the animal’s attention®. Mice were placed in the pool from one of four
start locations and given 60 seconds to locate the platform. The location of the platform and
the start location changed between every trial for every mouse. Mice were left on the platform
for 15 seconds before being removed from the pool by the investigator. Mice unable to find
the platform in 60 seconds were guided to the platform where they remained for 15 seconds
before being removed from the pool.

Next, in the hidden platform version of the test, the circular pool was filled with
water to a depth approximately 2 cm above the top of the goal platform. The visual cue was
removed from the platform and animals were required to use constant spatial cues around to
pool to locate the submerged goal platform, which remained in the same position throughout
hidden platform testing. This design required mice to remember the position of the platform
between trials and testing days to successfully complete the task in the shortest period of time.
Mice were placed in the pool from one of four start locations and given 60 seconds to locate
the platform. The start location changed between every trial for every mouse. Mice were left
on the platform for 15 seconds before being removed from the pool. Mice unable to find the
platform in 60 seconds were guided to the platform by the investigator where they remained
for 15 seconds before being removed from the pool. The latency to find the platform was

measured at all days and compared between days and between groups. n= 12 for all groups.

Statistics

For experiments with only two groups particularly the experiments looking at TREM2
expression in wild- type mice, unpaired, two-tailed T-tests were performed to compare
significant differences. For experiments with multiple groups (groups of 4) 2-way analysis of

variances (ANOVAs) were performed to measure significance using Prism (GraphPad). Post

12
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hoc test correcting for multiple comparisons was used to compare individual groups to each

other using QuickCals (GraphPad) http://graphpad.com/quickcalcs/posttestl.cfm. *p <0.05,
*#p<0.01, ***p<0.001. Bonferroni post hoc test was used to correct for repeated measures in
rotarod, y-maze and, water maze. Comparisons and significance are shown between mice
exposed to TBI groups compared to their respective shams and between both genotypes

exposed to TBI.

RESULTS

TREM2 Expression Increases Acutely after TBI

Given that TREM2 is implicated in neurodegenerative diseases with increased expression in
both human AD and mouse models of AD, we predicted that TREM2 expression would
increase after TBI. We previously reported that TREM2 expression (as detected by
immunohistochemistry) increased following a moderate experimental TBI at 3DPI>.
Previously published work also confirms that macrophage infiltration and activation begins to
peak at 3DPI®’. Therefore, we selected 3 DPI as the optimal time point to characterize the
expression of TREM2 on central and infiltrating cells. In the current study, animals were
exposed to lateral FPI and examined for altered expression of TREM2 by IHC for TREM?2
protein and RT-PCR for TREM2 mRNA. A time course was done to look at the acute
expression of TREM2 after TBI using RT-QPCR. There was no increase of TREM2 at 1DPI,
however TREM2 peaked at 3DPI showing a significant difference between mice exposed to
TBI and sham injured mice and stayed elevated at 7DPI (Figure la-c). To follow this result,
immunohistochemical staining was performed on 30 um thick coronal slices isolated from B6
mice at 3 days following TBI using antibodies against TREM2. Notably, TREM2 staining
was elevated in the TBI group and quantification revealed that there was significantly more

TREM2 immunoreactivity in TBI mice compared to sham mice (Figure 1f and g). By

13
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contrast to the findings at 3 DPI, TREM2 expression levels were greatly reduced at 120 DPI

both using IHC and RT- PCR (Figure 1d, h, 1). Taken together, this data suggests that TREM2
expression increases acutely after TBI but returns to near baseline levels at chronic post-injury

time points.

TREM2 Deficiency Increases Macrophage Accumulation Near the Lesion at 3 DPI

Given that TREM2 is implicated in neuroinflammation and our results demonstrating that
TREM?2 expression levels increase at early time points following experimental TBI, we next
examined if TREM2 deficiency would affect the inflammatory profile of mice exposed to
TBI. IHC was utilized to assess the accumulation of macrophages and astrocytes in the brain
in both Trem2” and B6 mice at 3 DPI. Antibodies against CD45, a common marker for
leukocytes that is expressed at high levels on peripherally derived macrophages and expressed
lowly on brain resident microglia, F4/80, a marker specifically for macrophages, and GFAP, a
marker for reactive astrocytes were used. There was a significant increase in CD45 positive
staining in the Trem2”~ compared to their wild type counterparts lateral to the lesion including
the lesion (Figure 2b and e). Trem2”” mice showed significantly more positive F4/80 staining
in this same brain region at 3DPI compared to their wild-type counterparts (Figure 2c and f).
Regardless of genotype, brain injured animals demonstrated increased CD45 and F4/80
staining near the injury site compared to sham animals (Figure 2b, c, e, f). The GFAP staining
revealed enhanced astrogliosis in both TBI groups compared to their respective shams in the
same brain region lateral to the lesion (Figure 2d and g). However, there were no significant
differences in GFAP staining between the Trem2” and B6 mice exposed to TBI groups at 3
DPI. These IHC experiments demonstrate that there is increased staining for macrophage
markers near the lesion of Trem2” mice exposed to TBI compared to wild type counterparts

independent of brain-injury induced astrogliosis.

14
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TREM2 Deficiency Reduces Macrophage Accumulation Away From the Lesion at 3 DPI
Previous studies indicate that macrophage survival or migration may be compromised in

4930 which prompted us to examine sites distal to the epicenter of primary

Trem2”" mice
cortical damage. Notably, IHC with antibodies against F4/80 revealed that there was
significantly more F4/80 staining in B6 mice exposed to TBI compared to 7 rem2”” mice
exposed to TBI in a location inferiolateral to the lesion within the ipsilateral cortex (Figure 3b
and c¢). In fact, Trem2” mice exposed to TBI did not exhibit statistically significant increases
in F4/80 staining when compared to shams. Taken together, this data provide evidence for an

altered macrophage response in the Trem2” mice based upon the distance to the injury that

could be due to alterations in macrophage migration or survival.

TREM2 Deficiency Reduces Macrophage Activation and Accumulation Throughout the
Brain at 3 DPI

To further examine the effects of TREM2 deficiency on specific macrophage populations
following TBI, flow cytometry was utilized. As IHC staining with specific antibodies is
notoriously unable to reliably differentiate between macrophages derived from microglia
versus monocytes, flow cytometry allows a more accurate method to discriminate between
these cells. Although there is no universally accepted marker to definitively distinguish
peripherally derived macrophages from microglia, differences in levels of CD45 expression
by flow cytometry have been used in multiple studies to distinguish these two macrophage
populations within the brain, namely CD45°VCdl1b+ cells derived from microglia and
CD45"Cd11b+ cells derived from monocytes®'®. Notably, flow cytometry at 3 DPI,
revealed that the percentage of CD45"¢"Cd11b+ macrophages in the 73 rem2”” mice exposed

to TBI was significantly less than their wild type counterparts suggesting that there are

15
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significantly less peripherally derived macrophages then those resident-derived (Figure 3d

and e). qpCr was also performed to look at inflammation and activation of immune cells in
the brain. There was significantly less tnfo production in 73 rem2”” mice exposed to TBI was
compared to their wild type counterparts (Figure 3f). These levels were not significantly
different then either B6 sham mice or Trem2” sham mice groups. There was also no
significant increase in /6 or illf in T rem2”” mice exposed to TBI compared to 73 rem2”” sham
mice while there was a significant difference in B6 mice exposed to TBI compared to their
respective shams (Figure g and h). This data suggests that TREM2 is important in the
peripheral macrophage response after TBI since there are comparatively less peripheral
macrophages in Trem2” mice brains exposed to TBI and comparatively less inflammatory

cytokine production.

Macrophage Activation Resolves in Both B6 and TREM2 Deficient Mice at 120 DPI

Given that we observed an altered macrophage response at acute time points (3 DPI)
following TBI in TREM2 deficient mice and that chronic activations of the innate immune
systems is a feature observed in a wide variety of neurodegenerative diseases, we next
examined the effects of TREM2 deficiency at chronic time points (120 DPI) following TBI.
Notably, and unlike what was observed at 3 DPI, no significant differences were observed in
CD45 THC staining between any of the groups at 120 DPI lateral to the lesion including the
lesion, regardless of genotype or treatment (Figure 4b and e). F4/80 IHC revealed a similar
pattern in staining where there were no differences between any of the groups at 120 DPI
(Figure 4c and f). Finally, GFAP staining revealed reactive astrocytes in both Trem2” and B6
mice exposed to TBI when compared to sham controls in the region near the lesion (Figure 4d
and g). These results suggest that macrophage activation patterns observed at 3 DPI, largely

have resolved at 120 DPI, particular in Trem2”” mice exposed to TBI.

16

Page 16 of 46



Page 17 of 46

Journal of Neurotrauma

TREM2 deficiency alters acute macrophage distribution and improves recovery after TBI (doi: 10.1089/neu.2016.4401) . )
but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

This article has been peer-reviewed and accepted for publication

17

TREM2 Deficiency Reduces Hippocampal Atrophy at 120 DPI

Given the unique pattern of macrophage activation following TBI in TREM2 deficient mice
that appeared to change between 3 DPI and 120 DPI, we next sought to examine whether
there were alterations in brain structure at these acute and chronic time points. Cresyl violet
staining of the brain was utilized to examine the volume of specific brain structures via three-
dimensional reconstructions. All volumetric measurements were expressed relative to the
entire brain volume in order to correct for inter-individual brain differences. Hippocampal
volume was assessed on 10, representative 30-micron brain sections. At 3 DPI, reconstruction
analysis revealed there were no significant alterations in ipsilateral and contralateral
hippocampal volumes or lesion volume between the genotypes (B6 versus T rem2”") or
experimental groups (TBI versus sham; Figure 5 c, e, g). By contrast, at 120 DPI, while B6
mice exposed to TBI exhibited a significant decrease in contralateral and ipsilateral
hippocampal volume relative to B6 shams, no significant alterations were observed in 7 rem2”
mice exposed to TBI when compared to either B6 or 7 rem2”” shams (Figure 5f and h). Though
both groups exposed to TBI had a significant increase of lesion volume loss compared to their
respective shams, there was no genotype difference (Figure 5d). In summary, TREM2
deficiency had no detectable effects on relative brain volumes at an acute time point, but

resulted in reduced hippocampal volume loss at a chronic time point.

TREM?2 Deficiency Ameliorates Behavioral Alterations Associated with TBI

TBI and sham mice aging to the chronic post-injury time point completed a variety of
behavioral assessments, which provided functional outcomes measures to correlate with
injury-induced histological changes (see Fig. 6a). First, to examine spatial working memory,

the Y-maze was performed at 7, 30, 60, 90 DPI. Both the spontaneous alternation ratio
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(animals entering the three separate arms consecutively over the total number of arm entries)

and total number of arms entered were measured. Notably, TREM2 deficient mice exposed to
TBI exhibited a reduced number of arm entries at all post-injury time points compared to B6
mice exposed to TBI (Figure 6f-1). B6 brain injured mice demonstrated a significant reduction
in the spontaneous alternation ratio at 90 DPI compared to B6 shams, which was not observed
between Trem2” mice exposed to TBI and sham injured mice (Figure 6¢). Together, these
data suggest that T: rem2”” mice were protected from brain injury induced spatial working
memory deficits; however, performance may have been compromised by a unique motor or

anxiety phenotype.

To examine whether alterations in arm entries observed in the Y-maze could be due to motor
deficits, the rotarod (a test of an animal’s ability to maintain itself on an accelerating rod) was
utilized. Importantly, no significant differences were observed in rotarod performance
between groups at any time point (Fig 6j). To identify potential anxiety-related deficits
following TBI, the elevated plus maze was completed to characterize exploratory behavior
and/or inhibition. Previous studies report that increased exploration of open arms reflects a
lack of inhibition or disinhibition while increased time in closed arms reflects a lack of
exploratory behavior. Disinhibition is a common occurrence after TBI and in AD in both

humans and mice where subjects will take more risks or be impulsive > ** %

. Though rodents
will typically spend more time exploring the elevated plus maze, naive B6 mice have been
shown to spend a majority of time in the closed arm®’. We observed that Trem2” mice
exposed to TBI spent significantly more time in the closed arm compared to B6 mice exposed

to TBI and acted similarly to both sham groups (Figure 6k). This suggests that TREM2

deficiency protects against TBI induced disinhibition.
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Finally, to examine spatial reference memory, mice were tested in the visible and hidden

platform version of the Morris water maze beginning at 110 DPI.  In the visual platform
version of the task, mice were trained to swim to a goal platform identified by a visual cue
over 4 training trials per day for three days™. Notably, both B6 and T rem2”” mice exposed to
either sham or TBI did not exhibit any significant differences in the latency to find the visible
platform over the three days of testing. Next, to examine spatial reference memory, the cue
identifying the platform was removed and the mice were trained to find the submerged
platform on the basis of spatial cues located on the walls around the swimming pool. As
expected, in the hidden platform version of the task, there was significant impairment in the
latency to find the platform between the B6 mice exposed to TBI and sham controls (Figure
6l). By contrast, 7 rem2”” mice exposed to TBI did not exhibit any significant differences in
latency to find the platform when compared to either B6 or T rem2”" sham controls (F igure 6l).
Taken together, this data suggest that TREM2 deficiency protects form the chronic effects of

TBI on spatial reference memory as detected in the Morris water maze.

DISCUSSION

TBI represents a significant risk factor for multiple neurodegenerative diseases'™.
Both acute and chronic outcomes must be studied to determine the exact role TBI induced
neuroinflammation may play in the development of neurodegenerative pathologies. In this
study, acutely after TBI a) TREM2 expression increased in the brain of B6 mice exposed to
TBI b) TREM2 deficiency altered the macrophage response in a spatially dependent manner,
with increased activation near the lesion site and decreased activation at a distal location c)
TREM?2 deficiency resulted in a reduced proportion of peripherally derived macrophages
recruited to the brain following TBI and decreased the production of inflammatory cytokines.

Chronically after TBI, a) macrophage activation substantially declined in brain injured mice
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regardless of genotype b) T rem2”” mice had less hippocampal volume loss after TBI compared

to their wild type counterparts c) 7 rem2”" mice displayed rescue of TBI-induced disinhibition
and deficits in spatial memory. These data suggest that TREM2 plays a role in the
macrophage response acutely after TBI and promotes volume loss of sensitive regions of the
brain and behavioral deficits after TBI (see Figure 7).

Increasing evidence implicates the macrophage response as a key mediator in long-
term outcome following TBI. Clearly distinguishing between resident derived and
peripherally derived macrophages has been a challenge in the field. One method using flow
cytometry as discussed before is CD45°“Cd11b+ cells derived from microglia and
CD45""Cd11b+ cells derived from monocytes® . However, depleting a certain set of
macrophages to look at pathological outcomes using CD45"°™Cd11b+ versus CD45™€"Cd11b+
is inefficient and challenging. One method of overcoming this problem is by distinguishing
resident macrophages using CX3CRI1, a receptor involved in adhesion and most commonly
found on resident microglia, and peripherally derived macrophages using CCR2, a receptor
needed for the chemotaxis or migration of peripheral macrophages/monocytes. CCR2 has
been shown to be particularly important in TBI pathology. For example, CCR2+ macrophages
were found to form around the hippocampus after TBI®®.  Another study showed that
impairing macrophage infiltration using CCR2 deficient mice is beneficial for TBI recovery
and cognitive outcome after TBI®. Though TREM2 is expressed in both microglial and
monocytic derived macrophages, TREM2 deficiency significantly decreased the presence of
peripherally derived macrophages in the brain of an AD mouse model’’. In this study Trem2”
mice exhibited a decrease in peripheral macrophages after TBI throughout the brain, and
chronically less hippocampal volume loss. If other studies show that peripheral macrophages
tend to target sensitive regions such as the hippocampus and that blocking infiltrating

monocytes is beneficial for long term outcomes after TBI, this study helps support the idea
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that blocking a particular set of infiltrating macrophages may be beneficial for TBI recovery

in preventing chronic pathology.

Brain volume loss is a common consequence of both chronic and severe single
occurrence TBI*” ®®. Even a mild to moderate single occurrence injury lead to brain volume
loss particularly in more sensitive regions like the hippocampus, a phenomenon repeated in
wild type B6 mice in this study as well®”. Hippocampal volume loss is also a major pathology

70, 71
D’

of neurodegenerative diseases such as A . Chronic hippocampal volume loss is

correlated to behavioral changes and cognitive deficits in both rodents and humans®” ™ 7.
This data suggests that TREM2 deficiency may be neuroprotective in reducing hippocampal
volume loss after TBI.

TREM?2 has been thought to be anti-inflammatory and potentially beneficial and

43, 74 L .
* . However many in vivo studies have

preventing inflammatory related pathologies
obtained differing results. In an AD mouse model, TREM?2 deficient mice had dramatically
reduced numbers of peripherally derived macrophages associated with AP deposits and
overall reduced AP pathology’’. Another study found that TREM2 activation promotes the
development of chronic lung disease after a viral infection in mice®’. This study also found
that TREM2 deficiency lead to reduced numbers of infiltrating macrophages, specifically
showing that TREM2 promoted macrophage survival. Notably, in the current study, TREM2
deficiency lead to enhanced macrophage activation around the lesion, but overall reduced
macrophage activation and production of inflammatory cytokines throughout the brain at early
time points following injury. A model similar to TBI where there is ischemic damage, dead
tissue, etc is the stroke model ™76, Though, the role of TREM2 in stroke is controversial, one
study focusing on TREM2-deficient mice also showed attenuated inflammation and better

48, 77

functional outcomes . These data suggest that TREM2 deficiency may be beneficial

particularly by modulating the inflammatory state of the brain.
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Another aspect that is linked to both neurodegeneration and TBI is changes in

cognitive behavior. In this study, we see a rescue of inhibitory behavior and cognition through
y maze, elevated plus maze, and water maze in TREM2 deficient mice exposed to TBI
compared to wild type controls. Though elevated plus maze is typically used as a measure of
anxiety, naive B6 mice spend more time in the closed arms of elevated plus maze’’. TREM2
deficient mice exhibited similar behavior to B6 sham mice regardless of treatment. However,
B6 mice exposed to TBI showed an increase of disinhibited behavior, a common consequence
of TBI’® ® ®_  This suggests that TREM?2 deficiency protects against TBI- induced
disinhibition specifically seen on the B6 background. Though the fact that Trem2” mice spend
more time in the closed arms in the elevated plus maze may suggest that these mice are more
anxious, it is important to note that they exhibit behaviors similar to wild type controls and
that it is the B6 mice exposed to TBI that are different from all other groups. With water maze

testing it is common to see deficits in reference memory after TBI'**°

. In this study, we were
also able to show that wild type B6 mice exposed to TBI take significant longer to reach a
submerged goal platform compared to B6 sham mice. However TREM2 deficient mice
exposed to TBI performed just as well on this task as either sham group, suggesting a rescue
of TBI-induced cognitive dysfunction. There were largely no statistically significant
phenotypic differences between sexes, specifically for the 73 rem2”” mice. Together these data
suggests that TREM2 deficiency reduces TBI- induced behavioral changes.

Briefly, TREM2 deficiency attenuates both hippocampal atrophy and TBI induced
behavioral changes. This neuroprotection may be due to the altered macrophage response seen
acutely after TBI where there was a decrease of peripheral macrophages found throughout the
brain, but significantly found near the lesion site. Given the important role of TREM2 in

neurodegenerative disease and brain injury, additional studies must be completed to fully

characterize the expression profile of microglia and monocytes at both acute and chronic time
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points. Additional studies are needed to specifically identify which macrophage populations

express TREM2 after TBI, brain-resident microglia, infiltrating peripheral monocytes, or
both. Subsequent studies may then be designed to potentially develop therapeutic targets that
would only affect this particular subset of macrophages, instead of targeting all peripheral
macrophages that could be detrimental by promoting neurodegenerative pathologies®'. In
conclusion, this study gives support to exploring TREM2 as a potential target for therapeutic
treatment for the long-term recovery of TBI patients in reducing neurodegenerative

pathologies.
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Figure 1: TREM2 expression increases in B6 mice acutely after TBI starting at 3DPI.
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RT-pcr was completed to look at the time course of 7rem2 expression acutely after TBI in the
ipsilateral cortex. a) IDPI b) 3DPI ¢) 7DPI d) 120DPI. e) Diagram showing where images
were taken. f) DAB staining was performed on 30-micron thick coronal slices of B6 mouse
brains after 3DPI. TREM2 expression increased after a mild TBI in wild type b6 mice 3DPI
compared to shams. g) Percentage of area that showed immunoreactivity was quantified using
Image J. h) DAB staining was performed after 120 DPI to look at chronic TREM2 expression.

i) Immunoreactivity was quantified using Image J. Scale bar indicates 20pum and *p<0.05.
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Figure 2: Inflammatory cell activation increases acutely after experimental TBI in
TREM2 deficient mice compared to B6 mice near lesion. DAB staining was performed on
30-micron thick coronal slices of B6 and TREM2” mouse brains after 3DPI. a) A diagram
showing where images were taken from. b) CD45 staining was performed and images were
taken ipsilateral to the lesion. The same was done for ¢) F4/80 d) GFAP. Percentage of area

that showed immunoreactivity was quantified using Image J for e) CD45 f) F4/80 and g)

GFAP.
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Figure 3: Decrease of inflammation and peripheral macrophage activation throughout
the cortex in 7rem2-/- mice compared to B6 mice after experimental TBI. a) A diagram
showing where images were taken for inferiolateral images. b) Images were taken in the
cortex away from lesion (Inferiorlaterally). ¢) Quantifications of the inferolateral images were
taken. d) Flow cytometry was performed to look at macrophage percentage. e) The percentage

of macrophages was quantified. QPCR was performed to examine mRNA production for the
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pro-inflammatory cytokines f) tnfo g) il-1§ h) il6. Scale bar indicates 20pum and *p<0.05,

*#p<0.01, ***p<0.001.
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Figure 4: Neuroinflammation resolves in both B6 and TREM?2 deficient mice. DAB
staining was performed on 30-micron thick coronal slices of B6 and TREM2”" mouse brains
after 120DPI. a) Diagram showing where images were taken b) CD45 staining was performed
and images were taken ipsilateral to the lesion. The same was done for ¢) F4/80 d) GFAP.
Percentage of area that showed immunoreactivity was quantified using Image J for e) CDA45 f)

F4/80 and g) GFAP. Scale bar indicates 20um and p<0.05.
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Figure S: TREM2 deficiency is neuroprotective against TBI induced chronic
hippocampal atrophy. Cresyl violet staining was performed on 30- micron thick sections and
the program Reconstruct® was used to make 3D reconstructions of brains using 10 serial
representative brain sections around the lesion cavity. a) representative reconstructions are
shown in both b6 and Trem2”" at 3DPI and b) 120DPL. Abnormal cresyl violet staining was
used to measure lesion size at ¢) 3DPI and d) 120DPI. Percentage of ipsilateral hippocampus
over entire brain volume were measured at e) 3DPI and f) 120DPI. Percentage of contralateral

hippocampus over entire brain volume were taken at g) 3DPI and h) 120DPI. *p<0.05
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Figure 6: TREM2 deficient mice show less cognitive deficits after TBI and are less
exploratory. a) A schemetic is shown to describe behavioral tests done and timing. Y-maze
testing was performed at 7,30, 60, 90DPI. Spontaneous alternations at b) 7DPI ¢) 30DPI, d)
60DPI e) 90DPI Differences in arm entries are shown at f) 7DPI g) 30DPI h) 60DPI i) 90DPI.
j) Mice were tested on rotarod 3 trials a day before injury and at 1DPI, 3DPI, 6DPI, 30DPI,
60DPI, 90DPI. The average latency to fall of the rod was measured. k) Elevated plus maze
was performed for 10 minutes 31 DPIL. 1) mice were trained in visual platform 3 days prior to
memory testing. Mice were then subjected to 5 days of memory testing were latency to reach

the platform was measured. *p<0.05
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Figure 7: The effect of TREM2 deficiency may be neuroprotective compared to B6 mice
after a mild TBI. A schematic summarizing the major findings of this project. In wild type
B6 mice there is an increase of macrophage activation and infiltration acutely throughout the
brain while in TREM2 deficient mice this increase is only found near the lesion. Chronically,
there is an attenuation of TBI- induced hippocampal atrophy and a rescue of TBI -induced

behavioral changes.
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