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ABSTRACT

Traumatic brain injury (TBhaffects 1.7 millionpeople annually in the USA (Center of
Disease Contral)There is increasing evident®at individuals exposed to TBlve increased

risk of developingmultiple neurodegenerative conditions, including Alzheimer Disease. (AD)
TBI triggersa strong neuroinflammatory response characterized by astrogliosis, activation of
microglia, andinfiltration of peripheral monocyte®kecent evidence suggests thkerations

in innate immunity promot@eurodegeneration. This includes genetic studiesodstrating

that mutations infriggering ReceptorExpressed orMyeloid cells 2 (TREMZ2)s associated

with a higher risk for not only AD buinultiple neurodegenerative diseas&s. examine
whetherTREM2 deficiencyaffects pathologicaloutcomes of TBITrem2knockout (Trem2")

and C57BL/6J (B6) mice were given a lateral fluid percussion injury (FPI) and sacrificed at 3
and 120Days Post Injury (DPI) to look at both acute and chronic consequences of TREM2
deficiency. Notably, at 3 DPI1,B6 mice exposed to TBIxhibited increased expression of
TREM2 in the brain. Furthermore Trem2™ mice exposed toTBI exhibited enhanced
macrophage activation near the lesibuatsignificantly less macrophage activation away from
the lesionwhen compared to B6 mice exposedr®l. In addition, at 120 DPTrem2" mice
exposed toTBI demonstrated reducekippocampal atrophyand rescue of TBinduced
behavioal changesvhen compared to B6 mice exposed to .TBaken together,his study
suggests that TREM@eficiencyinfluences both acute and chronic responses to [EBding

to an altered macrophage response at early time poiats] 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 thalumatic brain injury (TBlyepresentsa significant risk

factor for multiple neurodegenerative diseases including Chronic Traumatic Encephalopathy
(CTE)and AL hei mer ' s '&.iSeveral mdies Havelbdumentedn increase in both

the development and onset of AfRlated neurgatholay following TBI, including the
formation and accumulation aftracellularaggregatesf the microtubuleassociated protein

tau and extracellular aggregates of tRe@myloid (AB )peptidé > “°. Notably, me
phenomenombserved in both TBI andeurodegenerative diseasesludes the activation of

the innate immune systerwithin the braiff**. This includesactivaton of residentinnate
immune cells(microglia), infiltration and activation of peripheralinnate immune cells
(monocytes)nto the brain andhe release of prdnflammatory cytokine® *#*°. 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 avast array of pathological consequences includiegronalcell death,altered
cytokine/chemokine production, tissue lossjdative stresscognitive deficits, behavioral
changes, and brain atroghy® 1%, Initially, the mechanical stress from thejury induces
primary damage includingeuronal death, shearing of blood vessels, bldwein barrier
damage, ef¢>3. However,following the initial injury, a wide variety of secondary injury
cascadegontributeto later pathological and functional impairments, including leakage
recruitmentand activatiorof monocytesas well asactivation ofmicroglia> ?*. Considerable
evidence suggests thatacrophagegderived from both monocytes and microgliaay
contribute to thephagocytosis of neuronal debas early time pointsollowing injury®® 2°,

However, continued and chronic macrophage activation and release of accompanying

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

time point&®. While normally macrophagactivationand secretion of cytokine&hemokines
regress over timehe inflammatory cascad=n become chronic in subseif patients " .

While chronic macrophage activation is obsev both in TBI and numerous
neurodegenerative diseases, the exact contribution of specific macrophage activation
pathways in neurodegenerative disease pathologies and outcomes following TBI have

remainecelusive and proven difficult to discern from caused affect

Recent genetic studies have provided evidence for a direct link between immune pathways
and neurodegeneration, including genemide association studies of AD, FTRand other
diseaseghat have revealedingle nucleotide polymorphismassociated with increased risk

for neurodegenerative diseases in a variety of genes associated with immunity, including
CD33, progranulin et *°. Furthermore, recent compelling evidence linking innate immune
pathways and neurodegeneration has been provided by studies Tigipering Receptor
Expressed omyeloid cells 2TREM2)gené>3*. Notably, TREM2 is a receptoexclusively

found on myeloidderived immune cells, including dendritic cells, monocytes, and
microglia®™ *®. Homozygousloss of function mutations iIMREM2 areassociated with Nasu
Hakola diseasén which patients develop bone cysts aggrelated dementi& *’. Finally, in

late 2012, rare heterozygous coding mutations in TREM2 were identified that are associated
with substantidy increased risk for latenset AD*¥*%. Additional genetic studies have
provided evidence that TREM2 variants are also aatstiwith FTD, PDand ALS® %2,

While these studies have provided compelling evidence linking innate imnanttyREM2,

in particular, to neurodegeneration, the exact contribution of TREMBoth TBI and

neurodgeneration remasito be determined.
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Several in vitro studies have provided evidence thsiggest that TREM2 is antk

inflammatory andpotentially linked to phagocytosisincluding studies demonstrating that
reduction of TREM2 within microglia leado increased prinflammatory cytokine release
while overexpression of TREM2 lesdo decreased cytokine productfdr®. It has been
suggested thalREM2 negatively regulasegthe toltlike receptor (TLR) pathway, a class of
proteins that plays a key role the innate immune system and inflamma&tiéh In contrast

to what have been observiedvitro, TREM2 appears tolgy divergent roles in varioua vivo
models of injury and damage both within the CNS and in the periphery. For exampl
model of strokeTrem2 mice showedess inflammatory cytokines in the brainmpared to
wild-type mic&®. However, many of these studies have provided evidence that TREM2 alters
the macrophage response, either by blocking the appeaaadgeoliferation orincreasing

the death of macrophages both neurodegenerativand infectiousmodel4® *°. Given the
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 TREMZ2 inmacrophage activation, neurodegeneration and l@hfadowing experimental

TBI.

MATERIALS AND METHODS

Mice

The Trem2" (Trem2™&OMPIVE mouse model used in this study contains a lacZ reporter
cassette knocked into the endogendream2locusreplacing exons 2 and 3 and the majority
of exon 4, making a nonfunctional proteiand is maintained on theC%7BL/6J) B6
background’. This mouse was originally generated by the tisitd Knockout Project
(KOMP). Wildtype B6 mice wee used as controls and originally purchased from Jax
laboratory and breed in house for experimentatiomimals 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 astudies, 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 approvday the Institutional Animal Care and Use Committee of the

Cleveland Clinic.

SurgicalPreparation and njury

Standard procedures were used to administer lateral fluid percussion or sham injury‘to mice
>2, Briefly, 2-monthold mice were anesthetized with ketamine (100kag)gand xylazine (10
mg/kg), weighed, and attached to stereotaxicframe. Bupivacaine (0.25%, 50ul) was
administered subcutaneousty topical pain relief Following a midline incision, a 3.0 mm
craniotomywas performed midway between bregma and lanuisiteg a trephine on the skull.

A modified LeurLoc needle hub (3.0 mm inside diameter) was placed over the exposed intact
dura and surrounded by dental acrySterilePBS was added to the hub and then sealed with

a modified syringe tip filld with cottonto limit fibrosis Mice were then returned to their
home cage to recover.wentyfour hours later, animals in the injured groups were re
anesthetizechad their seals removeahd received a moderate (1.0 aifrpressurglevel TBI

using the Amscien ingument FPI deviceAnimals in the sham group were-aeesthetized

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 obsevationand analysis as described

Primary Antibodies
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The following antibodiesgainst inflammatory markexgere utilized sheep polyclonal anti

TREM2 (R&D Systems catalog number AF1729 rat monoclonal aCD45 (Serotec
catalog number MCA1388, clone IB2/16); mousemonoclonalant-F4/80 (Seroteccatalog
number MCA497 clone CI: A3-1); rabbit polyclonal antglial fibrillary acidic protein

(GFAP, Sigmacatalog number G4546

Immunohistochemistry

Mice were deeply andsttized with ketamine (100 mg/kg) and xylazine (10 mg/kg) and
perfused with sodiurbased 0.1MPhosphate Buffer (PBpH 7.4) Brains were collected and
dropfixed in 4% paraformaldehyde in PB. Afterains were left irffixation for 24hrs brains

were cryopotected in 30% sucrose. Brains were embedded in optimal cutting temperature
(OCT) compound, and frefdoating 30um coronal sections were collected and stored at 4°C
in PBS with .05% sodium azide to prevent microbial contaminatioMNj&inobenzidine
(DAB; vector solutions staining was performed first by boiling samples at®mh 10mM
sodium citrate. Endogenous peroxidases were then quenched by incubating sections in 1%
H,O, in phosphatebuffered saline (PBS)for 30 min. Sections were blocked in 586rmal
goatserum(NGS)/0.3% Triton X100 in 1x PBS at room temperature for 1 h. Sections were
then incubated with primary witie following dilutions: TREM2: 1:100; CD45 1:500; F4/80
1:500; GFAP 1:500; all incubated at 4°C overnight. Sections were waskettien 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) readentl hour at room
temperature followed by DARintil a brown reaction was observeSections were then
mounted with Permount (Thermo Fisher Scientifl@ymunoreactivity was measured using

threshold difference througimageJ. The percent of the arethat was covereavith DAB

8
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immunoreactivity was measured and analyzed using prigsh@e the percent area covered

with immunoreactivity was compared between all groujs.investigatorblinded to the

conditions of the experiment scored all imagas6 miceper group for all IHC experiments.

LesionAnalysis

Sections traversing the lesion cavity freh20 to-3.50 mm from bregmaere stained with

.1% cresyl violet for 1-2 minutes Slides were therwashed with PBS (2x 5 minand
dehydrated as done for IHCSlides were then scanned into a computer using Quickscan via
Pathscan Enabler ItMeyer instrumentsand stacks of the sections were made uBimage J
(NIH). The stacks were imported to Reconstrust@tware (SynapseWebjJor volumetric
analysis and 3Dreconstructiorf’. First, the entire coronal section was outlined. Then the
lesion cavity defined asany cavitatio, or cellular disruption(abnormal cellularspacing,
discoloring of cells within that region compared toahliby tissue, etcfound in theright
hemispheren the parietal associatamrtexwas outlined and a percentage ratio to the entire
coronal section was calculated and compared across gfexpstimenters were blinded to

the conditions and genotypes of 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 un¥dpart).
per group forall groupsat 3 DPI. N=6 for B6 andTrem2" sham groups and n=5 for B6 and
Trem2™ mice exposed to TBI groups 20 DPI time pointsOneB6 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.

gPCR
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For analysis of TREMZ2IL-1 B, T N F-& mRN& tedels following TBI,dissectedrains

were flash frozen using liquid nitroge and be entire ipsilateral corteltomogenized in 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and1:100 protease inhibitor cocktail in PBS.
RNA was isolated using chloroforextraction, purified using Purelink RNA Mini kit (Life
Technologies), andgenomic DNA removed viareadament with DNase Purelink (Life
Technologies). cDNA was prepared from 1.5 fogal RNA using a QuantiTect Reverse
Transcription kit (QIAGEN)and reattime PCR performed for 40 cycles with the StepOne
Plus Real Time PCR system (Life Technologies) udingm2 i | 1 and il6tTagkdn ,
probes (Life Technologies). Relative changes in gene expression were determined using the
A /T method.N=3 per group was used fdrem2time coursestudyin B6 mice. N=5 per

group for all other experiments.

Flow cytometry

Mice were perfused, kains removed chopped and digestadsing the Macs Neural tissue
Dissociation kit(Miltenyl Biotec) at 3 DPI and subsequegpercoll gradiens (30% percol[GE
healthcarg 10% FBS)was use tqurify myeloid cellsand incubated to antibodies augti
Cd11lb and CD45Cells were gated on Cdbt and Cd45+CD45""Cd11b+ cellswere
defined as macrophages and CI¥BD11b+ as resident microglian=4 for B6 and Trem2"
shammice, n= 6 for B6 exposed taBl, andn= 5 for Trem2" mice exposed tdBI.
BehavioralAnalysis

Rotarod

To assessmotor coordination andloconotion, the accelerating rotarod (Rotarm&x
Columbus Instruments, Columbus, OH) wailized™. Each mouseeceived baseline training
before surgical preparation amehs assesseat 1, 3, 6, 30, 60, and 90 DPRod rotations

increased from 4 to 30 rotations per minute (RPM) during &aebminute trial An average

10
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latency to fallover three trialavas calculated for each testing day and compaoedssall

groups.n= 12 for all grops.

Y-Maze
The Y-maze is a standard behavioral test used to assess spatial working memory. Each mouse
was placed in th&-maze and manually scored for spontaneous alternations (the sequential
entry of all arms before entering another arm) and entrieS™*°. Each mouse was tested at

7, 31, 61, and 9DPI. 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.12 for all groupsOne mouse was
excludedfor analysis at 91 DPh the Trem2" exposed to TBI for not entering more than 3

ams, a requirement to determine ap®ntaneous alternation.

ElevatedPlus Maze

Alterations in inhibition and exploratory behavieere examined vialevated plus maza 31
DPIP"%8 Mice were placed in the center of the elevated plus mazthatatency to enter all

arms as well as time spent in all arms were measured using EthoVision XT (Noldus) video
tracking softwaravhere a mouse was considered in an arm if its entire @faaip nose to the

beginning of the tailjvas in the arrif. All trials were 10 minutes long= 12 for all groups

Morris Water Mae

Finally, to examine spatial learning and reference memory, the visual and hidden platform
versions of the Morris water maze wertlized at110 DPf °°. Procedural learning was
assessed through visible platform training, which required mice to complete four trials a day
over three testing days. ubing visible platform trainingthe circular pool was filled with

waterto a depthapproximately 0.5 cm belowhe top of the goal platformA visual cue

11
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(plastic syringe [no needle] colored black with a red piece of tape tghevas placed on the

platform to attract the animial attentio®”. Mice were place in the pool fromone of four
start locations and given 60 seconds to locate the platform. The location of the platform and
thestart location changed between every trial for every mouse. Micelgfeom the platform
for 15 seconds before being removed from the jpgaihe investigatorMice unableto find
the platform in 60 secondgere guidedo the platform where they remained for 15 seconds
before being removed from the pool.

Next, in the hidden platform version of the take 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 pwsiof the platform
between trials and testing days to successfully complete the task in the shortest period of time.
Mice were placed inhe pool from one of four start locations and given 60 seconds to locate
the platform. The start location changedwsxn 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 secondwere guidedo the platform by the investigatarhere they remained
for 15 seconds before Img removed from the poolhe latency to find the platform was

measured at all days and compared between days and between mgralg$or all groups

Statistics

For experiments with only two groupsarticularly 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 ofwgy2analysis of

variances (ANOVAs)vere perfomed to measure significancsing Prism (GraphPad). Post

12
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hoc testcorrectirg for multiple comparisonsvasused to compare individual groups to each

other using QuickCals (GraphPalitp://graphpad.com/quickcalcs/posttestl.ctim <0.05,
**p<0.01, ***p<0.001. Bonferroni post hoc test was used to correct for repeated measures in
rotarod, ymaze and, water maz€omparisons and significan@e shown between mice
exposed to TBI groupsompared totheir respective shams and between bgdmotypes

exposed to TBI.

RESULTS

TREM2 Expression Increases Acutely after TBI

Given that TREMZ is implicated in neurodegenerative diseagbsincreased expression in
both human AD and mouse models of AD, we predicted TREM?2 expression would
increase after TBl. We previously reported that TREM2 expression (as detected by
immunohistochemistry) increased following a moderate experimental &BBDPF°,
Previously published work also confirms that macrophage infiltration and activation begins to
peak at 3DPP. Therefore, we selected 3 DPI as the optimal time point to characterize the
expression of TREM2 on central and infiltrating celll the curent study, animals were
exposed tdateral FPland examined for altered expression of TREM2 by IHC for TREM2
protein and RTPCR for TREM2 mRNA.A time course was done to look at the acute
expression of TREM2 after TBI using RJPCR. There was no increaseTREM2 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 (Figucg T@ follow this result,
immunohistochemicaltgaining was performed on 3fn thick coronal slicessolated fromB6

mice at3 days following TBlusing antibodies against TREM2Notably, TREMZ2staining

was elevated in the TBI group and quantificattemealed thathere was significantly more

TREMZ2 immunoreactivityin TBI mice compared to sham micgFigure ¥ and 9. By

13
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contrast to the findings at 3 DPI, TREM&xpressiorievels weregreatly reducedt 120 DPI

both using IHC and RTPCR (Figure 1d, h).iTaken togetherhis datasuggestshatTREM2
expression increasacutelyafter TBI butreturns to near baseline levalschronic postnjury

time points.

TREM2 Deficiency Increases Macrophage Accumulation Near the Lesion at 3 DPI

Given that TREMZ2 is implicated ineuroinflammationand our results demonstrating that
TREM2 expression levels increase at early tpo@ts following experimental TBI, we next
examinedif TREM2 deficiency would affect the inflammatory profile of miegposedto
TBI. IHC was utilized to assess the accuntiola of macrophageandastrocytesn the brain

in both Trem2~ and B6 nice at 3 DPI. Antibodies agains€D45, a common marker for

leukocyteghat is expressed at high levels on peripherally derived macrophages and expressed

lowly on brain residenmicroglia F4/8Q a markerspecificallyfor macrophages, and GFA®
marker forreactive astrocytewere usedThere was a significant increase in CD45 positive
staining in theTrem2™ compared to their wild type counterpateral to thdesion includng
the lesion Figure 2b and)e Trem2™ mice showed significantly more positi#&/80staining

in this same brain regioat 3DPI compared to their wHtype counterpartéFigure 2c and)f

Regardless of genotype, brain injured animals demonstrated increased CD45 and F4/80

stainingnear thenjury site conpared to sham animals (Figure 2b, c,)e,The GFAPstaining
revealed enhanceabtrogliosis in both TBI groups compared to their respechamsn the
same brain region lateral to the lesigigure 2d and gy However, there were no significant
differencesin GFAP stainingbetween the'rem2” and B6 mice exposed tdBI groups at 3
DPI. These IHC experimentdemonstrate¢hat there isncreasd staining for macrophage
markersnear the lesion ofrem2” mice exposed to Bl compared to wild type counterparts

independent of bratmjury 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

Trem2" mice*® °

, Which prompted us to examine sitéistal to the epicenter of primary
cortical damage Notably, IHC with antibodiesagainst F4/80 revealed that there was
significantly more F4/80 staining in B6 mice exposed to TBI comparefirém?™ mice
exposed td'Bl in a locationinferiolateral to the lesiomwithin the ipsilateral cortex~igure3b
andc). In fact, Trem2” mice exposed to BI did not exhibit statisticallysignificart increases

in F4/80 staining when compareddbams.Taken togetherhis dataprovideevidencefor an

altered macrophage response in Tniem2” mice based upon the distance to the injury that

could be due to alterations in macrophaggration or survival

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

To further examine the effects ®REM2 deficiancy on specific macrophageopulations
following TBI, flow cytometry wasutilized. As IHC staining withspecific antibodies is
notoriously unable to reliably differentiate between macrophages derivednfiioroglia
versus monocytes, flow cytometry allo@smore 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 beeunsed in multiple studies to distinguish these two macrophage
populations within the brain, namel@D45°“Cd11b+ cells derived from microgliaand
CD45"9"Cd11b+ cells derived from monocyt&&’. Notably, flow cytometry at 3 DPI,
revealed that thpercentage o€D45""Cd11b+macrophages in th&rem2" mice exposed

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

15
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significantly less peripherally derivedatrophages then those residdatived Figure 3d

and ¢. gpCr was also performed to look at inflammation and activation of irensefis in

the brain. There was significantly lessn prdgluction inTrem2™ mice exposed to TBI was
compared to their wild type counterpafagure 3f) These levels weraot significantly
different then either B6 sham miae Trem2" sham mice groupsThere was also no
significant increase iit6 ori | ih Brem2 mice exposed to TBI comparedToem2” sham

mice while there was a significant difference in B6 mice exposed to TBI compared to their
respective shams (Figure g and fhis data suggestthat TREM2 is importantin the
peripheral macrophage resporaier TBI since there are comparatively less peripheral
macrophages ifrem2" mice brains exposed to TBInd 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 thathmnic activations of the innate immune
systemsis a featureobservedin a wide variety ofneurodegenerative diseasese next
examing the effects of TREM2 deficiency at chronic time points (120 DPI) following. TBI
Notably,andunlike what was observed at 3 DIRb significant differencewere observed in

CD45 IHC stainingoetween any of the groups 120 DPllateral to the lesioimcluding the

lesion regardless of genotype or treatmehig(re 4 ande). F4/80 IHC revealeda similar
patternin stainingwhere there were no differences beeén any of the groups at 120 DPI
(Figure £ andf). Finally, GFAP stainingevealed reactive astrocytiesboth Trem2~and B6

mice exposed tdBI when compared to sham controishe region near the lesigRigure 41

andg). These results suggest that macrophage activation patterns observed at 3 DPI, largely

haveresolvedat 120 DP) particular inTrem2™ mice exposed to TBI.
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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 structurdhetseacute and chronic time point£resyl violet
staining of the brain was utilized to examine the volume of specific brain structatesee
dimensional reconstructions. All volumetric measurements were expressed relative to the
entire brain volume in ordeotcorrect forinter-individual braindifferences Hippocampal
volumewas assessanh 10, representativ80-micron brain sections At 3 DPI, reconstruction
analysis revealedhere were no significant alterations in ipsilateral and contralateral
hippocampalvolumes or lesion volumebetween the genotypes (B6 versubrem2) or
experimental groups (TBI versus sharigure 5c, e, g).By contrast, at 120 DPI, while B6

mice exposed to TBI exhibited a significadecrease in contralaterand ipsilateral
hippocampal volume relative to B6 shams, no significant alterations were obsefrechizi

mice exposed to TBI when compared to either Brem2" shamgFigure 5 and h) Though

both groups exposed to TBI had a significant increase of lesion véhsmeompared to their
respective shams, there was no genotype differérmpure ). In summary, TREM2
deficiency had no detectable effects o#lative brain volumes at an acute time point, but

resulted in reduced hippocampal volume loss at a chronefbint

TREM?2 Deficiency Ameliorates Behavioral Alterations Associated with TBI

TBI and sham mice aging to the chronic piogtiry time point completedh variety of
behavioral assessmts, which provided functional outcomes measures to correlate with
injury-induced histological changésee Fig. ). First, 6 examinespatial working memory,

the Y-mazewas performed at 730, 60, 90 DPI. Botlthe spontaneoualternationratio
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(animals entering the three separate arms consecutively over the totar miiraba entries)

andtotal number of arms entered were measuxedably, TREM2 deficient mice exposed to
TBI exhibited a reduced number of arm entriealbpostinjury time pointscompared tdB6

mice exposed to TB(Figure 6fi). B6 brain injured mice demonstrated a significant reduction
in the spontaneous alternation ratio at 90 DPI comparBé shams which was not observed
betweenTrem2™ mice exposed to TBand sham injured mic@Figure 6¢. Together, these
data suggest thafrem2™ mice were protected from brain injury induced spatial working
memory deficits; howeveperformance may have been compromised by a unique motor or

anxiety phenotype

To examine whether alterations in arm entries observed in-@2¢ could be due to motor

defictis t he rotarod (a test of an animal’s abil
utilized. Importantly, no significant differences were obserwedrotarod performance
between groups any time point(Fig 6j). To identify potential anxietyelated deficits
following TBI, the elevated plus maze was completed to charactexgeratory behavior
and/or inhibition Previous studies report that inased 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 micehere subjects willake more risks or be impulsiv&®*®. Though rodents

will typically spend moreime exploring the elevated plus mamajve B6 mice have been
shown to spend a majority of time in the closed *ArtWe observed thaTrem2™ mice
exposed td Bl spentsignificantlymore time in the closed arocompared to B6 mice exposed

to TBI and acted similarly to both sham grou@psgure 6K. This suggests that TREM2

deficiency protects against TBI induced disinhibition

18



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

This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The fina published version may differ from this proof.

Page 19 of 46

19
Finally, to examine spatial reference memory, mice were tested in the visible and hidden

platform version of the Morris water maze beginning at DED. In the visual platform
version of the task, mice were trained to swim tgoal platform identified by a visual cue
over 4 training trials per dapr three day¥. Notably, both B6 an@rem2” mice exposed to
either sham or TBI didiot 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 veatisind the swimming pool As
expected, in the hidden platform version of the task, thexesignificant impairment in the
latency to find the platform between the B6 mice exposed toahBsham controlgFigure

6l). By contrastTrem2" mice exposed to TBI did not exhibit any significant differences in
latency to find the platform when compared to either BErem2” sham control{Figure 6l).
Taken together, this data suggest that TREM(ficiency 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 di¢&ases
Both acute and chronic outcomes must be studied to determine the exadBIrateluced
neuroinflammationmay play in the devefament of neurodegenerative pathologiks this
study, acutely after TBI a) TREM2 expression incredaethe brain of B6 micexposed to
TBI b) TREM2 deficiencyaltered the macrophage response in a spatially dependent manner,
with increased activation neghe lesion site and decreased activation at a distal loagtion
TREM2 deficiency resulted in a reduc@doportion of peripherally derived macrophages
recruited to the braifollowing TBI and decreased the production of inflammatory cytokines

Chronically after TBI, a) macrophage activation substantially dedlinebrain injured mice
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regardless of genoty® Trem2™ micehadless hippocampal volume loss after TBI compared

to theirwild type counterparts) Trem2"™ mice displayed rescue of Bl-induced disinhibition

and deficits in spatialmemory. These data suggest that TREM2 plays a role in the
macrophage responseutely after TBI and promotes volume loss of sensitive regions of the
brain and behavioral deficits after TE&lee Figure )

Increasing evidence implicates the macrophage response as a key mediatpr in lo
term outcome following TBI. Clearly distinguishing between resident derivesd
peripherallyderived macrophages hhsen a challenge in the field. One method using flow
cytonetry as discussed before €D45°"Cd1lb+ cells derived from microglia and
CD45""Cd11b+ cells derived from monocyt&&®. However, depleting a certain set of
macrophages to look at pathological outcomgiangCD45°"Cd11b+versus CD45""Cd11b+
is inefficient and challengingOne method of overcoming this problem is Histinguishing
resident macrophages usi@X3CR1, a receptor involved in adhesion and most commonly
found on resident microglia, and peripherally derived nmaltages using CCR2, a receptor
needed for the chemotaxis or migration of peripheral macrophages/mono€@#R2 has
been shown to be particularly important in TBI patholdggr example, CCR2+ macrophages
were foundto form around the hippocampus after ¥Bl Another studyshowed that
impairing macrophage infiltration usinGCR2 deficient miceis beneficial for TBI recovery
and cognitive outcomafter TBF’. Though TREM2 isexpressed irboth microglial and
monocytic derived macrophages, TREM2 deficiency significantly decreased the presence of
peripherally deriveanacrophagei the brain of an AD mouse mod®l In this studyTrem2”
mice exhibiteda decrease iperipheralmacrophage after TBI throughout the brainand
chronically lesshippocampal 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 aftet, Tids study helps support thdea
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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 TBP ®8. Evena mild to moderate single occurrence injury lead to brain volume

loss particuldy in more sensitive regions like the hippocampuphenomenon repeated in

wild type B6 mice in this study as W&l Hippocampal volume loss is alsarajor pathology

of neurodegenerative diseassuch as AB' "*. Chronic hippocampal volume loss is

correlated to behavioral changes and cognitive deficits in tmtentsand humarf§ "> 3.

This data suggests thAaREM2 deficiency may be neuroprotectivergducinghippocampal

volume loss after TBI.

TREM2 has been thought to be amtilammatoryand potentially beneficial and
preventing inflammatory related patholodies®. However manyin vivo studies have
obtaineddiffering results. In an AD mouse modd@REM?2 deficientmice had dramatically
reduced numbers operipherally derivedmacrophages associated with3 Aleposits and
overll reducedAp pathology®. Another study found that TREMactivation promotesthe
development othronic lung disease after a viral infection in Mic&his study also found
that TREM2 deficiency lead taeduced numbers dhffiltrating macrophages, specifically
showing that TREM2 promoted macrophage surviMaitably, n the currat study, TREM2
deficieng/ lead to enhancedmacrophage activation around the lesibat overall reduced
macrophage activaticend production of inflammatory cytokindwoughouthe brainat early
time points following injury A model similar to TBiwhere there isschemic damage, dead
tissue, etds the stroke modé€P “®. Though, the role of TRERIin stroke iscontroversial one
study focusing onTREM2-deficient mice also showed attenuated inflammation and better
functional outcome®® "’. These data suggest that TREM2 deficiency may be beneficial

particularly by modulating the inflammatory statiethe brain.
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Another aspecthat is linked to botmeurodegeneratioand TBI is changes in

cognitive behavior. In this study, we see a rescue of inhibitory behavior and cognition through
y maze,elevated plus mazeand water mazen TREM2 deficient mice exposed to TBI
compared to wild type control§hough elevated plus maze is typically used aseasure of
anxiety,naive B6 mice spend more time in the closed arms of elevated plus maREM2
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 TREM2 deficiency protects against- Tisduced
disinhibition specificallyseen on the B6 background. Though the factThatn2” mice spend
more time in the closed arms in the elevated plus maze may suggest that thesre mioee
anxious, it is important to note that they exhibit behaviors sinulavild type controls and
thatit is the B6 mice exposed to TBI thatedifferent from all other group&Vith water maze
testing it is common to see deficits in reference memory afte¥BIn this study, we were
also able to show that wilgyge B6 mice exposed to TBake significant longer to reach a
submerged goal platforrmompared to B6 shammice However TREM2 deficient mice
exposed to TBI performed just as well on this taskeither sham group, suggesting a rescue
of TBI-induced cognitive dysfunction There were largely no statistically significant
phenotypic differences between sexes, specifically foffteen2” mice. Together these data
suggestthat TREM2 deficiencyreduces TBlinduced behavioral changes

Briefly, TREM2 deficiencyattenuate®oth 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 decrezgegeripheral macro@yes found throughout the
brain, but significantlyfound nearthe lesion siteGiven the important role of REM2 in
neurodegenerative disease and brain injury, additional studies must be completed to fully

characterize the expressiprofile 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 REM2 after TBI, brainresident microglia, infiltrating peripheral monocytes, or
both. Sibsequent studies may then be designgubtentially develop therapeutic targets that
would only affect this particular subset ofmacrophages, instead of targeting @@ripheral
macrophages thatoald be detrimentaby promoting neurodegenerative pathdésy. In
conclusion, this study gives support to exploring TREM2 as a potential target for therapeutic
treatment for the longerm recovery of TBI patients irreducing neurodegenerative

pathologies.
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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 timimaz¥
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j) Mice were tested on rotarod 3 trials a day before injury and at 1DPI, 3DPI, 6DPI, 30DPI,
60DPI, 90DPI. The average latency to fallthe rod was measureR) Elevated plus maze

was performed for 10 minutes 31 DBImice 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 measurep<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 infiltiediaely throughout the
brain while in TREM2 deficient mice this increase is only found near the lesion. Chronically,
there is an attenuation of TBinduced hippocampal atrophy and a rescue of -Tigluced

behavioral changes.
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