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Abstract

There is growing evidence that suggests Traumatic brain injury (TBI) mayerdragterm
neurodegenerative processes. Exposure to a single moderate off&lyeneto repetitive

TBI, reveals a complex of pathologies including abnormalities of tau, ardyloica n d¢ T D |
43; neuronal loss; neuroinflammation; and white matter degradatio®.nfechaisms

driving these late posiBI neurodegenerative pathologies remain elusive.

Firstly, a potential association between bldwdin barrier (BBB) disrujion and TBI was
investigatedResults showed that increased and widespread BBB disruption was dbserve
in material from patients dying in the acute phase following a single, moderate to severe TBI
and persisted in a high proportion of patients surviving years following injury. Furthermore,
there was preferential distribution to the deep layers of thexcarid to the crests of the gyri
rather than the depths of the sulci. This pid3t BBB disruption was investigated further
within a paediatric TBI cohort. BBB disruption was noted in both paediatric and adult TBI
in a similar pattern and distribution, hewer, interestingly, in sharp contrast to adult TBI
cases, BBB disruption in paediatric cases appears preferentially distributed to capillary sizec

vessels. This vulnerability of the small vessels was rarely observed in adult material.

In addition to the pst TBI vascular change observed, the cellular response was investigated,
which interestingly, demonstrated regional differences. Specifically, in the grey matter,
reactive astrogliosis was obsenaabpially, around cortical vessels, at the grey and white
matter boundaries and subependymally. This astrogliosis was evident in a proportion of
acute and continued into the late phase following TBI. In contrast, microglial activation was
observed as a delayed response and localised to the white matterriraddition, this
delayed microglial response expressed anliki phenotype. Furthermore, there was an
increased population of inactivated perivascular microglia beyond the perivascular space ir
the grey matter regions, observed in the acute phase asist@ein a proportion gfatients
surviving years following injuryCollectively these findings are interesting and indicate TBI
induces both a vascular and cellular responses which may contribute to tterformpst

TBI neurodegenerative processes.



Table of Contents

Y 015 1 > T SRR PPUPUPPRRR 2
S 0 =1 ] PP PPRPUPPPPRRR 1.
S 0 ) T T = RR 8
Publications arising from thiS theSIS.........uuuiiiiiii e 10
List of Accompanying Material..............ooiiiiiiiiiimam e 12
y o LoV =T o =T 0 0= P 13
Aut hor 0s .De.c.l.ar.al l 0. e 14
F Y o] o] =3V = 11 0] o O 15
Chapter 1 INTTOQUCTION.......eeeiieiiiiiiiiiie et eeme e 17
1.1 Traumatic brain injury and dementia..............ceeviiiiiiieemieiiiieiieeeeeeee e 18
1.2 Chronic traumatic encephalopathy...........ccuuuiiiiiiimemiiiiieeee e 20
1.3 Macroscopic Neuropathology........ccceveeeeeeiiiiiieeee e 20
1.4 Microscopic NEUroPatNOlOgY..........uuuuiiiiiiiiiiiieeeiiiii e 21
0 I USSP 22
141 AmMYy | OB 25
1.4.2 Transactive response DNBINAING Protein.........ccccvvveeeeeiiiiiiicccniieeeeeeen, 27
1.4.3  Neuroinflammation.............ooiiiiiiiiiiiire e 28
1.4.4  ASITOCYLIC FESPONSE......cceeeiiiieeeeeetitemme e eeee e e e as 30
O [T 0[] = | [ 1R 31
1.4.6 White matter degradation and continued axonal degeneration........... 32
1.4.7  Blood-brain Darfier...........ueeeeiiiiiiiii e 33
T € 1= =1 013U SUPSRRN 35
1.5.1 APOEand traumatic bBrain iNJULY..........cceeiiiiiiiiiiiieeneeeeeeeeee e 35
1.5.2 Neprilysin and traumatic brain injury............ccccceeeiiiiiiceceeeevvceee e 36
IR TR T |V A = SRR RS PRR 37
1.6 HypOotheSES and @IMLS..........uuuiiiiiiiiiiiiieeeiiiiee e 38
2  General Material and Methods..........cccuuuviiiiiiieeeiiiiiieee e 39
2.1 Ethical approval for use and source of human tiSSUe............cccevvvvieemnnnnns 39
2.2 Studies using poshortem Drain tiSSU.............uuuuuiiiieiiieeeiiiiiiiieeeeeeeeeeeeeeeean 39
2.3 Tissue preparation for immunohiStoChemistry............cceeeieiiiieemeeiiiiiice e, 40
2.4  Statistical analySiS.........couuiiiiiiiie e 41

3 Bloodbrain barrier disruption is an early event that may persist for many years after
TraUMALIC DIrAIN INJUIY e e e nmmr e e e e e e e et e e e e e e aenneeennes 42
I 200 N [ 10T [ Tod 1 o] o VP 42
3.1.1 Blood-brain barrier disruption in diSease..............cccuvvrrrimmmniiiiiirininnne. 42

3.1.2 Blood-brain barrier disruption after TBI...........cccoooiiiiiiiiiccciiiii e 43



4

3.2 SPECIfIC MENOAS ... ..o e e e e e e 45
3.2.1 Case selection and brain tissue preparatian....................eccceeeeeeeennns 45
3.2.2  Routine hisStology.......ccccoviiiiiiiiiiimmreeeeees e T
3.2.3  ImmuUNONIStOCNEMISTLY.......coiiie e 47
3.2.4 IMAge ANAIYSIS......cooiiiiiiiiii e e e e e e 47
3.2.5 Statistical @analySiS.......cccoeeiiiieeiiiiiiiieeei e 48

G R T o L= 1] U | YRR 50
3.3.1 FBGimmunoreactivity in CONtrol groUp.......ccevvveeereiiiiiiiiccceeeeeeeeeeeeene S0
3.3.2 FBG immunoreactivity in acute TBI survival..............cccceeeiiiiecenvnnnnnnns 50
3.3.3 FBG immunoreactivity in intermediate TBI survival...................cevveeee. 54
3.3.4 FBG immunoreactivity in longerm TBI survival................ccccvvviiiieennns 55
3.3.5 IgG immunoreactivity in all groupS.........ccccceeeiiiiie e 55
3.3.6  Association of BBB disruption with TBassociatd pathologies.............. 56

S I 1= od 151 [0 o USRS 58
I A o (o3 01 (o OO UUPPPPPUPP PR 62

4 Blood-brain barrier disruption is a distinct, capillary level pathology following
paediatric traumatiC Brain INJUIY..........ouiuiiiiis e eerer e eeeaeaan) 63

vt R [ 011 0T 0T o o PP UU P PP UP SRR 63
4.1.1 Second impact SYNAIOMIE.........cccuuuuiiiiiiiiireeriiiebbneeee e e e e e eeeereeeeeeees 63
4.1.2 Cerebral blood flow alterations in TBI.............cooviiiiiiimmmnniiiiiiiiinnnd 64
4.1.3 Diffuse brain SWelliNG...........uuuuuiiiieii e eeerer e 64

4.2  Material and MethOdS.........uuuiuiiiiiii e e 66
4.2.1 Case selection and brain tissue preparation..............cccoeeeeeevvvvvnnnnnnn. 66
4.2.2 Haematoxylin and e0oSin StaiNing........ccooeeeeeeeiiiiieeeieiee e 67
4.2.3  ImmUNONISTOCNEMISTLY.....coiiiiiiiit e 67
4.2.4  Analysis of immunohistochemical findings............cccccvviiiiieeciiiiiiieneen. 68
4.2.5 Statistical analySis..........ccooiiiiiiiiiiiiee e 70

2 T =S | S 71
4.3.1 Evidenceof BBB disruption in paediatric TBI compared with controls..71
4.3.2 Evidence of BBB disruption in paediatric TBI compared withlad@Bl .....73
4.3.3 BBB disruption is a capillarevel pathology in paediatric acute TBI....76
4.3.4 Association of BBB disruption with focal TBI pathologies.................... 79
4.3.5 Brain swelling and BBB diSTUPLION...........ccoiiiiiiieeeeicceciccieeee e 79

N I 1= o1 1 11 o o 82
2 o R o ] o [ 1] o] o U 84

5 Cortical atrophy and vascular changes following TBI...........ccccccooeiiieeeniiennnnnnn, 86

S 00 R |1 0T [ Tod 1 o] o VP 86
5.1.1 Cortical @trOPNY......ceeeiiiiiiiieeee e 86
5.1.2  VaSCUIAr DENSIY....uuuiiiiiiiiiiii et e e enme et e e e eaanaes 87



5

5.1.3  Collagen DePOSItION.........cccoiiiiiiiiiiiiiimemee ettt see s 88
5.2  Material and MethodsS.........couuiiuiiiiiiiei e 90
5.2.1 Case selection and brain tissue preparatian..................cccoceeveeeveeeennns 90
5.2.2  LUXOI FASt DIUE.....ccoiiiiieeeeii e e Q0
5.2.3  ImmuNONIStOCNEMISTLY........coiiiiii e 92
5.2.4 Statistical @analySiS........ccceviiiieeiiiiiiiieeeie e 94
5.3 RESUILS .ottt re e e e e et ————— e aaeeaerne 95
5.3.1 Cortical thickness of TBI cases compared with controls.................... 95
5.3.2  VaSCUlar AENSItY.....uuueeiiiiei i e e e ceeeii e eeee e e e e e e eeanaennnaes 97
5.3.3  Collagen dePOSItION......ceiiiiiiiiiiiieiei e 101
ST B 1T ol 1 K51 [0 o PSSR 107
5.4. 1 CONCIUSION .. .uuiiiiiiiiiiiiiiiii it ceeeti ettt et e e e e e e e e e e e s e e e e e e e e e e e e e e e s s s s a s nanns 110
6 The glial response following traumatic brain iNjULY........cccccveeieeiiiiecneeeieneenn. 111
00 R [ 1 0T [ Tod 1 o] o 111
6.1.1 Astrocytic Response following TBI.............uiiiiiiiiicccicieeee e 111
6.1.2 Microglial responséollowing TBI .............c.cuvviiiiiiiiiiieeeiiiiiieeeeeeeeeee e 112
6.2 Specific Methods and MaterialS...........coooooiiiiiiiiccc e 114
6.2.1 Case selection and tissue preparatian..............cccoevvieeeeeeeeeeieeeeeeennnnns 114
6.2.2  ROUtINE HISTOIOGY......ceiiiiiiiiieiiee e e 116
6.2.3  ImMMmuUNONISTOCNEMISTLY........oiiie e 116
6.2.4 Analysis of immunohistochemistry.............ccccoeiviiiiieeee e, 117
6.2.5 Statistical analySiS..........coooriiiiiiiiiiiic 119
TR T L= 2] U | USRS 120
6.3.1 TBI precipitates an acute, persisting and stereotypical interface astrogliosis
120
6.3.2 Association of astrogliosis with TEBissociated pathologies................. 124
6.3.3 The microglial response is largely localized to white matter after.TB124
G I 1= o] 1 517 [0 o SRR 131
0t R 0T [od [V o o 1SS 134
7  Chronically activated perivascular microglia expressIM@ phenotype in white
matter tracts fOllOWING TBL.........oooiiiii e 136
4% T | 0T [T £ o o PP PPPRPPUPRN 136
7.1.1 Microglia in neurodegeneration.................couuvuviimmmeeeeeeeeeeee e 136
7.1.2  MICIOGlia iN TBI .ttt e e 137
7.1.3 Perivascular microglia and BBB..............c.ccoiiiiiiieiee i 138
7.2  Materials and MethodS........cooooeiiiiiiiiieee e 140
7.2.1 Case selection and brain tissue Preparation...............ccccceeeeevvveeeenen. 140
7.2.2 IMmMUNONIStOCREMISILY..... oo i 142
7.2.3 Analysis of ImmunohisStoChemISLY...........ccuvviiiiiiiiiieemr e 142

7.2.4  Statistical analySiS..........ooouiiiiiiiiiiie 144



7.3 RESUILS ..ottt e e e e e et ettt eeeerane 146
7.3.1 Extent,morphology and distribution of CD14 and CD163 immunoreactive
microglia in the white matter...............cooo i 146
7.3.2 Extent, morphology and digpution of CD14 and CD163 immunoreactive
microglia in the grey Matter............uuiiii e 151

A B 1= od 1 517 [0 o P PRRSRR 156
430 R o [od [V o] o PSSR S 158

8  Concluding REMAIKS.........coviiiiiiiiiii e erenr e e e e e e e e e e e e eaes 159

8.1 SUMIMIAIY.. .ttt e et e e e e e e e e eb e e e e e e een s amen e e e 159

8.2 Vascular Response following TBIL.......cooooiiiiiiiiiiiiee e 159

8.3 Cellular response following TBl.........coooiiiiiiieeiiii e 161

Appendix 1 Ethical APProval.............eeeiiiiiiiiiieeeii e 167
Appendix 2 Full Cohort and demographiCs..........cuuiviiiiiiiiieeceeeeeeee e 170
Appendix 3 List of ANtIDOAIES..........ccooiiiiiiieeee e 171
Appendix 4 Copies of Publications in print and accepted...........cccccovvviiccceeeeeeeenn. 172
APPENTIX 5 PEIMISSIONS......coiiiiiiiiiiiititeee et eeeees e e e e e e e e e e e e e s eemmes 227

LISt Of RO EIEINCES ... e e e et 231



Li st of Tabl es

TABLE 1 HYPOTHESES AD AIMS ... 38
TABLE 2 DEMOGRAPHICAND CLINICAL INFORMATION OF ALL GROUPS...........ccccvviieeee, 46
TABLE 3 DEMOGRAPHICAND CLINICAL INFORMATION OF ALL GROUPS............cocciie 67
TABLE 4 PATHOLOGIESOF ALL COHORTS ...ttt 80
TABLE 5: DEMOGRAPHICAND CLINICAL INFORMATION OF ALL GROUPS............cccciiiee, 91
TABLE 6 MEAN PERCENTAGE STAIN OF CD34 WTHIN CORTICAL LAYERS SPLIT BY FBG
IMMUNOREACTIVITY e 101
TABLE 7 MEAN PERCENTAGE STAIN OF COLLAGEN IV WITHIN CORTICAL LAYERS SPLIT BY
FBG IMMUNOREACTIVITY oot 106
TABLE 8 DEMOGRAPHICAND CLINICAL INFORMATION OF ALL GROUPS...........cccevviieenn 115
TABLE 9 PERCENTAGE AREA STANING OF GFAP IMMUNOREACTIVITY IN THE CINGULATE
SULCUS AND WHITE MATTER REGIONS.........ooiiieeeeee e 122
TABLE 10 PERCENTAGE AREA STANING OF IBA-1 AND CR3/43 IN GREY MATTERREGIONS
............................................................................................................................................... 127
TABLE 11 PERCENTAGEAREA STAINING OF IBA-1 AND CR3/43 IN WHTE MATTER REGIONS
............................................................................................................................................... 127
TABLE 12 DEMOGRAPHIG AND CLINICAL INFORMATION OF ALL GROUPS...........cccvvvveenenn. 141



Li st of Figures

FIGURE 1 NEOCORTIQAL TAU PATHOLOGY IN CTE. ...t 23
FIGURE £2 TAU PATHOLOGY IN CTE.....oiiiiiiiiiiiiiiiiiiiiiiii e 24
FIGUREX3 Ad P LPATHOEOGIES FOLLOWNG TBI ....cocuiiiiiiiiiiiiciiee e 26
FIGURE 4 NEUROINFLAMMATION AND WHITE M ATTER DEGRADATION IN THE CORPUS
CALLOSUM WITH SURVIVAL FOLLOWING TBI ....uutiiiiiiiiiiiiiiiiiriiieeeen e 29
FIGURE 5 AXONAL PATHOLOGY IN THE CORPlS CALLOSUM WITH VARYING SURVIVAL
FROM TBI ... e e e 33
FIGURE-3 SEPARATNIOF CORTICAL LAMINAN......cocoviiiiiiiiiiiiiiiiin e 48
FIGURE 32 REPRESENATIVE IMAGES OF SEMFQUANTITATIVE SCORING........cccccoeeiiiiiiinnne 49

FIGURE 33 REPRESENARTIVE IMAGES OF FIBRNOGEN (FBG) AND IMMUNOGLOBULIN G
(IGG) IMMUNOREACTIVITY AFTER TRAUMATIC BRAIN INJURY (TBI) AND CONTROLS51
FIGURE 34 EXTENT OFABNORMAL FBG IMMUNOREACTIVITY AFTER TBI AT VARYING

SURVIVALS VERSUS CONROLS...... .ottt 52
FIGURE 35 REGIONALDISTRIBUTION OF FBGIMMUNOREACTIVITY FOL LOWING TBI
VERSUS CONTROLS .....ooiiiiiiiiiiiiie ittt ettt e e e e r e e e e et e e e s e s s e ee s 53
FIGURE 36 NEOCORTICAL DISTRBUTION OF FBG IMMUNOREACTIVITY AFTER THI............. 54
FIGURE-2 EXAMPLEFOGRID PLACEMENT ... 69
FIGURE 42 EXAMPLE OF CAPILLARY MEASUREMENT ......coiviiiiiiiiiii i 70
FIGURE 43 EXTENT OFABNORMAL FBG IMMUNOREACTIVITY IN THE PAEDIATRIC TBI
COHORT VERSUS PAEDIARIC UNINJURED CONTROLS.......ccviiiiiiiiiiiiiiinineeeeeeee e 71
FIGURE 44 REGIONALDISTRIBUTION OF FBGIMMUNOREACTIVITY IN PAEDIATRIC TBI
COHORT VERSUS UNINJBED PAEDIATRIC CONTROLS.......ccviiiiiiiiiiiiiirieneeeeeeee e 72
FIGURE 45 NEOCORTIG\L DISTRIBUTION OF BBG IMMUNOREACTIVITY IN PAEDIATRIC TBI
COHORT VERSUS PAEDIARIC UNINJURED COHOR ......ccccoiiiiiiieiiiiieeen e 3
FIGURE 46 EXTENT OFABNORMAL FBG IMMUNOREACTIVITY FOLLOWING TBI IN ADULT
VERSUS PAEDIATRIC CBIORTS IN ACUTE SURW/AL .....oovtiiiiiiiiiiiiiieeeee 4
FIGURE 47 REGIONALDISTRIBUTION OF FBGIMMUNOREACTIVITY FOLLOWING TBI IN
BOTH ADULT AND PAEDIATRIC COHORTS ..ottt 75
FIGURE 48 NEOCORTIQ\L DISTRIBUTION OF BBG IMMUNOREACTIVITY AFTER TBI............. 75
FIGURE 49 REPRESENATIVE IMAGES OF FBGIMMUNOREACTIVITY IN ADULT AND
PAEDIATRIC TBl ...ttt ettt e e e s e et e e e e e e e e e e e s e s s n e e e es i
FIGURE 410 DISTRIBUTION OF VESSEL SIZE-OLLOWING TBI IN ALL VESSELS IN
CINGULATE GYRUS IN ADULT TBI VERSUS PAEDATRIC TBl.....ccoooiiiiiiiiiiiiieeee 78
FIGURE 411 DISTRIBUTION OF BBB DISRUPTEDVESSEL SIZE IN CINGWATE GYRUS IN
ADULT TBI VERSUS PABDIATRIC TBI. oo 78
FIGURE 412 PROPORTION OF CASE®/ITH FBG IMMUNOREACTIVITY AND PRESENCE R
ABSENCE OF BRAIN SWIEELING. ....iiiiiiiiiiiiiiii ettt e e e e e e 81
FIGURE 51 REPRESENATIVE IMAGES OF LA STAINING FOR MEASWREMENT OF CORTICAL
THICKINESS. ...ttt e et e e e e e et e e e et e et e e e e e e e s e e r e e e e e e e aeeeneeaasanas 96
FIGURE 52 MEASUREMENT OF CORTICAL THICKNESS IN ALL COHORTSN CINGULATE
GYRUSAND CINGULATE SULCUS..... ..ttt a e e e 97
FIGURE 53 REPRESENATIVE IMAGES OF CD34STAINING IN THE CORTICAL REGION OF THE
CINGULATE GYRUS IN TBI AND UNINJURED CONTROIS........cccocviiiiiiiiiiiinieeeeeceeen 98
FIGURE 54 REGIONALDISTRIBUTION OF CD34MMUNOREACTIVITY FOLLOWING TBI
VERSUS CONTROLS .....ooiiiiiiiiiiiiit et a e e a e e 99
FIGURE 55 ASSOCIATION OF CD34 IMMUNOREACTIVITY AND ABNORMAL FBG
IMMUNOREACTIVITY FOLLOWING TBI AT VARYIN G SURVIVALS. ......ccoiviiieiiiee 100
FIGURE 56 NEOCORTIQL DISTRIBUTION OF CD34 IMMUNOREACTIVITY AFTER TBI IN THE
PRESENCE AND ABSENCIEF ABNORMAL FBG IMMUNOREACTIVITY ...iiiiiiiiieeeiine 101
FIGURE 57 REPRESENATIVE IMAGES OF COLLAGEN IV IMMUNOREACTIVITY IN THE
CINGULATE GYRUS AFTER TBI AND IN UNINJURED CONTROLS.........c.ccooiiiiiiiirirneee, 103
FIGURE 58 REGIONALDISTRIBUTION OF COLLIAGEN IV IMMUNOREACTIVITY IN VARYING
SURVIVALS AFTER TBICOMPARED WITH CONTRQ@S .........cooiviiiiiiiiieeieeeee e 104
FIGURE 59 ASSOCIATION WITH COLLAGEN IV IMMUNOREACTIVITY AND ABNORMAL FBG
IMMUNOREACTIVITY FOLLOWING TBI IN VARYIN G SURVIVALS. ......ccociieiieeieee 105
FIGURE 510 NEOCORTCAL DISTRIBUTION OF COLLAGEN IMMUNOREACTIVITY AFTER TBI
IN THE PRESENCE ANDABSENCE OF ABNORMALFBG IMMUNOREACTIVITY . ............. 106

FIGURE 61 REPRESENATIVE MEASUREMENTS GF GFARIMMUNOREACTIVITY ....coeeevine 117



FIGURE 62 EXAMPLE OF THRESHOLDING GFARUSING IMAGE J.......ccovvviiiiiiiiiiiiiiiieeicecee e 118
FIGURE 63 EXAMPLESOF MICROGLIA MORPHOLOGY .......cccoiiiiiiiiieeeiie e 119
FIGURE 64 REPRESENATIVE IMAGES OF GFARIMMUNOREACTIVITY AFTER TBI AND IN
UNINJURED CONTROLS ..ottt e e e s e e neaeaeeeen e 121
FIGURE 65 REGIONALDISTRIBUTION OF GFAPINTERFACE MEASUREMBENTS FOLLOWING
TBI VERSUS CONTROLS ..ottt 123
FIGURE 66 REPRESENATIVE IMAGES OF MICROGLIA IN CONTROLS AND FOLLOWING TBI
IN THE CORPUS CALLO®M AND THALAMIC REGION ...t 128
FIGURE 67 REGIONALDISTRIBUTION OF THEMORPHOLOGY OF MICROGIA AS DEFINED
BY CR3/43 IMMUNOREACTIVITY . ettt sinnee e 130
FIGURE 71 REPRESENATIVE IMAGES OF CORTCAL MICROGLIA IN CINGULATE GYRUS
STAINED WITH CDLB3...... . ittt e e s e rr e e e e e e e e e e 145
FIGURE 72 REPRESENATIVE IMAGES OF PERVASCULAR MICROGLIA IN THE CORPUS
CALLOSUM ... e e 147
FIGURE 73 REGIONALDISTRIBUTION OF CD14AND CD163 PERCENTAG AREA STAIN
FOLLOWING TBI VERSUSCONTROL.....ccciiiiiiiiiiiiiiiiiiiriii e 148
FIGURE 74 MORPHOLOG/ OF CD163 AND CD14AMMUNOREACTIVE MICROGLIA IN THE
CORPUS CALLOSUM FOLIOWING TBI VERSUS UNNJURED CONTROLS...........cccoeeen. 149
FIGURE 75 REPRESENATIVE IMAGES OF CD14AND CD163 IMMUNOREACTIVE AMOEBOID
MICROGLIA ...ttt e e e e e e s s e e e e e e et e e e e e s s e s b e e e e e e e eeaaaeeas 150
FIGURE 76 REPRESENATIVE IMAGES OF PERVASCULAR MICROGLIA IN THE CINGULATE
GY RUS ...ttt e e e e e e ettt e e e e e e ettt e e e aae e e e naannen 152

FIGURE 77 REGIONALDISTRIBUTION OF CD14AND CD163 PERIVASCUAR MICROGLIA
POPULATED IN PERIVASLULAR SPACE AND IN JRROUNDING PARENCHYMA. .......... 155



10
Publications arising from t

Reviews

Hay J, Johnson VE, Smith DH, Stewart W. Chronic Traumatic Encephalopathy: The
Neuropathological Legacy of Traumatic Brain Injury. Annual review of pathology.
2016;11:2145. doi:10.1146/annurepathot012615044116.

Manuscripts:

Hay JR, Johnson VE, Young AM, Smith DH, Stewart W. BleBdain Barrier Disruption

Is an Early Event That May Persist for Many Years After Traumatic Brain Injury in Humans.
J Neuropathol Exp Neurol. 2015 Dec;74(12):114%7. doi:
10.1097/NEN.0000000000000261.

Pischiutta F, Micotti EHay JR, Marongiu |, Sammali E, Tolomeo D, Vegliante G,
Stocchetti N, Forloni G, De Simoni MG, Stewart W, Zanier. Biigle severe traumatic
brain injury produes progressive pathology with ongoing contralateral white matter damage
one year after injury. Exp  Neurol. 2018 Feb;300:168. doi:
10.1016/j.expneurol.2017.11.003. Epub 2017 Nov 7.

McMillan TM, McSkimming P, Wainmaibefley J, Maclean LMHay J, McConnadbie A,
Stewart W .Longterm health outcomes after exposure to repeated concussion in elite level:
rugby union players.J Neurol Neurosurg Psychiatry. 2017 Jun;88(6):505. doi:
10.1136/jnnp2016314279. Epub 2016 Oct 7.

Abstracts and Posters

Hay J, Johrson V, Young A, Smith DH, Stewart W. Blodmtain barrier disruption persists
for years after a single traumatic brain injury in humans. International Neurotrauma Society,
Budapest, March 2@t

Hay J, Johnson V, Young A, Smith DH, Stewart W. Bleoichin barier disruption persists
for years after a single traumatic brain injury in hum&nmgish Neuropathological Society,
London 2014



11

Hay J, Johnson V, Young A, Smith DH, Stewart W. Blelachin barrier disruption persists
for years after a single traumaticain injury in humansSackler Institute Conference,
Glasgow,November 2015

Hay J, BryantCraig C, Johnson V, Smith DH, Stewart W. Trauma associated-bi@aal
barrier disruption is a capillary level pathology in the yahational Neurotrauma Society,
Santa FeJuly 2015.

Hay J, Fullerton J, Johnson V, Smith DH, Stewart W. Neuroinflammation following
traumatic brain injury is a white matter patholo§wcker Institute Conference, Edinburgh,
October 2016.

Hay J, Fullerton JJohnson V, Smith DH, Stewart W. Neuroinflammation following
traumatic brain injury is a white matter patholo@EUH Laboratory Medicine Poster day,

Queen Elizabeth University Hospital, Glasgow, June 2017.

Hay J, Fullerton, Johnson V, Smith DH, Stewart Whe astrocytic response following
traumatic brain injury is a grey matter patholo§gcker Institute Conference, Edinburgh,
October 2016

Hay J, Fullerton J, Johnson V, Smith DH, Stewart W. Neuroinflammation following
traumatic brain injury is a white rttar pathology. QEUH Laboratory Medicine Poster day,

Queen Elizabeth University Hospital, Glasgow, June 2017.



12
Li st of Accompanying Mater.|
Appendix 1: Ethical approval documentation.
Appendix 2: Table of full cohort and demographics
Appendix 3: Table ofall antibodies used.
Appendix 4: Copies of Publication printed and accepted

HAY, J. R., JOHNSON, V. E., YOUNG, A. M., SMITH, D. H. & STEWART, W. 2015.
Blood-Brain Barrier Disruption Is an Early Event That May Persist for Many Years After

Traumatic Brainmjury in Humans. J Neuropathol Exp Neurol, 74, 2547

HAY, J., JOHNSON, V. E., SMITH, D. H. & STEWART, W. 2016. Chronic Traumatic
Encephalopathy: The Neuropathological Legacy of Traumatic Brain Injury. Ann Rev Pathol,
11, 2145.

PISCHIUTTA F, MICOTTI E,HAY JR, MARONGIU I, SAMMALI E, TOLOMEO D,
VEGLIANTE G, STOCCHETTI N, FORLONI G, DE SIMONI MG, STEWART W,
ZANIER ER. Single severe traumatic brain injury produces progressive pathology with
ongoing contralateral white matter damage one year after injury. Neurol. 2018
Feb;300:167178. doi: 10.1016/j.expneurol.2017.11.003. Epub 2017 Nov 7

MCMILLAN TM, MCSKIMMING P, WAINMAN -LEFLEY J, MACLEAN LM, HAY J,
MCCONNACHIE A, STEWART W. Longterm health outcomes after exposure to repeated
concussion in elite levelrugby union players. J Neurol Neurosurg Psychiatry. 2017
Jun;88(6):50511. doi: 10.1136/jn2016314279. Epub 2016 Oct 7

Appendix5: Permissions

Journal ofNeuropathology and Experimental Neurology
Annual Reviews

Experimental Neurology

Permission fronthe British Medical Journal



13

Acknowl edgement

The thesis has been made possible through the support and encouragement of mar

individuals, of whom | would like to thank.

Firstly, | owe gratitude to my primary supervisor, Dr William Stewart of the Degauttof
Neuropathology, Queen Elizabeth University Hospital, Glasgow. His constant motivational
pushes and training helped me focus when | felt | could not. Prof. Johnathan Cavanagh, m
second supervisor was great with words of encouragement and threlteseating he led
made me feel part of something when | often felt isolated. | also want to thank Vicky
Johnson and Prof. Doug Smith of the Department of Neurosurgery at The University of

Pennsylvania for the expertise and guidance they shared withenéhewears.

I would like to thank my husband Fergus for standing by me throughout the whole journey,
running me endlessaths when times were difficult.also owe so much to my parents, for
helping me get to where | am todalgrough the countless degse | promise it is the last!
Josie Fullerton, Hannah Morgan and Tess Atkinson for all their support, advice and
shoulders to cry on. My Inverness girls, for distracting my mind with fun weekends, nights
out and endlessly long phone calls! | would likethhank all my friends in Glasgow for
supporting me and d&tressing me with lovely nights filled with food, wine and laughter.

Lastly, but not leasimy dog Baxter, who always makes me smile.



14

Aut hor 6s Decl arati on

| declare that, except where expli@ference is made to the contribution of others, that this
dissertation is the result of my own work and has not been submitted for any other degree a
the University of Glasgow or any other institution.

Signed: Date:




Abbr

AASBP
AB
AD
ADC
ALS
ApoE
APP
ARDS
ARTAG
ATP
BBB
CAA
CBF
CBV
CC
CG
CT
CClI
CNS
CSF
CSP
CTE
DAB
DAI
DBS
DMRB
DNA
DP
DTI
EDH
EDTA
FBG
FTLD
GIT
IHC
ICH
ICP
IgG
H202
HIV
HIVE
LFB
LRP1
MAPT
MIRAGE
MMP
MRC CFAS
MRI
MS
MVC

eviations

ageassociated systolic blood pressure
amyloid beta

Al zhei mer 6s di sease
apparent diffusion coefficient

amyotrophic lateral sclerosis
apolipoprotein E

amyloid precursor protein
acuterespiratory distress syndrome
agingrelated tau astrogliopathy

adenosine triphosphate

blood brain barrier

cerebral amyloid angiopathy

cerebral blood flow

cerebral blood volume

corpus callosum

cingulate gyrus

compued tomography

controlled cortical impact

central nervous system

cerebrospinal fluid

cavum septum pellucidum

chronic traumatiencephalopathy
3,3-diaminobenzidine

diffuse axonal injury
diffuse brain syndrome

microscope

deoxyribonucleic acid

dementia pugilistica

diffuse tensor imaging

epidural haematoma
ethylenediaminetetraacetic acid
fibrinogen

frontotemporal lobar degeneration
gastrointestinal tract
immunohistochemistry

intracerebral haemorrhage

intracranial pressure

immunoglobulin G

hydrogen peroxide

Human Immunodeficiency Virus

Human Immunodeficiency Virus Encephalopathy
luxol fast blue

low-density lipoprdein receptorelated protein
Microtubule associated protein Tau
Multi-Institutional Research in Alzheimer Genetic Epidemiology
matrix metalloproteinase

Medical Research Council Cognitive Function and Ageing Study
magnetic esonance imaging

multiple sclerosis

motor vehicle collision

15



mTBI
NEP
NFTs
NOX2
NS
PBS
PET
PNS
PM
PTE
PTSD
PSP
RAGE
RECA-1
RTA
rTBI
SAH
SEZ
SDH
SEM
SFG
SGL
SIS
sTBI
SUDEP
SIvV
TBI
TDP-43
TGF
TLR
Tris
TSPO
vCJID
VEGF
WMI

16

mild traumatic brain injury

neprilysin

neurofibrillary tangles

nicotinamide adenine dinucleotide phosphatelase
not significant

phosphate buffereshline

positron emission tomography

peripheral nervous system

post mortem

post traumatic epilepsy

posttraumatic stress disorder

progressive Supranuclear Palsy

receptor for advanced glycation end products
rat enddhelial cell antigefl

road traffic accident

repetitive mild traumatic brain injury
subarachnoid haemorrhage
subependymal astrocytic zone

subdural haematoma

standard error of the mean

superior frontal gyrus

superfigal glial limitans

second impact syndrome

Single moderate or severe Traumatic Brain Injury
sudden unexpected death due to epilepsy
simian immunodeficiency virus

traumatic brain injury

transactive response DNBinding protén 43
tumour growth factor

toll-like receptors
tris(hydroxymethyl)aminomethane
translocator protein

Variant Creutzfeldtlakob disease

vascular endothelial growth factor

white matter interface



17
Chapter 1 |l ntroducti on

Traumatic brain injury (TBI) is a leading cause of mortality and morbidity worldwide. In the
UK alone, approximately 1.3 million people are living with TBlated disabilities, with
160,000 hospital admissions annua(lfarsonage, 2016)in the US this number is
significantly inaceased with nearly 300,000 patients requiringgdi@lisation and a further 5
million individuals living with chronic disabilities following a TRCoronado VG, 2012,

Faul M, 2010, CDC, 1999Y here is growing acknowledgment of the assoaidbietween a
history of TBI and late nendegenerative disorders; however, the pathologies driving these
late outcomes remain poorly described. Historically, clinical studies in TBI have described
i ncreased risk of Al zhei mer (MWlgadrd et al.al9%), i n
Mortimer et al., 1985, Mortimer et al., 1991, Graves et al., 1990, O'Meara et al., 1997, Salib
and Hillier, 1997, Guo et al., 2000, Schofield et 8097, Plassman et al., 2000, Fleminger

et al., 2003) although others have demonstrated conflicting ¢@teandra et al., 1987,
Amaducci et al., 1986, Broe et al., 1990, Fe8trambi et al., 1990, van Duijn et al., 1992,
Katzman et al., 1989, Launer akt, 1999, Williams et al., 1991, Mehta et al., 1999)
However, common to all studies, thus far, is a striking laiclutopsy confirmation of
pathology in late TBI series, with resultant absence of adequate clinicopathological

correlation.

The first report describing potential late consequences of TBI followed the careful
observations of Dr Harrison S Martland in 19280 described a variety of neuropsychiatric

and motor symptoms in a limited case series of boxers exposed to repetitive traumatic brair
injury (rTBI); referred to as punetirunk syndroméMartland, 1928)Subsequent studies in
theyearsfbol owi ng Martl andds original observat
neurodegenetave pathology in former boxers, further supporting the link between rTBI and

a neurodegenerative disease, termed dementia pugilistica(JPPJ37, Critchley, 1957,
Mawdsley and Ferguson, 1963, Spillane, 19620re recently, there has been growing
recognition that this pdtology is not limited to boxers but also observed in brahs
individuals exposed to rTBI from other sports and circumstaf©esalu et al., 2011a,
Omalu et al., 2011b, Omalu et,&005, Omalu et al., 2006a, Omalu et al., 2010a, Omalu et
al., 2010b, McKee et al., 2009, McKee et al., 2010, McKee et al., 2013, Goldstein et al.,
2012)and in survivors of a single, moderate to severe TBI (s{Rihnson et al., 2012,
Smith et al., 2013, Johnson et al., 2013a, Roberts et al., 1991, Roberts et alTH&@4pre
suggesting it is exposure to TBI that is associated with the risk of development of late

neurodegenerative disease rafbarticipation in a particular sport or activity. Thus, the term
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chronic traumatic esephalopathy (CTE) replaces DP in current literature, reflecting the

wider exposuresdyond boxing. While 90 years have passed since the first recognition of a
clinical syndrome in former boxers, there remains remarkably little understanding of the
complexpathologies of CTE. Limited case series have been described with only autopsy

assessments to babe criteria of diagnosis on.

1.1Traumatic brain injury and de

TBI is widely recognised as the strongest environmental risk factor for der{idotgaard

et al., 1990, Mortimer et al., 1985, Mortimer et al., 1991, Graves et al., 1990, O'Meara et al.,
1997, Salib and Hillier, 1997, Guo et,&000, Schofield et al., 1997, Plassman et al., 2000,
Fleminger et al., 2003)with a direct doseesponse relationship proposed between injury
severity and subsequentkisf dementigGuo et al., 2000, Plassman et al., 2000yupport

of this relationship, metanalyses of caseontrol studies, head injury which resulted in loss

of consciousness hagproximately a 50% increased risk in deypahg dementigMortimer

et al., 1991) Further, theMulti-Institutional Research in Alzheimer Genetic Epidemiology
study(MIRAGE) collected head injury nf or mati on on a tot al o 1
(AD) patients, and from 14,668 of their fadégree family members, by interviewasd
review of medical recordst Wwas ascertained thath@ad injury with loss of consciousness
and, to a lesser exteititead injury without loss of consciousness increased the risk of AD
(Guo et al., 2000)If there was a loss of consciousness following the TBI, the risk of
developing AD was double dhof a head injury that did not have such an impact. However,

a common concern with a majority of studies to date is their retrospective nature, with
inevitable concerns on recall bias. Only one prospective study used. levielence where

head injured & veterans and nemead injured US veterans were interviewed and clinical
assessments were carried out 50 years after the ifijlagsman et al., 20Q0)hose who
sustained a severe TBI (loss of consciousness ortiashatic amnesia longer than 24
hours) were 4 times as likely to have dementia compared with uninjured cowindés,

those who sustained a naydte TBI (loss of consciousness or piatimatic amnesia
between 30 minutes and 24 hours) were twice as likely to have dementia. Based on all studie
to date, there is undoubtedly sufficient evidence to link moderate &erdes€BI and an
increased risk of dementfhlealth, 2009, Li et al., 2017, Plassman and Grafman, 2015)

It has been estimated that between 5% and 15% of current dementia cases are TBI relate
(Shively et al., 2012)While there are currently approximately 850,000 dementia pairents
the UK alone, this represents between 42,500 and 127,500 derpatients attributed to
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TBIl. The Dementia UK report estimated that in 2014 dementia care cost £26 billion,
therefore, the costs of THittributed dementia are upwards of £1.3 billion a year, botias

understanding of this link develops these numbers will undoubtedlyRfiace, 2007,)

To date, cases of TRissociated dementia have been considered as distinct entities
dependent on whether exposure to TBI has been through either sTBI or rTBI; the former
considered AD, the latter CTE. However, glresumption that CTE is restricted to patients

who sustain rTBI, the majority being sportsmen and women, and development of AD is

limited to patients who sustain a sTBI is aly flawed.

Mul tiple studi es have expanded on Mar t
neuropsychiatric sequelae in former box@isrtland, 1928, Roberts, 1969, Corsellis et al.,
1973) Robertset al (Roberts, 1969eported that out of 224 randomly selected professional
boxers 17% dematrated emotional liability, personality change, memory impairment and
dementia. CorselligCorsellis et al., 1973¢arried out case reports of 15-keaxers and
noticed neuropsychiatric symptonssich as speech anatar problems and dementia. More
recent descriptions of former ndmoxer athletes (including from American football, ice
hockey, and rugby) and military personnel have reported similar neuropsychiatric and
behavioural problems, while expanding the desiomgst to include aggression, poor
judgment, depression, suicidal ideation, and, in some instances, $Mcidee et al., 2009,
McKee et al., 2013,t8wart et al., 2016, McKee et al., 2014)

Although the dementia that develops following a moderate to severe sTBI is typically
described as AD in typ@Mortimer et al., 1985, Mortimer et al., 1991, Graves et al., 1990,
O'Meara et al., 19975alib and Hillier, 1997, Schofield et al., 1997, Guo et al., 2000,
Plassman et al., 2000, Fleminger et al., 20@8se studies include no neuropathological
confirmation that the pathology th#ollows sTBI conforms to ADCertainly, there have
been no suitably designed, robust studies in the current era of understanding of the
neuropathology of CE to confirm the dementia occurring in late survivors of a sTBI is AD.
However, dementiattributed to a sTBI has been reported to demonstrate prominent motor
and neuropsychiatric symptoms, including depression and sij[@atesO'Connor et al.,
2013, Sayed et al., 2013As such, in cases where it has been critically assessed, the clinical
syndrome of neurodegeneration followiagTBI appears distinct from AD and echoes that
of rTBI. Therefore, the current view permeating the literature that a sTRlersfeally
associated with the development of fiDeKoskyet al., 2013, DeKosky et al., 201$Hould

be regarded as speculative, and without confirngateuropathology.
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1.2Chronic traumatic encephal ope

Foll owing Martlanddbés original clinical (
assessment of neurodegeneration in boxers was not performed un{iBi&3denburg and
Hallervorden, 1954)with multiple further case series reportedthe following decades
(Mawdsley and Ferguson, 1963, Payne, 1968, Neubuerger et al., 1959, Constantinidis an
Tissot, 1967, Ferguson FR, 1965, Grahmann and Ule, 198 these, perhaps the most
informativewas that of Corsellis in 19&orsellis et al., 1973Jescribing the neurological
features in the brains of 15 -oxers including fenestrated cavum cerebellar scarring,
enlarged ventricles, thinning of corpus callosum, degeneration of substantia nigra and diffuse
neurofibillary tangles. Since these early studies, the picture that has emerged in subsequer
descriptons is that of a complex of pathologies arising following exposure to TBI, single or

repetitive, best described as a polypathology.

l3Macroscopic neuropathol ogy

Often reported in early studies on the brains of boxers was atrophy of the cerebral
hemisphere (Mawdsley and Ferguson, 1963, McKee et al., 2009, Brandenburg and
Hallervorden, 1954, Payne, 1968, Neubuerger et al., 1959, Constantinidis and Tissot, 1967
Grahman and Ule, 1957, Corsellis et al., 1973, Roberts et al., 1990a, Jordan et al., 1995
Schmidt et al., 2001, Saing et al., 2012, Nowak et al., 2@mnonstrating preferential
involvement of the temporgDrachman and Newell 1999, AreEagyveres et al., 2007)

and frontal lobegMawdsley and Ferguson, 1963, Neubuerger etl859, Ferguson FR,
1965, Nowak et al., 2009, AreEegyveres et al., 200@hd the cerebellufGrahmann and

Ule, 1957, Williams and Tannenberg, 1998owever, more recently, reports on Aooxer
athletes observe mild global atrophy and inconsistent reports of a reduction in brain weight
(Omalu et al., 2011a, Omalu et al., 2006b, Omalu et al., 2006a, Omalu et al., 2010a, Omalt
et al., 2010b, McKee et al., 2009, Kke et al., 2013)Despite this contrast, there is a pattern
emerging of macroscopic features in rTBI which includes atrophy of the mammillary bodies,
a mild degre of ventricular enlargement (perhaps preferentially of the third ventricle), pallor
of the substantia nigra, and thinning of the corpus calldBramdenburg and Hallervorden,
1954, Payne, 1968, Neubuerger et al., 1959, Constantinidis and Tissot, 1967, Grahmann ar
Ule, 1957, Corsellis et al., 1973, Roberts et al., 1990a, Saing et al., 2012, Nowak et al., 2009
Drachman and Newell 1999)Videspread brain aphy has been recogeaid following

sTBI in both autopsy and imaging stud{arbota et al., 2012, Ross et al., 2012, Ross, 2011,
Tomaiuolo et al., 2004, Warner et al., 200@h the latter suggesting this atrophy continues
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beyond the ade phase and into longerm survival. As with rTBI, reports have
demonstrated a thinning of the corpus callosum in a proportion of sTBI patients with over

1-year survivalJohnson et al., 2013a)

Abnormalities of the septum pellucidum are a common feature described in material from
those exposed to rTBI, in particular cavum septum pellucidum (CSP) or septal fenestration,
with occasional reports of complete loss of the sepiMawdsley and Ferguson9@3,

Omalu et al., 2011a, Omalu et al., 2006a, Omalu et al., 2005, Omalu et al., 2010b, McKee
et al., 2009, Brandenburg and Hallervorden, 1954, Payne, 1968, Neubuerger et al., 195€
Constantinidis and Tissot, 1967, Ferguson FR, 1965, Grahmann and UleRb@®Tts et

al., 1990a, Jordan et al., 1995, Schmidt et al., 2001, Saing et al., 2012, Nowak et al., 200€
Williams and Tannenberg, 1996, Drachman and Newell 1999, Allsop et al., 1990, Geddes
et al., 1999, Hof et al., 1992, Hof et al., 19%lthough CSP has been reportechasormal
finding in up to onethird of participants in population studi¢€orsellis et al., 1973,
Bogdanoff and Natter, 1989, Bodensteiner and Schaefer, M#cpherson and Teasdale,
1988, JT, 1952vidence supports CSP is of higher prevalencetaradgreater extent in
those exposed to rTRGardner et al., 2014, Gardner et al., 2016, Corsellis et al., .1973)
Further, imaging studies confirm CSP in rTBI and provide evidence it is an evolving
pathology in longitudinal studie@Mawdsley and Ferguson, 1963, Ferguson FR, 1965,
Casson et al., 1984, Jordan et al., 199Rus far, CSP has not been reported as a feature in
pathology studies of sTBI yet this could be largely a consequence of an absence of studie
rather than absence of pathold@mith et al., 2013)

14Mi croscopic neuropathol ogy

While to date over 200 cases have been reported describing the neuropathology of rTB
exposure in a range of sports, including box{Sgnith et al., 2013, Brandenburg and
Hallervorden, 1954, Corsellis et al., 19/8jmerican football, ice hockey, wrestling, soccer,
rugby union in former military personngOmalu et al., 2011a, Omalu et al., 2006a, Omalu

et al, 2006b, Omalu et al., 2010a, Omalu et al., 2010b, McKee et al., 2009, McKee et al.,
2010, Goldstein et al., 2012, McKee et al., 2013, Omalu et al., 2011b, Stewart et al., 2016
McKee et al., 2014, Shively et al., Lindsley, 2017, Mez et al., 28id)n cases of domestic
abuse(Williams and Tannenberg, 1996, Hof et al., 1991, Roberts et al., 1960ly)
approximately 40 cases have been described reporting the pathology of survival after a sTB
(Johnson et al., 2012, Johnson et al., 2013a, Johnson et al., R@k)these linted case
series, the pathology of late survival from TBI is recognised asmplea polypathology
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featuring abnormaliti es -43nneutomflammatom yalomai d
degeneration; degradation of white matter; and neuronal loss.

111 Tau

Axons encounter high strain rates during TBI in which mechanical breaking of the
microtubules occurs and axoplasmic transpertlisrupted(TangSchomer et al., 2010,
TangSchomer et al., 2012, Ahmadzadeh let 2014) This diffuse axonal injury (DAI)
(Sirko et al.)arises due to the viscoelastic nature of axons, in turn thought to derive from the
biophysical properties of the microtubtdssociated protein tdgdhmadzadeh et al., 2014)
Whilst abnormal accumulation of hyperphosphorylated tau is repartedses of CTE
(Smith et al., 20133nd in patients dying 1 year or more after a s{UBhnson et al., 2012)
there has beemo evidence of immediate tau pathology in patients dying in the acute phase
after a sTBI (up to 4 week$pmith et al., 2003a)n late TBI, whethefollowing rTBI or

sTBI, tau pathology is charactsed by the accumulation of abnormal, hyperphosphorylated
tau in both neurons and glia, around vessels and with preferential involvement of the depth:s
of the sulci in the neocortical grey mat{@malu et al., 2011a, McKee et al., 2009, McKee

et al., 2010Goldsteén et al., 2012McKee et al., 2013Stewart et al., 20165eddes et al.,

1999 Johnson et al., 20)2Figurel-1). First described in tau pathology of boxers, there is
an irregular, patchy involvement both within and between the affected cortica{Mokase

et al.,, 2009, McKee et al., 2013, Stewart et al., 2016, Geddes et al., 1996, Geddes et al
1999)
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Figure 1-1 Neocortical tau pathology in CTE Tau immunoreactive profiles are distributed throughout the
neocortex, though typically show preferential distribution towards the superficial neocortical layers and depths
of sulci (a: 49M 12 months following single severe TBI), with a distinctive andactexistic perivascular
accentuation of immunoreactive neurons and glia whether exposed to repetitive mild TBI (b: 56M former rugby
player) or single moderate to severe TBI (c: 48M 3 years following single severe TBI). Accumulations of
subpial thorrshape astrocytes may also be observed (d: 59M former soccer player). All sections stained for
phosphorylated tau using antibody CP13 (courtesy Dr P Davies)

Using antibodies to hyperphosphorylated tau (AT8, CP13,-PHthe neuronal tau
pathologies present agoical neurofibrillary tangles (NFT) and pretangles which, as noted,
show preferential involvement towards depths of sulci and perivascular accentuation, anc
often demonstrate a distribution to superficial cortical layers (layers Il anMdtliKee et

al., 2013) This contrasts with AD where tau involvement is preferentially in the deeper
layers of the cortexBraak and Braak, 1991, Braak et al., 1998)the hippocampus, CTE

is noted for the preferential involvement of sector CA2 by NFTs and extracellular tangles
(Figure 1-2), with NFTs and astroglial tau pathology also a feature in the hypothalamic
region, in particular the mammillary bodi@dcKee et al., 2013)Other regions involved

may include deep grey nuclei and brainstem in the nucleus basalis of Meynert, substantia
nigra (Figurel1-2), locus coeruleus, raphe nuclei, and tectum,emiié dorsal striatum (the
caudate and putamen) and cerkbetientate nuclei are relatively spared. Further; tau
immunoreactive axonal profiles are often observed in the subcortical and midline white
matter tractsKigurel-2) and tatimmunoreactive thorshaped astrocyseare demonstrated
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in subpial and perivascular locations in the neocortex and subependyiellge et al.,
2013) Biochemical charactesation oftau in CTE has only been performed in two former

boxers(Schmidt et al., 2001and in both cases the tau deposits were indistinguishable from

thoseobserved in AD.

Figure 1-2 Tau pathology in CTE In addition to neocortical tau pathology, tmumunoreactive praes are
common in the hippocampus in CTE, with preferential involvement of sector CA2 by NFTs and extracellular
tangles and astroglial tau pathology (a: 59M former soccer player). Elsewhere, tau pathologies are describe
in the deep grey nuclei and bra@s, where taimmunoreactive substantia nigra neurons and neurites may

be present, together with a degree of pigment incontinence (b: same case gs Brdtgred tau
immunoreactive axonal profiles are also common in subcortical and midline white (oas@me case as (a);

d: 60M former boxer). All sections stained for phosphorylated tau using antibody CP13 (courtesy Dr P Davies).
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While these tau pathologies have been reported in virtually all rTBI cases, there has been a
unavoidable casselection bias and a virtual absence of control material from uninjured
cases in reports of CTE, rendering interpretations of the incidence of this pathology
meaningless in the context of exposure to rTH@ez et al., 2017)In the single study
examining sTBI, tau pathology was demonstrated in up to 30% of cases which was, in turn,
in greater density and widerstribution than uninjured, agmatched control§Johnsoret

al., 2012) However, as a retrospective, archiva@sed study, no information was provided

on the clinical status of these pdd8l tau-positive patients. Hence, the clinical significance

of the pathology identified at autopsy remains uncertain. Stteenpts of staging of tau
pathologies in CTE have been suggested by authors reviewing rTBI cases, from a restrictec
focal, cortical pathology (stage I) to more extensive, widespread, cortical, hippocampal, and
brainstem involvement of tau (stage I\)icKee et al., 2013)However, this proposed

staging has yet to be validated.

1.41Amy | di d

Diffuse axonal injury is an early and consistent event in TBI which results in cytoskeleton
disruption and interruption of axonal transp@tarbota et al., 2012, Johnson et al., 2013b,
Adams et al., 982, Adams et al., 1989d)Al and transport interption isdemonstrated via

I mmunocyt ochemi c-anhyloid grezursoriprotgin (ARP) whgh visualises
abnormal accumulation in injured axo@hnson et al., 2013b, Gentleman et al., 1993,
Sherriff et al., 1994)Normally transported by fast axonal transport, following TBI, APP
may be observed in damaged axons within hours of injury. At the sites of axamg] inj
colocalisation of APP with enzymes presenilin a rsiteARP-cleaving enzyme, enables
APP t o c| dSanitheetal., 2008b, Sinfth et al., 2003c, Smith et al., 1999, Chen et
al., 2004, Chen et al., 2009, Johnson et al., 200refore, DAI creates an environment
promoting the production of localised, high concentratn s o f (Bdhnsgn retaak, e i n
2010)
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Figure 1-3Ab pl aque pat hol Diffusedspladquesicdn bendentifged iT aBitbpsy and surgical
material from approximately 30% of TBI patients in the acute phasergost (a: 51M 24hours following

severe TBI). In the following weeks to months, theiffeise plaques resolve, only to-eanerge in eound 30%

of survivors a year or more from single moderate to severe TBI, as both neuritic and diffpkedes (b:

55F 47 years survival from single severe TBIp plaques are also present in a majority of cases of CTE
following exposure to repetitivaild TBI, typically, though not exclusively, diffuse in subtype (c: 60M former
boxer; d: 59M former soccer player). All sections stained using antibody 6F3D, specific foitehmingl

epitope of A (Dako).

Ab plaques ar e a h a leftifiedin &utomsy materal frorb up to 3Ga e
of patients dying acutely following a single moderate to severe TBI, and at higher density
than observed in equivalent material from uninjured-ragéched controlsHigure 1-3)
(Roberts etl., 1991, Roberts et al., 1994, Johnson et al.,, 2012Ab pl aques ha
demonstrated in pericontusionalrgigally excised tissue from sTBI survivors immediately
after injury(lkonomovic et al., 2004)These acute plaques are diffuse in nature and similar
to those of earhgtage AD. However, where plagues in AD are thought to develop slowly
and occur predominantly it elderly, TBlassociated plaques are detectable within hours

of injury and across mnge of ages, including in young adults.

Evidence suggests that, over time, these acute TBI plaques clear and normal amyloid cyclini
is restoredChen et al., 2009However, in autopsy material from patientso survived 1
year or more after a sTBIlI ADbD plaques wer

wider distribution than in material from ageatched, uninjured controldohnson et al.,
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2012) In additon, these longerm TBI amyloid plaques are more typically neuritic in type,
much like the plaguesstablished in AlJJohnson et al., 2012igurel1-3).

When reviewing the Corsellis Archive material acquired at autopsy from a cohort of 20
retired amateur and professional boxers, Roberts and colleagues observedtafident,

di f f u saquesAnfall bptlone case; ay@arold former professional boxery&ar career

and only 3 professional fights. All NFjositive cases in this cohort contained plaque
pat hol ogy. I n current revi ews of CTE in
consistenfMcKee et al., 2013However, where documented, this pathology is present in
majority of cases, the proportion of cases with plaque pathology increasing wi{tbteige

et al., 2015) In studies of material from patients with exposuret6t B1 , t hese A
are almost invariably described as diffuse in natkigufe 1-3), in contrast to the neuritic
plague more often observed in letegm survivors of a sTBI. However, although much
research attention is focused on tau pathology in CbEparatively little attention is
directed toward amyloid pathologies.

l42Transactive r-espdnaesg PNAtein

The 43 kDa transactive response Diliifading protein 43 (TDR3) is a nuclear protein
widely expressed throughout the body. FB®can, howevettranslocate from the nucleus
into the cytoplasm under certain conditions forming polyubiquitinated and
hyperphosphorylated inclusion bodies. This abnormal -#IBRs recognised as a major
diseaseassociated protein in aumber of neurodegenerative conalits, including
frontotemporal lobar dementia and amyotrophic lateral sclgfidsismann et al., 2006nd

as a minor component of a variety of oth
and a small proportion of normaged individualfChenPlotkin et al., 2010, Geser et al.,
2010, Neumann et al.,, 20075ome animal models of TBI have suggested that the
translocation is caused by upregulation of ¥L8Pwhich is, inturn, caused by axonal injury
(Sato et aJ.2009, Moisse et al., 2009a, Moisse et al., 2008bis translocation has been
suggested as part of the acptease response as, upon recovery, -ABPnoves back to the
nucleus(Sato et al., 2009, Moisse et al., 20D9erefore, there is the potential thHdl-

induced axonal injury might influee neuronal TDH3 processing.

Following exposure to rTBI in both boxersand #iom x er at hl et es 6, ne
TDP-43 inclusions and distinctive gralike profiles in the surrounding neuropil have been
docurrented in the hippocampus, temporal neocortex, and amygdala in a majority of CTE
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case§McKee et al., 2010, McKee et al., 2013, Johnson et al., 2011, King et al., ZK0)
abnormal TDP43 observed coincides with a clinical diagnosis of amyotrophic lateral
sclerosis in a small proportion of these cases, with the autopsy examination revealing
features consistent with CT@cKee et al., 2010)Based on these limited observations a
diagnosis ofCTE has been suggest@dcKee et al., 2010although many more cases are
required to validate this proposition.

Where similarities in tau and Ab paregnhol o
there is a notable difference in TBIB pathology. Following late survival of sTBI
abnormally phosphorylated TBR3 cytoplasmic inclusions have not been reported in any
greater extent than in material from uninjured controls. However, increasgalasyhic
immunoreactivity to physiological, ngphosphorylated TDH#3 has been observed in acute
and late survivorgJohnson et al., 2011 his intriguing apparent difference in pathologies
between survivors of rTBI and sTBI might suggest a physiologatalfor TDR43 in the
response to injury, which is somehow modified after exposure to repetitive brain injury, and
thus precipitates cytoplasmic translocation and accumulafibgperphosphorylated TDP

43.

143 Neuroi nfl ammati on

Neuroinflammation is increagyty regarded as a key feature of the pathology of a range of
neurodegenerative disordéPerry et al., 2010, Brettschneider et al., 2012b, Brettschneider
et al., 20123)depressiofMiller and Raison, 201&nd as an early event in AD pathogenesis
(Town et al., 2008, Wright et al., 2013, Yamamoto et al., 2007, Yoshiyama et al.; 2007)
studies examining serum or cerebrospinal fluid from patients surviving a sTBI, have also
shown evidence of elevated proinflammatory cytokine levels that correlated with poor
neuropsychiatric outcome, including suicidal ideafidmengst et al., 2014, Lindgvist et al.,
2014, Kumar et al., 2015)

Immediately following injury, TBI induces a complex neuroinflammatory response in both
humans and animal modeglassociated with an acupdase inflammatory cell reaction
featuring polymorphonuclear leukocytes, T lymphocytes, macrophagesataumdlrkiller

cells, together with activation of resident microg{ilohnson et al., 2013a, Loane and
Byrnes, 2010Q)It could be expected that this acpiease inflammation resolves itself under
normal crcumstances; however, in a proportion of survivors there is increasing evidence

that this posiTBI neuroinflammation persists lofstgrm. In autopsy material fropatients
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surviving a TBI there is evidence of an ongoing neuroinflammatory response years afte
survival following a single injuryKigure1-4) (Johnson et al., 2013dnterestingly, where
these observations demonstrate distawtivated microglia in the corpus callosum, in vivo
positron emission tomography studies in surviving patients after g siEBig the ligand
[11C]PK-11195, have reported no significant differences in binding in this region, although
they have reported difference in binding in the thalamic region compared with control
patientsfRamlackhansingh et al., 2011Hpwever, [11C]PK1195 is a translocator protein
(TSPO)ligand which is norspecific for microglia and is expressed on other cells such as
astrocytes and endothelial ce{fShechneva and Deng, 2016bherefore, the possibility

that imaging studies might underestimate or misrepresent neuroinflammationrfgl|ioBl

could be considered.

Figure 1-4 Neuroinflammation and white matter degradation in the corpus callosum with survival
following TBI Approximately 30% of survivors a year or more from single modetatsevere TBI show
evidence of white matter degradation as rarefaction in staining to Haematoxylin and eosin (d) when comparec
to uninjuredcontrol material (a). Accompanying this is evidence of ongoing neuroinflammation in the form of
numerous amoeboidgctivated microglia (e) in contrast to quiescent, ramified microglia in uninjured controls
(b). Staining from myelin with Luxol fast blue/ Cresyl violet demonstrates an associated loss of myelin with
evidence of continued myelin degradation (f). (a)(b3@tions from the corpus callosum of a 38M 131

control, cause of death sileh unexpected death in epilepsy. (d)(e)(f) sections from the corpus callosum of a
56M with a 3year survival from single severe TBI. (b) and (e) stained for HIFA DQ, DR usig antibody

CR3/43 (Dako) to reveal activated microglia.
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There has been very tl# characterisation of the extent and distribution of the
neuroinflammatory response following rTBI in boxers or-bomxer athletes, although it has
been mentioned in severalifgications(Payne, 1968Corsellis et al., 1973, Saing et al.,
2012, Adams and Bruton, 198%owever, there have been numerous experimental models
of rTBI which have demonstrated persistent microglial activation with an association with
degenerative pathology and cognitive defibtouzon et al., 2014, Petraglia et al., 2014a)

It is still unclear if this neuroinflammatory process thatacgjuired following TBI is a
primary response (abnormal inflammation driving late TBI pathology) or a secondary
response (abnormal inflammation reacting to other ongoing TBI pathologies occurring in
parallel). Some animal models have suggested that thediat@enicroglial inflammatory
response following TBI is both reparative (M2a microglial phenotype) and neurotoxic (M1
microglial phenotype) which possibly switches to M1 predominant phenotype during the
late phasglLoane and Byrnes, 201&umar et al., 2013, Loane et al., 201%he key
functional effects of the M1 activation state are killing of intracellular pathogens and antigen
presenting. These produce inflammatory cytokines, reactive oxygen species and reactive
nitrogen species, which generate ano¢oxic environmenfMacMicking et al., 1997)while

the M2 activation state involves an amilammatory phenotype which promotes tissue
repair and debris clearance, aiding the healing prq€dssrry et al., 2014)Whether the
microglial responses in human TBI, in particular the phenotypic profiles ineamsdyslate

survivors, mirror observations from animal studies yet to be confirmed.

l44Astrocytic response

Animal models of TBI have demonstrated that as a consequence of injury astrocytes car
exhibit membrane instability and cytoskeleton disassef@jlen et al., 2011)n response

to this, a number of events are initiated in astrocytes including rapid influx of extracellular
calcium, sodium release of matrix metalloproteir@seecretion of vasoactiveatecules

and adenosine triphosphate rele@$ekmatpanah ahHekmatpanah, Hoffman et al., 2000,
Ostrow et al., 2011, Ahmed et al., 20083trocytes havbeen recogisied as important early
responders following TBI, preceding the microglial respqksm and Dustin, 2006)with

ATP released from injured astrocytic networks guide the microglial population to site of
focal injury (Kim and Dustin, 2006, Davalos et al., 2005, Rouachl.e2002, Stout et al.,
2002, Verderio and Matteoli, 20013imilar to the heterogeneity in M1 and M2 microglia,
reactive astrogliosis has been attributed to both neuroprotective and detrimental effects ir
thecentral nervous system (CN@&pird et al., 2008, Sirko et al., 2015, Bardehle et al., 2013,
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Myer et al., 2006)The charactesation of reactive astrogliosis following a sTBI has yet to

be defined and developed. One limited posttemcase seriesnvestigating blastelated
injuries, recorded prominent astroglial scarring and reactive astrogliosiseynwdpite

matter boundaries and at the subpial glial plate in all chronic blast exposure cases (up to !
years survival) and did not finsimilar such patterns in sTBI; however, numbers were small
(Shively et al., 2016)

Following rTBI in transgenic mice, astrocytes display an acute presence of reactive
astrogliosig(Petraglia et al., 2014a, Ojo et al., 2018)key focuson astrocytesollowing

rTBI, however, remains the tasnmunoreactive astrocytes observed in GMEKee et al.,

2009, Steinet al., 2014) This astrocytic gau pathology in CTE is proposed to be
topographically distinct fromagingrelated tau astrogliopathy (ARTAG) which presents
itself as fousrepeat tau immunoreactive theshape astrocytegLopezGonzalez et al.,

2013, Lace et al., 2012nd may go on to form astrocytic tangles. Limited animal work
suggests a reactive astrocytic response following TBI which may have heterogenic attributes

and, todate, thdate response still requires to be established and expanded.

1.45Neur onal | os s

In autopsy studies, material from patients who sustained a sTBI demonstrate a degree ¢
neuronal loss in the acupdasgShaw et al., 2001, Maxwell et al., 200Gjven the multiple

acute pathologies of TBI, including diffuse axonal injury and the gudse
neuroinflammatory response, this neuronal loss is to be anticiptdackver, his neuronal

loss may continue into the late phase in a proportion of patients, with active degeneration of
neurons via programmed cell death being observed in material from patients up to 1 yeal
following a single, severe TEMaxwell et al., 2003, Williams et al., 2001b, Maxwell et al.,
2006)

With regards to rTBI, neuronal loss in the neocortex, substantia nigra, locus coeruleus, anc
cerebellum has been described in the majority of CTE cases (both boxers amokaon
athletesYOmalu et al., 2011b, Omalu et al., 2005, Omalu et al., 2006a, Omalu et al., 2010a,
Omalu et al.,, 2010b, Brandenburg and Halleden, 1954, Neubuerger et al., 1959,
Constantinidis and Tissot, 1967, Grahmann and Ule, 1957, Schmidt et al., 2001, Nowak e
al., 2009, Williams and Tannenberg, 1996, Hof et al., 1992, Corsellis et al., 1973, Mann et
al., 1983) The cell loss has been dabed as varying from patchy and selective alterations
through to widespread and diffuse loss. Although there have been reports of neuronal los:
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from the substantia nigra, synuclessociated pathologies, including Lewy bodies, have
not been reported, wdh, given the evidence of motor symptoms in CTE (Parkinsonian
symptoms) is uniqugOmalu et al., 2006a, Omalu et al., 2005, Brandenburg and
Hallervorden, 1954, Constantinidis and Tissot, 1967, Corsellis et al., Dgg¢hman and
Newell 1999. This vulnerability of thesubstantia nigra is unknown in patients surviving a
STBI.

1.46Whi t e metgtreardati on and continued
degenerati on

In all severities of TBI, DAl is a constant pathology in varying degrees. It is associated with
interruption of axonal transport via cytoskeletal disruption which creates an environment for
rapi d ADb thg acote ghase post mBlohnson et al., 2013c, Adams et al., 1982,
Adams et al., 1989a, Smith et al., 2003b, Smith et al., 1999, Chen et al., 2004, Johnson ¢
al., 2010) In one of the earliest pathologies determined in sTBI, Si{&thich, 1956)
demonstrated evidence of ongoing myelin degeneration at autppsy 15 months after
survival from a single, severe TBI using the Marchi technique. Usisgiae model of
axopathy, continual axonal degeneration has been demonstrated months aft¢Cimgury

et al., 2004) This observation has also been recsgdiin patients surviving a single
moderateto-severe TBI wherehere is ongoing axonal pathology in a proportion of
survivors; decades after injurfChen et al., 2009, Johnson et al., 2013grforming
immunohistochemistry on brain sections, ttoatinual axonal degeneration is charastedli

as morphologically abnormal ARRimunoreactive swollen axonal profiles throughout the
white matter regionérigure1-5). These swollen bulbs @myloid precursor protein (APP)

are found in isolation and in small clusters in the white matter, indicative of disconnected
axon terminals and providing evidence of ongoing axonal disruption irtésngsurvival

in humans. In adtiobn to the axonal degeneration, there is marked thinning of the white
matter in the corpus callosum and reduced myelin staining which coincided with amoeboid
microglia that contained myelin breakdown products, in keeping with ongoing myelin
phagocytosigJohnson et al., 2013a)
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Figure 1-5 Axonal pathology in the corpus callosum with varying survival from TBIDiffu se axonal injury

(DAI) is observed in all severities of TBI with associated axonal transport interruption. DAI is revealed in
sections stained for APP and is detectabl#hiwihours of injury as immunoreactive axonal profiles with
abnormal morphologies (d8M 11hours survival from severe TBI. Beyond this acute phase axonal injury,
evidence of ongoing axonal transport interruption marked by scattered, morphologically abnormal axons
staining for APP remains present in survivors a year or more from singleratedo severe TBI (b) 24M
8years survival from single severe TBI (c) and in material from individuals exposed to repetitive mild TBI,59M
former soccer player. All séons stained for an antibody to thetérminal amino acids 681 of APP
(Millipore).

Where there is a concordance of reports of white matter pathology following a sTBI, there
is limited evidence of this pathology following rTBI. Later publications in rTBI have
described abnormal axonal profiles which accumulates transport proteins such as
phosphorylated tagGoldstein et al., 2012, McKee et al., 20¥8)ere earlier publications

did not seek evidence of such pathology. Some reports have described mixed observation:
from foci of degeneratioOmalu et al., 2011b, Payne, 1968, Saing et al., 2012, Corsellis et
al., 1973)with reduced myelin staing (McKee et al., 2009, Payne, 1968, Neubuerger et al.,
1959, Corsellis et al., 1978) no evidence of demyelination at @lonstatinidis and Tissot,

1967). Thus said, the formal characsaiion of this axonal pathology following rTBI still

remains to be completed.

147Bl odbd ai n barrier

The breakdown in blocetrain barrier (BBB) integrity is becoming increasingly recognised

in a range of disorders such as ischef8@ndoval and Witt, 2008nultiple sclerosigKirk

et al., 2003)and neurodegeneratioZlokovic, 2011, Bell and Zlokovic, 2009aBoth
imaging (Starr et al., 2009nd animal model&lokovic, 2011, Ujiie et al., 2003)f AD

have proposed that disruption of the BBB occurs early in the disease process and it ma
contribute to its pathogenesis due topaimed amyloieb cl earance or
neuroinflammatior{Zlokovic, 2011, Grammas, 2011, Shibata et al., 2000b, Zlokovic et al.,
2010, Deane et al., 2004a, Jaeger et al., RG0ditionally, neuropathology studies have

described multifaceted vascular changes coraectBBB disruption in AD patien{Zipse
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et al., 2007aBrown and Thore, 2011a, Buee et al., 19@4h a correlation between
evidence of BBB leakageand ADy pe pat hol ogi €\Wggarsretali 2001l) ma |

BBB disruption following sTBI has been described in the acute phase in several animal TBI
models; however, the data is inconsistent on the time course of this disruption. While some
studies have reported that BBB disruption occurs early, within hourguoy,imnd quickly
resolveqgBarzo et al., 198 Habgood et al., 2007, Baldwin et al., 1996, Shapira et al., 1993,
Rinder and Olsson, 8, Shreiber et al., 1999, Smith et al., 1995t€net al., 1989
Ommaya et al., 1964, Hekmatpanah and Hekmatpanah, 1985, Hicks et al., 1993, Povlishoc
et al., 1978)others have described a more dynamic, biphasic course following TBI with an
early-phase BBB disruption occurring 3 to 6 hours after injury followed by a further BBB
injury at 1 to 3 days poshjury (Baldwin et al., 1996, Baskaya et al., 19BBB disruption

has also been obs/ed in mice 3 months pe$BIl with focal immunoglobulin G (IgG)
deposition around callosal blood vessels ipsilateral to controlled cortical impact site
(Glushakova et al., 2014n upport of these observations in animal TBI models, evidence
of acute BBB disruption has been described following severeriliimans through reports

of elevated serum al bumin in cer dwebas,pi n
2014, Stahel et al., 2001, Ho et al., 2014a, Blyth et al., 2009, Di Battista et al., 2015, Csuke
et al., 1999, Kossmann et al., 199bhis acute BBB disruption following sTBI may predict

a poor longterm outcomen a population of patientéHo et al., 2014a)Neuroimaging
studies hae also demonstrated evidence of BBB disruption after TBI in haymwaith this
disruption persisting at sites of focal contusions for up to 11 years post injury and with

greater frequency in TBI patients with pastumatic epilepsyTomkins et al., 2011)

Following rTBI, there is imaging evidence of BBB disruption in American football
participants, independent of clinical evidence of TBI, possibly as a result of exposure to
Asubconcussi ve(Weissherq et ali, 20dH0thers studie using blood

bi omar kers have al so demonst r atotdl playere v at
suggesting transient BBB damage in players with the greatest numberaufrsuussive hits
(Marchi et al., 2013)However, some animal models of rTBI failed to demonstrated BBB
disruption(Kane et al., 20123s did studies on boxers and militarygmnel (chronic blast
exposure) suggesting the BBB remains undamégleshnow et al., 2011, Zetterberg et al.,
2006, Zetterberg et al., 2013lhongitudinal studies of biomarker levels in patients with
mild TBI are scarce. In the absence of such studies, it is difficult to determine BBB disruption
following mild TBI and, therefore, clear biomarkers tlzaiuld diagnose mild TBI and

predict clinical outcomes
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15Geneti cs

15 APOBNnd traumatic brain injury

Sever al studies have examined thaPOEBUS ALt I
allele and dementiafter TBI. APOE regulates lipid homeostasis by migaligipid transport

from one tissue or cell to anoth@iahley and Rall, 2000)Specifically in the CNS, ApE

is produced by astrocytes and transports atetel to neurons via lipoprotein (LDLR)
receptor§Bu, 2009) The U4 AROEgendisassariatediwhheyperlipidaemia and
hypercholesterolaemia, which lead to atherosclerosis, coronary heart disease and strok
(Mahley and Rall, 200Q,ahoz et al., 2001)

|t has been well document ed AROE&genepsoass € S ¢
associated with an increased risk of ADorder et al.,, 1993, Saunders et al., 1993)
specifically this allele is related to a
ager el ated AD deposi t @Jacketal, 015RegatdinghiTil, there i v i
i ncreasing evidence of an as spragnosidollowing b et
a sTBI, with worse immediate aneldont h out comes i n carr-i ers
carriers(Teasdale et al., 1997, Sorbi S, 1995, Friedman et al., 1999, lahestral., 2002
Sundstrom A, 2004, Lichtman et al., 2000, Liaquat et al., 2002, Smith et al., 2006, Diaz
Arrastia et al., 2003, Teasdale et al., 2006hgterm survivorof sTBIwho are carriers of
ApoE4 also have a higher risk of dementia following injury than-cemiers(O'Meara et

al., 1997, Guo et al., 2000, Plassneaal., 2000, Mayeux et al., 1995, Katzman et al., 1989,
Mauri et al., 2006) Regarding influence on pathology after injury, following sTBI,
individualswh o have t he Ud4momlsdvard centusionahimjurs and racree
notable diffuse hypoxic brain injuf(Swmitht har
et al., 200%. There is also evidence of increased amyloid plaque pathology in patients dying
duringthe acup hase after a sTBI compared with
(Nicoll et al., 1995) However, the longerm implications ofAPOE genotype on late

pathology after exposure to TBI are yet to be described.

There is much less documented evidence of an associatb et ween t he U
cognitive impairment in rTB{Kristman et al., 2008, Tierney et al., 201@)the longetterm
outcomes after rTBI some studies have de
increased cognitive impairment in boxers (high exposure only, those with haorel2

professional boutsfJordan et al., 1997and in older professional American footballers
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(Kutner et al., 200Qhowever, as discussed previously, the numbers of participants in these
studies was small. Studies of the association betwee&PB&genotype and late pathology

after exposure to rTBI have been informative. Although originadnts described a lack of

an association betwe&POEgenotype and CTE pathology as defined by charadtetast
deposition (Omalu et al.,, 2011a, McKee et al., 2013)hen an appraisal of
neuropathologically confirme®TE cases was carried oupsci fi cally th
pat hol ogies, a clear association was di sc¢

acceleration of CTE disease progresgistein et al., 2015)

Interestingly, where the majority of the literature on CTE has focused on pathognomonic
lesion being tau, the limited clinical reports of outcomes after rTBI and of dementia
following a sTBI indicate an association between the possessionAPBEU 4 al | el e
a WwWorse prognosi s. I n addition, the U4 a
with ADb pat hteah withitae gatholagieshhes rinformation sggests that
clinically relevant CTE might extend beyond the description of a tauopathy, with other
pat hol ogi es such as Ab deposition being

progression.

1.52Neprilysin and traumatic brain i

Neprilysin is the maiA bdegrading enzyme, with microsatellite GT repeat polymorphism

in the promogr region of the neprilysin genREP) linked to amyloid pathologies, including

AD and cerebral amyloid angiopathy (CAAlwata et al., 2000, Turner et al., 2001,
Yasojima etal.,,2001) Fol |l owing a sTBIl, this polymo
plaque pathologyJohnson et al., 2009here individuals carrying a longer repeat (greater
than 41 GT repeats) we olegy than thbse cahyeng thershostde o
repeats. This suggedEPhas a key role in the breakdc
Although an increase in int@xonal neprilysin immunoreactivity and an associatidt

Ab accumul ati on h aents suevieing uplte 3 years fdlevihg a siBl p a
(Chen et al., 2009)the longeiterm relationship betweeNEP and neundegenerative
pathologies are yet to be described. In terms ofdleeof NEPin the predictor of outcome

in rTBI and relationship of neuropathologies, this is yet to be examined.

The pathology of late survival from TBI is recognised as a complex pblyjoaty featuring
abnormalitiesin au, amyl oi d-43 neQrdinblgmyatioa; axdnalld&yeneration;
degradation of white matter; and neuronal Idssyever, the literature is limited in parts.
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Thus far, it is acknowledged that tauopathy is a key feature of CTE following rTBI and is
observed in late survivors of sSTBI. Amylefhas been revealed in tissue acutely following

a sTBI and can be found in higher density and in younger cases in the late response followin
a sTBI, yet evidence following rTBI is limited. In addition, THB has been demonstrated
translocated into the ayplasm following rTBI, however, to date, there appears to be an
absence of evidence following sTBI and axonal degeneration has been observed in both sTE

and rTBI (again there is limited evidence in rTBI).

1.53MAPT

The geneMAPT (microtubuleassociated proteiTau) encodes for the protein tadAPT
resides within a 900kb inversion polymorphism tresults intwo haplotypes, H1 and H2
(Stefansson et al., 2009)lutations in this gene have demonstrated that tau dysfunction
alone was sufficient to initiateeurodegeneratiofGasparini et al., 2007specifically
tauopathiesRare missense and exon 10 splicing mutations whiclt resocreased levels

of tau isoforms (4epeat) lead to familial frontotemporal dementia with pesdnism
(Hutton et al., 1998, Spillantini and Goedert, 1998)ereas H1 haplotype is assded with
increased risk of progressive supranuclear palsy (fyan et al., 2004Y he association
between these haplotypes and TBI is unknown although one study noted an increase in H

haplotype in CTE however this was not significéBieniek et al., 2015)

Where most pathologies have a certain degremderstanding, the complexity of the BBB
following TBI has yet to be explored. Disruption of the BBB has been demonstrated in a
limited capacity in animal studies in the acute phase, however the pathology and tempora
course in humans is unknown. Neuftammation following TBI has been observed in
several studies, however this could be expanded into microglial phenotypes and regiona
locations of inflammation. As could the astrocytic response which has been observed is som
animal studies and one (veinited) case series. Common to all sTBI and rTBI studies to
date, is a striking lack of autopsy confirmation of pathology in late TBI series, with resultant
absence of adequate clinicopathological correlation and, therefore, much more work is

required to onfirm such pathologies.
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16 Hypot hesas mand

Table 1 Hypotheses and aims

Hypotheses

Background summary

Aims

STBI results in disruption of
BBB function acutely and in

long-term survivors.

BBB disruption following sTBI has
beendescribed in the acute phase
several animal TBI models;
however, the data is inconsistent g
the time course of this disruption.
Some imaging studies have report
BBB disruption up to 11 years pes

injury.

To characterise the pattern,
distribution andemporal evolution
of BBB disruption at varying

survivals from sTBI.

sTBI results in a mixed
astroglial and microglial
neuroinflammatory response
that is geographically and
temporally distinct.

The characterisation of reactive
astrogliosis following sTBhas yet
to be defined and developed; one
limited postmortem case series wit
blastrelated injuries reported
reactive astrogliosis in gréwhite
matter junctions and subpial glial

plate.

Autopsy studies report activated
microglia in corpus callosum of
paients surviving years following &
sTBI; however, imaging studies
report binding of PKL195 in

thalamic regions.

To characterise the extent,
distribution and temporal evolutio
of the astroglial and microglial

response to sTBI.

The microglial response to
sTBI is defined by
phenotypically distinct
microglial population.

Animal models of TBI report an
immediate microglial inflammatory
response following TBI of both
reparative (M2a microglial
phenotype) and neurotoxic (M1
microglial phenotype) which
possibly svitches to M1
predominant phenotype during the
late phase. The response in humal

following TBI is unclear.

To determine the microglial
phenotypes associated with

survival from sTBI.
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2 Gener al Mat er i al and Met ho

21 Et hiapplr oval for useéumatd ssaer (

All human brain tissue used it the following studies were selected from the Glasgow TBI
Archive of the department of Neuropathology, Glasgow, UK. The Glasgow TBI archive
contains 1474 TBI cases collected from 1963 to 2068§ether with a quaty of uninjured
controls. Within the TBI archive 1133 cases are males (J#%d 341 cases are females
(23%). All cases have correspondipgstmortemrepors available andwhere necessary
supplemented by forensic andnatal records As such, the Archie databaséncludes
information ondemographics, clinical data, and detail on neuropathology findings at the
original autopsy. All procedures were performed in accordance with approval granted by the
South Glasgow and Clyde Research Ethics Committee (R&C10/S0704/60) and the
Greater Glasgow and Clyde Biepository Governance Committe®ppendix 1).

22 St uduseismpgs-tnor t erma tins s u e

All tissue was acquired at routine diagnostic posttem and was available for use as
formalinfixed, paraffinembedded blocks. Whole brains were immersed in 10% formol
saline for a minimum of 3 weeks, then dissected using a standardised block selectior
protocol. Tissue was then processed to paraffin using standardized techniques. All case

were anonymised with noatientidentifiers available to the researcher.

All cases had a confirmed diagnosis of moderate to severe TBI baselthioal and
pathologicalassessmentgCases included various survival times and ages. Acute cases
(survival < 14 days) were included & 74) with ages ranging from 460 years old.
Intermediate cases were selected (n = 11) with survival intervals ranging from 14 days to 1
year and longerm TBI cases (n = 32) with ages ranging from B9 years old and survival
intervals ranging froml year to 47 years. Mean PM delay, sex, cause of injury and cause of
death can be found Appendix 2. Age-matched, ninjured controls were includd€d = 30),

with agesrangingfrom 7 years to 60 years old at time of deatldwith no known history

of neuological disease or of TBI. Varying causes of death are reported with SUDEP and
heart disease predominant. ABI casesand controlsvere aged 60 years old or younger at

time of death to minimismfluence of ageingssociated pathologies on observations
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Sections were cut at 8em using a rotary nm
and mounted onto Superfrost Plus microscope slides (Cellpath, Powys, UK). The slides were
placed into an oven at 32 for minimum of 72 hours for the tissue to adhere to the slides.
Sections were then deparaffinised in xylene (3 x 5 minutes) followed by immersion in 100%
methanol (3 x 5 minutes), 95% methanol (2 x 5 minutes) then rehydrate to distilled water
(dH20). Sectionswere then immersed in 3% hydrogen peroxide solutiofdHor 15
minutes to reduce endogenous peroxidase activity. After washing in water, antigen retrieval
was performed as required for each specific antibody. Heat/pressure antigen retrieval wa
performel by immersing slides in preheated Tris EDTA buffer (pH8.0) or Citrate buffer
(pH6.0) and placing them in a microwave pressure cooker for 8 minutes on high power. The
pin on the pressure cooker should have popped after 3 minutes to guarantee the sections &
immersed in boiling solution for exactly 5 minutes. To ensure consistent heat dispersion, the

same number of slides were places in the pressure cooker each run.

The lid of the pressure cooker was then removed, carefully, and sections left for 10 minutes
to cool on the bench, followed by slow introduction to cold water to bring up to temperature.
Once cooled, sections were then blocked
agent (Vector Labs, Burlingame, CA, USA) per 5 ml Optimax buffer (BiogeBex
Ramon, CA, USA). The primary antibody was diluted in optimax buffer (for specific
antibody dilutions seappendix 3 and applied to the sections for 20 hours at 40C. Once
incubated with the primary antibody, the sections went through 3 separateswashe
PBS/Tween for 10 minutes each on a belly dancer (Stovall, Life Science Inc, Greensboro,
US). Foll owing these washes, a biotinyl at
secondary antibody per 5ml Optimax buffer) was applied for 30 minut¢gversal Elite

Kit, Vector Labs, Burlingame, CA, USA), followed again by 3, 10 minute washes in
PBS/Tween. The avidin/biotin horseadi sh peroxi dase (HRP) ¢
solution and 10¢l biotinyl ated emrdfpgrr3@ pe
minutes RT followed by another washing step in PBS/Tween (3 x 10 minutes). Visualisation
was achieved using the DAB peroxidase substrate kit (Vector Labs, Burlingame, CA, USA)

which was applied as per ma n veftharcrinsediredf®6 s |
and counterstained by i mmersion i n Mayer i
againind’l0 and then i mmersed in Scottds Tap

sections. The slides were then dehydrated througha@%%d00% methanol (3 x 5 minutes

each), immersed in xylene to clear sections (3 x 5 minutes) and then coverslipped.
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Negative controls were used in each experiment to demonstrate the absencspaEaifon
binding. The primary antibody was omitted froneslk sections, optimax buffer was used
only. Positive sections were used in each experiment to demonstrate correct staining of thi

specific antibody.

All sections were viewed using a Leica DMRB light microscope (Leica Microsystems). In
addition, sections we scannedand analysedusing a 20x optic on a Hamamatsu
Nanozoomer 2T slide scanner which has a 0.75NA and scamages at a digital
resolution of 0.4am per pixelFurthermorewhere appropriate sections were scanned using
a 40x optic which scanisnages at a digital resolution of O#8 per pixel.The images
viewed via the SlidePath Digital Image Hub application (Leica Microsysté&bsgrvations

were made blind to all clinical and demographic data of all cases.

24 St at i antalcyasli s

Statisticalamalyses weg performed using SPSS (version 22, IBM.com). The exact details of
particular tests used are given in each chapter. Semi quantitative data of BBB disruption
(Chapter3and4)amii cr ogl i a activation (Chapters
test to assess differences in scoring between and within cderteae mer 6 s V was
to determine the effect size A Cr amer 6s V \waéa low practical 0. !
significance, a value of 0.3 sugga$h moderate practical significance and aueabf 0.5
suggestda high practical significanc&/herequantitative data were collected (Chapters 5,

6 and 7) values were, where possible, expressed as nstandard error of the meahhe

St ud etastwassused to compare data sets between and with c o hor dwas Co
calculated to determine the effect size and to indicate the standardised difference betwee
two meansA C o h edwva@ue of 02 suggestda low practical significance, a value 060.
suggestd a moderate practical significance and a value 8fsOggestd a high practical

significance All effects were considered statistically significant wheB@O05.
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3Bl otbdain barrier disruptioc
t hat may persist for many
brain i njury

31l ntroducti on

Traumatic brain injury (TBI) is acknowledged as the strongest environmental risk factor for
the devel opment of neurodegenerative di s
(AD) (Molgaard et al., 1990, Mortimer et al., 8% Mortimer et al., 1991, Graves et al.,
1990, O'Meara et al., 1997, Salib and Hillier, Z9Guo et al., 2000, Schofield et al., 1997,
Plassma et al., 2000Fleminger et al., 2003, Lye and Shores, 2000, Johnson et al., 2010,
Plassman and Grafman, 201%ithough more recently regarded as chronic traumatic
encephalopathy (CTELorsellis et a] 1973 Smith et al., 2013, McKee et al., 2013, McKee
and Daneshvar, 2015, Hay et al., 2016)the UK alone, there are approximately 160,000
hospital admissions anally, this number is significantly higher in the US with 300,000 TBI
patients requiring hospitalisatioCoronado VG, 2012, Faul M, 2010, CDC, 1999)
Paentially, this TBI population could significantly impact the financial burdiéocated to
dementia care globally. Exposure to a single moderate or severe, or to repetitive TBI, reveal:
a complex of pathologies including abnormalities of tau, amydoid a n d-43;Th&uPonal

loss; neuroinflammation; and white matter degradafimihnson et al., 2010, Smith et al.,
2013, MKee et al., 2013, McKee and Daneshvar, 2015, Johnson et al., 2012, Johnson et al
2013a, Ramlackhansingh et al., 2011a, Johnson et al., 20h&dnechanisms driving these

late posiTBI neurodegenerative pathologies remain elusive.

3.1.1Bl odbd ain barrier disruption in d

Disruption of the bloo¢brain barrier (BBB) is increangly recognised in a variety of
disorders such as ischeni@andoval and Witt, 2008inultiple sclerosigKirk et al., 2003)

and neurodegenerati¢dlokovic, 2011, Bell and dkovic, 2009b) Various studies suggest

that disruption of the BBB integrity is an early event in the pragesof AD and may
contribute to its pathogenesiperhag as a result of impaired amyleid c | ear anc
associated neuroinflammatiqZlokovic, 2011, Grammas, 201 Shibata et al., 2000b,
Zlokovic et al., 2010, Deane et al., 2004a, Jaeger et al., .28p6¢ifically, a caseontrol
magnetic resonance imaging (MRI) study investigated BBB permeability in both AD
patients and healthy, older controls. A noted increase in BBB permeability was ptesent a

early stage in AD although the extent of the leakage was similar to the controls of a similar
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age (mean age of AD patients was 73.7 years and mean age of controls 72.7 years). In
systematic review of the literature, increasing age in healthy sshjext arisk factor of

BBB disruption, which increased further in vascular dementia an(Faball and Wardha,

2009) Animal models of AD have also suggested that BBB permeability is an early event
in AD (Ujiie et al., 2003)Using an AD modeTg2576 mice, Ujiie et al assessed the uptake
of Evans blue dye and albumin into the brain of transgenic mice. Increased BBB
permeability was found in the dex of 10monthold Tg2576 mice, preceding AD
presentation. Furthermore, youngem@énth-old) Tg2576 mice exhibited BBB disruption
compared to their netransgenic counterpargsljiie et al., 2003)

Neuropathology studies also suggesmplex vascular changes associated with increased
BBB permeability in AD patient&ipser et al., 2007b, Brown et al., 2001, Buee et al., 1994)
where an associatidetween histologic evidence of BBB leakage andtyyi® pathologies

i n malod aging has al(\Mggarsteteae, R201DWHilmiogntlsetbraia t e d
donations from the Medical Research Council Cognitive Function and Ageing Study (MRC
CFAS), Viggars et al investigated BBB disruption in the temporal cortex of 92 participants
in the study. By staining sections with BBB permeapifitarkers albumin and fibrinogen,
along with tightjunction protein markers claud, ZO-1 and occludin they demonstrated
that BBB disruption increased with the progression of-t@e pathology, such as
neurofibrillary tangles, and this increase in disiupwas accompanied witlancrease in

vascular densitpViggars et al., 2011)

3.1.2Bl odvd ain barrier disruption afte

Blood-brain barrier disruption has been demonstrated in the abaise following TBI using
several animal models, but the temporal course of this disruption is unclear. Some studie:
suggest shortlived opening of the BBB following injury which is resolved within hours
(Barzo et al., 1996, Habgood et al., 2007, Baldwiale 1996, Shapira et al., 1993, Rinder
and Olsson, 1968, Shreiber et al., 1999, Smith e1295 Cortez et al., 1989, Ommaya et

al., 1964, Hekmatpanah and Hekmatpanah, 1985, Hicks et al., 1993, Povlishock et al., 1978’
However, other models of TBI suggest a more dynamic biphasic course of BBB disruption
where an eariphase BBB opening occurs ata3hours posinjury followed by a later BBB
opening at 1.3 days pasinjury (Baldwin et al. 1996, Baskaya et al., 19910f note, several

of the studies it suggest a shelived opening of the BBB also suggest some continual
leakage for up to 4 days peasjury (Shapira et al., 1993, Habgood et al., 20@/hile others

only monitored the rodds for a short timgeriod following the injuryBarzo et al., 1996,
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Shreiber et al., 1999Deposits of focal immunoglobuk@ (IgG) around callosal blood
vessels ipsilateral to controlled cortical impattmice have been demonstrated 3 months
following injury, which supports this later BBB disrupti@@lushakova et al., 2014)

Where evidence of acufghase BBB disruin following injury has been demonstrated in
various animal models of TBI, several clinical studies report elevated levels of serum
al bumin and S100b in the cerebr %apetrlgl f
2014, Stahel et al.,, 200Ho et al., 2014a, Blyth et al., 200%lo et al performed a
retrospective cohort study on 97 TBI patients in which they observed BBB disruption in 43
of the 97 patients. Furthermore, this disruption is associated with more severe TBI and may
predict an unfavourable lortfgrm oucome(Ho et al., 2014a)In addition, neuroimaging
studies have reported evidence of prolonged BBB disruptipatiants following TBI, even

mild to moderate injury in some casegjich can present in greater frequency in patients
with posttraumatic epilepsy (PTE(Tomkins et al., 2011)Using MRI, Tomkins et al
investigated BBB breakdown in 37 TBI patients, 19 of which suffered from PTE. Disruption
was observed in 53% of TBI patients, lasting up to 11 yearsigasy, with PTE patients

more lkely to have BB disruption than nospileptic patients (82.4% versus 25%)
(Tomkins et al., 2011)}urthermore, BBB disruption has besrserved following mild TBI

in American football participants using imaging techniques, independent of clinical evidence
of TBI (Weissberg et al., 2014\Veissberg et al recruited 16 football players and 13 track
and field athletes where, following at least 2 months of training and competing, they
underwent MRI to assess BBB integrity. The results revealed that BBB tilisrupas
evident in 40% of the football players and 8.3% of the control athletes. Furthermore, elevatec
S100b serum | evels have been reported i
concussions, i ndicating thats ubhc osn cBuBsBs idvie
(Marchi et al., 2013)

There is, therefore, evidence from both animal models and limited clinical studies of BBB
disruption following a BI; however, the extent and temporal course of this BBB
dysfunction in humans has not been researched fully. Specifically, evidetate phase

BBB disruption has not been explored. In this study, material from the Glasgow TBI Archive
will be used to characterise the extent, distribution and temporal dynamics of BBB disruption
following a moderate or severe single TBI in comparisdh agematched controls.

Hypothesis: BBB disruption is present following TBI observed by increased deposits of

fibrinogenand IgG throughout the brain compared to uninjured controls.
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32Speci fic methods

321Case selection and brain tissue

Ethical approval for this study was granted by@mneater Glasgow and Clyde Biepository
Governance Committe&rom the Glasgow TBI Archive, cases d@® years or younger at

the time of death with a history of a single moderate or severe TBI wer¢edgel&ébey
represented a range of survival times from injury to include acute cases with survival times
of 10 hours to less than 14 days (n = 27); intermediate cases with survival times of 14 day:s
to less than 1 year (n = 11); and lelegm cases with sunal times from 1 year to 47 years

(n = 32). Detailed reports from the original diagnostic autopsy were available for all cases;
where necessary these were supplemented by forensic and clinical records, and a history «
moderate or severe TBI at presentatieas confirmed, as defined by Glasgow Coma Scale.
Age-matched uninjured controls aged 60 years or younger at the time of death and with nc
known history of neurologic disease or history of TBI (n = 21) were selected for comparison.
Postmortem delays wereomparable across the cohorts (p > 0.05 in all comparisons across
cohort s; ttsSt). Ddneograpbics, clinical data, and detail on neuropathology

findings at the original autopsy for each cohort are presenteabie 2
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Table 2 Demographic and clinical information of all groups

TBI: Acute TBI: TBI: Long -term|Controls
survival Intermediate survival (n=21)
(n=27) survival (n = 11) |(n=32)
Mean age (range) 44.4 years |32 years 46.3 years 39.9 years
(9-60) (17-56) (19-60) (14-60)
Males 17 11 31 13
(63%) (100%) (96.9%) (62%)
Mean PM delay (range) 56.1 hours  [74.7 hours 65.5 hours 71.6 hours
(3-240) (26-192) (9-184.5) (12-144)
Mean survival interval (range) [69.3 hours [72.8 days 7.8 years Not applicable
(6-216) (14-279) (1-47)
Cause of [Fall 15 2 15 Not applicable
TBI (55.5%) (18%) (46.9%) (No history of
TBI)
RTA 7 5 5
(25.9%) (45.5%) (15.60%)
Assault 4 3 3
(14.8%) (27%) (25%)
Unknown 1 1 4
(3.7%) (9.1%) (12.5%)
Cause of [Head injury 25(92.6%)  4(36.4%) 0 0
death Bronchopneumonia (2(7.4%) 4(36.4%) 7(21.9%) 1(4.8%)
ARDS 0 2(181%) 1(3.125%) 0
Pulmonary 0 1(9.1%) 0 0
thromboembolism
Heart disease 0 0 6(18.8%) 5(23.8%)
)Alcohol related 0 0 2(6.25%) 0
Pyelonephritis 0 0 1(3.125%) 0
Multi-organ failure |0 0 1(3.125%) 0
GIT haemorrhage [0 0 1(3.125%) 0
Polytrauma 0 0 1(3.125%) 0
Drug overdose 0 0 0 3(14.3%)
SUDEP 0 0 7(21.9%) 8(38.1%)
Pulmonary oedema |0 0 1(3.125%) 0
Septicaemia 0 0 0 2(8.3%)
Inhalation of gastrj0 0 0 2(8.3%)
contents
Unknown 0 0 4(12.5%) 0

Key: TBI = traumatic brain injury; SUDEP =sudden unexpected death in epilepsy; GIT =
gastrointestinal tract; ARDS = acute respiratory distress syndrome; RTA = road traffic accident
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322Routine histology

Haematoxylin ad eosin staining was performed on sections from all tissue blocks. Slides
were deparaffinised in xylene and rehydrated to water followed by immersion for 10 minutes
in haematoxylin (Mayer; Leica Microsystems, Wetzlar, Germany). After rinsing and

immersionn n Scott's tap water substitute (Lei
were differentiated in 1%c&d alcohol and rinsed. The sections were then immersed in 25%
aqueous eosin Y solution (TCS Biosciences, Buckingham, United Kingdom) for femjinut

rinsed, dehydrated, cleared, and coverslipped

323l mmunohi stochemistry

After deparaffinisation and rehydration, sections were immersed in 3% aqueous H202 for
15 minutes to quench endogenous peroxidase activity. Antigen retrieval was performed via
microwave pressure cooker for 8 minutes in preheated 0.1 mol/L Tris EDTA buffer (pH8).
Subsequent blocking was achieved by appl
Burlingame, CA) per 5 mL of Optimax buffer (BioGenex, San Ramon, CA) for 30 rsinute
Incubation with the primary antibody was then performed for 20 hours at 4°C. Polyclonal
rabbit antthuman antibodies for fibrinogen (FBG) and 1gG (Dako, Carpinteria, CA) were
used at dilutions of 1: 17,500 and 1: 10,000, respectively. A biotinylateddaty antibody

was then applied for 30 minutes, followed by awlbiatin complex as per the
manufacturer's instructions (Vectastain Universal Elite kit, Vector Labs). Finally,
visualisation was achieved using the DAB peroxidase substrate kit (Vectgrfohdbsed

by counterstaining with haematoxylin. Known positive tissue sections were run in parallel
with test sections in all antibody runs, in addition to sections with primary antibody omitted

as standard controls for antibody specificity.

3241 mage asnal ysi

All sections were viewed using a Leica DMRB light microscope (Leica Microsystems). In
addition, sections were scanned ak 2ing a Hamamatsu Nanozoomer-BD slide
scanner, with the images viewed via the SlidePath Digital Image Hub application (Leica
Microsystems) Furthermore, where appropriate sections were scanned using a 40x optic
which scans images at a digital resolution of Qr@3er pixel.The imagesn this chapter

have been digitally captured at 4x (203 per pixel) 20x (0.4um per pixel)and 40x
(0.23um per pixel)
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All observations were conducted blind to demographic and clinical data. Anatomically
distinct regions were defined for assessment to include the neocortical grey matter of the
cingulate gyrus, cingulate sulcus, superior frogiaus, parahippocampal gyrus, collateral
sulcus, fusiform gyrus, and insular cortex. A sutalysis of neocortical grey matter was
performed by dividing the cortex into superficial (layers 1 and 2), mid (layers 3 and 4), and
deep layers (layers 5 and @)igure 3-1). In addition, the white matter of the midline and
lateral extent of the corpus callosum and internal capsule, hippocampal sectors CA1 to CA4
and the thamus (subdivided into medial, intermediate, and lateral regions) were assessed.
Each anatomic region wasviewed,and, in a seraguantitative assessment, the frequency
and intensity of immunoreactivity were determined as absent (score 0), sparse (score 1)
moderate (score 2), or extensive (score 3). Representative examples of
immunohistochemical findings and the corresponding prantitative scores are shown in

Figure3-2.

Layers 1 and 2 (Molecular
and external granular

Superficial layer)

s

Y
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Layers 3 and 4 (External
pyramidal layer and internal

Mid granular layer
. Layers 5 and 6 (internal
' pyramidal layer and
T polymorphic layer-
Deep-."

\

Figure 3-1 Separation of Cortical lamination The subanalysis of neocortical grey matter was performed
by dividing the cortex into 3 distinct layers based on the cortical distribution of neurons

325Statistical anal ys

Al | data were analysed using SPSS (versi
differences in data between and within cohorts, where appraopriattr a mer 6 s V w
determine the effectsizd. Cr amer 6 s V v eda lovwe practical gnificansey g g

a value of 0.3 suggest a moderate practical significance and a value of 0.5 suegbast
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high practical significance All effects were considered statistically signifitavhen pO
0.05.

Figure 3-2 Representative images of senguantitative scoring Representative examples of the patterns of
fibrinogen (FBG) immunoreactivity. (a) The superior frontal gyrus of-geitold male traumatic braiinjury

(TBI) patient who died 1 year after a fall. No abnormal FBG immunoreactivity is present (score of 0). (b)
Limited sparse perivascular FBG immunoreactivity (score of &)6Gyearold male TBI patient who died 16
years after a road traffic acciute (c) More widespread moderate perivascular FBG immunoreactivity (score
of 2) in the superior frontal gyrus of a-§@arold male TBI patient who survived 10 hours after a fall. (d)
Extensive privascular and adjacent parenchymal FBG immunoreactivitydsaf 3)in a 50yearold male

TBI patient who survived 1 year after an assault. (e) Extensive perivascular FBG immunoreactivity (score of
3) in the thalamic regiowf a 60yearold male TBI patient who survived 8 days after a fall. (f) Sparse
perivascular FBG immunoreactivity (score of 1) in the parahippocampal region eyeab6ld female TBI
patient who survived 24 hours after a road traffic accidgrdle ba= 1mm (low magnification), scale bar =
100em (high . magnification)
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33Resul t s

3331FBG i mmunoreactivity in control

In uninjured controls, where present, FBG immunoreactivity was observed in a
predominantly perivascular distribution highlighting small vissg®oughout the neuropil.

In addition, occasional sparse immunoreactive neurons and glia were observed. In ar
overwhelming majority of controls (17 of 21), FBG immunoreactivity was limited (score 0
or 1) Figure3-3a) and localisedRigure 3-4). In the remaining 4 controls, localised foci of
moderde (score 2) levels of FBG immunoreactivity were observed in single tissue blocks;
in 2 cases localised to the thalamus, one to the fusiform gyrus and the last to the superia
frontal gymus (Figure 3-5). Causes of death in these controls with localised moderate FBG
immunoreactivity were mixed; there was 1 case each of sudden death in epilepsy, sudde

death of cardiac origin, sepsis with mwdtganfailure, and pneumonia.

332FBG i mmunoreactivity in acute TB

In material from patients dying acutely after TBI (10 hours to less than 14 days survival), in
addition to perivascular FBG immunoreactivity, regions of more confluent diffuse
immunostaining wer also presentF{gure 3-3b). In contrast to the typically limited
abnormal FBG immunoreactivity observed in controls, in this acute TBI survival cohort,
88% of caseshowed at least 1 anatomic region with m@de (score 2) or extensive (score

3) FBG i mmunor eact iCriatme r (6msFurtierfrordi dandrs)ta

the localised pathology in controls, FBG immunoreactivity after TBI ofteneaeol
multifocal, that is, involving 2 or more regions in 11 of 27 (40%) acute survival dagasq

3-4). Of the regions examined, moderate or extensive FBG immunoreactastyletected

most frequently in mateal from the cingulate and superior frontal gyri (16 cases), followed
by the thalamus (12 cases), medial temporal lobe (11 cases) and insular cortex (6 case:
(Figure 3-5). Within the neocortical regions (cingulatsyperior frontal, fusiform and
parahippocampal gyri), there was evidence of preferential anatomic distribution, with
moderate or extensive FBG immunoreactivity more awidethe crests of gyri than in the
depths of the adjacent sulci in both cingulate and medial temporal lobe cortical regions
(Figure3-6). Furthermore, within the csés of gyri, FBG immunoreactivity was greater in

the mid and deeper layers than the superficial layers of the cortex. In the sinpetl

gyrus, 60% of cases showed moderate or extensive FBG immunostaining in the deeper laye!
versus 15% of casesingdh super fici al | ayers (p FgureO. 0C

3-6). There was no notable FBG immunoreactivity in the corpus callosum.



Figure 3-3 Representative images of fibrinogen (FBG) and immunoglobulin G (IgG) immunoreactivity

after traumatic brain injury (TBI) and controls (a) Absence of FBG immunoreactivity in the superior
frontal gyrus (Score of 0) of a 4&arold man with no history of TBI. (b) Extensive FBG immunoreactivity

in the superior frontal gyrus (Score of 3), mreferential distribution of staining to the mid and deep cortical
layers in a 26yearold male TBlpatient who survived 2 days after an assault. (¢, d) Extensive FBG (c) and
IgG (d) immunoreactivity in adjacent sections from the superior frontal gyrus (Score of 3) ofear@ld

male TBI patient who survived 18 years after a (@J|FBG immunoreactity and (f) IgG immunoreactivity

in astrocytes in a 3yearold male TBI patient who survived 4 years after a fattale bar = 1mm (low
magni fication), scal e hscalebar=10h0higmr njapnification imaapdf) f i c ¢
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Figure 3-4 Extent of abnormal FBG immunoreactivity after TBI at varying survivals versus controls
Moderate or extensive FB&munoreactivity was an uncommon observation in controls, occurring in just 4

of 21 cases (19%), but it was a frequent observation after TBI at all survival time points assessed, being preser
in 88%, 646, and 69% of acute, intermediate, and kbewgn survival cases, respectively. Furthermore,
abnormal FBG immunostaining in controls sirastricted to single anatomic region in contrast to the often
mul tifocal pathology in patients after TBI (** p
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Figure 3-5 Regional distribution of FBG immunoreactivity following TBI versus controls At all survival
intervals and in each region analysed there was evidence of BBB disruption following TBI, evidenced by
moderate/extensive FBG immunoreactivity, in a higher prigo of TBI survivors than matchedninjured
controls in material from the (a) cingulate/superior frontal gyri, (b) thalamus, (c) hippocampus, and (d) insular
cortex. (*p<0.05; **p<0.01; ***p<0.005; +p<0.0005; ++p<0.00g12 TBI cohort v contr
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33 3FBG mumoreactivity in intermedi at

Similar to material from patients dying acutely after TBI, regions of moderate or extensive
FBG immunoreactivity were present in a greater number of intermediate (>2 weekstto 1 yea
after TBI) survival patientsyr sus controls, with 7 of 11
= 0.446) demonstrating at least 1 anatomic-ragon with moderate or extensive FBG
immunoreactivity; 4 of these cases showed multifocaktgyre 3-4). Again, the cingulate

and superior frontal gyri most frequently showed increased staining (6 cases), followed by
medial temporal lobe (4 cases), thalanfusgses), and insular cortex (2 casegyre3-5).

As in the acute survival cases, there was a predilection for gyral crests over sulcal depths i
the cingulate gyrus and medial temporal lobe. Although the simmalker of cases precludes
formal statistical assessment, there was a trend toward preferential staining in mid to dee|
rather than superficial neocortical layers in all cortical regiBitgife3-6). As with theacute

TBI survival, there was no notable FBG immunoreactivity in the corpus callosum.
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Figure 3-6 Neocortical distribution of FBG immunoreactivity after TBI (a) There was a clear preferential
distribution of abnormal FBG immunoreactivity to the crests of gyri when compared to the depths of sulci
across all survival points, as illustrated here for the superior frontal gyrus versus the adjacent cingulate sulcu:
(*p<0.01; *p<0.001;6 Zulcus versus gyrus). (Burther, within the neocortical greyatter region of the
cingulate gyrughere was preferential distribution of abnormal staining to the mid (layers 3 and 4) and deep
(layers 5 and 6) cortical layers wheompared to superficial layers (layers 1 and 2). (*p<0.01; **p<0.604;

deep versus superficial cortical layers).
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334FBGmmunNnor eadadtni ‘ioensgm TBI sur vi val

A higher proportion of longerm survival cases showed evidence of increased FBG
immunoreactivity versus matcheadinjured controls Kigure 3-3c); at least 1 anatomic
region showed moderate or extensive FBG immunoreactivity in 22 of 32 (69%) cases (p <
0. 00;1;Cre@me r 6 .sMulfocality Was dg8ibcommon, pes in 15 of the long

term survival cases (47%Figure3-4). This increased staining was most frequent in material
from the medial temporal lobe (17 cases), followed by cingulate and superior frontal gyri
and thaamus (14 cases each) and insular cortex (5 caBep)ré 3-5). As in acute and
intermediate cases, there was a preferential distribution to the crests of gyri over depths o
sulci (Figure3-6). Furthermore, within the crests of gyri, FBG immunoreactivity was greater

in the mid and deeper layers than the superficial layers of the cortex. Thus, in the superiol
frontal gyrus, 56% showedoderate or extensive FBG immunostainimghe deeper layers
versus 12% in the superficial)(Figue®a).Shis( p -
pattern wageflected in all cortical regions assessed. In the medial temporal lobe, 40%
showed extensive FBG immunostaining in the deep layers compared with 14% in the
superficial | gy eCrrsa mep O¥sin €dntiash tBD&arke s8Bvival time
points and controls, 53% of cases in this ldagn survival cohort showed hippocampal
FBG immunoreactivity greater than sparse (score 1) in at least 1 hippocampal sector (p =
0.00G1;Crea2zmer 6s V = 0.124). There was n
particular sector; however, in keeping with this widespread increased FBG
immunoreactivity in these lorgrm survival cases, 44% showed increased thalamic
staining versus 10% of <cont r oAgan,tileewasn® . O

increasen FBG immunoreactivity detected in material from the corpus callosum.

3351 gG i mmunoreactivity in al/l gr ou

Observations in the anlgG-stained material paralleled the observations in material
immunostained for FBGHgure3-3d). Thus, at all posTBI survival points and in controls,

the extent and disbution of IgG immunoreactivity were comparable to those of FBG
immunoreactivity, that is, there was greater perivascahd confluent diffuse staining IgG
immunoreactivity in a proportion of TBI cases at all survivals versus controls. Specifically,
IgG immunoreactivity in the control cohort was limited, with only 4 (19%) of 21 cases
displaying moderate IgG immunoreactw(score of 2): in 2 cases, this was localised to the
superior frontal gyrus; 1 case localised to the thalamus; and 1 to the fusifirsn ggain,
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no multifocality was observed. Causes of death in the controls included sudden death ir
epilepsy (n = 2), dug overdose (n = 1), and pneumonia (n = 1).

The acute TBI survival cohort demonstrated moderate or extensive IgG immunoreactivity in
atleast 1 anatomicsube gi on i n 63% of CaaenerOpwtly .
multifocality present in 10 of2(37%) Of the regions examined, moderate or extensive 1gG
immunoreactivity wa detected most frequently in material from the medial temporal lobe
(10 cases), followed by the cingulate/superior frontal gyri and the thalamus (8 cases), anc
lastly the insudr cortex (2 cases). As with FBG immunoreactivity, there was evidence of
prefeential anatomic distribution, with moderate or extensive IgG immunoreactivity more
evident in the crests of gyri than in the depths of the adjacent sulci and in the midcd corti

deep layers when compared with the superficial cortical layers.

Following intermediate survival from TBI, regions of moderate or widespread IgG
Immunoreactivity were present in a greater number than in controls, with 6 of 11 (55%)
demonstrating at leas 1 anatomic sudegion with moderate/extensive 1gG

i mmunoreactivity (p = 0.05; 62; Cramer 6s
long-term survival TBI cohort demonstrated 71% (23 of 32 cases) of moderate/extensive
IgG immunoreactivity in ateast 1 anatomic sube gi on (p = 0. 0002;
0.517) Multifocality again was common, with 14 of 32 (43%) letegm TBI cases showing
immunoreactivity in 2 or more suiegions. Increased IgG staining was most frequent in the
medial temporal lob (13 cases each), followed by cingulate/superior frontal gyri and
thalamus (12 cases), and insular cortex (3 cases). The pattern and distribution of IgC
immunoreactivity also paralleled the results in &BiG-immunostained material, with
preferential digibution to the crests of gyri over the depths of sulci in both cingulate gyri
and hippocampal gyri, and greater IgG immunoreactivity observed in the mid and deeper

layers versus the superficial neocortical layers.

336 Associ ation of BBB -dsissorcuipattieodn wi
pat hol ogi es

Reviewing haematoxylin and eosstained sections from the multiple tissue blocks
examined for immunohistochemical evidence of BBB disruption confirmed the anticipated
BBB disruption in association with acute focal haemorrhagic pagiesd, in addition to
more widespread and diffuse BBB disruption independent of focal pathology. Specifically,

in material from acute TBI survivors, 21 TBbEsociated focal haemorrhagic lesions or
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contusions were observed across 13 of the 27 cases; lyidligll2 of 13 cases) displayed
some degree of extravascular FBG immunoreactivity in the surrounding parenchyma.
However, in the majority of these cases (9 of 13; 69%), BBB disruption was not confined to
the region of focal pathology, with evidence otdespread diffuse BBB injury present in

the remaining tissue blocks. Notably, in the 14 acute survival TBI cases without focal
haemorrhage or contusion, 12 (86%) also displayed extensive FBG immunoreactivity in at
least 1 region examined. In material fromtipnts surviving beyond the acute phase of
injury, there was evidence of healed haemorrhages or contusions, with histologic features
consistent with their having dated from the time of the original TBI in 2 of 11 intermediate
survival (comprising 6 indidual lesions) and 8 of 32 loxigrm survival cases (12 distinct

lesions).

Although not as extensive as observed in relation to focal haemorrhages or contusions ir
acute survivors, some evidence of BBB disruption was observed in the immediate locality
of al 6 lesions in material from intermediate survivors. In contrast, evidence of focal BBB
disruption in association with healed haemorrhages or contusions was less frequently
observed in material from lofigrm survivors, with just 6 of 12 lesions assodatéth
abnormal FBG or IgG immunoreactivity. Of note, both the intermediate survival cases and
all 8 of the longterm survival cases with BBB disruption in association with focal
pathologies also displayed more widespread diffuse BBB disruption remotefdoai
pathology. Six of 9 intermediate and 15 of 24 laegn survival cases showed no evidence

of focal haemorrhagic or contusion pathology, and the material examined displayed evidence
of extensive FBG immunoreactivity in at least 1 region. In additmnthese focal
haemorrhagic and contusional pathologies, there was evidence of diffuse hypoxic/ischemic
injury, microgliosis, and/or astrogliosis in varying stages of evolution identified in a
proportion of TBI cases across all survivals. No correlatiomvden these TBielated

pathologies and evidence of BBB disruption were identified.
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34Di scuUussi on

This study demonstrates histologic evidence of widespread, diffuse BBB disruption in the
acute phase, which persists into the late phase of survivors ofl@ sinderate or severe

TBI when compared with uninjured controls. Increased and widespread immunoreactivity
for FBG and IgG was observed in material from patients dying in the acute phase following
a TBI and this increase is demonstrated in a high propodigpatients surviving years
following injury. Thus, this study raises the possibility that a single moderate or severe TBI
is responsible for immediate and lelagting alterations in BBB function after injury, which
might contribute to post Bl neurodegneration.

Fibrinogen (340kDa) and IgG (150kDa) are plasma proteins which, under normal
conditions, do not cross the BBB. This study, however, has demonstrated widespread
multifocal, perivascular, and parenchymal FBG and IgG deposition in nearly resdtite

phase patients dying within the first 2 weeks following a single moderate or severe TBI,
indicating that the BBB has been compromised. Similar-pB$tBBB disruption has been
demonstrated in a variety of animal models where the presence of disngpitientified
through extravasated serum proteins or by intravascularly injected labels in the brain
parenchymgBarzo et al., 1996Habgood et al., 2007, Baldwin et al., 1996, Shapira et al.,
1993, Rinder and Olsson, 1968, Shreiber et al., 1999, Smith et al., 1995, Cortez et al., 198¢
Ommaya et al., 1964, Hicks et al., 19P8vlishock et al., 198@Wei et al., 198] This acute

phase BBB disruption can be detected in the absence of haemorrhage, which is consistet
with the observations in this study of human autopsy tissue.

Possible structural alterations to account for this acute BBB disruption havexygered

by ultrastructural studies in animal models of TBI which have identified a variety of
alterations in the vascular endothelia in the acute phase after injury, including the formation
of vacuolescraters, and microvill(Baskaya et al., 199Wei et al., 1980Maxwell et al.,

1988 Vaz et al., 1998 Some of these changes have been demonstrated in human TBI
(RodriguezBaeza et al., 200¥az et al., 199 These rapid alterations in vascular structure
have been associated with various mechanisms such as direct pemuob#tie vessels by
mechanical forces, including the immediate disruption of vascular endothelial cells.
Secondary insults following injury may also indirectly contribute to these changes thus
damaging the normal endothelial cell integrity and functiombseases in arterial pressure
andintravascular thrombus formatighiekmatpanah and Hekmatpanah, 1,98&vlishock

et al., 1980Wei et al., 198) Furthermore, active physiological changes such as increased
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transendothelial vesicularansport via normally intact tight junctiorfovlishock et al.,

1978 Vaz et al., 1998Vaz et al., 199/Maxwell et al., 1992 and alterations to other
components of the BBB, such as early astrocyte disruption and swelling, have been describe
in both animad and humans after TBHekmatpanah and Hekmatpanah, 1,98&axwell et

al., 1988.

Studies suggest that acute BBB disruption may predict a worsédongutcome after TBI
clinically (Ho et al., 2014h)although the relative role of these pathologic alterations is
unknown. However, BBB disruption following TBI may just present itself rese cases;
therefore showing poorer outcomes than in those with a better prognosis. Nonetheless
specific deleterious mechanisms of BBB disruption after TBI may include influx of fluid
together with chemical and protein mediators promoting vasogenic aedésruption in

the normalpathways to clear toxic metabolites, and a failure to deliver normal metabolites
vital for function. In turn, the temporal course and relative contribution of these various

consequences of BBB disruption may differ with the sgvef injury.

Although some animal studies show evidence of adtaged BBB openin(Baldwin et al.,

1996 Baskaya et al., 199/this current study using human autopsy material showed no
clear evidence of this, in particular, in the acute phase. However, this biphasic approach tc
BBB disruption following injury cannot be excluded due te thverse and heterogeneous
nature of postnortem TBI cases with varying intercurrent illnesses, survival times, and
causes of injury that conceivably could mask such an observation. Further studies directly
investigating the temporal course of this BBBsrdption following TBI may reveal
important potential therapeutic targets with defined windows of opportunity. A degree of
acute BBB disruption was anticipated, based on current literature; however, the proportion
of long-term survival cases with extensiBB disruption was surprising and intriguing,
specifically that extensive, multifocal, extravascular FBG and IgG deposition was observed
in approximately half of cases surviving a year or longer following TBI. Notably, clearance
of large soluble proteinffom the brain parenchyma, such as IgG or FBG, occurs via
convective bulk flow of interstitial fluid over hours to days, or more rapidly via reverse
transcytosis(Zhang and Pardridge, 2001Thus, the presence of these soluble plasma
proteins in the brain parenchyma of patients exposed to TBI more than a year before deatl
is consistent wit ongoing BBB disruption, rather than evidence of protein deposition at the

time of injury that is not cleared in the intervening period.
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Observations were made in the study that the pattern and distribution of chronic BBB
disruption after TBI was moredquently localised to the grey matter of the neocortical
ribbon and deep grey nuclei, with a preferential distribution in the former to mid and deeper
cortical layers over superficial layers, and the crests of gyri over depths of sulci. This pattern
indicates specific areas of BBB vulnerability within a more global and diffuse process, rather
than a heterogeneous multifocal pathology. This intriguing observation challenges the
current descriptions of aspects of the neuropathology of iisheurodegneraion and

CTE, in which localisation of tau pathologies to the depths of sulci is reported. However, at
present, the neuropathological criteria for CTE diagnosis remain provisional; therefore, more
research is required to determine how these pathologieadhte

With regard to other TBassociated pathologies, this study did not demonstrate any evidence
of an association between widespread, diffuse BBB disruption and focal TBI pathologies,
such as contusions or haemorrhages. Furthermore, there waiseidion between diffuse

and widespread BBB disruption and diffuse ischemic pathology. The number of cases anc
necessary heterogeneity in pathologies within the examined cohorts were limited. Therefore
it was difficult to determine such an associationl avheher specific diffuse primary or

secondary pathologies in the acute phase can account for later patterns of BBB disruption

This, however, opens opportunities to explore much larger cohorts and animal models.

There has been increasing evidence reploofthe clinical and neuropathologic sequelae of
TBIl and, in particular, the association of TBI survival and the increased risk of
neurodegenerative disorders, specifically QUorsellis et al., 1973Smith et al., 2013
McKee et al., 2013 Neuropathologic examination of autopsy material from patients with
survival greater than a yefnom a single moderater severe TBI reveals an increased
frequency of neurodegeneratiassociated pathologies when compared with material from
matched controls, including amyleid p | aque s, neurofibrillar
white matter degradiain (Johnson et al., 2010, Johnson et al., 2012, Johnson et al., 2013a,
Johnson et al., 2013c)he role of the BBB in the pathological process of neurodegeneration
i s becoming increasingly interesting wit
microvascuhture contribute to this declirfglokovic, 201). Changes in the microvascular
such as decrease in vessel structure and de(Bitywn and Thore, 201)aBBB disruption

and subsequent leakaggipser et al., 2007aViggars et al., 201)] and secretion of
potentially neurotoxic factors from the vascular endotheliGrammas et al., 1999%have

been reported in AD pathology.
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Although the extravasation of serum proteins such as FBG have been demonstrated t
correlate with the presence of Afgpe pathology(Viggars et al., 2011 the association

bet ween the changes obser ved ynenrodegererativer a i
pathologies is not known. However, there is increasing clinical and experimental evidence
that suggests some of these vascular changes occur early in the disease process and n
contributeto states of hypoperfusion promoting neuronglny (Zlokovic, 2011 Brown and

Thore, 2011aHirao et al., 2005Johnson et al., 2005Future studies to investigate this
relationship between BBB breakdown and other neurodegenerative pathologies will be

crucial in understanding the disease progression.

Fibrinogen alone has ba widely attributed to the progression of AD with individuals with
high serum FBG shown to be at greater risk of the dig@aseOijen et al., 20Q5u et al.,

2008. Fibrinogen was also shown to accelerate inflammation and neurovascular damage ir
a mouse model of AlPaul et al., 2007Petersen et al., 20L.8Perhaps the most widely
studied aspect of BBB regarding AD is its role in the clearance and sequestration of-amyloid
b to the per i(Shibaaretal, 2000Maveuanyegd et a.,2018utcliffe et

al., 2011 Eisele et al., 2000 Influx of amyloidb i s medi ated by r ec
glycation end products (RAGE) which is located in BB and it has been reported that

the increaseofamyloili i n t he CNS perpetuat €anetah,cr e
1996 Yan et al., 201p Clearance ofamylo#® i s al so di mi ni shed i
receptors in this role, the ledensity lipoprotein receptaelated protein 1 (LRP1), is also
located in the BBB. Therare indications that reduced LRP1 levels in microvegBell et

al., 2009 Deane et al., 2004l5hibata et al., 2000®onahue eal., 200§ and blockage by

t he U4 al (Deaheeet ab, P0Qhay adhtribute to poor clearance and subsequent
pathological accumulation of amytbb . Al 't hough the number o
present study preatles analysis of multiple covariants, the interplay and temporal
relationship between BBB disruption and subsequent progressive neurodegenerative
pathologies will be an important direction for future investigation.
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341Concl usi on

This study presents ttigst preliminary data indicating that, after just a single moderate or
severe TBI, there is neuropathologic evidence of widespread, diffuse, multifocal BBB
disruption in a proportion of TBI patients, even after many years of survival from injury.
Given that vascular dysfunction may be an important contributor to neurodegenerative
disorders, acute and chronic BBB alterations after TBI will be important to examine in this
context along with ass@tions with known TBI pathologies.
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4 Bl otvd ai n barriars di 9riwsptiin
capillary levell p@wt hg!l pagegd
traumatic brain injury

411 ntroducti on

Traumatic brain injury (TBI) is a leading cause of death and disability amongst children and
adolescents. In common with all age groups, the majority of TBI in children and adolescents
is classified as mild (Glasgow Coma Scale 13 or greater), often arising from sports or
recreational exposure. However, in contrast to adult TBI, injuries in tlikghae age group

are associated with unique risks of poor, occasionally catastrophic outcome. In particular,
paediatric TBI patients show increased propensity for diffuse brain swelling (DBS).
Occurring anywhere from minutes to hours after all sevenfiggury, even mild TB] DBS

Is associated with a deteriorating conscious level in the absence of significant intracranial

haemorrhage.

411Second i mpact syndr ome

Though a phenomenon f i r qRickles,cl8h @ wds ead gnel d |
some decades later that the propensity for DBS in the paediatric populationtjanlga
adolescents, came to prominence through short cases series highlighting its occurrence |
mild TBI (Cantu, 1998Fekete, 1968ruce et al., 1981Bruce, 1984 Of note, in 1984, an
index case report describing a patient with fatal DBSiragion a background of a previous

but recent mild TBI (concussion) introduced the term second impact syndrome (SIS), which

has since largely sppanted DBS in much of the literatuf®aunders and Harbaugh, 1984

Despite the catastrophic outcomes associated with DBS/SISaédliatric TBI, the
pathophysiology of SIS is relatively unknown; however, alterations in cerebral blawd flo
and damage to the cerebrovasculature are increasingly recognised as contributors. A ca:s
report studied CT scans of children between the first and second TBI and an additional MRI
after the second; they confirmed profound rapid blood flow dysautoregulatascular
engogement and increased intracranial pressure following (WBinstein et al., 2013

Along with this absence of autoregulation, which renders the brain incapable of responding
to increases in blood pressure, there is a rush of catecholaminesréstpessse to injury)
which, when occurring simultaneously after injury might produce uncontrolled brain
swelling(Wetjen et al., 201p
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Though only a few cases of SIS have been described, careful autopsy review of cases in tr
Glasgow TBI Archive confirmed a high incidence of DBS in material from paediatric
patients succumbing in the acute phase following a singlerate or severe TBI when
compared to adult&€Graham et al., 1989 Subsequent review in clinical studies confirms
incidence ofDBS, associated with poorer outcaons® to 5 times greater in the paediatric
population than in aduli@@azan et al., 1997 Further, in contrast to adult TBI, DBS in the
paediatric population more often arises in isolation, that is, without evidence of other
intracranial TBI pathologies. The suggestion from the literature is that an unusually high
predisposition to disturbed awégulation or hyperaemia in the immature brain might
underlie this pathologgAdelson et al., 20])1

412Cer ebr al bl ood fl ow alterations

Dysfunction of the cerebral blood flow and autoreguolatis a prominent pathology in
paediatric TBI cases. Some imaging studies report that low cerebral blood flow (CBF) is
related to poorer outcome and a higher mortality after TBI in chilffPegula et al., 193
Kokoska et al., 1998dams et al., 1989bAnother study further confirmed these findings
and extendedhem by investigating the relationship with aagsociated systolic blood
pressure (AASBP) and worse neurological outcomféavilala et al., 2008 A higher
AASBP was associated with a favourable outcome and an AASBP < 90mmHg was
associated with a poorer neurological outco@enote, it is reported that there is a wide
CBF range varing between 6 months old and1® years old therefore comparisons of data
between normal and TBI patients could onlywaéd when small, weltlefined age ranges

are selecte@Suzuki et al., 1990, Zwienenberg and Muizelaar, 1998)dies in alterations

of cerebral autoregulation following paediatric TBI demonstrate a correlationpiaireal
cerebral autoregulation and severity of brain inj{iMyizelaar et al., 198%harples et al.,
1995 Vavilala et al., 2004Vavilala et al., 2006 One study found that one third of the
children examined displayed increasing dysautoregulation during the 9 days following the
TBI (Tontisirin et al., 200 However, these numbers are small and experiments
investigatingpaediatric TBI are poorly replicated in animal models. This does indicate

evolving and transient changes following TBI in children.

413Di ffuse brain swelling

Low CBF can result in poorer outcome following paediatric &Bd is associated with

cerebraldysautoregulation and diffuse cerebral brain swellBrgice et al., 198 Muizelaar
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et al., 1989Cold and Jensen, 1980t has been proposed thatat types of brain swelling
exist: vasogenic oedema caused by bibcan barrier (BBB) disruption refting in
extracellular water accumulatipand cytotoxic oedema caused $uystained intracellular
water collection{Unterberg et al., 200#4uh and Raghupathi, 200%/asogenic oedema wa
originally considered to be the domin&mtm following TBI yet, in contrast, imaging studies
suggest the cytotoxic form is prevaldhtnterberg et al., 200Marmarou et al., 2006a
Marmarou et al., 200§b Marmarouet al used MRI to study oedema types in 45 brain
injured patients. By applying and calculating the apparent diffusion coefficient (ADC) they
found it was significantly reduced in TBI patierdapporting cytotoxioedemgMarmarou

et al., 2006a

It has been suggested that the developing brain may have greater susceptibility to TBI that
an adult brairdue to structuratlifferences such as BBB integritySaunders et al., 2012
Anderson et al., 200Gtiles and Jernigan, 20tChowever,difficulties in ageadjusting
animal models results in limited evidence availabl¢éheneffects of paediatric TESemple

et al.,, 2013 The BBB is a key component of cerebral autatation and CBF, disruption

of which may lead to raised intracranial pressure. Previous studies have desddeede

of widespread BBB disturbance in autojmgrived material from a high proportion of adults
dying in the acute phase following a singleodarate or severe TBI, manifesting as
multifocal, abnormal, perivascular fibrinogen (FBG) and immunoglobulin G (IgG)
immunoreactivityHay et al., 201p Such widespread disruption in vascular integrity might
serve as a substrate for cerebral oedamd, as such, might contribute to DBS in the
paediatric TBI population. This study examines autopsyntsections from paediatric and
adult acute TBI patients for histological evidence of BBB disruption and, if present, the

characteristics of involved vessels.

Hypothesis BBB disruption is present in paediatric TBI patieats with adult TBI,
however,an association between DBS and BBB disruption is suggested in the paediatric
TBI cohort
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42 Mat eri al and met hods

421Case selection and brain tissue

Ethical approval for this study was granted by@mneater Glasgow and Clyde Biepository
Governance&Committee From the unique Glasgow TBI Archive, both adult and paediatric
TBI cases were selected with a history of a single moderate or severe TBI based or
information in the detailed autopsy reports and clinical records, as defined by Glasgow Come
Scale,and dying in the acute phase post injury (defined as survival less than 14 days from
injury). For the paediatric TBI, cohort cases were selected as aged 18 or under (mean 1.
years; rangeidl8 years; n = 52) at the time of death, with cases aged 19 yemergmean

50 years; range 260; n = 22) selected as the adult TBI cohort. Control, uninjured paediatric
patients with no history of TBI or neurological disease were selected for comparison (mean
14 years; rangei18; n = 9). Clinical variables, incluay cause of death, survival time and
post mortem intervals, were comparable between TBI cohorts. However, the cause of injury
differed between cohorts. The predominant cause of TBI in the paediatric cohort was road
traffic accident (RTAS) with 79% of paediic TBI cases compared with 18% in the adult
TBI cohort (p = 0.0001¢ P In the adult TBI cohort the predominant cause of injury was
falls with 68% of cases compared with 12% in the paediatric TBI cohort (p = 0.60D1;

Full demographic and clinicakth for each cohort are presentedable 3



4

Table 3 Demographic and clinical information of all groups

67

Paediatric Paediatric TBI Adult TBI
uninjured control |(n =52 (n=22
(n=9
Mean age (range) 14 years 13 years 50 years
(71 18) (41 18) (20i 60)
Males 6 36 15
(67%) (69%) (68%)
Mean PM delay (range) 85 hours 40 hours 56 hours
(15 264 hours) (61 120 hours) (51 240 hours)
Mean survival interval (range) n/a 68 hours 72 hours
(0i 186 hours) (61 216 hours)
Cause ofTBI [Fall*** n/a 6 (12%) 15 (68%)
RTA*** n/a 41 (79%) 4 (18%)
Assault n/a 5 (10%) 2 (9%)
Unknown n/a 0 1 (5%)
Cause of Head injury 0 50 (96%) 20 (91%)
death
Bronchopneumonia 0 0 2 (9%)
Cardiac arrest 0 2 (4%) 0
SUDEP 2 (22%) 0 0
Drug overdose 2 (22%) 0 0
Cardiomyopathy 1(11) 0 0
Aspiration pneumonia |1 (11%) 0 0
Inhalation  of  gastril (11%) 0 0
contents
Leukaemia 1 (11%) 0 0
Unascertained 1 (11%) 0 0
Key: TBI = traumatic brain injury; SUDEP = sudden unexpected death in epilepsy; Gjastrointesting
tract; ARDS = acute respiratory distress syndrome; RTA = road traffic accident

422Haematoxylin and eosin staini

ng

Slides were deparaffinised in xylene and rehydrated to water by graded alcohol. They were
Lei

ng i n

then immersed in haematoxylin (Mages |, ca Mi

After roi

crosystems,

mi nut es. nsi wat er and i mn
Microsystems, Wetzlar, Germany) the slides were differentiated in 1% acid alcohol and
rinsed again. The slides were thenmersed in 25% aqueous eosin Y solution (TCS
biosciences, Buckingham, UK) for 5 minutes, rinsed, dehydrated by graded alcohol, clearec
in xylene and then coverslipped.

4.2.3 | st ochemi

mmuno hi stry

Tissue sections were deparaffinised, rehydrated and immersedigqugdaus LD, to quench
endogenous peroxidase activity, following which heat induced antigen retrieval was
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performed using a microwave pressure cooker for 8 minutes in preheated 0.1M Tris EDTA
buffer. Subsequent bl ocki ngmaNorsesaregnh(Veetore d
Labs, Burlingame, CA, USA) per 5 mL of Optimax buffer (BioGenex, San Ramon, CA,
USA) for 30 minutes. Sections were then incubated for 20 hour¥Catith polyclonal

rabbit antthuman antibodies for fibrinogen (FBG; 1:17,500; DaRarpinteria, CA, USA)

or IgG (1:10,000; Dako, Carpinteria, CA, USA) or monoclonal mouselamtnan antibody

for CD34 (1:100; Leica Biosystems, Milton Keynes, UK). A biotinylated secondary
antibody was applied for 30 minutes followed by awdiatin compex as per the
manufacturerdds instructions (Vectastain
USA). Visualisation was achieved using the DAB peroxidase substrate kit (Vector
Laboratories, Burlingame, CA, USA) followed by counterstaining with fzexylin. All
sections were viewed using a Leica DMRB light microscope (Leica Microsystems, Wetzlar,
Germany). All sections were viewed using a Leica DMRB light microscope (Leica
Microsystems). In addition, sections were scanned at 20x using a Hamamatzwdtaer
2.0-HT slide scanner, with the images viewed via the SlidePath Digital Image Hub
application (Leica Microsystems). Furthermore, where appropriate sections were scannec
using a 40x optic which scans images at a digital resolution of 0.23um pkrTpigemages

in this chapter have been digitally captured at 4x (2.3um per pixel), 20x (0.46um per pixel)
and 40x (0.23um per pixel).

424Anal ysis of i mmunohi stochemical
4.2.4.1 Fibrinogen and Immunoglobulin G quantification

All observations were conductetind to demographic and clinical data by two independent
observers (JH, WS). Extent and distribution of FBG and IgG immunoreactivity were
assessed using established sguodntitative technique@Hay et al., 2015)Briefly, the
neocortical grey matter of the cingulate gyrus, cingulate sulcus, superior frontal gyrus,
parahippocampal gyrus, collateral cus, fusiform gyrus and insular cortex were divided
into superficial (layersli 2), mid (layers B4) and deep layers i(6). In addition, the
thalamus was divided into medial, intermediate and lateral regions. Each of these cortical
divisions and thalamic ggons were then senguantitatively assessed for the frequency and

intensity of immunoreactivity determined as absent (0), sparse (1), moderate (2) or extensive

(3).
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4.2.4.2 Assessment of vessel diameters

In all cases where FBG immunoreactivity was scored maelévagxtensive (score of 2 or

3) in any layer of the cingulate gyrus, assessment of the diameters of cortical vessels and c
vessels showing BBB disruption was performed. In scanned images of either FBG or CD34
stained sections a 3 x 3 mm grid comprisihgo1 0 x 10 300em smal | e
over the cortical region of thengulate gyrugFigure4-1). The grid diameter was selected

to maximise the number of vessels measured in order to obtain robust results. If any larger
the grid would be too big for the gyral area. Within the 3 x 3 mm grid, a sample of vessels
showing abnormal staininin FBG staind sections and a sample of all immunoreactive
vessels in CD34 stained sections were measifeskels were measured at the smallest
diameter Figure4-2). Vessels that transected all gridlines, internal and external, through all
100 individud 300em squares were measur ed. Tho:
each square, not transected by a gridline, were not measured. This was to reduce samplir

bias.

Figure 4-1 Example of grid placementA 3 x 3 mm grid comprising of 10 x 10 3@ smaller squares was
placed over the cortical region of the cingulate gyrus



Figure 4-2 Example of capillary measurementExample ofcapillarymeasurement of those vessels that

transect the grid using the SlidePath measuring tool

425St ati stical analysis
Al l data were anal ysed usi ndestB8aBB& to(assess s i
di fferences in data between and within c:

determine the effectsizA. Cr amer 6 s V v adla low pragtichsignifidancs, u g g
a value of 0.3 suggext a moderate practical significance and a value of 0.5 suagbast
high practical significanceAll effects were considered statistically significant whe® p
0.05.
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43Resul ts

431Evi dence of BBB disr Bpticompiam emgla
control s

Where 79% of the paediatric TBI cohort demonstrated moderate or extensive FBG
immunoreactivity score of 2 or 3, 44% of uninjured paediatric patients also demonstrated
moderate or extensive FBG immunoreactivity in at least oneomeghlthough not
significant, an overall lowered FBG immunoreactivity is observed in the control group
(Figure4-3). Within those uninjured control cases with diff @G immunoreactivitythe
reported cause of death was SUDEP, cardiomyopathy, leukaemia and one was
unascertained.

100 -
EOne Region of FBG immunoreactivity

B Multifocal regions of FBG
immunoreactivity

60 A
50 4

40 -

Proportion of cases (%)

30

20 1

10 A

Paedriatric TBI cohort Paedriatric Uninjured cohort

Figure 4-3 Extent of abnormal FBG immunoreactivity in the Paediatric TBI cohort versus Paediatric
Uninjured controls Moderateor extensive FBG immunoreactivity was a frequent observation in both
Paediatric TBI and in thBaediatric Uninjured controls, wereit waspresent irv9% of the Paediatric TBI and

in 44% of the Paediatric Uninjured controls (NS). Furthermore, abnormal FBG immunoreactivity was a
common multifocal pathology in both cohorts (NS).



4 72

Where FBG immunoreactivity was present, the pattern and distib of FBG
immunoreactivity between the paediatric TBI group and the control group was similar. In
both groups FBG immunoreactivity was largely confined to the grey matter; however, in the
control group evidence of BBB disruption was higher in the wimigdter of the corpus
callosum (NS)[igure4-4). Finally, preferential distribution to thezests of gyri and deeper
cortical layers (layersi®) over depths of sul@nd superficial cortical layers was common

to both paediatric TBI and the control group showing moderate or extensive abnormal FBG

or IgG immunostainingKigure4-5).
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O Paediatric
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Cohort
80 A
70 A
S 60 |
[}
[}
@
o 50 T
G
c
S 40 -
S
53
a 30 1
20 A
10 -
: | H

Superior Fronal Gyrus Thalamus Insular Cortex Hippocampus Corpus Callosum
and Cingulate Gyrus

Figure 4-4 Regional Distribution of FBG immunoreactivity in Paediatric TBI cohort versus Uninjured
Paediatric controls In all regions analysed in the Paediatric TBI cohort there was evidénéB®
immunaeactivity in a higher proportion of Paediatric TBI survivors than uninjured Paediatric cohort, however
in the white matter of the corpus callosum 22.2%efUninjuredPaediatric cohort demonstrated moderate or
extensive fibrinogen comparedtivonly 8%in the paediatric TBI cohort (NS).
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Figure 4-5 Neocortical distribution of FBG immunoreactivity in Paediatric TBI cohort versus Paediatric
Uninjured cohort (a) Similar to the AdulTBI there was a clear preferential distribution of abnormal FBG
immunoreactivity to the crests of the gyri when compared to the depths of the sulci in the Paediatric TBI cohort
as illustrated here for the cingulate gyrus versus the adjacent cingulaie $t#p«0.0001;,6 2 sul cus v
gyrus) (b) Further, within the neocortical grenatter region of the cingulate gyrtisere was preferential
distribution of abnormal staining to the mid (layers 3 and 4) and deep (layers 5 and 6) cortical layers when
compaed to superficinlayers (layers 1 and 2) in the Paediatric TBI cohort. (***p<0.009Rleep versus
superficial cortical layers).

432Evi den of BBB disruption in pa
t

ce
adul TBI
Moderate or extensive abnormal perivascular FBG anding@unostaining representing
evidence of BBB disruption was confirmed in a similar proportion of both adult and
paediatric TBI patients dying in the acute phdsguyre4-6). Specifically, 86% (19 out of
22) of adult and 79% (41 out of 52) of paediatric acute TBI cases demonstrated moderate o
extensive FBG immunoreactivity, whilst 68% (15 out of 22) of adult and 64% (33 out of 52)
of paediatric acute TBI casdsmonstrated moderate or extensive IgG immunoreactivity in
at least one anatomical region. Further, evidence of multifocal BBB disruption, defined as
abnormal moderate or extensive FBG immunoreactivity in 2 or more anatomical regions,
was identified in aisilar proportion of cases in both cohorts, being present in 60% of adult
and 62% of padiatric cases stained for FBEigure 4-6) and 50% of adult and 44% of
paediatic cases stained for IgG
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Pattern and distribution of FBG immunoreactivity between the paediatric TBI group and the
adult TBI group was similar. In both paediatric and adult acute TBI, BBB disruption was
largely confined to grey matter, with only occasionases showing evidence of BBB
disruption in the white matter of the corpus callosufigyre 4-7). Finally, there was
preferential distribution to the crests of gyather than the depths of the sukcboth groups
(p=0.0001c2 Cr amer 0 aeMatric TBOgyrds/védus sulcus p = 0. 03
Cr amer 6s adult IBI Gingdlae, gyrus versus cingulate su)cusurthermore,
preferential distribution to the deeper cortical layers rather than the superficial cortical layers
was common to both paediatric and adul't
paediatric TBI deep layers versus superficial laygrs = 0. 01 3 4 ; G 2; Cr ¢
adult TBI deep layers versus superficial layeshowing moderate or extensive abnormal
FBG or IgG immunostainingsjgure4-8).
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Figure 4-6 Extent of abnormal FBG immunoreactivity following TBI in Adult versus Paediatric cohorts

in acute survival Moderate or extensive FBG immunoreactivity was a frequent observation in both Paediatric
and Adult TBI groups where it was present in 79% orRhediatric TBI cohort and in 86% of the Adult TBI
cohort (NS). Following TBI, th@aediatric cohort expressetlltifocal FBGimmunoreactivity in 62% of cases
where the adult TBI cohort expressed multifocality in 64% of cases (NS).
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Figure 4-7 Regional Distribution of FBG immunoreactivity following TBI in both Adul t and Paediatric
cohorts In all regions analysed there was evidence BBB disruption following TBI, evidenced by
moderate/extensive FBG immunoreactivity with a similar pattern of FBG immunoreactivity observed in both
Adult TBI and Paediatric TBI
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Figure 4-8 Neocortical distribution of FBG immunoreactivity after TBI A similar pattern of BBB
disruption was observed between the Adult TBI and Paediatric TBI where there was preferential distribution
of abnormal FBG immunoreactivity to the crests of the g§rén compared to the depths of the sindioth

TBlI cohorts (*p<0.016 **<0.001; ***p<0.0001; 62 s
grey matter region there was preferendistribution of abnormal FBG to thaid layers (layers 3 and 4) and

deep (layers 5 and 6) cortical layers when compared to superficial layers (layers 1 and 2) in both TBI cohorts
(*p<0.016 **<0.001; ***p<0.0001), 62 deep Vversus ¢
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433BBB di sruptionl egelb paphblagy in
acute TBI

Although incidence and distribution 88BG immunoreactivityn acute TBI was similar in

adult and paediatric TBI patients, the pattern of vascular involvement appeared qualitatively
different between the two cohorts. Specifically, in paediatric material abnormal FBG or IgG
immunoreactivity was marked by numerous punctate, perivascular foci of staining in cortical
sections [Figure4-9a-d). In contrast, in adult acute TBI patients immunoreactivity for these
markers was typified by fewer and larger foci of stair(ifigjure4-9e-f), suggesting BBB

disruption was localed to larger diameter vessels in adults than in paediatric patients.

Examination of sections from the cingulate gyrus stained for the endothelial protein CD34
revealed thewerwhelming majority of cortical vessels in both adult and paediatric material
to be less than 10pum in diameter, in keeping with capitargd small vessel§igure4-10).

Thus, vessels measured at less than 10um in diameter comprised 92% and 95% of all cortic:
vessels in adult and paediatric TBI cohorts respectively. In conhasigver, where a
proportion of capillarysized vessels was similar in adult and paediahaterial, BBB
disruption was preferentially distributed to capilldeyel vessels in paediatric cases when
compared to adults. In material from the paediatric TBI cohort 82% of vessels showed
abnormal FBG immunoreactivity less than 10um in diametempared to just 41% of
vesselsinadults (p =0.0004;2; Cr amer Fgured-1x 0. 394)



Figure 4-9 Representative images of FBG immunoreactivity in adult and paediatric TBI(a) Perivascular

FBG immunoreactivity in small vessels of the cingulate gyrus in-gedBold male TBI patient who died 3
hours after an RTAb) Similar pattern of FBG immunoreactivity around small vessels observed in the cingulate
gyrusof an 18yearold male TBI patient who died 72 hours after an assault. (c) FBG immunoreactivity around
small vessels observed in a-g8arold male who died 2 hours after an assault (d) The same case as (c) but
using 1gG immunoreactivity (e) FBG immunoogi@ity apparent surrounding larger vessels in the cingulate
gyrus of a 66yearold male TBI patient who survived 8 days after a fall (e) Similar FBG immactwy
pattern around the larger vessels of the cingulate gyrus efeasbld male who died®hours after an assault

(g) 40x image of FBG immunoreactivity around the capillaries ofgekold male TBI patient who survived

3 days following an assHand (h) diffuse FBG immunoreactivity surrounding a large vessel inye&i7old

TBI patient who survived 4 years following a faicale bars = Impscale bar = 1Q@m (high magnificatio)

and scale bar = 10n in 40x image (gnd 1.
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Figure 4-10 Distribution of vessel size following TBI in all vessels in cingulate gyrus in Adult TBI versus
Paediatric TBI. Similar patterns of distribution of vessels were observed in both age groups. In the adult TBI
cohat 92% of vessels were less than 10um in diameter. In the paediatric TBI cohort this was 95% (NS). In the
adult TBI cohort vessels 10um in diameter made up 7% and the remainder were distributed between 20
100pum. In the paediatric cohort vessels2ZDumin diameter made up 4.5% and the remainder were distributed
between 2a.00um.
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Figure 4-11 Distribution of BBB disrupted vessel sizen cingulate gyrus in Adult TBI versus Paediatric

TBI. Of all disrupted vessels in the adult TBI cohort small vessels (less than 10um) accounted for 41%; in the
paediatric cohort, this was 820Mnatcpunted fd 32000nGhe adults 2 )
TBI cohort and 8% in the paediatric TBIfemt (p = 0.0001¢ P Disrupted vessels over 2@ in size accounted

for 27% in the adult TBI cohort and only 10% in t
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Of the cases in the uninjured paediatric cohehtich demonstrated widespread moderate or
extensive FBG immunoreactivity, only 2 cases displayed BBB disruption in the cingulate
gyrus. One case demonstrated a mean Vvess:¢

case demonstrated a mean vessel di ameter

434Associ aBB&n dofsruption with focal

As anticipated, reviewing haematoxylin and eestmined sections demonstrated evidence
of BBB disruption in association with acute focal haemorrhagic pagresan both adult

and paediatric material. In additiomore widespread and diffuse BBB disruption
independent of focal pathologies was also present. In the paediatric TBI cohort,-53 TBI
associated focal haemorrhagic lesions or contusions were obsemnvesl 2¢ of the 52 cases
(52%). Virtually all of these s (25 out of 27) displayed extravascular FBG
immunoreactivity adjacent to focal pathology. In addition, 18 cases (72%) demonstrated
evidence of widespread diffuse BBB disruption remote from fodhlop@gy. Furthermore,

in the 25 remaining cases with facal haemorrhagic or contusional pathology, 17 (68%)
displayed extensive FBG immunoreactivity in at least 1 anatomical area. Similarly, whilst
localised BBB was identified adjacent to the Jd@ksocited focal haemorrhagic or
contusional pathologies in bf the 12 (92%) cases, where present it was not limited to these
regions, with 7 of these adult cases also exhibiting widespread diffuse BBB injury. In the
remaining 10 adult cases without focal haetnage or contusion, extensive FBG
immunoreactivity in ileast 1 anatomical region was displayed in all cases. There was
evidence of diffuse hypoxic/ischemic injury in a similar proportion in both acute paediatric
TBI (85%) and acute adult TBI (90%) cohorts. No correlation with BBB disruption and this
TBIl-asseiated pathology was identified.

435Brain swelling and BBB disruptio

Where clinical data was available, 41 of 42 (98%) of the paediatric TBI cases showed
evidence of brain swelling, in contrast, 12 of 22 (55%) of adult cases showed evidence of
brain swellilg a't autopsy; (@r amedr. 030 RBidherswh@e radn2

swelling was identified, 63% of paediatric TBI cases was bilateral swelling, compared to
just 17% of adult TBI <caseslable). = 0. 004, <

Of the 42 paediatric TBI cases with clinical data available, 38schad BBB disruption
(76%), of those cases, 31 cases had brain swelling (97%) and only 1 case had no swellin
(3%) (Figure4-12). Where both BBB disruption and brain swelling were present, 77% had
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widespread BBB disruption and 43 had | ocali sed BBB disr
Cr a me&/r=0&563) In the paediatric TBI cases with bilateral brain swelling, 14
demonstrated widespread BBB disruption (70%). In the adult TBI cohort 10 cases had BBB
disruption (45%), of with 5 cases were reported to have brain swelling (50%) and 5 cases
hadno swelling (50 %Cr a@mer 0 9FigueLEB)0Wherad igodh .

BBB disruption and brain swelling were present, 60% had widespread BBB disrupdion an
40% had localised BBB disruption (NS). In the adult TBI cases with bilateral brain swelling
(2 out of 12), no cases demonstrated widespread BBB disruption. In the uninjured paediatric
cohort, 44% of cases demonstrated multifocal BBB disruption, 3 otlteo# cases had no
abnormalities in the brain at autopsy. Of note, the remainder case was reported to shov
vascular engorgement in the white matter where moderate/extensive FBG immunoreactivity

was also demonstrated.

Table 4 Pathologies of all cohorts
Pathologies Paediatric Paediatric TBI Acute adult TBI (n| p value
uninjured (n=42) =22)
cohort (n =9)

Skull fracture 0 25 (60%) 15 (68%) p =0.5918
Contusions 0 38 (90%) 19 (86%) p = 0.6837
DAI 0 20 (48%) 9 (40%) p =0.7920
Brain Swelling 0 41 (98%) 12 (55%) p =0.0001
of which bilateral 26 (63%) 2 (17%) p = 0.0082
SDH 0 19 (45%) 15 (68%) p =0.1145
EDH 0 8 (19%) 1 (5%) p=0.192

SAH 0 16 (38%) 11 (50%) p = 0.649




B FBG immunoreactivity and brain swelling EFBG immunoreactivity and no brain swelling

*%
100 1 ! ‘

90 A

80 A

70 A

Proportion of Cases (%)

20 A

10 A

Adult TBI Cohort Paediatric TBI Cohort

Figure 4-12 Proportion of cases with FBG immunoreactivity and presence or absence of brain swelling.
There was a clear relationship between TBI cases with increased abnormal FBG immunoreactivity and TBI
cases with DBS as reported in clinical datéhere 97% of Paediatric TBI cases demonstrated both abnormal
FBG immunoreactivity andrain swelling (both nilateral and bilateral) only 50% of Adult TBI cases
demonstrated this relationshjp = 0.005; ¢ R
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44 Di scuUusSsSi on

This study has demonstrated autopsy evidence of BBB disruption in the majority of
paediatric patients dying in the acute phase followingnglsimoderate or severe TBI.
Further, for a considerable number of those patients, BBB disruption is widespread and not
solely localised to regions of focal TBI pathologies, again paralleling observations in adult
material. However, in sharp contrast talad’ Bl cases, BBB disruption in paediatric cases
appears preferentially distributed to vesselof 1 0em or | ess in di
capillary sized vessels. This vulnerability of the small vessels was rarely observed in adult
material. Indeed, innly one case within the adult cohort was this preferential capléag}

vascular involvemerabserved, intriguingly, in a younger adult, aged 20 years.

Blood-brain barrier disruption was also demonstrated in the uninjured paediatric cohort, but
to a ksser extent than in the paediatric TBI cohort. The cause of death for those uninjured
control cases displaying diffuse BBB disruption were reported as epilepsy, leukaemia,
cardiomyopathy and unascertained. The majority of these disorders are knownttthaffe
BBB integrity(Michalak et al., 2017, van Vulpen et al., 200&hite matter BBB disruption,
specifically in the corpus callosum, was also more prominent in the uninjured paediatric
controls han theboth paediatricand adultTBI cohorts. Interestingly, vascular pathology
was reported in the white matter in one control casautopsy, which may be associated
with BBB disruption. Such complex cohorts generate difficulties in drawing conclusions
between paediatric TBAnd uninjured paediatric controls; however, since BBB disruption
was demonstrated in both paediatric and adult TBI cohorts, comparisons could be made

between these groups.

A particular phenomenon recognised in paediatric TBI populations is a riskudedbfain
swelling (DBS), even after apparently mild injury when it is often referred to as second
impact syndrome (SIS). With incidence of DBS in clinical series of paediatric severe TBI
approximately twice that recorded in adulBBS is also associataslith high mortality
(Kazan et al., 1997)n line with this, whilst autopsy studies in fatal TBI confirm similar
overall patterns of brain injury in paediatrincdaadult TBI, a notable observation is of a
considerably higher incidence of DBS in paediatrises§Gralam et al., 1989, Adams et

al., 1989b)with one series reporting its presence in 70% of paediatric cases compared to just
17% of adultgGraham et al., 1989J his current data is broadly in line with this observation,
demonstrating DBS in 63% of paediatric cases compared to just 17% of adult cases.
Furthermore, 70% gfaediatric TBI cases with DBS also demonstrated BBB disruption.
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Although cases included in this current study were moderate or severe TBI, DBS after ever
mild TBI is recognisedn thepaediatricpopulation, often in context of sports participation.
INn18B4,6 second | mp étStwassfigsinddscribed dydSaundeatsal (Saunders

and Harbaugh, 1984yhere it was observed in a-yBarold collegeand is suggested to
occur when an individual suffea second head injury before the symptoms of the first injury
have resolve@Saunders and Harbaugh, 1984, Cab®98) A study by Thomast al.aimed

to define the clinical profile, epidemiology and frequency of travetaed deaths in young
US-athlete§ Thomas et al., 2011Df the 138 footbalplayers who died due to head blows,
12% had previously reported a history of concussion between a few days and 4 weeks prio
to the blow; these were all 148 year oldgThomas et al., 2011konsistent with SIS.
However, a systematic review completed in 2016 states there is a lackablisbstd
diagnostic signs and symptoms and studies to support a standardised definition for SIS
(Hebert et al., 2016)

This study demonstratesckear neuropathological difference between paediatric and adult
TBI, which could explain the increasedk of cerebral swelling observed in children after
injury and suggested vascular vulnerabilifyRBS/SIS. The association of these unique
pathologies, however, is poorly understood. Suggestions have been made that poor outcon
following DBS may be due to disrupted autoregulati®tdies by Brucet al.(Bruce et al.,

1978, Bruce et al., 1981l)scuss that DBS is due &m increase in intracerebtabod, either

as an increase in cerebral blood volume or as a redistribution of intracranial blood from the
pial to the intraparenchymal vesselasogenic oedema which results in extracellular water
accumulation, and is induced by BBB disruption, has lsmggested to be predominant
following TBI (Marmarou et al., 206a, Unterberg et al., 2004, Huh and Raghupathi, 2009)

In this study almost all paediatric TRlases with BBB disruption demonstrated brain
swelling which indicates a capillary vessel vulnerability possibly resulting in a propensity

for brain swelling.

In an animal model of hypertensive encephalopa@BB disruption precedes a reduction

in CBF(Tamaki et al., 1984Rapid, transient changes to the permeability of BBB were also
observed in a neonatal animal model of cerebral isch@skiat al., 201bwhere he areas

of BBB disruption correlated to the areas of ischemic damage and reduced CBF. A similar
pattern of ischemic damage was observed between adult TBI (90% of cases) and paediatri
TBI (85% of cases) although no correlation with BBBruption in the acute phase was

identified. This suggest ischemia is a prominent pathology in the acute phase following TBI,;
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however, further studies would warrant an understanding of how this pathology is linked,
directly or indirectly, to vascular chges.

In a rat model of intracerebral haemorrhage, Yetreg demonstrated a relationship between

a decrease in CBF, an increase in BBB permeability and oedema forf¥diog et al.,
1994) After an initial drop in CBF levels post haemorrhage, levels returned to normal before
dropping again del to oedema development whickubsequently, was caused by BBB
disruption(Yang et al., 1994)In a similar rat model of subarachnoid haemorrhage (SAH),
Li et al(Li et al., 2015)demonstrated 2 peaks BBB dysfunction at 3 hours and 72 hours
following SAH. In this study, evidence of BBB disruption in association with acute focal
haemorrhagic pathologies was identified in both adult and paediatric material. In addition,
more widespread and diffuse BBB diption independent of focal pathologies was also

present in both cohorts.

Many reports state that low CBF and dysfunctional autoregulation lead to a poorer outcome
after head injurfAdelson efal., 2011, Tontisirin et al., 2007, Pigula et al., 1993, Vavilala

et al., 2003)Decreased CBF has been documented even in mild TBI amongst young adults
(Maugans et al., 2012, Wang et al., 2015lhjis is contradicted by Sharplggharples et al.,

1995) who found normal CBF levels aft severe paediatric head injury. Much of the
evidence following paediatric TBI is surrounding CBF alterations and ICP with regard to
DBS; however, this is the first autopsy study to address a unique vascular response ir
children following TBI. Where the sstribution of vessels is similar between adult and
paediatric TBI (92% and 95%espectively) the BBB disruption that occurs after TBI
favours capillarysized vessels in paediatric TBI cases (82% of capillaries disrupted
compared to 41% in adult TBI). ThiBBB disruption is observed in the majority of
paediatric TBI cases with bilateral brain swelling, indicating that there may be a relationship
between capillanpased BBB disruption, brain swelling, and possibly CBF alterations;

however, further investigi@ns would be required to confirm this.

441Concl usi on

This autopsy study is the first to report significant vascular differences between adult and
paediatric TB] demonstrahg evidence oBBB disruption ispredominantlyat the level of
capillary-sized vesds in paediatric TBI cases. The majority of paediatric TBI cases
demonstrating bilateral brain swelling also demonstrated BBB disruption. The pathologies

observed in this current study suggest a potential association between capsiadyBBB
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disruptionand DBS and may play a role in possible CBF changes following TBI. This could
be important in understanding the pathological processes involved in the poorer outcome
observed following paediatric TBI, spgcally DBS/SIS. However, more work would need

to be carried out to investigate these interesting and unique pathologies.
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5 Cortatabahnhg vascular chang
TBI

511 ntroducti on

Traumatic Brain Injury (TBI)s widely recognised as the strongest environmental risk factor
for dementigMolgaard et al., 1990, Mortimer et al., 1985, Mortimer etl#891, Graves et

al., 1990, O'Meara et al., 1997, Salib and Hillier, 1997, Guo et al., 2000, Schofield et al.,
1997, Plassman et al., 2000, Fleminger et al., 2008) adirect doseesponse relationship
proposed between injury severity and subsequent risk of dem@uia et al., 2000,
Plassman et al., 200®ey dementiaassociated pathologies have been observed following
TBI, such as, abnorah accumulation of tau, B\ plaques, neuroinflammation and white
matter degeneration. Evidence of vascular alterations in dementia have also been reporte
(Zlokovic, 2011, Sweeney et al., 2018, Buee et al., 1994, Kalaria, 1996, Kalaria and Pax,
1995, Farkas and Luiten, 200d9wever, following TBI the evidence is less clear. Blood
brain barrierdy sf uncti on has been demonstrated
(Sweeney et al., 2018, Viggars et al., 20adgithis pathology has also been observed in
TBI cases both in the acute phase and persisting into the later phase (Chixbagre?)al.,

2015) However,vascular pathologies such as increased collagen deposition and decreasec
vascular density which have been demonstrated in denfai&ia and Pax, 1995, Brown

and Thore, 2011kgre yet to be investigated and characteris@dinsurvivors.

511Cortical atrophy

Cortical atrophy has been reported in AD patients where it bas bBuggested that it
correlates with cognitive decling/ungas et al., 2002)and might precede the onset of
dementia(Im et al., 2008) By means of computatiah neuroanatomy, Lerclet al.
demonstrated significant cortical thinning in temporal, orbitofromtdl @arietal regions in
AD; the most pronounced changes occurring in the allocortical region of the medial temporal
lobes, outlining the parahippocampal gyrus and representing a le$26fmm of cortical
thickness(Lerch and Evans, 2005, Lerch et al., 20@9rtical thinning in different brain
regions is suggested to correlate with various neurodegenerative disiorffergotemporal
dementia (FTD) cortical thinning occurs in the left cingulate gyrus and the left
occipitotemporal gyri; yet, in AD it occurs in the inferior parietal, occipitoparietal and the
pericalcarine regions and is more pronounced in the right hemisfamgainen et al.,
2012, Blanc et al., 2015, Du et al., 2007, O'Brien et al.)
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Several studies have investigated cortatabphy following mTBI, specifically in military
populatiors and in athletegMichael et al., 2015, Hayes et al., 2017, Savjani et al., 2017,
McKee et al., 2013)In each of these stughi, all casedemonstrated a decrease in cortical
thickness; furthermore, Michaat al. (2015) suggested a correlation between cortical
atrophy, posttraumatic stress disorder (PTSD), depression andopasissive symptoms
(Michael et al., 2015)while Hayeset al(2017) suggested an association between an
increased polygenetic risk of AD andrtical atrophyHayes et al., 2017All note varying

levels of cortical thickness across different regions in the brain with several studies
collectively suggesting thinning of the frontal and temporal cortex was prominent following
mTBI (Govindarajan et al., 2016, Michael et al., 2015, Wang et al., 200/skeeet al.
(2009) noted gross mild cerebral atrophy with dilation of the second and third ventricles in
athletes that demotrated stage Il CTE with a more severe cerebral atrophy in Stage IV
CTE (McKee et al., 2013)These studies suggest, similarly to AD, that the cortex undergoes
atrophy following mTBI.

Imaging studies have consistently demonstrated cortical atrophy following TBI imBuma
with one study observing atrophy after mild to moderate TBI and injury with a loss of
consciousness associated with increased rate of thi(B@rgeson et al., 2004, MacKenzie

et al., 2002, Ross, 2011)sing a predictive model of normal ageing based on MRI estimates
of both grey andvhite matter Coleet al. (2015)r epor t ed t hat TBI br e
their chronological age, suggesting that TBI accelerates the rate of brain §Copingt al.,

2015) Atrophy following TBI has been reported to be greatest in white matter with higher
rates of atrophy observed in the cortical sulci compared to théGpie et al., 2018\White

matter atrophy has s been demonstrated and confirmed in autopsy studies with a 25%
reduction in the corpus callosum thickness obsefdetinson et al., 2013alHowever,
cortical atrophy following TBI has not been assessed in autopsy studies using pathologica

techniques.

5.1.2Vascul ar Density

Increasing evidence suggests changes in the vasculature might be absodiate
progression of dementia. Significant redos in vessel density of the basal forebrain and
hippocampal regions, together with structural alterations, such as kinking and looping of
vessels have been reported in AD patients, which are absent idenmnted patients
(Fischer et al., 1990)urthemore, autopsy studies demonstrate a decrease in microvascular

densty in AD brains(Buee et al., 1994)Although Bueeet al. reported changes in both
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ageingand AD patients, vascular pathology in Akceeded that of normal agei(iguee et
al., 1994) However, conflicting evidence suggests there is an increase in vascular density
ard angiogenesis in AViggars et al., 2011, Desai et al., 2009i)ggarset al, reported
that the increase in vascular density was associated with the inaféd3dike pathologies,

such as neurofibrillary tanglé¥iggars et al., 2011)

Regarding vascular changes following TBI, limited animal evidence offers similar
inconsistencieDbenaust al.,used a controlled cortical impact (CCI) rodent model of TBI
and vessel painting perfusion techniques to label the lasstructure in the cortex
(Obenaus et al., 2017In the acute phase following TBI, significant global reductions in
vessel junctions and vessel length were observed. Conversely, a laterplefitudsion
animal model of TBI demonstrated an increase in vessel denditg iperilesional cortex
and thalamus, and no change in vessel density in the hippoc@iAgusard et al., 2010)
These contradictory results in rodent models of TBI indicatewaschangesnay be

present following injuryandwarrant further investigation.

51.3Col | agen Deposition

Changes in the vasculature in the progression of dementia can alter brain perfusion and BBI
permeability (Kalaria, 1996) Autopsy studies using AD brains demonstrate a thickened
basement membrane (BM) comed to aganatched nordemented brainfHardy et al.,

1986, Mancardi et al., 1980, Vinters et al., 19843ociated withncreased collagen 1V
deposition(Viggars et al., 2011which may affect microvascular functi@alaria and Pax,

1995) In the study by Viggarst al, this increased collagen deposition was observed to be
associated with an increase in local neurofibrillary tangle s@diggars et al., 2011)
However, to date, there has been no eviden@®ldgen deposition in humans following

TBI and reported vascular changes are limited.

Previously in this thesis evidence of vascular pathology following TBI was described
(Chapter 3JHay et al., 2015)Secifically, following a single, moderate or severe TBI there
is neuropathological evidence of widespread, diffuse, multifocal BBB disruption ity near
half of patient§ even after many years of survival from injury. However, the structural basis
for this acute and persistent BBB disruption following TBI is unknown. This study will
assess vascular alterations after a single, moderate to severe p&tjcnlar, changes in

vascular density, cortical atrophy and collagen deposition.
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Hypothesis Following TBI,vascular density is reducead there is an increase of collagen
IV deposition which is ssociated with BBB disruptioim additionthere willbe an observed
presence of cortical atrophy.
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52Mat eri al and Met hods

521Case selection and brain tissue

From the Glasgow TBI archive cases of a single, moderate to severe TBI were collected.
with acute survival times ranging from 6 hours to lessth4 days (n £1); and longterm

TBI cases ranged from a survival time of 1 year to 47 yearsl@).;Agematched controls

were selected as having no history of brain injury or neurological diseasE8(n All ages

were matched between cohorts (NS)eTdemographics and clinical data for all cohorts are

shown inTablebs.

At the time of the original diagnostic autopsy, whole brains were immersion fixed in 10%
formd saline for a minimum of 3 weeks, following which the specimens were examined,
sampled using standardized techniques and processed to paraffin tissue blocks. For th
study, blocks from a coronal slice of the cerebral hemispheres ahalanic level wes
selected to include the corpus callosum, with adjacent cingsiaperior frontalyyri and

sul cus. From these tiemepaed todirancukohisto8Bhemistrys e ¢

procedures.

522Luxol Fast bl ue

Following standard deparaffinisation and rehyidrmatsections with immersed in Luxol Fast
blue (LFB) solution (Solvent Blue 38, Sigma) overnight at 27°C. After a rinse in 95% ethanol
to remowe excess stain, sections were washed in deionized water. Differentiation of the
Luxol stain was carried out by mrersion in 0.05% aqueous lithium carbonate for 10 seconds
followed by multiple immersion in fresh 70% ethanol until grey/white matter bousdarie
could be clearly distinguished. Following washing in deionized water, sections were stained
with Cresyl violetsolution for 5 minutes at 60°C and washed again in deionised water.
Sections were then differentiated in 95% ethanol (containing 100ml per 300ml glacial acetic

acid) and rinsed in 95% ethanol. Sections were then dehydrated and coverslipped.
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Table 5: Demographic and clinical information of all groups

91

TBI: Acute TBI: Long-Term Controls

Survival (n = 11) Survival (n = 19) (n=18)
Mean age (Range) (years) 39.3 (1660) 46 (1960) 37.7 (2660)
Males 8 (73%) 18 (95%) 10 (55.6%)

Mean PM Delay (Range)

72.6 hours (240)

58.4 hours (9184.5)

72 hours (12168)

Mean Survival Interval (Range) 44.4 hourg6-96) 8.1 years (147) N/A

Cause of  |Fall 6 (55%) 9 (47.4%) N/A

TBI
RTA 1 (9%) 2 (10.5%)
Assault 3 (27%) 4 (21%)
Unknown 1(9%) 4 (21%)

Cause of  [Head injury 10 (91%) 0 0

Death Bronchopneumonia 1 (9%) 6 (31.5%) 0
ARDS 0 0 0
Pulmonary 0 0 0
thromboembolism
Heart disease 0 3 (15.8%) 4 (22.2%)
)Alcohol related 0 2 (10.5%) 0
Pyelonephritis 0 1 (5%) 0
Multi-organ failure 0 1 (5%) 0
GIT haemorrhage 0 0 0
Polytrauma 0 0 0
Drug overdose 0 0 2(11.1%)
SUDEP 0 3 (15.8%) 8 (44.4%)
Pulmonary oedema 0 1 (5%) 0
Septicaemia 0 0 2 (11.1%)
Inhalation of gastric 0 0 2 (11.1%)
contents
Unknown 0 2 (10.5%) 0

Key: TBI = traumatic brain injury; SUDEP = sudden unexpected death in epilepsy; (
gastrointestinal tract; ARDS= acute respiratory distress syndrome; RTA = road trd

accident




5 92

523l mmunohi stochemistry

Tissue sections were deparaffinised and rehydratadg xylene and graded alcohols.
Following this step, sections were immersed in 3% aqueeQsfek a minmum of 15
minutes to quench endogenous activity. Heat antigen retrieval was performed via microwave
pressure cooker for 8 minutes in preheated 0.1 EDTA buffer. Blocking was carried

out by applying 50eL of nor mal horse ser
mL of Optimax buffer(BioGenex, San Ramon, CA, USA) for 30 minutes. Primary
antibodies were then applied and sections incubated gi¢ati4°C. Polyclonal rabbit anti
human antibody for CD34 used at a dilution of 1:100 (QBEnNd 10, Leica Biosystems, Milton
Keynes, UK), collagen IV (CIV 22, Dak&arpinteria, CA, USAat a dilution of 1:25 and
fibrinogen at a dilution of 1:17,50(Dako, Garpinteria, CA). After washing in PBS, a
biotinylated secondary antibody was applied (100ul in 5ml of horse serum and 100ul of
secondary per 5ml Optimax buffer) and incubated for 30 minutes. The secondary antibody
was then washed off with PBS. Visualizatizvas achieved using the DAB peroxidase
substrate kit (Vector Labs, Burlingame, CA, USA) followed by counterstaining with
haematoxylin.All sections were viewed using a Leica DMRB light microscope (Leica
Microsystems). In addition, sections were scanné&Datusing a Hamamatsu Nanozoomer
2.0-HT slide scanner, with the images viewed via the SlidePath Digital Image Hub
application (Leica Microsystems). Furthermore, where appropriate sections were scannec
using a 40x optic which scans images at a digitaluésa of 0.23um per pixel. The images

in this chapter have been digitally captured at 4x (2.3um per pixel), 20x (0.46um per pixel)
and 40x (0.23um per pixel).

5.2.3.1 Cortical thickness

Once sections were scanned using the Hamamatsu Nanozoomer Slide Scanning Mach
(Hamamatsu, Hertfordshire, UK), the cortex of the cingulate gyrus and cingulate sulcus were
measured using the measuring toolShdePath Digital Image Hub application (Leica
Microsystems, Wetzlar, Germanyjhe narrowest point in the cingulate gyamsl cingulate
sulcus was chosen to avoid cortical variance within sections. For confimudticorrect
cortical thickness, sections were also measured under a microscope using the graticule

Between the SlidePath tool and graticule the measurementsavepa@ble (NS)
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5.2.3.2 Vascular density and collagen deposition

To measure vessel density and &agén deposition and compare with BBB disruption, a
subse®f the cohort wasnalysed based on the fibrinogen score. Scoring of fibrinogen was
previously described i€hapter 3. There were 7 acute TBI cases with survival times of 10
hours to 9 days; which were split based on amount of fibrinogen present in the cingulate
gyrus region (4 increased and 3 decreased fibrinogen cabes3ubset also consisted of 8
long-term cases with survival times 3 to 18 years; which were split into increased fibrinogen
deposition (score of 2 or 3; n = 4) and decreased fibrinogen deposition (score of 0 or 1; n =
4). For comparison, four uninjured, ndemented controls cases weedected.

ImageJ (ImageJ, USA) software was used to quantify the vascular density and collagen 1V
staining. Using the SlidePath Digital Image Hub application, a 1Imm x 1mm square was
randomly placed over sections of the superficial, mid and deep layibies ahgulate gyrus

and cingulate sulcus and isolated. A similar region was isolated from the callpgam.

The percentage staining was then calculated using an ImageJ plugin tool. To assess tt
overall density of the cingulate gyrus and cingulate suktie mean of all layers was

calculated.

5.2.3.3 Fibrinogen analysis

Extent and distribution of fibrinogen (FBG) and IgG immunoreactivity were assessed using
established serguantitative technique€hapter 3. Briefly, the neocortical grey matter of

the cingula¢ gyrus, cingulate sulcus, superior frontal gyrus, were divided into superficial
(layers 12), mid (layers3-4) and deep layers {&). Each of these cortical divisions and
thalamic regions were then sequantitatively assessed for the frequency and sitieof

immunoreactivity determined as absent (0), sparse (1), moderate (2) or extensive (3).
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524St at i antailcyasli s

Al | data were analysed usi ng StReSt3asyseddéor s i ¢
assess differences in data between and withnaco t s |, where agdwasopr
calculated to determine the effect size and to indicate the standardised difference betwee
two meansA C o hdevalug sf 0.2 suggestla low practical significance, a value of 0.5
suggestd a moderate practicalgiificance and a value of 0.8 sug@eka high practical
significanceAll effects were considered statistically significant wheéd(05. Quantitative

results are expressed as meatandard error of the mean
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53Resul t s

53.1Cortthaaxlk ness ofcdmBgarcead ewwi t h con

In the cingulate gyrus there was no difference in cortical thickness between TBI and control
cohorts. Cortical areas in the LFBs staining were defined as the pale blue region compare
with the myelinrich white matter regions defines dark blueKigure5-1). Cingulate gyrus
measurements were similar between all the groups with comparable gyral thicknesses
(Figure5-2).

The mean cortical thickness of the control group was2A.D75 mm, similar to the acute

TBl group whichhd a corti cal measurement of t2. 30
t est; d&0.8).¢nrhé Bngterm TBI group the mean cortical measurement was 2.39
N 0.08 mm, agai n, similar to the wttest;nj u

C 0 h edch=00s7) Figure5-2). In the cingulate sulcus the mean cortical thicknesthe
control group in the cingulate sulcus was 1#82.067 mm, whereas, the acute TBI group
had a cortical measurement of 1892.05 mm (p = 0.1695t ud ¢tast 6 LColenbs
0.51) In the longterm TBI group the mean cortical measurement was 1.80 £ 0.05 mm,
again, similar to the uninjured control group (p = 0.993; u d etest 6 € o k= M0d)s
(Figure5-2).



5 96

Figure 5-1 Representative images of LFB staining for measurement of cortical thicknes&) Where a
clear separatioaf cortical regionsand white matter regiores defined by the light blue stainitgrey matter),

in contrast to the darker blue staining of the white matter tracts tirtalate gyrus of a 3yearold female

with no history of TBI (cortical thickness aseasurement by SlidePath measuring tool (in 228 mm) (b)

LFB staining in the cingulate gyrus of a-28arold male who died 48 hours after sustaining a TBI by an
assault (cortical thickness 2.48nasiseen by SlidePath measuring tool i) (eflLFB staining in the cingulate
gyrus of a B-yearold male who died 9 years following a TBI sustained by a fall (cortical thickness 2.25mm
as seen by SlidePath measuring tool in red 2.258wale bars =1Q0m for all images.
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Figure 5-2 Measurement of cortical thickness in all cohorts in cingulate gyrus and cingulate sulcia)

The mean cortical thickness in the cingulate gyrus of the-temg TBI group was 2.39 mm compared to
2.17mm in the control groufNS). (b) In the cingulate stlis, the mean cortical thickness was 1.92 mm in the
acute TBI group and 1.82 mm in the uninjured control group (NS).

532Vascul ar density

There was no difference in percentage area stain of CD34 between the TBI cohorts and th
control cohort in the cingulateygus and the cingulate sulcus, however, a trend toward a
higher percentage area stain of CD34 was observed in the acute phase. The pattern ar
distribution of vessels was evenly spread throughout the cortical layers inibhgiiate
gyrusand cingulate sulcus and density of vessels in both cortical regions was greater than ir
the corpus callosum. CD34 staining was localised to the blood vessels and predominant ir
the vascular rich cortical regions compared with the white anaégions, agexpected
(Figure5-3).
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Figure 5-3 Representative images of CD34 staining in the cortical region of the cingulate gyrus in TBI
and uninjured controls (a) where CD34 immuooreactivity highlights the vascular endothelial cells and
visualises vessel density in the cingulate gyrus ofgesbold male with no history of TBwith corresponding
40x scanned image (63) CD34immunoreactivity in the cingulate gyrus of a-$darold male who died 96
hours after sustaining a TBl by an assawith corresponding 40x scanned image (@) CD34
immunoreactivity in the cingulate gyrus of a-géarold male who died 3 years following a TBI sustained by
an assatlwith corresponding 40x scanned image (ffcale bar = 1Q0n and scale bar = 10n (higher

magnification) In the cingulate gyrus the meanrpentage staining of CD34 in the control

group was 2.73% 0.13% This was similar to all TBI groups with the acute TBI group

demonstrating a percentage area stain of CD34 of 3906% 1 9 %

test ;
stain of CD34 of 2.62% 0.16%( p

0.

(p = Ot 170

dGAOH& While thelongterm TBI groupdemonstrating a percentage area
5 0t2 ;e s $t; udE®.adp@gHras-4).

The cingulate sulcuslemonstrated a similar pattern of CD34 immunoreactivity as in the

cingulate gyrus. Percentage staining of CD34 in the control group was 2.66%4% with

both the acute TBI group and Loteyrm TBI group comparablé¢uteTBI vs control p =

0.1097 Student-test

-t est ;

C o ld= O7@;50ongterm TBI vs control p = 0.0773
dG 0.1¢ fighre5-4). In the corpus callosu, in the control group, the mean

Studen

percentage area stain of CD34 was 1.22%05%and the acute TBI group had a mean

percentage area stain of CD34 of 1.45%.08% (p =0 . 09 2 ;

S teusdt e n d@osh e r
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0.86).The longterm TBI group the area staining of CD34 was 1.725%24% (p =0.056;
St ud etnd Hts;  d& 4.05¢ Figores-4).
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Figure 5-4 Regional distribution of CD34 immunoreactivity following TBI versus controls

Where the CD34 immunoreactivity was obsertete similar throughout the TBI groups compared with t
controls in all regions assessed (a) Cingulate gyrus (b) Cingulate Sulcus and (c) Corpus ¢alld$étn

No association could be demonstrated between CD34 immunoreactivity and fibrinogen
immunorectivity. In the cingulate gyrus of ¢hacute TBI cohort the mean percentage
staining for CD34 was 2.96%0.19% in cases with minimal fibrinogen immunoreactivity;
this was similar in cases with high fibrinogen immunoreactivity where the percentage area
stain of CD34 was 3.1% 0.29% (p=0.68 ; St ttdeextt ;6 siG 0.R) ¢igudes-5).

A similar pattern was observed in the letlegm TBI cohort where cases withimmal
fibrinogen immunoreactivity had a CD34 percentage staining of 28%44% this was
similar in cases with high fibrinogen immunoreactivity where the percentage area stain of
CD34was284% 0. 14% (p = Ot @58; JIEO.HGEFPEBDS. The
cingulate sulcus demonstrated a similar pattern and distribution as the cingulate gyrus,
however the numbers were challenging as the presenceinbfien immunoreactivity was

minimal in this region.
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Figure 5-5 Association of CD34 immunoreactivity and abnormal FBG immunoreactivity following TBI

at varying survivals. There is 1 association betwegdD34 immunoreactivit and presence or absence of
abnormal FBG immunoreactivity warying survivals following TB(NS).

Of note, the pattern and distribution of fibrinogen immunoreactivity previously described a
preferential distribution towards the deepayers of the cortex. However, the CD34
immunoreactivity did not show such distribution. In the cingulate gyrus of acute TBI cases
with  minimal fibrinogen immunoreactivity the percentage staining of CD34 in the
superficial, mid and deep layers of the citage gyrus was 3.15%, 2.98% and 2.74%
respectively. Those cases with high fibrinogen immunoreactivity in the acute TBI cohort
demonstrated similar percentage staining of CD34 of 2.97%, 3.27% and 3.15% for CD34 in
the superficial, mid and deep layers mtpvely (Table 6, Figure 5-6). Furthermore, the
long-term TBI group demonsited no difference between layers. The mean percentage
staining of CD34 in cases with minimal fibrinogen immunoreactivity was 2.15%, 2.42% and
2.32% in the superficial, mid and deep layers respectively. In cases with high fibrinogen
immunoreactivity the man percentage area staining of CD24 was 2.62%, 3.19% and 2.72%
(Table 6, Figure 5-6). A similar pattern was observed in the cingulate sulcu$ wi
difference between groups.
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Table 6 Mean percentage stain of CD34 within cortical layers split by FBGmmunoreactivity

Acute TBI Long-term TBI
Cortical Low FBG High FBG p d Low FBG High FBG p d
Layers immunoreactivity | immunoreactivity immunoreactivity | immunoreactivity
Superficial 3.15% + 0.26% 2.97% + 0.69% 0.82 | 0.17 2.15% + 0.12% 2.62% + 0.18% 0.78 | 1.64
(Layers 1-
2)
Mid layers 2.98% + 0.54% 3.27% + 0.45% 0.69 | 0.3 2.42 + 0.06% 3.19 + 0.33% 0.10 | 1.61
(3-4)
Deep 2.74% + 0.411 3.15% = 0.47% 0.54 | 0.49 2.32+0.13% 2.72 £ 0.14% 0.92 | 1.57
Layers (5-
6)
OControl OAcute TBI Low FBG immunoreactivity
4 D Acute TBI High FBG immunoreactivity ELong-term TBI Low FBG Immunoreactivity
mLong-term TBI High FBG immunoreactivity
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Figure 5-6 Neocortical distribution of CD34 immunoreactivity after TBI in the presence and absence of
abnormal FBG immunoreactivity Where the pattern and distribution of CD34 immunoreactivity was
observed to be consistent through the varying survivals of TBI compared with controls with no association
with abnormal FBG immunoreactivity.

53.3Col | agen deposition

Similar to CD34 distributionthe pattern and distribution obllagen IVwas evenly spread
throughout the cortical layers in both cingulate gyrus and cingulate sulcus and density of
vessels in both cortical regions was greater than in the corpus callosliagen IVstaining

was laalised to the blood vessels and predominant in the vascular rich cortical regions
compared with the white matter regions, as expetegire5-7). In the cingulatesulcus

and corpus callosunthere was no difference in the mean percentage area stain of collagen

IV between the groups. Howevar,the cingulate gyrus reduction in the mean percentage
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stain of collagen IV was observed in the cingulate gyrukefl Bl groups compared to the
uninjured controlgFigure5-8).

The mean percentage staining of collagen IV in cingulate gyrus of the control group was
3.39%* 0.25% whichreduced @ 1.69%z=* 0.31% in the acute TBI group (p = 0.0001;

St ud étast 6 < o ld e B)@Fyure5-8). In the longterm TBI group, the percentage
staining of collagen | Vttesas C2ld@ d8xsHgpre = O
5-8). The cingulate sulcus did not demonstrate such a reduction in the percentage staining o
collagen in the acute TBI cohort. The mean percentage staining of collagen 1V in the control
group was 1.36% 0.08% which was siilar to the acute TBI group of 1.34%4.12% (p =
0.297,; Btt audte;n t 6. BLG4)n The longterm TBI group demonstrated a
percentage area stain of collagen IV of 1.50%04% compared with controls (p = 0.246;
Studeane 9 t; Co 0.&4n @igure 5-8). In the corpus callosum, all groups
demonstrated a similar pattern of percentage area stain of collageiyive’-8).
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Figure 5-7 Representative images of collagen IV immunoreactivity in the cingulate gyrus after TBI and

in uninjured controls Where collagen IV deposition in blood vessels is evidenced by collagen IV
immunoreactivity in the neocortical region of the cingulate gy@mlagen 1V is highlighed around the blood
vessels through the cortex and noted in the larger vessels at e pldte as expected. (a) Where collagen
IV immunoreactivity is expressed blood vessels in the cingulate gyrus of ayéérold male withno history

of TBI and corresponding 40x scanned imagdg¢pin a54-yearold female who survived 54 hours following

a TBI sustained by a fadind corresponding 40x scanned imagg€ib6-yearold male who survived 3 years
following a TBI sustained b falland corresponding 40x scanned imageS6ale Bar = 100unscale bar =

10um (high magnificatioh
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Figure 5-8 Regional distribution of collagen IV immunoreactivity in varying survivals after TBI
compared with controls (a) where a decrease in collagen IV immunoreactivity was obsertied a@ngulate
gyrus in the acute TBI group compared with controls and itotigeterm TBI cohort compared with uninjured
controls (b) No difference in collagen IV immunoreactivity in the cingulate Sulcus after TBI and a similar

pattern was observed in the (c) Corpus callogum< 0.05; ** p < 0.0@1;St u d &tast;T@kcohort vs
control mean)

No association could be demonstrated between collagen IV immunoreactivity and fibrinogen
immunoreactivity. In the cingulate gyrus of the acute TBI colioet mean percentage
staining for collagen IV was 2.05% 0.11 in cases Wk minimal fibrinogen
immunoreactivity; in cases with high fibrinogen immunoreactivity this was 1:48%0 (p

= 0. 416 ;tt ®tsu d e dHOBS (Aigre5-9). A similar pattern was observed in

the longterm TBI cohort where cases with minimal fibrinogen immunoreactivity had a
collagen IV percentage staining of 28% 0.27% and in cases with high fibrinogen
immunoreactivity this was 3.22% 0.3% (p = 0.0575t u d étast 6 £ o e 0.96%

(Figure 5-9). The cingulate sulcus demonstrated a similar pattern and distribution as the
cingulate gyrusKigure5-9).
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Figure 5-9 Association with collagen IV immunoreactivity and abnormal FBG immunoreactivity
following TBI in varying survivals. Where no association could be made between collagen IV
immunoreactiviy and the presence or absence of abnormal FBG immunoreactivity in varying survivals
following TBI (NS).

As described previously, the patieand distribution of fibrinogen immunoreactivity
demonstrated a preference of disruption towards the deeper ldydrs cortex. In the
cingulate gyrus of acute TBI cases with minimal fibrinogen immunoreactivity the percentage
staining of collagen IV inthe superficial, mid and deep layers of the cingulate gyrus was
1.94%, 2.06% and 2.14% respectively. Those cases with high fibrinogen immunoreactivity
in the acute TBI cohort demonstrated a percentage staining of 0.99%, 1.57% andat.78% f
collagen IV inthe superficial, mid and deep layers respectiv@lgb(e 7, Figure 5-10).
Similarly, the longterm TB group showed no difference between layers. The mean
percentage staining of collagen IV in cases with minimal fibrinogen immunoreactivity
1.57%, 2.30% and 2.28% in the superficial, mid and deep layers respectively. In cases witt
high fibrinogen immunoreactivity the percentage staining of collagen 1V was 2.95%, 3.24%
and 3.55% in the cortical layersdble7, Figure5-10). A similar pattern was observed in

the cingulate sulcus with no difference between groups.
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Table 7 Mean percentage stain of Collagen IV within cortical layers split by FBG immunoreactivity
Acute TBI Long-term TBI
Cortical Low FBG High FBG p d Low FBG High FBG p d
Layers immunoreactivity | immunoreactivity immunoreactivity | immunoreactivity
Superficial | 1.94% + 0.33% 0.99% + 0.79% 0.36 | 0.9 1.57% + 0.66% 2.95% * 0.65% 0.20 | 1.13
(Layers 1-
2)
Mid layers | 2.06 % + 0.11% 1.57% + 0.89% 0.63 | 045 | 2.3% + 0.81% 3.25% * 0.41% 0.38 | 0.85
(3-4)
Deep 2.14 % + 0.18% 1.78% + 1.2% 0.79 | 0.24 | 2.28% + 0.58% 3.55% +0.49% 022 | 15
Layers (5-
6)
Ocontrol OAcute TBI Low FBG immunoreactivity
4.5 1 OAcute TBI High FBG immunoreactivity ELong-term TBI Low FBG Immunoreactivity
m Long-term TBI High FBG immunoreactivity
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Figure 5-10Neocortical distribution of collagen immunoreactivity after TBI in the presence and absence

Superficial Layers (1-2)

Mid Layers (3-4)

Deep Layers (5-6)

of abnormal FBG immunoreactivity. Where the pattern and distribution of collagen IV immunoreactivity is
observed to be similar thrghout the neocortical layers for all groups with a noted decreased in collagen 1V

immunoreactivity in the acute TBI with abnormal FBG immunoreactivity irstipeerficial layer which steadily

increases through the cortex to the deep layer (NS).
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54Di scussi on

The aim of this study was to identifhpanges in cortical tbkness and vascularifgllowing

a single, moderate to severe to TBI dineir association witlevidence oBBB disruption.
Cortical thicknessindvessel density and collageationwere assessed following TBI. No
changes were observed in cortical thickness or in vessel density following TBI in the acute
phase or chronic phase wheonmgpared with uninjured controls. Howevar, this small
cohort,a change was reported in collagenaafion in the acute phase following TBI. The
acute phase TBI cases demonstrated a lower percentage area stain of collagen IV in th

cingulate gyrus compad with controls.

Cerebral atrophy has been reported in AD patients where it has been demonstrated usin
volumetric MRI techniquegMungas et al.2002, Im et al., 2008)in AD, this cortical
atrophycorrelates to cognitive decline (20) and it may also occur prior to onset of dementia
(21). From previous literature, varyirtegrees of cortical thinning are observed across a
number of brain regions in AD such as frontal, temporal and medial occipital(lobes

al., 2008) Where overall increased rates of whbtain atrophy following various dementias

are similar, analysis of regional atrophy demonstrates differences betweenidsseci

as AD and FTLOChan et al., 2001)

Following TBI in humans, cortical atrophy has been previously demonstrated using imaging
techniques. One study demonstrated that atrophy after mild to moderate Umglvigs
present and it was associated with the severity of injury where a TBI with a loss of
consciousness resulted in a greater loss of brain voliaeKenzie et al., 2002, Wang et

al., 2015a, Bergeson et al., 2002iffuse white matter atrophy following TBI has preusly

been reported in both imaging studigzale et al., 2005, Levine et al., 2008)d n an
autopsy studyJohnson et al., 2013d)owever, grey matter atrophy has only been described

in imaging studies. Both regional grey matter atrophy affedtisgfrontotemporal and
limbic cortex has been demonstrated following T8&le et al., 2005, Léwe et al., 2008)

as has significant global cortical atrophy following paediatric (NBdrkley et al., 2008)all
reported by imaging techniques. Conversely) this current autopsy study, no noted
differences between TBI (both in acute phase and chronic phase) and controls were
observed. The cohort numbers in this present study were small and from only one region o
interest,the cingulate gyrus; therefore, multiple brain regions may need to be assessed in

TBI patients identify any regional changes.
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To date, there is conflicting data in reporting the changes of vascular density in AD patients.
In some autopsy studies a desean vessel density in AD is reportgdscher et al., 1990,
Buee etal., 1994) however, others suggest an increase in mean vessel density in AD
(Viggars et al., 2011)Cerebral atrophy can often be observed in AD brains, tireréfis

may distort the vessel density numbers due to a smaller surface area contaiilarg si
numbers of vessels; resulting in conflicting data if not analysed to take into account the
presence of atrophfrarkas and Luiten, 2001Jollowing TBI, reports on changes in vessel
density are contradictory. A CCI rodent model reported a decrease in the numésseif
junctions and vessel lengf®benaus et al., 201 Hlaywardet al. demonstrated alterations

in vessel density using a lateral flypeércussion TBlI model where vessel density was
assessed by staining of rat endothelial cell antigdRECA-1) (Hayward et al., 2010,
Hayward et al., 2011Regional changes were reported withramease in vessel density in

the perilesional @rtex, and in the ipsilateral thalamus, however no change was reported in
the hippocampu@Hayward et al., 2010)n another fluid percussion rodent model, Petrk

al., reported a global reduction in vessel density where it resolved 2 weeksjposin the

less severe TBI cohofEugene et al., 2008)

A computational model of blast injury investigated the impact on the cerebral vasculature in
humans(Hua et al., 2015)It reported that where the mimxum strain on thdrain model
increased, as did the vasculature denfitya et al., 2015)Using a scanning electron
microscope, RodrigueBaezaet al.,investigated the brain of 10 TBI patients and reported
morphological alterations in the microvessels casipg of longitudinal folds, sunken
surfaces with craters and a significant flattening with reduction of vessel [fRodrnguez

Baeza et al., 2003)This present work is the first autopsy study to investigate vascular
density following TBI. Although no noted changes in vascular density were reported
between uninjured controls and TBI cases, there was a trend towards an increase in vascul.
density in the acute TBI cohort compared with-atggched nordemented controls. Both
acute and clanic phase TBI cases which demonstrated an increase in BBB disruption where
shown to have a slight increase in vessel density compared TBI cases without BBB

disruption. Although this was an interesting observation it was not significant.

In AD, a thickening of the basement membrane due to increased collagen deposits has bee
previously reporte@Hardy et al., 1986, Mancardi et al., 1980, Vinters et al., 1994, Kalaria
and Pax, 1995, Viggars et al., 201Using laseiinduced fluorescence spectroscopy on
isolated vessels of AD patients and controls, @it al., demonstrated significantly

higher reflecting levels of collam (Christov et al., 2008)By carrying out avestern blot



5 109

analysis they reported elevated levels of type | and type Il collagen; however, a reduction in
collagen VI subtypavas noted. Chengt al, observed an increase in the subtype collagen
VI and suggested this increase is a neuroprotective response and may protect neurons agali

AD toxicity by blocking the interactions offiz oligomers and neuro(Sheng et al., 2009)

Following TBI, the evidence of changes in collagen is limited in animal studies. In one study,
abnormal visualisation of collageiv lfollowing rodent blast TBI, suggesting a selective
increase of collagen which indicates a reorganisation of the vascular extracellular matrix
with generation of new vessgl&ama Sosa et al., 2014h contrast, a fluid percussion
rodent TBI model demonstrated a reduction in collagen IV 24 hours after injury; however,
no reduction was observed 12 hrs after injury (54). This current study demonstrates a
reduction in collagen deposits followgra single, moderate to severe TBI, noted in the acute
TBI phase that persists into the chronic phase. The distribution of this observation was notec
in the cingulate gyrus and was absent in the cingulate sulcus and corpus callosum. Howeve
numbers are saill and this observation warrants further investigation. Disruption of the BBB
has been previously refied to prevail in the deep layers of the cortex and is notably absent
in the depths of the sulci and white matter regions (Chap{étad)et al., 2015) indicating

that a decrease of collagen IV follows a similar pattern to BBB disruption. Collsgen
essential for basement membrane stability which is the structural basis of th@B&iBI

et al., 2004) Therefore, his observation is intriguing and may indicate vessels undergo a
change in collagen IV which could lead to vessel vulnerability following TBI; this could

predispose vessels to further injury and associated BBB disruption.

Previously, this thesis identifievascular changes following TBTChapter 318), where after

a single, moderate or severe TBI there is evidence of widespread BBB disruption in a
proportion of cases in the acute and chronic phases. However, the structural basis for thi
acute and persisht BBB disruption following TBI is unknown. It has been suggested that
collagen 1V is essential for the stability of the basement meml{Rosehl et al., 2004

key component of the BBB. Following a subarachnoid haemorrhage in rats, Sehaller
reported both collagen IV degradation and BBB disruption, by albumin extravasation,
following SAH (Scholler et al., 2007)herefore, a marked decrease in collagen IV as seen

in this present study may indicate weakening of the BBB early in the pathogenesis of TBI.

It has been suggested that following TBE thrain undergoes neovascularization, the
formation of new vessels. Morgagt al, characterised the angiogenic response in an

acceleration impact model of TBI and reported a substantial increase in angiogenic growth
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factor VEGF and noted the presence eivly formed vessels up to 4®urs post injury
(Morgan et al., 2007)Up-regulation of VEGF following TBI hapreviously been repaet

and implicated as an important mediator for BBB disrup(Mag et al., 2002, Nag et al.,
1997, Chodobski et al., 2003, Thauchman eal., 2010) Zhanget al, reported that VEGF

can markedly enhance angiogenesis in the ischemic brain of rats and that inhibition of VEGF
may reduce BBB permeabilitgZhang et al., 2000)

541Concl usi on

Although this study resulted in only one anomaly where a reduction in collegaihing

was observed in the acute TBI phase gérgj into the chronic TBI phase, it suggests that
more investigations are warranted to understand the vascular changes following TBI. The
reduction in collagen IV staining followed a similar pattern and distribution to BBB
disruption with the noted reduah occurring in the deep layers of the gyri. This may suggest

a decrease in BM stability in the acute phase following TBI and may contribute towards the
persistent BBB disruption following TBI. No charmyeere observed in the cortical thickness
and vessedtensity; however, numbers were small and focussed on one region; this may

present an opportunity to increase numbers and regions to confirm these findings.
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6 The gl i al response foll owi
Il njury

6.1l ntroducti on

Traumatic brain injury (TBI) is the strongest environmental risk factor for dementia
(Molgaard et al., 1990, Mortimer et al., 1985, Mortine¢ral., 1991, Graves et al., 1990,
O'Meara et al., 1997, Salib and Hillier, 1997, Guo et al., 2000, Schofield et al., 1997,
Plassman et al., 2000, Fleminger et al., 20@3)mplex neurodegenerative pathologies
associated with dementia have been recognised in TBI, such as abnormal acousnofat
tau and amyloid b (ADb), axonal degener af
matter and neuronal loss. Reactive glial £edfre present in many neurodegenerative
di seases, such as Al zheimerds disease, F
(ALS) and Hun t(Mileregttalg 2004s Nagele stala 20@4, Hirsch et al., 1998,
Lobsiger and Cleveland, 2007, Hirsch et al., 20@8} reactive cellular response has also
been identified in TBI tissue in limited studies. In late TBI, a microglial response has been
observedJohnson et al., 2013a)hile in CTE tau immunoreactive astytes have been
identified (McKee et al., 2009, Stein et al., 204)d in blast TBI, redive astrocytes have

been recognise@Shively et al., 2016)However, the pattern, distribution and temporal

dynamics of this cellular response to a single TBI is uncertain.

6.1.1Astrocytic Response following TB

Both activated microgh and reactive astrogliosis are heter@gers in nature with
neuroprotective and detrimental effects in the GQN&rd et al., 2008, Sirko et al., 2015,
Bardehle et al., 2013, Myer et al., 2006pllowing TBI, astrocytes are important early
responders, which precedes the microglial resp@fise and Dustin, 2006with adenosine
triphosphate(ATP) released from injured astrocytic networks djug the microglial
population to site of focal injur§Kim and Dustin, 2006, Davalos et al., 2005, Rouach et al.,
2002, Stout et al., 2002, Verderio and Matteoli, 200k)s astrocytic reaction to TBI evokes

a number of evestincluding rapid influx of extracellular calcium, sodivatease of matrix
metalloproteinas®, secretion of vasoactive molecules and AfHekmatpanah and
Hekmatpanah)elease(Hoffman et al., 2000, Ostrow et al., 2011, Ahmed et al., 2000)
Animal models of TBI have demonstrated that astrocytes exhibit membrane instability and
cytoskeleton diassemblyCullen et al., 2011)Following mild rTBI in transgenic mice, an

acute reactive astrogliosis has been repo(Retraglia et al., 2014a, Ojo et al., 2013,
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Petraglia et al., 2014lwhile in clinical studies investigating head injury in boxers, glial
fibrillary acidic protein (GFAP) (an astrocyte structural protein) is used as a biomarker for
injury (Neselius et al., 201Zetterberg et al., 2006, Zetterberg et al., 2013a)

A limited postmortem case series examining blast related injuries reported prominent
astroglial scarring and reactive astrogliosisr@ygwhite matter intedices and subpial glial
plate in all chronic blast exposure cases (up to 9 years su(@kaigly et al., 2016)
However, they did not find the same pattern in sERhough these numbers were limited.

In wider studiesastrocytigp-tau pathology in CTE is proposed to be topographically distinct
from wider tauopathies, includinggingrelated tau astrogliopathy (ARTAG)Lopez
Gonzalez et al., 2013, Lace et al., 20N®verthelessot date, thereemains limited work

exploring theastrocytic response following TBI, especially sTBI

6.1.2Mi crogl i alf alelsgwBrirsg

Immediately following injury, TBI induces a complex neuroinflammatory response in both
humans and animal models, associated witha@amephase inflammatory cell reaction
featuring polymorphonuclear leukocytes, T lymphesytmacrophages, and natural killer
cells, together with activation of resident microg{ilohnson et al., 2013a, Loane and
Byrnes, 201Q) Microglia undergo morphological and expressive alterations which
contribute to the posIBI inflammatory pathwaygAihara et al., 1995, Gentleman et al.,
2004, Nagamot&ombs et al., 2007, Wilson et al., 2004, Loane and &yra010, Ziebell

and MorgantiKossmann, 2010Morphological changes can range from ramified6 rée s t i
state microglia through to activated, amoeboid microflialker et al., 2014)Chronic
neuroinflammation has been demonstrated in limited aut¢Bsytleman et al.2004
Johnson et al.,, 201Baand imaging studigswhich indicate increased and prolonged
microglia activity with longterm survival up to 18 years pasjury (Gentleman et al., 2004,
Ramlackhansingh et al., 2011b, Johnson et al., 20ARhpugh here is some discordance

in autopsy and imaging studies, wihrsistent microglial activation pe$Bl is described

as predominantly a white matter patholagyautopsy studie§lohnson et al., 2013ajyhile
imaging studieseport apredominantlygrey matter pathology, specificallgcated to the
thalamic regionRamlackhansingh et al., 2011bj this study, material fromhe Glasgow

TBI Archive will be used to characterise the pattern and distributfoastrogliosis and

microgliosis following exposure to singteoderateor severe TBI.
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Hypothesis Reactive astrogliosis is present following TBI observed by an increase in
GFAP staining at th@reyi white matter interfaces and subpial glial platéth a chronic

microglial responsdocalised tovhite matter.
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6.2Specific Methods and Materi al

6.221Case selection and tissue prepar

All brain tissue was dhined from the GlasgowBI Archive of the Department of
Neuropathology, Queen Elizabeth University Hospital, Glasgow, UK. Tissue samples were
acquired at routine diagnostic autopsy, with approval for their use in research obtained from

the Greater Glasgoand Clyde Biorepositor¢governance Committee.

Material from patients aged under 60 years at time of death with a history of a single,
moderate or severe TBI was selected as acute TBI cases (survival < 14 days frons TBI; n
27) or longterm TBI cases (surval >1 year from TBI; = 32). Autopsy reports and, where
necessary, clinical and forensic records were available for all cases to confirm a history of
moderate or severe TBI on presentation as defined by the Glasgow Coma Scale. Uninjurec
agematched controls with no known tosy of TBI or neurological disease were selected

for comparison (n= 21). Demographic and clinical data and detail on neuropathology

findings at the original autopsy for each cohort are presenteabies.

At the time of the original diagnostic autopsy, whole brains were immersion fixed in 10%
formal saline for a minimum of 3 weeks, following which the specimens were examined,
sampled using standardized techniqued processed to paraffin tissue blocks. For this
study, blocks from a coronal slice of the cerebral hemispheres @hatanic level were
selected to include the thalamus, with adjacent internal capsule, and corpus callosum, witl
adjacent cingulate and senor frontal gyri. From these tissue blocks @ s ect i ons

prepared for immunohistochemistry procedures.



Table 8 Demographic and clinical information of all groups

TBI: Acute TBI: Long -Term Controls
Survival (n =27) |Survival (n = 32) (n=21)
Mean age (Range) 44.4 years 46.3 years (180) [39.9 years
(9-60) (14-60)
Males 17 31 13
(63%) (96.9%) (62%)
Mean PM Delay (Range) 56.1 hours 65.5 hours 71.6 hours
(3-240) (9-184.5) (12-144)
Mean Survival Interval (Range) [69.3hours 7.8 years Not applicable
(6-216) (1-47)
Cause of[Fall 15 15 Not applicable (N
TBI (55.5%) (46.9%) history of TBI)
RTA 7 5
(25.9%) (15.60%)
Assault 4 8
(14.8%) (25%)
Unknown 1 4
(3.7%) (12.5%)
Cause of|Head injury 25(92.6%) 0 0
Death [Bronchopneumonia 2(7.4%) 7(21.9%) 1(4.8%)
ARDS 0 1(3.125%) 0
Pulmonary 0 0 0
thromboembolism
Heart disease 0 6 (18.8%) 4(16.67%)
Alcohol related 0 2(6.25%) 0
Pyelonephritis 0 1(3.125%) 0
Multi-organ failure 0 1(3.125%) 0
GIT haemorrhage 0 1(3.125%) 0
Polytrauma 0 1(3.125%) 0
Drug overdose 0 0 4(16.67%)
SUDEP 0 7(21.9%) 8(38.1%)
Pulmonaryoedema 0 1(3.125%) 0
Septicaemia 0 0 2(8.3%)
Inhalation  of  gastr|0 0 2(8.3%)
contents
Unknown 0 4(12.5%) 0

Key: TBI = traumatic braininjury; SUDEP = sudden unexpected death in epilepsy; GIT = gastrointestinal tract; AR
acute respiratory distress syndrome; RTA = road traffic accident
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6.22Routi ne Histol ogy

Sections from all tissue blocks were stained with haematoxylin and eosin. Following
standard dewaxing and rehydration to water, the sections were immersed in haematoxylir
for 10 minutes (Mayer, Leica Microsystems, Wetzlar, Germany). Slides were rinsed in water
foll owed by i mmersion in Scottds tzap wa
Germany) and differentiation in 1% acid alcohol. Following rinsing in water the sections
were immersed in 25% aqueous eosin Y solution (TCS Biosciences, Buckingham, UK) for
5 minutes and then the sections were rinsed, dehydrated in graded alcedrald @nd

coverslipped.

6.2.31 mmunohi stochemistry

Following deparaffinization and rehydration, endogenous peroxidase was quenched via
immersion of the sections in 3% aqueous H202 for 15 minutes. Thereafter, heat inducec
antigen retrieval was performed using roiwave pressure cooker for 8 minutes in preheated
0.1M Tris EDTA buffer (pH 8), followed by blocking in 50ul of normal horse serum (Vector
Labs, Burlingame, CA, USA) per 5 mL of Optimax buffer (BioGenex, San Ramon, CA,
USA) for 30 minutes. The sections wehen incubated in primary antibody at 40C for 20
hours prior to washing and application of biotinylated secondary antibody for 30 minutes,
followed by an avidirbi ot i n compl ex as per manuf act
Burlingame, CA, USA). Visuadiation of the target antigen was achieved by applying the
DAB peroxidase substrate kit (Vector Labs, Burlingame, CA, USA), with the sections then

counterstained with haematoxylin.

Primary antibodies were selected to reveal: glial fibrillary acidic pr@¢@mpAP) expressed

by astrocytes (monoclonal aiBFAP; clone GAS5, 1:250; Leica Biosystems, Milton Keynes,
UK), human HLADP,DQ,DR (monoclonal anttR3/43; 1:800; Dako, Carpinteria, USA)
and ionized calcium binding adaptor molecule 1 {1haxpressed in &wated microglia
(rabbit polyclonal antiba-1; 1:5000; Wako, Japan). Control sections (positive and negative)

for each antibody were run in parallel with the test sections to confirm antibody specificity.

Sections were viewed using a Leica DMRB light microscope (Leica Microsystems, Wetzlar,
Germany). In addition, for quantitative studiegctions were scanned atx2Qsing a
Hamamatsu Nanozoomer I slide scanner, with the images viewed via the SlidePath
Digital Image Hub application (Leica Microsysterigetzlar, GermarnyThe images in this
chapter have been digitally captured at 4x{hJer pixel) and 20x (0.46n per pixel).
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6.24Anal ysis of I mmunohistochemistry

All sections were reviewed and analysed blind to demographic and clinical data. Analyses
were performed in multiple anatomical regions within each block. Specifically, within the
callosal block analyses weperformed in corpus callosum, crest of cingulate gyrus, depth
of cingulate sulcus and subcortical white matter of the cingulate gyrus. In the thalamic block,

analyses were performed in the internal capsule and thalamic grey matter.

6.2.4.1 Astrogliosis

In sectionsstained for GFAP, the extent of the interface astrogliosis was measured, using
the measuring tool of the SlidePath Digital Image Hub application, at the superficial glial
limitans and the boundary between neocortical grey and immediate subcortical athéie m
(Figure6-1a). This was carried out at the crest of the cingulate gyrus and adjacent depth of
the cingulate sulcus. The extent of subependymal interface assiegissociated with the
lateral ventricle was assessed in sections of the thalafigsiré 6-1b). Multiple
measurements were performed for each region in each texti®n, with the largest

measure taken as the datapoint for that section.

Figure 6-1 Representative measurements of GFAIImMmunoreactivity (a) Extent of interface astrogliosis
was measured at thsuperficial glial limitang(SGL) (1) and at the boundary between neocortical grey and
immediate subcortical white matt@VMI) (2) in the cingulate gyrus regiotb) Extent of astrogliosis was
measured at the subependymal interface associated with ttz Vatetricle in the thalamic region (3). Scale
bar = 1mm.

Assessment of astroglial extent for each anatomical region was calculated as percentage ar
of immunostain. Using SlidePath Digitahdge Hub software, a 1Imm x 1mm square was
randomly placed ovemultiple regions of interest (ROIs) in both grey matter and white
matter of the GFAP stained sections. Images of these ROIs were then captured and exporte
to ImageJ (NIH, Bethesda, MD) where the background was subtracted, and the Colour

Deconvolution plug applied using the installed haematoxylin/ DAB vector (H DAB) to

produce separate colour channels for the counterstain (haematoxylin) and specific
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immunostaining (DAB). The DABpecific imagevas then thresholded and the percentage
of positive stainingn the ROI calculated using standard algorithms in Iméggdire6-2).

Figure 6-2 Example of Thresholding GFAP using image ja) original image of GFAP staining in cortex
(Imm x 1mm squargp) raw thresholded image of (a) before adjustment and (c) raw thresholded image of
(a) after manual adjustment

6.2.4.2 Microgliosis

Assessments of microglial extent and activation state were performed in sections stained fo
Iba-1 and CR3/43. Multiple anatomical regions of white matter (corpus callosum, internal
capsule and the subcortical region of the cingulate gyrus) and grey (oeitgedate gyrus,
cingulate sulcus, superior frontal gyrus and thalamic regions were assessed. For each regio
extent of microglial staining was calculated as percentage area of immunostain using the

same methodology employed to calculate extent of GiR#&Runostaining.

In addition to a quantitative assessment microglial staining, standardizedsamitative
scores of microglial morphologies were recorded for each region to assess microglial
activation state as described previoudighnson et al., 2013bBpecifically, regions were
assessed and reported as either displaying a predominance of cellamdadboid
morphology (A), ramified morphology (R) or mixed amoeboid/ramified morphology (M)
(Figure6-3).
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Figure 6-3 Examples of microglia morphologyWhere (aand g indicate sparse microglia witfime cell
processes (ramified) and énd @ clusters of activated microglia with shortened processes amt(f
extensive and densely packahoeboidmicroglia diplaying mhimal or no processes and enlarged cell
bodieg-igure6-3 Scale bar = 100um (top row) and scale bar = 10um (bottom row).

6.25St ati stical analysi s

All data were analysed using SPSS (versionl 2B, M, Il nc). The ©6t@&t t es
were used to assess differences in data between and within cohorts, where appropriatt
Coheharsd Cramerods V were used to deter mi
standardised difference between two me&ns.Cr amer 6 s V v &dauleev o f
practical significance, a value of 0.3 suggdst moderate practical significance and a value

of 0.5 suggesi a high practical significanc&Vhile aC o h edwalue of 0.2 suggest a

low practical significance, a value of 0.5 suggdst moderate practical significance and a
value of 0.8 suggestia high practical significanc@ll effects were considered statistically
significant when pO0.05. Measurements results are displayed as means-\sitindard

error of themean.
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