The Role of Substance P
In

Experimental Intracerebral Haemorrhage

Timothy J. Kleinig, M.B.B.S. (Hons.), B.A., F.R.A.C.P.

Discipline of Pathology,
School of Medical Sciences,
University of Adelaide

May 2010

A thesis submitted in partial fulfilment of the requirements for the
degree of Doctor of Philosophy



The role of substance P in experimental intracerebral haemorrhage

DEDICATION

This thesis is dedicated to my wife Pakan, for her love, support, hard work and
encouragement through busy and challenging times, not only through the PhD years, but
every year since we’ve been married — more so since the children started arriving.

First you guess. Don't laugh, this is the most important step. Then you compute the
consequences. Compare the consequences to experience. If it disagrees with experience, the
guess is wrong. In that simple statement is the key to science. It doesn't matter how beautiful
your guess is or how smart you are or what your name is. If it disagrees with experience, it's
wrong. That's all there is to it.

Richard P. Feynman (1918-1988)




The role of substance P in experimental intracerebral haemorrhage

Table of Contents

1. Spontaneous intracerebral haemorrhage: topic review and a putative pathophysiological

FOIE FOr SUDSTANCE P .. st e e 1
000 R B T o ) o PR O OO ST PP PP PPRPPPRPP 1
O = oY =T o110 [o -4 PRSPPI 1
1.3 Aetiology and prognostiC factors .......cccuiiiiiiiiiiiiiiiee e 2
1.4  Histological and imaging appearances and their changes over time ..........cccccvveeeee.n. 5
1.5 Secondary injury in intracerebral haemorrhage.......cccoooeveei e, 6

1.5.1 Secondary pathological events in [CH ..........coiiiiiiiiii e, 7
1.5.2  Mediators of perihaematomal secondary injury.......cccccoceeeeecieeeeciieee e, 14
1.6 Approaches to limit secondary injury after ICH.........cccocoveeeiiiiee i 23
1.6.1 Medical @PPrOACHES.....ccieeiee e e 23
1.6.2 SUIEICal APPIrOACNES ... .vviii et e e s aa e e e aaeee s 24
1.7 SP as a potential mediator of secondary injury in ICH...........ccccoiiiniiiiieiieeeee, 25
1.7.1  Background, structure and reCeptors.......cccceeeeeieccciviieee e e 25
1.7.2  Peripheral @CtioNsS .....coiii i 27
1.7.3  Central Nervous SYSTEM SP .......ceviiii i e e e e 30
1.7.4 A putative role for substance P in intracerebral haemorrhage.........ccccoccvveennes 33
1.8  Animal models of intracerebral haemorrhage........cccccoeviveeiiviiee e, 34
RS I o Y o To ) f a T=Y <1 RRSPP 35

2 Materials and MethodS.........coiiiiiiiiiec e 37

2.1 ANIMAI CAr@ i 37
2,11 ANIMaAl @THICS. .o 37
2.1.2  GENEIAL it 37

2.2 EXperimental ProCeAUIES ...t e e ccrrre e e e e e e e s e e e e e e e e e e eannes 37
2,21 ANGESTNESIA . .eiiiieiiiee e s 37
2.2.2  Stereotactic injection of SUDSTANCE P ....coceeiiiiiiiiieeeee e 38
2.2.3  Autologous blood infusion intracerebral haemorrhage......c.ccccceeeevvecvivveeeneeenn. 39
2.2.4  Collagenase infusion intracerebral haemorrhage .......cccoccvvvveeeeeieeiccciinveeeneeeenn, 39
2.2.5  Stereotactic thrombin iNjection........ccceeiiii i 40
D SR o] [T o 1T ol o) o o V2RSSR 40
2.2.7  POST-SUIZEIY FECOVEIY ..cciiiitiiiiiiee e e eeeetttiiieie e e e e e e ettaiee s s s e e eeeeatsbaaseseseeaesessaansssaaaaans 40
2.2.8  Perfuse fiIXation ....c.coeeieieecee e s 41

D T B T U= o =T 1 o014 T=] 0} PSR 41




The role of substance P in experimental intracerebral haemorrhage

2.3.1  N-acetyl-L-tryptophan. ... 41
23,2 L-733,060 ittt sttt et e be e sttt e e b e sateebeas 41
2.4 Neurological @SSESSMENT.....ccciviiiiiiiiiiiee et eertee e e s see e e s sre e e e e sbaeeesssseaeeeennns 42
2,41 ROTAIOM ..ttt ettt et e bt e e b e e e bt e e e sanee e eans 42
I 1 o] AV = o =T I =T SRR 43
2.4.3 Tapered ledged beam teSt ..o 44
2.4.4  Vibrissae-elicited stimulation test .........ccooceviiiiiiiiii 45
2.4.5  Elevated drag test ..o e 46
2.4.6  Other pilot behavioural teStS......cccuiiiiiiiiiii e 47
2.5  HistologICal @NAIYSIS ..ueeiiiuiiiiiiiiiee ettt rae e e eae 47
2.5 1 Brain SECHIONING .. s 47
2.5.2  Haemorrhage quantification .........ccccceeviiiiiiniiiie e 48
2.5.3  Brain processing for histological assessment .........ccccceeeiiieeevciiiee e, 48
2.5.4 Haematoxylin and eosin (H&E) StaiNiNg ........cccceeeeeiiieeeeiiiiee e 49
2.5.5  ImMMUNONISEOCNEMISTIY....uiiiiieiei e e e e e e e 49
2.5.6 Immunofluorescence double labelling ........cccccvriiiieiiii e, 50
2.5.7  FlUOro-Jade StaiNiNG ....ccuueeiiiciiie ettt e s 50
2.6 0edema MEASUIEMENT .....uiiiiiiiiiiee ettt ettt ettt e et e et e e st e e s bt e e sbeeesaneessareeenns 51
2.7  Assessment of blood-brain barrier permeability ........ccccceevviiiiiiiiiiiei e 51
2.8 ELISA fOr SUDSTANCE P ... e 52
2.9 Real-time RT-PCR for SP and NK1 receptor MRNA ........cooociiiiee e 53
2.10 Quantitation of immunohistochemical staining .........ccccceveeiiiiccciie e, 55
2.11 Automated Cell COUNTING ..uvviiee e e e 60
2.12 POWET CalCUIATIONS.....eiiiiieeee e 62
2.13 STAtiSTICAl ANAIYSIS..ccii et e e e e 62
3 Characterisation of substance P immunostaining and expression following collagenase

and autologous blood experimental ICH ..........coooiiiiiiiiiiiieiee e 63
S 70 A [ ) f e To [ o1 [o 1o PO P PR OPR R 63
3.2 EXperimental deSiZN ... i e e e e e e e e eaanes 64
3.2.1 Haematoma quantification.......ccocccuiiiiieii e 64
3.2.2  Histology and immunohistochemistry.........ccccoiiieeiiiiiccice e, 65
3.2.3  Semi-quantitation of SP immunostaining.........ccccccceeeei e, 65
3.2.4  Cell COUNTING wuvreeieeeiee ettt e e eeeebr e e e e e e e s esabaraeeeeeeeesennstraeeeeeeeenns 66
32,5 ELISA e s s nees 66




The role of substance P in experimental intracerebral haemorrhage

3,26 RT-PCR ettt ettt ettt et e s st e et e e s ae e e b e saeeeneas 66
3.2.7  Pilot behavioural STUAIES .........c.eeiiiiiiiiiii e 66
3.2.8  Statistical @NAlYSIS .uvveieriiiieeiiiie e e e 67
3.3 RESUILS ettt e e e e bt e st e e e bt e e s be e e s neeesreeea 67
3.3.1 Baseline and surgical parameters......ccccceeiieccciiiieeee e 67
3.3.2  Haematoma VOIUMES ......coiiiiiiiiiiciie e 67
3.3.3  Collagenase ICH HiStOIOBY ..eceeeeeeieieiiiieee et e e e e e e 68
3.3.4  Autologous ICH HiStOIOBY ...evieeeeeieiiieeee et 80
I B 1Y o{ U 1] o ] PP OO PPPPPPPP R 92
3.5 CONCIUSION ettt ettt e bt e s bt e e s bt e e s bt e e eanteesaneeesaneeeans 94
4  Inhibition of substance P via NK1 receptor antagonists: histological, behavioural,

oedema and blood-brain-barrier eXperiments.......ccccocuiei e 95
A1 INErOTUCTION coiiiiiiiiiee ettt ettt e e st e e s bt e e e bt e e sareeesaneeesaneeas 95
4.2 EXPerimental deSIBN ... e e e e a e e e e e an 96
4.2.1 Haematoma quantification.........cccccouiiriiiiiiii e 96
4.2.2  Brain lesion volume asseSSMeNt........coociiiiiiiiiiieiiiieeeie e 97
4.2.3  Histology and immunohistochemistry.......cccooccciiiieiieiii e, 97
4.2.4  Semi-quantitation of SP imMMUNOStAINING........ccciveiiiiiiiiiiiiee e 97
4.2.5 Cell counting and evaluation of subventricular zone cellular proliferation....... 97
4.2.6  Brain 0€0EMA......iiiiiiiieiieceeee e e e e 98
4.2.7 Blood-brain barrier permeability......ccccceeiiiiieiiciiiieeee e 98
4.2.8  Behavioural STUIES......cccueiiiiiiiiiiieee e 98
4.2.9  Statistical @NalYSiS ..cceei i 98
B.3  RESUILS .ottt e s 98
4.3.1 Operative and physiological parameters........ccccovveeeeeeiiiecciiieeee e 98
4.3.2  Haematoma VOIUMES .......coouiiiiiiieeieeeteree et 99
4.3.3  Lesion volumes 28 days after collagenase ICH ...........ccovvveciireeeeeeeiieiicnrreeeeeeeen 99
4.3.4  Histology and immunohistoChemistry......ccccccevvciiiieeieiieiiecieeee e, 100
4.3.5 Cellular proliferation inthe SVZ............uiiiiiiecee e, 104
4.3.6  Brain 08EMA...cuiiiiiiiiiiie e e 104
4.3.7 Blood-brain barrier dysfunction ............eeeeiiiiiiiccie e, 105
4.3.8 The effect of NK1R antagonists on functional outcome .........ccccceeeeeiinnnnnnenn. 106
L 1Y o U 1 o o PP 109
T 6] o Tol [V o o TP PSPPSR 111




The role of substance P in experimental intracerebral haemorrhage

5 Investigation of the effect of thrombin on substance P: is thrombin the factor which

triggers SP-mediated OBUEMA? .....cuviiiiieiieeeeeeeeeeeeeeeeeeeeereeeree et rererererererererereserererersrararerererarane 112
5.1 INTrOQUCTION ettt ettt e e s e e e e e sanee s 112
5.2 EXPerimental deSIBN ....ccccuiiiiiiiiiie ettt s e e e st e e s naae e e e eaes 113

5.2.1 24 hour lesion comparison with collagenase ICH........ccccccccviiviiiericniiieeeinnnen. 114
5.2.2  Histology and immunohistochemistry........cccoccveiiiiiieeiiiiieee e 114
5.2.3  Semi-quantitation of SP immuNostaining........ccccceeviiieicciiie e, 114
5.2.4  Brain 08demMa......cooiiiiiiiiiiiiieee e 114
5.2.5 Blood-brain barrier permeability.......cccccceiieiiiiiiieii e 115
5.2.6  Statistical @NalySiS ...eiieiuriiiiiiiiiie e 115
5.3 RESUILS et et s e e s ne e e eanee s 115
5.3.1 Baseline and surgical parameters......ccccccuueiiieiiiieeeiiiiee e 115
5.3.2  Dose titration - histolOgY .....cuvvviiiiiiiiiicie e s 116
5.3.3  Thrombin dose titration —0edema.........cccceeiiiiiiiiiiniieiieee e 117
5.3.4  Histology and immunohistochemistry........ccccooiieeieiiiiiccci e, 118
T T T 0 T 101 o1 LI =1 o Y=1 | 1 oY PP 126
5.3.6  Brain 0dema......coooiiiiiiiiii e 127
5.3.7  Blood-barrier dysfunCtion.........ccecuiiiiiiiiiii e 128
5.4 DiISCUSSION ..ttt ettt et e s s e e e e e s s e e e e e e s s e s nre e e e e e e e s eannee 129
5.5 CONCIUSION ..ttt e neesnneea 132

6  Effects of intracerebral substance P injeCtioNns. ......cceeeieeiciiivieeiee e, 134
6.1 INTrOAUCTION ..o s 134
6.2 EXperimental deSiZN. ... e e e e e e eannes 135

6.2.1 Histology and immunohistochemistry.........ccccoiieiiiiiinccie e, 135
6.2.2  Brain 0dema......cooiuiiiiiiieeee e 135
6.2.3  Blood-brain barrier permeability.......cccccceeeieeiiiiiieeiee e 136
6.2.4  StatistiCal @NalYSis ...cooeerriieiei e e e 136
6.3 RESUILS o 136
6.3.1 Baseline and experimental parameters........ccccoveeeeeiieicciiiieeee e 136
6.3.2  Dose finding eXPeriMENTS ....ccccieeieciiiieeee et e e e e a e 136
6.3.3  Histology and immunohistochemistry.........ccccoiieieiiiincciie e, 137
6.3.4  Brain 0@dEMA. . ..iiiiiieiiie e 143
6.3.5  Blood-brain barrier dysfunction .........cccceeeeveeiiiiiieiii e 144
6.4 DISCUSSION ..coiiiiiiiiiiiiiiciitii e s 144




The role of substance P in experimental intracerebral haemorrhage

6.5 CONCIUSION ettt et s b e e bt e e st e e sne e e sanee s 147

7  Exploration of the potential mechanisms of NK1RA-mediated oedema reduction
fOlloWINg COlABENASE ICH. ......iiiiiiieee et e e e e e s s saree e e ssaraeeeenes 148
7.1 INTrOQUCTION ..ottt et e e et e e s e e eane e e sanee s 148
7.2 EXPerimental deSIBN ....coocuiiiiiiiiiee ettt e e e s e e s eare e e e sans 149
7.3 RESUILS et e b e e et e s e e e b e e eanee s 149
7.3.1 Baseline and experimental parameters.......ccccccveeeeeiieicciiieeeee e 149
7.3.2  Brain oedema following autologous ICH ...........cccoociiiiicciiee e 150
7.3.3  Brain oedema in splenectomised rats .........ccccvvireeiiii i 150
T4 DISCUSSION ettt ettt ettt e e s s s e e e e e s s e b ar e e e e e e e e s eannes 151
7.5 CONCIUSION ettt ettt et b e s bt e e s bt e e ean e e e s abeeeeanee s 153
8  Summary and future dir€CtioNS ......coovciiii i e 154
CONCIUSION ...ttt et e e et e e e et e e e bb e e e bt e e e beeesabeeesabeeeenneeeans 158
RETEIENCES: .ttt et h e et e s bt et eeae e e b e bee s r e e reeeareenee 159

Vi



The role of substance P in experimental intracerebral haemorrhage

ABSTRACT

Background:

Elevated levels of substance P (SP) have previously been found following ischaemic stroke
and traumatic brain injury. Inhibiting the main SP receptor (neurokinin-1 (NK1)) reduces
oedema and improves functional outcome in both settings. As this thesis details, we
hypothesised that SP plays a similarly deleterious role following intracerebral haemorrhage
(ICH).

We further hypothesised that the post-ICH effects of intracerebral thrombin (which is known
to play a major role in post-ICH secondary injury) are at least partly SP-mediated. Thrombin,
similarly to SP, is known to play a deleterious role following both ischaemic stroke and
traumatic brain injury. Previous research has also demonstrated that thrombin causes
cutaneous oedema by an SP-dependent mechanism.

Methods:

Three hundred and forty three male Sprague-Dawley rats were used, and variously subjected
to collagenase ICH, autologous ICH, intracerebral thrombin injection and intracerebral
injection of SP. The sequelae of these various injuries was assessed, as well as the effect of
antagonists to the main substance P receptor (NK1R), using functional testing, histological
analysis, ELISA, real-time RT-PCR, wet-weight dry weight (for assessment of oedema) and
Evans blue (for assessment of blood-brain barrier integrity). The effect of prior splenectomy
on oedema following ICH was also assessed.

Results:

Elevated levels of SP were demonstrated post-ICH in the two different ICH models, and
localised to astrocytes. Following collagenase ICH, two structurally unrelated NK1R
antagonists reduced oedema and blood-brain barrier (BBB) dysfunction, but failed to reduce
cellular inflammation, brain lesion volume and functional deficits.

Stereotactic thrombin injections caused both oedema and elevated intracerebral SP,
however, NK1R antagonism post-intracerebral thrombin failed to reduce brain oedema,
largely disproving the hypothesis that thrombin causes intracerebral oedema post-ICH by a
SP-dependent mechanism.

Supraphysiological levels of SP injected stereotactically caused surprisingly little oedema and
BBB dysfunction. Additional exploratory experiments demonstrated that NK1R antagonism
did not reduce oedema caused by autologous ICH and also that the oedema-reducing effects
of NK1R antagonism following collagenase ICH were abrogated by prior splenectomy.

Conclusion:

These results demonstrate that the oedematogenic actions of substance P following ICH are
complex, and may predominantly be peripherally-mediated. Future experiments are planned
to characterise further the role of SP in neuroinflammatory conditions.

Vi
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