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Subarachnoid haemorrhage (SAH) is a severe neurological condition caused by rupture of an
intracranial aneurysm. A clot forms in the subarachnoid space and erythrocyte lysis causes
haemoglobin (Hb) to accumulate in the CSF. In patients surviving the initial bleed, secondary
complications such as vasospasm and delayed ischaemic neurological deficits (DIND) can result in poor
long term outcome. Hb is neurotoxic through oxidative mechanisms and has also been implicated in
the pathogenesis of vasospasm. Management of SAH patients is aimed at securing the aneurysm,
inhibiting vasospasm and diversion of CSF to treat hydrocephalus; high morbidity means novel

treatments to improve long term outcome are needed and there are none targeting Hb toxicity.

Haptoglobin (Hp) is responsible for binding to cell free Hb, facilitating scavenging by CD163-positive
macrophages. Hp inhibits free Hb’s pro-oxidative potential by shielding the redox active iron contained
in the haem group, rendering Hb oxidatively inert. Two co-dominant HP alleles (HP1 and HP2) exist in
humans as a result of an intragenic duplication event. This lead to the production of dimers in HP1
homozygotes (HP1-1), dimers and trimers in heterozygotes (HP2-1), and finally tetramers and large
polymers in HP2 homozygotes (HP2-2). Hp isoforms differ in their expression levels, their ability to
inhibit Hb's oxidative potential, and when in complex with Hb, their affinity for CD163 and uptake by

macrophages.

In this study | hypothesized that: haptoglobin affects outcome after subarachnoid haemorrhage
through its role in haemoglobin scavenging and haptoglobin supplementation after SAH is of
therapeutic benefit. The aims were to: 1) investigate if HP genotype influences outcome after SAH via
its role in Hb scavenging, 2) characterise the kinetics of Hb scavenging in the two week period after
SAH, 3) establish whether Hp can reverse Hb neurotoxicity in vitro, and 4) establish and characterise an

in vivo model of SAH to translate the results of the in vitro experiments.

Due to differential Hb scavenging function, it was hypothesized that HP genotype impacts on outcome
after SAH. 1299 SAH patients were typed for their HP duplication genotype and the single nucleotide
polymorphism rs2000999, the largest genetic contributor to Hp expression level. Logistic regression

analysis of long term outcome identified no effect of rs2000999 but the Hp duplication affected



outcome, implying mediation through Hp function rather than expression level. HP2-2 was associated
with favourable outcome in high Fisher grade patients (grades lll and IV, Odds Ratio (OR): 2.4, 95%
Confidence Intervals (Cl) 1.4-.4.3, p=0.007).

To seek further mechanistic evidence for the effect of Hp on outcome after SAH, the kinetics of Hb and
Hp was investigated in serial cerebrospinal fluid (CSF) samples from 44 Fisher grade IlI-1V SAH patients
during a two week period post-ictus. Total Hb levels increased gradually, reaching a plateau of 11.5uM
(median between days 11 and 13, interquartile range (IQR): 2.1-16.2uM); the majority of this Hb was
found to be uncomplexed (median 96.3%, (IQR): 83.3-99.4%, from third day onwards). There was a
trend towards an association of high uncomplexed Hb levels with worse outcome (modified Rankin
Scale (mRS) at 6 months post-ictus) (OR: 0.7, 95% Cl 0.5-1.0, p=0.064). Auto-oxidation of Hb can cause
oxidative damage which inhibits complex formation by Hp. Exogenous Hp was added to the CSF,
enough to saturate all Hb, to investigate how much Hb was still able to bind Hp; 90.6% (IQR: 65.8-
96.5%) of the uncomplexed Hb was able to form complexes with exogenous Hp. The Hb scavenging
ability of Hp isoforms was investigated with linear mixed modelling. Significantly lower levels of
uncomplexed Hb were associated with the Hp2-2 phenotype (p=0.03, vs Hp1-1), in keeping with
improved Hb scavenging due to Hp2-2’s higher valency for Hb.

To test if Hp can protect against Hb neurotoxicity, primary hippocampal neurones from C57BL/6
mouse pups were cultured and treated with Hb, Hb+Hp, Hp or vehicle. Following a week in culture,
viable neurones were counted. Hb produced a dose dependent cytotoxic effect (p<0.0001), and Hp
was able to reverse this, inhibiting neuronal death (p=0.003). No adverse effects on neuronal viability

were observed with Hp alone.

To translate the in vitro findings, | established in our laboratory an in vivo murine model of SAH,
involving a stereotaxic injection of blood into the pre-chiasmatic cistern of C57BL/6 mice. The model
was optimized to refine the technique, to prepare for future experiments testing Hp as a therapeutic

agent after experimental SAH.









Table of Contents

Table of CONENtS.......cciviiieiiiiiccrc s anees i
Table Of TaBIES ....cueiiiiiiiieertccrrrr s annes ix
LIS 1 < (=0 L T xiii
Declaration of AUthOrship........cciiiiiiiiiiiiiiiiiiiirrrreeer s esseesee XXV
Acknowledgements..... ..o s s s s s s s s s s s s s s s s s s e xxvii
Definitions and Abbreviations .........ccccovveeiiiiiiiiiiiiiin XXix
Chapter 1 INtroduction.........cccccvreiirsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 1
1.1 Subarachnoid haemorrhage: an introduction ........ccccccvvviiiiiiiii, 1
1.1.1 Demographics of subarachnoid haemorrhage patients..........ccccvvvvvvrvvivnennnnns 2
1.1.2 Current treatment methods for subarachnoid haemorrhage patients ............ 2

1.2 The haemoglobin iNSUIt.......ccoiiiiiiiiii e 3
1.2.1 Haemoglobin NEUrOtOXICITY.....uuuuururuuuiiiiiiiiiiiiiiiiiiiieieaeiiiiieebaeeaeebeeereeeeeeeeenraaeae 4
1.2.2 CNSINflammation......ooooiiiiiiiieiee e 5
1.2.2.1 Inflammation in response to haemoglobin...........ccuvvviviviiiiiviiiiiiiiiiinnn. 5

1.2.2.2 Microglial aCtivation...........ueuuuiiiiiuiiiiieiiiiiiieeeiireeeeerrrreerereerr—————. 6

1.2.2.3 IL-1B associated NEUrOtOXICITY ....uuuuuruurrrrrrrererririerrererrerrrrrarnrerrereenenannnn. 7

1.2.3 Haemoglobin driven vasoConStriCtioN..............uuveeuuuuiieiiiiiiiiiiiiiiiieieeeeeeeeennennn. 8
1.2.3.1 Nitric oxide consumption by haemoglobin ..............euvviiiiiiiiiiiiiiiiiiiinnnn. 8

1.2.3.2 Increased endothelin-1 synthesis ...........uuuuueeiiiiriruririeiirieirireeeereenenen. 8

1.2.3.3 [s0prostane pProduCtion ............uueeeeeiiueeeeeeiieeeiiereererereerrrrrere—————. 9

1.3 The CD163-haptoglobin-haemoglobin scavenging system .......cccccccvvviiiiiiiiiiieennnnnnn. 9
1.3.1  HaPtOZIODIN...uuuiiiiiiiiiiiiiiii bbb —b—a———aa—aaaaa 9

1.4 Haptoglobin genetics and STrUCtUre.......ccevvviiiiiiiiiiiiieeeee e, 10
1.4.1 The common haptoglobin polymorphism..........ccceevuveuiiiiiiiiiiiiiiiiiiiiieeeeeeennnn. 10
1.4.2 Single nucleotide polymorphisms in the haptoglobin gene ...........ccccvvvvunnnns 13

1.5 Haptoglobin: detoxifying haemoglobin........ccccccevviiiiiiiiiiiiie, 16
1.5.1 Binding to haemoglobin...........uuuuiiiiiiiiiiiiiiiiii 16



1.5.2 CD163+ macrophages: scavenging haptoglobin-haemoglobin complexes..... 17

1.5.3 CD163: recognition and binding to HpHb complexes........cccooevviiviiiiiiieeiennnn. 17
1.5.4 Haptoglobin-haemoglobin complex internalization and signalling................ 18
1.5.5 Scavenging of haemoglobin breakdown products........cccccceeeiiiiiiiiiiiiiiccnnnn... 19
1.5.6  Haem SCaVeNZEer SYSTEIMS ..ccuuuiiiiiii ettt e e e e s 20
1.5.7 The haem scavenger receptor: CDIL ....cccoviiiiiiiiieieeeececseeeee s 20
1.5.8 Haem metaboliSm ... e 21
1.6 Haemoglobin scavenging in the brain......cccccccvvviiiiiiiiiiii, 21
1.6.1 The Hp-Hb-CD163 system in the human brain........cccoeeevvieiiiiiiiiiiieeeeeeeeeen 21
1.6.2 The Hpx-Haem-CD91 system in the human brain ........cccoooeviviiiiiiiiiiiiieeeen, 22

1.6.3 Effect of haptoglobin genotype on outcome after subarachnoid haemorrhage23

1.6.4 Biological effects of haptoglobin other than Hb clearance..........ccccccuuuunn...... 26

1.7 Invivo models of subarachnoid haemorrhage......cccccccccvvviiiiiiiiiiiiiiicceee, 27
1.7.1 Small rodent models: SAH in the MOUSE.......cccooviiiiiiiiiiiiiiiiiiieee e 27

1.8 Previous investigation of haptoglobin treatment for SAH.........cccoooiiiiiiiiiiiceennl. 29
1.8.1 CliNiCAl STUAI@S. ....eeeiiiiiiiiiiiiiee et e e e e e e e 29
1.8.2 EXperimental StUAIES .....ccceeeeieccieccessee s 30
Chapter 2 Hypotheses and @ims .......ccoviiiiiiiiieiiiiiiiir e 31
Chapter 3 Materials and Methods..........ccccvvvirviiiriiiiiiiiiiininnnnnnssssssssenes 33
3.1 Clinical study ethiCs apPProValS.........uuuuuuuiuirieiiiiiiiiiiiiiieirerieerrererr e —————————— 33
3.1.1 Genetics Of Subarachnoid Haemorrhage (GOSH) study .......c.ccccevvuvvvveeennnnn. 33
3.1.2 Haemoglobin After Subarachnoid Haemorrhage (HASH) study..................... 33

3.1.3 Neurological conditions and Oncology: Immunology and Interactions (NOII)

£ 0 | PO PPPRPRPPPRPNS 33

3.2 Clinical variables: DefinitioNns..........occuiiiiiiiiiiiiee e 34
3.3 Haptoglobin ENOTYPING.....uuuuiiiieiiiiiiiiiiiiiitititeiieeeeerereeaaareere e 35
3.3.1 Polymerase chain reaction protocol ........cccceeeeeeeieiiiiiiieeeeeeeeeeeeeeeeeeeee e 35
3.3.2 Quantitative polymerase chain reaction protocol.........ccceeeivviiiiieiiinneninnni, 38
3.3.2.1 QUAlITY CONTIOl . .uuuiiiiiiiiiiiiiiiiiiii e aeeeeaeeaaae 40

3.3.3 SNP genotyping by KASP......ccooiiiiiiiiee e 41



3.3.4 SNP genotyping by Tagman ..ccceeeeeeeeeieeeeeeeeccceeeeeeee s 41

3.3.5 QUAlILY CONLIOL. e 42
3.4 Ultra Performance Liquid Chromatography ............uueevuveviuruuuuereeieeiieeenieeeennnennnnnn. 42
3.4.1 UPLC analyte measuremMent....cceeeeieiiiiiiieeieeeeeeeeeeeeeeese e 42
3.4.2 UPLC haptoglobin quality controls and run acceptance criteria .................... 43
3.4.2.1 Haptoglobin CONrOlS.......uuuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiieieeiae v 43

3.4.2.2 AcCCEPLanCe CHITOIA «oovuuiieeiiiee ettt eea e 44

3.4.3 Derivations of each analyte .....cooovvvieiiiiiiiiiee s 45
3.4.3.1 Analytes measured from the UPLC chromatograms ...........cccccuvvvvvnnns 45

3.4.3.2 Analytes derived from data.............evuuiiiiiiiiiiiiiiiiiiiii. 46

3.4.3.3 Non-scavengeable Hb correction............uuuueeeieiviiiiiviiiiiiiiiiiiienieeinnennn. 47

3.4.4 Serum THBC MeEasUremMeNts .....couuuiiiiiiiiie ettt eeeaa e 48
3.4.5 Albumin quotient, haptoglobin quotient and haptoglobin index analysis...... 48
3.4.6 Calculation of bleed size VOIUME.....ccooveeiieiiieeeeeeeeeeeeeeeeeeeeeee e 49

3.5 Primary hippocampal Cell CULUIE ........uuuiiiiiiiiiiiiiiiiiiiiiiiiiiireeeieeeee e 49
3.5.1 Statement of €thiCS .oooeveeeieeeeeeeeeeeee s 49
Y A OV | (U ¢ =l o] o] ool ] I 49
3.5.3 Assessment of viable Cells......ccoovvveeiiiiiiiieieeeeeeeeeee s 51
3.5.4 Haptoglobin neurotoxicity eXperiment .......cccoeeeeeeiiieiiiieiiieeeeeeeeeeeeeeeeee e 51
3.5.5 Haemoglobin neurotoxicity eXperiment........cccceeeeeeiieiiiiiiiicieeeeeeeeeeeeeee e 51
3.5.6 Haptoglobin efficacy experiment.......coooeeeeiiieeeeeeeeeecceeeeeeeeeee 52
T A & [o 13 b e [ =1 1] £ 52
3.5.8 Production of a murine haemolysate........ccoeeeeeeeieeiieieiieeeeeeeeeee e 52
I I TRV 1Yo 34 0 1=1 4 o o E PPt 52
3.6.1 Statement of €thiCS ..oovvveviiiieeeceeeeeee s 52
3.6.2 Experimental subarachnoid haemorrhage model ........ccooeveeeeiiiiieiiiiieeeeeeen, 53
3.6.3 Behavioural assesSmMENTt ..ccceeeeeeiiiiecieecce e 53
3.6.3.1 T maze spontaneous alternation ..........cccccuuveevvuuurerueerueenerennneneeeene. 53

3.6.3.2 BUIrOWING DENAVIOUN......uuuiiiiiiiiiiiiiiiiiiiiiiiiiiiieaiaeeeeaaaee e aeaaeeeaeeeneeee 55

3.6.3.3 0pen field areNa .......uuueuueeiiiiiiiiiiiiiiiiiii e ——————— 56



3.6.4 TiSSUE NarVeSTING...cccoeieiei e 56

3.6.5 Fluorescent imaging of circle of Willis to assess vasospasm.........cccceeeeeeeeeens 56
3.6.6  HIStOIOZY coooeeeeeeeeeeee e 57
3.6.6.1  1D@-1 coiiiiiiiiee e a e e e aaae s 57
3.6.6.2  SYNAPLOPNYSIN w.uvuiiiiiiiiiiiiiiiiiii b ————————— 57
3.6.6.3  Perls’ STAINING......uuuuuuuuiiiiiiiiiiitiiiiii e ———————— 58

3.6.7 IMaging and analysis .....ccoeeeeiiiiiiiiii 58
TN T R | o Y- o PP 58
3.6.7.2  SYNAPLOPNYSIN w.uuuiiiiiiiiiiiiiiiiii i ———————— 58

3.6.7.3  Perls’ STAiNING......uuuuuuuuiiiiiiiiiiiiiiiiiiiie b ——————— 59

3.7 StAtistiCal AN@IYSIS .uvuvuuuureeriiiieiiiiiiittiiiiiii ettt ———————————————————————————— 59

Chapter 4 Haptoglobin genotype and clinical outcome after aneurysmal subarachnoid

(Y E =T oY o 4 - - N 61
o T 1 oY o Yo [¥ ox oY o T TR 61
R (Y U] TR 63

4.2.1 The effect of the HP duplication and rs2000999 on Hp expression level in

healthy iNndividUuals .......coooeeiiiiii 63

4.2.2 SAH population: demographic and patient characteristics..........cccvvvvvvvunnnns 64
4.2.3 Genotype MisSINGNESS ANAIYSIS...uuuuuuurrurrrrrrrrrrrrrerrrrrerrrrrrrrrerrereernrrrrrrr... 67
4.2.3.1 Hardy-Weinberg equilibrium.........cccccceiiiiiiiiiiiee, 67

4.2.3.2 Comparison to a healthy control cohort.......cccccccevviiiiiiii, 68

4.2.4 Linkage Disequilibrium estimation..............uuueuuieiiiuiiiiiiiiiiiiiireiieieeeeeeee.. 69
4.2.5 Association of HP genetic polymorphisms with outcome...........cccvvvvvvvvvnnnns 70
4.2.5.1 Primary OULCOMIE .c.uuiiiiiii ettt ettt e e e et e e eei e e e e 70

4.2.5.2 Secondary OULCOMES.....cccuiiiiiiiiiiiiicceeeeeeeeeee e 75

T N B T o{ U1 o] o B OO TPPPPRTR 75

Chapter 5 Haemoglobin scavenging kinetics in the cerebrospinal fluid after

subarachnoid haemorrhage .........cccccccviiiiiiiiiniininiinnnsnnnnnnssssnes 79
70 A 1o o To [V o1 i o T o IR 79
T A Y U 3PP 81



5.2.1 Demographic and clinical characteristics ..........cccevveiiiiieiiiiiiiiieeiccce e 81

5.2.2 Kinetics of haemoglobin and its scavenger mechanism in the cerebrospinal

£ 10T PP 83

5.2.3 Haemoglobininthe CSF after SAH .....ccooveeiiiiieieeeeeeeeeeeeeeeeee e 83
5.2.3.1 Free haemoglobin ..........uuueuuiiiiiiiiiiiiiiiiiiiiiiiiiiieieeveesaeeeeeeeeeeeeeeeeeaeeee 83
5.2.3.2 Complexed haemoglobin..............uuuuiiiiiiiiiiiiiiiiiiiiiiieieeee. 87
5.2.3.3 Total haemoglobin ..........uuuuuiiiiiiiiiiiiiiiiiiii e 87
5.2.4 Total haemoglobin scavenging capacity of the CSF after SAH........................ 88
5.2.5 Asustained increase in blood-brain barrier permeability after SAH .............. 90
5.2.6 Absence of intrathecal synthesis of haptoglobin after SAH ..........cccoeeeeennnn. 91
5.2.7 Preferential scavenging of Hb by the Hp2-2 phenotype ........ccoovveveeeeeeeeeennn. 92
5.2.8 The contribution of Hb to clinical outcome .......ccooeeeeeeiieiiiiiiiieeeeeee, 94
5.2.8.1 Delayed Ischaemic Neurological DefiCits ............uvvvuuerrverrrrurirnniininninnns 94
5.2.8.2 Long-term outcome (6 MoNth MRS) ......cceviiiiiiiiiiiiiieee e, 95

5.3 DISCUSSION L.ttt ettt e e ettt e e e e et e e ettt e e e eeba e e e eean e e eeenaeaaee 96

Chapter 6 Neurotoxicity of haemoglobin can be ameliorated by haptoglobin in vitro101

T R [ oYl o Yo 1¥ ot f o o JPU PP 101
5.2 RESUIS .ot e e 103
6.2.1 Haemoglobin is toxic to hippocampal neurons in Vitro........ccccceeeeeeeeeeeeennn. 103
6.2.2 Purified BPL haptoglobin is not toxic to hippocampal neurons in vitro........ 104
6.2.3 Dialysed BPL Hp5911 is not toXiC t0 NEUIONS ......cccevvvvviiiiiiiieeeeeeeeeie e, 105
6.2.4 BPLHp5911 binds to mouse haemoglobin.........ccoeeveeeeiiieiiiiiiieeeeeeeeeeeeeeen 106
6.2.5 Haptoglobin can rescue haemoglobin neurotoxicity in vitro ........ccccceenn... 107

R T B 1Yo 1Y 1o o PSP 108
Chapter 7 An in vivo model of subarachnoid haemorrhage..........cccoevvvcrrrrrccccnnnnnne. 113
2% N 12 oo [T o1 1 o o[PS URPPRt 113
2 =T U1 £ RPNt 114
7.2.1.1 The Macdonald lab method .........ccoovviiiiiiiiiiiie e, 114

7.2.1.2 Morbidity and mortality .....ccooeeeeeiiiiieieeeeeeeeec s 114

7.2.1.3 Cerebral blood flow changes ......ccooeeeveiiiiiiiiiieeccccceeeeee e 114



7.2.1.8 BOGY WEIBNT...vevrieeeeeeereeeseeeeeeeeeeeeeeeseeeeeeeseseseeeseeesseseeseseesesessssens 115

7.2.1.5 T maze spontaneous alternation........cccceeeeeeeieiiiiiiieeeeiececceeeceeeeeeeen 116

7.2.1.6 BUIrroWIiNg BENAVIOUN .ccceeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 117

7.2.1.7 Light/dark preference .......ccoeeeeciiiiiiiciie e 118

7.2.1.8 Locomotor activity assessment .......c.cooviiiiiiiiiiiiiin e, 119

7.2.0.9 VaSOSPASIM .. ittt ettt ettt et e et e e e e e nea s 121

7.2.2 Refinement of the model l........coooviiiiiiiiiiiiii, 123
7.2.2.1 Mortality and morbidity......ccceeeeeeiieeiiieeeee 123

7.2.2.2 Cerebral blood flOW ...cccoeeeeeeeeeeieeeeeeeeeeeeeeeeee 123

7.2.2.3 Locomotor activity assessment .......c.cooviiiiiiiiiiiii e, 124

7.2.2.4 N ASOSPASIM .. ciiiieeieiie ettt e ettt e e ettt e e e et e e et e e et e e ee e e nea s 125

7.2.3 Refinement of the model ll........ccoooviiiiiiiiiiiiiieee, 127
7.2.3.1 Ketamine PerfuSioN.....cccooeeeeiiiiiiicecccccccceeceeeeeee e 128

7.2.4 Refinement of the model Hl........ccooviiiiiiiiiiiiiiiee, 129
7.2.5 Histological characterisation of the SAH model ........coovvviiviiiiiiiiiiiiiiinnnnnn, 130
7.2.5.1 lIron deposition in the brain parenchyma ........ccoooveveieiiiiiieieieeieeee, 130

7.2.5.2 Microglial response after SAH .....coooeeieieieieeeeeeeeeeeeeeeeeeceeeeee e 132

7.2.5.3 Synaptic integrity in the hippocampus .......ccooevveviiiieiiieiiieeeeeeeeeee, 133

7.3 DISCUSSION ..ttt ettt e e et e e ettt e e ettt e e e eea e e eeeta e e e eetn e eeeenneaaaes 134
Chapter 8 General diSCUSSION......cccceiiiiiiiiiiiisisssisssssssssssssssssssssssssssssssssssssssssssssssssssssses 141
8.1 Haptoglobin is important in modifying outcome .........ccccccceeiiiiiiiiiiiiiccee e, 141
8.2 The resident haemoglobin scavenging system is overwhelmed............ccceeennnn. 143
8.3 Haptoglobin can ameliorate haemoglobin toXiCity ......ccooeveiiieeiiiiiiiiceceeceeeeeee, 144
8.4 Haptoglobin as a novel treatment for SAH ......coooiiiiiiiiiiiccccc e 146
8.4.1 Systemic delivery of HP ...cooiviiiiiiiiiiiiice 148
8.4.2 Intrathecal delivery of Hp .oooovvvviiiiiiiiee, 149
8.4.3 Pharmacological induction of Hp synthesis........cccccccvviiiiiiiiiiiiiiiiiieeee, 149

8D SUMIMIAIY ettt e ettt e e e et e e e e et e e eet e eeea e aaaes 150
Appendix A Clinical grading sCales.......cccviiiiiiiiiiiiiininiiiiniiiiissssssssssns 153
Appendix B Functional differences between haptoglobin phenotypes........ccccceeveennn. 157

Vi



List of References

vii



viii



Table of Tables

Table 1.1 Schematic representation of the structures of Hp encoded by the HP1 and HP2 alleles.
HP1 allele encodes an a subunit with a single cysteine residue able to form a
disulphide bond with another o subunit forming dimers. The duplication in the
HP2 allele creates a second cysteine residue thus multiple disulphide bonds can
form allowing the formation of polymers of increasing size. Heterozygotes form
linear polymers whereas those homozygous for HP2 will form cyclic polymers of

HD. ettt ettt ettt ettt e ettt ee et eeear e enens 13

Table 1.2 Single nucleotide polymorphisms that impact on the expression of the haptoglobin gene.

Table 1.3 Summary of previous clinical studies investigating the relationship of HP genotype on

OULCOME GSEI SAH. ..ottt e e e 24
Table 3.1 Definitions of variables used in clinical studies in this thesis. ...........cccccceevvvviirnennnn... 34
Table 3.2 Primers for PCR method HP genotyping. ..........cccccccuuiiiiiiiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeae 35
Table 3.3 Mastermix prepared for PCR reaction to determine HP genotype. ............ccccccuuue.... 35

Table 3.4 The expected allele specific product sizes for each primer pair during PCR identifies the

HP duplication genotype. ..........uuueeieeeiiiiiiiiiiiiiiiiiiiiiiieeieeeeeeeeeee e e e 37
Table 3.5 Preparation of mastermix for gPCR to type the HP duplication ...............ccccccceennn.... 39
Table 3.6 Primer and probe sequences used in multiplex gPCR to type the HP duplication........ 40
Table 3.7 Established acceptance criteria for UPLC runs based on variability in Hp control runs.45

Table 3.8 The derivation of analytes that were measured directly from the UPLC chromatogram:s.

Table 3.9 How each analyte is derived from other analytes previously derived in. Letters refer to

[ADCIS IN TADIE 3.8. ..ottt et e e et s e 46

Table 3.10 Enzyme mixtures from Miltenyi neuron dissociation kit used for the digestion of brain
tissue to produce a cellular suspension. Enzymes and buffers in the Miltenyi kit

are proprietary iNfOrmMation. ................ccuuuueeeeeeeieeeiiiiiieee e eeeeeasaaaas 50

Table 3.11 Constituents of Neuron Media. ..................ccuuiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeee e 51



Table 4.1 Multivariate linear regression of Hp serum level vs the HP duplication and rs2000999 in

an ALSPAC subpopulation (n=325) (model fit: r squared = 0.23, p = 2.2x10%¢).63

Table 4.2 Demographics and clinical characteristics for GOSH participants included in the
missingness analysis® and clinical outcome dataset®. Notes: Mean & range©,

number and %°, median & range®, % is of available data® or of total data®... 66

Table 4.3 The observed frequencies of HP duplication genotypes in the GOSH cohort. Expected

frequencies derived from chi-squared calculation of HWE. ....................uuu.... 68

Table 4.4 The observed frequencies of rs2000999 SNP genotypes from the GOSH cohort. Expected

frequencies derived from chi-squared calculation of HWE. ....................uu..... 68
Table 4.5 HP duplication genotype frequencies in GOSH vS ALSPAC. ......cccoceevveeeiiiieeeeeeeeeeeniinnnn, 69
Table 4.6 rs2000999 genotype frequencies in GOSH VS ALSPAC. ......cccooeeeeeieeeieieeeeeeeeeeeeeeeeeeeennn 69
Table 4.7 Frequencies of the 9 possible haplotypes in the GOSH cohort. ..........cccceeeeeeeeeeeeeennn. 70

Table 4.8 Multivariate logistic regression analysis for primary outcome (favourable mRS 0-1).
Logistic regression model fit excellent (log-likelihood chi-squared test p<10%;

Hosmer & Lemeshow test p=0.239). The model explained 27% of the variance.72

Table 4.9 Multivariate logistic regression analysis of secondary outcome (favourable GOS 5).
Logistic regression model fit excellent (log-likelihood chi-squared test p<10*°;

Hosmer & Lemeshow test p=0.808). The model explained 25% of the variance.74
Table 5.1 The demographic characteristics of the SAH cohort and the two control cohorts. .....82
Table 5.2 Linear mixed model to predict complexed Hb levels...........cccccouuvveeiieiiiiieeeiiiieeeeeeenn, 93

Table 5.3 Logistic regression model for the development of a Delayed Ischaemic Neurological

DEfiCit. coooeeeeiiei i 95

Table 5.4 Logistic regression model for the development of unfavourable long term outcome (6

MONTN MRS 2-6). 1 e e e e e e e e e e e e e s s saeeaaeeeaaeeaannes 96

Table 5.5 The area under the curve in 2-3 day segments from the scavengeable free Hb graph was

used to calculate daily Hp requirements to fulfil the Hp deficit in these patients.

Table 6.1 The content of each fraction of Hp5911 following HPLC separation. (HPLC separation
performed by Dr Patrick Garland). ..............ccccouuvvvuuuurmunninenrienirinnnennnnnnnnnnnn, 102



Table 7.1 Number of experimental saline and SAH animals with vasospasm after examination of

ROX SE fluorescent photomicrographs. ...........eeuueeeeeeiiiiiiiiieiiiiiiiiiiiieieeeeeneen 126
Table 8.1 The modified RANKIN SCAIE. ..............eeeeeiiieeeieeee e e 153
Table 8.2 The Glasgow outcome SCale. .............ccccuuiiiiiiiiiiiiiiiiiiieeeeee e 153
Table 8.3 The GIaSGOW COMQ SCOTE. .........cccuuuiiiiiiiiiiiiiiieeeeeeeeeee e 154
Table 8.4 World Federation of Neurological Surgeons grade. .............cccccccuuviiiiiiiiiiiiiiiiiennnnnn, 155
Table 8.5 FiSher grade. .............couuu i 155
Table 8.6 Studies investigating Hb binding of Hp phenotypes ............ccccccccccviiiiiiiiiiiiiiiinnnnnn, 157

Table 8.7 Studies investigating the inhibition of Hb mediated oxidation by different Hp
Jo ] L=Tg Lo o L= 158

Table 8.8 Studies investigating the inhibition of haem release by different Hp phenotypes ...159

Table 8.9 Studies investigating the inhibition of NO scavenging by complexes of Hb with different

HP PRENOLYPES ...ttt e e e e e e e e e e e e e e e e e e e e e e e e e e 159

Table 8.10 Studies investigating the affinity of CD163 for complexes of Hb with different Hp

Jol(L=Tg Lo o L=X 160

Table 8.11 Studies investigating the uptake of Hb in complex with different Hp phenotypes by
CD163" MACTOPRAAGES .....uvvveeeeeeeeeeiieeee et e e e e e e earaae e e e 160

Table 8.12 Publications demonstrating circulating Hp levels between HP genotypes.............. 161

Xi






Table of Figures

Figure 1.1 A) Figure depicting a subarachnoid haemorrhage. Following aneurysm rupture blood
fills the subarachnoid space. Figure cropped from de Oliveira Manoel et al.?;
reproduced under a creative commons licence. B) The structure of the
subarachnoid space. The subarachnoid space is located beneath the arachnoid
membrane and above the pia mater. Figure from Guyton and HalP; permission to

reproduce granted by the publiSher. ............ccooeeeveveiiiiiiieeeieeeiceeee e, 1

Figure 1.2 Haemoglobin is oxidized to methaemoglobin (metHb, HbFe3*) or ferrylhaemoglobin
(ferrylHb, HbFe*) by a process of auto-oxidation?® (via reactions mediated by
bound oxygen) or by external oxidizing agents present in pathological situations.
Further degradation leads to the release of haem. MetHb and ferrylHb can
extract electrons from lipids and proteins, contributing to a pro-oxidative
environment responsible for neuronal cell death via DNA, protein and

membrane disruption. Created with BioRender.com. ..........cccoovvviiiiiinneeennnnns 5

Figure 1.3 The formation of the NLRP3 inflammasome. Under basal conditions NLRP3 is negatively
regulated by an internal interaction. Activation of NLRP3 involves an interaction
with the ASC (containing a caspase recruitment domain) which recruits and
activates caspase-1. This in turn is able to cleave pro-IL-1f into its active form.
Figure from Tschopp et al. 2010°%; reproduced with permission from the

PUDBLISREE. ...t e e e e e e e ettt e e e e e e e e aaa e eeas 7

Figure 1.4 Hb in the ferryl (Fe*) oxidation can extract a hydrogen from lipids. This process
generates lipid radical species that can act in a cyclical oxidative process that
generates further lipid species. The lipid radicals undergo further reactions to

isoprostanes which have vasoconstrictive properties. ..........cccccccvveiieiveeneennnn. 9

Figure 1.5 An overview of the CD163-haptoglobin-haemoglobin scavenging system. Upon release
from the erythrocyte, Hb is complexed by Hp. This whole complex binds to

CD163 which induces endocytosis and allows the safe recycling of the haem iron.

Figure 1.6 The Hp monomer. The a subunit is involved in forming intermolecular disulphide bonds

between other Hp a subunits. The B subunit binds to Hb dimers. ................ 11

xiii



Figure 1.7 The structure of the two HP alleles. The grey blocks represent exons within the HP gene.
The HP1 allele contains 5 exons. In HP2, exons 5 and 6 are duplications of 3 and

4; the result is a final allele With 7 €XONS. ............ccuuveeiiiiiiiiiiiiiiiiiiiiiiiiiieeeeen 11

Figure 1.8 Diagram the mechanisms of the Hp-CD163 and Hpx-CD91 system exist to scavenge free
Hb and haem respectively. Hp binds to free Hb in its dimeric conformation and
then this complex is internalised by binding CD163. Hpx is able to bind haem in a
similar fashion and binding and internalisation is initiated through CD91. Once
internalised both complexes are directed towards the lysosome where the
complexes detach from their respective receptors which are then cycled back to

the cell surface. HoHb and Hpx:haem complexes are degraded. ................... 19

Figure 3.1 PCR products generated from reactions with primers A&B and C&D. The top schematic
shows the relative binding locations of Primers A and B and the 1757 bp HP1
allele specific product produced. The bottom schematic shows the relative
binding position of primers A and B and the 3481 bp HP2 allele specific product
and the binding position of primers C and D and the 349 bp HP2 specific
products. Figure from Koch et al. 2002*%’; reproduced with permission from the

PUDBLISREE . ..ot e e e e e et e e e e e e e ea bt e e e e e e eeaeseannas 36

Figure 3.2 Representative agarose gel image showing PCR products used to genotype individuals.
PCR was performed on patient DNA in separate reactions with Primers A & B and
C & D. Both reactions for each patient were pooled before loading onto a 1%
agarose gel. Lane 1 is a GeneRuler 1 kb plus ladder (ThermoFisher Scientific,
USA), lane 2 is the PCR product from a HP1-1 individual, lane 3 shows the
products from a HP2-1 individual and lane 4 shows products from a HP2-2

Lo |1/ Lo [V Lo | AT 37

Figure 3.3 Schematics of both the HP1 and HP2 gene. Exons are numbered and the location of the
primer binding sites are identified. Figure from Soejima et al. 2008; reproduced

with permission from the publiSher. ...........ccooooueeeeeiiiiiiiiieeeeeeeeeeeeeeeeeeeeee e, 39

Figure 3.4 The UPLC-SEC process in which CSF (or CSF+Hp/Hb) were separated on a size exclusion
column in a Tris-saline running buffer. Following elution from the column, the
separated components of the CSF were detected by spectrophotometric

absorbance measurement at 415nm to identify haem containing species. ...43

Figure 3.5 Representative UPLC chromatograms of Hp controls: A) CSF High Control, B) CSF Low
Control, C) CSF UItraLow CONErOl...........ccccccuuveeeeeeeeecciiieeeeeeeeeeciveeeaa e e e 44

Xiv



Figure 3.6 A representative CSF chromatogram demonstrating peaks of Hb complexed to dimeric
and polymeric Hp, haem complexed to Hpx and albumin, and free Hb. Peak area-

under-the-curve was quantified using a Hb standard curve........................... 46

Figure 3.7 The process by which endogenous Hp was added to CSF samples to identify Hb that was
able to be bound to Hp, termed scavengeable Hb. The orange trace represents
when a CSF sample is run neat, and the grey trace represents when the same
sample is run with exogenous Hp added. Note the shift of Hb (on the right) to
HpHb on the left. As the concentration of Hp added was super-saturating, the
remaining grey peak on the right of the trace represents Hb that cannot be

oo TV Lo [ (o I = | R PP PPPPPPP 47

Figure 3.8 Non-scavengeable free Hb measured in the BPL Hp preparation as measured by UPLC.

Data are presented as mean £ SD. ..........cccuuueeeeiiiiiiiiiiiiiiiiiiiiiiiieiieeee e 48

Figure 3.9 The average spontaneous alternation behaviour. Data show the average of block of four
trials to investigate habituation to the behaviour test. There is uniform
alternation occurring across the 20 trials, indicating that there is no requirement

for a habituation stage. Data are expressed as mean + SD................ccc......... 55

Figure 4.1 STROBE (strengthening the reporting of observational studies in epigenetics initiative)
flow diagram detailing progress of selection of patients from the GOSH study for

QNAIYSIS. «evvveeeeiiiiiiiiiiiiiiieieeeeeeeeeeee ettt e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaaaeaaaeees 64

Figure 4.2 Regression lines of mean predicted probabilities (+ 1 SD) of favourable outcome by
dichotomised mRS score are plotted by (A) HP duplication genotype and (B)
rs2000999, for patients with high (green) and low (blue) bleed size. ............. 73

Figure 4.3 Regression lines of mean predicted probabilities (+ 1 SD) of favourable outcome by
dichotomised GOS score are plotted by (A) HP duplication genotype and (B)
rs2000999, for patients with high (green) and low (blue) bleed size. ............. 75

Figure 5.1 Schematic depicting the daily paired serial collection of CSF and serum from HASH
patients each day after their haemorrhage. CSF was collected from an indwelling
EVD and serum samples were taken at corresponding time points. Due to patient
care considerations and protocol restraints, the maximum number of samples
was eight and CSF samples were not taken at each time point in each patient.

Therefore not all patients had samples taken every day, and some patients did

XV



not have samples taken up to day 13 (for example if the EVD was removed prior

BO BRUS). ettt e e e e e e e e e e e e e e e e arraaaaaaaeaaanns 80

Figure 5.2 Hb and Hp levels were assayed via UPLC-SEC (A) The UPLC process: CSF was injected
onto the UPLC column in a tris saline mobile phase. Separation of the
components was achieved by a size exclusion UPLC column and the elution
absorbance was monitored at 415 nm to detect only haem containing species.
(B) A representative chromatogram from running neat CSF on the UPLC. On the
left, complexed with both polymeric and dimeric Hp peaks are seen, followed by

haem bound to Hpx and albumin, and finally free Hb. ...........cccccccccevvvviennn... 83

Figure 5.3 Non-scavengeable free Hb was measured by running CSF either neat or spiked with
saturating Hp. The remaining free Hb peak represented non-scavengeable Hb.
Note how upon addition of saturating Hp, the majority of uncomplexed Hb is

transferred to complexed Hb. ..........ccccoueeeeieeeeiiiieeeeeeeeeeeeeee e 84

Figure 5.4 Levels of Hb analytes in the CSF after SAH as measured by UPLC. Data presented as
median + IQR. (A) Levels of total free Hb in the CSF (B) total free Hb expressed as
a percentage of the total amount of Hb, (C) levels of free Hb in the CSF that is
able to be scavenged by Hp, (D) scavengeable free Hb expressed as a percentage
of total free Hb, (E) levels of non-scavengeable free Hb, and (F) non-
scavengeable expressed as a percentage of total free Hb. The error bars on the
control values on (A), (C) & (E) are smaller than the size of the symbol would be

therefore are Not diSPlAYEd. .........cccoeeeeeeeieeieieeeeeeeeeeeee e 86

Figure 5.5 Levels of Hb in complex with Hp in the CSF after SAH as measured by UPLC. (A) Levels of
Hb complexed to Hp presented in terms of uM of Hb. (B) Amount of Hb
complexed presented as a percentage of total Hb. Data presented as median +
IQR. The error bars on the control values on (A) are smaller than the size of the

symbol would be therefore are not displayed. .............cccccuvvvvvvvivinienneininnnnnnn 87

Figure 5.6 Levels of total Hb in the CSF after SAH as measured by UPLC. Data presented as median
+IQR. The error bars on the control values are smaller than the size of the

symbol would be therefore are not displayed. .............ccccuvuvuveviiivnvnninninnnnnnn 88

Figure 5.7 Levels of THBC in the CSF after SAH as measured by UPLC (black curve). These data are
presented as the amount of Hb that Hp is able to bind in molar terms. Data are
presented as median * IQR. For comparison, total Hb (from Figure 5.6) is overlaid

(blue curve) to highlight the Hp deficit in the CSF after SAH. ......................... 89

XVi



Figure 5.8 The BCB permeability is increased after SAH. Median + IQR Qalb ratios for healthy
control individuals (red) and SAH patients (black) at days 5,7,9,11 and 13 after
ictus. Dotted line represents control patient level. Multiple Mann-Whitney tests
with Bonferroni correction for multiple comparisons indicated that days 5
(p<0.0001) and 7 (p=0.0002) were significantly elevated from control levels. Error
bars for the control data are smaller than the size of the symbol therefore not

R 1101/ TR 91

Figure 5.9 The Hp index of three Hp1-1 control and 18 Hp1-1 HASH patients. There is a decreased
index compared to controls. Data are presented as median * IQR (Mann Whitney

EEST P=0.0049). ...oooeeeeeeeeeeeee et e e e e e e e e e aaa s 92

Figure 5.10 Lower levels of complexed Hb is observed in Hp2-2 individuals. (A) the predicted levels
of complexed Hb in patients of each Hp phenotype from the linear mixed
modelling analysis. Hp2-2 individuals can be seen to show lower levels of Hb
complexed to Hp2-1 and Hp1-1 patients across the entire 13 day period
according to the linear mixed model. (B) A summary of predicted complexed Hb
levels in patients from all three phenotypes across all 13 days. Data are

presented as Median £ IQR. ...........oouuuueeeeeiiieeiceeee e 94

Figure 5.11 The Hp deficit in the CSF after SAH. The area under the curve for scavengeable free Hb
represents the required Hp in the CSF to deal with the Hb insult. Vertical lines
represent the 2-3 day blocks in which AUC were calculated to establish the daily

Hp requirement to fulfil the Hp defiCit...........ccouuvivviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeen, 98

Figure 6.1 Titration of murine Hb (haemolysate) shows a dose-dependent toxic effect to primary
hippocampal murine neurones. Data are expressed as counts of viable neurons
(mean + SEM). 10, 25 and 50 uM were significantly toxic, compared to saline
vehicle, in a one-way ANOVA with Tukey’s correction for multiple comparisons.

Vehicle vs 10 uM p = 0.0027; vehicle vs 25 & 50 uM p <0.0001. .................. 103

Figure 6.2 UPLC chromatogram showing absorbance at 280 nm when BPL Hp5911 was run on the
UPLC. Each peak represents a different isoform of Hp. The primary constituent is
the Hp dimer with other isoforms making up the other major constituents.

Smaller impurities are also PreSent. ........couuueeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 104

Figure 6.3 The neurotoxicity of the Hp fractions. Data are presented as counts of viable neurons
(mean + SEM). No significant toxicity was observed with the fractions collected

from the HPLC purification process of Hp5911. ..ccccoeeeeveeeeeiiiiieeeeeeeeeeeeeeeeenn, 105

XVii



Figure 6.4 The neurotoxicity of dialysed Hp5911 and non-dialysed Hp5911 compared to vehicle
(saline) control. Non-dialysed Hp5911 showed significant neurotoxicity compared
to controls (one-way ANOVA, p<0.0001, Tukey’s correction for multiple

comparisons). Data are presented as mean + SEM. ..............cccccceevveeeeeen... 106

Figure 6.5 The binding curve of BPL Hp to mouse Hb (from haemolysate). Murine Hb was added at
increasing concentrations (0 to 2 mg/mL) to 1mg/ml BPL Hp. Mixtures were run
on the UPLC and absorbance monitored at 415 nm to measure haem containing
species. Samples were prepared in triplicate and data are presented as mean *
SD; data points with no error bars are due to the error bar being smaller than the

data symbolitSelf. .......ccouiiiiiiiiiiiii 107

Figure 6.6 The treatment of primary murine hippocampal neurons with either vehicle (saline), 15
UM Hb, 15 uM Hb + Hp at 1:1, 1:2 or 1:4 equimolar amounts, or equivalent

amounts of Hp GloN€..............cccuuiiiiiiiiiiiiiie 108

Figure 7.1 Representative CBF changes as measured by laser Doppler flowmetry during injection of
either 100 ul blood or 100 ul saline at a rate of 300 ul/minute (n=3 saline, n=6
SAH). TPU were normalized by expressing as a percentage of mean pre-injection

CBF values. Data are presented as median £ IQR. ..........cccoeeeeeeeeeeeeeeeeeeennnn, 115

Figure 7.2 Mouse body weight following injection of 100 uL blood or saline presented as change
from baseline (pre-surgery) weight (n=6 saline, n=6 SAH). Data are presented as
mean * SD. Not statistically significant (multiple t tests with Bonferroni

correction, ANOVA was not applicable due to missing data points). ........... 116

Figure 7.3 Rates of alternation observed in the T maze behavioural test for saline control and SAH
animals pre-surgery, and one and two weeks post-surgery (n=3 saline, n=6 SAH).
High rates of alternation are observed in both groups before surgery, which did

NOt ChANGE POSE-SUIGEIY. ..ccccvveiiiiiiiiiiiiiiiiiiieeeeee e 117

Figure 7.4 Burrowing as assessed by the weight of material burrowed from a hollow tube in a 24
hour period (n=6 saline, n=6 SAH). SAH animals burrowed significantly less

material at one week compared to baseline (p<0.01). .........ccccccoeeeuvvvvnenn... 118

Figure 7.5 The duration of time spent by SAH and saline injected mice in the dark area of the open
field arena. No significant difference was seen between groups (p=0.381). Data

are presented As MEAN £ SD. ...........ueeeeeieiieeiiiiieeee e 119

XViii



Figure 7.6 (A) Time mice spent moving in the dark area of the open field arena, and (B) the
distance travelled by mice in the dark area of the open field arena. Data are

presented AS MEAN £ SD. .......ccccccoeeeuiiiiiiiee e 119

Figure 7.7 Ambulatory assessment in the open field arena. A) the total ambulatory distance
travelled by mice throughout the whole arena B) the ambulatory distance
travelled in the outer zone of the arena, C) the ambulatory distance travelled in

the centre zone of the arena. Dara are presented as mean + SD. ................ 120

Figure 7.8 The duration of time spent in A) the outer zone or B) the centre zone of the open field

arena. Dara are presented as mean £ SD. ..............ocouvvieeeeeeeeieeiiiiiieieeeeeeeanns 121

Figure 7.9 Representative confocal photomicrographs of the ipsilateral MCA from mice undergoing
surgery. A) MICA from a naive mouse, B) MICA from a saline injected animal, and
C) MCA from a blood injected animal. Vasospasm was quantified by measuring
the narrowest part of the artery along the first millimetre (*) of the ipsilateral
MCA after its bifurcation from the ACA; data presented in Figure 10. Labelled are
the Anterior Communicating Artery (ACA), Middle Cerebral Artery (MCA) and
Internal Carotid Artery (ICA). ........oouuuuieeeee et a e 122

Figure 7.10 Quantification of MCA ipsilateral to the injection in mice receiving an injection of 100
ul saline or blood at 300 ul/minute. Data presented as mean * SD. Mice are
from the same experiment as Figure 7.7 and Figure 7.8, but there are less data

points since the MCA was either missing or damaged in some brains. ........ 122

Figure 7.11 Representative CBF changes as measured by laser Doppler flowmetry during injection
of either 100 ulL blood or 100 ul saline at a rate of 200 ul/minute (n=6 saline,
n=7 SAH). TPU were normalized by expressing as a percentage of mean pre-

injection CBF values. Data are presented as median £ IQR. ......................... 124

Figure 7.12 Ambulatory assessment in the open field arena. A) the total ambulatory distance
travelled by mice throughout the whole arena B) the ambulatory distance
travelled in the outer zone of the arena, C) the ambulatory distance travelled in

the centre zone of the arena. Data are presented as mean + SD. ................ 125

Figure 7.13 Representative confocal photomicrographs of the ipsilateral MCA from mice
undergoing SAH surgery. A) the MICA of an animal exhibiting focal vasospasm
(white arrow heads), B) the MCA from an animal exhibiting vasospasm across

the whole length of the vessel (white arrow heads). ............ccccccceeecvvvnnnn... 125

XiX



Figure 7.14 Representative photomicrographs of the ROX SE perfused ipsilateral MCA during visual
assessment of vasospasm in this refinement to the model, from (A) a saline
injected animal without vasospasm, (B) a saline injected animal with vasospasm,
(C) a blood injected animal without vasospasm, and (D) a blood injected animal

Y7L g Vo K Yo XYoo kY ¢ N 126

Figure 7.15 Quantification of MCA ipsilateral to the injection in mice receiving an injection of 100
ul saline or blood at 200 ul/minute. Data are presented as mean + SD. Within
the SAH group there was a clear dichotomy between animals with and without
vasospasm as assessed visually. Therefore, the SAH group in this figure has been

split into those with and without vasOSPASM. .............uuvvuvvvvvvvvveruvinininninnnnn 127

Figure 7.16 Left section: Quantification of MCA diameter in naive mice following perfusion fixation
with anaesthesia by either pentobarbital or ketamine/xylazine. Data presented
as mean * SD. Variability of vessel wall diameter in the group anaesthetised with
pentobarbital was higher compared to the ketamine/xylazine group. Right
section: The data from the previous SAH vasospasm experiment (Figure 7.15)
have been displayed here to facilitate comparison with the results of this

experiment. Data are presented as mean £ SD. ............ccoceeeeeeeiiieeiiiiiieennnnn, 128

Figure 7.17 Quantification of MCA ipsilateral to the injection in mice receiving an injection of 100
ul saline or blood at 200 ul/minute following perfusion fixation under

ketamine/xylazine anaesthesia. Data are presented as mean * SD.............. 129

Figure 7.18 Quantification of A) MCA, B) Posterior communicating artery and C) ACA, ipsilateral to
the injection of 60 ulL saline or blood. Data are presented as mean + SD. Some

data points are missing due to damaged or missing vessels. ...................... 130

Figure 7.19 Representative 20x magnification photomicrographs of Perls’ staining for iron in brain
sections from (A) saline control animals, (B) saline control animals showing
intense staining around needle tract, and (C) SAH animals showing generally
more intense staining in the parenchyma and staining close to the wall of the

V=T 011 4 (o =2 TR 131

Figure 7.20 Perls’ stain for iron deposition at three days post-SAH, within the ipsilateral
hemisphere at the level of the striatum, a region close to the blood clot in the
prechiasmatic cistern. There was significantly increased deposition of iron within
the parenchyma in the SAH group compared to saline controls (t test with

Welch’s correction for unequal SD). Data are presented as mean + SD. ...... 131

XX



Figure 7.21 Representative photomicrographs of Ibal stained sections from (A) the striatum of a
saline injected animal at 20x magnification, (B) the striatum of a blood injected
animal at 20x magnification, (C) the hippocampus of a saline injected animal at
10x magnification, and (D) the hippocampus from a blood injected animal at 10x
magnification. All photomicrographs were taken from the hemisphere ipsilateral

X0 R 1 1= 14 [=Tor o (o) s SRR 132

Figure 7.22 Cell counts of Iba-1 positive microglia cells in (A) the ventral striatum on the basal
surface of the brain, i.e. close to the blood clot in the coronal plane, (B) the
central striatum, more distant from the blood clot in the coronal plane, and (C)
the glial rich region of the molecular layers encompassing the stratum radiatum
and stratum lacunosum moleculare of the ipsilateral hippocampus. Data are

presented AS MEAN £ SD. .......cccccooeeeuiiiiiiiee e 133

Figure 7.23 Representative photomicrographs at 10x magnification of Sy38 staining for
synaptophysin in the hippocampus ipsilateral to the site of injection. (A) a saline

injected animal, and (B) a blood injected animal. ...............ccccocvveeeeeeecnnnnnn. 133

Figure 7.24 Sy38 staining in the hippocampus, in the hemisphere ipsilateral to the injection. Data

are presented s MEAN £ SD. ........ccuueeeeeieeiiiiiiiee e aaaaan 134

Figure 8.1 The observations in Chapter 4, that patients with the HP2-2 genotype have better long
term outcome may be explained by data from Chapter 5 in which Hp2-2 patients
have lower levels of HpHb complexes in CSF. Here it is shown that each Hp2-2
molecule has a higher valency for Hb, therefore contributing to greater levels of
Hb removal from the CSF (that is then subsequently scavenged by CD163). Figure

created With BiORENAEI.COM........c...uiveueiiiiiiieiiiieeeeee et 143

XXi






XXiii






Declaration of Authorship

Print name:

Matthew James Morton

Title of thesis:

Haptoglobin as a Novel Treatment for Subarachnoid Haemorrhage

| declare that this thesis and the work presented in it are my own and has been generated by me

as the result of my own original research, with the exceptions described here. In Chapter 4,

rs2000999 genotyping was performed externally by LGC Ltd., however their data were validated

by myself using an assay set up and optimised in-house. For Chapters 4 and 5, patient recruitment

and collection of samples and primary clinical data was performed by clinicians in my supervisor’s

research team and collaborators. In Chapter 6 experiments were conducted jointly between

myself and Dr Patrick Garland for Figure 6.1, Figure 6.3, Figure 6.4 and Figure 6.6.

| confirm that:

1. This work was done wholly or mainly while in candidature for a research degree at this

University;

2. Where any part of this thesis has previously been submitted for a degree or any other

qualification at this University or any other institution, this has been clearly stated;

3. Where | have consulted the published work of others, this is always clearly attributed;

4. Where | have quoted from the work of others, the source is always given. With the exception

of such quotations, this thesis is entirely my own work;

5. 1 have acknowledged all main sources of help;

6. Where the thesis is based on work done by myself jointly with others, | have made clear

exactly what was done by others and what | have contributed myself;

7. None of this work has been published before submission.

Signature:

Date:

XXV







Acknowledgements

There are a number of people who have been instrumental, without whom | would not have been
able to conduct the work for this thesis. First, | must thank my supervisors: Dr lan Galea, Professor
Delphine Boche and Dr Zuby Okemefuna. Thank you for your tireless guidance, encouragement
and support throughout my PhD. For all of your efforts, which have been essential for my
progression, | am enormously grateful. Thank you to Dr Patrick Garland for help with experiments,

technical assistance and highly useful advice!

At Bio Products Laboratory Ltd. | would especially like to thank Dr John More, Sarah Kingsland, Dr
Zuby Okemefuna and Richard Chester for supporting this project, for hosting me at BPL and for
facilitating this fascinating project. Thank you to Andrea Pacher and Hansraj Dhayan for technical

assistance with the UPLC assay, and making my work at BPL so enjoyable.

At the University of Southampton thank you to Jon Ward and Jenny Norman in the Histochemistry
Research Unit and thank you to Dave Johnston in the Biomedical Imaging Unit. Thanks to all of the
staff in the Biomedical Research Facility, particularly Russ Soper and Mike Broome for all of their
help, training and guidance with the in vivo aspects of this work. At University Hospital
Southampton | thank Mr Diederik Bulters and Mr Ardalan Zolnourian for their assistance with the

clinical aspects of my work including both the GOSH and HASH studies.

At University College London | would like to thank Professor David Werring and Dr Isabel
Hostettler for their collaboration on the GOSH study, providing samples and clinical data. It was a
pleasure working with Isabel during her work in Southampton. At the University of Bristol thank
you to Dr Tom Gaunt and Dr Nabila Kazmi for collaboration and statistical support on the GOSH
study. At St Michaels Hospital, Toronto thank you to Dr Loch Macdonald’s research group for
hosting me and training me in their in vivo model of SAH. Particular thanks to Dr Bert Bosche for

his help and making my stay in Toronto so enjoyable!

Thank you to everyone in Southampton for all of the good times: Kathryn Jay, Alex Collcutt, Paul
Ibbett, Katie Askew, Renzo Mancuso, Sarah Howard, Jay Amin, Sonja Rakic, Jo Kelly, Sofia Macari,

Jordana Griffiths, Charlotte Stuart, Ellie Keeling and everyone else!
Thanks must go to the Medical Research Council and BPL for funding this work.

Finally thank you to Alison, Ralph and Sarah; without you none of this would have been possible.

XXVii






Definitions and Abbreviations

ACA Anterior cerebral artery
ADAM17 A disintegrin and metalloproteinase 17
ALSPAC Avon longitudinal study of parents and children

ANOVA Analysis of variance

ARE Antioxidant response element

ASC Apoptosis-associated speck-like protein containing a caspase recruitment domain
AUC Area under the curve

BBB Blood brain barrier

BCB Blood CSF barrier

BPL Bio Products Laboratory Limited
CARD Caspase activation and recruitment domain
CBF Cerebral blood flow

cGMP Cyclic guanosine monophosphate

cl Confidence interval

CNS Central nervous system

CSF Cerebrospinal fluid

CT Computerised tomography

DAB 3,3’-Diaminobenzidine

DAMP Danger associated molecular pattern
DAPI 4', 6-diamidino-2-phenylindole

DCI Delayed cerebral ischaemia

DG Dentate gyrus

DIND Delayed ischaemic neurological deficit
DMEM Dulbecco’s modified eagle media
dNTP Deoxynucleotide triphosphate
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ET-1 Endothelin-1

EVD External ventricular drain

FRET Fluorescence resonance energy transfer

GCS Glasgow coma score

GOS Glasgow outcome scale

GOSE Glasgow outcome scale extended

GOSH Genetics Of Subarachnoid Haemorrhage study

GWAS Genome wide association study

HASH Haemoglobin After Subarachnoid Haemorrhage study
Hb Haemoglobin

HBSS Hank’s balanced salt solution

HMGB-1 High mobility group box 1

HO Haem oxygenase

Hp Haptoglobin (protein)

HP Haptoglobin (gene)

HpHb Haptoglobin-haemoglobin complex
HPLC High pressure liquid chromatography
Hpx Haemopexin

HWE Hardy-Weinberg equilibrium

I.P. Intraperitoneal

Iba-1 lonised calcium binding adapter molecule 1
ICA Internal carotid artery
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Chapter1 Introduction

1.1 Subarachnoid haemorrhage: an introduction

Aneurysmal subarachnoid haemorrhage (SAH) is a severe neurological condition resulting from
the rupture of an intracranial aneurysm within the subarachnoid space, flooding the cerebrospinal
fluid (CSF) with blood? (Figure 1.1A). SAH causes significant neurological compromise in survivors
and immediate mortality in approximately 15% of patients’. An aneurysm is a structural
deterioration of the artery wall in which the internal elastic lamina is lost and there is disruption

of the media?. This causes ballooning of the artery wall, which is liable to rupture.

The meninges are composed of three layers: the inner most pia mater, the arachnoid membrane
and the outer dura mater. The subarachnoid space, as illustrated in Figure 1.1B, is situated
beneath the arachnoid membrane and above the pia mater®. When an aneurysm ruptures, blood
enters the subarachnoid space under arterial pressure, accounting for a rapid increase in
intracranial pressure (ICP) and the characteristic thunderclap headache that is often reported

during a SAH.

A Intraventricular B

haemorrhage Arachnoid membrane

- 9— Arachnoid trabecula
—
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Subarachnoid
haemorrhage
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Figure 1.1 A) Figure depicting a subarachnoid haemorrhage. Following aneurysm rupture blood
fills the subarachnoid space. Figure cropped from de Oliveira Manoel et al.*;
reproduced under a creative commons licence. B) The structure of the subarachnoid
space. The subarachnoid space is located beneath the arachnoid membrane and
above the pia mater. Figure from Guyton and HalF; permission to reproduce granted

by the publisher.



Blood released during the bleed begins to clot on the surface of the brain and in contact with the
cerebral vasculature. Over time, typically over the course of the first three days the clot begins to
degrade, releasing its contents into the CSF®. The primary constituent of the erythrocytes is
haemoglobin (Hb), an iron containing protein specialized for binding oxygen. The presence of

oxygenated-Hb (oxyHb) has been identified in the CSF of individuals within two hours of SAH.

Survivors of the initial bleed can experience vasospasm (constriction of the cerebral vasculature),
which reduces the vital blood supply to the brain and in up to 30% manifests as delayed ischaemic
neurological deficits (DIND)®, which contributes significantly to morbidity after SAH. While SAH
itself is not considered a stroke, SAH accounts for between 5-7% of strokes worldwide® through
the development of DIND. There is evidence implicating free Hb in contact with the vasculature as

a contributor to vasospasm after SAH”2.

1.1.1 Demographics of subarachnoid haemorrhage patients

The prevalence of cerebral aneurysm has been reported by multinational autopsy and
angiographic studies to be anywhere between 0.4%-7% in a western population®. The risk factors
for aneurysm rupture are not dissimilar to those for developing an aneurysm and include
smoking, hypertension, excessive alcohol intake, increasing age, female sex and family history of
SAH. The incidence of SAH is approximately 9 per 100,000 people®. A recent UK audit of 14
centres conducted between 2011 and 2015 showed 3341 aneurysmal SAH patients presented

during this period'?, this equates to a mean of 835 patients per year in the UK.

The median age at presentation with SAH in the UK was 55 years!?!, representing the relatively low
age of onset compared to ischaemic stroke. A higher proportion are female, as represented by
68.5% of patients in this audit'!. The majority of patients initially present to hospital relatively well
as defined by the World Federation of Neurosurgeon’s Scale (WFNS) grades one and two'!. These
patients typically maintain their eye, verbal and motor responses but may appear confused.
Despite this, 34% of patients develop moderate/severe disability or are left in a persistent

vegetative state at discharge from hospital®®.

1.1.2 Current treatment methods for subarachnoid haemorrhage patients

Crucial to good outcome is early repair of the ruptured aneurysm to prevent re-bleeding which is
usually a cause of mortality. There are two methods for the repair of ruptured intracranial
aneurysms: endovascular coiling and neurovascular clipping®?. Coiling is the most common and
least invasive, it involves inserting a catheter into the femoral artery in the groin which is fed up

to reach the aneurysm in the brain. Platinum coils are fed through the catheter to fill the



aneurysm, this induces embolization which seals the aneurysm off from the rest of circulation to
prevent it re-bleeding®?. An alternative method is neurovascular clipping'®>®3; this is a far more
invasive procedure involving neurosurgery to locate the aneurysm and placing an alloy clip across

the neck of the aneurysm, sealing it from the rest of the circulation'*®3,

In a seminal double blind randomised control trial in the UK it was found that nimodipine
significantly reduced cerebral infarcts by 34%** and poor outcome by 40%* and as such it has
become a gold standard in modern pharmacological treatment of SAH. Nimodipine is a
dihydropyridine calcium channel blocker'***. The rationale for testing its efficacy was to inhibit
smooth muscle cell contraction'®; however it was subsequently observed that it does not prevent

vasospasm but is still neuroprotective®®.

Triple H therapy is the use of hypertension, hypervolaemia and haemodilution to improve
cerebral blood flow and cerebral perfusion pressure, in an effort to prevent DIND*. The cerebral
perfusion pressure is the difference between the mean arterial pressure and the ICP*, and since
ICP may be increased after SAH, hypertension here is beneficial to increase cerebral perfusion

pressure to reduce the risk of cerebral ischaemia®.

Despite these current medical interventions, there is still high levels of morbidity post-SAH — over
30% of patients are discharged from hospital with moderate to severe disability, requiring
assistance to perform duties in the work place, unable to return to work or needing permanent
daily care!'. Therefore, new treatment modalities are required in SAH to improve patient
outcomes. Notably, there are currently no treatments targeting the Hb accumulating in the CSF

after SAH, the pathological consequences of which are reviewed in this introduction.

1.2 The haemoglobin insult

Erythrocytes contain a high concentration of Hb in a tetrameric conformation?’. Hb is in
equilibrium between its tetrameric and dimeric conformation, with the former being favoured at
high concentrations®®. Erythrocyte lysis in the degrading blood clot results in Hb release into the
CSF, pushing the equilibrium towards the dimeric conformation at a lower concentration. Hb

exists in a number of oxidation states that affect its ability to bind and transport O, in vivo.

In the oxyHb (O, bound) state has iron in the haem group in the Fe?* (ferrous) oxidation state;
however ferrous Hb undergoes a spontaneous process of auto-oxidation to methaemoglobin
(metHb) when released from the erythrocyte. In the metHb form, the haem iron is in its Fe3*

oxidation state!®2% this is physiologically inactive as it is unable to bind oxygen, therefore in the



erythrocyte metHb reductase (an NADH-cytochrome bs) is present to reduce metHb back to the

functional (ie O, binding) ferrous Hb (HbFe?*).

1.2.1 Haemoglobin neurotoxicity

Hb was first identified as a potent neurotoxin by Regan and Panter in 1993 through a series of in
vitro experiments using rat primary cortical neurones?’. They observed that exposure to a Hb
solution produced a dose dependent neurotoxic effect. The addition of Trolox (a vitamin E
analogue with antioxidant properties) attenuated the toxicity?!, pointing towards the suggestion

that Hb’s neurotoxicity is mediated via oxidative mechanisms (Figure 1.2).

Hb toxicity presents as a delayed response, with cell death occurring after 24 hours?!, whereas
shorter exposures (1-2 hours) do not produce a cytotoxic response. Interestingly Hb exposure has
a highly selective neuron-specific response. In mixed neuron-glia cultures exposed to Hb or
blood/haemolysate products, glial cells show complete protection whereas neurons in co-culture
exhibit a greater than 80% decrease in viability?*2°. The delayed response would suggest that
neurotoxicity is attributable to a product of Hb catabolism, so toxicity is not observed until Hb has

begun to degrade.

Hb degradation allows haem to dissociate?®. Unlike Hb, haem is a lipophilic molecule, so it easily
crosses the plasma membrane, into the neurone. Inside the neurone, the highly constitutively
expressed Haem Oxygenase (HO)-2 enzyme catalyses the reaction of haem into iron (plus carbon
monoxide and biliverdin, which is subsequently converted into the anti-oxidant bilirubin). Iron as
a Fenton reagent is then available to produce highly reactive protein and hydroxyl radicals that

can participate in lipid peroxidation?’.
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Figure 1.2 Haemoglobin is oxidized to methaemoglobin (metHb, HbFe3*) or ferrylhaemoglobin
(ferrylHb, HbFe*) by a process of auto-oxidation?® (via reactions mediated by bound
oxygen) or by external oxidizing agents present in pathological situations. Further
degradation leads to the release of haem. MetHb and ferrylHb can extract electrons
from lipids and proteins, contributing to a pro-oxidative environment responsible for
neuronal cell death via DNA, protein and membrane disruption. Created with

BioRender.com.

1.2.2 CNS inflammation
1.2.2.1 Inflammation in response to haemoglobin

There is a sterile inflammatory response to SAH, in that inflammation is not driven by the
presence of a foreign pathogen but by an endogenous mediator acting as a damage associated
molecular pathogen (DAMP)%. Inflammation in response to Hb in the brain after SAH contributes
to the breakdown of the blood brain barrier (BBB)?. This facilitates the influx of cells and proteins
that the environment of the CNS is normally protected from by the BBB?®. This can further

exacerbate the inflammatory response of the CNS and contribute to neuronal death.



Inflammation is an important contributor to SAH pathology; it may contribute directly to cell
death through activation of neuronal apoptosis and indirectly via the production of ROS from

infiltrated neutrophils.

1.2.2.2 Microglial activation

The neuronal damage from the initial bleed and effect of Hb and haem on neurones cause lysis
and release of DAMPs. Microglia are the specific macrophages of the CNS, and they react to
molecules released from degenerating neurons (such as DAMPs) and molecules entering the CNS
from the circulation following BBB breakdown3®3%, In the CNS, DAMPs activate microglia by
binding to Toll Like Receptor (TLR) 4 homodimers or TLR4/2 heterodimers32%. MetHb can activate
microglia through activation of TLR 4 homodimers in a CD14 dependent manner?®. This results in
the nuclear translocation of p65 and TNFa production as observed after activation by
lipopolysacharride®®, a mimic of bacterial infection and a well-established TLR 4 agonist. A study
by Greenhalgh et al.?° has shown that haem promotes inflammation in a perforation model of
SAH in vivo and in an in vitro study of Hb exposure?. SAH induced a microglial interleukin 1 (IL-1)
response in the cortex, hippocampus and striatum that correlated with the presence of haem (as

inferred by HO-1 expression) and strongest in areas adjacent to the bleed®.

Microglial activation in the context of sterile inflammation (in the absence of pathogen) occurs in
two stages. The first involves priming of microglia in which they are activated by the DAMPs
(metHb and haem in SAH) and express pro-IL-1 (a and B) through activation of the transcription
factor NF-kB*’. In the second step, the primed microglia encounter a second stimulus which
results in the formation a multimeric complex known as the NLRP3 inflammasome, a cytosolic
pattern recognition receptor. The inflammasome then interacts with an adaptor protein known
as the apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC).
The ASC adaptor contains a caspase activation and recruitment domain (CARD), and as the name
suggests is responsible for the recruitment of pro-caspase-1 into the inflammasome complex. It
ultimately leads to the cleavage of pro-caspase 1 into its mature form. The now catalytically active
caspase-1 is available to cleave pro-IL1B into its mature form. IL-1B is then secreted through a

poorly defined non-classical secretion pathway as shown in Figure 1.3, below.
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Figure 1.3 The formation of the NLRP3 inflammasome. Under basal conditions NLRP3 is negatively
regulated by an internal interaction. Activation of NLRP3 involves an interaction with
the ASC (containing a caspase recruitment domain) which recruits and activates
caspase-1. This in turn is able to cleave pro-IL-1finto its active form. Figure from

Tschopp et al. 2010%%; reproduced with permission from the publisher.

1.2.2.3 IL-1B associated neurotoxicity

The production of IL-1 in the inflammatory response to SAH has deleterious neurotoxic effects®.
IL-1B signalling through the IL-1R1 promotes Src family kinase phosphorylation and activation®’.
When active, a substrate for these kinases are the NMDA receptors on neurones; specifically the
NR2A and NR2B receptors. It has been shown that phosphorylation of these subunits as a result of
transient IL-1B signalling causes potentiation of the receptor allowing greater Ca?* flux through

the ion channel®. This can lead to glutamate induced excitotoxicity and cell death®®.

IL-1 can also instigate neuron specific cell death in a process that is reliant on the astrocytes®. IL-
1B signalling induces ROS production and release by astrocytes®, adding to the already high redox
potential of the CNS following haemorrhage. In vitro models of neuron and glia co-cultures
demonstrate that in response to IL-1B, glia produce ROS that result in neuron selective cell death
(a reversal effect was observed with the use of a ROS scavenger — a-tocopheral®). In addition,
astrocytes respond with the induction of protease synthesis, primarily Matrix-Metalloproteinase
(MMP)-9%, and work with neuron-glia co-cultures has demonstrated that MMP-9 production
contributes to neuronal death?’. It is likely that in this in vitro model MMP-9 is released from the
astrocyte and cleaves neuronal cell surface receptors likely of the integrin family, important for

cell survival signalling®'.



The release of MMP-9 also contributes to the breakdown of BBB after SAH. It is likely that in an in
vivo setting the MMP-9 produced is responsible for the degradation of components of the
basement and extracellular membrane increasing the permeability of the BBB*>*%, Consequently,
this allows greater neutrophil recruitment into the injured CNS, which can further exacerbate
injury through the production of ROS and secretion of MMP proteases***° leading to a vicious

cycle

1.2.3 Haemoglobin driven vasoconstriction

A major aspect of SAH pathology is vasospasm of the cerebral arteries in the 14 day period
subsequent to the bleed, which may lead to DIND. DIND is a prime contributor to morbidity and
mortality in survivors up to 30 days®. Vasospasm may be a consequence of OxyHb released from

t7,46

the degrading erythrocytes in the blood clo via a number of mechanisms described below.

1.23.1 Nitric oxide consumption by haemoglobin

Nitric oxide (NO) is a vasodilator, responsible for maintaining physiological vascular tone along
with a reciprocal vasoconstriction agent, endothelin-1 (ET-1). NO functions by binding to guanylyl
cyclase, functionally increasing intracellular levels of cyclic guanosine monophospate (cGMP). This
increase in cGMP results in a functional blocking of release of intracellular Ca%* that inhibits the
contraction of smooth muscle. NO is produced by an enzyme called nitric oxide synthase (NOS) of

which there are three forms: endothelial (eNOS), inducible (iNOS) and neuronal (nNOS).

Hb has a 1000x great affinity for NO than O, and oxyHb consumes NO in a mechanism that

involves the dioxygenation of Hb*#8,
OxyHb + NO — metHb + NO3

The consumption of NO by Hb produces Nitrate (NO5’), that does not retain the ability to bind to
guanylyl cyclase and therefore does not have vasodilatory function*’*8, Therefore, this conversion
to NOs unsettles the balance of constriction/dilation driving the equilibrium towards

vasoconstriction, contributing to vasospasm.

1.2.3.2 Increased endothelin-1 synthesis

ET-1 produced by the cerebral endothelium, is a potent driver of vasoconstriction®. It has an
opposing mechanism to the dilator function of NO. In the context of SAH where eNOS inhibition
occurs and NO is sequestered by Hb, vasoconstriction may occur®®. This imbalance is accentuated

by increased ET-1 production from astrocytes in hypoxic conditions®2.



1.2.3.3 Isoprostane production

Isoprostanes are produced as a result of lipid oxidation®? during the reduction of ferrylHb to
metHb and are subsequently released from the lipids within the membrane (as described in
Figure 1.4). Isoprostanes are vasoactive molecules and have been hypothesized to contribute to
vasospasm following SAH, resulting from the release of Hb in close proximity to the cerebral
vasculature. Indeed animals studies® and human observations>* have shown that levels of F,
isoprostanes correlate with vasospasm as measured by angiography. Furthermore, in vivo studies
using a canine model of SAH identified significantly higher levels of F, isoprostanes within the

basilar artery and blood clot compared to control animals>3.

Plasma membrane

production 2:0;

Vasoconstriction

Figure 1.4 Hb in the ferryl (Fe*) oxidation can extract a hydrogen from lipids. This process
generates lipid radical species that can act in a cyclical oxidative process that
generates further lipid species. The lipid radicals undergo further reactions to

isoprostanes which have vasoconstrictive properties.

1.3 The CD163-haptoglobin-haemoglobin scavenging system

1.3.1 Haptoglobin

Haptoglobin (Hp) is an acute phase plasma glycoprotein, which binds cell free Hb to detoxify its
redox potential; further, it facilitates its subsequent scavenging by CD163* macrophages®. Under
basal conditions, Hp synthesis occurs primarily in the liver but its expression has also been
described in myeloid cell types®®. Due to an IL-6 response element in the promotor of the HP

gene®’, Hp synthesis is upregulated during inflammation as a result of increased hepatic synthesis



and localised release of Hp by granulocytes at sites of injury®®. This also happens in the CNS,

where oligodendroglia have been shown to synthesize Hp®2.

The crystal structure of the porcine HpHb complex has been resolved; porcine Hp retains 82%
sequence homology with the human protein®°. The Hp protein bears resemblance to a serine
protease, however retains no catalytic activity®®, due to an incomplete catalytic triad®. Hp binds
to dimeric Hb, and forms extensive interactions with both the a and 3 subunits of the dimeric Hb
molecule®. Interestingly some of the interactions on the beta chain include part of the molecule
involved in binding the Hb dimers together into a tetramer>?, this would explain why Hp binds

exclusively to dimeric Hb*® as opposed to Hb in its tetrameric conformation.
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Figure 1.5 An overview of the CD163-haptoglobin-haemoglobin scavenging system. Upon release
from the erythrocyte, Hb is complexed by Hp. This whole complex binds to CD163

which induces endocytosis and allows the safe recycling of the haem iron.

1.4 Haptoglobin genetics and structure

14.1 The common haptoglobin polymorphism

The basic building blocks of Hp are an a and B chain®®®2, These two subunits together form a
single monomer as illustrated in Figure 1.6. In its simplest form Hp is present as a dimer, as a

result of intermolecular disulphide bond formation between two o subunits.
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Figure 1.6 The Hp monomer. The a subunit is involved in forming intermolecular disulphide bonds

between other Hp a subunits. The B subunit binds to Hb dimers.

The HP gene is composed of 5 exons (Figure 1.7), this is referred to as the HP1 allele. A duplication
event of exons 3 and 4 in the HP gene has given rise to a second HP allele, and this larger allele is
known as the HP2 allele®’. The HP1 allele is the ancestral allele and the duplication event created
the HP2 allele. However, the current HP1 allele is in fact a product of ancestral intragenic
deletions and also recent intragenic deletions that created and continue to create the present
HP1 alleles from the HP2 allele®®. The duplication contains parts of the a chain of Hp containing
the cysteine residue involved in the formation of disulphide bonds in the polymerisation of Hp.
This results in an additional cysteine residue in Hp2 which allows multiple monomers to come
together giving rise to trimeric, tetrameric and higher molecular weight Hp polymers in those

carrying the HP2 allele.

o
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Figure 1.7 The structure of the two HP alleles. The grey blocks represent exons within the HP gene.
The HP1 allele contains 5 exons. In HP2, exons 5 and 6 are duplications of 3 and 4; the

result is a final allele with 7 exons.
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There are three major genotypes: HP1-1, HP2-1 and HP2-2%, based on different combination of
HP alleles that an individual carries. HP1 homozygotes (HP1-1) only express Hp dimers.

Heterozygotes (HP2-1) express Hp dimers, trimers and higher order polymers. HP2 homozygotes

(HP2-2) express tetramers and higher order polymers. This is illustrated in Table 1.1.
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Table 1.1 Schematic representation of the structures of Hp encoded by the HP1 and HP2 alleles.
HP1 allele encodes an o subunit with a single cysteine residue able to form a
disulphide bond with another a subunit forming dimers. The duplication in the HP2
allele creates a second cysteine residue thus multiple disulphide bonds can form
allowing the formation of polymers of increasing size. Heterozygotes form linear

polymers whereas those homozygous for HP2 will form cyclic polymers of Hp.

| HP1-1 HP2-1 HP2-2

i ==

/
N

oJ
o

There is a deletional allelic variant referred to as the HP allele®*, in which a deletion of
approximately 28kb extends from the HP promoter to the neighbouring haptoglobin-related-
protein®®. This is a mutation with low frequency amongst Asian populations, ranging between 0.1-

3% and is very rare in Caucasian populations®.

1.4.2 Single nucleotide polymorphisms in the haptoglobin gene

In addition to the duplication mutation described above, there are also a number of single
nucleotide polymorphisms (SNPs) within the HP gene (or its related promoter). These

polymorphisms impact on the transcription of the HP gene and therefore circulating levels of

13



Hp®5%7. Mutations with lower circulating plasma levels of Hp will result in a reduced Hb

scavenging capacity. These SNPs are discussed below and summarised in Table 1.2.

A genome wide association study (GWAS) by Froguel et al. in 20125 identified in a cohort of 631
children that 26% of the variance seen in circulating Hp levels was under genetic control®®. They
identified the SNP rs2000999 (G—A) was responsible for over 45% of the genetic variance HP®,
and this was backed up in vivo as it was found that this SNP modulated the expression of Hp
mRNA within adipose tissue samples donated from non-obese individuals. This SNP is found
within the intron region of the HP gene, 17 kb away from the HP duplication®. Every A allele of
rs2000999 carried by an individual is associated with a reduction of circulating Hp levels by 0.123

g/LGS.

In complete linkage disequilibrium (LD) with rs2000999 is rs5472, an (A—G) SNP located at
position -55 within the HP promoter region®®%%° The LD between these two SNPs in a European
population®®, provides a potential plausible biological mechanism for how rs2000999 effects

circulating Hp levels®¢68:69,
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Table 1.2 Single nucleotide polymorphisms that impact on the expression of the haptoglobin gene.

Frequency Location Effects
rs2000999 A 0.2 Intron of Strong determinant of
neighbouring plasma Hp levels. In
haptoglobin complete linkage

related protein disequilibrium with rs547265.

rs5472 G 0.3 HP promoter Complete linkage

region pos -55 disequilibrium with
rs2000999 and HP2
allele®8-68.89 Biologically
plausible mechanism to
explain rs2000999 action on
plasma Hp levels®.

rs5471 C 0.04 HP promoter Reduced induction of HP2
region pos -61 | allele in response to IL-656:68,

Reduced Hp levels.®
Association with HP%'

allele®”.
rs5470 G 0.04 HP promoter | Reduced Hp levels®’.
region pos -101
rs5469 A 0.1 HP promoter Reduced induction of HP2

region pos -104 | allele in response to IL-656:68.

An (A—C) SNP, rs5471 sits at position -61 in one of the three IL-6 responsive regions of the HP2
promotor®, It strongly associates with individuals who display a phenotype known as the Hp2-1
modified phenotype (Hp2-1Mod)®. This is a phenotype that approximately occurs within 10% of

the black American population®7°

and appears similar to the Hp2-1 phenotype when using
gualitative methods such as gel electrophoresis. However the observable difference is in the
proportion of Hpl to Hp2 when compared to a conventional Hp2-1 individual; there is reduced
expression of the Hp2 product and greater expression of Hp17°. It has been postulated that the
location of rs5471 within the IL-6 response element upstream of the HP2 allele is responsible for
reduced expression of HP2, by interfering with transcription factor binding. In a hepatoma cell

line, transfection with the rs5471 -61C SNP containing HP promoter significantly decreased HP

transcriptional activity compared to the control -61A construct®,
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1.5 Haptoglobin: detoxifying haemoglobin

1.5.1 Binding to haemoglobin

Hp is an antioxidant since binding to cell free Hb decreases its redox potential and inhibits Hb’s
pseudoperoxidase activity’. In binding to and forming a complex with Hb, Hp achieves a number
of aims: 1) Hp protects against the toxic Hb driven oxidative cascade, and 2) it enables the

efficient clearance of cell free Hb by macrophages.

During complex formation, Hp sequesters the reactive haem group of the Hb molecule within the
complex’?. The B chains of Hp are responsible for binding Hb*®; in vitro experiments with
fragments of Hp identify 81 amino acids in the B chain which not only binds Hb, but is also

responsible for Hp’s ability to shield the pro-oxidative potential of Hb’3.

Whilst inside the HpHb complex, the iron in the haem subunit of Hb can be oxidised to the ferryl
species (HbFe4+)"2 similar to uncomplexed Hb. However, whilst in complex, the ferryl ion is inert
and kinetically stabilized as compared to ferryl ion in uncomplexed Hb’%7%, Whilst Hb is in complex
with Hp, oxidative reactions between the haem iron and small species (such as O,, NO and H,05)
as well as globin residues can still occur within the reactive epicentre of the haem pocket’. Hp’s
anti-oxidative capacity results from Hp’s ability to stabilize the resulting intermediates (the ferryl
iron and globin free radical on the Hb protein), effectively decreasing the oxidative ability of both
species and preventing their participation in external redox reactions. As the result, Hb is not able
to cause peroxidation of lipids within the vicinity of the SAH, and the subsequent generation of
lipid radicals and vasoactive isoprostane species?. Stabilisation of the ferryl haem decreases the
oxidative modification occurring on both the globin protein chains (which is self-destructive and
inhibits Hb clearance, and therefore promotes toxicity) and neighbouring molecules’. Instead,

the Hp molecule directs the oxidative modifications onto itself in an anti-oxidative function’.

Surface Plasmon Resonance analysis has identified that both Hp1-1 and Hp2-2 forms bind free Hb

with equally high affinity (10° M)’®7%, This has been confirmed in other techniques’”®

including
mass spectrometry’8and spectrophotometric methods®. This is likely due to the fact that Hb

binding to Hp is mediated via the Hp B chain which is structurally identical in all Hp forms.

However, it has been shown in vitro that the ability to inhibit the pro-oxidative potential of Hb is
not homogenous among the different Hp phenotypes’®. It has been demonstrated that both
linolenic acid and low-density lipoprotein are oxidised by cell free Hb”3. A series of experiments
carried out by Melamed-Frank et al.”® in which they measured the ability of Hp1-1 vs Hp2-2 to

inhibit this pro-oxidative ability, identified that Hp1-1 had a significantly greater ability to prevent
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the oxidation at equivalent protein concentrations of Hp’3. This is because the redox active iron is
stabilized more effectively by Hp1-1, inhibiting the exchange of the iron ion to other agents (such
as LDL) which in turn facilitates oxidation’’. This was observed in vitro by Asleh et al.”” who
exposed oxidation-prone hyperglycaemic Chinese Hamster ovary cell cultures to either Hp1-1Hb
or Hp2-2Hb complexes in the presence or absence of an iron chelator. The authors observed a
drastically increased level of intracellular oxidative stress in the Hp2-2Hb (vs Hp1-1Hb) incubated
cultures’’, which was reversible by addition of the iron chelator’’. The work in the literature is not
unanimous however that Hp1-1 is better at inhibiting Hb’s inherent oxidative capacity. Studies by

Bamm et al.%!

who assayed the oxidation of proteins and lipids identified no differences between
Hp1-1 and Hp2-28. Indeed, the same was observed in 2014 by Mollan and colleagues who found
that the different forms of Hp exerted similar effects in reducing Hb’s redox potential using

spectrophotometric methods®.

1.5.2 CD163+ macrophages: scavenging haptoglobin-haemoglobin complexes

The scavenger receptor for the HpHb complex is CD163°° (often referred to simply as the Hb
scavenger receptor). It is expressed at a low level by circulating monocytes and highly by
differentiated tissue macrophages®?. The CD163 receptor belongs to the group B Scavenger
Receptor Cysteine Rich (SRCR) superfamily®; its extracellular domain consists of 9 SRCR domains

followed by a single transmembrane domain and a short cytoplasmic tail®.

Whilst Hp binds and shields free Hb, this is a temporary holding measure. Clearance of these
complexes is essential for a number of reasons: 1) to detoxify Hb, 2) to prevent iron loss, 3) to
metabolize the complex and allow complete recycling of both amino acids and iron, and finally, 4)

to remove the HpHb complex from sensitive areas such as the CNS.

1.5.3 CD163: recognition and binding to HpHb complexes

The characterisation of CD163 identified that it binds specifically to the HpHb complex in a Ca?*
dependent manner>®. When the complex is formed, a neoepitope is produced, since surface
plasmon resonance analysis identified that Hp alone cannot bind to CD163°, and Hb alone has a
weak affinity®>. When HpHb complex binds to CD163, SRCR domains 1-5 (proximal to the amino
tail) are critical for recognition of the HpHb complex®. Crystal structure of HpHb and
computational modelling have indicated that the region of Hp concerned with binding to CD163 is

in the serine protease like domain, that is also essential for Hb binding®°.

The functional heterogeneity of Hp phenotypes affects uptake of the HpHb complexes. The Hp2-2

phenotype exerts a higher affinity to CD163 compared to the Hp1-1 phenotype in binding assays.

17



The Hpl-1 molecule is a dimer, therefore is bivalent for Hb. The Hp2-2 molecule can form
tetramer or higher order forms, and therefore has a higher valency for Hb, which likely explains its
increased affinity for the CD163 receptor®>®. Hp2-2 induces a greater increase in intracellular IPs
production compared to Hp1-1, and the lag between IPs; production and Ca?* mobilization was
shorter for Hp2-2 complexes®. This is likely due to the higher valency of Hp2-2, which is able to

crosslink the CD163 receptor more effectively.

1.5.4 Haptoglobin-haemoglobin complex internalization and signalling

Prior to its identification as the Hb scavenger receptor, work was performed investigating the
effect of crosslinking the CD163 receptor with the monoclonal antibody EDHU1 and its cellular
signalling pathway and subsequent effects®. Crosslinking results in rapid and transient production
of the signalling factor inositol triphosphate (IP3), and intracellular mobilization of Ca?* culminating
in the production and secretion of 1I-1p and IL-6%*8¢, Activation of the CD163 receptor by HpHb
complexes initiates the secretion of IL-10 in an anti-inflammatory cascade®. IL-10 signalling in an
autocrine manner is subsequently responsible for the upregulation of downstream anti-oxidant
molecules such as HO-18. This was demonstrated in macrophages that were exposed to HpHb
complexes. It was observed that IL-10 was increased, as was HO-1; and the use of an anti-IL-10
blocking antibody inhibited the HO-1 upregulation®. This autocrine signalling likely aligns Hb
scavenging with anti-inflammatory signalling that results in increased HO-1 to improve Hb
metabolism. Additionally, the pro-inflammatory IL-6 response also aids Hb scavenging and
metabolism by increasing synthesis of acute phase proteins with an IL-6 response element (such
as Hp). Therefore, these opposing anti- and pro-inflammatory process ultimately work in
collaboration to improve Hb scavenging and subsequent metabolism, acting in a positive feedback
loop. Internalization of HpHb complexes also results in upregulation of CD163%°, promoting Hb

clearance.
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Figure 1.8 Diagram the mechanisms of the Hp-CD163 and Hpx-CD91 system exist to scavenge free

Hb and haem respectively. Hp binds to free Hb in its dimeric conformation and then

this complex is internalised by binding CD163. Hpx is able to bind haem in a similar

fashion and binding and internalisation is initiated through CD91. Once internalised

both complexes are directed towards the lysosome where the complexes detach from

their respective receptors which are then cycled back to the cell surface. HoHb and

Hpx:haem complexes are degraded.

Following internalization, the HpHb is released from the receptor when the pH falls after

phagolysosome fusion. Hb is degraded, allowing recycling of the iron from the haem group and

amino acids of the globin side chain. The membrane-bound CD163 molecule is recycled back to

the cell surface to participate in further scavenging® as illustrated in Figure 1.8.

1.5.5

Scavenging of haemoglobin breakdown products

Following haemorrhage, the Hp-CD163 axis provides a method of scavenging cell free Hb.

However, free Hb can begin to degrade through a series of auto-oxidation reactions that

ultimately result in Hb damage and the release of the haem prosthetic group, which cannot be

scavenged by the Hp-CD163 system. Therefore other scavenger systems are required.
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1.5.6 Haem scavenger systems

The first source of haem scavenging is albumin, a vastly abundant serum protein with
promiscuous binding capacity, in that it has the ability to bind multiple ligands with varying
affinities. One such low affinity ligand is free haem, making albumin in the circulation a low
affinity sink for free haem?. It has been suggested that under physiological conditions, albumin’s
ability to bind haem allows it to extract free haem that has become intercalated within the plasma
membrane of the erythrocyte®”, which if not extracted would eventually lead to haemolysis. The
binding to albumin is transient, and this is for several reasons. First, albumin has multiple ligands
of varying affinities and thus other ligands binding albumin at the same binding site with a higher
binding affinity will displace haem. Second, the affinity of haemopexin (Hpx) for haem is greater

than albumin’s, therefore haem will eventually be transferred to Hpx®.

Hpx is the high affinity (Kd<1 pM) haem binding protein®® (a Hp equivalent for haem). The affinity
of Hpx for haem is very high within physiological solutions (such as plasma or CSF). However the
Kd is pH dependent with weaker affinities as the pH reduces®. It was initially believed that Hpx
deposited haem within the lysosome before recycling to the surface® to further participate in
scavenging, but later reports disproved this®™. It is now thought that Hpx is catabolised, similar to

Hp in the context of Hb clearance®.

Haem binds to Hpx in a pocket within the molecule by co-ordinating the iron ion with two
Histidine residues: His213 and His266°. In doing so it forms a stable complex with the iron within
the Hpx molecule, protecting it from participating in redox reactions®? and free radical

generation®.

1.5.7 The haem scavenger receptor: CD91

The high affinity haem scavenger receptor is known as CD91, and often referred to in the
literature as LDL receptor-related protein-1 (LRP1). It was identified in a similar way to CD163,
through affinity purification that yielded a 600 kDa protein®’. Interestingly, unlike the Hb receptor
CD163 which is expressed on the monocyte/macrophage lineage, CD91 has a much broader
pattern of expression, and in the brain is constitutively expressed on both neurons and glia®®.
This is likely because CD91 has many purposes outside of haem scavenging® and recognises

multiple ligands including lipoproteins, proteases and complement®’.

Much like the Hp-Hb-CD163 system, the Hpx:haem complexes bind to CD91 in a Ca** dependent
manner®?, Experiments using surface plasmon resonance identified that haem must be in complex

with Hpx to bind to CD91, and haem and Hpx separately elicit no binding response®?.
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1.5.8 Haem metabolism

After internalization, HO enzymes (HO-1 and HO-2) degrade haem into iron, carbon monoxide and
biliverdin. Biliverdin is subsequently converted to bilirubin by biliverdin reductase. Biliverdin is
released from the cell and excreted via filtration in the kidney whilst carbon monoxide is
eliminated by exhalation and oxidative metabolism. Biliverdin and low levels of carbon monoxide
have anti-oxidant properties. The iron released from this reaction still has redox potential through
its action as a Fenton reagent, which is prevented by complexation with ferritin. Ferritin can be

exported from the cell by its transporter ferroportin. This process is illustrated in Figure 1.8.

There are two forms of HO?, termed HO-1 and HO-2 which differ in that HO-1 is inducible and
HO-2 is constitutively expressed by neurones (and at very low detectable levels in astrocytes). HO-
1 becomes rapidly induced in astrocytes following Hb exposure; similar induction is not detected
in neurons®®. Under normal conditions, the HO-2 system would function to maintain free haem at
levels below that of toxicity, with the aim of converting the lipophilic haem-iron into a more water
soluble form of iron that can then be sequestered by ferritin®®. This would leave biliverdin and
carbon monoxide at low concentrations at which they exert an anti-oxidant function®. In SAH
animal models, HO-1 overexpression in brain tissue protected against vasospasm®® and

suppression of HO activity increased cerebral vasospasm and neuronal apoptosis'®1°%,

1.6 Haemoglobin scavenging in the brain

1.6.1 The Hp-Hb-CD163 system in the human brain

Hp concentration in the CNS is very low under physiological circumstances. The typical
concentration in the CSF is approximately 800 ng/mL%?; whereas Hp is present at a concentration

of 1.36 g/L in the blood compartment!®?

of a healthy individual. Therefore the CSF only has the
capacity to bind 100 pg Hb®2.This is due to two factors: 1) poor ability to access the CNS across an
intact BBB, and, 2) little or no local synthesis of Hp under physiological conditions. A study by

Zhao et al.*®

investigating the role of Hp in Hb induced neurotoxicity from a similar CNS
haemorrhagic disease, intracerebral haemorrhage (ICH), identified by immunohistochemistry that
Hp was essentially non-existent in the naive rat brain>®. However following induction of ICH in
their in vivo model, they observed a significant upregulation of Hp within the brain, specifically by
oligodendroglia®®. There is an inflammatory response to haemorrhage, and as an acute phase

reactant, serum Hp levels rise after SAH, as demonstrated by our group®2.
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CD163" macrophages are located in three CNS areas: the meninges, the perivascular space and in
the choroid plexus!®?1%, Using the soluble form of the receptor (sCD163 — cleaved by ADAM17%),
the presence of resident CNS macrophages expressing the receptor!®? in the non-inflamed brain is
confirmed, yet the population can be dynamic with evidence of recruitment of macrophages to

the CNS following SAH2,

The capacity of the Hb-Hp-CD163 scavenging system in the brain is greatly reduced compared to
that of the circulation'®. Hp in the CSF would be able to bind and attenuate the potent redox
activity of the Hb molecule in the sensitive CNS environment, prior to scavenging via CD163 on
macrophages as described above. In SAH a Hb insult occurs which is vastly greater than the
resident scavenger capacity is able to accommodate!®?. In a study from our group it was shown
that Hp present in the CSF can bind 15 x 10?2 nmol/mL molecules of Hb!? (approx. 799 ng/mL
Hp), yet the Hb insult from SAH is up to 150x greater than this®2. Also Hp is detectable in the CSF
in the presence of Hb not in complex with Hp. Thus, the Hp-Hb-CD163 system is overwhelmed in
its ability to detoxify cell free Hb in two ways: there is not enough Hp to bind all the free Hb and
CD163 receptors are saturated®2. It is likely that this contributes to SAH outcome, though this

remains to be shown and is one of the aims of this work.

The high levels of Hb released from the blood clot generates a steep Hb concentration gradient
between the CSF and the circulation across the BBB; diffusion of Hb out of the brain into the
circulation following this gradient is observed as evidenced by reduction of serum Hp levels after
SAH indicative of peripheral scavenging’®. Patients with the Hp1-1 phenotype showed lower CSF
Hp after SAH compared to Hp2-2, and less DIND, indicative of better HpHb complex clearance in

102

Hpl-1 patients

1.6.2 The Hpx-Haem-CD91 system in the human brain

Co-localisation and correlation of iron load with CD91 expression by immunohistochemistry,
indicates an active scavenging process of haem-Hpx complexes through CD91 in the brain
following SAH%, The study demonstrated that the majority of Hpx present within the CNS was
produced locally, in contrast to the healthy brain in which most Hpx enters across the BBB!. The
increased level of Hpx however was not sufficient to meet the overwhelming amount of haem
released from degrading Hb in the CSF following SAH, and free haem was detected in addition to
haem in complex with Hpx!%. Further, it was apparent that CD91 receptors were saturated
following the overwhelming haem load associated with SAH%, There was evidence of efflux of

haem out of the CNS into the periphery?°.
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1.6.3 Effect of haptoglobin genotype on outcome after subarachnoid haemorrhage

The literature suggests that the HP2 allele may confer a poorer outcome after SAH?7111, The
results of these studies are discussed below and summarized in Table 1.3. Overall, they showed
that HP2 confers a worse short term outcome (using readouts of vasospasm or DIND) or long term
outcome (MRS or GOS) after SAH. Due to small samples sizes however, these studies could not
provide sufficient insight into the HP2-1 heterozygous population to look for a gene dose effect

with respect to HP2.
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Table 1.3 Summary of previous clinical studies investigating the relationship of HP genotype on

outcome after SAH.

Study Size Readout Time point Significance Notes
Borsody 32 Vasospasm TCD - Daily 2-14 days Significant HP1-1 vs HP2-1 + HP2-2 for
2006107 (transcranial doppler + post-ictus TCD. (HP1-1 lower incidence
Cerebral angiography) CA - Once 3-14 days of vasospasm).
post-ictus
Ohnishi 95 Vasospasm Twice — day of onset Significant HP2-2 vs HP1-1 + HP2-1 for
2013108 (Cerebral angiography) and between 7-10 days CA. (HP2-2 higher incidence
post-onset of vasospasm).
Outcome (focal neurological 3 months Not significant HP2-2 vs HP2-1 + HP1-1 for
deficits or 2 point GCS drop and DCI. (Trend towards higher
mRS) incidence of DCl in HP2-2).
Kantor 193 | Outcome (MRS, GOS, mortality) 3 months Significant HP2-2 vs Hp1-1 for mRS.
2014109 (HP2-2 worse outcome).
Leclerc 74 Vasospasm Closest image to day 7 Significant Hp2-2 vs Hp2-1 vs Hp1-1 for
2015110 (CT angiography or cerebral post-haemorrhage CTA and CA. (Hp2-2 higher
angiography) incidence of vasospasm).
Outcome (MRS and GOSE) 6 weeks and 1 year Not significant | Hp2-2 vs Hp2-1 vs Hp1-1 for
mRS and GOSE
Murthy 133 Cerebral salt wasting disease Significant HP2-2 vs HP2-1 vs HP1-1.
2016 (HP2-2 higher incidence of
cerebral salt wasting
disease).
30 days post-discharge
Outcome (GOS) Not significant HP2-2 vs HP2-1 vs HP1-1.
DCI Not significant HP2-2 vs HP2-1 vs HP1-1.
Kim 87 DCI Significant Incr. alin Hp2-1 pts
2018 without DCI.
Vasospasm (Cerebral Twice - <3h and 7-10
angiography and TCD) days post-ictus Significant Incr. alin Hp2-1 pts

Outcome (mRS)

6 months

Not significant

without vasospasm.

Incr. alin Hp2-1 pts
without vasospasm.

The first study by Borsody and colleagues with a sample size of 32 patients explored the effect of

HP genotype in relation to the development of vasospasm as measured by transcranial Doppler®?’.

They grouped the HP2-1 and HP2-2 together, investigating the presence of the HP2 allele vs HP1

alone (n=9 vs n=23, respectively)®’. The HP2 allele was associated with a higher rate of

development of vasospasm.

Ohnishi et al.®® focused on the development of vasospasm, clinical deterioration due to delayed

cerebral ischaemia (DCl) and functional outcome (focal neurological deficits) after SAH and their

relationship to HP genotype, in a study of 95 patients. In contrast to Borsody’s study'?’ they

grouped HP1-1 and HP2-1 individuals together and compared them to HP2-2 individuals. Their

univariate analysis identified that vasospasm as measured by angiography was significantly
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associated with individuals who had the HP2-2 genotype compared to HP2-1 and HP1-1
combined. A multivariate analysis identified that HP2-2 individuals showed a trend towards a

higher risk of DCI vs the other HP genotypes combined%,

Kantor et al.1% published the largest study to date, of 193 patients, exploring the association of
HP genotype and outcome after SAH%. They measured long term outcome, using modified
Rankin Scale (mRS) scores at 3 months post-ictus. They compared HP1-1 to HP2-2 individuals and
found that HP2-2 individuals had a significantly worse mRS score (and thus worse outcome).
Interestingly in a second analysis they identified a similar relationship when comparing the HP2-1
group or the HP2-2 group to the HP1-1 homozygous group of patients at 3 months post-ictus. This

result was not significant in their multivariate analysis.

A subsequent publication (Leclerc et al.)*°

confirmed previous results published by Ohnishi and
colleaguest®!® Despite a smaller sample size (n=74), the authors attempted to address HP
genotype in relation to vasospasm, short term deterioration via DCI, functional long term
outcome and mortality. The previous studies have addressed these separately whereas this one
was aiming at being more comprehensive. They graded vasospasm into mild, moderate and
severe as opposed to simply indicating whether vasospasm occurred or not. HP2-2 was
significantly associated with higher incidence of severe vasospasm!*°. With respect to DCI, no
significant association was identified when comparing HP2-2 vs the HP2-1 and HP1-1 genotypes

combined!!®. Long term outcome was measured as mRS scores and Glasgow Outcome Scale (GOS)

Extended scores. A trend was found for a worse outcome with HP2-2.

Taken together the work in the literature suggests an effect of genotype on vasospasm?07:108:110

and long term outcome?0&10°

and is indicative that HP1-1 is protective in both. A meta-analysis of
six studies (Leclerc et al.11°, Murthy et al.}'?, Kantor et al.1%°, Ohnishi et a/.1%, Galea et al.2°? and
Borsody et al.1%’) investigating HP genotype on outcome was performed by Gaastra et al.1*2. The
results identify that HP2-2 (vs HP1-1) imparted poor short term outcome (vasospasm/DCl) and
also identified that the outcome of HP2-1 patients resembled more closely the HP1-1 patients*!?,
This suggested the Hp dimer is the essential moiety that confers protection. They observed no
significant effect on long term outcome in their meta-analysis. However the meta-analysis was
hampered by study outcome heterogeneity and inability to correct for essential covariates. A
single larger study is therefore still needed to confirm the effect of HP genotype on outcome. This

will be addressed by the first hypothesis of this work in Chapter 4.

/ 113

A study by Kim et a aimed to investigate the contribution of the HP1 and HP2 alleles to
outcome by investigating Hp2-1 patient’s outcome after SAH. Using western blotting to

phenotype (and therefore ascertain genotype) the patients from serum, they quantified the
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relative amounts of Hp dimer (HP1 allele) to higher polymers (HP2 allele) in Hp2-1 patients. Their
analysis showed that Hp dimer was higher in patients who did not present with DCI or vasospasm,
indicating an effect on short term outcome, however there was no effect on long term outcome
(mRS at six months)!3, This in agreement with previous studies that implicate HP2-2 in short
come outcomes such as development of DCI and vasospasm%1%11% The better short term
outcome with higher Hp dimer concentration in Hp2-1 individuals is in keeping with the
observation that the outcome of HP2-1 patients is similar to that of HP1-1 patients, and better

than HP2-2, in the meta-analysis by Gaastra et al.?*?

1.6.4 Biological effects of haptoglobin other than Hb clearance

As reviewed above, cell free Hb is first bound by Hp and then this complex is internalised by
CD163 present on macrophages in humans. In the murine system, the primary method of Hb
scavenging is through the direct binding of Hb to CD163**. In mice, Hp exists to bind to Hb and
neutralize its pro-oxidative potential, much as it does in humans, but is not required for Hb
clearance!'*; the exact mechanism of Hb-Hp complex clearance in mice remains unknown. The
mouse only carries a single HP allele, equivalent to the human HP1-1 genotype!*®. Chaichana et al.
used a mouse model expressing HP2-2%* through duplication of a number of exons of the murine
HP gene, similar to human HP2-2. They induced SAH in the HP2-2 mice and wild-type HP1-1
littermates via an injection of 60 uL blood into the cisterna magna and studied activity as a
measure of neurological activity, vasospasm of the basilar artery measured via histology and
lymphocyte infiltration via histology. Their results showed that the HP2-2 mice exhibited a greater
extent of vasospasm and worse neurological scores, suggestive of poorer outcome. Additionally, a
greater number of infiltrating macrophage and neutrophils was identified into the subarachnoid
space in HP2-2 mice; this was statistically significant compared to control wild-type HP1-1

animals®.

As murine Hb clearance is not reliant on Hp**

it is unlikely that the difference between these
mouse strains was due to Hb clearance. There is evidence that Hp1-1Hb complexes are more anti-
inflammatory than Hp2-2Hb complexes, so this may be the underlying mechanism in this mouse
study. When cultured peripheral blood mononuclear cells were exposed to Hp1-1 or Hp2-2 in
complex with Hb, it was observed that the Hp1-1 cultures exhibited a significantly greater
increase in production of both IL-10 and IL-6 compared to Hp2-2 (which did not differ significantly

from controls)!®.

It is possible that Hp exerts its effects via another target, not just Hb. Hp has been shown to bind

to HMGB1, a DAMP released during tissue injury'’1'8, Hp-HMGB1 complexes stimulate
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production of anti-inflammatory enzymes such as HO-1 and anti-inflammatory enzyme cytokines
such as IL-10, in a CD163-dependent manner. However it is not yet known whether HP genotype

impacts on this pathway.

1.7 In vivo models of subarachnoid haemorrhage

There are a number of considerations that must be made when designing and selecting an animal
model of disease. First it must recapitulate the essential clinical features of the disease that it is
modelling. Second it must be experimentally suitable to test the hypothesis under investigation.
Finally, it must be an ethically approved procedure, and the knowledge gained from the
interpretation of results outweighs any suffering caused during the experimental procedures.
Consideration must be made to the principle of the 3Rs (Replacement, Reduction, Refinement)
which promotes high standards of welfare in animal research and aims to reduce the numbers of

animals used in research. Therefore a good model of SAH would produce the following:

e Blood entering the subarachnoid space and subsequent clot formation.
e Increasein ICP.

e Lysis of clot and release of Hb.

e Hb neurotoxicity.

e Spasm of large cerebral arteries proximal to the clot.

e High repeatability and low variability between experimental animals.

In vivo models of SAH have been developed in several experimental animals, including mouse, rat,
rabbit, and dog!'®. Due to reasons of cost, and availability of transgenic animals, more groups are
moving towards the use of small rodent models (mouse and rat). In this project, | planned to set
up and characterize a mouse model of SAH'?°, Current models available will be summarized (for

comprehensive review of all animals models see Titova et al. 2009'°).

Models of SAH can broadly be divided into two categories based on the method of introducing
blood into the subarachnoid space: the injection model or the endovascular perforation model.
Further variations exist within the injection model such as site of injection or single vs double

injections which allows modelling of re-bleeding, a common complication of aneurysmal SAH.

1.7.1 Small rodent models: SAH in the mouse

One of the first murine model of SAH was a perforation model described by Kamii et al 19992,
during which the anterior cerebral artery (ACA) was perforated near the anterior communicating

artery by feeding a blunted nylon suture up the internal carotid artery (ICA) and through the left
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ACA. When resistance was felt, the suture was advanced a further 5mm and immediately
withdrawn to perforate the artery wall'?l. For sham surgeries, the suture was advanced through
the internal carotid artery but stopped when resistance of the artery wall was felt, so as not to
damage the wall and cause haemorrhage. The authors recorded a mortality of 29% in their wild-
type animals within the first 72 hours, and they observed heterogeneity of SAH between
experimental animals; those with severe SAH died within the first 72 hours. A cast of the cerebral
vasculature was produced by perfusing with a gelatin and carbon black (to stain the gelatin)
solution to quantify vessel diameter. They observed significant vasospasm at day three, which by

day seven was almost resolved?!.

Another study concentrated on a knockout of superoxide dismutase and its effects on the
induction of vasospasm after SAH; as such no data were available on neuronal injury in this
model. In this model they perforated the right middle cerebral artery (MCA) at the bifurcation
with the ACA'?2, Using a similar casting protocol of India ink stained gelatin, they quantified
vasospasm at day 3 and observed results in agreement with Kamii et al.'?! In this study however,
they also performed basic motor and sensory neurological scoring, demonstrating deficits

correlating with vasospasm.

A study by Matz et al. in 2000*?® explored the effects of DNA fragmentation with regard to
apoptosis following exposure of redox-active oxyHb after SAH. They injected 50 uL of
haemolysate into the cisterna magna in a mouse brain (a common injection site in rat models of
SAH). They observed a very high level of mortality (50%) and regurgitation of blood from the
cisterna magna in survivors'?®. They concluded that, unlike the rat cisterna magna injection
model, this was not an appropriate model of SAH in mice?3. Therefore, they injected the
haemolysate into the subarachnoid space over the right neocortex through a burr hole, over the
coronal suture, 2 mm to the right of the midline, slowly injecting 50ul over one minute. While not
strictly aligned to human SAH as a clot does not form with haemolysate and there is no ICP rise, it
recapitulates the Hb exposure aspect of SAH. In their experimental group, they observed a 16%
mortality rate. Using TUNEL staining, they identified apoptotic neurons, worse on the injected

side, and the expression of HO-11%,

The injection model is by far the most widely used to induce SAH in a wide range of experimental
animal models. While the perforation model closely mirrors the rupture of an intracranial
aneurysm, as occurs in the disease, it leads to heterogeneity in blood volume, thus variability
amongst animals. The use of, an injection model standardizes the volume of blood, the location of
the blood, and the rate of injection. Perforation and injection models also differ in how the

experiments are controlled. A perforation model is controlled with the use of sham surgery —
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inserting the suture but not perforating the vessel. The injection model can be controlled with
sham surgery plus a saline injection, incorporating an increase in ICP and allowing one to

determine the specific contribution of Hb to the pathology of SAH.

The first time an injection model in the mouse was published was by Lin et al. in 2003?* who
injected autologous blood into the cisterna magna in a development of the rat cisterna magna
injection model. Their pilot studies used a varied injection volume ranging from 40— 90 uL. They
identified that volumes above 60 pL caused efflux of blood from the burr hole and were
associated with higher rates of mortality, which was 3.4% at 60 pL'?*. Post-mortem examination
showed a clot formed mostly over the ACA, basal artery and proximal branches of the MCA??,
Significant vasospasm was observed in blood injected animals in the ACA that peaked up to day
three and persisted until day seven at which point it approached baseline levels!?*. Significant
vasoconstriction was present also in the MCA, within the same time frame as the ACA however to
a lesser degree — which is to be expected as it is further from the injection site and therefore
subject to less insult from Hb'?*. Constriction of the basilar artery was also identified, however
this was very short term. Vasospasm in this artery peaked at the six hour time point and was not

significant after this!?

. Modifications have been made to this method such as placing animals
head down for a period of time post-injection to confine the injected blood to the intracranial

cisterns, to encourage clot formation in these areas'?.

In 2009 Sabri et al.??° published a similar injection model in the mouse, where the injection was
into the prechiasmatic cistern. Their model had a mortality rate of 10%. Vasospasm was identified
in both the MCA and ACA following blood injection. Other groups using the same model have
identified that vasospasm is biphasic, with maximal spasm at days three and 10'?*. Furthermore,

|120

the Sabri model**" identified neuronal apoptosis in the cortex and hippocampus of animals

receiving blood injections which was not detected in control saline animals.

1.8 Previous investigation of haptoglobin treatment for SAH

1.8.1 Clinical studies

In 1979, Nonaka and colleagues investigated the clinical application of Hp to the arteries
surrounding the aneurysm for two days during and following clipping of the ruptured
aneurysm'%. They focused on longitudinal angiographic measurement of vasospasm as a readout,
since there was no control group. At the time, it was thought that the ability to prevent
vasospasm would translate into improved long term outcome. However it is now known that

there is a lack of correlation between neurological outcome and vasospasm'?’. This Japanese
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study focused on 27 patients, a relatively small number, that was then subdivided into four
groups depending on the timing of surgery and vasospasm. In patients whose vasospasm was
changing (increasing or decreasing), 14/17 patients responded with improvement in vessel
diameter; of these, in 5/7 improvement was noted in patients whose vasospasm was
deteriorating prior to surgery, and 9/10 improvement was noted in patients whose vasospasm
was already improving prior to surgery. In patients who were recruited early (when vasospasm is
not expected) or whose vasospasm was static, there was no response (2/10), with only one
patient responding from each group. A lack of control group, small sample size and further
subgrouping make it difficult to draw solid conclusions from this study, but it is suggestive that in
some patients the administration of Hp was beneficial in improving vasospasm. More work is

required to determine if Hp supplementation improves long term outcome after SAH.

1.8.2 Experimental studies

There are no experimental studies of Hp supplementation in SAH animal models. However a study
by Zhao et al.*® investigated the role of Hp in ICH. Depletion of systemic Hp before induction of
experimental ICH in rats resulted in greater levels oxidative damage and worsened oedema
associated with the bleed, when compared to ICH in rats with normal systemic Hp levels®,
Additionally, after ICH in a mouse Hp knock out model, they observed greater neurological
dysfunction on behavioural testing. Finally, a transgenic mouse model overexpressing the human
HP2 allele subjected to ICH showed better outcome in terms of neurological dysfunction and

neuronal loss®®.

There are innumerable studies on the therapeutic benefit of systemic Hp supplementation during
intravascular haemolysis. Some of these studies have demonstrated that the mechanism of action
of Hp might be relevant to application in SAH. Intravascular haemolysis causes hypertension due
to systemic arterial wall vasoconstriction, akin to vasospasm of cerebral arteries after SAH. In a

/ 128

canine model, Boretti et a administered prednisone (a glucocorticoid) to upregulate

endogenous Hp'?®

, and found that it reversed hypertension induced by intravenous Hb. In a
guinea pig model, intravenous administration of exogenous Hp reversed non-haem iron
deposition and 4-hydroxynonenal-modified protein (a marker of oxidative tissue damage) in the
kidneys after intravenous Hb challenge!?®. Since vasospasm and oxidative stress are major
pathological features after SAH, these observations suggest that Hp supplementation may be

therapeutic after SAH.
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Chapter2 Hypotheses and aims

The overarching hypothesis of this thesis is:

Haptoglobin affects the clinical outcome after subarachnoid haemorrhage through its role

in haemoglobin scavenging.

In this thesis | address the following sub-hypotheses:

1) Hypothesis: An individual’s HP genotype affects outcome after SAH. Specifically, 1) In SAH
patients, a HP genetic variation driving Hb clearance (HP duplication) affects outcome after
SAH; 2) in SAH patients, a HP genetic variation driving serum Hp concentration (rs2000999)

affects outcome after SAH.

Aim: Aneurysmal SAH patients from the Genetics of Subarachnoid Haemorrhage (GOSH) study will
be genotyped for their HP duplication status using in house genotyping assays and typed for their
rs20009999 status with commercial KASP genotyping technology (LGC Genomics, Hertfordshire,
UK). Associations between HP genotype and outcome after aneurysmal SAH will be sought using

logistic regression analysis.

2) Hypothesis: Hb released from the lysing blood clot into the CSF, overwhelms the resident Hb

scavenging system and impacts on functional outcome after SAH.

Aim: Serially collected CSF samples from aneurysmal SAH patients from the Haemoglobin after
Subarachnoid Haemorrhage (HASH) study will be analysed by Size Exclusion Ultra Performance
Liquid Chromatography (UPLC-SEC) to quantify the amount of free Hb, the amount of
scavengeable Hb and Hp level. The Hp phenotype of the patients will be determined by UPLC
analysis of serum and Western blotting and logistic regression analysis employed to investigate
the contribution of these analytes in the CSF to functional outcome. Additionally, linear mixed
modelling analysis will be used to make inferences on how the Hp phenotype impacts on Hb

scavenging in the CSF.
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3) Hypothesis: Hp can ameliorate the neurotoxicity of cell free Hb in vitro.

Aim: Primary murine hippocampal neurones will be prepared and treated with either
haemolysate alone to model chronic exposure to Hb, or a mix of haemolysate plus Hp at an
equimolar concentration to the Hb content. Other control groups will include vehicle and Hp

alone. Neuronal viability will be assessed morphologically after MAP2 immunocytochemistry.

4) Hypothesis: Characterizing a mouse model of experimental SAH, intended to test the

hypothesis that Hp supplementation can rescue neurological deficits after SAH.

Aim: A mouse model of SAH, based on an injection of blood into the prechiasmatic cistern, will be
optimised to provide a tool to test the efficacy of Hp in vivo. The model will be characterised for

behavioural readouts, vasospasm, histological markers of tissue injury and iron deposition.
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Chapter 3  Materials and Methods

3.1 Clinical study ethics approvals

3.1.1 Genetics Of Subarachnoid Haemorrhage (GOSH) study

In Chapter 4, DNA samples and clinical data of aneurysmal SAH patients from the GOSH study
were used for HP genotyping. This study was co-ordinated by Professor David Werring at
University College London and samples were donated for this collaborative study. The Research

Ethics Committee approval number was 09/H0716/54.

3.1.2 Haemoglobin After Subarachnoid Haemorrhage (HASH) study

In Chapter 5, CSF and serum samples and clinical data of aneurysmal SAH patients from the HASH
study were used for UPLC analysis of Hb analytes. This study was co-ordinated by Dr lan Galea at
University Hospital Southampton. The Research Ethics Committee approval number was

12/SC/0666.

3.1.3 Neurological conditions and Oncology: Immunology and Interactions (NOII) study

In Chapter 5, CSF and serum samples and clinical data of patients with non-haemorrhagic and
non-inflammatory neurological conditions from the NOII study were used as controls for the UPLC
analysis of Hb analytes. This study was co-ordinated by Dr lan Galea at University Hospital

Southampton. The Research Ethics Committee approval number was 11/5C/0204.
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3.2

Clinical variables: Definitions

Table 3.1 Definitions of variables used in clinical studies in this thesis.

Delayed Ischaemic

Neurological Deficit (DIND)

The occurrence of a focal neurological impairment as defined by
Vergouwen et al.® A patient was determined to develop DIND if any
of the following occurred: hemiparesis, dysphasia, a clear new focal

deficit 72 hours post-SAH or a GCS drop of 2 or more.

Fisher Grade

A radiological grade to classify SAH based on amount of blood clot

present on a CT scan'?. The full scale is detailed in Appendix A.

Glasgow Coma Score (GCS)

A clinical scale used to assess the level of consciousness in a person
following neurological injury®*°. The scale ranges from 3 (good
response) to 15 (no response) and takes into account eye, motor
and speech responses to stimulation. The full scale is detailed in

Appendix A.

Glasgow Outcome Score

(GOS)

A clinical scale used to assess the functional outcome following
neurological injury®’. The scale ranges from 1 (death) to 5 (good

recovery). The full scale is detailed in Appendix A.

modified Rankin Scale (mRS)

A clinical scale used to assess the functional outcome following
neurological injury. The modified version'*? of the Rankin Scale*3
was used, ranging from 0 (no symptoms at all) to 5 (severe
disability); a grade of mRS 6 (death) was added to include

mortality'®*. The full scale is detailed in Appendix A.

Vasospasm as assessed by

transcranial Doppler (TCD)

Where assessed by TCD, vasospasm was deemed present when a

velocity of >200 cm/s was recorded®®®.

World Federation of
Neurological Surgeons grade

(WFNS)

A clinical scale used to assess the severity of injury after SAH based
on the GCS combined with the presence or absence of focal
deficits'*®. The scale ranges from 1 (GCS 15 with no motor deficits)
to 5 (GCS 3-6, with or without deficit). The full scale is detailed in

Appendix A.
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3.3 Haptoglobin genotyping

The patients from the GOSH study were typed for their HP duplication genotype initially by a high
throughput gPCR method described in detail below. The patients were typed for the SNP
rs2000999 using commercial KASP technology. These two protocols were followed by validation
by the gold standard of conventional Polymerase Chain Reaction (PCR) for the HP duplication and

a Tagman qPCR assay for rs2000999.

33.1 Polymerase chain reaction protocol

A PCR protocol®*” was used to qualitatively determine HP genotype. The protocol involves two
separate reactions with different sets of primers (A&B and C&D) (see Table 3.2). 25 L reactions
were prepared as in Table 3.3. The reactions contained 10x PCR buffer (Qiagen, USA),
deoxyribonucleotide triphosphate (dNTP) mix with 2.5 mM of each nucleotide (Applied
Biosystems, USA), either primers A & B or C & D (10 uM) (Eurofins Genomics, Germany),
HotstarTaq DNA Polymerase (Qiagen, USA), MgCl, (Qiagen, USA) and DNase and RNase free H,0

(Gibco, Life Technologies).

Table 3.2 Primers for PCR method HP genotyping.

Name Sequence (5’-3’) supplier

Primer A GAGGGGAGCTTGCCTTTCCATTG  Eurofins Genomics (Germany)
Primer B GAGATTTTTGAGCCCTGGCTGGT  Eurofins Genomics (Germany)
Primer C CCTGCCTCGTATTAACTGCACCAT  Eurofins Genomics (Germany)
Primer D CCGAGTGCTCCACATAGCCATGT Eurofins Genomics (Germany)

Table 3.3 Mastermix prepared for PCR reaction to determine HP genotype.

Primers A and B Primers Cand D

Per reaction (22ul + 3ul DNA) Per reaction (23ul + 2ul DNA)
10x buffer 2.5 2.5
dNTP mix (2.5each) 8.0 8.0
Forward primer (10 uM) 2.5 2.5
Reverse primer (10 uM) 2.5 2.5
HotstarTaq polymerase 0.5 0.5
MgCl, 4.0 4.0
H,O 2.0 3.0
DNA per reaction 3.0 2.0
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Primers A and B were used to generate an HP1 allele specific product of 1757 bp in size and an
HP2 allele specific product of 3481 bp. Primers C and D produced only a 349 bp HP2 allele specific
product. Primer binding positions and products are illustrated in Figure 3.1 and expected allele

specific PCR products are summarised in Table 3.4.

: 1757 bp
A 2 c B
Hp | —l] M > -
p Ly I | L I
Exon 3 Exon 4
3481 bp .......
349 bp
A 2 c 2 C B
Hp 2 —> Ms = rp s -
p L LT L] L y
Exon 3 Exon 4 Exon 5 Exon 6

Figure 3.1 PCR products generated from reactions with primers A&B and C&D. The top schematic
shows the relative binding locations of Primers A and B and the 1757 bp HP1 allele
specific product produced. The bottom schematic shows the relative binding position
of primers A and B and the 3481 bp HP2 allele specific product and the binding
position of primers C and D and the 349 bp HP2 specific products. Figure from Koch et

al. 2002**7; reproduced with permission from the publisher.

Reactions with primers A and B were subject to an initial Hotstart activation step of 95°C for 15
minutes. Following this, a denaturation step at 94°C for 1 minute, an annealing step at 71°C for 1
minute and an extension step at 72°C for 3 minutes was cycled for 35 cycles. A final extension

step at 72°C for 10 minutes was performed.

Reactions with primers C and D were subject to an initial Hotstart activation step of 95°C for 15
minutes. Following this, a denaturation step at 94°C for 1 minute, an annealing step at 71°C for 1
minute and an extension step at 72°C for 1 minute was cycled for 35 cycles. A final extension step

at 72°C for 10 minutes was performed.
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The resulting PCR products were run on a 1% agarose gel and stained with GelRed (Biotium, CA,
USA) to visualise bands. A 1 kB plus DNA ladder (ThermoFisher Scientific, USA) was run alongside

to identify product sizes.

Table 3.4 The expected allele specific product sizes for each primer pair during PCR identifies the

HP duplication genotype.

Genotype Expected products A+B Expected products C+D
HP1-1 1757 -
HP2-1 1757 + 3481 349
HP2-2 3481 349
@ = - N
© — o\ ~
3 o o o
— T T T

3481 bp (Hp2 specific)

1757 bp (Hp1 specific)

349 bp (Hp2 specific)

Figure 3.2 Representative agarose gel image showing PCR products used to genotype individuals.
PCR was performed on patient DNA in separate reactions with Primers A & B and C &
D. Both reactions for each patient were pooled before loading onto a 1% agarose gel.
Lane 1 is a GeneRuler 1 kb plus ladder (ThermoFisher Scientific, USA), lane 2 is the
PCR product from a HP1-1 individual, lane 3 shows the products from a HP2-1

individual and lane 4 shows products from a HP2-2 individual.
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1.337 publication was followed,

In the first instance the protocol from the original Koch et a
however this was initially unsuccessful and resulted in no amplification products. As the first
optimisation step, DNA concentration and MgCl, concentration titration experiments were
performed. If the DNA concentration is too low there is not enough substrate for the DNA
polymerase whilst if too high, this can sterically inhibit the enzyme. MgCl, is a co-factor for the
polymerase enzyme and therefore an optimal concentration is required for the polymerase
reaction. These steps resulted in the production of amplification products; the best conditons

were 0.6 pg/uL and 0.4 pg/uL DNA for primers A&B and C&D respectively, and 4 mM MgCl; in

both reactions.

However the reaction was non-specific, producing multiple PCR products in addition to the
desired HP specific products. A common cause is non-specific binding at room temperature,
occurring between preparation of the mixture and thermal cycling. Therefore to improve
specificity, the tag DNA polymerase was substituted with Hotstart taq DNA polymerase. The latter
enzyme is non-active until it has been through a 10 minute heat-activation phase at 95°C, thus
inhibiting non-specific binding during preparation of the reaction mixtures. This was not
successful in preventing non-specific amplification, and therefore experiments were performed
titrating the annealing temperature. The temperature of the annealing phase of the PCR reaction
can result in non-specific products if the primers are able to bind to similar but not fully
complimentary sections of DNA. This optimisation step worked well, with an annealing
temperature of 72°C, producing sufficient HP specific amplification with minimum non-specificity,

to allow accurate HP duplication genotyping.

3.3.2 Quantitative polymerase chain reaction protocol

To enable high throughput, a multiplex quantitative PCR (qPCR) protocol developed by Soejima et
al.*® was used to amplify two regions within the HP gene: a 5" internal control region and a region

between exons 4 and 5; this is the duplication junction present only in the HP2 allele.
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Figure 3.3 Schematics of both the HP1 and HP2 gene. Exons are numbered and the location of the
primer binding sites are identified. Figure from Soejima et al. 2008; reproduced with

permission from the publisher.

10 pL reactions were prepared as described in Table 3.5. Each reaction constituted: Tagman
Universal PCR Mastermix (Applied Biosystems, USA), 3 uL of template DNA (5 ng/uL) plus the
following primers and probes: Hp5’ Forward (150 nM), Hp5’ Reverse (150 nM), Hp5’ probe (42
nM), Hp2 Forward (300 nM), Hp2 Reverse (300 nM), Hp2 probe (83 nM). Primer and probe

sequences are detailed in Table 3.6.

Table 3.5 Preparation of mastermix for gPCR to type the HP duplication

Per sample in triplicate

Tagman Universal PCR mastermix Il 15 pL
HP5’ Forward primer (150 nM) 0.5 uL
HP5’ Reverse primer (150 nM) 0.5 uL
HP5’ probe (42 nM) 2.0 uL
HP2 Forward primer (300 nM) 0.5 uL
HP2 Reverse primer (300 nM) 0.5 uL
HP2 probe (83 nM) 2.0 uL
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Table 3.6 Primer and probe sequences used in multiplex gPCR to type the HP duplication.

Sequence (5°-3’) + modifications Supplier
HP5’ Forward CACATTTACTGATTT CAG GCT GGA Eurofins Genomics (Germany)
HP5’ Reverse  CCT TTT CAC AGT AAT TTT CTC CACCT Eurofins Genomics (Germany)
HP5’ Probe VIC-AGC TTT TAA GCA ATA GGG AGA Applied Biosystems (USA)
TGG CCA CA-BHQ2
HP2 Forward GGA GCT GCT CTG CAC ATC AA Eurofins Genomics (Germany)
HP2 Reverse CCCTTT CAATGAATT TCAGGG A Eurofins Genomics (Germany)
HP2 Probe FAM-ACC CCG AAT AGA AGCTCG CGA Eurofins Genomics (Germany)
ACT GTA-BHQ1

Raw data were analysed using the AACt method:

1) ACt = HP5Ct — HP2Ct
2) AACt = sampleACt — ReferenceACt

3) Ratio = 27AACt

The reference ACt (as used above) was selected from 116 healthy control patients (from the
Analysis of the role of inflammation and HLA genotype in age related macular degeneration study,
donated by the Vision Sciences group, University of Southampton) whose genotype had been
previously established using gold standard PCR genotyping method. Of these, the ACt values of
the HP2-2 patients were compared. The reference value was selected as the smallest ACt

(expected result for an HP2-2 individual).

The ranges of ratios for each HP2-1 (0.2-0.46) and each HP2-2 (0.77+) sample were identified from
this subset of samples. These ranges were used to type the HP duplication in GOSH. Cases in an
intermediate range (0.46-0.77), between the HP2-1 and HP2-2 genotypes, were typed by

traditional PCR (see section 3.3.1%7),
3.3.2.1 Quality control

To ensure accurate typing, 10% of the samples that had been subject to gPCR alone were
randomly selected and their genotype assayed via the PCR approach. 151 patients from the GOSH
study were selected and genotyped. It was observed that 149 samples had concordant genotypes
in both methods, and two samples were discordant; therefore, HP duplication typing had an
accuracy of >98%. The discordant samples were retested with both qPCR and PCR. In these repeat
assays results were concordant, and matched the first PCR. Therefore these two errors likely

arose due to pipetting errors during preparation of the gPCR plates.
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3.3.3 SNP genotyping by KASP

Individuals were typed for the rs2000999 SNP genotype by LGC Genomics Ltd. using their

commercially available Kompetitive Allele Specific PCR (KASP) genotyping service.

Briefly, KASP is a PCR based Fluorescence Resonance Energy Transfer (FRET) assay. The assay mix
contains a forward primer, unique to each SNP and a single common reverse primer. Each forward
primer contains a tail sequence which: 1) is unique for each allele 2) is complimentary with, and
will compete with, corresponding universal FRET cassettes. One of the strands of the FRET
cassette is composed of a sequence complementary to the unique tail sequence on the primer
attached to a fluorophore, but this fluorophore is quenched by virtue of FRET from the quencher

on the opposite strand.

Throughout the PCR reaction, the allele specific forward primers will anneal to the DNA template
depending on the SNP genotype of each individual. This primer will elongate as the polymerase
uses the primer to synthesize a new strand; the unique tail region becomes incorporated into the

newly synthesized strand.

In second and subsequent rounds of PCR the complementary sequence to the unique tail
sequence is synthesized and it is to this that the fluorophore-labelled strand of the FRET cassette
is able to bind. The quenching FRET cassette strand and the template DNA compete for the
fluorophore-labelled strand of the FRET cassette during each melting round; whilst the
fluorophore-labelled strand of the FRET cassette is bound in the FRET cassette no fluorescence is
emitted but a signal specific to the SNP genotype is emitted when binding to the DNA template
occurs. Genotypes were called automatically by SNPviewer v4.0 (LGC Genomics Ltd.,

Hertfordshire, UK).

3.34 SNP genotyping by Tagman

Cases marked equivocal by SNPviewer after KASP (n=51) were typed using a Tagman assay. Each 5
uL reaction, in triplicate, contained 2.5 pL Tagman genotyping mastermix (ThermoFisher, USA),
0.25 pL 20x assay solution containing primers and probes (C__ 11439054 10, ThermoFisher, USA)
and 2.25 pL genomic DNA. A 7900 HT Fast Real-Time PCR system (Applied Biosystems, USA) was
used for thermal cycling (as per kit instructions) and fluorescence reading. Baseline pre-PCR
fluorescence data was subtracted from post-PCR data and cluster plots were observed using

Tagman genotyping software (v1.4, Applied Biosystems, USA) to call genotypes.
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3.3.5 Quality control

30 other cases typed by the KASP assay and successfully called by SNPviewer were cross-checked
with the Tagman assay and 100% concordance was observed. Nine out of 1299 samples failed to

be called by both KASP and Tagman methods, resulting in a 99.31% call rate.

3.4 Ultra Performance Liquid Chromatography

34.1 UPLC analyte measurement

Size Exclusion Ultra Performance Liquid Chromatography (UPLC-SEC) was used to separate the
components of patient CSF samples by size. This protocol makes use of the fact that haem
absorbs light at 415 nm, therefore monitoring this wavelength facilitated the measurement of
haem-containing species only. The molecular species was identified by its retention time on the

chromatogram and quantified by measuring the peak’s area against a Hb standard curve.

The Hb standard curve was constructed from lyophilized Hb (Sigma-Aldrich, UK). Nine
concentrations ranging from 0 to 1 mg/mL were measured at 415 nm on the UPLC. The
construction of the Hb standard curve was performed by Dr Zuby Okemefuna, Bio Products

Laboratory Ltd. (BPL) whilst developing this in-house Hb binding assay for use at BPL.

Each patient sample was prepared and run on the UPLC in three ways:

1. 60 pL neat CSF.
2. 57 uL CSF + 3 pL 5 mg/mL Hb (Sigma-Aldrich, UK).
3. 57 uL CSF + 3 uL 5 mg/mL Hp (BPL, UK).

50 uL of each sample was injected onto the UPLC column (ACQUITY BEH size exclusion column,
Waters, USA) in running buffer (50 mM Tris and 150 mM NaCl, pH 7.5) and absorbance monitored
at 415 nm wavelength (as depicted in Figure 3.4). The area of the peak on the chromatogram was
calculated using proprietary Empower software (Waters, USA) and this was read against the Hb

standard curve.

42



CSF . Separat!on by Momtorabsqrbance at415 nm  Chromatogram  Haem complexed with
size exclusion UPLC for the detection of haem species hemopexin or albumin

|
| | Hb complexed

N
e — UPLC column — — . with dimeric Hp ; HE
ree Hb
| Detector 1
0010 Hb complexed
with polymericHp
—>/\,
o TN N N

000 100 200 300 400 500 600 700 800 900 1000
Mirutes

Figure 3.4 The UPLC-SEC process in which CSF (or CSF+Hp/Hb) were separated on a size exclusion
column in a Tris-saline running buffer. Following elution from the column, the
separated components of the CSF were detected by spectrophotometric absorbance

measurement at 415nm to identify haem containing species.

3.4.2 UPLC haptoglobin quality controls and run acceptance criteria
3.4.2.1 Haptoglobin controls

UPLC runs were quality controlled using three in-house Hp (BPL, UK) controls of 200 ug/mL (High
CSF Control), 10 pg/mL (Low CSF Control) and 1 pg/mL (UltraLow CSF Control) to cover the
dynamic range of the assay. Each Hp control was saturated with Hb at the same ratio of sample to
Hb as the samples during preparation. These controls were included at the start and end of each
UPLC run comprising a maximum of 19 sample injections. Representative chromatograms of these

controls can be seen in Figure 3.5.
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Figure 3.5 Representative UPLC chromatograms of Hp controls: A) CSF High Control, B) CSF Low
Control, C) CSF UltralLow Control

34.2.2 Acceptance criteria

To accept the results for a particular UPLC run, each control had to fall within an acceptance

range. For each quality control (High, Low and UltraLow), this range was defined as two
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standard deviations either side of the mean, determined from multiple separate runs. These
limits are shown in Table 3.7. If the controls were outside these limits the samples in that run

were rejected and prepared and run again on the UPLC.

Table 3.7 Established acceptance criteria for UPLC runs based on variability in Hp control runs.

Mean cv N Upper Lower
(ng/mL) limit limit
Hp High CSF (200 pug/mL) 180.09 4.18% | 61 195.14 165.05
Hp Low CSF (10 ug/mL) 5.74 15.32% | 77 7.50 3.98
Hp UltraLow CSF (1 pg/mL) 0.34 27.72% | 35 0.52 0.15
3.4.3 Derivations of each analyte
3.4.3.1 Analytes measured from the UPLC chromatograms

The following analytes were measured directly from UPLC chromatograms: total Hp, complexed
Hb, total free Hb and non-scavengeable free Hb. Table 3.8 describes how these were derived.
Figure 3.6 below shows a representative UPLC chromatogram to identify each aspect described in

Table 3.8.

Table 3.8 The derivation of analytes that were measured directly from the UPLC chromatograms.

Analyte Derivation
A Total Hp The area under the HpHb complex peak on the
chromatogram when CSF + excess Hb are run on
the UPLC.

B Complexed Hb The area under the HpHb complex peak on the
chromatogram when neat CSF is run on the UPLC.

C Free Hb The area under the Hb peak on the
chromatogram when neat CSF is run on the UPLC.

D Non-Scavengeable The area remaining under the Hb peak on the
free Hb chromatogram when CSF + excess exogenous Hp
are run on the UPLC.
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Figure 3.6 A representative CSF chromatogram demonstrating peaks of Hb complexed to
dimeric and polymeric Hp, haem complexed to Hpx and albumin, and free Hb.

Peak area-under-the-curve was quantified using a Hb standard curve.

3.4.3.2 Analytes derived from data

Some analytes were inferred from those derived directly from the chromatograms. These are
presented in Table 3.9 with a description of how each was calculated. A schematic of how

scavengeable Hb was derived is shown in Figure 3.7.

Table 3.9 How each analyte is derived from other analytes previously derived in. Letters refer to

labels in Table 3.8.

Analyte Derivation

Total Hb C+B

Scavengeable Free Hb C-D
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Figure 3.7 The process by which endogenous Hp was added to CSF samples to identify Hb that was
able to be bound to Hp, termed scavengeable Hb. The orange trace represents when
a CSF sample is run neat, and the grey trace represents when the same sample is run
with exogenous Hp added. Note the shift of Hb (on the right) to HpHb on the left. As
the concentration of Hp added was super-saturating, the remaining grey peak on the

right of the trace represents Hb that cannot be bound to Hp.

3.4.3.3 Non-scavengeable Hb correction

The BPL Hp preparation used to spike CSF samples in order to assay non-scavengeable Hb
contained small amounts of non-scavengeable Hb. This was quantified to enable correction of
non-scavengeable Hb values obtained using this reagent. Five stock tubes of the BPL Hp
preparation were prepared for the UPLC, each in triplicate (3 uL 5 mg/mL Hp + 57 pyL sample
diluent consisting of 0.9% NaCl and 100 mM EDTA. The area under the free Hb curve was
measured against the Hb standard curve, as had been done previously for CSF analysis. It was
reasoned that, as this was a Hp solution, any free Hb must be non-scavengeable Hb. The data are

shown in Figure 3.8.
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Figure 3.8 Non-scavengeable free Hb measured in the BPL Hp preparation as measured by UPLC.

Data are presented as mean + SD.

The mean non-scavengeable Hb value was 1.289 pg/mL. To correct for the carry over into CSF
samples, the mean + 2 SD (1.918 ug/mL) was subtracted from each non-scavengeable Hb value to

achieve a 5% Type | error tolerance.

3.4.4 Serum THBC measurements

In Hp1-1 patients, matching serum collected at the same timepoint as the CSF was assayed for
total Hb binding capacity (THBC) by UPLC to enable calculation of intrathecal Hp synthesis by
calculation of the Hp index. The UPLC protocol for differs from CSF due to its higher protein
content. The serum samples were diluted 1:2 with either sample diluent (0.9% NaCl, 10 mM
EDTA) or 5 mg/mL Hb solution and 5 pL of each preparation was injected onto the UPLC column
(ACQUITY BEH size exclusion column, Waters, USA) in running buffer (50 mM Tris and 150 mM
NaCl, pH 7.5) and absorbance monitored at 415 nm wavelength. The area of the peak on the
chromatogram was calculated using proprietary Empower software (Waters, USA) and this was

read against the Hb standard curve.

3.4.5 Albumin quotient, haptoglobin quotient and haptoglobin index analysis

Albumin is not synthesized within the CNS, and the alboumen quotient (Qalb = CSF albumin/serum
albumin) was used to quantify BBB impairment after SAH. Only samples from day four onwards
were to exclude albumin entering the CSF through the bleed. Temporal analysis of Hp in the CSF
indicated that by this time point bleed-derived excess of plasma proteins were cleared from the

CSF. Since Hp1-1 has a similar molecular weight to albumin, the Hp intrathecal index (Hp index =
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QHp/Qalb) was used to quantify intrathecal Hp1-1 synthesis in Hp1-1 individuals. Matched CSF
and serum samples from day four onwards were measured for albumin by NHS clinical
biochemistry using a spectrometric assay run on a Beckman Coulter clinical chemistry analyser.
The assay relies on the reaction of albumin with Bromocresol Purple to form a coloured complex;

absorbance is then measured at 600 nm to obtain an albumin measurement.

3.4.6 Calculation of bleed size volume

The volume of the blood clot in the subarachnoid space was calculated to control for the size of
the bleed between patients in statistical analysis of effects of Hb in the CSF. CT imaging of the
head was available for 38 patients of the HASH study and volumetric blood clot volume was
calculated using Medical Image Processing, Imaging and Visualization v7.2 software. To ensure
standardisation, all CT images were acquired using the same protocol within the first three days
post-ictus, using contiguous slices. The radiodensity threshold of CT images was set between 50
and 80 Hounsfield units, and converted to binary mask. Regions of interest representing SAH and

total blood clot were drawn manually on each slice, and grouped into single 3D volumes.

3.5 Primary hippocampal cell culture

3.5.1 Statement of ethics

All animal experiments were approved by the University of Southampton Ethics committee and
conducted in accordance with the United Kingdom Home Office Animals (Scientific Procedures)
Act 1986. The work in this section was performed under Schedule 1 of the act: appropriate

methods of humane killing.

3.5.2 Culture protocol

Hippocampal and cortical cultures were prepared from post-natal day 0 (PO) C57BL/6 mice. Mice
were culled via Schedule 1 cervical dislocation and were subsequently decapitated. The brain was
dissected and transferred to Hank’s Balanced Salt Solution (HBSS) (Gibco, Life Technologies).
Under the dissection microscope the midbrain was removed and the two hemispheres were
separated. The hippocampus was identified in each hemisphere and carefully removed by cutting
away the surrounding cortical tissue. Once isolated, the hippocampi and cortex were collected in

separate 15 mL centrifuge tubes (Corning, USA) containing HBSS.

The hippocampal and cortical neurones were dissociated using a kit designed for post-natal

neurons (Miltenyi, Germany). 2 mL of enzyme mix 1, as detailed in Table 3.10 was added to each
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neuronal preparation. The tissue was incubated at 37°C for 15 minutes on a shaker. 30 pL of
enzyme mix 2 as described in Table 3.10 was next added to each preparation and the tissue was
gently agitated by pipetting up and down 10 times before further incubation at 37°C for 10
minutes on a shaker. An additional 15 plL of enzyme mix 2 was added followed by trituration until
a cell suspension had formed. The suspension was filtered through a 100 um cell strainer and the
enzymatic activity of the neural dissection kit stopped by dilution with 10 mL BSA solution. The
cells were pelleted by centrifugation at 130 g for 10 min and the resulting pellet was resuspended

in 1 mL filter sterilized neuron media (Table 3.11).

Table 3.10 Enzyme mixtures from Miltenyi neuron dissociation kit used for the digestion of brain
tissue to produce a cellular suspension. Enzymes and buffers in the Miltenyi kit are

proprietary information.

Enzyme mix 1 Enzyme mix 2

Enzyme P (sol 1) Buffer Z (sol 2) B-mercaptoethanol Buffer Y (sol 3) Enzyme A (sol 4)
1:1000
10 ul 1950 pl 10 ul 30 ul 15 pl
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Table 3.11 Constituents of Neuron Media.

Volume Reagent ‘

1ml 50 x Neurobrew
500 pl GlutaMAX
48.5 ml Neurobasal media

12 well culture plates were prepared with a circular glass cover slip in the centre of each well. The
cover slip and outer ring of the well were coated in poly-D-Lysine. Hippocampal cells were seeded
onto the central glass coverslips at a density of 5000 cells/well and cortical cells were seeded

around the perimeter of each well at a density of 200,000 cells/well. Cultures were maintained at

37°C and 4% CO, for one week to allow the establishment of neuronal networks.

3.5.3 Assessment of viable cells

Cells were fixed in 4% Paraformaldehyde (PFA) for 30 minutes and the glass coverslips removed.
Immunocytochemistry for Microtubule-associated Protein 2 (MAP2) with 4’, 6-diamidino-2-
phenylindole (DAPI) counterstaining was performed on coverslips to enable visualization of viable
neurones. Following staining, coverslips were mounted onto slides and viewed at x40
magnification. Moving in a linear direction from top of the coverslip to the bottom, viable cells
were counted and compared to controls. Viable neurones were defined as MAP2-positive cells

with clearly defined dendritic processes and well defined healthy nuclei.

3.5.4 Haptoglobin neurotoxicity experiment

Established neuronal cultures were allowed to mature for 7 days and then the culture media was
supplemented with either vehicle (saline), Hp5911 (BPL Hp preparation) or a purified fraction of
Hp5911. Hp fractions were loaded at equivalent amounts to their proportion in the original
Hp5911 preparation. Cultures were maintained for 14 days and treatment of each condition was

re-treated during the media change.

3.5.5 Haemoglobin neurotoxicity experiment

Established neuronal cultures were allowed to mature for seven days and then the culture media
was treated with a mouse haemolysate prepared as detailed in Section 3.5.8 containing the
following range of Hb concentrations: 0.1 uM, 1 uM, 10 uM, 25 uM, 50 uM. The cultures were

maintained for a further 7 days and re-treated with each condition during the media changes.
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3.5.6 Haptoglobin efficacy experiment

The established neuronal cultures were treated with a pre-mixed solution of mouse haemolysate
(as above) and an equimolar concentration of Hp (Bio Products Laboratory, UK). The cultures
were maintained for a further seven days and re-treated with each condition during the media

change.

3.5.7 Hp5911 dialysis

5 mL of BPL Hp5911 Hp preparation was added to dialysis tubing with a 20 kDa size cut off and
placed in 1L 0.9% Saline on a stirrer plate. The solution was dialysed for seven days and the 0.9%
saline solution changed twice a day. During the day the dialysis vessel was stored at RT and at 4°C

overnight.

3.5.8 Production of a murine haemolysate

Adult C57BL/6 mice were terminally anaesthetised by intraperitoneal (I.P.) administration of 50 pL
pentobarbital. The peritoneal cavity was opened and the diaphragm removed to expose the

heart. Blood was collected via cardiac puncture and transferred to heparinized Eppendorf tubes.

4 mL of collected blood was combined with 14 mL endotoxin-free PBS (Gibco, ThermoFisher
Scientific, USA) and centrifuged at 475x g for 15 minutes. The supernatant and a buffy coat was
removed and replaced with 14 mL endotoxin-free PBS. This process was repeated until the
supernatant was colourless. Deionised water was added to the collected erythrocytes at a ratio of
4 mL of dH,0 per 1 mL of cells to lyse them. Following this the solution was centrifuged at 13000
RPM for 30 minutes to removed ghost membranes of the lysed erythrocytes. The resulting pellet

was discarded leaving a haemolysate solution (the supernatant).

3.6 In vivo methods

3.6.1 Statement of ethics

All animal experiments were approved by the University of Southampton Ethics committee and
conducted in accordance with the United Kingdom Home Office Animals (Scientific Procedures)
Act 1986 under project licence 30/3057. All animal experiments were performed at the University
of Southampton Biomedical Research Facility. Animals were housed in conditions with a 12 hours

light/dark cycle with food and water available ad libitum.
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3.6.2 Experimental subarachnoid haemorrhage model

An injection model of SAH in mice developed by Dr R. Loch Macdonald’s group was used here!?°,
Competency in the technique was achieved through a period of training in their laboratory in April
2015. C57BL/6 males aged either 2 months or 3-4 months were anaesthetised with isoflurane (5-
3%), or a ketamine (Bayer) and xylazine (Pfizer) mixture (100 and 10 mg/kg, respectively) (as
detailed Chapter 7). The head was shaved and then fixed in a stereotaxic frame. A burr hole was
drilled 4.5 mm anterior of bregma and 1 mm laterally. Visual landmarks of the vasculature
crossing between the eyes was used to identify the site of drilling. The drill was angled at 40° and
the hole was filled with bonewax (Covidien, NHS supply chain) to prevent leakage of blood during
injection and maintain ICP. A laser Doppler probe was positioned flat on the surface of the skull,

as posterior to the burr hole as possible, ensuring it was not directly above a major blood vessel.

A blood donor animal was anaesthetised with 5% isoflurane or a ketamine (Bayer) and xylazine
(Pfizer) mixture (100 and 10 mg/kg, respectively) (as detailed Chapter 7). The peritoneal cavity
was opened and the diaphragm removed to expose the heart and approximately 300 uL of blood
was collected via cardiac puncture using a glass syringe (Hamilton, USA). Once collected the

animal was immediately sacrificed via cervical dislocation.

A 27 gauge spinal needle with a Whitacre tip was attached and the Hamilton syringe was fitted to
a syringe driver on the arm of the stereotaxic frame. The needle was inserted through the burr
hole at a 40° angle until the base of the skull was reached; the needle was withdrawn slightly so
the tip was in the prechiasmatic cistern. Either 100 pL or 60 puL of blood was injected with the
syringe driver at a rate of either 300 puL/minute or 200 pL/minute using a syringe driver (as
detailed Chapter 7). Cerebral tissue perfusion was monitored by laser Doppler. The needle was
left in place for 5 minutes to allow sufficient time for clot formation and to prevent reflux up the
needle tract. Following removal, the burr hole was closed with bonewax and the incision sutured.
Control animals received an injection of sterile saline in the prechiasmatic cistern as opposed to

blood.

3.6.3 Behavioural assessment

3.6.3.1 T maze spontaneous alternation

Spontaneous alternation in mice was assessed using a T maze as a measure of working spatial

memory*3®

. Within the maze, a 0.5 mm layer of bedding was placed at a ratio of 70:30 clean to
soiled bedding. The addition of soiled bedding from another cage separate to the animal’s home

cage provided motivation for the animals to run the maze and promoted spontaneous activity.
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The mouse was placed in the start arm, facing away from the goal arms and the time taken for it
to enter a goal arm was measured. The goal arm entered (right or left) and the time taken to
enter was recorded. Upon entering a goal arm, the guillotine door was closed and the mouse
allowed to explore the goal arm for 30 seconds. The mouse was classed as entering the start arm
once the tip of its tail had passed the guillotine door of that arm. The central partition was
removed and the mouse was again placed in the start arm of the maze, facing away from the goal
arms and allowed to run the maze a second time. The time taken to enter a goal arm and the goal
arm entered (left or right) on the second run was recorded. A cut off time of 90 seconds was used;
if the mouse failed to enter a goal arm within this time then it was recorded as a failed run
attempt. Four trials were performed per day, typically two in the morning and two in the
afternoon equalling 20 trials per week. Repeat trials of each animal were separated by a minimum

of 10 minutes.

If animals alternated the arm chosen they received a score of 1, if they failed to alternate they
would receive a score of 0. The scores were summed and expressed as a percentage of the total
number of trials (20 trials). Failed run attempts were not included in analyses. For example if
across 20 trials an animal successfully alternated 10 times, then its rate of alternation can be

calculated as 10/20=0.5.

3.6.3.1.1 T Maze habituation

Animals were run through the T Maze for 20 trials, spread over the course of one week, prior to
SAH surgery. This was to acquire baseline pre-surgery data for each animal. The average of blocks
of four trials were plotted to investigate habituation of the mice to the test. This can be seen in
Figure 3.9; there is consistently 60-70% spontaneous alternation, even from the first attempts at

the maze indicating there is no requirement for a habituation or learning phase of the task.
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Figure 3.9 The average spontaneous alternation behaviour. Data show the average of block of four
trials to investigate habituation to the behaviour test. There is uniform alternation
occurring across the 20 trials, indicating that there is no requirement for a

habituation stage. Data are expressed as mean * SD.

3.6.3.2 Burrowing behaviour

Burrowing behaviours in the mouse were assayed as described in Deacon et al. 2006, Prior to
assessment of burrowing ability, animals were habituated to the assay. This involved placing a
burrowing tube (made in-house) filled with food pellets into the cage of group housed animals
overnight. The following evening animals were individually housed with a burrowing tube filled
with food pellets placed in their cage. The burrowing tubes were inspected the following morning.
If all of the animals had successfully burrowed the contents of the tube then they had become
habituated or they had learnt the assay. If an animal was found not to have completely burrowed
the entire tube of pellets, the habituation process was repeated until all the animals burrowed;

this allowed the other animals to teach the mice that failed.

Assessment of burrowing was made at baseline (pre-surgery) and at days 7 and 14 post-surgery.
Burrowing tubes filled with food pellets were weighed and left in the animal’s cage overnight.
Tubes were recovered the following morning and weighed to assess the weight of pellets

burrowed.
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3.6.3.3 Open field arena

Behaviour was assessed using the open field behaviour paradigm. Mice were placed in the centre
of a laser-monitored behaviour arena (Med Associates, USA). Recording began automatically and
continued for a five minute period. Habituation occurred for three days prior to surgery, and the
final session was recorded as a baseline score of behaviour. Post-surgery, mice were assessed
daily from day two onwards. Testing was performed in the same room and at the same time each

day, under the same light conditions, by the same operator.

Measurements were made of ambulatory distance, ambulatory velocity, number of ambulatory
counts, number of vertical counts, number of stereotypic counts, number of jump counts and

duration resting.

The preference for a mouse to spend time in the periphery close to the walls of the arena (as
opposed to venturing into the centre of the open field) is termed thigmotaxis and is often
interpreted as an anxious phenotype!*!. Therefore a zonal analysis was performed in which the

arena was divided into the centre zone and a peripheral zone.

3.6.4 Tissue harvesting

Animals were euthanized with 50 pL pentobarbital and transcardially perfused through the left
ventricle with heparinised-10mM glucose-PBS followed by 20 mL 20uM 5-(6)-Carboxy-X-
rhodamine, succinimidyl ester (ROX SE) dye in 10mM glucose-PBS prior to perfusions with 4% PFA
(in PBS). Brains were extracted and post-fixed in 4% PFA in the dark at 4°C for 24 hours before

being transferred to PBS.

3.6.5 Fluorescent imaging of circle of Willis to assess vasospasm

Brains were assessed for vasospasm by fluorescent imaging of the major arteries of the circle of
Willis in a technique established by the Zipfel group*?. Arteries were visualised by staining with
ROX SE during perfusion fixation (see Section 3.6.4). This is a rhodamine analogue dye that forms

NHS esters with amine side chains of proteins on the surface of endothelial cells.

Brains were placed en bloc on a glass coverslip and gently covered in PBS before placing on the
stage of an SP8 confocal laser scanning microscope (Leica, Germany). Vessels were imaged at
1024 x 1024 pixel resolution with four line averaging, 10x magnification and 0.75 zoom using an
excitation laser wavelength of 561 nm and monitoring emittance between wavelengths of 572 —
699 nm. Z stacks were generated through the entire vessel with spacing of 10 um. The z stack

data were visualized in two dimensions using the maximum projection function.
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Photomicrographs were acquired of the Anterior Cerebral Artery (ACA), Middle Cerebral Artery
(MCA) and the Posterior Communicating Artery. Measurements of vessel thickness were made in
Imagel (National Institute of Health, USA) using the line tool and measure function by drawing
from one wall of the vessel to the other in a perpendicular direction. Measurements were made

at the narrowest point across the first 1 mm of the vessel.

3.6.6 Histology

Sections were dewaxed in xylene and rehydrated through graded concentrations of ethanol.

Protocols for each marker or stain are described below.

3.6.6.1 Iba-1

Endogenous peroxide activity was quenched with 3% H,0, in methanol for 10 minutes. Antigens
were retrieved by incubating slides in citrate buffer in a pressure cooker for two minutes. Sections
were then blocked in medium containing DMEM, fetal calf serum and bovine serum albumin for
20 minutes at RT. Primary antibody was incubated at 4°C overnight (1:5000 anti-rabbit ibal,
Wako). Following three washes in TBS, sections were incubated with biotinylated goat anti-rabbit
secondary antibody (1:1000, Vector Labs) for 30 minutes at RT. Sections were washed three times
in TBS and then incubated in ABC solution for 30 minutes at RT. Sections were washed three times
followed by development by 0.05% w/v 3,3’-Diaminobenzidine (DAB) and 0.015 v/v hydrogen
peroxide for two minutes. Sections were counterstained in haematoxylin, dehydrated through
increasing concentrations of ethanol and cleared in xylene prior to mounting using DPX mounting

medium.

3.6.6.2 Synaptophysin

Antigens were retrieved by incubation at 65°C in 0.2M boric acid (pH 9) for 30 minutes.
Endogenous peroxide was quenched using 0.3% hydrogen peroxide in PBS. Sections were then
blocked in 10% normal goat serum for one hour at RT in PBS before incubation with primary
antibody (anti-synaptophysin, 1:2000, Millipore) in the same blocking solution at 4°C overnight.
Sections were washed three times in PBS then were then incubated in biotinylated anti-mouse
secondary antibody (Vector Labs) in PBS for one hour at RT. Sections were washed three times for
five minutes each in PBS prior to incubation in ABC solution for 45 minutes. Sections were
developed with 0.05% w/v DAB and 0.015% v/v hydrogen peroxide in 0.1M phosphate buffer for
three minutes. Sections were washed again for a final three times in PBS and mounted in DPX

mounting medium.
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3.6.6.3 Perls’ staining

Perls’ reagent consists of potassium ferrocyanide and hydrochloric acid. The hydrochloric acid
denatures iron-binding proteins (such as haemosiderin and ferritin) releasing ferric iron.
Potassium ferrocyanide then reacts with ferric iron to produce ferric ferrocyanide which is an

insoluble blue pigment. The staining is amplified by development with DAB.

Sections were incubated in 7% w/v potassium ferrocyanide and 2% v/v hydrochloric acid (mixed in
a 1:1 ratio) at 40°C. Following a wash in distilled water, endogenous peroxidase activity was
qguenched in 0.3% v/v hydrogen peroxide in TBS for 30 minutes at RT. Sections were developed in
0.05% w/v DAB and 0.015% v/v hydrogen peroxide in 0.1M phosphate buffer for seven minutes.
Of the two sections per slide, only one was counterstained with haematoxylin; the unstained
section was used for Perls’ quantification. Sections were dehydrated through graded

ethanol/water solutions and cleared in xylene prior to mounting with DPX mounting medium.

3.6.7 Imaging and analysis

To ensure blinding, all samples were coded prior to image capture and analysis. Images were

captured using a DM4B microscope (Leica, Germany).

3.6.7.1 Iba-1

Sections were viewed under x20 magnification of the striatal region proximal to the blood clot
and at 40x magnification of the hippocampus. Iba-1 positive cells, whose nuclei were clearly
visible were counted using a 10 mm reticule with a 10 x 10 grid. In the striatum cells were counted
in two non-overlapping regions: 1) the basal surface of the brain, encompassing the ventral
striatum on the ipsilateral side of injection, and 2) more superiorly, in a central region of the
striatum. In the hippocampus, cells were counted in a region encompassing the molecular layers
of the stratum radiatum (SR) and stratum lacunosum moleculare (SLM). Two sections per animal
were counted and means were calculated for striatal and hippocampal regions. Representative

images were captured at 20x magnification in both regions.
3.6.7.2 Synaptophysin

Images were taken at x10 magnification in order to image multiple strata of the hippocampus
ipsilateral to the injection site. Staining was quantified according to a method established by
Cunningham et al**, to quantify staining as a ratio between regions normalised to the background
staining intensity. Hippocampal strata pixel densities were measured using ImagelJ software (NIH,

USA. The dentate gyrus (DG) granular cell layer (the area of highest transmittance) was used as an
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internal control for each section and other strata transmittances were adjusted by subtraction of
the DG transmittance from this layer’s transmittance. A ratio was then calculated using the
adjusted transmittances for the SR and the SLM: Ratio = (Tps - Tsr)/(Toc - Tstm). One section per

animal was analysed.

3.6.7.3 Perls’ staining

Brightfield images of non-counterstained sections were obtained at x20 magnification. Using
Imagel, images were converted to 8 bit format, and were subjected to the same thresholding. The
area fraction of staining in the whole ipsilateral hippocampus was then quantified to represent

the degree of non-haem iron deposition.

3.7 Statistical analysis

Normality was routinely determined across all data sets using the Kolmogorov-Smirnov test.
Where necessary, log(10) or Ln transformation was used to normalise data. Results were
considered significant at p=0.05. Two-tailed hypotheses were considered throughout. Statistical
analysis and graph creation was carried out using SPSS (v24) and GraphPad Prism (v7.01), with
data expressed as mean + standard deviation (SD), mean * standard error of the mean (SEM), or
median * interquartile range (IQR), as stated in relevant figure legends. Detailed methods of

statistical modelling are explained in detail in Chapter 4 and Chapter 5 where relevant.
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Chapter 4 Haptoglobin genotype and clinical outcome

after aneurysmal subarachnoid haemorrhage

4.1 Introduction

After SAH, erythrocyte lysis results in high concentrations of free Hb in the CSF. There is evidence
that cell free Hb is a contributor to pathology after SAH, causing direct neuronal death?! and
contributing to vasospasm and DCI. It has recently been shown that the brain has a limited

capacity to clear this Hb%2,

Extracellular Hb and its clearance by Hp may be an important modifier of outcome after SAH. Six
studies have suggested an association between HP genotype and outcome; these studies were

relatively small in size and only looked at the HP duplication (HP1 vs HP2)07-111.113,

The mechanistic basis for the difference in outcome between HP1 and HP2 is not yet clear. These

include:

1) Hp expression level. This is a fairly consistent finding in the literature. Serum Hp levels are
higher in HP1-1 > HP2-1 > HP2-2.

2) Hb clearance. There are multiple points in Hp’s mechanism of Hb scavenging where
differences between isoforms may reside, as listed below. Multiple studies in the
literature have investigated these isoform differences, and reports are not always in
agreement, as summarized in Appendix B.

l. affinity for Hb

Il. inhibition of Hb’s oxidative potential
lll.  inhibition of haem release from Hb
V. inhibition of NO scavenging by Hb
V. affinity for CD163

VI.  uptake by CD163* macrophages

In distinguishing between 1) and 2), above, a study of the association between clinical outcome
and Hp level (in CSF and/or serum) may be considered. However such a study would be
challenging for a number of reasons. First, an opportunity to sample CSF in SAH patients only
occurs in high-grade patients requiring external ventricular drainage (EVD), leading to a biased
patient population. Second, the Hp level is not an accurate reflection of Hb scavenging since it

does not take into account the rate of Hp recycling. Also, Hp level is influenced by a variety of
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other factors. For instance, Hp expression increases during inflammation®*4, because of an IL-6
response element in the promoter region of the gene. Additionally, a number of CNS-resident cell
types are able to express Hp during inflammatory processes; for example oligodendroglia are able
to express Hp during CNS haemorrhage®®. Further, during SAH Hp levels in the periphery are

observed to decrease due to scavenging of HpHb complexes by CD163+ macrophages!®.

In view of these complexities, a genetic approach was considered. The SNP rs2000999 is the
strongest known determinant of Hp expression®, so can be used as a proxy to investigate the
relationship between Hp expression capacity and outcome after SAH. A genetic approach
facilitates a large study sample size, since DNA is more readily available than CSF. rs2000999 is a
G—A SNP which explains up to 45% of the genetic variation in Hp circulating levels®. It is located
17 kb downstream of the HP duplication mutation, in an intronic region of the haptoglobin-
related protein gene. A number of cohorts have been used to replicate the effects of rs2000999
on Hp levels and these are presented by Froguel et al. 2012%°. The use of the rs2000999
polymorphism would enable me to work out whether the difference in outcome with HP
duplication genotype was due to differences in 1) Hp expression level, or 2) Hb scavenging

efficiency, between the HP isoforms.

The over-arching hypothesis in this chapter is that an individual’s HP genotype affects outcome
after SAH. Specifically, | hypothesize that 1) In SAH patients, a HP genetic variation driving Hb
clearance (HP duplication) affects outcome after SAH; 2) In SAH patients, a HP genetic variation

driving serum Hp concentration (rs2000999) affects outcome after SAH.

In order to address these hypotheses, aneurysmal SAH patients from the Genetics of
Subarachnoid Haemorrhage (GOSH) study were genotyped for their HP duplication status using in
house genotyping assays and typed for their rs20009999 status with commercial KASP genotyping
technology (LGC Genomics, Hertfordshire, UK). GOSH was a study investigating the genetics of
aneurysmal rupture risk, and therefore recruited patients with ruptured and unruptured

aneurysms; clinical outcome was also recorded using mRS and GOS at the time of recruitment.

A missingness analysis was conducted to determine whether the HP genotype or rs2000999
affected early mortality after SAH, by comparing the frequency of genotypes in the GOSH cohort
with that of a control cohort. The latter cohort was a subset of the ALSPAC (Avon Longitudinal
Study of Parents and Children) study, previously genotyped for the HP duplication and rs2000999
(n=927)'*. This population of young adult (18-20 year old) mixed-gender community dwellers in
England, was ideal to determine genotype frequencies with minimal bias as a result of disease,

country of origin, gender and healthcare, in a population relevant to the GOSH study.
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In the outcome analysis, the a priori planned primary outcome was long term outcome on follow
up as measured by mRS. Secondary outcomes included GOS at follow up, mRS and GOS scores at

discharge, TCD confirmed vasospasm, DIND and length of time from ictus to discharge from

hospital.
4.2 Results
4.2.1 The effect of the HP duplication and rs2000999 on Hp expression level in healthy

individuals

Both the HP duplication and rs2000999 have been reported to influence serum Hp in a number of
non-British ethnic groups®%556%146-154 | this study, it was important to assess the contribution of
the HP duplication and rs2000999 to serum Hp levels in a British population, similar to the GOSH
SAH population. To this end, | studied individuals from the ALSPAC study in whom both HP genetic
variations and Hp serum concentration were available (n=325). Association of HP duplication and
rs2000999 type with Hp serum level was investigated using multiple regression with Hp level as
outcome and the HP duplication, rs2000999 and gender as explanatory variables. Age was not
included as a covariate as all participants were around 20 years old, and age does affect Hp serum
level®. It was found that the HP duplication and rs2000999 influenced Hp serum levels to a similar
extent: the HP2 allele and the rs2000999 A allele were associated with a decrease in serum Hp of
0.26 and 0.14 g/L, respectively (Table 4.1). An effect of male gender was also found to associate

with a 0.14 g/L reduction in serum Hp level.

Table 4.1 Multivariate linear regression of Hp serum level vs the HP duplication and rs2000999 in

an ALSPAC subpopulation (n=325) (model fit: r squared = 0.23, p = 2.2x10°%).

Coefficient Lower Upper

95% ClI 95% ClI

HP duplication -0.2641 0.0354 -0.334 -0.195 8.46x1013
rs2000999 -0.1356 0.041 -0.217 -0.054 0.00124
Gender (male) -0.136 0.046 -0.227 -0.045 0.0037
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4.2.2 SAH population: demographic and patient characteristics

This analysis utilized aneurysmal SAH patients from the GOSH study. A flow diagram of
participants from the GOSH study used in this analysis is shown in Figure 4.1 in accordance with

the STrengthening of Reporting of OBservational studies in Epidemiology (STROBE) guidelines>.

Unruptured aneursyms: P GOSH study:
605 h 2334
Subarachnoid haemaorrhage:
1729
No clinical data: P DNA sample available: Ineligible (pmSAH):
72 h 1422 ~ 36
Aneurysmal SAH with DNA: \ Failed clinical data quality
1314 - control checks: 15
DNA analysis: N Incomplete clinical data:
1299 - 309
Full HP CNV dataset: Full rs2000999 dataset: Fullclinical & DNA dataset:
1298 1290 990
\ 4 Y
Missingness Multivariate analysis of long-
analysis term follow-up

Figure 4.1 STROBE (strengthening the reporting of observational studies in epigenetics initiative)
flow diagram detailing progress of selection of patients from the GOSH study for

analysis.

The demographics and clinical characteristics of the GOSH study population are presented in
Table 4.2, for the two types of analyses conducted: 1) missingness analysis, and 2) outcome
analysis. This is because clinical data were not available for all patients who were genotyped, who
therefore could not be entered into the outcome analysis. GOSH was a study of long term
outcome in SAH survivors, since patients were assessed after recovery from the acute phase of
SAH, with a median time from ictus of 18 months (IQR: 27 months). In fact 68% of patients in

GOSH had a good outcome at discharge (by mRS score) and a significant higher rate of lower
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Fisher grades (I-11), compared to a recent multicentre study recruiting mostly from the UK**® (39%
vs 16% respectively, x*=120.8, p<0.0001). This is because patients who died after admission or
experienced significant morbidity would not have been recruited to the GOSH study, due to its

retrospective design.

The cohort is mostly women (70%); incidence of SAH is higher in women and other study
populations have a similar gender ratio!®’11%157.1%8 The mean age was 53 years; this is within the

expected age range of SAH patients and similar to other SAH populations!07:109:110.157,159,

Hydrocephalus occurred in approximately one third of the cohort (35%) which is in line with the
expected rate of hydrocephalus!®®1° and there was no significant difference in the incidence of
hydrocephalus between the three HP duplication genotypes. Hypertension was slightly more
frequent in the HP1-1 group, however this was not statistically significant. The prevalence of
hypertension in this study was 29.7%, and was similar to the rate of those taking blood pressure
medication (22.4%). This is low, compared to a recent UK SAH audit (35.6%)*. The majority of
patients received an aneurysm coiling procedure (76%), followed by aneurysm clipping (20%). This
is in line with modern clinical practice!®?, which prioritises coiling over clipping due to better

expected outcome!®?, 1.1% of patients received no aneurysmal treatment.

Transcranial Doppler (TCD) to assess large vessel vasospasm was only performed regularly at a
subset of centres (King’s College Hospital, National Hospital for Neurology and Neurosurgery,
Newcastle, Royal Preston, University Hospital Southampton and James Cook University Hospital).
Of the patients from these centres who were assessed with TCD, 23.2% had vasospasm; this is
lower than expected?®®®. DIND® occurred in 20.6% of cases, similar to that observed in SAH studies

in the literature®®*.
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Table 4.2 Demographics and clinical characteristics for GOSH participants included in the
missingness analysis® and clinical outcome dataset’. Notes: Mean & range‘, number

and %°, median & range®, % is of available data® or of total data®’.

Missingness analysis? Outcome analysis®
Number 1299 990
Age (years)c 53, 16-92 54, 19-92
Genderd
male 385, 30% 288, 29%
female 914, 70% 702, 71%
Hypertensiond
Yes 383, 29% 291, 29%
No 916, 71% 699, 71%
WFNSH
1 711, 56.9% 549, 55.5%
2 278, 22.3% 228, 23.0%
3 54, 4.3% 49, 4.9%
4 129, 10.3% 97, 9.8%
5 77, 6.2% 67, 6.8%
Fisher graded 81, 8.2%
1 94, 8.0% 296, 29.9%
2 363, 30.8% 227, 22.9%
3 266, 22.5% 386, 39.0%
4 457, 38.7%
Hydrocephalus¢
Yes 459, 35% 362, 37%
No 840, 37% 628, 63%
Aneurysmal managementd
Coiled 991, 78% 784, 79%
Clipped 265, 21% 198, 20%
Supportive 14, 1% 8, 1%
Aneurysm locationd
Anterior circulation 1087, 84% 840, 85%
Posterior circulation 177, 14% 142, 14%
Not classified 35, 3% 8, 1%
Nimodipined
Yes 1211, 93% 948, 96%
No 88, 7% 42, 4%
Time since ictus (months)e 18, 0-519 18, 0-96
HP duplication genotype?
HP1-1 205, 16% 155, 16%
HP2-1 612, 47% 467, 47%
HP2-2 481, 37% 368, 37%
rs2000999 genotype?
AA 57, 5% 41, 4%
AG 379, 29% 290, 29%
GG 854, 66% 659, 67%
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4.2.3 Genotype missingness analysis

In the GOSH cohort, 205 patients (16%) had the HP1-1 genotype, 612 (47%) had the HP2-1
genotype and 481 (37%) had the HP2-2 genotype. For the rs2000999 SNP, 854 (66%) of patients
had the GG genotype, 379 (29%) had the GA genotype and 57 (5%) had the AA genotype.

Missingness is the absence of individuals from a genotype group compared to what is expected.
Reasons for missingness include errors in the genotyping technique or bias due to clinical
ascertainment which relates to a genotype!®® (such as higher rates of mortality relating to a
specific genotype). Missingness in a genotype-association study such as this, may result in biased
or erroneous outcomes. To test for missingness in the GOSH study, two analyses were performed:
1) genotype frequencies were checked for Hardy-Weinberg equilibrium (HWE); 2) comparison was
made with genotype frequencies in a control population, a subset of the ALSPAC cohort (n=927).
The survivor characteristic of the GOSH cohort was used to determine whether Hp impacts on
early mortality or morbidity after SAH; missingness observed in the above comparisons would

indicate a genotype is implicated in early mortality or morbidity after SAH.

4.23.1 Hardy-Weinberg equilibrium

HWE is achieved when genetic variation in a population remains constant from one generation to
the next in the absence of disturbing factors such as selection pressures. Therefore the
frequencies of genotypes will remain the same between generations. To assess missingness using

HWE, an online calculator!®® was used. The hypotheses are stated below:

Null Hypothesis (Ho): There is no significant difference between frequencies of the genotypes in

the GOSH cohort compared to the expected frequencies (GOSH is in HWE).

Alternative Hypothesis (H1): There is a significant difference between frequencies in the GOSH

cohort compared to the expected frequencies (GOSH is not in HWE).

The observed and expected frequencies of the HP duplication in the GOSH cohort are shown in
Table 4.3. Using the online HWE calculator!®, the allele frequencies were identified as: HP1
(p)=0.39; HP2 (q)=0.61 and the chi-squared test against expected frequencies was not significant
(x?=0.2, p>0.05). The null hypothesis is accepted, therefore this cohort is in HWE with respect to
the HP duplication.
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Table 4.3 The observed frequencies of HP duplication genotypes in the GOSH cohort. Expected

frequencies derived from chi-squared calculation of HWE.

Genotype Expected Observed Numbers Frequency
numbers
HP1-1 201 (15%) 205 16%
HP2-1 620 (48%) 612 47%
HP2-2 477 (37%) 481 37%
Total 1298 1298 100%

The observed frequencies of each genotype for the SNP rs2000999 are shown in Table 4.4. Using
the online HWE calculator?®® the allele frequencies of rs2000999 in the GOSH cohort were
identified as: G (p)=0.81; A (9)=0.19 and the chi-squared test against expected frequencies was
not significant (x?=3.18, p>0.05). The null hypothesis is accepted, therefore this cohort is in HWE
with respect to rs2000999.

Table 4.4 The observed frequencies of rs2000999 SNP genotypes from the GOSH cohort. Expected

frequencies derived from chi-squared calculation of HWE.

Genotype Expected Observed Numbers Frequency
Numbers
GG 844 (65%) 854 66%
GA 399 (31%) 379 29%
AA 47 (4%) 57 5%
Total 1290 1290 100%
4.2.3.2 Comparison to a healthy control cohort

The chi-squared (x?) test was used to assess missingness by comparison to the control ALSPAC

population'*. The HP duplication genotype frequencies are presented in Table 4.5; these were

not significantly different in GOSH vs the ALSPAC population (x*=2.36, p>0.05). The rs2000999

frequencies are presented in Table 4.6; once again no difference was observed between the

GOSH and ALSPAC populations (x?=0.10, p>0.05).
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Table 4.5 HP duplication genotype frequencies in GOSH vs ALSPAC.

HP1-1 HP2-1 HP2-2 Total x* vs GOSH
205 612 481 1298
GOSH
16% 47% 37% 100%
137 418 372 927 x?=2.19
ALSPAC
15% 45% 40% 100% NS p=0.335

Table 4.6 rs2000999 genotype frequencies in GOSH vs ALSPAC.

rs2000999 GG rs2000999 AG rs2000999 AA Total x* vs GOSH
854 379 57 1290
GOSH
66% 29% 5% 100%
485 229 34 748 x*=0.39
ALSPAC
65% 31% 4% 100% NS p=0.822

The presence of HWE and lack of missingness of the HP duplication and rs2000999 when
compared to a healthy control population indicated that these HP genetic variations do not
impact on early morbidity or mortality after SAH. It also provides confidence in the accuracy of

the genotyping technique.

4.2.4 Linkage Disequilibrium estimation

Linkage Disequilibrium (LD) is the non-random association of alleles at different loci; it represents
the non-independence of inheritance of alleles at different loci ie how often the two alleles are
coinherited. The CubeX online tool**® was used to estimate LD between the HP duplication and
the SNP rs2000999. The frequencies of the nine possible genotype permutations from both
genetic polymorphisms are shown in Table 4.7. The results indicate that the two polymorphisms
are in LD but this is not complete (D’=0.92, R?=0.13). The high D’ value indicates that alleles are
inherited together 92% of the time. The R? value takes into account the frequency of alleles, and
the low value means that they do not provide identical information; ie one polymorphism cannot
substitute the other. R?is heavily influenced by the complete absence of the coinheritance of the

two rare alleles (Hp1-1:AA) making this number low.
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Table 4.7 Frequencies of the 9 possible haplotypes in the GOSH cohort.

HP1-1 HP2-1 HP2-2
GG GA AA GG GA AA GG GA AA
No. of
199 7 0 415 200 2 241 185 56
patients

Frequency | 15.2 0.5 0 31.8 15.3 0.2 18.5 14.2 4.3
4.2.5 Association of HP genetic polymorphisms with outcome
4.2.5.1 Primary outcome

The effect of HP genotype on long term outcome in GOSH cannot be assumed to be the same as
that in previous studies examining the association between HP genotype and outcome?’-111,
Important differences are that 1) GOSH is a study of long term, not short term outcome, since
patients were followed up with a median time since ictus of 18 months; 2) GOSH represents a
population of patients who performed well in conventional terms, such that only 15% had an
unfavourable follow up mRS of 3-6. The longer duration of follow up in this study of SAH survivors
may be expected to minimize the effect on outcome of variable recovery from acute pathological

factors such as increased ICP, mechanical stretch injury, ischaemia and inflammation.

The a priori planned primary outcome was long term outcome after SAH as measured by the
follow up mRS. Logistic regression modelling was employed to assess the effect of the two HP
genetic variations on follow up mRS, while controlling for covariates. The sample size was smaller
in the outcome analysis (n=990), compared to the missingness analysis (n=1299), due to lack of
complete clinical data for some samples. However there was no missingness of any genotype
compared to ALSPAC within these 990 patients (data not shown). Also, the baseline clinical

characteristics of the missingness and outcome analysis populations were similar (Table 4.2).

Modelling was performed for the two long term outcomes: mRS and GOS scores at follow up;
although the latter was a secondary outcome, results are presented here since it is a long term
outcome. mRS and GOS scores were dichotomised into favourable (mRS 0-1, GOS 5) and
unfavourable (mRS 2-6, GOS 1-4). Usually favourable mRS is classified as 0-2 and GOS 4-5, but this
dichotomization resulted in two groups which were highly asymmetric in size, such that 16% of

patients would have been classed as unfavourable, which is undesirable due to the potential for
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statistical bias. However, using mRS 0-1, 32% were classed as unfavourable; this dichotomization
is still meaningful in terms of disability. Preplanned covariates were HP duplication genotype,
rs2000999 genotype, age, sex, admission WFNS, admission GCS, Fisher grade, time to follow up,
hypertension pre-ictus, anti-hypertensive medication use pre-ictus, hydrocephalus, method to
secure the aneurysm and nimodipine treatment. Admission GCS and anti-hypertensive medication
were excluded from the model due to collinearity (with admission WFNS and hypertension,
respectively). Since the biology of Hp is intricately associated with blood, interaction terms
between the HP genotypes and Fisher grade (indicative of blood clot volume) were included in the
model. In order to simplify contrasts between different HP genotypes at different Fisher grades,

the Fisher grade was dichotomized into low (grade I-11) and high (grade IlI-1V) Fisher grades.

Inclusion of the interaction between HP duplication genotype and Fisher grade improved the
model fit (p=0.001). For the primary outcome follow up mRS, the model explained 27% of the
variance observed (Nagelkerke pseudo R?). The Hosmer and Lemeshow test to assess the
goodness of fit of the model was acceptable (p=0.239). Lower age, lower WFNS, absence of
hydrocephalus, and coiling (vs clipping) predicted a better outcome (Table 4.8). There was a
Centre effect. The HP duplication predicted long term outcome, but this depended on Fisher
score. At high Fisher grade, HP2-2 predicted a favourable long term outcome vs HP1-1; (OR = 2.2,
95% Cl 1.2-3.9, p=0.007). At low Fisher grade, there is a visual trend suggesting that the reverse
might be happening (ie that HP1-1 confers a favourable outcome vs HP2-2, (Figure 4.2A), but this
was not significant (OR=2.3, 95% Cl 0.84-6.1, p=0.106). For rs2000999 similar trends were
observed, but results were not significant (Figure 4.2B). This indicates that Hp expression does not

exert a major influence on long term outcome.
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Table 4.8 Multivariate logistic regression analysis for primary outcome (favourable mRS 0-1).

Logistic regression model fit excellent (log-likelihood chi-squared test p<10%°; Hosmer

& Lemeshow test p=0.239). The model explained 27% of the variance.

p o P
(overall effect) OR 95% C.I. Contrast (contrast)

Age 0.044 0.987 0.974 1.000

Gender 0.303 1.195 0.851 1.678 Female vs male 0.303

Hypertension 0.761 1.055 0.746 1.493 Absent vs 0.761
present

WENS <0.001 4355 2335 8121  WFNS1vs5  <0.001

A

Hydrocephalus <0.001 1.846 1310 2.601 bsent vs <0.001
present

Aneurysmal Rx 0.041 1633 1105 2.413 Coiling vs 0.014
clipping

Nimodipine 0.282 1486 0722 3061  ovenwsnot 450

given

Follow up time 0.121 1.007 0.998 1.015

Centre <0.001

rs2000999 0.286 1754 0.809 3.802 GG vs AA 0.154

Fisher x Hp 0.015

Fisher 0.004 4318 1589 11735 _OWVShiEh 4004

Fisherin Hp1-1
Hp 0.027 2206 1238 3930 P22vshpl-l g 44,

at high Fisher

The different outcomes at higher Fisher grade could be due to a biological reason or could be

mediated by lack of case ascertainment of HP2 patients with high Fisher scores and poor

outcome. However there was no evidence of missingness within high or low Fisher grade groups

that could have biased the results, as shown by several analyses: 1) HP duplication genotype

frequency was not significantly different between low and high Fisher grade groups (x?=1.23,

p=0.54); 2) HP duplication genotype frequency in the high and low Fisher grade groups was not

significantly different from the ALSPAC control cohort (x?=1.1, p=0.58 and x?=2.181, p=0.34

respectively); 3) HP duplication genotype frequency of patients excluded from the regression due

to data availability was not significantly different from that of the included patients (HP

duplication: x?=0.06, p=0.97 and rs2000999: x?>=0.82, p=0.66, respectively) or the ALSPAC control

cohort (HP duplication: x*=1.22, p=0.54 and rs2000999: x>=0.34, p=0.84, respectively). A

sensitivity analysis was performed with favourable mRS defined post hoc as 0-2 and this showed

the same results (data not shown). Additional sensitivity analyses included decreasing follow up

72




intervals and results remained robust until losing significance at one year as sample size

decreased (data not shown).
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Figure 4.2 Regression lines of mean predicted probabilities (+ 1 SD) of favourable outcome by

dichotomised mRS score are plotted by (A) HP duplication genotype and (B)

rs2000999, for patients with high (green) and low (blue) bleed size.
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Although the follow up GOS was a secondary outcome, results are presented here as it is also a

long term outcome. The same pattern was seen for both the HP duplication and rs2000999 (Table

4.9).

Table 4.9 Multivariate logistic regression analysis of secondary outcome (favourable GOS 5).

Logistic regression model fit excellent (log-likelihood chi-squared test p<10*°; Hosmer

& Lemeshow test p=0.808). The model explained 25% of the variance.

p o P
(overall effect) OR 95% C.I. Contrast (contrast)

Age 0.043 0.985 0.971 1.000

Gender 0.396 1.174 0.811 1.698 Female vs male 0.396

Hypertension 0.485 1142 0787 1.658 Absent vs 0.485
present

WENS <0.001 3.996 2133 7.487  WFNS1vs5  <0.001

Hydrocephalus <0.001 2127 1464 3.089 Absent vs <0.001
present

Aneurysmal Rx 0.073 1631 1.073 2.478 Coiling vs 0.022
clipping

Nimodipine 0.378 1411 0656 3.037  ovenvsnot -, a0g

given

Follow up time 0.313 1.005 0995 1.014

Centre 0.001

rs2000999 0.546 1585 0.686 3.661 GG vs AA 0.281

Fisher x Hp 0.004

Fisher 0.003 7015 1933 25458 _OWvshish 44503

Fisherin Hp1-1
Hp 0.016 2386 1300 4350 PZ2vsHpl-l o000

at high Fisher
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Figure 4.3 Regression lines of mean predicted probabilities (+ 1 SD) of favourable outcome by
dichotomised GOS score are plotted by (A) HP duplication genotype and (B)
rs2000999, for patients with high (green) and low (blue) bleed size.

4.2.5.2 Secondary outcomes

The following secondary outcomes (which are all short term outcomes) were examined but no
trend or significant effect was found:
1. Discharge mRS, including all covariates as above but substituting follow up time with time
from ictus to discharge.
2. Discharge GOS, including all covariates as above but substituting follow up time with time
from ictus to discharge.
3. Incidence of large vessel vasospasm in patients from centres where transcranial Doppler
is employed regularly to monitor for this event.
4. Incidence of delayed ischaemic neurological deficit.
5. Time from ictus to discharge in those patients were this was less than 1 month (in order
to exclude patients who stayed in hospital longer due to problems with placement in the

community).

4.3 Discussion

This investigation of 1299 aneurysmal SAH patients from the GOSH study is the largest HP
genotype association study to date. It provides a number of novel insights into the role of Hp in

Hb scavenging after SAH.
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The GOSH cohort is biased towards better outcome patients due to recruitment of survivors (ie
excluding mortality in the first weeks and months). This can be observed in the demographics
table in the results section of this chapter which shows that the median mRS scores at discharge
and follow up are 1. The mRS scale (see Appendix A for details) ranges from 0 (good outcome) to
6 (poor outcome) demonstrating the favourable outcomes of the patients in this cohort. Patients
who had largely adverse outcomes that resulted in death would not have been included in the
study as they would have died prior to recruitment and DNA collection. This bias is a strength of
this investigation as it has provided a cohort of patients in which the confounding effect of severe
early brain injury (vascular due to sudden surge in ICP, and sheer mechanical stretch), is
minimised. The indirect effect of HP genotype on short term outcome was studied by examining
HWE, and by comparison with a control cohort. No evidence for such an effect was found. This is
unsurprising since Hb scavenging is not thought to be related to the major determinants of early

mortality ie mechanical and ischaemic early brain injury, and re-bleeding.

The HP duplication and rs2000999 in the GOSH population were identified to be in LD, however it
was not complete. LD is the non-independent inheritance of alleles; this phenomenon occurs due
to the lack of recombination between loci of the two polymorphisms. Some studies have
identified LD between the HP duplication and rs2000999, whereas others have not®>!*>, When
polymorphisms are in complete disequilibrium, one can completely predict the other. This has
two implications. First, the phenomenon of complete LD may be used to the advantage of genetic
association studies; this is because typing one polymorphism is sufficient, since it acts as a
surrogate of the other. Second, LD has a disadvantage in that the effect of the two polymorphisms
cannot be separated in genetic association studies. In this study, the lack of complete LD between
the HP duplication and rs2000999 meant that both genetic variations could be investigated and

included as covariates in a multivariate regression.

Logistic regression analysis was employed to investigate if HP genotype influences long term
outcome after SAH. Previously Kantor et al.'® identified that HP2-2 (vs HP1-1) was significantly
associated with worse outcome (by mRS score at 3 month follow up) after SAH in a small study of
193 patients. However other authors (Ohnishi et al.1®® and Leclerc et al.1°) failed to find a
significant association with worse long term outcome. A meta-analysis of all published studies
also failed to identify an association between HP duplication and long term outcome!*?, and an
individual patient level data re-analysis of these studies has also shown no effect of the HP
duplication on long term outcome (manuscript under review, personal communication, Dr |
Galea). In all these studies, outcome was assessed at six months or less after ictus. In contrast this

study examines outcome on a significantly longer time scale.
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A striking outcome of this investigation is that the effect of HP duplication genotype on outcome
depended on the size of the SAH. At high Fisher grade, HP2-2 predisposed to better outcome
compared to HP1-1, whereas this effect was not observed at low Fisher grade. It has been shown
that the difference in HpHb complex scavenging rate between Hp1-1 and Hp2-2 depends on the
concentration of HpHb complexes’®, such that the performance of Hp1-1 and Hp2-2 starts to
diverge at a HpHb complex concentration above 10pg/ml (0.13pM). It is possible that the effects
of the HP2 alleles at different Fisher grades are a reflection of this biochemical fact, with Hp2-2
conferring better Hb scavenging at higher Hb concentrations, compared to Hp1-1. An important
clinical implication of the Fisher grade dependency of the HP prognostic effect relates to clinical
trials. Since most trials recruit SAH patients with Fisher grade IlI-1V, and it is in this subgroup of
patients that HP duplication is an important covariate, HP duplication typing may be considered

as an essential covariate.

The only known effect of rs2000999 is to influence circulating levels of Hp®; the HP duplication is
also known to affect circulating levels but there are also functional differences in the proteins
encoded by the HP1 and HP2 alleles. The effects of the HP duplication and rs2000999 on Hp
expression were confirmed in a British population (the ALSPAC cohort). Since rs2000999 does not
impact significantly on long term outcome after SAH, circulating levels of Hp are less likely to be
important after SAH. This demonstrates that amongst the two main ways in which the HP
duplication may affect long term outcome, ie Hp expression level or Hb scavenging, the latter is

the predominant mechanism of action of the HP duplication.

There is controversy regarding the relative efficacy of Hp1-1 and Hp2-2 in human CD163-
mediated Hb scavenging. In complex with Hb, Hp2-2 has a high binding affinity to CD163
compared to Hp1-1, using two different experimental approaches!®”1%8, Although one study
suggested that CD163-mediated cellular uptake of HpHb complexes is better with Hp1-1%7, two
subsequent studies have reported that Hp2-2 is better'>%%, |t is possible that the differences
between the clinical effects of HP1 and HP2 alleles are amplified in the brain where the low

CD163 expression level is a limiting factor in Hb scavenging’®!"!

, especially in the presence of a
high Hb concentration. In this situation it could be hypothesized that the higher valency of Hp2-
containing complexes means that more Hb can be scavenged per Hp molecule. Also higher
valency is likely to be associated with improved clustering of CD163 receptors, since small angle X-
ray scattering and ab initio structural modelling of human HpHb complexes incubated with soluble
CD163 fragments has shown that CD163 can bind simultaneously to each B chain of the HpHb

complex®®. This will be explored further in the next Chapter of this thesis, in which | present data

on differences in CSF Hb, according to Hp phenotype, in Fisher IlI-IV SAH patients.
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The finding that HP genotype influences long term outcome after SAH supports the therapeutic
potential of Hp supplementation. The novel finding that HP2-2 imparts a favourable prognosis
after high-grade SAH argues that supplementation of an Hp2-2 enriched preparation would be
superior to Hp1-1. The finding that increased Hp expression does not impact long term outcome
(the lack of rs2000999 effect) does not argue against the use of Hp supplementation, which would

aim to achieve supra-physiological levels of Hp.

From a manufacturing point of view, delivering Hp preparations of specific types (ie Hp1-1 or Hp2-
2) has cost implications, since plasma would need to be collected from individuals with specific HP
genotypes, as opposed to pooled plasma as is current practice across the plasma purification
industry. The administration of Hp2-2 to HP1-1 patients and vice versa may result in toxicity due
to immunological rejection in the CSF, an area of the brain which is not immunologically
privileged!’2. The important issue of which Hp preparation is best to use (Hp1-1, Hp2-2 or mixed)
must be addressed using in vivo models of SAH, such as the one described in Chapter 7 of this

thesis.

A strength of this study is its sample size, making it the largest study associating HP genotype with
outcome after SAH. Furthermore, this is the only study investigating rs2000999, which has
provided mechanistic insight into how Hp influences outcome after SAH. In addition, this study
has stringently tested for missingness by comparing to a British young age control group, to avoid
the confounding effects of modifiable risk factors such as smoking, high fat diet and diseases that
may influence genotype frequencies later in life. Therefore a younger control population is much
closer to the expected gene frequencies at the point of assignment of alleles. Comparison with a
control population of this nature, enables a more stringent study of missingness, compared to
assessment of HWE. The findings that HP2-2 imparted a good prognostic outlook and the
interaction of HP genotype with Fisher grade, are novel. The analysis was robust to two clinical

outcome measures (mRS and GOS), and survived multiple sensitivity analyses.

A limitation of the work is the retrospective study design. Also, the study recruitment process
meant that data capture was opportunistic, so follow up time varied. GOSH was originally
designed to study the genetics between individuals with ruptured vs unruptured aneurysms, but |
took advantage of the fact that long term outcome was assessed in aneurysmal SAH patients in
GOSH. In summary, due to these limitations, a prospective study would be required to confirm the

results presented here.
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Chapter5 Haemoglobin scavenging kinetics in the

cerebrospinal fluid after subarachnoid haemorrhage

5.1 Introduction

Following SAH, blood from the ruptured aneurysm enters the CSF and a clot is formed on the
surface of the brain which begins to degrade. Erythrocyte lysis releases free Hb which would likely
result in high concentrations of Hb in the CSF. Previous studies from our group have identified
that the Hp-Hb-CD163 system is active in the brain'®2. However, the concentrations of Hp in the
CSF are 50,000 times lower than in the blood%?; thus the CNS is much less equipped to manage
Hb clearance by Hp after haemorrhagic events. It is likely then, that the concentrations of Hb

accumulating in the CSF will far exceed its capacity to scavenge it.

There is evidence in the literature, implicating Hb in 1) direct neurological damage?! and, 2)
vasospasm’. This can have neuropathological consequences by driving the development of
DIND and influencing long term outcome. Understanding the kinetics of Hb accumulation and its
scavenging in the CSF, therefore will help the understanding of how Hb contributes to these
pathologies. Additionally, it would be beneficial to understand the Hb scavenging deficit and

identify a window of opportunity for Hp treatment against Hb neurotoxicity after SAH.

This chapter addresses the second hypothesis set out in the Hypothesis and Aims chapter of this
thesis, that: haemoglobin released from the lysing blood clot into the cerebrospinal fluid,
overwhelms the resident Hb scavenging system and impacts on functional outcome after

subarachnoid haemorrhage.

The Haemoglobin After Subarachnoid Haemorrhage (HASH) study was undertaken at University
Hospital Southampton to understand the kinetics of Hb release and degradation in the CSF after
SAH. CSF and serum were serially collected over the 14 day period post-ictus as described in
Figure 5.1. CSF collections were made via an external ventricular drain (EVD). This is a drain
inserted into the lateral ventricle used to control hydrocephalus in SAH cases with a high Fisher
gradel’3, Additionally, it provides a point of access to sample the CSF and in many instances it is

used to provide therapeutic compounds directly to the CNS such as antibiotics’3.
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Figure 5.1 Schematic depicting the daily paired serial collection of CSF and serum from HASH
patients each day after their haemorrhage. CSF was collected from an indwelling EVD
and serum samples were taken at corresponding time points. Due to patient care
considerations and protocol restraints, the maximum number of samples was eight
and CSF samples were not taken at each time point in each patient. Therefore not all
patients had samples taken every day, and some patients did not have samples taken

up to day 13 (for example if the EVD was removed prior to this).

In this work, a size-exclusion Ultra Performance Liquid Chromatography (UPLC-SEC) method was
used to separate the components of the CSF samples. Monitoring absorbance at 415 nm allowed
the visualization and quantification of total, complexed and free Hb and Hp. Methodology is

described in detail in Chapter 3.

80



5.2 Results

5.2.1 Demographic and clinical characteristics

The demographic and clinical characteristics of the SAH patients in the HASH study are shown in
Table 5.1. The mean age was 59.8 years and there was a higher proportion of females in this
cohort; this is not unusual for those presenting with SAH in the UK based on figures from a recent
multicentre UK audit®. The majority of patients’ Fisher grade was IV; only two patients had SAH of
Fisher grade Ill. While this was part of the eligibility criteria as these patients were those requiring
CSF diversion via EVD placement to control hydrocephalus, it does represent a bias towards worse
grade SAH. This is reflected in the patients’ WFNS score, such that there were fewer patients with
Grade 1 (best outcome) and slightly more patients with Grade 4. When compared to the UK SAH
demographic from a large multicentre UK audit of SAH patients®?!, the frequencies of WFNS scores
were found to be significantly different (32=36.0, p<0.0001). The Hp phenotypes were observed at

frequencies expected of a UK population and were found to be in HWE (X?=0.57, p>0.05).

Control individuals were patients presenting to a neurology clinic with non-inflammatory or non-

haemorrhagic conditions who received a lumbar puncture and were observed to have normal CSF
with respect to protein, glucose, cell count, cytology, albumin CSF/serum quotient and isoelectric
focusing for oligoclonal bands. Their conditions included normal pressure hydrocephalus,

idiopathic intracranial hypertension and headache.

In the control group there was a prevalence of females although frequencies were in fact similar
to the SAH population (y?=0.53, p=0.47); similarly, ages of the groups were not significantly
different (Mann-Whitney, p=0.946). The Hp phenotypes for the control group (Table 5.1) were
found to be in HWE (*=0.03, p>0.05).
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Table 5.1 The demographic characteristics of the SAH cohort and the two control cohorts.

HASH patients Control patients
Number 44 20
Age (years)? 59.8 +12.3 53.7+25.1
Gender®
Male 15 (34%) 5 (25%)
Female 29 (66%) 15 (75%)
Hp Phenotypes
Hpl-1 9 (21%) 3 (15%)
Hp2-1 19 (43%) 10 (50%)
Hp2-2 16 (36%) 7 (35%)
Hypertension®
Yes 23 (52.3%)
No 21 (47.7%)
WFNSP
1 5 (11.4%)
2 10 (18%)
3 6 (13.6%)
4 15 (29.5%)
5 8 (13.6%)
Fisher gradeb
3 2 (4.5%)
4 42 (95.5%)
Aneurysmal management®
Coiled 32 (72.7%)
Clipped 5(11.4%)
Supportive 6 (13.6%)
Aneurysm location®
Anterior circulation 32 (72.7%)
Posterior circulation 7 (15.9%)
Non-aneurysmal 4(9.1%)
Unknown 1(2.3%)

Notes: Mean & SD?, Percentage®
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5.2.2 Kinetics of haemoglobin and its scavenger mechanism in the cerebrospinal fluid

CSF samples were analysed using UPLC-SEC for analytes involved in the Hb scavenging pathway.
The UPLC process and a representative chromatogram are presented in Figure 5.2. Data were
organised into day post-ictus using time points available from clinical records of sample collection.
Data were tested for normality using the Kolmogorov-Smirnov test in Prism (v7.0, GraphPad
Software, USA) and were observed to be non-parametric and therefore are presented as median

t1QR.

CSF » Separat!on by Monitor absgrbance at415 nm Chromatogram  Haem complexed with
size exclusion UPLC for the detection of haem species hemopexin or albumin

~ Hb complexed
e — UPLC column — 9 — with dimeric Hp

‘ Detector
0010 Hb complexed
with polymericHp

000 100 200 300 400 500 600 7.00 800 200 1000
Minutes

Free Hb

Figure 5.2 Hb and Hp levels were assayed via UPLC-SEC (A) The UPLC process: CSF was injected
onto the UPLC column in a tris saline mobile phase. Separation of the components
was achieved by a size exclusion UPLC column and the elution absorbance was
monitored at 415 nm to detect only haem containing species. (B) A representative
chromatogram from running neat CSF on the UPLC. On the left, complexed with both
polymeric and dimeric Hp peaks are seen, followed by haem bound to Hpx and

albumin, and finally free Hb.

5.2.3 Haemoglobin in the CSF after SAH

Hb was classified into three major forms:
1. Free Hb: this is Hb that has is not in complex with Hp.
2. Complexed Hb: this is Hb that has been complexed by Hp.

3. Total Hb: the total amount of Hb, both free and in complex with Hp.

5.2.3.1 Free haemoglobin

Free uncomplexed Hb in the CSF after SAH (Figure 5.4A) was measured directly from the area
under the curve for Hb on the UPLC chromatogram when neat CSF was run on the UPLC. This is

the peak labelled free Hb in Figure 5.2B.
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Minor amounts of free Hb were detected up to the third day, after which levels increased,
peaking at day 11 (8.5 uM). Figure 5.4B shows the levels of free Hb (expressed as a percentage of
total Hb (ie all of the Hb present, both free and in complex with Hp). It can be observed that by

day five, approximately all of the total Hb in the CSF after SAH is free and not in complex with Hp.

When Hb is free and released from the confines of the erythrocyte, it can undergo oxidative
modifications including intermolecular crosslinking of the a chain'’* and as such can no longer be
bound by Hp. Hb that has undergone this process was termed non-scavengeable Hb. This process
of autoxidation can occur spontaneously, and initiates a detrimental process that ultimately
results in the release of haem?®. Non-scavengeable Hb was measured in the CSF as the area
remaining under the Hb peak on the UPLC chromatogram after the addition of excess Hp. This
derivation can be observed in Figure 5.3; note the reduction in the uncomplexed free Hb curve as

it is bound by Hp that is added to the CSF. The remaining free Hb is non-scavengeable Hb.

~ ) oo Merged

Scavengeable Hb
complexed by Hp

-7

Non-scavengeable

| ) ’ 0010 \ Hb unable to bind to Hp

000 100 200 300 400 500 600 700 800 900 1000
Mintes

Figure 5.3 Non-scavengeable free Hb was measured by running CSF either neat or spiked with
saturating Hp. The remaining free Hb peak represented non-scavengeable Hb. Note
how upon addition of saturating Hp, the majority of uncomplexed Hb is transferred to

complexed Hb.

Scavengeable free Hb is the proportion of free Hb that has not been damaged by the redox
environment and is therefore still able to be bound by Hp. Scavengeable free Hb in the CSF was
calculated as the difference between total free Hb and non-scavengeable free Hb, at each time
point for each patient. These data are shown in Figure 5.4C: scavengeable free Hb begins to rise

steadily up to day 11 (7.4uM).

Non-scavengeable Hb is present at considerable levels from the seventh day. When the data for
scavengeable and non-scavengeable free Hb are expressed as a percentage of total free Hb in the
CSF (Figure 5.4D&F), it is clear that from days 2-7, considerable levels of Hb are able to be

scavenged by Hp. However, a substantial level of non-scavengeable Hb is also present in some
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cases as shown by the interquartile range. Figure 5.4F suggests that initially 100% of the free Hb is
non-scavengeable, however these levels are in fact very low (<1 pM, Figure 5.4E) until day three

when larger quantities of Hb build up in the CSF.
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Figure 5.4 Levels of Hb analytes in the CSF after SAH as measured by UPLC. Data presented as
median + IQR. (A) Levels of total free Hb in the CSF (B) total free Hb expressed as a
percentage of the total amount of Hb, (C) levels of free Hb in the CSF that is able to be
scavenged by Hp, (D) scavengeable free Hb expressed as a percentage of total free
Hb, (E) levels of non-scavengeable free Hb, and (F) non-scavengeable expressed as a
percentage of total free Hb. The error bars on the control values on (A), (C) & (E) are

smaller than the size of the symbol would be therefore are not displayed.
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5.2.3.2 Complexed haemoglobin

Levels of Hb complexed to Hp are presented in Figure 5.5A, in which highest levels of 0.6 uM are
seen at day one, which then decrease to 0.1 uM by day five and then remain steady. In control
patient CSF, complexed Hb was detectable at low levels (median 0.03 uM), however this is likely
to be an artefactual figure, due to the effect of in vitro haemolysis. A lumbar puncture is known to
be a traumatic procedure, frequently with blood contamination of CSF; any Hb were released in
this process would very rapidly be bound to free Hp, therefore producing artefactual complexed
Hb. It is likely that CSF complexed Hb in vivo is present at even lower concentration, or more likely
absent. Figure 5.5B shows complexed Hb presented as a percentage of total Hb. This shows that
on day zero all of the free Hb is complexed by Hp, but this percentage falls, such that most Hb is
uncomplexed by day five. Interestingly levels do not drop to absolute zero and are mostly
observable even up to day 13, indicating the presence of HpHb complexes throughout. This may

represent the saturation of scavenging and/or drainage pathway of HpHb complexes.
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Figure 5.5 Levels of Hb in complex with Hp in the CSF after SAH as measured by UPLC. (A) Levels of
Hb complexed to Hp presented in terms of uM of Hb. (B) Amount of Hb complexed
presented as a percentage of total Hb. Data presented as median + IQR. The error
bars on the control values on (A) are smaller than the size of the symbol would be

therefore are not displayed.

5.2.3.3 Total haemoglobin

Total Hb levels (Figure 5.6) in the CSF were calculated as free Hb plus the amount of Hb
complexed to Hp for each patient at each time point. In control patients, Hb was observed at very
low levels, the median for these individuals was 0.06 uM. The total Hb level in SAH patients
remained similar to that in control individuals until day three post-ictus. After day three, total Hb

level increased to a median of 8.6 uM on day 11 and remain around this level to day 13.
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Figure 5.6 Levels of total Hb in the CSF after SAH as measured by UPLC. Data presented as median

+ IQR. The error bars on the control values are smaller than the size of the symbol

would be therefore are not displayed.

5.24 Total haemoglobin scavenging capacity of the CSF after SAH

Total Hp in the CSF at each time point was measured from the area under the HpHb complex
curve on the UPLC chromatogram after addition of excess Hb to ensure all the available Hp was in
complex with Hb (and therefore visible when measuring absorbance at 415nm). Calculating the
exact molarity of Hp is challenging due to the presence of multiple isoforms of Hp of increasing
molecular weight in Hp2-1 and Hp2-2 individuals. In light of this, Hp was expressed as total Hb

scavenging capacity (THBC) - the amount of Hb it is able to bind.

Figure 5.7A shows that THBC in control patient CSF is low (median of 0.04 uM Hb). In SAH patients
the largest THBC of 1.2 uM Hb is observed on the day of ictus. These levels then consistently
decrease until day three, at which they fluctuate around control levels for the remaining days. To
highlight the Hb scavenging deficit in the CSF after SAH, the total Hb curve is overlaid on Figure
5.7 toillustrate the fact that total Hb levels can reach up to five times the Hb scavenging capacity.
It is interesting to note that there is enough Hb scavenging capacity to deal with Hb seen during
the first three days post-ictus. This is likely due to two factors: the low levels of CSF Hb in the first
few days and the entry of Hp into the CSF with the blood injection accompanying the aneurysmal

rupture.
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Figure 5.7 Levels of THBC in the CSF after SAH as measured by UPLC (black curve). These data are
presented as the amount of Hb that Hp is able to bind in molar terms. Data are
presented as median * IQR. For comparison, total Hb (from Figure 5.6) is overlaid

(blue curve) to highlight the Hp deficit in the CSF after SAH.
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5.2.5 A sustained increase in blood-brain barrier permeability after SAH

There is evidence that there is breakdown of the BBB after SAH27>177 This may lead to adverse
clinical outcome such as by leakage of plasma components?>3° that usually would not be present
at such high levels in the CNS. Conversely however, within the context of SAH it may be beneficial

as the increased permeability may facilitate a clearance route for Hb, HpHb complexes or both.

Albumin is a protein that is abundant in the serum but not synthesized in the CNS, therefore any
albumin present in the CSF is as a result of entry across the blood-CSF barrier (BCB). Thus, the
albumin quotient (Qalb) between the CSF and serum can be used as a proxy for the permeability
of the BBB, a component of which is the BCB'’8. An increase in this ratio indicates that there is

increased BCB permeability to molecules of similar size to albumin.

To investigate changes in BCB permeability, paired CSF and serum samples from SAH patients
taken at day four or later were assayed for albumin by colorimetric Bromocresol purple assay
(NHS clinical biochemistry). Time points earlier than day four were excluded since analysis at

these time points would have been confounded by albumin that had entered the CSF with the

bleed, based on observations of the removal of other plasma proteins (ie Hp, Figure 5.7).

The Qalb data from the SAH patients and the control individuals are presented in Figure 5.8. From
day five onwards, it appears that there is an increase in the albumin ratio between the CSF and
serum compared to that of a healthy cohort. Qalb was significantly higher than control levels on
days five, seven, nine and 13 (p<0.0001, p=0.0002, p=0.0177, p=0.00285 and p=0.0228
respectively, Mann-Whitney tests). This finding was robust to Bonferroni correction for multiple

comparisons (adjusted significance level: 0.01) at days five and seven.
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Figure 5.8 The BCB permeability is increased after SAH. Median + IQR Qalb ratios for healthy

control individuals (red) and SAH patients (black) at days 5,7,9,11 and 13 after ictus.
Dotted line represents control patient level. Multiple Mann-Whitney tests with
Bonferroni correction for multiple comparisons indicated that days 5 (p<0.0001) and 7
(p=0.0002) were significantly elevated from control levels. Error bars for the control

data are smaller than the size of the symbol therefore not shown.

5.2.6 Absence of intrathecal synthesis of haptoglobin after SAH

During SAH there is an inflammatory response in the brain?. Hp is an acute phase reactant®’, and
it is released by activated neutrophils®®. Whilst most Hp is synthesized by the liver, there is
evidence of expression at other sites including the brain in experimental models of intracranial
haemorrhage®®. Here, it was hypothesized that intrathecal synthesis contributes significantly to

the concentration of Hp present in the CSF in humans after SAH.

To test this hypothesis, the Hp quotient (QHp = CSF Hp/serum Hp) was first calculated. This then
allowed the Hp index to be calculated as QHp/Qalb. This is a measure of intrathecally produced
Hp in the CSF, having controlled for Hp entering by diffusion across the BCB (Qalb). An increased
Hp index compared to controls, would be therefore indicative of increased intrathecal synthesis of
Hp. Because albumin is here being used as a proxy for BCB permeability, only molecules of
comparable size can be used; this limited the analysis to the Hp dimer, therefore QHp and Hp
index were only calculated in Hp1-1 control and HASH individuals. As can be seen in Figure 5.9,
the Hp index of the Hp1-1 patients is significantly lower than controls (p=0.0049), excluding a
significant contribution of intrathecal synthesis to CSF Hp concentration in these patients. The
lower Hp index after SAH could be consistent with HpHb complex uptake by macrophages, and/or

clearance of HpHb complexes to the systemic circulation.
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Figure 5.9 The Hp index of three Hp1-1 control and 18 Hp1-1 HASH patients. There is a decreased

index compared to controls. Data are presented as median # IQR (Mann Whitney test

p=0.0049).

5.2.7 Preferential scavenging of Hb by the Hp2-2 phenotype

In the previous Chapter, it was observed that HP2-2 individuals have better long term outcome
compared to HP1-1 individuals who have high Fisher grades (ie large haemorrhages). Based on
these observations, it was hypothesized that this may be due to more efficient Hb scavenging by
the higher polymers of Hp compared to the dimeric form, due to their higher valency for Hb. It
was hypothesized that Hp2-2 patients would have lower levels of complexed Hb in the CSF after
SAH, compared to Hp1-1 patients. Although the Hp2-1 patients would be expected to behave in a
manner which is intermediate between Hp1-1 and Hp2-2 patients, this may not happen since the

ratio of expression of the dimer and higher polymeric forms is variable amongst Hp2-1 patients®3.

Linear mixed modelling was employed to investigate Hp phenotype differences in the HASH
cohort; this is an extension of a generalized linear model that allows for repeated effects. In this
instance it allows me to model repeated measurements of Hb over time (the repeated measure)

without violating the assumption of independence in linear regression.

In the linear mixed model a first order ante dependence covariate structure was used to model
correlated terms. Within-subject random effects were modelled using random intercepts. Model
comparison was assessed using the log-likelihood ratio and the Akaike information criterion. All
variables were tested for normality and Ln or logio transformation was used to normalise data

where required. The dependent variable was complexed Hb and the covariates entered into the
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model were Hp phenotype, time post-ictus, clot volume (to control for bleed size) and EVD

drainage volume (to control for the effect of different drainage volumes on metabolite level).

Variables that significantly predicted complexed Hb level were the Hp2-2 phenotype (vs Hp1-1),
time and blood clot volume. To understand the effect of Hp phenotype on complexed Hb level,
the predicted complexed Hb values from the model were saved. As Hb data were Logio
transformed to normalise data for linear mixed modelling analysis, the inverse of the logio-
operation (base 10 raised to the power of each Hb value) was applied to the saved predicted

values, and data are presented by phenotype in Figure 5.10.

Table 5.2 Linear mixed model to predict complexed Hb levels.

95% Confidence Interval

Parameter Estimate Sig. Lower Bound Upper Bound
Intercept .238130  .813 -1.783813 2.260072
Hp2-2 (vs Hp1-1) -.406905  .033 777970  -.035840
Hp2-1 (vs Hp1-1) .076756 .658 -.274301 427813
Hpl-1 (reference) 0

Time -.077733 .000 -.108447 -.047020
Clot volume 471654 .024 .066611 .876696
EVD drainage volume .151809 414 -.214632 .518250

As can be seen in Figure 5.10, the median complexed Hb values are lower for the Hp2-2 patients,
whereas no significant difference was observed between Hp1-1 and Hp2-1 patients. Re-adjusting
the contrasts in the analysis identified that Hp2-1 also had significantly higher levels of bound Hb
than Hp2-2 (p=0.002). Figure 5.10A shows the predicted values at each day, whereas in Figure

5.10B the median complexed Hb from all time points is presented by phenotype.
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Figure 5.10 Lower levels of complexed Hb is observed in Hp2-2 individuals. (A) the predicted levels
of complexed Hb in patients of each Hp phenotype from the linear mixed modelling
analysis. Hp2-2 individuals can be seen to show lower levels of Hb complexed to Hp2-
1 and Hp1-1 patients across the entire 13 day period according to the linear mixed
model. (B) A summary of predicted complexed Hb levels in patients from all three

phenotypes across all 13 days. Data are presented as median + IQR.

5.2.8 The contribution of Hb to clinical outcome

Logistic regression modelling was used to investigate the hypothesis that Hb contributed to
clinical outcome in this cohort of patients. The a priori planned short term outcome was

development of DIND and long term outcome was mRS score at 6 months.

5.2.8.1 Delayed Ischaemic Neurological Deficits

DIND is the presence of a focal neurological deficit after SAH and was defined here as a drop by

two points on the GCS, or any focal deficit in the absence of the usual causes of deterioration (eg
hydrocephalus, infection, seizure or re-bleed)®. Five patients presented with DIND. A multivariate
logistic regression model was used to predict the development of a DIND. Covariates included Hp

phenotype, blood clot volume and the maximum free Hb value.

The model explained 25.6% of the variation (Nagelkerke pseudo R%) and correctly predicted DIND
in 85.6% of cases. Goodness of fit of the model was assessed by the Hosmer and Lemeshow test
and was acceptable (p=0.788). The Hp2-2 Hp phenotype (vs Hp1-1) showed a trend (p=0.086) of
increased likelihood for developing DIND, however this was not significant. No other covariates

showed a significant effect contributing to the development of DIND (Table 5.3).
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Table 5.3 Logistic regression model for the development of a Delayed Ischaemic Neurological

Deficit.
B S.E df Sig OR

Hp Phenotype 2 .218
Hp Phenotype (Hp1-1 vs Hp2-1) -1.504 1275 1 .238 222
Hp Phenotype (Hp1-1 vs Hp2-2) -2.597 1512 1 .086 .074
Clot volume (Ln transformed) -.993 .732 1 .175 .370
Total Free Hb Max (Ln Transformed) .348 .265 1 .188 1.416
Constant 2.401 2466 1 .330 11.031

5.2.8.2 Long-term outcome (6 month mRS)

To predict the effect of Hb on long term outcome by mRS score at 6 months post-ictus, the mRS
score was dichotomised into favourable (mRS 0-1) and unfavourable (2-6). More commonly in the
literature, a favourable mRS is defined as 0-2, however this dichotomization resulted in two
asymmetric groups. By defining favourable mRS as 0-1, dichotomization was more balanced, this
minimizing statistical bias, compared to defining favourable mRS as 0-2 (63% vs 47%,

respectively).

The logistic regression model was the same as previously used for DIND and included Hp
phenotype, blood clot volume and free Hb as covariates. The model successfully predicted long
term outcome 82.9 percent of the time and explained 41.3% of the variation (Nagelkerke pseudo
R?). The Hosmer and Lemeshow test for goodness of fit was acceptable (p=0.52). Clot volume
significantly predicted unfavourable outcome at 6 months (p=0.025, OR=4.7, Table 5.4) indicating
that a larger bleed would have a worse outcome. There was also a trend for free Hb to predict

unfavourable outcome that was verging on significance (p=0.064, OR=0.7).
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Table 5.4 Logistic regression model for the development of unfavourable long term outcome (6

month mRS 2-6).

Variables in the Equation

B S.E. df  Sig. OR
Hp Phenotype 2 461
Hp Phenotype (Hp1-1vs Hp2-1)  .145 1.109 1 .896 1.157
Hp Phenotype (Hp1-1 vs Hp2-2) -.977 1.135 1 .389 .376
Clot volume (Ln transformed) 1.561 .697 1 .025 4.765
Total Free Hb Max (Ln -.332 .179 1 .064 .718
Transformed)
Constant -4.660 2.447 1 .057 .009

53 Discussion

This chapter presents observations of Hb accumulation in the CSF after SAH from serially collected

CSF samples from the Haemoglobin After Subarachnoid Haemorrhage study.

It was observed that after SAH, there is an accumulation of Hb in the CSF over the first 13 days.
CSF Hb concentration is low in the first two days after SAH, but subsequently increases from day
three onwards. This delay in its increase is likely due to the time taken for breakdown of the blood

clot and lysis of erythrocytes dispersing their Hb content into the subarachnoid space.

It was observed that a significant proportion of the Hb that was not in complex was able to be
bound by Hp (ie it is scavengeable Hb). Hb becomes non-scavengeable due to oxidative
modifications that occur as a result of Hb’s pseudoperoxidase activity!’*. Through this process,
H,0, is consumed and ferric Hb is converted to oxo-ferryl Hb (Fe** =0) via a radical
intermediate!’®. During this redox cycling process, radicals are generated at the reactive haem
group and migrate outward onto the protein chains'’®. Both the oxo-ferryl (which is highly
reactive and radical-like) and the protein radical are required to initiate crosslinking, and during
ferric-ferryl redox cycling haem-protein adducts are formed'”®. It was recently identified that

these redox reactions of Hb in the presence of H,0, generate Hb molecules that crosslink on their
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alpha chains at serine 13874, This means that these crosslinked Hb molecules become fixed in a
tetrameric conformation, hiding the neo-epitope required for Hp and hindering HpHb complex

formation®’4.

From the second day post-ictus it was observed that almost all of the unbound Hb is able to be
scavenged by Hp. Appreciable levels of non-scavengeable Hb were seen at day 7, however despite
this, between days 2-13 the median scavengeable Hb was 89% (IQR 60.4-96.7) of all free Hb;

therefore a window of opportunity exists in which Hb can be targeted by Hp based therapeutics.

It was seen here, and in previous work from our group® that the baseline level of THBC in the
CSF of a control population was extremely low. Following SAH, the THBC is seen to peak to its
highest level on the day of ictus. As Hp is a serum protein, this increase on the day of the bleed is
likely due to a bolus delivery of Hp from the circulation accompanying the bleed. There is
experimental evidence to show that Hp can be synthesized in the CNS during inflammatory
conditions®® however if this increase in Hp was to be attributed to this it would be expected to be
a more prolonged increase. In these patients we found no evidence of substantial intrathecal Hp

synthesis, as assessed by Hp index from day 4 onwards.

The THBC peak on the day of ictus is followed by a decrease in THBC and by day 3 it has returned
to control levels. This, combined with the observation that levels of complexed Hb decrease,
indicates that there is a removal of complexes from the CSF once they are formed; this could be
through scavenging by microglia and cerebral macrophages in the choroid plexus, meninges or
perivascular space expressing the Hb scavenger receptor CD163°° or alternatively, these
complexes may be diffusing out of the brain across a compromised BBB. As the Hp index corrects
for BBB permeability, the lower Hp index suggests that Hp is being removed from the CSF via a
different process to leakage across a permeable BBB. This is likely to be scavenging of HpHb

complexes, such as via CD163, a mechanism known to be active in the CSF after SAH??,

One of the hypotheses of the work in this chapter is: haemoglobin is released from the lysing
blood clot into the cerebrospinal fluid, overwhelming the resident Hb scavenging system. These
data clearly support this hypothesis since 1) there is a high concentration of free uncomplexed
Hb, and 2) the THBC of the CSF is very low and becomes depleted within a few days after ictus.
The finding that the majority of Hb is able to be scavenged by Hp, in combination with the
observation that there was a trend towards worse long term outcome with increased Hb supports

the notion that Hp supplementation would be of therapeutic benefit.

These observations have also provided insight into the amount of Hp required to provide

therapeutic benefit. Based on the area under the curve of free Hb in the CSF it was possible to
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calculate the required amount of Hp to suitably bind and detoxify this amount of Hb, as

demonstrated in Figure 5.11.
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Figure 5.11 The Hp deficit in the CSF after SAH. The area under the curve for scavengeable free Hb
represents the required Hp in the CSF to deal with the Hb insult. Vertical lines
represent the 2-3 day blocks in which AUC were calculated to establish the daily Hp

requirement to fulfil the Hp deficit.

The area under the curve for epochs of 2-3 days was calculated, these data are presented in Table
5.5 as daily Hb loads that are required to be detoxified. The binding ratio of Hb to BPL’s current
preparation has been calculated to be 1:1.2 (Hp:Hb, proprietary data on file, BPL). Therefore the

amount of Hp required to detoxify this amount can be calculated.

However this does not reflect cycling of Hp in a kinetic system, so almost certainly the required
amount of Hp is likely to be lower in a clinical setting where CSF Hb is measured on a daily basis,
and the equimolar amount of Hp administered in a tailored fashion. This requires investigation in

future empirical studies.

Table 5.5 The area under the curve in 2-3 day segments from the scavengeable free Hb graph was

used to calculate daily Hp requirements to fulfil the Hp deficit in these patients.

Days 0-3 Days 3-5 |Days5-7 |Days7-9 |Days9-11 |Days11-13
Hb AUC (1M x day) 7.67 11.17 22.68 23.71 22.1 18.71
Daily Hb load (uM day™) 1.92 5.59 11.34 11.86 11.05 9.36
Required daily Hp (uM) 1.60 4.66 9.45 9.88 9.21 7.80
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This work has a number of strengths. It is the first longitudinal study of CSF to provide temporal
insight into the release of Hb and the kinetics of its scavenger mechanisms following a SAH.
Previous work has made observations of Hb in the CSF'%2, however no kinetic analysis has been
performed over a two week period. This has provided a unique insight into how Hb levels
accumulate and the Hp scavenging deficit. A limitation of this work was the lack of
standardisation of day of sample collection. This would have strengthened the longitudinal data,
with more samples on specific days. Additionally, a greater number of a patients would have

reduced the error associated at each time point.

This work is representative of a group of patients with a large haemorrhage (Fisher grade Ill & IV).
Whilst this is a biased cohort, it characterises a worst case scenario and likely represents the
highest level of Hb that would be observed in the CSF of those surviving an initial haemorrhage. It
would be interesting to further investigate the state of the Hp deficit in individuals with a smaller
SAH. However, these samples are more difficult to obtain as typically these patients do not
require the placement of an EVD. In the previous Chapter, it was found that at low Fisher grades
clinical outcome was not substantially different between HP1 and HP2, suggesting that high Fisher
grade patients are likely to benefit the most. Methods of Hp supplementation are discussed in

greater detail in the final chapter of this thesis.
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Chapter 6 Neurotoxicity of haemoglobin can be

ameliorated by haptoglobin in vitro

6.1 Introduction

Hb has been demonstrated to be neurotoxic in vitro* through pro-oxidative mechanisms.
Previous reports and observations from our laboratory have demonstrated that the addition of a
Hb solution to neuronal cultures causes a reduction in the number of viable neurones

(unpublished results, Dr Patrick Garland).

Hp exists as a Hb scavenger that in the first instance binds to free Hb. Through sequestering of the
haem group, Hp inhibits Hb’s pro-oxidative potential and therefore inhibits its cytotoxic effects,
while it is cleared. In addition, this complex formation prevents degradation of Hb to iron and
therefore the accumulation of redox-active iron and oxidative tissue damage. This is largely
apparent in peripheral tissues such as the kidney where renal filtration of cell free Hb causes iron
accumulation and kidney damage. Following SAH, the free Hb in the CNS is left uncomplexed!®

and is toxic to the delicate brain tissue. It is here hypothesized that supplementation of Hp will

ameliorate the toxic effects of free Hb to neurons in vitro.

BPL purify Hp from human plasma (containing multiple isoforms of Hp); this preparation (named
Hp5911) is over 98% pure. Preliminary in vivo studies from our group using Hp5911 identified that
this preparation induced inflammation in the brains of C57BL/6 mice (unpublished results, Dr
Patrick Garland). Subsequently, members of our laboratory undertook further purification steps
using HPLC that separated Hp5911 into individual fractions containing the different Hp isoforms

(dimer, trimer and higher forms). The contents of the resulting fractions are shown in Table 6.1.
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Table 6.1 The content of each fraction of Hp5911 following HPLC separation. (HPLC separation
performed by Dr Patrick Garland).

Fraction Constituents

I 60% Higher polymers + Impurities

I 4.2% Trimer + 86% Higher polymers + Impurities

" 34% Trimer + 62% Higher polymers + Impurities

v 19% Dimer + 64% Trimer + 7% Higher polymers + Impurities

93% Dimer + 6.2% Trimer + 0.1% Higher polymers (High protein

\Y
concentration- 15 mg/mL)
94% dimer + 1.3% Trimer + Impurities (Low protein concentration — 5
Vi
mg/mL)
VI Impurities

This chapter addresses the third hypothesis of this thesis set out in Chapter 2: haptoglobin can

ameliorate the neurotoxicity of cell free haemoglobin in vitro.

Using in vitro cultures of primary murine hippocampal neurons, a model of chronic Hb exposure
to neurons has been established, that shows results similar to those in the literature?!. Using
these in vitro hippocampal cultures | will investigate 1) the neurotoxicity of the HPLC-purified Hp
preparation (Hp5911) and 2) the effect of Hp supplementation on the neurotoxicity associated

with chronic Hb exposure.
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6.2 Results

This work was performed working in collaboration with Dr Patrick Garland, post-doctoral scientist
working in this laboratory whilst | trained in this in vitro technique. All experiments were
designed, analysed and discussed collaboratively; Hp fraction toxicity testing, Hp dialysis toxicity

testing, Hb toxicity and Hp treatment experiments were performed jointly.

6.2.1 Haemoglobin is toxic to hippocampal neurons in vitro

The exposure of primary murine hippocampal neurons to a murine haemolysate (the primary
constituent of which is Hb) produced a dose dependent neurotoxic effect (Figure 6.3). Significant
reduction in the number of viable neurons was observed at Hb concentrations above 10 uM
(p=0.0027), which is comparable to the level of Hb in the CSF of patients following SAH? (see
Chapter 5 of this thesis).
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Figure 6.1 Titration of murine Hb (haemolysate) shows a dose-dependent toxic effect to primary
hippocampal murine neurones. Data are expressed as counts of viable neurons (mean
+SEM). 10, 25 and 50 uM were significantly toxic, compared to saline vehicle, in a
one-way ANOVA with Tukey’s correction for multiple comparisons. Vehicle vs 10 uM p

=0.0027; vehicle vs 25 & 50 uM p <0.0001.
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6.2.2 Purified BPL haptoglobin is not toxic to hippocampal neurons in vitro

It has previously been established by our group that the Hp5911 preparation of Hp was toxic and
produced neuroinflammation following intracerebroventricular infusion in vivo (unpublished
results, Dr Patrick Garland). Hp5911 is 98% pure (Figure 6.2) and contains a mixture of different
isoforms of Hp (dimer, trimer plus higher polymers). Further purification by members of our
group (Dr Patrick Garland) separated Hp5911 into seven fractions. This produced fractions that

contained the specific isoforms (Table 6.1 in the introduction to this chapter).

|
o
©
R
0.60 <t
1
<
050 i
[}
o £
040 X 0O
2 4
2 37 DO
~! O
0.30 N,SZ‘_ 00—
& O
0.20 < —NmM
=S 222
) TTT -
0.10 Z.,“_’ 333 N
EEE ~
0.00
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
Minutes

Figure 6.2 UPLC chromatogram showing absorbance at 280 nm when BPL Hp5911 was run on the
UPLC. Each peak represents a different isoform of Hp. The primary constituent is the
Hp dimer with other isoforms making up the other major constituents. Smaller

impurities are also present.

Before commencing an investigation into the ability of Hp to inhibit the neurotoxicity by
haemolysate exposure, it was important to establish which fraction of Hp5911 contained the
neurotoxic constituent. To test this, primary hippocampal neurons were treated with all of the
various fractions that were collected during the HPLC purification process. 50uL of 10 ug/uL
Hp5911 was added to cultures to achieve a final weight of 500 pg of Hp. This was calculated to
achieve equimolar binding of Hp to 10 uM Hb. The fractions of Hp were loaded by weight in
equivalent amounts to which they are present in the original Hp5911 preparation; for example,
the weight of dimer from fraction V (see Table 6.1 for details of each fraction) added to the

cultures was the same as the weight of dimer present in Hp5911 when added to cultures.

Following one week in culture, the fractions were added to cultures and maintained for a further
week. Cultures were re-treated with fractions during regular media changes. After treatment,

cultures were stained with a MAP2 antibody to visualise neurones and counterstained with DAPI
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to identify non-apoptotic nuclei. Cover slips were observed under a fluorescent microscope at x40
maghnification; viable neurones were counted, starting at the top of the coverslip and moving
vertically down the coverslip. The results can be seen in Figure 6.3. As previously observed,
Hp5911 produced significant neurotoxicity as compared to the saline treated control cultures
(one-way ANOVA, p<0.0001). Surprisingly, no toxicity was observed with any of the seven

fractions.

Viable nuron count

Saline Hp5911 FI Fll Flll FIV FV FVI FVil

Neuron culture treatment

Figure 6.3 The neurotoxicity of the Hp fractions. Data are presented as counts of viable neurons
(mean + SEM). No significant toxicity was observed with the fractions collected from

the HPLC purification process of Hp5911.

6.2.3 Dialysed BPL Hp5911 is not toxic to neurons

As no toxicity was associated with any of the fractions, it was hypothesized that the toxic
constituent in Hp5911 was lost during the fractionation process, and might therefore be of low
molecular weight. To test this hypothesis Hp5911 was dialysed across a membrane with a cut off
size of 20 kDa, as this would allow clearance of the putative low molecular weight toxic
molecule(s). Figure 6.4 shows the effect of this dialysis step. As before, Hp5911 had inherent
cytotoxicity (one-way ANOVA, p<0.0001), however the dialysed solution showed no significant
difference to the vehicle control. This indicates the molecular weight of the toxic component is

less than 20 kDa and can effectively be removed (or reduced to non-neurotoxic levels) by dialysis.
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Figure 6.4 The neurotoxicity of dialysed Hp5911 and non-dialysed Hp5911 compared to vehicle
(saline) control. Non-dialysed Hp5911 showed significant neurotoxicity compared to
controls (one-way ANOVA, p<0.0001, Tukey’s correction for multiple comparisons).

Data are presented as mean + SEM.

6.2.4 BPL Hp5911 binds to mouse haemoglobin

Prior to testing the ability of BPL's preparation of Hp to rescue the neurotoxicity of chronic Hb
exposure in the in vitro assay (Figure 6.1), it was essential to ensure that the BPL (human) Hp can
bind to murine Hb. Mouse Hb (from haemolysate) was added in increasing concentrations to a
BPL Hp5911 concentration of 1 mg/mL. HpHb complexes were measured using the UPLC Hb
binding assay, as described in Chapter 5 of this thesis. Figure 6.5 shows HpHb complex
concentration plotted against the Hb concentration; it is clear that the BPL Hp5911 binds to
murine Hb. Saturation was observed at 1.2 mg/mL Hb, identical to the known binding ratio of
Hp5911 to human Hb which had previously been established to be 1:1.2 (proprietary data on file,
BPL).
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Figure 6.5 The binding curve of BPL Hp to mouse Hb (from haemolysate). Murine Hb was added at
increasing concentrations (0 to 2 mg/mL) to 1mg/ml BPL Hp. Mixtures were run on
the UPLC and absorbance monitored at 415 nm to measure haem containing species.
Samples were prepared in triplicate and data are presented as mean + SD; data
points with no error bars are due to the error bar being smaller than the data symbol

itself.

6.2.5 Haptoglobin can rescue haemoglobin neurotoxicity in vitro

To test the hypothesis that dialysed Hp inhibits cell death due to chronic Hb exposure, primary
hippocampal neurons were treated for 1 week with either vehicle, 15 uM Hb, dialysed Hp5911
Hp, or 15 uM Hb + dialysed Hp5911 Hp at either 1:1, 1:2 or 1:3 equimolar ratios. The results in
Figure 6.6 show that when in complex with Hp, the neurotoxic effect of Hb to primary neurons is
reversed. In a one way ANOVA, no significant difference in viable neuron counts is observed with
Hp compared to vehicle control (saline), a significant difference was observed between Hb and
HpHb (1:1) (p=0.028), HpHb (1:2) (p=0.011) and HpHb (1:4) (p=0.003). These analyses are without
corrections for multiple comparisons however and only Hb vs HpHb (1:4) was robust to Dunnett’s

correction for multiple comparisons (p=0.021).

107



40+

Viable neurone count

I

Saline Hb Hb+Hp Hb+Hp Hb+Hp Hp Hp
15 uM (1:1) (1:2) (1:4) (x1) (x4)

Neuron culture treatment

Figure 6.6 The treatment of primary murine hippocampal neurons with either vehicle (saline), 15
UM Hb, 15 uM Hb + Hp at 1:1, 1:2 or 1:4 equimolar amounts, or equivalent amounts

of Hp alone.

6.3 Discussion

In this chapter it has been demonstrated that 1) Hb causes dose-dependent neurotoxicity, 2)
fractionation of BPL Hp5911 Hp produces a series of preparations of individual Hp isoforms that
are not toxic to neurons in vitro, 3) dialysis of BPL Hp5911 is sufficient to remove neurotoxicity, 4)
Hp5911 is able to bind to mouse Hb, and finally 5) dialysed Hp can effectively inhibit Hb

neurotoxicity.

Interestingly, none of the seven fractions of Hp5911 show a difference compared to vehicle
control (saline); in other words, the toxicity observed with the original Hp5911 does not associate
with a specific fraction (and therefore it is not a single isoform of Hp that is toxic). The purification
process was achieved using Size Exclusion High Performance Liquid Chromatography (HPLC-SEC).
In this method, during the mobile phase of the chromatography, analytes interact with an
adsorbent material within the chromatography column. This interaction slows the passage of the
analyte through the column and the strength of the interaction is a function of the molecular size
of the analyte. Smaller particles are retained in the column longer and larger particles pass
through quicker, thus separation of the constituents occurs by size. It is likely that a low molecular
weight component of Hp5911 eluted from the column later and was not collected in any of the

fractions. Although the identification of the neurotoxic component was not pursued, it is possible
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that haem may contribute to some or all of it, since Hp5911 was visually xanthochromic and this

xanthochromia disappeared after dialysis.

These results demonstrated that primary murine hippocampal neuron cultures are sensitive to Hb
exposure in a dose-dependent manner, with significant neuronal death occurring above 10 uM
Hb. Low density neuronal cultures were employed to enable visualization of individual neurons
and a robust assessment of their integrity, whereas this would have been impossible in more
traditional high density neuronal cultures. High density is usually needed to maintain longevity in
culture, possibly through secretion of the right concentration of soluble trophic factors. Therefore
in this work high density neurones were displaced to a ring of trophic support neurons (200,000
cells), which were seeded around the perimeter of the well. This facilitates the growth of the

hippocampal neurons on coverslips in the middle of the culture wells at low density (5,000 cells).

Due to the low density of neurones on the coverslip, technical variability in cell number becomes
easy to detect, as can be seen by comparing Figure 6.1 and Figure 6.3. Variability likely arises
during tissue processing and counting of cells prior to seeding. To ensure that this variability is
controlled for, it was essential that each plate from each preparation accommodated replicates of

all the multiple conditions being tested e.g. vehicle, Hb, Hp and Hb + Hp.

In these experiments it was important to use the same Hb concentration as that observed after
human SAH (Chapter 5, median 11.5 uM total Hb in ventricular CSF, + IQR of 2.1-16.2 uM Hb).
Amongst different cultures, variability was observed in neuronal survival after exposure to 10 uM
Hb (data not shown); hence it was decided to use 15 pM Hb in subsequent experiments which
consistently demonstrated significant and less variable decreased neuron counts. Both 10 and 15
KM are representative of the Hb concentration after human SAH. It can be argued that the Hb
concentration experienced by neurones close to the blood clot may be higher than the Hb

concentration measured in ventricular CSF.

In vitro, Hb resulted in injury to isolated hippocampal neurones directly, while in vivo, there could
be additional injury to cells such as oligodendrocytes and astrocytes which provide neuronal
support. While the culture system included an outside ring of cortical neurones, these were
located in the periphery of the well, distant from the hippocampal neurones on the coverslip
located centrally in the well, and this supporting ring of cells was absent of glia. Mixed neuronal
glial culture, or organotypic hippocampal culture, would have more closely modelled the in vivo
arrangement, though the in vitro nature would still necessitate in vivo experiments. For instance
Hb can cause vasospasm by scavenging nitric oxide, which can lead to neuronal damage through

ischaemia, but this cannot be modelled by any of the in vitro systems mentioned above.
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Direct damage to Hb in vitro would have been mediated via oxidative mechanisms; the strong
pro-oxidative potential of Hb is mediated by the redox active iron in the haem prosthetic group.
Previous publications which have reported that the neurotoxicity of Hb is reversed by addition of
an antioxidant (Trolox: a vitamin E derivative)?! or the ferric iron chelator deferoxamine?*. This is
further demonstrated by the temporal occurrence of markers of oxidative stress when Hb is
added to neuronal cultures and the timing of neuronal cell death, and the fact that antioxidants
are equally effective if treatment is delayed is consistent with a redox-mediated mechanism of

injury®,

Hp rescued neurotoxicity after Hb exposure, such that neuronal density was comparable to
vehicle controls (saline). Visual inspection of Figure 6.6 suggests a dose-dependency, but this was
not significant. After binding to Hb, Hp renders the haem ferryl iron thermodynamically’® and
kinetically inert’2. In doing so it alters its redox potential such that it is less able to participate in
downstream radical generating reactions’?’%. It will be interesting to compare the relative efficacy

of Hp, Trolox and deferoxamine, and combinations, in future in vitro and in vivo experiments.

There is a body of work in the literature which details mechanistic differences in the ability of
different isoforms of Hp to bind or clear Hb*>77#* (summarised in Appendix B). As purified
fractions containing specific isoforms of Hp have been generated it would be interesting to repeat
the experiment using Hp dimer, Hp trimer and higher order polymeric Hp forms separately. If a
certain Hp species was better or worse at scavenging Hb, this will have implications for clinical

trials and Hp purification strategies in the pharmaceutical industry.

Having established that Hp can successfully prevent the cellular neurotoxicity of Hb in vitro, the
next step is to reproduce this finding in vivo following an experimental model of SAH. Hb-
mediated toxicity is not the only mechanism underlying the pathogenesis of poor long term
outcome after SAH; other mechanisms include mechanical damage, ischaemia and inflammation.
It is therefore important to investigate the relative contribution of Hb-mediated neurotoxicity to

overall outcome in the in vivo setting after experimental induction of SAH.

While the effect here has been described in vitro, the effect of Hb within the complexity of the
CNS parenchyma may well be different. In this in vitro model, neurones are surrounded in media
containing a high concentration of Hb. This is similar to the situation in vivo where the CSF and
interstitial fluid contains Hb released from the lysing blood clot and the Hb concentration in vitro
was matched to that observed in vivo after human SAH. Although the culture medium was
changed regularly during in vitro culture, this is not the same as the continuous flow of CSF and
interstitial fluids in vivo. While Hb was replaced with media changes, any toxic breakdown

products of Hb would have been in contact with neurones for a prolonged period of time in vitro.
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This is likely to be associated with a greater and/or different type of damage. Also, neurones were
isolated in culture, which is quite different from the situation in vivo, where neurones are
surrounded by glia designed to provide immediate tropic support to neurones, and clear toxins.
As an example, the situation could be quite different in vivo, where perivascular and meningeal
macrophages expressing CD163 which can scavenge Hb and Hb-containing complexes, are

situated close to neurones.

An in vivo study examined intrastriatal injection of whole blood lysate and demonstrated damage
to surrounding tissue consistent with Hb associated oxidative damage®®. While this work closer
resembles intracranial haemorrhage, rather than SAH it showed that oxidative Hb mediated
neurotoxicity occurs in vivo, and therefore findings from the culture model in this chapter are
likely to be relevant in vivo. A model of intraventricular haemorrhage, in which 7 day old rat pups
were intraventricularly injected with an Hb solution, is much more comparable to SAH, with
exposure to high Hb concentrations in the CSF and subarachnoid space®®. The investigators
reported that in the hippocampus, a region proximal to the lateral ventricles, there were
significantly fewer neurones, and an increased number of degenerating neurones (as assessed by

fluorojade C) compared to non-Hb injected controls*®°,

In the next chapter, | describe my efforts to establish and characterise an in vivo model of SAH in
our laboratory. This model could be used as a tool to test the effect of Hp interventions for Hb
toxicity in a model of SAH. The hypothesis of this work is that Hp-based can ameliorate Hb
neurotoxicity. The approach taken in this chapter was to supplement culture media with purified
exogenous Hp. It would be possible to directly supplement Hp in the CSF in SAH patients by
administration via an indwelling EVD, similar to when patients need intrathecal antibiotics for
ventriculitis. This would limit treatment to patients with high-grade SAH, as it is these patients
who require an EVD to manage their condition. Also there may be immunogenicity issues when
Hp1-1is administered to HP2 homozygous patients and vice versa, so this needs further study.
Finally, there will be a limit to how much protein can be administered intrathecally, without
causing adverse events as a result of osmotic shifts and increased CSF viscosity. Another method,
however would be to upregulate local Hp synthesis using pharmacological methods. Hp
expression is under the control of the transcription factor nrf2, and therefore nrf2-activating
drugs upregulate Hp expression'®!. However the effect of these drugs on Hp expression is modest
(as an example sulforaphane upregulates Hp mRNA 1.6-fold®?) and high-grade SAH patients are
likely to need much more Hp. As discussed in Chapter 5, the Hp concentration in CSF is around
0.04uM in both controls and after SAH (in terms of Hb binding capacity), and CSF Hp levels will
need to rise 100-fold (to between 2 and 10uM) to be able to neutralize a mean concentration of

10uM Hb in the subarachnoid space.
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Chapter 7  An in vivo model of subarachnoid

haemorrhage

7.1 Introduction

A clinically relevant animal model of SAH is essential to translate the in vitro efficacy of Hp against
Hb toxicity observed in Chapter 6, to the in vivo setting. A murine model of SAH has been

developed in Loch Macdonald’s laboratory!?

at St Michael’s Hospital, University of Toronto,
which | have established in our laboratory in Southampton following a period of time spent

training at their institution.

As previously discussed in the introduction to this thesis, there are a number of different types of
in vivo SAH models, involving either perforation of a major cerebral artery or injection of blood.
The model used in the Macdonald lab!?° uses an injection of whole blood into the prechiasmatic
cistern, and reproduces aspects of human SAH including increased ICP, development of large

120,125

artery vasospasm and neuronal death!?°,

The use of a controlled injection (rather than artery perforation) results in greater reproducibility,

reduced variability?*1#3

and allows the use of saline injection as control (only sham surgery control
is available with the perforation models?>'2t). Therefore, this model can effectively be used to

disentangle the mechanical effects of increased pressure from the effects of Hb in the brain.

There are distinct anatomical differences between the anatomy of the meninges in man and
mouse which are worth considering. The arachnoid membrane encompasses the CSF filled
subarachnoid space®. In the human, the subarachnoid space contains arachnoid trabeculae
which extend from the arachnoid membrane down to the pia mater on the surface of the brain'®,
but these are absent in the mouse®. In the rodent CNS, the subarachnoid space is shallower than
in the human, and in places occluded, due mainly due to the smoothness of the mouse cortex,

without the presence of sulci as in the human brain®.

Following a period of training in the Macdonald lab in Toronto, | established the murine
prechiasmatic model in our laboratory in Southampton. This chapter describes my efforts to

refine and characterise this model.
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7.2 Results

7.2.1.1 The Macdonald lab method

In the first instance, the model was performed as per protocol detailed in the original Sabri et al.
2009, taught during a period of training in their laboratory. This involves an injection of 100 pL
of saline or blood into the prechiasmatic cistern at a rate of 300 uL/minute, under aseptic
technique. General anaesthesia was delivered by isoflurane inhalation and animals were given
buprenorphine subcutaneously as post-surgery analgesia. Further experimental detail is available
in Chapter 3. Surgery was performed across three experiments in 8-10 week old mice as detailed

below:

1. Assessment of T maze alternation and burrowing behaviour (survivors sacrificed at 14
days, n=6 saline, n=6 SAH).

2. Assessment of light/dark preference (survivors sacrificed at 14 days, n=7 saline, n=8 SAH).

3. Assessment of locomotor activity in the open field arena and vasospasm (survivors

sacrificed at three days, n=5 saline, n=6 SAH).
7.2.1.2 Morbidity and mortality

The mortality rate of mice undergoing surgery (saline n=19, SAH n=31) was 24% (12 of 50 animals,
1 saline animal, 11 SAH animals). Death occurred immediately following injection. There were two
animals showing signs of sickness behaviour that had to be sacrificed at one day post-surgery.
These were both animals which had received saline injections. This was not attributable to the

intracranial injection, and might have been a post-operative infection.
7.21.3 Cerebral blood flow changes

Throughout surgery the cerebral blood flow (CBF) of mice was monitored with a laser Doppler
flow probe placed contralaterally on the surface of the skull, circa 6 mm caudal to the site of
injection. This allowed monitoring of cerebral perfusion during surgery, important to confirm the
rise in ICP during the injection. Arbitrary tissue perfusion units (TPU) were normalized by
expressing as a percentage of mean pre-injection CBF values. It was observed that during
anaesthesia the cerebral blood flow was relatively stable and the two minutes prior to injection
was averaged and this taken as baseline. Subsequent to injection there was a decrease in CBF

(Figure 7.1), as increased ICP caused cerebral hypoperfusion.
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Figure 7.1 Representative CBF changes as measured by laser Doppler flowmetry during injection of
either 100 ul blood or 100 ul saline at a rate of 300 ul/minute (n=3 saline, n=6 SAH).
TPU were normalized by expressing as a percentage of mean pre-injection CBF values.

Data are presented as median + IQR.

Saline and blood injections showed a decrease in CBF to 15.1% and 12.4% of baseline,
respectively. The CBF of blood injected animals appeared to remain low for a longer period of
time, vs saline injected animals. This is likely to be due to 1) the increased viscosity of blood

compared to saline and, 2) the presence of a blood clot in blood injected animals.
7.21.4 Body weight

The general health of all animals undergoing surgery was monitored by visual inspection and daily
weight measurements. Other than the two animals referred to above, there was no obvious sign
of abnormal or sickness behaviour in either blood or saline injected survivors as a result of the
intracerebral injection. Weight data are presented in Figure 7.2 as percent of baseline weight.
Saline injected mice lost weight up to day one, after which they start putting on weight again. SAH
animals showed a decrease in weight which was more prolonged in duration, such that weight did
not start to increase again until day three. This was not statistically significant (multiple t tests

with Bonferroni correction, ANOVA was not applicable due to missing data points).
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Figure 7.2 Mouse body weight following injection of 100 uL blood or saline presented as change
from baseline (pre-surgery) weight (n=6 saline, n=6 SAH). Data are presented as mean
+ SD. Not statistically significant (multiple t tests with Bonferroni correction, ANOVA

was not applicable due to missing data points).

7.2.15 T maze spontaneous alternation

The T maze is a short term memory test used to assess hippocampal function in rodents®3°. It

relies on the animal’s innate desire to investigate new areas (in search of food or shelter). It is
expected that an animal with functioning short term memory remembers previously investigated
areas and thus explores new grounds. In this test the mouse is placed in a T shaped maze and
allowed to run through the maze, during which it will investigate one of the two arms. Following a
period of time exploring that arm, the mouse is placed back at the starting point in the maze. It
would be expected to alternate to the other arm on the second run. Twenty trials were
performed across a week, during a trial, if the animal alternated it received a score of 1, and if it
failed to alternate then would receive a score of 0. The scores were then summed and expressed

as a percentage of the total number of trials (20) (Figure 7.3).
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Figure 7.3 Rates of alternation observed in the T maze behavioural test for saline control and SAH
animals pre-surgery, and one and two weeks post-surgery (n=3 saline, n=6 SAH). High
rates of alternation are observed in both groups before surgery, which did not change

post-surgery.

High rates of alternation (~80%) were observed in the mice prior to injection of blood or saline.
This is in line with what is expected in healthy wild type animals!*®. No change in the rate of
alternation compared to baseline levels was observed following injection of either saline or blood

(Figure 7.3).
7.2.1.6 Burrowing behaviour

Burrowing is an innate behaviour in rodents which may be compromised in many models of
neurodegeneration, and a deficiency in burrowing is a reliable sign of dysfunctional
behaviour'®%_An assessment of burrowing, as described in Chapter 3, was performed prior to
surgery as a habituation exercise to obtain baseline readings, and then reassessed once per week

post-surgery for two weeks (Figure 7.4).
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Figure 7.4 Burrowing as assessed by the weight of material burrowed from a hollow tube in a 24
hour period (n=6 saline, n=6 SAH). SAH animals burrowed significantly less material at

one week compared to baseline (p<0.01).

No change was detected in the animals’ burrowing at any time points in the saline injected
animals. A statistically significant reduction in burrowing was observed at one week post-surgery
in the blood injected animals (one way ANOVA, with Tukey’s multiple comparisons post hoc test,

p<0.01). This behaviour returned to baseline levels in the second week following surgery.
7.2.1.7 Light/dark preference

SAH patients often report photophobia, thought to be secondary to meningeal irritation®®’. It was
therefore hypothesized that SAH animals may also show an aversion to light. A dark box test was
used here to assess light/dark preference in the animals. The open field arena (see section 7.2.1.8
below) was modified using a cardboard box to completely cover the sides of one half of the arena.
A cardboard divider between the two halves of the arena blocked as much light as possible, but
still allowed the mouse to travel freely between light and dark areas, while not obstructing the
lasers for motion detection. The test involved placing the mouse in the light area of the arena
where it would be tracked by laser detection for five minutes. To test for photophobia, the
duration spent in the dark area was measured; this is presented in Figure 7.5. No significant

difference was observed between saline and SAH animals (t test, p=0.381).
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Figure 7.5 The duration of time spent by SAH and saline injected mice in the dark area of the open
field arena. No significant difference was seen between groups (p=0.381). Data are

presented as mean + SD.

Although there was no difference in the duration of time spent in the dark area between the two
groups, their activity in the area was investigated. It was reasoned that whilst both groups spent
equivalent times in the dark area, SAH animals displaying aversion to light may spend more time
immobile whilst in the dark area. The time animals spent moving and the distance travelled in the
dark area are presented in Figure 7.6. SAH animals showed a trend towards increased activity

which was not statistically significant (p=0.085 for time and p=0.096 for distance, t tests).
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Figure 7.6 (A) Time mice spent moving in the dark area of the open field arena, and (B) the
distance travelled by mice in the dark area of the open field arena. Data are

presented as mean + SD.

7.2.1.8 Locomotor activity assessment

Locomotor activity was assessed in the mice using the open field paradigm. This is a square arena
with high Perspex walls preventing escape. The animal is placed in the centre of the arena at the

start of the assay, and its ambulation is tracked throughout the arena by laser detection over a
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five minute period. Animals were habituated to the arena for three days prior to induction of SAH,

with the final session recorded as baseline, and then re-tested on day three post-surgery.
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Figure 7.7 Ambulatory assessment in the open field arena. A) the total ambulatory distance
travelled by mice throughout the whole arena B) the ambulatory distance travelled in
the outer zone of the arena, C) the ambulatory distance travelled in the centre zone of

the arena. Dara are presented as mean + SD.

The ambulatory distance travelled across the whole arena is presented in Figure 7.7A. The saline
injected animals moved less after surgery, yet the SAH group did not show a significant change
(p=0.007 & p=0.599 respectively, one sample t test against the baseline value of 100%). The
change in ambulation from baseline was not significantly different between the two groups

(p=0.384, t test). The variance in the SAH group was high.

It has been proposed that the open field arena can be used as a measure of anxiety. Thigmotaxic
behaviour, the preference to stay close to the perceived safety of the wall, as opposed to the
open centre of the arena, has been proposed to characterise the anxious phenotype!*!. Therefore
it was hypothesized that while the total distance travelled may not have increased, their choice of
exploratory area within the arena may be different between groups. This was assessed by
investigating the ambulatory distance in both the outer and centre zone (Figure 7.7B&C) and the
duration spent in both areas (Figure 7.8A&B). There was no significant difference in the distance
travelled (p=0.114, t test) or the duration spent (p=0.999, t test) in the outer zone between SAH

animals and controls.
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Figure 7.8 The duration of time spent in A) the outer zone or B) the centre zone of the open field

arena. Dara are presented as mean + SD.
7.2.19 Vasospasm

Vasospasm was assessed at three days post-ictus by visualising the cerebral arteries of the circle
of Willis after perfusion with the fluorescent dye ROX SE (5,6-Carboxy-X-Rhodamine, Succinimidyl
Ester) during the perfusion fixation procedure®?, ROX SE forms succinimidyl esters with side
chains of proteins on endothelial cells of the arteries allowing their fluorescent visualisation after
laser excitation with light in the yellow-green range of the spectrum. Confocal photomicrographs
were taken of the MCA ipsilateral to the side of blood injection and the maximum projection
processing method used to construct two-dimensional images from the z stack. In some instances,
the vessel was found to be either missing or damaged such it could not be reliably quantified, and

these specific animals were excluded from analysis.
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Figure 7.9 Representative confocal photomicrographs of the ipsilateral MCA from mice undergoing
surgery. A) MCA from a naive mouse, B) MCA from a saline injected animal, and C)
MCA from a blood injected animal. Vasospasm was quantified by measuring the
narrowest part of the artery along the first millimetre (*) of the ipsilateral MCA after
its bifurcation from the ACA; data presented in Figure 10. Labelled are the Anterior
Communicating Artery (ACA), Middle Cerebral Artery (MCA) and Internal Carotid
Artery (ICA).

Representative photomicrographs of the ipsilateral MCA can be seen in Figure 7.9. The MCA of a
naive mouse is shown for comparison. Vasospasm was quantified by measuring the narrowest
part of the artery along the first millimetre of the ipsilateral MCA after its bifurcation from the
ACA. These data (Figure 7.10) showed a single SAH animal and a single saline injected animal with

considerably reduced vessel diameter but most were comparable.
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Figure 7.10 Quantification of MCA ipsilateral to the injection in mice receiving an injection of 100
ul saline or blood at 300 ulL/minute. Data presented as mean * SD. Mice are from the
same experiment as Figure 7.7 and Figure 7.8, but there are less data points since the

MCA was either missing or damaged in some brains.
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7.2.2 Refinement of the model |

Modifications were made to refine the model in efforts to reduce mortality, and reproduce a rate
of vasospasm similar to that in human SAH survivors. The following adjustments were made, and

their rationale is described below:

1. Use of older animals, as the 8-10 week old mice used previously were equivalent in
biological age to a young human in their teenage years. Three month old mice were used
since these are equivalent to a human age of around 30 years. Whilst this is still young for
a SAH, it is closer to the median age of around 50

2. Aslower injection rate of 200 uL/minute. This slower rate of injection, in combination
with the larger cranium in older mice, was aimed at reducing mortality by lowering the
sudden ICP rise; this is in keeping with the recommendations of the 3R’s. It was reasoned
that the extra survivors may represent a population of mice more susceptible to
developing vasospasm.

3. Use of injectable ketamine/xylazine anaesthesia for surgery. Previously, isoflurane had
been used to anaesthetise animals for induction of SAH, however isoflurane has
hypotensive and cytoprotective effects'®. Consideration was given to the fact that these

anaesthetic factors may have affected vascular tone.

7.2.2.1 Mortality and morbidity

The mortality rate of all mice undergoing this modified surgery (saline n=8, SAH n=11) was
reduced, at 26% (5 of 19 animals, two saline animals, three SAH animals). Death occurred
immediately following injection in animals receiving blood, except for one saline injected animal.
This animal showed an unusual CBF pattern, with prolonged reduction in flow following the
removal of the needle that was accompanied with reflux of blood from the burr hole. This
indicated that an artery on the circle of Willis had been perforated. A single SAH animal lost
weight more rapidly than other SAH animals, was observed huddled in the corner of its cage and
exhibited circling behaviour. This animal had to be sacrificed early, and therefore the SAH group in

this section of the Chapter consisted of either seven or eight animals.

7.2.2.2 Cerebral blood flow

As in the previous experiment, there was a demonstrable drop in CBF as measured by laser
Doppler flowmetry. Saline and blood injections resulted in a decrease in CBF to 34.9% and 6.0% of
baseline, respectively (Figure 7.11). In the previous version of the method, CBF had decreased to

15.1% and 12.4% of baseline previously. The substantial improvement in CBF in the saline group
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was probably secondary to the slower injection rate. In SAH animals a lower CBF nadir was
observed, and CBF took longer to recover than previously (as appreciated by comparing Figure 7.1
and Figure 7.11). This decrease in median CBF was probably due to the older age of the mice; the

different anaesthetic agent may also have contributed.
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Figure 7.11 Representative CBF changes as measured by laser Doppler flowmetry during injection
of either 100 uL blood or 100 ul saline at a rate of 200 ul/minute (n=6 saline, n=7
SAH). TPU were normalized by expressing as a percentage of mean pre-injection CBF

values. Data are presented as median * IQR.
7.2.2.3 Locomotor activity assessment

Ambulatory distance data are presented in Figure 7.12. As was observed in the previous
experiment, there were no significant differences between saline and blood injected animals,

however variance was higher in the SAH group.
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Figure 7.12 Ambulatory assessment in the open field arena. A) the total ambulatory distance

travelled by mice throughout the whole arena B) the ambulatory distance travelled in

the outer zone of the arena, C) the ambulatory distance travelled in the centre zone of

the arena. Data are presented as mean + SD.

7.2.2.4 Vasospasm

Blinded visual examination of vasospasm by ROX SE fluorescent imaging revealed instances of

vasospasm that was either focal (Figure 7.13A) or present across the entire length of the vessel

(Figure 7.13B), and this data was collected. Focal vasospasm, which is seen after human SAH, had

not been seen in the previous experiment.

Figure 7.13 Representative confocal photomicrographs of the ipsilateral MCA from mice

undergoing SAH surgery. A) the MCA of an animal exhibiting focal vasospasm (white

arrow heads), B) the MCA from an animal exhibiting vasospasm across the whole

length of the vessel (white arrow heads).

Unblinding of images revealed that 50% (4 of 8) of the SAH animals and a single saline injected

animal had vasospasm as assessed angiographically using ROX SE. A trend towards a higher rate of
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vasospasm in SAH animals compared to saline animals was not significant (Table 7.1, y*= 1.66,

p=0.198). Representative images of all four groups in Table 7.1 are presented in Figure 7.14.

Table 7.1 Number of experimental saline and SAH animals with vasospasm after examination of

ROX SE fluorescent photomicrographs.

No vasospasm | Vasospasm

Saline 5 1

SAH 4 4 ¥2=NS

Figure 7.14 Representative photomicrographs of the ROX SE perfused ipsilateral MCA during visual
assessment of vasospasm in this refinement to the model, from (A) a saline injected
animal without vasospasm, (B) a saline injected animal with vasospasm, (C) a blood

injected animal without vasospasm, and (D) a blood injected animal with vasospasm.
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Blinded quantification of vessel diameters revealed that these two distinct populations of SAH
mice (with and without vasospasm of the ipsilateral MCA, as assessed visually), had significantly
different mean vessel diameters (p=0.0098, T test with Welch’s correction for unequal SD). There
was no statistically significant difference in vessel diameter between all SAH animals and all saline
controls (ie all mice, with and without vasospasm). The saline animal with visual evidence of
vasospasm had the smallest vessel diameter (lowest datapoint in the saline group, Figure 7.15),
even narrower than SAH animals with vasospasm. The potential reason for vasospasm in saline

animals is discussed later.
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Figure 7.15 Quantification of MCA ipsilateral to the injection in mice receiving an injection of 100
ul saline or blood at 200 ul/minute. Data are presented as mean + SD. Within the
SAH group there was a clear dichotomy between animals with and without
vasospasm as assessed visually. Therefore, the SAH group in this figure has been split

into those with and without vasospasm.
7.2.3 Refinement of the model Il

The mice in the previous experiments had been terminally anaesthetised with pentobarbital for
perfusion fixation. In a study of isolated human cerebral arteries pentobarbital was found to
cause vasorelaxation®, This was confirmed by other authors!*® who demonstrated that
pentobarbital blocks Ca?* channels thus inhibiting constriction. It was considered that the
pentobarbital may be affecting vascular tone via its effects on smooth muscle, to cause
vasodilatation or to increase variability in vascular tone. To test this hypothesis, two groups of
naive mice were perfused, using either pentobarbital or ketamine/xylazine to terminally
anesthetise the mice. Vessel diameter was quantified in a blinded manner, as before. These data
are shown in Figure 7.16, presented alongside data from the previous experiment (Figure 7.15) for

comparison. Ketamine/xylazine during perfusion fixation reduced variability in vessel diameter,
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compared with 1) pentobarbital in naive mice, and 2) pentobarbital in previous saline/blood

injected animals.

150- :
—_— .
£ :
=1 ol® :
N .
: P
£ 1005 i ol®
8 :
T :
—_ ® :
o 50+ . o
0 .
o
> :

c L] L : L L L
Pento  Ketamine/ Saline Non-VS VS SAH
Xylazine SAH
Naive mice SAH surgery experiment

Experimental group

Figure 7.16 Left section: Quantification of MCA diameter in naive mice following perfusion fixation
with anaesthesia by either pentobarbital or ketamine/xylazine. Data presented as
mean * SD. Variability of vessel wall diameter in the group anaesthetised with
pentobarbital was higher compared to the ketamine/xylazine group. Right section:
The data from the previous SAH vasospasm experiment (Figure 7.15) have been
displayed here to facilitate comparison with the results of this experiment. Data are

presented as mean + SD.
7.23.1 Ketamine perfusion

Based on the results of the ketamine/xylazine vs pentobarbital experiment (Figure 7.16), it was
decided to repeat the experiment and perform perfusion fixation under ketamine/xylazine
terminal anaesthesia, to reduce variability in vessel diameter. The mortality rate of all mice
undergoing this modified surgery (saline n=7, SAH n=10) was 24% (4 of 17 animals, one saline
animals, three SAH animals). In this experiment, vessel diameter was still not significantly

different between saline and SAH animals, as shown in Figure 7.17 (p=0.608, t test).
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Figure 7.17 Quantification of MCA ipsilateral to the injection in mice receiving an injection of 100
uL saline or blood at 200 ulL/minute following perfusion fixation under

ketamine/xylazine anaesthesia. Data are presented as mean + SD.

7.2.4 Refinement of the model Il

Despite the above refinements to the model, vasospasm was not reliably seen, and mortality was
around 25%, therefore a new approach was taken. A modified version of the Macdonald lab
method'? is used by Hanafy and colleageus'®?, In this protocol, a reduced injection volume of
60 uL is used in C57BL/6 mice, and the needle is left in place for five minutes after injection
(previously it had been left for 60 seconds). Using this model, they show a significant effect of
vasospasm at day three, as measured histologically in the posterior communicating artery. They
controlled experiments with sham surgery, as opposed to saline injections. It was considered that
the smaller injection volume might represent a refinement of the procedure by further reducing
mortality rate. Leaving the needle in place for longer would possibly allow for better clot
formation in the prechiasmatic cistern, enhancing clot placement around the circle of Willis,
rather than extending up the needle tract. In summary, the Hanafy method was reproduced as

below:

e 60 plL injection volume
e Leaving the needle in place for five minutes
e Ketamine/xylazine anaesthesia for surgery

e Avertin terminal anaesthesia for perfusion fixation

The mortality rate of this modified protocol was 6% (1 of 16 animals, a single SAH animal),

significantly lower than the mortality rate of 24-26% seen previously. The single mouse that died
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received an injection of blood. Vasospasm was measured in the brains of mice undergoing this
revised protocol using the ROX SE fluorescent imaging technique as before. There was no
significant difference in ipsilateral MCA diameter between SAH and saline control groups (Figure
7.18A). The ipsilateral posterior communicating artery diameter was measured as in the work by
Hanafy et al.?%%12%; 3 visual trend towards reduced vessel diameter was not statistically significant
(Figure 7.18B, p=0.399). ACA diameter measurement (Figure 7.18C) did not detect vasospasm in
this artery.
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Figure 7.18 Quantification of A) MCA, B) Posterior communicating artery and C) ACA, ipsilateral to
the injection of 60 uL saline or blood. Data are presented as mean + SD. Some data

points are missing due to damaged or missing vessels.

7.2.5 Histological characterisation of the SAH model

Histological analysis was performed to investigate iron deposition, microglial response and
synaptic integrity. Animals from Section 7.2.2 (>3 months of age receiving 100 pL blood or saline
injection at 200 uL/min rate) were selected since this was the most promising experiment in
terms of vasospasm. Animals were perfused three days after surgery. Brains were embedded in

wax and sectioned at 10 um thickness in the coronal plane.

7.25.1 Iron deposition in the brain parenchyma

Iron deposition was assayed using Perls’ histological stain. This stain detects ferric iron (Fe3*) in
tissue. Iron was quantified in the hemisphere ipsilateral to side of injection, at the level of the

striatum, close to the site of injection in the prechiasmatic cistern.

Iron deposition was present in the parenchyma of saline injected control animals, where it
localised to the basal surface of the brain, close to the site of injection (Figure 7.19A). In some
cases, there was evidence of high intensity staining in lesions that appeared to be related to the

needle tract (Figure 7.19B). In SAH animals, the staining was 1) more intense and, 2) more
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widespread throughout the brain parenchyma (Figure 7.19B). In some SAH animals, there was

intense staining close to the wall of the lateral ventricle.

A

Figure 7.19 Representative 20x magnification photomicrographs of Perls’ staining for iron in brain
sections from (A) saline control animals, (B) saline control animals showing intense
staining around needle tract, and (C) SAH animals showing generally more intense

staining in the parenchyma and staining close to the wall of the ventricle.

Quantification was performed on the entire hemisphere ipsilateral to the blood clot and
represented as a percentage of the tissue stained. These data are presented in Figure 7.20, and
indicate that iron deposition is significantly higher in the parenchyma of SAH animals compared to

controls (p=0.007, t test).
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Figure 7.20 Perls’ stain for iron deposition at three days post-SAH, within the ipsilateral
hemisphere at the level of the striatum, a region close to the blood clot in the
prechiasmatic cistern. There was significantly increased deposition of iron within the
parenchyma in the SAH group compared to saline controls (t test with Welch’s

correction for unequal SD). Data are presented as mean * SD.
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7.2.5.2 Microglial response after SAH

Microglia were stained using an antibody against the ionized calcium binding adapter molecule 1
(Ibal). This is a microglial cytoplasmic protein which is upregulated when microglia are stimulated
to increase their motilityL. It was hypothesized that the mechanical, inflammatory and Hb-
related injury would result in increased numbers of Ibal-positive microglia. A 10 mm reticule
divided into a 10x10 grid was used to count Iba-1 positive cells. Two sections per animal were
viewed at 20x magnification, and cells were manually counted in two non-overlapping regions: 1)
the basal surface of the brain, encompassing the ventral striatum on the ipsilateral side of
injection, ie a region close to the blood clot in the coronal plane, and 2) more superiorly, in a
central region of the striatum, ie more distant from the blood clot in the coronal plane. There was
no difference in Ibal-positive cell number between SAH and saline injected animals, in both

regions (Figure 7.22).
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Figure 7.21 Representative photomicrographs of Ibal stained sections from (A) the striatum of a
saline injected animal at 20x magnification, (B) the striatum of a blood injected
animal at 20x magnification, (C) the hippocampus of a saline injected animal at 10x
magnification, and (D) the hippocampus from a blood injected animal at 10x
magnification. All photomicrographs were taken from the hemisphere ipsilateral to

the injection.

Ibal-positive cells were also counted in the ipsilateral hippocampus encompassing the molecular

layers of the stratum radiatum and stratum lacunosum moleculare. These cell counts are
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presented in Figure 7.22C; no difference in microglial number was observed in this region of the

hippocampus between SAH and control saline injected animals.
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Figure 7.22 Cell counts of Iba-1 positive microglia cells in (A) the ventral striatum on the basal
surface of the brain, i.e. close to the blood clot in the coronal plane, (B) the central
striatum, more distant from the blood clot in the coronal plane, and (C) the glial rich
region of the molecular layers encompassing the stratum radiatum and stratum
lacunosum moleculare of the ipsilateral hippocampus. Data are presented as mean +

SD.
7.25.3 Synaptic integrity in the hippocampus

Synaptic integrity was assessed using Sy38, an antibody against the presynaptic protein
synaptophysin (Figure 7.23). Sy38 staining was quantified using a published protocol to adjust for
regional variation in staining!*3; in summary the ratio between the molecular layers of the stratum
radiatum and stratum lacunosum was calculated, after adjusting the intensity of each region with
an internal control region (the dentate gyrus). Sy38 quantification is presented in Figure 7.24;
there was no synaptic loss in the SAH group, when compared to saline injected control animals

(p=0.493, t test).
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Figure 7.23 Representative photomicrographs at 10x magnification of Sy38 staining for
synaptophysin in the hippocampus ipsilateral to the site of injection. (A) a saline

injected animal, and (B) a blood injected animal.
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Figure 7.24 Sy38 staining in the hippocampus, in the hemisphere ipsilateral to the injection. Data

are presented as mean * SD.

7.3 Discussion

This work characterized and aimed to optimise an injection model of SAH in the mouse. The
model was studied with respect to physiological response, behavioural deficits, vasospasm, iron

deposition, neuronal integrity and microglial response in the brain.

A good animal model recapitulates the essential features of the human condition, to enable
interrogation of mechanisms underlying the disease process, and test treatments. Hb
neurotoxicity is only one aspect of SAH. During and after SAH, the brain is challenged by multiple
insults including mechanical stress, raised ICP, hydrocephalus and ischaemia alongside Hb
neurotoxicity. An animal model is therefore required that recreates all of these aspects of the
human condition to ensure that targeting Hb toxicity with Hp therapy is clinically efficacious

despite all of the other disease insults.

As discussed in the introduction to this thesis, a good animal model of SAH would possess the

following attributes:

e Blood entering the subarachnoid space and subsequent clot formation.
e Clot retention in the subarachnoid space for several weeks.

e Increasein ICP.

e Lysis of clot and release of Hb.

e Hb neurotoxicity.

e Spasm of large cerebral arteries proximal to the clot.
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e Behavioural and/or neurological deficits mirroring those in humans.
e Histopathological characteristics similar to those seen after human SAH.

e High repeatability and low variability between experimental animals.

Clearly this model recapitulated the gross characteristics of SAH, in that blood enters the
subarachnoid space through the injection into the prechiasmatic cistern. Indeed post mortem
examination at early time points (24-36 hours post ictus, data not shown) identified the presence

of a blood clot.

Behavioural changes are important readouts from animal models when studying the efficacy of
new pharmacological interventions. Behaviour assessments were made here to monitor
locomotor activity, anxiety, photosensitivity, short term working memory, and innate behaviours.
It was hypothesized that there would be behaviour deficits in this model, as SAH survivors
experience cognitive, behavioural and emotional deficits!®2. Therefore, reproducing these

functional outcomes in pre-clinical models of disease is important!®3.

The open field paradigm was used in this work primarily to assess motor ability after induction of
SAH. In both the mouse endovascular perforation and rat blood injection rodent models of SAH,
the open field paradigm has shown significant changes in ambulation and anxiety!**1%>. Despite
this, no effect was seen here between SAH and controls. The open field arena was also used to
assess thigmotaxic behaviour as a measure of anxiety. No differences were observed between
SAH and control groups. It is important to note that mice are ideally assessed when they first
encounter the arena, to measure anxiety in a novel environment. Mice in these experiments were
habituated to the open field arena prior to surgery, since open field locomotor activity was the

pre-planned primary behavioural outcome measure.

Other labs, assessing perforation models of SAH in the open field have identified differences
between SAH and sham controls with regard to speed and distance travelled, albeit at later
timepoints (days 13 and 27)*. It is likely that either the perforation model 1) induces greater
injury, or 2) the manifestation of changes in open field behaviour occur at a timepoint subsequent

to that measured in this investigation.

Many SAH patients experience cognitive impairments such as deficits in attention, memory and
learning. The T maze is a measure of working memory in which the mice are required to
remember previous decisions when exploring new areas in the maze®3°. Using this behavioural
assay, no evidence of a deficit in learning and memory was found in the original version of the
model (before any refinements). The T maze was not performed in Refinement I, but there was no

evidence of synaptic loss in the hippocampus after synaptophysin immunostaining in Refinement
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I. In the literature, results from hippocampal dependent behavioural assays after experimental
SAH have been conflicting. Some rodent models of SAH have displayed deficits in hippocampal
dependent spatial learning tasks, for instance in an injection model of SAH in the rat, animals
failed to learn the location of a submerged platform in the Morris water maze!®®. Others show no
difference with this assay in the rat'®’, and investigators using mouse models have not found an

effect®®®.

No difference in numbers of Ibal-positive microglia were observed at three days post-ictus, either
proximal or distal to the blood clot in the subarachnoid space, between saline injected and SAH
animals, while this has been observed after SAH1251% |t js entirely possible that one of the
main drivers of the sterile inflammatory response after SAH is the increased ICP, and additionally
in this model’s case the tissue damage occurring from the needle tract — both these factors are
present in the saline-injected animals. There is a known inflammatory response to Hb and haem

after SAH, in a TLR 4 driven process?®:3437:125

, so it could be proposed that there has not been
sufficient lysis of erythrocytes to release Hb into the CSF, at the time of my assessment (three
days post-ictus). This is unlikely to be the case however, since 1) post mortem examination of the
clot at three days showed evidence of clot reabsorption (data not shown), and 2) there is
significant iron deposition in the brain parenchyma in SAH animals vs saline controls. Despite this,
it would be useful to reassess Ibal expression at a later time point. Ibal is principally a marker of
microglial motility, so other microglial activation markers such as morphology, MHC Il or CD68
ought to be considered. It would be interesting to compare behavioural and histological data in

SAH animals with vasospasm vs SAH animals without vasospasm. This was not possible in this

thesis since subgroup sizes would have been too small.

It was intended to investigate the haemoglobin scavenger receptor CD163 via IHC in the brains of
these mice. It was not possible however due to time constraints in this project, with much effort
focussed on optimising the protocol. CD163 has an important role in clearance of Hb, particularly

114 3nd there

in the mouse, in which it is known that Hp is not required for CD163 mediated update
is a population of CD163* cells in the CNS that are active following SAH in humans!®. It is known
that scavenging of Hb by CD163 induces increased expression?°%2%, |[HC examination of CD163

would have been of value in this work, providing insight into Hb handling following SAH, which

may in turn relate to toxicity. However, in another model of in vivo intrathecal Hb exposure used
in our laboratory, a two week infusion of Hb or HpHb did not elicit a change in CD163 expression
as detected by IHC (Dr P Garland, manuscript under review), despite a clear therapeutic effect of

Hp. Therefore the formation of HpHb complexes is sufficient to inhibit Hb’s neurotoxicity, as

predicted by biochemical studies and observed in vitro in the Chapter 6 of this thesis. While
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clearance of HpHb complexes by CD163 would likely be beneficial, CD163 expression in the brain

is very low such that HpHb complexes queue for clearance by CD1631%2,

In the model, a substantial decrease in cerebral blood flow after injection of either blood or saline
was observed. As the brain sits within the enclosed skull, the injection of blood or saline causes a

dramatic increase in ICP&3

resulting in a reduction of CBF. This is not dissimilar to what occurs
during ictus in human SAH; aneurysmal rupture releases blood under arterial pressure into the
subarachnoid space causing a rise ICP2°2, The rise in ICP is associated with a reduction of CBF, due
to the increased pressure within the non-expandable skull. This causes compression of the
parenchyma and occlusion of the blood vessels, reducing blood flow to the brain®. Modifications
to the model to 1) reduce the rate of injection and 2) reduce injection volume, still showed a

substantial decrease in CBF. Thus these modifications still allowed for modelling this particular

aspect of human SAH.

Refinement | involved reducing the injection rate (from 300 pL/min to 200 pL/min), employing
older animals and using ketamine/xylazine instead of isoflurane for surgical plane anaesthesia.
Initially, animals aged 8-10 weeks were used for the initial establishment and characterisation of
the model in our lab. This was due to experience working with C57BL/6 mice of this age. The
decision to use older mice was to make animals more representative of the human age at which
SAH is likely to occur, but also to use animals with a larger cranium to reduce the rate of
mortality. Therefore animals aged three months were selected based on availability of aged
C57BL/6 mice in our Biomedical Research Facility. Three months of age is still relatively young for
SAH, but is an improvement. Due to time and financial restrictions in this work, housing mice to
reach an older age, specifically for the purpose of these experiments was not an option. These
modifications did not affect mortality rate, but delivered the best vasospasm rates. Refinement Il
reduced mortality from 26% to 6%, which is in alignment with the principles of the 3R’s. However
it was offset by the fact that vasospasm was not observed. This demonstrates the difficult trade-
off | was trying to achieve, reducing mortality in SAH animals while achieving a vasospasm rate
that is significantly higher than control animals. Both mortality and vasospasm are clinical features

of human SAH, and it may not be possible to reduce mortality without affecting vasospasm rate.

Since angiographic vasospasm is a common characteristic of human SAH (occurring in up to
60%2°% of cases), a large part of this optimisation focussed on producing vasospasm as an
indicator of model performance. Previous work using the same model has shown that the 100 pL
injection of blood into the prechiasmatic cistern induces vasospasm of both the MCA and ACA!%°,
Work by others using the same model with a lower injection volume has shown that vasospasm is

biphasic, peaking at days three and again at day seven'!?. Initial experiments using these protocols
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failed to show vasospasm at three days. Modifying the protocol to include a slower injection rate
and use of ketamine/xylazine anaesthesia for surgery induced vasospasm in 50% of the SAH
group. A chi squared analysis of this experiment was non-significant, yet this experiment was
underpowered. A post-hoc power calculation revealed this analysis had a power of 24%, and to
achieve 80% power a sample size of 62 animals would be required (i.e. 31 animals per group). This
is a large number of animals, especially when considering future experiments to test the efficacy

of Hp against Hb-induced neurotoxicity using this SAH model.

Interestingly vasospasm was observed in two saline-injected animals, in the original model and in
Refinement I. Vasospasm in the control group is undesirable since it reduces power. The aetiology
of vasospasm after saline injection is uncertain, but several possibilities may be entertained. First,
some of these animals may experience subarachnoid bleeding, as a result of surgery — this is
illustrated by the presence of intense Perls’ staining close to the needle tract in some saline-
injected animals (Figure 7.19). Second, the use of saline may have induced a temporary drop in
calcium and magnesium concentrations in the subarachnoid space, which may induce smooth
muscle contraction. Third, the rise in ICP may, by itself, induce a series of responses leading to
delayed vasospasm. It is possible that any of these three factors act in concert, for instance
surgery and increased ICP may both cause inflammation which is a known inducer of vasospasm®.
In most cases, vasospasm seemed to be a binary event, either present or absent, arguing against a
predominant effect of temporary lowering of calcium and magnesium concentration in the
subarachnoid space, which would occur in all animals. Also mice turnover their entire CSF volume
in two hours?®*, and vasospasm was assessed at day three. On the other hand, surgical trauma
and CBF (Figure 7.1 and Figure 7.11) were variable between animals, and it is easy to see how in

some animals, they could have colluded to cause vasospasm after saline injection.

Retention of the blood clot was not well modelled and this is a common feature of murine models
of SAH. Blood clot resorption in humans takes about two weeks and can last up to one month?%®
while blood clot only persisted for a few days in my model. The rate of CSF production in the
mouse is greater than in humans with a rate of approximately 0.3 pl/min%** compared to 0.4
ml/min in humans?%2%’, However the CSF volume of the mouse is 40 puL2°* and in humans it is 90-
150 mL%%’. Thus the total CSF volume is turned over twice as fast in the mouse than in the human.
It may well be hypothesized that this increased CSF turnover rate could be causing faster

disruption of the blood clot and clearance of extracellular Hb in the mouse such that Hb does not

linger within the CSF for sufficient time.

In addition to this, neuroanatomical differences between mouse and man may be responsible for

discrepancies between this model and human SAH. The surface of the mouse cortex is relatively
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smooth, whilst the human brain surface is extensively folded to increase the cortical surface area
creating cerebral sulci which could trap the blood clot. In addition, it is likely that the blood clot
within the sulci has a decreased rate of reabsorption due to a lower CSF flow in these areas. This
in turn would result in the accumulation of higher concentrations of Hb in contact with the
surface of the brain within sulci. A study using a swine model of SAH, as opposed to a murine
model for this reason, to properly reconstruct the anatomical sulci of the human lacking in murine

models?®®

identified increased likelihood and recurrence of spreading cortical depolarisations and
larger infarcts associated with sulcal clots?®. It may also be true that the depth of tissue damage is
extended by pooling within depths of sulci, as the Hb lingers in the CSF in close proximity to the
brain surface. Magnetic resonance studies after human SAH have shown that iron deposition
occurs deep within the brain, and this is accompanied by increased disintegration of white matter

tracts colocalizing with iron overload and correlating with clinical cognitive dysfunction®®.

Further refinements could be made to the murine prechiasmatic model. One example of this
could be replacing the saline control injections with artificial CSF, serum or plasma injections.
While the use of serum or plasma would ensure that control injections are similar in terms of
viscosity to blood in the SAH animals, a high concentration of blood-derived proteins is toxic to
the central nervous system?%-214, Other refinements could include the use of a smaller gauge
needle for control saline injections, the use of sham surgery, older mice, different mouse strains
and assessment of vasospasm, behavioural and histological features at later timepoints, such as

days seven and fourteen.

The murine prechiasmatic model was established in our laboratory to test the hypothesis that
haptoglobin is therapeutic in an in vivo model of subarachnoid haemorrhage, ie to translate the
in vitro results to an in vivo model of SAH. Based on the experience detailed in this chapter, it may
be time to re-consider the usefulness of this specific model as a tool to address this hypothesis. It
might be beneficial to consider other SAH models, such as a rat injection model or a perforation
model in the mouse. Whilst the perforation models are less desirable as the effect of increased
ICP is not controlled for, and there is inherent variability in the size of the SAH produced, they
may produce angiographic, behavioural and histological readouts suitable for testing the efficacy

of Hp-based therapeutics against Hb neurotoxicity after SAH.
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Chapter 8 General discussion

Subarachnoid haemorrhage is a complex haemorrhagic disease of the CNS resulting from the
rupture of an intracranial aneurysm. This causes blood to enter the subarachnoid space and clot
on the surface of the brain, in contact with the cerebral vasculature. Initially there is traumatic
damage arising from the mechanical effects of blood injection under arterial pressure and the
hydrocephalus that often develops. Then, erythrocyte lysis results in the release of a high
concentration of free Hb in the CNS. Free Hb is directly neurotoxic via oxidative mechanisms?! as

reviewed in the introduction of this thesis.

Surgical management of SAH patients aims to secure the bleeding aneurysm; medical
management is aimed at preventing vasospasm with triple H (hypertension, hypervolemia and
haemodilution) therapy or prevention of DIND with nimodipine. Despite these interventions there
is high morbidity in survivors, making the case for additional novel treatments to improve patient
care and long term outcome. Despite the evidence supporting the involvement of Hb!%? in the
pathophysiology of SAH, no treatments currently target this insult in the CNS. Along these lines, it
is hypothesized in this thesis, that haptoglobin affects the outcome after subarachnoid
haemorrhage through its role in haemoglobin scavenging and its supplementation after SAH is

of therapeutic benefit.

8.1 Haptoglobin is important in modifying outcome

The HP gene duplication has resulted in the production of multiple isoforms of Hp in humans.
Functional differences between Hp protein isoforms have been reported at multiple stages of the

Hb scavenging pathway including: Hp circulating leve|6269146-153

and HpHb complex affinity for
CD163%8%, So far, previous work studying the relationship between the HP gene and SAH
outcome has concentrated on short-term outcome, around six months or less, and the association
between the HP2-2 genotype and vasospasm or outcome was not consistent'%7-110113 Ap
individual patient-level data meta-analysis of these studies disproved the prevailing hypothesis

that the HP1 allele imparts a favourable prognosis as determined by the modified Rankin Scale!!?,

Chapter 4 of this thesis presents novel data, looking at outcome after a significantly longer time
after SAH, compared to previous studies — a median of 18 months, and up to 8 years. | identified a
novel association of the HP1-1 genotype with unfavourable long term outcome after high grade
SAH. The discrepancy between short-term and long-term outcome may be due to the
overwhelming effect of early brain injury in the short-term, such that differences related to Hb

scavenging take longer to become clinically apparent, after the early brain injury settles.
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While previous studies have looked for associations of HP genotype and outcome, this study is the
first to address the underlying mechanism. The SNP rs2000999 is the largest genetic contributor

1°°, and this SNP did not associate with outcome after SAH. It was therefore

to Hp expression leve
concluded that the effect of the HP duplication on long term outcome was mediated by Hp

isoform differences in Hb scavenging, not by the level of Hp expression.

It was hypothesised that the observed association of the HP2-2 genotype with favourable long
term outcome in high grade SAH could be mediated by the higher valency of HP2-2 for Hb. Each
molecule of Hp polymer can bind to, and therefore detoxify and clear more Hb, compared to Hp
dimer, and this may deliver a higher level of protection. In Chapter 5, | provide evidence
supporting the hypothesis that lower levels of complexed Hb occur in the CSF of HP2-2 individuals
after SAH, vs HP1-1 individuals, due to greater removal from scavenging. In serial CSF samples
after SAH, complexed Hb was significantly lower in HP2-2 patients and free Hb was associated
with worse clinical outcome. The overarching hypothesis of this thesis is that haptoglobin affects
the clinical outcome after subarachnoid haemorrhage through its role in haemoglobin
scavenging. In combination, these data could be interpreted to mean that the lower levels of
HpHb complexes observed in Hp2-2 individuals (with high Fisher grade) are a result of greater
scavenging by CD163 of these complexes (compared to Hp1-1). This result may be driving the

effect observed in Chapter 4 in that HP2-2 is associated with better long term outcome.
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Figure 8.1 The observations in Chapter 4, that patients with the HP2-2 genotype have better long
term outcome may be explained by data from Chapter 5 in which Hp2-2 patients have
lower levels of HpHb complexes in CSF. Here it is shown that each Hp2-2 molecule has
a higher valency for Hb, therefore contributing to greater levels of Hb removal from
the CSF (that is then subsequently scavenged by CD163). Figure created with

BioRender.com.

In summary, this work provides evidence that the Hb scavenging process is crucially important in
determining outcome, especially in patients with larger bleeds (ie Fisher Il & V). This highlights
Hp as a prime target for developing therapeutics for Hb toxicity after SAH, an area currently
lacking in the management of SAH patients. With the knowledge that HP1-1 is a predictor of poor
outcome in high Fisher grade patients, point-of-care HP genotyping or phenotyping would be of
prognostic benefit to identify patients at risk of unfavourable long term outcome. This would help
clinicians identify the patients who need higher level management, and it would help patients in

making decisions and plans after SAH.

8.2 The resident haemoglobin scavenging system is overwhelmed

Following SAH, the clot in the subarachnoid space begins to degrade and the erythrocytes lyse,
releasing Hb into the CSF. A Hp based therapeutic against Hb toxicity in SAH would aim to work by

1) detoxifying Hb, and 2) promoting scavenging and therefore eventual removal of HpHb
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complexes from the CSF. Hence, the temporal profile of Hb release into the CSF and the Hb
concentration is important, yet is currently unknown. Previous work often made observations in
the CSF at a single time point!®2. Data presented in Chapter 6 show that complexation of Hb by Hp
is by itself sufficient to inhibit neuronal death; clearance of HpHb complexes is likely to be of
added benefit in vivo. Data presented in Chapter 5 show that the level of Hb in ventricular CSF
reaches a peak of 10 uM within 13 days post-ictus. Free Hb in the CSF, in direct contact with the
brain, is neurotoxic via the production of highly reactive oxidative species that cause DNA, protein
and cell membrane damage. Hb surrounding the large cerebral arteries is a putative mediator of

vasospasm which can lead to DINDs”%6,

The Hp scavenging system of Hb is active in the brain after SAH%2, Despite the high levels of Hb
observed accumulating in the CSF, the capacity of Hp in the CSF to scavenge this Hb is low. Thus
the resident Hb scavenger system in the CSF is overwhelmed by the Hb insult after SAH, and a
high level of free Hb is present in the CSF after SAH. There is justification here therefore to
support the hypothesis that supplementing Hp in the CSF will augment Hb scavenging. The
temporal data presented in Chapter 5 also identify that there is a window of opportunity in the
first 13 days post-ictus, proving that the free uncomplexed Hb in the CSF is still scavengeable by
exogenous Hp; this is a novel observation of clinical translational importance. These advances
were enabled by the development and application of a UPLC methodology to measure Hb species,

with the ability to discriminate between free Hb and Hb in complex with Hp.

8.3 Haptoglobin can ameliorate haemoglobin toxicity

Experiments in Chapter 6 demonstrate the toxicity of Hb to neuronal cells. Hb toxicity is mediated
by oxidative mechanisms?!, and necroptosis or ferroptosis?!® via an ERK1/2 pathway?*>?®. In vitro
experiments in this thesis show that treatment with Hp ameliorates this toxicity, maintaining
neuronal viability. While this work provides proof of principle within an in vitro system, translation
to the in vivo setting is essential. Purification of human Hp to a pharmaceutical grade to render it
safe for clinical use (GMP grade, or Good Manufacturing Practices grade) requires multiple harsh
preparatory steps?'’, so it was very important to show, for the first time, that a medicinal grade

human Hp product retains the ability to neutralize Hb neurotoxicity in vitro.

Recently, work from our group has used an in vivo model that replicates the Hb insult of SAH by
continuous intraventricular infusion of Hb via an osmotic minipump (manuscript under review).
The infusion of Hb induced behavioural dysfunction as measured in the open field arena,

characterised by a reduction in ambulatory activity and freezing behaviour in the peripheral zone;
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this is often interpreted as an anxious phenotype!*!. Histological analysis revealed significant iron
deposition in the brain, increased Ibal-positive microglial number and synaptic loss in the
hippocampus. Concomitant infusion of Hp was able to reverse these behavioural deficits, iron
deposition and tissue injury indicating Hp is able to reverse the toxicity of Hb, in vivo. Although
these results are encouraging, the Hp delivery in this model is not equivalent to the clinical
situation, since Hp was delivered at the same time as Hb. After human SAH, Hp would not able to
be provided at the same time as the bleed occurs. Fortuitously, as shown in the observational
data in Chapter 5, substantial accumulation of Hb occurs after the first three days post-ictus, such
that Hp supplementation is clinically practical. Additionally, SAH is a highly complex condition,
during which Hb exposure is one of several insults. Hp treatment for SAH must be demonstrated
to have therapeutic potential in a model of SAH that encompasses other aspects of the disease

such as increased ICP, global cerebral ischaemia and vasospasm.

To prepare for this task, | set up a murine model of SAH after a period of training at Loch

Macdonald’s lab'?°

in Toronto. | aimed to characterize the model further, specifically addressing
the issues of whether the model recapitulated all aspects of the human condition, principally
increased ICP, vasospasm, cognitive deficits, neuronal injury and inflammation. The initial
characterization of this SAH model showed it does not model SAH well. While previous work using
the prechiasmatic model have identified some of these qualities'?’, to date there has been no
behavioural characterisation of the injection model of SAH in the mouse. The data presented in
this thesis are in agreement with previous observations that the model clearly results in a rise in
ICP and a fall in CBF, as occurs after human SAH. This was true even after modifications to the rate
and volume of injected fluid to decrease the severity of the procedure. The occurrence of
vasospasm was expected after experimental SAH since 50-70% of SAH patients develop
vasospasm?®3, Vasospasm could be a target for Hp based therapy, to reduce the severity of
vasospasm (ie reduce constriction of the artery) or prevent it. Instead it was found that
vasospasm was not reliably detectable. Therefore, modifications were made to the model, and
the best vasospasm rate achieved was 50% with Refinement I. Although the optimisation work on
this model was heavily focussed on producing vasospasm since it is a core feature of human SAH,
the relationship between vasospasm and long term outcome after SAH is uncertain or absent. For
instance nimodipine has been shown to improve long term outcome without preventing
vasospasm!®, and vasospasm is not a prerequisite for DIND*?’. Hence it may still be possible to
model aspects of human SAH in the absence of vasospasm; certainly some SAH patients do not
develop vasospasm, and a vasospasm-free SAH model would suffice to test treatments for this

category of patients.
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H193:195,197.218 'yat much less studied

Behavioural dysfunction has been observed in rat models of SA
in mouse models in the literature!®®. In this work dysfunction was not observed in a battery of
tests addressing learning & memory, innate rodent behaviours, ambulation and anxiety. Some
behavioural tests showed changes from baseline in both SAH and saline injected animals. In these
cases, it is possible that a culmination of multiple insults common to both groups, for example the
rise in ICP and needle tract injury, occluded any SAH-specific effects. Certainly authors who
describe behavioural deficits in rodent models of SAH often do so using perforation models and
controlling experiments with sham surgeries, as opposed to saline injections. It would be

interesting to compare the prechiasmatic SAH model vs a sham surgery control; alternatively a

perforation model with known behavioural deficits could be used.

The prechiasmatic injection model of SAH was selected to test the efficacy of Hp after SAH in vivo
since it allowed the dissection of Hb toxicity from other mechanical effects of SAH. So far, the
model has proven to be difficult to work with. A perforation model may be used to test Hp

efficacy after experimental SAH in the future.

8.4 Haptoglobin as a novel treatment for SAH

Hp is currently commercially purified from human plasma. Work in this thesis has been done in
collaboration with BPL, a plasma purification company. BPL have a Hp preparation that is enriched
for the Hp dimer (approximately 60%) vs Hp polymer. Other companies also produce Hp solutions
including CSL Behring (enriched for the Hp2-2 forms)?'° and Benesis Corporation in Japan (also
enriched for Hp2-2 forms)’®. Hp is used clinically in Japan and in line with this, the Benesis product
has been subjected to most clinical trials, including for renal failure prevention following
cardiopulmonary bypass surgery??°, haemolysis after massive transfusion??! and haemolysis

elevated liver enzymes and low platelet count syndrome??2,

The use of Hp to target Hb toxicity following SAH represents another market for Hp preparations.
Early pilot experiments found that BPL’s current Hp preparation (Hp5911) produced
neuroinflammation in vivo (Dr Patrick Garland, unpublished data) and was neurotoxic in vitro as
presented in Chapter 6. It was found that toxicity was reversed by dialysis with a 20 kDa cut off.
Similar results can be achieved on a large scale using an optimised diafiltration process — a
method for filtering impurities by size (Dr Zuby Okemefuna & Dr John More, BPL, personal

communication), indicating a preparation close to being ready for medicinal use.

In 1979, a small Japanese case series of Hp therapy after SAH was published'?®. Here Hp was
applied to arteries during an aneurysm clipping procedure to prevent vasospasm. This small study

of 27 patients was complicated by further subgroupings and no control group, which makes it
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difficult to draw conclusions. As my data in Chapter 5 show, the Hb scavenging deficit is large, so
while the topical application of Hp to arteries during surgery will indeed scavenge Hb, it is unlikely
to detoxify sufficient amounts of Hb to be clinically beneficial. More realistically a prolonged
delivery of Hp will be required, especially as the Hb levels in the CSF are observed to build up from

day three and persist for at least two weeks after SAH.

SAH is a multifaceted disease with inflammatory, ischaemic and mechanical insults in addition to
Hb toxicity. A widely used treatment regime in SAH is daily oral nimodipine, which confers
neuroprotection from ischaemic events'*. Combination treatment with Hp and nimodipine could
be more effective than nimodipine alone. Triple H (hypertension, hypervolaemia and
haemodilution) therapy is used to improve cerebral blood flow and cerebral perfusion pressure, in
an effort to prevent DIND?. Again, it is likely that a multimodal approach to treatment would be

beneficial.

While adverse reactions to endogenous proteins are unlikely, the existence of multiple Hp
isoforms raises the possibility of an immune reaction since HP1-1 patients will not naturally
produce Hp2 polymers, so the latter may be seen by the immune system as foreign proteins. This
is of particular concern in the CSF, which is not an immune privileged compartment of the CNS*’2,
In our group, we have challenged mice with intrathecal infusion of human Hp for up to two
weeks, and this was surprisingly well tolerated by the mice. Sickness behaviour was not observed,
mice gained weight as expected for their age, and there was no evidence of inflammation in the
brain. This is encouraging because 1) the Hp infused was human, and therefore of a foreign
species to the mouse and 2) mice only express HP1-1, while the Hp infusion consisted of both Hp1
dimers and Hp2 polymers. However it is difficult to be sure that a mixed preparation would be
safe in humans. Hp purified from pooled plasma (as is current practice in industry) can be purified
into fractions containing specific isomers (as discussed in Chapter 6). Alternatively, procedures
may need to be developed to enable purification of Hp from plasma of donors whose Hp

genotype is known to be HP1-1 or HP2-1.

Hp’s primary binding partner is Hb, however it is known to bind a small number of other ligands.
HMGB 1 is a nuclear protein that is released into the cytosol or extracellularly, and acts as a
DAMP, activating TLR 4 dependant inflammatory signalling?*>. HMGB-1 has been identified in
cytosolic fractions following experimental SAH?*?* and in the CSF of SAH patients??>?2%, Here, it was
found to be associated with increased inflammation®?® inducing IL-1B production®**, and was
associated with poor outcome??*. Hp has been shown to bind to HMGB-1 through Hp’s B

117,118

chain , and in doing so has been shown to have an anti-inflammatory effect, attenuating

systemic inflammation in mouse models!*®, HMGB-1 is unlikely to compete with Hb for Hp, since
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HpHb affinity is in the pico- to femtomolar scale??’

, Whereas HMGB-Hp affinity is on the
nanomolar scale!'’. Supplementation of Hp in amounts to oversaturate Hb may harness the anti-
inflammatory signalling induced by Hp-HMGB complexes. Indeed targeting HMGB-1 to supress
neuroinflammation has shown to be neuroprotective in murine models of inflammatory CNS

disease (experimental autoimmune encephalitis)?%.

Hp has also been demonstrated to bind to Apolipoproteins A-1%2° and E?*°. Within the context of
Alzheimer’s disease (AD), in which there are links with Apolipoprotein E and amyloid 3, Hp may
also bind amyloid B and influence their interaction?**. Apolipoproteins are involved in cholesterol
metabolism; ApoA-1 is the major protein in high density lipoprotein and a cofactor for the enzyme
lecithin:cholesterol acyltransferase and Apolipoprotein E is the major lipoprotein in the brain?32
involved in lipid metabolism. While Hp binding to both forms of apolipoprotein impairs their

interaction with lecithin:cholesterol acyltransferase and inhibits cholesterol homeostastis?3°

,itis
thought that Hp binding protects the cholesterol transport system from damage during oxidative
stress?3°, It has been demonstrated that at concentrations above 0.7 uM, Hb displaces
Apolipoprotein E from Hp?*° (and this is likely the case for Apolipoprotein A-1). Although
Apolipoprotein E is present in the CSF?%2, it is unlikely that the apolipoproteins compete for Hp
and therefore saturate binding sites for Hb, since the levels of free Hb in the CSF after SAH are

observed to be much greater than this (Chapter 5).

In SAH patients, Hp-based therapy can be achieved in a number of ways: systemic
supplementation, intrathecal supplementation and pharmacological augmentation. These will

now be discussed in turn.

8.4.1 Systemic delivery of Hp

The most practical way to deliver Hp would be systemically, via intravenous infusion. However
under normal conditions Hp enters the CNS in small quantities, in a pattern that suggests leakage
across the BBB, ie with Hp dimer and smaller polymers being more prominent than larger
polymers in the CSF?332%* However, during SAH there is increased permeability of the BBB, as
described in Chapter 5. This may be sufficient to allow entry of Hp from the circulation into the
CSF. While calculations show that systemic Hp administration would not result in sufficient Hp
entry into the CNS to bind the high Hb concentration in the CSF of high grade SAH patients, it may
be enough for patients with low grade SAH (personal communication, Dr | Galea). The latter is an
interesting observation since low grade SAH patients would not usually need insertion of an EVD,
the most practical way for intrathecal delivery of Hp (see below). Moreover, increased BBB

permeability facilitates increased leakage of Hb down a concentration gradient and out of the CSF
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into the circulation!?, Systemic administration of Hp may help maintain a steep concentration

gradient for Hb across the BBB.

8.4.2 Intrathecal delivery of Hp

The most direct method is to deliver Hp into the CSF. The majority of high grade SAH patients
have an EVD inserted to manage hydrocephalus. This drain is also used for direct delivery of
compounds to the CNS, such as antibiotics when ventriculitis occurs!’. This route presents an
ideal opportunity to quickly target Hb in the CSF. The relative ease and frequency by which CSF
can be non-invasively obtained from an EVD allows for daily assays of CSF Hb and Hp
concentrations. This may be used to calculate a personalized dose of Hp that would be required to
specifically target the patient’s Hb burden on that day. While an EVD would only be usually

inserted in high grade SAH patients, these are the patients who need Hp most.

8.4.3 Pharmacological induction of Hp synthesis

It is possible to upregulate the synthesis of Hp through the activation of the transcription factor
Nuclear factor erythroid 2-related factor 2 (Nrf2)'82. Under basal conditions Nrf2 is found in the
cytoplasm bound to its negative regulator Kelch-like ECH-associated protein-1 (Keap1)?3>2%,
However oxidative stress initiates the oxidation of the thiol groups on two cysteine residues of
Keap1, which inhibits its interaction with Nrf2237:238_ Free from its negative regulation, Nrf2
translocates to the nucleus where an accumulation of the transcription factor is observed7-23,
Heterodimer formation with small Maf proteins initiates gene transcription by binding to an
Antioxidant Response Element (ARE)?3>237238 ypstream of genes involved in the cytoprotective

response to oxidative stress.

While Hp is normally present in the CSF in very low amounts?**?3* CNS synthesis has been
reported during inflammatory conditions in ischaemia?*® and intracranial haemorrhage®. | have
not detected intrathecal Hp synthesis after human SAH in HP1-1 individuals, however the Nrf2
system can be pharmacologically upregulated by compounds such as sulforaphane?®, resulting in

higher expression of Hp in the CNS °8 via the Nrf2-ARE pathway?%.

Sulforaphane has been shown to have positive effects following experimental ICH?*°, but its
efficacy in SAH has not been tested. Both ICH and SAH are haemorrhagic diseases of the CNS, but
the localisation of the blood clot is markedly different and this impacts of the accessibility of cells
expressing Hp and CD163. A Phase Il clinical trial of an a-cyclodextrin-stabilized form of

sulforaphane is currently underway in Fisher grade Ill & IV patients?*. Sulforaphane may be an
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effective treatment for Hb toxicity in low grade SAH patients without an EVD, in whom direct

intrathecal Hp delivery is not an option.

8.5 Summary

In summary | have shown the importance of the Hp scavenging system on long term outcome
after SAH, and a beneficial effect of the HP2-2 genotype at high Fisher grades. The Hp scavenging
system is overwhelmed by high concentrations of Hb in the CSF after SAH. Despite this, the Hb in
the CSF remains scavengeable by Hp, providing a window of opportunity for treatment with Hp in

the first two weeks post-ictus.

In proof of principle experiments in vitro, | have shown that Hp reverses Hb-mediated
neurotoxicity. An in vivo model of SAH has been optimised but this is not yet at a stage to be used

to test the efficacy of Hp after SAH in vivo.

Future directions would need to primarily concentrate on further developing the SAH model, with
consideration given to the use of different controls or of a perforation SAH model. As fractions of
Hp containing different isoforms have been obtained, it would be of interest to test these

individually in their ability to reverse Hb neurotoxicity in vitro and in vivo.
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Appendix A  Clinical grading scales

Table 8.1 The modified Rankin Scale.

Score | Description

0 No symptoms at all.

1 No significant disability despite symptoms; able to carry out all usual duties and
activities.

2 Slight disability; unable to carry out all previous activities, but able to look after own
affairs without assistance.

3 Moderate disability; requiring some help, but able to walk without assistance.

4 Moderately sever disability; unable to walk without assistance and unable to attend to
own bodily needs without assistance.

5 Severe disability; bedridden, incontinent and requiring constant nursing care and
attention.

6 Dead.

Table 8.2 The Glasgow outcome scale.

Score | Description
1 Dead.
2 Persistent vegetative state.
3 Severe disability (conscious but disabled).
4 Moderate disability (disabled but independent).
5 Good recovery.
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Table 8.3 The Glasgow coma score.

Score Description

Motor response
1 No response to pain.
2 Extensor posturing to pain: stimulus causes limb extension.
3 Abnormal flexor: stimulus causes abnormal flexion of limbs.
4 Withdraws to pain: pulls limb away from painful stimulus.
5 Localising response to pain: able to localise specific stimuli and alters behaviour to prevent it.
6 Obeying command: the patient is able to do simple tasks when asked.

Verbal response
1 No verbal response.
2 Incomprehensible speech: moaning but no words.
3 Inappropriate speech: random or exclamatory articulated speech but no conversation exchange.
4 Confused conversation: the patient responds to questions in a conversational manner but some

disorientation and confusion is present.
5 Orientated: the patient knows who he/she is, where he/she is and why, the current year, current
season and month.
Eye response
1 No eye opening.
2 Eye opening in response to pain.
3 Eye opening in response to any speech.
4 Spontaneous eye opening.
Interpretation of score
<8 Severe.
9-12 Moderate.
>13 Mild.
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Table 8.4 World Federation of Neurological Surgeons grade.

Score | Description
1 GCS score of 15 without focal neurological deficit.
2 GCS score of 13 or 14 without focal neurological deficit.
3 GCS score of 13 or 14 with focal neurological deficit.
4 GCS score of 7-12.
5 GCS score of 3-6.

Table 8.5 Fisher grade.

Score | Description
1 No blood present.
2 Diffuse deposition of SAH without clots or layers of blood >1 mm.
3 Localised clots and/or vertical layers of blood 1 mm or greater thickness.
4 Diffuse or no subarachnoid blood but intracerebral or intraventricular clots.

155




156



Appendix B

Functional differences between

haptoglobin phenotypes

Table 8.6 Studies investigating Hb binding of Hp phenotypes

Study

Methods

Key finding

Okazaki et al. 19977°

Two-dimensional affinity

electrophoresis.

Hp1-1vs Hp2-1vs Hp2-2. Hp2-2 lower
affinity than Hp2-1 and Hp1-1.

Melamed-Frank et

al. 20017

Ultrafiltration assay of non-
complexed equimolar amounts

of Hb.

Hp1-1vs Hp2-2. No significant
difference between Hp1-1 and Hp2-2 for
Hb binding.

Asleh et al. 200577

Surface plasmon resonance.

Hp1-1 vs Hp2-2 No significant difference
in binding affinity to Hb.

Lipiski et al. 201378

Mass spec and surface plasmon

resonance.

Hp1-1vs Hp2-2. No significant
differences in Hb binding capacity or

affinity.

Mollan et al. 20148°

Monitored spectrophotometric
change when Hp interacts with

Hb.

Both dimeric and polymeric fractions of
Hp form HpHb complexes at comparable

rates (in vitro).
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Table 8.7 Studies investigating the inhibition of Hb mediated oxidation by different Hp

phenotypes

Study

Methods

Key finding

Bamm et al. 2004%*

Assayed Hb oxidation of protein

and lipids.

Hp1-1vs Hp2-2. Hp1-1 significantly
better at inhibiting Hb mediated

oxidation.

Melamed-Frank et al.

200172

In vitro linolenic acid and LDL

oxidation assays.

Hp1-1vs Hp2-2. Hp1-1 significantly
better at inhibiting Hb mediated

oxidation.

Asleh et al. 200577

In vitro assay of chelatable redox
active iron from HpHb

complexes.

In vivo assay of redox active
chelatable iron from serum of

Hpl and Hp2 transgenic mice.

Hp1-1vs Hp2-2. Significantly greater
levels of oxidative stress with Hp2-2:Hb

complexes.

Hp1-1 vs Hp2-2. Four-fold increase in
redox active iron in serum of Hp2-2

mice.

Lipiski et al. 201378

Spectrophotometric methods to
monitor redox reactions in

presence of HpHb complex.

Hp1-1vs Hp2-2. No significant
difference in the ability of either
complex to inhibit the oxidation of LDL

(in vitro).

Mollan et al. 20148°

Spectrophotometric methods.

Dimeric and polymeric Hp exert similar
effects in reducing Hb redox potential
and similar effects in inhibiting H,0,

induced HbFe** (in vitro).
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Table 8.8 Studies investigating the inhibition of haem release by different Hp phenotypes

Study

Methods

Key finding

Asleh et al. 200577

Assayed redox active chelatable
iron (as haem proxy) using kinetic
fluorometric assay with

dihydrorhodamine.

Hpl-1vs Hp2-2. Greater Haem release

from Hp2-2:Hb complexes.

Lipiski et al. 201378

In vitro. Hb to Hpx assayed
monitoring UV spectrum at
regions of Hb and Haem to

measure transfer.

Hp1-1vs Hp2-2. No significant
differences in rate of Haem release
between Hpl-1:Hb and Hp2-2:Hb

complexes.

Mollan et al. 20148°

Spectrophotometric methods.

Dimeric and polymeric Hp inhibited

haem release to the same extent.

Table 8.9 Studies investigating the inhibition of NO scavenging by complexes of Hb with different

Hp phenotypes

Study

Methods

Key finding

Azarov et al. 2008

Monitored dioxygenation reaction
by time resolved absorption and
competition experiments
deducing NO scavenging from
amount of metHb formed in

presence of NO.

No significant difference in the
consumption of NO in either Hp1-1 vs

Hp2-2 or even compared to Hb alone.

Lipiski et al. 201378

Use of NO sensitive electrode
after serial administration of Hp1-

1 or Hp2-2 complexes.

Hp1-1vs Hp2-2. No significant
difference between either Hp1-1 or

Hp2-2 or Hb alone (in vitro).
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Table 8.10 Studies investigating the affinity of CD163 for complexes of Hb with different Hp

phenotypes
Study Methods Key finding
Kristiansen et al. 2001 | Surface Plasmon resonance Hp1-1vs Hp2-2. Hp 2-2 Higher affinity
binding of Hp1-1 and Hp2-2 for CD163 (surface plasmon
complex to CD163. resonance).

Asleh et al. 2003% In vitro uptake assays using CHO  |Hp1-1 vs Hp2-2. Hp2-2 eight-fold
cells constitutively expressing greater binding affinity for CD163 (in

CD163. vitro).

Table 8.11 Studies investigating the uptake of Hb in complex with different Hp phenotypes by
CD163* macrophages

Study Methods Key finding

Asleh et al. 2003%* | In vitro Rhodamine-tagged Hp1-1 |Hp1-1vs Hp2-2. Greater uptake by
and Hp2-2 complexes in CHO- CD163 expressing macrophages (in
CD163 cells. vitro).

Hp2-2 greater activation of CD163

signalling (IPs production and Ca?*

mobilisation).

Lipiski et al.2013
In vivo monitoring of clearance of | Hp1-1 vs Hp2-2 comparable half life of

HpHb complex from the serum. Hp1-1:Hb and Hp2-2:Hb complexes in

serum of Guinea pig.
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Table 8.12 Publications demonstrating circulating Hp levels between HP genotypes.

Study

Notes and findings

Louagie et al. 199346

Hp1-1 levels higher. (Hp1-1>Hp2-1>Hp2-2). Study of Caucasian

adults.

Langlois et al. 199647

Hp1-1 levels higher. (Hp1-1>Hp2-1>Hp2-2). Study of Caucasian

adults.

Langlois and Delanghe 199652

Seminal review of biological and clinical aspects of Haptoglobin.
Provides reference ranges of serum levels for each genotype in

Caucasians:

Hp1-1 levels higher. (Hp1-1>Hp2-1>Hp2-2 circulating levels).

Kasvosve et al. 200048

Hp1-1 higher than Hp2-2. (Hp1-1 + Hp2-1 > Hp2-2). Hp2-1 not
different to Hp1-1 levels. Study in Black Zimbabwean adult
population. Reference ranges identified lower than Caucasian

populations.

Park et al. 2004%*°

Hp1-1 levels higher. (Hp1-1>Hp2-1>Hp2-2 circulating levels).

Study of Korean adults.

Na et al. 2005*>°

Hp1-1 levels higher than Hp2-2. (Hp1-1>Hp2-1+Hp2-2. Hp 2-1

levels similar to Hp2-2). Age and ethnicity not stated.

Fowkes et al. 2006

Hp1-1 levels higher. (Hp1-1>Hp2-1>Hp2-2 circulating levels).
Study of African children (aged 1-12 years).

Imrie et al. 20062

Hp1-1 levels higher. (Hp1-1>Hp2-1>Hp2-2 circulating levels).
Study of children in Papua New Guinea (aged 1-17).

Marquez et al.2011%3

Hp1-1 levels higher. (Hp1-1+Hp2-1>Hp2-2. Hp2-1 levels similar

to Hp1-1). Study of adults, unstated ethnicity.

Soejima et al. 2014%°

Hp1-1 levels higher than Hp2-2 in a Japanese population.
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