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Abstract	
	
Despite	the	significant	health	and	economic	burden	that	traumatic	brain	injury	(TBI)	places	

on	society,	the	development	of	successful	therapeutic	agents	to	reduce	its	burden	has	not	

been	successful.	The	Amyloid	Precursor	Protein	(APP)	is	an	ideal	therapeutic	candidate,	as	its	

acute	upregulation	following	TBI	has	been	shown	to	serve	a	number	of		neuroprotective	roles	

following	 TBI.	 Recently,	 the	 APP	 derivative	 APP96 110,	 a	 15	 amino	 acid	 length	 peptide	

derivative,	has	continued	to	display	these	neuroprotective	and	neurotrophic	functions.	While	

the	 mechanisms	 for	 this	 remain	 unclear,	 it	 is	 hypothesized	 that	 these	 neuroprotective	

properties	are	linked	to	its	ability	to	bind	to	heparin,	and	that	these	regions	are	responsible	

for	 the	 protection	 against	 neuronal	 injury	 and	 the	 improvement	 in	 neurological	 outcome	

following	 TBI.	 In	 order	 to	 further	 develop	 APP96 110	 as	 a	 novel	 and	 clinically	 relevant	

therapeutic	agent	following	TBI,	it	was	essential	to	determine	the	optimal	dose,	route	of	and	

timepoint	 for	 administration,	 as	 well	 as	 examining	 ways	 in	 which	 the	 neuroprotective	

response	of	this	peptide	could	be	further	enhanced.		

	

In	order	to	investigate	these,	a	dose response	study	was	carried	out	in	male	Sprague Dawley	

rats	 that	was	 the	 first	 to	 assess	 the	 efficacy	 of	 intravenous	 (IV)	 APP96 110	 acutely	 at	 30	

minutes	post TBI,	followed	by	the	more	clinically	relevant	5	hour	timepoint.	IV	administration	

of	 APP96 110	was	 shown	 to	 be	 neuroprotective	 for	 up	 to	 5	 hours	 post TBI,	with	 animals	

demonstrating	 improvements	 in	motor	 outcome	 and	 reductions	 in	 axonal	 injury	 (AI)	 and	

neuroinflammation	when	treated	with	the	highest	dose.	Studies	also	assessed	the	ability	to	

generate	APP	analogues	with	alterations	to	the	amino	acid	sequence,	to	enhance	the	heparin	

binding	 affinity	 of	 the	 peptide,	 and	 examine	 whether	 this	 translated	 to	 increased	
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neuroprotection	 following	TBI.	Mutation	of	 the	APP96 110	peptide	to	enhance	 its	heparin	

binding	affinity	resulted	in	a	peptide	with	a	stronger	affinity	for	heparin	(3+APP96 110),	and	

in	vivo,	resulted	in	smaller	doses	conferring	equal	neuroprotective	action	to	higher	doses	of	

wildtype	(WT)	APP96 110	post TBI.	 In	addition,	 the	 long term	efficacy	of	 these	APP96 110	

derivatives	was	examined,	with	emphasis	placed	on	assessing	long term	functional	outcome,	

and	 beginning	 to	 elucidate	 the	 long term	 neuroinflammatory	 and	 neurodegenerative	

changes.	Assessment	of	the	long term	efficacy	demonstrated	that,	whilst	WT	and	3+APP96

110	 produced	 similar	 protection	 for	 neuroinflammation,	 axonal	 structure,	 myelination,	

synaptogenesis	 and	 neurodegeneration,	 treatment	 with	 3+APP96 110	 significantly	

outperformed	WT	APP96 110	in	its	ability	to	improve	functional	outcome.		

	

Together,	results	demonstrate	that	the	neuroprotective	benefits	of	APP96 110	may	relate	to	

its	heparin	binding	ability,	with	this	binding	playing	a	crucial	role	in	the	mechanisms	though	

which	APP96 110	can	exert	their	neuroprotective	actions	post TBI.	Overall,	APP96 110	shows	

promise	as	a	novel	and	clinically	relevant	treatment	option,	that	could	overcome	many	of	the	

challenges	that	have	stalled	development	of	efficacious	treatments,	by	offering	substantial	

neuroprotective	and	neurotrophic	effects	that	reduce	secondary	injury	and	functional	deficits	

associated	with	acute	TBI.	
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Chapter	1: The	Neuroprotective	Properties	Of	The	
Amyloid	Precursor	Protein	Following	Traumatic	Brain	

Injury
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1.1	Synopsis	
	

TBI	 is	 a	 life threatening	 injury,	 and	 yet	 despite	 its	 serious	 nature,	 there	 are	 currently	 no	

effective	 therapeutic	 agents	 to	 treat	 the	 condition.	 The	 following	 research	 examines	 the	

neuroprotective	role	of	the	APP96 110	peptide	following	TBI,	with	the	goal	of	progressing	the	

pre clinical	 development	 of	 this	 peptide	 as	 a	 novel	 therapeutic	 agent.	 This	 was	 achieved	

through	the	assessment	of	intravenous	delivery	as	a	viable	route,	determining	the	optimal	

timepoint	of	administration,	the	development	of	novel	analogues	with	enhanced	therapeutic	

action,	 and	 the	 assessment	 of	 the	 efficacy	 of	 long term	 administration	 on	 outcome,	

neuroinflammation	and	neurodegeneration.	

	

1.1.1		 Hypothesis	

	

The	neuroprotective	properties	of	APP96 110	following	TBI	are	linked	to	its	heparin	binding	

sites,	and	these	specific	regions	are	therefore	responsible	for	APP	protecting	against	neuronal	

injury	and	improving	neurological	outcome	following	TBI.		

	

1.1.2		 Aims	

	

• To	determine	the	efficacy	of	intravenous	(IV)	APP96 110,	along	with	the	most	clinically	

relevant	time	of	administration,	following	moderate severe	diffuse	TBI.	

	

• To	 mutate	 key	 amino	 acid	 residues	 within	 the	 APP96 110	 sequence	 to	 create	 APP	

analogues	with	an	enhanced	heparin	binding	affinity,	and	subsequently	examine	whether	

this	enhancement	would	confer	greater	neuroprotective	activity	in	vivo	following	TBI.		

	

• To	assess	the	long term	efficacy	of	both	wildtype	and	mutated	APP96 110	following	TBI,	

and	examine	their	effects	on	long term	neuroinflammation	and	neurodegeneration.
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Chapter	2: Materials	and	Methods	Part	I:	
Experimental	Procedures	
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2.1	Ethics	

	

All	experimental	protocols	were	performed	within	the	guidelines	established	by	the	National	

Health	and	Medical	Research	Council	of	Australia	and	was	approved	by	 the	Animal	Ethics	

Committee	of	the	University	of	Adelaide,	Australia	(Ethics	numbers:	M 2012 213	and	M 2014

131).		

	

2.2	Animals	

	

For	this	research,	male	Sprague	Dawley	rats	the	equivalent	of	10 12	weeks	of	age	were	used	

for	all	experiments.	For	Chapters	4	and	5,	all	animals	used	in	experiments	were	bred	from	the	

Harlan	strain,	whilst	those	used	in	experiments	in	Chapter	6	were	bred	from	the	Charles River	

strain	(for	detailed	justification,	see	Material	&	Methods	Part	II).		Studies	have	shown	Charles	

River	strain	SDs	to	demonstrate	a	number	of	differences	to	other	SD	strains,	in	particular	the	

Harlan	 strain.	These	differences	 include	differences	 in	growth	 rate	and	body	composition,	

including	a	higher	body	fat	mass,	higher	gross	liver	weight,	lower	testicular	weight	and	lower	

cholesterol	 levels	 (Brower	 et	 al.,	 2015).	 All	 animals	 were	 group	 housed	 in	 a	 controlled	

temperature	environment	under	a	12	hour	light dark	cycle	and	fed	and	watered	ad	libitum.		

	

2.3		Experimental	Procedures	

	

2.3.1	Anaesthesia	
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The	 induction	 of	 anaesthesia	 was	 conducted	 using	 isoflurane.	 Animals	 were	 placed	 in	 a	

transparent	plastic	 induction	 chamber	with	 isoflurane	delivered	at	5%	 in	1.4L/min	N2	and	

0.6L/min	O2	for	5	minutes.	Animals	were	 intubated	with	a	16G	x	2”	 sized	 IV	 catheter	 and	

maintained	 on	 a	 normoxic	 mix	 with	 3%	 isoflurane	 (1.4L/min	 N2	 and	 0.6L/min	 O2)	 via	

mechanical	ventilation	throughout	the	procedure.		

	

2.3.2	Impact	Acceleration	Weight-Drop	Model	of	Traumatic	Brain	Injury	

	

TBI	 was	 induced	 using	 the	 impact acceleration	 model	 of	 diffuse	 axonal	 injury	 (DAI)		

(Marmarou	 et	 al.,	 1994).	 This	 injury	 model	 produces	 a	 range	 of	 injury	 severities	 from	

moderate	through	to	moderate severe,	and	 its	heterogeneity	provides	a	clinically	relevant	

model	to	test	neuroprotective	therapeutics.	To	induce	the	injury,	animals	were	anaesthetised	

as	previously	described,	and	upon	the	absence	of	pain	reflexes,	a	midline	incision	was	made	

centrally	on	the	skull	between	the	eyes	and	ears,	before	a	metallic	disk	(10mm	in	diameter	

and	3mm	in	depth)	was	adhered	onto	the	skull	with	polyacrylamide	centrally	between	lambda	

and	bregma	 sutures.	Animals	were	placed	on	a	 foam	bed	of	10cm	height,	 and	 injured	by	

releasing	a	450g	weight	from	2	metres	onto	the	metallic	disk	(Marmarou	et	al.,	1994)	(Figure	

2.1).	This	produces	widespread	damage	to	axons,	particularly	in	white	matter	tracts	of	the	

brain.	 Directly	 following	 injury,	 animals	 received	 10	 minutes	 of	 hypoxia	 (2L/min	 N2	 and	

0.2L/min	of	O2)	 to	 replicate	 the	hypoxia	 typically	 induced	by	 diffuse	 TBI	 under	 controlled	

circumstances	(Hellewell	et	al.,	2010).	Our	previous	unpublished	studies	demonstrated	that	

10	minutes	of	hypoxia	was	sufficient	to	exacerbate	TBI	but	prevent	a	predominantly	hypoxic	

injury.	Sham	animals	were	surgically	prepared	but	not	injured	and	did	not	receive	hypoxia.		
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2.3.3	APP	Peptide	Preparation		

	
For	all	experiments,	APP	peptides	were	custom	synthesized	by	Auspep	(Tullamarine,	Victoria,	

Australia)	and	were	all	N terminally	acetylated	and	C terminally	amidated	 (see	Table	2.1).	

Peptides	were	 received	 as	 lyophilized	 powder	 and	dissolved	 in	 distilled	water	 to	 produce	

1mM	 stock	 solutions,	 before	 diluted	 accordingly	 to	 the	 required	 concentrations	 for	 each	

study.		

Table	2.1:	The	amino	acid	sequences	of	APP	peptides	used	
	

APP	Derivative	Name	 Amino	Acid	Sequence	

WT	APP96 110	 NWCKRGRKQCKTHPH	

2+	APP96 110	 NWCRRGRKQCKTRPH	

3+	APP96 110	 RWCRRGRKQCKTRPH	

	

2.3.4	APP	Peptide	Administration	

	

Following	TBI,	animals	in	all	experiments	received	their	treatments	intravenously	(IV)	via	the	

tail	vein.	For	experiments	outlined	in	chapter	4,	the	initial	cohort	of	animals	received	their	

treatments	at	30	minutes	post TBI,	whereas	the	second	cohort	received	treatment	at	5	hours	

post TBI.	For	all	further	experiments	outlined	in	Chapters	5	and	6,	animals	were	administered	

treatment	at	5	hours	post TBI	due	to	the	efficacy	of	this	treatment	timepoint	demonstrated	

in	chapter	4.	Animals	were	returned	to	their	home	cage	to	recover	once	normal	behaviour	

was	established.	
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2.4	Neurological	Assessment		

	

To	effectively	assess	the	efficacy	of	various	APP	derivatives	on	outcome	following	TBI,	a	range	

of	neurological	assessments,	including	motor	and	cognitive	assessments,	were	undertaken.	

For	all	cognitive	assessments,	Any Maze	Software	was	used	to	track,	observe	and	record	all	

testing.	This	allowed	observation	from	afar,	as	the	experimenter	was	not	present	in	the	room	

during	testing.	In	order	to	remove	scent	trails,	all	mazes	were	wiped	with	70%	ethanol	prior	

to	use,	and	between	each	animal	and	each	trial	on	the	maze.		

	

2.4.1	Motor	Outcome	

	

Rotarod	

	

The	rotarod	is	a	sensitive	test	of	motor	ability	that	assesses	a	rat’s	locomotion,	balance	and	

grip	strength	(Hamm	et	al.,	1994).	The	rotarod	comprises	of	18	rotating	metallic	rods	on	which	

the	animal	is	required	to	balance	and	walk	(Figure	2.2).	The	speed	of	the	rotarod	is	increased	

from	6	to	36	revolutions	per	minute	(RPM)	in	intervals	of	by	3	RPM	every	10	seconds.	Animals	

are	 trained	 daily	 on	 the	 rotarod	 for	 4 5	 days	 prior	 to	 injury	 until	 they	 can	 complete	 120	

seconds	to	ensure	an	even	baseline	for	all	treatment	groups.	The	length	of	time,	in	seconds,	

that	 animals	 are	 successfully	 able	 to	walk	 on	 the	 rotarod	 post injury	 is	 recorded.	 Testing	

concludes	when	the	rat	can	walk	successfully	for	120	seconds,	falls	off	the	device	or	completes	

consecutive	loops,	indicating	a	loss	of	balance.		
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Figure	2.2:	Representative	photograph	of	the	rotarod	
device	used	to	assess	motor	outcome	following	TBI.	
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2.4.2	Functional	Outcome	

	

Functional	deficits	post TBI	were	assessed	using	a	number	of	mazes	and	tests	including	the	

Open	Field,	Elevated	Plus	Maze,	Y Maze,	Barnes	Maze	and	the	Forced	Swim	Test.	All	 tests	

were	performed	 in	order	of	 least	 stressful	 to	most	stressful	 to	ensure	animals	were	given	

sufficient	time	to	recover	from	the	already stressful	injury,	and	to	minimize	pre existing	stress	

from	the	impact	on	functional	testing.			

	

Table	2.2:	Schedule	of	the	functional	mazes	and	tests	
	

	 	

Maze/Test	 Schedule	post-TBI	 Function	

Open	Field	 Day	7	&	Day	21	 Locomotion	&	anxiety	

Elevated	Plus	Maze	 Day	6	&	Day	22	 Anxiety	

Y Maze	 Day	5	&	Day	23	 Hippocampal	dependent	spatial	&	

recognition	memory	

Barnes	Maze	 Days	24,	25,	26	&	28	 	

Forced	Swim	Test	 Day	29	 Depressive like	behaviour	
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Forced	Swim	Test	

	

The	Forced	Swim	Test	aims	to	measure	depressive like	behaviour	(Yankelevitch Yahav	et	al.,	

2015).	A	cylindrical	vase	(25	x	60cm)	was	filled	to	a	depth	of	30cm	with	water	between	23

25°	Celsius,	before	rats	were	placed	in	the	cylinder	for	5	minutes	and	required	to	swim	(Figure	

2.7).	The	 time	spent	 swimming	versus	 immobility/floating	was	 recorded.	Rats	displaying	a	

higher	 level	 of	 depressive like	 behaviour	 will	 likely	 spend	 more	 time	 immobile.	 Rats	 are	

removed	from	the	water,	towel	dried,	and	placed	on	a	37°	Celsius	heat	pad	to	recover.			

	 	

Figure	 2.7:	 Representative	
photograph	showing	the	Forced	
Swim	Test	cylindrical	vase.	
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2.5	Perfusions	&	Tissue	Extraction	

	

All	 animals	 were	 sacrificed	 humanely	 following	 ethical	 guidelines.	 For	 experiments	 in	

Chapters	4	and	5,	all	brain	tissue	was	formalin	fixed.	For	experiments	in	Chapter	6,	brain	tissue	

was	both	formalin	fixed	and	fresh	snap	frozen	in	liquid	nitrogen.	

	

2.5.1	Formalin	Fixed	Tissue		

	

At	 pre determined	 time points	 post TBI,	 animals	were	 anaesthetised	 with	 5%	 isoflurane	

(2L/min	of	O2)	of	isoflurane	for	5	minutes.	Upon	the	absence	of	pain	reflexes,	animals	were	

transcardially	perfused	with	10%	formalin.	Fixed	bodies	were	allowed	to	rest	for	a	minimum	

of	1	hour,	before	fixed	brains	were	extracted	and	placed	in	containers	of	formalin	to	continue	

emersion	fixation	for	a	minimum	of	7	days.	Fixed	brains	were	sectioned	into	2mm	coronal	

sections	and	embedded	in	paraffin	wax.		

	

2.5.2	Fresh	Snap	Frozen	Tissue		

	

At	 pre determined	 time points	 post TBI,	 animals	 were	 anaesthetised	 with	 5%	 isoflurane	

(2L/min	of	O2)	of	isoflurane	for	3	minutes.	Upon	the	absence	of	pain	reflexes,	the	heart	was	

exposed,	 and	 arterial	 blood	 was	 taken	 from	 the	 aorta.	 Animals	 were	 then	 transcardially	

perfused	 with	 sodium	 chloride	 solution	 (Baxter).	 Brains	 were	 extracted	 immediately	 and	

dissected	to	remove	the	left	and	right	frontal	cortex,	the	corpus	callosum	and	the	left	and	

right	 hippocampus,	 before	 being	 snap	 frozen	 in	 liquid	 nitrogen.	 Blood	 samples	 were	
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centrifuged	at	1000	relative	centrifugal	force	(RCF)	at	4˚	Celsius	for	10	minutes	before	plasma	

was	removed	and	stored	alongside	brains	at	 80˚	Celsius.		

	

2.6	Histological	Analysis		

	

Histological	 analysis	 of	 brain	 tissue	 in	 Chapters,	 4,	 5	 and	 6	 was	 undertaken	 using	

immunohistochemistry	 (IHC).	 IHC	 is	 a	 semi quantitative	 method	 of	 analysis	 that	 allows	

visualisation	of	intact	tissue	and	cellular	architecture,	distribution	and	appearance	in	paraffin	

fixed	tissue	(Duraiyan	et	al.,	2012).	IHC	was	performed	on	5μm	coronal	slices	and	performed	

following	standard	procedure.	Following	overnight	incubation	with	the	appropriate	primary	

antibody	(Table	2.3),	slides	were	incubated	with	the	appropriate	secondary	antibody	(1:250,	

Vector),	before	incubation	with	streptavidin	peroxidase	conjugate	(SPC	–	1:1000).	This	was	

followed	 by	 antigen	 detection	with	 3,3' Diaminobenzidine	 tetrahydrochloride	 (DAB)	 for	 7	

minutes,	 and	 sections	 counterstained	with	 haematoxylin.	 Sections	 were	 digitally	 scanned	

using	the	Nanozoomer	slide	scanner	(Hamamatsu,	Hamamatusu	City,	Shizuoka,	Japan),	and	

the	 associated	 software	 (NDPview)	 used	 to	 view	 and	 analyze	 the	 images.	 All	 histological	

counts	were	done	blinded	by	two	assessors	and	minimal	inter observer	variation	was	found.	
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Table	2.3:	IHC	antibodies	analysed	and	their	functions	

	

	

2.6.1		Axonal	Injury	

	

APP	is	frequently	used	as	a	highly	sensitive	maker	of	DAI	(Gentleman	et	al.,	1993,	Blumbergs	

et	al.,	1994).	Damage	and	stretching	of	axons	through	injury	results	in	localised	intra axonal	

changes	to	the	axolemma,	disrupting	fast	axonal	transport	and	facilitating	accumulation	of	

APP,	which	can	be	observed	as	early	as	30	minutes	following	trauma	(Finnie	and	Blumbergs,	

Antibody	 Target	 Brain	Region	

Analysed	

Dilution	 Species	 Manufacturer	

APP	(22C11)	 Axonal	injury	 Corpus	callosum	 1:1000		

Citrate	

Anti

mouse	

Boéhringer	

Iba1	 Total	&	activated	

microglia	

Cortex,		

corpus	callosum	

1:2000		

Citrate	

Anti

rabbit	

Wako	

(019 19741)	

GFAP	 Astrocytes	 Cortex,		

corpus	callosum	

1:40,000		

Citrate	

Anti

rabbit	

Dako	

(Z0334)	

Figure	2.8:	Representative	 image	demonstrating	 the	 regions	of	
the	cortex	and	corpus	callosum	that	were	used	for	IHC		analysis.	
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2.7	Western	Blot	Analysis	

	

Protein	analysis	of	30	day	fresh	snap	frozen	tissue	in	Chapter	6	was	undertaken	using	Western	

Blot	(WB)	(Table	2.4).	Protein	from	fresh	tissue	was	extracted	in	standard	RIPA	buffer,	with	

the	protein	concentration	estimated	with	a	Pierce	BCA	Protein	Assay	(Thermoscientific).	Gel	

electrophoresis	was	performed	using	Bolt	4–12%	Bis Tris	Plus	gels	(Life	Technologies)	with	

30μg	of	protein	loaded	per	well.	Gels	were	run	at	100	volts	for	2	hours,	depending	on	the	

molecular	weight	of	the	protein	of	interest,	and	transferred	to	a	PVDF	membrane	using	the	

iBlot	 2	 Dry	 Blotting	 System	 in	 accordance	 with	 the	 manufacturer’s	 instructions	 (Life	

Technologies).	Membranes	were	stained	with	Ponceau	S	red	solution	(Fluka	Analytical)	for	2	

minutes	for	visual	inspection	to	ensure	equal	protein	loading	in	each	well.	Membranes	were	

then	 washed	 in	 1X	 tris buffered	 saline	 with	 tween	 (TBST)	 (3	 washes	 ×	 5	 minutes)	 until	

adequate	removal	of	Ponceau	S	solution.	Membranes	were	then	incubated	in	5%	skim	milk	

solution	(5g	skim	milk	powder,	100mL	TBST)	for	30	minutes	to	block	endogenous	peroxidases,	

before	application	of	the	desired	primary	antibodies	and	housekeeper	antibody.	Membranes	

were	then	incubated	in	2%	skim	milk	solution	(1g	skim	milk	powder,	50mL	TBST)	overnight	

with	 the	 primary	 antibodies	 and	 housekeeper	 protein,	 which	 were	 used	 at	 individually	

optimized	 concentrations	 (refer	 to	 table	 2.4).	 Overnight	 incubation	was	 undertaken	 on	 a	

rotating	 device	 at	 4°	 Celsius	 to	 ensure	 adequate	 coverage	 of	 the	 milk	 solution	 to	 the	

membranes.	

	

The	following	day,	membranes	were	washed	3	times	in	TBST	(3	washes	x	5	minutes),	before	

incubation	with	the	appropriate	secondary	antibodies	in	2%	skim	milk	solution	for	one	hour	
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(refer	to	table	2.4).	Membranes	were	covered	with	aluminum	foil	on	a	rotating	device	at	room	

temperature.	

	

Western	Blots	were	imaged	using	an	Odyssey	Infrared	Imaging	System	(model	9120;	software	

version	3.0.21)	(LI COR,	Inc.)	at	a	resolution	of	169μm.	Analysis	was	performed	using	ImageJ	

version	1.49	and	Image	Studio	Lite	version	5.2.	The	same	control	sample	was	run	on	each	gel,	

with	expression	of	protein	normalized	to	the	housekeeper	and	to	this	loading	control.	Analysis	

was	done	by	a	blinded	observer	with	all	protein	extraction	samples	labelled	with	a	code	for	

loading	onto	gels	until	completion	of	analysis	which	(Collins Praino	et	al.,	2018).			

	
Table	2.4:	Western	blot	antibodies	analysed	and	their	functions	

	
	 	

Antibody	 Target	 Brain	Region	 Dilution	 Species	 Manufacturer	

	

PSD 95	 Dendrites	 Cortex	&	

hippocampus		

1:1000	 Anti

mouse	

Abcam	
(ab18258)	

Synaptophysin	

	

Synapses	 Cortex	&	

hippocampus	

1:500	 Anti

rabbit	

Abcam	

(ab32127)	

Neurofilament	

(NFL)	

Axonal	cytoskeletal	 Cortex	&	

hippocampus	

1:1000	 Anti

chicken	

Abcam	

(ab72997)	

Myelin	basic	

protein	(MBP)		

	Myelin	 Cortex	&	

hippocampus	

1:1000	 Anti

mouse	

Abcam	

(ab62631)	

Tau	5	 Total	tau	 Cortex	&	

hippocampus		

1:1000	 Anti

mouse	

Calbiochem/Millipore	
(577801)	

GAPDH	

	

Housekeeper	 Cortex	&	

hippocampus	

1:1000	 Anti

chicken	

Abcam	

(ab83956)	
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2.8	Statistical	Analysis	

	

All	data	were	analyzed	using	Graph	Pad	Prism	software.	All	values	are	displayed	as	Mean	±	

SEM,	with	a	significance	level	of	p<0.05.	All	parametric	data	were	assessed	used	analysis	of	

variance	(ANOVA):	one or two way	or	repeated	measures,	as	necessary,	followed	by	Tukey’s	

or	 Brown Fosythe	 post tests	 for	multiple	 comparisons.	 Individual	 tests	will	 be	 descried	 in	

detail	in	the	relevant	chapters.	
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Chapter	3: Materials	&	Methods	Part	II:	
Troubleshooting
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3.1	Introduction	

	

During	the	last	3 5	years,	our	laboratory	has	witnessed	a	gradual	but	noticeable	decline	in	

injury	 severity	 in	 Sprague Dawley	 (SD)	 rats	 following	 the	 Marmarou	 impact acceleration	

model	of	moderate severe	TBI,	as	measured	by	functional	outcome	tests	and	histology.	This	

lack	 of	 injury	 has	 been	 evident	 in	 a	 number	 of	 our	 unpublished	 results	 (Figure	 3.1),	with	

animals	displaying	noticeable	reductions	in	motor	deficits,	and	only	minimal	AI,	similar	to	that	

seen	following	a	mild moderate	TBI	(McAteer	et	al.,	2016).	Both	significant	motor	deficits	and	

widespread	AI	are	hallmark	features	of	rodent	moderate severe	diffuse	TBI	and	are	used	as	

firm	markers	to	assess	the	severity	of	injury,	without	which	confident	conclusions	regarding	

treatment	effects	cannot	be	drawn.		

	

The	strain	of	species	used	in	experimental	models	is	often	not	considered	during	study	design,	

but	may	ultimately	be	a	confounding	factor	in	experimental	research	(Brower	et	al.,	2015).	

Due	to	the	consistency	of	all	other	facets	of	our	experimental	procedure	to	induce	TBI,	it	was	

hypothesized	 that	 the	 strain	 of	 SD	 and/or	 the	 breeding	 methods	 used	 may	 have	 been	

significantly	impacting	the	severity	of	injury	produced	in	our	laboratory.	As	such,	this	chapter	

dealing	with	troubleshooting	will	discuss	these	issues	in	depth.			
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Harlan	Strain	

	

Harlan	 strain	 SD	 rats	 were	 developed	 from	 the	 original	 SD	 stock	 in	 the	 1980s	 by	 Harlan	

Laboratories,	and	have	maintained	their	own	SD	stock	since	(Brower	et	al.,	2015).			

	

Charles	River	Strain	

	

The	Charles	River	strain	of	SD	rats	were	developed	in	the	1950s	by	Charles	River	Laboratories	

where	original	breeding	pairs	were	re developed	into	a	new	breeding	line,	and	believed	to	

have	superior	microbial	status	due	to	caesarean	derivation	(Brower	et	al.,	2015).	While	both	

the	Charles	River	and	Harlan	strain	SDs	originated	from	the	same	stock,	it	is	likely	that	these	

strains	have	drifted	genetically	over	time	due	to	differences	in	breeding	practises	(Brower	et	

al.,	 2015).	 Studies	 have	 shown	 Charles	 River	 strain	 SDs	 to	 demonstrate	 a	 number	 of	

differences	 to	 other	 strains,	 in	 particular	 Harlan	 strain	 SDs.	 These	 differences	 include	

differences	 in	growth	rate	and	body	composition,	 including	a	higher	body	fat	mass,	higher	

gross	liver	weight,	lower	testicular	weight	and	lower	cholesterol	levels	(Brower	et	al.,	2015).	

Furthermore,	 a	 number	 of	 studies	 have	 demonstrated	 strain	 and	 sub strain	 differences	

between	other	laboratory	rats	like	Wistars	from	different	sources	in	a	number	of	conditions	

including	 status	 epilepticus,	 and	 neurodegeneration	 (Honndorf	 et	 al.,	 2011,	 Langer	 et	 al.,	

2011).	While	these	features	are	not	directly	relevant	to	the	field	of	TBI	research,	it	provides	

an	 insight	 into	 inter species	 genetic	 variability,	 and	 may	 ultimately	 affect	 experimental	

efficacy.		
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3.3	Pilot	Study	Examining	Inter-Strain	Differences	Between	Sprague	

Dawley	Rats	Following	TBI	

	

A	small	study	was	carried	out	comparing	Charles	River	strain	SDs		to	our	previously	utilised	

Harlan	strain	SDs	to	examine	the	differences	in	response	to	TBI.	Six	male	Charles River	SDs	

were	 purchased	 from	 the	 Animal	 Resources	 Centre	 (ARC)	 in	 Perth,	 Australia	 weighing	

between	326 350g.	Animals	were	group	housed	 in	a	 controlled	 temperature	environment	

under	a	12	hour	light/dark	cycle,	with	uninterrupted	access	to	food	and	water.		

	

Following	a	week	acclimatization	period	following	their	arrival	from	Perth,	and	an	additional	

week	of	pre training	 for	motor	assessments,	animals	were	 injured	between	380	and	418g	

using	the	Marmarou	impact acceleration	model	(previously	described	in	Material	&	Methods	

Part	 I,	 section	 2.3.2).	 Following	 TBI,	 animals	 were	 examined	 acutely	 post TBI	 to	 observe	

changes	in	both	physical	and	motor	outcome,	with	brain	tissue	examined	to	assess	the	extent	

of	AI	at	3	days	post TBI.	Outcomes	from	this	study	determined	the	most	appropriate	SD	strain	

to	use	for	the	subsequent	TBI	studies.		

	

3.4	Physical	Outcome	Prior	to	TBI	

	

The	aforementioned	discrepancies	observed	between	Harlan	and	Charles	River	strain	SDs	in	

terms	of	body	composition	(Brower	et	al.,	2015),	meant	it	was	essential	that	trauma	with	the	

injury	 device	 be	 re characterised	 with	 the	 new	 strain	 to	 ensure	 consistency	 and	 prevent	

premature	death.	Prior	to	trauma,	Charles River	strain	SDs	displayed	a	noticeable	increase	in	

age dependent	body	size	compared	to	Harlan	strain	SD.	Whilst	both	Harlan	and	Charles	river	
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strain	 SDs	 were	 aged	 between	 10 12	 weeks	 for	 injury,	 their	 weights	 at	 this	 age	 differed	

considerably.	Previously	used	Harlan	strain	rats	weighed	approximately	350 380g	at	this	age,	

in	 contrast	 to	Charles River	 strain	 SDs	who	weighed	 approximately	 400 430g.	 These	 early	

observations	are	in	keeping	with	findings	that	demonstrate	significant	differences	in	weekly	

mean	body	weight	between	Harlan	and	Charles River	strain	SDs	at	the	same	age	(Brower	et	

al.,	2015).	Indeed,	the	most	significant	increases	in	mean	body	weight	in	Charles Rover	SDs	

occurred	from	approximately	10	weeks	of	age	(Brower	et	al.,	2015),	highlighting	differences	

between	the	two	strains	from	the	outset,	before	any	experimental	research	even	takes	place.		

	

3.5	Physical	Appearances	Following	TBI	

	

A	weight dependent	 effect	 on	 injury	 severity	 following	 TBI	was	 observed	 in	 Charles	 River	

strain	SDs,	with	a	weight	range	of	380	–	418g	used	to	induce	moderate severe	TBI	(Table	3.1).	

Following	trauma,	noticeable	differences	between	the	two	strains	remained	evident.	Charles	

River	strain	SDs	displayed	noticeable	changes	in	their	physical	appearance,	in	keeping	with	

that	expected	of	a	moderate severe	trauma,	including	substantial	weight	loss	(averaging	~25g	

compared	to	~18	with	Harlan	strain),	the	presence	of	a	ruffled	coat,	hunched	posture,	stress	

marks,	and	hemiparesis	(Figure	3.2).	These	features	were	rarely	observed	to	this	extent	 in	

Harlan	strain	SDs	following	trauma,	with	the	absence	of	a	ruffled	coat	and	a	lack	of	any	stress	

marks	or	hemiparesis,	highlighting	differences	not	only	in	their	response,	but	also	the	severity	

of	injury	they	received.	
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3.7	Histological	Outcome	Following	TBI	

	

While	 physical	 and	 motor	 outcomes	 are	 both	 key	 indications	 in	 injury	 severity	 post TBI,	

histological	analysis	of	AI	 is	fundamental,	with	motor	performance	previously	shown	to	be	

associated	with	the	extent	of	axonal	 injury	post TBI	(Thornton	et	al.,	2006,	Corrigan	et	al.,	

2012a).	Histological	analysis	post TBI	was	assessed	using	 IHC,	with	APP	used	as	marker	 to	

indicate	 axonal	 injury	 (previously	 described	 in	Materials	&	Methods	 Part	 I,	 section	 2.6.1).	

Charles River	 strain	 SDs	 purchased	 directly	 from	 the	 supplier	 demonstrated	 considerably	

higher	levels	of	AI	compared	to	Harlan	SDs,	evident	in	both	the	absolute	number	of	injured	

axons,	as	well	as	the	distribution	and	spread	throughout	the	corpus	callosum	(Figure	3.4).			
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an	 appropriate	 partner,	 ensuring	 the	 colony	 remained	 outbred.	 The	 first	 litter	 batches	

occurred	in	December	2015,	with	the	first	batch	of	animals	ready	for	TBI	at	the	age	of	10 12	

weeks.	Fresh	breeding	pairs	were	purchased	every	3 6	months	to	maintain	the	genetic	line.		

	

3.9	Long-term	Efficacy	of	APP96-110	Following	TBI	 in	The	Adelaide	

University	Bred	Charles-River	Strain	SD	Rat	

	

Following	 the	 subsequent	 establishment	 of	 a	 Charles River	 SD	 breeding	 colony,	 a	

comprehensive	 study	was	undertaken	 that	aimed	 to	assess	both	 the	acute	and	 long term	

efficacy	of	IV	APP96 110	following	a	moderate severe	diffuse	TBI.	Animals	were	injured	using	

the	 Marmarou	 impact acceleration	 model	 as	 previously	 described.	 At	 5	 hours	 post TBI,	

animals	were	treated	with	either	saline	vehicle	control,	0.5mg/kg	of	an	AP96 110	analogue	

(previously	shown	to	shown	reduced	efficacy	post TBI)	(Corrigan	et	al.,	2014),	0.25mg/kg	and	

        

  ♂ +     ♀ = 
 
  ♂ +     ♀ = 
 
  ♂ +     ♀ = 
 
  ♂ +     ♀ = 
 
  ♂ +     ♀ = 
 

Figure	 3.5:	 The	 coloured	 protocol	
created	 for	 establishment	 of	 the	
modified	outbred	Poiley	system.	
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Chapter	4: The	Amyloid	Precursor	Protein	Derivative,	
APP96-110,	is	Efficacious	Following	Intravenous	
Administration	After	Traumatic	Brain	Injury	







	 	 	

	 	 59	

4.1	Abstract		

	
Following	 traumatic	 brain	 injury	 (TBI)	 neurological	 damage	 is	 ongoing	 through	 a	 complex	

cascade	of	primary	and	secondary	injury	events	in	the	ensuing	minutes,	days	and	weeks.	The	

delayed	nature	of	secondary	injury	provides	a	valuable	window	of	opportunity	to	limit	the	

consequences	with	a	timely	treatment.	Recently,	the	amyloid	precursor	protein	(APP)	and	its	

derivative	 APP96 110	 have	 shown	 encouraging	 neuroprotective	 activity	 following	 TBI	

following	an	intracerebroventricular	administration.	Nevertheless,	its	broader	clinical	utility	

would	be	enhanced	by	an	intravenous	(IV)	administration.	This	study	assessed	the	efficacy	of	

IV	APP96 110,	where	a	dose response	for	a	single	dose	of	0.005mg/kg	–	0.5mg/kg	APP96 110	

at	either	30	minutes	or	5	hours	following	moderate severe	diffuse	impact acceleration	injury	

was	performed.	Male	Sprague Dawley	rats	were	assessed	daily	for	3	or	7	days	on	the	rotarod	

to	 examine	 motor	 outcome,	 with	 a	 separate	 cohort	 of	 animals	 utilised	 for	

immunohistochemistry	 analysis	 3	 days	 post TBI	 to	 assess	 axonal	 injury	 and	

neuroinflammation.	 Animals	 treated	 with	 0.05mg/kg	 or	 0.5mg/kg	 APP96 110	 after	 30	

minutes	demonstrated	significant	improvements	in	motor	outcome.	This	was	accompanied	

by	a	reduction	in	axonal	injury	(AI)		and	neuroinflammation	in	the	corpus	callosum	at	3	days	

post TBI,	 whereas	 0.005mg/kg	 had	 no	 effect.	 In	 contrast,	 treatment	 with	 0.005m/kg	 or	

0.5mg/kg	APP96 110	at	5	hours	post TBI	demonstrated	significant	 improvements	 in	motor	

outcome	over	3	days,	which	was	accompanied	by	a	reduction	in	axonal	injury	in	the	corpus	

callosum.	This	demonstrates	that	APP96 110	remains	efficacious	for	up	to	5	hours	post TBI	

when	 administered	 IV,	 and	 supports	 its	 development	 as	 a	 novel	 therapeutic	 compound	

following	TBI.		
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4.2	Introduction		

	
Traumatic	 brain	 injury	 (TBI)	 is	 a	major	 public	 health	 concern,	 one	which	 in	 industrialised	

countries	leads	to	more	deaths	in	people	under	the	age	of	45	than	any	other	cause	(Feigin	et	

al.,	 2013).	 	 Following	 TBI,	 extensive	 neurological	 damage	 occurs	 through	 the	 initiation	 of	

multiple	injury	events,	both	immediately	after	and	progressively	from	the	initial	injury.	This	

delayed	injury	is	a	prolonged	and	deleterious	cascade	of	cellular	and	biochemical	events	that	

often	compound	the	existing	injury	including	excitotoxicity,	oxidative	stress,	irreversible	cell	

injury	and	death,	inflammation	and	blood brain barrier	(BBB)	disruption	(Maas	et	al.,	2008,	

Vink	and	Van	Den	Heuvel,	2004,	Finnie	and	Blumbergs,	2002,	Greve	and	Zink,	2009).	Diffuse	

axonal	 injury	 (DAI),	 a	 significant	 feature	 of	 TBI,	 is	 the	most	 common	 cause	 of	 coma	 and	

vegetative	state	following	head	trauma	(Adams	et	al.,	1989,	Smith	et	al.,	2003).	Occurring	as	

a	 result	of	 rapid	acceleration/deceleration	 forces,	DAI	causes	considerable	deformation	of	

brain	 tissue	 through	 shearing	 forces	 and	 stretching,	 and	 currently	 lacks	 an	 efficacious	

pharmacological	treatment.	Many	of	these	serious	events	could	be	reversed	if	targeted	with	

an	 appropriate	 therapy,	 preventing	 serious	 complications	 and	 reducing	 the	 burden	 on	

society.	Fortunately,	the	delayed	onset	and	potentially	reversible	nature	of	these	secondary	

events	provides	a	novel	window	of	opportunity	for	a	therapy	to	reduce	neuronal	damage	and	

help	limit	the	associated	morbidity	and	mortality	of	TBI	(Vink	and	Van	Den	Heuvel,	2004).	It	

has	 been	 proposed	 that	 upcoming	 therapeutic	 interventions	 should	 be	 multifactorial	 in	

nature	 and	 target	multiple	 elements	 of	 the	 secondary	 injury	 cascade	 (Vink	 and	 Van	 Den	

Heuvel,	 2004,	 Faden	 and	 Stoica,	 2007,	 Vink	 and	Nimmo,	 2002).	One	 frequently	 proposed	

approach	is	to	emulate	the	brain’s	endogenous	repair	response.		
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It	 has	 been	 consistently	 demonstrated	 that	 the	 amyloid	 precursor	 protein	 (APP)	 and	 its	

derivatives	are	neuroprotective	following	experimental	TBI	(Thornton	et	al.,	2006,	Corrigan	

et	 al.,	 2011,	 Corrigan	 et	 al.,	 2012b,	 Corrigan	 et	 al.,	 2012a,	 Corrigan	 et	 al.,	 2014).	

Intracerebroventricular	 administration	 of	 APP	 was	 shown	 to	 ameliorate	 both	 motor	 and	

cognitive	deficits,	as	well	as	attenuate	cellular	 loss	and	 inflammation	following	TBI	 in	vivo.	

This	makes	APP	a	promising	candidate	to	develop	as	a	therapeutic	treatment	for	TBI	patients.	

APP	 undergoes	 distinct	 proteolytic	 events	 (Andrew	 et	 al.,	 2016),	 and	 the	 soluble	 APPa	

(sAPPa)	species,	produced	via	proteolytic	cleavage	with	a secretase	enzyme,	is	thought	to	be	

responsible	for	APP’s	neuroprotective	properties	following	TBI,	including	protection	against	

a	 range	 of	 cytotoxic	 insults,	 regulation	 of	 neurite	 outgrowth	 and	 synaptogenesis,	 and	

improvement	 in	 functional	 outcome	 in	 vivo	 (Bayer	 et	 al.,	 1999,	Dawkins	 and	 Small,	 2014,	

Plummer	et	al.,	2016).		

	

Domain	mapping	 studies	 attributed	 the	 neuroprotective	 activity	 of	 sAPPa	 to	 the	 growth	

factor	 domains	 (Corrigan	 et	 al.,	 2011),	with	 subsequent	 sequence	 activity	 studies	 able	 to	

localize	the	neuroprotective	activity	to	the	N terminal	heparin	binding	region,	encompassed	

by	 amino	 acid	 residues	 96 110	 (Corrigan	 et	 al.,	 2014).	 It	 was	 shown	 that	 APP96 110’s	

neuroprotective	activity	correlated	with	its	affinity	for	heparin	(Clarris	et	al.,	1997,	Corrigan	

et	al.,	2011,	Corrigan	et	al.,	2014).	Intracerebroventricular	administration	of	APP96 110	was	

shown	 to	 not	 only	 restore	 motor	 and	 cognitive	 deficits,	 but	 also	 preserve	 cortical	 and	

hippocampal	tissue	in	APP / 	mice,	and	reduce	axonal	injury	in	the	corpus	callosum	following	

diffuse	TBI	in	rats.	This	suggests	that	that	APP96 110	could	functionally	substitute	for	native	

sAPPa	(Corrigan	et	al.,	2014).		
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Whilst	these	results	using	intracerebroventricular	administration	are	promising	and	clinically	

relevant,	the	intravenous	(IV)	route	of	administration	would	provide	a	more	tractable	method	

of	drug	administration,	especially	in	a	paramedic	setting	where	TBI	victims	will	first	encounter	

medical	treatment.	Accordingly,	this	study	aimed	to	determine	the	efficacy	of	IV	administered	

APP96 110,	 along	 with	 its	 therapeutic	 window,	 following	 moderate severe	 diffuse	 TBI.	

APP96 110	was	firstly	administered	IV	at	30	minutes	after	trauma,	and	its	effects	on	motor	

outcome,	 the	 extent	 of	 DAI	 and	 neuroinflammation	 at	 3	 days	 were	 assessed.	 Secondly,	

delayed	 IV	administration	of	APP96 110	at	5	hours	post TBI	was	assessed	 to	determine	 if	

APP96 110	would	remain	efficacious	at	a	delayed	but	more	clinically	relevant	time	point.		

	

4.3	Methods	

	
All	 studies	were	 performed	within	 the	 guidelines	 established	 by	 the	 National	 Health	 and	

Medical	Research	Committee	of	Australia	and	were	approved	by	the	Animal	Ethics	Committee	

of	 the	University	of	Adelaide.	All	animals	were	purchased	 from	the	University	of	Adelaide	

breeding	facility.		

	

4.3.1	The	APP96-110	Peptide	

	
The	 APP96 110	 peptide,	 NWCKRGRKQCKTHPH,	 was	 synthesized	 by	 Auspep	 (Tullamarine,	

Victoria,	Australia)	and	was	N terminally	acetylated	and	C terminally	amidated.	The	peptide	

was	dissolved	into	distilled	water	to	produce	a	1mM	stock	solution,	and	further	diluted	to	

produce	doses	of	0.005mg/kg,	0.05mg/kg	and	0.5mg/kg	APP96 110.	
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4.3.2	Evaluation	 of	 the	 Efficacy	 of	 IV	 APP96-110	 Administered	 at	 30	 Minutes	

Following	TBI		

	
Injury	Induction	

	
A	total	of	62	adult	male	Sprague Dawley	rats	weighing	between	336g	and	427g	were	group	

housed	 in	 a	 controlled	 temperature	 environment	 under	 a	 12	 hour	 light/dark	 cycle,	 with	

uninterrupted	 access	 to	 food	 and	 water.	 Animals	 were	 randomly	 assigned	 into	 3	 day	

histological	and	7	day	outcome	groups,	and	each	further	assigned	into	sham,	vehicle	control,	

0.005mg/kg,	0.05mg/kg	and	0.5mg/kg	APP96 110	treatment	groups.		

	

Animals	were	injured	using	the	impact acceleration	model	of	diffuse	TBI	(Marmarou	et	al.,	

1994).	This	injury	model	produces	a	range	of	injuries	from	moderate	through	to	moderate–

severe,	 and	 its	 heterogeneity	 provides	 a	 clinically	 relevant	model	 to	 test	 neuroprotective	

therapeutics.	 Animals	 were	 anaesthetised	 with	 isoflurane	 and	 upon	 the	 absence	 of	 pain	

reflexes,	a	midline	incision	was	made	on	the	skull,	a	metallic	disk	(10mm	in	diameter	and	3mm	

in	depth)	was	adhered	onto	the	skull	centrally	between	lambda	and	bregma	sutures.	Animals	

were	placed	on	a	foam	bed	of	10cm	height,	and	injured	by	releasing	a	450g	weight	from	2	

meters	onto	the	metallic	disk	(Marmarou	et	al.,	1994).	The	model	of	TBI	is	associated	with	a	

period	of	apnea.	To	regulate	this	and	replicate	what	occurs	clinically,	animals	were	ventilated	

directly	 after	 injury	whilst	 introducing	 a	 period	 of	 post traumatic	 hypoxia	with	 2L/min	 of	

nitrogen	and	0.2L/min	of	oxygen	 (Hellewell	et	al.,	2010).	Post traumatic	hypoxia	has	been	

previously	shown	to	exacerbate	both	AI	and	 inflammation,	and	can	often	be	attributed	to	

poor	neurological	outcome	post TBI	 (Hellewell	et	al.,	 2010).	 Sham	animals	were	 surgically	

prepared	but	not	injured	and	did	not	receive	hypoxia.	The	use	of	general	anaesthetics	and	
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the	absence	of	pain	receptors	in	the	brain	means	injury	to	the	brain	tissue	is	not	painful	for	

the	animals.	However,	the	initial	skin	incision	on	the	scalp	required	to	adhere	the	metallic	disk	

can	cause	minor	discomfort	in	the	initial	24	hours	post surgery.	As	such,	all	animals	received	

0.2mL	 subcutaneous	 Lignocaine	 under	 the	 incision	 site	 at	 the	 end	 of	 the	 procedure	 to	

minimize	pain	and	discomfort.		

At	30	minutes	following	TBI,	animals	were	administered	either	saline,	0.005mg/kg,	0.05mg/kg	

or	0.5mg/kg	APP96 110	intravenously	via	the	tail	vein	by	a	blinded	observer,	and	returned	to	

their	home	cage	 to	 recover	once	normal	behaviour	was	established.	 Intensive	 continuous	

monitoring	of	the	animals	was	provided	for	the	first	2	hours	post procedure	and	animals	were	

then	 checked	 at	 least	 hourly	 for	 the	 next	 4	 hours.	 If	 signs	 of	 clinical	 deterioration	 were	

evident,	 the	 frequency	 of	 monitoring	 was	 adjusted	 accordingly	 so	 that	 appropriate	

intervention	could	occur.	Following	 this	 initial	period,	animals	were	monitored	 twice	daily	

with	 clinical	 record	 sheets	 maintained	 to	 assess	 the	 following	 criteria:	 daily	 weight	 loss,	

appearance	and	texture	of	their	coats,	posture,	changes	in	social	behaviour,	as	well	as	the	

presence	or	absence	of	stress	marks,	circling	behaviour,	operation	site	swelling,	and	paresis.	

Weight	 loss	 of	 greater	 than	 5 10%	 of	 their	 pre surgical	 body	 weight	 were	 treated	 with	

subcutaneous	 saline	 to	prevent	dehydration.	Overall,	 9	 animals	died	 shortly	 following	 the	

trauma,	with	a	further	9	animals	euthanized	prior	to	the	end	of	experiments	in	accordance	

with	ethical	guidelines.		

Assessment	of	Motor	Outcome	

	
Motor	 deficits	 post TBI	were	 assessed	 using	 the	 rotarod,	 a	 sensitive	 test	 of	motor	 ability	

following	TBI	(Hamm	et	al.,	1994).	Briefly,	the	rotarod	comprises	of	18	rotating	metallic	rods	

on	which	the	animal	is	required	to	balance	and	walk.	The	speed	of	the	rotarod	is	increased	
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from	6	to	36	rpm	in	intervals	of	by	3	rpm	every	10	seconds.	Animals	were	pre trained	daily	on	

the	rotarod	for	5	days	until	they	could	complete	120	seconds,	and	were	then	assessed	daily	

for	7	days	post injury.	The	length	of	time	in	seconds	that	animals	were	successfully	able	to	

walk	on	the	rotarod	post injury	was	recorded.		

	

Histological	Assessment		

	
At	3	days	post TBI,	animals	were	anaesthetised	with	isoflurane,	and	upon	the	absence	of	pain	

reflexes,	were	transcardially	perfused	with	10%	formalin.	Animals	were	perfused	at	3	days	

rather	than	7,	as	the	most	significant	improvements	in	motor	outcome	were	observed	within	

the	first	3	days	following	trauma.	Fixed	brains	were	sectioned	into	2mm	coronal	slices	and	

embedded	in	paraffin	wax,	before	the	brain	region	containing	the	area	under	the	impact	(

0.40mm	relative	to	Bregma)	was	further	sectioned	into	5μm	coronal	slices	for	representative	

serial	 sections.	 Immunohistochemistry	 was	 performed	 following	 standard	 procedure	with	

sections	stained	for	APP	for	axonal	 injury	(22C11;	Boéhringer,	1:1000),	glial	 fibrillary	acidic	

protein	(GFAP;	Dako,	1:40,000)	and	 Iba1	(Wako,	1:10,000).	Following	overnight	 incubation	

with	 the	 primary	 antibody,	 slides	 were	 then	 incubated	 with	 the	 appropriate	 secondary	

antibody	 (1:250,	Vector),	before	 incubation	with	 streptavidin	peroxidase	conjugate	 (SPC	–	

1:1000).	 This	 was	 followed	 by	 antigen	 detection	 with	 3,3' Diaminobenzidine	

tetrahydrochloride	 (DAB)	 for	 7	 minutes,	 and	 sections	 counterstained	 with	 haematoxylin.	

Sections	 were	 digitally	 scanned	 using	 the	 Nanozoomer	 slide	 scanner	 (Hamamatsu,	

Hamamatusu	City,	Shizuoka,	Japan),	and	the	associated	software	(NDPview)	used	to	view	and	

analyze	 the	 images.	 The	 extent	 of	 DAI	 was	 assessed	 by	 counting	 the	 number	 of	 APP	

immunopositive	(APP+)	lengths	in	the	entire	length	of	the	corpus	callosum	(from	left	to	right)	
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of	two	consecutive	brain	sections	per	animal,	where	each	animal	represents	a	10µm	area	of	

the	corpus	callosum.		This	area	is	directly	under	the	impact	site	( 0.40mm	relative	to	Bregma),	

and	was	 chosen	 as	 this	 region	has	previously	 demonstrated	 the	highest	 degree	of	 axonal	

injury.		

	

GFAP	 and	 Iba1	 immunoreactivity	 was	 determined	 by	 assessing	 morphology	 (previously	

described	 in	Materials	&	Methods	 Part	 I,	 sections	 2.6.2	&	 2.6.3).	 The	 number	 of	 reactive	

astrocytes	 and	 activated	 microglia	 were	 counted	 within	 the	 same	 region	 of	 the	 corpus	

callosum	of	two	consecutive	brains	sections	per	animal,	as	with	APP	histology.	All	histological	

counts	were	done	blinded	by	two	assessors	using	strict	criteria,	and	minimal	inter observer	

variation	was	found.	

	

4.3.3		 Evaluation	of	the	Efficacy	of	IV	APP96-110	Administered	at	5	Hours	Following	

TBI	

	
A	 total	 of	 40	 adult	 male	 Sprague Dawley	 rats	 weighing	 between	 361g	 and	 427g	 were	

randomly	 assigned	 into	 3	 day	 sham,	 vehicle	 control,	 0.05mg/kg	 and	 0.5mg/kg	APP96 110	

treatment	 groups.	 The	 APP96 110	 peptide	 was	 manufactured	 as	 described	 above,	 and	

animals	were	again	injured	using	the	impact acceleration	model	of	diffuse	TBI	as	described	

above	 (Marmarou	 et	 al.,	 1994).	 4	 animals	 died	 shortly	 following	 the	 trauma,	 with	 the	

remaining	 animals	 monitored	 appropriately	 in	 accordance	 with	 ethical	 guidelines	 as	

previously	 described.	 Sham	 animals	 were	 surgically	 prepared	 but	 not	 injured.	 At	 5	 hours	

following	TBI,	animals	were	administered	either	saline,	0.05mg/kg	or	0.5mg/kg	APP96 110	

intravenously	via	the	tail	vein	by	a	blinded	observer,	before	being	returned	to	their	home	

cage	 to	 recover	 once	 normal	 behaviour	was	 established.	Motor	 outcome	 and	histological	
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assessments	were	carried	out	as	previously	described.		

	

4.3.4		 Statistical	Analysis	

	
All	data	were	analyzed	using	Graph	Pad	Prism	software.	All	values	are	displayed	as	Mean	±	

SEM,	 with	 a	 significance	 level	 of	 p<0.05.	 Motor	 outcome	 was	 assessed	 using	 a	 two way	

repeated	measures	ANOVA	with	Tukey’s	post test.	DAI	and	the	number	of	reactive	astrocytes	

and	activated	microglia	were	by	assessed	using	a	one way	ANOVA	with	Tukey’s	post test.	

	

4.4	Results	

	

4.4.1		 Examining	the	Efficacy	of	IV	APP96-110	Administered	at	30	Minutes	Following	

TBI	

	
Administration	of	APP96-110	was	Efficacious	on	Motor	Outcome	

	
Motor	outcome	post TBI	was	assessed	using	 the	 rotarod	 (Figure	4.1).	 Sham	animals	 (n=7)	

demonstrated	normal	motor	abilities	over	the	testing	period,	recording	120	seconds	on	all	7	

days	post injury.	In	contrast,	vehicle	control	animals	showed	significant	motor	deficits	when	

compared	to	shams	on	days	1	to	3	post TBI	(p<0.01,	n=9).	Animals	treated	with	0.005mg/kg	

APP96 110	(n=9)	performed	similarly	to	vehicles,	and	were	significantly	different	to	shams	on	

days	 1	 to	 4	 post injury	 (p<0.05).	 However,	 treatment	 with	 both	 0.05mg/kg	 (n=9)	 and	

0.5mg/kg	 (n=7)	 APP96 110	 improved	motor	 outcome	 over	 7	 days,	 as	 these	 animals	 only	

recorded	 significant	motor	 deficits	 different	 to	 sham	animals	 on	 days	 1	 and	 2	 post injury	

(p<0.05).		
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DAI	post TBI,	however,	a	significant	reduction	compared	to	vehicle	animals	was	only	recorded	

in	the	0.05mg/kg	dose	(79±19,	p<0.05,	n=5),	and	not	the	0.5mg/kg	dose	(124±21,	n=4).		
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APP96-110	Administration	after	TBI	Reduced	Neuroinflammation		

	
Neuroinflammation	 was	 assessed	 by	 counting	 the	 number	 of	 reactive	 astrocytes	 and	

activated	microglia	within	the	corpus	callosum	at	3	days	post TBI	(Figures	4.3	&	4.4).	GFAP	

immunoreactivity	(Figure	4.3)	demonstrated	a	significant	increase	in	the	number	of	reactive	

astrocytes	within	the	corpus	callosum	in	vehicle	control	animals	(243±11,	n=5)	at	3	days	post

TBI	when	compared	to	sham	animals	(174±10,	p<0.01,	n=4).	Treatment	with	both	0.05mg/kg	

(n=5)	and	0.5mg/kg	(n=4)	doses	of	APP96 110	demonstrated	significant	reductions	in	GFAP	

immunoreactivity	 (170±9	 and	 172±6,	 respectively),	 compared	 to	 vehicle	 control	 animals	

(p<0.001),	with	levels	similar	to	that	seen	in	shams.		

	

These	 astrocytic	 changes	 were	 mirrored	 by	 Iba1	 immunoreactivity	 (Figure	 4.4)	 where	 a	

significant	increase	in	the	number	of	microglia	was	observed	in	the	corpus	callosum	of	vehicle	

control	 animals	 (127±7,	 n=5)	 at	 3	 days	 post TBI	when	 compared	 to	 sham	 animals	 (85±4,	

p<0.01,	n=4).	Notably,	animals	treated	with	both	the	0.05mg/kg	(n=5)	and	0.5mg/kg	(n=4)	

doses	of	APP96 110	also	demonstrated	a	return	to	sham	level,	with	significant	reductions	in	

the	number	of	activated	microglia	 in	both	 treatment	groups,	92±4	and	82±1,	 respectively	

(p<0.001),	when	compared	to	vehicle	control	animals.		
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4.4.2	Evaluation	of	the	Efficacy	of	IV	APP96-110	Administered	at	5	Hours	Following	

TBI	

	
In	order	to	determine	whether	IV	APP96 110	would	remain	efficacious	if	delivered	at	a	later	

and	more	clinically	relevant	time	point,	injured	rats	were	injected	5	hours	post TBI.	Rats	were	

treated	with	either	0.05mg/kg	or	0.5mg/kg	APP96 110,	as	these	doses	were	efficacious	as	

determined	above.		

	

Delayed	Administration	of	APP96-110	Remained	Efficacious	on	Motor	Outcome		

	
As	 motor	 deficits	 were	 most	 pronounced	 on	 days	 1	 to	 3	 post injury	 (Figure	 4.1),	 motor	

outcome	was	assessed	on	these	days	(Figure	4.5).	Sham	animals	(n=7)	demonstrated	normal	

motor	abilities	over	the	3	day	testing	period,	recording	120	seconds	on	all	3	days	post injury,	

whereas	vehicle	control	animals	demonstrated	significant	motor	deficits	when	compared	to	

shams	on	all	3	assessment	days	 (p<0.001,	n=9).	 In	contrast,	 treatment	with	both	doses	of	

APPP96 110	significantly	improved	motor	ability.	Animals	treated	with	0.05mg/kg	APP96 110	

(p<0.01,	 n=10)	 or	 0.5mg/kg	 APP96 110	 (p<0.001,	 n=10)	 demonstrated	 significant	

improvements	 in	motor	outcome	compared	to	vehicle	animals	on	all	3	days	following	TBI.	

(p<0.01).	There	were	no	significant	differences	between	the	two	APP96 110	doses.		
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4.5	Discussion	

	

Over	recent	years,	a	growing	body	of	data	has	suggested	that	APP	and	its	derivatives	have	a	

neuroprotective	 role	 following	 TBI	 (Van	 den	 Heuvel	 et	 al.,	 1999,	 Thornton	 et	 al.,	 2006,	

Corrigan	 et	 al.,	 2011,	 Corrigan	 et	 al.,	 2012b).	 This	 study	 is	 the	 first	 to	 examine	 the	

neuroprotective	efficacy	of	APP96 110	following	IV	administration	after	TBI.		

	

Posttraumatic	 administration	 of	 APP96 110	 IV	 not	 only	 demonstrated	 noticeable	

improvements	 in	 motor	 outcome	 and	 reductions	 in	 AI	 and	 neuroinflammation,	 but	

importantly,	 that	 APP96 110	 remains	 efficacious	 when	 injected	 up	 to	 5	 hours	 post TBI.	

Previous	research	has	focused	solely	on	intracerebroventricular	administration,	however,	IV	

administration	soon	after	trauma	offers	clear	clinical	advantages.	Following	trauma,	ensuing	

secondary	damage	to	the	BBB	facilitates	a	localized	increase	in	permeability	of	blood	contents	

into	the	brain	parenchyma	as	early	as	15	minutes	after	 injury,	 lasting	for	up	to	 four	to	six	

hours	for	large	molecules.	Permeability	for	smaller	molecules,	however,	can	last	up	to	three	

to	 four	 days	 (Baskaya	 et	 al.,	 1997,	 Habgood	 et	 al.,	 2007).	 Whilst	 this	 permeability	 does	

contribute	 to	 the	 injury	 process,	 it	 also	 provides	 a	window	of	 opportunity	 through	which	

therapeutics	may	gain	entry	to	the	brain	(Habgood	et	al.,	2007).	A	challenge	for	many	IV	drugs	

targeting	brain	injury	is	the	inability	to	penetrate	the	BBB	and	reach	the	CNS.	However,	the	

ability	of	 IV	administered	APP96 110	to	produce	neuroprotective	effects	 in	vivo	 that	were	

comparable	to	intracerebroventricular	administration,	suggests	that	APP96 110	can	enter	the	

brain	following	injury	in	a	functional	state	via	the	IV	route.	This	has	been	confirmed	by	out	

laboratory	with	 live	 animal	 luminescence	 studies,	where	 APP96 110’s	 ability	 to	 enter	 the	

brain	was	observed	for	up	to	5	hours	post TBI	(unpublished	data).		
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Over	the	years,	a	number	of	experimental	therapies	have	shown	promising	neuroprotective	

efficacy	 in	experimental	 settings,	but	subsequently	 fail	 to	produce	similar	neuroprotective	

efficacy	in	humans	(Vink	and	Nimmo,	2002,	Maas	et	al.,	2010).	A	therapeutic	challenge	often	

slowing	bench	to	bedside	progress	for	TBI	is	the	choice	of	therapeutic	administration	time.	

Research	often	focuses	on	an	 immediate	time	point	after	 injury,	generally	up	to	one	hour	

post TBI	 (Vink	and	Van	Den	Heuvel,	 2004,	 Faden	and	Stoica,	 2007).	However,	 in	 a	 clinical	

setting,	the	time	frame	between	injury	and	arrival	to	a	trauma	unit	can	often	far	exceed	one	

hour	 (Vink	and	Van	Den	Heuvel,	2004).	 Therefore,	 testing	of	more	clinically	 relevant	 time	

frames	is	needed	to	develop	TBI	treatments	which	can	be	administered	by	paramedics	at	the	

place	of	injury.	APP96 110	demonstrated	clear	efficacy	for	up	to	5	hours	post injury,	a	finding	

that	significantly	extends	the	therapeutic	timeframe	for	treatment.	 Its	therapeutic	efficacy	

may	in	fact	extend	beyond	the	5	hour	window,	and	as	such	may	form	the	basis	of	future	dose	

and	time	response	studies	using	APP96 110.				

The	 results	 of	 this	 study	 strengthen	 previous	 findings	 that	 highlight	 the	 considerable	

neuroprotective	functions	of	APP	and	its	derivatives	in	TBI	(Plummer	et	al.,	2016).	Following	

trauma,	IV	administration	of	APP96 110	at	30	minutes	resulted	in	significant	improvements	

in	motor	outcome	over	7	days.	Whilst	the	lowest	0.005mg/kg	dose	was	ineffective,	animals	

treated	with	 the	 higher	 doses	 no	 longer	 displayed	 significant	motor	 deficits	 compared	 to	

shams	 at	 two	 days	 after	 TBI.	 	Moreover,	 these	 doses	 were	 able	 to	 reduce	 the	 currently	

untreatable	DAI,	with	the	0.05mg/kg	dose	of	APP96 110	producing	a	significant	decrease	in	

DAI	compared	to	vehicle	control	animals	at	3	days	post TBI.	 Importantly,	when	APP96 110	

was	 administered	 at	 5	 hours	 following	 injury,	 both	 the	 0.05mg/kg	 and	 0.5mg/kg	 doses	

remained	 efficacious	 at	 improving	motor	 outcome,	 with	 animals	 significantly	 different	 to	
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vehicle	control	rats	throughout	the	testing	period.	This	 improvement	 in	outcome	was	also	

associated	 with	 a	 reduction	 in	 levels	 of	 DAI	 in	 the	 corpus	 callosum	 at	 day	 3	 post injury	

compared	to	vehicle	control	animals.	DAI	occurs	as	a	result	of	a	progressive	secondary	insult	

to	axons,	often	leading	to	prolonged	neurological	damage	(Heath	and	Vink,	1999,	Povlishock,	

1993,	 Maxwell	 et	 al.,	 1993).	 Primary	 injury	 often	 causes	 considerable	 axonal	 stretching,	

causing	 localized	 damage	 to	 the	 cytoskeleton	 and	 subsequent	 disruption	 to	 axoplasmic	

transport.	 However,	 much	 of	 the	 progression	 of	 DAI	 is	 secondary	 in	 nature,	 with	 the	

disruption	 of	 axoplasmic	 transport	 leading	 to	 axonal	 swelling	 and	 subsequent	 axonal	

disconnection	(Povlishock,	1993,	Buki	and	Povlishock,	2006),	 the	disruption	of	sodium	and	

calcium	 channels	 facilitating	 an	 influx	 of	 ions,	 and	 the	 production	 of	 deleterious	

phospholipases	 and	 proteases	 causing	 damage	 to	 mitochondria	 and	 complete	 axonal	

separation	and	eventually	cell	death	(Smith	et	al.,	2003,	Buki	and	Povlishock,	2006).	Injury	to	

this	extent	is	likely	to	be	a	major	cause	of	functional	deficits,	and	a	key	predictor	of	functional	

outcome	following	trauma,	particularly	 in	human	CNS	conditions.(Medana	and	Esiri,	2003)	

The	neuroprotective	effects	of	APP96 110	on	DAI,	even	when	administered	at	the	delayed	

time	of	5	hours	post TBI	 is	 important,	as	this	suggests	that	APP96 110	may	reduce	overall	

injury	severity	by	limiting	the	progression	of	axonal	damage	throughout	the	secondary	injury	

cascade,	and	important	finding	given	that	current	therapies	targeting	DAI	are	lacking.			

	

Whilst	AI	is	an	important	indicator	of	injury	severity	following	TBI	(Smith	et	al.,	2003),	it	is	not	

the	 sole	 factor.	 A	 hallmark	 feature	 of	 TBI	 is	 neuroinflammation,	 a	 significant	 part	 of	 the	

secondary	injury	cascade,	which	often	leads	to	the	prolonged	and	detrimental	neurological	

injury	 and	 degeneration	 (Kumar	 and	 Loane,	 2012).	 As	 important	 cells	 in	 the	

neuroinflammatory	response,	microglia	and	astrocytes	play	a	key	role	in	a	number	of	both	
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beneficial	 and	 detrimental	 functions	 following	 CNS	 injury,	 including	 the	 release	 of	

neurotrophic	factors,	but	also	both	pro 	and	anti inflammatory	cytokines	(Kumar	and	Loane,	

2012).	The	 impact acceleration	model	of	diffuse	TBI	produces	wide spread	axonal	damage	

throughout	 the	brain,	 particularly	 in	white	matter	 tracts,	 like	 the	 corpus	 callosum,	where	

axons	 are	 abundant	 (Marmarou	 et	 al.,	 1994).	 Whilst	 neuroinflammation	 can	 often	 be	

observed	in	cortical	regions,	in	this	setting	it	was	assessed	within	the	corpus	callosum,	as	this	

region	 corresponds	 to	 the	 largest	 area	 of	 damage	 seen	 following	 diffuse	 trauma.	

Administration	 of	 APP96 110	 at	 30	 minutes	 post TBI	 prevented	 the	 profound	

neuroinflammation	associated	with	TBI	at	all	doses	 tested,	with	numbers	of	both	 reactive	

astrocytes	 and	 activated	 microglia	 significantly	 reduced	 following	 APP96 110	 treatment.	

These	findings	could	in	part	be	explained	by	the	associated	reductions	in	DAI	seen	in	APP96

110	treated	animals,	where	the	reduction	in	secondary	injury	events	may	reduce	the	need	for	

neuroinflammation	to	occur.	This	is	in	contrast	to	vehicle	control	animals	where	secondary	

injury	 and	 DAI	 was	 more	 considerable.	 Furthermore,	 the	 reduction	 in	 acute	

neuroinflammation	 could	 represent	 a	 pathway	 in	 which	 APP96 110	 treatment	 acts	 to	

ameliorate	the	motor	deficits.	As	animals	were	assessed	at	day	3,	these	results	only	represent	

the	 acute	 neuroinflammatory	 response,	 and	 as	 such	 are	 not	 reflective	 of	 the	 long term	

progressive	 nature	 of	 posttraumatic	 neuroinflammation.	 As	 such,	 investigation	 into	 the	

mechanism	through	which	APP96 110	is	able	to	reduce	neuroinflammatory	events	remains	

an	important	avenue	for	further	research.		

	

While	the	use	of	APP96 110	as	a	novel	and	clinically	relevant	therapeutic	agent	for	TBI	has	

been	clearly	demonstrated,	the	mechanism	of	action	through	which	APP96 110	exerts	these	

effects	is	yet	to	be	fully	understood.	A	key	functional	domain	of	sAPPα,	of	which	APP96 110	
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is	the	active	region,	is	its	high	structural	similarity	to	growth factor	like	domains,	and	its	strong	

affinity	to	heparin,	particularly	to	heparin	sulfate	proteoglycans	(HSPGs)	(Narindrasorasak	et	

al.,	1991,	Small	et	al.,	1992,	Rossjohn	et	al.,	1999).	The	importance	of	APP96 110’s	affinity	for	

heparin	 binding	 for	 its	 neuroprotective	 activity	 was	 demonstrated	 using	 an	 APP96 110	

analogue	with	 reduced	heparin	binding	affinity,	which	 in	 turn	showed	no	neuroprotective	

effect	 in	 vivo	 after	moderate severe	 diffuse	 TBI	 (Corrigan	 et	 al.,	 2014).	 It	 is	 thought	 that	

APP96 110	 could	 bind	 to	 cell surface	 or	 extracellular	 matrix	 bound	 HSPGs	 to	 elicit	 a	

neuritogeneic	response	(Clarris	et	al.,	1997,	Small	et	al.,	1992,	Small	et	al.,	1994).	The	APP96

110	region	contains	a	β	hairpin	loop	constrained	by	a	disulphide	bond	between	cysteines	98	

and	105	(Rossjohn	et	al.,	1999,	Small	et	al.,	1994),	which	has	been	shown	to	be		critical	for	

promoting	 neurite	 outgrowth	 from	 central	 and	 peripheral	 neurons	 (Small	 et	 al.,	 1994,	

Williamson	et	al.,	1995,	Williamson	et	al.,	1996,	Young Pearse	et	al.,	2008),	as	well	as	 the	

activation	of	MAP	kinase	(Greenberg	et	al.,	1995).		

Irrespective	of	the	mechanisms	of	neuroprotection,	this	study	demonstrates	that	APP96 110	

is	efficacious	by	IV	administration	for	up	to	5	hours	after	TBI	and	strengthens	its	potential	as	

a	 novel	 and	 multifactorial	 therapeutic	 agent	 following	 trauma.	 Important	 next	 steps	 for	

APP96 110	 include	 enhancing	 our	 understanding	 of	 its	 pharmacokinetics	 to	 optimize	 its	

therapeutic	activity,	and	also	identifying	its	receptor	and	the	signaling	pathways	it	activates,	

which	will	 help	 decipher	 the	molecular	mechanisms	 for	 APP96 110’s	 activity.	 Testing	 the	

efficacy	of	APP96 110	in	other	neuronal	injury	models	such	as	spinal	cord	injury	and	ischemia,	

where	APP	expression	has	been	shown	to	be	altered	(Kobayashi	et	al.,	2010,	Badan	et	al.,	

2004),	could	broaden	the	therapeutic	utility	of	APP9 110.	As	such,	further	development	of	

APP96 110	as	a	therapeutic	for	TBI,	and	in	particular	DAI	that	currently	lacks	an	efficacious	
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treatment,	is	warranted.	Overall,	APP96 110	shows	promise	as	a	novel	and	clinically	relevant	

treatment	option	by	offering	substantial	neuroprotective	and	neurotrophic	effects	towards	

reducing	secondary	injury	and	functional	deficits	associated	with	acute	traumatic	brain	injury.	
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Chapter	5: Enhanced	Heparin	Binding	Affinity	Of	
APP96-110	Results	In	Increased	Neuroprotection	

Following	Traumatic	Brain	Injury
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5.1	Introduction	

	

Traumatic	brain	injury	(TBI)	is	a	major	public	health	concern,	yet	despite	extensive	research	

no	acceptable	treatments	currently	exist.	Over	recent	years,	the	Amyloid	Precursor	Protein	

(APP)	has	been	shown	to	be	a	viable	therapeutic	option,	with	previous	studies	consistently	

demonstrating	neuroprotective	efficacy	of	APP	and	many	of	its	derivatives,	like	sAPPa	and	

APP96 110,	following	experimental	TBI	(Van	den	Heuvel	et	al.,	1999,	Thornton	et	al.,	2006,	

Corrigan	et	al.,	 2011,	Corrigan	et	al.,	 2012b,	Corrigan	et	al.,	 2012a,	Corrigan	et	al.,	 2014).	

APP96 110,	in	particular,	has	been	shown	to	provide	efficacy	in	both	APP	knockout	( / )	mice	

and	in	rats	following	diffuse	TBI,	observed	through	the	restoration	of	functional	deficits,	the	

preservation	of	cortical	and	hippocampal	tissue,	as	well	as	reductions	in	axonal	injury	in	the	

corpus	 callosum	 (Corrigan	 et	 al.,	 2014).	 Furthermore,	 its	 neuroprotective	 ability	 has	 since	

been	shown	to	extend	for	up	to	5	hours	post TBI,	with	intravenous	administration	shown	to	

continue	 to	 improve	 motor	 outcome	 for	 up	 to	 7	 days,	 and	 reduce	 axonal	 injury	 and	

neuroinflammation	(results	previously	discussed	in	chapter	4).	

	

Over	 recent	 years,	 these	 neuroprotective	 actions	 of	 APP96 110	 have	 gradually	 been	

attributed	 to	 two	 of	 APP’s	 functional	 domains	 (Corrigan	 et	 al.,	 2011).	 The	 D1	 domain	 in	

particular,	of	which	APP96 110	 is	 the	active	 region,	displays	a	high	 structural	 similarity	 to	

growth factor	like domains,	and	exhibits	a	strong	affinity	to	heparin,	particularly	to	heparin	

sulfate	proteoglycans	(HSPGs)	(Narindrasorasak	et	al.,	1991,	Small	et	al.,	1992,	Rossjohn	et	

al.,	1999).		Whist	the	exact	mechanisms	through	which	APP96 110	is	able	to	exert	its	efficacy	

remains	unclear,	sufficient	evidence	supports	that	of	a	‘heparin	binding	hypothesis’.	Through	

the	process	of	mutating	key	residues	in	the	APP96 110	amino	acid	sequence,	an	APP96 110	
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analogue	with	 reduced	heparin	binding	demonstrated	no	neuroprotective	effect	post TBI,	

with	animals	performing	no	differently	to	vehicle	control	animals	(Corrigan	et	al.,	2014).	This	

suggests	that	that	APP96 110	could	functionally	substitute	for	native	sAPPa,	highlighting	that	

the	neuroprotective	activity	of	APP96 110	seems	to	correlate	to	 its	ability	 to	bind	heparin	

(Clarris	et	al.,	1997,	Corrigan	et	al.,	2011,	Corrigan	et	al.,	2014).			

		

Accordingly,	 the	 modulation	 of	 the	 heparin	 binding	 affinity	 of	 APP96 110	 may	 prove	

beneficial	in	an	attempt	to	increase	its	neuroprotective	action.	As	such,	this	study	aimed	to	

examine	whether	mutation	 of	 key	 amino	 acid	 residues	 on	 APP96 110	would	 result	 in	 an	

increased	 binding	 affinity	 to	 heparin,	 and	 subsequently	 confer	 greater	 neuroprotective	

efficacy	post TBI	in	vivo.	Wildtype	(WT)	APP96 110	was	assessed	against	two	mutated	APP96

110	 peptides	with	 either	 two	 or	 three	 amino	 acid	mutations,	 and	 their	 ability	 to	 bind	 to	

heparin	assessed	via	chromatography	assay.	Secondly,	the	peptide	with	the	strongest	affinity	

for	 heparin	was	 then	 assessed	 in	 vivo	 following	 TBI,	 to	 determine	whether	 the	 enhanced	

heparin	 binding	 affinity	 would	 confer	 greater	 levels	 of	 neuroprotection	 compared	 to	 the	

previously	used	WT	APP96 110.				

	

5.2	Methods	

	

All	 studies	were	 performed	within	 the	 guidelines	 established	 by	 the	 National	 Health	 and	

Medical	Research	Council	of	Australia	and	were	approved	by	the	Animal	Ethics	Committee	of	

the	University	of	Adelaide	(Ethics	number:	M 2014 131).	
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5.2.1	APP96-110	Peptides		

	

The	APP96 110	peptides	were	synthesized	by	Auspep	 (Tullamarine,	Victoria,	Australia)	and	

were	N terminally	acetylated	and	C terminally	amidated	(previously	outlined	in	Materials	&	

Methods	Part	I,	section	2.3.3).	By	combining	multiple sequence	and	structural	alignments	of	

APP96 110	 across	 different	 species,	 within	 the	 APP	 family	 as	 well	 as	 with	 other	 heparin	

binding	proteins,	it	was	hypothesised	that	mutation	of	key	amino	acid	residues	could	enhance	

the	heparin	binding	affinity	of	APP96 110.	As	such,	WT	APP96 110	was	mutated	in	two	ways:	

K99R,	H100R	(2+APP96 110)	and	N96R,	K99R,	H100R	(3+APP96 110)	(previously	outlined	in	

Materials	&	Methods	Part	I,	section	2.3.3).	

	

5.2.2	Chromatography	Assay		

	

Synthesised	APP96 110	peptides	were	dissolved	in	phosphate buffered	saline	to	produce	a	

final	concentration	of	1mM.	10	µL	of	peptide	was	injected	onto	a	1	ml	HiTrap	Heparin	column	

(GE	 Healthcare,	 Sydney,	 NSW,	 Australia),	 equilibrated	 in	 Buffer	 A	 (20mM	 Tris	 7.5)	 and	

connected	 to	an	AKTA	Purifier	 (GE	Health 	 care).	The	bound	peptide	was	eluted	 from	the	

column	in	a	linear	gradient	of	0–1.2	M	NaCl	at	a	flow	rate	of	1	mL/min.	Eluted	peptide	was	

detected	by	UV	absorbance	at	280	(mAU).	The	heparin	binding	affinity	of	each	peptide	was	

measured	against	WT	APP96 110	on	a	Heparin Sepharose	column.		
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5.2.3		 In	Vivo	APP96-110	Preparation	

	

Prior	 to	 injury,	 each	 peptide	 was	 dissolved	 into	 distilled	 water	 to	 produce	 a	 1mM	 stock	

solution,	and	further	diluted	to	produce	doses	of	0.5mg/kg	and	0.05mg/kg	WT	APP96 110,	

and	 0.05mg/kg,	 0.25mg/kg,	 0.1mg/kg	 and	 0.05mg/kg	 3+APP96 110	 for	 IV	 administration	

(refer	to	Figure	5.2	for	justification	for	the	choice	of	this	mutant	peptide).		

		

5.2.4		 Injury	Induction	

	

A	total	of	45	adult	male	Sprague Dawley	rats	weighing	between	357g	and	409g	were	group	

housed	 in	 a	 controlled	 temperature	 environment	 under	 a	 12	 hour	 light/dark	 cycle,	 with	

uninterrupted	access	to	food	and	water.	Animals	were	randomly	assigned	into	3	day	sham,	

vehicle	control,	0.05mg/kg	or	0.5mg/kg	WT	APP96 110,	or	0.05mg/kg,	0.1mg/kg,	0.25mg/kg	

or	 0.5mg/kg	 3+APP96 110	 treatment	 groups.	 Animals	 were	 injured	 using	 the	 Marmarou	

impact acceleration	model	of	diffuse	TBI	 (Marmarou	et	 al.,	 1994)	 (previously	described	 in	

Materials	 &	 Methods	 Part	 I,	 section	 2.3.2).	 At	 5	 hours	 following	 TBI,	 animals	 were	

administered	 either	 saline	 vehicle	 control,	 0.05mg/kg	 or	 0.5mg/kg	 WT	 APP96 110,	 or	

0.05mg/kg,	0.1mg/kg,	0.25mgkg	or	0.5mg/kg	3+APP96 110	IV	via	the	tail	vein	by	a	blinded	

observer,	 and	 returned	 to	 their	 home	 cage	 to	 recover	 once	 normal	 behaviour	 was	

established.	

	

5.2.5		 Assessment	of	Motor	Outcome	

	

Motor	 deficits	 post TBI	were	 assessed	 using	 the	 rotarod,	 a	 sensitive	 test	 of	motor	 ability	
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following	TBI	as	previously	described	in	Chapter	2	(Hamm	et	al.,	1994)	(previously	described	

in	Materials	&	Methods	Part	I,	section	2.4.1).	Animals	were	assessed	daily	for	3	days	post

injury.		

	

5.2.6		 Histological	Assessment		

	

At	 3	 days	 post TBI,	 animals	 were	 transcardially	 perfused	 with	 10%	 formalin	 (previously	

described	in	Materials	&	Methods	Part	I,	section	2.5.1),	with	IHC	performed	to	stain	for	AI	

with	APP.	The	extent	of	DAI	was	assessed	by	counting	the	number	of	APP	immunopositive	

(APP+)	lengths	in	the	entire	length	of	the	corpus	callosum	of	three	brain	sections	per	animal.		

	

5.2.7		 Statistical	Analysis	

	

All	data	were	analysed	using	Graph	Pad	Prism	software.	All	values	are	displayed	as	Mean	±	

SEM,	 with	 a	 significance	 level	 of	 p<0.05.	 Motor	 outcome	 was	 assessed	 using	 a	 two way	

repeated	measures	ANOVA	with	Tukey’s	post test,	while	DAI	was	assessed	using	a	one way	

ANOVA	with	Tukey’s	post test.	
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5.3.3		 Testing	the	Efficacy	of	the	Mutant	3+APP96-110	Peptide	Following	TBI	

	

Given	 the	 stronger	 heparin	 binding	 affinity	 displayed	 by	 3+APP96 110	 over	 the	 other	

analogue	 (2+APP96 110),	 this	 peptide	 was	 assessed	 in	 vivo	 following	 TBI,	 to	 determine	

whether	 the	 enhanced	 heparin	 binding	 affinity	 would	 translate	 to	 increased	 levels	 of	

neuroprotection	compared	to	the	previously	used	WT	APP96 110.	This	was	tested	using	the	

Marmarou	impact acceleration	model	as	previously	described	in	this	article.		

	

5.3.4		 Motor	Outcome	

	

Motor	 outcome	 post TBI	 was	 assessed	 using	 the	 rotarod	 (Figure	 5.3).	 Sham	 animals	

demonstrated	normal	motor	abilities	over	the	testing	period,	recording	120	seconds	on	all	3	

days	post injury.	In	contrast,	vehicle	control	animals	showed	significant	motor	deficits	when	

compared	to	sham	rats	on	all	3	days	post TBI	(p<0.05).	Animals	treated	with	WT	APP96 110	

demonstrated	significant	improvements	in	motor	outcome	over	the	testing	period.	0.5mg/kg	

WT	APP96 110	treated	rats	were	significantly	different	to	vehicle	control	animals	on	days	1	

and	2	post TBI	(p<0.001),	and	only	significantly	different	to	shams	on	day	1	post TBI	(p<0.01).	

In	contrast,	0.05mg/kg	WT	APP96 110	treated	rats	were	only	significantly	different	to	shams	

on	 day	 1	 post TBI	 (p<0.001).	 Animals	 treated	 with	 mutated	 3+APP96 110	 demonstrated	

variable	improvements	in	motor	outcome.	Animals	treated	with	the	highest	dose	of	3+APP96

110	 (0.5mg/kg)	 demonstrated	 no	 improvement	 in	 motor	 outcome,	 with	 animals	 not	

significantly	differently	from	vehicles,	but	were	significantly	different	to	shams	on	all	3	days	

post TBI	 (p<0.001),	 and	 significantly	different	 to	WT	APP96 110	0.5mg/kg	 treated	animals	

(p<0.0001).	 In	 contrast,	 treatment	with	 0.25mg/kg	3+APP96 110	demonstrated	 significant	
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5.3.5	Diffuse	Axonal	Injury	

	

To	examine	whether	the	changes	seen	in	motor	outcome	were	associated	with	any	injury	to	

axons,	the	number	of	APP	positive	lengths	within	the	corpus	callosum	were	counted	(Figure	

5.4).		A	significant	increase	in	APP	immunoreactivity	was	observed	in	vehicle	control	animals	

at	3	days	post TBI	(43.06±11.98,	n=5)	when	compared	to	sham	animals	(p<0.05,	n=5).	Overall	

however,	 there	 were	 no	 significant	 differences	 observed	 between	 WT	 APP96 110	 and	

3+APP96 110	doses,	when	compared	to	vehicle	control	rats.	

	

Firstly,	 when	 assessing	 the	 WT	 APP96 110,	 treatment	 with	 0.05mg/kg	 WT	 APP96 110	

demonstrated	reductions	in	Ai	compared	to	vehicle	control	rats	(32.9±11.47,	n=6),	however	

this	 was	 not	 significant	 (p=0.99).	 Furthermore,	 treatment	 with	 0.5mg/kg	 WT	 APP96 110	

demonstrated	 significant	 increases	 in	 the	 extent	 of	 AI	 compared	 to	 sham	 animals	

(39.83±11.09,	n=7)	(p=0.02).		

	

Variable	 AI	 results	 were	 seen	with	 3+APP966 110	 treatment	 doses.	 Treatment	with	 both	

0.1mg/kg	3+APP96 110	(n=5)	and	0.25mgkg	3+APP96 110	(n=4)	demonstrated	reductions	in	

AI	compared	to	vehicle	control	animals,	however,	this	decrease	was	not	significant	(p=0.97	

and	0.99,	respectively).	No	significant	differences	were	seen	between	these	doses	compared	

to	sham	animals	(31.32±11.98	and	39.4±12.7,	respectively).	In	contrast,	treatment	with	both	

0.05mg/kg	and	0.5mg/kg	3+APP96 110	demonstrated	significant	increases	in	AI	compared	to	

sham	animals	(49.65±12.7,	n=4	(p<0.01))	and	51.53±13,83,	n=3	(p<0.05)),	respectively.		
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5.4	Discussion	

	

The	APP	derivative	peptide	APP96 110	has	been	consistently	shown	to	offer	neuroprotective	

benefits	following	TBI	(Corrigan	et	al.,	2014)	(previously	discussed	in	Chapter	4),	however,	its	

mechanism	of	action	remains	uncertain.	As	such,	this	study	is	important	to	determine	if	the	

neuroprotective	 activity	 of	 APP96 110	 correlates	 to	 its	 heparin	 binding	 activity,	 and	 if	

increasing	its	heparin	binding	affinity	will	enhance	its	neuroprotective	activity.		

	

The	mutation	of	key	amino	acid	residues	within	the	APP96 110	sequence	was	shown	through	

a	heparin	chromatography	assay	to	increase	the	affinity	of	each	of	these	peptides	to	bind	to	

heparin.	 When	 assessed	 in	 vivo	 following	 TBI,	 these	 peptides	 demonstrated	 a	 dose

dependent	 improvement	 in	 motor	 outcome,	 with	 lower	 doses	 of	 the	 enhanced	 peptide	

improving	 motor	 outcome	 equal	 to	 higher	 doses	 of	 the	 wildtype	 peptide.	 These	

improvements	 in	 outcome	were	 associated	with	 variable	 decreases	 in	 AI	 throughout	 the	

corpus	 callosum,	 predominantly	 following	 treatment	 with	 the	 0.1mg/kg	 and	 0.25mg/kg	

3+APP96 110	doses.		

	

The	 ability	 to	 selectively	 mutate	 a	 protein	 based	 on	 its	 amino	 acid	 sequence,	 and	

subsequently	design	and	generate	analogues	 to	APP96 110	 is	an	exciting	prospect	 for	 the	

development	 of	 novel	 therapeutic	 agents	 for	 conditions	 like	 TBI.	 The	 crystal	 structure	 of	

APP96 110	within	the	D1	domain	has	been	solved	(Rossjohn	et	al.,	1999),		and	specific	amino	

acid	residues	predicted	to	be	involved	with	heparin	binding	identified.	Using	this	structural	

information,	together	with	sequence	homology	analysis,	the	generation	of	two	APP96 110	

analogues,	 2+APP96 110	 and	 3+APP96 110,	 occurred.	 It	 was	 anticipated	 that	 the	 two	
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mutated	APP96 110	peptides	would	have	a	stronger	affinity	to	bind	to	heparin.	As	expected,	

these	analogues	did	demonstrate	an	increased	affinity	for	heparin,	with	2+APP96 110	eluting	

at	 650mM	 and	 3+APP96 110	 possessing	 greater	 affinity	 and	 eluting	 at	 750mM,	 when	

compared	to	570mM	for	WT	APP96 110.	The	 increased	heparin	binding	affinity	evident	 in	

these	peptides	helps	to	support	the	rationale	that	in	silico	based	methods	can	be	employed	

to	successfully	design	APP96 110	analogues,	based	on	protein	structure.		

	

Whilst	the	ability	of	the	APP96 110	analogues	to	show	an	increased	affinity	to	heparin	was	

the	 initial	step	 in	exploring	the	‘heparin	binding	hypothesis’,	 it	was	crucial	to	establish	the	

efficacy	of	these	peptides	 in	an	 in	vivo	TBI	model.	Animals	treated	with	both	doses	of	WT	

APP96 110	demonstrated	considerable	improvements	in	motor	outcome	post TBI	compared	

to	 vehicle	 control	 rats,	which	 is	 in	 line	with	 previous	 our	 findings	 (Thornton	 et	 al.,	 2006,	

Corrigan	et	al.,	2012b,	Corrigan	et	al.,	2014)	(results	previously	described	in	Chapter	4).	The	

enhancement	 of	 heparin	 binding	 affinity	 in	 the	 APP96 110	peptide	 produced	widespread	

improvement	of	motor	performance.	Rats	treated	with	0.25mg/kg	of	mutated	3+APP96 110	

showed	 significantly	 improved	 motor	 performance	 post TBI	 when	 compared	 to	 vehicle	

control	 rats;	 reaching	 a	 similar	 level	 as	 the	 0.5mg/kg	 WT	 APP96 110	 treatment.	 Similar	

statistically	significant	differences	were	seen	between	other	doses	of	mutated	3+APP96 110	

and	WT	APP96 110	peptides,	where	lower	doses	of	mutated	3+APP96 110	showed	improved	

motor	outcome	on	a	par	with	higher	doses	of	WT	APP96 110.	However,	these	effects	were	

not	 entirely	 mirrored	 following	 histological	 examination	 of	 AI.	 Only	 selective	 doses	 of	

3+APP96 110,	 the	 0.25mg/kg	 and	 0.1mg/kg	 3+APP96 110	 doses,	 were	 able	 to	 reduce	 AI	

compared	 to	 vehicle	 control	 animals.	Unexpectedly,	 treatment	with	 the	highest	0.5mg/kg	

dose	 of	 3+APP96 110	 was	 unable	 to	 improve	 motor	 outcome,	 with	 animals	 performing	
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considerably	worse	compared	to	vehicle	controls	and	any	other	APP96 110	treatment	group.	

This	treatment	group	also	demonstrated	considerably	elevated	levels	of	AI	following	TBI.	The	

sample	 size	 in	 this	 group	 (n=3)	 compared	 to	 the	 other	 groups	 (n=6)	 may	 explain	 the	

substantial	 lack	 of	 neuroprotective	 efficacy	 of	 this	 dose,	 and	 suggests	 that	 a	 therapeutic	

threshold	has	been	reached,	beyond	which	any	neuroprotective	benefits	can	be	achieved.	

Overall,	 these	 motor	 and	 histological	 observations	 indicate	 the	 ability	 of	 the	 mutated	

3+APP96 110	 peptides	 to	 improve	 motor	 outcome	 and	 reduce	 AI	 occurring	 in	 a	 dose

dependent	 fashion,	with	 lower	 doses	 of	mutated	 3+APP96 110	 peptides	 conferring	 equal	

neuroprotective	efficacy	compared	to	higher	doses	of	WT	APP96 110.	This	may	be	through	

its	 enhanced	 ability	 to	 bind	 to	 heparin,	 and	 lends	 further	 weight	 to	 the	 heparin	 binding	

hypothesis	for	its	mechanism	of	action.	

	

Taken	together,	 the	findings	of	 this	study	support	heparin	binding	activity	being	at	 least	a	

strong	correlate	of	APP96 110’s	neuroprotective	activity,	and	a	number	of	studies	over	recent	

decades	 have	 suggested	 this.	 The	 structure	 of	 APP96 110	 contains	 a	 β	 hairpin	 loop	

constrained	by	a	disulphide	bond	between	cysteines	98	and	105	(Rossjohn	et	al.,	1999,	Small	

et	 al.,	 1994),	 the	 presence	 of	which	 has	 been	 shown	 to	 be	 critical	 for	 promoting	 neurite	

outgrowth	from	central	and	peripheral	neurons	(Young Pearse	et	al.,	2008),	as	well	as	the	

activation	of	MAP	kinase	(Greenberg	and	Kosik,	1995).	Indeed,	the	binding	of	this	region	to	

HSPGs	 can	promote	neurite	 outgrowth	 from	 central	 and	peripheral	 neurons	 (Small	 et	 al.,	

1994,	Williamson	et	al.,	1995,	Williamson	et	al.,	1996).	Further	evidence	has	shown	that	the	

D1	 domain	 of	 sAPPa,	 of	 which	 APP96 110	 is	 the	 active	 region,	 displays	 a	 high	 structural	

similarity	to	growth factor	like domains,	and	exhibits	a	strong	affinity	to	heparin,	particularly	

to	heparin	 sulfate	proteoglycans	 (HSPGs)	 (Narindrasorasak	et	al.,	 1991,	 Small	et	al.,	 1992,	
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Rossjohn	et	al.,	1999).	HSPGs	can	act	as	either	receptors	or	co receptors	(Sarrazin	et	al.,	2011),	

and	it	is	thought	that	APP96 110	may	bind	to	cell surface	or	extracellular	matrix	bound	HSPGs	

to	elicit	a	neuritogeneic	response	(Small	et	al.,	1992,	Small	et	al.,	1994,	Clarris	et	al.,	1997).	

Indeed,	heparin	sulfates	are	recognized	as	playing	an	important	role	in	regulating	processes	

(Zhang	et	al.,	2014).	The	binding	of	sAPPa,	through	APP96 110,	 is	proposed	to	lead	to	key	

physiological	changes	such	as	the	regulation	of	cell	adhesion,	synaptogenesis,	cell	signalling	

and	neurite	outgrowth		(Small	et	al.,	1994,	Clarris	et	al.,	1997,	Rossjohn	et	al.,	1999)	all	of	

which	 are	 important	 steps	 in	 promoting	 neuroplasticity	 and	 subsequent	 neurogenesis	

following	TBI.	 	Since	HSPGs	such	as	glypican	and	perlecan	can	 inhibit	 the	ability	of	APP	to	

stimulate	neurite	outgrowth	(Williamson	et	al.,	1996),	 there	may	be	an	 interplay	between	

APP	and	different	HSPGs	for	it	to	mediate	its	neuroprotective	effects.	

	

Interestingly,	it	is	also	possible	that	HSPGs	are	not	the	neuroprotective	receptor	for	sAPPa	or	

APP96 110,	 and	 that	 a	 more	 conventional	 protein	 receptor	 may	 be	 the	 target	 for	 these	

metabolites.	As	such,	the	identification	of	the	definitive	APP	neuroprotective	ligand	remains	

an	important	goal	to	understanding	its	mechanism	of	action	in	TBI.		

	

In	summary,	this	study	demonstrated	that	mutating	the	amino	acid	sequence	of	APP96 110	

to	 generate	 analogues	 with	 an	 increased	 affinity	 for	 heparin	 can	 result	 in	 increased	

neuroprotective	 action	of	 these	peptides	 in	 vivo	 following	TBI.	 Results	 suggest	 that	 lower	

doses	of	mutated	3+APP96 110	may	confer	equal	neuroprotective	efficacy	to	higher	doses	of	

WT	 APP96 110,	 with	 this	 finding	 potentially	 having	 considerable	 impacts	 from	 both	 a	

manufacturing	and	clinical	viewpoint.	In	deciding	upon	the	most	efficacious	dose	of	either	WT	

or	 3+APP96 110	 to	 pursue	 for	 further	 comprehensive	 studies,	 motor	 outcomes	 were	
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balanced	with	the	extent	of	AI	observed	at	3	days	post TBI,	with	the	0.25mg/kg	3+APP96 110	

dose	 ultimately	 chosen	 due	 to	 its	 ability	 to	 improve	motor	 outcome,	 and	 the	 associated	

decrease	in	AI	compared	to	vehicle	control	animals.	The	observations	that	the	enhancement	

of	 heparin	 binding	 activity	 can	 improve	 the	 neuroprotective	 action	 of	 APP96 110	 in	 vivo	

highlights	that	further	investigation	of	these	mutated	analogues	as	novel	therapeutic	agents	

following	TBI	is	warranted.		
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Chapter	6: The	Long-Term	Efficacy	of	APP96-110	
Peptides	Following	TBI	

	



	 	 	

	 	 102	

6.1	Introduction	

	

The	 Amyloid	 Precursor	 Protein	 (APP)	 and	 its	 various	 derivatives	 like	 APP96 110	 have	

consistently	 demonstrated	 neuroprotective	 efficacy	 when	 administered	 following	

experimental	TBI	(Van	den	Heuvel	et	al.,	1999,	Thornton	et	al.,	2006,	Corrigan	et	al.,	2011,	

Corrigan	et	al.,	2012b,	Corrigan	et	al.,	2012a,	Corrigan	et	al.,	2014).	This	efficacy	has	been	

shown	 to	 extend	 for	 up	 to	 5	 hours	 post TBI	 when	 administered	 intravenously,	 with	 the	

improvement	of	motor	outcome	and	reduction	of	AI	and	neuroinflammation.	The	preclinical	

development	of	APP96 110	and	its	various	analogues	is	critical	for	the	progression	of	the	APP	

story	(results	previously	discussed	in	Chapter	4).	

	

However,	as	previously	discussed	in	Chapter	5,	the	exact	mechanisms	through	which	APP96

110	is	able	to	exert	its	effect	remains	unclear.	The	mutation	of	key	amino	acid	residues	in	the	

APP96 110	 sequence	 has	 been	 shown	 to	 enhance	 its	 heparin	 binding	 affinity	 (previously	

discussed	 in	 Chapter	 5),	 and	 following	 in	 vivo	 administration	 post TBI,	 resulted	 in	 greater	

neuroprotective	action	compared	to	WT	APP96 110.	In	particular,	treatment	with	0.25mg/kg	

3+APP96 110	appeared	to	confer	equal	neuroprotective	activity	compared	to	0.5mg/kg	WT	

APP966 10,	 highlighting	 that	 smaller	 doses	 of	 3+APP96 110	 could	 confer	 similar	

neuroprotective	benefits	to	higher	doses	of	WTAPP96 110	following	trauma.		

	

The	next	logical	step	in	the	progression	of	APP96 110	derivatives	as	novel	therapeutic	agents	

is	the	investigation	of	their	long term	efficacy.	Until	this	point,	research	has	only	assessed	the	

efficacy	 of	 these	 peptides	 up	 to	 7	 days	 post TBI.	 While	 acute	 time	 points	 enable	 clear	

examination	of	the	immediate	ability	of	a	therapy	to	provide	neuroprotective	benefits,	as	well	
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as	the	ability	to	examine	its	molecular	effects	acutely	within	the	secondary	injury	cascade,	

the	long term	effects	of	administration	cannot	be	assessed.	The	long term	efficacy	of	APP96

110	 derivatives	 following	 TBI	 has	 never	 been	 investigated,	 with	 long term	 behavioural,	

cognitive	and	molecular	changes	still	to	be	examined.	As	such,	the	aim	of	this	study	was	to	

examine	the	long term	efficacy	of	IV	APP96 110	administration	and	the	effects	on	functional	

outcome,	neuroinflammation	and	neurodegeneration.		

	

6.2	Methods	

	

All	 studies	were	 performed	within	 the	 guidelines	 established	 by	 the	 National	 Health	 and	

Medical	Research	Council	of	Australia	and	were	approved	by	the	Animal	Ethics	Committee	of	

the	University	of	Adelaide	(Ethics	number:	M 2014 131).		

	

6.2.1	APP96-110	Peptides	

	

For	 this	 study,	 two	 APP96 110	 peptides	were	 used:	WT	APP96 110	 and	 3+APP96 110.	 As	

previously	 outlined	 in	 Materials	 &	 Methods	 part	 I,	 section	 2.3.3	 the	 APP	 peptides	 were	

custom	 synthesized	 by	Auspep	 (Tullamarine,	 Victoria,	 Australia)	 and	were	 all	N terminally	

acetylated	 and	 C terminally	 amidated.	 Peptides	were	 received	 as	 lyophilized	 powder	 and	

dissolved	in	distilled	water	to	produce	1mM	stock	solutions,	before	diluted	accordingly	to	the	

required	concentrations.	As	determined	in	Chapter	5,	0.25mg/kg	3+APP96 110	was	the	best	

performing	dose	to	elicit	both	improvements	in	motor	outcome	and	reductions	in	AI,	and	so	

for	this	study,	this	dose	was	compared	to	0.25mg/kg	WT	APP96 110.	
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6.2.2	Animals		

	
Due	 to	 the	 inter strain	 differences	 seen	 in	 outcome	 and	 histology	 previously	 discussed	

(Material	&	Methods	Part	II),	Charles	River	strain	SDs	were	used	in	this	study	and	all	were	

purchased	directly	from	the	supplier	(ARC	in	Perth,	Australia).		

	

6.2.3	Injury	Induction	

	

A	total	of	40	adult	male	Sprague Dawley	rats	weighing	between	382	and	424g	were	group	

housed	 in	 a	 controlled	 temperature	 environment	 under	 a	 12	 hour	 light/dark	 cycle,	 with	

uninterrupted	access	to	food	and	water.	Animals	were	randomly	assigned	into	24	hour	or	30	

day	outcome	groups,	and	each	further	assigned	 into	sham,	vehicle	control,	0.25mg/kg	WT	

APP96 110	or	 0.25mg/kg	 3+APP96 110	 treatment	 groups.	Animals	were	 injured	using	 the	

Marmarou	 impact acceleration	 model	 of	 diffuse	 TBI	 (Marmarou	 et	 al.,	 1994)	 (previously	

described	 in	 Materials	 &	 methods	 Part	 1,	 section	 2.3.2).	 Sham	 animals	 were	 surgically	

prepared	but	not	injured	and	did	not	receive	hypoxia.	At	5	hours	following	TBI,	animals	were	

administered	 either	 IV	 saline	 vehicle	 control,	 0.25mg/kg	 WT	 APP96 110	 or	 0.25mg/kg	

3+APP96 110	by	a	blinded	observer,	and	returned	to	their	home	cage	to	recover	once	normal	

behaviour	was	established.	
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6.2.4	Assessment	of	Motor	Outcome	

	

Motor	deficits	post TBI	were	assessed	using	the	rotarod,	a	sensitive	test	of	motor	ability	that	

assesses	 a	 rat’s	 locomotion,	 balance	 and	 grip	 strength	 (Hamm	 et	 al.,	 1994)	 (previously	

described	in	Materials	&	Methods	Part	I,	section	2.4.1).		

	

6.2.5		Assessment	of	Functional	Outcome	

	

Functional	deficits	post TBI	were	assessed	using	a	number	of	mazes	and	tests,	as	previously	

described	 in	Materials	&	Methods	Part	 I,	 section	2.4.2).	Mazes	 included	 the	Elevated	Plus	

Maze,	Y Maze	and	Barnes	Maze.	Open	Field	and	the	Forced	Swim	Test	were	also	undertaken.	

All	tests	were	performed	in	order	of	least	stressful	to	most stressful	to	ensure	animals	were	

given	sufficient	time	to	recover	from	the	already stressful	injury,	and	to	minimize	pre existing	

stress	from	impact	the	cognitive	testing	(refer	to	Table	2.2	for	the	schedule	for	the	functional	

mazes	and	tests).			
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6.2.6	Histological	Assessment		

	

At	30	days	post TBI	animals	were	humanly	euthanised,	with	half	of	the	brain	tissue	perfused	

fixed	with	formalin,	whilst	the	other	half	was	fresh	snap	frozen	in	liquid	nitrogen	(previously	

described	 in	 detail	 in	 Materials	 &	 Methods	 Part	 I,	 sections	 2.5.1	 &	 2.5.2,	 respectively).		

Formalin	fixed	tissue	was	prepared	accordingly	for	IHC	analysis	with	the	following	antibodies:	

Iba1	 for	 microglia	 and	 GFAP	 for	 astrocytes	 (previously	 outlined	 in	 detail	 in	 Materials	 &	

Methods,	Part	I,	section	2.6).		

	

6.2.7	Western	Blot	Analysis	

	

Protein	was	extracted	 from	the	30	day	 fresh	snap	 frozen	tissue	as	previously	described	 in	

Materials	&	Methods,	Part	I,	section	2.7,	with	analysis	of	PSD 95,	synaptophysin,	MBP,	NFL	

and	tau	markers	by	western	blot.		

	

6.2.8	Statistical	Analysis	

	

All	data	were	analysed	using	Graph	Pad	Prism	software.	With	all	values	displayed	as	Mean	±	

SEM	 with	 a	 significance	 level	 of	 p<0.05.	 Motor	 outcome	 was	 assessed	 using	 a	 two way	

repeated	 measures	 ANOVA	 with	 Tukey’s	 post test.	 Results	 from	 the	 Barnes Maze	 were	

assessed	using	a	two way	ANOVA	with	Tukey’s	post test,	while	results	from	the	Forced	Swim	

Test	were	assessed	using	a	one way	ANOVA	with	Tukey’s	post test.	Both	IHC	and	WB	analyses	

were	performed	using	a	one way	ANOVA	with	Tukey’s	post test.		
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6.3	Results	

	
6.3.1	Motor	Outcome	

	

Motor	outcome	was	assessed	using	 the	 rotarod	 (Figure	6.1).	 Sham	animals	demonstrated	

normal	motor	abilities	over	the	testing	period,	recording	a	120	seconds	on	all	days	post TBI.	

In	contrast,	vehicle	treated	animals	demonstrated	significant	motor	deficits	on	all	3	days	post	

TBI	 (p<0.01),	 returning	 to	 a	 score	 of	 108	 seconds	 by	 7	 days	 post	 injury,	 and	maintaining	

around	 this	 level	 of	 performance	 for	 the	 rest	 of	 the	 testing	 period.	 Rats	 treated	 with	

0.25mg/kg	WT	APP96 110	showed	significant	differences	compared	to	sham	animals	on	all	3	

days	post TBI	(p<0.05),	with	no	differences	compared	to	vehicle	control	treated	animals.	In	

contrast,	motor	 ability	was	 rescued	 following	 treatment	with	 0.25mg/kg	of	 3+APP96 110,	

with	significantly	improved	motor	outcome	over	the	first	3	days	compared	to	vehicle	control	

rats	(p<0.05),	with	these	animals	only	significantly	different	from	shams	on	day	1	post TBI	

(p<0.001).	These	animals	recovered	to	sham	level	by	day	3 4	post injury.	In	contrast,	neither	

vehicle	control	or	0.25mg/kg	WT	APP96 110	treated	animals	recovered	to	sham	level	over	

the	 30	 day	 testing	 period.	 No	 significant	 differences	 were	 observed	 between	 treatment	

groups	beyond	14	days	post TBI	(p=0.62).		
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6.3.2	Functional	Outcome	

	

No	injury	or	treatment	effects	were	observed	in	the	Open	Field,	Elevated	Plus	Maze	or	Y Maze	

tests	(Figure	6.2).	

	

Open	Field	

	

In	the	Open	Field,	rats	demonstrating	locomotor	deficits	are	likely	to	spend	less	time	in	the	

inner	zone	of	the	field.	Vehicle	control	animals	spent	the	greatest	amount	of	time	in	the	inner	

zone	 of	 any	 treatment	 group	 at	 7	 days	 post TBI,	 whilst	 at	 21	 days,	 vehicle	 control	 and	

0.25mg/kg	3+APP96 110	treatment	animals	spent	the	least	amount	of	time.	

	

Elevated	Plus	Maze	

	

In	the	Elevated	Plus	Maze,	rats	demonstrating	increased	levels	of	anxiety	are	likely	to	spend	

more	time	in	the	enclosed	arms,	rather	than	the	open	arms.	Vehicle	control	animals	spent	an	

increased	amount	of	time	in	the	open	arms	on	both	days	6	and	22	post TBI	compared	to	sham	

animals,	indicating	lower	levels	of	anxiety	compared	to	sham	animals.	

	

Y-Maze	

In	 the	 Y Maze,	 rats	 displaying	 deficits	 in	 spatial	 and	 recognition	 memory	 are	 likely	 to	

preference	the	start	or	other	arms,	spending	more	time	in	these	arms	compared	to	the	novel	

arm.	Despite	spending	a	reduced	amount	of	time	in	the	novel	arm	compared	to	the	start	and	

other	arms,	vehicle	control	animals	appeared,	nonetheless,	to	still	preference	the	novel	arm	
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over	 the	 other	 the	 start	 and	 other	 arms	 on	 days	 5	 and	 23	 post TBI,	 and	 did	 not	 spend	

significant	less	time	in	the	novel	arm	versus	the	start	or	other	arms.		
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Barnes	Maze	

	

The	Barnes	Maze	aims	to	assess	learning	and	memory	(previously	described	in	Materials	&	

Methods	Part	I,	section	2.4.2).	On	the	first	day	of	training,	vehicle	control	animals	showed	

significant	 impairments	 in	 their	ability	 to	 locate	the	escape	box	 (84.4±8.79,	p<0.01),	when	

compared	to	sham	animals	(51.4±8.79).	Rats	treated	with	0.25mg/kg	WT	APP96 110	showed	

a	reduced	amount	to	time	required	to	locate	the	escape	box,	averaging	68.7±8.5	seconds.	In	

contrast,	 animals	 treated	with	0.25mg/kg	3+APP96 110	displayed	 similar	 abilities	 to	 sham	

rats,	averaging	47.9±8.79	seconds	to	locate	the	escape	box,	performing	significantly	different	

to	 vehicle	 control	 animals	 (p<0.01).	 By	 day	 2	 of	 training,	 animals	 in	 all	 treatment	 groups	

showered	improvements	in	their	abilities	in	locating	the	escape	box,	a	trend	replicated	on	day	

3,	with	sham	animals	averaging	12.2±8.8	seconds	and	vehicles	averaging	23.7±8.8	seconds.		

	

On	day	5	of	Barnes	Maze,	a	probe	trial	was	conducted	where	the	location	of	the	escape	box	

was	moved,	and	the	time	taken	to	find	both	the	old	box	as	well	as	the	new	box	was	recorded.	

Vehicle	control	animals	spent	an	average	of	15.51±4.7	seconds	finding	the	location	of	the	old	

box	(p=0.055)	compared	to	sham	animals	(3.1±4.7).	Treatment	with	both	WT	APP96 110	and	

3+APP96 110	reduced	the	time	spent	for	treated	animals	to	find	the	old	box,	with	0.25mg/kg	

WT	APP966 10	animals	taking	3.29±4.4	seconds	(p=0.081),	while	0.25mg/kg	3+APP966 110	

animals	 taking	 2.6±4.5	 seconds	 (p=0.068),	 respectively.	 No	 significant	 differences	 were	

observed	between	treatment	groups	in	the	time	it	took	for	animals	to	find	the	location	of	the	

new	escape	box	over	two	trials	(p=0.26).	In	the	first	trial,	vehicle	control	animals	averaged	

69.3±11.7	 seconds	 finding	 the	 new	 escape	 box,	 compared	 to	 sham	 animals	 42.46±11.7.	

Animals	treated	with	WT	and	3+APP96 110	averaged	37.4±10.1,	and	51.5±11.3,	respectively.	
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6.3.3	Histological	Analysis	

	

Microglia	

	

Both	 the	 total	 number	 and	 the	 number	 of	 activated	 microglia	 in	 the	 cortex	 and	 corpus	

callosum	were	examined	using	an	Iba1	antibody	(previously	described	in	Materials	&	Methods	

Part	I,	section	2.6.2).	The	number	of	activated	microglia	in	each	region	were	divided	by	the	

total	number	counted	to	produce	the	percentage	of	activated	microglia	(Figure	6.5).	

	

No	 significant	 differences	were	 noted	 in	 the	 percentage	 of	 activated	microglia	within	 the	

cortex	(p=0.73).	Sham	animals	had	a	percentage	of	25.19±3.05%	activated	microglia,	vehicle	

control	 animals	 27.96±3.05%,	 0.25mg/kg	 WT	 APP96 110	 27.12±2.875%	 and	 0.25mg/kg	

3+APP96 110	 25.03±3.05%.	 However,	 in	 the	 corpus	 callosum	 there	 were	 significantly	

different	 numbers	 of	 activated	 microglia	 (p=0.027).	 Here,	 vehicle	 control	 animals	

demonstrated	significant	 increases	 in	 the	percentage	of	activated	microglia	 (31.33±3.01%)	

compared	to	sham	animals	(21.92±3.01%,	p<0.05).	 In	contrast,	treatment	with	WT	APP96

110	significantly	reduced	the	percentage	of	activated	microglia	compared	to	vehicle	control	

rats	(22.14±3.12%,	p<0.05).	A	trend	towards	significance	was	also	observed	in	the	3+APP966

210	treated	animals	when	compared	to	vehicle	controls	(22.97±29%,	p=0.09).		
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Astrocytes		

	

The	 absolute	 number	 of	 reactive	 astrocytes	 in	 the	 cortex	 and	 the	 corpus	 callosum	were	

assessed	using	a	GFAP	antibody	(previously	described	in	Materials	&	Methods	Part	I,	section	

2.6.3).	No	significant	differences	in	the	absolute	number	of	reactive	astrocytes	were	observed	

between	 any	 of	 the	 treatment	 groups	 in	 either	 the	 cortex	 or	 corpus	 callosum	at	 30	 days	

following	TBI	(p=0.28,	p=0.92,	Figure	6.6).		In	the	cortex,	sham	animals	had	a	higher	number	

of	GFAP+	cells	(50.73±6.754),	compared	to	vehicle	control	animals	(41.5±6.754),	whilst	WT	

APP96 110	 and	 3+APP96 120	 treated	 animals	 demonstrated	 similar	 numbers	 shams	

(40.43±6.368	and	38.42±7.754	GFAP+ve	cells,	respectively).	Within	the	corpus	callosum,	all	

animals	 had	 similar	 numbers	 of	 GFAP+ve	 cells,	 with	 shams	 demonstrating	 217.1±26.47,	

vehicle	 controls	 226±26.47,	 WT	 APP96 110	 210.2±25.12,	 and	 3+APP96 110	 223.3±26.47	

GFAP+	cells,	respectively.		
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6.3.4		Western	Blot	Analysis	

	

Western	 Blot	 analysis	 was	 used	 to	 examine	 effects	 of	 APP96 110	 administration	 on	 the	

relative	expression	of	proteins	related	to	changes	to	synapses,	dendrites,	myelination,	axonal	

structure	and	the	accumulation	of	proteins	associated	with	neurodegenerative	disease.		

	

PSD-95	

	

PSD 95	 is	a	post synaptic	scaffolding	protein	used	to	examine	the	post synaptic	density	of	

neurons	 following	TBI	 (Figure	6.7).	No	significant	differences	were	noted	within	either	the	

cortex	 (p=0.57),	 or	 hippocampus	 (p=0.35).	 However,	 within	 the	 cortex,	 vehicle	 control	

animals	 demonstrated	 a	 lower	 PSD 95	 relative	 density	 (16079±4294)	 compared	 to	 sham	

animals	(22057±4294).	Animals	treated	with	APP96 110	had	slightly	higher	levels,	with	WT	

APP96 110		treated	animals	recording	a	PSD 95	relative	density	of	19783±4463	and	3+APP96

110	treated	animals	recording	a	PSD 95	relative	density	of	20789±4294.	In	the	hippocampus,	

vehicle	 control	 animals	 demonstrated	 no	 differences	 in	 PSD 95	 relative	 density	

(25075±3115),	 compared	 to	 sham	 animals	 (25294±3115).	 In	 contrast,	 treatment	 with	

0.25mg/kg	 WT	 APP96 110	 reduced	 the	 PSD 95	 relative	 density	 to	 20889±3115,	 while	

treatment	 with	 0.25mg/kg	 3+APP96 110	 increased	 the	 PSD 95	 relative	 density	 to	

24113±2668,	compared	to	WT	APP96 110.			
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6.4	Discussion	

	

Until	 this	 point,	 research	 assessing	 the	 neuroprotective	 efficacy	 of	 APP96 110	 peptides	

following	TBI	has	only	been	assessed	acutely	following	trauma.	As	such,	this	is	the	first	study	

to	examine	the	long term	efficacy	of	IV	APP96 110	derivatives	following	TBI,	and	forms	the	

logical	 next	 step	 in	 the	 progression	 and	 development	 of	 APP96 110	 derivatives	 as	 novel	

therapeutic	agents	following	TBI.		

	

Treatment	 with	 the	 enhanced	 0.25mg/kg	 3+APP96 110	 peptide	 resulted	 in	 significant	

improvements	in	motor	outcome	early,	with	animals	returning	to	sham	level	by	day	5	and	

maintained	 this	 level	 throughout	 the	 30	 day	 testing	 period.	 Importantly,	 treatment	 with	

either	WT	or	3+APP96 110	did	not	produce	any	physical	signs	of	long term	toxicity	over	30	

days.	 The	 3+APP966 10	peptide	 also	 produced	 significant	 effects	 in	 learning	 and	memory	

ability	of	the	rats.	This	was	associated	with	a	significant	reduction	in	microglial	activation	in	

the	corpus	callosum	with	WT	APP96 110	treatment,	with	a	trend	towards	significance	with	

the	 3+APP96 110	 treatment.	 However,	 no	 changes	 in	 astrocyte	 reactivity	were	 observed.	

Overall	 there	 were	 no	 significant	 differences	 between	 treatment	 groups	 following	

examination	of	the	relative	expression	of	proteins	related	to	changes	to	synapses,	dendrites,	

myelination,	 axonal	 structure	 and	 phosphorylation	 of	 neurodegenerative	 proteins,	 as	

determined	by	Western	Blot	analysis.		

	

The	administration	of	0.25mg/kg	WT	APP96 110	and	0.25mg/kg	3+APP96 110	(as	determined	

and	discussed	in	Chapter	5),	saw	considerable	improvements	in	motor	outcome	over	the	30	

day	testing	period,	with	treatment	with	0.25mg/kg	3+APP96 110	demonstrating	significant	
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differences	 from	vehicle	 control	 animals	 on	days	 1 3	post TBI.	 This	 acute	 improvement	 is	

consistent	with	previous	findings,	where	the	greatest	deficits	in	motor	outcome	have	been	

observed	initially	following	TBI	lasting	up	to	3 5	days,	after	which	animals	show	improvement	

towards	sham	level	(refer	to	previously	discussed	motor	performance	in	Chapters	4	and	5).	

While	 there	were	no	 significant	differences	 in	motor	outcome	between	 treatment	groups	

beyond	14	days	post TBI,	continuous	observation	over	the	30	day	timepoint	did	not	highlight	

any	 long term	 changes	 in	 motor	 performance,	 with	 animals’	 performance	 remaining	

consistent	amongst	 their	 respective	 treatment	groups	with	 their	earlier	performance.	The	

slight	drop	in	the	performance	of	vehicle	control	animals	over	days	14 28	is	most	likely	due	

to	the	repetitive	nature	of	daily,	followed	by	weekly	rotarod	testing	where	animals	appear	to	

struggle	for	motivation	to	complete	the	task.	Overall,	these	findings	suggest	that	a	singular	

administration	 of	 APP96 110	 up	 to	 5	 hours	 post TBI	 may	 be	 sufficient	 to	 exert	 its	

neuroprotective	 properties	 long term,	 without	 any	 physical	 signs	 of	 long term	 toxicity	 or	

deterioration.		

	

Whilst	motor	outcome	has	consistently	shown	to	be	a	highly	sensitive	indicator	of	both	injury	

severity	and	effectiveness	of	treatment,	changes	in	cognitive	outcome	over	time	present	an	

equally	important	story.	In	a	human	setting	of	TBI,	patients	that	survive	are	often	left	with	

long term	cognitive	and	personality	changes	(Rabinowitz	and	Levin,	2014).	These	changes	are	

usually	 slow	 to	 develop	 and	 include	 issues	 like	 depression	 and	 anxiety,	 loss	 of	 spatial	

awareness,	memory	loss,	as	well	as	the	loss	of	the	ability	to	learn	quickly	and	to	form	new	

memories	(Rabinowitz	and	Levin,	2014).	The	mazes	used	in	this	study	are	all	well established	

rodent	mazes	and	were	all	aimed	at	assessing	these	changes	following	APP96 110	treatment	

in	a	clinically	relevant	way	following	rodent	TBI.	The	Barnes	Maze	and	Forced	Swim	Test	both	
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demonstrated	differences	between	vehicle	control	and	APP96 110	treated	animals.	On	day	

one	 of	 the	 Barnes	 Maze,	 0.25mg/kg	 3+APP96 110	 treated	 animals	 showed	 a	 significant	

decrease	in	the	time	spent	to	learn	the	location	of	the	escape	box	compared	to	vehicle	control	

animals,	performing	on	a	par	with	sham	animals.	This	continued	for	the	remaining	two	days,	

indicative	of	no	loss	of	ability	to	learn	new	tasks	or	with	the	acquisition	of	short	term	memory.	

On	 the	 fifth	 day,	 animals	 in	 both	 APP96 110	 treatment	 groups	 displayed	 a	 substantial	

reduction	in	the	time	taken	to	find	the	old	box	when	compared	to	vehicle	control	animals,	on	

a	par	with	sham	animals.	In	the	forced	swim	test,	0.25mg/kg	3+APPP96 110	treated	animals	

demonstrated	a	reduced,	although	not	significant,	amount	of	time	spent	immobile,	on	a	par	

with	sham	level,	indicative	of	lower	depressive like	tendencies.	

	

In	contrast	to	the	Barnes	Maze	and	Forced	Swim	Test,	there	were	neither	injury	or	treatment	

effects	observed	with	the	Open	Field,	Elevated	Plus	Maze	or	the	Y Maze.	In	the	Elevated	Plus	

Maze,	 vehicle	 control	 animals	 did	 not	 display	 the	 levels	 of	 anxiety	 anticipated	 in	 injured	

animals.	 A	 lack	 of	 anxiety	 6	 weeks	 following	 TBI	 has	 been	 noted	 previously,	 with	 rats	

displaying	memory	disruptions,	but	a	lack	of	anxiety,	as	assessed	with	this	maze,	following	

focal	 TBI	 at	 a	 similar	 age	 to	 the	 rats	 used	 in	 this	 study	 (Amoros Aguilar	 et	 al.,	 2015).	

Consequently,	no	conclusions	about	the	effect	of	treatment	on	 long term	anxiety	post TBI	

could	be	drawn.	While	 the	mazes	chosen	are	all	well established	 for	 rodent	cognitive	and	

behavioural	 testing,	 it	 is	 possible	 that	 the	 tests	 are	not	 sensitive	 enough	 to	detect	 subtle	

deficits	like	anxiety	and	hippocampal dependent	spatial	awareness	and	memory	loss.	As	such,	

the	use	of	more	sensitive	cognition	testing	like	the	use	of	rodent	i pad	based	operant	boxes	

may	be	required	in	the	future	to	examine	more	subtle	cognitive	deficits.	It	is	also	possible	that	

the	30	day	time point	may	not	be	long	enough	post TBI	for	some	of	these	more	subtle	deficits	
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to	reach	detectable	level.	Some	cognitive	impairments	following	diffuse	TBI	can	develop	at	

least	a	month	after	diffuse	TBI	before	they	become	detectable	(Muccigrosso	et	al.,	2016),	and	

as	such,	some	of	the	more	subtle	cognitive	deficits	in	this	study	may	have	been	missed	due	

to	the	30	day	endpoint.	Accordingly,	the	examination	of	cognitive	deficits	at	a	later	timepoint	

like	3	months	following	severe	diffuse	TBI	may	be	worth	further	investigation.	

	

Whilst	the	functional	outcome	tells	an	important	story	into	the	efficacy	of	these	APP96 110	

peptides	post TBI,	their	efficacy	molecularly	helps	to	paint	a	bigger	picture.	No	differences	in	

the	percentage	of	activated	microglia,	or	the	number	or	reactive	astrocytes	were	observed	in	

the	cortex	following	TBI.	While	this	area	lies	directly	under	the	impact	site	of	the	trauma,	this	

is	not	the	location	where	the	majority	of	damage	seems	to	occur.	The	diffuse	nature	of	this	

injury	model	produces	widespread	axonal	damage	throughout	white	matter	tracts	 like	the	

corpus	callosum	(Marmarou	et	al.,	1994),	where	acute	AI	has	been	consistently	observed	and	

examined	 (Chapters	 4	 and	 5).	 It	 stands	 to	 reason	 that,	 given	 some	 of	 the	many	 roles	 of	

activated	microglia	and	reactive	astrocytes	to	migrate	to	the	site	of	damage,	that	they	will	

have	an	increased	presence	at	the	site	of	injury	throughout	the	corpus	callosum	over	other	

regions	(Johnson	et	al.,	2013).	In	the	corpus	callosum,	the	percentage	of	activated	microglia	

were	significantly	elevated	in	vehicle	control	animals	at	30	days,	in	line	with	findings	showing	

a	heightened	inflammatory	profile	of	microglia	30	days	following	diffuse	TBI	(Muccigrosso	et	

al.,	2016).	In	Chapter	4,	microglial	activation	was	shown	to	be	increased	at	3	days	post TBI	in	

vehicle	control	animals,	with	WT	APP96 110	treatment	able	to	return	these	levels	to	sham	

level.	The	paralleled	observation	at	30	days	suggests	that	an	acute	 inflammatory	response	

may	been	initiated	shortly	following	TBI,	which	was	able	to	progress	into	a	sustained	chronic	

inflammatory	 state	 30	 days	 later,	 as	 has	 been	 seen	 clinically	 (Johnson	 et	 al.,	 2013,	
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Ramlackhansingh	et	al.,	2011).	In	this	study,	the	ability	of	both	WT	and	3+APP96 110	to	again	

return	these	levels	to	sham	level,	suggests	that	treatment	with	APP96 110	is	able	to	reduce	

the	initial	injury	severity	immediately	following	TBI	compared	to	untreated	animals,	resulting	

in	less	physical	damage	to	neurons	and	axons,	consequently	halting	the	progression	of	the	

secondary	injury	cascade	to	impede	a	chronic	microglial	response.	In	contrast,	the	long term	

astrocytic	response	to	injury	in	the	corpus	callosum	was	unremarkable.	Neither	qualitative	

increases	 in	 overall	 astrocyte	 number,	 nor	 differences	 in	 the	 levels	 of	 reactive	 astrocytes	

between	treatment	groups	were	seen	in	the	corpus	callosum	at	30	days.	While	this	may	be	

due	to	the	differences	in	the	method	of	assessment	between	the	two	cell	types,	the	similar	

observations	as	with	activated	microglia,	where	reactive	astrocytes	were	elevated	at	3	days	

post TBI,	with	a	lack	of	differences	noted	at	30	days,	suggests	that	unlike	microglia,	a	chronic	

astrocytic	 response	 to	 injury	 did	 not	 persist,	 with	 the	 astrocytic	 response	 seen	 at	 3	 days	

perhaps	remaining	acute.	It	is	well	established	that	astrocytes	can	play	both	a	beneficial	and	

detrimental	role	both	acutely	and	chronically	following	TBI	(Pekny	et	al.,	2014,	Laird	et	al.,	

2008).	The	diffuse	nature	of	this	TBI	with	an	absence	of	a	glial scar	renders	the	precise	role	of	

the	astrocytic	responses	in	this	study	unclear,	and	warrants	further	investigation.		

	

The	immunohistological	findings	in	this	study	were	supplemented	by	Western	Blot	analysis	

looking	to	assess	the	long term	effects	of	APP96 110	treatment	on	the	density	of	dendrites	

and	 synapses,	 axonal	 structure	 and	 the	 beginnings	 of	 neurodegeneration	 through	 tau	

proteins.	 With	 the	 exception	 of	 0.25mg/kg	 WT	 APP966 10	 significantly	 increasing	 the	

synaptophysin	 relative	 density	 compared	 to	 sham	 animals	 in	 the	 cortex,	 no	 significant	

differences	were	seen	between	treatment	groups	with	any	of	the	other	protein	assessments.	

Whilst	the	finding	of	increased	synaptogenesis	in	the	cortex	initially	suggests	a	positive	effect	
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of	APP96 110	treatment	on	the	density	of	synapses	and	suggestive	of	neurotrophic	effects,	

the	minute	differences	seen	between	the	other	TBI	groups	like	vehicle	controls	and	3+APP96

110,	in	conjunction	with	a	lack	of	similar	trend	seen	in	the	hippocampus,	suggests	that	a	more	

in depth	 investigation	 is	 warranted.	 The	 lack	 of	 differences	 observed	 in	 both	 total	 and	

phosphorylated	tau	suggests	in	part,	that	the	30	day	time point	may	be	too	early	to	look	in

depth	at	long term	neurodegeneration	following	APP966 110	treatment	post TBI.		

	

Taken	 together,	 the	 results	 from	 this	 study	demonstrate	 that	 IV	administration	of	 various	

APP96 110	derivatives	produces	long term	neuroprotective	effects	that	remain	up	to	30	days	

following	TBI.	There	were	no	physical	signs	of	long term	toxicity	following	administration,	and	

whilst	WT	and	3+APP96 110	produced	similar	results	molecularly,	treatment	with	3+APP96

110	outperformed	WT	APP96 110	 in	 terms	of	 functional	outcome.	Whilst	 the	30	day	time	

point	 in	 this	 study	 may	 lie	 on	 the	 cusp	 of	 displaying	 the	 beginnings	 of	 long term	

neurodegeneration	 and	 neuroinflammation,	 it	 provides	 a	 first	 look	 at	 the	 longer term	

performance	and	outcome	of	rats	following	treatment	with	APP96 110	peptides.	The	novel	

window	of	opportunity	that	exists	between	primary	injury	and	the	initiation	of	the	secondary	

injury	 cascade	 following	 TBI	 provides	 a	 novel	 window	 of	 opportunity	 for	 a	 therapeutic	

intervention	to	be	able	to	halt	the	progression	of	many	of	the	deleterious	secondary	injury	

events	like	chronic	inflammation.	Together,	the	results	of	this	study	lend	weight	to	support	

that	 APP96 110	 derivatives	 can	 exert	 their	 neuroprotective	 action	 in	 the	 window	 of	

opportunity	to	halt	the	progression	of	the	disease,	rather	than	treating	the	consequences	as	

they	arise.	As	such	the	neuroprotective	efficacy	of	APP96 110	derivatives	should	continue	to	

be	exploited	in	the	quest	to	develop	novel	therapeutic	agents	for	conditions	like	TBI.		
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Chapter	7: Summary	&	Future	Directions	
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TBI	 is	 a	 life threatening	 injury,	 and	 yet	 despite	 its	 serious	 nature,	 there	 are	 currently	 no	

effective	therapeutic	agents	to	treat	the	condition.	The	experiments	within	this	thesis	have	

further	consolidated	the	neuroprotective	role	of	the	APP	derivative	APP96 110	following	TBI,	

with	 an	 emphasis	 on	 progressing	 the	 pre clinical	 development	 of	 this	 peptide	 as	 a	 novel	

therapeutic	agent.	As	such,	the	optimal	dose,	route	and	timepoint	of	administration	for	this	

peptide	 was	 determined	 in	 the	 acute	 phase	 post TBI.	 It	 was	 hypothesized	 that	 the	

neuroprotective	properties	of	APP96 110	following	TBI	are	linked	to	its	heparin	binding	sites,	

and	 these	 specific	 regions	 are	 therefore	 responsible	 for	 APP	 protecting	 against	 neuronal	

injury	 and	 improving	 neurological	 outcome	 following	 TBI.	 Accordingly,	 novel	 APP96 110	

analogues	with	 enhanced	 heparin	 binding	 action	were	 developed,	 with	 administration	 of	

these	 analogues	 tested	 for	 efficacy	 of	 improvement	 in	 long term	 outcome,	

neuroinflammation	and	neurodegeneration.		

	

Currently	 following	 TBI,	 patients	 are	 only	 able	 to	 receive	 symptomatic	 relief	 with	

osmotherapies	or	 the	 surgically	 invasive	decompressive	 craniotomy.	To	date,	DAI	 remains	

untreatable,	and	is	the	leading	cause	of	coma	and	vegetative	state	following	TBI	(Smith	et	al.,	

2003,	Adams	et	al.,	1989).	This	highlights	the	need	for	the	development	of	clinically	relevant	

neuroprotective	 therapeutic	 options	 that	 prevent	 the	 ongoing	 damage	 associated	 with	

diffuse	 TBI	 like	DAI.	 A	 challenge	 for	many	 drugs	 targeting	 brain	 trauma	 is	 the	 inability	 to	

penetrate	the	BBB	and	reach	the	CNS.	The	first	aim	of	this	study	was	to	determine	whether	

APP966 110	would	remain	efficacious	when	administered	via	IV,	with	the	transition	from	ICV	

to	IV	route	of	administration	offering	clear	clinical	advantages.	The	ability	of	IV	APP96 110	in	

this	study	to	produce	neuroprotective	benefits	in	functional	outcome	and	neuronal	damage	
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that	were	comparable	to	those	seen	following	ICV	administration,	suggests	that	APP96 110	is	

able	to	enter	the	brain	in	a	functional	state	via	the	IV	route	following	injury.	Furthermore,	the	

finding	that	IV	APP96 110	can	remain	effective	up	to	5	hours	post TBI	is	clinically	important,	

and	significantly	extends	 its	therapeutic	time	frame	for	treatment.	 In	a	clinical	setting,	the	

time	frame	between	injury	and	arrival	to	a	trauma	unit	can	often	far	exceed	an	hour,	by	which	

point	 the	 delayed,	 but	 inevitable,	 secondary	 injury	 events	 like	 cell	 death	 and	

neuroinflammation	will	have	begun.	As	such,	 the	ability	 to	administer	APP96 110	 IV	up	to	

several	hours	following	TBI	in	an	effort	to	slow	the	progression	of	the	secondary	injury	events	

is	crucial	in	in	advancing	bench	to	bedside	progress.		

	

While	 the	 clinical	 relevance	 of	 APP96 110	 as	 a	 potential	 therapy	 for	 TBI	 has	 been	 clearly	

demonstrated,	the	mechanism	of	action	through	which	these	effects	occur	is	yet	to	be	fully	

understood.	The	ability	of	APP96 110	to	have	a	strong	affinity	to	bind	to	heparin	is	currently	

the	 strongest	hypothesis	 for	 its	mechanism	of	 action.	 Indeed,	 the	 structure	of	APP96 110	

itself	is	thought	to	play	a	crucial	role	in	its	mechanism.	All	APP96 110	analogues	contain	a	β	

hairpin	 loop	constrained	by	a	disulphide	bond	between	cysteines	98	and	105	(Small	et	al.,	

1994,	Rossjohn	et	al.,	1999).	The	presence	of	this	loop	has	been	previously	shown	to	be	critical	

for	promoting	neurite	outgrowth	from	central	and	peripheral	neurons	(Young Pearse	et	al.,	

2008),	the	activation	of	MAP	kinase	(Greenberg	and	Kosik,	1995),	as	well	as	maintaining	the	

physical	 structure	of	 the	peptide.	Further	evidence	has	highlighted	 that	 the	D1	domain	of	

sAPPa,	of	which	APP96 110	is	the	active	region,	displays	a	high	structural	similarity	to	growth

factor	 like domains,	 and	 exhibits	 a	 strong	 affinity	 to	 heparin,	 particularly	 to	 HSPGs		

(Narindrasorasak	et	al.,	1991,	Small	et	al.,	1992,	Rossjohn	et	al.,	1999).	HSPGs	can	act	as	either	

receptors	or	co receptors	(Sarrazin	et	al.,	2011),	and	it	is	thought	that	APP96 110	may	bind,	
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through	the	region	encompassing	the	β	hairpin	loop,	to	cell surface	or	extracellular	matrix	

bound	HSPGs	to	elicit	a	number	of	key	physiological	changes	such	as	the	regulation	of	cell	

adhesion,	synaptogenesis,	cell	signalling	and	neurite	outgrowth	(Small	et	al.,	1994,	Clarris	et	

al.,	1997,	Rossjohn	et	al.,	1999),	all	of	which	are	important	steps	in	promoting	neuroplasticity	

and	subsequent	neurogenesis	following	TBI.	However,	it	is	also	possible	that	HSPGs	are	not	

the	precise	neuroprotective	receptor	for	APP96 110,	and	that	a	more	conventional	protein	

receptor	may	be	the	target	for	these	metabolites.		

	

This	research	has	demonstrated	that	the	ability	to	selectively	mutate	a	protein	based	on	its	

amino	acid	sequence,	and	subsequently	design	and	generate	analogues	to	APP96 110,	is	an	

exciting	prospect	for	the	pre clinical	development	of	therapeutic	agents	for	conditions	like	

TBI.	As	such,	 the	second	aim	of	 this	study	was	to	determine	whether	 the	neuroprotective	

activity	of	APP96 110	correlates	to	its	heparin	binding	activity,	and	if	 increasing	its	binding	

activity	would	enhance	its	neuroprotective	activity	 in	vivo.	The	mutation	of	key	amino	acid	

residues	in	the	APP96 110	sequence	was	shown	through	a	heparin	chromatography	assay	to	

enhance	 the	 affinity	 of	 APP96 110	 to	 bind	 to	 heparin.	When	 the	 enhanced	 3+APP96 110	

peptide	was	administered	at	the	same	dose	to	WT	APP96 110	in	vivo	following	TBI,	it	resulted	

in	 greater	 neuroprotective	 action,	 highlighting	 that	 smaller	 doses	 of	 3+APP96 110	 could	

confer	similar	neuroprotective	benefits	to	higher	doses	of	WT	APP96 110	following	trauma.		

	

Up	until	 this	point,	 research	assessing	the	neuroprotective	efficacy	of	APP96 110	peptides	

following	TBI	had	as	only	been	assessed	acutely	following	trauma.	The	ability	of	APP96 110	

derivatives	 to	 improve	 outcome	 in	 the	 long term	 forms	 the	 logical	 next	 step	 in	 the	

progression	and	development	of	APP96 110	derivatives	as	novel	therapeutic	agents	following	
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TBI.	Many	patients	who	survive	a	TBI	are	 typically	 left	with	 lasting	 impairments,	 including	

motor	difficulties,	as	well	as	long term	issues	like	anxiety,	depression,	learning	difficulties	and	

memory	loss	(Rabinowitz	and	Levin,	2014).	As	such,	the	third	aim	of	this	study	was	to	examine	

the	long term	efficacy	of	IV	APP96 110	administration	and	the	effects	on	functional	outcome,	

neuroinflammation	and	neurodegeneration	up	to	30	days	following	TBI.	IV	administration	of	

various	APP96 110	derivatives	appears	to	produce	long term	neuroprotective	effects,	with	

no	physical	signs	of	long term	toxicity	following	administration.	Whilst	WT	and	3+APP96 110	

produced	 similar	 protection	 for	 neuroinflammation,	 axonal	 structure,	 myelination,	

synaptogenesis	 and	 neurodegeneration,	 treatment	 with	 3+APP96 110	 significantly	

outperformed	WT	APP96 110	in	its	ability	to	improve	functional	outcome.	Whilst	the	30	day	

time	 point	 in	 this	 study	 may	 lie	 on	 the	 cusp	 of	 displaying	 the	 beginnings	 of	 long term	

neurodegeneration	 and	 neuroinflammation,	 it	 provides	 a	 first	 look	 at	 the	 longer term	

performance	and	outcome	of	rats	following	treatment	with	APP96 110	peptides.	The	novel	

window	of	opportunity	that	exists	between	primary	injury	and	the	initiation	of	the	secondary	

injury	 cascade	 following	 TBI	 provides	 a	 novel	 window	 of	 opportunity	 for	 a	 therapeutic	

intervention	to	be	able	to	halt	the	progression	of	many	of	the	deleterious	secondary	injury	

events	like	chronic	inflammation.		

	

7.1	Future	directions		

	

The	findings	within	this	thesis	continue	to	highlight	the	substantial	neuroprotective	benefits	

that	 APP96 110	 offers	 following	 TBI.	 This	 work	 has	 been	 fundamental	 in	 laying	 the	

groundwork	for	two	National	Health	&	Medical	Research	Council	(NHMRC)	grants	awarded	in	

2016	and	2017.	The	first	grant	aims	to	decipher	the	relationships	between	APLP2	and	sAPPa	
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in	TBI,	 by	 testing	 the	 response	of	APLP	knockout	 ( / )	mice	 to	TBI,	 assessing	whether	 this	

response	is	gender	dependent,	determining	if	APLP2’s	neuroprotective	activity	is	mediated	

by	 sAPPa,	 and	 examining	 the	 molecular	 and	 cellular	 pathways	 that	 mediate	 the	

neuroprotective	 activity	 of	 sAPPa/APLP2	 in	 TBI.	 The	 second	 grant	 aims	 to	 progress	 this	

important	pre clinical	research	seen	in	this	thesis	 into	an	ovine	model	of	moderate severe	

diffuse	 TBI,	 through	 examining	 the	 effects	 of	 APP96 110	 treatment	 on	 axonal	 injury,	

neuroinflammation,	cell	death	and	functional	outcome.	This	ovine	model	of	diffuse	TBI	has	

proven	to	be	a	superior	model	for	TBI	with	highly	relevant	clinical	features	(Lewis	et	al.,	1996).	

Importantly,	treatments	that	were	successful	in	rodent	experimental	TBI,	but	subsequently	

failed	when	assessed	 in	 the	 clinic,	were	also	 shown	 to	be	 ineffective	 in	 this	 larger	animal	

models	 in	our	 laboratory	 (unpublished	data),	 and	as	 such,	 these	upcoming	 studies	 should	

improve	the	clinical	translation	of	APP96 110.	Due	to	the	gyrencephalic	structure	of	the	sheep	

brain,	 it	 is	 important	 to	 re assess	 the	 therapeutic	 window,	 investigating	 the	 optimal	

treatment	 regime	 through	 pharmacokinetic	 evaluation	 and	 determining	 the	 effect	 of	

treatment	on	gene	expression	patterns	following	moderate	TBI	in	sheep.		

	

Nonetheless,	a	considerable	gap	in	our	understanding	of	the	precise	mechanisms	of	action	of	

this	 peptide	 following	 trauma	 remains.	 Our	 findings	 give	 a	 cursory	 overview	 of	 the	

neuroinflammatory	and	neurodegenerative	 changes	 long term	 following	TBI,	 but	highlight	

the	 need	 for	 a	 more	 comprehensive	 exploration	 of	 these	 changes.	 Indeed,	 more	

comprehensive	molecular	neuroinflammatory	assessments	on	our	tissue	have	already	begun,	

and	the	very	preliminary	ongoing	observations	can	be	found	in	the	Appendix.	Furthermore,	

we	are	also	in	the	process	of	undertaking	more	Western	Blot	analyses	for	neurodegeneration	
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antibodies	 like	 tau	 and	a synuclein,	which	 due	 to	 ongoing	 issues	 that	were	 unable	 to	 be	

rectified	in	due	course,	will	be	fully	explored	in	the	near	future.	The	findings	from	this	research	

also	suggest	a	considerable	influence	of	heparin	binding	in	the	mechanism	of	action	of	APP96

110,	 with	 a	 much	 more	 detailed	 investigation	 required	 to	 understand	 this	 fully.	 The	

identification	of	the	receptor,	and	the	subsequent	signaling	pathways	that	this	activates,	will	

help	to	decipher	the	molecular	mechanisms	for	APP96 110’s	activity.	Further	exploration	of	

the	pharmacokinetic	properties	of	APP96 110	 is	 also	vital.	 This	 is	 a	 key	aim	of	one	of	 the	

recently	awarded	NHMRC	grants,	and	will	help	to	further	optimise	the	therapeutic	activity	of	

APP96 110	 after	 TBI,	 with	 knowledge	 of	 its	 behaviour	 throughout	 the	 body	 providing	 a	

promising	avenue	for	therapeutic	exploitation.	Furthermore,	the	evaluation	of	whether	the	

current	5	hour	therapeutic	window	of	opportunity	of	APP96 110	treatment	has	reached	its	

limit,	or	whether	it	may	in	fact	extend	beyond	this	time	frame	is	also	an	important	avenue	to	

consider.		

	

In	conclusion,	the	neuroprotective	benefits	of	APP96 110	demonstrated	by	the	findings	in	this	

thesis	 support	 that	 APP96 110	 derivatives	 can	 exert	 their	 neuroprotective	 action	 in	 the	

window	of	opportunity	to	halt	the	progression	of	the	disease,	whilst	also	targeting	multiple	

elements	 of	 the	 secondary	 injury	 cascade	 as	 has	 been	 previously	 suggested.	 They	 also	

highlight	the	need	for	continued	progression	and	development	of	APP96 110	as	a	therapeutic	

intervention	for	TBI,	and	in	particular	DAI,	that	currently	lacks	an	efficacious	treatment.	It	is	

hoped	that	a	treatment	like	this	could	ultimately	be	administrated	by	paramedics	at	the	scene	

of	a	TBI,	rather	than	requiring	transfer	to	a	trauma	unit	for	treatment.	This	would	ultimately	

slow	 the	 progression	 of	 the	 deleterious	 secondary	 injury	 early	 after	 trauma	 to	 minimize	
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functional	 deficits.	 	 Overall,	 APP96 110	 shows	 promise	 as	 a	 novel	 and	 clinically	 relevant	

treatment	 option	 by	 offering	 substantial	 neuroprotective	 and	 neurotrophic	 effects	 that	

reduce	secondary	injury	and	functional	deficits	associated	with	acute	traumatic	brain	injury.		
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Multiplex		

	

Acute	 cytokine	 activity	 in	 the	 hippocampus	 at	 24	 hours	 post TBI	 was	 measured	 using	 a	

milliplex	rat	8 plex	cytokine	kit	(Millipore/Abacus	ALS).	Samples	were	loaded	onto	a	96	well	

plate	in	duplicates,	and	run	in	accordance	to	manufacturer’s	instructions.	The	plate	was	read	

using	 Magpix	 Luminex	 multiplex	 array	 (Abacus ALS,	 Queensland),	 and	 data	 expressed	 as	

pg/ml	of	 concentration.	Experimental	data	was	 calibrated	against	 standard	curves	of	all	 8	

cytokines,	which	were	fitted	using	a	5	parameter	log	fit	through	Analyst	software	(Millipore,	

Australia).	The	values	for	TNFα	fell	below	the	detection	range	and	were	excluded	from	the	

final	 analysis.	 Multiplex	 data	 was	 analysed	 using	 a	 multivariate	 analysis	 of	 variance	

(MANOVA).	Significant	differences	were	only	observed	with	IL 12(p70)	between	each	of	the	

treatment	groups	(vehicle	control,	0.25mg/kg	WT	APP96 110	and	0.25mg/kg	3+APP96 110)	

with	sham	animals	(p<0.05).	No	differences	were	seen	with	other	cytokines.		

Neuroinflammatory	cytokines	analysed	as	part	of	the	multiplex	assay	

Cytokine	 M1	Vs	M2	Characteristics	 Function	 Brain	Region	Analysed	

Il 1α	 M1	 Pro inflammation	 Left	hippocampus	

IL 1β	 M1	 Pro inflammation	 Left	hippocampus		

IL 4	 M2	 Anti inflammation	 Left	hippocampus		

IL 6	 M1	 Pro inflammation	 Left	hippocampus		

IL 10	 M2	 Anti inflammation	 Left	hippocampus		

IL 12(p70)	 M1	 Anti inflammation	 Left	hippocampus		

IL 13	 M2	 Anti inflammation	 Left	hippocampus		

TNFα	 M1	 Pro inflammation	 Left	hippocampus		






