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Every	year,	there	are	3.8	million	traumatic	brain	injuries	in	the	United	States	leading	to	an	

estimated	 5.3	 million	 Americans	 that	 are	 currently	 living	 with	 a	 disability	 due	 to	 these	

injuries.	Of	these	traumatic	brain	injuries	(TBI),	75%	are	considered	to	be	mild	in	severity.	

Importantly,	 while	 a	 single	 mild	 TBI	 has	 transient	 symptoms	 and	 associated	

neuropathological	 features,	 multiple	 mild	 TBI	 can	 result	 in	 a	 wide	 range	 of	 debilitating	

chronic	symptoms	and	neuropathological	features.	Laboratory	rodent	models	of	traumatic	

brain	 injury	 have	 primarily	 focused	 on	 acute	 outcomes	 following	TBI,	 and	 have	 also	 not	

focused	heavily	on	repeated	mild	closed	head	 injuries.	This	dissertation	 first	 reviews	 the	

literature	outlining	rodent	models	of	traumatic	brain	injury,	and	the	lack	of	assessments	at	

chronic	 timepoints	 following	 injury.	 We	 found	 that	 68%	 of	 papers	 did	 not	 evaluate	 a	

functional	 outcome	past	1-month	post	TBI,	 and	90%	of	papers	 reviewed	did	not	make	 a	

functional	assessment	2	or	more	months	following	injury.	Of	these	papers	that	investigated	

a	 2	 month	 timepoint,	 84%	 demonstrated	 a	 functional	 deficit	 in	 a	 behavioral	 measure,	

stressing	the	persistence	of	chronic	deficits	and	the	important	of	studying	them.	Next,	we	
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focus	on	 the	development	of	a	rodent	model	of	 repeated	mild	 traumatic	brain	 injury.	We	

utilized	components	of	 classic	 rodent	models	of	TBI	 to	develop	a	model	and	protocol	 for	

repeated	mild	closed	head	injuries	(rmCHI)	that	can	be	easily	reproduced	across	users	and	

laboratories,	and	mimics	the	clinical	presentation.	The	parameters	of	our	model	of	rmCHI	

produce	behavioral	 changes	and	neuropathological	 features	 for	multiple	 impacts,	but	not	

single	impacts,	at	chronic	timepoints	of	1,	2,	and	6	months	post	injury.	Behavioral	changes	

in	 measures	 of	 anxiety,	 depression,	 and	 learning	 are	 also	 closely	 associated	 with	

neuropathological	 features	 including	 white	 matter	 atrophy	 and	 cortical	 neuronal	 loss.	

rmCHI	results	in	33-35%	corpus	callosum	loss,	developing	by	2	months	and	lasting	out	to	6	

months	post	 injury.	Lastly,	we	dive	deeper	 into	 the	mechanisms	underlying	white	matter	

loss,	 test	 more	 mild	 injury	 parameters	 to	 find	 injury	 thresholds,	 test	 rmCHI	 in	 an	

immunocompromised	mouse	strain,	and	explore	potential	novel	therapeutics	for	rmCHI.		
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CHAPTER	1	

Introduction	

Traumatic	brain	 injury	 is	broadly	defined	as	an	 injury	resulting	 in	an	alteration	of	

brain	 function,	 or	 other	 evidence	 of	 brain	 pathology,	 caused	 by	 an	 external	 force.	 In	 the	

United	States,	an	estimated	5.3	million	people	are	living	with	a	traumatic	brain	injury	(TBI)	

related	 disability	 (Langlois	 et	 al.,	 2005),	 resulting	 in	 direct	 and	 indirect	 costs	 estimated	

between	56	and	221	billion	USD	per	year	(Coronado	et	al.,	2012).	Every	year,	1.7	million	

Americans	go	to	a	hospital	to	seek	treatment	for	TBI	(Faul	et	al.,	2010).	This	statistic	does	

not	account	 for	 the	millions	of	more	head	 injuries	 that	occur,	but	are	 left	untreated.	 It	 is	

estimated	 that	 in	 addition	 to	 1.7	 million	 TBI	 treated	 in	 hospitals,	 1.4	 -	 1.8	 million	

concussions	occur	annually	that	were	not	seen	at	a	hospital.	

One	 of	 the	 largest	 problems	 facing	 the	 field	 of	 head	 injuries	 is	 defining	 and	

categorizing	 injury	 severities.	 An	 ‘alteration	 in	 brain	 function’	 is	 defined	 as	 1	 of	 the	

following	 clinical	 signs	 (Menon	et	 al.,	 2010):	 any	period	of	 loss	 of	 or	 a	 decreased	 loss	 of	

consciousness,	 any	 loss	 of	 memory	 for	 events	 immediately	 before	 or	 after	 injury,	

neurologic	deficits	(weakness,	loss	of	balance,	change	in	vision,	sensory	loss,	aphasia,	etc),	

or	any	alteration	in	mental	state	at	the	time	of	injury	(confusion,	disorientation).	‘Caused	by	

an	external	force’	could	include	any	of	the	following:	the	head	being	struck	by	an	object,	the	

head	 striking	 an	 object,	 the	 brain	 undergoing	 an	 acceleration/deceleration	 movement	

without	 direct	 eternal	 trauma	 to	 the	 head,	 a	 foreign	 body	 penetrating	 the	 brain,	 forces	

generated	from	events	such	as	a	blast	or	explosion.	Clearly,	this	opens	the	door	to	a	wide	

range	of	combinations	of	inciting	events,	acute	symptoms,	and	chronic	outcomes	following	

TBI.	It	is	therefore	critical	to	have	a	wide	range	of	robust,	reproducible	animal	models	that	
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are	 able	 to	 capture	 a	 subset	 of	 these	 injuries	 to	 investigate	 mechanisms	 underlying	

pathology	and	functional	deficits	associated	with	TBI.	

	

Animal	Modeling	of	Traumatic	Brain	Injury	

	 The	earliest	reports	of	 investigating	 traumatic	brain	 injury	 in	 the	 laboratory	come	

from	Lidgren	and	Ridner	in	1965	where	they	describe	the	fluid	percussion	model	of	TBI	in	

rabbits	(Lindgren	and	Rinder,	1965).	It	was	then	characterized	in	cats	in	1976,	rats	in	1987	

(Dixon	et	al.,	1987),	swine	(Zink	et	al.,	1993),	and	ultimately	mice	(Carbonell	et	al.,	1998).	

The	fluid	percussion	model	involves	trephining	a	hole	into	the	animal’s	skill	and	cementing	

a	 plastic	 cap	 over	 the	 craniotomy.	 A	 weighted	 pendulum	 drops	 from	 a	 specified	 height,	

impacting	a	long	plexiglass	tube	filled	with	saline,	creating	a	fluid	wave	traveling	through	

the	 tube	 connected	 to	 the	 plastic	 cap,	 ultimately	 causing	 a	 fluid	 wave	 to	 impact	 dura	

directly	 and	 filling	 into	 interstitial	 spaces.	 Varying	 severities	 of	 neuropathology	 and	

behavior	can	be	achieved	via	more	or	less	height	from	which	the	pendulum	is	dropped.		

	 A	second	major	model	of	TBI	in	animals	is	the	controlled	cortical	impact	(CCI)	model	

(Lighthall,	1988;	Smith	et	al.,	1995).	Similar	to	the	fluid	percussion	model,	a	craniotomy	is	

first	 performed	 in	 the	 rodent’s	 skull	 exposing	 the	 intact	 dura	 and	 underlying	 brain.	

Commercially	available	devices	to	impact	the	brain	directly	have	precise	control	of	velocity,	

impact	depth,	and	dwell	time	that	can	produce	a	wide	range	of	pathologies	and	functional	

deficits.	

	 The	weight	drop	impact	acceleration	model	is	another	major	model	of	TBI	that	has	

been	exhaustively	characterized	(Foda	and	Marmarou,	1994;	Marmarou	et	al.,	1994).	A	bit	

more	 crude	 than	 the	 more	 controlled	 fluid	 percussion	 and	 controlled	 cortical	 impact	
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models,	it	does	however	have	another	significant	important	characteristic	these	models	do	

not	 have:	 rotational,	 acceleration/deceleration	 forces.	 In	 the	weight	 drop	model,	 rodents	

are	most	commonly	placed	onto	a	foam	pad	below	a	guide	tube.	A	weight	is	dropped	down	

the	 guide	 tube	 to	 impact	 the	 rodent’s	 head	 below.	 Not	 only	 are	 there	

acceleration/deceleration	 forces	 involved,	 but	 this	 model	 does	 not	 involve	 excising	 the	

skin,	making	a	craniotomy,	or	exposing	the	brain.		

	 While	these	are	the	three	primary	historic	models	of	traumatic	brain	injury,	we	set	

forth	in	this	dissertation	to	improve	on	these	models,	and	focus	on	being	able	to	produce	

multiple	head	injuries	over	multiple	days,	mimicking	multiple	mild	TBI.	

	

Repeated	Mild	Traumatic	Brain	Injury	

	 Recent	evidence,	both	clinically	and	in	the	laboratory,	has	pointed	to	the	significance	

and	 unique	 disease	 of	 repeated	 mild	 traumatic	 brain	 injury.	 First	 named	 ‘punch	 drunk	

syndrome’	 (Martland,	1928),	next	 ‘dementia	pugilistica’	 (Millspaugh,	1937),	 then	 ‘chronic	

progressive	traumatic	encephalopathy	of	boxers’	(Critchley,	1957),	and	ultimately	‘chronic	

traumatic	encephalophathy’	(McKee	et	al.,	2009),	repeated	head	injuries	result	in	a	unique	

set	of	neuropathologies	and	behavioral	changes.	Laboratories	over	 the	past	several	years	

have	 begun	 to	 investigate	 the	 effects	 of	multiple	 head	 injuries	 using	 novel	 experimental	

devices	to	mimic	different	components	of	repeated	mild	TBI	(rmTBI).	

	 One	 of	 the	 first	 reports	 to	 investigate	 repeated	 head	 injuries	 simply	 used	 a	

rubberized	tip	on	a	CCI	impactor	impacting	the	skull	directly	after	excising	the	skin	(Laurer	

et	al.,	2001).	Mice	were	given	2	hits,	24	hrs	apart,	and	were	assessed	on	a	wide	range	of	

behavioral	measures	out	to	2	months	post	 injury.	The	injury	parameters	used	showed	no	
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cognitive	dysfunction	after	either	a	single	or	2	hits,	although	there	were	deficits	 in	motor	

function	as	assessed	by	rotorod,	rotating	pole	test,	and	neuroscore,	out	to	2	months.	They	

observed	no	Nissl	 abnormalities,	 and	no	 tau	or	 amyloid	beta	deposition	 in	 either	 animal	

group.	

	 John	 Trojanowski’s	 group	 then	 went	 on	 to	 investigate	 repeated	 TBI	 in	 mice	 in	

Alzheimer’s	 models,	 utilizing	 wildtype,	 Tg2576,	 and	 Tg	 T44	 mice	 (Uryu	 et	 al.,	 2002;	

Yoshiyama	et	al.,	2005).	First,	using	a	rubberized	tip,	they	impacted	the	skull	directly	once	

or	 twice	 (24	 hrs	 apart).	 There	were	 no	 behavioral	 deficits	 observed	 for	 either	 group	 in	

Morris	 water	 maze	 testing	 at	 16WPI.	 However	 they	 did	 show	 that	 two	 hits	 accelerated	

amyloid	beta	accumulation	and	oxidative	stress.	They	also	saw	that	2	hits	induced	GFAP+	

positive	astrocytes	around	the	impact	site,	as	well	as	in	the	white	matter.	In	their	follow-up	

study,	they	looked	at	much	more	chronic	timepoints	of	3,	6,	and	9MPI.	No	wildtype	or	Tg	

injured	mouse	showed	any	increased	tau	pathology	due	to	injury.	This	study	gave	16	total	

hits,	 1	 every	 20	 minutes,	 weekly	 for	 4	 weeks.	 This	 paper	 lacked	 strong	 quantitative	 or	

qualitative	data.	

	 Tracy	 McIntosh’s	 group	 also	 began	 modeling	 rmTBI	 in	 mice,	 in	 their	 first	 study	

where	they	impacted	mice	twice,	varying	the	time	between	impacts	at	3,	5,	or	7	days	apart	

(Longhi	 et	 al.,	 2005).	 They	 used	 a	 CCI	 device,	 with	 a	 siliconized	 tip,	 impacting	 the	 skull	

directly.	 Unfortunately	 however,	 this	 was	 an	 extremely	 short	 study,	 where	 the	 animals	

were	sacrificed	 just	3	days	after	 their	 final	 injury.	Slight	cognitive	deficits	were	observed	

for	mice	impacted	3	and	5	days	apart,	but	not	at	7	days	apart	in	a	measure	of	Morris	water	

maze	testing.	They	also	observed	increased	and	exacerbated	axonal	damage	for	the	3	and	5	

days	separated	impacts.	
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	 Rats	have	also	been	used	to	investigate	repeated	mild	traumatic	brain	injury.	David	

Hovda’s	group	created	a	model	in	which	a	rat	is	slightly	affixed	within	a	stereotaxic	holder,	

but	they	impacted	the	skin	directly	with	a	CCI	piston,	as	opposed	to	excising	the	skin	and	

impacting	 the	 skull	 (Prins	et	al.,	2010).	A	very	quick	 study,	 they	 impacted	either	once	or	

twice,	24	hrs	apart,	and	sacrificed	just	a	day	or	two	later.	They	observed	increased	axonal	

injury,	 astrocytic	 reactivity,	 and	 a	 memory	 impairment	 at	 1DPI	 in	 the	 novel	 object	

recognition	 task	 for	 rats	 hit	 twice.	 In	 a	 followup	 study,	 they	 investigated	 the	 effects	 of	

increasing	the	 interhit	 interval	(Prins	et	al.,	2013),	 testing	1	hit	vs	2	hits	either	24	hrs	or	

120	hrs	(5	days)	apart.	However	no	histology	was	presented,	and	novel	object	testing	was	

completed	at	1-3	days	post	 injury.	They	argue	 that	 the	duration	of	metabolic	depression	

reflects	 the	 vulnerability	 to	 a	 second	 injury	 and	 could	 be	 used	 as	 a	 biomarker	 in	

establishing	the	window	of	vulnerability	guidelines.	

	 More	exhaustive	model	development,	 characterization	and	experimentation	began	

to	 take	 off	 after	 2010.	 David	 Brody’s	 group	 began	 testing	 repeated	 TBI	 (rTBI)	 using	 a	

rubberized	 tip	 on	 mice	 affixed	 into	 a	 stereotaxic	 chamber	 (Shitaka	 et	 al.,	 2011).	 They	

impacted	 either	 once	 or	 twice	 (24hr	 apart)	 and	 tested	 a	 wide	 range	 of	 histological	 and	

behavioral	outcome	measures.	Morris	water	maze	deficits	were	observed	in	the	first	week	

after	 injury,	 but	 diminished	 by	 7	WPI.	 rTBI	 caused	 extensive	 argyrophilic	 abnormalities,	

axonal	 injury	and	reactive	microgliosis.	At	7WPI,	microglia	were	still	present,	as	assessed	

by	stereology	and	particularly	in	the	corpus	callosum,	as	well	as	abnormal	silver	staining	in	

rTBI	mice.	

	 Fiona	Crawford’s	group	began	studying	rTBI	with	their	first	study	of	either	single	or	

5	hits	(one	injury	every	48	hrs)	using	a	metal	tip	directly	to	the	skin,	and	assessing	rotarod	
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and	 Barnes	 maze	 out	 to	 2	 weeks.	 An	 interhit	 interval	 of	 48	 hrs	 demonstrated	 greater	

cognitive	 impairment,	 microglial	 activation,	 reactive	 astrocytosis,	 and	 axonal	 pathology.	

There	was	 no	 hippocampal	 cell	 loss,	 although	 there	were	 deficits	 in	 rotator	 and	 Barnes	

maze	performance.	It	should	be	noted	that	all	histological	analyses	were	assessed	at	1DPI.	

However,	 in	 a	 followup	 study,	 they	 investigated	 more	 chronic	 timepoints	 of	 6,	 12,	 and	

18MPI	 (Mouzon	 et	 al.,	 2014).	 Mice	 were	 hit	 5	 times,	 and	 assessed	 on	Water	 maze	 and	

Barnes	maze.	rmTBI	mice	had	learning	deficits	compared	to	single	TBI	mice	at	12	and	18	

months	 in	 these	 tests.	 Their	 model	 also	 quantified	 white	 matter	 atrophy	 of	 corpus	

callosum,	by	measuring	the	thickness.	They	saw	a	12%	reduction	of	single	TBI	compared	to	

sham	 at	 6	 months	 and	 a	 10%	 reduction	 at	 12	 months.	 The	 rmTBI	 group	 had	 a	 21%	

decrease	at	6	months	compared	to	sham,	and	a	further	5%	more	reduction	compared	to	6	

months.	However,	no	stereological	assessment	was	investigated.	

		 A	 very	 unique	 and	 exhaustively	 characterized	 model	 was	 developed	 by	 Cheryl	

Wellington’s	 group.	 The	 closed-head	 impact	model	 of	 engineered	 rotational	 acceleration	

(CHIMERA)	model	was	 developed	with	 a	 homemade	 apparatus	 that	 allows	 for	 extensive	

acceleration-deceleration	forces	(Namjoshi	et	al.,	2014).	They	looked	at	1	or	2	impacts,	and	

only	took	the	animals	out	to	2WPI.	They	observed	short-term	deficits	in	rotarod	at	1,	2,	and	

7DPI,	neurological	severity	score	deficits	at	1,	2,	and	7DPI,	as	well	as	passive	avoidance	and	

Barnes	 maze	 deficits.	 They	 also	 observed	 widespread	 microglial	 activation	 especially	 in	

white	matter	tracts	including	corpus	callosum,	optic	tract,	superior	colliculus,	qualitatively	

assessed.		

	 The	 studies	 mentioned	 thus	 far	 have	 utilized	 various	 controlled	 cortical	 impact	

devices,	 either	 commercially	 available	 or	 homemade	 pneumatic	 devices.	 Many	 of	 these	
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groups	 also	 placed	 the	mice	 into	 stereotaxic	 chambers,	 impacting	 the	 skull	 directly	 after	

excising	 the	skin.	 In	order	 to	minimize	skull	 fracture,	many	of	 these	groups	modified	 the	

impactor	tip	to	either	be	siliconized	or	rubberized	to	diffuse	the	energy	and	avoid	fractures.	

In	 addition,	 the	CHIMERA	model	 is	 the	only	 that	 allows	 for	 rotational	 forces.	We	believe	

that	 using	 a	 controlled	 cortical	 impact	 device	 is	 advantageous	 in	 that	 you	 have	 precise	

control	 over	 impact	 parameters	 such	 as	 velocity,	 depth,	 and	 dwell	 time.	 Moreover,	 it	 is	

enticing	to	use	a	commercially	available	device	that	can	be	easily	taught	across	laboratories	

minimizing	 variability.	 While	 these	 models	 used	 a	 CCI	 device	 component,	 many	 groups	

have	 created	modified	weight	 drop	 acceleration	 injuries	 to	 rodents	without	 excising	 the	

skin.	

	 Michael	 Whalen’s	 group	 has	 developed	 a	 model	 where	 rodents	 are	 placed	 on	 a	

kimwipe,	 as	 opposed	 to	 a	 foam	 block,	 underneath	 a	 weight	 drop	 apparatus.	 When	 a	

weighted	 rod	 is	 dropped	 from	 above,	 it	 strikes	 the	 rodents	 head,	 pushing	 the	 rodent	

through	the	kimwipe,	to	flip	and	land	on	a	foam	pad	beneath.	In	their	first	study,	they	ran	

two	 experiments	 (Meehan	 et	 al.,	 2012).	 First	 they	 looked	 at	 1,	 3,	 5,	 or	 10	 hits,	 24	 hours	

apart.	 The	 next	 experiment	 they	 tests	 5	 hits,	 either	 daily,	weekly,	 or	monthly	 as	 interhit	

intervals.	They	 found	 that	after	3,	5,	or	10	daily	hits,	performance	on	Morris	water	maze	

was	 impaired	 at	 1DPI,	 but	 was	 not	 reported	 for	 any	 other	 time	 points.	 Then	 looking	 at	

changing	the	 interhit	 interval,	 they	found	that	daily	and	weekly	 impacts,	but	not	monthly	

injuries,	 led	to	 learning	deficits	1	month	after	their	 last	 injury.	 In	a	 limited	sample	size,	5	

daily	hits	had	significantly	worse	performance	in	MWM	compared	to	sham.	5	weekly	hits	

trended	to	significance	but	the	sample	size	was	too	low.	Using	the	same	injury	model,	they	

then	 tested	a	 larger	 cohort	 at	 timepoints	of	3DPI,	 2MPI,	6MPI,	 and	12MPI.	 Injury	groups	
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included	5	daily	 hits,	 7	 daily	 hits	 over	9	days,	 1	 hit	 every	week	 for	 5	weeks,	 1	 hit	 every	

other	week	for	10	weeks,	1	hit	every	month	for	5	months,	or	just	a	single	hit	(Mannix	et	al.,	

2013).	Overall,	daily	or	weekly	hits,	but	not	biweekly	or	monthly	hits	had	deficits	in	water	

maze	performance.	Interestingly,	MRI	was	performed	and	no	differences	were	observed	in	

any	measure	when	looking	at	white	matter	tracts.	

	 Overall,	there	many	models	have	been	to	better	understand	the	effects	of	repeated	

multiple	 mild	 traumatic	 brain	 injuries.	 We	 believe	 that	 in	 order	 to	 have	 a	 meaningful	

model,	 clinical	 parallels	must	 exist.	We	believe	 it	 important	 to	have	 a	 closed	head	 injury	

model	 that	 includes	 acceleration/deceleration	 forces.	 The	 ideal	model	must	 have	 robust,	

measurable	 behavioral	 deficits	 similar	 to	 those	 observed	 in	 patients	 suffering	 from	

multiple	 traumatic	brain	 injuries.	Moreover,	 the	model	 itself	should	be	easy	reproducible	

across	laboratories.		

	

Summary	

	 First,	 this	 dissertation	 reviews	 the	 literature	 of	 rodent	models	 of	 traumatic	 brain	

injury	with	an	emphasis	on	studies	investigating	behavioral	tasks	associated	with	injuries.	

Importantly,	we	focus	on	papers	that	assess	functional	deficits	at	chronic	timepoints	of	at	

least	1	month	post	 injury,	with	an	emphasis	on	longer	timepoints	 for	chronic	therapeutic	

value.	Next,	I	present	a	novel	model	of	repeated	closed	head	injury	designed	to	mimic	the	

clinical	 pathology	 and	 cognitive	 outcomes	 patients	 develop	 after	 suffering	 repeated	mild	

traumatic	 brain	 injuries.	 We	 hypothesized	 that	 repeated,	 but	 not	 single	 injuries	 of	 a	

particular	 injury	 severity	 will	 result	 in	 cognitive	 and	 pathological	 changes	 at	 chronic	

timepoints.	This	model	results	 in	white	matter	atrophy,	cortical	neuronal	 loss,	behavioral	
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changes	 in	measures	 of	 anxiety	 and	 learning	 performance.	 This	 study	 is	 also	 the	 first	 to	

report	a	distinct	correlation	between	pathology	and	behavioral	outcomes.	Next,	the	model	

is	 further	 characterized	 to	 find	 different	 levels	 of	 injury	 severity	 and	 investigate	

mechanisms	 underlying	 the	 developed	 white	 matter	 neuropathology.	 Lastly,	 a	 set	 of	

experiments	tested	potential	therapeutics	acting	on	injury	pathways	associate	with	rmTBI,	

as	well	as	testing	the	model	in	an	immunocompromised	mouse	strain.	
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CHAPTER	2	

Functional	Assessment	of	Long-Term	Deficits	in	Rodent		

Models	of	Traumatic	Brain	Injury	

Abstract	

Traumatic	Brain	Injury	(TBI)	ranks	as	the	 leading	cause	of	mortality	and	disability	 in	the	

young	 population	worldwide.	 The	 annual	 incidence	 of	 TBI	 (new	 cases	 each	 year)	 in	 the	

general	 population	 is	 estimated	 at	 1.7	 million	 Americans	 per	 year,	 with	 an	 estimated	

financial	burden	in	excess	of	$75	billion	a	year	in	the	US	alone.	Despite	the	prevalence	and	

cost	 of	 TBI	 to	 individuals	 and	 society,	 no	 treatments	 have	passed	 clinical	 trial	 to	 clinical	

implementation.	 The	 rapid	 expansion	 of	 stem	 cell	 research	 and	 technology	 offers	 an	

alternative	 to	 traditional	 pharmacological	 approaches	 targeting	 acute	 neuroprotection.	

However,	 pre-clinical	 testing	 of	 these	 approaches	 depends	 on	 the	 selection	 and	

characterization	of	appropriate	animal	models.	 In	 this	article	we	consider	 the	underlying	

pathophysiology	for	the	focal	and	diffuse	TBI	subtypes,	discuss	the	existing	pre-clinical	TBI	

models	and	functional	outcome	tasks	used	for	assessment	of	injury	and	recovery,	identify	

criteria	particular	to	pre-clinical	animal	models	of	TBI	in	which	stem	cell	therapies	can	be	

tested	 for	 safety	and	efficacy,	 and	 review	 these	criteria	 in	 the	context	of	 the	existing	TBI	

literature.	We	suggest	 that	2-months	post-TBI	 is	 the	minimum	period	needed	to	evaluate	

human	 cell	 transplant	 efficacy	 and	 safety.	 Comprehensive	 review	 of	 the	 published	 TBI	

literature	revealed	 that	only	32%	of	 rodent	TBI	papers	evaluated	 functional	outcomes	1-

month	 or	 greater	 post-TBI,	 and	 only	 10%	 evaluated	 functional	 outcomes	 2-months	 or	

greater	post-TBI.	Not	all	published	papers	that	evaluated	functional	deficits	at	a	minimum	

of	2-months	post-TBI	reported	deficits;	hence,	only	8.6%	of	overall	TBI	papers	captured	in	
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this	review	demonstrated	functional	deficits	at	two	months	or	more	post-injury.	A	2-month	

survival	 and	 assessment	 period	 would	 allow	 sufficient	 time	 for	 differentiation	 and	

integration	 of	 hNSCs	with	 the	 host.	 Critically,	while	 trophic	 effects	might	 be	 observed	 at	

earlier	 time-points,	 it	will	 also	be	 important	 to	demonstrate	 the	sustainability	of	 such	an	

effect,	 supporting	 the	 importance	 of	 an	 extended	 period	 of	 in	 vivo	 observation.	

Furthermore,	 regulatory	 bodies	 will	 likely	 require	 at	 least	 6	 months	 survival	 post-

transplantation	for	assessment	of	toxicology/safety,	particularly	in	the	context	of	assessing	

cell	abnormalities.	

	Background	

1.1	Definition	of	Traumatic	Brain	Injury	(TBI).	Broadly	defined,	traumatic	brain	injuries	

encompass	any	injury	resulting	in	“altered	brain	function”	or	brain	pathology	as	the	result	

of	an	external	force.	Under	this	definition,	altered	brain	function	includes	any	period	of	any	

one	of	 the	 following:	 a	decrease	 in	or	 loss	of	 consciousness;	pre-	or	post-	 event	memory	

loss	 (amnesia);	 neurological	 deficits	 such	 as	 confusion,	 slowed	 thinking,	 or	 aphasia;	 or	

vision	or	sensory	changes,	loss	of	balance,	muscle	weakness,	or	paralysis	(Management	of	

Concussion/mTBI	Working	Group,	2009;	Menon	et	al.,	2010).	An	individual	need	not	 lose	

consciousness	 to	sustain	a	brain	 injury.	A	mild	 traumatic	brain	 injury,	or	concussion,	can	

still	 damage	 the	 brain	 at	 the	 cellular	 level	 and	 increase	 the	 risk	 of	 neurodegenerative	

disorders	 such	 as	 Alzheimer’s	 disease	 in	 the	 future	 (Moretti	 et	 al.,	 2012).	 Even	 persons	

experiencing	a	minor	concussion	that	does	not	result	in	hospitalization	can	have	persistent	

symptoms	of	headaches,	anxiety,	and/or	fatigue	coupled	with	cognitive	deficits	in	memory,	

concentration,	 and/or	 attention;	 this	 constellation	 of	 symptoms	 is	 referred	 to	 as	 post-

concussion	syndrome	(PCS)	(Hall	et	al.,	2005b).	Not	all	individuals	who	sustain	trauma	to	
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the	head	will	experience	a	traumatic	brain	injury,	but	anyone	with	a	history	of	head	trauma	

resulting	in	altered	brain	function	can	be	said	to	have	sustained	a	TBI.	

	 Repetitive	head	 injuries,	even	minor	ones,	 can	also	 lead	 to	serious	 repercussions	 to	

the	 recipient	 –	 including	 permanent	 brain	 damage	 or	 death.	 Repetitive	 brain	 injury	was	

initially	 termed	 “punch	 drunk”	 syndrome	 (Martland,	 1928),	 then	 “traumatic	

encephalopathy”	 (Parker,	 1934)	 or	 “dementia	 pugilistica”	 (Millspaugh,	 1937),	 and	 finally	

“chronic	 progressive	 traumatic	 encephalopathy	 of	 boxers”	 (Critchley,	 1957).	 This	

terminology	 reflects	 the	 early	 characterization	 of	 repetitive	 brain	 injury	 in	 professional	

boxers.	 More	 recently,	 the	 resulting	 neuropsychological	 problems	 and	 underlying	 brain	

pathology	 seen	 in	 some	 professional	 athletes	 following	 repeated	 brain	 trauma	 has	 been	

termed	chronic	traumatic	encephalopathy	or	CTE.	The	first	National	Football	League	player	

diagnosed	with	CTE	was	50	years	old	and	had	sustained	multiple	concussive	injuries	over	a	

17	year	professional	 career	 (Omalu	et	al.,	2005).	Since	 then,	numerous	reports	of	CTE	 in	

athletes	have	been	linked	to	a	variety	of	professional	contact	sports	(McKee	et	al.,	2009).	

	

1.2	Incidence,	prevalence,	and	cost	estimates	of	TBI.	TBI	is	often	referred	to	as	“a	silent	

epidemic”,	a	status	borne	out	by	the	fact	that	it	ranks	as	the	leading	cause	of	mortality	and	

disability	 in	 the	young	population	worldwide	 (Langlois	 et	 al.,	 2005).	Every	18.5	 seconds,	

someone	in	the	United	States	suffers	a	TBI	(Scudellari,	2010).	The	annual	incidence	of	TBI	

(new	cases	each	year)	in	the	general	population	was	estimated	at	1.7	million	Americans	per	

year	 (based	 on	 2002-2006	 data)	 (Faul	 et	 al.,	 2010).	 This	 is	 higher	 than	 the	 incidence	 of	

Alzheimer's	 disease,	 Parkinson's	 disease,	 and	 multiple	 sclerosis	 combined,	 and	 greater	

than	 the	 incidence	 of	 individuals	 diagnosed	 with	 brain,	 breast,	 colon,	 lung,	 or	 prostate	
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cancer	 combined	 (Scudellari,	 2010).	 Critically,	 these	 figures	 do	 not	 include	 military	

personnel.	TBI-related	injuries	are	the	signature	injury	of	military	personnel	who	served	in	

either	 the	 Iraq	and/or	Afghanistan	wars.	 It	 is	 estimated	 that	nearly	60%	of	all	 casualties	

among	soldiers	admitted	to	Walter	Reed	National	Military	Medical	Center	suffer	from	TBI			

(Combat	 Casualty	 Care	 Research	 Program,	 2013).	 The	 Department	 of	 Defense	 Medical	

Surveillance	System	estimated	that	the	number	of	personnel	who	experienced	some	level	

of	TBI	between	2000-2012	was	266,810	(Department	of	Defense,	2013).	

	 During	the	same	time	period	(2002-2006),	1.1	to	1.4	million	civilians	per	year	were	

treated	in	US	hospital	emergency	rooms	for	TBI,	resulting	in	an	average	of	52,000	deaths	

per	 year	 (Coronado	 et	 al.,	 2011).	 Mortality	 in	 severe	 TBI	 cases	 remains	 around	 30%	

(Narayan	et	 al.,	 2002).	Greater	 than	40%	of	US	 citizens	with	TBI	have	 residual	disability	

one	year	post-injury	(Corrigan	et	al.,	2010).	It	is	difficult	to	estimate	the	prevalence	of	TBI	

world-wide	 due	 to	 sparse	 data,	 differing	 definitions	 and	 changing	 patterns	 over	 time	

(Roozenbeek	 et	 al.,	 2013).	 The	 changing	 pattern	 is	 due	 to	 a	 variety	 of	 factors,	 including	

demographic/population	 shifts,	 the	 institution	 of	 modern	 safety	 measures,	 changes	 in	

reporting	criteria,	etc…	which	make	determining	the	worldwide	incidence	and	prevalence	

of	TBI	difficult.	 Prevalence	estimates	 for	 long-term	TBI-related	disability	 in	 the	US	 range	

from	3.2	million	(Corrigan	et	al.,	2010)	to	5.3	million	(Thurman	et	al.,	1999)	people;	thus	

nearly	 one	 out	 of	 every	 fifty	 to	 seventy-five	 American	 civilians	 are	 currently	 living	with	

disabilities	from	TBI.	Direct	medical	costs	coupled	with	rehabilitation	and	lost	productivity	

result	in	a	financial	burden	estimated	to	be	in	excess	of	$75	billion	a	year	in	the	US	(in	2010	

dollars)	 (Coronado	 et	 al.,	 2012;	 Finkelstein	 et	 al.,	 2006).	 This	 number	 would	 be	 much	

higher	when	 projections	 are	made	 for	 lost	 productivity	 of	 the	 care-givers.	 In	 a	 study	 of	
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post-TBI	 employment	 rates	 among	 adults	 with	 TBI	 who	 received	 inpatient	 care	 and	

rehabilitation	at	 the	University	of	Missouri	TBI	Model	Systems	center,	only	36%	of	 those	

who	were	employed	at	the	time	of	their	injury	were	employed	two	years	post-injury.	The	

percentage	 on	 some	 form	 of	 public	 assistance	 rose	 from	 18%	 pre-injury	 to	 38%	 at	 two	

years	post-injury	(data	were	not	broken	down	by	injury	severity)	(Shigaki	et	al.,	2009).	

	

1.3	Underlying	pathophysiology	of	TBI.	Primary	TBI	reflects	the	early	damage	that	is	the	

direct	result	of	the	physical	displacement	of	brain	structures,	including	contusion,	vascular	

injury,	and	axon	shearing.	Secondary	TBI	reflects	damage	 that	 is	an	 indirect	 result	of	 the	

initial	 trauma;	 secondary	 damage	 therefore	 encompasses	 a	 variety	 of	 cellular	 processes	

that	 contribute	 to	 the	progressive	 loss	 of	 cells	 and	damage	 to	 underlying	pathways	 over	

hours,	days	and	weeks	(McIntosh	et	al.,	1996).	TBI	can	also	be	classified	as	focal	or	diffuse	

in	type,	with	the	latter	accounting	for	up	to	70%	of	TBI	in	humans	.	The	forces	producing	

focal	and	diffuse	TBI	are	notably	different.	Clinically,	focal	TBI	results	from	a	direct	impact	

to	the	skull,	e.g.	following	a	fall,	which	causes	compression	of	the	brain	region	underlying	

the	 impact	 (coup)	and	rebound	 impact	 to	 the	brain	 region	directly	opposite	 (contrecoup)	

(Andriessen	et	al.,	2010;	Morganti-Kossmann	et	al.,	2010).	As	a	result,	 the	 location	of	 the	

impact	 is	 directly	 related	 to	 the	 neuroanatomical	 locations	 of	 damage	 and	 resulting	

neurological	 deficits.	 Pathophysiologically,	 the	 principal	 characteristics	 of	 focal	 TBI	 are	

laceration,	contusion,	and	hematoma.	

	 In	contrast,	diffuse	TBI	results	 from	rapid	acceleration-deceleration	of	 the	head,	e.g.	

following	 a	 high	 speed	 motor	 vehicle	 accident,	 which	 causes	 widely	 distributed	 white	

matter,	 vascular,	 and	 hypoxic-ischemic	 damage	 (Andriessen	 et	 al.,	 2010;	 Morganti-
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Kossmann	et	al.,	2010).	Macroscopically,	the	diffuse	TBI	brain	presents	few	abnormalities;	

the	true	extent	of	axonal	damage	is	only	detected	using	markers	or	modalities	sensitive	to	

abnormalities	in	axons	and	white	matter	structures	(Buki	and	Povlishock,	2006;	Graham	et	

al.,	1995;	Newcombe	et	al.,	2011).	In	situ,	this	includes	staining	for	neurofilament	(NF)	or	

amyloid	 precursor	 protein	 (APP).	 In	 vivo,	 this	 includes	 analysis	 by	 diffusion	 tensor	

magnetic	resonance	 imaging	(DT-MRI).	Clinical	studies	suggest	 that	diffuse	TBI	results	 in	

progressive,	 chronic	 atrophy	 of	 white	 matter	 that	 may	 continue	 for	 years	 post-injury	

(Sidaros	et	al.,	2009).	This	is	thought	to	be	associated	with	detachment	of	distal	axons	from	

the	 cell	 body,	 resulting	 in	 the	 formation	 of	 retraction	 bulbs,	 a	 histological	 hallmark	 of	

diffuse	 injury.	 In	 experimental	 animal	 models,	 the	 underlying	 processes	 are	 termed	

traumatic	axonal	injury	(TAI),	and	include	changes	in	axolemma	permeability,	activation	of	

proteases,	 cytoskeletal	 degradation	 and	 impairment	 of	 axonal	 transport	 (Buki	 and	

Povlishock,	 2006).	 Axonal	 damage	 in	 diffuse	 TBI	 is	 thought	 to	 result	 from	 shearing	 and	

compressive	forces	that	exceed	the	maximum	elasticity	potential	of	axons.	As	a	result,	the	

direction	 of	 shear	 and	 strain	 forces	 in	 diffuse	 TBI	 plays	 a	 critical	 role	 in	 the	 severity	 of	

damage.	 Critically,	 however,	 MRI	 studies	 suggest	 that	 50%	 or	 more	 of	 patients	 with	

moderate	 to	 severe	TBI	 exhibit	 a	mixed	 etiology,	 in	which	 both	 focal	 lesions	 and	diffuse	

axonal	 injury	 are	 observed	 (Skandsen	 et	 al.,	 2010).	 These	 complex	 and	 mixed	 clinical	

observations	 suggest	 that,	 despite	 the	 contribution	 of	 distinct	 pathophysiological	

mechanisms	 to	 focal	 neuronafl	 loss	 versus	 diffuse	 axonal	 pathology,	 the	 distinction	

between	 focal	 and	 diffuse	 TBI	 is	 an	 artificial	 one	 (Andriessen	 et	 al.,	 2010).	This	 blurred	

distinction	 highlights	 the	 importance	 of	 animal	 model	 selection,	 the	 need	 to	 replicate	

positive	 findings	 in	 more	 than	 one	 model,	 and	 the	 potential	 need	 for	 combinatorial	
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therapeutic	approaches.		

	

1.4	Predictive	validity	of	pre-clinical	animal	models	 for	clinical	 translation.	 It	 is	 clear	

that	 TBI	 in	 humans	 causes	 a	 wide	 range	 of	 damage	 and	 deficits.	 Basic	 and	 pre-clinical	

animal	 research	 attempts	 to	 model	 aspects	 of	 TBI	 pathology	 using	 different	 injury	

paradigms	 and	measuring	 different	 types	 of	motor	 and	 cognitive	 outcomes.	 Common	 to	

most	 injury	 paradigms	 are	 two	 of	 the	main	 pathological	 hallmarks	 of	 TBI:	 neuronal	 cell	

death	and	white	matter	damage.	Basic	and	pre-clinical	TBI	research	has	focused	heavily	on	

strategies	 to	attenuate	 the	early	expansion	of	damage.	However,	although	even	a	modest	

improvement	 in	 outcome	 for	 patients	would	 have	 significant	 quality	 of	 life	 benefits	 and	

financial	benefits,	no	therapy	has	yet	to	be	found	to	improve	outcomes	in	TBI	patients.	To	

date,	there	have	been	45	phase	II	or	III	clinical	trials	in	the	US	for	a	drug	or	procedure	(e.g.	

hypothermia	 or	 hyperbaric	 oxygen)	 to	 treat	 TBI;	 yet	 there	 are	 still	 no	 FDA	 approved	

therapies	for	TBI	(ClinicalTrials.gov).	This	 failure	rate	has	highlighted	the	necessity	of	re-

evaluating	both	clinical	translation	strategies	and	pre-clinical	models.		

In	part,	these	failures	have	been	suggested	to	result	from	heterogeneity	in	the	clinical	face	

of	TBI;	as	a	result,	 the	reliance	of	clinical	trials	 incorporating	broad	inclusion	criteria	and	

the	use	of	pre-clinical	data	 from	highly	homogeneous	animal	models	may	be	a	significant	

contributing	 factor	 in	 trial	 failure	 (Maas	 and	Menon,	 2012).	 Experience	 from	 the	 stroke	

field	suggests	a	relevant	and	cautionary	tale,	where	a	high	rate	of	failure	in	translation	from	

bench	to	bedside	 led	to	 the	 formulation	of	criteria	 for	 the	conduct	and	evaluation	of	pre-

clinical	research	supporting	clinical	trial	initiation	(the	STAIR	criteria),	as	well	as	standards	

to	ensure	that	the	design	of	clinical	trials	reflects,	as	accurately	as	possible,	the	pre-clinical	
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data	and	models	available	(Fisher	et	al.,	2009;	Stroke	Therapy	Academic	Industry,	1999).	

More	 recently,	 parallel	 criteria	 have	 been	 established	 by	 NIH.	 In	 August	 2011,	 NINDS	

released	 formal	guidelines	 for	 the	conduct	of	pre-clinical	and	clinical	 research,	 called	 the	

RIGOR	criteria	 [NOT-NS-11-023].	Both	sets	of	 criteria	are	designed	 to	 improve	pre-clinical	

study	 design	 and	 enhance	 transparency	 of	 study	 reporting.	 For	 example,	 the	 RIGOR	

guidelines	 re-emphasize	 the	 basics	 of	 good	 experimental	 design,	 including:	 rational	

selection	 of	 models,	 route/timing	 of	 interventions,	 and	 study	 endpoints;	 adequacy	 of	

controls,	 sample	 size,	 and	 statistical	 methods;	 appropriate	 blinding,	 randomization,	 and	

complete	 data	 reporting;	 data	 reproducibility/replication	 and	 verification	 of	 biological	

activity;	consideration	of	alternative	interpretations/hypotheses;	discussion	of	effect	sizes;	

and	disclosure	of	conflicts	of	interest.		

	 While,	 if	consistently	applied,	STAIR	and	RIGOR	criteria	may	improve	the	success	of	

clinical	translation	over	time,	it	may	also	be	the	case	that	a	mis-match	between	pre-clinical	

models	and	the	human	condition	can	contribute	to	translation	failure.	This	latter	issue	may	

be	particularly	critical	for	the	advent	of	stem	cell	translational	approaches	for	neurological	

disease	and	injury,	which	is	our	focus	in	the	following	sections.			

	

1.5	 Criteria	 for	 predictive	models	 of	 TBI	 and	 assessment	 of	 stem	 cell	 therapies.	The	

rapid	progression	of	stem	cell	research	in	the	last	fifteen	years	has	opened	a	new	aspect	of	

regenerative	medicine	 research	and	 clinical	 translation	 for	neurological	disease	&	 injury.	

Stem	cell	or	other	cellular	therapy	trials	have	either	been	completed	or	are	still	underway	

for	 the	 treatment	 of	 patients	 with	 Batten’s	 disease,	 spinal	 cord	 injury,	 Pelizaeus-

Merzbacher	Disease	 (a	 fatal	 neurodegenerative	 disorder	 of	myelin),	 amylotrophic	 lateral	
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sclerosis	(ALS),	Huntington’s	disease,	Parkinson's	disease,	and	ischemic	stroke	(De	Feo	et	

al.,	2012).	Stem	cell	approaches	to	regenerative	medicine	for	CNS	disorders	are	thought	to	

proffer	 several	 broad	 mechanisms	 of	 action:	 (A)	 immune-modulation	 of	 the	 host	

environment,	 (B)	 trophic	 factor	 secretion	 in	 the	 local	 microenvironment,	 and/or	 (C)	

underlying	functional	integration	with	the	injured	host	following	terminal	differentiation	

of	 neural	 stem	 cells	 (NSCs)	 into	 neurons,	 astrocytes	 and/or	 oligodendrocytes.	 Critically,	

these	mechanisms	need	not	be	mutually	exclusive.	In	our	experience,	human	NSCs	have	the	

potential	 to	 simultaneously	 target	 neuronal	 replacement	 and	 white	 matter	 repair,	 to	

replenish	 lost	cells	 following	 injury	and/or	 to	restore	myelination	of	demyelinated	axons	

(Cummings	et	al.,	2005;	Hooshmand	et	al.,	2009).		

	 While	 stem	 cell	 therapy	 strategies	 for	 TBI	may	 offer	 the	 possibility	 for	 a	 new	 and	

mechanistically	combinatorial	approach,	testing	of	donor	cell	populations	in	animal	models	

will	add	to	the	complexity	of	the	criteria	necessary	for	pre-clinical	animal	models	with	good	

predictive	validity	for	clinical	translation.	In	particular,	at	least	two	conditions	would	need	

to	be	met	for	any	relevant	pre-clinical	model	to	enable	evaluation	of	the	success	or	failure	

of	 a	 therapeutic	 stem	 cell	 approach.	 First,	 a	 model	 in	 which	 sufficient	 engraftment	 of	

donor	 human	 cells	 can	 be	 achieved	 to	 reliably	 test	 safety	 and	 efficacy	 across	 a	

xenotransplantation	 barrier	 will	 be	 necessary;	 this	 requirement	 will	 likely	 require	

immunodeficient	animal	models,	or	dramatically	improved	methods	of	achieving	adequate	

immunosuppression	 (Anderson	 et	 al.,	 2011).	 Second,	 a	 model	 in	 which	 sufficient	 time	

duration	 from	 transplant	 to	 assessment	 allows	 for	 the	 potential	 functional	 impact	 is	

necessary,	so	that	either	improvement	(efficacy)	or	determent	(safety)	can	be	measured.	In	

the	case	of	TBI,	 the	persistence	of	sustained	deficits	that	can	be	reliably	measured	are	an	
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especially	critical	variable	in	this	context.	Human	donor	cells,	 in	particular,	may	require	a	

significant	period	of	 time	 for	proliferation,	migration,	differentiation	and	 integration;	 the	

time	 required	 for	 these	 processes	 can	 be	 anticipated	 to	 be	 an	 essential	 variable	 in	

determining	the	effect	(or	not)	of	donor	cells	on	Mechanism	C	(functional	integration).	

Critically,	 based	 on	 our	 experience	 with	 hNSC	 and	 spinal	 cord	 injury	 (Cummings	 et	 al.,	

2005;	Hooshmand	et	al.,	2009;	Piltti	et	al.,	2013;	Salazar	et	al.,	2010),	we	would	predict	that	

sustained	 deficits	 post-TBI	 of	 at	 least	 1	month,	 and	more	 likely	 at	 least	 2-months	 post-

injury,	 are	 needed	 to	 allow	 for	 detection	 of	 cell	 transplant	mediated	 functional	 effects	 if	

such	effects	are	via	integration	and	not	via	trophic	mediated	mechanisms.	Even	in	the	case	

of	 either	 Mechanism	 A	 (immune-modulation)	 or	 B	 (trophic	 factors),	 functional	

improvements	 at	 greater	 than	 1	 month	 post-injury	 would	 be	 desirable.	 As	 many	 TBI	

studies	have	focused	on	short	term	outcomes,	it	is	unclear	which	of	the	existing	TBI	models	

may	meet	these	criteria	to	support	safety	and	efficacy	studies,	particularly	in	the	context	of	

long-term	deficits.		

	 Accordingly,	 the	 goal	 of	 this	 review	 was	 to	 ascertain	 if	 there	 is	 an	 optimal	

combination	of	 injury	model	and	 functional	assessments	 that	yields	prolonged	 functional	

deficits,	i.e.	≥	1	month	post-TBI,	to	enable	detection	of	safety	and	efficacy	in	the	context	of	

stem	 cell	 transplantation	 strategies.	 Towards	 this	 end,	 we	 summarize	 current	 animal	

models	 of	 TBI	 and	 the	 cognitive	 and	 motor	 tasks	 that	 have	 been	 used	 in	 post-injury	

assessments	in	these	models.	With	these	categorizations	in	hand,	we	conducted	a	survey	of	

the	 literature	 from	 the	 beginning	 of	 PubMed	 indexing	 to	 March	 31,	 2013,	 in	 order	 to	

objectively	evaluate	the	range	of	functional	assessments	that	exhibit	prolonged	deficits	(≥	1	

month)	 in	 various	 TBI	 models.	 We	 conducted	 ten	 PubMed	 searches	 with	 the	 following	
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search	 terms:	 “controlled	 cortical	 impact	 AND	 water	 maze”,	 “controlled	 cortical	 impact	

AND	 cognition”,	 “fluid	 percussion	 AND	 water	 maze”,	 “fluid	 percussion	 AND	 cognition”,	

“blast	AND	water	maze”,	 “blast	AND	 cognition”,	 “weight	 drop	AND	water	maze”,	 “weight	

drop	AND	cognition”,	“closed	head	injury	AND	water	maze”,	and	“closed	head	injury	AND	

cognition”.	All	papers	matching	these	search	terms	were	merged	into	one	list.	

	 Initially,	 817	 papers	 were	 found	 with	 these	 search	 terms,	 but	 results	 were	 then	

filtered	 for	 studies	 in	 rats	 or	 mice	 only	 (371	 remained),	 which	 were	 not	 reviews	 (362	

remained),	 and	 which	 included	 an	 uninjured/sham	 control	 group	 in	 comparison	 to	 an	

injured	 group	 on	 one	 or	 more	 functional	 assessments	 (45	 papers	 were	 excluded).	 This	

filtering	indicates	~12%	of	rodent	TBI	papers	did	not	include	sham	to	injured	comparisons	

and	resulted	in	a	total	of	314	unique	papers	for	review.		

	

	Injury	Models	

There	are	a	wide	range	of	 injury	paradigms	used	to	model	TBI	 in	rodents.	Broadly,	 these	

are	 typically	 divided	 into	 focal	 and	 diffuse	 injury	 models,	 although	 considerable	

pathological	and	functional	overlap	between	the	focal	and	diffuse	models	exists.	Below,	we	

briefly	describe	the	main	features	of	each	model	(see	Figure	2.1,	from	(Xiong	et	al.,	2013)).	

	

2.1	 Fluid	 Percussion	 Injury	 (FPI)	 models.	 Fluid	 percussion	 injury	 (FPI)	 is	 the	 most	

commonly	used	model	for	studying	traumatic	brain	injury.	First	described	in	1965,	Lidgren	

and	Rindner	developed	the	fluid	percussion	model	in	rabbits	(Lindgren	and	Rinder,	1965).	

In	1976,	FPI	was	characterized	by	Sullivan	et	al.	in	cats	(Sullivan	et	al.,	1976),	and	finally	by	

Dixon	et	al.	in	rats	in	1987	(Dixon	et	al.,	1987).	Fluid	percussion	has	also	been	adapted	for	
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swine	(Stern	et	al.,	2000;	Zink	et	al.,	1993)	and	mice	(Carbonell	et	al.,	1998).	FPI	involves	

trephining	 a	 hole	 in	 the	 skull	 and	 cementing	 a	 plastic	 cap	 over	 the	 craniotomy.	 The	 FPI	

device	has	a	saline	filled	plexiglass	cylindrical	tube	attached	to	the	plastic	cap	via	a	Leur-

Loc	connection.	A	weighted	pendulum	swings	down	from	a	desired	height	and	impacts	the	

opposite	end	of	the	tube,	starting	a	fluid	wave	which	ends	on	the	intact	dura	of	the	animal.	

The	fluid	wave	impacts	dura	while	also	filling	into	interstitial	spaces,	causing	both	focal	and	

diffuse	brain	injury.	The	craniotomy	can	be	placed	directly	on	top	of	the	sagittal	suture	for	

a	Medial	 Fluid	 Percussion	 Injury	 (MFPI)	 (Dixon	 et	 al.,	 1987),	 or	 can	 be	 placed	 lateral	 to	

midline	for	a	Lateral	Fluid	Percussion	Injury	(LFPI)	(McIntosh	et	al.,	1989).	Standard	LFPI	

in	rodents	causes	neuronal	damage	to	the	hilar	region	of	the	dentate	gyrus	(Lowenstein	et	

al.,	 1992),	 the	 ipsilateral	 cortex,	 hippocampus,	 and	 thalamus	 (Hicks	 et	 al.,	 1996).	 Small	

changes	 in	 the	 lateral,	 rostral,	 or	 caudal	 location	 of	 the	 craniotomy	 for	 LFPI	 can	 have	

different	effects	on	behavior	and	pathology	(Floyd	et	al.,	2002;	Vink	et	al.,	2001).	LFPI	also	

results	 in	 increased	 extracellular	 glutamate	 and	 aspartate,	 widespread	 reactive	

astrocytosis,	 cavity	 formation,	 BBB	 disruption,	 ipsilateral	 cortical	 and	 subcortical	

hemorrhage,	 and	 cerebral	 edema	 (Cortez	 et	 al.,	 1989;	Faden	et	 al.,	 1989;	McIntosh	et	 al.,	

1989;	Soares	et	al.,	1992).	

	

2.2	Controlled	Cortical	 Impact	 (CCI)	model.The	CCI	model	 of	 TBI	 employs	 a	 pneumatic	

impact	device	to	drive	a	rigid	impactor	to	deliver	mechanical	energy	onto	the	exposed	and	

intact	 dura	 mater.	 This	 mechanical	 energy	 causes	 a	 deformation	 of	 the	 brain.	 The	

advantage	 of	 this	 model	 is	 the	 reproducibility	 and	 precise	 control	 of	 the	 mechanical	

parameters:	 dwell	 time,	 velocity	 and	 depth	 of	 impact	 (Morales	 et	 al.,	 2005;	 Xiong	 et	 al.,	
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2013).	The	first	CCI	was	described	in	ferrets	(Lighthall,	1988)	and	was	later	adapted	for	use	

in	rats	(Dixon	et	al.,	1991)	and	mice	(Hannay	et	al.,	1999;	Smith	et	al.,	1995).	CCI	has	also	

been	described	in	swine	and	monkeys	(Xiong	et	al.,	2013).	The	neuropathology	induced	by	

CCI	 includes	 contusion,	 subdural	 hematoma,	 subarachnoid	 hemorrhage,	 edema,	

hypoperfusion,	 neurodegeneration,	 and	 cavitation	 (Dixon	 et	 al.,	 1991;	 Hall	 et	 al.,	 2005a;	

Kochanek	et	al.,	1995).	While	some	diffuse	damage	also	occurs,	CCI	is	considered	to	induce	

focal	 brain	 injury.	 This	 kind	 of	 damage	 occurs	 proximal	 to	 the	 mechanical	 impact	 and	

induces	 brain	 injury	 of	 both	 cortical	 and	 subcortical	 structures	 and	 ventricular	

enlargement	(Morales	et	al.,	2005)	(See	Figure	2.2).	

	

2.3	 Weight	 Drop	 Impact-Acceleration	 model	 (WDIA)/Closed	 Head	 Injury	 (CHI).	 The	

weight	 drop	 impact-acceleration	 (WDIA)	 model	 was	 developed	 by	 Marmarou	 in	 1994	

(Foda	 and	 Marmarou,	 1994;	 Marmarou	 et	 al.,	 1994).	 WDIA	 is	 a	 popular	 model	 for	 TBI,	

involving	very	inexpensive	equipment	and	minimal	invasiveness.	A	rodent	is	strapped	onto	

a	foam	block	after	having	a	metal	disk	affixed	its	skull.	A	weight	is	dropped	from	a	desired	

height	 to	 directly	 strike	 the	 disc.	 This	 results	 in	 a	 diffuse	 injury	with	widespread	 axonal	

damage,	whilst	still	keeping	the	cranium	intact	(Foda	and	Marmarou,	1994).	Subarrachnoid	

hemorrhage,	rapid	and	transient	BBB	disruption,	and	brain	edema	are	observed	following	

WDIA	in	rodents	(Barzo	et	al.,	1996;	Foda	and	Marmarou,	1994).	For	more	precise	control	

and	 manipulation	 of	 diffuse	 injuries	 to	 a	 rodent’s	 head	 without	 trephination,	 many	

investigators	 are	 developing	 experimental	 closed	 head	 injury	 (CHI)	models	 utilizing	 CCI	

devices	 to	 directly	 strike	 a	 disk	 attached	 to	 the	 skull,	 or	 the	 head	 itself	 without	 any	

protection.	 These	 injuries	 produce	 very	 similar	 pathologies	 to	WDIA	 but	with	 increased	
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reproducibility.	

	

2.4	Blast	Injury	model.	The	blast	model	of	TBI	has	become	an	increasingly	popular	model	

to	study	in	the	laboratory	due	to	its	ability	to	mimic	blast	waves	associated	with	explosions.	

Blast	 or	 explosions	 are	 the	 most	 common	 cause	 of	 TBI	 to	 soldiers	 in	 Iraq	 (Hoge	 et	 al.,	

2008),	leading	to	long	term	cognitive	and	emotional	deficits.	The	blast	injury	model	uses	a	

long	metal	tube	that	is	closed	on	one	end.	An	air	pressure	wave	or	an	explosion	is	used	to	

deliver	over-	or	under-pressure	waves	beginning	at	the	closed	end	of	the	tube.	Rodents	are	

placed	at	the	open	end	of	the	tube	to	receive	the	shockwave,	affecting	the	whole	body	and	

the	head	(Cernak	et	al.,	2001).	Blast	 injuries	result	 in	 	 	neuronal	damage	 in	 the	 temporal	

cortex,	 cingulate	 gyrus,	 piriform	 cortex,	 dentate	 gyrus,	 and	 the	 CA1	 region	 of	 the	

hippocampus	(Saljo	et	al.,	2000).	

	

2.5	 Penetrating	Ballistic-Like	Brain	 Injury	model	 (PBBI).	PBBI	 is	 considered	 a	 type	 of	

focal	 	brain	 injury	 (Xiong	et	al.,	 2013),	 even	 though	 there	may	also	be	diffuse	damage	as	

well.	Firearm	related	injuries	are	on	the	rise	nationwide,	with	bullet	wound	injuries	to	the	

head	being	a	 common	cause	of	PBBI/TBI	 related	 injuries.	Williams	et	al.	 (Williams	et	 al.,	

2006a;	Williams	et	al.,	2006b)	describe	PBBI	as	a	high-energy	transfer	wound	which	causes	

direct	 damage	 to	 the	 brain	 via	 formation	 of	 a	 temporal	 intracranial	 cavity.	 The	 injury	 is	

produced	 by	 a	 specially	 designed	 probe	 inserted	 into	 the	 brain	 at	 the	 desired	 location,	

leaving	 a	 permanent	 injury	 tract,	 followed	 by	 a	 fast	 inflation	 of	 an	 attached	 balloon	 to	

mimic	the	temporary	cavity	provoked	by	a	penetrating	bullet	(Williams	et	al.,	2005).	The	

first	 penetrating	 brain	 injury	 was	 described	 in	 rhesus	 monkey	 (Allen	 et	 al.,	 1982),	 and	
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subsequently	 in	 cats	 (Carey	 et	 al.,	 1989)	 and	 rats	 (Williams	 et	 al.,	 2005).	 PBBI	 results	 in	

intracerebral	 hemorrhage,	 brain	 edema,	 and	 degeneration	 of	 neurons	 and	 fiber	 tracts	

remote	 from	 the	 core	 lesion	 (Shear	 et	 al.,	 2011a;	Williams	 et	 al.,	 2006a;	Williams	 et	 al.,	

2007).	 This	 model	 isrelatively	 rare	 (only	 4	 papers	 were	 found	 matching	 the	 search	

criteria);	hence	the	PBBI	model	was	not	analyzed	further.		

	

2.6	 Instant	 Rotational	 model.	 A	 instant	 rotational	 model	 of	 traumatic	 injury	 was	 first	

developed	by	Gennarelli	et	 al.	 in	 1982	 (Gennarelli	 et	 al.,	 1982).	 Primates	were	originally	

studied	 in	 this	 model	 which	 involves	 quickly	 accelerating	 the	 animal’s	 head	 in	 a	 given	

direction.	In	1994,	this	model	was	also	utilized	to	study	TBI	in	swine	(Ross	et	al.,	1994).	The	

instant	rotational	model	is	limited	to	use	in	larger	animals,	as	the	inertial	force	required	to	

cause	damage	is	inversely	related	to	brain	size	and	is	impractical	for	use	in	rodents.	Hence,	

this	model	was	not	included	in	the	set	of	papers	in	this	review.	

	

2.7	 Summary	 of	 TBI	models.	 While	 there	 are	many	 different	methods	 to	model	 TBI	 in	

rodents,	and	each	method	has	variations	 in	 its	application,	 the	most	common	models	are	

the	 fluid	 percussion	 injury	 models	 (FPI),	 the	 controlled	 cortical	 impact	 (CCI),	 and	 the	

weight	 drop	 impact	 -acceleration/closed	 head	 injury	 models	 (WDIA/CHI).	 Overall,	 we	

found	140	FPI	papers	(either	 lateral	or	medial)	which	met	our	 inclusion	criteria,	130	CCI	

papers,	 24	 WDIA	 papers,	 15	 CHI	 papers	 and	 7	 blast	 papers	 during	 our	 review	 of	 the	

literature	from	inception	of	PubMed	to	the	present	(March	31,	2013)	(See	Figure	2.3A).	

	

	Assessments	of	functional	outcome	in	rodents	after	TBI	
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There	 are	 a	 host	 of	 functional	 outcome	measures	 suitable	 for	 use	 in	 rodents.	 Functional	

recovery	 and	 post-TBI	 deficits	 can	 be	 assessed	 in	 a	 subject’s	 global	 neurological	

performance,	in	a	range	of	gross	and	fine	motor	tasks,	on	sensorimotor	tasks,	tests	of	pure	

sensory	 response,	 cognition	 (including	 long-	 and	 short-term	 memory,	 spacial	 memory,	

etc...)	and	emotional	responses.	We	describe	each	of	these	domains	in	order	followed	by	an	

analysis	of	the	number	of	papers	reporting	deficits	in	various	domains	at	a	minimum	of	1-

month	post	injury,	as	defined	by	28	days	post-injury	(dpi).	

	

3.1	Global	Assessments	of	general	impairment	

Following	TBI,	a	global	assessment	of	the	animals’	neurological	status	is	often	conducted	by	

using	a	set	of	generalized	neurological	screening	tasks.	Such	global	assessments	are	used	to	

verify	 injury	severity,	as	 inclusion/exclusion	tests	 for	assignment	to	treatment	groups,	or	

as	final	endpoint	measures.	Currently,	there	are	several	neurological	test/scoring	protocols	

employed	by	different	research	groups	in	the	brain	trauma	field.		

	

3.1.1	 Neurological	 Severity	 Score	 (NSS).	 One	 of	 the	 first	 global	 scoring	 systems	 was	

developed	by	Shapira	et	al.	in	1988	(Shapira	et	al.,	1988)	to	measure	the	clinical	relevance	

of	a	closed	head	injury	rat	model	by	determining	a	neurological	severity	score	(NSS)	based	

on	an	animal’s	response	on	a	series	of	simple	 tests	post-TBI.	Rodents	were	evaluated	 for	

their	 ability	 to	 exit	 a	 50cm	 circle,	 for	 righting	 reflex,	 seeking	 behavior,	 hemiplegia	 or	

hemiparesis,	 with	 higher	 scores	 indicating	 more	 deficits.	 Increased	 NSS	 scores	 were	

correlated	with	 damaged	 tissue	 pathology	 (Shapira	 et	 al.,	 1988).	 The	NSS	was	 expanded	

and	refined	by	Shohami	et	al.	 in	1995	to	include	more	reflex	tasks	(Shohami	et	al.,	1995).	
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Further	adaptations	to	the	NSS	include	a	14	point	scale	consisting	of	motor	(muscle	status,	

abnormal	movement),	sensory	(visual,	 tactile	and	proprioceptive),	and	reflex	tasks	(Lu	et	

al.,	2007;	Lu	et	al.,	2001),	which	became	the	basis	for	the	modified	NSS	(mNSS).	

	

3.1.2	 Modified	 Neurological	 Severity	 Score	 (mNSS).	 The	 Modified	 NSS	 is	 a	 global	

assessment	of	function	gauged	by	a	composite	of	motor,	sensory,	balance,	and	reflex	tasks	

(Chen	 et	 al.,	 2001b;	 Lu	 et	 al.,	 2007).	 The	 mNSS	 is	 based	 on	 the	 NSS	 (as	 adapted	 from	

(Shapira	et	al.,	1988)	by	(Shohami	et	al.,	1995))	as	well	as	 incorporating	additional	 tasks	

that	target	motor	function	(Borlongan	et	al.,	1995;	Longa	et	al.,	1989;	Schallert	et	al.,	1997),	

sensory	function	(Hillary	et	al.,	2011),	balance	(Germano	et	al.,	1994),	and	reflex	function	

(Chen	et	al.,	1997;	Germano	et	al.,	1994;	Schallert	et	al.,	1997)	on	a	scale	of	1	to	14	points	in	

mice	 (Li	 et	 al.,	 2000).	 The	 mNSS	 is	 frequently	 used	 to	 evaluate	 long	 term	 neurological	

function	 after	unilateral	 traumatic	brain	 injury	 in	 rodents	 (Meng	et	 al.,	 2011;	Ning	 et	 al.,	

2011;	Xiong	et	al.,	2010;	Xiong	et	al.,	2011b;	Xiong	et	al.,	2012;	Zhang	et	al.,	2009).	While	

the	current	mNSS	was	originally	designed	using	mice	 (Li	et	al.,	2000),	 there	 is	a	 trend	of	

including	 balance	 beam	 tasks	 as	 part	 of	 the	 mNSS	 when	 evaluating	 rats	 (Chen	 et	 al.,	

2001b)(Chen	 et	 al.,	 2001c;	 Xiong	 et	 al.,	 2010;	 Xiong	 et	 al.,	 2011b;	 Xiong	 et	 al.,	 2012).	

However,	the	“mouse”	mNSS	has	been	used	for	global	assessments	in	rats	as	well	(Chen	et	

al.,	 2001a).	 The	mNSS	 as	modified	 for	 rats	 consists	 of	 an	18	point	 deficit	 score,	where	 a	

composite	 score	 of	 ≤6	 designates	 a	mild	 TBI,	 7	 to	 12	 designates	moderate	 TBI,	 and	 ≥13	

designates	severe	TBI.	In	a	unilateral	model	of	TBI,	a	high	score	in	the	motor	portion	of	the	

mNSS	indicates	asymmetric	behavior	due	to	contralateral	limb	paralysis	related	to	damage	

to	the	cerebral	cortex;	a	high	score	in	the	sensory	tasks	of	the	mNSS	is	indicative	of	damage	
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to	the	cerebral	cortex	and	cortiocospinal	pathways	(which	overlaps	with	motor	deficits);	a	

high	 score	 in	 balance	 portion	 indicates	 damage	 to	 the	 pons	 and	mesencephalon;	 a	 high	

score	in	the	reflex	portion	of	the	mNSS	indicates	damage	to	the	medulla,	pons,	and	upper	

cervical	cord	(Lu	et	al.,	2007;	Tupper	and	Wallace,	1980).	

	

3.1.3	Composite	Neuroscore.	The	composite	neuroscore	originates	from	a	scale	designed	

by	McIntosh	et	al.	(McIntosh	et	al.,	1987;	McIntosh	et	al.,	1989).	The	composite	neuroscore	

initially	 consisted	 of	 five	 tests:	 (i)	 forelimb	 flexion	 upon	 suspension	 by	 the	 tail,	 (ii)	

decreased	 resistance	 to	 lateral	 pulsion,	 (iii)	 circling	 behavior	 upon	 spontaneous	

ambulation,	 (iv)	 the	 angle	 board	 task,	 which	 tests	 the	 animal’s	 ability	 to	 stand	 on	 an	

inclined	angle	board	and	(v)	the	grip	test,	which	requires	the	animal	to	use	its	4	paws	and	

tail	to	remain	on	a	narrow,	2cm	wide	wooden	beam	(McIntosh	et	al.,	1987).	The	five	tasks	

are	combined	for	a	possible	score	of	20	points	(McIntosh	et	al.,	1987;	McIntosh	et	al.,	1989).	

A	composite	neuroscore	of	20	would	 indicate	a	normal	animal;	15	 indicates	slight	motor	

impairment;	 10	 indicates	 moderate	 motor	 impairment;	 5	 indicates	 a	 severely	 impaired	

animal;	 and	0	 indicates	an	afunctional	animal.	This	 set	of	 criteria	was	 then	modified	and	

expanded	to	seven	tasks	with	a	maximum	score	of	28	(Saatman	et	al.,	1997).	The	seven	task	

composite	 neuroscore	 is	 employed	 by	 various	 groups	 to	 detect	 long	 term	 neurological	

deficits	 (Hayward	 et	 al.,	 2010;	 Hoover	 et	 al.,	 2004;	 Lenzlinger	 et	 al.,	 2005),	 although	

variations	of	the	task	composition	and/or	scoring	approaches	have	also	been	used	(Dixon	

et	al.,	1987;	Mattiasson	et	al.,	2000;	Okiyama	et	al.,	1992;	Sinson	et	al.,	1995;	Smith	et	al.,	

1993).	

	 Overall,	14%	(45	of	314)	of	the	articles	in	this	review	contained	a	global	neurological	
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assessment	as	part	of	their	functional	analysis.	Of	these,	23	assessed	a	global	neurological	

assessment	using	LFPI,	14	using	CCI,	4	using	WDIA,	and	4	using	CHI.	Studies	which	looked	

for	deficits	at	1-month	or	more	include	10	using	LFPI,	6	using	CCI,	and	4	using	CHI.	Deficits	

in	a	global	neurological	assessment	in	TBI	injured	rodents	compared	to	uninjured	controls	

at	1-month	post	injury	were	observed	in	9	papers	using	LFPI	(Hayward	et	al.,	2010;	Hoover	

et	al.,	2004;	Keck	et	al.,	2007;	Marklund	et	al.,	2007;	Pierce	et	al.,	1998;	Rau	et	al.,	2012;	

Riess	et	al.,	2001;	Schutz	et	al.,	2006;	Wahl	et	al.,	2000)	and	6	papers	using	CCI	(Longhi	et	

al.,	 2011;	 Longhi	 et	 al.,	 2004;	Meng	 et	 al.,	 2011;	 Shelton	 et	 al.,	 2008;	Xiong	 et	 al.,	 2011b;	

Xiong	et	al.,	2012).	TBI	papers	that	detected	sustained	neurological	deficits	≥	1-month	post	

injury	via	global	neurological	assessment	of	function	account	for	less	than	5%	of	the	total	

number	of	articles	reviewed	(15/315).	

	 The	 global	 assessments	 used	 in	 the	 papers	 using	 CCI	 were	 relatively	 uniform	 in	

protocol	and	application	among	researchers	using	the	mNSS.	A	common	element	of	the	CCI	

papers	 reviewed	which	 found	deficits	 at	 1-month	post	 injury	 is	 that	 6	 of	 7	 articles	were	

conducted	using	common	parameters:	300-400g,	male	Wistar	 rats	 (6-8	per	per	group),	a	

moderate	 CCI	 injury	 (2.5mm	 deep,	 4	 m/s)	 over	 the	 left	 cortex,	 mNSS	 analysis,	 and	 a	

maximum	assessed	time-point	of	35	days	post	 injury	(Bradwell	et	al.,	2012;	Longhi	et	al.,	

2011;	Meng	et	al.,	2011;	Ning	et	al.,	2011;	Xiong	et	al.,	2010;	Xiong	et	al.,	2011b).	However,	

global	 assessment	 protocols	 used	 in	 papers	 using	 FPI	 more	 often	 used	 a	 composite	

neuroscore	which	had	more	variation	 in	 individual	components	and	scoring	(Hayward	et	

al.,	2010;	Hoover	et	al.,	2004;	Lenzlinger	et	al.,	2005;	Rau	et	al.,	2012;	Wahl	et	al.,	2000).	

One	 concern	 regarding	 the	 validity	 of	 any	 global	 assessment	 is	 the	 reproducibility	 and	

subjectivity	of	 human	 scoring,	 as	 opposed	 to	more	objective	measurements.	 In	 early	TBI	
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articles	reviewed,	reproducibility	was	often	supported	through	confirmation	of	inter-rater	

reliability	(McIntosh	et	al.,	1987;	McIntosh	et	al.,	1989).	

	

3.2	Motor	Assessments	

	 Motor	 behavior	 tasks	 can	 be	 divided	 into	 many	 categories	 but	 within	 the	 papers	

reviewed	 two	main	 categories	emerge.	The	 first	 category	 is	 gross	motor	behavior,	which	

includes	 walking,	 running,	 and	 torso	 movements;	 these	 movements	 typically	 use	 large	

muscle	 groups.	 Tasks	 that	 are	 included	 in	 gross	 locomotor	 behavior	 are	 balance	 beam,	

beam	 walking,	 foot	 fault,	 grip	 test,	 inclined	 plane,	 open	 field,	 righting	 reflex,	 rotarod,	

rotating	 pole,	 and	 the	 swim	 speed	 component	 of	 the	 Morris	 water	 maze.	 The	 second	

category	of	motor	behavior	tasks	is	fine	motor	behaviors,	which	use	smaller	muscles	such	

as	muscles	in	the	paws.	From	the	papers	reviewed	beam	walking,	bilateral	tactile	adhesive	

task,	and	the	cylinder	task	were	used	as	tasks	assessing	fine	motor	control.	Of	course,	it	is	

difficult	to	separate	out	tasks	which	are	purely	motor	or	purely	sensory.	Tasks	which	are	

sensorimotor	in	nature	are	included	in	this	motor	section	whereas	pure	sensory	tasks	are	

in	a	separate	section.	

	

3.2.1	Balance	Beam.	Balance	beam	is	a	test	for	motor	and	vestibular	function.	Most	papers	

describe	 this	 as	 a	 motor	 function	 task,	 however,	 some	 emphasize	 the	 task’s	 sensory	

assessment.	Balance	beam	 involves	an	elevated	narrow	beam,	which	 the	animal	needs	 to	

balance	 on;	 the	 latency	 for	 the	 animal	 to	 fall	 off	 the	 beam	 is	 recorded	 (typically	 with	 a	

maximum	latency	of	60	seconds).	A	round,	or	narrower,	beam	can	be	used	to	increase	the	

difficulty	of	the	task.	Neuroanatomy	that	is	reported	to	be	involved	in	balance	beam	is	the	
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motor	cortex	(Singleton	et	al.,	2010)	and	possibly	cerebellum	(Colombel	et	al.,	2002;	Lekic	et	

al.,	2011).	Of	all	papers	reviewed,	43	assessed	balance	beam	using	CCI,	9	using	LFPI,	7	using	

MFPI,	3	using	CHI,	and	2	using	WDIA.	Studies	looking	at	deficits	at	1-month	post	injury	or	

later	 include	1	 using	CCI	 and	1	 using	 LFPI.	Deficits	 in	 balance	 beam	performance	 in	TBI	

injured	rodents	compared	to	uninjured	controls	at	1-month	post	injury	were	observed	in	1	

paper	using	CCI	(Cheng	et	al.,	2012)	and	1	using	LFPI	(Keck	et	al.,	2007).	

	

3.2.2	Beam	Walking.	Similar	to	balance	beam,	beam	walking	is	a	fine	motor	coordination	

task	 for	rodents	 that	uses	a	negative	reinforcement	paradigm.	Animals	must	escape	 from	

ambient	 light	and/or	high	decibel	white	noise	by	 crossing	an	elevated	narrow	beam	and	

entering	a	dark	goal	box	on	the	other	end	of	the	beam.	The	time	that	it	takes	an	animal	to	

cross	the	beam	and	the	number	of	foot	slips	it	makes	while	crossing	are	recorded.	Beams	

are	generally	placed	3m	above	the	ground	so	that	the	animal	is	fearful	from	the	height.	Foot	

slips	and	latency	to	reach	the	goal	are	measured	during	this	task.	Scoring	ranges	from	1	to	

7,	with	1	being	unable	 to	 traverse	 the	beam	and	unable	 to	place	 the	affected	 limb	on	the	

horizontal	surface,	and	7	being	the	animal	was	able	to	traverse	the	beam	normally	with	no	

more	than	two	foot	slips.	Regions	of	the	brain	that	may	affect	this	performance	in	this	task	

are	the	motor	cortex,	sensory	cortex,	thalamus,	brain	stem,	and	cerebellum	(Hallam	et	al.,	

2004;	 Lee	 et	 al.,	 2004).	 Of	 all	 papers	 reviewed,	 36	 assessed	 beam	walking	 using	 CCI,	 25	

using	LFPI,	8	using	MFPI,	2	using	WDIA,	1	using	CHI,	and	1	using	Blast.	Studies	looking	at	

deficits	at	1-month	post	injury	or	later	include	9	using	LFPI,	7	using	CCI,	and	1	using	WDIA.	

Deficits	 in	 beam	 walking	 performance	 in	 TBI	 injured	 rodents	 compared	 to	 uninjured	

controls	at	1-month	post	injury	were	observed	in	6	papers	using	CCI	(Fox	and	Faden,	1998;	
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Fox	et	al.,	1998a,	b;	Fox	et	al.,	1999;	Longhi	et	al.,	2011;	Zhao	et	al.,	2012),	4	using	LFPI	(Bao	

et	al.,	2012;	Hallam	et	al.,	2004;	Lee	et	al.,	2004;	Lyeth	et	al.,	2001),	1	using	repeated	LFPI	

(Shultz	et	al.,	2013),	and	1	using	WDIA	(Hallam	et	al.,	2004).	

	

3.2.3	Bilateral	Tactile	Adhesive	Removal	Task.	The	bilateral	tactile	adhesive	removal	task	

involves	 placing	 small	 rectangular	 patches	 of	 adhesive	 bracelets	 onto	 a	 rodent.	 These	

bracelets	are	wrapped	above	the	front	paws	and	the	time	for	removal	from	both	forelimbs	

is	recorded.	This	task	measures	sensorimotor	deficits	in	the	caudal	forelimb	region,	rostral	

forelimb	 region,	 and	 anteromedial	 cortex	 of	 the	 brain	 (Barth	 et	 al.,	 1990).	Of	 all	 papers	

reviewed,	4	assessed	the	bilateral	tactile	adhesive	removal	test	using	CCI,	3	using	LFPI,	and	

1	using	WDIA.	 Studies	 looking	 at	 deficits	 at	 1-month	post	 injury	or	 later	 include	3	using	

LFPI	and	2	using	CCI.	Deficits	 in	the	bilateral	tactile	adhesive	removal	task	in	TBI	 injured	

rodents	compared	to	uninjured	controls	at	1-month	post	injury	were	observed	in	1	paper	

using	LFPI	(Riess	et	al.,	2001)	and	1	using	CCI	(Hoane	et	al.,	2004).	

	

3.2.4	Cylinder	Test.	The	cylinder	test	 is	used	to	assess	asymmetries	 in	 forelimb	function.	

An	 animal	 is	 placed	 in	 a	 cylinder	 and	 the	 number	 of	 times	 it	 places	 its	 contralateral,	

ipsilateral,	 or	 both	 paws	 on	 the	wall	 of	 the	 cylinder	 during	 rearing	 are	 counted.	 Injured	

animals	will	 often	 not	 use	 their	 contralateral	 limbs	 to	 balance	 themselves	while	 rearing	

along	 the	 walls	 of	 the	 cylinder	 (Hanell	 et	 al.,	 2010;	 Woodlee	 et	 al.,	 2005).	 Structures	

suggested	to	be	involved	in	the	cylinder	test	are	midbrain	median	raphe	and	dorsal	raphe	

nuclei	 (Carballosa	Gonzalez	 et	 al.,	 2013).	Of	 all	 papers	 reviewed,	 2	 assessed	 the	 cylinder	

test	using	CCI	and	1	using	LFPI.	Studies	 looking	 for	deficits	at	1-month	or	 later	 include	1	
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using	CCI	(Hanell	et	al.,	2010)	and	1	using	LFPI	(Carballosa	Gonzalez	et	al.,	2013),	both	of	

which	observed	deficits	in	TBI	injured	rodents	compared	to	uninjured	controls.	

	

3.2.5	Foot	Fault.	Foot	fault	or	locomotor	placement	tasks	utilize	a	wire	grid	to	examine	the	

number	 of	 times	 individual	 paws	 slip	 through	 the	 grid	 during	 a	 preset	 number	 of	 paw	

placements.	Increases	in	foot	faults	might	be	due	to	tissue	loss	in	the	cortex,	striatum,	and	

corticostriatal	 connections	 (Xiong	 et	 al.,	 2008a).	 Of	 all	 papers	 reviewed,	 12	 assessed	 the	

foot	 fault	 task	using	CCI,	5	using	LFPI,	2	using	CHI,	and	1	using	WDIA.	Studies	 looking	at	

deficits	at	1-month	post	injury	or	later	include	8	using	CCI	and	1	using	LFPI.	Deficits	in	foot	

fault	performance	in	TBI	injured	rodents	compared	to	uninjured	controls	at	1-month	post	

injury	were	observed	in	7	papers	using	CCI	(Hoane	et	al.,	2004;	Meng	et	al.,	2011;	Xiong	et	

al.,	2008b;	Xiong	et	al.,	2010;	Xiong	et	al.,	2011a;	Xiong	et	al.,	2011b;	Zhang	et	al.,	2009)	and	

1	using	LFPI	(Rau	et	al.,	2012).	

	

3.2.6	 Forelimb	 Flexion.	 Forelimb	 flexion	 is	 an	 assessment	 of	 neurological	 function	

examining	flexion	or	adduction	of	an	animal’s	forelimbs	after	 lifting	the	animal	by	its	tail.	

The	 amount	 of	 flexion	 an	 animal	 exhibits	 is	 graded	 on	 a	 scale	 of	 1	 to	 4,	 with	 complete	

adduction	as	1	and	 the	normal	 lack	of	adduction	as	4.	Of	all	papers	reviewed,	4	assessed	

forelimb	 flexion	 using	 CCI	 and	 3	 using	 LFPI.	 Studies	 looking	 at	 deficits	 at	 1-month	 post	

injury	 or	 later	 include	3	using	CCI.	No	deficits	 in	 forelimb	 flexion	 in	TBI	 injured	 rodents	

compared	to	uninjured	controls	at	1-month	post	injury	were	observed	in	any	paper.	

	

3.2.7	Inclined	Plane.	The	inclined	plane	test	is	a	sensorimotor	task	where	rodents	climb	an	
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inclined	 plane	 at	 varying	 degrees	 of	 difficulty.	 Animals	 are	 placed	 perpendicular	 to	 the	

downward	 slope	 of	 an	 inclined	 plane.	 The	 inclination	when	 animals	 lose	 their	 footing	 is	

recorded.	There	are	several	additional	parameters	that	can	be	measured,	including	first	fall	

angle,	threshold	angle,	total	falls	for	inclined	plane,	and	best,	mean,	and	median	latencies	to	

finish	 the	 task.	Anatomy	 that	may	be	 involved	 in	 the	 inclined	plane	 task	are	 cortical	 and	

sub-cortical	regions,	as	well	as	white	matter	tracts,	especially	those	found	in	the	brainstem	

and	cerebellum	(Hallam	et	al.,	2004).	Of	all	papers	reviewed,	3	assessed	the	inclined	plane	

test	using	LFPI,	3	using	WDIA,	and	2	using	CCI.	Studies	looking	at	deficits	at	1-month	post	

injury	or	later	include	1	using	LFPI	and	1	using	WDIA.	Deficits	in	the	inclined	plane	task	in	

TBI	injured	rodents	compared	to	uninjured	controls	at	1-month	post	injury	were	observed	

in	1	paper	using	LFPI	(Hallam	et	al.,	2004).	

	

3.2.8	Limb	Placing	Function.	Limb	placing	function	is	an	assessment	to	detect	tactile	and	

proprioceptive	 deficits	 after	 injury.	 Animals	 are	 held	 in	 the	 experimenter’s	 hand,	 taking	

care	not	to	stimulate	the	face.	Forward	and	sideways	placing	is	tested	by	lightly	touching	

the	edge	of	a	table	with	the	lateral	or	dorsal	edge	of	a	paw,	which	stimulates	the	animal	to	

place	 the	 paw	 down	 and	 push	 against	 the	 table	 edge.	 The	 limb	 of	 animal	 that	 is	

contralateral	or	 ipsilateral	 to	 the	 injury	 is	also	gently	pulled	away	from	the	body	and	the	

placement	 after	 release	 is	 recorded.	 Animals	 are	 given	 a	 score	 from	 zero,	 no	 limb	

placement,	to	two,	immediate	and	complete	placing	for	each	limb.	This	motor	task	is	used	

to	detect	damage	in	the	frontal	and	parietal	cortex	area	of	the	brain	(De	Ryck	et	al.,	1992).	

Only	one	LFPI	injury	paper	used	limb	placing	as	a	measure	of	motor	deficit,	but	prior	to	1-

month	post	injury.	
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3.2.9	Morris	Water	Maze,	Swim	Speed.	Swim	speed	during	the	Morris	Water	Maze	is	one	

of	many	measurements	that	can	be	obtained	from	the	water	maze	task;	while	swim	speed	

is	a	motor	based	score,	it	is	discussed	with	the	other	MWM	tasks,	which	are	more	cognitive	

(see	below).	

	

3.2.10	 Open	 Field.	 Open	 field	 assessments	 are	 conducted	 in	 an	 open	 field,	 typically	 a	

square	or	round	open	topped	box.	Animals	are	allowed	to	freely	explore	the	arena	for	five	

minutes	and	movements	are	recorded	either	by	a	visual	 tracking	system	or	hand	scored.	

Possible	outcome	measures	recorded	are	time	spent	in	the	center	of	the	area,	total	distance	

traveled,	speed,	and	number	of	rearings	(Hoffman	et	al.,	1994;	Washington	et	al.,	2012;	Zhao	

et	al.,	2012).	These	behaviors	can	be	affected	by	damage	to	the	prefrontal	cortex	(Hoffman	

et	 al.,	 1994).	 Of	 all	 papers	 reviewed,	 9	 assessed	 the	 open	 field	 performance	 using	 CCI,	 4	

using	WDIA,	3	using	LFPI,	2	using	CHI,	and	1	using	Blast.	Studies	 looking	at	deficits	at	1-

month	post	 injury	or	 later	 include	3	using	LFPI	 and	2	using	WDIA.	Deficits	 in	open	 field	

behavior	 in	 TBI	 injured	 rodents	 compared	 to	 uninjured	 controls	 at	 1-month	 post	 injury	

were	observed	in	2	papers	using	WDIA	(O'Connor	et	al.,	2003;	Vink	et	al.,	2003).	

	

3.2.11	Rotarod.	Rotarod	is	a	considered	a	sensitive	measure	for	integrated	motor	abilities	

by	requiring	animals	to	maintain	balance	on	a	rotating	rod	(Hamm	et	al.,	1994).	The	amount	

of	 time	 spent	 balanced	 on	 the	 rotarod	 before	 falling	 off	 or	 gripping	 the	 rod	 itself	 and	

spinning	around	once	is	measured.	Of	all	papers	reviewed,	14	assessed	rotarod	using	CCI,	6	

using	LFPI,	5	using	CHI,	3	using	MFPI,	2	using	WDIA	and	1	using	Blast.	Studies	looking	at	
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deficits	at	1-month	post	injury	or	later	include	6	using	CCI,	2	using	LFPI,	2	using	WDIA	and	

2	using	CHI.	Deficits	in	rotarod	performance	in	TBI	injured	rodents	compared	to	uninjured	

controls	 at	1-month	post	 injury	were	observed	 in	2	papers	using	CCI	 (Brody	et	al.,	 2007;	

Shear	et	al.,	2011b),	2	papers	using	WDIA	(O'Connor	et	al.,	2003;	Vink	et	al.,	2003),	1	using	

LFPI	(Riess	et	al.,	2001)	and	1	using	repeated	CHI	(Laurer	et	al.,	2001).	

	

3.2.12	 Rotating	 Pole.	 The	 rotating	 pole	 task	 primarily	 tests	 motor	 coordination.	 The	

rotating	pole	is	a	wooden	pole	with	platforms	on	each	end.	The	animal	is	expected	to	cross	

from	 one	 platform	 to	 the	 other	while	 the	 pole	 is	 rotating	 (Philips	 et	 al.,	 2001).	 The	 pole	

rotations	generally	change	directions	three	to	10	times	per	minute.	Scores,	from	0	to	6,	are	

given	based	on	an	animal’s	ability	 to	cross	without	 falling,	while	also	 taking	 into	account	

the	number	of	foot	slips.	Of	all	papers	reviewed,	4	assessed	the	rotating	pole	test	using	LFPI	

and	2	using	CHI.	Studies	looking	at	deficits	at	1-month	post	injury	or	later	include	2	using	

LFPI	and	2	using	CHI.	Deficits	in	the	rotating	pole	task	in	TBI	injured	rodents	compared	to	

uninjured	controls	at	1-month	post	injury	were	reported	in	2	papers	using	LFPI	(Hoover	et	

al.,	2004;	Keck	et	al.,	2007)	and	1	using	repeated	CHI	(Laurer	et	al.,	2001).		

3.2.13	Wire	Grip	Test.	The	wire	grip	test	is	performed	by	suspending	a	wire	between	two	

poles	and	allowing	the	animal	to	hang	on	the	wire.	Functional	performance	is	assessed	by	

grading	the	degree	of	attachment	and	movement	of	the	animal.	Typical	scoring	of	this	task	

is:	 0	 -	 fell	 from	 wire	 within	 30	 seconds;	 1	 -	 unilateral	 grasp	 of	 either	 upper	 or	 lower	

extremities;	2	-	midline	grasp	of	both	upper	and	lower	extremities	but	not	tail;	3	-	midline	

grasp	of	all	extremities	plus	tail;	4	-	movement	along	the	wire	after	achieving	a	score	of	3;	5	

-	climbing	 	 to	and	down	one	of	 the	poles	within	60	seconds	(Mannix	et	al.,	2011).	Of	all	
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papers	reviewed,	12	assessed	the	wire	grip	test	using	CCI	and	2	using	WDIA.	None	of	these	

studies	looked	at	deficits	at	1-month	post	injury	or	later.	

	

3.3	Sensory	Assessments	

3.3.1	Acoustic	Startle	Response.	Acoustic	startle	response,	ASR,	and	pre-pulse	inhibition,	

PPI,	 are	 generally	 tested	 together.	 In	 standard	 ASR,	 a	 loud	 noise	 is	 presented,	 causing	 a	

flinching	response	 from	the	rodent.	While	 this	 test	assesses	auditory	 function,	motor	and	

emotional	 components	 are	 also	 involved	 in	 the	 flinching	 reflex.	 PPI	 is	 a	 more	 sensitive	

measurement	 of	 auditory	 function.	 When	 presenting	 a	 pre-pulse	 of	 lower	 decibels,	 it	

inhibits	the	response	to	a	louder	pulse	(Washington	et	al.,	2012).	One	paper	using	CCI	and	

one	 paper	 using	 Blast	 utilized	 the	 acoustic	 startle	 task,	 but	 neither	 assessed	 startle	

response	after	1-month	post	injury.	

	

3.3.2	Gap	Cross	Test.	Rats	can	be	trained	to	jump	across	gaps	in	the	dark	and	considerably	

larger	gaps	in	the	light	for	a	food	reward	(Jenkinson	and	Glickstein,	2000).	In	the	dark	they	

use	 their	 vibrissae	 at	 greater	 distances.	Animals	 are	 typically	 trained	 to	 jump	2	 cm	gaps	

initially,	 then	 incrementally	 increasing	 the	 distance.	 Barrel	 field	 lesions	 and	 trimming	 of	

whiskers	 has	 been	 shown	 to	 decrease	 performance	 of	 gap	 crossing	 (Jenkinson	 and	

Glickstein,	 2000).	 Out	 of	 all	 the	 TBI	 papers	 reviewed,	 none	 used	 the	 gap	 cross	 test	 as	 a	

behavioral	task.		

	

3.3.3	Whisker	 Nuisance	 Task.	Whisker	 nuisance	 task	 is	 a	 sensory	 task	 (Jenkinson	 and	

Glickstein,	 2000).	 During	 this	 sensory	 task,	 whiskers	 are	 stimulated	 using	 a	 wooden	
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applicator	 for	periods	of	 five	minutes	 for	 three	different	periods	of	 time.	Recordings	of	a	

subjects’	 responses	 are	 analyzed	 for	 posture,	 grooming,	 evading,	 whisker	 position,	 and	

general	response	to	the	applicator.	Abnormal	responses	are	scored	by	the	experimenter.	Of	

all	the	TBI	papers	reviewed,	none	use	the	whisker	nuisance	task.		

	

3.4	Cognitive	Assessments	

One	 of	 the	 most	 common	 and	 debilitating	 features	 of	 TBI	 is	 alterations	 in	 cognition,	

including	confusion,	memory	 impairments,	and	deficits	 in	executive	 function.	There	are	a	

variety	of	 tests	 	 in	rodents	 that	assess	cognitive	 function.	Deficits	using	these	tasks	could	

suggest	 that	 there	 is	 damage	 in	 hippocampus	 and	 other	 brain	 structures	 involved	 in	

learning	and	memory.			

	

3.4.1	Barnes	Maze.	 The	Barnes	Maze	 is	 a	 cognitive	 test	 of	 spatial	 learning	 and	memory	

(Barnes,	1979).	Rodents	are	placed	on	a	circular	board	raised	several	feet	from	the	ground.	

Holes	 lining	 the	 entire	 perimeter	 of	 the	 board	 allow	 the	 rodents	 to	 look	 through	 and	

explore	what	is	below.	One	hole	on	the	board	contains	a	dark,	escape	compartment	below.	

Rodents	are	trained	over	several	days	to	learn	the	location	of	this	compartment.	Latency	to	

find	the	compartment	is	used	as	a	measurement	of	spatial	learning.	By	moving	the	location	

of	the	box	during	training,	the	task	can	assess	working	memory.	Of	all	papers	reviewed,	4	

assessed	Barnes	maze	performance	using	CCI,	3	using	LFPI,	and	2	using	WDIA.	Two	studies	

looking	at	deficits	at	1-month	post	injury	using	WDIA.	Deficits	in	Barnes	maze	performance	

in	 TBI	 injured	 rodents	 compared	 to	 uninjured	 controls	 at	 1-month	 post	 injury	 were	

observed	in	2	papers	using	WDIA	(O'Connor	et	al.,	2003;	Vink	et	al.,	2003).	
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3.4.2	Fear	Conditioning.	Fear	conditioning	is	used	as	a	measure	of	associative	learning	of	a	

presented	cue	(often	a	 tone	or	 light)	with	a	subsequently	presented	stimuli,	most	often	a	

foot	 shock	 (Cahill,	 2000).	 Training	 includes	 a	 single	 day	 of	 tone-shock	 pairings.	 Testing	

occurs	 the	 following	 day	 to	 the	 context	 or	 to	 the	 cue	 in	 a	 novel	 context.	 Animals	 having	

learned	 the	 association	will	 freeze	upon	being	placed	 into	 the	 context	 or	 to	 the	 cue.	The	

hippocampus	 is	 involved,	 mostly	 in	 contextual	 fear	 conditioning,	 while	 the	 amygdala	 is	

involved	 in	 cued	 fear	 conditioning.	 Of	 all	 papers	 reviewed,	 3	 assessed	 contextual	 fear	

conditioning	using	using	LFPI,	2	using	CCI,	and	2	using	CHI.	Studies	looking	at	deficits	at	1-

month	post	 injury	or	 later	 include	1	using	LFPI	and	1	using	CCI.	Neither	of	 these	studies	

found	 deficits	 after	 1	 month.	 Of	 all	 papers	 reviewed	 2	 papers	 assessed	 cued	 fear	

conditioning	using	CCI	and	1	using	LFPI.	Studies	looking	at	deficits	at	1-month	post	injury	

or	later	include	1	using	CCI	and	1	using	LFPI.	Neither	of	these	studies	found	deficits	after	1-

month.	

	

3.4.3	Morris	Water	Maze.	In	1984,	Morris	developed	the	Morris	Water	Maze	(MWM)	task	

(Morris,	 1984).	 The	 MWM	 is	 primarily	 a	 cognitive	 assessment	 of	 spatial	 learning	 and	

memory.	Rodents	are	placed	 into	a	 large	 tank	 filled	with	water	 to	 find	a	platform	hidden	

below	the	surface	of	the	water.	They	use	distal	cues	in	the	testing	room	to	find	the	platform	

(Morris,	1984;	Vorhees	and	Williams,	2006).	The	animals	are	tested	individually	and	placed	

into	different	starting	positions	of	the	tank	(N,	S,	W,	E,	NW,	SW,	SE	or	NE).	Spatial	learning	

is	evaluated	with	repeated	trials	to	locate	the	hidden	platform.	Spatial	learning	refers	to	the	

process	 through	which	 animals	 encode	 information	 about	 their	 environment	 to	 facilitate	
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navigation	 through	 space	 and	 recall	 the	 location	 of	 motivationally	 relevant	 stimuli.	 The	

animal	must	learn	to	use	distal	cues	to	navigate	and	find	a	hidden	platform	(Vorhees	and	

Williams,	 2006).	 Reference	 memory	 is	 evaluated	 subsequently	 in	 which	 the	 platform	 is	

removed	 and	 the	 rodent	 must	 search	 for	 where	 the	 platform	 used	 to	 be	 (Vorhees	 and	

Williams,	 2006).	 Reference	 memory	 represents	 knowledge	 for	 aspects	 of	 a	 task	 that	

remains	constant	between	trials.	It	is	a	long	term	memory	(LTM),	which	can	last	for	days,	

weeks,	months,	and	years	(Nadel	and	Hardt,	2011).	This	memory	is	evaluated	at	the	end	of	

learning,	commonly	by	use	of	a	probe	trial	24	hours	after	the	last	acquisition	day.	Reversal	

learning	of	MWM	is	a	modification	of	the	original	testing	protocol	in	which	the	platform	is	

relocated	 to	 another	 quadrant	 (commonly	 in	 the	 opposite	 quadrant)	 and	 administering	

another	 four	 testing	 trials	 per	 day	 for	 an	 additional	 five	 days,	 after	 already	 learning	 the	

initial	location	of	the	platform.	This	tests	whether	or	not	animals	can	extinguish	their	initial	

learning	 of	 the	 platform’s	 position	 and	 acquire	 the	 new	 platform	 position	 (Vorhees	 and	

Williams,	2006).	Another	variation	of	MWM	is	to	test	 for	working	memory,	or	short-term	

memory	 (STM).	The	 term	STM	 implies	a	 repository,	a	place	 for	 the	 temporary	storage	of	

facts	 (Nadel	 and	Hardt,	 2011).	 To	 test	 this	memory,	 the	 platform	 is	 relocated	 every	 day	

during	several	days	of	testing.	Specific	deficits	in	MWM	testing	have	been	found	in	animals	

with	 damage	 in	 hippocampus,	 striatum,	 basal	 forebrain,	 cerebellum	 and	 neocortex	

(prefrontal	cortex,	insular	cortex,	entorhinal,	and	perirhinal	cortex)	(D'Hooge	and	De	Deyn,	

2001).	

	 While	there	are	many	variations	to	the	MWM	protocol	and	specialized	subtests.	The	

five	 MWM	 components	 most	 commonly	 used	 in	 the	 TBI	 field	 include:	 learning	 latency,	

probe	trial,	working	memory,	reversal,	and	swim	speed.	We	discuss	each	separately	below.	
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3.4.3.1	 Morris	 Water	 Maze,	 Learning	 Latency	 (spatial	 learning).	 The	 most	 common	

outcome	measure	when	using	the	MWM	is	the	time	it	takes	the	subject	to	locate	the	hidden	

platform.	 Learning	 latency	 is	 often	 referred	 to	 as	 escape	 latency.	Of	 all	 papers	 reviewed,	

107	assessed	learning	latency	using	CCI,	97	using	LFPI,	18	using	MFPI,	19	using	WDIA,	17	

using	 CHI,	 and	 3	 using	 Blast.	 Studies	 looking	 at	 deficits	 at	 1-month	 post	 injury	 or	 later	

include	29	using	LFPI,	28	using	CCI,	7	using	CHI,	6	using	WDIA	and	2	using	MFPI.	Deficits	to	

find	the	platform	in	TBI	 injured	rodents	compared	to	uninjured	controls	at	1-month	post	

injury	 were	 observed	 in	 22	 papers	 using	 LFPI	 (Bao	 et	 al.,	 2012;	 Baranova	 et	 al.,	 2006;	

Browne	et	al.,	2006;	Browne	et	al.,	2004;	Carballosa	Gonzalez	et	al.,	2013;	Giza	et	al.,	2005;	

Hayward	 et	 al.,	 2010;	 Hoover	 et	 al.,	 2004;	 Keck	 et	 al.,	 2007;	 Lenzlinger	 et	 al.,	 2005;	

Marklund	et	 al.,	 2007;	Phillips	 et	 al.,	 1997;	Pierce	et	 al.,	 1998;	Rau	et	 al.,	 2012;	Reid	and	

Hamm,	 2008;	 Riess	 et	 al.,	 2001;	 Sanders	 et	 al.,	 1999;	 Schmidt	 et	 al.,	 1999;	 Schutz	 et	 al.,	

2006;	 Sinson	 et	 al.,	 1997;	 Sun	 et	 al.,	 2007;	 Thompson	 et	 al.,	 2006),	 21	 papers	 from	 CCI	

(Byrnes	et	al.,	2012;	Chauhan	and	Gatto,	2010,	2011;	Cheng	et	al.,	2012;	Dixon	et	al.,	1994;	

Dixon	et	al.,	1999;	Fox	and	Faden,	1998;	Hamm	et	al.,	1992;	Han	et	al.,	2009;	Hanell	et	al.,	

2010;	 Longhi	 et	 al.,	 2011;	 Longhi	 et	 al.,	 2008a;	 Longhi	 et	 al.,	 2008b;	 Longhi	 et	 al.,	 2004;	

Marklund	et	al.,	2009;	Meng	et	al.,	2011;	Shear	et	al.,	2011b;	Tomasevic	et	al.,	2012;	Xiong	

et	 al.,	 2011c;	 Xiong	 et	 al.,	 2012;	 Zhang	 et	 al.,	 2012),	 4	 using	WDIA	 (Adelson	 et	 al.,	 2000;	

Maughan	 et	 al.,	 2000;	 Zohar	 et	 al.,	 2006;	 Zohar	 et	 al.,	 2003),	 3	 using	 CHI	 (Huh	 and	

Raghupathi,	2007;	Maruichi	et	al.,	2009;	Raghupathi	and	Huh,	2007),	2	using	repeated	LFPI	

(Shultz	et	al.,	2012;	Shultz	et	al.,	2013),	1	paper	MFPI	(Hamm	et	al.,	1995),	1	using	repeated	

WDIA	(Meehan	et	al.,	2012),	and	1	using	repeated	CHI	(Uryu	et	al.,	2002).	
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3.4.3.2	Morris	Water	Maze,	Probe	(reference	memory).	In	the	probe	test,	the	platform	is	

removed	and	the	rodent	is	allowed	to	search	for	the	platform.	Most	commonly,	time	spent	

in	 the	 target	 quadrant,	 or	 in	 the	 platform	 zone,	 is	measured.	 Of	 all	 papers	 reviewed,	 43	

assess	the	probe	test	using	LFPI,	33	using	CCI,	9	using	WDIA,	7	using	CHI,	2	using	MFPI,	and	

1	using	Blast.	 Studies	 looking	at	deficits	 at	1-month	post	 injury	or	 later	 include	13	using	

LFPI,	 11	 using	 CCI,	 4	 using	WDIA,	 4	 using	 CHI,	 and	 2	 using	MFPI.	 Deficits	 in	 probe	 trial	

performance	in	TBI	injured	rodents	compared	to	uninjured	controls	at	1-month	post	injury	

were	 observed	 in	 8	 using	 LFPI	 (Giza	 et	 al.,	 2005;	 Griesbach	 et	 al.,	 2004;	Hayward	 et	 al.,	

2010;	 Immonen	et	al.,	2009;	Marklund	et	al.,	2007;	Rau	et	al.,	2012;	Schmidt	et	al.,	1999;	

Thompson	et	al.,	2006),	6	papers	using	CCI	(Chauhan	and	Gatto,	2010,	2011;	Dixon	et	al.,	

1999;	Han	et	al.,	2009;	Marklund	et	al.,	2009;	Xiong	et	al.,	2010),	3	using	WDIA	(Adelson	et	

al.,	 2000;	Maughan	 et	 al.,	 2000;	 Zohar	 et	 al.,	 2003),	 2	 papers	 using	MFPI	 (Yamaki	 et	 al.,	

1997;	Yamaki	et	al.,	1998),	and	2	using	CHI	 (Huh	and	Raghupathi,	2007;	Raghupathi	and	

Huh,	2007).	

3.4.3.3	 Morris	 Water	 Maze,	 Working	 Memory	 (short	 term	 memory).	 Of	 all	 papers	

reviewed,	 5	 assessed	 the	working	memory	 task	 of	MWM	using	 CCI,	 2	 using	 LFPI,	 and	 1	

using	CHI.	Only	 1	 study	 looked	 at	 deficits	 at	 1-month	post	 injury	 or	 later,	which	did	 see	

deficits	using	a	LFPI	(Carballosa	Gonzalez	et	al.,	2013).		

	

3.4.3.4	 Morris	 Water	 Maze,	 Reversal	 Learning.	 Of	 all	 papers	 reviewed,	 7	 assessed	

reversal	learning	test	using	LFPI	and	1	using	CCI.	Studies	looking	at	deficits	at	1-month	post	

injury	 or	 later	 include	 6	 using	 LFPI.	 Deficits	 in	 reversal	 learning	 in	 TBI	 injured	 rodents	



	
	

45 

compared	 to	uninjured	controls	at	1-month	post	 injury	were	observed	 in	2	papers	using	

repeated	LFPI	(Shultz	et	al.,	2012;	Shultz	et	al.,	2013),	and	1	paper	using	LFPI	(Thompson	

et	al.,	2006).	

	

3.4.3.5	Morris	Water	Maze,	Swim	Speed	(motor).	The	Morris	water	maze	swim	speed	is	

one	of	many	measurements	that	can	be	obtained	from	the	water	maze	task.	Swim	speed	is	

the	distance	covered	in	the	water	maze	over	how	long	it	took	the	animal	to	find	the	hidden	

platform.	This	is	an	important	measure	for	motor	function	(not	cognition)	because	if	there	

is	no	difference	in	swim	distance	but	a	difference	in	time	to	reach	platform,	it	could	suggest	

that	there	is	a	motor	deficit.	Of	all	papers	reviewed,	43	assessed	MWM	swim	speed	using	

LFPI,	31	using	CCI,	10	using	WDIA,	8	using	CHI,	2	using	MFPI,	 and	2	using	Blast.	 Studies	

looking	at	deficits	at	1-month	post	injury	or	later	include	14	using	LFPI,	7	using	CCI,	4	using	

CHI,	3	using	WDIA,	and	1	using	MFPI.	Deficits	in	MWM	swim	speed	in	TBI	injured	rodents	

compared	 to	uninjured	controls	at	1-month	post	 injury	were	observed	 in	2	papers	using	

LFPI	(Giza	et	al.,	2005;	Hayward	et	al.,	2010)	and	1	using	repeated	LFPI	(Shultz	et	al.,	2012).		

3.4.3.6	Morris	Water	Maze,	Other.	There	are	several	other	variants	or	sub-tasks	which	can	

be	assessed	during	the	MWM,	including	computation	of	a	“Memory	Score”,	measurement	of	

the	 total	 distance	 traveled,	 using	 a	 visible	 platform	 rather	 than	 a	 submerged	 one,	

calculating	the	percentage	to	time	animals	spend	in	the	“correct”	quadrant,	or	counting	the	

number	 of	 platform	 crossings.	 However,	 these	 alternative	 measures	 are	 not	 commonly	

used	or	as	uniform	as	the	five	MWM	tests	reviewed	above.	

	

3.4.4	 Novel	 Object	 Recognition.	 Novel	 object	 recognition	 (NOR)	 evaluates	 non-spatial	
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hippocampal	mediated	memory.	Animals	are	allowed	to	explore	two	identical	objects	in	a	

chamber	 for	 a	 predetermined	 amount	 of	 time	 and	 then,	 after	 an	 inter-trial	 interval,	 are	

placed	back	into	the	chamber	with	one	familiar	object	and	one	novel	object.	The	time	spent	

with	 the	 novel	 and	 familiar	 object	 are	 recorded.	 Control	 animals	 will	 spend	 more	 time	

exploring	novel	object.	Brain	structures	implicated	in	this	task	are	the	dentate	gyrus,	CA1,	

and	CA3	regions	of	hippocampus	(Zhao	et	al.,	2012)	and	perirhinal	cortex	(Ennaceur	et	al.,	

1996).	Of	all	papers	reviewed,	3	assessed	NOR	performance	using	CCI	and	1	using	WDIA.	

Studies	looking	at	deficits	at	1-month	post	injury	or	later	include	1	using	CCI	and	1	using	

WDIA.	Deficits	in	NOR	performance	in	TBI	injured	rodents	compared	to	uninjured	controls	

at	1-month	post	injury	were	observed	in	1	paper	using	WDIA	(Edut	et	al.,	2011).	

	

3.4.5	 Novel	 Place	 Recognition.	 Novel	 place	 recognition	 (NPR)	 evaluates	 spatial	

hippocampal	mediated	memory.	Animals	are	allowed	to	explore	two	identical	objects	in	a	

chamber	 for	 a	 predetermined	 amount	 of	 time	 and	 then,	 after	 an	 inter-trial	 interval,	 are	

placed	back	into	the	chamber	with	two	identical	objects	but	one	has	been	moved	to	a	new	

location.	Control	animals	will	spend	more	time	exploring	the	object	in	the	new	location.	In	

this	review	no	papers	used	this	task	as	a	measure	for	TBI	deficits.		

	

3.4.6	Passive	Avoidance.	The	passive	avoidance	task	is	used	to	assess	simple	non-spatial	

learning.	 Animals	 are	 placed	 into	 a	 lit	 chamber	 and	 a	 door	 opens	 to	 an	 adjoining	 dark	

chamber.	 Once	 the	 animal	 crosses	 to	 the	 dark	 chamber,	 the	 door	 closes	 and	 the	 animal	

receives	a	mild	foot	shock.	The	animals	are	tested	the	following	day	and	the	latency	to	cross	

over	 to	 the	dark	chamber	 is	 recorded.	Structures	 thought	 to	be	 involved	 in	 this	behavior	
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are	the	nucleus	basalis,	amygdala,	nucleus	accumbens,	and	to	an	extent,	the	frontal	cortex	

(Hamm	 et	 al.,	 1993).	 Of	 all	 papers	 reviewed,	 3	 assessed	 passive	 avoidance	 performance	

using	WDIA,	1	using	CCI,	1	using	MFPI,	and	1	using	Blast.	Studies	 looking	at	deficits	at	1-

month	 post	 injury	 or	 later	 include	 3	 using	 WDIA	 and	 1	 using	 CCI.	 Deficits	 in	 passive	

avoidance	performance	in	TBI	injured	rodents	compared	to	uninjured	controls	at	1-month	

post	injury	were	observed	in	3	papers	using	WDIA	(Baratz	et	al.,	2010;	Milman	et	al.,	2005;	

Milman	et	al.,	2008)	and	1	using	CCI	(Zhao	et	al.,	2012).	

	

3.4.7	 Radial	 Arm	Maze.	Radial	 arm	maze	 is	 a	measure	 of	 spatial	 learning	 and	memory.	

Food	restricted	rodents	navigate	an	8-	or	12-armed	maze	using	spatial	cues	on	the	walls	of	

the	testing	room,	exploring	each	arm	for	food	reinforcements.	After	several	days	to	weeks	

of	training,	assessments	can	be	made	to	see	how	well	the	rodent	systematically	goes	down	

each	 arm	 looking	 for	 reinforcements.	 Performance	 is	 assessed	 by	 counting	 number	 of	

errors,	or	times	a	rodent	goes	down	an	arm	they	have	already	gone	down.	Brain	structures	

that	 may	 be	 involved	 in	 this	 task	 are	 the	 hippocampus	 and	 the	 nucleus	 accumbens	

(Floresco	 et	 al.,	 1997).	 Of	 all	 papers	 reviewed,	 3	 assessed	 radial	 arm	maze	 performance	

using	 LFPI	 and	2	 using	WDIA.	 Studies	 looking	 at	 deficits	 at	 1-month	 post	 injury	 or	 later	

include	 2	 using	 LFPI	 and	 1	 using	WDIA.	Deficits	 in	 radial	 arm	maze	 performance	 in	 TBI	

injured	rodents	compared	to	uninjured	controls	at	1-month	post	injury	were	observed	in	1	

paper	using	LFPI	(Hallam	et	al.,	2004)	and	1	using	WDIA	(Hallam	et	al.,	2004).	

	

3.4.8	 Y-Maze.	 The	 Y-maze	 task	 is	 a	 hippocampal	 based	 task	 that	 measures	 working	

memory	 (Malleret	 et	 al.,	 1999;	 Tanaka	 et	 al.,	 2009).	 The	 apparatus	 of	 the	 Y-maze	 is	
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composed	of	three	arms	of	equal	length	with	a	central	entry	zone.	This	task	can	either	be	

assessed	 as	 a	 single	 trial	 (Chauhan	 and	 Gatto,	 2010;	Malleret	 et	 al.,	 1999;	 Tanaka	 et	 al.,	

2009)	or	a	two	trial	(Baratz	et	al.,	2010)	task.	In	the	single	trial	task,	an	animal	is	allowed	to	

explore	 for	 five	minutes	and	 the	 time	spent	 in	each	arm,	number	of	arm	entries,	and	 the	

order	of	arm	entries	are	recorded,	where	a	normal	animal	should	explore	all	arms	equally	

due	to	spontaneous	exploration.	In	the	two	trial	Y-maze	one	arm	is	blocked	during	the	first	

trial	 and	 then	all	 arms	are	open	during	 the	 second	 trial.	The	 time	 spent	 and	entries	 into	

each	arm	are	recorded.	Of	all	papers	reviewed,	4	assessed	Y-maze	performance	using	CCI,	2	

using	WDIA,	 and	 1	 using	 CHI.	 Studies	 looking	 at	 deficits	 at	 1-month	 post	 injury	 or	 later	

include	2	using	CCI,	2	using	WDIA,	and	1	using	CHI.	Deficits	in	Y-maze	performance	in	TBI	

injured	rodents	compared	to	uninjured	controls	at	1-month	post	injury	were	observed	in	1	

paper	using	CCI	(Chauhan	and	Gatto,	2010),	1	paper	using	WDIA	(Lloyd	et	al.,	2008),	and	1	

using	CHI	(Baratz	et	al.,	2010).	

	

3.5	Emotional	Assessments	

3.5.1	 Active	 Avoidance.	 The	 active	 avoidance	 task	 is	 a	 fear-motivated	 associative	

avoidance	 test	 that	 uses	 an	 electrical	 shock	 as	 negative	 reinforcement.	 In	 this	 task	 the	

animal	 has	 to	 learn	 to	move	 from	 the	 dark	 chamber	 to	 the	 light	 chamber	when	 a	 cue	 is	

presented.	 The	 number	 of	 crossings	 into	 the	 light	 chamber	 after	 the	 cue	 presentation,	

freezing,	 and	 the	 latency	 for	 the	 animal	 to	 cross	 to	 the	 other	 non-shocking	 chamber	 are	

recorded.	Structures	thought	to	be	involved	in	this	behavior	are	the	prefrontal	cortex	and	

the	 amygdala	 (Moscarello	 and	 Ledoux,	 2013).	 Of	 all	 papers	 reviewed,	 2	 assessed	 active	

avoidance	performance	using	Blast	and	1	using	WDIA.	No	papers	assessed	active	avoidance	
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at	1-month	post	injury	or	later.	

	

3.5.2	Elevated	Plus	Maze.	The	elevated	plus	maze	is	a	task	that	assesses	anxiety.	The	maze	

itself	 is	“+	shaped”,	with	two	open	arms	and	two	closed	arms.	Rodents	have	a	preference	

for	dark	places,	therefore	behavior	differences	are	assessed	by	the	time	spent	in	the	closed	

arms	of	the	maze	relative	to	the	open	arms.		Animals	are	placed	in	the	center	of	the	maze	

facing	an	open	arm	and	tracked	using	motion	detection	software.	Number	of	entries,	time	

spent	 in	 each	 arm	 (open	 vs	 closed),	 and	 distance	 traveled	 are	 typically	measured.	 Of	 all	

papers	reviewed,	5	assessed	elevated	plus	maze	performance	using	LFPI,	4	using	CCI,	and	2	

using	WDIA	models.	 Studies	 looking	 at	 deficits	 at	 1-month	post	 injury	 or	 later	 include	 5	

using	 LFPI	 and	 2	 using	 WDIA.	 Differences	 in	 anxiety	 between	 TBI	 injured	 rodents	

compared	 to	uninjured	controls	at	1-month	post	 injury	were	observed	 in	2	papers	using	

repeated	LFPI	(Shultz	et	al.,	2012;	Shultz	et	al.,	2013),	1	paper	using	LFPI	(Bao	et	al.,	2012)	

and	1	using	WDIA	(Baratz	et	al.,	2010).	

	

3.5.3	Forced	Swim	Task.	Depression-like	behavior	can	be	assessed	using	the	forced	swim	

task	(Washington	et	al.,	2012).	This	task	typically	uses	a	large	beaker	filled	with	water	for	

the	animals	to	swim	in.	There	is	no	escape	and	trials	last	<10	min.	Depression-like	behavior	

is	 observed	when	 the	 animal	 floats	 and	 is	 immobile.	 Of	 all	 papers	 reviewed,	 3	 assessed	

forced	swim	task	performance	using	LFPI,	2	using	WDIA,	and	1	using	CCI.	Studies	looking	at	

deficits	at	1-month	post	injury	or	later	include	3	using	LFPI	and	2	using	WDIA.	Deficits	in	

forced	swim	task	performance	in	TBI	injured	rodents	compared	to	uninjured	controls	at	1-

month	post	injury	were	observed	in	2	papers	using	WDIA	(Milman	et	al.,	2005;	Milman	et	
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al.,	2008)	and	1	paper	using	LFPI	(Shultz	et	al.,	2012).	

	

3.5.4	Tail	Suspension	Test.	Depression-like	behavior	is	assessed	using	the	tail	suspension	

test	 (Steru	 et	 al.,	 1985).	 Rodents	 are	 hung	 from	 their	 tails	 in	 an	 isolation	 chamber	 for	 a	

given	 time	 period.	 Depression-like	 behavior	 is	 seen	 when	 the	 animals	 cease	 to	 right	

themselves.	Immobility	can	be	measured	using	tracking	software	or	by	scoring	immobility	

by	hand.	More	depressive	behavior	is	observed	when	an	animal	is	more	immobile	than	the	

control	group	(Washington	et	al.,	2012).	One	paper	using	CCI	used	the	tail	suspension	test	

(Washington	et	al.,	2012),	but	not	after	1-month	post	injury.		

	

	Analysis	

4.1	Numerical	Summary.	In	total,	314	unique	papers	were	reviewed,	of	which	101	(32%)	

conducted	 a	 functional	 test	 at	 or	 after	 1-month	 post-injury,	where	 43	 used	 CCI,	 41	 used	

fluid	 percussion,	 12	 used	weight	 drop,	 and	 6	 used	 CHI	 (one	 used	 both	 LFPI	 and	WDIA)	

(Figure	2.3A).	Of	 these	101	papers	 assessing	 function	at	≥	1	month	post-TBI,	 88	papers	

(87%)	 demonstrated	 deficits	 in	 one	 or	 more	 a	 functional	 outcomes	 (35	 CCI,	 35	 FPI,	 12	

WDIA,	and	6	CHI	[one	used	both	LFPI	and	WDIA])	(Figure	2.3B).	Since	we	have	suggested	

that	 even	 a	 1-month	 assessment	 may	 not	 be	 sufficient	 time	 to	 allow	 for	 integration	 of	

human	 NSCs	 with	 the	 host,	 we	 also	 evaluated	 the	 number	 of	 papers	 which	 assessed	

function	at	2-,	 3-,	 6-,	 and	12-months	post-TBI.	Combining	papers	using	any	 injury	model	

and	any	functional	assessment	demonstrating	sustained	deficits,	we	found	27	papers	(9%),	

17	 papers	 (5%),	 8	 papers	 (2.5%)	 and	 4	 papers	 (1%)	 at	 these	 respectively	 longer	 time-

points	post-TBI	exhibited	deficits	on	one	or	more	tasks	(See	Figure	2.3B).	
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	 The	most	commonly	used	functional	assessment	was	 learning	 latency	on	the	Morris	

Water	 Maze	 (261	 papers),	 a	 measure	 of	 cognitive	 function.	 The	 next	 most	 common	

functional	assessments	were	MWM	swim	speed	(96	papers),	MWM,	Probe	test	(95	papers),	

Beam	Walking	(73	papers),	Balance	Beam	(64	papers),	Global	Neurological	Assessment	(45	

papers),	and	Rotarod	(31	papers)	(See	Table	2.1).		

	 Less	 than	 33%	 of	 papers	 reviewed	 performed	 functional	 assessments	 at	 1	 month	

post-injury	or	later	(101	of	314).	The	most	common	assessments	used	at	1-month	or	more	

after	 injury	 were	 MWM,	 Learning	 Latency	 (72	 papers),	 MWM,	 Probe	 Test	 (34	 papers),	

MWM,	 Swim	 Speed	 (29	 papers),	 Global	 Neurological	 Assessment	 (20	 papers),	 Beam	

Walking	 (17	 papers),	 Rotarod	 (12	 papers),	 Foot	 Fault	 (9	 papers),	 Elevated	 Plus	Maze	 (7	

papers),	and	MWM,	Reversal	(6	papers).	

	 The	 ten	most	 common	 functional	 tasks	 used	 in	 two	 or	more	 studies	where	 deficits	

were	observed	at	1-month	or	greater	post	injury	(demonstrating	replication	of	a	sustained	

deficit),	 ranked	 by	 number	 of	 papers	 demonstrating	 a	 deficit	 include	 (where	 percentage	

indicates	how	many	showed	deficits):	MWM,	learning	latency	(76%),	MWM,	probe	(62%),	

Global	Neurological	Assessment	 (75%),	Beam	Walking	 (71%),	Foot	Fault	 (89%),	Rotarod	

(50%),	 MWM,	 %	 in	 correct	 quadrant	 (100%),	 Elevated	 Plus	 Maze	 (57%),	 Passive	

Avoidance	(100%),	and	Water	Maze,	swim	speed	(10%)	(Table	2.2).	

	

4.2	Survival	and	proliferation	of	human	stem	cells	 in	rodent	models	of	TBI.	 In	section	

1.5,	 we	 proposed	 two	 criteria	 necessary	 to	 fully	 evaluate	 therapeutic	 success	 of	 human	

stem	cell	transplantation	strategies	in	preclinical	animal	studies	of	TBI.	First	and	foremost,	

for	the	safety/efficacy	of	transplanted	cells	to	be	appropriately	evaluated,	survival	and/or	
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proliferation	 potential	 of	 transplanted	 cells	 must	 be	 maximized	 for	 the	 duration	 of	 the	

study	 (Anderson	 et	 al.,	 2011).	 We	 define	 “survival”	 in	 relation	 to	 the	 initial	 dose	 and	

without	respect	to	whether	nearly	all	of	the	initial	dose	died	off	and	only	a	small	subset	of	

the	 initial	 cells	 proliferated	 extensively,	 or	whether	 all	 cells	 survived	 the	 transplant	 and	

only	 double	 once	 –	 as	 very	 few	 studies	 actually	 investigate	 the	 dynamics	 of	 such	

proliferation.	In	this	context,	if	50,000	cells	were	transplanted	initially	and	upon	sacrifice,	

100,000	human	cells	were	quantified	stereologically,	this	would	be	reported	as	200%	cell	

survival.		

	 Second,	 to	 evaluate	 therapeutic	 potential,	 there	 needs	 to	 be	 sufficient	 time	 for	

engrafted	 cell	 integration	 to	 effect	 functional	 outcome.	 Long-term	 cell	 survival	 is	

particularly	difficult	to	achieve	in	pre-clinical	in	vivo	studies,	and	human	NSCs	require	more	

time	 to	 differentiate	 than	 rodent	 NSCs.	 Furthermore,	 both	 xenogenic	 and	 allogeneic	

transplantation	 require	 robust	 attenuation	 of	 immunorejection	 mechanisms	 in	 order	 to	

achieve	good	cell	engraftment,	either	in	the	form	of	pharmacological	 immunosuppression	

of	T-cells,	 or	 constitutive	 suppression	of	T-cells	by	virtue	of	 immunodeficient	 rodents.	 In	

this	regard,	it	is	not	surprising	that	the	highest	reported	human	cell	survival	in	a	rodent	TBI	

model	 is	 only	21%	of	 the	 initial	 transplantation	dose	 (Nichols	 et	 al.,	 2013),	 as	 this	 study	

used	 immunosufficient	 animals	 and	 no	 immunosuppression.	 The	majority	 of	 human	 cell	

transplant	studies	into	TBI	models	report	cell	survival	under	10%	or	do	not	report	on	cell	

survival	 quantitatively	 at	 all.	 Fully	 26	 of	 32	 papers	 (81%)	 transplanting	 a	 human	 cell	

population	 in	a	 rodent	TBI	model	do	not	 report	on	cell	 survival	 (Table	2.3).	 Similar	 low	

xenografted	 cell	 survival	 rates	 in	 the	 CNS	 (averaging	 17%	of	 the	 initial	 dose)	 have	 been	

reported	 in	a	 recent	 review	by	Anderson	et	al.	 across	multiple	different	 traumatic	 injury	
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types	 in	 which	 human	 cells	 were	 transplanted	 into	 immunocompetent	 animal	 models	

receiving	immunosuppressive	drug	treatment	(Anderson	et	al.,	2011).	

	 Pharmacological,	 but	 combinatorial,	 immunosuppression	 may	 be	 an	 alternative	

approach	 to	 the	 use	 of	 immunodeficient	 animals.	 In	 some	 cases,	 for	 example,	 in	

immunocompetent	 C57BL/6	mice	 transplanted	with	 hNSCs	 following	 spinal	 cord	 injury,	

FK506	 immunosuppression	 alone	 resulted	 in	 no	 survival	 of	 transplanted	 hNSCs,	while	 a	

combination	of	FK506	and	anti-CD4	was	required	to	achieve	significant	human	cell	survival	

(45%	 of	 initial	 dose)	 at	 10-weeks	 post	 transplantation	 (Sontag,	 Anderson,	 &	 Cummings,	

unpublished	 data).	 Despite	 the	 lower	 level	 of	 overall	 engraftment	 in	 comparison	 with	

immunodeficient	 animals	 in	 this	 study,	 animals	 receiving	 combinatorial	

immunosuppression	exhibited	sufficient	cell	survival	to	enable	demonstration	of	functional	

locomotor	 recovery	 following	 SCI.	However,	 assessment	 of	 safety	 in	 the	 context	 of	 a	 cell	

population	with	proliferative	potential	 is	sub-optimal	under	 these	conditions,	as	we	have	

discussed	 previously	 (Anderson	 et	 al.,	 2011),	 and	 should	 be	 carefully	 evaluated.	

Conversely,	 when	 immunodeficient	 animal	 models	 are	 used	 in	 traumatic	 CNS	 studies,	

human	 cell	 survival	 is	 dramatically	 increased	 (averaging	 263%),	 enabling	 a	more	 robust	

evaluation	of	safety	and	efficacy	(Anderson	et	al.,	2011).		

	

4.3	Sufficient	duration	 to	allow	 for	evaluation	of	 functional	outcome.	As	noted	above,	

the	 second	 criteria	 for	 evaluating	 therapeutic	 success	 is	 sufficient	 time	 for	 transplanted	

cells	to	proliferate,	migrate,	and	either	integrate	with	the	host	TBI	brain	or	produce	trophic	

support.	Thus,	study	length	of	human	stem	cell	transplantation	experiments	in	TBI	models	

must	also	be	considered.	Functional	integration	of	transplanted	stem	cells	as	neurons	has	
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been	 demonstrated	 via	 electrophysiological	 measurement	 of	 neuronal	 firing	 between	

transplanted	and	host	cells	(although	not	in	a	TBI	model)	(Weick	et	al.,	2011).	Integration	

of	hNSC	or	oligodendrocyte	precursors	via	electron-microscopic	evidence	of	remyelination	

of	host	axons	by	transplanted	cells	in	spinal	cord	models	(Cummings	et	al.,	2005;	Wang	et	

al.,	 2013)	 has	 also	 been	 shown.	 In	 contrast	 to	 functional	 integration	 with	 the	 host,	

promotion	 of	 recovery	 due	 to	 neurotrophic	 support	 of	 spared	 host	 tissue	 is	 also	 a	

possibility.	 Transplanted	 stem	 cells	 have	 been	 shown	 to	 secrete	 both	 pro-survival	 and	

immune-modulatory	factors	in	vivo	(Andres	et	al.,	2011;	Horie	et	al.,	2011;	Yasuhara	et	al.,	

2006),	which	could	lead	to	an	increase	in	the	amount	of	spared	tissue	or	an	increase	in	the	

health	of	the	spared	tissue,	thus	enabling	greater	neural	network	efficiency.		

	 Depending	on	the	type	of	human	stem	cell	 transplanted	and	the	transplant	 location,	

the	time-frame	for	integration	and	terminal	differentiation	may	range	from	several	months	

in	the	case	of	human	fetal-derived	neural	stem	cell	transplanted	spinal	cord	(Hooshmand	et	

al.,	 2009),	 to	 6	 months	 in	 the	 case	 of	 human	 embryonic-derived	 neural	 stem	 cell	

transplanted	 brain	 studies	 (Nasonkin	 et	 al.,	 2009).	 Accordingly,	 in	 order	 to	 adequately	

assess	the	potential	of	a	given	donor	cell	population	to	yield	repair,	 long-term	studies	(2-

months	 or	 more)	 are	 required.	 Despite	 the	 desirability	 of	 long-term	 studies,	 very	 few	

(16%)	of	the	human	stem	cell	transplantation	studies	in	rodent	TBI	models	reviewed	here	

(5	 of	 32	 papers	 flagged	 in	 red	 in	 Table	 2.3)	 have	 exceeded	 6	 weeks	 duration	 post-

transplant.		

Of	 the	 32	 publications	 using	 a	 human	 stem	 cell	 population	 in	 a	 rodent	model	 of	 TBI,	 27	

looked	 6	 weeks	 or	 less	 post-transplant.	 Of	 these,	 10	 did	 not	 perform	 functional	

assessments.	Of	the	17	studies	that	did	perform	some	functional	assessment,	two	reported	
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no	difference	between	controls	and	transplanted	animals	while	15	reported	improvements	

on	MWM	(n=10),	mNSS	(n=8),	rotarod	(n=4),	beam	walk	(n=1),	and/or	limb	function	(n=1)	

(the	total	does	not	equal	15	as	some	groups	used	more	than	one	task).	Only	2	of	the	15	with	

positive	 functional	 outcomes	 also	 reported	 on	 human	 cell	 survival;	 Mahmood	 et	 al.	

(Mahmood	et	al.,	2003)	with	0.5%	of	surviving	hMSCs	at	4-weeks	post-transplant	and	Hong	

et	 al	 (Hong	 et	 al.,	 2011)	 with	 6.8%	 surviving	 hUCSCs	 at	 3-weeks	 post-transplant.	

Accordingly,	the	lack	of	surviving	human	cells	and	the	short	duration	of	the	majority	of	TBI	

experiments	make	interpretation	of	mechanism	and	capacity	to	exert	sustained	functional	

effects	difficult.	 In	particular,	 the	short	 time	course	of	survival	and	functional	assessment	

suggest	 that	while	 the	 positive	 effects	 seen	 could	 be	 due	 to	 immune-modulation	 and/or	

trophic	mechanisms,	cellular	integration	is	unlikely	as	a	mechanism	(as	discussed	above).	

Of	 the	5	studies	 that	conducted	evaluations	for	6	weeks	or	greater,	 the	results	have	been	

mixed	 in	 terms	of	human	cell	survival	and/or	 functional	recovery.	 	Two	studies	reported	

partial	data	on	long-term	cell	survival,	but	did	not	examine	functional	outcomes	after	such	

long-term	 engraftment.	 Wennersten	 et	 al.	 (Wennersten	 et	 al.,	 2006)	 noted	 human	 cell	

survival	at	both	6	weeks	and	6	months	post-transplant	of	human	fetal	NSCs,	but	reported	

only	 0.2%	 human	 cell	 survival	 at	 6	 weeks	 (determined	 by	 counting	 human	 nuclei	 in	 4	

sequential	 sections)	 in	cyclosporin	 treated	Sprague-Dawley	rats.	Quantification	of	human	

cells	at	6	months	was	not	performed.	Approximately	5%	of	human	cells	co-localized	with	

neuronal	or	astrocytic	markers;	no	oligodendrocytes	were	detected.	The	authors	noted	that	

the	hippocampus	appeared	more	conducive	to	neuronal	differentiation	than	the	cortex.	No	

functional	 tasks	 were	 evaluated	 at	 any	 time-point	 in	 Wennersten’s	 study.	 Nichols	 et	 al.	

(Nichols	 et	 al.,	 2013)	 transplanted	 retinoic	 acid	 (RA)	 primed	 CD133+ABCG2+CXCR4+	
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human	MSCs	into	the	lateral	ventricle	of	male	Sprague-Dawley	rats	24	hours	after	FPI;	no	

immunosuppression	was	 used.	 The	 transplanted	 cells	were	 reported	 to	 integrate	within	

the	host	and	differentiate	 into	cells	expressing	both	 immature	and	mature	neural	 lineage	

markers.	 The	 cells,	 however,	 were	 pre-labeled	 with	 a	 fluorescein	 dye	 (CFSE)	 prior	 to	

transplantation	 and	 not	 detected	 with	 human-specific	 markers	 post-mortem,	 making	

positive	 identification	difficult	 and	co-localization	with	neural	 lineage	markers	uncertain.	

Further,	 the	methods	section	 indicated	 that	500,000	cells	were	 transplanted	while	 figure	

9A	 shows	 100,000	 cells	 transplanted	with	~21,000	 surviving	 in	 TBI	 rats	 (21%).	 Finally,	

function	on	the	MWM	was	only	examined	11-15	days	post	transplant,	not	long-term,	where	

significance	 relative	 to	 uninjured	 controls	 was	 observed	 for	 “primed”	 hMSCs	 but	 not	

unprimed	hMSCs	(Nichols	et	al.,	2013).	

	 Additionally,	 three	 studies	 reported	 on	 both	 engraftment/survival	 and	 long-term	

functional	 assessments.	 Zhang	 et	 al.	 (Zhang	 et	 al.,	 2005)	 transplanted	 human	 NT2N	

neurons	into	a	FPI	model	of	TBI	in	cyclosporine	treated	Sprague-Dawley	rats	and	reported	

human	cell	survival	at	12	weeks	post-transplant	and	the	presence	of	human	synaptophysin	

positive	structures.	However	no	human	cell	quantification	was	performed	and	there	were	

no	 functional	 differences	 in	 cognition	 or	 motor	 performance	 12	 weeks	 post-transplant	

between	 NT2N	 or	 human	 fibroblast	 transplanted	 and	 vehicle	 injected	 controls.	 Tasks	

assessed	included	a	composite	neuroscore,	beam	balance,	rotating	pole,	and	adhesive	tape	

removal.	 Skardelly	et	al.	 (Skardelly	et	 al.,	 2011)	 transplanted	human	 fetal	derived	neural	

progenitor	cells	(hfNPCs)	via	local	or	systemic	injection	into	Sprague-Dawley	rats	24	hours	

after	a	severe	CCI	(2.5mm	depth,	4m/s	impact).	Cyclosporine	and	prednisolone	were	used	

for	 immunosuppression.	 Functional	motor	 improvements	 (by	 blinded	 observer)	 on	 both	
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rotarod	 and	mNSS	 were	 observed,	 but	 only	 for	 systemically	 administered	 cells.	 PKH-26	

pre-labeled	 human	 cells	 were	 detected	 12-weeks	 post	 transplant,	 but	 no	 human	 cell	

quantification	 was	 performed.	 Similarly,	 Mahmood	 et	 al.	 	 reported	 motor	 improvement	

(mNSS)	at	12	weeks	post-administration	of	human	marrow	stromal	cells	into	Wistar	rats.	

Two,	four	or	eight	million	cells	were	administered	systemically	via	tail	vein	24	hours	post-

CCI	 induced	 TBI	 (2.5mm	 depth,	 4m/s	 impact).	 All	 three	 doses	 of	 hMSCs	 resulted	 in	

significant	 improvements	 on	 mNSS,	 which	 was	 assessed	 blind	 to	 treatment.	 Non-

stereological	 human	 cell	 quantification	was	 performed	 in	 three	 sections	 per	 animal	 and	

showed	 that	 human	 cells	 survived	 12	 weeks	 post	 injection;	 none	 were	 NeuN	 or	 GFAP	

positive.	

	 While	 two	 12-week	 duration	 studies	 report	 functional	 improvements	 after	 human	

stem	 cell	 treatment,	 the	 absence	 of	 stereological	 quantification	 of	 surviving	 human	 cells	

makes	it	difficult	to	associate	functional	gains	with	human	cells	when	the	extent	of	human	

cell	survival	and	integration	after	transplantation	are	unclear.	Given	the	time,	expense,	and	

use	 of	 animals,	 we	 must	 be	 rigorous	 when	 designing	 human	 stem	 cell	 transplantation	

studies	 to	 enable	 sufficient	 cell	 survival	 and	 allow	 adequate	 time	 for	 terminal	 cell	

differentiation,	and	we	must	also	be	rigorous	in	our	quantification	and	analysis	so	that	the	

potential	 for	 misinterpretation,	 whether	 beneficial	 or	 detrimental,	 is	 minimized.	 Taken	

together,	 these	studies	highlight	 the	potential	 for	both	 long-term	survival	of	 transplanted	

human	 cell	 populations	 as	well	 as	 the	 ability	 for	 transplanted	 cells	 to	 possibly	 integrate	

within	the	host	and	lead	to	functional	improvements	post-TBI.	However,	these	studies	also	

suggest	 that	 to	 improve	 the	 interpretability	 of	 future	 CNS	 injury/human	 cell	

transplantation	 studies,	 researchers	 must	 1)	 accurately	 report	 engraftment	 (number	 of	
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transplanted	animals	with	any	surviving	cells)	and	quantify	cell	survival	(absolute	number	

of	 cells	per	animal)	 so	 that	comparisons	of	different	 treatments	can	be	made,	and	2)	use	

immunodeficient	animal	strains,	or	combinatorial	immunosuppression	protocols	whenever	

possible	 to	 maximize	 cell	 survival	 and	 ensure	 that	 safety/efficacy	 can	 be	 adequately	

evaluated.		

	

Executive	Summary	-	Recommendations	

Despite	the	fact	that	distinct	pre-clinical	models	of	focal	and	diffuse	TBI	exist,	imaging	data	

in	 the	 majority	 of	 clinical	 TBI	 cases	 shows	 evidence	 characteristic	 of	 a	 mixed	 etiology.	

Further,	the	pathophysiological	features	of	focal	TBI	(prominent	neuronal	loss),	and	diffuse	

TBI	 (prominent	 axonal	 pathology),	 may	 both	 benefit	 from	 neuroprotective	 and/or	 cell	

replacement	 strategies.	 As	 a	 result,	 and	 as	many	 researchers	 have	 suggested,	 it	 may	 be	

likely	that	1)	combinatorial	therapeutic	approaches	will	ultimately	be	necessary	for	success	

in	the	clinical	setting,	and	2)	the	selection	of	outcome	measures	in	pre-clinical	experiments	

must	be	sufficiently	characterized	and	match	clinical	 features	of	TBI	 that	are	planned	 for	

assessment	in	a	clinical	trial.	

	 Because	human	stem	cells	 take	 longer	to	mature	and	differentiate	than	rodent	stem	

cells,	we	recommend	a	minimum	of	2-months	in	vivo	incubation	to	allow	for	differentiation	

and	integration	of	the	human	cells	with	the	host.	Of	course,	allowing	the	survival	of	human	

NSCs	for	greater	than	2-months	post-transplant	would	clearly	be	ideal,	but	there	are	many	

factors	that	limit	such	studies:	financial	resources,	personnel,	animal	lifespan,	and	housing	

are	all	 limited.	Nonetheless,	 it	 seems	clear	 that	 this	minimal	 timeframe	will	be	necessary	

for	 adequate	 assessment	 of	 efficacy	 and	mechanisms	 of	 action.	 As	 stated	 in	 section	 1.5,	
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there	are	three	primary	mechanisms	that	could	underlie	the	efficacy	of	a	human	stem	cell	

transplant:	(A)	immune-modulation,	(B)	trophic	factors,	and/or	(C)	functional	integration.	

If,	 in	 fact,	 Mechanism	 C	 (differentiation	 and	 integration),	 and	 not	Mechanism	 B	 (trophic	

factor	secretion),	underlies	the	activity	of	a	given	population	of	transplanted	cells,	then	2-

months	would	be	the	minimum	time	needed	to	demonstrate	in	vivo	efficacy.	This	2-month	

period	is	based	on	extensive	preclinical	data	in	rodent	models	of	SCI	(where	there	are	more	

human	 stem	 cell	 studies	 to	 date	 than	 the	 TBI	 field).	 Studies	 which	 show	 rapid	

improvements	post	transplant	(≤4	weeks)	with	human	cells	have	been	shown	to	correlate	

with	trophic	factor	generation	(Sharp	et	al.,	2010);	in	contrast,	studies	with	integration	as	

an	underlying	mechanism	have	not	shown	evidence	of	improvements	until	6-8	weeks	post-

transplantation	 (Cummings	 et	 al.,	 2005;	 Hooshmand	 et	 al.,	 2009;	 Salazar	 et	 al.,	 2010).	

Critically,	 while	 trophic	 effects	 might	 be	 observed	 at	 earlier	 time-points,	 it	 will	 also	 be	

important	to	demonstrate	the	sustainability	of	such	an	effect,	supporting	the	importance	of	

an	 extended	 period	 of	 in	 vivo	 observation.	 Furthermore,	 regulatory	 bodies	 will	 likely	

require	at	least	6	months	survival	post-transplantation	for	assessment	of	toxicology/safety,	

particularly	in	the	context	of	assessing	cell	abnormalities.	

	 Related	 to	 these	 considerations	 and	 a	 particular	 issue	 in	 the	 context	 of	 cell-based	

therapeutic	 candidates,	 a	 variety	 of	 data	 in	 animal	 models	 has	 suggested	 that	 direct	

pharmacological	modulation	of	 the	 immune	response	after	TBI	can	exert	neuroprotective	

effects;	for	example,	administration	of	clinical	immunosuppressants	such	as	cyclosporin	A	

(Albensi	et	al.,	2000;	Sullivan	et	al.,	2000).	Conversely,	it	is	increasingly	clear	that	traumatic	

CNS	injury,	including	both	TBI	and	SCI,	can	result	in	peripheral	immunodepression	in	both	

animal	models	and	in	the	clinical	setting	(Esmaeili	et	al.,	2012;	Lu	et	al.,	2009;	Zhao	et	al.,	
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2011),	 suggesting	 the	 potential	 for	 increased	 susceptibility	 to	 post-injury	 infectious	

complications	 and	 that	 the	 inflammatory	 environment	 post-TBI	 may	 be	 a	 double	 edge	

sword	 (Morganti-Kossmann	 et	 al.,	 2002).	 It	 will	 be	 particularly	 important	 to	 consider	

immunosuppressive	 regimens	 and	 the	 timing	 of	 cell	 transplantation	 paradigms	 in	 this	

complex	context.	

	 In	summary,	we	recommend	two	principal	criteria	for	testing	the	safety	and	efficacy	

of	 human	 donor	 cell	 populations	 in	 pre-clinical	 TBI	 models.	 First,	 a	 model	 in	 which	

sufficient	 engraftment	 of	 donor	 human	 cells	 can	 be	 achieved	 to	 reliably	 test	 safety	 and	

efficacy	across	a	xenotransplantation	barrier	will	be	necessary;	this	requirement	will	likely	

require	 immunodeficient	 animal	models,	 or	 dramatically	 improved	methods	 of	 achieving	

adequate	 immunosuppression.	 Second,	 a	model	 in	which	 the	potential	 functional	 impact,	

either	in	terms	of	improvement	(efficacy)	or	determent	(safety)	can	be	reliably	measured	

for	an	extended	period	of	time	post-transplantation	(≥	2-months).	

In	this	context,	several	key	points	are	apparent	from	the	TBI	literature.		

Most	TBI	preclinical	research	is	short-term	

w Most	 research	 in	 the	 TBI	 field	 has	 focused	 on	 short-term	 outcomes.	 The	majority	

(68%)	of	papers	reviewed	did	not	evaluate	functional	outcomes	past	1-month	post	

TBI	(213	of	314	papers).	

w 90%	 of	 TBI	 papers	 reviewed	 did	 not	 make	 a	 functional	 assessment	 2	 or	 more	

months	following	injury	(282	of	314);	whereas	32	papers	have	looked	long	term	(≥	

2-months).		

w Most	 (84%)	TBI	papers	 that	 looked	 long-term	(27	of	32)	demonstrated	 functional	

deficits	 at	 two	 months	 post-injury,	 the	 minimum	 time	 during	 which	 one	 could	
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reasonably	 expect	 cell	 integration	 to	 exert	 an	 effect	 as	 a	 recovery	 of	 function	

mechanism.	

	Studies	of	Longer	Duration	are	Needed	

w Sustained	and	significant	functional	deficits	of	at	 least	2-months	duration	post-TBI	

are	 necessary	 before	 safety	 and	 efficacy	 can	 be	 demonstrated	 using	 any	

transplanted	 human	 stem	 cell	 population.	 Deficits	 can	 be	 cognitive,	 emotional,	

and/or	motor	in	origin.	

w Two	months	 post-transplantation	 is	 also	 the	minimum	 amount	 of	 time	 needed	 to	

allow	 for	 proliferation,	 migration,	 differentiation	 and/or	 integration	 of	 human	

neural	stem	cells	into	the	injured	host.	

No	immunodeficient	animal	models	of	TBI	exist	

w No	 pre-clinical	 TBI	 models	 from	 the	 review	 period	 employed	 immunodeficient	

animal	models	nor	characterized	TBI	in	an	immunodeficient	pre-clinical	model	that	

would	 enable	 maximal	 theoretical	 cell	 engraftment	 for	 assessment	 of	 safety	 and	

efficacy	(Anderson	et	al.,	2011).	

w TBI	cell-therapy	studies	do	not	routinely	use	combinatorial	immunosuppression.	

Human	cell	quantification	is	rare	-	efficacy	even	rarer	

w Only	19%	of	TBI	transplantation	papers	from	the	review	period	where	human	cell	

transplants	 were	 administered	 (6	 of	 32	 papers)	 quantified	 human	 cell	

engraftment/survival.		81%	did	not	report	on	cell	survival.	

w Human	cell	survival,	when	reported,	was	low,	ranging	from	0.03%	of	the	initial	dose	

to	a	maximum	of	21%	(average	4.7%).	
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w Only	 6%	 of	 TBI	 transplantation	 papers	 using	 a	 human	 cell	 population	 reported	

functional	efficacy	at	greater	than	2-months	post-transplantation	(2	of	32	papers).	

Future	Perspective:	

In	 the	 future,	 it	 is	 likely	 that	 better	 animal	 models	 of	 TBI	 will	 be	 developed,	 including	

models	 of	 repeated	 TBI,	 used	 of	 humanized	 immune	 system	 animals,	 and/or	 the	

characterization	 of	 immunodeficient	 animals	 models	 to	 better	 allow	 for	 assessment	 of	

human	 donor	 cell	 populations.	 	 Preclinical	 testing	 will	 also	 expand	 to	 more	 long-term	

studies	and	studies	which	utilize	multiple	outcome	measures	that	better	overlap	functional	

outcome	 assessment	 in	 the	 human	 population.	 We	 also	 predict	 that	 advancements	 in	

understanding	and	testing	mechanisms	of	action	will	reveal	that	different	cell	populations	

exert	effects	via	distinct	but	overlapping	actions	on	the	injured	host.	Finally,	we	expect	that	

increased	application	of	RIGOR	and	SAINT	standards	will	strengthen	the	translatability	of	

preclinical	animal	testing	to	support	clinical	trials	in	TBI.	
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Figure	2.1.	There	are	5	main	models	of	TBI	in	rodents.	(A)	Fluid	Percussion	Injury	(FPI)	

(B)	Controlled	Cortical	Impact	(CCI)	(C)	Penetrating	Ballistic-Like	Brain	Injury	(PBBI),	

(D&E)	Weight	Drop	Injuries	(closed	head	or	open),	and	(F)	Blast	injury.	Illustration	taken	

with	permission	from	Xiong	et	al.	2013.	
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Figure	 2.2.	 Nissl-stained	 rat	 brain	 sections	 of	 traumatic	 brain	 injuries	 induced	 by	

controlled	 cortical	 impact	 (CCI).	 (A)	 Long-Evans	 and	 (B)	 Athymic	 Nude	 rats	 display	

similar	pathologies	of	cortical	tissue	loss	and	hippocampal	damage	at	22	weeks	post-injury	

following	a	2.00	mm	deep,	3.5	m/s	impact	using	a	TBI-0310	traumatic	brain	injury	device	

(Precision	Systems	&	Instrumentation).	Scale	bar	=	1	mm.	
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Figure	2.3.	Comparison	of	 the	percentage	of	all	 rodent	TBI	papers	by	model	which	

assessed	functional	outcomes	short-term	or	long	term	post	TBI.	(A)	314	total	papers	

were	 reviewed	 that	 used	 either	 FPI,	 WDIA/CHI,	 CCI	 or	 Blast	 models.	 Only	 33%	 of	 the	

reviewed	papers	assessed	functional	outcomes	at	1	month	or	more,	 the	majority	of	 these	

(41)	were	in	FPI	or	(43)	CCI	models.	(B)	An	analysis	of	papers	reporting	long-term	deficits	

in	functional	outcomes	(red	bars)	versus	papers	reporting	no	deficits	(blue	bars)	at	1-,	2-,	

3-,	 6-,	 and	12-months	post	TBI.	 Few	papers	 assess	 long-term	deficits	 in	TBI	models.	The	

green	bar	represents	all	papers.	
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Table	 2.1.	 List	 of	 functional	 outcome	 tasks	 used	 in	 the	 TBI	 field.	 Functional	

assessments	reported	to	have	deficits	≥	1	month	post-TBI.	Of	314	papers	reviewed,	32%	of	

papers	with	an	uninjured/sham	group	compared	to	an	injury	group	performed	functional	

assessments	 ≥	 1	month	 post-TBI.	 Functional	 tasks	 in	 black	 represent	 tasks	 that	 reveal	 a	

deficit	and	have	been	reported	in	at	least	2	or	more	papers	(replicated);	tasks	in	blue	have	

been	reported	to	reveal	deficits	at	≥	1	month	in	only	one	publication;	tasks	in	grey	have	not	

been	shown	to	reveal	deficits	at	≥	1	month.	

Functional*Assessment
Total&Papers&
Assessing&

Task

Papers&
Assessing&Task&
at&≥&1&month

Papers&with&
Deficits&in&Task&
at&≥&1&month

%&of&Papers&with&
Deficits&in&Task&
at&≥&1&month

Water&Maze,&Learning&Latency&(LL) 261 72 55 76%

Water&Maze,&Probe&(P) 95 34 21 62%

Global&Neurological&Assessment 45 20 15 75%

Beam&Walking 73 17 12 71%

Foot&Fault 20 9 8 89%

Rotarod 31 12 6 50%

Water&Maze,&%&in&Correct&Quadrant 7 6 6 100%

Elevated&Plus&Maze 11 7 4 57%

Passive&Avoidance 6 4 4 100%

Water&Maze,&Swim&Speed&(SS) 96 29 3 10%

Water&Maze,&Reversal&(R) 8 6 3 50%

Y&Maze 7 5 3 60%

Forced&Swim&Test 6 5 3 60%

Rotating&Pole 6 4 3 75%

Water&Maze,&Visible&Platform 12 3 3 100%

Open&Field 19 5 2 40%

Bilateral&Tactile&Adhesive&Removal&Test 8 5 2 40%

Water&Maze,&Distance&(D) 31 3 2 67%

RadialPArm&Maze 5 3 2 67%

Balance&Beam 64 2 2 100%

Barnes&Maze 9 2 2 100%

VibrissaePForelimb&Placing&Test 4 2 2 100%

Cylinder 3 2 2 100%

Inclined&Plane&Test 8 2 1 50%

Novel&Object&Recognition 4 2 1 50%

Water&Maze,&Memory&Score&(MS) 30 1 1 100%

Water&Maze,&Working&Memory&(WM) 8 1 1 100%

Water&TPMaze 2 1 1 100%

Dry&Maze&Test 1 1 1 100%

Forelimb&Flexion 7 3 0 0%

Fear&Conditioning,&Contextual 7 2 0 0%

Fear&Conditioning,&Cued 3 2 0 0%

Social&Interaction 2 2 0 0%

Forepaw&Contraflexion 1 1 0 0%

Hot&Plate&Test 1 1 0 0%

Reflexive&Forelimb&and&Hindlimb&Placing 1 1 0 0%

Staircase&Test 1 1 0 0%
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Table	2.2.	Models	and	functional	outcome	tasks	with	long-term	deficits	(2-,	3-,	6-	and	

12-months	post	injury).	Of	314	papers	reviewed,	27	papers	found	functional	deficits	at	≥	

2	months	post-TBI.	PMIDs	are	shown	in	the	latest	time-point	post-injury	where	deficits	

were	observed	for	the	given	task.	

	 	

Fluid 
Percussion 

Injury

Fluid 
Percussion 

Injury

Fluid 
Percussion 

Injury

Fluid 
Percussion 

Injury

Fluid 
Percussion 

Injury

Fluid 
Percussion 

Injury

Fluid 
Percussion 

Injury

Fluid 
Percussion 

Injury

Fluid 
Percussion 

Injury

Weight Drop 
Impact 

Acceleration/
Closed Head 

Injury

Weight Drop 
Impact 

Acceleration/
Closed Head 

Injury

Weight Drop 
Impact 

Acceleration/
Closed Head 

Injury

Weight Drop 
Impact 

Acceleration/
Closed Head 

Injury

Weight Drop 
Impact 

Acceleration/
Closed Head 

Injury

Weight Drop 
Impact 

Acceleration/
Closed Head 

Injury

Weight Drop 
Impact 

Acceleration/
Closed Head 

Injury

Controlled 
Cortical 
Impact

Controlled 
Cortical 
Impact

Controlled 
Cortical 
Impact

Controlled 
Cortical 
Impact

Controlled 
Cortical 
Impact

Functional Deficits Detected Over TimeFunctional Deficits Detected Over TimeFunctional Deficits Detected Over TimeFunctional Deficits Detected Over Time
2 Months 3 Months 6 Months 12 Months

Beam Walking 23414334

Elevated Plus Maze
21933013 
23414334

Forced Swim Test 21933013
Global Neurological Assessment 16424733 20839948
Water Maze, Distance 9262173

Water Maze, Learning Latency

9272642 
10547100 
16424733 
21933013 
23414334

16764859 15334605 
20839948

9740398

Water Maze, Probe 16720946
19101638 
20839948

Water Maze, Reversal
16720946 
21933013 
23414334

Water Maze, Swim Speed 21933013 20839948

Forced Swim Test
16156715 
17669633

Passive Avoidance 17669633
Rotarod 11702878
Rotating Pole Test 11702878

Water Maze, Learning Latency

10776912 
16356639 
11784789 
12732240

22743360

Water Maze, Probe
10776912 
12732240

Water Maze, Visible Platform 10776912

Balance Beam 22774771
Global Neurological Assessment 18164073
Water Maze, Learning Latency 19927173 22373400 22774771 10098956

Water Maze, Probe
19927173 
20833152 
21335666

10098956

Y Maze 20833152

Number denotes PMID of  supporting publication
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Table	2.3.	Human	 cellular	 therapy	 studies	 in	 rodent	models	 of	 TBI.	32	 papers	 have	

transplanted	 human	 stem	 cells	 into	 a	 rodent	model	 of	 traumatic	 brain	 injury.	 Only	 6	 of	

these	papers	reported	a	quantified	cell	survival,	and	none	of	 them	used	 immunodeficient	

rodent	 strains.	 Injury	 model,	 transplanted	 human	 stem	 cell	 population,	 length	 of	 study,	

quantified	 cell	 survival,	 and	 functional	 assessments	 in	 treated	 vs	 untreated	 animals	 is	

shown.	Studies	which	looked	greater	than	6	weeks	post-transplant	are	denoted	in	red	(CCI	

-	Controlled	Cortical	Impact,	FPI	-	Fluid	Percussion	Injury,	PBBI	-	Penetrating	Ballistic-Like	

Brain	Injury,	WDIA	-	Weight	Drop	Impact	Acceleration).	

	

First&Author Year PMID
Injury&
Model

Human&Cell&Population
Terminal&Time<point

Post&Injection
Quantified&Cell&
Survival&(%)

Behavioral&AssessmentFirst&Author Year PMID
Injury&
Model

Human&Cell&Population
Terminal&Time<point

Post&Injection
Quantified&Cell&
Survival&(%)

Behavioral&Assessment

Nichols(JE 2013 23290300 FPI hMSC 12(Weeks 21 Improved(MWM

Hong(SQ 2011 21877237 WDIA Human(Umbilical(Cord(SC 3(Weeks 6.77 Improved(MWM

Mahmood(A 2003 12943585 CCI hMSC 4(Weeks 0.5(N(0.6 Improved(Rotarod,(mNSS

Wennersten(A 2006 16490195 FPI Fetal(hNSC 3(or(6(Weeks,(6(Months 0.2 N.A.

Hagen(M 2003 14623128 CCI Fetal(hNSC 6(Days 0.12(N(0.95 N.A.

Wennersten(A 2006 16490195 WDIA Fetal(hNSC 6(Weeks 0.03 N.A.

Lu(D 2002 12075993 CCI Human(Umbilical(Cord(Blood(Cells 1(month Not(Reported Improved(Rotarod,(mNSS

Watson(DJ 2003 12722829 CCI NT2N(Neurons 4(Weeks Not(Reported Improved(MWM

Longhi(L 2004 15684764 CCI NT2N(Neurons 4(Weeks Not(Reported Improved(MWM

Mahmood(A 2005 16284572 CCI hMSC 3(Months Not(Reported Improved(mNSS

Lu(D 2007 17881974 CCI hMSC 5(Weeks Not(Reported Improved(MWM,(mNSS

Qu(C 2009 19425888 CCI hMSC 5(Weeks Not(Reported Improved(MWM

Him(HJ 2010 19508155 CCI hMSC 1,(2,(8,(15,(22,(and(29(Days Not(Reported Improved(Rotarod,(mNSS

Heile(AM 2009 19638295 CCI Immortalized(hMSC 2,(7,(and(14(Days Not(Reported N.A.

Walker(PA 2010 20637752 CCI hMSC 3(Days Not(Reported N.A.

Qu(C 2011 21062621 CCI hMSC 2(Weeks Not(Reported Improved(MWM,(mNSS

Skardelly(M 2010 21083415 CCI Fetal(hNPC 12(Weeks Not(Reported Improved(Rotarod,(mNSS

Li(L 2011 21275806 CCI hMSC 6(Weeks Not(Reported Improved(MWM,(mNSS

Jiang(Q 2011 21432927 CCI hMSC 6(Weeks Not(Reported Improved(MWM,(mNSS

Zanier(ER 2011 21725237 CCI Human(Umbilical(Cord(SC 5(Weeks Not(Reported Improved(MWM,(mNSS,(Beam(Walk

Poltavtseva(RA 2012 22977876 CCI Fetal(hMSC(and(hNSC 3(Weeks Not(Reported Improved(Limb(Function

Hung(CJ 2010 20230225 FPI Immortalized(hMSC 2,(7,(and(14(Days Not(Reported N.A.

Muir(JK 1999 10369560 FPI hNT(Neurons 2(Weeks Not(Reported No(Differences

Philips(MF 1999 10413164 FPI NT2N(Neurons 2(and(4(Weeks Not(Reported No(Differences

Zhang(C 2005 16379583 FPI NT2N(Neurons 4,(8,(and(12(Weeks Not(Reported No(Differences

Gao(J 2006 16904107 FPI Fetal(hNSC 2(Weeks Not(Reported Improved(MWM

Wang(E 2012 22077363 FPI Fetal(hNSC 4(Days Not(Reported N.A.

Chen(Z 2009 19886807 PBBI Human(Amniotic(Cells 1,(2,(3,(and(4(Weeks Not(Reported N.A.

Chen(Z 2011 20951684 PBBI Human(Amniotic(Cells 2(Weeks Not(Reported Improved(Rotarod

Wennersten(A 2004 14743917 WDIA Fetal(hNSC 2(and(6(Weeks Not(Reported N.A.

Al(Nimer(F 2004 15305127 WDIA Fetal(hNSC 6(Weeks Not(Reported N.A.

Lundberg(J 2009 19562330 WDIA hMSC 1(and(5(Days Not(Reported N.A.
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CHAPTER	3	

Repeated	Mild	Closed	Head	Injuries	Induce	Long-Term	White	Matter	Pathology	And	

Neuronal	Loss	That	Are	Correlated	With	Behavioral	Deficits	

ABSTRACT	

An	estimated	5.3	million	Americans	are	currently	living	with	a	disability	from	a	traumatic	

brain	injury	(TBI).	Of	growing	concern	is	the	emerging	evidence	of	the	detrimental	effects	

from	suffering	several	mild	TBIs	(mTBI).	Repeated	mTBI	(rmTBI)	manifests	its	own	unique	

set	of	behavioral	consequences	as	well	as	neuropathological	changes,	defined	post-mortem	

as	chronic	traumatic	encephalopathy	(CTE).	We	have	combined	components	of	two	classic	

rodent	 models	 of	 TBI,	 the	 controlled	 cortical	 impact	 (CCI)	 model	 and	 the	 weight	 drop	

model,	 to	develop	a	repeated	mild	closed	head	injury	(rmCHI)	model	that	produces	 long-

term	deficits	 in	 several	 behavioral	 that	were	 correlated	with	 neuropathological	 changes.	

Mice	 receiving	 rmCHI	performed	differently	 from	1-hit	 or	 sham	controls	 on	 the	 elevated	

plus	 maze	 at	 1	 month	 post	 injury	 (mpi),	 spending	 more	 time	 in	 open	 arms,	 as	 well	 as	

exhibiting	 hyperlocomotion;	 these	 deficits	 persist	 up	 to	 6mpi.	 rmCHI	 mice	 performed	

significantly	worse	than	1-hit	and	control	sham	mice	at	2mpi	and	6mpi	in	a	classic	learning	

task,	 the	 Morris	 water	 Maze.	 In	 addition	 to	 behavioral	 changes	 following	 rmCHI,	 we	

observed	 significant	 white	 matter	 tract	 pathology	 similar	 to	 clinical	 presentations	 of	

rmTBI.	 Mice	 receiving	 rmCHI	 exhibited	 myelin	 changes	 in	 corpus	 callosum,	 as	 well	 as	

significant	 atrophy	 of	 the	 corpus	 callosum	 at	 both	 2mpi	 and	 6mpi	 (33%	 and	 35%,	

respectively)	as	assessed	by	stereological	volume	analysis.	In	addition,	although	there	was	

no	significant	decrease	in	total	NG2+	oligodendrocyte	precursors	in	corpus	callosum,	there	

was	a	strong	correlation	of	NG2+	cells	to	corpus	callosum	volume	across	all	injured	groups	
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at	 6MPI.	 Stereological	 analysis	 also	 revealed	 significant	 loss	 of	 cortical	 neurons	 in	

comparison	 to	1-hit	and	controls.	Moreover,	both	of	 these	pathological	 changes	correlate	

with	 behavioral	 impairments.	 This	 rmCHI	 model	 suggests	 that	 strategies	 to	 restore	

myelination	 or	 reduce	 neuronal	 loss	 may	 ameliorate	 the	 behavioral	 deficits	 observed	

following	rmCHI.		

INTRODUCTION	

In	the	United	States,	an	estimated	5.3	million	people	are	living	with	a	traumatic	brain	injury	

(TBI)	related	disability	(Langlois	and	Sattin,	2005)	resulting	in	direct	and	indirect	costs	of	

56-221	billion	USD	every	year	(Coronado	et	al.,	2012).	Over	1.7	million	Americans	a	year	

suffer	 a	 TBI	 leading	 to	 a	 hospitalization	 (Faul	 et	 al.,	 2010),	 wherein	 mild	 TBI	 (mTBI)	

accounts	for	75%	of	all	TBI	(Gerberding	and	Binder,	2003).	Yet,	43%	of	patients	discharged	

after	acute	TBI	hospitalization	develop	a	long-term	disability	(Rutland-Brown	et	al.,	2006).	

Concussion,	or	mTBI,	is	defined	as	a	pathophysiological	process	affecting	the	brain	induced	

by	direct	or	indirect	biomechanical	forces	that	may	lead	to	acute	neurological	deficits	that	

typically	 resolve	 without	 structural	 injuries	 (Herring	 et	 al.,	 2011),	 leading	 to	 1.4	 -	 3.8	

million	concussions	annually	in	the	United	States	(Faul	et	al.,	2010).	Single	and/or	multiple,	

mild	 head	 injuries	 can	 lead	 to	 long-lasting	 cognitive	 and	 emotional	 deficits,	 as	 well	 as	

neuropathologies	 including	 chronic	 neuroinflammation	 (Johnson	 et	 al.,	 2013a;	

Ramlackhansingh	et	al.,	2011)	and	tauopathies	such	as	chronic	traumatic	encephalopathy	

(CTE)	 (McKee	 et	 al.,	 2009).	 Epidemiological	 studies	 that	 include	 those	 with	 mild	 or	

concussive	 injuries	 that	 do	 not	 lead	 to	 a	 hospitalization,	 put	 the	 estimate	 of	 all	 TBI	

incidences	 closer	 to	3.8	million	per	 year	 (Laskowski	 et	 al.,	 2015).	 Clearly,	TBI	 is	 a	major	

health	problem	with	limitations	to	definitive	incident	reporting.	
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Primary	 injury	 associated	 with	 TBI	 can	 result	 in	 acute	 axonal	 swelling	 and	 shearing	

(Johnson	et	al.,	2013b),	microglial	activation	(Johnson	et	al.,	2013a;	Ramlackhansingh	et	al.,	

2011),	neuronal	 loss	 (Raghupathi,	2004),	hemorrhage	and	blood	brain	barrier	disruption	

(Baskaya	 et	 al.,	 1997;	 Greve	 and	 Zink,	 2009).	 Secondary	 injury	 cascades	 associated	with	

these	events	 include	white	matter	atrophy,	chronic	and	dynamic	neuroinflammation,	and	

neuronal	loss.	Of	particular	interest,	disruptions	of	major	white	matter	tracts	following	TBI	

have	also	been	observed	 in	both	humans	and	rodents.	 In	humans	with	a	single	traumatic	

brain	injury,	25%	atrophy	of	the	corpus	callosum	is	observed	chronically,	concurrent	with	

activated	 microglia	 within	 the	 corpus	 callosum	 (Johnson	 et	 al.,	 2013a).	 White	 matter	

abnormalities	have	been	observed	in	humans	following	multiple	concussions	or	traumatic	

brain	injuries,	especially	in	athletes	(Johnson	et	al.,	2013a;	Multani	et	al.,	2016;	Tremblay	et	

al.,	 2014).	 In	 a	 rodent	model	 of	 repeated	mTBI,	 a	 sustained	 inflammatory	 response	was	

observed	in	corpus	callosum,	up	to	7	weeks	post	injury	(Shitaka	et	al.,	2011),	and	in	a	study	

at	 more	 chronic	 timepoints	 of	 6-	 and	 12-	 months	 post-injury,	 10-20%	 corpus	 callosum	

thinning	 occurred,	 as	 measured	 by	 thickness	 in	 2D	 sections,	 not	 total	 volume,	 in	

combination	with	increased	astroglial	and	microglial	activation	(Mouzon	et	al.,	2014).	

	

Rodent	models	are	often	utilized	to	mimic	repeated	mild	traumatic	brain	injury	(rmTBI)	to	

investigate	mechanisms	underlying	pathological	and	cognitive	changes	following	injury.	In	

acute	TBI,	correlates	of	hippocampal	neuropathology	and	memory	performance	have	been	

reported	(Haus	et	al.,	2016;	Hicks	et	al.,	1993).	However,	few	rodent	models	of	rmTBI	have	

quantified	 neuropathology,	 and	 to	 our	 knowledge,	 none	 have	 correlated	 these	measures	
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with	 assessments	 of	 behavior	 and	 cognition.	 rmTBI	 can	 be	 caused	 by	 a	 wide	 range	 of	

insults	 followed	by	heterogeneous	symptoms	and	pathological	outcomes.	A	single	animal	

model	 of	 rmTBI	 is	 unlikely	 to	 be	 sufficient	 to	 understand	 all	 of	 the	 possible	 pathologies	

associated	 with	 injury.	 Indeed,	 modeling	 human	 TBI	 in	 rodents	 will	 always	 lack	 some	

components	 of	 the	 human	 condition,	 due	 to	 size	 differences,	 differences	 in	 rotational	

forces,	 a	 lack	 of	 one	 common	 mechanism	 for	 human	 injury,	 and	 because	 rodents	 are	

lissencephalic.	 Some	 current	 rodent	 models	 of	 rmTBI	 include	 impacting	 a	 mouse	 skull	

directly	 using	 a	 home-made	 or	 commercially	 available	 pneumatic	 device	 (Laurer	 et	 al.,	

2001;	Prins	et	al.,	2010;	Shitaka	et	al.,	2011;	Uryu	et	al.,	2002),	dropping	a	weight	down	a	

tube	 onto	 a	 closed	 head	 of	 a	 suspended	 mouse	 on	 a	 kimwipe	 (Meehan	 et	 al.,	 2012)	 or	

aluminum	 foil	 (Kane	 et	 al.,	 2012),	 and	 a	 newly	 developed	 closed-head	 impact	 model	 of	

engineered	rotational	acceleration	(CHIMERA)	focusing	on	precise	control	of	injuries	with	

unrestricted	 head	 movement	 allowing	 for	 coup-countrecoup	 injuries	 (Namjoshi	 et	 al.,	

2014).	Models	that	do	not	resect	the	skin	to	impact	the	skull	or	dura	directly	are	commonly	

referred	to	as	repeated	mild	closed	head	injuries	(rmCHI),	a	subset	of	rmTBI.	We	sought	to	

utilize	 commercially	 available	 components	 from	 these	models	 to	 allow	 for	 robust,	 high-

throughput	 rmCHI	 that	 can	 be	 easily	 replicated	 across	 laboratories	with	 precise	 control	

over	injury	parameters.	Further,	we	sought	to	develop	a	model	of	closed	head	injury	with	

components	 of	 acceleration-deceleration	 forces	 in	 an	 unrestrained	 head	 that	 produced	

white	matter	 tract	neuropathology	 representative	of	 that	observed	 in	 the	clinical	 setting.	

Finally,	we	sought	a	model	 that	demonstrates	external	validity,	resulting	 in	cognitive	and	

behavioral	deficits	in	variety	of	tasks	that	are	sustained	chronically	(Henderson	et	al.,	2013;	

Malkesman	et	al.,	2013).	
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We	hypothesize	 that	 repeated	mild	closed	head	 injuries	 (rmCHI),	 but	not	 a	 single	 injury,	

will	 produce	 chronic	 behavioral	 changes	 as	 well	 as	 pathological	 abnormalities.	 We	

predicted	that	the	extent	of	behavioral	impairment	would	correlate	with	underlying	levels	

of	pathology.	Critically,	to	our	knowledge,	there	are	no	reports	comparing	the	relationship	

of	 white	 matter	 or	 cortical	 pathology	 in	 rmCHI	 rodents	 with	 multiple	 measures	 of	

behavioral	 function.	We	focus	on	investigating	corpus	callosum	neuropathology	following	

rmTBI	given	 the	common	 finding	of	white	matter	damage	 in	humans,	and	 focused	 in	 the	

relationship	 between	 behavioral	 changes	 post-injury	 and	 the	 underlying	 pathology.	 We	

also	assessed	cortical	neuron	number	below	the	site	of	impact.	We	present	a	rodent	injury	

model	of	 rmCHI	 that	allows	 for	high	experimental	 throughput	of	mice,	and	report	on	 the	

association/correlation	of	robust	 long-term	behavioral	changes	and	 learning	deficits	with	

corpus	callosum	atrophy,	long-term	neuroinflammation,	and	cortical	neuronal	loss.	

	

MATERIAL	AND	METHODS	

Animals	and	Injury	Paradigm	

All	procedures	were	carried	out	under	the	approval	of	the	UCI	IACUC	committee	(#2010-

2945)	 in	an	AAALAC	accredited	vivarium	(#000238).	Components	of	both	 the	 controlled	

cortical	 impact	 (CCI)	 device	 (TBI-0310	 Head	 Impactor,	 Precision	 Systems	 and	

Instrumentation,	 LLC,	 Fairfax	 Station,	 VA,	 Figure	 3.1A)	 and	 the	weight	 drop	model	were	

combined	to	produce	this	novel	model	of	repeated	mild	closed	head	injury	(rmCHI).	Using	

the	CCI	device	as	intended,	a	stereotaxic	frame	holding	a	rodent	is	positioned	on	the	stage	

and	 the	 impactor	 tip	 is	 centered	 over	 a	 craniotomy	 exposing	 the	 brain	 and	 intact	 dura	
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below,	whereby	 the	piston	can	 impact	 the	brain	directly.	Rather	 than	using	a	 stereotaxic	

frame	and	performing	a	craniotomy,	we	made	a	foam	bed	modified	from	‘Marmarou	foam’	

(Type	E	Bed,	Foam	to	Size,	Inc.,	Ashland,	VA),	the	standard	foam	commonly	used	in	weight	

drop	models	of	TBI.	The	 foam	was	modified	 to	 fit	on	 the	stage	of	 the	CCI	device	 (5.25”	x	

2.75”	 x	17.25”)	 and	a	 trench	was	 cut	out	 to	position	 tubing	and	a	nose	 cone	 to	keep	 the	

animal	under	anesthesia	for	the	duration	of	the	procedure.	

	

Prior	to	all	procedures,	9-10	week	old	male	C57Bl/6J	mice	were	acclimated	to	the	vivarium	

for	1	week	and	handled	for	3	days,	5	minutes	per	day.	The	sequence	of	events	leading	up	to	

the	moment	of	impact	is	tightly	controlled	to	ensure	the	same		minimal,	precise	amount	of	

time	 under	 anesthesia.	 Animals	 are	 first	 placed	 into	 a	 pre-filled	 isoflurane	 knockdown	

chamber	 at	 2.5%	 isoflurane	 for	2	minutes.	Mice	 are	 then	moved	 to	 a	prep	 station	under	

2.5%	isoflurane,	where	tails	are	marked	for	animal	 identification,	ophthalmic	ointment	 is	

applied,	and	their	head	is	shaved	to	allow	for	a	clean,	smooth	surface	to	zero	the	impactor	

tip.	Mice	stay	at	this	station	for	2	minutes,	regardless	of	when	all	necessary	procedures	are	

completed.	The	animal	is	then	placed	onto	the	modified	Marmarou	foam	and	positioned	to	

breath	1.5%	isoflurane	from	a	nose	cone.	Standard	lab	tape	was	lightly	applied	to	the	tips	

of	mice’s	 ears	 and	 lightly	 fixed	 to	 the	 foam	 to	 help	 keep	 head	movement	 at	 a	 standstill	

(Figure	 3.1B).	 The	 mouse	 is	 in	 the	 CCI	 station	 for	 a	 total	 of	 3	 minutes	 until	 the	 device	

delivers	an	 impact	with	 speed	5.0m/s,	1.0mm	depth,	 and	50ms	dwell	 time	 (Slow-motion	

video	 of	 impact	 shows	 displacement	 of	 head	 into	 supporting	 foam	 pad,	 Figure	 3.1C).	 In	

total,	mice	are	under	anesthesia	for	7	minutes	from	knockdown	to	TBI	 impact.	 Isoflurane	

percentages	were	optimized	 to	minimize	head	movement	 from	respiration	while	 zeroing	



	
	

96 

the	piston	and	during	 impact,	while	 still	 keeping	 the	animal	unresponsive	 to	 a	 toe	pinch	

reflex.			

	

This	short	procedure	allows	for	high	throughput	and	large	animal	cohorts	for	experiments,	

becoming	 very	 useful	 when	 requiring	 large	 group	 sizes	 for	 behavioral	 assessments.	 An	

experienced	experimenter	could	solely	run	this	procedure	on	10	mice	per	hour.	Following	

impact,	animals	were	moved	out	of	the	apparatus	and	onto	a	recovery	area	where	righting	

time	was	 recorded	 as	 a	measure	 of	 loss	 of	 consciousness.	 Sham	 animals	 underwent	 the	

same	7	minute	procedure	with	anesthesia,	but	were	not	impacted.	Animals	were	randomly	

assigned	to	treatment	groups	and	observers	were	blind	to	group	during	all	behavioral	and	

histological	evaluations.	

	

Experiment	1	Timeline	-	2	Month	Study,	Sham,	1	Hit,	5	Hit,	and	10	Hit	groups	over	10	

Days	

C57BL/6J	male	mice	were	 grouped	 into	 four	 different	 conditions.	 One	 group	 received	 a	

single	 impact	 (n=11).	Two	groups	 received	multiple	 impacts,	 either	10	hits	over	10	days	

(once	every	24hrs,	n=13)	or	5	hits	over	10	days	(once	every	48hrs,	n=9),	Figure	3.1D.	Two	

sham	 control	 groups	 were	 included	 in	 the	 studies	 to	 parallel	 7	 minutes	 of	 isoflurane	

exposure,	 but	 receiving	 no	 impact	 at	 the	 conclusion	 of	 7	minutes.	 The	 two	 sham	groups	

received	 either	 10	 sham	 procedures	 over	 10	 days,	 or	 5	 procedures	 over	 10	 days	 (once	

every	 48hrs).	 Sham	 groups	were	 ultimately	 combined	 in	 all	 statistical	 analysis,	 as	 there	

were	no	differences	in	any	behavioral	measurement	between	the	two	sham	groups	(n=14).	
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Single	 impact	 animals	 received	 an	 impact	 on	 the	 final	 day	 of	 hits	 of	 both	 5	 and	 10	 hit	

groups	to	align	all	groups	at	0	days	post	injury	(dpi).	

	

An	array	of	behavioral	 tasks	was	chosen	 (see	below)	 to	assess	motor	 function	as	well	 as	

cognitive	 and/or	 emotional	 function.	 Experimental	 conditions	were	 randomized	 prior	 to	

injury	 or	 behavioral	 testing,	 and	 all	 behavioral	 testing	 was	 done	 blind	 to	 experimental	

condition.	 No	 pre-injury	 baseline	 behavioral	 testing	 was	 conducted.	 Animals	 were	

sacrificed	 at	 9	 weeks	 post	 injury,	 perfused	 with	 4%	 paraformaldehyde.	 Brains	 were	

excised,	 immersed	 in	 30%	 sucrose/4%	 paraformaldehyde	 overnight,	 and	 snap-frozen	 in							

-50°C	isopentane.		

	

Experiment	2	Timeline	-	6	Month	Study,	Sham,	1	Hit,	and	10	Hit	

9-10	week	old	C57BL/6J	male	mice	were	grouped	into	three	conditions:	Sham	(n=7),	1	Hit	

(n=11),	or	10	hits	over	10	days	(once	every	24	hrs,	n=9).	Mice	were	tested	on	elevated	plus	

maze	 at	 1MPI	 and	 6MPI,	 a	 single	 forced	 swim	 test	 at	 2MPI	 and	 6MPI,	 and	Morris	water	

maze	at	6MPI.	2	animals	from	each	group	were	sacrificed	at	2MPI	for	pilot	data	for	another	

experiment.	

	

Rotarod	

Mice	were	tested	for	motor	function,	control,	and	balance	using	the	rotarod	task	at	1,	4,	7,	

14,	21,	and	35	days	post-injury.	Mice	were	placed	onto	a	rota-rod	device	(Economex	Rota-

Rod,	Columbus	Instruments,	Columbus,	Ohio)	first	for	a	minute	to	acclimate,	followed	by	2	

minutes	 of	 learning/acclimation	 at	 a	 steady	 rate	 of	 5	 revolutions	 per	 minute	 (rpm).	
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Animals	falling	off	the	beam	were	immediately	re-positioned	atop	the	beam	during	this	2	

minute	learning	phase.	Following	2	minutes	of	acclimation	to	the	task,	two	training	trials	of	

were	performed,	 followed	by	5	 testing	 trials.	Daily	 latency	 to	 fall	measurements	were	an	

average	of	the	5	testing	trials.	Both	training	and	testing	trials	began	at	3rpm,	accelerating	at	

2.0	rpm/sec	for	the	duration	of	each	trial.	Between	each	training	and	testing	trial,	any	urine	

left	on	the	beam	was	removed	and	the	beam	was	cleaned	and	dried.		

	

Horizontal	Ladder	Beam	

To	assess	motor	function,	mice	were	tested	using	the	horizontal	ladderbeam.	Foot-faults,	or	

mis-steps,	 were	 tabulated	 from	 video	 recordings	 of	 animals	 traversing	 the	 horizontal	

ladder	 with	 variable	 rung	 spacing	 (Cummings	 et	 al.,	 2007).	 Testing	 was	 performed	 in	 a	

dark	 room	 with	 a	 light	 source	 placed	 at	 the	 starting	 end	 of	 the	 ladder	 to	 motivate	

movement	 away	 from	 the	 light,	 into	 a	 closed	 dark	 cage	 at	 the	 end	 of	 the	 ladder.	 An	

enclosure,	just	bigger	than	the	mouse,	sits	atop	the	ladder	to	allow	a	track	for	mice	to	walk	

in	a	line	to	the	opposite	end.	Three	successfully	traversed	trials	in	total	were	scored,	using	

total	forepaw	missteps	over	3	trials	as	the	outcome	measure.	

	

Tail	Suspension	Test	

The	tail	suspension	test	is	a	common,	simple	task	to	assess	depression	in	mice.	Mice	were	

hung	from	a	beam	raised	12”	off	of	a	surface,	affixed	by	a	piece	of	tape	at	the	tip	of	their	tail.	

Mice	tried	to	grab	their	tails	and	climb	up	to	right	themselves.	Assessment	of	depression-

like	 behavior	 was	 measured	 by	 scoring	 time	 immobile,	 or	 time	 not	 struggling	 to	 right	
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themselves.	More	depressive-like	behavior	is	indicated	by	more	time	immobile.	A	single	5	

minute	trial	was	conducted	under	normal	ambient	light	conditions.	

	

Elevated	Plus	Maze	

Animals	 were	 placed	 at	 the	 center	 point	 of	 the	 elevated	 plus	 maze	 apparatus	 (Noldus	

Information	Technology,	Leesburg,	VA)	29”	off	of	the	ground,	facing	an	open	arm	extending	

13.5”	 from	 the	 center.	Mice	 could	move	 freely	 between	 unenclosed	 and	 enclosed	 closed	

arms,	7.5”	high	walls.	Trials	lasted	5	minutes	and	were	analyzed	by	EthoVision	XT	software	

(Noldus	Information	Technology,	Leesburg,	VA).	 Interpreting	different	outcome	measures	

can	 give	 a	 better	 understanding	 of	 general	 locomotor	 activity,	 as	 well	 as	 anxiety-like	

behavior.	 Simply,	 overall	 locomotion	 can	be	 analyzed	 for	 general	 activity	 levels.	Anxiety-

like	behavior	was	assessed	by	comparing	time	spent	in	open	arms,	or	by	amount	of	entries	

into	 open	 arms.	 An	 animal	 spending	more	 time	 in	 closed	 arms	 was	 considered	 to	 have	

elevated	anxiety.	Administering	anxiolytic	drugs	to	rodents	will	increase	their	time	spent	in	

open	 arms	 (Pellow	 and	 File,	 1986).	 However,	 risk-like	 behavior	 could	 also	 be	 an	

interpretation	from	the	data	where	more	time	spent	in	open	arms	is	indicative	of	increased	

risk-like	 behavior	 and	 less	 risk	 aversion.	 Animals	 in	 Experiment	 1	 were	 tested	 under	

ambient	 light	 conditions,	 while	 Experiment	 2	was	 conducted	 in	 a	 dark	 room	with	 near-

infrared	 illumination	 under	 the	 maze	 arms	 to	 allow	 for	 contrast	 and	 camera	 detection.	

Outcome	measures	gathered	were	total	distance	moved,	entries	into	open	and	closed	arms,	

and	time	spent	in	open/closed	arms.	
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Morris	Water	Maze	

The	Morris	water	maze	is	a	well-characterized	task	to	assess	spatial	learning	and	memory.	

The	maze	consists	of	a	circular	metal	pool	(44”	diameter)	filled	with	water	3	inches	from	

the	 top.	White	 paint	was	 used	 to	 dye	 the	water	 and	 hide	 a	 platform	 (5”	 diameter)	 1cm	

below	the	surface	and	out	of	the	animal’s	sightline.	Water	was	maintained	at	25-30°C.	Mice	

underwent	 4	 trials,	 60s	 max,	 per	 day	 over	 5	 days	 of	 testing.	 The	 platform	 remained	

stationary	 in	a	particular	quadrant,	however,	 the	entry	point	order	 changed	each	day,	 as	

well	as	within	a	given	day.	Mice	used	cues	outside	the	maze	(various	poster-board	shapes	

fixed	to	 the	testing	room	walls),	 to	spatially	navigate	 to	 the	 ‘hidden’	platform.	EthoVision	

XT	 software	 (Noldus	 Information	 Technology,	 Leesburg,	 VA)	 recorded	 each	 trial,	

quantifying	latency	to	reach	platform	and	time	spent	in	each	quadrant.	

	

Forced	Swim	Test	

The	 forced	 swim	 test	 is	 a	measure	 of	 depressive-like	 behavior.	Mice	were	 placed	 into	 a	

2000mL	glass	beaker	filled	with	7-8	cm	of	water	(25°C)	for	six	minutes.	Trials	were	video	

recorded	 and	 analyzed	 using	 EthoVision	 XT	 software	 (Noldus	 Information	 Technology,	

Leesburg,	VA).	EthoVision	software	allowed	for	simple	quantification	of	time	moving	vs	not	

moving,	 but	 also	 a	 measurement	 of	 relative	 mobility.	 Moving	 was	 determined	 by	

calculating	 the	 duration	 for	which	 the	 center	 point	 of	 the	 animal	was	 changing	 location	

with	 a	 start	 velocity	 set	 at	 1.25cm/s	 and	 a	 stop	 velocity	 set	 at	 1.0cm/s.	 Mobility	 was	

quantified	using	changes	in	pixel	area	of	the	subject	between	samples	collected.	Standard	

software	 thresholds	 were	 used	 to	 segment	 mobility	 into	 ‘immobile’,	 ‘mobile’,	 and	 high	

mobility’	 levels,	 where	 the	 immobile	 threshold	 was	 set	 to	 6%	 and	 the	 high	 mobility	
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threshold	was	set	to	18%.	Mice	were	tested	on	the	forced	swim	test	in	Experiment	2	at	2	

and	6	months	post-injury.	A	single	exposure	was	used,	not	the	5-day	repetitive	variant	of	

the	forced	swim	test,	which	has	a	learning	component	(Mul	et	al.,	2016).	

	

Immunohistochemistry	

Personnel	 blind	 to	 experimental	 group	 performed	 all	 histological	 analyses.	 Serial	 30um	

coronal	brain	sections	were	collected	from	mice	sacrificed	at	9	weeks	post	injury.	 	Tissue	

was	 stained	 in	 free	 floating	 wells.	 Endogenous	 peroxide	 activity	 was	 quenched	 with	

hydrogen	 peroxide/methanol	 for	 20	minutes,	 followed	 by	 cell	 permeabilization	 in	 0.1%	

Triton-X.	Tissue	was	blocked	in	fetal	bovine	serum	and	donkey	serum	for	an	hour	prior	to	

primary	 antibody	 incubation.	 Primary	 antibodies	 were	 incubated	 overnight	 at	 room	

temperature	and	include	rat	anti-myelin	basic	protein	(Millipore,	#MAB386,	1:800),	rabbit	

anti-Iba1	(Wako,	#019-19741,	1:1000),	rabbit	anti-GFAP	(Dako,	#Z0334,	1:10,000),	mouse	

anti-NeuN	(Millipore,	#MAB377,	1:1000),	and	rabbit	anti-NG2	(Millipore,	#AB5320,	1:800).	

Tissue	 was	 incubated	 with	 secondary	 antibodies	 for	 an	 hour	 at	 room	 temperature.	

Secondary	 antibodies	 used	 include	 donkey	 anti-rabbit	 F(ab’)2	 biotin	 conjugated	 (Jackson	

ImmunoResearch	 Laboratories,	 #711-066-152,	 1:500),	 donkey	 anti-mouse	 F(ab’)2	 biotin	

conjugated	 (Jackson	 ImmunoResearch	 Laboratories,	 #715-066-151,	 1:500),	 donkey	 anti-

rat	 F(ab’)2	 biotin	 conjugated	 (Jackson	 ImmunoResearch	 Laboratories,	 #712-066-153,	

1:500),	 and	 donkey	 anti-rabbit	 F(ab’)2	 AF647	 conjugated	 (JacksonImmunoResearch	

Laboratories,	 #711-606-152,	 1:500)	 for	 NG2	 immunofluorescent	 labeling.	 Following	

incubation	with	ABC	Kit	 (Vector	 Labs,	#PK-6100),	DAB	 substrate	was	 added	 to	 visualize	

antigens	 (Vector	 Labs,	 SK-4100).	 Tissue	 was	 mounted	 onto	 gelatin-coated	 slides	 and	
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counterstained	 with	 methyl	 green	 to	 visualize	 nuclei.	 NG2	 immunofluorescent	 sections	

were	counterstained	with	Hoechst.	

	

Corpus	Callosum	Volume	Quantification	

30µm	 sections	were	 stained	with	 Cresyl	 violet	 for	 quantification	 of	 the	 corpus	 callosum.	

Contours	of	the	corpus	callosum	were	drawn	using	StereoInvestigator	software	v11.08.01	

(MicroBrightField,	Inc.,	Williston,	VT)	on	every	12th	section	to	evaluate	estimated	volume	

in	a	systematic,	non-biased,	design-based	approach.		Anterior	and	posterior	limits	of	corpus	

callosum	were	bound	by	sections	that	contained	intact	corpus	callosum	connecting	the	two	

hemispheres	 in	 the	 same	 coronal	 plane	 (Figure	 3.4B).	 A	 100um	 grid	 was	 laid	 down	 to	

assess	corpus	callosum	volume	and	coefficient	of	error	for	each	animal	was	less	than	0.10.	

	

NeuN+	Neuron	Stereological	Quantification	

The	 optical	 fractionator	 probe	 was	 used	 to	 quantify	 NeuN	 immunopositive	 cortical	

neurons.	From	30um	serial	coronal	sections,	every	12th	section	was	assessed.	Anterior	and	

posterior	 borders	were	 determined	 by	where	 corpus	 callosum	was	 intact	 between	 both	

hemispheres.	NeuN+	neurons	were	counted	bilaterally,	and	borders	were	contoured	based	

on	relative	anatomy	as	follows:	a	ventral	limit	was	established	by	contouring	a	horizontal	

line	form	the	most	dorsal	point	of	both	thalamus,	extending	to	the	most	lateral	aspect	of	the	

cortex.	 The	 corpus	 callosum	 was	 used	 as	 the	 ventral	 limit,	 until	 intersecting	 with	 the	

extended	thalamic	border.	On	each	hemisphere,	a	medial	limit	was	drawn	extending	from	

the	point	at	which	the	cingulate	gyrus	extended	into	the	cortex	(Figure	3.5B).	Using	a	750	x	

750um	grid	with	a	30	x	30um	counting	frame,	a	10um	optical	fractionator	probe	was	used	
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to	count	NeuN+	cells	(MicroBrightField,	Inc.,	Williston,	VT).	A	100um	grid	was	laid	down	to	

assess	cortical	volume	using	Cavalieri	estimator.		

	

NG2+	Oligodendrocyte	Precursor	Stereological	Quantification	

The	optical	fractionator	probe	was	used	to	quantify	NG2+	immunopositive	oligodendrocyte	

precursors.	 From	30um	 serial	 coronal	 sections,	 every	12th	 section	was	 assessed.	 Corpus	

callosum	 borders	were	 drawn	 as	 previously	mentioned.	 Anterior	 and	 posterior	 limits	 of	

corpus	callosum	were	bound	by	sections	that	contained	intact	corpus	callosum	connecting	

the	 two	 hemispheres	 in	 the	 same	 coronal	 plane.	 Using	 a	 200	 x	 200um	 grid	with	 a	 50	 x	

50um	 counting	 frame,	 a	 12um	 optical	 fractionator	 probe	 was	 used	 to	 count	 NG2+	 cells	

(MicroBrightField,	Inc.,	Williston,	VT).	CE	values	are	reported	in	results	section.	

	

Statistical	Analyses	

Prior	to	statistical	analysis,	and	blind	to	treatment	group,	a	Grubbs’	test	was	performed	to	

identify	potential	outliers	from	each	group	(α	=	0.05)	and	removed	no	more	than	a	single	

identified	outlier,	as	defined	by	the	Grubbs’	test.	Final	n	are	shown	in	graphs	as	individual	

data	 points,	 or	 reported	 in	 the	 F	 statistic.	 For	 behavioral	measures,	 one-way	 analysis	 of	

variance	was	performed	for	single	time	point	assessments	and	repeated	measures	two-way	

analysis	 of	 variance	 was	 performed	 for	 multiple	 time	 point	 assessments	 (rotarod	 and	

Morris	water	maze	tasks).	Statistical	significance	was	determined	as	p	<	0.05.	Error	bars	in	

figures	are	SEM.	
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RESULTS	

Experiment	1	-	2	Month	Study,	Sham,	1	Hit,	5	Hits,	or	10	Hits	over	10	Days	

Rotarod	 	

There	was	a	significant	interaction	between	injury	group	and	latency	to	fall	over	time	(2-

Way	repeated	measures	ANOVA,	F(12,172)	=	2.354,	p	=	0.008,	Figure	3.2B).	Specifically,	mice	

that	 received	 10	 hits	 over	 10	 days	 showed	 significant	 impairments	 compared	 to	 sham	

animals	at	1dpi	(Tukey	post-hoc,	p	<	0.01).	There	was	a	main	effect	of	days	post-injury	on	

latency	to	fall	(F(4,172)	=	26.81,	p	<	0.0001)	as	well	as	a	main	effect	of	group	(F(3,43)	=	4.492,	p	

=	0.0079).	By	4dpi,	there	were	no	significant	differences	between	any	group	and	shams.	

	

Horizontal	Ladderbeam	

Mice	 underwent	 testing	 on	 the	 horizontal	 ladder	 beam	 at	 1	month	 post	 injury	 to	 assess	

motor	 function	 and	 control.	 There	 were	 no	 significant	 effects	 of	 group	 on	 number	 of	

forepaw	misses	(1-Way	ANOVA,	F(3,41)	=	1.945,	p	=	0.1375,	Figure	3.2C)	as	assessed	by	total	

number	of	forepaw	foot-faults	or	misses	over	three	trials	along	beam	rungs.	

	

Elevated	Plus	Maze	

Anxiety-like	 behavior	 was	 assessed	 using	 the	 elevated	 plus	 maze	 task	 at	 1	 month	 post	

injury.	There	was	a	significant	effect	of	group	on	time	spent	in	open	arms	(1-Way	ANOVA,	

F(3,42)	=	8.301,	p	=	0.0001,	Figure	3.3B).	Specifically,	10	hit	mice	spent	more	time	 in	open	

arms	compared	to	both	sham	and	1	hit	groups	(Tukey	post-hoc,	p	<	0.01).	5	hit	mice	also	

spent	significantly	more	time	in	open	arms	compared	to	sham	and	1	hit	mice	(Tukey	post-

hoc,	p	<	0.05).	There	was	a	significant	effect	of	group	on	total	distance	traveled	during	the	
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task	 (1-Way	 ANOVA,	 F(3,42)	 =	 6.800,	 p	 =	 0.0008,	 Figure	 3.3C).	 Specifically,	 10	 hit	 mice	

traveled	more	compared	to	both	sham	and	1	hit	groups	(Tukey	post-hoc,	p	<	0.01	and	p	<	

0.05,	respectively).	5	hit	mice	also	traveled	more	compared	to	sham	and	1	hit	mice	(Tukey	

post-hoc,	p	<	0.05).	Moreover,	there	was	a	significant	effect	of	group	on	number	of	entries	

into	open	arms	(1-Way	ANOVA,	F(3,43)	=	9.327,	p	<	0.0001,	Figure	3.3D).	Specifically,	10	hit	

mice	 had	more	 entries	 into	 open	 arms	 compared	 to	 both	 sham	and	1	 hit	 groups	 (Tukey	

post-hoc,	p	<	0.01).	5	hit	mice	also	had	more	entries	into	open	arms	compared	to	sham	and	

1	hit	mice	(Tukey	post-hoc,	p	<	0.01).	There	was	no	significant	effect	of	group	on	number	of	

closed	arm	entries	(F(3,41)	=	0.3840,	p	=	0.7651,	data	not	shown).	

	

Morris	Water	Maze	

Mice	were	tested	on	the	Morris	water	maze	task	at	2	months	post-injury	to	assess	learning	

and	memory.	 There	was	 a	 significant	 interaction	 between	 group	 and	 latency	 to	 find	 the	

platform	 over	 5	 days	 of	 testing	 (2-way	 repeated	measures	 ANOVA,	 F(12,172)	 =	 1.943,	 p	 =	

0.0324,	Figure	3.3E).	There	was	a	main	effect	of	time	on	time	to	reach	platform	(F(4,172)	=	

17.42,	 p	 <	 0.0001)	 as	 well	 as	 a	 main	 effect	 of	 group	 (F(3,43)	 =	 7.778,	 p	 =	 0.0003).	 Mice	

receiving	10	hits	 exhibited	a	 significantly	 longer	 latency	 to	 reach	 the	platform	on	 testing	

day	4	compared	to	1	hit	mice	(Tukey	post-hoc,	p	<	0.01)	and	on	day	5	compared	to	1	hit	(p	

<	0.001)	 and	 sham	 (p	<	0.05)	mice.	Mice	 receiving	5	hits	 exhibited	a	 significantly	 longer	

latency	 to	 reach	 the	platform	on	 testing	day	4	 compared	 to	1	hit	mice	 (p	<	0.05)	and	on	

testing	 day	 5	 compared	 to	 1	 hit	mice	 (p	 <	 0.01).	 On	 day	 6,	 a	 probe	 trial	was	 completed	

without	the	platform	in	the	tank.	There	was	a	significant	effect	of	group	on	this	probe	task	

(1-Way	ANOVA,	F(3,43)	=	5.898,	p	=0.0018),	where	10-hit	mice	spent	less	time	in	the	target	
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quadrant	than	1-hit	mice	(Tukey	post-hoc,	p	<	0.01),	and	5-hit	mice	spent	less	time	in	the	

target	quadrant	compared	to	1-hit	(Tukey	post-hoc,	p	<	0.01)	and	sham	mice	(Tukey	post-

hoc,	p	<	0.05).	

	

Tail	Suspension	Test	

Depression-like	 behavior	 was	 assessed	 using	 the	 tail	 suspension	 test	 at	 1	 month	 post	

injury.	There	was	no	significant	difference	between	any	group	on	time	immobile	during	the	

task	(1-Way	ANOVA,	F(3,43)	=	2.350,	p	=	0.0857,	data	not	shown).		

	

Corpus	Callosum	Volume	Quantification	

To	 assess	 white	 matter	 integrity,	 volumetric	 analysis	 was	 performed	 using	 a	 Cavalieri	

probe	following	principles	of	stereology.	There	was	a	significant	effect	of	 injury	condition	

on	corpus	callosum	volume	(1-Way	ANOVA,	F(3,20)	=	23.35,	p	<	0.0001).	Mice	that	received	

10	hits	and	5	hits	had	a	significantly	smaller	corpus	callosum	compared	to	both	sham	and	1	

hit	mice	(Tukey	post-hoc,	p	<	0.001	for	all	comparisons,	Figure	3.4C).	3D	reconstructions	

were	made	using	StereoInvestigator	software	to	better	visualize	shape	and	size	of	corpus	

callosum	(Figure	3.4D),	where	noticeable	atrophy,	especially	in	the	splenium	of	the	corpus	

callosum,	was	observed.	

	

There	were	 several	 relationships	 between	 corpus	 callosum	 volume	 and	 performance	 on	

behavioral	tasks.	Corpus	callosum	volume	was	negatively	correlated	with	several	measures	

in	 the	elevated	plus	maze	task	at	1	month	post	 injury:	 time	spent	 in	open	arms	(Pearson	

correlation,	r2	=	0.345,	p	=	0.003,	Figure	3.4E),	distance	traveled	(r2	=	0.406,	p	=	0.003,	data	
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not	shown),	and	open	arm	entries	(r2	=	0.306,	p	=	0.005,	data	not	shown).	Corpus	callosum	

volume	was	also	negatively	correlated	with	Day	5	latency	to	platform	in	the	Morris	water	

maze	task	(r2	=	0.185,	p	=	0.036,	Figure	3.4F).	

	

Cortical	NeuN+	Neuron	Quantification	

To	assess	neuronal	 loss	 following	rmCHI,	an	optical	 fractionator	was	employed	 following	

the	 principles	 of	 stereology	 to	 quantify	 NeuN+	 neurons	 in	 the	 cortex.	 There	 was	 a	

significant	 effect	 of	 group	 on	NeuN+	 cortical	 neurons	 (1-Way	ANOVA,	 F(3,20)	 =	 5.693,	 p	 =	

0.0055,	 Figure	 3.5C).	 Specifically,	 10	 hit	 mice	 had	 significantly	 less	 NeuN+	 neurons	

compared	 to	 both	 sham	 and	 1	 hit	 groups	 (Tukey	 post-hoc,	 p	 <	 0.01	 and	 p	 <	 0.05,	

respectively).	NeuN+	neurons	were	reduced	25%	in	comparison	to	controls	at	2mpi.	Using	

a	Cavalieri	probe	to	quantify	the	volume	assessed	as	cortex,	a	significant	effect	of	group	on	

cortical	 volume	 was	 also	 observed	 (1-Way	 ANOVA,	 F(3,20)	 =	 9.514,	 p	 =	 0.0004,	 data	 not	

shown).	10	hit	mice	had	smaller	cortical	volume	compared	to	both	sham	and	1	hit	controls	

(Tukey	post-hoc,	p	<	0.01).	Similarly,	5	hit	mice	had	smaller	cortical	volumes	compared	to	

both	sham	and	1	hit	mice	(Tukey	post-hoc,	p	<	0.01	and	p	<	0.05,	respectively).	Normalizing	

neuronal	count	to	cortical	volume	reveals	no	significant	effect	of	group	on	NeuN+	neurons	

per	 mm3	 (1-Way	 ANOVA,	 F(3,20)	 =	 2.384,	 p	 =	 0.0996,	 data	 not	 shown).	 NeuN+	 neuronal	

count	 was	 negatively	 correlated	with	 time	 spent	 in	 open	 arms	 during	 the	 elevated	 plus	

maze	task	at	1	month	post	injury	(Pearson	correlation,	r2	=	0.2779,	p	=	0.0041,	Figure	3.5D)	

and	also	latency	to	platform	on	day	5	of	Morris	water	maze	testing	at	2	months	post	injury	

(r2	=	0.2595,	p	=	0.0055,	Figure	3.5E).	
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Experiment	2	-	6	Month	Study,	Sham,	1	Hit,	10	Hit	

Elevated	Plus	Maze	

Anxiety-like	behavior	was	assessed	using	the	elevated	plus	maze	task,	first	at	1	month	post-

injury	 (mpi)	 to	 replicate	data	 from	Experiment	1	and	 later	6mpi.	There	was	a	 significant	

effect	 of	 group	 on	 time	 spent	 in	 open	 arms	 (1-Way	 ANOVA,	 F(2,25)	 =	 18.31,	 p	 <	 0.0001,	

Figure	 3.6B).	 Specifically,	 10	 hit	 mice	 spent	 more	 time	 in	 open	 arms	 compared	 to	 both	

sham	 and	 1	 hit	 groups	 (Tukey	 post-hoc,	 p	 <	 0.0001).	 Moreover,	 there	 was	 a	 significant	

effect	 of	 group	 on	 number	 of	 entries	 into	 open	 arms	 (1-Way	ANOVA,	 F(2,25)	 =	 6.218,	 p	 =	

0.0064,	 data	 not	 shown).	 Specifically,	 10	 hit	 mice	 had	 more	 entries	 into	 open	 arms	

compared	 to	 both	 sham	 and	 1	 hit	 groups	 (Tukey	 post-hoc,	 p	 <	 0.05	 and	 p	 <	 0.01,	

respectively).	There	was	also	a	significant	effect	of	group	on	number	of	closed	arm	entries	

(F(2,25)	=	4.202,	p	=	0.0267,	data	not	shown).	10	hit	mice	had	fewer	entries	into	closed	arms	

compared	to	sham	mice	(Tukey	post-hoc,	p	<	0.05).	At	one-month	post-injury,	there	was	no	

significant	effect	of	group	on	total	distance	traveled	during	the	task	(1-Way	ANOVA,	F(2,	25)	

=	1.932,	p	=	0.1658,	Figure	3.6C).	

	

Mice	were	 again	 tested	 on	 the	 elevated	 plus	maze	 task	 at	 6mpi.	 There	was	 a	 significant	

effect	 of	 group	 on	 time	 spent	 in	 open	 arms	 (1-Way	 ANOVA,	 F(2,19)	 =	 9.960,	 p	 =	 0.0011,	

Figure	 3.6B).	 Specifically,	 10	 hit	 mice	 spent	 more	 time	 in	 open	 arms	 compared	 to	 both	

sham	and	1	hit	groups	(Tukey	post-hoc,	p	<	0.01).	Moreover,	there	was	a	significant	effect	

of	group	on	number	of	entries	 into	open	arms	(1-Way	ANOVA,	F(2,18)	=	26.48,	p	<	0.0001,	

data	not	 shown).	 Specifically,	 10	hit	mice	had	more	 entries	 into	 open	 arms	 compared	 to	

both	 sham	 and	 1	 hit	 groups	 (Tukey	 post-hoc,	 p	 <	 0.001	 and	 p	 <	 0.0001,	 respectively).	
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However,	there	was	no	effect	of	group	on	number	of	closed	arm	entries	(F(2,19)	=	0.2867,	p	=	

0.7539,	 data	 not	 shown).	 In	 contrast	 to	 the	 1mpi	 data,	 there	 was	 a	 significant	 effect	 of	

group	on	total	distance	traveled	during	the	task	(1-Way	ANOVA,	F(2,	19)	=	10.26,	p	=	0.0010,	

Figure	3.6C).	Specifically,	10	hit	mice	traveled	more	during	the	task	compared	to	both	sham	

and	1	hit	groups	(Tukey	post-hoc,	p	<	0.01).	

	

Forced	Swim	Test	

Mice	were	tested	on	the	forced	swim	test	to	assess	depressive-like	behavior	at,	and	again	at	

6mpi.	There	were	no	significant	effects	of	group	on	time	not	moving	(1-Way	ANOVA,	F(2,25)	

=	 2.107,	 p	 =	 0.1426,	 Figure	 3.6D),	 ‘immobile’	 time	 (1-Way	 ANOVA,	 F(2,25)	 =	 3.375,	 p	 <	

0.0504,	data	not	shown),	or	 ‘mobile’	time	(1-Way	ANOVA,	F(2,25)	=	2.114,	p	=	0.1418,	data	

not	shown)	at	2mpi.	However,	there	was	a	significant	effect	of	group	on	‘high	mobility’	time	

(1-Way	ANOVA,	F(2,25)	=	3.542,	p	=	0.0442,	Figure	3.6E),	where	10	hit	mice	had	more	time	

spent	as	‘high	mobility’	compared	to	sham	mice	(Tukey	post-hoc,	p	<	0.05)	at	2mpi.	

	

Mice	were	 again	 tested	 on	 the	 forced	 swim	 test	 to	 assess	 depressive-like	 behaviors	 at	 6	

months	post-injury.	At	this	later	timepoint,	there	was	a	significant	effect	of	group	on	time	

not	moving	 (1-Way	 ANOVA,	 F(2,19)	 =	 15.62,	 p	 <	 0.0001,	 Figure	 3.6D),	 where	 10	 hit	mice	

spent	less	time	‘not	moving’	than	both	sham	and	1	hit	groups	(Tukey	post-hoc,	p	<	0.001).	

There	was	a	significant	effect	of	group	on	‘immobile’	time	(1-Way	ANOVA,	F(2,19)	=	24.01,	p	

<	0.0001,	data	not	shown),	where	10	hit	mice	spent	 less	 time	 ‘immobile’	 than	both	sham	

and	1	hit	groups	(Tukey	post-hoc,	p	<	0.0001).	There	was	a	significant	effect	of	group	on	

‘mobile’	time	(1-Way	ANOVA,	F(2,19)	=	19.76,	p	<	0.0001,	data	not	shown),	where	10	hit	mice	
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spent	more	 time	 ‘mobile’	 than	both	sham	and	1	hit	groups	(Tukey	post-hoc,	p	<	0.0001).	

There	 was	 a	 significant	 effect	 of	 group	 on	 ‘high	 mobility’	 time	 (1-Way	 ANOVA,	 F(2,17)	 =	

15.21,	p	=	0.0002,	Figure	3.6E),	where	10	hit	mice	spent	more	time	having	‘high	mobility’	

than	both	sham	and	1	hit	groups	(Tukey	post-hoc,	p	<	0.01	and	p	<	0.001,	respectively).	

	

Morris	Water	Maze	

Mice	were	 tested	on	 the	Morris	water	maze	 task	at	6	months	post-injury	 to	 assess	 long-

term	effects	of	injury	on	learning	and	memory.	There	was	a	significant	interaction	between	

group	and	 latency	 to	 find	 the	platform	over	5	days	of	 testing	 (2-way	 repeated	measures	

ANOVA,	F(8,76)	=	2.858,	p	=	0.0078,	Figure	3.6F).	There	was	a	main	effect	of	time	on	time	to	

reach	platform	(F(4,76)	=	25.27,	p	<	0.0001)	as	well	as	a	main	effect	of	group	(F(2,19)	=	5.264,	

p	 =	0.0152).	Mice	 receiving	10	hits	 had	 significantly	 longer	 latency	 to	 reach	platform	on	

testing	 day	 3	 compared	 to	 sham	 mice	 (Tukey	 post-hoc,	 p	 <	 0.01),	 on	 testing	 day	 4	

compared	 to	 sham	 (p	<	0.05)	 and	1	hit	 (p	<	0.01)	mice,	 and	on	day	5	 compared	 to	both	

sham	and	1	hit	mice	(p	<	0.01).	During	the	probe	trial,	mice	with	10	hits	spent	less	time	in	

the	target	quadrant	than	both	sham	and	1	hit	animals	(1-Way	ANOVA,	F(2,18)	=	8.085,	p	<	

0.0031,	Tukey	post-hoc,	p	<	0.01,	Figure	3.6G).	

	

Corpus	Callosum	Volume	Quantification	

To	 assess	 white	 matter	 integrity,	 volumetric	 analysis	 was	 performed	 using	 a	 Cavalieri	

probe	following	principles	of	stereology.		There	was	a	significant	effect	of	injury	condition	

on	corpus	callosum	volume	(1-Way	ANOVA,	F(2,15)	=	9.617,	p	=	0.0021,	Figure	3.6H)	at	6-

months	 post	 injury.	Mice	 that	 received	10	hits	 had	 significantly	 smaller	 corpus	 callosum	
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compared	to	both	sham	and	1	hit	mice	(Tukey	post-hoc,	p	<	0.01,	p	<0.05);	corpus	callosum	

volume	was	reduced	35%	compared	to	sham	controls.	Corpus	callosum	volume	negatively	

correlates	with	 latency	to	time	in	open	arms	during	the	elevated	plus	maze	at	2MPI	(r2	=	

0.6083,	p	=	0.0001,	Figure	3.6H).		

	

NG2+	Quantification	

Stereological	 quantification	 via	 optical	 fractionator	 probe	 was	 performed	 to	 assess	 how	

many	 NG2+	 oligodendrocyte	 precursors	 were	 in	 the	 corpus	 callosum	 of	 injured	 and	

uninjured	mice.	There	was	no	significant	effect	of	absolute	number	of	NG2+	cells	between	

groups	 (1-way	 ANOVA,	 F(2,15)=1.012,	 p=0.3871,	 data	 not	 shown).	 However,	 there	 was	 a	

strong	 correlation	between	NG2+	 cells	 and	corpus	 callosum	volume	at	6MPI	 (Figure	3.6I,	

r2=0.5781,	 p=0.0002)	whereby	 there	were	more	 NG2+	 cells	 in	 larger	 corpora	collosa.	 CE	

values	for	sham,	1	hit,	and	10	hit	groups	averaged	0.13,	0.17,	and	0.16	respectively.	

	

For	a	summary	the	effects	of	rmCHI	on	a	range	of	behavioral	assessments,	see	Table	3.1.	

	

Gliosis	and	Neuroinflammation	

Following	rmCHI,	extensive	glial	activation	and	inflammation	were	observed	at	both	2MPI	

and	6MPI.	Specifically,	GFAP+	astrocytes	(Figure	3.7)	and	Iba+	microglial	(Figure	3.8)	were	

observed	in	10	hit	animals,	particularly	localized	to	corpus	callosum	tracts.		
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DISCUSSION	

Repeat	mild	TBI	 is	not	 “one”	disease.	Traumatic	brain	 injury	 is	often	used	as	 a	 term	 to	

describe	 head	 injuries	 encompassing	 an	 extremely	 wide	 range	 of	 precipitating	 events,	

followed	by	an	equally	wide	 range	of	 cognitive	and	pathological	 consequences.	To	better	

understand	 traumatic	 brain	 injury,	 many	 experimental	 animal	 models	 have	 been	

developed	to	recapitulate	specific	consequences	of	head	injuries,	depending	on	the	model	

chosen.	When	modeling	 TBI	 and	 rmTBI	 in	 rodents,	 it	 is	 impossible	 to	 account	 for	 every	

injury	 type	or	 every	 injury	 sequelae	due	 to	 the	variability	of	 injuries.	While	 it	may	 seem	

useful	to	have	one	universal	rodent	model,	we	would	be	severely	restricting	our	research	

efforts	 to	 standardize	on	one.	 It	 is	 therefore	useful	 to	have	multiple	models	of	 traumatic	

brain	 injury	 that	 have	 their	 own	 characteristics	 relevant	 to	 a	 specific	 clinical	 injury	

phenotype	–	provided	those	models	have	been	well	characterized	and	recapitulate	specific	

features	 of	 the	 human	 condition.	We	 chose	 to	 combine	 a	well	 controlled	 cortical	 impact	

model	with	a	 freely	moving	head	so	 that	 rotational/axon	shearing	 forces	were	combined	

with	CCI.	Our	goal	was	to	replicate	chronic	symptoms	and	pathologies	clinically	similar	to	

that	of	patients	with	 repeated	closed	head	mild	 traumatic	brain	 injuries	and	 to	 correlate	

behavioral	function	with	measures	of	pathology.		

	

A	 reproducible,	 closed	 head,	 repeat	mild	 concussion	model	 of	 rmCHI	with	 long-term	

behavioral	 deficits.	 The	 model	 of	 rmCHI	 presented	 here	 induces	 long-term	 cognitive	

deficits,	 white	 matter	 atrophy,	 cortical	 neuronal	 loss,	 demyelination	 and	 chronic	

neuroinflammation	in	the	corpus	callosum.	These	pathological	changes	are	correlated	with	

behavioral	 deficits	 observed	 up	 to	 6	 months	 post	 injury,	 demonstrating	 the	 chronic,	
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additive	 nature	 of	 mild	 head	 injury.	 This	 model	 utilizes	 components	 of	 commercially	

available	 equipment	 allowing	 for	 standardization	 across	 laboratories.	 The	 TBI-0310,	

controlled	cortical	 impact	device,	 facilitates	controlled	velocity,	depth,	and	dwell	 time	 for	

repeatable,	 reproducible	 impacts.	 Avoiding	 use	 of	 a	 fixed	 head	 stereotaxic	 position	 and	

using	 a	 base	 platform	 of	 Marmarou	 foam	 allowed	 for	 rotational	 forces	 in	 the	 anterior-

posterior	 axis	 and	 coup-countercoup	 intracranial	 impacts.	 Another	 benefit	 of	 this	

procedure	 is	 the	 reduced	 time	 under	 anesthesia	 (7	 minutes),	 minimizing	 confounding	

neuroprotective	effects	of	isoflurane	(Statler	et	al.,	2006;	Statler	et	al.,	2000).	There	is	low	

behavioral	and	pathology	variability	within	groups,	high	reproducibility	across	users	and	

labs	(unpublished),	and	the	procedure	was	calibrated	such	that	a	single	impact	causes	no	

readily	 detectable	 behavioral	 or	 pathological	 changes,	 while	 repeated	 impacts	 produce	

deficits.	

	

Current	 rodent	 models	 of	 rmTBI.	 To	 mimic	 repeated	 mild	 traumatic	 brain	 in	 rodents,	

several	 models	 have	 already	 been	 developed	 and	 characterized.	 The	 most	 common	

component	 in	 these	models	 is	delivery	of	 a	blunt	 trauma	 induced	by	either	a	 free	 falling	

weight	(Kane	et	al.,	2012;	Mannix	et	al.,	2013;	Meehan	et	al.,	2012)	or	a	modified	pneumatic	

or	electromagnetic	driven	controlled	cortical	impact	device	(Laurer	et	al.,	2001;	Prins	et	al.,	

2010;	 Shitaka	 et	 al.,	 2011;	Uryu	 et	 al.,	 2002).	 In	 a	weight	 drop	model,	 different	 bases	 of	

support	 have	 been	 tested,	 including	 a	 kimwipe	 (Meehan	 et	 al.,	 2012)	 or	 aluminum	 foil	

(Kane	 et	 al.,	 2012)	 to	 allow	 for	 rotational	 forces	 following	 impact.	 In	 models	 involving	

pneumatic	or	electromagnetic	devices,	animals	are	most	often	affixed	in	a	stereotaxic	frame	

(Mouzon	et	al.,	2012;	Mouzon	et	al.,	2014;	Shitaka	et	al.,	2011).	Many	models	make	a	skin	



	
	

114 

incision	 and	 hit	 the	 skull	 directly,	while	 others	 affix	 a	 disk	 to	 the	 skull.	 Others	 opt	 for	 a	

more	 complete	 ‘closed	head	 injury’	 by	 impacting	 the	 skin	 directly	without	 an	 incision.	A	

model	using	unanesthestized	mice	placed	in	a	restraint	bag	and	impacted	unilaterally	has	

recently	been	described	 for	repeated	 injuries,	producing	behavioral	changes	at	1MPI	and	

6MPI,	however	no	pathology	or	histological	data	was	reported	in	this	model	(Petraglia	et	

al.,	2014).	Across	all	rodent	models,	the	impactor	tip	varies	widely,	ranging	from	a	3-6mm	

in	 diameter	 with	 several	 top	 coatings	 including	metal,	 rubber,	 and	 lacrosse	 ball	 rubber.	

Standardization	 of	 experimental	 design	 across	 laboratories	 remains	 elusive,	 but	 the	

present	 model	 offers	 the	 possibility	 of	 easy	 replication	 by	 others	 using	 standard	 and	

readily	 available	 commercial	 equipment.	 Furthermore,	 none	 of	 the	 studies	 cited	 above	

examined	 the	 relationship	 between	 behavioral	 outcome	 measures	 and	 underlying	

neuropathology	levels.	

	

Long-term	 cognitive	 and	 behavioral	 deficits	 following	 repeated	 mild	 closed	 head	

injury.		

Clinically,	repeated	head	injuries	can	result	in	a	range	of	symptoms.	Patients	who	have	had	

a	history	of	TBI	frequently	develop	depression	(33%)	with	co-morbidities	including	anxiety	

(77%)	 and	 aggressive	 behavior	 (57%)	 (Jorge	 et	 al.,	 2004).	 Patients	 have	 also	 reported	

deficits	in	working	memory	function	(Collins	et	al.,	1999a;	Collins	et	al.,	1999b;	Iverson	et	

al.,	 2006).	 The	 rmCHI	 model	 presented	 here	 results	 in	 robust	 behavioral	 changes	

observable	 at	 chronic	 time	 points,	 tested	 as	 far	 as	 6	months	 post	 injury.	 Importantly,	 a	

single	impact	at	the	standardized	injury	parameters	we	report	here	(5m/s	and	1mm	depth)	

does	 not	 result	 in	 detectable	 behavioral	 changes,	 supporting	 the	 argument	 that	 repeated	
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injuries	 of	 a	 given	mild	 severity	 can	 lead	 to	 impairments	 as	 the	 result	 of	 an	 additive	 or	

cumulative	effect.	When	tested	on	the	Morris	water	maze,	mice	receiving	either	5	or	10	hits	

took	longer	to	find	the	hidden	platform	over	5	days	of	testing	at	both	2	and	6	months	post	

injury.	Mice	receiving	a	single	hit	were	able	 to	 learn	 the	 task,	but	animals	of	both	rmCHI	

groups	 were	 unable	 to	 learn	 the	 platform	 location	 from	 the	 surrounding	 spatial	 cues.	

Learning	the	water	maze	task	is	a	dorsal	hippocampus-mediated	task	(Moser	et	al.,	1993).	

Although	no	gross	hippocampal	changes	were	observed	in	these	animals,	it	is	possible	that	

further	 analysis	 of	 hippocampal	 neuron	 counts	 and/or	 synapse	 quantification	 could	

provide	more	insight	for	the	role	of	these	learning	deficits	following	rmCHI	in	association	

with	hippocampal	anatomy.		

	

Deficits	 in	 learning	 at	 chronic	 time-points	post	 repeated	head	 injury	have	been	 reported	

before	 in	 the	water	maze	(Mannix	et	al.,	2013;	Meehan	et	al.,	2012).	Using	a	weight	drop	

model	 of	 rmCHI,	 mice	 with	 5	 daily	 or	 5	 weekly,	 but	 not	 5	 monthly,	 head	 impacts	 had	

deficits	in	the	Morris	water	maze	(Mannix	et	al.,	2013).	Moreover,	this	study	also	observed	

deficits	in	the	task	persisting	up	to	1	year	post-injury.	In	a	modified	CCI	mCHI	injury,	where	

animals	received	2	impacts	over	2	days,	deficits	in	learning	were	observed	at	7	weeks	post	

injury	(Shitaka	et	al.,	2011).	None	of	these	studies	correlated	water	maze	performance	with	

associated	 neuropathologies.	 Models	 of	 rmCHI	 with	 long-lasting	 deficits	 are	 critical	 for	

future	intervention	studies	and	for	understanding	CTE.		

		

We	would	expect	an	anxiety-like	phenotype	 to	be	represented	by	 less	 time	 in	open	arms	

(Lister,	1987).	However,	rmCHI	in	our	model	created	the	opposite	response.	Performance	
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on	the	elevated	plus	maze	is	considered	to	probe	an	animal’s	level	of	anxiety	whereas	the	

extent	of	movement	versus	 immobility	on	 forced	swim	test	 is	 considered	a	 surrogate	 for	

depression	(Petit-Demouliere	et	al.,	2005).	At	both	1	month	and	6	months	post	injury,	mice	

receiving	 rmCHI	 displayed	 significant	 changes	 in	 both	 anxiety	 and	 depression-linked	

behavioral	tasks;	in	contrast,	mice	with	a	signal	hit	exhibited	no	detectable	deficits.	On	the	

elevated	plus	maze	test,	mice	with	rmCHI	were	hyperactive,	spent	more	time	in	open	arms,	

and	 had	more	 open	 arm	 entries.	 This	 indicates	 an	 overall	 hyperactive	 state	 as	well	 as	 a	

varied	 risk	 profile	 (e.g.	 	 based	 on	 risk	 assessment,	 decision-making,	 exploration,	 and	

vertical	 activity)	 (Rodgers	and	 Johnson,	1995).	Common	 long-term	sequelae	of	 traumatic	

brain	injury	are	disinhibition	and	aggression	(Arciniegas	and	Wortzel,	2014).	This	suggests	

that	mice	in	this	model	of	rmCHI	do	not	display	a	classic	anxiety-like	phenotype	on	these	

tests,	 but	 rather,	 exhibit	 a	 hyperactive,	 less	 risk-aversion	 phenotype.	 In	 support	 of	 this	

possibility,	we	also	observed	a	hyperactive	state	in	the	forced	swim	test	at	2	and	6	months	

post	injury	(Figure	3.6).	Opposite	to	the	predicted	classic	depressive-like	behavior	of	more	

immobile	time,	animals	that	experienced	rmCHI	displayed	more	moving	time	as	well	more	

‘highly	 mobile’	 time.	 These	 mice	 responded	 more	 aggressively	 to	 the	 task	 and	 tried	 to	

escape	 the	 test	 more	 so	 than	 uninjured	 or	 single	 hit	 animals.	 While	 counter-intuitive,	

viewed	from	the	perspective	of	emotional	“dyscontrol”	common	in	individuals	with	TBI,	the	

phenotype	we	observed	in	this	model	of	rmTBI	has	some	external	validity	and	argues	for	

more	thorough	testing	of	emotional	and	behavioral	in	mice	post-rmTBI.	

	

Similar	changes	in	anxiety-like	behavior	on	the	elevated	plus	maze	has	also	been	reported	

at	 chronic	 time	points	of	1	 and	6	months	 following	 rmCHI	 (Petraglia	 et	 al.,	 2014)	where	
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animals	spent	significantly	more	time	in	open	arms	(as	observed	here),	however	no	data	on	

hyperactivity	 following	rmCHI	on	this	 test	has	been	previously	reported.	 Important	 to	an	

understanding	 of	 the	 development	 of	 cognitive	 deficits,	 chronic	 time	 points	 assessed	 at	

greater	 than	 1	 month	 post	 injury	 are	 vital	 to	 investigating	 disease	 progression	 and	

sustained	 or	 even	 increasing	 deficits	 over	 time	 (Gold	 et	 al.,	 2013).	 Interestingly,	 a	 slight	

progression	 of	 behavioral	 deficits	was	 observed	 in	 the	 re-test	 of	 the	 forced	 swim	 test	 at	

6MPI	vs	2MPI,	whereas	deficits	 in	performance	on	elevated	plus	maze	and	Morris	water	

maze	remained	constant.	Discovery	of	behavioral	measures	that	show	disease	progression	

over	 time	 will	 be	 valuable	 in	 linking	 cognitive	 changes	 and	 with	 neuropathological	

progression.	

	

Long-term	neuropathological	 findings	 post	 rmCHI.	Our	model	 of	 repeated	mild	 closed	

head	 injury	 results	 in	 reproducible	 behavioral	 and	 pathological	 consequences.	 Animals	

receiving	 rmCHI	 exhibited	 significant	 white	 matter	 atrophy	 of	 the	 corpus	 callosum.	

Atrophy	was	observed	as	early	as	2	month	post-injury,	and	remained	6	months	following	

injury.	This	33-35%	loss	of	volume	was	associated	with	demyelination	as	well	as	chronic	

astroglial	 neuroinflammation	 and	 reactive	 microglia	 (Figure	 3.7	 and	 3.8).	 Chronic	

neuroinflammation	at	both	6	and	12	months	post	 injury	has	been	previously	reported	 in	

other	experimental	models	of	rmCHI	as	well	(Mouzon	et	al.,	2012;	Shitaka	et	al.,	2011).	In	

addition,	 we	 observe	 significant	 cortical	 neuronal	 loss	 following	 rmCHI	 (25%).	 Loss	 of	

neurons	was	 associated	with	 cortical	 volume	 loss,	while	 no	 changes	 in	 neuronal	 density	

were	observed.	Future	studies	should	focus	on	quantification	and	assessment	of	a	variety	
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of	 cell	 subpopulations,	 including	both	 immature	and	mature	oligodendrocytes,	 as	well	 as	

cortical	layer	segmented	analysis.	

	

What	are	the	underlying	mechanisms	leading	to	white	matter	atrophy	and	cortical	neuron	

loss?	One	hypothesis	is	that	cortical	neurons	projecting	through	the	corpus	callosum	have	

become	demyelinated,	or	the	neurons	and	axonal	projections	through	the	corpus	callosum	

have	 died.	 Importantly,	 we	 did	 in	 fact	 observe	 cortical	 neuronal	 loss	 in	 areas	 sending	

contralateral	projections.	Demyelination	can	occur	due	to	several	mechanisms	as	a	result	of	

injury.	 Mature,	 myelinating	 oligodendrocytes	 could	 be	 selectively	 more	 susceptible	 to	

physical	 trauma,	 or	 fail	 to	 remyelinate	 disrupted	 or	 demyelinated	 axons.	 Or	 multiple	

mechanisms	may	be	 active.	Upon	oligodendrocyte	death,	 oligodendrocyte	progenitor	 cell	

(OPC)	 populations	 migrate	 to	 the	 site,	 divide,	 and	 differentiate	 into	 newborn	

oligodendrocytes	 capable	 of	 repopulating	 lesions	 and	 subsequently	 remyelinating	 axons	

(Franklin	 and	 Ffrench-Constant,	 2008;	 Kirby	 et	 al.,	 2006).	 OPCs	 may	 not	 remyelinate	

completely,	 but	 axons	 could	 be	 remyelinated	 with	 several	 looser	 than	 normal	 wraps	 of	

myelin	 sheath;	 such	 axons	 would	 be	 physiologically	 impaired.	 Another	 possibility	 is	 a	

dysfunction	 of	 oligodendrocyte	 progenitor	 cell	 populations.	 OPCs	 are	 evenly	 distributed	

throughout	 the	 brain,	 including	 the	 corpus	 callosum.	 Upon	 chemically-induced	 lesions,	

OPCs	migrate	to	these	sites,	differentiate	and	remyelinate	(Skripuletz	et	al.,	2011).	rmCHI	

could	also	possibly	 lead	 to	 failed	 signaling	of	OPC	migration	 to	 required	 injured	areas.	 If	

migration	 is	 successful	 in	 these	 rmCHI	 induced	 lesions,	 cell	 division	 and	 differentiation	

must	also	occur,	which	may	also	be	impeded	following	these	injuries.		
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NG2+	oligodendrocytes	have	been	shown	to	proliferate	up	to	7	days	post	 traumatic	brain	

injury	 in	an	experimental	 rodent	model,	but	proliferation	subsides	by	21DPI	 (Flygt	et	al.,	

2017).	To	our	knowledge,	no	NG2+	quantifications	have	been	performed	in	a	chronic	phase	

up	 to	 6MPI	 following	 an	 experimental	 rodent	model	 of	 rmTBI.	 The	 data	 presented	 here,	

showing	no	change	in	absolute	NG2+	oligodendrocyte	precursors,	but	an	overall	correlation	

of	NG2+	cells	with	corpus	callosum	volume,	provides	a	snapshot	to	the	 injury	response	in	

white	matter	tracts.	At	6MPI,	we	demonstrate	that	the	overall	density	of	NG2+	cells	relative	

to	volume	remains	constant.	These	data	suggest	that	the	damage	occurring	in	white	matter	

following	 this	 experimental	 model	 of	 rmTBI	 is	 not	 due	 to	 a	 lack	 of	 oligodendrocyte	

progenitor	 cells.	 Further	 experiments	 aimed	 at	 understanding	 the	 temporal	 dynamics	 of	

NG2+	 oligodendrocyte	 precursor	 death,	 proliferation,	 and/or	 migration	 in	 the	 corpus	

callosum	following	rmTBI	in	relation	to	axonal	pathologies	will	help	us	better	understand	

the	underlying	pathological	sequelae.		

	

Linking	 neuropathology	 to	 behavioral	 changes.	 The	 link	 between	 white	 matter	

disruption	and	cognitive/emotional	impairments	has	yet	to	be	clearly	elucidated	in	either	

humans	 or	 rodents.	 Many	 clinical	 studies	 have	 focused	 on	 investigating	 associations	

between	diffusion-tensor	imaging	(DTI),	particularly	in	white	matter	tracts,	with	emotional	

and	cognitive	changes	following	TBI	(Cubon	et	al.,	2011;	Kraus	et	al.,	2007;	Shenton	et	al.,	

2012).	 The	 corpus	 callosum	 is	 the	major	 thoroughfare	 for	 cortical	 neuronal	 commisural	

fibers	between	hemispheres.	Even	a	single	traumatic	brain	injury	can	lead	to	chronic	white	

matter	 inflammation	and	atrophy	 in	humans	 (Johnson	et	al.,	2013a).	A	25%	reduction	 in	

corpus	 callosum	was	observed	 in	patients	 suffering	 from	a	 single	 traumatic	brain	 injury.	
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Inflammation	is	a	consistent	feature	of	neurotrauma	(McKee	and	Lukens,	2016).	In	Rag1(-

/-)	mice,	which	 lack	mature	T-	 and	B-cells,	 there	were	no	observed	differences	 in	 injury	

response	or	neurological	score	in	the	acute	phase	of	injury	(≤7DPI)	(Weckbach	et	al.,	2012).	

In	contrast,	chronic	microgliosis	in	humans	has	been	observed	post-TBI,	especially	in	white	

matter	tracts	(Smith	et	al.,	2013).	The	contribution	of	microgliosis	to	axonal	injury	has	yet	

to	 be	 fully	 understood.	 Chronic	 Iba1+	 reactive	microglia	 have	 been	 observed	 post	 TBI	 in	

rodents,	especially	in	white	matter	tracts	following	two	mild	closed	head	TBIs	(Shitaka	et	

al.,	2011).	However,	in	a	mouse	model	of	rmCHI,	acute	administration	of	valganciclovir	to	

CD11b-thymidine	kinase	transgenic	mice	depleting	macrophages	had	no	effect	on	chronic	

axonal	injury	(Bennett	and	Brody,	2014).	In	addition,	chronic	Iba1+	microglia	activation	has	

been	reported	in	white	matter	tracts	including	corpus	callosum,	olfactory	nerve	layer,	optic	

tract	 and	 the	 brachium	 of	 superior	 colliculus	 in	 the	 CHIMERA	 model	 (Namjoshi	 et	 al.,	

2014).	 Future	 studies	 investigating	 chronic	 microgliosis	 like	 that	 observed	 in	 our	

experimental	 model	 may	 shed	 light	 on	 its	 contribution	 to	 white	 matter	 atrophy	 and/or	

cognitive	deficits.	

	

There	 are	 shortcomings	 of	 any	 model	 and	 experiment,	 the	 present	 study	 included.	 For	

example,	we	do	not	know	what	the	minimum	threshold	for	injury	is	such	that	pathological	

or	 cognitive	 deficits	 are	 observed	 after	 5	 or	 10	 hits,	 but	 not	 after	 1?	 A	 more	 precise	

threshold	 for	 impactor	 velocity,	 depth	 of	 injury,	 and	 timing	 between	 injuries	 of	 injury	

severity	should	be	defined	to	better	classify	 the	 injury	as	mild,	moderate	or	severe	and	to	

allow	 others	 to	 calibrate	 the	 level	 of	 injury.	 We	 would	 argue	 that	 any	 combination	 of	

parameters	 that	 results	 in	 undetectable	 functional	 or	 pathological	 consequences	 is	 by	
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definition	mild.	Future	experiments	will	decrease	injury	parameters	such	as	speed,	depth,	

and	 number	 of	 impacts,	 to	 determine	 the	 minimal	 settings	 required	 to	 observe	 both	

cognitive	 and	 pathological	 consequences.	 In	 this	 experiment,	 5	 and	 10	 impacts	 were	

sufficient	at	5.0	m/s	speed	and	1mm	depth	of	impacts.	

	

In	humans,	acute	trauma	results	 in	one	set	of	repercussions	and	secondary	degeneration.	

But	we	are	now	learning	that	the	consequences	of	concussion,	and	particularly	repeated	or	

multiple	 concussions,	 such	as	 those	 sustained	by	athletes	 in	 a	wide	 range	of	 sports	have	

their	 own	 sequelae	 of	 repercussions,	 leading	 to	 increased	 risk	 of	 developing	 chronic	

traumatic	encephalopathy.	Animal	models	that	can	mirror	more	facets	of	CTE	will	become	

increasingly	 valuable	 and	 enable	 us	 to	 explore	 the	 potential	 to	 block	 degenerative	

pathways	 or	 enhance	 regeneration	 post-concussion.	 This	 study	 lays	 the	 groundwork	 for	

further	 exploring	 the	 link	 between	 rmCHI,	 neuroinflammation,	 and	 the	 association	 of	

discrete	neuropathological	features	with	cognitive	and	emotional	alterations.	
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Table	3.1.	Summary	of	deficits	observed	on	behavioral	tasks	assessed	following	repeated	

mild	closed	head	injury.	

	
	
	 	

Behavioral Task Timepoint Significant 
Injury Effect? Summary 

Rotarod 1DPI Yes 

Deficits at 1DPI for 10 Hit group: 10 vs Sham 
Rotarod 4DPI No 
Rotarod 10DPI No 
Rotarod 21DPI No 
Rotarod 35DPI No 

Elevated Plus Maze 
(Ambient Light) 1MPI Yes 

10 Hits & 5 Hits vs 1 and Sham: More time in 
Open Arm, More distance traveled, More Open 
Arm Entires; Closed Arm entries N.S. 

Elevated Plus Maze 
(Dark Room) 1MPI Yes 10 Hits vs 1 and Sham: More time in Open Arm, 

Trend for more distance traveled (N.S.) 
Horizontal 
Ladderbeam 1MPI No N.S. 

Tail Suspension 
Test 1MPI No N.S. 

Forced Swim Test 2MPI Yes 10 Hit vs Sham: More time ‘High Mobility’ 

Morris Water Maze 2MPI Yes 
10 Hits & 5 Hits vs 1 and Sham: Deficits in 
learning platform location (latency to reach 
platform) 

Elevated Plus Maze 
(Dark Room) 6MPI Yes 10 Hits vs 1 and Sham: More time in Open Arm, 

More distance traveled 

Forced Swim Test 6MPI Yes 10 Hit vs 1 and Sham: Less time ‘Not Moving', 
More time 'High Mobility’ 

Morris Water Maze 6MPI Yes 10 Hit vs 1 and Sham: Deficits in learning platform 
location (latency to reach platform) 
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Figure	 3.1.	 Novel	 model	 of	 repeated	 mild	 closed	 head	 injury	 used	 in	 long-term	

behavioral	 testing	 of	 mice.	 Following	 4	 minutes	 of	 isoflurane	 anesthesia	 exposure	 to		

shave	and	prepare	the	mouse	head	for	impacts,	mice	are	positioned	atop	Marmarou	Foam	

placed	in	the	TBI-0310	controlled	cortical	impactor	device	(A).	Lab	tape	is	lightly	applied	to	

pin	 the	 ears	 back	 and	 flatten	 the	 head	 onto	 the	 foam	 (B)	 while	 positioning	 the	 piston	
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directly	above	the	dorsal	aspect	of	the	sagittal	suture.	7	minutes	after	initial	knockdown	in	

anesthesia,	an	injury	is	delivered	to	the	mouse	head.	Stills	from	a	time	lapse	video	(10fps)	

show	 the	mouse	receiving	an	 impact,	 followed	by	depression	and	rotation	 into	 the	 foam,	

followed	by	a	quick	rebound	towards	the	piston	(C).	Experiment	1	consisted	of	a	terminal	

timepoint	of	2	months	post	injury,	testing	both	motor	and	cognitive	tests,	while	Experiment	

2	lasted	6	months	and	tested	primarily	cognitive	function	(D).	
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Figure	 3.2.	 rmCHI	 results	 in	 minimal	 motor	 behavior	 deficits	 1DPI,	 returning	 to	

control	levels	by	4DPI	and	sustaining	motor	function	chronically.	Following	0,	1,	5,	or	

10	rmCHIs,	mice	were	 tested	on	motor	 function	using	 the	rotarod	at	1,	4,	10,	21,	28	and	

35DPI	and	the	horizontal	ladderbeam	at	28DPI	(A).	rmCHI	resulted	in	rotarod	performance	

deficits	(2-way	ANOVA,	Interaction,	p=0.0080),	such	that	mice	with	10	Hits	fell	quicker	off	

the	 rotarod	 at	 1DPI	 compared	 to	 sham	 controls	 (Tukey	 post-hoc,	 p<0.01)	 (B).	 No	 other	

time	points	 of	 rotarod	 testing	had	 significant	differences	between	groups.	 rmCHI	had	no	

effect	 on	motor	performance	on	 the	horizontal	 ladderbeam	as	 assessed	by	 total	 forepaw	

misses	over	three	trials	(C,	1-way	ANOVA,	F(3,41)=1.945,	p=0.1375).	
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Figure	3.3.	rmCHI	alters	cognitive	function	at	1	and	2	months	post-injury.	Following	0,	

1,	5,	or	10	rmCHIs,	mice	were	 tested	on	 the	elevated	plus	maze	at	28DPI	and	 the	Morris	

Water	Maze	at	56DPI	(A).	rmCHI	resulted	in	changes	to	performance	on	the	elevated	plus	

maze.	Mice	with	5	or	10	hits	spent	more	time	in	the	open	arms	compared	to	sham	or	1	hit	

mice	(B,	1-way	ANOVA,	F(3,42)=8.301,	p=0.0002)	and	also	traveled	more	distance	during	the	

task	 (C,	 1-way	 ANOVA,	 F(3,42)=6.800,	 p=0.0008).	 In	 addition,	 mice	 with	 5	 or	 10	 hits	 had	

more	open	arm	entries	than	sham	or	1	hit	mice	(D,	1-way	ANOVA,	F(3,42)=9.327,	p<0.0001).	

2	 months	 following	 injuries,	 mice	 were	 tested	 over	 5	 days	 on	 the	 Morris	 Water	 Maze.	

rmCHI	mice	suffering	either	5	and	10	hits	were	impaired	in	the	ability	to	learn	the	location	

of	 the	 hidden	 platform	 (E,	 2-way	 ANOVA,	 F(12,172)=0.0324,	 *	 signifying	 p=0.0324	

interaction).	p-values	in	graphs	represent	Tukey	post-hoc	differences.	
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Figure	3.4.	Mice	suffering	rmCHI	have	significant	white	matter	damage	and	over	30%	

atrophy	 of	 corpus	 callosum	 at	 2	 months	 post	 injury.	 Following	 5	 or	 10	 Hits,	 mice	

developed	 white	 matter	 abnormalities	 and	 corpus	 callosum	 atrophy	 (A,	 myelin	 basic	

protein,	 black	 arrows	 -	 corpus	 callosum	 thinning,	 scale	 bar=1mm).	 Using	 principles	 of	

unbiased	design-based	stereology,	volumes	of	corpus	callosum	were	estimated	utilizing	the	
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Cavalieri	probe.	Contours	tracing	the	corpus	callosum	following	cresyl	violet	staining	were	

made	throughout	the	mouse	brain	at	sections	where	corpus	callosum	was	intact	between	

the	two	hemispheres	(B,	scale	bar=1mm).	Sampling	was	conducted	in	a	1	 in	12	series.	At	

two	months	post	injury,	mice	with	rmCHI	had	a	33%	reduction	in	corpus	callosum	volume	

compared	 to	both	sham	and	single	hit	groups	 (C,	1-way	ANOVA,	F(3,20)=23.35,	p<0.0001).	

3D	 reconstructions	 of	 representative	 animals	 illustrate	 the	 atrophy	 especially	 in	 the	

splenium	of	the	corpus	callosum	(D,	arrows).	Corpus	callosum	volume	negatively	correlates	

with	both	elevated	plus	maze	time	in	open	arm	(E,	p=0.0009),	as	well	as	 latency	to	reach	

platform	on	day	5	of	Morris	water	maze	testing		(F,	p=0.0322).	p-values	in	graphs	represent	

Tukey	post-hoc	differences.	
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Figure	 3.5.	 rmCHI	 leads	 to	 neuronal	 loss	 in	 the	 cortex,	 negatively	 correlating	with	

behavioral	 testing.	 NeuN+	 neuronal	 cell	 populations	were	 estimated	 using	 principles	 of	

stereology.	Representative	micrographs	of	NeuN+	staining	from	mice	with	0,	1,	5,	or	10	hits	

at	 2MPI	 (A,	 scale	 bar=1mm).	 NeuN+	 cells	 were	 quantified	 in	 cortex	 as	 defined	 by	 set	

borders.	Within	each	hemisphere,	a	medial	border	was	drawn	at	the	apex	of	the	cingulate	

gyrus	of	the	corpus	callosum	(B,	green	line),	and	a	ventral	border	was	drawn	at	the	apex	of	

the	 thalamus	 (B,	 red	 line,	 scale	 bar=1mm).	 NeuN+	 neurons	 were	 counted	 in	 the	 cortex	

bound	by	defined	borders,	as	well	as	the	corpus	callosum.	At	2MPI,	there	were	less	NeuN+	

neurons	 in	 the	 cortex	 of	 10	 hit	 mice	 compared	 to	 both	 sham	 and	 1	 hit	 mice	 (C,	 1-way	
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ANOVA,	 F(3,20)=5.693,	 p=.0055).	 NeuN+	 cortical	 neurons	 negatively	 correlates	 with	 both	

elevated	plus	maze	time	in	open	arm	(D,	p=0.0041),	as	well	as	latency	to	reach	platform	on	

day	5	of	Morris	water	maze	testing	(E,	p=0.0055).	p-values	in	graphs	represent	Tukey	post-

hoc	differences.	 	
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Figure	3.6.	Sustained	deficits	in	behavioral	tests	persist	up	to	6	months	post	injury,	

as	well	as	chronic	white	matter	atrophy	within	the	corpus	callosum.	In	experiment	2,	

mice	with	either	0,	1,	or	10	hits	were	tested	on	the	elevated	plus	maze	at	1	and	6MPI,	the	

forced	 swim	 test	 at	 2	 and	 6MPI,	 and	 the	Morris	water	maze	 at	 6MPI	 (A).	 (B)	Mice	with	

rmCHI	spent	more	time	in	open	arms	of	the	elevated	plus	maze	at	both	1	(1-way	ANOVA,	

F(2,25)=18.31,	p<0.0001)	and	6	MPI	(1-way	ANOVA,	F(2,19)=9.960,	p=0.0011).	(C)	Mice	with	

cmCHI	were	more	active	during	the	elevated	plus	maze	at	6MPI,	but	not	at	1MPI	(6MPI	1-

way	ANOVA,	F(2,19)=10.26,	p=0.0010).	(D)	At	6MPI,	but	not	at	2MPI,	rmCHI	mice	spent	less	
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time	 not	 moving	 in	 the	 forced	 swim	 test	 compared	 to	 both	 0	 and	 1	 hit	 groups	 (1-way	

ANOVA,	F(2,19)=15.62,	p<0.0001).	(E)	At	both	2MPI	and	6MPI,	mice	with	rmCHI	spent	more	

time	 classified	 as	 ‘High	Mobility’	 (2MPI,	 1-way	ANOVA,	 F(2,25)	 =3.542,	 p<0.0442;	6MPI,	 1-

way	ANOVA,	F(2,17)=15.21,	p=0.0002).	Mice	with	10	hits	were	unable	to	learn	the	location	of	

the	 hidden	 platform	 in	 the	 Morris	 water	 maze	 at	 6MPI	 (F,	 2-way	 ANOVA,	 F(8,76)=2.858,	

p<0.0078).	Mice	with	10	hits	had	significant	white	matter	atrophy	compared	to	both	sham	

and	 1	 hit	 mice	 (G,	 1-way	 ANOVA,	 F(2,15)=2.532,	 p<0.01),	 and	 corpus	 callosum	 volume	

negatively	correlates	with	 latency	 to	 time	 in	open	arms	during	 the	elevated	plus	maze	at	

2MPI	 (H,	 p=0.0001).	 Stereological	 quantification	 of	 NG2+	 oligodendrocyte	 precursors	

reveal	a	positive	correlation	with	corpus	callosum	size	at	6MPI	(I,	p=0.0002).	p-values	 in	

graphs	represent	Tukey	post-hoc	differences.	
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Figure	3.7.	 rmCHI	 induces	 chronic	 astrogliosis	 at	 2	 and	6	months	post	 injury.	Mice	

receiving	10	hits	have	prominent	GFAP	 immunoreactivity	at	2MPI	(C,	C’)	and	at	6MPI	(F,	

F’),	particularly	in	the	corpus	callosum,	cortex	below	impact	location,	and	hippocampus.	1	

hit	mice	have	similar	GFAP	immunoreactivity	at	2MPI	(B,	B’)	and	6MPI	(E,	E’)	to	sham	mice	

at	2MPI	(A,	A’)	and	6MPI	(D,	D’).	Low	magnification	scale	bar	=	1mm,	high	mag	scale	bar	=	

250um.	
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Figure	3.8.	 rmCHI	 induces	chronic	microglial	 inflammation	at	2	and	6	months	post	

injury	 in	 white	 matter	 tracts.	 Mice	 receiving	 10	 hits	 have	 prominent	 Iba1	

immunoreactivity	at	2MPI	(C,	C’)	and	at	6MPI	(F,	F’),	particularly	in	the	corpus	callosum.	1	

hit	mice	have	similar	Iba1	immunoreactivity	at	2MPI	(B,	B’)	and	6MPI	(E,	E’)	to	sham	mice	

at	2MPI	(A,	A’)	and	6MPI	(D,	D’).	Low	magnification	scale	bar	=	1mm,	high	magnification	

scale	bar	=	250um.	
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CHAPTER	4	

In	depth	rmCHI	Model	Characterization	and	Therapeutic	Interventions	

Introduction	

	 In	1993,	the	American	Congress	of	Rehabilitation	Medicine	(ACRM)	defined	specific	

criteria	 for	 the	 diagnosis	 of	 a	 mild	 traumatic	 brain	 injury	 (Mild	 Traumatic	 Brain	 Injury	

Committee,	 1993).	 To	 be	 defined	 a	 mild	 TBI,	 there	 must	 be	 a	 traumatically	 induced	

physiological	disruption	of	brain	 function,	 as	manifested	by	at	 least	one	of	 the	 following:	

any	 loss	of	consciousness,	any	 loss	of	memory	 for	events	 immediately	before	or	after	 the	

accident,	 any	 alteration	 in	 mental	 state	 at	 the	 time	 of	 an	 accident	 (e.g.,	 feeling	 dazed,	

disoriented,	or	confused,	or	focal	neurologic	deficit(s)	that	may	or	may	not	be	transient.	To	

be	classified	as	mild,	and	not	more	severe,	the	injury	must	be	within	the	following	limits:	

loss	of	consciousness	of	30	min	or	less,	after	30	min	a	Glasgow	Coma	Scale	(GCS)	score	of	

13-15,	 and	 post-traumatic	 amnesia	 not	 greater	 than	 24	 hrs.	 In	 2004	 this	 definition	was	

endorsed	 by	 the	 World	 Health	 Organization,	 with	 minor	 changes	 (Carroll	 et	 al.,	 2004).	

Three	assessments	on	the	GCS	are	scored	to	get	a	 total	score	ranging	 from	1-15.	The	eye	

response,	verbal	response,	and	motor	response	have	a	total	of	4,	5,	and	6	potential	scores	

respectively.	The	Glasgow	Coma	Scale	is	archaically	used	to	classify	TBI	for	anything	over	

15,	 in	 that	 there	 are	 no	 further	 demarcations	 of	 anything	 more	mild.	 A	 score	 of	 15	 is	

relatively	 normal	 according	 to	 basic	 eye	 response,	 verbal	 response,	 and	motor	 response	

scorings.	However,	these	are	under	sensitive	and	better	biomarkers	are	needed	for	further	

classification	of		injury	severities.	

	 Clearly,	 the	definition	of	mild	TBI	has	 loose	 guidelines,	with	broad	possibilities	 of	

what	an	actual	mild	traumatic	brain	injury	is.	Diagnosing	a	TBI	as	mild	is	difficult	clinically,	
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as	TBI	 can	manifest	 in	a	very	heterogeneous	ways.	This	 is	one	of	 the	greatest	 challenges	

faced	in	the	field:	trying	to	classify	mTBI	better	and	create	subdefinitions	based	on	a	wider	

range	of	biomarkers,	whether	it	be	through	imaging	with	MRI	or	CT,	metabolomic	profiling,	

proteomic	profiling,	or	other	biomarkers.	

	 When	developing	our	rodent	model	of	rmTBI,	it	was	important	to	us	that	a	singular	

injury	did	not	have	any	significant	behavioral	or	pathological	consequences.	A	single	mild	

TBI	 can	 result	 in	 a	 wide	 range	 of	 acute	 symptoms,	 but	 in	 the	 majority	 of	 cases,	 these	

symptoms	will	ultimately	subside.	This	was	a	priority	for	us	when	defining	a	particular	set	

of	injury	parameters.	The	injury	itself	was	to	have	no	long	lasting	effects.	Particular	injury	

parameters	 of	 5.0m/s	 speed,	 1mm	 depth,	 and	 50ms	 dwell	 time	 cased	 behavioral	 and	

pathological	changes	 for	5	and	10	hit	mice,	but	not	1	hit	or	sham	animals	at	1-6MPI.	Our	

initial	hypothesis	that	multiple	head	injuries	result	in	a	unique	behavioral	and	pathological	

consequence	 but	 not	 a	 single	 head	 injury	 was	 supported	 because	 we	 indeed	 found	

parameters	which	only	resulted	in	deficits	when	5	or	more	hits	were	delivered.	However,	it	

became	clear	that	these	injury	parameters	were	a	bit	more	severe	than	we	were	expecting	

in	 the	multiple	 injury	groups.	While	we	were	content	with	 this	 initial	mild	definition	and	

validity,	we	wanted	 to	 test	 a	 range	 of	 additional	 injury	 parameters,	 to	 find	 either	 a	mild	

threshold	 or	 more	 mild	 injury	 conditions.	 We	 still,	 however,	 posit	 that	 when	 modeling	

rmTBI	in	rodents,	it	is	critical	that	a	behavioral	phenotype	arises	as	well	as	a	pathological	

phenotype,	 in	 order	 for	 external	 validity	 and	 to	 be	 useful	 for	 testing	 therapeutic	

interventions.	 To	 further	 characterize	 our	 model	 of	 rmCHI,	 we	 reduced	 the	 speed	 of	

impacts,	 and	 reduced	 the	 number	 of	 injuries	 to	 determine	 a	 particular	 threshold	where	

upon	behavioral	and	pathological	consequences	exist.	
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	 A	major	question	surrounding	our	 initial	 findings	 in	 the	rmCHI	rodent	model,	was	

what	 is	 happening	 to	 commisural	 fibers	 crossing	 between	 hemispheres	 in	 the	 corpus	

callosum?	We	know	there	was	an	overall	atrophy	of	volume,	partially	due	to	demyelination	

as	assessed	by	immunohistochemical	staining	of	myelin	basic	protein.	We	also	know	there	

is	cortical	neuronal	loss.	In	addition,	while	there	is	a	decrease	in	myelin	basic	protein,	we	

do	 not	 see	 a	 change	 in	 oligodendrocyte	 progenitor	 cells	 within	 the	 corpus	 callosum.	 To	

further	 understand	 the	 atrophy	 and	 demyelination	 within	 corpus	 callosum,	 we	

hypothesized	 there	 would	 be	 changes	 to	 axon	 myelination	 in	 commisural	 fibers.	 To	

investigate	this,	we	performed	electron	microscopy	to	assess	the	quality	of	myelination.		G-

ratio	is	a	measure	of	myelination	relative	to	the	axon	diameter.	Generally,	larger	diameter	

axons	are	myelinated	more	(more	wraps)	than	smaller	axons	(Chomiak	and	Hu,	2009).	In	

addition,	G-ratios	can	change	when	axons	are	damaged	or	when	remyelination	occurs.	For	

example,	when	an	axon	becomes	remyelinated,	 the	myelination	 is	more	 loosely	wrapped,	

altering	 its	 g-ratio.	 Investigating	 g-ratio	 will	 give	 a	 more	 clear	 view	 into	 some	 of	 the	

changes	 that	 are	 occurring	 in	 the	 corpus	 callosum	 with	 regard	 to	 axon	 diameter,	

myelination,	and	remyelination.		

	 Another	focus	of	our	research	is	to	investigate	novel	therapeutics	that	can	be	used	in	

patients	 who	 have	 no	 other	 clinical	 options.	 One	 such	 therapeutic	 that	 is	 of	 particular	

interest	 to	 our	 laboratory	 is	 the	 use	 of	 stem	 cells.	 Human	 derived	 stem	 cells	 offer	 the	

potential	to	be	transplanted	into	diseased	tissue,	to	proliferate,	differentiate,	and	integrate	

into	the	host	(Lindvall	and	Kokaia,	2010;	Zhang	et	al.,	2001).	Stem	cells	are	being	tested	in	a	

wide	 range	 of	 central	 nervous	 diseases	 including	 Parkinson’s	 disease	 (Kim	 et	 al.,	 2002;	

Kriks	 et	 al.,	 2011),	 Alzheimer’s	 disease	 (Ager	 et	 al.,	 2015),	 amyotrophic	 lateral	 sclerosis	
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(Feldman	 et	 al.,	 2014;	 Glass	 et	 al.,	 2012),	 stroke	 (Andres	 et	 al.,	 2011;	 Chen	 et	 al.,	 2001),	

multiple	 sclerosis	 (Chen	et	al.,	2014;	Martino	et	al.,	2010),	and	spinal	 cord	 injury	 (Mothe	

and	Tator,	2012;	Salazar	et	 al.,	 2010).	 Specifically,	our	 laboratory	has	 shown	 that	human	

neural	 stem	 cells	 can	 be	 transplanted	 into	 the	 injured	 rodent	 spinal	 cord,	 promoting	

functional	recovery	(Cummings	et	al.,	2005;	Hooshmand	et	al.,	2009).	We	have	also	shown	

the	efficacy	of	human	derived	neural	stem	cells	for	the	controlled	cortical	impact	model	of	

traumatic	brain	injury	in	athymic	nude	rats	(Beretta	et	al.,	2016;	Haus	et	al.,	2016).		

As	we	 have	 shown	 that	 our	model	 of	 rmCHI	 leads	 to	 cortical	 neuronal	 death	 and	

white	matter	atrophy,	we	believe	that	human	neural	stem	cell	therapy	offers	an	attractive	

approach	for	treatment	of	individuals	suffering	from	chronic	deficits	associated	with	rmTBI	

and/or	 CTE.	 White	 matter	 atrophy	 in	 the	 corpus	 callosum	 was	 partially	 due	 to	

demyelination,	as	well	as	axonal	loss,	based	on	both	loss	of	myelin	basic	protein	as	well	as	

loss	of	projecting	cortical	neurons.	Neural	stem	cells	transplanted	into	either	the	cortex	or	

the	corpus	callosum	could	differentiate	into	different	cell	types	based	on	their	specific	need	

within	the	niche.	We	have	also	shown	that	with	injury	that	there	is	no	overall	drop	in	NG2+	

oligodendrocyte	progenitor	cells	in	the	corpus	callosum,	or	a	change	in	density	relative	to	

an	 atrophied	 corpus	 callosum.	 This	 suggests	 that	 the	 appropriate	 number	 of	

oligodendrocyte	progenitors	are	populating	 the	damaged	corpus	 callosum.	However,	 this	

does	 not	 tell	 us	 about	 the	 mature	 oligodendrocyte	 population,	 or	 the	 number	 of	

commisural	fibers	crossing	through	the	corpus	callosum.	To	this	end,	we	hypothesize	that	

transplanting	human	derived	neural	stem	cells	into	an	injured	mouse	brain	would	promote	

functional	 recovery	 by	 differentiation	 into	 newborn	 neurons	 in	 the	 cortex,	 as	 well	 as	

promoting	more	oligodendrocyte	myelination	of	axons	in	the	corpus	callosum.	
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All	previous	investigations	utilizing	our	new	model	of	rmCHI	have	been	in	C57BL/6J	

male	mice.	 In	order	 to	have	 sufficient	 cell	 survival	 and	minimal	host	 rejection,	 a	 form	of	

immunosuppression	must	be	used	in	any	future	human	stem	cell	transplant	experiments.	

As	opposed	to	transplanting	into	an	immunocompetent	mouse	with	immunosuppressants,	

it	 is	 better	 to	 transplant	 human	 cells	 into	 an	 immunodeficient	 mouse	 (Anderson	 et	 al.,	

2011).		We	have	chosen	to	test	NOD-scid	Gamma	mice	as	a	suitable	rodent	strain	for	receipt	

of	human	cells	(Ishikawa	et	al.,	2005;	Shultz	et	al.,	2005).	NSG	mice	are	similar	to	the	classic	

immune-compromised	mouse	line,	NOD-scids,	in	that	they	both	lack	T	and	B	cells.	However,	

NGS	mice	also	have	carry	a	null	allele	of	the	IL2	receptor	gamma,	resulting	in	a	deficiency	of	

natural	 killer	 cells.	 NSGs	 also	 have	 a	 longer	 lifespan	 than	 NOD-scids,	 making	 them	 even	

more	 attractive	 for	 long-term	 survival	 studies	 following	 human	 cell	 transplantation.	

Different	strains,	especially	on	a	different	strain	background,	may	have	different	baseline	

behavioral	phenotypes,	as	well	as	different	responses	to	injury.	Therefore,	it	is	imperative	

that	before	testing	the	efficacy	of	human	neural	stem	cells	for	rmCHI,	it	is	critical	to	test	the	

injury	 parameters	 on	 this	 new	 strain	 to	 characterize	 their	 behavioral	 profile,	 as	 well	 as	

their	pathological	response	to	the	injuries.	

	 In	 addition	 to	 stem	 cell	 based	 therapies,	 we	 are	 also	 interested	 in	 novel	 small	

molecules	 that	 can	 be	 administered	 following	 rmTBI	 to	 alleviate	 functional	 symptoms	

and/or	 pathologies.	 Several	 approaches	 can	 be	 taken	 when	 thinking	 about	 delivering	 a	

therapeutic	for	rmTBI.	One	approach	is	preventative.	For	example,	taking	a	drug	prior	to	an	

activity	 in	 which	 you	 might	 suffer	 a	 head	 injury,	 a	 football	 game.	 This	 is	 certainly	 one	

option,	although	this	type	of	preventative	care	would	require	a	lot	of	dosing	and	does	not	

account	for	injuries	that	occur	in	situations	that	are	unavoidable,	ie	car	crashes	or	falls.	The	
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alternative	approach	is	to	treat	either	immediately	after	injury	or	in	the	weeks	and	months	

after	injuries	as	symptoms	have	or	are	developing.	One	major	pathological	consequence	of	

rmCHI	 in	 our	model	 is	 prolonged	microglial	 activity,	 particularly	 in	white	matter	 tracts.	

With	our	collaborators	at	Vivreon	Biosciences,	we	are	interested	in	testing	an	inhibitor	of	

calcium	 release	 activated	 channels	 (CRAC).	 CRAC	 channels	 are	 involved	 in	 activating	

microglia	 and	 have	 been	 shown	 to	 decrease	 the	 activation	 of	 microglia	 in	 vitro	

(unpublished	data).	We	hypothesize	that	by	decreasing	microglial	activation,	white	matter	

pathology	will	be	less	severe,	as	well	as	behavioral	deficits.	We	will	also	be	testing	another	

compound	 with	 collaborators	 who	 have	 developed	 an	 allosteric	 modulator	 of	 nicotinic	

acetylcholine	 receptors	 (Ng	et	 al.,	 2007).	Our	goal	 is	 to	 identify	new	molecules	 that	have	

potential	 to	 be	 administered	 following	 rmTBI	 to	 alleviate	 behavioral	 deficits	 and	

neuropathology.	

	

Decreased	Injury	Severity	Study	

We	 have	 previously	 characterized	 a	 closed	 head	 traumatic	 brain	 injury	 as	mild.	

However,	brain	 injuries	occur	on	a	 spectrum,	and	 to	categorize	 them	as	mild	may	be	 too	

general.	Particular	characteristics,	symptoms,	and	pathologies	ought	to	be	designated	and	

particularly	defined	in	rodent	models	of	TBI	to	more	precisely	tier	injury	severity.	To	this	

end,	 we	 sought	 to	 investigate	 thresholds,	 or	 various	 changes	 in	 injury	 parameters,	 that	

would	 alter	 and	 grade	 neuropathology	 and	 behavioral	 deficits	 associated	 with	 multiple	

head	injuries.	

	 We	tested	the	two	main	variables	of	the	model,	the	number	of	hits	and	the	velocity	

of	 hits.	 Previously,	 we	 have	 shown	 that	 two	 sets	 of	 injury	 parameters	 had	 very	 similar	
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pathology	and	behavior	consequences:	10	hits	over	10	days	at	5	m/s	&	5	hits	over	10	days	

at	5	m/s.	In	order	to	identify	injury	parameter	thresholds	that	produce	or	do	not	produce	

similar	results,	we	tested	either	half	speed	(2.5	m/s)	or	less	hits	(3	hits).	10	week	old	male	

C57Bl/6J	mice	(n=12/group)	were	divided	into	4	groups:	A)	Sham,	B)	3	hits	5	m/s,	C)	5	hits	

2.5	m/s,	D)	5	hits	5	m/s	(as	a	positive	control).	Mice	hit	3	times	were	hit	every	other	day,	

and	mice	hit	5	times	were	hit	every	24	hours.	Mice	were	tested	in	elevated	plus	maze	at	1	

month	post	injury	(MPI)	and	the	Morris	water	maze	at	2MPI.	

	 Mice	were	tested	at	1MPI	on	the	elevated	plus	maze,	as	previously	reported.	Briefly,	

mice	were	placed	into	a	4-armed	raised	maze	29”	off	the	ground,	with	two	open	arms,	and	

two	arms	closed	in	with	walls	7.5”	high.	Mice	were	given	5	minutes	to	explore	the	arms	in	a	

dark	 room,	 and	 recorded	 using	 an	 infrared	 camera	 and	 Ethovision	 software	 (Noldus	

Information	 Technology,	 Leesburg,	 VA).	 There	 was	 a	 significant	 effect	 of	 group	 on	 time	

spent	 in	open	arms	(Figure	4.1A,	F(3,44)	=	16.36,	p<0.0001).	Sham	mice	spent	 less	 time	 in	

open	arms	compared	to	both	3	hit	5m/s	(Tukey	post-hoc,	p<0.01)	and	5	hit	5.0m/s	(Tukey	

post-hoc,	p<0.0001)	mice,	but	not	compared	to	5	hit	2.5m/s	mice.	In	addition,	5	hit	5.0m/s	

mice	spent	more	time	in	open	arms	than	both	5	hit	2.5m/s	(Tukey	post-hoc,	p<0.0001)	and	

3hit	 5.0m/s	 (Tukey	 post-hoc,	 p<0.05).	 There	 was	 a	 significant	 effect	 of	 group	 on	 total	

distance	 traveled	 (Figure	4.1B,	 F(3,	 44)=3.681,	p=0.0189),	 although	Tukey	post-hoc	 testing	

revealed	no	differences	between	any	groups.	There	was	also	a	significant	effect	of	group	on	

open	 arm	 entries	 (Figure	 4.1C,	 F(3,	 44)=7.887,	 p=0.0003).	 Sham	 mice	 had	 less	 open	 arm	

entries	 compared	 to	 both	 3	 hit	 5m/s	 (Tukey	 post-hoc,	 p<0.05)	 and	 5	 hit	 5.0m/s	 (Tukey	

post-hoc,	p<0.01)	mice,	but	not	compared	 to	5	hit	2.5m/s	mice.	 In	addition,	5	hit	2.5m/s	
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mice	had	 less	open	arm	entries	 compared	 to	both	3	hit	 5.0m/s	 (Tukey	post-hoc	p<0.05)	

and	5	hit	5.0m/s	mice	(Tukey	post-hoc	p<0.01).	

	 At	2mpi,	 these	 same	mice	were	 tested	 for	 spatial	 learning	using	 the	Morris	water	

maze	 test.	 There	 was	 a	 significant	 interaction	 of	 group	 vs	 time	 (Figure	 4.1D,	 F(12,	 176)	 =	

3.278,	p=0.0003),	where	a	graded	behavioral	profile	became	apparent.	On	day	5	of	testing,	

sham	mice	were	able	 to	 locate	 the	platform	quicker	 than	both	3	hit	5.0m/s	 (Tukey	post-

hoc,	p<0.0001)	and	5	hit	5.0m/s	mice	(Tukey	post-hoc,	p<0.0001).	In	addition,	5	hit	2.5m/s	

mice	were	able	to	locate	the	hidden	platform	faster	than	both	3	hit	5.0m/s	(Tukey	post-hoc,	

p<0.01)	and	5	hit	5.0m/s	mice	(Tukey	post-hoc,	p<0.01).	

To	 determine	 if	 these	 drops	 in	 severity	 had	 an	 effect	 on	 neuropathology,	 we	

assessed	 corpus	 callosum	 volume	 blind	 to	 experimental	 condition.	 Using	 unbiased	

stereology	we	quantified	changes	in	corpus	callosum	volume	throughout	the	entire	brain.	

30µm	sections	were	stained	with	Cresyl	violet	 for	volume	quantification.	Contours	of	 the	

corpus	 callosum	 were	 drawn	 using	 StereoInvestigator	 software	 v11.08.01	

(MicroBrightField,	Inc.,	Williston,	VT)	on	every	12th	section	to	evaluate	estimated	volume	

in	a	systematic,	non-biased,	design-based	approach.	Anterior	and	posterior	limits	of	corpus	

callosum	were	bound	by	sections	that	contained	intact	corpus	callosum	connecting	the	two	

hemispheres	 in	 the	 same	 coronal	 plane.	 A	 100um	 grid	 was	 laid	 down	 to	 assess	 corpus	

callosum	volume	and	coefficient	of	error	for	each	animal	was	less	than	0.10.	

Indeed,	there	was	a	significant	effect	of	group	on	corpus	callosum	size	(Figure	4.1E,	

F(3,26)=9.336,	 p=0.0002).	 	 Similar	 to	 behavioral	 deficits,	 sham	 mice	 had	 smaller	 corpus	

callosum	than	both	3	hit	5.0m/s	(Tukey	post-hoc,	p<0.01)	and	5	hit	5.0m/s	(Tukey	post-

hoc,	 p<0.01)	mice.	 In	 addition,	 5	 hit	 2.5m/s	mice	 had	 smaller	 corpus	 callosum	 volumes	
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compared	 to	 both	 3	 hit	 5.0m/s	 (Tukey	 post-hoc,	 p<0.01)	 and	 5	 hit	 5.0m/s	mice	 (Tukey	

post-hoc,	p<0.01).	

	 To	 summarize,	 two	major	 injury	 parameters	were	 altered	 to	 identify	 phenotypes	

associated	with	reduced	 injury.	We	have	previously	 found	that	both	5	hits	and	10	hits	at	

5.0m/s	result	in	corpus	callosum	atrophy,	neuronal	loss,	and	behavioral	changes	relating	to	

anxiety	and	learning	and	memory.	Using	our	control	injury	parameters	of	5	hits	5.0m/s,	we	

lowered	two	variables,	number	of	hits	or	velocity	of	hits.	In	doing	so	we	tested	uninjured	

shams,	compared	to	historic	5	hits	normal	speed,	same	hit	number	but	half	velocity,	or	less	

hits	at	same	velocity.	Dropping	the	number	of	hits	at	full	velocity	(5.0m/s)	does	not	have	an	

effect	 on	 neuropathology	 or	 behavioral	 changes.	We	 know	 from	 previous	 studies	 that	 a	

singular	hit	at	5.0m/s	produces	no	changes	 in	behavior	or	pathology	compared	 to	5	hits.	

Here,	we	observe	that	3	hits	at	5.0m/s	produces	similar	results	to	5	hits.	However,	5	hits	at	

half	speed,	2.5m/s,	does	not	produce	significant	behavioral	or	neuropathological	changes.	

Thus	the	threshold	for	additive	effects	of	a	5m/s	injury	is	greater	than	1	and	may	be	as	high	

as	 3	 hits.	 Conversely,	 the	 threshold	 for	 velocity	 sufficient	 to	 injury	 a	 repetitive	 injury	 is	

greater	than	2.5m/s.	

	

Electron	Microscopy	Analysis	of	Corpus	Callosum	

At	2	months	post	injury,	C57Bl/6J	mice	were	sacrificed	for	electron	microscopy	and	

assessment	of	g-ratio	of	myelinated	axons.	Mice	were	first	perfused	with	room	temperature	

PBS,	10mL/min	for	5	minutes.	Next,	mice	were	perfused	with	4%	paraformaldehyde/0.5%	

gluteraldehyde	 (pH	7.4)	 at	37°C	 in	0.1M	phosphate	buffer	 for	10	minutes.	To	dissect	 the	

corpus	callosum,	a	sagittal	incision	was	made	through	the	excised	brain	along	the	midline.	
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A	 section	 was	 recovered	 after	 a	 2nd	 blade	 was	 inserted	 1mm	 lateral	 on	 either	 side	 of	

midline.	Corpus	callosum	was	isolated	from	these	1mm	sections,	and	subsequently	divided	

into	 three	 regions,	 anterior,	 medial,	 and	 posterior,	 each	 roughly	 2mm	 long.	 Posterior	

regions	were	used	for	analysis.	

	 Tissue	was	then	processed	to	for	electron	microscopy	resin	embedding.	Tissue	was	

first	 briefly	 washed	 in	 0.2M	 sodium	 cacodylate.	 Next,	 tissue	 was	 placed	 in	 1%	 osmium	

tetroxide/1.5%	potassium	ferrocyanide	at	4°C	for	90	minutes.	Tissue	was	then	washed	in	

0.2M	sodium	cacodylate	twice	for	15	minutes,	each	at	4°C.	Tissue	was	then	post-fixed	in	2%	

gluteraldehyde	at	4°C	for	1.5	hours.	Tissue	was	then	washed	3	times	 in	phosphate	buffer	

for	10	minutes,	 followed	by	a	10	minute	wash	 in	diH2O.	Next,	 the	 tissue	was	dehydrated	

through	a	series	of	alcohols:	50%	ethanol	(3x5minutes),	75%	ethanol	(3x5minutes),	85%	

ethanol	 (3x5minutes),	 95%	 ethanol	 (3x5minutes),	 100%	 ethanol	 (3x10minutes).	 Next,	

tissue	was	rinsed	3	times	for	20	minutes	each	in	propylene	oxide.	Tissue	was	then	placed	

into	 a	 1:1	 mixture	 of	 propylene	 oxide:resin	 and	 placed	 into	 a	 vacuum	 overnight.	 Resin	

consisted	of	Epon	(24mL),	DDSA	(dodecenylsuccinic	anhydride,	6mL),	NMA	(nadic	methyl	

anhydride,	20mL),	and	DMP-30	(dimethylaminomethyl	phenol,	1.1mL).	The	next	day	tissue	

was	placed	in	fresh	100%	resin	for	8	hours	in	a	vacuum.	Finally,	tissue	was	then	placed	into	

BEEM	caps	filled	with	100%	resin,	and	cured	in	an	oven	overnight	at	55°C	.	

Resin	blocks	were	 trimmed	using	a	 specimen	 trimmer	 (Leica	EM	Trim2)	 to	 shape	

the	 block.	 Blocks	 were	 then	 cut	 on	 an	 ultramicrotome	 (Leica	 EM	 UC6)	 to	 collect	 1um	

sections,	 and	 allowed	 to	 dry	 on	 a	 slide.	 Sections	 were	 stained	 with	 Toluidine	 Blue	 to	

visualize	axons	and	confirm	correct	orientation.	Ultrathin	sections	of	80-100um	were	then	

collected	on	150	mesh	grids	and	let	to	dry	overnight.	The	next	day,	grids	were	stained	with	
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uranyl	acetate	for	1	minute,	followed	by	5	rinses	in	ddH2O.	Next,	sections	were	stained	in	

lead	citrate	for	3	minutes,	followed	by	5	rinses	in	ddH2O.	

Specimens	were	 imaged	using	a	 transmission	electron	microscope	(Joel	 JEM-1400,	

JOEL	USA,	Peabody,	MA)	at	4000x.	Approximately	100	axons	were	quantified	in	2-4	fields	

of	view	using	ImageJ	(NIH,	USA,	v1.47).	G-ratio	was	calculated	from	traced	and	quantified	

axons,	 as	 (axon	 area)/(axon	 +	 myelin	 area).	 Due	 to	 limitations	 on	 imaging	 and	 sample	

preparation,	final	n/group	were	2	sham,	2	1-hit,	and	1	10-hit	mice.	Example	image	captures	

of	sham	and	10	hit	mice	can	be	seen	in	Figure	2A	and	2B	respectively.	

To	 get	 a	 better	 understanding	 of	 the	 myelination	 integrity	 of	 commisural	 fibers	

within	the	corpus	callosum,	we	calculated	g-ratios	from	axons,	defined	as	axon	area	divided	

by	 myelin+axon	 area,	 in	 the	 cross-sectional	 2-dimensional	 plane	 captured	 by	 electron	

microscopy.	Upon	analysis,	we	 found	a	significant	effect	of	group	on	g-ratio	 (Figure	4.2C,	

1way	ANOVA,	F(2,	 369)=10.02,	p<0.0001).	10	hit	mice	had	significantly	 lower	g-ratios	 than	

both	sham	(Figure	4.2C,	Tukey	post-hoc,	p<0.0001)	and	1	hit	mice	(p<0.05).	A	 frequency	

distribution	(Figure	4.2D)	reveals	a	shift	for	lower	g-ratios	following	rmCHI.	

	 The	drop	in	g-ratio	is	most	likely	due	to	increased	axon	and	myelin	total	width.	Our	

analysis	shows	that	10	hit	mice	have	 lowered	g-ratio	values	 than	sham	and	1	hit	mice.	 If	

axon	diameters	remained	 the	same,	and	myelin	 thickness	 increases,	 the	g-ratio	would	go	

down.	 Likely,	 the	myelin	 thickness	 is	 increased,	 due	 to	 remyelination	 or	 dysmyelination.	

Injured	axons	can	have	looser	myelin	wraps,	but	also	remyelinated	axons	have	been	shown	

to	 have	 less	 loosely	 packed	wraps	 of	myelin	 around	 axons.	Another	 possibility,	 although	

less	 probable,	 is	 that	 the	 axons	 could	 be	 actively	 demyelinating.	 At	 2MPI,	 most	 injury	

cascades	have	 terminated,	 although	 there	 is	 chronic	neuroinflammation	present.	 Chronic	
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active	microglial	could	be	playing	a	role	in	demyelinating	axons	or	inhibiting	remyelination.	

Further	analysis	of	axon	myelination,	the	time	course	of	demyelination	and	remyelination,	

and	 native	 oligodendrocyte	 progenitor	 proliferation	 and	 differentiation	 in	 response	 to	

injury	will	help	us	get	a	better	understanding	of	mechanisms	underlying	corpus	callosum	

pathology	associated	with	rmCHI.	

	

NOD-scid	Gamma	mice	show	no	deficits	following	rmCHI	

Stem	 cell	 transplants	 are	 an	 attractive	 option	 for	 treating	 the	 effects	 of	 repeated	

mild	 traumatic	 brain	 injury.	 We	 have	 previously	 shown	 that	 rmCHI	 has	 long-standing	

consequences	in	rodents,	out	to	6	months	following	injury.	One	strategy	to	alleviate	these	

symptoms	is	to	introduce	multi-potent	neural	stem	cells	that	are	capable	of	differentiating	

into	neurons,	oligodendrocytes,	or	astrocytes.	We	have	identified	two	separate	areas	were	

cellular	 changes	 are	 occurring,	 within	 the	 cortex,	 as	 well	 as	 the	 corpus	 callosum.	 One	

strategy	 is	 to	 introduce	neural	 stem	 cells	 to	 repopulate	 neuronal	 loss	 in	 cortex,	 increase	

oligodendrocyte	 progenitor	 pools	 within	 corpus	 callosum,	 and/or	 increase	

oligodendrocytes	 and	 myelination	 for	 commisural	 fibers	 within	 the	 corpus	 callosum.	

Previous	studies	have	shown	efficacy	of	neural	stem	cell	transplantation	in	other	models	of	

traumatic	brain	 injury,	but	 this	 approach	has	not	been	 investigated	 in	a	 rodent	model	of	

repeated	mild	closed	head	injury.		

To	transplant	neural	stem	cells	into	a	rodent	model,	a	few	grafting	options	need	to	

be	 carefully	 evaluated.	 Our	 ultimate	 goal	 is	 to	 transplant	 human	 neural	 stem	 cells	 into	

humans	in	the	clinic.	Therefore,	it	is	imperative	to	test	a	clinically	relevant	cell	population,	

ie	 human	 as	 opposed	 to	 murine.	 In	 order	 for	 a	 human	 cell	 to	 graft	 successfully	 with	
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minimal	immune	rejection,	one	needs	to	either	immunosuppress	a	fully	immune	competent	

mouse,	 or	 utilize	 mice	 with	 compromised	 immune	 systems.	 It	 is	 our	 preference	 to	 use	

immunocompromised	 rodents,	 as	 they	have	 the	highest	 cell	 graft	 efficiency	 (Anderson	et	

al.,	2011).	We	chose	a	newly	developed	mouse	strain	from	Jackson	laboratories,	NOD-scid	

gamma	(NSG,	catalog	#	005557).	NSG	mice	are	similar	to	the	classic	immunocompromised	

mouse	 line,	NOD-scids,	 in	that	they	both	are	absent	of	T	and	B	cells.	However,	 these	mice	

also	have	carry	a	null	allele	of	the	IL2	receptor	gamma,	resulting	in	a	deficiency	of	natural	

killer	 cells.	 NSGs	 also	 have	 a	 longer	 lifespan	 than	 NOD-scids,	 making	 them	 even	 more	

attractive	for	long-term	survival	studies	following	cell	transplantation.	

Before	 a	 cell	 transplantation	 study	 in	 NSGs	 is	 to	 be	 conducted,	 it	 is	 important	 to	

verify	their	behavioral	profile,	both	in	a	naïve	uninjured	state,	as	well	as	an	injured	state.	

To	 this	 end,	 we	 conducted	 an	 experiment	 to	 behaviorally	 profile	 uninjured	 and	 rmCHI	

injured	NSG	mice	at	chronic	 timepoints.	10	week	old	male	NSG	mice	were	divided	 into	4	

groups	(n=12/gp):	A)	Sham,	B)	1	Hit	5.0m/s,	C)	5	Hits	2.5m/s,	D)	5	Hits	5.0m/s.	Following	

rmCHI,	mice	were	tested	on	a	battery	of	behavioral	tasks	including	elevated	plus	maze	at	1	

and	6MPI,	novel	place	and	novel	object	 recognition	at	2MPI,	and	Morris	water	maze	at	2	

and	 6MPI.	 Following	 behavioral	 testing	 at	 2MPI,	 half	 of	 the	 animals	 in	 each	 group	were	

sacrificed	 and	 transcardially	 perfused	 with	 PBS	 followed	 by	 4%	 paraformaldehyde	 for	

histological	analysis.	For	behavioral	testing	at	6MPI,	n=6/group.	

Mice	were	tested	on	the	elevated	plus	maze	at	1	and	6MPI	as	previously	described.	

There	 were	 no	 differences	 between	 groups	 in	 outcome	 measures	 at	 either	 time	 point.	

Specifically,	there	was	no	effect	of	group	on	distance	traveled	(Figure	4.3A,	1-way	ANOVA,	

F(3,43)=0.5475,	 p=0.6525),	 time	 spent	 in	 open	 arms	 (Figure	 4.3B,	 1-way	 ANOVA,	
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F(3,43)=1.302,	 p=0.2865),	 or	 open	 arm	 entries	 (Figure	 4.3C,	 1-way	 ANOVA,	 F(3,43)=0.9388,	

p=0.4302)	 at	 1MPI.	 Similarly,	 at	 6MPI,	 there	was	no	 effect	 of	 group	on	distance	 traveled	

(Figure	4.3A’,	1-way	ANOVA,	F(3,20)=0.4665,	p=0.7089),	time	in	open	arm	(Figure	3B’,	1-way	

ANOVA,	 F(3,20)=0.9844,	 p=0.4200),	 or	 open	 arm	 entries	 (Figure	 4.3C’,	 1-way	 ANOVA,	

F(3,20)=0.8486,	p=0.4836).	

Mice	 were	 tested	 for	 learning	 performance	 at	 both	 2	 and	 6MPI	 using	 the	Morris	

water	maze.	Mice	were	given	4	trials	per	day	over	5	days	to	locate	the	location	of	a	hidden	

platform	 in	 a	 static	 quadrant.	 Each	 trial	 began	 at	 a	 different	 dropoff	 location,	 and	 this	

location	 was	 randomized	 throughout	 the	 5	 days	 of	 testing.	 At	 2mpi,	 there	 were	 no	

differences	 detected	 in	 water	 maze	 performance	 between	 groups	 (Figure	 4.3D,	 2way	

repeated	measures	ANOVA,	F(12,	172)=0.4904,	p=0.9184),	in	that	no	group	had	faster	latency	

to	 reach	 platform	 by	 day	 5.	 Similar	 results	 were	 observed	 at	 6MPI,	 with	 no	 detectable	

difference	 in	 learning	 (Figure	 4.3D’,	 2way	 repeated	 measures	 ANOVA,	 F(12,	 80)=1.352,	

p=0.2071).	

Having	not	observed	any	differences	in	water	maze	performance,	we	decided	to	test	

a	 pair	 of	memory	 tasks,	 the	 novel	 object	 recognition	 (NOR)	 and	 novel	 place	 recognition	

(NPR)	 tasks.	 Following	 several	days	of	habituation	 in	open	 field	boxes,	 two	objects	were	

placed	in	separate	quadrants.	On	day	1	of	testing,	mice	are	exposed	to	these	2	objects.	On	

day	2	of	testing,	1	of	the	objects	is	repositioned	to	a	different	quadrant,	as	part	of	the	novel	

place	recognition	 test.	On	day	3	of	 testing,	 the	moved	 item	 is	 then	swapped	with	a	novel	

object,	 to	 test	 novel	 object	 recognition.	 Time	 spent	 exploring	 each	 of	 these	 items	 is	

quantified	 by	 a	 blind	 observer	 from	 taped	 recordings.	 The	 discrimination	 index	 is	

calculated	 as	 (time	 spent	 exploring	 novel	 object	 -	 time	 spent	 exploring	 familiar	 object)/	
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time	 spent	 exploring	 either	 object).	 If	 a	 novel	 object	were	 explored	more	 relative	 to	 the	

familiar	 object,	 the	 index	 would	 approach	 1,	 but	 if	 objects	 were	 explored	 equally,	 the	

discrimination	 index	 would	 equal	 0.	 For	 both	 novel	 place	 recognition	 and	 novel	 object	

recognition,	no	group	showed	preferences	for	the	novel	place	or	object,	and	there	were	no	

differences	 between	 injury	 groups	 (Figure	 4.4,	 1-way	 ANOVAs,	 NPR:	 F(3,	 41)=0.8012,	

p=0.5004,	NOR:	F(3,	41)=1.050,	p=0.3803).		

	 Surprisingly,	 NSG	 mice	 exhibited	 no	 significant	 changes	 as	 a	 result	 of	 any	 injury	

parameter	 tested	 on	 any	 behavioral	 or	 histological	 measure	 assessed.	 Injury	 had	 no	

measurable	effect	on	behavioral	measures	of	anxiety,	learning,	and	memory,	at	both	early	

and	 chronic	 time	 points.	 Moreover,	 previously	 observed	 white	 matter	 atrophy	 was	 not	

observed	in	NSG	mice,	at	either	at	2MPI	or	6MPI,	relative	to	shams.	There	was,	however,	a	

slight	significance	of	corpus	callosum	atrophy	at	1MPI	between	1	hit	5.0m/s	and	5	hit	5.0	

m/s	mice	 (Figure	 4.3E,	 1-way	 ANOVA,	 F(3,	 16)=4.139,	 p=0.0238,	 Tukey	 post-hoc,	 p<0.05).	

There	were	 two	outliers,	one	 from	the	1hit	5.0m/s	group	and	another	 from	5	hit	5.0m/s	

group	 that	were	 excluded	 via	 Grubb’s	 test.	 Increasing	 n	would	 likely	 bring	 these	 groups	

closer	together.	There	was	no	significant	effect	of	white	matter	atrophy	at	6MPI	between	

any	groups	(Figure	4.3E’,	1-way	ANOVA,	F(3,	19)=0.5767,	p=0.6573).	

	 It	 was	 quite	 surprising	 to	 have	 observed	 no	 changes	 either	 behaviorally	 or	

neuropathologically	 in	 the	 Nod-scid	 Gamma	 mice	 at	 either	 1MPI	 or	 6MPI.	 Further	

experimental	avenues	need	to	be	explored	to	understand	why	there	were	no	deficits.	Strain	

differences	 certainly	 affect	 behavioral	 performance.	 Baseline	 behaviors	 can	 be	 different	

than	C57BL/6J	mice,	as	well	as	the	response	to	injury.	A	more	likely	explanation	however,	

lies	in	the	inflammatory	response	to	injury.	With	no	T	cells,	B	cells,	and	a	severe	deficiency	
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in	NK	cells,	some	sort	of	compensatory	mechanism	could	be	in	place	that	is	helping	mediate	

damage.	 Ongoing	 studies	 investigating	 the	 time	 course	 of	 other	 inflammatory	 cells	 are	

underway	to	further	understand	the	dynamic	injury.		

	

Experimental	Therapeutics	to	Protect	the	Effects	of	rmCHI	on	Mice	

AVL-3288	 is	 a	 type	 1	 positive	 allosteric	 modulator	 of	 α7	 nicotinic	 acetylcholine	

receptors	 (Ng	 et	 al.,	 2007),	 developed	 and	 provided	 as	 a	 gift	 from	 collaborators	 at	 UC	

Irvine,	Dr	Kelvin	Gee	and	Dr	Tim	 Johnson.	Deficits	 in	nAChR	expression	and	 function	are	

associated	with	cognitive	decline	 in	Alzheimer’s	disease	and	schizophrenia	 (Freedman	et	

al.,	1995;	Guan	et	al.,	2000).	AVL-3288	locally	targets	cholinergic	activation	of	neurons,	as	

opposed	to	other	therapeutic	strategies	elevating	acetylcholine	systematically.	By	targeting	

cholinergic	 neurons	 with	 α7	 nAChRs	 in	 the	 limbic	 system	 and	 hippocampus,	 we	

hypothesize	that	allosteric	modulation	of	these	receptors	will	reverse	the	cognitive	deficits	

associated	 with	 repeated	 mild	 traumatic	 brain	 injury.	 To	 test	 this	 hypothesis,	 we	

administered	 AVL-3288	 or	 vehicle	 to	 mice	 after	 rmCHI	 model	 of	 rmTBI,	 followed	 by	 a	

battery	of	behavioral	tests.	

	 Vivreon	 2.0	 is	 a	 proprietary	 small	molecule	 inhibitor	 of	 calcium	 release	 activated	

channels	 (CRAC).	 CRAC	 channels	 play	 a	 critical	 role	 in	 microglial	 activation,	 and	 our	

collaborators	 at	 Vivreon	Biosciences	 have	 demonstrated	 their	 proprietary	molecules	 can	

inhibit	microglial	activation	 in	vitro	(data	unpublished).	Inhibiting	microglial	activation	 in	

vivo	 can	 alter	 the	 injury	 response	 to	 repeated	 mild	 traumatic	 brain	 injury,	 potentially	

minimizing	 pathology	 associated	 with	 increased	 microglial	 presence.	 We	 have	 seen	

increased	 Iba1+	microglia	activity	at	chronic	 timepoints	 (2	and	6MPI),	particularly	 in	 the	
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atrophied	corpus	callosum	of	mice	following	rmCHI.	Vivreon	2.0	offers	a	potential	strategy	

to	 inhibit	 this	 microglial	 activation,	 potentially	 leading	 to	 decreased	 atrophy	 within	 the	

corpus	callosum.		

	 Two	experiments	were	 run	 in	parallel,	 testing	both	AVL-3288	and	Vivreon	2.0	 for	

their	therapeutic	potential.	10	week	old,	male	C57Bl/6J	mice	(n=11-12)	were	given	rmCHI,	

via	 5	 hits	 over	 5	 days	 as	 previously	 described.	 As	 these	 studies	 were	 unfunded,	 no	

uninjured	sham	controls	were	used	in	this	study;	rather	all	animals	were	injured,	and	given	

either	drug	or	vehicle	and	compared	to	historical	controls	(shams)	of	C57BL/6J	mice.	AVL-

3288	 was	 diluted	 and	 dosed	 intraperitoneally	 to	 animals	 at	 0.3mg/kg	 in	 5%DMSO,	 5%	

solutol,	 and	 90%	 saline.	 AVL-3288	 vehicle	 control	 was	 5%	DMSO,	 5%	 solutol,	 and	 90%	

saline.	Mice	were	given	AVL-3288	drug	or	AVL-3288	vehicle	control	at	8	timepoints:	1	hour	

following	first	hit,	1	hour	following	final	hit,	2	days	pre	1MPI	behavioral	testing,	1	day	pre-

1MPI	 behavior	 testing,	 2	 days	 prior	 to	 2MPI	 behavior	 testing,	 and	 1	 day	 prior	 to	 2MPI	

behavior	 testing.	 Vivreon	 2.0	 and	 Vivreon	 vehicle	 control	 solutions	 were	 provided	 by	

Vivreon	Biosciences.	Mice	received	subcutaneous	injections	of	Vivreon	2.0	or	vehicle	once	

daily	for	4	weeks.	The	first	injection	was	1	hr	prior	to	their	first	hit.	Daily	injections	lasted	

for	1	month,	with	the	final	injection	coming	1	day	before	behavioral	testing	of	elevated	plus	

maze	 at	 1mpi.	 Vivreon	 2.0	 was	 injected	 at	 25mg/kg,	 in	 a	 solution	 containing	 propylene	

glycol,	 PEG400,	 and	 Tween	 80.	 Vehicle	 control	 omitted	 Vivreon	 2.0	 but	 contained	

propylene	glycol,	PEG400	and	Tween	80.	 	Cognitive	behavior	was	assessed	at	1MPI	using	

the	elevated	plus	maze	test	and	the	forced	swim	test,	and	at	2mpi	using	the	Morris	water	

maze	test.	All	testing	was	conducted	blind	to	treatment	group.	
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At	1MPI,	mice	were	first	tested	on	the	elevated	plus	maze.	Briefly,	mice	were	placed	

into	 a	 4-armed	 raised	maze,	with	 two	open	 arms,	 and	2	 arms	 closed	 in	with	walls.	Mice	

were	given	5	minutes	to	explore	the	arms	in	a	dark	room,	and	recorded	using	a	camera	and	

analyzed	using	Ethovision	software.	Total	distance	traveled,	 time	in	open	arms,	and	open	

arm	entries	were	analyzed	by	Ethovision	tracking	software.	The	following	day,	mice	were	

tested	 in	 the	 forced	 swim	 test.	Mice	were	placed	 into	 a	 1L	beaker	 filled	70%	with	 room	

temperature	water	for	a	6	minute	trial.	Mice	were	recorded	by	videocamera	and	analyzed	

by	Ethovision	software.	Only	the	last	3	minutes	of	the	trial	were	analyzed	for	two	outcome	

measures.	Moving	was	determined	by	calculating	the	duration	for	which	the	center	point	of	

the	animal	was	changing	location	with	a	start	velocity	set	at	1.25cm/s	and	a	stop	velocity	

set	at	1.0cm/s.	Mobility	was	quantified	using	changes	in	pixel	area	of	the	subject	between	

samples	 collected.	 Standard	 software	 thresholds	 were	 used	 to	 segment	 mobility	 into	

‘immobile’,	‘mobile’,	and	high	mobility’	levels,	where	the	immobile	threshold	was	set	to	6%	

and	the	high	mobility	threshold	was	set	to	18%.	At	2MPI	mice,	were	tested	 in	the	Morris	

water	maze	over	5	days.	Mice	were	given	4	trials	per	day,	with	a	20	minute	intertrial	test	

period.	A	hidden	platform	remained	stationary	in	the	northwest	quadrant	of	the	tank.	Mice	

were	released	at	4	different	entry	points	to	the	tank	each	day,	requiring	them	to	use	spatial	

cues	in	the	room	to	locate	the	submerged,	hidden	platform.	

Mice	 tested	 at	 1MPI	 on	 the	 elevated	 plus	maze	 exhibited	 no	 effects	 of	 AVL-3288	

administration.	 There	 was	 no	 significant	 effect	 of	 drug	 on	 either	 total	 distance	 traveled	

(Figure	4.5A,	unpaired	t	test,	p=0.8281)	or	time	spent	in	open	arms	(Figure	4.5B,	unpaired	t	

test,	 p=0.7980).	 In	 addition,	mice	 tested	 at	 1MPI	 exhibited	 no	 changes	 due	 to	 AVL-3288	

administration	on	multiple	outcome	measures	during	the	forced	swim	test.	There	was	no	
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effect	of	drug	on	time	immobile	(Figure	4.5D,	unpaired	t	test,	p=0.2939),	time	highly	mobile	

(Figure	4.5E,	unpaired	t	test,	p=0.7866),	or	time	not	moving	(Figure	4.5F,	unpaired	t	test,	

p=0.3148).	 Moreover,	 drug	 administration	 had	 no	 effect	 on	 learning	 performance	 as	

assessed	by	the	Morris	water	maze.	AVL-3288	did	not	lead	to	decreased	time	to	reach	the	

hidden	platform	over	5	training	days	(Figure	4.5C,	2way	ANOVA,	F(4,84)=1.942,	p=0.1109).	

There	was	a	 trend	 that	AVL-3288	administration	actually	had	a	worse	effect	on	 learning	

behavior	 in	comparison	to	vehicle	 injected	rmTBI	mice,	although	this	effect	did	not	reach	

significance.	

Mice	 tested	at	1MPI	on	 the	elevated	plus	maze	exhibited	no	effects	of	Vivreon	2.0	

administration.	 There	 was	 no	 significant	 effect	 of	 drug	 on	 either	 total	 distance	 traveled	

(Figure	4.6A,	unpaired	t	test,	p=0.2553)	or	time	spent	in	open	arms	(Figure	4.6B,	unpaired	t	

test,	 p=0.2758)	 in	 comparison	 to	 vehicle.	 In	 addition,	 mice	 tested	 at	 1MPI	 exhibited	 no	

changes	due	 to	Vivreon	2.0	administration	on	multiple	measures	during	 the	 forced	swim	

test.	There	was	no	effect	of	drug	on	time	immobile	(Figure	4.6D,	unpaired	t	test,	p=0.8538),	

time	 highly	mobile	 (Figure	 4.6E,	 unpaired	 t	 test,	 p=0.0723),	 or	 time	 not	moving	 (Figure	

4.6F,	unpaired	 t	 test,	p=0.7741)	 in	 comparison	 to	vehicle.	Moreover,	drug	administration	

had	no	effect	on	learning	performance	as	assessed	by	the	Morris	water	maze.	Vivreon	2.0	

did	not	 lead	 to	decreased	time	to	reach	the	hidden	platform	over	5	 training	days	(Figure	

4.6C,	2way	ANOVA,	F(4,72)=0.7147,	p=0.5846)	in	comparison	to	vehicle.	

Neither	 compound	had	any	 significant	 effect	on	any	behavioral	measure	assessed.	

This	came	as	a	surprise,	and	even	in	the	case	of	the	AVL-3288	compound,	the	drug	treated	

group	performed	worse	on	 the	water	maze	 than	 the	 injured	 control	 group,	 although	not	

statistically	 significant.	 There	 were	 a	 few	 issues	 and	 complications	 associated	 with	 this	
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experiment.	First,	there	was	no	uninjured	control	group	to	verify	the	injury	actually	caused	

behavioral	deficits.	However,	we	have	compared	sham	to	rmTBI	in	C57Bl/6J	mice	in	over	

10	 separate	 cohorts,	 and	 have	 always	 detected	 an	 injury	 effect.	 Second,	 the	 individual	

drugs’	 pharmacokinetics	 in	 relation	 to	 injury	 sequelae	 may	 not	 have	 been	 optimized.	

Vivreon’s	 compound	 had	 a	 very	 quick	 half-life	 (approximately	 20	minutes),	 and	 is	 being	

further	developed	with	an	oral	delivery	mechanism	that	could	have	longer	lasting	effects	in	

vivo.	 In	addition,	dosing	daily	may	have	caused	 increased	stress	 throughout	both	vehicle	

and	 treated	 groups.	 Daily	 subcutaneous	 injections	 for	 an	 entire	 month	 is	 not	 ideal,	 and	

could	have	lead	to	a	wide	range	of	neuropathological	changes	and	responses	to	the	injury.	

As	 no	 behavioral	 deficits	 were	 observed,	 no	 histological	 assessments	 were	 undertaken.	

However,	a	closer	examination	of	the	drugs	effect	on	microglial	activation	and	cholinergic	

neurons	in	the	hippocampus	would	help	us	get	a	better	understanding	of	the	drugs	impact	

following	rmCHI.	These	samples	are	in	storage	for	future	histological	analysis.	
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Figure	4.1.		Decreasing	the	speed	parameter	of	rmCHI	injuries	does	not	induce	

behavioral	changes,	while	decreasing	the	number	of	hits	at	full	velocity	still	induces	

effects.	In	the	elevated	plus	maze	test	at	1mpi,	mice	with	5	hits	or	3	hits	at	5.0m/s	showed	

increased	time	in	open	arms	(A)	and	increased	open	arm	entries	(C)	compared	to	sham	

Figure 1.  Decreasing the speed parameter of rmCHI injuries does not induce behavioral 
changes, while decreasing the number of hits at full velocity still induces effects. In the 
elevated plus maze test at 1mpi, mice with 5 hits or 3 hits at 5.0m/s showed increased time in 
open arms (A) and increased open arm entries (C) compared to sham controls and mice with 5 
hits at 2.5m/s. No changes in distance traveled during the elevated plus maze were observed 
across groups (B). Learning deficits in the elevated plus maze were observed in mice hit either 5 
or 3 times at 5.0m/s but not at 5hits 2.5m/s (D). Dropping the velocity to 2.5m/s over 5 hits did 
not cause corpus callosum atrophy, however 3 hits at 5.0m/s had similar atrophy to 5 hits at 
5.0m/s (17% ) compared to sham controls (E).
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controls	and	mice	with	5	hits	at	2.5m/s.	No	changes	in	distance	traveled	during	the	

elevated	plus	maze	were	observed	across	groups	(B).	Learning	deficits	in	the	elevated	plus	

maze	were	observed	in	mice	hit	either	5	or	3	times	at	5.0m/s	but	not	at	5hits	2.5m/s	(D).	

Dropping	the	velocity	to	2.5m/s	over	5	hits	did	not	cause	corpus	callosum	atrophy,	

however	3	hits	at	5.0m/s	had	similar	atrophy	to	5	hits	at	5.0m/s	(17%	)	compared	to	sham	

controls	(E).	
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Figure	4.2.	Electron	microscopy	analysis	reveals	decrease	in	G-ratio	following	rmCHI.	

Cross-section	example	of	healthy	corpus	callosum	axons,	tightly	myelinated	(A,	6000x,	

scale	bar	=	0.5um)	compared	to	unhealthy	axons	with	loosely	wrapped	myelin	sheaths	(B,	

arrow).	10	Hit	rmCHI	mice	had	lower	G-ratios	than	both	sham	and	1	hit	mice	(C,	1way	

ANOVA,	p<0.0001).	D,	Histogram	analysis	reveals	a	shift	to	lower	G-ratios	for	mice	

suffering	rmCHI	at	2mpi.	
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Figure 2. Electron microscopy analysis reveals decrease in G-ratio following rmCHI. Cross-section example of 
healthy corpus callosum axons, tightly myelinated (A, 6000x, scale bar = 0.5um) compared to unhealthy axons with 
loosely wrapped myelin sheaths (B, arrow). 10 Hit rmCHI mice had lower G-ratios than both sham and 1 hit mice (C, 
1way ANOVA, p<0.0001). D, Histogram analysis reveals a shift to lower G-ratios for mice suffering rmCHI at 2mpi.
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Figure	4.3.	rmCHI	in	Nod-scid	Gamma	mice	does	not	induce	changes	in	behavioral	

performance	at	both	1MPI	or	6MPI,	nor	is	there	a	decrease	in	corpus	callosum	

volume.	No	differences	were	observed	at	1MPI	on	total	distance	traveled	(A),	time	in	open	

arms	(B),	or	open	arm	entries	(C).	No	differences	were	observed	at	6MPI	on	total	distance	

Figure 3. rmCHI in Nod-scid Gamma mice does not induce changes in behavioral 
performance at both 1MPI or 6MPI, nor is there a decrease in corpus callosum volume. No 
differences were observed at 1MPI on total distance traveled (A), time in open arms (B), or open 
arm entries (C). No differences were observed at 6MPI on total distance traveled (A'), time in 
open arms (B'), or open arm entries (C'). No differences were observed in latency to find 
platform during the Morris water maze testing at 1MPI (D) or 6MPI  (D'). Corpus callosum 
atrophy was not observed at either 1MPI (E) or 6MPI (E').
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traveled	(A'),	time	in	open	arms	(B'),	or	open	arm	entries	(C').	No	differences	were	

observed	in	latency	to	find	platform	during	the	Morris	water	maze	testing	at	1MPI	(D)	or	

6MPI		(D').	Corpus	callosum	atrophy	was	not	observed	at	either	1MPI	(E)	or	6MPI	(E').	
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Figure	4.4.	rmCHI	in	Nod-scid	Gamma	mice	does	not	induce	changes	in	Novel	Object	

Recognition	or	Novel	Place	Recognition	task	at	2MPI.	No	differences	were	observed	at	

2MPI	as	assessed	by	discrimination	index	at	1MPI	(A)	or	6MPI	(B).	Discrimination	index	is	

equal	to	the	time	spent	exploring	novel	object	minus	the	time	spent	exploring	familiar	

object,	over	time	spent	exploring	either	object.	
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Figure 4. rmCHI in Nod-scid Gamma mice does not induce changes in Novel Object Recognition or 
Novel Place Recognition task at 2MPI. No differences were observed at 2MPI as assessed by 
discrimination index at 1MPI (A) or 6MPI (B). Discrimination index is equal to the time spent exploring novel 
object minus the time spent exploring familiar object, over time spent exploring either object.
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Figure	4.5.	AVL-3288	does	not	improve	behavior	performance	at	1mpi	or	2mpi.	1mpi	

following	rmCHI,	mice	showed	no	differences	with	treatment	of	AVL-3288	in	total	distance	

traveled	(A)	or	time	in	open	arm	(B)	in	the	elevated	plus	maze	task.	There	was	no	

significant	improvement,	or	worsening,	of	latency	to	reach	platform	during	Morris	water	

maze	testing	at	2mpi	(C,	2	way	anova,	p=0.1109)	between	drug	and	vehicle	groups.	There	
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Figure 5. AVL-3288 does not improve behavior performance at 1mpi or 2mpi. 1mpi following rmCHI, 
mice showed no differences with treatment of AVL-3288 in total distance traveled (A) or time in open arm (B) 
in the elevated plus maze task. There was no significant improvement, or worsening, of latency to reach 
platform during Morris water maze testing at 2mpi (C, 2 way anova, p=0.1109) between drug and vehicle 
groups. There was no change in behavior during the forced swim test at 1mpi between drug and vehicle 
groups for time immobile (D), time highly mobile (E), or time not moving (F)
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was	no	change	in	behavior	during	the	forced	swim	test	at	1mpi	between	drug	and	vehicle	

groups	for	time	immobile	(D),	time	highly	mobile	(E),	or	time	not	moving	(F).	
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Figure	4.6.	Vivreon	2.0	does	not	improve	behavior	performance	at	1mpi	or	2mpi.	

1mpi	following	rmCHI,	mice	showed	no	differences	with	treatment	of	AVL-3288	in	total	

distance	traveled	(A)	or	time	in	open	arm	(B)	in	the	elevated	plus	maze	task.	There	was	no	

significant	improvement,	or	worsening,	of	latency	to	reach	platform	during	Morris	water	
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Figure 6. Vivreon 2.0 does not improve behavior performance at 1mpi or 2mpi. 1mpi following rmCHI, mice 
showed no differences with treatment of AVL-3288 in total distance traveled (A) or time in open arm (B) in the 
elevated plus maze task. There was no significant improvement, or worsening, of latency to reach platform during 
Morris water maze testing at 2mpi (C, 2 way anova, p=0.5846) between drug and vehicle groups. There was no 
change in behavior during the forced swim test at 1mpi between drug and vehicle groups for time immobile (D), time 
highly mobile (E), or time not moving (F)
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maze	testing	at	2mpi	(C,	2	way	anova,	p=0.5846)	between	drug	and	vehicle	groups.	There	

was	no	change	in	behavior	during	the	forced	swim	test	at	1mpi	between	drug	and	vehicle	

groups	for	time	immobile	(D),	time	highly	mobile	(E),	or	time	not	moving	(F).	
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CHAPTER	5	
	

Summary	
	
Repeated	 mild	 traumatic	 brain	 injury	 is	 an	 underreported	 disease	 that	 is	 a	 result	 of	

heterogeneous	 injuries	 leading	 to	 a	 wide	 range	 of	 cognitive	 and	 behavioral	 changes.	

Development	of	rodent	models	of	rmTBI	are	critical	to	further	understanding	mechanisms	

underlying	 pathology	 and	 functional	 deficits.	 A	 strong	 biomarker	 of	 rmTBI	 is	 changes	 to	

white	matter	tracts,	often	assessed	by	diffusion	tensor	imaging,	although	the	mechanisms	

underlying	these	changes	are	not	well	understood.	We	sought	to	develop	a	model	of	rmTBI	

that	exhibits	changes	in	white	matter	tracts	to	further	understand	disease	progression	and	

its	relationship	to	behavioral	changes.	

	

The	work	presented	in	this	dissertation	has	shown	the	following:	

w In	a	review	of	traumatic	brain	injury	literature,	68%	of	papers	did	not	evaluate	a	

functional	outcome	past	1-month	post	TBI;	90%	of	papers	reviewed	did	not	make	a	

functional	assessment	2	or	more	months	following	injury;	of	these	papers	that	

investigated	a	2	month	timepoint,	84%	demonstrated	a	functional	deficit	in	a	

behavioral	measure		

w A	novel	model	of	mouse	rmCHI	was	developed	that	is	easily	reproducible,	has	high	

throughput,	and	is	clinically	relevant	

w rmCHI	leads	to	~30%	corpus	callosum	atrophy	that	is	associated	with	chronic	

microglial	and	astroglial	reactivity	and	decreased	myelin	basic	protein	at	chronic	

timepoints	
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w White	matter	atrophy	is	closely	correlated	with	behavioral	outcome	tasks	including	

measures	of	anxiety	and	learning	

w White	matter	atrophy	is	not	due	to	a	decrease	in	oligodendrocyte	precursor	cells,	

but	rather	likely	due	to	loss	of	axons	from	projecting	cortical	neurons	as	well	as	

white	matter	myelin	

w Nod-scid	gamma	mice	exposed	to	the	same	rmCHI	injury	parameters	do	not	exhibit	

any	of	the	neuropathologies	or	functional	changes	as	wildtype	C57Bl/6J	mice	

w Experimental	compounds	tested,	including	AVL-3288	and	Vivreon	2.0,	did	not	have	

an	effect	on	behavioral	outcomes	following	rmCHI	

	




